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ABSTRACT

-& Synchronous, permanent magnet, and induction maohines
are modeled using computer programs. The computer programs
dncorporate an optimization algorithm which converges on
lowest weight, volume, aiid inefficiency. Machine designs
for high and low rpms are periormed, with a varying number
of pole-pairs. The machine designs are analyzed to find the
optimum combination of generator and motor for inclusion in
a naval ship propulsion system.

Three ships are used for the 'system>studyp, a baseline
mechanical transmission ship, a ship retaining the same sub-
division as the baseline but with the electric machinery,
and an electric transmission ship with subdivision and
machinery box arrangement chosen to benefit from the in-
herent arrangeability of electric transmissions. 7-/.

/To generator/motor combinationsare-,,used in the final
ship analysis/ Both employ a 3600 rpm, six-pole synchronous
generator, which turns at the shaft speed of the prime
mover. One combination uses a 180 rpm, direct-drive, 16-
pole synchronous motor, and the othercuse;-,an 1800 rpm,
geared, 8-pole synchronous motor. Power converters are used
in both combinations to control motor speed.

The geared combination in the rearranged ship
demonstrated the best endurance speed efficiency, reducing
the endurance fuel load by 18%, while maintaining the maxi-
mum and sustained speed of the baseline ship. Tbe savings
in ship volume translated to an additional twenty Tomahawk
missile cells in the rearranged ship. When the fuel load
was held at the tonnage of the baseline ship, endurance
range increased as much as 25%.

Permanent magnet machines were not competitive in this
study due to their high weight and volume, even though their
individual machine efficiency was the highest of all types.
Induction machines were not used as propulsion generators
because of the inherent difficulties in control. The induc-
tion machine motor candidates were not competitive because
of off-design-point inefficiency.

Thesis Supervisor: James L. Kirtley, Jr.
Title: Associate Professor of Electrical Engineering

Thesis Reader: Clark Graham
Title: Professor of Naval Architecture
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Chapter One: Introduction

The use of electric drive as a propulsion method for

naval ships brings to the ship design process improved ar-

rangeability and efficiency, though electric machines may

increase the weight of the plant. Water-cooled electric

machines are being studied today for ship transmissionsl;
these are smaller and lighter, for the same power output,

than air-cooled machines. They promise reduced overall

weight for the ship through more economic prime mover load-
ing, as less fuel will be needed on board. A review of the

literature has found no work comparing various types of con-

ventional motors and the effect of each type on the overall
ship system when used as a propulsion method. St. John [1]
showed the effects of a superconducting generator/motor

transmission on the design of a DD963 destroyer hull. Many

simulations of electric motors and their transients have
been done. There have been several papers written on naval

ship integrated electric propulsion systems 2 . Also, much
effort has been expended in the area of electric motor

design and optimization. Herein, various kinds of conven-
tional electric machines are modeled. Those machines were

used in ship designs to find the sensitivity of the designs

to their use.

1. Greene, Mole, Welch, and Seng, "Analysis of a High-Power
Water-Cooled Electric Propulsion System," SNI.4M Trans.,
Vol 86, 1978, pp 140-182.

2. Ames, "Marine AC Generation Systems," LSE Jotirnal,
Vol 12(1), pp 13-29.
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1.1. Review of electric drive

Navy ships operate in almost every salt water location
in the world, including the Black Sea and the Indian Ocean.
Regular deployments are made to the Mediterranean Sea, North
and South Atlantic Ocean, and all areas of the Pacific.
Ships transit the Suez and Panama Canals, the Saint Lawrence
Seaway, and operate in the Arctic and Antarctic Oceans.
These operations are made under greatly varying environmen-
tal conditions, ranging from the sub-freezing temperatures
of the high latitudes to the hot, dusty conditions of the
Middle East. All this variety requires ships (and men)
capable of sustained and efficient operation under any known
condition. To that end, naval ships are tremendously com-
plicated systems.

It is impractical to equip naval ships for every con-
tingency, but ship designers try to include as much as pos-

sible when deciding what systems, equipment, and spares to
put aboard a ship. Once a ship is designed, or as part of
the design process, political acceptance of the product and
its purchase is required. Since ships cost tax dollars,
there are usually limitations on the size and complexity of
the design. Still, the designers try to work within the

given constraints and produce an acceptable and survivable
(in both the battle and political senses) design. Usually
this results in a ship that has very small margins in avail-
able weight and volume.a

Weight (displacement) is a semi-direct measure of ship

cost. Volume is required to place desired systems aboard a
ship. Therefore, any design change that results in less
required weight or volume with no decrease in ship

3. To have small margins is to be limited in the quantity of
additional system weight and volume that can be added to the
ship over its lifetime. If a ship is limited in this
fashion, the flexibility one has in baokfitting new systems
as the ship ages is significantly decreased.

i0



effectiveness, is usually a welcome one.

There are several different kinds of ship propulsion

systems now in use. They include steam, nuclear, diesel,

and gas turbine, and there are two principle drive systems:

mechanical and electric drive. Below is a crude comparison

of the various propulsion systems, for the purpose of plac-

ing the thesis in perspective.

Steam plants ourning coal or o3.l have been in use for

over a hundred years. They require large amounts of prime

ship volume, in the center part of the ship.4 Steam is

produced in boilers and used to power turbines that rotate

the shafts and propellers through reduction gears. Steam

plants are very reliable mechanically, but are not terribly

economic. The large size of the system components demands

that the boilers and turbine machinery be placed in the cen-

ter of the ship. This necessitates long runs of shafting

from the center to the stern of a ship. Shafts typically

are 18"-24" hollow steel cylinders of two to four inch

thickness; they are heavy and their required placement and

length makes valuable volume unavailable for other use. All

propulsion plants except for electric drive have this ar-

rangement and shafting disadvantage. Steam plants are used

in all sizes of ships, from the 3000-ton displacement

frigates to the 50,000-ton battleships to the 80,000-ton

aircraft carriers. See Table I for a list of ship types and

principle dimensions.

Nuclear plants are steam plants with a different heat

source. They also produce steam to power turbines and suf-

fer the same volume disadvantages as conventional steam

plants. They are also very heavy and very costly. Manning

requirements are more stringent, since personnel levels are

4. The center part of the ship is the most useful ship
region to place and arrange systemn. Ship designers try to
keep free as much center ship volume as possible. This al-
lows much greater flexibility in arranging systems that have
large objects, such as boilers and turbines.

11



Table 1. Typical principle dimensions for various ship types

Ship types Total shaft horsepower Length Tonnage

Patrol Hydrofoil 18,000 shp 145 ft. 240

Frigate 37,417 441 3880

Destroyer 78,555 510 6395

Cruiser (non-nuclear) 82,462 556 8872

Cruiser (nuclear) 77,46. 590 3487

Carrier (non-nuclear) 280,000 1050 dO,000
Carrier (nuclear) 270,000 1100 73,000

Battleship 212,000 887 58,000

Submarine (nuclear, attack)

15,000 292 4640

Submarine (nuclear, strategic missiles)

15,000 410 7880

Source: Jane's Fiuhtina Ships 1085-86, Jane's Publishing
Company, Ltd., London, edited by John Moore.

These numbers represent the geometric mean of several
classes of ships within a type and should not be taken to be
those of a particular ship. Their value lies in the ap-
preciation of the differences between various ship types.

An apt weight comparison would be that a typical forty foot
sailboat might displace fifteen tons.

The U. S. Navy has other ship typer besides those listed
above. They include amphibious warfare ships, submarine avd
destroyer tenders, and fleet oilers, and supply ships.

12



rigidly controlled and the operators of the propulsion plant

must be nuclear trained. Nuclear plants are used on
cruisers, submarines, and aircraft carriers.

Diesel propulsion plants have high weight to volume

ratios, making their use costly in weight dollars, but

cheaper in volume dollars.5 They are very noisy, ruling out

their use in antisubmarine warfare ships. Although very

reliable mechanically, they require much tinkering and

tuning. Their specific fuel consumptions is among the

lowest of all the plants. Medium speed diesel engines are

not commonly manufactured kn the 25,000 hp range, which
means diesel plants cannot be used in ships requiring high

shaft horsepower. They are typically used in smaller ships

as cruise engines and in amphibious warfare ships as main

propulsion. (Amphibious warfare ships typically have lower

top speeds than frigates or destroyers.)

Gas turbine propulsion plants seem to have many good

points. Thjy are reliable, quiet, relatively low weight,

and come in power ranges that are useful in ships ranging
from 300 ton hydrofoils to 8000 ton destroyers. They

require large amounts of volume for intake and exhaust duct-

ing, but this is not a great disadvantage. Their fuel
economy is not as good as other plants, but this is not

intrinsic to the gas turbine engine. It is a fault of the

operating msethod; gas turbine plants have mostly been built

with mechanical transmissions. Usually one or two engines

are coupled to each shaft. If the nhip is proceiding at

high speed, the gas turbines are operating at their full

5. When designing a ship, total ship cost is monitored by
the use of marginal cost factors. Every additional cubic
foot or ton of weight added has a marginal cost associated
with it. When a ship's total cost is oorstrained, design
changes that add cost are discouraged or must be offset by
the reduction of other systems' weight or volume.

6. Specific fuel consumption is the ratio of pounds of fuel
burned per horsepower-hour. SFC=lbf/hp-hr.

13



load design point and are relatively ,uel economic. Good

fuel economy is not uasually realized, however. In the main,

the ship proceeds at a cruise speed, using one gas turbine

for each shaft, and the gas turbines operute at about half

power. Specific fuel consumption rises rapidly as gas tur-

bine power level drops, which makes for ineffiuient opera-

tion.

Usually, the above propulsion plants have taeohanical

transmissions. Thia means the main engines, whether they
are diesels, gas turbines or steam turbines, are mechani-
cally connected to the shafts and propellers. There is
usually a reduction gear bit seen the engine and shafting.
These gears are large, very heavy, and expensive. To
provide an idea of size, the largest, or "bull" gear in a
typical locked-train double-reduction gear is about seven
feet in diameter. The rediction gear must be p2aced in-line
with the shafting, thereby using more of that prime ship
volume. Some mechanical transmicsions have cross-
connections between shafts, but this is not common.

Electrical transmissions are characterized by prime
movers of any type providing power to generators. The out-
put electricity is conditioned and sent to propulsion motors
via a distribution network. Cross-connection is done with

switches and breakers. There can be a mechanical reduction
gear if it is desired to operate the propulsion motors at
higher than propeller rotational speeds. Direct-drive
motors may also provide the desired propeller rpm, e.g., by
controlling the field current in a DC motor. The propulsion
motors can be very near the propeller, i.e. aft, eliminating
the long runs of shafting associated with a mechanical
transmission.

Naval ship propellers are of two types, controllable or
fixed pitch. The pitch of a propeller is the distance the
ship moves forward in the water for one turn of the propel-
ler. A fixed pitch propeller has this characteristio dis-
tance the same at all times. A controllable pitch propeller

14



can vary this distance by changing the angle of attack (the

angle at which the blade slices through the water) of the
propeller blades, including reversing the blade so that the

ship moves astern, Contx-ollable pitch propellers are prac-
tically required for propuls!on plants that have non-

reversing main engines, such as diesel and gas turbine

plants.7 Steam plants can revorse their propellers and
shafts by use of an astern turbine, albeit much more slowly

than a ship with a controllable pitch propeller system.

Fixed pitch propellers have a slight advantage in efficiency

(1-3%) over the controllable ones. This is mostly due to
the large propeller hub required for varying the blade angle

of a controllable pitch propeller. Quick reversal of shaft
direction or propeller pitch means quick ship braking and/or

ship reversal. This ship quickness is mandatory for an-
tisubmarine operations and safe navigation. For example,

the ability tc, stop "on a dime" may be important in a
crowded sea lane, where a small wooden sailboat hae the
right of way over a powered naval vessel.

Electric drive seems to combine the best of all the
propulsion plants. It has all the advantages of a conven-
tional prime mover plus the advantage of electrical cross
connection and better arrangements. In the cruise mcenario
above, the electric drive ship could have both shafts
operating from one gas turbine engine. That engine would be
coupled to an electric generator which would produce enough
power to run the motors that turn each shaft. The drive
motors would be placed at the stern of the ship, near the
propellers, on the same level. The long runs of shafting
would be replaced by electric cable, which is shaller,
weighs less, and can be placed in non-prime real estate.

7. Ships with non-reversing prime movers,oan also have a re-
versible reduction gear with a fixed pitch propeller instead
of a controllable reversible pitch propeller. This is new
technology for the United States and only the latest naval
ship design, the DDG51, has a reversible reduction gear.

15



Cable is also in many cases cheaper than 'hafting, espe-

cially to repair. Since one gas turbine would Provide power
to both shafts, it would operate at a higher power livel and
would be therefore more fuel economic. A typical propulsion
plant might consist of three gas turbines with three gener-,
ators. Most ships have an even number of prime movers be-
cause mechanical shaft caoss connection bttween shafts is
not often used and each shaft in a mechanical tranLmission
ship requires the sawe number of prime movers to balaNce
loading at high power levels. Thm extra prime mover

requires a lot of weight and volume. An, advantage of

electric drive is that it becomes possible and perhaps
desirable to use an odd number of prime movers. Each of the
two shafts would have one propulsion motor. The heavy

reduction gears could be replaced by the motors, which would

have an infinitely variable reduction ratio. The control-
lable pitch propeller system so far required by this gas
turbine ship would be replaced by the cheaper, slightly

smaller, and far less complicated fixed pitch propeller, ad-
ding a small efficiency gain. The hydraulic system used to

vary blade angle would be eliminated. Ship braking and

reversal would be accomplished by electrically controlling

the motor rotation directiotn, combined with energy dissipa-
tion through the use of resistor banks,

A disadvantage of this arrangement would be the high

%eight of the propulsion motors. They would be special

designs and have a high capital cost. Hopefully, the high

weight of the motors would be offset by the reduction in

shafting and fuel weight and the possible elimination of the
reduction gears. The high cost would be made palatable by

the savings in fuel over the life of the ship. A Life Cycle

Cost comparison of various propulsion plants, including

elictric drive, is available in reference two.
The change to electric drive would likely be accom-

panied by an overall decrease in propulsion plant weight and
vol.ume. The ship could be smaller and lighter, and would

16



require less onboard fuel for the same endurance range (the

distance the ship can travel without refueling). Since less

volume would be required for the fuel, the ship could be

smaller and lighter. Since the ship would then be smaller

and lighter, less horsepower would be required to achieve

the same top speed. Since less horsepower would be
required, the ship could be smaller and lighter. This is an

example of the design spiral that would result in a smaller,

lighter, cheaper, more risk-free ship. An example of this
type of ship improvement is given in reference one. There

is a limit on ship improvement, usually due to the non-

propulsion systems or payload. One cannot make an ocean
crossing missile ship the size of a small yacht.

So why are not all Navy ships electric drive? They are

not largely because the technology has not existed in a

usable, fully'developed, and manageable form. Because of

the high cost of naval ships (a small one may cost $350

million) and the lack of experience with current electric
drive technology, the Defense Department is reluctant to
build large electric drive ships. There hbay been electric

drive ships, including five battleships with 21 MW shaft

output and two aircraft carriers with 135 MW shaft output.

Over 160 escort vessels were built during the Second World
War with turboelectric or diesel-electric drives ranging

from about 4.5 to 9 MW.8 A new class of ocean surveillance

ship, the T-AGOS 19, is being built with diesel-electric

propulsion, but it ic only a 3500 shaft horsepower (shp)

ship.

Electric drive was replaced by conventional mechanical

transmission plants after World War Two because of the com-

petition afforded by improved gear cutting methods. Double-
reduction locked-train gear transmissions became the

standard. Since the electric drive ships all had non-

8. Doyle, T. J. and Harrison, J. H., "Navy Superconductive
Machinery Program," Trans. SNAME, 1978, p. 20-1.
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superconducting, air-cooled motors and generators, they had

higher weight and increased space requirements and suffered
in comparison with the mechanical transmission ships.9 The

importance of the improvement in power electronics must be

mentioned. World War Two ships did not have the advantages
afforded by those electronics.

Integrated electric drive propulsion must also be men-

tioned. This propulsion plant is the same as any of those
discussed above, except that ship service electrical power

is derived from tha main propulsion plano, usually by taking

power off the reduction gears or main propulsion generator.
Power conditioning equipment, such as a cycloconverter, is
needed to "clean up" the power and change it to fixed

frequency for use in other equipment. Variable speed con-
stant frequency equipment and concepts embody the integrated

electric drive concept. The U. S. Navy has investigated
this in some detail.10

Some requirements of electric drive may be viewed as
disadvantages. The power from the electric generators has
to be conditioned to provide frequency control of the

propulsion motors. The power conditioners add weight and
volume to the overall system, as well as reducing the

efficiency of the transmission. Braking resistors, used to

dynamically and quickly slow the propulsion motors, add more
weight and volume to the system. There also may be a high-

frequency radiated noise signature associated with alternat-

ing current systems that may be deleterious to the mission

of the ship.
The research done to date has not explored specific

motor types in detail. How can it be decided whether to put
a synchronous, inductive, permanent magnet or other motor in

9. Ibid.

10. Robey, Stevens, and Page, "Application of Variable Bpeed
Constant Frequency Generators to Propulsion-Derived Ship
Service," Naval Engineers Journal, May 1985.
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the electric drive system? What makes the ship system

"best"? The effect of each motor type on the ship system
has not been analyzed. The electric transmissions used in
the current version of the Advanced Surface Ship Evaluation
Tool (ASSET), a ship design computer program written for the
United States Navy by Boeing Computer Systems, Inc., are

generic combinations of AC and DC motors and generators,
using rough estimates of weight, volume, and efficiency.

Ship designs more involved than the feasibility level need
detail on Just those items.

Motor design is a well known subject and there are many
texts on the subject. The use of Aotors and pertinent teuh-

nologies in a ship as a propulsion method is discussed in
Greene, Powell, and Gripp [3). The advantages of electric

drive include flexibility of arrangement, controllability,
variable reduction ratio, reliability, and provision of ship

service power from the main bus. Jolliff and Gisene [4) go

on to propose a specific water-cooled Advanced Integrated

Electric Propulsion Plant (AIEPP) for a frigate/destroyer-

sized ship. They discuss the essential characteristics of

such a plant, establish the feasibility of the drive system
and identify the method to technically demonstrate the sys-

tem. Acker, Greene, and Jolliff [5) present several model-
ing techniques and scaling relationships that allow estima-

tion of volumes and weights of propulsion motors and gener-

ators, solid state power conditioners, electrical

switchgear, and associated electrical propulsion systems

components as functions of propeller shaft power. A case
study of AIEPP is given in the paper by Kastner, Davidson,

and Hills [6].
Simulation of electric motors and associated systems is

a popular topic. Many persons have done work in this area,
from the micro-consideration of high frequenay inductance
changes to the more macro-consideration of hunting tran-
sients, etc. Smith, Stronach, and Tsao (7] model a complete

electromechanical marine drive system while Smith, Stronach,
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Tsao, and Goodman [8] concern themselves more with a marine

power system, including pump drives. Nonlinearities and

operational transients are addressed.

1.2. Optimization

Optimization is the process of making a system, sub-

system, or idea the best it can be. "Best" is defined by an
"objective function," a measure of what is optimum. For ex-

ample, an optimal manufacturing process may produce the max-
imum number of units at the lowest cost. The objective

function would combine units-produced with cost in an equa-

tioiu that could be analyzed to find the proper production

level. The output of the objective function is a single

scalar measure of "goodness." It may be difficult to repre-

sent complicated processes with only one number.
Optimization can be performed on a global or subor-

dinate basis. The optimum motor might be the one that has

the highest efficiency, even if that efficiency was achieved
by designing a very large and heavy motor. The sub-system

(the motor) has efficiency as its objective function. The

ship in which the motor is to be placed may be optimum when

its overall weight and volume are the lowest (ignoring cost,

for example). A large, heavy motor, then, may not be op-

timum for the ship, even if it is very efficient. A good
case study of motor optimization is the EPRI report authored

by Fuchs, et al. [9)

"Optimization" can be an ill-defined term but there are

fairly well defined methods of achieving it. Linear
programming, Markov modeling, and Monte Carlo schemes are

examples of these methods. The accessibility of high-speed

digital computers has made multiple random excursions in a

multi-variable space a much easier wey of finding the
"optimum" solution, provided an objective function and con-

straints can be devised to describo the problem. This

method of random excursions (Monte Carlo scheme) and ex-
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amples of it are among the methods described in references

ten, eleven, and twelve.

Monte Carlo schemes take their name from the action of
the r3ul.ette wheal in the gambling casinos of Monte Carlo.

Around and around the wheel goes, stopping on random num-

bers. If the computing power is available, this is an ac-

ceptable method of exploring a large variable space. It can

be much quicker than looking at every possible pezmutation

of all variables.

The steepest-descent scheme is so named because op-
timization moves down the aharpest gradient of the objective

function. From a valid design point, random steps are taken

in every variablt and the design point is moved "downhill"

toward the objective function over the steepest slope. This

is different from the "drunkard's walk," where the random
steps are only evaluated on whether or not the objective

function's output has improved, not if it is improving at

the fastest possible rate.
Optimization is almost always subject to constraints.

In the previous manufacturing process, warehouse space may

be limited, so only a certain number of units may be stored.
This could act to limit production. For motor design, con-

straints include maximum rotor tip speed, maximum current

density, minimum power output, etc. All constraints should

be combined with the objective function to yield a

"constrained optimization."

1.3. The objective function

Optimization is not possible without an objective func-

tion. It may be very difficult to devise a good objective

function for a complicated system such as a ship. It may be
even harder to find one for a sub-systeaw of that complicated
system. There are very many characteristics that could be

optimizing variables, and assembling them into one objective

function with all the constraints is not easy.
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Even with a properly defined objective function, it may
be difficult to choose among designs that result from the

constrained optimization. For example, a low-volume and
low-weight motor may have poor efficiency. A very efficient

motor may also be large and heavy. If all three elements

are important, which is the best motor? Deciding between
competing designs has been the subject of various papers,

one of which is by Schweppe and Merrill (13]. In that
paper, the authors suggest the use of "knee curves," saying
that the essential characteristics of a multiple attribute

tradeoff can be plotted on a series of x-y graphs. Uncom-
petitive designs are easily discerned and discarded. The
decision process can be limited to only those designs that

are competitive.

Table 2. Optimizing characteristics for ship and transmis-

sion

Weight
Volume
Efficiency
Cost
Reliability
Maintainability
Commonality
Manning

The above table lists many of the possible optimizing

characteristics for the ship and its propulsion sub-system.
Manning estimates are typically based on historical data and
do not indicate that the baseline and variant ships will

require a significantly different number of personnel. Com-
monality measures the use of the same equipment in other

ships. Since there are no other electric drive ships at the
power levels used in this thesis, commonality is not an

issue. It is very difficult to discern maintainability and
reliability differences between designs that are as close as
the machine designs of this thesis, so these two charac-
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teristics were not made part of the objective function.

Cost is a measure that should be part of this sort of op-

timization. The cost of the ship system, quantified in thl

ship displacement, was used in the final recozrmendations for
the transmission sub-system. In the case of permanent mag-

net machines, the relative costs of magnet material and mag-

net steel were included in the objective function.

Weight, volume, and efficiency were made an explicit

pa.At of the obje"ctive function for the computer design of

the machines. An Effective Weight was calculated for o.er7

machine design. The design with the lowest effective weight

was the "best" within its class. The generic objective

function is

Effective Weight = weight + ke*(1-efficiency) + kv*volume

where ke and kv are weighting factors for efficiency and

volume, respectively. The weighting factors were obtained

from changes in ship displacement for marginal changes in

efficiency and volume of the transmission. They were

modified to reflect the actual designs resulting from the

process.
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Chapter Two. Gendral Considerations

Only steady-state behavior of electric machineL was
modeled. The mcaeling of dynamic behavior is very difficult

and was not viewed as being within the design problems posed
by this thesis. The changes in machine design necessary to
solve dynamic instabilities, etc., are much smaller than the

approximate nature of the algorithms used here.

All derivation work was performed without specifying

the ntvuber of winding turns or the number of rotor or statcr
slots. The only exception to this was the case of induction
machines, where an arbitrary number of rotor slots was
selected. This selection was necessary for the calculation

of the equivalent circuit components. The number of rotor
slots chosen, 71, was a number designed not to induce pole

harmonics. Since no turn numbers were specified, units in-
clude volts-per-turn, ampere-turns, and impedance-per-turns-

squared. Power is measured in watts.

All machines used as their synchronous frequency the
maximum allowed by the particular combination of pole pairs

and shaft rpm. Developmental work showed that the optimiza-
tion algorithm converged to the highest frequencies, so the

algorithm now starts at the higihast possible frequencies.
Up to six pole pairs were used in the higher rpm

machines and up tc 25 pole pairs in the 180 rpm machines.
Diminishing improvements in volume, weight, and efficiency

show up at half these limits.

The random number generator was taken from Kelley and
Pohl (14), with one change. After every run of each

program, the random number generator seed is stored. This
means the sequence of pseudo random numbers is not repeated
until the full range possible has been used. For the

machines, it gives differences at every run and means the
multidimensional variable space is more fully explored.
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2.1. Optimization method

The chosen optimization method is a combination of the

Monte Carlo and steepest-descent schemes. A design point is

established by randcmly selecting machine geometric
parameters, subject to constraints. Ten random steps are
taken around the design point, in all variable directions.
The effective weight of each random step is evaluated and
compared with that of the design point. The best of the

eleven is designated the new design point. More random
stevs urs t4kon, and the pre-cess cnntinues until no more im-
provement is seen in effective weight. At -that point, the
size of the random steps is halved, and the process repeats

itself, with the step size continually halved (up to ten
times). The best effective weight is the index to the best
design. The number of original design points used in any
particular run of a program is under user control. If ten

original design points are desired, the algorithm will look
at over a thousand designs.

The purpose of having original design points is to

start the optimization process in different sectors of the
multidimensional variable space. In this fashion, the op-

timization process zeroes in on several local "best" points.
The variables that are randomly selected include stator

current density, rotor radius, air gap dimension, stator

slot space factor, and rotor slot space factor. The back
iron dimension (the iron behind the stator teeth) is sized
to handle a saturation level of flux. The stator slot depth

is originally s.z'd as a xandum fraction of the back iron
dimension, and the rotor slot depth is originally a random
fraction of the rotor radius.

On~ly steady-state behavior was modeled in this algo-
rithm. Dynamic modeling may or may not show different op-
timum configuzations for machine types.
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2.2. Constraints

The constraints placed on the optimization process are
listed in the following table. The most difficult con-

straint to satisfy while still achieving a valid design was
the rotor current density constraint in induction machines.
Only a few valid designs were achieved in induction machines

using the above algorithm, leaving some question about the
application of the algorithm in the case of induction

machines. Only those induction machine designs in which
there was reasonable confidence were included in the thesis

analysis.

Table 3. Optimization constraints during machine design

Minimum air gap flux density 1.05 tesla rms
Maximum (saturation) flux density 1.5 tesla rms
Maximum rotor radius 2.0 meters
Maximum rotor tip speed 200.0 meters/sec
Stator and rotor space factor 0.35
Maximum rotor slot depth 33% of rotor radius
Maximum synchronous reactance:

synchronous machines 2.0 per unit
permanent magnet machines 3.0 per unit

Power factor 0.8

The magnet steel chosen was 26 gauge M19. Its magnetic

properties were found in USX technical data [15]. It has
been observed that saturation flux levels in electric

machines occur first where the area perpendicular to the

flux path is the smallest. If the back iron dimension is
made appropriately large, this saturation will first occur

in the teeth, as is desirable. Accordingly, the back iron

dimension was set to

Br r
dcore =--------

Beat p

whore Br is the radial air gap flux density, r is the rotor

radius, Baat is the saturation flux density, and p is the
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number of pole pairs in the machine. This equation is

derived from Gauss' Law.

If electric machines are to be installed in a ship, th

78 ey obviously will need to fit into the space designated

for them. An electric machine with a two meter rotor radius

is at least thirteen feet in envelope diameter. This is a
very large machine to install in a machinery space where

volume is already at a premium. The rotor radius limit de-

scends from the physical ability to fit an electric machine

in a ship.

The tip speed limitation represents the physical limit

on material strength with regard to the rotor conductors.

Rotor conductors may break free from the rotor at higher

tangential velocities than this limit. The magnitude of the

limit was taken from a tip-speed-limited, 3600 rpm, two-pole

turbogenerator, and was verified against standard Navy

design practices. Several as-built electric machines were

analyzed and this number seemed to fit their characteristics
well. The tip speed limit arises when choosing a rotor

radius (given a particular frequency and number of poles),

and is less stringent a constraint than maximum rotor

radius.
Thermal considerations are often extremely important in

machine design. The heat build-up in electric machines haa

led to many cooling schemes over the years, including
natural convection, forced air cooling, and hydrogen cool-

ing. One of the latest methods is liquid cooling of the

stator and rotor conductors through cooling passages through

the copper itself. This has been made osaslble by better

de-ionizing methods for cooling fluid and better rotating

seals for the rotor. Naturally, the cooling passages and

insulation limit the amount of copper area in a slot cross

section. The copper area in a typical conductor bar was
measured and found to be about thirty-five percent of the

bar cross section. This number was used for the stator and

rotor slot space factors
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Other thermal considerationa must be made for permanent
magnet materials, which suffer a degradation in flux as tem-
peratures rise. Flux loss rises slowly with increasing tem-
perature until about 1000C. Above 1006C, flux loss is more
rapid. An assumption in the design of these machines is

that there will be sufficient cooling in the operating space
to limit ambient temperature to ebout 800C. This, combined

with the machine liquid cooling, should keep flux loss to a
minimum. Transmission lines were assumed to function satis-

factorily at the same temperature.

Insulation also has a thermal rating. No insulation

class was specified in this thesis but a typical insulation
used in electric generators by the Navy is Class F. For
this class, a permissible rise of 1000C over au ambient tem-
perature of 500C is standard, but lesser insulation classes
must run cooler. If a machine must be designed with a les-

ser insulation class, the consequent lower temperatures may
result in a quieter machine and longer machine and insula-
tion life. It probably will be larger than a machine with a
greater class of insulation. The temperatures quoted above
are at hot spots, not in the bulk of the machine.11

Along with the reduction in copper area for liquid
cooling, a maximum current density was imposed. The copper
losses, in the form of heat, have to be removed by the cool-
ing fluid. There is a tradeoff between the size of the
cooling passages, the allowable current density, and the

rating of the machine. Twelve million amperes per square

meter equates to forty amperes in a twelve gauge copper

wire.
Rotor slots were constrained to no more than one third

of the rotor radius. Some reasonable shaft diameter is
required to transmit the mechanical torque. Stator slots
were allowed to grow as needed to meet the stator current

II. Private communication, D.F. Schmucker, Naval Sea Systems
Command, Code 56Z31, 11 December 1986.
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density limit.

Synchrorous reactance limits werm taken from as-built

machines. A power factor of 0.8 was used for all machines,
though one researcher has indicated a power factor of 1.0

might be best for permanent magnet machines. 1 2

2.3. Geometric considerations

End turns were modeled as described in Appendix B.
While not exactly as machines are constructed, this model

gives reasonable results. A length allowance equal to one

rotor diameter on either end of the active length of the

machine was made to allow for containment of the end turns.
Fractional slot pitches were not considered. A stator

winding pitch of 0.8 was assumed, resulting in the elimina-

tion of the fifth harmonic from the steady-state output

wavefoMns.

Once weight and volume were calculated, an extra ton

percent was added to allow for thm frame and foundation of

the machine. The calculated weight included an additional
three percent of the rotor weight to allow for bearings, It

is the final envelope weight and volume that were used in

the decision process.

2.4. Efficiency and losses

The general equation for efficiency is

efficiency = - minpwr
minpwr + ph + pe + 12r + i2rr

where minpwr is the minimum mechanical power expected of the

machine, ph is the hysteresis loss, pe is the eddy current

12. Robey, H.N., "Permanent Magnet Machine Technology
Assessment," DTNSRDC Report TM-27-80-87, September 1980.
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loss, i2r is the stator copper loss, and 12rr is the rotor
copper loss. This formulation is for a motor, but the ef-

ficiency calculated will not be significantly different if
the machine is a generator.

Hysteresis and eddy current losses arise from currents

circulating within the magnet steel that forms the rotor and
stator. They are two different meah:anisms and depend on the

metallurgy of the steel.
Eddy currents are a result of the time-varying magnetic

fields within the machine, and they oppose the change in
flux density within the machine. Eddy current losses in-

crease as the square of the electrical frequency of the

machine and also as the square of the peak flux density.
One method of lessening eddy current losses is to use thin
laminations to build up the rotor and stator. If the var-

nish used on the laminations is sufficiently Insulating, the
eddy currents are limited to azimuthal circulation. Axial
circulation is practically zero because of the small lamina-

tion thickness.
Hysteresis losses are inherent to magnetic materials,

and are proportional to the total volume of the material,
the area of the hysteresis loop, and the machine electrical

frequency.

USX has developed equations to calculate eddy current
and hysteresis losses. They are

0.01445 0 f Br Hc 0.4818 Bm' t' fV
ph = --------------------- and pe =

D rho D

In these equations, a is the hysteresis loss factor (the

ratio of the actual hysteresis losses to the area of a
square hysteresis loop passing through Br and Hc), f is the
frequency in Hertz, Br is the residual induction in
kilogauss, Ho is the coercive force in oersteds, D is the
density in grams per cubic centtirtes, rho is the electri-
cal resistivity of M19 in microhm-cm, n is the anomalous
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loss factor. The losses are in watts per pound of material.

The numerical factors at the beginning of both equations

were altered to reflect the use of SI units. The factors 4,

n, Br, Hc, rho, and D change with the type of magnetic

material used. The thickness of the laminations, t, is

0.014 inches for 26 gauge steel. These equations do not

reflect some variations caused by differences in silicon

content and differences in processing treatments leading to

variations in grain size and crystallographic texture.
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Chapter Three. Synchronous machines

Synchronous machines operate because of an interaction

between stator and rotor flux waves. The rotor flux wave is

developed by a field winding. The stator flux wave is

developed by an armature winding. These two waves try to

align themselves, which is how the machine action is

produced. In the case of a motor, the armature wave is
"rotating" around the periphery of the stator bore because

of the 1200 separation between the three phases. A rotating

action ensues. In the case of a generator, the rotation is

provided by a prime mover, such as a gas turbine, and volt-

age is induced in the stator phases.

Synchronous machines operate at a steady-state shaft

speed specified by the number of poles and the electrical,

or synchronous, frequency. This synchronous speed is main-

tained despite changes in load. This feature makes

synchronous machines attractive for applications where speed

control is important. Shaft rpm = (120.frequency)/(poles).

A derivation of the equations of synchronous machines

and the computer modeling program are presented in

Appendix B.

3.1. Assumptions

The rotors of synchronous machines may exhibit

saliency, or may be smooth cylindrical rotors. The dif-

ferences in properties and parameters among salient and
round-rotor machines amount to only a few percent"$. The

approximate nature of the modeling means the saliency ef-

fects will not be important. Therefore, no special provi-

sion for salient rotors were made.
The ships used in this thesis havedisplacements of

13. Fitzgerald, Kingsley, and Umans, Electric Machinery,
McGraw-Hill, New York, 1983.
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about 5000 LT ( 1 LT 2240 ibs). Their fuel load is deter-

mined by the required range and transmission efficiency at
endurance speed. It was first estimated that a one-percent

increase in transmission efficiency would reduce total ship

displacement by about 89 LT. The efficiency factor (ke

90,000 kg/percent) corresponds to this 89 LT change in ship
full load displacement. (89 LT x 2240 lbs/LT x 2.205 kg/lb)

When this produced machines with efficiencies about 95%, it
was doubled to 180,000. Obviously, this factor may be ad-

Justed to any level. The volume efficiency factor (kv =
1286.1 kg/ms) corresponds to the density of a LM-2500 gas

turbine module. These factors were used throughout the

thesis.

3.2. Machine description

Machines with shaft speeds of 1800, 2400, 3000, 3600,

and 7200 rpm, with the number of pole pairs varying from one

to six, were modeled. Also, 180 rpm machines using from one
to twenty-five pole pairs were modeled. This provided a

good coverage of the variable space.

3.2.1. Efficiency

Synchronous machine efficiency at full load was about

98.5% for the higher rpm machines, while the 180 rpm

machines hovered around 93% to 94% efficiency. The number

of pole-pairs seemed to have little effect in the high rpm
machines, but there was an "arch" in the efficiency curve of

the 180 rpm machines, peaking at 97% with 36 poles. Though

not fully understood, the 24- and 26-pole 180 rpm machines

had very low efficiencies. Generally speaking, machine ef-
ficiency was higher when rpm was higher. This was an ex-

pected result. Off-design-point efficien6y was good for the
higher rpm machines, but bad for the 180 rpm machines. (See

the discussion in Chapter Seven.)
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3.2.2. Weight and volume

Weight and volume increased almost linearly with the

number of pole-pairs in the 180 rpm machine. This is almost
certainly a function of tip-speed limitations, as the maxi-

mum tip speed in a machine is a function of the number of
poles in the machine. When the rotor radius is limited, the

machine must grow in length to develop enough torque. The

weight and volume of these machines were much higher than
for the higher rpm machines.

The higher rpm machines saw significant decreases in
weight and volume when the number of pole-pairs increased

from one to two. There also was an observable increase in

weight and volume as the number of pole-pairs further in-
creased. As rpm increased, the machines became smaller and

lighter.
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Figure 1. High rpm synchronous machine efficiency
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Figure 2. 180 rpm synchronous machine efficiency
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Figure 3. High rpm synchronous machine volume
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Figure 4. 180 rpm synchronous machine volume
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Figure 5. High rpm synchronous machine weight
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Figuire 6. 180 rpm synchronous machine weight
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3.3. Machine characteristics

The following tebles give machine characteristics for
many of the higher rpm and the 180 rpm synchronous machines
designed for this thesis.

The stator slot factor tended to increase to the limit
of 0.75, while the rotor slot factor moved around the value
0.58 quite a bit. This demonstrates a partial limit on the
depth of the stator slots (to the same dimension as the back
iron depth). The overall diameter was limited and more
stator slot area was needed to develop the required power.
Similarly, the stator current density converged to its ooo4

ing limit.

The longest bigher rpm machine was 5.42 meters, while
the largest overall diameter was 0.85 meters. Machines of
this size will cause no difficulties when placed in the
machinery spaces of most ships. The 180 rpm machines are
lerser, typically less than 6 meters long (discounting one
16 meter machine) and 1.8 meters in diameter. They are also

good candidates for ship systems.
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Table 4. Characteristics of 1800 rpm synchrouous rmachines

number of polo pairs 1 2 3 A 5 6

poser, hp 25775 25775 25775 25775 25775 25775

effi.iency factor 180000 190000 180000 180000 180000 18(000

volume factor 1296.1 1286.1 1286.1 1286.1 1296.1 1296.1

shaft rpm 1800 1900 1900 1900 1800 1800

stator current density 9.00E+06 1.20E#07 1.20E+07 1.20E+07 1.20E+07 1.20C07

synchronous froqueocy 30 60 90 120 150 tiO

rotor radius 0.1720 0.2077 0.2603 0.2905 0.3267 0.3190

gap dimension 0.0125 0.0440 0.0250 0,0124 0,0090 0.0092

back iron depth U.1204 0.0727 0.0607 0.0508 0.0457 0.0372

stator slot depth 0.P,772 0,0722 0.0607 0.0508 0.0457 0.0372

rotor slot depth 0.0401 0.1859 0.07C 7 0.1333 0.007 0,0209

stator slot factor 0.653 0.750 0.750 0.149 0.750 0.749

rotor slot factor 0.650 0.447 0.687 0.659 0.449 0.420

envelope volume 2.791 1.522 1.509 1.541 1.697 1.709

envelope weight 20835.40 9927.96 9766.09 9196.03 8661.17 BP53.21

hysteresis loss 16926.49 10677.39 17111.27 19469.83 31370.98 43892.02

eddy current loss 30,33.2 3826.7 9199.8 13955.6 29107.7 47191.5

stator copper loss 275934.4 374646.5 293335.5 164289.8 173116.1 269901.7

full load efficiency 0.985 0.990 0.984 0.990 0.988 0.982

active length 4.670 1.794 1.498 1.513 1.348 1.741

full load current density 1.19E+07 1.06E+07 1.17E+07 4.58E+06 B.34E+06 1.B9E+07

no load current density 4.40E+06 6.39E+06 7.00E+06 2.43Et06 4.24E*06 1.19E+07

xs/turns-squar.d, p.u. 1.99 0.86 0.87 1.11 1,20 0.78

internal volts/turn, p.u. 2.71 1.66 1.67 1.89 1.97 1.60

overall length 5.42 2.80 2.64 2.72 2.69 3.05

overall diliaeter 0.77 0.79 0.81 0.81 0.95 0.90
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Table 5. Characteristics of 2490 rpm synchronous machines

number of pole pairs 1 2 , 4 5 6

power, hp 25775 25775 25775 25775 25775 25775

efilciency factor 180000 1bO000 190000 180000 110000 1O0000
volume factor 1226.1 126.1 1286.1 1286.1 121h. 1 1296.1

shaft rpm 2400 2400 2400 2400 2400 2400

stator current density 1.I1E+07 1.20E+07 1.19E+07 1,20E407 1.20E+07 1.07E+07

synchronous frequency 40 D0 120 160 200 240

rotor radius 0.1563 0.1986 0.2388 0.2890 0.3141 0.3,197

gap dimension u.0273 0.0164 0.000 0.0135 0.0109 0.0%6

back iron depth 0.1094 0.0695 0.0557 0.0506 0.0440 0.0396

stator slot depth 0.0921 0.0695 0.0557 0.0505 0.0434 0.0396

rotor slo•. depth 0.041,6 0.0215 0.0088 0.0563 0.1047 0.1040

stator slat factor 0.621 0.750 0.750 0.748 0.750 0.750

rotor slot factor 0.,76 0.749 0.750 0.432 0.453 0.327

envelope volume 1.61 1.112 1.133 1.329 1.46 1,633

envelope weight 11619.57 7204.42 6677,15 6733.44 7106.43 7727.01

hysteresis losý 11991.17 14511.75 21941.41 27415.01 32769.75 47103.39

eddy current loss 2862.6 6934.5 "5727.2 263M.9 39147.9 67525.7

stator copper loss 144601)5.4 427167.9 482231.4 232958.2 143185.6 11479.8

fl load efficiency 0.977 0.977 0.974 0.985 0.999 0.M98

active length 7.397 1.709 1.552 1.152 1.144 1.223

full load current density 2.1LE÷+0 3.11E+07 5.39E+07 1.73E+07 7.83E+06 7.99E+06

no load current density 7.7'5E+06 1.28E+07 2.11E+07 9.64E+06 4.55E+06 4.32E+04

is/turns-squared, p.o. 2.00 1.69 1.83 1.01 0.92 1.07

internal volts/turn, p.u. 2.72 2.43 2.56 1.80 1.72 1.85

overall length 3.13 2.57 2.54 2.36 2.44 2.61

overall diameter 0.77 0.71 0.72 0.81 0.02 0.95
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Table 6. Characteristics of 3000 rpm synchronous machines

number o4 pole pairs 1 2 3 4 5 6

pewer, hp 25775 25775 25775 25775 25775 25775

eficiency factor 180000 100000 190000 190000 190000 190000

volume factor 1286.1 1286.1 1286.1 1286.1 1286.1 1296.1

shaft rpm 3000 3100 3000 3000 3000 3000

statcr current density 1.20E+07 1.20E+07 1.20E+07 1,20E+07 I.IOE+07 I.19E+07

synchronous frequency 50 1o0 150 200 250 300

rotor radius 0.1494 0.1890 0.2304 0.2432 0.2972 0.2974

gap dimension 0.0370 0,0172 0.0101 0.0052 OO069 0.0088

back iron depth 0.1046 0.0662 0.0538 0.0426 0.0402 0.0347

stator slot depth 0.0162 0.0628 0.0537 0.0422 0.0402 0.0347

rotor slot depth 0.0904 0.0879 0.0372 0.0151 0.0784 0.0427

stator slot factor 0.750 0.750 0.750 0.750 0.750 0.750

rotor slot factor 0.59B 0.494 0.724 0.730 0.255 0.750

envelope volume 1.205 0.963 0.972 0.991 1.203 1.236

envelope weight 8815.49 6498.77 5801.99 5725.40 6176.39 6143.64

hysteresis loss 9574.79 14072.41 21089.10 31331.61 41076.93 46178.46

eddy current loss 2859,6 8405.7 18895.4 37429.9 61340,0 82749.7

stator copper loss 380295.7 2I2641.? 183124.5 204027.7 140446.5 134484.2

full load efficiency 0.980 0.998 0.989 0.986 0.988 0.996

active length 1.670 1.657 1.363 1.590 1.306 1.310

full load current density 1.53Et07 1.13E+07 1.•8E+07 2,42E+07 1.40E+07 1.06E+07

no load current density 6.03E+06 5.23E+06 6.09E#06 9.63E+06 7.44E+06 6.96E+O0

xs/turns-squared, p.u. 1.80 1.41 1.53 1.79 1.11 0.69

internal volts/turn, p.u. 2.53 2.16 2.27 2.5k 1.99 1.52

overall length 2.42 2.48 2.32 2.58 2.48 2.53

overall diameter 0.76 0.67 0.70 0.67 0.75 0.75
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Table 7. Characterietics of 3600 rpm synchronous machines

number of pole pairs 1 2 3 4 5 6

power, hp 25775 25775 25775 25775 25775 25775

efficiency factor 160000 180000 180000 180000 IBoo0o 180000

volume factor 12a6.1 1296.1 1296.1 1286.1 1286.1 128k.1

shaft rpm 3600 3600 3600 3600 3600 3600

stator current density 1.16E+07 1.20E+07 1.20E+07 1.19E+07 1,20E+07 1.20E+07

synchronous frequency 60 120 180 240 300 360

rotor radius 0.1413 0.1824 0.2191 0.2736 0.2846 0.2877

gap dimension 0.0139 0.0120 0.0123 0.0178 0.0209 0.0124

back iron depth 0.0989 0.0638 0.0511 0.0479 0.0398 0.0336

stator slot depth 0.0492 0.0638 0.0486 0.0479 0.0398 0.0336

rotor slot depth 0.0496 0.0541 0.0572 0.0298 0.0595 0.0385

stator slot factor 0.748 0.750 0.750 0.750 0.750 0.750

rotor sIt factor 0.733 0.409 0.528 0.679 0.69. 0.654

envelope volume 1.233 0.814 0.870 1.065 1,127 1.102

envelope weight 9385.14 5377.73 5216.22 4979.26 5177.33 5190.73

hysteresis loss 14030.95 15587.02 22251.57 31042.24 36294.96 48590.52

eddy current loss 5028.6 11172.5 23924.3 44501.0 65021.1 104486.5

stator copper loss 190131.9 228605.1 105930.4 251863.9 196473.3 184008.6

full load efficiency 0.989 0.987 0.999 0.983 0.985 0.983

active lngth 3.253 1.493 1.372 0.890 0.975 1.166

full load current density 9.15E+06 1.94E+07 1.31E+07 2.47E+07 1.45E+07 1.73E+07

no load current density 3.313Ev06 7.41E+06 6.99E+06 1.61E+07 1.12E+07 1.28E+07

xs/turns-squared, p.u. 1.99 1.19 1.10 0.71 0.43 0.48

internal voltslturn, p.u. 2.71 2.62 1.88 1.54 1.30 1.35

overall length 3.88 2.27 2.30 2.06 2.20 2.37

overall diameter 0.61 0.64 0.66 0.77 0.77 0.73
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Table 8. Characteristics of 7200 rpm synchronous machines

number of pole pairs 1 2 3 4 5 6

power, hp 25775 25775 25775 25775 25775 25775

efficiency factor 190000 180000 190000 180000 180000 190000

volume factor 1286.1 1286.1 1286.1 1226.1 1286.1 1286.1

shaft rpm 7200 7200 7200 7200 7200 7200

stator current density 1.20E&07 1.20E+07 1.16E+07 1.20E+07 1.20E+07 1.20E807

synchronous frequency 120 240 360 480 600 720

rotor radius 0.1159 0.1710 0.1958 0.2044 0.2219 0.1932

gap dimenskon 0.0096 0.0093 0.0053 0.0093 0.0046 0.0055

back iron depth 0.0812 0.0599 0.0457 0.0358 0,0311 0.0225

stator slot depth 0.0405 0.0452 0.0457 0.0358 0.0311 0.0225

rotor slot depth 0.0329 0.0189 0.0105 0,0714 0.0138 0.0292

stator slot factor 0.750 0.750 0.749 0.750 0.750 0.750

rotor slot factor 0.511 0.617 0.661 0.633 0.468 0.570

envelope volume 0.711 0.544 0.525 0.544 0.572 0.564

envelope weight 5341.21 3476.08 2971.92 3136,32 2950.31 3427.07

hysteresis loss 17305.86 22097.70 28944.03 30808.73 50465.33 64447.34

eddy current loss 12404.5 31678.5 62229.7 83332.6 180863.2 277168.2

stator copper loss 149625.0 159505.1 162532.1 74543.2 143253.5 117812.4

full load efficiency 0.991 0.989 0.987 0.990 0.981 0.977

active )ength 2.863 1.212 0.972 1.081 1.082 1.952

full load current density 1.65E+07 2.71E+07 3.92E+07 7.81E+06 3.70E+07 1.72E+07

no load current density 6.14E+06 1.16E+07 1.46E+07 5.00E+06 1.99Ev07 1.28E+07

xs/turns-squared, p.u. 1.97 1.59 1.97 0.74 1.08 0.48

internal volts/turn, p.u. 2.69 2.33 2.69 1.56 1.86 1.34

overall length 3.36 1.93 1.79 1.94 1.99 2.75

overall diameter 0.49 0.57 0.58 0.57 0.58 0.49
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Table 9. Characteristics of 180 rpm synchronous machines

number of pole pairs I 2 3 4 5

power, hp 25775 25775 25775 25775 25775

efficiency factor 180000 100000 190000 190000 180000

volume factor 1286.1 1286.1 1286.1 128M.1 1206.1

shaft rpm 190 180 180 190 180

stator current density 1.18E+07 1.12E407 1.20E+07 9.25E+06 1.20E+07

synchronous frequency 3 6 9 12 15

rotor radius 0.2641 0.3730 0.4588 0.5869 0.5507

gap dimension 0.0331 0.0978 0.0723 0.0317 0.0199
back iron depth 0.1849 0.1309 0.1071 0,1027 0.0771

stator slot depth 0.0592 0.130e 0.1071 0.1027 0.0580

rotor slot depth 0.0500 0.1867 0.1934 0.0565 0.1079

stator slot factor 0.741 0.750 0.750 0.742 0.750
rotor slot factor 0.558 0.571 0.422 0.535 0.287

envelope volume 16,305 9.329 9.049 1.378 10.306

envelope weight 119110,5 56300.0 48896.8 56398.0 56899.5

hysteresis loss 10465.3 6915,1 9833.5 19267.4 23999.1

eddy current loss 197.5 247,8 528.6 1309.4 2150.3

stator copper loss 2.25Et06 2.06E+36 1.76E+06 1.34E+06 1.I8E+06

full load efficiency 0.895 0.9)3 0.916 0.934 0.941

active length 14.913 3.135 2.590 2.376 3.700

full load current density 1.53E+07 1.25E407 1.33EX07 1.91E+07 1.42E+07

no load current density 5.61E+06 6.14E+06 7.25E+06 8.93E+06 7.27E+06

xs/turns-squared, p.u. 2.00 1.28 1.04 1.39 1.19

internal volts/turn, p.u. 2.72 2.04 1.83 2.14 1.96

overall length 16.10 5.02 4.71 4.85 5.99

overall diameter 1.08 1.47 1.49 1.65 1.41
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Table 10. Characteristics of more 180 rpm synchronous

machines

number of pole pairs 6 7 8 9 10

power, hp 25775 25775 25775 25775 25775

efficiency factor 180000 180000 180000 180000 180000

volume factor 1286.1 1286.1 1296.1 1296.1 1286.1

shaft rpm 180 190 180 190 180

stator current density 1.20E+07 1.20E+07 1.20E+07 1.20E+07 1.20E+07

synchronous frequency 18 21 24 27 30

rotor radius 0.6176 0.5729 0.7152 0.6943 0.7296

gap diaension 0.0647 0.0335 0.0229 0.0138 0.0396

back iron depth 0.0720 0.0573 0.0626 0.0540 0.0511

stator slot depth 0,0720 0.0569 0,0626 0.0540 0.0509

rotor slot depth 0.1652 0.0855 0.2046 0.0740 0.1420

stator slot factor 0,750 0.750 0,750 0.750 0.750

rotor slot factor 0.369 0.750 0.374 0.283 0.615

envelope volume 11.693 10.486 12,870 12.385 14.273

envelope weight 48739.8 53234.1 52286.9 53189.2 56440.5

hysteresis loss 22385.0 27947.6 31793.9 42718.3 42086.1

eddy current loss 2406.8 3505.7 4557.9 6989.4 7541.6

stator copper loss 1.86Eb06 1.24E+06 7.69E+05 1.14E+06 1.IIE+06

full load efficiency 0.911 0.938 0.960 0.942 0.943

active length 2,225 3.418 2.045 2.549 2.365

full load current density 1.74E+07 1.IIE÷07 7.09E+06 1.98E+07 9.69E+06

no load current density 1.29E+07 7.98E+06 4.18E+06 1.07E+07 7.76E+06

xs/turns-squired, p.o. 0.48 0.53 0.89 1.09 0.36

internal volts/turn, p.u. 1.35 1.39 1.69 1.86 1.25

overall length 4.95 5.84 5.00 5.38 5.44
overall diameter 1.65 1.44 1.73 1.63 1.74
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3.4. Verification

Data on a large turbogenerator, Big Sandy Unit Two, was

available in reference sixteen; it was used to verify the

synchronous machine design program. Big Sandy is rated at

907,000 kVA, power factor 0.9, at a rated voltage of 26 kV.

When -the machine parameters were input to the synchronous

design program, it produced a machine very close to Big

Sandy. It was Judged that the design program would yield

good results.
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Chapter Four. Permanent Magnet Machines

Permanent magnet machines are very similar to

synchronous machines. The main difference lies in the
method used to produce the field flux wave. Instead of a
field current causing the wave, permanent magnets provide

the flux. No exciter is used with these machines and there

are no brushes.

4.1. Magnet mateirial

Many different elements may be used to manufacture per-
manent magnets. Past designs used ceramics, aluminum-

nickel-cobalt-i:ron-titanium (AlNiCo), and samarium-cobalt
(SmCo). However, ceramic magnets do not produce sufficient

residual flux (see Appendix C for an explanation of terms),
and any magnet based on cobalt is high in cost and may be in

limited supply. Recently, magnets of neodymium-iron-boron

(NdFeB), have entered the marketplace. None of the con-

stituents of the NdFeB magnets are strategic materials; it

is expected that availability and cost will improve.
NdFeB magnets have a high Maximum Energy Product (MEP)

that may be used advantageously by the machine designer.

Data from Sumitomo Special Metals (17] indicates their
NEOMAX line have MEPs as high as 37 MGOe, which is higher

than the 30 MGOe of the SmCo magnets marketed as REC-30 by
TDK Corporation [18]. High MEP is not the only criteria for
magnet selection; flux stability, cost-to-performance ratio,

ease of machine assembly, and other characteristics may en-

ter the decision process. This study needed the best per-
formance of its machines, so NdFeB was iselected on the basis

of its high MEP. Thermal stability was assumed to be satis-

factory if the thermal considerations in Chapter Two were

met.

Cost has been mentioned above. Magnet material is sig-

nificantly more expensive than magnet steel and copper.
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Magnets in the quantity used by et large production run of

25,000 hp machines might cost as much as $120 per pound, 1 4

compared with the 58t per pound of M19 steel.Is Obviously,

permanent magnet machines will be more expensive, but the

cost of magnet materials may be m,!do, part of the optimiza-

tion process. The degree of magnet overhang, discussed in
Appendix C, also affects cost.

4.1.1. Magnet cost factor

A change to the objective function was made to incor-
porate the cost of magnet material relative to magnet steel.

The ratio of the above costs was taken and the result cal.ed

the magnet cost factor, km. The objective function was

modified to

Effective weight - (weight + kaioagnet weight)) + kill - effcy) 4 kvivoluas * ke(sagmet volum))

An initial value for km of 170 was used, and several

machines designed. Then a value of km = 25 was tried. The

machines with km = 170 indeed had less magnet material in

them, but at a cost. The change to km = 25 resulted in a

larger machine (23.5%) with a lower stator current density,

20% more magnet material, and about a 1.5% inQX•eas in

machine efficiency. That 1.5% translates to a lot of fuel

aboard a ship, so it was decided to use km = 25. The extra
magnet material will add about $22,000 per machine.

4.2. Assumptions

The largest obstacle to assembling high-power permanent

magnet machines is their inherent residual magnetism. If

14. Estimate by Mr. Yokokura, President of Sumitomo Special
Metals of America.

15. Book price for 26 gauge M19 steel from Mr. Dagg of USX.
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the magnets possess all of their properties at assembly, it
will be extremely difficult to place the rotor (which con-
tains the magnets) inside the stator. The rotor would be
strongly attracted to the iron of the stator. Of course,
the magnets may be magnetized after machine assembly, but it
may be difficult to achieve MEP without elevated tempera-

tures inside the machine. The assumption is made here that
the magnets will be magnetized prior to assembly. The

detailed design of the machine will have to include con-
sideration of the jigs and fixtures necessary for assembly.

The only other assumption worthy of mention is that the
load line may be modeled as described in Appendix C.

4.3. Machine description

The same rpm and pole-pair combinations were used as in

the synchronous machines. The magnets on the rotor are ar-

ranged in a cylindrical-wedge configuration, as shown in the
figure below.

Figure 7. End view of a permanent magnet machine

MA~tNET swIATS(IAL-

MArHE' STXEL.

The rotor slot factor (lr) used in the other types of
machines is called here the magnet slot factor and refers to
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the width of magnet per pole pitch. It may vary between 25%

and 75% of the pole pitch, the same as for rotor slots in

other machines.

The rotor slot depth, ds, does not exist in this
machine. In thia case, the rotor radius, r, is added to Im,
the magnet radial dimension, to find the actual width of the

rotating core. (In the synchronous and induction machines,
dr was included in the rotor radius.)

4.3.1. Efficiency

For the higher rpm machines, efficiency within a par-

ticular rpm group decreased with an increasing number of
polas. The most efficient machines, at about 99%, had four
poles. This is higher than the synchronous or induction

machines, largely because there are no rotor copper losses.
The twelve-pole efficiencies were about 98%, which is not

too large a spread.
The 180 rpm machines had a fairly flat efficiency curve

(excepting one anomaly) up to about a 28-pole machine, where

efficiency started to vary widely. There, the conflict be-

tween the number of pole-pairs and maximum rotor radius
started to become significant. The flat efficiency was

about 96.5%, which in less efficient than the higher rpm

machines.

4.3.2. Weight and volume

The higher rpm machines had a general tendency toward
lower weight and volume as rpm increased. Within an rpm
group, the four- and six-pole machines had the lowest weight

and volume. The smallest machines were larger than the
synchronous machines.
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Figure 8. High rpm permanent magnet machine efficienzy
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Figure 9. 180 rpm permanent magnet efficiency

PERMANENT MAGNET MOTOR EFFICIENCY
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Figure 10. High rpm permanent magnet machine volume
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Figure 1i. 180 rpm permanent magnet machine volume
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Figure 12. High rpm permaaent magnet machine weight
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Figure 13. 180 rpm permanent magnet machine weight

PERMANENT MAGNET MOTOR WEIGHT
DIRECYT-DRIVE, 180 RPM, 25776 HP551)t

e500

460

400

300
00

200
280-

100/

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

NUMBER OF POLE PAIRS

59



The weight and volume of the 180 rpm machines increased

with the number of pole-pairs. Again, the tip speed limita-

tion is linked to this increase, as with the synchronous

machines. There wan a wide variation around the general in-

crease, and these machines are large relative to all others.

They are not competitive as ship propulsion motors because

of their sine.

4.4. Machine characteristics

The following tables give the machine characteristics
of the permanent magnet machines designed for this study.
The stator slot factor, ls, tended to the maximum of 0.75
for the higher rpm and 180 rpm machines. This occurred as

the optimization algorithm tried to minimize envelope volume
and weight. The rotor slot factor, ir, was a constant 0.378
for all machines. The rotor slot factor was calculated to
produce load-line (MEP) operating flux, as derived in Appen-

dix B. With a different magnet material selection (and a
consequent change in operating point flux), a different lr
would have resulted.

The magnet overhang tended toward the maximum limit, in

an attempt to achieve the highest flux levels. Permanent
magnet machines cannot rival the flux level produced by the
field winding of a synchronous machine, but the optimization
algorithm did its best.

The per-unit synchronous reactance-per-turns-squared
was limited to 3.0 in these machines. This reactance tended

toward the limit, but was lower with an increasing number of
pole-pairs in the 180 rpm machines. It was very difficult
to achieve valid designs with xseas = 2.0, as in the
synchronous machines. If an xsmax greater than 2.0 is unac-
ceptable, these machines will be less oonpetitive.

The amount of magnet material varied from 50 kg to a
few hundred kg in the higher rpm machines to 700-4000 kg in

the 180 rpm machines. The cost of 700 kg of NdFeB is about
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Table It. Characteristic* of 1800 rpm magnet machines

number of pole pairs 1 2 3 4 5 6

power, hp 25773 25775 25775 25775 25775 25775

efficiency factor 190000 290000 180000 280000 1 90000 910000

volume factor 1286.1 1286.1 1286.1 1286.1 1296.1 1286.1

magnet factor 25 25 25 25 25 25

shaft rpm 1 900 1800 1000 l00 1600 2800

stator current density 7.49E*06 1.20E+07 732+06 9.14E+06 3OOE06 1.04E+07

synchronous frequency 30 60 90 120 150 190

rotor radius 0.2887 0.3396 0.3643 0.5964 0.5544 0.6069

gap dimension 0.0326 0.0392 0.0067 0.0IN 0,0067 0.0123

back iron depth 0.1332 0.0070 0.0530 0.0742 0.0502 0.0492

stator slat depth 0.0687 0.0742 0.0456 0.0335 0.0263 0.0277

magnet radial dimension 0.0342 0.0401 0.0070 0.0198 0.0011 0.0130

stator slot factor 0.750 0.750 0.750 0.750 0.750 0.646

rotor slot factor 0.378 0.318 0.378 0.378 0.378 0.378

envelope volume 3.548 2.558 3.309 6.304 5,M47 6.319

envelope weight 24280.7 12528.8 19366.5 20910.3 24926.4 20949.1

hysteresis loss 20921.15 20298.5 52315.8 80505.5 121495.4 124368.0

eddy curreot loss 3698.1 7274.8 28124.3 57704.9 10857.2 133717.2

stator copper loss 171150.0 265272.5 93554.8 98867.0 69323.3 95961.4

full load efficiency 0.990 0.985 0.991 0.98 0.9e5 0.982

active length 2.329 0.876 2.933 0.933 1.993 1.257

magnet weight 405.184 262.376 157.355 273.763 179.613 246.460

magnet voliwe 0.055 0.035 0,021 0.037 0.024 0.033

as/turns-squared, p.u. 2.9 4 2.339 2.996 1.165 1.611 0.920

magnet overhang 0.001 0.298 0.315 0.326 0.331 0.329

air gap flux density 0.619 0.687 0.642 0.722 0.671 0.700

overall length 3.750 2.548 4.345 3.473 4.160 3.786

overall diameter 1.047 1,079 0.939 1.450 1.275 1.390
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Table 12, Characteristics of 2400 rpm magnot machines

nuebtr of pole pairs 1 2 3 4 5 6

powr hp 25775 25775 25715 25775 25775 25775

efficiency factor 100000 160000 100000 190000 180000

volume iector 1206.1 1296.1 1286.1 1286.1 1286.1 1286.1

magnet factor 25 25 25 25 25 25

shait rpm 2400 2400 2400 2400 2400 2400

stator current density 12000000 12000000 12*000 1020270 11959030 11997423

synchronous frequency 40 BO 120 160 200 240

rotor radius 0.3594 0.0005 0.4019 0,4408 0.3361 0.4760

gap dimension 0.0371 0.1893 0.0136 0.0008 0.0032 0.0165

back iron depth 0.1640 0.0420 040625 0.0504 0.0290 0.0379

stator slot depth 0.0657 0.0249 0.0341 0.0325 0.0234 0.0300

mignet radial dioension 0.0390 0.1970 0.0143 0.0092 0.003' 0.0173

stator slot factor 0.340 0.750 0.750 0.750 0.749 0.676

rotor slot factor 0.378 0.370 0.379 0.379 0.379 04378

envelope volume 4.497 1.342 2.727 3.157 2.349 3.438

envelope weight 26549.1 8797.0 12335.3 13510.2 13660M 4 11977.1

hysteresis loss 34028.3 18160.1 46136.0 69103.5 66724.5 9,470.9

eddy current loss B130.4 9677.9 33069.4 65087.5 103604.3 131141.0

stator copper loss 234324.1 217110.2 127316.4 90617.2 1129E5.9 91721.4

full load efficiency 0.986 0.987 0.989 0.988 0.984 0.964

active length 1.536 4.392 1.291 1.367 3.061 1.129

magnet weight 384.207 10.204 167.444 129.106 73.723 211.676

magnet volume 0.052 0.001 0.023 0.017 0.010 0.029

xs/turns-squared, p.u. 2.417 0.282 1.973 1.965 2.879 0.751

magnet overhang 0.019 0.330 0.331 0.315 0.338 0.324

air gap flui density 0.617 0.635 0.676 0.672 0.640 0.692

overall length 3.279 5.939 3.010 3.222 4.431 3.216

overall diameter 1.260 0.511 1.024 1.065 0.783 1.121
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Table 13. Characteristics of 3000 rpm magnet machines

nueber of pole pairs 1 2 3 4 5 6

power, hp 25775 25775 25775 25775 25775 25775

efficiency factor 190000 180000 180000 190000 180000 180000

volu" factor 1286.1 1286.1 1286.1 1286.1 1286.1 1286.1

magnet factor 25 25 25 25 25 25

shaft rpm 3000 3000 3000 3000 3000 3000

stator current density 10639824 9557320. 12000000 11999567 12000000 11400662

synchronous fraquency 50 100 150 200 250 300

rotor -adius 0.2480 0.2394 0.2239 0.0003 0.3116 0.4937

gap dimension 0.0227 0.0075 0.0035 0.1603 0.0027 0.0375

back iron depth 0.1121 0.0510 0.0317 0.0175 0.0267 0.0426

statov slot depth 0.0405 0.0369 0.0235 0.0074 0.0224 0.0312

magnet -adial dimension 0.0238 0.0079 0.0037 0.1683 0.0028 0.0394

stator slot factor 0.750 0.750 0.750 0.750 0.747 0.681

rotor slot factor 0.378 0.378 0.378 0,370 0.378 0.378

envelope volume 2.213 1.834 1.771 2.143 1.950 3.643

envelope weight 15051.7 12394.7 12381.0 9254.9 11507.2 9948.3

hysteresis loss 22692.8 36849.2 57339.4 4528#.3 91118.4 95620.6

Pdjy current loss 6777.4 22010.1 51374.8 54099.3 136066.7 171347.8

stator copper loss 157512.6 100787.2 132086.7 170766,7 97680.0 74849.0

full load efficiency 0.990 0.991 0.988 0.986 0.983 0.983

active length 2.395 3.719 5,490 16.723 3.005 0.732

magnet weight 290,152 123.693 91.901 15.685 55.765 339.030

magnet volume 0.034 0.017 0.012 0.002 0.009 0.046

xs/turns-squared, P.u. 2.934 2.993 2.997 0.043 2.991 0.351

magnet overhang 0.007 0.009 0.326 0.325 0.311 0.336

air gap flux density 0.618 0.6'9 0.627 0.423 0.637 0.736

overall length 3.574 4.738 6.415 18.039 4,274 2.975

3verail diameter 0.847 0.669 0.560 0.371 0.727 1.191
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Table 14. Characteristics of 3600 rpm magnet machines

nnmber oi pole pairs 1 2 3 4 5 6
power, hp 25775 25775 25775 25775 25775 25775

efficiency factor 190000 1800000 100000 180000 190000 180000

volume factor 1286.1 1286.l 1296.1 1286.1 1286.1 1296.1

magnet factor 25 25 25 25 25 25

shaft rpm 3600 3600 3600 3600 3600 3600

stator current density 12000000 12000000 11966619 11677983 1199"747 119755M

synchronous frequency 60 120 180 240 300 360

rotor radius 0.3044 0.2596 0.3006 0.2526 0.3700 0.4536

gap dimension 0.3228 0.0098 0.0121 0.0025 0.0063 0.0173

back iron depth 0.1454 0,0574 0.0162 0.0268 0.0332 0.0371

stator slot depth 0.0332 0.0442 0.0411 0.0208 0.0223 0.0240

magnet radial dimension 0.0240 0.0092 0.0127 0.0026 0.0067 0.0192

stator slot factor 0.750 0.553 0.)50 0.735 0,750 0.749

rotor slot factor 0.378 0.378 0.378 0.378 0.378 0.379

envelope volume 2.475 1.602 1.427 1.694 2.063 2.901

envelope meignt 15466.5 9853.6 7072.7 11238.1 9644.1 8977.4

hysteresis loss 29048.1 36290.0 37383.1 84962.0 92749.9 104238.5

eddy current loss 10410.6 26012.0 40193.3 121798.6 166203.6 224148.9

stator copper loss 163951.5 114166.3 104037.5 95474.4 73859.8 66008.1

full load efficiency 0.990 0.991 0.991 0.985 0.983 0.980

active length 1.394 2.276 1.279 4,322 1.669 0.907

a.'4net weight 221.175 113.409 104.478 58.252 91.121 175.220

magnet volume 0.030 0.015 0.014 0.008 0.012 0.024

xslturns-squared, p.u. 2.960 2.977 2.067 2.981 1.490 0.593

magnet overhang 0.336 0.324 0.327 0.333 0.340 0.339

air gap flux density 0.664 0.641 0.663 0.630 0.661 0.708

overall length 2.79Y 3.386 2.581 5.352 3.202 2.863

uverall diameter 1.012 0.740 0.800 0.605 0.8U4 1.064
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Table 15. Characteristics of 7200 rpm magnet machines

number of pole pairs 1 2 3 4 5 6

power, hp 25775 25775 25775 25775 25775 25775

efficiency factor 190000 180000 160000 180000 180000 180000

volume factor 1286.1 1284.1 1286.1 1286.1 1286.1 1286.1

magnet factor 25 25 25 25 25 25

shaft rpm 7200 7200 7200 7200 7200 7200

stitor current density 12000000 12000000 8393050. 12000000 12000000 12000000

synchronous frequency 120 240 360 480 600 720

rotor radius 0.2266 0.1938 0.2622 0.2627 0.2467 0.2418

gap dimension 0.0146 0.0059 0.0095 0.0041 0.0020 0.0022

back iron depth 0.1045 0.0423 0.0392 0.0289 0.0209 0.0!71

stator slot depth 0.0285 0.0264 0.0315 0.0244 0.0114 0.0104

magnet radial dimension 0.0153 0.0062 0.0099 0.0041 0.0021 0.0023

stator slot factor 0.749 0.750 0.750 0.750 0.748 0.750

rotor slot factor 0.378 0.318 0.378 0.378 0.378 0.378

envelope volume 1.247 0.811 1.113 0,971 1.356 1.398

envelope weight 8186.9 5319.9 6052.8 4898.9 8797.5 9221.7

hysteresis loss 30513.8 38176.1 65438.7 72593.1 172996.0 218032.2

eddy current loss 21871.7 54727.9 140716.0 208133.7 620002.2 937689.5

stator copper loss 90777.3 71500.7 38515.8 52482.8 49628.2 49015.1

full load efficiency 0.993 0.992 0.997 0.983 0.95B 0.941

active length 1.552 2.384 1.621 1.542 3.965 4.508

signet weight 110.276 57.403 87.115 36.486 42.995 50.295

magnet volume 0.015 0.008 0.012 0.005 0.006 0.007

xs/turns-squared, p.u. 2.946 2.804 1.258 2.246 1.608 1.142

magnet overhang 0.322 0.331 0.307 0.328 0.336 0.319

air gap flux density 0.649 0.635 0,647 0.650 0.631 0.629

overal! length 2.578 3.207 2.747 2.627 4.968 5.493

overall diameter 0.748 0.541 0,685 0.640 0.562 0.543
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Table 16. Characteristics of 180 rpm magnet machines

number of pole pdirs 1 2 3 4 5

power, hp 25775 25775 25775 25775 25775

efficiency factor 180000 180000 180000 180000 180000

volume factor 1286.2 1286.1 1286.1 1286.1 1286.2

sagnet factor 25 25 25 25 25

shaft rpm 180 IO 180 180 180

stator current density 7.,OE+06 .11E+07 1.20E+07 1.09E+07 1.20E+07

synchronous frequency 3 6 9 12 15

rotor radius 0.4399 0.1787 0.9745 0.7389 0.8993

gap dimension 0.0413 0.0036 0.0201 0.0166 0.0214

back iron depth 0.1994 0.0377 0.1491 0.0779 0.0865

stator slot depth 0.0932 0.0282 0.0327 0.0476 0.0630

magnet radial dimension 0.0433 0.0038 0.0212 0.0174 0.0225

stator slot factor 0.463 0.531 G.750 0.750 0.740

rotor slot factor 0.378 0.378 0.378 0.378 0.378

en'elope volume 29.375 36.694 34.709 20.521 22,314

evelope weight 211948.9 284972.1 156312.7 107071.7 77934.3

hysteresis loss 20311.6 53970.7 47089.7 41032.7 36926.0

edoy current loss 364.0 19343 2531.5 2941.1 3308.5

stator copper loss 7.90E+05 2.54E+06 6.97E+05 7.OIE+05 7.IIE+05

full load efficiency 0.960 0.881 0.963 0.963 0.962

active lengtt 12.100 171.774 3.195 4.560 1.866

magnet weight. 4072.4 2079.6 1941.0 1049.8 1087.7

magnet volume 0.550 0.261 0.262 0.142 0.147

xs/turns-squared, p.u. 2.996 2.990 2.981 2.983 2470

magnet overharng 0.003 0.034 0.332 0.010 0.339

air Cap flux density 0,619 0.619 0.674 0.619 0.704

overall length 14.198 172.518 7.258 7.651 5.639

overall diameter 1.548 0.496 2.353 1.762 2.140
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Table 17. Characteristics of more 180 rpm magnet machines

number of pole pairs 6 7 a 9 10

power, lip 25775 25775 25775 25775 25775

efficiency factor 180000 180000 180000 180000 180000

volume factor 1286.1 1286.1 1286.1 1286.1 IN1b.1

magnet factor 25 25 25 25 25

shaft rpm 180 180 180 I10 180

stator current density 6.OSE+06 1.20E+07 1.20E+07 9.42E+06 1.20E+07

synchronous frequency 18 21 24 27 30

rotor radius 0.6047 1.2439 0.9696 0.9792 0.9526

gap dimension 0.0139 0.1161 0.0089 0.0031 0.0079

bdck iron depth 0.0426 0.1117 0.0546 0.0469 0,0430

stator slot depth 0.0337 0.0627 0.0312 0.0255 0.0360

magnet radial 6nuension 0.0146 0.2219 0.0093 0.0033 0.0083

stator slot factor 0.536 0.750 0.748 0.575 0.74d

rotor slot factor 0.378 0.378 0.378 0.378 0.376

envelope noluee 44.578 53.524 211.253 43.668 26.292

envelope weight 313139.6 9860'.8 120336.5 234296.3 102286.2

hysteresis loss 186214.5 67518.3 96060.7 214344.0 101073.4

eddy current loss 20021.3 8469.3 13770.9 34568.5 18111.9

stator copper loss 3.91E+05 7.15E+05 5.34E+05 3.91E+05 5.31E,05

full load efficiency 0,970 0.960 0.968 0.968 0.967

attive length 24.182 0.651 3.523 7.417 3.167

magnet weight 3800.1 3431.9 932.5 704.3 714.1

magnet volume 0.514 0.464 0.126 0.095 0.097

xs/turns-squared, p.u. 0.546 0.525 2.3,0 2.990 2.391

magnet overhang 0.010 0.329 0.336 0.340 0.325

air gap flux density 0.619 0.859 0.669 0.644 0.671

overall lengtl, 26.715 6.579 7.474 11.3c0 7.042

overall diameter 1.390 3.049 2.128 2.109 2.079
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$150,000, rendering the 180 rpm machines less economic to
build. A machine sucn as these may cost between four and

eight million dolJJrs. Only those machines with magnet
costs that are reasonable with respect to the other material

costs should be candidates for design.
In all the permanent magnet machines, stator current

density went to the maximum. The overall length and overall

diameter of the more reasonable machines would allow them to

fit in machinery spaces aboard a ship.

4.5. Verification

No high-power permanent magnet machines were discovered

during the search to find a benchmark. Because of the high

material cost and the competition afforded by synchronous

and induction machines, it seems none have been built.

Several paper studies were found [13, 19, 20, 21, and 22],

and the paramete s resulting from this computer modeling

seem to agree with them. The machine size is what was ex-

pected, given the lower air gap flux density. The ef-

ficiency was higher than the synchronous and inducti.in
machines. All-in-all, this modeling gave good machines.
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Chapter Five. Induction machines

The stator of an induction machine is the same as those

of synchronous and perman~int magnet machines. The rotor is
significantly different. There is no independent mechanism
to produue a rotor flux wave. The rotor winding is shorted,
whether it is wocnd or cast, so that as the stator flux wave

passen over the rotor, currents are induced in the winding.
These currents produce oLly a small reactiun flux, but it
still tends to align with the stator flux wave. When at

operating speeds, the rotor speed is a bit slawei than the
stator flux wave speed, and the difference in speeds is

called slip, Typically, slip is a few percent of the stator
frequency. The rotor currents are at slip frequency. If

the rotor and stator speeds were the same, slip would be
zero, there would be no tendency to allgn and torque would
be zero. Then, the rotor would ]ag behind the stator until

current was induced in the rotor winding by the pasLing
stator flux wave and torque was again produced.

If solid bars are used as the rotor winding, they are

shorted at the ends of the rotor by end rings, to form what
is called a "squirrel cage" rotor. If actual turns are

used, the wi~ading may be shorted through external resis-
tances to affect the starting and torque-slip characteris-

tics of the machine. Fitzgerald et al [23] and Alger [24]
discuss induction machine characteristics in some detail.

5.1. Assumptions

A squirrel cage rotor was assumed for these machines.
Copper was destgnated as the material for the rotor bars.

However, these machines will be fed from a frequency
changer, so only one layer of bars was ured ana the effects
of magnetic diffusion ignored in the analysis (see
Appendix D for a derivation of the components of an induc-

tion machine equivalent circuit). The nrsmber of rotor bars
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was arbitrarily set at 71. This quantity should not cause

undesirable harmonics, as it will not be an integral mul-
tiple of the number of poles or stator slots in any machine.

The number and width of the rotor bars were inextricably
entwined and could not be separated in the analysis.

5.2. Machine description

An attempt was made to design the same rpm and pole-
pair machines as was performed for the synchronous and per-
manent magnet models, but problems in limiting rotor current
density allowed only a few of the machines to be designed.
For example, no 7200 rpm machines were designed and 180 rpm
machines could only be designed with up to twelve poles.
All of the induction machines are listed in the tables
starting on page . Only medium confidence should be placed
in the induction machine designs, as there were some conver-
gence difficulties in slip. (Slip is not listed in the

tables for that reason.)

5.2.1. Efficiency

The higher rpm machines showed a slight increase in ef-
ficiency as rpm increased. There was much movement around
the average value of 97.5%. The movement decreased as rpm
increased. With only six machines, it is hard to detect a
trend in 180 rpm machine efficiency. Apparently, efficiency
did increase with the number of pole-pairs, with all ef-
ficiencies below 90%. Developmental studies for this thesis
showed that off-design-point efficiencies for the 180 rpm
machines were sometimes below 70% for the endurance speed

condition.
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Figure 14. High rpm induction machine efficiency
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Figure 15. 180 rpm induction machine efficiency
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Figure 16. High rpm induction machine volume
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Figure 17. 180 rpm induction machine volume
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Figure 18. High rpm induction machine weight
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Figure 19. 180 rpm induction machine weight
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5.2.2. Weight and volume

The best of the high rpm machines rivaled the

synchronous machines in weight and volume. The worst were
very bad. Weight and volume decreased with an increase in

the number of poles, but not necossarily with the increases
in rpm. For the 180 rpm machines, both weight and volume
decreased dramatically as the number of poles went from two
to six, with much lower decreases after that. The 180 rpm

machines were uncompetitive in the synthesis process.

5.3. Machine characteristics

The previously mentioned rotor current density dif-
ficulty showed in the rotor slot factor, which was at the

limit of 0.75 for almost every motor. The stator slot fac-
tor gradually grew with the increase in poles, arriving at
0.75. The length and diameter of both the 180 and higher

rpm machines is such that they would fit in machinery

spaces.

5.4. Verification

Induction machines were expected to be close to
synchronous machines in volume, weight, and efficiency.

They were, and this comparison served as the verification
for the induction machine model. Because the confidence

level in the designed machines is only medium, more work
would be needed to verify that these machines would have the

advertised properties if built.
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Table 18. Characteristics of 1800 rpm induction machines

number of pole pairs 1 2 3 4 5 6

power, hp 25775 25775 25775 25775 25775 25775

efficiency factor 180000 180000 180000 180000 180000 190000

volume factor 1286.1 1286.1 1286.1 1286.1 1296.1 1206.1

shaft rpm 1800 1800 1800 1900 1800 1800

primary amp-turns 6.10E+05 7.74E+05 2.44E+05 1.91E+05 1.86E+05 1.79E+05

synchronous irequency 30 60 90 120 150 190

rotor radius 0.9216 1.0197 0.4638 0.4352 0.4060) 0.3945

oap dimension 0.0262 0.0039 o.fAO.b 0.0029 0.0049 0.0051

back iron depth 0.1094 0.017% 0.1073 0.0093 0.0405 0.0460

stator slot depth 2.1467 0.5423 0.3375 0.3490 0.1902 0.1388

rotor slot depth 0.2051 0.3399 0.1546 0.1451 0.1353 0.1176

stator slot factor 0.285 0.641 0.355 0.640 0.699 0,749

rotor slot factor 0.750 0.750 0.750 0.750 0.750 0.748

envelope volume 148.863 36.240 7.558 5.880 3.760 3.164

envelope weight 376603.7 90669.2 29447.0 21499.7 15333.1 13395.9

hysteresis loss 180951.2 19122.1 60838.7 39013.4 47456.7 48214.9

eddy current toss 32425.7 6853.2 37006.8 27964.1 38040.3 51839.3

stator copper loss 1.03E+06 1.45E+06 498668.3 165391.9 264414.2 320360.8

iull load efficiency 0.939 0.928 0.969 0.987 0.991 0.977

active length 0.191 0.090 0.759 0.930 1.000 1.081

rotor copper loss 8427.7 8543.0 19627.2 22347.5 30471.4 37148.9

masximum torque 185470 185470 185470 195470 165470 185470

terminal volts/turn 234.31 45.07 266.45 233.56 193.76 189.53

air gap volts/turn 63.29 32.92 126.59 145.45 145.98 153.34

RI/turns-squared 9.23E-07 8.09E-07 2.80E-06 1.50E-06 2.54E-06 3.32E-06

X1/turns-squared 3.70E-04 3.09E-05 9.60E-04 9.53E-04 6.92[-04 6.17E-04

Xm/turns-squared 2.51E-03 4,41E-03 1.23E-02 1.28E-02 6.23E-03 5.15E-03

X2/turns-squared 2.03E-05 3.66E-05 3.76E-04 6.52E-04 7.79E-04 9.09E-04

R2/turns-squared 4.50E-06 9.97E-09 3.899-07 5.37E-07 6.62E-07 8.49E-07

overall length 3.990 4.104 2.629 2.682 2.644 2.680

overall diameter 6.572 3.166 1.024 1.593 1.283 1.169
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Table 19. Characteristics of 2400 rpm induction machines

number of pole pairs 2 3 4 5

power, hp 25775 25775 25775 25775 25775

efficiency factor 186000 190000 180000 ICOOOO 190000

volume factor 1286.1 1286.1 1286.1 1286.1 1286.1

shaft rpm 2400 2400 2400 2400 2400

primary amp-turns 5.94E+05 3.78E+05 2.45E+05 1.78E+05 1.93E+05

synchronous frequency 80 120 160 200 240

rotor radius 0.7541 0.7958 0.4803 0.4126 0.3841

gap dimension 0.0069 0.0020 0.0094 0.0087 0.0081

back iron death 0.0952 0.0013 0.0834 0.0575 0.0448

stator slot depth 0.6169 0.5475 0.2755 0.2341 0.1561

rotor slot depth 0.2514 0.1979 0.1601 0.1375 0.1197

stator slot factor 0.454 0.477 0.417 0.413 0.750

rotor slot factor 0.750 0.750 0.649 0.568 0.750

envelope volume 23,889 21.180 6.201 4.554 2.942

envelope weight 60526.1 30880.0 19931.3 17243.1 11459.0

hysteresis loss 78227.5 26111.4 80426.4 86278.8 54014.3

eddy current loss 37381.4 18716.2 76864.2 103071.8 77433.0

stator copper loss I.IOE+06 334484.0 376335.4 306069.2 282567.9

full load efficiency 0.940 0.980 0.972 0.974 0.970

active loigth 0.142 0.189 0.533 0.909 0.852

rotor copper loss 8819,4 7426.0 17135.5 21589.8 27954.3

maximum torque 139102.5 139102.5 139102.5 139102.5 139102.5

terminal volts/turn 103.23 113.69 229.60 346.92 212.59

air gap volts/turn 51.27 72.14 122.69 179,75 156.78

RI/turns-squared 1.04E-06 7.82E-07 2.08E-06 3.23E-06 2.52E-06
1i/turns-squared 1.50E-04 2.32E-04 7.89E-04 1.67E-03 7.40E-04

Xm/turns-squared 3.88E-03 1.25E-02 3.37E-03 4.31E-03 3.35E-03

X2/turns-squared b.22E-05 I.56E-04 4.63E-04 1.07E-03 9.36E-04

R21turns-squared 2.84E-08 4.44E-08 2.97E-07 7.69E-07 6.73E-07

overall length 3.l86 3.380 2.492 2.594 2.420

overall diameter 2.946 2.693 1.697 I.O2d 1 186
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Table 20. Characteristics of 3000 rpin induction machines

number of pole pairs 2 3 4 5 6

power, hp 2577! 25775 25775 25775 25775

efficiency factor lbO000 1830000 180000 180000 1BO000

volume factor P•86.1 1286.1 1286.1 1286.1 1286.1

shaft rpm 3000 3000 3000 3000 3000

primary amp-turns 3.IOE+05 3.62E+05 2.80E+05 1.76E05 I.37E05

synchronous freq*,ency 100 150 200 250 300

rotor radiu: 0.5198 0.6366 0.5480 0.3660 0.3325

gap dimension 0.0138 0.0036 0.0070 0.0070 0.0039

back iron depth 0.1789 0.0134 0.0178 0.0503 0.0388

stator slot depth 0.8926 0.3785 0.3668 0.2274 0.1288

rotor slot depth 0.1733 0.2122 0.1860 0.1220 0.1093

6tator slot factor 0.340 0.607 0.545 0.476 0.721

rotor hlot factor 0.750 0.750 0.750 0.750 0.750

envelope volume 22.412 10.122 8.000 3.379 2.065

envelope weight 72906.0 19541.1 15961.5 13000.9 9016.0

hysteresie loss 185978.6 25156.1 44235.6 74610.2 52848.0

eddy current ioss 11088.5 22539.3 52845.5 111415.1 94701.2

stator copper loss 322718.0 359218.8 221369.1 269959.2 226785.8

full load efficiency 0.968 0.979 0.983 0,976 0.980

active length 0.383 0.189 0.307 0.818 1.006

rotor copper lnss 8574.1 499.1 9006.9 18292.9 25569.1

maximum torque 111282 111282 111282 111282 111282

terminal volts/turn 421.67 101.44 174.86 361.45 251.07

air gap volts/turn 119.20 72.02 102.80 179.30 200.52

RI/turns-squired 1.12E-06 9.14E-07 9.39E-07 2.91E-06 4.01E-06

Xl/turns-squared 1.31E-03 1,96E-04 5.04E-04 1.70E-03 1.09E-03

Islturns-squared 4.47E-03 6.93E-03 3.82E-03 5.33E-03 9.OOE-03

X2/turns-squared I.02E-04 1.72E-04 3.25F-04 9.97E-04 1.54E-03

R2/turns-squared 1.60E-07 5.15E-0 1.08E-07 6.66E-07 l.OIE-06

overall length 2.517 2.750 2.567 2.310 2.352

overall diameter 3.210 2.064 1.199 1.301 1.008
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Table 21. Characteristics of 3600 rpm induction machines

number of pole pairs 1 2 3 4 5 6

power, hp 25775 25775 25775 25775 25775 257N5

efficiency factor 180000 180000 180000 180000 180000 180000

volume factor 1286.1 1286.1 1286.1 1286.1 1286.1 1286.1

shaft rpm 3600 3600 3600 3600 3600 3600

primary alp-turns 2.72E+05 1.70E+05 2.99E+05 2.95E+05 2.05E+05 1.23E+05

synchroncus frequency 60 120 180 240 300 360

rotor radius 0.4964 0.4350 6.5150 0.5305 0.4330 0.3144

gisp dimension 0.0061 M,027 0.0033 0.0089 0.0079 0.0030
back iron depth 0.3428 0.0133 0.0238 0.0238 0.0258 0.0367

stator slot dept• 1.3891 1.0052 0.3606 0.3236 0.2792 0.1181

rotor slot depth 0.1654 0.1308 0.1717 0.1768 0.1446 0.1045

stator slot factor 0.290 0.338 0.585 0.688 0.553 0.750

rotor slot factor 0.750 0.750 0.750 0.750 0.750 0.749

envelope volume 41.461 17.960 6.532 6.536 4.331 1.722

envelope weight 164461.5 54127.3 14922.3 14074.1 11549.4 7593.8

hysteresis loss 261300.3 145818.0 34381.6 42814.0 62801.7 52473.1

eddy current loss 93647.7 104519.7 36966.2 61376.6 112537.8 112835.4

stator copper loss 341655.1 107764.3 208857.8 210564.6 173450.1 192320.6

full load efficiency 0.965 0.981 0.981 0.983 0.982 0.981

active length 0.393 0.700 0.247 0.249 0.480 0.964

rotor copper loss 7562.3 7220.5 10787.1 9954.8 11162.4 23436.6

maximum torque 92735 92735 92735 92735 92735 92735

terminal volts/turn 475.12 702.61 143.82 142.32 275.51 261.98

air gap volts/turn 140.25 218.89 91.39 94.86 149.83 218.01

RI/turns-squared 1.54E-06 1.25E-06 L.07E-06 B.08E-07 L.37E-06 4.25E-06

XI/turns-squared 1.67E-03 3.9KE-03 3.70E-04 3.59E-04 l,[3E-03 LIBE-03

eIlturns-squared 2.39E-02 4.19E-02 9.66E-03 2,80E-03 3.94E-03 1.26E-02

X2/turns-squared l.20E-04 4.65E-04 2.54E-04 3.05E-04 7.24E-04 1.84E-03

R2/turns-squared 1.98E-07 4,57E-07 1.03E-07 9.68E-08 2.79E-07 1.07E-06

overall length 2.403 2.451 2.320 2.406 2.247 2.234

overall diameter 4.469 2.913 1.805 1.773 1.494 0.944
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Table 2'. Characteristics of 180 rpvi induction machines

number of pole pairs 1 2 3 4 S 6

pser, hp 25775 25775 25775 25775 25775 25775

efficiency factor 180000 180000 180000 160000 180000 180000

volume factor 1286.1 1266.1 1286.! 1286.1 1286.1 1286.1

shaft rpm 18O 180 AdO 180 180 180

primary amps-turns 1054077 564571.5 569333.6 510008.9 512534.4 324264.5

synchronous (eqiency 3 6 9 12 15 18

rotor radius 0.9956 0.7236 0.6896 0.6616 0.7411 %.6962

gap dimension 0.0025 (p.0060 0.0195 0.0334 0.02M5 0.0054

back iron depth 0.0227 U.0240 0.1568 0.1151 0.1038 0.0812

stator slot depth 0.6714 0.7116 0.2536 0.2231 0.2200 0.1466

rotor slot depth 0.3319 0,2412 0.2299 0.2039 0.1845 0.1501

stator slot factor 0.590 0.563 0.734 0.750 0.694 0.718

rotor slot factor 0,750 0.750 0.750 0.683 0.696 0.701

envelope volume 47.668 36.837 20.316 19.450 21.357 17.600

envelope *eight 217524.1 168344.2 98690.0 q4554.9 93084.9 87558.9

hysteresis loss 4551.5 16194.6 19356.0 24294.6 31609.4 36548.6

eddy current loss 81.6 580.4 1040.6 1741.4 2832.1 3929.6

stator copper loss 4.41E+06 1.96E+06 3.05E+06 3.15E*06 2.59E+06 2.09E+06

full load efficiency 0.808 0.901 0.854 0.850 0.872 0.891

active length 0.825 2.047 1.854 2.496 2.159 3.096

rotor cop-er loss 1.08E+05 1.29E+05 2.08E+05 2.23E+05 i.94E+05 2.14E+05

eaxioum torque 1854700 1854700 1854700 1854700 1854700 18547V•

terminal volts/turn 61.849 104.401 58.731 76.530 76.097 87.418

air gap volts/turn 29.510 53.243 45.967 59.124 57.510 77.345

RI/turns-squared 1.33E-06 2.05E-06 3.14E-06 4.04E-06 3.28E-06 6.61E-06

X1/turns-squared 5.08E-05 1.58E-04 6.OE-05 9.01E-05 9.33E-05 1.12E-04

Ie/turns-squared 1.21E-02 4.61E-03 8.17E-04 4.60E-04 5.08E-04 2.49E-03

X2/turns-squared 1.89E-05 6.91E-05 7.91E-05 1.37E-04 1.27E-04 2.40E-04

R2/turns-squared 1.16E-07 4.44E-07 4.33E-07 7.40E-07 6.20E-07 l.lSE-06

overall length 4.817 4.965 4.691 . 5.266 5.217 5.897

overall diameter 3.384 2.930 2,239 2.068 2.177 1.859
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Chapter Six. Nominal ship design

6.1. Technology sensitivity analysis

Technology sensitivity analyses, such as this thesis,

must be able to quantitatively compare similar technologies.

The pertinent differences must be made apparent through ap-

propriate analysis. Inherent .n the analysis must be the

consideration of the global system complexity. Naval ships

are extremely complex and the effects of various tGch-

nologies can be lost in the complexity. One methodology for

technology characterization in naval ships has been proposed

by Goddard [25). This method has been followed to show the

banefits of electric drive.

6.2. ASSET

The Advanced Surface Ship Evaluation Tool (ASSET) was

developed over several years to be the U. S. Navy's premier

ship design computer program. It has its roots in HANDE, a

hydrofoil design program developed in the 1970's. The ship

design spiral is traversed in an iterative fashion until

convergence on a number of parameters is achieved. Boeing

Computer Services is the contractor for ASSET, under the su-

pervision of the David Taylor Naval Ship Research and

Development Center, at Carderock, Maryland.lS It is divided

into large modules by ship type. These modules include

Monohulls, Hydrofoils, and SWATH ships.

The geometry of a particular ship is input to ASSET.

The following were used as characteristic ship traits: full

load displacement, certain Ship Work Breakdown Structure

(SWBS) weight groups, 1 7 endurance fuel load at 20 knots,

16. Greenwood, R.W., and Fuller, A.L., "Development of a
Common Tool for Ship Design and Technology Evaluation,"
Proc. SNAME New England Section Marine Computers 1986.

17. Soe Appandix E for more information on SWS.
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draft, maximum and sustained speed for 51,550 installed
horsepower, and transverse GM. From the changes in these

parameters during the various computer runs, the effects of
transmission choices were noted.

The inputs to ASSET describe the ship that is being
designed. The outputs cover the range of calculations pos-
sible in structures, volume, space, machinery, propeller
characteristics, resistance, powering, and weight. There
are ASSET performance modules on cost, stability, hydros-
tatics, seakeeping, manning and space but the usual. syn-
thesis output is of more use during a technology sensitivity
analysis.

The descriptions of several ships are contained in an
ASSET data base. For a particular ship, a Current Model is
maintained that holds all of the parameters to describe that
particular ship. In ASSET Version 2.0, over 380 parameters

are used for each ship description. User control over most
of these parameters is possible, or control may be given to
the executive program which will then "design" a ship sub-
ject to whatever constraints the user desires.

Some intricacies of ship design are not handled well by

ASSET. For example, the program is not able to handle
equipment re-arrangements easily, and almost all equipment-
level volumes are approximated from studies of past ships.ts

For this reason, some equipment-level weights and volumes

need to be calculated off-line and input to the program
through its weight adjustment facility, especially if ac-
curacy in these areas is important to the study being per-

formed.
The baseline ship used in these studies has a full load

displacement of 5485 LT, carries 272 crew members, is 425

feet long, and has a primary mission of anti-submarine war-

18. The Enhanced Maohinery Module [27], in the process of
being made available, will improve the situation dramati-
cally. Some of the relationships from that module were used
in calculating electric -propulsion weights.
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fare (ASW). It is armed for that purpose and has equipment

in keeping with its size The baseline ship is described in

more detail below.

6.2.1. Margins

A naval ship design has margins in weight, vertical

center of gravity (KG), space, ship service electrical gen-

eration, propulsion power, accommodations, and structural

strength which allow for equipment, mission, and system

growth over its projected thirty year life. Without these
margins, the ship would be difficult to modify, because
whatever might be added in these areas would have to be paid

for by a removal. For example, if a 50 ton radar system
were added, the original 40 ton radar system and 10 tons of

fuel might be removed to leave the ship at its original
weight. With margins, the 10 tons of fuel might not be

removed.

Margins are typically split into Acquisition and Serv-
ice Life allowances. Acquisition margins recognize the fact

that ship specifications change over the design cycle and
during construction. For example, the fourth ship built may
have a different weapons system than the first, with a dif-
ferent electrical raquirement. If the electrical generation
plant had to be changed during constvuction to accommodate

the new weapons system, the total cost might be prohibiti'e.

If an Acquisition margin is built into the original design,
thJs may not occur. A Service Life margin makes allowance
for configuration changes over the life of the ship.

The ASSET program uses margins when synthesizing a

ship. The margins are under operator control. The margins
suggested by Goddard and used in this analysis are listed in
thts table. 19

19. Goddard, C.H., "A Methodology for. Technology Charac-
terization and Evaluation for Waval Ships," 6.M. NAME AND
O.K. thesis, MIT, 1985, p. 31.
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Table 23. Recommended technology assessment design margins

for a monohull surface combatant

Acquisition Service Life

Weight& 12.5% of SWBS 1-7 10%
KG 12.5% of KG 1-7 1.0 ft.
Space 0 (no excess volume) 0
Electricalb 20% 20%
Propulsion powero 10% total EHP prior to prelim body plan

8% prior to self-propelled model tests
Accommodations Accom = 1.1 x ship manning at delivery
Strength 2.24 KSI of marginal stress at delivery

(Max primary stress for hull material)

Notes:
a. The service life weight margin applies only to naval

architectural limits of the ship (reserve buoyancy,
stability, structures), not to the final design weight.

b. In sizing the electric plant, the calculated maximum
electric load plus these design margins shall be met with
one generator out of service. The remaining generators
snall not be loaded in excess of 90%. Note that the service
life margin is not applied to SWBS group 200 which would be
expected to remain stable over the life of the ship.

c. Performance requirements (sustained speed, endurance
range) are met at delivery full load displacement.

6.3. Philosophy of effort

The nature of this 4.echnology characterization required
that certain limits be imposed on the total effort. (If the

Naval Sea Systems Command were to do this study, many people
would simultaneously be employed to investigate every

detail.) Some items were fixed, some were allowed to float
with the design.

The hardest item to handle is volume. There are very
few ways of adjusting volume as easily as weight is ad-
Justed. One way is through the use of Marginal Volume Fac-
tors, which equate a weight penalty with every increase in

volume. (See Howell [26].)

The differences among transmissien systems appear
primarily in the machinery spaces and fuel tanks of a ship.
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ASSET can handle the tankage changes without aid. However,
it does no, equipment arrangement or space analysis inside
the machinery spaces, leaving that for arrangement experts

to do off-line. It was decided to keep the machinery space
volume the same in all ships of this study, no matter how
that volume was divided into spaces. Changes in equipment
volume will be noted in the analysis and left for the advan-

tage of others in machinery space rearrangement.

Moderate to high technical risk has been accepted in
specifying equipment cooling. Current densities at the

limits of cooling technology are used, assuming that liquid
cooling of both the stator and rotor can be performed.

Lower current densities would be required if such cooling
were not possible, resulting In slightly larger, heavier,

less efficient machines. This last statement was proven
during the course of the thesis research, as the first

(chronologically) current densities used were two-thirds
larger than those listed herein.

Other risk areas include the use of advanced vacuum

switchgear and the assumed efficiencies of reduction gears
and power converters. These are low risk items; the
technology is well understood and commercially available.

Table 24. Ship design items held constant during analysis

Endurance speed 20 knots
Endurance range& 5500 nautical miles
Machinery box volume 109,670 fts
Installed horsepower 51,550 hp
Payload weight, volume, and electrical requirements
Length 425 ft.
Beam 55 ft.
Ship electrical load 2030 kW (24 hr. avg)
Ship molded lines
Manning
Deckhouse and superstructure geometry
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Table 25. Ship design items allowed to float during analysis

Maximum and sustained speeds
Endurance fuel load
Ship full load displacement
Ship draft
Ship resistance and powering
Ship arrangement outside machinery spaces

Note:
a. Endurance range was allowed to float as a comparison

between two electrical transmission ship:s and the mechanical
transmission baseline ship. It was held constant for the
rearranged ship.
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Most of the ship synthesis has been left to ASSET
though parameters from Goddard were used where possible.
ASSET designs a reasonable, generic ship with good seakeep-

ing characteristics. As shown above, some ship characteris-
-tics were frozen to ensure transmission comparisons were not
performed with different ships. Leaving the ship synthesis

to ASSET allowed concentration on the specifics of te

propulsion plant.

6.4. Baseline ship

The baseline ship has a mechanical transmission, i.e.,
two power trains consisting of a gas turbine, clutch and

coupling, reduction gear, shafting, and propeller. There

are two machinery rooms, each containing one gas turbine.
The gas turbine used as the model is the General Electric
LM-2500, rated at 25,775 brake horsepower. This is a very
common marine gas turbine. It and its predecessors are
powering the latest classes of naval combatant, such as the

DD963, FFG7, and DDG51.

The locked-train double-reduction gears are reversible,
allowing the use of fixed-pitch propellers. There is no

mechanical cross-connect allowed between the shafts. Except
for the power level, this is the gear system being employed
on the DDG51 class. Gears of this sort are about one per-
cent inefficient2O per reduction stage. Since these are
double-reduction gears, an efficiency of 98% was used.

An endurance speed of 20 knots has been specified.
This is in keeping with standard fleet practices. An en-

durance range of 5500 nautical miles permits ocean crossings
without refueling. The lack of a cross-connect capability
between the two shafts means at least two gas turbines will

20. Inefficiency = 1 - efficiency. Inform&tion on stage in-
efficiency is from a conversation with Mr. Samuel Shank, the
author of the ASSET Enhanced Machinery Module (27].
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be on-line during endurance cruising. This is inherently
inefficient; some operators alleviate the inefficiency by

declutching one shaft and free-wheeling that propeller,
reaching desired speeds by loading up the operating gas tur-

bine.

A measure of initial static stability is the ratio
GM/Beam. GM is the vertical distance between the center of

gravity and the metacenter of the ship. Typical values for
this ratio are 8-10%. A lower value (6.5%) has been ac-

cepted for purposes of comparison with the variants. A
large ship redesign effort would have been necessary to

bring GM/B into a better range.
TLe electrical generation plant consists of three gas

turbines, each driving a 2000 kW generator. The data used

for the gas turbines was taken from the Datroit Allison 501K
turbine-generator set used aboard the DD963 ships.

Both the deckhouse and main hull are constructed of

High Tensile Strength (yield stress = 50,000 psi) steel.

Active stabilizing fins and a sonar dome are included in the
design. The payload is listed in Table 26. A coarse layout

of the machinery spaces is shown in Figure 20.

Table 26. Payload for baseline and variant ships

FFG7 Command and control suite
Satellite, UHF, and HF communications
SLQ32V3 electronic countermeasures
NIXIE acoustic countermeasure
SPS-49 two-dimensional air search and tracking radar
SPS-55 surface search and tracking radar
SQR-19 towed array surveillance system
MK92 missile and gun fire control system
Harpoon fire control system
LAMPS III helicopters and support system
JP-5 aviation fuel
MK32 over-the-side torpedo system
MK13 guided missile launching system
MK75 78mm gun
Close-In-Weapon-System
Small arms
Appropriate ammunition and reloads
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Figure 20. Baseline ship subdivis ion and machinery arrange-

ment
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6.5. Backfit ship

If the mechanical transmission of the baseline ship
were replaced with an electrical transmission without chang-

ing the subdivision of the ship, it would be as if an older

ship had been updated, or "backfitted," with new technology.
This is the idea behind the first variant ship.

Propulsion motors and generators were added into the
propulsion plant, in the original spaces. Shafting still

runs from the machinery spaces to the propellers. A reduc-

tion gear is still necessary for higher rpm propulsion
motors, but electrical cross-connect may improve the en-

durance fuel efficiency.

Some rearrangement within the machinery space is neces-

sitated by the backfit. The machinery spaces in the

baseline ship are not long enough to contain the stack-up
length of gas turbine, generator, motor, and reduction gear,
without "folding" the power train. This may be accomplished
by changing the design of the reduction gear or by placing

the gas turbine and generator (which require a mechanical

connection) side-by-side (or transversely) with the motor

and reduction gear (another mechanical connection), using
transmission line to electrically connect them. Since there

are a variety of ways to rearrange the machinery box, and
since the chosen method has no effect on the analysis, the

rearrangement was not specified.

The propulsion generators and motors may operate at

different rotational speeds, and therefore different elec-
trical frequencies, so power converters must be used between
them. Power converters change the frequency of the power

being transferred between the generators and motors, through
the use of cycloconverters or thyristors. They add another

inefficiency to the transmission. A reasonable estimate of
the efficiency of an 18 MW power converter is 97%.21

21. Professor John Kassakian, MIT, private communication.
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6.6. Rearranged ship

The second variant ship takes advantage of the benefits
of machinery space rearrangement. The same machinery space

total volume is preserved but split into five spaces. The
propulsion motors are placed very near the propellers,

resulting in much shorter shafting runs and an increased
GM/B ratio. The decrease in shaft length means a decrease

in shaft weight and more space available outside the
machinery box. The shafts previously ran through shaft al-
leys that may be returned to other uses. This rearrangement
is almost certainly not the optimum one and can be improved
in the sense of space efficiency. It is an arrangement,

however, that can demonstrate the benefits to be expected of
a ship designed for electric drive. Power converters again
connect the generators and motors. Transmission line forms

the connections, at a much lower weight than shafting.
Many other choices in large components are possible for

this rearranged ship. For example, tliree propulsion gener-
ators and gas turbines driving two or four propulsion motors
might have been chosen. The number of prime movers was

retained from the mechanical baseline ship, however, to make
the comparison of transmissions realistic. Too many changes

might have obscured the fundamental differences in

efficiency, weight and volume.

Both geared and direct-drive propulsion motors were
used in this variant. When geared motors are used, the

reduction gears are also placed near the propellers. A

coarse layout of the rearranged ship is showni in Figure 21.

6.7. Weight and volume algorithms

Few components in this thesis are exact commercial
models. The weight, volume, and other characteristics are
taken from those for which data was available. The equa-
tions for shafting and reduction gears were taken from the
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ASSET theory manuals [28), while the switchgear and braking
resistor equations came from the ASSET Enhanced Machinery

Module [27), which is not yet generally available. These
equations represent much study by ship and equipment desig-

ners, incorporating equipment which JA commercially avail-
able. Where possible, the ASSET equations were verified
against other studies and actual equipment (29, 30, 31].
For example, the machinery in the FFG7 was used as a model

and verification for reduction gears and shafting.
Appendix E gives more explanation, as well as presenting a
computer program used to generate weight and volume figures.
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Figure 21. Layout of machinery spaces on rearranged ship
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Chapter Seven. Machine design and system synthesis

7.1. Machine matrix

During this study, synchronous, permanent magnet, and
induction machines were designed at shaft speeds of 180,

1800, 2400, 3000, 3600, and 7200 rpm. The number of pole-
pairs for the 180 rpm machines ran from one to twenty-five.
For the higher rpm machines, from one to six pole-pairs were

used. If every machine could be a generator or a motor, a
163x165 machine matrix results. From these 27,225 possible
combinations, two were chosen and input to the two variant

ships for synthesis in ASSET.
These particular rpms were chosen partially because of

the choice of the gas turbine. The LM-2500 operates at a
full.load speed of 3600 rpm, making multiples and "nice"
fractions of that speed desirable. A 3800 rpm, two-pole

machine has a synchronous frequency of 60 hertz, the stand-
ard in the United States. A four-pole machine at 1800 rpm
is also a 60 hertz machine. If "nice" frequencies result
from rpm choices, results may not be ubscured. The low rpm
machine is tied to prcpeller rpm. For the baseline ship,

maximum speed propeller rpm is 170 rpm. A ten rpm allowance
for "battle override" gives a requirement for 180 rpm.

The reduction in the number of machine combinations is

a bit more difficult to explain. First, it was observed
that reduction gears add greatly to the weighL and volumue of
the transrission and detract from its efficiency. Second,

induction generators are notoriously difficult to control.
It was then decided that generators would not be induction
machines and any generators used would operate at the same

shaft speed as the gas turbine, eliminating a passiblo
reduction gear. The matri.. then measured 12x165 and had

1980 combinations.

From this point on, the decision theory espoused in
Schweppe and Merrill [13) was used, specifically using "knee
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sets" to eliminate uncompetitive designs. The considera--

tion, or Figure-of-Merit, was always minimum weight, volume,

and inefficiency. These external characteristics are those
"seen" by a ship design (since propulsion current and volt-

age were specified in terms of turns -- fertile ground for
another tradeoff study). Initially, individual motors of

all of the higher rpms were considered together to select

the best geared Propulsion motors. Since the weight and

volume of a reduction gear varies with shaft rpm, the weight
and volume of the reduction gear was included with that of

the machine to select, the best machine-gear system. Direct-

drive machines were also selected. The 3600 rpm synchronous

and permanent magnet machines were also considered
separately as propulsion generators.

Once the initial relection of machines wzs made, the

matrix measured 5xl1, or 55 combinations. Ail of the com-

binations were plotted in knee curves th&t showed the

volume, weight, and inefficiency of each transmission. The

volume and weight of shafting, braking resistors, cooling

systems, power converters, and the inefficiency of the power

converters were common to all combinations and were not in-

cluded at this level. The inefficiency of any reduction

gears was included where appropriate. Three of the gener-

ators were synchronou3 machines and two were permanent mag-

net machines. Of the motors, two were 1800 rpm synchronous

machines, two were 1800 rpm permanent magnet machines, three

were 1800 rpm induction machines, and two were 180 rpm

synchronoui machines. The 1800 rpm motors clearly dominated

tbi higher rpm machines, largely because of the differeuces

in reduction gear weight and volume.
Sinct there was no single dominating combination, ton

of the 55 combinations were selected. These ten were among

the best at least 4twice on the knec curves. These ten com-

binations were composed of only synchronous machines.
Programs to calculate off-design-point efficiency were

written. Each motor and generator was evaluated at the
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power level and rpm appropriate for the sustained and en-

durance speed conditions of the ship, using the delivered

horsepower (DHP) and propeller rpm taken from the ASSET syn•-

thesis run on the baseline mechanical ship. Some of the

combinations had very low endurance efficiencies. There was

a sharp division evident between the geared (lower weight,

much higher volume) and the direct-drive systems.

The ten combinations, with their maximum, sustained,

and endurance speed transmission inefficiencies, were again

made the subject of knee curves. A simple scoring scheme
was devised to rank the combinations according to their

grouping on these last knee curves. If a combination was in

the best group on a particular knee curve, it was given two
points for that curve, If it was in the second best group,

it received one point. If it was in neither the best or

second best group, it received no poLits. When the scores

were totaled, two combinaticons stood out. One was a geared

drive system and one a direct-drive system. These two com-

binations were used in both of the variant ships and are 'the
subject of the next chapter.

7.2. Knee curves

Figures 22 through 24 show the knee curves for the

propulsion generators, The first letter of the generator
ID ino.Lcates whether it is a synchronous machine or a per-

manent magiet machine. All of the generators are 3600 rpm

machines. The generators selected were SB (four poles), SC

(six poles), SD (eight poles), PB (four poles), and PC (six
poles). Generator SA was not selected because of its poor

showing cr the volume-weight curve, even though it was com-

petitive on the volume-efficiency curve.
The 180 rpm, direct-drive propulsion motor curves are

in Figures 25 through 27. They were not combined with

geared motorr because one of the points being investigated

was whether or not geared motors were "better" than direct-
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drive motore. The clumping of the machines necessitated

other graphs on different scales to distinguish between the

machiner. Machines 1-25 are synchronous, 26-50 are per-

manent magnet, and 51-56 are induction machines. The number

within a group indicates the number of poles in the machine,
e.g., machine 32 has (32-25)x2=14 poles. Valid designs with

over twelve poles were not achieved for the induction

machines. Machines 3, 8, 11, and 16 were selected for fur-

ther work. These are all synchronous motors.

The higher rpm motors were combined with their reduc-

tion gears to form system knee curves. In all of these knee

curves, machines 1-6 are 1800 rpm, 7-12 are 2400 rpm, 13-18

are 3000 rpm, 19-24 are 3600 rpm, and 25-30 are 7200 rpm.

Figure 28 is the volume-efficiency curve for synchronous

machines, showing the distinct grouping of the machine-gear

systems due to the high volume of the reduction gears. Note

the high values of the permanent magnet machines in the

volume-weight curve Figure 29. The clumping of induction

motors around the low inefficiencies is shown in the weight-

efficiency curve of Figure 30. From these curves, the

motors on page 97 were selected.

The initial motor and generator combinations were made

and plotted on more knec curves (Figures 31 to 33). On

those curves, the high-volume or high-weight nature of the

combinations can be seen. Since the multiple-attribute

decision theory embodied in knee curves does not say how to

selat between high-volume or high-weight, the best of each

were selected. Combinations 1, 2, 8, 9, 12, 13, 19, 20, 30,

and 31 were chosen. The off-design-point efficiencies were

calculated and all of the information was plotted.

Figure 34 is a bar-graph of the maximum, sustained, and en-

durance speed transmission efficiencies of the various com-

binations, including the reduction Sears, if any, and power

converters. The final combination knee curves are sum-

marized in the scoring scheme of Table 27, which was ex-
plained on page 90 Combinations 12 and 20 were chosen to
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use in the ships of the study.

This is a good method to choose among the possible
machines. During the course of this thesis, the above path
was followed through several complete iterations and a few

partial ones. As stated in Schweppe and Merrill, knee

curves serve very well to eliminate uncompetitive options,
allowing concentration on the better ones.

Table 27. Final combination knee curve scores

Combo ID Firsts Seconds Total

1 3 1 7
2 3 0 6
8 1 0 2
9 0 1 1

12 6 1 13
13 4 0 8
19 1 1 3
20 3 4 10
31 0 2 2

Conclusion: test combinations 12 and 20
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Figure 22. Curve of volume-efficiency for 3600 rpm gener-

ators
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Figure 23. Curve of volume-weight for 3600 rpm generators
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FiguAre 24. Curve of weight-efficiency for 3600 rpm gener-

ators
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Figure 25. Curve of volume--efficiency for 180 rpm motors

PROPULSION MOTORS
DIRECT-DRIVE, 180 RPM, 25775 HP0.2 - -

0.191- 51

0.18 1
0,17 -

0.16-

0.15 V
0.13

0 0.12- 27z
0.11-

i." O.1 2 12 52
S009 6 45
S0,08 0 3 25723

40.07 4 50
0.06 gq2jo 41 43
0.05 1 721 48

0.04 - aja 2628 40 32 46 37 49
01 I ",9 387

0.02

0.01

0 - FIF1 P I "

0 20 40 60 9 1Oo 120 140 160

VOLUME (M-3)

104



Figure 26. Curve of volume-weight for 180 rpai motors

PROPULSION MOTORS
DIRECT-DRIVE, o80 RPM, 25775 HP

600

4,5

500

400

0 =27 500 43

200 26 51 48

38
2P21 s 39

1 33 42 37 49 47
100 35 32

0 20 40 60 80 100 120 140 160

VOLUME (M-3)

105



Figure 27. Curve of weight-efficiency for 180 rpm motors
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Figure 28. Curve of volume-efficiency for geared motors
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Figure 29. Curve of volume-weight for geared motors
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Figure 30. Curve of weight-efficiency for geared motors
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Figure 31. Volume-efficiency curve for initial PM and PG

combinations
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Figure 32, Volume-weight curve for initial PM and PG com-

binations
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Figure 33. Weight-efficiency curve for initial PM and PG
combinations
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I.

Figure 34. Final combination transmission efficiencies
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Chapter Eight. Analysis

This chapter presents an analysis of the ships with

electric transmissions. Standard naval architectural

methods have been used to observe and comment on the variant

ships, comparing them to the mechanical baseline ship. Con-

clusions and recommendations follow the analysis.

The names used to describe the various ships imply
their internal arrangement, equipment, and ASSET Design Mode

Indicator (DMI). The two DMIs used were ENDURANCE, when en-

durance range was held constant at 5500 NM, and FUEL WT,

when the usable fuel weight was held constant at 996.6 LT.22

The ship names are as follows:

MECH 23 BASELINE: Baseline, mechanical transmission
ELEC 23 BASELINE 12: Backfit ship, geared motors
ELEC 23 BASELINE 20: Backfit ship, direct-drive motors
NEW MR ELEC 12: Rearranged ship, geared motors
NEW MR ELEC 20: Rearranged ship, direct-drive motors
CONSTANT FUEL ELEC 23 BASE 12: Backfit ship, geared

motors
CONSTANT FUEL ELEC 23 BASE 20: Backfit ship, direct-

drive motors

8.1. Direct effects

The direct effects of an electric transmission are the

changes in weight and volume of the propulsion system, as

well as the transmission efficiency. Included are the

weight and volume of the propulsion motors and generators,

transmission lines, cooling systems, switchgear, power con-

verter, exciter, braking resistor, any reduction gears and

their associated gear oil, and shafting. These items are

listed in Table 31. A positive difference from the baseline

ship means a heavier and/or larger ship.

21. Professor John Kassakian, MIT, privato communication.

22. Not all fuel in a ship is usable. There are nooks and
corners of fuel tanks that are inaccessible to the fuel sys-
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Note that the only variant that has a lower direct
weight effect than the baseline is NEW MR ELEC 12. The ac-

cumulation of weight increases in the others makes them
heavier, while NEW MR ELEC 12 has lower motor and shafting

weight than the rest. Geared drive is always lighter than

direct-drive, largely due to the high weight of the direct-
drive propulsion motors. With respect to volume, direct-

drive is always smaller than geared drive, because of the
reduction gears. All electric transmissions are larger than

the mechanical baseline, but the smallest variants, within
motor type groups, are the rearranged ships.

Table 28 contains the maximum, sustained, and endurance

speed transmission efficiencies of the two generator-motor
combinations. Note that the off-design-point efficiency of

the direct-drive combination is significantly lower than the
geared combination, even though it does not have the added

inefficiency of reduction gears. This is in large part due
to the poor efficiency of the slowly rotating direct-drive
motor at the endurance speed.

Table 28. Transmission efficiencies

Combo Maximum Sustained Endurance

12 0.9307 0.9266 0.8817 geared combination
20 0.9209 0.9093 0.7754 direct-drive combination

Endurance efficiency with one generator driving two motors.

Table 29. Propulsion generator efficiencies

PG ID Maximum Sustained Endurance

SC 0.9891 0.9870 0.9737 geared combination
SC 0.9891 0.9872 0.9768 direct-drive combination

Table 30. Propulsion motor efficiencies

PM ID Maximum Sustained Endurance

S4 0.9898 0.9876 0.9526 geared combination
SL8 0.9598 0.9496 0.8184 direct-drive combination
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The above tables show the efficiencies of the motor and

generator used in two particular combinations. The

efficiency of the motor, reduction gears, and power con-
verter have a direct effect on the efficiency of the gener-

ator, as they change the loading point of the generator.
Generally, motors and generators are more efficient when

they are loaded more closely to their design point. (The
same is true of gas turbines.) The inefficiencies of the

power converters and reduction gears, if any, are included

in the transmission efficiencies.
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Table 31. Direct volume and weight effects

COSTANT COTSIANT
FUEL FUEL

HECH ELEC ELEC NEW NEN ELEC ELEC
23 23 23 NR NR 23 23

BASELINE BASELINE BASELINE ELEC ELEC BASE BASE
12 20 12 20 12 20

Electric Propulsion weights: in LT
PHs 0 19.09 102.94 19.09 102.94 18.00 102.94
P6s 0 10.27 10.27 10.27 10.27 10.27 10.27

Trans lines 0 0.19 0.16 0.77 0.77 0.18 0.19
Cooling sys 0 5.98 5.99 5.98 5.99 5.98 5.98
Switchgear 0 1.56 1.56 1.56 1,56 1.56 1.56

Power converter 0 7.16 7.16 7.16 7.16 7.16 7.16
Exciters 0 3.50 3.50 3.50 3.50 3.50 3.50

Braking resistor 0 10.00 10.00 10.00 10.00 10.00 10.00
Reduction gears 79.90 41.19 0.00 41.19 0.00 41.19 0.00

Shafting 69.00 66.84 66.94 41.72 41.72 66.84 66.94
N299 (op fluid) 14.7 14.7 0 14.7 0 14.7 0

Direct effect 162.60 179.46 209.43 154.43 t84.90 179.46 209.43
Diff fe Baseline 0 16.86 45.83 -7.67 21.30 16.96 45.83

Electric Propulsion volumess in cubic feet
P1s 0 108.86 909.13 109.96 909.13 109.86 909.13
P6s 0 61.49 61.49 61.49 61.49 61.49 61.49

Trans lines 0 20.9 20.9 6.39 6.39 0.33 0.33
Cooling sys 0 200 200 200 200 200 200
Switchgear 0 70.2 70.2 70.2 70.2 70.2 70.2

Power converter 0 1089.73 1099.73 1089973 1089.73 1099.73 1099.73
Exciters 0 245.02 245.02 245.02 245.02 245.02 245.02

Braking resistor 0 1422.88 1422.89 1422.98 1422.99 1422.90 1422.88
Reduction gears 2731.04 1425.75 0.00 1425.75 0.00 1425.75 0.00

Shafting 517.71 501.5 501.5 306.06 306.06 501.5 501.5

Direct effect 3248.75 5146.33 4520.95 4936.39 4310.90 5125.76 4500.28
Diff fe Baseline 0.00 1897.58 1272.10 1687.63 1062.15 1977.01 1251.53

8.2. Indirect effects

Indirect effects are again composed of weights and
volumes, but these are the ripple effects of the propulsion

system through the ship. For example, if a transmission is

more efficient at endurance speed, it should be expected

that less onboard fuel would be needed to achieve the same
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endurance range as a less efficient transmission. This is
indeed the case. Another important indirect effect is the

change in full load displacement, which is tied to the
powering characteristic of the ship.2" The following tables
lint the characteristics and indirect effects of the various

ship configurations.

Every electric transmission had lower maximum and sus-
tained speeds than the baseline ship (by about 0.43 knots),

but also lower EHP requirements at those speeds. The lower
EHPs are a reflection of lower drafts (less resistance).
The lower speeds show that the transmission efficiencies of

the variant ships are lower than the mechanical baseline
ship. There are more components in the electrical power
trains, hence the lower efficiencies. The speed difference

of 0.43 knots may be regarded by some as significant; it is

about the speed reduction to be expected by a fouled bottom.
The endurance range of all ships except those with con-

stant fuel load is 5500 NM. The fuel load in the others
varies greatly, showing the benefit of electrical cross-

connection. In the two constant fuel ships, there was an

increase in the endurance range of 1350 and 1400 NM, respec-
tively, for the geared and direct-drive transmissions. This

is an indication of fuel cost savings from the electric
transmission. If a ship refuels every three steaming days

(receiving a third of its tank capacity), steams 100 days
each year, and fuel is priced at about 518 per barrel, this

represents about a $600,000 savings per ship per year.
The initial static transverse stability of the variants

was degraded by the change in propulsion equipment. As pre-
viously stated, the 6.5% GM/Beam ratio of the mechanical

baseline ship is not as large as desired for an actual ship,

but provided a benchmark to measure relative changes.

tem. Typically, 95% of the onboard fuelois usable.

23. For the same molded lines, ships with higher displace-
ments will have greater wetted surface areas and higher
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Table 32. General ship characteristics

CONSTANT CONSTANT
FUEL FUEL

NECH ELEC ELEC NEW NEW ELEC ELEC
23 23 23 KR KR 23 23

BASELINE BASELINE BASELINE ELEC ELEC BASE BASE
12 20 12 20 12 20

LBP 425 425 425 425 425 425 425
Ship disp FL 5485 5297.5 5417.1 5234.7 5353.4 5484.1 5530.2

Diff fm Baseli"e 0 -197.5 -67.9 -250.3 -131.6 -0.9 45.2
Nay beam 55 55.04 55.02 55.04 55.03 55 55

Nay draft 16.44 16.07 16.31 15.95 16.18 16.44 16.53
Depth sta 10 38 38 38 3s 38 38 38

Accommodations 272 272 272 272 272 272 272
GUt/B 0.065 0.059 0.058 0.061 0.064 0.063 0.061

SKI 950.01 973.41 959.1 979.76 967.39 950.07 943.41
Full load KS 23.23 23.87 23.75 23.84 23.53 23.34 23.44

LCB/LBP 0.516 0.514 0.515 0.513 0.514 0.516 0.516
LCF/LBP 0.565 0.565 0.565 0.564 0.565 0.565 0.565

Netted surface 23347.7 23010 23230.5 22886.3 23115.7 23346.6 23425.0
iCp 0.6 0.596 0.398 0.594 0.597 0.6 0.601

Waterplane area 17641 17575.q 17624.0 17539.0 17602 17640.9 0653.2
Hull volume 618504 63S504 618504 618504 618504 608504 618504
Dkhs volume 121528 121528 121528 121526 121528 121528 121528

Total volume 740032 740032 740032 740032 740032 740032 740032
Endur fuel vol 44365 36592 39647 36367 39396 44364 44364

Machy box vol 109671 109671 109671 109624 109624 109671 109671
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Table 33. Powering

CONSTANT CONSTANT
FUEL FUEL

MECH ELEC ELEC NEW NEW ELEC ELEC
23 23 23 MR MR 23 23

BASELINE BASELINE BASELINE ELEC ELEC BASE BASE
12 20 12 20 12 20

Powering:
Veax 29.13 29.02 28,83 29.09 28.9 29.82 28.7

EHP a Vuax 3,821 33131 32741 33151 32763 33066 32700
Vsus 27.94 27.82 27.6 27.88 27.66 27.63 27.48

EHP i Vsus 28163 26684 26165 26700 26181 26636 26136
Endurance 5500 5500 5500 5500 5500 6550 6086
EKP i Vend 6851 6632 6772 6557 6698 6851 6905

HPi 51550 51550 51550 51550 51550 51550 51550
kNi 6000 6000 6000 6000 6000 6000 6000

Avg 24 hr load 2030 2030 2030 2030 2030 2030 2030
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In the constant fuel ships, the high weight of the
propulsion motors and propulsion motors and propulsion gen-

erators, combined with a smaller amount of vertically-lower

fuel reduced GM/B by over one-half percent, a not incon-

siderable amount. For the rearranged variants, GM/B

decreased less than the two previous ships. They also have

less low fuel, but the propulsion generators are lower than

in the backfit ships and the propulsion motors are very much

lower. Only a very small decrease in GM/B was seen in the

constant fuel ships because the constant fuel load compen-

sated for the increased high weight of the electric trans-

mission. The longitudinal metacentric height, GMI, in-
creased for all variants, though it seems it should have

decreased with the decrease in waterplane area and draft.

The machinery space volume was the same for all ships.

There were no big surprises in the area of weight. The

structural weight (W100) encloses the same volume in every

ship, so it was about constant. The propulsion plant weight

(W200) varied with the type of transmission. Weight groups

W300, W400, W500, W600, and W700 were virtually identical in

every ship, and the variable loads were dominated by the

change in fuel weight. The Design and Builders Margin is a

function of the light ship weight (summation of W100 through

W700), so the margin weight moved with the light ship

weight. The miles-per-gallon figure of NM/LT of fuel shows

the endurance efficiency of electrical cross-connection.

Only a few comments need be made regarding Table 35.

The structural weight fraction shows the changes in full

load displacement, remembering that the W100 weights were

all about the same. The same may be said for the weight

fraction of the W300 through W700 groups and payload weight.

Higher propulsion plant weights in the variant ships drove

up the W200 fraction, except for NEW12. The fuel weight

fraction shows the same behavior as the miles-per-gallon

figure.
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Table 34. Ship weights

CONSTANT CONSTANT
FUEL FUEL

NECH ELEC ELEC NEW NEW ELEC ELEC
23 2) 23 MR R 23 23

BASELINE BASELINE BASELINE ELEC ELEC BASE BASE
12 20 12 20 12 20

Weight:
DFM onboard 1049.1 865.3 937.5 860 931.6 1049.1 1049.1

Usable fuel .t 996.6 822 890.6 817 995 996.6 996.6
Diff fe Baseline 0 -183.8 -111.6 -199.1 -117.5 0 0
NN per LT fuel 5.52 6.69 6.19 6.73 6.21 6.57 6.11
Payload weight 571.2 571.2 571.2 571.2 571.2 571.2 571.2

N100 1684.8 1686 1692 1660.6 1666.6 1686.2 1692.1
W200 543.6 351.8 387.1 326.1 361.3 451.9 387.1
N300 236.5 236.5 236.5 236.5 236.5 236.5 236.5
W400 302.2 302.2 302.2 302.2 302.2 302.2 302.2
W500 615.4 613.5 614.3 613.5 614.2 615.4 615.4
W600 426.6 426.6 426.6 426.6 426.6 426.6 426.6
N700 95.9 95.9 95.9 95.9 95.9 95.9 95.9

Loads 1317.1 1120. 1193.2 1115.6 1187.2 1305.1 1304.9
D0B margin 463.1 464.1 469.3 457.7 462.9 464.3 469.5

Disp FL 5485.2 5297.5 5417.J 5234.7 5353.4 5484.1 5530.2
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Table 35. Naval architectural analysis indices

CONSTANT CONSTANT
FUEL FUEL

MECH ELEC ELEC NEW NEW ELEC ELEC
23 23 23 MR MR 23 23

BASELINE BASELINE BASELINE ELEC ELEC BASE BASE
12 20 12 20 12 20

LID 11.18 11.18 11.10 11.18 11.18 11.18 11.18
L/B 7.73 7.72 7.72 7.72 7.72 7.73 7.73
BIT 3.345 3.425 3.373 3.451 3.401 3.345 3.327

SM1/LIP 2.235 2.290 2.257 2.305 2.276 2.235 2.220
NIOO/DfI 0.307 0.318 0.312 0.317 0.311 0.307 0.306
W200/Dfl 0.063 0.066 0.071 0.062 0.067 0.064 0.070
W3004/4i 0.043 0,045 0.044 0.045 0.044 0.043 0.043
A400/DfI 0.055 0.057 0.056 0.058 0.056 0.055 0.055
N500/Df0 0.112 0.116 0.113 0.117 0.115 0.112 0.111
W600/DfI 0.078 0.081 0.079 0.081 0.080 0.078 0.077
W7O0/DfJ 0.017 0,018 0.018 0.018 0.018 0.017 0.017

Wfuel/Df] 0.182 0.155 0.164 0.156 0.165 0.182 0.180
Wpayload/Dfl 0.104 0.108 0.105 0.109 0.107 0.104 0.103

WId/OfI 0.240 0.212 0.220 0.213 0.222 0.238 0.236
Vab/Vtot 0.148 0.148 0.148 0.148 0.148 0.148 0.148

HPi/UfI 9.398 9.731 9.516 9.848 9.629 9.400 9.322
HPilVaa/il 273.76 282.39 274.35 286.47 278.29 270.91 267.53

k~i/Dfl 1.094 1.133 1.108 1.146 1.121 1.094 1.085
Nt/DfI 0,050 0.051 0.050 0.052 0.051 0.050 0.049

Vtot/Dfl 134.914 139.695 136.610 141.370 138.236 134.941 133.816
WIO0/vtot 5.100 5,103 5.122 5.026 5.045 5.104 5.122
V200/HPi 14.930 15.287 16.821 14.170 15.700 15.291 16.821
Ymb/HPi 2.127 2.127 2.127 2.127 2.127 2.127 2.127
W300/kWi 0.039 0.039 0.039 0.039 0.039 0.039 0.039

Vnb/(HPi+kWil 1.906 1.906 1.906 1.905 1.905 1.906 1.906
W500/Vtot 1.863 1.857 1.859 1.857 1.859 1.863 1.063
N600/Vtot 1,291 1.291 1.291 1.291 1.291 1.291 1.291

Dfl/Vtot 16.603 16.035 16.397 15.845 16.204 16.600 16.739
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For this technology characterization, everything

devolves to total values. What Is the total effect on theI!• ship, once tho individual pieces are put together'? Table 36
gives the bottom line. The electric propulsion plants are

larger and heavier than their mechanical drive cousin;

however, the extra weight and volume are more than compen-

sated by the savings in fuel weight and volume. If a ship
is designed from the beginning to be an "optimized" electric

drive &hip, over 6300 cubic feet of volume and 250 LT may be
saved. The savings might be used for other systems, to

reduce the overall size and cost of the ship (maybe allowing

a larger buy, since 30 ships times 250 LT is a 7500 LT

ship), or to extend the naval architectural limits of the

ship design.
If a ship is backfitted with this technology, it is un-

likely that tank volume can be recovered. However, the dual

benefits of increased time-on-station and better fuel

economy are realized. In this case, the choice between

geared or direct-drive systems can be made by selecting the

system with the most leverage, i.e., if the ship is volume-

limited, use the lower volume direct-drive system (since the

shafts are already in place).
To put the vol]ue and weight savings in perspective,

note that 6300 cubic feet and 250 LT translates to twenty

Tomahawk missile cells. The ship would be volume limited,

with about 200 LT of weight savings still unused. This is a

significant addition to the firepower of any ship, and the

unused weight allows for ship growth.

124



Table 36, Total differences

CMsIANT CONSTANT
FUEL FUEL

PECH ELEr ELEC NEW NEW ELEC EL1C
23 23 23 mR mA 23 23

BASELINE B1SELINE BASELINE ELEC ELEC BASE BASE
12 20 12 20 12 20

Total volusest
Fuel volaae 44365 36592 39647 36367 39396 44364 443M4

ruel difi 0 -7773 -4710 -7998 -4969 -1 -1
Prpln volue 3249.75 5146.33 4520.85 4936.38 Q310.90 5125.76 4300.29

Prpln diff 0.00 1997.58 1272.10 1487.63 1062.15 1877.01 1251.53
Total 47613.75 41738.33 44167.85 41303.38 43706.90 49489.76 488644.2

Tetal diff 0.00 -5875.42 -3445.90 -6310.37 -3906.85 1874.01 1250.53

Total veighte:
OfI difference 0.00 -187.50 -67.90 -250.30 -131.60 -0.90 45.20

prpln diff 0.00 16.86 45.83 -7.67 21.30 16.86 45.R3
fuel diff 0.00 -183.80 -111.60 -189.10 -117.50 0.00 0.00

other 0.00 -20.36 -2.13 -53.53 -35.40 -17.76 -0.63
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8.3. Closure

S~8.3.1. ConclusionsThi. thsilhs:emnsrae the usefulness of electric

drive transmissions in reducing ship weight and volume.

Electric drive transmissions are better than mechanical

drive transmissions on a ship basis. They provide, besides

the weight and volume advantages, substantial arrangement
flexibility and the opportunity to use new technologies in

* the ship design arena. The technical risk associated with

these different technologies is minimal, as there is much
S* industrial experience with electric machines, advanced

switchgear, and the like. If the weight and volume reduc-
tions are reinvested in the ship design through more optimum

arrangements and subdivision, a substantially more efficient

ship may be realized. Such a ship could successfuliy com-

pete with the best of current ships.
Small, light, high-power motors can be designed to a

fair degree of detail with a comp,.iter optimization scheme if
a meaningful objective function can be devised. For a ship

system, the objective function should contain measures for

volume, weight, efficiency, and relative cost (if a par--

ticular material is significantly more expensive than other

used). A steepest-descent scheme can be combined with a

Monte Carlo scheme to quickly converge on the objective

function.

The use of electric drive, and its consequent electri-
cal cross-connect, can reduci the endurance fuel load by as

much as 17-5%. When used in combination with an improved

machinery arrangement and subdivision, that percentage can

rise to 186. If the fuel load stays constant, the endurance

range may increase as much as 25%.

On both an equipment weight basis arid a ship weight

basis, systems composed of a direct-drive propulsion gener-
ator (with the same shaft rpm as the prime mover) and a
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geared propulsion motor are better than those systems using

no gears. Regarding volume, a non-geared system has lower

equipment volume but higher ship volume due to the lower en-
durance fuel efficiency.

Geared propulsion motors have better off-design-point
efficiencies than those in direct-drive systems, primarily

due to their higher rpm. A reduction in output power (in a
motor) of 75% means only a few percent reduction in

efficiency for a geared motor, while the same power reduc-
tion means a 20% or more efficiency reduction for a direct-

drive motor.

Permanent magnet machines do not appear attractive for

ship propulsion systems. They are both heavier and larger

than candidate systems using synchronous, and, to a smaller

extent, induction machines. Their low air gap flux density

is the main detractor. Current permanent magnet materials

cannot develop the energy product to compete with other al-

ternatives, even though the NdFeB magnets are now in the
marketplace. Induction machines may be useful as propulsion

motors, but in this thesis they did not appear so. There-

fore, ship propulsion generators and motors should only be
synchronous machines.

8.3.2. Recommendations

The same modeling approach used in this thesis should
be taken with variable reluctance machines (VRM). Although

no VRMs have been built at ship proptilsion power levels, it
is not inconceivable that they could serve in such a

capacity.

The induction machine model used here needs refinement,
especially in the area of limiting maximum rotor current

density. All of the machines need an analysis of their

transient and dynamic characteristics.

The recent advent of liquid hydrogen temperature super-

conducting materials may signal an era where conventional
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machines are overshadowed by the smaller, higher-flux

machines possible with superconducting technology. However,

if these new materials fail to provide the required current

density, design of satisfactory machines may not be pos-

sible.

Integrated electric ship service propulsion plants may

be beneficial additions to electric drive technology. Their

influence on the systems suggested here may be an area of

interest for future ship designs.

128



Appendix A. Definitions of machine variables and constants.

bd magnet operating point flux density, Teals. Used
in permanent magnet machines.

BETA hysteresis loss factor of M19 magnetic steel. The
figure 2.5 was used.

br air gap flux density, Tesla. Used only in per-

manent magnet machine model.
BR air gap flux density, 1.05 rms Tesla.
BR1 residual induction, 7.89 kilogauss, of M19 mag-

netic steel,at BSAT and T1.
BREM remanence flux of NdFeB, 1.21 Tesla.
BRNGS weight percentage of rotor shaft bearings, 1.03,

or three percent of rotor weight.

BSAT max flux density anywhere, 1.5 rms Tesla.

CP stator coil pitch. The figure 0.8 was used.

CRHO copper electrical resistivity, 1.724E-8 ohm-

rneters.

cw copper weight, kg.

D density, 7.65e3 kg/m3, of M19 magnetic steel.

dcore back iron depth, meters.

DCU copper density, 8968.0 kg/meter'.
DMAG density of NdFeB, 7.4e3 kg/meter3.

doa overall machine diameter, meters.
dr depth of rotor slots, meters.

ds depth of stator slots, meters.
eaf p.u. internal voltage, used in syn only.

effcy efficiency, defined as

effcy = - output power
output power + ph + pe + 12r + 12rr

ew effective weight of machine, a combination of
weight, volume, and efficiency. Used as the ob-

jective criteria for the optimization scheme.

freq machine synchronous frequency, Ba.
g air gap dimension, meters.
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gama stator geometric factor, non-dimensional. Used to

find convergence on active length.

gamr rotor geometric factor, non-dimensional. Used to

find convergence on active length.
GMIN minimum machine air gap, 0.002 meters.

HC1 coercive force, 0.48 oersteds, of M19 magnetic
steel, at BSAT and TI.

ii induction machine primary current, amps.
i2 induction machine load current, amps.

i2r copper loss, watts, on stator.
i2rr copper loss, watts, on rotor.

Jr full load rotor current density, amps/m.

jrnI no load rotor current density, used in syn only.
js full load stator current density, amps/m.

JSMAX maximum stator current density, 12e6 amps/meter

ke efficiency weighting factor.
KM magnet material cost weighting factor, defined as

$ per pound of magnet materialKM = -- - - - - - - - - - - - - - -
$ per pound of magnetic iron

ks[) harmonic winding factors.

kv volume weighting factor.

1 machine active length.

le rotor winding space factor, used in induction

machine.

ler combined length of rotor end windings.
Im radial dimension of permanent magnet.

1ca overall machine length, meters.

lr ratio of rotor slot width to slot pitch. in per-
manent magnet machinas, defined as ratio of magnet

width to rotor "slot" pitch.

lrat length ratio, used in permanent magnet program to

calculate the effect of magnet overhang.
l5 ratio of stator slot width to 'lot pitch.
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MAXTIP_SPEE:iD maximum allowable rotor tangential velocity,

200 meters per second.

minpwr minimum required power of the machine, horsepower.
MU MU of air, 4we-7 Henries/meter.

MUR NdFeB relative reversible permeability. The
figure 1.05 was used.

nr number of rotor bars in induction machine.

NU anomalous losa factor of M19 magnetic steel. The

figure of 2 was used.
ovorhang percentage of magnet overhang.

p number of machine pole-pairs.

PC permanence coefficient of NdFeB. The figure 1.1

was used.

pe eddy current loss, watts.

PF power factor of all machines. The figure 0.8 was

used.

PI 3.141592654.

ph hysteresis ]oss, watts.

PSI Trated/Tpullout for induction motor. The figure

0.55 was used.

r rotor radius, meters.

ripl per length primary resistance, ohms/meter.

r2pl per length secondary resistance, ohms/meter.

rcv rotor copper volume, meters$.

relpi per length Thev6nin equivalent resistance.

RHO electrical resistLvity, 52 micro-ohm-cm, of M19

magnetic steel.
riv rotor iron volume), meters3 .

RMAX maximum rotor radius, 2.0 meters.

rpm machine shaft revolutions per minute, referred to

as rotor speed.
RSF rotor slot space factor. The figure 0.35 was

used.

scv stator copper volume, meters3 ,

siv stator iron volume, meters3 .

slip guessed slip of the induction machine.
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slipi larger derived slip.

slip2 smaller derived slip.
smax maximum machine slip.

SSF stator slot space factor. The figure 0.35 was

used.
Ti thickness, 0.014 inch, of M19 magnetic steel.

tmaxpl per length maximum torque.
vlapl per length Thev6nin equivalent voltage.

va :P+JQ:, VA rating, volt-amps.
vagpl per length air gap voltage,
vol machine envelope volume, meters5 , with a margin.
VOLALL volume allowance for frame and foundation. A ten

percent allowance was used.

volmag volume of permanent magnet material, meters$.
vtpl per length terminal voltage.
w electrical frequency, radians per second.

wr width of rotor slots.
wm mechanical angular velocity of rotor, radians per

second.
wt weight of copper and iron in a machine, plus a

margin.
WTALL weight margin for frame and foundation. A ten

percent margin was used.

wtiron iron weight, kg.
wtmag weight of permanent magnet material, kg.

xlpl per length primary impedance.
x2pl per length secondary impedance.

xbeltpl per length belt impedance.

xelpl por length Thev6vin equivalent impedance.
xmpl per length air gap magnetizing impedance.
xrdpl per length rotor differential leakage impedance.

xrspl per length rotor slot leakage irapedance.
xs p.u. synchronous impedance.

xsepl per length stator end turn impe4ance.

xslot slot impedance.
xsdpl per length stator differential leakage impedance.
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xsspl per length stator slot leakage impedance.

xzzpl per length zig-zag impedance.
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Table 37. Listing of various functions used in computer

programs

/01S a pseudo random number generator $1W

Idefine MlULTIPLIER 25173
Idefine MODULUS 32768

Odefine INCREMENT 13849
*define MODFLT 32768.0
double randoo()

extern long let seed;
seed,(NILTIPLIERSe.ed+INCRENENT) % MODULUS;
return(seed/NOOFLT);

double swfln) /I stator minding factor I/
int n; /$ harmonic order 11

double kp, kb;
extern double cosi), sin);
kpzcos(0.31421n); /I pitch factor, assumes 0.8 coil pitch I/

kb=1sin10.52368n))/(0.5236$n); /I breadth factor, from
Kirtley's 'Basic Formulas ... ' and ausumes an
electrical winding angle of 60' 1/

return(kpSkb);

double abs(q)
double q;

if (q < 0.0)
q: (-.0)1q;

return(q);

double sinh(u)
double u;

double expf), ans;

ais = 0.Siiexplu) - exp(-u));
returnlans);

double cosh(m)
double u;
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double expol, ans;,

ans r0.51(explu) + expi-uH;
return ians);

double rpf In) It rotor winding factor, same comments as sof( 0 1
int n,

double kp, kb;
extern double sini);
kpml;
kb2(sint0.5236*u,))I )0.5236$o);
return (kptkb);

Rdefine tol 1.0.-b
*def ine pi 3.141592654

double besi (p,x) 11 bessel Ilorder, arg) 11
double x;
int P;

double bi;
int bull);
double expO,sqrtoybisol;
if (p(O) abort I'besi: negative index');
if WxO) ;bort I'besii negative argument');

ifflx(12fllbi&(p,x,&bi) bizbis(p,x);
return (bilt

doubl1e big lp,x)
double x;
mnt Pi

double fabsi);
double xx;
int i,fb,b;
double bizO;
double tali
xzzx/2.;
for (ixiii(p+Ili+*) tmtlxulii
if it(1.Oe-34) NiO;
else

for (kal,(k(lO0l)&&l(fabs(t)-fabs(biltol)))O);kt+)

fkakI(r*bh;
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return i;

hn ia(p, x,pbi)
double x,Spbi;
jut P;

double xx,bi,t;
double fab6(l,sqrt'),&yqe;
fn=4$ptp;
tzl.O-,
biml.O;
xx=0.125/xo;
for (~~k3)&(ast~l~b~o;~;k+

fkl(l-IMM2S-l);
t--t~xxl (fk-#n) It;
bi~bz+t,;

elsk

bimbi~exp(x)/sqrt(2.Olpilx);

Opbizbi;,

double bvsk(p,ii) /I aodified bessel function Kplx) I/
double x;
jut PI

double bk;
duuble @Kpi),sqrtO,kO(),kI);
if lp(O) abort (" bask: negative index
if W~O) abort V beski neqAtive argumat ')I
if (060)l bkzvxp(-x)/s~t~t(2.O~x/pil;
else if (paO) bk'kO(x)l
else if (p::l) bkzkl(x)l;
else

double gO,gl~gj;
int J,
gO'kO~l~
glakI (xl,
for (js2lj(p+ljj++l

ajm21(j-J)IqlIx~qOj
90491;
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return, (bk)l,

double x;C

double a;l

double log(),sqrtO,exp(D;
if WD~l

double Ljbqzqc,gOx21,f,hj,,;j;
lot J;
b&O.5itx;
an.57721566tloq ~bl;

x2jal;
fzl;
hjzO;
for (jal;j(7;j*+)

rjLl.fJ/j;
x2jax2j Scl
f~flrjtrj;
hj'hj+rj;
q0%gOux2jlfS (hj-a);

bk=gO;

double t[121,&,b,c,pa;
int 11

bal.Olo;
czsqrt (b;
tEOl-b;
for d121;1(1211+#) t~llst(l-l18b;

pa z l.2533141-.1566&421tCOl;
pa +m .018111201t~l]-.O9139O9MEt2J;
pa +a .13445968tC3J-.229985O0tC4]
pa +a .3792411t151-.5247271StC6l;
pa +z .5575MMUtC7-.42626331tCOl;
pa +c .21845108tC91-.Oh&809771t(1OJ..0091893838tC112;

bkalc~pa;

return (bk;
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double kl(fl
double X;

double .91
double 'oQ0,vxp0),sqrtO;
if (Wil

doubleabcglxjfhr;
tnt j;

am.5772151WAologb);
cablb;
x2jab;

hiil;

ffrj~l.Oj;

hjnhj+rj;

bk--gl;

eise

double a,b,c,t[l2],p.~;
ink 1;
a~exp(-x);
bzi.O/x;
czsqrt (b)ig
t[Olub;

pa x.~~~+49Y3#~-l6ascl
pa +c .,280427$tC2I-.173M4323tC3J..2g47bae$tr4];
pa +a -.4594*l42*tt52+.A283381stcu-.6&3k29;t4'7I;
pa +t .50502ji91t(S]-.2501304ItI9l;
pa +2 .078800011M110 -.OlO08HIB9tCEl);

bkrcaccpa;

return (bkI;

doubt. besip (p,irqg It denyv of be* horder, arg) I/
ink PI
double arg;

double x,y,z;
x besi (p-),arqg;



y ap I besi (parg)/arg;
z a *v

double beskp(p,arql At deriy of bas Morder, arg) I/
int P;
double irg;

double x,y,z;
x r-hesk (0-1,arg);
y -p I besk (p,#rg)/arg;

return Qi);
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Appendix B. Synchronous Machines and General Relations

An equivalent circuit for a synchronous machine is

Ra Xs
+o-----\AA--

Ia

Vt Eaf

Figure 35. Synchronous machine equivalent circuit

where Ra is the stator resistance ani Xs is the synchronous

reactance. The internal voltag6 of the machine, Eaf, is

developed between the stator and rotor across the air gap.
The current direct ý on is shown as if the machine is a motor.

Vta= RaIa + jXsIa + Eaf

Eaf represents a mutual coupling between the stator and

rotor, and

Y'? M If 4 Po kl ke 1 r Ns Nf
Eaf here M =--------------

42 W ga

If is field current, Nf ia the number of series field turns

and kt is the fundamental rotor wiading factor. Since it is

never desired to specify the number of turns on either the

stator or the rotor, a scheme has beon devtsed so that

derivations are conducted in volts-per-turn, ampere-turns,

and ohms-per-turn-squared, which results in power in watts.
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Figure 36. Phase belt conductor area

For the stator, the transverse area can be divided into

phaoe belts. The area labelled 'A' is the area occupied by

phase 'a', in one direction. Then, Ns U = Aa Ja, where Ja

is the current density in phase 'a' conductors. The area
has some effective conductor area, subject to the need for

conductor cooling passages and insulation area. Therefore,

for stator and rotor currents, analysis yields

Am Ja At Jt
Ia = ------- and If =-----

NS Nf

It is also desired never to specify the number of slots on

either the stator and rotor. Accordingly, slot space fac-

tors are defined as

51iL

Figure 37. Slot space factors

stator slot width rotor slot widthis- :Ir -

stator slot pitch rotor slot pitch
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For a typical turbogenerator conductor bar, the copper area

is about thirty-five percent of the conductor envelope area.
Variables titled SSF (stator slot space factor) and RSF

(rotor slot space factor) embody this thirty-five percent.
The conductor area of a single stator phase in one direction

(r+g) 2w is ds 6SF
Aa = --------------- and, for the rotor,6

r 2w ir dr RSF
At = ----------------- There is only one phase on the

2 rotor.

The armature resistance is

rho It Ns
Ra =

Aa/Ns
where rho is the electrical resistivity of copper and It is
the turn length. If a stator turn can be modeled as

-(caiUMFEReNCE) CP

P

ACTIVE O.GNQITN-

Figure 38. Stator turn

and the circumfrence is 2w(r+g), then

2w (r+g) CP 4(4/3)
it = 21 + 2( --------------------

p

where 4(4/3) is (1/sin(600)) and CP is the coil pitch. Then

Ra 2 rho { 1 + (2ff(x+g)CP/p),r(4/3) }
Nso w (r+g) Is ds SSF
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The stator and rotor copper losses are

RaIw' = rho it Aa Ja2 RfIta = rho ltf At Jja

The rotor is full pitched.

The vector diagram for the synchronous machine equiv-

alent circuit is (assuming Ra :> 0)

I.

Figure 39. Synchronous machine vector diagram

By use of the law of cosines,

Eaf2 = Vt2 + (XsIa)& - 2VtXsIa cos(r + 90)

where T is the power factor angle. If this equation is put
into per unit form, with eaf = Eaf/VL and xs = XsIa/Vt, then

eaf2 = I + xsi + 2 xs sin(r)

xs can be calculated, allowing the calculation of eaf.

There is simple linear relationship between eaf, the no-load

rotor current density (jrnl), and the full-load rotor cur-
rent density (Or). It is Jr = (eaf)(Jrnl), because Eaf is

directly proportional to If and If is directly proportional

to JE. Azpere's Law states

al J - ff dA

If one chooses an integration path arounWd half of the rotor,

4 Nf It k,
Po H 2g = ---- ----------

Tr p
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If the no-load condition is chosen, and it is recognized
that Br is essentially constant with increases in Vt

(because when Vt increases, so must Eaf), then

2 ao r ir dr RSF •k jrnl

gp

Br Z pand irni 2 Po r Ir dr RSF -k

The synchronous reactance is a measure of flux linkage

within the machine. It is Xs = w Ls = w (Lal + 1.5 Laa),
where Laa is the armature single phase inductance aud Lal is
the slot leakage inductance. The factor of 1.5 is derived
from the 1200 separation between the three phases of these
machines, as

XsIa = w (IaLal +IaLaa + IbLab + IcLac)

Due to the symmetry of the machine,

Lab = Lba = Lac =Lca = Lbc =Lcb = -0.5 Laa

Then, XsIa = w Ia (Lal + 1.5 Laa).

Self-inductance is

4 -Po -,W Nsa I r
Laa

from Ampere's Law and L = (flux/current). If a single con-

ductor per slot is postulated and the effects of slot teeth
are ignored, then the leakage inductance is

slots
Lal --------------- (Pself + Pmutual) NsA

(pole)(phase)
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where P is reluctance, For this conductor configuration,

b•o 1 5Jo 1
Pself - -ds wis and Pmutual --.... ds ws,3 2

with ws equal to slot width. Since wr is not known, we use
the stator slot space factor, ls, multiplied by the number
of slots to yield

(slots) ws = is w (r+g) Therefore,

5 Nsa Po 1 ds ilw (r+g)Lal = - - - - - - - - - - - - -
36 p

The real power developed by the machine is

Pwr 3 Vt Ia pf, where pf is the power factor. Through the
use of Lenz' Law and Ampere's Law, terminal voltage may be

expressed as

2 r 1 w Br ke
Vt = P

Using our previous relation for Ia, the expression for Pwr

is

2- r 1 w Br km Ja SSF (r+g) is ds pf
P

Finally, winding factors need to be derived. The wind-

ing breadth factor, kb, is

sin(m n r/2)
kbn--------

m sin(n i'/2)

where r is the electrical angle between adjacent slots, n is

the harmonic order, and m is the number of slots per pole
per phase. The winding pitch factor, kp. is
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kpn sin (n */2) where a is the electrical angle

between sides of the coils (pitch angle). For a three phase

winding, a = 2w p. If a 0.8 coil pitch is assumed (which

will rid the machine of certain harmonics during balanced

operation) then * = 1800 ( - 0.8) = 368 and

kpn = sin(0.3142 n). Assumptions are needed to calculate

kbn without specifying the number of stator slots or turns.

If the winding angle is specified as did Kirtley [32], then

sin(n Ow/ 2 )kbn
(n ew/2)

A reasonable electrical winding angle is 800, since most of

the stator periphery will contain turns. The breadth factor

devolves to kbn = sin(0.5236 n)/(0.5236 n), for which the

fundamental harmonic factor equals 0.955. The winding fac-

tor is the product of the breadth and pitch factors. For

the rotor, a pitch factor of one is assumed.
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Table 38. Listing of synchronous machine design program

#include 'stdio.h-
finclude 'def.hl

/$ program nasa: syn.c for tynchronous, round rotor eachines $/

long int saed; It start pint for random nusber generator 1/
double b(2611261, h[1111263, ks[C], krC8);

/I b is 'best" array, h as "hold' array, ks/kr are winding factors $i

double design.point(), rndoalk(), swf(), rwf(), ke, kv, minpwr,
stepsize, random), abs(, freq, rpm;

int p, iteration, i, j, best, printouto, loops;
FILE lfopenl), Ifp;

printf('\nReading input data from SYM.K)T . ..*)I

fp:fopen('syn.dat',*r'); /I input seed for random numbers I/
fscanf(fp,'%d',&seed);
fscanflfp, '%d', &p); /1 input number of pole pairs I/
fscanf(fp, '1f, &minpwr); /I input machine power, derived is ASSET VI
minpwor$746.0; /: convert to watts I/
fscanfifp, 'lf, Hbe); /I CERs for Effective Weight I/
fscanf(fp, 'ZUP, 0k0v;
fscanflfp, '%If', &rps); /I machine max shaft rpm I/
fclose fp);

printf('\nflow many loops do you want? ');

scanf(Zd', &loops);

printf('\nknDoing program calculations . . .

for (iSI; i ( 6; i+=2) /$ harmonic winding factors I/
I
kstelxsoflS);
krli]=rwfii);

freqrrpoip/6l.O; /I max electrical frequency SI

/I PAIN BODY OF THE PROGRAM I/

for UPIt; I (r loops; ++i)

stepsizeO.i;
iterationa0l
deignjpoint(oinpwr, p, ke, kv, freq)l;

IS put stuff in the hold array I/
while (iteration (< 10)
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rnd-walk(einpwr, p, stepsize, be, kv, freqi;
/I stagger around I/

best:0;- /I index to best EN of the lot I/
for (j~i; j(=10; 4+j)

if 0011181B ( h[best][l8])
best~j; /I find the best machine I/

if (absIMh[O][l) - h~best][lB])/hO]C1BI) (<0.005)
/I small improvement in EN V/

stepsize/:-2.0;
1titeration;

else it transfers best to 0 position It

for jUzl; j (-- 25; ++j)
h[O(iU z h(bestlJUl;

for (p2l; i (z 25; +4j)
b~iflu]zh~bestl~j]; it keep the best machine I/

best~l;
for (121; j (2 loops; ++0;

if (bli[i101 ( b~hest)[lS])
bestmil It find and keep the best of ihe best $1

minpwrl:146.0; /I turn back into hp I/

print~out (best, p, minpwr, ke, by, rpm); /I output to disk file I/

fpzfopen1'ssn.dat",w*); /2 output seed It
fprintf(fp,'%d', seed);
fprintf(fp,*Xnld', p);
fprintf(fp,'\nlf, mioper);
fprintflfp,*\nlf', kin);
fprinti(fp,'\n~lf', by0;
fprintf(fp,'\n~llP, rpm);
fclnse~f p);

/I END OF RAIN PROERAM; ALL THAT FOLLOW ARE FUNCTIONS I/

double desiqnjioint(minpwr, p, be, by, freq)
/1 determines a random design point I/

double minpur, be, by, freq;
mnt p;

double r, irnl, jr, Js, Is, Ir, dcore, ds, dr, 9, *, 1, is#n taf, i2rr,
ye, ph, pe, i2r, vol, wt, effcy, toa, xil, xsinS xs7, xsalt
c", siv, ?'cv, riv, rcy, Ion, don, st~iron, find siv 0;

extern double sqrtol, randoe~l;
int czO, dzb;

while (d !r 1)
"while (c !a 1)
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r--randoaOIRMAX,
if ((2lPllr$freq/p) < MAXTIP-SPEED) /I check rotor tip speed I/

break;

w=281`11freq;
lrcranduaeO0.5 + 0,25; 32 rotor slot factor 11
dr--randamO~r/5.01 /I slot no deeper than 20% of rotor radius I/
dcorez(BPROMMBA71p); /9 back iron depth $1
dscrandom 010.91dcorej /I slot depth ( 90% of body depth I/
while (c 1) It gap dimension V/

gsrandolsIOM.Ilr - SHIN) + GHIM;
if hi ) 0)

break;

lszrandom 010.5 + 0.25; 4S stator slot factor $/
js~rando.mSJSAAX; /I full load stator current density Si'

jrnlzlBR~gtp)/lSSNUSRSF~rtdrilrlkr~lil; /I noload rotor current density I/

xs5=lks(S]1ksI5]I25)l;
xs7--(ksI7]Sks(7]/49);
xsalzl511s$Pl~dsl/lB;
xs:(Mll~js$SSFS(r+g)S(r+g)SdsSPl~ls I (12$(xsl + xs5 + xs7M/Pl~g~p) + nial))

it p.a. synch mmpedance 11
if Uns > 2.0)

continue; IA don't want xs too big I/
else

eafr~sqrtll + 55851 + 2t1s$0o). /120.6 is sin(fl, por factor angle,

eaf is p.u. interral voltage at full load I/

jrreaf~jrnII /I ir full load, linear with oaf t/

l)usinpwrlp)/(2ShR~wtkstilSrSSSF~dsSPIltrsgillsljsSPF); At active length $/

va:2SPltrtllwSBR~k,(llljsSSSF~irrvqldstls/pI /A va rating I/

siv z find liv (l, r, g, ds, dcore, Is); /I stator iron volume I/
riv x ISPI~r1(r - 210r10r; /$ rotor iron volume I/
scy a 21PI1(r~qg$ds$lsS1 + 2.30941Pl1lr~g)1CP/p);

/A stator copper volumeS
rcv x ZSPI1r~drSlrSI + 2.3094$Pllr/p~l /S rotor copper volute I/
cm a (rev + scv)#DCU; /A total copper weight I/
lot a I + 414r~q); /I length-over-all I/
do& x 21lrvg+ds~dcorth; /S over-all-diaaeter I/
vol a Y"LALL(loa1Pl~doaadoa/4)I /s machine envelope volume 1/

wt a TALLS(cw + DI(SISNSS~riv + uivfl; /S machume weight in kg $/
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wtjiron DI(riv + siv); It iron weight only I/

ph 31.862215S8ETfdireq8B~lSNCilotjiron/D;
/I hysteresis loss in watts, mite iron weight of aachlxe I/

pe (106236.9tHIJSBSItT*BSATiTl8Ttlfreqlfreq~wt~iran)/(RH0*D)I
/I eddy currtent loss in watts, uses iron weight of machine t/

i2r 2.OSSSFIdsCROOSP11 U1 + 2.'S0'48Pl1(r+qW8P/p) tislisl~r+g)lls;
0~ %Lator copper loss in watts I/

It revised 1-12-07 It

i~rr 2.O1RSFtdrtr~lrhjr~jr1CRHC1P$(IS +1 2.30940P1ript;
It rotor excitation losses, Hi-87 11/

i2rtzi2rr; Is total copper losses I/

effcys(*iripwr)/(ainpwr + ph + pe + i2r);

ewzwt + ket(l-etfcyl kvlvol; /I Effective weight I/

h[O]Clmis; h[01123=freq; h[011]UP" hCOll~ar; h(0][5]rg;
h[OJHbIadcore; h[0J(7]sds; h(0)(8]adr; h[0]C9]l.s; hC0JEl0]xlrl

h(Olllblzva; hC0JC1713effcy; h(OHtlO1zew; h[O][l91al; h(0]C20]2jr;
h[03(2IJ-*jrnl; hri022]:xs; tC031231seaf; h[O3124]=laa; hC0](25]zdoal

/I this section just changed all the variables in the 'hold' array J/

return;

double rndewalklexnpor, p, stepsize, ke, kv, freq)
/I walks AMou design point 10 times I/

double stepsize, einpwr, ke, kv, frtq;
mnt P;

double r, irnl. it, is, lb., Ir, dcx~te, ds, dr, 9, , If u1s, ail i2rr,
va, ph, pe, i2r, vol, tit, effcv, ow, xsi, xs5, us7, xiii,
V1, s~v, scv, riv, rcy, loa, do&, wt..xron, fiie sivol;

entern double sqrti), randoil);
int iml;

while 1i (a 10)

As read in the walk around the design point 8/

jszh[OICI]I1l + stopsizel(randuol) - 05)
it (iS ) JSMAI

is aJSRAI; /I oust to lilit I/
wx2tPltfreq;
rz~iC01[43I(1 + 6tepsizol'randouI) - 05)
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3fM(_/p T)1A)lPSPEED)
continue; AS go to anet try if violated I/

guhC0115JS1 + stepsizel(random)) - 0.5)1)
if (g 6NGIN)

g2G"lN; 11 reset t. the limit S/
dcorem)DRr)UMOSAT~p); /I most efficient use of iron I/
dsa-h(01E7)1(1 4, stepsizellrandom() - 0.5));

if (ds > dcare) /I can't have too-deep slots I/
dssdcare; /I reset to the limit V'

dr~h[O]CS]S(l 4- stepsizelfrandom(1 0.5));
ss~hlOlC1vlS1 + stepsizellrandosO 0.0

if (is ) 0,75)
lsr-0.75i Is reset to th limuit 1/

if (1. ( 0.25)
ls,0. 25;

lrsh(OJ(lO)S(l + stapsizal(random)) - 0.5));
if OIr > 0.75)

IrPO.751 /I reset to the I~im~t I/
if (hr ( 0.25)

/I cooputatijn section of the walk I/
jrnl:(BPdglp)/)BINUSRlSF~rldrtj,fkr~ll); /1 noload rotor current density V/

xslmks[ll~ks(l];
xIs5=(ks(5]Sks(5l/251;
xs7=)ksI7]Sks~l]/49l;
xsal:-(5MlsP~lds/ 18)-
s=Ns')Jjs565F8(r+g)$(r+j)5dsSP)8ls 8 (121(msl + xis + xsPl)/PI1g~p) + nial))

/ (2trt~hi~sEll;
/$ p.u. synch impdailnce 8

if (na > 2.0)
continue; I) can't have xs too big I/

eafcsqrt(l + vsixs + UnwS.10.; /1 0.6 is sin(T), ip'r factor angle,
eaf is p.to. internal voltage at full load I/

, .rzeafljrnl; It ir full load, linear with eaf V

la)minpartp)/)28Bfl~wtks(iltr88SF~dsSPSI~r~g)Slstjs1PF); /I active lenpAh I/

va:2SPllrll~wSBRtkE~ll~jsiiSFIlra-g)Ids~lsp,p IA va rating 11

siv xfindjifvll. r, g, ds, dcore, Is);, A stater iron volume S/
riv = IOPlIrt~r - 21dr~lr); At rotor iron volume tI

scv 21P109 M~sM + 23O94PI$(+9)CP~pj i stator capper volume I/
rcv =20SilrdrilrS)I + 2.30941P~lrlp); /I rotor copper vojume t/
cw (try + scv)IDWi; A8 OWt carper Kitiht I/
loa x I 481r+g); /I langth-over-all 11/
do&a 21(rvg+da+dcore); /I over-all-dimautir S/
vol. * VCLALL*0lna$P~ldod~doai4); IA machine eanlopue volume I/

At NTALLS(ca + D$(Bid'S8r-.v s iv)); /I machine night in kg SI
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wt~iron !llriv *siv); 11 iron #eight only I/

ph v31.86225IBETAtfreqIBRIIIICJowt~iron/D;
/I hystaresis loss in watts, uses iron neight of machine 41

pm x i8023b.9IWUlBSAT8BSAT8TI$T1*freqtfreqwtotirou)i(RHO8D);
/I Mdy currimnt loss in watts, iis iron neight of machine h

i2r z 2.OISUSidoSCRHOVIs 11 + 2.3O94h~'t'(r+0)$rP/pl jtmlrghs
/I stantor coppir lost in watts I/

it ravised 1-12-87 1/

i2rr --2.O8R9F~d)rS1rAjr1Jr1CRHDSPl I Qv2.3O941PItrlp);
IS rotor excitation losses, 1-12-97 1i

i2r~zilrr; /I total -oQpper losses 11

affcym(sknpwr:/(minpwr * ph + p. + i2r);

aw-wt ' iI'M-effcyl + hvlvol;, /I Effective "eight I/

It this section just chiinged all the vi,1aibles lin the 'hold' array I/

++j; /1 go to the nest h~u](3 11

return;

ýrint~autfte~t, p, ainpoet, ke, kv, rpm)
int best, p;
douhie siopwr, he, kv, rpm;

chair ootfile(1hl;
FILE 1fpo, lfoapsin(;
int i;

prin~f'M"What is the name of the file where youi want the autput? 1
sicanflols,', utfiWe;

fpozfoptn(outfile, wl);

fprintf(fpo,'Zd', p~i
fprintf~tpo,"\nZlf', minper);
fprintf(fpo,'\n~lf6, ke);
fpriautf~fpo,"\nZtf, ky);
lprintf(fpo,"\n~llP, rpm);
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for lia1; i(a 251 #4i)

fprintf(f~o, *\n*);

double fiivlsiv(I, r, 9, di, dcore, Is)
double 1, r, 9, ds, dcore, Iv~

dcuble one, too, three, four;

m2(rigtd%+dcore)(r+9pds+dcorv) - 1r~qlI1r+q);
tWo 21P!Ir+g19des~iq
three (rtg+ds~dcoref$r+q4G04dcorI) - 1r+q~d%?1(r+q+ds);

fou 3(Plione - NOc + PI141ir+q)t1irv~q
return ffour);,
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Table 39. Listing of synchronous efficiency program

#include Istdio.h"
#include 'def.h'

It program namei seff.c to find efficiency Of synchronous machines V/
/A works with only a single machine I/

sainOC

FILE SiopenO, tip;
double r, jrnl, jr, is, Is, Ir, dc'jre, ds, dr, 9, w, 1, xs, oaf, i2rr,

va, ph, pe, i2r, vol, wt, effhy, aw, Wn, xs5, Ws. xsal, ksIC),
siv, rmv, wt iron, find sivlf, poeef, psis, parpe, dhp, rpm, minpr',
ke, ky, freq;

extern double swfo, sqrto,
int e=O, f, p, i;
char infile[141;

for (i~I; i (<9; i-'21 A harmonic winding factors I/

xszk(Jknis[7l/i);

printfil~oCalculates efficiency of a single motor.\n");
while (e != )

f M01
printf(Uliat is the namp' of the ir~put file? )
scanf1s', infile);
fp =fopenoinfile. 'r")
fscanfffp, 'fId, ip); is input number of pole pairs I/
fscanfffp, 'UPf, &ainpwr);
minpwr 0~ 746.0; 18 nuw in watts VI
fscanflfp, *1fP, kkel;
fscanf(fp, Zllf', kvi;
fscanflfp, *%If', &rpm);
fsconfffp, '%If', Use);
fscanf(fp, '%If*, tfreq~i
fscAn{Cfp, '%141, 1w);
fscanf~fp, 5%11% 10;
fscanflsp, '%If,, kGb;
fscanf(fp, 'UIP, Wdore);
fscan4(fp, %lIf, ids);
fscan(!fp, '%If', k14);
fscanflfp, '%If', Mis);
ficanfifp, *Z'f', &lrh
fscanfifpl '%If', IYe!);
firanf(f), 0110, hwt);
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f scanf (f p, '%If, &phl;
fscanflfp, IIZ1f, &PIl;
fscanflfp, 1Wf, U~2r01
ficanf(~p, ~f vl
ficanf~fp, 11if', &Iffcy);
fscanflfp, *~~,le)
fstanflfp, '%If', WI;
fstanflfp. "%If*, &ir)l
4scanf(fp, -XII', &irn~l;

siv =find~siv I, r, g, din, dcart, Is); /I stator iron volume 11
r ~v z I1Plir1(r - 21drllr); /1 rotor irori volume 8/
wt~iron =DUIri v i iv); /I iron #eight only I/

while (f !a 1)

printfll~nWhat is the sustained speed machine horsepower? ')I
scanf('ZlfO, &dhp);
dhp Ir 746.0;
printf ('What is the sustained speed machine rpm? ')I
scanf('Ilf, liparpm);
freq 7 pmrpelp/60.0; /I max electrical frequency I/
pais jsldhp/minpwr; 11 PH stator current I/
xs:(MU~js8SBF8(rvg)S(r~g)IdslPltls S (121(xsl + xs5 4 xsl)/Pl1g1p) 4 %sal)

/(l28DR~ks~l]); It p.u. synch impedance I/
eafzsqrt(l + xslxs + 21xs10.6); /1 0.6 is sinir), pwr factor angle,

eaf is p.u. internal voltage at full load I/
jr~eaftjrnI1 /I ir full load, linear with eaf VI
ph z31.862?5$BETA~freqBI$KlSl~wt~iron/D;

/I hysteresis loss in watts, uses iron weight of machine I/
pe -- (l06236.9$NUSBSAT8BSATlTl8Tltfreqtfreq~wtjiran)/(RHDIDi;

/I eddy current loss in watts, uses iron weight of machine 81
i2r z2.OSSSF~dsONRHDPI8 U1+ 2.30941P[8(r+g)8P/p) l1stjsl(r~g~lls;

/I stator copper lose in watts I/
i2rr z2.O1RSFldr~rIr~jr~jr1CRRO1Pl8 Q1 + 2.30941Pl~r/p);

/S rotor excitation losses, 1-12-67 1/
peeff %dhpl)dhp + ph + pe + i2r + i2rrl;
printf)'\n Sustained speed efficiency is %If", peeff);

printf('nWhat is the endurance speed machine horsepower? ;
rcinf(*Xlf', &dhp);
dhp 82 746.0;
printf ('What is the endurance speed machine rpm? ')I
scanf ('IM4, liperpe);
peis =jsldhp/minpor; A8 PH stator current I/
freg a pmrpolpl60.01 /S Ima ele1ctrical frequency SI/
xs=(HUtjs$SSFIlrsg)8(r+g)8ds8PI~ls S (112(xit + xs5 + us7)I(PI1Sgp) + xanal))

/(I29r8R~ks(I)); /A p.o. synch impedance I/
tafasqrtit + xsxs, + MOM)0.; /1 0.6 is sinlr), pwr factor angle,

eaf is p.u. internal voltage at full load I/
Jrataflirnl; /I jr fall load, linear with oaf I/
ph - 31 .662258BETA~f reqSBIfSHllwt iron/fl;
pm a (106236.98WU8DSATlD9AT8Tl8Tl~freqlfreqtwtjiron)/ (RHOID);
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12r a2.OISSMOdCICR~Pll (I + 2.3O941Pl1(r+g)8CP/p) 1jsljv1(rng)1l3;
i2rr a2.OlRSF~dr~r~lr8~r~jr1CRHOIPI1 QI 4 2.3O94$Pllr/p)l
peeff *dhpl(dhp * ph + pe + i2r + i2rr)I
printf(~n Endurance efficiency is %If', paeff);

printf(\n~ame mahine? 1);
scinf('1d*, &f);
if (I to 0

continul;
else if if *a2)

break;

/I end of f-oop I/
/3 end of #-loop I/
A6 end of sain program I/

double find -siv(l, r, g, Os, dcore, Is)
double 1, r, 9, ds, dcore, Iii;

double one, two, three, four;

one z(r+q+ds+dcorell(r+q+ds+dcore) - Ir+g)#(r+g)l
two a 21PI1(r~q)1ds9lm;
three (r+g+ds4dcore)$(r+94ds+dcore) - (reg+dsll(r+g+ds);

four lI(Pl~ons - two) + P114$(r+g~tthree;
return (four);

1566



00t

Appendix C. Permanent magnet machine

The equivalent circuit for a permanent. magnet machine

is almost identical to that of a synchronous machine. The
only difference is the source of the internal voltage, which
develops the field flux wave that interacta with the arma-

ture flux wave. The field flux wave is a result of per-
manent magnets built into the rotor to develop magnetic

poles.

A typical magnetic circuit, combined with Ampere's Law,

shows

, - Hmlm + HRg Ni

AA.

I - A

Figure 40. Typical magnetic circuit

We use a constitutive law of B = PH and assume that any

steel has P = w. If flux leakage is about zero, BmAm = BAg
since flux is solenoidal. Then,

Ni - Hg P oHg Ag
im - and Am = ---------

Ha Bm

The magnet volume is

VM =lm Am (Ni- Hgg) -Poa Hg -AgVm~~H --I A

Minimum magnet volume occurs when the magnet's maximum

energy product (MEP), HmBm, is a maximum. If current is
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zero and only magnitudes are used,

PCi Hi. Em

The load line of the magnet is developed as

Im g Bmi... = .and

Elm lm AtS..-=•o-Pc
PC g Am P

The permanance coefficient, Pc, is the slope of the load

line. On a magnet diagram

r-oad 

line

Figure 41. Magnet operating point diagram

A good algorithm for machine design is to adjust the

geometric dimensions to operate at the MEP, on the load

line. If operation at MEP is assumed, the needed slope is

determined, the dimensions are randomly generated, ACHg is
calculated, and the design is maximized for PoHg and mini-

mized for magnet volume, then a search technique has been

delineated.
Magnets may "overhang" the active length at either end

to account for manufacturing imprecision and to permit a

smaller armature diameter. This overhang affects the

developed flux.
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$teet -

Figure 42. Permanent magnet machine diagram

The flux per pole, 0, with overhang and a given Ja and Jm,

is the same as would exist in a configuration in which
Ja' = Jm' = Ja + ND and there were no overhang. N is a non-
linear parameter promulgated in graph form by Ireland (33].

A good power fit for N is

8Jm
N 0.38558 (----)O..O7S1

D

SJm
where - overhang and 0 1 overhang 1 0.34. Then,D

Ja rJm
•,D D

Y =------- --- and Owvth = OW/o Y
Ja• Ja + N
D

This flux-with-overhang is applied to the problem as would

bs the usual flux. What is the usual flux? A permanent
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magnet hysteresis diagram shows the rosidual flux density to

be defined at a single point. B

M

H

Figure 43. Permanent magnet hysteresis diagram

The magnet does not operate at that point, but rather

on the load line. Also, there is not magnet material at

every point along the circumference of the rotor. A Fourier

series is a good way to find the flux-without-overhang.

Using a developed rotor,

M

P

wr•

L

Figure 44. Magnet material on a developed rotor

PM = Bd
wr p wrSir = - -- -
wr/p -T r

Sn nW X 2wr
B(x) FZ An cos( ), T

n=1 T p
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A" T1B(x) cos n----- dx for n =1, 2, 3..
T Jo T

B(x) Bd for 0 x I (wr lr/p)

0 for (wr lr/p) S x I (wr/p)

Bd for (wr/p) S x I (wr/p)(l+lr)

0 for (wr/p)(l+lr) I x S (2wr/p)

After integration and manipulation,

2Bd wir w Ir
An = - [ sin( ---- cos(----) + 1)

w2 2

The equation represents only the fundamental term of the

Fourier series. The flux-without-overhang is

2Bd - ir w ir xp
Br ---- ( sin(- r - cos(--I--) + 1] cos(--r-)

W 2 2 2r

As is usual in steady-state analysis, the magnitude is used.

The next quantity to find is Bd. If the magnet

operates on the load line, the operating point flux is

Brem
Bd = where Pr is the relative

1 + Pr/Pc

reversible permeability of the magnet and Brem and Pc are as

previously defined. With this relative permeability, the

magnet length is lm = g Pr. The magnetic machine can now be

specified. An end view with dimensions is given in Chapter

Four.
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Table 40. Listing of permanent magnet machine design program

finclude 'stdio.h'
*include 'def.h'

/1 program name. pmm.c for permanent magnet aachines $1

long int seed; 18 start point for rai~dom number gencritor V/
double bH101)[271, h(ll])27), ks[WW;

/I b is 'best' array, h is 'hold' array, ks are winding factors 8/
main')

double designpointo, rndwalk 0, swi(, ke, kv, ks, minpur,
stepoize, random(), absil), freq, rpm;

iet p, iteration, i, j, best, printout(0, loops;
FILE Ifopen(), Ifp;

printf('\nReading input data from PHN.DAT .. )I

fpzfopen(pmm.dat','r'); /I input seed for random numbers I/
fscanf(fp,'%d',&seed)t
fscanf(fp, 'Zdl, &p); i3 input number of pole pairs 1I
fscanf(fp, '"l1', &iWnpor); /I input machine power, derived fe ASSET I/
minpwrl=746,0; /I convert to watts $I
fscanf(fp, 'Wf', &kW); /I CERs for Effective Weight I/
fscanflfp, 'ZIW, &kv);
fscanfifp, '%If', tke);
fscanf(fp, '%If', &rpml); / machine sax shaft rpm I/
fcloseifp);

printf('\nHow many loops do you want? 'I;
scanfi'Zd', &loops);
printf('\n\nDoing program calculations . . .\W);

for (iQl; i ( 09 i+z2) IS harmonic winding factors I/

kslilosofli);

freq:rpalp/60.Oi I$ max electrical frequency I/

/I MIN IODY OF THE PROGRANI /

for Uil; i (: loops; ++i1

printf(W\niaZd6, 0;I

steplizelO.1;
iterationsO;
designjpoiat(minpw, p, ke, ky, ke, freql;

/S put stuff in the hold array I/
while (iteration (t 101

rndPlbk(@inpwr, p, stepsize, ke, kv, kb, freql;
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/S stagger around 81
best=0; /1 index to best EN of the lot I/
for (j~1; j(=10; ++j)

if (hlilliB] h~beot]CIO])
best--i; /I find the best machine I/

if (abs((h[0](18] - h~bestll(8])/(hCOHIIBJ+.0Ol)) ( 0.005)
/S small improvement. in E SI/
/1 0.001 takes care of div by zero I/

stepsize/=2.0;
++: terition;

else /I transfers best to (~position I/

for (1:1; j (-- 26; ++j)
h(D]Cj] =h~best](j];

for (j:1; j (= 26; ++j)
b~i]Ejl::h~best]CjI; 11 keep the best machine I/

best~i;
for (i~I; i ( loops; 00i

if (b(i][18] ( b~bestlItI8D
bestst; I3 find and keep the best of the beit I/

minpwr/:746.0; /I turn back into hp I/

print~out(beitt, p, ainpw.r, ke, by, kin, rpm);, /I output to disk file I/

fp~fopent'pmm.dat','); 3S output seed VI
fprintf(fp,%dl, seed);
fprintfifp,kn~d', p);
fprintf(fp,*\n~lf, sinpor);,
fprinti(fp,'\n~lf, be);

fprintfifp,'\nIf', kin);
fprintf(fp,'\n%'1f% rpm);
fcloselfp);

/S EWE' OF HAIN PROGRAMN; ALL THAI FOLLOW ARE FUNCTIONS $/

Joubim designjioint(iinpor, p,bke, by, Sm, freq)
/I deternmines a random design point I/

double hinpor, be, by, kS, freq;
int pi

double r, is, Is, Sr, icore, di, g, w, 1, , kvita Ph, "etml,
pe, i2r. vol1 Nt, effcy, ow, xsIi xs5, ns7, xsii, Is, volnag,
bd, findilr),, co, siv, scc, riv, lo, do&, findsivO , wtjironj

ent~rn double sqrtoi, ran~osl);
int. cz0, I0;

while (d !x 1)
wh~2e (c !X
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rrrin do@m() IRMAX;
if It21Pl~r~freq/p) MfAXTIPSPEED) /I check rotor tip speed V/

breil;

w:2lP~lfreq;
bODRERM/ + HWR/PCI; /1 air gap f1dN, operating point, from magnet

characterlstiLS I/
lr~findjr~bd1) /I find maqnet slot factor 11

while ic 1) /1 gap dimensic'n 9/

q~raridomOS(O.I1r - G31N) + HINII
if (q ) 0)

break;

lm=g3IMP; A3 radial length of magnet, see P11-8, 12/15/86 11

Isg-rindoaM0l.5 + 0.25; /1 stdtor slot factor It
isarandomOUJSfAXI /3 full load stator current density I/
dcore=(bdS~rvlml)RISAT~p); /I bvck iron depth 1/
ds~randosMO0.9$dcore; /$ slot depth < 901 of body depth I/

xslkksEll1kstlJ;

xs7=(ksl7i1ks(7]1W9;

I il23(vl + xs5 + xs7MIPIjgjp) 4 uu&Dl)) 12(r+lml$bdtksXH);
/V p.u. synch impedance I/

if UvS ) 3.0)
continue;, /I don't want us too big I/

else
++d!; /I my escape hatch -- mission complete I/

I['ýminpwrlp / (2lbdlwlks(l]3 (ý-vlm) SSF~dsdPl3(r+g+lii)tlsujsIPFl;

/A active leungth S/

va=2IPl~lr+',m)l33wbdiks(il]js3SSF3,'rvg+lm)3ds3Is/p; /I VA rating I/

siv =find sivil, r, g, ds, dcore, Is, Is); At stator iron volume I/
riv = 3$Pltrtr; /I rotnr iron volume It

sv=2$Pl1(rv+lmia)ds1Is3(l + 2.3094SPl(r4'gvlm)tCP/p);
/A stator copper volume 1/

coo a scYIDCUI /S total copper Weiht I/
lba = 1 4 4Sr+g~lal; /I ltiqth-over-all $/
doaa 29Ir+gtlm+dsfdcore)i /I over-all-diameter I/
vol a VOLALL1(loa8Plidoatdoa/4); /I machine envelope volume V/

At a TALLSIcw + D$(BRNKS~riv + siv)l; /I machine weight Iný kg V'
wt iron x Dlriv + siv); /I iron weight only I/

ph a31.862253BETA3frvq3DPl3HCI3wtviron/D;
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AC hynteresis loss in watts, uses iron weight of machine t/

p. (10623b.9INUCBSATIB9ATSTIITI:Ifreqlfreqlwt~iron)/(RHOSD);
It eddy current loss in ýmatts, uews iron weight of machine It

valmags2SPl083rllm1r; /S magnet volume $/
wtsig~volmagtDMA6; /I magnet weight I/

i21 2.O3SSF~dsSCRHPI01 I C + 2.:30940P10+9~+1010lp) Sjsljst(r~g+Im)l1s;
/IS tator copper lost in watts 1I

/I revised 1-12-871/C

effcy--Iuinpwr)/(minpwr + ph + p. ý 12r)l

ewzwt + kstwtmag + kel(l-effcyi t kyS(vol + kmtvolmag);
AC Effective weight I/

hICJIh1zjs; h[0H2U:req; hL0][3]ow; h(OJ(4Jzr; hl03C512g1
h(0]tfd3dcore, hC0flh)zds; h(0]E8Julm; hCOJC932ls; hCO]Il01alr;

hIO(201[2O tmag; h(0](211;vyalmag; h[0H122]uxs;
h[011231=0.0; /I this one makes overhang:0 t/ h(O]1241--bd; h(0][T251mia;
WI0E26J=doa;

IA this section juast changed all the variables in the 'hold' array I/

return;

double rnd~walklminpor, p, stepsize, ke, kv, kin, freq)
/I wAlk about design point 10 times I/

doubls stepsitt, ainpwr, he, kv, km. freq;
int p;

double r, ic, Is, In, dcore, ds, g, w, 1, xs, va, ph, pe, i2r,
vol, wt, tffcy, ew, xsI, ks5, Ws, isal, Ism, volmag, wtmag, bdi
findIn)), find brU, hr, overhang, Irat, cw, Sly, scy, niv, lam,
doa, find~sivi), wtjiron;

entern double sqrtO, ranfomOf;
int izi, j, ChIEck, cci;

while 4 (z 10)

/I read in tt *alk around the design point I/

isxh[01ClI$1l + stepsizelirandom() 0.5))l
if U~S ) JSNAI

js a JG114; IA reset to limit I/
w'21PI If eq1
rch(0]CSIC(l + stopsizkC(random(1 0.5));
if ((wtrlp) ) NAXTIP SPEED)

1 63



conLin.~e; /1 go to next try if violiated 1/
g~h(O]l5]$(I * stepsite$(ranooe() - 0.5));

if (9 (GRIN)
gm6PIN; IS reset to the limit I/

overhangurandoeo)l0.34; /1 maiic nsbar '0.34' from the book
on permanent magnets by James Ireland.
Mhe effect of overhang 4a to concentrate air
gap flux, or reduce leakage. S/

]IIQSNURI I/ new Ia, based on the neu 9 V
bd:PREN/(l + OUR/PC); /I magnet operating point flux density I/
lrafind r(bd); /A find ne Ir I/
lsahIO]E91111 + stegsizelirandoa() - 0.5));

if (Is) 0.75)
Is=0.75; I$ reset to the limit I/

if (Is ( 0.25)ls,0.25;

for Ij=l; j (- 10; +fj) /I mjlgiet char converqenco loop S/

lrat2I/(21(rq+gIs));
br~bdnfind-br(nverhang, (rat),

/A find effect of overhang on air gap flux I/
dcnre=(br1(r+ll)/(BS9Ttp); /1 most efficient use of iron I/
dszhl0][ITl4ccre/([0][6Jl /I keep them in tne same ratia

is upon exit fm designpt I

xszks[¶]'ks(l];

xsSt(kx,5]$ks[5]/251;
xs7=(kA[7]Sks[7]/491;
xsai=M(SskPSds/i18);

xs:(NgUjsSSSF8(r+g+lm)S(r+g+l)IldsSPltls t (12$(xs: f xs5 * xsT)/(PI$g1p)
+ 4sa&))M(121(r+lI)1brlk%[lD);

/A p.u. synch impedirce I/
l=(linpwrlp),!, 21drlklks!I]t(•xnml•SF~dsSPIl(r÷gtll)8IsliPF);

/4 active leugth I/
/I end of magret char convergence loop 1/

if (xS 3.0)

+#check;

if (check ) 25) /A can't closp on decent is I/

for (ccjsi; ccj (a 101; tccj)

h[ccj I(I81lI%000'0.0O

A1 sake .nis random walk undesirable I/
printf( burp');
break; IS go to next design point I/

cuntinue; IS can't have xs too big I/
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vaa21P11(rtlm)tll~wbrlks~)tIsSStirvgvlmlldstllsp; /I VA rating I/

civ =find,%iv(l, r, o, di, dcore, Is, Ia); 1$ stator iron valuer 1;
riv xln0l1r~r; It rotor iron volume I/
scv =Sll~ta)d~st + 2.1O94t1l*(rig410101Ppt;

/I stator copper volume I/
Cw stlcvtD; It total copper Oeight I/

loa I + Ofir+qflal; IS noth-over-4lb I/
doa 21(.-++lo+dsidcarWd; iSover-all-diaseter I/
vol 2VYCLALLI(loa~lldoaldoa'4); /I machine envelope volume 11

wt W TAUI.S(cw +DUMMRNGSriv 4 slvfl; /I machine weight in kg It
wt iron a Wriv 4 sly); /A iron weight only I/

ph 31.86 ).510E1AdfrvqSDRISHCISwt~ironDI
/I hysterp'sis lost in watts, uses iron weight of machine I/

pe (to6236.9SNUBSsATIBSATdTlST11freqtfreqswt~iron)/(RHOID)I
/I eddy curret Ivis in watts, uses iron weight of machine I/

vnl4aVn2IPllrlibl.OPoverhangn12I(rfgtlsll))SIIllrI /I magnet volume I/
wtmaq~volmagIDflAG; /I magnet "eight 11

i2r 2,QSsFdIAScRIJaPIS 11 + 2.30941Pl$(r+g+ls)tCP/p) sjSrgIm8;
/I stator coplivr loss in watts SII

It revised 1-12-87 1/

effc:(mp~A(m~pwr+ ph + pe + i2r);

ewzwt + kolamag + kel(l-efcy) + kv$Ivol + kelvolmag);

IS Effective weight I/

bli]C201zoitmag; hhi)(211svolmag; hliIL22]xxs;
n~i ](231J-overhang; h(i )C241mbr; h(l 3t21]sloa; h~i ](26]zdos;

/I this section just changed all the iariables in the 'hold' array I/

++i; /I go to the next hlill] $I
checlo;

return;

printpiut(best, p, minpwr, ke, kv, ka, rpm)
mnt best, p;
double minpior, ke, kv, kin, rpm;

char outfile[14];
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FILE 14po, 14openli;
mnt i;

printf('\n~hat is the name of the file- where you want the output? )
scanf(1s', outfile);

fpoafnpmn(outfile, IV);

lprintf(fpo,'Zd', pi;
fprintf(4po,"\n~lfl, ainpwr);
fprintf(fpo,\nIf', hel;
fprintf(fpo,'\n~lf', kv);
fprintf~po'\n1If', hi);
fprintf(fpo,o~n~lf'1 rpm);
for Qmi~ i ý= 26; -i)

fprintflipo, '\n~lf*, b~bestta)I);
#priWtf (pa, \'W);
fcloseifpo);

double find lrIrbr) At bracketing 8
double br;

entern double cosfl, sinif;
int. c--O;
doL'le lr=O.5, topsl,O, tbrO.09 ate'), 5tanO.O;

while (c'zl)

tbr:-(2$DREMA (sia(O.W!IHOr - cos(O.61PIS~r) + 1.OM)P1;
if (abs((br-tbr)/br) ý= 0.001) /1 check for convergence S

break;
if (br ) tbrl

btmxlr;
lrzbtm + (top- hte)/2.O;

else it hr (tbr I/

topmlr,
lrtbts + itop-bta)/2.O;

if (abs((op-lr)/top) (z 0.0005) IA no convergence VI

priatf(\n~llf, 1r01
abort~na solution for lr');

return(Ilr;
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double find br(overhana, Irat)
double overhang, Irit;

extern double pow())
double expon=O.7O61335Ol, factorsO.385576838, efin, yyy;

it enn is Ireland's N, yyy is Ireland's V I/

enn zfactor $ powiaverhang, expon);
*1 yyy a Oat + overhang)/(Irat + enn);

return lyyy);

double find -ivQl, r, 9, ds, dcore, Is, Is)
double 1, r, g, ds, dcore, ds, Is, IN;

double one, twoo, three, four;

one (r+g+ls+ds~dcore)Slr+g+lm+ds+dcore) - (r+g+l9)8(r+gpls);
two '28PI8(rvg+l.)3diss;
three c r+g+l.+ds+dcore)$(r+g+II+ds+dcore) - tr+g+lo+ds)$(r~g+lo+dd),I

four zII(Pl~one -two) + P[141(r+g+le)lthree;
return (four);
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Tab1,, 41. Listing of permanent magnet efficiency program

tinclude 'Stdio.h'
#include 'def.hl

/Sprogram name: peff.c to find effic~iency of permanent sagnet machines I/
/I works with a tingle machine I/

maino(

FILE Ifopenli, lfp;
double r, is, Is, Ir, dcore, ds, dr, 9, w, 1, xs, Is, kin, igmff;'I.O,

vi, ph, pe, i2r, vol9 wt, effcy, ew, nil, xs5, Wt, xsal, ks(S),
siv, riv, wtjiroo, findsivi), pineff, pq44 tiff, pgjs, psis,
porps, geff:O0.98, pceff=O.99, gr, dhp, rpm, 4inpwr, he, kv, freq,
wtinag, volmag, overhing, bd;

extern double swf 0, sqrtol;
int e-01 f, P, :;
char infile[14J;
siv find -i vii, r, g, dt, dcore, Is, I10; A3 stator iron volume I/
riv lIPI0r1r; It rotor iron volume VI
wt-iron 2DIlriv + siv); /I iron weight only I/

printft~nCalculates efficiency for a tingle machine.\n');
while (e !-- 1)

f =0;
printf(What is the name of the input file? )

scanf ('Zn, infile);
fp =fopenfinile, 'r');
fscanfifp, 'Wd, &p); /I input number of pole pairs I/
fscanflfp, 11i", toinpwr);
minpwr $a 746.0; it now in watts I/
fscanf(fp, 1Wf, tke);
f~canflfp, "ZIP, k60;
fscanf(fp, 1Wl), Usml;
ftcanflfp, 'Wf', &rpm),,
fscanf(fp, 1Wf, kit);
fscanflfp, '%If', tfneq);
fscanflfp, '%If', Win;
fscanflfp, *.%IV, Wr1
fscanf(fp, 'Wl', kg);,
fscanflfp, 'hf', kdcore)l
fncanflfp, *%If', Ust);
fScanfMP, 1W), kim);
fscanf(fp, *%If", kIt);
ftcanflfp, '11P, kHin
fscanf(fp, 'ZIf', kvai);
fscanf~fp, '%If', kWt;
fscanf~fp, Xl)', kph);

fmCAnftfp, '%If*, kpe);
fscanf(fp, 'ZIf', ii2r)l
ftcinf~fp, 'WI" kna);
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fscanfIf p, InlfI, &if fcyl;

fscanf(fp, U,~C
ficanf(fp, 1%141, W6l);

fscanfifp, 11le, &V4olmagt;
ficanf~fp, *IIP, kaSi;
fscanfifp, '%If*, &overhang);
ficanflfp, *%If', 00dl
fclose If pl

while If != 1)

printfl'\nghat is the sustained speed machine horsepower? *)I

dspfit(a t is:~ tdhe usaie speed machine rpm? :etI); rqunyS

pas=jsgdhp/sinpwr; It PH stator current I/
ph z3l.86225$BETA~freqSBRI$HClvt~iror.ID;

IA hysteresis loss in watts, uses iron weight of machine I/
pez (106236.9*NUIISATSBSAT$TISTI$freqlfreqvt~iron)/(RHOSD);

/I eddy current lass in watts, uses iron weight of machine I/
i2r =2.O1SSFIdsISCROSPIO (I + 2.3094$Pl1(r+9+Im)1CP/pI 1jstjs1(r+9+lm)1ls;

/1 stator copper loss in watts I/
peeff = dhp/Idhp + ph + pe + i2r);
printft'\n Sustained efficiency is %If', poeff);

printf(\~n~nhat is the endurance speed machine horsepower? I);
scanflhlf', WdhpC;
dhp 1-- 746.0;
printfl'What is the endurance spieed machine rpm? ')I
scanf(Ollf', ;pmrpml;
pmirs jsdhpiminpor; IA PH stator current I/
freq pmrpmlplbb.O; IA mx electrical frequency I/
ph z l.B&225SDETA~freqSBRlIfKltwtliron/D;
pe z 106236.9S$lJSBSATSBSATSTlllh~freqlfreq~wt ironlI(RtfOID);
i2r a 2.0115SF~dsOCRIIOSPIS (I + 2.30941PI1(r+9+Im)IICP/p) ISjsIjs1(r4g+Im)Ss;
pneff xdhpl(dhp + ph + pe + i2r);
printfl'\n Endurance efficiency is %IV, pmeff),;

printfl'\n~ame machine? I);
scanf('%d', &
if UCf 0)

continue;
else if Cf ::21

e~l
break;

/$ end of f-loop I/
/I end of e-loop 81
IS end of main program 1I
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double find~siv(I, F, q, ds, dcore, Isp s
double 1, r, q, ds, dcore, Is, 16;

double one, two, three, four;

on -rql~sdat$rgi~sdoe (r+g4ioe$(r+g~la)l
two 21P11(r+q415)Ids111
three 1 (r+g4ls+ds+dcore)tlrgq+li+ds+dcare)-(~+edshrQl~I

four --II(Plion@ - twa) + PUI4$(r+q~ls)Ithre~l
return (four);
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App6ndix D. Induction machines

The equivalent circuit for an induction machine is
shown in the figure.

.bOQ91

Figure 45. Induction machine equivalent circuit

The stator leakage reactance, X1, is the sum of the

stator differential leakage reactance (Xsd), the stator slot
leakage reactance (Xss), and the stator end turn leakage
reactance (Xse). In turn, Xsd is the sum of the belt and

zig-zag roactances.
The rotor leakage reactance, X2, is the sum of the

rotor differential leakage reactance (Xrd), the rotor slot
leakage reactance (Xrs), and the skew leakage (Xskew). Xm
is the magnetizing reactance and Rc is the core resistance.
RI and R2 are the stator and rotor resistances, respec-

tively.

A derivation of the properties of electric machines,
using Ampere's Law and the constitutive relation earlier

postulated, yields the result that

U Po 6 No' 1 r
flux = E ----------- kal co-(,t)

k=O
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T From this important stator inductances are taken.
Belt leakage reactance (Xbelt) is the sum of the reac-

tances due to phase-belt harmonics of an "infinite" slot

winding. In most machines, the most. important harmonics
• present are the fifth and seventh, as the third is canceled

in balanced operation. Then the belt reactance is

6 Po w No' 1 r kas 7

Xbelt = ----------------- ----- ) + (- )23

l1g P 5 7

This is the harmonic form of the fundamental mutual reac-

tance of Appendix B. The winding factor is again the
product of the pitch and breadth winding factors.

Zig-zag reactance 1.s leakage due to all the air gap
harmonics that would be produced if the winding had one slot

per pole per phase. For a phase belt of one slot, with each

slot carrying the same current and equally separated in time
and space phase, the zig-zag reactance alone would be

present. Belt leakage occurs because phase belts are ac-
tually several slots wide. Zig-zag reactance has harmonic

orders higher than seven, with the same form as Tbelt. No

even or triplen harmonics will be present.

The fundamental harmonic of the flux yields the mag-

netizing reactance, Xs, which can be viewed as that required

to "energize" the air gap.

6 eo w No 1 r kn
Xm =

Figure 46 shows a typical stator slot. The stator slot

leakage reactance, summing the self and mutual reactances,

is

18 w Po 1 NO' d2 d._ ns
Xss -- ----- ( ......-- + -- ) + pNP)

ns3  w2 2 ws 6
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where ns is the number of stator slots and Np Is the coil
throw, in slots. Np - (CP ns)/(6 p), a result available by

manipulation, W.

Figure 46. Stator slot diagram

Then,

3 w -o l1Nu2  d2 dsXss-----------(-.... +---------)( + OP)
ns w2 2 ws

and

(1 - is) 2w (r+g)
ns ----- --------ws

where we have traded the need for the knowledge of the num-

ber of stator slots for the need to know the width of an in-

dividual slot. A reasonable relationship between slot

dimensions is d2 = ds and w2 = ws. Then,

3 Jjo w 1 N.Z ds (1 + CP)Xss =- - - -- - -

is 2w (r+g)

The stator end turn leakage reactance may be estimated

by treating the two end regions as a single helically shaped

winding. If the active region of the machine is ignored and

the helix given air core properties, the inductance can be

found from standard sources.

-16w w ir;o rQ sinz (Ow/2) NrX pW r pffr
Xse ---------------- IP------)Kp'(--I-)eW2 le pa le le

where le is the combined length of both end windiigs.
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Presume the winding radius to be r. with helix pitch

Ow = n/3 and

le = 2wr tan(w/3) Np/ns

Ip' and Kp' are the first derivatives with respect to their

arguments of the hyperbolic Bessel functions Ip and Kp.

When the three phases are summed, a multiplier of 1.5 will

be realized. Finally, using the previous results for Np,

81 w P.o NaZrpw 2
Xse --= - w---------r--- Ip' (- )Kp'(-

pw2 CP tan(yr/3) le le

Stator resistance is R1 = (rho lt Na)/(As/Ns), as in

Appendix B, leading to

6 CRHO N. 2 (1 + 4(4/3) 2r(r+g) CP/p)
R1 -

SSF ds Tr (r+g) ls

When the actual calculation is performed, 1 is not known. A

guess-and-iterate scheme is used. Iteration continues until

convergence on 1 is achieved.

Rotor resistancn uses a similar scheme, but the

presence of rotor bars and end rings instead of turns

changes it somewhat. A model of a rotor bar is below.

W2

dr

Wr

Figure 47, Typical rotor bar configuration

Induction motor transformer models provide a way to

find rotor resistances and inductances. The flux density
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produced by the stator and rotcr is

Po
B---(F. +F'r)

g 3 No ak wo
The stator mmf is F. = -j ------------ Ti, where Ti is statorT P

current and w. is slip frequency. Rotor mmf is

Swo XQ Er
Fr -j-----------

where Zo is the rotor surface impedance. The air gap volt-

age, 3r voltage across Xm, is defined in terms of the flux
density and rotor mmf as

w 2pIN. ko
Vag -j --- -------------- Fr

If rotor mmf is now identified with rotor current referred
to the stator winding,

3 N. ke
Fr -j --------- 12, where 12 is rotor current. Then,

ITp

Vag ---- .....-...--------.-- I1
we wT r

Separating Ze into its real and reactive parts and using a
rotor surface model to describe the relation between rotor
electric field amplitude and rotor surface current yields

12 1 Nol kWa
R2 ----------------- rsot

nr

12 1 Naa ke'
Xrs ---------------- Xsiot

nr

6 Po w i Ni2 r kal 1 1

W g p+k*nr p-k*nr
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If magnetic diffusion is ignored, end ring resistance
can be calculated by comparing losses in the rings and slot.

The ratio of current densities is found by the ratio of the
areas. This is then squared and multiplied by the ratio of

volumes. When summed,

12 1 N@- km2 nr r wrR2------------------ri lot [i +-----------
nr ] ler p

rolot = CRHO/(dr wr), nr is the number of rotor bars

and ler is the and ring length, approximated as
ler = ? (r - wr/4 - ds/2). The rotor bar width, wr, is

found by specifying nr and observing that (nr wr) = (2w lir).

Rotor skew leakage arises when the rotor slots are

skewed angularly along the axial length to prevent rotor
cogging. Then, flux does not fully link the bars. When the
effect is integrated over the rotor, it is seen that

Xskew = Xm [i - (2 sin(skew/2)/skew)2] with the amount

of skew measured in radians. When typical values of skew
are input, we see that (Xskew/Xm) z 0.5%. This is a negli-

gible effect and will be ignored.

From the previous rotor bar model, it is seen that
xelot = w Po (d2/w2 + dr/2!,r). Assume that d2 = wr/4

and w2 = wr/4. Then xslot = w Po (I + dr/2wr).

Fitzgerald et al [23] state that only small errors

result if Rc is omitted. Therefore, the core branch may be

omitted.

Once the components of the equivalent circuit have been
calculated, the designer must turn to power and torque con-
siderations. The internal mechanical power of the machine

(1 - slip)
P -3 i22 R2

slip

The air gap voltage has becn previously defined. 'he ter-
minal voltage, Vt, may be found from Vag by means of a volt-
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age divider and a Thevenin equivalent circuit developed.

Rai Xat XL

Figure 48. Inducticn machine Thevenin equivalent circuit

j XmVla = Vt -- --. - -- -- -
RI + J(X1 + Xm)

Rel + jXel = (Ri + AXi) in parallel with JXm. Then operat-

ing point torque is

1 3 Via 2 (R2/slip)T =---------------------
w (Rel + R2/slip)z + (Xel + X2)2

Torque is a maximun when the power delivered to (R2/slip) is

a maximum. By matching load ana Thevenin impedances, the
power is a maximum and a slip-at-.aximum-torque is found

R2
Sma z = ---------------------------

(Rel + (Xel + X2)2 )0. 5

and the corresponding torque is

1 1. 5 Vla2

Tre x = ---.-- ............-------------------
w Rel + (Rel2 + (Xel + X2)2 )0. 5

Typical induction motors have the ratio between maximum and

operating point torque as

T
-0.55

Tm- 7
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which is used to find the machine active length to use in

the circuit component calculations, The equation for rated
torque can be manipulated to yield a quadratic excpression

for operating point slip, or a Newton's method uonvergence
can be used to find operating point slip. Convergence on

slip and active length through Newton's method is used to
gelnerate the machines of this thesis.

Finally, rotor copper losses are (1 - slip)P; stator

copper losses are found using Ii and Ri.
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Table 42. Listing of induction machine design program

6include 'stdio~h'
linclude 'defh'

I$ program name: ind.c for induction machines, 4/19/B7 I/

long int seed; /I start point for random number generator 1/
double b[2611333, hb([11333, xsC421;

/I b is 'best' array, h is 'hold" array, xs are winding factors I/
maino

double designjpoint(), rndwwalko, swfl), ke, kv, minpwr,
step~i'e, random(), abs 0, freq, rpm, ks[431;

int p, iteration, i, j, best, print out(), loops, flaq;
FILE $fopenO, 1fp;

printfl"NnReading input data from IhD.DAT ..

,p:fopen('ind.dat','r'); /I input seed for random numbers I/
fscanf(fp,'Xd',&seed);
fscanf(fp, "dU, ip); /I input number of pole pairs $/
fscarflfp, '%If', tminpwr); /I input machine power, derived 4m ASSET I/
minpirt,746.0; /I convert to watts I/
fscanflfp, 'Uf, Hbe); /I CERs for Effective Weight I/
fscanfifp, "%If', 4kv);
fscanf(fp, "UfP, &rpm); /1 machine max shaft rpm SI
fclose(fp;;

printf(i\nHow many loops do you want? ');
scanf(*%d%, •kops);
printfV\n\nDoing program calculations . . ,\01;

for tiil; i ( 42; i+=2) /I harmonic winding factors I/

ks~i]zswf(i0i

xs[i (sIks[i]Ske~il)/liQi);

freqzrpmlp/60.O; /S max ilectricil frequency S/

/I MAIN BODY OF THE PRO6RAII I/

for 1iz1; i < loops; ++i0

printf('\nld', i0;
stepsxze:O. I;
iteration2O;
flag zO;
design pointfminpmr, p, ke, kv, froq, &flag);

/I put stuff in the hold array 1/
if (flag z 1)

14O)[18) 10000000.01



best a0;

while ((iteration (a 10) && (;lag !: 1))

rnd-walk(sinpor, p, stepsize, ke, kv, freq);
/I stagger around I/

besta0; /S index to best EN of the lot I/
for (jai; Y:10I; ++j)

a( (hCjlIl9] ( 1.0)
continue;

if 0011181B ( hibestl(18l)
bestzj; /I find the best machine I/

if (abs(lhi0l~lBJ - hlbestl[lS01hOH1BJI ( 0.005)
It small improvement in EN Vi

stepsii/rm/2.0;

++i tier t tion;

else /1 transfers best to 0 position I/

for l(P1; i (= 32;- +j)

111031] zzh(best)[j];

for (ja1; j<= 32; ++j)
blililg]h~best3[jl; /8keep the beit machine I/

bestzl;
for iiz1; i (= loope; ++0

continue;
if (biii](111 < bfbest][18](

bestti; /I find and keep the best of the best t/

oinpor/=746.01 /S turi back into hp I/

print outilbest, p, minpwr, he, kv, rps); /I output tn disk file I/

fpafop~n1'ind.dat','w); /8output seed 8
fprintf(fp,1%d', seed);
fprintf(fp,"%n~d', p)1
fprlntf(fp,knlIf', mlnpmr);
fprintf(fp,'%n~lf', be);
fprintfClp,'\nZ1P', by);
fprintf(fp,'knZlf', rpm);
icloseifp!;

/11 END OF MAIN PR06RANI ALL THAT FO.LLDN ARE FUNCTICHNS V/

double design pointfelmnpur, p, ke, kv, freq, fla)

182



/I determines a random design point I/
double minpwr, ke, kv, freq;
int p, Ifli;

double r, Is, lr, dcore, ds, dr, wr, g, w, wo, 1, i2rr,
rl, r2, xbelt, xzz, xss, xse, xl, xrd, xrs,
$1, Vag, Vt, via, rel xel, tmax, radical, sb, ila, Jib,
x2, va, ph, pe, i2r, vol, wt, effcy, eN, Il, tsinpar,
sa, sc, cw, siv, scv, riv, rcy, lOai, doa, r2smax, ttmax;

double lIr, fl, f2, f3, slip, csax, jr, is,
ii, i2, xslot, wt~iron;

extern double sqrt(), random)), cosfl, sinO, cosh{), sinh(), vrat),
floor(), besip(), beskp(), tanO), find siv(), swfo;

int cslip=O, nr=71, ccrzl, ccg, ccscl, k;
w:21PI1freq; /t synchronous frequency in rid per sec I/
waxw/p; /I mech 4ngular velocity in rid per sec t/
I =10.0; It initial guess on length S/
tmaex einpwr/l(waSPSl); IA pull-out torque I/

while (cslip I= 1)

r:randonm(RMAX;
if ((2SPlSr$Ireq/p) (HAXTIPSPEED) /I check rotor tip speed I/

break;

lr:nandom()lO.5 + 0.25; /S rotor slot factor S/
dr:randoo(1$r/3.0; /I slot no deeper than 33Z of rotor radius 11
dcorem(BRSr)/(SSATlp); iS back iron depth I/
dsarandom()0O.9$dcore; /I slot depth ( 901 of body depth to start I/
g=randoul(O(.lSr - SHIN) + GSIN;
if (g ( SHIN)

9 S 6MIN;
ls=randomU)0.5 + 0.25; /$ stator slot factor I/
fl=O.;

f220.;
f3=0.;
for (k=l; k (100; +Ok)

fl, (l.I(p + kSnr)) S (1./(p k btnr));
f2 (]./(p - klnr)) I (l./(p - kSnr));
f3 +: fl # f2;

while (ccr (= 5) Ii start convergence loop on r I/

if (cE) 5) IS we've had trouble wist, ir I/

r Is jr/JSNAX;
if (r ) (MAX-TIPSPEEDIp/I))

r a HAXTIP.SPEEDIp/w;
if Ir ) R•X1)

r RHAIX;
Ir 0= jr/JSNAX;
if (Or) 0.73)

Ir z 0.75;

18.3



wr c(BIPl1lrSir dr/2.M/(41Pr + P10iSr, / rotor slot width I/
ler a 2Pl3(r - wr/14.0 - dr/2.0); /I end ring length $1

ccs aI!
while Icci 4m 5) 13 start convergence loop on ds and dr S

ccg 2 1
while fccg (n 10) it start convergence loop on l ength VI

ri z(b3CRHO3'l1 + 2.30943P1Iir4'g)3CP/p))/ISSF~dsSPl~tr4'g)31is;
r2 =(61WHl]CRIIO1I3U + (23rlr31r1/(lertplpll(I(Pllrtlrldr);
xbelt z 3W~lIMIJOW1ns5J + xs(7])/Pl~g~p~p)l;
xzz a(6tw313Mt13r3 (misl) +' ms(131 + niL)?] +' ns[l9] + xsC23) +

xsr291 + xsL311 +' xs[37] + xs[4lDl/(lPIgIpSpl;
xss l33NU~iw3)3ds3Cl+CP))/(1s323P1I(r~g)l;
le (Pl~rICP~tan(P113))/(3Ip);
xse c(27$w3IflUrlr(-baskp(p, pIPl~r/lelIbeszlpp, pIPlIr/leMl/

(PlIlelpipI;
xl = belt + xz +' mss + xse;
xrd = (6MU~w~l~ns~l]3rS#3)/(Pl~g);
xrs (6$xstl]3wtl3IolJ(wrý0,53dr))I(Ir3P13(r - (dr/2.0) - (W16.00);
x2 = rd +' xrs;
xi (6INU~w~l~rbnsil])/PlIg~pIp),
vag= 2WO3RIPltwfllso(/p, /$ air gap voltage It/
rel (xm~xiirll/(rl~rl + (xl+xes$(xl4'na));

/$ they equiv resistance $/
xel = UmSrl~rl +' xlixl + xllnm)l/(rltrl 4 m+ xlm4'il

43 they equiv inductance I/
r2seai = qrt(rellrel +' lmel4'x2)13(el4'2)); /I r2 at smax $1
vt vag/vrat(r2smax, x2, Xl, so, rnI;

/I terminal, voltage at smax I/
via (vtlxo)/sqrt((xl + xm)t(xl +' xi) + (011rM);

18 thevenin equivalent voltaee II/
ttmax (l.5$vlalvlal/(we~lrel+sqrt(rellrnl4'lxel+x2)3(nel4'm2) (i;

/$ test maximum torque I/
if (abs((tsax-ttmaxl/tiaxl (z 0.005)

break; A3 we have convergence I/
1 $= toan/ttiam; /I reset 1, reiterate I/
++ccg;
if (ccg > 101

Iflia I
printf('n flag sit on length');
return;

/I end convergence loop on length I/

ssax ar2/iqrtlrel~rel +' )mel4'n213(xel4n2fl;
slip uesaxl3.O; /I starting point for slip converge 1/.
cilip 11
while Icslip (2 j2j)

AS start convergence loop on slip 3/
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tainpwr (3lvlutvlalr2Islip'i((relvr2/slip;8(relvr2/slip) +
(xeIvx2) S (eI+n2));

if (abs(fminpwr-tminpwr)/ainpwr) (z 0.005)

br eA I /I we have convergence V/

/8 end convergence loop on slip $1

dr $- ir/JSMAX;
if (dr ) (013))

dr ar/3; A8 rebet to limit I/

ila (r2/slip)8(m+x2) - x21r2/slip;
jib = 2t(xavn2) + (r2/slip)1(r2/slip);
il vagisqrt(ila~ila 4 ilb~iIb)/(nut(x21x2 + (r2lslip)S(r2lslipMl
is (3.01il)/(PlS(rvg)1ds$ls15SF);

it (js > JSNAX)
ds 8z jsIJSMAX;

if (1js (= MSAD( R& (r (z JSMAI)
break;

++ccs;
/I end convergence loop on ds and dr S/

if (ccs (= 5)
break;

++ccr;
if (ccr >5)

$Ila -- ;
printfl'\n flag set on r');
return;

I /$ end convergence loop on r I/

/I calculations I/

isan r2/sqrtirellrel + hxel+x2)1(xel~x2));
siv find~sivll, r, g, ds, dcore, Is); It stator iron volume I/
ri ISPlSrl~r - 2$dr~lr); /$ rotor iron volume S/
scv 21PI1(r+g)1ds1ls1(I + 2.3O941P)S(rig)SCP/p)-,

/5 stator copper volume I/
rcv rwrldrS~r~l + 211cr); /S rotor copper volume I/
cN - (rcv + scv)1DCU; IS total copper weight I/
la x I + 41(rig); /I length-aver-all I/
do& 21(r+g+ds+dcore)l It over-all-diameter I/
vol aVYLALLS~oalPlIdoaadoa/4); /I machine envelope volume I/
At x TALLS (cw + DIhDRNGS~riv + siv)l) /I machine neight in ki I/
A t ron xxD81riv + siy); /I iron weight onljo 8/
ph g31.86225SDETA~freqSDRISHCl~wt~iron/D; /S hysteresis loss in oatts, uses iron meight of
machine t/
pm (101i23&.9SNhJSBSATSDBATSTISTI~freqlfreqlwt iran) / CMOD);I



/I eddy current loss in watts, uses iron weigit nf machine I/
i2rc:3,O1jlgiltri; /I stator copper lost in watts 11
i2rr --sliplainpwr; /I rotor copper loss in watts 11
vt -sqrt(vagquIlr~lSvaq+iI3rl) + iIU llSD1iltilh /I rated voltage I/
va : 1~vtoill IA VA rating at terminals 11
effcyz(minpwrflminpwr + ph + p. + i2r + i2rr)l; ewzwt + kel(l-effcy) t kv~voI; /I Ef-
fective weight I/

hlOH6]zdcorP; h(01C7]tdsi h(0118B]:dr; KOON9]~S; h[03tl0]Elr;
bCo][Il1:vol; h101112]:2t; hCOJ(131aph; hC011l41spel h[0l1l5Wzi2r;

b(0]121];smaan h(0C22lztsax; h[o](23]:vt; hC0l(24]:slip; hC01C25]zvag;
hC011261=rl; h(O]C27]zxl; h(01[281:ees; h(0][293:e2; h[l(l301=r2;
hCO]013=1~oa; h(01C321:doa;

/S this section just changed all the variables in the 'hold' array I/

return,

double red-walk(oinpoir, p, stepsize, be, kv, freql
/I walks about design~point 10 times I/

double stepsize, minpwr, ke, by, freq;
mnt p;

double r, Is, lr, dcore, ds, dr, or, g, M1 hag 1, i2rr, ili, ilb,
ri, r2, xbelt, xzz, xss, xse, xl, xrd, xrs, r2smae, ttmax,
1m9 Vag$ vt, via, nil, eel, tman, radical, sb, tainpwr,
x2, va, ph, pe, i2r, vol, wt, ef/cy, ew, le, cw, siv, icy,
Sao ic, riv, rcv, Ina, doa, jr, is,
len, fl, f2, f3, slip, smiA, ii, i2, eslot, wtjirrini

extern double sqrtt), random(), cosO, SiOO, cosho, sinhfl, vrato,
besipo, be~sbpf, WaO , fAndsivo, swfo;

i'it d, izl, ccg, ccr, ccs, nrz71, k, cslip;
f1=0.;
42:0.;

for (kxI; k 100; ++k)

f1 (1/p + WOnr) I (1.1(p + WOcr);
f2 :(lI~p - kior)) I (l./(p - klnr));
f3 += ft + 42;

while (i (a 10) It ten steps around the design point I/

/I read in the walk around the design point I/
*48SPIlfreq;
rahC0J14]S1 + stepsizel~randoe() -0.;
if ((wr/p) ) NA1_TIP..PEED1

continue; IS go to next iHoop if violated V/
gxhCOIC5JSII + stepsi zel (rmndom(0 - 0.50);

if (g ( SNIN)
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g:6IN; /I reset to the liwit I/
dcnre2(BR~r)/(BSAT~p); /S most efficient use of iron I/
ds~h[0JC711(l stepsizel(random)) - 0.5));
dr~h[Ol(8]*)l + stepcirel~random)) - 0.5));
if Odr ý r/3.0)

dr=r/3.0; /S reset to the limit I/
Ismh(0](9l8( + stepsizel(random())-05;

if (Is ) 0.75)
Isz0.75I /I reset to the limit It

if (Is < 0.25)
16:0.25;

lr~h[0JC1018(l + stepsizel~randos() - 0.5));
if Or > 0.75)

lr=0.75;, 11 reset to the limit I/
if (Or ( 0.25)

lrz0. 25;

we'w/p; it merh angular velocity 4n rad per sec I/
I=h[OJ(19]; /I length starting point I/

toax hU01122J; It pull-out torque I/

ccS 1;
rEir 11 /1 first time thru, no adi in r I/
while (ccr (z 5) /1 start convergence loop on r It

if (ccS >5)

r I= jr/JSI)AX;
if (r ) (MlAX TIP SPEED~p/w))

r = iAXJIPSPEEDI~p/o;
if (r > RHAX)

r =AMAX;
Ir I jr/JSMAX,
if Olr ) 0.75)

Ir =0.75;

wr (BIPlIlr~r - drI2.))I(4tnr + P11(r); /I rotor slot width I/
Icr :2IPII(r - hr/4.0 - dr/2.0); /I end ring length I/
ccc 1 ;
while kc~s (= 5) /1 start convergence loop on ds and drII

ccg = 1;
Whi~e (LCQ~ (;: 10) /1 start convergence loop on length I/

ri (61CRHII8( + 2,30948Pl8(r+gI.CP/p))/(SSF~dsSPl8(r+g)Stli;
r2 (&IoCISCHOSRIM + )2SrtrllrlItlerlplp)l)1(PItrtlrldrl;,
xbelt = (6tw8lI8M)JO8),53 + xsl7D1)/PII9Ip~p))j
xzz a )/j101INU~r8)Ns~ll] + xs(131 + xs(171 + xs[19) + umE23J +

oC29] + xsI3l] + xs[37] + WOM[43)/Pl891p~pl;
n's = 3SNUlw~llds8(l+CP))/(lsS28Pl8(r+g));
le (PI~rICP~tan(PI/3))/I(3p);
xse 1271wllII$UIr~rI(-bvskp(p, pIPlIr/lehlbesip~p, pIPlIr/Iem)/l

)PlSle1IP)p;
Rl 2 xbelt xz+ Mss4 o + nsej
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xrd = 8PllJ~w~l~xr¶AlJIrlf3)/(PlIq1;
xrs = 6$xs[l)8w181¶UtlwrvO.5)dr))/(lr8Pl8(r - (dr/2J., lo)rIB.O));
x2 = xrd + xrs;
xe (681¶U~w~l~r~xs~l])/(PlI9Ip:1p);

vag z 21rIBRIOWOlwfl/pi it air gap voltage 'I
rel = mxmhmrl)/(rlirl + lxl+xm)$(xl+nefl;

/I they equiv resistance I/
xec (xmI(rlSr1 + xl~xl + +~el(~r (xI+ne)I1xl+xe));

/I they equiv inductance I/
r2smax x qrt(rellrel + (xel~x2)1(xel+n2)); A8 r2 at smax I/
vt :vag/vrit(r:ssax, x2, xl, xa, ri);

/I terminal voltage at sinax I/
ýla (vtlxe)/siirtl(nl + xm)I(xl + xm) + (runr));

/I thevenin equivalent voltage I/
ttmax a(I.58vl1+tvla)I(wml(rel+sqrt(rellrel+(xel+x2)8(Nel+K2))));

At test maximum torque I/
if (abs((tmax-ttmax)Itmax) (= 0.005)

cg=1;
break; /I we have convergence 11

I3I tmax/ttsax; /I reset 1, reiterate I/
++ccg;

/I end convergence loop on length $/
if (ccs > 5)
break;
sinax r2/sqrt(rellrel 4 (xelvx2)1lxel+x2))l;

s li = lax/.0;/I starting point for slip converge VI

while lcslip (z 20)
/I start convergence loop on slip 1I

tainpwr 1 38v~alv~alr2/slipl/((rel+r2/slip)t(rel+r2/slip) +
lxel4'x2)$8(xel+x2));

if (absl(minpmr-tminpwr)/minpwr) (z 0.005)
break; /I we have convergence I/

s lip I= tminpwrlminpwr;f++slip; /8 no more than 20 trief 8/
/t end convergence loop on slip I/

i"=vag~sqrt((r2/slip)8Vr2/slip) + x21x2)/((r2/slip)Ilr2/slip) + e28x2);
jr 2(S8i2)/1Pl~lr~drtrSItSF1; /8 rotor current density It
if (Jr ) 36flAX)

dr Is jr/JSIIAX;
if (dr ) (r/3))

dr z r/3; /I reset to limit I/

ila 1r2Islip)S(xe~n2)- 2r/i;
ilb r 2140,~21 + (r1/sllp)I(r2Islip1;
il s vaglmqrtlilatila + ilklilb)/(eeWx282 + 1r2/hlip)I(r2islip)));
isa (3.08l)/1P$18r~q)Ids~ln8SSF);
if (js ) JSNAA)
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ds Ir ji/JSNAX;
if UJW ý JSMAX) Uk Or (z JSMAM)

break;
+$tc s;

/1 end convergence loop on ds anl dr Si
if (Iccs 0~ 5) 11 (ccg 10))

break,
++ccr;

/I end convergence loop on r I/

if ((ccg >10) 1, fccs > 5) ! cslip > 20) :1 (ccr 5))
1 /t no design convergence I/

for (@i; d 010O; ++d)
h~dEd]BBz 10000000.0;

printf('burp*)
break;

/I calculations VI
smax r2/sqrt(rellrel + (nel+x2)8(xel+x2fl;
siv )iid_,iv~l, r, 9, ds, dcore, Is.); 3S stator iron volume I/
riv lSP~lrt~r - 21drtlr); /I rotor iron volume I/
scv 23P15(r49)1d%$Is$Q + 2.30949Pl$(r+q)$CP/p);

I$ stator copper volume I/
rcv =wrtdr1(nr1l + 21ler); /I rotor copper volume SI
cw =(rcv + scv)$DCUi; /I total copper weight VI
loa 1z I + r+g); I1 length-over-all I/
do& 21(rng+ds+dcore); It over-all-diameter VI
vol =VOLALLS~oalPl~doaldoai4); to machine envelope volume I/
Awt WTALLI(cw +DIOBN6SS~riv + sin)); It machine weight in kg V
wt -iron =SP~iny + siv); I$ iron weight only I/
ph -31.06225$8ETA~freqSBRlSH~ltjo~ronlD; is hysteresis loss in watts, uses iron weight of
machilne If
pe (10b236.91NUBDSATSBSATSTltTllfreqgfreqlwtjiron)/(RHO$D);

/I eddy current loss in watts, uses iron weight of machine I/
i2r 3.01illillrl; /I stator copper loss in watts SI
i2rr s liplainpwri IA rotor copper Iasi in watts 1I
vt sqrt((vagnil~rl)$(vagnillrl) + (iW)MIlS Mi)nf; /I rated voltage VI
va 31vtlil; It VA rating at the terminals SI
effcy=Iminpwr)/(ainpwr + ph + pm + i2r + i2rr); ew-wt + ke$(1-effcy) + kvlvol; ISEf-
fective weight I/

hlillfi:dcore; hiiIE7]zds; h~i)CB.Indr; h~i]19]zls; h~iJ[I0)zlr;

h~iltlbJ'va1 h~iiltlllqffcyl htUiEU'lew; WH OM~l]; ho J1(203ui2rr1
h(i)(2l11ssai; h~i]C221stmaa; hEi1C22;Izvt; h~iIC24]tmlip; h~llt25Jzvag;
h~ilC26lar~l h[i)[271=xl; h~i]C281rxm; h~l]E293xx2; b(i)l30)ar2;
h(i)3C3sJloa; hli]C323rdoa;

/I this section just changed all the variables in the 'hold' array 1I
++iS

return 5



print~out(bed, p, einpwr, ke, kv, rpm)
int best, pi
double minpwr, ke, kv, rpm;

char outfile(l*J;
FILE ifpo, Ifopenfl;
int i;

printf('\n~hat is the name of the file where you want the output? I
scanf(Zs, outfilel;

fpozfopen(outfile, Y);

fprintf(fpo,'%d', p);
fprintf(fpo,'\nllf, ainpwr);
fprintf~fpo,"\nlf", ke);
fprintf(fpo,'\nlf', kv);
fprintf~fpo,*\nZIf', rpm);
for (i~l; i (= 32; 00j

fprintf (fpo,\n~e1,b~bestJ~iD1;
fprintf(fpo, '\n');
1closeIf pai)

double find sivll, r, g, ds, dcore, Is)
double 1, r, g, ds, dcore, Is;

double one, two, three, four;

one a (r+g+ds+dcorelt(r+g+ds+dcorel -- r+g)l(r+g);
tno z21PI13r+q)$ds$ls;
three ir+g+ds+dcore)1(r+g+ds+dcore) - (r+g~dosl(r~g~ds);

four II(Plione - two) + P1141(r+gilthree;
returnif our);

double vrat~r2smax, x2, ml, xa, I) /$ ratio of vag/vt I/
double r2smax, x2, Xl, us, ri;

nouble a, b, c, d, vrat;
extern doublr. sqrtll;

a r2%m~$(xs+xI) + rli1o2+xm);
b rltr2seii - omh2 - xl$(x2+xel;
c air2smax - b~x2;
d 'blr2ssax + alx2;

vrat (xUs~sqt~ck + d~dM)/lm~ + bib),
return Inrat;)j
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Table 43. Listing of induction efficiency progr~am

*incliude 'Stdio.h'
tinclude 'def.n'

A1 program name: ieff.c to find efficiency of induction machines I/
/I works with a single machine I/
laint)

FILE tfopenll, $fp;
double r, Is, Ir, dcore, ds, dr, q, wo 1, i2rr, va, ph, pe, i2r, vol,

wt, effcy, ew, siv, riv, wt. iron, find sivll, peeff, pqeff, tefi,
pmrpt, geff'0O.98, pceff=0.99, gr, dhp, rp6, minpwr, ke, kv, freq,
sgeff~l.0, wr, win, rI, r2, nl, Ka, vag, vt, via, rel, xel, radical,
x2, sa, sb, sc, slip, slip), 5lip2, some, it, i2, teen;

extern double Vqrtll;
int e=O, f. p, i;
char infile(14];
printfl'\nCalculates efficiency for a single machipe.\nl;

while fe 1= 1

f =0;
printfl'What is the name of the input file? 1
scanf(Zs', mufle);
fp --fopenfinfile, 'r");
fscanflfp, *ZW, tpl; /8input number of pole pairs I/
fscanfifp, "Ilf, Wmnpwr);
sinpor S= 146.0; flnow in watts I/
fscanflfp, "W'f, Uke;
fscanflfp, '%If*, Ikvl;
fscinflfp, *%If*, &rpm);
fscanflfp, "W"f Wil;
fscanf(fp, *Zlf*, &freq);
fscanflfp, '%If', &W;
fscanflfp, "Wf, Wr;
fscanflfp, "Wf, &g);
fscinf(fp, *%If*, Wdore);
fscanflfp, 'Ilf', &dnl;
fscinflfp, '%If*, Hr);
fscanf lip, '%Wf, Wsn);
fscanfifp, 'X1f, Win;
fScanflfp, '%If*, kVpl);
fscanf(fp, Ollf", kWn);
fscaof(fp, *11f, &ph);
fscanfffp, Il1f, &pe);
fncanfifpl 'W", U2r01
fscasfifp, '%If', &Val;
fScAnf Up, , IPJf, keWffcy);
fscanflfp, %Wf, kWO;
fscae~flfp, '%If,, W;
fscinf(fp, *Ifi, kirri;
focAeftlfp, "%If, kiman),
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f scanf(f P, IllfI, &vtma
fscanf Hp, *%If" ivt);i
fscanflfp, "Mi" &shp(;
f scani f p, "IIIf r &a) ;

fscanf HP, lf, Wil);
fscanf(fp, lf, We) ;
fscanf(fp, '%If*, ix2);
fscanflfp, 'WI', Wr);
fcloseifp);

ghjie (f !C )

printf)\rWhat is the sustained speed machine horsepower? I);
scani(Illf", &dhp);
dhp Ox 746.0;
printf ("What is the siistained speed machine rpm? I);
scanf ("IP, &pmrpel;
freq pmrpmlplb0.0; Al Ph frequency t/

via (vtlxm~tsqrt((nl + nMI(hxi + nil + (rltrlfl;
It theyinin equivalent voltage I/

rel z xmixslrl)/(rltrl + ixl+xm)$0vl'xh));
/I they equiv resistance I/

xel avm No lru + xIlnI + xllx@Mfhrltrl + (xl+xeM)S I+xmi);
/I they equiv inductance I/

sa =reltrel + (xel+x2)1(xel+x2); 4s pieces of slip quadratic 1/
sbz21rellr2 - (31IllvavIvair2/dhp1;

sc =r21r2;
radical =sblsb - 41satsc;
if (radical ( 0.0)

ahort(\nWot a negative rddical in the slip eqn.')l
slipi i -sb + sqrt(radicalIM(21sa);
slip2 i -sb - sqrtlradicalI)(2$sa);
if ((slipi ( 0.0) U& (slip2 ( 0.0))

abort('\nTmo negative slips.');
It now we will use the smallest positive slip I/

else if lislipi < 0.0) &t (slip2 > 0.0))
slip z slip2;

else if ((slipl )>0.0) &&(slip2 ( 0.0)i
slip =slipl;

else
slip =(slipt slip2) ? slip2 ,slipl;,

IA tslipamin(slipt, slip2) I/
if (slip )sean)

abort('\n slip is more than sman.1);
sly 2 find siv(I, r, g, ds, dcore, Is); 1I stator iron volume It
ni ISPE~rt~r - 2tdrllr); 11 rotor iron volume $I
ut-iron =DSIriv +siv); It iron weight only I/

ph =3i.06225SBETA~freqSBRiSHCI$wtjiron/D;
IS hysteresis loss in watts, uses iron weight of machine S

pe m(106236.9tNUSBSATUOSATSTU$Tllfreqlfreqwtvtjronl/(RHOID);
/I eddy current loss in witts, uses iron *eight of machine I/
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12 a srt((slipldhp)/(5$r21(l-slip))); /I load current I/
[! = i2 + vag/xi; /I i2 plus magnetizing current I/

12rx3,01illillrl; /1 stator copper loss in watts I/
i2rr slipidhp; I$ rotor copper loss in watts I/
pleff dhp/(dhp + ph + pe + i2r + i2rr);
printf('\n Sustained efficiency is %lf', paeff);

printfl\n\nWhat is the endurance speed machine horsepower? ()

scanf(Z14, idhp);
dhp 0 746.0;
printf('What is the endurance speed machine rpm? );

scanfl'1f', iporps);
freq = pmrpmsp/60.0; /I PH frequency I/
sb = 2$relSr2 - (Q1llvlalvlalr2/dhp);
radical z sblsb - 4fsalse;
if (rodical (0.0)

abort("\not a negative radical in the slip eqn.'),
slipt (-sb + sqrt(radical))/(2$sa);
slip2 (-sb - sqrt(radicalI)/M21sa);
if ((slipt < 0.0) 0& (slip2 < 0.0))

abortl\nTwo negative slips.');
else if ((slipl (0.0) U& (slip2 ) 0.0)1

slip = slip2;
else if ((slipl > 0.0) &1 (slip2 ( 0.0))

slip Z slip!;
else

slip = (slipI) slip2) ? slip2 slipl;
if (slip > sean)

abort("\n slip is more than smax.');
ph a 31.862251BETAfreqSBRl8NClft_iron/D;
pe - (106236.9$NU8BSATIDSATfTlITIffreqffreqlwtjiron)l/(RHO$D);
i2 = sqrt((slipldhp)/(1lr2f(l-slip))); / load current I/
il c j2 + vaq/xm; IS i2 plus magnetizing current I/
i2rxS.Olillillrl; /1 stator copper loss in watts SI
i2rr sliptdhp; /I rotor copper loss in watts I/
pieff * dhp/ldhp + ph + pe + i2r + i2rr);
printf('\n Endurance Pfficiency is Zf, peeff);

printfl'\nSame machine? l;
scanf("Xd', Wf1;
if (f :: 0)

continue;
else if If zz 2)

1

e %I;
break;

AI end of f-loop V/
/I end of e-loop t/
I1 end of main program I/

double find siv'l, r, g, ds, dcore, Is)
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double 1, r, g, di, dcare, Is,;

double one, two, three, four;

one lr+qsdssdcorelS(rig~dg~dcore) - lr+g)tlrtg);
two 2IPIS(rsql1ds8Is;
three ' r~qtdstdcoreflfr~gtds~dcore) - lr+q+dsll(r~g~d,);

four Il(Pitone - two) + PI*41(r+g)Sthree;
return (four I;
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Appendix E. Weight and volume algorithms

The ability to correctly characterize a new naval ship

technolcgy depends in part on the ability to calculate the
weight and volume associated with that technology. Algo-
rithms for this purpose were taken from a variety of
sources, including the Advanced Surface Ship Evaluation Tool

(ASSET) theory manuals. The ASSET algorithms are the rcsult
of data analysis for naval ships that have been constructed,
as well as studies for other ship designs.

The Ship Work Breakdown Structure (SWBS) categorizes

all ship weights. The general categories are:

WIO0 Ship structures
W200 Propulsion plant
W300 Electric generation plant
W400 Command and control equipment
W500 Auxiliaries and distributed

systems
W600 Outfit and furnishings
W700 Ship armament
WFOO Ship Loads

Within W200 are several sub-groups that pertain to
electric propulsion. They are:

W235 Electric propulsion devices
W235.1 Propulsion motors
W235.2 Propulsion generators
W235.3 Transmission lines and

propulsion cables
W235.4 Cooling systems
W235.5 Switchgear
W241.1 Locked-train-double-reduction

reduction gears
W242 Propulsion clutches and

couplings
W243 Shafting
W244 Propulsion shaft bearings
W245 Propeller weight
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ASSET allows SWBS groups to be adjusted in weight,
which allows technology sensitivity analyses, such as this

thesis, to be performed. Only a few of the W235 sub-groups
need to be calculated outside of ASSET and adjusted within

ASSET. These are W235.1, W235.2, W235.4, W235.5, W241.1,
and W243. The W235.1 and W235.2 weights and volumes were
calculated as part of the machine design. The rest of the
needed W235 weights were calculated in "wt.c", a copy of
which follows. These algorithms are the U. S. Navy
standard, and were verified against actual ships and com-

ponents.
Shafting and transmission line weights are dependent on

motor and generator positions within a ship. Their weights

and volumes were calculated from ASSET equations, using the
layouts of the baseline and variant ships.

Where no volume equation was found in the ASSET

documentation, or where the result of such an equation was

unrealistic, a literature search generally found enough ac-
tual equipment to permit a relationship to be empirically

determined. A linear scaling of such volumes provided

adequate results.
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Table 44. Listing of off-line weight and volume program

tinclude 'stdioh'

Idefine K 150.75 /I gear hardness factor S/

/I program name: wt.c, to find the weights of SNBS groups I/

main()

FILE Sfp, fopeni);
double xg, xe, zg, zo, pa, ni, no, grm, grg, np, dhp, on, ds, q, ne,

w235, w2353, w2354, w2355, w241:0.0, w243, 29840.0, xprop,
Mpc, vpc, ppc, wexc, vexc, Abrk, york, pm, v235,
v2353=0.0, v2354=0.0, v235S, v241, v243,

extern double sqrtf), pow()

printf(i\nThis program calculates SROS 200 weights for screen output.');
printf('\n\nWhat is the LC6 of the propulsion generator(s)? ');
scanf('Zlf', &xg);
printf('What is the LC6 of the propulsion motor(s)? ');
scanf('Zlf', &xI);
printf('What is the VC6 of the propulsion generator(s)? '(;
scanf('ZIf', &zg);
printf('What is the VC6 of the propulsion motor(s)? ');
scanf('ZIf', &z);
printf~lbhat is the number of propulsion generator(s)? ');
scanf('%lf', Sng);
printf('What is the number of propulsion motor(s)? ');
scanf('Ilf', &ne);
printf'*What is the number of gas turbines aboard? ")l
scanf('Zlf', Sne);
printf('What is the rated horsepower of each gas turbine? '1;
scanf('*Zlf'l, &pa);
printf ('What is the propeller rpw? *)I
scanf('Zlf', inp);
printf)'How much horsepower is delivered to each propeller? 1);
scanf('Zlf', Sdhp);
printf('What is 'he LC6 of the propeller? 1);
scanf('Zlf', Uiprop);
printf('Wlat is the gear ratio at the propulsion motor? '1;
scanf('Zlf', &ire);
printf('What is the gear ratio at the propulsion generator? 'I;
scanf('Zlfl, tgrg);

/I W235.3 Transmission lines I/
w2353 x 0.O00009$(ux-xg+zg-zm+27)S(pal746/30000)l /I LT, enhanced tI
v2353 = 0.06545S1xi-nj+zg-zi+27); IA cubic fnet, enhanced SI

It W235.4 Cooling systems II
w2354 0.26bpalngI2240; /I LT SI

v2354 = lO0,Ong; I$ swag I/
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w25 021ng+21m,/Ienhancedl ASSET, L1 / N h: c: ;

wpc =nall.551ppc/12; /I weight pwr conv, LT, Rnhanced ASSET I/
vpc z n@13401ppc/12; /I vol pwr cony, LI, enhanced ASSET 11

pa pa$746/1000000; /I motor rating in MW I/
waex -(ne + nm)$pow))ps/30), 0.3); It weight of exciters, LI, enhanced I/
vexc =7O1wexc; /I vol of exciters, ft'3 I/
wtrk =0.261palne; /I weight of braking resistors, LT, enhanced I/
vbrk 371polno; /I vol of resistors, Wt3, e~,anced I/

w235 w2353 + w2354 + w2355 + wpc + wexc + wbrk;
v235 =v2353 + v2354 + Y2355 + vpc + vexc + vbrk;

/I W241 locked-train double reduction gears I/
if (grg !t1.0) /1 there are pg gears, btw gt and pg I/

w241 =(1.571palpoA((qrg+l), 3.0llng)/(3600$gryIgrg~grgSK);
if (gre -1.0) /1 there are p. gears, btw p. and propeller I/

"w241 0' (l.571dhplpow((grm+l, 3.0)1nm)l(nplgrmlgrelK); I1 L SI/
Y241 =w241134.612; it cubic feet, ratioed fs FF67 I/

It W243 Shafting I/
ds 2.i52$pow((4.223471dhp/np), 0.333); /1 shaft diam, sq inches 1I
w243 =l.570B~ds~ds121(xprop - xe - 1.0)12240; /1 LT tI
v243 z0.01091lds~dsStUprop - xe - 6.0); I1 Wt3 I/

/I W290.1 LTDR operating fluids, additon to wt in ASSET 1/
if (grg !=1.0)

4298 =0.27$palng/2240;,
if (gre !z1.0)

w290 4= 0.273palne/2240; I3 LT I/

printfl'\n0n235.3 Transmission lines 17.21f LT X7.21f ft'3*, w2353, v2353);
printf)"\nW235.4 Cooling systems %7.21f LT 17.21f ft^S, w2354, v2354)1
printf)"\nW235.5 Sisitchgear %7.21f LT 17.21f ft^3*, w2355, v2355);
printf)'\n Power converter! X1.21f LI Z/.21t ft'3', wpc, vpc)j
printf)"\n Exciters 17.214 LT %7.21f ft^3', wNex, Yenc);
printf)'\n Braking resistors X7.21f LT %7.21f ftA31, wbrk, vbrk)j
printf)'\n\nW233 Electric propulsion %7.21f LI %7.211 ftl3, less P~s and PNs', v235, v235);
printf)'\nN24l Reduction gears 17.21f LI X7.214 ftA3', w241, v741);
printf)'\nM243 Shafting %7.214 LT %7.21f ftAV, *243, v743);
printf)'\nW2~9 Bear operating fluid %7.21f LI\n~n', w298);
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Appendix F. Advanced Surface Ship Evaluation Tool output

The output of ASSET is in text and graphic form. The

total text output for any particular synthesis run is more

than thirty pages. Following are several graphic outputs of

ASSET, showing the mechanical and electrical transmission

ships used in this thesis.
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Figure 49. Hull isometric view of all ships

iN

9%7

t

200



Figure 50. Body plan of all ships
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Figure 51. Plan view of subdivision in mechanical baseline
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Figure 52. Plan view of subdivision in rearranged electrical

ship
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