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 TC “EXECUTIVE SUMMARY”EXECUTIVE SUMMARY

The Graphically Programmable Encoder ™ (GPE) utilizes an optical encoder that is graphically programmed to generate one of many different electrical signals that can be used to control the speed of motors.  The GPE can be used in conjunction with all new and existing motors, and can convert virtually any fixed-speed motor to operate in a variable-speed mode.  GPE has significant performance advantages over alternative motor controller technologies including greater energy efficiency, greater range of speed control, lower noise, greater compatibility with all types of motors, and easier installation and repair.

The GPE technology is owned by Opto Generic Devices, Inc. (OGD) located in Van Hornesville, New York.  OGD has supplied optical encoders for numerous industrial applications for many years, including copiers, medical products and robotics, and is known for the high quality of its products and support services.  GPE technology grew out of OGD's considerable expertise in optical encoders for non-motor applications.  However, despite OGD's extensive expertise and GPE's clear technical advantages, acceptance of GPE by motor manufacturers has been extremely slow.

There are three primary barriers to GPE's industry acceptance.  First, GPE technology represents a completely new way to control motor speed and is perceived in the industry as riskier than existing technologies.  Second, the customer base for GPE is very conservative and resistant to technology changes.  Motor manufacturers prize reliability above technical performance and must be convinced of GPE's superiority on both counts before embracing it. Finally, OGD confronts competition from two mega-corporations (General Electric and Emerson) which have each invested heavily in alternative motor control technology.  The combination of these barriers has lead OGD to pursue a novel, three-stage market entry strategy. 

The first stage of OGD's strategy is to sell to and partnership with HVAC contractors, distributors and small manufacturers.  The product would be a fully operational complete air moving subsystem that will be installable in new forced air systems or as a retrofit unit.  This will allow OGD to embed (hide) the GPE technology into a higher-level application oriented HVAC blower product.  It would allow getting into a retrofit or upgrade market that today has few competitive offerings. The retrofit market is extremely large and GPE has unique technical advantages in this market. Such a product and market approach could circumvent some of the inherent resistance that the larger industry players have shown towards the different technology. This should gain and grow established customer and supplier bases.  During the second stage of the strategy, OGD will explore additional vertical alliances with motor, controller and power amplifier manufacturers as well as larger HVAC manufacturers.  These alliances could be achieved by means of further acquisitions, or by various forms of licensing and joint venture relationships. These vertical alliances would allow OGD to expand its market reach and reduce the costs of GPE systems.  Finally, in the third stage to foster the kind of large-scale growth envisioned the acquisition of a blower/fan manufacturer or joint venture merger would be pursued. 

This Report analyzes the GPE technology and OGD's proposed market entry strategy.  The Report begins with an overview of GPE technology and a summary of OGD's strategy rationale.  Next, the Report provides a detailed comparison of GPE technology to the three competing technologies available on the market today - Pulse Width Modulation (PWM), General Electric's Electronically Commutated Motor (ECM) and Emerson's Switched Reluctance (SR). Following these comparisons, the Report reviews the evolution of GE's ECM and Emerson's SR technology from conception to present market applications. This discussion considers the advantages and disadvantages of each of these systems, along with the marketing and business strategies adopted by each company to gain market share in the variable-speed motor market.

The Report then proceeds to a valuation of GPE technology utilizing a series of formulae and a rating system for various performance parameters of GPE, ECM and SR technologies.  The value calculations combine performance advantages, price advantages and costs to determine a net present value of GPE technology. Finally, the three main strategies for OGD are analyzed.  First, a summary of the advantages and disadvantages of different options is provided. These options include licensing, joint ventures and acquisitions.  The companies that are the best candidates for partnerships with OGD under each of these options are reviewed and then ranked.  The rankings are based on OGD's specific needs and how well a candidate company meets these needs. The Report concludes that GPE technology has enormous market potential and that OGD's market entry strategy is a sound approach to a complex set of challenges. Although unconventional, if OGD's market entry strategy is successful, GPE could become the standard motor controller technology for a wide range of industrial uses and OGD could become a serious competitive rival to the current industry giants.
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 TC “Overview of Technology: Graphically Programmable Encoders™”Overview of Technology: Graphically Programmable Encoders ™

Graphically Programmable Encoders ™ (GPE) technology possesses significant product and process advantages over substitute technologies. In comparison to substitute technologies, GPE's most notable advantages are:

( 
Increased energy efficiency

( 
Upgrades and retrofits to installed systems

( 
Easier installation, maintenance and repair

( 
Lower costs for manufacturing and assembling systems

( 
Proven reliability of system sub-components and technology

( 
Wider compatibility with existing motors – AC, DC, ECM, SR

( 
Greater range of speed of control

( 
Lower levels of noise

( 
Lower prices than competing equivalent systems

GPE's increased energy efficiency is due primarily to two factors.  First, GPE can be used to create the precise waveform necessary for the optimum operating efficiency of a motor for its full 360-degree rotation. This allows motors to produce the maximum energy output with the minimum energy input on a sub-rotational as well as rpm basis.  Second, GPE can operate AC motors at a constant slip allowing very low idle speed with power consumption less than a night-light. By idling motors at a very low speed versus shutting the airflow off, GPE avoids one of the largest causes of wasted energy involved in stopping and re-starting motors.

GPE’s upgrade and retrofit to installed systems is a significant difference to competing technologies.  Other techniques require product and application redesign in order to be used as a full continuously variable speed air system.  At present an already installed or in production forced air unit would require major rework to replace its fixed speed AC motor and controls with a full variable speed motor.  GPE can utilize the already installed AC motor and furnace controls upgrading them to full continuous closed loop variable speed operation.  Further if for any reason the GPE control system becomes inoperable the AC motor and its original controls are auto switched back into full operation assuring the householder is not without heat or cool.

GPE's installation, maintenance and repair superiority is due to the simplicity of GPE components and the fact that GPE does not require any motor sensors, microprocessors, software programming controller interface circuitry, digital clocks, power switching or digital filtering. This avoids the problems associated with is it the hardware or software?  Troubleshooting programming systems on site and making sensitive system parameter adjustments. Dealing with a breakdown in any single critical system component that disables the controller also disables the motor and system forcing replacement of all the above. The lack of complex computer programs and electrical components makes GPE an obvious choice for HVAC contractors and OEMs.

GPE's lower manufacturing and assembling costs are also due to the simplicity of the GPE components; a standard AC motor, an optical encoder and a power amplifier.  Each of these components is thoroughly tested, easily integrated and available at mass market, off-the-shelf prices. Integrating or attaching digital optical encoders to electric motors is standard fare for OGD and the same external connections and methods apply to GPE (optically programmed encoders). The only real difference between the GPE and a standard encoder is the optical images on the encoder’s internal film parts.  Such commonality of parts and methods lower manufacturing and assembling costs which will allow GPE to under-price substitute technologies in the short run and to increase profit margins in the long run.

GPE’s proven reliability is due to using individual sub-components that enjoy widespread industry acceptance across a wide range of commercial applications.  The GPE components have proven track records of reliability in many different operating environments; some as harsh as any found in motor applications.  The paradox of GPE technology is that it is a completely novel technology but composed of completely conventional components.  This unusual combination allows GPE to achieve new standards of performance without the risks and costs generally associated with adoption of a new technical platform.

GPE is compatible with many different motor types but especially can be used in conjunction with virtually any conventional AC motor.  This is without the need for special windings, shielding, filtering, air gaps or other modifications other technologies require of AC motors.  This gives an extremely broad application base.  It should also be noted that the same GPE technology used for AC motors could be used in conjunction with the two primary alternate motor technologies (ECM and SR) in lieu of their more complex micro-controller based methods.  By just changing the GPE optical algorithm a totally new motor profile is effected.  It has also been shown that the proper closed loop optical algorithm can increase operational efficiency on various motor types.  As GPE can be used across such a spectrum of competing techniques it is not only a competitive technology but it, uniquely, is also a complementary technology.

GPE's greater range of speed control is due to the closed loop design of the optical system along with wave shaping, fixed or dynamic slip control and phase optimization. The closed loop design allows for continuously variable speed control thus adaptive airflow in response to changing environmental conditions.  The GPE can accept both low power analog or digital control signals.  This allows the parameter(s) of choice to be the basis for speed adjust instead of a factory pre-set fixed algorithm. Tests have shown that GPE can operate motors from 150 RPM to 5000 RPM with several motors running in tandem or “slaved to” a main motor.

 GPE's lower noise levels are due to the fact that GPE controlled motors do not have to be turned on and off, and are able to reach a desired speed in a gradual quiet fashion.  Most of a motor's noise is produced by sudden big changes in the motor's speed.  By avoiding these sudden changes in the motor's start-up and speed changes, GPE significantly reduces noise levels. GPE's superior EMI compatibility is partly due to the fact that it is an optical system instead of a high voltage digital switching technology. 

Lower pricing than other methods thanks to GPE’s simplicity and the many reasons outlined above. It is common for new technologies to offer increased performance benefits at an increased price. It is far less common for a new technology to offer increased performance benefits at a decreased price.  It is clear that GPE technology allows substantial advantages over all substitute technologies, including ECM and SR.  However, achieving market acceptance of GPE technology has proven extremely challenging.  In designing a market entry strategy, OGD had to consider many factors including its own limited resources, the nature of its customer base and the daunting power of the two primary competitive rivals - General Electric and Emerson.  GPE’s powerful combination of performance, price advantages, simplicity and wide applicability should allow OGD to target niche or select markets first instead of confronting the markets dominated by major competitors.  The evolution of OGD's market entry strategy and the reasons for its adoption are discussed below.

 TC “Overview of OGD Market Entry Strategy and Rationale” Overview of OGD Market Entry Strategy and Rationale

OGD’s Graphically Programmable Encoder ™ (GPE) is a totally new technology for providing simple, low cost, motion control that can be retrofitted to a wide range of cyclic machines.  Electric motors are only one type or form of cyclic machine, albeit the primary one, that can be driven, controlled and improved with GPE.  Electric motors have found ubiquitous uses for over a century and are well known and accepted.  However, the GPE technology and OGD are both relatively unknown in the electric motor, electric motor control and other user industries. 

Originally, it was thought that the best approach to gain market acceptance and entry would be to highlight the advantages of the GPE over competing technologies that use digital microprocessors or Digital Signal Processors (DSP) such as ECMs, SRs, PWMs, etc. To gain acceptance and support, OGD built prototypes, conducted research studies, gave demonstrations and presentations, and showed beyond question that both applications and products worked better with GPE technology than with competing technologies.  

However, even when and where GPE was matched up directly against existing substitute technologies, and found vastly easier and superior, it, like any completely new technology, found skeptics as well as converts.  It soon became clear that regardless of GPE's merits it would still take quite a while before GPE gained acceptance as a wide spread, viable, motor control alternative. When one factors in OGD's current size and resources it becomes more pronounced that even larger hurdles exist if the same strategies and efforts were continued. Given the vast market and application magnitudes, and the cost and time to make such market inroads, OGD settled upon a "leap frog" approach to market entry.

Rather than risk taking the time to convince industry to accept, adopt or use the "new technology” GPE product for its many motors, motor controllers, and diverse product applications, OGD decided the best approach was to "embed" GPE into an already existing, well accepted product.  This strategy actually parallels how electric motors as "OEM" devices became so widely distributed.  For over 100 years, few customers were convinced to accept or buy actual electric motors, but customers purchased them yearly in ever increasing quantities because they were "embedded" in ever more products.  Today few consumers or end users buy electric motors for their technical merit or worth yet billions are now purchased yearly.  GPE could similarly blend as a sub-component integrated into standard already accepted products. 

Electric motors by function only provide mechanical energy via the analog motion of its rotating shaft.  Yet this simple source of analog motion and power has been blended into every conceivable product and application.   Often people speak of us being in a digital world but the reality is we live in an analog world primarily driven by analog motion machines …motors.   It is this recognition and facet that OGD’s GPE uniquely exploits “Analog Motion from a Rotating Shaft”.  It is this same power source for so many products that is also the power source for GPE.   GPEs directly connect to the motion source then in turn creates, controls and corrects this same motion.  

There are many machines, products, applications and things that all use this common simple rotating shaft as their source of power.  But rather than modify the above dependencies OGD can exploit them by giving these products and systems enhanced features and functions within their current format.   However to illustrate the validity and merits of this concept like AC motors before it GPE will be “buried or hidden inside” a motor-driven product, in a high profile pilot industry.

The pilot industry chosen is the Heating, Ventilation and Air Conditioning (HVAC) industry with the specific application being "moving air." The standard product selected in this application is the squirrel cage blower or blower fan.  Variable-speed blower products have been readily accepted by consumers and industry as having value, convenience, comfort and many other added benefits.  Yet to date, no one is providing an off-the-shelf AC motor variable-speed blower fan with features like those offered by GPE.

OGD's plan is to enter the mostly fixed- or 3-speed blower/fan market with a new "adaptive (variable) speed" model.  To achieve this objective in a relatively short time frame, OGD wanted to acquire a medium-sized blower/fan manufacturer who was well recognized with reasonable size and market share.   If funds for an acquisition are not immediately available OGD might first partner with mid sized HVAC manufacturers and distributors.  With sufficient cash flow and capital in addition to an HVAC acquisition OGD might later acquire a medium-sized motor controller or audio power amplifier manufacturer or subsidiary.

By having a direct, controlling link with one or all of the above type larger companies, OGD will be able to ramp up market share, revenue and GPE product acceptance much more quickly.  Many major HVAC manufacturers already buy complete blower subsystems from outside blower companies and it is possible that one such already entrenched supplier could be acquired by or partnered with OGD. Embedding GPE into an existing blower unit, as a complete variable-speed blower subsystem, could offer lower costs, higher margins, more options, and easier installation and control of product components.

For instance, the new variable speed blower combination could use generic lower cost, fixed-speed AC motors vs. more costly multi-speed types, since GPE is completely compatible with both types of motors and can make either variable speed. Motor or blower manufacturers' warranties would not be compromised by third party threats since the entire blower subsystem could be warranted.  Fewer motor and blower sizes could be used since GPE broadens the torque and speed range of motors and blowers creating a more "generic" line of blower products.  The retrofit kit would now be a single complete ready to install variable speed blower system versus components and boxes that have to be field integrated.

As mentioned at the outset, OGD has already very compactly, cost effectively and successfully built prototypes of blowers retrofitted with GPE and has demonstrated substantial energy savings such as AC blower motors that normally consume 400 watts that can operate at less than 15 watts!   Yet the new blower system from OGD will still function as a standard, single-speed, wall compatible AC blower if anything should fail in the GPE system. 

But perhaps most significantly the GPE package physically is no different than OGD's traditional current generic digital encoder lines.  This is the real latent leverage GPE can offer; its complete compatibility and similarity to present working product.  Tens of thousands of encoders similar to GPE have shipped yearly for many years with a quality and reliability record better than a 99.99 % success rate.  Not only does this lower the risk of GPE but it also testifies to its reliability, superiority and quality over competing products. OGD has already seamlessly integrated its "generic" encoders into a wide range of industry products and motors and believes that this "embedded approach" can be successfully deployed in the blower/fan market. 

When one considers the simplicity of GPE products and processes, its competitive advantages become even more pronounced.  A GPE system has three key elements: 1] a standard AC (or other) working motor; 2] an optical encoder; and, 3] a power amplifier.  The first two of the three have been in use a number of years and require no change in other existing products, processes, etc and both are well known for their reliability, use and function.  The OGD developed analog power amplifier or driver is also not new, but is actually a simplified version of many already known and proven products.  Off-the-shelf versions of others high power audio amplifiers have been tested with GPE as motor controllers and could be used if needed.  In general, however, these amplifiers are "overkill" for GPE's needs and could be greatly simplified with resulting cost reductions.

SR and ECM are examples of substitute technologies that are comprised of three similar components, but each component differs dramatically from GPE.  These substitute technologies involve 1] new proprietary motors; 2] special purpose programmed power drivers; and, 3] a microprocessor or DSP with proprietary motor control software.  None of these components has much history in terms of volume production, consumer product /application usage, or incorporation into unmodified existing product. The "newness" of not just the technology, but of the supporting systems, tooling, processes, costs and reliability are major disadvantages in comparison to GPE.

With such a contrast of product combinations and past history, GPE should be able to quickly, simply and most important reliably supply in volume to HVAC manufacturers, distributors and contracting organizations, a "direct replacement air moving system" for the millions of existing fixed-speed blowers currently in use.  Consumer and contractor demand for variable air speed HVAC blower products is well known, but competing products to GPE have had installation and reliability problems and cannot easily adapt as a "direct OEM replacement" to existing fixed-speed AC motor blower systems or be marketed as retrofits.

In fact, one of the most substantial opportunities for GPE in the HVAC market is HVAC systems that are already installed but less than 10 years old (over 40 to 50 million units in the US!). Most consumers are not about to replace "working" HVAC systems with full new systems or buy a new blower unit, especially if it is only equal in function to their existing blower subsystem. But to upgrade working fixed-speed units to full variable-speed with all its benefits clearly has merit for residential customers along with contractors, distributors, utility companies and others.

To date, none of the competing technologies are sold as simple field retrofit upgrades, this remains the exclusive province of GPE!  This should be an added benefit to any acquired or partnered existing blower company being able to offer field upgrade models to this entire installed base.  In addition the HVAC contractors, who really are the product decision-makers (How many consumers choose or know what blower is in their HVAC systems), will benefit greatly in that they now have a product to regain entrance to the consumer on a positive win-win situation.  In fact, surveys of numerous contractors validate the potential of this market strategy, even though there is some disillusionment with some of the competing technologies in new full OEM HVAC systems.

OGD's encoders as a GPE model could couple with an existing HVAC company's blower products and create merely a "new model variable-speed blower unit". Such a product combo would not have the drawbacks of a totally new HVAC system.  HVAC contractors know how to install various standard fixed-speed blower units and could easily install, replace or upgrade field units with such a similar, simple new model blower unit.

OGD has been successfully making and selling encoders for a number of years for medical products, robots, pizza ovens, copiers and more.  Many of these environments and products are much more demanding and indispensable as compared to consumer residential markets. For example OGD encoders inside high end photo copiers confront very high voltages (10,000+ volts) and temperatures (100's of degrees), print toner (everywhere) and clogging very fine paper dust.  Yet over years of operation, OGD encoders have not only operated without failure, but have maintained extremely tight specification tolerances under all operating conditions.  

It is this track record, the above facts, details and history that the new GPE technology is primarily more of a "new model" of a tried and known product than a new product.  This further separates GPE from substitute competing totally new product and technology methods.  It is also this same product and application history that can help insure product and market confidence in GPE as a viable “embedded hidden” alternative.

The synergy of significant benefits to consumers (the end users), to contractors (the installers), to blower companies (the suppliers), and to OGD in such a virtually untapped market is extraordinary. But at its present size, OGD does not have the capital, financing or skills to unilaterally effect such a purpose.  However, by acquiring an operating blower company with cash flow, revenue, capacity and reputation, (or partnering in the interim) combining its products with GPE, market acceptance and volume sales could be greatly accelerated.
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Imagine a global grid where nearly anywhere in the world you could just "plug-in". Access is available to the rich and poor, urban or rural environments, consumers and industry.  The technology protocols are standardized so that a wide diversity of compatible products and applications of your choice could be used and these really provide better efficiency, convenience, ease of use and improved living standards. Sound familiar? No, it is not the Internet or worldwide web present or future. In fact, this technology is over 100 years old and yet more widely used than ever. It's electricity! Actually it’s the worldwide AC electrical system/ grid, net or web.   Many different products, machines, systems all “plug into this analog AC grid, but by far the biggest user is AC electric motors!

How integral electric motors have become to our daily lives is not perhaps often thought about but none-the-less real, entrenched and growing.  Consider the number electric motors in homes; VCRs, CDs, tape players, clocks, blenders, PCs, furnaces, refrigerators, washers, dryers, air conditioners, and fans all have one or more electric motors!  Include our automobile’s electric motors; power windows, seats, antennas, wipers, defrosters, heaters/ac and starters, it becomes evident that our modern lives are linked to and dependent on electric motors.

Yet in human history this is fairly recent as just 100 years ago such products were the exception vs. the norm.  That's because it was late 19th century electricity and electric motors, as we know them were invented.  But since then both have steadily and dramatically grown in usage and dependence worldwide to where these are interwoven into the very fabric of our society.

In early designs the direct current (DC) brushed motor dominated electric motor driven applications. This was because the motor itself was composed of simple inexpensive components and its DC power source could be portable (a DC battery).  However these DC motors proved expensive to operate and unreliable due to their construction, design and certain mechanical parts.  As motor products expanded so did the need and use of electricity.   Initially a DC grid was the goal of the large companies of the day and several big cities were actually wired with DC.  Though it had huge capital backing and installs DC motors and wiring was deemed less practical then a new method. The technology combination that proved superior was a new motor design that used alternating current (AC) vs. DC along with the re-wiring the world's electric power grids as AC vs. DC. 

AC motors began to replace DC brush motors because they required none of the mechanical parts that made DC motors unreliable. Also wiring and distributing stable "fixed" AC power nationwide proved to be much more cost effective than wiring for DC power even with DC’s head start of years.  However this same combination that made AC motors cheaper and more reliable to operate also made them less flexible, less energy efficient and generally "single- or fixed-speed" vs. DC motors whose speed can be more directly varied.  The ideal would have been a way to combine or derive the benefits of both technologies.  But back then energy was cheap and the products much simpler.

As the use of AC motors became more widespread these drawbacks became more significant.  Many applications operate more efficiently and effectively when the speed is able to vary or match the application.  As the costs of electric power increased the energy wasted by "fixed-speed" AC motors became more and more serious.  Today it is estimated that nearly half of all the energy (not just electric) consumed in the U.S. is due to electric motor energy consumption.  This prompted the United States, and many other nations, to enact laws governing the efficiency standards of electric motors.

To meet the new government imposed mandates, as well as the recognition of the serious consequences that unchecked inefficient motors would cause, new motor types and technologies are being actively sought to improve motor operation.  The major players and technical approaches are: GE (who like their founder Edison 100 years ago) is promoting a DC version; Emerson (and others) a Switched, or Synchronous, Reluctance (SR) version; and still others a pulsed modulated AC version.

Each of these technologies has pluses and minuses but are generally incompatible and distinctly different from each other in their manufacture, function, operation and supporters.   What was missed at the beginning of the 20th century was a way to derive or combine the benefits of the two different technologies.  What’s shaping up for the beginning of the 21st could be a repeat of history. But though these differences exist between the competing technologies, OGD's GPE technology can effectively be utilized on each of the above motor types as well as providing some unique added function these competing technologies cannot.  Rather than compromise the benefits of one versus the other, or even bet on the wrong technology, OGD can combine, bridge or link all the above. 

The key is All electric motors AC, DC, SR, etc have one common same main link…a rotating shaft! It is this rotating shaft or central rotating unit (cru) that OGD uses as the basis for GPE’s Optical Programming.   Competitors all use an external time based microprocessor clock that digitizes the power source and then tries to re-create and re-synchronize that digital power into analog motion. OGD connects to and uses the analog motion as the source for its analog power driver or amplifier. This simple subtle program shift of “using analog motion to create the analog electric wave” versus “using a digital electric wave to create analog motion” is a key difference of GPE versus all the competing incompatible methods. 

So although throughout this document these various different motor based technologies and products are usually referred to as "competitors" they actually could be considered "complements” and “potential customers" for OGD's GPE generic technology.  So instead of being doomed to repeat history those who embrace and support GPE… can make history. 
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Before the early 1980’s, if an application required velocity control, it used a conventional DC brush motor.  Other types of motors had been developed over a hundred years earlier but they required complex electronics to control their operation.  A typical fractional horsepower DC brush motor has three main parts: 1] an outer stationary stator, 2] an inner rotating armature and 3] carbon brushes. The stator has poles made up of permanent magnets, which produce a magnetic field across the armature.
  Typically, an even number of magnets is arranged in a circle and the opposing magnets are opposite poles (i.e. north or south). The armature contains metal windings and an arrangement of mechanical brushes, which switch the current in the windings in order to maintain rotation.
  The motor rotates when the brushes contact copper segments on the stator, which feed current into the windings of the armature.
  As the current passes through the brushes, a magnetic field is created and the armature turns because of the interaction with the permanent magnets in the stator. Since the windings are located on the inner armature, current cannot be directly introduced into the windings. Thus, the brushes are needed to conduct current into the armature.

Initially, these motors were chosen because they were easy to control.  However, the disadvantages soon created an incentive to find a better motor.  The mechanical parts, such as the brushes, were susceptible to environmental conditions.
  The brushes also needed frequent replacement due to wear, which meant that the motor required extra maintenance.
  This maintenance increased the overall cost of the motor.  Finally, the use of brushes made the motors noisy, dirty and unreliable because of the electrical connections to moving parts.

 TC AC Induction Motor”AC Induction Motor

In the early 1980’s, the AC induction motor began to replace the DC brushed motor.  The AC induction motor has an advantage over the DC brushed motor because it does not require any electrical connections to moving parts and is more reliable as a result.
  Also, because the motor uses no brushes it requires almost no maintenance.
  The AC motors do not use brushes because windings are distributed on the rotor, as well as the stator.  Since the windings are also on the inside rotor of the motor, the windings can be directly induced with current, thus eliminating the need for brushes to carry the current into the inner rotor.
  Also, because the AC motor uses AC current, it does not require sensors to determine the position of the rotor.
  The motor operates in essentially the same way as the DC brush motor except the current is delivered directly to the distributed windings on the stator which in turn induces current in the rotor. 

Even though AC induction motors provide advantages over DC brush motors, they are not the optimal motors for some applications.  First, the efficiency of the motor is at a peak when the motor is either completely full power on or off.
  In applications that require variable-speed, the AC induction motor cannot provide the efficiency necessary to meet government regulations.  Also, the AC induction motor has efficiency losses at low speeds.
  Some of the aforementioned problems can be fixed by controlling the motor with PWM, which could effectively make the motor operate at variable speeds.  However, the PWM controls increase the cost, complexity and problems of the motors.

 TC “DC Brushless Motor”DC Brushless Motor

DC brushless motors have been known for over 70 years but have not been used because they required complex and expensive control systems.
  However, advancements in technology have made it possible to use the DC brushless motor in applications that require variable-speed.  The DC brushless motor is like the AC induction motor in two respects.  First, the windings are distributed on the stator. Second, the motor requires no mechanical parts, which increases the life of the motor. Unlike the AC induction motor, the DC brushless motor includes permanent magnets on the rotor.
 The DC brushless motor also has an advantage over the AC induction motor because it is more efficient.  The permanent magnets in the rotor reduce power consumption because it can produce a magnetic field without receiving electric current. The stator has salient-pole windings that use electric energy efficiently.

However, since the motor is driven by DC current, the position of the rotor must be determined in order to properly drive the motor.  This can be accomplished by adding Hall-effect sensors. These sensors tell controllers where the magnets are and when to energize the rotor. Each time a rotor magnet passes a sensor, the sensor produces an electrical pulse that can be fed into an electronic circuit that uses the information to synchronize the electromagnetic pole position. However, Hall-effect sensors have a number of problems.  First, they make the motors less reliable and more expensive. Second, the sensors are sensitive to acoustic noise, temperature extremes and electromagnetic fields from induced voltages on windings. In addition sensor location and placement within the motor are critical, as the commutation timing is a direct function of position.  Finally, they increase the size of the motor. Recently, the back electromotive force (back-EMF) created by the magnets on the rotor has been used to determine rotor position. Using the induced voltage (back-EMF) created by the motor makes the system more efficient, eliminates the bulky and expensive sensors and makes the motor less sensitive to temperature and condition changes.

 TC “Switched Reluctance Motor”Switched Reluctance Motor

Although the technology behind the SR motor has been known for more than 150 years, the motor has not been used in applications because of the complex electronic components that are necessary for its control.
  However, advances in electronic control systems have allowed the motor to reach its full potential and be competitive in cost and efficiency with the AC induction and DC brushless motors.  Unlike the motors described above, the switched reluctance motor has salient poles on both the rotor and the stator.
  The stator contains simple concentric windings and the rotor is composed of a stack of salient pole laminations.
  Like the DC brushless motor, the switched reluctance motor must be synchronized with a shaft position sensor and is driven with a square wave.

The switched reluctance motor provides a benefit over all of the described motors because it has a low manufacturing cost and the torque and speed characteristics of the motor can be easily tailored to the application requirements.
  However, the switched reluctance motor uses a shaft encoder system that supplies rotor position and speed information back to the control system.
  Typically, an optical encoder or Hall sensors attached to the shaft supply the position. These sensors can cause reliability problems and add cost to the motor.
 However, a Digital Signal Processor (DSP), which can calculate the velocity and position in real time from known current and voltage values, can perform new sensorless control.

 TC “3. MOTOR CONTROL SYSTEMS”3. Motor Control Systems

 TC “Introduction”Introduction

Historically, motor control systems were needed to turn the motor on or off.  When a motor is off it represents a short circuit.  When the motor is first turned on, a surge of current (over six times the operating current) is supplied to the windings.  The inrush of current wastes a lot of energy because the motor typically does not require maximum current in order to start.  Also, when the fan in a furnace or air-conditioning unit is turned on, there is a lot of audible noise because the fan is blowing air into the room at full strength.  Variable-speed motors are desired both to increase efficiency and reduce noise.  A variable-speed motor will not waste as much energy turning on or off because it can be soft started and it will not create as much noise because the fan will not always be turning at the maximum speed.  These motors, however, require more complex control systems.  Currently companies like General Electric (GE), Emerson, Texas Instruments (TI) and Analog Devices Inc. (ADI) are manufacturing motor control systems that can run motors at variable speeds.  OGD also has developed a motor control system which it believes can further improve the efficiency of most existing electric motors.

 TC “Competing Technologies”Competing Technologies

Control systems currently determine the efficiency of electric motors.  The oldest system is Pulse Width Modulation (PWM).  Before digital controls became popular, this control system was made up of analog components that made it an inexpensive method to create variable-speed motors.  Today digital controls have decreased in cost and are being used to replace the analog systems.  Next, by using the PWM control systems as a base, GE developed the Electronically Commutated Motor (ECM) system.  This system uses a combination of digital and analog controls to create a variable- speed motor.  Finally, Switched Reluctance Drives Limited (SRDL), which was purchased by Emerson Electric (Emerson), developed a new version of the Switched Reluctance (SR) motor.  According to the two companies, this motor can provide variable-speed with efficiencies close to that of an ECM system, but at a lower cost.

 TC “Pulse Width Modulation (PWM)”Pulse Width Modulation (PWM)

Before the age of digital control, PWM was used to obtain variable-speed in motors.  These systems controlled the speed of the motor by regulating the average voltage with power switching devices, such as power transistors, and a power source.
  The first PWM systems only contained analog components.  However, as digital components became available and less expensive, they quickly replaced the analog systems.  Today, a microprocessor or a DSP can be used to create more accurate PWM signals.

 TC “a. Analog PWM Systems”a. Analog PWM Systems

Two commonly used PWM techniques are sinusoidal and space-vector implementations. Sinusoidal implementations can be built using analog circuits while space-vector implementations require more complex digital controls.
  Sinusoidal PWM in a single-phase motor is accomplished by comparing the analog signal produced by the motor, known as the modulating wave, to a fixed-frequency triangle wave known as the carrier wave. When the waveforms cross, the PWM output changes state and varies the average (RMS) voltage to recreate the required waveform to drive the motor.
  The peak amplitude of the modulating wave controls the modulating index, which also controls the RMS value of the output. Changing the frequency of the modulating index varies the RMS value of the [image: image2.png]U.S. Patent Sep. 9, 1997 Sheet 8 of 22 5,665,965
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output and therefore varies the speed of the motor.
  Figure 1 shows the waveforms that are used to create the PWM signal in a sinusoidal implementation.

Figure 1

Waveforms Used to Create the PWM Signal in a Sinusoidal Application

The simplest analog PWM systems use controllable power switching devices that are connected between a power source and the terminals of the motor.
  The output signal of the PWM circuit is a square wave with a constant frequency, typically between 20 kHz and 40 kHz, and a varying duty cycle.  The duty cycle is the amount of time the signal is in the active or high state.  A high-duty cycle results in maximum voltage, corresponding to maximum speed and a low-duty cycle results in lower voltage, corresponding to minimum speed.
  The voltage at the motor terminals appears as a PWM waveform.  However, the motor has significant inductance and the torque creating current will be a close approximation to a sine wave. The higher the ratio between the carrier frequency and the motor frequency, the smoother the operation.

However, typical analog PWM systems have limitations when driving different motors.  One drawback of using PWM to control a DC motor is that it tends to make the motor run hotter than it would if the voltage was simply cut off.
  Typical analog PWM systems also have some problems associated with driving AC induction motors.  First, a PWM inverter cannot be used to deliver steady-state torque below 4 to 6 Hz because the voltage to frequency ratio (V/Hz) is skewed, which reduces the efficiency of the motor. Second, traditional V/Hz inverters’ response to sharply changing loads have been limited by design and microprocessor power, which slows down the reaction time of the driven components throughout the speed range. 

 TC “b. Digital PWM Systems”b. Digital PWM Systems

Today, digital controls have replaced traditional analog components in many PWM control systems. Devices such as microprocessors and DSP's are used to implement space-vector PWM systems because of their ability to process complex mathematical functions.  The space-vector technique produces a switching sequence of three-phase voltage sources using basic space-vectors to generate the output voltages for a three-phase motor, such as a permanent magnet DC brushless motor or an AC induction motor. One benefit of using space-vector PWM is that it reduces power dissipation and heat generation in the power converter and motor. Also, the space-vector technique generates less harmonics which translates to less audible noise.

A typical digital system to generate PWM signals consists of a set of system-response specifications, a controlled process, a computational element (such as a microprocessor), sensors to measure the system’s variable physical parameters, Analog to Digital Converters (ADC) and Digital to Analog Converters (DAC). The microprocessor contains approximate value look-up tables that estimate the speed of the motor for given conditions.
  These values are used to calculate what type of PWM signal should be used to drive the motor at the determined speed. Since the microprocessor uses approximate values to estimate motor speed, the PWM signal could be inaccurate.

Today, ADI and TI are specifically creating DSP's for use in motor control.  These DSP's replace the microprocessor and can carry out PWM generation and electronic commutation of motors while also reducing the component count and motor-drive-system size. Use of a DSP eliminates the sensors and the DAC. The DSP eliminates the position sensor because it can calculate position and velocity in real time from known current and voltage values.
  Removing the sensors from the system reduces both the cost of the system and the number of wires that are needed to connect to the motor. Instead of using sensors to obtain speed and position information, the DSP can use inductance sensing by comparing the derivative of the motor current with a preset level. This method has the advantage of not depending on a current waveform and can work when the net torque is zero.
  The DSP system also does not require a DAC since the chip itself performs the digital to analog conversion.  Unlike the microprocessor, which relies on estimated values in a look-up table, the DSP generates control inputs with functions or algorithms executed on the fly. The more accurate control signals make the system smoother, which reduces mechanical resonance excitation and improves the reliability of the driver and motor.
  Like typical analog PWM systems, a DSP system can be used to drive numerous types of motors.

 TC “Electronically Commutated Motor (ECM)Electronically Commutated Motor (ECM)

As digital components became more sophisticated and less expensive, researchers began looking for a motor that could utilize the new digital control systems to create variable speed at a higher efficiency.  In the late 1970’s, researchers at GE developed a more efficient motor and control system, which could run at variable speeds.  Currently, the ECM system is being used in a number of central heating and air-conditioning units.

 TC “a. Method of Operation”a. Method of Operation

Programmable ECM is a brushless DC permanent magnet motor that uses electronic controls to operate the motor. The control circuit supplies DC power to the programmable motor and performs the essential function of commutation by electronic means.
  The process of commutation is performed by electronically steering the motor to the appropriate winding. Windings for the stator are placed in slots around the perimeter.
  Permanent magnets are connected to the rotor and create a electromotive force (EMF) to provide a simulated signal indicative of the rotation or speed of the motor’s shaft.
  If the motor-circuit inductances and resistances are known, the resultant motor terminal voltage can be calculated, which is equal to the motor speed.
  The simulated signal is fed into an Electrically Erasable Programmable Read Only Memory (EEPROM).  The EEPROM is a microchip which can be programmed with a personal computer (PC) to store specific parameters for the motor, such as speed, torque, voltage, frequency, rotation, air-flow control, ramp rates and blower delays.
  The EEPROM calculates the desired speed of the motor based on the signal from the motor and the programmed parameters.  The desired speed is then communicated to the motor by a PWM signal.

 TC “b. Typical ECM System for HVAC”b. Typical ECM System for HVAC
The Programmable ECM is currently being used in a number of household appliances that require an electric motor.  One such application for the motor is driving the blower in a central  air conditioning unit.  The ECM system includes a motor, a blower, a memory, a microprocessor and a temperature sensor that provides a control signal for the motor. The motor drives the blower in response to the control signal from the temperature sensor. The memory is an EEPROM that stores the motor parameters. The microprocessor is responsive to the stored parameters in the EEPROM, the temperature sensor and the position signal created by the back EMF of the motor.
  The motor drives the blower at a speed defined by the output signal of the microprocessor that controls the air flow rate of the Heating, Venting and Air-Conditioning (HVAC) system.
  For example, when the air temperature is low, the motor will be run at a slow speed because the air does not need any cooling.  Under these conditions, the motor is run at less than full capacity, which conserves energy.
  When the air temperature starts to rise, the motor speed will increase because the air needs more cooling.  Since the motor does not waste energy starting up and the speed is adjusted according to the temperature, the efficiency of the motor can increase up to 20% over typical AC induction motors.
  Figure 2 contains a diagram of a typical ECM system. 

Initial reports from consumers have indicated that the system provides many advantages but needs some improvement.  Air conditioners produced by GE and Carrier containing ECM systems were given excellent scores in comfort and noise but only received a total of 78 and 73 points out of a hundred respectively. Compared to the units that received the best scores, the products from GE and Carrier were competitively priced.
  This data can be interpreted to mean that the ECM system operates efficiently but has some other problems that must be overcome before it makes any move in the market.

[image: image3.wmf]Figure 2

Typical ECM System
 TC “Switched Reluctance Motor (SR)”Switched Reluctance Motor (SR)
Although the design of the SR motor is simple and relatively easy to manufacture, the SR motor was not used in applications until recently because it requires a complex digital control system.  In the early 1980’s researchers at SRDL in England developed a way to control the motors.  In 1994, Emerson bought the company and included the SR motor in its line of products. While the SR motor can be used in applications from air-conditioning systems on trains to household appliances such as washing machines and vacuum cleaners, it is only being used in the U.S. in the Neptune Washing Machine made by Maytag.

 TC “a. Method of Operation”a Method of Operation

The SR motor is a type of electronically commutated motor that does not use permanent magnets. The stator has 4, 6, or 8 equally spaced poles that extend in toward the center of the motor. The opposite stator poles are connected in series by the stator windings. The rotor has 6, 8, or 12 equally spaced poles, which are reluctance magnets that extend outward from the central bore. The stator windings associated with the stator poles generate a magnetic field in the central bore, which causes the rotor to turn.
 The poles of the rotor and the windings on the stator can be compared to the north and south poles of a bar magnet.  When the north pole of one magnet is put next to the south pole of another, the two will attract.  However, if the north pole of one magnet is put next to the north pole of another, the two will repel.  The attracting and opposing magnetic fields between the rotor poles and the stator windings cause the rotor to begin turning. The SR motor also uses electronic controls to control the speed of the motor. Typically, a sensor such as an encoder is attached to the shaft of the motor to determine the position of the rotor. The encoder produces a signal that contains information on the angle of the rotor pole with respect to each stator pole and the associated windings. This encoder signal is input into a microprocessor. The microprocessor uses the rotor position information contained in the encoder signal to calculate the desired motor speed. The output of the microprocessor represents the speed of the motor and is input into an Erasable Programmable Read Only Memory (EPROM). The EPROM uses the signal from the microprocessor to determine how to control the motor for the desired speed. The signal from the EPROM is then used to increase, reduce or maintain the speed of the motor.

 TC “b. Typical SR System for HVAC”b. Typical SR System for HVAC
Like GE’s ECM, a SR motor system can also be used to drive the blower in an air-conditioning unit. The control system includes a blower, a motor, an air flow detector, a microprocessor and an encoder. The encoder is directly coupled to the shaft of the motor to produce a signal that represents the current drawn by the motor and the motor’s operating speed. The signal from the encoder is input into the microprocessor. The microprocessor uses the signal from the encoder and a signal representing the airflow rate to calculate the desired speed of the motor. The output signal from the microprocessor is sent back to the motor through a switch that controls the application of a voltage to the motor. However, the SR motor system described above is only the subject of a patent and is not used in any applications.  Figure 3 shows a block diagram of a typical SR motor system that could be used in an air-conditioning unit.

 TC “c. Typical SR System for a Washing Machine”c. Typical SR System for a Washing Machine

The only application that is currently using the SR motor system is the Neptune Washing Machine sold by Maytag.  The washing machine is a front loading, horizontal axis system, which is used in Europe but typically is not used in machines in the U.S.  The SR motor system controlling the machine contains a single-slotted optic sensor that is used to determine rotor position in combination with a coded disk. The control circuitry uses the rotor position signal to control the speed and commutation of the motor by providing pulses to the output drivers. The control circuit also shapes the current and limits the amount of current applied to the motor based on the load torque required. Shaping of the current waveform provides the optimum operating torque and efficiency for the motor with a minimum amount of audible noise. However, unlike a standard induction motor that requires three wires to establish a connection, the SR motor system requires six.
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Figure 3

Typical SR Motor System

Initial reports from consumers on the washing machine have been encouraging.  Of the front loading machines available, the Maytag Neptune washer was given good scores on cleaning ability and water temperature. Out of a total score of 100, the washer received an 80 with excellent scores in water and energy efficiency and good scores for noise efficiency. The price of the washer was listed at $1,100 as compared to other front loaders that were priced as low as $700 and received scores in the low 80’s.
  This data can be interpreted to mean that the SR motor system is very energy efficient but not very cost efficient.  However, the savings from the energy efficiency may justify the initial cost of the machine.

 TC “Graphically Programmable Encoder ™ (GPE) Technology”Graphically Programmable Encoder™ (GPE) Technology

Existing variable-speed motor control systems, such as GE's ECM, require complex electronics.  In order to obtain the advantages of the ECM system, the homeowner must either replace the entire motor system or even replace the entire HVAC unit.  Since the control system for the ECM is complex it requires more complicated manufacturing techniques, is harder to install and is harder to repair if the system breaks.  OGD has developed a variable-speed motor control system that does not have complex electronic components and can be retrofitted to most existing motors in the market today.

 TC “a. Method of Operation”a. Method of Operation

The OGD controller uses an optical (or other types) encoder that is graphically programmed to generate one of many possible electrical signals and can convert virtually any kind of fixed-speed motor to operate at variable speeds.
  The advantages include using a single device to sense, analyze and control the speed of motor, improving the efficiency of the motor, being compatible with many different types of existing motors and being easily attachable onto most existing motors.

The idea of “graphically programming” an optical encoder is new.  Traditional optical encoders have a rotating disk (also called an encoder disk) with thin equal sized and spaced slits in the disk, a fixed disk with matching slit(s), a light emitting device and a photo-detector.  As the encoder disk rotates, the light is transmitted through the slit in the fixed disk and through the equal slits on the encoder disk to the photo detector. The photo-detector detects the on/off light passing through the equal size slits and converts it into on/off equal electrical pulses.
  The OGD Graphically Programmable Encoder ™ (GPE) operates like a traditional optical encoder but rather than on/off slits of equal size and distance, the graphical shape on the encoder disk can output a number of different waveforms.  In some sense, the GPE operates like a Kaleidoscope.  In a Kaleidoscope, light shines through a disk containing a pattern of graphical shapes.  As the user turns the Kaleidoscope, a moving pattern is created and the user’s eye detects this pattern.  The pattern is repeated each turn of the Kaleidoscope. Like the Kaleidoscope, the GPE has an encoder disk with a graphical pattern that may vary in size or shape depending on the waveform desired, a fixed disk with a window that also may vary in size or shape depending on the waveform desired, a light emitting device and a photo-detector. (Note that the GPE can use means other than light to output the waveforms. The principal of operation and the ultimate electrical output signal are equivalent) For example, if the window in the fixed disk is a narrow slit and the graphical shape on the encoder disk is a series of diamonds, the result is a triangular waveform. Combinations of other fixed disk window shapes and encoder disk graphical shapes produce different waveforms which can include a variable amplitude sine wave, a trapezoidal wave and a square wave. Figure 4 contains a selection of encoder disk shapes and mask apertures that produce different waveforms. 

The encoder is contained in a housing that protects the mechanical parts from outside elements.
 The electrical signal produced by the photo detector in the GPE represents the drive signal for the motor. However, the encoder can only create a weak signal with a small amplitude.  In order to increase the amplitude of the signal, a power amplifier is connected to the output of the encoder so that it can be used to power the motor.
  Therefore, the encoder senses the speed of the motor, produces the waveform needed by the motor, and sends this waveform to the power amplifier.  The power amplifier delivers the waveform to the motor, which then operates at the ideal speed and power as is determined by the GPE.  The need for expensive Hall-effect sensors and complex microprocessors is eliminated.

The GPE also eliminates some mechanical parts that are typically needed to attach an encoder to the shaft of a motor.  In a traditional connection, seven parts may be needed to attach the encoder to the motor.  With GPE, only two parts are needed because the shaft of the encoder is attached directly to the shaft of the motor by a coupler.  Since the shafts are connected, the GPE can be adapted to easily connect with any type of motor.

The motors that can be adapted to use the GPE include single- and 3-phase AC induction, DC brushless (like GE's ECM) and SR motors (like Emerson's). Also, many installed motors can be retrofitted with the GPE, thus reducing the cost because the motor does not have to be modified or replaced.
  The option of providing a GPE drive system for single-phase motors would open the entire residential power distribution system to the benefits of variable-speed applications that have traditionally been denied.  “The residential HVAC market would prove superior if existing designs were modified to incorporate variable speed without removing all of the existing motors and substituting 3-phase motors, as is presently required.”
 GPE can replace existing control systems to provide variable speed for existing single-phase motors.
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Selection of Encoder Disk Shapes and Mask Apertures

 TC “b. Typical GPE System for HVAC”b. Typical GPE System for HVAC

Since the GPE can be adapted to drive virtually any type of motor, it can be used in many different applications.  One application is in a heating unit as the control for a blower motor.  The GPE can be coupled to the motor or directly to the blower fan.
 Typically, electric motors are designed to run efficiently at the speed attained at 60 Hz alternating current (AC) that is supplied through an ordinary household outlet.  It is well known, however, that this single speed is usually not what the blower load requires.  Therefore, most of the time, the motor is wasting power.  A motor control system utilizing a GPE system solves this problem.  The combination of the encoder and the amplifier can adjust the motor’s operating speed based on the needs of the system. Furthermore, the GPE system can power the motor at its designed efficiency at any speed, not just at the 60 Hz, 120 VAC noted above.  In the heating (or cooling) system blower application the GPE and power amplifier are used to vary the blower output based on current temperature conditions. While temperature sensing is not an advantage directly provided by GPE, the system can operate in conjunction with a temperature sensor to control the speed of the motor.  If the system includes a temperature sensor the GPE adjusts the speed of the motor based on the temperature.  If the system temperature is increasing, the GPE will signal the motor to increase the speed of the blower causing more heat energy to transfer to the living space. If the system temperature is decreasing, the motor will be instructed to decrease its speed causing less air to be blown into the room (in a cooling HVAC system the temperature sequence is reversed).
 Therefore, the GPE increases the overall efficiency of the motor because it can create the optimal waveform for the motor and has the ability to drive the motor at the speed required keeping the room [image: image6.png]U.S. Patent Sep. 9, 1997 Sheet 8 of 22 5,665,965
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at a comfortable temperature.  Figure 5, shows a typical HVAC system using the GPE to control the blower motor.

Typical HVAC System Using the GPE to Control the Blower Motor

 TC “4. COMPARISON OF COMPETING TECHNOLOGIES WITH THE GPE”4. COMPARISON OF COMPETING TECHNOLOGIES WITH THE GPE

 TC “Introduction”Introduction

In recent years, applications such as air-conditioners have moved from fixed-speed to variable-speed in order to achieve higher comfort levels, less energy consumption, higher system reliability and lower noise levels.
  To meet these goals, people have turned to a variety of different motors and motor controllers.  This section will attempt to identify the advantages and disadvantages of the different systems now available and currently being developed.

 TC “Pulse Width Modulation (PWM)”Pulse Width Modulation (PWM)

Until recently, non-microprocessor type (hereafter, for clarity’s sake, referred to as analog) PWM systems were the most common way to control a variable-speed motor.  ECM and SR motor systems still use the PWM techniques to control the motor but have replaced the analog components with more complex and more accurate microprocessor controlled digital components.  The digital systems are more efficient than the analog systems but the digital systems contain more complex components, which could mean that the system has more chance to malfunction.  The GPE motor controller, unlike ECM and SR systems, does not use PWM techniques to produce signals to control the motor and does not share the disadvantages associated with PWM systems.

 TC “Advantages of PWM over ECM”Advantages of PWM over ECM
Until recently, PWM systems using analog components were the most common motor control system.  (It must be noted however, that there were virtually no PWM systems that could be installed in the single phase, residential HVAC market).  PWM systems have some advantages over ECM.  First, they can be easily installed and maintained.
  ECM control systems contain complex electronics.  The typical HVAC contractor may not have enough knowledge about the system to answer the questions that can arise.  While GE can program the control system before it is delivered to the OEM or the consumer, the contractor must be able to diagnose the problem if the system malfunctions.  The problem may be difficult to locate because a microprocessor can malfunction in many ways.  Contractors will need to be properly trained in order to both install the systems and to diagnose any problems.  In typical analog PWM systems, the components of the system are easier to understand and it is easier for a contractor to diagnose any problems because there are fewer components and they are less complex.  Also, contractors have been installing commercial and industrial systems with analog PWM control in them for numerous years and know the basic problems associated with the systems.  Second, PWM requires fewer complex components, thus reducing the possibility of malfunction and lowering the cost of the system.  The ECM controls are complex and expensive.  The complexity increases the chance of malfunction and increases the cost of the motor.

 TC “Advantages of PWM over SR”Advantages of PWM over SR

Analog PWM systems also have some advantages over SR motor systems.  First, like an ECM, the SR motor system also requires a microprocessor in order to calculate the PWM control signal for the motor.  The complexity of the microprocessor increases the cost of the control system and increases the chance that the system might malfunction.  Simple analog PWM systems do not require a microprocessor.  Therefore, they are less expensive and more reliable.  Second, a SR motor system has only been used in a washing machine up to this date. Therefore, the SR motor systems are at a disadvantage since they must be tested in the products. The testing requires time and money that will make the SR motor system a more costly alternative than a typical analog PWM system.  Finally, like an ECM system, the controls for the SR motor system are more complex.  This makes the system harder to install and maintain.  Contractors also must be properly trained to install the system and to diagnose any malfunctions. Again, analog PWM systems have been used (commercial and industrial only) for years and are better understood by contractors in the HVAC industry. 

 TC “Advantages of PWM over GPE”Advantages of PWM over GPE
Like typical analog PWM systems, GPE requires no complex controls and can be used with many different types of motors.  However, PWM has other advantages over the GPE system.  First, the PWM systems have been accepted by the commercial and industrial HVAC industry as a relatively efficient way to obtain variable speed.  To this date, the GPE system has a very limited installed base. While the results from these installations are very positive, more alpha and beta testing must occur in order to gain the acceptance of both OEMs in the HVAC industry and consumers looking to buy the most comfortable, cost and energy efficient system. 

 TC “Disadvantages of PWM versus ECM”Disadvantages of PWM versus ECM

ECM does have some advantages over analog PWM systems that may outweigh its disadvantages.  First, by using a microprocessor, the ECM system can produce space-vector PWM signals to control three-phase motors.  The space-vector PWM signals apply about 14% more voltage on the motor windings in comparison to pulsed square wave PWM signals produced by analog PWM systems. Because more voltage is applied to the motor windings, the motor can be rated at a higher voltage and lower current to achieve the same horsepower rating.
  Analog PWM systems can typically only create pulsed square wave PWM signals and operate at frequencies between 5 kHz and 30 kHz, which is in the audible range.

Second, a microprocessor can calculate the drive signals for the motor more accurately.  A smoother and more accurate signal will improve the efficiency of the motor.  Typical PWM systems do not require complex electronic components and therefore, cannot calculate the motor control signals with as much accuracy.  Therefore, the motor loses some efficiency because the driving signal contains more noise.  Finally, the ability to program the specifications for the motor into an EEPROM eliminates the need for OEMs to have many different motor models in the early stages of product development.
 With PWM systems, OEMs had to experiment with different motor models to determine which model had the best operating efficiency.

 TC “Disadvantages of PWM versus SR”Disadvantages of PWM versus SR

SR motor systems also have advantages over analog PWM systems that may outweigh their disadvantages.  First, the microprocessor can use space-vector PWM techniques, which creates a smoother PWM wave.  The smoother wave increases the efficiency of the motor and can justify the extra cost.  Currently, the extra cost of a SR motor system is not an issue in the HVAC industry because there are no plans to introduce the SR motor into household appliances such as air-conditioning units and furnaces until 1999.

Second, some SR motor systems can include an EPROM that stores parameters for the particular motor.  Programming the system eliminates the need to test a number of models to determine which one works most efficiently with the system.  In contrast, a typical analog PWM system does not contain a memory storage unit that stores some specific parameters for the motors.  Therefore, more motors have to be tested in order to determine which motor works best with the PWM system.

Finally, a DSP could be substituted for the microprocessor.  Research conducted on the combination of a SR motor and a DSP performing space-vector PWM techniques has indicated that this system could be the most cost-effective solution for many applications.
  The SR motor systems using a DSP may be more expensive at the outset over analog PWM systems but the efficiency savings from the SR system will make the analog PWM system more expensive over the lifetime of the motor. 

 TC “Disadvantages of PWM versus GPE”Disadvantages of PWM versus GPE

Typical analog and digital PWM systems have disadvantages compared to GPE.  First, a typical analog PWM system can only create PWM signals, which are digital square waves.  The GPE system has the advantage of being able to create the optimal waveform for the motor.  A graphical shape that can create the optimal waveform for the given motor is mapped onto the encoder disk.  Therefore, no energy is wasted since the motor uses the entire waveform to operate.  In typical PWM systems, the drive signal for the motor is only a rough approximation of a sine wave.  The “roughness” in the waveform reduces the efficiency of the motor because the motor will not be able to use the “rough” portions of the wave to operate.  Also, the motor is less efficient because the sine wave typically is not the optimal waveform to control an electric motor.  Using a DSP to create the PWM signal would smooth out the waveform and could generate the appropriate waveform for the motor but the DSP system still has the disadvantage of being complex and prone to malfunction.

Second, a GPE system also reduces the number of components that must be used for the control system.  The GPE system requires an encoder, a power amplifier, and a motor.  Fewer components decrease the possibility of malfunction within the system and reduce the cost.  Traditional analog and digital PWM systems require more than three components to drive a motor.  The additional components increase the possibility that the system might malfunction because there are more parts that could individually create errors.  Also, more components will inevitably be more expensive.

Third, the GPE system can be easily adapted to any type of motor because there is no need for design changes or factory retooling.  Since most motors only use one side of the shaft, the GPE can be attached to the unused side.  In contrast, the PWM systems require the motor to be designed to fit with the PWM system.  Therefore, a PWM motor control system cannot merely replace another motor control system.  The motor must be designed for use with that particular control system.

 TC “GPE versus ECM”GPE versus ECM

Efficiency concerns involving the amount of energy used by electric motors each year created the incentive for motor manufacturers to look for more efficient alternatives.  GE created the ECM system to meet these requirements by using an old motor technology with new, complex digital controls.  OGD also created a more efficient control system but without using the complex digital controls.  Each system has advantages and disadvantages that can be weighed against each other to determine the best choice for a more efficient motor.

 TC “Advantages”Advantages

Although ECM has been used for a number of years in HVAC applications, a GPE system still has a number of advantages over an ECM system.  First, the programmable ECM technology developed by GE must be used with a permanent magnet DC brushless motor.  Therefore, if the customer wishes to switch to a variable-speed motor for an air-conditioner, he must replace the entire system.  Also, the DC brushless motor is a three-phase design and will depend on the electronics to drive it since a three-phase motor cannot run on a single-phase line.
  The GPE system has the advantage of being able to attach to any motor in existing air-moving units.  Thus, the customer only has to pay for the GPE system if he wishes to upgrade his HVAC unit to operate at variable speeds.

Second, the ECM uses back-EMF voltage produced by the motor to determine the position of the rotors.  ECM requires sophisticated algorithms to analyze the back-EMF and to determine the power requirements of the motor to be driven at the appropriate speed. 
  As stated above, the ECM contains an EEPROM, which must be programmed with the motor’s specifications.  This could require an individual from GE to go to the OEM facility or installation site to program the system with a PC so that it contains the proper parameters.
  This adds extra cost to the design.  On the other hand, the GPE only requires that the optimum waveform shape for a given motor or application be determined and mapped onto the encoder disk as a graphical shape.  This can be done before the part is shipped to the customer and will not require much work because some more popular motor waveforms have already been determined.

Third, using back-EMF to determine rotor position could be unreliable.  Electromagnetic interference could obstruct the sensing process and cause the motor to malfunction. This could require a visit by the repairman, which adds to the cost of the system.  The motor malfunction could cause the air-conditioning unit to operate inefficiently or could cause the system to break.  The GPE system acts as its own sensor so there is not a reliability issue to worry about because the encoder is not affected by electromagnetic interference.

Fourth, Programmable ECM is quite expensive.  GE claims the energy savings recover the cost of the system within 6 to 18 months.
  However, with GPE, the customer will not have to wait years to recover the cost.  Since it can be priced lower than ECM and can be fitted to existing motors, the customer will start saving money immediately.

Fifth, programmable ECM utilizes a PWM algorithm to produce the drive signal for the motor.  Typically, a sine wave is not the most efficient signal to drive a motor.  Therefore, unless a DSP is used in place of the microprocessor, some efficiency is lost because the optimal waveform is not being used.  The GPE, on the other hand, has the ability to create the optimal waveform for the motor and maximize efficiency.

Sixth, it is difficult to get contractors up to speed on the technical aspects of ECM.  Since the system contains complex electronics, typical HVAC contractors may not have enough knowledge to solve all problems associated with the system.  In contrast, contractors should not have a hard time adjusting to installing GPE systems.  The GPE is directly coupled to the motor and is like any other optical encoder that might be found in existing systems, except that it creates shaped waveforms.  The shaping ability changes nothing with respect to technical knowledge of how the system operates.

Finally, the ECM system produces two different types of noise: acoustic noise and electromagnetic noise.  The acoustic noise is produced by the PWM system used to control the ECM.  Typically, PWM signals are low frequency signals in the audible range.  While current ECM systems are using higher frequency PWM signals that are out of the audible range, there is still some small amount of acoustic noise associated with the system.  In an HVAC system, this noise is amplified as it travels through the ductwork and is loud enough to be heard by the time that it reaches the room in the home or office building.  In order to reduce this noise, Carrier, which uses the ECM in its air-conditioners, has developed a system to reduce the noise.  The Carrier air-conditioner duct has an active/passive duct silencer that decreases low-frequency noise through electronic cancellation. The sound absorbent lining reduces high-frequency noise and the active system attenuates the low-frequency noise without restricting airflow.
  This “damping” system reduces the amount of acoustic noise; however, it also increases the cost of the overall air-conditioning system.  In contrast, acoustic noise is not a problem in a GPE system because there is no PWM circuit to create the low frequency noise.  Since the motor using the GPE control system creates very little acoustic noise, there is no need for the extra noise control components.  Therefore, the cost of the GPE system is much lower than the cost of an ECM system.

The second type of noise associated with the ECM is electromagnetic interference (EMI).  When the current in the motor changes suddenly, high-order harmonics are produced, which cause EMI.
  If the system contains sensors to determine the position of the rotor, the extra wires needed to connect the sensors to the motor and control system make the entire system more susceptible to EMI, which can cause reliability problems.  However, if the system uses back-EMF to detect the position of the rotor, there will be fewer wires connecting the control system to the motor, which will make the system less susceptible to EMI.  The elimination of the sensors does not completely eliminate the EMI effects.  The best way to eliminate EMI is to add a high frequency filter composed of capacitors.  In efficient filtering methods, which typically are complex filters, attenuation of over 100 dB are achievable.
  However, the addition of the filter adds extra components to the overall system, which makes it more complex and costly.  Unlike the ECM system, the GPE does not have problems with EMI because of its continuous variable speed.  If the GPE is in idle mode, the current in the motor is constant.  If the GPE must increase the speed of the motor, the current in the motor also gradually increases.  The gradual increase means that the high order harmonics are not produced since the current does not suddenly increase or decrease.  Therefore, the GPE system does not require EMI filters, which makes the system less complex and less expensive.

 TC “Disadvantages”Disadvantages

The only major advantage that the ECM systems have over GPE systems is the fact that ECM systems are currently being used in household appliances such as refrigerators and air-conditioning units.  Since ECM has been used for a number of years in HVAC applications, it has an advantage over a GPE system because it has been proven to work in actual systems.  As stated before, the GPE system has comparatively limited testing.  In order for the GPE system to become successful in the market, further testing will need to be done in order to show that the system will be reliable and work in actual applications.

 TC “GPE versus SR”GPE versus SR

The technology behind SR motors was known over 150 years ago but could not be utilized because complex digital control systems were required to operate the motor.  Today, these digital control systems are available and can be used to improve the efficiency and reduce the noise level of the SR motor.  The GPE system also has many of these efficiency and noise advantages.  However, each one has some disadvantages that can be weighed against each other to determine the best choice for a more efficient motor.

 TC “Advantages”Advantages

SR is a very old technology and is emerging because of the rapid decline in the cost of electronics and the increase of new integration possibilities.
  However, a GPE system still has some advantages over a SR motor system.  First, a microprocessor is required to analyze the signal produced by the encoder.  General microprocessors that are used for personal computers are, at times, unreliable.  The same could be true for a microprocessor used to generate a drive signal for a motor.  In contrast, the GPE has no complex electronics to malfunction and initial testing has revealed no problems.

Second, the microprocessor produces a PWM signal in order to drive the motor.  Again, this type of waveform is not the most efficient way to drive the motor.  The GPE can even be "programmed" to provide the optimal signal for a SR motor.

Third, the SR motor technology is not currently being used in any HVAC applications.  It is predicted that the motor might be tested in furnaces by 1999.
  Therefore, the HVAC industry will have to wait in order to install any SR motor systems.  A GPE system is currently being used in a furnace and has shown that it can improve efficiency and reduce the amount of noise coming from the furnace.  If more testing is performed, the GPE system could be ready for use in home systems before the SR motor system.

Fourth, like the GE ECM, the SR motor system must be used with a specific type of motor.  Since there are no switched reluctance motors currently being used in the HVAC industry, the consumer will have to purchase a SR motor system to replace the existing system or replace the entire air-conditioning unit.  Again, GPE can be adapted to work with any existing motor.

Finally, like the ECM, the SR motor system also has problems with acoustic noise and EMI.  Instead of providing a solution for the noise in the ductwork, the SR motor system has a solution built into the control system.  Typically, in SR motor systems, abrupt changes in the magnetic flux gradient tend to produce unwanted acoustic noise and vibrations. These abrupt changes can be caused by the PWM system when it tries to determine how much current is needed to drive the motor at the appropriate speed. In order to reduce the noise and vibrations, a circuit is used to control the energization of the phase windings on the stator. The circuit applies one or more pulses to the windings, which produces a change of flux in the motor that produces vibrations to directly cancel out the unwanted vibrations and reduce the noise. The pulse can be applied in numerous different ways but each method produces vibrations, which cancel out the vibrations that are present when the motor is operating.
  The extra control components add cost to the system and also can cause the motor to become less reliable if the extra pulses do not cancel out the vibrations inherent in the system.  The GPE does not have problems with acoustic noise because it does not contain a PWM system.  Instead, the GPE system uses a power amplifier and the GPE to directly control the speed of the motor.  Since there is no PWM system, there is no abrupt change in the magnetic flux, which greatly reduces any vibrations in the system that may cause the acoustic noise.

The second type of noise associated with the SR motor is EMI.  An EMI filter, as described above in the ECM section, can also be used for the SR.  However, other solutions are available.  First, the SR could eliminate any sensors used to determine rotor position by using the back-EMF produced by the motor.  Like the ECM, the sensors require extra wires that are more susceptible to EMI.  If these are eliminated, the reliability of the system should increase.  Another solution is to move the control system further away from the motor.
  This solution could be costly because it will enlarge the overall size of the SR motor system and can make it impossible to use the system in existing HVAC housings.  As discussed above in the section comparing GPE and ECM, the GPE is less susceptible to EMI noise because it is able to run at constant speeds and does not have problems with abrupt current changes.  Therefore, the control system does not require EMI filters that can increase the complexity of the control system.  Also, the control system for the GPE can be located near the motor, which does not increase the size of the overall system and can allow the GPE system to fit into any existing HVAC housing.

 TC “Disadvantages”Disadvantages

Even though both systems are still being developed, the GPE system has some disadvantages compared to the SR motor system.  If the SR motor system uses a DSP to perform space-vector PWM, a very accurate waveform can be produced for all operating conditions.  The DSP is able to receive updated information from the motor on the conditions and calculate the proper waveforms on the fly.  Even though the GPE system cannot calculate changes on the fly, it has been shown that direct drive residential HVAC blower systems operate within very predictable boundaries. The anticipated load and speed variables are easily pre-programmed into the GPE system so the blower will always operate at the best speed and efficiency. 

 TC “Conclusion”Conclusion

Through the comparisons made in this section, it has been shown that a GPE system has distinct advantages over analog and digital PWM systems, the GE ECM system and the Emerson SR motor system.  These advantages include the ability to create the proper waveform for the particular motor, the simplicity of the components needed to operate the motor and the ability to be retrofitted to any motor, including single-phase, that is being used in applications today.  

A major advantage of the GPE is the fact that a standard off the shelf single phase AC motor is used. If any portion of the GPE system fails, the normal factory blower control system takes over and the blower system continues to function in the single speed mode, without any human intervention.  

On the surface it may appear that the GPE system suffers from a lack of extensive field-testing. It should be noted, however, that the OGD motor drive system is designed around the Graphically Programmed ENCODER.™  It is the Graphically Programmed ENCODER.™ that is the patented new technology. The standard OGD ENCODER,.™ which is the "father" of GPE, is installed in thousands of high profile, precision machines.  These encoders continue to operate many years after installation and have established a track record of high reliability.  This same reliability is built into the GPE.

The other part of the GPE system is the power amplifier.  Conventional power amplifier technology is well established.  Reliability of this technology is proven.  Any capable power amplifier will work with the GPE, but without the GPE drive signal, the power amplifier will not drive the motor. While it is true that further field testing of the entire GPE system would prove beneficial, it is also a fact that there has and continues to be sufficient testing of the system to prove its viability.

 TC 5. CASE STUDY – GENERAL ELECTRIC’S ECM”5. Case study - General Electric’S ECM
 TC History from Conception to Product Release”History from Conception to Product Release
From the first conception of ECM to present day applications, General Electric has evolved the technology from a general motor control mechanism to the present high-efficiency variable-speed apparatus.  GE has sought to improve reliability, efficiency, and versatility of application throughout the evolution of its electronically commutated motor.  Most improvements are related to more efficient operation of an ECM to each specific application.

The concept behind ECM dates back to the 1920’s, but credit for making it practical goes largely to David Erdman, a senior engineer at GE motors. It was Erdman who realized that brushless DC motors could be made much cheaper by doing away with expensive, delicate sensors that detected the position of the rotor magnets in relation to the outer ring of electro-magnets. He devised a way to sense the rotor magnets' position by using a "back voltage" they create in the outer ring, according to GE, which took place in 1976. After a few false starts, Erdman built a controller that juiced the electromagnets just right so they drove the rotor.

The Electronically Commutated Motor was designed to provide over 20% more efficiency than a conventional induction motor at full load and maximum efficiency over a wide range of operating speeds. Since the rotor does not require an induced current, as do typical induction motors, the ECM eliminates the loss in rotor efficiency this would cause. General Electric designers enhanced stator efficiency by altering the manner in which the copper windings are housed within bonded steel laminations.

A general outline of the Programmable ECM is as follows:

“The AC supply is rectified to DC, which is filtered and supplied to the motor in a controlled manner.  The control circuit supplies DC power to the programmable motor and performs the essential function of commutation by electronic means.  The ECM is programmed by an IBM-compatible personal computer with software developed by GE.A General Electric interface box connects the motor to the PC.  The motor parameters that can be programmed include voltage, frequency and start-up delays and ramp rates, multiple airflow values, and motor rotation.”

The ECM achieves continuously variable speed control by a pulse-width-modulation technique. The frequency of this pulse is significantly higher than commutation frequency. Thus, a high-duty cycle results in maximum voltage, corresponding to maximum speed, and low-duty cycle corresponds to minimum speed. The percent duty cycle, and hence the speed desired, is varied by the user with a potentiometer or other electronic means appropriate to the application.
 

The first patented General Electric ECM device, U.S. Pat. No. 4,005,347 (hereinafter ‘347 patent) issued in January 1977, relates generally to rotating dynamo-electric machines and, more particularly, to such machines that receive power from a direct current or rectified alternating current power supply and that utilize electronic commutation means. A brushless DC motor is constructed with photosensitive devices for detecting rotor shaft position. Accurate permanent magnets on the rotor provide a DC flux field while distributed stator windings, each spanning a fixed number of slots in the armature assembly, provide mutually perpendicular magnetic fields. A logic circuit comprising NOR gates and transistor switches and drivers activated in response to signals from the shaft position sensors are utilized to control a shutter mounted to the rotor that cooperates with the light sensitive devices which are mounted to a supporting bracket fixed to the stator assembly in a manner to selectively preset advancement of commutation of the stator windings.

Whether optical or other types of sensors are utilized in the ‘347 patent, the sensors are preset relative to the armature assembly (for a given rotor assembly) so that the switching point is advanced (i.e., so as to advance the commutation of the windings) such that a winding is energized before the rotor reaches its maximum torque per unit current producing position in order to aid the build-up of current in the winding being energized. This can yield higher torque, higher efficiencies, and higher speeds.  The preferred amount of optimum advance, for a given motor design and desired end use, is primarily a function of motor speed.

In one embodiment of the ‘347 patent, light coupling sensors were used and were supported by a bracket that was slotted so as to permit adjustable attachment to a stator. Such light coupling sensors includes a source of light energy which may be a light emitting diode and a light sensor which may be a light sensitive phototransistor in a light coupling relationship with the light emitting diode. Thus, adjustable advancement of commutation could be made to obtain either peak efficiencies or maximum speeds.  When the sensors are to be permanently attached to the stator the amount of commutation advancement will be a fixed, preset amount for a given motor design. However, whether fixed or adjustable advancement is provided, it is preferred to provide an arm on a bracket that will be shaped to reach over the stator end turns and support the optical light sensors within the end turns, and thereby provide minimum overall motor dimensions.

General Electric first applied its ECM technology to refrigeration systems in trying to improve existing disadvantages in refrigeration and air conditioning systems in recreation vehicles and automobiles where the cooling places a penalty upon the gas mileage of the vehicle. In larger vehicles, the gas mileage penalty has been estimated to be in the order of 10%, whereas in smaller vehicles with smaller engines, the penalty may be even greater. GE sought to solve this problem in U.S. Pat. No. 4,015,182 (hereinafter ‘182 patent) issued in March 1977, comprising a compressor driven by an electronically commutated DC motor for circulating a suitable coolant through a condenser and then an evaporator disposed within a chamber or compartment to be cooled. The system is particularly adapted for use as an air conditioning system for automobiles and recreational vehicles, as portable refrigerating apparatus in recreational vehicles, and refrigerating apparatus for trucks or other transport vehicles. In such applications, a power source such as a battery, alternator, or generator (or rectified alternating current) serves to energize the motor.

The motor in the ‘182 patent may be operated by an electronic commutating circuit responsive to the position of the rotor of the DC motor for efficiently commutating the energizing signals applied to the stator windings of the brushless DC motor. The level of energization is set in accordance with the desired temperature to be maintained by the refrigeration system, where the DC motor is energized to drive the compressor at a selected speed corresponding to the desired temperature. The degree of stator energization may be controlled by: 1] regulating the output of the power source, or  2] regulating directly the commutating circuit to control the current signals applied to the stator windings.

An improved ECM system was introduced in U.S. Pat. No. 4,459,519 (hereinafter ‘519 patent) issued in July 1984, which generally related to rotating dynamo-electric machines and, more particularly, to such machines that receive power from a direct current or rectified alternating current power supply and that utilize electronic commutation means. More specifically, that invention related to electronically commutated motors and control for use with refrigeration systems and which may be particularly adapted for cooling passenger compartments of vehicles.

In one form of the ‘519 patent, a fan control means is provided for responding to temperature of a compartment being cooled by a refrigeration system; comparing the compartment temperature with a desired temperature; and varying the speed of an evaporator fan, thereby varying the movement of refrigerated air across an evaporator and into the compartment. A regulating circuit is provided for maintaining the evaporator at a reference temperature by controlling the output signal of an alternator that supplies energization power to winding stages of a brushless DC motor. By varying the energization level of the winding stages, a compressor, which is coupled to the motor, is caused to vary the flow rate of refrigerant through the evaporator so as to maintain the evaporator at the reference temperature.
 

The regulating circuit in the ‘182 patent includes means for responding to a signal from the fan control unit, which is indicative of the fan speed and relative compartment cooling demand, for changing the reference temperature for the evaporator and causing a variance in the temperature of air moved about the evaporator by the fan for controlling temperature within the compartment. A commutation circuit is provided for energizing the windings in a predetermined manner, having also a detector circuit for sensing a back EMF signal indicative of the back EMF condition of at least one winding. A position determining circuit is responsive to the EMF signal from the detector circuit for integrating the EMF signal to a predetermined value of volt-seconds whereupon the position determining circuit produces a simulated relative position output signal, simulating a relative position output signal from the position determining circuit which supplies an output signal for energizing a selected one of the winding stages.

In the general sense, an ECM has a multi-stage winding assembly and a magnetic assembly associated for relative rotation, and in a given state of energization sequence for the winding stages of the multi-stage winding assembly, the ECM has at least one unenergized winding stage in which an induced back EMF appears. When integrated over time to a predetermined value, the aforementioned induced back-EMF indicates the instant at which the relative angular position between the multi-stage winding assembly and the magnetic assembly upon the relative rotation thereof has been attained suitable for the sequential commutation of the next winding stage. 

With respect to the past, higher power applications or heavy duty applications of ECM's electronic circuitry, such past ECM's have been employed to drive an apparatus having much greater torque and/or speed requirements, such as a laundry machine or a blower fan for use in commercial or large scale air conditioning units or the like. In these past higher power applications, the switching transistors utilized in the power circuit for commutating the power supplied to the winding stages of the ECM were required to conduct exceedingly large currents in order to provide appropriate levels of power to the ECM to effect its operation in a suitable manner.

Past higher power applications of the ECM and electronic circuitry as well as other past higher power applications, the solid state switching devices in the power circuit for controlling the switched current between the winding stages of the ECM must be of a relatively large size in order to conduct the current magnitude associated with the higher horsepower ECM, and a method must be provided for adequately dissipating the heat generated within such relatively large sized switching devices by virtue of such large currents passing through.

It is desirable not only to provide a method for dissipating the heat generated by the aforementioned higher power solid state switching devices but also to provide a method for positioning the power circuit, the regulating circuit and the control circuit at the ECM in order to avoid having multiple wiring connections running for relatively long distances between such circuits and the ECM.

The provision of such improved ECM is provided by U.S. Pat. No. 4,668,898 (hereinafter ‘898 patent), issued in May 1987, in which the solid state components of the power circuit are encased within a casing of thermally conductive material with the casing being engaged in heat sink relation with the heat dissipating method and disposed adjacent the other opposite side of the printed circuit board; and the provision of such improved ECM having a blower method mounted to the thermally conductive enclosure exteriorly thereof for effecting forced air circulation over the thermally conductive blower.

Economy of manufacture was enhanced in U.S. Pat. No. 4,763,347 (hereinafter ‘347 patent), issued in August 1988, which enhanced the circuit improvements by the idea of being made with little extra cost as part of improved integrated circuit chips. Greater versatility of response to various control signal conditions and improved fail-safe features would also be desirable.

The control system of the ‘898 patent is adapted to be supplied with an externally derived first pulse width modulated series of pulses having a first duty cycle which is subject to sudden changes which would cause a substantial inrush current to the motor if used directly for control purposes. The control system includes circuitry for generating a second series of pulses and modulating their width in response to the first series of pulses to produce a second pulse width modulated series of pulses that has a second duty cycle which varies less rapidly over time than the first duty cycle varies when the first duty cycle changes suddenly. Further, circuitry for applying a voltage to one or more of the winding stages at a time in accordance with the second pulse width modulated series of pulses and commutating the winding stages in a preselected sequence to rotate the rotatable assembly. Inrush current to the motor is then substantially reduced when the first duty cycle changes suddenly.

Most of the problems associated with the brush-commutated DC motor have been solved with the GE's development of the brushless DC motor.  The brushless DC motor is basically a permanent magnet DC motor, wherein the commutator and brushes of the conventional DC motor have been replaced by electronic switches to perform the commutation. With such an electronically commutated motor, the electronic circuitry switches the motor windings at the appropriate time to control the rotation of the machine. In the permanent magnet DC brushless motor, a permanent magnet rotor is housed within a stator core having an electronically commutated winding distributed among the stator teeth. Although various sensors and feedback electronics must be used in the ECM, most of the problems associated with the mechanical brush/commutator arrangement are avoided.

However, in a brushless DC motor having salient magnetic poles, a cogging torque occurs due to the salient pole structure. Each stator lamination ring has the correct salient pole and reluctance hole configuration determined by the size of the motor. As is known to those skilled in the art, “cogging” is the non-uniform rotation of the rotor caused by the tendency of the rotor to prefer certain discrete angular positions. The number of salient poles in the stator does not only affect the degree of cogging, but also the structural configuration of the face of the salient pole. Providing substantially constant air gap energy may reduce the cogging torque. Placing a notch in the face of the salient pole essentially increases the air gap at that point, in order to impose a reluctance torque, caused by the stored energy in the notches, that is equal and opposite to the cogging torque.

While the use of such notches may prove beneficial to reduce cogging, it has been found that the presence of notches has a detrimental effect on the demagnetization margin, as well as on the overall performance of the dynamo-electric machine. In an ECM having notches in the face of the salient pole to reduce cogging, the continuity of any magnetic flux shunt path around the permanent magnet is interrupted by the notches. Performance of the motor is also degraded by introduction of the notches when magnetic material is taken away to form the notch, the effect is the same as that of increasing the air gap between the face of the permanent magnet rotor and the salient pole. The presence of a larger air gap reduces the magnetic flux density, and thus affects the performance of the motor. This performance degradation can be manifested in terms of a lower efficiency or a loss of torque.

U.S. Pat. No. 5,250,867 (hereinafter ‘867 patent), issued in October 1993, comprises of a method of placing at least one aperture disposed within the pole head portion and substantially adjacent but not adjoining the pole face. The aperture in the pole head portion creates a non-uniform reluctance path within the pole head for magnetic flux between the movable member face and the stator core to reduce cogging problems as mentioned above.

In accordance with the ‘867 patent, the aperture or "reluctance hole" in the pole head portion of the stator salient pole functions to reduce cogging in the permanent magnet motor in much the same manner as the notches placed in the face of the salient pole. However, the use of a reluctance hole instead of a notch allows for the face of the salient pole head portion to remain smooth, while the reluctance Hole Bridge provides a low reluctance shunt path for the armature reaction flux around the permanent magnet. As a result, the demagnetization margin of the motor is significantly increased. Furthermore, improved efficiency of the motor results from the use of the reluctance hole, since the bridge provides an additional flux path across the air gap to the rotor.

General Electric's Electronically Commutated Motor technology has come a long way, from mere conception to a fine tuned device in actual practice.  Today, General Electric continues to research new methods and new avenues in which it can incorporate its ECM technology.

 TC “Current ECM Technology”Current ECM Technology
Among the several objects of the invention in U.S. Pat. No. 5,592,059 (hereinafter ‘059 patent), issued in January 1997, includes such benefits and features as:  1] an improved heating, ventilation and/or air conditioning system permitting optimum air flow for maximum comfort and/or efficiency for varied system environments;  2] a system which permits controlling the air flow rate of the system by controlling speed or torque of a motor driving an indoor blower;  3] a system which permits controlling the motor’s speed or torque as a function of the temperature of air being discharged by the blower;  4] a system which permits delaying operation of the motor at a normal operating speed or torque until the discharged air heats or cools to a desired temperature;  5] a system which permits automatically increasing the air flow rate of the system when the discharged air reaches the desired temperature;  6] a system which permits automatically decreasing the air flow rate of the system when the period of heating or cooling has ended;  7] a system which permits controlling speed or torque of the motor in response to a system control signal; and  8] a system which is economically feasible and commercially practical.

Briefly described in the ‘059 patent is a system embodying aspects that drives a blower of a heating, ventilating, and/or air conditioning (HVAC) system. The blower discharges heated or cooled air to a space for conditioning the air in the space by changing its temperature. A motor drives the blower at a speed or torque defined by a motor control signal thereby to control airflow rate of the HVAC system. The system includes a temperature sensor generating a temperature signal representative of the temperature of the air discharged to the space by the blower.  In response to the temperature signal, a control circuit generates the motor control signal to cause the motor to operate at a minimum speed or torque until the temperature of the discharged air as represented by the temperature signal reaches a reference temperature. After the temperature of the discharged air reaches the reference temperature, the control circuit generates the motor control signal to control the motor speed or torque as a function of the difference between the temperature of the discharged air and the reference temperature whereby the air flow rate of the HVAC system is increased as the temperature difference increases.

 TC “Amount of Investment to Develop ECM Technology”Amount of Investment to Develop ECM Technology
General Electric was hesitant to answer any questions regarding the total amount of capital invested in its ECM technology.  The impression of a Senior Staff Engineer at Carrier Corp. indicated that General Electric is in the “midst of a serious threat to their ECM business from [Emerson’s] Switched Reluctance technology.” The material and information sought was “too sensitive to release.” Carrier’s Residential Products Business, located in Indianapolis, also would not release or comment on any information relating to investment, or any other question relating to ECM technology because it felt that “the questions [are] sensitive and will not answer them.”
  The questions to be answered, to no avail, are available in Appendix A.

 TC “Value of ECM Technology”Value of ECM Technology

The long-term market for EC motors is enormous.  Worldwide, the demand for small DC motors for use in automobiles is 400 million per year.  Bosch alone produces some 180,000 of them per day at its plants around the world.
  Further, there are an estimated 70 million blower motor units in North America, this is a residential market which utilities cannot ignore.

As mentioned in the previous section, the value of the General Electric’s ECM technology could not be obtained from either GE or third party vendor Carrier Corp. or their subsidiary.

 TC “Manufacturing Requirements and Locations”Manufacturing Requirements and Locations
General Electric has been moving and consolidating production of its motors offshore because of foreign price competition.
  All news data bases were searched in Westlaw and Lexis-Nexis, these include all local and national news publications.  Nothing new was uncovered in this search relating to manufacturing locations, establishment of new plants, or factory activity involving General Electric and ECM.

 TC “Revenue from ECM Products, Market Share and Position, Competitors”Revenue from ECM Products, Market Share and Position, Competitors

Other efficient designs out there include the switched-reluctance DC motor and the even newer piezoelectric or ultrasonic motor.  The switched-reluctance design combines a simple mechanical system with a sophisticated electronic controller that precisely times jolts to the coils to drag an iron rotor around in circles.  The piezoelectric motor is just evolving and is presently used in small appliances and cameras; it has no theoretical size constraints, noted Allied Signal.  This company said it believes the technology could potentially apply to small motors and even larger industrial motors.

Fasco Motors Group, St. Louis based company, is working with computer chip companies to eliminate some of the electronic costs in simplifying the integrated circuits and using low-cost components while ensuring reliability and performance.  Fasco's AIM (Alternate Intelligence Motor) fractional horsepower motor for variable-speed applications consists of a microprocessor controller that can be programmed for up to 64 settings and the closed-loop control keeps the motor at the required rpm, eliminating the influence of a voltage fluctuations or other variables.

Total Motor Control Market — List of Selected Vendors by Product Type (U.S.), 1992.

Vendor
DC
AC
Step

ABB Drives
X
X


Advanced Control Systems


X

Advanced Micro Systems


X

Aerotech


X

Allen-Bradley
X
X
X

American Precision Industries


X

Anaheim Automation


X

Anorad


X

Baldor Electric


X

Cleveland Machine Controls (CMC)
X
X
X

Control Techniques/ICD Devices
X
X


Danfoss

X


Eaton

X


Emerson Electric


X

G&L Electronics


X

Galil Motion Control


X

GEC Automation


X

General Electric
X
X
X

Gettys


X

Graham Manufacturing

X


Hitachi

X


IMO Industries
X
X


Kollmorgen


X

Key:
DC = DC variable voltage drives
AC = AC variable frequency drives
Step = Stepper motor controllers

 TC “Patent Protection in the United States”Patent Protection in the United States

This section contains all relevant U.S. patents obtained by General Electric pertaining to ECM technology and divided into sections by technology subject matter which include: Methods for making ECM; Electronic control and microprocessors; Current control and magnet positioning; Blower systems and HVAC; Laundry machines, washers, and compressor units.  The listed patents can be found in Appendix B.  In addition abstracts of selected patents are available in Appendix C.

 TC “Reputation of Technology and Degree of Acceptance”Reputation of Technology and Degree of Acceptance

GE believes that even though its ECM's are mainly used for blowers in heating and central air conditioning, its acceptance in other HVAC applications and other industries will continue to grow as pricing continues to lower.

The HVAC industry has accepted the ECM technology. In fact, according to GE, every major manufacturer is incorporating the ECM into its products. There also has been an overwhelming response from a wide spectrum of industries for information about this technology, according to GE.
  As a result, GE motors’ research on the ECM keeps rolling along, resulting in an advanced ECM unit.  Further, residential HVAC manufacturers also predict continued growth in the market, and some industry representatives predict that variable-speed blower motors will become the norm within ten to twenty years.

GE motors engineering manager Bill Archer reported:  “Our goal is to drive the price down on these systems to help make them more affordable…Our product is a vital component necessary for that to happen.”  With advancements made in the design of its built-in microprocessor and control, the programmable motor is expected to help manufacturers in the development of a more cost-effective, zone-control HVAC system.  In turn as the products proliferate, the prices of such systems are expected to fall and become available to a much larger market.

Further information sought to answer inquiries as to ECM reputation and degree of acceptance would not be answered by Carrier Corp. As mentioned before, the information is considered “sensitive.”
  These questions are available in Appendix A.  Carrier officials were unable to answer the questions in the appendix.

 TC “Customers and Distributors”Customers and Distributors

General Electric’s large sale force directly serves large end-users and OEMs. For industrial variable speed drives, GE prefers to design, build, and deliver a complete system, rather then sell components to its customers. In this way, both GE and its customers are assured the drive will perform as expected, thus leading to a high-quality and high value-added product. GE sells about 80% of its motor controls and electrical drives directly to large end-users.

· Provided that a complete system is delivered to OEMs, the motors may still be programmed by the OEM to provide the following features:

· Lower airflow at low load, as when a two-stage gas valve is operating at its low capacity;

· Constant air flow regardless of duct configuration or other parameters;

· Ramp-up or ramp-down to prevent discomfort, minimize noise due to sudden starting and stopping, and to optimize heating or cooling delivery;

· Ultra low speed for non-heating or non-cooling mode when the blower is run for circulation; and

· Zoning capability that allows the blower to serve two or more zones, by varying the airflow as needed.

Appliances and HVAC are the principal markets served by General Electric’s ECM products.  Electronically Commutated Motors are used as draft inducer motors, fan motors, compressor motors, and compressor drives by manufacturers including Carrier Corp. in Syracuse; Goodman Manufacturing Co. LP in Houston; Lennox Industries Inc. in Dallas; Trane Co. in Tyler, Texas; and York International in York, PA.

Two dealers are tapping the market for high-efficiency residential air conditioners, despite a market that is usually governed by price. The dealers sell Trane's unitary line that incorporates the General Electric ECM technology to enhance the efficiency of the variable speed air conditioners. The Trane XV1500 with a 16 SEER rating incorporates ECM motors in the compressor, outdoor fan, and blower motor. The system enables the unit to use only that portion of capacity needed to keep the house cool. The key for these two dealers is that they make homebuilders their ally, these being their best salesmen, building homes where the market has a niche for buying comfort and custom homes.

The ECM motor is the only motor technology now used in residential variable-speed blowers in North America, although a switched reluctance motor is being developed by Emerson that may offer competitive performance and cost.
  "The benefits of variable-speed gas furnaces also open up the potential for collaboration between gas and electric utilities." The best way an electric utility company can encourage customers to consider variable-speed gas furnaces could be through the gas utility company, since homeowners look to the company when its time to make a decision about a gas furnace purchase. This also benefits the gas utility company because it provides the customers better comfort and reduces the customer’s gas bill. Utility companies also benefit because the variable-speed systems offer the benefit of reduced peak load; if operated continuously, they may also increase base load. It has also been found that many utility companies are already indirectly encouraging the use of variable-speed blower systems by offering rebates based on the SEER level of the cooling system.

Water furnace International, Inc. produces a line of geothermal (liquid-to-air) residential heat pumps that use the GE ECM variable-speed DC blower technology along with Copeland “Compliant Scroll” compressors in models with capacities of 2 through 4 tons, and Tecumseh rotary compressors in the 10,000 Btuh through 19,000 Btuh sizes.

Carrier Corp. was hesitant to answer any questions regarding ECM technology, even inquiries to environmental factors on ECM, and GE’s reputation in the industry with its ECM, and negative aspects of ECM.  A Senior Staff Engineer at Carrier Corp. indicated that General Electric is in the "midst of a serious threat to their ECM business from [Emerson’s] Switched Reluctance technology," as mentioned before. The material and information sought was "too sensitive to release." Carrier’s Residential Products Business, located in Indianapolis, would also not release any information relating to investment, or any other question relating to ECM technology because it felt that "the questions [are] sensitive and will not answer them."
  The questions to be answered, to no avail, are available in Appendix A.

 TC “Advantages of ECM Technology”Advantages of ECM Technology
The programmable ECM is a brushless DC permanent magnet machine that embodies electronic controls.  This motor has all the inherent performance advantages of a DC machine, without the problems posed by brush life, brush sparking, commutator segment containment, and brush dust.

Compared with mechanical commutation, the electronic alternative has several advantages.  For one thing, the ECM runs quiet and rids the noise emanating from the motor structure. Also, high-frequency signal interference is minimized, and so is mechanical wear. Aggressive environmental conditions such as dust, salty air, and dampness are of no consequence. An air-gap winding eliminates all magnetic torque fluctuations, or detent torque.

The typical multi-speed induction motors that now drive most furnace blowers are most efficient at the higher speeds, which are normally used for air conditioning.  When these motors are used at the lower-speed setting for the heating modes, the motor efficiency can drop to below 30%.  ECM's can operate over a wide range of speeds with motor efficiencies of around 80%.

Trane's XV1500 variable-speed air conditioner that incorporates GE's ECM technology boosted SEER ratings to 16 and greater, well beyond the minimum efficiency required by the National Appliance Energy Conservation Act. The payback on the XV1500 is usually less than three years. This system additionally offers humidity control, removing about 35 gallons of water per day, compared to the 6 gallons with a typical air conditioner. This permits the thermostat to be set at 76  F, rather than 72  F.
  It is important to note that it is almost never cost-effective to purchase the variable-speed ECM gas furnace on the basis of energy savings if it will be used for heating only.

Considering multiple stage furnaces in variable-speed motors is also a factor.  The following figure shows the consumption of electricity for an annual heating season for a single-speed and a variable-speed version of single- and two-stage furnaces.
 It can be seen that two-stage furnaces are generally better performers, but one may be able to get comparable performance for less money with a good single-stage furnace. It has been seen that maximum variable-speed blower savings are for heat pumps or air conditioners with two-stage compressors, or for furnaces with two-stage gas valves.
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Water Furnace International, Inc. "Premier AT" geothermal heat pumps claim SEER's in the 16 to 17 range and a $300 to $500 saving as compared with industry averages of 11 to 12 SEER. The GE ECM variable-speed DC blower motor with soft start and 10 cfm settings that maintain an efficiency of more than 70% over the entire operating range. In addition to operating economies, the inverter drive allows for lower sound levels, larger coil surfaces, and better latent performance.

In March of 1994, GE introduced a line of commercial refrigeration motors that offers 60%-70% energy savings over the conventional unit bearing motors they are designed to replace.

 TC “Disadvantages of ECM Technology”Disadvantages of ECM Technology
A drawback to the use of pulse-width modulation to control a DC motor is that it tends to make the motor run hotter than it would if the voltage was simply cut off.
 Although the permanent magnet synchronous motor has higher efficiency due to the elimination of rotor slip and magnetization losses, this usually proves to be difficult to measure or quantify, especially in integral horsepower sizes, when compared to today’s energy efficient induction motors.

Due to the wide application of variable-frequency drives in industry, the focus has been almost exclusively on three-phase motors and drives. This inquiry indicated that single-phase variable-speed drives are not feasible or efficient.

Non-industrial users of variable-speed units have been restricted to using either the "voltage reduction only" method with its severe limitations, or a three-phase, variable-frequency drive and motor powered from a single-phase utility power line. The latter alternative works well, but forces the motor to become totally dependent on the electronic drive for operation, because three-phase motors cannot be optimally operated on single-phase power.

The option of providing a variable-frequency drive for single-phase motors would open the entire residential power distribution system to the benefits of variable-speed applications that have traditionally been denied. “The residential HVAC market would prove superior if existing designs were modified to incorporate variable speed without removing all of the existing motors and substituting three-phase motors, as is presently required.”

While the industrial world is well aware of the evolutions of variable drive technology and is finding applications in ever-increasing numbers for industrial three-phase power sources and motors, the same cannot be said for residential single-phase utility power users for two reasons:

(1)
If variable speed is desired, all motors must be three-phase, because only three-phase, variable-speed drives currently exist.  This requires changing all motors requiring variable-speed operation from single-phase to three-phase; and

(2)
Having installed a three-phase motor and variable-frequency drive on a single-phase utility line, the motor now depends upon the electronics for operation, i.e., a three-phase motor cannot operate independently on a single-phase line.  Therefore, if an electronics failure occurs, operation of the equipment is not possible.

If a means to provide variable-frequency power to single-phase motors were available, both of these limitations could be alleviated, i.e., the same single-phase motor could be controlled and, in the event of an electronics failure, the motor could be operated normally from the single-phase power line.

 TC “Conclusion”Conclusion

General Electric’s ECM variable-speed technology offers many advantages to prospective consumers looking to save money in the long run.  From the market introduction of ECM to current applications, the variable-speed technology offers a wide scope of applications, especially in the HVAC blower market. Recent competition has begun to put some pressure on GE to make more subtle improvements in hopes to distance itself from that competition.  Emerson’s Switched Reluctance variable-speed technology poses the most significant threat to GE's ECM at the present time.  Only time will tell, over the next 10 to 15 years, whether the advantages of ECM technology will prevail as the truly “accepted” variable-speed technology in the HVAC market.

 TC “6. case study – emerson electric company”6. Case Study — Emerson Electric CoMPANY
 TC “Emerson Electric Company Profile”Emerson Electric Company Profile
Emerson is the number one motors and drives manufacturer in the world.  The total 1997 net sales for Emerson Electric Company were over $12.5 billion, with net earnings over $1.1 billion.
  The company has enjoyed 40 consecutive years of increased earnings per share, and 41 consecutive years of increased dividends per share.

To ensure this continued growth and industry leadership, Emerson is broadening its scope of operations and strengthening its commitment to advanced technology.  With the acquisitions of the UK drive electronics companies Switched Reluctance Drives Ltd. and Control Techniques, Emerson established a global leadership position in the variable speed motors and drives market. Emerson is also positioning itself for further global growth into the next century considering the recent strategic acquisitions of P.LA. in Italy and C.S.I. in the U.S.  The company now holds a broad technology position including numerous patents.  This has allowed Emerson to gain a leadership position for switch reluctance and develop a full line of definitive purpose motors where the principles focus is on variable speed and system optimization.

 TC “The Evolution of Switched Reluctance (SR) Technology”The Evolution of Switch Reluctance (SR) Technology 
The first machine to use Variable Switched Reluctance (VSR) motors were locomotives in the 19th century.
  At its inception, the VSR motors were not efficient; therefore, they faded into obscurity. Recently the performance of the VSR motors have been improved and organizations as diverse as the Department of Defense, automakers and consumer appliance manufacturers have realized the benefits of the VSR motors.

Switched Reluctance (SR) motors are brushless DC motors without magnets.  The increase in performance over the last twenty years have made them very important to motion-control engineers. The two main reasons for this improvement in efficiency are that low cost components allow for efficient control of SR motors in traditional variable-speed drives and new design methods produce lower noise motors.

The SR stator is similar, but requires a different construction than a standard electric motor.  Unlike other motor technologies, forces from a magnetic field on the iron in the rotor can be many times greater than those on the current carry conductors. The switched reluctance drive makes these forces continuous by sequentially switching the current on and off, this ensures that the poles on the rotor are continually chasing the current.  When one starter coil set is on, a magnetic flux path is generated around the coil and the rotor. The rotor experiences a torque and moves the rotor in line with the energized coils, minimizing the flux path.  With the appropriate switching and energization of the stator coils, the rotor can be encouraged to rotate at any desired speed and torque.
  The output torque is determined by the amount of the current passing through the stator windings.

The structure of the motor makes it more efficient than many other types of motors.  A VSR motor does not require sinusoidal exciting waveforms for peak performance operation, so it can maintain higher torque and efficiency over broader speed ranges than is possible with other advanced variable-speed systems. The optimal waveforms needed to excite a VSR motor have a high natural harmonic content, and are typically the result of a fixed voltage applied to the motor coils at predetermined rotor angles. These waveforms are attained at virtually any speed. In addition, as long as the commutation can be accurately controlled with respect to the rotor enable, the motor will operate at its predicted high efficiency.

VSR motors also provide other benefits.  They can be programmed to precisely match the loads they serve, and their simple, rugged construction has no expensive magnets or squirrel cages like the AC induction motor. With no internal excitation or permanent magnet, the motor is inherently resistant to overload and immune to single-point failure.  Finally, once in high-volume production, they are likely to be less expensive than competing systems.

However, the benefits of the VSR motors remained unrealized in the early 1800's. The motors did not reappear until the early 1980’s, with the development of electronic controllers for brushless motors; VSR motors use these same controllers.
  This development greatly improved the efficiency of the VSR motor.  Therefore, researchers in both the public and private sectors began to look at VSR motors and identify potential applications.

Recently there has been an increase in the use of VSR motors for high-volume consumer products. Among the first products to use the technology is a power-assisted steering system developed by Dana Corp. in Pittsburgh for the Ford Motor Co. VSR motors are well suited for this application because they can deliver a high power density in a small volume, and they are less expensive.
  Various companies are looking to modify VSR motors for other automotive applications, such as windshield-wiper motors and alternators.

Emerson Electric is planning to incorporate VSR motors into many of its appliances and tools; its biggest success so far has been with one of Emerson’s new washing-machine models.
 Emerson used its reluctance technology in the new Maytag Neptune washer. In these washers, the VSR motors eliminate all the mechanical gearing for the spin cycle, so no taps are needed to get multi speed performance, resulting in a significant cost saving.

In designing the Neptune washer, Emerson looked at three possible motor sources: the universal, induction and SR.  In their analysis, Emerson concluded that the universal motor with its commutator and brushes is more costly to build and requires periodic maintenance during the life of the washing machine to replace brushes. To achieve the same performance results as the SR motor and the induction motor, a longer and heavier motor was required.  Also, the universal system is the lowest during wash, where the machine spends most of its time. The induction motor had the highest efficiency in wash and low DC link currents.  However, if the winding was replaced its efficiency would drop slightly and approach that of the SR motor. The SR motor exhibited the highest efficiency at spin along with the lowest phase currents.  This allows for the selection of the least expensive power devices of the three systems.
  Also as sensorless algorithms for SR motor controls become more refined and commercially viable, the efficiency of the SR motor will increase.

However, VSR motors are not without their drawbacks.  The most significant downside is the acoustic noise and large vibrations often caused by the motor’s high pulsating magnetic flux. This noise can be reduced by adding components to the electronics, designing special magnetic circuits, and tweaking the mechanical design, but taking some or all of these steps could compromise the motor’s benefits. Designers generally select the right combination of noise reduction and performance to suit the particular applications and electronics to compensate, but these added controls are expensive. If torque ripple is of primary concern, the best alternative might be a permanent magnet motor instead.

In addition, VSR motors require small air gaps.  This decreases the margin off error in motor use, because if the shaft is off-center, unbalanced tangential forces come into play, so shafts and bearing systems generally need to be of a higher quality than with other motors. Various motor designers are working on designs to widen the air gap.

“The adoption and proliferation of VSR motors is about 15 years behind brushless motors,” said Dan Jones, a Thousand Oaks, California consultant to the motion-control industry. “However, it appears that they are experiencing the same acceleration curve as permanent magnet motor. Although they will never be ideally suited for all applications, they are emerging as a viable competitor to AC induction motors and permanent magnet motors.”
 

Switched reluctance motors differ from traditional synchronous motors because both the rotor and stator have salient poles. The stator coils are connected in series, while the rotor is composed of standard laminations-without windings or permanent magnets.  This is essentially a variable-reluctance stepper motor, with a few essential differences including continuous rotation and self-synchronous operation.
  Reluctance-type motors cannot run up to high horsepower because the torque is generated through the unique shape of the rotor.

Also the introduction of a variable-speed drive can reduce life cycle energy consumption by up to 1 percent yearly.  Currently the trend is toward AC drives, with special attention being paid to switched reluctance drives for their energy efficiency and unbeatable low production cost.

 TC “Emerson Electric Acquires Switched Reluctance Drives (SRDL)”Emerson Electric Acquires Switched Reluctance Drives (SRDL)
Before Emerson came along, Switched Reluctance Drivers, Ltd. (SRDL) thrived on licensing its technology, collecting the royalties, and building prototypes.  The company employed approximately 30 people full-time.  This company was an important part of Emerson’s plan to corner the motor industry because SRDL had improved the noise characteristics of the VSR motor.
  The team’s breakthrough was to improve the performance of switched motors through simple magnetic attraction.  That made them smaller, stronger and quicker with increased efficiency and reliability.

Emerson Electric Company acquired, SRDL, an United Kingdom-based technology firm in 1994.  Emerson is the world’s largest producer of electric motors- the type that goes into everything from washing machines to aircraft engines. What Emerson did not have was the benefit of the advanced specialist technology patented by co-founder Prof. Lawrenson and three academic colleagues of SRDL.  Under the deal outlined on July 27, 1994, SRDL will operate as a subsidiary of Emerson, while continuing to support relationships with its own customers.  Emerson’s vice president of engineering for the appliance motor division, Bill Schnyder, will be installed as chief executive.  Prof. Lawrenson steps down from executive to non-executive chairman.  Following acquisition, the three co-founders will stay on as consultants.

Mr. William K. Anderson at Emerson told us that SRDL is a privately held company.  Therefore, no information about the acquisition could be released.  However, from the 1994 Annual Report we can estimate how much Emerson paid for Switch Reluctance Drives, Ltd.  Emerson made three major acquisitions in 1994 totaling over $600 million. Emerson acquired F. G. Wilson (Engineering) Ltd., a United Kingdom-based manufacturer of diesel generator sets, for $271 million. In December 1994, Emerson acquired Control Techniques; a United Kingdom- based manufacturer of variable speed drives for approximately $245 million. The only other acquisition that was mentioned in that year was SRDL.  The sums of the two known acquisitions total $516 million. Therefore, the approximate cost of SRDL would amount to $84 million.
 

 TC “Switched Reluctance Patents”Switched Reluctance Patents

All relevant patents obtained by SRDL that are now owned by Emerson pertain to SR motor technology.  The list of these patents and their abstracts can be found in Appendix D.

 TC “Conclusion”Conclusion

Switched reluctance motors differ from standard motors in that they exploit the fact that the forces from a magnetic field on the iron in the rotor can be many times greater than forces on the current carrying conductors.  In addition, the switch reluctance motor circuit design permits the use of simpler, smaller, and often fewer electronic switching and simpler fault protection.  As the technology becomes more feasible, the cost of operating the VSR will decrease and the applications for VSR should increase.  However if coupled with GPE many of these future goals and fixes could be realized now.  Therefore, Switched Reluctance motors are in the position to become a more viable technology for the future.

 TC “7. valuation of existing motor control technologies”7. Valuation of Existing Motor Control Technologies
 TC “Introduction”Introduction

The valuation of the technology is based on a calculation of the total value of the investigated technology multiplied by the margin of error minus the total cost of the investigated technology multiplied by the margin of error.  This calculation yields the net value of the investigated technology (NVIT = [(TVIT x me) – (TCIT x me)] x (1 – PVD)).
  The first step in the valuation process is to develop a rating system for key performance characteristics of the GPE versus the leading substitute technologies, ECM and SR.  Only ECM and SR are examined because information is available for each system.  PWM inverter systems and AC induction motors are not examined because there are too many different types and the appropriate information could not be gathered to come up with an average performance for each system.  Systems using DSP are not examined because the technology is brand new and there are no specific test results.  However, if the initial reports on the DSP PWM systems are correct, the combination of DSP with SR may yield the most cost-efficient, and therefore the most valuable, motor system.
  Next, the price advantage of the investigated technology is calculated and combined with the performance advantage of the investigated technology to generate the total value of the investigated technology.  Finally, the total costs to bring the investigated technology to market are calculated.  The net value of the investigated technology is then discounted to a present value.

 TC “Performance Characteristics Chart”Performance Characteristics Chart
The performance characteristic chart compares two substitute technologies with the GPE to determine the overall performance advantage exhibited by GPE systems.  Each characteristic is weighted on a scale from 1 to 10, with 10 being the greatest importance.  Each performance characteristic also is ranked on a scale from 1 to 10, with 10 being the highest performance rating.  The performance rating of a single characteristic is determined by comparing the investigated technology’s actual performance against the average performance of the substitute technologies.  All of the ratings for the performance characteristics of each technology will be tallied to compute an overall performance advantage for the GPE technology. Figure 6 shows the performance characteristic chart.


Performance Parameters
Weight Factor
ECM
SR
GPE
Net IT Advantage/Disadvantage

Energy Efficiency
10
8
7
9
20%

Audible Noise
7
8
8
9
12.5%

EMI/Electrical Noise
4
8
7
8
6.6%

Speed Range
4
8
7
9
20%

Manufacturing Complexity
5
6
7
8
23%

Installation Complexity
5
5
5
7
40%

Retro-fit Complexity
8
2
2
10
400%

Repair Field Serviceability
6
3
3
7
133.33%

Total Performance Rating

289
272
469
48%

Figure 6

Performance Advantage Characteristics

 TC “Discussion of Performance Measures”Discussion of Performance Measures

 TC “a. Energy Efficiency”a. Energy Efficiency

This characteristic measures energy consumption based on the full-speed power consumption of the substitute technologies and the variable speed average power consumption of the GPE technology.
  Energy efficiency is weighted at a 10 because a major benefit of variable speed motors is the increased energy efficiency when the motor can gradually increase or decrease the speed of the motor so that energy is not wasted by constantly turning the motor on and off.

ECM (8) -
The value of 8 was taken to correspond to 80% efficiency in the ECM as noted in an article.

SR (7) -
The energy efficiency of an SR motor system is slightly lower than that of an ECM because it must use extra current in the windings to produce the air-gap flux.
More current is required because there are no windings or permanent magnets on the inner rotor.  Therefore, the stator windings must supply enough current to create the magnetic field, which causes the rotor to turn.

GPE (9) -
The energy efficiency of a GPE system is very high because the GPE can shape the waveform that is used to run the motor.  As described above in the GPE section, a graphical shape can be put on the encoder disk to produce the optimum operating waveform for the motor.  Also, the GPE can run in an idle mode which uses less energy than a Christmas tree light
 and wastes less energy because the constant air movement by the continuous motion of the motor eliminates the need to turn the system on or off based on the environment conditions.

 TC “b. Audible Noise”b. Audible Noise

These characteristic measures the noise that is primarily generated by either the blower’s rotation or the vibrations caused by the PWM system and is a function of the blower speed.
  Audible noise is weighted at a 7 because, while it is generally important to most consumers that the HVAC system be quiet, it is more of a convenience factor rather than of a price or performance benefit.

ECM (8) -
The value of 8 was assumed due to the brushless permanent magnet characteristics of the ECM system.  However, some noise is still present from the resultant back-EMF during the process of controlling the ECM mechanism.

SR (8) -
The audible noise of a SR motor system has been reduced by the addition of white noise to cancel out the noise created by the PWM system.  However, the SR motor must be soft-started, which will create some noise.

GPE (9) -
This technology received the highest rating because there is very little noise produced when the system starts and it can be run in idle speed.  When prompted by temperature conditions, the speed of the motor is able to gradually increase or decrease resulting in little noise because there is no rush of air as the motor turns on or off.  Also, the GPE does not have to be soft started.

 TC “c. Electrical Noise (EMI)”c. Electrical Noise (EMI)

This characteristic measures the electrical noise that can be created when there is a sudden change in the motor current.  The current change is typically caused by the PWM system when it changes the speed of the motor by changing the amplitude of the applied waveform.  EMI is weighted at a 4 because the existing systems on the market have greatly reduced the potential harmful effects from EMI, so the consumer does not have to factor EMI protection into its initial choice of motor control systems.

ECM (8) -
The value of 8 was assumed because of the of the brushless permanent magnet characteristic of the ECM system which results in very little noise.  Further, high frequency signal interference is also minimal.

SR (7) -
The EMI created in a SR motor system is typically more than what is produced in other motor systems because most SR motor systems must use sensors to determine the position of the rotor.  These sensors add extra wires to the system, which increase the systems susceptibility to EMI noise.  However, the EMI tolerance can be improved by removing the sensors and moving the control system away from the motor so the change in current cannot be sensed by the control system.

GPE (9) -
Since the GPE system does not include a PWM system to control the wave-form supplied to the motor, EMI is of little concern.  The GPE can gradually change the speed of the motor by gradually changing the amplitude of the waveform supplied to the motor.  Therefore, the current in the motor does not change abruptly to cause the higher order harmonics, which create EMI.

 TC “d. Speed Range”d. Speed Range

This characteristic measures the speed range for mechanical operation.  The speed range is weighted at a 4 because, while it is an important part of a variable speed motor, the consumer will not factor the speed range in as a part of their initial decision to buy a variable speed motor.

ECM (8) -
The value of 8 is assumed because the ECM technology has shown to operate efficiently over a wide range of speeds.
  The practical range for ECM motors is about 500 to 1500RPM.

SR (7) -
The SR motor system has a wide speed range.  At certain revolutions per minute (RPM), the system operates more efficiently than an ECM. However, at lower RPM’s, the SR motor system operates less efficiently than an ECM.  Therefore, while the speed range may be relatively broad (typically between 500 to 1500 RPM), the overall performance over the speed range is lower than any of the competing technologies.

GPE (9) - 
The speed range of a GPE motor system is the highest because the system operates in a closed loop.  As the temperature sensor in an HVAC senses that the air either needs heating or cooling, the motor can react to the changes in the environment, which results in a continuous variable speed control.  Tests have shown that the GPE can operate motors from 50 RPM to 5000 RPM.

 TC “e. Manufacturing Complexity”e. Manufacturing Complexity

This characteristic measures the manufacturing techniques that must be used to produce the various technologies.  The manufacturing complexity is weighted at a 5 because, while consumers do not think of the complexity involved in a manufacturing process, a potential producer will value the manufacturing complexity of the product very highly.  The weight factor was determined by taking the average weight factor of the consumers and the producers.   However, the bulk of this characteristic is tied into the price of the different systems because a more complex manufacturing process will translate into a higher price for the product.

ECM (6) -
The value of 6 is assumed because of the complexity of the ECM system taken in its entirety.  This includes, but is not limited to the permanent magnet motor, the microprocessor, and software developed by GE.

SR (7) -
The manufacturing complexity of the SR motor is less than that of the ECM because it does not contain any windings or permanent magnets on the inner rotor.  Instead, the rotor is a shaped piece of iron. The stator is also a more simple construction, which requires a less complex manufacturing process.

GPE (9) -
The manufacturing process of the GPE is the least complex because the encoder contains very few mechanical parts.  The encoder typically is composed of a stationary mask, a rotating disk, an LED and a photo-optic sensor.  The only complex part of the manufacturing process involves putting the graphical shape on the encoder disk.

 TC “f. Installation Complexity”f. Installation Complexity

This characteristic measures the complexity of the installation process.  The installation complexity is weighted at a 5 because, like the speed range, the consumer will not factor the installation complexity in as a part of their initial decision to buy a variable speed motor.  However, they may think of it as a secondary consideration as to which type of system that they would like to buy.

ECM (5) -
The value of 5 is assumed because a majority of the installation is provided by GE, which is very complex, and the consumer is left with very little complexity during the installation phase.

SR (5) -
The installation of an SR motor into an HVAC application can be relatively complex compared to installing a typical AC induction motor or a GPE.  No SR motors have been installed in HVAC systems in the field.  However, since the control system for the SR motor involves many of the same components as the ECM, it is assumed that the SR motor will involve some of the same installation problems as the ECM.

GPE (9) -
The installation of a GPE motor into an existing HVAC application should be relatively simple.  No GPE systems have been installed in the field but one has been installed in a working furnace.  The GPE can be directly connected to most existing motors and involves no complex electronic components.  Therefore, installation will be simple because the contractor does not have to set any parameters in order for the system to operate.

 TC “g. Retro-fit Complexity”g. Retro-fit Complexity

This characteristic measures the ability to retrofit a variable speed motor system into current HVAC systems.  The retrofit complexity is weighted at an 8 because this characteristic can give the user high cost savings.  Consumers will be more willing to buy a system that can be installed in their existing HVAC systems rather than purchase a completely new HVAC system.

ECM (2) -
The value of 2 is assumed because the ECM technology cannot be retrofitted, it is only available from GE as a complete system.

SR (2) -
There is very little ability to retrofit a SR motor into an existing HVAC system and any attempt could be costly.  If a SR system can be added to existing HVAC applications, the control components and the motor must be put into the housing unit.  This could be difficult if the SR motor system cannot be configured in a way that would allow it to be directly inserted into the HVAC housing unit.

GPE (10) -
As long as the GPE system is compatible with the motor used in the HVAC system, it can be retrofitted for any existing HVAC application.  The GPE connects directly to the shaft of the motor and is small in size so space will usually not be of concern. The only unknown is the size of the power amplifier.  If this component must be fairly large, the GPE systems may not be as easily adaptable to existing systems.

 TC “h. Repair in Field”h. Repair in Field

This characteristic measures the ability to repair the motor and control system in the field. The ability to repair the system in the field is weighted at a 6 because it is important to the consumer for the motor to be easily repaired in the field.  The consumer will not initially think of this characteristic when deciding to purchase a variable speed system.  However, the ability to repair the motor will be a secondary consideration that can influence the consumer to choose one type of variable-speed system over another.

ECM (3) -
The value of 3 is assumed because of the complexity of the ECM system, and also the fact that the ECM is delivered as a complete system straight from a GE manufacturing plant.
  This limits the number of personnel available to service the ECM on a repair basis.

SR (3) -
Since there are no SR motor systems in HVAC applications, the ability to repair a system in the field will be based on the ability to repair an ECM system.  The SR motor system has many of the same components as the ECM system.  If any of the complex electronic components in the control system fail, it will be difficult to repair them in the field.  The individual may have to wait a number of weeks for replacement parts.

GPE (7) -
Since there is only one GPE system in operation, the ability to repair the system in the field will be based on the simplicity of the GPE.  There are no complex electronic components that are needed for the control system so the GPE will not encounter any of the problems associated with the ECM and SR control systems.  Typically, good power amplifiers do not need repair or replacement for many years.  Also, repair or replacement of the GPE will be relatively simple since it only contains simple parts.

 TC “Price Advantage”Price Advantage

This characteristic measures the price of the GPE against the price of the ECM and SR motors.  The price of the entire system is not measured because the total price of an ECM and SR system could not be located.  Therefore, the closest price comparison available was the price of adding a GPE system (including a GPE and a power amplifier) to an existing motor or changing the motor to an ECM or SR motor. Typically, price is very important to the consumer.  However, in the case of variable speed motor, it has been shown that consumers are willing to pay more money for a system that is more efficient and will save them more money over time. 

ECM -
The price of manufacturing the ECM is high because the inner rotor contains a permanent magnet.  A more complex and more costly manufacturing process is needed to make the motor.  However, since its introduction in 1992, the price of the motor has decreased.  Today, the estimated cost of this motor is $100.

SR -
The price of manufacturing the SR motor is lower than the price for the ECM because there are no permanent magnets on the inner rotor.  However, since the motor is relatively new, the price still reflects the costs of the research and development needed to bring the motor to market.  The estimated cost of this motor in 1995 was $150.
  Taking into consideration that prices of products tend to drop as they have been manufactured for a number of years, the price of the motor could have dropped by as much as 23%.  Therefore, the price of the motor in 1998 is approximately $115.

GPE -
The price of the GPE is lower than the price of both the ECM and SR because the encoder requires fewer mechanical parts.  The only aspect of the GPE that may d rive the cost up is the research required to determine the different graphical shapes that can be put on the encoder disk to create the different waveforms.  The estimated cost of the GPE system, when manufactured in large quantities, is $65.
  However, the GPE system is not currently being manufactured in large quantities so the price is higher.  Assuming, like the ECM or SR systems, the price can drop 23% in three years, the current price of a GPE could be as high as $80.

 TC “Total Value of the GPE”Total Value of the GPE

The total value of the GPE technology is calculated by taking the average of the performance advantage of the GPE over ECM and SR motor systems and the price advantage of the GPE over ECM and SR motor systems.  The average advantage is then multiplied by the current year sales of ECM and SR motor systems, the future sales trend of the market for variable-speed HVAC applications and the life cycle of the GPE technology (TVIT = ((PA + P1A)/2)(CS x ST x LC)).

PA 
48%
Performance Advantage of Investigated Technology (+/-%)

P1A 
25%
Price Advantage of Investigated Technology (+/-%)

CS 
$68,000,000.00
Current Year Sales of All Substitute Technologies ($)

ST 
108%
Future Sales Trend of Technology Market (+/-%)

LC 
5
Life Cycle of Investigated Technology (# yrs.)

TVIT 
$133,963,008.85
Total Value of Investigated Technology

Figure 7 

Calculation for the Total Value of the Technology

Figure 7 shows the numbers chosen for the calculation.  The overall performance advantage percentage was calculated from the performance characteristic chart in Figure 6.  First, the weighted performance numbers for both ECM and SR motor systems were separately added.  Then the total calculated number for ECM was added to the total calculated number for SR.  This number was then divided by 2 to find an average performance number for both technologies.  To determine the percentage performance advantage of the GPE over the ECM and SR motor systems, the average performance number was subtracted from the total weighted performance number calculated for the GPE.  The difference between the GPE technology and the substitute technologies was then divided by the average weighted performance number for the substitute technology.  This calculation yielded an overall performance advantage of 48%.

The price advantage was calculated by first averaging the price of the ECM and SR motors.  The average price is $107.  The price of the GPE system (the encoder plus the amplifier) was then subtracted from the average price to obtain the price difference between the two products.  The price difference was then divided by the price of the GPE system to determine the overall price advantage.  The overall price advantage of the GPE system is 25%.

The total current year sales of the ECM and SR motors systems were calculated in the following way.  As reported by OGD, the total market for the variable speed motor in HVAC applications in 1995 was 800 million dollars. Assuming that the market increases by 8% per year, the HVAC market in 1998 would be a total of $1 billion. 
  However, not all systems on the market use ECM or SR to obtain variable speed.  Therefore, the individual market for each motor system was determined.  The number shown in Figure 7 represents the percentage of the market that is using either ECM or SR motor systems. It is known that both Carrier Corp. and Fedders Corp. purchase ECM motors manufactured by GE.  From 1995 figures for 1994 sales, Carrier’s share of the core comfort market was 14.3% and Fedders share of the core comfort market was 8.8%.
  It is assumed that these two companies have relatively the same share of the market today, so the total market value of $1 billion was multiplied by 23% to obtain $232 million.
  This number represents the total market for an air conditioning system.  It was found that the cost of the control system could be as much as 24% of the total air-conditioning unit.
 Therefore, the total market for HVAC motor control systems in 1998 is approximately $56 million.  Since SR is not currently on the market, the share is estimated by looking at the market for Maytag Neptune Washers.  In 1997, the total market for the washers was estimated to be $50 million.
  Assuming that the price of an SR control system is about 24% of the price of the washer, the total market for SR motor control systems is $12 million.  Therefore, adding the two figures together creates a market for ECM and SR motor systems of approximately $68 million.

The future sales trend of the market was estimated to between  7% & 8% over a five-year period. The life cycle of the product will be over 5 years but we only had estimated numbers for a five-year period from 1999 to 2003.

Based on the numbers shown in Figure 7, the overall value of the technology over a five year period is just under $134 million.  Because of the margin of error factor, this value could be either lower or higher.  Based on the accuracy of the estimated numbers used for this calculation, this value is probably lower.

 TC “Total Cost of the GPE Technology”Total Cost of the GPE Technology

The total cost of the GPE technology is calculated by adding the research and development costs necessary to bring the technology to market, the intellectual property costs of the technology (includes licensing), the switch over costs of the GPE technology, the training costs of the technology and the production costs of the technology (TCIT = RDC + IPC + SOC + TC + PC).

RDC
$1,836,000.00
Remaining R&D Costs of Investigated Technology

IPC
$948,000.00
Intellectual Property Costs of Investigated Technology

SOC
$2,714,000.00
Switch Over Costs of Investigated Technology

TC
$1,918,800.00
Training Costs of Investigated Technology

PC
$34,256,520.00
Production Costs of Investigated Technology

TCIT
$41,673,320.00
Total Cost of Investigated Technology

Figure 8

Calculation for the Total Cost of the Technology

Figure 8 shows the estimated numbers for all of the costs associated with bringing the GPE technology to market over the next five years (from 1999 to 2003).  The total cost of research and development over a five-year period is estimated to be just over 1.8 million dollars.
  The total cost of intellectual property over a five-year period is estimated to be about 950 thousand dollars.
  The total switch over costs (including any tools that need to be added to manufacture the various parts of the GPE system) over a five year period is estimated to be just over 2.7 million dollars.
  The total training costs (including people hired to maintain the technology and make improvements) over a five-year period is estimated to be just over 1.9 million dollars.
  Finally, the total production costs over a five-year period is estimated to be just over 34 million dollars.
  Therefore, the total cost of the GPE technology over a five-year period is 41.7 million dollars.  This figure may be higher because the total intellectual property costs, total switch over costs and total training costs could not be accurately determined from the information that is available.

 TC “Net Value Calculation for GPE”Net Value Calculation for GPE

The numbers shown in Figures 7 and 8 are used to determine the net value of the technology, shown in Figure 9.  First, the best case net value is calculated and then, the worst case net value is calculated. The margin of error chosen for the best case calculation was to be about 50% and the margin of error chosen for the worst case calculation was to be about 30%.  The margin of error for the worst case calculation is lower than the margin of error for the best case calculation because it is more likely that the value of the technology was overestimated and the cost of the technology was underestimated. The present value discount is an average of the percentage discount per year over the five-year period.

The best case net value is calculated by assuming that the value of the GPE technology was underestimated and the costs of the technology were overestimated.  This calculation involves assuming that the margin of error for the value is positive and the margin of error for the costs is negative.  Based on the numbers in the chart and the formula given to calculate the total value of the technology, the best case value of the GPE is $148 million over a period of five years.

The worst case net value is calculated by assuming that the value of the GPE technology was overestimated and the costs of the technology were underestimated.  This calculation involves assuming that the margin of error for the value is negative and the margin or error for the costs is positive.  Based on the numbers in the chart and the formula given to calculate the total value of the technology, the worst case value of the GPE is $32 million over a period of five years.

The average case net value is calculated by adding the best case net value to the worst case net value and dividing by 2.  Based on the numbers in the chart and the formula given to calculate the total value of the technology, the average case value of the GPE is approximately $90 million over a period of five years.  However, the are some elements of the model that are inaccurate.  First, the model assumes that the GPE will acquire a market share that represents an average of GPE's price and performance advantages over the substitute technologies.  The model does not take into account that the entry into the market place will be gradual.  It assumes that the GPE will obtain the market share the first year of entry.  Second, total cost of the technology will change from year to year.  The model does not take the changing costs into account.  

Finally, the model uses the average present value discount over the five-year period, rather than using the correct value for each year.

TVIT
$133,963,008.85
Total Value of Investigated Technology ($)

TCIT
$41,673,320.00
Total Costs of Investigated Technology ($)

Me
50%
Best Case Margin of Error (+/-%)

Me
30%
Worst Case Margin of Error (+/-%)

PVD
6%
Present Value Discount (%)

BCNVIT
$147,688,439.68
Best Case Net Value of Investigated Technology

WCNVIT
$32,471,007.96
Worst Case Net Value of Investigated Technology

ACNVIT
$90,079,732.82
Average Case Net Value of Investigated Technology

Figure 9

Calculation for the Net Value of the Technology

 TC “Conclusions”Conclusions

In valuing the GPE system against ECM and SR motors systems, we arrived at a very high comparative rating for the GPE technology. The GPE has the greatest performance advantage because it can be retro fitted to almost any type of motor. This means that consumers can upgrade their HVAC systems at a much lower price because they only have to buy the control system rather than the control system and a new motor. Because the GPE system can be retrofitted, numerous other performance advantages are created. First, if the motor breaks down, any type of motor can be used as an alternate where ECM and SR motor systems require specialty motors that may takes weeks to turn-around. Second, the installation process is easy because only the existing motor control system must be replaced and no complex parameters have to be set. Finally if there is a failure in the GPE an auto cutover to "standard" fixed-speed operation allows uninterrupted service for the consumer.

The GPE also has a price advantage over the ECM and SR motor systems.  Because the GPE system only contains two simple elements, the encoder and the power amplifier, the manufacturing costs are low.  Therefore, the system can be sold for potentially much less than the ECM and SR motor systems.  The ECM and SR systems also require new, more complex manufacturing processes and electronic controls, which further increase their costs.

 TC “8. Introduction – licensing, joint ventures & acquisitions”8. Introduction - Licensing, Joint Ventures & Acquisitions
This portion of the document provides a discussion of the fundamentals of licensing, joint ventures and acquisitions. Analysis of the advantages and disadvantages accompanied by some key features of each business plan are given.

The licensing section discusses the advantages and disadvantages  of license agreements, key factors in choosing a licensee, and granting of a licensing right. Finally, there is a discussion of companies that possess certain criteria, which are thought to be the most suitable candidates for licensing at this time.

The joint venture section provides a brief analysis of critical components and the requisite management and control issues. Advantages and disadvantages of forming a joint venture are also reviewed. Finally, a rationale and list of companies who are thought to be best suited for a joint venture are presented.

The acquisition section offers a view of the advantages and disadvantages of acquiring another company along with an analysis of how to choose which company is best suited for purchase. The section concludes with an analysis of the candidate for an acquisition.

 TC “9. licensing”9. Licensing

 TC “Advantages and Disadvantages to Licensing”Advantages and Disadvantages to Licensing

 TC “Access and Costs”Access and Costs

Licensing is often the first step in the establishment of more strategic relationships and longer-term alliances. Through licensing, a licensor can obtain access to expertise, for example, in manufacturing, marketing, and distribution. Brands, product trademarks, and other intellectual property may now be readily available to the Licensor. 
  By entering into a licensing agreement, both parties can share personnel and time in the distributing, developing, marketing, researching and manufacturing costs.

On the other hand, the administrative costs of licensing are often not covered by many small low-return licenses.
 Such costs could include technical assistance, expensive manpower needs, maintenance of a sales force, worldwide patenting costs, and R&D costs.
 The licensor is often the party that must assist the licensee in understanding and implementing the new technology. This is time and money out of the licensor’s own pocket if not originally agreed upon in the contract.  The expanded manpower for this type of service is provided by the licensor as well.

 TC “Technological Control”Technological Control

Licensing presumes quality control; licensing also presumes the development of alliances with licensees who are loyal to the licensing relationship.
 Ideally, the party that brings the new technology to the agreement can still maintain the integrity of the initial invention while having the ability to disseminate it to the public by the use of grant-back assignments and other ownership provisions. The licensor can maintain ownership and control of improvements, enhancements, and other derivative intellectual property rights.

Control over the technology, if not attended to in terms of the written agreement, can be sacrificed. In many cases, the licensor maintains control over the quality of the product and improvements made, while the licensee has control over decisions about when, how, and in what quantity to introduce the technology into the market.  In the worst case scenario, the licensor can be at the mercy of the licensee’s quality control and marketing methods.
 It is also possible for a competitor to enter into a license simply to shelve the technology to avoid any unwanted competition.  A large company can afford to "buy out" the competition and keep better technology at bay

 TC “Financial Gain and Other Benefits”Financial Gains and Other Benefits

In a licensing situation, there is either a lump sum payment at the outset or royalties to be paid over time. In some cases, the income generated from the initial signing is seen as the most important feature of the license. Common practice often does not allow for more than 30% for royalties and oftentimes it is less. Therefore, return on investment is not always fully enjoyed by the creator of the technology. Direct manufacture of products by proprietary technology and sale of the products usually produces a greater return than just licensing the technology.
 It is important to remember, however, that the real benefits from the license agreement cannot be measured in terms of dollars or percent of sales. Developing new products and processes sometimes distracts companies away from their original focus.  By licensing new developments, a company is able to maintain focus while gaining some return for the money spent in the lab that might otherwise be a complete loss. 
 Extending R&D funds, obtaining advertising dollars, and taking advantage of other off-balance sheet financial leverage are all-important aspects of licensing.

There is risk and uncertainty about the return that the licensing agreement will create and the true costs are uncertain because most licenses are often directed at products and processes that have not been sold or used commercially.
  The true market viability is, therefore, unknown. In addition, the licensee is asked to make a good faith belief in the licensor’s product. The fact that licensing often involves new technology implies a dynamic situation.
  How the product will stand up to other products in the market is based in theory. Indeed, entering into a license agreement requires taking a risk with a relatively unknown product.

 TC “Legal Considerations”Legal Considerations

Technology rights typically exist for long periods, from a few years to decades.
  While trying to get the long run benefits, the chances of more variables creating additional problems increases. Intellectual property rights also are subject to legal uncertainty.
  The terms of the license can be interpreted by a judicial body differently than what was intended, making an agreement unpredictable in regards to language, scope, or other portion.

Companies will often agree to a licensing arrangement to avoid litigation that would be time consuming, costly, and may negatively influence their customer base. With over 95% of all business cases reaching settlements before trial in most federal district courts, the use of licensing, cross-licensing and other contractual solutions is common in the settlement of intellectual property cases even as between direct competitors.

 TC “Key Factors in Choosing the Licensee”Key Factors in Choosing the Licensee

The following points must be considered when considering potential licensee candidates: 
 

•
Level of motivation and creative problem solving skills;

•
Level of enthusiasm for accepting and developing the new technology;

•
Level of involvement in similar products or technology;

•
Timing in terms of meeting a market window.

 TC “Granting of Licensing Right”Granting of Licensing Right

The licensor needs to determine what technology the licensee owns and rights surrounding the technology.  A full analysis of the technology should be made along with other related protection for the technology.  Critical questions to ask as to which rights to grant and the limitations of those rights as well as should the rights be non-exclusive, exclusive, sole, or is the limit implied and whether there are any rights that limit the licensor’s ability to perform the license.

The licensor is the party that places make, sell, use, lease, or sub-lease limitations on the license.  Geographic restrictions, manufacturing requirements, and quantity standards are all imposed by the licensor.  

If the licensor wants to make sure that the technology is used for a certain purpose, then a field-of-use restriction needs to be imposed. Instead of trying to list all possible areas where the use of the technology would be improper, it is often clearer to identify what the technology can be used for. The licensor can attempt to restrict the use in an effort to find the new valuable application and have control over it.  A licensor can restrict a licensee to producing only certain sizes, designs, and styles through the field-of-use restriction.

 TC Matrix Analysis for Licensiing Companies”Matrix Analysis for Licensing Companies
There are multiple factors that must be considered when considering a company to enter into any business arrangement. Factors such as number of employees, revenue, duration in the industry, location, and ratio of employees to revenue are all important and must be considered Values placed in the “Other” category are type of product and location of the company.  

Matrices were developed on the above factors to aid and abet the process of determining the companies best suited for licensing arrangements and also for acquisition. Table 1 ranks the blower companies best suited for a licensing agreement and Table 2 ranks the motor controller companies best suited for a licensing agreement. Blower manufacturer companies have more information readily available than motor control companies; therefore, more factors can be considered for business arrangements with blower manufacturers. In the Acquisition section, a matrix analysis is presented for companies best suited for acquisition. In that section, Table 3 ranks blower companies best suited for acquisition and Table 4 ranks potential motor controller companies best suited for acquisition.

It is important to note that not all the factors will be weighed equally in the matrices for licensing and acquisition. For example, a factor such as “Number of Employees” is more important in a licensing agreement than in an acquisition setting.  In a licensing arrangement, a large number of employees will increase productivity levels. In an acquisition, a large number of employees translates into higher costs in terms of salaries which, coupled with the money already spent, amounts to a large sum of capital.

“Revenue of a Company” is important when entering into a licensing agreement or joint venture.  The greater the revenue is, the greater the potential is for immediate growth and return while keeping risk low.  For an acquisition, the opposite is true.  When attempting to purchase a company, it is not feasible to attempt to acquire a company that is so productive that sales reach into the hundreds of millions or billions.  While no one wants to purchase a company that can not make a profit, the company must be within certain criteria to be potential candidates.  However, in assessing the weight factor for both licensing and acquisitions, revenue is the most important and weighed heaviest when compared to all other factors.  

“Duration of the Company” within the industry is valued almost equally regardless of the type of business agreement. The longer the company has been an established, the more likely name recognition will be an additional asset.  Name recognition can not be assessed a price, but will reap benefits when other companies conduct transactions based on an association.  Therefore, when entering into a licensing agreement, duration of a company in the industry is weighed slightly more than when entering into a similar acquisition.  

“Location of a Company” is assessed using different values when comparing a joint venture / license arrangement versus an acquisition.  Location can carry little consideration when the arrangement will be a license or joint venture.  The main transaction is based upon the intellectual property being exchanged.  The movement is easier and more versatile when based on ideas or small products.  In an acquisition, the most desirable option would be in the nearest proximity.  In an acquisition, it is more difficult to manage operations in the Catskills as well as manage and monitor the company activity in Wisconsin or Illinois.  

With respect to motion control companies, the explanation for worth and “Assets” remains constant.  It is easier to comprehend the rationale to acquire a company that is financially smaller. A larger company, on the other hand, is a desirable licensing candidate or some form of joint venture.  The assets possessed by a company are the most important factor to be considered when entering into a licensing agreement or joint venture.  The “Number of Employees” and “Other” factors (i.e. type of products and location) are given more weight for consideration than assets in an acquisition arrangement.

The “Number of Employees” in a motor control company is of less importance in a licensing agreement than an acquisition.  The factor is given the least weight in the joint venture / licensing but falls in the middle in terms of importance for acquisitions.  

The “Type of Product” in a licensing arrangement is given a low weight because the purpose of the agreement is to develop a new product to introduce into the market.  At the same time, it is of little relevance compared to the “Location” of the partner in the licensing agreement or joint venture.  In today’s technological world, we are more immediately in touch with each other than ever before. Messages, images, and ideas can be transmitted instantaneously with little effort.  However, if one company acquires another, the type of product and location are of greater importance than the other two factors.  With an acquisition, it takes time and money to implement changes into what the recently acquired company manufactures.  Similarly, if the newly acquired company is across the country, then controlling daily operations is, at best, very difficult. In a licensing agreement, the operation of the other company is not a concern.  

These are some of the rationales used in determining each factor’s weight in the different matrices presented. These factors are educated assessments placed on the variables according to the individual anticipated business arrangement.  In assessing the most likely business situations to enter into, a reasonable value has been given to accent the more important features.

Based on the factors and weighting system explained above, the blower manufacturer, Jakel appears to be the most suitable candidate for a licensing arrangement.  The next best company would be Morrill.  However, that may not be the selection for next suitable candidate for a licensing agreement. There are other factors that are not taken into consideration that make another company more suitable for a licensing deal.  Since size of research and development departments is not readily available, it is almost impossible to take this into consideration.  Revcor has a large research and development department according to an employee of the company.  This large research and development capabilities makes Revcor a more attractive partner due to their commitment to innovation and development, while edging out all other similarly ranked companies.  This factor is not in the matrix, but does tip the scale in Revcor’s favor.

FACTOR
Number of Employees
Yearly Revenue
Revenue / Employee Ratio
Time in Industry
Location


WEIGHT
0.30
0.35
0.15
0.20
0.10


COMPANY
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Total Score

EBM
8
2.4
8
2.8
5
0.75
3
0.6
8
0.8
7.35

JAKEL
9
2.7
8
2.8
4
0.6
7
1.4
7
0.7
8.20

MAMCO
5
1.5
4
1.4
7
1.05
7
1.4
4
0.4
5.75

AMETEK
N/F
1.5
9
3.15
N/F
0.82
N/F
1.32
8
0.8
7.59

REVCOR
7
2.1
6
2.1
5
0.75
8
1.6
7
0.7
7.25

LELAND
2
0.6
2
0.7
4
0.6
N/F
1.26
9
0.9
4.06

MORRISON
3
0.9
4
1.4
5
0.75
9
1.8
7
0.7
5.55

LAU INDUSTRIES
4
1.2
7
2.45
9
1.35
8
1.6
6
0.6
7.20

ARCO
2
0.6
2
0.7
5
0.75
7
1.4
5
0.5
3.95

McLEAN
4
1.2
3
1.05
4
0.6
7
1.4
8
0.8
5.05

MORRIL
8
2.4
8
2.8
6
0.9
6
1.2
6
0.6
7.90

AIR MASTER FAN
3
0.9
3
1.05
6
0.9
4
0.8
6
0.6
4.25

Table 1

Licensing Blower Company Matrix Analysis

Each score is based on a 1 to 10 scale.

The target employee number is 10.

The target location is based on the relative market in that geographic are.

FACTOR
Number of Employees
Assets
Location & Product Type


WEIGHT
0.3
0.2
0.5


COMPANY
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Total Weight

MICRO MO ELECTRONICS
7
2.1
6
1.2
8
4.0
7.3

MICROPUMP
10
3.0
8
1.6
2
1.0
5.6

BEI TECHNOLOGIES
2
0.6
3
0.6
6
3.0
4.2

DYNACT, INC.
3
0.9
4
0.8
2
1.0
2.7

ACE GLASS, INC.
No Data
1.5
3
0.6
7
3.5
5.6

INSTECH LABORATORIES, INC.
2
0.6
3
0.6
3
1.5
2.7

CONTECH MICRO ELECTRONICS
6
1.8
No Data
0.9
6
3.0
5.7

Table 2

Licensing Motor Controller Companies Matrix Analysis

 TC 10. MANUFACTURES OF BLOWER MOTORS”10. Manufacturers of Blower Motors 
The following two companies are the most suitable candidates for a license agreement.

 TC “Revcor”Revcor

Revcor, Inc. is a manufacturer of metal blowers, fans, and housings.  Sales are estimated at $49 million.  Founded in 1947, Revcor is now a company with 350 employees.  In December 1993, Appliance Magazine reported that Revcor purchased Baco Enterprises, Inc.
 Other companies that Revcor has purchased was Molded Products in 1986 and G&S International in 1996.
  Molded Products had sales in 1995 of $15.5 million and was in the process of moving into a new 126,000 square foot facility in Halton City, Texas.
  In August 1990, Revcor opened new corporate offices in Carpentersville, Illinois where they are still located today.
  

In the September 1993 Applied Manufacturer magazine, Revcor received an Editor’s choice award for a quieter, redesigned blower wheel in an Amana room air conditioner.
  The firm offers its customers a variety of products including two-, three-, four-, and five-blade fans up to six feet in diameter. The company’s blower wheels vary in diameter from 3 to 12 inches.
  The presentation of the award indicates that the company is not just content to manufacture, they are developing and redesigning new products.  That is a good combination for a licensing partner, solid in their respective field yet willing to try new and different ideas.  Revcor has a large research and development department, perhaps the largest amongst its competitors.  

 TC “Jakel”Jakel

This Illinois based company has been in business for over fifty years.  Jakel is the largest manufacturer of sub-fractional horsepower, two-pole, and shaded pole motors and has developed a convection fan motor for circulating hot air. In July 1997, Jakel acquired the North American heating ventilating and air conditioning motor unit of AMETEK. The manufacturing division is located in Paoli, Pa. and manufactures motors for water heaters, blowers for heating systems, and evaporative cooling pumps.  The sales from the former AMETEK location were approximately $22 million dollars.

The purchase of a large competitor’s manufacturing division is a good indication of the prosperity enjoyed by Jakel.  They have verified sales revenue of $76 million and have 840 employees.
 Oftentimes, when there are that many employees, the research and development department is also well staffed.

 TC “11. joint venture”11. Joint Venture

 TC Adantages and Disadvantages”Advantages of a Joint Venture 

There are six advantages to joint ventures:

1. Risk sharing – each company minimizes the given risks amongst themselves

2. Resource pooling – combines economic force to undertake projects that would otherwise be prohibitive

3. Access to information – allows a company to gain valuable expertise in previously uncharted areas.

4. Market entry – provides the manufacturing springboard required to get a developed technology into the market place.

5. Limited commitment – pooled partnership resources provides additional sources of manufacturing and financing.

6. Economies of scale – gives the two companies combined purchasing, manufacturing, and marketing advantages unavailable to the individual companies.

The four disadvantages to joint ventures are:

1. Increased managerial burdens – increase in the managerial staff may make the decision making process more complex.

2. Longer commitment times – long term commitments are sometimes necessary because of the time that is required to address cultural differences.

3. Increase in the number of participants – this factor is most salient for a small company and concerns personnel-related compatibility.

4. Incompatibility – generally can arise in terms of attitudes towards profit objectives, levels of commitment, and similar cultures.

 TC “Joint Venture Considerations”Joint Venture Considerations

The parties to a joint venture must agree on both the business strategy for the new company and the form of shared management that will be used to implement the plan. This requires a balance between the need for unified, unambiguous direction and control by management on the one hand, and effective participation in management by all partners on the other.
  The degree of risk integration in technology transfer between the joint venture’s business is important, particularly for OGD. 

A resource driven joint venture can often meet a company’s needs or goals when companies require a specialized resource or capability in order to compete effectively.  OGD is in need of a manufacturing base that will give the company a product line to house its technology.  The desired company must have the financing, technology and know-how of other markets and products.

A joint venture can help achieve expansion goals while, at the same time, diminishing risks given OGD’s present economic situation, marketable technology or goods as they relate to possible demands in the marketplace and long term goals.

 TC “Financing”Financing

A joint venture alliance is beneficial for a company that has a technology but lacks the distribution capabilities to exploit an opportunity in a certain market.
  Two ways in which a company can attract investors are: (1) contacting venture capitalists who can fund the manufacturing demands or (2) investigate joint venture opportunities with companies who have capital for new ventures or who want to diversify or improve their own product line.

 TC “Technology”Technology and Market Expertise

Safeguarding and developing technology is one of the most important considerations for OGD.  Essentially OGD is looking for a company who has everything except the technology. Forming a joint venture with a company that knows the desired market is also a key element in the process of disclosing the technology, quick installation of OGD technology into its products and entering the market quickly. Special attention should be given to ensure that the potential joint venture company does not have any major competing technology and the language of the contract should be such that it allows OGD to retain ownership of all improvements to its patents.

 TC “12. acquisitions”12. Acquisitions

 TC Advantages”Advantages

Companies are acquired for many reasons:  1) to aid in growth;  2) to expand operation into new fields;  3) to become stronger in geographic areas;  4) to move into a field that may better suit the company in the future; and  5) to diversify, in order to continue to gain money during down times.
  In OGD’s case, acquisition will make the company a stronger force in most, if not all, the above areas.

Given OGD's future goals, present status and past scope of efforts acquiring another much larger company appears to be the best way for OGD to accomplish its tactical and strategic objectives as outlined in the Executive Summary. The growth also will make it easier and faster for OGD to make economic gains on a market that is partially controlled by GE and Emerson. Briefly, the proper acquisition could immediately provide the following list of benefits:

a] Name recognition and reputation

b] Infrastructure - plants, equipment, personnel

c] Manufacturing capacity and inventory

d] Established customer base

e] Supplier chain, relationships, control

f] Distribution and marketing channels

g] Strong cash flow, revenue, profits

h] Market size and share

i] New & bigger markets, profits and products 

j] Improved margins on the combined product

Please Review the Executive Summary and History of Electric Motors sections for the other OGD specific advantages.

 TC “Disadvantages”Disadvantages

There are a few risks or disadvantages to acquiring a company:  1) the acquiring company may not have the capital or expertise  2) the time, complexities and costs may be much higher than anticipated  3) there may not be a suitable candidate to “buy

As a small company, OGD does not have the capital to acquire a very large company. In addition, to effect such a transition, OGD would have to depend on the support and expertise of others, exposing the company to problems and issues that would need to be addressed.

Another disadvantage would be the expense and time to actually complete an acquisition transaction.  To find, woo and acquire a candidate that is willing would be a formidable task in itself. Many of the companies examined in this study were private or subsidiaries of much larger ones. Obtaining detailed, credible information on them was difficult and in some cases unsuccessful. If OGD embarked on this course, it might trigger a bidding war or retrenchment that would drag the process out, raise the cost or wipe out affordable candidates.

Considering that the advantages far outnumber the disadvantages and OGD's past efforts to build from within moving rather slowly, it appears that an acquisition offers the best business transaction for OGD at this time. The risks are small in number, but can be dealt with if attended to properly.

 TC “Strategies for Acquiring a Company”Strategies for Acquiring a Company
In the book Business Merger and Acquisition, John Clark states that a firm’s position should be spelled out in its acquisition strategy. He gives twelve items that should be considered for the strategy: direct or indirect investment, type of expansion, legal form of combination, compatible technology, accounting options, tax options, antitrust actions, behavioral problems, defense against takeovers, nature of consideration, divestitures and financial obligations. Of the twelve listed, the most important is the antitrust action. This factor is important because the federal government can put a halt to the acquisition if it will give the new company an unfair advantage in the market.  Below are a list of questions that should be asked by a company that is planning its acquisition strategy.

1) Does the firm plan to expand internally or externally by combination with an ongoing business?

2) Does the firm plan to expand vertically or horizontally; by product extension or market extension or pure conglomerate form?

3) Is expansion arranged by purchase of assets, merger or consolidation?

4) Is expansion related to a product line or does it mark a departure from familiar operations?

5) Does the expansion prevent a takeover?

 TC Characteristics of a Suitable Company to be Acquired”Characteristics of a Suitable Company to be Acquired

When looking for a company to acquire, the following factors must be considered: business goals, the company’s location, size, product/industry, share of market, intellectual property owned, lines of business, value of business and organization of business.
 An ideal company for acquisition by OGD would be a company with the following criteria:

1] Annual sales of $20 to $50 million

2] A customer base that includes some major HVAC companies

3] 50 to 200 employees

4] Strong product lines in the residential blower market with some industrial products

5] One that recognizes the value of variable-speed but not captive to GE

6] Quality supplier base for AC motors and other key components

7] Has a good reputation with HVAC contractors, distributors and suppliers

8] Good cash flow, margins and revenue growth

9] Computer literate with on-line control systems

Companies fitting these characteristics will be discussed in the following section.  Generally the acquisition target should have similar goals and or cultures to the acquiring company for smooth integration but must also offer some additional synergies of growth.

 TC “Acquisition Targets”Acquisition Targets

The target companies for acquisitions are listed at the end of Appendix E.

 TC “Conclusion”Conclusion

OGD has demonstrated strengths in quality encoder manufacturing, product integration, retrofitting motor products with low cost, easy to use solutions, high product reliability in volume quantities, good customer track records. OGD should seek these same attributes in any company that it may acquire. Along with its newly obtained patents and on-going technology enhancements, GPE provides OGD with a huge added value asset in its endeavors.

 TC “13. MATRIX ANALYSIS FOR ACQUISITION COMPANIES”13. Matrix Analysis for Acquisition Companies

The weighting system that is used for analyzing the acquisition of blower manufacturer companies is the same as discussed above for licensing of the same companies.  Due to a lack of information available for motor control companies, the weighting system is slightly different.  In the tables that analyze the motor control companies, the weighting system is based on three available factors.  This complete analysis is discussed above in the Matrix Analysis for Licensing and Acquisition. Table 3 is the analysis for blower companies that would be suitable for acquisition.  Table 4 is the analysis for the candidate motor control companies for acquisition.

FACTOR
Number of Employees
Yearly Revenue
Revenue / Employee Ratio
Time in Industry
Location


WEIGHT
0.17
0.32
0.12
0.12
0.27


COMPANY
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Total Score

EBM
1
0.17
3
0.51
5
0.85
3
0.51
8
1.36
3.34

JAKEL
1
0.17
3
0.51
4
0.68
7
1.19
5
0.85
3.40

MAMCO
2
0.34
9
1.53
7
1.19
7
1.19
4
0.68
4.93

AMETEK
N/F
0.45
1
0.17
N/F
0.93
N/F
1.12
9
1.53
4.20

REVCOR
2
0.34
10
1.7
5
0.85
7
1.19
5
0.85
4.93

LELAND
7
1.19
7
1.19
4
0.68
N/F
1.12
9
1.53
5.71

MORRISON
3
0.51
9
1.53
5
0.85
9
1.53
7
1.19
5.61

LAU INDUSTRIES
2
0.34
6
1.02
9
1.53
8
1.36
6
1.02
5.27

ARCO
6
1.02
7
1.19
5
0.85
7
1.19
5
0.85
5.10

McLEAN
1
0.17
8
1.36
4
0.68
7
1.19
8
1.38
4.76

MORRIL
1
0.17
4
0.68
6
1.02
7
1.19
8
1.02
4.08

AIR MASTER FAN
3
0.51
8
1.36
6
1.02
4
0.68
6
1.02
4.59

Table 3

Blower Company Acquisition Matrix Analysis

Each raw score is based on a 1 to 10 scale.

The target employee number is 10.

The target location is based on the relative market in that geographic are.

FACTOR
Number of Employees
Assets
Location & Product Type


WEIGHT
0.1
0.6
0.1


COMPANY
Raw Score
Weight Score
Raw Score
Weight Score
Raw Score
Weight Score
Total Weight

MICRO MO ELECTRONICS
5
.05
9
5.4
8
2.4
8.30

MICROPUMP
3
0.3
9.5
5.7
2
0.6
6.60

BEI TECHNOLOGIES
10
1.0
5.7
4.8
6
1.8
7.60

DYNACT, INC.
9
0.90
8
4.8
2
0.60
6.30

ACE GLASS, INC.
No Data
0.7
8
4.8
7
2.1
7.62

INSTECH LABORATORIES, INC.
10
1.0
8
4.8
7
2.1
7.62

CONTECH MICRO ELECTRONICS
6
0.6
No Data
5.1
6
1.8
7.45

Table 4

Motor Controller Acquisition Matrix Analysis

 TC “14. Executive Conclusion”14. Executive Conclusion
The GPE system has been shown to have distinct advantages over analog and digital PWM systems, and also the GE ECM and Emerson SR motor systems.  A few of these advantages include the ability to create the proper waveform for the particular motor, the simplicity of the components needed to operate the motor and the ability to be retrofitted to any motor, including single-phase, that is presently being used in most applications today.  The most significant drawback of the GPE system is the present lack of visibility and widespread acceptance.

Given the unabashed acceptance of customers for variable-speed blower systems it is evident the market potential is real and growing.  With over 70 million HVAC units installed in the US alone and millions of new units produced each year, OGD’s GPE can uniquely capitalize on both opportunities. 

General Electric’s ECM variable-speed technology offers many advantages to new unit prospective consumers looking to save money in the long run.  From the market introduction of ECM to current OEM applications, the variable-speed technology offers a wide scope of applications, particularly in the HVAC blower market.  GE has pursued various avenues in an attempt to diversify its market share of the variable-speed blower market.  These business avenues have been sought with sales to contractors, utility companies, and to end-users.  Recent competition has begun to put some major pressure on GE to make more subtle improvements in hopes to distance itself from that competition.  Emerson’s Switched Reluctance variable-speed technology poses the most significant threat to GE's ECM at the present time.

Emerson’s Switched Reluctance motors differ from current standard motors by exploiting the fact that the forces from a magnetic field on the iron in the rotor can be made many times greater than forces on the current carrying conductors. The Switch Reluctance motor circuit design also permits the use of simpler, smaller, and often fewer electronic switched and simpler fault protection. As the technology becomes more feasible, the cost of operating the Variable Switched Reluctance will decrease and the applications for VSR will increase.  Recent advances and improvements to the Switched Reluctance technology seems to show a threat to General Electric’s ECM indicating that SR technology has desired features not included in current variable-speed motors.

A very high comparative rating for the GPE technology resulted when valued against the ECM and SR motor systems.  The retro fitting capability of the GPE system attributes to the greatest performance advantage over the other present variable-speed technologies.  This allows consumers to upgrade their HVAC systems at a much lower price, requiring them to only have to purchase just the control system rather than the control system and a new motor.  Several other performance advantages are created because of GPE's retro fitting capability.  First, if the motor breaks down, any off-the-shelf type of motor can be used as an alternate where ECM and SR motor systems require specialty motors that may takes weeks to turnaround.  Second, the installation process is easy because only the existing motor control system must be replaced and no complex parameters have to be set. Third, the GPE system is installed "over" the factory OEM blower control system. If a fault occurs in the GPE, the OEM system seamlessly retakes control of the blower and operates it in the single speed mode until repairs are made to the GPE system. The end user continues to have use of the HVAC system.  

The GPE also has a price advantage over the ECM and SR motor systems.  The manufacturing costs are low for the GPE system because it only contains two simple elements, the encoder and the power amplifier.  This reduced manufacturing cost feature allows the GPE system to be sold for much less than the ECM and SR motor systems.  The ECM and SR systems also requires electronic controls in addition to the more complex manufacturing process, contributing to the increase of the cost of both systems even more.  

The matrix to analyze the companies under review provides an educated means to choose which company would be best suited for a business agreement.  Based on all the research done by the team, the most likely candidates were figured into the tables and computed to assess which company would be the best fit. Although several of the profiled companies offer potential as acquisition candidates, the blower manufacturers that appear to be the better fits would be with either Lau, Morrison or Mamco. The team believes that the most suitable motor control companies would be Micro Mo Electronics, Jakel or Morrill.

With 65 patent claims, a successful multi-year product history, an industry ripe for change, a cohesive strategy and a resolve to succeed, OGD and its GPE technology are poised for success and unlimited growth, given the capital and right acquisition.

 TC “APPENDIX A: QUESTIONS FOR CARRIER CORP.”Appendix A: Questions for Carrier Corp.
When did Carrier start using GE's ECM technology?

Where does Carrier get its ECM products from, directly from GE or 3rd party vendors?  What are the locations of these vendors?

Which apparatuses and how many products does Carrier currently incorporate the ECM technology, i.e. blowers, fans motors, high end furnaces, and compressors?  How many total units are sold every year (or last year) with ECM incorporated in it?

What is GE's reputation with its ECM and what is currently ECM's degree of acceptance in the industry?

How sensitive is the ECM technology to intervening environmental factors, i.e. temperature, humidity, and dust?  How about these factors on the microchip?

Did Carrier seek GE's ECM technology or did GE come to Carrier with its ECM technology?

Do Carrier’s major competitors use ECM technology in their products?

What kind of requirements and benchmark tests did Carrier require before accepting the ECM technology into Carrier’s own products?

Is the ECM technology satisfactory, as seeing Carrier using the ECM technology for the next 5-15 years down the road?  Does Carrier see itself using another variable speed technology in the near future as either a replacement for the ECM or in conjunction with the ECM technology?  Would Carrier use another variable speed technology if one were available?

What are the major drawbacks of GE's ECM technology?

 If there is any one aspect of the ECM that could be improved to operate in Carrier’s products either more efficiently or more reliably, what aspect would it be?

 How much is the ECM technology presently worth?  How much has GE invested in this technology?  Are there any sources with which this information could be obtained?

How much does Carrier spend each year (or last year) in purchasing ECM?

Has Carrier considered Emerson’s Switched Reluctance variable speed technology in its products?  Why does Carrier use ECM as opposed to Switched Reluctance in its present products?

 TC “APPENDIX B: U.S. ISSUED PATENTS”Appendix B: U.S. Issued Patents

Methods for Making ECM

1. Patent No: 5,774,976


Issue Date: July 7, 1998


Title: Apparatus for making permanent magnet rotor 


Inventor(s): William H. Stark, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

2. Patent No: 5,685,971


Issue Date: November 11, 1997


Title: Apparatus and method for forming a variable diameter hole in a conductive workplace


Inventor(s): Lawrence Joseph Schroder, Ft. Thomas, Kentucky




Lathan Merriman Wayman, Blanchester, Ohio




Oleg Edelman, Cincinnati, Ohio


Assignee: General Electric Co., Cincinnati, Ohio

3. Patent No: 5,563,463 


Issue Date: October 8, 1996


Title: Permanent magnet rotor


Inventor(s): William H. Stark, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

4. Patent No: 5,465,019


Issue Date: November 7, 1995


Title: High-efficiency, low-noise electronically commutated motor having improved starting 




capability


Inventor(s): Gerald G. Kliman, Schenectady, New York


Assignee: General Electric Co., Schenectady, New York

5. Patent No: 5,345,669


Issue Date: September 13, 1994


Title: Method of making a permanent magnet rotor


Inventor(s): Robert V. Zigler, Fort Wayne, Indiana 




William H. Stark, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

6. Patent No: 5,345,129


Issue Date: September 6, 1994


Title: Permanent magnet rotor and method and apparatus for making same


Inventor(s): David T. Molnar, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

7. Patent No: 5,250,867


Issue Date: October 5, 1993


Title: Permanent magnet brushless DC motor having reduced cogging


Inventor(s): Daniel Gizaw, Indianapolis, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

8. Patent No: 5,237,737


Issue Date: August 24, 1993


Title: Method of making a permanent magnet rotor


Inventor(s): Robert V. Zigler, Fort Wayne, Indiana 




William H. Stark, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

9. Patent No: 5,144,735


Issue Date: September 8, 1992


Title: Apparatus for assembling a permanent magnet rotor


Inventor(s): William H. Stark, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Texas

10. Patent No: 5,040,286


Issue Date: August 20, 1991


Title: Method for making permanent magnet rotor


Inventor(s): William H. Stark, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

11. Patent No: 5,028,073


Issue Date: July 2, 1991


Title: Dynamic vehicle suspension system including electronically commutated motor


Inventor(s): Harold B. Harms, Fort Wayne, Indiana 




David M. Erdman, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

12. Patent No: 4,835,839


Issue Date: June 6, 1989


Title: Method of fabricating a salient pole electronically commutated motor


Inventor(s): Franklin L. Forbes, Fort Wayne, Indiana 




Harold B. Harms, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

13. Patent No: 4,712,035


Issue Date: December 8, 1987


Title: Salient pole core and salient pole electronically commutated motor


Inventor(s): Franklin L. Forbes, Fort Wayne, Indiana 




Harold B. Harms, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

14. Patent No: 4,668,898


Issue Date: May 26, 1987


Title: Electronically commutated motor


Inventor(s): Harold B. Harms, Fort Wayne, Indiana 




Peter B. Lytle, Fort Wayne, Indiana


Assignee: General Electric Co., Fort Wayne, Indiana

Appendix B: U.S. Issued Patents (cont.)

Electronic Control System, Computer Control, and Microprocessors
1. Patent No: 5,825,597

    Issue Date: October 20, 1998

    Title: System and method for detection and control of circulating currents in a motor

    Inventor(s): Glen C. Young, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana 

2. Patent No: 5,777,844

    Issue Date: July 7, 1998

    Title: Electronic control with heat sink

    Inventor(s): James R. Kiefer, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana 

3. Patent No: 5,657,193

    Issue Date: August 12, 1997

    Title: Electronic control module for motor controller units

    Inventor(s): Indrajit Purkayastha, Weatogue, Connecticut

    Assignee: General Electric Co., New York, New York

4. Patent No: 5,592,058

    Issue Date: January 7, 1997

    Title: Control system and methods for a multi parameter electronically commutated motor

    Inventor(s): William R. Archer, Fort Wayne, Indiana 

Roger C. Becerra, Fort Wayne, Indiana 

Brian L. Beifus, Fort Wayne, Indiana 

Mark A. Brattoli, Fort Wayne, Indiana 

Rajendra K. Shah, Indianapolis, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

5. Patent No: 5,513,058

    Issue Date: April 30, 1996

    Title: DC link circuit for an electronically commutated motor

    Inventor(s): Robert K. Hollenbeck, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

6. Patent No: 5,473,229

    Issue Date: December 5, 1995

    Title: Interface between programmable electronically commutated motor and personal 

  computer and method of operation

    Inventor(s): William R. Archer, Fort Wayne, Indiana 

Roger C. Becerra, Fort Wayne, Indiana 

Brian L. Beifus, Fort Wayne, Indiana 

Kenneth E. Zick, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

7. Patent No: 5,325,026

    Issue Date: June 28, 1994

    Title: Microprocessor-based commutator for electronically commutated motors

    Inventor(s): James P. Lyons, Niskayuna, New York 

Stephen R. MacMinn, Schenectady, New York 

Anantha K. Pradeep, Clifton Park, New York

    Assignee: General Electric Co., Schenectady, New York

8. Patent No: 5,325,026

    Issue Date: June 28, 1994

    Title: Microprocessor-based commutator for electronically commutated motors

    Inventor(s): James P. Lyons, Niskayuna, New York 

Stephen R. MacMinn, Schenectady, New York 

Anantha K. Pradeep, Clifton Park, New York

    Assignee: General Electric Co., Schenectady, New York

9. Patent No: 4,686,436

    Issue Date: August 11, 1987

    Title: Electronic control circuit, electronically commutated motor system and method for 

  controlling same, laundry apparatus, and methods for operating apparatus for switching 

  high voltage DC and for controlling electrical load powering apparatus

    Inventor(s): William Archer, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

10. Patent No: 4,654,566

      Issue Date: March 31, 1987

      Title: Control system, method of operating an electronically commutated motor, and 

    laundering apparatus

      Inventor(s): David M. Erdman, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana 

11. Patent No: 4,642,536

      Issue Date: February 10, 1987

      Title: Control system for an electronically commutated motor, method of controlling such, 

    method of controlling an electronically commutated motor and laundry apparatus

      Inventor(s): John H. Boyd, Jr., Holland, Michigan 

  Alexander Muller, Holland, Michigan

      Assignee: General Electric Co., Fort Wayne, Indiana

12. Patent No: 4,636,936

      Issue Date: January 13, 1987

      Title: Control system for an electronically commutated motor

      Inventor(s): John H. Boyd, Jr., Holland, Michigan 

  Alexander Muller, Ellisville, Missouri

      Assignee: General Electric Co., Fort Wayne, Indiana

13. Patent No: 4,528,456

      Issue Date: July 9, 1985

      Title: Dual load control circuit

      Inventor(s): Dewey L. Harris, Coventry, Rhode Island

      Assignee: General Electric Co., Schenectady, New York

14. Patent No: 4,500,821

      Issue Date: February 19, 1985

      Title: Speed or torque control circuit for an electronically commutated motor (ECM) and 

    method of controlling the torque or speed of an ECM

      Inventor(s): Ricky F. Bitting, Raleigh, North Carolina 

  William Peil, North Syracuse, New York

      Assignee: General Electric Co., Fort Wayne, Indiana

15. Patent No: 4,499,408

      Issue Date: February 12, 1985

      Title: Control circuit for an electronically commutated motor, an integrated circuit for an 

    ECM, and a method of operating an ECM

      Inventor(s): Ricky F. Bitting, Raleigh, North Carolina 

  William Peil, North Syracuse, New York

  Thomas A. Brown, Fulton, New York

  William K. Guzek, Liverpool, New York,

      Assignee: General Electric Co., Fort Wayne, Indiana

16. Patent No: 4,494,055

      Issue Date: January 15, 1985

      Title: Control circuit for an electronically commutated motor including reversing; method of 

    operating an ECM including reversing, 

      Inventor(s): Ricky F. Bitting, Raleigh, North Carolina 

  Thomas A. Brown, Fulton, New York

  William K. Guzek, Liverpool, New York,

      Assignee: General Electric Co., Fort Wayne, Indiana

17. Patent No: 4,491,772

      Issue Date: January 1, 1985

      Title: Control circuit for an electronically commutated motor (ECM), method of timing the 

    electronic commutation of an ECM, and method of operating an ECM

      Inventor(s): Ricky F. Bitting, Raleigh, North Carolina

      Assignee: General Electric Co., Fort Wayne, Indiana

18. Patent No: 4,449,079

      Issue Date: May 15, 1984

      Title: Control system for an electronically commutated motor

      Inventor(s): David M. Erdman, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana

19. Patent No: 4,390,826

      Issue Date: June 28, 1983

      Title: Laundering apparatus, method of operating a laundry machine, control system for an 

    electronically commutated motor, method of operating an electronically commutated 

    motor, and circuit

      Inventor(s): David M. Erdman, Fort Wayne, Indiana 

  Harold B. Harms, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana

20. Patent No: 4,329,630

      Issue Date: May 11, 1982

      Title: Single transistor power control circuit for a DC motor washing machine drive, 

      Inventor(s): John N. Park, Rexford, New York, 

      Assignee: General Electric Co., Louisville, Kentucky

21. Patent No: 4,250,544

      Issue Date: February 10, 1981

      Title: Combination microprocessor and discrete element control system for a clock rate 

    controlled electronically commutated motor 

      Inventor(s): Robert P. Alley, Manlius, New York

      Assignee: General Electric Co., Louisville, Kentucky

22. Patent No: 4,250,435

      Issue Date: February 10, 1981

      Title: Clock rate control of electronically commutated motor rotational velocity

      Inventor(s): Robert P. Alley, Manlius, New York 

  Richard C. Weischedel, Camillus, New York

      Assignee: General Electric Co., Louisville, Kentucky

23. Patent No: 4,015,182

      Issue Date: March 29, 1977

      Title: Refrigeration system and control therefore

      Inventor(s): David H. Erdman, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana
Appendix B: U.S. Issued Patents (cont.)

Current Control, EMF, and Magnet Positioning

1. Patent No: 5,696,430

    Issue Date: December 9, 1997

    Title: Circuit, motor, and method generating a signal representing back EMF in an energized 

  motor winding

    Inventor(s): David M. Erdman, Fort Wayne, Indiana 

Eric R. Benedict, Midland, Michigan

    Assignee: General Electric Co., Fort Wayne, Indiana

2. Patent No: 5,675,231

    Issue Date: October 7, 1997

    Title: Systems and methods for protecting a single phase motor from circulating currents

    Inventor(s): Roger C. Becerra, Fort Wayne, Indiana 

Mark A. Brattoli, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

3. Patent No: 5,175,461

    Issue Date: December 29, 1992

    Title: Permanent magnet rotor having magnet positioning and retaining means

    Inventor(s): Robert V. Zigler, Fort Wayne, Indiana 

Willaim H. Stark, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

4. Patent No: 4,814,677

    Issue Date: March 21, 1989

    Title: Field orientation control of a permanent magnet motor

    Inventor(s): Allan B. Plunkett, Portland, Oregon

    Assignee: General Electric Co., Schenectady, New York

5. Patent No: 4,757,241

    Issue Date: July 12, 1988

    Title: PWM system for ECM motor

    Inventor(s): Glen C. Young, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

6. Patent No: 4,558,264

    Issue Date: December 10, 1985

    Title: Current control method and circuit for electronically commutated motors

    Inventor(s): Richard C. Weischedel, deceased, late of Camillus, New York by Anne S. 

Weischedel, executor

    Assignee: General Electric Co., Louisville, Kentucky
Appendix B: U.S. Issued Patents (cont.)

Blower Systems and HVAC
1. Patent No: 5,592,059

    Issue Date: January 7, 1997

    Title: System and methods for driving a blower with a motor

    Inventor(s): William R. Archer, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

2. Patent No: 5,492,273

    Issue Date: February 20, 1996

    Title: Heating ventilating and/or air conditioning system having a variable speed indoor blower 

  motor

    Inventor(s): Rajendra K. Shah, Indianapolis, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

3. Patent No: 5,410,230

    Issue Date: April 25, 1995

    Title: Variable speed HVAC without controller and responsive to a conventional thermostat

    Inventor(s): Warren F. Bessler, Schenectady, New York

John M. Hooker, Fort Wayne, Indiana 

Rajendra K. Shah, Indianapolis, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

4. Patent No: 4,806,833

    Issue Date: February 21, 1989

    Title: System for conditioning air, method of operating such, and circuit

    Inventor(s): Glen C. Young, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

5. Patent No: 4,763,347

    Issue Date: August 9, 1980

    Title: Control system, electronically commutated motor system, blower apparatus and 

  methods

    Inventor(s): David H. Erdman, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

6. Patent No: 4,667,480

    Issue Date: May 26, 1987

    Title: Method and apparatus for controlling an electrically driven automotive air conditioner  

    Inventor(s): Warren F. Bessler, Schenectady, New York

    Assignee: General Electric Co., Schenectady, New York

7. Patent No: 4,638,233

    Issue Date: January 20, 1987

    Title: Method of establishing a preferred rate of air flow, method of determining torque, and 

  apparatus

    Inventor(s): David M. Erdman, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

Appendix B: U.S. Issued Patents (cont.)

Laundry Machines and Washers

1. Patent No: 5,669,250

    Issue Date: September 23, 1997

    Title: Washing machine fill control system

    Inventor(s): Mark Edward Dausch, Latham, New York 

Walter Whipple, III, Amsterdam, New York 

Vivek Venugopal Badami, Niskayuna, New York 

Harold John Jenkins, Jr., Amsterdam, New York, 

    Assignee: General Electric Co., Schenectady, New York

2. Patent No: 5,669,095

    Issue Date: September 23, 1997

    Title: Adaptive water level controller for washing machine

    Inventor(s): Mark Edward Dausch, Latham, New York 

Vivek Venugopal Badami, Niskayuna, New York 

Walter Whipple, III, Amsterdam, New York

Cynthia Fanning Forester, Louisville, Kentucky

    Assignee: General Electric Co., Schenectady, New York

3. Patent No: 5,619,871

    Issue Date: April 15, 1997

    Title: Laundry machine

    Inventor(s): Franklin L. Forbes, Fort Wayne, Indiana 

Harold B. Harms, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

4. Patent No: 5,577,283

    Issue Date: November 26, 1996

    Title: Energy efficient washer with inertia based method for determining load

    Inventor(s): Vivek V. Badami, Schenectady, New York

Mark Edward Dausch, Latham, New York 

Walter Whipple, III, Amsterdam, New York 

Richard E. Hornung, Fisherville, Kentucky 

Donald R. Dickerson, Jr., Louisville, Kentucky

    Assignee: General Electric Co., Schenectady, New York

5. Patent No: 5,325,677

    Issue Date: July 5, 1994

    Title: Electronic washer control including automatic balance, spin and brake operations

    Inventor(s): Thomas R. Payne, Louisville, Kentucky 

Steven A. Rice, Louisville, Kentucky 

Richard E. McKnight, Jr., Louisville, Kentucky 

Willaim W. Wead, Louisville, Kentucky

    Assignee: General Electric Co., Louisville, Kentucky

6. Patent No: 5,301,523

    Issue Date: April 12, 1994

    Title: Electronic washer control including automatic balance, spin and brake operations

    Inventor(s): Thomas R. Payne, Louisville, Kentucky 

Steven A. Rice, Louisville, Kentucky 

Richard E. McKnight, Jr., Louisville, Kentucky 

William W. Wead, Louisville, Kentucky

    Assignee: General Electric Co., Louisville, Kentucky

7. Patent No: 5,161,393

    Issue Date: November 10, 1992

    Title: Electronic washer control including automatic load size determination, fabric blend 

  determination and adjustable washer means, 

    Inventor(s): Thomas R. Payne, Louisville, Kentucky 

Steven A. Rice, Louisville, Kentucky 

Douglas A. Able, Louisville, Kentucky 

Donald R. Dickerson, Jr., Louisville, Kentucky

    Assignee: General Electric Co., Louisville, Kentucky

8. Patent No: 4,998,052

    Issue Date March 5, 1991

    Title: Gearless direct drive switched reluctance motor for laundry application

    Inventor(s): David M. Erdman, Fort Wayne, Indiana 

Harold B. Harms, Fort Wayne, Indiana 

John L. Oldenkamp, Fort Wayne, Indiana 

Gustave F. Wiedemann, New Haven, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

9. Patent No: 4,959,596

    Issue Date: September 25, 1990

    Title: Switched reluctance motor drive system and laundering apparatus employing same 

    Inventor(s): Stephen R. MacMinn, Schenectady, New York 

Charles M. Stephens, Pattersonville, New York 

Paul M. Szczesny, Burnt Hills, New York

    Assignee: General Electric Co., Schenectady, New York

10. Patent No: 4,689,973

      Issue Date: September 1, 1987

      Title: Laundry machine drive

      Inventor(s): Doran D. Hershberger, Sycamore, Illinois

      Assignee: General Electric Co., Fort Wayne, Indiana, 

      Re-assigned: April 06, 1994 to ITT Automotive Electrical Systems, Inc. 

11. Patent No: 4,642,537

      Issue Date: February 10, 1987

      Title: Laundering apparatus

      Inventor(s): Glen C. Young, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana

12. Patent No: 4,556,827

      Issue Date: December 3, 1985

      Title: Laundering apparatus, method of operating a laundry machine, control system for an 

   electronically commutated motor, method of operating an electronically commutated 

   motor, and circuit

      Inventor(s): David M. Erdman, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana

13. Patent No: 4,540,921

      Issue Date: September 10, 1985

      Title: Laundry apparatus and method of controlling such

      Inventor(s): John H. Boyd, Jr., Holland, Michigan 

  Alexander Muller, Holland, Michigan

      Assignee: General Electric Co., Fort Wayne, Indiana

14. Patent No: 4,532,459

      Issue Date: July 30, 1985

      Title: Laundering apparatus, method of operating a laundry machine, control system for an 

    electronically commutated motor and method of operating an electronically 

    commutated motor

      Inventor(s): David M. Erdman, Fort Wayne, Indiana 

  Harold B. Harms, Fort Wayne, Indiana

      Assignee: General Electric Fort Wayne, Indiana

15. Patent No: 4,528,485

      Issue Date: July 9, 1985

      Title: Electronically commutated motor, method of operating such, control circuit, laundry 

   machine and drive therefor, 

      Investor(s): John H. Boyd, Jr., Holland, Michigan

      Assignee: General Electric Co., Fort Wayne, Indiana

16. Patent No: 4,513,230

      Issue Date: April 23, 1985

      Title: Laundering apparatus, method of operating a laundry machine, control system for an 

   electronically commutated motor, and method of operating an electronically 

   commutated motor

      Inventor(s): David M. Erdman, Fort Wayne, Indiana

      Assignee: General Electric Co., Fort Wayne, Indiana

17. Patent No: 4,476,736

      Issue Date: October 16, 1984

      Title: Transmission for a laundry machine

      Inventor(s): Doran D. Hershberger, Sycamore, Illinois

      Assignee: General Electric Co., Fort Wayne, Indiana

18. Patent No: 4,474,038

      Issue Date: October 2, 1984

      Title: Drive system for automatic clothes washing machine

      Inventor(s): Stephen L. McMillan, Louisville, Kentucky

      Assignee: General Electric Co., Louisville, Kentucky

19. Patent No: 4,255,952

      Issue Date: March 17, 1981

      Title: Washing machine transmission

      Inventor(s): Roger N. Johnson, Hagaman, New York

      Assignee: General Electric Co., Louisville, Kentucky

20. Patent No: 4,245,488

      January 20, 1981

      Title: Use of motor power control circuit losses in a clothes washing machine

      Inventor(s): Robert P. Alley, Manlius, New York

      Assignee: General Electric Co., Louisville, Kentucky

Compressor Units
1. Patent No: 5,491,978

    Issue Date: February 20, 1996

    Title: Electronically commutated motor for driving a compressor

    Inventor(s): Glen C. Young, Fort Wayne, Indiana 

James R. Kiefer, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

2. Patent No: 5,423,192

    Issue Date: June 13, 1995

    Title: Electronically commutated motor for driving a compressor

    Inventor(s): Glen C. Young, Fort Wayne, Indiana

James R. Kiefer, Fort Wayne, Indiana

    Assignee: General Electric Co., Fort Wayne, Indiana

 TC “appendix c: selected patent abstracts”Appendix C: Selected Patent Abstracts

Current Control, EMF, and Magnet Positioning

1. Patent No:  5,696,430

Issue Date:  December 9, 1997

Title:  Circuit, motor, and method generating a signal representing back EMF in an energized 

          motor winding

Inventor(s):  David M. Erdman, Fort Wayne, Indiana 

         Eric R. Benedict, Midland, Michigan

Assignee: General Electric Co., Fort Wayne, Indiana

Abstract

A motor includes a stationary assembly and a rotatable assembly in magnetic coupling relation thereto. The stationary assembly includes a winding, the rotation of the rotatable assembly inducing a back EMF in the winding. A power supply for supplying a voltage across the winding drives a current through the winding. A back EMF sensor connected to the winding generates a back EMF signal representative of the back EMF induced in the winding during periods of time when the voltage is being supplied across the winding. An inverter connected between the power supply and the winding commutates the winding as a function of the back EMF signal, whereby the rotatable assembly rotates. A method of operating the motor and a control circuit for the motor employ the back EMF induced in the winding during periods when the voltage is being applied to the winding by the power supply.

Blower Systems and HVAC
1. Patent No:  5,592,059

Issue Date:  January 7, 1997

Title:  System and methods for driving a blower with a motor

Inventor(s):  William R. Archer, Fort Wayne, Indiana

Assignee:  General Electric Co., Fort Wayne, Indiana

Abstract

A system for driving a blower of a heating, ventilating, and/or air conditioning (HVAC) system. The blower discharges heated or cooled air to a space for conditioning the air in the space by changing its temperature. A motor drives the blower at a speed or torque defined by a motor control signal thereby to control airflow rate of the HVAC system. The system includes a temperature sensor generating a temperature signal representative of the temperature of the air discharged to the space by the blower. In response to the temperature signal, a control circuit generates the motor control signal to cause the motor to operate at a minimum speed or torque until the temperature of the discharged air as represented by the temperature signal reaches a reference temperature.  After the temperature of the discharged air reaches the reference temperature, the control circuit generates the motor control signal to control the motor speed or torque as a function of the difference between the temperature of the discharged air and the reference temperature whereby the air flow rate of the HVAC system is increased as the temperature difference increases. 

2. Patent No:  5,492,273

Issue Date:  February 20, 1996

Title:  Heating ventilating and/or air conditioning system having a variable speed indoor blower 

          motor

Inventor(s):  Rajendra K. Shah, Indianapolis, Indiana

Assignee:  General Electric Co., Fort Wayne, Indiana

Abstract

A system which drives an indoor blower of a heating, ventilating, and/or air conditioning (HVAC) system in response to a system control signal. The system control signal has a BLOWER DEMAND state and a BLOWER END DEMAND state. The system comprises a motor having a stationary assembly and a rotatable assembly.  The rotatable assembly is in magnetic coupling relation to the stationary assembly and in driving relation to the indoor blower. The system controls in response to the system control signal the rate of airflow of the HVAC system.  The system operates at a first air flow rate in response to the BLOWER DEMAND state of the system control signal and operates at a second air flow rate greater than the first air flow rate when the BLOWER DEMAND state has been present for a first period of time. Alternately, the motor operates at a third air flow rate less than the first air flow rate for a second period of time in response to the BLOWER END DEMAND state of the system control signal.

3. Patent No:  5,410,230

Issue Date:  April 25, 1995

Title:  Variable speed HVAC without controller and responsive to a conventional thermostat

Inventor(s):  Warren F. Bessler, Schenectady, New York

         John M. Hooker, Fort Wayne, Indiana 

         Rajendra K. Shah, Indianapolis, Indiana

Assignee:  General Electric Co., Fort Wayne, Indiana

Abstract

A system for conditioning air in a space by heating or cooling the air to change its temperature. A thermostat located within the space generates a two-state temperature signal having a cyclic parameter, which corresponds to the temperature of the air in the space as it rises and falls. A compressor supplies refrigerant to a heat exchanger by means of which changes are made in the temperature of the air. A variable-speed motor drives the compressor in response to a motor control signal. A controller responds to the temperature signal and senses the cyclic parameter of the temperature signal. The controller generates the motor control signal as a function of the sensed cyclic parameter whereby the motor control signal is provided to the motor to control the torque or speed of the motor. 

Compressor Units
1. Patent No:  5,491,978

Issue Date:  February 20, 1996

Title:  Electronically commutated motor for driving a compressor

Inventor(s):  Glen C. Young, Fort Wayne, Indiana 

         James R. Kiefer, Fort Wayne, Indiana

Assignee:  General Electric Co., Fort Wayne, Indiana

Abstract

A system which drives a compressor of a refrigeration system at one or more speeds. The system includes a motor having a stationary assembly and a rotatable assembly. The stationary assembly includes windings adapted to be commutated in at least one preselected sequence. The rotatable assembly is in magnetic coupling relation to the stationary assembly and in driving relation to the compressor. The motor drives the compressor at a desired speed corresponding to a speed select signal representative of one of the speeds. The system further includes an application specific integrated circuit (ASIC) connected to the motor. The ASIC receives the speed select signal and is responsive to it for generating a commutation reference signal. The commutation reference signal in combination with the commutation signal generates a peak current demand signal and thereby cause the motor to operate at the desired speed. The ASIC includes a fault detector for detecting over current, under speed and/or under voltage conditions of the motor and a protective circuit for disabling the motor when at least one of the conditions is detected. An inhibitor circuit prevents disablement of the motor during a period of time immediately following starting of the motor and a reset circuit resets the detector after another period of time to permit enablement of the motor after disablement thereof. The ASIC further includes a timer for timing the periods of time.

2. Patent No:  5,423,192

Issue Date:  June 13, 1995

Title:  Electronically commutated motor for driving a compressor

Inventor(s):  Glen C. Young, Fort Wayne, Indiana

         James R. Kiefer, Fort Wayne, Indiana

Assignee:  General Electric Co., Fort Wayne, Indiana

Abstract

A system which drives a compressor of a refrigeration system at one or more preset speeds.  The system includes a motor having a stationary assembly and a rotatable assembly.  The stationary assembly includes windings adapted to be commutated in at least one preselected sequence.  The rotatable assembly is in magnetic coupling relation to the stationary assembly and in driving relation to the compressor.  The motor drives the compressor at a desired speed corresponding to a speed select signal representative of one of the preset speeds.  The system further includes an application specific integrated circuit (ASIC) connected to the motor.  The ASIC receives the speed select signal and is responsive to it for generating a commutation reference signal.  The commutation reference signal in combination with the commutation signal generates a peak current demand signal and thereby cause the motor to operate at the desired speed.

 TC “appendix d: switched reluctance patents”Appendix D: Switched Reluctance Patents
1. Patent No:  5,828,153

    Issue Date:  October 27, 1998

    Title:  Rotor for a Reluctance Machine

    Inventor(s):  Michael McClelland, Harrogate, GB

    Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A rotor for a switched reluctance or synchronous reluctance machine includes a central member from each end of which extends a rotor pole.  The rotor is made up of continuous laminations which each define a plane parallel to the axis of rotation of the rotor.  A reluctance machine is also disclosed in which the rotor is used.  The rotor has radially inner pole faces, which cooperate with the pole faces of an inner stator.

2. Patent No:  5,821,648

Issue Date:  October 13, 1998

Title:  Electrical Machine Drive System Including an Optical Position Transducer Circuit and

  Method of Operating

Inventor(s):  Damian Paul Allinson, West Yorkshire, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

An optical position transducer circuit for an electrical machine, for example a switched reluctance machine, comprises an optical transmitter, an optical sensor and an encoder disc in the path between the transmitter and the sensor.  The disc is formed with apertures and light-blocking areas in between in accordance with a digital position code.  An enabling circuit energizes the optical position transducer.  When the machine is not in use but in a standby mode, the enabling circuit is responsive to a signal from a controller to disable the transducer and to enable the transducer when an input demand signal is received from the controller.  Selective enablement of the transducer considerably extends its lifetime and reduces current consumption in the standby mode. 

3. Patent No:  5,811,954

    Issue Date:  September 22, 1998

    Title:  Reduced noise controller for a switched reluctance machine using active noise 

   cancellation

    Inventor(s):  Steven Paul Randall, Leeds, GB

    Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A reduced vibration and reduced noise controller for a switched reluctance machine system. A decoder circuit monitors firing signals, which are used to energize a phase winding in the switched reluctance machine over an angular period of rotor rotation.  When the firing signals indicate that a predefined switching event has occurred, one or more timed voltage pulses are applied to the phase winding at fixed points in time following the predefined switching event.  The timed voltage pulses induce vibration forces in the motor, which actively cancel unwanted vibrations in the motor.

4. Patent No:  5,808,389

Issue Date:  September 15, 1998

Title:  Apparatus and method for starting a single-phase variable reluctance motor patent

Inventor(s):  John Michael Stepheson, Halifax, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

An apparatus and method for starting a single-phase variable reluctance motor defined by a stator having one or more pairs of projecting poles defining a principal axis and a rotor mounted on a rotatable shaft co-axial with the principal axis of the stator is provided.  The apparatus includes a device for preventing the rotor from being halted in a position of zero-developed torque thereby enabling reliable starting of the motor.  The device includes a vane defined by a ferromagnetic disk having alternating mark regions and space regions which is mounted to the rotatable shaft and may form part of a rotor position transducer.  A permanent magnet is positioned so as to move the vane into a position at which starting torque of  the  desired direction will be developed when the motor is energized.  A further embodiment combines the magnet with a Hall-effect sensor so that, in conjunction with the vane, a rotor position transducer is formed. 

5. Patent No:  5,804,941

    Issue Date:  September 08, 1998

    Title:  Dual mode position control system with speed profiling

    Inventor(s):  Willaim F. Ray, Nottingham, GB

    Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A control system is provided for use with an actuator in a load-positioning assembly.  The actuator and its load are quickly and accurately driven to a target position using dual control modes. When the distance from the target position is large, a speed control mode is used. In this mode, the actuator is operated according to a speed demand profile which is a function of a programmable maximum  speed  and  the  distance  remaining  to  the target position.  When the distance to the target position is small, a stepping mode is selected for final positioning of the actuator and its load. 

6. Patent No:  5,801,935

Issue Date:  September 01, 1998

Title:  Digital Power Factor Correction Circuit

Inventor(s):  David M. Sugden, Leeds, GB

 Phillip G. Langhorst, St. Louis, Missouri

 Joseph G. Marcinkiewicz, Ripon, GB

 James C. R. Smart, Horsforth, GB

Assignees:  Emerson Electric Co., St. Louis, Missouri

      Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A digital power factor correction circuit including a digital comparator that compares the actual DC bus voltage of an electric circuit with a desired DC bus voltage to produce a digital attenuation signal in the form of a pulse width modulated signal that is used to attenuate the voltage from a time-varying source.  The attenuated source voltage is used as the current demand signal for a current controller that controls the current drawn from the line. 

7. Patent No:  5,793,179

Issue Date:  August 11, 1998

Title:  Sensorless Rotor Position Monitoring in Reluctance Machines

Inventor(s):  Stephen James Watkins, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A method of and apparatus for monitoring rotor position in a reluctance machine includes determining the rate of change of current at a particular point at which current in the winding is arranged to freewheel.  Preferably the point coincides with alignment of a rotor and a stator pole such that the rate of change of current is predicted to be zero.  The magnitude and polarity of any variation from the predicted rate of change indicates a rotor position removed from the actual rotor position and whether it is in advance of, or retreated from, the predicted position. 

8. Patent No:  5,789,893

Issue Date:  August 04, 1998

Title:  Angle Firing Controller and Method of Controlling a Switched Reluctance Machine

Inventor(s):  Stephen J. Watkins, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

An electric motor controller is disclosed that controls the torque of a switched reluctance motor with an angle controller that eliminates the need for a look-up table. In one example, the electric motor controller includes an angle controller that employs edge-triggered monostables to generate a single pulse firing signal which is synchronized with rotor position and whose pulse length varies with torque demand. An angle firing circuit-utilizing freewheeling is also disclosed. 

9. Patent No:  5,764,019

Issue Date:  June 09, 1998

Title:  Control Circuit and System for a Switched Reluctance Machine and Method of 

  Operating

Inventor(s):  Paul Donald Webster, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A control circuit for a switched reluctance machine comprises a transistor connected with the machine winding across a rectified AC power supply.  The transistor controls the flow of current through the winding in a primary current path.  A silicon-controlled rectifier and a capacitor are serially connected across the power supply and a diode is connected between the winding and the transistor and between the silicon-controlled rectifier and the capacitor.  In the steady state, the capacitor is charged each time that the transistor is opened.  The transistor and the silicon-controlled rectifier are actuated together so that the capacitor discharges through the silicon controlled rectifier and the winding until the capacitor is discharged below  the  supply voltage.  Thereafter, the silicon controlled rectifier ceases conduction and energy is drawn from the supply.  The circuit avoids the need for a DC link capacitor across the power supply to smooth the supply voltage. 

10. Patent No:  5,760,565

Issue Date:  June 02, 1998

Title:  Method and Apparatus for Reducing Iron Loses in a Switched Reluctance Machine

Inventor(s):  Steven Paul Randall, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A method of controlling a switched reluctance machine having a rotor and a stator with at least one phase winding to reduce iron loss whereby the phase winding is energized over a first angular period of the rotation of the rotor and then current in the phase winding is allowed to freewheel through the phase winding for a second angular period of rotor rotation where, in a first method, the second angular period is greater than the first angular period.  Also a method of using freewheeling in high-speed applications to reduce iron loss.

11. Patent No:  5,760,519

Issue Date:  June 02, 1998

Title:  Stator for Electric Machine and Lamination Thereof

Inventor(s):  Norman Neilson Fulton, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A stator for electric machine, in particular a switched reluctance machine, has a non-circular, for example, square, outer profile and a set of equi-angularly spaced stator poles which are angularly arranged to be intermediate radially thickest and thinnest parts of the ring to avoid the poles coinciding with vibrational anti-nodes of the outer ring. In a particular embodiment the outer profile is square and the stator poles are angularly offset from a line of symmetry drawn through the center of the square at right angles to one pair of opposite sides. 

12. Patent No:  5,753,984

Issue Date:  May 19, 1998

Title:  Apparatus and Method for Starting a Single-Phase Variable Reluctance Motor

Inventor(s):  Ernest J. Buchan, Leeds, GB

   Norman N. Fulton, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A single-phase switched reluctance motor is disclosed.  The motor includes a stator having a plurality of projecting poles and a rotor rotatably disposed adjacent to the stator.  The stator and rotor poles may be formed from laminations of ferromagnetic material.  Energizing coils are wound around one or more of the stator poles.  When the coils are energized, the rotor develops torque.  In one embodiment, the motor includes a motor starting mechanism, which sets the rotor into motion before the stator coils are energized so that the rotor is never static in a preferred position.  In another embodiment, the motor includes a rotor positioning mechanism which positions the rotor in a preferred starting position before the stator coils are energized. 

13. Patent No:  5,747,962

Issue Date:  May 05, 1998

Title:  Method and Apparatus for Increasing the Starting Torque of a Two-Phase Switched

    Reluctance Motor

Inventor(s):  Norman Neilson Fulton, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A method and apparatus for increasing the starting torque of a two-phase switched reluctance motor is disclosed.  The method involves the use of a specially constructed rotor position transducer with two sensing devices; each associated with one phase winding of the two-phase motor.  The signals from the rotor position transducer are provided to a motor controller that energizes each  winding  whenever energization of the winding will produce torque in the desired direction.

14. Patent No: 5,739,663

Issue Date:  April 14, 1998

Title:  Phase Energization Controller and Method for Controlling Switched Reluctance

    Machines Using Simple Angular Position Sensors with Improved Angle Interpolation

Inventor(s):  Geoffrey T. Brown, Harrogate, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

An angle interpolation circuit for a phase energization controller receives absolute positions from sensors and interpolates conduction angles for each phase in a switched reluctance machine having one or more phases.  It uses a frequency multiplier to generate an integer number of pulses between the edges of the sensor signal for clocking a corresponding counter for each machine phase.  The circuit adjusts for variations in the mark/space ratio of sensor inputs by setting the counters’ expected values at each sensor edge. 

15. Patent No:  5,739,615

Issue Date:  April 14, 1998

Title:  Rotor for Reluctance Machine

Inventor(s):  Michael Leo, McClelland, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A rotor assembly for a reluctance machine is disclosed in which the rotor assembly comprises a stack of rotor laminations having a plurality of rotor poles defining interpole regions.  The rotor assembly also comprises a cage including an end plate and support bars, which may be electrically conductive, that are axially aligned within the interpolar regions that lie between adjacent rotor poles.  When the support  bars are electrically conductive, the support bars can become transient ‘flux blockers’ as the rotor assembly rotates past a stator pole, blocking the flow of flux through the interpole regions and improving the performance of the motor.

16. Patent No:  5,736,828

Issue Date:  April 07, 1998

Title:  Electric Machine Controller

Inventor(s):  Michael J. Turner, Leeds, GB

   Alan R. W. Jewell, Yorks, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A controller for a switched electric machine, especially a switched reluctance motor, takes timing information from a rotor position transducer to generate a switch-off output at a point near maximum phase inductance in a phase inductance cycle.  A switch-on signal is generated after a delay but still within the phase inductance cycle.  A simple form of single-pulse control is thereby achieved. A comparator is also provided which monitors phase winding current. A pulse generator is actuated by the comparator when the winding current exceeds a reference level and is used to control the motor in a chopping mode at low speeds and is disabled by the comparator at higher speeds when the single-pulse control is used. 

17. Patent No:  5,726,516

Issue Date:  March 10, 1998

Title:  Rotor for High Speed Switched Reluctance Machine

Inventor(s):  Steven P. Randall, Headingley, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A rotor assembly for a reluctance machine is disclosed in which the rotor assembly comprises a stack of rotor laminations having a plurality of rotor poles defining interpole regions. The rotor assembly also comprises a cage including an end plate and support bars, which may be electrically conductive, that are axially aligned within the interpolar regions that lie between adjacent rotor poles.  When the support bars are electrically conductive, the support bars can become transient ‘flux blockers’ as the rotor assembly rotates past a stator pole, blocking the flow of flux through the interpole regions and improving the performance of the motor. 

18. Patent No:  5,724,477

Issue Date:  March 03, 1998

Title:  Compensation for Input Voltage Variation in an Electric Motor Drive

Inventor(s):  Paul Donald Webster, Headingley, GB

   Geoffrey Thomas Brown, Hemingbrough, GB

   David Mark Sugden, Ilkley, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

The present invention employs digital circuitry to compensate for variations in DC link voltage transmitted to a switched reluctance machine.  The digital voltage compensation system of the present invention periodically samples the DC link voltage and actual rotor speed, then supplies the samples in digital form to a microcontroller that derives a compensated speed signal to compensate for changes in DC link voltage.

19. Patent No:  5,723,858

Issue Date:  March 03, 1998

Title:  Position Encoder with Fault Indicator

Inventor(s):  David Mark Sugden, Ilkley, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A failure detector for a position encoder which uses a plurality of position sensors.  The failure detector receives position signals from the plurality of position sensors.  The position signals represent the rotor position for  a switched reluctance machine, and the position signals have allowable states and allowable output state sequences that occur if the position encoder is operating properly.  If one or more of the plurality of sensors fail or the rotating element of the position encoder is damaged, an illegal state occurs in the position signals from the position sensors.  The failure detector produces a failure signal upon the occurrence of an illegal state.  In addition, the failure detector monitors the sequence of the output states and generates a failure when the output states change in a sequence that is not one of the allowed sequences. The machine controller can  respond  to the failure signal to stop machine operation or trigger an 

alternate positioning scheme. 

20. Patent No:  5,705,918

Issue Date:  January 06, 1998

Title:  Switched Reluctance Generators

Inventor(s):  Rex M. Davis, Loughborough, GB

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A switched reluctance generator is controlled such that flux growth in a phase  winding occurs at a faster rate during the initial part of the phase inductance cycle and at a second, slower rate during the subsequent part of the phase inductance  cycle.  The difference between flux growth and decay may be achieved either by applying different voltages during the two parts of  the phase inductance  cycle or by applying the same voltage over only part of the phase winding during the initial part of the phase inductance cycle and then applying that voltage across the phase winding thereafter.  It is advantageous to make the increase in flux more rapid than its decay because minimizing the length of time that the flux is present while the phase inductance  is rising will minimize the production of unwanted (motoring) torque.

21. Patent No:  5,703,457

Issue Date:  December 30, 1997

Title:  Power Supply to a Stator of a Polyphase Reluctance Machine

Inventor(s):  Rex Mountford Davis, East Leake, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A polyphase switched reluctance machine has only n power cable connections for n phases. Each phase winding includes a series connected diode and the phase windings and their diodes are arranged in a conducting ring.  Alternating currents are fed to the nodes of the conducting ring from an inverter.  The  nodal connections between the phases allows the alternating current to energize the windings where previously only a greater number of cables and a unidirectional current would have been required.  Due to the presence  of  alternating current, a transformer may be interposed between the inverter and the nodes of the conducting ring to allow a boosted voltage to be delivered over long distances. 

22. Patent No:  5,674,008

Issue Date:  October 07, 1997

Title:  Pulsed Temperature Monitoring Circuit and Method

Inventor(s):  Damian Paul Allinson, West Yorkshire, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A temperature monitoring circuit comprises a thermistor, which is connected with a power supply rail by means of a transistor.  The transistor is pulsed to connect the thermistor intermittently in circuit with the power supply.  The mean power drawn by the thermistor from the power supply is reduced, causing less drain on the power supply. 

23. Patent No:  5,654,601

Issue Date:  August 05, 1997

Title:  Switched Reluctance Machine

Inventor(s):  Norman Neilson Fulton, West Yorkshire, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A reluctance machine comprises a rotor, defining rotor poles and a stator defining stator poles. Each stator pole pair, creating a flux path through the rotor includes only one winding mounted on one of the stator poles.  The invention is particularly applicable to a machine having a four-pole field pattern and an odd number of phases.  The coils are placed on alternate stator poles such that the space between stator poles can be used exclusively for a single winding.  The single winding is made larger to compensate for the lack of a winding on its associated pole. 

24. Patent No:  5,652,494

Issue Date:  July 29, 1997

Title:  Angle Controller for a Switched Reluctance Drive Utilizing a High Frequency Clock

Inventor(s):  David Mark Sugden, Leeds, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A circuit and method for controlling a switched reluctance drive having at least one phase winding and a rotor position encoder that provides a set of signals corresponding to the absolute position of the rotor relative to the stator.  The  circuit monitors the set of signals and generates a high frequency clock signal having a frequency substantially proportional to the frequency at which the set of signals changes state.  The high frequency clock signal comprises a number of digital pulses for each rotor revolution that is an integral multiple of the number of digital pulses from the rotor position transducer for each rotor revolution and corresponds to the incremental position of the rotor.  The  high frequency clock signal is applied to a counter that is reset upon each change in state of the set of signals.  The output of the counter is compared to predetermined values and the at least one-phase winding is energized and de-energized in response to the results of the comparison. 

25. Patent No:  5,650,779

Issue Date:  July 22, 1997

Title:  Position Encoder

Inventor(s):  David Mark Sugden, Ilkley, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A sensor failure detection circuit for a position encoder, the sensor failure detection circuit receiving from a first set of at least one position sensor position signals which change state at a high resolution and from a second set of at least one position sensor position signals which change state at a lower resolution, the detection circuit monitoring a count for the position signals at the high resolution between states of the position signals at the lower resolution and comparing the count with a predetermined range which represents an expected count for the position signals at the high resolution between the states of the position signals 

at the lower resolution. 

26. Patent No:  5,650,682

Issue Date:  July 22, 1997

Title:  Single-Phase Variable Reluctance Motor Having Permanent Magnets Embedded 
Within a Phase Winding

Inventor(s):  James Christopher Rudd Smart, Horsforth, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A single-phase variable reluctance motor is disclosed.  The motor includes a stator having a pair of projecting poles defining a principal axis and a rotor  mounted on a rotatable shaft co-axial with the principal axis of the stator.  The stator may have inwardly extending poles that terminate in a central bore and the rotor may be rotatably disposed in the central bore.  In such an embodiment, the stator poles are arranged generally diametrically opposed to one another. The rotor is mounted on a shaft and has a pair of poles generally diametrically opposed from each other.  The stator and rotor may be formed from laminations of a ferromagnetic material.  Energizing coils are wound around one or more of the stator poles.  When energized, the energizing coil(s) impart a torque on the rotor causing it to rotate.  One or more permanent magnets are inserted into the winding(s) forming the energizing coil(s) to park the rotor in a preferred starting position when the motor is turned off. A pair of slot wedges is also provided to separate the energizing coils from the central bore. The slot  wedges are inserted into notches formed in the stator poles to retain the  slot wedges in the central bore. The slot wedges have cutout portions, which are aligned with the permanent magnets to expose them to the central bore. 

27. Patent No:  5,637,972

Issue Date:  June 10, 1997

Title:  Rotor Position Encoder Having Features in Decodeable Angular Positions

Inventor(s):  Steven P. Randall, Leeds, GB 

   David M. Sudgen, Leeds, GB 

   William Vail, Leeds, GB 

   Geoffrey T. Brown, Hemingbrough, GB ]

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A rotor position encoder for an electric motor includes a discate member mounted to rotate with the rotor shaft.  The encoder has a set of radially extending features formed with angularly evenly spaced leading edges and unevenly spaced trailing edges.  The leading edges induce a signal in a sensor that corresponds to the relative timing of power switches for each motor phase.  The trailing edges define a cyclical code by which motor controlling circuitry is able to determine the phase of rotation of the rotor and thus establish the correct power switch actuation sequence.  An electric  motor control system and methods of starting electric motors also provide significant advantages. 

28. Patent No:  5,627,445

Issue Date:  May 06, 1997

Title:  Sensing Phase Current in Switched Reluctance Machines

Inventor(s):  Paul D. Webster, Headingley, GB 

Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

A switched reluctance machine comprises a stator and a rotor and a winding for each phase of the stator.  A single current sensor is arranged to sense current in the phase windings such that they are discriminated between according to the energization sequence of the windings by a controller, including a digital processor which counts the sensed currents and attributes the source  of the currents counted among the phase windings according to a known phase winding energization sequence. 

29. Patent No:  5,563,488

Issue Date:  October 08, 1996

Title:  Control of Switched Reluctance Machines

Inventor(s):  John M. Stephenson, Leeds, GB 

   Willaim F. Ray, Nottingham, GB 

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A control system for and method of controlling a switched reluctance generator to maintain stable control of the generator in the continuous current  mode.  This is achieved by sensing the load on the generator, the speed of the rotor and the position of the rotor with respect to each phase winding in order to derive switching command signals to maintain the volt-seconds applied to the winding in each phase period so as to inhibit progressive flux growth in the phase windings by actuation of the controller switches. 

30. Patent No:  5,563,487

Issue Date:  October 08, 1996

Title:  Control Circuit for an Inductive Load

Inventor(s):  Rex M. Davis, Loughborough, GB 

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A control circuit for an inductive load, such as a phase winding of a reluctance motor, includes a  boost flyback converter.  The controller includes a DC link capacitor switchable across the load by means of a control switch and a suppressor switch for controlling the application of rectified current to the DC link capacitor.  The suppressor switch is operated independently of the control switch in order to control the rectified current so that it follows the sinusoidal input voltage waveform.  By this technique, the harmonics generated by switching the rectified input current are substantially suppressed.

31. Patent No:  5,548,173

Issue Date:  August 20, 1996

Title:  Switched Reluctance Motors

Inventor(s):  John M. Stephenson, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A switched reluctance motor has groups of adjacent poles of the same polarity.  A starting magnet is fitted to one side of one or more of the poles in one or more of the groups. The polarity of the magnet can be the same as that of its host pole.  The starting magnet influences the rest position of the rotor when it is not being driven so that the rotor will not be in an orientation such that it will not start when the stator poles are energized. 

32. Patent No:  5,545,964

Issue Date:  August 13, 1996

Title:  Control of Switched Reluctance Machines

Inventor(s):  John M. Stephenson, Leeds, GB 

   William F. Ray, Attenborough, GB 

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A control system for and method of controlling a switched reluctance generator to maintain stable control of the generator in the continuous current mode.  This is achieved by sensing the load on the generator, the speed of the rotor and the position of the rotor with respect to each phase winding in order to derive switching command signals to maintain the volt-seconds applied to the winding in each phase period so as to inhibit progressive flux growth in the phase windings by actuation of the controller switches. 

33. Patent No:  5,539,293

Issue Date:  July 23, 1996

Title:  Rotor Position Encoder Having Features in Decodable Angular Positions

Inventor(s):  Steven P. Randall, Leeds, GB 

   David M. Sudgen, Leeds, GB 

   William Vail, Leeds, GB 

   Geoffrey T. Brown, Hemingbrough, GB 

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A rotor position encoder for an electric motor includes a discate member mounted to rotate with the rotor shaft. The encoder has a set of radially extending features formed with angularly evenly spaced leading edges and unevenly spaced trailing edges.  The leading edges induce a signal in a sensor that corresponds to the relative timing of power switches for each motor phase.  The trailing edges define a cyclical code by which motor controlling circuitry is able to determine the phase of rotation of the rotor and thus establish the correct power switch actuation sequence. 

34. Patent No:  5,530,333

Issue Date:  July 23, 1996

Title:  Control of an Inductive Load

Inventor(s):  Michael J. Turner, Leeds, GB

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A switched reluctance motor controller derives an error signal from the difference between a phase winding current reference and the phase winding current.  The error signal is applied to a pair of hysteresis circuits which define adjacent hysteresis bands above and below the reference current. The outputs of the hysteresis  circuits  are received by control logic which permits current to be applied to the phase winding when the current is below the hysteresis bands, removes current from the phase winding when the current  is above the hysteresis bands and allows the phase winding current to freewheel when the  current is between the upper and lower hysteresis limits. 

35. Patent No:  5,504,410

Issue Date:  April 02, 1996

Title:  Switching Circuit

Inventor(s):  Rex M. Davis, Leicestershire, GB

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A switching circuit for a switched reluctance motor or generator comprises positive and negative power lines, a string of smoothing capacitors serially connected between them and two pairs of gate turn-off thyristors connected to either end of a phase winding of the motor or generator. Circulating diodes are connected between the ends of the winding and the opposite power line and further circulating diodes are connected between each pair of thyristors.  A mid-point between the capacitors is connected between the further diodes.  At switch-off one of the outer GTO’s is first opened so that one of the diodes conducts and current in the winding is routed via the mid-point.  Then the other outer GTO is opened so that current now circulates through both of the diodes and substantially no voltage is dropped across the winding.  The first inner GTO is then opened causing one of the diodes to conduct.  Thereafter the second inner GTO can be opened.  Turn-on requires a progressive reversal of the turn-off sequence if  winding current continues to flow.  Otherwise, all but one outer GTO are turned on together followed by the omitted GTO after a delay.  The GTO to be omitted initially at turn-on is chosen to provide the desired correction to the voltage at the midpoint. 

36. Patent No:  5,469,039

Issue Date:  November 21, 1995

Title:  Control of Switched Reluctance Machines

Inventor(s):  John M. Stephenson, Leeds, GB



William F. Ray, Attenborough, GB 

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A control system for and method for controlling a switched reluctance generator to maintain stable control of the generator in the continuous current mode.  This is achieved by sensing the load on the generator, the speed of the rotor and the position of the rotor with respect to each phase winding in order to derive switching command signals to maintain the volt-seconds applied to the winding in each phase period so as to inhibit progressive flux growth in the phase windings by actuation of the controller switches. 

37. Patent No:  5,467,025

Issue Date:  November 14, 1995

Title:  Sensorless Rotor Position Measurement in Electric Machines

Inventor(s):  Willaim F. Ray, Attenborough, GB

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A sensorless rotor position measurement system comprises a digital processor (6) which receives signals from current and flux sensors (7, 8) of the current and flux associated with a phase winding of the machine.  The measurement of the current and flux is enabled at a predicted reference rotor position.  The measurements are compared with stored values of current and flux and an error between the actual and the predicted reference position calculated.  The calculated  rotor position can then be used to predict the instant the rotor will reach the next reference position.

38. Patent No:  5,449,993

Issue Date:  September 12, 1995

Title:  Regenerative AC to DC Converter

Inventor(s):  Rex M. Davis, East Leake, GB 

Assignee:  Switched Reluctance Drives Ltd., Leeds, GB

Abstract

A regenerative AC to DC convertor includes a thyristor bridge invertor and a rectifier having a DC link capacitor.  A second capacitor is connected across the invertor.  In a regenerative braking mode of the motor the invertor is arranged to return energy from the second capacitor to the AC supply.  Circulating currents are inhibited by diodes connecting the DC link and second capacitor.  A first diode is arrange to conduct from the positive terminal of the second capacitor to the positive terminal of the DC link capacitor.  A second diode is arranged so that it conducts from the negative terminal of the DC link capacitor to the negative terminal of the second capacitor. 

39. Patent No:  5,043,618

      Issue Date:  August 27, 1991

      Title:  Electric Machines

      Inventor(s):  John M. Stephenson, Leeds, GB 

      Assignee:  Switched Reluctance Drives Ltd., Harrogate, GB

Abstract

An electric motor comprises a laminated stator core supporting windings to define  similar adjacent poles.  A rotor is mounted to rotate within the stator.  The similar poles in a group define flux paths with adjacent pole groups.  Thus the flux paths required are restricted to those between adjacent dissimilar pole groups.  In this way the material of the core between the flux paths can be reduced as it is not required to carry flux itself.  This redundant portion of the core can be shaped to accommodate neighboring components or to reduce the material of the core laminations. 

 TC “appendix e: blower and motor manufacturer company descriptions”Appendix E:  Blower and Motor Manufacturer Company Descriptions
EBM INDUSTRIES, INC.

110 Hyde Road

Farmington, CT 06034

(860) 674-1515

EBM Industries is a large company that manufactures blowers and fans for just about all applications. They have 500 employees in the United States and 5000 worldwide.  Some new technology that EBM is developing is high efficiency brushless DC motorized impellers, a new “Q-Motor” (that is four poled and economical), and a new EC technology.  It is claimed that DC commutation techniques can be applied to AC motors and can reduce energy costs by up to 60%.  EBM claims that speed control is capable of being controlled and is efficient while at the same time the single EC commutation unit can control several motors.
  In January 1990, EBM opened the facility in Connecticut and began operations in 1991.  In December 1992, they acquired rival company Papst, which is located in Germany, for an undisclosed sum.  Recently, EBM purchased Trans Flow Energy of Mashpee, MA., also in the business of blowers. In spring 1998, construction began for a 120,000 sq. ft. facility that would be adjacent to the current location in order to accommodate the growth of the company.
 

JAKEL

400 Broadway

Highland, IL 62249

(618) 654-2371

Jakel is a large private company near Chicago, Illinois that manufactures electric motors. They have verified sales revenue of $76 million and have 840 employees.
  Jakel is the largest manufacturer of sub-fractional horsepower, two-pole, and shaded pole motors and has developed a convection fan motor for circulating hot air. In July 1997, Jakel acquired the North American heating ventilating and air conditioning motor unit of AMETEK. The manufacturing division is located in Paoli, Pa. and manufactures motors for water heaters, blowers for heating systems, and evaporative cooling pumps. The sales from the former AMETEK location were approximately $22 million dollars.
  Terms of the sale were not disclosed

MAMCO

8630 Industrial Drive

Franksville, WI 53126

(414) 886-9069

Incorporated in 1939, Mamco is a private manufacturer of a variety of electrical and motor products.  According to a database, there are 150 employees of Mamco.
  They produce electric motors, blower wheels, motor parts, and fractional horsepower motors.  The facility in Wisconsin serves as the corporate headquarters as well as the manufacturing location.  In August 1980, Mamco bought Lexel Industries universal motor and parts plant located in Illinois.
  Figures have been reported that sales of 1996 are down from years past.  However, inconsistent figures can be found in other different locations that contradict the reported sales or revenue of Mamco.  One source verified sales revenue at $30 million.
  Another source has sales down between $10-16 million.

AMETEK, LAMB ELECTRIC

633 Lake Street

Kent, OH 44240

(330) 673-3451

AMETEK is a very large corporation with many subsidiaries that produce a vast array of products and services.  The company had record sales of $869 million dollars in 1996 and $51 million dollars earned from continued operations. AMETEK is the world’s largest independent producer of electric motors and motor-blowers for vacuums and other floor-care products.  They are a leading global manufacturer of electrical and electro mechanical products and materials.  The Chief Operating Officer, Mr. Hermance, explained the sale of the North American HVAC motor / blower business to Jakel.  It was a means to focus on growth opportunities in market segments where they can better leverage the company’s global leadership in air-moving electric motors.
  The company sold the division to step back closer to their core competence while opening possibilities in those core areas.

REVCOR

251 Edwards Street

Carpentersville, IL 60110

(847) 428-4411

Revcor, Inc. is a manufacturer of metal blowers, fans, and housings.  Sales are estimated at $49 million.  Founded in 1947, Revcor is now a company with 350 employees.  In December 1993, Appliance Magazine reported that Revcor purchased Baco Enterprises, Inc.
  Other companies that Revcor has purchased was Molded Products in 1986 and G&S International in 1996.
  Molded Products had sales in 1995 of $15.5 million and was in the process of moving into a new 126,000–square foot facility in Halton City, Texas.
  In August 1990, Revcor opened new corporate offices in Carpentersville, Illinois where they are still located today.
    In the September 1993 Applied Manufacturer magazine they gave Revcor an Editor’s choice award for a quieter, redesigned blower wheel in an Amana room air conditioner.
  The firm offers its customers a variety of products including two-, three-, four-, and five-blade fans up to six feet in diameter. The company’s blower wheels vary in diameter from 3 to 12 inches.

LELAND-FARADAY ELECTRIC CO.

P.O. Box 550

Congers, NY 10920-0550

(914) 267-3824

Leland-Faraday Electric Company is a private subsidiary of Avnet Incorporated.  While the sales revenue of Leland is $5 million as verified in a letter, the parent company has a value estimated at about $5.4 billion dollars.  There are 25 verified employees that work at the manufacturing site.  Located in Congers, New York, Leland manufactures electric motors.

MORRISON PRODUCTS, INC.

16900 S. Waterloo Road

Cleveland, OH 44110

(216) 486-4000

Morrison Products Inc. is a Cleveland based manufacturer of blowers and fans that was founded in 1923.  Morrison is a private corporation with sales revenues estimated at $27 million. In a telephone interview it was determined that there are 189 employees at the location.

LAU INDUSTRIAL AND COMMERCIAL FANS DIVISION

834 Indianapolis Avenue

Lebanon, IN 46052

(765) 482-3650

Lau Industrial is a manufacturer located in Indiana and has estimated sales revenue of $65 million. The company produces blower wheels and fans and is a subsidiary of Tomkins Industries that is worth $1.4 billion. Lau was founded in 1929 and currently has 200 employees. 

ARCO ELECTRIC PRODUCTS DIVISION

2325 E. Michigan Road

Shelbyville, OH 46176-1896

(317) 398-9713

ARCO Electric Products is a subsidiary of Kirby Risk Electrical Supply Company.  Kirby, a private company located in Lafayette, Indiana, has estimated sales revenue at $270 million.
  ARCO is located in Shelbyville, Indiana and has approximately 40 employees.
  ARCO manufactures electric motors and generators and founded in 1964. The sales revenue for the ARCO plant is estimated at $6 million.

McLEAN ENGINEERING

70-K Washington Road

Princeton Junction, NJ 08550

(609) 799-0100

McLean Engineering is a subsidiary of Zero Corporation located at Princeton Junction, New Jersey.  In 1980 Zero bought the manufacturer of cooling devices for electronic equipment, McLean.
  McLean was founded in 1945 and currently has 200 employees. McLean manufactures fans and blowers for electronic equipment and has verified sales revenue of $15 million.
  In 1981 McLean began a 20,000–square foot expansion for the current 51,000–square foot manufacturing area.
  

MORRILL MOTORS, INC.

3685 Northrop Street

Fort Wayne, IN 46805

(219) 484-1519

Morrill Motors is a manufacturing company that is located in Fort Wayne, Indiana.  The company’s estimated sales revenue is $79 million. The private company was founded in 1942 and is the headquarters is in Indiana. 
 There is a branch division located in Erwin, Tennessee.  There are 650 employees in all and they manufacture motors of all kinds. Morrill is a parent company of Morrill Electric Inc. and Shell Molding Inc. 

AIRMASTER FAN COMPANY

1300 Falahee Road

Jackson, MI 49203

(517) 764-2300

Airmaster Fan Co manufactures fans, air circulating, and exhaust air-moving equipment and was founded in 1975. Airmaster is a private company with 125 employees and has the headquarters located in Jackson, Michigan. The sales revenue is $16 million and verified by a letter. 
 Airmaster received a patent before 1990 on a bolted, interlocking fan guard for use on air circulators.

McMILLAN

400 Best Road

Woodville Industrial Park

Woodville, WI 54028-9535

McMillan Electric Company was started in 1976 in Woodville, Wisconsin.   It began as a small company of about ten people and has grown ever since.   The company manufactures approximately 10 million motors a year.  Some of the products that are produced by McMillan are shaded six-pole motors, shaded four-pole motors, shaded two-pole motors, permanent split capacitor six-pole motors, permanent split capacitor four-pole motors, and permanent magnet motors.  McMillan also is able to create special motors for particular applications.  There was no financial information or number of employees available.
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Company
Number of Employees
Yearly Revenue (Millions)
Revenue / Employee (x $1000)
Time in Industry (Years)
Location

EBM
500
$ 70
$ 140
18
Connecticut

JAKEL
840
$ 76
$ 90.5
52
Illinois

MAMCO
150
$ 30
$ 200
59
Wisconsin

AMETEK
N/A
$ 869
N/A
N/A
Multiple

REVCOR
350
$ 49
$ 140
51
Illinois

LELAND
25
$ 5
$ 200
N/A
New York

MORRISON
189
$ 27
$ 143
75
Ohio

LAU INDUSTRIES
200
$ 65
$ 325
69
Indiana

ARCO
40
$ 6
$ 150
34
Indiana

McLEAN
200
$ 15
$ 75
53
New Jersey

MORRILL
650
$ 79
$ 121
56
Indiana

AIRMASTER FAN
125
$ 16
$ 128
23
Michigan

McMILLAN
N/A
N/A
N/A
22
Wisconsin
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MICRO MO ELECTRONICS, INC.
14881 Evergreen Avenue,

Clearwater, FL 33762

A supplier of brakes and clutches, motor controllers, coreless D.C. micro motors, Brushless D.C. motors, A.C. and DC, tachs, amplifiers, custom D.C. motors, and Optical and Magnetic encoders. This company was researched on The Thomas Register.  It has 70 employees and has in assets between $10 and 25 million.This company is not publicly traded.

MICROPUMP, INC.

1402 N.E. 136th Avenue,

Vancouver, Washington 98684

Manufactures and exports variable speed motors and pumps.  This company was The Thomas Register.  It has 150 employees and its assets fall between $25 and 50 million.This company is not publicly traded.

BEI TECHNOLOGY, INC.

11391A Meadowglen Lane,

Houston, TX 77082

(281) 589-7373.

Manufactures solenoids, motor drives, motor controllers, valves, pumps, and traducers.  This company was located on the Thomas Register of Manufacturers.  BEI has 10 employees and has assets between $1 and 5 million.This company is not publicly traded.  This company is not related to BEI Technology in California, a publicly traded company.

DYNACT, INC.

11 Centre Drive,

Orchard Park, NY 14127

Manufactures motor drives, servo and step motor controllers, linear and rotary step motors, stand alone motor controllers,  and servo motor encoders.  The profile of this company was found on Thomas Register.  It has 26 employees and its assets fall between $5 and 10 million.This company is not publicly traded.

ACE GLASS, INC.

1342 N.W. Boulevard

P.O. Box 688, Dept. J

Vineland, NJ 08360

Manufactures glassware, batch reactors, proportional temperature controllers and motor controllers.  This company’s information was provided by Thomas Register.  No information was provided on employee numbers, however its assets are between $1 and 5 million.This company is not publicly traded.

INSTECH LABORATORIES, INC.

5209 Militia Hill Road

Dept. M

Plymouth Meeting, PA 19462

Manufactures pumps, miniature D.C. motor controllers, infusion swivels and small animal devices. The Thomas Register shows that Instech has 10 employees and assets valued between $1 and 5 million.This company is not publicly traded.

CONTEC MICROELECTRONICS USA, INC.

2190 Bering Drive

San Jose, CA 95131

Manufactures programmable motor controllers, industrial computers, converters and relays.  It has 50 employees and asset information was unavailable.This company is not publicly traded.

INDUSTRIAL COMMERCIAL ELECTRONICS, INC.

2421 Harlem Road

Buffalo, NY 14225

Manufactures circuit analyzers and motor controllers.  It has 12 employees, no asset information was given.This company is not publicly traded.
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FASCO
Fasco is a Missouri based company that has over 4000 employees. The company has estimated annual sales of $470 million. 
 Fasco manufactures blowers, contactors, motors, and pumps.

CARVER
Carver is a Washington based company that has 60 employees. The company has annual sales of $11 million. 
 Carver Corporation manufactures amplifiers, receivers, and tuners for residential use.

SOUND TECH
Sound Tech is a California based company that has 12 employees. The company has sales of $2 million. 
Sound Tech manufactures instruments for measuring and testing of audio and PC based technologies. This company is also an exporter of audio equipment. 

CREST AUDIO
Crest Audio is a New Jersey based company that has 250 employees. The company has annual sales of $25 million. Crest Audio manufactures professional audio equipment including amplifiers, recording and mixing consoles. 

LEXEL
P.O. Box 508

Franksville, WI 53126

(414) 886-2002

Manufacture Electric Motors with assets of $10 – 25 million.

TRANSFLOW ENERGY, INC.

79 Industrial Drive

Mashpee, MA 02649

(508) 477-0919
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