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EXECUTIVE SUMMARY

This report and underlying study are part of the Advanced Medium-Sized Mobile Power
System (AMMPS) Program conducted by the U.S. Army Communications & Electronics
Command (CECOM) Research, Development, & Engineering (RD&E) Center under
sponsorship of the Department of Defense Program Manager for Mobile Electric Power
(PM–MEP). The work was performed by personnel at the Department of Energy’s
(DOE’s) Oak Ridge National Laboratory (ORNL) in close cooperation with CECOM and
PM-MEP personnel.

The need for reliable electrical power in the battlefield is a requirement that cuts across
all services, all locations, and will extend into the foreseeable future. The AMMPS Pro-
gram will be used to upgrade and enhance existing inventoried military assets to
improve present capability and enhance military readiness and operations. These tacti-
cal power systems must be portable, lightweight systems that are electronically con-
trolled, signature suppressed, and capable of starting and operating on DF-2/JP-8 fuels
in extreme environmental conditions. This work is critical to ensure smooth transition of a
system and/or components to the PM-MEP for application to future development and
acquisition efforts, including upcoming Army procurements scheduled for FY 2008. The
new standard family of 21st century power systems will be compatible with Force XXI
and Army After Next (AAN) military planning.

The purpose of this report is to document the results of our study, which can be used to
enhance the performance of future military generator sets (gen-sets) in the medium
power range. Specifically, this report has two primary thrusts:

• Survey and assess the state of the art in key component areas [i.e., engines, alter-
nators, power electronics, digital control systems, and diagnostics and prognostics
(D&P) systems] to determine the status and viability of including these technologies
in future gen-sets. The market survey considered products currently on the market
and those expected within the next 2 to 3 years.

• Provide design philosophy recommendations for future gen-sets in the 5- to 60-kW
power range, which would take advantage of the state-of-the-art components and
meet operational objectives. The design philosophy provides guidance for selecting
relevant commercial technologies, components, and systems for review for the next
generation of gen-sets.

The approach in conducting this study for the next generation gen-sets has several ele-
ments. ORNL and CECOM personnel have had extensive interactions to gain an under-
standing of the military conditions under which the gen-sets have to function and their
current design, operation, and functionality. Researchers with expertise in the
component areas conducted the market surveys through informal discussions, trade
shows, seminars, and the Internet to become even more familiar with the vendors and
their products in these areas. The recommendations for a design philosophy were also
based on input from multiple R&D personnel with extensive expertise in hardware
development using analytical tools, prior experiences, analysis of existing gen-set condi-
tions, and equipment testing.

The primary finding of the market survey is that the commercial market is in a state of
flux and is currently or will soon (within 2–3 years) be capable of providing the
technology recommended here in a cost-effective manner. In most of the component
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areas of interest in gen-set design, new technologies are being introduced at a rapid
rate. At the same time, more suppliers in these new technical areas are introducing
products in the market with significant cost reductions expected in the next few years.
Among (and even within) manufacturers, interchangeable digital control systems, which
include diagnostics and prognostics (D&P), for gen-sets are not available as
commercial-off-the-shelf (COTS) components today and will not be in the near future
because the control systems are specific to the gen-sets. However, the hardware
components today that are necessary to fabricate the controls and diagnostics are
COTS and capable of meeting the future requirements with the appropriate software.

The design philosophy summarizes existing gen-set design in the 5- to 60-kW range,
identifies options for reducing the number of fielded families of gen-sets, evaluates the
major components used in the gen-sets, addresses system effectiveness, and considers
onboard D&P and advanced materials. Viable options are evaluated in light of military
goals and applicable technology and components. Recommendations that comprise a
design philosophy for the next generation of gen-sets are listed below.

Component and System Recommendations
• Turbocharged, charge-cooled, automotive diesels, featuring advanced high-

pressure, electronically controlled fuel injection systems (common-rail or unit
injection) and lightweight construction, are the recommended prime movers for gen-
sets in the range of 15 to 60+ kW (Sect. 6.1.2).

• For a smaller gen-set with a peak rating below 15 kW, it is recommended that natu-
rally aspirated industrial diesel engines with a relatively high power-to-weight ratio
(for that size range of engine) be utilized until the technology in the automotive
diesels migrates to the smaller industrial diesel lines (Sect. 6.1.2).

• Gas turbines should be evaluated more closely and warrant consideration in niche
areas where the need for lighter weight is substantially more important than fuel effi-
ciency (e.g., short mission durations) (Sect. 6.1.2).

• Gen-set design should be based on variable-speed operation, and speeds of
3000 rpm and above should be an initial design goal (Sect. 6.2.4).

• A three-phase alternator is recommended [either a permanent magnet (PM)
alternator or a more conventional inductance alternator] so that integrated power
electronics modules can be used to reduce the complexity, size, and cost of the
power electronics system (Sect. 6.4.3).

• A high-flux PM alternator is the preferred alternator. The market survey indicates that
mass production costs are not prohibitive (Sect. 6.4.3).

• During the design and prototyping phase, the main alternator should be evaluated for
use as the engine starter by using a two-way buck-boost converter to charge the
batteries and drive the starter. Justification for this would be the weight and volume
savings from eliminating the engine starter motor and the alternator for charging the
battery (Sect. 6.4.3).

• Using a variable-speed engine will require a system to convert the voltage generated
to a selectable voltage and frequency. Power electronics are recommended to
achieve this conversion because of their compact size and controllability. Designing
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a single gen-set unit able to generate power at 50, 60, and 400 Hz is recommended
(Sect. 6.5.4).

• Intelligent Power Modules for the inverter and rectifier sections of the power elec-
tronics system should be used to maximize integration of the electronics, increase
reliability, and improve maintainability (Sect. 6.5.4).

• The use of common components as much as possible in the power electronics sys-
tems for the different sizes of gen-sets should minimize the burden of parts logistics
(Sect. 6.5.4).

• Future gen-sets should be sized with both a maximum and minimum power rating.
The minimum rating would be determined during future testing but would be the
lower bound of effective and reliable gen-set operation. The maximum power rating
would be determined using the same qualification tests used today but at the highest
power level for which the gen-set fully qualifies rather than at a predetermined arbi-
trary level (Sect. 6.6).

• Based on the engines available in the market survey, the number of future gen-set
families recommended to cover the 5- to 60-kW range is three (Sect. 7).

• Based on projected market availability, the gen-set families should be sized at
approximately 2–7 kW, 6–25 kW, and 20–80 kW. Final size ratings will be
determined at the conclusion of the qualification testing (Sect. 6.7).

Digital Control System Recommendations
• Based on the market survey, it appears highly unlikely that a control system can be

purchased separately from the gen-set. Therefore, we recommend that the control
system be developed specifically to operate the future gen-sets (Sect. 7.1).

• The advantages tend to favor a PC-based global controller to run the control system.
The final decision will be made during the prototyping phase of this program. The
selection of the operating system will have to be made at a later date based on other
system requirements chosen by the military (Sect. 7.2.4).

• We recommend the use of digital signal processors (DSPs) in the control system to
govern the final current and voltage output (Sect. 7.2.5).

• The final recommendation for the display monitor will depend on further input from
the military about what is needed in the field. Once requirements are determined,
selection of the display format will be relatively easy (Sect. 7.2.6).

• A separate maintenance computer should be included to provide additional useful
functions that are not deemed appropriate to be included onboard the gen-set itself
(Sect. 7.2.7).

D&P System Recommendations
• The D&P system should be designed to include moderate to total incorporation of

diagnosing and predicting impending failure. The “best” approach will be decided
after the costs of these two approaches are determined through further development,
testing, and application of D&P methods and technologies (Sect. 8.6).

• Based on knowledge of parameters that are presently monitored on existing tactical
quiet generators (TQGs), a review of available failure records, and discussions with
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CECOM, we recommend that several but not all available parameters be monitored
for their importance in D&P of new gen-sets. An initial listing of those parameters that
should be included in the D&P system is provided. The final list of monitored
parameters will be determined during the prototyping of the new gen-sets (Sect. 8.6).

• A battle-short switch, similar to the current TQG design, should be provided on the
new gen-set that disables the action of the safety (and unit protection) parameters
listed in Sect. 8.6 (with exception of the short circuit and emergency stop function). It
is further recommended that the indication (e.g., displays showing high current, high
temperature, etc.) of all parameters still be available so that the user has the ability to
monitor the condition of the gen-set, although the actions of its safety devices have
been bypassed (Sect. 8.6).

• We recommend that several additional items be included in the D&P system for the
prototype and evaluated for effectiveness during prototype testing. The final resolu-
tion of exactly what is in the D&P system will depend on the effectiveness of the
system and additional requirements of the military (Sect. 8.6).

Materials Recommendations
• A hybrid design for the frame/enclosure using a combination of lower cost compos-

ites and aluminum appears to be a cost-effective means for reducing the gen-set
weight beyond the savings due to lighter components. More costly designs can
reduce the weight even further and should be considered during the design phase of
the gen-set prototyping. The final frame/enclosure design will require additional input
from the military and evaluation of the prototype (Sect. 9.5).

These recommendations, if implemented, should result in future power generation
systems that are much more functional than today’s gen-sets. The number of differing
units necessary (both family sizes and frequency modes) to cover the medium power
range would be decreased significantly, while the weight and volume of each unit would
decrease markedly and improve the transportability of the power source. Improved fuel
economy and overall performance would result from more effective use of the prime
mover in the gen-set. The units would provide for more flexibility and control with
improved reliability and more effective power management in the field.

The study includes an estimate of how the proposed gen-sets compare with existing
TQGs in the key areas of weight and size; mission duration; efficiency; signature
suppression; reliability, availability, and maintainability; and cost. The established
metrics are ambitious but appear to be viable design targets for the proposed gen-sets.

While much has been learned during this study and we are optimistic about meeting the
established targets, additional work remains before the exact design parameters can be
established. We have assumed and we strongly concur with CECOM that the design
and prototyping phase should proceed as soon as possible to avoid schedule delays.
This phase should introduce most design recommendations and determine areas in
which additional trade-offs and investigation are required.
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ABSTRACT

The purpose of this report is to document the results of a study designed to
enhance the performance of future military generator sets (gen-sets) in the me-
dium power range. The study includes a market survey of the state of the art in
several key component areas and recommendations comprising a design phi-
losophy for future military gen-sets. The market survey revealed that commercial
market is in a state of flux, but it is currently or will soon be capable of providing
the technologies recommended here in a cost-effective manner. The recom-
mendations, if implemented, should result in future power generation systems
that are much more functional than today’s gen-sets. The number of differing
units necessary (both family sizes and frequency modes) to cover the medium
power range would be decreased significantly, while the weight and volume of
each unit would decrease, improving the transportability of the power source.
Improved fuel economy and overall performance would result from more effective
utilization of the prime mover in the generator. The units would allow for more
flexibility and control, improved reliability, and more effective power management
in the field.

1.  INTRODUCTION

This report and underlying work are part of the Advanced Medium-Sized Mobile Power System
(AMMPS) Program conducted by the U.S. Army Communications & Electronics Command
(CECOM) Research Development & Engineering (RD&E) Center under sponsorship of the
Department of Defense (DOD) Program Manager for Mobile Electric Power (PM-MEP). The
work was performed by personnel at the Department of Energy’s (DOE’s) Oak Ridge National
Laboratory (ORNL) in close cooperation with CECOM and PM-MEP personnel.

1.1  BACKGROUND

The need for reliable electrical power in the battlefield is a requirement that cuts across all
services, all locations, and will extend into the foreseeable future. According to the
PM-MEP Web site,

Electric power, provided primarily by mobile generators in the combat zone, is
the lifeblood of the Armed Forces. For without it, all the technical wizardry of
modern warfare—the Weapons’ Systems, the Command, Control,
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Communications, and Intelligence (C3I) Systems, and Logistics Support
Systems—are useless.

To that end, the Army’s Advanced State of the Art Power Components Program was devised to
advance and adapt state-of-the-art electromechanical power technologies. Because Army
requirements are unique and cannot be satisfied with commercial generators, it is necessary for
the military to clearly define the operational and performance parameters that are compatible
with tactical field applications. The new standard family of 21st century power systems will be
compatible with Force XXI and Army After Next (AAN) military planning.

One objective of the AMMPS Program is to enhance electrical generation capabilities required
for Combat Service Support (CSS) applications and the Tactical Operating Centers (TOCs),
communication weapon systems, battery chargers, and sensors of the 21st century battlefield
through the advancement/development of state-of-the-art power frequency electronic sub-
systems (i.e., gen-sets). The results of this endeavor will be used to upgrade and enhance
existing inventoried military assets to improve current capability and enhance military readiness
and operations. These tactical power systems must be portable, lightweight systems that are
electronically controlled, signature suppressed, and capable of starting and operating on
DF-2/JP-8 fuels in extreme environmental conditions. This work is critical to ensure smooth
transition of a system and/or components to the PM-MEP for application to future development
and acquisition efforts, including upcoming Army procurements scheduled for FY 2008.

1.2  PURPOSE OF REPORT

The purpose of this report is to document the results of our study, which can be used to
enhance the performance of future military gen-sets in the medium power range. Specifically,
this report has two primary thrusts:

• Survey and assess the state of the art in key component areas [i.e., engines, alternators,
power electronics, digital control systems, and diagnostics and prognostics (D&P) systems]
to determine the status and viability of including these technologies in future gen-sets.

• Provide design philosophy recommendations for future gen-sets in the 5- to 60-kW power
range, which would take advantage of the state of the art components and meet operational
objectives.

The report is divided into to main portions: Part I is the Market Survey that includes Chaps. 2–4.
Part II is the Recommendations for Design Philosophy that include Chaps. 5–10. Part I (Market
Survey) includes as much detail as possible about the various components and their relative
merits. Part II (Design Philosophy) includes all of the recommendations about the components
and the gen-set system. Part II assumes that the reader has either read Part I or is very knowl-
edgeable of the technologies being discussed.

1.2.1  Market Survey

The report includes a survey of the state of the art in the commercial market in the key compo-
nent areas of engines, alternators/power electronics, digital control systems, and D&P. The
market survey seeks to locate components, which could be used in future gen-set designs, that
are available in the commercial market today or would be ready for commercialization in the
next 2 to 3 years. The survey provides information that is inherently short term, due to the rapid
evolution of technologies and commercial embodiments of those technologies. The market sur-
vey is not intended to give a comprehensive listing of all components that might be used in
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future gen-sets but rather provide assurance that the technologies recommended for future units
would be available from the commercial market in the appropriate time frame.

1.2.2  Recommendations for Design Philosophy

The design philosophy portion of this report provides guidance for selecting relevant commercial
technologies, components, and systems for review for the next generation of gen-sets. The
report summarizes existing gen-set design in the 5- to 60-kW range, identifies options for reduc-
ing the number of fielded families of gen-sets, considers onboard D&P, and advanced materials,
as well as manufacturability and affordability issues. The charter for the report is based on
meeting both present and future gen-set operational requirements without eliminating or altering
any of the existing requirements. In addition, the key issues of cost, size and weight, reliability,
signature suppression, and availability are addressed. Because of the heavy emphasis on
mobility, a great deal of attention will be given to weight and volume reductions. The report
summarizes the advantages and disadvantages of the design philosophy and includes recom-
mendations on future evaluations and/or design approaches. This report does not address the
detailed design of future gen-sets but provides a roadmap of how the next generation gen-sets
would be designed as an integrated system. The design philosophy provides information that
has long-term applicability to gen-sets in the Force XXI and AAN time frame.

1.3  APPROACH

The approach to conducting the market survey and determining the recommendations for the
design philosophy for the next generation gen-sets has been varied. Personnel with extensive
expertise in the component areas conducted the market surveys. In addition to extensive inter-
action with CECOM personnel, these investigators conducted informal discussions, attended
trade shows and seminars, and used the Internet to become even more familiar with the ven-
dors and their products in these areas. CECOM personnel provided Oak Ridge market survey
information for alternators, power electronics, control systems, displays, and gen-sets. The rec-
ommendations for a design philosophy were also made based on input from multiple R&D per-
sonnel with extensive expertise in hardware development; they used analytical tools, prior
experiences, analysis of existing gen-set conditions, and equipment testing to make the design
recommendations. Again, interactions with CECOM personnel were a fundamental part of
understanding the military conditions under which the gen-sets have to function.
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2.  MARKET SURVEY OF STATE-OF-THE-ART PRIME MOVERS

This chapter addresses the prime mover or engine in future gen-sets. Four prime movers, all
capable of burning diesel fuel, were considered: the rotary diesel, the Stirling engine, the piston
diesel, and the gas turbine. As outlined in Sects. 2.1–2.3, only the gas turbine competes with
the diesel engine as a viable alternative for gen-set application. Much attention is given to the
new technical advances in the diesel engine because it is the dominate prime mover in gen-set
applications in this size range.

2.1 ROTARY DIESEL ENGINES

Rotary diesel engines have been considered in the past, but there has been no commercial use
of such devices. At least two companies (Patrick Power Products, Inc., and Wankel Rotary,
GmbH)1 are pursuing development of a rotary diesel engine for niche markets. Fuel consump-
tion was reported to be relatively high (350 g/kWh), but the engines are claimed to be very
lightweight.1 Lack of information and commercial experience makes it difficult to evaluate this
technology other than to say it is very unlikely to be widely available in the next few years based
on the commercial market.

2.2 STIRLING ENGINES

The major advantage of the Stirling engine is that it can utilize an external heat source, such as
relatively steady combustion, as opposed to high-speed intermittent combustion for internal
combustion (IC) engines. This factor broadens fuel choice and can significantly lower exhaust
emissions. The fuel economy for these engines is known to be lower compared to a diesel
engine.2

Engines based on the Stirling cycle have been considered for a number of applications under
DOE programs. Ambitious Stirling engine programs included development of automotive Stirling
engines and Stirling-engine-driven heat pumps.3 Generally, these programs did not succeed,
and the Stirling engine is not used in these applications today. The Stirling engine concept may
be found suitable for some niche markets, but there is no evidence that such a device could
match diesel engines in power-to-weight ratio, response, durability, and cost. No industrial sup-
port base exists for Stirling engines similar to that for diesel engines.

2.3 GAS TURBINES (MICRO-TURBINES)

Small gas turbine technology has advanced to the point of viable application in intermediate
(>25-kW) stationary and MEP systems. Micro-turbines are multifuel prime movers that are
lighter and quieter than the diesel piston engines. Generally, turbines are less efficient but have
lower emissions than the diesel engines. Also, at partial loads, gas turbine specific fuel con-
sumption may tend to increase more than diesel engines. This tendency needs to be verified.
The small gas turbine can surpass the reciprocating engine in terms of long life (>40,000 h) and
low maintenance. Initial cost ($/kW) is highly dependent on unit size. At this time, in the 30- to
75-kW range, turbines are likely to be more expensive than diesel piston engines. As the turbine
market matures, the prices can be expected to be more competitive with the diesel engine.

2.3.1 Hypothetical Turbine Model

A turbo-shaft engine was modeled and analyzed to compare its performance (fuel consumption)
to that of a reciprocating diesel engine. A diagram of a single-shaft, single-stage turbine engine
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with a recuperator is shown in Fig. 2.1. The recuperator increases the system efficiency by
recovering exhaust heat and transferring it to the compressed air before the air enters the com-
bustion chamber. The following are considered reasonable design parameters: a single-stage
centrifugal air compressor with 80% efficiency, 1600ºF turbine inlet temperature, 85% turbine
efficiency, 5% recuperator pressure loss, and 90% recuperator efficiency. The 1600ºF turbine
inlet temperature is achievable with high-temperature metals without actively cooling the turbine
blades, which keeps the design simple.

Figure 2.2 shows the micro-turbine fuel consumption vs compressor pressure ratio for various
turbine inlet temperatures. For a 1600ºF turbine inlet temperature and a compressor ratio
between 3 and 4, the micro-turbine fuel consumption could theoretically be about 250 g/kWh
(34% efficiency for No. 2 diesel lower heating value of 18,200 Btu/lb). Modern reciprocating
diesel engine fuel consumption can be as low as 190 g/kWh (45% efficiency) but usually falls in
the 200- to 300-g/kWh (43 to 35% efficiency) range depending upon design and operating
conditions. In practice, one should anticipate that turbines would be 5 to 15 percentage points
less efficient than reciprocating diesels. From Fig. 2.2, the fuel consumption can be reduced by
increasing turbine inlet temperature, but this requires use of more exotic materials and active
cooling of the turbine blades and other components that complicates the design and increases
weight and cost.

Figures 2.3 and 2.4 show micro-turbine fuel consumption vs compressor pressure ratio for dif-
ferent recuperator efficiencies and different compressor efficiencies, respectively. These curves
are provided to show turbine performance sensitivity to various design parameters. Note in
Fig. 2.3 that at a compressor pressure ratio of about 3, the fuel consumption is double
(500 g/kWh) without the recuperator compared to using a 90% efficient recuperator. Figure 2.3
also shows that the maximum reduction in fuel consumption occurs when a 90% efficient recu-
perator is combined with a simple centrifugal compressor with a compression ratio of 3 or 4.

Air

Fuel

Recuperator

Compressor Turbine

Net Work

Combustion ChamberExhaust
Fig. 2.1.  Turboshaft engine with a recuperator.
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Fig. 2.2. Grams of fuel per kilowatt hour for 90% recuperator efficiency at
various turbine inlet temperatures.
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Fig. 2.4. Grams of fuel per kilowatt hour at 90% recuperator efficiency at
various compressor efficiencies.

Recuperators have diminishing benefit at higher compression ratios because the compressed
air temperature approaches the exhaust gas temperature and one can not make effective use of
the exhaust heat to preheat the combustion air.

In summary, a simple lightweight single-shaft micro-turbine design would most likely have a tur-
bine inlet temperature of about 1600ºF, a centrifugal compressor with compression ratio of
about 3 or 4, and a 90% efficient recuperator. More sophisticated designs are possible such as
multiple shafts, higher temperatures, and intercooling, but they would be more complicated,
heavier, and more costly. Micro-turbines do not scale well in performance in capacities below
about 25 kW. In addition, at partial load, gas turbine fuel consumption tends to increase more
than that for a piston engine.

2.3.2 Micro-Turbine Developers

The following turbine developers are working on or have started to market gas turbine electric
generators in the 28- to 200-kW micro-turbine capacity range.

• AeroVironment •    Northern Research Engineering Co.
222 East Huntington Drive  Woburn, MA
Monrovia, CA 91016  30-, 60-, 200-kW PowerWorksTM

• Allied Signal •    Rolls-Royce Allison
Torrance, CA  P.O. Box 420
75-kW TurboGeneratorTM  Indianapolis, IN 46206
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• Capstone Turbine Corp •    Sundstrand Aerospace
Woodland Hills, CA  4400 Ruffin Road
28-kW Capstone MicroTurbineTM  P.O. Box 85757

 San Diego, CA 92186-5757

• Elliot Energy Systems •    Williams International
Stuart, FL  2280 West Maple Road
45-, 80-, 200-kW Turbo AlternatorTM  Walled Lake, MI 48390

2.4 AUTOMOTIVE PISTON DIESEL ENGINES

Diesel engines of interest to this study are often categorized as being either industrial/off-road
engines or as automotive engines. Strictly speaking, these categories are not completely clear
for certain engines, but they serve well for the vast majority of engines and designs. Because a
great deal of diesel engine innovation and new technology application are currently emerging in
the automotive diesel sector, the discussion of automotive diesel engines has been placed
before the discussion of industrial diesels. This innovation appears to be quite relevant, resulting
in engine changes that have attributes desirable for gen-sets that are smaller, lighter, more effi-
cient and have lower acoustic, vibrational, and thermal output.

According to our investigations and the opinions of engine representatives, innovation in the
automotive sector appears poised to cascade down to the industrial diesel market. This tech-
nology transfer from automotive engines to industrial engines has occurred in the past, but it is
likely to occur at an accelerated pace in the future. Appendix 2.A includes a glossary for diesel
engine terms for additional information.

2.4.1 The Changing Automotive Diesel Market and Technology

A great deal of diesel engine innovation and new technology application for the 60- to 250-hp
output range is seen in automotive (light-duty vehicle) market applications—especially in mar-
kets where the allowable initial cost is relatively high. The automotive diesel engine market is
currently responding to different market and regulatory forces than similarly sized industrial
diesel engines. Note that light-duty (car and small truck) transportation diesel engines are usu-
ally operated at relatively high allowable rotational speeds (3600–5000 rpm) for at least short
time periods, often utilize sophisticated controls, are designed for high power-to-weight ratio,
and employ turbochargers or superchargers (rarely used). Some of these engines are also rela-
tively expensive, but this is moderated somewhat when they are produced and sold in very large
quantities.

Transportation diesel engine technology is changing rapidly in both the United States and
Europe due largely to a greater interest and competition in the automotive and light truck market
(60–250 hp) and due to increasingly stringent environmental regulations being applied to all
sizes of diesel-powered vehicles. Such developments in the automotive diesel sector include a
number of technological advances that are likely to be applied in the future to diesel engines
used for industrial applications, including engines that power portable generators. Several of
these advances appear to directly address desirable improvements in military generator tech-
nology, including lowering of size, weight, fuel consumption, noise, vibration, and thermal
output.

The U.S. automotive and light truck market, as in decades past, is dominated by gasoline-fueled
engines. In Europe and other places where the economics of passenger cars differ due to much
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more expensive petroleum-based fuel, diesel technology has captured a significant light-vehicle
market share (variously reported to be 14–22%). Much effort is being made by diesel manufac-
turers to advance technology and produce engines more suited to the light-vehicle market.
Manufacturers are attempting to position themselves to hold and/or increase market share by
lowering engine-out emissions, increasing fuel economy, and improving driveability and per-
formance. Substantial improvements will be commercialized in diesel technology over the next
several years. Although the North American market is potentially large, it is also evident that
most new automotive diesel engines will target the European market and other regions outside
of North America in the short term, continuing the trend of the past.

2.4.2 Light-Duty Automotive Diesel Engines in the U.S. Market

Only three light-duty diesel engines are Environmental Protection Agency (EPA)-certified for
model year 1999 and actively marketed in the United States. General Motors (GM) offers a
6.5-L, indirect injection (IDI), V8 turbo diesel engine for the heaviest of the light-duty vehicles
(i.e., Yukon and Tahoe). Passenger car, turbo, direct injection (DI) diesel engines being
marketed are the Mercedes-Benz 3.0-L, 24-valve, in-line, 6-cylinder engine and the Volkswagen
1.9-L, 4-cylinder engine. Each of these engines uses exhaust gas recirculation (EGR) and an
exhaust oxidation catalyst system to meet automotive diesel emission standards. According to
published accounts, GM plans to phase out its IDI V8 diesel engine and replace it with a more
advanced Isuzu/GM DI 6.6-L engine. A plant to produce such engines is expected to open in
Ohio in 2000. The other two engines mentioned above will likely continue to be available and
follow the pattern of being continuously updated as technology advances. Other well-known
turbo diesel engines such as the Ford/Navistar 7.3-L, DI, V8 engine, and the Cummins 5.9-L,
in-line 6-cylinder, DI engine are certified as heavy-duty engines and marketed for medium-duty
vehicles (class 3 truck or higher).

2.4.3 U.S. Automotive Engines in Development

Advanced diesel engines are being developed for the largest vehicles in the U.S. light-duty
market, including several being developed with assistance from DOE. These engines are
generally sized at about 4-L displacement, with maximum power output near 200 hp and are
designed to satisfy the sport utility and pickup truck market. Detroit Diesel, Navistar, Cummins,
and Caterpillar are currently developing such engines.

2.4.4 Automotive Diesel Engine Technology Trends

A wide variety of automotive diesel engines are available outside the United States. Notably, a
large number of automotive turbocharged IDI and DI diesels are available in Europe where an
especially high amount of innovation and competition is evident. The modernized automotive
diesel engines are turbocharged and employ a high degree of electronic control. In this com-
petitive world market, continuous effort has been made to increase the power and torque ratings
for a given engine displacement and weight, to lower engine-out emissions, to boost fuel econ-
omy, and to reduce noise and vibration. The diesel engines available cover the entire light-duty
size range with engines available from 60 hp to more than 175 hp, and come in 3-, 4-, 5-, and
6-cylinder configurations. The engine choices will continue to change, and new powerful V6 and
V8 diesels are planned for the European luxury car market. It appears that the latest diesel
engines are closing the gap when compared to gasoline engines in terms of power-to-weight
ratio (a significant consumer-driven market force), while exceeding the gasoline engines in
torque output capabilities.
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Fuel Injection Systems. There has been an obvious trend toward phasing out IDI systems in
favor of DI fueling, with DI capturing nearly one-half of the current passenger car diesel market.
Furthermore, a relatively large number of engines recently introduced, or planned for introduc-
tion in the next 2 years, employ high-pressure common-rail fuel injection with precision elec-
tronic control for fuel injector rate shaping. Rate shaping refers to careful control over the vol-
ume flow rate of fuel being injected (as a fine spray) into the cylinder, both as a function of time
and engine crank angle. How the fuel flow rate is varied over the injection duration has a very
large influence on fuel economy, power and torque capabilities, exhaust emissions, and com-
bustion noise.

Although most major automotive diesel engine producers appear to be going to a common-rail
system, this may not be the only path being taken in the advancement of sophisticated fuel
injection. (Volkswagen is a notable exception to this trend by advancing high fuel pressure,
electronically controlled unit-injector based systems.) Such a system can generate very high
fuel pressures and may also be capable of improved rate shaping. High-pressure electronically
controlled unit-injector fueling is used on much of the current generation of U.S. heavy-duty
diesel engines (>350 hp). Volkswagen has scaled down unit injector technology for the much
smaller displacement automotive engines. These new fueling systems rely heavily on intelligent
electronic control. Attention is being given to the fuel injection, fuel spray, fluid mechanics, and
rate shaping issues that control combustion.

Fuel economy, emissions, and power output. A chief purpose of recent advancements in high-
pressure DI systems is to lower engine-out NOx and particulate emissions. This is essential for
the light-duty diesel market to remain competitive in Europe and to capture significant market
share in North America. Fortunately, improvements in fuel efficiency are also a direct benefit.
The improvements in controlling the injection and combustion process allow better control over
the heat release rate. The engine can then make more power for the same amount of fuel,
which boosts the fuel efficiency and power and torque output per unit swept volume (or per unit
engine weight). This improved power and torque capability is seen as a major selling point for
light-duty diesel vehicles.

Several other technology advances also have an effect on emissions, especially the air and
EGR handling systems. Introduction of variable geometry and wastegated turbochargers pro-
vide better transient matching, which affects overall vehicle emissions in a favorable manner.
Use of four valves per cylinder is being employed on some engines to reduce flow resistance
and as a method to control airflow and swirl, which improves the mixing and combustion pro-
cesses. The use of cooled EGR and intercooled turbochargers is also beneficial for controlling
in-cylinder NOx production. There is a significant power output improvement from adding inter-
cooling to the turbocharging system.

Claims are being made that this newest generation of automotive diesel engines with sophisti-
cated rate shaping combined with other advancements can drop fuel consumption up to 20%
and boost low-speed torque by up to 50% and peak power by 25% over the previous generation
diesels. Emission reductions of 60% for particulate matter, 50% for hydrocarbons, 40% for CO,
with no increase of NOx are also claimed (by Peugeot). The actual achieved results for automo-
tive engines will become evident as they enter the market in significant numbers.

Aluminum alloy use. The use of alloy engine heads is standard for most automotive diesel
engines, but the engine crankcases of essentially all automotive diesel engines are made of
gray cast iron. Aluminum alloy engine blocks (crankcases) are used widely for automotive
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gasoline engines, but the dynamic loads and stresses are significantly lower for gasoline
engines compared to diesel engines. Volkswagen recently announced production in 1999 of an
aluminum crankcase 1.4-L, 3-cylinder turbocharged automotive engine. Other all-aluminum
(aluminum alloy head and crankcase) automotive diesel engines will likely be marketed in the
future, and certain developmental prototypes have been built. An all-aluminum V6, four valves
per cylinder, common-rail-fueled, engine prototype has been displayed by Isuzu. A few other all-
aluminum engines have been introduced for other purposes than normal automotive applica-
tions. These are discussed under industrial engines

Other benefits and innovations. A number of innovations have made the newest light-duty
automotive diesel engines more attractive to the consumer. The advances in high-pressure
electronically controlled DI have brought about very important benefits due to newly found abili-
ties for fuel injection rate shaping. These include lower noise and vibration and significant
increases in power and low-speed torque per unit engine displacement. Use of turbochargers
with charge cooling, variable geometry, or wastegates or the use of dual turbochargers
enhances performance significantly. At least one diesel car comes with a multistage tuned-
resonance intake manifold. A few engines feature four valves per cylinder to improve engine
breathing. Low internal friction components and lower viscosity oils have been introduced on
some new diesel automotive engines.

Efforts to control and perfect the combustion process will continue by advancing rate shaping,
fuel/air mixing, EGR with cooling, and charge cooling (cooling the turbo-compressed intake air
before introduction into the cylinder). Better control over the quantity, degree of cooling, and
distribution is certain to continue EGR improvements. Both EGR cooling and charge cooling
help lower peak combustion temperatures, which lowers NOx emissions.

2.5 INDUSTRIAL PISTON DIESEL ENGINES

Industrial diesel engines have traditionally been designed for low initial cost and maintenance
cost, engine longevity and performance, and good fuel economy. Size and weight considera-
tions are seldom major factors in the design philosophy, in contrast to the modern automotive
diesel engines. Fuel economy has also been more of a consideration in Europe where fuel is
three to four times the U.S. price.

The major shake-up occurring in the U.S. industrial diesel market is the phase-in of relatively
stringent environmental regulations, enforced by the EPA. Environmental regulations are also
being instituted in Europe and elsewhere. This has given a technological push to the market,
and more sophisticated and costly engines are being introduced.

2.5.1 Environmental Regulations

A major change has taken place in the industrial diesel engine business because of the imple-
mentation of new EPA regulations for nonroad diesel engines. Regulated emissions include
oxides of nitrogen, nonmethane hydrocarbons (in some cases total hydrocarbons including
methane are regulated, but this is being phased out), carbon monoxide, and particulate matter.
These current regulations become increasingly stringent over the time period (currently set for)
1996–2008, and vary by engine size and applications (a total of nine output range categories
are recognized and three categories of use—variable speed, constant speed, and marine).

What is referred to as Tier 1 regulations already regulate all nonroad diesel engines rated from
19 to 560 kW. In 2000, the 0–19 kW and those larger than 560-kW diesel engines will also fall
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under Tier 1 regulations. The allowed emissions vary with engine output rating. More stringent
emission levels, referred to as Tier 2 and Tier 3, are slated to go into effect in a piecemeal
fashion from 2001–2008.4,5

The engine manufacturer must certify each engine or engine family with the EPA in every model
year. The manufacturer must test the engine (or have it tested) in a very specific manner and
apply to EPA for certification. Engines do not necessarily need to be retested each year if no
emission-related changes are made to the engine model. EPA plans to conduct confirmation
testing.

Largely because of these new certification standards, a number of specific engine models are
being or have been retired or modified. New engine models are being offered that are in
compliance.

From discussions with nondomestic engine companies, it is apparent that certain engine models
available in Europe are not being imported into the United States at this time because of the
trouble and expense of certification with EPA. In some cases the engines are probably capable
of meeting the U.S. certification requirements without any modification from current European
version, but in other cases modification would be required to meet these environmental
requirements. This is largely a business decision applied to engines for which the market out-
look does not justify the certification expense.

2.5.2 Technology Trends

The major technology changes seen in the industrial engine market are driven by the latest EPA
regulations. The most obvious trend is the widespread introduction of relatively high-pressure
DI fueling systems, which are similar or identical to those that have been introduced in the
automotive market.

Fueling and fueling control. In the past, IDI fueling systems were dominant, but they are rapidly
being displaced by DI fueling. More stringent environmental regulations will increase the incen-
tive to change from mechanically controlled fueling to electronically controlled fueling and to use
increased fuel injection pressures. Current DI fueling systems for industrial engines are gener-
ally rotary-pump based systems. Although more costly, use of DI fueling with electronic fueling
controls not only reduces emissions, but improves power, torque, and fuel economy. Higher
noise levels are associated with DI fueling (compared with IDI), but sophisticated high-pressure
DI systems can reduce combustion-associated noise considerably.

These rotary-pump fueling systems, which are seeing expanded application in the industrial
engine market, should not be confused with the significantly more costly and sophisticated
common-rail or unit injector based DI systems emerging in the automotive diesel market.

Aspiration. Many smaller industrial diesel engines are only offered as naturally aspirated units.
The threshold for turbocharging to be an option appears to be at about 35-hp maximum power
rating if the engine has three or more cylinders. Engines rated above 60 hp generally are
offered with turbocharging as an option.

Because the new EPA regulations require engines to lower NOx emissions, turbocharging with
charge cooling (intercooling) may become more popular. Charge cooling can lower peak
combustion temperatures and results in less NOx formation during combustion. Turbocharging
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significantly boosts the power output of an engine with little added weight, and turbocharging
with charge cooling boosts power still further.

Block and head material. Cast iron is the most common material for industrial diesel engine
heads. Aluminum alloy is sometimes used for the engine head to reduce weight, but weight is
often not a major concern for industrial engines.

Cast iron is used for virtually all industrial diesel engine blocks (crankcases), with a few notable
exceptions. One small family of aluminum alloy block (crankcase) engines is currently being
used for industrial applications in the United States and other markets. These are 2-cylinder
(0.65-L and 0.85-L displacement), naturally aspirated, air-cooled, DI engines made by Ruggerini
Motori (Italy). A water-cooled all-aluminum, 2-cylinder, IDI fueled, 0.75-L displacement engine
by Yanmar became available in the United States in mid-1999 with the major use being lawn
equipment (this engine was developed jointly with John Deere). This engine designed for mow-
ing equipment (and similar uses) features a unique 80-degree V configuration and a vertical
power shaft. An all-aluminum, 2-cylinder, IDI, naturally aspirated, 0.5-L displacement, water-
cooled engine is produced by Lombardini (Italy). One major use of this engine is to power city
cars in France, which are very small, and low-speed cars that weigh less than 700 lb.

2.6 PISTON DIESEL ENGINE AVAILABILITY AND CHARACTERIZATION SURVEY

Basic data for a relatively large number of 10- to 140-hp engines and a small number of larger
engines produced by more than 20 manufacturers were reviewed to survey the technology and
to find observable trends. It is thought that the vast majority of applicable diesel engines with
U.S. availability were examined. Emphasis was put on high power-to-weight ratio, so relatively
heavy industrial engines were given only brief attention in the market survey. A number of high
power-to-weight engines were examined that are currently only available outside the United
States or that are still in the precommercial stage of development. It is believed such engines
could be available for military gen-set use in the near future.

2.6.1 Engine Survey Results and Data Tables

The diesel market can be a confusing maze of manufacturers and engine types, which together
fill the relatively large markets and smaller niche markets for diesel engines. Many companies
are in the process of retiring entire engine lines and replacing them with updated engines and
technology. This is mainly driven by the new EPA regulations for nonroad engines and similar
legislation in Europe and other places. Please note that details concerning engine models and
specific attributes may become outdated rather quickly. The information presented is not
intended to examine every appropriate engine, and certain flaws in the information are unavoid-
able. Note that even the detailed information available from the manufacturers normally has dis-
claimers concerning the given specifications. The summary presented here focuses on engines
in the power range suitable for 5- to 60-kW gen-sets.

Data for selected diesel engines are summarized in Tables 2.1 to 2.3. Selected characteristics
are summarized for industrial diesel engines in Table 2.1, most of which are readily available in
the United States (unless noted otherwise). Most of industrial diesel engines available in the
United States and in the size range of interest were considered; some engines with low power-
to-weight ratio that were reviewed were not included in the table. Table 2.2 summarizes data for
automotive diesel engines that either have current U.S. availability or were judged likely to be
available in the next 2 years. Automotive diesel engines that are still in development or proto-
type stage are characterized in Table 2.3.



Table 2.1.  Characterization of selected commercial industrial diesel engines

Continuous
Continuous Power Weight to

Power Best Output power
Output @ fuel Dry at rated ratio

Fuel Displ. 1800 rpm cons. weight speed (lb/hp)
Engine Make Model Notes injection Aspiration Cyl. (L) CR (kW/hp) (g/kWh) (lb/kg) hp@rpm  @rpm Notes

Lombardini LDW502 all aluminum IDI natural 2 0.505 ~ 4.9/6.5 119,54 11.0@3600  10.8@3600 Not available
water cooled in the United

States
Lombardini 602 FOCS aluminum head IDI natural 2 0.611 5.4/7.3 253 143,65 12.3@3600 11.6@3600

water cooled

Farymann 43F air cooled DI natural 1 0.708  19:1 235 192,87 13.3@3000 14.4@3600

Lombardini LDW702 aluminum head IDI natural 2 0.686 146,66 14.2@3600  10.3@3600 Not available
water cooled in the United

States
Perkins 103-07 water cooled natural 3 0.676 159,72 15.3@3600 10.4@3600

Duetz-
Ruggerini

MD 191 all aluminum DI natural 2 0.852  19:1 6.2/8.3 230 117,/53 16.5@3600  7.1@3600

air cooled

Lombardini 903 FOCS aluminum head IDI natural 3 0.916 8.6/11.5 272 187,85 18.4@3600  10.2@3600
water cooled

Yanmar 2V78 all aluminum IDI natural 2 0.749  23:1 8.0/10.7 240 115,56 ~17.2@3600  6.7@3600
water cooled

Lister-Petter LPW2 water cooled DI natural 2 0.93 18.5:1 8.2/11.0 230 247,112 18.8@3600 13.1@3600 used in
5-kW TQG

Lister-Petter LPW3 water cooled DI natural 3 1.40 18.5:1 12.3/16.5 230 330,150 28.2@3600 11.7@3600

Lombardini 1204T aluminum head IDI turbo 4 1.22 15.3/20.5 265 223,101 34.5@3600 6.5@3600
water cooled

Yanmar 3TNE84T water cooled DI turbo 3 1.50 16.5/22.1 218 353,160 40.9@3600 8.6@3600

Perkins 104-22 water cooled natural 4 2.216 425,193 42.2@2800 10.1@3600

Lister-Petter LPW4 water cooled DI natural 4 1.86 18.5:1 16.4/22.0 230 396,180 37.5@3600 10.6@3600 used in
10-kW TQG

Lister-Petter LPWT4 water cooled DI turbo 4 1.86 18.5:1 23.8/31.9 230 406,180 50.3@3000 8.1@3000
wastegate
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Table 2.1.  (continued)

Continuous
Continuous Power Weight to

Power Best Output power
Fuel Output @ fuel Dry at rated ratio

injec- Aspir- Displ. 1800 rpm cons. weight speed (lb/hp)
Engine Make Model Notes tion ation Cyl. (L) CR (kW/hp) (g/kWh) (lb/kg) hp@rpm  @rpm Notes

Lombardini 2004T iron head IDI turbo 4 2.07 20/26.9 430/195 50.7@3600 8.5@3600
water cooled

Yanmar 4TNE84T water cooled DI turbo 4 2.00 24.3/32.6 217 386/175 54.7@3600 7.1@3600

Isuzu C240 water cooled IDI natural 4 2.37  20:1 23/31 265 456/223 45@3000 10.1@3000 used in
15-kW TQG

Perkins 704-30 water cooled natural 4 3.00 441/200 55.9@2600 7.9@2600

John Deere 3029T water cooled DI turbo 3 2.9 ~39/52 722/328 71@2500 10.2@2500
DDC/VM Motori D704LTE water cooled DI turbo 4 2.8  17:1 578/262 76@2600 7.6@2600

Perkins 1004- water cooled cooled 4 4 628/285 103@2500 6.1@2500
40TW turbo

DDC/VM Motori D706LTE water cooled DI turbo 6 4.2  17:1 821/373 111@2600 7.4@2600
DDC/VM Motori HR694HT water cooled DI turbo 6 4.2  17:1 727/330 121@3200 6.0@2600

Yanmar 4TNE106T water cooled DI turbo 4 4.4 65.5/87.8 675/306 113@2500 6.0@2500

John Deere 4045T water cooled DI turbo 4 4.5 67/90  872/396 103@2500 8.5@2500 used in
30-kW TQG

John Deere 4045H water cooled DI cooled 4 4.5 86/115  872/396 126@2400 6.9@2400
turbo

Wis-con/MWM 4.10TCA water cooled common cooled 4 4.3  16:1 129/173 837/380 149@2400 5.6@3500
rail turbo

John Deere 6068T water cooled DI turbo 6 6.8 101/135  1212/550 153@2500 7.9@2500 used in
60-kW TQG

John Deere 6068H water cooled DI cooled 6 6.8 133/178 1250/567 203@2400 6.2@2400
turbo
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Table 2.2.  Characterization of water-cooled, DI, high-speed automotive diesel engines

Best Continuous
Continuous fuel Power* Weight to

Fuel
Power*

Output @
Con-

sump- Dry
Output at

rated
Power
ratio

injec- Aspir- Displ. 1800 rpm tion weight speed (lb/hp)
Engine Make Model Notes tion ation Cyl. (L) CR (kW/hp) (g/kWh) (lb/kg) hp@rpm  @rpm Notes

Volkswagen R3 aluminum
head

rotary
pump

cooled
turbo

3 1.42 25/33 251/114 63@4000 4.0@4000 U.S. availability
in 2000

and
crankcase

Volkswagen AFD U.S. auto.
TDI

rotary
pump

cooled
turbo

4 1.90 19.5:1 39/52 ~ 200 298/135 93@4000 3.2@4000 sold in the
United States
as industrial
eng.

Volkswagen AJM or R4 sold in unit cooled 4 1.90 18.0:1 46/61 310/141 98@4000 3.0@4000 U.S. availability
European

cars
injection turbo in 2000

Peugeot DW10ATED sold in common cooled 4 2.0 41/55 209 331/150 98@4000 3.4@4000 limited sales
European

cars
rail turbo In the United

States
Peugeot DW12TED4 4 valves/cyl. common

rail
cooled
turbo

4 2.18 54/73 401/182 125@4000 3.2@4000 U.S. availability
in 2000

Volkswagen 5 cyl. TDI 5 cyl.
TDI

rotary
pump

cooled
turbo

5 2.4 19.5:1 44/58 ~ 200 365/166 119@4000 3.1@4000 sold in the
United States
as industrial
eng.

MWM 4.07TCA 3 valves/cyl. common cooled 4 2.8  19:1 470/213 127@3500 3.7@3500 No current
rail turbo U.S. availability

MWM 6.07TCA 3 valves/cyl. common cooled 6 4.2 17.8:1 622/282 190@3500 3.3@3500 No current
rail turbo U.S. availability

Cummins 5.9-L ISB 4 valves/cyl. rotary cooled 6 5.9 100/134 900/408 202@2700 4.5@2700 available
pump turbo

*Continuous power rating was assumed to be 86% of SAE automotive power rating (ISO 1585) when only the automotive ratings were available.
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Table 2.3.  Characterization of water-cooled, DI, high-speed, automotive diesel engines in development

Continuous
Continuous Power* Weight to

Power* Best Output power
Fuel Output @ fuel Dry at rated ratio

injec- Aspir- Displ. 1800 rpm cons. weight speed (lb/hp)
Engine Make model notes tion ation Cyl. (L) CR (kW/hp) (g/kWh) (lb/kg) hp@rpm  @rpm Notes

Peugeot DV2TED common cooled 4 1.2 ~ 25/33 236/107 50@4000 4.7@4000 in development
rail turbo

Peugeot DV4TD common turbo 4 1.4 ~ 24/32 240/109 58@4000 4.1@4000 in development
rail

DDC common cooled 3 1.4 208 65 2000 +
rail turbo availability

Peugeot DV4TED4 4 valves/cyl. common cooled 4 1.4 ~ 32/43 252/115 76@4000 3.3@4000 in development
rail turbo

DDC common cooled 4 1.9 205 95 2000 +
rail turbo availability

DDC (VMM) 2.5L TD2 common cooled 4 2.5 212 115 1999 ?
rail turbo availability

DDC common cooled 5 2.4 200 121 1999 ?
rail turbo availability

DDC (VMM) 2.5L TD4 common cooled 4 2.5 207 132 1999
rail turbo availability

DDC (VMM) 4.2L TD2 common cooled 6 4.2 210 152 1999 ?
rail turbo availability

DDC Delta all cast iron common cooled V6 4.0 18.5:1 80/107 640/290 202@4000 3.2@4000 2000 +
4 valves/cyl. rail turbo availability

*Continuous power rating was assumed to be 86% of SAE automotive power rating (ISO 1585) when only the automotive ratings were available.
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In all tables emphasis was put on power-to-weight ratio, with the inverse being quantified in the
tables in terms of pounds per available horsepower. Values for power output are given in terms
of continuous power rating or an approximation of this value. Engine weights listed are the
manufacturers listed engine dry weight (i.e., usually the engine, starter, and alternator without
exhaust, radiator or fluids). Because manufacturers’ values for power output and dry weights
may vary, these numbers should be treated with some caution.

A review included most major brands and models of diesel engines in the size range of interest
and available in the United States. A short commentary by manufacturer or distributor is pro-
vided. The following diesel engines lines were considered:

Caterpillar
Caterpillar manufactures heavy-duty engines; it markets two DI engines in the size range of
interest:
(1) model 3054, 4.0-L, in-line, 4-cylinder, continuous rating is 110 hp @ 2300 rpm for the inter-

cooled turbocharged version. Dry weight ~ 600 lb.
(2) model 3054, 6.0-L, in-line, 6-cylinder, continuous rating is 162 hp @ 2500 rpm for the inter-

cooled turbocharged version. Dry weight ~ 900 lb.

Cummins Engine Co.
Cummins mainly manufactures heavy-duty engines. In the power range of interest it markets the
following two turbocharged engines.
(1) model B3.3: 3.3-L, in-line, 4-cylinder rated up to 85 hp @ 2600 rpm. Dry weight is 553 lb.
(2) model B3.9: 3.9-L, in-line, 4-cylinder rated up to 130 hp @ 2500 rpm. Dry weight is about

700 lb.

John Deere
Deere Power Systems markets 3-, 4-, and 6-cylinder engines in the output range of 17 to
255 hp of continuous power. The smaller engines offered (2.0-L and smaller) are Yanmar
engines marketed by Deere. Deere engines currently power the 30- and 60-kW Tactical Quiet
Generators (TQGs) (models 4045T and 6068T). Selected Deere engines (and Yanmar engines)
are included in the accompanying database.

Detroit Diesel, VMM
Detroit Diesel Corporation (Penske) generally has produced diesel engines that are larger than
would be useful for a 60-kW generator. Detroit Diesel acquired VM Motori (VMM) of Cento, Italy,
which makes both automotive and industrial diesel engine. Some of the VMM engines families
have been certified for industrial use in the United States (models 704L, 706L, and HR694) and
are given in the database. An effort to produce a very competitive line of automotive diesel
engines with common-rail fuel injection and cooled turbocharging is currently being publicized
by Detroit Diesel. If the automotive-designed engines were to be marketed in the United States
as industrial engines, they could be quite attractive for gen-sets larger than 20 kW.

Deutz
Deutz Corporation Markets a wide variety of industrial diesel engines from 1 to 4, 6, 8, 10, and
12 cylinders and roughly 5 to 500 hp. Engine designs include water-, oil-, and air-cooled mod-
els. A few of the water-cooled, turbocharged-intercooled engines have power-to-weight ratios
somewhat better than those found in the TQGs but still fairly typical of very rugged industrial
diesels.
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Deutz also markets small 1- and 2-cylinder DI diesel engines made by Ruggerini Motori S.p.A.
(Italy). The most interesting of these Ruggerini engines are the 2-cylinder MD151 and MD191
models featuring aluminum head and crankcase construction. These engines are very light-
weight for small naturally aspirated diesels, and they are included in the database.

Farymann
Farymann Diesel USA (Whiting, NJ) markets engines by Farymann Diesel GMBH (Germany) in
a power range up to about 55 hp. Engine lines include nine models of 1-cylinder engines and
six models of 2-, 3-, and 4-cylinder diesel engines. Generally these engines are heavy, and only
one engine is turbocharged. The multicylinder engines marketed by Farymann are the same as
the “Alpha” series engines marketed by Lister-Petter.

Hatz
Hatz Diesel of America, Inc., markets 1- to 4-cylinder, air-cooled diesel engines up to about
80-hp output. The power-to-weight ratio is typical for rugged industrial diesel engines.

Isuzu
American Isuzu Motors Inc. (Novi, MI) markets 14 water-cooled diesel engine models in the
United States These engines come in 3-, 4-, and 6-cylinder configurations and vary in power
rating from about 20–260 hp. The C240 model is currently used in the 15-kW TQG, and the
other Isuzu engines are similar in power-to-weight ratio when compared to the other TQG
engines.

Kubota
Kubota Engine America Corp. (Lincolnshire, IL) markets Kubota (Japan) water-cooled diesel
engines in vertical and horizontal designs. These 1- to 5-cylinder engines span a 4- to 85-hp
range. Turbocharging is an option on two vertical 4-cylinder engines. Power-to-weight ratio is
typical to relatively low for the industry.

Lister-Petter
Lister-Petter Ltd. (Gloucestershire, UK) markets 22 models of 1- to 4-cylinder, water-cooled and
air-cooled diesel engines in the 7- to 65-hp output range. Most of the engines are DI fueled, and
only one model is turbocharged. The power-to-weight ratios of Lister-Petter engines are typical
for industrial diesel engines in this size range. The engines used in the current TQGs and the
4-cylinder turbocharged engine are included in the database.

Lombardini
Lombardini F.I.M. S.p.A. (Italy) markets over 30 models of water- and air-cooled industrial diesel
engines with continuous ratings up to about 60 hp. At least one of these engines is used in
European “mini cars” (also called city cars), which are very small and low-speed cars that weigh
less than 700 lb. A subset of these engines is sold in the United States by Lombardini USA, Inc.,
(Duluth GA) as industrial engines. Selected engines with favorable power-to-weight ratio are
given in the database. Generally the lighter weight engines are water cooled with IDI fueling.

Mark IV Industries, Inc., which is an automotive components manufacturer, has recently
acquired Lombardini to help Mark IV’s position in the mini-car business. It has been publicly
announced that Lombardini will upgrade its engines to common-rail type injection. The
attractiveness in terms of weight and fuel economy of the engine line may improve in the next
few years.
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Mitsubishi
Mitsubishi Engine North America, Inc. (Addison, IL) markets in-line 2-, 3-, 4-, and 6-cylinder
water-cooled DI diesel engines that cover the entire power range of interest. The power-to-
weight ratio of these engines appears to be typical for industrial diesel engines.

MWM
MWM Motores Diesel Ltda. (Sao Paulo, Brazil) engines are sold by Wis-con. Please see the
Wis-con description.

Nissan
Nissan currently only markets gasoline and gaseous-fueled engines in the United States Out-
side of the United States, Nissan markets a few models of in-line 4- and 6-cylinder water-cooled
DI diesel engines in the power range of interest. The power-to-weight ratio of these engines
appears to be typical for industrial diesel engines.

Perkins
Perkins Group Ltd. is owned by Caterpillar and produces several engine families in the power
range of interest; the 100 Series, 700 Series, 900 Series, and 1000 Series. Although detailed
information was not obtained from Perkins, the power-to-weight ratio and other specifications
are similar to those engines currently used for the TQGs.

Peugeot Citroen
Peugeot Citroen Moteurs is the largest producer of passenger car diesel engines and has
recently begun marketing common-rail diesel engines. New engine models are being introduced
in Europe in 1999, and a second line of smaller displacement models (1.2–1.4 L) will be mar-
keted in 2000 or 2001. Some engine development is being performed in partnership with Ford.

Peugeot Citroen Engines (Little Falls, NJ) markets selected Peugeot Citroen Moteurs automo-
tive diesel engines to U.S. companies that service and repair their own engines. No service
support system is offered at this time for these engines. Currently one common-rail DI engine is
offered as an industrial engines, and other models will likely become available in the near future.
Cooled turbocharging is also offered. Selected engines are included in the engine database.

Robin  (Fuji Heavy Industries Ltd.)
Robin engines are single-cylinder, DI, air-cooled diesels with peak power ratings up to 8.5 hp.
They are unlikely to be useful for the 5- to 60-kW gen-set range but could be considered for
smaller gen-sets.

Ruggerini
Ruggerini Motori S.p.A. engines are marketed by Deutz. See description under the Deutz
summary.

Volkswagen Industrial Engines
Volkswagen markets the highest power-to-weight engines in the United States for the power
range of interest. Currently, these are the only true light-duty automotive engines sold as indus-
trial engines. The current product line consists of variants of a 4- and a 5-cylinder engine.
Turbocharging both with or without intercooling is an option. These engines are used in a variety
of industrial applications, including gen-sets, and are used for several U.S. military applications.
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A 3-cylinder engine is scheduled to be added to the industrial engine line in the near future.
Data on these engines are given in the database.

VM Motori
VMM is owned by Detroit Diesel Corp.; please see the Detroit Diesel entry.

Wis-con
Wis-con Total Power Corp (Memphis, TN) markets engines in the 20- to 215-hp range. Most of
the engines are relatively heavy engines, but Wis-con markets MWM Motores Diesel Ltda. (Sao
Paulo, Brazil) industrial diesel engines that have more attractive power-to-weight ratios (Conti-
nental 4.10 series and 6.10 series). If the MWM automotive diesel engines (known as the Sprint
series or 4.07 series) were to be certified and marketed in the United States, they could be quite
attractive. At this time they are not marketed in the United States, but selected Sprint engines
are included in the database.

Yanmar
Yanmar Diesel America Corp. markets over 40 diesel engine models. Engines include
1-cylinder air-cooled diesels rated up to 10 hp and 1- to 4-cylinder water cooled engines from
about 13- to 113-hp maximum continuous rating. Two of the more interesting turbocharged
engines show fairly high power-to-weight ratios for industrial engines not built as automotive
engines. Also Yanmar is now marketing a 20-hp maximum output, aluminum head and crank-
case, 2-cylinder, V-configuration, vertical shaft engine that is very unusual and very low weight
for such an engine. These three interesting engines are included in the database.

2.6.2 Derating of Prime Movers

Engine power derating is a major design issue for military gen-sets. It is estimated that the
engines used for the TQGs have been derated by a minimum of about 30%. The major derating
factors are engine power drop due to altitude and higher air temperatures, both of which affect
air density and, in turn, the amount of air that will fill the combustion chamber each intake
stroke. There is also derating due to the manufacturing variability in the engines, and some
derating could occur because of very high humidity.

General derating factors from a number of diesel engine manufactures were considered and
were found to be fairly consistent for naturally aspirated engines. Derating factors varied, but
they were roughly quantified as a 3–5% power loss per 1000 ft above a standard altitude (usu-
ally sea level, but 325 and 800 ft are also used) and 2.0 to 2.2% every 9°F above a standard
temperature that is often 77°F (several use 68°F as the standard, one manufacturer used 88°F).
Derating for high humidity is seldom mentioned; but values of 6–10% for maximum derating are
quoted by one engine manufacturer, Lister-Petter, and one gen-set manufacturer, Hawkpower
Gen-sets. Derating charts supplied by Lombardini USA show 90% humidity can add up to 10%
derating as temperatures approach 100 to 120ºF. These conditions, however, are very rare.

Use of a turbocharger reduces the amount of derating for altitude and temperature. A general
rule of thumb for derating turbo diesels is not really possible because turbocharging technology
and turbo-engine matching varies significantly. Turbocharging can also be with or without
charge cooling, a wastegate, or variable inlet geometry. In general, turbocharging with charge
cooling will limit derating due to altitude and temperature to about one-half or less of that
required for naturally aspirated engines. Turbocharging with charge cooling may lower the nec-
essary derating even further.



2-19

A derating point of interest for TQG military gen-sets is 4000 ft and 120°F. Derating associated
with this operating point is roughly 10% for a turbocharged intercooled industrial diesel engine
and 23–30% for natural aspiration. The current derating specification used appears reasonable,
but it should be recognized that the engine (and probably the gen-set) is capable of significantly
more power output at lower temperatures and altitudes than is implied by the gen-set rating.

2.6.3 Observed Trends

A number of important trends can be seen from the survey results, and some are summarized in
the following list:

1. Smaller engines—engines less than about 35 hp—are generally less sophisticated and have
lower power-to-weight ratios. One exception is use of aluminum alloy for the crankcase in a
few smaller engines, which stand out in terms of power-to-weight among the small diesels.

2. Power density improves significantly by addition of turbocharging and more so for turbo-
charging with charge cooling (intercooling). Turbocharging is not available for engines with
peak power ratings below 35 hp (or below about 20 hp at 1800 rpm). Turbochargers are
offered for almost all diesels with ratings above about 60 hp or displacements over 2.5-L.

3. Use of aluminum alloy heads is standard for many engines to lower weight modestly, but
use of aluminum for the engine crankcase is only emerging.

4. The trend for industrial diesel fuel injection is for DI systems to replace IDI. Reported fuel
economy is seen to be significantly better for DI when compared to IDI (as expected).
Sophisticated high-pressure and electronically controlled fuel injection has many desirable
effects on performance, but it is currently reserved for selected automotive diesel engines.

5. The most attractive engines, based on power-to-weight ratio, are the newer DI, turbo-
charged and charge-cooled, automotive diesel engines. These engines are in the power
range above 35 hp at 1800 rpm or 60 hp at rated conditions (usually 4000 rpm or higher).
Power-to-weight ratios of these automotive diesels appear to be roughly double that of stan-
dard turbocharged industrial diesel engines in the same power range, including those used
for the 30- and 60-kW TQGs.

6. The highly appealing automotive-designed diesel engines have very limited availability, and
this may continue for several years to come. It is reasonable to think that automotive diesels
in power ratings from about 35–120 hp at 1800 rpm and larger could be available in 3–
5 years. This size range can also be roughly bounded by 1.2- to 4.0-L displacement or 60-
to 220-hp maximum power rating.

7. High-pressure electronically controlled fuel injection using either a unit injection type system
or a common-rail system increases engine appeal, particularly by significantly improving
lower-speed power and torque, improving fuel economy, and possibly lowering higher-speed
noise.

8. More sophisticated (higher pressure and electronic control) fueling systems are being
employed on an increasing number of industrial diesel engines. This may “close the gap”
slightly for the large power-to-weight ratio difference between most industrial diesel engines
and the automotive-design diesels. Other performance measures, such as noise and emis-
sions will improve incrementally as well.
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Appendix 2-A.  DIESEL ENGINE GLOSSARY

1. CO: Carbon monoxide is an EPA-regulated exhaust emission.

2. Common rail:  Common-rail fuel injection technology utilizes a common rail or manifold
containing high-pressure diesel fuel, which distributes the fuel to the injector for each
cylinder via high-pressure delivery tubes. Electronic control is generally used to control
injection timing and duration, fuel pressure during injection, rate of injection and may even
allow multiple injections during a single power stroke. The high fuel pressures are
produced by an engine-driven pump, which feeds the common fuel rail (manifold). Fuel
pressures up to about 23,000 psi have been reported.

3. Continuous power rating:  The net engine shaft power available to power a device
(particularly a gen-set) under a constant speed operation scenario, and while retaining at
least 10% power (or torque) in reserve to meet an intermittent load increase. Generally, a
standard test is used to arrive at a power curve for continuous ratings (SAE J1349, ISO-
3046/a-ICXN).

4. DI, direct injection: Fuel is injected into the cylinder combustion chamber directly above
the piston. Generally, the piston has a specially shaped “bowl” to form an optimized
combustion chamber with favorable fluid flow. Greater demands are put on the injector
system, which operates at relatively high pressure to form a very fine and properly
distributed fuel spray. Engine fuel economy is superior to that achieved by IDI.

5. EGR, exhaust gas recirculation: In certain engines, exhaust gas is recirculated back to
the air intake. The exhaust gas acts as a diluent, which slightly reduces oxygen
concentration in the combustion zone and (more importantly) lowers peak combustion
temperatures. Both effects can reduce formation of NOx. Sometimes the EGR loop is also
cooled to further lower peak combustion temperatures.

6. Heat release rate:  As diesel fuel is sprayed into the combustion zone and is subsequently
burned, chemical energy is changed to thermal energy (heat). This “release” of heat is the
major cause of gas pressure rise in the cylinder, and this pressure is responsible for doing
work by pushing the piston during the power-stroke. The instantaneous heat release rate is
expressed in units of energy per time such as J/s. The heat release profile—which is the
heat release rate as a function of time or crank angle position (and piston position) is very
important to the operation of the engine. Good control over heat release rate can optimize
or at least control engine power, torque, fuel economy, noise and emissions. Also see rate
shaping.

7. IDI, indirect injection:  Sometimes known as a prechamber system, diesel fuel is injected
into an auxiliary bulb-shaped chamber that is connected to the main cylinder by a small-
bore passage. Generally, a relatively low-pressure fuel injector is used (throttling-pintle
nozzle type) to spray fuel into this prechamber. This system has been used historically to
obtain “soft” combustion and reduce emissions. Lower levels of noise, engine stress-loads
and particulate matter emission are all cited as advantages of this system along with low
cost. Flow losses through the small-bore passage during compression and expansion and
the larger heat transfer surface due to the prechamber lead to lower efficiency compared
to direct injection systems.
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8. NOx: Oxides of nitrogen, usually including NO2 and NO. NOx is an EPA regulated exhaust
emission.

9. Particulate matter  is a regulated exhaust emission for virtually all diesel engines—both
road and off-road.

10. Rate shaping:  This refers to precisely controlling the timing and rate of fuel being injected
to control the diesel combustion process. Rate shaping can tailor the pressure and
pressure rise rate during the power stroke to obtain the desired characteristics (and trade-
offs) which usually are low noise, optimized fuel economy, low emissions, and increased
power and torque. Also, see heat release rate.

11. Turbocharger:  The (exhaust) turbocharger is a turbine-compressor device, which
pressurizes the intake air of an engine to increase the charge density. Increasing charge
density allows more air to be inducted into the cylinder, which greatly increases the power
and torque output capabilities of the engine. The exhaust turbocharger uses the engine
exhaust as the compressor power source. Instead of simply discharging the exhaust, it is
used to drive a small turbine, which is on a common shaft with the intake air turbo-
compressor.

12. Turbocharger intercooling: Because an exhaust turbocharger compresses the intake air,
the air increases in density. In some cases, intercooling (cooling between the turbo-
compressor and the intake to the cylinder) or aftercooling (cooling after the compression
step) is employed. Intercooling usually is done by routing the compressed air through a
compact heat exchanger that is cooled by ambient air (which is blown by a fan for
stationary engines). An alternative method is to use the liquid engine coolant (virtually
always an ethylene-glycol water mixture or similar mixture).

There are at least two positive effects of intercooling. The power and torque rating can be
higher for an engine due to the effect of higher air charge density compared to not
intercooling. Also, the cooled air will keep peak combustion temperature somewhat lower,
which reduces the formation of NOx (NO2 and NO) which is a regulated exhaust emission.
Turbocharging can have a beneficial effect on fuel economy, but this is application and
engine specific.

13. Turbocharger wastegate:  A turbocharger must sometimes be limited in how much
compressive work is done. This limitation may be due to the need to protect the engine or
other devices, meet emission standards, or other concerns. A wastegate is essentially a
pressure relief device that allow some exhaust to bypass the exhaust turbine (which
powers the turbo-compressor) when a certain pressure is reached. The bypass exhaust is
simply “dumped” to the exhaust system.

Using a wastegate can be useful if it is desired to use a turbocharger that compresses the
air charge to relatively high pressures at lower speeds and loads. This boosts the lower-
speed performance of the engine. The wastegate will control the intake compression to
within specified limits at high engine power output.

14. Unit injector:  A unit injector is a type of combined injection nozzle and fuel pump used for
high-pressure direct fuel injection. The unit injector is screwed into position through the
engine cylinder head and is driven by the engine camshaft. Details vary with different unit
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injector designs, but a cam is used to put force on a plunger device, which creates the
very high fuel pressures. Peak pressures of 20,000 to 35,000 psi are reported and allow
very fine fuel sprays to be formed. No high-pressure fuel lines are needed for this type of
system because the high pressure is created in the injector itself. The injection timing and
amount are controlled by a high-speed solenoid valve, which in turn is normally controlled
by a computer-chip based electronic control unit. Relatively sophisticated fuel injection
control is possible using engine-map based control with input from the various engine and
fuel sensors (such as fuel temperature), and rate shaping may be possible. The cost of
unit injector systems can be relatively high.

15. Variable geometry turbocharger:  Some turbochargers have movable intake guide vanes
that can change air intake geometry to optimize response and efficiency. This ability is
generally only employed on “high-end” diesel vehicles and may not be of much interest for
gen-sets.
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3.  MARKET SURVEY FOR STATE-OF-THE-ART
ALTERNATORS/POWER ELECTRONICS

The purpose of this chapter is to present the results of the market surveys in the alternator
(generator) and power electronics areas. The chapter includes a brief description of the tech-
nologies available on the market and results of the survey. The input from CECOM surveying
the alternator and power electronics markets is included in Appendixes 3-A and 3-B,
respectively.

3.1  ALTERNATOR (GENERATOR) SURVEY

The prime mover of the gen-set is directly coupled to an electric machine that acts as an alter-
nating current (ac) generator. Possibilities for this alternator include an ac induction motor, a
permanent magnet (PM) brushless motor, and a switched reluctance (SR) brushless motor.

Induction motors are by far the cheapest of the three because they are currently being produced
in vast quantities (millions), annually. Tables 3.1 and 3.2 show a comparison of the three motor
types using a standard 5-hp induction motor frame as the base case. The two other motors (SR
and PM) then assume construction of these motors using the same physical frame in terms of
stator outside diameter (OD) and stack length. A PM generator using high-flux rare earth per-
manent magnets has a specific power approximately three times that of the induction motor and
33% higher than the SR generator.

3.1.1 Induction Generator

Induction machines are the most common and least expensive electrical machines being
manufactured today. These are available in a variety of sizes from a multitude of manufacturing
sources. However, these machines have the lowest specific power rating and lowest efficiency

Table 3.1.  Comparison of material weights in alternator types

Motor
type

Stator
OD
(in.)

Stack
length
(in.)

Iron
weight

(lb)

Copper
weight

(lb)

PM or
aluminum

weight
(lb)

Total
weight

(lb)

ac induction 7.6 5.0 33 15.4 2.8(Al) 51.4

PM brushless 7.6 5.0 40 12 2.2(PM) 54.2

SR brushless 7.6 5.0 34.8 10.5 0.0 45.3

Table 3.2.  Alternator power and efficiency comparisons

Motor
type

Maximum
torque
(N-m)

Output
power
(kW)

Specific
torque

(N-m/kg)

Specific
power

(kW/kg)

Maximum
efficiency

(%)

ac induction 19.8 3.73 0.85 0.16 90

PM brushless 57.7 10.82 2.35 0.44 94

SR brushless 36.6 6.71 1.78 0.33 92
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of the three machines being considered for use as the electric alternator in the gen-set. Reduc-
tion of weight or volume from the current design of the gen-sets is not likely if these machines
are used. Three-phase full-bridge active rectifiers can be used with the machines, and
“sensorless” control methods are available such that use of a speed encoder may not be
necessary.

3.1.2 SR Generator

The SR generator is perhaps the most robust of the machines, and it can have four, six, or eight
phases. Loss of one of the phases still allows the generator to function but at a reduced power
and voltage level (fault tolerant operation). However, the multiple phases of the SR generator
will require a nonconventional power electronics circuit because a three-phase full-bridge recti-
fier can no longer be used. SR motors also usually require position sensors (encoders) so that
exact position of the rotor with respect to the stator can be known at all times. SR machines are
produced in mass quantities for consumer appliances like washers and dryers, but these are
generally fractional horsepower in size.

3.1.3 PM Brushless Generator

When built with high flux rare-earth PMs, these generators have the highest specific power
rating of the three machines and also the highest efficiency. PM motors are mass-produced as
servo motors with low-cost and low-flux ceramic magnets. Three-phase full bridge active rectifi-
ers can be used with these machines with only a minor change in the control of the active
devices. PM motors can be controlled with “sensorless” control, which means that only voltage
and current measurements, which are usually measured anyway, can be used for control of the
generator output. The largest costs in a PM generator are the rare earth magnets used in the
rotor of the generator. However, if automobile manufacturers standardize on PM motors for their
traction motor, the cost of these materials would quickly come down in price because of the
mass production required.

PM generators can be built as either axial gap or radial gap machines. Axial gap machines gen-
erally take the form of a “pancake” design with a rotor that contains the PMs sandwiched
between two stators that contain coils of wire, which would produce voltage and currents when
the rotor is mechanically driven by a prime mover such as a diesel engine. The radial gap
machine has magnets positioned around the circumference of a cylinder. Sometimes the cylin-
der is long and has a small diameter (rod-shaped), and sometimes the cylinder is short and has
a large diameter. Magnet retention is usually easier with the axial gap design; however, low-
power radial gap PM motors can be designed to run at much higher speeds (100,000 rpm) than
axial gap motors.

Unique Mobility, Inc., sells PM machines and inverters to control them. The prices for these
systems are high when you just buy one ($12,000 to $25,000 each). However, Unique Mobility
has indicated that if 10,000 were purchased, the price for a complete generator and inverter
system would be in the range of $800–$1200 each for sizes in the 30- to 75-kW range. This
mass production price compares favorably with what DOD could afford on a diesel gen-set.

3.1.4 Alternator Market Survey Summary

In addition to the six companies—Baylor, Caterpillar, Leroy-Somer, MagneTek, Marathon, and
Newage Ltd.—recommended by CECOM from its comprehensive market survey of alternator
manufacturers (Appendix 3-A), the very compact PM machines with high power density built by
Unique Mobility or Kaman Electromagnetics should also be evaluated. The greatest uncertainty
with their machines would be if mass production of these machines would lower their price
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enough so that they could be incorporated into inexpensive but reliable future gen-set units.
Projections by Unique Mobility have indicated that its PM motor and inverter systems would be
price competitive when produced in large volumes. Should these PM machines be too
expensive once a final design and/or prototype has been established, even when produced at
higher volumes, more conventional generators could be used as a backup plan.

PM Generator (Alternator) Contact Information:

• Unique Mobility • Kaman Electromagnetics
425 Corporate Circle 1332 Blue Hills Avenue
Golden, CO 80401 Bloomfield, CT 06002
Phone: (303) 278-2002 Phone: (860) 243-7100
FAX: (303) 278-7007 www.kaman.com
www.uqm.com

3.2  POWER ELECTRONICS SURVEY

Power electronics process and control the flow of electric energy by supplying voltages and/or
currents in a form that best matches what is needed for user loads. In a gen-set, the power
electronics change the power generated by the alternator into processed output power that has
the voltage, current, frequency, and number of phases as required by the load.

If the gen-sets are to operate in a mode where the internal combustion (IC) engine runs at vari-
able speed, an active three-phase bridge rectifier will be needed to convert the variable voltage,
variable frequency power produced by the IC-driven generator to a controlled direct current (dc)
link voltage. A three-phase full-bridge inverter is then required to convert the dc link voltage to a
selectable voltage (120/208 V or 240/416 V) and selectable frequency (50, 60, or 400 Hz).

3.2.1 Intelligent Power Modules

Three-phase bridge inverters are currently available in a single module, “six-pack,” or as one
phase of a three-phase inverter in a single module called a “dual.” Some manufacturers also
offer “intelligent power modules” (IPMs), which are three-phase full-bridge inverters using insu-
lated gate bipolar transistors (IGBTs) as active switches and additionally integrate some or all of
the following in a single module: gate driver circuitry, overtemperature protection, overcurrent
protection, and overvoltage protection. Integration of these driver and protective functions into
the module helps the power electronics designer concentrate more on application of these
devices instead of having to custom design all of these functions. The user can connect digital
TTL or CMOS integrated circuits directly to the IPM. IPMs also offer higher reliability because
the single module contains fewer components and connections where a failure might occur.
Troubleshooting and repairs would also be quicker with the IPM because a single module could
be replaced instead of trying to track down the problem on one of several modules.

The maximum line-line voltage that the 15- to 60-kW TQGs have to provide is 416 V ac. This
corresponds to a dc link voltage of at least 590 V dc. Therefore, it will be necessary to use
1200-V (or higher) IGBT modules for the active rectifier and inverter for units that produce
416 V ac. Table 3.3 is a list of the maximum continuous current ratings required for various
existing TQGs based on providing current at a power factor of 0.8.

IGBTs that have a current rating of 150 A likely will be sufficient for gen-set units 30 kW and
smaller. A 60-kW gen-set would require an IGBT rating of 300 A. By using 1200-V, 150-A six-
pack IPMs for all of the new gen-sets for sizes 30 kW and smaller, the power electronics and
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Table 3.3.  Current requirements for existing TQG sets

Generator size
(kW)

Maximum continuous rated
current (A)

5 52.1 @ 120 V 1φ

10 104.2 @ 120 V 1φ

15 52.0 @ 120/208 V 3φ

30 104.1 @ 120/208 V 3φ

60 208.2 @ 120/208 V 3φ

control circuitry between the different units would be a common module that would be inter-
changeable between the various units.

Table 3.4 is a list of companies that make 1200-V IGBT modules of sufficient current rating for
use in gen-sets in the 5- to 60-kW range, the features offered in their IPMs, and their maximum
available continuous current ratings.

The continuous current ratings in Table 3.4 are for a junction temperature of 25°C. For
temperatures above 25°C, these currents are derated according to manufacturer-provided
curves, which are not linear. The modules are generally rated to conduct 65 to 75% of their
rated current at a junction temperature of 100°C. Generally, IGBT modules have a short time
(1-ms) current rating equal to twice their continuous current rating.

From Table 3.4, both 1200-V, 150-A six-packs and 1200-V, 300-A duals are currently available.
It is expected in the next 2–3 years that the available current ratings for both of these devices
will increase by a factor of 2. However, note that the 1200-V, 150-A six-packs already have the
current and voltage rating required for gen-set units 30 kW and smaller.

Table 3.5 shows the storage and operating temperatures and the control and power supply volt-
ages for existing IMPs. The minimum operating temperature for most of the modules is

Table 3.4.  Available features from manufacturers of 1200-V IGBT modules

Company Package
Maximum

current
Sensors
available

Integrate
isolated
driver

Over-
temperature

Over-
current

dc Link
over-

voltage

Control
power
under-
voltage

Powerex Dual
6-pack

300
150

No
no

Yes
Yes

Yes
Yes

Yes
Yes

No
no

Yes
yes

IXYS Dual 330 No Yes No Yes No Yes
Fuji 6-pack 150 Yes Yes Yes Yes No Yes
Semikron Dual

6-pack
400
300

Yes
Yes

Yes
Yes

Yes
Yes

Yes
Yes

Yes
Yes

Yes
Yes

Toshiba Dual
6-pack

300
150

No
No

Yes
Yes

Yes
Yes

Yes
Yes

No
No

Yes
Yes

Hitachi Dual
6-pack

300
100

No
No

No
No

No
No

No
No

No
No

No
No
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Table 3.5.  Temperature and voltage requirements for manufacturer’s IPMs

Company Package
Storage

temperature
(°C)

Operating
temperature

(°C)

Control
voltage

(V)

Power
supply
voltage

(V)

Meets current
requirements

Powerex IPM –40 ~ 125 –20 ~ 100 10 20 Now
IXYS IPM –40 ~ 125 –40 ~ 110 15 15 Now
Fuji IPM –40 ~ 125 –20 ~ 100 15 15 Now
Semikron IPM –40 ~ 125 –25 ~ 85 20 20 Now
Toshiba IPM –40 ~ 125 –20 ~ 100 20 20 Now
Omnirel IPM –55 ~ 120 Soon

–20°C. This is not sufficient for the requirement of operation at an ambient temperature of
–50°C. One company that does package power electronic inverters for harsh environments is
Omnirel. Its proprietary packaging of power modules is fully hermetic ceramic-to-metal seal
modules that are rated for operation from –55 to 150°C. These are currently available in up to
1200-V, 200-A modules. They are currently available as IPMs only in low current ratings of up to
30 A, but higher current rated packages are expected to be available later this year.

3.2.2 Future Technology Directions

Soft-Switching Inverters
Soft-switching inverters are a class of inverters in which the main active devices switch at either
zero voltage or zero current such that their switching loss is nearly zero. Benefits of this
approach are improved output voltage waveform quality (less high-frequency ripple), lower
electromagnetic interference (EMI) in the output waveform, and higher efficiency than hard-
switching inverters. Soft-switching inverters, however, require additional passive components
(capacitors, inductors) to set up a resonant tank and normally also require additional switches.
This makes these circuits more complex with components that can fail. No soft-switching
inverters are currently being mass-produced as variable-speed drives; however, a few small
companies currently manufacture made-to-order soft-switching inverters. One new soft-
switching topology is the auxiliary resonant tank (ART) inverter. It is a modular topology in which
the soft-switching part of the circuit could be an add-on module. This allows retrofit of existing
hard-switched inverters, or in the case of a failure in the soft-switching circuitry, the converter
can continue to operate in a hard-switched mode. The ART circuit is shown in Fig. 3.1.

Efficiency gains by using soft-switching inverters depend on the load factor (percentage of full
load rating). At high load factors from 0.7 to 1.0, the gain is usually 1 or 2 percentage points. At
lower load factors, the gain can be between 3 to 5 percentage points because the switching
losses dominate the losses in the inverter and soft switching almost eliminates these losses.

Soft-switching inverters, which do not require additional auxiliary switches to set up a resonant
circuit and only require additional passive components, are also currently being investigated.

Automotive Integrated Power Module
Through its Partnership for a New Generation of Vehicles (PNGV) Program, DOE has spurred
research for a hybrid-electric vehicle (HEV) and advances in power electronics and electric
machinery. The main goals of the power electronics and motor program are to reduce volume,
weight, and cost of the modules that would power electric vehicles. Significant leveraging of
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Fig. 3.1.  Two-switch version of the ART soft-switching inverter.

technology developed as part of this program should be considered for the next generation of
gen-set units.

The PNGV Program has just initiated a 3-year initiative funded at $20M for the development of a
reliable, commercially viable automotive integrated power module (AIPM) for advanced HEVs.
Much of the knowledge gained in developing an AIPM prototype for a HEV could also be directly
applied to a gen-set. The two companies that likely will be working on this project are Satcon
and Silicon Power Corporation (SPCO). A third company may also be awarded a portion of this
contract. The companies have been tasked with developing a family of inverters for HEVs that
standardizes and/or integrates several discrete components into one modular enclosure. The
objectives of this project are as follows:

1. Develop a single integrated motor inverter package.
2. Combine the functions of commonly used power electronics into an integrated power block.
3. Improve automotive energy efficiency and component costs.
4. Achieve cost reduction through interchangeability and interoperability among several power

level modules.

The single integrated package will contain as a minimum the following:

1. a power conversion stage from dc to three-phase ac at variable voltage and variable
frequency;

2. heat sink;
3. gate drivers for power switches;
4. temperature sensor and protection;
5. laminated busbar with integrated passives for snubbing, filtering/EMI reduction, and reso-

nant tank for soft switching; and
6. serial communication capability.

It is also desired (but not required in the contract) to integrate the following into the same
package:
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1. power supply,
2. voltage and current sensors, and
3. DSP control system.

Hardware prototypes developed by the companies will be tested at ORNL. The family of
inverters will be designed to operate at 450 V maximum and will be in current levels from 100 to
600 A in 100-A steps. The required efficiency is greater than 90% from 5% to 100% of rated
power. They will be required to operate for 6500 h at an ambient temperature from –40 to 65°C
and be rated for storage at –50 to 125°C. They should be capable of driving an ac induction
motor or a PM brushless motor. A stringent set of test requirements for the prototype AIPM
modules is currently being developed and will include the following tests:

1. Electrical testing
a. efficiency
b. input current ripple
c. output current ripple
d. output voltage ripple
e. input (I)/output (O) isolation impedance

2. Noise—audible
3. ECM/EMI
4. Temperature/humidity
5. Altitude
6. Splash
7. Salt spray
8. Dust and sand
9. Vibration

 10. Shock
 11. Drop test

a. bench
b. transit

 12. Life testing

The electrical testing will be repeated after this battery of tests to ensure that no degradation of
the components has occurred. Many of the same tests conducted as a part of this program
would be relevant to the power electronics for a military gen-set as well.

3.2.3 Power Electronics Market Survey

CECOM contacted 48 potential manufacturers of power electronics systems with a question-
naire and cover letter explaining the need for information on power electronics systems for gen-
set units (Appendix 3-B). From the response to the questionnaire and data furnished by the
manufacturers, two companies (i.e., Spectrum Research Corp. and Avionics) were identified
that had the capabilities to build power electronic systems that would meet military requirements
for 5- to 60-kW gen-sets. Details of this market survey are found in a letter dated 21 May 1999,
which is a part of Appendix 3-B.

On March 15–18, the 1999 IEEE Applied Power Electronics Conference and Exhibition was
held in Dallas, Texas. Approximately 90 companies had booths in the exhibit hall. Catalogs
and/or contact information were collected from about 20 companies that make products which
incorporate power electronics and are of interest to a gen-set manufacturer. The companies
included the following:
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1. International Rectifier
2. Harris Semiconductor
3. Semikron International
4. IXYS Semiconductor
5. Powerex Intelligent Power Modules
6. Coilcraft Magnetics
7. AVX Capacitors
8. TOKO Magnetics
9. LEM Measurement Components

10. Magnetics—Cores for Transformers and Inductors
11. Philips Magnetic Products
12. Eldre Busbar
13. Fuji Semiconductor
14. Omnirel
15. Seimens
16. Aavid Thermal Products
17. Cornel Dubilier Capacitors
18. Onan Power Electronics
19. Ohmite Resistors
20. Sanrex Semiconductors

Other sources of power electronics information have come from the trade magazine PCIM—
Power Conversion and Intelligent Motion, where many power electronics manufacturers
advertise, and from company Internet Web sites.

Power Electronics Manufacturer Contact Information:

• Aerospace Avionics
100 MacArthur Memorial Highway
Bohemia, NY 11716
Phone: (516) 467-5500
Fax: (516) 467-5939

• Powerex, Inc.
200 Hills Street
Youngwood, PA 15697-1800
Phone: (724) 925-7272
Fax:
www.pwrx.com

• Fuji Electric
Park 80 West Plaza II
Saddle Brook, NJ 0766
Phone : (201) 712-0555
Fax : (201) 368-8258
www.fujielectric.co.jp/eng/sg/scd/prod.htmI

• XYS Corporation
3540 Bassett Street
Santa Clara, CA 95054
Phone: (408) 982-0700
Fax: (408) 496-0670
www.ixys.com

• Hitachi America, Ltd.
Power and Industrial Division
660 White Plains Road
Tarrytown, NY 10591
Tel: (914) 631-0600
Fax: (914) 631-3672
www.hitachi.com

• Omnirel
205 Crawford Street
Leominster, MA 01453
Phone: (978) 534-5776
Fax: (978) 537-4246
www.omnirel.com
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• Semikron International
P.O. Box 820251
D-90253 Nurnberg
Phone: +49 911-65 59-0
Fax: +49 911-65 59-2 62
www.semikron.com

• Spectrum Research
165 Jordan Road
Troy, NY 12180
Phone: (518) 283-7909
Fax: (518) 283-7813
www.generators.com

• Toshiba America Electronic
Components
9775 Toledo Way
Irvine, CA 92618-1811
Phone: (800) 879-4963
http://www.toshiba.com/taec/nonflash/index
hpsemi.html

3.2.4 Power Electronics Market Summary

Five manufacturers—Fuji, Powerex, Toshiba, Semikron, and IXYS—have been identified
that presently manufacture IGBT dual or six-pack IMPs with sufficient voltage and current
ratings (1200 V, 150 A) for use as the main power electronics devices for a variable-speed
gen-set. Additionally, a manufacturer (Omnirel) of special hermetic metal-to-ceramic seal
packaging has been found that makes units to meet the harsh environmental specifications
required of the gen-set. The individual components required for the power electronics in a
variable-speed gen-set are presently being mass-produced, and two manufacturers have
been identified that can integrate the components into a rugged, reliable module. These two
companies also build power electronic systems that would satisfy military operational and
performance requirements (Spectrum Research Corp. and Aerospace Avionics).

Although this is an emerging market area, the existing market is sufficient to provide tech-
nology desired for future gen-sets. Moreover, less expensive power electronics options will
likely be available in the near future.
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Appendix 3-A.  ALTERNATOR DATA PROVIDED BY CECOM
FOR MARKET SURVEY

COMMERCIAL QUESTIONNAIRE
ALTERNATORS FOR MILITARY GENERATOR SETS

The subject of this questionnaire is to look at alternators that are available commercially
for military generator sets in the 5 kW through 60 kW, 60 Hz range. The emphasis of this
market survey is on obtaining sufficient data to identify and evaluate those state-of-the-
art alternators that can be applied to the next generation of Tactical Quiet Generators.
Specifically, alternators that are currently available in the commercial market, and
alternators soon to be available (marketed) in the next two to three years. Please answer
the following questions to aid with the evaluation of your product (one questionnaire for
each model and generator size). Please use continuation sheets if necessary.

1.  Manufacturer and part or model number

a.  Manufacturer:

b.  Part or model no.:

2.  Design features

a.  Alternator type:

b.  Exciter type:

c.  Alternator weight:

d.  Alternator size (L × W × H):

e.  Estimated minimum life expectancy:

f.  Compliance with:

(1)  NEMA: (4) CSA:

(2)  IEEE: (5) NFPA:

(3)  ANSI: (6) Other:

g.  Electrical protection device (in the output circuit for human life safety):

h.  Parallel operation:

i.  Efficiency:
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COMMERCIAL QUESTIONNAIRE
ALTERNATORS FOR MILITARY GENERATOR SETS

(continued)

3.  Ratings

a.  Voltage connections, single- and three-phase:

 (1)  120 volt:

 (2)  120/240 volt:

 (3)  120/208 volt:

 (4)  Number of leads:

b.  Rated speed:

c.  Rated output power:

d.  Power factor:

4.  Mechanical features

a.  Construction:

(1)  Frame type/material:

(2)  Drip-proof:

b.  Ball bearings:

(1)  Number:

(2)  Type:

c.  Direction of rotation:

d.  Ventilation type:

e.  Coupling:
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COMMERCIAL QUESTIONNAIRE
ALTERNATORS FOR MILITARY GENERATOR SETS

(continued)

5.  Operating conditions

a.  Insulation:

(1)  Class F: (2) Class H:

(3)  Resistance, ambient temperature:

b.  Operating altitude range:

c.  Operating temperature range:

d.  Humidity:

e.  Overspeed:

f.  Transportation and movement:

(1) Shock:

(2) Vibration:

6.  Electrical features

a.  Voltage regulator type:

b.  Voltage regulation, no load to full load:

c.  Frequency regulation, no load to full load:

d.  Peak motor starting (kVA):

e.  Sustained short-circuit current:

f.  Radio frequency interference suppression:

g.  Voltage recovery time after load application:

h.  Voltage waveform deviation factor:



3-14

COMMERCIAL QUESTIONNAIRE
ALTERNATORS FOR MILITARY GENERATOR SETS

(continued)

(1)  Harmonic content:

(2)  2/3 pitch windings:

i.  Dielectric strength:

j.  Winding resistance:

7.  Other special features/options

a. c.

b. d.

8.  Estimated cost

Quantity Cost (each)

 1 $________

 25 $________

 100 $________

 500 $________

 1,000 $________

9.  Manufacturer Point of Contact

Name: Telephone No.:

E-mail: Fax:



List of Companies—Alternator Market Survey

Company Address Telephone/FAX Numbers
Alturdyne 8050 Armour, San Diego, CA 92111 Tel: 619/565-2131 Fax: 619/279-4296
AMBAC International 103 Myron St., West Springfield, MA

01089
Tel: 413/785-6600 Fax: 413/785-6664

Barber-Colman Company 1354 Clifford Ave., P.O. Box 2940, Loves
Park, IL 61132-2940

Tel: 815/637-3717 Fax: 815/877-0150

Basler Electric Company Box 269, Rte 143, Highland, IL 62249 Tel: 618/654-2341 Fax: 618/654-2351
Baylor Generator/Motor Group 500 Industrial Rd., Sugar Land, TX 77478-

2898
Tel: 281/240-9444 Fax: 281/240-5074

C. E. Niehoff & Company 2021 Lee St., Evanston, IL 60202 Tel: 847/866-1590 Fax: 847/492-1242
Caterpillar, Incorporated Galena Rd. at S.R. 29, P.O. Box 610,

Mossville, IL 61552-0610
Tel: 800/447-4986 Fax: 309/578-7302

Cummins/Onan Corporation 1400 73rd Ave., N.E., Minneapolis, MN
55432

Tel: 612/574-5000 Fax: 612/574-8087

Elliott Energy Systems 2901 S.E. Monroe St., Stuart, FL 34997 Tel: 561/219-9449 Fax: 561/219-9448
Fisher Electric Technology 2870 Scherer Dr., St. Petersburg, FL

33716
Tel: 727/572-9422 Fax: 727/572-8470

Generac Corporation Highway 59 & Hillside Rd., P.O. Box 8,
Waukesha, WI 53187

Tel: 414/544-4811 Fax: 414/544-0770

Georator Corporation 9617 Center St., Manassas, VA 20110-
5521

Tel: 703/368-2101 Fax: 703/368-1078

Governors America Corporation 720 Silver St., Agawam, MA 01001-2907 Tel: 413/786-5600 Fax: 413/786-5666
InterScience, Incorporated 105 Jordan Rd., Troy, NY 12180 Tel: 518/283-7500
Kato Engineering Company P.O. Box 8447, Mankato, MN 56002-8447 Tel: 507/625-4011 Fax: 507/345-2798
Leroy-Somer/USEM, Division of Emerson

Electric
8100 W. Florissant Ave., Station 1996, St.

Louis, MO 63136
Tel: 314/553-1996 Fax: 314/553-3403

Louis Allis Company 427 E. Stewart St., P.O. Drawer 2020,
Milwaukee, WI 53201-2020

Tel: 414/481-6000 Fax: 414/481-8895

Magnetek Century Electric 669 Natchez Trace Dr., Lexington, TN
38351

Tel: 901/968-4274 Fax: 901/968-8595
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List of Companies—Alternator Market Survey (continued)

Company Address Telephone/FAX Numbers
Marathon Electric Mfg. Corp. 100 East Randolph St., P.O. Box 8003,

Wausau, WI 54402-8003
Tel: 715/675-3311 Fax: 715/675-8026

Marvin Engineering Co., Inc. 260 West Beach Ave., Inglewood, CA
90302

Tel: 310/674-5030 Fax: 310/673-9472

MCII/Kurz & Root Companies 1745 Hinton St., Dallas, TX 75235-5101 Tel: 214/638-8080 Fax: 214/631-1277
MECC ALTE 815 North Oakwood Rd., Unit 1, Lake

Zurich, IL 60047
Tel: 847/550-0530 Fax: 847/550-0528

Newage Limited 1 Bacton Hill North, Suite 202, Frazer, PA
19355

Tel: 610/578-9233 Fax: 610/578-9244

O’Brien Energy Services Company 920 Church St., Wilmington, DE 19899 Tel: 302/658-7100 Fax: 302/654-2133
Spectrum Research Corporation Rensselaer Technology Park, 165 Jordan

Rd., Troy, NY 12180-8343
Tel: 518/283-7660 Fax: 518/283-7813

Synchrotek P.O. Box 4083, Appleton, WI 54915 Tel: 920/739-7275 Fax: 920/739-7286
Synchro-Start Products, Incorporated 6250 W. Howard St., Niles, IL 60714-3433 Tel: 847/967-7730 Fax: 847/967-7832
T & J Manufacturing, Incorporated 102 W. 5th Ave., P.O. Box 200, Oshkosh,

WI 54902-0200
Tel: 920/236-4200 Fax: 920/236-4219

Tradewinds Power Corporation 5820 N. W. 84th Ave., Miami, FL 33166 Tel: 305/592-9745 Fax: 305/592-7461
Woodward Governor Company P.O. Box 3800, Loveland, CO 80539-3800 Tel: 970/663-3900 Fax: 970/962-7050
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Company Quick Reference—Alternator Market Survey

Reply Scratched
Company

Yes No Yes No

Reason(s)
scratched
(footnote)

Alturdyne X X 1
AMBAC International X X 2
Barber-Colman Company X X 2 & 3
Basler Electric Company X X 4
Baylor Gen/Motor Group X X N/A
C. E. Niehoff & Company X X 5
Caterpillar, Incorporated X X N/A
Cummins/Onan Corporation X X 6
Elliott Energy Systems X X 1 & 3
Fisher Electric Technology X X 7
Generac Corporation X X 1 & 3
Georator Corporation X X N/A
Governors America Corporation X X 2
InterScience, Incorporated X X 3
Kato Engineering Company X X 1 & 3
Leroy-Somer/USEM X X N/A
Louis Allis Company X X 8
MagneTek Century Electric X X N/A
Marathon Elec. Mfg. Corp. X X N/A
Marvin Engrg. Co., Inc. X X N/A
MCII/Kurz & Root Companies X X 3
MECC ALTE X X 3
Newage Ltd. X X N/A
O’Brien Energy Services Co. X X 1 & 3
Spectrum Research Corp. X X N/A
Synchrotek X X 3
Synchro-Start Products, Inc. X X 4
T & J Mfg., Inc. X X N/A
Tradewinds Power Corporation X X 1 & 3
Woodward Governor Company X X 2

1. Manufactures gen-sets.
2. Manufactures governors.
3. No reply/response to questionnaire and/or no data provided.
4. Manufactures electrical generator controls.
5. Manufactures only dc alternators at present time. Plans to also manufacture ac alternators.
6. “Sister” company is Newage Ltd., which manufactures alternators.
7. Manufactures custom electric motors and alternators.
8. Bankruptcy. Purchased by Baylor Company (Generator/Motor Group).
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February 17, 1999

Power Generation Branch

Subject: Alternators for Military Generator Sets, Size Range 5 kW – 60 kW

Alturdyne
8050 Armour
San Diego CA 92111

Gentlemen:

 The Department of Defense Project Manager for Mobile Electric Power
(PM-MEP) has developed a new program to evaluate state-of-the-art power generation
technologies for the development of the next generation of Tactical Quiet Generators
(TQGs) in the 5 kW through 60 kW range. In this regard, this office has been tasked to
conduct a market search to identify commercial sources of supply for the subject
alternators. The emphasis of this market survey is on obtaining sufficient data to identify
and evaluate those state-of-the-art alternators that are currently available and those soon
to be available (marketed) in the next two to three years.

 This office is interested in all of your alternator models, ranging in size from
5 kW to 60 kW, as described above. Please complete the enclosed questionnaire (one
questionnaire for each model and generator size) and return it to us by
March 22, 1999. Please include any other data (catalog, brochure, photographs,
engineering data sheets, test data) that is necessary to adequately define the subject items.

 Should you require any additional information or wish to discuss the subject matter, do
not hesitate to contact the undersigned. My telephone number is
703-704-3365; my office fax number is 703-704-3333; and my e-mail address is
agates@belvoir.army.mil.

Sincerely,

Alvin E. Gates
 Project Engineer
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AMSEL-RD-C2-AP-PG 13 May 1999

MEMORANDUM FOR AMSEL-RD-C2-AP-PG (Selma Matthews)

SUBJECT: Addendum – Market Survey-Alternators for Military Generator Sets, 5-60
kW, 60 Hz

1. Reference my Memorandum for Selma Matthews, 4 May 1999, Subject: Alternators
for Military Generator Sets, 5-60 kW, 60 Hz.

2. Since my Memorandum of 4 May, I have received some brochures and separate
specification sheets from MagneTek covering their line of industrial alternators. Briefly,
MagneTek is based in Lexington, TN with worldwide manufacturing
capabilities/facilities and nearly 100 years of experience in manufacturing electrical
power equipment. They are a multi-billion dollar FORTUNE 500 company. And
according to MagneTek, they offer competitive pricing.

3. From the information contained in MagneTek’s brochures, I developed a table of their
alternator models and characteristics, just like the tables I enclosed with the 4 May
Memorandum for the other alternator manufacturers that responded to our questionnaire.
As you can see from the enclosed table, MagneTek offers a nice range of industrial
alternators in the 5 kW to 60 kW electrical power range, with characteristics that, I think,
look promising for our third generation of generator sets.

4. In my opinion, MagneTek looks like they would belong right up there with the top five
manufacturers mentioned in the 4 May Memorandum. Without closely examining and
evaluating these six companies and their products, it is hard to say that any one is
superior to the other. From this limited Market Survey I would tend to rank all six, at this
time, on an equal basis and work from there. In our future program efforts, I would
definitely consider these six companies first. To give you an idea of what MagneTek’s
alternators look like, I’ve enclosed copies of the front pages of their brochures.

 ALVIN E. GATES
 Project Engineer
 PM-MEP RDE Team
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AMSEL-RD-C2-AP-PG May 21, 1999

MEMORANDUM FOR Mrs. Selma Matthews, IPT Leader for AMMPS

Subject:  Market Survey for Power Electronics.

1. This Office has completed a formal Market Survey on Commercial Power Electronics
Systems for application on 5 – 60 kW engine driven generator sets.  Questionnaires
requesting technical and cost information on state of the art power electronics
packages, that are currently available and/or will be available in the next three years,
were forwarded to 49 companies (attachment 1).  Each company’s product lines
were reviewed to determine when the products were available and whether the
available packages could operate in military environment and could provide the
needed power output in the specified environments.

a. Of the 49 companies contacted, only seven (7) companies responded to the
survey.  Four companies; Exeltech Incorporated, Avionic Instruments, Inc.,
Capstone Turbine Corp., and Spectrum Research, manufacture power
electronics packages.  The other three companies do not manufacture power
electronic systems.

b. The following is a generic description of the four main companies:

1) Exeltech Incorporated:  Exeltech Inc. manufactures power electronics that are
commercially available now for each power ranges (5 - 60 kW).  They meet some of
the army’s power and environmental requirements.  However, they do not provide
the configuration and weight of the power electronic modules for each generator
sets.

2) Avionics:  Avionics is a premier manufacturer of high-density power conversion
devices.  They have power electronics that are available now for each power range
(5 – 60 kW).  Within two (2) years, Avionics will be upgrading their packages that will
utilize current slope control modulation.

3) Capstone:  Capstone currently sells power electronics systems for its 30 kW
microturbine engine driven system.  The company will have an electronics package
for a 60 kW microturbine system available commercially in Oct 99.

4) Spectrum Research Corp.:   Spectrum Research has a proof of concept power
electronics package for an Army 5 kW power system that satisfies all Army
operational and performance requirements.  It will be formally demonstrated in FY99.
The design is to be a scaleable platform for use in the 3 – 60 kW power systems.  A
commercialization plan is underway that will ensure the scaleable product will be
available in the next two years.

c. Based on the technical information and plans for commercialization provided by
the companies, this Office recommends Avionics and Spectrum Research be
considered as potential contractors.

2. Point of Contact for above is the undersigned at 704-3372

Edmund A Nawrocki
Project Engineer
PM-MEP RD&E Team
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AMSEL-RD-C2-AP-PG 24 May 1999

MEMORANDUM FOR AMSEL-RD-C2-AP-PG (Selma Matthews)

SUBJECT: Market Survey – Alternators for Military Generator Sets, 5-60 kW, 60 Hz

1.  As part of the “Development of Advanced Medium Sized Mobile Power Systems
(5-60 kW)”, for use in the 21st Century Battlefield, this office conducted a Market Survey
for the subject alternators. Presented in the following paragraphs is a summary of the
results of the survey.

2.  On 19 February 1999, this office mailed a cover letter and attached questionnaire (see
enclosure 1) to twenty-eight potential manufacturers of alternators. This list of twenty-
eight companies was based almost entirely on information provided in EGSA’s “1999
Buying Guide to Power Generation Components, Systems and Services”. We looked at
companies listed in the EGSA Buyer’s Guide (Electrical Generating Systems
Association) that manufacture generators/alternators, and not those that sell, rent, and/or
provide service. Names and addresses of four of the companies (Fisher Electric, Marvin
Engineering, Spectrum Research, and Synchrotek) were provided by Selma Matthews,
and two companies (Georator and Louis Allis) were selected from the Thomas Register.
Two other companies, again provided by Selma Matthews, were recently added to the
list, InterScience and C. E. Niehoff, which brought the total number of companies
canvassed to thirty (see enclosure 2).

3.  As shown in enclosure 3, “Company Quick Reference – Alternator Market Survey”,
twenty of the thirty companies have been “scratched” or purged from the list. Four of the
companies scratched manufacture governors, two manufacture electrical generator
controls, and six companies manufacture generator sets. Cummins/Onan has a “sister”
company on the list (Newage, Ltd.), Louis Allis unfortunately went bankrupt (but has
been purchased by the Baylor Company), and Fisher Electric manufactures custom
electrical motors and alternators. C. E. Niehoff currently manufactures only dc
alternators, and three companies, who apparently manufacture alternators and replied* to
the survey, were scratched because they did not provide any data. Synchrotek did not
reply nor furnish any data. Of the twenty companies scratched, eight (including the
bankrupt Louis Allis Co.) simply did not reply, even after attempts (fax and/or telephone
calls) to get them to respond. Looking at the survey from another viewpoint, twenty-two
companies (73 %) did reply and ten companies (33 %) furnished data.

*Reply is defined in this Memorandum as a company contacting me (via telephone or
letter) and stating that they do/do not manufacture alternators, and if they do, they will be
providing data.
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4.  Enclosure 4, “Table of Alternator Models and Characteristics”, presents the various
models of alternators from nine alternator companies that responded to the questionnaire
(and provided data), or more correctly to the cover letter. A tenth company (MagneTek)
responded just recently, and a separate table for them is enclosed (enclosure 5). Along the
left margin of the table is listed all of the design features, ratings, mechanical features,
operating conditions, electrical features, and estimated costs, as presented in the
questionnaire.

Only four of the companies that responded listed our any costs. However, three of those
companies are cost prohibitive at this time, especially Spectrum Research Corporation.
Spectrum’s cost for building one of their alternators (plus inverter) is $75,000! They are
presently developing this alternator for CECOM under Contract Number DAAB07-98-C-
6023.

5.  In our opinion, the top six manufacturers of alternators that would meet military
requirements now and in the future (next 2-3 years) are Baylor, Caterpillar, Leroy-Somer,
MagneTek, Marathon, and Newage Ltd. (listed alphabetically and not in order of merit or
ranking). These companies provide numerous models in the 5-60 kW electrical power
range (and beyond). They have been established, leading manufacturers of military-type
and industrial alternators for many years, and provide alternator features and
characteristics that would give military customers the best alternator value on the market
today and in the coming years. Marathon alternators range from a cost per one of from
$1,700.00 to $3,750.00 (6 kW to 60 kW power range). We expect that costs from Baylor,
Caterpillar, Leroy-Somer, MagneTek, and Newage would be comparable. Before this
office would look at other companies, we would certainly consider these six companies
first. However, companies like Georator Corporation (located nearby in Manassas, VA)
and Spectrum Research Corporation (Troy, NY) are worth looking into, resources
permitting. Georator currently manufactures a 3 kW and a 5 kW unit but has plans to
develop and manufacture, over the next two years, a range of alternators from 2 kW to 60
kW output. Likewise, Spectrum, who currently offers a 5 kW unit, plans to provide a
range of alternators from 5 kW to 60 kW, by utilizing a unique modular design of
“stacking” individual units to create the various outputs. However, these companies
simply do not have, at present, the “worldwide” status as the “top six”, and their products
are expensive.

6.  With regard to the other alternator companies that provided data in response to our
questionnaire, Marvin Engineering Co. apparently manufactures only a 15 kW alternator,
at a cost per one of $10,000. T & J Manufacturing, Inc. provides a range of alternators
from 5 to 20 kW. T & J’s products appear promising and possibly should be further
“looked into”, resources permitting.

7.  At the present time, C. E. Niehoff manufactures only dc alternators but plans to
market ac alternators in the near future. They also look promising. Their dc alternators
appear to be quality, more-than-adequate items that would “fit in” with military-type
alternators for engine-generator sets. MCII/Kurz and Root Companies apparently is a
major supplier of military-type and industrial ac generators. They contacted our office
and planned to provide data. Unfortunately, they have not provided any data as of this
date. Likewise, MECC ALTE planned to provide data but they have not done so.
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8.  From this limited Market Survey, this office would tend to rank all six companies, at
this time, on an equal basis. In our future program efforts, we would definitely consider
these six companies and would plan to buy some units for future Government testing and
evaluation.

ALVIN E. GATES
Project Engineer
PM-MEP RDE Team



TABLE OF ALTERNATOR MODELS AND CHARACTERISTICS
Manufacturer Baylor Baylor Caterpillar Georator Leroy-Somer Marathon Marvin Newage Spectrum T & J Mfg.
Model No. Eagle Series Eagle Series See attached 38-132 See attached See attached 185-1002/1003 See attached SRCPMG5000
Alternator type Rotating Arm. Rotating Arm. “ PM, Brushless “ “ PM, brushless “ Axial gap Ext. v, 4 pole
Exciter type Brushless1 Brushless1 “ None “ “ 24 Pole colbalt “ PM Brushless
Weight (lbs.) “ 60 “ “ > 80 “ 30
Size (in.) “ 7 L x 8 Dia. “ “ 5 L x 9.85 Dia. “ 4.9 L x 12 Dia. 11.5 D, 6-24 L
Life (min) > 100,000 hrs2 > 100,000 hrs2 “ > 15 yrs. “ “ 10,000 hrs. “ 10,000 > 20,000
NEMA MG 1-22 MG 1-22 “ Yes “ “ “ Yes Yes
IEEE Yes Yes “ Yes “ “ “ Yes
ANSI Yes Yes “ Yes “ “ “
CSA “ Yes “ “ “ Yes
Other Yes/ISO 9001 Yes/ISO 9001 “ “ “ Mil 4624D “
Elec Protect IP 22 IP 22 “ Optional “ “ N/A “ GFCI GFCI/Isometer
Par Operation “ No (Possible) “ “ No (Possible) “ No (Possible) Compatible
Efficiency “ 85 % “ “ “ 88 85-90
120 v Yes Yes “ Yes “ “ Yes “ Yes Yes
120/240 v Yes Yes “ Yes “ “ Yes “ Yes Yes
120/208 v Yes/to 13,8003 Yes/to 13,8003 “ Yes “ “ Yes “ Yes Yes
# leads “ “ “ “ 12
Speed (rpm) 1200 1800 “ 3600 “ “ Up to 5,000 “ 1800-3600 1800
Power (kW) 20 to 5,000 38 to 4,500 “ 55 “ “ 15 “ 5 6 5 – 20
Power Factor 0.8 0.8 “ 1.0 “ “ “ 0.8-1.0 0.8
Frame Steel Steel “ Al housing “ “ Aluminum “ SS/Comp. Steel
Drip-proof Yes Yes “ Optional “ “ Yes “ Yes Yes
# bearings 1 or 2 1 or 2 “ 1 or 2 “ “ None “ None 1
Bearing type Lubricated Lubricated “ Lubrication “ “ N/A “ N/A 207
Rotation “ Both “ “ Both “ Both Both
Ventilation Mixed-flow Mixed-flow “ Internal fan “ “ Ext. cooled “ Integral fan Internal fan
Coupling Available Available “ As required “ “ Direct drive “ Direct drive SAE
Insulation Class F F “ F std, H opt “ “ H “ F F & H (rotor)
Ins resistance Tested4 Tested4 “ “ “ “ > 10 megohms
Altitude range “ 8000 ft min “ “ To 10,000 “ 6,000
Temp. range 40o C standard 40o C standard “ -20o to 55o C “ “ - 20o – 125o F “ - 25o – 125o F At 40o C
Humidity Weatherproof Weatherproof “ 202/106 “ “ 100 “ 100 100
Overspeed Rotor 125 % Rotor 125 % “ 4500 rpm “ “ 6,000 “ 6,000 25 %
Shock “ 202/205 “ “ 27G/18 ms “ None
Vibration 2 mils max. 2 mils max. “ 202/201 “ “ 810/514.3 “ None
V regulator Static SCR Static SCR “ None “ “ Omitted “ PWM Solid state
V regulation +/- 1 % +/- 1 “ Total 7.5 “ “ “ “ 2 1
F regulation “ Prime mover “ “ “ “ 0.1 % 3
Peak motor “ > 400 % “ “ “ “ 15 kVA 150 %
S-c current Tested4 Tested4 “ > 500 % “ “ “ “ 20 A
RFI Filter Filter “ 461 “ “ “ “ Yes Mil-Std-461
V recovery “ < 500 ms “ “ “ “ 1 ms
V dev factor 5 % max. 5 % max. “ “ “ “ “
V harmonic THC 5 % max. THC 5 % max. “ THD < 5 % “ “ “ “ THD 6 %
2/3 pitch Yes Yes “ N/A “ “ “ “ Yes
Die strength “ > 1500 volts “ “ “ “ > 3000 v
Winding R Tested4 Tested4 “ 0.10 ohms “ “ “ “
Special feat. “ “ “ “ Modular6

Cost per 1 “ $9,720.00 “ “ 10,000 “ 75,000.00

1.  PM excitation is available upon request. 4.  All tests are in accordance with MIL-STD-705 &/or IEEE Standard 115 & exceed minimum test standards established by NEMA.
2.  Bearings sized for a minimum life of >100,000 hrs. 5.  Developing over next 2 yrs: 2, 3, 5, 7.5, 10, 15, 20, 30, 40, 50, & 60 kW alternators from $8,689 - $24,584 quantity of 1.
3.  3 phase for entire range; 1 phase up to 50 kW. 6.  Can be stacked to create a 10 or 15 kW alternator. Plans to develop a 20 kW alternator to produce 40 kW and 60 kW alternators.
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CATERPILLAR ALTERNATOR MODELS WITH CHARACTERISTICS
Manufacturer Caterpillar Caterpillar Caterpillar Caterpillar Caterpillar Caterpillar Caterpillar Caterpillar Caterpillar Caterpillar
Model No. LA1014H LA1012D LA1012F LL1014Q LL1014S LA1012N LL2014B LA1012P LL2014D LL2014H
Alternator type 4 Pole 2 Pole 2 Pole 4 Pole 4 Pole 2 Pole 4 Pole 2 Pole 4 Pole 4 Pole
Exciter type Self excited Self Self SE or AREP3 SE or AREP3 Self SE/PM/AREP3 Self SE/PM/AREP3 SE/PM/AREP3

Weight (lbs.)
Size (in.)
Life (min)
NEMA MG1-22 MG1-22 MG1-22 MG1-22 MG1-22 MG1-22 MG1-22 MG1-22 MG1-22 MG1-22
IEEE
ANSI
CSA
Other Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Elec Protect Enclosed IP22 IP22 IP22 IP22 IP22 IP22 IP23 IP22 IP23 IP23
Par Operation
Efficiency
120 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/240 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/208 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
# leads 12 12 12 12 12 12 12 12 12 12
Speed (rpm) 1800 3600 3600 1800 1800 3600 1800 3600 1800 1800
Power (kW) 14 18 20 25 30 32 40 40 50 60
Power Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Frame
Drip-proof
# bearings
Bearing type
Rotation
Ventilation
Coupling
Insulation Class H H H H H H H H H H
Ins resistance
Altitude range Up to 305 ft. Up to 305 Up to 305 Up to 305 Up to 305 Up to 305 Up to 305 Up to 305 Up to 305 Up to 305
Temp. range
Humidity
Overspeed 2250 rpm 4500 4500 2250 2250 4500 2250 4500 2250 2250
Shock
Vibration
V regulator AVR R230A AVR R230A AVR R230A AVR R230A3 AVR R230A3 AVR R230A AVR R230A3 AVR R230A AVR R230A3 AVR R230A3

V regulation 1 % 1 1 1 1 1 1 1 1 1
F regulation
Peak motor Approx. 30 % Approx. 30 Approx. 30 Approx. 20 Approx. 20-25 Approx. 25-30 Approx. 20-25 Approx. 20-30 Approx. 20-25 Approx. 15-25
S-c current Nil Nil Nil 300 % AREP 300 w/AREP Nil 300 PM/AREP Nil 300 PM/AREP 300 PM/AREP
RFI
V recovery
V dev factor
V harmonic THD < 4 % < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4 < 4
2/3 pitch Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Die strength
Winding R1 1.32 ohms 1.52 1.2 0.416 0.381 0.448 0.310 0.324 0.255 0.167
Special feat.
Cost per 1 See footnote 2 See footnote 2 See footnote 2 See footnote 2 See footnote 2 See footnote 2 See footnote 2 See footnote 2 See footnote 2 See footnote 2

1.  Stator LL at 20o C (68o F) Series Star Connected.
2.  No individual prices; alternators are priced as packages with diesel or gas engines.
3.  AREP = Auxiliary windings, Regulator, Excitation Principle. AREP or PM uses AVR R438.
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LEROY-SOMER ALTERNATOR MODELS WITH CHARACTERISTICS
Manufacturer Leroy-Somer Leroy-Somer Leroy-Somer Leroy-Somer Leroy-Somer Leroy-Somer Leroy-Somer Leroy-Somer
Model No. LSA 37 LSA 37 LSA 41.1/42.1 LSA 41.1/42.1 LSA 42.2 LSA 42.2 LSA 43.2 LSA 44.1
Alternator type 2 Pole 4 Pole 2 Pole1 4 Pole 2 Pole 4 Pole 4 Pole 4 Pole
Exciter type Shunt Shunt AREP, brhless AREP, brhless Shunt Shunt/AREP Snt/AREP/PM AREP, brhless
Weight (lbs.) Various Various Various Various Various Various Various Various
Size (in.) Various Various Various Various Various Various Various Various
Life (min.) 20,000 hrs 20,000 20,000 20,000 20,000 20,000 20,000 20,000
NEMA Yes Yes Yes Yes Yes Yes Yes Yes
IEEE Yes Yes Yes Yes Yes Yes Yes Yes
ANSI Yes Yes Yes Yes Yes Yes Yes Yes
CSA Yes Yes Yes Yes Yes Yes Yes Yes
Other Yes/ISO 9001 Yes/ISO 9001 Yes/ISO 9001 Yes/ISO 9001 Yes/ISO 9001 Yes/ISO 9001 Yes/ISO 9001 Yes/ISO 9001
Elec Protect IP 21 s/IP 23 o IP 21 s/IP 23 o IP 21 s/IP23 o IP 21 s/IP23 o IP 23 IP 23 IP 23 IP 21 s/IP 23 o
Par operation Droop Kit Droop Kit Droop Kit Droop Kit Droop Kit Droop Kit Droop Kit Droop Kit
Efficiency > 80 % > 80 > 80 > 80 > 85 > 85 Approx. 90
120 v Yes Yes Yes Yes Yes Yes Yes Yes
120/240 v Yes Yes Yes Yes Yes Yes Yes Yes
120/208 v Yes Yes Yes Yes Yes Yes Yes Yes
# leads 12 12 12 12 12 12 12 12
Speed (rpm) 3600 1800 3600 1800 3600 1800 1800 1800
Power (kW) 12 to 30 range 6.5 to 18.5 19 to 51 13.5 to 50 27 to 50 18 to 31 35 to 72 41 to 126
Power Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Frame Steel/cast iron Steel/cast iron Steel/cast iron Steel/cast iron Steel/cast iron Steel/cast iron Steel/cast iron Steel/cast iron
Drip-proof Yes Yes Yes Yes Yes Yes Yes Yes
# bearings 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2
Bearing type Sealed Sealed Sealed Sealed Sealed Sealed Sealed Sealed
Rotation Probably both Probably both Probably both Probably both Probably both Probably both Probably both Probably both
Ventilation Probably fan Probably fan Probably fan Probably fan Probably fan Probably fan Probably fan Probably fan
Coupling SAE types SAE types SAE types SAE types SAE types SAE types SAE types SAE types
Insulation Class H H H H H H H H
Ins resistance
Altitude range Up to 3,300 ft Up to 3,300 Up to 3,300 Up to 3,300 Up to 3,300 Up to 3,300 Up to 3,300 Up to 3,300
Temp. range
Humidity Tropicalised Tropicalised Tropicalised Tropicalised Tropicalised Tropicalised Tropicalised Tropicalised
Overspeed 4500 rpm 2250 4500 2250 4500 2250 2250 2250
Shock Yes Yes Yes Yes Yes Yes Yes Yes
Vibration Mounts Mounts Mounts Mounts Mounts Mounts Mounts Mounts
V regulator AVR R230 AVR R230 AVR R4381 AVR R438 AVR R230 R230/R438 R230/R438 R438
V regulation +/- 1 % +/- 1 +/- 1 +/- 1 +/- 1 +/- 1 +/- 1 +/- 1
F regulation
Peak motor High High High High High High High
S-c current Nil Nil 300 %/AREP 300 w/AREP Nil 300 w/AREP 300 w/AREP 300 w/AREP
RFI MIL STD 461 MIL STD 461 MIL STD 461 MIL STD 461 MIL STD 461 MIL STD 461 MIL STD 461 MIL STD 461
V recovery < 300 ms < 300 < 300 < 300 < 300 < 300 < 300 < 300
V dev factor
V harmonic THC < 3 % THC < 3 THC < 3 THC < 3 THC < 4 THC < 4 THC < 4
2/3 pitch Yes Optional Yes Yes Yes Yes Yes Yes
Die strength
Winding R
Special feat.2 Modular AVR Modular AVR Modular AVR Modular AVR Modular AVR Modular AVR Modular AVR Modular AVR
Cost per 1 See footnote 3 See footnote 3 See footnote 3 See footnote 3 See footnote 3 See footnote 3 See footnote 3 See footnote 3

1.  R230 regulation similar to the LSA 37 for 2-pole alternators.
2.  LSA 41.1, 42.1, and 44.1 models supplied with LAM (Load Acceptance Module).
3.  Prices not included with data supplied by Leroy-Somer but they can give pricing if interested in the product.

3-26



MAGNETEK ALTERNATOR MODELS AND CHARACTERISTICS
Manufacturer MagneTek MagneTek MagneTek MagneTek MagneTek MagneTek MagneTek MagneTek MagneTek MagneTek
Model No.1 MTG19 MTG20 MTG21 MTG22 MTG23 MTG24 MTG25 MTG26 MTG27 MTG28
Alternator type Brushless Brushless Brushless Brushless Brushless Brushless Brushless Brushless Brushless Brushless
Exciter type2 SE SE SE SE SE SE SE SE SE SE
Weight (lbs.) 306 328 355 379 399 434 472 498 516 560
Size (in.) See brochure See brochure See brochure See brochure See brochure See brochure See brochure See brochure See Brochure See brochure
Life (min.)3 40,000 hrs. 40,000 40,000 40,000 40,000 40,000 40,000 40,000 40,000 40,000
NEMA Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
IEEE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
ANSI Probably Probably Probably Probably Probably Probably Probably Probably Probably Probably
CSA Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Other ISO 9001 ISO 9001 ISO 9001 ISO 9001 ISO 9001 ISO 9001 ISO 9001 ISO 9001 ISO 9001 ISO 9001
Elec Protect IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o IP21 s, IP22 o
Par operation Option Option Option Option Option Option Option Option Option Option
Efficiency 80 % (Class F) 83 (F) 83 (F) 87 (F) 88 (F) 89 (F) 90 (F) 89 (F) 91 (F) 91 (F)
120 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/240 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/208 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
# leads 12 12 12 12 12 12 12 12 12 12
Speed (rpm) 1800 1800 1800 1800 1800 1800 1800 1800 1800 1800
Power (kW) 12 17 26 32 35 45 50 57 60 65
Power Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Frame Steel Steel Steel Steel Steel Steel Steel Steel Steel Steel
Drip-proof Option Option Option Option Option Option Option Option Option Option
# bearings 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed) 1 (sealed)
Bearing type Prelubricated Prelubricated Prelubricated Prelubricated Prelubricated Prelubricated Prelubricated Prelubricated Prelubricated Prelubricated
Rotation
Ventilation Fan Fan Fan Fan Fan Fan Fan Fan Fan Fan
Coupling SAE/Disc SAE/Disc SAE/Disc SAE/Disc SAE/Disc SAE/Disc SAE/Disc SAE/Disc SAE/Disc SAE/Disc
Insulation Class H H H H H H H H H H
Ins resistance
Altitude range
Temp. range
Humidity
Overspeed 2250 rpm 2250 2250 2250 2250 2250 2250 2250 2250 2250
Shock
Vibration
V regulator AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5 AVR MPR-5
V regulation 1 % 1 1 1 1 1 1 1 1 1
F regulation
Peak motor
S-c current Option Option Option Option Option Option Option Option Option Option
RFI Option Option Option Option Option Option Option Option Option Option
V recovery
V dev factor
V harmonic
2/3 pitch Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Die strength
Winding R4 1.0940 Ohms 0.7194 0.4651 0.2963 0.2396 0.1789 0.1598 0.1402 0.1151 0.0940
Special feat.
Cost per 1

1.  Century 2000 line of industrial alternators 4.  Phase resistance
2.  Optional filter or PM excitation
3.  Sealed bearings with 40,000 hour B10 life
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MARATHON ALTERNATOR MODELS WITH CHARACTERISTICS
Manufacturer Marathon Marathon Marathon Marathon Marathon Marathon Marathon Marathon Marathon Marathon Marathon Marathon
Model # 281PSL1500 281PSL1501 281PSL1502 282PSL1503 282PSL1504 282PSL1505 283PSL1506 283PSL1507 284PSL1508 361PSL1600 361PSL1601 361PSL1602

Alternator type Ext. v reg., BL Ext. v reg., BL Ext. v reg., BL Ext. v reg., BL Ext. v, BL Ext. v, BL Ext. v, BL Ext. v, BL Ext. v, BL Ext. v, BL Ext. v, BL Ext. v, BL
Exciter type Rotating Rotating Rotating Rotating Rotating Rotating Rotating Rotating Rotating Rotating Rotating Rotating
Weight (lbs.) 205 210 220 240 250 275 310 350 405 483 569 585
Size (in.) 16x14x19 16x14x19 16x14x19 18x14x19 18x14x19 18x14x19 21x14x19 21x14x19 23x14x19 26x19x28 26x19x28 26x19x28
Life (min) 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs 40,000 hrs
NEMA Yes Yes Yes Yes Yes Yes  Yes Yes Yes Yes Yes Yes
IEEE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
ANSI Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
CSA Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
NFPA Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Other ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000 ISO9000
Elec Protect Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed Enclosed
Parallel Operat No No No No No No No No No No No No
Efficiency 78 % 74 78 82 81 84 85 86 88 87 90 89
120 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/240 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/280 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
# leads 12 12 12 12 12 12 12 12 12 12 12 12
Speed (rpm) 1800 1800 1800 1800 1800 1800 1800 1800 1800 1800 1800 1800
Power (kW) 6 8 10 12 15 20 25 30 35 40 50 60
Power Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Frame Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel Rolled Steel
Drip-proof Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
# bearings 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2
Bearing type Sealed Sealed Sealed Sealed Sealed Sealed Sealed Sealed Sealed Sealed Sealed Sealed
Rotation Both Both Both Both Both Both Both Both Both Both Both Both
Ventilation Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan Rotating fan
Coupling Flexible Flexible Flexible Flexible Flexible Flexible Flexible Flexible Flexible Flexible Flexible Flexible
Insulation H Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Resistance > 1.5 megohm > 1.5 > 1.5 > 1.5 > 1.5 > 1.5 > 1.5 > 1.5 > 1.5 > 1.5 > 1.5 > 1.5
Altitude
Temp. range
Humidity
Overspeed rpm 2250 2250 2250 2250 2250 2250 2250 2250 2250 2250 2250 2250

Shock
Vibration 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils 2 mils
V reg type SE350 SE350 SE350 SE350 SE350 SE350 SE350 SE350 SE350 SE350 SE350 SE350
V regulation 1 % 1 1 1 1 1 1 1 1 1 1 1
F regulation
Peak motor 23 % v dip 30 32 24 25 24 19 18 20 22 18 16
S-c current
RFI
V recovery 0.8 seconds 0.8 0.9 0.7 < 0.6 0.6 0.6 0.5 0.7 0.5 0.3 0.4
V dev factor 6 % 6 6 6 6 6 6 6 6 6 6 6
V harmonic THD 3 % 3 3 3 3 3 3 3 3 3 3 3
2/3 pitch
Die strength 1500 volts 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500
Winding R 4.2 ohms 4.15 3.2 2.0 1.51 1.0 0.681 0.48 0.346 0.381 0.264 0.181
Special feat.
Cost per 1 $1,700.00 $1,775.00 $1,850.00 $1,950.00 $2,050.00 $2,200.00 $2,450.00 $2,650.00 $2,900.00 $3,050.00 $3,300.00 $3,750.00

3-28



NEWAGE ALTERNATOR MODELS WITH CHARACTERISTICS
Manufacturer Newage Newage Newage Newage Newage Newage Newage Newage Newage Newage
Model No. BCI 16 BCI 16 BCI 18 BCI 18 UCI 22 UCDI 22 BCI 162 BCI 182 UCI 222 UCDI 222

Alternator type 2 Pole, brls 4 Pole, brls 2 Pole, brls 4 Pole, brls 4 Pole, brls 4 Pole, brls 4 Pole, brls 4 Pole, brls 4 Pole, brls 4 Pole, brls
Exciter type SE & PM avail SE & PM avail SE & PM avail SE & PM avail SE & PM avail SE & PM avail SE & PM avail SE & PM avail SE & PM avail SE & PM avail
Weight (lbs.)
Size (in.)
Life (min.)
NEMA
IEEE
ANSI
CSA
Other ISO9001 ISO9001 ISO9001 ISO9001 ISO9001 ISO9001 ISO9001 ISO9001 ISO9001 ISO9001
Elec Protect IP23 enclosure IP23 IP23 IP23 IP22 s, IP23 o IP22 s, IP23 o IP23 IP23 IP22 s, IP23 o IP22 s, IP23 o
Par operation
Efficiency
120 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/240 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
120/208 v Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
# leads 12 12 121 121 12 12 Windings spec Windings spec Windings spec Windings spec
Speed (rpm) 3600 1800 3600 1800 1800 1800 1800 1800 1800 1800
Power (kW) 12-25 range 8-16 range 28-37 range 22-30 range 42-83 range 42-83 range 6-14 range 18-28 range 30-70 range 30-70 range
Power Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Frame
Drip-proof
# bearings 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2 1 or 2
Bearing type
Rotation
Ventilation
Coupling SAE SAE SAE SAE SAE SAE SAE SAE SAE SAE
Insulation Class H H H H H H H H H H
Ins resistance
Altitude range
Temp. range
Humidity
Overspeed
Shock
Vibration
V regulator AVR AVR AVR AVR AVR AVR AVR AVR AVR AVR
V regulation3

F regulation
Peak motor 450 % 450 450 450
S-c current See footnote 1 See footnote 1
RFI
V recovery
V dev factor
V harmonic
2/3 pitch
Die strength
Winding R
Special feat.
Cost per 1

1. Auxiliary wound version available for applications where sustained short circuit is required.
2. Transformer controlled machines.
3. Depends on type of AVR (from 1.5 % standard (SE) to 0.5 % (SE & PM)). Also, a current transformer can be supplied with one of the SE AVRs (1.0 %) for parallel operation.
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4.  MARKET SURVEY OF STATE-OF-THE-ART DIGITAL
CONTROL AND D&P SYSTEMS

The purpose of this chapter is to describe the results of the market survey on digital control
systems including a D&P system. Vendor-developed control systems and the components used
to build a customized control system were considered.

4.1  SURVEY OF DIGITAL CONTROL SYSTEMS

Market survey data provided by CECOM (see Appendixes 4-A and 4-B) provided a fairly com-
plete listing of the available controllers used by the various vendors. While an extensive array of
controllers exists, there are none on the market today that are designed to be generic. They are
all specifically designed to control the particular system of their application. Vendors are not
inclined to make a product that the competition could use or provide the necessary intellectual
property so that the controller could be purchased separate from the gen-set. Also, most gen-
sets are not variable speed and do not require the power electronics to produce the desired
output. The systems on the market today are primarily for operator interface, monitoring of the
system, and limited diagnostics. They use standard imbedded computers or microcomputers. If
variable-speed control is used, a very high speed digital signal processor (DSP) would be
required to operate the inverter and produce the various frequencies and voltage levels from the
gen-set. Current systems simply do not provide all the required capability for future gen-sets.

Commercial digital control systems also provide limited diagnostic capabilities that are inher-
ently optimized for the specific vendor equipment they monitor and are thus not generically
applicable. These systems usually provide simple signal level indicators that require interpreta-
tion by the operator. For example, low oil pressure and high engine temperature indicators are
provided, but the root causes for these anomalous conditions are not determined and displayed
by the system. While the majority of the “raw signal” information (from installed sensors) is
thought to be available on the gen-set, the signal analysis required for problem/cause determi-
nation is typically not included. Likewise, the data acquisition and trending capabilities needed
for failure prognostication are also missing.

This section contains information from the two controls manufacturers that supplied data to
ORNL for this review and a matrix from CECOM detailing additional information from several
gen-set manufacturers. The market survey of control systems is particularly useful for compar-
ing the various features that are available.

Kohler Power Systems
The controller for the Kohler gen-set contains microcomputer-based logic with a ROM based
control algorithm.

The Decision 3+, 16TM light controller has the following standard features:

• Analog gauges, 2% full-scale accuracy
— oil pressure
— water temperature
— battery voltage

• Analog meters
— ac current, 2% full-scale accuracy
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— ac voltage, 2% full-scale accuracy
— frequency meter, 0.5% full-scale accuracy

• Fault, and shutdown indicators
— emergency stop
— low fuel pressure or fuel level
— low coolant level
— overcrank
— overspeed
— low oil pressure
— prealarm, low oil pressure
— high engine temperature
— low water temperature
— prealarm, engine temperature
— high battery voltage
— low battery voltage
— battery charger fault
— overvoltage

The controllers are vibration isolated from the engine and can tolerate temperatures from –40 to
185°F. They also meet the National Fire Protection Association (NFPA) requirements of
NFPA-99 and NFPA 110, level 2.

Controllers have hardware and software filters to protect components from electrical noise.

Onan Power Command™ Gen-Set Control
The Power Command™ control is a microprocessor-based gen-set monitoring, metering, and
control system. The control system has sophisticated servicing capabilities that allow system
parameters to be interrogated, monitored, and adjusted with a laptop computer.

The front panel is covered with a membrane that is impervious to water spray, dust, and
oil/exhaust residue. The control door is gasketed with a dual dust/moisture and RFI/EMI gasket
to protect internal components. Operating temperature is between –40 and 15°F, up to 95%
relative humidity (noncondensing) and up to an altitude of 10,000 ft.

Basic gen-set operating parameters can be set by the operator after entering an access code.
The adjustments are limited to prevent operator error and damage to connected equipment. The
following parameters are adjustable:

• Voltage ± 5%
• Frequency ± 5%
• Time delay start (0–300 s)
• Time delay stop (0–600 s)
• Analog meters

— kilowatt meter
— ac voltmeter
— ac ammeter

• Digital meters
— gen-set output voltage (three-phase, line-to-line, or line-to-neutral)
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— power factor
— ac kilowatts
— ac kilowatt-hours
— alternator exciter duty and governor duty (%)
— gen-set output frequency (Hz)

Alarm and status messages are displayed on a two-line 16 character-per-line, screen with refer-
ence to the operator’s manual for further information.

• Engine warning and shutdown messages
— oil pressure sender (warning, indicates a sender or wiring failure)
— engine temperature sender (warning, indicates a sender or wiring failure)
— low oil pressure (warning)
— high coolant temperature (warning)
— low coolant temperature (warning)
— low coolant level (programmable shutdown or warning)
— low fuel level (warning)
— low battery voltage (warning)
— high battery voltage (warning)
— weak battery (warning)
— fail to crank (shutdown)
— overcrank (shutdown)
— overspeed (shutdown)
— magnetic pick-up failure (shutdown)
— emergency stop (shutdown)

AmpSentry ProtectionTM provides a comprehensive power monitoring and control system inte-
gral to the Power Command ControlTM that guards the electrical integrity of the alternator and
power system. This provides excellent matched protection for the alternator without danger of
excessive tripping.

In comparison, it appears that Cummins Onan has much to offer in this area. It is the only single
source manufacturer of engines, alternators, and gen-set controls in the world. This control unit
has many more features that are not listed here and, excluding price comparisons, appears to
be by far the best choice.

4.2  SURVEY OF COMMERCIAL DEVICES FOR DIGITAL CONTROL SYSTEMS

As previously described, a system providing the required digital control, and D&P capabilities
deemed to be necessary for future variable-speed gen-sets is not presently available commer-
cially. This new system will need to be developed; however, the hardware devices utilized by
the new system are commercially available now and for the foreseeable future.

The digital control system will be comprised of many devices, such as those included in
Table 4.1. A market survey performed by ORNL confirmed the commercial existence and broad
selection of many types of relevant devices, while a market survey performed by CECOM iden-
tified the variety of flat panel display units that are available (see Appendix 4-C).
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Table 4.1.  Market survey areas (from project statement of work)

Area Examples
Microprocessors Single board and single chip embedded micro-controllers.
Sensors Oil pressure, air pressure, temperature (coolant, turbo-

charger, alternator, power electronics), engine speed, oil
viscosity, and any others needed for D&P.

Flat panel displays Field emitting displays (FEDs), liquid crystal displays
(LCDs), and vacuum florescent displays (VFDs).

Instrumentation Gauges and meters, transducers and transmitters, power
conversion products, connectors, relays, user interface
panels (membrane panel), touch screens, toggle
switches, and all other components needed to interface
D&P to a gen-set.

Protective devices Ground fault interrupters (GFIs), protective solid state
relays, permissive paralleling, power reversal, and other
methods and technologies that protect the gen-set from
damage and protect the user.

Diagnostics Methods that are used to provide diagnostics (display,
monitor, and control the properties) of engine/generator
systems.

Prognostics Approaches used to do prognostics on engine and gen-
erator items.

4.2.1 Market Survey Results

Using Table 4.1 as a guide, a general scoping effort was carried out to estimate the number of
commercial sources of products that are related to gen-set digital control and D&P. The “1999
Buyers Guide,” published by Sensors Magazine was used as a reference because it provides a
comprehensive directory of over 1100 suppliers of sensor-related technologies. From this refer-
ence, the numbers of commercial sources for products related to gen-set monitoring were
determined and are presented in Table 4.2.

As shown in Table 4.2, the number of potential suppliers of relevant devices is very large and
provides confidence that these devices are now and will be commercially available for the fore-
seeable future.

4.2.2 Diesel Engine Diagnostic Systems

Among the commercially available devices that were identified by the market survey include
several diagnostic systems that have been specifically developed for application to diesel
engines.

An example of one of these systems is the Engine Condition Monitor, developed by Advanced
Engine Technology Ltd., for use by the Canadian Department of National Defense in its
remotely located radar sites in northern Canada. This system is based on measurements of
instantaneous crankshaft angular velocity (ICAV), a technology developed by the National
Research Council of Canada. ICAV provides a nonintrusive method of evaluating the power
contribution of each cylinder of a diesel engine. A variety of engine problems may be detected in
this manner such as fuel rack adjustments, injector fouling, valve seating, and ring breakage.
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Table 4.2.  Number of suppliers of selected products

Product Number of listed
suppliers

Sensors
Pressure 144
Temperature 298
Angular velocity 66
Viscosity 24
Electrical—frequency 90
Electrical—power 58
Electrical—voltage 139
Electrical—current 121
Flow—liquid 149
Level—liquid 193
Vibration/shock 119

Computer software for applying, designing, and
interfacing sensors

158

Connectors 84
Control systems 126
Data acquisition software and hardware 279
Leak detectors 79
Meters, gauges, displays, and other indicating

equipment
275

Safety equipment and systems 75
Source: “1999 Buyers Guide,” Sensors Magazine.

The system has been designed to permit fully automated operation, with provisions for down-
loading diagnostic data from the system to a monitoring station for analysis.

In addition, increased interest in D&P by the military and commercial sectors has resulted in the
development of many systems for application to diesel engine vehicles. The core component of
these systems is the electronic control module (ECM). The ECM typically collects and monitors
several parameters such as engine revolutions per minute, crankshaft or camshaft position,
atmospheric and oil pressures, coolant and intake air temperatures, and injector timing, using a
variety of sensors. The ECM then adjusts engine operation to meet programmed objectives
(e.g., increased efficiency and lower emissions) The ECM can also alert the user to problems
and failures by means of lights, gauges, or other displays. Descriptions of several diesel vehicle
diagnostics systems are described in an article1 that is available on the Internet at
http://www.ccjmagazine.com/0199f1.htm. Systems mentioned in the article are briefly described
below, with the addition of other information obtained from the company Web sites. While these
systems have been developed for specific rather than generic applications, their basic approach
to engine monitoring, control, and diagnostics is of general interest and is thus included in this
report.

• Mack Trucks, Inc.
World Headquarters, 2100 Mack Boulevard, P.O. Box M, Allentown, PA 18105-5000
Web Site: http://www.macktrucks.com/
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Mack Trucks, Inc., has developed the V-MAC® III system for use in their E-Tech™ engines.
The V-MAC® III system includes separate ECMs for the vehicle (truck) and the engine. The
engine ECM provides electronic fuel controls and electronic timing controls. Other program-
mable options include governor, low idle speed, high idle speed, torque limit option, "smart
fan" option, engine brake control, and engine protection. This system also claims to provide
a maintenance monitor and integrated diagnostics.

Engine malfunctions are logged into memory for retrieval by a personal computer (PC),
handheld service tool, blink codes, or by an optional display called the “Co-pilot.” The ECU
is programmed at the dealer level by software called “Mack Data Programming” and
“Product Software Programming.” Additional software is available by use for technicians to
diagnose and repair identified problems.

• Cummins Engine Company, Inc.
P.O. Box 3005, Columbus, IN 47202-3005
Web Site: http://www.cummins.com/

Cummins offers the InteractTM engine control system for several of its engines. The
InteractTM system provides fully integrated electronics that monitor and control engine and
other vehicle parameters. The system claims to include advanced D&P, with industry-
standard means of uploading and downloading information.

Cummins Marine offers a new engine with integrated D&P. This engine (the QSM11) fea-
tures the Quantum System, a control system that provides an ECM, engine sensors, diag-
nostics, engine speed control and analog displays. A more advanced electronic package,
called C Cruise, offers cruise control, alternate/custom low idle, engine synchronization for
twin-engine applications, advanced, interactive digital (LCD) engine displays, and D&P.
Cummins claims that the ECM processes engine parameters every 20 ms.

• Caterpillar Inc.
100 N. E. Adams, Peoria, IL 61629
Web Site: http://www.caterpillar.com/

Caterpillar offers an electronic system featuring an ECM that records engine parameters
immediately before, during, and after a fault occurs. Caterpillar claims that the ECM provides
advanced diagnostics and controls over 100 electronic functions. The same ECM is used on
all Caterpillar electronic engines. An optional display gives information on particular engine
operating conditions and can alert the user to fault codes as they happen. Caterpillar plans
to market a new advanced diesel engine system (ADEM-III) this year. The new system will
feature a 32-bit, 24-MHz processor, which can support up to 140 inputs and outputs.

In addition, Caterpillar advertises a tool for quickly determining battery condition and
remaining life. The tool measures the battery’s internal conductance and uses the mea-
surements to identify bad cells. In addition, voltage and cranking power tests are done.
Using this tool, Caterpillar claims to be able to diagnose battery problems before failure.
Battery testing methods such as this should be further reviewed for possible incorporation
onboard a gen-set.
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• Volvo Trucks North America, Inc.
P.O. Box 26115, Greensboro, NC 27402-6115
Web Site: http://www.volvo.com/

Volvo provides the Vectro II ECU that monitors engine parameters and makes adjustments
as required to ensure that the engine operates properly under a variety of conditions. Engine
parameters monitored by Vectro II include engine speed, crankshaft and camshaft position,
coolant and intake air temperature, and boost pressure. Volvo plans to offer an information
display this year that will eliminate the need to use a handheld reader to pull fault codes.

Volvo has also developed a PC-based diagnostic and repair service system called ImpactTM.
Technicians enter symptoms of a problem into the ImpactTM system, and the system
responds with an identification of the problem, and a list of the parts needed to repair the
problem.

• Detroit Diesel Corporation
13400 Outer Drive, West, Detroit, MI, 48239-4001
Web Site: http://www.detroitdiesel.com/

Since 1985, Detroit Diesel Corporation (DDC) claims to have produced over 425,000 elec-
tronically controlled engines. The first Detroit Diesel Electronic Controls (DDEC I) have now
been followed by more advanced DDEC II, DDEC III, and now, DDEC IV. Like several other
systems on the market, a technician can retrieve information from the system using a hand-
held reader or a computer. DDC’s Diagnostic Link software contains a built-in service man-
ual and is used to extract data and manage information from the DDEC system. “Case
Based Reasoning” software is also available when troubleshooting help is needed. This
software requires a brief description of the problem; then it displays additional questions to
point the technician in the right direction. A display unit (ProDriver) is also available from
DDC for monitoring and recording operating data, including of fault codes. Additional spe-
cific information on DDEC products may be found at http://www.valleydda.com/ddec.htm.

4.2.3 Other Diagnostic Systems

Examples of other products are provided in this section to illustrate the variety of systems that
address equipment D&P. Only a few commercially available systems are described here to
show the diversity of approaches offered by the commercial systems.

• Support Systems Technology Corporation
P.O. Box 7945, Gaithersburg, MD 20898-7945
Web Site: http://www.sstctech.com/serv03.htm

Support Systems Technology Corporation (SSTC) has developed a system for performing
D&P of nonelectronic equipment. The system provides original estimates of component
design life that assume an expected operational environment. Sensor types and locations
are then determined which will be required for the D&P routines. Sensor signals, together
with the remaining life equations developed by SSTC, are used to monitor equipment per-
formance and the remaining life of individual components within the equipment. The
remaining life equations are continually recalculated as operational and environmental con-
ditions change. SSTC claims to provide information about existing and impending faults and
isolates them to the appropriate replaceable assembly. Maintenance personnel are provided
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with recommended maintenance actions to be performed, such as necessary inspections
and/or replacements or repairs to prevent equipment failures.

• Giordano Automation Corp.
21 White Deer Plaza, Sparta, NJ 07871
Web Site: http://www.premise.com/giordano/

Giordano Automation Corp. (GAC) markets several diagnostic software products that
emphasize “model-based reasoning,” rather than fault trees. One of its products, the
“Diagnostician,” identifies specific equipment faults by correlating test data to a diagnostic
model of the equipment that is generated by another product called the “Diagnostic Profiler.”
GAC claims that the diagnostic capabilities provided by the Diagnostician are dynamic and
not restricted to a predefined set of decision paths. Its capabilities may be accessed by
other test software such as LabViewTM and LabWindowsTM.

GAC has described its products in two presentations to CECOM (June 3, 1998). These
presentations are available on the Internet:

http://edm.monmouth.army.mil/pubs/info_sympo/diagnos1/sld001.htm,
http://edm.monmouth.army.mil/pubs/info_sympo/diagnos2/sld001.htm.

• National Instruments Corporation
11500 N Mopac Expressway, Austin, TX 78759-3504
Web Site: http://www.natinst.com/

National Instruments develops and manufactures integrated software and hardware
products that when combined with standard computers, are used to replace and/or commu-
nicate with traditional instrumentation and to monitor and control processes. Using its virtual
instrumentation (VI) approach, standard instruments are replaced by user-defined instru-
ments that possess the characteristics needed by specific applications. The software utilized
to develop these VIs is LabViewTM, a graphical programming development environment for
data acquisition and control, data analysis, and data presentation. With LabViewTM, front
panel user interfaces are quickly created. These interfaces can include numeric displays,
meters, gauges, thermometers, tanks, LEDs, charts, graphs, and other objects. When the VI
is complete, the front panel is used to control the instrument as well as display the desired
information. System functionality is created by building a block diagram that is the program
that runs the VI. Functional icons are selected and connected together with “wires.” The
icons are subprograms in themselves, and when wired together, they define the functionality
of the VI. Very powerful VIs can be created that provide the data acquisition, analysis,
trending, and displays needed by D&P systems.

• SKF Condition Monitoring, Inc.
4141 Ruffin Road, San Diego, California 92123
Web Site: http://www.skfcm.com/

SKF Condition Monitoring, Inc., offers portable and on-line instrumentation, sensors, soft-
ware, and accessories to support predictive maintenance programs. The SKF family of
Microlog Data Collector/Analyzers and companion PRISM4 ProTM software are designed to
work together to enable a user to solve condition monitoring problems. PRISM4 ProTM

assesses machine condition, provides a diagnosis, and recommends corrective actions
based on live and historical data.
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A variety of inputs are accepted including vibration data and process data (e.g., tempera-
ture, pressure, flow, load, voltage, and amperage). The system uses a rule base to identify
problems and monitors many machinery types including fans, generators, pumps, recipro-
cating machinery, and other devices. Alert and alarm levels may be set to provide user
feedback. The user has the ability to display any data set being analyzed by the system,
including trend data.

• Computational Systems Incorporated
835 Innovation Drive, Knoxville, TN 37932
Web Site: http://www.compsys.com/home.nsf

Computational Systems Incorporated (CSI) provides products and services to enhance
reliability-based maintenance (RBM) activities such as vibration analysis, oil analysis, infra-
red thermography, alignment, balance, motor diagnostics, and continuous monitoring. CSI
offers lightweight, rugged signal analyzers that work together with its MasterTrendTM soft-
ware for organization, comprehensive analysis, and problem diagnosis. Using
MasterTrendTM, maintenance technicians can detect, diagnose, confirm, and correct prob-
lems, as well as determine the root cause of problems.

4.2.4 Rugged Computers

To maximize onboard capabilities, consideration should be given toward the use of a dedicated
computer for data monitoring, analysis, D&P, and display functions. A computer running a VI
software program can provide the capabilities needed for today and the ability to upgrade the
system to meet tomorrow’s needs. Recognizing that computing capability evolves at an
extremely fast rate, it is important to select a computer system that may be easily upgraded.
Equally important is the requirement for long-term support by the computer
supplier/manufacturer. Ultimately, the D&P computing capabilities should be integrated with the
digital control system in a single sealed enclosure. Eighteen suppliers of rugged portable com-
puters were identified through Internet searches and represent potential suppliers of a D&P
computer. Nine suppliers were identified from the Army Technology Web Site (http://www.army-
technology.com/, and nine were found elsewhere:

• Cyberchron Corporation
P.O. Box 160, Route 9, Cold Spring, NY 10516
Web Site: http://www.cyberchron.com/

• GETAC U.S.A
15273 Alton Parkway, Suite #200, Irvine, CA 92618
Web Site: http://www.GetacUSA.com/

• MILPER Ltd.
58 Hama'avak St., P.O. Box 147, Givataim, Israel 53101
Web Site: http://www.milper.com/

• Miltope Corporation
500 Richardson Road South, Hope Hull, AL 36043
Web Site: http://www.miltope.com/
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• Paravant Computer Systems, Inc.
1615A West NASA Boulevard, Melbourne, FL 32901
Web Site: http://www.paravant.com

• Promark Technology
10810 Guilford Road, Suite 101, Annapolis Junction, MD 20701
Web Site: http://www.promarktech.com/Promark/home.asp

• Rugged Portable Systems (RPS)
1740 E. Wilshire Ave., Santa Ana, CA 92705
Web Site: http://www.rpseagle.com/rps/rpsindex.htm

• Tadpole-RDI Computer Corporation
2300 Faraday Avenue, Carlsbad, CA 92008
Web Site: http://www.rdi.com/

• Thomson-CSF Services Industrie
105 Boulevard du Général Einsenhower, BP 1009, 31023 Toulouse Cedex, France
Web Site: http://www.tsi.thomson-csf.com (note: Web site is in French)

• SATLOC Inc.
15990 Greenway Hayden Loop, Scottsdale, AZ 85260
Web Site: http://www.satloc.com/

• Phoenix Group Inc.
123 Marcus Blvd., Hauppauge, NY 11788
Web Site: http://ivpgi.com/

• TransCOR Information Technologies
Five Market Square, 207 Hamilton Gateway Building, Amesbury, MA 01913-2440
Web Site: http://transcor-it.com/

• Laversab
10503 Rockley Road, #103
Houston, TX 77099
Web Site: http://www.laversab.com/

• TerraDat UK Ltd.
P.O. Box 319, Cardiff, CF1 3UJ, U.K.
Web Site: http://www.geotechnology.co.uk/

• Fieldworks, Inc.
7631 Anagram Drive, Eden Prairie, MN 55344
Web Site: http://www.field-works.com/

• Itronix, Corp.
South 801 Stevens, Spokane, WA 99204
Web Site: http://www.itronix.com/
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• Dolch Computer Systems, Inc.
3178 Laurelview Court, Fremont, CA 94538
Web Site: http://www.dolch.com/

• WPI Micro Processor Systems, Inc.
6405 Nineteen Mile Road, Sterling Heights, MI 48314
Web Site: http://www.mpsilink.com/

4.2.5 Flat Panel Displays

While many of the rugged computer manufacturers listed above use flat panel displays, seven
additional suppliers of these displays were identified and are listed below. An additional detailed
matrix of flat panel display specifications was created by CECOM and is included in this report
as Appendix 4-C.

• General Digital Corporation
160 Chapel Road, Manchester, CT 06040
Web Site:  http://www.gendig.com/hardware/products/hwprod.htm

• Motorola, Inc.
1303 E. Algonquin Rd. Schaumburg, IL 60196
Web Site: http://www.mot.com/flatpanel/

• BARCO Inc.
3240 Town Point Drive, 30144 Kennesaw, GA 30144
Web Site: http://www.barco.com/display/index.htm

• Computer Dynamics, Inc.
7640 Pelham Road, Greenville, SC 29615
Web Site: http://www.cdynamics.com/

• Litton Data Systems
Agoura Hills, CA
Web Site: http://www.littonsandiego.com/displays/rugged_flat_panel.html

• Aydin Displays
700 Dresher Road, Horsham, PA 19044
Web Site: http://www.aydin.com/displays/rugged-displays.html

• Tactical Displays, Inc.
1720 E. Garry Ave., Suite 120, Santa Ana, CA 92705
Web Site: http://www.tacticaldisplays.com/

4.3 SUMMARY OF DIGITAL CONTROL SYSTEMS (INCLUDING D&P) MARKET SURVEY

A market survey has been conducted to identify state-of-the-art technologies that are applicable
to digital controls and D&P for new MEP equipment. The survey considered the broad range of
applicable methods and the numerous devices that would be needed for this application.
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A system providing the required digital control and D&P capabilities deemed to be necessary for
future variable-speed gen-sets is not presently available commercially. This new system will
need to be developed; however, the hardware devices utilized by the new system are commer-
cially available now and for the foreseeable future.

Perhaps the most important element that is presently missing from commercially available D&P
systems is the knowledge of how to relate gen-set specific “signatures” to the condition of com-
ponents within the monitored equipment. This knowledge provides the foundation for advanced
signature-analysis based D&P methods and need to be obtained by testing gen-sets in both
good and degraded condition. Test results will then be used to create algorithms for automated
D&P.

While the algorithms (software) have not yet been developed, the necessary system hardware
components already exist on the commercial market. Several hundred suppliers of relevant
products (including sensors, processors, and displays) have already been identified from the
market survey.

The major conclusion from the market survey is that while the components necessary to con-
struct a control system with D&P capability in future gen-sets are available and reasonably
affordable today, the control systems that are available today will not provide the required capa-
bility. The technology is largely electronics and should continue to progress rapidly in the next
few years and allow not only more choices among the components but also lower prices for
those components. Without a focused development effort, it is not anticipated that an accept-
able COTS gen-set control system with D&P will become available in the near future.

4.4  REFERENCE

1. N. Norville, “Diesel Diagnostics Update,” Commercial Carrier Journal, January 1999.
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Appendix 4-A.  DIGITAL CONTROL SYSTEM DATA PROVIDED BY CECOM
FOR MARKET SURVEY
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Appendix 4-B.  GEN-SET DATA PROVIDED BY CECOM
FOR MARKET SURVEY
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Appendix 4-C.  DISPLAY DATA PROVIDED BY CECOM
FOR MARKET SURVEY
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5.  SUMMARY OF EXISTING GEN-SET DESIGN AND OPERATION

The purpose of this chapter is to summarize the existing gen-set design and analyze its usage
in the field. Full understanding of the design and usage of today’s gen-sets is important for
making valid recommendations for future generators.

5.1  EXISTING DESIGNS

Current gen-sets are designed to be extremely rugged, cost-effective sources of power that are
capable of surviving the extreme conditions associated with military operations. The latest
design, the tactical quiet generator (TQG), was designed to be quieter than its predecessor, the
MIL-STD design, while maintaining the necessary ruggedness. Existing TQGs are significantly
heavier than their industrial counterparts, in large measure to meet the stringent ruggedness
requirements of the military, but also to provide capabilities and features that are not available
on industrial units.

The following sections outline the major components and operation of existing TQGs.

5.1.1 Industrial Diesel Engines

Market forces have been the major driver of industrial diesel engine technology being commonly
applied to power gen-sets. These engines are generally designed and manufactured to be very
rugged, low maintenance, fuel efficient and inexpensive. The overwhelming number of commer-
cial U.S. gen-sets produce 60-Hz ac. In the United States, diesel engines are usually chosen to
power generators on the basis of their performance near 1800 rpm, which is the speed most
portable generators employ. Exceptions to this are the relatively few gen-sets that employ
engine speeds of 3600 rpm, and the very small number of gen-sets that have been built where
engine speed is independent of the ac output frequency.

The current diesel engine technology commonly used in gen-set applications is usually catego-
rized as industrial as opposed to automotive technology. For industrial diesel engines, size and
weight are seldom major factors in the design philosophy; the focus is generally on initial cost,
fuel economy, maintenance cost, engine life, and performance. A list of common attributes of
past and currently available industrial diesel engines follows:

Aspiration
Virtually all engines are naturally aspirated for rated outputs below 35 hp or for swept volumes
(engine displacement) below about 1.2 L. turbochargers are sometimes offered on engines with
1.2- to 3.0-L displacements and are routinely offered for engines with swept volume of 3.0 L or
larger (power levels above 60 hp). For the larger engines and latest models, turbocharging may
include charge cooling, which is sometimes referred to as intercooling or aftercooling. Charge
cooling is often accomplished by an ambient air to turbo-compressed air heat exchanger or
alternatively by using engine coolant to cool the compressed charge. Turbocharging will usually
increase the rated power and torque output of a given engine by 25–35% or more at all useful
engine speeds.

Fueling
What is known as IDI has commonly been the injection method of choice in the recent past, but
now DI is used for many newer gen-set engines. Injection is normally mechanically controlled
rather than electronically controlled. Electronic control is used for transportation engines and is
significantly more costly.
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Although fueling is often categorized as IDI or DI, there is a lot of variation in technology and
performance within these categories. There is an obvious trend to phase out IDI in favor of DI,
and in the future the trend will likely be to use increasingly higher fuel pressures and control
sophistication for DI. Useful discussions and information concerning fuel injection can be found
in Chap. 2 (Automotive Diesel Engine Technology Trends) and Appendix 2-A (Diesel Engine
Glossary).

Block and head material
Cast iron is used for virtually all diesel engine blocks (crankcases). Cast iron is also the most
common material for the engine head. Aluminum alloys are sometimes used for the engine
head material to reduce weight, but weight is usually not a major concern for industrial engines.

5.1.2 Alternator

Existing TQG sets have a diesel combustion engine that is governed to run at a fixed speed
such that the directly coupled alternator (generator) driven by the engine produces a fixed
frequency output of either 50 to 60 Hz (Mode I and III units) or 400 Hz (Mode II units). No power
electronics are needed for synthesis of the output voltage waveform. Brushless synchronous
machines are currently used to convert the mechanical power of their rotating shaft into three-
phase electrical voltage at a preset frequency.

5.1.3 Control System

Use of inexpensive, mechanical controls with dial gauges dominates. Speed is generally gov-
erned to 1800 rpm for 60-Hz ac power or 1500 rpm for 50-Hz ac power. Some gen-sets use
other constant speeds, such as 3600 and 3000. A diagnostics connection is available on the
control panel, but little information was available about the data provided through this
connection.

5.1.4 Current Gen-Set Frame and Housing Design

The existing TQG gen-sets consist of a metal housing and frame structure. The 5- and 10-kW
units utilize mostly aluminum components, while the 15-kW and larger units employ mainly
steel. The estimated weights of the frame and housing along with the total gen-set weight for
each unit and the contribution of the frame and housing to the total weight are listed in
Table 5.1.

One of the main reasons for the large increase in weight of the gen-set going from the 10-kW
unit to the 15-kW unit is the shift from aluminum to steel for the enclosure and frame.

Table 5.1.  Weight of gen-set and frame for existing TQGs

Unit

Estimated frame and
housing weight

(lb)

Total gen-set
weight

(lb)

Contribution of frame and
housing to total weight

(%)
5 kW 408 888 46

10 kW 465 1182 39
15 kW 1138 2124 54
30 kW 1329 3006 44
60 kW 1479 4063 36
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Density of aluminum is 0.1 lb/in.3, while that of steel is 0.28 lb/in.3 Although the generator,
engine, and accessory weight only increased from 717 to 986 lb, the frame and housing weight
increased from 465 to 1138 lb. For this reason, redesign and incorporation of lightweight materi-
als has the most potential for weight reduction of 15-kW and larger units.

The existing housing design consists of small sheet metal panels attached with many mechani-
cal fasteners and welds. This approach was probably taken to allow limited access to the inter-
nal components without opening large portions of the enclosure.

5.2  CURRENT SYSTEM PERFORMANCE

Military mobile electric generators are required to provide reliable, lightweight, and cost-effective
power under an extreme range of mission requirements and operating conditions. These
diverse requirements affect design philosophy and present a significant design challenge. The
operating temperature can range from –50 to 140°F, and the altitude ranges from sea-level to
10,000 ft. The design is also challenged to extract good performance from the gen-set under the
diverse requirements of both wartime and peacetime compared in Table 5.2. The average
peacetime and projected wartime DOD mobile generator use profiles are shown in Table 5.3
and Fig. 5.1.

Table 5.2.  Average demand power and operating time for the DOD
mobile electric generators

Mission Peacetime2 Wartime
15-d mission2

Wartime
30-d mission1

Generator rated
power

5–60 kW 60 kW and under Over 60 kW

Average demand
power, % of rated

27.8 58.1 69.9

Average operating
time, % of months

3.2 47.2 95.3

Average operating
time, h/month

23.2 340 686

Note: Based on a 30-d month or 720 h.

Table 5.3.  DOD gen-set percent of operating time at percent rated load capacity
for average peacetime and projected wartime missions

Peacetime mission Wartime mission

Demand Average Demand Projected operating time (%)
power
range

(% of rated)

operating time
(%) for

5–60 kW

power
range

(% of rated)

60 kW and
under for 15 d

Over 60 kW
for 30 d

0–20 45.7 NA NA NA
20–40 32.4 0–40 19.4 7.0
40–60 11.8 40–60 30.6 16.9
60–80 7.2 60–80 30.6 42.3
80–100 2.9 80–100 19.4 33.8
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In general, the gen-sets work longer and have higher loads during wartime scenarios than dur-
ing peacetime. The projected demand power level during war utilization is 2 to 3 times the aver-
age power demand during peacetime exercises.

Further, the monthly gen-set projected operating time during war is 15 to 30 times longer than
the average peacetime monthly usage depending on gen-set family size. The wartime electric
energy produced, which is the product of demand power and duration, can be from 30 to 70
times greater than the peacetime gen-set output energy. A distribution of demand energy vs
power level generated from the DOD inventory of 3- to 100-kW gen-sets for projected wartime
and average peacetime missions is shown in Fig. 5.2. Figure 5.2 illustrates the dramatic differ-
ence between war and peacetime energy generated with DOD gen-sets. The peacetime energy
distribution is shown with an expanded scale in Fig. 5.3.

In peacetime, more than two-thirds of operations occur at less than 40% load (Table 5.3), and
more than one-half of all generators are used less than 10 h/month, with the average usage
about 23 h/month (Ref. 3). The same data show that increasing usage greatly improves reliabil-
ity [increases mean time between unscheduled events (MTBUSE)].

Based on MTBUSE data,3 the likelihood of an unscheduled event occurring during a typical
wartime mission is quite high, between 40% and 99%. Fortunately, an unscheduled event does
not always mean mission failure, but rather that some anomaly occurred and a repair is eventu-
ally needed. The more important mission performance parameter is the operational readiness
rating averaging about 95%.

At least four consequences of equipment underutilization are apparent.

• Reduced gen-set reliability and availability. Data3 clearly indicate that reliability improves
with both increased load and operating time.

• Greater maintenance cost. Wetstacking, a significant maintenance problem, is directly
related to the engine running too cool, which takes place when the engine is underutilized.

• Decreased fuel efficiency. Fixed-speed engines are forced to run outside their optimum fuel
consumption envelope when they are operated well below their rated load.

• Greater weight and logistics burden. Using gen-sets larger than necessary imposes a much
greater logistics burden getting the gen-sets to their required destinations.

In peacetime, the motivation to reduce operating costs, specifically fuel costs, means reduced
gen-set deployment, power demand, and operating time. The motivation to reduce fuel costs
tends to increase maintenance cost.3 One approach to minimize peacetime operating costs is to
try to run the gen-sets long enough and hot enough to minimize the sum of maintenance and
fuel costs.

Mobile generators must satisfy the heavy energy demands of war missions yet operate well
under relatively light peacetime energy demands during most of their lives. The new gen-set
design philosophy must accommodate the dichotomy of war and peace utilization scenarios.
Much of the new philosophy in this report is an attempt to decrease the negative consequences
of underutilization and yet to assure satisfactory performance under extreme military conditions
of war. The new gen-set designs must be flexible to perform well at extreme environmental con-
ditions under a wide range of mission loads and durations.
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5.3  DATA ANALYSIS

Data related to the energy demand, mission weight, and cost of the existing inventory of gen-
sets was analyzed to better understand their current performance. The analysis, summarized
here, is described in more detail in Appendixes 5-A and 5-B. Analysis of existing gen-sets is
useful in determining if the existing families of gen-sets of 5, 10, 15, 30, and 60 kW can be
effectively replaced in the future with fewer family sizes.

Part of the approach for selecting generator family sizes, described in Chap. 6, is based on
examining energy demand, mission weight, and cost. The data used in the analysis are the best
available to the authors at the time of this report preparation. The analysis here is subject to the
validity of the underlying assumptions described in Appendixes 5-A and 5-B.

The energy demand, mission weight, and cost of the existing inventory of gen-sets yielded the
following conclusions:

1. The historical energy demand distribution has two dominant peaks in the 2- to 10-kW range.
From 10 to 100 kW, the wartime and peacetime energy demand is less than 25% of their
respective maximum 2-kW peaks.

2. In general, the most weight-efficient strategy is to use generators with rated power equal to
the demand power level.

3. There is a mission weight penalty for choosing off-optimum generator size combinations.
4. The use of lightweight materials in the generators can provide a large weight reduction

especially when paralleling multiple units.
5. The difference in fuel consumption (fuel weight) does not significantly affect the optimum

family size selection.
6. In peacetime operations, generator capital and maintenance costs are the most significant.
7. In average monthly peacetime operations (24 h/month), fuel costs are less than 10% of the

total cost, assuming the power demand is 28% of rated power. If the power demand is
assumed to be 100% of rated power, the fuel cost is 30% of the total cost.

8. In projected wartime missions (long duration and high power demand), the fuel costs domi-
nate the total cost of ownership of the gen-set accounting for 60%–90% of the total cost
depending on gen-set size, fuel costs, and capitalization costs.

9. The monthly capital-plus-maintenance cost per rated power ranges from $29.27/kW-month
to $2.28/kW-month depending on generator size and capitalization life. The energy cost
(capital + maintenance + fuel) ranges from $1.15/kWh to $0.22/kWh depending on genera-
tor size and capitalization life. Both of these costs decrease with rated power.

5.4  REFERENCES

1. Wartime profile data taken from Appendix A, “Operational Mode Summary/Mission Profile
for Tactical Electric Power (TEP).”

2. Data taken from a 2-year generator utilization survey at Ft. Bragg and Ft. Hood, supported
by DATA Inc. (Decisions and Technology Associates), October 1995 through June 1997.

3. Power utilization data from CECOM, PM-MEP web page, http://www.pmmep.org/utiliz.htm.
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Appendix 5-A.  UTILIZATION AND DEMAND ENERGY ANALYSIS
OF EXISTING GEN-SET DATA

Various analyses were performed using existing data from DOD mobile electric generators to
aid in developing design philosophy for state-of-the-art generators of the 21st century. These
analyses include utilization, energy/power demand, mission weight, volume, and cost. This
appendix deals primarily with utilization and energy/power demand of the DOD gen-sets.

Utilization involves typical mission scenarios of demand power level and mission duration.

The energy demand in kilowatt hours is a fundamental design parameter because it combines
the power level (kW), duration (h), and generator inventory requirements for typical operations.

The data used in the analysis are the best available to the authors at the time of this report
preparation.

Utilization and Energy/Power Analysis

Generator Inventory
The mobile electric generator energy demand is estimated from the combination of several
sources of data. One assumption is that the current population of DOD generators reflects the
overall mobile electric needs of the military. Figure 5-A.1 shows the inventory by capacity of
DOD auxiliary power units (APUs) and Mil-Standard (Mil-Std) and TQGs as of January 1999.

Generator Utilization
The war and peace mission utilization1,2 is compared in Table 5.2. The average peacetime and
projected wartime DOD mobile generator utilization profiles are shown in Table 5.3 and Fig. 5.1.

For peacetime operations, the average power draw is 28% of rated power for 23 h/month. In
projected wartime use of gen-sets up to 60 kW, the average power draw is 58% of rated power
for 340 h/month operating time. For gen-sets over 60 kW, the projected wartime power draw is
70% of rated power for 686 h/month .

Two-thirds of peacetime operations occur at less than 40% of rated power. More than 80% of
wartime operations occur at greater than 40% of rated power.

The profile of peacetime power demand and operating time for each of the 5- to 60-kW mobile
generators is shown in Fig. 5-A.2. The peacetime data originate from a generator survey taken
at Ft. Bragg and Ft. Hood during peacetime field exercises spanning October 1995 through
June 1997.

Energy Demand
The distributions of monthly energy (MWh) generated by the current DOD population of 3-kW
through 100-kW power levels for projected wartime and average peacetime missions are
shown in Figs. 5.2 and 5.3. These figures show the monthly energy (MWh) produced as a
function of power level at which it was generated in the field. These curves are the cumulative
product of the power and time utilization profile and the 3-kW through 100-kW generator
inventory (generator inventory, utilization, and monthly operation described above).
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Summary of Family Size Selection Trade-Off
The energy demand analysis (Fig. 5.2) favors the generator selection of at least one family
member at the low end of the 5- to 60-kW power range, namely a unit between 5 and 10 kW.
The optimum mission weight analysis indicates that optimum weight is achieved by selecting
gen-sets no larger than capacity needed. So if a lot of missions require small gen-sets, then at
least one small gen-set family member is needed. The normalized weight (lb/kW), normalized
fuel consumption (g/kWh) described in Appendix 5-B, and normalized energy total cost
($/kWh), all favor selecting family sizes at the high end of 5- to 60-kW generator range.
Therefore, a compromise mix in gen-set family member capacity selection is necessary.



5-13

Appendix 5-B.  MISSION WEIGHT  ANALYSIS
OF EXISTING GEN-SET DATA

Various analyses were performed using existing data from DOD mobile electric generators to
aid in developing a design philosophy for state-of-the-art generators of the 21st century. These
analyses include utilization, energy/power demand, mission weight, volume, and cost. This
appendix deals primarily with mission weight of the DOD gen-sets.

Mission weight in this analysis includes the fixed generator weight (which depends on maximum
expected demand power) and the consumable fuel weight (which depends upon both actual
demand power and mission duration). The equipment weight to transport the generator and fuel
to the field were not included in this analysis.

The data used in the analysis are the best available to the authors at the time of this report
preparation.

Mission Weight Analysis

Mobile Electric Generator Weight Considerations
The weight required to provide mobile electric power is analyzed to assess the influence that
generator and fuel weight have on generator design philosophy. This analysis excludes the
weight associated with transporting the generators and fuel into the training areas or battlefields.
The objective is to minimize weight in the field. Another objective is to try to select gen-set fam-
ily sizes that can be transported by or towed within the 4000-lb tow capability of a high-mobility
multipurpose wheeled vehicle (HMMWV). It is assumed that the towable 4000-lb limit includes
the tow trailer and its payload.

Generator Weight
The weights of the current 5- to 60-kW generators are shown in Fig. 5-B.1. The weight per unit
rated power is shown in Fig. 5-B.2. As expected, weight increases with rated power. In general,
the decrease in weight per unit power (power density) with increased rated power indicates that
larger generators are more weight efficient. Power density alone would tend to favor selection of
larger generator family sizes. A mission-dependent trade-off compromise is necessary. The dip
in weight per unit rated power of the 10-kW unit is suspected to be the result of aluminum used
in the skid and housing of the 5- and 10-kW sets. The 15-, 30-, and 60-kW generators have
steel skids and housings and therefore have normalized weights that are greater than if
aluminum was used.

Fuel Consumption/Weight
Fuel consumption rates for the 5- to 60-kW generators are shown in Fig. 5-B.3. The fuel con-
sumption generally decreases with rated power ranging from 360 to 238 g/kWh for the 5- to
60-kW (60-Hz) generators, respectively, based on first article test data. The average is about
293 g/kWh and 317 g/kWh for the 60- and 400-Hz family groups, respectively. The correspond-
ing thermal efficiencies, shown in Fig. 5-B.4, range from about 23% to 36% with an average of
29.7% and 27.3% for the 60- and 400-Hz family groups, respectively. The average fuel con-
sumption for both the 60- and 400-Hz generators is approximately 305 g/kWh.

Mobile Electric Power Weight
The total weight to generate electric power in the field is assumed to be generator plus con-
sumed fuel. In this analysis, the weight to transport the equipment and fuel is ignored. An
evaluation of combined generator and fuel weight is presented in Figs. 5-B.5 through 5-B.9. The
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analysis shows total weight for two mission operating times, 24 and 360 h (1 and 15 d) for dif-
ferent demand power levels using different rated generators that operate separately or in vari-
ous parallel combinations to produce the demand power. The 24- and 360-h operating times are
approximately equivalent to average monthly peacetime use (23 h/month) and wartime mission
duration (340-h/15-d mission) for 60 kW and under gen-sets.

This set of curves shows the following:

1. In general, the most weight-efficient strategy is to use generators with rated power equal to
the demand power level.

2. These curves also show the weight penalty for choosing off-optimum parallel generator
combinations for the sample 24- and 360-h missions. Some examples are examined and
discussed below.

3. The use of lightweight materials in the generators can be a strong weight improvement,
especially when paralleling multiple units.

4. The difference in fuel efficiency (difference in fuel consumption weight) does not significantly
affect the optimum family size selection unless the mission duration is very long (hundreds
of hours).

Figure 5-B.5 shows the total mission weight for a 5-kW demand power level using each rated
generator size 5, 10, 15, 30, and 60 kW (on the horizontal axis). Regardless of mission duration,
Fig. 5-B.5 shows the minimum fielded weight for 5-kW power is achieved with a 5-kW generator.
Using greater capacity generators to generate only 5 kW results in carrying greater weight into
the field even though the greater capacity generators are more fuel efficient per Fig. 5-B.4. Even
the 360-h mission duration is not long enough to take full advantage of the more fuel-efficient
larger generators to reduce total mission weight. Figure 5-B.5 illustrates the weight penalty for
fielding generators of greater capacity than is needed.

Likewise, Fig. 5-B.6 shows the total mission weight for a 10-kW demand power level. Two 5-kW
generators are combined to generate 10 kW. Figure 5-B.6 shows that the minimum total mission
weight for 10-kW demand is with the 10-kW unit. The weight penalty for producing 10 kW with
other rated generators is also shown. Interestingly, Fig. 5-B.6 shows that producing 10 kW with
two 5-kW generators requires less mission weight than one 15-kW unit for the 24-h mission.
The suspected cause is that the 5- and 10-kW generators employ lightweight aluminum in the
skid and housing where the 15 kW and other generator family members have heavier steel
skids and housings. It takes the 360-h mission duration for the heavier but more fuel-efficient
15-kW unit to have about the same mission weight as the lighter, less fuel-efficient pair of 5-kW
units.

Continuing on for power demands of 15, 30, and 60 kW, Figs. 5-B.7–5-B.9, respectively, show
that in general, the minimum fielded weight is achieved by using generators that are rated simi-
lar to the power demand level. An interesting result is shown in Fig. 5-B.7 for the 15-kW demand
power level. For short 24-h mission duration, the total mission weight for 15-kW demand is sat-
isfied equally well with a 5-kW plus a 10-kW combination, or a 15-kW unit. Again, this result is
probably due to the fact that the 5- and 10-kW generators employ lightweight aluminum in the
skid and housing where the 15 kW and other generator family members have heavier steel
skids and housings. For the longer duration (360-h) mission, the lightweight aluminum skid and
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housing advantage in the 5-kW plus 10-kW generator combination is deteriorated by the greater
fuel consumption of the 5- and 10-kW (60-Hz) generators shown in Fig. 5-B.3.

Generic Weight Analysis
A generic weight trade-off analysis comparing fixed generator weight and consumable fuel
weight for various mission parameters is shown in Figs. 5-B.10 and 5-B.11. The ratio of fuel
weight to generator weight is plotted vs mission duration for various ratios of demand power to
rated power. The curves in Figs. 5-B.10 and 5-B.11 permit the user to determine the mission
duration time for selectable normalized generator weight (lb/kW) and selectable fuel to gen-set
weight ratio.

Figure 5-B.10 shows the fuel to generator weight ratio for an average generator with normalized
fixed weight of 125 Ib/kW (Fig. 5-B.2) and an average fuel consumption rate of 305 g/kWh
(Fig. 5-B.3). It takes about 185 h of operation time at full power (demand to rated power ratio
of 1) for the fuel weight to equal the generator weight. At 25% load (0.25 demand to rated power
ratio, similar to historical average utilization), the operating time is about 744 h (31-d full-time
operation) for the fuel weight to equal the generator weight.

Figure 5-B.11 shows a similar curve of fuel to generator weight ratio vs operating time for a typi-
cal light-specific-weight generator weighing 70 Ib/kW and with low fuel consumption of
240 g/kWh (similar to the 60-kW generator). The fuel weight would equal the generator weight in
about 133 h (>5-d full-time operation) under full load and about 530 h (22-d full-time) under 25%
load.

HMMWV Tow Requirement
The advantage of limiting generator weight to permit towing the unit with a HMMWV tends to
drive the family size selection toward the smaller power rating generator and toward the use of
light-weight materials and design practice. This does not impact the smaller generators (15 kW
or smaller), because they already satisfy the HMMWV 4000-lb tow limit as is. Any 15- to
30-kW selected generator size would be a good candidate for a weight minimization effort to
meet the towability requirement. Any proposed new generator would have to weigh about
2000 lb or less to satisfy both the HMMWV tow limit and the 1-1/2 ton trailer load capacity. The
generators greater than 30 kW will require a significant weight (1000- to 2000-lb) reduction to
satisfy the HMMWV tow requirement.

The HMMWV towability for mobile electric generators is summarized in Table 5-B.1. The 5-kW
through 60-kW generators are mounted on three types of military trailers.

The 3/4-ton trailer weighs about 1200 lb and is listed as carrying a 5-kW (888-lb), a 10-kW
(1182-lb), or a 15-kW (2124-lb) generator that in all cases would fall within the 4000-lb HMMWV
tow limit. Note that the 15-kW generator mounted on the 3/4-ton (1500-lb capacity) trailer
exceeds the trailer nominal capacity by 624 lb. But, the 3/4-ton trailer M116A3 is listed as modi-
fied, which may permit it to carry the small excess weight.

The 1-1/2 ton trailer M103A4 weighing about 2000 lb is listed as carrying two 10-kW generators
each weighing 1182 lb. This power unit can supply 20 kW and is only 364 lb over the 4000-lb
HMMWV tow limit. Weight reduction on a new variable-speed generator design would most
likely bring this combination within the HMMWV tow limit. The 1-1/2 ton trailer could carry the
30-kW (3006-lb) generator, but the total would be about 1000 lb over the HMMWV tow limit.
Thus, it is desirable to reduce the weight of any new generator (i.e., 25-kW) design to 2000 lb or
less to satisfy both the trailer load and the HMMWV tow limits.



Fuel to generator weight ratio (fwogw) vs operating time (tt) for an average gen-set , weighing 125 lb/kW and  consuming  305 g/kWh fuel.

Fig. 5-B.10.  Fuel to gen-set weight ratio for an average TQG.
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Fuel to generator weight ratio (fwogw) vs operating time (tt) for a light specific weight gen-set , weighing 70 lb/kW and consuming 240 g/kWh
fuel (i.e., typical of 60-kW gen-set).

Fig. 5-B.11.  Fuel to gen-set weight ratio for a light specific weight generator.
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Table 5-B.1.  Towability for mobile electric generators

Satisfies weight
capacity limit

Trailer
model

Trailer payload
capacity
[ton (lb)]

Trailer
weight

(lb)

Maximum
payload +

trailer weight
(lb)

Gen-set
rating
(kW)

Number of
gen-sets
on trailer

Weight of
each

gen-set
(lb)

Total gen-
set weight

(lb)

Tow
weight

gen-set +
trailer
(lb)

Trailer HMMWV

Exceeds
trailer

capacity
(lb)

Exceeds
HMMWV
capacity

(lb)

M116A3 3/4 (1500) 1200 2700 5 1 888 888 2088 Yes Yes --- ---

10 1 1182 1182 2382 Yes Yes --- ---

15 1 2124 2124 3324 No Yes 624 ---

M103A4 1-1/2 (3000) 2000 5000 10 2 1182 2364 4364 Yes No --- 364

30 1 3006 3006 5006 Yes No Negligible 1006

M200A1 2-1/2 (5000) 2700 7700 15 1 2124 2124 4824 Yes No --- 824

30 1 3006 3006 5706 Yes No --- 1706

60 1 4063 4063 6763 Yes No --- 2763
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The 2-1/2 ton trailer M200A1, weighing about 2700 lb, is listed as carrying a 15-kW (2124-lb), a
30-kW (3006-lb) or a 60-kW (4063-lb) generator. Each of these are within the trailer capacity,
but are beyond the HMMWV tow limit. The 2-1/2 ton trailer (2700 lb) can be towed by a
HMMWV if the payload is restricted to about 1300 lb. Therefore; any generator mounted on the
2-1/2 ton trailer must be within the 1300-lb limit. It is unlikely that the current 30- or 60-kW gen-
erators can be reduced enough in weight to be towable on a 2-1/2 ton trailer within the HMMWV
tow limit. The 2-1/2 ton trailer weighs too much to be useful behind a HMMWV tow vehicle
because of the HMMWV tow limit. The 3/4- and 1-1/2 ton trailers are more weight payload
compatible for service behind the HMMWV.

Summary of Weight Analysis

The analysis of total field weight (generator and fuel) in Figs. 5-B.5 through 5-B.9 indicates that
the best minimum weight strategy is to field a generator with rated power equal to the demand
power. This result influences the decision toward having to select a large number of generator
families to match a broad range of power demand. But, the effort to economize by standardizing
a smaller number of family members contradicts this minimum field weight finding. Again, a
compromise is necessary. The energy demand curve and the economics of standardization lean
the compromise in favor of selecting a small number of family members on the low end of the
capacity range (7 and 25 kW) that has the flexibility of operation over a wider load range like
that permitted by variable-speed control.

Another result is that reduction in the initial generator weight is more advantageous than reduc-
ing fuel consumption unless mission duration is considerably longer than normal peacetime field
operations or even longer than 15-d wartime missions. It is difficult for lower fuel consumption to
compensate for excess initial generator weight for short-duration field operations.

The advantage of limiting generator weight to permit towing the unit with a HMMWV tends to
drive the family size selection toward the smaller power rating generator and toward the use of
lightweight materials and design practice. This does not impact the smaller generators (15 kW
or smaller) because they already satisfy the HMMWV 4000-lb tow limit as is. Any 15- to 30-kW
selected generator size would be a good candidate for a weight minimization effort to meet the
towability requirement. Any proposed generator would have to weigh less than 2000 lb to satisfy
both the HMMWV tow limit and the 1-1/2 ton trailer load capacity. The generators greater than
30 kW will require a significant weight (1000- to 2000-lb) reduction to satisfy the HMMWV tow
requirement.
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6.  SYSTEM AND COMPONENT CONSIDERATIONS

The purpose of this chapter is to present the advantages and disadvantages of various options
available for the primary mechanical components of the gen-set and the overall system integra-
tion of those components into a functional system.

6.1  PRIME MOVER DESIGN PHILOSOPHY

As discussed in Chap. 2, only the gas turbine appears able to compete with the well-proven
reciprocating diesel engine as the prime mover of choice in future gen-sets. The rotary and/or
Stirling engines are simply not available at this time, and both performance and durability of
these engines for this application are unproven.

The primary advantages of gas turbines over diesel engines are

• lightweight,
• lower noise and emissions, and
• longevity and decreased maintenance.

Gas turbines have several disadvantages compared with diesel engines:

• lower efficiency,
• increased cost,
• poorer performance at partial loads,
• not available below ~25 kW, and
• unproven durability for military gen-set applications.

The cost of gas turbines in this size range is expected to decrease as the technology and
market matures. It is expected that gas turbines will become even more competitive and
advantageous for MEP in the future (especially at higher load levels). The primary trade-off is
between efficiency and weight, which is discussed in the following section.

6.1.1 Diesel vs Gas Turbine Weight Comparison (Weight vs Efficiency)

A comparison of field mission weight is made between a hypothetical, relatively heavy, fuel
efficient diesel generator and a lighter, lower fuel efficient micro-turbine generator. Consider that
the total mission weight of interest is the generator weight plus the consumed fuel weight. The
consumed fuel weight depends on the generator efficiency (fuel consumption), the demand
power level, and the mission duration. It is desirable to determine the mission duration time
when the total diesel generator weight (including consumed fuel) equals the total turbine gen-
erator weight. This will be referred to as the break-even time.

Comparison of TQG and Micro-Turbine
This hypothetical comparison is fashioned after the 30-kW TQG diesel generator and the
Capstone 28-kW micro-turbine (see Sect. 2.3). To simplify the analysis, both are assumed to be
rated at 30 kW. The diesel generator weighs 3006 lb and is estimated to have a 35% overall
thermal efficiency (243 g/kWh). The micro-turbine generator weighs 1213 lb and is estimated to
have a 25% overall thermal efficiency (340 g/kWh). The initial equipment weight includes an 8-h
fuel supply. The difference in normalized weight between the diesel and gas turbine gen-sets is
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about 60 lb/kW. The difference in fuel consumption between these two prime movers is
97 g/kWh.

The total generator plus fuel weight vs mission duration for the diesel and the micro-turbine are
shown in Figs. 6.1 and 6.2 for typical peacetime and wartime power demands.

Peacetime Mission Weight
For an average peacetime demand of 28% of rated power, the micro-turbine total mission
weight is less than the reciprocating diesel gen-set total mission weight for approximately
1006 h (42 d) of full-time operation. The average monthly gen-set peacetime use is about 23 h,
which is much less than the break-even time. For the low peacetime power demand, the light-
weight micro-turbine gen-set in this example yields a lower mission weight than the diesel gen-
set.

Wartime Mission Weight
For gen-sets up to 60 kW, the projected average wartime demand is approximately 58% of
rated power, and the break-even time is about 481 h (20 d) of full-time operation. The projected
wartime mission operating time of 340 h for gen-sets up to 60 kW is less than the mission
weight break-even time. Thus, for wartime situations for gen-sets up to 60 kW, the lightweight
micro-turbine gen-set would yield a lower mission weight than the diesel engine.

The wartime mission loads are greater and longer duration for gen-sets larger than 60 kW than
for gen-sets 60 kW or less. For gen-sets larger that 60 kW, the projected average load demand
is about 70% of rated power, and operating time is 686 h (29 d). If these load criteria are applied
to the 30-kW reciprocating diesel and the micro-turbine gen-sets described above, then the
mission weight break-even time is 400 h (17 d). Thus, after 17 d of operation in the more
demanding wartime mission, the heavier, higher efficiency reciprocating diesel yields a lower
mission weight than the lightweight, lower efficiency micro-turbine gen-set.

These results show that it takes a long mission duration with high power demand for the total
mission weight of a heavy, more efficient (diesel) generator to be less than total mission weight
of a light, less efficient (micro-turbine) generator. A discussion of a hypothetical new lighter
diesel vs a heavier rugged turbine is compared next.

Note: The Capstone set includes 625 lb for housing/frame and a 200-lb battery, which could be
reduced. Thus, it may be conservative to assume, in the following discussion, that weight would
have to be added to this example micro-turbine to make it “military rugged,” where in fact there
may be opportunity to reduce the micro-turbine weight or at least offset weight increases due to
ruggedization.

Universal Mission Weight Comparison Tool
A universal mission weight comparison analysis tool was developed that applies to any kind of
mobile generator design trade-off, not just diesel reciprocating vs micro-turbines. We wish to
examine, in generic parameters, the mission duration break-even time for the total mission
weight of a heavyweight, more efficient generator design to equal the total mission weight of a
lightweight, less efficient generator design. The break-even time depends on the difference in
power density (lb/kW) between the two generators, the fuel consumption difference (g/kWh),
and the ratio of average demand-to-rated power. A brief description of the universal mission
weight comparison tool is given in Appendix 6-A.



Lightweight gen-sets (i.e. micro-turbine) can reduce the total (gen-set + fuel) mission weight despite having higher specific fuel consumption
(lower thermal efficiency) depending on mission duration. Mission weight break-even time is at curve intersection.

Initial diesel generator weight, wdgf(ed,avp,0) = 3006 lb including hfi = 8 h fuel at full load.
Initial micro-turbine generator weight, wtgf(et,avp,0) = 1232 lb including hfi = 8 h fuel at full load.
Diesel generator thermal efficiency, ed = 0.35.
Micro-turbine generator thermal efficiency, et = 0.25.

Fig. 6.1.  Mobile electric generator average peacetime mission weight.
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Lightweight gen-sets (i.e. micro-turbine) can reduce the total (gen-set + fuel) mission weight despite having higher specific fuel consumption
(lower thermal efficiency) depending on mission duration. Mission weight break-even time is at curve intersection.

Initial diesel generator weight, wdgf(ed,avp,0) = 3006 lb including hfi = 8 h fuel at full load.
Initial micro-turbine generator weight, wtgf(et,avp,0) = 1232 lb including hfi = 8 h fuel at full load.
Diesel generator thermal efficiency, ed = 0.35.
Micro-turbine generator thermal efficiency, et = 0.25.

Fig. 6.2.  Mobile electric generator projected wartime mission weight.
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Reduced-Weight Diesel Compared to Ruggedized Turbine
Suppose 10% or 121 lb is added to the turbine to improve ruggedness, bringing the total turbine
generator to 1334 lb. Further, the new 30-kW diesel generator weight is estimated at 1765 lb;
1341 lb lighter than the current generator. This reduces the normalized weight difference
between the new diesel and ruggedized turbine from 60 lb/kW to about 15 lb/kW. The efficien-
cies for the reciprocating diesel and the micro-turbine remain the same at 35% and 25%,
respectively, retaining a 97-g/kWh difference in fuel consumption. These gen-set weight and
fuel consumption parameters are used in the weight comparison tool to evaluate weight per-
formance for peacetime and wartime missions.

Peacetime Mission Weight Comparison for Reduced-Weight Diesels and Ruggedized Turbines
At the average peacetime power demand of 28% rated power, the 252-h (11-d) weight break-
even time significantly exceeds the average monthly peacetime utilization time of about 23 h
(1 d). Thus, the ruggedized micro-turbine gen-set has less mission weight than the reduced-
weight reciprocating diesel gen-set in this hypothetical example.

Wartime Mission Weight Comparison for Reduced-weight Diesels and Ruggedized Turbines
At the projected wartime power demands of 58% of rated power (for gen-sets rated up to
60 kW), and 70% of rated power (for gen-sets rated over 60 kW), the break-even times are
121 h (5 d) and 100 h (4 d), respectively. These break-even times are less than the projected
wartime mission durations of 340 operating hours (14 d) and 686 operating hours (29 d) for gen-
sets rated up to 60 kW and over 60 kW, respectively. Thus, the reduced-weight-reciprocating
diesel gen-set has less wartime mission weight than the ruggedized micro-turbine gen-set in this
hypothetical example.

Weight Comparison Summary
Peacetime missions, on average, have too low a power demand and too short an operating time
for excessive gen-set weight to be compensated by reasonable fuel efficiency advantages. In
peacetime short-duration missions, the lightest gen-set is likely to give the lowest total mission
weight independent of any reasonable fuel efficiency.

Wartime missions have larger power demands and long enough operating times to allow rea-
sonable fuel efficiency advantages to compensate for gen-set overweight design as long as the
excess weight is small enough.

These mission weight examples show that it takes a worst-case wartime mission duration
greater than 17 d for a gen-set with a 10 percentage-point fuel efficiency advantage to over-
come 60 lb/rated kilowatt excess weight. But it only takes about 4 or 5 d of wartime mission
operation time for a gen-set with a 10 percentage-point fuel efficiency advantage to overcome
15-lb/rated kilowatt excess weight. The projected wartime mission operating times are about
14 d for gen-sets up to 60 kW and 29 d for gen-sets larger than 60 kW. Therefore, in terms of
total mission weight, it is feasible in wartime utilization, for a sufficiently efficient gen-set to over-
come 15 lb/rated kilowatt excess weight but not 60 lb/rated kilowatt. The exception in this
example would be for wartime missions for gen-sets larger than 60 kW with operating time
longer than 17 d. For peacetime or wartime missions, which are 15 d or less, it is necessary to
design reciprocating diesel gen-sets with significant weight reduction to have lower mission
weight than ruggedized micro-turbine gen-sets.

It is desirable for heavier, more efficient gen-sets (like the reciprocating diesel generator) to
minimize total mission weight in both peacetime as well as wartime missions. This can be
accomplished by emphasizing the use of lightweight materials and design for all parts and
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components of the generator. It is especially important to reduce the weight from reciprocating
diesel gen-sets sizes up to 60 kW because their wartime missions have relatively lower power
demands and shorter operating times during which to benefit from their better fuel efficiency.

The lightweight design philosophy will greatly enhance the mission weight performance of the
reciprocating diesel generator (allowing it to compete better with micro-turbines) in low usage
peacetime missions, while retaining its efficiency advantage for the long-duration (>15-d) war-
time missions.

Conclusions on Mission Weight Comparison
1. It takes relatively long durations and high power loads typical of wartime missions for the

benefits of fuel efficiency to compensate for excess hardware weight in the generator.

2. For peacetime missions, the lightweight, less efficient generators can outperform the heavy,
more efficient generators in terms of total mission (generator + fuel) weight.

3. For wartime missions, heavy, more efficient generators can outperform the lightweight, less
efficient generators in terms of total mission weight only if demand power is high enough,
mission duration is long enough, and gen-set overweight is not too great.

4. A high priority should be placed on reducing weight of any generator. The use of lightweight
materials, such as aluminum and composites, throughout the generator design is very
important, especially for generators of 60 kW or less

5. Improving generator efficiency is most advantageous for long missions requiring loads near
the maximum gen-set capacity.

6.1.2 Recommendations for Prime Mover

A summary of major diesel engine technology advances is given in Table 6.1, including draw-
backs and benefits. This summary is based on the information and discussions presented in the
diesel engine market survey (Sect. 2.3). From the many benefits cited in Table 6.1, it is seen
that advanced turbo-charged, charge-cooled, diesel engines designed for automotive use have
a large power-to-weight advantage over the standard industrial diesel engines (including those
now used in military generators). The new engines cost more but not prohibitively so. The
advantages of the advanced automotive diesel engine clearly justify its use as the prime mover
in most new gen-sets.

Advanced automotive diesel engines are not available in smaller sizes that could power 3- to
15-kW gen-sets. However, there are a few relatively lightweight, naturally aspirated industrial
diesel engines that have recently become available in this power range. Such an engine will
likely have an aluminum crankcase (such as the Ruggerini MD 191 or the Yanmar, twin V78),
an innovation only seen recently.

• Turbo-charged, charge-cooled, automotive diesels featuring advanced high-pressure,
electronically controlled fuel injection systems (common rail or unit injection) and
lightweight construction are the recommended prime movers for gen-sets in the 15 to
60+ kW range.



Table 6.1.  Benefits and drawbacks of industrial diesel engine technology advancements

Device, innovation, application Benefits Drawbacks Use

Basic diesel engine Good fuel economy, reliability, and low
cost

Aluminum alloy head Reduces weight by roughly 5% Costs slightly more Relatively common for certain
industrial engines

Aluminum alloy crankcase Reduces weight by about 10% Increased cost. Requires additional
engine design considerations to
handle stresses for good engine life

Only a few engines are currently
available. It is likely a few more will
be introduced in the next several
years.

Turbocharging Generally a 20 to 35% gain in engine
power output; may improve engine
efficiency slightly

Adds 2–6 % to weight of the engine
system depending on system
configuration. Adds cost and
complexity.

Currently used only for engines with
3 or more cylinders, and 1.2-L or
greater displacement.

Wastegate or variable geometry
turbocharger

Can obtain maximum turbocharging
efficiency and benefits at intermediate
speeds and loads

Added cost and complexity Seldom used in industrial diesels in
the size range of interest.

Intercooling (charge cooling) with
turbocharging system. Cooling fluid can
be ambient air or liquid engine coolant.

Generally a 5–15% additional gain in
engine power due to intercooling; can
reduce NOx emissions.

Adds ~1–2% to weight of the engine
system. Adds cost and complexity.

Generally only used on larger
industrial engines (>90 hp) and
automotive engines.

DI replacing IDI Modestly improved power, torque, and
fuel economy. Fuel economy can be
improved 10% over IDI. DI is rapidly
displacing IDI.

Slightly more costly DI is currently used on many families
of industrial diesel engines and in
all sizes of interest.

High-pressure direct fuel injection:
common-rail or unit injection type, in
combination with advanced electronic
control

Finer fuel spray improves combustion
and heat release. Improvement in
torque and power rating and reduced
PM emissions. Noise and vibration
reduction. Fuel economy is
5–10% better than standard DI.

Increased cost, complexity, and
high-pressure components, require
a sophisticated electronic control
unit. Only available in the latest
automotive engines.

Not known to be available for
industrial engines in the size range
of interest at this time. Will be
introduced for a few industrial
engines in the next several years.

High-speed automotive operation (low
weight, >= 4000 rpm)

Generally, power-to-weight ratio is
much greater than typical industrial
engines. Engines are designed for
low weight.

Increased cost and complexity. Few
engine choices available for gen-
set application. Noise level rises
with rotational speed. Fuel
economy drops significantly as
rated speed is approached.

Few automotive diesels can be
obtained for industrial use.
Selection should improve in the
next several years. Engines are
>60 hp.
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• For a smaller gen-set, with a peak rating below 15 kW, it is recommended that natu-
rally aspirated industrial diesel engines with a relatively high power-to-weight ratio
(for that size range of engine) be utilized until the technology in the automotive
diesels migrates to the smaller industrial diesel lines.

• Gas turbines should be evaluated more closely and warrant consideration in niche
areas where the need for lighter weight is substantially more important than fuel effi-
ciency (e.g., short mission durations). For most applications, however, the diesel
engine is still advantageous.

6.2  VARIABLE-SPEED DIESEL ENGINE OPERATION

Current generators are constant speed (usually 1800 rpm), governor-controlled, reciprocating
diesel engine generators designed to deliver the desired electrical power frequency (60 or
400 Hz depending on the unit). Virtually all diesel engines of interest (especially the lightweight
automotive engines) are designed for sustained operation at rotational speeds much higher than
1800 rpm and can produce much more power if allowed to operate at higher speeds. Limiting
operation to 1800 rpm does not make use of an engine’s power output capabilities and effec-
tively derates the engine. Furthermore, under constant speed control, the engine is generally
not operated at the most fuel-efficient conditions on its performance map. This may increase
fuel consumption and the tendency for wetstacking under low load conditions. Wetstacking also
increases maintenance cost.

A viable alternative is a variable-speed, digitally controlled diesel engine generator delivering
power to a dc bus where digital power electronics convert the dc voltage to the desired electrical
frequency. The numerous advantages of variable speed are listed later in this section, but the
primary benefit is that for a given size and weight, a gen-set can be designed to meet a signifi-
cantly greater electrical load. Furthermore, the engine can be operated at its most efficient
speed and torque over an extended power range. This is expected to reduce fuel consumption
and maintenance cost.

6.2.1 Variable-Speed Fuel Consumption Analysis

An analysis was performed to compare variable-speed with fixed-speed operation of a diesel-
powered generator. The Advanced Generator Evaluation Tool (AGET) computer model dated
February 1999 and developed by Dr. Pedro Otaduy at ORNL was used. This computer model
calculates the fuel consumption difference between operating the diesel generator under vari-
able speed vs fixed speed for a selectable baseline fixed speed and selectable load-time profile.
The model has two selectable diesel engine performance curves, which are scalable to a
selectable rated power output at a selectable speed. One engine is a 57-kW VM Motori (VMM
Detroit Diesel) Model HR 392 SHI, and the other is a 70-kW Volkswagen 1.9-L TDI. A torque vs
speed performance map for the Volkswagen engine is shown in Fig. 6.3. The map shows con-
stant lines of power and contours of constant fuel consumption (efficiency). The minimum fuel
consumption (maximum efficiency) variable speed/load path on the map is a diagonal line
increasing with speed through the minimum fuel consumption valley (or maximum efficiency
ridge).

The model determines maximum efficiency under variable-speed control for each demand
power level and compares it to the efficiency as if the same engine were controlled at the
selected constant speed.
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The power demand utilization profiles input to the model are shown in Tables 5.2 and 5.3 and
Fig. 5.1. For peacetime operations, the average power draw is 28% of rated power for
23 h/month. In projected wartime use of gen-sets up to 60 kW, the average power draw is 58%
of rated power for 340 h/month operating time. For gen-sets over 60 kW, the average projected
wartime power draw is 70% of rated power for 686 h/months. Two-thirds of peacetime opera-
tions occur at less than 40% of rated capacity, while 80% of wartime operations exceed 40% of
rated capacity.

Only the efficiency of the prime mover diesel engine is included in the analysis. Efficiency of the
electrical components is assumed to be 100% in the analysis. The assumed 100% electrical
efficiency does not affect the analysis results because only the difference in engine fuel con-
sumption (efficiency) is reported for the two different engine speed operating conditions.

The percent fuel saved by variable-speed control as a function of fixed control speed is shown
in Figs. 6.4 and 6.5 for the peacetime and wartime utilization profiles, respectively. The results
are summarized in Table 6.2.

For the profiles utilized in the analyses, the variable-speed control always saves fuel compared
to fixed-speed control. The trend for increased fuel savings with increased selected fixed-speed
is a result of the engine performance characteristics. Under lower power demand and high
fixed-speed control, the engine operates much further away from its high-efficiency region.
Operation under variable-speed control places the engine at a region of optimum efficiency
under low power demand, thus reducing fuel consumption. Another trend is the reduction in fuel
savings with increases in load demand. When operating close to rated load most of the time,
fuel savings under variable-speed control is reduced because the fixed-speed controlled engine,
if operated near its rated capacity, is likely to be near its optimum efficiency point. Thus, an
important benefit and justification for variable-speed control is rooted in improving performance
when generators are underutilized relative to their rated capacity. Variable-speed operation is
also expected to reduce wetstacking, maintenance costs, and fuel consumption. Variable-speed
control is expected to provide a greater percentage fuel savings under peacetime operations
than under wartime operation.

The engine performance maps used in this analysis are typical in shape to many IC piston
engines. Therefore, the effects of variable-speed vs fixed-speed control shown by these results
are indicative of trends expected for the typical diesel engine. The numerical values are
expected to differ for different engines and utilization profiles.

6.2.2 Variable-Speed Advantages

There are many advantages of variable-speed diesel engine operation:

1. Variable-speed design can reduce engine and generator (fixed) weight for the equivalent
power capacity because higher speed engines, which are lighter, are used.

2. When compared to 1800-rpm fixed-speed operation, variable-speed operation can reduce
fuel consumption an estimated 12 to 36% during peacetime and 1 to 3% during projected
wartime missions. Compared to 3600-rpm fixed-speed operation, variable-speed control
reduces the fuel consumption between 15 and 19% in wartime scenarios.

3 Fuel savings is greatest when gen-sets are under utilized, which is quite common in peace-
time use.

4. Variable-speed operation is more efficient and therefore would contribute to a lower thermal
signature.
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Table 6.2.  Fuel saved due to variable-speed control relative to fixed-speed control

Utilization profile Wartime
30-d mission

Wartime
15-d mission Peacetime

Generator rated
power

Over 60 kW 60 kW and under 5 kW through 60 kW

Average demand
power, % of rated

69.9 58.1 27.8

Average operating
time, h/month

686 340 23.2

Fixed operating
speed
(rpm)

Fuel savings
(%)

1800 1.3 2.6 12.0
3000 7.3 10.5 29.6
3600 14.6 18.8 36

5. Variable speed is expected to allow a wider range of power operation with minimal
wetstacking, thereby lowering maintenance cost.

6. Variable-speed operation is a more flexible design option that is better suited for dealing
with extremes of wartime and peacetime operation.

Simply stated, variable-speed engine operation allows the diesel engine to be more effectively
utilized over its entire range of operation.

6.2.3 Variable-Speed Disadvantages

1. Transient Loads
A disadvantage of variable-speed diesel engine operation is a reduced ability to meet tran-
sient load requirements during low-speed operation. It is expected that variable-speed gen-
erators of a given capacity will have lower rotational mass. Under low power demand condi-
tions, the generator speed is expected to be low to conserve fuel. At low speed, the
momentum or stored rotational kinetic energy will be low. Thus, response to a sudden tran-
sient load increase could be sluggish.

A possible solution to sluggish transient response is to provide a minimum speed setting
switch on the controller. This minimum speed setting would prevent the engine from operat-
ing below a predetermined speed, which would maintain sufficient rotational momentum to
satisfy transient load recovery requirements. The price for this option is increased fuel con-
sumption at low demand loads because the engine would be prevented from operating at
optimum low-load efficiency. Another option is to allow the user to disengage the minimum
speed limit during noncritical operation to conserve fuel.

Another possible solution is to draw transient power from the starter battery. This would
require a dc to dc converter to increase battery voltage to the normal dc bus voltage where
the inverter can supply the required fill-in transient power. This is judged to be easy to do for
fill-in transients up to 15 kW. Higher fill-in transients are judged to be more difficult and need
further investigation. The dc to dc converter would add some nominal amount of weight to
the system.
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2. High-Speed Acoustics
Although the variable-speed engine is expected to be quieter when operating at low speed,
the engines are likely to be noisier when operated at high speed. This noise increase is
estimated at 6 dB/1000 rpm, but test verification is needed. It is expected that improved
acoustic suppression and new engine technology will be needed to offset the higher noise
source at high speed. When engines are tested, the variation of engine acoustics with speed
will be measured to quantify and characterize the potential problem.

3. Use of Power Electronics
Variable-speed engine operations will require the use of power electronics to convert the
varying frequency ac from the generator into dc, which will then be synthesized into the
required frequency ac. As discussed in Chap. 3, the technology exists to do this, but the
electronics are more complex for variable-speed operation than for fixed speeds of 1800 or
3600 rpm. As outlined in the following sections, however, there are numerous additional
advantages to using power electronics in this manner.

Harsh environmental and physical conditions such as extremely cold temperatures, high
humidity, shock, or vibration can be overcome with use of hermetically sealed packages. In
addition, design of the gen-set and its controls should be such that the unit can still meet
existing tolerances, such as allowable voltage drops during load addition, by considering
such factors as having enough stored energy in the dc link, running the engine at a high
enough speed, and perhaps using energy from the batteries for fill-in during the short load
addition intervals.

It is our belief that the above advantages are compelling and that the disadvantages can be
mitigated.

6.2.4 Recommendation for Fixed- vs Variable-Speed Engine Operation

• Gen-set design should be based on variable-speed operation, and speeds of
3000 rpm and above should be an initial design goal.

Determination of maximum allowable speeds, both for normal operation and operation in battle-
short mode, will be based on engine testing and prototype development. Maximum speed capa-
bilities will be based on many factors including vibration, sound, heat removal and thermal limi-
tations, and the capabilities of the engine, alternator, and other components.

6.3  POTENTIAL FOR ENGINE WEIGHT AND VOLUME REDUCTION

It is clear from the assessment of diesel engines and from gen-set system design considera-
tions that a significant weight reduction for the prime mover is achievable. A brief power output
and engine weight analysis is now presented to quantify the potential weight reduction that is
possible for the diesel engine used in the military gen-sets. Table 6.3 contains data for engines
used in the current TQGs, and Table 6.4 contains data for a carefully selected set of lightweight
engines. The lightweight engines selected include five automotive engines (Volkswagen,
Peugeot-Citroen, and Detroit Diesel engines) that are considered state of the art. Only one of
these automotive engines is known to be currently available in the United States, but it is pro-
jected that this type of engine will have greater availability in the near future. The two smaller
engines in Table 6.4 should not be considered true automotive engines, but have the best
power-to-weight ratios among the smaller output engines. The Ruggerini MD191 engine is
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Table 6.3.  Weight and 1800-rpm power ratings for diesel
engines used in TQGs

TQG engine
model

TQG
rating
(kW)

Aspiration
method

Continuous
power at
1800 rpm

(hp)

Reported
dry weight

(lb)

Ratio of dry
weight to
power at
1800 rpm

(lb/hp)

Lister-Petter
LPW2  5  Natural  11  247  22.5

Lister-Petter
LPW4

 10  Natural  22  396  18.0

Isuzu C240  15  Natural  31  456  14.7

John Deere
4045T  30  Turbo  90  872  9.7

John Deere
6068T  60  Turbo  135  1212  9.0

Table 6.4.  Weight and power ratings at 1800 and 3000 rpm for selected
lightweight diesel engines

Ratio of dry weight to
powerEngine

model
Aspiration
method

Continuous
power at
1800 rpm

(hp)

Estimated
continuous
power at
3000 rpm

(hp)

Reported
dry weight

(lb) 1800 rpm
(lb/hp)

3000 rpm
(lb/hp)

Ruggerini
MD191

 Natural  8.3  14.4  117  14.1  8.1

Lombardini
1204T

 Turbo  20.5  33.3  223  10.9  6.7

Volkswagen
R3

 Cooled
turbo

 33  54  251  7.4  4.6

Peugeot
DW10 ATED

 Cooled
turbo

 55  84  331  6.0  3.9

Volkswagen
R4 or AJM

 Cooled
turbo

 61  92  310  5.1  3.4

Peugeot
DW12 TED4

 Cooled
turbo

 73  107  401  5.4  3.7

Detroit Diesel
Delta

 Cooled
turbo

 107  174  640  5.9  3.7
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a 2-cylinder, aluminum crankcase engine, and it is very lightweight for such a small displace-
ment engine. The Lombardini 1204T engine was chosen because it was the smallest (in terms
of engine displacement) and lightest turbo-charged engine known to be currently available.

The key engine information listed in Tables 6.3 and 6.4 includes the continuous power ratings
and dry weights. Description of these engine parameters follows:

Engine Dry Weight
Engine dry weight generally includes the engine “fan to flywheel,” including a starter motor, an
alternator, and the turbocharger. Usually excluded are all fluids, the radiator and hoses, fuel
tank, air cleaner and air ducting, any clutch mechanism, muffler, mounting brackets or feet,
battery, control panel, flywheel housing and certain pulleys. Note that the inconsistencies in
reported engine dry weight will introduce some error when comparing engines.

Continuous Power Rating
The continuous power rating is the net engine output at a given rotational speed that is sustain-
able for continuous operation (many hours), allowing for a 10% power margin. This means for
fixed-speed operation, the engine is capable of operation at a power load level at least 10%
above the continuous rating. Any further increase in load above the 10% margin may decelerate
the engine (overload condition) and lower power output capability: the engine will stop if load is
not decreased. Power ratings are usually given without altitude or air temperature and humidity
derating. Generally, they are reported for altitudes of sea level or 100 m, air temperature at 68
or 77°F, and no humidity derating. Note that manufacturer’s reported power ratings for various
engines are not necessarily consistent, which can lead to small errors being introduced while
making direct comparisons between engines.

6.3.1 Potential Weight Reduction

To illustrate the potential for using lighter engines, reported engine dry weight is plotted against
the estimated continuous engine power rating in Fig. 6.6. The automotive engine output power
ratings are not reported in terms of industrial continuous-duty power rating but rather for auto-
motive duty. The continuous power rating was estimated to be roughly 86% of the given auto-
motive rating (based on information from engines that reported both the automotive and the
industrial continuous power rating). The upper curve represents the TQG engines operated at
1800 rpm (the fixed speed for the current gen-sets). The middle curve plots the data for the
selected lightweight engines operated at 1800 rpm. Assuming the data are reasonably accurate
and similar engines are available and appropriate for future gen-sets, engine dry weight could
be decreased roughly 40–50% by using such carefully selected engines.

Because it is recommended that variable-speed operation be employed in future gen-sets, data
points for the light engines operating at 3000 rpm are also plotted in the lower curve in Fig. 6.6.
With the combination of 3000 rpm and light engines, engine (dry) weight could drop by roughly
50–65%. Note that the analysis presented here is not looking at engine peripherals and fluids
such as the radiator, muffler, battery, oil, fuel and coolant, most of which will likely scale with
power output. This seems reasonable, especially for this level of analysis. Also ignored are
other issues associated with higher-speed/variable-speed operation, such as the need for better
sound insulation, less dependence on rotating mass (flywheel) to limit electrical distortion, and
change in weight and dimension of other components.

In summary, a significant weight improvement could be experienced by choosing lightweight
engines for use in military gen-sets, and further weight reduction could be realized by allowing
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Fig. 6.6. Engine dry weight as a function of rated continuous power output for
the TQG engines at 1800-rpm operation and selected lightweight
diesel engines at 1800  and 3000 rpm.

higher engine rotational speeds to be employed (such as 3000 rpm used in this discussion).
This would enable the engine dry weight contribution to the overall gen-set weight to be reduced
by roughly 40–60% when the TQGs are used as the standard for comparison.

6.3.2 Potential Engine Volume Reduction

Another benefit of higher power-to-weight ratio engines, such as advanced automotive diesel
engines, is that they take up less space for a given power level. Many of the engines listed in
Table 6.4 were designed to be compact for incorporation into vehicles. Information on engine
dimensions shows that, in general, the automotive diesels would only occupy about one-half to
two-thirds of the space required for comparable engines used in the TQGs, even assuming
1800-rpm operation. Higher speed operation would produce an even greater volume reduction.
The engine space savings should allow gen-sets to be designed that are significantly smaller
than the current TQGs.

6.4  ALTERNATOR DESIGN

Using either a three-phase PM generator or an induction machine as the generator will enable
the use of standard power electronics including full-bridge (six-pack) IPMs for the active rectifier
and inverter portion of the main power circuit. Use of a SR generator would require several dual
modules to drive the multiple phases (four, six, or eight) of the stator. This power electronics

Selected lightweight
engines, 1800 rpm
operation

Selected lightweight engines,
3000 rpm operation

TQG engines,
1800 rpm
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configuration would be more complex and slightly more expensive. If rare earth PM generators
can be mass-produced (in the thousands) at a cost-effective rate, then these should be the
alternator of choice because their high power density would enable approximately a threefold
reduction in mass and volume from existing induction machine technology. A 30-kW unit costs
approximately $6000 when produced in volumes of less than 10. If the cost can be reduced to
less than $2000/unit, then this would be a viable option.

6.4.1 Reduction of Weight

The change from a synchronous machine to a high-flux PM machine is expected to reduce the
weight of the generator by approximately 65%. Replacing the analog dials for voltage, current,
and other measurements and much of the wiring will also result in weight savings. Weight pen-
alties for the units will come from the power electronics and heat sink, but these weights are
more than offset by the reduction in weight of the electric generator. Weight savings in the elec-
trical portion of the generator (which includes electrical generator, power electronics and heat
sink, and control electronics) will be from 10% on the smaller units up to 50% on the largest unit.

Some weight could be saved by charging the battery directly from the dc bus via a buck-boost
converter (power electronics) that would eliminate the need for a separate battery-charging
alternator. The reliability of the buck-boost converter would be comparable to the reliability of a
separate battery-charging alternator.

The electric alternator directly coupled to the prime mover (engine) also could be used as an
engine starter with the required energy coupled to the main dc link via the buck-boost converter
from the battery. The active rectifier in this mode would act as an inverter to drive the alternator
until the engine started. Again, the reliability of the buck-boost converter would be comparable
to that of an engine starter.

6.4.2 Reduction of Volume

The change to a high-flux PM machine will reduce the volume required by the alternator by
approximately 50%. When compared to traditional gen-sets, some of this volume will instead be
occupied by power electronics components and heat sink. The volume reductions possible will
have to be determined during the prototyping phase but will not be significant compared to
those of the engine.

6.4.3 Summary of Alternator Recommendations

• A three-phase alternator is recommended (either a PM alternator or a more conven-
tional inductance alternator) so that integrated power electronics modules can be
used to reduce the complexity, size, and cost of the power electronics system.

• A high-flux PM alternator is the preferred alternator. The market survey indicates that
mass production costs are not prohibitive.

• During the design and prototyping phase, the main alternator should be evaluated for
use as the engine starter by using a two-way buck-boost converter to charge the
batteries and drive the starter. Justification for this would be the weight and volume
savings from eliminating the starter and alternator charger.
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6.5  POWER ELECTRONICS

To operate gen-sets in a mode where the IC engine runs at variable speed, an active three-
phase bridge rectifier will be needed to convert the variable voltage and variable frequency pro-
duced by the engine-driven generator to a controlled dc link voltage. A three-phase full-bridge
inverter is then required to convert the dc link voltage to a selectable voltage (120/208 V or
240/416 V) and selectable frequency (50, 60, or 400 Hz). The main power electronics circuit to
achieve these two conversions is shown in Fig. 6.7.

Frequency and voltage regulation with power electronics should be more precise than with the
present gen-sets. Waveform quality using power electronics and pulse width modulation (PWM)
control will require the use of output filters to meet the voltage harmonic limits.

The advantages of this power electronics circuit are that the output frequency is completely
selectable and a separate class of 400-Hz generators can be eliminated. A small weight/cost
penalty would be associated with enabling the inverter to run at 400 Hz in addition to the 50 and
60 Hz. Because the cutoff frequency of the low-pass filtering required for a 400-Hz output would
be different than that for a 50- to 60-Hz output, the frequency selector switch would also have to
switch in/out some capacitance and/or inductance to adjust the filtering cutoff frequency.

The IPM of choice should have all of the monitoring functions (e.g., overtemperature,
overcurrent, undervoltage) directly available to the control module instead of a single “fault”
output. This will allow the control module to also perform D&P to warn of an impending failure
before one occurs instead of waiting until a “fault” output is latched.

6.5.1 EMI Issues

The introduction of power electronics into a gen-set unit to control the frequency and voltage
generated by the gen-set will introduce EMI issues. Design of the power electronics section
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Fig. 6.7. Power electronics circuit for active rectifier and inverter for variable-
speed gen-set unit.
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(active rectifier and inverter) will require knowledge of the allowable levels that connected
equipment can withstand. Mitigation techniques include stacking power planes where possible,
using twisted shielded cables, and filtering the output of the inverter. The EMI issues are well
recognized and can be mitigated.

6.5.2 Efficiency

The efficiency of IGBT modules depends on several factors:

1. switching frequency,
2. load current,
3. operating voltage,
4. operating temperature, and
5. manufacturer.

The losses in an inverter are the sum of the conducting loss and switching loss. The switching
loss is directly proportional to switching frequency. The load current affects both the switching
loss and conducting loss in close to a linear fashion (i.e., higher load current, or load factor, will
cause more loss in the IGBT module). At low load factors, the switching loss dominates the
losses in an IGBT module, and it is much less efficient than at high load factors. Figure 6.8
shows the efficiency for a specific 5-kW inverter for load factors from no load (0.0 load factor) up
to full load (1.0 load factor). The inverter is greater than 90% efficient for load factors greater
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Fig. 6.8.  5-kW inverter efficiency for various load factors.
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than 0.25 and greater than 95% efficient at load factors greater than 0.5 for a switching fre-
quency of 10 kHz. The high efficiency over a wide operating range means that these devices
are very well suited for use with engines operated at variable speeds.

Likely, the initial gen-sets should have hard-switching inverters to take advantage of present
and near-term mass production quantities to keep the initial costs low. However, the controller
interface should be designed with soft-switching inverters in mind so that it has enough I/O to
send gate drive signals and monitor additional auxiliary switches should soft-switching inverters
be used on future gen-sets.

6.5.3 Cooling of the Power Electronics

The power electronics can either be force air cooled or liquid cooled. The liquid-cooled package
would allow a smaller and lighter (probably aluminum) heat sink to be used and can dissipate
more heat than an air-cooled heat sink. The liquid-cooled heat sink, however, requires a
radiator, water, and pump. A loss of liquid or a pump failure would quickly lead to overheating of
the devices and shutdown or failure of the power electronics. The radiator could be a separate
one from the diesel engine radiator but because of size and weight restrictions would likely need
to be integrated with the combustion engine radiator. If the power electronics are cooled in
series with the engine, the water from the radiator should first pass through the power electron-
ics heat sink prior to going to the engine block, because the electronics need the cooler water.
The series-cooling configuration does not require an additional water pump. A serious question
with the series cooling would be whether the liquid would be cold enough for the electronics. A
parallel configuration would have two cooling loops and two pumps: one for the power electron-
ics heat sink and one for the combustion engine block. Two loops would likely enable the liquid
to be cold enough for the power electronics.

A forced air-cooled heat sink requires a large finned (probably aluminum) heat sink and an aux-
iliary fan, which could run off the dc link voltage or battery voltage. Design of the heat-sink
should be such that failure of the fan would still enable the electronics to run at a reduced-
capacity (probably 10–20%) full load by taking advantage of convective heat transfer and
maybe the “chimney effect” by allowing air to pass vertically through the heat sink.

6.5.4 Summary of Power Electronics Recommendations

• Using a variable-speed prime mover (engine) will require a system to convert the
voltage generated to a selectable voltage and frequency. Power electronics are rec-
ommended to achieve this conversion because of their compact size and controlla-
bility. A single unit able to generate power at 50, 60, and 400 Hz would be possible.

• Use IPMs for the inverter and rectifier sections of the power electronics system to
maximize integration of the electronics, increase reliability, and improve
maintainability.

• Use common components as much as possible in the power electronics systems for
the different sizes of gen-sets to minimize the burden of parts logistics.

6.6  SIZING OF GEN-SET (MINIMUM AND MAXIMUM POWER RATINGS)

Variable-speed engine operation will significantly increase the effective operating power range
of future gen-sets. Therefore, it appears appropriate to size future gen-sets with both a
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maximum and minimum rated power capacity. The maximum rated power would be determined
through testing similar to testing for current gen-sets. The minimum power rating, also deter-
mined through testing, would be the lower bound of effective and reliable gen-set operation. The
lower power level would assure reasonable fuel consumption and would be selected to minimize
the likelihood of wetstacking, or other related low utilization situations, and reduce the impact of
transient load performance. The lower power level would be determined primarily from the
engine map and qualification testing.

If future gen-sets were rated with both an upper and lower power rating, the family sizes could
be selected to cover the entire range of interest (in this case, 5–60 kW) with sufficient overlap
that parallel operation would not be required. The power management in the field should
improve, fuel consumption of the overall system would decrease while being more predictable,
and maintenance problems due to wetstacking would decrease dramatically.

Currently, the maximum power ratings are predetermined (5, 10, 15, 30, and 60 kW), and the
components of the gen-set are sized to meet that rating. The resulting gen-set then undergoes
qualification testing to determine if it is capable of meeting the power level. If the gen-set fails to
meet any of the power requirements during testing, the gen-set is redesigned with larger com-
ponents (often the engine, the largest component). This process tends to result in gen-sets that
may be overdesigned for their power rating.

An alternative approach would be to design a gen-set with the best components available to
meet a general power range, then test the gen-set to determine the power level at which the
gen-set is “qualified.” Instead of preselecting gen-set ratings that would best fill the military
requirements, the best engine is selected that satisfies the military power range requirements.
The increased power range flexibility of variable-speed control allows sufficient overlap of adja-
cent gen-set sizes. The remainder of the gen-set components (i.e., alternator, etc.) are then
designed to match the engine capacity. The gen-set final rating is assigned to the unit after the
system passes all of the specified tests. For example, if the gen-set passes most of the qualifi-
cation tests for 30 kW but passes all of the required tests at 28 kW, the maximum power rating
would be 28 kW rather than 30 kW.

In summary, there are numerous advantages that could be realized once the effective range of
gen-set operation has been determined and no substantial disadvantages.

• We recommend that gen-sets in the future be sized with both a maximum and mini-
mum power rating. The minimum rating would be determined during future testing
but would be the lower bound of effective and reliable gen-set operation. The maxi-
mum power rating would be determined using the same qualification tests used today
but at the highest power level for which the gen-set fully qualifies rather than at a
predetermined arbitrary level.

6.7  SELECTION OF FAMILY SIZES

The determination of family sizes assumes that future gen-sets will be rated with both a maxi-
mum and minimum rating as described in the preceding section. Family size selection is then
accomplished with a concurrent look at the generated energy vs power profile for military gen-
sets (shown in Figs. 5.2 and 5.3) and an understanding of the market of components recom-
mended for future gen-sets. The generated energy/power profile identifies the power ranges for
which an inventory of gen-sets is required. The market surveys identify the commercially avail-
able components that can best cover the required military power ranges. In this case, the
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engine should be selected first with all other components matched to complement that size.
Market data indicated that PM alternators and power electronics have broad operating ranges
such that the gen-set size is typically governed by the engine size.

This approach is expected to result in gen-set family sizes that are near optimum design of all
subsystems and that complement each other in filling the entire intermediate power range with-
out excessive capacity overlap or the need for parallel operations.

Because power electronics components and heat sinks are available in a variety of sizes, com-
ponents with large enough current carrying capacity can be selected such that the electrical
components are not expected to limit the power output capabilities of the gen-set.

As an example of family size selection using this approach, the engines presented in Table 6.4
have been reconsidered in Table 6.5, with the addition of the Cummins 5.9-L ISB engine. The
maximum continuous power ratings of each engine at 1800 and 3000 rpm are presented. The
maximum gen-set rating (in column labeled resultant gen-set rating range) is based on the
maximum continuous rating value at 3000 rpm; the minimum gen-set power rating is based on
engine operation at 40% of the maximum continuous power level at 1800 rpm. (Recall this is an
illustration only, final ratings would be determined through testing as described above.) This
lower engine power level is thought to still be a high enough power level to avoid wetstacking.
Also included in the table is the assumed overall conversion factor (or derate factor) that was
used to estimate gen-set electrical output (in kW) from net engine shaft output (in hp). These
factors are based on the current TQGs.

A plot of the estimated gen-set size ranges (minimum and maximum) as a function of engine
weight is shown in Fig. 6.9. This figure, although a demonstration, is useful in selecting the
family sizes. The family sizes should be selected with sufficient overlap in the ranges so that if
the end points vary somewhat, the family sizes can cover the entire range of interest.

Based upon this approach, three families can be seen from Fig. 6.9 that together supply power
over a 3- to 60-kW range without depending on parallel gen-set operation. The power rating for
the three family sizes that appear optimum are approximately 2–7 kW, 6–25 kW, and 20–80 kW,
and are highlighted as the dashed lines in Fig. 5.9. The chosen engines (i.e., Ruggerini MD191,
VW R3, and DDC Advanced Delta) can adequately cover the power range of about 2 to 80 kW
because of the flexibility of variable-speed control. The 25-kW gen-set could cover the 6- to
25-kW range. The 80-kW gen-set is required to supply the 20- to 60-kW range, but it is capable
of covering the entire 20- to 80-kW range. As more advanced prime movers become available,
more options will also be available (e.g., a lighter engine from 20 to 60 kW), but the general
approach is advantageous.

It is emphasized that these family size selections are not hard and fast values but represent
approximate ranges. The actual new design ratings may vary somewhat to allow for detail
design options such as available engine capacities when the final decision is made, other com-
ponent design considerations, or limits established by test results.

• Based on the engines available in the market survey, the number of future gen-set
families recommended to cover the 5- to 60-kW range is three.

• Based on projected market availability, the gen-set families should be sized at
approximately 2–7 kW; 6–25 kW; and 20–80 kW. Final size ratings will be determined
at the conclusion of the qualification testing.



Table 6.5.  Weight and power ratings for selected lightweight diesel engines and estimated gen-set
electrical output rating for gen-set application

Engine model and description
Continuous

power rating at
1800 rpm (hp)

Continuous
power rating
at 3000 rpm

(hp)

Resultant
gen-set
rating

rangea (kW)

Maximum gen-set
output rating for rated
engine speed [battle-

short mode]
(kW @ rpm)

Engine
dry

weight
(lb)

Assumed
derate factor

[engine
(hp)/gen-set

electrical
(kW) output]

Deutz-Ruggerini, MD 191 ,
2-cylinder aluminum crankcase
industrial engine

8.3 14.4 1.5–6.5 8.3 @ 3600 117 2.2

Lombardini 1204/T FOCS ,
4-cylinder turbo industrial engine

20.5 33.3 3.7–15.1 17.3 @ 3600 223 2.2

Volkswagen R3 , 3-cylinder, cooled-
turbo, unit-injector fueled, automo-
tive engine

33 54 6.3–25.7 33 @ 4000 251 2.1

Peugeot-Citroen DW10 TED ,
4-cylinder, cooled-turbo, common-
rail fueled, automotive engine

55 84 10.5–40 48 @ 4000 331 2.1

Volkswagen R4 , 4-cylinder, cooled-
turbo, unit-injector fueled, automo-
tive engine

61 92 11.6–44 51 @ 4000 310 2.1

Peugeot-Citroen DW12 TED4 ,
4-cylinder, 4 valve/cylinder, vari-
able geometry cooled-turbo,
common-rail fueled, automotive
engine

73 107 14–51 60 @ 4000 401 2.1

Detroit Diesel Advanced Delta ,
4 valve/cylinder, cooled turbo,
common-rail fueled, light truck
engine

106 172 20–82 95 @ 4000 640 2.1

Cummins 5.9 L ISB , 6-cylinder,
4 valve/cylinder, cooled-turbo,
medium duty truck engine

134 200 25.5–95 105 @ 2700 900 2.1

aRating is for operation between 40% of continuous power rating at 1800 rpm to 100% continuous power rating at 3000 rpm.
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Appendix 6-A.  UNIVERSAL MISSION WEIGHT COMPARISON TOOL

The mission weight comparison analysis applies to any kind of mobile electric generator design
trade-off. The analysis examines the mission duration break-even time when the total mission
(gen-set + fuel) weight of a heavier, more efficient generator design equals the total mission
weight of a lighter, less efficient generator design. The break-even time depends on generic
design parameters, including the difference in power density (lb/kW) between the two
generators, the fuel consumption difference (g/kWh), and the ratio of average demand-to-rated
power. The two gen-set designs being compared are assumed to be of equal rated power
capacity.

Total mission weight is the weight of the gen-set plus the weight of the consumed fuel for
specified power demand and mission duration.

Break-even time interpretation: If the break-even time exceeds the mission duration time, then
the lightweight, less efficient gen-set has lower total mission weight than the heavier, more
efficient gen-set because there is insufficient time to take advantage of the lower fuel
consumption. If the break-even time is less than the mission time, then the lightweight, less
efficient gen-set has greater total mission weight than the heavier, more efficient gen-set. In the
latter case, there is sufficient mission operating time to take advantage of the lower fuel
consumption of the more efficient gen-set to compensate for the it’s initial excess weight.

The mission duration break-even time (for equal mission weight) for two generator designs is
presented in Figs. 6-A.1, 6-A.2, and 6-A.3 for one peacetime and two wartime power demand
scenarios of approximately 28, 58, and 70% of rated power. The demand powers of 28, 58, and
70% of rated power, respectively, correspond to the peacetime average demand (Chap. 5,
Ref. 2), the projected average wartime demand for gen-sets up to 60 kW and for gen-sets over
60 kW (Chap. 5, Ref. 1).

The break-even time is plotted vs fuel consumption difference for various normalized generator
weight differences. The generator normalized weight difference ranges from 10 to
80 lb/rated kW. The fuel consumption difference is arbitrarily allowed to range from 1 to
200 g/kWh. Figure 6-A.4 is an aid to graphically estimate the fuel consumption difference from
the two known efficiencies of the competing designs.



6-28

Fig. 6-A.1. Mission weight break-even time comparing two gen-set designs
for average peacetime mission.

Note:
The break-even time is the mission duration when the total (gen-set + fuel) weight for the lighter, lower
efficiency gen-set equals the total weight of the heavier, higher efficiency gen-set.

For break-even time > mission duration, the light, less efficient gen-set has lower total mission weight
than the heavier, more efficient gen-set.

For break-even time < mission duration, then the light, less efficient gen-set has higher total mission
weight than the heavier, more efficient gen-set.

Peace-time average power demand fraction avp = .278 of rated power for gen-sets 60 kW or less.
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Fig. 6-A.2. Mission weight break-even time comparing two gen-set designs
for projected wartime mission for gen-sets 60 kW or less.

Note:
The break-even time is the mission duration when the total (gen-set + fuel) weight for the lighter, lower
efficiency gen-set equals the total weight of the heavier, higher efficiency gen-set.

For break-even time > mission duration, the light, less efficient gen-set has lower total mission weight
than the heavier, more efficient gen-set.

For break-even time < mission duration, then the light, less efficient gen-set has higher total mission
weight than the heavier, more efficient gen-set.

Projected war-time average power demand fraction avp = .58 of rated power for gen-sets 60 kW or less.
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Fig. 6-A.3. Mission weight break-even time comparing two gen-set
designs for projected wartime mission for gen-sets over 60 kW.

Note:
The break-even time is the mission duration when the total (gen-set + fuel) weight for the lighter, lower
efficiency gen-set equals the total weight of the heavier, higher efficiency gen-set.

For break-even time > mission duration, the light, less efficient gen-set has lower total mission weight
than the heavier, more efficient gen-set.

For break-even time < mission duration, then the light, less efficient gen-set has higher total mission
weight than the heavier, more efficient gen-set.

Projected war-time average power demand fraction avp = 0.7 of rated power for gen-sets over 60 kW.
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Fig. 6-A.4. Curves to estimate the difference in fuel consumption from two
different gen-set efficiencies.
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7.  DIGITAL CONTROL SYSTEM

The purpose of this chapter is to describe and recommend the control systems for incorporation
in future gen-sets. The control system will include operation of the generator during normal and
battle-short modes as well as the D&P system. The D&P system is described in Chap. 8.

7.1  PURCHASE VS DEVELOPMENT OF CONTROL SYSTEM

While at first glance it would seem appropriate to purchase an off-the-shelf controller, this is not
really a viable option. Each controller is designed to handle a specific gen-set. A generic con-
troller would add too much expense and design time for options that are not required for a
particular gen-set. If a vendor sold the control system separately, it would still have to provide all
intellectual property details of the control system for the controller to be useful. In other words, a
control system is an integral portion of the gen-set and is not a “plug-and-play” component that
can be taken from one unit and used on a different unit. Moreover, no existing control system
was located that included all the features that are desirable for the next generation of gen-sets
(such as prognostics or variable-speed control).

The most desirable controller for a variable-speed gen-set would be developed to be upgrad-
able and applicable for each of the gen-set family sizes. This modularity will reduce the number
of replacement parts because a single unit will be useable for all gen-sets. As new develop-
ments occur, the controller can expand to handle these with a software modification and per-
haps an additional module to condition the signal. One will be able to update the software via a
maintenance computer link in the same fashion that a PC’s BIOS is updated today.

If the system is developed specifically for the new gen-sets, then a potential vendor would
simply obtain a license and build the units with the new control system. The architecture would
be open and easily updated with the latest development. The technologies and components on
which the gen-set control system would be based are well established and have been imple-
mented previously. It will be necessary to integrate the control of these components in a digital
control system specifically for this application. A customized control system would be designed
for use on all family sizes.

• Based on the survey of the market, it appears highly unlikely that a control system
can be purchased separately from the gen-set. Therefore, we recommend that the
control system be developed specifically to operate the future gen-sets.

7.2  GEN-SET MODULAR CONSTRUCTION BLOCKS

A schematic of the control system is shown in Fig. 7.1. The following sections address the con-
trol necessary to operate each of the modules.

7.2.1 Engine

The IC engine that has a digital or analog control input for speed or power converts fuel to
mechanical power that turns the generator. Desired outputs include a tachometer reading and
diagnostic sensor readings such as oil pressure and other pertinent operating information.
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Fig. 7.1.  Schematic of the control system.
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7.2.2 Alternator

As far as the control system is concerned, the alternator can be any type of electrical generator.
The control of the generator may require an excitation current control and/or output a shaft posi-
tion or tachometer. If a PM motor/generator is used, then no excitation current is required.

7.2.3 Power Electronics

This will be the unit that converts the variable frequency and voltage of the generator output due
to the variable-speed shaft input and generates the desired electrical output voltage and fre-
quency. It will consist primarily of the switching power transistors and the control circuitry
necessary to operate them.

7.2.4 Onboard Computer (Global Controller)

This computer would perform a variety of computations that are necessary for global operation
or the macro-commands to the various subcomponents, which will orchestrate the overall
smooth operation and coordination between the subcomponents. This system supports those
components that need millisecond (ms) and longer time response.

The scale of this unit remains to be determined by the diagnostics capability chosen to be incor-
porated into the gen-set. It may consist of anything from a simple 8-bit microcomputer (µC) up to
a sophisticated Pentium class (or equivalent) machine. The operating system may range from a
simple prom monitor to a more complex Windows CE operating system. The determination of
the operating system will depend on the diagnostic computation(s) required and the display that
needs to be driven. Once requirements for diagnostics and the display are identified, then the
selection of this component will be straightforward. Software factors to consider beyond those
discussed so far are the robustness of the operating system, the familiarity of the operators with
it, the speed of boot (operational readiness), the ease of programming and updating, and both
the development and the purchase cost. Other hardware factors to consider are ease of system
updates, cost, weight, robustness, heat dissipation requirements, and ease of maintenance and
modification.

The software development effort will depend primarily upon the diagnostic requirements, which
could range from a few hundred to many thousand lines of code. How much of the diagnostics
will be incorporated directly into the gen-set and how much might be relegated to a separate
portable diagnostic and maintenance computer (DMC) remains to be determined.

In this application the control system would be an integral part of the inverter package, which
itself would be a modular unit in all of these new gen-sets. It appears that due to the nature of
the gen-set requirements for power, some interchangeability in the electronics package may be
possible between units. This control system would control not only the inverter DSP, but also
the generator and the engine for a unified control approach. It could also interface to other gen-
sets to parallel the power outputs for additional power capability and reliability. The control to
the engine, the generator, and any other gen-set subcomponent would be a generic control
such as more or less power to be delivered by the engine. It is felt that the engine manufacturer
would best know how to control all the internals to the engine that it designed far better than any
external vendor. Therefore, only generic controls would be required by the control system. In the
case of the engine, a prerecorded map of the engine efficiency would tell the controller where to
set the engine speed for the requested power. In battle-short mode it would probably set the
engine to run at an optimum speed to be able to pick up large electrical loads more quickly
without concern for fuel efficiency.
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Paralleling units together would allow smaller lighter weight units to be combined into larger
units as needed. An intelligent controller would also allow units to come on line automatically as
needed for the power demand and to pick up the load if another gen-set in the system fails or
needs to be shut down for maintenance (see Sect. 7.4.3).

In the design of the controller, the overall cost would be reduced by use of field programmable
logic arrays (FPLAs) and other programmable logic to reduce parts count, cost, and physical
complexity. When possible, standard components would be used over more exotic and less
obtainable ones.

 Advantages of µC for global controller:

• elegant
• very simple to operate
• few failure modes
• cheaper to produce
• less weight
• more robust

Disadvantages of µC for global controller:

• display must be simple ASCII (text) or additional programming needed
• may lack power to do all that is necessary
• not easily expandable for more computational speed
• need external computer (DMC) to get at internals of operation
• a more complex operating system with a sophisticated graphical user interface (GUI) is not

available

Advantages of PC-based global controller:

• plenty of power and expansion capability
• better debugging tools
• more programmers familiar with system
• can be operated with a greatly simplified operating system
• can utilize a more sophisticated display

Disadvantages of PC-based global controller:

• more expensive
• slightly heavier
• larger size
• GUI operating system more complex (Windows CE)
• more to fail
• not as robust
• difficulty obtaining robust GUI displays
• higher power requirements and therefore more cooling required

Recommendation

• The advantages tend to favor a PC-based global controller to run the control system.
The final decision will be made during the prototyping phase of this program. The
selection of the operating system will have to be made at a later date based on the
other system requirements chosen by the military.
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7.2.5 DSP

The DSP will be the workhorse on the micro-level command, which operates the switching of
the power transistors to achieve the instantaneous power and voltage output to the load. It will
operate on the microsecond (µs) timing level and will most likely cycle through its entire program
in 20 µs or less. Therefore, the code for this processor is typically on the order of a hundred
lines. It will need to be compact and highly efficient to be able perform the necessary calcula-
tions in the required time frames. It will most likely communicate to the onboard computer
through shared memory and will have its own sensor input to instantaneous output voltage and
current and generator state.

In the case of an induction generator, the excitation current to it will have to be controlled by this
DSP. If a standard alternator is used, then a dc excitation current will be controlled by this pro-
cess. In the case of PM generator, no control is necessary here at this level.

During development of the first prototype, a PC-based DSP board that has floating point capa-
bility will be used, because it will be much easier to develop code and program changes in algo-
rithms, without the worry of overflow and underflow that has to be considered with an integer
DSP. Once the algorithm is fully developed and verified, then the algorithm will be converted to
run on a stand-alone integer DSP development board. While this will take additional work, the
cost savings of an integer DSP will more than offset the expense of the conversion. On the
third-generation prototype, the integer DSP chip will be incorporated directly into the controller
board itself. Several companies (Motorola and Texas Instruments) make a DSP specifically
designed to control inverters such as this and will sell in quantities at prices as low as $15 each.

The alternative to a DSP control is discreet logic. This means designing a fixed circuit to control
the inverter switches. It is not a software-based (programmable) system and can get very com-
plex to implement all of the functions desired.

 Advantages of DSP:

• very versatile—easy to change program
• inexpensive in production unit
• reduced parts count and weight
• easy design (hardware moved to software)

Disadvantage of DSP:

• requires software development system and corresponding learning curve

Advantage of discreet circuitry:

• very fast—virtually instantaneous control

Disadvantages of discreet circuitry:

• very complex design
• difficult to alter circuit design
• requires large board layout
• many discreet components
• uses more power requiring greater heat dissipation
• expensive to develop and reproduce
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Recommendation

• We recommend the use of DSPs in the control system to govern the final current and
voltage output.

7.2.6 Display and Input

The display can range from a few mechanical buttons and gages to a full-color active matrix
with touch screen input. Again, the final selection will depend on the desired end result.

If an active matrix is chosen, then it may be the weak link in the entire system due to the rugged
environment that it will be required to operate in. It will be a more easily damaged component in
the system, and consideration will have to be given to the possibility of continuing to function if
this unit is damaged or rendered inoperable due to moisture or extreme temperatures. In this
module will be included any operator input device whether it is a touch screen or a mechanical
switch.

The mechanical approach would mimic the present-day operation of the TQGs with their
mechanical switches and meters.

A third option is available, which may be a compromise between these two extremes. There are
liquid crystal displays in the form of a dot matrix, which allows a viewing area of up to 8 lines by
40 characters. These are fairly robust and have been used in outdoor applications such as
weighing systems. This type of display would allow some simple graphics and be easy to pro-
gram. It would not require the sophistication of a Windows or GUI operating system. It would not
allow complex graphics or color to be displayed, and it would be limited to brief descriptions of
operator messages due to its compact size. But, the cost is very reasonable compared to an
active matrix.

This component will require the military to determine its requirements and desires for what and
how it wants to display information to the operator in order to make the final selection.

 Advantages of simple mechanical display:

•  most rugged
• simple to use
• inexpensive
• familiar to personnel

Disadvantages of mechanical display:

• not as informative to user as desired/required
• requires separate PC (DMC) to interrogate system
• could end up weighing more

Advantages of a liquid crystal display:

• robust
• simple to use
• relatively inexpensive
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Disadvantages of a liquid crystal display:

• limited display area
• coarse resolution
• messages need to be cryptic

Advantages of GUI:

• display picture information
• achieve many levels of complexity
• be completely self-contained

Disadvantages of GUI:

• more easily damaged (fragile)
• more expensive

Recommendation

• The final recommendation for the display will depend on further input from the mili-
tary about what is needed in the field. Once it is determined what is required on the
display, then selection of that display will be relatively simple.

7.2.7 DMC

External to the gen-set one can use a standard computer (notebook or other ruggedized
system) with a standard RS-232 serial port to connect to the gen-set. With this connection one
can obtain all the information available on the gen-set’s state of health as well as control internal
parameters for testing or other specific operations. This could be used for D&P, service, and
maintenance applications not available onboard the gen-set.

The DMC would have all of the figures and diagrams and troubleshooting information on a
CDROM. This CDROM could be updated easily and inexpensively whenever a new develop-
ment became available just as operating systems to PCs are updated frequently in this manner.
In addition, a network connection may allow automatic updates from Web addresses in a timely
fashion.

This system would mimic the diagnostic capability of an automobile service department. It would
interrogate the gen-set as to detailed stored information and perhaps lead maintenance person-
nel through step-by-step resolution of any detected problems. This may include anything from
changing the oil to replacing a fundamental component. It may be possible to house a CDROM
disk with each gen-set, which contains all the information on that gen-set so it will always be
available for use on any PC.

 Advantages of a separate DMC:

• can put full schematics, diagnostic, mechanical diagrams, and repair information onboard
• one unit that can service many gen-sets (also a disadvantage if not used properly)
• saves weight and cost of each gen-set
• easy to update with a CDROM
• can make it easy to upgrade gen-set programs
• can be a standard rugged PC, which can have other uses



7-8

Disadvantage:

• requires an additional unit to be maintained with gen-sets

The final maintenance computer can be any rugged computer with a serial port on it and a
CDROM drive. Other options such as network links are highly desirable.

Recommendation

• A separate maintenance computer should be included to provide additional useful
functions, which are not deemed appropriate to be included onboard the gen-set
itself.

7.3  BACKUP PLAN FOR CONTROL SYSTEM

The likelihood that the control system just described and recommended can be built is very
high. Time and resource constraints will determine the sophistication of the controller. Computer
and DSP controllers of this type have been built many times before. The initial prototype may
very well include a DSP control board that has been designed at ORNL and is currently opera-
tional in an electric bus. Only the software for it would need to be modified.

It is not a matter of designing one to do all that is required of it, but of compromises between
cost, weight, robustness, durability, capability, and user friendliness. Contingency plans for the
development effort of the controller are more a matter of updating the decisions for these trade-
offs. In other words, we are confident that a control system can be built that would operate the
gen-sets within these recommendations. However, it is possible that some of the features that
have been discussed in this chapter might not be practical in the initial control system because
of cost and development time constraints.

As with any development there is always a risk that an unforeseeable event will delay or render
a design inoperable. If for some reason the power electronics module (consisting of the power
electronics and the computer control) were to fall into this category, then it would be a relatively
simple matter to scale down the degree of sophistication to a system that would work. This
would allow the simpler and more dependable design to be used until the more sophisticated
unit could become operational.

7.4  ADDITIONAL FEATURES

Given that a digital control system will be used in the manner previously described, several
features could be built into the control system that might be beneficial. These options can be
incorporated with little additional cost and risk.

7.4.1 Fail Safe Options

In the event of a component failure in the power electronics, it would be possible with some
generators to design the system such that it could be field rewired to run power directly off the
generator, thus bypassing the power electronics. In this case the engine would be controlled to
operate in the standard fixed-speed mode to achieve the desired ac frequency and voltage on
output. This would not be practical for 400-Hz operation, but would be possible for 50- or
60-Hz operation. This type of operation would preclude any paralleling or fuel optimization.
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7.4.2 Long Electrical Power Delivery Cables

When a gen-set is placed a long distance from the load and/or the power cables are not of suffi-
cient gauge, then there can be a significant voltage drop in the cable by the time the power
reaches the load. Through use of an intelligent controller this can easily be corrected. The
operator could simply tell the controller about how long and what gauge wire is being used to
deliver the electrical power, and the inverter would be adjusted to provide the correct voltage at
the load. In cases where very precise voltage regulation is required, a sensor line can be run to
the load, but this should not be necessary in any foreseeable application.

7.4.3 Parallel Operation of Gen-Sets

One of the advantages of using a power electronics inverter for generating power is the addi-
tional control capacity, which when coupled with the proper communication, allows the parallel-
ing of the power outputs together for greater total power delivery. The system envisioned could
feature automatic phase matching of power output among multiple units, either the same or
different sizes. The only addition to software and communication between gen-sets is the
increased size of the power delivery connectors to handle the total load.

In addition to being able to automatically phase match the power outputs, the control system
would be designed to operate in either a “master” or “slave” role. The control system would then
be able to tell by the connections which role it should assume. This would prevent problems by
an operator assigning more than one master among several sets operating in parallel. Should
one unit in the set fail, the control system could be designed to reassess the power demands
and continue operation.

Communication
The most fault-tolerant form of communication between paralleled gen-sets would be to put the
communication signal between gen-sets over the power lines themselves. That way if the gen-
sets were paralleled, they would automatically have the communication link established.

The difficulty here would be ensuring a reliable communication method to “ride on top” of the
delivered power. Because the inverters typically produce high-frequency switching noise, it may
be difficult to keep this noise from interfering with the control communication link. However, if
this can be accomplished reliably, then this would be the preferred mode of operation for paral-
leling gen-sets.

The use of wireless communication between gen-sets seems problematic at this time. The costs
of wireless links, which would be nondetectable, is high. In addition, the communication itself
would need to take place very rapidly, which would be a very difficult task via wireless
communication.

Reliability for Parallel Operation
Parallel operation of multiple gen-sets can either improve or reduce reliability of generating
electricity depending on how it is implemented. In general, reliability is inversely related to the
demand load. If the demand load is close to the total capacity of the sum of the multiple gen-
sets, then the reliability of the parallel system is less than the reliability of a single gen-set. If the
demand load is a fraction of total capacity of the sum of the multiple gen-sets, then the reliability
of the parallel system is greater than the reliability of a single gen-set.
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An example is illustrated in Table 7.1. In the example, generators having an assumed reliability
of 0.9 are operated as one, two, three, or four units in parallel with an assumed maximum
capacity of 60 kW. The example system reliability ranges from 0.656 to 0.9999, depending on
the ratio of demand power to total power capacity and on the number of generators in parallel.

The table shows that when operating near maximum (i.e., 100%) system capacity, the system
reliability decreases with increased number of gen-sets operating in parallel. This is because
there is greater opportunity for failure when every unit is required to generate the demand
power. As demand power decreases, system reliability increases with increased number of
generators. This is because not all of the paralleled generators are required to deliver the
necessary fraction (i.e., <75%) of the system capacity.

In general, the military prefers to avoid parallel operation where possible to minimize the amount
of equipment transported to the field and to maximize reliability with minimum fielded equip-
ment. When necessary, parallel operation is used for critical missions where high reliability and
redundancy is essential.

 Advantages of paralleling:

• smaller units easier to transport
• fewer sizes of units needed (fewer different replacement parts needed)
• much higher reliability for partial power delivery
• can scale to power demand much easier
• can turn off individual gen-sets when full power not needed, saving fuel

Disadvantages of paralleling:

• full power reliability reduced
• smaller units tend to have lower fuel efficiency
• more complexity in control system
• increased logistics burden

The details of including automatic parallel operation in the control system will need to be
explored in the design phase of the prototyping based on additional input from the military. If the
new digital control system cannot operate multiple units automatically, the units can be com-
bined using the same techniques that are used today.

Table 7.1.  Reliability for example parallel operation of gen-sets a

Reliability at load demand
(% total load capacity)Number of

generators

One
generator
capacity

(kW)

Total
capacity

(kW)
15 kW
(25%)

30 kW
(50%)

45 kW
(75%)

60 kW
(100%)

1 60 60 0.90 0.90 0.90 0.90
2 30 60 0.990 0.990 0.81 0.81
3 20 60 0.999 0.972 0.729 0.729
4 15 60 0.9999 0.9963 0.948 0.656

aAssumes the reliability of one generator = 0.90 for illustration.
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8.  D&P RECOMMENDATIONS

This chapter provides a description of how a D&P system would be used and incorporated into
future gen-set design. The diagnostics system would aid in both reducing maintenance costs
and, more importantly, minimizing unexpected failures in the field. The prognostics system could
eventually help predict the remaining life of selected gen–set components under a variety of
operating conditions. When considering D&P, several sources were studied. These are included
as Refs. 1–10.

8.1  BACKGROUND

A background section is included in Appendix 8-A. The examples provided illustrate the type of
information that is obtainable by doing D&P testing. These examples focus on showing the ver-
satility and strong capabilities of electrical signature analysis (ESA) as a D&P technology. In
addition to ESA, many other technologies are available for application to gen-sets. It is impor-
tant to realize, however, that the application of even a proven technology to a new application
requires an initial development effort to establish the relationships between the measured
parameters (e.g., signatures) and the true condition of the monitored device. Fortunately, the
time for development of this knowledge does not have to be long, if defect implantation and
accelerated wear tests are done.

The development of a reliable prognostic system, however, is not an easy task. Because
machine wear items can degrade at different rates according to their initial condition, their
service environment, and their maintenance history, predicting the time of their failure requires
up-to-date trends of key parameters known to be directly related with component condition and
life-span. The algorithms used for these predictions should be refined (updated) as necessary
based on experience with the prognostic system. Thus, it is expected that the prediction accu-
racy of these algorithms will improve as they are used more and more.

8.2 D&P CAPABILITIES IN THE PURCHASE DESCRIPTION FOR 100- TO 200-kW TQGs

The recently prepared purchase description (PD) for 100- to 200-kW gen-sets (PD-6115-0115)
contains specifications for many monitoring systems (sensors and display instruments) for
ensuring that the condition of these gen-sets is known and maintained. Included in these speci-
fications are requirements for monitoring and displaying several key parameters known to be
related to safe and reliable operation. Also included in this document are requirements for D&P.
These requirements confirm the relevance and acceptance of condition monitoring elements
onboard these gen-sets.

The D&P capabilities specified by PD-6115-0115 were reviewed and considered for possible
application to new gen-sets in the 5- to 60-kW range. Key sections from PD-6115-0115 that are
relevant to D&P are summarized in the following two sections.

8.2.1 Required Parameters

According to PD-6115-0115, the following indicating instruments are required on the 100- to
200-kW units:

• lube oil pressure indicator (3.28.1.1.1)
• engine temperature indicator (3.28.1.1.2)
• fuel-level indicator (3.28.1.1.3)
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• battery charging indicator (3.28.1.1.4)
• running-time meter (3.28.1.1.5)
• voltmeter (3.28.1.1.6)
• ammeter (3.28.1.1.7)
• kilowatt meter (3.28.1.1.8)
• frequency meter (3.28.1.1.9)

In addition, the following engine-shutdown protection devices are specified:

• engine overspeed (3.28.1.3.1.1)
• engine high temperature (3.28.1.3.1.2)
• low oil pressure (3.28.1.3.1.3)
• low fuel level (3.28.1.3.1.4)

The following devices are also specified to provide electrical interruption by tripping the output
circuit interrupter:

• undervoltage (3.28.1.3.2.1)
• overvoltage (3.28.1.3.2.2)
• short circuit (high current) (3.28.1.3.2.3)
• overload (high current) (3.28.1.3.2.4)
• reverse power (3.28.1.3.2.5)
• ground fault (ground fault leakage current) (3.28.1.3.2.6)

It should be noted that most of these protection devices are triggered by undesirable amplitude
deviations in the same parameters used by the indicating instruments listed above.

8.2.2 D&P

Section 3.28.1.4.1 of PD-6115-0115 requires that “The generator control system shall incorpo-
rate a diagnostic capability, which will diagnose gen-set failures to the operator to the Line
Replaceable Unit (LRU) as defined by the maintenance concept.” PD-6115-0115 further states
that the status of all protective systems (e.g., engine-shutdown devices and electrical interrup-
tion devices) be clearly displayed so that if the gen-set is shut down by the trip of a protection
device, the particular device responsible for the shutdown is clearly identified and remains iden-
tified until manually reset. While this approach provides the gen-set operator with information
that can be useful in pinpointing the cause of an unexpected failure, the cause of a problem is
only identified after the problem has occurred. The protective systems by themselves cannot
provide information about the problem before it occurs. An early warning about an impending
shutdown can allow the operator to alert all users of the gen-set problem so that they can power
down their electrical equipment in an orderly manner, rather than suffer from a sudden power
loss. Therefore, a gen-set using a diagnostics system that monitors and reports degradation
level in addition to failure is likely to be less disruptive when a problem does develop.

In addition, the required onboard instruments can provide an indication of the present condition
of certain gen-set systems, but they must be manually read by the operator at different points in
time if any trends are to be discovered. For example, one-time readings of engine temperature
and fuel level may show both to be within acceptable limits. Multiple readings are required to
determine if these values are changing over time, and the quantity of rates of change. By dis-
covering undesirable trends in the measured parameters, problems can often be identified at an
early stage of development and fixed before they threaten the operability of the equipment.
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Unfortunately, multiple readings made manually by the gen-set operator may interrupt other
duties. If these readings are made automatically, the trends of many parameters can be estab-
lished and displayed on command, or automatically displayed. A fully automated diagnostic
system could include means of alerting the gen-set operator of an unusual trend that is indica-
tive of a serious problem. Means of alerting the operator could include lights, sounds, or could
even include a remote paging system that “calls” the operator whenever the diagnostic system
discovers a problem.

Section 3.28.1.4.3 of PD-6115-0115 requires that “The generator control system shall incorpo-
rate a predictive maintenance capability, which will prognosticate gen-set failures to the operator
to the LRU as defined by the maintenance concept.” It further specifies that both D&P systems
shall interface with the Interactive Electronic Technical Manual (IETM). A main function of the
prognostic system is to estimate and display the remaining life of wear items such as

• oil
• air filter
• fuel filter
• belt
• injector
• oil filter

Each of these capabilities was considered for possible application to 5- to 60-kW gen-sets and
is discussed below.

Oil life remaining
It is important to monitor the condition of all fluids used by the gen-set. The Army Oil Analysis
Program (AOAP) has been developed to determine when oil and hydraulic fluids should be
changed and to recommend when equipment maintenance should be done to prevent major
equipment failure. Note that this preventive maintenance initiative emphasizes the importance of
having participants submit accurate records (serial numbers, odometer readings, etc.) with their
oil samples. Thus, it is thought that this program is sufficient to track the condition of oil used by
the gen-sets, and it is probably unnecessary to incorporate an onboard D&P capability specifi-
cally for this purpose.

Air filter life remaining
The condition of the air filter (air cleaner) can be visually determined by a quick and simple
maintenance procedure. An air restriction indicator is also provided on the air cleaner assembly
housing and displays red when the air cleaner element should be serviced. It is thought that the
restriction indicator provides sufficient diagnostics and, because the replacement of the air
cleaner is relatively simple, an onboard prognostic method is unnecessary.

Fuel filter life remaining
The condition of a fuel filter is vital to the correct functioning of the engine. A significant number
of fuel system problems have been documented; therefore, reasonable attention should be
directed at improving the level of monitoring of this important system. The development and/or
application of a technique for fuel filter condition and remaining life assessment can likely mini-
mize unexpected fuel filter problems and may be useful in estimating the remaining life of the
filter.

Figure 8.1 is a block diagram of the fuel system for a 10-kW TQG. Two fuel filters plus a fuel
filter/water separator are employed to ensure that clean fuel reaches the injection pumps and
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injectors. Fuel is moved by an auxiliary fuel pump, a transfer pump, and then by the injector
pumps.

One method for estimating the level of fuel filter plugging would be to monitor the pressure drop
across the filter for a known fuel flow rate through the filter. The pressure drop may be mea-
sured directly by pressure sensors on both sides (upstream and downstream) of the filter, while
the flow rate can be measured directly with a flow sensor on one side of the filter. The flow rate
may also be indirectly determined from the rate of change in the fuel tank level measurement.
The magnitude of fuel filter plugging can then be estimated by a mathematical equation based
on the relationship between the three variables (percent plugging, pressure drop, and flow rate).
This relationship must be predetermined through testing (e.g., in a lab) on similar fuel filters
having known levels of plugging.

The degradation rate (rate of plugging) can then be determined by making multiple plugging
measurements as described above and determining the change in plugging per unit time. It is
important to detect any changes in degradation rate that may occur during operation, especially
if the degradation rate suddenly increases (e.g., due to dirty fuel).

External
Fuel

Supply

Fuel
Filter

Auxiliary
Fuel

Pump

Transfer Pump

Fuel Level
Sender

Fuel Level
Float

Switch

Fuel Tank

Fuel Filter / Water Separator

Fuel Filter

Injection Pumps (4)

Injectors (4)

Combustion Chamber

Excess Fuel
Return Line

Fig. 8.1. Block diagram of the fuel system for a 10-kW TQG
set. Source: Redrawn from Army TM 9-6115- 642-10.
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The remaining life of the filter can then be estimated by an additional mathematical equation
that considers three variables: the present level of plugging, the degradation rate (plugging
rate), and the failure point (plugging level for a failed filter). It is important to realize that the
remaining life calculation is only an estimate, and its accuracy is largely determined by the accu-
racy of the variables that are used in the equation.

Finally, for fuel systems employing electric fuel pumps, it is likely that fuel filter plugging infor-
mation can be detected in the fuel pump electrical signatures. Related testing by ORNL has
shown that dirty air filters can be detected by monitoring fan running load and motor speed—
both of which can be determined from the fan motor current signatures. Thus, an ESA-based
method might be applicable for diagnosing problems in both fuel pumps and fuel filters.

Belt life remaining
Another important component in a TQG is the fan belt. The fan belt drives the fan, water pump,
and battery-charging alternator. A broken fan belt halts the operation of these components. The
condition and remaining life of the fan belt is thus an important issue, and its condition should be
at least periodically checked. Obvious belt problems can include worn or frayed appearance and
excessive looseness. While it seems that belt condition could be determined relatively easily
through a visual inspection, criteria should be followed for deciding whether the belt is too worn
or too loose. A measurement of belt condition, using a sensor to determine looseness and wear,
can provide a quantified measurement that can be used to determine when the belt should be
replaced.

The placement of an accelerometer on a sheave bearing housing can be beneficial for several
reasons. The information obtained from a single accelerometer at this location can include belt
condition information and likely will also include information related to engine health. Data from
the accelerometer could be automatically analyzed and then displayed on the gen-set control
panel.

Injector life remaining
Fuel spraying through the injector may produce acoustic or ultrasonic signals that might be
detected, analyzed, and used to detect injector plugging. This diagnostic method would require
considerable development and would likely be difficult to apply due to the high vibration envi-
ronment where measurements would be made. A predominant fuel injector problem is physical
damage to the injector rubber boot, and no monitoring system is presently suggested to detect
this specific problem. Thus, at least for now, fuel injector condition may be best determined via
periodic inspection rather than by an onboard system. If electronic fuel injectors are used; how-
ever, ESA techniques should be explored. ESA investigations at ORNL on automotive electri-
cally activated fuel injectors have produced encouraging results.

Oil filter life remaining
The oil filter, like the air filter, is subject to plugging due to the accumulation of dirt and/or other
impurities. While the air filter (air cleaner) is relatively easy to inspect, the oil filter is more diffi-
cult to inspect for accumulated debris. In a similar manner to the fuel filter, the oil filter could
also be monitored using pressure sensors installed on both sides of the filter. It appears that this
would probably be unnecessary as long as the oil filter was replaced according to an estab-
lished periodic schedule.
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8.3 ANALYSIS OF GEN-SET MAINTENANCE RECORDS

Gen-sets are complex devices. For example, a 10-kW TQG is comprised of more than 400
replaceable parts. They operate in harsh environments and are subject to mechanical shock
while being loaded, unloaded, and transported to and from their deployed sites. Thus, it is not
surprising that over time, they experience failures from a large variety of causes. To better
understand the magnitude and variety of these failures, a quick review was made of a database
consisting of 10,358 gen-set maintenance events at Fort Hood and Fort Bragg. The database
included descriptions of scheduled (preventative) maintenance and unscheduled (corrective)
maintenance activities. While a comprehensive review of this database is beyond the scope of
this project, the limited review was useful in identifying a large list of specific reasons why
maintenance was performed on these units. Those reasons are listed in Appendix 8-B.

Gen-set maintenance actions were broken into three categories representing three major
drivers. Figure 8.2 shows the distribution of maintenance actions in the three driver categories
that are further described below.

Scheduled Maintenance (30%)—Scheduled maintenance is preventative maintenance per-
formed at regular intervals (e.g., annual, semiannual, etc.) It also includes scheduled tests such
as those performed as part of the AOAP.

Compliance with Safety Bulletins (15%)—These maintenance activities are performed in
response to an issued bulletin such as a Safety of Use Message (SOUM). Four SOUMs have
been issued pertaining to TQGs:

• Grounding Connection on 15-, 30-, 60-kW Power Unit/Power Plants
• Leaking Fuel Lines on 5- and 10-kW TQGs
• Frayed Wires on 5- and 10-kW TQGs
• Overload of Convenience Outlet Receptacles (all TQGs)

Unscheduled Maintenance (55%)—Most maintenance activities are repairs or replacements of
loose, missing, damaged, or failed parts. The effective application of onboard D&P can minimize

U n s c h e d u le d  
M a in te n a n c e

5 5 %

C o m p lia n c e  W ith  
S a fe ty  B u lle t in s

1 5 %

S c h e d u le d  
M a in te n a n c e

3 0 %

Fig. 8.2. Distribution of maintenance drivers
for 10,358 gen-set maintenance
activities at Fort Bragg and Fort Hood.
Most maintenance is unscheduled.
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many of these problems and thus lower the number of unscheduled maintenance activities.
Many problems are not suitable for D&P and are better left up to periodic inspections. Table 8.1
shows examples of several specific problems noted in the database and whether each problem
was judged to be a candidate for D&P, a design improvement, or neither.

8.4 WETSTACKING

According to the PM-MEP Internet site, the majority of TQG maintenance problems (60 to 70%)
are a result of a problem called “wetstacking." Wetstacking is defined as “...the buildup of
unburned diesel fuel and carbon residues in the engine and exhaust system of diesel engines...”
The primary cause of wetstacking is running the gen-set in an underloaded condition. When
underloaded (relative to its rated output), the diesel engine runs cooler, rougher, and with
increased vibration. PM-MEP recommends that a gen-set be operated above 50%, preferably
70% or higher of its rated output. This will reduce the wetstacking problem and improve the

Table 8.1.  Examples of specific gen-set problems and whether they are
candidates for D&P or design improvements

Example of
specific problem

Candidate
for D&P

methods?

Candidate
for

improved
design?

Comments

Broken fan belt Yes Maybe D&P could be used to detect belt
degradation and estimate
remaining life.

Dead battery Yes Maybe Onboard battery tester may
detect weak batteries and
minimize unexpected battery
failures.

Deteriorated resilient mounts
(engine, alternator, generator)

No Yes New designs may increase
useful life and minimize
required maintenance.

Loose or broken bolts and
screws

No No Minimizing vibration or use of
thread-locking glues may mini-
mize loose fasteners.

Fuel pump runs intermittently or
fails unexpectedly

Yes Maybe D&P could be used to detect fuel
pump degradation and estimate
remaining life.

Failure of low oil pressure
switch due to broken wires

No Yes Broken wires may result from
repeated bending due to vibra-
tion or from rubbing against
adjacent surfaces.

Worn dipstick seal (allowing oil
leakage)

No Yes Improved seal materials should
lengthen life span and minimize
oil leakage.

Faulty readings from meters
and gages

Yes Yes Improved meters and gages may
be needed that are self-
calibrating and self-diagnosing.
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reliability of the gen-sets. Earlier recommendations (see Chap. 6) include rating gen-sets with a
minimum power level at which wetstacking is not likely to occur.

One additional approach to minimizing the frequent occurrences of wetstacking would be to
develop a wetstacking monitor and warning system that would alert the user to conditions that
can lead to this problem. Several indicators are already available on the gen-set to monitor key
parameters such as engine (coolant) temperature, current (or percent rated current), and per-
cent rated power. Signals already sent to these meters could be further processed by the D&P
system and used to calculate a “wetstacking factor.” The wetstacking factor could be continually
displayed by a “wetstacking indicator” or, when a preset threshold is exceeded, to illuminate a
“wetstacking conditions present” light on the control panel. This warning could also be transmit-
ted to someone remotely via the paging method previously described. For the purpose of
determining whether gen-sets are being used efficiently, the wetstacking factor could be stored
and trended over time for later analysis.

8.5 MAINTENANCE COSTS

Annual maintenance costs for Army TQGs in the 5-kW through 60-kW range were obtained,
adjusted to 1999 dollars using the consumer price index, and shown in Table 8.2, together with
the total number of units in each power level. The table shows that over $6M is spent annually
maintaining Army TQGs.

These numbers obviously do not include intangible costs such as those incurred when a
mission cannot be fully accomplished due to a lack of electrical power resulting from an unex-
pected gen-set failure in the field.

Table 8.2.  Approximate maintenance costs for Army TQGs (5–60 kW)

Gen-set size
(kW)

Annual maintenance
cost per unit

($)

Number of
Army TQGs

Total annual cost for this
size class

($M)
5 504.31 4556 2.3

10 484.62 3916 1.9
15 591.13 1311 0.8
30 534.29 1285 0.7
60 638.45 898 0.6

        Total 6.2

8.6 RECOMMENDATIONS FOR NEW GEN-SET D&P

Due to the unavailability of a commercial D&P system that meets the needs of new gen-sets, a
D&P system should be developed. Based on reviews of technical documents and available fail-
ure records, there are many opportunities for cost-effective application of D&P methods and
technologies on gen-sets in the medium power range. A D&P system can be incorporated on a
new gen-set at one of three levels:

1. Minimal incorporation—Data acquisition and display functions are onboard the gen-set. Data
analysis and D&P functions are provided by a portable (e.g., laptop) computer system that is
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separate from the gen-set. The portable computer is periodically brought to the location of
the gen-set to extract the raw data and to analyze, diagnose, and display the condition and
remaining life of all critical gen-set components.

2. Moderate incorporation—Data acquisition and display functions are onboard the gen-set. A
minimal number of data analysis and diagnostics functions are also provided onboard and
are linked to simple displays (e.g., indicator lamps) that identify the general condition of a
few selected critical components. The majority of the data analysis and diagnostics is still
performed by a portable computer. All prognostics functions are performed by the portable
computer.

3. Total incorporation—All data acquisition and D&P functions are performed onboard the gen-
set. A rugged flat-panel display is provided on the gen-set for display of signal levels, com-
ponent condition and remaining life, alphanumeric messages, and other gen-set related
information (e.g., maintenance instructions).

A comparison chart showing the pros and cons of these three levels of D&P incorporation is
provided in Table 8.3.

While the relatively low cost of the minimal D&P incorporation level is attractive, this approach to
gen-set D&P is not recommended because of the high probability that many component degra-
dations and incipient failures will not be discovered on a timely basis, due to the dependence on
a person to periodically extract gen-set data and perform all D&P analyses. The overall effec-
tiveness of the minimal and moderate D&P integration levels will be determined in part by how
quickly a given component failure mode develops from the point of initial detection to the actual
failure. For example, if a particular failure mode evolves quickly, and the D&P analyses are
performed infrequently, the failure is more likely to occur by this approach than if an onboard
D&P system were used (as is utilized in the total incorporation level).

When effectively implemented, a gen-set D&P system is expected to provide several significant
benefits, including

• extended overhaul intervals
• minimized or eliminated unexpected breakdowns
• improved maintenance efficiency
• improved equipment reliability and availability
• reduced maintenance costs
• reduced total costs of ownership (over the life-span of the equipment)
• accurate estimations of needed spare parts and maintenance personnel

The main detriment associated with a D&P system is its initial development cost. In addition, the
added complexity of an onboard D&P system means there is “more to go wrong,” although the
D&P system can be designed to be rugged, weather resistant, etc., to minimize these problems.
Finally, there is always the potential for developing a high confidence in the D&P system, much
as we develop a confidence in electric power, transportation equipment, etc. With this confi-
dence may also come an exaggerated sense of security and dependency that can magnify the
inconvenience and disruption when (not if) the D&P system fails to detect a problem or identifies
a problem that is not present. Most D&P systems are based on imperfect relationships between
monitored parameters and actual mechanical and electrical events and therefore cannot be
100% reliable.
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Table 8.3.  Comparison of three levels of incorporation of D&P
technologies in new gen-sets

D&P
incorporation

level
Advantages (pros) Disadvantages (cons)

Minimal 1.  The minimal incorporation level
requires the least onboard computing
and display capabilities, and is thus
the least complex and least
expensive (cost per gen-set) option.

1.  The condition and remaining life of
many gen-set components will be known
only at irregular intervals that are based
on the availability of the gen-set D&P
portable computer and the person oper-
ating it. Thus, this level offers the least
capability to avoid unexpected failures
and unscheduled maintenance. This
level also requires the most interaction
time between the human and the gen-
set.

2.  By sharing one D&P computer
between many gen-sets, the possibility
exists for confusion between gen-set
data sets. As a result, gen-set problems
may be misdiagnosed or undetected.

Moderate 1.  The moderate incorporation level
is a compromise (in complexity and
cost) between the minimal and total
incorporation levels. When compared
to the minimal level, a greater level of
gen-set condition information is avail-
able onboard.

1.  While the condition and remaining life
of a few gen-set components will be
known on a timely basis (from onboard
displays), the condition and remaining
life of many components will still be
unknown until the gen-set D&P portable
computer is utilized. This level requires
less interaction time between the human
and the gen-set than the minimal level,
but still requires considerably more
interaction time than the total incorpora-
tion level.

2.  By sharing one D&P computer
between many gen-sets, the possibility
still exists for confusion between gen-set
data sets. As a result, gen-set problems
may be misdiagnosed or undetected.

Total 1.  The total incorporation level pro-
vides the onboard means to detect
major gen-set degradations and
incipient failures on a timely basis,
thus offering the greatest capability to
avoid unexpected failures, and
unscheduled maintenance. All D&P
functions are automated and dis-
played efficiently using a flat-panel
computer display. This level requires
the least interaction time between the
human and the gen-set.

1.  The total incorporation level requires
the most onboard computing and display
capabilities and is thus the most com-
plex and most expensive (cost per gen-
set) option; however, these costs are
expected to be at least partially offset by
the timeliness of the D&P information
and the prevention of additional unex-
pected failures.
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• It is recommended that the D&P system be designed to include moderate  to total
incorporation. The “best” approach will be decided after the costs of these two
approaches are determined through further testing, development, and application of
D&P methods and technologies.

Due to the unavailability of a commercial, ready-to-use gen-set D&P system, such a system will
need to be developed. This general sequence of efforts is necessary for the development of an
effective D&P system:

1. Gain an understanding of the failure modes and causes of the monitored equipment.
2. Identify measurable parameters relevant to selected failure modes.
3. Specify and install sensors having adequate sensitivity and dynamic range for the parame-

ters of interest.
4. Acquire data consistently over time with sufficient speed and resolution.
5. Develop and implement data analysis methods to extract meaningful data characteristics

(e.g., frequencies, amplitudes, etc.).
6. Establish relationships between data characteristics and equipment (including subcompo-

nent) condition.
7. Determine equipment condition solely from an analysis of acquired data characteristics

(diagnostics).
8. Trend data characteristics over time, and develop prediction algorithms based on degrada-

tion rates.
9. Extrapolate trends in data characteristics beyond the present to predict future behavior

(prognostics).

The most important product of these efforts is the knowledge of how to relate parameter-specific
“signatures” to the condition of components within the monitored equipment. Using COTS hard-
ware (sensors, signal processors, etc.), this knowledge can be implemented by algorithms that
are programmed into an easy-to-use system. With continued use of the system, the algorithms
should be refined to always utilize the best relationships between the acquired data and the
known condition of the monitored equipment. Any changes (in hardware or software) should be
made by “qualified personnel only” to protect the integrity of the D&P system. These changes
could be made either at a maintenance depot or in the field

Many gen-set parameters can provide potentially useful diagnostic information. Most of these
parameters will already be monitored as a means of ensuring that the gen-set delivers electrical
power with the desired characteristics and at a level that is consistent with its capabilities and to
ensure that the gen-set is being operated safely. Whether monitored manually, or via an auto-
mated system, these parameters can provide important information to the user that is relevant
to the safe, reliable operation of the gen-set.

Due to the large number of measurable parameters, good judgment should be exercised in
selecting the most important ones. The parameters should be selected based on two major
factors:

1. the importance to establishing and verifying the desired electrical power characteristics of
the gen-set and

2. the sensitivity to known degradation and failure modes of key onboard components and
systems.
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For components that rarely fail, or those that can be easily replaced in the field, D&P methods
may not be a cost-effective option. Likewise, as discussed in this report, it may be more appro-
priate to improve the reliability of certain components through improved designs rather than
through D&P. For those components and systems where reliability is critical to the functioning of
the gen-set, and where field repairs are not practical, D&P methods can provide valuable insight
into component condition and expected remaining life. Repairs of these components can then
be scheduled for a time when the gen-set is not needed, and when spare parts and mainte-
nance personnel are readily available.

• Based on knowledge of parameters that are presently monitored on existing TQGs, a
review of available failure records, and discussions with CECOM, it is recommended
that several but not all-available parameters be monitored for their importance in D&P
of new gen-sets. Table 8.4 provides an initial listing of those parameters that should
be included in the D&P system. The final list of monitored parameters will be deter-
mined during the prototyping of the new gen-sets.

Indicators should be provided as appropriate to allow for simultaneous viewing of several
selected parameters such as voltage for each phase, current for each phase, etc. Warnings
should be given (visual, audible) when values for these parameters fall outside the recom-
mended range. In addition to an “emergency stop” function, the following parameters should
also be used to protect the gen-set, the loads they power, and nearby people:

• engine overspeed
• low oil pressure
• undervoltage

Table 8.4.  Parameters that should be Included in a gen-set D&P system

Parameter Importance

Lube oil temperature and pressure Engine protection and diagnostics
Fuel level and rate of consumption Remaining availability of fuel
Engine running-time Overall measure of gen-set service wear
Output voltage: all phases (line to neutral)

and average
Critical characteristic of delivered power

Output current: all phases (line to neutral) and
average

Magnitude and balance of connected loads

Power factor (all phases) Electrical efficiency, indicator of load behavior
Real power (all phases, and total) Electrical efficiency, indicator of load behavior
Apparent power (all phases and total) Electrical efficiency, indicator of load behavior
Coolant temperature Engine protection and diagnostics
Coolant level Remaining availability of coolant
Contactor status Verifies correct functioning of gen-set
Voltage harmonics Critical characteristic of delivered power
Engine temperature Engine protection and diagnostics
Battery voltage and charging status Battery condition and availability
Percent rated power Wetstacking indicator
Engine speed Engine protection and diagnostics
Exhaust temperature Engine protection and diagnostics
Output frequency Critical characteristic of delivered power



8-13

• short circuit (high current)
• reverse power
• high coolant temperature
• engine high temperature
• low fuel level
• overvoltage
• overload (high current)
• ground fault (ground fault leakage current)
• incorrect (high or low) output frequency
• low coolant level

The signals displayed by the indicating instruments and monitored by the protection devices
should be further analyzed where applicable for additional useful diagnostic information and
especially for trends that may provide early indications of impending problems. Figure 8.3
shows two examples of this approach.

Present TQGs utilize a “battle-short” switch to ensure continued gen-set operations under
emergency conditions. The battle-short switch is used to override all safety (protection) devices
except the short circuit devices and the emergency stop function.

• It is recommended that a similar battle-short switch be provided by the new gen-set
that disables the action  of the safety parameters listed above (with exception of the
short circuit and emergency stop function). It is further recommended that the
indication  (e.g., displays showing high current, high temperature, etc.) of all parame-
ters still be available so that the user has the ability to monitor the condition  of the
gen-set, even though the actions  of its safety devices have been bypassed.
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Fig. 8.3. Illustration of how existing signals can be exploited for additional
information useful in performing D&P.
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The D&P system should always be active, regardless of operating mode. Even when running in
battle-short mode, it can be very important to know that a critical component is about to fail. The
D&P system can alert the user to short-term maintenance needs that can be performed during
battle-short mode operations. Even if a component failure cannot be prevented, the D&P system
can give valuable early warnings for needed spare parts and maintenance personnel.

Additional D&P Features
• We recommend several additional items (described below) be included in the D&P

system for the prototype and evaluated for effectiveness during prototype testing.
The final resolution of exactly what is in the D&P system will depend on the effective-
ness of the system and additional input from the military.

In addition to the parameters listed above, new cost-effective D&P methods should be explored
that would improve capabilities to monitor the condition of the following items:

• fuel pumps
• fan belt
• fuel, oil, and air filters
• fuel and oil condition

By detecting degradation and impending failure of these items, maintenance can be performed
on a timely basis rather than in response to an unexpected failure during a period when the gen-
set is needed the most and spare parts may not be available. When deemed to be cost-
effective, and especially when D&P methods fail to work acceptably, automated monitoring
should be replaced by simple maintenance alerts based on pre-established periodic mainte-
nance intervals (e.g., measured in operational hours). These intervals should be based on fail-
ure history whenever possible. While this approach may reduce the need for D&P methods, it is
difficult to establish maintenance intervals that are optimal. Replacement of parts and compo-
nents (overhauls), strictly on a periodic schedule, can often result in unnecessary maintenance.

New detectors should be identified that would detect the presence of leaking fluids, especially
fuel. The detectors should provide an “alarm” or other warning when fluid leakage has been
detected. Methods for detecting air in fuel lines should also be identified and evaluated. These
new methods could minimize the loss of fluids, especially in unattended gen-sets, but would add
a little more complexity and cost to the D&P system.

The D&P system should be able to sense wetstacking or at least the engine conditions that can
lead to this common problem. A warning indication should be provided when wetstacking is
detected or when conditions that promote wetstacking occur. The “wetstacking indicator” could
provide substantial benefits, and would require very little additional D&P system complexity or
cost because the parameter signals needed for this indicator are going to be monitored anyway,
for other purposes.

A system for remote notification that a generator problem or impending problem exists should
be investigated. This system could be based on short-range radio frequency (RF) transmission
to a small receiver “pager” that is activated by the gen-set when a problem (e.g., low fuel, over-
heating, etc.) is detected that needs short-term attention. This system could potentially prevent
gen-set failures that are quick to develop and would also allow the gen-set to operate reliably
with minimal human monitoring.
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The D&P system should be designed to interface with the IETM. The additional complexity and
cost of the D&P system for this capability will need to be determined.

The reliability of sensors and switches (and associated wiring and quick-disconnects) that have
experienced high incidences of failure—such as the fuel level switch, low oil pressure switch,
and high-temperature switch—should be improved. Improvements should primarily be in the
areas of shock immunity and strain relief and are not expected to add significantly to the cost of
the D&P system.

Finally, the D&P system should provide a means of quickly verifying the calibration and correct
operation of all critical indicators (meters, and gauges) to promote confidence in the instrumen-
tation and to minimize reported “faulty readings.” The additional complexity and cost of the D&P
system to provide this new capability is not clear. The costs associated with this improvement
should be determined, and then a decision can be made as to its cost-effectiveness.

A strong benefit is gained by integrating the D&P system with the digital control system due to
their similar data requirements; however, the capabilities of the D&P system would improve
greatly from the use of a dedicated computer (processor). While both systems will utilize many
of the same sensed parameters, the sample rates, data block size, data storage, and other
characteristics of the two systems are vastly different. Due to the potential for malicious
intrusion (viruses and other inappropriate programs), access to system software should be
restricted to those who are “qualified.” Hardware barriers (e.g., key locks) and software barriers
(e.g., passwords) should be strongly considered. Hardware and software integrity checks,
including anti-virus software, could be utilized if desired.

The D&P system should be easy to use and should provide easy to interpret displays that do
not require an expert to understand. Whether D&P methods are implemented onboard the gen-
set or by a portable computer, a recommended approach is the VI platform due to its “user-
friendly” GUI, versatile display features, and powerful programming capabilities. The VI platform
provides the capability to create “virtual displays” that can be viewed on-demand or displayed
automatically if problems are detected. If utilized onboard the gen-set, the consolidation of the
many required instrument displays into a common, centralized location will save considerable
space. The major detriment to an onboard VI system is the initial cost of the computer and
display. By utilizing a relatively small display, these costs can be minimized. The additional
costs of an onboard D&P system are expected to be at least partially offset by the timeliness of
the D&P information, which should result in the prevention of additional unexpected failures.
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Appendix 8-A.  BACKGROUND OF D&P

8.A.1  MAINTENANCE PHILOSOPHIES

Equipment maintenance can be performed according to two general philosophies—preventive
maintenance or corrective maintenance. Preventive maintenance can be either periodic or pre-
dictive and is performed prior to failure, while corrective maintenance is performed after failure.
Corrective maintenance can be very costly and inconvenient depending on the severity of the
failure and the time of occurrence. Often, an unexpected failure cannot be fixed immediately
due to the unavailability of spare parts and/or trained personnel. Both periodic and predictive
maintenance can offer many benefits:

• extended overhaul intervals
• minimized or eliminated unexpected breakdowns
• improved maintenance efficiency
• improved equipment reliability and availability
• reduced maintenance costs
• reduced total costs of ownership (over the life span of the equipment)
• accurate estimations of needed spare parts and maintenance personnel

If a periodic maintenance program is implemented, equipment is serviced at predetermined time
intervals (e.g., calendar time, operating time, number of cycles, etc.). If predictive maintenance
is performed, equipment is serviced according to equipment condition, which is determined via
diagnostic testing. This condition-based maintenance approach, when successful, assures that
equipment maintenance is performed when it is needed to prevent unexpected failures, but
without the costs incurred from unnecessary maintenance. Under certain scenarios, excessive
maintenance can actually degrade equipment quicker than if the equipment was left alone.

To determine condition, detect incipient failures, and predict remaining life of equipment
(including equipment subcomponents), the following general method should be followed:

1. Gain an understanding of the failure modes and causes.
2. Identify measurable parameters relevant to selected failure modes.
3. Specify and install sensors having adequate sensitivity and dynamic range for the parame-

ters of interest.
4. Acquire data consistently over time with sufficient speed and resolution.
5. Develop and implement data analysis methods to extract meaningful data characteristics

(e.g., frequencies, amplitudes, etc.).
6. Establish relationships between data characteristics and equipment (including subcom-

ponent) condition.
7. Determine equipment condition solely from an analysis of acquired data characteristics

(diagnostics).
8. Trend data characteristics over time, and develop prediction algorithms based on degrada-

tion rates.
9. Extrapolate trends in data characteristics beyond the present to predict future behavior

(prognostics).
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8.A.2  MEASURABLE PARAMETERS

Care should be exercised in selecting measurable parameters. For example, when the function-
ality of a device ceases as a result of the failure of a subcomponent (e.g., a bearing failure pre-
venting a pump from running), the condition and remaining life of the subcomponent should be
monitored because it ultimately determines the remaining life of the entire device. Most
machines and rotating equipment offer several potentially useful measurable parameters. These
parameters can include

• mechanical vibration (e.g., proximity, velocity, acceleration);
• acoustic and ultrasonic noise;
• temperature;
• pressure;
• electrical parameters (voltage, current, power, power quality); and
• viscosity (e.g., of lubricants).

To effectively diagnose problems in monitored equipment, the signals acquired from sensors
must be analyzed correctly. For example, an accelerometer is often used to monitor mechanical
vibration of a pump, fan, or compressor. The signal provided by the accelerometer transduces
vibration into an analog (continuous) voltage waveform. One level of diagnostics could be based
on a measurement of the total RMS of the accelerometer signal. An improved diagnostic
assessment could be realized by monitoring the details in the vibration signal, rather than simply
the RMS magnitude.

These details can be analyzed in the time domain or more effectively in the frequency domain.
The frequency spectrum of an accelerometer signal provides a revealing signature of the moni-
tored device that can be used to identify anomalous behavior such as imbalance, damaged
bearings, damaged gears, mechanical looseness, and faulty belt drive. Over the years, many
relationships have been developed among these degradations and their corresponding vibration
signature features.

Often a measured parameter is not fully utilized for its entire information content. A good exam-
ple of this is motor current. Until about 10 years ago, only the RMS value of an ac motor current
signal was typically measured. In this way, motor current was used primarily as a digital, or
single value parameter, rather than for its signature. Research conducted by the ORNL has
revealed that motor current signatures can be just as informative as vibration signatures. Motor
Current Signature Analysis (MCSA) was thus born and continues to be developed to this day.
MCSA is now a part of a larger suite of diagnostic technologies called Electrical Signature
Analysis (ESA) that can be applied to a wide variety of equipment that utilize motors and gen-
erators. The following discussion is provided as an example of the level of detailed information
that can be extracted from a measured parameter—in this case, an electrical parameter. The
same approach can be followed when analyzing another parameter such as vibration.

8.A.3  ELECTRICAL SIGNATURE ANALYSIS

ESA is based on the knowledge that time-dependent load and speed variations occurring
throughout an electromechanical system will induce variations in a motor’s and/or generator’s
electrical response. These variations are observed as a change in current (for a motor) or a
change in voltage (for a generator). Signal conditioning and signature analysis techniques have
been developed for extracting these electrical perturbations and relating them to their source
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and have thus opened a new field for diagnostic innovations. Mission readiness can be ensured
by the comprehensive D&P provided by technologies such as ESA.

ESA techniques have been successfully demonstrated by ORNL in a wide variety of
applications:

• material pulverizers
• chilled-water systems
• Army ammunition delivery system
• motor-operated valves (MOVs)
• NASA propellant control valve
• fans and blowers
• Navy fire and seawater pumps
• nylon spinning machines
• consumer hand tools and home appliances
• multiaxis machine tool
• water pumps of various designs
• electric vehicle motors and alternators
• helicopter rotor and gearbox
• aircraft integrated drive generator
• air conditioning systems
• gear boxes
• reproduction machine motors
• vacuum pumps
• centrifuges
• automotive fuel injectors

Several of these applications are now discussed to provide examples of D&P activities that
ORNL has been involved in during the last 15 years.

8.A.4  APPLICATION OF ESA TO AIRCRAFT COMPONENTS

The operability and health of aircraft mechanical components can be monitored nonintrusively
by analyzing the voltage output from an electrical generator onboard the aircraft. For a turbine-
driven rotor aircraft, available generators may include the aircraft systems’ power-producing
starter/generator and tachometer generators used to monitor turbine and rotor shaft speeds.

To investigate this application of ESA, ORNL acquired generator voltage signals on a Bell Jet
Ranger helicopter while the helicopter was operated on the ground but “light on the skids.” The
voltage signal provided by the helicopter’s rotor tachometer generator was analyzed and found
to contain a large fundamental frequency indicative of the rotor’s speed, as well as several har-
monics of this fundamental component. The relative magnitude of these harmonics (e.g., har-
monic distortion) was discovered to change with rotor unbalance, which was induced by install-
ing additional mass near the end of one helicopter rotor blade. Although a detailed data analysis
is beyond the scope of this document, a strong correlation was discovered between rotor unbal-
ance and harmonic distortion of the generator signal.

In addition, the aircraft’s power-producing starter generator was also seen to behave as a sen-
sitive transducer whose signal was influenced by mechanical loads throughout the helicopter’s
complex gear train. The primary dc voltage provided by the generator was accompanied by a



8-20

smaller, but inherently useful, ac signal component as well. The frequency spectrum of the ac
signal content was observed to contain discrete peaks, reflecting several known gear mesh fre-
quencies of the helicopter’s transmission.

These preliminary tests demonstrate that significant diagnostic information is available from
onboard aircraft generators. Their transducing abilities exceed their recognized functions (e.g.,
speed monitoring and battery charging) and should be exploited for diagnostic purposes when
possible.

8.A.5  USE OF ESA TO DETECT COMPRESSOR AERODYNAMIC ANOMALIES

ORNL participated in tests in which rotating stall was induced in a large (1700-hp) axial-flow
compressor at the Paducah Gaseous Diffusion Plant in Paducah, Kentucky. Plant personnel
knew that this flow phenomenon occurred on several occasions, and it was known to accelerate
compressor blade fatigue damage. At the time of this test, the use of motor ammeter readings
and equipment-mounted accelerometers had not provided a sensitive and reliable means of
detecting this damaging aerodynamic condition. The interest in purposely inducing a rotating
stall in an operating process compressor was to determine if this condition could be detected
with ESA. For this test, a simple clamp-on current transducer was installed on the motor’s
ammeter loop located in the control room.

After amplitude demodulation of the raw motor current signal, discrete frequency components
were observed in the spectrum at the motor’s operating speed and its slip-poles frequency
(approximately 30 Hz and 1 Hz, respectively). When rotating stall was induced, new peaks at
13.5 Hz (fundamental) and 27 Hz (harmonic) were immediately observed. These peaks
remained in the demodulated motor current spectrum until the compressor was allowed to
return to normal operation.

This test demonstrated that the motor was a superior transducer for detecting this damaging
aerodynamic condition. As a result, several motor-current-based alarm systems were subse-
quently installed at the plant.

8.A.6  DEMONSTRATION OF ESA ON A PROTOTYPE FUTURE ARMOR REARM VEHICLE

The feasibility of using ESA-based D&P techniques to improve the reliability of Future Armor
Rearm Vehicles (FARVs) was demonstrated during a research project funded by the U.S. Army.
This project included the selection of components to monitor (conveyor system) acquisition and
analysis of ESA test data and the development and demonstration of an automated monitoring
system. The automated monitoring system developed during this project featured a computer-
ized VI that acquired, analyzed, displayed, and trended electrical signature information from a
conveyer system’s motor. The VI successfully differentiated between baseline, belt defect, and
chain/sprocket defect conditions and also demonstrated a means of trending and predicting
maintenance intervals based on an extrapolation of data trends.

8.A.7  APPLICATION OF ESA TO AIRCRAFT INTEGRATED DRIVE GENERATORS

Integrated drive generators (IDGs) on certain commercial aircraft experience complete failure,
on average, at a rate of four per year; as many as ten have failed in one year. The causes are
seizure and destruction of scavenge, drive pump, and axial gears on the generator's main shaft.
Traditional recertification tests do not detect incipient gear failure. A gear set costs $17,000; a
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gear unit costs $250,000. The capability to predict gear failure or incipient failure represents
substantial savings for owners in replacement costs.

IDG units provide power to aircraft (117/208 V at 400 Hz) for passenger reading lights and
galley microwave ovens. To maintain their reliability, effective measures of the onset and levels
of gear wear are needed. ORNL has demonstrated both on a test stand and on a jet that ESA
techniques provide signature attributes necessary to characterize good and worn gears. The
strength of ESA is that current and voltage probes are easy to attach and use for monitoring,
with no additional mounting required. Results show that even at extremely low generator loads,
ESA provides excellent sensitivity for detecting gear-related problems.

8.A.8  MOV MOTOR CURRENT SIGNATURES

To further illustrate ESA, Fig. 8-A.1 provides an example of the amount of information provided
by a single electrical parameter. This figure shows the time waveform and frequency spectrum
of a conditioned motor current signal from a MOV. By knowing the characteristics of the MOV’s
internal components, the significance of each feature in the waveform and spectrum can be
identified. For example, many discrete frequency peaks are evident in the spectrum that
correspond to specific sub-components within the MOV, such as the motor, stem nut, valve
stem, stem packing, valve gate, and various gearbox elements (drive sleeve, worm, and worm
gear). Any degradation in one of these subcomponents will result in changes in the signature
feature(s) associated with that degraded subcomponent.
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8.A.9  COMPARISON BETWEEN VIBRATION ANALYSIS AND ESA

The previous examples illustrate how an ac induction motor can be effectively used as a trans-
ducer for monitoring its own condition as well as the mechanical equipment that it drives. It is
equally important to realize that alternators and generators produce voltage signals that also
contain diagnostic information. Figure 8-A.2 illustrates a machine built by ORNL to demonstrate
the similarity between mechanical vibration, motor current, and generator voltage signatures.
The machine includes a small commercially available air compressor and a standard automotive
dc generator that are both belt driven by a 1/2-hp ac induction motor.

Figure 8-A.3 (top plot) shows a frequency spectrum of the vibration signal acquired from an
accelerometer located on the air compressor during its operation. Vibration frequencies associ-
ated with motor, compressor, and generator shaft speeds are detected and from both belt rota-
tions as well. Demodulated motor current signals shown in Fig. 8-A.3 (middle plot) also contain
similar frequency components, with the addition of the motor slip-poles frequency.

The frequency spectrum of the conditioned generator signal is shown in Fig. 8-A.3 (bottom plot)
and includes many electrical and mechanical event frequencies, thus demonstrating the gen-
erator's usefulness as a transducer for equipment condition monitoring. Note that the generator
output voltage was ac coupled to filter out the primary dc voltage component, and then low-pass
filtered to attenuate the pole-pass frequency and higher frequency components. This process
allowed the examination of low-frequency mechanical information in the generator voltage
signal. Other signal conditioning methods can be used to extract the higher frequency compo-
nents that are useful in diagnosing problems in the generator itself.

8.A.10  PREDICTING FAILURE

Figure 8-A.4 illustrates that a given piece of equipment can fail to operate due to more than one
cause or mode. Furthermore, the rate of degradation can be affected by the operating environ-
ment. In Fig. 8-A.4, failure mode (A) under extreme operating conditions is used as an example
to show the relative time span that might exist between the times of detection, maintenance,
and failure. The time between the point of maintenance and the predicted point of failure may be
viewed as a time margin or safety factor.

8.A.11  PERISTALTIC PUMP PROGNOSTICS

As an additional example, Fig. 8-A.5 shows a typical peristaltic pump that is similar to those
used in oil, chemical, pharmaceutical, food, and wastewater treatment facilities. The pumping

Fig. 8-A.2.   Device built by ORNL to demonstrate ESA.
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Fig. 8-A.3. Frequency spectra of vibration (top plot),
motor current (middle plot), and genera-
tor voltage (bottom plot) signals from the
device illustrated in Fig. 8-A.1.
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Fig. 8-A.4. Degradation curves for two failure modes, (A) and (B) for a single piece of
equipment under normal (N) and extreme (E) operating conditions.

Fig. 8-A.5. Typical variable-speed peristaltic pump (shown
with speed controller).
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action is provided by three rollers (for this model) that rotate with the motor shaft to squeeze
“packets” of fluid in the direction of flow.

Figure 8-A.6 (upper plot) shows that the motor current spectrum of the peristaltic pump contains
a discrete frequency peak at the “roller-pass frequency” (RPF), which reflects the rate at which
the tubing, containing the fluid being pumped, is being compressed. The amplitude of the RPF
peak reflects the energy needed by the motor to compress the tubing containing the fluid being
pumped. As shown in Fig. 8-A.6 (lower plot), the RPF amplitude increases over time. This is in
response to the tubing losing its resiliency as it is repeatedly compressed. Eventually, the tubing
becomes so stiff that it cracks, resulting in fluid leakage and pump failure. Once the relationship
between the RPF and the tubing condition is established, the RPF may now be monitored, ref-
erenced to the degradation curve for this failure mode, and used to predict the remaining life of
the tubing and peristaltic pump.
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Appendix 8-B.  REVIEW OF MAINTENANCE EVENTS FOR TQGs

The following are TQG maintenance events for various systems and components.

1. General Engine Problems
• engine will not start
• black smoke coming from exhaust
• engine runs with excessive vibration and/or noise
• engine cannot reach normal speed and power
• engine overheats
• wetstacking observed (classes I, II, and III)
• smoke coming from engine compartment
• excessive oil consumption

2. Fuel System
• fuel leakage from tank drain plug
• fuel leakage from tank filler neck collar (rubber)
• fuel leakage from fuel filter
• dirty fuel filter
• dirty fuel/water separator
• missing fuel filter
• water detected in fuel filter
• fuel leakage from injector
• incorrect injector spray pattern
• injector solenoid boot damage (holes, worn, torn)
• missing injector mounting bolts
• fuel leakage from return line (rubber)
• deteriorated fuel lines
• fuel leakage from fuel pump fitting
• loose fuel pump mounting bolts
• fuel pump runs intermittently or fails

3. Cooling System
• coolant leakage from radiator
• missing radiator reservoir cap
• bent radiator assembly
• coolant leakage from water pump
• coolant leakage from radiator and overflow tank hoses
• missing fan guard
• loose or missing fan guard bolts
• loose or frayed fan belt
• broken fan belt
• bent fan blade
• unusual fan noise
• contaminated coolant

4. Lubrication System
• oil leakage from drain
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• oil leakage from oil filter
• oil leakage from dipstick seal
• missing dipstick
• worn dipstick seal
• incorrect oil used
• contaminated oil
• fuel in oil
• water in oil

5. Exhaust System
• exhaust leakage from muffler
• loose or broken mounting bracket bolts
• exhaust inlet restricted with carbon
• missing exhaust manifold nuts
• missing pipe cover and/or mounting bolts
• broken pipe at mount

6. Battery/Charging
• dead battery
• missing battery
• loose or missing battery holding-brackets and bolts
• missing battery terminal covers
• corroded battery terminals
• terminal burned off
• failure of alternator to charge batteries
• alternator adjusting strap threads stripped
• broken wires
• burnt battery cable
• corroded battery cable
• missing fuse

7. Speed Control
• loose governor linkage nuts and bolts
• governor sticks
• broken throttle cable

8. Engine (other)
• missing air filter housing end cap
• broken air filter housing
• air filter dirty or soaked with oil
• chafing or fraying of heater coil wires

9. Load Terminal
• missing safety clips
• load terminal nut stripped
• chaffed wires

10. General ac Generator Problems
• cannot generate sufficient output voltage
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• excessive vibration
• looses power when load is applied
• shuts down unexpectedly due to over-voltage
• overvoltage blowing out light bulbs
• smoke coming from generator housing
• inability to control ac voltage
• inability to control output frequency

11. Housing
• loose, broken, or missing mounting bolts and screws
• bent hinges, dented doors
• broken convenience receptacle hinge or door

12. Resilient Mounts
• deteriorated or “collapsed” mounts (engine, alternator, generator)

13. General Instrumentation Problems
• sparks and smoke coming from instrument panel

14. Meters/Gages
• faulty readings or failure of ac voltmeter
• faulty readings or failure of ac ammeter
• faulty readings or failure of percent load meter
• faulty readings or failure of battery dc ammeter
• faulty readings or failure of coolant temp gage
• faulty readings or failure of hour meter
• faulty readings or failure of frequency meter
• faulty readings or failure of fuel level gage
• faulty readings or failure of oil pressure gage

15. Switches
• failure of ac circuit interrupter
• failure of fuel level switch (sticking or open circuit)
• failure of low oil pressure switch (broken wires)
• high-temperature switch missing or failure (broken wires)
• broken temperature safety switch
• ignition switch broken or frayed wires
• emergency stop switch broken or knob missing

16. Indicator Lights
• missing light lenses
• broken light bulbs

17. Wiring
• burnt wiring to frequency transducer
• burnt wiring to ground fault interrupter
• burnt main wiring harness
• burnt control box wiring
• burnt wiring to ac convenience receptacle
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9.  MATERIALS CONSIDERATIONS

This chapter addresses the use of lightweight materials in the new gen-sets. Since the frame
and structure of the gen-set is a significant contributor to the overall weight, much attention is
given to weight reduction in this chapter.

For the next generation of gen-sets, it is likely that the overall weight of the engine, generator,
and accessories will be significantly reduced. Consequently, the structural requirements of the
frame and the total volume of the system will be decreased. This is a significant opportunity for
reducing the weight of the frame and housing. The use of lightweight materials, such as alumi-
num or composite materials, has the potential to reduce the weight of the overall gen-set even
more.

9.1  DESIGNING WITH COMPOSITE MATERIALS

Composite materials encompass a wide range of material, performance, and cost characteris-
tics. In general, a composite material consists of a fiber reinforcement combined with a matrix
material. There are many different types of fiber reinforcements, resin systems, and manufac-
turing processes; each contributes to the specific properties of the composite material.

Polymer composites have been widely used for years in the aircraft and aerospace industries
because of their high strength-to-weight and stiffness-to-weight ratios. There has been less
widespread usage of composite materials in some industries, such as the automotive industry,
because the composite materials have not been cost-competitive. Table 9.1 gives a comparison
of several common polymer composites with steel and aluminum.

As shown in this comparison, carbon fiber composites and glass fiber composites are 4 to 5
times less dense than steel. The modulus of steel is more closely matched with carbon fiber
composites, although the cost of the carbon fiber composites is more than 10 times that of steel
(>$5/lb vs $0.40/lb raw material cost). Aluminum and glass fiber composites have similar
mechanical properties and are more similar in cost ($0.60/lb vs $0.80/lb) for random fiber sheet
molding compound (SMC).

Table 9.1.  Comparison of composite material properties
with steel and aluminum

Material
Density
(lb/in.3)

Strength
(ksi)

Elastic
modulus

(Msi)

Steel 0.284 55–80 28–30
Aluminum 0.098 45–70 10
E-glass/epoxy unidirectional 0.067 140 5.7
Kevlar 49/epoxy unidirectional 0.05 200 11
High-strength carbon fiber/epoxy

unidirectional
0.056 225 20

High-modulus carbon fiber/epoxy
unidirectional

0.059 180 31.2

Carbon fiber/epoxy, woven fabric 0.056 116 28
Glass fiber/polyester, SMC—R25 0.066 33 2.15
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The benefits of using composite materials include the following:

• lightweight (high strength-to-weight and stiffness-to-weight ratios),
• tailorable properties and design flexibility,
• corrosion resistance,
• damage tolerance and fatigue resistance,
• potential for part integration leading to reduced production costs and reduced weight,
• potential for molded-in color, and
• potential for noise reduction.

The drawbacks of using composite materials include the following:

• Cost of raw materials and manufacturing process can be much higher than for metal
counterparts.

• Typically less design experience and material databases are available for composite materi-
als whereas the properties and behavior of metals are well documented.

• Repair/nondestructive evaluation of composite materials may be more difficult.

9.1.1 Fiber Reinforcements

Typical fiber reinforcements used in composite materials are glass fiber and carbon fiber. Other
fibers such as Kevlar, Spectra, or boron are used less often when special capabilities are
required, such as ballistic protection or fire resistance. These specialty fibers are typically
expensive and scarce.

Carbon or graphite fibers have the highest strength- and stiffness-to-weight ratios and are the
reinforcement of choice for high-performance composite materials (applications where weight
savings and mechanical properties are critical). Carbon fibers offer great weight savings poten-
tial, but high material cost has prevented significant widespread commercial usage outside the
aerospace and aircraft industries. Carbon fibers cost anywhere from about $8/lb for pan-based
fibers to >$500/lb for the high stiffness, high thermal conductivity pitch-based fibers. During the
last few years, the cost of carbon fibers has been going down, and the usage has increased (for
instance in recreational equipment). This trend can be expected to continue. Additionally, there
are a number of ongoing efforts to significantly reduce the cost of carbon fibers such as the
automotive industry target of $3/lb.

Glass fibers, the most widely used reinforcement for polymer matrix composite materials, have
the lowest cost and best availability. A comparison of the properties of glass, carbon, and Kevlar
fibers is given in Table 9.2. Note that these are only illustrative fiber properties and there exists

Table 9.2.  Comparison of typical fiber properties

Fiber type
Density
(lb/in.3)

Strength
(ksi)

Elastic modulus
(Msi)

E-glass 0.092 500 10.5
S-glass 0.090 700 12.5
Kevlar 29 0.052 400 9
Kevlar 149 0.053 500 25
T-300 carbon (pan-based) 0.065 529 33.5
P-120 carbon (pitch-based) 0.065 348 120



9-3

a range of values for strength and stiffness. Table 9.3 includes many of the advantages and
disadvantages of these fibers.

The fiber style must also be considered for the reinforcement of composite materials. Fibers are
available in unidirectional tows, chopped form, a wide variety of fabric styles (unidirectional,
woven), and random short fiber mats. The lower cost fiber forms, chopped fiber and random
mats, also result in lower mechanical performance in the finished composite.

9.1.2 Polymer Matrix Materials

Polymer matrix materials can either be thermosetting or thermoplastic. Thermosetting materials
are normally liquid at room temperature and crosslink with heat and pressure to harden or cure
the matrix material. Thermoplastic materials melt at temperature and refreeze to form the com-
posite material. Thermoplastics have the advantage of being reformable and may have higher
temperature capability, but are typically more expensive.

Thermoset materials include polyester, vinylester, epoxy, phenolic and urethane. Polyester and
vinylesters are the least expensive polymer resin systems and are often used in fiberglass com-
posites. Epoxy resin has a higher strength but is more expensive. These resins are available
with additives and modifiers to improve certain properties such as resin viscosity, composite
toughness, heat-resistance and chemical resistance.

9.1.3 Manufacturing Process

There are a variety of manufacturing processes for composite materials including molding (open
mold, closed mold, injection molding), prepreg lay-up, filament winding, and pultrusion (struc-
tural shapes such as I-beams, angles). It is important to choose a manufacturing method that
will minimize the cost and weight of the composite structure. For example, pultrusion is probably
the lowest cost process, but molding may allow for more part consolidation, fewer fasteners,
less finishing work, and reduced weight.

Sandwich construction of composite materials offers several advantages. It allows for increased
stiffness with a low weight. Sandwich panels are layered composites with strong facesheets
such as carbon or glass composite, aluminum, or polymer bonded to a lightweight core material
made of foam, aluminum, or polymer honeycomb. Selection of adhesive is also important to
ensure transfer of load and prevent debonding. Acoustical panels designed for reducing noise
are often manufactured in sandwich construction.

Table 9.3.  Advantages and disadvantages of typical fiber reinforcements

Fiber type Advantages Disadvantages
E, S-glass Low cost

High strength
Low stiffness
Temperature sensitivity

Kevlar High tensile strength
Low density

Low compressive strength
High moisture absorption

Pitch-based carbon Very high stiffness Low strength
High cost

Pan-based carbon High strength
Moderate stiffness

Moderate cost
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9.1.4 Adhesive Bonding and Mechanical Fastening

Although some polymer composites are weldable, many polymer composites cannot be welded,
and these require other joining techniques. In principle, adhesive joints are structurally more
efficient than mechanical joints. Stress concentrations can be minimized, weight can often be
reduced, and the fatigue properties can be improved. In many cases, however, mechanical
fasteners can not be entirely eliminated because of the need to disassemble or to gain access
to the internal structure. This issue is currently being addressed by the development of reversi-
ble bonding utilizing thermoplastic adhesives. Assurance of bond quality is also an important
issue. It is difficult to ensure quality of bonded joints, and this should be considered for joints
where bond failure can induce gen-set failure.

9.1.5 Summary

The flexibility of choosing the components and manufacturing process makes composite mate-
rials designer-friendly but can make them more difficult to specify than alloys. To maximize the
cost/benefit of a composite material, the component materials and manufacturing process must
be considered together and tailored for best results. The overall competitiveness of composite
materials with steel and especially with aluminum will depend heavily on the cost vs weight
trade-off. Also, replacing metal structures with composites should take advantage of the unique
capabilities of composite materials. However, the composite design must be considered from
the beginning. If metal components are merely replaced with composites, ignoring shape and
structural design, many of the advantages will be compromised.

A redesign of the gen-set that takes advantage of part consolidation, or integrated structures,
has the potential to minimize weight, eliminate fasteners, and reduce production costs. The use
of composite materials could potentially allow for alternative joint designs such as fabric, plastic
hinges, or repairable bonds. Additionally, this type of redesign could be tailored to allow for a
modular approach to gen-set assembly and to reduce noise.

9.2  MATERIALS FOR THERMAL MANAGEMENT

To reduce the thermal signature and improve performance of the gen-sets, thermal manage-
ment materials can be used to distribute excess heat from hot spots, cool the power electronics,
and potentially remove heat from the exhaust stream. Two materials that have been developed
at ORNL have the potential to help reduce thermal signature without significantly increasing
overall weight and cost.

The first material is a thermal management fabric that could be used to drape over the gen-set
and reduce thermal signature. The fabric consists of several layers that work together to distrib-
ute heat more evenly and alter the rate of thermal emissions. This material may not make the
gen-set undetectable, but it might alter the thermal signature and make it harder to recognize.

A second material, a high-thermal-conductivity carbon foam, has the potential to be used in
several locations in the gen-set. This material has an isotropic thermal conductivity of greater
than 150 W/mK with a specific gravity of 0.54. The specific conductivity, which is the thermal
conductivity/specific gravity, of the foam is 275 W/mK compared to 54 for aluminum and 45 for
copper. The foam, which should be commercially available in the next 2 years, is currently being
investigated for incorporation into heat exchangers to cool power electronics. The foam-based
heat exchangers should be smaller, lighter, and cheaper than conventional aluminum-based
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systems. The foam could also be used to cool the exhaust gases and other hot spots to help
reduce the thermal signature.

9.3 PREVIOUS ORNL WORK TO INCORPORATE COMPOSITE MATERIALS INTO
GEN-SETS

In the early 1990s, ORNL worked with the Army Belvoir RD&E Center to identify opportunities to
improve diesel engine/generator prototypes. Both a 15-kW unit and a 10-kW unit were proto-
typed with incorporation of composite materials to reduce weight and improve performance.
Additional information can be found in Refs. 1–3, which can be obtained upon request.

9.3.1 The 15-kW Unit

The first prototype that ORNL worked on was a 15-kW unit. For this prototype, the feasibility of
reducing size and weight of the gen-set was investigated. Redesign of parts, components,
assemblies, and subassemblies were considered along with the use of alternate lightweight
materials.

Efforts were concentrated on changes that would reduce production costs or result in the largest
weight and/or size savings per unit of increased production cost. The prototype design incorpo-
rated composite materials but was very conservative. A main advantage of using composite
materials is the ability to design the material form and properties. However, for this unit the
weight reduction was determined from essentially a component replacement for the existing
steel structure. Also, for this unit, only commercially available pultruded composite materials
were used, resulting in some additional components, fasteners, and reinforcements that could
be minimized in a full redesign.

Fabrication of the skid base, lift frame, housing, and intake and exhaust boxes utilizing com-
posite materials resulted in a 50% weight savings of more than 600 lb as shown in Table 9.4.

Table 9.4.  Weight savings using composite materials
in previous gen-sets

Component
Original weight of

steel structure
(lb)

Weight of composite
structure

(lb)
Skid base/lift frame 655 275
Housing 400 225
Intake/exhaust boxes 140 55

Total 1195 555

9.3.2 The 10-kW Unit

The objective of prototyping the 10-kW unit was to improve performance to meet Army pro-
curement specifications. The goals were to improve noise suppression through structural
damping, high-temperature performance, and maintainability, while minimizing weight and fabri-
cation costs.
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For the demonstration prototype, structural sandwich composite panels, with fiberglass-
reinforced polypropylene sheets bonded to a polyurethane foam core were selected. The com-
posite sandwich panels replaced the 0.062-in. aluminum panels. The polypropylene was
selected for the resin material in part because of how easily it can be welded using a hot air gun
and thermoplastic welding rod. The sandwich structure had several advantages over the alumi-
num; however, its area density is 1.2 lb/ft2, which is more than the 0.9 lb/ft2 of aluminum.

The demonstration prototype utilized an aluminum lifting frame and some aluminum framing
supports for the composite housing. The skid base design was not changed. The combined
weight of the original skid base and housing structures were approximately 260 lb of the total
gen-set weight of 1075 lb. The prototype structure weighed approximately 50 lb more. Several
reasons for the weight increase include additional structure for high lift and tie-down points, a
larger muffler, and slightly larger overall volume of housing.

The prototype accomplished the major objectives of increased noise suppression, improved
high-temperature capability, and increased accessibility. The baseline noise was 70 to 74 dbA
at 7m, which exceeded the requirement of 70 dbA. Although the exact design and fabrication
processes for the prototype were not optimized for production, the prototype unit successfully
met the requirement of 70 dbA at 7m.

Hump Testing
ORNL fabricated a test skid base to gather background data for a design to withstand the rigor-
ous requirements of hump testing and end drop testing.3 This test piece was not a verification
article for the composite prototypes for the 10- and 15-kW units. Instead a less conservative
design approach and was used as the skid base at a sacrificial 30-kW engine/gen-set to identify
potential failure mechanisms.

The test plan with a more thorough discussion of the design and testing objectives is included in
Ref. 3.

9.3.3 Summary

This early prototype development and analysis work gives a head start for incorporating light-
weight materials in the current gen-sets. The drastic reduction in weight for the 15-kW unit illus-
trates the potential for incorporating both aluminum and composite lightweight materials to
reduce the weight of the frame and housing for the steel frame gen-sets. The prototype of the
10-kW unit indicates that it will be more challenging to take weight out of the aluminum frames
and housings, but it shows that the use of composite materials can have benefits beyond weight
savings. The experience gained from these prototype efforts should be leveraged whenever
possible.

9.4  COMPOSITE TECHNOLOGY DEVELOPMENTS

Currently a number of efforts are under way, including PNGV, to increase the fuel efficiency and
decrease the harmful emissions of automobiles. One promising way to accomplish these goals
is to reduce the weight of the automobile by incorporating lighter weight materials. Many poten-
tial alternative materials are being considered for reducing weight without sacrificing size, per-
formance, cost and safety; they include aluminum, aluminum alloys, polymer composites, mag-
nesium alloys, intermetallics, and ceramics. Additionally, suppliers are exploring the potential for
weight reduction of steel structures as part of the UltraLight Steel Auto Body Program.



9-7

ORNL is involved with several efforts, including the PNGV program, to overcome some of the
obstacles to widespread use of the lightweight materials: high raw material costs, high produc-
tion costs, and difficulty of attachment of polymer matrix composites. Many of the concerns of
the automotive industry focus on cost vs performance benefit, and the progress made in these
research efforts should be leveraged in the gen-set designs. Several promising research
projects may impact the gen-set designs:

• Low-cost carbon fiber manufacturing—Reduce capital and operating cost for processing
carbon fibers by using microwave energy for graphitization.

• P4 process (Programmable Powder Preform Process)—Develop and demonstrate cost-
effective technologies for high-volume production of large, complex composite components.

• Adhesive bonding—Overcome the hurdles in adhesive bonding of current and future auto-
motive materials.

• Durability—Develop durability-driven design guidelines for composite structures to demon-
strate the applicability of composite automotive structures.

• Reversible bonding—Use of microwave energy to process adhesives and then soften the
adhesive while maintaining the integrity of the adherent, which will be critical for structural
repair.

ORNL has extensive experience with designing and prototyping composite structures to achieve
specific functionality or properties that cannot be achieved with traditional homogeneous mate-
rials such as metals. The Advanced Surgical Suite for Trauma Casualties (ASSTC), or
“Hospital-in-a-Box” project is a good example. The design requirements for ASSTC presented a
number of unique challenges in terms of providing a compact, sound structure that was durable,
lightweight, and easy to transport to and from medical emergencies around the globe. The
ORNL team concluded that providing all of these capabilities required more advanced materials
than the structural steels and aluminums typically employed in military structures. The com-
pleted structure for the ASSTC prototype consisted of a hybrid design incorporating aluminum,
carbon composites, and both carbon and glass sandwich panels with a nonmetallic Nomex
honeycomb core.

9.5  POTENTIAL WEIGHT REDUCTIONS

Although it is difficult to quantify the weight reduction for the frame and housing until all compo-
nents are selected and the unit is fairly well defined, some assumptions can be made to give a
representation of the benefits of using lightweight materials. Two cases can be considered
including the most cost-competitive redesign, which reduces weight, and less cost-competitive
but more aggressive approach, incorporating higher performance composite materials to get a
greater weight savings. For both cases, the weight of the housing and frame will be reduced due
to shrinking the overall dimensions of the gen-set, which results from a reduction in the diesel
engine size.

For the most cost-competitive approach, additional weight savings will result from the use of a
combination of low-cost/high-cost performance composite materials and aluminum, integration
of components, and reduction of fasteners. The frame and housing weight savings for these
design changes are estimated to be 10–15% using the current 5- and 10-kW gen-set design as
a baseline and 30–40% using the current 15- to 60-kW gen-set design as a baseline. Recall that
the current 5- and 10-kW units are built with aluminum, but the larger sets are built with steel.
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The second design approach would allow for a higher weight savings but a more costly design.
Use of a combination of composite materials, including high-performance composites, to
achieve a maximized weight reduction is estimated to save 45–55% of the weight of the frame
and housing of the current 15- to 60-kW gen-set and 20–25% of the 5- and 10 kW-units as the
baseline.

It may be desirable to develop both a low-cost/low-performance and a high-cost/high-
performance structural frame design with identical internal components, resulting in a consistent
performance for the family size with one design weighing less for the more weight-critical appli-
cations. The cost of fabricating and maintaining several frame designs for one family size will
need to be assessed.

9.6  RECOMMENDATIONS FOR ADVANCED MATERIALS

With any redesign or incorporation of new lightweight materials into the gen-sets, several factors
need to be considered which contribute to the suitability of the material for the application and
the total cost of ownership.

• cost vs weight savings
• cost vs other advantages of composite materials (beyond weight)
• maintainability
• repairability
• compatibility of material system with NBC requirements and decontamination

From the ORNL work on past gen-sets, it is likely that a significant weight reduction can be
achieved for the current 15-, 30-, and 60-kW units because those systems rely heavily on steel
components. Use of both aluminum and composite materials can be considered to reduce the
weight in a cost-effective manner. The most cost-effective solution may include a hybrid design
with a combination of materials, both metal and composite, to utilize the advantages inherent in
each material.

For the current 5- and 10-kW units it will be more challenging to significantly reduce the weight
of the frame and housing without increasing their cost. Aluminum and low-cost composites have
comparable properties and a comparable price. However, there is an opportunity for part con-
solidation and elimination of fasteners in these units through the use of polymer composites.

From a cost perspective, glass fibers and polyester or vinylester resins are the most likely can-
didates for the composite material components. However, the suitability of these materials for
the gen-set environment must be verified. Molding of integrated components and use of
pultruded structural members will contribute to the cost competitiveness. A team approach
should be taken in the design process to include manufacturability in addition to material selec-
tion to take best advantage of the potential provided by composite components.

Structural analysis work will need to be done to ensure that possible mounting, lifting, and frame
constructions can withstand the rigorous end drop and hump requirements for the gen-sets.
This kind of modeling and analysis can be started once the size, location, and weight of the
internal components are better defined and can build on past design experience. The results of
the structural analysis will define the critical mechanical properties necessary for selection of
final materials.
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For some situations, the weight reduction payoff may be high enough to allow for the use of
some more expensive yet higher performing composite materials. For instance, an increase in
the cost of a larger unit may be tolerated if it can be constructed with a weight low enough to be
towed behind a HMMWV. Another excellent opportunity for weight reduction, although beyond
the scope of this report, is a redesign of the trailer to include lightweight materials. The
possibility of having multiple frames with identical internal components (“mules”) remains a
viable option.

The disadvantages of using composites, other than their cost, will be considered during the
design and prototyping stage and are not considered prohibitive. Final design of the frame and
structure, including the extent of composite material usage, will be determined during these
subsequent stages based on additional input from the military.

• Recommendation: A hybrid design for the frame/enclosure using a combination of
lower cost composites and aluminum appears to be a cost-effective means for
reducing the gen-set weight beyond the savings due to lighter components. More
costly designs can reduce the weight even further and should be considered during
the design phase of the gen-set prototyping. The final frame/enclosure design will
require additional input from the military and evaluation of the prototype.

9.7  ESTIMATED WEIGHT AND VOLUME FOR NEXT GENERATION OF GEN-SETS

A brief description of the estimated weight and volume of the proposed next generation of gen-
set families is presented in this section. Note that all estimates are based only on conceptual
design information, much of which is described in this report. The weight and volume values
given here serve as preliminary design goals for producing prototype gen-sets.

Assumptions for weight and volume estimating
1. Engine dry weights are those presented in Tables 6.3–6.5 and Fig. 6.9.
2. Engine operation at 3000 rpm is achievable for proposed gen-sets.
3. Engine peripheral weights and dimensions are estimated to be similar to those of existing

TQGs (no credit for eliminating the starter and alternator).
4. The housing and frame outside dimensions (L × W × H) of new gen-sets are estimated

based on the existing TQGs with similar output ratings. “Credit” for shrinking the housing
dimensions is taken for use of smaller engines.

5. Credit is taken for lower weight PM alternator and power electronics systems, which would
replace the synchronous alternator systems used in TQGs. The weights are based on the
estimated weight of the equipment.

6. A small credit is taken for shrinking the gen-set dimensions due to the new designs of alter-
nator and electronics compared with the analogous system in the TQGs.

7. All frames and enclosures are a hybrid construction consisting of aluminum and lower cost
composites. Some doors, handles, fasteners, and other components are eliminated by com-
bining access doors and component integration.

8. Redesign described in assumption 7 eliminates about 15% of the housing and frame weight
compared with existing TQG aluminum frame and housing design.

9. New gen-sets rated for 7, 25, and 80 kW are the targets used as examples.
10. The need for additional sound insulation offsets other weight-saving opportunities such as

that implied in 3.
11. The digital control system to be used in the new gen-sets has negligible effect on the weight

and dimensional comparison between the conceptual designs and the TQGs.
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The estimated sizes and weights for the proposed gen-sets are given in Tables 9.5 and 9.6,
along with data for the 400-Hz TQGs to allow comparison (50- to 60-Hz units are slightly lighter,
but the comparison is still valid). The gen-set weight information is plotted in Fig. 9.1. Although
the electrical output rating of the TQGs and the next-generation units do not coincide, it is
implied from Fig. 9.1 that weight can be reduced by a third to a half of that expected from a TQG
or similar design. If the entire inventory of TQGs from 5–60 kW were replaced with these
proposed gen-sets with a smaller size distribution, the total weight of the inventory would be
reduced ~30%. Similarly it appears feasible to reduce gen-set volume by 25–50%. The lower
values apply to the smaller gen-sets, while larger appear feasible for units above 15 kW.

Table 9.5.  Breakdown of gen-set estimated weights
for proposed gen sets

Normal gen-set
rating
(kWe)

Engine and
accessories

weight
(lb)

Alternator and
electronics and
control system

(lb)

Enclosure
and frame

weight
(lb)

Fluid
weight

(lb)

Total
weight

(lb)

7.0 160 170 320 50 700
25 340 240 470 150 1200
80 760 540 890 410 2600

Table 9.6.  Size and weight estimates for proposed gen-sets compared
with current 400-Hz TQGs

Nominal
gen-set rating

(kW)

Estimated
gen-set weight

(lb)

Estimated
length
(in.)

Estimated
width
(in.)

Estimated
height
(in.)

Estimated
volume

(ft3)
Proposed gen-sets based on conceptual design

7 700 49 29 33 27
25 1200 55 37 34 40
80 2600 68 47 50 92

Existing 400-Hz TQGs
5 911 50.3 31.8 36.2 33.5
10 1220 61.7 31.8 36.2 41.1
15 2238 69.2 35.3 54.1 76.5
30 3015 79.2 35.3 54.1 87.5
60 4153 87 35.3 58.2 103
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Fig. 9.1. Weight estimates for proposed gen-sets compared with current
400-Hz TQGs.
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10.  RECOMMENDATIONS FOR A DESIGN PHILOSOPHY

This chapter collects and summarizes the recommendations comprising the design philosophy
for the next generation of medium-power mobile electric generators. Metrics for new gen-sets
are estimated and compared against established goals. Note that these metrics are only rough
estimates and will certainly change during the design process.

10.1 Summary of Recommendations

The following recommendations, which comprise a new design philosophy, are submitted for the
next generation of medium-sized (5- to 60-kW) MEP generators. The recommendations are
listed here without the supporting justification. For convenience, the section in which the
recommendation was originally made is included.

Component And System Recommendations
• Turbocharged, charge-cooled, automotive diesels, featuring advanced high-pressure, elec-

tronically controlled fuel injection systems (common rail or unit injection) and lightweight
construction, are the recommended prime movers for gen-sets in the 15 to 60+ kW range
(Sect. 6.1.2).

• For a smaller gen-set with a peak rating below 15 kW, it is recommended that naturally aspi-
rated industrial diesel engines with a relatively high power-to-weight ratio (for that size range
of engine) be utilized until the technology in the automotive diesels migrates to the smaller
industrial diesel lines (Sect. 6.1.2).

• Gas turbines should be evaluated more closely and warrant consideration in niche areas
where the need for lighter weight is substantially more important than fuel efficiency (e.g.,
short mission durations) (Sect. 6.1.2).

• Gen-set design should be based on variable-speed operation, and speeds of 3000 rpm and
above should be an initial design goal (Sect. 6.2.4).

• A three-phase alternator is recommended (either a PM alternator or a more conventional
inductance alternator) so that integrated power electronics modules can be used which
reduce the complexity, size, and cost of the power electronics system (Sect. 6.4.3).

• A high-flux PM alternator is the preferred alternator. The market survey indicates that mass
production costs are not prohibitive (Sect. 6.4.3).

• During the design and prototyping phase, the main alternator should be evaluated for use as
the engine starter by using a two-way buck-boost converter to charge the batteries and drive
the starter. Justification for this would be the weight and volume savings from eliminating the
engine starter motor and the alternator for charging the battery (Sect. 6.4.3).

• Using a variable-speed engine will require a system to convert the voltage generated to a
selectable voltage and frequency. Power electronics are recommended to achieve this con-
version because of their compact size and controllability. Designing a single gen-set unit
able to generate power at 50, 60, and 400 Hz is recommended (Sect. 6.5.4).
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• Use IPMs for the inverter and rectifier sections of the power electronics system to maximize
integration of the electronics, increase reliability, and improve maintainability (Sect. 6.5.4).

• Use common components as much as possible in the power electronics systems for the
different sizes of gen-sets to minimize the burden of parts logistics (Sect. 6.5.4).

• We recommend that gen-sets in the future be sized with both a maximum and minimum
power rating. The minimum rating would be determined during future testing but would be
the lower bound of effective and reliable gen-set operation. The maximum power rating
would be determined using the same qualification tests used today but at the highest power
level for which the gen-set fully qualifies, rather than at a predetermined arbitrary level
(Sect. 6.6).

• Based on the engines available in the market survey, the number of future gen-set families
recommended to cover the 5- to 60-kW range is three (Sect. 6.7).

• Based on projected market availability, the gen-set families should be sized at approxi-
mately 2–7 kW; 6–25 kW; and 20–80 kW. Final size ratings will be determined at the con-
clusion of the qualification testing (Sect. 6.7).

Digital Control System Recommendations
• Based on the survey of the market, it appears highly unlikely that a control system can be

purchased separately from the gen-set. Therefore, we recommend that the control system
be developed specifically to operate the future gen-sets (Sect. 7.1).

• The advantages tend to favor a PC-based global controller to run the control system. The
final decision will be made during the prototyping phase of this program. The selection of the
operating system will have to be made at a later date based on other system requirements
chosen by the military (Sect. 7.2.4).

• We recommend the use of DSPs in the control system to govern the final current and volt-
age output (Sect. 7.2.5).

• The final recommendation for the display will depend upon further input from the military
about what is needed in the field. Once display requirements are defined, then selection of
the display will be relatively easy (Sect. 7.2.6).

• A separate maintenance computer should be included to provide additional useful functions,
which are not deemed appropriate to be included onboard the gen-set itself (Sect. 7.2.7).

D&P System Recommendations
• It is recommended that the D&P system be designed to include moderate to total incorpora-

tion of diagnosing and predicting impending failure. The “best” approach will be decided
after the costs of these two approaches are determined through further testing, develop-
ment, and application of D&P methods and technologies (Sect. 8.6).

• Based on knowledge of parameters that are presently monitored on existing TQGs, a review
of available failure records, and discussions with CECOM, it is recommended that several
but not all-available parameters be monitored for their importance in D&P of new gen-sets.
An initial listing of those parameters that should be included in the D&P system is provided.
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The final list of monitored parameters will be determined during the prototyping of the new
gen-sets (Sect. 8.6).

• It is recommended that a similar battle-short switch be provided on the new gen-set that
disables the action of the safety (and unit protection) parameters listed in Sect. 8.6 (with
exception of the short circuit and emergency stop function). It is further recommended that
the indication (e.g., displays showing high current, high temperature, etc.) of all parameters
still be available so that the user has the ability to monitor the condition of the gen-set, even
though the actions of its safety devices have been bypassed (Sect. 8.6).

• We recommend several additional items be included in the D&P system for the prototype
and evaluated for effectiveness during prototype testing. The final resolution of exactly what
is in the D&P system will depend on the effectiveness of the system and additional require-
ments of the military (Sect. 8.6).

Materials Recommendations
• A hybrid design for the frame/enclosure using a combination of lower cost composites and

aluminum appears to be a cost-effective means for reducing the gen-set weight beyond the
savings from lighter components. More costly designs can reduce the weight even further
and should be considered during the design phase of the gen-set prototyping. The final
frame/enclosure design will require additional input from the military and evaluation of the
prototype (Sect. 9.5).

10.2  COMPARISON OF NEW GENERATORS WITH GOALS

The technical objective of the AMMPS program is to develop a new standard family of medium-
sized (5- to 60-kW) mobile electric generators for Force XXI and the AAN. The resulting new
standard family is expected to improve performance as follows:

• Decrease weight and size up to 55%.
• Increase mission duration up to 30%.
• Increase system efficiency up to 15%.
• Decrease noise by 5 dBA.

The key comparison issues are weight and size; mission duration; efficiency; signature sup-
pression; reliability, availability, and maintainability; and cost.

The performance of the recommended future design is estimated for comparison with these
goals. This does not constitute a design criterion but instead is a rough estimate of anticipated
performance compared with established metrics.

10.2.1 Weight and Size

The weight and volume of the recommended family sizes is estimated and compared with TQGs
in Sect. 9.7 (see Tables 9.5 and 9.6 and Fig. 9.1). The estimated weights for the 7-, 25-, and
80-kW units are 690, 1330, and 3070 lb, respectively. This gives a power density (maximum
rating/weight) of 10, 19, and 26 W/lb, for the 7-, 25-, and 80-kW units. The existing TQGs have
a power density of 5.5, 8.2, 6.7, 10, and 14 W/lb for the 5-, 10-, 15-, 30-, and 60-kW units,
respectively. Comparing the power density at similar sizes (7 vs 5 kW, 25 vs 30 kW, and 80 vs
60 kW) shows an 80 to 90% increase in power density, which corresponds to about a 45%
reduction in weight per kilowatt.
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The estimated volume for the proposed gen-sets is also compared with the volume for the
TQGs in Table 9.6. Based on the estimates, it appears that significant volume reductions (25 to
50%) are possible.

Overall, the weight and size of the proposed gen-sets are estimated to be significantly smaller
than the existing TQGs. It is doubtful that a full 55% reduction in these values can be achieved
across the range of 5–60 kW, but reductions approaching 55% for the larger units are
anticipated.

10.2.2 Mission Duration

Obviously, mission duration is increased in proportion to improved fuel efficiency, which is dis-
cussed in more detail below. As described, fuel efficiency and subsequently mission duration
will increase from improvements realized from variable-speed control (1 to 12%) and the DI fuel
systems (5 to 10%).

Variable-speed control is expected to reduce wetstacking, which is expected to reduce
unscheduled downtime and maintenance. This will improve generator availability to the mission.

Automated digital D&P are expected to reduce repair and maintenance time and cost. Further
reduction of unscheduled downtime and maintenance cost should eventually be achieved
through the implementation of predictive maintenance practice with the mobile electric
generators.

The new gen-sets should improve mission duration significantly although a quantification of the
improvement is not available at this time.

10.2.3 Efficiency

Fuel efficiency will be improved primarily by the use of variable-speed control and by using new
high-pressure DI engine technology. Some moderate efficiency improvements are possible with
the use of PM alternators rather than induction alternators.

The high-pressure electronic control DI technology is emerging from the automotive industry,
which is legislatively and economically motivated to improve pollution control and fuel economy.
The military mobile electric generator is expected to benefit from the new DI technology as it
transitions through market forces from automobile engines to the industrial engines suitably
sized for electric generators. High-pressure DI is expected to reduce fuel consumption by
5–10% over the current generation of engines. These options are not available in the lowest
engine sizes today but should become available in the future.

The percent fuel saved by variable-speed control as a function of fixed control speed was cal-
culated for two typical medium-sized diesel engines. When compared to 1800-rpm fixed-speed
operation, variable-speed control can reduce fuel consumption an estimated 12% for peacetime
operations and 1–3% for projected wartime operations.

The PM alternators and power electronics have a maximum efficiency somewhat higher than
their previously used counterparts, but more importantly, the high efficiency extends over a
much broader range of operation.
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Based on the improvements in fuel injection and the increased system efficiency with variable-
speed operation, PM alternators, and power electronics, an increased efficiency in the new gen-
sets of 15% seems very likely.

10.2.4 Signature Suppression

Acoustic
The goal is to reduce the sound pressure level (SPL) 5 dBA below the current requirement of
70 dBA at 7 m. Although the variable-speed engine is expected to be quieter when operating at
low speed, the engines are likely to be noisier when operated at high speed. The increase in
engine source noise due to increased speed is estimated to be about 6dB/1000 rpm. Test data
are needed to quantify the noise as a function of speed.

It is expected that improved acoustic suppression and new engine technology will be needed to
offset the higher noise source at high speed. Much of the noise source of the generator is the
airflow noise. Attention will need to be given to acoustic baffling of the airflow inlet and outlet.
Mufflers featuring good passive acoustic attenuation would help reduce exhaust noise. The
addition of active noise control, currently being worked at Brookhaven National Laboratory, may
further reduce the acoustic signature, especially in the low-frequency end of the noise spectrum.

Automotive diesel engine developers have had success in reducing engine noise by using the
new electronically controlled DI technology, which also improves the fuel economy and pollution
emissions. It is expected that use of this technology will make mobile electric generators quieter,
although it is difficult to quantify the noise reductions at this time. When engines are tested, the
variation of engine acoustics with speed will be measured to quantify and characterize the noise
source. These data are essential to facilitate noise suppression design for the generators. Once
the noise levels are known, the appropriate amount of noise suppression can be integrated into
the enclosure.

Thermal
The thermal signature is expected to be reduced by the improved efficiency expected from
using high-pressure electronically controlled DI and variable-speed engine control. Thermal
management materials have been identified that can be used to reduce and relocate the
thermal signature to make thermal detection less likely. Quantification of the thermal signature
in the proposed gen-sets is not possible until the design phase has been completed, but reduc-
tions seem quite likely.

10.2.5 Reliability, Availability, and Maintainability

The reliability and availability of the gen-sets will improve through the use of D&P. It is impossi-
ble to quantify these improvements now, but they should be significant. During peacetime
missions, the operation of the diesel engine at variable speeds within its established range
should dramatically decrease the incidence of wetstacking. Maintainability should improve as
the D&P system matures and influences the maintenance schedules. The use of a modular
composite enclosure can improve the maintainability of the gen-set. The commonality of several
components will assist maintenance operations.

10.2.6 Cost

Cost benefits from the proposed design philosophy are expected for a number of reasons.
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• Logistics, inventory, and procurement costs are expected to be reduced by reducing the
number of generator family sizes. The number of generator family sizes in the 5-kW through
60-kW range has been reduced from 5 to 3. Original family units are 5, 10, 15, 30, and
60 kW for 60 and 400 Hz. The new family sizes overlap each other and are approximately
2–7 kW, 6–25 kW, and 20–80 kW with each size being switch selectable for 50-, 60-, or
400-Hz service.

• Procuring larger numbers of identical generators is expected to lower the per unit capital
costs.

• More commonality of components among fewer generator sizes is expected to reduce
capital and maintenance costs. Common parts should include digital controller, D&P
module, and portions of the power electronics package.

• Automatic D&P are expected to reduce maintenance costs. Digital diagnostics is expected
to further reduce maintenance cost through the implementation of predictive maintenance
practice with the mobile electric generators. Addition of D&P is likely to add to procurement
cost, although the amount depends on how extensively the D&P techniques are
implemented.

• Improved engine efficiency will reduce fuel costs an estimated 5 to 10% in the new gen-sets.
Variable-speed control will reduce fuel costs about 12% in peacetime operations and 1–3%
during wartime operations. The use of new component technology (i.e., electronic DI fuel
system) is likely to increase procurement cost, although the costs are expected to be rea-
sonable and more than offset by the reduced fuel costs.

• The use of advanced composite materials is expected to increase procurement cost. This
will be offset somewhat if the new design can use less expensive manufacturing techniques
(i.e., molded parts).

• The need for greater sound suppression treatment will likely increase the procurement cost.

10.3  CONCLUDING REMARKS

The purpose of this report is to document the results of our study, which can be used to
enhance the performance of the next generation of DOD MEP gen-sets in the medium power
range (5–60 kW).

The primary finding of the market survey portion of this study is that the commercial market is in
a state of flux and is currently or will soon (within 2–3 years) be capable of providing the tech-
nologies recommended here in a cost-effective manner. In most of the component areas of
interest in gen-set design, new technologies are being introduced at a rapid rate. More suppliers
in these new technical areas are introducing products into the market, and significant cost
reductions are expected in the next few years.

The design philosophy portion of the report summarizes existing gen-set design in the 5-kW
through 60-kW range, identifies options for reducing the number of fielded families of gen-sets,
evaluates the major components used in the gen-sets, addresses system effectiveness, consid-
ers onboard D&P, and explores the use of advanced materials. Viable options are evaluated in
light of military goals and applicable technology and components. Recommendations that
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comprise a design philosophy for the next generation of gen-sets are made. These recommen-
dations, if implemented, should result in future power generation systems being much more ver-
satile than today’s gen-sets. The number of differing units necessary (both family sizes and fre-
quency modes) to cover the medium power range would be decreased significantly, while the
weight and volume of each unit would decrease markedly, improving the transportability of the
power source. Improved fuel economy and overall performance would result from more effective
utilization of the prime mover in the gen-set. The units would allow for more flexibility and control
with improved reliability and more effective power management in the field. The established
metrics (i.e., weight reductions and efficiency improvements) are ambitious but appear to be
viable design targets for the proposed gen-sets.

While much has been learned during this study and we are optimistic about meeting the estab-
lished targets, additional work remains before more precise design parameters can be estab-
lished. We have assumed and we strongly concur that the design and prototyping phase should
proceed as soon as reasonable. This stage should have the goals of introducing the design
recommendations as much as possible and determining areas in which additional trade-offs and
investigation are required.
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