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270 VOLT DIRECT CURRENT GENERATOR
PERFORMANCE EVALUATION

Single channel testing was performed on the Lucas Aerospace
270 Volt DC generator #101 with Generator Control Unit (GCU) #103,
during the second half of FY90. This testing was conducted in the
George Tsaparas Laboratory at the Naval Air Development Center
(NADC) by perscnnel from the Electrical and Flight Control Branch.
Generator parameters recorded include line voltage, field current,
peak-to-pezak ripple voltage, distortion spectrum, and transients
due to both load application and load removal. The load bank used

in the testing was purely resistive.

The purpose of this testing was to provide a general insight

tc the capabilities of 270 Volt DC generators. MIL-STD-704T,
reference (1), 1s a specification which defines aircraft power
quality; this specification is currently being revised. The majcr

changes in the 270 Volt DC section of this specification involve
voltage ripple, distortion, and voltage transients. The new ripple
ard distortion criteria that will be incorporated into MIL-STD-7C4
were derived from theoretical <calculations and experimental
measurements. The derivation of this criteria is described in a
white paper by Mr. Eric Speck from the Naval Air Test Center whc
is directly involved with the revision of MIL-STD-704. Excerptcs
from this paper describing the criteria are included in Appendix
L. The new transient limits being considered are defined in AS-
1831, reference (2). The distortion and ripple measurements taken
during this testing were compared to the criteria established in
Appendix A, and the transient measurements were compared to the
limits of reference (2). Analysis of the test results will
provide verification that 270 Volt DC generators will be ceapable
of meeting the criteria of MIL-STD-704E.

The Lucas generator was a fprototype model developed under
contract #N€2269-79-C-0226 for NADC per NADC-60-TS-78C3, reference
(2) . The 45 KW generatcr is an oil-cooled, brushless machine with

. irnternal fuil wave bridge rectifier. This generatcr d4aoes notl

(sl
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represent current state-of-the-art 270 Volt DC generator
capabilities. Many advances in generator design, stronger
magnetic materials, and new GCU and rectifier components have
improved 270 Volt DC system performance since the Lucas generator
was built. However, the performance of the Lucas generator can
provide & baseline for comparison to present day generators. The
overzll performance of the Lucas generator was commendable; irn
many instances, its performance exceeded the reguirements callecd

out in the references.

enerzal Performance

During all tests, the steady state 1line voltage
generator was recorded. Steady state occurs after a su
period of time has passed following any transient t
occurred due to load switching or a change in generatcr speed.
Steady ctate wvoltage 1s defined for 270 VDC by MIL-STI-704I ac
between 250 and 280 VDC. In Figure (1) the effect of speei anc

load on the 1line voltage 1is shown. The 1line voltage ig well

regulated (between 268 V and 270 V) with a load presenz. During
the no load condition, regulation 1is still good, Lku:z tre lire
voltage is higher than when a load is connected. kRt no locad anc
increasing generator speed, the line voltage also increaces. At

2t% load, the line voltage followed the same pattern as it dic

with no load but at 2 to 3 volts less. At every other load

oA®

condition (50%, 75%, 100%), during minimum generator speed, the
line wvoltage was at 1its maximum; however, as the speed was
increased to 13,000 rpm, the line voltage drops and then remairs

approximately the same for the remainder of the speed range.

The field current was also recorded throughout all testinc.
In Figure (2) the effect of speed and locad on field current ic
shown. The field current consistently increases as the lcad is
increased. As generator speed 1is increased, the field required tc
achieve output power 1s smaller; therefore, the £field curren:

Jdecreases.

[hS]
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Ripple Measurements

Peak-to-peak ripple was measured at no load,
and 100%

25%,

50%, 75%

loads over the operating speed range of the generator.

Approximately 10 peak-to-peak measurements were taken at each test

condition;

accurate representation of ripple.

plotted

conditions,
to-peak.
and 18,000

p-p)

volts

{

Mean Ripple Voltaqge

in Figure

these numbers were then averaged to

(3) versus generator speed.

yield

a more

The mean ripple voltages are
For most test
the ripple voltage was between 4.5 and 5.5 volts peak-

The worst case ripple, 7.7 V p-p, occurred at 75% load
rpm. The overall average ripple was 4.7 V p-p.
&
/
A
/
/
/..
'-";‘:....
S L
4 /ﬂ///
4(//, —8— No Load
3 —e— 25% Lcad
--'®-° 50% Load
—==®-- 75% Load
2 Ly~ s=-®=" 100% Load
1 A, A 4 s A A L ) - A s A
100¢C¢C 12000 14000 16000 18000
Generator Speed (rpm)

Figure 3. Peak-to-Peak Ripple Voltage

A separate test was performed to deteruwine the effect of flat

bus

while a 50 foot No.

ocutput.

flight

cable on power quality.

gualified

Ripple measurements were

It should be noted that the cable and connector

hardware. The flat bus used in

this

recorded

6 flat cable was connected to the generator

were not

test
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consisted of two thin insulated copper strips layered together.
Some of the advantages of using flat bus over round wire in power
systems include decreased inductance, increased capacitance and an
inherent fault isolation property. The inherent fault isoclation
property is due to the magnetic field generated by the layered
geometry of flat bus. During a fault, this magnetic field causes
the conductors to separate at the point of a fault. The increased

capacitance property is an effective means of reducing the ripple

cn the power bus. The specified capacitance of the fl:. cazle it
§000 pf/fu. Trierefore, the approximate capacitarnce cf the caile
used in this test is 0.4 microfarads.

In comparing the ripple measurements taken with the flzt Lkuc
tc those taken without the flat bus, a significart ripple voltace
reduction it observed. At no load, the flat bus has no
aprreciable efiect on ripple, since the ripple is already fairly
low (See Figure 4). However, by attaching the fiat bus to the
generatcer, the ripple was reduced on the average by 18%, Figures

(5) througz (7) show the difference in ripple vcltage with ang

withcut the flat bus under generator loaded conditions.

ion Spectrum Measurements

}J

n
kKt
10
a
It
s

DC distortion is the superimposed alternating voltages on the
generator’s DC output. This distortion was measured from 10 Hz to
500 kHz at generator speeds from 10,000 to 18,000 rpm at 1000 rprm
incremerts at no load, 25%, 50%, and 75% loads. The distortion
spectrum was observed on a Norland oscilloscope that converted the
generator output waveform into the frequency domain by taking the
Fast Fourier Transform of the time domain. At each test conditior,
the highest amplitude po.nts and the frequencies that they
occurred at were recordez, All distortion measurements were taken

without the flat bus caible connected in order to assess the worst

case distortion. Measurements of distortion with flat bus were
nzt taken due to time and funding constraints. However, from the
reculte of the ripple measurements, it is believed that the flat

w
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cable would suppress distortion. The measured distortion
amplitudes were plotted along with the distortion curve from
Appendix A for each test condition. These plots are included in
Rppe:. jix B. At every test condition, the distortion amplitude was
well below the 1limits specified in Appendix A. The distortion
factor was calculated for each test condition with the worst case
dc distortion. In every case, the distortion factor is well below
the recommended limit of 0.010 from Appendix A. Table (1) 1lists
the distortion factor for each condition. The worst distortion

factor for each load condition is emphasized in bold print. The

[23

overall worst distortion (0.0021) occurred at mirnimum spee

(10,000 rpm) and maximum locad (75%).

Table 1. Distortion Factor

Speed

(rpm) No Load | 25% Load | 50% Load | 75% Load
10,000 0.0009 0.0017 0.0019 0.0021
11,000 0.0006 0.0013 0.0010 0.0018
12,000 0.0005 0.0009 0.0010 0.0014
13,000 0.0004 0.0011 0.0010 0.0019
14,000 0.0004 0.0011 0.0014 0.001%
15,000 0.0006 0.0010 0.0013 0.0021
16,000 0.0006 0.0008 0.0011 0.0016
17,000 0.0011 0.0010 0.0012 0.0015
18,000 0.0006 0.0008 0.0006 0.0015
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Durina transient testing, the onset of &a transient occurs
when a locad is applied to or removed from the generatcr under
test. Two parameters were recorded during this testing, recovery
time and transient voltage spread. The recovery time 1is the time
from the initizl onset of the transient to the time when <the
generatcr output voltage returns to steady state (250 - 280 V).
In scme czses c¢f load switching, the <transient 1s not severe
encugh to exceed the steady state limits. For these cases, there
is no recoveryv time, T“he transient voltage spread is the vcltage
difference between the maximum and minimum voltage that occur

during the transient condition. The voltage spread number cives 2

[

good indication cof the severity of the transient.

Table (2) summarizes data taken during load applicatiocon tests
at different speeds and loads. In general, the transient wvolitac
spread increased as the load and speed increased. On the othe
hand, speed and load did not have a significant effect orn the
recovery time. The recovery time was much longer during the
application of 25% load at 14,000, 16,000, and 18,00C rpm anc
during the application of 50% load at 16,000 and 18,000 rpm than
during any other load application test condition. The extended
recovery time was due to the fact that the transient waveform
contained a voltage overshoot that exceeded steady state voltage
following the normal undershoot that occurs with load application.
This overshoot is probably a result of the GCU’s difficulty in
regulating at low loads and high speeds. Although the recovery

[
b

time was longer at the stated conditions, the transient sti
remained within the envelope of the transient curves in relferernce
(2) .

The one case that the transient performance did not meet the
requirements of reference (2) occurred during load application of
the 75% load. The voltage level dropped below the specified 20C
velt limit to 187.5 Volts. Improved techniques for transient

suppressiorn. are available today, so this failure 1is nct &

S
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Table 2. Data from Load Application Transients

Load Generator Recgvery Voltage
Applied Speed Time Spread
(%) (rpm) (ms) (volts)
25 10,000 0.5 46.9
25 12,000 0.6 50.8
25 14,000 14.2 62.5
25 16,020 18.0 70.3
25 18,000 19.7 82.0
50 10,000 1.9 54.7
50 12,000 1.9 70.3
50 14,000 3.0 70.3
50 16,000 6.6 78.1
50 18,000 8.9 78.1
75 10,000 4.4 85.9
75 12,000 3.5 85.9
75 14,000 3.3 89.8
75 16,000 3.3 93.8
75 18,000 3.0 89.8

significant problem.

Table (?) summarizes data recorded during load removal at

different speeds and loads. Here, the recovery time does seem to

depend upon the speed of the generator and the amount of the load
being removed. The recovery time is longer for
loads. The

increasing load,

faster speeds and

higher voltage spread generally increased with
but there was no significant effect of speed o

the voltage spread.

The average recovery time for load removal is 18.5 ms while
the average recovery time for 1load application is only 6 ms. In
general, it takes about 3 times from a load
removal than from a load application at the same percentage load
and the On the other hand, the

longer to recover

same generator speed. average

10
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transient voltage spread for load removal (17 Volts) is less than

that for load application (74 Volts). Figure (8) 1is a typical

comparison of the transients incurred by 1load removal ancd load

application.

Table 3. Data from Load Removal Transients
Lcad Generator Recgvery Veltage
Remcved Speed Time Spread

( &) (rpm) (ms) (velts)
25 10,000 6.6 14.8
25 12,000 8.2 12.8
25 14,000 None 9.2
25 16,000 15.4 1.8
25 18,000 16.2 12.3
50 10,000 9.4 12.9
50 12,000 10.4 11.1
50 14,000 16.0 15.0
50 16,000 18.6 12.2
50 18,000 18.0 14.8
75 10,000 20.0 27.7
75 12,000 22.8 2v.6
75 14,000 29.0 25.8
75 16,000 35.0 26.7
75 18,000 35.8 26.6

11
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In order to decrease the severity of voltage transients, a
method of stepped load application and removal has Dbeen
investigated. The load was stepped up from no load to 18% to 27%
to 56%. Transient voltage spreads and recovery Lime were recorded
for each step up and also for a direct turn-on from no load to 56%
in Table (4). Table (5) provides similar data for load removal.
The voltage spreads for stepped loading were much less severe than
for direct loading. Also the recovery times were shorter or even

nori-existent for stepped loading.

Since the transients from incremental loading were much
sma.ler than the transients from direct 1loading, they had to ke
measured using the A.C. mode of the oscilloscope. The A.C. mode
of the scope could not capture transients from direct loading

ad. So, rather than switch to D.C. mode toc

o
ure the larger transients and risking inconsistert

aremments, the incremental loading testing was limited to 56:%
lczding. Tre direct loading transients were measured using =the

node c©f the oscilloscope. For this reason Takles (2) & (3)

t
(@]
3

shouvlia nct be compared to Tables (4) & (5).
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Table 4. Data from Incremental lLoad Application
Initial Load Generator Recovery Tég?i;ggt
Load Applied Speed Time Spread
(%) (%) (rpm) (ms) (Volts)
0 18 10,000 0.45 35.8
18 27 10,000 0.90 11.7
27 56 10,000 0.40 28.1
0 56 10,000 3.10 43.8
G 18 12,000 0.45 £i. 8
1¢& 27 12,000 None 11.7
27 56 12,000 0.40 28.¢
0 56 12,000 2.75 58.6
C 18 14,000 0.45 50.¢
18 27 14,000 None 12.:2
27 56 14,000 0.40 28 .-
0 56 14,000 2.35 65.6
0 18 16,000 0.55 87.¢
g 27 16,000 None 28.¢
27 56 16,000 0.40 2¢.7
0 56 16,000 2.15 69.5
C 18 18,000 0.45 £:.3
1t 27 18,000 None 1€.4
27 56 18,000 0.35 31.3
0 56 18,000 2.05 69.5

14
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Every test performed on the Lucas generator exceeded
expectations. Nct only did the generator perform up to the
standards specified in the type specification that it was designed
to, but it also met the tighter requirements of MIL-STD-~704D,
Appendix A, and AS-1831. The only exception was the transient
drop below 200 Volts during the 75% load application.

The genera. operating performance o©f the generatcr was
established by the measurements of line voltage and field current.
Trie line voltage wac properly regulated and well within the MIL-
STD-704D 1limits fcr steady state operation during all speeds and
load conditions. The ripple measurements yielded an avera
ripple of 4.7 V p-p which 1is considerably below the limit c¢f 12 V
p-p stated in MIL-STD-704D, and it 1is also below the $.€ V p-p

tne

limit called ounr in Appendix ZX. I has alsc been chown that tn
use cf flat bus cable reduces ripple. Further investigaticr intc
this area i recommended. The results of thes distcriicn

s
measurements clearly indicate that a 270 VDC generator can mee:
e

the crit

The transient measurements were the only limiting factcr of

the 270 VDC generator. In most cases, the generator performed

1)

satisfactorily; however, under large load applications, th
~enerator had difficulty suppressing the transient as requirec by
AS-1831. Transient suppression circuits are available today to
combat this problem. Another alternative is stepped loading which
was proven in this paper to be an effective means of reducing

transient severity.

Based on this generator, which 1is over ten years behind
today’s state-of-the-art, it can be concluded that no significant
problems should be encountered by generator vendors in thelr
efforts to meet the new 270 VDC reguirements set forth in MIL-STD-
704E.

16
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Table 5. Data from Incremental Load Removal
Initial Load Generator Recovery Tég?igggt
Load Applied Speed Time Spread
(%) (%) (rpm) (ms) (Volts)
18 0 10,000 4.8 I
27 18 10,000 None 6.7
5¢ 27 10, 000 None 10.0
56 0 10,000 11.4 17.8
18 9 12,000 31C.2 11.2
27 ig 12,000 None 8.8
5¢€ 27 12,000 None 10.1
56 0 12,000 20.0 16.1
18 0 14,000 None 7.5
27 18 14,000 None 5.¢€
56 27 14,000 None c.1
56 0 14,000 17.6 16.2
18 0 16,000 Norne g.0
27 18 16, 000 None 5.6
56 27 16,000 None 9.2
56 0 16,000 28.2 13.4
18 0 18, 000 8.2 10.8
27 18 18, 000 None 4.4
56 27 18.000 6.6 10.9
56 0 18,000 26.4 18.3

15
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NADC-91003-60

Table A-1. Recommended ripple amplitude, distortion factor and distortion
spectrum for MIL-STD-704,

28 Volt DC 270 Volt DC
Ripple amplitude 1.5 volts 6.0 volts
Distortion factor .035 .015
Distortion spectrum see below and Filg. 9a| see below and Fig, 9b
at 10 hertz -20 dBVrms -10 dBVrums
10 - 1,000 hertz +10 dB/decade slope +10 dB/decade slope
1,000 - 5,000 0 dBVrms +10 dBVrms
5,000 - 50,000 -20 dB/decade slope -20 dB/decade slope
at 50,000 hertz -20 dBVrms -10 dBVrms
0,000 - 200,000 -40 dB/decade slope -40 dB/decade slope
at 200,000 hertz -44 .08 dBVrms -34.08 dBVrrs
Table A-2 Recommended ripple amplitude, distortion factor and distortion
spectrum for dc generator and converter specifications,
28 Volt DC 270 Volt DC
Ripple amplitude 1.2 volts 4.8 volts
Distortion factor .025 .010
Distortion spectrum same as MIL-STD-704 same as MIL-STD-704

A-2
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Appendix B

Distortion Spectrum Graphs
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