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STEADY-STATE ELECTRICAL PERFORMANCE OF A 400-HERTZ
BRAYTON CYCLE TURBOALTERNATOR AND CONTROLS
by Martin E, Valgora and Dennis A. Perz

Lewis Research Center

SUMMARY

The steady-state electrical characteristics of a 9-kilowatt, 400-hertz Brayton cycle
turboalternator, a voltage regulator - exciter combination, and a parasitic speed con-
troller are presented. Areas investigated include the effects of the phase-controlled
parasitic loads, voltage characteristics, and maximum output capabilities. In general,
the operation of the three components as a system was satisfactory. The maximum out-
put obtained from the turboalternator without exceeding design temperatures was
33 kilovolt-amperes near unity power factor. At 0.8 lagging power factor, the voltage
regulator - exciter was capable of handling 24 kilovolt-amperes. Effects of the phase-
controlled parasitic load included a maximum voltage deviation of over 2.5 percent, a
maximum current distortion of 18. 3 percent, and a maximum voltage distortion of
13. 8 percent.

INTRODUCTION

This report presents the steady-state electrical operating characteristics as de-
termined experimentally of a 9-kilowatt, 400-hertz Brayton cycle turboalternator and
electrical controls. This turboalternator is suitable for use in a two-shaft Brayton
cycle space power system (refs. 1to 3). The electrical system tested consisted of a
turboalternator, a voltage regulator - exciter combination, and a parasitic-loading
speed controller, as required for the complete power system.

The turboalternator and voltage regulator - exciter were furnished to the NASA
Lewis Research Center under contract NAS 3-6013 by Pratt and Whitney Aircraft. The
General Electric Company designed and fabricated the alternator and voltage-regulator
exciter (ref. 4). The parasitic speed controller was designed and built at the NASA
Lewis Research Center.



Prior to the testing reported herein, each of these components was individually
evaluated experimentally. An experimental alternator, which was an electromagnetic
equivalent of the turboalternator, was tested at Lewis (ref. 5). This experimental al-
ternator had oil-lubricated bearings, whereas the turboalternator reported on herein
had gas-lubricated bearings. This beéring change is a factor that modified the leakage
flux and will be discussed. In addition, component testing was performed at Lewis on
breadboard versions of the voltage regulator - exciter and parasitic speed controller
(refs. 6 to 8). On completion of these tests, the gas-bearing turboalternator was tested
with the same voltage regulator - exciter and parasitic speed controller tested earlier.

In general, this report is limited to the steady-state electrical characteristics of
these components operating together as a system at design conditions. However, some
overload limits were investigated and are reported. Two methods of speed control were
used, allowing a comparison of performance with linear and with nonlinear loads. (A
linear load is herein defined as one that has a constant impedance with variations in
voltage and time.) Results of the turboalternator testing are compared with data ob-
tained from similar testing of the experimental alternator.

The test results are grouped into three sections: (1) effects of the parasitic speed
controller, (2) voltage characteristics, and (3) maximum output capability of compo-

nents.

APPARATUS
Brayton Cycle Components

General. - The components developed under the Brayton cycle program and dis-
cussed in this report are the turboalternator, the voltage regulator - exciter, and the
parasitic speed controller.

These three components operating together are referred to as the electrical sys-
tem. A schematic diagram of the experimental circuit used, including test components,
is shown in figure 1.

Turboalternator. - The turboalternator consists of a two-stage axial-flow turbine
that drives a four-pole homopolar inductor alternator at 12 000 rpm to generate
400 hertz electrical power (see fig. 2). This turboalternator has gas-lubricated jour-
nal and thrust bearings and is fully described in references 9 and 10.

The liquid-cooled, radial-gap, three-phase, brushless alternator is rated at
15 kilovolt-amperes, 12 kilowatts, 0.8 lagging power factor, at 120/208 volts (rms).
This inductor alternator has laminated pole tips containing amortisseur bars. The tur-
boalternator nominal rating at turbine inlet design conditions is 9 kilowatts; however,
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Figure 3. - Cross-sectiona! view of turboalternator,

in order to be conservative the alternator was designed for 12 kilowatts. This design
resulted in low losses and maximum efficiency in the 9- to 10-kilowatt output range
(see ref. 5).

Cross-sectional views of the turboalternator and experimental alternator appear
in figures 3 and 4, which illustrate the differences in rotor geometries. These differ-
ences are discussed later in the section Excitation requirements.

Voltage regulator - exciter. - The breadboard voltage regulator - exciter used for
this testing is shown in figure 5. This static regulator uses both voltage and current
feedback to

(1) Regulate the voltage at the useful load

(2) Limit the highest phase load voltage to 132 volts

(3) Supply field current during short-circuit conditions
A complete description of this regulator with results of preliminary testing is given

in reference 6.

Parasitic-load speed controller. - Speed regulation is achieved in this Brayton
power system byf :;Ldjusting the electrical output to balance a constant turboalternator
input. The turboalternator output is absorbed by two distinct loads: the useful load
(which includes all systems and equipment designated as part of an assigned mission),
and the parasitic load. The parasitic load is used to compensate for variations in the
useful load. Since turbine input power is fixed, a constant turboalternator load main-
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Figure 5. - Voltage regulator - exciter.



tains speed (at approx 12 000 rpm).

A silicon-controlled rectifier (SCR) controller was selected for its low shutoff (mini-
mum parasitic load) losses. As a function of the alternator frequency, the speed control-
ler adjusts the parasitic load by phase-controlled operation of the SCR's. Over the oper-
ating range of the controller, parasitic load increases with increasing alternator
speed.

The controller is a breadboard design with three separate speed-control channels.
Each channel is tuned to a slightly different frequency range so that the characteristic
of the total parasitic power against frequency is approximately a straight line. The ad-
vantages of this multichannel design are twofold: (1) One channel can fail OFF, and the
two remaining channels will maintain control; (2) waveform distortion and alternator
volt-ampere loading are less than that which would result if a single speed-control load
(channel) were used (ref. 11).

A more complete description of this speed controller is given in references 7 and 8.
The speed controller, as used in the tests reported herein, was modified by retuning.
This modification was made to reduce the power-frequency gain, which prior to re-
turning, was high enough to cause instability in some frequency ranges. Therefore,
the test values in these references do not apply herein. This unit is shown in figure 6.

Figure 6. - Parasitic speed controller.



Auxiliary Equipment and Instrumentation

The useful load bank, parasitic load bank, contactors, switches, and wiring are
standard commercial types. The useful load bank has variable resistance and inductive
reactance, whereas the parasitic load has variable resistance only. An auxiliary direct-
current power supply was used to supply field excitation current when the capacity of the
voltage regulator - exciter was exceeded during overload tests.

Because of the distorted waveforms that were encountered, all instruments used
were the wide-frequency-range true-rms electronic type. The ac voltage and current
signals were converted by solid-state thermocouple-type converters to direct current
that was measured with digital voltmeters. Power was measured by electronic electro-
dynamometer converters supplying dc signals to the digital voltmeters. A comprehen-
sive description of the turboalternator instrumentation is given in reference 9. In addi-
tion, the instruments used for measurement of total harmonic distortion are described
in reference 12. Detailed instrument specifications used in this test are given in ta-
ble I.

Test Facility

The facility used to test the Brayton cycle components includes a motor-driven com-
pressor to supply pressurized argon gas and an electric heater to produce rated turbine
inlet temperature. In addition, the valves shown in figure 1 are provided for turbine in-
put power control and serve as an alternate means of controlling turboalternator speed.
This facility is more fully described in references 9 and 10.

The turboalternator mounted in the test facility is shown in figure 7, and the
control-room instrumentation and controls are shown in figure 8.

TEST PROCEDURE

The experimental data discussed herein are measurements made of the test system
operating at both design and off-design conditions. Design turbine inlet conditions were
applied to the turboalternator. Under these conditions, the total useful load power was
varied from O to 9 kilowatts and 1.0 to 0. 8 lagging power factor for both balanced and
unbalanced loads. The total load applied to the alternator ranged from 8. 8 kilowatts at
0. 8 lagging power factor to 9.2 kilowatts at unity power factor. (Throughout this report,
no leading power factor loads are encountered; therefore, the term lagging will be
omitted. )



Figure 7. - Turboalternator in test facility.
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Figure 8. - Controt room.



Results of earlier dynamic testing (ref. 8) demonstrated the need for a parasitic
power margin. At the rated useful load (9 kW), this margin is a slight amount of power
dissipation in the parasitic load. This margin is necessary to assure speed control dur-
ing load transients. An arbitrary power margin value of 0. 32 kilowatt was selected, and
it proved satisfactory for these tests.

As shown in figure 1, the facility was equipped with a turbine bypass valve for inlet
pressure control and a turbine exhaust valve for pressure ratio control. The exhaust
valve could be set manually, or it could be set to automatically control speed. Herein,
the latter type of operation is termed valve speed control. With the turbine exhaust valve
manually set, the turbine input power was fixed, and the turboalternator speed was con-
trolled by the parasitic-loading speed controller. With the parasitic load inoperative,
the turboalternator speed was controlled by the turbine exhaust valve. Manual control
of the turbine exhaust valve, with the parasitic-loading speed controller energized (no

useful load), was used to determine the curve of parasitic power against frequency (or
gain).

DISCUSSION OF RESULTS
Parasitic-Loading Speed Control

Loading characteristic. - The overall speed-control loading characteristic obtained
for this system is shown in figure 9. The power curve does not have a constant slope
(gain) but has a variable slope which results mostly from imperfect overlap between the
speed-control sections. A constant slope is desirable because regions of excessively
high gain can result in system instabilities. However, the characteristic in figure 9
yielded stable operation.

The maximum power at full-on is approximately 1. 8 times the rated power (9 kW).
This value was specified in the original design (ref. 7) to yield the desired performance.
In the normal operating power range (see fig. 9), the frequency span results in a speed
regulation of +1.7 percent (for a base frequency of 400 Hz). This value is 0.7 percent
over the design goal and resulted from lowering the speed-controller gain. Figure 9
also shows that in the normal operating range only two of the speed-control sections are
used during steady-state conditions.

Waveform distortion. - The sources of waveform distortion in this system are the
alternator and speed control. The distortion produced by the alternator results mostly
from slot harmonics and reaches a maximum at zero alternator load. Adding linear
load reduces this distortion considerably (see ref. 5). Figure 10 presents alternator
voltage distortion as a function of linear load (zero parasitic load) at unity power factor
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Figure 11, - Waveform distortion variation with parasitic load. Unity-power factor
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for both the turboalternator and the experimental alternator. The turboalternator dis-
tortion decreases from about 9. 0 percent at zero load to about 3.0 percent at 9 kilo-
watts. The data at the 9-kilowatt point agree well with the data obtained from the ex-
perimental alternator.

These distortion levels with linear load are low compared with that caused by the
phase-controlled currents in the parasitic speed control. Figure 11 shows alternator
current and load voltage distortion levels plotted against parasitic power for a constant
alternator load (9 kW). At zero parasitic power, only a linear useful load exists and
the voltage distortion agrees with that in figure 10 at 9 kilowatts. The total harmonic
distortion reaches values of 13. 8 percent for load voltage and 18. 3 percent for alterna-
tor current. The current distortion curve has the same characteristic shape as that
predicted in reference 11 and experienced in reference 12. In reference 11, the analy-
sis indicates that phase-controlled parasitic loads introduce reactive loading on the al-
ternator and also cause substantial current harmonics. The reduction of these unde-
sirable effects by use of multiple smaller parasitic loads is also demonstrated. Refer-
ence 12 presents experimental data that generally substantiate the analysis of refer-
ence 11.

The harmonic distortion data presented in reference 12 were obtained with the same
equipment discussed in this report. However, the parasitic load bank setting used in
reference 12 was not the design value, and the results are presented in general terms
applicable to any phase-controlled loading system. The data presented in this report
are for the design conditions of this particular Brayton cycle system rated at 9 kilowatts
output, that is, with three parasitic loads having a total capacity of 16. 2 kilowatts (1.8
times the nominal system output) and no load filter circuits.

The waveforms that occur under a design load condition for 0. 8 power factor useful
loads of 0, 3, 6, and 9 kilowatts are illustrated in figure 12. (Waveforms without the

11
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parasitic speed control are depicted in ref, 5.) In figure 12, the small ripple results
from the slot harmonics generated by the alternator. The sharp notches are caused by
increased voltage drops across the alternator internal impedance when the silicon-
controlled rectifiers fire. The voltage distortion values generally agree with the unity
power factor data in figure 11, but the current distortion values are lower. This cur-
rent distortion reduction results from the lower power factor (0. 8) linear load that in-
troduces a higher percentage of linear load current into the waveform. The higher
linear current lowers the distorting effect of the parasitic load. Also, the useful load
current phase shift will produce a slightly different wave shape than would result at
unity power factor. The reduction of alternator current distortion with reduced useful
load power factor is discussed in references 11 and 12.

Volt-ampere loading. - Phase-controlled parasitic loads impose an inductive char-
acteristic and consequent increased volt-ampere loading in turboalternators. This addi-
tional reactive loading results primarily because the fundamental of the phase-
controlled current lags the alternator voltage. These reactive volt-amperes increase
the losses of the alternator and thereby decrease its efficiency. They can also require
an increase in machine size without a corresponding increase in power output capacity.

Figure 13 presents the turboalternator volt-ampere requirement necessary with the
use of the phase-controlled parasitic load relative to the turboalternator rating (11.25
kVA) for useful loads from 0 to 9 kilowatts at 0. 8 power factor. A value of relative
volt-amperes (RVA) greater than 1 indicates that the machine rating is exceeded. In
figure 13, the peak value reached is 1.03. Thus, the turboalternator must have at least
a 3-percent volt-ampere overload capacity to operate with the speed controller and still
supply 9 kilowatts when the useful load has an 0. 8 power factor. Because the alternator
output design capacity (12 kW) exceeds that of the turboalternator (9 kW), this overload
requirement is easily met. Note in figure 13 that, for parasitic loads greater than
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Figure 13. - Alternator volt-ampere requirement neces-
sary with parasitic load relative to alternator rating
(9 kW at 0. 8 lagging power factor). Total alternator load,
9 kilowatts.
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3 kilowatts, the volt-ampere loading is lower than the machine rating (RVA < 1.0).
This effect occurs because the power factor of the parasitic load is greater than 0.8 in
this range. This characteristic agrees with previous studies of phase-controlled para-
sitic loads (refs. 11 and 12).

Parasitic-load unbalance. - Because of hardware variations in the output silicon-
controlled rectifiers and the control magnetic amplifiers, small differences in parasitic
power occur in the three phases. This unbalance is presented in figure 14 for parasitic
load only on the turboalternator. For this curve, the power unbalance was defined as
the maximum power difference of any phase from the average phase power. The
parasitic-load power unbalance was small, about 150 watts maximum. This unbalance
is significant because it demonstrates how well balanced this type of control can be.

160 —

120 —

80—

Maximum parasitic power unbalance, W

| | | | | | I | 1
0 2 4 6 8 10 12 14 16 18
Total parasitic power, kW

Figure 14. - Variation of parasitic power unbalance over total parasitic power range,

Neutral current. - Balanced linear loads on a balanced three-phase sine wave
source result in zero neutral current. However, substitution of a balanced nonlinear
load with third harmonic currents and odd multiples thereof can result in relatively
large neutral currents. Figure 15 shows that, for all parasitic loads from 0.5 to 9
kilowatts, the neutral current is between 9.0 and 17.0 amperes. The shape of this
curve is very similar to that of figure 11 and is related to it. The harmonics that com-
prise the neutral current increase and decrease with total harmonic distortion. Since
these currents, ranging from 29 to 54 percent of the alternator line current at 0. 8-
power factor, are continuously flowing, the neutral circuit must be adequate to handle

them.

15
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Voltage Characteristics

Voltage regulation. - The design goal for voltage regulation in this system was
+1. 0 percent of the rated voltage (120 Vi-N rms) for linear loads between 10 and 100
percent of the alternator rating. The test results of the experimental alternator and
breadboard voltage regulator - exciter (ref. 6) were +0.2 percent regulation for a 12-
kilowatt, 0. 8-power factor linear load. For the turboalternator and the same voltage
regulator - exciter (VR-E), the regulation was up to +0. 6 percent for the same load.
This value is still well within the design goal. This small increase probably results be-
cause of a small voltage drop between the point in the circuit where the VR-E senses
voltage and the point where these regulation measurements were made. At rated turbo-
alternator power (9 kW at 0. 8 lagging power factor), the regulation is +0. 5 percent for
linear loads. With the parasitic speed controller operating, however, much larger
voltage variations occurred.

Figure 16 shows the average voltages at the useful load and at the alternator for
varying parasitic loads and for unity power factor useful loads. In these curves, effects
of phase unbalance have been eliminated by averaging the voltage of the three phases.
Even with this effect eliminated, however, the average voltage still has considerable
variations. The cause of this irregular characteristic is found in the sensing circuit of
the VR-E. In the test VR-E, the useful load voltage is rectified and filtered before it
is applied to the comparison circuit. The more distorted waveforms with the higher

16
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frequency harmonics are attenuated more by the VR-E input filters than the less dis-
torted waveforms. Therefore, at high distortion levels, the VR-E senses a lower
rms voltage than actually exists and acts to raise it. Since the distortion level varies
with the parasitic power of each speed-control section, the variable voltage character-
istic of figure 16 results. The difference between the two curves of figure 16 is the re-
sult of the voltage drop across the test circuit. Further investigation revealed that the
load voltage curve varies little with power factor and can be used for useful loads from
unity to 0. 8 power factor. However, for power factors less than unity, the alternator
voltage curve will be initially higher because of the increased useful load current. The
alternator voltage curve will approach the unity power factor curve as the useful load is
decreased and converge upon it at full parasitic load.

Since the turboalternator runs at constant power, the concept of voltage regulation
cannot be used. In this report, a new term, voltage deviation, which is similar to volt-
age regulation, is used. Voltage deviation is defined as the maximum percent voltage
deviation from 120 volts (rms) of any phase at any load. This deviation includes effects
caused by: (1) waveform distortion, (2) varying power factor, (3) voltage drift, and
(4) voltage unbalance resulting from slight load unbalance. However, the deviation
caused by effects (2), (3), and (4) is small.

In figure 17, load voltage deviation is plotted against parasitic load power. The
""parasitic-load-only'* curve (no useful load) provides the worst case of deviation, as
this configuration results in the worst voltage distortion.

The curve representing the design condition of 9 kilowatts constant turboalternator
load generally has lower values of deviation because it includes some useful load. Use-
ful load is linear and, therefore, introduces little or no distortion. Note that at a 9-kilo-
watt parasitic load no useful load remains, and the two curves intersect. The worst

17
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voltage deviation for this design condition occurs at approximately 7 kilowatts parasitic
load (which corresponds to about 2 kW on the useful load). At this point, the curve
reaches a maximum of +2. 7 percent. Since the useful load voltage is always greater
than 120 volts, the VR-E could be adjusted to lower the voltage level so that the voltage
deviation would be 1. 3 percent. Here again, the design condition curve in figure 17
can be used for lower useful load power factors.

Amplitude modulation. - The voltage amplitude modulation changed very little from
the experimental alternator tests even though the parasitic speed control was added.
The maximum amplitude modulation at a 9-kilowatt alternator load was 0. 25 percent for
this system, which is well within the 1.0 percent design goal. When the alternator and
parasitic speed control were run without the VR-E (with manual field control), the am-
plitude modulation disappeared. These results indicate that the speed control does not

contribute to the modulation.

Voltage unbalance. - Unbalanced voltages on a three-phase power source are gen-
erally undesirable. Prevention of serious over-voltages that could result from unbal-
anced loads required that a highest-phase takeover circuit be incorporated in the VR-E.
This circuit is designed to operate when the highest phase voltage reaches 132 volts
(rms). In effect, the VR-E acts to regulate this high voltage rather than the average
of the three phases. Experimental results showed this limit to be 132. 3 volts (rms)
with linear loads. However, when the parasitic speed control was operating, this limit
was up to 136 volts (rms). In the voltage regulation section previously discussed, it was
pointed out that the VR-E input filters attenuated the higher distorted waveforms more
than the less distorted ones, thus affecting the regulated voltage. The highest phase
takeover circuit is also located after these filters, and the higher limiting voltage re-

sults.

18
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Unbalanced, single-phase, 0. 8-power factor useful loads were applied to the turbo-
alternator voltage regulator - exciter combination by using both the parasitic and the
The results of alternator voltage unbalance appear in figure 18

valve speed controls.
Voltage unbalance is defined

together with the results of the experimental alternator.
herein as the maximum percent voltage deviation of any phase from the average voltage.
In general, the voltage unbalance at the useful load will be greater than at the alternator

and will vary with the transmission line design. The curve of voltage unbalance using

the parasitic speed control (curve 2) is nonlinear because of the unbalanced loading of
the parasitic load reacting with the unbalanced useful load. This curve is significant

in that it is a system characteristic. By changing to valve speed control, the effect of

parasitic load unbalance was eliminated. Therefore, the voltage unbalance at the alter-
nator for linear loads (curve 3) can be compared with the same characteristic obtained
Curve 3 has a constant slope and is very

from the experimental alternator (curve 1).
The small difference that

similar to the experimental alternator results (curve 1).
exists most likely results from the length of the conductor between the alternator ter-

minals and the point of measurement. If, when using the parasitic speed control, the

19



single-phase useful load had been on one of the other two phases, the curve would have
been just slightly different because the parasitic power unbalance (fig. 14) is small.
The voltage unbalance caused by two-phase useful loads was investigated for both
the parasitic and valve speed controls and was just slightly lower than that of the single-
phase cases. Therefore, only single-phase cases were presented.
For a given unbalanced useful load power, the effect of reduced power factor on
voltage unbalance is large because the increased line current results in increased volt-
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T
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Figure 19, - Turboalternator voltage unbalance caused by load
unbalance, Valve speed control,

age drop. Voltage unbalance is more a function of current unbalance than power unbal-
ance. Figure 19 demonstrates this since the difference between the various power factor
points is small. Current unbalance is defined herein as the current in the most heavily
loaded phase minus the average current in the other two phases. Therefore, from fig-
ure 19 and the previous paragraph, it can be concluded that the voltage unbalance at the
alternator terminals can be approximated by one curve of constant slope (0. 23
percent/A) that will give good results for system design conditions at any power factor
equal to or greater than 0.6 and for either single- or two-phase unbalanced useful loads.
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Overload Characteristics

Excitation requirements. - The field excitation current for the turboalternator was
determined for loads within the control range of the VR-E from unity to 0. 22 power
factor. Field current variation with alternator power factor for a family of constant-
power curves is presented in figure 20. With this plot, the field current requirement
for practically any load within the control limit of the VR-E can be estimated.

Load,
22— KW

Field current, A

1.0 .9 .8 T .6 .5 .4 3 .2
Alternator power factor

Figure 20. - Turboalternator field current requirement.

Field power variation with alternator load for power factors of 1.0, 0.8, and 0.6 is
presented in figure 21. The experimental alternator characteristic at power factors of
1.0 and 0. 8 is presented for comparison. At 9 kilowatts, the differences are small; but
at 18 kilowatts for a power factor of 0. 8, the turboalternator requires 57.0 percent more
field power from the VR-E than the experimental alternator requires. This high field
power results in increased heating and reduced efficiency in the machine and higher
losses in the VR-E. This large increase cannot be explained by small differences due
to manufacturing tolerances, but rather must result from design differences between the
two machines. Significant differences are cited in the following paragraphs.

The differences between the experimental alternator and the turboalternator are il-
lustrated in figures 3 and 4. The experimental alternator rotor is one solid piece with
small shaft extensions designed for oil-lubricated ball bearings. However, the magnetic
rotor assembly is much larger and longer for the gas-bearing turboalternator. Also,
there are additional magnetic materials in the turboalternator stator. These differences
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Figure 21. - Field power variation with alternator load.

result in increased leakage flux bypassing the end turns. In addition, the turboalternator
rotor has a hole to permit installation of a tie bolt that fastens the thrust runner and
turbine wheel to the alternator shaft. The resulting smaller magnetic cross section in
the plane of the field coil of the turboalternator rotor will result in increased flux den-
sity and saturation. This will also increase the excitation requirement. The total ef-
fect is that the turboalternator requires more field current at higher output power levels
relative to the experimental alternator.

In figure 21, the 0. 6-power factor curve develops a very steep slope, and it is
questionable whether the VR-E will be able to maintain the rated voltage at 12 kilo-
watts at this power factor. This capability of the VR-E to supply sufficient field power
to maintain voltage was investigated, and the results appear in figure 22. Various al-
ternator loads were run, and the point at which the VR-E lost control with increasing
load (the voltage began to drop rapidly) was determined. These points are plotted in
figure 22 and represent the limit of the VR-E control region. Both the power and
volt-ampere limits are plotted as a function of alternator power factor. The area under
each curve represents the region where the VR-E can control the voltage. The VR-E
can maintain rated load voltage up to 24 kilovolt-amperes at 0. 8 power factor and to
higher loads at increased power factors.

Turboalternator overload. - An overload test was performed on the turboalternator
to determine its maximum power limitations. The design goal for maximum alternator
temperature for this machine is 180° C. The maximum load applied to the turboalterna-
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Figure 22, - Voltage regulator-exciter control limit
boundary.

tor was over 33 kilowatts with the facility compressor being the limiting factor. At this
load, the hottest thermocouple temperature reached 186° C on an end turn. The stator
coolant was held to the design inlet condition of 93° C at 10.0 pounds per minute (4. 54
kg/min). During the test, it became apparent that the VR-E would reach its maximum
limit before the turboalternator. Therefore, the VR-E was replaced with a manual
dc power supply. Also, the mode of speed control was switched to the valve. The out-
puts of 10 alternator thermocouples were monitored, and the hottest one, an alternator
winding end turn, was plotted against the load in figure 23. The field temperature was
also plotted in this figure. Since no thermocouples were placed in the field winding, its
temperature was determined by calculating the field resistance. By applying this calcu-
lated value to a curve of field resistance against temperature (determined from the ex-
perimental alternator tests), the average field temperature was obtained. The actual
field hotspot temperature might be 10° to 20° C higher than indicated in this figure but
even then would not exceed the end turn temperature.

The field, being much closer to the stator coolant, is cooler than the end turn. The
temperatures were plotted against volt-amperes rather than power to minimize the ef-
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Figure 23. - Alternator temperatures during overload.

fect of a varying power factor.

With the high power-factor loads applied, the maximum design goal temperature
(180° C) is reached at 33 kilovolt-amperes. At this condition, the field reached 156° C.
This load is more than twice the alternator design rating (15 kVA). The power (32 kW)
at this point is over 3.5 times the turboalternator nominal design rating of 9 kilowatts.
This overload capability results from effective stator cooling, high efficiency (ref. 5),
and the alternator high load capacity design. These results indicate that the machine has
considerable margin for overloading and load unbalance and has the possibility of a rat-
ing increase.

Also, during the overload test, one data point was taken at a power factor of 0. 82.
This point is shown in figure 23 and demonstrates a considerable increase in field tem-
perature with little change in end turn temperature. Extrapolations indicate that at a
power factor of 0. 82, the 180° C limit will be reached at about 32 kilovolt-amperes and
26 kilowatts. This is an 18. 7-percent reduction in power for the same temperature

limit.

SUMMARY OF RESULTS

The performance of the Brayton cycle turboalternator, the voltage regulator -
exciter combination, and the parasitic-loading speed controller operating as a system
was determined. The following most significant test results were obtained:

1. The turboalternator was capable of large overloads. The design hotspot tem-
perature of 180° C occurred at 33 kilovolt-amperes near unity power factor on a wind-
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ing end turn, while the field reached an average temperature of 156° C.

2. The voltage regulator - exciter was unable to operate within the desired value of
+1, 0 percent because of waveform distortion problems caused by the parasitic speed
control. The sensing circuit receives a signal that has been attenuated by filters and
acts to raise the line voltage. Voltage deviation of over 2.5 percent occurs. The
highest-phase voltage limit circuit was also affected by waveform distortion and per-
mitted load voltages up to 136 volts to occur.

3. The voltage regulator - exciter was capable of sustaining substantial over-
load. Control was maintained up to 24 kilovolt-amperes at 0. 8 lagging power factor.

4. High waveform distortion of alternator current and load voltage was experienced.
Maximum values were 18. 3 percent current and 13. 8 percent voltage distortion. These
high distortions principally resulted from the phase-controlled parasitic-load speed
control used.

5. Most test results were in good agreement with individual component results pre-
viously determined, except at high power levels. The turboalternator field required
57.0 percent more excitation power at double rated load (18 kW at 0. 8 lagging power
factor) than indicated by the tests of the experimental alternator alone. This increase
resulted from magnetic effects from integration of the alternator with the turbine and
gas bearings.

6. Large values of neutral current occurred for balanced loads and ranged from
29 to 54 percent of the rated line current (31.2 A).

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 7, 1969,
120-27.
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TABLE I. - INSTRUMENT SPECIFICATIONS

True rms-to-dc converter (voltage and current)

Input rms voltage, V . . . . . . . i i e e e e e e e e e e e e e e e e e e e e e 0. 009 to 1000
Accuracy, percent of full-scale deflection (20°t030°C) . . . . . . .. . oo . 0.1
Frequency response, HZ . . . . ¢ ¢ ¢« v o v i v v i v v o o o o o e e e e e e e e e e e e e 40 to 30><103
Input impedance paralleled with 60 to 80 pF (depending on input range)+0.05%, M2 . .. . . . .. .. 1
Output full-scale dc voltage (depending on input range), V.. . . . . v« v v v v v ot v v v v v o 3 or 10
Integrating digital voltmeter (voltage, current, and power)
Input de voltage, V . . v v v v i v i i et et e e e e e e e e e e e e e e e e e e e e e e e e e +0 to 1000
Accuracy, percent 1 digit . . . . . . L . L L L L L L e e e e e e e e e e e e e e e e 0.01
Input impedance (depending on range), M . . . . .« v ¢« v v v e et u e e e e e e e e e e 0.1to 10
Precision shunt (current)
Resistance, ohms . . . . .. .. ... ..... e e e e e e e e e e e e e e e e e e e e 0.1
Capacity, A . . . . e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 15
Accuracy (in air), percent . . . . . . . . . . . e e e e e e e e e e e e e e e e e 0. 04
Current transformer (current and power)
Current ratio -« . . . . . L L L . e e e e e e e e e e e e e e e e e e e e e e e e 100/50 to 5
Ratio error (70 to 2500 Hz), PErCent . . . . . v v v v v v v vt et e e e e e e e e e e e e e e e e +0. 1
Capacity, VA . . . . . . o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 25
Wattmeter (power)
Input voltage (nominal), V . .". . . . . . . . L e e e e e e e e e e e e 50, 100, 200
Input current (nominal), A . . . . . . . . . . . L e e e e e e e e e e e e e e e e e e e e e e e e e 5
Accuracy (output), percent . . . . . . . L .. .. e e e e e e e e e e e e e e e e e e e e e e e 0.1
Frequency range, Hz . . . . . . . . . . . 0 0 i i i e e e e e e e e e e e e e e e e e 0 to 2500
Five-digit frequency counter (frequency and speed)
Range, MHz . . . . . . . . . . . i e i ittt e e e e e e e e e e e e e e e e e e 0.000002 to 2.5
Accuracy, counts inrange used . . . . . . . L L L L . 0 e e e e e e e e e e e e e e e e e e e e +1
Amplitude modulation meter
Range, percent modulation . . . . . .. ..o 000000 0to1.0, 0to 5.0, 0to 10.0
Accuracy, percent of full scale . . . . . . . . . . . L0 o e e e e e e e e e e e e e e e e +5
Frequency range, HzZ . . . . . . . . . . . . . 0 i L i e e e e e e e e e e e e 350 to 3600
Response, HZ . . . . . . . . i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 2 to 200
Current transducer (current distortion)
Input rms current, A, . . . . . L L L L e e e e e e e e e e e e e e e e e e 50
Output voltage, V/A . . . . . . i i i e e e e e e e e e e e e e e e e e e e e e e e e 0.1
Frequency responseat 1 Hzand 35 MHz, dB . . . . . . . . . .t ¢ v o b v v i v v v v vt e e down 3
Distortion analyzer (voltage and current distortion)
Measurement range (any fundamental), kKHz . . . . . . . . . . . v v v vttt e e 0. 005 to 600
Elimination characteristic (fundamental rejection), dB . . . . . . . . . . . . . .. . 0w >80
ACCUTACY, PETCENL . . . . . i i i i i i i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e +3
True rms voltmeter (voltage and current distortion)
Root-mean-square voltage range, V. . . . . . . . . . . L 0t Lttt e e e e e e e 0.001 to 300
Accuracy, percent of full-scale deflection . . . . . . . . . . 0 i i i i it e e e e e e e e e e e e 1
Frequency range, MHZ . . . . . . . . i i i i i i i v vttt ot ottt bt et e e e 0.00005to 1
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