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1.0 INTRODUCTION

1.1 BAGKGROUND

This report summarizes the results of work performed in the second phase
of a study program to demonstrate technology readiness for advanced power
distribution system desigh concepts.

This program was planned on the basis of recommendations resulting
from a comprehensive "Space Vehicle Electrical Power Processing Distribu-
tion and Control Study", (NAS8-26270) performed by TRW Systems as part of
the NASA snace vehicle technology development program. The objectives of
the first year of this program "Multi-KW DC Distribution System Study"

 (NAS8-28726) were:

e Provide detailed definition of the program and test objectives
Make recommendation for selection and sizing of the test facility

8 Evaluate high voltage dc power distribution system state-of-art
and availability of test hardware

This study was completed successfulily April 1974, The objective
of the second phase of effort which is the subject of this report was to
provide sufficiently detailed definitions of test facility subsystems to
enable planning and installation of the test facility by Marshall Space
Flight Center personnel. The subsequent phases of this program will provide
support for procurement and installation of the test facility, system test
planning and evaluation,

1.2 SCOPE OF -WORK

The second phase of the Power Processing, Distribution and Control
Development Program is a critinuation of the TRW and MSFC in-house effort,
It consists of: ™

e Complietion of the detailed design, fabrication and installation of
the technology breadboard.

s Selection of electromechanical and solid state relays, circuit
breakers, remote power controllers and associated contrel and
display equipment.

1-1
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e Design of filtering and isolation circuits which are to be
evaluated in the technology breadboard.

TRW Systems efforts are Timited to design analysis and tradeoff
studies. A1l procurement, fabrication and installation of equipment
for the technology breadboard will be performed by NASA/MSFC.
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2,0 SUMMARY AND CONCLUSION

2.1 PROGRAM OBJECTIVES

The primary objdctive of this second phase of the Multi-KW DC Distri-
bution System Study is to provide a detailed definition of the HVDC Test
Facility and the equipment required to implement the test program. The
basic eiements of the Test Facility are illustrated in Figure 2.1-1 and
consist of the power source, conventional and digital supervision and
control equipment, power distribution harness and simulated loads. The
vegulated DC power supplies provide steady-state power up to 36 KW at 120

-YDC. Power for simulated 1ine faults will be obtained from two banks of

90 ampere-hour lead-acid batteries. The relative merits of conventional

and multiplexed power control will be demenstrated by the Supervision

and Monitor Unit (SMU) and the Automatically Controlled Electrical Systems
(ACES) hardware. The distribution harness is supported by a metal duct
which is bonded to all component structures and functions as the system
ground plane. The Load Banks contain passive resistance and reactance
Toads, solid state power controllers and active pulse width modulated
loads. The HVDC Test Facility is designed to simulate a power distribu-
tion system for large aerospace vehicles. System cost has been minimized
by selection of industrial quality components and extensive use of model
shop approaches.

2-1
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2.2 TEST FACILITY

Relocation of the laboratory has required minor modification of the
Test Facility configuration defined in Phase 1. Batteries and high
dissipation components have been moved into the laboratory area since
an outside platform is no Tonger available. Forced ventilation required
for these elements has been included in the design. Further study of the
test site will be performed by MSFC engineers to evaiuace the henefits of
retocating the high dissipation elements to the roof of the building.

The second phase of the advanced power distribution, supervision and
control methods study at TRW includes the detailed design of the fload
banks, supervision and monitor unit, power source, cable mock-up, filter
and isolation circuits. These tasks have been completed and are described
in detail in Section 3.1 of this report. Procurement, assembly, instalia-
tion ahd test of HVDC equipment is to be performed at MSFC. In addition
to the minimum requirements of the contract tasks, analysis of Test
Facility circuit designs and distribution cable parameters have been per-
formed to improve system effectiveness and provide basic criteria for com-
ponent and subsystem tests.

2.2.1 Load Bank Design

Engineering drawings have beeh compieted for all load bank panels
and electronic circuits. Intercomnecting wiring between load bank com-
ponents and between the load bank and other system elements has been
defined. The initial design of the Pulse Width Modulator (PWM) provides
a 500 watt dynamic load and an expected 1.5 KW ultimate lToad. The PUM
design provides frequency control from 5 KHz to 15 KHz and duty cycle
control from 5% to 95%. Puise width modulated converters and regulators
will be simulated with this design. The control and monitor interface
has been designed to be co.patible with the ACES Remote Input/Cutput
(RI0) hardware. These interfaces are connected at all times and conven-
tional or multiplexed data~bus control can be selected from the control
panels. Both monitoring systems can be operated simultaneously to display
data on each panel. Solid state switches have reached an advanced state
of development and have been included in the Load Bank design. These
devices offer a solution to several potential high voltage problems as
well as existing noise problems at standard bus voltage levels.

2-3
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2.2.2 Cable Mockup Design

Definition of the main bus. cable and all conductors in the harness
has been completed and is defined in detail in Section 3.3. The main
bus utilizes #8 nickel coated stranded wire and will be assembled at MSFC.
The conductors defined for control and supervision may be purchased as a
completed cable or obtained from MSFC storage. The cable duct design has
been modified from the continuous folded configuration defined in Phase 1
te a Tive element grid to allow more flexibility in the selection of cable
run lengths, Testing will consist of continuity and insulation verifica-
tion tests which may be performed in the Test Facility area.

2.2.3 Source Simulator Design

The source simulator design permits series and parallel connections
of the power supplies and ba+~~ries. Power is normally supplied to the
Bus Control Unit (BCU) from the power sources on an individual basis.
Parallel configuration and battery charging modes are controlied at the
BCU., Saries configurations are implemented by manual controls at the
Power Source switch panel. Each of the two battery packs consist of ten
90 ampere hour lead-acid batteries. The regulated power supplies provide
up to 150 amperes at 2 -135 volts and are regulated to 0.1%. These com-
ponents are designed to simulate a fuel cell power source for a large
space vehicle. Details of the design.may be found in Section 3.4 of this
report.

2.2.4 Supervision and Control

The supervision and control systems for the Test Facility consist of
the Supervision and Monitor Unit (SMU) and the Automatically Controlled
Electrical Systems (ACES) hardware. The SMU utilizes hardwire connections,
bi-level controls, bi-level and analog displays. The ACES power manage-
ment system makes use of a multiplexed data bus for bi-level control and
display functions. The features of this digital system include triple
redundancy, programmed load management, automated load shedding and
built-in-test (BIT). A1l ‘interfaces between the two systems are at the
Jocations of the control and monitor functions. The design permits
display of monitored functions on both panels simultaneously. Control

"ON" conditions may be implemented from either system on a logical "OR" basis,

2-4
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Details of the design and schematic drawings are presented in Section
3.5 of this report.

2.2.5 Filters and Isolation Circuits

Steady-state and transient interference 1limits were defined for this
system based on extrapolation of MIL-STD-461A and MIL-STD-704 requirements.
ATllowable voltage noise generation Timits were set 6db below the suscep-
tibility limits defined in these standards. Conducted interference was
calculated on the basis of source impedance presented at the load terminals
of the distribution cable. Impedance for the nickel coated #8 wire was
calcuiated for a range of fregquencies by a computer program developed
during this contractual period. Analysis of equivalent systems demonstrated
a 17db noise advantage for 120 VDC systems compared to 28 VDC systems at
higher frequencies. Filter designs for 500 watt regulated converters for
a range of frequencies from 1KHz to 20KHz were calculated on the basis of

" the generated EMI Timits. Electrical and physical filter parameters and

details of the EMI analysis are presented in Appendix B and Section 3.6
respectively of this report. '

2.2.6 Conclusions

This phase of the Multi-KW DC Distribution Study has provided a detail
design of the Test Facility Subsystems. Facility configurations, electrical
and electronic design were verified by analysis and computer simulation.
Schematic drawings have been completed, major procurement items and
piece parts have been identified and vendors recommended where appropriate.
Further verification of Test Facility subsystems performance and valida-
tion of the detail design will be obtained by MSFC test of procured com-
panents and breadboard models. '
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3.0 DETAILED TECHNICAL DESCRIPTION

3.1 INTRODUCTION

The basic purpose of the Multi-KW Distribution System Study and
associated NASA/MSFC in-house effort is to demonstrate fiechnology readi-
ness and performance advantage of high voltage dc (HVDC} distribution and
control systems for large manned aerospace vehicles. This demonstration
is to be accomplished through operation and test of a technology bread-
board which simulates an advanced design power system and includes power
source, distribution, 1oads, supervision and control functions. The
continued development of solid state power controllers provides additional
impetus to the interest in high voltage distribution systems. These devices
are currently gaining acceptance for space applications and can provide a
solution to high voltage power switching problems. It is planned to
include several solid state remote power controllers in the technology
breadboard to demonstrate their performance and compatibility with the

- power distribution system. Conventional bi-level/analog control and

display systems are placing increased penalties on system cost, weight
size, complexity, and reliability. Several power management systems have
been defined which utilize a digital muitiplexed data bus and a small
special design programmable computer. It is anticipated that near term
state-of-art power systems will employ this control and display approach.
The HYDC Test Facility interfaces have been designed to be compatible with
both the conventional and a digital computer controlled power management
system. The conventional control and display console was designed under
this contract and approximates the SKYLAB approach. The Automatically
Controlled Electrical System (ACES) digital control and display hardware
were developed by Westinghouse and will be available for use in the com-
pleted Test Facility at MSF..

3.1.1 Functional Description

The basic configuration of the HVDC Test Facility is iliustrated in
Figure 3.1.1-1. The technology breadboard is comprised of two sets of
battery packs and regulated power supplies, Bus Control Unit (BCU}, dis-
tribution cable, Load Banks and supervision and control equipment. The
last consists of the Supervision and Monitor U~it (SMU) and ACES.

PRECEDING PAGE BLANK NOT FILMED 1
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Figure 3.1.1-1. Functional Block Diagram ~ Test Facility

The battery and voltage regulator power source can be reconfigured to
provide voltage from 28 to 240 VDC and may supply up to 36 KW at 120 VDC.
The BCU server as a aerospace bus control panel and performs bus control,
major fault protection and battery charge control functions. Power from
the batteries and regulated power supplies is applied to two main buses in
the BCU, which may then supply the power to as many as eight separate Load
Banks via the power distribution harness. This design models the main
bus/vedundant bus configuration s:iandard in aerospace applications. Each
Toad bank simulates passive and dynamic load interfaces with eight indivi-
dually controlled Toad channels. The load design includes filter designs
which ensure that distribution cable noise does not exceed the Timits

of MIL-STD-461A. The supervision and control equipment (SMU and ACES)
interfaces with remote power controller and status monitor circuitry in
the BCU and the Load Banks. A1l wiring and cabling which runs between

the supervision and control equipment, the Load Banks and the BCU is
carried §n a duct which simulates the space vehicle structural ground plane.
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3.2  LOAD BANK DESIEN

The Toad banks provide the power utilization equipment characteristics
necessary to demonstrate the steady state and dynamic performance of the
power distribution system for 1ine voitages from 28 to 300 Vdc. The load
banks also serve as a test bed for state-of-art RPCs (Remote Power Con-
trollers) and ACES (Automatically Controlled Electrical System). The
design of the load banks will provide simulation of the characteristics
of spacecraft equipment which is in current use or proposed for future
applications. Surplus or industrial quality components are to be used for
Toads where available since the direct purchase of space qualified hard-
ware is not consistent with planned program funding. The electrical power
interface between the lToad banks and the Test Facility elements is illus-
trated in Figure 3.2-1.

["POWER SOURCE | | BCU ] [ (oapsank )
|
FﬁhLEDUéﬂ
BATTERY | | J
l L]
; LT [
— L.___t/ ‘
DC POWER —_
SUPPLY gag&;%gs
R
P .LOAD %foﬁ?s
<= CENTRAL GROUND Redit
POINT I I
»

Figure 3.2-1. Power Distribution Circuit Elements
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il Power from the regulated supply and/or the battery is switched to the load

bank bus at tha BCU. The Toad bank provides eight parailel load patns
consisting of R, L and C networks, a solid state RPC with resistive Toad
and a Pulse Width Modulator (PWM) which simulates solid state regulator/
converter operation. Loads may be modified by patch cords which provide
a means for flexible reconfiguration.
3.2.1 d Bank F j
The load banks provide capability for space vehicle load simultion and
observation of steady state and transient currents and voltages. The Func-
tions associated with one Toad channel are illustrated in Figure 3.2.i-1.
MAIN BUS D>
s _i TG |
i
1 |
i I I
. l I RC | | Fuse ”:‘" I
L i |
| C)LE, ”Tfj —
P o -
SUFFLY ﬂ} . !_ ——I
l
Hoo >>-—-+-
B v
TO OTHER ,
LOADS ™~
e
Ins=bqd
" 200 e > . 1L @
MATN BUS ~,
RET -
A Lr'w_r‘ v ¥ . ¥ .4V YVYY
ONE UNIT PER LOAD BANK ¢ B | T MoSEM S Ss
M ANALOG MEASUREMENT
S By LEVEL STATUS INDICATION
T TRANSIENT MEASUREMENT
C B, LEVE COMTRCL
S6 SIGNAL GROUND.
?z;, Figure 3.2.1-1. Functional Schematic for One Load Circuit
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Each Toad circuit contains a fuse, contactor, simulated load and current
shunt for measuring individual Toad current. Total load bank current is
monitored by a current shunt in the common return. Operational states at
fuses and contactors are sensed by the electronics to provide bi-level
status signals to local and remote panel indicators. Analog signal trans-
ducers condition current shunt voltages to 0 - BVDC for metering. Status
signals and jacks for transient current measurements are provided on the
front of the load bank panels. Steady-state current and voltage measure-
ments and status signals are displayed on the SMU panel. Status signals
are also monitored hy ACES and displayed on the DED. Load channel con-
tactors are operated by local switches on the Tront of the load bank .
panel or remotely by the SMU or ACES on an "or" logic basis. Each 1oad
bank contains secondary power converters to provide required voltages and
ground isolation for solid state signal conditioning circuits.

3.2.2 Load Bank Configuration

A Toad bank will be assembled on one or more standard equiﬁment racks.
Load bank components consist of a set of panel mounted assemblies for har-
ness termination, fuses, relays., loads, current shunts, control electronics
and power converters, These components and their electrical interfaces
are illustrated in Figure 3.2.2-1. The harness termination panel serves as
an electrical distribution box for control and supervision signals. With
the exception of the main:bus all harness conductors interface with Load
Bank circuits through terminal strips on this panel. The use of terminal
strips on all panels is consistent with the model shop approach and simpli-
fies assembly and reconfiguration. The main bus goes directly to the fuse
panel where it is divided into eight load channels. These channels then
flow progressively through the fuse panel, relay panal, load panel and
current shunt panel. The electronics provi.a Toad bank status monitor-

" ing, relay control drive and analog signal conditioning. ACES is a digital

data bus control feature of the Test Facility. Details of this component
are discussed in the succesding paragraphs.

3-5
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Figure 3.2.2-1. Load Bank Component Interfaces
3.2.2,1 Fuse and Relay Panels
The circuitry for the fuse and relay panels is shown in Figure
_ 3.2.2.1-1. The main bus conductors terminate on TB1 and TB2. A twisted
= pair couples the voltage at this point directly to a test jack on the
i

front of the Load Bank Test Panel for observation of bus voltage transients.
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Theré are no protective impedances in this pair in accord with the need for
measurement fidelity. The %toad bank and load channels are protected by
fuse 1 {100 a) and fuses 2 through 9 (20 a) respectively. The ratings are
nominal since appropriate fuses will be selected during operation for each
test. Load channel current flows through fuses and patchcords (not shown)
to the switchgear contacts on the relay panel. Relay 4 is in addition to
the relays required for channel power control and will be used to simulate
multiple switching transients. Open and close status is sensed by the
efectronics through connections to the load side of the fuses and relay
contacts, Relays are operated by grounds appiied to one side of the relay
coils by the electronics control interface.

3.2.2.2 Lload Panel

The load panel (Figure 3.2.2.2-1) provides steady-state, transient,
passive and dynamic Toads. Details of the panel mounted resistors, in-~
ductors and capacitors which simulate switching transients and fixed loads
are defined in the Phase 1 report.

An auxiliary floor mounted resistive Toad is defined for loads which
exceed the heat dissipation capability of a panhel. Two high power load
designs are required to provide resistive paths for 10, 20, 40, and 80
amperes at 28 and 120 VDC. Forced air ventilation will be required for
these loads if they are operated in the laboratory due to the maximum
thermal dissipation of 36 KW. The cost and effort involved with forced
ventilation may be avoided if the high power loads are mounted on the roof
of the building. Each Toad will reguire approximately four sgquare feet of
mounting ares with a height of one and on/half feet. Sufficient space or
protection for surrounding structure and roof should be provided due to
radiated and - onvected heat. Temperature of effluent air is approximately
200°F; the tesporature of the dissipative elements is not available at
this time.

Panel mounted resistive loads are provided for the Solid State Remote
Power Controller (SSRPC) and the Pulse Width Modulator (PWM). The design

3-8
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of solid state switches circuit protection, Timiting, etc. has advanced

in recent years, and they are availabie for test at 1ine voltages up to
120 VDC. These switches are expected to provide significant advantages
with respect to speed of operation, descreased transient noise, fault cur-
rent 1imiting, circuit protection, and remote controliability. The PWM
will simulate pu1se'ﬁidth modulated Toads and converters. Frequency and
pulsewidth are controlied manually in the present design but may be easily
modified for remote control if necessary. Input filter designs are pro-
vided for a range of input voltages and currents in Appendix B. Recent
developments and design of the SSRPC and the PWM are presented in sub-
sequent sections on Load Bank Electronics. The SSRPC may interface with
the electronics or ACES for status monitoring and control functions. The
PUM requires %15 and #5 VDC power for operation from the Load Bank Secondary
converters.

3.2.2.3 Current Shunt Panel

The current shunt panel illustrated in Figure 3.2.2.3~1 contains the
transducer for measuring steady state and transient currents. Two itwisted
pairs are connected to each shunt. One pair provides an input to the
electronics for analog signal conditioning, the other connects to jacks on
the front of the load bank panel for transient measurements. Access to
gach shunt will be provided to permit direct measurement of current tran-
sients. The main bus ground (TB-2) is returned to the main bus termination
on the fuse panel. The main bus ground is also connected to the electronics
as signal ground for analog measurements. This signal ground configiration
is necessary to avoid excessive stress on the signal conditioners during
severe main bus transients.

3.2.3 Load Bank Electronics Design

The electronic componr .cs include ACES Remote Input Output (RIO) units,
secondary power converters, Solid State Remote Power Controller (SSRPC),
Pulse Width Moduiator (PWM) and signal conditioning and control circuitry.
The SSRPC wi'll be obtained by MSFC from ongoing NASA development programs.

3-10
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A Timited supply of ACES components developed by Westinghouse are currently
available at MSFC. Secondary power converters (28/:15, 28/+5) may be pur-
chased economically from a vendor. The PWM, signal conditioning and con-
trol circuits are new designs which have been derived analytically and

will require breadboard testing at MSFC.

3.2.3.1 Solid State Remote Power Controllers

SSRPC's have been designed for voltages from 28VDC to 120VDC in de-
velopment programs sponsored by NASA LeRC and MSFC. Informal data
indicate current features inciude capability to 30 amperes, automatic
fault sensing, breaker functions, reset logic and bi-level status outputs.
These developments ave significant with respect to space vehicle design.
Current power switchgear designs utilize relays with fuses as the most
reliable method of fault protection for high currents. Quality controi
of relays and fuses is expensive and vehdors oppose imposition of aerospace

source controls; contact bounce and arcing generate conducted and radiated
EMI. At higher currents and voltages, arcing becomes more severes and con-

stitutes a safety hazard in a manned vehicle. Solid stage switchgear should

provide a solution for these functional problems. Demonstration of per-
formance under simulated fiight condition is necessary to establish con-
fidence in reliability and quality control. A portion of the analytic
studies in Tater phases of this study will be directed at evaluation of
system noise generation and transient stress on solid state switchgear.
Additional discussion of state-of-art configuration and performance of
solid state switchgear may be found in Section 3.2.3.4 of the Phase 1
report.

3.2,3.2 Pulse Width Modulator

The Pulse Width Modulator (Figure 3.2.3.2-1) is designed to simulate
a solid state regulator or converter. The major elements of this com-
ponent are the input filier, semiconductor switch and the drive electronics.
Filter designs are obtained from a computer program developed in Phase 7.
A range of filter designs which include physical and electrical parameters
are provided in Appendix B; additional designs for any selection of 1ine
voltage and power will be provided to MSFC, as required by the test program.
Filter designs meet the conducted interference requirements defined in

3-12
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Section 3.6 of this report. A Solitron SDT 5853 transistor was selected
for the solid state switch on the basis of response time, current and
voltage capability. The performance of semiconductors in the current and
voltage range of interest is poorly documented and the full power caban
bility of the RUM will be defined in laboratory test; the initial design
will have a 500 watt capability. It is anticipated that this capability
can be increased to & value in excess of 1.5 KW.

L L,

— #15 VDC

E(28-120 yDC) DRIVE ELECTRONICS

¢ +5 VBC

——1.5 [ CURRENT

SHUNT

[+]

-3

Figure 3.2.3.2-1. PWM Functional Block Diagram

The drive electronics circuitry illustrated in Figure 3.2.3.2-2 is
designed to provide manual frequency conirol from 5.0 KHz to 15.0 KHz
and 5% to 95% duty cycle. A sawbooth waveform is developed by IC-T and
IC-2 to provide pulse width control. Adjustment to R8 changes the trigger
Tevel for IC-3 which functions as a threshold detector to develop the
variable duty cycle waveform. Diode network CR-5 through CR-8 maintain
fixed signal amplitude limits on the input to the following stage. Tran-
sistors Q1 through Q5 constitute a feedback amplifier to drive switch Q6.
This amplifier is designed to provide a fast initial transient with over~
shoot as shown in Figure 3.2.3.2-3. Subsequent to the initial transient,

- the drive on Q6 is maintained at a level selected to minimize storage delay
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and second breakdown. Phase/gain characteristics are illustrated in

“ Figure 3.2.3.2-4, Although this circuit has been simulated with ICAP,
nonlinear characteristics and complex response to high electrical stress
evidenced by real devices leaves areas of design to be resolved in bread-
board test. It is expected that this configuration will perform satis-
factorily with a 500 watt Toad and 120VDC 1ine, but further development
coordinated with breadboard tests will be required for increased load

power,
10

> i

g

=

g

&
0 W em b T ey W b s ) o vy v S 8 | NS4 S GRS et bk ik bk ) bd s | e e o N | 8N e B8NS 6R 6 | S BE LS B bddm e | hmanad e eammath § e

¢.5 1.0 1.5
o TIME-MICROSECONDS
T ; .
. Figure 3.2.3.2-3. Drive Amplifier Transient Response
150
2
2
& 90
=
[ E-
1—-——|n»—»-u~—n-nnnncnu~-cr—-—o~-u~.uu«—¢~~1u|—n-u-—-u—.-uu1-—~——|~u1—|n—n-.-n - A vevewre e
0.4 0.6 6.8 1.0 1.2 1.4
*GAIN
*PHASE FREQUENCY ~MHz
j Figure 3.2.3.2-4. Drive Amplifier Frequency Response
A
: l\s;/'
!

i 3-15



3

3.2.4 Signal Conditioning and Control Electronics

The signal conditioning and control electronics Figure 3.24.4-1 con-
sist of circuits designed to drive relays and display indicators and con-
dition current shunt signals for meter displays. These circuits were
designed to operate with both local (Load Bank) and remote (SMU, ALES) con-
trol and display panels without interface circuit modifications.
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y paval T Bl T2 BVl T3 Bwwr ] T3 Soew| I3 Bueur
| . ourrur] ~- —+- UTP 1 -1
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3.2:4,1 Relay Driver

The relay drivers (RD- on Figure 3.2.4-1) consist of a straight-
forward semiconductor switch as illustrated in Figure 3.2.4-2. Bi-level
control signais are input at terminals 4, 5 and 6. The relay coils are
connected between the 28V bus and whe switch Q5. The ACES control system
provide 28YDC in the “ON" condition and essentially zero in the off condi-
tion. ACES characteristics are given in Table 3.2.4-1.

v
) B
CR-1
ACES Nl
4 e A1 1 _cr-2 R 3K 1/8 Watt
CR-2 Z{S; Rq 1
PANEL SWITCH R, 5.1K 1/2 Watt
5 » Ry 10K 1/4 Watt
S&M SWITCH ,CR-S . 4 2222
6 = CR1-CR5 1N3613
l'"q1
8 | cr-5
1 o i _
5 RELAY cOIL

Figure 3.2.4-2, Relay Drive Circuit

Table 3.2.4-1. ACES Control Interface

CONDITION
“ON" Source Voltage 28VDC + 10%
Source Impedance 1009
Maximum Current <0.04 Amperes
"OFF" Maximum Current <40 Microamperes
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The panetl switches on the Load Bank and SMU panel provide 28YDC from
secondary power bus in the "ON" condition and open circuit in the "OFF"
condition. With these input conditions it appears unnecessary to define
more elaborate circuitry for this function. Specific information on the
current required for relay drive was not available, however, the Timited
data that could be obtained indicate that the requirement is less than
100 ma. The use of the 2N2222 allows sufficient margin for later require-
ment variations. Diode CR1 through CR3 provide isolation hetween inputs.
The relay driver responds to any of the three inputs on a logical "OR"
basis for the "ON" condition and a logical "AND" basis for the "OFF" con-
dition. Consequently, supervision panels which are not functioning should
have all controi switches in the "OFF" position. The design assumes a

worst case Beta of 30 for the 2N2222 which is adequate for Taboratory
operation.

3.2.4.2 Status Monitors

The status monitors (indicated by SM- on Figure 3.2.4-1) are designed
to indicate presence or absence of voltage and provide drive for two panel
lamps. The civcuit design for this function is shown in Figure 3.2.4-3.
The maximum current through the 2N2222 for two panel Tamps (40 ma per lamp)
and the ACES logic input (2.7 ma + 20%) is 83.2 ma. The integrated circuit
IC-1 supplies 2.8 ma minimum base drive to Q1 to supply this load. IC-1 is
a biased bi-stable circuit designed to operate “ON" with +20 volts at the
input (terminal 4) and "OFF" with 14 volts at that terminal. This circuit

~ was evaluated for worst case response with the ICAP program; parameters

used in this analysis are given below.

Table 3.2.4-2. MWorst Case Parameters

LMI01
Input Offset Voltage +5 mv
Input Offset Current 200 + 10% nA
Input Bias Current 400 + 10% nA
Input Resistance 300, 800 K ohms
Voltage Gain 25, 160 V/mV
A1l Resistors + 1%
A11 Voitages + 5%




6l-€

428
+15
5 et
4 Rg
e AAA N
c2 . CR“4155; RQ
Rs Ry
CR-2 R
-1 N 8 Q
\/ / P AAA——s—t U
R, CR-1
" o
‘ ? 4 c CR-3 7\
-15 1
6 o d
G (28V, $15V)
A
3, OUTPUT (PANEL LAMP/ACES)
Ry * 1.0M Ry 0.412M R 20K C; 30pf Note: Resistors 178
uniess otherwise
R,  0.562M Rg  1.0M | CRI-5  TN3613 C,  0.0lf noted. ’
Ry 0.25M R, 100K Q 2N2222
R, 0.51MM Rg - 4.7K IC-1  -LMI101

Figure 3.2.4-3. Status Sense Circuit



The sensitivity of the input trigger Tevels was determined by adding
a dummy high gain negative feedback Toop between the output of IC-1 and
terminal 4 of the input. Resistor R4 was Tifted from the output of IC-1
and connacted to #15 volts to simulate the two stable states of the circuit.
The input §s then driven to the voltage which results in the transition
state (zero volts) at the output of IC-1. This evaluation resuTted in the
following data.

Table 3.2.4-3, Status Monitor Worst Case

- Condition Required Input VYeoltage
ON 17.69 < E < 21.06 VDC
OFF 14.8% > £ > 11.65

The significant values, minimum "ON" voltage and maximum "OFF" voltage
indicate range of operation under worst case conditions. In an actual
design the two trigger levels would tend to track and margins between Tevels
will be approximately 6 voits.

3.2.4.3 Current Monitor

The current monitor designs (indicated by CM- in Figure 3.2.4-1) are
illustrated in Figure 3.2.4~4. This amplifier conditions the voltage
developed across the Joad channels and Toad.bank current shunt (0- 0.2vDC)
to standard meter display drive voltage (0- 5.0YDC). Although the meters
have not been selected for this program and will probably be obtained from
MSFC storage, the current design may be easily modified to any standard
meter characteristic. Worst case operation of this amplifier was evaluated
with parameter varjation similar to those for the status monitor. OQutput
voltage stability was evaluated for minimum and maximum input conditions
and yielded the results belr:,

Table 3.2.4-3. Current Monitor. - Worst Case

Input Voltage Output Voltage
MIN. NOMINAL MAX.
0 -0.149 -0.001 +0.143
0.2 4.829 5.072 5.323
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These values indicate 12.5% and 5% (of full scale) possible error at
the remote meter display without part selection. This is considered ade-
quate for this design since the remote display is used for information only.
Accurate measurements will always be performed with Tlocal instruments at the
load bank test panel.

These signal conditioners require balanced inputs since the current
shunt terminals will be at a small but significant voltage off ground.
The +15 volt secondary converter and signal ground for the current monitor
are connected to main bus ground. This configuration eliminates excessive
electrical stress across the semiconductors during severe main bus transients
such as major fault simulation. The signal conditioner is also protected
from transients coupled through the leads between the load bank and the SMU
by diodes CR1 and CR2. The stability of the fesdback amplifier was eval-
vated on ICAP with a simulated 50 meter signal lead attached to the output.
Gain and phase margin are approximately 12db and 50° under these conditions.
While it is preferred that these margins be larger for a signal canditioner,
simple compensation techniques and uncertainties in the frequency charac-
teristics of the actual harness make further design study undesirable prior
to breadboard tests.

3.2.5 Load Bank Interface Wiring

The signal conditioning and control electronics interface with all
Toad bank components, load bank test panel (Figure 3.2.5-1) and the SMU
panel switches, panel 1ight and meter displays. The interconnections
between these circuits are defined in Table 3.2.5-~1. Secondary power
converter and R10 connections are shown in Figure 3.2.5-2. A summary
of load bank harness runs is illustrated in Figure 3.2.5-3.
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Table 3.2.5-1. Load Bank Signal Conditioning Electronics Interface

FalinN
S . INTERFACE ELECTRONICS
N ! v 1
SIGNAL TERMINAL BOARD  TERMINAL  TERMINAL BOARD TJERMINAL  ELECTRONICS TERMINAL
F1 Status in 3 1 ‘B i SH-1-4
F2 Status in 3 2 8 2 SH-2-4
F3 Status in 3 3 8 3 Ski-3-4
F4 Status in 3 4 8 4 St4-4-4
F5 Status in 3 5 8 5 SM-5-4
F6 Status in 3 6 8 B Si-6-4
F7 Status in 3 7 8 7 SH-7-6
F8 Status in 3 8 8 8 si-8-6
F9 Status In 3 g 8 g SH-8-6
K1 Status in 4 1 8 10 sM-10-4
R2 Status in 4 12 8 11 Sh-11-4
K3 Status in & 13 8 12 Sh-12-4
K4 Status in 4 14 8 13 SM-13-4
K5 Status in 4 15 8 14 SM-14-4
K6 Status in 4 16 8 15 SH-15-4
K7 Status in 4 17 8 16 SH-16-4
K8 Status in 4 18 8 17 SH-17-4
K9 Status in 4 19
K1 Control out 4 1 9 1 RD-1-3
K2 Control out 4 2 8 2 RD-2-3
%3 Control out 4 3 9 3 RD-3-3
¥4 Control out 4 4 9 4 RD-4-3
K5 Control out 4 5 9 5 RD-5-3
K6 Control out 4 6 g 6 RD-6-3
K7 Control out 4 7 9 7 RD-7-3
K8 Control out 4 8 9 B fD-8-3
K¢ Control out 4 g 9 9 RD-9-3
i) 1 teas #1 (+) in 6 1 10 i CH-1-5
e 1 Meas #1 {-} in 6 z 10 2 CH-1-4
I Meas #2 (+) in B 3 10 3 CH-2-5
1 Meas #2 (-} in 6 4 10 4 th-2-4
- 1 Meas #3 {+) in 6 B 10 5 CH-2-5
1 Meas £3 (-} in 6 6 10 6 CH-3-4
1 Meas #4 (+) in 6 7 10 7 CH-4-8
1 Heas #4 i-) in 6 8 10 8 c1-4-4
1 Meas #5 {+) in [} 9 10 g CH-5-5
1 tieas #5 (=) in 6 10 10 10 CM-5-4
1 Meas #6 2-!-) in 6 11 10 1 Cli-6-5
I ileas #6 (-] ip 53 12 10 12 Ci4-56-4
I Meas &7 (+) in 5 13 10 13 CH-7-5
I Meas #7 {-g in 6 14 10 14 Ci4-7-4
I Meas 7B (+) in 6 18 10 15 Cl4-8-5
1 tleas {8 (-; in 6 16 10 16 Ci1-8-4
I Meas %9 (+) in 3 17 10 17 Cit-9-5
I leas 49 (-} in 6 i8 10 18 Cl-9-4
K1 Control in 20 1 14 1 RD-1-4
K2 Control in 20 2 14 2 RD-2-4
K3 Control in 20 3 14 3 RD-3-4
K4 Control in el 4 14 4 RD-4-4
K& Control in 20 N 5 14 5 RD-5-4
6 Control in 20 b 14 6 RD-6~4
K7 Control in 20 7 14 7 RD-7-4
KB Control in 20 8 14 8 RD-8-4
K9 Control in 20 9 14 ] RD-2-4
K1 Control in 24 1 16 1 RD-1-6
K2 Control in 24 2 16 2 RD~2-6
K3 Control in 24 3 16 3 RD-3-6
K4 Gontrol in 24 4 W 4 RD-4-6
s K5 Controi in 24 5 16 5 RD-5-6
K6 Control in 24 [+ 16 6 RD-6-5
had X7 Control in 24 7 16 7 RD-7-6
K8 Control in : . 24 B 16 B RD-B-6
K8 Contral in 24 9 16 e " RD-0-8
ORIGINAT, PAGE 1S 3-24
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Table 3.2.5-1. Load Bank Signal Conditioning Electronics Interface
(Continued)

SIGHAL

INTERFACE

ELECTRONICS

TERMINAL BOARD

TERMINAL ~ TERMINAL BOARD  TERMINAL

AL |

¥

ELECTRONICS TERMINAL

K1 Con

trol in

K2 Control in

K3 Cop
w4 Con

teal in
trol in

K& Control in

k6 Con
K7 Con
K8 Con

trol in
trol in
trol in

K9 Control in

F1 Sta

tus cut

F? Status out

F3 Sta
F4 Sta
F5 Sta
F6 Sta
F7 5ta
FB Sta

tus out
tus out
tus out
tus out
tus out
tus out

F9 Status out

K1 Sta

tus out

K2 Status out

K3 Sta

tus out

K4 Status out

K5 Sta

tus out

K6 Status out

K7 Sta

tus out

K8 Status out
KO Status out

Signal
I Meas
I Heas
I Meas
I Heas
1 Meas
1 Meas
1 Heas
I Meas
I Meas

+15 vo
-15 vo
Gnd
+15
«15
Gnd

+28

28Y G
120V &

PAGE B8

Ground
#1 out
#2 out
#3 out
# out
#8 out
#6 out
#7 out
#8 out
#9 out

1ts
its

F Fuse
K Relay

19,23,27

19,23,27

24

24

22

22

18

18

WS N Ry —

1D OO =J O U1 P Q3 D

OoOVR~NOU.DLWN—

—r

W~ W

15 1
15 2
15 3
15 4
15 5
15 6
15 7
15 8
15 9
1} 1
2

3

4

5

6

7

8

9

10

1

12

13

14

15

16

17

1 18
12 1
. 2
3

3

5

6

7

8

9

12 10
13 1
2

3

4

5

6

7

8

9

13 10

thJ}&iifrsﬂ 1 Heas. - Load bank bus or Toad channel current measurement
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RD-1-5
RD-2-5
RD-3-5
RD-4~b
RD-5-5
RD-6-5
RD-7-6
RD-B-6
RD-9-6

SH-1-3
§M-2-3
SM-3-3
SK-4-3
Sk-5-3
S1-6-3
SK-7-3
Si-B-3
Si-9-3
SM-10-3
sM4-13-3
S4-12-3
Sh-13-3
5K-14-3
54-15-3
S1-16-3
SN-17-3
Sii-18-3

T8~13-10
CH-1-3
C4-2-3
CHM-3-3
Cl-4-3
CH-5-3
Ci-6-3
CH-7-3
Cl-8-3
CH-9-3

6,C4-1 through CK-9
7,CM-1 through CM-&
1,C4-1 through CM-9;
TB-13-10

5,54-1 through SM-18
6,5M-1 through SM-18
1,RD-1 through RB-23
1,54-1 through Si-18;
18+13-6

2,RD-1 through RD-93
2,5%-1 through SM-183
7B-13-9

TB-13-6

TB-13-7

T8-13-3; TB-12-1
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3.3 Cable Mockup Desian and Test

The distribution harness is a major study element in this program.
It is usually adequate to treat the electrical interconnections between
subsystems as lumped R, L and C circuits for small spacecraft where
harness runs are less than five (5) meters. However, transmission param-
eters are required to establish a valid analytical model for high
frequencies or large spacecraft. Some lTimited investigative studies have
been made on aircraft harnesses although there has been no significant
characterization of large spacecraft distribution system parameters.
Furthermore, the environment of space vehicle development and production
normally precludes tests or use of instrumentation not directly related
to the mission plan. The High Voltage Test Facility is designed to elec-
trically simuiate an aerospace vehicle electrical distribution system.
Tests will be performed under steady-state and transient conditions to
Ffully characterize the electrical performance of the harness and to
establish a data base for analysis of power and signal transmission
parameters. '

The harness runs between Test Facility elements are illustrated in
Figure 3.3-1. A cable duct will support the cable, simulate vehicle
structure and provide personnel safety. Electrical bonding will be main-
tained between the cable duct and the BCU, SMU and the load banks. Frame
ground connections will also be provided between the power source components
and the BCU. The electrical system design is consistent with single point
ground philosophy. The design approach is illustrated in Figure 3.3-2.

LOAD BANK LOAD BANK LOAD BANK
#2 #4 46
__CABLE DUCT ‘J ‘J
BUS - —_— e e e
POWER ]
CONTROL
SOURCE ONIT T - N
ACES |
SUPERVISION |
LOAD BANK LOAD BANK LOAD BANK
MONITOR UNIT | rf 23 i

Figure 3:3-1. Test Facility Cable Runs
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3.3.T7 Harness Design

The Test Faciiity cables will be routed between the BCU, Load Banks
and SMU via metal trays suspended from the laboratory ceiling. The
harness will consist of the main power bus, secondary power bus, signal
and control cables. Initially these will be separate but physically
adjoining harnesses. During later tests, all wiring will be laced together
to obtain data on coupled EMI.

System cables and connectors are identified in Figure 3.3-3. It
should be noted that ACES cable runs are shown for illustration only.
The data bus consists of nine (9) twisted shielded pairs forming a
triple redundant system. Details on cables, connectors and wiring are
provided in the Westinghouse ACES manual Dwg. No. 361332. The SMU cabies
are 50 AWG #22 conductors which provide approximately ten spare conductors.
Cable WPT-( ) is the main power bus which will carry a maximum of 300A
in steady-state to the designated ( ) load bank. This cable is of
major interest in this study and the design reguirements ar> given below,

Classification - Type IV - Open Bundie

(a) This classification is for the general use outside the crew
compartment area. The electrical characteristics of this cable
will be similar to those of a crew comparitment area cable and
the economical open construction provides better access for
test and the inspection than the enclosed designs.

(b) Style - Style B
Spot ties were selected for reasons of economy and ease of
fabrication.

(¢) Lay of Wire - Configuration T - Twisted.
This is a preferred configuration which minimizes radiated and
coupled EMI. Random lay would provide better access and ease
of fabrication but dees not have the desired characteristics
for simulation and test of a flight harness.

(d) Wire
The wire shall be standard wire nickel plated copper or copper
alloy.

(e) Insulation - TFE or FEP (Teflon)
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- Since the cost of design and assembly is based on model shop tech-
niques, it is expected that the harness will be assembied in the test
laboratory. It may not be feasible to twist the longest cable (50 meters)
to be used in the program in this environment. The standard alternative
configuration is random lay. However, it is preferable that the orienta-
tion between conductors remain constant throughout the cable due to the
requirement to measure transmission parameters. The parameters affected
by conductor orientation are distributed capacitance and inductance.
Capacitance is influenced primarily by the proximity of the supporting
cable trays and would be more equally distributed between conductors with
random lay as opposed to the fixed orientation. However, random lay
reduces the value of the measurements results due to the lack of design
control. Inductance is a function of the spatial distribution and poiarity
of current flow through the cable cross-section. It is necessary to
control the conductor orientation in order to evaluate the effect of
current polarity distributions. Informal measurements in multiconductor
cable have indicated major shifts in cable inductance for different
selections of positive and negative current paths., Consequentiy, the
maintenance of fixed conductor orientation in the main bus distribution
cable is necessary to effective performance of the test program.

The conductors in the main bus power cable are #8 (MSFC # similar
to AWG) nickel coated stranded wires. The physical characteristics as
required by MSFC Specification 40M39513 are sunmarized below.

Conductor size #8 (MSFC)

Nominal Condu.tor Area 16,983 circular mils
Number of strands 133

Strand size #29 (MFSC)

Plating 0.2 mil nickel
Resistance 0.688 ohms/1000 feet
Insulation FEP or TFE
Insulation Thickness 20 mils (minimum)

It should be noted that MSFC wire size differs slightly {=3%) from
standard AWG cross-sections. Automated ahalysis and measurements have
been performed for this conductor and are discussed in detail in
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Appendix A. Both approaches indicate that a single pair of these con-
ductors become quarier wave resonant at about 15 MHz. From this data

it is estimated that a 5§ pair (#8) 50 meter cable will become resonant

at approximately 3 MHz. Resonant conditions are a factor in the generation
and coupling of radiated and conducted EMI,

The parameters of  other harness cables are not considered critical
and may be procured from vendors or from MSFC stock. Identification
and wiring 1ists for all cables are provided in Tables 3.3-1 to 3.3-11,

Table 3.3-1. Cable Identification

: Converter Copy

Cable Harness and Wiring

Cable Description
WP1-{ ) Main bus power distribution, BCU to Load Banks ( )
Wp2-( ) Secondary power (28 VDC) distribution, BCU to Load Banks
WP3 Source power distribution, Battery I to BCU
WP4 Source power distribution, power supply I to BCU
WP5 Source power distribution, Battery II to BCU
WP6 Source power distribution, power supply II to BCU
WS1-( ) Control and monitor signals, SMU to Load Bank ( )
ws2-( ) Control and monitor signals, ACES to Load Banks
WS3 Control and monitor signals, SMU to BCU
. sS4 Control and monitor signals, ACES to BCU
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Table 3.3-2. Wire List
BCU COMPONENT - CABLE # WP1~( ) LOAD BANK
‘- Connector Connector
Terminal Lugs Terminal Lugs
TB5-( ) AWG Current | Voltage 1-( )
Terminal Guage Amps Volts Signal Function Terminal
1 8 20 300 DC Main Bus-Power 1
2 2
3 3
4 4
5 300 Main Bus~Power 5
6 - Main Bus-Power 6
7 - 7
8 - 8
9 - 9
10 8 20 - DC Main Bus-Power 10
_ Table 3.3-3., Wire List
. BCU COMPONENT - CABLE # WP2-{ ) LOAD BANK
A Connector Connector
Terminal Lugs Terminal Lugs
P3-{ ) AWG Current Yoltage P5-( )
Terminal Guage Amps Volts Signal Function Terminal
1 12 4 28 DC 28 VDC Power 1
2 12 4 - bc 28 VDC Ret 2
3 12 - - Spare - 3
4 12 - - Spare - 4
Table 3.3-4. Wire List
BAT I COMPONENT CABLE # WP3 300
Connector Connector
Terminal Lugs Terminal Lugs
TB1 AUWG Current Voltage TB1
Terminal Guage Amps Volis Signal Function Terminal
e 1 oo 150 120 bC 120 VDC Power ]
[ 2 00 150 120 - bC 120 VDC Return 2
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Table 3.3-5. Wire List
* POWER SUPPLY I COMPONENT CABLE # WP4 " BCU
Connector Connector
Terminal Lugs Terminal Lugs
TBT AUWG Current Voltage TB2
Terminal Guage Amps Voits Signal Function Terminal
1 00 150 120 ne 120 VDC Power 1
2 00 150 120 DC 120 VDC Return 2
Table 3.3-6. Wire List
BAT II COMPONENT CABLE # WP5 BCU
Connector Connector
Terminal Lugs Terminal Lugs
TB1 AWG Current Voltage TB3
Terminal Guage Amps Volis Signal Function -Terminal
i 00 150 120 DC 120 VDC Power 1
2 Q0 150 120 | 120 VDC Return 2
Table 3.3-7. Wiré List
POWER SUPPLY II COMPONENT CABLE # WP6 BCU
Connector Connector
Terminal Lugs Terminal Lugs
TB1 AWG Current Vo'ltage TB4
Terminal Guage Ar s Volts Signal Function Terminal
1 00 150 120 DC | 120 VDC Power 1
2 00 150 120 nc 120 YBC Return 2
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Table 3.3-8.

Wire List

)

SMU COMPONENT ~ CABLE # WS1-( ) LOAD BANK
Connactor Connector
pi-{ } AYG Current Voltage Pe-{ )
Terminal Gauge Amps Vo'lts Signal Function Terminal
1 22 0.04 28 Bi-Tevel Fuse #1 Status ]
2 i 2
3 #3 3
4 w4 4
5 #5 5
6 #6 6
7 #7 7
8 8 8
9 Fuse #9 Status 9
10 Relay #1 Status 10
1 #2 11
12 # 12
13 34 13
14 #5 14
15 # 15
16 #7 16
17 #8 17
18 22 0.04 28 Bi-level = Relay #9 Status 18
19 22 <0,01] 28 Bi-level Relay #1 Control 19
20 i 20
21 i 21
22 # 22
23 # 23
24 #6 24
25 i 28
26 it 26
27 22 <0.01 28 Bi-level Realy #9 27
28 22 <0.01 15 Analog Meas #1 Current 28
29 #2 28
30 #3 30
31 #4 31
32 #5 32
33 #6 33
34 #7 34
35 #8 35
36 22 <0.,0] 15 Analog Meas #9 Curvent 36
37 22 0.8 28 DC 28 V Power 37
38 22 0.1 300 beC Meas Line Volts 38
39 22 0.1 - DC 120 V {Signat) Gnd 39
40 22 - - - Spare 40
4] 41
42 42
43 43
44 44
45 45
46 4p
47 47
48 48
49 49
50 Spare B0
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Table 3.3-9. Wire List

ACES COMPONENT - CABLE # WS2-{ ) LOAD BANK
Connector Connector
Terminal Terminal

Cabie and connector design specified in ACES Manual - see Hestinghouse Dwg. No. 361332

Table 3.3-10. Wire List

BCU COMPOMENT - CABLE IDENT # WS3 SilU
Conpector Connector
P4 AUG Current Voltage  Signal p2
Terminal Gauge Aiips Yolts Type Funetion Terminal

1 22 0.04 28 Bi-level Status PS-1 1

2 BAT-1 2

3 ps-2 3

4 BAT-2 4

5 #ain Bus 1 5

6 Main Bus 2 6 .
7 Load Bus 1 7 !
8 Load Bus 2 8 i
9 Load Bus 3 9 ¢
10 Load Bus 4 10

1 Load Bus 5 N

12 Load Bus 6 12

13 Load Bus 7 13

14 Load Bus 8 14

15 Paraliel Alert 15

16 22 0.04 28 Bi-level Status Parallel Active 16

17 22 <0.M 28 Analog Meas Current PS-1 17

18 . Current BAT-1 18

19 Current P5-2 19

20 Current BAT-2 20

2i Current Main Bus 1 21

22 Current Main Bus 2 22

23 Voltage PS-1 23

24 Voltage BAT-1 24

25 Voltage PS-2 25 l
26 22 <0.0 28 Analog Meas Voltage BAT-2 26

27 22 <0.01 28 Bi-level Command BAT-1 Main Bus 1 27 I
28 PS-1/Main Bus 1 28

29 BAT-2/Main Bus 1 29 '
30 PS-1/Main Bus 1 30 l
31 BAT-1/Main Bus 2 31 ’
32 PS-1/Main Bus 2 32

33 'ML BAT-2/Main Bus 2 33

34 22 <0.07 28 Bi-level Commend PS-2/Main Bus 2 34

35 22 0.04 28 Bi-level Command Parallel Source 35

36 22 2.0 28 11 28 V Power 36

37 22 2.0 - pc 120 V Grnd 37

B 22 - - - Signal Grnd k:

39 22 - - - Spare 39

40 40

4 4
42 42
43 43

44 44

45 45

46 45

47 47

4B 45

49 49

50 22 Spare 50
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Table 3.3-11. ¥ire List

./
ACES COMPONENT - CABLE # VWS4 LOAD BANK
Connector Connector
Terminal Terminal
Cable and Connector design specified in ACES manual- see Westinghouse Dwg. No. ED361332
3.3.2 Connectors
Connectors may be of any manufacture of good commercial quality.
MFSC part numbers for applicable connectors are provided in Table 3.3-12.
Table 3.3-12. Facility Connectors.
P1-( ) NB6E22-55SNC
i 31-( ) NB7E22-55PNC
P2 NB6E22-55SNC
J2 NB7E22-55PNC
P3 NB6E14-4PNC
J3 NB7E14~4SNC
P4 NBGE22-55PNC
J4 NB7E22-55SNC
P5-{ ) NBGE14-4SNC
J6-{ ) NB7E14-4PNC
P&-( ) NB6E22-55PNC
Jé-{ ) NB7E22-555NC
ACES Fer Westinghouse Dwg. No. EDP 361332
CONNECTORS
-
o
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3.3.3 Harness Assembly

There are a number of possible cross-section configurations for the
main bus power cable which result in desired minimum spacing between
conductors. However, unless potting or a non-standard harness tie is
used, the cable will assume an approximation of the configuration shown
in Figure 3.3-4a due to the radial force of the harness ties and the low
friction of the teflon insulation. Consequently, the selected conductor
orientation will conform to this configuration. Control of conductor
orientation during assembly may be maintained by the use of a simple
pattern, Figure 3.3-4b, which may be easily fabricated. The ends of the
conductors are passed through the pattern and fastened with harness ties.
The pattern is moved along the conductors maintaining the cross-section
configuration of the cable as harness ties are added. The cable may be
assemhled in this way in any convenient area or in the cable duct. The
relative disadvantages of threading a long heavy cable through the duct
supports and working on scaffolding will need to be evaluated at the
time of assembly. The decision with regard to twisting the main bus
is considered an important factor in this design. Resolution of this
issue must await discussion with MSFC engineers and evaluation of assembly

resources.

Q

(a)
CABLE CROSS-SECTION

O 0 0

Q O O
Q 0O O

l%

(b}
CABLE ASSEMBLY PATTERN

Figure 3.3-4. Cable Configuration Control
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The prefabricated cables for the remainder of the harness will be
placed in the cable tray individually and secured to the trays and to
each othar. Cable entry and exit from the duct may be over the sides
of the tray or through access ports if available. A constant physical
configuration is necessary to maintain test control during an extended
study program. Sections of cable which run between the duct and test
facility components should be supported and secured to metal struts to
maintain cable configuration and also protect personnel from damaged
conductors. The metal struts should be bonded to the component and cable
duct to maintain frame ground continuity.

3.3.4 Cable Trays

The cable tray or duct provides support for the cable, simulates
vehicle structure and provides protection from arcing for the operating
personnel. The cross-section of the duct should provide 9.7 cm2 for each
{100A) load bank served; cable weight is approximately 1.0 kg/m for each
(100A) 1oad bank served. Although the present steady state capability of
the power supplies is three hundred amperes (300A), it is assumed that six
load banks with one hundred ampere capability each may be used in the
facility. On this basis, the requirements for the cable duct are:

Conductor Carrying Cross-Section B8 cm2 (minimum)
Support Weight 6.25 kg/m (minimum)

The configuration of the cable tray as shown in Figure 3.3-5 permits
more flexibility in selection of cable routing than the previous approach
which featured a single continuous path. Junction boxes have alsoc been
discarded as an unnecessary complication. The cable trays may be fabricated
out of any material although non ferrous metal is preferred. The trays
must be electrically bonded together and to the structures of the HVDC
Test Facility for personnel safety and correct conditions. Notices must
be posted to display hazardous voltages and current warnings.

3.3.5 Functional Test

The number of wires and level of complexity of the test facility
cable do not justify use of specialized harness verification and test
equipment frequently utilized for this purpose. However, if such equipment
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is readily avajlable, time and effort may be conserved. Tests on cables
shall meet the following criteria.

Continuity Test R < The greater of 1.1 Ro’ 0.2 onms

R0 = Calculated conductor resistance

Connectors main bus terminal lugs shall provide less than 0.1
volts drop between wire and terminal strip while conducting
ten (10) amperes.

- Leakage Test Leakage Voltage 1500 YDC * 10%
Leakage Resistance > 100 Megohms
l.eakage Dwell 1/2 Second Minimum

Inspection - Verify that power source cabling polarity is main-
tained correctly.

Verify that individual conductors in the main bus
] are connected to their designated terminals.

It must be noted that despite simple test requirements, the Test
Facility will contain hazardous voltage and current. Assembly errors
are a source of danger to personnel as well as a potential cause of
equipment damage.

£
Nomad
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3.4 SOURCE SIMULATOR DESIGN

The power source for the Multi-KW HVDC Test Facility consists of two
120V battery packs and two 2-130 Vdc power supplies. The functional
schematic diagram of Figure 3.4-1 defines the electrical interface between
the power source and the test facility elemenits. Power source configura-
tion is controiled by the battery and power source switch panels; system
power control is provided by switchgear in the BCU. The power source
design provides simulation of a large fuel cell with steady-state power
of 36 KW at 120 and 240 Vdc.

I POWER SOURCE | | BCU |  Loapeank |
Wil
' — CABLE DU uc?[
BATTERY |

!

%um{
ggngOYWER STRUCTURE | RPC |
GROUND

8 LOAD
LOAD| CIRCUITS

t 11

= CENTRAL GROUND
POINT

Figure 3.4-1. Power Distribution Circuit Elements

3.4.1 Power Source Reguirements

The power source is re uired to provide simulation of large space-
craft power source under steady-state and major fault transients to
enable the study of power distribution characteristics, power switchgear
performance, and fault removal techniques. The reguired characteristics
were based on expected performance of fuel cell power sources and were
defined in Phase T report (Multi-KW DC Power Distribution System Study
Program, Contract NAS8-28726, April 1974).
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Power Source Characteristics (Fuel Cell)

Voltage 28-120 VYolts
Current 0-150 Amperes
Response 10 msec
Dynamic Impedance 15 mohms
Static Impedance 30 mohms

Effective simulation of flight hardware electrical performance is
required., Physical, thermal, and 1ife requirements are to be consistent
with laboratory applications and constraints. Maximum use of cost effec-
tive commercial/industrial quality equipment where appropriate is a
preferred approach.

3.4.2 Power Source Hardware

The configuration of the Tesi Facility power source is illustrated
in Figure 3.4-2. Batteries and power supplies were seiected during the
previous phase of this study.

The electrical and physical characteristics of the system elements
are as follows:

Power Supply (Christie Electric 2C0135-150E4S)

Voltage 2-135 Yolts dc

Current 0-150 Amperes

Output Kl 20KW Max

ReguTation (Static) 0.1% or BOMV

Regulation (Bynamic) 10 Volts (No Load - Full Load)
Ripple 100 my

Response Time 50 msec (No Load - Full Load)

125 msec (Full Load ~ No Load)
Input Power

Voltage 220/440/480 36 AC 57-63 Hz
Current 46 Amperes/Phase (440 Vac)
Weight 650 Tbs
Size 18"(W) x 22 1/8"(D) x 30 7/8"(H)
Number Required 2
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Batteries (Exide 6-FH-13)

R Type Cell Lead Acid ,
Capacity 90 Ampere-Hours (5 hour rate)
, 32 Ampere-Hours {5 minute rate)
Yoltage 12 Volts
Plates/Cell 13
Size 14 1/4%(L} x 7 5/16"(W) x 10 137/16"(H)
Weight 78 1bs (Filled)
Number Required 30 (Includes 10 Spares)

Battery Rack (C&D Batteries RD-80i-8)

Type Two Tier
Size 96"(L) x 16"(W) x 35 11/16"(H)
Weight : 132 1bs

_ The function of the switch panels is to enable implementation of 120V
and 240V configurations. Swiiches are also provided to open ground, output.
and intermediate terminals. This reduces the possibility of contacting
hazardous voltage during assembly and maintenance.

. 3.4,3 Performance

The quality of performance of the power source is determined by the
degree to which an effective simulation of a fuel cell is achieved. The
analysis of fuel cell performance was performed in the previous report;
the equivalent circuit is shown in Figure 3.4-3.

0.03¢

T L

E-! e

0.8

0
\ 0.1757

]

Figure 3.4-3. Fuel Cell Equivalent Circuit
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The expected response to a 150 ampere step Toad from a 120 volt source
15,

g, = 0.965(120)(1 + 0.0187¢~28-2t) |  Eq. 3.4-1

A preliminary analysis of the Christie power supply based on output
transient measurements was also performed.and the equivalent circuit is
i1Tustrated in Figure 3.4-4. The output response of this circuit to a
150 ampere step Toad indicated in Equation 3.4-2.

3.3mh

T T T

Eq o == 0.2487 0.073 e, 0.8

AN~

[~}

Figure 3.4-4. Power Supply Equivalent Circuit

e, = 120(1 - 0.289e730+2% 54 17.5¢) Eq. 3.4-2

During simulation of a fuel cell source, it is planned to parallel
two 120V battery packs and one Christie power supply. Analysis in the

" previous report has shown that the equivalent source impedance of the

batteries will be approximately 0.037 ohms. The eguivalent circait is
illustrated in Figure 3.4-5.

0.037q
AYAYAY,
3. 3mh
TN
E'i —— 0.248f 0.89 e, é 0.80
> |

Figure 3.4-5. Combined Battery and Power Supply
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- Response to the 150 ampere step load is,
120(1 - 0.026e %7t ginn 77.1¢)

1]

%

-161.88 _ 5 gope7 -0 Eq. 3.4-3

120(1 + 0.026e

The addition of resistance in series with the power supply completes
the simulation configuration as illustrated in Figure 3.4-6.

0.037a
AAYAY: ¢
Brrmie—— i . / 1
3. 3mh 0.03% /ET\
e AAN—— !
!
0.8q
e
By 0.073p - 0.248f 0
j
b i i
Figure 3.4-6. Fuel Cell Simulation (I<300a)
The output response to the 150 ampere step load is then,
e, = 0.979(1 + 0.032e™19%-5% + g 032”171 Eq. 3.4-4

Comparison with Equation 3.4-1 indicates that this response is a reasonable
approximation of the Fuel Cell Source.

Use of the batteries and combinations of small resistances and large
capacitors would provide a more accurate simuiation. However, the major
function of the battery is to supply high fault pulse current. The power
supply provides steady-state Toads and maintains the batteries in the
necessary fully charged state prior to fault testing. When a major fault
condition is simulated, the maximum output of the power supply may be

o exceeded if fault removal techniques are not in effect. At that point
o (approximately 300 amperes), the power supply performs an automated shut-
down and the batteries provide the total load current. The source
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impadance then consists of the series 0.037 ohms of the battery and a shunt
glement comprised by the 0,03 ohm resistance added to the power supply

and the power supply output capacitance of 120,000 uf. This network

(Flaure 3.4-7) continues to provide good simulation of the fuel cell source.

0.037¢a I
o AAA- .
A - 4
|
0.03g
E

i -1'0.]21:
[ — .

Figure 3.4-7. Fuel Cell Simulator {I>300a)}

3.4.4 Battery Charging

The batteries may be floated on the power bus during normal operation
to maintain full charge and to control the power source impedance
parameters. If the batteries are not to be used for extended periods,
1ife will be extended by complete discharge. Subsequent to such periods,
recharging is necessary and will be performed by manhual control. The
recharge operation may be implemented conveniently through the Bus
Control Unit as illustrated in Figure 3.4-8. Battery supplier
instructions should be followed: however, there are no critical factors
involved. Charging may be performed at high rates without damage or
hazardous electrical and thermal conditions. Care must be exercised to
insure venting of effluent gases to outside air. The following simple
procedure should be sufficient to perform the battery charging operation.

1. Open main breakers (BCU}.

2. Adjust power supply(s) to two (2) volts less than the
battery voltage.

3. C]oﬁe the contactors which establish the desired charge
path.

4. Raise the power supply voltage until the required charge
rate is established.

5. Periodic adjustments will be required until the desired
float potential is achieved.
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Figure 3.4-8. Battery Charging Paths

It should be noted that the power source involves hazardous voltages
and currents. Adequate switching capability is provided to reduce the
necessity of working on active circuits; however, batteries cannot be
turned off. During assembly and modifications of the battery pack, it
vi11 be necessary to operate with essential Tive circuits. While shock
hazard is small, the inherent high current capability can produce arcing
and heat hazards.

£oon
e ot
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3.5 " SUPERVISION AND CONTROL

The HVDC Test Facility provides a means for comparison of conventional
(analog, bi-level) and digital supervision and control approaches. The
conventional design has been defined in the current study; the digital
system is a Westinghouse development and the components for a limited
installation are available at MSFC. These supervision and control systems
simulate a "cockpit" control panel and will also serve as a test control
station during facility test operations. Both-systems are connected at
all times and facility subsystem functions may be operated to the “"QU“
condition from either panel on a logical "OR" basis. During normal operation
simulation one of the systems wiil have all control functions set to the "OFF"
condition to prevent functional interference. Data may be dispiayed on
both consoles at all times. In addition to these supervision and control
systems, manual controls and test jacks are provided on the Load Banks
for local control and measurements. A1l local controls will be set in
the "OFF" condition during normal facility operation. Precise measurements,
EMI evaluation and transient performance will be qimplemented with one or
more mobile test racks which may be moved conveniently to the test Tocation.
Semi-permanent test sets are preferred to maintain control measurem>nt
parameteyrs particularly when several interconnected pieces of equipment are
required for a test program. These test sets were defined in Phase 1 of
this study program and will be summarized in subsequent paragraphs.

3.5.1 Digital Control

The ACES system developed by Westinghouse utilizes a digital command
and data acquisition approach to control remote power switching devices
and monitor binary data which describe the state of a power distribution
system. Drawing and descriptions at the ACES equipment were taken from the
Automatically Controlled Electrical Systems (ACES), System and Operational
Description Manual, October 1972.

Signals are transmitted on a redundant data bus which provides weight
and reliability advantages over the classic separately wired approach.
Control of the system is maintained with a small general purpose computer
using time multiplexed signals. In addition it may be programmed for self
checkout, automatic fault sensing and control and power sequencing. The
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functional elements of the system are the general purpose computer which is
designated Distribution Control Center (DCC), and local interface equipment
designated Remote Input/Output unit (RIO) and the operators panel designated
Data Entry and Display (DED). The system is designed with the intent to
interface with solid state RPCs but is compatible with electronic/eleciro-
magnetic power switchgear. The general configuration of the system is
illustrated in Figure 3.5.1-1. The RIO provides all interfaces beiween

the DCC, the power distribution system and the DED. The major compohents

“of the system are connected in a triply redundant configuration as illus-

tr-*ed in Figure 3.5.1-2. The 1internal circuits in each RIO are also
triple redundant.

The following 1s a brief description of the elements of the system.
Complete details may be found in System and Operational Description
Manual provided by Westinghouse at MSFC.

3.5.2 Distribution Control Center (DCC)

The BCC is a small general purpose miIitary‘type computer of modular
design and uses standard transistor-transistor-logic (TTL) integrated
circuit devices of medium scale integration (MSI) complexity to maximum
advantage. It is composed of control, arithmetic, memory and input/output
units.

The control unit operates with 16 single-address instructions, all
indexable and capable of using any one of eight general purpose registers.
A computing speed of over 300,000 instructions per second is obtained with
magnetic core menory.

The arithmetic unit features paraliel arithmetic logic on the 16 bit
words. It uses fixed poi.t, fractional two's complement notation. It
contains eight general purpose registers.

The magnetic memory is in 4096 word modules and is expandable to 16
moduless cycle time is 1.0 microsecond. The approximate memory regquirement
for this system is 1K words per RIO; this includes all software functions.

The DCC input/cutput unit contains a serial data transmission capabi-
Tity for multiplexed communication with the RIOs, a real time clock, and
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additional input/output mode control. The buses which interconnect the DCC
with the RI0s are in.triplet, with provision in the DCC for built-in test
to verify the integrity of each bus individually. The unit can withstand

a data bus short circuit to ground on any one bus, or a short between DATA I
and DATA 11 without damage.

3.5.3 Data Entry and Display Panel (DED)}

The DED contains a 10 digit keyboard, a numerical display and several
switches and indicating Tamps. An operator can open or close an RPC by
keying in the appropriate three digit RPC address and pressing the "open"
or "close" switch. The DCC is programmed to permit keyboard control of
only selected RPCs. If an incorrect address or an address of an RPC not
subject to keyboard control is keyed in, the "invalid address" Tamp will
light.

If an RPC trips, the "RPCs tripped" lamp 1ights. The addresses of the
tripped RPCs can be displayed by switching to the "RPCs trip" made and
pressing the "clear/update" switch.

If the system goes into an automatic Toad shedding mode, the "Toads
shed" Tamp will 1light. The addresses of the RPCs controlling the shed loads
can be displayed in a manner similar to that for tripped RPCs by switching
to the "loads shed" mode.

3.5.4 Remote Input/Qutput Units (RIOs)

Each RIO will accommodate up to 64 transistors, status lamps, RPCs or
any combination thereof. Each has 64 command output and 64 status inputs.
The control outputs provide signals which activate an RPC or the panel
indicator. The status inputs accept signals form transducers, Timit switches,
and the status indicator ou*put of an RPC.

‘The RI0s are assigned an address via a permanently wired mating connec-
tor, so each RIO in the system has a unique address code. Random access
to the RIDs in the system is thus provided with only one part number RIO.

Fach RIO is constructed in triplet in such a manner that it is essen-
tially three input/output units, each one driven by a separate data bus.
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Each unit is completely self-contained with its own power supply, each
power supply provided with three sources of power. Thus a failure in one
unit will not propagate into another unit. The outputs of the units are
joined at a buffer which drives the RPCs. Each RPC has its own buffer unit.
A failure in any portion of the individual units has no effect on system
performance. A failure in the buffer affects only one RPC. Each buffer
can be current Timited so that the output may be short circtited without
disturbing the rest of the conirol system.

3.6.5 ACES Interface

Interfaces exist betwesn ACES, the Test Facility and the conventional
Supervision and Monitor Unit (SMU) at the control input to the relay drivers
and the output from the status sensors. These circuits are discussad in
sufficient detail in Section 3.2 Load Bank Design. Control and status sense
interface circuits are shown in Figure 3.5.5-1a and 3.5.5-1b. The ACES
interface parameters are given in Table 3.5.5-1. This data was obtained
informally from Westinghouse personnel and engineering sketches.

Table 3.5.5-1. Interface Definition

ACES

TEST FACILITY

Control
IIONII
Open Circuit Voltage (L) <28Y*
Maximum Load Current (P} <0.04A

"OFF"
Maximum Qutput Current (L) <40ua
Status Sense
Sense "ON"
Output Current (L) 2.7¢#20 milliamps
Sense "OFF"
Maximum Sink Current (P) <40pa
Open Circuit Voltage <15V (L)
L = Circuit Limited
P = Permissible Limit

R - Required Value

Relay Driver

Maximum Input Voltage (P) > 40V

Maximum Input Current (L)
@ 3y <0, 006A

Maximum Input Current (P) <200ua

Status Output
Min. Sink Current {R} >100 ma
Max Sink Current {L) <0

* Power Source Voltage
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3.5.6 Supervision and Monitor Unit

The. Supervision and Monitor Unit (SMU) provides displays and controls
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The BCU functions are located on the left side
of the panel (Figure 3.5.6-1) aid provide individual controls to connect

any one of the four power sources to either main bus. Paralleling power



supplies is inhibited by logic in the BCU; attempts to connect two power
sources to one main bus will result in a Paraliel Source C/4 alert.
Paralle} source operation can be enabled by moving the Parallel Source C/W
switch to "ON". Status lamps indicate presence of voltage from a power
source at the input to the BCU, main bus voltage and load bank bus voltage.
Voltage and current for any one power source may be selected and displayed
on a dual face vertical scale meter. Load bank bus current and voltage
and individual load channel current are also displayed as selected by

the rotary switches., The status of all Toad bank fuses and relays are
displayed on the right side of the panel along with the relay control

panel switches. This is somewhat more elaborate than would be expected in
a conventional "cockpit" control panel, however the displays are considered
consistent with the experimental nature of the Test Facility.

3.5.6,1 SMU Circuit Design

The SMU functions are implemented with simple switching network and
passive components. The Load Banks and the BCU provide required supply
voltages and grounds on an individual basis to prevent ground loops. The
SMU interfaces with the BCU through receptacle J2. Associated control and
display circuits are illustrated in Figure 3.5.6-2. Panel lights have been
added to provide quick look source control status consistent with the Load
Bank diép]ays. Load Bank voltage and current control and display circuits
are shown in Figure 3.5.6-3. Interface connections for eight Load Banks
are provided through receptacles J1-1 through J1-8. Load Channels are
selected by rotary switch S12; Load Banks are selected by rotary switch $13.
Panel lamp and load channel switching circuitry is shown in Figure 3.5.5-4.
Signals to each switch contact and panel lamp are indicated by the Tisting
for the J1 receptacie on Figure-3.5.6-3 and 3.5.6-4.

It has been assumed t.at the panel Tamps will require at least 40 ma
at 28VDC. Signal conditioner design for the meter displays has assumed
input resistance greater than 100KQ for the meters. Specific hardware has
not been defined for the SMU since it is expected that MSFC stores will
supply available parts. Deviations from the circuit design assumptions
are not expected to require redesign. However, it such redesign is indi-
cated, only minor modifications would be reguired.
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3.5.6 Mobile Test Set

A number of tests requiring precise measurements were defined 1in
Section 3.3 of the Phase 1 report. In order to obtain valid correlations
between measurements vbtained at different points in the Test Facility over
a period of time, it is necessary to maintain rigorous control over test
equipment parameters. A formal test control program involving frequent
recalibration and measurement of all test equipment response against
standards is not economically feasible for this study. Consequently, the
recommended approach is to define test equipment configuration for each
type of measurement and perform required calibrations on the assembled
test set-up. Deviations of measurement parameters are avoided by mounting
test components on a mobile equipment rack which may be moved to each
test location without disturbing test equipment interfaces. These test
set-ups should be maintained intact during a test series. Records of
interconnecting test leads should ijdentify connectors, test probes, test
lead type and length. Records should include a unique serial number for
each element of a test equipment assembly in the event that it is
necessary to rerun measurements. Simple test equipmen. calibration
approaches may be utilized and maintained in the Test Facility area if
they are restricted to calibrations pertinent to the requirements of each
test plan. For example an o0il filled capacitor, a Tength of coaxial 1ine
and a current shunt can serve as a standard for all voltage and currant
transient measurements. A1l equipment will be initially calibrated by
stundard procedures and photographic records of response to the test
facility standard will be maintained. The physical configuration and
electrical parameters of any such test standard should be maintained
invariant by rigid mountings, secured harnessing and electrostatic

shielding. Selection of test equipment, standards and specific testing

procedures must be deferrer until the availability of equipment and
personnel at MSFC can be estabiished. Recommendations for test equip-
ment configurations were defined in the Phase 1 report and are restated in
the subsequent paragraphs.

3.5.7 Test Instrumentation

A tentative list of equipment to implement the tests described in the
preceding sections is shown in Table 3.5.7-1.
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Table 3.5.7-1. Test Instrumantation

Quantity Instrument Comments
1 Inpedance Bridge 'HP4260A
2 Low Freq. Wave Analyzer Fairchild EMC-10
2 High Freq. Wave Analyzer Fairchild EMC-25
3 Oscilloscope Tektronix 547
3 Scope Camera HP196A
2 Visicorders "~ Honeywell 1508
2 Galvanometer Amplifiers Honeywell TBA
2 Memory Voltmeters Micro Instruments
5208, 5201C
2 DC Mullivoltmeter Digital
2 AC MiTlivoltmeter Digital
1 AF Signal Generator As Available
1 RF Signal Generator As available
4 Multimeters As available

In addition all normal accessories such as EMI antennas, current probes,
oscilloscope plug-in amplifiers, and calibrated test leads used with the
above will be required.

The test equipment listed above have been selected as representative
models of the instruments required based on measurement needs and general
availability. The quantities listed are considered minimum for maintaining
the quality of the data base. This is not intended to restrict the use of
other instruments which perform equally well. Since availability of equip-
ment at MSFC will influence the final selection of test equipment, it is
pertinent at this time to discuss the measurement requirements and instru-
ment capabilities.

1. Impedance Bridge. The principle requirement is the capability of
measuring reactances down to the values expected in the distribu-
tion cable. These values are not specified but are expected to
fall in the vicinity of 0.3 microhenries and 10 picofarads per
foot. The capability of the Hewlett Packard Model 4260 Universal
Bridge is given in Table 3.5.7-2. Measurements are normally
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performed with an internal 1 KHz oscillator but may be implemented
with an external oscillator functioning between 20Hz and 20 KHz,

It is desirable to perform the measurements over a wider range of fre-
quencies since the above range is not sufficient to provide signi-

ficant added value to the measurements at 1 KHz.

If an instrument

can be obtained at MSFC which can perform the impedance measure-

ment at frequencies up to 50 MHz, the definition of the distributed
parameters of the power distribution harness will be considerably

improved.

Table 3.5.7-2. Specificafions - Modet 4260 HP
Universal Bridge

'| CAPACITANCE

Range: 1 pF to 1000 wF, in 7 ranges.
Accuracy:
+(1% + 1 Digit), from 1 nF to 100 wF.

+(2% + 1 Digit); from 1 pF to 1 nF
and 100 wF to 1000 uF.

Residual capacitance = 2 pF.

THDUCTANCE

Range: 1 H to 1000 H, in 7 ranges.

ACCURACY

+(1% + 1 Digit}, from 1 =4 to 100 H.

+{2% + 1 Digit), from 1 uH to 1 mH
and 100 H to 1000 H.

Residual inductance < 1 uH.

DISSPATION FACTOR

Low [t (series C): 0.001 to 0.12.
High D (parallel €): 0.05 to 50.
Accuracy (C greater than 100 pF):

low D: +(5% + 0.002) or one dial
division, whichever is greater.

High D: +(5% + 0.05) or one dial
division, whichever is greater.

Range:

QUALITY FACTOR

Low Q (series L): 0.02 to 20.
High §*(paraliel L}: 8 to 1000.
Accuracy (L greater than 100 uH):

Low Q: +(5% + 0.05) or one dial
division, whichever is greater.

High Q: +(5% + 0.002) or one dial
division, whichever is greater.

Range:

2. Wave Analyzers,

The Fairchild EMC-10 and EMC-25 provide coverage

from 20 Hz to 1.0 GHz, and are standard EMI measuring instruments.
Any instruments capable of measurements to current specifications
such as MIL-STD-461/462 are adequate for this function.
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‘3. Memory Voltmeters and Visicorders. These instruments represent
a practical method for monitoring of steady state and transient
noise. Depending on the model, most visicorders are able to
accommodate from 12 to 36 galvanometers which exceed the require-
ments of this program. The response of the visicorder galvan-
ometer is flat dowh to pulse widths of approximately 40 micro-
seconds (M-13000 galvanometer) which is adequate for measuring
general transients and monitoring broadband noise as sensed by a
wave analyzer. The effectiveness of the visicorder is consider-
ably enhanced by operating in combination with a memory voltmeter.
This instrument has a fast response (30-50 nanoseconds) and is
either automatically or manuaily reset. The output is held by the
memory voltmeter long enough (40 milliseconds) for the visicorder
or other strip chart recording instrument to respond. For Tow
energy signals, galvanometer power amplifiers are available to
improve the data presentation. A typical configuration for
simultaneous presentation of multiple signals is illustrated in
Figure 3.4.7-1. The resulting data presentation is iliustrated
in Figure 3.5.7-2 {increasing time is from right to left). The
general characteristics and capabilities of these instruments are
summarized in Table 3.5.7-3.

4. 0Oscilloscope and Camera. The principle requirement for these
instruments is the capability of photographing transient (single
sweep) waveforms at sweep speeds up to one centimeter per micro-
second. The spectrum of the transients to be observed is not
known but it is estimated that signals with fundamental frequencies
of 2.5 to 5.0 MHz will be generated on the 50 meter distribution
cable due to echoes from the mismatched terminations. Noise due
to contactor and fuse arcing will have Tlower energy density and
broader spectrum than the cable resonance effects and will be
measured by the broadband wave analyzer which has capability up
to 1 GHz. A11 other significant noise effects on the cable then
can be adequately observed with an oscilloscope with response up
to 50 MHz. The characteristics of a Tektronix 547 oscilloscope
with a 1A5 plug-in unit is:

3-65



=)

&

Deflection 2 mv/cm to 20 v/cm
Bandwidth DC to 45 MHz
Rise Time 8 nanoseconds

The Tektronix Model 544 and 546 osciiloscopes provide slightly
better performance and any of these units would be acceptable.
A dual beam oscilloscope would be quite advantageous for
comparison of transients; however, the responses of dual beam
oscilloscopes which have been revieswed do not appear to be
adequate for the purposes of the test program.

Miscellaneous Instrumentation. Ammeters and voltmeters used

should have scales and tolerances so that measurement accuracies
approach 1%. Digital meters are far preferable where many mea~
surements are to be performed. Due to the multiple ground systems
in the test facility and the necessity for careful measurements,
battery operated test equipment is preferred.
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Figure 3.5.7-1. Transient Monitoring Test Setup
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Figure 3.5.7-2. Typical Presentation of Pulse Displayed on
Visicorder Using Direct Input and Memory
Voltmeter Outputs
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Table 3.5-7-3. Equipment Characteristics Memory Voltmeter
(Micro Instrument Co. Model 5201C)

Input Impedance 30K ohms minimum {3.0V range)
Puise Width Range pE - 50 nano seconds
Accuracy +3% of fuil scale

Operating Modes Reads peak positive

Reads peak negative
Reads peak positive or negative

Outputs: DC analog 0-3.0 volts output on 3.0; 30.0; and 300 volt
range 0-1.0 volts on 10 and 100 volt ranges. A 40 milli-
second timing pulse is aiso present on this output.

- AC Analog Output:

Simul taneous positive and negative outputs. 2.5 volt
nominal, decay to zero in 100 psec at full scale.

YISICORDER HONEYWELL MODEL 1508

Speed Button 1, 2, 4, 8 cps
Range Buttons X.01; X1.0; X10
(times speed button)
Galvonometer Selection Accepts all M series galvonemeters
GALVONOMETERS
Maximum Pk-Pk Load Resistance
Hode] Freg. Response Deflection Required
H-13000 0-13000 Ha 2.0" 0
M-8000 0-5000 Hz 2.0" 0
M-3300 0-2000 Hz 8.0" Series 22 ohms

M-1650 0-1000 Hz 8.0" Series’ 24 ohms

GALVONOMETER AMPLIFIER HONEYWELL MODEL TG 6A-G0O

Fraquency Response DC to 20,000 Hz

Input Impedance 47K ohms

Input Voltage 1.0 volt to +50 volts

Output Impedance 1 ohm DC -5000 Hz

Nominal 10 AD impedance 37 ohms

Gain 0 to Unity

DC Blocking Capacitor 10 pufd for minimum distortion
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3.6 FILTERS AND ISOLATION CIRCUITS

The purpose in estabiishing EMI standards is to provide a basis for
general design quality, and enable compatibility among equipments of
different manufacture. It is inherent in the electrical design technolo-
gies that components can be designed to operate properly under almost any
reguirements. However, arbitrary specification of extreme requirements
will increase weight, size and cost, and where additional equipment is
required to meet unrealistic stress specifications, decrease reliability.
Consequently, it is necessary that EMC standards be based on a balanced
evaluation of the various aspects of the expected environment and be
directed at a cost effective definition. Such a definition will be neces-
sarily flexible to allow for environments containing significantly different
equipment and performing dissimilar functions.

The HVDC Test Facility power distribution system is designed to
simulate conditions on large space vehicles and aircraft. The power
source and load simulator designs were primarily directed at space
applications. Current EMC documents pertaining to these applications are
listed below. '

MIL STD 461A Electromagnetic Interference Characteristics
For Equipment

MIL STD 462 Measurement of Electromagnetic Interference
Characteristics

MIl. STD 704A Characteristics And Utilization OFf Aircraft

~Electric Power

MIL STD 704B (Draft)

MIL STD £181D Interference Control Requirements, Aircraft
Equipment

MIL STD 1541 Electromagnetic Compatibility Requirements
For Space Systems

As-1212 +haracteristics and Utilization Of Electric

Power, Aircraft

The normal method to define an EMI specification is an iterative
approach as illustrated by the functional flow diagram of Figure 3.6-1.
Although the study may be initiated in any block, the most efficient
starting point is the definition of susceptibility 1imits. Definition of
the EMI limits in any functional block provide constraints for the next

3-69



block. The Timits defined in each area form a hierarchy as shown in
Figure 3.6-2. It should be noted that the three noise characteristics

are plotted on the same chart in relative noise power only for the purpose
of illustration. Conducted susceptibility reguirements are normally

shown in voits while emission characteristics are indicated by amperes;
distribution system noise requirements are not usually specified. It
should also be noted that specifications such as MIL-STD-461A are intended
as guidelines rather than hardline constraints on all systems. Require-
ments for a specific system are negotiated by the procuring agency and

the contractor during the initial phase of a contract. Generated interfer-
ence as specified in MIL-STD-461A is illustrated in Figure 3.5-3 along
with an exampie of the contractual requirement placed on a particular
power converter. The details of the EMC plan design approach as presented
in Figure 3.6-1 are shown in the flow diagram of Figure 3.6-4. The
functions identified in the majority of the blocks may be impiemented on
the basis of available data and previous experience unless the problem
under consideration involves new classes of equipment or more stringent
program requirements. With respect to the HVDC Test Facility, the
significant difference is the increased distribution voitage and the
associated decreased 1ine current.

DEFINE EMC

J SYSTEM L

SPECIFICATION , ; l

| | |

. r i v
V-0 perne 2.0 DEFINE | 3.0 perne o

sl EQUIPMENT - INTERFERENCE
SUSCEPTIBILITY QUER SYSTE GENERATION
LIMITS L LIMITS

i e v 4 s —— . RO, .,k,_ .

4 . 1 /4 .. - - N

=

4.0

EVALUATE COST & EFFECTIVENESS

e e a | ¢ g et et et el

Figure 3.6-1. EMC Plan Definition
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3.6.1 Steady-State Conducted Emission Baseline

The specification of steady-state noise requires knowledge of the
power distribution configuration and the sensitivity of the loads for a
particular program. Since this data is not specified in this study, the
evaluation of permissible steady-state narrow band noise will be based
on MIL-STD-461A susceptibility stahdards. The narrow band noise 1imits
of CS01 are presented in Figure 3.6-5. The low frequency limits are
specified as 10% of the 1ine voltage or 3.0 volts RMS, whichever is less.

¥\

(The Jesser of) 10% of Supply Voltage
ar
3.0 Volts RMS

Susceptibility Limits
€S01 NOTICE 4 2/71

(The greater of) 1% of Supply Voltage )h
or
1.0 Volts (RMS)

100 1K 1.5K 10K 50K

FREQUENCY - HERTZ

Figure 3.6-5. Load Terminal Voitage Susceptibility
Requirements

The generation of this noise in small space vehicles is due to power source
noise and interactions between emitted noise currents and power source
impedance. In the large space vehicle under consideration, the fuel

cell power source does not generate ripplie currents and has very low

output impedance. Line.noise is generated primarily by interactions between
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the power distribution harness and emitted noise currents. If it is
considered that a maximum Tine drop of 5% occurred at 120 VDC the
following calculation may be made.

AE (Line) = 0.01 (120) = 7.0 volts = I (Line) R (Line)
E (Max Ripple) = 3.0 volts = I (Ripple) R {Line)
I (Ripple) x 100/1 (Line} = 43%

This is 1in excess of the ripple generated by space qualified equip-
ment and dr.2s net provide a realistic low frequency emitted noise 1imit.
Consequently, for this evaluation, the emitied noise limits will be
based on the following guidelines.

1) Conducted narrow band emissioti, for any componient, shall
noc exceed 10% of its nominal load current.

2) The conducted narrow band emission current shall not produce
a voitage greater than a vaiue 6db below the CSCT profile
(MIL-STD-461A) when injected into the load terminals of
the power distribution harness.

Since noise does not add 1inearly, a load consisting of several
components would have a less severe requirement than a Toad consisting
of one component. Therefore, it will be assumed for the purposes of
comparison that all the Tine current is supplied o one component.

3.6.1.1 Power Distribution System Characteristics

The initial system to be analyzed is defined below:

Conductors - #8 Nickel Plated Twisted Pair (MSFC Specification)
Length - B0 Meters

Current - 20A

Voltage - 120, Yé, 28 VDC

€

The physical characteristics of the cable are defined in MSFC
Specification 40M39513 (General Specification For Electrical Hook Up
Wire). It should be noted that #8 conductor in this specification contains
approximately 3% more cross-sectional area than the standard AWG #8 wire.
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The effect of the nickel coating on the electrical and transmission
parameters is negligible at low frequencies (<100 Hz) compared to silver
plated or bare conductor. At higher frequencies, the effect of i

the nickel is to increase insuctance and skin resistance, This is

regarded as advantageous in power system design. A general analysis

of the transmission parameters has been performed and automated and

is presented in Appendix A. The program output for a shorted 50 meter

pair is illustrated in Table 3.6-1, Column 4 lists the impedance of

this cable at the load terminals as a function of frequency. The impedance
of the power source was assumed zero for the purpose of generality. The in-
clusion of a fuel cell source (0.015-0.03 ohms) or a large capacitor at

the power source output has negligible effect on the calculation.

Table 3.6-1. #8 Nickel Coated Wire

Frequency Attenuation Phase Load Terminal
Hertz Nepers Shift Impedance Phase
Decrees ohms Degrees
F ol 2UPHA EETH Z THETH
10 CA1ZE-D3 L11BE-03 . 1AFE+D L SFEE+D
ig.8 . 14E~-02 S 142E-03 . 13F7E+QO . A1ZE+0OD]
5.1 W IFEE=O3 =3 =G . 1SFE+OD 1.45
238 2B~ P SERE-DE . 1SFE+0D o
3.1 . 2T4E-3 2OZE-03 . 197FE+01 A
i0n L DISE-03 SrdE-03 P 1EE+Q0 Ferd
158 ci4E-03 L SESE-03 .cE+RD F. 04
251 L4IRE-0F EAE-03 L 2O4E+00 14.1
a9 - SESE-03 » BEBE~DX L214E+G0 1.5
=3CH ] P BEE-03 A2lE-02 «EREFOO 21.4
 1E+03  FESE-0Z S 1EE-D2 G1dE+DD S1.1
. 1S2E+ 04  1OFE=DZ SARLZE-O2 L DSTE+FO0 o2.7
 SB1E+DG . 1SE-DE GESE-02 . THBESDLD S
. FRZE+ DS 21E-02 L EIZE-02 1.02 e T
LESIEFOY L ESRE-O2 SlnsE-01 .42 e, 3
., lE+05 LALIE-O2 . 195E-01 2 S
« 102E+0D SETE-OE8 »235E-01 =] & . 3
LLD1IE+DS LSLSE-D2 LISVE-01 4,15 G W
IRBEF S LliBEE-01 « SRE-D1 G, Y2 |
BIIEFID . 1eSE~01 LEdiE-D1 =) V. E
IEHDE 23FE-OL . LEE+OD i2.7 659,




- The method utilized to determine permissible emitted noise is
illustrated in Figure 3.6-6. QCurve A and B (CSO1, 120V 1ine} determine
the voltage noise limit at the Toad terminais. Curve F is the cable
impedance at the Toad terminals. Allowable noise signals are 1imited
to 10% (2A) of line current at low frequencies. The resulting noise
voltages are plotted by Curve E. This voltage rises with increasing
frequency at approximately 13.9 db/decade and intersects Curve B
(descending at 13.3 dh/decade) at 5 KHz. Since Zurve B is the assumed

limit derived from CSO1, the permissible noise current descends at 27.2
db/decade until it reaches 50 KHz. At 50 KHz the CSO1 characteristic
returns to zero db/decade; the current characteristic continues to
descend at 13.9 db/decade. The current characteristic C(120) illustrates
the maximum noise 1imits for the 120 VDC, 20A load.

A similar characteristic for 28 VDC 1ine is obtained by substituting
Curve D for Curve B in this process. Curve D is obtained by displacing
Curve B -12.6 db. The intersection of E at D (point 2) occurs at 1.8 KHz.
The resulting noise current 1imit is illustrated by C{28). Below 1.8 KHz,
C(120) and C{28) are identical. The results for 120, 56 and 28 YDC are
plotted in Figure 3.6-7 together with MIL-STD-461A, Notice 3 and 4 timits.

A similar calculation may be performed assuming a 100A Toad. The
cable for this configuration consists of five twisted pairs of #8 wire.
There is no accurate analysis at this time for transmission parameters at
higher frequencies for a power cable bundie. Skin resistance and inductance
is a function of the distribution of conductors in the harness. A

reasonabie assumption which has been applied in these circumstances is
provided below:

N = Number of pairs in harness

ZH(N) = High frequency impedance of cable
ZL(N) = Low frequency impedance of cable
ZL(N) = ZL“)/N

ZyN) = (/YN
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Using these assumptions the previous calculation was repeated for
100 ampere loads. The results are shown in Figure 3.6-8. The additional
step shown in the 28Y case is due to the fact that generated noise inter-
sected the noise Timit profile (CS01) prior to the first corner (1.5 KHz)
of that characteristic.

3.6.1.2 Constant Power Comparison

The previous calculations serve the purposes of general comparisons
of the effect of Tine voltage on conducied noise 1imitations. A Tess
general but more informative point design for nominal 500 watt loads at
28 and 120 VDC provides a more definitive comparison. For this study
the 5% maximum 1ine drop was used to size the cabie with the following
results.

Case #] P = 500 watts
E =120 volts
I =4.17 amperes

Conductor = #14 Nickel Plated Twisted Pair

Case #2 P = 500 watts
E = 28 voits
I = 17.86 amperes

Conductor = #4 Nickel Plated Twisted Pair

The cable parameters derived from the programmed analysis are
illustrated in Tables 3.6-2 and 3.6-3. Calcuiations of allowable noise
were performed as previously and the results are illustrated in Figure 3.6-9a.
The presentation of the data in Figure 3.6-9a does not provide an
effective comparison of the EMI filtering required in each case. If it
is assumed that the loads at each line voltage perform equivalent
functions, the spectral distribution of generated noise currents will have
similar profiles with amplitudes proportional to the nominal Jina current.
The significant criteria on ' hich to base EMI filtering requirements is
the ratio of the narrow band conducted interference Vimit to the nominal
Tine current.

These characteristics are plotted in Figure 3.6-9b. The analysis
indicates that the 120V 1ine requires less Filtering than the 28Y Tine
at frequencies above 2.8 KHz. At frequencies above 12 KHz, the 120V
Tine requires 17.2 db less filtering than the 28V line.
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Table 3.6-2., #4 Nickel Coated Wire

Frequency Attenuation Phase Load Terminal
Hertz Nepers shift Impedance Phase
Degrees ohms Degrees
F s ALPHA BETH z THETH
10 » PBE~ 04 - B0RE-04 . TSIE-(] 1.09
15. 8 L 99E-04 1 0ZE-0Z2 . 7OE-D1 1.732
23.1 «124E-032 13E~-03 . TOE-11 Z2.74
23.8 « 133E-02 «165E-02 . TI2E-01 4.32
63,1 189E-03 «213E-03 L TIRE~-0] &.384
100 L 22E-1032 «erBE-03 L B0EE-01 10.7
138 CEFSE-103 . 3E9E-03 . 2BE-01 16. &
251 .251E-032 LBEE-03 L AE3E+0D 42.3
a9e . I52E-03 . IS4E-03 < 1B1E+0D 49.5
£31 SFE2E~-03 « 133E-02 L213E+00 S0.9
«1E+04 BEPE-03 «2ZNIE-D2 . 2SIEF00 32.5
. 158E+04 . 9S9E- 03 . 29BE~02 . BBZE+ 00 54,32
 ES1E+04 « 134E-02 « d4E- 02 « SEEE+DD S5&.2
J92E+ 04 . AS7TE-02 CBS6E-02 « PEZEXOG S58.2
P B31E+04 2B1E-UZ - 9B3E-D2 1,0 B, 2
1E+0S « ZESE-02 142E-021 1.4%5 S2, 2
» 15BE+0D «S15E-02 .2esE-01 2. 09 54,3
LESIE+0S . FESE~-02 » 345E-01 .07 &6, 8
« IBZE+ 0D LA04E-01 «33E~-01 4.55 7.9
LEILE+0S . 149E-01 LE1BE-01 5.32 53.4
»1E+DE 215E-01 ASFE+O0 10,4 0.7
Table 3.6-3. #14 Nickel Coated Wire
| : d i
C Attepuation Phase Load Terminal
Fﬁgﬂ%ﬁ" 4 Nepers Shift Impedance Phase
Degrees ohms Degrees
F oy ALPHA EETA z THETH
1i L EOBE-03 EOEE-03 =raciEdi 1SZE+0D
15.8 L 259E~-03 . 2EE-NZ . BTIE+O0 L ESEE+N0
25.1 L 32SE-03 . BEBE-D3 LE7AE+00 L40IE+G0
29,3 LA0RE-D3 L41ZE-03 LE74E+00 - £49E+00
3.1 - S13E-03 . 522E~03 L B74E+00 1.63
100 - GEZE-R2 BE1E-D2 SETAEFQG 1.63
15a BOZE-03 SFPE-0Z . B74E+0D 2.58
251 L 9IEE-03 L 1UPE-02 LB7EE+00 4.09
398 . 123E-02 . 138E-02 . BSE+G0 B 46
631 LASE-f2 APSE-D2 . SSIE+DQ itn.2
« LE+04 « 17P9E-O2 . 22FE~0R2 «Q12E+ 0D 153.8
« 1S8E+04 21E-~-02 . 323E-02 «9BT7E+00 24
L251E+04 .239E-02 «4S7E~02 1.09 24.7
« 392E+04 . PABE-D2 .Tr2E-02 1.71 53.3
+B31E+04 . 362E-N2 .115E-01 2.35 55
« 1E+05 .Si2E-02 L171E~0] 3.28 56.7
. 1S98E+03 . FETE-DOZ2 . 257E~01 4.64 S52.4
«231E+05 . 104E-01 « 3RSE-01 6.65 €. 1
« 393E+05 . 149E-01 . IVIE-GL S.68 61.7
LB31E+05 . 215E-01 . SOSE-01 14,2 £3.2
. 1E+06 «314E-01 . 14E+00 21.3 a8d4.6

3-81




4

48 ¢ +

..ﬁt‘._... - v — e e e |

1 — =1t e !

FEES SN i1 DL NG T 1S .h*-.—hﬂ. |
S T OO | O T O 9 N O top ] i 8y e o

| O A i = 3 1

T ! Laal H

] R (0. ML i ¢ i

!

]

e

B

1sE

!

i

—— -

Narrow Band Noise Limits at 500 Watts

‘o 1

S R0 SR

TR
A7, o | !
e el stk L it B
) e 5

>

w

6-9a.

3

Figure

Tt

1

i}
o

+11 —
! \
g g
K }
£ I o B 1 +
3 W (55 Lo ol 1 4
r & i t
: +
b - . - . ‘l.f +
SO EI + PR il AR 4 " 5 frey= :
o i : | R | !
m g ] L 1
o — i —+ . . - + T+
3 .‘ﬁl.h i H ' bt a.f..a;r.. P T I ' ey i +
s S SPER S O R B> e e e e e I B et SRR SRR S e +
i ' | . | ] ]
h P ¥ gt JT_YWT.‘.; =t b gy .
i g e " - \l.i, f de ) [ + B s i
l ; H ! &
-+ ¥ - +—t + N'Iol
i PRGN 1) L4 - - - by — + 4 . .oy L '
ek £ o feas : feeed B T
o ] I 443 bt v §pmeme
. - = 4 + ~—r 1 4 -+ -
: — - — -+
i I 0 e i LI I . i
| 4 HO . . i .wwd - 1 - .u -
B 5 H e e L=
L .‘T LS B T L
t Ul ] x -
FET ok e
O ARG 7Y 3 = ,
i (o b - . & -4 gt o B
' | - i m. . .;# + i m ] ﬂua 4
b e - i 5 1w s Ewncal -
3 : O T e g _. it e s s @
+ i i $ 3 —+ i, Ll g <4
v o Sk + + £ R It T .
| Veoe . -+ -4
- ; m — m.4_
. I . | S S | e vAm. - 1.4.#..
PR Beasderg o= s ;D. - ¢~. b b b
ISR | BRE BN R R Rs Rasaa ne
. 1o Hi- S : et A fy - . i
e e e S R o ...I|00|L|1.I10!o,l!|| ————
i - i i | S gy < %
Il i T S
¢ 5 medod g § o o g e g e g s g
P o = - t N _ e
...... = Tl . - 85 {4 & et of o5 5k &
d N - e i ey o - oot biegee bl el 4
| 1 1 | . . v LB _ i
i . ' ¥ p— \v4.._.ll.l,.lﬁr T et b ofmg o dey
" : i b s H.,...,, .o._v.;_q.o.*x; 1.‘,,~q 2
= s = B !
' : + . v Loy :
pwe . oglig i i
! 4 ! 5 - A WEconm RSN S8 + $=»
| = ' - PO NGO W (SN e 0, (O S ﬁ:» Ffin
»

Narrow Band Noise Limits at 500 Watts

Figure 3.6-9b.
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3.6.1.3 Narrow Band Noise - Summary

An analysis of narrow band generated interference limits based on
MiL-STD-461A, CSO1 susceptibility 1imits has shown a significant
adyzntage for 120V DC 1ine voltage for equal power Toads. The analysis
assumed soma system pecuiiar parameters which have significant bearing

. on the results. These assumptions included the method for selecting

cable size (5% nominal Tine drop), 50 meter cable length and equivalent
loads. Revising the cable parameters does not change the trends indicated
but will influence the magnitudes of the variables calculated to some

small degree. The assumption of equivalent Toads included identical
frequencies, It is unlikely that this would occur in an actual design,
since tha different currents and voltages for the 120 and 28 volt con-
figuration would indicate the use of different solid state devices with
dissimilar capabilities. However, it is not expected that the optimization
of the load design will result in a significant modification of the
preceding results.

3.6.2 Conducted Transients

Conducted transients occur in power lines due to switching events.
In general, there are two types of transients.

1) The primary switching event due to abrupt change in the
average line current.

2) Secondary effects due to relay arcing, transformer
saturation, etc.

3.6.2.1 Primary Switching Effects

The need for control of Tine surges varies with the application,
However, in large systems some constraints are desirable to provide
reasonable guidelines for contr.ctors. The recommended voltage Timits
under surge conditions are derived from MIL-STD-704B, paragraph 5.2.2.%.
and Figure 3.6-6 of that document. Ordinate values were changed to per=
cert of Tline voltage to be compatible with the variable Tine voltage
capability in the HVDC test facility. Maximum voltage-time 1imits are
illustrated in Figure 3.6~10. The rate of rise and fall of current tran-
sients should be restrictad to those values which, when reacting with the
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power distribution harness, do not develop transient voltages in excess
of the envelope of Figure 3.6-10. This is a function of the electrical
length of the harness and must be calculated for each case.

3.6.2.2 Secondary Switching Effects

Secondary switching effects are characterized by isolated high
impulses or bursts of high frequency EMI. Although most subsystems provide
filters with cut-off frequencies well below the noise spectrum of these
signals, stray capacitive and inductive paths permit coupliing to the power
distribution harness. Burst frequency and duration is controlled by
subsystem circuit parameters, relay contact characteristics and the
transmission coefficients of the power distribution harness. On the basis
of data suppiied in MIL-STD-704B, less than 1.4% of 1800 burst transient
measurements on 25 aircraft indicated amplitudes in excess of 100 volts.
The maximum recorded voltage was 250 volts., The general characteristics
appear to be independent of 1ine voltage, however there is insufficient
evidence at this time to define a basis for maximum limits. This area
will be studied when the test facility is in operation during the next
phase of this contract.

3.6.3 EMI Filtering

Optimum design approaches must trade the overall cost of designing
user systems to broader tolerances versus upgrading the quaiity of
delivered power. These considerations as well as limitations on life,
maximum power or total energy which are unique to space vehicles,
establish the necessity to minimize the cost, weight and volume penalty
of the total system which may be assessed to the power requirement.

EMI susceptibility and interference limitations are representative of the
rasults of this optimization study. It is normally necessary to provide
filtering between all Toads in a large space vehicle and the power
distribution harness to maintain power quality and enable acceptable
performance of user equipment. The design requirements on the filters
are functions of the EMC plan criteria and the characteristics of the
individual loads. It should be noted that even passive loads such as
heaters may require filtering due to turn on transients. Furthermore,
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all loads normally subtend a Toop of significant size and consequently
act as a receiver or transmitter of EMI coupled inductively, capacitively
and electromagnetically.

3.6.3.1 Filtér Design

The use of distribution voltages higher than 28V influences input
filter design as indicated in Figure 3.6-9b. In general, the filtering
requirement for equivalent loads and equal power is less at 120 VDC.
Considerations of weight, initial surge and overshoot limitations indicate

the use of the two stage filter design iliustrated in Figure 3.6-11 for
puise width modulator and converter locads.

SUBSYSTEM LOAD

d—vanr Mot by Se—— o——

Figure 3.6-11. Power Input Filtering

A computer program was-developed during the previous study to
calculate electrical parameters and estimate size and weight of this
filter. A discussion of t.is program may be found in Appendix A of the
Phase 1 final repori (Contract NAS8-28726} of this study program. An
evaluation of filter designs for a 500 watt PWM load at 28 VDC and 120 VDC
was performed for frequencies from 1.0 KHz to 20 KHz. The filter design
program was modified to include the EMI requirements of Figure 3.6-9b.
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The results of this evaluation are illustrated in Figure 3.6-12, A
summary of the point designs may be found in Appendix B of this report.
It should be noted that the curves are not smooth because the program

is constrained to use capacitive values and sizes available commercially
at each voltage rating. Powdered iron toraids are defined on the basis
of an optimum coil design program developed at TRW. The electrical
parameters for the filter are based on a model design which provides the
required attenuation of load noise and 1imits input surge voltages to
150% of 1ine voltage.

It should be noted that thg values plotted in Figure 3.6-12 are based
on weight and volume of parts and do not include allowances for mounting
hardware or layout design,
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APPENDIX A
DISTRIBUTION CABLE CHARACTERISTICS

1.0 INTRODUCTION

The study of characteristics and behavior of aerospace power distri-
bution cable deviates from similar studies made for radio freguency or
large ground power systems; the former 1s concerned with high frequency
transmission and the latter with low frequency and dc. Both of these
applications employ cable designs which optimize their performance and
the analyses may utilize simplified transmission 1ine equations. Aero-
space power distribution systems are usually simulated by lumped constant
coupling circuits. The study for this program is concerned not only with
the principlie power distribution function of the cable, but aiso the manner
in which the cable design for various applications influences the genera-
tion and transmission of line transients and noise. Analyses of fast
transients require a model with distributed, frequency sensitive parameters
which are & function of the total physical environment.

2.0 CONDUCTOR CHARACTERISTICS

The conductors in power distribution cable are selected with consider-
ation for current capacity, resistance at Tow frequency and the ability to
withstand the physical stress inherent in power distribution harness
assembly and application. Wire is normally stranded to obtain flexibility
and improve capability to withstand vibration and shock which might other-
wise cause a break in a solid conductor. Plating is used to provide resis-
tance to corrosion and improve solderability. Tin plating was used orig-
inally to inhibit chemical reactions between copper and sulphur in the
then current rubber insul~’ion. Although tin plating performed adequately
with respect to corrosion, solding and crimping characteristics, the maxi-
mum temperature limit (150°C) for this wire was not sufficiently high for
many applications or for use with the new teflon insulations. Silver
coated wire may be used at higher temperatures (200°C) and also has
excellent soldering and crimping characteristics. However, severe
cuprous oxide corrosion (red plague) tended to occur in the presence of
moisture and oxygen. These inclusions were due primarily to wet insulation
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tests where water could enter through defects in the Teflon and travel
considerable distances along the wire. Although inswances of this
corrosion are becoming increasingly rare with the dry insulation test now
commonly used, consicerations of reliability and safety nave resulted in a
shift toward nickel plating in manned spacecraft, commercial and military
aircraft. Nickel offers some initial difficulties with respect to solder-
ing and crimping which are resolved by improved assembly control processes
and training programs. The primary advantage of nickel plating are high
temperature capability (260°C, Teflon insulated wire) and resistance

to corrosicni. Nickel is regardad as undesirable in scientific spacecraft
applications where the presence of magnetic material may interfere with
operation of sensitive instruments. From the standpoint of the electrical
systems engineer the use of nickel plating is normally considered academic.
Inductance is higher at low frequencies and {skin} resistance is signifi-
cantly increased at high frequencies when compared to silver plated wire.
These parameters influence the frequency content and energy of switching
transients and noise. Analysis of plated and bare copper wire was under-
taken to enable the performance of quantitative analysis of power distri-
bution harness transmission and coupling of signais.

3.0 ANALYSIS

The basic structure of a conductor suitable for use in a power dis-
tribution harness is given in Table A-1.

Table A-1. Conductor Characteristics

Conductor Size #8 (MSFC Specification 40M39513)
Nominal Conductor Area 16,983 circular mils

Number of Strands 133

Strand Size AWG #29

Plating Nickel

Piating Thickness 0.2 mils

Resistance 0.688 ohms/1,000 feet
Insulation TFE or FEP (Teflon)

Insulation Thickness 20 mils
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- It should be noted that conductors meeting MSFC specifications differ
N slightly from standard American Wire Gauge cross sections.

Two conductor models were used in the analysis of power distribution
conductors. A Tow frequency model consisted of a solid conductor with con-
ductivity and permeability equal to the cross sectional averages of the
real conductor and included the effects of voids and plating material.

Use of this model enabled the application of equations which relate
electrical parameters to the dimensions of solid cylindrical conductors.
The high frequency model utilized thin walled shell approximations with
the outer shell constants equivalent to the plating material conductivity,
'permeabi1ity and thickness; the inner shell used constants associated with
copper. The equations for the two models are given helow.

Low Frequency Model

7. = " Ber g + j Bei g ohms/meter

i \ﬁ;:;::n Ber'qg + j Bei'q Eq A-1

Skin Resistance
’nTu
a
f = Frequency
pu = Permeability

o = Conductivity
r Conductor radius

]
9= /2 o
& .

-~
wn
n

s 1

V #fuc

1
Ber q, Bei q = Real and imaginary part of Jo (j “q)
Jo (x)= Bessel function

Ber'q =d (Ber q)

1
o Q)
—
[we)
m
-t
L
Sopnt?

N Bei'q
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High Frequency Model .

st Cosht.d + (R_,/R_-) Sinh t.d
t = (1+3)/6
d = plating thickness
Subscripts
1 = Plating material
2 = Conductor core material

Eq A-2 will always have greater impedance than Eq A-1 at high frequencies
due to the pure nickel plating. The logic in the program selects the
greater of the two impedances. The crossover between models always takes
place at frequencies for which the depth of penetration is small with
respect to the radius of the conductor.

Standard approaches were used to calculate inductance and capacitance
between wires. The program contains a data file for conductor wire sizes
#4 to #28. Data includes plating thickness, stranding, cross section and
insulation thickness. Program input/output characteristics are listed below.

Program Inputs

Plating (nickel, tin, silver or unplated)
Wire Spacing (inches)

Wire Length (meters)

Wire Size (#4 to #28)

Termination Imp- zance (Series R,L,C)

Program Outputs

Distributed impedance parameters

Characteristic line impedance

Propagation Constants

Input impedance {with specified load termination)

A-4



The program was designed primarily as a convenient tool for study
of conducted noise problems in the HVDC test facility. Comparison
between calculated impedance and measured impedance (Figure A-1) indicates
good correlation for a ten foot length of #8 twisted pair for frequencies
below 12 MHz. Deviation between measurement and caiculation are due to
s1ight differences in wavelength; resonant peaks are approximately equi-
valent. A comparison between the specific impedance of nickel and silver

~ coated conductors is illustrated in Figure A-2. Study of these differences

and correlation with facility test will enable a more generai extrapolation
of test results to future power distribution designs. This program was
utilized to obtain the distributed impedance parameters for the calculations
in Section 3.6 of this report. A listing of the program is provided in
Table A-2,
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Table A-2. Twisted Pair Impedance Analysis

160 $PATHP-AKALYSIS OF THISTED FALR

11D PRINTEWIRE SIZE{4=28) ,PLATINGICUCL) yAGT2) yNI(3)wTIN(4) 4 GAP=INZ
120 INPUT HWoP,03 _ _

130 PRINTIF1,F2,N0, CF PTS,,L0G(1) OR LINZAR(2) FREQ SCALES

140 INAUT FL.F24F3,F 0

150 VAR=ZERD
168 DIY ALC:30)

170 DIM 8030}
160 OI4 CL3)
163 0IM D(30)
200 31 £33
210 OL4 FLu:30)
226 DIM G(3D)
230 DI M(33)
203 LId IC30)

<250 . OT4 J30)
.enl BIv KE33,30)
- 0Id L1330

2 k3 pIn R{30)
240 1M T(3ID)
380 DI¥ Qi3uy
L0 BIM YLLLY,
K DIxn ¥130)
335 DXM HNLZI0)
368 0 QI4 O3Sy

3 &d DIN P30
360 OI% vi30)
273 DI X{30)
L3 DI S35
3F7 DI4 H{3L)
HEG PRAINTZZ

Wil PRINTZZ ' )
LZD DN P GOTO 43044504470,490 - -
L3G  PRINTZHOZSATUNCCATED COFPER WIRE PAYIRE :
449 58T 520

=4 FLTNTT, 12516 428 TLYER COATELD COPPER WIRE PAIRE
Lig GUTR 340

478 PRINTIHNGZSIM4SNICKEL CCATED COPPIR WIRE PAIRE
LEQ GOTY 504

K90 - PPINT TNOZ: E‘IN CG&YLD CU°PER WIRE PAIRE .

511 di-#l;-l

ORIGINAT PAGE I8

OF POOR QUALFTY]
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Table A-2. Twisted Pair Impedance Analysis (Continued)

N=N+1

READ Al,N1,01,D2,07

IF Neli THEN 5235

DATA 42615913340 06191,.267,,02

CDBATA 2eB18,133000i4290210,412

UATA 162839133 9el11%4el5735,.02
TQATA 942337 9.0l614031154.315
OATA S5GE88+199.0128%,.1U88,.015
NDATA 383Lel99s0142,,0695¢4015

CDATR 2L269139.01204,,0565,4.009.

TATE QQGG|1§,-Dfﬂiqaa“3,.aﬂq
OATA 115034003, 0384a239
DATA 7S4e19i«L00L,.03154009
arYa LS ,19;e Gust,a0245,.,009
DATY 304919 eeudinly.0195,0009
DATA 17547420051 443154.0009
ﬂATA‘1.257E-6,5.8C7
DaTL L 257E-beba 17327
JATA baldUZ=5gle 45 TET

3%7; 1.2575-6|1677E7

QU P COTO 730 +750 770 790
RESTORE 680 . . e e .
G070 &80

RESTORE 690

L7l Bsl

RESTORE 700

GGTOD &53
RESTORE 710

RELD U2,52
Sl=%.6%127

Uis1,257*1E-6

D4 =33+2%07 .
5= (D4 402} /202 . ’ .
DB=LE/SOR(DETE-1) - _%HI FREQ FACTOR RE Ran

22 LAPI*ILANI¥B, 43E~-4 wEL AR MSQ
ASz(BL¥AL* B LEE=- LY/ 4 +oU AR M50
Ra=D2¥ . 0254/2 +% OF WIRE
AL=P I* IR 22D +AR OF WIRE
IF P=1 THEN 936
Sz (SL¥AI+32%A2: /A4
5070 948
Se=31* A3/ LY

LEQUIV SIGMA



b Gitd

940
950
560

970 .

g €3
gct
10
1010
1029

1630

i0ud
16314
14638
1678
16840
1096
11280
1118

1i2¢

1134
1i4c

1156
1168

1170
1189
1131
12060
1210
1220
1233

1243

1251
1280

1e70
1280

1293
1304
1315
1324

1333

1347
1353

Table

A-2.

Twisted Pair Impedance Analysis (Continued)

U= U2*A2+UL% (A4=A2) ) 744
G8=L GG (D5 +3QR(D5+2-1))

Ao}
. KeK#L

=3

+COSH=-1 S/0D

RIKI=A(K=1)% {23/ LLLPK)+2) ¥ [ LL¥K=2) +2)) bSESSnLCO-FF 3ER
~A{RYF({4*K)*2) '
CiK)=ha{K)*G¥K
DI)=BLK)I*l4¥K=2)
IF K=20 THEN 1040

B{<)=

.GMTO
K=]
GOTO

o
St

970

134G

/l(PI*Ui‘Si“b’t.D’“-DES%)*E)!)

FL=l0+tINTULGTIFL))
F3=uBT{Fi/FL) )/F3
FHi=s(F2=-FL/F3

Z22+

1

04 Flh 50T 1123:11#0
FlZi=Fi®*(lor(F3%{Z=10))

GITO

1159

F{Z)=F1+{Z«1)}*F&

MIZy=27IN(ZI*SL)
L(Zl‘l/(?¢Q(FI*F(Zi*Uq‘Skil
(PI*F (Z)*UZ*S2)
R{Zi”iif (-Z2) #54)
TU(Zy=1/{G(Z}+52}
O{Z3=2.414%R4/L D)

GLLs

At30

K=+

Garta

- o~
=1/752%

b =1

k1

1254

JEA{KI#(Z) +La%KD )
AC3TI=AC30)+d

IF K=2{ THEN 1290

G378

K=3

8(33
=K ¢+

1233

1=0.
i

N(Z!:‘/SQRlPI“FIZ!'Ui‘Si'

+BET
+BER?
+BEI2

+INITIAL FREQ

+ZLTA WIRE €Q
+CELTA PL
+RISKN} ®HIRE
*R{SKN) PL

+Q EQ WIRE

3(703-31331+E(K!'thZ§f(h‘K-all ‘ +8EI @

63T 5
K=2

If K=26 THEN 135¢

1310

L
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Table A-2. Twisted Pair Impedance Analysis (Continued)

J

Ay

* 1360 Ct36)=0 .
1370 K=K+t
1330 C(383)= CUIcI+CUKI*{TUIZ)r(L®K=-1)) +BERE Q
1356 IF K=20 THEN 1410
1491  GOTO0 13738 )
1520 K=3
1azi D{3d¥=0
1430 KsK+1 :
166  DUISCI=DE3NN +DCKI*LLQIZITIL*=-3)1) $B8EIz Q@
1450 IF K=20 THEN 1470
1625 GITO 143D
1hvrd K=y
1488 Y{LY=TL,0BE-5/6(2) | «Y{1) =¥ {15) EQIV TUBE HI FRZQ APPROX
1490 Y{2)=C0SLY(1)) .
1560 Y(31=SQr{1-Y{2)1+2)
T151D0  Y{u) =TXBLV(L))
15%C Yi30<(Yludl+1/ 7L} /2
1535 Y1) s(Y¥(s¥=4/Y14))/2 .
1850 YUVI=Y LS} ¥Y(2)#R(ZIEVLSI*Y (2D /T 2D
1550 YU(3)=Y(S)*Y(3I+RLZI*Y(EI*Y (D /TL2)
1560 Y{3)=Y(S)*7(2)+4R1Z1%¥{BI*Y(2)/T(2}
173 YU1O0)=YL{6E*YI(3) +R(ZDV*Y(S1*Y ({3)/TL2) 5 A
154C Y(11)}=SORI2H{YI7IP24Y(SIL20 /(YL +2+Y(L10)42))
1590 YULZ)=RIZav(ATHEYLT) o ¥ (GY ) ~ATNIY (I, ¥ {104
1858 Y(13)=05S5(Y 1123
Y 1640 Y{L4}=CO3Z(YILINI*TANLIY(L3))
&ui 1625 YUL5I=06%TIZr*Y(11*Y113) 7{PI*Ru}
LEI0 YULAISDE*T(2)*Y (114 YL14)/(2%F(Z)*(PI*PI)*R4)
1640 r(7)‘(A!SU:*D(SG!-B!SU)“C(SUD)l((C(SS)?2+0I3DI*ZI‘1 L14R4) 4R
150 J{ZISZ2%R4*E{2)#R(7)

1660 HIZ)=(AC30I*CI33) 303000 (301740 (33)+2401(30) +2) dHL
1E70 I(Z)=1.454°R(Z)*H(Z}

128G - L2y =2*{Z)*R(2) /P] © 4R EQ WIRE

1638 HIII=2%4{ZI¥RIZ )Y/ (2,828 (PL+2)1*FIZ)#R4) YL EQ WIRE

1730 0(Z)=LTNLT(Z),,JUZ1)=PI/%

1718 PLZY=S0R(J{ZI+24 1023 22) 7(T{ZY*1,414%)

1720 J(ZY =P (Z¥*23S{C(2)} '

173¢ TLZ} =P EZ)*CS(0{ZN*TALIQL(Z])

17548 Y(L8)=Y(E)*YL2)~ I(Z)*Y!a!'Y(J)&J(?)'Y(Ji‘Y(E! +E9H HOM WIRE
E750 YOL3I=YISIAY L2+ DU *V(SHAY 24 0IT) 2Y (D) *Y (D)

1760 Y{20)=Y(5)*¥Y(23=T(24YIBV ¥V {3V« JUZI*Y(BI*Y(2)

1770 Y421)=Y(61*Y (4 T(ZIRYLEI*Y (2 +JLZV*VIS)*Y ()
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Table A-2. Twisted Pair ‘Impedance Analysis (Continued)

1780 YU220=SURCAVIL8) 24V (29) +2) Z(Y (201 +24Y (211 42))
1790 Y(2I)=ATNAV(L3) 4 VIL8) ) =ATNCYI22) oY L2011 +P1/4
1300 Y(24)=C0S(Y¥{23))
1810 Y(23)=C0S(Y(23)) *TANLY(23))
‘ 1620 Y(261=28T(2IRY(221%Y (24) /7 (1, 414¥PI*RY)
© 1830 Y(27)=2¢T(ZIPY(22)9Y {251/ (1,4 14%PI*RG)
1660 Y(28)=Y(27)/(2%PI*F{Z) ¢Y(16)=Y23) PL RND WIRE
1¢50 SIGNIFICANGE 3
1660 IF Y25)>2(2) THEN 1918
1870 IF QZ)>23 THEN 1910
168G H{Z)=UL*DA/PI+Y(28)
18906 E(Z)=Y(26)
1952 . GOTO 1932
1610 ELZ)=Y(15)
1420 HLZV=Y (161 +U1%03/P1
1635 (017)=1/ (DEFI6EI)
1658 VIZI21E-5/SQR(HIZISV(17)%9)
$95L ALZI=ZERIEF(TISHLT)
1960 5(2)= (4TH{X(Z) /E(L) =PI/ 2} /2
1870 WIZ)=SOR{SQRUIECZI/ZIZ*PIMF(ZIPY (171D 424 LH(Z) /Y (171 342))

1958 PRINT  EZAZYsHUZV oVIZY W I2)4S¢Z)*L80/PL
1553 IF Z»23 THZIN 2028
giLe Ir Z>»F3 THEN 2320
2CLh GGTI 1180
2628 PRIUT oy ?)

oy 2030 PRINTZLZtUl*Q8/F]

»ng 2540 PRINTZIINPUT LOAD ReL,CsLN LENGTH (METE RS!-
2050 TNPUT Y (3LY,YL2G9),¥Y(30),Y{32) :

sl PRIVTIF{A)Zy SALPHAS 9Z2ETAZ ~£=oETHETAE' .
LG 2=
KRN VAT
2633 K(Z 426} =F(ZY*H (Z)%2%PI*Y {17}
2106 KEZ 135K (2,28) ¥Y (32)
2111 KiZ427=3S12)+PI/S2
2329 WiZ 4 21=X1t2:27i)
zLic RAZ, 3V = {23 % 0BS {512}
2LhG K{Zoe 32K IZ:3)*TANIS(Z))
2150 KiZ,5=Y(31)
2160 . K{Z,0)=2%PI*FIZ)*Y{29)
2174 IF Y(30)=3 THEN 21306
©id% KtZyuld= (tf;o)~;li£*°1*r(2)*?(3 i!
2130 KOZy7T1=K {242 )%C0SIK{Z42))
| ORIGINAL: PAGH I§
£ OF POOR QUALITY,

A-12



—_— . Table A-2. Twisted Pair Impedance Analysis (Continued)

"PPIT KIZ L BISKIZZTIFVAHIKEZ,2))

210 KAZ s GISERRP K 1247))

222 GaTOo 2241

2e3d PRINYZL 247 »SZsKUZp 1) oKUZe 20 4K (247 4Ky D)
2240 KUZo20)={K (2,30 21/4(Zyv2))/2

2253 KEZsL100 =X 2390V =1/K(Z2490042 )
2261 KIZ2,123=COS51K 124610

¢eTh KtZoial-K(Z.l&)*TANlKlZoBII

22010 KUZ oyl b =KIZyo ) *KIZo 10 ¢K1Z 44D ¥K{Z411)

22340 K1Z o1 5 =K{ZoSI¥K{Ze11) +K(Z 4T *K(Zy10)

230 KEZ+1B)=X{Z+ Sy *RUT o LC) oK L7432 *K(Z41 1)

3198 KIZ g Tl 2o ud® K Zy i) eK{Z DI ¥RIZ411)

32l {2418V =X 25101 %K {Z412)-K{Z,17V%K(2Zy13}

2330 KAZ 42900 224143 1T 4123 ¢ XL{Z5 150K 25 L)
2laxt KIUZ4203 =012 ' 58 ¥ 1L 422) K2y L4Y¥K{Zyi D)

PIBY TRCZWPLI=KLT 17V L2 1Y ¢ K Z 4 16 * K741 3)

&350 L2y 22 =0NRIK{Z 4130224 (2,191022)

2373 K {Z o2 3)SS0R(KIZ 4230 22¢:{Zy21Y22)

2350 KULg2i) adf 2P0 Z,22)7K1Z425)

dedl KEZ 425 = 8TNIK{Z ¢13) oK{Zy18Y)=ATNIKIZ 21) 4K (Z,201)+5(2)
2LU0G BAINT F(ZI-KlZv?)-K(Z'SJnK(ZvEQioK!Z.3SI'1BBIPI
28108 IF T-F38 THEN 2430

&428 IF Z<24 THIN 208C

2635 END ¢

A-13
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APPENDIX B
FILTER DESIGN

The PWM power input filter design program developed during Phase 1 of
this study has been updated to provide designs which are in accord with the
EMI limits calculated in Section 3.6 of this report. The design is a two
stage LC filter (Figure B-1) with a small damping resistance in series with
the first stage capacitor. Output (second stage) capacitance values are
calculated on the basis of allowable r.m.s. current and voltage, capacitors
are selected from a file of CRC series 12 metallized polycarbonate capacitors
contains within the program. The remaining inductance and capacitance values
are then calculated to obtain the required attenuation and input surge char-
acteristics. The values of the first stage polarized plain-foil capacitors
are obtained from a file derived from Sprague Engineering Bulletin No. 3601C
(Type 110D). The capacitor file includes size, weight and maximum per-
mitted voltage. Inductors are calculated on the basis of an optimized
coil design algorithm developed at TRW for powdered iron toroids. Weights
and dimensions reflect actual and calculated values for capacitors,
toroids, windings and inductor packaging and does not include circuit wiring,
mounting hardware or factors introduced by layout configu%at1on. Further
discussion of this program may be obtained from Appendix A of the Phase )
report.

Filter designs for the analysis of Section 3.6 were obtained through
use of this program. Weight and volume for & 500 watt pulse width modulator
input filter at 28VDC and 120VDC line voltages are 11lustrated in Figure
B-2. Discontinuities in the curves are due to the step change associated
with discrete values of acutal parts. These curves are based on program
outputs presented in Table B-1. The revised Filter design program is
attached as Table B-2.

B-1



e

l‘!‘?ﬂh ’

m
|
POMER [
DISTRIBUTION | THROUGH | LOA
Ry
|
v,
G |
m

SUBSYSTEM LOAD

FEED

Figure B-1. Power Input Filtering

- Gralns :
i (Cent1metors)3

.‘...' il

b Kty v et oo

mqueucv - mousm ootz

| - '.ni "”

i

H

i . wls
B DETYY ITETY ITE Mo

I cn, ,.A el i

nHr 5

Figure B-2. Input Filter Design
B-2



«»r

&

Table B-1.

Line Voltage = 28 VDC
Frequency = 20 KHZ

Frequ

7 28550020
IMDUCTANCECLL sL2) sMH=
AREA s SQ-CM=

MUMEER OF TURNE=

MEAM MAG LEMGTHsCM=
PERMERBILITY=
WEIGHT s GRAM=

VOLUME CU-CHM=
DISSIPATION WARATTE=
RESISTANCE OHME=

CAPACITAMCECC1 sC2) sUF=
WEIGHT sGRME=
VOLUME sCU-CM=

RESISTANCECR1 > sOHMS=

TOTAL WEIGHT sGEMZsLES=

TOTAL YOL sCU-CMs IN-CU=
TOTAL DISSIPATIONSWATTS=
~EFFICIENCY s%=

ency = 15 KHZ
IMDUCTAMCECLL sL22 sMH=
AREA s EQ-CM=

HUMEER OF TURMZ=

MERM MAG LENGTHCM=
PERMEREILITY=
WEIGHT s GRAM=

VOLUME CU-CM=
DISZIPATION WATTSE=
RESISTAMCE OHME=

CAPACITANCECCL sC2) sLIF=
WEIGHT s GRME=
VOLUME s CU-CHM=

REZISTAMCECRL ) sOHME=
TTTHL WEIGHT sGRMS sLES=

TAL YOL sCU-CMs IN-CU=

BEF ICIENCY »%=

TAL DISSIPATIONSWATTS=

Filter Design - 500 Watts

B-3

L113E+00
1.61

42

16.3
51.3

547

109

2.7
.853E-02

.103E+04
43 .5
126

+43E+00

114E+04
452

4.24
JSE8E+00

«992E-01
1.5

39.3
15.7
093.6

495

98.9
2.46
«?72E-02

«132E+04
99.2
155

«40SE+00

+113E+04
209
3.92
. 7E5E+00

LSE7E-01
1.14
29.7
13.7
61.6

325

65

1.862
.S07E-02

100
215
152

2.9
27 .56

«496E~-01
1.08

27 .8
13.2
63.7

294

58.8
1.45
459E-02

130
280
197

2.49
31.1
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Table 8-1'(cant.i
Fiiter Design - 500 Watts

Line Voltage = 28 VDC
Frequency = 10 KHZ

T 28+500s10
INDUCTANCECL1sL2> s MH=
AREAs SQ-CHM=

" MUMBER OF TURNS=

MEAN MAG LEMGTHsCM=
PERMERBILITY=
WEIGHT s GRAM=

YOLUME CU-CHM=
DIZSIPATION WATTS=
RESISTANCE OHMS=

CAPACITANCE (C1sC2) yUF=
WEIGHT s GRME=
YOLUMEs CU-CM=

RESISTANCE <R1) » OHME=

TOTAL WEIGHTs GRMEsLEE=
TOTAL YOLsCU-CMs IN-CU=

TOTAL DISEIPATIONSWATTE=

EFFICIENCYs %=

Frequency = 5 KHZ

INDUCTRMCE (L1sL22 s MH=
AREA» SG-CM=

HUMEBER OF TURNSE=

MEAN MAG LENGTHsCM=
FERMERBILITY=
WEIGHT s GRAM=

VOLUME CU-CM=
DISSIPATION WATTS=
RESISTANCE OHMS=

CAPACITANCE (C1sC2) s UF=
WEIGHT» GRME=
YOLUME s CU-CM=

RESISTAMCE (R1) s OHMS=

TOTAL WEIGHT»GRMS,LBE=
TOTAL YOL»CU-CMs IN-CU=

TOTAL DISSIPATIONsWATTE=

EFFICIENCY s %=

. 735E-01
1.31
34.3
14.7
o7.4

403

80.5

&

. 629E-02

« 192E+04
86.2
229

«294E+00

« 114E+04
642
3.2
«639E+00

«472E-01
1.04
2V«
13.1
64.4

285

57

1.42

« 445E-02

« 372E+04
167
436

« 163E+00

. 142E+04
. 109E+04
2.26

. 453E+00

« 377E-01
« F2VE+0D
24.2
12.4
£8.2

240

47.9
1.19

« 374E-02

130
409
288

2.51
39.1

. 238E-01
« 73BE+0D

-19.2

11

7E.5

170

33.9

« 344E+00
« 265E-02

370
796
Sel1
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fzble B-1 (cont.)
Filter Design - 500 Watts

tinz VYoltage = 28 VDC
Frequegpy = 2 KHZ

T 28:s500s2

INDUCTRANCE cL1sL&) s MH=
AREAs S2=CHM=

NUMEEF OF TURNS=

MERY MAG LENGTHsCM=
PERMERBILITY=
WEIGHT s GRAM=

YOLUME CU-CH=
DISSIPATION WATTS=
RESISTANCE OHMS=

CAPACITANCE (C1sC2) s UF=
WEIGHT s GRME=
VOLUME s CU-CM=

REZIEZTANCE (R1) » OHME=

TOTAL WEIGHT:GRMEsLEE=
TOTAL YOLsCU-CMs IN-CU=
TOTAL DISEIPATIONsWATTSE=
EFFICIENCY s %=

Frequency = 1.5 KHZ

INDUCTANCE CL1sL2% s MH=
AREAs SQ-CM=

MUMBER OF TURNS=

MEAN MAG LEMGTHsCM=
PERMEREILITY=
WEIGHT s GRAM=

VOLUME CU-CM=
DISSIPATION WATTS=
REZSISTAMCE OHMS=

CAPACITANCE (C1sC2) » UF=
WEIGHT s GRME=
VOLUME s CU-CH=

RESISTANCE (R1) » OHME=

TOTAL WEIGHTsGRMSsLEBS=
TOTAL YOL»CU-CHMs IN-CU=
TOTAL DISSIPATIOMsWATTS=
EFFICIENCY s X= :

«463E~-01
1.03
26.8

13

64.8

ers

55.8
1.39

« 436E-02

. F24E+04
415
. 108E+04

. LOSE+0D

. 284E+04
. CS7E+04
2.22

. 443E+00

. 615E~-01
1.18
30.9

14

c0.4

346

69.1
1.72

« 539E-02

. 124E+05
5955
. 145E+04

« 105E+00

« 37SE+04
« 342E+04
2.74

. S49E+00

«231E-01
« 7E6E+00
19

10,9
77.1

166

33.2

. B26E+00
« 259E-02

220
. 198E+04
« 14E+04

.26
157

. 303E-01
«837E+00
21:9
11.7
1.3

206

41.1
1.02

. 321E-02

. 123E+04
. 264E+04
. 187E+04

8.a7
202
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Table B-1 (cont.)
Filter Design - 500 Watts

Line Voltage = 28 VDC
Frequency = 1 KHZ

T 28:500s1

INDUCTANCE <L1sL2> s MH=
AREAs SQ-CM=

MUMBER OF TURNS=

MEAN MAG LENGTHsCM=
PERMEREBILITY=
WEIGHT s GRAM=

YOLUME CU-CHM=
DISSIPATION WATTS=
RESISTANCE [CHMS=

CAPACITAMCE(C1.C2) s UF=
WEIGHTs GRME=
YOLUME s CU-CH=

RESISTANCE <R1) » OHMS=

TOTAL WEIGH!:GRMEsLEBE=
TOTAL “OLsCU-CHMs IN-CU=
TOTAL DISSIPATIONsWATTSE=
EFFICIENCYs %=

» 926E-01
1.45
37.9
15.5
54.5

470

93.9

2. 34

. 733E-02

« 135E+03
329
216E+04

» 105E+00

. 353E+04
«S11E+04
3.73

« 7T435E+00

«463E-01
1.03
26.8

13

€4.3

er9

95.8
1.39
«436E-02

« 134E+04
« 396E+04
L279E+04

12.2
312
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Table B-1 (cont,)
Filter Design - 500 Watts

Li .e Voltage = 120 VDC
Frequency = 20 KHZ

7 120,500s20
INDUCTANCECL1 sL2) sMH=
ARERA sSQ-CM=

NUMBER OF TURNS=
MEAN MAG LENGTHsCM=
PERMERBILITY=

WEIGHT sGRAM=

YOLUME CU-CHM=
DISZIPATION WATTS=
RESISTANCE OHME=

CAPACITANCECC1 »C2) sUUF=
WEIGHT s GRME=
YOLUME sCU-CM=

RESISTANCECR1? »OHME=

TOTAL WEIGHT sGRMEsLBS=
TOTAL YOL sCU-CMs IN-CU=
TOTAL DISSIPATIONSWATTS=
EFFICIENCY s¥=

Frequency = 19 KHZ

INDUCTANCECL1 sL2) sMH=
ARERA s 2Q-CM=

NUMBER OF TURNS=
MEAN MAG LENGTH:CHM=
PERMERBILITY=

WEIGHT sGRAM=

YOLUME CU-CM=
DISSIPATION WRTTS=
RESISTANCE DOHME=

CAPACITANCECC1 sC2) sUF=
WEIGHT sGRME=
YOLUME sCU-CM=

RESISTANCECR1 ) sOHME=

TOTAL WEIGHT sGRMESLES=
TOTAL YOL sCU-CMsIN-CU=
TOTAL DISSIPATIONSWATTSE=
EFFICIENCY s%=

.704E-D1
221E+00
44.3
.04
78.1
27.9
9.57
«444E+00
200E-01

140
21.5
96.2

1.05

173
150
7 OBE+00
142E+00

.716E-01
LZ23E+0D0
44 .6
5. 06
vre3
22.2
S5.54
ASE+00
.299E-01

140
21.5
56.2

1.0

179
150
«717E+00
«143E+00

«332E-01
«156E+00D
31.3
5.08
92.9
16.6
3.31
264E+00
«152E-01

11.2
112
24 .5

«392E+00
9.14

«398E-01
«138E+00

'31.86

5.1
92.5
i6.8
3.35
L2ESE+00
.154E-01

11.2
112
34.6

«394E+00
9.14
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Table B-1 (cont.)
Filter Design - 500 Watts

Line Voltage = 120 VI
Frequency = 18 KHZ

7 120:500+18
INDUCTANCECL1 sL2) sMH=
AREA s SQ-CM= '
NUMBER OF TURNS=

MEAN MAG LENGTHCM=
PERMEREILITY=
WEIGHT s GRAM=

VOLUME CU-CM=
DISZIPATION WATTE=
REZIZTAMCE OHME=

CAPACITANCECCI »C2) sUF=
WEIGHT sGRME=
VYOLUME sCU-CM=

REZSISTANCECR1) sOHME=

TOTAL WEIGHT sGRMEsLEBE=
TOTAL WYOL sCU-CMsIN-CU=
TOTAL DISEIPATIONsWATTS=
EFFICIENCY s%=

Frequency = 17.5 KHZ

INDUCTANMCECL1 sL2) sMH=
ARERA sZQ-CM=

HUMEBER OF TURNS=

MEAM MAG LENGTHsCM=
FERMERBILITY=
WEIGHT s GRAM=

YOLUME CU-CH=
DISZIPATION WATTS=
RESISTANCE OHMS:=

CAPACITANCECCL sC22 sUF=
WEIGHT s GRME=
YOLUME s CU=-CM=

RESISTANCECR! > sOHMSE=

TOTAL WEIGHT sGRMSLBS=
TOTAL YOL sCU-CMs IN-CU=
TOTAL DISSIPATIONSWATTS=
EFFICIENCY s%x=

B-8

»o34E-01
201E+00
40.3
2.76
81.9
24.2
4.24
«326E+00
222E~-01

173
26.9
70.3

«S38E+00

234
205
S1SE+00
LA23E+00

.589E-01
L202E+00
40.5
D77
81.7
24.4
4.37
«389E+00
.224E-01

1735
26.9
70.3

«36E+00

2324

205
H2E+00
L124E+00

292E-01
«142E+00
228.95
4.84
37.4
14.4
2.88
229E+00
«132E-01

16.8
168
127

«S15E+00
12.5

.295E-01
«143E+00
23 .6
4.85
97.1
14.5
2.9
+231E+00
«133E-01

16.5
168
127

«S16E+0D
12.5
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Table B-~1 (cont.)
Filter Design - 500 Watts

Line Voltage = 120 VDC
Frequency = 15 KHZ

7 1205500415
INDUCTANCECLL sL2) sMH=
AREA»S@~-CM=

NUMEERE OF TURNE=

MEAMN MAG LENGTH:CM=
PERMERBILITY=
WEIGHT s GRAM=

VYOLUME CU-CM=
DISSIPATION WATTS=
RESISTANCE OHME=

CAPACITAMCECCL sC2) sUF=
WEIGHT s GRME=
YOLUME sCU-CM=

RESISTANCEC(R1) sOHME=

TOTAL WEIGHT sGRMS sLBS=
TOTAL vOL sCU-CMs IN-CU=
TOTAL DIESSIPATIONSWATTS=
EFFICIENCY s%=

Frequency = 12.5 KHZ

INDUCTANCECL1sL2) sMH=
ARER sSQ-CM=

NUMBER OF TURNS=

MEAN MAG LENGTHsCM=
PERMEREILITY=
WEIGHT s GRAM=

VOLUME CU-CM=
DISSIPATION WATTS=
RESISTANCE OHMS=

CAPACITANCECC sC2) sUF=
WEIGHT s GRME=
YOLUME s CU-CM=

RESISTANCECRL ) sOHME=

TOTAL WEIGHT sGRMELEBS=
TOTAL YOL sCU-CMs IN-CU=
TOTAL DISSIPATIOMSsWATTS=
EFFICIENCY s%=

LH23E-01
L203E+00
41 .6
5.385
30.6
25.4
S5.08
LA0SE+0D
233E-01

1735
26.9
0.3

«384E+00

235
205
S45E+00
129E+00

LB663E-01
L215E+00
43.1
5.96
72.2
26 .8
9.35
.427E+00
.246E-01

175
26 .9
70.3

LI16E+00

233
20s
L631E+00
.136E+00

«311E-01
«147E+00
89 .4
4,92
95.8
15.1
3.02
241E+00
«139E-01

16.8
163
127

«S19E+00
12.5

«334E-01
L1SEE+00
30.5
5.01
94.1
15.9
3.18
254E+00
.146E-01

16.8
168
127

S24E+00
12.6



L, Line Voltage = 120 VDC
Frequency = 10 KHZ

Table B-1 (cont.)
Filter Design - 500 Watts

7 120500510

INDUCTANCE<L1 sL2) sMH= .698E-01
AREA sSQ-CM= 22E+00
NUMEER OF TURNE= 44 .1
MEAM MAG LENGTHsCHM= &6.02
PERMERBILITY= ¥8.3
WEIGHT s GRAM= 2.7
YOLUME CU-CM= 5.53
DISSIPATION WATTS= A41E+00
RESISTANCE OHMS= .254E-01
CAPACITANCECC1 sC2) sUF= 245
WEISHT s GRMS= 37.7
YOLUME s CU~CM= 93 .4
RESISTANCECR1 ) sOHMS= TILE+00
TOTAL WEIGHT sGRMSsLBS= 308
TOTAL YOL sCU-CMs IN-CU= g
TOTAL DISSIPATIONSWATTS= .7O4E+00
EFFICIENCY s%= L141E+00
Frequency = 7.5 KHZ
INDUCTANCECL1 sL2) sMH= L109E+00
AREA sSR-CM= L274E+00
MUMEER OF TURNS= 35
MEAM MAG LENGTHsCM= 6.73
PERMEARBILITY= 70.1
WEIGHT s GRAM= 33.6
VOLUME CU-CHM= Teli
DISSIPATION WATTS= LB615E+00
RESISTANCE OHMS= .354E-01
CAFACITANCECC1 sC2) sUF= 230
WEIGHT s GRME= 43.1
VOLUME s CU-CM= 112
RESISTANCECRL ) ;OHME= LISBE+00
TOTAL WEIGHT sGRMS sLBE= 385
TOTAL YOL 2CU-CMs IN-CU= 336
TOTAL DISSIPATION:WATTS= LIBE+00
EFFICIENCY sx= .126E+00

«343E-01
« 1SEE+00
31.2
5.05
93.1
16.5
3.29
L262E+00
«-151E-01

22.4
224
169

LB74E+00
16.9

.S43E-01
L194E+00
38,9
5.66
83.4
22.9
4.58
36EE+00
211E-01

28
230
eie

«348E+00
20.5
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Table B-1 (cont.)
Filter Design - 500 Watts

Line Voltage = 120 VDC
Frequency = 5 KHZ

T 120+500s5
INDUCTAMCECLL sL2% sMH=
ARERA s SG-CH=

NUMBER OF TURNS=

MEAN MAG LENGTH:CM=
PERMERBILITY=
WEIGHT s GRAM=

YOLUME CU-CM=
DISSIPATION WATTS=
RESIETANCE OHME=

CAPACITANCECC1 sC2) sUF=
WEIEHT s GRME=
VOLUME s CU-CM=

REZISTANCECR] ) sOHME=

TOTAL WEIGHT sGRMI sL.BZ=
TOTAL YOL »CU-CHM s IN-CU:=
TOTAL DISEIPATIONSWATTE=
EFFICIENCY s%=

Frequency = 2 KHZ

INDUCTANCECLL sL2D sMH=
ARERA » SR-CM=

NMUMBER OF TURMZ=

MEARM MAG LEMGTHsCM=
PERMERBILITY=

WEIGHT sGRAM=

YOLUME CU-CM=
DISZIPATION WATTS=
RESISTANCE OHME=

CAPACITANCECC1 sC2) sUF=
WEIGHT s GRME=
VOLUME s CU=CM=

RESISTANCEC(R1) sOHME=

TOTAL WEIGHT sGRME sLES=
TOTAL YOL sCU-CMs IN-CU=
TOTAL DISSIPATIONSWATTE=
EFFICIENCY »%=

B-11

1SE+00
«323E+00
64.7

7.3

&4.6
49.3
2.84
«735E+00
«452E-01

435
7o
133

«352E+00

237

o937
1.25
.2SE+00

«S4E+00
«S523E+00
105

2.28
30.8

101

20.3
1.62
«931E-01

«109E+04
167
435

L39ZE+00

«139E+04
127E+04
2.38

«S16E+00

« 7OcE-01
228E+00
45.7
6.14
76.8
29.3
9.85
«457E+00
.269E-01

44 .8
448
339

1.32
2.8

«137E+00
«37E+00
r4.1

S 7.81

60.4
60.3
12.1
L951E+00
«354E-01

106
1 05E+04
204
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Table B-1 (cont.)‘
Filter Design - 500 Watts

Line Voltage = 120 VDC
Frequency = 1 KHZ

7 120,500s1
INDUCTANCECLL sL20 sMH=
ARERA s SQ-CM=

NUMEER [OF TURN:=

MEAM MAG LENMGTHsCM=
PERMERBILITY=
WEIGHT s GRAM=

YOLUME CU-CM=
DIZSIPATION WARTTE=
REZISTANCE OHME=

CAPACITRANCECC1 sC22 sUF=
WEIGHT s GRME=
VOLUME s CU-CM=

RESISTANCECR1L) sOHMSE=

TOTAL WEIGHT sGRMEZ sLES=
TOTAL VOL sCU-CM s IN-CU=
* TOTAL DIZEZIPATIONSWATTE=
© EFFICIENCY s%=
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«S01E+00
«PHIE+0D
149

11.1
42.5

173

34.5
2.75
«153E+90

213E+04
328
357

LF0SE+00

27 2E+04
L252E+04
4.33

LBTSE+00

401E+00
S27VE+00
1068

2.32

20.8

103
20.5
1.84
«942E-01

213
213E+04
161E+04

.02
154



Table B-2. PWM Input Filter Design

100 ¢INFLDES-PWAM INPUT FILTER DESIGH

110 PRINT ZENTZR LINE VOLTAGE,VCL TSIPOWER,WATTSIFREQsKCE
120 INPUT E1,P4,FQ

120 I1=P4/EL

140 EZ-.DSS'E103.333
150 J=£1

163 c£1=1.25%*E1 .
170 IF E1>400 THEN 1420
18] T=t£1

189 Ei1=1,2*E1l e
200 IF E€1>400 THEN 400

210 IF E1>375 THEN 420 .
220 RCSTIRE 440 k

230 IF E1>300 THEN 420
243 RESTIRZ 453

250 Ir E1>25%0 THEN 420 _
260 RESTORE 4810

270 IF £1>200 THEN 420,
280 RESTURE 470 )
290 IF E1>150 THEN &2
300 PESTIRE 480

310 IF EL>100 THEN &20 _
320 RESTORE 497

330 If c1>75 ThEN 420
340 RISTORE 500 .
350 IF E1>60 THEN 420
JEJ RESTIORZI 510

370 1IF E1>50 THEN 420
—~-385 R=STARRE 20

392 GL TO 42¢

403 Y=u0d-T

410 PRINT =C2 SURGE VOLTAGE NARGIN’VOLYS =Y .
QZG R:ﬂﬂ Ki.C QESOCZ’EGQHInHZ

430 DATA 146545093, 400,2.7474085
L40 DAYA 2412¢37543+4005%0214,65

LSO DATA 3918530093 +40044e214405

GED DATA 4430025043+400+5. 385,465

L70 DATA 5535420005456+20045.385,456
480 DATA D947415045.692C2954385,450
“490 DATA 7470,1004104,1004+5.3854506
SCO DATA B488+75410,° 40454 385,58

5410 OATA 9,100,60410,106,5.385,56
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Table B-2 (cont.)

520 DATA 105120+50,10,50,5+385,2145
530 V1=2,61%HW1

540 V2=,787%W2=1,75

550 £5=(1000%I1)/(2*FO*E2)
53 M=INT(C5/02+1)

570 C2=v¥C2

550 E2=(1400*I1)/(2*F0%C2)
560 I2=1.273%I1 |

600 I3=I1/10

610 IF FO<J/10 THEN 630 -
620 I3=I3%({J/(10%F3))+2,72)
833 #=I2/13

B4 D=(23.64*A)*(1/3)+.988
650 F1=F0/B

660 C6=13*C2

B70 +=INT (C6/C1+.999)

683 C1=<*C1

693 L1=1000/(C1%((6.28%F1)+2))
700 L2=01/2

710 C=1.482

720 2=1300%L1/C1

730 FR1=1.482%SQRT(Z)
740 Vi=K*V1

750 Ve=MéVZ

7€0 Wi=K*d1

770 W2=M¥H2

780 I=I1

793 L=L1/1000

860 G=1

810 &3 TO 840

820 L=L2/10C0

8630 GO TO 840

8LD £1=335%(I1t1.4)

£50 A2=A1

860 B=.3

870 F1=.3

863 Al=A1%35,067E~10

860 D1=8.94E3 ‘

900 D2=8.4E3

g1 Fe=2 N S
G20 S=((1+(12*F2%F1%D1)/D2)+,5) -1
930 R=(L*I*A1)/(3*3.1416%F1) :
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Table B-2 (cont.)

CLT T=1/15t,. 5’*(3*-5)/5

950 .AZ{Re 3 453/3

560_N&F)-{3/SI4(((L'I*soi#LE'Fiil(Al*ﬁl)’.s)

574 Z=10. 4828%4%,25)¢T . )

G &a U-cn527c*{{Q/I,?(Dlﬁ’l‘((ﬁ‘/!3-1#15‘F1"*‘3/4)'*(1/!’f-35))'5“7
Gyl HEELA3TL ul'(?f(3fkil’('l[ f.al’*(5‘F°'Fl*fﬁ2/01]“‘b*(STZ!/b”
1303 A{D)=a%1EH .

1810 Z40)=2%1E2

tag2n L(G)~U“{1/(““301+15'1£'7l’

C1G30 WGY=WeLE3 . o o :

Lehe VGI=(LIGYrI M/ 39,43 : : L - R -

1658 RiG)=2 72*Ni¢)*(ﬂ‘b’?-5}/ﬂz : )

1egy. ?‘(q)—-‘r*7}“l‘:!a! : : )
I 4 G= Gf;

1880 CN G-1 GD TO 820,1090

R S L R T

1896 ho-1£1l+ﬂ(2)+ﬂl+h2
1L -
133'%—=;;,1e.
130 P 3{1)+»{23
144 G"JQ*PSIPw
158 Lizi=ia
160 Ligy=Le"
176 SINNIFICANGE 3
135 PATNT SIHNSUCTANITILLeL2Y o MHs | SeL{L) o (2)
18] PRINT SAREA,3Q-0us SLAL1) 4 A1)
230 PRINT TRUMOER. CF TURNS: CLZ (LY 4 N 2D
gLi FRINT TMIAM MAC LENSTH,CM= 20,212
12814 =R;xr SPEIMEADILILYS - CUBLULL LU
4230 PAHINT SHEIGHTGRaM= ' ER TG RN &3
1240 PINT- EVOLUHZ CU-CH= L CEsvinyevi2y
s Tz LS:IPATIDM HATTS= T, Lh P L2) - =
E IR ,I*Tau QHﬁS- : Z4R{L R E2)
&?Vup’:u|-- = :
'_..r.dt. “'"T ‘-“ E : . .
S 1 EOR REIMNTE c;onrrran E4C1, C’l,UF- 2,081,020 s
© 138 P“'AT NEIGHT GRMSS _ Tedlewz - 7
1310 PRINTEVOLUME,CU=CM= . . ZaVigNz

1320 siaTE

S 1330 BAINTE T
“1343 PEINTE RESISTANCIIRLY .QHHSE  I,RL
1354 PRIVYE & ) - '




Table B-2 {cont.)

1360 P~IWT: z ‘ : '
4370 FRINTESTOTAL AZIGHT, GRHSoLBS- ZeHS4 Wb
1380 PRIATZTOTAL YGLyCU=CHIN=CU=  Z,4V5,Vb
1390 PRINTETOTAL DISSIPATION, HATTS=Z.F5
1L3G6 PRI ViEiFFTCthCY"' i T Zed

151c €O YO 1430 '

142§ .RINT ZHO vip IN FILE FOR TAIS UOLTAuE'
1430 END

S B R A  ACLSEERR I T A S s R L

TP

e st e A 8 < a5 A

i
3
e e i M b & e a1 i b

w0
! ‘Eﬁ:
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