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SECTION I
FOREWORD
The research described herein, which was conducted by General Electric Company
of Erie, Pennsylvania under subcontract to Pratt and Whitney Aircraft Division
of United Aircraft Corporation, was performed under NASA contract NAS 3-6013.
The Project Manager for NASA was Mr. Henry B. Tryon, Space Power Systems
Division, Lewis Research Center. The report was originally issuéd as General

Electric report A69-003 Vol. IT.



SECTION II

SUMMARY

The Brayton Cycle turboalternator will run on gas bearings, the design of which
depends to a large extent on the unbalanced electromagnetic forces existing in
the alternator as a result of eccentricity between the rotor and stator. Due
to conflicting literature on the subject, and a need to have good design data,
an analytical and experimental bearing force program was initiated to determine
the nature and magnitude of the forces.

The analytical results consisted of equations made up of cosinusoidal terms

for an X-axis and Y-axis fixed on the stator. The Y-axis equation produced

a DC component and a large 2 per revolution term for the balanced load cases,
and higher harmonic terms for the single phase loading and single phase short
circuit cases. Similar terms appeared in the X-axis equation, but no DC
component existed. Saturation reduced the force magnitude as expected. Forces
predicted from the above equations were modified by dividing by the number of
stator circuits to reflect a circuit effect.

Forces were measured through the use of specially constructed end shields
instrumented with strain gages in both the X and Y axes. Output from the gages
was passed through apnropriate electronic equipment and displayed on an oscillo-
scope as a Lissajous pattern. The alternator was driven by an induction motor.
The alternator and the motor were flange mounted onto a test stand which was
isolated from surrounding vibration by vibration mounts.

The nature of the measured forces was as predicted, but the magnitude was
significantly less. Further testing at the no load case revealed that the
force reducing effect of the stator circuits and possibly the amortisseur
winding was about twice as great as assumed. Differential saturation of the
opposing stator teeth produced further reduction which, when factored in with
the above circuit effect gave reasonable correlation between measured and
predicted forces for the balanced load and single phase loading cases. The
Lissajous pattern for the single phase short circuit case was very complex
reflecting the higher harmonic content predicted, but the magnitude was sig-
nificantly less due to time variant saturation and the aforementioned factors.

Recommendations for future work include investigations into stator circuit
effect, amortisseur effect, and time variant saturation.



SECTION IT1I
INTRODUCTION

The work covered in this report was done under subcontract PWASC 6013-2 to
Pratt & Whitney Aircraft who served as Prime Contractor to NASA for contract
NAS3-6013. NASA has envisioned the future need for large blocks of power for
space applications, and one of the energy conversion schemes being investigated
is the Brayton Cycle which includes rotating machinery as shown in

Figure 1. This turboalternator uses argon gas as the working fluid and rums
on hydrodynamic gas bearings to provide long life and eliminate the problem
of working fluid contamination that would exist if conventional oil lubricated
bearings were used. Since gas bearings have limited ability to carry large
radial loads and operate with extremely small radial clearances, it became
important to determine the nature and magnitude of the radial electromagnetic
load for proper bearing design and to avoid bearing instability.

The alternator, in the turboalternator package, is capable of exerting very high

radial forces due to unbalanced magnetic forces in the air gap if not designed
properly.

With the centerline of the alternator rotor coincident with the centerline of
its stator (uniform air gap), the unbalanced radial magnetic force should be
zcro. As the rotor is displaced from the stator centerline, the air gaps
become unequal and the resulting changes in flux density cause the magnetiec
forces between rotor and stator to become unbalanced. The force between rotor
and stator becomes higher on the side with small air gap and high flux density
and lower on the side with the greater gap. The result is a net unbalanced
radial force in the general direction of the rotor displacement. In order to
more properly define the force, the problem was attacked from two directions,
analytically and experimentally,

The analytical study produced equations which describe the force under various
conditions of alternator loading and eccentricity direction., These equations
contain the effects of rotor pole saliency, stator slotting, amortisseur
slotting, armature reaction, and magnetic saturation. They are in the form

of Fourier series which can readily be introduced as input to gas bearing
stability computer programs. The effects of stator circuits and amortisseur
reaction were not included in the analysis, but are recommended for future
study; especially the stator circuits which appear to have a

stronger force reducing capability than assumed,

In the experimental program, the Alternator Research Package was equipped with
specially designed endshields and anti-friction bearings so that the bearing
reactions could be measured, The forces developed at the air gap could then
be calculated by moment summation. The endshields had necked-down portions
which support the bearing housings, Strain gages on these supports gave an
electrical readout of instantaneous bearing reactions. The alternator was
driven from a separate induction motor rather than a turbine, Four sets of
bearing housings were made, By changing bearing housings, the eccentricity

of rotor with respect to stator could be varied from essentially zero to .006"
(out of a 040" nominal air gap). Tests were staged by loading the alternator



at different KVA power outputs, different power factors and with balanced and
unbalanced loads and shorts.

Detailed descriptions of the analytical procedure and experimental testing can
be found in Sections 1V andVII. The various Appendices cover related tests,
analysis of problems encountered during the course of the testing, the actual
test data, amalytical derivations, and computer programs developed for the
analysis.
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SECTION IV

Origin of the Force and Analytical Development

The likelihood of building a machine with a perfectly concentric rotor and
stator is very small. The problem might be compared to that of placing a steel

ball exactly between the poles of a horseshoe magnet so that it won't move when
all restraint is taken away.

Consider the sketch below:

6 SQ. IN.

/

STATOR/ \ ROTOR / STATOR /
pr—ajes— 038" - .042"

Assume that the above figure represents a .002" "error'" in manufacturing so
that one pole of the rotor on one end is closer to the stator than the other.
For the above figure let the exciting magnetanotive force (MMF) be 635 amp turns
and the surface area of each pole 6 sq. inches.

It can be shown that

F ={_B%dA
72

For the left gap

P, =pA =3.19 X 6 -
17/28 T 2222 80 = 505
/Ll .038

$ =P} X MMF = 505 X 635 = 320,675

B = § =_320,675 = 53,500
A 6




Where:

F = Force in pounds

3B

A

Flux density in K LINE/IN?

Area in sq. inches
/A = Permeability of medium

1 = Magnetic path length in inches
P1 = Permeance

® = Flux in lines

F=286x108x6 = 237 1bs.
72 X 10

For the right hand gap
P.= 455
B = 48,100 lines/in>
F = 193 lbs. (right side)

This can be pictured vectorially as

237 193
< ' ——0
or
e
44 1bs.

So a shift of .002" in the spacing of the example gives a net 44 1b, pull to
the left. This pull then arises from the difference in flux densities of the
unequal air gaps which result from tolerance in the manufacturing process and
assembly.

The 44 pounds of this example is roughly equivalent to the Brayton Cycle F, cal-
culated force of Fig. 3, Section VI when operating at 15 KVA, 8 P.F withou¥ a
circuit reducing effect. The MMF of 635, the pole area of 6 in2, and the air
gap of .038" correspond to the Brayton Cycle Alternator for the stated load
condition. Factoring in a circuit effect of 2 reduces the force to 22 pounds.

Since the two stator circuits are connected in parallel, a clrculating current
will flow reducing the flux and thus the force at the smaller gap and increas-
ing these at the larger gap, yelilding a net reduction.



Analytical Development

The bearing forces experienced in an alternator are somewhat more complex

than the previous example. The mmf's in an alternator stator are moving in
time and space. If the load is balanced, the fundamental mmf is moving in
synchrcnism with the rotor while the harmonics rotate backward or forward at
some speed other than synchronous, - If the load is unbalanced, large mmf
waves moving in the backward direction (as referred to the rotor) are generated.

All of these interacting mmf's impressed across saturable steel and a changing
air gap cause a non-uniformly distributed flux wave across the rotor poles.

This flux wave modulated by the stator and rotor slot permeances is predictable.
In most cases, the center or peak of the armature mmf's is out of line with the
rotor direct axis and results in a maximum force displaced from the center of
the rotor pole and the point of minimum air gap. Under unbalanced conditions,
the angle between minimum air gap and maximum force may even be shifting with
time.

Saturation further clouds the force picture., The ampere turns of mmf (both
field and armature reaction) are relatively fixed in magnitude at a given point.
The effective ampere turns varies as a function of the location around the
machine while the permeance is also varying with location. Because of these
factors the ratio between ampere turns in the iron and ampere turns in the gap
varies from point to point around the machine.

The Brayton Cycle Bearing Force Analytical Study centers around the type of
eccentricity shown below. The sketch represents an axial view of one end of

the alternator and shows the stator bore and rotor outline.
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J1llustrated:
Case where B = o0, eccentricity = 0.002"*
All angles positive clockwise from Y axis (B from neg Y - axis)

The analytical development begins with the equation:

72

Where F is directed radially outward
bY
F R — =~ =21 F (Radial direction)
y ! t
1
]
i x

x
and the component of force in the "y" axis direction is F cos @ and the component

of force in the "x" axis direction is F sin 6, as shown above.

In equation #1
B2 = (gap flux density)? -- and —- Eq #2

Bgap '}J. (mmf gap) X (Pgap) Eq #3

where Pga is a per unit permeance
for exampge, permeance is defined by the following
equation:

Permeance =/JA Eq #4
L

where A = Cross sectional area perpendicular to flux
L = Length of flux path
/L1= Permeability of medium

rearranging Eq #4 results in:

P = per unit permeance = Permeance _ 1 Eq #5

LA L
The modulated per unit gap permeance is expressed as:

P =P X P X P

gap rotor stator eccentricity

and the ampere turns of mmf are:

mmf gap = mmf ac + ATy, = mmf (6, wt, @) + AT Eq #6

de.

where: -8 = mech angle @ = pawer angle

The rotor permeance is in two parts, the amortisseur and main saliencyb

so that p. tor = P g TP

amor main saliency. Eq. #7

* B is defined as the angle between the negative Y axis and the line connect-
ing the rotor magnetic center with stator magnetic center. It is measured
in a clockwise direction in radianms.



The following analytical development deals with the reciprical of the gap as
the permeance of the machine.

The rotor gap representation and permeance expression is obtained by a Fourier
analysis of the rotor using the following saliency representation:

e e e ‘ _{ STATOR I1.D.
gi 81
I i ) —
oL — } - 8
1;# T o |
M T o 17 (2 -k
) P
P = pole
ol = per unit pole arc

= gap over pole

gl
g— = gap over saliency
2
From the Fourier analysis, (See Section IX) the D-C or constant term is:
Py = (€ + 1-K) Eq #8
81 g2

and the main permeance harmonics are:

P = 2 (1 - l_) sin nifaC Eq #9
n £ [=
nt 8 g,

1
where n represents the harmonic number.
Combining these gives the total rotor main saliency permeance expression

Pmain saliency - (Zs + 1—_;(—) + 2 (l—- -— —l——) sin neC(cos (ne (0 - wt)))
1 &2 n\g; 82
Eq #10

The amortisséur permeance is given by a similar expression

=P cos (nNA (8-wt)) Eq #11

P
amort An

where NA = effective amortisseur slots = 50

10



The stator slot permeance expression is

PS - PSn cos (n NSO) Eq #12

where Ns = 48 gtator slots

and P p,, P, are coefficients for amortisseur and stator slot harmonic
permeance taken from a paper by Freeman. (1)

For the Brayton Cycle, the coefficients are:

Stator slots _Amortisseur Slots
PSI'+‘09x P, Py = 022 XP,
Pgp = -.058 XP, Pap = -.017 XP,
Pgy =+ .03 XP Ppy3 = 013 XP,
Pgs = -.024 XP, P,, = =010 XP,
Pgop = 1.0 Ppo = 1.0

andPO is the average permeance of the gap over the rotor poles. It is
also possible to express eccentricity as a permeance. This has been done so
that the only terms in the expression for flux density are permeance and mmf.

The permeance expression representing eccentricity is:

Pecc = le § cos (8-B). Eq #13

g

The current in the stator winding and field coil can be expressed as a series
of turns times current as a function of position and time. For most conditions
the series is:

mmf | = M K Kgn cos(nQ(O-wt+1T'-yé))+ATdc Eq #14

pn
Kpp = pitch factor Kgnp = distribution factor

where M is a constant containing the currents and number of turms.

From the various permeances and the mmf expression, a complete expression for
3B can be written. '

(1) The Calculation of Harmonics Due to Slotting in the Flux Density Waveform
in Dynamo Electrie Machines, IEE paper #523U, June 1962, Dr. Freeman.

11



Then substituting Equations 10, 11, 12, 13 and 14 into Equation #3 yields:

g _( N2 ) 1
/L'-—- X[Po +>__n?r 31no(nh'(%l- - 8—2) cos (n Q (0 ~ wt))

+ PA cos ny (NA e - wt))] X [PS cos ng NSOJ X [(1 - "_g—‘ cos (0 - B )] X

LM Kpn Kin Zcos -(nQ (8 ~ wt +7r - y/e)) + ATdc} Eq. #15

With n an unlimited variable this equation takes on rather large proportions.
For the analytical study, n was limited to significant values for each permeance
and resulted in an expression for B of approximately 8000 terms. * Since force
is proportional to BZ the 8000 terms } expression must be squared.

To keep track of the terms, the notation

BX1X2X3X4X5 Eq. #16
was introduced.

The x's represent rotor, stator, amortissesir, eccentricity, and MMF harmonic
numbers respectively,

The following example shows how a force arises from a given set of permeance
harmonics. Chgose the case Bygggg X Byggry Which is one of the cross product
terms of thke B< expression. The first B is made up of the rotor fundamental
permeance and zero order permeance or MMF terms, the second is made up of the
rotor fundamental, eccentricity fundamental, MMF fundamental, and zero order
terms for the stator and amortisseur permeance.

B10000 MP1 cos 2 (@ - wt) (ATy.) Eq. #18
= - -7

B10011 gi_ AL Py MKledl % Eos (=8 + B =7 +}1/ e) +

cos (36 - 4wt +B +W-f,) +cos (8§ -B -1 +)¢’e) Eq. #19

+ cos (58 - 4wt - B +Tr -)l/e)]

After multiplying B;n099 X Bjggl1 the product expands to:

* The harmonics used were -5-» 0 5 for the rotor, -2->» (00— 42 for the stator
-2—%»0—2 for the amortisseur, 0—>»1 for eccentricity and through the 13th for
MMF .

12
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SRERTY,

L2
B =uP,(ATdc)(- P MK 1/2 20 - 2wt +0 - B+ - Eq #20
=Py (ATde) ( g)/“" 1 ﬂkdi{ cos ( w - q

4 * +1/2 cos (20 - 2w t- 8+ B -W+ ¥,
* 4+ 1/2 cos (26 - 2w t-30+ 4wt -B - +¥,,
+ 1/2 cos (20 - 2w t+ 30 - 4wt + B+Tr- §¥o)
* + 1/2 cos (26 - 2wt-0+B+T-W¥)

+ 1/2 cos (20 - 2w t+9-B-7‘l‘+y/e)}

This multiplied by cos 8 to denote direction and integrated over 2 T& results in

Fy = - 2,09 cos (-2wt + B - + W)
Eq #21
- 4,18 cos (2wt - B - Tr + Yo

Note we could have(iredicted that only the terms marked with * would integrate
to other than zero{) since they have an angle which contains 1 6 which when
combined with the cos 8 (direction term) cancels to eliminate 8 from the
integral.

There are other considerations in this force. For example, each term of the

rotor permeance is reduced in magnitude and shifted in space to reflect satu-
ration in both the rotor and stator teeth. Saturation is calculated as a

function of time and mechanical angle for each operating condition. To accom-
plish this the flux wave in the alternator is analyzed to yield permeance harmonic
coefficients which alter the unsaturated rotor permeance harmonic coefficients
before bearing force is calculated. At the same time, the angle e associated
with mmf, the exact value of ATdc as seen at the air gap, and fringing between

the rotor poles is calculated and introduced in the mmf or permeance series.

Unbalanced electrical loading on the stator terminals introduces negative and
zero sequence currents leading to additional armature reaction terms rotating
opposite to the rotor at the same speed or standing still in mechanical position.
The mmf's are handled by adding two additional sets of terms to the mmf term
already containing the positive sequence current and ATdc. (See Equation #14)

The Brayton Cycle's multicircuit stator winding reduces magnetic bearing force.
Windings 180 mechanical degrees apart are comnected in parallel so that if they
have unequal induced voltages a circulating current flows tending to offset the
effect of differing permeances. This effect is dependent on speed and the
relative reactance and resistance of the machine. As speed is increased, the
force drops sharply to a reduced level and remains essentially constant with
further speed increase. For the Brayton Cycle generator, the breakoff point is
about 300 rpm with force relatively constant in the 300 - 12000 rpm range.

(1) See Section XI for more detailed analytical development.

13



Computer Approach

The Fourier approach to the problem allows a direct force expression to be
calculated that gives harmonic content, space angles and time angles. However
it involves a large number of very similar multiplications and integrations.
If each of the B terms were integrated for each of six cases 384 million inte-
grations would be necessary, followed by a summing up of all the terms alike
in time and space. For this reason, the entire problem has been computerized.
The computer decks perform the following operations:

(1) Compute saturation, ATdc, We.

(2) Compute series for permeance and mmf

(3) Compute expression for B

(4) Compute expression for B2

(5) Eliminate terms which will integrate to zero

(6) 1Integrate BZ

(7) Combine force terms to simplest expression

The program is broken down into several decks interconnected by magnetic tapes.

14
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SECTION V

NOMENCLATURE - ANALYTICAL STUDY

A Area in square inches of magnetic surface
AT, Amp turns of d.c. excitation/stator half
B Mechanical reference angle of minimum air gap (radians)
D Air gap diameter (inches)

F Force (pounds)

g Air gap length (inches)

I Amps

K Appropriate constant

L Period length (radians)

1 Length of magnetic path (inches)

M or MMF Armature ampere turn series

mmf Magneto motive force

NA Number of amortisseur slots (effective)
n, Amortisseur harmonic order number

Ne Eccentricity harmonic order number

ny Rotor saliency harmonic order number

Ng Number of stator slots

ng Slot (Stator) harmonic order number

P Main electromagnetic poles

P.U.. Per unit

R Resistance

v Volts

\ Mechanical angular velocity (radians/sec)
t Time (seconds)

X AC reactance

@ Flux or phases

e Mechanical position angle (radians)

P, Amortisseur slotting permeance (per unit)

Eccentricity effective permeance (per unit)
Flux density (lines or kilo lines per square inch)
Pairs of poles

Per unit pole arc

Permeativity of air in English units (1/313)
Power angle (radians)

Radially measured eccentricity (inches)

ow;s\ﬁ QoW

2l
2]

Rotor saliency permeance (per unit)

o)
7]

Stator slotting permeance (per unit)

15



SECTION VI
RESULTS

This Results Section contains both analytical and experimental data which are
presented in the following order:

A, Form and Significance of Equations

B, Summary of Amalytical Results

C. Summary of Experimental Results (Tables II and IIIX)
D. Experimental and Analytical Correlation

E. Conclusion and Recommendations

A, Form and Significance of Equations

The results of the analytical study are a set of force equations describing
radial magnetic bearing force. The force equations are in terms of a
cartesian coordinate system fixed in the magnetic center of one stator
perpendicular to the axis of the rotor shaft as indicated in Figure 2,
For each defined load condition of the machine, a radial magnetic force
is represented by six multi term equations. The six equations describe
Fy, Fx, dFy, dFx, dFy, dFx. For example, below is the equation for Fy

a8 dB §
with the machine operating at 11.25 KVA,

Fy = -.06 cos (2 wt - B + 50) - 12,045 cos (2 wt - B + @)
-25,395 cos (B) - 0,03 cos (B-59)
-0,03 cos (B + 54) - 9,81 cos (13 + @)
-9,77 cos (B-¢H) - 20,69 cos (2 wt - B)
4,97 cos (2wt -B~-f) - 0,04 cos (2wt - B - 2¢)
-0.,67 cos (B + 2¢) - 1.31 cos (2 wt - B + 2f)
-0.7 cos (B - 2@) pounds

where:

Force in Y direction (pounds)

mechanical angular velocity

time (seconds)

mechanical angle between negative Y - axis
and direction of eccentricity (radians)
eccentricity (inches)

M - Power Angle

5!
<

Wt
nnun

K
nn

Power Electrical angle (radians) between load current and direct

Angle - . s
1 axis magnetizing current

16



Be

Assuming that the force is inversely proportional to the number of circuits,
the equation shown on the previous page can be divided by 2 and then repre-
sents a 10.0 pound dc force with a two per revolution cosinusoidal peak of
17,50 pounds., For this case # = r - 0,625 radians, indicating that the
maximum force occurs slightly off center from the minimum air gap point.

Summary of Analytical Results

Table I summarizes the analytical calculations., To compare these forces
with measured values, Fx and Fy must be reflected to the bearings from the
stator center, and then added vectorially to obtain a magnitude and angle.

The following comments can be made concerning the analytical results:

(1) With balanced full load (15 KVA, 0.8 PF),the radial magnetic bearing
force appearing at the air gap in the Brayton Cycle altermator is
about 10 1bs/mil of eccentricity.

e o
(2) The major force as defined by (Fyx + Fy) 1s two per rev. and unidirectional
in nature. '

(3) The results of saturation tend to lower the overall magnetic force
about 18% at £full load.

(4) All the results correspond to the six load cases and all are at
2,0 mils (,002") of radial eccentricity with B=0, i,e., the rotor
displaced straight down .002%,

(5) The analytical results are for one end of the machine, assuming the
rotor is symmetrical about its center in any place perpendicular to
the shaft,

(6) The analytical results do not account for any mechanical unbalance
or the effects of gravity.

(7) 'The six cases investigated were:

Case 1, The machine is at 15 KVA 0.8 PF lagging balanced 3¢ load.

Case 2, The machine is at 11.25 KVA 0.8 PF lagging balanced 3¢
load,.

Case 3., The machine is at no load with field excited.
Case 4, The machine is under a 3¢ short circuit condition,

Case 5. The machine has a 3.33 KVA, 1.0 PF load on one phase
only (1~-N). The other phases are open.

Case 6, The machine is running as per Gase 1 and one phase is
shorted to neutral.

17



C.

De.

(8) For these cases, the machine consists of the alternator and voltage
regulator exciter, with excitation being determined by the regulator,
Graphs of the force for the six cases are shown in Figures 3, 4, 5,
6, 7 and 8, The equations from which the graphs were plotted are
given in Section VIII.

Summary of Experimental Results

A summary of experimental results is given in Tables II and III. Table I1I
is for the opposite drive end of the alternator and Table III for the
drive end. All values represent the maximum force observed and its angle
relative to the eccentricity direction., Results were obtained from the
Lissajous patterns given in Section X. Data was taken on the test setup
shown in Figure 9, and recorded at a speed of 3000 rpm for the reasons
presented in Section XIII.

Experimental and Analytical Correlation

Table IV shows the correlation obtained between analytical and experimental
data., The analytical results of Table I were reflected to the bearings as
shown in Section XIV and then multiplied by 3 to reflect a 0,006" eccentri-
city. (See 4 below for validity.) Results obtained are shown in the 2nd
column of Table IV, Column 3 shows the modified results factoring in the
greater circuit effect obtained experimentally and differential saturation.
(See 1 and 8 below and also Section XIV.) The following comments can be
made regarding the data as presented in these Results and the experimental
data of Section X.

1. Magnitude

Experimental results show significantly less force than analytical
calculations, Exacting comparisons were made on the no load case, and -
indicate that the force reducing effect of stator circuits is greater
than assumed. Differential saturation of the opposing stator teeth
also reduces the force and contributes to the difference as does
different Carter's coefficients,

2, Harmonic Content

The analytic expressions agree well with the experimental results in
harmonic content and proportions of DC and time variant forces for the
balanced load cases, An exception is the three-phase short circuit where
a fairly constant force was predicted but experimental data shows a

time variant existing., The complex nature of the unbalanced load cases
was verified, although it is difficult to identify the contributing
harmoniecs. in the experimental data,

3. Time & Space Angles

The analytical prediction of the maximum forces occurring off center
from the minimum air gap and having components 90 mechanical degrees
away from the minimum air gap point_ were proven correct,
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5.

7.

8.

Lineﬁfity of Force with Eccentricity

The analytical expression for force (Eq's 20 and 21) implies that force is
directly provortional to eccentricity. Figure 10 is a plot of the data
given in Table II and shows excellent agreement with the analytical predic-
tion. However, when the other bearing data of Table III was plotted in
Figure 11, agreement was poor. No explanation is known as to why the

.004" eccentricity points measured lower than expected.

Effect of Negative and Zero Sequence Currents

The analytical expression for unbalanced load was rather complex with
counter rotating harmonic terms resulting in time variant saturation, -
Experimental data bears out the complex nature of the unbalanced
forces, especially that of the single phase short circuit under load
conditions., (See Section X.) Despite this complexity, a reasonable
comparison was made for the unbalanced single phase loading case
(Table 1V). Although negative and zero sequence reactances were used
with alternator test data to obtain the positive, negative, and zero
sequence currents for the single phase short circuit analysis, a
fuller understanding of the amortisseur reaction effect on the force
is needed.

Saturation

The analytical results reflect the effect of uniform saturation on
opposing stator teeth, but not the differential effect noted in (1)
above and covered in Section XIV, Time variant saturation for the
single phase short circuit case was handled indirectly as given in
Section VIII and may represent the main reason for the large discre-
pancy between the analytical and experimental results, However,
Section X, Figures V-9, V-33, v-16, V-40, V-23 and V-47 show the
very complex Lissajous pattern and represent a very formidable
analytical problem, Time variant saturation could be factored into
the present analysis but only with a major effort.

Excitation
The calculations for saturation necessarily include power angle, mmf

harmonics, permeance harmonics, and excitation requirements. These
calculations have been borne out experimentally.

Multicircuit Winding and variation of Force with Speed

As noted in (1), a force reducing factor of 2 was applied to the
analytical results since the Brayton Cycle Alternator has 2 circuits,
Figure 12 gives the experimental results at no load obtained by
varying the speed from zero (0) to 3000 rpm., Note that the force is
reduced by about 4 to 1 and that it stays relatively constant above
300 rpm, At this speed the machine reactance predominates over its
resistance, and since reactance is directly proportional to speed,

it holds the flux and thus the force constant as speed increases.
Induced voltage in the amortisseur winding would also reduce the
force and might explain the large reduction factor.
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E.

10,

11.

'""One Per Rev" Force

The analytical study indicated that no forces would occur at the
generator mechanical fundamental speed. Some force did occur at the
mechanical fundamental frequency which may be attributed to differences
in E%e mechanical structure of the rotor poles, but this force was very
small,

Cogging Torques

Cogging torque was briefly evaluated analytically and found to be
small in comparison with the radial components of force. No experi-
mental work was done on this aspect of magnetic force.

Transients

No transient cases were analyzed or experimentally measured. The
analysis implies that high forces could be encountered if armature
reaction was suddenly reduced allowing full field to be momentarily
applied across the air gap. However, stator tooth saturation would
put an upper limit on the force.

Conclusions and Recommendations

The

1.

Se

following conclusions can be drawn from the study:

It is possible to derive analytical expressions that properly describe
the nature of the unbalanced magnetic force,

The force can be measured by the use of strain-gages on specially
designed end shields,

The measured forces were significantly less in magnitude than the
analytical predictions. A larger than expected force reducing effect from
stator circuits and differential saturation are believed to be the main
causes of the difference,

The single phase short circuit case produced the most complex Lissajous
pattern and reflected the time variant saturation and amortisseur

reaction which are present during this type of operation.

The effect of stator or amortisseur slotting is small,

Recommendations for future work include the following:

1.

2,

3.

4.

Investigate the effect of circuits on the force.

Factor differential saturation and different Carter's coefficients
into the present analysis.

Investigate the effect of amortisseur reaction during unbalanced
load conditions.

Investigate the feasibility of factoring time variant saturation into
the present analysis,
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SUMMARY OF ANALYTICAL RESULTS

FOR .002" ECCENTRICITY#*

Angle between
Force Center Line

-
Power Factor Load F Max Fx Max Fy Max Fx Ave Fy Ave and Min Air Gap
0.8 Balanced 15 KVA 24.5  —*%% 24,5 —kkk 13.5 18°
(Unsaturated)
0.8 Balanced 15 KVA 21.94 8.5 20.2 0.0 11.44 18°
(Saturated)
0.8 Balanced 11.25 19.04 7.5 17.5 0.0 10.01 10°
KVA
- No Load with 15.0 6.0 13.75 0.0 7.64 0°
Excitation
1.0 3.33 KVA 1¢ 17.84 9.0 15.4 0.0 7.86 23°
- 3¢ Short 13.09 0.0 13.09 0.0 13.09 ~kk
0.8, 3¢ Full Load 54.0  ~kk% 54.0 —kkk 33.4 430

(before short) 1¢ Short

These results are in terms of force in the x and y directions at the center of the
armature stack.

* Eccentricity is distance in inches between rotor center and stator magnetic
center. Minimum air gap is in the y axis.

** This 18 a d.c. force with no associated angle.

*** Calculated (Section VIII) but not reduced to a final force.

TABLE 1
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EXPERIMENTAL BEARING LOADING

(MAGNITUDE & DIRECTION RELATIVE TO ECCENTRICITY DIRECTION)

AT OPPOSITE DRIVE END OF ALTERNATOR

3.33%* 11.25 15 KVA 3- 15 KVA 3-
Eccentricity* Power No Load-No Field KVA Kva 15 KVA Phase, then Phase, then
{ Inches) Factor Single Phase 3-Phase 3-Phase 1-Phase Shorted| 3-Phase Shorted
Ref. Act.
0 .0009 1 2.0 lb/ o 1.8 lb/ o | 15 lb/ N.A. N.A. N.A.
+106 +96 +56°
0.002 | .0025 1 1.5 1b 3.0 1b 3.0 1b :
/-169° /_190 / .10 N.A. N.A. N.A.
0.002 | .0025 0.8 . 3.51b 6.5 1b 4.0 1v
(legging) Not Applicable N.A. 3.2 1b/ _y90 /_290 /_290 /.0
0.004 | .0o048 1 2.5 1b 7.1 1b 8.0 1b
/+67o /+l7o /_30 N.A. N.A. N.A.
0.004 | .0048 0.8 , 8.1 1b 1.0 1b 11.2 b 12.2 1b
(lagging) Not Applicable N.A. /_30 /. /_130 /+20
0.006 | .0063 1 1.2 1 9.1 1b 10.81b
/ 105° / 13° /_130 N.A. N.A. N.A.
0.006 | .0063 0'6.3 Not Applicable N.A. 11.81p 4.2 14.9 1p 16.0 1b
(lagging) /-180 /_230 /_23 T _go

*Becentricity is defined here as the displacement of the rotor center from the stator center.

(total indicator reading would be twice the eccentricity)

**¥The other two phases are on open circuit.

TABLE 1II
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EXPERIMENTAL BEARING LOADING

(MAGNITUDE & DIRECTION RELATIVE TO ECCENTRICITY DIRECTION)

AT DRIVE END OF ALTERNATOR

3.33%* 11.25 15 KVA 3- 15 KVA 3-
Eccentricity* | Power No Load-No Field KVA KVA 15 KVA Phase, then Phase, then
(Inches) Factor Single Phase 3-Phase 3-Phase |1-Phase Shorted | 3-Phase Shorted
" Ref. | Act.
0] . 0005 1 2.5 1b/ o 2.2 lb/ 2.1]b/ o N.A. N.A. N.A.
+150 +170° -120
0.002 | .002 1 1.8 1b/ 2.0 lb/ 2.8 lb/ N.A. N.A. N.A.
-180° 0° o°
0.002 | .002 0.8 . 3.5 1b 3.0 L.5 1b L.0 1v
(lagging) Not Applicable N.A. /Oo /_350 /+50 /-100
0.004 | .0O41 1 1.2 1b 2.8 1b 3.2 1b
[ 473° [ 470 /30| N-A. N.A. N.A.
0.004 | .00kl 0.8 . L.0 1b 4.8 1p 8.2 1b 7.3 b
klggging) Not Applicable N.A. /LYO [}70 /+250 /+50
0.006 | .0063 1 2.2 1b 7.0 1b 9.0 1b
/+720 / g0 /+12° N.A. N.A. N.A.
0.006 { .0063 0.8 . : 9.2 1b 11.81p 15.0 1b 13.1 1v
(Lagging) Not Applicable N.A. /+7o /+30 /+120 /_lo

*Eccentricity is defined here as the displacement of the rotor center from the stator center.
(total indicator reading would be twice the eccentricity)

**The other two phases are on open circuit.

TABLE 1III




ANALYTICAL AND EXPERIMENTAL CORRELATION*

.006™ ECCENTIRICITY

Modified
Experimental Analytical Analytical#**
(Data from Table II
except for NL point)
No Load with
2,7 amps Excitation 9 32 11,7
15 KVA, .8 PF 14,2 47 4 17.3
3.33 KVA, Single 9,1 40.0 14,6

phase

* Data presented is maximum force occurring at the bearings and is
in pounds.

*% Reflects a 4:1 rather than a 2:1 circuit effect and factors in
differential saturation, Latter was calculated for No Load case
and same reduction applied to other two cases.

TABLE IV
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SECTION VII

TEST APPARATUS AND TEST METHODS

The Brayton Cycle alternator used in the bearing force measurement tests con-
sisted of stator wound S/N BC-~374-318 and the rotor from the in-house alterna-
tor research package.

This rotor had small diameter shaft extensions suitable for use with anti-fric-
tion bearings, and can be seen in Figure 13. The bearings used were MRC R type
bearings which had a reduced shoulder and a large number of balls for increased
radial stiffness. The bearings had phenolic cages and the inner races were made
to ABEC-9 tolerances and the outer races to ABEC-7 tolerances to eliminate as
much as possible any contribution of the bearings to rotating unbalance. The
bearings were preloaded axially with about 80 pounds of force to eliminate any
radial play and to increase their radial stiffness.

The test stand in which the alternmator was mounted is shown in Figures 14 and
15. The alternator was flange mounted and its opposite drive end stabilized by
an additional bracket. The alternator was driven by a small induction motor,
which is also flange mounted and can be seen on the opposite face of the test
stand. The torque of the drive motor was transmitted through a Thomas Flexible
Coupling which can be seen in Figure 14. The very long center portion of this
coupling allows a relatively great off-center displacement of the alternator
rotor without incurring high bending forces in the alternator shaft.

The test stand was mounted on rubber isolation mounts which had a resonant fre-
quency in the below ten cycles per second range. The Brayton Cycle alternator
was water-cooled, using the same cooling passages that will be used in the even-
tual application. Additional cooling water was piped to the face of each of the
bearing housings of the alternator. Other water was directed to the transducer
arms to stabilize their temperature (see Section XII). The induction motor (to
the right in Figure 14) was air-cooled with a cooling arrangement which was added
later and therefore does not show in this picture. At the extreme right end of
the induction motor can be seen the disc and magnetic pickup with which timing
information was generated for use in data acquisition and reduction.

Since the Brayton Cycle alternator was to be driven at exactly 3000 RPM by an
induction motor, and the induction motor had some speed regulation due to slip,
it was necessary to have a variable frequency drive to power this setup. A
schematic of the power flow and the many units involved is shown in the sketch
in Figure 16. Working backward from the Brayton Cycle, the sketch shows that
the Brayton Cycle alternator is driven by an induction motor which is in turn
driven by an alternator. The rotational speed of this alternator must vary to
make up for the slip involved at different loads in the induction motor. This
alternator was therefore driven by a DC motor and that DC motor in turn driven
by an adjustable voltage power supply, which, in this case, was a motor-generator
get. This motor-generator set had an induction motor and a DC generator. This
setup worked very smoothly and was wonderfully flexible, but did have the disad-
vantage of having a fair amount of speed regulation as loads were changed. 1If
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a load were suddenly applied as in the short circuit tests, there would be a
fair amount of speed change in the whole setup and, of course, particularly

in the Brayton Cycle alternator. This was overcome by setting the no load
speed or the pre-short speed at some higher value and letting the whole setup
sag down to the 3000 RPM figure after the load was applied. The field winding
of the Brayton Cycle alternator was powered from a battery which, of course,
had no ripple current to add more confusion to the data.

An extensive description of the force transducer design and the accompanying
system is given in Section XII. Basically, forces were measured by measuring
the force between the bearing housings and the stator by mounting the bearing
housings in very thin arms which were then strain gaged. The output of the
strain gages then gave an indication of the bearing forces involved.

The decision was made during the course of these tests to run all of the tests
at 3000 RPM rather than the 12,000 RPM figure originally specified in the con-
tract., Some of the many reasons for making this decision and the supporting
data are shown and discussed in Section XIII.

Figure 17 is a schematic of the system used to acquire the data presented in
this report. The bearing force transducers were arranged in such a way that
they gave a "X" and "Y" component of the force felt at the bearing housing.

Both the "X" and the "Y" force components were fed into strain gage amplifiers,
in this case, Tektronix "Q" units. The output of the strain gage amplifiers and
the timing information were all recorded on magnetic tape. All of the data
recorded was monitored on an oscilloscope.

The eccentricity of the Brayton Cycle alternator rotor with respect to its stator
was adjusted by using one of four sets of bearing housings. One of these sets of
bearing housings was ground with the ID concentric to its OD and each of the

other sets were ground with the ID eccentric to the OD by .002", .004", and .006".

Once the Brayton Cycle alternator was set up with some particular amount of eccen-
tricity, a test cycle could begin. A complete series of tests would be taken
under all of the specified load conditions while taking force data at one end of
the alternator. The "X" component of force, the "Y" component of force and timing
information would all be recorded simultaneously on magnetic tape. Before each
series of tests would start, a calibrating signal generated in each of the strain
gage amplifiers was also recorded on tape. This calibrating signal was used to
set the gain for all subsequent treatment of data, thus eliminating a great deal
of confusion and worry about phase inversion and proper amounts of amplication.
Each of the required tests (load conditions) would be staged and recorded in turn,.
After a complete series of tests was run, taking data at one end of the alternator,
the whole series of tests would be repeated while data was taken at the other end
of the alternator. When data from each end of the alternator was complete, the
alternator would be removed from the test setup and the bearing housing for the next
eccentricity condition installed.
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A schematic of the data reduction setup used is shown in Figure 18. Earlier
tests disclosed that there was a great deal of mechanical noise being sensed
by the force transducers at frequencies above about 300 cycles per second (see
Section XIII). Running the tests at 3000 RPM allowed the first three harmonics
of pole frequency to be examined (100, 200 and 300 cvcles per second) and the
mechanical noise occurring at higher frequencies to be filtered out.

When making Lissajous figures, plotting X force versus Y force, filters were

set to pass all frequencies below 300 cycles and attenuate frequencies above

300 cycles at the rate of 32 DB per octave. The DC portion of force was passed
with additional low pass filters, since the variable frequency filters did not
have this capability. To make a clean Lissajous figure, it was necessary to
display the data acquired during only one revolution of the Brayton Cycle alter-
nator. This was done by using the timing trace to brighten the scope beam for
only the time required to display one revolution. Some of the higher frequency
mechanical noise still coming through the filter would cause the oscilloscope to
display multiple (but quite similar) images which were more difficult to inter-
pret than the single revolution trace.

To set up the proper amplification and phase relation to the filter network, the
calibrating signal generated in the two Q units was used. After the filters were
set, the oscilloscope amplifiers were adjusted to give the proper beam deflection
during the display of the calibrating signal. The attenuation of the various fil-
ters was corrected by using a calibrated voltage source at the particular frequency
involved.

The Lissajous figures, having been treated with a filter which was set for a low
pass of 300 cycles, had some phase shift involved in the two and three hundred
cycle portion. The types of filters we were forced to use did have an effect on
phase near the set frequency. This phase shift has little effect on

the basic shape of the Lissajous figures.

When X force versus time or Y force versus time data was to be displayed and
recorded, the filtering arrangement was used in a different manner. 1In this

case, it was desired to generate a trace that would be useful in comparing analy-
tically generated force predictions with experimental data. 1In this case, it was
important that there be no phase shift existing and that the phase relationships
between pole frequency and the second and third harmonic of pole frequency be pre-
served without distortion. To do this, the DC portion of the force was passed with
a separate low pass network and the information at pole frequency (100 cycles per
second) was added to this. The filters were set with both high pass and low pass
at 100 cycles per second, creating a band pass filter. The filters attenuated at
the rate of 32 DB per octave on each side of the desired frequency. Using the
filters in this fashion generated no phase shift, since they were symmetrical about
the frequency of interest. This procedure was repeated with the filters set to
pass 200 and 300 cps to obtain information at the second and third harmonic of pole
frequency.
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None of the tests were taken by running the Brayton Cycle alternator to a tem-
perature equilibrium because it was felt that this would accomplish no real
purpose. For each of the load conditions, there would be a different tempera-
ture distribution established in the machine. Any temperature effect on the
resistance of amortisseur or armature windings would be different for each of
these cases and the data would be @ much in error having run the alternator to
one highly variable temperature equilibrium as to run it to a variable transient
condition, This allowed a great savings in time over running to temperature equi-
librium. The data resulting from this series of tests probably is of an accuracy
that would mask any of these temperature effects.
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SECTION VIII

Complete Analytical Expressions

Case

Unsaturated Case 1 (15 KVA, 0.8 PF, balanced load)
Saturated Case (15 XvA, 0.8 PF, balanced load)
Saturated Case (11.25 KVA, 0.8 PF, balanced load)
Saturated Case (no load)

Saturated Case (balanced 3 phase short)

Saturated Case (3.33 KVA Single phase load)

Saturated Case (single phase short/5 KVA on two phases)

(o) NV B SR VLR M

Each Case is Broken Down Into

(a) Force in the Y~-direction (pounds)

(b) Rate of change of force in the Y direction with respect
(pounds/inch)

(c) Rate of change of force in the Y direction with respect
angle (pounds/radian)

(d) Force in the X-direction

(e) Rate of change of force in the X direction with respect
(pounds/inch).

(f) Rate of change of force in the X direction with respect
angle (pounds/radian)

(g) Definition of terms for the above expressiomns.

46

to

to

to

to

eccentricity

eccentricity

eccentricity

eccentricity



CASE I UNSATURATED
15 KVA, 0.8 PF BALANCED LOAD

The analytical expression for the radial bearing force on one end of the
Brayton Cycle Alternator when operating at 15 KVA, .8 PF lagging, balanced
load is given below. An eccentricity of ,002" has been used in arriving at
the force coefficients. These expressions are for the unsaturated case. The
effect of saturation is to decrease the bearing force. Since the Brayton
Cycle Alternator has two (2) circuits in the stator windings, the calculated
forces have been divided by two (2) and the given expression reflects this
division. All harmonic forces less than 0.1 pounds have been neglected. The
co-ordinate system is fixed in the stator.

A. TForce in the Y direction (pounds)

Fy = -.67 cos (out-B+5§) -.24 cos (2wt-B+T¢)

Y ~20.950 cos (2wt-B+@) -37.15 cos (B)
~.845 cos (B-58) =-.22 cos (B-L )

-.845 cos (B+5¢) -17.115 cos (B+@)

-.5 cos (2wt-B-5¢) -17.215 cos (B-8)

-35.025 cos (2wt-B) -8.87 cos (2wt-B=@)

+.26 cos (2ut-B+ig) -.275 cos (2ut-B-29)

-1.345 cos (B+2¢) -2.28 cos (2ut-B+2g)

21.425 cos (B-28) -.11 cos (B+4@)

B. Rate of change of Fy with respect to eccentricity (pounds/inch)

= -335.0 cos (2wt-B+5¢) -120.0 cos (2ut-B+79)

dF
—7 -10,475.0 cos (2ut-B+@) -18,575.0 cos (B)
6 -uaé.; cos (B-53) -110.0 cos (B-48)

-422,5 cos (B+59) -8,557.9 cos (B+8)

-250.0 cos (2wt-B-5¢) -8,607.5 cos (B3-¢)
-17,512.5 cos (2wt-B) -h,435.0 cos (2ut-B-@)
+130,0 cos (2ws-B+4g) -137.5 cos (2ut-B-2¢)
-672.5 cos (B+2¢) -1,140.0 cos (2wt -B+20)
~T12.5 cos (B-28) -55.0 cos (B+Lgf)

C. Reve of change of F, with respect to eccentricity engle (pounds/radian)

dF. = =167 sin (2wt-B+5¢) -.24 sin (2ut-B+7¢)
TS -20.956 sin (2wt-B+g) +37.15 sin (B)
+,845 sin (B-5¢) +.22 sin (B4
+.845 sin (B+5¢) +17.115 sin (B+¢)
-.5 sin (2at-B-58) +17.215 sin (B-§)
-35.025 sin (2wt-3) -8.87 sin (2ut-3-¢)
+.26 sin (2wt-B+4g) -.275 sin (2ut-B-29)
+1,345 sin €B+2¢) -2,28 cos (2wt-B+2f)
+1.525 sin (B-2§) +.11 sin (B+kd)
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D. Force in the X dircction (pounds)

Fy = <67 sin (2ut-B+5¢) -.2b siu (2us-5+7)
-20,950 sin (2ut-B+#) -37.15 sin (B)
<845 sin gn-s¢) -.22 sin (B-4¢)

-85 sin (B+5¢) -17.115 sin (B+¢)

=.5 sin (2wt-B-54) -17.215 sin (B-3)
=35.025 sin (2wt-3) -8.87 sin (2ut-B-g)
+.26 sin (2ut-B+Ld)-.275 sin (2ut-3-2¢)
-1.345 sin (B+2g) -2.28 siu (2vt-z+23)
<1425 sin (B-2¢) ~.11 sia (B+4%)

E. Rate of chonge of F, with respect %0 cccentricity (vounds/inch)

dF, = =335.0 sin (2ut-B+5§) -120,0 sia (2ut-B+78)
a5 ~10,475.0 ein (2u%-B+g) -13,575.0 sin (3)
-k22,5 sin (B-58) -110.0 sin (B-%Z)

-422,5 ein (B+S4) -8,557.5 sin (B+g)

-250,0 sin (2ut-B-5¢) -8,607.5 sin (B-¢)
=17,51245 sin (2wi-B) -4,435,0 sin (2v%-3-4)
+130,0 uvin $2ut—B+h¢) -137.5 sin (2ut-B-2¢)
~672.5 sin (B+28) «1,140.0 sin (2ut-B+2d)
-712,5 sin (3-2¢) -55.0 oin (B+hg)

F, Rate of change cof Fy with respect to eccertricity anzle (pounds/radian)

+.67 cos (But-3+53) +.24 cos (2wt -B+T75)
I +20,950 cos (2yt-B+¢) -37.15 cos (B)
=845 cos (3-56) -.22 cos (B-4¢)

845 cos (3+50) -17.115 cos (3+¢)

+.5 coo (2us-2-53) 17,215 cos (B-¢)
+35.025 cou {£73-3) +3.37 coz (2ut-3-d)
=26 ens (2.5-24"10) +,275 cox (@Wt-3-2¢)
=1.345 cos (3423) +2.23 cos (2wt-B+2d)
~1.125 eoz (3~2%) .11 cos (B+h¢)

G. Definition of terus in dabove expressions

4t = tize (secs)
¥ = pechanical angular velocity (1255 radisng/sec)
B = mochanical anzle vetuszen Y axis and dircction of eccentricity (radians)
= eccentricity (inches)
@ =T - pover angle (radians)
Power Angle = Electirical =ngle betwecn load current ard direct axis
pagnetizing currect (use.6 radians)
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CASE 1 SATURATED
15 KvA, 0.8 PR BALANCED LOAD

The analytical expression for the radial bearing force on one end of the
Brayton Cycle Alternator when operating at 15 KVA, .8 PF lagging, balanced
load are given below. An eccentricity of .002" has been used in arriving at
the force coefficients. These expressions are for the .saturated case. The
effect of saturation is to decrease the bearing force. Since the Brayton
Cycle Alternator has two (2) circuits in the stator windings, the calculated
forces have been divided by two (2) and the given expression reflects this
division, All harmonic forces less than 0.1 pounds have been neglected. The
co-ordinate system is fixed in the stator.
A, Force in the Y direction pounds
Fy = -.045 cos (2 wt = B + 50) - 18.25 cos (2 wt =B + §)

-35.14 cos (B) = 0.11 cos ( B - 50)- 0.11 cos (B + 5 @)

-14.88 cos ( B + §) - 14.82 cos ( B -p)

-28.62 cos (2 wt =B ) - 7.62 cos (2 wt - B - §)

+0.04 cos (2 wt = B + 4f) - 0.07 cos (2 wt - B - 2¢)

=1.18 cos ( B + 29) - 2.28 cos (2 wt - B + 2§¢)

=1.24 cos ( B =20)

B. Rate of change of F with respect to eccentricity (pounds/inch)

7
%;i——- = «22,5 cos (2 wt -B + 56) - 9125.0 cos (2 wt - B + §)
=17570.0 cos ( B ) - 55.0 cos ( B=- 5¢) = 55.0 cos (B +5p¢)
«7440.0 cos (B + @) ~ 7410.0 cos (B - #)
~-14310.0 cos (2 wt =B ) - 3810.0 cos (2 wt = B - §)
+20.0 cos (2 wt =B + 48) = 35.0 cos (2 wt =B ~ 2§¢)
-590.0 cos (B + 26) - 1140.0 cos (2 wt -B + 2§)
-620.0 cos (B -26)

C. Rate of change of Fy with respect to eccentricity angle (pounds/radian)

5%;- = =,045 sin (2 wt -B + 5@) - 18.25 sin (2 wt -B +p)
+35.14 sin ( B) + 0.1l sin (B - 56) + 0.1l sin (B + 50)

+14.88 sin ( B + #) + 14.82 sin ( B - 6)
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E.

F.

-28,62 sin (2 wt = B) - 7.62 sin (2 wt - B - @)

+0.04 sin (2 wt -~ B + 40) - 0.07 sin (2 wt - B - 2¢)
+ 1.18 sin ( B + 20) - 2.28 sin (2 wt - B + 20¢) |
+1.24 sin (B - 20¢)

Force in the X direction (pounds)

F

X

= -.045 sin (2 wt - B + 50) - 18.25 sin (2 wt -~ B + §)
-35.14 sin (B) - 0.11 sin (B -~ 56) ~ 0.11 sin (B + 58)
-14,88 sin (B + §) - 14.82 sin (B - @)
-28.62 sin (2 wt ~ B) - 7.62 sin (2 wt - B - §)
+0.04 sin (2 wt - B + 4P) - 0.07 sin (2 wt - B - 29)
-1.18 sin (B + 2¢) - 2.28 sin (2 wt - B + 2§)
-1.24 sin (B - 29)

Rate of change of F, with respect to eccentricity (pounds/inch)

dFy

I = -22,5 sin (2 wt = B + 5¢) - 9125,0 sin (2 wt = B + 9)

-17570.0 sin (B) =55.0 sin (B - 5@) - 55.0 sin (B + 50)
-7440.0 sin (B + @) ~- 7410.0 sin (B - 9)

-14310,0 sin (2 wt - B) - 3810.0 sin (2 wt - B - @)
+20.0 sin (2 wt - B + 4) - 35.0 sin (2 wt - B ~ 2§)
-590.0 sin (B + 29) - 1140.0 sin (2 wt - B + 20¢)

-620.0 sin (B - 2¢)

Rate of change of F, with respect to eccentricity angle (pounds/radian)

dFy = 4.045 cos (2 wt - B + 50) + 18.25 cos (2 wt - B + P)

48
-35.14 cos (B) - 0.1l cos (B-5@) - 0.1l cos (B + 50)
-14.88 cos (B + P) - 14.82 cos (B - §)
+28,62 sin (2 wt - B) + 7.62 cos (2 wt = B = £)

=0.04 cos (2 wt = B + 49) + 0.07 cos (2 wt - B - 29)
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7

G’

-=1,18 cos (B + 20) + 2.28 cos ( 2 wt = B + 2§)
=1.24 cos (B ~ 20)
Definitions same as unsaturated Case I except use

$ = 2,5646 or (Tr - 0.577 radians)
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CASE 11
11.25 KvA 0.8 PF BALANCED LOAD

The analytical expression for the radial bearing force on one end of the
Brayton Cycle Alternator when operating at 11.25 KVA, .8 PF lagging,
balanced load given below. An eccentricity of .002" has been used in ar-
riving at the force coefficients. Since the Brayton Cycle Alternator has
two (2) circuits in the stator windings, the calculated forces have been
divided by two (2) and the given expression reflects this division, The
co-ordinate system is fixed in the stator.

A. Force in the Y direction (pounds)

F. = -.06 cos (Owt-B+ 5@)
7 ~12.045 cos (2wt-B+@) - 25.395 cos (B)

-0.03 cos (B-5@)
~0,03 cos (B+50) -9.8L cos (B+p)
~9.77 cos (B-@)
~20.09 cos (2wt-B) -h.97 cos (Cwt-B-y)
~0,04 cos (Pwt-B-2y)
-.(7 cos (B+2@) - L.31 cos (2wt-B42y)
~.T con (B-2¢)

B+ Rate of change of Fy with respect to ecccentricity (pounds/inch)

?féL—— =  ~30.0 cos {2uwt-B+59)

d 6,022 cos (2wt-B-@) -12,697.5 cos (B)
-15 cos (B-5¢)
-15 cos (B+5¢) -4,905.0 cos (B+0)
-4,885.0 cos (B-@)
-10,348 cos (2wt-B) -2,485.0 (Ewt-B-9)
-20,0 cos (2ut-B-2¢)
-332.5 coz (B+2¢@) -695.C cos (Zwt-B+29)
-350e0 cos (B~29)

C: Rate of change of Fy with respect to cccentricity angle (pounds/
radian). .

%%x__ = ~.06 sin (2wt-B+5¢)

-12,045 .sin (2wt-B+@, +25.395 sin (B)
+0,03 sin (B-50)

+0.,03 sin (B+5¢) +9.81 sin(B+@)

+9.77 sin (B-@)

~20.69 sin (2wt-B) -L.97 sin (2wt-B-9)
-0.04 sin (2wt-B-2¢)

+,67 sin (B+2@) -1.31 sin (2wt-B+2¢)
+,70 sin (B=24)
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D,

Force in the X direction (pounds)

Fx = -.06 sin (2wt-B+5%)
-12,045 sin (2ut-B+@) -25.935 sin (B)
-0.03 sin (B-5%)
-0.03 sin (B+59) -9.8L sin (B8+¢)
-9.77 sin (3-¢)
-20.69 sin (2wt-B) -4.97 sin (2ut-B-¢)
-0.04 sin (2ut-B-24)
-.67 sin (B+2¢) -1.31 sin (2ut-B+2¢)
-.70 sin (B-2¢)

Rate of change of F, vith respect to eccentricity (pounds/inch).

%gg-—-= -30, sin (2ut-B+5@)
P -6,022 sin (2wt-B+@) -12,697.0 sin (B)

-15.0 sin (B-5%)

-15.0 sin (B+5¢) -4,905.0 sin (B+8) - 4,885 sin (B-B)
-10,348 sin (2wt-B) -2,485.0 sin (2vt-B-¢)

-20.0 sin (2wt-B-20)

-332,5 sin (B+2¢) -655.0 sin (2wt-B+2¢)

-350,0 sin (B-2¢)

Rate of change of F, with respect to eccentricity angle (pounds/
radian) :

dF
—% . = 40,06 cos (2ut-B+5¢)

dB +12.045 cos (2wt-B+@) -25.395 cos (B)
-0.03 cos (B-5@)
-0.03 cos (B+5@) -9.8L cos (B+d)
-9.77 cos (B-@)
+20.69 cos (2wt-B) +4.97 cos (2wt-B-@)
+0.04 cos (2wt-B-20)
-.67 cos (B+2¢) +1.31 cos (2wt-B+2g)
~,70 cos (B-2¢)

Defirnition of terms in above eXpressions

= time (secs)

= mechanicazl angular velocity (1256 radians/sec)

= mechanical angle between Y axis and direction of
eccentricity (radians)

= eccentricity (inches)

= Tt -power angle (radians)

Power Angle = electrical angle between load current and direct
axis magnetizipg current (use .625 radians)
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CASE III NO LOAD

‘The following force expression is for the no load case where the machine is
operating at 120 V L-N balanced 3¢ with no armature current.

Definition of

t
W
B
)
P

o on non

-0.08 cos (B-@) -7.65 cos (B)
-0.10 cos (B+@) -0.03 cos (2wt-B-¢)
-6.17 cos (2wt-B) -0.13 cos (2wt-B+g)

-40.0 cos (B-¢) -3,825.0 cos (B)
-50.0 cos (B+@) -15.0 cos(2wt -B-¢)
-3085.0 cos (2wt-B) -65.0 cos (2wt-B+{)

+0,08 sin (B-¢) +7.65 sin (B)
+0.,10 sin (B+@) --0.03 sin (2wt-B-¢)
-6.17 sin (2wt-B) -0.13 sin (2wt-B+@)

-0.08 sin (B-¢) -7.65 sin (B)-
-0.10 sin (B+§) -0.03 sin (2wt-B-¢)
-6.17 sin (2wt-B) -0.13 siun (2wt-B+{@)

-k0.0 sin (B-@) -3,825.0 sin (B)
-50.0 sin (B+@) -15.0 sin (2wt-B-g@)
-3085.0 sin (2wt-B) -65.0 sin (2wt-B- )

-0.08 cos (B-@) -T7.65 cos (B)
-0.10 cos (B+@) +0.03 cos {2wt-3-@)
+6.17 cos (2wt-B) +0.13 cos (2wt-B+d)

terms in above expressions

time (secs)
mechanical angular velocity (1256 radians/sec)
mechanical angle between Y axis and direction of eccentricity (radians)

eccentricity (inches)
- power angle (radians)
ower Angle = electrical angle between load current and direct axis magnetizing

current (use 1,505 radians).
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CASE 1V
3 Phase Balanced Short Circuit

The analytical expression for the radial bearing force on one end of the Brayton
Cycle Alternator when operating at a 3 phase balanced short circuit condition is
given below. An eccentricity of .002" has been used in arriving at the force
coefficients. Since the Brayton Cycle Alternator has two (2) circuits in the
stator winding, the calculated forces havebeen divided by two (2) and the given
expression reflects this division. The co-ordinate system is fixed in the stator.

A, Fy = -0.02 cos (-B+6@) ~155.87 cos (B-¢#)
v -22.89 cos (B-2¢) -~ 0.53 cos (B-4@)
-1,19 cos (B-5¢) - 0.56 cos (B-6¢)
-0.12 cos (B-T¢) -280.72 cos (B)
-155.9% cos (B+@) -22.0L cos (B+2¢)
-0.29 cos (B+4¢) -1.19 cos (B+5@)
-0.52 cos (B+6@) -0.12 cos (B+T9)
-87.31 cos (2wt-B-¢) -4.00 cos (2wt-B-2¢)
-0.52 cos (2ut-B-4¢) -0.69 cos (2ut-B-5@)
-0.18 cos (2wt-B-6@) +0.02 cos (2ut-B-T¢)
-232,62 cos (2wt-B) -183.04 cos (2wt-B+@)
-39.20 cos {2wt-B+2@) +0.36 (2ut-B+4g)
-0.80 cos (2wt-B+5¢) -0.98 cos (2ut-B+EQ)
-0.37 cos (2wt-B+7@) =0.06 cos (2ut-B+8¢)
+0.02 cos (2wt+B-T@) +0.CE cos (Mut-B+7¢)
+0.01 cos (hwt+BY@) +0.01 cos (6wt-B-4@)
+0.01 cos (6wt+B+h@) +0.02 cos (8ut-B-h@)
+0,02 cos (8wt-B-5¢) +0.02 cos (But+B+4{)
40,02 cos (But+B+5@) +0.03 cos (LOwt-B-~5@)
+0,01 cos (1Owt-B-6¢) +0.03 cos (LOuwt+B+5@)
40,01 cos (1Owt+B+6@) -0.04 cos (12wt-B-4@)
+0.02 cos (12wt-B-6@) -0.04k cos (1Lowt+B+id)
+0,02 cos (12wt+B+6@) -0.08 cos (1hwt-B-4¢)
-0.08 cos (1hwt-B-5@) -0.08 cos (LhwtB+hg)
-0,08 cos (14ut+B+59) -0.12 cos (1L6wt-B-kd)
-0,16 cos (16wt-B-5@) ~0.Ch cos (Léwt-3-5%)
-0.12 cos {16ut+3+4@) -0.16 cos (LEut+B+5¢)
-0.04 cos (L6ut+3+6@) ~0.08 cos (18ut-B-44)
-0.2h cos (1€ut-B-5¢) -0.08 cos (1LEwt-B-67)
-0.08 cos (18ut+B+L4g@) -0.2% cos (18ut+B+5¢)
-0.08 cos.(18ut+D+6@) -0.0% cos (20wt-B-hd)
-0.16 cos (20wt-B-5¢) -0.12 cos (20uwt-B-63)
-0.04 cos (20ut+B+4@) -0.16 cos (20ut+B+5@)
-0.12 cos {20wt+B+6@) -0.08 cos (22ut-B-50)
-0.08 cos (22ut-B-64) -0.08 cos (22wi+B+5@)
-0.08 cos (22uwt+B+6@) +0.02 cos (2hwt-B-4@)
-0.04 cos (2hut-B-6¢) +0.02 cos (2hwt+B+Lg)
-0.04 cos (PhwtiB+6@) +0.01 cos (26ut-B-4{)
+0,03 cos (26wt-B-5@) +0.01 cos (26ut+b+:@)
4+0.03 cos (26ut+B+5¢) +0.02 cos (28wt-3-5@)
+0.02 cos (28ut-B-6¢) +0.02 cos (23wt+B+59)
+0.02 cos (28wt+B+6() +0.0L cos (30wt-B-57)
+0.0L cos (30wt+B+6g) -0.20 cos (LGut-3)
~0.2h cos (4éwt-B+@) - 0.Ch cos (LGut-B+2f)
~0.16 cos (48wt+B-¢g) ~0.h8 cos (LSwt+B)
=0.16 cos (4But+B+@) - 0.24 cos (50wt-B-3)
~0.h2 cos (50ut-B) -0.24 cos (50ut-B+y)
~0.08 cos (98ut-B-¢g) -0.12 cos (9Buwt-B)
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B. Rate

[« ¥
i

L

o
o

of change

Fy with respect o eccentricity (vpounds/inch)

-10 cos (-B+6¢) -77,935 cos (B-9)

—11 2)J') cOs (B-L.il)"L.\)) [ed024] (_1‘-";-’,‘)’)

~595 cos (B-58) <280 cos (2-69)

~60 cos (B-7¢) -140,3G0 coz (B)

=17,970 cos (B+g) -11,005 cos (Bi2%)

-11;5 cos (BHig) -505 coz (B+59)

=260 cos (B+E%) -60 cos (B+7:)

-L3 655 cos (2ut-B-¢) -2000 cos (2ut-B-2%)
-260 cos (P\Iu—-)-—).,)) -345 cos (Put-3- /,))
=00 cos (clu—B u))) +10 cos (c -3~ (v)
116,Jlo cos (2ut-B) -0k ,C20 coz (2u-3+0)
~19,£00 cos (2ut-B2g) +180 cos (2ut-3+hg)
-k00 cos (2ut-3+39) -L90 coz (Zut-346¢)
-185 cos (2ut-3+78) -30 cos (2ut-3+8%)

+10 cos (Cut+B-78) +5 cos (luu 5+79)

+5 coz (Uut+l-T9) +5 cos (Lut-3-h7)

+5 cos (EuusBh{) +10 cos (8 u-?—’#)

+10 cos (Cut-3-57) +10 cos (Cat-3+Ly)

+10 cos (8utiB+53) +15 cos (Lowt-3-59)
+5c05 (LOwt-B-£5) +15 cos (10ut+3+59)

+5 cos (LOwt+3+C3) <20 cos (Lzut-B-L()
410 cos (1leut-B-63) -20 cos (12at+n+hy)
+10 coz (12ut+B+€6P) -40 cos (Llt-D-LY)
40 cos (Lhut-3-53) 40 cos (Lhutan+hy)
~40 cos (Lhut+3+573) -60 cos (1€t-3-h¢f)
-80 cos (16u%-3-53) =20 cos (1Luv-3-£9)
-60 cos (1&ut-3+4e) =80 cos (10ut+S+i%)
-20 cos (1&uit+n+68) -h0o cos (1Z24t-3-h()

-120 cos (18a5-3-57) =40 cos (1LTut-3-0F)
-0 cos (18ut+34LF) -120 cos (L&ut3+57%)
-0 cos (L8ut-D+6@F) -20 cos (20ut-B-N)
-80 cos (20ut-B-5¢) -60 cos (2Cut-3-£)
~20 cos (2Cus+D+kg) =80 cos (207t+3f5i)
-50 cos (20vt+D+EF) -%0 cos (224t-3-57%)
-0 gos (22ut-B-5¢) ~%0 cos (22ut-3+53)
-L0 cos (22ut+B+EP) +10 cos (2hut-B-L)
-20 cos (Oh 15-B-63) +10 cos (2hutsD k)
~20 cos (2hut+DiCF) +5 cos (24u4-3-43)
+15 cos (26ut-3-5¢) +5 cos (2&ut+Deke)
+15 cos (26ut+3+58) +10 cos (2Sut-B-97)
+10 cos (28ut-B-6¢) +10 cos (23ut+3+53
+10 cos (28ut+3+6y) +5 cos (3Cut-B-54
+55 cos (30wt+B+6¢) -100 cos (hbut-B)
<120 cos (L6ut-B+@) -20 cos (hGat-B+2g)
-80 cos (4But+B-g) -240 cos (LBut+B)
-80 cos (L4But+B+F) -120 cos (50ut-B-¢)
-210 cos (50wt-B) ~120 cos (561 -B+¢)

-40 cos (98wt-B-@) -60 cos (98ut-3)
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C. Rate of change of F, with respect to eccentricity angle (pounds/

radian), Y
dF
Y =
dB <0.02 sin (-B+6¢) +155.87 sin (B-¢)

+22.89 sin (B-2¢) +0.53 sin (B-4¢)

+1,19 sin (B-5¢) +0.56 sin (B-69)

+0,12 sin (B-7¢) +280,72 sin (B)

+155.94 sin (B+§) +22.02 sin (B+20)

+0.29 sin (B+i@) +1.19 sin (B+5¢)

+0,52 sin (B+6@) +0.12 sin (B+7¢)

-87.3L sin (2ut-B-@#) -%.00 sin (2wt-B-2¢)
~0.52 sin (2wt-B-Lg@) -0.69 sin (2wt-B-5¢)
-0.18 sin (2wt-B-6¢) 0,02 sin (2uwt-B-~79)
-232,.62 sin (2ut-B) -188.04 sin (2wt -B+{)
~39.20 sin (2ut-B+2%) +0.36 sin (2ut-B+4g)
-0.80 sin (2ut-B+5¢) -0.98 sin (2ut-B+CP)
-0.37 sin (2wt-B+7¢) -0.06 sin (2ut-B+89)
-0.02 sin (2ut+B7¢g) +0,0L sin (bwi-B+7¢)
~0,01 sin (Lvwt+B-T7¢) +0.01L sin (6wt-B-4d)
-0,01 sin (6but+B+4@) +0.02 sin (Bwt-B-L4gF)
+0.02 sin (84t-B-5@) -0.02 sin (8wt+B:43)
-0.02 sin (8ut+B+5¢) +0.03 sin (LOwt-B-5%)
+0,01 sin (10wt-3-6¢) -0.03 sin (1LOwt+B+50)
-0,01 sin {(10w%+B+E@) -0.0L4 sin (12wt-3-L¢)
40,02 sin (12ut-3-50) +0.04% sin (12ut+B+L()
-0.02 sin (lowt+3+69) - 0.08 sin (lhwt-B-LY)
~0.08 sin (14wt-B-5¢) +0.08 sin (1hwitaDB+he)
+0,08 sin (Lhut+B+5¢) -0.12 sin (16wt-B-L@)
-0.16 sin (16wt-B-5¢) -0.04 sin (16ut-B-6¢)
40,12 sin (L6ut+B+h@) +0.16 sin (16wt+B+5¢)
+0.04 sin (16wt+B+6@) -0.08 sin (18ut-B-4¥)
-0.24 sin (18ut-B-5¢) -0,08 sin (18ut-B-6¢)
+0.08 sin (18wt+B+h@) +0.2% sin (18wt+B+5%)
+0.08 sin (18ut+B+6¢) -0.04 sin (20ut-B-Ld)
-0.16 sin (20vt-B-5¢) -0.12 sin (20wt-B-53)
+0,0% sin (20wt+B+L@) +0,16 sin (20ut+B+50)
40,12 ain (20wt+B+65) -0,08 sin (22ut-B-5%)
-0,08 sin (22wt-B-6¢) +0.08 sin (22ut+B+58)
+0.08 sin (22ut+B+6¢) +0,02 sin (2hut-B-L4g)
-0,04 sin (2but-B-6@) -0.02 sin (2Lwi+B+Lg)
+0,04 sin (2bwt+B+6@) +0,0L sin (26ut-B-L¢E)
+0,03 sin (26wt-B-5p) -0.01 sin (25ut+B+hg)
~0,03 sin (26ut+B+5@) +0.C2 sin (284t-B-5¢)
40,01 sin (28wt-B-6¢) -0,02 sin (284t+B+5¢)
-0,01 sin (28wt+B+6@) +0,01 sin ( 30wt-B-68)
~0.0k sin (30wt+B+6¢) -0.20 sin (Léut-B)
~0.24 sin (L6ut-B+@) -0.04 sin (L6ut-B+2g)
+0.16 sin (4But+B-¢) +0.48 sin (LEut+B)
+0.16 sin (48wt+B+P) -0.24 sin (50wt-B-@)
-0.42 sin (50ut-B) -0.24 sin (5Cwt-B+¥)
-0.08 sin (98wt-B-@) -0.12 sin (98ut-B)
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Force in the X direction (pounds)

Fy = repcat all of A. (force in Y direction)
ezcept replace each cosine (cos) by sine
(sin).
Rate of change of F, with respect to eccentricity (pounds/
inch).
dF . _ repeat all of B, (dF, /a4 ) except replece
af all cosines by sines.
Rate of change of Fy with respect to eccentricity angle (pounds/
radian)
dFX e d- She ont - -1
- Repeat 2l of C (dF /e3) excent replace all
ds sinzs by cosines and ckhanze the sigan of ecch
ternt.,  ie if thoere is a "+" in C replace it by
M. and vica verca.
Definition of itovas
t = tipe (seconds)
v = mechanical. anzular velocity (1250 redisns/sec)

B = rzechanical ansle voetween Y axis and direction of
eccentricity (raldia )

o,
1

eccentricity (inches)

AN
Hi

= T{ ~pover angle (rodians)

Pouwer Angle = clectrical angle boctween load current arnd
direct axis magnetizing current (use 0.0 radians)

58



Y

CASE V

3.33 KVA 1.0 PF 1 Phase Only
Other 2 Phases Open Circuited

The analytical expression for the radial bearing force on one end of the
Brayton Cycle alternator when operating at 3.33 KVA unity power factor with
the load connected from one phase to neutral is given below.

An eccentricity of .002" has been used in arriving at the force coefficients.
Since the Brayton Cycle Alternator has two (2) circuits in the stator windings,
the calculated forces have been divided by two (2) and the given expression
reflects this division. The coordinate system is fixed in the stator.

A. Force in the Y direction (pounds)

Fy = -7.88 cos (B)-1.49 cos (2wt-B-P)
-4.41 cos (2wt-B)-0.38cos (2wt+B+D)
-1.43 cos (4wt-B-P) -0.59 cos (4wt-B+P)
-0.04 cos (B+2P) -1.93 cos (4wt+B-P)
-2.68 cos (4wt4B+P) -2.67 cos (6wt-B-+f)
-0.45 cos (6wt+B+p) -0.07 cos (8wt+B-2P)
~0.12 cos (8wt+B+2f)

B. Rate of change of Fy with respect to eccentricity (pounds/inch)

dFy = -3940 cos (B)-745 cos (2wt-B-P)

diL—- -2205 cos (2wt-B) =190 cos (2wt4B+D)
-715 cos (4wt-B-P) -295 cos (4wt-B+P)
-20 cos (B+2P) -965 cos (4wt+B-§)
-1340 cos (4wt+B+P) -1335 cos (6wt-B+9)
-225 cos (6wt+B+P) -35 cos (Bwt+B-20)
-60 cos (8wt4B+2f)

C. Rate of change of F, with respect to eccentricity angle

(pounds/radian), il
dFy = 4+7.88 sin (B) -1.49 sin (2wt-B-P)
dB -4.41 sin (2wt-B)+0.38 sin (2wt+B+P)

~1.43 sin (4wt-B-) -0.59 sin (4wt-B+P)
+0.04 sin (B+20) +1.93 sin (4wt+B-f)
+2.68 sin (4wt+B+P) -2.67 sin (6wt-B+P)
4+0.45 sin (6wt+B+0) +0.07 sin (8wt+B-2P)
+0.12 sin (8wt+B+29)

D. FPorce in the X direction ( pounds )

F, = -7.88 sin {(B)-1.49 gin (2wt-B-P)
-4.41 sin (2wt-B) -0.38 sin (2wt+B+f)
-1.43 sin (4wt-B-P) -0.59 sin (4wt-B+D)
=0.04 sin (B+20)-1.93 sin (4wt+B-P)
-2.68 sin (4wt+B+P) -2,67 sin (6wt-B+P)
-0.45 sin (6wt+B+p) -0.07 sin (8wt4B-2p)
-0.12 sin (8wt+B42p)
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E. Ratec of change of Fy with respoct to cccentricity (pounds/inch)

dFy = -3940 sin (B)-745 sin (2wt-B-H)

as -2205 sin (2wt-B)-190 sin (2wt+B+H)
-715 sin (4wt-D-P)-295 sin (4wt-B+P)
-20 sin (B+2§) ~965 sin (4wt4B-D)
-1340 sin (4ut+B+P) -1335 sin (6wt-B+8)
~225 sin (6wt4B-+P) =35 sin (Swt+3-2L)
-60 sin (Swt+342))

F. Rate of change of F, with respect to eccentricity angle (pounds/

radian)
ng = -7.88 cos (B)+1.49 cos (2wt-B-P)
dB +4.,41 cos (2wt-B) -0.38 cos (27.-l40)

+1.43 cos (4wt-B-f) +0.57 cos (4uwt-B+)
-0.04 cos (B+2") -1.%3 cos (4wt4+D-D)
-2.68 cos (4wt+3+3) +2.67 cos (6wt-B+H)
-0.45 cos (6wt+B+d) -0.07 cos (8wt+B-2§€)
-0.12 cos (Bwt-+B+20)

G. Definition of terms in above expression

t=time (seconds)
w=mechanical angular velosity (1256 radians/sec)
B=mechanical angle between Y axis and direction of eccentricity (radians)
=eccentricity (inches)
f=r-power angle (radians)
power angle=clec. anzle between load current and direct axis magnotiziug
current (use 1.042 radians)
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CASE VI

Single Phase Short

The analytical expression for the radial force on one end of the Brayton Cycle
alternator when operating at 15 KVA, 0.8 PF, 3 phase and a short between one

line and ground is given below. An eccentricity of .002" has been used in
arriving at the force coefficients. Since the Brayton Cycle alternator has two (2)
circuits in the stator winding, the calculated forces have been divided by two

(2) and the givén expressions reflect this division. The coordinate system is
fixed in the stator.

Al

Force in the Y direction (pounds)

Fy

+.7088 cos (-B-P-X1) +.8447 cos (-B-P4X2)
-.3485 cos (-B-f) ~.649 cos (-B-X1)
-.0808cos (-B4X2) -5.634 cos (~B)

+.0689
+.0689
~1.529
~.1909
~1.646

cos
cos
cos
cos
[ofe )]

(-B+P-X1) -.0275 cos (~B+P)
(B-p4X1) -.055 cos (B-P)
(B-X1) - 1.697 cos (B-X2)
(B-X3) - 1.577 cos (B+X1)
(B+X2) ~-.1909 cos (B+X3)

~32.749 cos (B) +.8447 cos (B+P-X2)

+.7797
~.0832
~.0528
~1.444
-.2264
~,2098

cos
coOSs
cos
cos
cos
cos

(B+H1X1) +.572 cos (B4+P)

(2wt-B-9-X1-0.2886) - .0698 cos (2wt-B-P-X2-0.2886)
(2wt-B-P+X1-0.2886) - .0898 cos (2wt-B-P+X2-0.2886)
(2wt-B-$-0.2886) -.2209 cos (2wt-B-X1-0.2886)
(2wt-B-X2-0.2886) - .0284 cos (2wt-B-X3-0.2885)
(2wt-B+X1-0,2886) - ,2383 cos (2wt-B+X2-0.2886)

~0284 cos (2wt-B4X3-0.2886) - 3,489 cos (2wt-B-0.2886)

+.0344 cos (2wt-B-+P-X1-0,2886) - .0059 cos (2wt-B+P+X2-0.2886)
-.0135 cos (2wt-B+P-0.2886) - ,1132 cos (2wt+B-{-X2-0.2886)
-.0650 cos (2wt+B-P+X1-0.2886) - .0177 cos (2wt+B-$-0.2836)
0119 cos (2wt+B-X2-0.2886) - .011ll cos (2wt+B+X1-0.2886)
~1.592 cos (2wt+B-0.2886) + .0120 cos (2wt+B+P-X2-0.2886)
+.0112 cos (2wt4B+94X1-0.2886) - .1795 cos (2wt+B+P)

-.218
-.727
-.011
-.032
-.350
-.412
-.246
-.551

cos
cos
cos
cos
cos
COS
cOS8
cos

(4wt=-B-P-X1+4,05) -.235 cos (4wt-B-f4X2+4.05)
(4wt-B-P+4.05) -.01 cos (4wt-B-2P-X1+4.05)
(4wt-B-204+X244.05) -.798 cos (4wt-B-2p+4.05)
(4wt-B-X144.,05) - 041 cos (4wt-B+X2+4.05)
(4wt-B+4.05) - ,345 cos (4wt-B+H-X1+4.05)
(4wt-B+P4X2+4.05) - ,057 cos (4wt-B+P+4.05)
(4wt+B-P-X1+4.05) -.635 cos (4wt+B-P-X2+44.05)
(4wt+B-P+X1+4.05) =,.266 cos (4wt+B-P+X2+4.05)

-5.293 cos (4wt4B-P+4.05) +.006 cos (4wt+B4X1+4.05)

~.050 cos (4wt4+B+4.05) -.249 cos (4wt4+B+P-X144.05)

-.509 cos (4wt+B+P-X2+44.05) - .472 cos (4wt+B+f+X144.05)
-.269 cos (4wt+B+P4X2+4,05) - 6.001 cos (4wt+B+D+4.05)
-.0657 cos (6wt-B-P-X1+1.66) - .0701 cos (6wt-B-$+X2+1.66)
~-.0928 cos (6wt-B-P+1.66) - .0194 cos (6wt-B-2H-X1+41.66)
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-.0197 cos (Ewt-B-2£:X2+1,65)
+.2772 cos (6wt-B+1.60)
-.5572 cocs (Gwt-B4H-%1+1.66)
-.2194 cos (OGwt-B454X1+1.66)
-5.363 cos (Gwt-B-2+1.63)
-.2248 cos (Gut-+B-P-3241.6%)
-.8823 cos (6wt+B-£+1.66)
+0.3011 cos (Gwt+B+41.60)
-.4299 cos (6wt+B4+D-%241,066) - .3993 cos (CwtB4-64X1+1,6€)
-.3454 cos (6wtdB-0+1.66) ~.0229 cos (GwtdB-L25-X2-+1.66)
-.0213 cos (6ut+B42MX1+1,66) - .1674 cos (6wtiB-+25+1.606)

t

.2370 cos ({vt~B-4-9-324.1,66)
.6016 cos (Gut-B+0407%11.60)

1

L2079 cous (Cwedn-34N1+1.606)

Rate of change of Fy with respect to eccentricity (peunds/inch)

+354 .4 cos {(-D-P-X1)+422.35 cos (-B-P+X2)

-174.25 cos (-B-8) - 32.45 cos (-B-X1)

-40.4 cos (~B4X2) -2817.0 cos (-B)
+34.45 cos (-D+9-X1) -13.75 cos (-B+§H)
+34.45 cos (B-P+X1) -27.5 cos (B-§)

-764.5 cos (B-X1) -848.5 cos (B-X2)

=95.45 cos {(B-X3) -788.5 cos (B4X1)

-823.0 cos (B+X2) - 95.45 cos (B4X3)

-16,374.5 cos (B) + 422.35 cos (B+8-X2)
+389.85 cos (B+MX1) + 286.0 cos (B+P)

-41.6 cos (2wt-B-$-X1-0.2886) - 34.9 cos (2wt-B-P-X2-0.2886)
-26.4 cos (2wt-B-Pi¥1-0.2886) - 44.9 cos (2wt-B-f+12-0,2856)
-722 cos (2wt-B-£-0.2886) - 110.45 cos (2ut-B-X1-0.2856)
<113.2 cos (2wt-B-X2-0.288%) - 14,2 cos (2wt-B-X3-0.2886)
-104.9 cos (2wt-B4X1-0.2886) - 119.15 cos (2wt-31X2-0.2836)
«14.2 cos (2wi-B4X3-0.2836) - 1,744.5 cos (2wt-3-0,2386)
+17.2 cos (Qut-B1+9-X1-0.2835) ~ 2.95 cos (2ui-B+44312-0,2885)
-6.75 cos (2ut-8+5-0.2885) - 56.6 cos (2wt+B+9-X2-0.2886)
-32.5 cos (2ut1B-4X1-0.2556) - 8.85 cos (2ut4B-H-0.2836)
-5.95 cos (2wt+B-X2-0.2836) - 5.55 cos (2wt4B+X1-0.2886)
-796.0 cos (2ut+B-0.2886) +6.0 cos (2wt4B+3-X2-0.23%6)
+5.6 cos (2vt+Br0+X1-0.2886)- 89.75 cos {2wt+B+0-0.2836)
-109 cos (4wt-B-pP-X144£.05) - 117.5 cos (&wt-B-p4X2+4.05)
=363.5 cos (4wt-D-P+4.05) - 5.0 cos (4wt-B-2p-X144.05)

=5.5 cos (&vt-B-2{i4X2+4.05) - 399 cos (4wt-B-2p44.03)

-16 cos (4wt-B-X144.05) - 20.5 cos (4ut-B-X2-+4,05)

-175 cos (4wt~B4+4,05) - 172.5 cos (&wt=D+P-X144.05)

~206 cos (4ut-B+P+X2-+4.05) - 28.5 cos (4wt-B++4.05)

-123 cos (4wt+4+B-D-X144.05) - 317.5 cos (4wt4+B-P-X2+4.05)
-275.5 cos (4wt+B-P4X1+4.05) - 133 cos (4wt4B3-04X244.05)
-2646.5 cos (4ut4B-P+4.05) +3.0 cos (LwtB4X144.03)

=25 cos (4wt+B+4.05) - 124.5 cos (4witB43-X134,05)

-254.5 cos (4ut+B4P-¥244.05) - 226 cos (dwt+B+1X14+4.05)
-134.5 cos (&4wt+B4P4X2+4+4,05) - 3,000.5 cos (L4wt+B+5+4.05)
-32.85 cos (6wt-B-P-X1+1.66) -~ 35,05 cos (6ut-B-P4X2+44.05)
-46.,4 cos (6Gwt-B-P+1.66) - 9.7 cos (6wt-B-2P-X1+1.66)

-9,85 cos (6wt-B-2;4X2+1.66)

+138.6 cos (Gwt-3+1.66)
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C. Rate of change of F

de
dB

-278.6 cos (6wt-B4+P-X1+1.66) - 118.5 cos (6wt-B+p-X2+1.66)
-109.7 cos (6wt-B+P+X¥1+1.66) - 300.8 cos (6wt-B+P+X2+1.66)
-2681.5 cos (6wt-B+p+1.66)

-112.4 cos (6wt+B-P-X241.66) - 103.95 cos (6wt+B-P+X1+1.66)
441,15 cos (6wt+B-P+1.66) :

+150.55 cos (6wt4+B+1.,66)

-214.95 cos (6wt4+B+P-X2+1.66) - 199.65 cos (6wt+B+A4X1+1.66)
«172.7 cos (6wt+B4+0+1.66) - 11.45 cos (6wt+B+2§-X2+1,66)
-10.65 cos (6wt+B+204X1+1.66) - 83.7 cos (6wt+B+2f+1.66)

y with respect to eccentricity angle ( pounds/radian).

+.7088 sin (-B-P-X1) +.8447 sin (-B-fHX2)
-.3485 sin (-B-P ) - .0649 sin (-B-X1)
-.0808 sin (-B4+X2) - 5.634 sin (-B)
+.0689 sin (~B+#-X1)-.0275 sin (-B+p)
+1.529 sin (B-X1) +.055 sin (B-9)
-,0689 sin (B-f+X1) +1.697 sin (B-X2)
+.1909 sin (B-X3) +1.577 sin (B4X1)
+1.646 sin (B4X2) +.1909 sin (B+X3)
+32.749 sin (B) - .8447 sin (B+D-X2)
=.7797 sin (B+$+4X1) -.572 sin (B+D)
-.0832 sin (2wt-B-p-X1-0.2886) - .0698 sin (2wt-B-P-X2-0.2886)
-.0528 sin (2wt-B-P+X1-0,2886) - .0898 sin (2wt-B-P+X2-0,2886)
-1.444 sin (2wt-B-P-0.2886) - .2209 sin (2wt-B-X1-0.2886)
-.2264 sin (2wt-B-X2-0.2886) - .0204 sin (2wt-B-X3-0.2886)
-.2098 sin (2wt~-B-X1-0.2886) - ,2383 sin (2wt-B4X2-0.2886)
- .0284 sin (2wt-B+X3-0.2886) - 3.489 sin (2wt-B-0.2886)
+.0344 sin (2wt-B4H-X1-0.2886) - .0059 sin (2wt-B+P+X2-0.2886)
-.0135 sin (2wt-B-+$-0.2886) +.1132 sin ;(2wt+B-P-X2-0.2886)
+.065 sin (2wt+B-P+X1-0.2886) +.0177 sin (2wt+B-P-0.2886)
+.0119 sin (2wt+B-X2-0.2886) +.0111 sin (2wt+B+X1-0.2886)
+1.592 sin (2wt+B-0.2886) -.012 sin (2wt+B+P-X2-0.2886)
-.0112 sin (2wt+B+£+X1-0.2886) +.1795 sin (2wt+B-+H-0.2886)
-.218 sin (4wt-B-P-X1+4,05) - ,235 sin (4wt-B-P+X2+4.05)
-.727 sin (4wt-B-P+4.05) ~ .0l sin (4wt-B-2p-X1+4.05)
-.011 3in (4wt-B-2P+X2+4.05) - .798 sin (4wt-B-2644.05)
-.032 sin (4wt-B-X1+4.05) - ,041 sin (4wt-B+X244.05)
-.350 sin (4wt-B+4.05) - .345 sin (4wt-B+P-X1+4.05)
-.412 sin (4wt-B+P+X244.05) - .057 sin (4wt-B+P+4.05)
+.246 sin (4wt+B-P-X14+4.05) + .635 sin (4wt+B-P-X244,05)
+.551 sin (4wt4B-P+X1+4.05) + .2€6 sin (4wt+B-P4X2+4.05)
+5.293 sin (4wt+B-P+4,05) - .006 sin (4wt+B+X1+4.05)
+.050 sin (4wt+B+4.05) + .249 sin (4wtiB4H-X144.05)
+.509 sin (4wt4B+P-X244.05) +.472 sin (4wt+B+H4X1+4.05)
+.269 sin (4wt+B+P-X244.05) +6.001 sin (&wt+B+4+P+4.05)
~.0657 sin (6wt-B-P-X1+1.66) - ,0701 sin (6wt-B-P4X2+1.66)
-.0928 sin (6wt-B-P+1.66) -.0194 sin (6wt-B-2p-X1+1.66)
-.0197 sin (6wt-B-2p+X2+1.66)
+.2772 sin (6wt-B+1.66)
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-.5572 sin (6wt-B+0-X14+1.66) - ,237 sin ($.ut-B47-¥241.66)
-.219%4 sin (6wt-B4+04X141.66) - ,6016 sin (Gut-B401X241.66)
-5.363 sin (Gut-B-£11.66)

+.2248 sin (6wttB-f-X2+41.66) +.2079 sin (Gut+d-pi¥1+l.66)
+.8823 sin (6wi+B-/111.66)

~.3011 sin (Owt+D+1.66)

+.4299 sin (Owt+B+H-X241.66) +.3993 sin (6wt+D+44X141.66)
+.3454 sin (6wt+B+P+1.66) +.0229 sin (6wt+B+20-X2+1.606)
+.0213 gin (6wt+B+2M4X1+1.66) +.1674 sin (GwtiB+2§+1.66)

Force in the X direction (pounds)

Fy = repeat all of A. (force in Y direction ) except replace each
cosine (cos) by sine (sin).

Rate of change of Fy with respect to eccentricity (pounds/inch).

dFy

T e[ = repeat all of B. (dFy /d ) except replace all cosines by sines.

Rate of change of Fx with respect to eccentricity angle (pound/radian).

dF . .

—%—= PRepeat all of C. (4dF /dB) except replace all sines by cosines

dB and change the sign of each term. ie, if there is a "4" in C
replace it by '-' and visa versa,

Definition of terms in above expression

t = time (seconds)

w = mechanical angular velosity (1256 radians/scc)

B = mechanical angle between y axis and direction of eccentricity (radians)

d = eccentricity (inches)

P = - pover angle (radians)

Power angle = electrical angle between load current and direct axis

magnetizing current (use -,,018 radians),

Xl = A~ B phase relation use (2.30 radians)

X2 = B~-C phase relation use (4.33 radians)

X3 =

A=>C phase relation use (6.64 radians)
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SECTION IX
Derivation of Analytical Expressions

Derivations for Permeance and MMF

As previously mentioned (Eg. #1) the magnetic force is given by:
1
F = Kﬁsz where K = 35 for B in kilolines per square inch.

Since B =P X MMF (See Eq. #3) the derivations are given for representations

of p and MMF. Each of these is derived as an infinite series and then truncated
at appropriate harmonics. In both cases, the reference of the series is fixed
in the stator at a point referred to the minimum air gap by angle B. Mechani-
cal angles, wt, are used throughout while electrical displacement, ¥, is the

generator torque angle in mechanical radians,

Fundamental permeance is defined as A/L) whereM is the medium permeability,
A is the area, and is gap or path length., If A is considered to be one
square inch, and is divided out as a constant multiplier, the unitized
permeance becomés (1/L ) or the reciprocal of the air gap length. The per-
meance series can then be described as mechanical gap.

The rotor, air gap, stator and eccentricity combine to present a non-

uniform air gap due to slotting and eccentricity. The rotor moving past the
stator presents a modulated permeance which is again modulated by eccentricity
if eccentricity is present, A truncated Fourier cosine series written for
rotor and amortisseur, stator, and air gap eccentricity, has been used to re-
present the physical picture in the machine. These three permeances multiplied
together represent the modulated permeance of ths machine as functions of

time, mechanical eccentricity angle and their magnitudes.

The rotor can be represented as ir the sketch below:

________ T __i____4____£\___——S_TATORI.D.
P(8) } gi
L B - -~ o<
81 2

LT -

82 [<——PERIOD ——]

297

= Pl radians Eq. #22

2 <

Point A = 2w
2
The saliency angle between poles is:

Angle = 27T (1 -ol) radians Eq. #23
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And therefore Point B and Point C become:

Point B = ¢/(2-oC) Eq. #24°
Point C = 24/D/P Eq. #25

The rotor permeance can be represented by a Fourier Series of the following
form: '
o

f(x) = a5 + E an cos nx Eq. #26

n=1
where the coefficients are given by:

L
a,g =1 f (x)dx Eq. #27
L
7 L
ap = 2 f(x) cos (nx) dx Eq. #28

0
By letting L = 247 and f(x) = P (8), Eq. #28 can be expanded to:

ol (2-00)
a, =1 /gl cos (n@) de~+ 1] 1 cos (n6) de
v o v/ 8
o T > .
+1[1 cos (n®) dO Eq. #30
T/ 8,
7 (2-o<)
Performing the integration yields:
ap=f1 _ 1) 2 Sin n qreC
g8, g,/ nm

Using a, to write the main rotor permeance in the form of Eq. #10 gives:

P, = a, cos (nQ (® - wt)) Eq. #31

where an angle (wt) is included in the argument of this expression 1f the
rotor is viewed as starting at some point where the direct axis and re-
ference center don't coincide.

Applying the above coefficient formulas to the Brayton Cycle Altermator
where gl = ,04" and 32 = 1.0:

Py = 8.90 Eq. #32
P, = 12.82 Eq.#33
P, = 5.82 Eq.#34
P, = 0.750 . Eq.#35
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Py -3.42 Eq. #36

Ps -2.035 Eq. #37

Amortisseur and Stator Slots

Amortisseur and stator slotting could be handled like the rotor saliency, but
this would lead to higher permeance modulation than is actually seen by the
machine. The amortisseur slot sketch below explains this to a degree.

£ — STATOR ID

e Lo

/v//AMORTISSEUR SLOT

Very little flux actually links the bottom of the slot so a strictly mechanical
representation of the permeance would be misleading, Dr. Freeman in his IEE
Paper #523U, June 1962, "The Calculation of Harmonics, Due to Slotting, in the
Flux-Density Waveform of a Dynamo-Electric Machine" solves a mar e exact case,

#~— STATOR

T o

He transforms fhe above sketch to a form as shown below:
vl e el
lwﬂ‘ FIEL
e
it et
.‘l

with a similar representation for the stator slots.

|

This can be represented by a cosine series of the general form taken by the
rotor saliency and some average permeance, so that for the amortisseur:

P amort. = ¥ P, cos (n(Np® - Ny wt)) + 1 Eq. #38

where X'is taken from Freeman's graphs as functions of machine parameters, and
Np is the number of slots.,

Although there are only eighteen physical amortisseur slots in one end of the

Brayton Cycle machine, this is equivalent to fifty amortisseur slots, if they
are continued through the region of rotor slots.
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The only difference between the stator and amortisseur slotting is the

number of slots, time as a variable and slightly different coeffitients due

to a different slot opening. The stator slotting permeance can be represented
by the cosine series,

Pstator =1 + (X cos (Ng8)) Eq. #39
where Ng = 48 slots

Eccentricity

Eccentricity can be viewed as a permeance since it is a change in gap that,
in effect, modulates the machine permeance.

Consider the rotor as a cylinder within another cylinder (the stator) as
below:

MIN GAP ROTOR CENTER
STATOR CENTER
¥

4

]

The eccentricity permeance can be represented by an equation of the form:

Pe = Peo + Pgy cos (8 - B) + Pe2 cos 2(0 - B) + - - - Eq. #40
vhere: Peo = 1

Pe1 = §/8

Pep = (§/8)2

68




§

g

eccentricity (in.)

gap (in.)

For the Brayton Cycle Alternator gap of 0.04" and an eccentricity of 0.002",

Pel )) P.o and harmonics higher than the first can be neglected. Eccentricity
permeance is then:

Pe =1- gi cos (8 - B) ' Eq. #41

The rotor, amortisseur, stator, and eccentricity expressions can be combined

to form a complete expression for the machine permeance (except for end effects).
This expression doesn't account for fringing of the main rotor poles or sat-
uration both of which are corrected for in the computer deck.

The rotor pole permeance and amortisseur permeances are combined to represent
the total rotor permeance since the two represent one component which cannot

modulate itself, This is then modulated by both the eccentricity and stator

slotting. The complete expression is as written below:

Poap =(Pp + Pp) X Pg X Pp Eq. #42

These are all infinite series truncated to reasomable accuracy by limiting
the number of harmonics to the fifth, second, second, and fundamental
respectively representing nearly 997 of the total permeance.

MME
Since force is dependent on (Flux density)z, and Flux density is dependent on
MMF and Permeance, a complete description of MMF is required. (See Eq's #1, #3).

The MMF expression needed is one that describes the total ampere turns im-
pressed across the gap at a given condition as functions of time, mechanical
angle, electrical angle, and current. If the machine is operating with a
balanced three-phase load, the winding coil pitch is 2/3 pitch as in the
Brayton Cycle and there are an integral number of stator slots per pole, then
the MMF can be expressed as a cosine series containing only odd nontriplen
harmonics. The general term in this series is shown below:

M =%‘%'4_:£’ Kon Kan €05 (n Q (8 = wt + Tr=¥,.)) Eq. #43
where = harmonic number

I

V2xTx1I

turns per coil
amps/line/circuits
slots/phase belt
phase belts/pole

= power angle

I

A0 EHHE B
It
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and Kpn = pitch factor for the nth harmonic;

and Kgp = distribution factor for the nth harmonic

This expresses the time variant MMF. To complete the expression the field
excitation (ATac) for one end of the machine must be added to Eq. #43. The
complete expression gives a gap MMF as shown below at t = O.

DIRECT | .
AXIS 2@ 27

The above expression does not express the picture that is present if the
machine load is unbalanced. When the load is unbalanced, each phase will be
at different current values and the amortisseur circuit will have current
flowing due to backward rotating and standing MMF waves. The complete MMF
expression must then contain the forward, backward, and standing MMF waves
due to the unbalanced line currents, amortisseur currents and AT,.,

By solving the circuit below which contains the positive, negative, and zero
sequence impedances of the alternmator, forward, backward, and zero sequence
currents can be found:

iXq R,
LYY A\
I
al
RL + jXi, = Load impedance . Ry
L JXg,
Rg + JXg = Zero sequence
impedance
- Ry
R, + jX, = Negative X, Ro I
sequence a0 Xy
impedance j XL
RL 1
O A
i .9) Ry .
I, 3%y,
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The sequence current components reflect the amortisseur attenuation of the

backward and standing fields relative to the positive sequence field. These

currents (Ia, Iao, Ia2) can then be operated on by the vector operators, a
-’2 .

and a2, to form.correct expressions for the phase currents due to unbalanced

conditions,

The MMF3can then be expressed by the terms below:
MMF = 3/2 Fpay cos Cn (8 - wt + T~ )
+ 1/2 Fp,, cos e n (6 + wt +h - Ve)
+ 1/2 Fpay cos Cn (0 4wt +7 - We + 4 = 240
+ 1/2 Fpax ©€OS (’ n (84wt +7 - e +B - 480°) + ATgc Eq. 4k

This represents two sets of counter rotating current vectors including all
machine effects. This might be pictured as below:

In general:

4\ K
F =(—)_HL"£&. Eq. #45
max \g” poles (IN)
A and B represent the displacement from 120° time space vector current relation-

ship.

3 Concordia, '"Symchronous Machines"
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Saturation

The rotor permeance expression as derived is correct only if no saturation
occurs in the rotor, It also ignores the fact that fringing takes place near
the pole tips and further implies no stator saturation. If the flux density
and distribution in the gap is known, it can be Fourier analyzed and a more
correct rotor permeance expression realized, This technique is illustrated
in the following paragraphs.

An air gap MMF can be obtained using the previously derived MMF expression,
(Eq. #43). This MMF expression is then evaluated at increments around the

periphery of the air gap to describe the MMF on a point by point basis over
a pair of poles and 48 equally spaced points equal to 360 degrees.

To use this MMF to obtain flux an expression for reluctance is necessary. The
reluctances of the stator and rotor teeth and slots can be represented by the
electrical equivalent circuit shown below., The impedances of the irom portions
will be nonlinear due to saturation. The reluctances are determined on a
point~by-point basis.

- T (STATOR YOKE)
I
STATOR SLOT INTERLAMINAR
STATOR TOOTH Rgt Rgg Ris SPACE
EZ Iz
R
APPLIED 2
Ey MMF E4 AIR GAP AT GAP
ROTOR TOOTH INTERLAMINAR
Ret Rir SPACE
E3
ROTOR | YOKE

By assuming a flux density (current) between points A&B, a given ampere turn
drop (voltage) can be calculated for the circuit with the aid of steel
magnetization tables and physical dimensions of the slot, lamination, stacking
factor, and tooth length (stator and rotor). The drop across the stator tooth,
stator slot, air gap and rotor tooth can thus be found. The sum of these drops
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is the applied MMF, and the gap density is the result of the applied MMF at
the given point. This process of assuming a flux density and computing MMF
is repeated until a graph of MMF vs. B gap is obtained over a reasonable
range of densities. For the Brayton Cycle, B range8 from 0 to 150 KL/inch2
in 80 steps.

Figure 19 shows the MMF around the gap for a pair of poles and Figure 20 shows
gap density vs, applied MMF.

A picture of gap density around the pair of poles is now drawn by taking the
MMF at a point (Figure 19) and reading a resultant gap density (Figure 20).
This process is completed around the 360° electrical degrees for 48 points
and results in Figure 21,

Figure 20 is only used over the pole region. The slot portion of Figure 21
(points 9 to 39) is calculated by two methods and the higher resultant density

is used (pessimistic value in saliency) in the calculatioms.

Method #l assumes a flux path between pole tip and stator as the sketch
below shows:

STATOR

ROTOR

METHOD #1 FLUX PATH
METHOD #2

This method gives a gap that accounts well for fringing at the pole tips by
calculating gap length g as a quarter circle.

However it is unrealistic near the center region of the slot, Method #2 simply
assumes a constant gap (g2) as shown in the sketch and is used when the re-
sultant permeance is higher than that of Method #1.

The combination of the two saliency methods and the pole saturation method
gives the complete picture of the density shown in Figure 21,
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Note that Figure 21 goes from direct axis to direct axis so the left hand
region of the figure corresponds to the leading pole tip and the right hand
region to the trailing edge of the next pole tip. The trailing edge is at
a higher flux density and therefore is more saturated, which reflects as a
lower permeance level.

Figure 21 is Fourier analyzed to give the angle between the direct axis

and the flux fundamental, This angle is directly related to {, and there-
fore the power factor and the assumed *e. If the calculated angle does
not check with the angle based on the assumedﬁoe,’ke is changed and the
process repeated over again until an exactﬁpe is arrived at based on the
power factor and the assumed ATp..

Since the Fourier analysis gives the fundamental AC flux, bac’ the induced
voltage, Ej can also be claculated using the following equation (Faraday's
Law):

Ey = 4.44 £ Ty, Py X 107°

where: f = frequency (cps)
Tje = effective turns per phase

The above calculated E; is then compared with the E; determined from terminal
condition of the alternator using the following vector diagram.

(LEAKAGE REACTANCE DROP)

IR (RESISTANCE DROP)

If the two E;'s do not check, then the ATpe is adjusted and the calculation
cnx’be and Ej are repeated until the values are within 0.5% of each other.

Now that the value and shape of the gap flux is known, it follows that the
gap permeance is also known, and can be Fourier analyzed to determine the
average and first five harmonic terms.*%

Each of these harmonics can be compared with the unsaturated rotor expression,
and a correction factor determined to make the original rotor expression reflect
the saturation in the alternator rotor and stator. These correction factors are
determined in the computer program. They are necessary singg the original gap
flux expression is not in a form that can be used to obtain B terms computable
with the Force Calculation Program.

Figure 22 shows the relation between saturated and unsaturated permeance.
Note how the fringing is apparent in the saturated case.

* An assumed Y¥e must be used to begin the iteration process.
** The original permeance expression neglecting saturation utilized five harmonics.
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Figures 19 through 22 were taken directly from the computer output.
The program uses the iterative process described above and arrives
at saturation excitation and the alternator power angle.

The process used for calculating saturation, is sufficient for all
cases except where the generator is operating at 15 KVA balanced
load with a short applied from line to neutral on one phase.

The reason the saturation calculation is not sufficient is because
only average saturation at a given point around the machine is con-
sidered whereas the saturation is really time variant.

When the excitation is high and the load unbalanced, the backward
and standing MMF waves are interacting with the forward and ATg.
MMF's to form radically varying total MMF across the rotor, gap,
stator magnetic path at a given point in time and space. Saturation
as a function of rotor position does not show the heavy saturation
that takes place when AT3yc is not being opposed by the armature re-
actions combined waves.

This specific case of unbalanced loading was first analyzed in the

same manner as the other five cases then adjusted by placing limits
on the maximum force. The limits were determined from the maximum

flux density that the steel could support.

The following flow chart type of represantation illustrates how the
analytical force was arrived at for this case.

As with the other cases differential saturation was not considered.
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ORIGINAL CALCULATION

FOR CASE SIX

(Short 18, 5 KVA in each of two remaining phases)

Test Results

From Test Results, terminal currents, and voltages

Iy, Iz, 13,
V19 v, V3
leDC
Symmetrical Component
Analysis

Forward ,
I
1s Z_ﬁ}, V1 Rotating Components
Only

2o [95. v,
IO’ L?L)’ VO

|

Force Calculation

Saturation Program

ATpe, [01, I3, vy

K1, K2, K3, K4, K5, K6 for PO,
Pl, P2, P3, P4, P5, where Pr =
nth harmonic rotor permeance

and K = adjustment for saturation
in path from STATOR YOKE TO ROTOR
YOKE

Program <&

Force Equations (Too High).

Basically the force calculation was done as the other cases (1 to 5) except
that only the forward rotating quantities were used to calculate saturation,

Test data was used in a symetrical component analysis to determine correct

input data to the Saturation Program (DC3015-0-0).

Data from both the

Saturation Program and the symetrical component analysis is required to

calculate force.
component analysis mmf.
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MMF's SEEN BY ROTOR

1. Forward Rotating MMF (Positive Sequence)

Always moves with the rotor and has
the same displacement from peak to
MMF to a point on rotor.

/CO;STANT

2, D. C. Excitation is seen as a constant and has no reference angle since
it is of uniform magnitude around the gap.

3. Backward Rotating MMF (Negative Sequence)
Moves at rotor speed but in opposite
directiom looks like 2 wt to a rotor

) pole.
wt

4, Standing wave MMF (Zero Sequence)
MMF Stands still and pulsates in magnitude
while rotor moves past it.

% ZERO wt

Combining these MMF's results in Exhibit A on the following page. As the
sketch indicates, the much higher MMF peaks result in large time variant
saturation parameters.,
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An adjustment was made on the original force calculation for case six to

account for the high levels of time variant saturation.

ADJUSTMENT FOR CASE SIX

Terminal Conditions

From Test Including If This sets the ground rules for the maximum mmf

available in the alternator.

Graph of Gap Density

vs. Total Amp Turns This combined with the terminal condltlons above

* yvield the maximum gap density.

Calc, Max. Possible Force i.e., based on the miximum gap density a maxi—

* mum force was calculated.

Place Limits on Original
Force Equation consisting of maximum force calculated above.

+

Fourier Analysis of New

Limited Force so that the force limits are in terms like the calculated

+ harmonic and steady state force.

New Coefficient for each
harmonic in Force Expression

y

Computer program  --&— 0ld Harmonic Coefficients
to adjust each old coefficient original calculation
so that the total is within the

new boundry conditions

New Force equation of exactly the same
-Form as originally but with adjusted co-
efficients for each term,
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Derivation of Criterion for Integrating to a Force

In the analytical development section, it was pointed out that actual
integration of all the terms is unnecessary because many will go to zero.
A criterion was established and computerized to select only the terms that
would integrate to a force.

Equation 15 (below):

B _ 2 . 1 _1 -
P {[Po +Zl-1_h' s:.no(n’h’(g. Ea). cos (nQ (8 - wt))

+ Py cos n, (NA (e - wt))] X [PS cos ng NSG] X [(1 - BS-— cos (@ ~ B)] X

[M Kpn Kin Z cos (ng (8 - wt + -y/e)) + ATdc]} Eq. #15

can be viewed as:
); {[P + K; cos (DQ (8 - wt)) + Ky cos (N,(8 - wt))]
[K3 cos n Nsé] [Kl, cos (0 -B )] [KS cos nR (8 - wt +W-¢.) + Kﬁ]

where the K's represent the various permeance and MMF coefficients in
Eq. #15. This can be further reduced by performing the indicated multi-
plications. This gives the form

/33—=P°K3coanSO+PoK4 cos (=B )+, ...
+ K5K] cos (nQ (8 - wt)) cos (n @ (8 - wt +T - Pe)) +. . . .

which when further reduced by the identity in Eq. #50b and letting all the

K's and Py be a constant P and omitting terms containing no cosines results
in Eq. #46 where terms of the form ny Nx are represented by Nx.

Bx1x2x3x4x5 =P cos (+ NRR © + Ng@ + Np@ + N;@
/J.
+ Namf Q@ + Np Wt - Ny Wt
+ Nmmf @Wt 1T+ Je + B) Eq. #46

Each of these can be represented in a simpler fashion by combining all the
© coefficients to a and wt coefficients to b.

Bx1x2x3x4x5 =YCOS (a @ + bwt +7r-ye + B) Eq. #47



Since two terms are necessary to forule, let ¢ be like a and d like b then
Bxi1x2x3x4x5 —P c0s (@ 8 + b) or P cos (c € + d) Eq. #48
Then any f%fﬁf term can be represented by substituting the above in Eq. #l.
F = li/? cos (@@ + b) P cos (c @ +d) de Eq. #49
A

where K is a constant.

To give this force a sense of direction either cos © or sin @ must be in-
cluded in the integral and act as a multiplier for the other* cosine terms,

We can write the following expression for a force in the "y" direction,

FY = KP? (cos(a 8 + b) cos (c @ + d) cos 8) d @ Eq. #50
Looking just at

cos (2 ® +b) cos (¢ 8 + d) cos ©
And expanding by the identity

cosol cos B = 1/2 cos (o + B) + 1/2 cos (X =B) Eq. #50b
Indicates that

cos (2 ® +Db) cos (c ® + d) cos B =

1/2 cos ((a + 1) 8 + b) cos (c ® +d) + 1/2 cos ((a-1)8 + b) cos (c & + d)

which can be further expanded to:

1/4 cos ((a + 1 +¢c)@+Db +4d)
+ 1/4 cos ((a+1-c)e+b=-ad)

1/4 cos ((a

=+

1 4+¢)@®+Db+4d)

1/4 cos ((a

+

1L-¢c)8+b+4d) Eq. #51

T
It can be shown that j/cos ne =0
e

Therefore;a + 1 + ¢ = 0 Eq. #52
a+l=-c=0 Eq. #53
a=-14+4c¢=0 Eq. #54
a-1l=¢=0 Eq. #55

in Eq. #51 will integrate to a non zero value of force.

Since the Brayton Cycle machine has an even number of amortisseur slots,
stator slots, and poles, the only terms that can be combined and integrated
to a force are those where one B term contains eccentricity and one B term

contains only other coefficients. The eccentricity term contains an odd
* The force in Eq. #1 is radially outward, therefore;

Fy = Feog 8 and Fy = Fgin 0.
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® which will combine with the direction sine or cosine @ to form some
argument with a O for the © coefficient as in Eq's. 52, 53, 54, 55.

The following is an example of one (B)2 term integrated to a force. The
first term contains average or dc permeance and the fundamental of armature
reaction, The second term contains the fundamental rotor permeance,
eccentricity and the MMF fundamental,

B0000o1 X B1o011 = 1/8 K cos
+ CcOs
+ cos

+ cos

+ CcOSs

+ cos
L-
Where K = da Py ]»MZ
g

(26 - 2 Wt +W -, +6-B +W-Y,)

(20 ~ Z wt + W =Y = 0 +Tr +§,)

(280 - 2 wt +W -§-30 + 4 wt - B - +¥e)

(26 - 2 wt +TW - + 36 - 4 wt + Db +Tr-y/e) Eq. #5€
(26 - 2wt +Tr -y, -0 +B+T -y,

(260 - 2wt +TW =Y +0 = B -Tr+y,)

Eliminating the terms that-don't differ by unity gives.

Boooo1 X Bioo11 = K- (cos (@ - 2wt +B - 2¢,)

+2 cos (-0 + 2 wt - B)) Eq. #57

Integrating:

F(y) = =.932 cos (2 wt - B + 2%)
- 1.864 cos (-2 wt + B)

Eq. #58

This force has two permutations as follows:

Byo0001 X B1oo11

310001 X Booo11

is equivalent to

Thus only one integration is necessary to find four forces arising from two

sets of B Terms.

By predicting the terms that may be combined to exactly the same force the
total number of terms that must be integrated is cut in half, An elaborate
bookkeeping scheme in the computer program accomplishes this by generating
the flux density terms in a specific order,.

The net result of the several million possible terms in the force equation
is a few hundred terms of actual force. Those with like angular arguments

are combined by the computer.

The final computer output also contains ex-

pressions for the derivations of force with respect to eccentricity and

eccentricity angle B,
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EXPERTMENTAL DATA

SECTION X

"Table" of Contents - Where to Find the Polaroid Photos of
Oscilloscope Traces of Bearing Force for Various Test Conditions,
No load at 2.7 field amperes is given in photo V-49.

Page No. DE/

Page No. ODE

|
Fecen~ P. F. {No Load | 3.33 KVA {11.25 KVA |15 KVA 15 KVA 15 KVA
tricity No Field | Single 3 Phase 3 Phase 3 Phase, | 3 Phase,
(nominal) ' Phase then 1 then 3
Phase Phase
Shorted Shorted
° 1 88/112 | 89/113 99/114 === -=- -=-
"
.002 1.0 | 91/37c | 92/146 93 /137 --- - _—-
1
. .08 —— —— 94 95
002 lO /118 /119 96/120 97/121
ag
t
. 004 1.0 98/122 99/123 100/124 —-——— —— ——
11
. 004 i08 —— —_— 101/125 102/126 103/127 104/128
ag
1
. 008 1.0 105/129 106/130 107/131 —— _— ——
.006" * .08 - —— 108 109 110 111
lag /132 /133 /154 /135
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FORCES EXERTED ON THE BEARINGS OF THE ERAYTON CICLE ALTERNATOR

Zecentricity: Zero

Top of Alternator

Equivalent Load Condition: No loed, no field

Left Side
of

location; DE bearing Alternstor

RPM: 3000

Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revolution between timing marks

+X-> Poler Plot of Bearing Forces

X Forces vs. Time Y Forces vs. Time

+xt

de force
Pplus
100 cps
component

de force
Plus
200 cps
component

de force
plus
300 cps
component
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FORCES_EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTERNWATOR

Eecentriclty: Zere

Top of Altercetor

Equivalent Load Condition: 3.33 XVA .7 P.P. . §

Left Side
of

Location: DE bearing Alternetor

Force Secsle: 5 pounds per cepntimeter radial or vertical

Time Scele: One revolution tetvweer timing merks

+¥> Fnler Plet

U
2
i
il
a
03
2

X Forces ve. Time Y Forces ss. Time

de Torce
Plus

1G5 cps

component

dc force
plus
200 cps
component

dc force
plus
300 cps
component
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Zecentricity: Zero Top of Alternator

Zquivalent Load Condition: 11.25KVA 1.0P.F. 3 ¢

Lert Sige
of

Location: DE bearing Alternator

RPM: 3000
Force Scale: 5 pounds per centimeter radial or vertiecal

Time Scale: Oue revolution betweer timlng marks ?
+Y

+X» Polar Plot of Bearirg Foress

X Forces vs. Time . Y Forces vs. Tire

it ' +t

dc force

100 cps
cagponent

de force
plus
300 cps
component
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{ FIFRTED ON THR BEANINGS OF THE BRAYTON CYCLE ALTERNATOR

Top of Alternator

Zecentricity: .C02 in. toward bottom of generator

Equivalent Load Condition: Ko load, o field

left Side
of
Alternator

Locetion: DE bearing
RPM: 3000
5 pounds per centimeter radiel or vertical

Force Scale:

Time Scale: One revolution between timing marks T
+Y

+X-» Polar Piot of Bearing Forces

X Forces ve. Time Y Forces vs. Time

+XT +v?

dc force
plus
100 cps
component

de force
Pplus
200 cps
component

de force
Plus
300 cps
component
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Eccentricity: .002 in. tovard bottom of ganarator Top af Alteroator

EQuivelent Load Conditiop: 3,33 KVA 1.0 P.F. 1 §

Location: DE bearing
RPM: 3000
Force Scele: 5 pounds per centimeter radial or vertical

Pime Scale: One revolution detween timing parks

+X Polar Plot of Bearing Forces
X Yorces va. 'r& Y Forceg vs. Time




FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTERNATOR

HEN Y44 . 14
Eccentricity: in. toward bottom of generator Top of Alternstor

Equivalent Load Condition: 31..%5 KVA .0 P.F. 3 ¢

thez ¢ shorted Left Side
of
Location: 7 bearing Alternstor
RPM:

Foree Scale: S pounds per centimeter radial or vertical

Time Scale: Opne revolution between timing marks
+Yf

+X Poler Plot of Bearing Forces

X Forces vs. Tine Y Forces vs. Time

+xt +y?

dec force
plus
100 ops
component

dc force

compoenernt

de force
Plus
300 cps
component

93



PORCES EXERTED OMf THE BRARTNGS OF THE BRATYON CYCLE

Beesntricity: .002 in. tovard bottom of genarstor

Top of Alternator

Beuivelent Losd Condition: 11.25 KVA 0.8 P.P. 3 §

Laft 8ide
of
Location: DE bearing Alternator

RPM: 3000

Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revolution between timing marks

ot

+X-» Polar Plot of Bearing Forces

X Forces vs. Time Y Forces va. Time

+xt +1¢

de force
plus

compodent

de force
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Lecentricity: .002 in. towvard bottom of geperstor Top of Alternator

Equivalent Losd Condition: 15XVA 0.6 P.F. 3 §

Lett 8ide

Location: DE bearing
KPM: 3000
Yorce Scale: 5 pounds per centimeter radial or verticel

T{me Scale: One revolution between timing marks T
+Y

+X-» Polar Plot of Bearing Forces

X _Forces vs. Time Y Forces ve. Time

+x? 1t

dc force
plus
100 cps
component

dc force
plus
200 cps
component

dec force
plus
300 cps
component
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FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTERNATOR

Tecentricity: .002 in. tovward bottom of generator

Top of Alternator

Equivalent Load Condition: 15KVA 0.2 P.F. 3¢

then 1 ¢ shorted

Left Side
of
Location: OF bearing Alternator
RPM: 00
Force Scale: 5 pounés per centimeter radiel or vertical
Time Scaie: One »evolution between timing marks
+1t
+X-» Poler Piuvt .l Beering Forces
X Forces vs. Time Y Forces ve. Time

+x1 +YT

dc force
plus
135 cps
component

dec torce
plus
232G cps
component

dc force
Plus

3u5 cps

component
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FORCES EXERTED OF THE BEARINGS OF THE ERAYTON CYCLE ALTERNATOR

Teeantricity: .0O2 in. toward bottom of generator

Top of Alternator

Egquivalent Load Condition: 1S KVA 0.2 P.F. 29

then 3 ¢ shorted 1eft Side

of

Location: DE bearing Alternator

RPM: 3000
Force Scale: 5 pounds per centimeter resdial or vertical

Time Scmle: One revolution between timing wmarks 1
+¥

+X-» Polar Plot of Bearing Forces

X Forces vs. Time Y Forces ve. Time

+xt +1?

de force
Plus
100 cps
component

de force
pluse
200 cps
component
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FORCES EXERTED ON THE BEARINGS OF THE BRAYTOK CYGLE ALTERNATOR

Eccentricity: .™- in. toward bottom of generator

Top of Alternator

Equivelent Loed Cordition: gL et,

Left Side
of

besriag Alternator
RPM:
Foree Scale 91 rentimeter redlal or vertical
Time Scele: On~ rewclit. .z beiwee:. Timing marks

-yt
+X»
X Forces ve. Time
+x! +vt

de rerce
rlus

100 cps

component

de force
Plus

200 cpe

compenent

de force
plus

30C cps

component
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FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTERNATOR

Zecentricity: .00 in. toward bottom of generator

Top of Alternmator

Rquivalent Loed Condition: 2,23 KVA :.0 P.F, i

Left Side
of

Location: DE bearing Alternator

RPM: 000
Force Scele: § pounds per centimeter radiel or vertical

Time Scale: One revolution between timing marks .
+v}

+X» Polar Plot of Bearlang Forces

X Forees ve. Time Y Forces va. Time

+x? +¥t

dc torce
rlus
100 cpe
component

dc force
Plus
200 cps
component

de force
Plus
300 cps
cogponent,
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FORCES EXFRTED ON THE EEARINGS OF THE BRAYTOR CYCLE ALTERNATCR

Becentricity: .00F in. tovard bottom of generator

Top of Alternator

Equivalent Load Condition: 11.25 KVA 1.0 P.¥. 3¢

left Side
of
Locatian: DE bearing Aternator
RPM: 3000
Force Bcale: 5 pounds per centimeter radial or vertical
Time Scale: One revolution between timing marks
+YT
+X» Poler Flot of Bearing Forces
X Forces va. Time Y Forces vs. Time
+1!
dc force
Plus
100 cps
component
Ac force
plus
200 cps
componernt
i
t de force
i’ plus
e 300 cps
component
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FORCES EXERTED ON THE EEARINGS OF THE BRAYTON CYCLE ALTERNATOR

Zecentrieity: .00 in. towerd bottom of generator

Top of Alternator

Equivalent Load Condition: 11.25 KVA 0.8 P.F. 3 §

Left Side
of
lLocation: DE bearing Alternator
HPM: 3000
Force Scale: S pounds per centimeter redial or vertiesl
Time Scale: One revolution between timing markse
+Y?
+X-» Polar Plot of Bearing Forcee
X Forces ve. Time Y Forces ve. Time
EEREEEE - .
AN i
4 plus
rHid S unnl LA 100 cps
- component

-i-‘!---- e
plus

et ee¥l e 200 cpa
NN component

de force
plus
300 cps
coaponent

101



FORCES EXFRTED ON TR MEARTEGS OF YHE BRAYTOR CYCLE ALTERNATOR

Secentricity: .004 in. toward bottom of generator

Top of Alternator

Equivalent Losd Condition: 15 XVA 0.8 P.¥. 3 ¢

Location: DE bearing
RPM: 3000
Force Scale: 5 pounds per centimeter rediel or vertical

Time Scale: One revolution between timing marks

+X> Poler Plot of Bearing Forces
X Forces va. Time Y Forcesa vs. Time

+xt +¥t

de foree
plus
100 cpe
component,

dc force

de force
Plus
300 cps
component
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PORCES EXERTED ON THE BEARINGS OF THE ERAYTON CYCLE ALTFRNATOR

. .
Zecentricity: .00 in. toward bottom of generator Top of Alterostor
Tquivalent Load Condition: 15 XVA 0.8 P.F. 3¢
then 1 ¢ shorted Left Bide
of
Alternator

Tocetion: DE bearing

RPM: 3450

Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revolution between timing marks

<Yt
+X-» Polar Plot of Bearing Forces
X Forces vs. Time Y Forces va. Time
+xt +?

dc force
Plus
115 cps

component.

de force
plus
230 cps
component

dc force
Plus
345 cpe
componant
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FORCES EXERTED THE BRAYTON CYCLE ALTERNATOR

Reeentrietity:  .004in. tovard bottos of generstor Top of Alternator

Zquivalent Losd Condition: 15 KVA 0.8 P.P. 3¢

then 3 § shorted Legt Bide
of
Location: DE bearing Alterpator
RPM: 3000

Force Beale: 5 pounds per centimeter radiasl or verticsl

Tipe Scale: Ope revolution between timing Werks '
+Y

+X» Poler Piot of Bearing Forces

X Forces va. Time Y Forces ve. Time

ot +1

de force
plus
100 cps
component
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FORCES EXERTED ON THE BEARINGS OF THE BHRAYTON CYCLE ALTERRATOR

Eccentricity: .002 in. toward bottom of generator

Equivalent Load Condition: o lond, ao 1d

Left Side
of

Location: D7 tearing Alternator

APM: 4000
Force Scele: 5 pouande per centimeter radial cor vertical

Time Scale: One revolution betweer timing marks
+YT

+X-»

+x! +vt

de ferece
Eiie
100 ope
component

de force
plus
200 cps
component

dc foree
Plus
300 cps
component
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Top of Alternator

Polar Pist of Bearing Forces

Y Forces vs. Time




FORCES EXFRTED OF THE BEARTIGE OF THE BRAYTCOW CYCLE ALTERNATOR

Fecentricity: .00¢ in. toward bottom of geperator

Equivelent Load Condition: 3,33 KVA 1.0 P.F. 14

location: DE bearing

RPM: 3000

Left Side
of
Alternator

Force Scale: 5.pounds per centimeter radial or vertical

Tipe Scale: One revclution between timing marks

X Forces vs. Time

+XT

+?

de force
Plus
1GO cps
component

dc force
plus
200 cps
component

de force
Plus
300 cps
component
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Top of Alternator

+X-»

Pclar Plot of Beering Forces

Y Forces vs. Time




PORCES EXERTED ONF THE BEAATNGS OF THE BRAYTON CYCLE ALTERNATOR

Zccentricity: .CO6 in. toward bottom of generator

Top of Alternator

Equivelent Ioad Candition: 11.25 KVA 1.0 P.F. 3§

left Side
of

Lacation: DE bearing Al ternator

RPM: 3000
Force Scale: 5 pounds per centimeter radisl or vertical

Time Scale: Qne revolution betveen timing marks T
+Y

+X-» Polar Piot of Bearing Forces

X Porces va. Time Y Forces vs. Time

+xt +rt

dc force
Plus
100 cps
component:

dc force

de force
Plus
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FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTERNATOR

Eccentricity: .006 in. toward bottom of generator

Top of Alternator

Equivalent Loed Condition: 11,25 KVA 0.8 P.F. 3¢

Left Side
of
Location: DE bearing Alternator
RPM: 3000
Force Scale: 5 pounds per centimeter radial or vertical
Time Scale: One revolution between timing marks
+Yf
+X-» Polar Plot of Bearing Porces
X Forces vs. Time Y Forces ve. Time
+xt +¥?
de force
Pplus
100 cps
component
de force
plus
200 cps
component
de force
plus
300 cps
component
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FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTEHNATOR

feceatricity: 005 in. toward bottom of generator

EqQuivalent Load Condition: 15 KVA 0.8 P.F. 30

Locetion: = bearing

RPM: 3000

Force Beale: 5 pounds per centimeter radisl or vertieal

Time Scale: One revolution between timing marks

X Forces vs. Time

1 H
|
(-

sesediijad

Left Side
of
Alternator

+xt +rt

dc force
plus
100 cps
component

dc force
plus
200 cps
component

dc force
Plus
300 cps
component
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Top of Alternator

Polar Plot of Beering Forces

Y Forces vs. Time




FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTFRNATOR

Zccentricity: .00%5 in. toward bottom of generator

Top of Alternator

Iguivalent Load Condition: 15 XVA 0.8 P.F. 3¢

then 1 ¢ shorted Left Side

of

Location; DE bearing Alternator

RPM: 3450
Force Scale: 5 pounds per centimeter radial or verticel

Time Scale: One revolutior between timing marks ?
+Y

+X» Pclar Piot of Bearing Forces

X Forces v6. Time Y Forces vs. Time

+xt +Yt

de force
plus
115 cps
cogponent

dc force
Plus
230 cpe
component

dc force
Plus
345 cps

coaponent
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FORCTS EXENTED ON THE BEARTNGS OF THE BRAYTON CYCLE ALTERNATOR
Top of Altermator

.006 in. toward bottom of generator
15 XVA 0.8 P.F. 3 ¢

Becentricity:
Bquivalent Losd Candition:
then 3 § shorted Left Side
of
Location: DE bearing Alternator
RPM: 3000
Porce Scale: 5 pounds per centimeter radisl or vertical
Time Scale: One revolution between timing marks
X Forces va. Time
ot

+¥?
Peclar Plot of Bearing Forces

+X>
Y Forces vs. Time

+¥1

dc force
plus
100 cps
component

de force
Plus
200 cps
component.

de force
Plus

compovent

111



FORCES EXERTED ON THE BEARINGS OF THE ERAYTON CYICLE ALTERNATOR

Eecentricity: Top of Alternator
Equivalent Loed Condition: Wo load, no
Lert Side )
of -
Location: ODE bearing Alternator 1
3.
RPM: 07 hd
Fcrce Scale: 5 pounds per centimeter radial or vertieal
Time Scale: One revolutior betweer timing merks
+rt
+X-»

Poler Plot of Bearing Forces

X Forces vs. Time Y Forces ve. Time

+XT

de force
Plus
100 cps
component

de force
plus
200 cps
component

de force
plus
300 cps
component
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FORCES EXFRTED OK THE BEARTNOS OF THE HRAYTOW CYCLE ALTERNATOR

Eccentricity: Zero

Top of Alternator

Equivalent Load Condition: 3.33 KVA 1.0 P.F. 1¢

Left Side
of
Location: ODE bearing Alternator
RPM: 3000
Force Scmle: 5 pounds per centimeter radial or verticel
Time Scale: One revolution between timing marke
+rt
+X-» Polar Plot of Bearing Forces
X Forces ve. Time Y Forces vs. Time
+xt +1t
de force
Plus
100 eps
camponent
dc force
Plus
200 cps
component,
!
! dc force
} Plus
[ 300 cps
SUVSTUSUYT PO DUUO SOTOURIITR cmponnt
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FORCES EXERTED ON THP BEARTNGS OF THE BRAYTON CYCLE ALTERNATOR

Eeeentricity: 2Zero

Top of Alternator

Equivelent Load Conditlon: 11.25 KVA 1.0 P.¥. 3¢

Left Side
of

Location: ODE bearing Alternator

RPM: 000
Force Scale: 5 pounds per centimeter radiel or vertical

Time Scale: Ope revolution between timing marks f
+Y

+X-» Polar Plct cf Bearing Forces

X Forces ve. Time Y Forces vs. Time

+xt +vt

dc force
plus
100 cpe
camponent

HEEEENERN
HERNEE
i L b
Plus
200 cps ERETERRRS ELAES RARLE BALES
component

de force
Plus
300 cps
component
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PORCES EXFRTED ON THE BEARINGS OF THE BRAYTOR CYCLE ALTERNATOR

Eecentricity: -002 in. toward bottom of generator

Top of Alternator

XIguivalent Load Condition: H» lced, no rleld

Left Side
ofr

Location: ODE bearing Alternator

RPM: 3000

Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: OQne revolution between timing merks

+X-» Polar Plot of Bearing Forces

X Forces vs. Time Y Forces ve. Time

+x?t vt

de force
Pplus
100 cps
component

dc force
plus
200 cps
component

de force
plus
300 cps
component
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FORCES EXSRTED ON THE MEARTNGS OF THE SRAYTON CYCLE ALTERNATOR

Top of Alternator

Eccentricity: .022 in. toward bottom of generator

Equivalent Losd Conditiom: 3.33 KVA 1.0 P.F. 1¢

Lefrt Side
of
Alternator

Location: ODE bearing

RPM: 300C
Force Scale: 5 pounds per centimeter radiel or vertical

Time Scale: One revolution between timing marks f
+¥

+X- Pclar Plot of Bearing Forces

X Forces vs. Time Y Forces vs. Time

<t +t

de force
plus
100 cps
component

de force
plus
200 cps
component

de force
Plus
- 300 cpe
component
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FORCES EXERTED ON THE BRARINGS OF THE BRAYTON CYCLE ALTERNATOR

. SO0
Tecentricity: ..G2 in. towerd bottom of generator Top of Alternator

Equivalent Load Condition: 25 KVA 1.¢c P.F. 19

Left Side
of

Location: DR bearing Alternator

RPM: 30232
Force Scale: 5 pounds per centimeter radisl or vertical

Time Scale: One revolution betweer timing marks

+X-» Polar Plot of Bearing Forces

X Forces vs. Time Y Forces ve. Time

de force
plus
100 cps
component

de force
plus
200 cpa
component

de force
plus
300 cps
component
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FORCES EXERTED ON THE BEARINGE OF THE XRAYTON CYCLE ALTERNATOR

Zecentricity: .002 in. toward bottom of generator Top of Alternator

Equivalent Losd Condition: 11.25 KVA 0.8 P.F. 3 ¢

Left Side
of

Location: ODE bearing Alternator

RPM: 3040

Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revoluticn between timing marks

+YT
+X-» Polar Plot of Bearisng Forces

Y Forces vs. Time

X Porces vs. Time

+xt +¥t
de force

100 cps
cogponent

de force
plus
200 cpe
component

dc force
Plus
300 cps
component
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FORCES EXERTED OK THE REEARINGS OF THE BRAYTON CYCLE ALTERNATOR

Fecentricity: .002 in. toward bottom of geoerator Top of Alternstor
Eauivalent Load Condition: 15 KVA 0.6 P.F. 3 §
Left Side
of
Iocation: ODE bearing Alternator
RPM: 3000
Force Scale: 5 pounds per centimeter radial or vertlcal
Time Scale: One revoluticn between timing marks X
+YT
+X-» Polar Plot of Bearing Forces
X Forces vs. Time Y Forces vs. Tirce
+x1 +Y?
de force
Plus
100 cps
component
de force
plus
200 cps
component
de force
plus
300 cps
component
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FORCES EXFRTED ON THE BEARTEGS OF THE BRAYTON CYCLE ALTERNATOR

Zeeentricity: 002 in. toward bottom of generator

Top of Alternator

Equivalent Load Condition: 15 KVA 0.8 P.7. 3¢

then 1 § shorted

Left Side
of
location: ODE bearing Alternator
RPM: 350
Force Bcale: 5 pounds per centimeter radial or vertical
Time Scale: One revoluticn dbetweer timing marks
+YT
+X» Polar Plet cr Bearing Forcesg
X Forces ve. Time Y Forces vs. Time
+xt +t
dc force
plus
115 cps
component
dc force
plus
5C cps
component
dc force
plus
345 cps
component
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FORCES EXFRTED O THE BEARINGS OF THE BRAYTON CYCLE ALTERNATCR

Eccentricity: ,co2 in. tovard bottom of generator

Top of Alternator

EqQuivalent Load Condition: 15 KVA 0.2 P.F. 2 ¢

then 3 ¢ shorted

Left Side
of

Location: ODF bearing Alternator

RPM: 3000

Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revclution between timing marks

+YT
+X-» Poler Plot of Bearing Forces
X Forces vs. Time Y Forces vs. Time

+x‘|‘ +¥t

dec force
plus
100 cps
component

de force
plus
200 cpe
component

de force
plus
300 cps
compaonent
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Zecentricity: -004 in. toward bottom of generstor

Top of Alternator

Bguivelent Load Copdition: No load, no field

Left Side
of
Location: ODE bearing Alternator
RPM: 3000
Force Scale: 5 pounds per centimeter radial or vertical
Time Scale: Oume revolution between timing marks T
+Y
+X-» Polar Plot of Bearing Forces
X Yorces vs. Time Y Forces vs. Time
+xt +rt
de force
Plus
100 cps
component
de force
plus
200 cps
component
de force
Plus
300 cps
compovent
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==

Recentricity:

FORCES EXERTED ON TWE BRARINGS OF THE BRAYTON CYCLE ALTERNATOR

.004 in. toward bottom of generstor

Equivslent Load Condition: 3.33KVA 1.0P.7. 1 §

locstion: ODE bearing

RPM: 3000

Force Ecale:

Time Scale:

S pounds per centimeter radial or vertical

One revolution between timing csrks

X Yorces ve. Time

ot

Left 81ide
of
Alternator

+r}

+X-»

dc force
plus
100 cps
component

de force

plus

component

de force

123

+Yf

Top of Alternator

Polar Plot of Bearing Forces

Y Porces vs. Time




FORCES EXERTED ON THE BRARTNGS OF THE BRAYTON CYCLY ALTERNATOR

Zecentricity: .00: in. tovward bottom of generator

Top of Alternator

Equivelent load Condition: 11.25KVA 1.0 P.F. 3§

Left Side
of

Location: ODE bearing Alternator

HPM: 3000
Force Scale: 5 pounds per centimeter radial or vertical

Time Scele: One revolution between timing marks ,
+

+X Pclar Plot of Beering Forces

X Forces vs. Time Y Forces va. Time

+xt +¥t

dc force

100 cps
component.

de force
Plus
200 cps
component

de force
Plus
300 cps
companent
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FORCES EXERTED ON THE BEARINGS OF THE HRAYTOW CYCLE ALTERNATOR

Fecentricity: .00L in. towvard bottom of generstor

Top of Alternator

Equivelent Losd Condition: 131.25 KVA 0.5 P.F. 3 $

Left Side
of

Location: ODE beering Altermator
HPM: 3000
Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revolution between timing marks ?
+

+X» Poler Plot of Bearing Forces

X Forces vs. Time Y Forces vs. Time

<t +1t

de force
plus

100 cps

component

de force
plus
200 cps
component

dc force
Plus
300 cps
component
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FORCES EXERTED ON THE BEARINGS OF THE BRAYTON CYCLE ALTERNATOR

Zecentricity: .00L in. toward bottom of generator Top of Alteimator

Equivalent Load Condition: 15 KVA 0.8 P.F. 3¢

Left Bide
of
Location: QDE bearing Alternator
RPM: 2000
Force Scale: 5 pounds per certimeter radiel or vertical
Time Scale: One revolution between tiwing marke
+¥}
+X-» Poler Plet of Besring Torces
X Forces ve. Time Y Ferces vs. Tire
+xt +¥t
dc force
olus
100 cps
component

de force
plus
300 cps
component
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FORCES EXERTED OF THE BEEARINGS OF THE ERAYTON CYCLE ALTERNATOR

Tecentricity: .004 in. toward bottom of geverator Top of Alternator
Equivalent Load Condition: 15 KVA 0,3 P.F. 26
then ; ¢ shorted Lert Side
of
Alternator

location: JDE bearing

RPM: 3450

Force Scale: 5 pounds per centimeter redial or vertical

Time Scale: One revolution betvween timing marke

+Y?
+X»> Folsr Plet of Bearing Forces
X Forces vs. Time Y Forces ve. Time
; +x! +rt
1
i de Torce
M plus
115 cps
component,

dc force
plus
2. Cp8
component

de force
Plus
3%5 cpa
component
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FORCES EXERTED OR THE EFARINGS QF TEE BRAYTON CYCLE ALTERNATOR

Eccentricity: .0G: in. toward bottom of generator Top of Alternator
Equivelent Load Condition: i5 KVA 0.5 P.F. 3¢
then 3 ¢ shorted Left Side
of
Alternator

Location: ODF bearing

RPM: COD

Force Scale: 5 pounds per centimeter rediel ar verticael

Time Seale: One revelutiso beiween tim g marks
N

Y
+X» foler Flov 00 Rrerlig Foroes
X Forces ve. Time Y Tire
+Y? +‘1T
de Tcrece
Blus
100 cps
‘component

i dec force
Flue
200 cps
compoaent

[ L NV TUUU IO

de force
plus
3C0 eps
comporient
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FORCES EXERTED ON THE BEARINGS OF TME BRAYTON CYCIE ALTERNATOR

¥cceatricity: .00 ip. toward bottom of generator

Top of Alternator

Equivalent Load Condition: Ne 1o8d, no {field

Left Side
of
Location: ODE bearing Alternator
RPM: 300C
Force Scale: 5 pounds per centimeter redisl or vertical
Time Scale: One revolution between timiog mmrks
+yt
+X-» Poler Plot of Bearing Forces
X Forces va. Time Y Forces vs. Time
b et
dc force
i rius
100 ¢ps
component
dc force
plus
200 cps
component
de force
Pplus
300 cps
component
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FORCES EXERTED ON THE HEARINGE OF THE BRAYTON CYCLE ALTERRATOR

Eccentricity: * in. toward bottcm of gernerator

Top of Altermator

Iquivalent Load Condition:  3.33 KVA 1.0 P.F. 1 ¢

Left Sige
of

Location: ODE bearing Alternator

RPM: 3G00
Force Scele: 5 pounde per centimeter radial or vertical

Plme Scale: Ome revoluticn between timliog marks T
+Y

+X- Fclar Pioy of Bearirg Forcee

X Forces vs. Time Y Forces vs. Time

+x} +¥t

de ferce
plus

10C cps

component

de force
Plus
200 cps
componert

de force
Plus
300 cps
component
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FORCES EXERTED ON THE BEARINGE OF THE BRAYTON CYCLE ALTERNATOR

Eecentricity: .5 1in. toward bottom of generator

Top of Alternetor

Equivalent Load Condition: 11.25XVA 1.c P.F, 3¢

Left Side
of

Location: ODF bearing Alternator

RPM: 3C00 —
Force Scale: 5 pounds per centimeter radial or vertical

Time Scale: One revoluticn between timlng marks '
+Y

+X-» Poler Plot OF Bearing Forces

X Forces vs. Time Y Forces v6. Time

+xt +¥?

de force
Dplus
10C cps
component

dec force
plus
200 cpe
component

de force
Plus
300 cps
component
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FORCES EXERTED OB THE BEARINGS OF THE BRAYTON CYCLE ALTERRATOR

Becentricity: .006 In. toward bottom of generator Top of Alternator

Zquivalent Load Condition: 11.25 KVA 0.8 P.F. 39

Left Side
of
Location: ODE bearing Alternator

Ferce Scele: 5 pounds per centimeter radial or vertical

Time Scale: Onpe revolutlion vetween timing marks

+X-» Polar Plot of Bearing Ferces

X Forces vs. Time Y Forces ve. Time

+XT +Y1

dc force
plus
10C cps
component

de force
plus
200 cps
component

dc force
plus
300 cps
component
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FORCES_EXERTED OF THE BEARTNGS OF THE BRAYTOR CYCLE ALTERNATOR

’
Pecentricity: .0C5 in. toward bottom of generator Top of Alternator

Iquivalent Load Condition: 15 KVA 0.8 P.P. 3¢

Laft Side
of

Location: ODE bearing Alternator

RPM: 3000
Force Scale: 5 pounds per centimeter radial or verticel

Time Scale: Ope revoluticn between timing marks

+v}

+X Polar Plct of Bearing Forces

X Forces v8. Time Y Forces va. Time

+Y?

de Torce
plus
100 cps
component

de torce
plus
200 cps
component

de force
Pplus
300 cps
component
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!Ecentricity: .CU% in. toward bottom of geperstor

Tep of Alternator

Equivelent Loasd Condition: 15 KVA G.8 P.F. 319

then 1 ¢ shorted

.o I

o I %S
Location: GDE bearing Alternator ’ “ E "A»‘

REM: :-3° : e Lot
Force Scale: I pounds per centimeter radisl or vertical

Time Scele: One ravoluticn between timing marks

+Yt
+X-» Pelar Plot of Beering F.
X Forces ve. Time Y Forces vs. Time
+xt 1t
de ferce
1.3 ops
componext

dc force
plus
<+ cp8
componens

dc force
plus
iy cps
component
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FORCES EXFRTED ON THE BEARTNGS OF THE ERAYTON CYCLE ALTERNATOR

Zecentricity: -0UC in. toward bottom of generator

Top of Alternetor

Equivalent Load Condition: 15 KvA 0.8 P.F. 3¢

then 3 ¢ shorted

Left Bide
of
Location: ODE bearing Alternator
RPM: 3000
Force Scale: 5 pounds per centimeter radial or vertical
Time Scale: One reveluticn between timing marka .
+¥t
+X-» Poler Piot of Bearing Forces
X Forces vs. Time Y Forces ve. Time
+X'T +¥t
dc force
Pplus
100 cps
component
de force
plus
200 cps
component
dc force
Pplus
300 cps
component
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Eccentricity

Equivalent L

Location:
RPM: 3000

Force Scale:

left side
of
alternator

: .006 inches toward bottom of alternator

oad Condition: No load, 2.7 field amperes

0.D.E. bearing

10 pounds per centimeter radial or vertical

Top of Alternator

N
RN
NS

X

‘s\

A
+y |
+X — Polar Plot of Bearing Force
(Unfiltered)
vV-49
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SECTION XI

ECCENTRICITY MEASUREMENTS

The eccentricity of the rotor with respect to the stator was varied by
changing from one to another set of speclally made bearing housings. These
bearing housings had their bores ground eccentric to their OD's by .000",
.002", .004", and .006". Even though these housings were made quite
accurately, tolerance stack-up in the various parts resulted in eccentricities
differing from those desired.

The actual eccentricity of rotor to stator was determined by measuring the
air gap between rotor and stator at each end of the alternator. The rotor
(see Figure 23) had a '"windage'" shield or disc at each end of the poles that
has the same OD as the rotor. A specially modified taper gage was inserted
between this disc and the bore of the stator (at a stator tooth) to measure
the gap. This was done at four equally spaced locations around the bore.
The differences in the gaps indicated rotor displacement in the "X" and "Y"
directions. The X and Y displacements were combined vectorially to determine
the total displacement and the ratio of X and Y displacements determined the
direction.

The results of these measurements are shown in Figure 24.
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ARP BEARING FORCE TEST ROTOR

FIGURE 23



Measured Rotor Eccentricity As Viewed From The Opposite Drive End

Alternator Drive Motor

Oppousite Drive End

(ODE)
& Drive End
View of (DE)
Eccentricity
Opposite Drive End Drive End
2147 "Zero" Eccentricity

".002 in'" Eccentricity

".005 in" Eccentricity

".006 in" Eccentricity

Figure 24
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SECTION XII

TRANSDUCER DESIGN AND CALTBRATION

It was decided early in the program that the forces imposed on the bearings
of the Brayton Cycle alternator would be determined by measuring the bearing
reactions. Special end shields were designed which supported each bearing
housing (and, consequently, the rotor) on four thin arms. These arms were
instrumented with strain gages. The arms were spaced at 90° intervals and
were arranged to be sensitive to the "X" (horizontal) and "Y" (vertical)
components of force exerted by the bearing housing on the alternator stator.
Figures 25, 26 and 27 show the special end shields with the transducer arms
both separately and as installed in the alternator.

One goal in the design of the force measuring system was to have a simple and
clean system with inherently good accuracy and freedom from wvarious troubles.
The gages and bridge circuits were laid out to be self-canceling and self-
compensating for most predictable sources of error. Conventional foil gages
were used rather than semi-conductor gages to escape the temperature dependent
properties of gage factor and linearity of the latter. A schematic of the gage
arrangement is shown below:

Y FORCE ( STRAIN GAGE BRIDGE)

STRAIN GAGES

@ X FORCE
(STRAIN GAGE BRIDGE)

STRAIN GAGES

An upward force (plus Y) would put gages 1 and 2 in a compression and gages
3 and 4 in tension allowing maximum output with a four active arm bridge.

The transducer arms were proportioned and arranged as shown below:

O N END SHIELD MAT'L
soon 304 STAINLESS

+ —
.050" - 500" dIL
- L STRAIN GAGES LOCATED AT

CENTER

- - SHAFT ¢ — —
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These arms are very stiff in the axial direction to withstand the thrust forces
due to bearing axial preload. The gages are relatively insensitive to axial
forces since the gages are mounted on the neutral axis of the transducer for
bending in that direction.

The .050 thickness is great enough compared to the .5 in. length that the
transducers act like stiff columns and there is no danger of buckling from
compression loads.

The arms are not stiff for bending occurring in the plane of the end shield
but the gages are arranged so that these strains tend to cancel. If the arm
of the Y axis containing gages 1 and 2 were bent, the strain in gage 1 would
be cancelled by the strain of opposite sign in gage 2 because they are in
diagonally opposite legs of the bridge.

Since gages 1 and 2 are physically removed from gages 3 and 4, there was some
possibility of their seeing slightly different temperatures. A four active
arm bridge with all four arms at the same temperature is self-temperature
compensating. The temperatures of the transducer arms were stabilized and
equalized by passing water through tubes located at each end of the arms. The
intent of the water flow was not to cool the arms but to overcome, by brute
force, any temperature differences resulting from differences in heat flow in
each arm. These tubes were fed in parallel from a header (a copper doughnut)
that can be seen in Figure 27. Water was also passed through a loop of tubing
on the face of each bearing housing to remove bearing losses.

The strain gages, which can be clearly seen in the close up of the transducer
arm in Figure 28, are actually a double or '"sandwich' gage. Two identical
gages are placed one on top of the other and wired in series in such a way
that any voltage induced in one gage by stray magnetic flux is cancelled by
the voltage induced in the other gage.

Expected forces exerted at each bearing ranged from zero to 60 pounds and the
transducer system was designed around these figures. The actual forces measured
were much less than this but the system worked well enough that this did not
prove to be a problem. Tektronix '"Q Unit" strain gage amplifiers were used
because of their extremely high output and their adaptability to oscilloscope
display. The sensitivity of the "Q Unit" is such that a scope beam deflection

of one centimeter results for 2.5 M- strain (2.5 x 106 in/in.) in each strain
gage. This relates to the load in the transducer arms as follows:

Strain = Stress = Force/Area

Modulus of Elasticity E
area per force component = 2 arm x .05 thk x .5 deep
area = .05 in.2
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for a force of 10 lb., strain = 10 1b/.05 in.?2 - 6.9 x 10‘-6 in/in.
29 x 10% 1b/in2

beam deflection for 10 1lb. force per bearing:

deflection = 1 cm6 x 6.9 x 10°0 in/in.
2.5 x 107" in/in.

2.76 cm/10 1b

or 3.52 1b/cm

(The system was later used at a setting of 5 pounds per centimeter to make the
data more readable).

The stress level in the arms with a force on the bearing of 10 lbs. is:

stress = 10 1b. = 200 psi
.05 in.

The transducers were calibrated by using the device pictured in Figures 29 and
30. This dummy frame, shaft and the test end shields were set up in a tensile
testing machine. Loads were applied to the axial center of the shaft in steps

of 10 1bs. per end from zero to 100 lbs. per end. The holes around the periphery
of the frame allowed the load to be applied in line with the transducers and in
30° increments between the axes of the transducers. The system resolved the "X"
and "Y" components of off axis forces well enough that the maximum difference
between indicated and measured force was 3 lbs. at 100 lbs. with a maximum 3°
error in direction of indicated force. The Q Unit settings used to get a
calibrated output are shown in the table below.

e e e e et e e — e - - - - — e - — - . - —— .-, — - .. —-——---- L

Set Q Unit semsitivity at 200a€/division (cm)

Press '"Calibrate' button

Adjust scope beam deflection to following values to get indicated
force calibrations

Drive End X 2xis Z2.b4 cm Opposite X axis__ 3.04 _cm |
Y axis 2.70 cm Drive End axis 3.04 cm |

Resulting Force Calibrations (DE & ODE)

Sensitivity Setting 10 20 50 100 200 500
Force (1b) per cm of beam 5 10 25 50 100 250
deflection
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Although the transducer system worked very well for static loads, the system

was required to perform dynamically. The rotor and its transducers comprised

a mass-spring system which had resonant frequencies. The ratio of force trans-
mitted through the spring to force applied (transmissibility) to the mass is

a function of the ratio of exciting frequency to natural frequency of the system
as shown in the sketch below. Lo
V|l X FSIN wi

FORCE TRANSMITTED : M
SIN wt
Fo K
]
1.0 ' o \ |
10 FORCE TRANSMITTED

W/iW,

The transmissibility of the system was determined experimentally and the results
are shown in Figure 31. An accelerometer was mounted at the center of the rotor
as pictured in Figure 32 and the assembly of rotor and stator was placed in the
vibration test fixture shown in Figure 33. Other accelerometers were placed on
the stator in line with the transducers. The output of the rotor accelerometer
divided by the average of the output of the stator accelerometers at each end of
the alternator was taken as the transmissibility of the system.

The translational resonant frequency of the rotor turned out to be about 400 cps,
very close to the pole frequency. The principle contributor to the system having
this resonant freguency was the ball bearing. The transducers had a spring rate
of about 2.4 x 10 1b/§n. while the bearing had calculated radial spring constants
in the range of 4 x 10° 1b/in. to 8 x 10° 1b/in. depending on radial load, axial
load and rotational speed. Since .hLese two "springs'" (the bearing and the
transducer arms) were in series, changing the stiffness of the transducer arms
could not have changed the resonant frequency of the rotor system by any
appreciable amount. The axial bearing load of 80 1lbs. was chosen as a compromise
between bearing capacity limitations, heating, and resonant frequency.

Section XIII presents some of the effects of these resonant frequencies and the
resultant changes in test procedure.
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BEARING FORCE END SHIELDS AND BEARING HOUSING

(OUTSIDE ALTERNATOR FACES)

25

FIGURE
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BEARING FORCE END SHIELDS AND BEARING HOUSING
(INSIDE ALTERNATOR FACES)

FIGURE 26
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BEARING FORCE TESTS A.D.E. OF ALTERNATOR
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GGl

k force vs Y force - no fld
12000 rpm
Many revolutions - 5 1b/cm

Y force vs time - no fld
12000 rpm
Two revolutions - 5 1b/cm

Y force vs time - 2.5A f£1d
12000 RPM

X force vs Y force.- 2.54 f1d
12000 rpm
Many revolutions - 5 1b/cm

FIGURE 33



Search Coil
12000 RPM
2.5 amp fld

Spectrum Analysis
"™ Force
12000 RPM
2.5 amp fld
.006" Ece.

opectrum Ana.ysis
"Y' Force
12000 RPM
no field
.006" FEcc.
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FIGURE 34
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SECTION XIV

Analytical and Experimental Correlation

Referring air gap force to bearings.

The unbalanced magnetic force occurring in the air gap can be reflected to
the bearings by moment summation. Consider the following diagram of the rotor:

l Fl “FB

a —e——— . —— 4

OPPOSITE
DRIVE END

/ _—7 ] ®

Taking moments about the drive end bearing yields the following reactions at the
opposite drive end bearing:

= a F + (atc) F
1 b 1 b 3

X =a F + (atc) F
1 b 2 b

4

A similar procedure gives the reactions at the drive end.
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.2..-1;- 4 b 2 -
Since the eccentricity angle, B, was zero for the experimental results, the
equations for no load as given in Section VII reduce to the following:

F =7.6 + 6.16 cos 2 wt

1

F = 6.16 sin 2 wt
2

The forces F. and F are'dispiaced 90 mechanical degrees from Fl and-Fz due
to rotor constructidn and thus become: .

F =7.6 - 6.16 cos 2 wt
3

F=-6.16 sin 2 wt
4

The reactions can now be determined and thus the resultant bearing force and
its angle are as follows: i ’

2
z = Y 2 + X
1 1 1
e = Arc Tan X1
Y
1
g =\|¥ +x?2
2 2 2
e = Arc Tan X
2
2 —
Y2
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The above equations were programmed on the General Electric time sharing
computer and resulted in the Lissajous pattern shown in Figure 36. The
maximum value of the force is about 10,6 pounds which when multiplied by 3

to reflect a 0.006" eccentricity yields the 32 pounds of Table IV. A similar
procedure was used to determine the 15 KVA, .8 PF case and the single phase
loading case.

DIFFERENTIAL SATURATION

Saturation occurring in either the stator or rotor teeth will result

in a lower magnetic unbalance force than the unsaturated case for a given

field excitation, The saturation ampere turns are normally considered as an
increase in air gap thus giving decreased flux density and consequently force.
Table I of Section III shows the effect of saturation on the full load case

for the condition where the. saturation is identical for opposing rotor

poles., However, for an eccentric rotor the flux density at one rotor pole is
greater than at the opposing pole due to different air gap lengths, andthis gives
rise to a differential saturation effect, which further reduces the force. As a
means of analyzing this effect, the no load case at zero speed was investigated

in some detail. The zero speed no load case was chosen since it eliminates the
effects of stator circuits and amortisseur windings, as well as armature

reaction. Since the inclusion of differential saturation in the established computer
programs would entail considerable reprogramming, a small time sharing computer
program was written that produced only the total force magnitude at one rotor posi-
tion, This was quite adequate for the purpose at hand and resulted in the follow-
ing data:

NO LOAD - ZERO SPEED

0.006" Eccentricity

Condition Maximum Fy Force (pounds)
Unsaturated 84.0
Differential Saturation 65.7
Differential Saturation 61.5

+ Different Carter's

Coefficients
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I

Note that the unsaturated force compares very well with the maximum F,, force

of Pigure 5 after eliminating the circuit effect and ratioing from

0.002" to 0,006" eccentricity. The comparison is good because very little
saturation occurs at rated no load voltage. Differential saturation shows a very
marked effect on the force and some reduction also occurs due to different
Carter's coefficients (slot fringing) arising from the different air gap lengths.
The ratio of 61.5/84.0 was used to arrive at the. 11.7 pound figure given in

Table IV. The computer program could have been expanded to include armature
reaction, but to avoid this effort the above ratio was also applied to the load

condition and probably represents a conservative approach due to the somewhat
greater saturation under load conditions.
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BRAYTON CYCLE ALTERNATOR
CALCULATED LISSAJOUS PATTERN

NO LOAD - OPPOSITE DRIVE END BEARING

i

1

FIGURE 36
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