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ABSTRACT 

The measured performance of a 14.3-kVA modified Lundell or  Rice alternator is 
presented. Test results include alternator saturation curves, losses and efficiency, 
voltage unbalance, harmonic analysis, machine reactances, and time constants. The 
peak electromagnetic efficiency of the alternator was 93 .6  percent for a unity power 
factor load of 9 . 5  kW. 
ternator electromagnetic efficiency was 90 .3  percent. 

For an output of 14 .3  kVA at 0 .75  power factor lagging, the al- 
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PERFORMANCE CHARACTERISTICS OF A 14.3-KILOVOLT-AMPERE 

MODIFIED LUNDELL ALTERNATOR FOR 1200 HERTZ BRAYTON- 

CYCLE S PACE-POWER SYSTEM 

by David S. Repas and Richard A. Edkin 

Lewis Research Center  

SUMMARY 

The measured performance of a 14.3-kilovolt-ampere modified Lundell or Rice 
alternator is presented. Test  resul ts  include alternator saturation curves, losses and 
efficiency, voltage unbalance, harmonic analysis, machine reactances, and time 
constants. 

power factor load of 9. 5 kilowatts. For an output of 14.3 kilovolt-amperes at 0.75 
power factor lagging, the alternator electromagnetic efficiency w a s  90.3 percent. 

The peak electromagnetic efficiency of the alternator w a s  93.6 percent for a unity 

INTROD UCTlON 

A single-shaft Brayton-cycle space-power system is being investigated at the NASA 
The turbomachinery package of this power sys- Lewis Research Center (refs. 1 and 2). 

tem has a compressor, a turbine, and an alternator on a high-speed shaft supported by 
gas  bearings. The Brayton thermodynamic cycle is closed loop and uses a helium- 
xenon mixture as the working fluid. 

the determination of individual component performance characteristics. 
this report is to  present an experimental evaluation for one of these components, the 
alternator. 

helium-xenon gas is present in the rotor cavity. Because of the high molecular weight 
of the gas (83.8) and the high pressure  at rated load conditions, approximately 45 psia 
(3. 10X105 N/m abs), one of the prime considerations in the choice of the type of alter- 
nator w a s  t o  minimize the windage loss to  keep component efficiency high. 

One of the main objectives of present investigations of the Brayton power system is 
The purpose of 

The alternator runs on gas bearings, and shaft seals  a r e  not used. Thus, the 
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. A brushless, stationary-coil modified Lundell alternator w a s  chosen. Since this al- 
ternator has a smooth cylindrical rotor, it offers potentially lower windage loss than the 
homopolar inductor alternator that is presently being used in both the SNAP-8 (ref. 3) and 
400-hertz Brayton-cycle power systems (ref. 4). A comprehensive study of the Lundell 
alternator for application to  space-power systems is presented in  reference 5. 

ternator that was  designed and built primarily for obtaining alternator performance. 
This research package experimental alternator w a s  designed to be electromagnetically 
equivalent to the alternator that wil l  be used in ihe complete Brayton-cycle electrical 
power system. However, although gas bearings wi l l  be used in the Brayton-cycle system 
alternator, oil-mist-lubricated bearings were used in the experimental alternator to  sim- 
plify the electrical testing. 

The design, fabrication, and preliminary testing of the alternator were performed by 
the AiResearch Manufacturing Company, a division of the Garrett  Corporation, under 
NASA Contract NAS 3-9427. 

In this report, results of measurements of alternator saturation, efficiency, har- 
monic analysis, voltage unbalance, machine reactances, and time constants a r e  
presented. 

Extensive tests were conducted at the Lewis Research Center on an experimental al- 

- 

I- Armature  ,-Field coil 
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Figure 1. - Cutaway view of Lundell alternator. 
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DESCRIPTION OF ALTERNATOR 

The alternator is a solid-rotor modified Lundell or Rice machine. It has the follow­

ing continuous rating: 14. 3 kilovolt-amperes, O. 75 lagging power factor, 120/208 volts, 

three phases, 1200 hertz at 36 000 rpm. The alternator is oil cooled. 

A cutaway view of this type of Lundell alternator showing the basic configuration and 

flux path is presented in figure 1. The rotor of the alternator consists of two separate 

magnetic sections with north poles on one section and south poles on the other. The in­

terpolar space is filled with a nonmagnetic metal to obtain a strong, smooth rotor. The 

main flux enters the armature stack opposite the north poles of the rotor, flows around 

the stack, and reenters the rotor at the south poles. The path is then completed through 

the auxiliary gaps, end bells, and frame. Thus, an alternating flux is established in the 

armature winding as in a conventional synchronous machine. 

Figure 2 is a photograph of the complete assembled alternator research package. A 

photograph of the rotor showing the magnetic and nonmagnetic sections is presented in 

figure 3. Design data and features for this alternator can be found in reference 6. 

One of the features that is of importance in reporting the test results is that the al­

ternator has two windings per field coil, one for series excitation and the other for shunt 

Bearing oil out 

C-68-323 

Figure 2. - Research alternator. 
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excitation. The series winding produces a magnetomotive force that is directly propor­

tional to the armature current. The shunt winding produces the additional magnetomotive 
force required to maintain constant alternator terminal voltage. 

APPARATUS AND PROCEDURE 

A schematic diagram of the basic components in the test setup is shown in figure 4. 

A dc motor dynamometer that utilizes two stepup gear boxes was used to drive the exper-

4 

1 Torquemeter 
2 Speed meter (counter) 
3 Temperature meter, pressure 

meter, and flowmeter 
4 Voltmeter, ammeter, frequency 

meter, wattmeter, and 
osci (loscope 

5 Voltmeter and ammeter 

Direct-current 
field power 
supply 

Figure 4. - Test setup. 



imental alternator at 36 000 rpm. The alternator w a s  separately excited by a regulated 
dc power supply. 
(specification MIL- L-'7808) temperature for each tes t  and provided preheating capability. 
A three-phase load bank w a s  used to apply resistive and reactive loads on the alternator. 
Short-circuit switches were used to apply three-phase faults on the machine. 

The lubrication and coolant system controlled the alternator inlet oil 

I n st r u menta t io n 
t 

The positions where the instrument sensors  were installed in the test setup a r e  in- 
dicated in  figure 4. 
torque, (b) shaft speed, (c) electrical  frequency, (d) terminal voltage, (e) armature cur- 
rent, (f) power output, (g) field current, (h) field voltage, (i) stator temperatures, 
(j) coolant temperature, (k) coolant inlet pressure,  and ( 1 )  coolant flow rate. 

nator and drive system. 
torque measurement system is given in the appendix. 
ments a r e  given in reference 4. 

The basic parameters monitored or measured included (a) shaft 

Torque w a s  measured with an electromagnetic transducer located between the alter-  
A brief description, including instrument specifications, of the 

Specifications for all other instru- 
Pr ior  to  their use, the specific instruments required 

TABLE I. - DESIGN GOALS OF BRAYTON ELECTRICAL SYSTEM 

A Iter na t or  rating 

Alternator efficiency 

Design life 

Harmonic distortion for 
linear loads (line-to-neutral 
voltage) 

Voltage unbalance fo r  1.0 
power factor loads 

Overload 

14.3 kVA a t  0.75 power factor 

Maximized for range of 2.25 t o  10. 7 kW 

5 Yr 

(1) Maximum individual harmonic, <3 per-  
cent for any load 

(2) Total harmonic content, <5 percent a t  
1.0 power factor from 10 t o  100 percent 
load (10. 7 kW) 

Load, pe r  unit 

Phase  A 

0 
0 
1/3 
1/3 
1/3 
2/3 
2/3 
5/6 

Phase B 

0 
0 
1/2 
2/3 

5/6 

1 

1 
1 

Phase  C 
~ 

1/3 
2/3 
1/3 
1/3 
1/3 
2/3 
2/3 
5/6 

daximum un- 
balance, 
percent 

3 
6 
1. 5 
3 
6 
1.5 
3 
1.5 

21.3 kVA at 0.75 power factor for 5 sec  
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for each test  were calibrated to  1 percent of full scale  or better against a standard ac- 
curate to  0.25 percent. 

Procedure 

Table I lists the design goals of the Brayton electrical  system. Unless otherwise 
indicated in this report, the alternator test procedure w a s  based on approved methods 
described in reference 7. 
from zero to  1.0. 

J For all testing, alternator load power factors a r e  lagging 
I 

RESULTS AND DISCUSSION 

Saturation 

Alternator saturation curves were experimentally determined for various load 
conditions. For these tests, the ser ies  and shunt fields were connected in ser ies  to sim- 
plify measurement of total ampere-turns. Curves for open circuit, zero power factor, 
and three-phase short circuit are shown in figure 5(a). The open-circuit curve shows 
that a minimum combined field excitation of 1070 ampere-turns is required to  generate 
rated terminal voltage. The zero-power-factor curve w a s  obtained by varying the reac- 

, Air-gap l i ne  

Field excitation, ampere-turns 

(a) Zero power factor. 

Figure 5. - 1200-Hertz Lundell alternator load saturation 
curves. 
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(b) Uni ty  power factor. Per-uni t  cu r ren t  of (c) 0.75 Power factor. Per-uni t  cu r ren t  of 1 equals 
1 equals 39.7 amperes. 39.7 amperes. 

Figure 5. -Concluded. 

tive load and increasing the field excitation to obtain rated armature current. At zero 
power factor, a field excitation of 2930 ampere-turns is necessary to  generate rated 
terminal voltage. 

For short-circuit saturation, a balanced three-phase fault w a s  applied at the alter- 
nator terminals and an x, y-recording of short-circuit current ( r m s  value) as a function 
of field excitation was obtained. 
0.007 ohm per  phase. 
(119 amperes) to  a balanced three-phase short circuit. 
nator occurs at 3 per-unit current. 

u re s  5(b) and (c). 
the electromagnetic capacity to  deliver rated output (14.3 kVA). 
the capability to generate 1. 5 per-unit output (21.3 kVA). 
design goal given in table I. 

For this test, the external lead resistance was 
The data indicate that the alternator can deliver 3 per unit current 

However, saturation of the alter- 

Families of load saturation curves at power factors of 1. 0 and 0. 75 a r e  given in fig- 
The curves for 0.75 power factor demonstrate that the alternator has 

The alternator a l so  has  
This output meets the overload 

Losses 

The following losses were individually measured s o  that alternator efficiency could 
be determined from the separation-of-losses method: (1) armature copper, (2) field cop- 
per, (3) open-circuit core, (4) stray load, and (5) windage. The measured electromag- 
netic losses are listed in table II for  1/4 to  1% per-unit output. Windage loss was ex- 1 
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TABLE II. - ELECTROMAGNETIC EFFICIENCY OF 

1200 - HERT 2 LUNDE L L A LTERNATORa 

[Air in cavity; cavity pressure ,  14.7 psia (1. OlX105 N/m2 abs); 
inlet coolant temperature,  17' C; power factor, 0.75 lagging. ] 

10.7 
8.03 

Alternator output, 
kVA 
kW 

Losses, kW 
Armature copper 
Field copper 
Open-circuit core 
Stray load 
Total losses  

14.3 
10.7 

Zlectromagnetic ef- 
ficiency, percent 

0. 109 

3.57 
2.68 

0.214 0.011 
.021 
.340 
.020 
.392 

.042 

.340 

.272 

.763 

87.2 

.062 

.340 

.530 
1.146 

7. 13 
5.35 

0.045 
.027 
.340 
. 110 
.522 

91. 1 

17.9 
13.4 

0.362 
.096 
.340 
.930 

1.728 

88.6 

aBearing and windage losses  not included. 

cluded because of the uncertainty of the test  results.  This omission is discussed later in 
this section. Bearing friction is not included, because special oil-lubricated bearings 
w e r e  used in the experimental alternator. 

Armature copper. - A curve for armature copper loss at a coolant temperature of 
1'7' C is shown in figure 6(a). At the design temperature and rated armature current, 
the armature copper loss is 0.214 kilowatt. 

Field copper. - Curves of field loss as a function of alternator power output a r e  pre- 

Armature current ,  A 

(a) Armature copper loss. 

Figure 6. - Power losses in 1200-hertz Lundell  alter- 
nator. In le t  m l a n t  temperature, 17" C. 

f 
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factor / looor 

I U  
.75 1.00 1.25 

I 
.50 

I 
.25 

Alternator power output, per unit 

(b) Field copper loss. Output of 1 per unit equals 
10.7 kilowatts. 

Armature current ,  A 

( c l  Stray load loss. 

Figure 6. - Continued. 

sented in figure 6(b). 
se r ies  fields. At rated alternator output, the field loss w a s  0.062 kilowatt. 

Open-circuit core. - A curve of open-circuit core loss as a function of alternator 
terminal voltage could not be obtained experimentally because of the limitations of the 
torque readout instrumentation (see appendix). 

The core loss at rated voltage w a s  determined in the following manner. With the 
alternator unexcited and running at rated speed, the torque meter w a s  set  to zero. 
excitation w a s  then applied to  obtain an alternator open-circuit terminal voltage of 
120 volts line to neutral, and a torque reading w a s  taken. 
mentation problem, this test w a s  repeated numerous t imes until a consistent set  of read- 
ings w a s  obtained. For  120 volts line to neutral, the open-circuit core loss w a s  deter- 
mined to  be 0.340 kilowatt. 

The losses shown a r e  the combined total for both the shunt and 

Field 

Because of the torque instru- 

Stray load. - Stray load loss (fig. 6(c)) w a s  experimentally determined from a 
balanced 3-phase short-circuit test  on the alternator. At rated load, the stray load loss 
w a s  0.530 kilowatt. 

Windage. - A test  w a s  run to  determine the magnitude .of the alternator windage loss 
when a helium-xenon mixture is present in the rotor cavity. For  this alternator, the 
windage loss is expected to be relatively high, between 6 to  10 percent of rated power 
output at rated load. 
helium-xenon mixture and the pressure in the cavity, approximately 45 psia (3. 10x10 

N/m abs), at rated alternator output. 

This high loss is the result of the high molecular weight of the 
5 

2 

For  the test, krypton w a s  used as the gas in the rotor cavity. Krypton has the same 
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(d) Windage loss with krypton in rotor cavity. 

Figure 6. - Concluded. 

I 
50 

I 
35 

molecular weight of 83. 8 and the same viscosity as the helium-xenon gas that will  be 
used in the Brayton-cycle system. A load of 10.7 kilowatts at a power factor of 1 . 0  w a s  
connected to the alternator to  stabilize the torque reading. A difference in torque w a s  

5 5 then obtained for cavity pressures  of 14.7 and 49.7  psia (l .OlXl0 and 3.43X10 
2 N/m abs). By assuming that the plot of windage loss against cavity pressure is linear, 

these data can be extrapolated back to zero  pressure,  which corresponds to zero windage 
loss. 

Based on the experimental results of reference 8, figure 6(d) wil l  probably give a 
low value of windage loss for a given cavity pressure.  A s  indicated in figure 7, the 
theoretical curve of windage loss plotted against cavity pressure is concave downward 
and passes through the origin. 
tion would intercept the zero  cavity pressure axis at some finite value of windage loss. 

Based on this assumption, figure 6(d) w a s  obtained. 

Thus, as shown in the figure the straight-line extrapola- 

Theoretical (ref. 8) 
Assumed in report 

Cavity pressure - 
Figure 7. -Windage loss variat ion w i th  

cavity pressure. 

10 

P 



By assuming that the intercept w a s  at zero windage loss as w a s  done to obtain fig- 
u re  6(d), a low value of loss would result for a given cavity pressure.  

One other unknown in the measurement of windage is the effect of cavity pressure on 
seal losses. A labyrinth seal is used as part  of the research package system t o  keep the 
bearing oil out of the rotor cavity. The pressure drop across  this seal  wi l l  change as 
the cavity pressure is varied. This pressure drop change wil l  probably result  in a 
change in sea l  loss, which wi l l  be included in the torque readings. This change is prob- 
ably small  when compared with the difference in torque readings due to the windage loss. 
However, no data on this effect a r e  available. 

t 
A 

Efficiency 

Alternator electromagnetic efficiency w a s  calculated from the equation 

power output 
power output + losses 

percent efficiency = 

Curves of electromagnetic efficiency plotted against alternator power output for various 
load power factors a r e  given in figure 8. Windage and bearing losses a r e  not included. 

For rated output, the alternator electromagnetic efficiency is 90. 3 percent. Over 
the range of 0.25 to 1.0 per-unit power output, the alternator efficiency exceeds 87 per- 
cent for power factors greater than or  equal to 0.75 lagging. For a power factor of 1.0, 
the peak efficiency is 9 3 . 6  percent at 9. 5 kilowatts (0. 89 per unit). 

Power factor 9 4 r  

2; 90 
V c 
V 

Y 

._ 
c 

88 

Design point 
(90.3 p e r c e n t P  

I I I I 
. 8  1.0 1.2 1.4 

I I I 
.2 . 4  .6 

86 I 
0 

Alternator power output, per unit 

Figure 8. - 1200-Hertz Lundell  alternator electromagnetic efficiency at in le t  
coolant temperature of 17" C. Otitput of 1 per unit equals 10.7 kilowatts. 
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.85 ---- 
1.0 --- 

I 
1.4 

I I I I I 
1 . 0 .  1.2 .8 0 .2 . 4  .6 

Alternator power output, per unit 

Figure 9. - 1200-Hertz Lundell alternator temperatures as func t ion  of load. Inlet 
coolant temperature, 17" C; output of 1 per unit equals 10.7 kilowatts. 

Temperatures 

The variation of alternator temperatures with load is shown in figure 9. These data 
a r e  with air in the rotor cavity at atmospheric pressure.  At the design inlet coolant 
temperature, the alternator has the thermal capacity to  generate rated output 
continuously . 

the windage loss with the higher molecular weight helium-xenon gas in the cavity. Also, 
at rated output of the alternator, the rotor cavity pressure with helium-xenon gas wi l l  be 
approximately 45 psia (3. 10x10 N/m abs) rather than atmospheric. Thus, for the 
Brayton-cycle system alternator, higher temperatures than those shown in figure 9 a r e  
expected because of the higher windage loss. Some idea of this increase w a s  obtained 
from the krypton windage loss tes t s  that are described in the section entitled Windage. 

Table III shows a comparison of alternator temperatures with air in the rotor cavity 
at atmospheric pressure and with krypton in the cavity at a pressure of 49. '7 psia 
( 3 . 4 3 ~ 1 0 ~  N/m abs). The case with air can be considered to be  a "zero" windage loss 
condition as compared with the case with krypton. For these tests, the alternator output 
was 10. 7 kilowatts a t  a power factor of 1.0. 

37' C, and the armature lamination temperatures increase by 22' C with krypton. 
increases are probably somewhat higher than would occur in the Brayton-cycle system 
alternator, since the rotor cavity pressure wil l  be approximately 45 psia (3. 10x10 

With air in the rotor cavity, the alternator windage loss is low in comparison with 

5 2 

2 

A comparison of these resul ts  shows that the end-turn temperatures increase by 
These 

5 
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TABLE m. - COMPARISON O F  ALTERNATOR 

TEMPERATURES FOR AIR AND FOR 

KRYPTON IN ROTOR CAVIT? 

I 
End turns  

Armature 
laminations 

Field coil 
~ 

Temperature,  OC I 

aAlternator load, 10.7 kW at 1.0 power 
factor.  

bPres su re ,  14.7 ps ia  (1.OlXlO 5 2  N/m abs). 

‘Pressure, 49.7 ps ia  (3.43~10~ N/m2 abs). 

N/m2 abs) rather than 49. 7 psia (3.43~10~ N/m2 abs). Further testing is needed in this 
area to  determine the exact effect of windage loss on the alternator temperatures. 

Reactances and Time Constants 

The direct-axis reactances and time constants of the alternator were experimentally 
determined so  that the performance characteristics under transient load conditions could 
be predicted. 

saturated or  unsaturated value. 

They are listed in table IV. 
The constants are affected by magnetic saturation and, therefore, can have either a 

Unless otherwise specified, the tes t  values for the 

TABLE IV. - REACTANCES AND 

TIME CON ST ANTS^ 
Reactance, per  unit b 

Direct-axis synchronous, Xd 
Direct-axis transient,  XA 
Direct-axis subtransient, X i  

Direc t-axis synchronous, T i  
Direct-axis subtransient, T; 
Armature shor t  circuit, TA 

Time constant, sec  

aTest values. 

1.47 
.53 
.42 

0.096 
.002 
.0016 

bBase, 14.3 kVA (120 V, 39.7 A). 
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machine constants described in this report  are the saturated values. 
actances and t ime constants were determined from a three-phase short-circuit test. 
this test, the shunt field w a s  open circuited, and only the ser ies  field w a s  used to pro- 
vide excitation. The alternator w a s  first operated open circuit with the field excitation 
required to  produce rated terminal voltage provided by a dc power supply. Under these 
conditions, a balanced three-phase short circuit w a s  applied at the alternator terminals. 
The three armature phase currents and the field current were recorded on an oscillo- 
graph. An oscillogram of a three-phase short-circuit current on an alternator is shown 
in figure 10. The short-circuit current w a s  analyzed for three time periods: (1) sub- 
transient, (2) transient, and (3) steady state. 

Direct-axis synchronous reactance. - Direct-axis synchronous reactance x d  can 
be defined as the ratio of the line-to-neutral root mean square (rms) voltage on the air- 
gap line (fig. 5(a)) to  the armature current on a sustained three-phase short circuit for 
the same value of field current. In this report, the field current for  rated armature cur-  
rent w a s  used. The effect of armature resistance is neglected in the determination of Xd 
because the resistance is small  in comparison with the reactance. The per-unit Unsatu- 
rated value for Xd w a s  calculated by dividing this ratio by the system base ohms, where 

The alternator re- 
In 

rated line-to-neutral voltage 
rated armature current 

base ohms = ~ 

Direct-axis subtransient reactance. - The direct-axis subtransient reactance X i  
is the reactance that determines the initial r m s  value of the ac  component of short-  
circuit current that flows in the armature winding upon the application of a sudden three- 
phase short circuit a t  the alternator terminals. 
the ac  component of short-circuit armature current into the subtransient and transient 
currents. 
The per-unit value of Xz  w a s  calculated from 

Figure ll(a) is a graphical analysis of 

The method for obtaining the values for figure 11 is described in reference 7. 

where 

E 

I?? 

per-unit open-circuit r m s  terminal voltage, L - N 

per-unit initial ac r m  s short-circuit component 

Direct-axis transient reactance. - The direct-axis transient reactance Xi deter- 
mines the maximum value of the r m s  short-circuit armature current during the trans- 
ient time period (as shown in fig. 10). Figure ll(b) shows the transient current of the 
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Subtransient c u r r e n t  *'R 

c 
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s [ I I I ,  
Time, sec 

(a) Determination of direct-axis subtransient t ime constant. 

7 Direct-axis t ransient 
t ime constant, 0.096 sec 

I I I 
0 20 40 60 80 100 120 140i10-3 

Time, sec 

(b) Determination of direct-axis t ransient t ime constant. 

Figure 11. - Analysis of alternat ing-current component of short-c i rcui t  
armature cur ren t .  Cur ren t  of 1 per unit equals 39.7 amperes. 

ac  component of short circuit. The per-unit value of X> w a s  calculated from 

x& E 

where 

E per-unit open-circuit terminal voltage, L - N 
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,-..,-.- ,.... I II I I  II I. I I  

I' per -unit initial transient current plus steady- state current 

Direct-axis subtransient time constant. - As illustrated in  figure ll(a), the direct- 
axis subtransient time constant T i  is the time required for the subtransient ac  compo-, 
nent of short-circuit current to decrease to  36.8 percent of its initial value. The sub- 
transient period w a s  graphically determined by subtracting the steady- state and trans- 
ient currents from the total ac  component. 
on semilogarithmic coordinates. The experimental value for T; w a s  0.002 second. 

is the time required for the transient portion of short-circuit current to  decrease to 
36.8 percent of its initial value, as shown in figure ll(b). The transient period is indi- 
cated by the linear portion of the curve (fig. ll(a)), which represents the ac component 
minus the steady-state value. The straight line extension of the transient period to  the 
vertical axis in figure ll(a) gives the initial value of the transient current on application 
of the short  circuit. The direct-axis transient time constant T i  equals 0.096 second 
and is long compared to TY (0.002 sec). 

Armature - _  short-circuit t ime -_ constant and ~ ~~~ direct-current component. - The arma- 
ture  short-circuit time constant Ta shown in figure 12 is defined as the time required 
fo r  the direct-current component of the short-circuit current waveform to  decrease ex- 

The resulting curve is approximately linear 

Direct-axis transient time constant. - The direct-axis transient time constant TL 

c .- 
c 
3 

Direct-current 

rArmature short-circuit 
time constant, 0.0016 sec 

Time, sec 

Figure 12. - 1200-Hertz Lundell alternator armature 
short-circuit time constant. Current of 1 per unit 
equals 39.7 amperes. 
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ponentially to  36.8 percent of its initial value. This dc component causes the current 
waveform t o  be asymmetrical, as demonstrated in  figure 10. 

S hor t -C i r cu i t  Ratio 

The short-circuit ra t io  as determined from the saturation curves is defined by the 
following ratio of two values of field excitation: 

'FV short-circuit ra t io  = - 
IF1 

where 

'FV field excitation required to  produce rated open-circuit terminal voltage ( L  - N) at 
rated speed 

field excitation required for rated armature current on a sustained three-phase I FI 
short circuit 

These values of field excitation were determined from the open-circuit and three-phase 
short-circuit saturation curves in figure 5(a). 
0 ;  75 for this alternator. 

The short-circuit ratio thus obtained is 

Voltage Unbalance 

A test  w a s  conducted to determine the effects of unbalanced loads on the balance of 
the three-phase voltage of the alternator. The percent voltage unbalance is defined by 

percent unbalance = Jvavg - 'L-NImax 

vavg 

where 

line-to-neutral voltage 

average of three line-to-neutral voltages 
V ~ - ~  

'avg 
Voltage unbalance resul ts  are summarized in table V. The experimental data a r e  com- 
pared with Brayton electrical system specifications listed in table I. It is evident from 
the test resul ts  that the alternator meets design goals for any unity power factor load. 

18 I 
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TABLE V. - VOLTAGE UNBALANCE WITH 

UNBALANCED LOADS 

Phase 

A I B I C  a ?er -unit cur ren t  

1 

2/3 
1/3 
0 
0 

0 
0 

1/3 
1/3 
2/3 

1/3 
2/3 

0 

1 
- 

1 
1 
1 
I 
0 

0 
0 

2/3 

2/3 

2/3 
1/3 
2/3 
5/6 

1 

Power factor 

1.0 0 .75  

roltage unbalance, percent 
I 

--_- 
5.72 
8.09 
- _ _ _  
2 . 4 1  

5.20 
8. 17 
3.00 
5. 65 
2 . 3 1  

5. 23 
1.00 
1 .00  
1.22 

al Per-unit  cur ren t  equals 39.7 A.  

0.47 
6.97 

10.67 
12.40 
4.12 

8. 17 
12.42 
4. 52 
8 .25  
3.39 

8 .41  
1. 70 
1.64 
1.72 

VIaximum voltage 
unbalance for  

1.0 power factor 
(table I), 
percent 

_ _ _  
_ _ _  
- --  
-__  
0 J 

6 
-__  
3 
6 
3 

_ _ _  
1. 5 
1 . 5  
1. 5 

The maximum voltage unbalance is 12.42 percent with a single-phase load at 0.75 lag- 
ging power factor and rated armature current. 

Harmonic  Analysis 

A harmonic analysis w a s  performed on the line-to-neutral voltage for various linear 
(A linear load is defined as an  impedance that does not change with a variation in loads. 

applied voltage. ) 

lyzer and an X, Y-recorder. Individual harmonics presented in table VI were measured 
in percent relative to  the fundamental (100 percent). Frequencies as high as 25.2 kilo- 
hertz (21.4 harmonic) w e r e  measured so  that the 17th and 19th slot harmonics were 
included. 

z 
The individual harmonics at each load condition were measured with a wave ana- 

19 
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TABLE VI. - VOLTAGE HARMONICS 

FOR LINEAR LOADS 

[All voltage harmonics are f o r  line- 
to-neutral voltages. ] 

(a) Alternator load, open circuit  

Total harmonic content, 
percent 

Harmonic order ,  
i 

4.845 

3 
5 
7 
9 

11 
13 
15 
17 
19 
2 1  

Amplitude, 
percent of 

fundamental 

0.020 
3.087 
2.070 
0 

.755 
1.087 
0 
1.850 
2.119 
0 

(b) Power factor, 1.0 

Harmonic order ,  
i 

3 
5 
7 
9 

11 

13 
15 
17 
19 
2 1  

Total harmonic content, 
percent 

Alternator load, kW 
~ . .  ~ _ _  

2.7 I 5.4 I 8 .0  I lm 13.4 
A... 1 I 

Amulitude. aercent of fundamental 
0.283 
3.078 
1.862 
.154 
.697 

.908 

.077 
1.824 
1.947 
.012 

4.635 
I__.. 

0.603 
2. 134 
1.397 
. 190 
. 572 

. 8 1 1  
0 

1.543 
1.719 
.082 

3.638 

0.880 
1.241 
1.225 
. 162 
f343 

.478, 

. 129 
1.379 
1.543 
.085 

1.914 
... ~ 

1.077 
1.097 
1. 269 
.235 
.110 

. 185 

. 199 
1.272 
1. 187 
. 0 5 1  

2.673 

1.272 
1.614 
1.223 
.356 
. 187 

. 154 

. 185 

.982 
1.248 
. 104 

2.911 

20 
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TABLE VI. - Concluded. VOLTAGE HARMONICS FOR LINEAR LOADS 

[All voltage harmonics a r e  for  line-to-neutral voltages. ] 

(c) Power factor,  0.85 

Harmonic order ,  
i 

3 
5 
7 
9 
11 

13 
15 
17 
19 
21 

rotal  harmonic content, 
percent 

Alternator load. kW 

Amplitude, percent of fundamental 
0.255 
3.035 
1. 814 

. l a 5  

.603 

.990 

.096 
1.799 
2.183 
.051 

4.686 

~ 

0.548 
2.247 
1.632 
.254 
.442 

.972 

.039 
1.538 
1.945 
.060 

3.920 

~ 

Harmonic order ,  
i 

3 
5 
7 
9 
11 

13 
15 
17 
19 
21 

(d) Power factor,  0.75 

rotal harmonic content, 
percent 

~~ 

~ 

0.778 
1.379 
1.522 
.259 
.487 

. 859 

.015 
1.087 
1.911 
. 104 
3.273 

0.980 
.678 
1.463 
.257 
.387 

.658 

.074 

. 903 
1.781 
.115 

2.866 

1.110 
.731 
1.446 
.282 
.381 

.487 

.093 

.872 
1.594 
. 143 
2.766 

Alternator load, kW 
2. 7 I 5.4 I 8. 0 I 10. 7 I 13.4 

Amplitude, percent of fundamental 
0.237 
3.061 
2.093 
. 168 
.647 

. 998 

.093 
1.763 
2.172 
.042 

4.805 

0.476 
2.377 
1.737 
.254 
.387 

.985 

.066 
1. 512 
2.016 
.030 

4.054 

~ 

0.752 
1.760 
1.620 
.282 
.453 

.923 
0 
1.074 
1.937 
. 104 
3.513 

~ 

1.831 
1. 571 
1.597 
.298 
.354 

.849 

.036 

.949 
1.888 
. 121 
%. 335 

1.049 
1. 520 
1.474 
.315 
. 160 
.656 
.090 
1.057 
1.661 
.121 

3.167 

E 
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1.0 - 
m 
0 I I I I 
* 

0 .25 .50 .75 1.00 1.25 
- 2  

Alternator power output, per unit 

Figure 13. - 1200-Hertz Lundell alternator total harmonic 
content for l ine-to-neutral voltage. Output of 1 per 
unit equals 10.7 kilowatts. 

(a) Open c i rcu i t .  

Load, 10.7 kilowatts. Load, 2.7 kilowatts. 

(b) Uni ty power factor. 

Figure 14. - Alternator waveforms of l ine-to-neutral volatges for l inear loads. Uncalibrated photographs. 
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Load, 2.7 kilowatts. (c) 0.85 Power factor. Load. 10.7 kilowatts. 

Load, 2.7 kilowatts. Load, 10.7 kilowatts. 

(d) 0.75 Power factor. 

Figure 14. - Concluded. 

The total harmonic content w a s  calculated by 

21 
percent total harmonic content = 117 A! 

yi=3 
? 

where Ai is the percent of the ith odd harmonic relative t o  the fundamental. Figure 13 
shows the total harmonic content as a function of alternator load. 

For any of the linear loads tested, the total harmonic content is less  than 5 percent 
and satisfies the design goal (table I). At rated kilovolt-ampere output, the line-to- 
neutral voltage total harmonic content is 3 . 3 4  percent. The highest individual harmonic 
measured w a s  the fifth (3.09 percent) at rated voltage, open circuit. Uncalibrated photo- 
graphs of the voltage wave forms are shown in figure 14 to illustrate their characteristic 
shape s . 

b 
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SUMMARY OF RESULTS 

A 14.3-kilovolt-ampere modified Lundell alternator was tested. The following sig- 

1. The alternator tested has the electromagnetic capacity to  generate rated output 
nificant results were obtained: 

without significant saturation. The alternator a lso has the electromagnetic capability to  
generate 1. 5 per-unit output (21.3 kVA). 

continuously generate rated output. 
is uncertain. 

2. At design inlet coolant temperature, the alternator has the thermal capacity to  
The exact effect of the windage loss on temperatures 

3. For rated output of 14.3 kilovolt-amperes at 0.75 power factor, the alternator 
electromagnetic efficiency is 90.3 percent. For unity power factor loads, the peak effi- 
ciency is 93.6 percent at 9. 5 kilowatts. 

4. The total harmonic content of the line-to-neutral voltage is 3.34 percent at rated 
output. 
5 percent. 

For the range of linear loads tested, the total harmonic content is less than 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, June 8, 1969, 
120-27-03-42-22. 
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APPENDIX - TORQUE MEASUREMENT SYSTEM 

The torque transducer used in these tes ts  is a variable reluctance type. The torque 
sensor is basically a shaft that performs as a torque spring, with a slotted sleeve of 
magnetic material  welded over the shaft. As the shaft twists under load, the air gap 
provided by the slot in the sleeving changes, thus causing a change in the magnetic re- 
luctance. The change in magnetic reluctance is sensed by a variable differential trans- 
former. The deflection of the shaft is directly proportional to the torque, and, there- 
fore, the change in the air gap provided by the slot is directly proportional to the torque. 
The voltage output of the variable differential transformer is directly proportional to the 
change in the air gap; thus, voltage output is proportional to the torque applied. 

A digital readout (two channels) is used to  provide torque indication of 0 to 230 inch- 
pounds (0 to 25.6 N-m) with increments of 0.1 inch-pound (0.0113 N-m) from 0 to 100 
inch-pounds (0 t o  11.3 N-m) and increments of 1 inch-pound (0.113 N-m) from 100 to  230 
inch-pounds (11.3 to 25.6 N-m). The overall accuracy is 21/2 percent of full scale. 

The torque measurement system w a s  a state-of-the-art design at the time of the 
development of the dynamometer drive system. An accuracy limitation for torque read- 
ings w a s  encountered in determining alternator losses, since at 36 000 rpm, 1 inch- 
pound (0. 113 N-m) is equal to 427 watts.  

c 
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