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SUMMARY

Two comnmercially available solid state frequency convarters (99
KVA, 89 Haertz to 409 Hertz, 3 phase WYE systoms) were evzluated
in a fieid test to determine if their electrical power output
qual ity was acceptabie for U.S. Air Force systems. Load bank and
aircraft testing determined that the so!lid state frequency
converters are capable of producing acceptable power. The off-
the-she!f units will require some modifications to reduce the
harmonic distortion and to improve the voltage regulation in
order to meet current specifications (MIL-M-4803D, General
Requirements for Motor-Generators). Specificationag for solid
state frequency conversion equipment are being drafted by the

i tem manager and will be similar to MIL-M-4883D. The fraquaency
regulation of the solid stats frequency converters was
exceptionally good. Iin addition, the wide power factor operating

range, easy access for maintenance, and anticipated improvement in

the mean time betwseen failure continue to make this technology
attractive as an alternative for providing 4900 Hertz facility
power for aircraft use.
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l. INTRODUCTION

1.1 PURPOSE: The purpose of this engineering project was to
investigate and document the per formance of 238 volt, 480 Hz
sol id state frequency converters for possible U.S. Air Force use.

1.2. BACKGROUND: HQ SAC/LGSE and SM-ALC/MMI| were approached by
two manufacturers of solid state frequency conversion equipment
with offers to provide articles for test at no cost to the
government. This technology has the promise of providing high

qual ity power with reduced operating and maintenance cost. The
initial cost of the solid state frequency converters also appears

to be competitive with the motor-generator type equipment
currently In the Air Force inventory. SM-ALC and both
manufacturers wanted to test 230 volt, 400 hertz, three phase WYE
systems since this voltage is used on the B-1B and is alsc
expacted to be used on future aircraft,

I1., PROCEDURES

The objective of the test was to investigate the per formance,
electrical properties and construction of two solid state
frequaency converters. An ECU-105 motor-generator was aiso tested
tc provide control data. The following three power conversion
units were tested:

(a) Article 1 was a 98 KVA, 23@ volt, thres phase WYE,
solid state frequency converter manufactured by Jetway Division
of Abex Corporation. Jetway representatives were invited to
monitor the test.

(b) Article 2 was a 90 KVA, 230 volt, three phase WYE,
solid state frequency converter manufactured by Control led
Systems Incorporated. Controlled Systems representatives were
invited to meonitar the test.

(c) Article 3 was a 75 KVA, 230 voit, three phase WYE,
ECU-1@5 motor~generator currently in the Air Force inventory and
available at Dyess AFB, Texas.

The test sequence is8 described below. Two ser ies of tests were
conducted. The first test sequence appraised each unit's

par formance on a lcad bank and the second applied power to an
alrcraft to ensure that anticlpated aircraft hangar maintenance
loads could be supp!ied by esach unit.

2.1 LOAD BANK TEST -- This test sequence provided the data
necegssary to determine the output voltage adjustment range,
vol tage and frequency regulation, voltage modulation, phase
voitage imbalance, total harmonic distortion, and transisent
vol tage and frequency stability. Cescriptions of these
parameters ars contained 1n appendix A. The test aqu . pment
configuration is shown in appendix B, figure 1.



(a) Aliow the unit to warm-up for 12 minutes at
5@ percent load.

(b) Determine the range of output voltage
adjustments and the adjustment step size under no
load conditions. Set the output voltage to 230
volts |ine to neutral.

(c) Under balanced conditions, with 1.9 power
factor loads at @, 25, 6@, 75, and 199 percent of
the rated load measure the:

-- Voltage (line to neutral) and current on
each phase at the input panel (Fluke 8060,
801-600) .

-- Voltage (iine to neutral) and current on
each phase at the output panel (Fluke 8060,
80 1-600) . ‘

-- Vol tage, current, KVA, KW, KVAR, and power
factor at the load end of the ocutput cabie
{(Dranetz 808).

-- Frequency on sach phase of the output
(Fiuke 8064) .

~-— Maximum and minimum output voltage
waveform peak heights on each phase in a two
minute per iod (Sencore Oscillocscope).

-=- Harmonic content of the output vol tage
waveform on each phase (HP-331A).

(d) Repeat step (c) with the power factor changed to

@.8 lagging.

(e) Load one phase at a time to 5@ and 100
percent of the rated per phasa load (power
factor=1.0) and at each step measure the:

-- Voltage, current, KVA, KW, KVAR, and power
factor at the load end of the output cable
(Dranetz 808).

~-—= Harmonic content of the output vol tage
waveform on each phase (HP-331A).

(f) Repeat step (e) with the power facter changed to

2.8 lagging.

{g) Monitor the voltage and ‘requsancy trans.:ent
response to sudden load changes with a Dranetz
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606-3 Line Disturbance Analyzer. The Dranetz 606
was configured to monitor three phase, 400 Hz WYE
connected power systems. The following data are

racorded.

-~ Stow average output voltage. This is the
average output voltage over a 10 second
period. Deviations greater than plus or
minus 3 volts and tha time the deviation
occurred are printed.

-- Sag/Surge voitage. Any deviation of plus
or minus three volts from the slow average
output voltage was recorded. The voltage
used for sag/surge measurements is the
average voltage over 8 periods of a 400 Hz
signal. The duration of the sag/surge is
recorded as the number of cycles where the 8
per iod average voltage remained three volts
or more away from the slow average output
voltage. The time the deviation started is
also printed.

-- Impulse voltage. Whenever a "spike” or
impulse voltage (duration of @.5 to 8090
microseconds) differed from the anticipated
instantaneous voltage by plus or minus 50
voltg, the time, phase and peak voltage
daviation from the AC |ine vo! tage were
printed,.

-- Output frequency deviation. Whenever the
one second average frequency deviated more
than plus or minus 4 Hz from the last printed
value (nominally 40@ Hz), the frequency and
time of occurrence were printed.

First, the generator was subjected to a step
decrease in load from 5@ percent load with a 1.9
power factor to no load. After the voltage and
frequency stabilized, the 50 percent, 1.0 power
factor load was reapplied as a step function.

Than, the |load was increased to 109 percent of the

rated output with a 1.8 power factor. The
generator was then subjected to a step decrease
from full to no locad. Afteir the voltage and
frequency stabil ized, the 100 percent, 1.@ power

factor load was reapplied as a step function.

(h) Repeat step (g) with a ¢.8 power factor.



2.2 AIRCRAFT TEST -- This test examined the ability of each unit
to supply power to an sircraft. The power units were instrumented
with a Dranstz 808 Power Demand Analyzer and a Dranetz 806-3

Power Line Disturbance Analyzer connected to the end of the

output cable through the remote sensing leads. The equipment
configuration is shown in appendix B, figure 2. The test steps
consisted of:

(a) Applying power to the aircraft in the basic
power—-on configuraticn, load management mode 4 (LM
4). All switches were in the post flight
configuration.

(b) Turn-on the fuel transfer pumps.

(¢c) Turn-on the fuel boost pumps by placing the
angine start switches to the run position.

(d) Return all switches their original position
and remove axternal power from the aircraft.

f11. RESULTS AND DISCUSSION

3.1 LOAD BANK TEST -- All| of the data collected during this
portion of the test are tabulated in appandix C and F. Several
genara! comments about the test data and procedures are required
before proceeding into a detailed discussion of the data.

The test was started in Dyess AFB Aerospace Ground Equipment
(AGE) facility but had to be terminated and restarted in hangar
502@8. The AGE facility power was rated as 4890 V line to liney
but when measured, the voltage was found to be 419 V |ine to
line. Since the manufacturers had besn informed that the input
vol tage would be 480 V, their equipments were not configured for
419 V input. Since Jetway had a variable tap input transformer
on their unit they could, with minor rewiring, handle the |ower
voltage. However, since the CS!| unit did not have variable input

capability the testing was moved to another facility where the no
load input voltage was 495 V line to line. At full l|cad, the
input voltage only dropped to 481 V line to line. All of the
data obtained prior to moving to the new facility is not
presented in the data tables. Thus, the test data was collected
with virtually identical input voltages, loads and test

equ ipment. A different ECU-105 was used for the test conducted
in hangar 5020,
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When a different ECU-105 was used for testing in hangar 5@320;
discrepancies in the data led to the discovery of a problem with
the firgt ECU-185. The new ECU~-185 used in the AGE shop test
required maintenance since the input power required to operate at
no load approached 3@ KVA., This unit was later found to be
“stuck In the start mode”. The ECU-105 appeared to operate
normally, and the problem wou!d probably not have been discovered
in normal use.

The three units tested provided the opportunity to examine
different mounting options. The ECU-105 was skid mounted while
the Jetway unit was trailer mounted and the CS| unit was a
floor/wall mountable unit. Both CSI| and Jetway indicated that
their companies had floor and trailer mountable versions of their
equipment. SAC prefers that the mounting of the units be an

option decided at the time of purchase. Some applications can
use the floor/wall mounting system to get the equipment out of
the way while trailer mounting provides the flexibility to

réposition the units in hangars where they are most needed.
Trailer mounted units also help to reduce the length of 420 Hz
power output cabl!es.

The output voltage adjustment on all test articles was
continuous over at least a 48 volt range. The Jetway unit
vol tage adjustment was not easily accessible and required a
circuit card to be removed. This needs to be changed and stepsv/
were taken to modify this feature during the test. The CSI
voltage adjustment consisted of an easily turmaed knob on the
exterior contro! panel of the unit. This should be changed to
require a screwdriver in order to prevent unintentional changes
to the output voltage. ECU-185 voltage adjustment could be
accompl ished with a screwdriver and was accessible on the control:
panel .

The remote sensing cable, manufactured by Burton Electric

worked wel!, Voltage measurements at the load bank and at the
remoete sensing lead terminations were within 3.5 volts of each
other. These |eads were used to measure the voltage at the end

of the output cable.

The results are presented in relation the the rated output of
the test article. Both solid state converters wera2 rated at 9@
KVA while the ECU-185 is rated at 6@ KW or 75 KVA at a @.8 power
factor. There were no power factor restrictions on the solid
state frequency converters and the maximum KW rating was also 99
KW. In order to keep any comparison of data as fair as possible)
the locads are expressed as a percentage of the rated Iocad. The
real power |imit of the solid state converters was treated as if
the rated output in KVA was at a 8.8 power factor. Thus, the base
for the solid state frequency converter real power |oad
percentages is 72 KW (9@0KVA % @.8) . The locads applied to each
unit were matched as well as possible.
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3.1.1 Balanced three phase locads -- Each load was balanced as
well as possible given the capabilities of the load bank. In the
discussion that follows, references to 1.9 and @.8 power factors
shou!d be understood to be the nominal values that were attempted
to be matched. The same situation app!ies to the term balanced
three phase loads. No effort was spared to obtain equal currents
in each phase; however, some imbalance existed in all loads.
Failure to obtain well balanced loads will most seriousiy affect
the phase voltage imbalance. ¥ the currents in the output cable
are unequal, the voltage drops in each phase will be unequal
causing the measured phase voltage imbalance to be higher than if
the load was perfectly balanced. The potential problem of
unbalanced loads did not seriously affect the phase vol tage
imbalance as discussad further in section 3.1.1.2. The other
calculated parameters, voltage regulation, frequency regulation
and voltage modulation, are less sensitive to slightly unbalanced
conditions since these parameters are basad on either averages or

single phase data. The results obtained from balanced three
phase loads are summarized in tabie 1 for all three test articles.
The following discussion will be based on the data summarized in

table 1 and found in appendix C.
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NOMINAL 3.8 pf

NMINAL 1.8 pt
=3

s TABLE 1: Data Summary for Balanced Three Phase Loads at 1.8 and 0.8 Power Factors {pf)
)

23 555

99.54 1
g.88 !
45.97
.55 1!
1,89 1
g.08
g.17 1
1.92 11
0.87
44.48 1)
.43 1
4.36 1)
p.og .
2.00 !
.86
64.10 1)
.25 !

104,46

————

]
[
[}
i
[
]
[
'

76.52 |
#.83 |
8.42
1.18 1
8.90 |
g.12 1
#.83 |
g.16 1
2.48
0.09
g.61 ¢

12.67
g.84 !

57.99 1
#.28 |

46.91 |
43.18 |

t
t
]
1
]
t

49.79 ¢
#.89
g.81 :
1.81 4
8.09 1
g1
g.a1 1

38.24 |
4.8t 1
1.66 !
g.08 :
g.87 i
9.85 |

§3.95 1
8.57 ¢
g.16
2.02
g.39 !

42,14
48.31 1
82.17 1

]
1
]
'
]
1
|
1
'
v

g.83 !
g.22
1.87 1
8.0a !
g.18 |
.83 !
.86 !
p.9¢0
1.18 |
9.82 1.
8.47 .,
.92

33.94 |

9.43 |
26.99 |
2.17

2417 1
33.51 1
25,10 1
33.37
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1.74 4
4.60 1
g.99 1.
54.42 11
8.22 11
4.00
9.85 1
8.40

98.68 i:
§.99 1
39.18 11~
8.25 1!
1.81 1
9.6 1
g.12
97.28 i
8.99 1
36.92 11
8.9 I\
8.49 1
9.08 1!
g.79 1

8.19

181.86 1!

g.99 |
35.57 |
8.26 i
g.21 !
8.08 |
8.15 1
1.88 !
IARYARS
g.99 !
9.69 |
g.28 !
8.00
1.13 1
#.99 1
8.43
8.29 1
8.83
8.87 .

19411

32.64 |
868.73 i
48.98 |

1
1
t
1

g.99 !
8.24 :
8.48 |
p.0g !
g.15 1
1.74 |
8.99 1
8.87 !
8.96 |
8.09 |
8.65 |
2,321
8.99

g.19 1
g.18

8.93 |
8.92 !
B.42 !

7.4 )
32,38 |
47.93 1
32.38 |
49.81 |
38.02

8.99 !
g.22
8.42 1
g.og i
2.94 !
a.e7 1
8.29 i
8.00 .
1.57 1
29.37 1
g.99
g.06 !
8.03 !
p.at i
p.g5 !

24,08 1
21.07 1
24,83 1
25.84 |
24,95 |

1.06 |
g.99 1
6.89 1
g.16 1
g.08 1
1,32 1
1.06 1
g.12 1
8.08 1
3.48 1
1.25 4
g.89 1
5.88 1
g.97

8.44 |

12,69 |
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3.1.1.1 Efficlency =~ The efficiency data cbtained during the

test was not usable. In using the Fluke 8060 multimeter with the
matching inductive AC current pick-up 881-608, significant errors
waere introduced into the data. The equipment was bench checked

with short duration current pulses in an attempt to simulate the
solid state frequency converter input waveform and the
multimeter/probe values were found to be in error by as much as

15 percent relative to measurements made with the meter alone.

The error is believed to be the result of the inductive probe
acting as a highpass filter. This problem only affects the input
of the solid state frequency converters since they draw current
only when required to form the output sinusoid.i. Retrospectively,
the input and output power flow should have been measured with watt
meters and power factor meters of a type similar to that used by
utility companies. in any case, the efficiency data must be
neglected.

3.1.1.2 Phase voltage imbalance -- The phase voltage imbalance
remained less than one percent for all balanced three phase l|oads
at 1.2 and 3.8 power factors. The solid state frequency con-
verters had very flat response curves for 1.0 power factor loads
while the motor-generator exhlibited greater data spread (See
Appendix D, Figure 1). The 0.8 power factor data for all test
articles showed a response curve similar to the shape of the 1.0
power factor ECU-105 response curve. Since all three test
articles displayed similar curves for 2.8 power factor loads,
this shape is not thought to be caused by normal data distribu-
tion. However, at this point, the shape of the curve cannot be
explalned.

3.1.1.3 Voltage reguliation -- With 1.0 power factor loads only
one data point (18@% load for the Jetway test article) fell
outside the desired voltage regulation |imit of 1.0 percent. See

Appendix D, Figure 3 for the plotted data. The data obtained for
@.8 power factor loads (See Appendix D, Figure 4) was not as
favorable. Both solid state frequency converters failed to main-
tain the voltage regulation below 1.8 percent. The lack of
adequate regulation cou!d have been caused by readjusting the
voltage regulators when the test location was changed to avoid
the hangar low voltage problem previously discussed. Both output
voltage and | ine drop compensation were adjusted by the solid
state converter manufacturer's representatives when the test
jocation changed. The adjustments were quickly made without
technical data and more meticulous adjustment procedures may be
all that is raequired to improve the regulation. After the test
started, no further adjustments were a!lowed. | f better adjust-
ment procedures do not correct the problem, another possibility
is changing the regulator design. Im any case, the output
voltage regulation of the colid state fregquency converters will
require improvement to meet the anticipated voltage regulation
specification of one percent, This should not be a serious
proplam since numerous pleces ot eiectrical generating equipment
ara capable of meeting this requirsment,
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3.1.1.4 Frequency reguliation -- The frequency regulation of all
three test articles at both 1.8 and .8 power factors (See
Appendix D, Figures 5 and 6) was well within acceptable operating

limits for aircraft power. The frequency regulation of the
crystal controlled solid state frequency converters was perfect
at all load and power factor settings.

3.1.1.5 Voltage moduiation -- The maximum voltage regulation

al lowed under MIL-M-48@3D(USAF) is 1.0 percent. The percent

vol tage modulation for two of the test articles (the ECU-105 and
Jetway) remained under 9.2 percent for all loads and power
factors (See Appendix D, Figures 7 and 8). Voltage modulation
greater than 1.0 percent was recorded fTor the CSI test article
under some of the load conditions. These high voltage modulation
values were observed for both 1.0 and 9.8 power factor loads.

3.1.1.6 Totai harmonic distortion -~ The total harmonic
distortion was unacceptable on the CS| test article and marginal
on the Jetway test article In relation to the maximum of 2.9
percant referenced in MIL-M-48@3D (See Appendix D, Figures 9 and

18). The same |imit is expacted *to apply to solid state
frequency converters when their general requirement specification
is compieted. CS! literature indicates that they have a harmonic
filter available as a option that will reduce the harmonic

content of their output to less than 2.9 percent.

3.1.2 8Single phase loads -- The single phase loads tested are
worst case conditions where only one phase is |loaded to a
percentage of the single phase'rated power (1/3 of the total
rated output power) at both 1.2 and ©.8 powar factors. This load
is not expected to be encountered in normal! operations, however
there may be occasions when single phase motors would be operated

from the three phase sources. Fault conditions could also result
in somewhat simllar conditions where one phase is drawing
significantly higher current than the other two phases. The

data obtained can be found in appendix C and is summarized in
table 2. The no load data points used in the appendix D figures
are obtained from the no load balanced three phase data presented
previously in table 1. The following discussion is based on the
data in table 2.



TABLE 2: Data Summary for Single Phase, 1.9 and ©.8 Power Factor Loads
i NOMINAL 1.8 PF i NOMINAL 2.8 PF
JETWAY i1 LOAD % I 49.91 | 96.61 || 46 .45 | 87.11
SOLID il mrm e 1 P o ———— e b |
STATE i1+ PF ' @2.99 | 2.99 ! 2.78 | 2.89
FREQUENCY || ==—mwmee———— 1l e | e HEE e e it
CONVERTER i PVI ¥% H .51 4,13 1 5.16 | 8.61
DATA Pl s R | e HHE | e
SUMMARY 't Vreg % i 1.9 | 3.68 || 2.73 | 1.70
i1 Avg THD HH 2.29 1 2.97 1 3.27 1 5.82
Csi {1 LOAD % i 45.91 | 83.74 1| 43.29 | 84.38
SOLID fl mmmmm e R il | e ————— Pl R bt
STATE {1 PF HH .99 | @.99 1 2.79 | g.87
FREQUENCY |} =—=————mmm—m S it b P e il b § e
CONVERTER ! PVI 4% i 4,63 | 8.32 1! 9.02 | 14.13
DATA 1l e 1l | e o P e
SUMMARY i1 Vreg % i @.23 | 2.26 1! g.41 | .82
i1 Avg THD i 3.68 | 5.3 | 4,33 { ? FQ FLUX
2 2+ 2 4 5t F  F F F E F 1 2 F 54+ 4 221 22 22 R 3 T35 EERFEEFr Ny
ECU-185 i1 LOAD % i 51.683 | 92.022 ! 55.31 | 89.87
MOTOR- Pl e 1) e R bl LT e it | e —————
GENERATOR ! PF i .99 | @.99 ! 2.88 | @2.87
DATA HHEE Y b Db b Pl e | ————— Pl R et b
SUMMARY TPV % i 1.856 | 3.18 11 2.57 | 4.69
11 Vreg % H 1.56 | 2.88 |1 2.01 1 3.94
i1 Avg THD H @.49 | g.87 i @.51 1 g.67
3.1.2.1 Phase voltage imbalance -- Al! three test articles
failed to remain within the 3.0 percent phase imbalance upper
limit as specified in MIL-M-4803D, paragraph 3.7.9, when the
maximum single phase l|load was appl!ied. The data for 1.@8 and 2.8
power factor loads are plotted in appendix D, figures 11 and 12,

With this gsevere single phase
imbalance would probably require circuitry that could
dently sengse and control
due to the extreme nature of the

load, maintaining the phase voltage
indepen-
This requirement,
warrants reconsideration

each phase vol tage.
load,

when the specifications for solid state frequency conversion
aquipment are finalized.

3.1.2.2

48030,

and

Vol tage Regulation
for single phase

Vol tage reguliation requirements
loads are not specifically stated in MIL-M-

but the specification does call for the output voltage to

be controlled to within 1.9 percent "throughout the power factor
load range’ .n paragraph 3.7.4. Appenaix O, figures 13 and
show that the only the CSiI test articie achieved this lavel
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of performance. This was not expected since the CS! test articles
did not perform this wel! for the balanced three phase |oads.
This performance is also attributed to adjustment of the voltage
regulator as was the poor performance described in paragraph
3.3.3.2. These findings support the opinion that the observed
voltage regulation is not a serious problem for any of the test
articles.

3.1.1.3 Total harmonic distortion -~ The total harmonic
distortion for single phase loads is presented in appendix D,
figures 156 and 16. The total harmonic distortion Iimit of 2.0

percent as contained in MIL-M-48@03D, paragraph 3.7.7, does not
clearly apply to single phase loads. Only the ECU-145 test
article maintained the harmonic content within 1.8 percent for
all single phase loads. The CS! test article had a frequency
flux at the nominal 108 percent load, 9.8 power factor data
point, that prevented obtainirj harmonic content data.

3.1.3 Load bank shock loads -- All three test articles were
shock |oaded and unloaded at nominal loads of 5@ percent and 1900
percent of *he rated output at both 1.8 and @.8 power factors.
The actual shock locads are documented in appendix E and the
results are shown in table 3.

1"



Shock Load Transient Voltage and Duration Summary

TABLE 3.
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steady
a first order

some rather

Assuming that the highest volt-

age deviation occurs at the onset of the transienmt and that the
in table 2,

is broached,

returning to the original
12

In order to make a reasonable deter-

isg not possible to develop a second order mathesmat-

of the response.

it
can be derived.

mode |
state value at the recovery time shown

mination as to whether the envelope
mode |

broad assumptions must be made.
vol tage decays exponentially,

not known,

ical
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First, define tau as

Total Recovery Time

and the equation:
VvV = 23@ + Ae(-e/e.u)

where V Is the instantaneous voltage at time t and A is the
signed magnitude of the maximum voltage deviation. This equation
was utilized to develop the possible raesponse curves for the test
articles contained in appendix F, figures 2 through 7. The
limits displayed in appendix F, figure 1, are also displayed on
the other figuras.

The calculated response curves for the Jetway test articles are

shown in appendix F, figures 2 and 3. The unit failed to respond
fast enocugh to prevent the voltage from exceeding the |imits for
the 190@ percent sudden load removal. The vo!ltage response to the

other shock loads essentially (a few data points did not)
remained within the voltage |imits of appendix F, figure 1.

The calculated response curve for the CSI| test article are
shown In appendix F, figures 4 and 5. None of the calculated
raesponse curves exceaeded the | imits when 1.0 power factor |loads
ware applied and removed. The response seen with 9.8 power
factor loads had smaill magnitude deviations, but the long
response time caused the calculated response curves to exceed the
desired | imits.

The calculated response curve for the ECU-105 test article are
shown in appendix F, figures 6 and 7. None of the calculated
response curves exceeded the | imits when 1.9 power factor |oads
were applied and removed. With .8 power factor loads, only the

100 percent shock load calcuiated response curves went out of the
limits.

The mathematically generated data basically confirm that the
vol tage rasponse needs to be improved for the voltage to remain
in the desired |imits when a 190 percent shock load is applied or
removed. The calculated data also show that, for the normally
encountered case where the shock load represents less than 50
percent of the units rated output, the voltage {imits are
egsentially maintained except for some @.8 power factor I|ocads.

13



3.2 AIRCRAFT POWER-ON TEST RESULTS

The aircraft test was significantly less demanding than the
load bank test. The shocks were not as great and the overall
loads did not push the operating |imits of the test articles.
Only the Jetway and ECU-105 test articles were applied to the
aircraft, B-18B #95@8. The CSi test articl!e was not inciuded in
this portion of the test due to the high harmonic content and
voltage moduiation on their standard unit. Also, in keeping with
the purpose of the test to document the feasibility of solid
state frequency conversion technology for Air Force aircraft
power generation, one solid state frequency converter could
provide the required data.

When power was applied to the aircraft in the basic WM-4
configuration, the power consumption was 7.9 KVA at a 9.99 power
factor. No transients were observed with either test article
when this lovad was applied. Next, the fuel transfer pumps were
turned on increasing the load to 27.5 KVA at a ©.88 lagging power
factor. The Jetway voltage deviated slightly from the steady
state value of 228 volts on each phase. Both the A and C phase
voltage c!| imbed toc 236 voit and damped out in @.06 seconds while
the B phase voltage ciimbed to 234 volts for @.04 seconds. The
Jatway vol tage control appeared overdamped in this situation

since no oscillations were recorded. The ECU-1805 steady gstate
voltages on A, B and C phase were 232, 232 and 239 vults
respactively. The ECU-185 voltage transients oscillated between

the values of 222 volts and 236 volits for @.4 seconds before
damping out to the steady state conditions. The time required
for each half cycle (time between consecutive steady state
crossings) was approximately @.08 gseconds. The main fuel boost
pumps ware than energized by placing the engine start switches in
the run position thus increasing the electrical load to 42.1 KVA
at a 9.84 lagging power factor. No transients ware recorded for
the Jetway test article. The ECU-105 B phase voltage sagged to
224 volts for @.04 seconds. When the iocads were removed by firgst
turning off the fuel! transfer pumps followsed by the fuel boost
pumps, no additional voltage transients were recorded. The
aircraft accepted the eliectrical power from both the Jetway and
ECU-1@98 test articles and the routine maintenance task of
pressurizing the fuel manifolds was completed without any
problems.
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IV. CONCLUSIONS

The solid state frequency converters were found to provide
acceptable powar. The frequency regulation was excellent, but

the voltage raegulation and total harmenic distortion will need
improvement before solid state frequency converters can

replace motor-generators. Procurement specifications being
prepared by SM-ALC/MMIEC address the problems observed during
this enginsering project. Power generating equipment built to
meet the SM-ALC sgpecification will have power quality equivalent

to motor—-generators. The two off-the-shelf converters tested
should be able to meet the final procu: ement specification with.
relatively minor modifications. The anticipated improvement in
mean-time-between failures, reduced time to repair, and unlimited.
power factor range make solid state frequency converters a viable,
option for replacing motor-generators. As the aircraft |oad
power factors become more reactive, the unlimited power factor
range will become more Important.

IV. RECOMMENDAT ION

HQ SAC/LGME recommends that:

a. AFLC SM-ALC/MM!| release procurement specifications and
stock list solid state frequency conver ters.

b. HQ@ SAC/LGSE arrange to purchase five stock |isted so!id
state frequency converters as replacements for condemned motor-
generators, providing the projected |ife cycle cost is favorable.

c. HQ@ SAC/LGSE, with LGME assistance as required, inspect
the initial solid state frequency converters and monitor their
per formance during the first year of operation. This would
ensure documentation and resolution should unforeseen problems
develop.

d. Contracts Include warranty provisions that
specify 20,000 hours before failurae.

15
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V. DISTRIBUTION

HQ SAC/LGME (5) /LGMS/LGSE (2) /LGXB/LGMA/DEEQ,

Offutt AFB, NE 88113-5001

SM~-ALC/MMI/MMIK/MMIE/MMIEC(2), McCleiian AFB, CA 95652-5000
96 BMW/MA, Dyess AFB, TX 79807-5000

28 BMW/MA, Ellsworth AFB, SD 57726-5000
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APPENDIX A
ELECTRIC POWER SUPPORT EQUIPMENT TEST DESCRIPTIONS
I. INTRODUCTION

This appendix describes the procedures and data that will be

col lacted for tests of electrical generating equipment for
aircraft use. The tests come from numerous sources and have been
modified to gsuit the needs of HQ SAC. These tests do not
congtitute a initial article inspection as required by AFLC. The
tests provide SAC with an abbreviated inspection/evaluation of
electrical generating equipment before SAC has to operate the
aquipment under field conditions.

1. GENERAL SYSTEM CHECKS

2.1 VOLTAGE ADJUSTMENT -- The range of output voltage adjustment
and ths adjustment step size, if applicablie, will be determined
by adjusting the voltage regulator under no load conditions.

Vol tage measurements can be made at either the load or the unit
end of the output cable for this test. The desired range is plus
or minus ten percent of the rated output voltage.

2.2 WORKMANSHIP -- Any deficiencies in the construction or
design of the unit wiil be noted. Examples are sharp edges,
poorly fitting joints, dissimilar metal contact, metal shavings,
cold or sloppy electrical connections and unreadabie/unclear
operating and maintenance instructions.

2.3 MAINTAINABILITY -- Although this test cannot accurately predict
the mean time betwesn failure for the test article some qualitative
assessments can be made concerning the unit’'s maintainability.

This qualitative assessment will include:

- Periodic maintenance requirements.
- Ease of access for periodic maintenance.
- Ease of access to electronic components.

- Maintenance personne! and equipment requirements.

111, TEST DESCRIPTIONS

3.1 EFFICIENCY ~- The efficiency (Ef) in percent is defined as:

Sout
Efz ——www——- x (198)
Sin
where Sin is the total input power in thousand volt amperes (KVA)
and Sout is the output power n XVA,. A Fluke 8060 true RMS
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multimeter with an 881~-60@ inductive current probe will be used
to measure each phase current. The voltage of each phasse (line
to nautral) will also be measured with the Fluke 8260 mulitimeter.
The value for the total power (8) for both input and output is
tfound with the equation:

S=(Van*|a)+(Vbn*ib)+(Vcn*!lc)

Measurements of the efficiency shall be made at three phase
balanced loads. Data points will be obtained with loads close to
the @, 25, b@, 75, and 199 percent of the rated lpad at a power
factor of 9.80 lagging. Another set of data points will be
obtained with a 1.9 power factor. Voltage measurements will be
made at the input and output terminals of the unit to prevent ths
power cables from altering the basic unit parameters.

3.2 REGULATION -~ The ability of the unit to maintain a set
vol tage and freguency for loads varying from @ to the full rated
output will be examinead. In this test, the unit will be operated

at @, 25, 580, 75, and 199 percent of the rated output for power
factors of .80 lagging and 1.28. The line to neutral voltage of

each phase will be measured at the {oad end of the output cable.
A Dranetz 808 power Demand Analyzer wil! provide the vol tage,
current, load and power factor data. The frequency will be
measured at any convenient point on the output cable. Either an
oscilloscope with digital frequency readout or a Fluke 8060
multimeter will be used to measure the output frequency.

3.2.1 Voltage regulation calculation -- The voltage regulation

(VRx) in percent as a function of the load is calculated with the
equation:

ABS( Vi=-Vo )
VRX = ==smmm—mm—m— x (102)

where Vo is the no load average |Iine to neutral voltage and VI is
the average |ine to neutral voltage when loaded at x percent of
the rated output. MIL-M-4803 requires the VR to be lass than or
equal to one percent at all l|oads.

3.2.2 Freguency regulation calculation —--
The frequency regulation (FRx) in percent as a function of
the load Is calculated with the equation:

ABS(FI-Fo)
FRX & =~mew—m—eem——— x (100)
Fo
where Fo is the no load average frequency and Fl is the average

fraquency when loaded at x percent of the rated output.

3.3 VOLTAGE MODULATION ~-- The ability of the unit under test to
maintain a vol*tage wi*hout *'uctuati on at 3 3iven 'sad '3

A2



repraesented by the percent voltage modulation. The

line to neutral

vol tage waveform value

minutes and the highest peak voltage (Vpm) and the

vol tage (Vpl) are recorded.
assuming a true sinusogidal

Vmax

vmin

where Vmax is the maximum RMS voltage and Vmin

= (Vpm)/(2°.8)

= (Vpl)/(2”°.5)

vol tage observed during the two minute period. The
vol tage modulation (VM) is defined as:

The voltage measurements will
foads and with @.80

Test loads wil

rated unit output.
than one percent for all

3.4 TRANSIENT STABIL!ITY -- The ability of a power generating unit
is examined by recording the

Vmax-Vmin
----------- x (19
Vmax+Vmin

| include @, 25,

to respond to sudden changes in

@)

50,

i oad
parameter of interest as a function of time.
situation is to apply a full

lagging and 1.2 power factors at each

peak

igs observed for two

lowast peak

The RMS values are calculated by
wavefeorm, thus:

percent

is the mimimum RMS

be made with balanced three phase
load.

75, and 19@ percent of the

The percent voltage modulation should be
luad and power factor combinations.

The worst case
load step function to the output and

less

to monitor the response fol lowed by a sudden removal of the l|oad
stabiiizes. This should be done for both 9.8
lagging and 1.2 power factors.

after the unit

A Dranetz 6806-3 Line Disturbance Analyzer was used to monitor the

vol tage and frequency transient response to sudden
The Dranetz 806 was configured to monitor three phase,

connaected power systems. The following data was reccrded.

-~ Slow average output voltage. This is the

output voltage over a

19 sacond period.

average

Deviations

greater than plus or minus 3 volts and the time the
deviation occoured are printed.

-~ Sag/Surge voltage.

Any deviation of plus or minus

three volts from the slow average output voltage was

recorded.

The voltage used for sag/surge measursments

the average voltage over B periods of a 490 Hz signal .

The duration of the sag/surge

load changes.
403 Hz WYE

is

is recorded as the number of

cycles where the 8 period average voltage remained three
volts or more away from the slow average ocutput voltage.

The time the deviation started

-~ Impulse voltage.

valtage

(durati=n af 3.8

A3

- -
)

938 micr=aseconds)

is also printed.

Whenaever a “"spike” or impulse

4iffarad
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gg from the anticipated instantious voltage by plus or minus
B@ volts the time, phase and peak voltage excluding the AC
g line voltage was printed.

-= Qutput frequency deviation. Whenever the one
as@cond average frequency deviated more than pfus or minus

' 4 Mz from the last printed value (nominally 48@ Hz), the
4 fraquency and time of occurrence were printed.
o
§$ First, the generator was subjected toc a step decrease in load
from 50 percsent load with a 1.2 power factor to no lcad. After
N the vol tage and frequency stabilized, the b@ percent, 1.9 power
h factor l|oad was reappled as a step function. Then, the load was
increased to 10@% of the rated load with a 1.2 power factor. The
e generator was then subjected to a step decrease from full to no
,g load. After the voltage and frequency stabilized, the 189 percent,
\ 1.0 power factor load was reappled as a step function. These
steps wera repeated with a 2.8 power fac.or
V“ﬂ
i Tha output voltage should not deviate more than plus or minus
19.0 percent from the voltage prior to the transient. Within @.2
o seconds from the onset of the transient, the voltage shouid
‘i raturn to within 2.8 percent of the initial voltage. MIL-SPEC-
o 704D, figure 5 contains additional guidance for 115 volt aircraft
, systems.
h The transient frequency response is the frequency of the output
gignal on the desired phase measured as a function of time from
o the start of the step change in the load. The frequency should
Y remain in the range 393.0 hertz to 4@7.Q hertz. Within 3.9
saconds the frequency should recover to 409.0 hertz plius or minus
g 2.5 heartz.
‘ 3.5 PHASE VOLTAGE IMBALANCE -- The phase voltage imbalance (PVI)
in percent is defined as:
3
M ABS( Vmax-Vavg )
PVl = =emmmmm e x (19@)
E‘:: Vavg
where,
Van+Vbn+Vcn
ﬁ Vavg =& ———eroe-meesm———-
3
% and Vmax is the |line to neutral voltage of the phase with the
. largest deviation (positive or negative) from Vavg. Van, etc.
represent the voltage measured from the designated phase | ine to
Q the neutral | ine.
The PV!I will be measured for a balanced three phase €.8 lagging
" power factor load at 180 percent of the rated output. For these
" conditinns, *he BY1 should be less than 1.8 percent. With *wo
.
vr
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phases at no load and one phase operating at 109 percent |oad
(1/3 rated output)with a 9.8 power factor the PVI should be less

than 3.2 percent.

3.6 TOTAL HARMONIC DISTORTION -- The total harmonic distortion
(THD) in percent was measured directly with*a HP 331A Distaortion
Analyzer.
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PERCENT IMBALANCE

PERCENT IMBALANCE

FIGURE 1: PHASE VOLTAGE IMBALANCE

FOR 1.0 PF LOADS.
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FIGURE 2: PHASE VOLTAGE IMBALANCE
. FOR 0.8 PF LOADS.
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FIGURE 3: VOLTAGE REGULATION

FOR 1.0 PF LOADS.
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FIGURE 4: VOLTAGE REGULATION

FOR 0.8 PF LOADS.
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FIGURE 5: FREQUENCY REGULATION :
FOR 1.0 PF LOADS. @
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FIGURE 6: FREQUENCY REGULATION @
FOR 0.8 PF LOADS.
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FIGURE 7:

VOLTAGE MODULATION

FOR 1.0 PF LOADS.
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FIGURE 9: TOTAL HARMONIC DISTORTION

FOR 1.0 PF LOADS.
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FIGURE 11: VOLTAGE IMBALANCE

FOR SINGLE PHASE, 1.0 PF LOADS.
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FIGURE 12: VOLTAGE IMBALANCE

FOR SINGLE PHASE, 0.8 PF LOADS.
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FIGURE 13: VOLTAGE REGULATION

FOR SINGLE PHASE, 1.0 PF LOADS.
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FIGURE 14: VOLTAGE REGULATION 3

FOR SINGLE PHASE, 0.8 PF LOADS.
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FIGURE 15: TOTAL HARMONIC DISTORTION

FOR SINGLE PHASE, 1.0 PF LOADS,
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FIGURE 16: TOTAL HARMONIC DISTORTION

FOR SINGLE PHASE, 0.8 PF LOADS,
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FIGURE 1. AC VOLTAGE TRANSIENT LIMITS. -
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' FIGURE 2. JETWAY TRANSIENT RESPONSE

O FOR 1.0 POWER FACTOR SHOCK LOADS,
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FIGURE 3. JETWAY TRANSIENT RESPONSE

FOR 0.8 POWER FACTOR SHOCK LOADS.
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FIGURE 4. CSI TRANSIENT RESPONSE

FOR 1.0 POWER FACTOR SHOCK LOADS.
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FIGURE 5. CSI TRANSIENT RESPONSE
FOR 0.8 POWER FACTOR SHOCK LOADS.
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FIGURE 6. ECU—105 TRANSIENT RESPONSE

FOR 1.0 POWER FACTOR SHOCK LOADS,
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FIGURE 7. ECU—105 TRANSIENT RESPONSE

FOR 0.8 POWER FACTOR SHOCK LOADS,
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