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VOLUME A - DESTROYER TYPE SHIP

SECTION 1

INTRODUCTION

This repcort is submitted in partial fulfillment of the require-~
ments under Contract N00014-77-C-0307 with the Office of Naval Research.

This contract encompasses three major endeavors:

1. The conceptual and preliminary design of electric propulsion
systems for two representative naval ship types with the intent
of providing feasibility and performance demonstrations of the

segmented magnet (SEGMAG) machine concept.

2. The preliminary and detail design and initiation of construction
of a 3000 hp/shaft twin drive test system,

3. The construction of a 3000 hp motor and generator originally

designed under a companion research contract.*

The two naval ship types referred to in (1) above are a displacement
vessel typified by an 8000~ton-class destroyer and an ocean-going
hydrofoil craft. In order to clarify this report, it is divided into two
major volumes: "A" relating to the displacement ship and "B" relating

to the hydrofoil craft. Both volumes follow the same outline, and in most
cases, the corresponding sections are identical. Thus, in order to
eliminate needless duplication, these identical sections are omitted

from volume "B" and reference is made to the identical corresponding

section in Volume "A".

The principal objective of conducting conceptual and preliminary

designs of SEGMAG machine propulsion systems for naval ship types was to

*
ONR Contract N0O0014~76-C~0619
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tesc the hypothesis that SEGMAG machinery would provide a lightweight and
efficient drive system, with the inherent arrangement flexibility and
reversibility associated with electric systems, To meet this objective,
designs of the system components and their interconnections were conducted,
and the operation of the system was tested by computer simulation. This
process was, of course, iterative, in that some of the system component

characteristics were derived from the simulation.

One of the first tasks to be initiated during this study was
to determine the optimum designs in terms of weight, volume, and
efficiency of the SEGMAG machines and their auxiliaries. After a pre-
liminary sizing of the principal drive components was accomplished, the
next logical step was to determine the required components and their
operating characteristics both individually and as a combined system.

An analog simulation study was then initiated to determine the types of
control systems that would be required and their vesponse during
maneuvering. One of the immediate probleme to be determined during the
system simulation was the method of absorbing the regenerative energy
during ship reversal. This became an area of substantial effort in the
study, since many of the system features were dictated by this maneuver,
The source of regenerative energy, of course, is in the mass of the moving
ship, and it is transmitted through the propeller and shaft to the motor.
The motor now desires to function as a generator which would transmit
this energy to the generator and drive turbine, if means are not taken

to prevent it, Various arrangements and types of equipment were
simulated, including mechanical brakes and dynamic braking resistors,

The simulation study permitted evaluation of the equipment schemes tested
and fixed the main components of the drive system and theiir inter-
connection., Tt also demonstrated that the basic control loop responded

favorably to various levels of output power.

1.1 Summary

The low power density inherent in the design of SEGMAG machites

is their most salient ch'racteristic. Exploitation of this advantage

RS I TR RRR T R ST R TR R e T e e
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directa one to marine propulsion systame not only becauss shipboard volume
i8 valuable but also because dc electrical systems provide equally
important advantages in control and arrangement flexihility. Although

the arrangement advantages were not utilized to their fullest possible
axtent in this study of the application of SEGMAG machines to the
destroyer type displacement ship, their potential is clearly evident.
Table 1.1 itemizes all the components of the electrical propulaion system
for the destroyer type ship and lists their volume and weight. A comparison
with a geared/CRP design is also presented, assuming a direct substitution
without rearrangement. Using a typical 352 hour mission profile,

the penalties in pounds for utilizing the ship's service electrical

system and the seawater cooling aystem are tabulated in Section 2. The
actual hardware weight of the basic electrical propulsion system and
vedpiate that would be substituted for the gear unit (and some of ita
eliminated auxiliaries) is lower than the gear unit and its bedplate.
Further segregation of the requirements of each system's components
increases the weight difference even more. In addition, the increased
efficiency of the electrical system would reflect in weight savings in
fuel and ship's service requirements., Thus, on a one-for-one substitution,
the electrical propulsion system weight is an improvement over that of

the geared drive. As stated esrlier, locating the motors nearer the

propellers would reduce weight even more by saving shafting weight.

In terms of performance, however, the electric drive projects
a headreach of less than three ship lengths from the full ahead condition
and even less from the one-quarter power condition, The performance, aa
determined from the system simulation, not only showed that the crash-
reversal maneuver is accomplished quite quickly but also showed the
drive system to be stable under all conditions and modes of operation.
Through this simulation, the control system components evolved to
satisfactorily function under all instantaneous demands of torque and
possible operatiug states of the ship. The versatility of the electric
propulsion system in interconnecting power sources and loads is clearly
more advantageous than the straight-through geared turbine drive. This

+1=3
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is particularly true in the ability of the electric drive system to drive
two motors from any one generator, which is achieved by energizing a
crossover bus, and the variable reduction ratio which permits operation of

the gas turbine at its most economical speed for any power level,

In addition to the machines designed for the 40,000 hp/shaft
system, a 3000 horsepower motor and generator were designed to demon-
strate the SEGMAG technical objectives. These machines and their control
system will be tested in a later phase of this program. The characteristics

of these machines are discussed in Section &4 of this report,

1.2 Exceptions
The original goals established for the cystem specifled that

the peak reverse torque to be supplied by the motor during one method

of reversal should not exceed 150X of ncrmal full load torque. It is not
clear that this applies to all methods of ship reversal, however, the
amount of reverse torque required to stop the propeller is a function of
ship's speed and, hence, how fast the maneuver is accomplished. The
ability of the motor to supply this required torque is a function of the
design of the machine, primarily in its current carrying capacity and

its method of heat dissipation, Most dc machines are capable of overloads
for short periods of time, the shorter the period the larger the tolerable
overload. For example, the machine should tolerate a 5% overload for
approximately one hour, while a 50X overload can be tolerated for about

5 minutes, The simulation showed that the motor current required to
develop optimal reverse torque was approximately 1752 for a period of a

few seconds. This should be well within the tolerable range of the machine,
Thus, the 150% torque limitation is without foundation as long as the
machine's temperature rise is within the permissible range. The important
criteria is not the magnitude of developed torque but rather the permissible

temperature rise due to the absorbed energy.

1-5




1.3 Development Risks

The wmajor area of development raquired for the electric drive
system is that of circuit and machine protection. In particular, the

desired circuit breakers as presently conceived are not commercially

b
i

available. A method of quickly reducing the generator field to establish
gero armature current has been considered in lieu of circuit breakers.
However, this concept impacts the field coil design and in particular

its insulation level, To enable the field to force the armature current
to zero requires a field forcing voltage of approximately ten timesa
normal, This can be accomplished at the expense of increased field
insulation. Thus, it might be prudent to investigate the cost trade-off
between this field forcing method in the development of a high voltage
and current dc circuit breaker. At present, the outluok for development
of such a breaker is an extension of the present state-of-the-art.
Manufacturers of such breakers state that the unaviilability of them is
dus primarily to lack of demand rather than a technological impossibility.

i i e e e
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SECTION 2

SYSTEM DESCRIFTION

The electric propulsion system was specified in the work direc-

tive to drive a twin screw displacement vessel of a deatroyer type. The
ship was defined to have a displacement of 7800 tons, a top speed of 32

knots at a propeller speed of 168 rpm and the propeller characteristics,

that i3, the torque and thrust coefficients, were to be taken as propeller

#18 from the date of Miniovich.* Cruise speed was to correspond to a
propeller speed of 100 rpm. Table 2.1 lists the other data used to

define the baseline propulsion system.

The gas turbine specified as the prime mover was the G.E.,
tM2500 whose principel characteristics are tabulated on Table 2.2 For
the baseline case, the full load output of each of the two turbines per
shaft 1s nominally 20,000 HP, although to meet the ship's full load
condition only 19,450 HP is required from each turbine. Since two
turbines per shaft are required for the full load cundition, the drive
i8 usually referred to as the 40,000 HP system. The one~half load
configuration is defined as utilizing only one turbine per shaft
operating at the same horsepower output from the turbine as in the full
power configuration. The quarter power configuration is defined as
operating the two shaft motors from one generator whose turbine output
is the same as 1t was under full load conditions.

g . s s b

*Naval Ship Research and Development Center, Marine Engineering Lab
Technical Note 202/67, "Representation of Propeller Thrust and Torque
Characteristics for Simulations', Appendix C, D. W. Baker and

C. L. Patterson.
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TABLE 2.1
BASELINE PROPULSION S£YSTEM FOR DESTROYER TYPE SHIP
Ship Data

Ship displacement = 7800 tons

Ship wpeed, Vs = 32 knots = 54,01 fps
Propeller diameter = 16.2 ft

Propeller data, #18 from Miniovich data
Ship drag, 183 V:

Propeller apeed = 168 rpm @ full power
Propeller speed = 100 rpm @ cruise power

Propeller inertis = 34,300 1b ft uec2 (includes
shafting and entralned H?O)

TABLE 2.2
BASELINE PROPULSION SYSTEM FOR DESTROYER TYPE SHIP
Gas Turbine Data

Type GE - LM2500

Power Turbine Inertia = 57.4 1b ft sec2

Fuel rate at idle = 800 1bs/hr (@ 2000 rpm)

Fuel rate at 19,450 HP = 8,364 lbs/hr (@ 3,264 rpm)
1dle fuel rate = 800 lb/hr

Maximum fuel rate = 9,030 1b/hr

Maximum increase of fuel rate = 750 lb/hr-sec
Topping Governor speed trip = 3,744 rpm

Power turbine overspeed trip = 3,960 rpm

2-2



The baseline data for the generator is given on Table 2.3,
which lists the primary electrical and mechanical design parameters.

Table 2.4 lists similar data for the propulsion motor.

The circuilt reconfiguration required to change from full, to
one-half, to one quarter power levels are accommodated by closing or
opening the appropriate circuit sec-up switches. These switches have
the capacity of conduccing the required current for the various
configurations, however, they have little or no load interrupting

capacity of which more will be discussed lauter,

For each configuration and power output, there is a ship's
apeed which corresponda to a balance between the thrust developed by the
propellers and the drag on the ship produced by the water. These
balanced ship's speeds also reflect back to different propeller speeds
and torques and consequently shaft horsepower. The required speed and
torque of the propulsion motor demands a different voltage and current
from the generator(s) which is achieved by generator field variation.
For the full power configuration, which is shown in Figure 2.1, two
generators are operated in parallel powering the port motor, while the
two starboard generators are paralleled to power the starboard motor.
The one~half power configuration is shown in Figure 2.2, where one
generator powers the corresponding shatt motor, still in the split plant
configuration. The quarter power configuration {s shown in Figure 2.3
and demonstrates the cross-connect capability of the drive system. Here,
one generator is powering beth the starboard and port motors connected
in series. The cruise configuration {8 normally used cross-connected
with only ore generator as shown in Figure 2.4 but in some instances,

is operated in the split plant mode as shown on Figure 2.5

2.1 Physical Description

One of the major advantages of an electric propulsion drive
is the freedom in arrangemeut of the major components. Turbine

generators can be mounited without any particular physical relationship
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TABLE 2.3
BASELINE PROPULSION SYSTEM FOR DESTROYER TYPE SHIP

Generator Data

Nominal Electrical Characteristics:

2,000 volts

9,800 amps

19,600 kilowatts

3,600 rpm

4 poles

1,755 milli ohm armature resistance

40 microhenry armature inductance

17.61 ohms, field resistance

5.21 henries, field inductance

1,000 volts, field voltage at full voltage
56.8 amps, field current at full voltage

Nominal Mechenical Characteristics: (Preliminary Laycut 1289J27)

Dimensions:

Weight:

Stator OD = 45.2 inches
Rotor OD = 24,0 inches
Rotor ID = 11.0 inches
Length between brgs. = 100 inches

Stator = 17,075 1lba
Rotor = 6,570 1lbs
Rotor Inertia = 36.23 1b ft sec2

2-4
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TABLE 2.4

BASELINE PROPULSION SYSTEM FOR DESTROYER TYPE SH1P
Motor Data
Nominal Electrical Characteristics: (Computer Output 5/31/77)

2,000 volts

15,000 amps

40,000 HP

168 rpm

i8 poles

2.36 mil1i ohm, armature resistance
75 micrchenry, armature inductance .
11.53 milli chm, field resistance
16,20 millihenry, field inductance
234 field voltage at full voltage
957 field current at full voltage

Nominal Mechanical Characteristics: (Preliminary Layout 1289J39)

Dimensions:

Stator OD = 127 inches

Rotor 0D = 104.265 inches

Rotor ID = $0.5 inches

Length between Brg § 's = 87 inches

Weight:

Stator = 60,525 1lbs
Rotor = 58,150 1lbs
Rotor inertia = 20,000 1b ft sec2

2-5
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to the drive motor, as power is transmitted through relatively flexille
electrical leads. Thus, the turbines can be mounted on higher decks
with shorter intake and discharge ducts than in mechanical drives where
the turbine output shafts must be properly aligned with the reduction
gear and drive shaft. To achieve proper balance, the marine architect
may move the T-G sets up or down, fore or aft or athwartships with
relative freedom. A big advantage is that the drive motor can be
located quite close to the aft end of the ship while the generators can
be located in the engine room closer to mid-ships and separated by
several water-tight bulkheads. This physical separation improves the
reliability of the power drive system making it less vulnerable to
damage and, operationally, more viable under combat conditions. This
arrangement also has the advantage of saving a significant amount of

weight by reducing line shafting and bearings.

Despite these obvious advantages, 1t was felt that a simple
replacement of the reduction gear in a DDY963 class destroyer with the
electrical generators and motors would be the most convincing scenario
of the application of an electric drive system to a modern ship. By
not utilizing one of the electric drive's major advantages, that is,
its weight saving arrangement flexibility, and yet show a favorable
weight comparison would positively demonstrate its adaptability of

application.

2.1.1 System Layouts

Since the 40 KHP twin shaft plant is intended to power a
modern destroyer, the Spruance Class destroyer hull seemed an appropriate
choice for the arrangement study. The DD963 machinery arrangement
drawings as updated for DD993 were used for the scaled layouts of SEGMAG
propulsion machinery in a typical modern destroyer. In addicion, the
gas turbine, type LM-2500 {nstalled in this ship, is the prime mover

used for the system study and the layouts.
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The replscement of the main reduction gear and CRP propeller
with generators, motor and a fixed blade propeller offers certain self-
evident arrangement advantages. The gas turbine drive shafting no longer
need be parallel with the ship's lineshafting, nor in fixed relation
thereto. The two gas turbines likewise need noc special geometrical

spacing, and may be located high or low, level or non-level.

The propulsion motors may have any location along the linre
of shafting, subject to the need for clearance above the tank top. The
horizontal rake of the shafts may be selected strictly on the basis of
propulsive effort rather than for reasons of lateral clearance for
machinery. Motor foundations can be simple, strong and rigid. The
thrust bearing may be located at any selected station along the inboard

shafting, as it may be with other forms of propulsion units.

2.1.1.1 Forward Engine Room

The arrangement studies we have made show up best in the layout
sketches Figures 2.6 to 2.14, The legend for the components shown on
these figures is given on Table 2.5. The first three relate to the for-
ward machinery room, which drives the port lineshaft and propeller. Here
the SEGMAG generators and motor have been arranged in the present DD963
space with relatively no rearrangement of existing other components

except as may be required for the auxiliary systems.

As may be seen in elevation (Figure 2.6), the generators are
supported from the motor barrel structure, the combination of the two
generators and one motor occupying approximately the same space as the
DD963 reduction gear. 1In order to accommodate the intervening foundation
structure, the shaft has been moved downward one foot at the lineshaft

coupling, thus reducing the rake of the shaft line.

Since there is no requirement for parallelism of turbine and
shaft centerlines, the gas turbine-generator modules have been positioned
level. The 963 turbine subbase structure has been simplified and
essentially the same foundation for the turbines has been retained. The

turbine air and exhaust ductings have not been altured except in a

2-12
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TABLE 2.5
LEGEND FOR FIGURES 2,6-~2.14

PROPULSION SYSTEM COMPONENTS AND SUBSYSTEMS

ITEM NAME
1 Propulsion gas turbine
2 Propulsion generator
3 Propulsion motor
4 Thrust bearing
5 Lineshaft, port side
6 Lineshaft, starboard side
7 Lineshaft bearing
8 Lubricating oil system
9 Cooling water system for motor and generators

10 Brush atmosphere system

11 Generator exciters and control

12 Motor exciter and control

13 Dynamic braking resistors, solid state switches and contactor
14 Control conscole with logic boards and supervisory contrcl

15 Interface relay cabinet

16 Switchgear

2-13
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tiinor way for leveling the turbines. The present high misalignment
turbine flexible coupling is required to allow the large excursions of
the turbine on its shock mounts. The generators and motor are solidly
mounted on a foundation from the ship's hull structure, requiring no

shock mounts.

The thrust bearing is located just afit cf the motor with the
bearing collar or runner an integral part of the motor shaft. Replaceable

collar liners are provided per usual NAVSEC practice.

Because of the need for cooling water rotary transfer seals at
the motor forward end, provisicn must be made along the lineshaft for
the radial introduction of Prairie Masker air, if needed., No CRP control
fluid is required since the propeller has fixed blades.

The essential details of the wmounting structure between
generator and motor are shown in Figure 2.7. Each generator has four
feet by meane of which alignment to the turbine is achieved with fitted
shocks and fitted bolts. Two side support pads are located near the
generator centerline and, after alignment is completed, shocks are
fitted between the side pads and the athwartship support structure which
is integral with the motor frawme at the top. Here clearance bolts will

be usged.

As may be readily seen, the generator support scheme is strong
and rigid with inherent good shock resistance. The motor is supported
and is aligned to the line shaft by four 18" by 30" feet located 24"
below the szhaft centerline. This arrangement permits a non-complex,
strong and rigid foundation to be placed between the motor and the hull

structure.

Although good alignment between motor and lineshaft should be
achieved in accordance with established shipbuilding practice, the motor
is much less sensitive to misalignment than is a reduction gear where
concern is present for the disturbance of uniform gear tooth contact by

shaft misalignment.

2-15
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Shown on the sketches Figures 2.6 to 2.9 are the approximace

4 ? space required for the subsystems for the electric drive, these being:

Control and supervisory system

Switchgear with proteckive elements

Excitation systems
Dynamic braking resistors and switches

Cooling syster - deionized water

i
x
]
1
§
'
A
J
4

Lubrication system - oil

Brush atmosphere system

These subsystems have been arbitrarily located on the layouts,

and may be moved about as the arrangement requires, except for certain

i
4
y
i
3
E
A

R
4
1
Ri
;

restrictions. For example, the lube oil sump must be at a level below

the lowest bearings of the machines and properly designed for ship

static and dynamic inclinations.

The space shown occupied by each of the subsystems is based

bt i m et i,

on reasonably accurate estimates.

g 2.1.1.2 Aft Engine Room

In the Aft Engine Room (which drives the starboard shaft), a
1 different approach has been taken to accomplish the arvangement of the
motor and generators. In this space, the layout has Le¢en formulated tc

illustrate the flexible features of the SEGMAG machinery to accommodate

2 i

variations in arrangements as would be desired during the planning

stages nf a new ship.

b s S i

The propulsion motor has been located as far ait ir the space

as the length of the motor will allow (Figure 2.10). In order to

t
-

accommodate the motor external dimensions cover the tank top a shaft
height of about 6 ft above the tank is required. For thia reason
the shaft elevation at the motor has heen increased by 18 inches.

This increases the shaft vertical rake from the value of 0.88 inches

per foot (on DD963) to 1.0 inch per fcot. Some of this increase may

2-17
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be recovered if the smaller diameter fixed blade propeller were to be
located at a higher elevation relative to the baseplane of the ship,
probably desirable from a draft reduction point-of-view.

The thrust bearing is shown located in the compartment just
aft of the engine room, Figure 2.10, as close to the stern tube as
practicable. In many ship shafting arrangements this 1s the preferred
location for the thrust bearing since the greatest overall thrust
block stiffness can be attained here with a foundation of optimum
rigidity. If the bearing location in tha machinery room is preferred,
an arrangement aimilar to Figure 2.6 can be achieved by moving the

motor forward about 3 feet.

To show the flexibility in arrangement inherent with electric
propulsion, the gas turbine-generator wmodules have been positioned
on the port side and at an elevation convenient for the inlet and
exhaust ducting, Figures 2.11 and 2.12. Although the generators are
arranged aft of the turbines in order to shorten the cabling to the
switchgear and motor, there is no other reason why the inverse

arrangement (as now used on DD963) could not be used.

Different from the plan used in Forward Engine Room, the
generators are mounted on an extension of the gas turbine module bed-
plate, or subbase. This bedplate supports two gas turbines and two
gencrators, Figures 2.11 and 2.12, and in turn rests on a machinery

foundation not shown.

Unfortunately, all the good features pcssible 1in such an
arrangement are not fully utilized on account of the necessity to
retain the high misalignment coupling between generator and turbine,
this being required on account of the large-motion shock mounts on
the LM-2500 gas turbine. Despite this aspect, the inclusion of the
generator within the power module structure takes full advantage of
the mutual disassociation of generators and motors inherent with
electric drive. Moreover, there i{s no reason of necessity to have

two gas turbine-generator units mounted on a single bedplate and it

2-21
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is obvious that many ship arrangements will call for separate modules
for each unit. Considerations of damege protection may lead to an

arrangeeent wich each of the four turbine-generators in a separate

space.

Shown also on the layouts of the Aft Engine Room are the
spaces required for the subsystems as previously described for the

forward engine room.

2.1.1.3 Alternate Machinery Arrangements

The twin shaft electric drive system offers opportunities for
various arrangements not availeble to other propulsion systems, since
the motors and generators may be located in separate spaces either close
by or well removed from each other. Several options may be chosen during
the preliminary design stage of a ship system and evaluated for desirable
and improved characteristics. These could be lesser weight, bettex
weight distribution, improved accessibility, better gas turbine ducting

arrangements, or enhanced survivability or damage control effectiveness.

The conventional two main machinery space arrangement is depicted
in Figures 2.6 to 2.13 and is modeled after the DD963 layout.

Figure 2.14 shows two alternate arrangements, each being four
compartment layocuts, with the gas turbine-generators retained in paired
groupings and in different spaces from tiie propulsion motors. These are
only two of the many possibilities, since the complete system has a total
of six generators and motors, so that combinations with as many as five

or s8ix separate spaces may be studied.

Although the sketches shown imply location of turbine gemnerators
and motors without significant vertical separation, there is ro reason
other than adverse weight distribution why the turbine generators could not
be placed in separate compartments higher or lower in the ship than

indicated in the arrangements shown.
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2,1.2 Summary of Weight, Volume, and Ship's Service Requirements

The propulsion drive components and their estimated weights and
volumes are tabulated on Table 2.6. In addition, the cost, in weight,
for ship's service electrical and seawater requirements are also shown
on this figure. The mission used was that specified in the work
directive for the SWATH 352 hour mission; Where definitive effort is
required on components yet to be developed, an estimate is given of
what we believe is attainable and realistic. Breakdown of the individual

weights can be found in the specific sections describing these components.

2,2 System Block Diagrams

The electric propulsion power distribution block diagrams have
previously been shown as Figures 2.1 to 2.5 for the various power configur-
ations, full, half, quarter, and cruise (both cross-connected and split

plant).

The control system block diagram is shown on Figure 2.15 which
indicates the dynamic, upper level and lower level of the control system.
Also shown on this figure are the feedback parameters and the sensed

variables that are to be indicated or recorded.

The ship's service electrical distribution for the starboard
side is shown on Figure 2.16. A similar system exists for the port side.
The spare ship's service generator would have provisions for paralleling
with either generator. Interconnections would aiso be supplied to teed
both sides of the ship from one generator.

The lube o1l schematic for one side of the ship is shown on
Figure 2.17. A description of the lube gystem is given in Section 3,7
of this report. ‘

Figure 2.18 is the .schematic ffdb diagram for the dionized
cocling water system, again for only one side of the ship. The cross-
connect line is shown dotted for those configurations where one coolant

system 1s used for both sides.
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A typical cover gas schematic i3 shown on Figure 2.19 for a
SEGMAG machine. Each of the six machines will have a similar system,

e L

) 2.3 System Operation

2,3.1 Normal Operation

This section describes norwal operation and is divided into

i three major parts which are highlighted below.

¢ Electrical Diagrams

A propnlsion system power schematic is presented which
shows the location of the switches used to configure the
system. A description is given of the variocus configura-
tions which allow operator selection of the number of

generators used to power the motors.
® Steady State System Performance

The methods and assunptions used to determine the system
operating characteristics are given. Generator and motor
voltages, currents, speeds, vowers, and efficiencles are
tabulated and presented graphically. Ship service fuel
costs are detailed and the total system fuel consumption

as a function of propeller speed is given.
® Representative Mission

The propulsion system performance evaluation for a
representative mission is given Loth on a summary basis

and on a mission step by step basis,

2.3.1.1 Electrical Diagrams

2.3.1.1.1 Propulsion System Fower Schematic

The prepulslion system power schematic shown in Figures 2.1 to

2.5 is described in the following parugraphs.
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Each SEGMAG dc generator (Gl through G4) is driven directly by
a LM=-2500 gas turbine (GT1 through GT4). The nominal rating for thaese
units is 15 MW (20,000 hp). Each propeller shaft of the twin-~scraw ship
is coupled directly to a 30 MW (40,000 hp) SEGMAG dc motor.

The power elentrical transmission lines between the SEGMAG
machines are shown including the sixteen switches (Sl through R16) used
to configure the system. Each engine room contains two generator/gas
turbines and one motor. Besides the transmission lines within each
engine room, a cross connect line allows for electrical power transfer

between the two sides.

By setting the switches in appropriate positions, the motors
may be powered by one, two, or four generators. These arrangements are
referred to as the quarter, half, and full power configurations

respectively.

Due to the discrepant rotational speeds of the power turbine
(nominal 3600 rev/min max) and propeller (nominal 168 rev/min max), the
drive system functions as an electrical gear box. Further, by using
separately excited machines, the 'gear ratio" is adjusted to optimize
the performance of the system. That ia, for a given load the speed of
each generator/power turbine is adjusted to minimize the gas turbine

SFC (specific fuel consumption).

2.3.1.1.2 System Configurations

Five basic propulsion system configurations are used. When the
ship is to be driven, eitheé the quarter power, half power, or full power
configuration may be selected by the operator. When the ship is not to
be driven, the operator may select the idle configuration which minimizes
the auxiliary power loads while still allowing the gas turbines to remain
running. The zero power configuration is called for by the control system

when performing transitions between the idle, quarter power, and half

power configurations.
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The electrical connection diagram for the full power configura-
tion is shown in Figure 2.1. Each motoy is driven by two generators
connected in parallel. The sides are not connected electrically and thus
there are two sepacate electrical power circuits. This split plant mode
allows maximum operating flexibility since each motor is controlled

independently of the other.

A typical half power configuration is shown in Figure 2.2.
This is also a gplit plant mode. On each side cne generator supplies

power to the motor in its own engine room.

In the quarter power configuration there is only one power
circuit. The cross connect line must be used in order to connect the
two motors and any one of the generators in series. Figure 2.3 shows

the case where generator 1 is powering the two motors.

In the quarter power configuration, differential motor torques
are accomplished through motor field control. Torque ratics up to 2:1 .

are attainable which allows for reasonable operating flexibility.

In the zero power and idle configurations, all of the switches
are opeu and thus there is no power transfer between the generators and

motors,

2.3.1.1.3 Tiangiticrs Between Configurations

The allowable transitions between the five configurations,
idle, zero power, quarter power, half power, and full power, and the
necessary conditions are illustrated in Figure 2.20. The power configu-
ration is plotted against available generators, i.e., generators which
are operating in the system or are ready to operate in the system (gas

turbine at idle).

In both the idle and zero power configurations, the propulsion
system is de-energized, i.e., all sixteen switches are open, and therefore,
power 1s not transferred between the SEGMAG machines. In order to

transition from the idle to the zero power configuration., che cooling
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water systems muet be operating and the motor fields are energized to
their rated values, In the reverse transition, each exciter is commanded
to produce zero field current and the cooling water systems may be turned
off.

Tne current must be approximately zero before opening the
switches in transitioning from either the quarter or half power configura-
tion to the zero power configuration. In carrying out the reverse
transitions, the sum of the voltages around the circuit(s) must be
approximately zero before closing the switches. The zero power configu-
ration serves as an intermediary between the quarter and the half power
configurations, i.e., the system must first be de-energized before

reconfiguring from the quarter to half power configuration or vice versa.

The transition between the half and full power configurations
can be performed without de-energizing the system because the generators
are connected in parallel. When transitioning from the half to the full
power configuration, the voltage of the available generator mus:i be
approximately equal to the voltage of the operating generator before
closing the appropriate switches. In the reverse transition, the
current must be approximately zero in the generator which is to be taken

off the line before the appropriate switches may be opened.

In principal, transitions between the zero and full power
configurations could be made. However, this would entail additional
control complexity with little or nothing to be gained, since the
transitions tetween the half and full power configurations can be made

without power interruption.

When a transition is called for, the control system performs
the task of making the transition. This is accomplished by controlling
the machine fields to meet the necessary conditions (e.g., zero armature

current) and then commanding the appropriate switches ro open or close.
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2.3.1.2 Steady State System Performance

Before proceeding with a detailed description of the system
performance, a few pertinent explanatory notes are given in the following

paragraphs,
e Design Point

At the system design point the ship speed 1s 16.46 w/s (32
knots) and the propeller speed is 168 rev/min. This point

is hereinafter referrsed to as the full power operating point.

e Ship Drag

The ship drag is proportional to ship speed squared, i.e.,
the drag coeffic’ent is assumed to be a constant. At the
full power operating point the total ship drag is

2.37457 MN (533,826 1b).

e Propeller

The propeller characteristics are based upon the data for
propeller number 18 from the work of I. Ya. Minilovich (see
Appendix No. 2). A propeller diameter of 4.9378 m (16.2 ft) was
selected such that the thrust balances the drag at the full

power operating point.
o Gas Turbine

The gas turbine performance is based upon estimated average

performance data for the LM-2500 (see Appendix No. 2).
¢ Cruise

At the cruise operating point, the propeller speed is
100 rev/min and the propulsion system is in the quarter

power configuration.

2.3.1.2,1 System Operating Characteristics

For a given configuration and load (i.e., propeller speed
and torque), the system operating characteristics may be altered over

a wide range by changing the machine fields. It is therefore
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appropriate to first describe the manner in which the machine fields
will be adjusted by the control system.

Steady state system operating characteristics including the
machine field currents are shown in Figure 2.21 plotted against motor
speed. The motor field current is held constant at its rated value of

1391 A in the full and half power configurations.

In the quarter power configucation, the motor field is held
constant over most of the motor speed range at 70 percent of its rated
value. At motor speeds above 102 rev/min the motor field is increased
slightly in order to limit the armature current, I, to a value of 7500 A,
Note that when unequal motor torques are called for, the motor fields
must be set at different values due to the series connection in the

quarter power configuration.

For all three configurations, the generator field is con-
trolled in such a manner that the generator/power turbine speed results
in minimum gas turbine SFC (specific fuel cousumption). The generator
speed plots show the very strong variable gear ratio characteristics

of the electrical drive.

Also shown in Figure 2,21 are the terminal voltage and
armature current characteristics for a singie machine. With a constant
motor field, the motor terminal voltage is very nearly proportional to
motor speed. Since the transmission line voltage drop is very small the
generator voltage is almost the same as the motor voltage in the full
and half power configurations. In the quarter power configuration, the
generator voltage is twice that of a single motor due to the series

connection.

Under steady state conditions with balanced propeller torques,
the torque varies as the square of the propeller speed. Since the motor
torque is proportional to armature current under fixed motor field
conditions, the armature current also varies as the square of the motor

speed. An exception, mentioned earlier, is the small upper speed region
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in the quarter power coufiguration where the armature current is limited
to 7500 A by increasing the motor fields,

The generator and motor currents are identical except in the
full power configuration. Due to the arrangement of two generators in
parallel, driving one motor, the current through a single generator is

half that of the current through a motor.

Table 2.7 lists the system operating characteristics for four
points. The first three columns show operating values at rated con-
ditions for the full, half, and quarter power configurations. The last
coiumn lists the cruise point conditions. The values shown are for a

single machine.

2.3.1.2.2 Power Flow

The power flow from the power turhine to the propeller is
illustrated in Figure 2.22; Mechanical power is input to the generator
through the shaft connected to the power turbine. There may of course
be up to four gas turbine/generators operating depending upon the power

configuration.

In converting mechanical power to electrical power, the
generator incurs machine losses which comprise such factors as stator
copper losses, rotor copper losses, brush friction, etc. (see Section 3

for a detailed breakdowm).

The electrical power is transferred to the motor via the

transmission line. In the processes there is a small line loss.

In reconverting the electrical power to mechanical power,
the motor also incurs machine losses. The motor power output drives

the propeller shaft directly.

The power input, losses, and power output for four points are
listed in Table 2.8, The values listed are on a total system basis.
For instance, in the full power configuration, the machine losses for a

single generator would be one-quarter of the value shown,
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TARLE 2.7

PROPULSTION SYSTFy OPERATING CHARACTERISTICS

Power Configuration Full Half Quarter Guarter
Operating Point Full Half Quarter Cruise
Gas Turbine
Specific Fuel Consumption,
kg/kW-hr 0.249 0.249 0.249 0.258
(1b/hp-hr) (0.409) (0.499) (0.409) (0.424)
Generator Input
Power, kW 14440 14440 14440 12311
(hp) {19365) {19365) (19365) (16510)
Speed, rev/ain 3193 3193 3193 2988
Torque, kNm 43.18 43.18 43.18 39.34
(103 1b-ft) (31.85) (31.85) (31.85) (29.02)
Generator Output
Power, kW 14261 14221 14254 12144 |
Voltage, V 1998.8 1583.9 1900.6 1679.7 1
Current, A 7135 8978 7500 7230 |
Generator Field
Current, A 252 200 240 227
Motor Input
Power, kW 28514 14216 7178 6063
Voltage, V 1998.3 1583.4 949.0 838.6
Current, A 14269 8978 7500 7230
Motor Output
Power, kW 27904 13926 6924 5885
(hp) (37420)  (18674) (9285) (7892)
Speed, rev/min 168.0 133.3 105.6 100.0 ;
Torque, kNm 158¢ 998 626 561
(103 1b-ft) (1170) (736) (462) (414)
Motor Field
Current, A 1391 1391 1046 974

Note: Values given are for a single machine.

2-43




hhichic Masansdhuas st i dtiinb Adaiiy TR AMAEERRL AR T TR I s et T

f T Toastumemne |

|
| o L\
l | GENERATOR ) (

' S
| rowen {EP

‘TURBINE
l

L

——

POWER
INPUT

~ = = - =
| eLectmic | L GENERATOR N
| oRrive k =3 MACHINE LOSSES
SYSTEM | T
| L e = =—==== J
rr e m—— N !
| | TRANSMISSION LINE '
| | > LINE Loss
|
l E: TN MM aA s L C "_{ l
' MCTOR H
\ L
| | === MACHINE LOSSES
' R
L YN em = =

POWER
ouTPUY
@L PROPELLER

Figure 2.22. Power Flow Diagram

2~44




& sha i ARc S AR A R 3 Shelhi i £ A B D ekt i i A S A

Rt ataid ot S win R Lt

e T e 6 T Ay Uy

O P P LR By,

o i

TABLE 2.8

PROPULSION SYSTEM POWER FLOW

Power Configuration Full Half Quarter Quarter
jOperating Point Full Half Quarter Cruise
[Generator Input Power, kW 57761 28880 14440 12311
(hp) (77458) (38729) (19364) (16510)

[Generator Machine Losses, kW 718 439 186 167
Transmission Line Losses, kW 16 9 19 18
Motor Machine Losses, kW 1219 581 387 356
Motor Qutput Power, kW 55808 27851 13848 11770
(hp) (74840) (37349) (18571) (15784)

Note: Values given are summed for each component type.

2,3,1.2.3 Efficiency
The generator, transmission line, motor, and system efficiency

formulas are given below:

o (armature) electrical power output
gen mechanical power input

n

. electrical power output
n .
tran line electrical power input

n mechanical power output
mot =
(armature) electrical power input

n

sys ngen "tran line "mot

power delivered to the propellers
power supplied by the gas turbines

Table 2.9 lists the above efficiencies for four points and the
system efficiency is shown plotted against motor speed in Figure 2.23,
At high power levels, the system efficiency is on the order of 0.96,
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TABLFE 2.9

COMPONENT AND SYSTEM EFFICIENCIES

Power Configuration Full Half Quarter Quarter
Operating Point Full Half Quarter Cruise
Efficiency
Generator 0.9376 0.9848 0.9871 0.9865
Transmission Line 0.4%497 0.9997 0.9986 0.9985
Motor 0.9786 0.9796 G.9728 0.9706
System 0.966? 0.964¢ 0.9590 0.9560

2.3.1.2.4 Fuel Cost Breakdown

in addition to the fuel supplied to the gas turbines, fuel costs

are also assessed for ship services as follows:

o Auxiliary kg 1b
Electric 0.454 kW~hr (1.0 kw—hr)
a kg/br : 1b/he

e Gea Water G.00359 Titer/min (0.03 apm )

As illustrated in Figure 2,24, sea water 1s used zs the cold
fluid for heat exchangers and auxiliary electrical power is required to

drive pumps and to provide fileld excitation.

A fuel cost breakdown, summed for each component type or item,
is shown for four points in Table 2.10. By far, the largest portion of
the fuel goes to the 4as turbines. At the full power and cruise points,
the gas turbines take 97 and 95 percent respectively of the fuel
consumed by the total propulsion system. This shows the merit in

adjusting the gear ratio to ninimize the turbine SFC.
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TABLE 2.10
FUEL COST BREAKDOWN
Power Configuration Full Half Quarter Quarter
Operating Point Full Half Quarter Cruise
Gas Turbines
Fuel Consumption, kg/hr 14370 7185 3593 3174
(1b/hr) 1(31682) (15841) (7920) (6997)
[Auxiliary Electric
Power Consumption
Generator Excitation, kW 291 9% 68 61
Motor Excitation, KW 531 531 303 264
Lube 0il Pumps, kW 11 11 11 11
Cooling Water Pumps, kW 56 56 28 28
Total, kW 888 691 410 363
Total Fuel Cost, kg/hr 403 313 186 165
(1b/hr) (888) (691) (410) (363)
Sea Water
Flow Rate
Lube 0il Systems, liter/minL 227 227 227 227
Cooling Water Systems,
liter/min 4542 4542 2271 2271
Total, liter/min 4770 4770 2498 2498
(gpm) (1260) {1260) (660) (660)
Total Fuel Cost, kg/hr 17 17 9 9
(1b/hr) (38) (38) {20) (20)
System
Total Fuel Cost, kg/hr 14791 7516 3787 3348
(1b/hr) 32608) (16569) (8350) (7380)
H
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In the following, details are given of the assumptions and

calculation methods used to establish the various fuel costs.
e Gas Turbine

The gas turbine SFC is shown plotted against propeller
speed in Figure 2.25. Curves are shown for the quarter,
half, and full power configurations. The curves are
based upon estimated average performance data and assume
that for a given power requirement the power turbine/
gererator speed ia optimized to achieve a minimum SFC.
For a given propeller speed, the SFC varies widely with
the power configuration being highest for the full power

and lowest for the quarter power,

For a given operating point the fuel consumed by the gas
turbines is the product of the SFC and the sum of the
mechanical power delivered to the generatcrs. At a fixed
propeller speed, the sum of the power delivered to the
electrical drive system by the gas turbines is very nearly
independent of the configuration. For instance, at a
propeller speed of 100 rev/min, this power 1s 12311 kw,
12205 kw, and 12210 kw respectively for the quarter,
half, and full power configurations. Therefore, it is

of considerable advantagie to operate with the minimum
number of gas turblne/generators required to power the

motors due to the SFC characteristics.

e Excitation

The electrical power for fleld excitation makes up for
the field losses and exciter losses. Following a

description of these losses, a sample tabulation is given.

Field Losses

The field loss for a machine is calculated by taking

the product of the field resistance and the square ol
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the field current. For the generators and motors,
the values of the field resistances are 1.115 and

0.133 ohm respectively.

At the generator design point, the field loss is
56 kW at a field current of 224 A. For the motor, the

field loss is 257 kW at 1391 A.

The simplified model for a machine field exciter
consists of a transformer with fixed and variable
losses and a solid state PDR (phase delayed rectifier)
vwith a constant voltage drop of 2 V. The design point
values in the preceeding paragraph are used here as

the base current aud power for the exciters.

The fixed losses are assumed to be approximately

1 percent of the base power, being 0.6 kW for the
generator and 2.6 kW for the motor. Thase losses
are present whenever the exciter is energized, i.e.,
whenever the transformer primary is connected to the

ship service 3 phese electrical power supply.

The transformer variable losses are proportional to

the square of the field current. At hase current,
these losses are assumed to be the same as the fixed
losses.

At the base conditions, the loss for a single generator
exciter is 1.7 kW and for a single motor exciter it is

8.0 kW.

Table 2,11 lists the field and exciter losses at the full
power operating point. The total excitation fuel cost is 373 kg/hr
(822 1b/hr). Approximately 35 percent of the fuel cost is for
excitation of the four generators, the remaining 65 percent being for

excitation of the two motors.
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' TABLE 2.11
EXCITATION AT THE FULL POWER POINT
Rﬁachine Generator Motor
Field Current, A 252.1 1391.0
Field Loss, kW 70.89 257.34
Exciter Loss, kW
Transformer, Fixed 0.60 2.60
Transformer, Variable 0.76 2.60
PDR units 0.50 2.78
Total 1.87 7.98
Field+Exciter Losses, kW 72.76 265.32
Number energized 4 2
Total Excitation, kW 291.03 530.64
Total Fuel Cost, kg/hr 132.01 240,69
(1b/hr) (291.03) (530.64)

e Lube 0il Systems

Each engine room contains an independent lube oil system
which requires 5.33 kW of auxiliary electrical power for a
pump and 114 liter/min (30 gpm) of sea water for cooling
the lube oil. The fuel cost for the two systems is fixed
at 5.7 kg/hr (12.5 1b/hr), i.e., that is not a function of

the power level or configuration.
e Cooling Water Systems

A cooling water system is located in each engine room.
When operating, the ship services required for a single
system are 28 kW of electrical power for the pump and
2271 liter/min (600 gpm) of sea water for the heat

exchanger.
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In the full and half power configurations, both systems
are used with a total fuel cost of 42 kg/hr (92 1b/hr).
In the quarter power configuration, one system suffices

and the fuel cost 1s thus reduced to 21 kg/hr (46 1b/hr).

In the idle configuration, both coocling systems may be
shut down. This, however, requires that the brushes be
lifted on any generator which is turning at {(gas turbine)
idle speed.

Items Not Accounted For

Due to the very low power requirements, certain items have
not been included in the fuel cost calculations. These
include the control system, 002 systems, and switch

actuators.

2.3.1.2.5 Fuel Consumption

The total system fuel cost for three configurations is shown
in Figure 2.26 plotted against motor speed. From the viewpoint of fuel
consumption, the system should be operated in tte minimum power
configuration commensurate with the power requirements. This improvement
in fuel consumption is due primarily to the SFC characteristics which
are discussed in the preceeding section. At a motor speed of 100 rev/min,
as compared to the quarter power configuration, the half and full power
configurations have increased fuel consumptions of 23 and 60 percent

respectively,

At low motor speeds, the total fuel consumption does not go
towards zero, but rather it levels off due primarily to maintaining a
minimum flow rate to the gas turbine(s) and supplying auxiliary
electrical power to make up the motor field losses. For instance, at
zero motor speed in the quarter power configuration, the total system
fuel consumption of 512 kg/hr (1129 1b/hr) is broken down approximately

as follows: 75 percent for the turbine, 20 percent for motor field

R

excitation and 5 percent for the lube o0il and coolinyg water systems,
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The range to fuel consumed ratioc is shown in Figure 2.27 plotted
as a function of the motor speed and ship speed. The three curves, one
each for the quarter, half, and full power configurations, show maximums
at about 45 to 60 rev/min (8.6 to 11.4 knots). For each configuration,
the range can be doubled for a given quantity of fuel when operating at
the curve maxima as compared to operating at the rated power point. At

low motor speeds, the ratio drops off going to zero at zero speed.

Compared to the full power operating point (motor speed =
168 rev/min), for a given quantity of fuel the range may be increased
about 160 percent if the propulsion system is operated at the cruise
point (quarter power configuration, motor speed = 100 rev/min). If the
ship were driven in the quarter power configuration at a motor speed of

45 rev/min, the range increase would be approximately 375 percent.

2.3.1.3 Representative Mission

2.3.1.3.1 Misgsion Profile

The mission profile given in the DTNSRDC Work Directive is
for a SWATH ship. The propulsion wmotor speeds were ratioed by the factor
168/180 in order to apply the profile to the destroyer type ship under
consideration here. 1In addition, the cr.ise patrol motor speed was set
at 100 rev/min. The resulting 352 hour mission profile is tabulated in
Table 2.12 and the (average) motor speed is shown graphically in
Figure 2.28.

2.3.1.3,2 Integrated Missioun Performance

Pertinent steady state system operating characteristics for
each step of the profile were integrated over the complete 352 hour
mission. The makeup of the fuel consumed is shown in Table 2,13, Broken
down on a percentage basis, the turbine, auxiliary electric, and sea

water consume 95,15, 4.60, and 0.25 percent of the total.

2-56




L5

%
M
g
. ¢
. L
: 3 3713014 TOTBSTH °Z1°¢ 27qel
: T
c o 0 o C 0 (umog Inys) apEIsRooq €+ -¢S¢t L1
LL Le LL LE fé ] 3TEH 8,uey 1oqiey [AT %l O 1193 91
{ 1 £19 £01 - 80¢ g6 Y 1 is3aend asIN1)H 1°cse-0se 51
i 1 £19 £01 80S 86 T o 133120 3sInaj 0se~0ft LA
j _ L6S €01 L6S €01 T c a1a3xend asnay CEE-TC e t1
u ] oTqe3de; ITqETIBA | STqPTIBA  I[qRIIEBA 2 0 T4 joeqg ysea)n TO°GIL-GTe Z1
S| 9851 891 98sT 891 Y ] T4 psads Y3ty 0TE-T1°50¢ 7
m 1811 152 I811 1521 Y 0 14 paads y3ryg 1°66E-<CE ot
: 1871 Syl 1811 132 V/ 7] RLY paads 4313 SCe "1-CCt 6
; c 0 o ¢ C 4 SrpI fo1leq/38Ina) 1°60¢-CCE S
] L 0 0 0 0 0 T 21P1 101384 /?s8TNni1) 00t —CGZ L
3 3 T9S 00T T19¢ 001 T 0 1911ENY To138d/38TNI) 00c-0°1 9 .
1 ] 66 zZy 66 YA/ 4 0 JT1eH 8,uey l1ociey CTI-T1I°G S
3 Ti- 8- 11 8 Z 0 31€H 3,ury 3pyISYD0G I1°5-1°¢C "
0 0 ¢ c 0 I aTP1 apIsy0Q 1T°G-0 3 _
0 0 0 0 0 0 21P1 APISHI0¢ H] 7
1 c 0 0 ] 0 0 (umog 1nys) apTs*d0( V- 1
‘ e um /a2 2] uTm/Ad1 wWa3IsAg ur a1P1
: ¢anbio} ‘paadg ¢anbaoy ‘ poadg Surleiady
; 33163 pieoqielg 21qeTTBAY uotIBINdTIU0) uoyjeiadp da
4 : S8I0J0R 5103B13Ua9 13am0g




DI STANCE/FUEL MASS , km/1000 kg

fN

i ' QUARTER POWER

; \.  CONFIGURATION
,I \\
! \\

—~ \
/ \ B
\ HALF POWER

/ FULL POWER

20 40 60 80 100 120 140 160 180
MOTOR AND PROPELLER, rev/imin

2 4 6 8 10 12 14 16 18
SHIP SPEED, m/s

Figure 2.27, Range to Fuel Consumed Ratio
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TABLE 2.13

FUEL CONSUMED DURING MISSION

Fuel Consumed,
Item kg (1o)

Turbines 926907 {2043481)

Motor Excitation 31851 (70220)

Generator Excitation 8061 (17772)

Lube 011 Systems 1702 (3752)

Cooling Water Systems 3357 (7401)

Total 44971 (99145)
Sea Water

Lube 0il Systems 288 (634)

Cooling Water Systenms 2160 (4761)

Total 2447 (5395)
System Total 974326 (2148021)

A summacy of the mission performance is shown in Table 2,14.

The mission fuel consumption is calculated by taking the total fuel

consumed by the propulsion system and dividing by the mission duration

of 352 hours,

TABLE 2,14

SUMMARY OF INTEGRATED MISSION PERFORMANCE

Mission Fuel Consumption, kg/hr 2768
(1b/hr) (6102)
Specific Fuel Consumption, kg/kW-hr 0.269
(1b/hp-hr) (0.443)
‘&ission Efficlency 0.9573
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The specific fuul consumption for the mission is obtained by

taking the total fuel consumed by the gas turbines and dividing by the

total energy supplied by the gas turbines to the generators.

The mission efficiency is the total energy delivered to the

propellers divided by the total energy supplied by the gas turbines.

This corresponds to the system efficiency as defined in Section 2.3.1.2.3.

2.3.1.3.3 Operation During Representative Missior

The following cutline describes the sequence of events which

occur tfor each step of the mission profile.

Step 1:

b.

C-
d.

Step 2:

a.
b.

Step 3:

Step 4:

Time, -0 hr Operation, dockside

Control system off.
All auxiliaries off.
All switches (S1 through S16) open.

Turbines not running.

Time, 0 hr Operation, dockside

Control system energized,
Configuration selection idle.
Lube oil systems on.

Exciters energized. (Note: all field currents zero)

CO2 systems on

Time, 0 to 0.1 hr Operation, dockside

Lift brushes Gl and G?.
Schedule Gl and G2 to idle.

Time, 01-0.11 hr Operation, dockside maneuvering

Configuration selection half power.

Cooling systems on.

lower brushes Gl and G2,

Motor fields at 1391 A.

Switches 51, §5, S$13, S2, S6, and Sl4 close.

Torque veference commands result in +8 rev/min on Mi and

-8 rev/min on M2,
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Step 5: Time 0.11-1.0 hr Operation, harber maneuvering

a. Torque reference commands result in M1 and M2 turing at

e AT

42 rev/min.
Step 6: Time 1,0-200 hr Operation, cruise/patrol

a. Configuration selection quarter power.

b. Switches S1, 85, sS13, 82, 36, and S1l4 open.

c. Switches S1, S5, S9, S12, S15, and $16 close.

d. Schedule G3 to shut down.

e. After G3 shut down, engine rvom 2 cooling water system off.
(Note: engine room 1 cooling water system cools Gl, M1,
cross connect line and M2)

f. Torque reference commands result in Ml and M2 turning at
100 rev/min.

Step 7: Time 200-300 hr Operation, cruise/patrol

a. Configuration selection idle.

b. Switches 51, S5, §9, S12, S15, and 516 open.
c. Gl at idle.

d. Lift brushes Gl,

e. Engine room 1 cooling water system off.

f. Motor fields and generator fields at zero current.
Step 8: Time 300-300.1 hr Operation, cruise/patrol

a. Lift brushes G2, G3, G4
b. Schedule G2, G3, and G4 to idle.

Step 9 and 10: Time 300.1-305.1 hr Operation, high speed

a. Configuration selection full power,

b. Cooling water systems on.

c. Lower brushes Gl, G2, G3, and G4.

d. Motor fields at 1391 A,

e. Switches S1, $5, S13, S2, 86, and Sl4 close,

f. Switches 53, S7, 84, and S8 close.

g. Torque reference commands result in Ml anu MZ turning at

145 rev/min.
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Time 305.1-310 hr Operation, high speed

Torque reference commands result in M1 and M2 turning at
168 rev/min.

Time 310-01 hr Operation, crash back

Section 2.3.3 for a description of the crash back maneuver.
Time 310.01-330 hr Operation, cruise

Configuration selection quarter power.

Switches S3, S7, 84, and S8 open.

Switches S1, S5, S13, S2, S6, and S24 open.

Switches S1, S5, S9, S12, S15, and S16 close.

Schedule G2, G3, and (4 to shut down.

After G2, G3, and G4 shut down, engine room 2 cooling waterx
system off.

Torque reference commands result in M1l and M2 turning at

103 rev/min.

Time 330-350 Operation, cruilse

Torque reference commands result in M1 and M2 turning at

98 rev/min and 103 rev/min respectively.
Time 350-350.1 hr Operation, cruise

Lift brushes G2,
Schedule G2 to 1idle.

Time 350.1-352 hr Operation, harbor maneuvering

Switches S1, S5, 89, 812, S15, and S16 open.

Engine room 2 cooling water system on.

Lower brushes 62,

Mntor fields at 1391 A,

Switches S1, S5, S13, S2, S6, and S14 close.

Torque referencc commands result in M1l and M2 turning at

37 rev/min.
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Step 17: Time 352~ +3 hr Operation, dockside

a. Propulsion system commanded to stop.

b. Switches S1, 85, S13, S2, $6, and S1l4 open.
c. Motor and generator fields to zero current.
d. Gl and G2 shut down.

e. Cooling water and CO2 systems off.

f. Exciterc deenergized,

g. Lube oil systems off.

h. Control systewm deenergized.

2.3.1.3.4 Migsion Steady State Operating Vaiues

The steady state system opzrating characteristics for Steps 2
through 16 of the mission profile are shown in Table 2.15. The manner
in which transitions from one configuxafion to another are carried out by

the control system are detailed in Section 3.6,

2.3.2 Abnormal Operation

2.3.2.1 Loss of Ships Service Power

The following propulsion subsystems are supplied from the ships

service power:

Generator fleld exciters

Motor [ield exciters

Deionized cooling water pump motors
Lubricating oil pump mctors

SEGMAG propulaion system control console

® & ¢ @& o o

Motor driven configuration switches

The loss of ships sarvice power to any of the generator or motor
fleld excitars will be critical and will require immediate and automatic
shutdown of these syastema and their attendant machines. Should any of the
affected machines be on line at the time of the casualty, the control
system will be required to command an emergency shutdown of the propulsion
plant. PEecause of the absolute dependence upon maintaining power to the

exciters, these systems should be supplied frow a igh relia“ility buss.

2-64



DT g TR T TR, SRRV KA T S IR 5,y e v

e VI OB B MBS TR AT AN RO TR ¢ IR TN LT

TABLE &.15

MISSION STEADY STATE SYSTEM PERFORMANCE

Mission Profile Step 2. Dockside

Turbine Power, Total 0 Kw ( 0 bp)
Motor Power, Total 0 KW ¢ 0 hp)
System Efficiency (Motor Power/Turbine Power)

Total System Fuel Consumption 9 kg/hr ( 20 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 2 kW Lube 0il Systems 227 liter/min
Motor Excitation 5 _kW Cooling Water Systems___ 0 liter/min
Lube 01il Pumps 11 kW Total 227 liter/min
Cooling Water Pumps 0 kW
Total 18 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr
Fuel Consuuption, kg/hr 0 0 0 0
Generator

Input Power, kW
Speed, rev/min
Output Power, kW
Output Voltage, V
Output Currvrent, A
Field Current, A 0 0 0 0
Motor
Input Power, kW
Input Voltage, V
Input Current, A
Output Power, kW
Speed, rev/min
Field Current, A 0 0
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TABLE 2.15 (Cont)
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Mission Profile Step 3. UDockside

Turbine Power, Total 10 KW ( 13 hp)
Motor Power, Total O KW ( 0 hp)
System Efficiency (Motor Power/Turbine Power) ——

Total System Fuel Consumption 774 kg/hr  ( 1706 1b/hr)

Ship Services
Auxiliary Electric ‘ Sea Water
Generator Excitation 2 kW Lube 01l Systems 227 liter/min
Motor Excitation 5 kW Cooling Water Systems_ 0 liter/min
Lube 01l Pumps 11 kW Total 227 liter/min
Cooling Water Pumps 0 kw
Total 18 kw

Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 77.6
Fuel Consumption, kg/hr
Generator
Input Power, kW
Spead, rev/min
Output Power, k%
Output Voltage, V
Output Current, A
Field Current, A
Motor
Input Power, kW
Input Voltage, V
Input Current, A
Output Fower, kW
Speud, rev/min
Field Current, A

&

S 17.645
0 382 0
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TABLE 2,15 (Cont)

Mission Profile Step 4. _Dockside Maneuvering

Turbine Power, Total 33 KW { 45 hp)
Motor Power, Total 19 KW ¢( 25 hp)
System Efficiency (Motor Power/Turbine Power) 0.5700

Total System ruel Consumption 1061 kg/hr ( 2339 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 3 kW Lube Oil Systems__ 227 liter/min
Motor Excitation 531 kW Cooling Water Systems 4542 liter/min
Lube 0il Pumps 11 kW Totsl 4770 liter/min
Cooling Water Pumps 56 kW
Total 601 kw
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 22,990 22.990
Fuel Consumption, kg/hr 336 0 386 0
Generator
Input Power, kW 17 17
Speed, rev/min 1802 1802
Qutput Power, kW 11 11
Output Voltage, V 108.1 -108.2
Output Current, A 103 =101
Field Current, A 25 0 -25 0
Motor
Input Power, kW 11 11
Input Voltage, V 108.1 -108,2
Input Current, A 103 -101
Output Power, kW 10 9
Speed, rev/min 8 -8
Field Current, A 1391 1391
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TABLE 2.15 (Cont)

Mission Profile Step J. Harbor Maneuvering

Turbine Power, Total 933 KW ( 1251 hp)
Motor Power, Total 872 KW ( 1169 hp)
System Efficiency (Motor Power/Turbine Power) 0.9349

Total System Fuel Consumption 1332 kg/hr ( 2936 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 29 kW  Lube 0il Systems 227 liter/min
Motor Excitation 531 kW Cooling Water Systems_4542 liter/min
Lube 0il Pumps 11 kW Total 4770 liter/min
Cooling Water Pumps ___ 56 kW
Total 638 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 1.105 1.108
Fuel Consumption, kg/hr 515 0 515 0
Generator
Input Power, kW 466 466
Speed, rev/min 1845 1845
Output Power, kW 452 452
Output Voltage, V 506.5 506.5
Output Current, A 893 893
Field Current, A 111 0 111 0
Motor
iuput Power, kW 452 452
Input Voltage, V 506.5 506.5
Input Curvent, A 893 893
Output Power, kW ___ &6 436
Speed, rev/min 42 42
Field Current, A 1391 1391




TABLE 2.15 (Cont)

Mission Profile Step 6. Cruise/Patrol

Turbine Power, Total 12311 KW ¢ 16510 hp)
Motor Power, Total 11770 KW ( 15784 hp)
System Efficiency (Motor Power/Turbine Power) 0.9560

Total System Fuel Consumption 3348 kg/hr ( 7380 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 61 kW Lube 0il Systems 227 liter/min
Motor Excitation 264 kW Cooling Water Systems 2271 liter/min
Lube 0il Puups 11 kW Total 2498 liter/min
Cooling Water Pumps 23 kW
Total 363 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0,258
Fuel Consumption, kg/hr 3174 0 0 0
Generator
Input Power, kW 12311
Speed, rev/min 2988
Output Power, kW _12145 .
Output Voltage, V 1679.7 _
Output Current, A 7230
Field Current, A 227 0 0 0
Motor
Input Power, kW 6063 6063
Input Voltage, V 838.6 _838.6
Input Current, A 7230 7230
Output Power, kW 5885 5885
Speed, rev/min 10 100
Field Current, A 974 974




TABLE 2.15 (Cont)

Mission Profile Step 7. Cruise/Patrol

Turbine Power, Total 5 KW ( 7 hp)
Motor Power, Total 0 KW ( 0 hp)
System Efficiency (Motor Power /Turbine Power) —
Total System Fuel Consumption 391 kg/hr ( 863 1b/hr)

Ship Services
Auxiliary Electric Sea Water
Generator Excitation 2 kW Lube 0il Systems 227 liter/min
Motor Excitation 5 kW Cooling Water Systems___0 liter/min
Lube 0il Pumps 11 kW Total 227 liter/min
Cooling Water Puumps 0 kW

Total 18 kW

Starboard Port

Turbine

Specific Fuel Consumption, kg/kW~hr  77.645

Fuel Consumption, kg/hr 382 0 0 0
Generator

Input Power, kW 5

Speed, rev/min 1800

Output Power, kW

Output Voltage, V

Output Curremnt, A

Field Current, A
Motor

Input Power, kW

Input Voltage, V

Input Current, A

Output Power, kW

Speed, rev/min

Field Curvent, A

L

(=

il
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TABLE 2,15 (Cont)

Mission Profile Step 8. Cruise/Patrol

Turbine Power, Total 20 KW ( 27 hp)
Motor Power, Total 0O KW ( 0 hp)
System Efficiency (Motor Power/Turbine Power)

Total System Fuel Consumption 1539 kg/hr ( 3392 1b/hr)

Ship Services
Auxiliary Electric Sea Water
Generator Excitation 2 kW Lube 0il Systems___ 227 liter/min
Motor Excitation 5 kW Cooling Water Systems 0 liter/min
Lube 0il Pumps 11 kW Total 227 liter/min
Cooling Water Pumps 0 kW

Total 18 kW

Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr  77.645 77.645 77.645 77.645
Fuel Consumption, kg/hr 382 382 382 382
Generator
Input Power, kW 5 5
Speed, rev/min 1800 1800
Output Power, kW 0
Output Voltage, V 0
Output Current, A 0
0

5
1800

Cjojo]o

Field Current, A
Motor

Input Power, kW
Input Voltage, V
Input Current, A
Output Power, kW
Speed, rev/min

Field Current, A 0 0

e+

o
(=)=} o] {a] {a]{V]
ojojolo
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TABLE 2.15 (Cont)

Mission Profile Step 9. and 10, High Speed

Turbine Power, Total 37118 KW ( 49776 hp)
Motor Power, Total 35882 KW ( 48118 hp)
System Efficiency (Motor Power/Turbine Power _ 0.9667

Total System Fuel Consumption 10726 kg/hr ( 23646 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation JO5 kW  Lube 041 Systems______ liter/min
Motor Excitation 331 kW Cooling Water Systems liter/min
Lube 011 Pumps 11 kW Total N _liter/min
Cooling Water Pumps ____ 56 kW
Total 902 kw
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0,277 0,277 0,217 0,217
Fuel Consumption, kg/hr 2575 2575 2575 2575
Generator
Input Powar, kW 9280 9280 9280 9280
Speed, rev/min 2696 2696 2697 2696
Output Power, kW 9162 9162 9162 9162
Output Voltage, V 1723.8 1723.8 1723.8 1723.8
Output Current, A 5315 5315 5315 5315
Field Current, A 258 258 258 258
Motor
Input Power, kW 18319 18319
Input Voltage, V 1723.4 1723.4
Input Current, A 10630 10630
Output Power, kW 17941 17941
Speed, rev/min 145 145
Field Current, A 1391 139
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TABLE 2.15 (Cont)

Migssion Profile Stap 11. High Speed

Turbine Power, Total 57761 KW ( 77456 hp)
Motor Power, Total 55808 KW ( 74840 hp)
System Efficiency (Motor Power/Turbine Power) 0.9662

Total System Fuel Consumption _ 14791 kg/hr ( 32608 1b/hr)

Ship Services

Auxiiliary Electric Sea Water
Generator Excitation 291 kW Lube 01} Systems__ 227 liter/min
Motor Excitation 531 ki Cooling Water Systems 4642 liter/min
Lube 011 Pumps . 11 kW Total 3 4770 liter/min
Cooling Water Pumps 56 kw
Total 888 kw
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0.249 0.249 0.249 0.249
Fuel Consumption, kg/hr 3592 3592 3592 2593
Generator
Input Power, kW 14440 14440 14440 14440
Speed, rev/min 3193 3193 3193 3193
Output Power, kW 14261 14261 14261 14261
Ourput Voltage, V 1998.8 1998.8 1998.8 1998.8
Output Current, A 7135 7135 7135 7135
Field Current, A 252 252 252 252
Motor
Input Power, kW 28514 28514
Input Voltage, V 1998.3 1998, 3
Input Current, A 14269 14269
Output Power, kW _27904 _27904
Speed, rev/min 168 . le8
Field Current, A 1391 139
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TABLE 2.15 (Cont)

Mission Profile Step 12. Crash Back

The time dependent system operating characteristics are deacribed in
Section 2,3.3. For the purposes of calculating the mission performance,
the steady state conditions of step 11 were used as an approximation

for step 12.
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TABLE 2.15 (Cont)

Mission Profile Step 1}. Cruise

Turbine Power, Total 13440 KW ( 18024 hp)
Motor Power, Total 12861 KW ( 17247 hp)
Syatem Efficiency (Motor Power/Turbine Power) 0.9569

Total System Fuel Consumption 3576 kg/hr ( 7884 1b/hr)

Ship Services

Auxiliaery Electric Sea Water
General Excitation _ 69 kW lLube 0i1 Systems 227 liter/min
Motor Excitation 2716 kW Cooling Water Systems 2271 liter/min
Lube 011 PUmps 11 kW Total } 2498 liter/min
Cooling Water Pumps 28 kW
Total ...378 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0,252 . o
Fuel Consumption, kg/hr 3396 0 ¢ 0
Generator
Input Power, kW _13440
Speed, rev/min 3097 _ N
Qutput Power, kW 13261
Output Voltage, V 1768.2 B .
Qutput Current, A 7500 .
Field Current, A 230 0 0 Q
Motor
Input Power, kW 6621 _ 6621
Input Voltage, V 882.8 _gsz.8
Input Current, A __1500 1500
Output Power, kW 6431 6431
Speed, rev/min 103 103
Field Current, A _. 996 996
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TABLE 2.15 (Cont)

Mission Profile Step 14. Cruise

Turbine Power, Total 12404 KW ( 16635 hp)
Motor Power, Total 11838 KW ( 15875 hp)
System Efficiency (Motor Power/Turbine Power) 0.9543

Total System Fuel Consumption 3356 kg/hr ( 7399 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 57 kW Lube 01l Systems_ liter/min
Motor Excitation 247 kW Cooling Water Systems liter/min
Lube 0il Pumps 11 kW Total liter/min
Cooling Water Pumps _ __ 28 kW
Total 343 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0,257
Fuel Consumption, kg/hr 3191 0 0 0
Generator
Input Power, kW 12404
Speed, rev/min ~997
Output Power, kW 12232
Output Voltage, V 1630.9
Output Current, A 7500
Field Current, A 219 0 0 0
Motor
Input Power, kW 5407 6805
Input Voltage, V 721.0 907.4
Input Current, A 7500 7500
OGutput Power, kW 5223 6614
Speed, rev/min 98 103
Field Current, A 850 1024
2-76
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TABLE 2,15 (Cont)
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Miasion Profile Step 15. Cruise
Turbine Power, Total 12409 KW ( 16614 hp)
Motor Power, Total 11838 KW ( 15875 hp)

System Efficiency (Motor Power/Turbine Power) 0.9539

Total System Fuel Consumption 3739 kg/hr  (

Ship Services
Auxiliary Electric
Generator Excitation ___ 57 kW
Motor Excitation 247 kW
Lube 011 Pumpa 11 kW Total
Cooling Water Pumps 28 kW

Sea Water
Lube 0i1 Systems

8242 1b/hr)

227 liter/min
Cooling Water Systems 2271 liter/min
_ 2498 liter/min

e

Total 343 kW
Starboard Port

Turbine

Specific Fuel Consumption, kg/kW-hr 0.257 77.645

Fuel Consumption, kg/hr 3191 0 382
Generator

Input Power, kW 12404 5

Speed, rev/min 2997 1800

Output Power, kW 12232 0

Output Voltage, V 1631 0

Output Current, A 7500 0

Field Current, A 219 0 0 0
Motor

Input Power, kW 5407 __6805

Input Voltage, V 721.0 _907.4

Iaput Current, A 1500 ___1500

Ontpuc Power, kW _ 5223 6614

Speed, rev/min 9% 103

Field Current, A 850 1024
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TABLE 2.15 (Cont)

Mission Profile Step 16. Harbor Maneuvering

Turbine Power, Total 645 KW ( 865 hp)
Motor Power, Total 596 KW ( 799 hp)
System Efficiency (Motor Power/Turbine Power) 0.9241

Total System Fuel Consumption _ 1247 kg/hr ( 2750 _1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 25 kW Lube 0il Systems 227 liter/min
Motor Excitation 531 kW Cooling Water Systems 4542 liter/min
Lube 0il Pumps 11 kW Total 4770 liter/min
Cooling Water Pumps 56 kW
Total 622 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 1.469 1.469
Fuel Consumption, kg/hr 44 0 474 0
Generator
Input Power, kW 323 323
Speed, rev/wmin __1831 1831
Output Power, kW 311 311
Output Voltage, V 448.4 448.4
Output Current, A 693 693
Field Current, A 99 0 99 0
Motor
Input Power, kW 311 311
Input Voltage, V _448.3 _4438.3
Input Current, A 693 693
Output Power, kW _._ 298 298
Speed, rev/min Y 37
Field Current, A 1391 1391
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Failure of the ships service power to the deionized cooling

water pumps will cause a failure of the cooling water system and will
require machinery shutdown. This shutdown may follow normal shutdown
procedures by relying upon the thermal inertia of the machinery to

store the losses generated during the normal shutdown period. For
reliability, both a main and a standby AC motor driven pump (both fully
rated) are supplied to provide protection against service interruptions
resulting from pump or motor failure. 7This redundancy, however, will

not protect against loss of ships service power. Consideration was given
to providing an emergency pump supplied from an uninterruptable power
source, however, this was not included since loss of ships service power

will cause shutdown due to loss of the machine exciters.

The lubricating oil system has been provided with two redundant
AC motor driven supply pumps and is backed up by a DC motor driven
emergency oil pump. This DC pump can either be supplied from an available
DC bus, or from a separate storage battery bank. The system, therefore,
can operate for a sufficient period of time following loss of ships
service power to allow casualty control measures to either restore the

normal service bus or provide an alternate power source.

In order to maintain ccntinuity of control during ships service
power outages, the contrel consoles will be arranged to be powered from
two alternate high reliability power sources so that failure of one
source will not cause system shutdown. Decause of the cxtensive use of
solid state circuitry, the power requirements will be low and, therefore,

suitable for backup by a non-interruptable power system.

The loss of ships service power to the motor driven configuration
switches prevents remcte control of the switches, but will not otherwise
affect continued operation of the propulsion plant in the existing mode.

If operating mode changes are required prior to restoration of the
service power, they can be accomplished by operating the switches in the

menual mode.
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The system configuration switches which serve to open and close
the armature circuit during emergency reversal mancuvering must be given
special consideration., Loss of function of these devices will inhibit the
ability to rapidly slow the ship. Thus, the operators for these switches
must be provided with alternate power sources or else changed to a type
that can ewploy energy storage for openirg such as compressed springs,
pressurized gas or hydraulic fluid system and/or a DC electrical system
for closures. The specific method of providing increased availability

for these devices is left for selection later.

2.3.2.2 Loss of Seawater Cooling

Since the main deionized cooling water system relies on sea-
water for heat rejection, the total loss of seawater cooling would
drastically reduce the power output of the system. There is, of course,
a time factor involved here, in that a momentary loss of seawater would
have very little effect on the system due to the large quantity of stored
cooled deionized water. However, for a prolonged outage of seawater,
the deionized water temperature would rise to an unacceptable level which
would limit thc operation of all equipment ccoled by deionized water
system. This equipment includes not only the main propulsion machinery
but also the lube oil svstem, the cover gas system, the machine excitation
systems, ships service power, the main propulsion transmission husses,

and {ts assoclated switchgear.

Depending on ambient temperature at the time of loss of seawater,
a small amount of the heat generated in the above systems could be
rejected to ventilating air, however, this amount would be very low and
propulsion power output would have to be drastically reduced to that
level that could be sustained by whatever cooling seawater was available,
assuming that the seawater cooling system is not confined to a single
source as would wmost probably be the case. Partial loss of seawiter

cooling would normally reduce main power output to a level depending on
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the type or cause of loss, however, temporary re-routing of flow from
other seawater loops and expedient reduction of flows to some equipment

could restore main propulsion power to significant output levels,

2.3.2.3 Loss of Switch or Breaker

Three switch failure modes have been considered:
A. Failure of a switch to open
B. Fallure of a switch to close
C. Failure of a switch in an intermediate position (incomplete

operation)

The function of the switches used in the armature circuits are grouped

into two categories and identified as category (1) or (2) as follows:
Category

(1) Those used for system configuration changes only.

(2) Those used for emergency maneuvering (emergency reversal) service.

Refer to Section 3.4 for a detailed description of the functional
di fferences between these services., The severity of a switch casualty
will depend upon which of the functionul categorles the switeh belongs

and the maneuvering situation at the time of the casualty.

Switch position changes are only required when making mode
changes or when performing an emergency reversal maneuver. Thus for
function category (1) switches, the three failure modes will most
probably occur or be discovered when making mode changes under steady
state conditions. For functional category (2) switches, failure can
occur during emergency maneuvering switching when the system is in a

dynamic operating condition.

For functional category (1) switches, e¢ither an A, B or C
casualty will prevent automatic mode changes from taking place in the
sequence commanded by the control logic. When a mode change is
~ommanded which involves the malfunctioning switch, the contrel svstem

lower level supervisory logic will detect the tatlure ot the switeh to
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respond and will then control the system to the “start" condition.
When in the start configuration all switches are open, the motor and

generator fields are de-enrrgized.

With the system in the "start" condition, corrective action
~an be taken fo either return the switch to service, to operate {t in the
manual mode or to isolate {t from the system. Because the system is
controlled to current zevo during switching, it is expected that failures

of this type would not cause consequential damage.

For functional category (2) switches, a type "A" failure will
prevent the i{nitiation of the dynamic braking cycle during an emergency
reversal maneuver. This is a critical failure as it subsequently
prevents braking of the propeller and allows {t to continue in the

windmill condition. This results in a failure to per.orm the reversal

maneuver.

A type "B" failure would most probably cccur following the
dynamic braking cycle and would prevent the system from being powered in
the reverse direction. This would keep the dynamic resistors and
initiating thyristors in the circuit longer than their rated time and
would probably result in damage to these devices. This failure would
terminate the reversal maneuver at some intermediate reach and would be

a partial failure of the ship to perform the reversal maneuver.

The effects resulting trom a type "C" failure will depend
upon the point in the maneuver at which the malfunction occurred. If
the switch malfunctioned during the opening cycle, it causes the
same effect as a type "A" failure. 1f the switch malfunctions during
the closing portion of the reversal cvcele, it exposes both the switceh
and the thvristor to possible damage by the reverse power current.
The severity of the resulling damage and the amount by which the

reversing maneuver {s compromised is dependent upon the switch failure

mode.,
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2,.3.2.4 Luss of Brush Atmosphere

The loss of cover gas flow through the machine is not critical

if the loss 1is temporary. The effects of the cover gas are stated in

Section 2.1.2.4. 1In the event of gac flow loss, the gas contained inside

the machine would still possess the proper additive for lubrication and

the proper gas for arc suppression. Even though the internal pressure

may fall to atmospheric pressure, the effective gas properties would be

essentially unaffected. The effects of the loss of gas flow must be

monitored during the prototype machine tests to establish realistic ;

time limits for continual operation. The result of an investigation of

lost gas flow would be to determine the follewing parameters as a

function of time:

Reduced machine power output due to lower arc suppression
capability

Reduced brush life

Higher brush electrical loss

Lower brush frictional loss

There are, however, other abnormalities associated with the

cover gas (debris removal) system that are critical. Since the loss of

cover gas flow for short periods 18 not expected to cause adverse

effects, the remedy for the other abnormalities is to terminate gas flow

by stopping the fan. The following abnormalities would be typical

causes for termination of gas flows:

Loss of cooling water causing the gas temperature leaving
the cooler to rise above the desired level,

Loss of vapor addition

Loss of water fiow

Loss of fan power

In addition to stopping the fan, an alarm should be activated

so that the problem can be corrected.
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203205 Loun of Machine Covlant

There ave weveral eloments of the machines vequiving coolant,
and each will have ditterent ottecin {1 coolant iw Todt . Thore ave water
tiaher cooling the atator tron, the teld windiag, the brushes, and the
votor barsn,  Brush pevtormance (2 highty depondent on matntaintug the
propeyr opervat tng temperature, aua thevetoro mintatatng cootant to the
brurhes 18 very critical to machine oposvation,  The other conled olomentn
are limited by thelr Clans R tuaulation rating; 1t coolant tx loat, the
current {n them muet be roduced to the potnt where a hot spot temperature

of 110°C {8 not excended,

Lake of coolant to the tield winding wili be loast disvapt ive
to machive operation,  The t{old winding han rvelatively thin {tusulation,
and ix In clove proximity to the atator ateel, which fa coolsd,  Thus,
tield lons could be removed by conduct ton to the stator {vron, and thenes
to the water cooling tube. Pending a thevwal analvaia, o vough esat {mate
of tield currvent poratble under thita condition ta one-halt of full tleld,
I & motor has lost {{eld coolant, about 70X propeller speed could be
mafntalined, and about %% power, 1t a gencvator has toxt field cootant

{1t could at{ll matntatn about halt tis rated powes output,

Logs of coolant to the atator fron would be somewhat move
serfous, since there (8 no other conventent cooling tube through which
the rtator bar losgen could be vemoved.  However, some ol thesne Torues
could still be removed by conduct fon through the machine tvame, and
radiat tonn from the outafde ot the machine.,  Stoce these lows vemoviug
mechan {sma would bhe conafdorably loss ottective than the water cooling
tube, ft would be unltkely to be able to matntaln more than 200 ot
armature curvent ander thits condition,  Thia weans that (U atator coolant
ix loxt to a motor, no more than halt propelier gpeed counld by malntained,

ad 10T power. A generator with a losds ot atator coolant could matutatn

20% output power,
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The rotor bars are very well insulated from possible sources
of heat removal, other than their cooling tubes. Therefore, {f rotor
bar cooling was lost, only a small fraction of armature current could
be maintained, and the machine would have to be shut down., Likewise, as
stated previously, brush coolant is criti{cal to machine operation, and

loss of brush coolant would require machine shutdown,

2.3.2,6 Emergency Connections

The eighteen confﬂgurntlon control switches provide the
capability of connecting one or two generators per side to their
corresponding motor, while operating in the split plant configuration;
they also provide for intercoonecting any one generator with both of the
motors, connected in gseries, for the quarter power configuration which
interconnects the two engine rooms. There is, however, a possibility
that one engline room could be totally disabled while the ocher 1s still
intact, which would make it desirable to connect these two functioning
generators with both motors for operation st the half power level. This
could be accomplished by the present switch configuration by connecting
both wotors and both generators in parallel, however, two of the motor
switches and interconnecting busses would have to be installed with
addit fonal current carrvying capacity since single motor demand 1is
approximately 9000 amps while at present the interconnecting lines and
switches are rated at 7500 amps. Thus, a trade-off would have to be
considercd between flexibility and additional cost, The four machines
could also all be connected in series, again by increasing the capaclty
of the interconnecting busses, plus the tnclusion of twoe removable
bus links. This removal would be accomplished manually while at a
de-energized state. [In both cases, slight modifications would have to
be made in the control system to properly supply the correct torque and
feoedback signals. Elther or both of these schemes could be accommodated

{f the derired flextbility outweighs the additional cost,
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2.3.2.7 Damage Counsiderations

For thc best protection agailnst loss of propulsion power due to
flooding, fire or explosion, a first reaction may lead to the conelusion
that separation of components by compartumentalization ix benof{cial and
desirable. However, further generalized reasoning leads to a contra-
diction of this conclusion, and {ustead that the arrangement with all of
the propulsion machinery for one shaft located fn a single space (as on
DD963) is the bhest arrangement from a damage control point-of-view. This
latter conclustion derives from (1) the fact that a set consisting ot one
motor and at least one geunerator is required to drive the ship, and
(2) each set should be disposed so as to present the least target
cross-gection to the anticipated hazard. This optimum dispoxition ir
apparently achieved in the two machinery space layout of Fligurea 2.0 to

2‘16‘

The gencralized reasoning above overlooks the pessibility of
reducing the target cross~section of the motor space by shortening its
length, plus taking advantage of the redundancy of generators. A more
exact probability analysis {s requived to adequately asssess the improvement
in damage control protection. The analysis has been done for flve dif-~
ferent avrangements of spacea, including the original two compartment

layout which we call the "baseline" arrvangement, The caaes are:

I. Two compartwments, each with two generators and one motor.

Designated "Baseline"
1. Two motor rvooms, £ gencrator rooms
[11, Two motor rooms, } geanerator rooms
IV. ‘Iwo motor rooms, 4 generator rooms

V. One motor room, 4 genervator rooms
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The probability analyais seeks the probability that the pro-
pulsion eystem will be totally disabled by flooding, fire, projectile
impact or some causes other than conventional breakdowms. A length of
the ship called a zone length Z {s defined as about the very minimum
space Into which a propulsion motor could be fitted (approxiwmately
15 feet). Due to the length of the gas turbine-generator module, a
generator room length of 32 is required if the unit is disposed with

shaft axes fore and aft. A practical length of motor room is 1.5%.

The probability of a single hit or damaging event on a space
of length Z is taken to be "p". On a space nZ long, the probability of

one or more hits is: 1 - (l—p)“.

Implicit is the assumption that the target cross-section has
a constant height so that the area varies only with the length (of the
space). A furthec premise i{s that the occurrence of one hit does not

reduce the probability of a second hit, and so on.

The analysis has been done for a range of values of the single
hit probability "p", with full realization that preobability values much

in excess of 0.1 represent inordinately high values.

The results are presented by the curves of Figures 2,29 and 2.30,
where the vertical scale is the "Probabhility of the Ship Propulsion System
being Inoperative'". These of course require as a minimum either disablement

of both motors or dizablement of all generators.

The first curve set (Figure 2,29) is for a practical motor room
length of 1.5Z and a turbine-generator space length of 3%, The horizontal
scale is "p", the "Probability of Hitting a Zoune (of length 2)",

Representative values from the two-compartment "Baseline" case ave:

"p Inoperative Probability
0.01 0.00088
0.05 0.020

0.10 0.073
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Figure 2.29, Probability of Disabliip Propulsion
System by Zone Hit
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First it is seen immediataly that separating the 1-G units in
pairs to separate rooms, Case II on Figure 2,29, increases the overall
probability of disablement - as generalized reasoning may deduce from

target croas-sections considerations alone.

Next we see that further separating the turbine-generator units
into 3 or even & separate spaces, Case III and Case IV, provides a
marked increase in damage control protection, as basic intuition may
initially conclude. Extension of the previous tabulation illustrates

the results with numbers:

PROBABILITY OF TOTAL LOSS OF PROPULSION

p NUMBER OF SPACES
2 5 6

0.01 0.00088 0.00025 0.00022
(Ratio) 1.0 0.28 0.25

0.05 0.020 0.0084 0.0059
(Ratio) 1.0 0.42 0.30

0.10 0.073 0.041 0.027
(Ratio) 1.0 0.56 0.37

The ratios in the table show clearly that a 4:1 improvement (in event
p = 0.01) can be achieved with a 6 compartment arrangement and motor
room lengths of 1.5Z (22.5 ft).

The high probability of being inoperative for Case IV, the
single motor room arrangement, shows the obvious folly of placing both

motors in a single space.

Fipure 2,30 gives an extension of the resulta of the analysis
where the length of motor room is varied from Z to 3Z, and shows the
profound influence of target length on the results. This curve group
is discuased in the Appendix No. 1 wherc also the complete probability

analysis 13 given.
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In conclusion we may see from these results that the versatility
in arrangement afforded by the multi-unit electric drive system offers
diverse opportunities for design improvements, especially in a naval

warship.

2.3.3 Maneuvering Simulation

2.3.3.1 Description of Maneuvering Simulation

The system simulation incorporated the components shown on
Figure 2.1 and described in Section 2 of this report. Briefly, it
consisted of four gas turbines, each driving an electrical dc generator,
two such generators power a dc motor per shaft which drive fixed pitch
propellers. In addition to these major components, several methods of
braking the propeller shaft were simulated; mechanical brakes and
electrical braking resistors. The machine exciters and armature switching

were also simulated, as was the propeller and ship's drag.

For lower power configurations that entail the use of less
than four generators, the same input signals, albeit different values,
are utilized as those for the full power configuration. It was thus
possible to simulate the various multi-machine configurations by
changing the base quantities without resorting to multiple simulations

of machines on the analog computer.

The basic control is a motor torque control which can easily
be attained by operating the motors with fixed field current and con-
trolling the armature current by varying the generator field current.

This control is well suited to the ship drive for scveral reasons.

First, it brings under direct control two critical physical
parameters: the armature-circuit current and the shaft torque. Armature
current is important to control not only because of the thermal limitations
of the machines but also because of potentially destructive torques and
forces which could result if the propeller were to become entangled with
some foreign object. The altcrnative to torque control is motor speed

control. With speed control, in the event of a propeller entanglement,
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the system would increase the generator field current and thereby the
armature current and torque. Special means would have to be provided

to sense and limit the armature current. On the other hand, if one were
to lose a propeller or otherwise lose propeller torque, the speed control
will limit the motor speed which is an advantage. However, under the
loss uf propeller condition, with the torque control system, the
generator field will increase (assuming tield control is used) until
saturation or other limiting occurs at which time the motor aspeed will
no Tonger Increase. Of course, In hoth systems, protective circuitry
would have to be provided to protect the machinery, under the torque
control system a self-limiting action results without additional expense.
By considering these two extreme cases, it is evident that armature

current control is more advantageous than speed control.

One of the first tasks to be initiated during this study was
to determine the configucation of the systems and the design parameters
in terms of weight, volume, and efficlency of the SEGMAG machines and
their auxiliaries. After a preliminary sizing of the principal drive
components was accomplished, the next logical step was to determine
the optimum arrangement of the components and their operating
characteristics both individually aud as a combined system. The analog
simulation study was then initiated to determine the number and types
of control systems of the inner loops that would be required and their
responses during maneuvering. One of the Immediate problems to surface
during the system simulation was the method of absorbing the regenerative
energy during ship reversal. The source of this energy of course is in
the mass of the moving ship and is transmitted through the propeller and
shaft to the motor. The motor now desires to function as a generator
which would transmit this energy to the generator and drive turbine, if
means are not taken to prevent it. Various arrangements of equipment
were simulated, the most obvious 18 to put a mechanical brake on the
motor shaft and thus absorb the encrgy as heat. A mechanical brake

could also be installed on the generator to absorb the energy. Due to
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the versatility of the simulation program, both of these arrangements
were analyzed. However, both mechanical brake schemes were abandoned
after an analysis of tne Lirake requirements indicated that the simul-
taneous fulfillment of both the energy capacity and power rating verged

on the edge of the present state-of-the-art.

Flectrically, the stored energy of the moving ship can be
dissipated in resistors that can be inserted into the circuit when the
motor begins to regenerate energy. The usual method employed is to
control the generator field to lower the generated voltage to that of
the regenerative motor thus producing zero current in the armature
circuit, which can now be opened. The dynamic braking resistors are
then inserted into the motor circuit, the first resistor having a value
such as to circulate approximately 1507 of full load motor current.
This load on the motor, of course, dececlerates it and the motor current
drops to a lowe> value at which time another resistor is inserted into
the circuit to again raise the current and, hence, the retarding torque
to 150% of rating. The process continues until the motor is slowed to
near zero speed and the dynamic braking resistance approaches zero.

The armature circuit resistance then consists mostly of the motor and
generator resistance and the dynamic braking resistors can then be
shorted out. The generator can then be controlled to reverse the motor
and accelerate in the reverse direction. The use of dynamic braking
resistors was simulated and proved very effective in reversing the

drive system.

The simulation study thus fixed the main components of the
drive system and their interconnection. 1t also demonstrated that the
basic control loop responded favorably to various levels of output

power.

2.3.3.2 Model and Simulation Features

The propulsion system was divided into 23 functional blocks

so that the blocks could be interconnected into the several arrangements
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that were tried. Not all 23 bhlocks of course are used at any one time,
for example, block 14 (generator friction brake) and block 17 (armature
relay controls) are the mechanical and electrical methods of accepting
regenerative power and are used independently of each other. These blocks
are described in detail in the Appendix No., 4 of this report which encom-
passes the complete simulation study performed for the 40 KHP system under

congideration. It includes the model equations and the logic circuitry.

2.3.3.3 Circuit Schematics

As stated previously, the circuit schematics for the components

and the control system are included in the Appendix No. & of this report.

2.3.3.4 Analogue Traces

The simulation study exercised the system not only in the methods
of control but also for the various power levels required of the system.
The results of these investigations in the form of analogue tracers of the
responses of the system to input torque demands are disclosed in the

report of the study included in the Appendix No. 4.

2.4 Environmental Considerations

The environmental requirements specified in the work directive

relate to externaliy imposed environmental conditions and system
generated environmental requirements. These requirements are listed on

Table 2.16 and further expanded in the following paragraphs.

2.4.1 Temperature

All materials used in the machines are Class B materials or
better. Therefore, the thermal designs of the machines will be to
maintain all hot spot temperatures below the Class B limit, 130°C.

All the water cooling circuits are designed for a maximum of

90°F inlet temperature.
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Operating Temperature
Relative Humidity
Ships Motion

Roll

Pitch
Shock (Hull Mounted)

(Deck Mounted)
Shaft Torque Capacity
Magnetic Field

Surface Temperature

TABLE 2.16

ENVIRONMENTAL REQUIREMENTS

0° to 50°C

0 to 952 (w/5 ppm salt)

Inclined 15° from the vertical

*45° at a 9 second period

+30° at & 6 second period

1000/ 3 w g's acceleration for 2 ms
500/ 3w g's acceleration for 2 ms
3 x full ahead

<100 gauss at 6" away

< < °
4 Tg 60°C
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2,4.2 Humidity

Since the wachines are sealed systems, ambient humidity is
irrelevant to their operation., Ventilated or semi-enclosed spaces will
be provided with space heaters to prevent condensation, For humidity
requirements in the cover gas within the machine environment, see

Section 2,1.2,

2.4.3 Ship Motion

The specified roll and pitch requirements were considered in
the design of the machines and their supports. The main thrust tearing
for the shaft and propeller were retained from the direct drive arrange-
ment so that only the additionally imposed thrust from the motor had to
be accommodated. The machine supports for both the rccor and stator of
the motor will be designed for the specified ship roll., Drains for the
cuoling water and lube oil will be designed to insure proper drainage

for both the specified pitch and roll requirements.

2.4.4 Design for Shock Resistance

The systems designs that are developed in this program will

be examined for compliance with the requirements tabulated on Table 2.16.
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The systems develuped in the program comprise generators,
motors, controls, current handling subsystems, and auxiliary systems.
Only the generafors and motors are examined in this section for shock
resistance. The remaining equipments either are not developed to a
stage where analysis is practical or ere of conventional design requiring

only routine development for shock resistance,

The motors and generator would be classed as hull mounted,
being normally supported by a strong and rigid foundation larded on the
hull structure of the ship. The following tabulation gives the shock
input g-level as computed by the formula 1000 w"1/3, W being the weight

of the machine in pounds, for hull mounted equipment:

TABLE 2.17

SHOCK g-LEVELS FOR DESIGN

Rating Speed Weight g~level
KHP Machine rpm _1lbs fagp)
20 Generator 3600 26,650 35
40 Motor 168 119,000 20
20 Motor 1200 33,750 31

The wording of the work statement, 'the machines.... will be

required to withstand the equivalent of.... 1000 w‘1/3

g forces....
applied for 2 ms", does not lend itself to an exact interpretation. The
literal meaning would be that all inertilal forces throughout the machines
would be iIncreased by the g-level factors shown in the last column of the
above table, and the loads sustained for 2 milliseconds, a difficult

interpretation to utilize.

Another interpretation is that the shock 1s described by a
square wave acceleration input at the mounting plane or seating of the
machine, having an amplitude a, equal to the tabulated G-levels and a

time duration of 2 ms, applied in any of the three directions. It is this
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interpretation that we have elected to utiiize, and in the tollowing
pavagrapha the dynamfc {nfluences of the shock pulse on the machine's
subayatems and components are examined. The concept of the "shock
response spoctrum” will be used to approxiwmate thoe respouse of vach

normal mode of vibratfon of the machine and {tan subarremblies,

The prescribed shock fnput {a as ahown {n Figure 2.3}, having
a stepwine, very ateap, change in acceleration at the start amd the end
of the pulse. Steep wave fronts give large tnftial response (up to a
magnification of 2) due ro the (natantaneocusly applied excitation,
Since this maguification occurs Inftially there {8 no amelioration of
the shock effect as the subayastems become more and more rigid. This
dous net seem to be consistent with reality, since one would expect a
high trequency system to tollow a low frequency shock pulse without

appreciable dyvamic magnification,

In Figure 2.32 is shown {n dashed lines 'he response apectrum
to the squave wave acceleration input shock.®* The vertical scale is
the ratio of peak acceleration to the input acceleration peak, LI The
horizontal scale fa the natural frequency ot the machine component or
subassembly. It is meen that all higher frequency components (above
250 He) are subjected to an acceleratfon magni{tication of 2, This

result seems to be not constatent with experience.

Medium and low {reguency components (below 90 He) arve exposed
to no amplification of shock (t.e., the a/a“ ratio t8 unity or leass)
and morcover show o diminfsned vesponse proportfonal to the component's
natural tfregquency. Yor example a 45 Hz component has a resnouse factor

of approxfmately 0,5,

A more realistic shock Input pulse would have a swloping wave

front at the beginntag and at the end. A displaced cosine curve

*Reference should be made to "Shock wnd Vibration Handbook,"
MeGraw Hi{1Y, 1961, v. 1, Chapter 8 and Figure 8.18 for the Development
of the REsults of Flgure B,
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(a "veraine curve") has been used to form the pulse whose response is shown
by the solid line in Figure 2.32, At component frequencies up to 90 Hz

the response curve is virtually the same as that for the square wave pulse,
This Is the frequency range over which the component response is identical
to that resulting from a suddenly applied velocity at the seating, equal

to a-dt of the acceleration pulse, and is independent of the pulse shape,

being only dependent on its area.

From 90 to 250 Hz the solid line curve is progressively lower
than the dashed line curve and peaks at a value of a/uo = 1.7 at 225 He.
At higher frequencies there is a steady decline in response to a value of

1.0 at 750 Hez, with but minor increases above 1.0 for higher frequenciles.

Considering the {lexibilities or compliances of the structures
between the machine and the outer hull of the ship, at which location the
shock forces would be applied, the use of a shock pulse¢ with modified
wave fronts such as shown in Figure 2.32 appears to be a reasonably
equivalent appreach for evaluating the dynamic response of the machines
during initial design. Hence the shock response curve chown by the solid
line {iu Figure 2.32 will be used for design evaluation of the generator
and motors. Values of the acceleration input amplitude a for each

machine are given in the tabulation presented earlier in this section

(Table 2.17).

The curves of Figure 2,32 are based on an input pulse length
of 0.002 second measured from the mid-height points of the wave fronts
at the start and ending of the pulse, as shown by the sketch and desig-
nated as t,. T is the natural period of vibration of any selected sun-
system or component of the machine, the inverse of the natural frequency
tn in Hz. Values of the ratio 7/T are given on the abascissa scale in

addition to the frequencies.

For preliminary design procedures the g-factors of Table 2.18
should be used for the machine's components, so as to avoild the require-

ment of reading the curve of Figure 2.32 for every component.
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TABLE 2.18

DYNAMIC FACTORS FROM RESPONSE SPECTRUM

Component

Natural

Frequency, Deslign g-factor

fn - Hz
fa

c =L

0 to 90 90 a

90 to 700 U'se 1.7 a, for initial stress check.
If component fails to verify. use
a/ao factor from Figure 2.32

700 up a

o}

Body loads equal to the weight of each component part times the
g-factor shouid be applied successively in each of the three directions.
Resulting stresses should not exceed the material's 0.2% yileld strength

and deflections should be of acceptabie values.

The design of the generator and motors has developed to the
stage where the rotors, stators and bearings are sized but many details

remain to be done. Four areas are evaluated for shock resistance at this

preliminary stage.

Mounting feet and bolts: These have not been designed to date.

When this is accomplished, the feet and bolts should be sized to the basic
g-tactors shown by a in Table 2.17, for vertical and horizontal shock.

The multiplier of a/ao = 1 is here used since 1t is unlikely that the
fundamental natural frequency of a machine on 1its foundation will exceed

90 Hz and yet will not be low. There should be no appreciable difficulties

In satisfylng these requirements.
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Shock Deflection of Rotor in Air Gap

The atatic deflection diagrams for the generator and motors are

computed as a first step in the critical speed analysis.

The ordinates of this are multiplied by the a, value for each
for cach machine as given in the tabulation earlier in the section. The
ordinates are then modified by the dynamic factor in the second table g%,

where f“ is the rigid bearing critical speed in He.

Results of these calculations are shown in the final table and

are compared with the design value of air gap clearance.

TABLE 2.19

SHOCK DEFLECTION OF ROTORS

Maximum Rigid Resultant
Static X Brg Shock Alr
8- Deflection g-level Critical fn Max Defl- Gap
Machine level (in,) {(in.) (Rz) 90 (dn,)  (dn.)
20 KHP gemerator 35 6.4 % 1070 0.224 42.2  0.47 0.105  0.150
40 KHP motor 20 2.1 %107 0.00042 684 1.7 0.0007 0.125
20 KHP motor 31 7.3 % 10-4 0.023 12 1.7 0.039 0.150

Loading of Bearings Under Shock

Shock loading of sleeve bearings is first calculated by the
product of a, with the weight of the rotor, divided proportionally between
the bearings and then divided by the projected area of each bearing.
Results of this computation are given in Table 2,20, and are compared
with the maximum allowable shock loading for sleeve bearings permitted

by the propulsion turbine military apecification MIL-T-17600D,

It is seen that all bearing shock loads are well below the
allowable maximum of 22,000 psi as established by the military

specification for steam main propulsion machinery.
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TABLE 2,20
BEARING SHOCK LOADS
Allowable
Estimated Shock shock
Roter Wt. g-level Brg. Unit unit load-
lbs ag Size  load-psi psi
20 KHP generator 6600 35 8 x 8 1804 22,000
40 KHP motor 58200 20 24 x 10 2425 22,000
20 KHP motor 13200 31 10.25 x 10 1996 22,000

Bouncing of Brushes due tu Shock

This aspect of the design evaluation is the most difficult of
those to be reviewed. Only the generator configuration will be considered
here, the motor arrangements being similar. Each brush holder module
consists of four clusters of brushes, each having four brushes, with each
cluster fitting in its separate rectangular slot and loaded with two

constant~force springs.

The conceptual design is shown on Figure 2.33. The four brush
clusters are held in a single casting supported at the bearing end by an
insulating structure. The end adjacent the armature core is shown

positoned but not supported by an insulated shield.

Data on the brushes and current collector are given in

Table 2.21,

The predominantly important question is: '"Will the brushes 1lift

from the current collector surface under shock conditions?"

If the anser is "yes", then the electrical circuitry will have
to be tolerant of brush lifting, or the brush system will have to be

redesigned and developed to minimize or avoid all momentary brush lifting.

The analyais of this question is not straightforward.
Figure 2.34 is a schematic sketch of the principal features of the brush
holder. The sixteen brushes are forced down onto the current collector
by constant force springs, one to each four brushes, producing a unit

pressure of 7 psi,
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TABLE 2.21
CURRENT COLLECTOR DATA FOR 20 KHP GENERATOR

Collector diameter = 14.85 in.
Speed = 3600 rev/min.

No. of brushes per cluster -4

No. of clusters per brush holder = 4
Cluster width = 1.64", Thickness = 1.06"
Brush width = 0.82", Thickness = 0.53"
Pressure at collector surface = 7 psi
Force for 1 brush (0.82 x 0.53) = 3.05 1b

Brush length = 2"
Density = 0.18 1b/cu in.
Modulus E = 5,000,000 psi

Weight of 1 brush = 0.156 1b

The force per brush is slightly over 3 pounds. When divided by the brush
weight a value of 20 is obtained, corresponding to the steady value of g
required to 1ift the brushes, far short of the value a, = 35 g for the
prescribed shock input for the generator. Treatment of this deficiency

must await further design investigation and analysis.

The schematic model shown in Figure 2.34 should be analyzed as
a next step in the design process of shock design. Looking at the details
of the model, the brush holder casting may be considered as rigid so that
only its mass distribution need be considered. The main support is at
the bearing end where an insulated structure forms the base connection for
the cantilevered brush holder. This support is stiff in shear and moder-
ately flexible 1in rotation and may be modelled as an elastic hinge of

stiffness KB'
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Equations of Motiun of Brush and Holder
X, = Motion of Hoider at Brush ¢
X3 = Moticn of Brush
P = Lateral Force in Holder on Brush
{ =3P +for )'(2—)‘(3+

- for ‘x2 - X3 -

u = Coef, of Friction
Mad+ke8=0Q= M3 =k$

Yo G4 (kgr k)= —uas For Holder
o x

m ,__?3 = F-Fg+ 1 X3 =X,. Belore Separation
dt

F-0 +1, X3= Xy After Separation

M = Mass of Holder, m = Mass of Brush
6 = Angular Deflection
Xo = Momeni of Inertia of Holder About 0"

S {t) = Shock Motion of Frame

Figure 2.34. Schematic of Brush Rigging for Analysis
with Equations of Motion
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The presently shown configuration is almost certainly excessively
flexible, and will have to be redesigned. In order to determine the sciff-
negs KG a partial full scale model teat wili undoubtedly have to be
performed.
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The only other brush holder support is at the armature core end
and is represented by the spring constant k. By redesign this should be
made much stiffer than it now is, for otherwise the fundamental natural

frequency of the brush holder on its supports will be low.

Each brush cluster may be considered as being held in position by
the surface of the switch ring, the guiding of the brush holder slot and
2 the force of 12.2 1lbs per cluster provided by the constant force spring -
whose force at the brush will not changae due to vibratory motfons of the
brush pair.

Lateral forces exist in the brush holder slot in order to
provide contact pressure on the current shunt finger conuectors. These
forces produce friction that opposes the sliding of the brush in the
holder. In general this friction increases the duty of the constant

; force spring in holding the brush in contact with the collector.

The evaluation of this brush holder friction force will be done
by test on a prototype assembly so that the upward and downward values
will be determined for a range of lateral forces. This force is designated
"f" in Figure 2.34,

The equations of motion of the brush and holder are non-linear
due to the characteristics of "f" and the fact that the brush may lift
off of the switch ring surface. The equations are given on the lower
half of Figure 2.34 and have to be solved by stepwise integration. The
shock input motion, s(t) is as determined by the square wave acceler-
ation shock pulse of amplitude a, and 2 ms time duration., For the system
shown, a satisfactory approximation to s8(t) is a suddently applied

velocity of 0.002 ag inches per second.
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The outcome of the analysis will show if the brushes are
lifting from the switch ring. No analysis is being performed at the
present time, first, due to lack of data on KO and f, and, second,
since the design shown in Figure 2.33 does not appear to be adequately

stiff to prevent brush lifting problems.

2.4.5 Design for Vibration

2.4.5.1 Critical Speed and Vibration of the 19.6 MW Generator

The undamped-rigid lateral natural frequency of the 19.6 MW
generator rotor is approximately 2530 RPM (No)'

The oil lubricated bearings are of the partial-arc, hydrodynamic
type. One 0.203 m (8 in.) dia. bearing is at each end of the rotor.
Bearing to bearing length is 2.565 (101 in.). The oil film spring damping
properties calculated were 0.525 GN/m (3 x 106 lbflin.) and 0.35 GN/m
(2 x 106 lbflin.), respectively.

The dvnamic model Figure 2.35 includes the stiffness of the
torque tube only. The punchings, rotor bars and banding are included in
the weight circulation.

The damped-flexible lateral natural frequency is 2326 RPM.

These calculations use the above oil film properties and a pedestal

stiffness of 2.627 GN/m (15 x 10° 1b /in.).
The specification critical speed is defined as:

N.=N x 1.10 x 1.25
C o

= operating speed x turbine overspeed

criteria x safety factor
= 3600 x 1.10 x 1.25 = 4950 rpm

Since NC ~ 2326 RPM, this machine is supevcritical. Other multiples of
the exciting frequency would be 0.5 N0 (1800 RPM): 2 N0 (7200 RPM), and

3 N0 (10,800 RPM).
The damped-flexible second lateral natura’ frequency is 9592 RPM

using the above bearing and pedestal properties.
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The rotor length was incressed to reduce the lateral naturzl
frequency below the minimum operating speed of 1800 RPM. The brash
section lengths were changed to increase the overall leagth from
2.921 m (115 in.) to 3.632 m (143 in.). The lateral natural freguency
decreased from 2326 RPM to 1618 RPM. Figure 2.36 shows the vibration uf
the rotor at the brush sites is S to 8 x 10“& inches (single amplitude)

at the normal operating speed of 3000 RPM.

The rotor will be rough balar.ced at sevaral vtages of the
fabrication sequence. This should take the rotor final balance a swall
precision balance or just & check balance. The prototype instrumentetion

will allow orbit studies at operating conditicns.

2.4,5.2 Critica), Speed and Vibration of 40 k HP Motor

The operating speed (No) of the 40 k HP motor is 168 RPM,
Dwg. 1289J30 shows the bearing to bhearing length is 2,210 m (87 in.) and
the torque tube punching support diameter 15 2.299 « (90.5 in.). Since
the op=arating speed is low, the bearing to bearing length is long and the
shaft stiffness high, the ROTCO computer prugram was not uwsed to
calculate the rotating undamped-rigid or the damped-flexfble latersal

frequencies, The mid-span deflection of a coustant oveam is:

‘
wl'

34 E

Wi

y-
The beam was assumed to extead the total bearing to bearing length.
Only the tcrque tube was used in the calculation for shaft stiffness,
elthough the weight of both the rotor punchings and the torque tube was
included, which is 3 conservative calculation.
The non-rotating fundamental beam frequency with rigid supports
is
187.7
y

NP = = 41057 KM

Since NC > No; this machine will operate below the first laieral
natural frequency.
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The rotor will be rough balanced at several stages of the
fabrication sequence. This should make the final balance a small precision
balance or just a check balance. The prototype instrumentation will allow

orbit studies at operating conditions.

2.4.6 Grounding

Specification MIL-E-9170 requires that the ''design and con-
struction of the equipment shall be such that all exposed parts or panels
of metal or other electrically conductive material are at ground (ship's
hull) potential at all times'". Ground straps will be provided where

necessary to conform with this specification.

2.4.7 Magnetic Fields

The work directive requires that a magnetic field no greater
than 100 gauss shall occur at a distance of 6 inches from the surface
of the equipment. The magnetic field calculations performed on the

machines indicate that this requirement is satisfied.

2.4.8 Electromagnetic Interference

The armature current in the rotor bars of the machines is
switched on as the bar comes under the brushk and is switched of{ as it
leaves the brush. This switching actlion will give rise to electro-
magnetic fields. The brushes, however, are enclosed inside of a steel
end structure, This end structure must be tight to contain the brush
atmosphere and since it is metal, it will act as an electromagnetic
shield. It is expected, therefore, that fields external to the machine

will be of little consequence,

2.5 Operability Cousiderations

2.5.1 Rotor Removai Procedures for Maintenance

A preliminary study has been made on the steps that are necessary
to remove the rotors from the ship on the destroyer pplication. This

study does not encompass the desigun detajls of the first part of the
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process, that of disassembling the rotor from the frame and stator of the
machine, The machines will be designed so as to facilitate this first
atage of disassembly, beginning with the unbolting of the drive coupling
and ending with the rotor positiored on supports adjacent to the non-~

drive end bearing housing (in the case of the generator).

This is positior "1" on Figure 2.37, a plan view of the aft
engine room of the destreoyer, showing the outboard generator rotor removed

from its frame, Aes will be seen from this layout an opening in the for-

ward bulkhead must be provided to accept the generator rotor in this
position, along with provision for rotor set down space in the adjacent

compartment.

The rotor may then be moved into position "2", from which removal
from the ship may be accomplished through an access hole cut through the
starboard shell plating, or, alternatively, the rotor may be removed
vertically through an access opening in the main deck. The weight of the

generator rotor is 6600 1lls.

The process of removal of the motor roter is more elaborate
because of 1its size (8'-8" dia.) and its weight (58,000 1lb) and the
presence of the main thrust bearing and line shafting. Removal of the
rotor axially in the direction of the gas turbines is not considered
practical on account of the space occupied by the turbines, although
if the turbines were to be removed for other reasons this mode of rotor

removal should be studied.

The first stage, namely the disassembly of the rotor from the
motor frame, is not detailed here, since this procedure will be developed
during the final design of the motor. 1In any event, to complete the rotor
removal process, first the thrust bearing and the forward section of line

shofting must be moved from theilr positions of intertevence.

Next a thru hole must be provided in the ongine room bulkhead.
Fipure 2.38 shows the forward engine room on the destroyer and in this
case the transfer hole must be provided through Bulkhead 220, the aft

bulkhead in the engine room. The motor rotor, 8'-8" dia. and 8' long with i

gt s g
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extended shaft 14'-5" long is shown moved into the apace aft of the
forward engine room, being the forward auxiliary machinery room on the

present destroyers.

From thia position, the rotor is removed from the ship through
either an access hole cut into the ship's port side or vertically through

openings in the main deck and deckhouse overhead.

process, that of disassembling.

2.5.2 Corrective Maintenance Concepts

In general, each electrical machine can be maintained in situ
for most tasks such as bearing replacement, brush removal, seal replace-
ment and switch-ring undercutting and smoothing. Most of the water
cooling and lube syatem is readily available for cleanout without having
to remove the machines from their foundations. For major maintenance
or replacement of damaged machines, the motors or ganerators would have
to be ramoved, as was described for the machines in the previous
section, The axcellent record of electrical propulsion machinery, in
terms of high reliability, utilized in marine propulsion systems
indicates that major maintenance requiring removal of the machines would
seldom have to be performed in the lifetime of the ship. Of the other
major components, modular construction is used whenever possible so
that these devices can be maintained quite readily by simple replacement

of modulus in case of damage requiring repair.

2.5.3 Caution and Safety Alarms

As contemplatad, the 40 KHP system would have in addition to
the programmed computer logic control system, a data logging and alarm
system. This would most likely be supplied as an additional separate
computer that not only logs the pertinent data but would also determine
if the sensed variable was within its normal limits. 1If it was not,
it would alarm the operator so that corrective action may be initiated.
In some cases, where immediate action is demanded, these anomalous

indications will automatically inictiate the proper currective action.
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This will minimize damage to the principle components and considerably
shorten the time that a component is subjected to high temperature,

pressure or stress.

2.5.4 Safety and Hazardous Materials

There are no hazardous materials that are utilized in this
electrical propulsion system that are not now presently aboard ship.
The most hazardous material of course is the ship's fuel which for the
purpose of this analysis is excluded since it is common to all gas-
turbine powered ships. The next most hazardous material would be
the lube oil, which is present on all ships in various amounts and
in which most personnel are usually well trained in its handling and
safe use., Additionally most are trained in preventing fires of this
substance and how to combat fires if they should accidently occur.
The remaining substance that is used (in small amounts) in this system
is the CO2 used in the cover gas system. The inherent hazard is in
handling the storage bottles and preventing leakage of the gas into a
confined unvented space in which personnel may be present which could
result in suffocation. This substance is used in many fire extinguishers
typically found aboard ships, and most personnel are trained in its
handling and use. It is thus a familiar substance to which most personnel

have become accustomed to handling safely.

2.5.5 Logistics

The logistics of providing spare and replacement parts are
considered of a secondary nature. The amount of expendable materials
used in the system have been kept to a minimum. Probably the most

important of these consumables are the electrical brushes used in the

machines. Since they are utilized conservatively, the estimated wear
rates would necessitate the aboard storage of only one complete set for
a generator and motor to be used at periodic replacements if these
inspections were not performed in part prior to departing. The same

can be said of the filters used in the lube and cover gas systems.
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The amount of CO2 neaeded for the cover gas system is very small and
is a function of aeal wear. With proper maintenance of these seals
very little CO2 will escape and therefore only a few extra bottles
would be required for gas replacement. However, since opening any
of the machines for inspection or maintenance would release the cover
gas, at least one spare bottle per machine should be aboard as this

procedure would account for most of the required replacement gas.

2.5.6 Test Equipment and Personnel Training

After manufacturer's tests are completed and the machines are
installed, they will not require any special equipment beyond what
would normally be aboard ship for servicing these machines. Electroaic
technicians familiar with volt, amp and ohmeters and capable of
servicing electronic equipment will be able to properly attend this
equipment. An electronic technician capable of operating an oscilloscope
should be able to service the solid state control system as it will be
deaigned on a modular basis with replacement circuit boards and modules.
Thus very 1little additional training will be required in order to service
the electrical equipment. The mechanical servicing of the electrical
equipment will pose no additional barriers to personnel familiar with

normal shipboard equipment.
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SECTION 3

MAJOR SUBSYSTEMS

3.1 19.6 MW Generator

This section describes the generator which is to be employed
in the destroyer type ship and the large hydrofoil application. The
generator is a dc machine, with a nominal rating of 2000V and 9800 amps
at 3600 rpm. It is intended to operate in a unidirectional mode powered
by a gas turbine. The destroyer utilizes four of these generators, and
the hydrofoil employs two. The basic configuration of the generator
conforms to that described in Appendix 5. The principal features of
this machine include a circumferentially segmented magnetic circuit, an
armature winding which is mounted on the surface of the rotor ironm,
direct water cooling of the electrical conductors and solid brushes
operating at very high current densities. Figure 3.1 i1llustrates the

basic electromagnetic geometry of the machines under consideration for

this systems analysis effort.

Parametric studies were undertaken to determine the effect
of variations in the design parameters on the weight and efficiency of
the machines. The parameters studied were: the number of poles, the
number of series circuits, the rotor diameter, the rotor and field
current densities, the air gap flux demnsity, and the pole face to pole

pitch ratio. The effects of varying these parameters are discussed in

Appendix 5.

3.1.1 Exceptions

No exceptions to Work Directive requirements are required.
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3.1.2 Technical Summary

The 19.6 wegawatt generator is rated at 2000 volts, 9800 amperes,
and 3600 RPM. The major design characteristics for the preliminary
design of this machine are given in Table 3.1. Figure 3.2 is a flux plot
of the machine. Tables 3.2, 3.3 and 3.4 present the estimated losses and
efficiency at the rated, full system load and cruise conditions.

Figure 3.3 1is a connection diagram for this machine.

3.1.3 Generator Physical Description

The preliminary design layout of the 19.6 megawatt generator
is shown in Figure 3-4., The machine i1s designed to class B insulation
specifications. Because of the high porer density, both the rotor and

stator are water cooled.

There are four circumferential magnetic segments, resulting
in the winding diagram schematically that of Figure 3.3. The end region
of the machine contains the switching and brushes which provide the
switching mechanism to move armature current from one rotor bar to the

next, as bars enter and leave the active zone of each segment.

As a rotor conductor moves into the active zone of the machine,
it 1is contacted at both ends by brushes. The conductor now forms one-
half of an electrical turn. The other half turn is provided by the
stator conductor, which also serves to provide a compensatiag flux in
the airgap to counter the armature current reaction field. The rotor
conductor stays in contact with the brushes until it enters the null
zone, and the current flowing in the conductor produces the machine
torque (or voltage) while it is in the active field region. Because
the rotor conductors and any other conducting rotor material will see
a variation in field during rotation, losses will be induced in them.
These losses are kept to an acceptable level by laminating the iron
portions and stranding and transposing the rotor conductors. The rotor
conductor strards will be 0.508 mm (0.02 inches) in diameter and fully

transposed in the active length.
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TABLE 3.1

MAJOR DESIGN CHARACTERISTICS FOR THE 19.6 MEGAWATT GENERATOR

Rated Voltage 2000 Volts
Rated Current 2800 Amps
Rated Speed 3600 RPM
Number of Poles 4
Number of Circuits per Pole 3
Pole Face to Pole Pitch Ratio 0.6
Gap Flux Density 1.3 Tesla
Nominal Iron Flux Density in Stator Back Iron 1.8 Tesla
Nominal Iron Flux Density in Rotor 1.6 Tesla
Current Lensities - Rotor Bars 11.04 M Amps/m2 (7122 Ampa/inz) RMS
7.66 M Amps/m2 (4940 Amps/inz) Peak
- Risers 5.76 M Amps/m2 (3714 Amps/inz) RMS
12.07 M Amps/m> (7790 Amps/in?) Peak
- Stator End 4.65 M Amps/m2 (3000 Amps/inz)
Kings
- Stator Bars  5.72 M Ampa/m’ (3690 Amps/in?)

Fleld Winding 4.65 M Amps/m2 (3000 Amps/inz)

Major Dimensions

Rotor OD 0.610 m (24.00 inches)
Rotor Iron ID 0.280 m (11.30 inches)
Stator CD 1.149 m (45.25 inches)
Stator ID 0.635 m (25.00 inches)
Mechanical gap 0.381 m (0.15 inches)
Rotor Bar Thickness 14.7 = (0.58 inches)
Banding Thickness 2.9 mm (0.35 inches)

.18 m (46.5 inches)

Rotor Lamination Length .28 m (50.5 inches)

Stator Active Length 1
1

Bearing =~ Leng:h 2.54 m (100.0 inches)
0
0

.203 m (8.00 inches)
Current Collector OD 376 m (14.80 inches)
Machine Weight 10,725 Kg (23,645 1b)

Bearing Diameter

3-4
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TARLYE 3.2

GEWERATOR LQOISES - MACHIME RATING

{Losses in Kilowatts)

12R ~ Rotovr Dars ' 80.4
- Stator bars 16.7
- End Connections 21.7
- Field Windings 56.1
Brushes - Friction 37.C
- Contact & Ohmic 24.9
- Shunt Contact 4.7
Eddy Currents - Main Flux 10.5
- Tooth Ripple 19.2
- Risers 30.6
- End Plates 46.2
- Collecter Bars 18.7
- Core Lcss . 15.9
Bearing 24.1
Windage 3.3
402.0
Efficiency at 19.6 Megawatts a 98.0%
;
3-6
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- TABLE 3.3

:f GENERATOR LOSSES - SYSTEM FULL LOAD

v I, = 76.1% Rated

:} IF = 100X Rated 25% of brushes are lifted

X

Sk Speed = 100X Rated

¥

g 1%R - Rotor Bars 46.6 {
A - Stator Bars 9.7

i - End Connections 12.6

é' - Field Winding 56.1 f

.»J;A

'% Brushes - Friction 28.0

R

1 - Contact & Ohmic 18.9

‘§ ~ Shunt Contact 3.6

b Eddy Currents - Main Flux 10.5 |
I - Tooth ripple 10.2 |
* - Risers 30.6 %
| - End Plates 46.2 ‘
j - Collector Bars 18.7

4 - Core Loss 15.9 ;
i _g
(; Bearing 24,1 3
¥

} Windage 3.3

ly 335.0

8 Efficiency at 14,910 KW - 97.80% z
| |
|




TABLE 3.4

GENERATOR LOSSES - CRUISE CONDITION (IN KILOWATTS)

I, = 73.37% Raced

L

[F = 100%

Rated

Spead = 77.8% Rated

‘R -

Brushes -

Eddy Currents =

Bearings

Windage

Elfffciency

Rotor Bary
Stator Bars
End Connects
Field Winding

Friction
Coutact & Ohmic
Shunt Contact

Main Flux
Tooth ripple
Risers

End Plate
Collector Bare

Core Loss

at 11,180 KW

25% of Brushes are lifted

43.3

9.0
1.7
56.1

28.0
].al 3
3.4

6.4
6.2
18.5
28.0
11.3
12.3

i4.6
_2.0
269.1

- 97.65%
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The current collection function which is performed at both
ends of the machine is accomplished by brushes sliding on a segmented
slipring.

The solid current collector bars are connected to the rotor
bars through radisl risers. The current passas from the rotor through
metal graphite brushes and muiti-contact shunts to the brush holders,
ehown isometrically in Figure 3.5, and then to the stator circuit. The
collector bars and brush holders a&re water cooled to remove the current
collection losses. The parameters for the current collectiorn system are

as follows:

Brush contact drop 0.1 volrt

Shunt contact drop 0.02 volts

48.0 kPa (7 1bs/in’)

2.33 M Amps/m? (1500 Amps/in?)

Brush loading pressure

Brugh current density

Brush material resistivity 17.0 nfi-m (6.8 x 10_6 =in.)
Brush coefficient of friction 0.1

Total brush area 0.101 m2 (156.8 inz)
Volts/in. on collector surface 6.55 V/m (258 V/in. max.)

Brush lifters will 1ift 25X c€ the brushes when the machine is operated

at system full load or at the crvise condition.

The generator rotor consists of a central ehaft, which is
hollow to accommodate a cooling water path for removing heat from the
magnetic core. The rotor laminations aie pressed on the rotor shaft,
and the rotor conductors rest on the laminations, insulated from the
laminations and retained in place by a fiberglass band. The pretension
of the band (approximately 310 MFa, cor 45,000 psi) is selected to prevent
any motlon of the bars, even under overspeed conditions. Also on the
rotor shaft ends are the switching structures, connected to the rotor
bars by risers, The second rotor cooling circuit comprises the
switchrings, risers and rotor bars, with the switchrings contributing
the largest heat flux. Water is intreoduced to and removed from the
rotor in a rotating union waterbox with integral seals. The rotor is

projected to be stainless steel for corrosion and non-magnecic properties.
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{19.6 MW GENERATOR
BRUSH HOLDER
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Figure 3.5. Brush Holder Isometric
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The stator of the machine conaists of the outer core, the
field coils, the stator conductors and end connections, an outer shell,
end covers, bearings and seals, brush holders and the machine terminals.
The stator core is a get of laminated segments containing the solid
stator conductors and their coolant paths. The segments are keyed
together and arch-bound by the outer shell. The segment construction
permits the insertion of formed field coils during stator assembly,
allowing full utilization of the null zone of Figure 3.1 for field
structure. The field coils have coolant paths in direct contact with
the conductors to improve the heat rejection capability. Each field
coll 1s composed of 159 turms, and the field current is 224 amps. The
bearings are shown as plain journal bearings, with adequate thrust
capacity to support the dynamic pitch requirements of the rotor. The
double seals will prevent migration of oil into the electrical region
of the generator. Gas pressure inside the machine will be maintained
at 34 kPa (5 psi), the space between seals near atmospheric pressure
and the oil will be provided at 103-140 kPa (15~20 psi). Connection
of the generator to the gas turbine will be through a flexible

coupling.

3.1.4 Operation During Representative Mission

Cenerator performance at other than the full load condition
is described in Section 2, which includes the loss distributions at the

various steps in the mission profile.

3.1.5 Environmental Considerations

Of particular concern are the generator shock response and
the stray magnetic fields present arcund the machine. Shock response
is discussed in Section 2.4. Figure 3.2 shows the flux plot for the
generator and indicates that virtually all flux is contained within the
machine., In the end region, a flux shunt under the field coils pre-
vents any leakage flux from reaching the bearings or the exterior of

the machine, Figure 3.6 illustrates the arrangement of the machine end

region and the flux shunt.

3-13
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i ]
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Figure 3.6. 19.6 MW Generator End Reglon Arrangement
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3.1.6 Reliability

It 18 anticipated that standard electrical machine reliability
can be attributed to the generator, except for the following aress, where

the generator may be more susceptible to failure:

a. Loss of machine cooling water: a partial drop in cooling water
pressure would be accompanied by a rise in machine operating
temperatures. Specific guidance for operation at increased
temperature could only be developed after machine prototype
testing, bowever, only a complete loas of primary caoling water

to the generater would result in loss of all capability.

b. Loss of internal cover gas: the loss of cover gas pressure
would result in the possible Introduction of oxygen or oil
vapor in the machine. <Ta such a case the wear rate of the
brushes would be sccelerated, but loss of machine operating

capability would not be expected.

As with couventional machines the following failure modes

could also produce casualties:

a, Loss of lubricating oil: following standard shipboard practice,
loss of lube o0il pressure at the generator bearings will be
accompanied by an audible annunciator which should produce a
novmal or automatic system shutdown. Failure to immediately
secure the affected unit will result in loss of the bearings and
possible damage to the machine internals, particularly the rotor

windings, if bearing damage was severe.

b. Loss of excitation power: a failure of the exciters to deliver
full field current would limit the generator voltage oﬁtpur
proportionately. An increase in generator speed could be
employed to offset the loss; however, this could only be a small
and temporary improvement. Complete loss of exciter power would

caugse a loss of the machine to the system.
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3.1.7 MNMaintainability

The principal area of distinction between this and conventional
dc machines, from a maintenance standpoint, is the expected life of the
brushes. The goal for brush development is 3150 hrs/cm (8000 hra/in.)
of lineal wear at full power. This would easily permit a brush change-
out on an &nnual basis. Access to the brushes is facilicated by end
covers which are removable, permitting simple extraction of the old, and
ingertion of new, brushes. The brushes are retained by constant force
aprings and shunted by finger contacts, which would also simplify brush

change-out.

Routine preventative maintenance measures are foreseen, in
addition to brush replacment, in the areas of bearing clearance measure-
ments, lubricating oil sampling and testing, vibratios measurements,
insulation resistance tests, and visual examinations. It is envisioned
that all maintenance actions could be easily incorporated in the

engineering PMS package.

3.1.8 Safety
Standard electrical safety requirements would exist with the

generator, and no additional constraints have been identified.

3.2 30 MW Mctor

The motor to be vsed in the destroyer-type propulsion system
is a 30 MW (40,000 HP), 168 RPM machine rated at 2000 volts and 15,000
amperes. Unlike the generators for this application, the motors must
e bi-directional and capable of regenc-ative operation. The motor which
w.is selected by an extensive parametric analysis is an 18-pole machine

with a basic electrical conflguration similar to that of the generator

described in Section 3.1.
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3.2.1 Exceptions
No exceptions to the Work Directive requirements have been

identified.

3.2.2 Technical Summary

The configuration of the motor was determined by using the
parametric analysis techniques described in Reference 3.1. The
parameters which were varied within the constraints of the circumferen-
tially segmented geometry were: the number of poles, the number of
series circuits, the rotor diameter, the rotor and field current
densities, the air gap flux density, and the pole face to pole pitch
ratio. This parametric analysis resulted in a motor preliminary design
with the principal characteristics shown in Table 3.5. The preliminary
design layout for the motor is shown in Figure 3.7. Using the loss
evaluation techniques described in Reference 3.1, the full load and
cruise condition losses are determined and are presented in Tables 3.6

and 3.7.

One notable difference between the generator and the motor,
apart from the difference in the number of poles, is the fact that the
generator has two turns per pole, while the motor has three. For the
motor, two configurations for the stator end ring connectors were
considered. One minimized the voltage gradient in the segmented
collector ring which resulted in 38 volts per inch. The second configu-
ration increased the voltage gradient to 66 volts per inch (maximum),
but this reduced the total length of end rings to about half. Since

66 volts per inch is well within conventional practice, this configur-

ration was chosen. The resulting circuit arrangement is shown in

Figure 3.8.
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Rated Power

Rated Speed

Rated Voltage

Rated Current

Number of Poles

Number of Turns in Series/Pole

Number of Rotor Bars in Parallel/Turn

Dimensions - Outside Diameter
Rotor Diameter
Air Gap Radial Clearance
: Rotor Steel Inside Diameter
i Active Length
Brg.-Brg. Length
Switch Ring Length

Current Densities (in the copper) -

Rotor Bars
Stator Bars
Stator End Rings
Field Winding

Flux Densities -

Air Gap
Rotor Steel
Stator Steel

Machine Weight -

Rotor
Stator
Total
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TABLE 3.5

40,000 HP MOTOR CHARACTERISTICS

29,840 KW (40,000 HP)

3.2} m
2.64 m

0.15 cm

2.29 m
1.26 m
2.13 m

20.8 cnm

542 A/cm
516 A/cm
341 A/cm
399 A/cm

NN NN

168 RPM

2000 Volts
15,000 Amperes
18

(127 in.)
(104 in.)
(0.06 in.)
(90 in.)
(49.5 in.)
(84 1im.)
(8.2 in.)

(3500 A/in>/RMS
(3330 A/in?)
(2200 A/1n%)
(2580 A/in%)

1.3 Tesla
1.5 Tesla
1.7 Tesla

18,045 Kg (39,700 1b)
35,898 Kg (78,975 1b)
53,943 Kg (118,675 1b)

W S ALY SR TR R TR, T EAREA T L AT TR AT AR R PRI

rjﬁigy”;r



AW R

R ]

Feas N YR ST, W T AR

AT AL -

T AN T

B AT T

SARIIAITARR e Yy

-y YA e

Gl s ARt

Inoke] udysag Lieutwyyaig 1030W Wd¥ 99T ‘MW of

"L°€ 2an3yy

3-19

L bk S




TABLE 3.6

SEGMAG II Efficiency Chart

Rating: 40,000 HP, 168 RPM, 18 Pole

12R Loss - Rotor Bars. . . . . . . 249.1
Stator Bars . . . . . . ©97.4
Brush Holders . . . . 9.0
Stator End Rings. . . . 76.9
Bolted Connections. . . 1.7
Field Winding . . . . . 253.6 687.7
Brushes - Frictiom. . . . . . . . ©68.7
Slip Ring Contact . . 80.6
Ohmic . . . . . . . .. 6.5
Shunt Contact ., , . . . '6.2
Radial Field. . . . . . ==—- 172.0
"Eddy Currents" - Main Flux ., . . . . . . 37.2
Tooth Ripple. . . . . . 2.6
Risers, . . . . « . . + ===-
End Plates, . . . . . -—=-
Cooling Tubes . . . . < .,1
Circulating Current . ., --—-
Core Loss . . . . . . . 14.3 54.1
Mechanical - Seals ... . . . .
Bearings, . . . . . : . _9_
Windage . . . . . . °' '
TOTAL. . 972.8
EFFICIENCY. . . 97.00%
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TABLE 3.7

SEGMAG IT Efflciency Chart

Rating: Cruise; 7900 HP, 100 RPM

Rotcr Bars. . .
Stator sars . .

Brush Holders .

.

Stator End Rings.

Bolted Connections,

Field Winding

Fr t'.ltion. * e u

S$lip Ring ConZact

Ohmic . . . « .
Shunt Contact .
Radial Field, .

Main Flux . . .
Tooth ripple. .
Risers. « « .+ .
Fnd Plates. . .

Cooling Tubes .

.

Circulating Current

Core Loss .+ . .

Seals . . . .
Bearings., . .

Windage . . . .

of brushes are 1{fted.

3-21

.« . 53.2
.« . . 20.6
. o. 2.0
.o . 16.0
.. . 0.8
. o . 62.8
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The brush holdera carry the curreat, at a density of 1000 amperes/
square inch, to the stator end connections. Water cooling ia provided

to the brush holders to remove the current collection losses.

There are three turns per pole and 18 poles in this machine.
Therefore, there are 54 current collection assemblies on each switch
ring. Since the rated 15,000 amperes must be carried by each assembly,
7.5 square inches of brush area are required. The total brush area in

the motor is thus 810 square inches.

3.2.3 Stator

Because the stator is subject only to dec fields, the stator
steel need not be laminated, and the stator bars can be solid copper.
There may be an economic or manufacturing advantage to using laminated
poles, but no technical necessity. The pole faces will be shaped to

tailor the air gap flux density wave form for optimum switching.

The gtator bars will be in slots in the pole face. The slots
will be semi-closed for minimum ripple in the air gap flux demnsity
wave form. The bars will be wrapped with 0.03 inch of ground wall
insulation. The stator bar ohmic losses will be removed by conduction

to the stator steel, where water cooling will be provided.

3.2.4 Motor Physical Description

The 30 MW (40,000 HP) motor is similar in configuration and
construction to the 19,6 MW generator, with differences assoclated with

the rotational speed and power rating. The motor is characterized by

extensive use of water cooling on the rotor and stator. The water

cooling, the use of high current density brushes and the novel electro-
magnetic geometry combine to make the motor verv efficient and power-deuse.
] The motor is capable of bi-directional operation and of regencrative

| operation during rapid reversal maneuvers.
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3.2.4.1 Motor Rotor

As with the generator, the motor rotor ia a hollow suiructure,
congisting of a non-magnetic stainless steel tube on which are mcunted
the rotor laminations. Inside the stainless steel tube a thin steel
shell provides a water coolant path for removal of core loss heat from
the laminations. The laminations are 0.36 mm (0.014 in.) thick, with a
packing factor of 95% to allow for interlaminar insulation. The
lamination material is ASTM 677-36F145 steel, which has excellent core
loss characteristics. It is estimated that the loss at the induced
frequency of 25 hz (motor full speed) with a 1.5 Tesla peak field will
be 1.1 watts per kilogram (0.5 W/1b). The laminations will be restrained

by non-magnetic end plates for minimum loss.

The rotor conductors are located on the outer periphery of
the laminations and retained on the stack by glass fiber banding. The
banding is pretensioned, as in the generator, to prevent move ient of
the rotor conductors away from the laminations, even at overspeed
conditions. The ground wall issulation under the conductors is 0.75 mm
(0.03 in.) of mica tape, while the insulation between rotor conductors
is 0.25 mm (0.01 in.). The rotor conductors are stranded and transposed
to minimize eddy current losses. The 1.25 mm (0.05 in.) strands are
transposed and compressed to form a monolithic structure which is 95%
copper. Internal to the stranded conductor is a stainless steel cooling
tube which will provide water cooling. Thermal analysis shows that the
maximum conductor temperature will he 100°C at continuous full load
operation, well within the Class B limit of 130°C. This temperature
assumes a flow velocity of 1.7 M/S (5 ft/sec) and a marchine cooling water

inlet temperature of 32°C.

The rotor bars are connected to the current collector segments
directly, since the collector bars are at the same radius. The collector
bars are water cooled to maintain a brush operating temperature in the
65-80°C range. The current collector segments are insulated with
aluminum oxide electrostatically impregnated with a polyamide resin to

protect against pin-holes. The collector segments are retained on a
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stainless steel ring by bolts pretensioned to prevent radial movements.
Current 18 collected from the collector segments by metal graphite
brurhes and passed through multi~contact shunts to the brush holders.
The end region arrangement is shown schematically in Figure 3.9, The
full load operating parameters of the brush/collecter ring system are

the following:

Brush/shunt contact drop 0.01 volts

Brush loading pressure 10 psi

Brush current density 2000 A/in2

Brush material resistivity 1077 g-m
Brush/switch ring contact drop 0.05 volts
Coefficient of friction 0.08

Switch ring voltage gradient 66 volts/inch max.

The values for contact drop aud coefficient of friction represent the
goals of a current collection research program (ONR Contract N02Ol4-
76~C-0683) which seeks to minimize interface losses in sliding electrical
contracts. If the machines were constructed with brushes which have been
demonstrated at a contact drop of 0.% volt aud a friction factor of 0.16,
the full load efficiency would be reduced by approximately 1/2%. The
brush holders carry the current at a density of 155 A/cm2 (1000 A/inz) to

the stator end connections.

The basic stator structure is of laminated poles and back iron,
contained in a non-magnetic shell. The laminations on the stator are only
required to improve the field response of the motor and to reduce the
construction cost; there is no impact on losses due to laminating this
portion. Similarly, because the stator is subject only to dc fields, the
stator bars can be solid copper. The stator loss will be in slots in the
pole face, and the slots will be semi-closed for minimum ripple in the air
gap flux density wave form. The bars will be wrapped with 0.75 mm
(0.03 in.) ground wall insulation. The stator bar ohmic losses will be
removed by conduction to the stator steel, where cooling is provided by

water in stainless steel tubes.
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Since there are 54 turns in series in the machine, there must
be 54 sets of stator bars, each capable of carrying the rated
15,000 amperes. At the ends of the active length, each set of stator
bars 18 connected, in parallel, to the stator end rings and end con-
nections. These have a cross-section of 7 square inches, in order to

limit the current density to under 220C amperes per square inch.

The field winding is alsc placed in slots in the stator. It
is provided with 0.02 inch of ground wall insulation, and 0.005 inch
of turn insulation. One water cooling duct is provided in each field
winding slot. A total of 47,500 ampere turns per pole is provided by
34 turns carrying 1400 amperes; the copper current density is 2580
amperes per square inch. The 18 colls are connected in series, and

have a rated terminal voltage of 185 volts.

As with the generator, the motor bearings will be forced ‘
lubricated, plain journal bearings, with thrust capability adequate to
support the dynamic pitch requirements. The motor will drive the
propeller shaft through a flexible coupling, and the shaft thrust will
be taken in a separate thrust bearing. The internal gas atmosphere

of the motor will be non-oxidizing, humidified gas at a pressure of

34 kPa and a dew point between 0 and 20°C., This pressure will be

maintained by a double seal arrangement.

3.2.5 Operation During Representative Mission

Motor performance at other than the full load condition
is described in Section 2, which includes the loss distributions at the

various steps in the mission profile,

3.2.6 Environmental Considerations’

As with the generator, shock response and stray magnetic
fields are of greatest concern when considering external influences.

Machine shock response is discussed In Section 2.4.4. Figure 3.10 shows
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a flux plot for the motor which shows that'virtually all flux is contained ‘
within the machine. End region flux is likewise negligible. i

3.2.7 Reliability

The comments regarding generator reliability in Section 3.1.6
are applicable to the motor, except that loss of motor field must be
accompanied by a control system action to limit current and motor

overspeed,

3.2.8 Maintainability

The comments regarding generator maintainability in Section 3.1.7

are applicable to the motor.

3.2.9 Safety

As with the generator, the motor requires observance of etandard
electrical safety precautions; however, no additional constraints have

been identified.

3.3 Transmission Lines

The transmission lines are envisioned to be made up of two
types of conductors. The first consists of copper bus work which, along
with switches, provides the armature power comnnections between the
machines within each engine room. The second type is the cross connect
line which utilizes cables to transmit electrical power from one engine

room to another.

This description on transmission lines concentrates on the
second type since the first type would utilize conventional and well
known practices and, thus, does not warraat special attention at this

time.
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3.3.1 Axrangement

Tt is assumed that in each engine room two generators will be
in close proximity to the propulfion motor, thus, minimizing transmission
line losses in the full power and half power modes. It is envisioned
that the sixteen switches used to configurate the system will be located
in the bus work. For study purposes, a bus length of 4.57m (15 ft} is
assigned per machine terminal which 1is to allow for leads and inter-

connections between generators, motors and switches.

The cross connect line which connects the two éngine room is
estimatec to have a one way length of 36.58m (120 ft). This line provides
both sending and return paths for the armature current.

Due to the preliminary nature of the wmachinery lavouts, detail

design of the bus work has not been made.

3.3.2 Bus Description (Type 1)

The bus work is wade up of separated copper bars to allow for
natural convection cboling: The biusses are sized for a current density
of 1550 kA/m2 (1000 A/inz) at estimated maximum currents of 9800 A and
15000 A for the generators and motors respectively.

As a conservative estimate, the copper temperature is assumed
to be 100°C which gives a resistivity of 0.02347 ufm. The resistance per
unit iength are 3.712 uQ/w for the generator Iicses and 2.425 uQ/m for

the motor busses.

3.3.3 Cross Connect Line Description (Type 2)

The cross connect line is designed for continuous operation at
a current of 7500 A and voltage of 1000 vdc between the plus and minus
conductors. Two identical bundles form the 36.58m (120 ft) long line

which is used to connect the two engine rooms.
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Figure 3.11 shows the cross-section of a bundle which comprises an
aluminum cooling support tube in the center surrounded by six cables.
Lashing around the cable tube assembly would be employed to keep the
cables firmly in place. The direction of the current flow alternates

in adjacent cables resulting in low inductance and a very small magnetic
field.

In the two bundles, the cooling water flows in opposite
directions, providing a complete water path between the two ergine

rooms.

3.3.3.1 Cable

A description of the Navy cable selented for the cross connect
line is giveu in Table 3.8.

TAELE 3.8

CABLE SPECIFICATIONE

Type and Size $5GA-2090, single conductor, 127 strands
Copper Area 0.001063 m> (2097000 circular mils)
Cable 0.D. 0.0574m (2.26 in.)
Current Rating @

40°C Ambient 1440 A
Maximum Voltage 1000 Vv
Est. Weight/Length 11.21 kg/m (7.53 1b/ft)

At a total current of 7500 A, the current per cable is 1250 A which
results in a current density of 1176 kA/m2 (759 A/inz).

3.3.3.2 Resistance Per Unit Length

The copper temperature is assumed to be 95°C which gives a
resistance per unit length of 21.75 uQ/m for a single cable. For the line,
the one way value is 3.625 uQ/m.
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3.3.3.3 Inductence

The inductance per unit length for a single bundle including
sending and return paths is 0.125 pH/m. For the complete cross connect

line, the inductance is 2.342 uH.

3.3.3.4 Magnetic Field

At a distance of 0.154m (6 in.) from the bundle surface, the
magnetic field is less than 0.0001 T (1 gauss) at a line current of 7500 A.

3.3.3.5 Center Tube

The center tube provides a large nesting surface for each
cable which not only provides support but also serves as a cold " plate"
to conduct heat away from the cables. The cooling water flowing through
the 0.051m (2 in.,) diameter hole maintains the tube at a moderate

temperature.

The aluminum cross-~sectional area 1is 0.0037mZ which gives a

weight per unit length of 10.03 kg/m (6.74 1b/ft).

3.3.3.6 Shock

A preliminary investigation of the effects of shock indicate
that supports should be placed at 1.43m increments. This is based upon

the fellowing assumptions:

e 6061-T6 aluminum tube material with a yield strength of
276 MPa (40 kpsi)
e Vertical (static) load of 75G

e Maximum stress equals the yield strength

3.3.4 Weight

The bus, cross conrect line, and (total) transmission line
weights are listed in Table 3.9. The values shown for the busses are
the bare copper weights only, however, for the cross connect line, the

cable insulation and center tube weights are included.
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TABLE 3.9
WEIGHTS
Total Weights
kg (1b)

Generator Busses 2068 (4558)
Motor Busses 1582 (3488)
Cross Connect Lire 5652 (12461)
Transmission Lines 9302 (20507)

3.3.5 Resistance

The bus and line resistances are listed in Table 3.10. The

assumed copper temperatures are 100°C for the busses and 95°C for the

cross connect line.

TABLE 3.10

RESISTANCES
Resistance
Generator Bus, per Machine 33.90 ufi
Motor Bus, per Machine 22.18 uft
Cross Connect Line, Total 265.27 uf

3.3.6 Performance

The trarsmission line performance for four operating points
is shown in Table 3.11. The bus and cross connect line losses are

tabulated and the transmission line efficiency 1s given.
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TABLE 13.11

TRANSMISSION LINE PERFORMANCE

Power (Configuration Full Half Quarter [ Quarter
Onerating Point Full Half Quarter | Quarter
Genecator Power Output -

Total, kW 57760 28880 14440 12311
Generator Current, A 7135 8978 7500 7230
kMotcr Current, A 14269 8978 7500 7230
Power Loss - Total, kW

Generator Bus (ses) 6.90 5.46 1.91 1.77

Motor Busses 9.03 3.58 2.50 2,32

Cross Connect Line - - 14.92 13.87

Transmission Line 15.94 9.04 19.32 17.96
Transmission Line Efficiency 0.9997 0.9997 0.9987 0.9¢85

3.4 Switchgear

The discussion in thie section 1s limited to the armature
loop switching devices. Devices in other systems are not unique and

are noc¢ included as a part cof this discussion.

3.4.1 System Requirements

The armature loop switching devices sre grouped into two
catefjoriers depending on the function they perform in the system.

These categories are as follows:

1. Switches used for changlng circuit configuretion and for

machine isolation.

[2¥]

Switches used in conjunction with the dynamic braking assembly

during the emergency reversal maneuver.




The principle functions performed by the category (1) swltchgear
are:

a. Provide the capability to connect or remove selected machines

in the propulsion system armature loop within each engine room.

L. Provide for cross-connecting the motor in either engine room

into the armature current loop in the opposite machinery room.

c. Provide for electrical isolation of selected machines for

maintenance or repair,

Figure 3.12 shows elementary armature loop diagrams for each
of the normal operating modes and shows the maximum normal steady state
(continuous) loop current and system operating voltage for each arrange-
ment. The switches must be rated to carry the maximum current shown and
must operate at up to 2000 volts as indicated on Table 3.12. The
operating sequence of the category (1) switches is described in the

control Section 3.6 of this report.

Switches 1 through 16 are the category (1) switches and
switches 17 and 18 are the category (2) switches.
The principle functions performed by the category (2) switchgear
are:
a. Open the operating armature current loop near the beginning of
an emergency reversal maneuver for insercion of dynamic braking
resistors.
b. Reclose the operating armature current loop at the end of a

dynamic braking cycle to reestablish the initial armature

current loop and allow reverse power operation.

The fundamental difference in operational requirements for the two
nlasses of switches are that the category (1) switches will be opeated
during steady state controlled system conditiors where current zero
switching is availuble, The category (2) sawitches, however, will be
operated under dynamic conditions and will be required to '"make"

appreciable current at the terminaction of the dynuamic braking cycle.
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TABLR 3.12
SWITCH CURRENTS FOR FULL, HALF AND QUARTER POWER CONFIGURATIONS

Maximum Continuous Amperes

Switch Identification Full Power Half Power Quarter Power
S1 thru S8 7500 9500 7500
§9 thru S12, $15 and Opeti Open 7500
516
813 and S14 | 15000 9500 Opan
S17 and S18 15000 9500 7500
3-38
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3.4.2 Device Availability

A survey was conducter of switchgear manufacturers for
available switches for these system requirements. No existing equipments
were found that met these requirements which would be directly applicable
ir this system for either category (1) or category (2) service. The
survey revealed that one company (Multilam Corporation) offered designs
of motor operated disconnect switches in ratings up to 20 KA at 2 KV
continuous duty. The designs offered were for commercial use and would
require modification for Navy service. The switches.are identified by
the Multilam Corporation as model STR-1200-2 (rated 10 KA) and model
STR-1300-2 (rated 20 KA). Although these switch designs have adequate
continuous current and voltage ratings, they are limited in having no
current making or interrupting rating in their present form., Modifled
switches of this design have been considered for application in this

system as follows.

3.4.3 Switch Application

In order to accommodate the switching limitations of the
Mulcilam switch, logic has been provided in the control system to
control the armature loop currents and voltages to sulitable conditions
prior to switch operation. The armature loop current will be controlled
to zero before opening a closed switch and the voltage across an open
switch will be controlled to zero before closing the switch. This
approach appears feasible during normal maneuvering when time is
available for zeroing the loop currents and for switch operation.
However, it is not feasible for category (2) switches which must reclose
the circuit at the end of the emergency reversal maneuver dynamic braking

cycle without reducing the circuit voltages tc zero.

During this maneuver, a fast closing switch will be required
that is capable of meking up to 22.5 KA (surge) and carrying a 30X
current overload for the remainder of the maneuver. Following the

maneuver, the switch must again carry 100X continuous current. For
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this service, a combination switch consisting of two paralleled switches
will be employed. One switch which carries the continuous duty current
is the 20 KA Multilam switch previously described. This switch would be
paralleled with a conventionally constructed DC contactor which has a
short time current rating sufficient to make and carry the reversing
current for the time required to close the Multilam disconnect switch,
approximately 5 seconds. These two devices would be mechanically inter-
locked so that the Multilam switch could not be closed unless the closaing

contactor were first closed.

3.4.4 Fault Current Protection

Two methods of controlling fault current in the armature circuits

were consldered:
i. Opening the armature loop circuits
2. Rapidly collapsing (field forcing) the mecchine fields to zero.

The first method will require some form of circuit inter-
rupting device that can carry full load continuous current and which can
interrupt the system fault currents. Two fundamental types of devices

commonly in use for this service are:

1. fuses
4. circuit breakers

Fuses

There are no known single fuses available with large enough
ratings to meet the system continuous current requirements. However, a
fuse bank consisting of individual fuses connected in parallel appeared
feasible and was investigated. This approach would provide each machine

with a bank of fuses in a suitable enclosure and located at the machine

terminala,
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Preliminary features of fuse banks rated at 10 KA and for one
rated at 20 KA (2000 volts) are given in Table 3.13. The fuses considered
for this application were Chase-Shawmut Catalog #A200P600. These are

current limiting type, silver sand, non-expulsion type fuses rated at
600 amps contiruous 100,000 amps (RMS) interrupting 2000 volts. The
continuous current rating of fuses are derated by a factor of 0.75 to
account for imperfect load current division and to minimize damage

from current spikes during dynamic braking.

TABLE 3.13

FUSE BANK CHARACTERISTICS

% rﬂ-—-‘l\-—f—*1
;‘ _—f - - SVRRENT
- Flow

| Estimated Power No. of
A B Volume We. Loss Fuses

10 KA 40" 30" 20 ft3 3500 8 KW 23

20 kA | 40" 50" 42 f£e3 5500 16 KW 46

The advantages of this approach are that:
1. It uses available devices.

2. Fuses can function independently from the remainder of the

circuit.

The use of fuses for circuit protection has several

disadvantages. Some of these disadvantages are:

1. The fuses dissipate power thereby reducing circuit efficiency

f

¥
I E
Lo
|
1§
& f

and thus must be provided with cooling. Refer to Table 3.13.

2. Fuses exhibit a premature unpredictable failure mode which

may cause them to blow at levels below their threshold.
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3. There is no convenlent or religble method of determing the
condition of the installed fuses.

4. Fuses must be replaced after functioning.

Because of these disadvantages the fuse approach is not recommended for

this application.

Circuit Breakers

A survey of switchgear manufacturers was conducted for available
armature circuit interrupting equipment (circuit breakers) for use in this
system. No equipment manufacturer was found who offered equipment which
could meet the system regquirements. Commercial high speed dec¢ circuit
breakers are availlable for stationary service in ratings up to 120600 amps
at 1500 volts, however, these designs do not appear suitable for modifica-

tion to the increased rating required nor for medification for Navy

service.

The feasibiliity of developing a suitable Navy qualified circuit
bresker has been 2xplored within the Westinghouse R&D Division and with
the development group of an outside independent circuit breaker manu-
facturer, I.T.E. Gould, Inc. Both of these development groups believe
that it is entirely feasible to develop a breaker for this system which

meets the circuilt requirements and can be shock hardened to Navy

requirements.

It would be required that work be initiated on a development
program for increased rating dc circuit breakers which would proceed in

parallel with the development of high powered dc machinery.

The second method of fault current control to be consildered
was to rapidly collapse the machine fields. This method of control has

the following advantages:
1. This method can be designed to use existing exciter components.

2. This method provides protection against internal machine faults

in additio. to external faults.
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3. There is minimal increase in weight and volume requiremeats over

the _ther two methods.

4. The armature winding andé switch ring are not exposed to the arc

voltage of an interrupting device.
This method, however, will have the following disadvautages:

1. The fault currents will not be limited as quickly as by e¢ircult

interruption.

2. The maciuine fieid insulation levels will have to be raised to

accommodate higher fleld forcing voltages.

3.5 Excitation

3.5.1 Exceptions

Hone.

3.5.2 Technical Summary

The propulsion generators and motors are separately excited
machines and require a variable power supply to provide a controlled
field current. A six pulse thyristor converter offers a reliable and
rugged means of rapidly controlling the magnitude of cu.rent in the
machine field. A basic six-pulse converter is shown in Figure 3.13.

The converter input is connected to the ship's 440, 60 Hz supply by

a three phase transformer. The transformer provides isolation, power
matching to improve the steady state power factor and additional impedance
that reduces line interference. The output voltage of tne converter,

when operated into an inductive load supplying a continuous current, is
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Figure 3.13. Basic Six-—Pulse Converter
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1
related to the thyristor firing angle as shown in Figure 3.14. For

firing angles from C° to 90° the converter operates in the rectification
mode supplying a positive voltage and positive current. Beyond the 20°
firing angle the converter operates in an inversion mode and develops

a negative voltage at the output terminals. Since the thyristors are
unidirectional current devices a negative current cannot exist. However,
the negative voltage developed in the inversion interval may be used to

rapidly force the inductive current in the fie'd to zero.

In the proposed application of a ship's propulsion system it is
required that the field flux of the generator be reversed. Also, the
field flux of all generators and motors must be made zero during certain
operating intervals. Reducing the field current to zero may not result
in a zero flux condition due to the magnetic hysterisis present in the
field core. Thus, the converter must be capable of providing a negative
field current to reduce field flux to zero. In Figure 3.15 is shown a
dual converter capable of supplying both polarities of voltage and current.
Thyristors Q1 thru Q6 comprise a positive converter and thyristors Q7
thru le comprise a negative converter. The per unit output voltage of
the dual converter versus thyristor firing angle is shown in Figure 3.16.
When supplying the load with a positive current, only the thyristors in
the positive converter are activated. When supplying negative current,
only the negative converter thyristors are fired. Reversing the polarity
of the field current requires that the field current must be held at
zero for several milliseconds before activating the other converter.

This action prevents a converter fault by ensuring all thyristor have

regained a blocking state before gating the other set of thristors.

The armature current in the propulsion machines are controlled
by controlling the machine field currents. A sudden increase in armature
current, due to an abnormal event, may be controlled by field excitation
only if the response of the field circuit is comparable to the rate of
change of armature ~urrent. Althcugh the time constant of the field is
much greater than the armature, the response of the field may be improved

by field forcing. Field forcing is the application ot a voltage to a
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Figure 3.14. Converter Output Voltage vs Firing Angle
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Figure 3.16. Dual Converter Output Voltage vs Firing Angle
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field that is greater than the steady state value. In Figure 3.17

is shown the reverse field voltage required to force the field current
to zero in a given time for the SEGMAG machines. Forcing the field
current to zero in 30 milliseconds would require a forcing voltage of
10 kV. The field winding insulation must be designed to withstand this
voltage and the exciter must be capable of developing this level of
voltage. If a single set of transformer windings is used to develop
both the rated field voltage and the forcing voltage the resulting
input power factor would be poor (0.02 pf) at rated load and the trans-
former kVA rating and size would be greatly increased. Improved power
factor and reasonable transformer size may be achieved with the exciter
circuit shown in Figure 3.18. A low voltage dual converter controls
the field éurrent during normal operation supplying up to two times
rated forcing voltage. During this period the thyristor gate drives

in the high voltage converter are held off with the exception of QSa
and QZa when supplying positive field currents and devices QBa and Qlla
when supplying a negative field current. In Figure 3.19 is shown the
negative field forcing voltage that may be developed when forcing a
positive field current to zero. The dotted curves show the available
voltage from each converter and the heavy line indicates the maximum
forcing voltage that could be generated as the firing angle increases

through the inversion interval.

3.5.2.1 Exciter Internal Control

Each exciter unit contains a control circuit that protects the
unit against device overcurrents and ensure proper operation. A block
diagram of the control circuit is shown in Figure 3.20. The converters
are energized from the ship's 440 V, 3¢, 60 Hz supply by means of a
three phase transformer containing two sets of secondary windinge. The
converter thyristors are activated by thyristor gate drive circults that
generate a train of gate pulses throughout the gate firing interval, The
appropriate gating signals to the high voltage converter are inhibited

by an external signal. The gate direc:ior circuilt selects which bank of
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thyristors within each converter may be ga;ed, detects a current zero
condition before permitting & reverse current operation, synchronizes
the generation of gate pulses and varies the firing angle of the gate
pulse in respcnse to the regulator. The ragulator circult provides an
Internul control loop to limit the current output of the exciter. An
axciter output voltage control loop is also made available. The exciter
also responds to external control loops that are developed by the
dynamic control section of the master control unit and are the primary
contrel means within the limitations ilmposed by the exciter internal

controls,

3.5.3 Physical Description

The exciters will be housed within a cabinet that will contain
the isclation power transformer, converters, internal controls, input
breaker and fuses, meters and indicator light showing the status of the
exciter. Each exciter will be located in the vicinity of ita respective
machine. The power transformer and the control module will be forced
alr cooled. The converter thyristors will be water cooled to reduce

cabinet size and ensure safe operating temperatures. The control circuit

will be placed on plug-in cards., Thz thyristor heat sink assembly will be
designed to ease the removal of a single leg of the converter bridge or
an entire bridge panel. The weight and size of the exciters is given in

Section 2.1.

3.5.4 Environmental Considerations

The exciters are constructed of solid state componenta and should
have no difficulties in meeting the environmental requirements of salty
humidity and ambient temperature in this application. Particular consid-
eration shall be given to the suppression of electro-magnetic interfereunce

normally generated by this type of equipment.
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3.5.5 Reliability

Thyristors are solid state power switching devices and when used
in a converter circuit offer one of the most reliable applicationa of
this device., Device reliability is enhanced by preper cooling of the
device and protection against overvoltage and overcurrenta. In addition,
all power and control components of the exciter system will be required ro

meet the appropriate Navy MIL Standards.

3.5.6 Maintainability

The exciter components will be mounted within the cabilnet to
permit ease of identification and removal without the need of special
tools., Where practical, components will be assembled in a modular form.
Teat points will be available to assist in troubleshooting defective

components,

3.5.7 Safety

The exciter will be designed to protect personnel from

electrical, mechanical, or thermal safety haczards.

3.6 Controls
3.6.1 Exceptions

No exceptions apply to the propulsion control system and

related hardware,

3.6.2 Technical Summary

3.6.2.1 General

This section outlines in broad lines the organization and
implementation aspects of a control system executing the functions and
strategles described in Section 5 of the Appendix. The intent of this
description is to {llustrate the feasiblility of the proposed control
philosophy and to provide a tentative indication ui the amount of

hardware involved in the propulsion system controller,
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The general block diagram of the controller is shown on

Figure 3.21. The meaning of the functional blocks and the signals
exchanged between blocks will become apparent in the following sections,

as drawings detalling the functions of most blocks are described.

Briefly, the Electrical Propulsion System includes four dc
generators whose shafts are driven by four gas turbines in block H.
The generators' outputs are applied to two propulsion mptors in D.
Motors' and generators' fields are controlled by exciters in C. Feedback
control of the machines' dynamic condition is achieved through a Primary
Sensor System E, which acquires signals such as machine voltage, current,
torque, speed, etc. and feeds them back to the dynamic controllers in
C and to a supervisory controller in B. This unit receives manual input
signals from a control console in A and initiates startup and shutdown
functions, as well as the changes in power configuration of the drive
system dictated by console-originated torque commands. To this effect,
the supervisory controller decides the modes of operation of the dynamic
controllers in C and modifies sequentially these modes to orderly perform
the configuration transitions. The supervisory controller in B also
receives auxiliary feedback signals from an Auxiliary Function Monitor F,
which determines drive auxiliary parameters such as status of lube systen,
cooling system, etc. From this information, the supervisory controller
in B can initiate if needed a shutdown cycle for protection purposes in
case of abnormal conditions. A Dynamic Brake Unit G {is used to dissipate
eneray from the motors in case of crash reversal, thus preventing
regenerative action on the turbines. The supervisory controller determines
the need of activating the braking unit and controls its dynamics. Finally,
the supervisory controller generates the turbine speed reference signals
te block H in order to maintain in any condition the optimum turbine

speed resulting in minimum fuel consumption.
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3.6.2.2 Microcomputer~Based Design

A circuit design based on the use of amicrocomputer system is
considered. The microcomputer 1s built around an 8-bit microprocessor.
A INTEL 8085 unit has been assumed for reference, although other similar
8-bit machines could be used. Some of the advantages of using micro-

processor techniques in the present application are as follows:

1. For systems of the size and complexity such as considered here,
there is a substantial reduction in the amount of circuitry
required, due to the ability of microprocessors to execute a
variety of different complex tasks with the same investment of
hardware. This results in an improvement of the system's
reliability as a consequence of a lower component count and

assoclated lower failure probability.

2. A further improvement in reliability can be obtained by
exploiting the ability of microprocessor systems to perform
self~checking functions without increasing the overall system

complexity.

3. The use of microprocessors greatly improves the flexibility of
the design, 1.e¢., the ability of implementing unforeseen
operational changes after installation of the equipment. This
is a direct consequence of the programmability of micro-
processor systems, in which radical alterations of system

behavior can be accomplished by merely modifying the software.

4. The presence of a microprocessor in the system facilitates the
tasks of testing, troubleshooting, and fault diagnosis by
building-in testing aids and testing routines at almost no

increase of complexity.

3.6.2.3 Analog Circuitry Section

In the present state of development, readily available micro-
processors such as the 8085 discussed here and its competitive equivalents

presently on the market are unsuitable for some of the functions in the
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propulsion syscem. Theae funct{ons arve those associated with the close-
loop servo contrel of the machines, and in particular, the tasks of
deriving feedback parameters and error signals, umplifying them,
performing the integration and differentiation operations necessary for
lead-lag error signal compensation, notching out mechanical resonances,
etc. Previous experience with the use of microprocessors in implementing
proportional-integral-derivative regulator functions show that the
sanpling rate limitations inherent in these syatems result in response
delays generally incompatible with atability requirements and/or servo
bandwidth requirementa. Progress in microprocessor performance, in
particular in the direction of higher clock frequencies will almoat
certainly eliminate these limitations in the near future. However,
aince it s difficult to anticipate the properties of these advanced
microprocessors, the areas of servo regulation are considered, in the
present atudy, as best implemented through traditional analog circuits.
There is thus a core of analog circuitry, embedded in the microprocessor
system and interfacing with it at the level of the reference signals

to the controllers. Cenerally, the aveas {dentified as 'dynamic controls"
in the concentual study are implemented with analog circuits (Rlock €,
Figure 3.21) whereas the areas identified as "upper level supervisory
control" and "lower level supervisorv controls" are implemented via

microprocessor (Block B, Figure 3.21).

3.6.2,4 Primary Sensor System and Feedback Signals

A system of analog transducers and sensora is provided to supply
signals proportional to the electrical quantities describing the
conditton of the propuluion machines, The transducers and sensors as
well as thelir conditioning or scaling amplifiers ave represented in
functional diagram form on Figure 3,22, The 18 electrical parameters
sensed conuiat of generator armature vurrﬁnt 1 <" arm?ture voltage Vgx
and field current lfax (with gx = g1 or g~ or g3 or g% and motor

» N n X
armature current lmx' armature voltage me and field current llmx

3-58




R R T TR TR R T T A R

mei13eyq %001 TeUOfIdUNg
WA3IB8LS I0IEBNIDY YIIFAS PUF 108U Lxwwyag °77°g °ansdyy

~Ez||ATnmw,/ ﬂF]VINE: hw g A le .\\@Iiv¢_sz

.A“v_ ﬁHlﬁAHwalll
IR aus =S LD

A
285 29% 189S .w~ﬂm -
' r - ——_—; /J‘. i
- mlwtwwu T ,

a8, 20%

' 3
355 ms us

1 )
vis 41_. j JGHU tes _

3-59:




IR TR T e Ty DAL GRSt haadin gl T iy e —— e - -

(with mx = ml or m2). In addition, through shaft-mounted tach-generators
T1 through T6, six mechanical parameters, namely the generators' and motors'
rates of rotation Ngx and me are supplied. The figure also shows 18
switch actuator units such as (typically) SAl, which in response to input
logic signal Slr causes switch S1 to acquire its ON or OFF atate. Each
switch actuator unit outputs a status feedback signal such as Slf, which
indicates the state of the switch. The 18 switch actuator units shown
control the condition of the 16 power switches used to implement the
various power configurations, as well as the condition of two auxiliary
switches $Bl and SB2 used during Jdynamic braking operations, when

dynamic braking units DBUl and DBU2 (mee also Figure 3.30) are active.

Part of the feedback signals developed on Figure 3.22 are used
as is. Other signals undergo some processing to produce desired feedback
parameters as illustrated on Figure 3.23, This figure shows how
signals Tml and Tm2® representative of the motors' electromagnetic
torquea, are derived frow the motors' armature and field current
information from Figure 3.22, through analog multiplier modules M1l and
M2. Also, derived parameters Y through y, are evolved from generator
armature current and voltage information in analog subunits Y1 through
Y4, each containing a comparator and two analog switches. These subunits
implement a derivation described on Figure 3-16 of the "Conceptual
Supervisory Controls" report, at the t = t, step. The bottum part of
Figure 3.23 {llustrates the derivation of parameters I “'ml and n'mz
used in controlling the generator's armature current and the motor
field current in the quarter power config.rat{on. The shown analog
circuits execute the operations described in Figures 3-9a, 3-9b and
3-9¢ (revised) of the "Conceptual Supervisory Control" report. The
input quantitie= to this analog processor subunit are the torque errvor
aignals Ar1 and Ar2 from Figure 3.24 and 3.25, the generator armature
voltage from Figure 3.22 and logic signals TQ, TQ, Ql' Q2. Q3' Qb'

XAFl, XAF2 and AF(‘ discussed later (Figure 3,29).
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3.6,2.5 Mode Switcher and Controlled Paramaeters

Most feedback parameters from Figure 3.22 and derived parameters
from Figure 3.23 are routed to the machine fleld controllers (Block C,
Figure 3.21) via an array of analog '"mode" switches shown on Figures 3.24,
3.25 and 3.26, The mode switches allow applying a variety of possible
error signals to the generator field controllera GFl through GF4 and to
the motor field controllers MFl and MF2., The error signals consiat of
fesdback parameters from Figure 3,22 or derived parameters from
Figure 3,23 or sume and differences botween pairs of guch parameters.
Signals R1 and TRy are propeller torque request eignals, 'manually"
originated at the ship's control console (Figura 3,28). Summing modes
such as SN, Figure 3.24, represent operational amplifiers, performing
the sum or difference of applied signals. The mode switches are low-level,
sclid state analog switches, controlled by logic signals such as QIO’
Figure 3,24, When one of the mode switches associated with a given field
controller is turned ON by bringing ite controlling logic signal to the
true state, a particular mode of regulation is implemented by which the
control action on the field drives a salectad parameter to assume a
desired value. For inatance, activation of ng results in a control
action on the field of generator Gl aimed at compelling the electro-
magnetic torque of motor M1l to track the torque request Tyy a8 set at
the ship's control console. This implements the control diagram of
GFl stipulated on Figure 3-7 of the "Conceptual Supervisory Controls"

report.

Similarly, the control diagram of GF3 on the same Figure 3-7 ia
implemented by activating Q38‘ In this manner, activation of a selected
group of mode switches brings about the control situation requirad to
operate the propulsion system in any one of the possible power
configurations or sets the machines in any one of the transitory statcs
atipulated at the various steps of execution of a transition routine,
such as envisioned in Figures 3-11 to 3-16 in "Conceptual Supervisory

Controls".
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The mode swltch control signals Q10 through Q65 repregent the
controlled parameters of the supervisory control system, together with
the switch actuator signals Slr through 818r on Figure 3.22, For any
given set of states assigned to these controlled parameters by the
microprocessor-based supervisory control, a situation exists in which
the actual instantaneous value of the machine electrical quantities is
governed by the circuitry of the analog dynamic controllers. These
consist of compensation netwerks such as CFl, CVl, CIl, etc.,

(Figure 3.24) and the field controller circuitry, such as GFl, GF3, etc.
The compensation networks are necessary to offset the fact that the
verious feedback lonps implemented by activating the mode switches
possess widely varying characteristics of gain, bandwidth requirements,
transfer functions, linear range, etc. Each category of loops thus
needs a particular compensation network setting the loop gain and
shaping the frequency response. Figure 3,27 tentatively outlines the
typical aspect of such compensation networks, used on Figure 3.24,

3.25 and 3.26, at all locations showing a compensation functional

block such as CFl, with varying values of components.

Not shown on Figure 3.27a, but included in some of the
compensation networks, 1s an arrangement to vary the gain of the network
as a function of the generators' speed. This circuit which could
consist of an analog divider controlled by one of the Ngx signals from
Figure 3.26, 1s necessary to compensate for the fact that the transfer
function of a generator in which the armature voltage or current is

regulated through field control is speed-dependent.

The detail of the circuitry in the field controller functional
blocks GFl through GF4, MFl1 and MF2 is tentatively outlined on
Figure 3.27b for reference. There is an integrator amplifier to
provide integral control action, driven by a clipping stage to achieve
rate limiting. The integrator output is fed to the exciter unit, a
thyristor dual converter which rectifies the incoming ac power and
drives the machine excitation winding (see Section 3.5). The exciter
incorporates its own internal feedback circuits, including a current

limit provisicn for protection purposes.
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3.6.2.6 Conscle-Originated Signals

Figure 3.28 shows the principal signals originated at the ship's
control console (Block A, Figure 3.6.1) which are of intereat in the
present diacussion. Two such signals are the propeller reference torques
controlled by two levers coupled to potentiometers. Other signals are
generated by syatem control pushbuttons and buffer logic assemblies such
as BLl, containing anti-bounce circuits. Four system control pushbuttons
are shown for reference, but their number in a fully designed system may
be higher. A set of 4 switches Is used to generate the permissive signals
by which a given turbine-generator can be made available for inclusion
in the power configuration. A manually set configuration selector is
provided, by which the logic levels of 2 signal lines can be controlled
to encode into 4 possible values of the requested power configuration
parameter Cs.

Other signals not shown on Figure 3.28 are part of the inter-
face operator-propulsiom system and are brought to or from the console.
Some of these signals, for instance, ave provided for monitoring the
propulsion system status, for announcing malfunctions, for displaying
critical parameters, etc. Because these signals play only a secondary
role in the control strategy of the propulsion system, they are not part

of this conceptual discussion.

3.6.2.7 Microcomputer Hardware

Figure 3.29 shows the functional block diagram of the micro-
computer system implementing the supervisory control functions of
Block B, Figure 3.21., Each functional block on the figure corresponds
in fact to one LSI chip or one module. The central role is played by
block M which represents an 8085 microprocessor, which includes its
own clock generator (3 MHz), guverned by an external crystal CY. The
microprocessor interfaces with external memory and inpat/output (1/0)
ports through 3 groups of logic signal lines or '"busses'". There is an

8-bit "upper" address bus, carrying the most significant 8 bits of the
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memory address or the bits of 1/0 address. A 6-bit control bus supplies
synchronization and enabling signals to the peripheral chips. An 8-bit

multiplexed address/data bus supplies at times the least significant

8 bits of memory address ("lower' address) and at times is used for data

transfer between the microprocessor and the memory or the I/0 ports.

Memory and 1/0 functions are provided by chips CH1l through CH10.
Chips CHl1 and CH5 are 8755 Programmable Read Only Memories (PROMs),
each providing 2048 words of program storage. In addition, each chip
contains two 80bit 1/0 ports that can be programmed as input or output
by the microprocesscr itself. Chips CH2 through CH4 and CH6 through
CH10 are 8155 Random Access Memories (RAMs), each supplying 256 words
of datas storage, plus two 8-bit and one 6-bit I/0 ports each
programmable as input or as output. These chips alsv include one
programmable timer each {not shown). The ports on CH5 through CH10
are programmed as output ports OP2 through OP18. The ports on CHl1
through CH4 are programmed as input ports IP1l through IP10Q, except
OPl1 on CH2, which is programmed as output. Expansion of the system's
size In terms of ROM, RAM or I/0 capacity can readily be accomplished
by simply connecting more 8755 or 8155 chips to the three machine
busses up to the limit dictated by the 16 bits of addressing capacity

of the 8085 microprocessor.

In order to feed to the microcomputer a digital representation
of the analog signals provided by the sensor system, an analog-to-digital
data conversion arrangement is provided. This makes use of the 12 bit
analog-to-digital converter module ADC, which is time-shared by the
numerous analog channels through the use of a8 multiplexing scheme,
made up of MUX1 and MUX2, which are two 16 channels multiplexer chips.

To ensure signal stability during conversion and guarantee that all
processed variables are sampled simultaneously, a set of sample-and-hold
modules (SH10) through SH128) are provided, each storing the instantaneous
value of one of the analog irput signals such as presented to the

microcomputer system at a common sampling instant.
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Means for data conversion from digital form to analog form are
also provided, through digital-to-analog converter module DAC2, shared
by 4 analog output channels through sample-and-hold modules SH201 through
SH204, which each atore the analog level present at the output of DAC2
at 4 different sampling instanta.

The operation cf the microprocessor ie governed by a set of
three external aignals Il, I2 and I3, applied to "interrupt' inputs.
Signal 11 is a train of short pulsea at a frequency of about 50 Hz,
generated by pulse generator OSCl and routed through interrupt aelector
logic ISL. Signals I2 and I3 are also trains of narrow pulses at about
1 XHz, generated by pulse generator 0S5C2 and routed through ISL. Only
one of the three interrupt lines I1, I2 or 13 is energized at any given

and 2,.

time, according to the level of the mode selector signals z1 2

3.6.2.8 Input/Output Assignments

Input ports IP1 and IP2 on Figure 3.29 are used to feed the
microcomputer syatem the digitized values of the feedback parameters
generated by the asensor system of Figure 3,22, The torque references

TRl and TR2 from Figure 3.28 and the motor electromagnetic torques

R

zl
digitized quantities have the form of 12 bit words, as dictated by the

v , and Tn2 from Figure 3.23 and 3.24 follow the asame route. The
resolution requirements of the system. The eight most significant
bits are fed to IP1l and the four least significant bita are applied to
IP2. Output port OPl is used to direct the digitization operations,
by timely activating the sample-and hold modules, addressing the

i multiplexer and triggering the conversions in ADC.

Inputs porta IP3 and IP4 are used to vead-in the consvle-

SRR, T L AT e g

originated signals from Figure 3,28, Input ports IP5 and IP6, as

well aa part of IP4 serve for acquisition of the power switches satatus
feedback signals. Input ports IP7 through IP10 deliver to the micro-
computer the signals from the Auxiliary Function Monitor System

N B 1 "

i (Block F, Figure 3,21, i.e., logic signals represen:utive of the
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status in each machine of the lube oil system (OILx) the field exciters
(EXCITx). the CO2 systen (COZx) and the cooling water system (H20x).

Output ports OP2 and OP3 generate the logic reference signals
for control of the power switch actuators on Figure 3.22, whereas
output ports OP4 through OPl0 supply the control lines for the mode
switches governing the field controller units of Figure 3.24'through
3.23; Output port OPll feeds to the Derived Parameter Generator omn
Figure 3.23, an 8-bit word AFI which is converted to analog form by
digital-to~&nalog converter DACl on said figure. The output of DACl
is stored in sample-and-hold circuits SH1 and SH2, activated by signals
XAF1l and XAF2 from port OP12 of the wicrocomputer. The stored analog
levels are applied to analog multipliers M4 and M5, Figure 3.23, to
achieve the imbalance in motor field references required in the
quarter power configuration, as envisioned on Figure 3-9c (revised) of
the "Conceptual Supervisory Control' report. The degree of imbalance
is dependent upon the value of AFl. which is generated by the micro-
computer as a function of the ratio of the torque request signals

TRl and TR2 from the control console.

Output port OP12 provides other signals to the circuitry of
Figure 3.23, namely the switch control lines Q1 through A4 which
select the proper generator voltage feedback to be used in the quarter
power configuration, according to the information in which of the four
generators is active. Outpul. port OPl3 generates sequentially the
speed reference levels to the turbines. These are calculated by the
microcomputer as predicated on Figure 3-5b of the "'Conceptual
Supervisory Controls" report, in order to minimize the fuel consumption
when feasible. The four digital values of the speed references are
converted into analog form by DAC2 and stored by sample-and-hold
modules SH201 through SH204, timely activated by sigrals from output
port OP15.
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Other signals from OP15 control the bruking switches SBl and
S$B2, Figurei3.22. Signal Zl. from OP1l7, becomes true whenever the need
of an anti-regeneration cycle is detected by the microcomputer Z1 then
steers the system into a particular mode through the logic in ISL, and
this results in the generatiocn of thyristor control signals at ports
OP14 and OP16. These signals, applied to the Dynamic Braking Units
on Figure 3.30, control the 3o0lid state switches that sequentially
insert the braking resistors in the armature circuits of the motors.

In addition to the 1/0 ports discussed so far and shown on
Figure 3.29, numerous other ports may be necessary in a fully developed
controller, to provide monitoring and dicplay functions of drive status
parameters, to generate diagnoetic aessages, to accept interlock and
permissive signals, etc. These functions are not included in this

conceptual discussion.

3.6.2.9 Programming Concepts
3.6.2.9.1 Scanning Modes

What follows is a succinct description of the programming
philosophy of the microcomputer system envisioned in order to implement
the control strategies conceptually formulated in the "Conceptual
Supervisory Controls" report. Some of the steps of the attached flow
charte (Figure 3.3l through 3.133) have been developad in detail to
verify feasibility with the proposed microprocessor. However, fully
developed flow charts and the programming details are deleted here for

the sake of simplicity.

The microprocessor operates in the proposed system In a
so-called scanning mode, by which it cyclically checks all inputs of
the system and determines the course of action to be taken based on

whatever input modification has occurred betwaen two successive scan

cycles.
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STARY SCAN

CYCLE
LOAD ALL
INPUTS

OUTPUT TURGBINE
PILD REFERANLEY

CONTIMUE EXECU TI0N
OF LUPRRVISORY
SUQUENCE

STARY _J
SUPRRVISORY -
BEQUENCE

PERFORM
BRAKING
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OF TRANGITION
SEQUENCE
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AVALL ABILITY
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COMPUTE AND
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Figure 3.31. Siwmplified Flow Chart of Basic
Supervisory Control Program
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It is proposed to use one basic scan mode and two accelerated
scan modos. Thae basic acan mode is used most of the time. The
accelerated scan modes are initiated aither when a dynamic braking
operation is needed or an overcurrent fault condition developa. With
the 2 and 22 signals at the input of ILS (Figure 3.29) in their false
state, the basic scan mode is in effect. Thisc means that pulses from
0SCl, at about 50 Hz rate, are applied through line I1 to ons of the

"external interrupt" inputs of the microprocessor M.

Juat before a given I1 pulse, the microprocessor is in a HALT
condition, i.e., 18 inactive as a result of the last instruction
received in the former scan cycle. The arrival of a I1 pulse resats the
program counter at a given predetermined count corresponding to the
address in ROM where the first instruction of the basic scan period is
written. This initiates the scan cycle, which is therefore performed
50 times per second. During a scan cycle, the program counter is
incremented at the normal machine rate governed by the microproceasor
internal clock and the scan cycle routine programmed in the ROM is
executed, until a HALT introduction is encountered, whereupon the

system turns inactive again until next I1 pulse,

3.6.2.9.2 Basic Program

Figure 3.31 gives a simplified flow chart of the basic
scanning cycle program. The cycle starts at an incoming I1 pulse and
the first operation consists of loading all input data into RAM
locationa. The analog quantities are all sampled at the same instant
by activating simultaneously all sample-and-hold modules SH101 through
SH128, Figure 3.29, then the signals are digitized in sequence and
moved from input port to memory. All other non-analog input ports are

eimilarly read into memory.

Next the system computes the turbine speed references, applying
the algorithm indicated and retrieving as {nput variables the values of

armature voltages and currents and field currents just stored at the
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start of the cycle. The calculated speed refersnce values are immediately
outputted and sample-and-hold modules SH201 through SH204 updated.

At this point, maans exist to indicate if the current scan
cycle happens to be in the middle of a supervisory saquence. By
supervigory sequence, it is meant an operation such as a START cycle,
a STOP cycle, a RESTART cycle or a FAULT cycle, i.e., sequences under
control of '"Upper Level' supervisory logic. If a supervisory sequence
is being performed, the program branches to subroutine A, which allows

it to procead with the current supervisory sequence.

if no supervisory sequence is in course of execution, selected
stored data are checked to verify whether or not abnormal conditions
exiat to justify the start of a supervisory sequence. These conditions
could be for inatance that one or more speed parameter exceeds a preset
limit, or one or more of the auxiliary feedback parameters (e.g., OILx
or H20x) are false, etc. The presence of a console pushbutton signal
commanding, for instance, START is also considered an abnormal condition.

In presence of an abnormal condition, subroutine B is called,
which starts the proper supervisory sequence. In absence of such
conditions, the program proceeds to verify if a situation exists
requiring the use of cne of the dynamic braking units., For this purpose,

the condition
[Cray > 0+ gy < ] #[ergy > 00 - vy 0)]= rrue

is checked, as well as its correspondent for the port side. If on2 of
the braking conditions is verified, subroutine C is started, iniciating
a braking sequence. If no braking conditicn is verified, the program
proceeds to next step.

At this point, the system enters in the phase of execution of
"lower level" supervisory functions, after the ahsence of commitments to

higher priority "upper level" supervisory functions has been ascertained.
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A verification ia conducted to check if the current scan cycle
happens to be in the middle of a transition sequence, i.e., the succession
of steps leading from one power configuration to another. If such is
the case, the program branches to subroutine D, which carries on the

execution of the transition sequence.

If no transition sequence is in course of execution, the system
proceeds with the configuration control logic, along the algorithms
outlined on Figure 3-4a and 4-4b (revised) of 'Conceptual Supervisory
Controls". From the atored state of the peimissive signals from the
console (GT1 through GT4) and the stored state of the auxiliary feedback
variables at ports IP7 through IP10, the availability signals Agl through
A 4 (shown on Figure 3-4a of "Conceptual Supervisory Controls") are
determined. TIrom these Cmax ir evelved and from the configuration request
Cs and Cmax’ Ctef is calculated, Finally, the stored value of Cold from

the previous scan cycle is combined with C to produce C__ .
ref new

Cnew is now compared to Cold' In case of inequality, subroutlne
E is called, starting a transition sequence. In care of equality, the
scan cycle is concluded by executing a HALT instruction, unless the
current configuration happens to be a quarter power configuration. In
this case, prior tc entering the HALT state, the quantity AF1 (port OP11)
is calculated and outputted, and sample-and-hold modules SH) and SH2
(Figure 3.23) are updated, to supply the signals for torque {mbalance

control.

3.6.2.9.3 Principal Subroutines

This sectlon gives a few more details on the subroutines

A, B, D, E referred to on Figure 3.31,

Subroutine B (Figure 3.32) starts by secting a bit in a
register (flag) signalling that a supervisory sequence is in progress,
so that in subsequent scan cycles, the progiam will automatically

branch io subroutine A. Next, the nature of the required supervisory
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sequence {s identified (either START, STOP, FAULT, etc.) and the side or
machine affected i{s recognized by performing checks on the stored

console signals or stored auxiliary feedback parameters. This allows
singling out the required sequence among the many possible. This required
sequence has its program writien starting at a particular location in
memory. A register (sequence selector pointer) is luvaded with the

address of this start location. The program then branches to node "a"

on Figure 3.31, for execution of subroutine A,

Subroutine A starts by reading the supervisory sequence selector
pointer and starting execution of the selected sequence. The various steps
may include modifying the state of mode switch control signals at output
ports OP4 through OP10, waiting for machine electrical quantities to
decay or rise at present levels, activation or deactivation of power
configuration switches through output ports OP2 or OP3, waiting for
power switch status signals to input ports IP4 through IP6, starting timers
and waiting for delays, etc. Each step may take numerous scan cycles to
be executed. At each scan cycle, if a given step is not completed, the
microprocessor goes in the HALT state and waits until the next cycle to
check again for completion. At the last step of the sequence, the flag

signalling that the supervisory sequence is in progress 1s reset.

Subroutine E is very similar to A in its principle. A flag
is set signalling that a transition is in progress, so that the program
can automatically branch to D during the subsequent passes. From the
stored value of Cold and Cnew and from machine availability signals,
the nature of the requested transition is determined and a pointer
locating the starting instruction of the proper transition sequence is
loaded. The program then branches to node "d" on Figure 3.31 for

execution of subroutine D.

The description of subroutine D reads identical to that of
subroutine A, except that the selection process applies now to the many
possible transition sequences, such as those described on Figure 3-11

through 3-16 of "Conceptual Supervisory Controls", plus their

3-81

R R




i
T LY YRy T Y™y

ENRE AL i\ St i e Ry - .

correspondents for the port side. Each of these sequences has been
programmed in ROM and the proper one is retrieved through the transition
selector pointer. After the last step of the sequence has been exscuted,

" . "
Cold is set equal to the stored Cnew value and the "transition in progress

flag 1is reset.

3.6.2.9.4 Accelerated Scan Modes

Subroutine C is distinct from the other subroutines, in that
it involves a change in the node of operation of the microprocessor.
As zl (port OP17) is set true just before branching to C on Figure 3.31
the interrupt selector logic ISL on Figure 3.29 becomea programmed
to route towards line 12 the pulses from source 0SC2, whereas the pulses
from source OSCl are inhibited. Source 0SC2 starts delivering to the
microprocessor pulses at 1 KHz. i.e., 20 times more frequent than the Il
pulses. Thus, the microprocessor operates now in an accelerated acan
mode. At each 12 pulse, the program counter is reset at a location

where the first statement of subroutine C is written.

An accelerated scan mode is needed for dynamic braking control
because the 50 Hz sampling rate imposed by the basic scan mode is too
slow to execute the thyristor firing steps. The decisions of firing
several thyristors in sequence may have to be taken in a few tenths of
a second. Since the basic scan rate of 50 Hz is dictated by the large
number of variables to be loaded in memory in the basic mode and the
numerous program steps to perform in the worst case, the braking
operations cannot be conveniently controlled as part of the basic
program. The solution adopted consists of abandoning execution of the
basic program whenever a braking sequence is required and switching to
an auxiliary scan program, which because it is exclusively dedicated
to the braking routine, contains fewer steps and requires acquisition
of less inputs, and thus can be executed at a faster rate. After the

braking sequence, which is expected to last a few seconds, the basic

scan mode is resumed.
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Figure 3.33 shows the flow chart of the braking subroutine C.
The program starts by causing the microprocessor to load input data, as
in the basic scan mode. However the loading operations involve fewer
variables than in the general case. Basically, only motor currents and
speeds, generator voltages and torque signals are loaded. The program
then proceeds in a way that allows execution of the braking sequence
for one motor while monitoring the condition that could require a
braking sequence for the other motor, and if needed, carrying out braking

sequences for both sides.

At the first scan cycle in case of starboard braking, the
progcam path is through blocks a-b-c-d~e. In d, the required braking
sequence is identified, based om the polarity of the motor's curremt
and the extent power configuration. A pointer is loaded so that the
program can be steered to the proper sequence at next scan cycle, which
will follow the path a-b-f-g. Wben the program arrives at node ND, a
check 18 run on the condition of the port motor to verify if braking
is required. 1I1f it turns out that the port side does not need braking,
the program continues along the path j-k-n for all subsequent scan cycles
until the sequence 1is over. In this case, the path is h-i-t. 1In block
t, the conditions corresponding to the end of the regeneration cycle

are checked. For the starboard side, this condition is:
Ble =0 - Gy > rgy) t gy oi]+-Ele =0 Gy Y tRy)e

*(1gy < 0)]- TRUE

A similar condition exists for the port side.

If both conditions are verified, Z1 is set falee, which returns

the system to the basic scan mode.

If at block j it is found that the port side needs to enter a
braking sequence, the program proceeds along j-k-l-m for one cycle and

then along j-o-p until the end of the sequence.
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The braking sequences involve: (1) commanding a reduction to
zero of generator armature current by action on mode switches on
Figure 3,24 and 3.25 via ports OP4 through OP9 (Figure 3.29);

(2) opening power switches SBl or SB2 (Figure 3.22) via port OP15;
(3) commanding a reduction to zero of generator voltage by action on
mode switches; (4) firing the thyristors in the braking units

(Figure 3.30) through ports OP1l4 and OP16. (The thristors are fired
in a predetermined order, whenever the motor current reaches preset
values, which depend on the power configuration in use. The array of
thyristors to be fired depends on the current polarity); (5) closing
power switches SBl or SBZ.

Another accelerated sacan mode is foreseen, by which 1 Klz
pulses will be routed to interrupt input 13 (Figure 3.29).  This mode
is started when input 22 becomes true and is intended to handle a
fault situation triggered by excessive current in one of the machines.
Emergency shutdown will be commanded in this case, with measures to
reduce machine current as fast as possible to prevent damage. The
exacc means of current reduction has not been identified at this point
of the study. They could consist of either a set of armature circuit
breakers or of special circuitry for fast field collapse. The control
of such means will have to be executed at a fast rate and thus the
routines should be part of an accelerated scan mode. Such routines
have not been defined at this stage. Figure 3.34 shows schematically
how the parameter Z; would be generated through analog means external

to the microcomputer system for reasons of speed.

3.6.3 Physical Description

The control system will consist of two principal subunits,

namely a remote control console and a control hardware cabinet.
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The control console provides the means for interfacing the
operator with the propulsion system, i.e., equipment for applying
commands to the system and equipment for readout and monitoring of the
system's parameters. Machine and subsystem status will be displayed at

the control console through visual indicators.

The control hardware cabinet will contain the microcomputer
elements and the analog control circuits on printed circuit modules.
It will be located in the proximity of the axciter cabinets and the

machines, to minimize imput/output interface problems.

3.6.4 Environmental Considerations

It is expected that no particular difficulties will be
encountered in designing the control system so that it will meet the
environmental requirements of this application. Ambient temperature
constraints are projected to be such that an adequate design margin
can easily be achieved. Both packaging and component selection will
take into account the influence of the salty humidity in the operating

environment.

Particular consideration shall be given to the control of
electromagnetic interferences generated by the control system and to
the shielding of the control system from the effects of externally
generated interferences. No majJor problems are presently anticipated

in implementing adequate interference control.

3.6.5 Reliability

The proposed choice of a control system implementation
approach based on a microcomputer system is aimed at achieving inherent

reliability through minimization of the component count. The following
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design guidelines will be applied to further increase the reliability

level of the control system:

Component Selection

Whenever feasible, only parts meeting Navy MIL standards will
be used, Circuit design will be performed to accommodate these parts
and Navy standard modules. When nonstandard parts will have to be
included, MIL~STD-749 will be applied in requesting approval to the
Navy.

Failure Analysis

Worst case studies will be performed on possible failure modes
to determine the required derating levels of component stress, the appli-
cability of redundancy, the tradeoffs between alternative approaches and
the minimization of single point failure modes, with the objective of
enhancing reliability and obtaining a minimum projected MTBF figure.

Salf-Check Features

The versatility c¢f the microcomputer approach will be exploited
to built-in self-check routines in the system's programming and the

ability of displaying diagnostic messages in case of incipient malfunction.

3.6.6 Maintainability

The following ground rules will be applied in an effort to

minimize the control syster 's maintainability requirements:

¢ Use of modularity in packaging

e Provide standardication of mndules and interchangeability
between ident .cal modules

o Limit to a minimum module diversity

e Design for maximum accessibility to subunits

o Provide buffered test points avilable to automatic test

equipment

i i nd L A s Ca et




In addition, the built-in diagnostic capability of a micro-
computer system will be put to use to provide dilagnostic message display

as an aid in fault detection procedures.

3.6.7 sSafety

The control system will be designed in application of the
pertinent personnel safety requirements of MIL-8TD-454. In particular,
all external cabinet and console walls, control panels and displays, and
all accessible components will bhe grounded; isolation transformers will
be used in power supplies; all test points and Input/output lines will
be buffered and capable of withstanding a reasonable level of power
transients. Adequate protection of the electrical parts in the control
system, will be ensurced through monitoring and alarm provisions capable
of detecting conditions of abnormal temperature, impaired cooling,
supply line under- and over-voltage and abnormal status of critical
parameters. Audio and visual alarms will be used to signal the mal-
function. Protective automatic shutdown of failling equipment will be
applied to prevent fault propagation. Other safety provisions will
have to be determined through a detailed safety hazard analysis of

the system to be performed in future development efforts.

3.7 Auxiliaries
3.7.1 Exceptions

No exceptfons apply to the auxiliaries required for this

sytem.

3.7.2 Technical Summary

Thts sectfon desceribes the principal auxiliary equipment and
subsystems required for this propulsion system, the defonized cooling

wiater system, the lube ofl system, and the cover gas system,
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3.7.2.1 Coolant Distributlion

Figure 3,35 shows a schematic diagram of the deionized cooling
water supply for the SEGMAG propulsion machinery. There would be one (1)
cooling water system in each engine room providing two (2) cooling systems
total aboard ship. Each cooling water system is designed to provide
cooling for two (2) generators, unc (1) motor and one (1) dynamic braking
asgembly when operating in the full power modi. In addition, when
oparating in the quarter power mode, thec system piping is reconfigured
by valves to provide service to one (1) generator and one (1) motor in
the prime engine room and to one (10 motor in the secondary engine room.
In this mode, the cooling water is clirzculated between engine rooms
through the cooling duct in the cross connect transmission lines thus

providing cooli}?g fo;‘ the cross connect lines.

The deionized cooling water system will operate as an
unregulated variabie pressure system without automatic temperature
regulation. The system will have main and secondary pumpe both rated
to supply full cooling water flow in the full power mode, The main and
secondary pumps will be of the centrifugal type which have been
selected to have low shut off heads thus limiting the system over-

pressure during periods of low cocoling water flow.

The deionized cooling water system maintains the quality or
the water by recirculating approximately 10% of the pump output back
to the water storage reservoir through a mixed bed resin column. The
quantity of water recirculating is regulated by a coustant flow orifice
which {8 adjusted to match the system requirements to maintain the
resistivity of the water in the storage reservoir in the range of

1 to 2 megohm-centimeters, Table 3,14 1lists some of the parameters

of the cooling water system.
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TABLE 3.14

SEGMAG COOLING WATER SYSTEM SUMMARY

We. We.

Item Capacity Dry Wet Vol. Raf. Source
Storage 800 Gal 2000 1b | 8700 1b | 175 cu fr | Mg Est.
Tank H20
4' Dia = 2 x pump
% 10' Long Rate
Pump 30 HP 1100 1b | 2200 1d [ 6 cu ft ETA~80-400

nd 400 GPM ea. total ea. + MIR and

tor AP » 70 for (2) B&D
hilter AP - 10 400 1d (800 1b |6 cu ft Pall # ME-1048

(1)
jcooler 5.2 x 106 16001b | 2100 1b |18 cu ft Young RC-1309

Btu/hr
14C°F in
110°F out
Valvas 150 1b 880 1b 880 1b - Crane
4" atop Stainless APL
8 Steel
Est. 110 1b
ea.
Valves 150 1b 200 1b | 200 1b - Crane #147
4' Check Stainleas
Est. 100 1lb
eac.,
Valves 150 1b 300 1b 300 1b - Crane
5" Stop Seawater AP1
{2) Est. 150 1b
ea.
Stainless Est. 1000 1b | 1000 1b - Est.
Steel
Tube +
Fittinga
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TABLE 3,14 (CONT)
wt‘ L] wt .
Item Capacity Dry Wet Vol, Ref. Source
Remote 156 1b 40C 1b | 400 1b - Crene
3" Stop Stainless Model 27F
Valves Steel + Remote
(2) Bat. 200 1b Actuator
J Way 150 1b 500 1b | 500 1ib - Jamesbury
[Remote Stainless Type 3 TR
Control Est.
(2) 250 ea.
Demin-~ 400 1b (400 ib {8 cu ft Aqua - Media
ralizer
Columns
(4)
Motor 300 1b | 300 1b |8 cu ft C-H #6862
Control
Size 3
(2)
Totals 10380 1b { 18130 1b
3-93
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(A)

(®)
©)

()
(B)

(F)

SEGMAG cooling water system features.

2 centrifugal pumps rated 400 gpwm, 70 psi requiring 30 hp

motors.
Tank has 2 minute atorage capacity.

When operating in 1/4 power condition, 3 way valve allows
cooling water system to engine room service motor in
opposite engine room after remote control valves secure one

of the generators.

Expected required seawater flow = 600 gpm.

Not shown are protective instruments as follows:

(1) Minimum AP alarm across each motor and generator.
(2) Maximum temperature out of each machine,

(3) Maximum conductivity of water leaving cooler and

also uzo
(4) Low level alarm on tank level.
(5) High fresh water temperature leaving cooler.

NOTE: When in 1/4 power mode, (one generator and two motors)
the motor in opposite engine rooms only gets 100 gpm --

this shows to be sufficient since lcsses in motor at that
mode is only 317.2 kw compared to 825.4 kw at full power,
Gross temperature rise through moter at the 1/4 power mode

is then approximately 21.64°F while normal rise through
motor at full load and 185 gpm - 30.43°F. Water, however,
will pick up some heat from transmission line prior to
arriving at motor -- thus if uzo out of cocler = 110°F
(normal design value), then it weuld rise 0.51°F before

it reaches the motor. You will probably want to check

that at 100 gpm, (est. AP = 10G.23 vs normal AP = 35 @ 185 gpm),
that the heat distribution is not seriously distorted from
that seen at full load.
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Salient Features:

Fresh Water = 400 gpm @ 35 psl across machines
110°F Supply
140°F Return

Sea Water = 600 gpm @ 23 psi drop
85°F Supply
105°F Return

; When running at 1/4 power mode condition, only one cooling water
system would be runuing but both lube oil systems must be in

operation.

; 3.7.2.2 Lube 0il System

The schematic of the lube 01l system is shown on
Figure 3.36 and the component flow requirements and losses are tabulated
on Table 3.15.
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TABLE 3.15

SUMMARY OF SEGMAG LUBE OIL REQUIREMENTS

Bearing
Ident.

GPM
Brg.

Total
GPM/Mach.

KW/Brg.

Total
KW/Mach.,

At
{°F)

1
EGcn.
Radial
Bearing

4.98

9.96

9.25

18.5

30°

#1

Gen.
Thrust
Bearing

&.0

8.0

11.4

11.4

23.02°

1
Gen.
Brake

2

en.
adial
earing

4.98

9.96

9.25

18.5

30°

2

en.

hrust
Bearing

8.0

8.0

11.4

11.4

23.02°

gotor
adial

4.3

8.62

4.0

8.0

15°

Thrust
hearina

22.0

22.0

16.4

16.4

12.05°

Total
for
System

64.53

84.20

21.85°
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Each engine room has one (1) lube o0il system to service only
those machines within the engine room. There are a total of two (2)
systema aboard the ship. Each system is designed to provide lube oil
to the two (2) generators, one (1) motor and the main thrust bearing.

The lube oil system consists of a baffled rectangular atorage
reservoir which hag a storage volume equal to 3 minutes of lube oil
demand. The tank is provided with two (2) positive displacement, AC
motor driven, submerged suction screw pumps. Both pumps are rated 15X
above the system demand. These two pumps are backed up by a third,

DC motor driven emergency coast down pump which is rated at 50X of the
system demand. The DC motor takes power from the ship's DC system if
available or else from a dedicated battery bank with sufficient ampere-~
hour capacity to operate for 1 hour. Each pump motor is protected by an

integral pressure relief valve.

The bearing pressure is regulated by a relief valve which

senses system pressure at the most remote bearing.

A 40 micron duplex oil strainer with differential pressure
gages is supplied ahead of the lube oil cooler. The cooler is rated for

a maximum of 85°F ships seirvice cooling water.

The lube oil will be distributed to the serviced machiner
through a lube o1l header which has flow contrcl orifices befer- the-

entrance to the bearings.

The weight summary for the lube o0il system are shown in

Table 3.16.
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DESIGN RULES FOR SEGMAG LUBE OIL SYSTEM

Provide pressure system.

Provide two AC motor driven positive displacement pumps both
rated 1.25 x lube oil demand.

Provide one DC emergency pump rated @ 50X of demand.
Provide sump tank with minimum o0il level = 4X GPM demand.

Provide pressure regulating valve ahead of filter and cooler

sufficient to regulate pressure at most remote bearing to
15 psig.
Provide duplex strainer (100 mesh) with non-interrupting change

over valve.

Provide one cooler with bypass valve. Provide tewperature

control by regulating cooling water., Tubes shall be suitable

for cleaning.

Provide 0.25 s8q ft of free surface of oil per GPM demand.

Provide sufficient excess tank volume to allow rundown of

system without overflowing tank.

Provide following instrument gages and alarms:

a. Low sump level alarm

b. Sump dip stick

¢. Auto shutdown at 10 psi pressure @ most remote bearing.
d. Differential strainer pressure and alarm

e. Cooling outlet temperature and alarm indicator.

f. EWEC Alarms

(1) Standby motor running

(2) Emergency motor running

8. Auto shutdown when emergency motor running

3-99
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11. Provide DC motor controller with charger and storage
batteries gufficient to power DC motor for 10 minutes of

emergency lube oil pump operation.

3~-100
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TABLE 3.16
SEGMAG LUBE CIL WEIGHT SUMMARY
Wt. Wt.
Item Capacity Dry Dry Vol. Ref.
Tank 300 Gal. 1600 1b | 4100 1b | 72 cu ft | Mink ’
6 x 3 x d
IMD (2) - 75 GPM 1200 1b | 1200 1b { Inch in {1 MO {
Pumps (1) - 40 GPM taonk
(&)) 1 Mo 313-187
- 3 Motors (2) - 10 Hp AC 750 1b 750 1b | 6 cu ft Westlnghouae1
g (1) - 2 Hp DC + Est.
i 1/2 hr rated
Strainer 300 1b 350 1b {2 cu ft | Andale
104 B
; Cooler 157 sq ft 350 1b 500 1b |5 cu ft | Young
ﬁ 809
Stop + Piping 450 1b 450 1b | Incl Est.
and
[check
Valves
AC MTR 200 1b 200 1b [ 4 cu ft Cc-H
[Control
Size 1
(2)
C Motor 60G 1b 600 1b | 30 cu ft Galbraith
Controller Pilot
+ 10 min. Marine
Battery PM~BC~19-00
PR —
Totals 5450 1b | 8150 1b | 121 cu ft
3-101
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3.7.2.3 Gas Atmosphere

The gas atmosphere control system for a machine will be

designed in consideration of the following parameters:

@ Desired gas and pressure which establishes the propensity
for arc suppression

e Desired vapor additive which reduces brush friction and
ennances brush life

o Desired gas exchange rate which controls brush debris and off-

gassing products.

At present, the most probable machlne cover gas is carbon
dioxide with water vapor added as a lubricant. Other cover gas pcssi-
bilities include nitrogen and argon with additives of water vapor and/or
hyd}ocarbon vapors. The cover gas will be used to transport the airborne
brush debris out of the machine. Particles too large to be suspended by
the gas will fall to the bottom of the machine where the insulation
inhibits electrical short circuits.

A schematic of the debris removal system is shown in
Figure 3.37. The gas stream existing from the machine first flows
through a valve that controls the amount of flow through the machine.
The gas is then passed through a filter that removes the debris
parcicles. Following the filter, the gas flows through a centrifugal
blower :hat pressurlizes the gas to overcome the circuit flow resistance.
A heat exchanger 1s used to cool the gas since the machine as well as
the blower add heat to the gas. The gas tben passes through a filtering
bed of activated charcoal chat will filter out unwanted crganic vapors.
The vapor additive is then restored to a desired level in the vapor

addition chamber. The gas is then returned to the machine.

The gas pressure inside the machine will be maintained at
approximately 5 psig. +The volume flow of gas through the machine will be
approximately 2 scfh. The system schematically shown in Figure 3.37

is presently beirg tested on a laboratory test vehic! that simulates
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& typical machine enviromment. This partficuldr system i{s expected to be
typical of s 3000 horsepower machine applicatfon. The volume tlow rate
of the experimental apparstus can be varied over a range of 1 to

100 ft3/hr.

Shown in Figure 3.38 is a view of a brush holder wodule
showing a mere complex ayatem, Here the gas ia drawm out of the machine
through axial slots along the trailing underside of the brush holder.
Gas could also be injected in a similar fashion along the leading underside

of the brushholder.

3.8 Dynamic Braking

3.8,1 Technical Sunmary

Duting a crash reverral operation of the ship's propulsion
system, it {8 required that the propeller rotation be reduced to mero
speed and driven in the reverse dirvection so that the ship may be
quickly veversed. To accomplish this objective, it is necessary to
provide a reverse torque on tlhe propeller greater than the water torque
applied to the propeller due to the xhip’s speed., The time required to

reduce the propeller aspeed to nearly zevo RPM {8 dependent on how

|
I
|
|
.'
|
repidly the eneryy stored in the rotational mass of the motor armature, !
shaft and prop is dissipated. By operating the motor as a generator
during the braking interval, a reverse torque ig applied to the prop i
that {s proportionsl to the product of the motor armature current and J
motor field flux. Although severs]l methods may be used to dissipate !
the srored erergy, this section of the report {s concerned only with
dissipating the energy into resistors that are placed i{n wneries with 5
the motor armature civcuft. To wmaintain the motor armature current i
to the desired level as the motor RPM and EMF lowers, the braking
resintor value {2 reduced by awitchiug in additional parallel reaimtors.
in this application, the resistors are switched {n by solid-state

thyristors rather than electromechanical contactors. The baszic
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thyristor~resistor braking circuit is shown in Figure 3.39. The
system is placed in a braking mode in the following manner. When a
motor reversal command is generated, the dynamlc control intiates a
braking sequence. The generator field current is adjusted such that
the generator and motor armature current is zero., Switch SB is opened
and the generator field current is reduced until the generator voltage
is zero. Although substantisal motor voltage is present and switch SA
may be closed, no armature current exists since switch SB is opened

and all thyristors (Tl-Té) are non-conducting.

The maximum value of reverse torque required to stop the
propeller increases with ship speed. The maximum reverse terque that
may be safely developed by the wotor at maximum xotor fleld flux is
limited by the armature current rating and the configuration cf the
machines. If the maximum torque required to stop the propeller is
greater than the maximum torque that may be developed by the motor then
the braking inte.val is delayed. When the ship's speed has reduced
to a value where a reverse motor torque is greater than the expected
propeller torque, the braking sequence 1s continued by gating on
thyristor Tl' At this point, the braking sequence may not be

interrupted by commands from the control console.

When thyristor Tl is gated on, a reverse current is initiated
irn the armature circuit causing the motor to develop a reverse torque
and power dissipation in the circuit resistances. These actions cause
the motor speed, voltage and current to decrease. When the motor
current falls pelow a preselected value, the next thyristor (TZ) is
gated on. The clrcuit resistance is thus reduced and the current rises
to a maximum value again. The resulting torque and power dissipation
further reduces the motor speed and voltages. As the current falls to
a given value, the next thyristor is gated on. This process is
continued until the last switch SB is reclosed and the motor speed is
nearly zero. At this time, the braking interval is completed and either
the propeller reversing action may be continued or the motor

reaccelerated with the same rotation.
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Figure 3.39. Simplified Thyristor-Resistor Braking Circuit
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Figure 13,40 shows simplified motor voltage and current wave-
forms while braking with a constant motor field flux. The one per unit
wmotor voltage is the voltage developed hy the motor at rated field flux
at the start of the braking interval. The Emin value of motor voltage
is that value which produces an armature current of Imax when limited by
the armature resistances only. Imax is the maximum value of armature
current permitted during braking and is usually greater than the rated
current of the machines. Imin is the lowest value of armature current
permitted during braking to ensure adequata braking torque. The number
of resistor branches needed to brake the propeller is dependent on the
ratios of E . /E and I ., /I and may be determined by the

min’' max min’ “max
expression

NR = log (Emin/Emax)/los(lminllmax)

In Figure 3.8~2, the number of resistor branches NR = log 0.05/1og 0.6 =
5.86 or 6 branches. It would be desirable to reduce the number of
braking resistor branches required so that the braking circuit and
control may be simplified. This may be done by controlling the motor
field flux during the first braking step as shown in Figure 3.41.

In this example, the values of Imax' Imin’ Emin and Emax at one per
unit fie'd flux are the same. However, the actual value of Emax is
reduced to 0,3 per unit by reducing the field flux. Thus the number

of resistor branches required is

Ne ® (log 0.05/0.03)/1log 0.6 = 3.5

or four branches. During the interval that the first resistor is
placed in the circuit, the motor field current is controlled for a
fixed value of motor current Imax' When one per unit field is reached,
motor voltage and current will fall. At Imin’ the next resistor
branch is closed and the braking continues as with the constant field
scheme. Another advantage of the variable field braking method is the

thyristor voltage rating may be reduced due to the lower motor voltages.
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Digadvantages of variable field braking are increased braking times due
to reduced values of torque and peak power developed during the first
braking interval. However the braking period is very short {about one
second) and the braking torque xt low motor gspeeds are equivalent to
the constant field method. The resulting reduced performance may be
acceptable and will be given further congideration in the final design

of the dynamic brake circuit.

Another simplification may be made by eliminating the thyristors
(Tl) in the first braking resistor branch. (See Figure 3.39.) This
would require that switch SA be opened at the start of the braking
interval when the armature current 1ls made zero. The brake resistor
switching sequence would then be initiated by reclosing awitch SA‘ This
would require that the switch be capable of closing the circuit to
resistor R1 at the maximum brakiug curvent and motor voltage selected.
The adoption of motor {ield control during the braking interval would
reduce the closing requirements of the switch. This will also be given

further consideration.

The thyristoer resistor braking unit presently considered is
shown on Figure 3.42. Each thyristor position contains a pair of
devices connected in anti-parallel. This enables the brake unit to
control bi-directional currents. The additional thyristors could be
eliminated by ensuring only a unidirectional current would exist in the
armature circuit. This would require that the motor field flux be
reversed when a motor reversal is undertaken. To accomplish a rapid
reversal of the motor field, a four quadrant field exciter is required
that has a large field forcing capability. This would add a greater
cost and circuit complexity with no improvement in braking performance.
Therefore a bi-directional braking unit is proposed. Further considera-
tion will be given to the alternate braking method when the 3000 hp test

bed data 1s evaluated.
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3.8.2 Physical Description

The bi-directional thyristor~resistor braking unit will be
assembled in two adjoining cabinets. One cabinet will house the water
cooled resistors and the other will contain the thyristors and associated
thyristor gate firing circuita. From the results of a computer
simulation of the 40,000 hp system a four branch thyristor-resistor
braking unit is required as shown in Figure 3-42., The current in
each branch is much greater than the current ratings of the largest
avallable thyristor. Several water-cooled thyristors are placed in
parallel to meet the current switch requirements of each branch. In
Figure 3.43 is shown the thyristor circuit for the first braking
resistor branch. Two thyristors (Switches T1A-1 and T1B-1) are mounted
on a water cooled assembly. Each assembly will also contain an RC
snubber circuit and possibly a current sharing resistor (RS1) if required.
All "A" directional thyristors are switched on by transformer coupling
to the "A" gate drive circuit. The "B" directional thyristors are turned
on by the "B" gate drive circuit. The output of the thyristor switch
circuit is connected in series with an appropriate braking resistor in
the adjoining cabinet. The remaining three branches of the braking unit
employ a similar thyristor switch circuit with fewer thyristors. The
second branch ccntains five thyristor assemblies and the third and fourth
branch contain four assemblies. The entire thyristor assembly will be
mounted on panels and enclosed in a cabinet. The dimensions of the
cabinet will be approximately 30 inches by 24 inches by 72 inches high
and welgh approximately 700 pounds.

3.8.3 Environmental Considerations

The use of solid-state thyristors as switching components
should have no difficulty in meeting the salty humidity and ambient
temperature requirements in this appiication. The control circuits

will be protected against the salty eanvironment.,
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3.8.4 Reliability

In this application, the thyristors are required to cnnduct
current for only one second. A sufficient number of devices are paralleled
to carry the maximum current for at least two seconds. In addition, the
devices are water ccoled to ensure an initial thyristor junction
temperature of less than 40°C. Particular considerstion will dbe given in
the design and test of this circuit to obtain equal current sharing

between devices of the same dranch.

3.8.5 Maintainability

The braking thyristors will be mounted within the cabinet to
permit ease of identification and removal without the need of special
tools. Gate contrel circuits will be assembled on plug-in cords.

Test points will be available to assist in circuit troubleshooting.

3.8.6 Safety
The thyristor braking unit will be designed to protect

personnel from electrical, mechanical or thermal safety hazards.

3.9 Instrumentation

It is anticipated to specify the instrumentation required for
the 40 RHP propulsion system during final design. This specification
would list the type, number, range, location and function of all the
instrumentation sensors and indicators used in the asystem. A partial
list per machine of these sensed parameters would include, but not

limited to, the following:

Bearing 0il Flow
Bearing Temperature
Shaft Speed

Shaft Torque
Armature Voltage
Armature Current
Field Voltage

Field Current

3-115
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Field Coil Temperature

Conling Water Inlet Manifold Pressure
Cooling water Outlet Manifold Pressure
Rotor Bar Hot Spot Temperstures
Collector Bar Temparature

Stator Bar Hot Spot Temperature

Brush Lifter

Position Indicators

Cepending on final mschine designs and configuration the number, capacity
and range of these sensors will vary from those spacified for the

3000 hp machines (See Section 4.3.9). As a winimum, ali pextinent data
presently recorded sboard ships of this type will also be provided

in the 40 KHP electrical drive system. These sensors will be connerted
into a data logger for a permanent record ~f these variations, and these
utilized for control purposes will interconnect with the master control
unit.
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BRECTION 4

3000 HP SYSTEM TEST BED INTRODUCTION

Crne of the major long term objectives of the SEGMAG program is
to devalop high powered electrical propulsion systems for ship drives.

Early in this program it was recognized that i¢ would be both
economical and prudent to confirm the validity of the present design
approach prior to committing to the construction of full scale technicel

equipment,

With this intent in mind, it was decided to construct and
operate a reduced power land based test system that could serve as a test
vehicle to establich confidence in the program 'direction and to confirm
the presenc design levels. This test vehicle could also be used to

inveatigate alternatives which could not be vesonlved at the preliminary

design stage.

The power level chosen for the tast system machines ‘s 3000 HP.
This power level was deemed high enough to provide a significant test of
the SEGMAG II mctor and generacor concept at an acceptable overall

system cost.

Because overall system performance is as dependent upen the
control! system design approach as it is upon machlinery performance, two
shaita of propulsion machinery are nceded to substantiate the satis-
factory operation of the control system philosophy as applied to the
SEGMAG machines. Two shafts of wachinery are considered the minimum
necessaity to lunvestigate operation in the three principle powered modes

of operation and to investigate automatic transitions between modes.
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Several methods of removing power from the system when
operating in the regenerative reglon are investigated in the 40,000 SHP
conceptual system study. Of these, thc electrical dynamic braking
resistor method was selected for use in the 3000 HF test stand as it was
one of the most promising of the full scale methods studied and was the

most economical to implement on the 3000 HP test stand.

Various auxiliary supporting subsystems will be required to
service the system under test, however, development of these subsystemsa

is not the main objective of the teet stand.

The following sections will describe the test system and will
present the testing philosophy followed in the development of this
3000 HP SEGMAG test stand.

4.1 System Summary

The 3000 HP system test bed consists of two SEGMAG Il
generators, two SEGMAG IT motors and a solid state control system. In
addition, various subsystems required to operate the system as an
isolated indepandent twin shaft propulsion drive train, have been
included. The priwe movers and load absorbing devices necessary te
drive the system and to load the system for testing are not supplied as
part of the system. The system will require nominal electrical power
and a cooling water heat sink as services tou the auxiiiary support

subsystems.

In addition, the system will be provided with a data

acquisition and recording logger to record normal shipboard data.

Figure 4,1 1s a block diagram of the test system showing the

interrelationships of the following subsystems.

a. Two (2) SEGMAG 1l generators.
b. Two (2) SEGMAG 1l motors.
c. Master system contiol.

d. Motor and generator field exciters.
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Figure 4.1, 3000 HP Test System Block Diagram
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e. Interconnecting transmiseion lines.

f. Circuit breakera and circuit configuration contactors.
g Thyristor controlled dynamic braking resistor.

h. Auxiliary support systems.

1. Lubricating oil system
2. Deionized cooling water system

3. Brush atmosphere control system
i. Data acquisition and recording system.

Not ghown on the diagram .re the data acquisition sensors
which are required by the control system to operate and protect the

test system.

The following is a brief description of the function and
content of each subaystem and is presented here to acquaint the reader
with the overall system concept. More detailed descripticns of each

subsystem are presented in Section 4.2.1,

Each SEGMAG generator gnd motor is nominally rated at 3000 HP.
The generator rated speed is 360C RPM while the motor rated speed is
1200 RPM., Both are water cooled, solid brush machines designed under
the SEGMAG II concept.

The two generators and two motors will be operated as
separately excited shunt dc machines in a variable armature voltage
control mode. The motor output torque will be controlled by holding
the motor fields constant and regulating the generator fields to
control the armature loop voltage and current. The armature system

will be operated ungrounded at a maximum loop voltage of 500 VDC.

The master control system will be a digital solid state
control which provides automatic control and protection of the complete
propulsion system. The SEGMAG control system consists of two major

parts, a supervisory control and a dynamic control.

4=4

e G R i i

!




The supervisory control performs the following functions:
1. Controls normal system start-ups.
2. Controls normal system shutdown,
3. Pevsforms A restart after minor maifunctions.

4., Performs rspild shutdown of the prime movers under certain

emergency conditions.

5. Performs rapid deenergization of the SEGMAG fields and opens

the armature circuit under fault condlitions.

6. Datermines when a transition from one configuration to
another is required and performs the transition by opening
or closing circuit breakers and contactors and reconfigures

the dynamic control inputs accordingly.
7. Provides the proper inputs tu the dynamic control system.
8. Provides a speed reference s.cgnal to the test stand prime move.

The dynamic control regulates the to)raue produced by the system in
response to a "torque required" command which is under manual control
of the system operator. When the "torque required" command is changed
to a position which will require removing energy from the propulsion
system, the dynamic control also provides signals to the configuration
switchgear and the dynamic braking resistor/thyristor assembly to allow
the system to operate in the regenerative region without overspeeding
the prime mover. The need to remove energy from a propulsion system
arises when the "torque required" command is placed in an astern
position while the ship 18 still moving ahead. The forward movement
of the ship through the water continues to drive the propeller in an
ahead direction, thus requiring that energy be removed from the system

in order to stop the propeller.

The transmission lines will be either enclosed bus or cable
assemblies as necessary to suit the test installation. Since the

transmigsion lines serve only to carry current from one point to

4-5
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another, they have a predictable and minimal effect on the test stand
objectives. Thus, these items will not be discussed in great detail in

this report.

The 3000 HP test system motor and generator field exciters will
be phase controlled SCR thyristor converters which will convert the
460 VAC 3 phase service power into the DC needed for the SEGMAG machine
fields. Both the motor and generator field exciters will be dual
converters which are capable of operaticn in all four quadrants. Both
the motor and generator field exciters will provide 200X reverse field
forcing capability to collapse the machine fields for circuit protection.

The configuration contrcl switchgear conslats of 5 contactors
and 4 circuit breakers. These will function as switches at the command
of the system control to configure the armature circuits to operate in
different system operating modes. These devices will be used to simulate
the function of the zero load break switches in the 40,000 SHP system.
The cilrcuit breakers will have fault current interrupting capacity and

the contactor will have load current interrupting ratings.

It will be noted that the test system switches will have
circuit interrupting capabilities whereas those in the full scale
tactical equipment will not. It was deemed prudent, however, to provide
this circuit interrupting capability until the concept of controlling
the system to zero current during switching operations has been
demonstrated by test. Similarly, circuilt breakers have been provided

for circuit protection until the rapid field collapse protection concept
has been proven by test.

The decision to place total dependence upon field collapsing
as the primary mode of system protection, will be reviewed during the
progress of the test program.

The 3000 HP test system auxiliary support systems consist of
the lube oil supply system, the deionized cooling water supply system

and the 002 cover gas atmospheric control system.
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The lube oil supply syvstem will be a conventional recirculating
pressurired lube o0il system with two poaitive displacement AC motor driven
pumps. The major components of this system consists of a reservoir with

a 3 minute retention time, a water-to-oil heat exchanger, a duplex strainer
and a pressure regulating valve. The system will supply sufficient
conditioned 2190 TEP oil for both SEGMAG 11 motors and both generators.
This system will provide alarm and permissive operation signals for oil

pressure and temperature to the master system control.

The 3000 HP test system deionized cooling water supply will
consist of a recirculating water system which uses an AC motor driven
centrifugal pump to circulate water from the reservoir through the filter
and heat exchanger to the motors and gererators. The water quality will
be maintained in the range of 1 to 2 megohm-cm by circulating approxi-
mately 5X of the water flow through a deionizing resin bed back to the
reservoir. The water-to-water heat exchanger will be slzed to provide
sufficient heat rejection into the cooling water heat sink available at

the test site. One system serves both motors and generators.

The 3000 HP test system brush cover gas atmospheric control
consists of a pressurized 002 storage cylinder, a pressure regulator
and an Hy0 bubbler for humidifying che gas flow. The system will supply
cover gas to both SEGMAG II generators and both SEGMAG II motors.

The data acquisition and recording subsystem, which is part
of the 3000 HP test system, will consist of a programmable data logger
with a magnetic tape data storage adjunct. This data logger will scan
those system operating measurements normally obeerved by the engine
room personnel and will generate an alarm should any be cutside of
prescribed limits. All data will be recorded on magretic tape. In
addition, the data logger will record on printed tape those items
normally recorded by the operators. A detailed discussion of this

equipment is presented in Section 4.3.9.

4-7

Rl A i e il . iar i st g i s iy Bikiae : . " i

T e e D




"pwuwwu:+ fad
5

e o AR e G A e T I

L e RO A g

AR ™ TR ERUL I T I A UM YRR TSR AT T e s s v e e - e

4.,1.1 Test Objectives

As statad in the introduction, the purpose of the 3000 HP
test demonstration system is to verify the design features of the
SEGMAG II machinery concept and control philosophy in actual system
operation prior to the final development of tactical shipboard aystems.
This affords the opportunity to incorporate any desirvable modifications,
found during operation of the test system into the tactical design and
thereby reduces the risks attendant with appiying the SECMAG II design

concept to operational sqguipwment.

In order to obtain maximum benefi: from a test program, we
should first establish what we intend to accompiish by executing the

tesr plans.

Tha test demonstration system wotors and generators have been
designed to the same basic design limits that have been used in the
conceptunl design study of the 20,000 and 40,000 SHP propulsion systems.
One exception should he noted; the brush current is lower than that
planned for the full size plant. Therefore in regard to the rotating
machinery, the objective of the test program is to provide information
to substantiate the propriety of these design limits and to afford the
cpportunity to investigate alternatives which cannot be satisfactorily
resolved at the design stage. In vecognition that many of the machine
characteristics will be investigated during back-to-back contractor tests,
the system test effort will corcentrate on verifying the contractor
characterization of the machines under system operating conditions and
to investigate machine characteristics under conditions which are not
available during contractor tests. These later conditions involve
parallel operation of generators, steady state system response and

stability in addition to large transient performance.

Similarly the control system for the 3000 HP demonstration
system is based on the same control philosophy which was used in the
40,000 SHP conceptual design studies. Therefore, the objective of the
3000 HP test system operation with regard to the control system, will

4-8
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be to verify the attributes of the control philosophy as applied to the
SEGMAG machines and thus provide assurance of satisfactory operation of
future derivative control systems. Again, because of the interdependence
of the SEGMAG II motors and generators with the control system, the

3000 HP demonstration test plan must include both steady state and
dynamic tests in order to allow investigation of the control system and

machinery interaction under all conditions of operation.

Having established these test objectives we ran now proceed

to develop a test plan to best achieve these needs.

4.1.2 Test Program

All aspects of the operation of the control system and the
test machines will be subject to investigation during test. However.
several specific areas of operation which can best be examined by system
operation have been identified., These operating areas will be given

special consideration and are as follows:

a., Investigation of system operation and stability in the three
principle operating modes at loads from no-load to full rated
load. This includes operation of two generators in parallel,
operation of one generator with one motor and operation of two

motors in series.

b. lnvestigation of the ability of the system to automatically
maintain the system conditions within the bounds required for
zero current switching required for transitioning as is

projected for use on the 40,000 SHP system.

¢c. Investigation of the motor and generator current collectors
during the dynamic braking transients involving large transient

currents and rapid speed changes.

4-9
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d. Inveatigation of the generator and motor performance during the
crash astern mansuver, during which the generator must supply
high current at low voltage while the motor develops high torque

at zero apeed.

e. Comparison of specific operating performance differences arising
from any differences in design of the leading test set to that
of the ascond test set pair.

As pointed out in Section 4.1.1, except for brush current
denaities, the 3000 HP SEGMAG II machines have been designed to the
same design parameter limits that have been used in the conceptual
design atudy of the 20,000 SHP and 40,000 SHP tactical syatems. There-
fore an appropriate teat program with the objective of establishing
the suitability of these limits would be to operate the aystem under
the same conditions as projected for the full scale system., Since the
full scale system performance is expressed in per unit, then operation
of the teat system at the same per unit loads should reaul; in
exercising the test syatem at the same percentage values of the absolute
parameters. Similarly, during dynamic testing, if the test machinery
is operated at the same per unit load values and in the same absolute
time profile as the full scale system, then the same specific Joule

heating effects will occur in the material volumes.

It is recognized that this foregoing reasoning might be
questioned on the basis that the ratio of surface area per unit volume
varies inversely as the first power of the linear dimensions, thus
influencing temperature results, However, this fact should not seriously
invalidate the test results since as a first approximation, during
transients, all heat can be assumed stored thus negating the question of
the surface to volume ratio. For steady satate results, suitable
allowances can be made during the interpretation of the data to compensate

for the size effects.
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Another question that also arises st this time is whether we
can achieve the same absolute time profile during transients as is
forecast for the full size system. The answer to this question lies
in the examination of the "H" constant of each system. The "H" inertial
constant of a rotating system is defined as the ratio of the kinetic
energy stored in the system at rated speed to the rated energy of the
drive, thus:

stored kinetic energy (kw-sec)
rated power (kw)

H=

The significance of this factor is that two different sized systems but
with identical "H" constants will accelerate at the same per unit rate
when subject to the same per unit torque. Thus, if we provide the

test system with the same "H" constant as the projected system and
subject it to the same per unit torques, we can expect the test system
to respond to the same absolute time profile as is calculated for the

full scale system.

As pointed out in Section 4.1, the prime movers and load
absorbing devices are not supplied as part of the test system.
Therefore, prior to the identification of these devices we carnot
determine how closely the test system can be made to match the conceptual
study system. In Section 4.2.1.4 the desired prime mover and load

characteristics are discussed in detail.

It should also be recognized at this time that it may not be
possible to obtain the exact desired prime mover and/or load devices
needed to match the full size system. The deviations that these
devices may have from the desired characteristics and the effect that
these deviations will have upon the test results must be left for

investigation at a later date.
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4.2 System Description

4.2.1 Physical Dascription

4.2.1.1 System Layout

The anticipated layout of all the equipment planned to be
installed at the test facility is shown in Figure 4,2. The description
of each of these components (numbered to correspond with the layout)

is as follows:

ITEM 1 ~ SEGMAG GENERATOR
The 3000 hp, 3600 rpm, 4 pole, water~cooled SEGMAG generator is
rated at 505 volts, dc and 4660 amperes. Full load field
excitation is *100 volts dc, 175 amps. The generator preliminary
outline is shown on Dwg. No. 1435-E-29 indicating the principal

interfaces.

ITEM 2 - SEGMAG SERIES CONNECTED GENERATOR
The 3000 hp, 3600 rpm, 8 pole water-cooled, SEGMAG, series con-
nected generator is rated at 505 volts dc, 4660 amperes. Full
load excitation is *100 volts dc, 175 amps. The generator
preliminary outline is shown on Dwg. No. 639F505 indicating the

principal interfaces.

ITEM 3 - SEGMAG MOTOR
The 3000 hp, 1200 rpm, 6 pole, water~cooled SEGMAG motor is rated
at 500 volts dc, 4660 amperes. Full load excitation is *115 volts
dc, 175 amps. The preliminary motor outline is shown on

Dwg. No. 639F503 indicating the principal interfaces.

ITEM 4+ - SEGMAG MOTOR
The 3000 hp, 1200 rpm, 6 pole, water-cooled SEGMAG motor is rated
at 500 volts dc, 4660 amperes. Full load excitation is *115 volts,
de, 175 amperes. Some of the machine brusnes will be cojable of
being lifted, to demonstrate this feature. The motnr outline will
be similar to Item 3, however, the location of the interfaces has
not as yet been determined, although the number, type, and size of

the physical interfaces will be similar to those of Item 3.

4-12
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ITEM

ITEM

ITEM

ITEM

5 - SEGMAG MASTER CONTROL UNIT

The SEGMAG master control unit consists of a solid state digital
control system which will be located within a floor mounted instru-
mentation cabinet. The estimated physical size of the instrument
cabinet and the proposed location and service clearances is shown
on Figure 4.2. The power required to operate the control unit is

approximately 20 kw at 460 v, 3 Phase, AC.

6. - NO. 1 MOTOR EXCITER

The motor exciter is a self-ventilated phase controlled SCR con-
verter unit which operates from * 460 vac 3 @ power. The exciter
output will be controlled by the SEGMAG master control unit. The
power requirement is approximately 100 kw. The floor space
requirement and proposed location of the exciter is shown on
Figure 4.2. The exciter will be provided with a primary discon-

nect and Class 1 protection.

7 - NO. 1 GENERATOR EXCITER

The generator exciter is a self-ventilated phase controlled SCR
converter unit which operates from 480 vac 3 # power. The

exciter output will be controlled by the SEGMAG master control
unit. The power requirement is approximately 100 kw. The floor
space requirement and proposed location of the exciter is shown on
Figure 4.2. The exciter will be provided with a primary disconnect

and Class 1 protection.

8 ~ NO. 2 MOTOR EXCITER

The generator exciter is a self-ventilated phase controlled SCR
converter which operates from 480 vac 3 @ power. The exciter
output will be controlled by the SEGMAG master control unit. The
power req:irement is approximately 100 kw. The floor space
requirements and proposed location of the exciter is shown on
Figure 4.2. The exciter will be provided with a primary discon-

nect and Class 1 protection.
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£ -« NO. 2 GENERATOR EXCITER

The generator exciter is & self-ventilated phase controllad SCR
tonverter unit which operates from 480 vac 3 @ power. The
exciter output will be controlled by tne SEGMAC macter control
unit. The power requirement is approximately 100 kw, The floor
space requirements and porpozed location of the exciter is shown
on Figure 4.2, The exciter will be provided with a primary

disconnect ard Class 1 protection.

10 ~ MOTOR CIRCUIT RREAKERS AND CONTACTORS

The switch gear consists of a cablnet which hcuses the circuit
breakers and contactors to the two motors. The armature power
schematic diagram showing the arrangement of the circuit breakers
and contactors (switches) is shown on Figure 4.3, The power
requirement is approximately 40 kw, at 460 v, 3 phase, AC.

The physical size and proposaed location of the switch gear

enclosures are shown on Figure 4.3.

11 ~ GENERATOR CIRCUIT BREAKERS AND CONTACTORS

The switch gear consists of a cabinet which houses the circuit
breakers and contactors to the two generators. The armature
power schematic diagram sliowing the arrangement of the circuit
breakers and contactors (switches) is ghown on Figure 4,3.

The physical size and proposed location of the switch gear

enclosures are shown on Figure 4.3.

12 - SW' TCHGEAR POWER RELAY CUBICLE

The switch gear power relay cubicle provides all of the inter-
locking and sequencing circuitry required to accept control
signals and output actuating signals for all the breaskers,
contactors, and exciters. The proposed location for it is

shown on Figure 4.3,
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4-16



Lo a0 o Sabble bl d LI

R

ITEM

ITEM

ITEM

13 - TRANSMISSION LINES

The transmission lines are tentatively planned to be power cables
in open or ladder type cable trays. The cablies shall have opposite
polarities interweaved in order to reduce the external magnetic
fields. The proposed cable consists of 6 single conductor pewer
caples of 750 MCM, type KHH and the proposed cable runs are indi-
cated on Figure 4.3.

14 - LUBE OIL SYSTEM

The lube o0il system consists of a conventinnal pressurized oil
supply system with 2 ac drip proof motor drive pumps. One pump
will supply the total system lubrication requirements while the
second pump will be on standby. The motors will require a non-
interruptable power supply to insure against loss of oil pressure
due to power outages. The power requirement 1s approximately

5 kw at 460 v, 3 phase. The physical data for the system is shown
o Table 4.1.

15 - DEIONIZED CIRCULATING WATER SYSTFM

The deionized circulating water system consists of a storage tank,
an ac drip proof motor driven circulating water pump, a heat
exchanger and miscellaneous water conditioning equipment. The
power requirements ave approximately 15 kw at 460 v, 3 phase, AC.

The physical requirements are given on Table 4.2.
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TABLE 4.1

3000 HP SEGMAG TEST STAND
LUBE OIL SYSTEM FACILITY REQUIREMENTS

Number of Systems Supplied Per Stand 1
Floor Space Required 5' x 8'
Cocling Water Required 35 gpm
Cooling Water Tempersture 85°F max.
Presgure Drop of Cooling Water Thru 10 psi

Heat Exchanger
Heat Rejected to Cooling Water 167 x 103 Btu/Hr

Electrical Power Required:

460 vac, 3 9§, 60 Hz, 5 amps,
0.8 p.f., non-interruptable

Level of Top of 0il in Sump Above Floor J fe.
Lube oil system shall be located so as to provide a slope of 1 in/foot
in drain lines from motorr and generators back to top of oil in sump.

The facility shall suppiy stop valves for pipes supplylng cooling water
to the heat exchanger.

4-18
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TABLE 4-19
3000 HF SEGMAG TEST STAND

DELIONIZED CIRCULATING WATER SYSTEM
FACILITY REQUIREMENTS

Number of Systems Supplied Per Stand
Floor Space Required

Cooling Water Required

Cooling Water Temperature

Pressure Drop of Cooling Water Thru
Heat Exchanger

Heat Rejected to Coolirng Water

Electrical Power Required:

460 vac, 3 #, 60 Hz, 20 amps, 0.8 p.f.
120 v, 1 @, 60 Hz, 16 amps

4-19
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ITEM 16 — COVER GAS SYSTEM
The cover gas system is not shown nor detailed. Tentatively, it
will consist of an assembly of pressurized gas cylinders with
pressure regulating and flow controls in addition to a water filled
gas bubbler. It will not occupy significant space and thus is not

shown.

ITEM 17 - DYNAMIC BRAKING RESISTOR AND THYRISTOR ASSEMBLY
The dynamic braking resistor and thyristor assembly is tentatively
planned to be a self-convection, air ventilated resistor assembly
installed in a cabinet with the thyristors mounted on air-cooled
heat sinks. Tentative floor space requirements are shown in

Figure 4.2,

ITEM 18 - DATA LOGGER
The data logger will be located on either the operator control desk
or on the master control unit in the control room. This unit should
be located adjacent to the system operator. The power and space
requirements will be minimal and have been included in with the

master control unit on Figure 4.2.

ITEM 19 - OPERATOR'S CONSOLE
The operator's console will be a steel fabricated desk with hinged
sloping front and back hinged pinnacle. Standard cperating devices
will be mounted on the top and indicating meters will be mounted

on the pinnacle face. Steel surfaces will be painted.

4.2.1.2 System Diagrams

L
Figure 4.4 shows a simplified diagram of the armature loop

circuits provided for the 3000 HP test system. By closing selected
switches, the system can be configured into any of a variety of ways.

The three principal powered operating modes are full power, half and quarter
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Figure 4.4,

Zero Power Mode
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G1, G2, M1 operating
CB1,CB2, CB3, S6, S2, $3 ciosed

8

G1, G2, MZ operating

b)

Figure 4.5. Full Power Mode
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G1,82, M1, M2 opgrating

N\
CB1, (B2, CBS, CB4, §3, 54 closed

GY, M1 opinating
CB1, CB3, S3 closed

G2, M2 opsrating

CB2, CB4, S4 closed

Figure 4.6, Half Power Mode
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G1, K1, M2 operating

CB1, CB3, CB4, 51, 55 closed

G2, M1, M2 operating

€82, CB3, CB4, 52, S5 closed

Quarter Power Mode
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power modes. These three principal powered modes are shown respectively
in Figures 4.5, 4.6, and 4.7. For discussion, Figure 4.4 will be

termed the zero power mode since all switches are open and no power can
be transmitted between the prime movers and the load. It should be
noted that there are many other configurations possible. However, since
most of these are variations of one of the principal modes, they are not

shown at this time.

The full power Figure 4.5 will be used to investigate system

operation wherein two generators operate in parallel to supply power to
one motor. This configuration is the same as studied for the 40,000 SHP
design with the exception that in the 40,000 SHP study, each generator
was rated at one-half of the motor rating and thus, all machines

operate at theilr rated load values in the full size system. Conversely,
in the 3000 HP test system, the generators and motors are both rated at
the same power, therefore, in the test system, the generators are each
operating at one-half load when the motor is loaded to full load. This
is not considered as a serious detriment in achieving the test objectives
since the major objective in the full power mode {8 to investigate system
operation of two generators in parallel without major emphasis on the
machine loading conditions. It is also recognized that the generator will

be operated at full power in the half load configuration.

The half power mode Figure 4.6 allows investigation of rated
load operation of both the generator and motor while system operation of
one motor with one generator is examined. Thas quarter power mode
Figure 4.7 will allow investigation of system operation with two motors
in series.

The half power mode Figure 4.6 also allows operating either
shaft of machinery independently. Therefore if it becomes desirable to
compare alternative features of one load set to those on the other, it

may be done in this mode.
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Not shown are alternate configurations for the full power,
half power, and quarter power modes. Thus, in the full power mode, it
is possible to operate the port side motor M2 rather than the starboard
side motor Ml. Similarly, in the half power mode, the system could be
configured to operate motor Ml from generator G2 or to operate motor
M2 from generator Gl. These two connections cannot be done simultaneously,
however. An alternate configuration is also available for the quarter
power mode wherein generator G2 is used to power both motors. These
alternate connections may be used 1f it is desired to investigate

differences in the machine design features.

The half power mode Figure 4.6 will be used to conduct the
crash astern maneuver on the side 2 shaft. If desired, the braking
resistor could be connected to the opposite side and the maneuver

conducted on the side 1 shaft.

4.2,1.3 Service Requirements

Tables 4.3 through 4.5 ghow the facility requirements that

nust be provided at the test site.

TABLE 4.3

ENVIRONMENTAL REQUIREMENTS

A. Ambient alr temperature 40°F to B86“F

B. Ambient air quality Non hazardous

C. Humidity 10 to 90% R.H.
non condensing

D, Location In door, dry

E. Shock Non-shock

F. Background airborne noise (Later)

G. Background airbormne EMI {Later)
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TABLE 4.4

ELECTRICAL REQUIREMENTS

Per Machine Total
Field Exciters (4) 460 +5% VAC, 3¢ 460 VAC, 3¢
60 Hz, 125 amps 60 Hz, 500 A
0.8 P.F., 2 max 0.8 P.F.
volt unbalance
Switchgear (1 set) - - = 460 VAC, 3
60 Hz, 25 amps
Lube oil subsystems - - 460 VAC, 3¢
(1 per test stand) 60 Hz, 5 amps,
0.8 P.F.,
must be non-
interruptable

460 VAC, 3¢,
60 Hz, 15 amps,
08 P.F.
+
115 VAC, 14
60 Hz, 20 amps

115 VAC, 14
60 Hz, 30 amps

Cooling water subsystem - - -
(1 per test stand)

Data logger - - -
(1 per test stand)

TABLE 4.5

MECHANICAL REQUIREMENTS

(See Section 4.2.1.4)
(See Section 4.2.1,4)

85°C max temp

15 psig at cooler inlet flange
Atmospheric drain pressure

30 GPM

120 x 103 Btu/Hr heat rejection

Load absorber
Prime mover

Lube o0il cooling water
heat sink

85°C max temp

20 psig at cooler inlet flange
Atmospheric drain pressure

600 GPM

1.8 x 10® 3Btu/Hr heat rejection

Deionized water cooling
water heat sink requirements
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4.2,1,4 Prime Mover and Load Assumptions

The gas turbine horsepower output vs speed is assumed to
provide the 3000 hp at 3560 RPM as shown on Figure 4.8. The
no-load speed is assumed to be 1800 RPM. The load device (water brake)
is assumed to be capable of lcading the motor with the steady state
torque of 13,130 ft 1bs at 1200 RPM as shown on Figure 4.9. For the
transient crash back test, the load is assumed to provide the linear
regenerative torque of zero ft-1bs at 800 RPM to 14,000 ft-1lbs as shown
in the fourth quadrant on Figure 4.9. This regenerative torque is con-
templated to be supplied from the Number 2 generator-motor lcop in a

pre~programmed manner into the Number 1 motor generator loop.

4.,2.2 System Operation

4.2.2,1 Control Concept

The control concept for thi. drive system is developed fully
in a separate report entitled ‘'SEGMAG 3 KHP/SHAFT System Control" enclosed
in the Appendix of this report.

4.2.2.2 Operating Characteristics

4,2.2.2.1 gSteady State System Operating Characteristics

The test program presented in Section 4.1 stated that one of
the significunt areas for investigation is the operation of the 3000 HP
test stand under steady state conditions in each of the three principle
configuration modes. Functionally the three modes are described as
follows: two generators in parallel powering one motor, one generator
powering one motor and one generator powering two motors connected in
series. These three powered operating modes are named, full power,
half power and quarter power respectively because the functional
arrangement of machines in each mode duplicates those arrancements
proposed for use in the 40,000 SHP system. These names, however, do
not accurately describe the power levels of the machine operation on

the teast stand. When operating the test stand in the full power mode,
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only the motor will be operating at full load. The test generators
will be operating at half load. In the half power mode, all test
machines can operate at full power. In the quarter power mcde, only
the generator 1s operated at full power while the two motors are each

operating at one half power.

4,2,2,2.2 Dynamic Characteristics

The tests of the system under steady state operating conditions
would be conducted in accordance with the following general approach.
(Thls assumes that prior to this time the electrical and mechanical
capabilities of each of the test stand elewente as separate devices

have been verified.)




The tast stand machines would be operated in each configuration

and at selected load conditions for a sufficient length of time to achieve

thermal stability for each selected condition. During this time and
following stabilization, the system stability would be disturbed by
making small sudden changes in the load in order to perturbate the
system and to allow data to be taken on system response and stability.

4.3 Major Subsystems
4.3.1 2354 KW Generator

Design rationale and preliminary design details for the
2354 KW generator were described in Reference 3.1. The principal
characteristics of the machine are displayed in Table 4,6, and the
loases at rated load are shown in Table 4.7, The updated design
drawings from which manufacturing drawings have been prepared are

included as Appendix No. 8,

4.3.2 2240 KXW Motor

As with the generator, the preliminary design of the 2240 KW
(3000 hp) motor was fully described in Reference 3.1. The principal
characteristics of the motor are displayed in Table 4.8, and the losses
at rated load are shown in Table 4.9, The updated design drawings
from which manufacturing drawings have been prepared are included in

Appendix No. 9,

4.3.3 Transmission Lines

The transmission lines will be tailored to suit the test
stand installation. They will consist of multiple assemblies of single
conductor commercial power cable or else enclosed, feeder bus duct.
The overall system allocation of losses has allocated 18.64 KW loss for
the transmission line and switchgear (difference between the generator
output and the motor input). If the transmission line is sized for
1000 nmps/in2 and operates at a temperature of 90°C and dissipates
half of the allocated loss, 9.32 KW, then it can be up to 96.3 feet long.
(Based on 2 conductors with p = 10.376 Q Cir Mil/Foot at 20°C). 1If the
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TABLE 4,6

PRELIMINARY GENERATOR DESIGN PARAMETERS

Rated Power 2354 kW
Rated Speed 3600 RPM
Rated Voltage 505 voltw
Rated turremt 4660 amps
Number of Poles 4
Number of Turns/Pole 1
Pole Face/Pitch Ratio 0.4
Rotor Bar Currvent Denstty écSA/vm2 (1000 A/inz) RMS {n Copper
Ffeld Current Dounsfity fmfn\/cm2 (3000 A/inz) RMS in Copper
Cap Flux Density 13T
Dimensions
Rotor OD 0.53 m (21.65 in.)
Rotor Bar Thicknesa 0.899 cm (0, 354 {n.)
Rotor lron 1D 0,388 m (15.26 in.)
Stator 1D 0,559 m (22.01 in,)
Field Cotl Thickneas 4.3 em (1,70 iny)
Stator OD 0.793 m (31.21 {n,)
Active lLength 0.98 m (18,59 {n.)
Current Colloctor Leagth 015 m (6.04 in.)
Bearing-Bearing Length 1,60 m (63 in.)
Electrical Welight T4 Rg (7373 1)
Efficioncy at Full load 97, 1%
4-33
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Brushes

Eddy Currents

Seals
Bearings

Windage

TABLE 4,7
GENERATOR LOSSES - RATED LOAD

(Losses in Kilowatts)

Rotor Bars
Stator Bars
Brush Holders
Stator End Rings
Sliding Connections
Field Winding
Friction

Contact

Ohmic

Shunt Contact
Main Flux

Tooth Ripple

In Risers

In End Plates
Commutator Bars
In Cooling Tubes

Circulating Currents
Between Bars

Core Loss

TOTAL

Efficiency at 2354 HP
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5.15
1.91
0.11
3.33
0.07
16.61
11,33
4.54
0.13
0.75
3.96
1.56
0.80
2.44
1.78
0.31
0.39

9.48
0.10
15.4

2.55

82.70

96.61%




r a S T e A T I S R A RN AE o xRk M AL L AL L6 L LA T el
\

TABLE 4.8

PRELIMINARY MOTOR DESIGN PARAMETERS

Rated Power 2237 KW (3000 HP)
Rated Speed 1200 RPM
Rated Voltage 500 Volts
Number of Poles 6
Number of Turns/Pole 2
Pole Face/Pitch Ratio 2/3
% Rotor Bar Current Density 775A/cm2 {5000 A/inz) RMS in Copper
Field Current Density 465A/cm2 (3000 A/inz) in Copper
Gap Flux Density 1.3T
Dimensions
‘ Rotor OD 0.70 m (27.56 1n.)
§ Rotor Bar Thickness 0.68 cm (0.27 in.)
? Rotor Iron ID 0.77 m (18.8 in.)
5; Stator ID 0.7l m (27.8 in.)
g Field Coil Thickness 7.1 ecm (2.8 in.)
Stator OD 1.06 m (41.6 in.)
Active Length 0.76 m (29.86 in.)
Current Collection Length 13.9 cm/end (5.5 in/end)
Brg.-Brg. Length 1.35 m (53 in.)
Weight 4808 Xg (10,600 1b)
Efficiency at Full Load 95.9%
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TABLE 4.9

MOTOR LOSSES AT RATED LOAD

(Losses in Kilowatts)

1200 RPM (6 poles)

Rotor Bars

Stator Bars

Brush Holders
Stator End Rings
Bolted Connections
Field Winding

Friction

Slip Ring Contact
Ohmic

Shunt Contact
Radial Field

Main Flux

Main Flux

Tooth Ripple
Risers

Commutator Bars
End Plates
Cooling Tubes
Circulating Current

Core Loss

Seals
Bearings

Windage
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00
33
42
19
22
00

78

.83
.37
.24
.03

.32

.01
.35
.39
.16
.36
42

.01
.90
.43

51.16

97.78
95.81%



distance between generator and motor ig less than 96.3 feet, the losses

will be reduced or else the allowed current density can be increased.

4.3.4 Switchgear

The switchgear will consist of 4 circuit breakers and
5 contactors. The circuit breakers will be open frame, dead front
mounted. The breakers will be rated for 5000 AMPS continuous duty at
500 volt DC. The breakers will be provided with a 250 VDC closing
solenoid and will be equipped for instantaneous series and shunt trips.
The breakers will be of the DC current limiting type and are classified
as semi-high speed under Nema Standard SG 3.14-1975.

The circuit breakers will be mechanically held closed by a
spring loaded latch. The contactors will have a continuous duty rating
of 6000 AMPS and a load break capability. The contactors will be
operated on 250 VDC control circuit and will be magnetically held
closed. The contactors will be electrically interlocked with the
clrecuit breakers to picvent opeunlug of the contactors under fault

conditions.

The circuit breakers and their control relays along with the
contacters will be assembled into a guarded enclosure and will occupy
a floor space of approximately 10 feet by 6 feet. The top of the
enclosure will stand 92 inches, however, an additional 18 inch clearance

must be provided above the enclosure to allow for arc clearance.

The transmission line entrance into the circuit configuration
switchgear will be determined to best suit the selected test site and

the transmission line design.

4.3.5 Exciter

4.3.5.1 Technical Summary

The exciters for the SEGMAG machines used in the 3000 HP
system teat bed will be solid state power supplies designed for industrial

applications. Since the motor and generator fields required the same
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power levels, a single exciter design will be used for each of the four
SEGMAG machines. A simplified block diagram of the exciters is shown in
Figure 4.10. Three phase power is fed to a converter through an
1solation transformer. The output of the dual converter is a dc voltage
that 1s applied to the machine field. The dual converter will develop
elther polarity of voltage or current as shown in Figure 3.16. A set

of thrysitor gate drives are generated for each of the two converters
that comprise a dual converter. The gate director circuit controls which
set of gate drives are to be activated and synchronizes the drives with
respect to the three-phase input voltages. The gate director circuit
also delays the generation of gating firing voltages in response to the
regulator output signal. The regulator circuit provides both curremt
and voltage limitations on the output of the converters. Control of the
converter output below these limits is determined by external control

loops applied to the regulator.

The excitera will be capable of providing two times rated
voltage for field forcing. In the 40,000 HP gsystem, an exciter capable
of 50 times rated voltage was considered as a means of limiting armature
current faults that are above the current interruption ratings of
available dc breakers. This method of armature current limiting would
require additional development effort in the design of the exciter and
insulation requirements of the field windings or the development of an
adequate dc¢ current interrupter. The armature current interruption
requirements of the 3000 HP machines are within the ratings of available
breakers. These machines would not require a high field forcing voltage

technique to prevent damaging armature currents.

4.3.5.2 Physical Description

The field exciters for the 3000 HP test bed system will be
an M5B thyristor power supply manufactured by the Iudustry Svstems
Division of the Westinghouse Flectric Corporation in Buffalo, New York,.
The entire power supply is contained in a single, self-ventilated,

NEMA 1 enclosure. The three phase power transformer and the primary
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breaker are housed in the bottom compartment of the cabinet. A thyristor
converter panel and an auxiliary panel, containing a control transformer,

are mounted in the rear of the upper portion of the cabinet. The control

circults are placed on plug-in cards and are mounted on a swinging bay
located on the rear of the front door. The output voltage and current
meters, control pushbuttons, and indicator lights are located on the
outside of the front door. Each exciter unit will be approximately

32 inches wide, 32 inches deep, 92 Inches high and weigh approximately

1500 pounds.

4.3.6 Controls

4.3,6.1 General

This section outlines the implementation of the system control
philosophy describ ed in The Appendix No. 7 of this report. The control
philosophy includes two types of control functions described as a super-
visory and a dynamic control system. The supervisory control basically
monitors various digital signals developed within the system, to provide
the desired operational modes. The dynamic control regulates the pro-
pulsion system to a selected system torque. In the 40,000 hp propulsion
system study, a microcomputer system is proposed as a method of per-
forming all of the supervisory control functions. A microcomputer reduces
the number of components in a control system, thus {mproving the
reliability ot the control unit. It also permits additional seltf-checking
function without increasing overall system complexity. Although {t is
possible to change the control by modifving the computer sottware, it
does require additional equipment at the test site to {mplement and test
the results of a program change, 1t i also possible that some opera-
tional modes will be found that require a higher processing speed than
available in the selected microprocessor system. This would require an
extensive modification of the microprocessor control that would be diff{-

cult to achieve at the test site, To minimize the time and ettort vequired to
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implement control circuit modifications at the test site, the supervisory

control for the 3000 hp test bed will be constructed with standard types
of digital logic circults.

4.3.6.2 Control Console

In Figure 4.11 is shown a block diagram of the 3000 hp
test bed control system. Operator inputs are made available at the
Control Console and are depicted in Figure 4.12, Those inputs include
the motor torque references, system operating modes, machine permissive
signals and motor-generator configuration selection and set switches,
Visual readouts will be located at the control console to inform the
aoperator of the selected and actual operating modes. Selected system
parameters such as machine voltages and currents, and auxiliary functions
that include switch and breaker positions, loss of oll pressure, etc,,

will aiso be displayed.

4,3.6.3 Master Control

The Master Control block contains all of the upper level and
lower level supervisory control, dynamic control and the dynamic brake
thyristor control as described in the system conirol philosophy for the
Twin-Drive Demonstration System. The upper level supervisory control
monitors the breaker and contactor switch positions, machine auxiliary
functions and machlne speed and current limits. 1f the value of these
functions are correct, an orderly start-up of the system is allowed upeon
command from the control console. When the start-up sequence has been
completed, the dynamic control is permitted to control the operation of

the propnlsion system,

4.3.6.4 Upper Level Supervisory Control

A block diagram of the upper level supervisory control section

of the master control is shown in Figure 4.13.
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Figure 4.12. Test Bed Control Console Functions
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All input or output functions labeled with a subscript "X"
indicate multiple signals. As the lower level supervisory and dynamic
controls operate the propulsion system, the upper level gupervisory con-
trol continuously monitors the various functions shown., 1If any of the
input functiong are outside of prescribed limits, the upper level con-
trel will regain system control and cause a propulszion system shutdown.
There are several types of system shutdowns available. A stop command
initiated at the control console, provides a complete and orderly shut-
down of the system, concluding with all circuit breakers and switches
opened and all machine field currents reduced to zero., An emergency
shutdown immediately signals a shutdown of the prime mover followed by
a controlled shiutdown of the system. A fault condftion will imnediately
comnand the circuit breaker to open, shut down the prime movers and
rapldly de-energize the machine fields. These shutdowns may also bhe
initiated at the control console. A restart command provides a partial
shutdown of the system when a minor malfunction is detected. The
machine permissive signals, activated at the control console, permit
the operator to make a machine not available. The upper level
supervisory portion of the master control is thus the dominant control
during a system startup or shutdown Iinterval. All control functions

are readily performed by standard digital logic elements.

4.3.6.5 Lower lLevel Supervisory Control

The master control unit also contains a lower level supervisory
control section that is shown as a block diagram in Figure 4,14,
The lower level circuit directs the operation of circuit breakers,
switches and exciter inputs in a proper sequence to permit a successtul
configuration change. A motor-generator configuration (CSX) selected

by the operator is compared to the avallability of the machines invelved.

1f the machines are available, the required configuration
Information (Crefx) is sent to the configuration control. 1f all ot the
machines required to implement the change are not avaflable, the

configuration selector/reference circuit will automatically select the
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next largest power configuration that is available. In any event, before
the new configuration is carried out, the operator must confirm the new
selection by pressing the configuration set switch CSX set. The desired
configuration Crefx is compared to the present configuration stored in a
C memory and a new configuration is determined and stored in a

old x
C memory. The new configuration may not be the same as Crefx since

t::wc:ntrol is programmed to permit a defined sequence of configuration
changes, The allowable transitions between configuration is shown in

the diagram of Figure 4.15. Note that a configuration change from
quarter power Q2 to full power F2 must first pass through a zero power
configuration and a half-power configuration H2., T1f a proupeller reversal
is detected, the Cm__'w x memory is inhibited and retains the same

information as C memory until the reversal is completed. When

old x
) differs from C a transition 1s started and further changes
new x old x
in € x °F @ reversal is inhibited until the transition is complete,

For each configuration change, a specific operating sequence of circuit
breakers, switches and exciter inputs are programmed. Those are
described in the "Transition' section of the '"3000 HP per shaft drive
system controls' report located in the Appendix No. 7. At the conclusion
of the transition, the data in C memory 1s changed to the C

old x new x
data and the inhibit signal to C and reversal is removed. If C

new x refX
s C will be given data to advance to the next

old x* "new x
system configuration and another transition sequence is started. This

is not equal to C

process continues until the system configuration is the same as the
reference configuration Crefx' Each step in the sequence of breaker,
switch and exciter input commands must be acknowledged by feedback
signals {rom the breaker and switch auxiliary contacts or system param-
eters before the next step is taken. The lower level supervisory con-
trol will automatically change the system configuration to a lower power
level if a machine 1in operation becomes unavailable. The final con-
figuration will be lower than the power level selected by the operator

and be dependent on the availability of machines.
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$4.3.6.6 Dynamic Control

The basic propulsion system consists of a turbine-generator
unit supplying electrical power to a motor-propeller load. The turbine~
generator is operated at a constant speed. The primary means of con-
trolling the speed-torque output of the motor is by controliing the
generator field flux or current. For ncrmal operating modes, the motor
field current is held at a fixed value and motor torque is controlled by
regulating the generator field current. 1In this instance, the generator
fleld current is controlled hy a closed loop regulator that responds to
an error signal developed between the torque reference and the electro-
magnetic torque of the motor. In other instances, the generator field
current must respond to other system parameters, i.e., generator current
when a zero armature current is required or generator voltage when zero
generator voltage is desired. To obtain the required system performance
during normal and transitory operating modes, the generator field exciter
control responds to eleven different signals. These signals represent
primary or derived system parameters and are shown in Figure 4.16
for generator 1. These parameters are placed in the field reguiator
circuit by solid state switches activated by the Exciter Input Switch
Command Signals ng. Only one of the regulator input switches is closed

at any given time.

Similar types of system parameters are grouped to minimize
the number of compensation circuits (CFx) required. A typical compensa-
tion circuit is shown in Figure 4.17. The transfer function of each
compensation circuit would be establiszhed to ensure a stable closed loop
control for each type of system parameter input. The compensation
circuit outputs are applied to a field exciter control input circuit
shown in Figure 4.18. This circuit consists of a rate limit circuit
and an integrator that controls the delay firing angle of the converter

field exciter. The generator 2 exciter is controlled with an identical

civculie.
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In a similar manner, the lower level supervisory section of
the master control applies the desired control parameter to the motor
exciter regulator. In Figure 4,19 is shown a diagram of the exciter
dynamic control for motor 1. An identical circuit would control the
motor 2 exciter. Any one of seven solid-state switches may be closed
to obtain the proper motor control loop for normal or transitory
operating modes. The derived parameter Q‘ml permits the moters to
develop unequal torques that may be commanded during a quarter power
configuration. The dynamic control for the motor exciters also employs
compensation circuita and exciter input control circuits as described

for the generator dynamic control.

4.3.6.7 Dynamic Brake Control

In the 3000 hp Test Bed System, a simulation of the dynamic
braking technique of a 40,000 hp propulsion system will be undertaken.
A description of the dynamic brake power circuit is given in Section 3.8.
A similar thyristor-resistor braking unit will be developed for the
3000 hp system. A functional block diagram of a dynamic brake unit is
shown in Figure 4.20. Thyristor gate drive circuits are activated
by gate drive aignals (GDX) develcoped in the Dynamic Gage Control Circuit.
This circuit also controls the operation of the brake contactor (SBY)
and generator fileld exciter inputs (ng)‘ These control signals are
developed sequentially when a reversal command (Rev) is recognized.
Basicially, the dyuawmic braking mode consists of two intervals of
sequenced events normally separated by a waiting period. The first
interval recognizes a braking command and prepares the propulsion
system for a braking interval. Before the braking interval wmay be
started, the ship's speed or propeller watermill rpm must be below a
given value, This iz to protect the machines from excessive armature
currents and torques that will be required to stop the propeller rotation.
The maximum value of wotor speed (Nm) permitted for braking is also
dependent on the configuration of the machines (Cold x)' When the

motor speed has fallen to the proper level, the braking interval is

b VL LW e resin oy




o R I AT

Dwa. 6435A16

CF5

CF6

ml

Fipure 4.19,

CF7

Motor

Exciter
MF1 Control

Input

Functional Diagram of a Motor
Field Exciter Dyvnamic Control



DA A PR e e REL AN A s S S SR
-

Dwa. 1696866

S8l Sgh

. SB1 3
AP

<}——-¢ GDlA

‘ LN [ ~— 6p18
——hK}ﬁg'

Mo ~J——o GDZA

‘ LI, ‘ ~<}— 628
i izl

<}—o 6D3A

& <—o G038
_3<}_T_3_8..

\ . ﬂ-—o GD4A

M <o Goes

Arg o————
Rey o———ud = DX
Tran o———={ Dynamic

O el
Imi Brake — Qx

Gate S8l

Coldx © o Control
SBla o—» ——* Hold Cn

leG————-—-——-ﬂ

Figure 4.20, Functional Block Diagram of a
Dynamic Brake Control

4-54




TR YR e YT

started. The motor armature current (Im) is observed as the thyristors
are sequentislly gaged on to maintain a given level of current. Each
time the motor current falls below a given level, the next thyristor is
gated on until finelly the braking contactor 18 closed. At this time,
the anti~regeneration signal (Arg) is checked to ensure¢ safe return to

normal operation.

When the operator initiates the described braking mode, it
must be completed before normal operation is resumed. The waiting
period required for the motor speed to fall to a preselected value in a

shipboard application may be approximately ten seconds., It would be

desirable if the operator had the option to abort the braking mode during

this period. The simplified logic dlagram shown in Figure 4.21
would provide this option and is described as follows:

To initiate a braking mode the inputs to the AND element Al
must indicate a reversal command (Rev) and the absence of a configura-
tion transition (Tran)' A reversal command is generated when the
polarities of torque reference (TR) and motor rotation (Nm) differ.

The logic expression for this condition is:

(TT>0)~(Nm>O) + (TR>O)-(Nm>O)

A transition {s indicated whenever C C If the reversal

new x old x'
command {8 recognized cthe output of a flip-flop (FF1) is set to a
logic "1". This signal (Hold CN) inhibhits any change in the Cnew .
memery and activates the sequence "A" routine that follows.

. Generator exciter input to 1g.

Ig = 0, open SB1.

w N

SB1 open, generator exciter Input to Eg.
4. Eg = 0, sequence "A" complete.

The completion of sequence "A" sets FF2 and a waiting interval begins.

During this period the operator has the option of continuing the reversal

mode or returning to a normal oper-ition by the position of the torque
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control lever, If the reversazl command 1s retained and the motor speed
(Nm) becomes less than a reference speed (Nm ret)" and AND element (A2)
switches to a logic "1", setting FI'3 and ihhibiting ¥F4, The circuit is
now committed to a continuance of the braking mode as sequence "B" 1s

initiated and proceeds as followa:

1. Gate on T1l.

2. Delay 0.02 sgec, Im < Itef’ Gate on T2.
3. Delay 0.02 sec, Im < Iref’ Gata on T3.
4. Delay 0.02 sec, Im < Iref' Gate on T4.
5. Delay 0.02 sec, Im <1 Close SBl.

ref’
6. SBl closed, sequence "B" complete.

After sequence "B" is completed, the anti-regeneration logic output

(Arg) 1is checked to determine {f the generator field may be returned to

torque control without the regeneration of power. Arg is a logical

"1" when the motor speed (le) is approximately zero and the relation-

ship between torque reference (TRI) and the motor torgue (Tml) meet the

following logic expression:
(Noy X 0y [(T,, > T ) (Ty, > 0) + (T,y < T . )e(T,, < 0)]
R1 nml R1 R1 ml’ "Rl

The dynamic bhrake control circuit is then reset and the generator field

is controlled by the torque reference.

When sequence "A" is completed the operator may return the
system to torque control and abort the braking sequence "B'". This would
require the operator to remove the reverse command before the motor speed
becomes less than the motor reference speed. 1f this action is taken
FF4 1s set and FF3 1s inhibited. The control now performs sequence "C'"

as follows:

1. Generator exciter input to (Vgl—lml).
- - 8 .
2, (V81 le) 0, close SB1
3. SBl closed, generator exciter input to (TRl-Tml).
- Iral
4, Input ('I‘Rl Tml)' sequence "C" completed.
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When sequence ''C" is completed, the dynamic brake control circuit is
reset and the system is controlled by the torque reference.

4,3,6,8 Turbine Speed Control

The motor control may also control the speed of the turbine-
generator to achieve optimum speed for the best specific fuel consump-~
tion of the turbine at a given power level. The manner of obtaining
optimum turbine speed is given in the section entitled "SEGMAG Twin-
drive demonstration System'. This control will be a slow responding
regnulator that may be overridden to rapidly cut off fuel to the turbine

when load on the turbine 1is suddenly reduced.

4$,3,6,9 Primary and Derived Parameters

The Motor Control unit controls the operation of the pro-
pulsion system in accordance to the information supplied by the Control
Console to implement the required control and to protect the system
from operating ir a2 possible destructive mode. Various information on
the system performance must be made available. These include primary
parameters such as machine voltages and currents. Others include derived
parameters such as the electromagnetic motor torque that is developed
from the product of motor armature current and motor field current.

These parameters will be developed for the 3000 hp system in a manner
similar to those described for the 40,000 hp system in Section 3,3.,2.6.
In addition, the master control is informed of any inadequate performance
of the auxiliary systems. These include the lube oill system, the 002
system and the H20 system. Information on the performance of the prime

mover and loads together with any auxiliary system will also be required.

4.3.7 Auxiliary Subsystems

4.3.7.1 Lube 0il Sysatem

The lube 01l supply subsystem 18 a conventional pressurized

recirculating lube o1l system. Tt will have a non-pressurized reservoir
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with a 3 mintte retention time, two AC motor driven submerged suction
positive displacement pumps, a heat exchanger and a duplex lube oil
strainer. The pressure at the supply header will be regulated by a
regulating valve which will bypass a portion of the pump output back

to the reservoir.

Figure 4.22 18 a schematic diagram of the lube oil system.
Table 4.10 is a listing of the lube oil system operating parametars

and fecility requiremerts.

The L.O. subsystem i8 mounted on a steel sub~base suitable for
handling by either crane or fork 1lift. The system is designed to connect
to the cooling water available at the test site. Stop valves will be
supplied for the lube o0il fluid piping. The system will be supplied
with magnetic motor starters and will require a 460 VAC, 3@, 60 Hz
non-interruptable power supply. The system will be provided with two
stage output pressure switch and a two stage reservoir level switch.

In addition, a temperature switch will be provided on the lube oil
header. The temperature of the lube o0il will be manually controlled by
throttling the cooling water supply to the heat exchanger.

The output pressure level of the lube o0il system will be
monitored by a two level pressure switch which will be connected to the
motor controller to automatically start the standby pump should the lube
oil supply pressure drop below a preset minimum. This action also sends
an alarm signal to the master control console. If the output pressure
drops below the second pressure setting, the master control console

will declare an emergency and shut down the test stand equipment.

Similarly, the temperature of the lube oil supply header is
munitored by a temperature switch. This switch provides an alaru on
high lube o0il temperature allowing orderly corrective action by the

system operator.

The lube o0il drain lines will operate at atmospheric pressure

and will drain by gravity back to the lube o0il sump.
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Motor Gen'r, Gen'r, Motor
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<+
Relief !
PS-2 —4- Valve '
10 psig r
Y
85%F | 120°F ol
River ol sump
Water Cooler 100 Gal,
«—— 150°F
|
Duplex Pump Pump
Filter PS-D 20 gpm 20 gpm
40 Micron @ 15 psig @ 15 psig
Absolute 14 hp Motor 14 hp Motor
/ |
1 ps-1

Figure 4,22
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TABLE 4,10
LUBE OIL SYSTEM PARAMETERS

0il Specification
Sump Capacity

Motox Driven Pump Capacity
(2 supplied)

AC Motor Siee

AC Power Required

Maximum L.O. Temperature to Teat Stand
Filtration

Tube 0i{l1l Pressure Available at Outlet
Flange of Strainer

Heat Rejection to Heat Sink
Cooling Water Required by Heat Sink
Maximum Temperature of Cooling Water

Heat Sink

Pressure Drop of Cooling Water Through
Cooler

Floor Space Required
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378,52
{100 gallons)

1.262/sec
(20 GPM)
per pump

1-1/2 HP

3@/60 He/460 VAC
(non-interruptable)
48.9°C

50 micron (nominal)

137.9 KPa
(20 puig)

49.14 KW
(167,700 Btu/hr)

2,088 /sec
(33 GPM)

30°C
43.45 KPa
(6.3 psig)

1.5 x 2.5 meters
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4.3.7.2 Cooling Water System

The cooling water system consists of a storage reservoir, two
main circulating water pumps, a secondary water conditioning pump, a

filter, water conditioning columns and a heat exchanger.

Figure 4.23 is a flow diagram of the cooling water system
showing the arrangement of the system elements. Two submerged suction
centrifugal pumpa are provided in the main circulating water loop to allow
flexibility in adjusting the supply flow to meet system demands in various
operating configurations. When all four machines are in operation, both
main pumps will be required. When three or less machines are in opersation,
only one pump will be required while the other main pump will be in
standby. This provides differing degrees of protection against complete

loss of flow in all modes.

The system is also provided with a secondary loop to allow
circulation of a small flow of water through the conditioning beds
independently from the main flow and, thus, maintain the required water
quality. This will also allow conditioning the water with the main

!
i
i
3
r
13
i
i
{
s

circulating loop secured.

The secondary water conditioning loop will be automatically
controlled by a resistivity sensor located in the storage tank which
starts the secondary loop pump. When the water quality in storage rises

above 2 megohm-cm, the conditioning pump will be stopped.

The pressure in the main loop will be unregulated and will be
determined by the number of pumps in operation and the system demand.
The temperature of the main circulating water can be manually controlled

by regulating the heat sirk cooling water flow to the heat exchanger.

Alarm switches will be provided on the output header for low
pressure and high temperature alarms. In addition, a resistivity cell
will be located in the filter outlet flow which will alarm when the
water quality drops below 1 megohm-cm. The secondary loop will also be
provided with a high conductivity alarm to provide a warning that the

water conditioning columns are becoming depleted.
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A storage tank level alarm is provided to warn of low level
in the storage tank and to allow manual replenishment of the water in

storage.

The heat exchanger is sized to cool the deionized water to
32.2°C (90°F) when all four machines are in service at full load and
vhen supplied with heat sink cooling water at 26.7°C (80°F). When the
heat sink water temperature is below 26.7°C (80°F) or when less than
four machines are operating at full load, the deionized cooling water
will be cooled to a lower temperature. Manual regulation of the heat
sink water flow rate will be required for light loads of minimum tempera-

ture heat sink water.

The system will be mounted on a steel badplate suitable for

overhead crane handling.

The system operating parameters are shown in Table 4.11.

4.3.8 Dynamic Braking Resistor

The preliminary design for a four stage dynamic braking
resistor is presented. Alchough the resistance values are no lnnger
current, the intent here is to show the basic design approach.

The recsistor elements consist of stainless steel plates which
are slotted in such a manner that the current follows a serpentine path.
Twenty plates are connected so as to provide four steps of resistance.
A housing which has the form of an open box supports the plates

(including shock loading) and also serves as a tank for cooling water.

The salient features of the braking resistor are summarized
in Table 4.12. In service, the housing is flooded, immersing the
plates in delonized water. The water system used for the machines
maintains a continuous 75.7 litre/min (20 gpm) flow through the

resistor, thus, carrying away the heat generated during a reversal.
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TABLE 4.11

SEGMAG COOLING WATER SYSTEM PARAMETERS

Storage Tank Capacity 2271 1
(600 gallons)
Main Cooling Pump Capacity 6.31 1/sec
(100 gpm)
Maximum Temperature of Cooling Water 32.2°C

(at maximum heat load and maximum temp
of heat sink)

Cooling Water Header Pressure 103.4 KPa
(design point) (15 psig)
Main Pump Motor Rating 5 hp
(2 supplied) 460 VAC, 30, 60 Hz
7.6 Amp 0.8 p.f.
Secondary Cooling Loop 0.63 1/sec
Pump Capacity (10 gpm)
Secondary Cooling Loop 1/2 hp
Motor Rating 460 VAC, 3P, 60 Hz
1 Amp 0.8 p.f.
Floor Space Requirement 2.5 x 3.5 meters
Maximum Temperature of Cooling Water 27°cC
Heat Sink
Maximum Heat Rejection to Cooling Water 452 KW 6
Heat Sink (1.54 x 10" Btu/hr)
Filtration 25 Micron Nominal
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TABLE 4.12

DYNAMIC BRAKING RESISTOR FEATURES

Weight, Dry 359 kg (792 1b)
Weight, Wet 399 kg (879 1b)
Size:
Width 0.44 m (17.3 in)
Length 0.63 m (24.7 in)
Height 0.66 m (25.8 in)
Material Type 316 stainless steel
Resistance/Energy Absorbed
R4 0.05712/7.63 MJ
R3 0.0949Q/2.28 MJ
R2 0.0597Q/1.14 MJ
R1 0.03530/0.91 MJ

Type 316 stainless steel 1s used exclusively except for the elactrical
insulating material that separates the plates from each other and from
the housing. Regarding shock, the braking resistor is designed for
gtatic G loads of 30, 45 and 75 in the longitudinal, side, and vertical
directions respectively. Under these loads, the maximum stress is no
greater than the yield strength of the material which is taken to be
207 MPa (30 kpsi).

During a reversal, the resistors are introduced into the
circuit in the order R4, R3, R2 and Rl. The values shown for the
energy absorbed are for the full power crash back maneuver. Neglecting
heat transfer to the water, the plate temperature rise varies between
113°C (for R4) and 123°C (for R1l). Considering the plates and water
(without flow) as a combined heat sink, the temperature rise would be

44°C.
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Figure 4.24 shows a side view of the dynamic braking resistor.
The housing is externally ribbed for added strength. In the cut away
section, the resistor plates can be seen. The plates are stacked longi-
tudinally, separated by insulating spacers at the top and bottom. Some
of these are slightly saw toothed to allow for thermal expansion and
preload. A top support restrains the plates in the vertical direction

and provides mechanical support around the open top of the housing.

The face of a typical resistor plate is shown in the end view
cross-section, Figure 4.25. After installation of the plates and
insulating spacers, the wedge is forced into place providing a side pre-
load. The cover on top of the housing prevents water spillage and

collects any boil off when energy is dissipated in the dynamic resistor.

Two plate configurations are used. Ten are 9.5 mm (0.375 in.)
thick with thirteen slots while the other ten are 15.9 mm (0.625 in.)
thick with 9 slots). These are referred to as thin and thick plates
respectively. All twenty plates are 0.305 m (12 in.) wide by 0.358 m
(14.1 in.) high.

The electrical connections between plates and the leads are

shown in Figure 4.26., All connections are at the top of the platet.
The resistance stage R4 uses all ten of the thick plates. The other

three stages use combinations of the thin plates.

4.3.9 Instrumentation

After construction, the machines will be subjected to certain

measurements, among which may be the following:

. armature resistance
. armature inductance
field resistance
field inductance

saturation curves

VLN
e e« s a

speed torque curves
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The machines will then be subjected to a series of special manufacturer's
tests at the Westinghouse R&D Center to confirm the design objectives,

These manufactucer's tests are intended to verify the machine's perform-
ance, confirm the design objectives and provide fundamental data of these
innovative designs. These objectives require special instrumentation to

be installed in the machine during and after assembly to measure certain

design parsmeters. Some of the parameters of interest for the generator

are listed on Table 4.13 and for the motor on Tatle 4.14. These
tsbles also list the expected range c¢f the variables, the location and

type of instrumentation and the action required for anomalous variations.

In addition to the special instrumentation required for these
manufzcturer's tests, the machines will also be instrumented for measuring
t.he type of data normally acquired aboard ship for electrical propulsion
systems, The parameters of interest for the generator are listed on
Table 4.15 and for the motor on Table 4.16. These last two tables
list the varlables that will be measured and recorded during the system
tests that will he conducted at NAVSEC, Philadelphia Division. Parameters
on Tables 4.13 and 4.14 will not be messured during the system

2 Al R e i et s B e, A
T S e et 2 e e e <

tests at NAVSEC unless it is found necessary to do so. For the most part,

this can be accommodated quitz readily since most of the sensors will

gtill be available.
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REA L A D R

VOLUME B - HYDROFOIL CRAFT

SECTION 1

INTRODUCTION - (See Volume A)

1.2 Exceptions

A requirement specified in the work directive for the hydro-
foil craft was that the maximum motor diameter should not exceed 42"
in order to fit within the pad. After a rather thorough analysis it
was determined that the motor stator diameter should be at least 54"
in order to permit the motor to operate below its first critical
frequency. 1Tn addition, the end frame diameter must be about 58",
although with some redesign this might be reduced to the 54" stator
diameter 1f the internal connections between brush holders wera accom-
plished in a different manner. A recounsideration of the maximum pod
diameter should be undertaken tn determine if the pod diameter in the

motor area could be modified to accommodate this motor.

1.3 Development Risks - Same as Volume A

Bl-1




SECTION 2

DESCRIPTION

2.1 Physical Description

The propulsion system for the hydrofoil craft consists of a
slngle 15,000 KW generator driving & 20,000 hp, 1200 RPM motor per shaft.
The generator would be similar to the gencrators proposed for the
destroyer type ship. The mode of control would be simiilar to that for
the destroyer with the exception that the equipment always operates
in the split plant arrangement and also that reversing capability is
not required. Dynamic braking could still be utilized for rapid
stopping if necessary. One of the major differences in the two systems
is that the generators are mounted high on the first deck and the
motors located in the pods directly connected by short shafte to the
supercavitating propellers. Power is thus transmitted electrically
down the struts which simplifies the machinery arrangement. Rotary
swivel joints in the electrical power transmission lines pormit the

foils to be raised for hull born operation.

2.1.1 System Layouts, Hydrofoil Ship

The hydvofoll ship type specified for the arrangement study
is a 750 ton 50 knot ship with the canard configuration of folls. Foil-
borne propulsion is by supercavitating propellers located at the two
pods vhich also support the a‘t folls., For bull borne propulsion a

separate system will be provided, this not being a part of this study,

The foilborne propulsion power is furnished by two LM-2500
gas turbhines, each driving a generator at 3600 rpm. The two propellers
operate at 1200 rpm max. and are powered by a direct drive motor, one

for each pod, delivering 20,000 SHP to the propeller. The propeller,
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its shafting and the thrust bearing are nct Iincluded in this study. The
motor is not expected to absorb any externally imposed thrust or lateral

loads at the coupling.

Each strut 1s 36' long and is hinged to rotate 200° into the
elevated, retracted, position. An electrical current path joint across

the hinge is required and this is a part of the study.

The SEGMAG motor has been designed to as small a diameter as
feaglbie consistent with the speed rating of 1200 rpm plus the objective
of providing a rotor stiff in bending with a high critical speed. Even
so, the outside diameter of the frame is 54" and the diameter over the
end bracket flanges is 58", and this size requires a larger diameter pod
than has been allotted by Figure B2.l1, whict gives the allotted dimensions

for the electrical machinery and controls,

The space alluwed for the generators and controls is 20' long x
40' wide x 10" high, with ships service connections being available at
the after bulkhead »f the space. Looking first at a plan view of the
generator space and the gas turbine room, Figure B2.2, the gas turbines
are shown enclosed in thz sound barrier shock mounted housing provided on
DD963. On the hydrofoil ship these enclosures and mounts may not be
required - the question should be addressed in a separate study, the
study to include the dynamics of the interface shafting between power
turbine and generator. Also the space taken by the gas turbines and the
intake ducts on the DD963 is increased by the auxiliary air demand, so

that again more detail examination is warranted in this area.

As envisioned in the Work Statement requirements of Figure B2.1,
and reflected in the plan view Figure B2.2, the turbine oucput shaft
drives through the forward bulkhead of the generator room, possibly
requiring a bulkhead shaft seal - a difficult design matter at 260C rpm,
In any event, in the arrangement shown, the generator coupling flange is
located in the turbine room, so that the bulkhead seal hLousing must be
split and have an outside diameter larger than the generator coupling OD

in order to allow rotor removal.

B2-2
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Shown in outline and in dashed lines are the mechanical auxil-
laries, the electrical switchgear and the controls naceasary to operate
the electric propulsion system. The numbered labels correspond to the
items of Table B2.1 listing the main components, auxiliaries and controls.
Not shown in the arrangement sketches of Figures B2.2 and B2.3 are the
electrical bus work, cables and piping associated with the propulsion
aystem. Figure B2.3 is the hydrofoil ship in elevation, shown frowm the
alr intakes aft to the transom. Shown also in outline are the main
struts and pods, positioned in the operating mode. Not shown are the
hull borne propellers, shafting and engines. The general outline in
elevation i1s similar to that developed by Boeing for a proposed DEH and
depicted in the paper referenced below.*

TABLE B2,1

LEGEND FOR FIGURES B2.2, B2,3 and B2.4

Item
1 Propulsion gas turbine
2 Propulsion generator
3 Propulsion motor
4 Thrust bearing
5 Lubricating oil system
é Cooling water system for motor and generators
7 Brush atmospher: system
8 Generator exciters and coantrecl
9 Motor exciter and control
10 Control console with logic boards and supervisory control
11 Interface relay cabinet
12 Switchgear

e — i wo————— e

*DEH, A High Endurance Escort Hydrofoil for the Fleet, Aroner and
Hubbard, ATAA Paper Wo. 74-311, February 1974,
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Again the rpace utilized for the generators and controls is the
20" long x 10' high allotment of Figure B2.1. It ie evident from
Figure B2.2 and B2.3 that the space allotted is entirely adequate for the
generators and auxiliaries. It should be noted that the dynamic braking
resistors and controls required for the destroyer system are not needed

for the hydrofoll, and are not shown.

The elevation view Figure B2.3 shows the machinery outline of
the gas turbine within the nolse isolation enclosure. The generator is
provided with a foundation independent of the turbine. A study should be
made of the arrangement of a common bedplate for the gas turbine and
generator, with and without noise enclosure, and with and without shock
mounts, with the gas turbine generator unit nct separated by the bulkhead
shown in Figures B2.2 and B2.3. The results of such a study may show a
significant weight saving and better running speed dynamics for the

povwer turbine - generator rotor systems.

The SEGMAG motor mounted in the main drive pod is shown in
partial section in Figure B2.4. Although there is more than adequate
allotted length for the motor and its auxiliaries, the 42" diemeter
allocation of Figure B2.1 is 16" less than the cverall diameter of the
motor., Allowing 6" of thickness for pod wall structure, the pod size
for the 20,000 SHP 1200 rpm motor described in the motor and generator
section of this report* is 58" inside diameter and 70" outside diameter
(5'-10" diameter). It may be possible to reduce the motor OD by
several inches by refinement of the end bracket flange design. However,

reduction to 42" overall diameter does not seem to be within the realm
of possibility at the present writing.
The motor is supported at each end of the stator iron by a

2" wide girth flange encircling the motor frame barrel. This girth

flange extends through an elongated section to join the strut structure

*Jestinghouse Dwg. 1289J35, 20,000 HP Hydrofoil Motor
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in a configuration not yet designed but shown schematically in
Figure B2,4, 7The motor C.G. is shown offset forward of the strut center

to balance the weight of the propeller and shafting.

No flexible coupling is provided at the shaft-motor interface.
Detail examination of the shaft misalignment requirements may show that a

flexible coupiing is needed.

Aside from waterfoil control power requirements and monitoring
systems, the propulsion motor pod must be provided with these service

connections:

DC power cables or buses, rated at 2000 volts, 7500 smperes
DC field excitation cables

Lubricating oil supply and return lines

Cooling water supply and return lines

Brush atmoasphere supply and return ducts

The electric services would be by cables and the other services
by hoses, all of which would lead down through the 36" x 18" tunnel space
allotted within the strut by Figure B2.1, Speclal design work is required
to be done at the hinged joint to accommodate the 200° rotation angle

through which the hoses must move. The electrical cables are addressed
later.,

It is evident from the relatively congested space within the
pod and the strut that great attention will have to be given the
enveloping structure of pod and strut to allow assembly and disassembly
of the machinery. It is also rather evident that all pod mounted com-
bonents must have the attributé of long time operation without any
attention or maintenance. In addition, it is understood that regardless
of design, construction and maintenance efforts, eventually the pod
will flood with seawater and probably with the full head of water
pressure (about 15 psig). So that prudent design would insure watertight
construction of all machinery and electrical components, or else other

safeguards against seawater intrusion such as pressure buffered interiors.

B2-9
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No local electric circuit protection is provided, the circuit
breakers, switches and fuses being located in the hull. The supply through
hoses of the motor cooling water and the brush atmosphere presents no
especlal difficulty, since these systems operate full and the return lines

will be pressurized.

The lubricating oil system presents more difficult problems.
Normally, motor bearing housings have atmospheric pressure drain systems
leading to a sump at ambient pressure. Usual designs of shaft seals
require nearly atmospheric pressure and non-solid oil at the last space
between bearing and seal. Therefore the drain systems and the sump will

have to be given special design attention for this pod mounted motor.

Even more important the sump must be scavenged continuously by
a positive displacement pump to return the oil to the hull-located main
lube oil system. This pump should preferably be shaft driven and backed
up by an electric pump for redundancy. The sump would probably operate

nearly dry.

Fertunately the motor lube o0il system need be operative only
when the pod and strut are in the vertical downward position. Means
must be provided to isolate and possibly drain the system prior to

raising the struts and inverting the pod and motor.

An alternate design and arrangement of the motor bearings
should he studied in depth to eliminate the above lube oil system
problems. This alternate design would follow locomotive traction motor
practices and employ cylindrical roller bearings in lieu of babbitted
sleeve bearings and grease lubrication instead of oill lubrication.
Speeds and loads are well within proven grease lubricated motor roller
bearing practice. Regreasing intervals for rail transportation motors
are long, ranging from one to several years, depending upon the
severity of service, and thus would be consistent with naval ship

avallability schedules,

B2-10
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Use of grease lubricated roller bearings would eliminate the
problems inherent with a hull-mounted lube oil system servicing the motor
in the pod. The main thrust bearing for the propeller would still require
a supply of lube oil. However, in the usual arrangement of housing the
interior is pressurized slightly above ambient so that drainage and
return of oil to the hull is not complicated by a sump.

2.2 System Block Diagrams

The main propulsion system power blade diagram is shown on
Figure B2.5, which simply shows a turbine generator driving a
propulsion motor for each shaft. The plant is always operated in the
split mode. The physical characteristics of the system are tabulated
on Table B2.2, which lists the major characteristics of the ship,
and the mechanical and electrical characteristics of the generator

and the motor.

2.3 System Operation

2.3.1 Normal Operation

This section which describes normal operation is divided into
the following major parts: electrical diagrams, system performance,

and representative mission.

2.3.1.1 Electrical Diagrams

The propulsion system power schematic is shown in Figure B2.6.
Each SEGMAG dc generator (Gl and G2) is driven directly by a LM-2500
gas turbine (GT1 and GT2). The SEGMAG dc motors (M1l and M2) are located
in the pods, each directly coupled to a propeller. The nominal rating
for the generators and motors is 15 MW (20,000 hp) at rotational speeds
of 3600 rev/min and 1200 rev/min respectively.

B2-11
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TABLE B2.2

BASELINE PROPULSION SYSTEM FOR HYDROFIOL SHIP

ship Data
Displacement 680 Metric Tons (750 Tons)
Ship's Speed 25.7 M/S (50 Knots = 84.4 FPS)
Prime Movers Two - 14.9 MW (Two - 20,000 HP) LM 2500 Gas Turbines

Propeller Speed 123.6 /s (1180 RPM) @ Max. Torque of 118.2 kNm
(87,200 1b ft)

Generator Data

Nominal Rating Electrical Mechanical
15. MW 1.15 m (45.2") Stator OD
2,000 Volts 0.61 m (24.0") Rotor OD
7,500 Amps 0.28 m (11.0") Rotor ID
377 /s 2.58 m (100") Length, .
4 Poles 10.8 Mg (23,645 Lbs) Tot. Wet.

Motor Data

Nominal Rating Electrical Mechanical
15. MW 1.37 m (54") Stator OD
2,000 Volts 0.98 m (38.5") Rotor OD
7,500 Amps 0.58 m (23") Rotor 1D
126 r/s 2.36 m (93" LengthBB
(1,200 RPM)
6 Polus 15.4 Mg (34,000 Lbs) Tot. Wt.
B2-13
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TABLE B2.2 (Cont'd)

e R bk T R FR R

20 KHP HYDROFOIL MOTOR LOSSES - KILOWATTS

IZR:

Rotor

Stator

End Connections

Field

Brushes:

Friction

Contact

Eddy Currents:
Pole Rise
Tooth Ripple

Core

End Plate

Collector Bar

Mechanical
Windage
Bearing

TOTAL

Efficiency at 14,900 KW

B2-14
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101.2
45.6
22,1
65.8

83.9
20.9

4.2
4.2
14.1
30.0
6.0

1.1
6.9

406.0

= 97.3%
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The transmisaion lines between the SEGMAG machines are shown
including the nine switches (S1 through S9) used to configure the
syastem. In the full power configuration (see Figure B2.7) each
generator 1is connected to one motor, Figure B2.8 showa a typlcal half
power configuration whereby the two motors in series are powered by a

single generator,

In the idle and zero power configurations, all of the switches

are open and thus the propulsion system is de-energized.

The operator may select one of three configurations: idle,
half power, and full power. The zero power configuration serves as an

intermediary between these three.

When a configuration change is called for, the control system
performs the task of making the transitions by controlling the machine
fields and commanding the appropriate switches to open or close. First
a transition to the zero power configuration is made, followed by a

transition to the configuration selected by the operator,

2.3.1.2 System Rerformance

2.3.1.,2.1 Steady State Operating Characteristics
]

First the manner in which the machine fields are adjusted by
the control system is described. This is followed by a discussion of

the operating characteristics Including efficiencles and fuel costs.

In the full power configuration, the motor fields are held
conatant at their rated values of 274A, FEach generator powers one
motor and ivs field Is adjusted to produce an armatuve current which will

match the motor torque with the reference torque.

In the half power configuration, the motor filelds are held
constant over most of the motor torque range at 68 percent of their
rated values (185A)., Ume generator powers both motors in series and
its fleld is adlusted to produce che required armature current up to a

limiting value of 7650A. If this current I8 insufficient to develop

B2-16
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Full Power Configuration Electrical Diagram

Figure B2.7.
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Figure B2.8.

Half Power Configuration Electrical
Diagram (Typical)
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the commanded motor torques, the motor fields are increased, but they
become limited at a generator voltage of 2200V,

When unequal motor torques are called for, the motor flelds
must be set at different values due to the series connection.

Differential torques up to a ratio of 2 to 1 may be achieved.

The operating characteristics for two steady state conditions
are listed iu Tabie B2.3. The first condition is a high speed cruise
polut. The propulsion system is in the full power configuration and
the propeller speeds are both 1180 rev/min. The values shown are for

a single machine.

The second column shows the characteristics for a medium
speed cruise point. The propulsion system is in the half power con-
figuration and the propellers are both turning at 880 rev/min. The
current is 7650 A thiough the generator and motors. The generator
voltage (2007 V) is approximately twice that of a single motor due to

the series connection of the three machines.

At this particular operating point, the wotor fields are at
185 A and the armature current is at its upper limit. If the motor
torques were diminished, the motor fields would remain constant
and the armature current would be reduced. If, on the other hand,
the motor torques were made larger, the armature current would be

held constant and the motor fields would be increased.

The power input, losses, and power output for two points
are listed in Table B2.4. The values shown are on a total system
basis. For instance, in the full power configuration the machine
losses for a single generator would be one-half of the tabulated
value.

Table B-2.5 lists the component and system efficiencies

for two points. The efficiencies are defined in Section 2.3.1.2.3.

A fuel cost breakdown, summed for each component type is

shown for two points in Table B2.,6.
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TABLE B2.3

PROPULSION SYSTEM OPERATING CHARACTERISTICS

Power Configuration Full Half
Operating Point Hi Speed Cruise, Med Speed Cruiro,
1180 rev/min 880 rev/w!

Gas Turbine
Specific Fuel

Consumption, kg/kW-hr 0.246 0.245
(1b/hp-hr) (0.404) (0.403)

Generator Input
Power, kW 15139 15549
(hp) (20302) (20852)
Speed, rev/min 3261 3300
Torque, kNm 44,33 44.99
(103 1b-ft) (32.70) (33.19)

Generator Output
Power, kW 14947 15353
Voltage, V 1968 2007
Current, A 7593 7650

Generator Field
Current, A 243 245
Motor Input 14936 7665
Power, kW 1967 1202
Voltage, V 7593 7650

Current, A

Motor Output

Power, kW 14609 7397
(hp) (19591) (9920)

Speed, rev/min 1180 880
Torque, kNm 118.23 80.27
(103 1b-ft) (87.20) (59.20)

Motcr Field
Current, A 274 185

Note: Values given are for a single machine

R2-20
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PROPULSICON SYSTEM POWER FLOW

TABLE B2.4

Power Configuration
Operating Point

Full |
Hi Speed Cruise,
1180 rev/min

Half
Med Speed Cruise,
880 rev/min

Generator Input Power, kW 30278 15549
(hp) (40603) (20852)

Generator Machine Losses, kW 384 196
Transmission Line Losses, kW 22 23
Motor Machine Losses, kW 654 536
Motor OQutput Power, kW 29218 14794

(hp) (39182) (19839)
Note: Values given are summed for each component type

TABLE B2.5

COMPONENT AND SYSTEM EFFICIENCIES

Power Configuration Full Half

Operating Point

Hi Speed Cruise,
1180 rev/min

Med Speed Cruise,
880 rev/min

Efficiency
Generator 98.73% 98, 747%
Transmission Line 99.937% 29,85%
Motor 97.817% 96.50%
System 96.50% 95,14%
B2-21
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TABLE B2.6
FUEL COST BREAKDCWN

Power Configuration Full
Operating Puint Hi Speed Cruise,
1180 rev/min

Gas Turbine
Fuel Consumption, kg/hr 7458
{13/hp-hr) (16442)

Auxiliary Electric
Power Consumption

Generator Excitation, kW 135
Motor Excitation, kW 135
Lube 011 Pumps, kW 7
Cooling Water Pumps, kW 37
Total, kW 314
Total Fuel Cost, kg/hr 142
(1b/br) (314)
Sea Water
Flow Rate
Lube 0il Systems, 1/min 151
Cooling Water Systems,
1/min . 3028
Total, 1/min 3179
(gpm) (840)
Total Fuel Cost, ky/hr 11
(1b/hr) (25)
System
Total Fuel Cost, kg/hr 7612
(1b/hr) (16781)

Half
Med Speed Cruise,
880 rev/min

3808
(8395)

69
62

37

175

79
(175)

151

3028
3179
(840)

(25)

3899
(8595)

Note: Values given are summed for each component type
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2.3.1.2.2 Transient Operating Characteristics _

The maximum available motor torque and the steady-state pro-
peller torque are shown in Figure B2.9. Comparison of these torque
characteristics is important since the torque difference provides a

measure of the ability of the propulsion system to accelerate the ship.

In the full power configuration, each motor field current is
held constant at a value of 274 A. When maximum motor torque is called
for, the armature current is maintained at its maxiwum value (7650 A)
and therefore the motor torque is constant over the propeller speed

range of 0 to 1200 rev/min.

The maximum motor torque line (119 kNm) intersects the
propeller steady-state torque curve at a motor-propeller speed of
approximately 1190 rev/min. At this operating point, the power required
from each gas turbine is about 15400 kW (20600 hp).

In the half power configuration, the generator is controlled
in such a manner that the armature current is maintained at a constant
value of 7650 A. The motor field characteristics, and therefore the
motor torque curve, fall into two regimes with the change over occurring

at a motor speed of approximately 650 rev/min.

In the first regime, 0 to 650 rev/min, each motor field is
held constant at its rated value (274 A) and the maximum available motor
torque is the same as that for the full power configuration. At

650 rev/min, the voltage across each motor is nearly 1100 V.

In the second regime, i.e., motor speeds in excess of
650 rev/min, the motor fields are reduced such that the generator voltage
is maintained at a constant value of 2200 V. The power required from the
gas turbine is approximately 17000 kW (22800 hp), and since the power is
(nearly) constant, the motor torque is proportional to the reciprocal

of the wotor speed.

B2-23
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FULL POWER CONFIGURATION
ARM. CURRENT = 7650 A

120 MAXIMUM MOTOR TORQUE MOT. FIELD CUR. = 274 A
\\ /
HALF POWER CONFIG. /
ARM. CURRENT = 7650 A \,
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Figure B2.9. Maximum Available Motor Torque
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An important feature of the SEGMAG propulsion system is the
ability to provide sufficient torque for the hullborne to foilborne
transition in the half power configuration, i.e., operating with one
turbine. As shown in Figure B2.9, there is nearly & 1C percent torque
margin at the worst point (propeller steady state torque at 90 kNm at
787 rev/win).

2.3.1.3 Representative Mission

The 241 hour mission profile is shown in Table B2.7. The
values listed are taken from the DTNSRDC Work Directive, Enclosure (3)

for a hydrofoil craft.

Pertinent steady state system operating characteristics for
each step of the profile were integrated over the complete 241 hour
mission. The makeup of the fuel consumed i{s listed in Table B2.8 and

a sumpary of the mission performance is shown in Table 82,9,

The steady state system operating characteristics for
Steps 4 through 10 of the mission profile are shown in Table B2.10.
When the pods are up (Steps 1, 2, 3, 11, and 12), the propulsion

system is shut down.
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TABLE

B2.8

FUEL CONSUMED DURING MISSION

Fuel Consumed

kg (1b)

Turbines 147307 (324756)
Auxiliary Electric

Motor Excitation 2904 ( 6402)

Generator Excitation 3035 ( 6691)

Lube 0il Systems 1673 { 3688)

Cooling Water Systems 1140 ( 2513)

Total 3970 ( 8752)
Sea Water

Lube 01il Systems 130 ( 287)

Cooling Water Systems 335 ( 739)

Total 465 ( 1025)
System Total 151742 (334534)

TABLE B2.9

SUMMARY OF INTEGRATED MISSION PERFORMANCE

Mission Fuel Consumption, kg/hr 630
(1b/hr) (1388)
Specific Fuel Consumption, kg/kW-hr 0.259
(1b/hp-hr) (0.411)
Migsion Efficiency 95.77%
B2-27
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TABLE B2.10

MISSION STEADY STATE SYSTEM PERFORMANCE

Mission Profile Step 4. Harbor Maneuvering

Turbine Power, Total 10 KW ( 13 hp)
Motor Power, Total oxw ( 0 hp)
System Efficiency (Motor Power/Turbine Power)

Total System Fuel Consumption 769 kg/hr ( 1695 1b/hr)

Ship Services
Auxiliary Electric Sea Water

Generator Excitation __ 1 kW Lube 0il Systems 151 1/min
Motor Excitation 1 kW Cooling Water Systems _ 0 1/min
Lube 01l Pumps 7 kW Total _ 151 1/min
Cooling Water Pumps 0 kW
Total 9 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 77.645 77.645
Fuel consumption, kg/hr 382 382
Generator
Input Power, kW 3 5.
Speed, rev/min 1800 1800
Output Power, kW 0 0
Output Voltage, V T ) } 0
Output Current, A 0 0
Field Current, A _0_ 0
Motor
Input Power, kW e
Input Voltage, V .
Input Current, A . .
Output Power, kW
Speed, rev/min L o
Field Current, A 0 0
B2-28

I



TABLE B2.10 (Cont)

Mission Profile Step 5. Takeoff - High Speed Cruise

Turbine Power, Total 30278 KW ( 40603 hp)
Motor Power, Total 29219 KW ( 39183 hp)
System Efficiencv (Motor Power/Turbine Power) 96.50%

Total System Fuel Consumption 7612 kg/hr ( 16781 1b/hr)

Ship Services
Auxtiliary Electric Sea Water
Generator Excitation _ 135 kW Lube 0il Systems 151 1/min
Motor Excitation 135 kW Cooling Water Systems 3028 1i/min

Lube 0il Pumps 7 kW Total 3179 . 1/min
Cooling Water Pumps __ 37 kW
Total _.314 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0.246 0.246
Yuel Consumption, kg/hr _.3729 3729
Generator
Input Pnwer, k4 15139 15139
Speed, rev/min 3261 3261
Output Power, kW 14947 16947
Output Voltage, V __ 1968 1968
Output Current, A 7593 7593
Field Current, A _ 243 243
Motor
Input Power, kW _ 14936 _ 14936
Input VYoltage, V 1967 1967
Input Curreat, A 7593 __ 7593
Output Power, kW 14609 14609
Speed, rev/min 1180 1180
Field Cucrrent, 2 274 274
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TABLE £2.10 (Cont)

L T s m— e

Mission Profile Step 6. High Speed Cruise

Turbine Power, Total 22555 KW ( 30247 hp)
Motor Power, Total 21766 KW (___ 29188 hp)
System Efficiency (Motor Power/Turbine Power) 96, 50%

Total System Fuel Consumption 6105 kg/hr ( 13459 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation _ 137 kW Lube 0il Systems ______ 151 1/min
Motor Excitatiocn 135 kW Cooling Water Systems _3028 1/min
Lube 0il Pumps 7_kW Total 3179 1/min
Cooling Water Pumps 37 kW
Total 316
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 0,264 _0.264
Fuel Consumption, kg/hr 2975 2975
Generator
Input Power, kW 11277 11277
Speed, rev/min 2888 2888
Output Power, kW 11322 11322
Output Voltage, V 1751 _1751
Cutput Current, A 6357 __6357
Field Current, A __ 264 244
Motor
Input Power, kW 11125 11423
Input Volcage, V 1750 1750
Input Current, A 6357 6357
Output Power, kW 10883 10882
Speed, rev/min 1050 1050
Field Currant, A 274 275
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TABLE B2.10 (Cont)

Mission Profile Step 7. Patrol

Turbine Power 6 Total 0 Kw ( 0 hp)
Motor Power, Total 0 KW ( 0 hp)
System Efficiency (Motor Power/Turbine Power) e

Total System Fuel Consumption 5 kg/hr  ( 10 1b/hr)

Ship Services
Auxiliary Electric Sea Water
Generator Excitation kW Lube 0il Systems 151 1/min
Motor Excitation kW Cooling Water Systems_ 0 1/min
Lube 0il Pumps kW Total 151 1/min
Cooling Water Pumps kW
Total kW

O[O~ | |1

Starboard Port

Turbine

Specific Fuel Consumption, kg/kW-hr

Fuel Consumption, kg/hr 0 0
Generator

Input Power, kW

Speed, rev/min

Output Power, kW

Output Voltage, V

Output Current, A

Field Current, A 0 0
Motor

Input Power, kW

Input Voltage, V

Input Current, A

Output Power, kW

Speed, rev/min

Fleld Current, A 0 0
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TABLE BZ.10 (Coni)

Mission Profile Step 8. Patrol
Turbine Power, Total 5 KW (
Motor Power, Total 0 kw (
System Efficiency (Motor Power/Turbine Power) -—
Total System Fuel Consumption 387 kg/hr ( 852 1b/hr)
Ship Services
Auxiliary Electric Sea Water
Generator Excitation __ 1 kW Lube Oil Systems 151 1/min
Motor Excitation 1 kW Cooling Water Systems 0 1/min
Lube 0il Pumps 7 kW Total 151 1/min
Cooling Water Pumps O kW
Total 9 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW-hr 77.645 .
Fuel Consumption, kg/hr 382 0
Generator
Input Power, kW 5
Speed, rev/min 1800 _ B
Output Power, kW 0 —
OCutput Voltage, V -0 —
Output Current, A 0
Field Currenc, A 0 o
Motor
Input Power, kW _—
Input Voltage, V ) _
Input Current, A _ e
Qutput Power, kW i _—
Speed, rev/min _
Field Current, A 0 0

ey
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TABLE B2.10 (Cont)

9. Takeoff -~ Medium Speed Cruise

Turbine Power, Total 15549 KW ( 20851 hp)
Motor Power, Total 14793 KW  ( 19838 hp)
System Efficiency (Motor Power/Turbine Power) 95.14%
Total System Fuel Consumption _ 3899 kg/hr ( 8595 1b/hr)
Ship Services
Auxiliary Electric Sea Water
Generator Excitation kW Lube Oil Syatems 151 1/win
Motor Excitation kW Cooling Water Systems 3028 1/min
Lube 0il Pumps kW Total 3179 1/wmin
Cooling Water Pumps kW
Total kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW~hr 0.245
Fuel Consumption, kg/hr 3808 0
Generator
Input Fower, kW _15549
Speed, rev/min 32300 .
Output Power, kW 15353
Output Voltage, V 2007
Output Current, A 7650 _
Field Current, A _ 245 _0
Motor
Input Power, kW 7665 71665
Input Voltage, V 1002 1002
Input Current, A 7650 1650
Output Power, kW 7397 7397
880 880

Speed, rev/min
Field Current, A

185 185
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TABLE B2.10 (Cont)

Mission Profile SGtep 10. Medium Speed Cruise

Turbine Power, Total 15121 KW ( 20278 hp)
Motor Power, Total 14374 KW ( 19276 hp)
System Efficiency (Motor Power/Turbine Power) 95,18

Total System Fuel Consumption 3814 kg/hr ( 8408 1b/hr)

Ship Services

Auxiliary Electric Sea Water
Generator Excitation 66 kW ILube Oil Systems 151 1/min
Motor Excitation 61 kW Cooling Water Systems_3028 1/min
Lube 0il Pumps 7 kW Total 3179 1/min
Cooling Water Pumps 37 kW
Total 171 kW
Starboard Port
Turbine
Specific Fuel Consumption, kg/kW~hr 0.246
Fuel Consumption, kg/hr 3725 0
Generator
Input Power, kW 15121
Speed, rev/min 3241
Output Power, kW 14929
Output Voltage, V __ 3951 —
Qutput Current, A 7650 .
Field Current, A 238 .0
Motor :
Input Power, kW 7240 1665
Input Voltage, V 946 1.002
Input Current, A 7650 1650
Output Power, kW 6977 7397
Speed, rev/umin 840 880
Field Current, A __183 185 _
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2.4 Environmental Considerations
2,4,1 to 2.4.5 ~ Same as Volume A

2.4.5 Critical Speed and Vibration of 20 k HP Hydrofoil Motor

The undamped~rigid lateral natural frequency of the 20 k HP
hydrofoil motor rotor is 7346 rpm,

The oil lubricated bearings are of the partial-arc, hydro-
dynamic type. One 0,208 meter (8 in) dia. bearing 1s at each end of the
rotor. Bearing to bearing length is 2.413 m (95 in). The oil film
spring and damping properties calculated were 0.525 GN/m (3 x 106 1bf/in)

and 0.35 GN/m (2 x 106 lbflin). respectively.

The dynamic model includes only the torque tube for calculating
the stiffness of the rotor. The weight of the punchings, rotor bars,

and banding are included, however, in the frequency calculations.

The damped-flexible lateral natural frequency is 3442 rpm.
The calculations use the above oil film properties and a pedestal stiff-

ness of 2,627 GN/m (15 x 106 1bf/1n). The specification critical is
defined:
NC = 1200 x 1.10 x 1.25 = Operating Speed x Turbine
Overspeed criteria x Safety
Factor
NC = 1200 x 1.10 x 1.25 = 1650 rpm
Since NC < 3442 rvpm; this machine will operate below its first latera!l

natural frequency.

The rotor will be rough balanced at several stages of the
fabrication sequence. This should make the rotor final balance a small

precision balance or just a check balance.

B2-35
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3.1 19.6 MW Generator

lwo of the generators described in Section 3.1 of Volume A
will be used in the hydrofoil application. Genarator performance during
the representative mission is described in Section 2,

3.2 15 MW Motor

The hydrcfoil propulsion motor has a rating of 15 MW (20,000 HP)
a: a spead of 1200 rpm. In design concept, it is similar to the 30 MW
(40,000 hp) wachine for the destroyer application, with specific
chavacteristics selected to produce a high efficiency machine suitable

for pod mounting.

3.2.1 Exceptiilons

In ovder to achieve s motor design with an adequate critical
speed margiu, it was necessary to design the motor with a length~to-
diameter ratic which was smaller than that dictated by pod design in
the werk directive. The given diameter of the pod was 1.07 m (42 in.);
however, the motor design has a 1.36 m (53.5 in.) diameter.

3.2.2 Technical Summary

Table B3.1 summarizes the grincipal characteristics of the
hydrofoil motor. These characteristics were determined by iteration
to yield an efficient and lightweight machine which couid operate well
below the first critical spced (1600 rpm).

3.2.3 Physical Description

The preliminery design layout of the 13 MW hydrofoil motor
is shown in Figure B3,1, Wastinghouse drawing 1289J35. The losses
calculated for the mntor performing at full load are shown in Table B3.2,
The design crviteria for insulation thickness, mechanical stresses,
operating temperatures, bar-to-ber voltage and coolant flow velocity

were the same as those for the 30 MW destroyer motor.

B3-1
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TABLE B3.1

15 MW (20,000 hp) HYDROFOIL MOTOR CHARACTERISTICS

Machine speed
Voltage
Current
Pole face to pole pitch ratio
Poles
Turns per pole
Mechanical gap
Rotor OD
Stator OD
Active length
Rotor current density (RMS)
Rotor conductor height
Conductor strand diameter
Brugsh voltage drop
Brush friction coefficient
Brush pressure
Total brush area (1500 A/in?)
Field ampere turns per pole
Field current density
Flux densities:

Afir gap

Rotor iron

Stator teeth

Stator back iron
Collector 0D
Collector length
Bearing dlameter
Bearing ¢ - q_ length

B3-2

1200 rpm

2000 V

7688 A

0.5

6

3

0.381 cm (0.15 in.)
0.965 in. (28 in.)
1.36 in. (53.5 fn.)
1.48 @ (57.8 in.)

930 A/cm? (6000 A/in?)
1.332 cm (0.525 1a.)
0.051 cm (0.020 in.)
9.1V

0.15

68 ¥Pa (10 1b/in’)
37.16 cm® (5.76 in2)
27,581

465 A/cm® (3000 A/in?)

1.3T

1.61

1.7T

1.8T

0.965 m (38 1in.)
26.9 cm (10.75 in.)
0.2%59 m (10.21 in.)
2.3 m (93 in.)
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I"R - Rotor
- Stator

- Field

Friction

Brushes

- Contact

Pole Rise
- Tooth Ripple

Eddy Currents

- Core
- End Plate

- Collector BRar

Mechanical - Windage
- Bearing

Efficiency at 20,000 HP
(14,900 KW)

- End Connections
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TABLE B3.2

TOTAL

20 KHP HYDROFOIL MOTOR LOSSES - KILOWATTS

101.
45,
22,
65.

83.
20,

4,
4.
14,
30.
6.

1.

2
6
1
8

9
9

o C = N

©° =

406.

97.

0

kY 4



The design has a smaller pole-face-to-pole-pitch ratio than
the 30 MW, 168 rpm machine (0.5 vs 0.58) and the number of poles is
less (6 vs 18), principally due to the substantial speed difference.
The techniques of construction and the elements of design are similar,

however, and all material properties are the same.

3.2.4 Operation During Representative Mission

The motor performance during the hydrofoil representative

mission is displayed in Section 2.

3.2.5 Environmental Conditions

The flux plot of Figure B3.2 illustrates that the stray flux
from the machine is negligible.

3.2.6 Reliability, Maintainability and Safety

The failure modes, requirements and techniques for maintenance
and electrical safety requirements for the hydrofoil motor are similar
to those for the 30 MW motor of Volume A, Section 3.2. Allowance
must be made in the design of the pod to provide for routine maintenance

and regular overhaul of the motor.

B3-5
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Figure B3.2.

Flux Plot for 15 MW Hydrofoil Motor
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TABLE B3.3

Major Design Features for the 20,000 HP Hydrofoil Motor

Rated Voltage 2000 volts
Rated Current 7688 Amps
Rated Speed 1200 RPM
Number of Poles 6

Number of Circuits per Pole 3

Pole Face to Pole Pitch Ratio .5

Gap TFlux Density 1.3
Nominal Iron Flux Density in Stator Back Iron 1.8
Nominal Iron Flux Density in Rotor 1.6

Current Densities ~ Rotor Bars 6000 A/in2 RMS

ey

Major Dimensions

Stator End Rings
Stator Bars
Field Winding

Rotor QD

Rotor Iron ID

Stator OD

Stator ID

Mechanical Gap

Rotor Bar Thickness
Banding Thickness
Stator Active Length
Rotor Lamination Length
Bearing ¢ -~ ¢ Length
Bearing Diameter

Current Collector Diameter

B3-7

10,800 A/in® Peak
3000 A/in?
6900 A/in’
3000 A/1in’

38.00 inches
20.38 1inches
53.50 inches
38.5

.15 inches
.525 1inches
.08 1inches
57.80 inches
60.80 1inches
93.00 inches
10.25 dinches
38.00 inches

B
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TABLE B3.4

i

Hydrofoil Motor Losses at Rated Conditions

IR

Brushes

Eddy Currents

Bearings

Windage

Efficiency at

(Losses in Kilowatte)

Rotor Bars
Stator Bars
End Connections

Field Windings

Friction
Contact & Ohmic

Shunt Contact

Main Flux
Tooth ripple
End Plates
Collector Dars

Core Loss

20,000 HP

B3-8

101.2
46.6
22.1

65.7

56.0
29.3

5.5

4.2

30.0

14.1

393.0

97.4%

KW



