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NOTICE

This report was prepared by the Center for Electromechanics at

The University of Texas at Austin as an account of work sponsored by

the Lawrence Livermore Laboratory (LLL) under subcontract No. 1823209,
Neither LLL, members of LLL, The University of Texas, nor any persons
acting on behalf of either: (a) makes any warranty or representation,
express or implied, with respect to the accuracy, completeness, or v
usefulness of the information contained in this report, or that the use
of any informatior., apparatus, method or process disclosed in this report ;

may not infringe privately owned rights; or {b) assumes any liabilities

with respect to the use of, or for damages resulting from the use of,

any information, apparatus, method, or process disclosed in this report.
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ABSTRACT

A preliminary engineering design of a compensated pulsed altermator
for driving laser flashlamps is presented. The work performed by the
Center for lElectromechani.cs at The University of Texas at Austin also
includes the optimization and revision of the prototype design
for a compensated pulsed alternator power supply for the NOVA laser

system at Lawrence Livermore Laboratory.
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PREFACE

Work performed by the Center for Electromechanics of The
University of Texas at Austin for Lawrence Livermore Laboratory under
subcontract No. 1823209 is described. However, in the on going
LLL-UT CEM program to design, fabricate, and test the half scale
engineering prototype, (Purchase Order No, 3325309) design iterations have
been made as new problems ara discoverad and solved., Therefore,
some discussion of the engineering prototype is described in this
report as required to illustrate design considerations that were not
addressed by the point design, but are important to the design

of the full scale system for NOVA.
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I. INTRODUCTION

1.1 Background

The Center for Electromechanics of The University of Texas at
Austin has proposed a new power source as a possible replacement for
the large bank of capacitors now used to power the large lasers for
inertial confinement fusion experiments. The proposed power source

is a compensated pulsed altexnator.

The compensated pulsed alternator, or compulsator, converts
rotational mechanical energy directly into electrical energy, utilizing
the principles of both magnetic induction and flux compression. The
primary advantage of the power source is the economy and high energy

density of inertial energy storage.

The alternator rotor serves as the flywheel of the device so
that it is not necessary to transmit the full discharge torque via
a coupling external to the machine. The high peak power rating of the
device is obtained by minimizing the internal reactance of the armature
winding by means of a stationary compensating winding, and by rating the

system for pulsed duty.

The incentive for replacing capacitor banks with the pulsed alternator
is to reduce the size and cost of the power source, and to increase its

reliability. The basic high voltage energy storage capacitor is limited




to several kilojoules per unit. This ba:ic unit is rather bulky due to
the low energy density of the electric field as compared to the energy
density of a magnetic field or a rotating mass. For example, the
capacitor bank for a larger laser system (100 to 200 MJ) would

contain tens of thousands of individual capacitors, while an inertial
system of pulsed alternators would consist of tens of machines,

occupying a much smaller space.

1.2 Summary of Work Performed

The Center for Electromechanizs at The University of Texas at
Austin has made a preliminary engineering design of a pulsed alternator
to deliver 2.4 MJ of energy to a system of 96 parallel lamp circuits
consisting of two lamps in series. The nominal impedance parameter Ko

of the two series flashlamps is taken to be 225 ﬂ—a.mpl/ 2.

This praliminary
design is referred to as the point design in this report, The preliminary
alternator parameters were presented in a review held at Lawrence

Livermore Laboratory, July 14, 1978. The work has been performed under

Lawrence Livermore Subcontract Number 1823209, dated May, 1978.

In addition to the point design, the Center for Electromechanics
has also continued the optimization and the revision of the prototype
design under an add on to the ahove mentioned subcontract. The revision
of the prototype design has incorporated some suggestions made at the
July, 1978, design review and has been modified to match a lower impedance
lamp with an impedance parameter Ko approximately equal to 180 !Z-ampl/ 2

(for double lamp circuit, as specified by LLL after July, 1978).



To best match the flashlamps and to maximize delivered energy,
the rotor diameter has been increased from 0.8 m to slightly larger than
1.0 m. The number of rotor conductors Nc has been reduced from 47 to
23. The performance ig better for the smaller number of conductors
because the internal impedance of the alternator varies as NCZ while
the open circuit voltage varies linearly with NC. The 23 conductor design
has been found to be optimum for a flashlamp system with a peak current

of 4,5 kA per lamp.

During the latter phases of the cantract period, the Center for
Electromechanics continued the engineering design of the full-scale i
prototype design and alse began the design of the half-scale prototype.
Sevaral changes in the mechanical design have been made as deemed
necessary or prudent by more detailed analysis. For example, the
rotor winding conductors were originally to be machined from a thin
copper shell. However, the eddy current losses of the air gap winding
were found to be excessive and a stranded and transposed design conductor
design has been substituted. Aan alternate design of the stator compensating
winding support ring has also been suggested. These design features

are discussed in detail in Section III of this report.

It has veen found that the magnitude of the inductance variation
of the armature windings is the single most important factor in determining
the basic dimensions of the altermator to match a specified flashlamp
load. The methods of calculating machine parameters to match a systen

of flashlamps and general scaling laws ar: presented in Section IV. It




is noted that the scaling laws used in the optimizatioa study are preliminary
and that experimental verification of the electromagnetic analysis is
required before the engineering design of the full-scale prototype is
attempted, In fact, recent calculations of armature inductance for the
half-scale engineering prototype, coupled with earlier calculations for

the point design, indicate that some scaiing factors used in this report

should be modified.

If manufacturing limitations and material availability are
considered, it appears that a four pole machine with a 1.0 m diameter
rotor is still a logical choice for the full-scale engineering prototype.
It is anticipated that such a device would drive approximately 200
parallel flashlamp circuits, delivering approximately five megajoules

to the load at a peak current of 4.5 kiloamps per lamp circuit.

The compensated pulsed alternator devices presented in the report
have been specific§lly designed for the NOVA system and are not, therefore,
necessarily suited for high repetition rate continuous duty applications.
The machines should, howeve:, be fully capable of meeting the proposed
duty for NOVA. To reduce rotational drag and heat generation, the main
fields of the alternators are pulsed and brushes are lifted except for

the brief periods just prior to, during, and after the current discharge.

The compensated pulsed alternator will require some advances in
rotating machine technology, primerily those advances associated with

developing a compensated (low reactance) air gap winding in a magnetic



field with a higher frequency and peak flux density than is normally
found in conventional rotating machinery. The problems to be overcome in

this development program are summarized in Section V.

The Center for Electromechanics is continuing the work initiated
under Subcontract Number 1823209 and described in this report. Under LLL
Purchase Order 33253Q9 the Center for Electromechanics is to
design, fabricate, and test a half-scale engineering prototype ind to
design a full-scale prototype pulsed alternator for the NOVA System.

The testing phase of the program is to begin in April, 1979.
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II. APPLICATION OF COMPENSATED PULSED ALTERNATOR TO FLASHLANP LOAD

2.1 Electromagnetic Theory of Operaticn

2.1.1 Basic Theory

The compensated pulsed alternator is an electromechanical device
which combines rotary flux compression with conventional alternator
energy conversion. A schematic diagram of the machine is shown in
Figure 1. The ciruit is represented by a sinusoidal voltage source V
(t), a resistance R, and a variable inductance L. The resistance R
is the sum of the generator resistance and the non-linear resistance of

the flashlamp load, The circuit differential equation is given by

[ . R ..« _ .,
EE(LI) + E—(Lx) = '(t) (1)
8,8

or gt = v(t) (1a)

The solution to Equation (la) is

¢ [
_ -[(r/L)at
¢—[¢. .tm+]° V(t)dt] e (2)

ere ¢, . i, ...
wh ¢mJ.tial = Lmaxllnltlal

The current may be expressed as

i= l {L__ i
L "max initial

t
S
+ [o vit)dt) -[R/Ldt) 3
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Ilgure 1: Rotating Flux Compressor Schematic.




where R, L, and i are instantanecus values.

Sketches of resistance, inductance, and current waveforms are shown
in Figure 2.

t
It is important to note that the second temm in Eguation 3, [ Vvit)at,

o
is more important in determining the total energy transmitted to the load.
As discussed in Section 2.3 the supplied alternator volt seconds are

approximately equal to the circuit resistive volt seconds. The inductance

variation or flux compression, primarily affects the pulse shape

(amplitude and half width) rather than delivered energy.

2.1.2 Inductance Variation

The armature inductance L is an intermediate quantity which relates

flux linkage ) to armature current i.
L=

In a pulsed high current device such as the compensated pulsed alternator,
non-linear time varying effects of magnetic saturation and diffusion
make it useful, analytically, to consider the inductance in terms of

magnetic energy rather than flux linkages. The inductance is calculated by

L=3f 4 dtvol) (a)
i” wol
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Figure 2:

Y

R, L, R/L and V as Functions of Time




The inductance variation is calculated by determining the armeture
flux distribution as a function of rotor position, armature curreat,
and time, using a transient finite element method computer code. The

magnetic energy wm is calculated as

N
elements2

B
“m L(1/2 Ty Vol)i

io or
1=,

The initial armature current is egtablished during the startup
period during which the flashlamps are also preionized. At sbme time
to the lamps are switched across the alternator terminals. At the
mement of switching the rotor and stator (compensating) coils are
displaced approximately 32 electrical degrees, and the armature flux

is as shown in Figure 3.

-Note that the direction of the flux lines in the air gap is radial.
The ampere turns which generate the flux are located at the four un-
compensated sectors, 32 electrical degrees each, which are distributed
180 electrical degrees apart., Since the flux lines are radial, the magnetic

’ circuit has a relatively low reluctance and, therefore, a high inductance.

§ Approximately 80 percent of the magnetic energy is stored in the air gap.

The remaining 20 percent is stored in the rotor. The relative permeability
of the rotor laminations is determined by the main field flux density

and is approximately equal to 40. Since the volume of the rotor ircn is
much greater than the air gap, the energy stored in the rotor does

influence the inductance calculation somewhat.
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Figure 3: Flux Plot -- Coil Systems Displaced 32° (Electrical)
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As tne rotor spins during the pulse the angular displacement
between the coils decreases and when the displacement reaches zero,
4
tne inductance is minimized. The armature flux distribution at the
point of minimum inductance (maximum cCompensation) is shown in
Figure 4. In this case the flux lines in the air gap are tanoential

¢

to the perivhery of the rotor, the lenyth of the magnetic path
proportional to the polar pitch 1. Since the reluctance of this
circuit is greater, the corresponding inductance is smaller.
/
The yariation of inductance of the point design pulsed alternator

is shown in Figure 5. The variation in the inductance over the main

rulse is approximately twenty to one.

To determine the ratic of Lmax/Lmin for another machine configuration,
it is best to run the finite element code for that particular case.
However, for comparing a large number of machines, this is not
practical and a simple scaling law is required. The approximate scaling
factor can be obtained by comparing the ratio of the magnetic flux
density in the airgap at the maximum and minimum inductance positions.

The magnetic flux density is inversely proportional to the air gap
flux path length. Therefore, to determine (Lmax/Lmin) for machine A

given (L /L . ) for machine B
min

max

(¥ 7]

@ /L. ) (:/q)i/(:/g);'(L /L) (

max’ min'A max’ “min'3

12



STATOR CONDUCTORS
AIR GAP

-:j/—’ .
=z

l
A \ ‘
:' . ‘ \ . \
! \ \
H l \ \ 3\ \
J R ) .
Z A \\ \ \\\\\ \\ \.\ \\\
,! \ \ 1\'- -\ "\! “\ M
Vo ] \ '. L
= SN
| \\ ! \\\ AT
| \ VLo
| | WL Y
i ] A \ A \‘\\\
:‘ \ B L
i \\A AR ' " [
i \%\{ ~‘\"l - \ \‘» ..‘\‘
| B
I \ \-\ \ . \
| \ VARV
| AR
: \ \‘ “A \“,,,II/- I
! . \ Fsant
[ ) / R
Vo
=
v
b o \l

POTENTIAL \AIR GAP

Figure 4: Flux Plot -~ Coil Systems Displaced 0° (Electrical)

13



#Initial inductance rise from zero is due to
proximity effects and does not occur if conductors
are stranded and transposed.

L(PH)

GO0 /

Ul

—485 F‘H

5

c

c;
|

300+
2001{r
00 i~
gk 24 '
! ! | — i ) ] | o ! ] 1 R} T
O 4 2 3 4 45 6 0 8 9 LOL LE 13 14 LE
‘-——-.?45ms ﬁ“ll‘-' 7455 ms -——j-——~=lg
06 . —— { (ms)
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Since the width of the air gap does not increase linearly with diameter,
the inductance variation increases with diameter. However, the pole
pitch 1 is inverssiy proportional to the number of poles. Therefore,
for a given diameter, the inductance variation is greatest Zor the

machine with the fewest number of poles.

2.2 Flashlamp Power Supply Requirements

The behavior of the venon flashlamps may be separated into two
phases. These are 1) the initial streamer breakdown and arc growth
to full bore and 2} the lamp current buildup and decay at full bore.

The circuit requirements for each phase are different.

During the first phase, the lamps are highly resistive. A high
voltage is required to initiate the breakdown. Two 44 in. long, 15 mm

i.d. flashlamps connected in series typically require 33-34 kv for break-

down. With the convertional capacitor bank power supply, the high voltage

for lamp triggering is obtained from pulse charging coaxial cables at
an applied voltage of 2¢ kV. The lamps spontaneously breakdown as the
open circuited cable voltage approaches double the applied voltage.
After breakdown, a relatively small amount of enercy input is required
for arc growth to full bore. Two 44 in. long lamps in series require
about 208 J. For proper lamp operation, the arc growth should proceed

as rapidly as possible without damage to the lamp envelopes,

For current buildup at full lamp diameter, the lamps are much less

resistive. During this phase, the current varies as koiL-l/z, where

13
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k0 is the lamp impedance parameter and iL ig the lamp current. The

/2 for two 44 in. long, 15 mm i.d.

parameter ko ic typically 180 Q-Al
lamps in series. Current buildup requirss a moderate lamp voltage and
a relatively large energy input. Two 44 in. long lamps in series need

a voltage of about 16 kV and an energy absorption of about 25 kJ.

The flashlamp power supply system thus must rapidly furnish a
small amount of energy at high initial voltage and subsequently furnish
a large amount of ¢«2crgy at moderate voltage over a pcriod of about

400-600 psec.
2.2.1 PILC Circuit

A cost efficient flashlamp compulsator is a moderate voltage
(~15 kV) machine with a discharge time of the order of the desired
flashlamp current pulse (-400-600 psec). The compulsator reguires
1-2 msec to charge up to 5% of its peak load curreut from zero initial
alternator voltage. Therefore, a small (206 J/series lamp pair), higk
voltage (20 kV), auxiliary capacitor bank must be used to breakdown and
pre-ionize the flashlamps. Such an auxiliary capacitor bank has been
proposed to check for proper lamp characteristics prior to the main
pulse. This is the Pulse Ionization Lamp Check or P.LC bank. If a
PILC bank is to be used to check against flashlamp failures, its additional
use for lamp breakdown with the compulsator should require very little

additional cost.

16




2,2.2 Compulsator Current Initiation

The charging time of the compulsator effective inductance from
zerg current to a startoff current of 5% of its peak load current is
fairly long due to the large values of its effective inductance and the small
voltage prior to switching in the load. The charging time increases with
increasing series armature resistance. Therefore, during the initial
compuisator current buildup the external circuit resistance should be
held to a minimum to reduce both the charging time and the resistive

losses in the circuit.

2.2.3 Propesed Circuii Configurations

One suggested method1 for effectively isolated startup of the
compulsator and the flashlamps to the startoff current is the two

switch circuit shown in Figure 6.

In this schematic, the compulsator is represented by the sinuscidal
alternator voltage source V, the temperature dependent armature resistance

e R ... and the rotationally varying inductance L, The PILC bank is

eff £f

represented by the capacitance CP. The coaxial cables are represented
by the Lccc T network and the flashlamps by the current dependent
resistance RL' The elements Sl and 52 are switches.

In this system the PILC capacitor is initially charged to 16-20 kV.

At time t = 0 the switch S, is closed and the PILC capacitor pulse

1

17




!
i
!
!
j N

a
!
.‘
H
1
z
{
a
1

|
|

P i

v
FLASHLAKT .

v
‘ - O ol
L —~ J 1 . 4 N §
COHPLLEATOR PILC BANY COAI AL,
CARLE
Piqvre Felwmatio Dlagrar, Ten- uwiveh Clread

18




charges the cable capacitance to the lamp breakdown voltage. The

impedance of the lamps drop as energy is deposited in the lamps. At

a time later the voltage on tne PILC capacitor is reduced and the switch

S2 is closed, connecting the pulsed alternator to the circuit. The

circuit analysis for this two switch circuit has been performed at

Lawrence Livermore Laboratory. The Center for Electromechanics has done
some circuit analysis for a two switch circuit in which the pulsed
alternator is used to charge the PILC capacitor before the lamps are
ionized. The disadvantage of this approach is that the alternator terminal
voltage may be higher during the charging of the PILC capacitor than

under load, making the design of the ground plane insulation and air

Jgap ingulation more difficult.

A second proposed method for isolated compulsator and flashlamp

startup is the three switch circuit shown in Figure 7.

A crowbar or shunt resistor Rc and a switch s3 have been inserted

between the compulsator and the switch S, of the previous circuit,

1

At some time, the crowbar switch S, is closed and the compulsator current

3
builds up through the low resistance crowbar resistor. At scme later
time, the switch S2 is closed and the pre-charged PILC capacitor pulse
charges the cable capacitanceicc. The lamps break down and their
current builds up to its start off value. At this time, the switch S1
is closed and the compulsator then drives the lamp current through its

desired evolution. Circuit analysis has shown that, after connection

of the compulsator to the flashlamps, the current in the crowbar resistor

19
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naturally passes through zero without forced commutation. The use of a
{ nonlinear, temperature dependent resistor for Rc should enhance the
speed of this natural commutation. The three switch circuit analysis

is described in detail in Appendix A.

Reference

lCarder, B., LLL.

2.3 Point Design Circuit Analysis

A detailed circuit analysis of the three switch circuit is
described in Appendix A. The detailed circuit analysis model includes
the effects of the breakdown and arc growth of the flashlamps and
the capacitance of the coaxial cables and high current generator bus.
If the initial breakdown and axc growth of the flashlamps are not
included, a simple circuit model results. The reduced circuit model
{ requires less computation time and yields sufficient accuracy to determine
the sensitivity of peak current and delivered energy to changes in

generator or flashlamp characteristics.

The schematic diagram of the reduced circuit model is shown in

Figure 8. The following assumptions are made:

1. The flashlamps are bzroken down and pre-ionized by a separate

source which is isolated from the alternator flashlamp circuit. 1

21
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2. The flashlamp plasma fills the entire bore.
3. The resistance of each series connected flashlamp pair is
given by

172 Q

R-Ki
(<)
Where Kb is the impedance parameter of the flashlamp pair and
i is the current per lamp circuit.
4, Switches are ideal.

5. Alternator rotational losses are negligible during the

discharge pulse.

The effects of the variable inductance and conductor temperature rise

of the armature circuit are included, The variation of rotor speed is
considered in the alternator voltage calculation. However, the effect of
armature reaction and the eddy current resistive losses in the rotor

laminations and poles are not included.

It is assumed that the crowbar switch Sl is closed at the time that
the rotor winding links maximum field flux (zero voltage). The armature
current rises slowly, but the rate of rise increases monotonically as
the driving voltage increases and the inductance decreases. The current
at the end of the startup phase is approximately five percent of the
peak output cuxrent. At this time switch 52 is closed and switch s1
is opened. The current in the crowbar circuit is transferred to the

flashlamps, which have been pre-ionized. The current continues to rise

as the armature inductance decreases and the Blv voltage increases.

23
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After the rotor winding passes the point of minimum inductance,

the current decreases rapidly forming the spiked pulse shape. As the
inductance continues to increase and the speed voltage reverses in
polarity, the current is gradually driven through zero, and switch

52 is opened., Typical circuit waveforms are shown in Figures 9-14.

The typical current and voltage values of the compensated pulsed
alternator are listed in Table I. At early times during the startup
phase, the alternator terminal voltage is small and the alternator
speed voltage is used to overcome the large internal reactance of the
machines, At t - 1.5 msec the flashlamps are switched into the circuit
and the terminal voltage jumps from a hundred volts to over five kilovolts.
The terms enclosed in the box of Table I indicate that period of
the pulse that the variable inductance terms act as a net energy source
rather than an enargy sink., It should be noted that the peak terminal
voltage under load is greater than the alternator speed voltage

because of the effect of the variable inductance.

The system energy balance is listed in Table II. The inertial
enerdy stored in the rotor at the beginning of the pulse is 38 MJ.
As the generator is discharged, a fraction of this energy (4.8 MJ) is
converted inte 12R losses in the generator and the flashlamps. Approxi-
mately 54 percent of the converted energy is delivered to the flashlamps,
with the remainder distributed between the armature conductors and

buswork. A significant fraction of the energy is temporarily stored

24
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Figure 10: Typical Waveform, Terminal Voltage vs Time
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in the armature inductance. It is therefore es<intial to design the
machine so that the inductive energy is not trapped by eddy currents

in the rotor laminations &nd pole pieces.

4 variety of cases have been studied to determine the sensitivity of
system performance to changes in circuit parameters. The results of the
case study are given in Table III. The values are given for two sets
of resistance values. The first assumes fully penetrated conductors
(stranded and transposed) and the values in parentheses for a higher
resistance case (skin depth limited}. The energy delivered to the flash-
lamps depends on armature resistance (depth of penetration and initial
temperature of conductor), startup current (angular position and
crowbar resistance), and alternator voltage (field flux and speed).

The deliverad energy for a given alternator is also very dependent on
the lamp impedance parameter KO . The point design alternator is

optimized for a high impedance lamp (KO - 272 or more).

The conclusion based on the sensitivity analysis is that the point
design should deliver the necessary energy to the flashlamps provided
that
1. K° 22250 ampl/2
2. Initial conductor temperature To < 20°C
3. Open ¢ircuit voltage Vac > 14.7 kv

4, Angular position Bm(O) and speed N controlled within one percent

5. Crowbar resistance << 0.15 @
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If the lamp impedance parameter differs significantly from the value
given above, an alternator with a larder diameter rotor and fewer
turns is recommended. The optimization technique is discussed in

Section 4.2,

35




|

<0

111, ELECTROMECHANICAL DESIGN OF THE COMPENSATED PULSED ALTERNATOR

3.1 Ammature Windings

The armature circuit consists of two air gap windings comnected in
series opposing. The rotor winding is connected toc the compensating
{stator) winding and the alternator terminals via slip rings located
at both ends of the shaft. The windings provide a variable armature
inductance with angular position, with the minimum inductance occurring
when the axes of the coils are aligned with the direct axes of the main
field windings. The rotor and compensating winding conductors are wound
in a centinuous serpentine fashion as shown in Figure 15. The serpentine
winding scheme was chosen to simplify the construction of the end turns
by eliminating solder comnections and current crossovers. Note that the
end turns are supported by the rotor laminations and do not overhang the
ends of the rotor, The end turns of the compensating winding are supported

similarly.

Depending on the physical size of the alternator and the peak current,
the conductors may or may not be set into slots. Any slots must be extremely
shallow and the teeth need ta be constructed of nonferromagnetic material
or highly saturated ferromagnetic material to maintain a minimum inductance
system. Irregardless, it will be necessary to rely on an adhesive bond to
share the shear load, or to take the shear load entirely. The point design
alternator windings are set into shallow slots. However, for a variety of

reasons including material availabjlity, fabrication and assembly techniques
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and the level of shear stress, the encineering prototypé windings are not

set in slots, and the full shear stress i¢ taken by the adhesive pond.

Since the adhesive bond of the conductors to the rotor is

crucial, it is necessary to load the bond in compression and shear and to

avoid any tensile loading which can cause the bond to fail in a peel mode.

Therefore, the periphery of the rotor is banded with a pre-tensioned glass or

Kevlar fiber wrap, which is designed to maintain a compressive load on the

pond at all speeds within the design speed range.

k!

3.1.1 Conductor Design

In an air gap windirng the rotor conductors are exposed to a high

density (1.9 Tesla) relatively high frequency (120-180 Hz) magnetic field.

Therefore, the rotor conductors must be constructed from an assembly of

small aiameter wires to reduce eddy current losses and to prevent a

significant temperature rise in the conductors during the time that the

main field windings are excited. The main field will be pulsed to reduce

both core loss and eddy current loss, but it must remain at full strength

for a time long enough to synchronize the speed and angular position of

all alternators in the system. Based on the fundamental time constant of

the field, it is anticipated that the field of the point design generator

would be ramped to the peak level in 30 seconds, held constant for 60 to

120 seconds, and ramped down in 30 seconds. Since it is doubtful that any

significant heat transfer will occur during the f£ield pulse, an adiabatic

heating process can be assumed to size the conductors,

the temperature rise of the conductor is given by1
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where
g Electrical Conductivity (mho/m)
@ Electrical angular frequency (secﬁl)
B Peak flux density (Tesla)
d Wire diameter (m)
Active wire length (m)
t  Elapsed time (sec)

m  Wire mass (kg)

¢ Specific heat (joules/°C/kg)

Assuming that the field is energized for 60 seconds and the open circuit
frequency is 180 Hz, the temperature rise of a #20 AWG copper wire is

96°C at a peak field level of 1.9 Tesla. Similarlv a #30 AWG copper wire
experiences a 9.4°C temperature rise. Therefore, #30 AWG basic wire size
is recommended for the engineering prototype. If the freguency of the full

scale machine is 120 Hz or less, a larger diameter wire can be substituted.

To prevent the buildup of circulating currents within a conductor, the

assembiy of small diameter insulated wires must be stranded and transposed

so that each wire links the same flux. The stranded and transposed construction

removes the limitation of depth of penetration of the discharge current into
a solid conductor, Therefore, the winding resistance and inductance are more
influenced by the physical dimension of geometrically scaled machines. The

windings are formed of an array of type 8 Litz wire as manufactured by
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New England Electric Wire Company. The type 8 Litz wire is a spiral flattened
tube which is rolled into a rectangular cross section. The tube consists of
multiple bundles of seven strand (six around one} insulated magnet wire.

B sketch of one rotor conductor consisting of 13 type 8 Litz wires is shown

in Figure l6.

Since the Litz wires are conﬁected in paralled at the slip rings,
it is important that each cut the same flux. Note that the serpentine
winding forms a natural transposition: a wire that occupies the inside
position of the main conductor width under the North poles, occupies the
outside position under the South poles. Although this transposition is not
perfect, it is anticipated that it will be adequate. Conceivably, each
Litz wire could be terminated with its own slip ring and brush, providing

a natural division for supplying multiple circuits from one alternator.

3.1.2 Turn-to-Turn Insulation

Each type 8 Litz wire is insulated with a linear wrap of glass
filled epoxy tape 0.13 - 0,18 mm (5 - 7 mils) thick. If the voltages
are uniformly distributed along the windings, the peak turn to turn voltage

between adjacent conductors in the serpentine winding is given by

VT-T = 4VTerm/Nc

Where vTerm is the peak terminal voltage and Nc is the number of rotor
conductors, Depending on the peak voltage, it may be necessary to further

insulate the conductors by wrapping the group of parallel Litz wires
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with a half lap wrap of glass/epoxy tape. To achieve long insulation life
(20 years), the recommended maximum 60 Hz dielectric stress for glass/

epoxy tape is 30 VPM RMS.2 However, the stress can be increased if reduced
life is acceptable. Dielectric stress-insulation life tests cn the specific

glass/epoxy system used are required.

3.1.3 Ground Plane Insulation

The rotor ground plane insulation serves two vital functions: one,
to withstand the high voltages impressed on the windings, and second, to
transfer the high forces (in shear) required to decelerate the rotor and
shaft during discharge. Similarly, the stator ground plane insulation
must transmit the reaction torque from the compensating wiading to the
poles and stainless steel pole supports. The ground plane insulation is
a build of multiple half lap wraps of epoxy filied glass tape. The tape
may be applied in a wet lay up with a VPI process to remove voids, or may
be applied in B stage forms and cured under pressure. The thickness of
the ground plane insulation is determined by the dielectric strength and
required life of the glass/epoxy system. Other considerations are magnetic
air gap mmf and interlaminar shear strength. Fortunately, the minimum
inductance constraint does not influence the ground plane insulation
design since the ground insulation is not located in the cylindrical gap

between windings, as is the air gap insulation,

3.1.4 Rotor Bonding Wrap

The rotor windings will experience centrifugal forces due to the spin

of the rotor. To keep the winding in contact with the rotor, a tensile load
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is placed on the bord. The tensile stress is on the order of 1.7 x 106 N,’m2
(250 psi}. Since the tensile strength of the bond is weak, vespecially if

a crack is present, this situation cannot be permitted. Therefore, the
periphery of the rotor is wrapped with pre-tensioned glass or Kevlar fiber
banding tape. The required winding tensile stress on the Kevlar fibers is
approximately 1.6 - 2.5 x lo3 N/m2 (25 ksi) after processing and curing.
Glags-fiher banding of traction motor armatures is common practice and

prestressed levels of 3 x 108 t{/n\2 {45 ksi} after processing are typical.J

3,1.5 Air Gz, Insulation

The radial separacion of the rotor and stator winding is critical
since the armature conductor spacing affects the magnitude of the minimum
circuit induc.ance. Therefore, the thickness of the gap insulation must
be minimized o obtain maximym performance. Since the gap insulation
is not requirei to transmit large mechanical forces, it can be constructed
of a mechanically weaker, higher dielectric strength material. The gap
insulation should have superior arc and coroma resistance. A long life
system may consist of resin rich, mica tape. However, orgapic meterials
such as Kapton, a Du Pont polymide film, may prove satisfactory. The
polymide materials have a substantially higher short time dielectric strength

than mica paper.
Assuming that a corona suppression system is used so that the air gap
does mot carry the voltage stress, the stator gap insulation and the rotor

gap insulation and banding must then take the dielectric stress. The thick-
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ness an¢ dielestric constant of the insulation must be chosen so that each
layer of insulation shares the stress in the same fraction of its dielectric

strength to avoid a successive series of breakdowns.

3.1.6 Corona Suppression

The mechanical clearance also must be minimized since it esgentially
determines the minimum inductance of the alternator for a given winding
geometry. Mechanically, the winding clearance must be several times
larger than the maximum displacement of the rotor caused by the worst
case vibrational mode. The clearance must also be sufficiently large
that assembly methods do not result in damage to the gap insulation.

Finally, the gap must be sized so that windage losses are manageable.

For the dimensions assumed in the original point design, the voltage
gradient across the gap exceeds the dielectric strength of air. As a
result, the air will breakdown, transferring the electric stress to the
gap insulation. This can be a severe problem if an electrical discharge
burns a pin hole in the insulation, leaving a carbon track. Eventually,
successive breakdown of layers would result in a power arc fault between
the armature windings. There are multiple approaches to handling this

problem:

1. 1Increase clearance of gap and reduce performance,

2. Run rotor in vacuum.
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3. Run rotor in SF, or o"her atmosphere with higher dielectric

6
{ strength.
4. Reduce valtage of machine by oné half {one half turns). Drive
twice as many single lamp circuits as double lamp circuits.
5. Incorporate a corcna suppression system.
6. Trade increased mechanical clearance for reduced banding

thickness.

7. Combination of abgve.

Obviously, each aprrcach has advantages and disadvantages. One does not
wish to derate the alternator performance by increasing the winding separation
because of increased cost. Running the generator rotor in vacuum would
require special seals and may be more difficult to cool without a

gaseous heat transfer medium. Gases such as SF, may be incompatible

6
with other materials and cause increased windage losses. Higher current
generators would require multiple slip rings and additional brush gear

as well as increasing the number of external switches and current

{ sharing reactors.

The approach suggested at the July 14, 1978, design review held at
Lawrence Livermore Laboratory was to develop a corona suppression system

using semiconductive varnish or paint.
Semiconductive varnish is used to aveid discharges at the surface

of the stator conductor insulation in conventional high voltage (up to

30 kV) rotating machines. The anti-discharge paint is applied to
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eliminate superficial discharges at the slot exits and in the interstices
between the main insulation of the conductor assembly, and the walls of

4
the slots.

In the compulsator, however, the armature conductors will be bonded
to the rotor or stator with the glass/epoxy adhesive insulation system.
It is not desirable to coat the surface of the conductor/ground plane
interface because doing so will reduce the mechanical integrity of the bond.
What has been suggested is to coat the gap insulation surfaces with a
higher conductivity varnish which allows the flow of currents to average
the dielectric stress placed on the gap, and thereby reduce the peak voltage
stress seen by the gap. The specific resistivity of the varnish must be
chosen so that the surface power density is below the threshold at which
graphite powder in the varnish begins to carbonize. Thienpont and Sie5
have observed that this threshold is approximately 0.3 W/cm2 of steady

state operation.

as a first pass consider the engineering prototype. At the 3600 rpm
rated speed the peak voltage under load is 4.3 kV. The mechanical clearance
is approximately 0.16 cm. Therefore, the peak voltage gradient is on the
order of 27 k//cm. At 50 percent overspeed (5400 rpm) this stress is increased
to 45 kV/cm. Therefore, if the stress can be reduced by a factor of two,
it may be possible to run in air with a pulsed field and low duty cycle.
If corona does cacur, the semiconducting paint will carry the stress over
the surface of the part so that corona damage will be reduced. If the
specific power density exceeds 0.3 W/cmz, a powdered metal, or metal
coated glass fiber, may be more applicable than a finely divided carbon
compounding material.
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3,1.7 Armature Winding Forces

There are three major forces which act on the armature windings

during discharge. These forces are classified as follows:

1. Centrifugal forces due to rotor spin.
2. Normal electromechanical energy conversion (J % B forces).
3. Armature self field forces

a. Radlal magnetic pressure in air gap (BZ/Zuo)

b. Variable reluctance torgue {1/2 izdL/dO)

¢, End turn forces

Compared to the magnetic forces, the centrifugal forces on the
conductors are inconseguential, provided that the banding fibers are
pretensioned such that coil movement is eliminated and the rotor is
properly balanced. Therefore, only the latter types of forces will be

discussed here.

Magnetic pressure loads the armature windings and insulation radially
in compression during the main current pulse. The magnetic pressure is
approximated by

2, 2, 2 2
P=B /2uO = uOH /2 = uok /2 N/m

vhere K is the effective surface current density of the armature windings.
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where NP is the number of poles, Ncp is the number of conductors per pole,

Ia is the armature current and r is the rotor radius.

The magnetic pressure is of the order of 42 MPa (6 ksi).under normal
operation, but may approach 90 MPa (13 ksi) under short circuit conditions.
If the conductors are evenly distributed around the rotor periphery, the
magnetic pressure is a factor only on tﬁe conductors and insulation, since
the forces are balanced. However, if the conductors are not evenly
distributed, but are lumped into four belts as shown in Figure 17,
significant side loads will be rlaced on the rotor and bearings. The
magnetic force on the current belt with the missing conductor will be
8 to 16 percent less than the forces acting on the other belts, and the
rotor will be forced toward the weakest pole. Magnetic damping will
reduce the magnitude of this force, but lateral rotor displacement must
be anticipated. The problem with evenly distributing the windings is
that the minimum center to center spacing and conductor width is determined
by the minimum bend radius of the conductors. To achieve the equivalent
cross-sectional area of a lumped conductor design, the width of the Litz
bundles must be increased, resulting in a larger effective air gap and

in a higher inductance winding.

The J x B force of the armature current crossed with the applied
magnetic field results in a torque which must be transmitted across the
insulating bond. The inertia of the rotor and shaft is approximately
95 percent of the total inertia so that essentially all of the torque

must be transmitted. The average shear stress on the bond is given by
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2
1= 2VacIa/(ﬂme L)

Where v;c is the peak ac voltages, Ia is the armature current, u is the
rotor angular velocity, D is the rotor diameter, and L is the rotor effective
length. For the point design the average shear stress due to the J x B

force is about 10 MPa (1520 psi) under norma! load.

The usual alternator electromechanical energy conversion action,
however, accounts for only a third or so of the peak mechanical torgue.
The mechanical work reguired to overcome the change in inductance and
increase in stored magnetic energy is substantial. For example, for the
point design, the peak discharge torque results in an average shear
stress of 29 MPa (4370 psi). Under fault conditions the average shear
stress may be as high as 50 MPa (7280 psi}. It should be noted that the
point design was optimized for a lamp system.with a higher impedance
constant than is now expected to be used for NOVA. A better design
is the four pole 1.02 meter rotor diameter machine {Case A} described
in Section 4,2. This machine has fewer turns than the point design
alternator, but approximately the same ampere turn product. The peak
mechanical torque is increased by approximately forty percent due to
an increased mechanical clearance and higher alternator J x B forces.
The average shear stress is reduced to 20 MPa (2900 psi), however,

because of the increased diameter and active length of the rotor.

The shear stress placed on the bond is approximately equal to the

average shear stress if the windings are distributed as shown in
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Figure 17. If the windings are placed in slots as done in the point

design and shown in Figure 178, the shear stress on the bond is reduced
because some of the load is transferred to the steel teeth. The stress

on the bond in the point design is reduced approximately 30 percent in

the toothed rotor configuration, based on finite element calculations of
the stress distribution. However, slots are not necessarily desirable
because the available area for conductors is reduced. The factor is
important since the required Litz construction further reduces the fraction

of the periphery covered by copper.

One encouraging factor is the positive effect of a combined
compressive and shear loading on the ultimate shear strength of the
insulation and bond. The ground plane insulation is loaded in compression
by magnetic pressure at the time of maximum shear stress. This time is
slightly before the time of peak current. For the point design the
peak torque occurs when the current is approximately 87 percent of the
peak value. Therefore, the compressive load at that time is 76 percent
of maximum or 32 MPa (4.6 ksi). The shear strength af typical epoxy/glass
insulation proposed for this application (Hexcel F159 system) improves
significantly under combined compressive and shear lcading. Grumman
and Princeton have conducted tests of various epoxy/glass systems for

the development of large toraidal field coils for tokamak experiments.6

Based on the improved machine design (Case A), the expected shear
stress on the adhesive bond is approximately 20 MPa (2900 psi) under

noxmal conditions. The magnetic pressure which loads the insulation in
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compression will improve the shear strength of the insulation.

The maximum shear -stress under fault loading will aporoximately double
both the shear stress and the compressive stress on the insulation system.
The shear stress under fault approaches the 48 MPa (7000 psi) ultimate
shear strength of the Hexcel 159 system at 82°C as determined by the
Grumman/Princeton tests under combined loading. Considering all of the
construction and performance advantages of the smooth rotor air gap
winding scheme, the adhesive insulation design appears to be the proper
approach. However, extensive testing and development of the proper
winding techniques will be required to obtain a design with mechanical

integrity.

Due to its own field, a conductor bent in a circular arc to form

an end turn will try to straighten. This force is highest on the
inner most conductors of the armature windings adjacent to the coil
axes. The end turns also experience axial forces, since a portion of

{ the end turns are within the active length of the rotor. 1In fact,
the relative axial position of the pole and end turns represents a
compromise between generated voltage and axial forces on the conductors,
which are taken in additional tension of the shaft. The axial forces
on each end turn of the point design is approximately 4.6 x 105 N, which

add a tensile stress of 126 MPa (18,2 ksi) on the shaft.

Finally, the terminal conductors of the rotor and compensating winding
cause another‘asymmetry in the radial magnetic pressure distribution.
The forces on the ends of the rotor are not colinear, and the net effect

is to skew the rotor and bearing axes. To reduce the magnitude of these
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forces, the terminal conductors are flared to reduce the average surface
current density. The force is inversely proportional to the width of
the conductor. For the point design, the force is approximately ten

percent of the force due to the unevenly distributed rotor winding.
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3.2 sStator Reaction Torque Frame

Point design features include provision for a stator reaction
torque frame consisting of a stainless steel support ring (slotted, like
the rotor), the pole pieces, and the backiron. The complete frame
functions in such a manner that it has sifficient strength to withstand
the discharge torque of the return conductor when the compulsator is

discharged.

Manufacturing the stainless steel support ring as shown in Figures

30, 31, and 32 of Section 4.2 accomplishes the following:

The thin segments, which are positioned under the pole faces,

minimize the magnetic air gap.

Thick segments of the ring are positioned between the poles, where
thay serve the dual roles of (1) transmitting discharge torque from
the support ring to the pole pieces and (2) acting as a pressure
vessel which prevents the existing magnetic pressure from pushing

the return conductor away from the rotor conductors.
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Welding the "ears" of the ring to the sides of the pole pieces

produces a continuous hoop of material which is at least the thickness

{
H
i
H
{
i
N

of the "ear." As a result, hoop strength is not limited by the thinner
segments under the pole faces. Magnetic pressure causes the support ring

to push against the pole pieces, which are in turn pushed against the

thick and heavy backiron. The combined strength of this support
ring-pole piece~backiron frame is sufficient to withstand the magnetic
pressure that is present. Hence, the stator ring does not need to be self
sustaining as a pressure vessel, but sufficiently thick to avoid distor-

tion from the discharge torque.

3,3 Rotor and Shaft

significant dimensions of the shaft and rotor are:

Shaft - 0.254 m (10 in.) diameter
3.19 m {125.6 in.) length
Rotor - 0.76 m (30.0 in.) outside diameter

2.4l m (94.9 in.) length

i
:
¢
i

Two of the basic considerations included in design of the shaft and rotor

involve eddy current losses and shaft stiffness.

: Eddy currents must be kept to a minimum, in order that machine
| efficiency will not be degraded to an unacceptable level. To accomplish

! this objective, machine design includes provisions for shrink-fitting
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irdividually-insulated ferromagnetic steel laminations to a 304 stainless
steel shaft. With the laminations thus insulated from each other,

eddy current losses will be reduced to an acceptable level. Use of

304 stainless steel in the shaft will preclude piping of magnetic flux

into undesired areas.

Shaft stiffness must be sufficient to withstand possible severe
vibrations at critical frequencies, a problem which i3 accentuated when
the magnetic field is energized. A relatively large four-per-revolution
forcing function may exist due to any runout on the rotor and the
resulting attraction of the runout to the poles as the rotor rotates.
Since the stiffness of the shaft alone is not sufficient to keep the
first critical frequenéy above operating speed, machine design includes
provisions for clamping the rotor lamin;tions together by means of two
large Belleville springs which are loaded with a nut on the shaft. The

resulting configuration allows the load to be applied at the outer edge

of the laminations where it is needed.

Experimental datal indicates a minimum reguired pressure of

0.414 Mpa (60 psi). This is based on the fact that a substantial reduction
in the length of a core is observed up to 0.276 - .414 MPa (40~60 psi)

and a much smaller reduction with increasing pressure heyond this point.
However, further considerations require a much higher loading. As long

as the laminations remain in compression, the assembly is considerably
stiffer than if the laminations experience a tensile load due to bending
and come apa¥;: This is very similar to a preloaded bolt. Therefore,

by assuming the load applied by the Belleville springs is uniformly
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distributed at the midsection of the rotor, the required applied load to
maintain compression in the laminations for a given dynamic loading can

be calculated. For example, if the dynamic loading is equal to the weight
of the rotor, the required spring force is 2.80 x 105 N (63,000 lbs.).

The effective flexural stiffness of the assembly is more difficult

to estimate, since the physical properties are anisotropic and unknown.
Bowever, if a packing factor of 95% is assumed (with epoxy filling the
remaining 5%), and with the steel having a modulus of elasticity 30 times
that of the epoxy, the effective axial stiffness is reduced to approximately

€0 percent of that of solid steel, or 1.51 » 1010 N/m (86 x 106 1b./in.).

Reference

lwalker, Rogers, Jackson, "Pressing and Clamping Laminated Cores,"

Proceedings of IEEE, Volume III, No. 3, March 1964, pp. 565-576.

3.4 Bearings

Three types of bearings have been gonsidered for the prototype
COMPULSATOR:
a) hydrostatic,
b) rollinq‘element, and
c) tilting pad hydrodynamic.
For reasons which are discussed below, the tilting pad hydrodynamic bearings

have been chosen for the final design.
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Of the three types, the hydrostatic bearings are unquestionably the
most complex and expensive - but they are also the most versatile, offering
miniﬁum friction at all speeds, excellent stiffness indapendent of speed,
the highest degree of damping of the thres types, and (after design,
fabrication and installation) a far greater range of "tuneability" than
either of the other types. Although they do require high pressure oil
supply systems, such systems are well within the state of the art, and

: \
the Center for Electromechanics has experience in their Wesign and cperation

from two machines presently in use in the laboratory. If the construction of

the engineering prototype were done without thought to later production
machines, it is probable that the hydrostatic bearing would be selected.
However, considerations of cost, fabrication requirements, and back-up

oil supplies {in case of pump failure) ror a large quantity of bearings

have led to the choice of a different type of bearing.

The second type of bearing considered was the rolling element bearing.
Rolling elements are lower in basic unit cost than either of the other two
options, but that advantage is offset by more precise installation

requirements and by the requirement for reqular spectrographic oil

analysis and/or signature analysis procedures necessary to predict

possible bearing failure. Although the rolling element bearing is less
demanding in lubrication regquirements, the fact that they still require

a supply and scavenge system does little to simplify the lubrication
system. Other concerns in using rolling element bearings include the
following: They offer no damping; they would be required to run at a

DN number (bearing diameter x RPM) in the upper range of accepted practice;
and they offer little protection against unexpected overloads which

permanently damage such bearings.
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The third bearing option considered (and the one finally chosen)
was the hydrodynamic tilting pad bearing. These bearings are production
items operating well within their rated loads and speeds, and they are
available from many manufacturers. One such manufacturer, Waukesha
Bearing Corporation, has been contacted and a specific design identified.
Waukesha has not experienced any problems with pad instabilities on any
bearings they have built, but it is known that such instabilities (if
experienced) could be corrected in unidirectional bearings by trimming the
pads so that they are slightly asymmetrical, Other advantages of this type
of bearing include the following: They are self-aligning in both the axial
and circumferential directions, hence requiring less stringent and less
costly manufacturing techniques; they have damping and squeeze film

protection against overloads; and whirl instabilities are uncommon.

Qur major concern in using a tilting pad bearing is the transition of
the critical speed from super- to sub-critical when the magnetic field is
energized, Such a transition is due to the change in the load the
bearing experiences and the fact that the load capacity (hence the stiffness)
of the bearing is highly nonlinear with eccentricity ratio. Therefore,
when the bearing is essentially unloaded (except for small dynamic loads),
it will operate supercritically; as the magnetic field is energized, however,
the rotor is pulled to one side and the bearings become loaded, causing the
bearings to pass through their critical frequency into the subcritical
regime. The vibrations generated could possibly affect the alignment of
the laser amplifiers; however, this potential problem can be avoided by
partially energizing one field coil at startup, thus loading the bearing

and allowing subcritical operation at all times.
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Three main issues were considered in our selection of the bearing

option:

a) tradeoff between stiffness and damping offered by the various
types;
b) degree of confidence in the analytical technique available for
predicting the performance of the bearings; and
c) liklihood, manner, and consequences of a bearing failure with
rotors storing tens of magajoules of energy. (This latter was
the primary factor in our decision.)
Based on these issues, tilting pad hydrodynamic bearings are considered to
offer the best compromise for a production machine. (It should also be
noted that all rotating electrical machines of any substantial power

rating use hydrodynamic bearings.)

The radial bearings that we have selected run on a 25.4 cm {10 in.)
shaft, with an average oil temperature of 57°C (l353°F}, a viscosity of
150 $55 at 38°C (100°F), and a diametral clearance of 0.38 mm (0.015 in.).
At the operating speed of 3600 RPY each bearing has a load capacity of
48,900 ¥ (11,000 lbs.) and a loss of 18,6 kW. A resistance temperature

detector embedded in the babbit of one land monitors the bearing temperature.

One advantage of the Waukesha design is that the pad is mounted on a
hardened steel button which allows for considerable axial misalignment.
This could prove to be a significant advantage, due to the unknown direction
of the loads which the rotor will experience when the field is energized.
The design also allows for the clearance to be adjusted by placing shims

beneath the button.
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The thrust bearing we have selected is a double~sided (capable of

taking loads in both directions), retained pad, 30.5 em (12 in.) diameter,

tilting pad thrust bearing. At the operating speed of 3600 RPM the bearing
has a maximum load capacity of 133,500 N (30,000 lbs.) and a loss of
29.8 kw (40 hp). A load cell and a resistance temperature detector placed

on the loaded side will monitor bearing loads and temperatures. If desired,

i
i
|
{

an oil film can be provided under the pads at startup by incorporation of

a hydrostatic lift (or by other means that are available).

f, As previously mentioned, the rotor will be pulsed toward one of the
poles when the magnetic field is energized. An equivalent negative magnetic
. spring constant was calculated and found to be ,about 1.75 x 108 N/m

; { (1.0 x 10° 1b./in.). The rotor attains a force equilibrium when the force
exerted by the.bearing equals that of the magnetic field. Based on the bearing
operating data furnished by Waukesha, the rotor should reach equilibrium

at an eccentricity ratio of apout 0.71 in the bearing (see Figure 18j,

which is a quite acceptanle minimum film thickness of 7.37 x 10_2 mm

(0,0029 in,). This additional load capacity of the bearing is needed as

a safety factor against any uncalculable forces which may exist during

the discharge. The same ig true for the thrust bearing: Normal loading is

the weight of the rotor, 9320 kG (20,500 lbs.), and the additional load

< gz 2 e = e

capacity is needed for additional forces which can be generated during

the discharge.
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3.5 Applied Magnetic Field

3.5.1 Magnetic Circuit Topology

The magnetic circuit of the compensated pulsed alternztor is shown
in Figure 19. The field conductors are wound around salient poles which
are bolted to the stator back iron, which is constructed of hot rolled
steel plate or cast steel, The rotor is constructed as an assembly of
several thousand 29 guage (0.356 mm) M-19 nonoriented electrical sheet
steel laminations which are clamped together at high pressure 6.9
MPa (1000 psi) and press fit onto a 304 stainless steel shaft. The
configuration most closely resembles that of a compensated direct current
motor or generator without interpoles, The armature current is collected
by a slip ring at each end of the rotor rather than a single commutator,
however. This topology has been pursued for a variety of reasons:

1. The armature circuit consists of boilh a rotor windisg and a

series comgensating winding on the stator. Since armature
current must be carried by slip rings irregardless of the
location of the field winding, there is no incentive to put

the field windings on the rotor because of current collection.

2. The field windings are designed for a much higher dquty cycle
than the armature windings; hence, they are of heavier section.
The centrifugal forces on field windings would therefore be

much larger in magnitude than the centrifugal forces on the
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armature conductcrs. A deep slotted rotor configuration would
be required which could force a reduction in maximum air gap

flux density and possibly, rotor tip speed.

3, The volume of rotor iron is less than the volume of stator

iron, Therefore, magnetic core losses are reduced.

The primary disadvantage of the topology is that the laminated rotor
is less stiff mechanically and has a lower natural frequency than a

solid rotor,

One tradeoff that has 1ot yet been addressed quantitatively is
the design of the stator (salient poles or non-salient poles). However,
it is felt that the average air gap magnetic flux density of the salient
pole design is greater than that of the non-salient case for the same
magnetomotive force. Other considerations include mechanical assembly
problems and the ability to transfer large mechanical forces when the

compensating coil and field windings are located in close proximity.

3.5.2 Air Gap Flux Distribution

Neglecting the effects of armature reactions and eddy currents,
the steady state solution for the air gap magnetic flux distribution
can be obtained using a finite element method computer code. Due to
the presence of highly saturated iron in both the rotor and poles, it
is important to consider the non-linear characteristics of both the rotor

lamination material and stator material, A typical air gap magnetic
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flux distribution for a four pole compensated pulsed alternator with

a smooth rotor periphery and smooth pole faces is plotted in Figure 20.
The pole faces are assumed to be bored concentric to the rotor diameter.
No additional machining of the pole faces to modify the flux distribution
is anticipated. Wote that the flux distribution is neither a perfect

sinusoid nor an ideal square wave,

It is useful to represent the air gap flux density as an infinite
series of sinusoids for the purposes of calculating the open circuit
voltage and estimating core loss. Then, the air gap flux density is
given by

Buap () = Iny B, cos(mn g /2)

where em is the mechanical angle in radianms, Np is the number of poles,
and Bn is the magnitude of the flux density of the nth space harmonic.

The maximum flux density Bmax is given by

B =
max gap

The relative values of Bn to the maximum flux density Bmax are listed

in Table 1v.
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TABLE IV: APPLIED FIELD HARMONIC CONTENT

" %0 = Br/Pray
1 1.146
3 -0.210
5 0.058
7 0.014
9 -0.029
11 0.033
13 -0.021
15 0.010
17 -0.001

3.5.3 Open Circuit Voltage Waveform

The open circuit voltage waveform can be calculated using
the air gap flux density data from the previous section and the spatial
distribution of the rotor winding. As an example consider the rotor

conductor distribution shown in Figure 21. The open circuit voltage generated

is given by
o WL/
= + ‘.
Voc(em) “meaxleff v En=l zk=0 o cos[nNP(em.. ka#) /2] I
N__ odd i
cp al[

€9

P Y R PY SRR
, .4




uoiilerndIe) 2br3TCoA

Jojoy
AN

o1

I03

(P10a

IT)

3

oAnT A

u

13

ITM X

onoE

dNsa

IL

17 oanbta

I uond ejod

0




where 1e is the active length of the rotor winding, Np is the number

134
of poles, NCP is the number of conductors per pole, em is the mechanical
angle of the center of the belt of conductors, A6 is the angylar center-

line spacing of the conductors, v is the rotor tip speed, and e is

the relative amplitude of the nth harmonic. b

Por a four pole machine with equally distributed conductors over

the pole pitch, the previous equation is reduced to ;

L]
VOC(Bm) = Nmeaxleff v Zn=1 fnan cos(2nem) o

where fn is an averaging factor given by P

(N_ -1)/2

= cp
B Ut il

2 cos(anAe)]/Ncp

Values of fn are listed in Table V for the case where Ncp is equal

to eleven.

TABLE V: AVERAGING FACTOR fn FOR Ncp=ll

2 i
1 0.64
3 -0.22
5 0.31

n 7 0.01

n i

T S ) I L P VLU DY P PP PP




For the values given in Tables IV and V the peak open circuit

voltage of the pulsed alternator is

v_)

oc’ peak = Voc(em =0 =

NchpBavgleffv

where B = (Zwa
avyg

~ 0,79 B
max
n=1

nfn) Bmax

3.5.4 Magnetomotive Force Calculation

To achieve the maximum performance per unit mass of material, the
peak air gap flux density is chosen to be 1.9 Tesla, which is 25 to 90
percent larger in magnitude than the operating flux density of conventional
machinery. With the pulsed duty anticipated for NOVA, it is possible to
run the field at higher excitation and core loss levels than is done

under steady state conditions.

The dimensions of the rotor and poles are constrained so that the
nominal flux density in those materials is less than 1.9 Tesla. The
back iron is sized more conservatively at 1.6 Tesla. The pole width and
back iron thickness are adjusted to account for additional flux due to
leakage. Depending on the level of excitation, the leakage flux may

represent twenty to thirty percent of the total flux per pole.

Each field winding supplies the magnetomotive force to drive the
flux per pole across the magnetic air gap and to provide the mmf drops

in the rotor laminations, the poles, and the back iron. Although a

7
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flux plot is used to verify the final value, a good estimate of the

f ampere turns required per pole can be made hy a hand calculation:

1 l.e8
S

+
rr Holrs

1.9
NfIf*u—' g+
[+

,gt ru'_‘r'
+
L= |U1

where g is the magnetic air gap, hp is the radial pole height, lr
and ls are the effective path lengths of the rotor and stator flux, Ho
is the permeability of free space, and urp' “rr' and urs are the
relative permeabilities of the pole, rotor, and stator material. The
magnetomotive force per pole required for the point design pulsed

alternator is 8.1 x 104 amp~turns,

3.5.5 Field Coil Construction

The field windings are constructed of water cooled copper conductors
which are wound in a double pancake fashion. Cooling passages are
arranged in parallel, and electrical comnections are made in series. The
i conductors are wound in a saddle shape arcund the main poles and the
stainless steel torque ring. The number of turns of the pancake coils
is chosen to achieve an overall coil shape which minimizes the height
of the pole and, hence, the volume of the stator iron for a specified cross-

sectional area.

The field coils of the point design are sized for steady state
operation with a 25°C coolant temperature rise, The average current

density over the qross coil area is about 5.5 x 106 A/mz. This design

Ea

is conservative; perhaps too r-wh so when the pulsed duty of the coil
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is considered. The gross current density of the field coils of the
engineering prototype is 5.5 x 106 A/m2 based on a 40°C steady state
temperature rise of the coolant. The higher value is used for the scaling
studies included in this report. The peak current density in the copper
is 11.6 x 106 A/mz, a specific power of 260 Watts/kg. This compares

to 22 Watts/kg for conductors cooled by natural convection and radiation

and 33 Watts/kg for systems cooled by forced convection (air).l
The hollow copper conductors are insulated with epoxy f£illed fiber-
glass tape. The tape thickness is determined by heat transfer considerations

rather than dielectric stress.

3.5.6 Field Time Constant

The poles and back iron of the stator are not laminated in the
present designs of the pulsed alternator. Therefore, the response time
of the main field is determined by the fundamental decay time of eddy
currents in the solid steel pieces. The time constant is a function
of the resistivity, relative permeability, and dimensions of the stator
iron, and the effective length of the air gap. Using the methed given
by Rfidenberg2 the fundamental time constant of the full scale point
design pulsed alternator is approximately eight seconds. This time
constant is the sum of the time constant of the step response of the iron

and the ordinary time constant of the field coil proper.
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3.6 Brushes

The machine configuration includes two 0.5 m (19,7 in.) slip rings,
one at each end of the rotor, which have a rotational speed of 3140
rpm.  Each set of brushes is required to operate at a surface velocity of

82 m/sec and to carry a total peak current of 423 kA.

3.6.1 Surface Velocity

The slip ring surface velocity of 82 m/sec should pose no problems.
Brush manufacturers advertise several grades of brushes capable of
continuous operation at that velocity, The mechanical duty for the
alternator is even less demanding in this respect since the brushes will

be lifted off the slip ring between pulses.

Considerations which have resulted in the decision to lift the

brushes between pulses include the following:
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a) The motoring system will be required to supply torque to

overcome brush drag only during the actual pulse.
b) Brush debris accumulation is reduced; hence, brush life is
increased.

¢) Heating from brush dragq is reduced.

3.6.2 Current Collection

The set of brushes for each of the two slip rings will be required
to carry a peak current of 423 kA. Depending on the total number of
brushes that will be included in the final design, each individual brush
will be reguired to carry 5-10 kA. This appears to be within existing

pulsed brush technology.1

Brushes have been tested successfully at 5 kA per brush at these and
higher speeds for longer pulses than will be experienced with this machine,2
and experience at the Center for Electromechanics has shown that pulse
length is important in determining current-carrying capacity: The shorter
the pulse, the higher the current capacity. The 5 MJ homopolar generator
in the CEM laboratory has been operated at currents as high as 15 kiloamps
per brush on the shaft slip ring and 5,2 kiloamps per brush on the rotor,
with a discharge time of 0.7 sec under a staged fault from half speed.3
The generator is routinely run at 2.9 kilcamps/brush on the rotor and
6.5 kiloamps/brush on the shaft slip rings during resistance welding

experiments,
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3.6.3 Heating

There are two sources of heat at a brush interface:
a} Coulomb heating, which is generated mechanically by
the sliding interface, and
b} Joule heating, which is generated electrically by the

interface voltage drop,
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Mechanical power (Coulomb heating), Pm' and electrical power (Joule

heating), Pe, generated at the interface can be calculated respectively as

Po= [Ny de

-}
1

JrR at

where

u = coefficient of friction
N = normal force on brush
V_ = surface velocity
dt = differential time element while brush is in contact with
rotor
I = current
R = effective interface resistance

dt = differential time element while current flows

If the brush material and slip ring material remain unchanged and
N is kept within a small range of values for a set of tests, it is

reasonable to assume that p and R will remain essentially constant.

Pm and Pe can be represented as

= [1? at

o
3
1]
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where LT 12 the amsunt of Time the brush is 1n sontact with the rotor

apd r“ Vo lntegrated from the beqinning to the end of the current pulse.
Figure 22 shows a plot of Pm‘ vs Fe' for data gathered at the Center

fur Electromechanics for Morqanite CM1S (sintered copper-graphnite)

brushes operated on a steel slip ring. Using the followiny conservative

e¢stimates, a compulsator brush data point has been generated and plotted

on that figure which shows that the point of operation of the compulsator

brushes is well within the lirits of the experimental data:

LT = 0,75 sec

<<
Ll

94 m/sec
I=10kA

jdt = 0,0005 sec {step function)

The surface phenomena at the brush-slip ring interface is far more
complex than implied by this analysis. However, this analysis does
allow a comparison between the duty of the pulsed alternator brushes and

existing experimental data.
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3.7 Pulsed Alternator loss Analysis

The primary pulsed alternator losses must be considered to
determine the pulsed rating of the machine itself and to specify
the rating of the prime mover and auxiliary cooling system. The

major alternator logses include:

1. Core loss

2. Stray eddy current loss

3, Armature copper loss

4, Bearing and seal friction

5. Windage

6. Brush friction and contact drop

7. Field copper loss

3,7.1 Core Loss

The core 10ss is the sum of the hysteresis loss and eddy current loss
in the rotor laminations proper plus the interlaminar eddy current loss.
The core loss is difficult to calculate precisely and is often determined
by experiment. However, it is possible to make a conservative esti.ate
by assuming a purely alternating magnetic field and extrapolating

manufacturers' core loss data.

The rotor laminations are subjected to both alternating and rotating
magnetic fields. The magnetic field at the outer radius is primarily

rotational since the flux density is essentially constant in magnitude,
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hut varies 1n directicn from tangential %o radial as the material pasges
tencath a field pole. AU the 1nner radius the flux density in the
lami~ations ig alternating, as the direction remains tangential and che
magnitude 1g variable, The magnetic field at intermediate radii consists
of both alternating and rotating <omponents. The core losses for the “wo
conditions differ in maghitude ag jillustrated in Flgure 23.l At high
flux densities the alternating field core loss is greater, and since
alternating field test data is avallable, it is used to estimate

the loss.

The alternating core loss PC at 1.9 Tesla, 120 Hz is extrapolated

. .2
using the eqguation

B = ﬁlel'af * xeazfz Watts/kg 1)
where the constants Kh and Ke are %f:ermined from published hysteresis

and eddy current data for 29 gauge M-19 nonoriented electrical steel

sheet at 1,5 Tesla, 60 Hz. As shown in Section 3.5 the air gap magnetic
field is not sinusoidal, and the presence of higher harmonics will increase
the core loss. The estimated core loss for the full scale point design
alterpator is 21.4 Watts/kg of which 20 percent is attributable to the

third harmoaic.

The laminations are coated with C~3 or C-5 core plate to increase
the interlaminar resistance and to reduce interlaminar eddy cuxrent losses.

The estimated interlaminar loss is 0.7 Watts/kg or three percent of the
main core loss, Therefore, the total is about 22 Watts/kg (10 Watts/Ib.).
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Since the core loss results in a large drag on the motoring
aystem and conaeguent temperature rise of the laminations, the field
{8 pulzed to full strength after the machine has been accelerated to
full speed, The core logs for the 7,400 kg rotor at 360G rpm is 16 kW
{220 hp). However, thig is a conservative number used to size t} ~ motoring
aystem for the prototype. It is proposed to measure the actual core loss
on initial testing and to size the prime mover for the full system

accordingly.

3.7.2 Stray Eddy Current Loss

Alternating magnetic fields will also induce eddy currents in
the shaft, rotor clamping washers and other conductive Materials on
the rotor. The shaft eddy current loss is approximately 5.4 kW and the
washer eddy current losses total 5.8 kW at full speed. If the rotor
periphery is slotted, high frequency eddy currents will also be
generated in the pole faces due to the ripple in the air gap flux
distribution caused by the presence of ferromagnetic teeth. The pulsation

and pole entry losses caused by the teeth are reduced, howevesr, if the

L L Sye

slots are shallow so that the magnetic air gap of the main field is

large compared to the slot depth.

3.7.3 Armature Copper Loss N y
N ;
AN o

~\

The armature winding copper lossas are generated by thé\@ain

~
transport current, eddy currents caused by rotating in the main field :
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air ¢, and circulating currents due to imperfect transposition of the

strande’ cahles.

The basic stranded wire diameter is sized so that the temperature
rise of tha conductor due to eddy current heating is about ten percent

of the temperature rise due to the discharge current pulse.

The resistance of the Litz conductors per se is esseptially egual
to the d¢ resistance because losses due to gkin and proximity effects
in the coy,er itself are minor. However, eddy currents are induced in
the rotor laminations, stainless steel ring, and other conductive
material which is linked by the armature flux. These transformer ccupled

resistances will tend to dampen the output current pulse.

The iZR loss in the rotor and compensating winding conductors is
slightly less than the energy delivered to the flashlamps, Since the
radial dimension of the windings is reduced to minimize system inductance,
the armature conductors are smaller in cross section than in conventional
machinery and therefore have a relatively small heat capacity. Therefore,
the temperature rise per pulse in the copper is significant, heing 32°C
for normal conditions and as high .& 80°C under fault conditions. It is
suggested that fault protection devices be provided in the external
circuitry which are capable of clearing the fault at the first or second
naturally aeccuring current zero to limit the peak cond.. or temperature

rise.
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It is not practical to predict the circulating current logs caused
by imperfect transposition of the stranded conductors. These losses will
be determined duriag the test program of the srototype gjenerator. It

is not anticipated that these losses will be unmanageable.

3,7.4 Bearing and Seal Friction

The thrust and journal bearings recommended for the pulsed
alternator are hydrodynamic tilting pad bearings. The viscous drag
for a given bearing geometry depends on the lubricant viscosity and film
thickness (load) and rotational speed. These losses are published
by the manufacturers. Typical loss curves for journal bearings and
thrust bearings are shown in Figures 24 and 25.3 The full speed bhearing

losses for the point design altermator total 67 kW {89 hp).

Only one seal is required in the vertical shaft configaration
with the hydrodynamic bearings. It is proposed that the seal at the
bottom of the upper journal bearing be a stovepipe type seal ag
opposed to a rubbing seal such as the split ring carbon type. The

rotational seal drag is negligible compared to the bearing drayg.

3.7.5 Windage

The mechanical clearance between the rotor and stator is reduced
to minimize armature ¢ircuit inductance. With such a small gap it
may not be feasible to cool the alternator by circulating gas axially

down the annular gap. The windage loss increases rapidly with axial
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flow. It is assumed that the gas in th2 annular gap will not be circulated
to reject rotor losses, but will only be used as a neat transfer medium
to reject the losses to the liguid cooled stator. The windage loss

. . . 4
for zero axial flow Pw is given by

P =My =¢C ‘ﬂquYJ 3 Watts (2)
W m £ m

Where Cf’ is an empirical loss coefficient and the other variables

are defined as follows:

Windage drag torgue " (N-m)
Rotor radius r (m)
Rctor length L (m)
. 3
Gas Density Y (kg/m”)
. -1
Angular velocity e {Sec )

The calculated windage loss for the full scale prototype alternator is

19.2 kW (26 hpi at 3600 rpm.

3.7.6 Brush Losses

The armature current is collected at each end of the rotor by a
set of sintered copper graphite brushes. The brushes are run on copper
slip rings which are mounted on the steel nuts which clamp the
rotor laminations, If it is assumed that the brushes are loaded against

s . 5 .
the slip ring with a normal force of 0.0l N/amp™ and that the coefficient
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of friction is 0.2, the calculated brush drag is 160 kW (214 hp) at

3600 rpm. Since the brush drag is significant compared to the motoring
power and because it is desirable to limit the peak temperature rise

of the brush, the brushes will be lifted except for a brief interval each
cycle. The pneumatically operated brushes will be lowered 100-200 msec

prior to each pulse and lifted 200-500 msec after the current has been

interrupted.

The peak electrical loss due to contact resistance is estimated
to be 420 kW based on a one volt double contact voltage drop for
copper graphite against copper. From a heating standpoint, however,
the electrical loss is small compared to the mechanical loss because

of the narrow current pulse width.

3.7.7 Field Copper Loss

The calculated peak field copper loss for the full scale prototype
alternator is 60 kW per pole based on an average coil current density
of 3.8 x 106 A/mz. If the average current density is increased to
5.5 x 106 A/m2 to reduce iron and copper cost, the peak power is increased
to 30 kW per pole. The optimum design current density depends on the
relative cost of materials, the cost of the field power supply, and the

cooling system.

3.7.8 Alternator Loss Summary

The peak and average pulsed alternator losses are summarized

in Table VI, The average values are based on one pulse per 15 minutes.
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It is assumed that the field is energized for one minute and that the
brushes are lc.ded against the slip rings for one second per pulse.
The other mechanical losses are assumed to be continucus, and the
generator is designed to run continuously at full speed if unexcited.
However, the generator may be brought to rest between pulses in normal

operation. If so, the average mechanical losses will be reduced,

Table VI: Pulsed Alternator Loss Analysis

Parametar Peak Loss (kW) Average Loss (kW)
Corxe Loss 163 11
Stray Eddy Current Loss 11 0.8
Armature Eddy Current Loss 3 0.2
Bearing Drag 67 67
Windage 19 19
Brush Friction 160 0.2
Total Rotational Losses 423 a8
.2 6
Armature i R 6 x 10 2,2
Field i%R 240 16
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3.8 Motoring System

\ The prime mover is designed to accelerate the alternator rotor
from rest to full speed in a period of several minutes. The prime
mover must supply the torque to overcome the rotor inertia and
rotational losses of the alternater. To minimize the required
torque, the alternator field is either de~excited or weakly excited
during spin up. Once the alternator rotor is at full speed, the
accelerating torque can be applied to offset the increased core loss

and armature eddy current loss when the field coils are fully excited.
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Since more than one alternator will be required for Nova,
it will be necessary to synchronize the speed and angular position of
each rotor to a master reference to insure that the multiple flashlamp
circuits are driven simultaneously. Because the magnetic core loss will
vary from upit to unit and the fundamental time conctant of the main
field flux is ten(s) of seconds, the rotors must be synchronized at full
field. The brush friction loss is comparable in magnitude to the
magnetic core loss. However, the brushes are seated against the slip
ring only 100 to 200 msec prior to triggering the discharge circuit.
The inertia of the rotor is sufficient to maintain rotor speed within

a fraction of a percent during the time that the brushes are activated.

The rotor experiences a rapid deceleration during the discharge
pulse. The peak discharge torque acting on the full scale prototype
is 4.9 % 107 N-m for the normal discharge and 8.3 x 107 N-m under short
circuit. The shaft coupling must be designed to trausmit the torque
required to decelerate the inertia of the prime mover or must be protected
by a torque limiting mechanism in the drive train. If the effective inertia
of the prime mover is one percent of the total system inertia, and the
torque is not limited, the peak power that must be transmitted by the

coupling is 180 MW.

3.8.1 Prime Mover Power Requirement

The torque reguired of the prime mover is equal to the accelerating

torque plus the sum of the rotational losses.
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w ) = Iwm + T s(mm) Nem

T W
app m los
The loss torgr~ is plotted as a function of angular velocity in

Figure 26 for three cases: field de-excited, fully excited, and fully
excited with brush drag. The full speed loss torque for the three

cases are 230 N-m, 700 N-m, and 1120 N-m, respectively.

The horsepower rating of the prime mover depends on its torgue
speed characteristic and the motoring duty cycle. As an example,
consider a 300 hp variahle speed dc motor drive designed for constant
torgue operation. The motor has a base speed of approximately 1800 rpm.
Therefore, a 2:1 speed increaser is required. The motor drive will
deliver 590 N-m at the alternator shaft continuously and is capable
of providing 150 percent torgue (890 N-m) at the alternator shaft for
one minute. fhe motor will accelerate the load to full speed against
bearing and windage losses in approximately ten minutes and will hold
the speed against the losses for the time that the field is pulsed.
The rotor will decelerate slightly during the brief interval that

the brushes are actuated prior to discharge.

3.8.2 Prime Mover Candidates

The motoring system used to drive the full scale prototype pulsed

alternator should have the following charzacteristics:
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1. Rated power > 225 kW (300 Hp)
2. Rated speed 3600 rpm (no speed increaser)
1800 rpm (2:1 speed increaser)
3. Momentary overload > 150% for one minute
4. High starting torque and thermal capacity to accelerated
high inertia leoad (I = 780 joule-secz)
5. Ability to withstand shock loading
6. Speed control + 1%

7. Position control + 0.5%

The angular position and speed control requirements are reasons
to consider a gynchronous motor drive. However, the high starting
torque and thermal capacity requirements pose difficult problems for
a conventional synchronous drive with a cage type damper winding. The
problems can be overcome if the cage winding is replaced with a wound
rotor winding and slip rings. An external resistor could then be
inserted in the wound rotor circuit to increase starting torque and
absorb the i?'R loss associated with accelerating an inertial load. The
synchronous motor must develop a high pull in torque at small slip and
must have a pull out torque larger than the combined loss torque of
the fully excited compulsator. The number of poles of the alternator must
be a multiple of the number of poles of the synchronous motor to insure
that the angular position of the alternator rotors are properly synchronized,
The position ¢ the rotor can be further adjusted by trimming the field

voltage of the synchronous motor.
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A second approach is to use a variabl: speed motor drive. A dc
system is proposed rather than an ac system because of cost. Although
the dc motor is more expensive than the ac induction motor, the cost of
the controlled rectifier dc motor drive is much less than the cost of
a variable frequency ac inverter drive. Since the base speed of dc
motors in the 300 horsepower range is 1750 rpm or less, it is necessary
to use a timing belt or gear drive to increase the speed. Care must he
taken, however, to protect the motor drive from shock loading during the
alterritor discharge. The speed and angular position of the rotor are
controlled by a digital shaft encoder/tachometer feedback signal which

is used to regulate the armature and field currents of the dc motor.

Another scheme is to use a steam turbine as a prime mover.i This
approach may be best for a continuous duty system. An anticipated problem
for pulsed duty is the requirement to vent high pressure steam between

pulses. One suggested control scheme is to couple a small synchronous

. 2 e .
machine to each shaft.” The armature windings of the synchronous machines are

connected to the same bus, and the power to each machine is monitored.

If the net power is positive the synchronous machine is running as a motor

and the torque of the main prime mover must be increased, If the net power

is negative, the synchronous machine is running as a generator and the

torque of the prime mover must be decreased.

It will be necessary to gain operating experience with the full
scale prototype alternator and complete an extensive study of the motoring

system alternatives before selecting the prime mover for NOVA. From
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a system standpoint, there is some irncentive to better match the speed
of the pulsed alternator to the speed of the available prime movers in
the 300-1000 horsepower range. One exampie presented in the scaling study
results is a 6 pole, 1800 rpm pulsed alternator designed to drive

lower impedapce lamps, This machine has a wider current pulse and has
the highest ratio of delivered energy to stored energy. Although

the 6 pole design may pose a problem for a synchronous motor drive, the

reduced speed would allow a direct coupled dc motor drive.

References
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3.9 Point Design Parameters

The parameters of the compersated pulsed alternator point design
are listed in Table VII. The alternator is designed to deliver 2.4 MJ
to a system of 96 parallel circuits consisting of two 1.5 c¢m x 112 cm

xenon flashlamps connected in series.

End view and side view cross-sections of the prototype pulsed
alternator are shown in Figure 27 and Figure.28. An end view of the

compulsator bearing support is shown in Figure 29. The prototype
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Number of Polcw

Diucharge Spred (vpm)

©pun Circuit Voltage {(volts)
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Stator Winding Temperature Rise per Pulsa (°C)

Peak Fauwlt current (amps)
Purah Fault Keaction Torque (N-m)

Rotor Diamcter (m)
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Slip Ring Diametor (m}
Shaft Dlametor (m)

Shaft Leageh Ga)

Mass Koror Laminations (kg)
Mass Shaft (ky)

Cutusr Dimension Stator Iron (m)
Inpar Diouvnsion Jtataxr Iron (@)
stator Rack Jron Thickness (m)
rags Scavor Iron (kg)
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machine back iron is shown as rectanqular, since the lead time of a

cast steel yoke does not fit into the desired project schedile, and it

is, therefore, necessary to fabricate the stator from plate. The

continuous ring configuration is preferred for the production units,

however, because it is much more rigid mechanically and less costly,

Several design changes recommended for the full scale prototype

are as follows:

Increase the diameter and reduce the anqulz? velocity of the

rotor to better match flashlamp impedance.

Reduce the number of turns of the rotor winding for the lower

voltage load ard to optimize alternator output.

Reduce the dielectric stress on the mechanical air gap.

a, Increase mechanical clearance between rotor and stator.

b. Reduce the thickness of the banding wrap to maintain the
same conductor spacing (keep performance level).

¢, Cover periphery of rotor and inner diameter of stator with
semiconductive surface to suppress corona.

Optimize the magnetic circuit design to minimize system cost.

a. Increase gross current density of field windings.

b. Reduce radial dimension of back iron.

Reduce eddy current drag of armature conductors by replacing

solid conductors with stranded and transposed conductors.
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1V. SYSTEM OPTIMIZATION AND SCALING STUDY

4.1 Scaling Laws and Algorithms

The general procedure used to match the compensated pulsed

alternator to a flashlamp load is as follows:

1. Calculate the inductance variation with angular position as a
function of rotor diameter.

2. Calculate angular velocity of rotor as a function of diameter
to obtain proper peak current and pulse width.

3. Select radius and angular velocity for maximum rotor tip speed.

4. Calculate the number of rotor conductors to match voltage to load.

5. Determine the number of lamp circuits driven by the alternator
{circuit analysis).

6. Calculate field power and back iron dimensions.

7. Determine cost per joule delivered.

8. Repeat for different number of poles or other generator parameter.

.

4.1.1 Inductance Variation

It is assumed that the armature circuit inductance may be expressed

by

L(Sm) = Lhin + AL [l - cos(NPGm/Z)] (1)
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where L . is the minimum inductance of the circuit at 8 =0, 8 is
man m m
the angular positica of the axis of the rotor winding relative to the
axis of the stator winding, and Np is the number of poles. If eo is
the mechanical angle at the time t = to that the flashlamps are switched

across the machine terminals then

L(Go) = Lmin + AL [1 - cos(Nme/Z)] = (Ak + l)Lmin (2)

where

AkéL/L -l=(L-L /L

o' “min o min ' min,

It will be shown that the peak amplitude and pulse width of the
discharge current are primarily functions of the factor Ak.

4.1.2 Current Waveshape

At any time during the discharge pulse the sum of the inductive
volt-seconds and resistive volt-seconds of the circuit is equal to the

volt-seconds supplied by the alternator.
[v gt = [ir at + [a(si)

It has been cobserved from circuit analysis that for times t > tO (the

time that the flashlamps are switched across the alternator terminals),
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the resistive volt-seconds are approximately equal to the source

volt-seconds.

. t t .
i.e. toVacdt - ftochktdt

Therefore, the armature flux linking the rotor winding is essentially
constant. That is,

d/dt(Li) ~ 0.

If flux is conserved, then the discharge current iz a function of the

angular position of the rotor winding and is given by

i(em) = (Ak + l)io/ {l + Ak [1 - cos(Npem/Z)] / (3)

[l - cos(Npeo/Z)] } = LOiO/L(Bm].

Using the above equation for discharge current, and assuming a constant

angular velocity wr the current pulse half width is given by

4cos-1(l-f/Ak)

172 ¥

t sec (4)

where

f=1= cos(Npeo/Z)

and Ak and eo are as defined in Section 4.1.1.
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4.1.1 Rotor Angular Velocity and Diameter

Using the equation for the discharge current given above, the

energy delivered to a system of flashlamps can be calculated by

t
_tF 32 .
W= ft I (Koleffdt joules
0
where W is the total energy delivered to the lamps, I is the total

current, and (Ko)ef is the effective lamp impedance given by

£

1/2 172

(K )gge * KD - Q-amps ™ <.

eff 05 p
The terms n and n_ are the number of lamps in series per circuit and
the number of parallel circuits, respectively. KB is the impedance
constant of an individual flashlamp. To the first approximation the
angular velocity of the rotor is assumed to be constant and is given

hy

. 372
eff _ zleoIs L Ko
m W

"L

3/2
) zleots UK )

W

where S is a constant of integration dependent on the factor Ak and
initial angle Bo' iL is the individual lamp current, and v is the

delivered energy per flashlamp.

As an example, consider the following case:

L=-3
L]

~0.294 rad

N =4
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K =90 ﬂ-ampl/ 2

4500 amp

[ S
"

12.5 kJ (25 KJ per lamp pair)

£
n

The factor §, angular velocity Un? and maximum rotor radius Loax

are listed in Table VIII for various values of Ak'

Table VIII: Rotor Angular Velocity and Radius

ik. g wm(sec-l) Coax (m} (V=150 m/sec)
14 0.26 326 0.46
19 0.22 284 0.53
24 ©6.20 254 0.59

The approximate rotor diameter is determined by plotting the angular
velocity oy and diameter of the rotor as a function of Ak and selecting
the case which results in the maximum tip speed subject to spin stress
constraints., For the scaling laws used in this study, the match for the
four pole alternator occurs at a rotor radius of 0.5 m for 1(0 ~ 90

/2

Sl-ampl . The optimun diameter depends on the lamp impedance, and is

larger for flashlamps with lower impedance.
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4.1.4 Scaling Laws

The following assumptions have been made for the scaling study

to size the pulsed alternator power supply for NOVA:

A. Lamp Characteristics

1. X ~ 9 Q--ampl/2 {one 1.5 cm x 112 cm xenon flashlamp)

[<]

2 By = 2 (two lamps in series per circuit)
3. iL = 4500 amp

. = 12.
4 HL S kJ

B. Alternator Parameters

1. Rotor length to diameter ratio (/D) -~ 3
2. Average length of conductor for impedance calculation
L
duct z~[-- - ]
(per conductor) ¢ D (D) w/Np(l /4)}
3. Average length of conductor for voltage calculation (per

%
conductor) la - le [(D) - w/Np ] fl ~ 0,93

4. Maximum air gap flux density Bmax ~ 1.9 Tesla
5. Ratio of pole arc to pole pitch f2 ~ 0,75

. . £ . .
6. Average air gap flux density Bavg fzsmax

7. Rotor tip speed v < 150 m/sec

8. Peak open circuit voltage (V_) ~ 12,1 kv
ac’ peak

9. Number of rotor conductors N

w, )
N - ac_peak

C B_Lv
avg a

C
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10.

11.

12,

13,

14.

15.

lé.

17.

18.

19.

20.

21.

22.

23.

Fraction of rotor periphery covered by conductor f3 ~ 0.56
Effective width of rotor conductor (we)r

(We)r = 'nf3D/Nc

Effective thickness of stranded and transposed conductor

(teff)R for resistance calculatcion
-3 . :
(teff)R ~ 3.2 x 10 * m {independent of radius)

Effective thickness of stranded and transposed conductor (t ff L

for inductance calculation

. -3 . <
(teff)L 5.6 x 10 " m (independent of radius)

Conductivity of copper conductor at 20°C
¢ ~ 98% IACS = 5.6 x lO7 mho/m
Effective width of stator conductor ("6)5 = f4 (We)r f4 < 1.25

Angular position of rotor

em(t =0) = -ﬁ/Npoles (Close crowbar switch t = 0)
em(t = = -l'lempoles (Switch lamps into ckt at t = to)
Mechanical clearance g -3.9%x107 %0

nech

Rotor banding wrap thickness trap ” 1310 n {independent

of radius)
.rator air gap insulation {(t, ) 6.4 x 107 n
ins’ gap
Effective air gap for armature inductance calculation Yofs

+tg

[ 23t mech * (tins)gap ]

eff L

Minimum armature inductance Lmin
T

o
Lmin ~ "—-N (!. /D)geff 5 f5 ~ 1.4

L) Ly +

L

**See Section 4.2
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24,

25.

26.

27,

28.

29.

30.

il.

2.

33.

34.

35.

36.

f7 - volume rotor iron/volume of air gap

f6 - 0.79 based on finite element flux plots

Inner Diameter of rotor laminations ri

Di ~ D(1 - fszﬂ/Np)

- 1.
fe 16
Total radial thickness Sf stainless steel ring t
(N 1) ss
£ -69x1072 2 n
s§ D

Radial thickness of stainless steel ring under pole (tss)p

(¢t ) =Ff¢t Fon.27
sS'L gss g
Ground plane insulation thickness (t, ) ~2.5x107
ins’ground

Effective air gap for main field 9

2( )+t )+t
ss

teff L P wrap + (t, )

9¢ - [ 2“:ins)grc:und * . +
ins’ gap

gmech]
Field magnetomotive force (NI)f
K - + i i
(‘\II)f uoBmax 9 flo x (mmf drop in back iron and rotor)
f,. ~ 2 (factor of safety)

10
Leakage flux per pole @1 ~ 25% useful flux per pole ¢u
Total flux per pole ¢t - 1.25 @u
Back iron flux density 1.6 Tesla (ur - 260) u= uruo
Maximum pole flux density 1,9 Tesla (pr -~ 78) u= ur“o

Gross field coil current demsity J_ ~ 5.5 x lO6 A/m2

f
Field coil conductor 2.54 cm square with 1.6 cm round coolant
passage

Field coil construction - double panca%es with saddled ends
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37. Shaft diameter D - f. D
s 11

fll © 0,32

Cbaies et

shaft leDs

38, Shaft wall thickness t

le - 0.2

39, For D < D, - assume 50% web D < D < D,
s i s i
40. Bus and coaxial cable impedance

2 -1
RBus 5.1 x 107 /1 + 1.82 x 10 /chts

Loy ~ 49 % 10091 + 8.2 x 1070

Bu ckts

4.2 Scaling Study Results |

Using the scaling laws presented in Section 4.1, conceptual
designs of four, six, and eight pole compensated pulsed alternators
have been made for the flashlamps to be used in SHIVA/NOVA. The four
pole design, Case A, is based on a rotor limiting tip speed of 150 m/sec.
The six pole design, Case B, is based on a 1.2 m rotor diameter, which
is possibly an upper limit for a single lamination sheet steel width.
The eight pole design, Case C, is based on a 120 m/sec tip speed limit
for a segmented rotor, Cases D and E are included to compare six and
eight pole machines at the same rotor tip speed as the four pole
machine. Finally, Case F is included to compare the performance of

the six pole machine at a lower speed to the base case. The reduced

speed would perhaps be more compatible with an electric motor drive,

The performance figures for these cases are listed in Table IX,

:
i
1
|
i
H

and design dimensions for the three base case machines are given in
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Table IX: Alternator Performance Summary
Parameter/Case A B [ D E F
Number of Poles 49 6 8 6 8 6
Rotor tip speed (m/sec) 150 126 120 150 150 112
Rotor diameter (m) 1.02 1.20 1.45 1.50 1.92 1.20
Angular velocity (sec™ 1) 294 212 166 200 157 188
Inductance factor Ak** 17.6 15.1 13.4 16.9 15.3 15.1
Estimated half width 469 471 479 469 473 =471
(usec)

Open circuit voltage (kV) 10.3 11.4 9.0 8.1 14.9 10.1
Peak lamp voltage (kV) 11 .9 1.9 1r.9 11.9 11.9 11.5
Peak Current (kA) 865 887 1120 1880 2720 790
Number of lamp circuits 198 2013 259 430 615 195
Peak lamp current (kA) 4.37 4.37 4,34 4.36 4.42 4.06
Energy to flashlamps (MJ) 4.94 5.08 6.49 l10.8 15.4 4.88

**See Section 4.2.1



Parameter/case A B C D E F
Actual half width{usec) 493 494 502 496 487 557
No. of rotor conductors 23 23 15 11 15 23
Armature resistance (m) 8.5 8,7 3.7 1.9 3.7 8.7
Minimum inductance (uH) 8.6 9.2 4.3 2.4 5.0 9.2
Rotor conductor temp 25 19 8.9 12 29 1?7

rise (°C)

Armature izR loss (MJ) 2.6 2.7 1.9 2.8 11 2.4
2
Bus i R loss (MJ) 0.4 0.5 0.6 1.0 1.4 0.4
-
G Estimated rotor inertia 2440 4980 11,700 15,600 47,700 4980

(J-secz) (iaminations only)
Final speed/initial speed (%) 96 96 97 98 98 95
Energy delivered/energy 4.7 4.6 4.0 3.4 2.6 5.5

stored (%)




Table X. Cross sectional end views of the rotor and stator

assemblies are shown in Figures 30, 31, and 32.

4.2.1 Scaling Performances

The magnitude and waveshape ¢f the alternator current depends on
the inductance variation. The non-linearity of the iron coupled with
diffusion effects make calculation of the inductance variation difficult.
At the time of this study the calculation has been performed using a
transient finite element computer code, but only for the point design
alternator. The inductance variation for machines of different diameter
and different numbers of poles has been estimated using the scaling
laws given in Section 4.1. While the minimum inductance may be estimated
rather easily, the magnitude of the maximum inductance is more difficult

to predict.

The scaling coefficient f7 used in this study is equal to the ratio
of the volume of the effective air gap to the volume of the laminated
rotor. This ratio varies as (D/geff). with a weaker dependence on the
number of poles. Recently, however, the finite element computsr
code has been used to calculate the inductance varjation for the
half-scale engineering prototype. Based on the two computer analyses
for the July, 1978, point design and the half-scale engineering p-ototype,

it appears that the inductance variation scales as

ﬂD/ND 2
L /L.)< (—=)
max’ “min Iegs
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Table X: Alternator Parameter Summary

Parameter/Case A B c
$5 ring 0.0. (m) 1.20 x 10° 1.36 x 10° 1.56 x
SS ring thickness (m) 7.66 x 1(J-2 6.89 x 10-2 3.88 x
SS ring thickness at 2.09 x 10-2 1.88 x 10-2 1,06 x
pole (m)
. 0 0
3S ring length (m) 3.02 x 10 3.58 x 10 4,35 x
SS ring mass 4,54 x 103 5.25 x lD3 4.67 x
0 0
Rotor 0.D. (m) 1,02 x 10 1.20 x 10 1.45 x
Effective air gap (m) 4,05 x 10-3 4.74 x 10-3 5.76 x
{ Magnetic air gap (m) 4,30 x 10.2 4.16 x 10”2 3.44 x
Lamination I.D. (m) 3.28 % 10-l 6.50 x 10-1 9.50 x
Lamination mass (m) 1.72 x 10 2.16 x 10° 2.52 x
{ -1 -1
shaft 0.D. (m) . 3,23 x 10 3.79 x 10 4.60 x
Shaft wall thickness (m)  6.48 x 1072 7.58 x 10™° 9.21 x
Shaft length (m) 4.80 % 100 5.39 x 100 6.29 %
Shaft mass (kg) 1.94 x 103 2.98 x 103 5.12 x
Web mass (kg) 0 3.00 x 103 9.15 x
. 3 3
Inertia Rotor & Shaft 2.50 x 10 5.48 x 10 1.45
. 2
(joules-sec™)
" . Inertial Energy Store (J)  1.08 x 10 1.21 x 10° 1,99 x
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Parameter/Case A B C

armature conductor mass 5.79 x 102 8.08 x 102 1.20 x 103
(kg)
. . 1 1 2
Armature insulation mass 6.66 x 10 9.10 x 19 1.26 x 10
(kg)
. ~1 -1 -1
Pole width (m) 8.03 x 10 6.19 x 10 5.00 x 10
Pole height (m) 1.79 % 107} 2.85 x 107} 2.59 x 107
o] 0 0
Pole length (m) 2,10 x 10 2,75 x 10 3.52 x 10
. 0 0 0
Back iron I.D. (m) 1.56 x 10 1.83 x 10 2.02 x 10
s (0] 0 0
Back iron 0.D. (m) 2,51 x 10 2.57 x 10 2.67 x 1
: Back iron & pole rass (kg) 6.05 x 104 7.36 x 104 9.24 x 104
;
. 5 5 4
Field MMF/pole (A-t) 1.05 x 10 1,08 x 10 8.4 x 10
No turns/pole 28 28 24
, 3 3 3
Field current (A) 3.76 x 10 3.86 x 10 3.50 x 10
Field power/pole (W) 1.14 x 10° 1.35 x 10° 1.11 x 10°
]
Field coil copper mass 2.81 x 10° 4.76 x 10° 6.35 x 10°
(ka)
|
g . 4 5 5
: Total mass (kg) »8.76 x 10 >1.09 x 10 >1.39 x 10
E Relative Cost 1.0 118 1.13
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as discussed in Section 2.1. The effect of this scaling factor change
in sizing the six and eight pole alternators is discussed in the

November, 1978, monthly progress report under LLL Purchase Qrder 3325309.

It is, therefore, recommended that the six and eight pole machine performance

described in Table IX not be considered as final, since the peak current
and pulse width will be altered. However, the energy delivered should

be representative,

4.2.2 System Costs

Using the design parameters of Cases A, 5, and C, the relative
cost of the three designs were calculated based on $/kg and $/kW figures
based on budgetary cost estimates for the point design and engineering
prototype alternators (Table XI). To account for economy of scale, it
is assumed that the actual costs do not increase linearly with scale,

but as the 0.8 power.
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f Table XI: Relative Alternator Costs

(Materials, Manufacture, and Assembly}

Item/Case A B C
No. Units 10 10 8
Engineering .03 .03 .04
Controls & Instrumentction .02 .02 .02
Back Iron and Poles; Rotor Web W13 .15 .19 l
Stainless Steel Ring .17 .19 .17 f
Rotor Laminations .18 22 .25
Shaft .04 .05 .08
Bearings & Accessories .13 W17 .22
Brushgear .01 .02 .02
Field Coils .04 .06 .08
\ Field Supply .04 ) .07
Armature Conductors .02 .02 .03
Ammature Insulation .0l .0l .0l
Prime Mover .18 .21 .a1 i
Total Percent 100.00 121.00 149.00 E
Cost (joule delivered) 1.0 l.18 1.13
(normalized)

123




4.3 Conclusions

A four pole, 1.0 meter diameter rotor, pulsed alternator with 23
conductors on the rotor and compensating winding appears to be a good
match to a flashlamp system specified as follows:

Lamp Impedance Constant Ko =90 Q-amp1/2
5 Peak lamp current - 4.5 kA
Number of lamps in series = 2
Energy per lamp - 12.5 kJ
Number of parallel lamp circuits - 198

Delivered energy - 4.95 MJ

The machine may require several design features not incorporated

in the point design:

1. Stranded and transposed armature conductors

2. Corona suppressior system

w

. Multiple slip rings jor independent lamp circuits

4. Smooth rotor and stator surfaces without slots
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V. SUMMARY OF AREAS REQUIRING FURTHER WORK

Development of the compensated pulsed alternator will require
several advances in rotating machine technology. The major issues
to be resolved during the evolution of a pulsed power source for

driving flashlamps for NOVA are listed in the following sections.

5.1 System Design

1. Develop a startup scenario to establish initial current in the
alternator, pre-ionize the flashlamps, and couple the alternator
to the load.

2. Design the circuit switches (ignitrons or sparkgaps) to reliably

¢ interrupt the alternator current at the first available current
zero.

3. Design a circuit protection device to interrupt machine current
in the event of a failure of the primary switch. The protection

{ device must not cause an unacceptable voltage transient across
the alternator terminals.
4. Design a fast, multiple circuit, high current busbhar to carry

current from alternator to switch headers. {

5. Design emergency oil supply.

5.2 Alternator Design ;

1. Determine the validity of scaling laws and algorithms used to
predict alternator performance, particularly the inductance

variation.
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5.

6.

10.

1.

Evaluate the effects of stator pole saliency or non-saliency

on inductance variation.

Develop an air gap winding design using stranded and

transposed armature conductors.

Design slip rings for multiple circuit alternators and provide
means for proper current division between circuits and brushgear.
Develop a high mechanical strength ground plane insulation system
with good corona endurance properties.

Design a corona suppression system to reduce the dielectric
stress across the mechanical air gap.

Determine optimum lamp current and pulse width.

Design a shock absorbing coupling to protect prime mover from
sudden deceleration of alternator rotor.

Determine best method of preloading journal bearing by adjusting
field ampere turn distribution.

Define prime mover for full-scale prototype and develop speed
and angular position synchronization system.

Design liquid-cocled stator to reject machine losses for

15-minute~repetition-rate duty cycle.
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APPENDIX A
Detailed Analysis Three Switch Circuit

A successful simulation of isolated compulsator and flashlamp
current startup is obtained with the 3 switch startup circuit shown in
Figure A-1. The compulsator is represented on the left by the voltage

source V, the rotationally variable effective ammature inductance Le‘f'

and the temperature dependent armature resistance Rgen' The alternator

voltage V is given by -

v N
v== cos (-£9) volts (1)
w 2 m

where Vo is the peak alternator voltage at the initial angular rotor speed
mp, w is the time varying anqular rotor speed, NP is the number of
generator poles, and em is the time varying rotor mechanical position

angle. The effective armature inductance is given by

N
= - ]
Logg = Lay ~Lyp c0s (3-8) (2)

where the mazimum inductance is La + Laz at Bm =% 211/Np rad and the

1

minimum inductance is La - La at em = 0 rad. The compulsator gutput

1 2

current is ig.

The crowbar branch contains the branch inductance Ls, the crowbar

1 The crowbar switch has a

programmed voltage drop Vs’ so that the commutating effect of an increased

(: resistance Rs, and the crowbar switch S

!
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switch voltage drop on the crowbar branch current can be investigated.
Presently the resistance of the crowbar resistor is constant, but a
nonlinearly increasing crowbar resistance can be easily programmed.

The ideal switch S, connects the parallel combination of the

4
compulsator and the crowbar branch to the flashlamps via the power distri-
bution system represented by the network. 54 is closed after isolated

current startup is obtained in the compulsator and the lamps.

The PILC capacitor bank branch contains the ideal switch 52, the
initial lamp current rate limit inductor Lp, the PIIC bank branch
resistance Rp' and the PILC capacitor bank capacitance CP. The voltage
across the PILC bank is Vp. Its initial value is Vpo' The switch 52
is closed at some time after the compulsator current is started in the

¢rowbar branch by closure of 5 Aralysis shows that, unless its

v
inductance is very small compared to the compulsator minimum inductance,
the lamp current limit inductor must be placed in the PILC bank branch,
rather than in series with the T network. If an inductor of appreciable
size is placed in series with the T network, the minimum series inductance

seen by the compulsator alternator voltage source is increased and the S

peak alternator output current is reduced.

The T network with the elements Ll, Rl' and Cl is an approximation
to a distribution system made up of a 50 ft. parallel plate generator i
output bus, a protective fuse, a current equalizing reactor network,
and NL parallel coaxial cables of 100 ft length. Each coaxial cable is

connected to two flashlamps in series. The capacitance Cl is the
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i
i

approximate capacitance of the system, The voltage across this capacitance

is V). The capacitance is initially uncharged so that V., = 0. The

10

resistance R1 is one half of the resistance of the distribution system,

and Ll is one half of its inductance. The current which enters the left

side of the T network is ic'

The ideal switch S, represents the overvoltage breakdown .transitioa

2

of the lamps from the nonconducting state to the conducting state, S3

closes when vl reaches the lamp breakdown voltage V/am. This breakdown

voltage is taken as 24 kv.

The NL parallel flashlamp circuits are represented by the variable
inductance LL and the variable resistance RL' After s3 closes, but

¢ ¢ . .
before the lamp current begins, RL is taken as Rf /NL, where Rf

is 56.3 k{i. After the lamp current begins, the equivalent lamp resistance

is given by

Kd
_ o af q

= (3)
- (1/2
N.d_ () |1L|

RL
where Ko is the lamp impedance parameter, da(t) is the time varying

lamp arc diameter, d__. is the final lamp arc diameter, which is the

af

lamp inner bore, and i_ is the current per lamp circuit.

L

The equivalent lamp inductance LL is modelled as the effective in-
ductance of NL parallel, magnetically uncoupled go and return current

filau:ents connected in the bucking mode, LL is given as
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, -1
{ 2x 10
b N, Coere -

M) H (4)

-7
where 2 2 10 Lself

filament and 2 x 10-7 ¥ is the mutual inductance of the two halves of

is the self inductance of each go and return

is taken asl

each filament, The filament self inductance factor Lself %

4£a 6 ‘
LSelf = la[ln(E;-) ~.75] Hx5%x10 (5)

vhere la is the filament length in m and da is the filament diameter in

m. The filament mutual inductance factor M is taken a52

booob u
sz‘“n(ﬁ“’l”iﬂ )-/1+(3'-‘1)2 1
, 2 L a
( a
€
Hx Szl (6)

where d is the separation of the centers of the two filament halves.
Each filament half models the arc channel of one flashlamp. The arc

separation distance d is taken as 5.4 cm.

Aralysis shows that inclusion of this model of the flashlamp
inductance in the simulations enhances the peak generator current by a
few tenths of a percent., For this reason, it is usually omitted, but

is included in some of the final calculations for a case.

! The growth of the lamp arc diameter is based on the empirical

model of Dishington, Hook, and Hilberg.3 According to this model, the
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cylindrical arc filament diameter da initially expands in a wall
independent regime as

E 0.6
a = L5x 1072 (—2—y n (7)

L x 1072
a

where EL is the energy absorption of one lamp circuit and is given by
i%de (8)

The arc expansion changes to a slower, wall dependent regime at
a critical diameter dac given by
1.18

dac = 0.657 daf m (9)

In the wall dependent regime, the arc diameter is given by

EL
4 = 0.7 (———_ 0.077 m (10)

af . x 10—2)
a
In the analysis, the initial diameter dao of the lamp arc is taken

asd =0.01d =15zx 1074 &

ao £

A system, which gives relatively good results, is the following one.
The generator rotor inertia is 708.6 J-secz, the initial rotor angular
speed is 3140 rpm or 329 rad/sec, the number of generator poles is 4,
the initial armature copper rotor resistance at 20°C is 19,57 mR, the
initial armature copper stator resistance at 20°C is 14.40 mQ, the
rotor armature heat capacity is 3,560 x 104 °C/J3, the stator armature

heat capacity is 4.772 x 104 °C/J, the generator inductance parameter
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2
Lal is 3143 pH, and the inductance parameter La is 25.61 yH. The

crowbar switch Sl is closed at ﬁm = -1/4 rad = -0.7854 rad when the
alternator voltage V = 0, The peak no-load alternator voltage
for constant anqular speed should occur at em = 0 rad and be

vmax = 15 kv, but, due to generator loading, the peak alternator voltage

occurs at em = -8.814 x 10'2 rad and has the value vmax = 14.45 kv.

The crowbar inductance LS = 2uH; the crowbar resistance RS =

ImQ, The crowbar switch voltage vS varies as

Vs=0forv<5kv
vS = 100 V for Vv > 5 kv, 54 open (11}
V =5 kv for §, closed

s 4

The PILC bank capacitance CP = 100 pF with an initial voltage
vpo = 20 kV. The PILC hank energy storage is 20 kJ. The PILC branch
lamp current limit inductance Lp = 5uH and the PILC branch resistance

R =2 Q.
o W

The T network inductance Ll = 104.8 nH and its resistance Rl =

1.568 mQ. The T network capacitance C1 = 55.4 nF,

The lamp arc length Ea = 88 in. = 2,235 in. The lamp impedance

factor Ko = 225 ﬂ-A-l/Z

. The number of lamp circuits NL = 96. The
lamp arc expansion is assumed to begin after EL =,0.104 J. The wall

independant expansion ends at E_ = 140 J; the wall dependent expansion

L
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ends at EL = 6.66 kJ. The lamp inductance model is included in this

calculation.

At t = 0, the crowbar switch is closed. At t = 1.434 msec, the
generator current in the crowbar branch reaches 14.61 kA at em = =0.3139
rad. At this time, the switch 52 is closed and the PILC bank begins

to pulse charge the T network capacitance.

At t = 1.437 msec, the T network capacitor voltage reaches the chosen
ionization voltage of the lamps. At this time, the generator current
is 14.75 kA and the T network inmput current ic is 6.425 kA. The switch
53 now closes and the lamps begin to conduct.

At t = 1.495 msec, 58 usec after lamp conduction begins, the
connection switch S4 is closed and the voltage drop of the crowbar switch
is stepped up to Vs = 5 kV. At this time, the generator current is
17.79 kA, the T network input current is 44.96 kA, and the total lamp

current is 45,02 kA, The rotor is now at Bm = -0.2939 rad.

At t = 1.545 msec, 50 usec after connection, the generator and
total lamp currents equalize at 20.51 kA. At this time, the lamp arc

diameter is 11.45 mm and 200 J have been absorbed by each lamp.

The evolution of the lamp arc diameter is shown in Figure A-2. The
behavior of the lamp and generator currents are also shown in Figure A-2.
The wall independent expansion regime ends at about t = 1.500 msec,

shortly after closure of 34.
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At some times between 1.565 msec and 1.605 msec, the currents in
the crowbar and PILC branches go to zero and the switches Sl and 52
are opened. These two currents thus self commutate in this system. The
peak reverse voltage on the PILC bank occurs at t = 1.535 msec and is

Vv = -4,525 kV.
P

At about t = 2.245 msec, the lamp arc diameter reaches 15 mm, the
inner diameter of the flashlamps. The lamp arc thus reaches full bore
about 808 psec after the flashlamp discharge begins. At this time the total

lamp current is 304.6 KA.

At t = 2.379 msec, the total lamp current reaches its peak value
of 404.5 kA. At t = 3,375 msec, when em = (.2986 rad, 2.470 MJ has been
deposited in the lamps. This is 25.73 kJ per lamp circuit. The full
width at half maximum of the total lamp current pulse occurs 202.3 kA

and is about 418 usec.

One possible problem with this circuit may be the nonmonatonic
behavior of the lamp current from initiation to equalization with the
generator carrent. Initially, the total lamp current rises from zero
at t = 1.437 msec to 2.106 kA at t = 1.440 msec. It then drops to
457.3 A at t = 1,445 msec and then rises to 45.02 kA at t = 1.495 msec,
when generator connection occurs. After generator connection, it drops
to 9,811 KA at t = 1.535 ysec, undershooting the generator current. The

total lamp current then rises to 20.51 ka, the value of the generator
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current, at t = 1.545 msec. We presently do not know if this initial
pulsation in the lamp current is detrimental to tne proper operation

of the lamps.

Another possible problem may be the initial rate of lamp current
di

rise EEE’ which ig 1.791 x 109 A/sec. This rate persists for less than
di
7
3 usec because at t = 1,440 msec, = = 1411 ¥ 10’ a/sec. Aftervard,

the maximum positive rate of lamp current rise is 1.377 x 107 A/sec at

t = 1.460 msec., We presently do not know if an initial rate of lamp
current rise of about 1.8 x 109 A/sec for less than 3 usec can be tolerated
by the flashlamps without adverse effects. Fountain4 suggests that the
rate of current rise should be kept belcw 5 x 107 A/sec, but that up

to 1 x 10B A/sec may be used for standard ILC Technology seals.

The performance of this 3 switch startup circuit can probably be
further optimized in desired ways by judicious selection of the varicus

circuit and generator parameters.
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