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SUMMARY

This report describes the interim results of a program to investigate the
feasibility of formulating a methoudology for the modeting and analysis of
aerospace electrical power processing systems. The object of the total

program is to develop a flexible engineering tool which will allow the power

processor designer to effectively and rapidly assess and analyze the trade-
offs available by providing, in one comprehensive program, a mathematical
model, an analysis of expected performance, simulation, and a comparative
evaluation with alternative designs. This requires an understanding of
electrical power source characteristics and the effects of load control,

prdtection, and total system interaction.

Power processing systems are usually designed by a trial-and-error process.
Components are selected which appear to be appropriate and a paper design
based on the selected components is completed, then modeied, simulated and
analyzed to determine its adequacy. If the design specifications are not
met, the paper design is modified by selecting different components and/or
by redesigning the system. The modified design is then analyzed. This

iterative procedure continues until a satisfactory design is achieved.

The currently used methods for designing power processing systems are time
consuming and generally do not lead to an optimal system. There is need
for a method which will permit the design to be completed more expedi-
tiously. This report presents such a method. Tt shows how a digital com-
puter may be used in an intsractive mode for the design, modeling, analysis

and comparison of power processing systems.



The project was sponsored by NASA-Lewis Research Center. The General
Electric Company-Space Systems and the University of Pennsylvania-National
Center for Energy Management and Power cooperated in performing the tasks.
This union of the industrial and academic worlds was established to combine
unfettered scientific curiosity with the experience and knowledge gained

from design, production, and test of hardware.



INTRODUCTION

This report covers a nine month Phase I program to investigate the feasi-
bility of formulating a methodoiogy for the modeling and analysis of power
processing systems. The program, initiated on 22 August 1973, was or-

ganized into the following tasks:

1. Sur ey, screen, and recommend five representative power processing
systems.

2. Characterize the selected systems with all the internal and external
features which enter into engineering evaluations relative to utiiiza-
tion.

3. Survey, screen, and evaluate ava’lable modeling and analysis technigues
and approaches.

4. Formulate a methodology for the modeling and analysis of power processing
concepts.

5. Prepare a Phase Il implementation plan.
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1.0 SELECTION OF POMER PROCESSING SYSTEMS

This task resulted in an assessment of present and planned power processing
system requirements applicable to high power spacecraft and aircraft power
sources and loads. Power processing systems were found to be more jdentified
with the power source than the load, so principal attention was focused on the
variety of sources considered as viable candidates to satisfy mission require-

ments for the next decade.

1.1 Available Electric Power Sources

The available basic sources for spacecraft electrical power listed in order
of increasing Tifetime are primary battery, fuel cell, nuclear, radioisotope,
and solar. A representative state of the art summary of electrical power
systems is given in Table 1-1, extrécted from NASA Contract NAS-9-13401. A1l
these electrical power source systems are long 1ife, durable, space qualified,

and viable contenders for use on missions in the next decade.

Aircraft electrical power is provided from a 400 Hertz alternator that is
mechanically driven from the engine power plants, either directly in wild
frequency systems, or thru a constant speed drive., Electronic variable
speed, constant frequency cyclo-converters have been developed for aircraft,

but are not in general Jse.

Dynamic isotope and reactor Brayton, Rankine, and Sterling cycle systems
have been proposed, and could be made available within the decade if a

specific application makes one attractive from a cost standpoint.

B2k ke mn 25y b e e et i




Electric Power Source State of the Art Summary

Table 1-1

TYPICAL POWER
TYPE SYSTEMS MISSION STATUS CAPABILITY
SOLAR ARRAY! | FIXED ARRAY | SKYLAB FLOWN 700 WATIS
SECONDARY
ORIENTED EARTH FLOWN BOWATTS
BATTERY ARRAY RESOURCES .
TECHNOLOGY
SATELLITE
SNAP 19 | NLMBUS 111 FLOWN BWATIS
RADIOISOTOPE  Hgian sy LUNAR FLOWN TOWATTS
THERMOELECTRIC N
GEMERATOR
MULTI-HUNDRED | LINCOLN 1N DEVELOPMENT | 150 WATIS
WATT EXPERIMENTAL AVAILABLE 1975
SATELLITE 8
MARINER JUPITER
SATURN
MULTL-K {LOWATT { STATION BASE PAPER STUDIES | 100 WATT
AVAILABLE POST | MODULES
1980
RADICISOTOPE | BRAYION, ADVANCED PAPER STUDIES | 4DOWATTS
HEAT SOURCE . | RANKINE, AVAILABLE 1977
STERLING,
THERMAL
FLECTRIC
FUEL CELL SINGLES! K | BIOSATELLITE FLOWN 300 WATTS
TRIPLE- + K | GEMINI FLOWN 1000 WATTS
SEVEN STACK | APOLLO FLOWN 250 WATTS
PRIMARY BATTERY | SILVER ZINC CLASSIFIED FLOWN 0 WATIS
MILITARY
1-2
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A magnetohydrodynamic generator is analogous to the rotating aircraft
generator, except that the electrical current, in the form of hot ionized
gasses or plasma, is forced through a magnetic field, producing a potential
difference between two electrodes which is perpendicular to the magnetic
field and the gas fiow. Because of the high temperature, the magnetic field
that is required, and the need for nigh velocity gas flow, the MHD technique
is most efficient in large power ratings. The MHD generator is in the proof
of feasibility stage, is under active development by the General Electric
Company and others, but is not considered to be available at this time. The
phenomenon was first recorded in 19710, and efforts are still underway to make
it practical for terrestrial use. The major droblem is to find materials that
will not corrode at the 5000° Farenheit temperatures invoived and in the
presence of two thousand miles per hour jonized gas flow. The MHD can be

discarded as an active contender for a long life system because of its high

development risk.

The conventional dynamic or rotating turbine-generator unit mentioned above is

by no means completely ocut of the race ds a compact, portable, and efficient
device for space. It may suffer from inherent reliability problems and operational
difficulties because of the mechanical motion, but it is the reference against
which other systems have to compete and be proved superior before their operational
use is assured. However, even this system cannot be considered where the power

requirements are below the kilowatt range.

A more detailed consideration of electrical power sources in general use is

given in the next paragraphs to permit source selection for a specific mission,

1-3



1.2 Projected Electric Power Levels

Power requirements and Future spacecraft power levels can be derived from the
NASA Mission Model, Shuttle System Payload Data Activity, Contract NAS-8-
29462. Table 1-2 summarizes &hese power needs ranging from 140 to 2600 watts.
Table 1-3 was obtained from the August 1971 report on Electric Power Processing
Technology prepared by the subcommittee on Power Conditioning, NASA Research
and Technology Advisory Committee on Power and Electric Propulsion. All of
these electrical power requirements can be met with today's technology. The
selection of power sources for a given mission will be primarily a performance/

cost trade for that particular mission.

There are 986 non-DOD space missions thru 1991 identified in NASA's October
1973 mission model. Figure 1-1 shows a histogram of 798 of these spacecraft
distributed between sortie and automated systems. Sortie payloads will inter-
face with the shuttie fuel cell, and have no power system of their own.
Radioisotope thermoelectric generators have been identified for outer planet
missions only. Table 1-4 shows the planned missions and power requirements.
Solararray/battery systems satisfy all other automated missions, and Table 1-5
shows some typical mission power requirements. No other power sources are

required during the next two decades.

[N
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Table 1-2

Shuttle Payload Power Source Requirements

POWER REQUIREMENTS, WATTS

BEGINNING END OF AVERAGE

L bt g b A 1 e e e i h T 0 ]

MISSION OF LIFE LIEE {WATTS)
GEQSYNCHRONOUS OPERATIONAL - 140 -
METEORQLOGICAL SATELL ITE (GOMS)
FOREIGN SYNCHRONOUS - 140 -
METEOROLOGICAL SATELLITE (FSMS} ;
EARTH RESOURCES SURVEY OPERATIGNAL 550 - - !
SATELL |TE (ERSOS) :
SYNCHRONOUS EARTH OBSERVATION 557 &R - :
SATELL |TE (SEOS) :
EARTH OBSERVATORY SENSGR DEVELOPMENT - - £600
LABORATORY _ 4600 PEAK) ;
TRACKING AND DATA RELAY SATELLITE 466 400 - _
{TDRS) i
t
EARTH OBSERVATORY SATELLITE - - 1000 :
{E0S) ]
TIROS 0 - - 1000
ENVIRONMENTAL MONITORING SATELLITE - - 1000
SYNCHRONOUS MEFEOROLOGICAL 500 650 .
"SATELL ITE (ADVANCED) {SMS)
SMALL APPLICATION TECHNOLDS - - &0
SATELLITE (SATS) {1005 PEAK)
80 ~
(-
| . _—
= o0
o
o
Lid -
O
& SORT
RTIE
w .
L 40 ;
o :
(2% :
Lt :
5] i
=
. = 20
AUTOMATED
74 76 78 80 82 84 8 B8 90 92 1%
3
YEAR ;
Figure 1-1. NASA Mission Model
§
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Table 1-3

Representative Future Mission Power Source Requirements

9-1

MANNED VEHICLES 1. UNMANNED VEH]CIFS
AR
BREATHING EARTH ORBITAL SOLAR ORBITAL
. AIRCRAFT | SHUTTLE { STATION | BASE SCIENCE | NEAR PLANET | OUTER PLANET | DEEP SPACE
MISS 10N DURATION, HOURS I 1,000 | enomm | 100,000 7,500 25,000 102, 000 10C, 000
e { ARRAY CAPABILITY 80,000 | 500,000 1,250 100, 600
| SUBSYSTEM CAPACITY 50,000 | 500,000 1,000 10, 050
| BUS POWER, WATTS 25,000 | 200,000 500 5,000
g O
=]
= 51 SYSTEM CAPACITY 30,000 | 250,000 600 1,200
o | 53| BUS POWER, WATTS 25,000 | 200,000 500 1,050
-
™| 2| sUBSYSTEM CAPACITY 250,000 150,000
= b =| BUS POWER, WATTS 200,000 75,000
25 | £
Pzl prid
&2l B
el Z1 & SUBSYSTEM CAPACITY 60,000 | 250,000 90, 000
Z| [2| | BUS POWER, WATTS 50,000 | 200,000 75,000
[=] re=] =
=
=1
3l |38 BUS POWER, WATTS 5,000
el
S| | BUS POWER, WATTS 25,003 | 200,000 500
= =
EU mg
225,
Z | @ | BUS POWER, WATTS 270,000 10,000
E|5=
el

o

ot




Table 1-4

Rasioisotope Thermoelectric Generator Power

MiSsIon

POWER REQUIREMENTS, WATTS

MARS SURFACE SAMPLE RETURN

VENUS RADAR MAPPER

PIONEER SATURN/URANUS FLYBY

MARINER JUPITER ORBITAL
PIONEER JUPITER PROBE

70 WATTS "A" LANDER
{3) 400 WATTS TOTAL
(2) 140 WATTS TOTAL
(3} 400 WATTS TOTAL
{2) 140 WATTS TOTAL

( } QUANTITY PER S/C

NO .REQUIREMENTS FOR RTG
QUTSIDE PLANETARY DISCIPLINE

Table 1-5

Shuttle Automated Payload Solar Power Requirements

NUMBER OF SOLAR ARRAYS POWER RANGE
DISCIPLINE FLIGHTS * NO. ITYPE (WATTS) ORBIT LIFE (YZARS)

ASTRONOMY & SOLAR PHYSICS | . 11 1UROTATING (2 PANELS} 150-1500 23

HIGH ENERGY ASTROPHYS1CS 8 BIROTATING {2 PANELS) 150-1200 25

ATMOSPHERIC & SPACE PHYSICS | 24 2IROTATING (4 PANELS) 200-500 13
22 BOBY MOUNTED

EARTH OBSERVATIONS 87 63/ROTATING {2 PANELS) 140-960 25
18 BODY MOUNTED 40

EARTH & OCEAN PHYS ICS 15 13 BODY MOUNTED 90-620 0.55

) 2 NOELECT. SIS

COMMUN] CATIONSINAVI GATION & 33 ROLL-OUT 300-500 5-10

) 7 BODY MOUNTED

28/ROTATING (2 PANELS)

TOTALS:

116 ROTATING (2 PANELS)
2 ROTATING (4 PANELS)
60 BODY MOUNTED

34 ROLL-OUT ARRAYS

* NUMBER OF FLIGHTS BASED ON JUNE 1973 MISS 10N MODEL

1-7
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2.0 SYSTEM DOCUMENTATION AND TRADE STUDIES

A cursory study of potential power sources and expected mission require—
ments has resulted in the selection of the following five systems as
representative of evolving standard power processing systems or a survey of
present practice. More detailed information can be found in Appendix A thru E

of this report

2.1 APPLICATIONS TECHNOLOGY SATELLITE F.

This is a 28 wolt, photovoltaic power source with nickel-cadmium
electrochemical energy storage incorporated in a direct energy transfer
system that utilizes dissipative partial shunt regulation of the solar array
and pulse-width-modulation of battery discharge power to provide a constant
voltage bus without im—-line processing of power from the source. This system
appears to be the optimum solar array-battery combination for earth orbiting
satellite systems.

Utilization of power is decided autonomously by the cemntral power
processor. The first priority is that the electrical loads of the system
must be satisfied, and power for the loads may be supplied directly from
the solar array or by electronic boosting of the battery. 1If the loads
can be satisfied by the solar array, any additional array power is used to
charge the battery as a second priority. However, the battery charge rate
is additionally‘ccnstrained to a constant current limit, and may be further
reduced by an end;of—charge temperature compensated constant voltage limit.
As a third priority, any excess array power over that required by the load

and the battery charger is dissipated by a shunt regulator which maintains

the solar array at a constant voltage point on its volt-ampere characteristic.

2-1



When uniformly illuminated by the sun, the solar array is a constant
pover source for any specific load. Maximum power is cbtained at the knee
of the volt-ampere characteristic., In a Direct Energy Transfer System,
the solar array is designed so that peak power is available at the bus
voltage level. The shunt regulator is turned on only when the available
array power at the constant voltage operating point exceeds the needs of
the spacecraft to satisfy load demand and battery charging. If efficiency
is defined as the ratio of power required by the load and the battery
charger divided by the power supplied by the source to satisfy this demand,
then the system efficiency approaches 100 per cent.

Since the solar array current is limited by area and light intensity,

partial shunt regulation can be employed to reduce the thermal burden in

the shunt elements. This is accomplished by determining the minimum number

of solar cells necessary to satisfy the minimum loazd condition at the
maximum array condition, and by shorting out the remaining solar cells
necessary to satisfy the maximum load condition at the minimum array
condition. Each solar array string is tapped at this point, and the
partial shunt regulator is attached between the tap point and the negative
bus.

The gravity gradient test.satellite was designed with a partial shunt
regulator by General Electric. The vehicle was launched on 29 June 1966,
and continued to operate until contact was lost in Augnst 1872.

The principal elements of DETS are shown in Figure 2-1. Power from

the solar array is transferred directly to the loads, accounting for the name

applied to the approach. Power to and from the battery is procossed

2-2
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by the charge and boost regulators, respectively. A shunt regulator
dissipates any excess power from the solar array, once load and charging
demands are satisfied. The relative processing of power in the charge
regulator, boost regulator and shunt regulator by a central control is
indicated in Figure 2~2. The central control provides a signal proportlonal
to the bus voltage deviation. The range of acceptable voltage deviation is -
nominally selected to be +1.5 percent of the bus voltage. At the upper limit
of voltage deviation the shunt regulgtor is turned full onj; full charge
demands are satisfied depending on the battery status; and the load demands 1}
are met. With higher load demands or decreased array power, the shunt )
regulator dissipation is decreased, and completely turned off ~hen the
deviation is around + 0.5 percent. With further load demands, the array i
power is preferentially supplied to the load by gradually decreasing the

available charge power to a point where charging is totally inhibited at a !
voltage deviation of around -0.5 percent. At this particular condition,

the array power just satisfies the load demand. TFurther load demands are .l
supplied by the boost regulator, which is at a full-on condition at a
voltage deviation around -1.5 percent.

In the sequence of operation just described, the voltage deviation signal ‘{
serves to establish the operating condition of the various power processing
elements. TIn the ATS implementation, the voltage deviation signal is L
amplified and each power processor is set to respond to monoverlapping -
regions of the amplified error signal. Im this way the possibility of

simultaneous shunting and boosting is aveided.




The principal advantages of the DETS approach are: 1. array power is
used directly, and therefore, most efficiently; 2. the power output is
voltage regulated, minimizing the need for downstream regulation; 3. with
charge power taken from a regulated bus, the range of operating conditions
for the charge regulator is narrowed, permitting a more optimum design; and
4, limitations on battery voltage variations are less stringent; the boost

regulator can easily be designed to accept low battery discharge voltages.

2.2 MARINER JUPITER/SATURN 1977.

This is a 29 volt, radioisotope thermoelectric generator power source
with a limited amount of nickel-cadmium electrochemical energy storage
incorporated in a direct energy transfer system that utilizes dissipative full
shunt regulation of the radioisotope thermoelectric generator and pulse-width-
modulation of battery discharge power to provide a constant voltage bus without
in-line processing of the power from the source. This system appears
to be the leading contender for outer planet satellite systems, and has
the added unique feature of central inversion and distribution of 2.4 KHz,

50 VAC square wave power to loads.

The functiomal block diagram of Figure 2-3 shows the primary power
source of three radioisotope thermoelectric generators (RTG's) coupled by
the power source and logic unit to form a de power bus.

The power source and 1ogip contains the circuitry necessary to inter-
connect the RIG's to the power conditioning equipment. This would include
such things as isolation diodes and RTG shorting switches..

The dc power bus is regulated to 29 vdc +1% by a shunt regulator. The

shunt regulator senses the common RIG voltage and maintains it by dissipating
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the difference between RTG power available at 29 vdc and the spacecraft
load demand. Voltage regulation of the RTG's provides relatively constant
loading and serves to maintain the RTG internal temperature near the design
point.

Power f£rom the de bus is transformed to 50 volts, rms, 2.4 KHz, single-
phase, square~wave power by the main inverter for all spacecraft ac loads. An
identical inverter in standby serves as a backup to the main inverter. Switch-
over is controlled by inverter failure detection circuitry located within the
power control unit.

The power distribution assembly is designed to provide the required
switching and control functions for the effective management and distribu-
tion of power to user loads. Power switching circuitry is designed to operate
in response to commands from the computer command subsystem which can execute
stored or real time commands.

A 400 Hz, 3 phase inverter provides conditioned power to the attitude
control subsystem gyros.

A battery, with its associated charge and discharge electroniecs, will
provide the large magnitude, short duration power required by a propulsion
module during injection into interplanetary cruise.

During planet encounter, the power margin between spacecraft load
demands and RTG capability is minimal. It is intended that the battery be
used to supply load turn-on transient power at this time. The battery energy
that is removed during discharge is replaced when there is excess RTG power
being dissipated in the shunt regulator. A control signal from the shunt limits

the charge rate so that some power remains in the shunt to keep it active and
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able to maintain de power bus voltage regulation. When spacecraft load i
demands deplete the power in the shunt, the shunt signals the battery
discharge electronics to supply battery power to maintain dc bus voltage

regulation.

2.3 THREE-PHASE 400 HERTZ ATRCRAFT ELECTRICAL SYSTEMS

et

This is a prime—-mover, rotating generator system used on most aircraft
and on the space shuttle during some mission modes. It is a multi-kilowatt ~
system and the power processing equipment principally converts the AC power to
user needs.

Generally, each aircraft emngine drives an ac generator. These generators
are tied into the ac mains thru circuit breakers that are activated when a
phase sequencer confirms the correct phase relationship and when a voltage
differential indicator shows that the generator and the bus are approximately
in-phase. This instrumentation is located on an instrumentation panel in
the cockpit, and is usually accomplished manually.

Some of the ac power is applied thru approximately coordinated circuit
breakers into converters that consist of input line filters, a step—down
transformer, a rectifier stack, and output filtering. Various rectifier
circuits are utilized for this ac to dc conversion. Single-way circuits
have fotnd general acceptance for high power applications since they require
that load current flow thru only one rectifier; and the six-phase, double-wye

with interphase gives the best overall performance in terms of winimum transformer

volt~ampere rating, low ocutput ripple, and rectifier ¥ms current.
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The transformer-rectifier is tied into the de bus thru a reverse current
relay. This is a hand-down from dc generator practice, but does protect the
dc bus from a faulted rectifier. This relay has a main contactor coil, a
reverse current coil, a bus voltage ceail, and a voltage differential coil.
When the output of the transformer-rectifier rises to approximately 22 volts,
the bus voltage coil closes a set of contacts that energizes the voltage
difference coil. When the transformer-rectifier output voltage is at least
one volt higher than the bus, the main contactor operates, closing the trans-—
former-rectifier into the bus. This protects agaipst high transient currents
when two low impedance devices are tied together. The reverse current coil
will open the main contactor if the current flows from the bus into the
transformer—-rectifier, and the trip point is approximately 3% of rated current.

The reverse current relay also has provision for a failure indicator
that is energized when the main contactor is open. Unfortunately, this
failure indicator is ambiguous when used with a solid-state comverter rather
than a rotary dc generator. The dc generator, if not energized, would draw
reverse current and trip the relay. The reverse resistance of the transformer—
rectifier is too high, however, and the transformer-rectifier failure light
does not come on, even when the input circuit breaker is tripped.

A nickel-cadmium battery floats on the dc bus, absorbs charge current
(and continuous overcharge current} when the transformer-rectifier output
voltage is higher than the battery float voltage, and supplies power to
essential equipment when ac power £ails for any reason. No other charge
control method is utilized except initial voltage matching.

Two or more transformer-rectifier units are operated in parallel, with no
forced sharing. The inherent regulation of the converter causes the uaits to

share to within +10% typically.



Fault coordination is provided such that downstream dc feeder fuses blow
first, the transformer-rectifier input eircuit breaker trips second, and the
rectifiers within the transformer-rectifier fail short only if nelther one

of the two protective devices operates.

2.4 TFUEL CELL QR PRIMARY BATTERY SYSTEMS

This class of electrical power systems is characterized by a time or load
variant DC source voltage that results in series power processors to maintain
constant voltage for user loads.

Pure enegry source systems that are the result of chemical reactions are
typified by short duration silver-zinc battery systems of up to seven days
duration, and fuel cell systems such as Gemini, Apollo, and Biosatellite. These
vehicles distribute the unregulated source voltage directly without in-line
power processing, unless a number of loads have specific common requirements
such as AC voltage.

Power processing to condition the unregulated voltage into a constant DC
level is accomplished at each user load, and each user performs his own trade
study to determine the form of conditioning to be employed. These trade
studies result in different conclusions, based opn power level, required
reliability, relative sophistication, cost, and the capability of the user to
provide the optimum design.

Every electrically actuated event that occurs in the system requires some
minimum amount of power to guarantee that the event will occur. Since the
event must occur equally as well at low imput voltage as af high input voltage,
the volt-ampere characteristic of each individual load is selected to imsure
that at minimum voltage an adequate amount of current will flow to power the

event.
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2,5 BS0LAR ARRAY AND SECONDARY BATTERY SYSTEMS

As part of this investigation, all present or planned solar array systems were
investigated to document concepts of intermediate voltage levels such as
the Canadian Communications Technology Satellite, 120 volt systems, 200 to 400
volt systems proposed for the Solar Electriec Propulsion Stage, and kilovolt

array systems matched to user loads such as high power transmitters and ion

propulsiomn.

Although most spacecraft have been designed to operate at nominally 28

volts dc and can benefit from the power system described in paragraph 2.1,
various systems have been proposed or are being designed and developed to
operate at higher voltage. The driving force to higher voltage is the weight
of the distribution system at high power levels and at low power to weight

figure of merit systems.

The operating current density of the conductors for minimum vehicle total

weight is determined by the watts per pound for the power system.

The resistance of a conductor can be expressed as:

R oL /A where

I

R = resistance in ohms

o— = resistivity of the material, ohm-inches 2/inch
Q = length of the conductor, inches
A

s X 2
= cross-sectional area, inches

The electrical losses in a length of conductor at a current level T are then:

Watts = IR =R 12/A
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and the weight of this same piece of conductor can be expressed as:

Weight = FQ A vwhere

(’ = specific welght pounds per cubic inch
&' = length, inches

A cross-sectional area, :’an:l‘uas:Z

Obviously the loss in watts can be reduced by adding cross—sectional area,
and consequently weight. When the watts saved by adding one pound of conductor

are equal to the ratio of total available watts to total power system weight

for the vehicle, then the optimum operating current density has been determined.

New Warts = cg~ R T2/ (A + dA)

delta wacts = o— R 12 (A +dA —- Ay = R 12 da
A(A + dA) ACA + dA)

new weight = FD. (A + dA)

delta weight = (7 QA+ da - a)

(onA

delta watks = G“Q 12dA = o 12 and rearranging,
delta weight f Q AdA(A + dA) F A(AHdA)
o 12 __delta watts and in the limit as dA approaches zero,
(0 (A2 + AdA) = delta weight

I = f delta watts

A g—delta weight = optimum operating current density,

in amperes per square inch of cross sectional area of conductor, where delta

watts/delta weight is the watts per pound trade-off figure for the vehicle.
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When the weight of the 28 volt distribution system becomes excessive, its

weight can be reduced proportional to an increase in operating voltage. As
part of JPL Contract 953387 it was determined that the weight of the solar array

distribution harness for a 10 kilowatt system could be reduced from 13 founds

to 3 pounds if the bus voliage was raised from 100 volts to 400 volis. %
Studies by Wilson and O'Connor of the Naval Research Laboratory have also

shown that aircraft electrical systems could benefit from a proposed standard

230 volt dc distribution system. -

A second consideration in bus voltage selacticn is the requirement of the
load. When a significant portion of the available power is utilized by one
load, the vehicle design is most efficient when the voltage is supplied in a
form in which it can be used directly by the load. This was the objective of
NASA Lewis contracts NAS 3-8995, NAS 3-8996, and RAS 3-8997. These studies
defined solar array electrical configurations which regulate and reconfigure,
by switching, a 16 kilovolt, 15 kilowatt array with electroniecs integrally
mounted to.the array substrate. The anticipated advent of satellites
incorporating ion thrustors and high frequency electron tubes has created a
need for 2,000 to 16,000 volt power. The present thrustors require from
2,000 to 5,000 volts DC at the accelerator electrodes. The near future

tubes may require up to 16,000 volts DC.

The DC power required for the thrustors and tubes is expected to be derived
from solar arrays. For many satellites where thrustors and tubes are involved,
a major portion of the total solar array power will be used by these systems

and used at relatively constant power levels during steady state operations.

2~-13




Conventional solar arrays are wired to deliver power at less than 100 volts.
For the present low voltage solar arrays to meet the high voltage requirements
noted ghove, it is necessary to transform the low voltage into a higher
voltage through the use of heavy and complex power conditioning equipment.
Typilcally, each one kilowatt of regulated power is delivered with 15 to 30

pounds of power processing equipment.

Systems tradeoff studies have eliminated conventional series and shunt regulator
systems and maximum power tracker systems in comparison to a system which
achieves regulation by a binary-coded switching system. The selected

discrete switching system (1) appropriately short circuits series connected
solar cell groups to achieve voltage regulation and (2) reduces problems of
rejecting excess array power and ummeeded array power (when loads are off)

by ovperating the solar cells in a shorted mode, which produces considerably

less total heat dissipation than other techniques.
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SECTION 3
EXISTING TECHNIQUE DOCUMENTATION



3.0  EXISTING TECHWIQUE DOCUMENTATION

Povier Processing Systems are usually desianed by a trial-and-error method.
Components are selected which appear to be anoropriate and a paper design
based on the selected components is completed, then modeled, simulated and
analyzed to determine its adequacy. If the design specifications are not met,
the paper design is modi fied by selecting different components and/or by re-
designing the system. The modified design is then analyzed. This iterative

procedure continues until a satisfactory design is achieved.

The currently used methods for designing power processing systems are time
consuming and generally do not lead to an optimal system. There is need for
a method which will permit the design to be completed more expeditiously.
This report presents such a method in Section 4. It shows how a digital com-
puter may be used in an interactive mode for the design, modeling, analysis

and comparison of power processing systems.

This section of this report summarizes the results of a Titerature search for
available design, analysis, and modeling techniques applicable to power pro-
cessing systems. These techniques éonsist of simulation, circuit analysis,
and circuit synthesis programs. There is extensive reference to the Tlitera-
ture in the areas of power processing design procedures, design criteria, and
complete systems applications. In addition. power source information is in-
cluded since power processing systems are highly dependent upon the power

source.

The following 1iterature source files of data from 1967 to the present were

consulted in the compilation of this data:
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The Institute of Electrical and ETectronics Engineers
Engineering Index

Moore School Library Listings

Moore School Master's Theses and Dissertations
General Electric Space Center Document File

General Electric Space Center Library

NASA Computer Program Abstracts

University of Pennsylvania Computer Documents Library
Department of Defense Listings

Computing Reviews Journal

Datamation

Proceedings of International Symposia on Computer Aided Design

Defense Documentation Center - Space Power Processing Report Bibliography

A literature search and a survey of industry, university, and governmental
agencies was initiated in October, and continued during the next itwo reporting
periods to identify existing modeling and analysis techniques. A standard
reporting format has been prepared, and was used to document approximately

385 pertinent existing programs.

NASA Literature Search Number 24412 yielded 178 open references to space power
electrical processing, conditioning, and conversion systems, and 11 additional
1imited distribution references. The Defense Documentation Center Search
Number 010358 produced 18 additional references to Space Power Processing.
A report on the results of this Titerature search, Modeling and Analysis Tech-

niques, dated 26 March 1974, was published and was distributed.

This task was completed nrincipally by Mr. Peter Blair, assisted by Mohammed

ET1-Nowehi and Hou-Shing Shu, all graduate students at the Moore School of
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Efectrical Engineering, University of Pennsylvania, under the direction of Dr.

Kenneth A. Fegley.

3.1 Computer Aided Design Procedures

A survey yielded 23 reports of applicable specific power processing design pro-
cedures that utilize computer oriented techniques for at least some portion of
the design process. The information from these procedures will provide input
for the formulation of a management program. Seventeen additional sources

were identified for background reference. These items were documented in a

Task 3 Report, "Modeling and Analysis Techniques”.

3.2 Simulation and Analysis Languages and Programs

A review of computer program languages in which the desian management program
can be written is presented. The most important feature of the language that
is finally selected is the availability of interactive programming. However,
a variety of other factors must be considered as well. The information from
these sources will provide input for the organization of the computer based
management program. More specifically, it will help define the access pro-
cedure to use the management program, and the options that are available to
the user in terms of interaction, display, storage, and information handling

capabilities.

The analysis programs will be accessed by the management program at the option
of the user in the design process. Use of available analysis programs at both
the system level and specific design level would be attractive and are included
here. This includes programs involving circuit analysis, circuit synthesis,

and system simulation.

The following are examples of programs available for mathematical programming,

system simulation, and analysis and synthesis.
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3.2.17 Mathematical Programming (Compiled from UNICOLL Newsletters)
MATHEMATICAL PROGRAMMING
PROGRAM NAME: MPS 360

MPS/360 is a linear programming package which performs Tinear, parametric,
and separable programming. In addition, MARVEL, the file processor for
MPS/360, may be used for data preparation and matrix generation. The Report
Generator Program RPG, may be used for output analysis and management report
writing.

LINEAR PROGRAMMING

PROGRAM NAME: MFOR/360Q

This program uses the reyised simplex method with product form of the inverse
to solve 1inear programming problems. The program can handle problems with
variables up to 2000, subject fto constraints up to 511, with total entries
not more than 12,000.

LINEAR PROGRAMMING

PROGRAM NAME: LINPROG

This program solves Tinear programming problems using the simpiex mathod.
Possible degeneracies are taken into account via the method of Charnes. The
program is written in double precision and can handle probiems of moderate
size.

SEQUENTIAL UNCONSTRAINED MINIMIZATION TECHNIQUE FOR NON-LTINEAR PROGRAMMING
PROGRAM NAME: SUMT

This program soives nonlinear programming problems by solving a sequence of
unconstrained minimization problems. The algorithm is based on the method
of Fiacco and McCormick.

LINEAR AND QUADRATIC PROGRAMMING

PROGRAM NAME: LOPROG

This program solves linear and quadratic programming problems using

Lemke's complementary pivot algorithm. The program can handle problems of
medium size.
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ZERD~-ONE INTEGER LINEAR PROGRAMMING WITH HEURISTICS
PROGRAM NAME: ZERPPNE

This program is designed to solve 1inear programming problems whose variables
are restricted to the values zero or one., The program utilizes the well-known
additive algorithm of Egon Balas, combinad with a group of user-selected
heuristic test options designed to speed solution time by taking advantage of
individual problem characteristics.

WOLFE QUADRATIC PROGRAMMING
PROGRAM NAME: WOLFEQP

This program solves quadratic programming problems using the WOLFE algorithm.
T@e program is written in dcuble precision and can hcadle problems of limited
size.

BRANCH AND BOUND MIXED INTESGER PROGRAMMING
PROGRAM NAME: BBMIP

This program empioys a branch and bound algorithm based upon the Land and
Doig method to solve mixed and pure integer programming problems of Timited
size. The region of integer variables to be restricted must be specified by
the user of this program.

INTEGER AND MIXED INTEGER LINEAR PROGRAMMING
PROGRAM NAME: INTEGER

This program solves integer and mixed integer linear programming problems
via the Land-Deig branch and bound method. The program provides information
for drawing the branch and bound network so that the behavior of the search
process can be followed.

JOB SCHEDULING AND OPTIMIZATION FOR MINIMUM TIME, OR MINIMUM DISTANCE
PROGRAM NAME: JOBSCH

This program is designed to solve the general case of the Job Sequence Optimiza-
tion or the Traveling Salesman Problem. This program will find the minimum or
near-minimum distance required to travel to specific locations and return. It
will also solve both symmetric and non-symmetric problems. Non-symmetric
probiem applications may include setup and grade-changes, and military
reconnaissance flight planning. Symmetric problem applications may include pin
assignment, traveling salesman, and truck routing.



GENERAL NON-LINEAR LEAST SQUARES PROGRAM
PROGRAM NAME: GNLLS

UNI-COLL has significentaly improved the performance of the General Non-
Linear Least Squares program (GNLLS). On October 15, 1973, VIMI will
supercede VIMO (documentation dated: 7/26/71) and will be available to
UNI-COLL customers. This program provides an arbitrary function fit to a

set of data points. The new version provides a reduction in run time, larger
program capacity (parameter estimates and number of independent variables),
more accuract resuits, a CPU execution time report, and more readable Tistings
of control card parameters and output results.

GNLLS is written in FORTRAN IV (G1).

CONSTRAINED OPTIMIZATION VIA MOVING EXTERIOR TRUNCATION
PROGRAM NAME: COMET

COMET (Constrained Optimization via Moving Exterior Truncation) is designed

to solve the general nonlinear programming (NLP)} problem. The program uses a -
new penalty function which controls convergence to a consirained solution. :
Specifically designed to be easily executed by those with Timited NLP exper-

jence, COMET is able to solve a wide variety of problems with varying numbers

of inequality and equality constraints and having as many as 100 variables.

COMET may alsu be used for unconstrained minimization and provides an option
for using a numerical differencing technique to approximate partial derivatives.
The program is written in double precision in FORTRAN IV (G?? and is due to

R. L. Staha and D. M. Himmelblau ut the University of Texas, at Austin.

3.2-2. System Simulation (Compiled from UNICOLL Newsletters)

GPSS V is an IBM Program Product particularly well suited for modeling
discrete systems which involve scheduling and queues. 1t offers ease in
describing systems whose logic is extremely compliex or which defy mathematical
description and has been used to solve probiems in information system design,
communications networking, and advanced management planning. Particle or
material-oriented, GPSS V empioys a variable time-incrementing method and a
specialized block diagram flowcharting convention. It offers the capability
to interface with routines written in Assembler, FORTRAN, and PL/1.

.
PO
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SIMSCRIPT 11.5 1is a powerful, versatile, general-purpose Tanguage. It pro-
vides excellent Tacilities for discrete system simulation and a wide choice

of statistical distribution functions. Event-oriented and employing a

variable time~incrementing method, SIMSCRIPT 11.5 interfaces with routines

in FORTRAN or Assembler Language. The programmer uses a free-form English-Tike
language which offers many optional words and synonyms for clarity of
expression. The UNI-COLL implementation is Release 7 of a proprietary

product from Consolidated Analysis Centers, Inc.

GASP II is a FORTRAN-based programming tanguage for discrete system simula-
tion, relying on pre-programmed FORTRAN subroutines. Simple and easily Tearned,
GASP II is event-oriented and uses a variable time-incrementing method. Its
programs are easily debugged. The UNI-COLL implementation includes a graph
routine for plotting histograms.

DYNAMO II is a programming language for continuous system simulation,
developed originally for studying the closed loop feedback systems typical
of industridl dynamics, in which systems are modeled as sets of differential
equations. Useful for any continuous system, DYNAMO II has been widely
employed to study business, social, economic, biclogical, psychological, and
engineering systems. The version implemented at UNI-COLL is a proprietary
release from Pugh Robert Associates, Cambridge, Massachusetts; it employs a
fixed time-incrementing method and a specialized flowcharting convention.

CSMP is an IBM Application Program for une modeling of continuous systems,
accepting problems expressed in the form of an analog block diagram or as a

set of ordinary differential equations. Problem-oriented control statements
facilitate input and output; the CSMP program interfaces with FORTRAN,

enabling the user to handle complex non-linear or time-variant problems with
ease. CSMP utilizes a fixed time-incrementing method; the UNI-COLL implementa-
tion includes an option for graphic representation of output on the CalComp
plotter.

GASP IV, a recently announced extension to GASP II developed at Purdue University,
is in effect a new simulation language comprising a set of FORTRAN sub-

routines for preparing discrete, continuous, or combined simulation models.
Experience with GASP 1V has been limited to date; in its development stage,

it has been used tc code a number of dynamic models from the systems dynamics
literature, a mechanical impact, slip-ciutch problem, and a chemical engineering
problem involving hydrogeneration reactions in four reactors.
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SAAM2E is a simulation, analysis. and modeiing program developed at the
National Institutes of Health primarily for simulation of biclogical systems -
more specifically, for kinetic models. Permitting both simulation and curve
fitting, 1t differs from other programs in that its language is oriented to
the biomedical system investigator; its elements and computational procedures,
likewise, are counterparts of the conceptualizations and experimental
methodologies used by this breed of researcher. Any set of mathematical
functions or equations (differential, integral, or algebraic) may serve as a
model, provided that a numerical or analytical procedure exists for their
soTution. A library of model types is incorporated within the program as
modular components for routine use. Made possible by the use of a single

set of computational parameters and variables throughout the program, a

common data input format is used for all model types. By minimizing the number
of entries required to specify a model and its constraints, its designers

have further simplified the use of this large, complex FORTRAN IV program,
which comprises more than 25,000 statements.

3.2.3 Analysis and Synthesis (Compiled from NASA Computer Program Abstracts 7/71)

NIMBUS ENERGY BALANCE COMPUTER PROGRAM
SOURCE: Radio Corporation of America, New York

FORTRAN IV 1,342 cards
IBM 360

The program performs an electrical energy balance analysis of each power system
on a per-orbit basis. The purpose is to simulate the operation of various

power subsystems as the spacecraft passes through a complete orbital cycle.

The simulation is accamplished by combining the known electrical characteristics
of the solar array, battery, source control devices, load power conditioning
devices, charge controller, system power losses, and spacecraft Toad profiles.

A running tally of the various power system operating parameters is provided
throughout the simulated orbit; these parameters are printed out at user-
specified time increments during the orbit.

CIRCUS: A DIGITAL COMPUTER PROGRAM FOR TRANSIENT ANALYSIS OF ELECTRONIC CIRCUITS

SOURCE: Boeing Co., Seattle Washington

FORTRAN H (93%), ASSEMBLER (7%) 6,987 cards
IBM 360, Release 1]

This program is designed to simulate the time domain response of an electronic
circuit to an arbitrary forcing function. CIRCUS uses a charge-control
parameter model to represent each semiconductor device. When given the primary
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photocurrent induced in the semiconductor devices, the transient behavior of a
circuit in a radiation environment can be determined. The program initially
sets up time-domain circuit equations from a topological description of the
network. Steady-state initial conditions are found by setting the
differential equations to zero, then evaluating the transient solution by
numerical integration of the differential equations. The program output includes
the input data and columnar Tistings of network variables vs time. Virtually
any circuit variable including currents and voltages internal to the semi-
conductor devices, may be displayed. Although no plotting capability is
ordinarily supplied with CIRCUS, provisions have been made for saving

variables on tape for subsequent plotting or further analysis by other programs.

ANALYSIS PROGRAM
SOURCE: General Dynamics Corporation, San Diego, Calif.

FORTRAN IV 1,421 cards
ChC 6400; IBM 7094

Determination can be made of the Laplace transform of linear electronic net-
works. The corresponding poles and zeros, as well as the frequency and/or

time domain response of a network can also be found. Input requirements are

a 1ist of elements (described by their terminal node numbers, element types.,

and elemental values), the input and output node numbers, and the type of
desired network function (driving point impedance, voitage transfer function, eic)
The program then calculates the coefficients of the required network function,
the poles and zeros, frequency response, and transient response to an arbitrary
input. Allowed element types are resistors, capacitors, inductors, non-ideal
transformers, and voltage-controlled current sources in arbitrary configuration.
Network size is limited to 12 - 15 nodes, 25 - 30 elements.

DC CIRCUIT ANALYSIS
SOURCE: Boeing Co., Seattle, Washington

FAP 4,260 cards
IBM 7094 with Boeing FORMON Monitor

This program analyzes any number of linear direct current circuits per run,
giving detailed results for each circuit. The program accepts as inhput the
topological description of the circuit to be analyzed. From this description,
tables are formed, and topological matrices are formed from the tables. The
topological matrices describe the circuit geometry and can be used throughout
an analysis of one particular circuit configuration. Matrices containing the
parameter values are manipulated with the topoiogical matrices to form the



system matrix. The system matrix represents a set of n independent simultaneous
equations which are solved for the voltages at the dependent and first-order
dependent nodes. From these voltages, the voltage at each second-order
dependent node is found along with the value of the connecting voltage source.
The program next finds the voltage drop across, the current through and the
power dissipated by each circuit element. Partial derivatives of any c¢ircuit
variable can be taken to determine the parameter value necessary to create the
desired worst-case condition and the sensitivity of a solution variable with
respect to all the circuit parameters.

A LTNEAR CIRCUIT ANALYSIS PROGRAM (CIRCS)
SOURCE: Jet Propulsion Lab., Calif. Inst. of Tech., Pasadena

FORTRAN IV 6,782 cards
IBM 1420/1311

The program can solve a linear network containing a maximum of 15 nodes
(excluding ground) and 45 branches. Transistors and diodes can be included
in the network as linear models and a special data card allows the user to
describe the base,collector, and g or G_ characteristics of the transistor.
Mutual inductance is not considered. A"Mandex Worst Case is available with
the dc program. The sensitivities computations in CIRCS gives the user a
perspective as to the percentage effect that a particular input parameter
has on a particular node voltage with respect to the remaining input para-
meters. Linear approximations for the differentials and integrals in the
transient program are substituted, thereby reducing the system of differential
equations to a system of algebraic equations.

GERT: SIMULATION PROGRAM FOR GERT NETWORK ANALYSIS

SOURCE: National Aeronautics and Space Administration, Electronics
Research Center, Cambridge, Mass.

FORTRAN IV 1,359 cards
IBM 1130

This program can accommodate GERT networks which have EXCLUSIVE-OR,INCLUSIVE-

OR and AND logical operations associated with the input side of a node. The
branches of the GERT network are described in terms of a probability that the
branch is realized and a time to perform the activity represented by the branch.
The time associated with a branch can be a random variable. The results
obtained from the GERT simulation program are: (1) The probability that a node
is realized; (2) The average time to realize a node; (3) An estimate of the
standard deviation of the time to realize a node; (4) The minimum time observed to
realize a node; (5) The maximum time observed to realize a node; and (6) A
histogram of the times to realize a node. Normally this information is obtained
for each sink node of the network. The program is written to permit the
information to be obtained for any node specified in the input data. A
comparison report is available which describes in detail the required input
data.

3-10
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ALTERNATING CURRENT CIRCUIT ANALYSIS
SOURCE: Boeing Co., Seattle, Wash.

FORTRAN IV (91%), MAP (9%) 1,341 cards
IBM 7094

The ac analysis program js used by an electronic design engineer to aid
in designing and analyzing linear ac circuits. The program automatically sets
up nodal equations from a description of linear ac circuit. Topological des-
criptions of the circuits to be analyzed are input. A1l parameter units are
assumed to be in volts, ohms, amps, and watts, although a consistent scaled
system may be used. Various matrices are generated from the nodal description.
The equations are solved for the node voltages which in turn are used to calculate
the voltage drop, current, and power dissipation in each circuit component.

It also checks the integrity of the network and its function. There is no
Timit to the number of circuits that may be analyzed in a single computer run.
Since the program can analyze any number of civcuits per run and gives very
detailed results for each circuit, the program will result in a very signif-
icant tool for automated circuit design.

GERT EXCLUSIVE OR PROGRAM: COMBINING PATHS AND LOOPS OF ELECTRICAL NETWORKS

SOURCE: National Aeronautics and Space Administration, Electronics Research
Center, Cambridge., Mass

FORTRAN IV 849 cards
IBM 1130

) The program reduces ar electrical network with multi-parameter branches
to a network which has only a single branch connecting source nodes to sink
nodes. It calculates the probability, mean and variance of the time to go
from each source node to each sink node of the GERT network. It also deter-
mines the paths and Toops associated with the network and ccmbines the values
associated with paths and Toops according to a topology equation which
obtains the parameters associated with the equivalent.

A HEURISTIC FOR COMPUTER-AIDED SYNTHESIS OF MULTIPLE-OUTPUT ALL NAND COMBIN-
ATIONAL-LOGIC CIRCUITS

SOURCE: Sandia Corp., Albuquerque, N. Mex.
FORTRAN 11 846 cards
SDS 930, CDC 3600

Logic circuits consiui ¢ two primary types: combinational and sequentisl.
The combinational logic circuit derives its output from inputs that are
present at a given time, while the sequential-logic circuit contains memory
elements such that its output is determined by the inputs present at a given
time plus the time history of these inputs. Using the heuristic, this pro-
gram performs the necessary operations for evaluating the heuristic and
synthesizing combinational-logic circuits. In additior to three-input,
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one-output circuits that are synthesized, four-, five~, and six-input,
one-output circuits have been attempted to determine if the heuristic
fails as the complexity of the desired circuit increases. Only six-input
circuits with memory overflow do not complete. Because of the computer
memory size, no more than six input circuits can be synthesized with the
program. Seven inputs could be handled with more efficient use of
memory, but, beyond that, more than one core Toading would be required.

PERFORMANCE ANALYSIS OF ELECTRICAL CIRCUITS (PANE)
SOURCE: Boeing Co., Seattle, HWash.

FORTRAN H (66%), ASSEMBLER (34%) 5,600 cards

IBM 360, Release 1]

An automated statistical and worse case IBM system 360 computer
program performs dc and ac steady state circuit analyses. The program
writes a set of real (dc analysis) or complex (ae analysis) circuit
equations in matrix form from a topological description of the circuit
components and their interconnections. The program determines the worse
case circuit performance by solving the circuit equations with each input
toleranced to produce the minimum and maxumum value of each output para-
meter. It also performs a Monte Carlo statistical analysis by solving
the circuit equations repeatedly, using random selections of the input
parameter values, according to user specified density distributions, thereby
producing a statistical variation of each output parameter. The program
handles 60 dependent nodes {other than ground or those connected to
independent voltage sources). The ac program accepts resistors, capacitars,
inductors, independent voltage and current sources, voltage dependent current
sources, any ac equivalent transistor model using voltage dependent current
sources, and diedes represented by their ac equivalent.

GENERAL FREQUENCY RESPONSE PROGRAM
SOURCE: Boeing Co., Seattle, Wash.
FORTRAN IV (95%), MAP (5%) 1,071 cards
1BM 7094/7044 DCS

In recent years, perhaps due to early successes in military applications,
the analysis of automatic control systems has become an important problem in
many diverse discipiines. A central question is that of stability: Do the
dependent variables describing a dynamic system remain bounded under the
perturbations arising from the physical environment? Because of its ease
of application, the frequency response method is a natural tool for stability
investigations. This computer program provides the frequency response of
any linear feedback control system. The General Freguency Response Program enables
computation of the open loop frequency response of a closed loop control
system. The system characteristic matrix, obtained from the Laplace trans-
formations of the dynamic and control equations, is input to the program.

A variety of outputs is available, including a detailed print, a summary
print, and Nyquist and Bode plots. Other program features of interest are
parameter variation, amplitude to decibel conversion, and linear interpolation

of amplitudes and phases at critic%iqepints.
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SOLUTION OF NOMLINEAR ALGEBRAIC EQUATIONS CHARACTERISTIC OF FILTER CIRCUITS
SOURCE: Northrop Space Labs., Hawthorne, Calif.

FORTRAN IV (99%)., MAP (1%) 6,160 cards

IBM 7094, SC 4020 Plotter

This program is designed to solve sets of nonlinear algebraic equations,
which are characteristic of filter circuits. The unknowns in the equations
are the values of resistances, inductances, and reciprocals of capacitances
which occur in a filter circuit. Each equation consists of a sum of terms
with each term consisting of the product of several unknowns and with the
coefficient of each term equal to unity. This program has been used successfully
to solve sets of equations in 6 unknowns and 13 unknowns. The program
utilizes a combination of Kizner's method and the Freudenstein Roth technique
in solving for the roots of the equation. After obtaining the roots, the
program selects standard circuit components whose values approximately
match the actual roots.

PROGRAM FOR IMPROVED ELECTRICAL HARNESS DOCUMENTATION AND FABRICATION
SOURCE: General Electric Co., Philadelphia, PA

FORTRAN IV(98.4%), MAP (1.6%) 5,594 cards

IBM 7094

A package of programs produces an automated printout of the electrical
harness interconnection wiring table, necessary subsequent to the establish-
ment of electrical harnessing requirements for the Nimbus Spacecraft. The
programs provide an automated crosscheck of reciprocal pin/connector assign-
ments, and improve the accuracy and reliability of final documented data.

The interconnection wiring table stipulates wire size and type, connector
identification and type, pin identification, shielding, splicing and bussing
requirements, special harness fabrication and test requirements, and identifies
reciprocal pin/connector assignments for all wiring within a harness segment.
The interconnection table provides the basic information for the preparation

of harness parts listings, mockup harness development, harness drawings,
harness boards, and fabrication and testing of prime harnesses.

ANALYSIS OF DC CIRCUITS (R1113)

SOURCE: Mational Aeronautics and Space Administration, Langley Research
Center, Langley Station, Va.

FORTRAN IV (82%), MAP (15%), OBJECT (3%) 8,023 cards
IBM 7090/7094

ASAP (Automated Statistical Analysis Program} is a D. C. circuit analysis
program. In contrast to previous programs, ASAP does not require that the
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circuit equations be written and solved to produce a Monte Carlo statistical
analysis. By using a nodal description of the circuit in English text free-
format style, ASAP will write circuit equations, solve them algebraically,
write and compile a FORTRAN subroutine, and run the statistical analysis. A
considerable amount of programmer time can be saved and careless arrors
eleminated by this method. The ASAP 11 program is designed and programmed
to accept the user's simple topological description on his circuit, and the
component parameter information, such as their nominal values, the tolerances
and the type of densityfunction that characterizes each component. The
output of this program is another computer program which contains all the
statistical information and mathematical models of the circuit and its non-
Tinear components. The second part of this program, STRESS, performs the
statistical analysis.

DETERC

SOURCE: Rocketdyne, Canoga Park, Calif.
FORTRAN IV 510 cards

IBM 7094

Laplace transfer functions of networks are determined. Inputs to the

program are of determinants of second-order expressions, usually containing L, C,

and R of electrical networks or analogous quantities. The program expands

the determinants by minors to obtain the numerator and denominator polynomials
of the transfer functions. These polynomials are then factored using BROOT as a
subroutine. (See MFS-1502, M69-10328, Volume 1, Numbers 1 and 2, July 15, 1969
of this publication.) Determinants up to the tenth-order (10 . 10) can

be used.

A DIGITAL COMPUTER PROGRAM FOR PASSIVE METWORK SYNTHESIS SUBJECT TO A QUANTIZED
VALUE CONSTRAINT

SOURCE: International Business Machines Corp. New York
FORTRAN IV, E-Level Subset 626 cards
IBM 360, Release 11

This program synthesizes an electrical network. It determines that combin-
ation of element values which yields a close approximation to a desired transfer
function denominator for one of several neiwork configurations from which any
element{s) may be deleted. It is the responsibility of the user to determine
the tank circuit values which give the desired numerator, and to determine the
resistor values which give the desired resistance. These determinations can be
made using conventional network analysis techniques. The criterion for the
selection of a particular set of component values is the summation of the
squared differences between the coefficients of the desired transfer function
and the corresponding coefficients for the specified component values. In order
to minimize the total error, an organized search is made on the undetermined
component values. This is done by perturbing individual elements and deter-
mining the effect on the total error. . -
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REALIZATION PROGRAM

SOURCE: General Dynamics/Convair, San Diego, Calif
FORTRAN IV (100%) 1,244 cards

IBM 7090; CDC 6400

Frequency selective networks are designed when the netwe -k configuatien
or topology is given. The element values are perturbed unzil the final
design (if possible) is achieved. The program specifies the final design
by prescribing element values and/or a network function T(S). It is assumed
that the appicximation problem has been solved and that the coefficients
of the desired network functions are known. The principal features of the
program are its abilities to accept arbitrary topologies, to grow new elements,
and to converge rapidiy. It is possible to generate filters with prescribed
loss from lossless filters or to design bandpass amplifiers to accomodate
transistors with prescribed small signal equivalent circuits. Also, the
frequency characteristics of networks can be altered by adjusting certain
elements. For example, passive or active 1inear phase filters can be trans-
formed from a design originally having a Tchebysheff amplitude response.

DIGITAL FILTER SYNTHESIS PROGRAM

SOURCE: National Aeronautics and Space Administration, Ames Research Center,
Moffett Field, Calif.

FORTRAN IV (33%), MAP (67%) 1,557 cards
IBM 7040/7094

This program allows any continuous function of a complex variable to
be expressed in approximate form as a computational algorithm or difference
equation. Once the difference equation has been developed, digital filtering
can be performed by the program on any input data. The bilinear transform
method of digital filter synthesis orginated by Steiglitz is automatically
implemented by the program. The method allows synthesis of the difference
equation for digital filtering with the initial specifications for filter
performance given in terms of the analog prototype in the frequency domain.
Thus, the digital filter can be derived from the transfer function for the
real time analog equivalent network. Documentation for this program is also
available as NASA TM X-62000 from the National Technical Information Service
(NTIS). Springfield, Virginia 22151.

ELECTRICAL FILTER SYNTHESIS PROTOTYPE
SOURCE: Lockheed Electronics Co., Plainfield, NJ
FORTRAN IV 1,746 cards
IBM 360/44
Synthesis of one of three different types of electrical filters is provided;
the maximally flat or Butterworth filter, the equal-ripple or Chebyshev filter,

or the linear-phase or Bessel Filter. The filter mav have one of four possible
pass-band characteristics; low pass, high pass, band pass, or band reject. The
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program is designed for use with two digital cathode ray tube screens. One
tube displays instructions for the operator's selection, and the other dis-
plays the results of the frequency response analysis for the systhesized
filter.

PASSIVE NETWORK DIGITAL PROGRAM

SOURCE: Boeing Co., Seattle, Wash.

FORTRAN II (44%) FAP (55%), OBJECT (1%) 5,791 cards
IBM 7094

This general purpose program is designed to perform the analysis of any
linear Tumped-parameter passive electrical network. The network is described
to the program by 1isting elements and the direction of lcop currents flowing
through them. The program also calculates the poles and zeroes of input
impedance and transfer admittance, and the frequency response of both. The
passive network program is written in FORTRAN 2. However, some of the subrou-
tines are coded in FORTRAN assembly language {FAP} and are not available
on the source level. Therefore, all production is done using a binary version
of this prograw. This binary deck has been generated on an IBM 7094 computer
operating under a FORTRAN 2-version 3IBSYS monitor. It is doubtful that the
binary deck will function properly under ahy other system than the une men-
tioned above.

IBM ELECTRONIC CIRCUIT ANALYSIS PROGRAM (ECAP) VERSION 1
SOURCE: Boeing Co., Seattle, Wash.

FORTRAN H 5,649 cards

IBM 360, Release 11

The Electronic Circuit Analysis Program (ECAP) is an integrated system of
programs to aid in the design and analysis of electronic circuits, Dc, ac,
and transient analyses of electrical networks can be produced from a descrip-
tion of the connections of the network (the circuit topology), a list of
corresponding circuit element values, a selection of the type of analysis
desired, a description of the circuit excitation, and a list of the output
desired. ECAP recognizes standard electrical circuit elements. Any electrical
network that can be constructed trom the different elements in the set can be
analyzed by ECAP., There is almost no Timit to the number of ways that the
circuit elements can be arranged in the network. The set of standard circuit
elements does not include electronic components, but in many cases, these
components are easily simulated by means of equivalent circuits constructed
of standard elements. Examples are included in this manual that involve the
use of equivalent circuits.



BELAC

SOURCE: General Electric Co., Philadelphia, PA
FORTRAN IV 11,117 cards "
IBM 7040; GE 635

A method of quickly simulating a linear, time-invariant, lumped-constant
network is provided. Input consists of the component values and their inter-
connections. Components recognized by the program include resistors, capacitors,
inductors, independent voltage and current generators, voltage or current
generators dependent on voltage or current, transformers, 2-part parameters,
transfer functions, and gyrators. OQutput can be currents, voltages, impedance,
gain, etc. One run produces any or all of the following concerning the output
variables: frequency or time response tabulated and pliotted, ac/dc sensitivies
to parameter variations, ac/dc worse case analysis, optimizing to a fregquency
domain or dc specification, poles and zeros, etc. The most imporiant assets
of this program are its simple input format and its fiexibility.

PASSIVE NETWORK PROGRAM

SOURCE: Boeing Co., Seattle, Wash.
FORTRAN IV (100%) 1,128 cards

IBM 360

Calcuiations are made of the input impedance and transfer function of
an electrical network composed of such components as capacitors, resistors,
and inductors. The poles and zeros of the input impedance and network transfer
function are computed. A user description of the network is provided using
a problem-oriented input data sheet, and the input impedance and transfer
function are expressed as ratios of real polynomilas P(s)/Q(s). The roots of
P(s) and Q(s) are also expressed. The program can be used for any R-L-C
filter network with a maximum of 40 components and 20 current Toops.
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3.3 Design Factors

A multitude of factors influence design decisjons both directly and indirectly.
Twenty-four reports were identified that provide information that will des-
cribe the nature of the interaction points in the management program (e.g.,
relative trade-off parameters). These documents were identified in a Task 3

Report, "Modeling and Analysis Techniques". (See references)

3.4 Desian Procedures

This section deals with conventional methods of power processing system desian.
Computerized desiagn procedures have normally evoived from such conventional
procedures. Information from these references shed 1light on what assumptions,
decisiens, and conclusions were made in the past computerizations of design

procedures, and twenty such references were documented in the Task 3 Report.

3.5 Component Design

The nature of components intluences the nature of a design procedure. Sixty-
three examplies of specific subsystem characteristics that will dictate the
nature of the format of computerized storage of a Targe number of subsystems
were documented in the Task 3 Report to provide the significant key words to

be used in a random access memory information storage system.

3.6 Comnlete System Examples

Twenty-nine examples of complete power processing systems that have svolved
from both conventional and computerized design procedures were documented in
the Task 3 Report. They will indicate the nature of final reauirements of a

completed system and hence the goals of the desian process.

3.7 Power Sources

The nature of the power source greatly affects power processing system design.
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A11 viable electrical power sources were reviewed from a system characteristics
point of view to account for the processing system dependency on power sources.
The information that resulted from this review of available data was documented
in the Task 3 Report, and was divided into the following subheadings:

1. Power System Comparison {15)

N

Brayton Cycle Systems (24)
Rankine Cycle Systems (13)
Magnetohydrodynamic Systems (4)

Thermionic Power Systems (7)

(=) BENN & 7 B

Thermoelectric Systems (24)

Systems for Nuclear Auxiliary Power (SNAP): Applications (10)
Solar Arrays (28)

9. Storage Batteries (4)

10. Power Source Applications (35)

Numbers in parentheses indicate the number of topics documented.

3.9 Summary and €onclusions

Three computer languages that possessed sufficient interactive capabilities
were reviewed. Table 3-1 shows their relative features used as a system im-
plementation tool. A choice will be made from these three alternatives for
implementation as the management program Tanguage. The final choice will be
the one best suited to the design methodology in terms of:

1. Independence of subprograms

2. Variety of data structures

3. Method of storage management

4. Debuaging capability

5. Proven reliability of language
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Documentation method

Speed of language processor
Operation cost

Arithmetic features

File handling capability

Linkage cavability
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Table 3-~1

Features of Languages used as a System Implementation Tool

FORTRAN

APL

PL/T

Speed of the language
pracessor

Fortran H and G compiler
Very fast {in the sense running
cbject code)

APL 15 an interpretor
Slow
No way to get object code

PL/T optimizer

Very Fast

PL/I checker

Used for one-shot program

Price of using the language

Very economical

Relatively expensive

Economical

Arithmetic in the language

Double precision available
Complex operation

Precision up to 14 digits.
Complex Operation

Double precisfon available
Complex Operation

File hand1iug capabiTity

Files handled by the aperating

system

READ, PRINT statement allows
user to create and retrieve
dats ’

Yariable name used as a file
nagme

There 15 no difference between
& variable and a file

READ, GET, WRITE, PUT statememts:
allow user to create and re-

trieve data

There are two kinds of inputf
output operations, ene is RE

the other is STREAM

Linkage to other programs

Use linkage editor

Use tinkage editor

Independence of subprograms

Variable cannot be the same

.

Function structure lanquage

Block structura Tanguage

Variety of data structure

Integer, real number, array,
ete.
tlo 1ist processing capability.

Character string handled pooriy

Integer, réal, complex, array,
atc.

Vector & array handled very ef-
ficiently

Integer, reall complex, charac-
ter string, array, & structure
Has 1ist processing capability

Method of storage management

tatic

Static, controlled

Static, controlled & autcmatic

Debugaing tools

Trace

Trace

Trace, "ON" statement

State of Tanguage

Stable, widely used, good
seryice - ma2y be phased out
hrithin ten years

Growing, going to be widely
used

Stable, widely used, good
service

Maintenance of the
program.

Easy to read the code ’

.l

Code i5 very compact

Easy to read the code
Partially self-documentable
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4,0 FORMULATION OF A METHODOLOGY

The program as envisioned specifies power processing subsystems based on mis-
sion objectives that determine primary and secondary characteristics, system

constraints that may.modify these characteristics, and a data file of existing
equipment for comparison. Additionally, routines could be prepared to synthe-
size a power processing subsystem if no data existed, and this combination of
historical data and simulation would permit configuring a system from the op-

timum combination of power processing subsystems.

4.1 Design Procedure

The main function of a power processing system (PPS) in a space vehicle is to

supply the energy generated by an energy source to the Toads (see Figure 4-1).

The Toad equipment includes units essential to the operation of the space

vehicle itself as well as units essential to the fulfillment of the mission

If'“" ™
=] LoAD o 1 l
| |
| I
= LOADNO,2 | |
. i ]
ENERGY | poweR PROCESSING | | ] [
SOURCE SYSTEM (PPS) | [
l |
™| LOAD NO. 3 |
| |
=1 Loapno. 4 | |
S -
LOADS

Figure 4-1. Power System .Block Diagram
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objectives. This equipment has various energy requirements and operating con-
ditions such as voltage level, voltage type (ac or dc), voltage wave shape,
frequency, regulation characteristics, etc. A1l these characteristics must

be generated within the PPS and then supplied to the respective loads. The

PPS demands some energy and has its own operating characteristics as weli. It
consists of subsystems which are made of several components. A PPS may include,
for example, the following subsystems: energy storage devices (batteries or
capacitors), charge-discharge controlier, converters, inverters, regulators,

etc.

Figure 4-2 is a block diagram of the prucedure developed for the design,
modeling, simulation, analysis and evaluation of power processing systems.

Block No. 1 receives all data and information available related to: (1) mis-
sion objectives, (2) mission constraints, (3) space vehicle type, functions
and environment, (4) Toad unit specifications and operating characteristics,
and (5) energy sources available and their capabilities. These data and in-
formation are organized, classified and utilized to construct a set of criteria
used to search for applicable power processing subsystems. 1In Block No. 2,
these criteria are used to search for readily available subsystems (hits)

which satisfy the required characteristics and specifications.

In Block No. 3, any required subsystem which is not Tocated by the search pro-
cess will be conceptually synthesized to conform with the specification infor-

mation given in Block No. 1
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Figure 4-2. Design Process Block Diagram

After completing the search, all subsystems obtained from Block No. 2 are sorted
in Block No. 4 according to a priority list (from the most to the least de-

sirable for the PPS) guided by the information in Block No. 1.

In Block No. 5, an assembly of the PPS is made from the most desirable systems
as selected in Block No. 4 and using conceptually synthesized subsystems from

Block No. 3, if needed.

In Block No. 6, the assembled PPS will be evaluated to determine whether or not
system constraints such as total weight, volume, cost, etc., are met., After
evaiuation, the resultant PPS will be modeled and analyzed in Block No. 7 to
determine whether performance criteria are met. The data and information of
Block No. 1 provide the several criteria for the evaluation, modeling, and

analysis processes.

If the model does not satisfy the design cbjective of Block No. 1, the avail-

able subsystem designs are reordered in Block No. 8 and other assemblies from
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the other hits of available designs of subsystems are evaluated, modeled and

analyzed.

4.1.1 Input Information (Block No. 1)

Mission objectives, mission constraints, and space vehicle function requirements
data are collected. These data are processed to develop the specifications of
the several subsystems and the criteria which will be the basis for the search

and synthesis processes in Block Nos. 2 and 3.

Figure 4-3 shows a schematic construction of Block No. 1. Note that.the mis-
sion objectives (e.g., Mercury scan, Venus scan, interplanetary, atmosphere and
surface data collection) and the mission data and constraints (e.g., mission
duration of both transit and orbit, mission budget, mission control system, or-
bit characteristics of period and size, etc.) will determine the spacecraft
design requirements including: type, injected weight, configuration, energy

;3 L MiSS|ON OBJECTIVES

‘ 2. MISSION CONSTRAINTS

3, M]SSION DATA

4, SPACE VEHICLETYPE
5. ENERGY SOURCE

1

DEFINE LOAD UNIT SPECIFI-
CATIONS AND CHARACTERISTICS
{L-LOAD UNITS)

1

DEFINE POWER PROCESSING
SUBSYSTEMS
{n-SUBSYSTEMS}

Y
CONSTRUCT SEARCH

CRITERIA IN A MATRIX
FORM

Figure 4-3. Block No. T Schematic
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source capability and configuration, control system, stabilization system,
communication system, launch vehicie, etc. Having defined the mission ob-
jectives and constraints and having selected the spacecraft, the various Tload
units required to achieve thﬁse objectives within the mission constraints and
to operate the spacecraft within its power capabiiity, can be decided upon.
Load units may include: gyros, sensors, TV systems, transmitters, receivers,

control systems, instruments, tape recorders, heaters, valves, data handling

system, etc.

Each of these load units has its operation characteristics and requirements
which can be identified (e.g., voltages, current, frequency, power, priority

with respect to mission objectives, reliability, etc.).

The priority level of each Toad unit with regard to its importance and neces-
sity for the mission objectives and spacecraft operation is given a priority

index of 1 to 5, with 1 being the highest priority.

The data and information are classified and categorized according to common
criteria among the load units (e.g., ac voltage, dc voitage, 26 volts, 120

volts, 400 Hz, 3 phase, etc.).

With the missjon objectives and constraints known and with the spacecraft
functions and energy sources known, the characteristics and specifications of
the required subsystems of the PPS can be identified. These characteristics

and specifications are grouped in a search matrix which may take the form

shown in Table 4-1.

4,1.2 Search Procedure

Table 4-1 has been constructed from load unit requirements and characteristics

: g gt
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Table 4~1. Power Processor Criteria
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and provides the basis for search of the power processing subsystems data file _

for applicable subsystems.

After Table 4-1 was constructed, a combination of all common requirements of the
several loads requiring processed power must be performed. This leads to a
specification of:fhe number of characteristics of the subsystems required to
deliver prdcessed power to the locads. There is, however, no unique number of
subsystems which should be used in the power processing system. For example, a
centralized voltage regulator may be used or the voitage regulation may be per-
formed by a number of relatively small regulators. The number and characteris-
tics of the power processing subsystems also depend upon the type of energy
source. Characteristically, solar arrays are used for earth-orbital missions
and for inner-planetary missions, while radioisotope thermoelectric generators
are used for outer-planetary missions. Also, in specifying the number and
characteristics of the subsystems, it should be recognized that not all Toads
are used simultaneously and the total power rating of the power processing
system will frequently be far less than the sum of the power ratings of the

several loads.

Figure 4-4 shows a flow diagram for the search procedure. The several biocks

in this figure are discussed in the following paragraphs.

4,1.2.1 The Filing Systenm

The structure of the Power Processing Subsystem Data File is shown in Figure
4-5. This data file contains descriptions of power processing subsystem de-
signs jn terms of the criteria listed in Table 4-1. The file is placed 1in
secondary storage, probably disk storage. At the front of this secondary

storage (i.e., in the initial records), a directory will assist in interpreting
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] CRITERIA. .
' {FROM BLOCK 1)
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FILE
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Figure 4-4. The Search Procedure
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Figure 4-5,

The File Structure
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the content of the files. The df rectory contains the key to the wain file and
to several inverted fﬂes which correspond to particular search criteria. A
frequéncy inverted file would contain the key to file storage based on the fre-

quency of the subsystems, as shown in Fidure -5,

FREQUENCY KEYS TO THE MAIN FILE ;
100 Hz A, B, !
500 Hz CDEF :

1000 Hz G,
VOLTAGE KEYS TO THE MAIN FILE
20V ()]
28V E F, G H
LAY A,
100V B,

Figure 4-6. Examples of Inverted Files

4,1.2.2 The Search Algorithm

Figure 4-7 shows a flow diagram for the search algorithm. The search for ap-

plicable subsystems proceeds in two modes: (1) the directory mode, and (2)

the file mode. ~— .___l.___..._}
SECONDARY STORAGE UNIT L SERFORM i
I DIRECTORY i
| SEARCH |

FItE
DIRECTORIES | FREQUENCY [VOLTAGE |prases { 1] 1] 1] | |
POWER 1 |
PROCESSING{ T ¥ | |
SUBSYSTEM 1 ’
DATA FILE i | l
[l accesswis [
1] OFTHEDIRECTORY | |
| SEARCH |
l i |
N I
| searc | |
I l
Figure 4-7. The Search Algorithm | ? |
L e =
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In the directory-mode search, the operator/designer will specify several cri-
teria for which the directory contains a key to the main file. For example,
an initial search might be used upon a voltage criterion. The keys corres-
ponding to all suitable subsystems are determined. The next search might then

be based upon a frequency criterion. Again the keys corresponding to the cur-

rent criterion are determined. Any common keys resulting from these two searches

are retained as "hits" from the directory-mode search.

In file-mode search, the "hits" from directory-mode search are used as a re-
duced sample space for a search for "hits" conforming to the remaining criteria,

i.e., phase, reliability, cost, weight, etc.

The file-mode search proceeds in passes, one pass for each criterion, using the

results of the previous pass as a reduced sample space.

In file-mode search, there is active interfacing between the operator;/designer
and the computer. This actjve interfacing permits ihe operator/designer to se-
lect the options which will expedite the task. One option available is to pro-
vide a display of the closeness of non-hits on each pass. An example of this
option is the following command:

DISTRIBUTION m{p)k
This command would display the number of non-hits in pass number m that are
within p increments of the criterion, where k is the size of each increment.
For example, in the command:

DISTRIBUTION 4(3)10
4 indicates the 4th pass, which could be the voltage range pass; 3 indicates

that we wish to see the voltage non-hits within 3 increments of ten volts each

from the desired voltage Tevel. The command might yield:



9 non-hits within 10 volts
17 non-hits within 20 volts

51 non-hits within 30 volis

During Tile-mode search, the operator/designer also has the options of: (1)
altering subsystems requirements to obtain more hits, and (2) adding arbitrary

hits independent of the search.

4.1.2.3 Pre-Analysis

Afier the search has been compieted {and the operator/designer has perhaps
exercised his options of altering subsystem requirements to obtain more hits

or has added subsystems independent of the search}, a number of hits for each
subsystem results. A pre-analysis phase is then entered, the type of pre-
analysis being dependent upon whether or not the number of hits for a desired

subsystem is finite or zero.

4.1.2.4 Pre-Analysis Without Hits

If no hits are obtained in the search for a particular subsystem, synthesis

is implied. Pre-analysis then determines: (1) the feasibility of the re-
quired subsystem (cost, weight, etc.), and (2} the complexity of the required
system. If the subsystem appears feasible, the subsystem is "conceptually"
synthesized in Block No. 3. If the subsystem does not appear feasible, the
subsystem search criteria are altered and the search for this subsystem is

repeated and, if necessary, the pre-analysis is repeated as well.

4,1.2 5 Pre-Analysis With Hits

IT there are hits in the search for a particular subsystem, pre-analysis de-
termines: (1) whether or not the operator/designer's options have altered

the system constraints, and {2} the compatibility of the subsystem with the

4-11



other subsystems which have been selected.

4.1.2.6 Concluding the Search

Referring again to Figure 4-4, it is seen that the search concludes, for a par-
ticular subsystem, after a design has been Tocated in the file that is then
found to be feasible, or if no feasible design is found, after the subsystem
has been "“conceptually" synthesized. The search continues until all required

subsystems have been found or have been conceptually synthesized.

4.1.3 Subsystem Synthesis

If the criteria for a particular subsystem cannot be satisfied by an entry in
the Power Processing Subsystem Data File, then that subsystem is "conceptually”
synthesized. That is, the power processing subsystem that is unavailable is re-
placed by a constructed set of parameters that satisfy the criteria established
for the subsystem. The "conceptual" subsystem is regarded as a "hit". and the
constructed parameters are inciuded in the system assembly (Block No. 5). The
dynamic characteristics of the conceptual subsystem are modeled so that the
total power processing system can be analyzed {Block No. 7). Should the system
perform well and meet all of the system constraints while using these dynamic

characteristics, circuit synthesis can be justified.

4,1.4 System Assembly

4.1.4.1 Sorting Available Designs of Subsystems (Hits) (Block No. 4)

After completing the search for available designs of subsystems and the concep-
tual synthesis of unavailable subsystems, the sorting of these subsystem designs
takes place. According to some criteria (e.g., power rating, weight, cost. re-
1fability, etc.), the most desirable design is given the highest rank. The

Teast desirable design is placed at the bottom of the stack. Thus, for the n
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subsystems of the power processing system each having one or more available de-
signs, the order of the available designs may take the form of Table 4-2. Note
in Table 4-2 that Subsystem No. 1 has k available designs, Subsystem No. 2 has

only one, and that the highest number of hits is m., For synthesized subsystems,

the number of hits will normally be only one.

Table 4-2. The Ordering of the Subsystems

Subsystem
Availnble Designs 1 > 3 1o b....n
t 4 Gy by 9y 9 4
¢ diy dip Y4z 9 9
8 dq 933 d43 Y5
4 4y 94 Yy
k 9 Dax
m d
rm

4.1.4.2 Assembly of the PPS {Block No. 5)

Having ordered the available designs of the subsystems according to their de-
gree of desirability for the most desirable subsystems, the system is assem-
bied from the most desirable systems. This assembly is a complete design of
the power processing system if no synthesized subsystems need to be included.

A block diagram presenting the power processing system is constructed to show
the interrelationship between the various subsystems and to show their func-
tions. The assembly and the block diagram are evaluated and modeled and analy-

zad in Block Nos. 6 and 7, respectively.
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4.7.5 System Evaluation

The assembled power processing system has a set of characteristics and speci-
fications which are the result of the aggregate sum of the characteristics and
specification of its subsystems. These characteristics and specifications are
evaluated (see Block No. 6 of Figure 4-2) with respect to mission objectives
and constraints. For exampie, there may be Timitations on the weight, power

rating and cost of the PPS. Hence, it is necessary to compute:

n
Total Weight = W, = = W Tbs

]
el
t
1l
~1 S
el
-
=
a1}
ot
‘—f
wn

Total Power Rating

Total Cost = Ct =
;

[ S0 g Mibee |

Cy dollars
1

where n is the fotal number of subsystems in the PPS. If the constraint is
violated, the operator/designer selects an alternative design for a subsystem
which has more than one avajlable design and which is a promising candidate to
remove the violation. For example, if the weight constraint is violated, the
subsystem that normally has a great weight but for which some available d=2signs
have substantially less weight than average merits consideration. The available
designs for this subsystem would be reordered such that the design with the
least weight would be at the top of the stack. With the new subsystem replacing
the old design, the PPS is again evaluated. This process continues until a PPS

design is obtained which meets the objectives and constraints.

In case all of the available designs are exhausted for the subsystems having
multi-alternate designs, either a modificatien of the synthesized subsystem(s)

must be made or the system constraints must be modified.
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If the evaluation carried out in Block No. 6 proves satisfactory, modeling and
analysis is carried out in Block No. 7, which is described below. Note, how-

ever, that if the modeling and analysis reveals that a functional characteris-
tic of the PPS is unsatisfactory, another design of the subsystem, whose nature
is relevant to the functional characteristic, is chosen to improve the perfor-
mance. The reordering procedure mentioned above is used to select the required

design of the subsystem.

4.1.6 Modeling and Analysis

The power processing system which was assembled in Block No. 5 (see Figure 4-2)
and evaluated in Block No. 6 is modeled and analyzed in Block Neo. 7. For a
particular analysis, the procedure might include the following steps:
1. The circuit description (probably an admittance matrix) is retrieved
from the PPS data file for the final subsystem choices. Each sub-

system will have its own index of nodes and branches as in Figure

4-8.
SUBSYSTEM 1 SUBSYSTEM 2 SUBSYSTEM 3
Ve } Ve } (SYNTHES | ZED)
3
i | |
| i
e 3% 2R |
6 5 | [
2
? ¢ o Q2 4 | . 5 I 1 7
Q 1 ’—““‘_— fls) b—— 0 o ©
l\a 1| 0 c. |
| 1 4~ |
I | R
0 l 0 |
7 NODES | 6nopES P 2 noDEs

Figure 4-8. Subsystem Nodes and Branches
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A synthesis routine develops dynamic characteristics for any sub-

systems that were “conceptually" synthesized in Block No. 3.

The subsystem descriptions, admittance matrices in the case of
stored subsystems and transfer functions (dynamic characteristics)
in the case of synthesized subsystems, are combined onto one ma- ;i
trix with a common index of nodes and branches as in Figure 4-9.

This combination could involve: first a simple matrix formulation o
(e.g., four n x n matrices combine to form a 4n x 4n matrix), fol-
Towed by a node suppression scheme. This will yield the basis or
linearly independent set of row vectors of the admittance matrix

by eliminating redundant nodes.

+Vce
10 )
%Rl ;Rz ;Ra .L%
1 2
e oo—0Q 4 9
1
I/62 f{s) ¢ea
[ 5
ORI
g 1]
11 NODES i
Figure 4-9. Combined Circuit
"First order" simplifications of the system circuit are performed i
by a branch suppression scheme. For instance, both Rg and Ry, and .

Rg and Rg of Figure 4-9 would combine to reduce the branch dimension

&
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of the admittance matrix (as it turns out, also the weight and cost
of the system are reduced) by one each. The extent of simplifica-
tion could be controlled by the uperator. He may wish to combine
all parallel resistances, RC combinations, etc. "Higher order"
simplifications could be handled interactively, e.g., elimination
of redundant or unnecessary networks. The "higher order" simpli-
fications demand that the circuit diagram be available so that the

operator can "see" the circuit and then make suitable changes.

At any time, the option will be available for the operator to
change any component in the circuit, or even "go back to the be-

ginning" and introduce a new subsystem.

At some point, a final admittance matrix wiil resuit and the vari-
ous analysis options are now ready to be accessed. The available
options could include: transient response, stability analysis,

sensitivity analysis, overload analysis, steady state analysis, etc.

The manadement program will enable the operator to access any
circuit analysis program in the "system library". The routines

may be stored as sub-programs. (Tables 4-3 through 4-6 compare a
number of circuit analysis programs that may be used in the modeling

and analysis.)

An important part of the management program will be a set of for-
mat conversion routines that can convert the circuit description
{admittance matrix) of the management routine to the input formats

of the analysis programs.
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GENERAL INFORMATION ON CIRCUIT

Tahle 4-3

ANALYSIS PROGRAMS

@ Timp
Type Of Approx Cora Compulprs | In
. Analysls tie, Of fenuirementn | On Which | Uso Debug Topolegical Program
Pragziamn Name Lincar | Kealinear Statements | (Bylas) Operating | [(Years) | Status Limia Documentalion] Avallability Unlque Prrogram Featurcs
ANP] X 4K 50 Kto 1,2,3,4,5,| 2 Complete | 100 Good No Restriclons| Excellenl Teaching Program Writlch 1nh FOITRAN
135 K 72 firanches and ALGOL
‘ 19 Nodes
OELAC x 10K 120 K L] ] Completo Norne @ Good Ho Avallable oo Thne Share, Lstch, xod Romote Datch
| reatrictions ® .
COMPACT X 2K 64 K 2,8,7 2 Complete § £ 2nd 2 Good o @ Mlcrowsve Destgn and Gptimization
fort
Tepalogles fieatrlctiona
TR | X IK 80 K to 2,4,0.7 [ Complete | 30 Elementa| Geod o Nestriclions| State Eg Orlented Completely ANSt and
1 | to H FOUTRAN 4
. ! H 110K 70 Elements
PLISA ' X - 40 K T 5 Completo [ 125 Good No Acstrictlons| Provides Poles and Zeres and Dlock Diagrans
Elements
50 NoJoo
VART.IA X - 32K T 3 Completa | 2 Dort Good Ho Reatrictlons! Simple, Opcn Ended Library of Elements,
Topolales Aeapanses, Faat, Bullitn Funcllons and Froguency.
4 Traralormationy
i
: T A i kN LS K D nak 7 2 Conpleie | 30 | Cwad Ho Restrictlons] Primarily Sulted Lo Instruciion of Undgegraduates
1 Flemceta ¥
'SCAP X 14K T 126 K 7 0.6 Complcte | 200 Helcs | Good Nao Restrletlons| Hesponss Evalusted by Looplesy Coda
s00
Dranches
110 Coupled
Elemenls
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Branchos
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Table 4-3

ON CIRCUIT ANALYSIS
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PROGRAMS (CONTINUED)
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Table 4-4

ANALYSIS DETAILS

Table 4-5
INPUT DETAILS

Worst | Monta Yourler Elementa ! Conirotiw) Llbrary “Fracamiasion I:;’f;:lmrr
Program Name | AQ 0C | Senalvity | Cade | Corlo | Time| Optisizalon | Anslyais | FFT Gthep Aothvw [Pa1sive | Senrcos | Equationa| Elemonts | Tablen | Linos Sigeal hot
AN x| x* 4 Saml-Symbolig X X X X X X
BEIAC x| x* X X X X X LaPloes X X X b 4d X ks
Equations
COMPACT X = X Nolag Flguro - X X 5,Y.2,
Stablllty Factor and
Nolse
COHNAR X X x
LINA X % X oot Locus _
MANTITA X X X X X X X Wave-
guiles
ITRA Topalogleal
SCA Xl X X
SRAP . Symholle X X
ADA=TE X| X X X X
ASTAT x| X X X X X X X X X
BACSER X[ X X X X X X X X x
CL'RL2U00 x| X X X X X X
1MAG2 . x| x X X X X X X X %
fn-CAP X! X X X h X X X X X .
CINCLS-2 X X X X X X X
xal2 x| x ¥ X % x x Talerancn x x x s % X
SCEPTRE X Xre X X X X X
SYSCAP Kru X X X X(D X Fallure, Stress, X X X X X
Anlyscs

*  Frequeocy + O Mz
**  Notonall veraiona |

(D Tox avallable carly In 1074

-
1t
-

*Equailons far algmals - polymomials, poles, zeron, LaPlace transforms,
FONTRAN subroutines

*+Equations for clements - values are & function of timo, frequency, algnals, oihor
elemant trocking, otc.
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QUTPUTS

Dala Farmat Dwtails
Polos Dtlving
Printar Seattar | Envel Eloment | Moda | Elament | Voltsge And Translar Polnt Grovp Usar Ladlses (Treas,

Program Y%ama | Lists Plots Iatograma | Plows rlota Mlzcallancous Voirs Voits | Curront | Difforencea | Zeros | Funclos | Galn| Function | Dalev { Pheso| Speciled | Equaton |Elc,
AN3 * x b X X x x X
RELAL X X X X x X X X X X X x X x X
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Conlsing X X x X X X K X X X x X
1148 X X X X X x X
ST A ¥ X Smith Charts X X X X X X X X X
1A X X X X X x X x
sl X X x X X x
LAY 3 Ed X X X
Alv-1L X X
ANTAP X 4 x x X X X X X X
tuesgle x X
[ RIVELECT) X x -
1AL x X x X x x X X x Al

Usat

Param~

cers
n-CApP X X X X x
CHECLUS-2 x x X X X x X
N x X ! X X X X X X X X X
SCEPTRE X X X X X X x
SYSCAP X X k.3 x x x X X X

*%ot on all verslons
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4,1.6.1 Stability Analysis - Frequency performance and loop stability are

determined empirically by use of a phase-gain meter on a breadboard configur-
ation of a circuit implementation. This test data can be used to create a
simple Fourier equivalent circuit that matches tne actual circuit performance
without access to the specific detaiis of the schematic, the devices used,
their variations with temperature, and distributed parameters that are not
easily determined but may effect circuit performance. An example of this

is a pulsewidth modulated regulator that is extremely difficult to analyze,
but the transform of which will permit detailed simulation of its interactive

effects with other circuits.

Test results from phase-gain measurements are used presently to determine
compensation necessary to provide sufficient phase margin for stability under
expected variation in part parameters with temperature and 1ife. The same
data can be utilized in a computer program much more extensively to predict

circuit performance under a wide range of conditions.
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4.1.6.2 Transformer Optimization - Block 7 can be used in an additional

vay to optimize or synthesize a particular device such as a power transform-
er. For exampie, consider a computer routine to provide a minimum-wejght

design.

To simpTify calculations, the program uses a shell type ftransformer design
utilizing scrapless shape laminations with a square center leg to simplify
calculations. This choice fixes the form factor of the transformer and
allows routine calculations varying only flux density, frequency, total
transformer weight, and total watts. A typical lamination has a shape as

shown in Figure 4-10, normalized on the width of the outer leg.

el e < | 3 e T -]
IR i
f ¥
}
P
i A Jl'

Figure 4-10 Shape of Scrapless EI Laminations

To provide a range of flux densities and operating frequencies, information
on three distinctly different core materials is supplied to the computer
program. The first of these core materials is a non-oriented 80% nickel-iron

alloy that is especially useful where circuit losses must be minimized. It
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will yield high weight, low loss, voltage transformation. The second
material §s a grain-oriented 50% nickel-iron alloy with nominal core loss
and weight. The third material is a highly refined 50% cobait-iron alloy,
designed for extreme high temperature operation and miniaturization.
Figure 4-11 shows the relative operating ranges for these three materials

and core Tloss data in watts per pound.

) | |
t

L]
L
i’ﬂ /ﬁé.] 50% Cobalt-Iron
“ r
P |

B

1

10

80% Nickel-Iran

1

Fiux Density, Kilogauss

i
|

G 0.1 T.0 0.0 00

Core Loss Watts Per Pound

Figure 4-11 Operating Characteristics for Typical Materié1s

It should be noted here again that this approach to computer design of power
transformers is highly simplistic, laminations do not come in an infinite range
of sizes, ccpper is not available in all diameters but only discrete gage sizes,
and grain oriented low loss core material should be used in tape wound toroids

or cut cores.

The advantage of this program is that no advance knowledge or experience is

required to determine the optimum transformer physical characteristics.
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The computer program envisioned desians a group of transformers at a given
frequency and flux density with a given core material, and starts with a
single turn primary v.inding and sufficient jron cross-section fto satisfy
the flux density at the operating frequency. The copper is assumed to fili
the window completely with an appropriate stacking factor, ans is evenly
divided between primary and secondary. The computer program then repeats
the design process with two primery turrs, then three, and so on. At

each step, it computes iron weight, iron losses, copper weight, and copper
losses. The design with a one turn primary will obviously have a large
core, and a heavy iron weight. The weight of the iron will decrease and
the copper Tosses increase with an increasing number of primary turns. If
this data is plotted on log-log paper, the general results are as shown on
Figure 4-12. The process is then repeated at incremental steps of frequency,

flux density, and core material.
10

10

Par Unit Losses

A : L 10 ' 100
Per Unit Weight

Figure 4-12 Family of Variable Primary Turns Transformers
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The typical results of such a transformer optimization study on three core
materials operating at three different flux levels for each material are dis-

played graphically in Figure 4-13.

3.0 ' ,
- ‘25.1" e ‘6-1’ "-‘“‘.3_’_ & — e e e e
3}“&: S = 50% Cdbalt-Iron
2.0 .. _ . _ A S

' q,
W N8R, 50% N{ckel-Tron
éfao
1.0 —_— &>

Per Unit lLosses

k]

0.3 80% Nickel-Ipon

—_— L im mee =

3000

0.2} ———- —

T 0.1 1.0 10 \ 160
Per Unit Weight
Figure 4-13 Typical Minimum Loss Transformer Designs

The 50% cobalt-iron alloy obviously yields the minimum weight transformer

since it can operate in excess of twenty kilogauss. However, at three kilo-
hertz, the core loss is greater than one hunderd watts per pound, compared to
the 80% nickel-iron alloy that, at ten kilogauss and three kilohertz, has a

core loss of only three hundred milliwatts per pound. The fransformer must
weigh ten times as much to process the same power at the Tower flux density,

but the losses will be considerably less.
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Although Figure 4-13 shows typical power Toss and weight for minimum loss
designs, it does not providé fofa] information to size the optimum power
processor. To allow for the praoper choice of magnetic material and opera-
ting point, it is also necessary to know the total weight cost in pounds
per watt of the power generation and auxiliary equipment necessary to pro-
vide raw electrical power. This allows an increase int dissipation at the
power processor with a decrease in weight. If the rate at which the power
processor weight is decreasing is greater than the rate at which the source
weight is increasing to furnish the additional watts, then the total ve-
hicle weight is being minimized with constant electrical power delivered
to the Toad. Therefore, the watts per pound figure of merit for the
mission is a constraint that is added at block 1, and is used to iterate

other designs.

The transformer designs shown are minimum loss, but still are not optimum.
Figure 4-14 shows there is a minimum Toss, and that the weight can be in-
creased or decreased, with a corresponding increase in total watts dissi-
pated. Increasing both dissipation and weight is obviously not desireable,
so the Tocus of points in that direction has been shown dotted. There is

a useful range of designs with increasing watts of dissipation and decreasing
weight, and this is true of all the typical designs although this figure
shows calculated values for the single case of 50% nickel-iron core materia’

operated at twelve kilogauss and at three kilohertz.
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Figure 4-14 Watts/Weight Transformer Tradeoff

It can be seen from this example that transformer design is a tedious and
iterative process to optimize, even in this simple case. In practice, lam-
inations come in discrete sizes, wire comes in specific gages, and primary and
secondary turns come in integral numbers that may not be compatible with the
voltage ratios required. All these factors combine to make transformer design

one of the first computer programs in any power processing Tibrary.

4.1.6.3 Transformer Design - Practical transformer designs utiiize either

cut cores or toroids. A computer program was written to study four transformer
types: Orthonol and Supermalioy toroids, and Silectron and Supermalloy cut
cores. Figure 4-15 shows the physical construction of the transformers. Core
dimension D was slowly increased and the window area completely filled with
wire using the same amperes per square inch (ASI) for all windings and allow-
ing very high ratings (24000 ASI) to start with small cores. As the iron

area increased, the turns decreased and the window area increased, allowing

the ASI to decrease rapidly. The program thus calculated sets of curves for

different fluxes and frequency as illustrated in Figure 4-16.
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Table 4-7 Design Formtlae
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Figure 4-15 Transformer Physical Characteristics

Usable Window = window x % Usable (WF) x Copper Stacking Factor {SF)
N windings

Area Current =
= Ki N1 A K = 2 for Center Tap
i=1 N = Number of turns
A = Current

i = Winding Index

ASI = Current Area / Usable Window

NW
Copper Pawer Dissipation = sigma x Mean length x {As h[;)2
P Ry A1 7 as1

Winding Build = Area-l}urrent -~

ASI X WF x SF ™ length for the winding (L)

Toroid:
Winding Length {L})

2 TP » Radius from center for that winding
Core Volume = 10 [P p3

Winding Volume = P [(ht {nner + M x Ry} (RgZ -Ry%)
-H/3 8,3 - ;%) 1-10 P 03

Where R, = radius to outsirle of winding

Ry

radius to ins.de of winding

£-Core:

Care Volume = 24 p3
Wirding Volume = h x w x 4.5 -6.750°




Frequencies of 5 and 10 kilchertz were selected for close study. The effect
of switching losses in the transistors was included to get a better tradeoff

versus frequency. Specific formulas used are listed in Table 4-7.

10 = LTI LS.

R

I ST

e
¢ B B

TOTAL DISSIPATION, WATTS

A R .
—m bt

0.1

1.0

TOTAL WEIGHT,POUNDS

Figure 4-16 Optimized Minimum Dissipation Supermalloy Transformers

An additional limitation on realistic transformer design is the granularity
with which voltage ratios can be adjusted. Low voltage converters typically
must power logic requiring plus and minus five volts and plus and minus fifteen
volts. The transformer will have a specific volts per turn rating which in-
creases as flux density and operating frequency are increased and the reguired
number of turns is decreased. The number of volis per turn cannot be increased
above some arbitrary 1imit or it becomes impossible to adjust the number of

turns for each winding to achieve the desired output voitage.
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To get results most applicablie to the expected requirements, a limit of 200
millivolts per turn {maximum) was imposed since five volt outputs are often

required, and this granularity is required to adjust the output voltage level.

The computer program then calcuiated transformers by incrementally increasing
the iron area (at a given flux and frequency) and filling the resulting window
area with turns. The first transformer design accepted is when the ampere turns
divided by the window area results in an acceptable ASI. The wire, core, and
switching losses are then calculated along with weight, and “"remembered".
Additional designs are then calculated (by increasing the iron) until the

total power loss exceeds that of the first acceptable design or until the veits
per turn 1imit is reached. The program then calculates and prints a number of
designs in the interval between the first acceptable design and the terminating
design. Table 4-8 is a copy of one printout, and Table 4-9 is a copy of the

program.

The results of the previously described computer runs generate curves like
those of Figures 4-17, 4-18, 4-19, and 4-20. The cutoff which determines the
bottom "horizontal" Tine was the 200 milliveit per turn maximum. Figures
4-21, 4-22, 4-23, and 4-24 show the resulting "bottom 1ine" for each core
material. Smalier (lighter) transformers could be made with Orthonol and Sil-
ectron, for example, by using higher fiux densities, but the 200 millivoit per
turn 1imit forces high ASI, hence high copper loss. In general the volt per
turn Timit stops the designs to the left of the bottom of the convex curves
shown in Figure 4-16 which corresponds to higher copper loss than core loss.

The minimum "bottor. 1ine" for the difterent materials are shown together in
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Table 4-8 Transformer Analysis Printout

TRANSFORMER ANALYSI S- WEI GHT, POWER,EFFICIENCY MATRIX
RN I«De=HI WY ORTH & SUPMLY TOROIDS & SUPCIL. C CORE

DO YOU WANT DETAILED PRINTOUTZ=YES

PUT IN UP TO & WINDINGS.IN ORDER FROM CORE OUTWARD
NUMBER OF WINDINGS, WICH WINDING 1S PRIMARY?= 3, 2

VOL TS, AMPS,KIND(2=CT) OF ALL WINDINGS
E G4y 34155 2 2956, 60 25 32+ 640 Bala 1 .

PUT IN 4 FLUXES FOR EACH CORE TYPE,® MUST BE USED IF REAL FLUX NOT
| C1DORTHANOL, (27 48 ALLOY,(3) SUPERMALLOY»(4) C CORE :
FLUXES=2000s 1080,0,0, B,0,0,0> 2900, 1200 S86» B» 1504, 1008: 5680, 2,
FREQUENCIES NOT DESIREDC 1525 3»2/0R 422122, 8s &

MINIMIM CORE DIMENSION=.12
% WINDOW AREA USABLE FOR EACH MATERLAL= 78, 78s 78, 98

COPPER- STACKING FACTOR, RESISTIVITY(MICRO-OHM (N2/IN}s WEI GHT(LBS/IN3,
AND MAX CURRENT DENSI TY(AMPS/IN2)= D« Gs ©.68, 8.32, 3080

SWLTCH DATA- VSAT,RISE, &FALll TIME(MICRO SECONDS)= ‘@«25, 1s 1

WATTS/POUND FACTOR(® FOR MATRIX)>MAX VOLTS/TURN= 2, 8.2

FRERERRRAXKRERRKAKRX 2 MIL ORTHONOL *skdkkkmmmbkkkhhihms
WINDOW AREA USED 78. 2%

GALSS= 2000. FREQUENCY= 6880 CORE LOSS= 7.65 WATTS/LB
FINAL D= B.228 IN. Di= B.174 IN. XD= @.P231
WT POW EFF CORWT CUWT CPOW CUPOW ASI D i

B.122 1.334 B-946 G«044 0.RT78 B« 335 B« 765 2998, Be 174 B+ 187
Ba131 1.256 U949 Ba847 BeBE 4 e 368 Be 665 2780, g+ 178 Qe 196
Pe142 1.227 B8.950 P.050 06.8902 B.38B5 B« 5BT 249 3. 8. 182 2. 205
Be 150 1.203 D951 R+054 P.096 Pe al3 B« 554 2300, 6« 187 Be 215
Ge161 1149 B.953 B.058 De 183 Bs 443 Be 4TS 2056+ 8. 121 Be 225
0173 1.138 B+954 B.WH2 Balll B 474 G- 430 1878. 8. 1926 B. 236
0185 1.133 6954 B. 0686 B« 119 Ba 39 . 288 1736. B. 200 Re 247
De 198 1.133 B.954 8. 071 B« 127 @Yo 545 ¥+ 351 1593 @ 2685 B. 259
0.213 1.137 0954 B.B87& 0« 136 B.584 P. 315 1459, Be216 B.271
0+228 1.148 B.953 B.0882 B. 146 U+ 626 D283 1335 P 215 B.284
8244 1. 134 Be954 VaPHE Be 157 Ve 671 Ba233 116%s 0. 228 0297

EPRODUCIBILITY OF THE



Table 4-8 (continued) Transformer Analysis Printout

FRmpkkkkkpkkkkkrkkrk ] MIL SELECTRONIC C CORE *%hkkxksss
WINDOW AREA USED 98. 2
GAUSS= 1508, FREQUENCY= SBREB. CORE LDSS= 3.480 WATIS/LD
FINAL D= 0.2%1 IN. Di= B.231 IN. XU= B.8231
WT POW EFF CORWT CuUWT CPOW CUPCW ASL D
RaZ217 1.926 Be924 B.068 ¥s 147 $.2235 14490 29 6. B. 231 Be 154
G232 14828 B.928 B.(72 8. 160 G.252 1.379 2776, B 236 8.161
D245 1.684 2.933 D078 D171 B.270 1.217 £2518. By 242 B. 159
Ba26T7 1554 B.938 @G.083 O« 184 €-290 1.876 2281. Be 247 2.171
D288 1o 340 PP 42 B 03Y B 197 Be 31¢ wa936 2059. De 253 P« 185
Ge ABT 1+386 0944 G696 B.211 ©. 333 B.ES58 1985« Y. 259 O 194
Pa329 1.292 Pe248 P-103 B.286 337 P 742 1711 Ba. 265 B. 283
@ 352 14254 Be94? B.116 8,242 LaJB2 B. 676 157B» Be 271 v 213
B378 1224 L9560 Be 118 Yo 260 Vo 4l) Be bl 1456 e 279 B.223
Be a5 1158 V953 Wealb V278 G 439 U. 525 1297. Be 234 B 234
Be 434 1a18] 24954 B 135 8298 0471 B 475 11984 8221 B« 845
GAUSS= 1600. FREQUENCY= 5803, CORE LG3S= 1.585 WATTS/LE
FINAL D= Be 323 IN Di= B. 256 1IN AD= @.83231
WT POW EFF CORWT CUWT CPOW CUFOU AS] b
B.297 2.336 D909 B.£93 D.204 L. 147 1.995 2951, B. 256 P.127
Pe 318 Z2e146 B.F16 £.099 Be219 B 157 12793 2763s B. 262 @s 133
Bs341 1.972 B.922 V. 106 B 235 2163 1.6808 2473, 8. 269 B« 139
Bed66 1.814 B.928 B.114 B.252 6o 181 1. 438 2259, B. 275 Be 148
Be 392 148669 Ba933 D.122 B.27D B.194 1.27%9 2058, B.281 Be 152
De 420 J.538 B.938 B. 131 0.289 6.208 1.135 1872 G. 288 B« ] 68
Ba 450 1o 419 PaF 43 Bel a4l L. 31 D223 1.001 1699 B. 295 Be 167
Pe 483 1,313 Be947 B.151 $.332 v.239 P.881 1538, Ve 361 Be LTS
Pe 517 14262 D949 Be16]l Be 356 U256 B.B1D 1426, B. 388 Pe 183
Be 554 1174 Be952 Be 173 e 382 Be27a B TBS 126 4. B« 31¢€ G. 192
Pe594 1136 Ba954 U185 Be 489 0B.294 Be 545 1187, B« 323 B. 281
GAUSS= 500. FREQUENCY= S8R CORE LOSS= f.413 WATTS5/LB
FINAL D= f.456 IN. Dl=  4.3004 1IN XD= 0.B8483
wWT POw EFF CORWT CUWT CFIW CUPOW ASL D
Pe 477 3. 644 B=865 B.155 D342 .64 3.386 L29728. B. 304 B« BB
Be 561 3874 B.8B4 B+ 175 P36 t1.072 2.807 2547, B. 317 B 397
Be 533 2.577 D+98) (. 198 B. 436 L0632 2.308 2171, Be 330 d« 105
Bs 715 24151 Ba916 3.223 8. 492 B U2 1864 1539 e 344 Gol1l4
BeBET 1.842 B.927 D.252 P« 555 . 184 1542 13575. 8- 358 B.123
Be91l 12575 B+937 B.284 0. 627 Vo117 142628 134l te 372 Ba 134
le 828 1+ 347 Be946 Ja 321 B T¥7 0.132 1019 1134 Ya 388 B. 145
1168 1195 Be951 B.352 @B. 795 . 149 VY547 9 75. o A4 B« 157
1 309 1829 £.958 Qe 3UR .90 L. 16F Ba&b7 813, Y 420 B-170
1+ 478 Be958 £.961 B. 461 18017 . 190 B 5T 708 » Y 438 Ge {85
10 668 @869 BeFb4 Ba 528 1ol4s 0H.215 B. 48 59 7. Y. 454 B« 200
QEPEODUCIRILITY OF THE s
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Table 4-8 (continued)

Trensformer Analysis Printout

Exkxkkmmhkrikoknexkk 2 MIL SUPERMALLOY *xdkekkkkhkxkiigs
WINDOW AREA USED 70. = '
GAUSS= 2008, FREQUENCY= =] 1515 1) CORE LOSS= @.822
"FINAL = 8.220 IN. Dl= Be174 INa AXD= 8.8231
WT FOW EFF CORWT CUWT CPOW CUPOW ASI B
P« 125 1.037 9.958 8.846 B.0T8 D.03B P.765 2998. G- 174
‘Be 134 B.938 B.962 G.050 G084 B.B4]l P.665 2708 -Be 1778
B. 143 0.886 8.964 0.053 B. B8 0.844 B. 687 2493, &. 182
P+ 154 8.8B38 B.965 B.957 G.08%6 B.B47 6. 554 23006. 9187
Be 165 e 757 Be969 Ge 81 ©-183 B.0B50 #e 475 205 B 191
D176 8718 B.970 B.B66 B.111 B.054 @. 438 189¢-. Bs 126
9189 D.682 0.972 B-.076 B.119 @.658 H.388 1758« d. 209
D203 Be 650 B.973 D876 B+ 127 B D62 Yo 351 1593« B. 285
8217 Peb619 0974 D081 B+136 BaBET B 315 1459 2.210
Be 233 B+593 Y975 B.087 Be146 8.071 P283 1335 B.215
- Be250 B¢ 539 Be?77 24893 D157 B-076 Be233 116F» Y. 220
GALSS= 1¢00. FREQUENCY= 6863. CORE LOSS= ©.219
FINAL D= 0.261 IN. Di= ©.207 1IN« AD= B.08231
wT PO W EFF CORWT CUWT CPOW CUPOW ASI D
2.218 1.535 0.939 @.78 B.131 2-417 1.285 2998. 0.2087
0225 1+ 484 0,943 @084 D. 141 B.818 1. 152 27436 g. 212
B.241 1.283 0.948 0.098 B.15t 0.020 1.0629 2594. B.217
G258 1.172 G.952 D096 D162 0.021 DTl 2282. B. 222
Be 276 14869 B+956 6. 163 B« 173 2.823 B.B12 2876. B. 227
Be296 Be9T74 0.960 D110 B 186 0. 024 . 718 18E 4. 0. 232
B 318 DeF25 Be962 @u 118 94199 BePB26 Pe 662 1743, 3. 238
P« 340 @843 B.965 B3.127 B.214 0.028 0. 580 1581, B.243
Be365 Ba767 .968 B+ 136 0229 B.930 8.505 1425. B.249
B« 391 B.729 2.970 B« 1456 0. 245 D032 Bs 462 13174 2. 255
B 419 Qe 666 84972 201586 B.263 8.034 B399 1181a. B.261
GAUSS= S©d. FREQUENCY= 6802, CORE LOSS= @.058
FINAL D= B.368 IN. Di= B«.246 IN. Xb= ©.8379
WT POU EFF CORWT CUWT CPOW CUPOW aS1 D
Bs 353 2.4687 9.907 8.132 0,222 8.088 2.165 2997. D246
D396 2,031 2.920 0. 148 P.243 B.pv% 1. 78B9 2574, Y. 256
BeA444 1,732 B.930 Y. 165 #.278 B. 010 1.587 2232. B. 266
Qo497 14463 B.94l @.185 0.312 B.011 12192 (896. B. 276
Pe 557 1.251 P.949 0.208 B.350 P. 812 1.006 1627. B.287
B. 624 1.182 B.955 P.233 2. 392 B. 614 P.852 1415. P. 298
2. 699 B8.933 B.961 2.26]1 Pe 439 B« P15 U 692 1263. B. 309
BT84 B.B25 D966 B.292 P.492 B.017 B.574 1£36. 8. 321
B.B78 B.726 0.970 ©B.327 2.551 B.019 B.473 BB9a B.334
Be984 0. 639 B.973 Ba367 B. 617 D P21 B 38BS 758. Be 347
' 1183 B.586 V976 @.411 B. 692 B.024 B. 327 660. Be 360

WwATTS/LB

B. 187
Be 1986
2. 2015
B.215
Y. 225
B« 236
B. 247
0. 259
Q. 271
G.284
Be 297

WATTS/LEB

2. 132
Be 139
8. 145
B. 152
B. 159
8. 167
B.175
Be 183
B.191
. 2080
P.210

WATTS/LB

BeB94
B.181
B 189
Ps 118
Bs 127
B 137
B. 1438
B 159
B. 172
B 1BS
B. 200
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Transformer Analysis Program
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Table 4-9 {continued)  Transformer Analysis Program

£US3¥ PRINT 109 wk(l) BUB IR AN® VO XN(NPIZVINSY  § NEJI=AN
bESaY CORMISCrROCED WOSBY LFCCAN=TFIACKND 2o GTo e SINCIISNCII +]
beS5¢ D 17 W1, a4 OB 3G ACNFIEMINPINCII ACDY FN NI
BUYEk Bz FLUACEM) b ap TFIN{D WLTe2)60 TO 18
GESTO IFIDebUe¥IBD TO 1Y BesS5e 8 CONTINUE
PR%L L) 16 n=l,4 POE6M AwcPlshlenleS5ke WF{L) /100
BODYE [FIK.EbedFAXLFCIIIGE) [0 16 1 1F(RELWEBKIF(2IIW 10 16 VS TY LREL.Ete A1 Ak 1e Yobeds SelnbFe WFCL) 7200
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VE6le ALIGLLTAMLTI NI *le AD4F*ALOGI B = 30 6+ AR C ] 4D LKSYE 10 LARCASKINDCJI =N (JI* ALS)
Yo wFLs= EAR 2. 3293« KL IGLL) Y kG ASLTCAZ AW
VL3t FHEUSAZIK) LUIIEB 1919 FORMATOLA #1Bsb&e 2y 18sE130 5 2F3+ 3, E1 30 5)
Whbel Frlal iy 4r ks b RELs LB ' nud 2y n:iﬂ:n/nw 3 1FCASLLGTABINAKIGD TO 9 § CUrdw D
bUbhl afnyT=y 3 AldFIwsk § Fpvesw | HIKEFsw BBy 36 LFCDANE. )6 10 28

- ewboe Tulezte 3 TFIkust. 1 ThOTZ. 00 BUY 4t LRSLATCDS LS .95 §  vk=u 5 G) T0. ¥

o COBTr LELh § Ulfee §  uA=E : VU 58 22 LFCULEwe LI VIS ydvy9aD § ALl2D .
GEbsE ¥ LINILSLE _ V6L ALI=L J ALLISlebsb 3 ALII=2ash 3 ALUIxZasD
wBoYE vzdLRTt e ]aueL) Be?T0 L) 11 3 laNk
670 [ FlUA Lo eI DI SLRTCUS LS Java Lo/ 10 08Y)) BEYBH LAUELSRINUEII #3809 ACII /AbL
el HiSPat el 3 M= S, a0 VY9 Y ADEL=: LADELZ SF .
VE ek ALUREShe 2o w8, 425 3 LF(1eEye4) ALIKER Do fo SoUn 6o a2D kloes TFCl. Bl B3 10 27
BuTor CInVILE ik, er[*bealt 5 [FOEoeble A LORVILI EAuxie o b #1010 Me=buhllhisni=AUEL/ZFLY) 1 RUZSSER]CRDS RO+ ALELZ L)
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Table 4-9 (continued)'
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Table 4-9 (continued)

Transformer Analysis Program
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Figure 4-25. The assumed mission 1.7 watt per pound point was determined
by calculating the slope for small lengths of the curve. Since the axes are
logarithmic, the linear siope changes rapidly along the curve so the area in-

dicated is approximateiy the location of the 1.7 watt per pound slope.

The "best" 1.7 watt per pound point is the supermalloy toroid. It must be
noted. however, that power loss due to saturation spikes is not included and
the difference in power loss between the toroid and cut core is less than 1.4%
of the transformer output power. The power loss difference for a cut core at
the same weight as the 1.7 watt per pound point of the toroid is less than 2.5%
of the output power. It is also impossible to say whether the physical con-
straints selected are near optimum. It is also impossible to get cores in

such incremental sizes as computed.
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4.2 The Management Program

The major goal of the management programvis to enable the user to design a

power processing system in a natural manner, as if he were communicating with

a specialist. Such a management program makes the desfgning procedure Jog-
ical and concise. It frees the user from having to concern himself with many
details and permits him to concentrate on the essential features of his de-

sign.

Whether or not it is worthwhiie to develop an entirely new management program
for a special purpose application such as the design of power processing sys-
tems has been a subject of much controversy. To develop a new management
program takes a great deal of time, trouble and expense, and the resultant
program can be used only for the purpose of designing power processing
systems. One may argue that it is easier to develop the program as an ex-
tension of some well-known program. However, in order to develop a manage-
ment program with the immediate interactive response wﬁich will permit man
and computer to work as partners, it appears best to avoid Timitations im-

posed by extending another program.

The major part of the management program w1]1‘be an engineering tool used to
execute a defined, well-instructed procedure. However, in a good interactive
system, the user and the program will not only exchange the information but
also control the exchange exercised by either party, such as key word explan-
atjon, future step guidance, ervor recovery, etc. To achieve such control

of information exchange requires careful development of the management

program.
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4,2,1 Choosing A System Implementation Language

For a management program which is to have the capabilities of data storage
and retrieval, mathematical calculation and immediate interactive response,

APL, FORTRAN and PL/1 are three Janguages representative of the current art.

APL is an interpretive system specially designed for classes of mathematical
operation (such as matrix manipulation) and for dynamic data structure opera-
tions (such as forming a matrix from vectors). However, it is normally re-
latively difficult to understand the work of another person written in APL
Tanguage. FORTRAN, the first Tanguage that has received wide use, is not

a concise language. PL/i ié selected as thé most suitable language for

impiementing a computer based power processing design facility.

4.2.2 System Profile

In designing the management program, the following questions are of importance:

1. 1Is the system inlended to be used for fast "production" type opera-
tions, or as a general experimental tool?

2. MWhat is to be the prime method of storing the input data?

3. If user specified functions are to be added, how are they to be
stored?

4. 1Is an input statement to be retained in such a fashion that it can

Tlater be displayed to the user in a form identical to his input?

5. How far should the internal representation differ from a fully parsed

_form?
6. How versatile should the command language be? Does it contain de-

bugging aids? Are Tunction (macros) and command language modifiable
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by the user?

These questions are addressed in the management program design now described.

One requirement of the management program is a definition of the operators,

,varfab1es, statements and macros* in the user's syntax. To impiement this

requirement the syntactic information is arranged in {nternaT Tists (to be
described 1aﬁer). The heart of the program consists of the operator, variable
statementrand macro definition programs, which produce, as data of the system,
the internal lists. Another requirement of the system is to provide a means

of parsing input expressions. Special delimiters (such as blanks, carriage
keturn) are used to break up an input expression into its component parts.

In order to use a macro, an EDITOR "translates" the macro into a suitable
form, making error checks, and producing an internal macro representation 1ist.
Once a macro has been written, it may be desirable to save it for future re-
use in order to avoid repragramming. To implement this, a library of programs

is accumulated at a computer installation.
The management program consists of the following submodutes (service programs):

REGISTRAR, EDITOR, USER'S LIBRARY, LANGUAGE PROCESSOR, ERROR MESSAGE, HANDLING
ROUTINE, DISPATCHER, SUBPROGRAM LIBRARY, AND POWER PROCESSING.

4.2.2.1 Subs.stems Data Base Facility

The functions and features of each submodule {service program) are shown in

Figure 4-26 and are described in the following paragraphs.

*Because simple statements are not sufficient to do compiex manipulations, a
means is necessary for concatenating these statements into a "macro". Thus,
a macro consists of a string of statements that are executed in sequence.
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4.2.2.2 Registrar
This module. (service program) is used to check the yser's 1dent1f1cat1on,

account balance, etc., and to gather statistics on the system's performance.

4,2.2.3 Editor. (Lexical Analyzer)

This module has two modes: 1) a macro definition mode and 2) an. executive
mode. In the macro definition mode, a macro may be defined or edited and then
placed in the user's library. The executive mode provides for executing a

command or an instruction.

4.2.2.4 User's Library

This module provides for saving user's macros and variables and provides work--
ing space for the user during the period he is at the terminal. The user can
load a 1ibrary and then use it, update it and save it. The users's library
commands will:

1. Provide & workspace.
Terminate a work sessjon and store the active workspace.
Copy all the‘macros and variables from a stored workspace.
List names of defined macros.
Activate é copy of a stored workspace.

Restore a copy of the active space.

~S oy o1 e W

List names of defined variables.
List values of defined variables.
9. List macros. |

10. Name a workspace

11. Find the name of the current workspace.,
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4.2.2.5 Language Processor

This module accepts; 1} system commands, 2) subprogram instructions, 3) system

information inguiries, and 4) programming statements,

System commands include userfs Tibrary commands and specification commands.

Specification commands include both components and total system specifications.

Subprogram instructions provide the information to use a particular subprogram

which is stored in the Subprogram Library. Systems Information Inquiries

provide system information and messages. The functions of the language pro-

cessor include:

1.

As an interpreter, it accepts inputs, statement by statement, From
the message buffer and puts the data into a common place so that the
exeéuted program can access these data.

If an input is a macro, the processor will execute that macro,
statement by statement.

If an input is a Subprogram Instruction, the processor will call the
Dispatcher. Upon return of coﬁtro] to the processbr it will con-
tinue to examine the input.

If there is any iTlegal statement, the processor wiil call the Error
Message Handling Routine, and terminate the current execution mode,

clearing the common data area.

4,2.2.6 Error Message Handling Routine

This module will issue an errcr message to the user whenever there is an illegal

input statement. The messages should include an error code, problem explanation,

and corrective action. Recovery from user-program errors involves immediate
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4 2.2.9 Power Process1ng Subsystems Data Base Fac111ty

This module prOV1des the fb11ow1ng capabilities:

1. A means of access1ng, and maintaining, variable-length applications
data. '

2. A means of cross-referencing or interrelating the data within iwo
or more data bases.

3; A means to restructure and expand an established data base without
modifying app1ication programs that use it.

4. A means to ensure that information is available only to those entitled
to it and that only eligible persons may update the data base.

5. Checkpoint, restart, data recovery, and statistical information coll-

ection capabilities.

Essentially, this module is a generalized program that assists the user in -
the creation and organization of a data base, provides an efficient dump re-
store program for data bases, and provides a means for collecting Qata base
modifications which are to be used in data base reconstruction. This module
can be used to create and maintain data bases, and to accomplish data storage

and access.

4.2.3 lImplementation Strategy

The basic organizational unit of the management program is the workspace.
The workspace consists of 1) system variables, 2) a symbol table, 3) a syntax

analyses stack, 4)a user's data area, and 5} an execution stack.

The system variables contain various pointers and workspace constants. The
symbo] table contdins entries and each entry has a pointer, a type indicator,
symbol ength inditatof, and symbol pointhame. The pointer-points to the
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data area where the value of the symbol is stored. The type indicator in-
dicates whether the associated jtem is a variable or a macro. The point-
name of a symbol may be a symbol itself or a pointer to the actual symboi,
depending on the  length of the symbol. Syntax analysis is essentially done
by the Conway Transition Diagram method, and the syntax analysis stack is used
to maintain a record of the syntax anaiysis path being traced. The informa-
tion 'n a record may include: 1) name and current line number of the marco
being executed, 2) status information necessary to resume parsing of the in-
ternal form from the point it was interrupted, 3) pointers to the symbol
table for a1l local variables and their previous pointers to data. The user
data area contains user defined data items, such as maero definitions, var-
iables vaiues (may be booiean, character, integer, real, complex), and list
data entries (used for each macrs, it contains a pointer to the beginning of
each of the macro's lines). Flags tell whether or not the data entry is a

1ist data entry and whether or not the data entry is useful.

The string of input commands and instructions will be scanned by the EDITOR
which generates the internal form of the Tanguage. The internal form is
essentially produced by a one to one mapping of the input string. Neglig-
1bla syntax checking is done during internal form generation; and once the
internal form is produced, the input string is discarded. From the inter-
nal form it is easy to reproduce the corresponding input string and also

the internal form is readily parsed by the LANGUAGE PROCESSOR.
Once the internal form has been generated, it may be executed by calling the
LANGUAGE PROCESSOR (at the execution mode) which can then generate output and/

or create data entry in the user's data area to store the results of the
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calculation. If the internal form was created in the macro definition
mode, then instead of calling the LANGUAGE PROCESSOR, the internal form is
added to the directory of the currently active macro definition;' Thé Tist
data entry is esseﬁtia]?y-a description which characterizes the particular
macro, followed by a series of.pointers and Tine counters which describe

each line of the macro.

4,2.4 File Design
The power processing subsytem data should be organized so that a search

can be conducted in an efficient manner, based on the criteria Tisted in
Table 4-1. It is desirable also that the filing system be designed so that

the data base can be majntained easily.

To achieve an efficient search the main file is organized in index random -
form and surrounded by several inverted files. Because the file is index
randem organized, the user can easily search for a particular range of values
or for a particular value of say voltage or power or frequency. The in-
verted Tile assists the user in retrieving a file efficiently based on

saveral key words of interest such as voltage, power and frequency.

To achieve low cost file maintenance, batched updating rather than on;line
updating is used. Batched updating can be accomplished at a much Tower cost
than on-Tine updating and carries essentially no negative aspects for this
application since there is no need for instantaneous addition to the file of

data on new subsystems.
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4.3 - SUMMARY

~This section has presented a computer man&gement'prbgrém fhai'één; with suit~
: ab1e ava11ab1e catalog data on ex1st1ng power process1ng subsystems and '

with. defined m1ss1on ob;ect1ves constra1nts and data* select suitahie can—

 didate designs to assemble a complete system.

“~'Tha program can be axpanded by add1t1ona1 analysws and synthe51s rout1nes

as they become aVa11ab1e to permit the operator to create the opt1mum des1gn':

by an interactive procedure which compares the. resu]ts of mode11ng, analy-

sis and synthesis with the data base of existing des1gns
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5.0 Plan for Phase IT

_J_s 1 INTRODUGTION

~ Phase. 1 of th15 proaect for the formuTat1on of a methodology for bhe mode1—

L) ing and analys1s of power process1ng systems 1nvest1gated the feaswb1]1ty of

[ - the mathemat1ca1 mode11ng, swmu?at1on and ana]ys1s. The result of Phase 1

is a methodo]ogy for the development of a f]ex1b1e eng1neer1ng tooT wh1ch
?] a]]ows the power processor des1gner to effect;ve]y and rap1d1y assess and
A : ,
ana]yze the tradeoffs available, and this management program has been described L

a
wJ in section 4 of this report.

In Phase 2 of this project, a detailed plan for formulation of this method-

i ology will be developed and portions of the plan will be implemented. The de-
) tailed plan includes a logic flow diagram, and when completed will provide the b
§§ vehicle for modeling, simulating and analyzing power processing systems. This

computer program when fully implemented will also pfovide_for design and opti-

mization. For each power processihg system to be designed, the program will ?

{E provide: 1) a mathematical model, 2) an analysis of expected performance,

i .

: 3) simulation, and 4) a comparative evaluation with alternative designs.

: A power processing system generally incliudes 1) an energy source, such as a

Ll solar array, fuel celis, or a thermoelectric generator; 2) energy storage de- g

ij vices such as batteries or capacitors; 3) power processing equipment such as é
converters, inverters, and voltage regulators; and 4) control and distribution ?

Ll equipment such as distribution Iines,‘switches, relays and breakers, %

, ?
AN To initiate the design of a power processing system it is necessary to know or :
(3




to assume performance specifications. Typical specifications may.inc1ude:

1)- the required power level; 2) the required voTtage(s) 3) regu1atwon and
ripple vo1tage Timitations, 4) electrical compatibility reqU1rements, and

5) mission constra1nts such as s1ze, weight, or pOWeP'TIm1tS With these
spec1f1cat1ons set the power processing system may be des1gned to meet the .
requ1rements at minimum cost with minimum weight, or with max1mum reliability;
or the des1gn can optimize an obaect1ve function that is a CUmPOSTte of several
'factofs. 'Limitafioné on weight, vo1ume'and thermal heating; if included as de-

sign specifications, may obviate a satisfactory deSign.

Power processing systems are usually designed by a trial-and-error process.
Components are se1ected which appear to be appropriate, and a paper design
b;sed on the selected components is completed and then modeled, simulated and/
or analyzed to deférmine ifs adéquacy. If the design specifications are not
met, the paper design is modified, and then aha]yzed again. This iterative |

procedure continues until a satisfactory design is achieved.

The currently used trial-and-error methods for designing power processing
systems are time consuming and generally do not lead to an optimal system. An
engineering tool or vehicle which will permit the expeditious design, modeling,

simulation, analysis and comparison of power processing systems is needed.

There are several ways to implement a long term, low level of effort program
to achieve the final goal of o comp]ete'power processing deéign and ohaiysis
tool. It can be achieved by generat1ng a series of computer rout1nes for spe-
cific elements of the power processing design task with the thought that these
eventually wou]d be combined in a master program, or the management program

can be designed first, and these routines can be added os they évoivé to f]ééo
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out the skeleton which is the management program.

The r1sk in the first approach is that there is no common 1nterface des-

' cr1pt1on, comthen 1anguage, fonmat and 1nstruct1ons to permit 1ntegrat1on

and combination at a later date. The risk of the 1atter approach is that a
great deal of time and'effort is requined”before visib]e results dre achieved.:'

HoweVer, the myriad of rout1nes that already exist without a means of combin-

“'1ng txem in a common system 1eads to the conclus1on that the management pro-

gram and language must be deve1oped first, and that is the recommendation of

this Section.

-'5 2 chpe of Nork

The work outlined here1n consists of deve10p1ng a deta11ed p]an for formulat-
ing a methodology for the mode11ng‘and analysis of power processing systems
to allow the power processor designer to effectively and rapidly assess and
analyze fhe tradepffs avei1ab1e. ‘The detaiTed plan tone deve1oned will in-
clude a logic flow diagram which, when implemented as an operational computer
.prognam, will prnvide.the vehicle fon moceiing,Vsimu1ating,‘deSTgning, op-
timizing, and analyzing power processing systems. For each poWer‘processing
system to be designed the progrém will provide 1) a mathematical model

2) an analysis of the expected performance, 3) S1mu1at10n and 4) a compara—

t1Ve eva]uat1on W1th alternative des1gns

The.many capabilities of the total program will be called into p1ay through a
management program It is the management program wh1ch w111 estab11sh the

sequence in wh1ch the severa] parts of the program are ca]]ed, 1n order to!
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accomplish a desired function such as the cemparison'of tﬁo'candidate §y$tems' | |

or the initiation of a new design which meets a set of epecifiéations. The Tz
managemerit program W111 embrace a command language of action verbs such as .
VDESIGN DPTIMIZE COMPARE PLOT, CDRRELATE ADD DELETE . ‘ ié
Features of the computer program will include: . | ¥
1. A f1]e hand1lng capab111ty so that any f11e generated by a management %%

program command can be used by any subsequent command

2.. MACROS - the ability to read and save a sequence of commands (the set of P
commands is called a MACRO and is given a name}. Llater use of the name =
~of the MACRO with appropriate file names as arguments, will invoke'the

entire sequence.

3. A general data fnput program to nead and store input data appropriately.

4. Tnateraction - providing the user with the ability to rapidly interact ;i

with the program.

5. Machine independence - the program will be written either in Fortran IV or

in APL so that it can be used on most large scale digital machines. The

interaction feature will be somewhat Timited for machines which do not 7

~have teletype or display terminals.

Previous studies and comparisons of existing computer languages resulted in a

recommendation to use Programming-Language 1 for the Management Program. This

International Business Machine product is in common usage at most universities
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and s familiar to all new entrants to the profession. Table 3-1 ‘has pre-
‘sented a compar1son of Tanguages Th1s 1nf0rmat1on W1I1 be rev1ewed early

~in Phase 2 and 4 final se]ect1on made

Error recovary - when the user does something wrong, the program will

-report the prob]em and continue or abort as appropr1ate

: SeTf documentat1on - the users manual for the program will be ava11ab1e

for pr1ntout- On]y a very short set; of 1nstruct1ons on how to access:

the program will be required in addition to a tape of the program.

Open endedness - the program will perm1t the add1t10n of add1t10na]

capab1]1t1es as the need arises.

. 5.3 Task Descriptions

5.3.1 Task 1 - Design of the Management Computer Program

A computer program will be the vehicle which shall permit-the rapid design,

modeling, simulation, analysis and comparison of power processing systems.

The framework shall be a management program which ties together a system of

programs.

This management program and.parts of the program will be developed. In part-

feular;
1. The language to be used will be selected (either Fortran IV, APL, or PL1),
2. The management program command language will be developed,
3,

The management program will. be developed and implemented as a computer

prograr.



'_5 3 2 Task 2 - Des1gn of a L1brary of Power Process1ng System Components
At any po1nt in t1me there is an array of power processing system components
that are readily ava11able and whose character1st1cs are well known To
fac111tate the design of power processing systems the computer program w1i1
1) provide for the storage of data on a relatively large number of power pro-
cessing system compbneﬁts; 2) pfovide a search meéhanismvfo‘rEtrieve'daﬁa‘on
‘those components which have potential for the particu]ar system to be deéignf
ed and 3) prQVide a mechanism to seieét'from the potentially suitabfe compon—

ents that complement of components which provide the best design.

During this task;
1. Data on an array of power prrcessing systems will be collected and pre-

pared for computer storage.

2. A methodology for retrieving data on suitable power processing system

components will be developed and implemented as a computer program.

3. P methodology for selecting the complement of available components which
best satisfy a set of design specifications will be developed and imple-

mented by a computer program.

As a first useful product of the Management Program, it is proposed that a
catalog of existing power processors be computerized to facilitate a search
on any of a number of parameters. Table 5-1 summarizes the amount of memory
required to store characteristics of power processors. Refer to Table 4-1

" for typical format of this data..
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. Memory Required to Store Characteristics -

| DESCRIPTION . | - REQUIRED DIGITS

’

_l,g {-DIGITAL}BYTES. |

Voftﬁge Type S | N 1 - | .i i 
Voltage Magnitude | |
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O
[ &) R V]

é - - Nu@bék'of Phéées - b o . |
A leight ) Full Word | 1ﬂ,4 N

== ==

1| ReTjabitity | FullWed | &

=

; J Priority , 2 _ _ 1
: Vo1tage Regulation o | Full Hord - _ e

==

Yoltage Tolerance 1 _ | T

Frequency Regulation  Full Word 4

amiireaem
[FORESEUE S S

Size ' e '3 Full Words - 12

:’-‘:ﬂ- e 3 = - 3

TOTAL MEMORY REQUIRED ) 71
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B
D s ]
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These characteristics can be-recorded on punched cards, with two cards re-
quired for each power processor. If the NASA inventory of spacecraft totals
200, with an average of ten power processors per spacecraft type, then data.

“should be available on 2000 different piecés of equipment.

If 80 bytes of data fully characterizes a power processor, and if 2000 dif- -

ferent pieces of equipment exist, then 1280 kilobits of storage would be re-
quired to place all these characteristics in direct access to a computer

program.

Other methods of sorting are certainly available and more ecomonical to sort
‘and file on any one characteristic. However, if the intent is -to make the
program interactive on a computer with display, then all parameters must be

accessible either in active memory or on magnetic tape.

5.3.3 Task 3 - Methodology of Optimization

The total computér program, upon completion, will have the fo]fowing capa-
bilities:

1; To store data on many power processing system components.

To retrieve data on components suitab1é for particular designs.

To select the "best" set of components for a particular system.

=~ w M

To indicate when system specifications cannot be met by currently avail-
able components.

5. To design needed components.

6. To mode]_system-componénts and the complete system.

7. To compare two or more systems.
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8. To simulate components of power processing systems or the complete system.

This task.wiil cuTminate in a demonstration of the total pfogram”at the con-

tractor's faci1ify.

5.3.4 Task 4 - Computerized Design Routine
In order to provide immediate useful results, one design task will be meth-
qdizéd in @ computer routine in concert with the language, format, and the

nomenclature of the management program.

In section 4 of this report two examples of computerized transformer design
routines were given. The first of these took a purely theoretical approach
to transformer optimization, using a scrapless lamination shape, square

leg, and continuous core and copper sizes to generate a family of trans-

former designs. No interaction with the designer was required, and no

practical constraints., such as wire gages, were imposed,

The second transformer optimization considered both cut core and toroidal
shapes, but imposed no limits on actual available cores and wire sizes.
Practical considerations such as maximum volts per turn and transistor switch-

ing losses were considered, but the routine went thru a series of designs with

no human intervention to determine minimum loss transformer designs.

The objective of this task is to generate a computer program for a design

‘procedure that is usually accomplished manﬁa]iy,~ﬁequires much time or iter-

ation to achieve optimum results, but does utilize the prior knowledge and
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experience of the design engineer. Table 5-2 and Table 5-3 1ist data on two
computer programs for transformer design, the second of which appears to

have the desirable attributes to satisfy the objectives of this task.

Table 5-2 Transformer Optimization Computer Program

A computer program has been developed for
performing transformer optimization, I using this
program, values of flux density, frequency, primary
and secondary voltage anmd current, materials con-
stants, and input valts per turn ratio must be known
or assumed, Given these parameters, the program
camputes:

1. primary and secondary turns, gesistance, length
of windings, and losses;

2. core size, volume, weight, and losses;

3. voltage regulation; and

4. overall transformer efficiency.

Results are compit=d versus volls per turn ratio.
Since frequency and flux density are not included
in the transformer optimization routine, the program
is not complete. In jts present condition, it would
make 2 good subroutine in a more general transformer
optimization program,
Language: FORTRAN IV
Machine Requirements: IBM-7094
Source: P. Ramirez and H. Dove of
Electro-Optical Systems, Inc.
under contract to
Lewis Research Center
(LEW..3299)

Table 5-3 Computer Program for the Design of Toroidal Transformers

A computer program has been developed which carries
out the necessary calculations for the design of toroldat
transformers for use in parailel inveriers, Any magnetic
tape material may be used in the core and any standard
round metal wite may be used in the coil,

In most inverter circuits, the transformer is the heaviest
component and usually accounis for a significant traction
of the power loss. Therefore, careful attention to trans-
former design can have an important effect on system
weight and efficiency, but, because transformer caleula.
tions tend to Le tedious and time consuming, a detailed
analysis of the effects of various parameters can be a
formidable task. This program relieves the designer of
maost of the computational details, while he maintains
control over mast englineering decisions, The number of
specifications that must be sapphied by the user aliows for
cansiderable flexibility and tor the exercise of enginecring
judgment, Furthermore, the speed of the program makes
it possible to run a great many cases, economically
determining the effect of vanious parameter changes,

The infermation supplied to the computer is the input
voltage, input current, output voltage, frequency of
operation, deswwed fill factor, maximum 12 R loss in u coil,
maximum magnetic flux Jensity, density of the magnetic
material, specific core luss, specific apparent excitation
power, ambient temperature, desired current density in
the windings, and relauve resistance and density of the
wire if 1 metal other than copper is used.

The computer output consists of the input and output
currents and voliages, exciwation current, cofe identifica-
tion number, core weight, core loss, approximale feguia.
tion, total losses, cfficiency, 1otal mass, fill factor,
ambient and operating temperatures, final  height,
diameter, and surface area, frequency, power lost per umit
surface area, and, for each coil, the number of wrns, size
of wire, number of parcliel windings, resistance, power
dissipated, and mass.

‘The program contains miormation on 48 sizes of wire
and 90 sizes of magnetic cortes, equally divided into two
groups called light (hagh-gain) and heavy (low-gain) cores,

This program has been ppplied to the design of 2-and
4kilovoit.ampers transformers and, over 1 range of
frequency from 200 to 3200 hertz, a class of transformers
of nearly equal efficiency has been designed, The variation
in characterfstics of transformers wound on heavy and
light cores can also be examined.

Notes:

1. The program is written in FORTRAN 1V language for
use on an [BM 7094 and the caleulution time is
approximately 0.001 }-minute per transformer,

2. Inquities concerning this program should be directed
to:

COsMIC

Information Services
112 Barrow Hall
University of Geargia
Athens, Georpia 30602
Reference: LEW-11878

Saurce: James A, Dayton, Ir,
Lewis Research Center
{LEW-11878)
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To illustrate the kind of program intended, Table 5-4 gives an example of
the type of design engineer-computer program interaction to achieve an

economical, practical, and optimum result.

The first column lists the information required from the operator by the
computer, such as number and kind of winding, operating frequency, fiux
density, input voltage, and input current. It also requires information on
physical characteristics, such as insulation thickness between the core and
the windings, between windings, and between layers. Ambient temperature must
be given, as well as the operator's choice of a core size to start the design

procedure.

At this point the computer prints the core dimensions and tolerances if a
standard core (available in computer memory) has been selected, or the operator

inserts the dimensions he has chosen with tolerances.

For the example given, an AM-3 core was selected, operated at 20,000 Hertz and
1500 Gauss, with 13 volts on the primary. The program calculated the nearest
number of primary turns to operate near 1500 Gauss, and it was found to be
65 turns at 1494 Gauss. The nearest approach to the secondary was 14,0 voits
rather than 13.9, with an error of -0.719%, and a total of 70 turns. This

established an operating point of 200 millivelts per turn.
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Table 5-4 Interactive Transformer Design

1 2
i SUPPLY THE FOLLOVING DATA3 + | CHFECX FIT:192,80 % FILL BUILD= G.22 IN. PER SIDE
! HIM(EET OF ' IHDINGS, KIND OF WINDING(10R2), LNUIND HEN FLUX?= 10 . R
OTERATIUG FTER. (HZ)3 INDUCTION(GAUSS)= 2, 1,2, 20000. 1500 NEM CORE?= 4O
TYPE CONETNUCTION- 12SI'IGLE SIDE, 2=E0UAL SPLIT TWD SIDES= 2 PEP $1DY DATA
StorLt FOLLO™ING DAT 1IN WINDIHG ORDEP: . : YDGELHN.  AMPS AMPS/S0.IMs  MLTCHN.) . LEIGTH(FT.) % OF FILL
SUPPLY FE™ SIDE YOLTAGE AUTD CUGRENT DATA ) i 0, 0790000 392, Lel77 6 6241 20,031
VALTE(PR.) = 13, 13.9 2 0. 8570060 203, 2. 042 12. 1614  &7.326
- MAMTENES(PH. 3= - 07T, . 057 ) .
Dg YO v ISH TD MSE STANDATD IHS.&STACHING DATA?= YES UDG. VIPE t10.0F TU™MIS/ UDG. FESISTENCE - P
Cory BOY INS. THICWILES, LAYER INS. THICKNESS *10. GANGE LAYERPS LAYER “IDTH OH¥S/LEG LEG UT. LEG I &
: MAJOR 1715, THICUNESS. COTE STACKING FACGTOT =0s010, 0001, 0. 002, 0.830 1 o6 2.00 22.0 0.425 - De29769 D» 0051 G. 0017
© AMBITIT TEIP. (DEG.C)= 25 : ’ 2 26  7.00 10.0 0.407 0.5083 0.G093 C. 0GOS
At SIS¥ A, C0 FOU UAIUALD= 3 .
b= 0.R5000 'Fs 8.18500 . F= 025000 G= 0.50000 TRANSFNRMER TOTALS
CTOLE™MICES D-D.0312 E-~0.0156 F-0.0156 G-0.0156
: : . COPPER GOPE ' TOTAL
i CONTFOL 7 DG HOW= | . LossFR ! 0. 0067 0. 3644 03711 VATTS
| ACTUALFL™ DEISITY= 11944 CGAUSS CONELOSS= 0+ 3640VATTS TEIGHT B« 0473 0.0130 0. 0603 POUNDS -
i . h
o1 | YRG0, ¥ OLTS SPEG’D VOLTS ACTUAL ~ ZENTON NO.TURNS LENGHT(G)= 0.8169 HEIGHT(F)= 0.9995 WIDTH(D}= Ca7333
t 1 13.000000 13.000000 B.000 €5 .
‘r'\‘; 2 13.900C00 14.000000 -0. 719 70 . _ N
- EPFCIFY PPINIARY WIIDI'IG iD= IN2
YOLTS FE™ TIE= C.20000 - PEN SIDE BATA . R
ME™ FLIY DESITED?= 1D TBhGe ™pt CT TTACT E(X) E{T)P* EC(TIS ELTOT)
JEY COTE DECITED?= 110 ‘ N0, MICTO H 0RHS VOLTS VOLTS VoL TS VOLTS
2> TIGLIIC NI EERE ] VINE SIZE (AUGI= 25 . ) 1 35. 78 4.4961 . 0.2233 0. 0135 0.8216 0.2583
. Ren?] LAYETS FILLED. DO YOU '"ISH TO CHANGE WIVE SIZEP= YES .
F>>>VIUNTIE WIMBEDR= ] TIPE SIZE (ATG)= 27 VDE. HO» TUANS VOLTE SPEG’D VOLTS ACTUAL °  VOLTS QUTPUT
: £.7C% LATE™S FILLED. DD YOU “ISH TG CHANGE VIRE SIZE?= YES . 1 &5 13, 0OOGOGO 12.9999995 12.7416318
i >>2>WINBING MU ¥FE"= ] TIPE SIZE (AUB)= 26 : 2 70 13.9 060000 13,99999% & 13.9999596
| 3. 095 LAYETS FILLED. DO YO WISH TO CHAIGE VIRE SIZE?2 YD )
TUSIS/LAYETs 21,0 UINDINE VILDTH= 0. 407" VINDABLE WIDTH= 0.424| PEPEATS-7D % *ALL% ‘CORE’, OR ‘FLUX ’= FLUX
DO YO ** 15H TO CHNIGE TU™IS/LAYE™?= YES NEV FLUY= 1600 ,
IR TUTIS/LAYEPs 22, CONTROL % DG NO.= 1 . :
2,75% LAVERS FILLED. DO YOU T"ISH TO CHAYGE WINE SIZE?= !0 ACTUALFLIX DRISITY= 1592, 6AUSS COMELDSS=  0.4161VATTS
i TUIE/LIYER= EE.D “IMDINE VIDTH= 0.825" VINDABLE VIDTH= 0. 424"
¢ nO YOP * JSH T0 CHANGE TUMME/LAYET?= "0 . "DE, N0« VOLTS SPEC’D VOLTS AGTUAL  TENROR HD.TUFHS
x> IDING MIMEEN= 2 ITE SIZE <(nAvG)= 27 ] 13. 000000 13.0000060 g. 000 . 61
6. 384 LAYEPS FILLED. DO YOI WISH TO CIMIGE WIRE $IZE?= YES 2 j3.900000 13. 852459 0s 342 &%
Sx=xVI)DINIG MY MBER= 2 VIPE BIZE (AVGY= 26
740060 LAYERS FILLED. ©O YOU YISH TO CHA'JGE VIRE SIZE?= !0
TH™IC/LAVED 10.0 TIMDINC YIDTH= G. 407" VIADAELE VI0 H= D.a424%
NO YOt 1SH TO CHAMNGE TUTIS/LAYET?= (G | .




Tabie 5-4 (continued) Interactive Transformer Design

EL-S

VOLTS PFR TUTH= 0.20145 4
3 HEY FLIT; DESIPFD?= YES
MEY FLIYX= 1550
- = CONTRNOL ¥ DGe HO.= 2 . ’
O T 213l ' AGTHALFLU X DENSITY=  [550.GAUSS CORELOSS= 0. 3034WATTS

E™ FLI' X PESINEC?= WO
Iz CoTT DESIPIR?= w10 . . TDG.130. VOLTS SPEC’D VOLTS ACTUAL  SERTON HO.THRYS
>re2 PIPING W MRt FINE SIZE (AVGI= 30 1 §3.006000  13,070149  =0. 540 63
1,794 LATETR FILLED. 0O YOU YISH TD CHAIIGE YWITE SIZE?= YELS a . 13.900000 '13.900000 0« 000 &7
>e>>FNRINC HIYIDT R i CI™E SIZE (AUGY= 32 .
1.A52 LAYETE FILLEL. DO YOV MISH TO CHAIGE VITE SIZE?= HO VOLTS PEP THEM= 0. EDTAE
THTINE/LAY T 4i2.0 TINRIMNG YVIDTH=s Q. a17" WINDARLE VIDTH= D.424" DL.‘];""- ;LU \:n}\;EFIT‘FD;: YES
DO YD TISH TO CHAYGE TUCUS/LAVER?= 4O NEv FLIN= 1895
>>>>IIRING ITITETS 2 UPE SIZE ¢AUE)= 38 _ COITPOL YDE. HOs= 2
2.75¢ LAVE"S FILLED. DO ¥OU VISH TO CHAJGE VINE SIZE?= MO by ; - . -
ACTPALFLY' ¥ DENSITY=  1573. GAUSS CURELOSS=  _Us 4060YATTS
TUWIE/LAYERE  £G.0  VINDING VIDTH= 0.407"  WINDADLE WIDTH= 0.424" ty - T
DO roY TISH TO GHANSE TURIS/LAYER?= NO "DG.H0. VOLTE SPEC’D VOLTS ACTUAL  SERROR NOLTUS
. - i 13. 000006 13.057575  ~0.443 62 .
CHECK FIT: 64,55 % FILL BOILD= U.07 I¥. PEP SIDE :
St FLUNPE VEC 2 13.900086 13.000000 G. 000 66
1000
ey 1 . . UQLTS PET TI=  0.21061
CoT2oL ¥ PGe b= 2 - WEY FLIX DESITED?= 30
ACTUALFLIT, DEIRITY= 1403. CANIES COTELOSS= 0« 319TUATTS HE'" CO™F DESI™FD?= 'O
»>>>LIDING HIMEER= ) WISE SIZE (AYG)= 29
VDE.ND. VOLTS SPEC’D VOLTE ACTHAL - SERROT HO.TUPNS . 2.667 LAYE™S FILLFD. DO YOU YISH TO CHANGE VIRE CIZE?= 40
] 13.00en00  12.960811  0.301 & - | ru~assuAYERE 30,0 UINDING WIDTH= G.4lS5® VINDABLE UIDTH= D. 424"
2 13.90000C 13.20c000 6.000 T4 . O YOU " IEH TD CHANGE TUTIS/LAYER?= YES

'IEY TUTAS/LAYETS 31

VOLTS wEn T f.le7a £,000 LAYE™S FILLED. ©O YOU "ISH TO GHAMGE VIPE SIZE?= 110
e TLIT DETITED?= 1D TURIS/LAVEP=s  31.0  RINDING WIDTH= 0.4297 UINDABLE VIDTH= 0.24E84"
qTT GNTE BESITEN?= 0 _ DO YOI ' TSH TO CHATTCE TUTNS/LAYED?= 10
35> UPIPING [T CTERs | “ITF SITE (AVG) = 29 »>53 T THPING HE nire B NIRE SIZE CAVGYE 30
£.30% LAVESS FILLTD, bR AN WISH TO GHAUCGE VIRE SIZE?= 110 . 125 LAVEPE FILLED. DO YOU “ISH T0 CHAIGE UIRE SIZE?= 0
TET/LATET= 38,0 VINDENG VIRTH= 0.415" VINDAELE “IDTH= QedBA™[ qremgspavin= 16,0 VINDING VIDTH= 0.40G™ VINDADLE UIDTH= 0. 428"
DO v U1 TO CHAIGE TUTUS/LATEN?= N0 ' DN YOI T ISH T CHANGE TWMIS/LAYER?= YES
s3> MIGNNT NVDETs 2 “ITE SIRE (AVG)= 30 HET TUTWR/LAYEr= 17
4,67 LATFRS FILLFE. DO YOM "IEH TO CHAIGE VINE SIZE?= MO 3.992 LAYT"S FILLED. DO YOU WISH TO CHAYSE UIRE SIZE?= HO
THTIT/LNYE = 16+ 3 SHINDING VEIDTH= Q. 408" TIVIDABLE ¥IDTH= D.4247 THS S /LA T 17. 0 UYINDING TIDTH= 0. 432% VIIDABLE YIDTH= D. 484"
No YOor Y ISH TG CHATGE TVRIS/LAYER?= 10 DO YOI' Y I5H 70 CIAYGE TURSS/LAYER?= 10
CrCik FITsIC7. 62 = FLL BUILD= 0.12 Id. PET SIDE CHECHK FIT: %0.73 % FHLL BUILD= 0.09 IN. PEP SIDE
=*1F" TLI7"?= YES . EY FLINT?= N0 .
15060 NE™ CO™E?= 110
COITTOL 'T DGe [10.= 2 . BED BILT DATA
ACTVFALFLT 31 DINISITY=  1505.GAUSS CORELOSS=  0.3700VATTS
: YDG,M0.  AMPS  AIPS/50.IM:  MLTEIN.) LEMGTH(FT.) % OF FILL
YRE.N0. YOLTE SPECYD VCLTS ACTUAL TERTOT M0.TUCNS . 1 0. 0730000 150 1046 5. 6547 154850
! 13.000000 i3.094203  -0.7R5 65 2 0. 570000 513. 1409 79933 25.8%4
? 13.960000 12.90C000 0. 0GC §9 .
DG  WITE 0. OF TUOMS/  UDG. NESISTEICE
Hh. GAUGE LAYFTS LAYF? TIDTH OHAS/LEG LEG LTe LEG I T
1 20 2,08 31.0 0.429 0.4632 0.0022°  0.0023
2 30 4.00 7.0 0,432 0.647% 0.0024  Q.CCla
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Table 5-4 {continued)

Interactive Transformer Design

TAISFOPEED TOTALS
COPPER torE TOTAL
LOSSFE C.C112 0-4060 .059 0- 4172 UATTS .ol02
VEIGT D.014al C.D130 0.0271 POUNDS
LTICHT(E) = $.8167 EFIGHT(Fds D.74%2  VIDTH(DI= 0.4886.
SPECIFY PIMANY YINDIUG HO.s 2
FF™ SIDE DATA )
wnr, 1350UCT TEACT ECX) E(RIP* M3 ECTOT?
MG.  CIICTO. H 011118 VOLTS VOLTS VOLTS VOLTS
1 10.10 1.2510 0. 0636 0. 6227 0. 0365 . 1223
“DG. 0. TUTIS VOLTS SPEG’D VUCLTS AGTUAL YOLTS OUTPUT
1 a2 13.c000000 13. 0575755 12.9347469
c £6 13.9CGoC0D 13.53939337 1'3-5999997
PERCATS- 104, *ALL %, YGORE X, 0T ‘TLUS ‘= FLIV
Ut FLI™e= 1375
CONTTOL “DGs '10e= 2 :
ACTUALFLYY DENSITY=  1366.GAUSS COTELDSS= 0. 3028UATTS
"DG. 1. VOLTS EPEC’D VOLTS ACTUAL SEPNON HO0.TUNNS
1 13. 000000 12,935526 0. 111 71
2 £3.000000 13.9¢0C000 G. 000 76
tOLTE LT TE W= 0. 16879 .

1T OFLYT Y OPESIPID?= TR

MDY CQTI DTSITIL?= D
>>>2TLINENC ™
407 LAVITTE FILLTE.

T US/LAYET= 34.0

na oAttt 104% T0 CHAIGE

T VTIT/LATTT= 3G
1.31L LATENF FILLEID.
TS /L U= 24 C

Lo vYr* " ITN TO ChAIGE
>»>»INDIIG ITVIEDTT= 2
4.272? LP’ETS FILLED.
>>x=MINIDNIIG TMNGEDE B
Lo TEF LAPETE FILLED.
T NE/LAVET= 16.0

nA Yo "1 s To CHAMNGE

YITE SIZE (aVG)= 30
DO ¥YOU YIS TO CHAIGE VINE SIZE®= ND
TINDING TINTH= C.420° YINGATLE UVIDTH=
TUTIS/LNET?= YIS

PO YO YISH TO CHANGE Y'ITE SIZLE?= NO
PINPING YVIDTH= D. 444" UVIUDABLE WIDTH=
TU™IS/ALAYT™?= 10
TITE SITE (AWGY= 31
DO YO'r WIS TO CHANGE VITE
TITE "2 (nVGY= 30
C0 TOoU IS TO CHAIGE UVITE SI%&?= 10
TINDITIG VIDTH= 0.4087 VINDABLE WVIDTH=
TMIS/LAYER?s 0

SIZE?= YE§ °

DTILD= O 10 IN.

‘ =NEW FLIW?= YES
1300
COUTROL "DGs {De= 2
ACTUALFLUY DEUSITY= 1298.6AUSS
TRE,N0. YOLTS SFECYD YOLTS ACTUAL
13. c000600 13.031250
n 12.900G600 13+900000

VALTE PET T I= 0. 17375
MET FLITY EEEITED?= N0
HEY CONE DESITED?= D
>>>>UMDING MTINRESTs ]
2+ 50C LAYIME FILLED.
TNRIEALAVET= 0.0
oe vor Yt 184
>>>>"DIIE U 'IBET= B
5.000 LAYE™S FILLED.

GOVELOSS= G« 271 TUATTS
RETTION NO.TUNHS
=3« 28D 15

0. 0CO 3o

TINE SIZE (AUG)= 29
DO ¥YOou Yi5iH TO CHARIGE MRE SIZE?= 10
TINDING ¥YIDTil=
TO CHATGE THMIS/LAYER?= {J0

UITE SIZE (AYGY=s 30
DD YOU %WISH TO

Qe 415" WINDASLE U.2TH= 0.424"

CHANGE VIPE SIZE?= NO

THWIHNS/LATEN= 16,0 YINDIIG YIDTH= 0.406™ VINDASLE WIDTH= 0.424"
0O YO! VIS TO CHANGE TUNIS/LAYERY?= N0
CUYEGK FIT: 0769 5 FULL EUILD= 0.12 IN. PER SIDE
=JE™ FLUY?= YER '
1200
COMTTOL " DGs MOem 2 | -
ACTUALFLIY DRISITY=  1193.GAUSS COMELOSS=  0.22BIVATTS
“DE.NO0. VOLTS SPEC D VOLTS ACTUAL  SEPROD NO.TUPNS
1 15.000000 12,941379 0. 451 31
2 12.000000 13.900600 0. 000 87
VOLTS FEP TUMI= 0. 15077
ME" FLWY DESITED?= YFR
D. 424" HETT FLITI= (395
COXTTOL v ECe *10.= % *
ACTUALFLI™, DENFITY=  1384.GAUSS COMELDSS= 0. 3109WATTS
0. 424% | »pE,ND. VOLTES SPECYD UYOLTS ACTHUAL  RETMROT 0. TUTNS
1 132. 000050 1£.973333 0. 205 70
2 12 200000 13.000000 0.000 75
VOLTS PET THTI= 0417533

NE™ FLIW DEFITIED?= 40
MET COTF DERIMED?= )0
=R IR HPUIREN= ]

2,059 LAYERS FILLED.

Be 424~

VINE SIZE (ATGY= 30
B0 YOU WISH TO CHANEGE WIRE SI1ZE?= Y0

CEECK FIT: 90.83 & FULL PER SIDE TUMIS /LAY E™= 34.0 TENDING VIDTH= C.420" PINCAGLE YIDTH=z (e 474"
:»-»’.'.u«..zwt - . 0 ) ~ « i : - ] [ L
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Table 5-4 (continued)

Interactive Transformer Design

7

DO YO TLEN 10 CHNIGE TUTNS/LAYFD?= YES
PE PUTHE/LAVET= 35
8,907 LAVETT FILLTG. DS Y9! 10 T0 CHAIGE UINE SIZE?= '10
TU IS LAY T S A5.00 TIODING UYIDTiH= G.A4327
TC Vo' *ITY TO0 CHNIGE TUTIS/LAYE™?= 'I1d
>V [NITING CITMETT= L 8 "ITF SI7E (AVEY= 31
He 16T LAYEPS FILLED. DO ¥OU "I TO CHAIGE UVIFR SIZE?= “I0
TS LAY 15.06  "IiDING “'IDT= G.407™
DO vOU UISH TO CEAIGE TUTIS/LAYER?=s YES
1T OTUTUER/LAY ™= 10
3047 L T FILLED: EO YOU TIEN TO CHfIGE YINE S122%z 30
TrTIS/LL 19.0 TINDEIG VIDTI= 0.423%
PR ovgr * 15T TR CHACIEE TEIMS/LAYET?= 10

CrTC FIT: 79.95 © FILL TUILD= G.03 I¥, PET SIDE
FLI"" %2 *Q ,
NI CATE?R NI

£ET OCINT DATA

LIPS RP, LI TLTOIT.)  LREIGTHIFT.) 5 OF TILL

eI, et
I 0.072006¢C nas. 1.034 (.E302 124149
. . 0570607 £an, 14361 3.7577  £3.345
“0G. ITE NM0.OF TUMIC/ DG TIFISTEICE 2

0. BAVCT LAYETS  LAYIT VIDTI GHHER/LEG LEG "7 LEGI T

1 70 2.00 35.0 Q.32 : fl. 6657 D.CG19 p. 0041
4 71 fi.00  17.0 DNOAET ’ 1.173¢ r.G0E] 0.GG19
TRPAISFITIET™ TOTALE f
Cnrrrn comr TOTAL
LiacrF= 0.0187 0.23109.048 CoIZ54  "NTTS - o6
TRIGT c.0i22 r,glae N.CE52  PONILE

LT T = U8 169 HTICIT(FY= CG. 7304 FIDTHIDI= (. 4550

EOREGEET CTIMIATT TIUIDING Tn.= 2
FL™ FIDT DATH )
i a2 TINNCT - nlT E(KY T(TYP* EC(RYS | FCTOT)

‘M. TICNG M ot VOLTS “OLTS VOLTS COLTE
i 11.47 1. 0527 C.0717 D, G3LF . 0519 o 1547

UDLTS GUTFUT
17.R17851A
17, 733300 7

vae, 17, THTIA YNLTT SFEC’D VOLTE ACTUAL
1 " [z.anngnrn 17 TFTARTAN
n TR ,1.‘:-""}7""("‘.'- 2, unn0any

ULIDARLE WIDTH= 0O.4Z4"

TIDATLE VITTH= Ce

JE" rLITT= 1745
COTITRDL ™ D, “Mha= P
ACTIALFLIT LTIEETY=

1 13006006  12.973333 0205 56
- 2 13.acp0ce 13.9CCCCO 0D« 00D 640
z
VOLTS PEP TUTH=  0.23167 :

EY COTE DESITED?= HD

TINDASLE VIDTH= 0+ 4247 | assaInpp'iG Witiir== |

2.074 LAYF™Y FILLIT.

TUTAnNSLpT aTe

ST TVTISSL AT
E. P00 LAYITS FILLTE.
TIMID/LAY T = 5.0
BO vOr TIFN TO CUAICE

=2 TNTIIR TPTIITT= 2
4e E5C LAYETE FILLTD
THEIS/LAT T s l1a.0
DO YOU “IfT TO GHAGY

MNET TITUS/LAYETR 1B
¢ 000 LAYFTS FILLZE.
TUTIS/LAYT = 15.0
DO Yot UISN T CHAGE

YEW FLIMT= 110
NE' COTET= 110
PEP SIDF BATA

LEIGHT(GI= 0.0169

TTPFATE- MG, /ALL %, PCORE’, DR ‘FLUM *= FLIN

PTLW0. YOLTE SPZC’D VOLTS ACTUAL

AU FLOTU DECICTL?= f0

DO P01 Yinh 0 GUIMIGE

JIECK FIT: 52.07 4 FILL

“IGs N0 NIDE MAMPESSC. I, ULTCIN.) LETETHITT»? % OQF FILL
1 Ge 073CCN0 G24. 1.053 5. 1592 15.393
a 0. 0570000 an3. 1.453 T 5402 £3. 6040
DGe TITE M0L.O0F TITNUS/S TG RESISTEICE 2
MDe« BATET LAYETS LAYER ¥WIDTH OHMS/LEG LEG ¥T. LEG I
1 2R Z.00 275.0 0.479 03456 0.0025 O« RORL
2 29 r.N0 15,0 0Oa.420 0. 6243  0.0089 B.GCIC
TTAIEFO™IST TOTALS
COrrET CoTF TOTAL
LOZEFS C.0233 0.4753 0+5L36 YATTS 1
YFIGHT C. 0167 G.CI30 N.0297 FONIDRS

8

1731 RA1ISS COTZLOAS= 0. 4P EFVATTS

FERTOT: 1§D. TUTIIS

VITE 5ITE (AYG= 28
DN ¥Ygr wIsH 7D CHANGE YVITE SIZE?= 1D
CITIDING TIDTIH= D.a14" WINBATFLE YIDTH= G.424%
TNTS/LAYEP?= YES

DO YoM VIFH TO CHAIIGE WITE FIZE?= 1D
TIUEING VIDTH= G.A20" VINDAELE VIDTH= D424
TUTHE/LAYED?= 30

YITE SITI (AVGY= E
DO voU MISH TD CHANCGE PIRE SIZE?= 1D
VINDING "IDTH= O.48027 YINDACGLE YIDTi= G.a22%
TUPNS/LAYEN?= YES

Do YOoU WisNd 70 CHAIGE YITE SIZE?= NO
TINDIIG IDTH= O.4E9" VIADAELE VIDTH= D. 424"
TUTHIS/LAVET?= 110

BUILD= 0.310 I. PE™ S1DE

HEIGHT(TFd= 0. 7667 VINTH(DY= 0.5011
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Table 5-4 (continued) Interactive Transformer Design

9
SPECIFY PPIMARY VI'IDING '0.= 2
FER SIDE DATA » : .
NG 13DICT NEACT ECD ECTIP’ E(TM)S ECTOT)
0,  MIicr0 H . ouus YOLTS VOLTS VOLTS VOLTS
1 9.4l 1.1619 0.0587 D.0166 0.0270 0.1023
”DG. ‘1D THURIS VOLTS SPEC’D VOLTS ACTUAL VOLTS OUTPUT
1 56 13.0000000 12.9733330 12.8710734
2 L3 E 13.2000000 13.3299996 13.3999996
EPEATS=*N0 % *ALL %, *COTE’, ON ‘FLUX’= FLU
U TLI™= 1250 _
COITTOL *Ge M0e= 2
ACTUALFLIT DEISITY= 12514+ GAUSS COTELOSS= 0251 6VATTS

YDG.M0. YOLTS SPEC’D VOLTS ACTUAL

1 13.0C0000
2 13.920000

VYOLTS PERTTU = 04167
e FL™ DESINED?s 3}
NS COTE DESINED?= N0
>>>>"' 101 S 2 1
2053 LAYENE FILLED.
THTIS/LAVED= 23.0

Do Yo IS TO CHANGE

TITNE/LAY D= 30.0
DN vorr 1 TO CHAIGE
>33 > LIIDINIG (IMUTED= 2
4+ 150 LAYETS FILLED.

Y £ s £0.C
1 TO CHAMGE
t 1TIS/LAYEDs 21
2952 LAYERS FILLED.
TUMIS/LAYET=s . 21.0
DO YO ISH TO CHANGE

CHTC! FIT: 66051 % FILL
HT FLINI?2= N0
HE'! CORE?= NO

ZENNOF NO.TUTIS

13.062650 =0. 452 73
13.900000 GC. 000 83
47
0

VINE SIZE (AVG)= 31
DO YOU WISH TO CHANIGE VIRE SIZE?= 110
"INCIIG YVIDTH= 0.417" WINDACLE VIDTH=
THUTIS/LAYEN?n YES

DO YO MISH TO CHAIGE VIRE SIZE?= ND
TINDING VIDTH= 0.428" WINDASLE VIDTH=
TU™IS/LAYER?= !

YITE SIZE (AYG)= 38
DO YOU VISH TO CHANGE WINE SIZE?= NO
TINDING VIDTH= 0.407% VINDAZLE VIDTH=
TUTIS/LAYER?= YES

DO YOU VISH TO CHANGE WINE SIZE?= NO
T"INDINC VIDTH= Ce.a27" VINDADLE YIDTH=
TUFHS/LAYER?= NO

BUILD= 0.07 IN. PEP SIDE

0. 424"

O« 424%

0. 424"

0. 424"

10

PER SIDE DATA
AMPS/S0.1H. MLTCIN.) LEIGTHCFT.)

DCs 110, AMNE . % OF FILL
1 0.0730C00 1254. 1.022 648950 11.872
2 0.0570000 801. 1.321 9.3855 21.354
¥DG. YIRE N0.0F TURNS/ VDG RESISTEICE ‘
NOs GAUGE LAYENS LAYER VIDTH OHMS/LEG LEG WT. LEG I 7
1 31 2.00 39.0 0.423 0.9239 0.0017 0.0056
2 32 4.00 21.0 0.427 I« 5486 0.0013 0. 0025

TRANSFOTMIER TOTALS

COPPER COTE TOTAL
LOSSES 0.0213 0+2516 .039 0.2729 VATTS .0603
WEIGHT 0.0106 0.0130 0.0236 POWIDS
LENGHTLG) = 0-8'169 HEIGHT(F)= 0.7161 VIDTH(D)= 0.4505
SPECIFY FFIMATRY WINIDING 10.= 2
PERN SIDE DATA
DGe. 1MDUCT NEACT LECOH ECRYP’ E(r)S E(TOT)
N0, HICTO H < FOIRIS VOLTE VOLTS VOLTS VOLTS
1 12.52 16111 0.0800 0. 0415 0.0721 0. 1935
UDGe HO0e TUTS VOLTS SPEC’D VOLTS ACTUAL VOLTS OUTPUT
3 1 73 13.0C000G0 13. 0626502 1248691075
2 | 83 13.9000000 13. 8999996 13.899999¢
NEPEATS=-'M0%, ALL %, “CORE’, QN ‘FLUM ’= FLUX
HEY FLANI= G50
CONTROL Y DG N0.= 2 ;
ACTUALFLUX DEJSITY= £51.GAUSS CORELOSS= O« 1126WATTS

WDGsNO« VOLTS SPEC’C VOLTS ACTUAL ZERNOM {10. TUNNS

1 13.000000 12.938524  0.088 114
2 13.900000  13.900000  0.000 . 122
VOLTS PER TURN=  0.11393
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= E Table 5-4 {continued) Interactive Transformer Design
[ == H
BE '
o) ;
[wo)
B 11 12
(e
9 3
g Eq NEW FLUX DESIRED?= YES
[op! WEW FLITI= 525 . .
= CONTTOL ¥ DG HD.w INZ2
ot ACTUALFLITY, DEUSITY=  B24.GAUSS CORELOSS=  0s 1053VATTS
77} .
< UDG.10. VOLTS SPEC’D VOLTS AGTMAL  SEPROR 110. TUTHS
s ; noR i ! PER SIDZ
P! 1 13.000000  13.017466 -0.13a4 118 1DZ DATA ) .
% a o 13.200000 13.2600080 0. 000 126 VIDGaMO.  ANTS AMPS/50418.  MLTCING)  LENGTHCFT.) . % OF FILL
, . . 1 ¢. 0780000 EE54. 1. 074 10. 7125  17.c09
YOLTE PET TUMI= 0.11032 o .05 . +
%" FLIN DTRIRED?= YES 2 0. 0570009 got 1.518 160616 314375
.;‘,,.,T'pgij'i’,;s“ﬂo =2 VDGs WIPE 1I0.0F TUTIS/ YDG RESISTENCE -]
DG HOe= . 1O, GAVGE LAYETE LAYEW T HMS/LEG LEE U
ACTUALFLUY DSISITY= 331, GAUSS COTELOSS=  Ge 107OUATTS 1 ;1!: a?nc g;‘; nfgg Oq'l’_ chg LO?G:JZ:’; LEPnIusE;
2 *4 . - - »
DE.iI3. VOLTS SPECD YOLTS AGTUAL  SERTOT (10.TUTHS 32 &00 21.0 0.427 2. 6502 0. 0034 0. 0043
1 12.CGBGCG  13.010400 -0, 030 117 A BT o .
. 2 13.00000C 13.0006C0 0. 700 125 .'rmsro...n. TOTALS
[ S ; ' GOPPER CONE TOTAL
= VUL:E"'%Lrjﬂgf;lﬂyg;lllgﬂ LOEEDS 0. 0347 0. 1B70.028 B. 1817 VATTS .pe27
i ? DISITED?= i VEIGHT . s
SLEN.L Ak A , 0.0176  0.G130  ©.0306 FPOWIDS
>»>>"IDING JUHEITE 1 TITE SIZE (AYE)= 31 LENGHTCS = 0.a) I S Ty e o
2.C7D LAYSPE FILLTD. DO YO VIST TO GHANGE UIPE SIZE?= A0 ENGHT(G)= 0.3160 HEIGNT(F)= 0.7669 WUIDTR(D)= 0.5233
TUNIS/LAYET= | 97.0¢ TINGING UIDTH= C.417" WIUDABLE VIDTH= De 424" ' .
n0 0T “ISH TO CIAJEE TITIS/LAYFT?= YET SPECIFY PPIMARY WIHDLIG HM0.=
SIS o ;IDE.D§¥EJATY WIHDING M0.= 2
5.06C LAYE"S FILLED. DO ¥O7 PISH TO CHANGE YINE SITE?= 110 "Eo. pNCT i o s -
TReIS/LErSne | 39.0  TITDLIG TIDTH= 0.4007 . TINBADLE VIDTH= O.azan | pon T EER TEO R Figies  baas  omm
Lo Yom MIEK TO CHAIGZ TUTIS/LAYZS?= M0 1 47.07  5.9148  0.2937  0.6707  G.1120  0.4764
»a>UIDIIG SITDE"E © TIPE SIZE (AVG)= 32
E.Z50 LAVE"S FILLED. DD YOU “ICH TO CHnIGE VINE SIZF?= M0 YEG. ¥D. T1 JOLTS SPECD U -
TUSIT/LAYEN=  20.0  TINDING TIDTE= G. AGT® VIADADLE UIDTH= G« 424" ”? ﬁ?? Vuk;:uﬁbggug O?Efu?géggg 12_gg§;gégUTP"T
DO YO TLSH TO CHAYGE TUHS/LAYEITN?= YES . :
RIS e 2 185 13.90066ED 13.8999907  13.8509997
5.05¢ LAYERS FILLED. DO YO UISH T CHANGE VIPE SIZE?= N0

TUTIS/LAYEDR= 21.0
DO YO YIS TO CHANGE

CHEGK FIT: 98.97 % FULL
IE™ FLIT7?= 110
NEY CORE?= MO

UINDING VIDTI= 0. 4277 VIJDABLE WIDTil= 0. 4257
TUMIS/LAYER?= "0 :

BUILD= 0.11 I+ PER SIDE

REPEATS=- "0 %y FALL %, *CONE’, OR ‘FLUN’= 4O




The details of transformer design are now established between the operator
and the computer. The operator selects AWG 25 for the primary. The com-
puter says this fills 3.421 layers. This is not a desirable form, since

all Tayers should be fiiled. The operator says, try AWG 27. The computer
says 2.708 layers filled. The operator says, try AWG 26. The computer says
3.095 Tayers filled. This appears to be achievable in the judgment of the
operator, and he proceeds to tell the computer to place an additional turn on
each layer, exceeding the minimum windable width by 0.001 inches. This pro-

cess is repeated for the secondary.

In columa 2, it is determined that the core window is 192.8% full, indicating
an impossible design, However, the operator wants to know all the particulars
before he proceeds. The computer prints out current, current density, mean
Tength of turn, total Tength, number of layers, turns per layer, ﬁesistance,
winding weight, copper loss, copper weight, core loss, core weight, and over
all dimensions. The program also calculates the winding inductance, react-

ance, and actual winding voltage on each winding.

At this point the operator inserts his judgment on what to try next, and
chooses a higher operating flux density, 1600 gauss, and this drops the pri-
mary to 61 turns (from 65), and the secondary to 65 turns (from 70), with a

+0.342% ervor on the actual secondary voltage.

At the top of column 3, the wire fit is checked, and much smaller wire sizes
are selected, this time utilizing only 64.55% of the core window. The oper-
ator now selects a flux of 1400 gauss, and determines wire fit. The nearest

full layer wire size again exceeds the core window, and the flux is changed

]

R,



back to the initial 1500 gauss, but this time the voltage error is put with

the primary.

This iterative process is repeated for a total of fifteen different flux
densities, until a winding fit is estabiished which fi1ls each layer, fills
the core window, and achieves an acceptable design in terms of weight and

Tosses.

5.4 Phase II Implementation Plan

A1l aspects of power processing methodology are to be brought together under
the management computer orogram described in detail in Section 4 of this re-
port. This activity will serve as the common structure on which to develop
design, modeling, analysis, optimization, and simulation techniques; and the
language, format, and consistent nomenciature to vermit a variety of nower

processing design routines to be operated in sequence.

Three types of information can be developed to add to the total management
program. The first of these is the physical characteristics and details on
existing equipment described under Task 2 of this section. This data will
also serve as the baseline against which simulated systems are measured and
against which analyzed systems can be compared. The second type of data to be
utilized is electrical performance characteristics determined from phase-gain
measurements on circuits that cannot be modeled or analyzed by other means.
The mathematical transform of the Bode Diagram resulting from the phase-gain
measurement will permit detailed analysis within the content of the manage-
ment computer program, and the effects of interaction with other éircuit ele-
ments whose characteristics are already available. The third source of in-

formation is computer routines for tedious and iterative design procedures



that can be handled directly and adequately by a computer. The transformer
design procedure is the best example of this type. Three different routines
have been detailed in this report, two additional programs at NASA Lewis have
been referenced, and other computer techniques were listed in the Task 3

Report.

5.5 Milestone Schedule

The Phase II task schedule and program milestones are shown in Figure 5-1.

5.6 Reguired Resources

The allocation of manpower vesources is shown on Table 5-5. This includes the
number of hours and type of personnel by labor category to be assigned to each
task of work. Estimated computer costs in dollars by task are alsc shown on
Table 5-5, based on a composite billing rate for a variety of data processing
services. Average computer charges for the power processing design group at
Valley Forge have been $300 per month over the past several years. The 1ntér—
active routines envisioned do not result in open loop computer processing,

and consequently do not result in high computer expense.
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1 5 6 7 8
Task 1. Design of the Management Computer Program - _
Task 1 Report /
Task 2. Design of a Library of Power Processing System ﬁ
Components
Task 2 Report A
Task 3. Methodology of Optimization ﬁ
Task 3 Report r
Task 4. Computerized Design Routine B —
Task 4 Report
Task 5. Monthly Narrative and Final Report ! ! S 4 A \
A Y
Figure 5-1. Program Milestone Schedule
Table 5-5. Technical Work Allocation
Task 1 Task 2 Task 3 Task 4 Task 5 Total
Man Hours
Engineers 400 130 200 200 100 1030
Technicians 120 180 20 0 50 370
Total Program 520 310 220 200 150 1400
Computer Dollars $1500 $600 $1200 $800 --- $4100
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CONCLUSIONS

This report has presented a computer management program that can, with sujt-
able available catalog data on existing power processing subsystems, and
with defined mission objectives, constraints and data, select suitable can-

didate designs to assemble a complete system.

The program can be expanded by additional analysis and synthesis routines
as they become available to permit the operator to create the optimum de-
sign by an interactive procedure which compares the results of modeling,

analysis and synthesis with the data base of existing designs.
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1.0 INTRODUCTION

The Mariner Jupiter/Saturn vehicle (MJS77) is an outgrowth of the previously

flown Mariner-class spacecraft for outer planet missions.

Previous Mariners used a solar cell power source for missions out to one and
one-half years. The Jupiter/Saturn mission is nearly three times as long,
and invoives interplanetary distances to 9.5 astronomical units, and thus re-

quires a solar independent power source.

Two identical vehicles will be launched during the 1977 Jupiter/Saturn launch
opportunity. Their mission is to conduct exploratory investigations of the
planetary systems of Jupiter and Saturn and of the inferplanetary medium out
to Saturn. Primary emphasis will be placed on comparative studies of Jupiter
and Saturn by obtaining measurements of the environment, atmosphere and physi-
cal characteristics of the planets, and one or more satellites of each planet;
studies of the nature of the rings of Saturn; and exploration of the inter-

planetary medium of increasing distance from the sun.

Engineering objectives of this mission are to demonstrate the use of Mariner
class spacecraft for cperational periods of four years. The second objective
is to demonstrate the use of radicisotope thermoelectric generators (RTG's) as
a primary spacecraft power source for long duration interplanetary missions.
A third objective is to demonstrate interplanetary communication and naviga-

tion accuracy for distances in the order of one million miles.
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2.0  SYSTEM OVERVIEW

The Mariner Jupiter/Saturn spacecraft system has the basic mission of support-
ing scientific experiments for at least four years and of collecting outer

planetary data and transmitting it back to earth.

Representative instruments and experiments are of the following types: energetic
particles, imaginag, infrared, Lyman alpha, magnetic field, meteroid science,
photometry polarimetry, plasma, plasma wave, radio astronomy, radio science,

ultraviolet spectroscopy and X-ray.

These experiments place various demands on the spacecraft and supporting sub-
systems, such as pointing accuracy for imaging and scanning devices, and con-
trol of radiation and thermal levels for the nuclear power sources to prevent
interference with energy measuring and infrared experiments. Still other experi-
ments are electro-mechanical and optical in nature and as such will demand short
duration, high current, fast rise time pulses with the resulting EMI effects,

all of which must be considered in the electrical and power subsystem design.

Spacecraft power management, fault detection, and fault removal are of signifi-
cance since ground communications to the spacecraft in deep space can require
considerable time. Reaction time 1is of critical importance near mission end,
where system power has decayed and there is a high power demand to support
collection and transmission. Autonomous power management was considered for

system implementation under these operational conditions.

Three radioisotope thermoelectric generators are installed on the vehicle during

the typical pre-launch phase seguence of events. The next phase is ascent with
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E its many events of boost and spacecraft separation, but of significance to the
) power system is the firing of pyrotechnics for venting and deploying the power
4 sources. At this time the science scan platform is unlatching and science
booms are deployed. Within two hours of launch. the sun and Canopus are ac-
quired for guidance. Science instruments are sequentially turned on to gather

3 data from the earth's magnetic field and trapped radiation belts. The subse-

quent cruise phase encompasses all the mission time that is not included in
t the ascent, trajectory correction maneuver, or the Jupiter/Saturn encounter

phases which are not detailed here.

The power subsystem must be capable of enduring the hazardous environments of
the near-earth and solar magnetic and electro-magnetic radiation, Van Allen

Belt protons and electrons, solar wind protons, and galactic cosmic rays. The
H environments peculiar to Jupiter and Saturn include planetary radiation belts,

the interplanetary meteoroid and asteroid belts beyond the Earth-Mars region,

and the rings of Saturn. Information on these environments is presented in

;% : the Outer Planets Natural Space Environmental Estimates Document. An assess-

ment and description of these environments is available in the Mariner Jupiter/

PR

Saturn 1977 Mission Requirements Document, JPL Project Document No. 618-4, and was

modified based on interpretation of data accumulated from the Pioneer 10 mission.

[
T
w

Fane s j
[ —



3.0 VEHICLE CONFIGURATION

The spacecraft has a design mass of approximately 737.5 kilograms or 1625.8
pounds, including the adapter and a 4 percent contingency. Figure A-1 is an

assembly drawing of the vehicle.

The power system is expected to weigh 516 pounds or 31.7 percent of the space-

craft weight. This power system weight includes both electrical and mechani-

cal support items such as the three radioisotope thermoelectric generators; their
deployment boom, mechanisms, squibs, Tlatches, thermal heaters, and radiation
shieldings and all regulators and converters used in the power processing. Al-
so inciuded are 113 pounds of vehicle harnessing and an estimated weight of 40

pounds for the spacecraft Toads which must provide their own 2.4 KHz converters.

The four major structural elements of the spacecraft are the radioisotope
thermoelectric generator boom, the high gain dish antenna, the science boom,
and the bus structure with nine bays of electronics. Bays 2 and 9 are dedi-

cated to the power subsystem as shown in Figures A-2, A-3 and A-4.
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4.0 POWER SYSTEM FUNCTIONAL DESCRIPTION

The power system has two primary functions. First, it must provide a central
supply of electrical power to operate the spacecraft electrical equipment.
Second, it must provide the required sensing, switching and control functions

for the effective management and distribution of electrical power.

Three Multi-Hundred Watt Radioisotope Thermoelectric Generators provide the

primary power source as shown in the functional block diagram of Figure A-5.

The power source logic unit contains the circuitry necessary *o interconnect
the RTG's to the power conditioning equipment. This includes isolation diodes

and shorting switches.

The dc power bus is regulated to 29 vdc +1% by a shunt regulator. The shunt

regulator senses the common RTG voltage and maintains it by dissipating the

difference between RTG power available at 29 vdc and the spacecraft Toad demand.

Voltage regulation of the RTG's provides relatively constant loading and

serves to maintain the RTG internal temperature near the design point.

Power from the dc bus is transformed to 50 volts rms, 2.4 KHz, single-phase,
square-wave power by the main inverter for most spacecraft ac loads. An

identical inverter in standby serves as a backup to the main inverter.

Switchover is controlied by inverter failure detection circuitry located with-

in the power control unit.

The power distribution assembly is designed to provide the required switching
and control functions for the effective management and distribution of power

to user loads. Power switching circuitry is designed to operate in response

PSR S
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to stored or real time commands from the cemputer command subsystem.

A 400 Hz, three phase inverter provides conditioned power to the attitude

control subsystem gyros.

A battery, with its associated charge and discharge electronics, will provide
the Targe magnitude, short duration power required by a propulsion module
during the ascent phase. During planet encounter, the power margin between
spacecraft Toad demands and RTG capability is minimal. It is intended that
the battery be used to supply load turn-on transient power at this time. The
battery energy that is removed during discharge is replaced when there is ex~
cess RTG power being dissipated in the shunt regulator. A control signal from
the shunt Timits the charge rate so that some power remains in the shunt to
keep it active and able to maintain dc power bus voltage reguiation. When
spacecraft Toad demands deplete the power in the shunt, the shunt signals

the battery discharge electronics to supply battery power to maintain dc bus

voitage reguiation.

Some components of the power system such as the power distribution units, the
pawer control unit, the battery, and the charge/discharge electronics are
presently in the design phase. Therefore, breadboard data, analysis, and

researched estimates will be used in their descriptions.

——
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5.0 POWER SOURCE EQUIPMENT DESCRIPTION

5.1 Multi-Hundred Watt Radioisotope Thermoelectric Generator (MHW-RTG)

The Multi-Hundred Watt Radioisotope Thermoelectric Generator (MHW-RTG) has
been designed and developed by the General Electric Company for the Atomic
Energy Conmission to be used on NASA's Mariner Jupiter/Saturn vehicles. The
generator shown in Figure A-6 uses a 2400 watt plutonium 238 h=at source and
has been designed to produce 125 watts of electrical power at 30 voits at

the end of five years of operation. Initially, it will produce 150 watts at
30 volts. The power output drops about 17 percent over five years. The con-
verter consists of 312 silicon-germanium (SiGe) thermoelectric elements and a
multi-Tayer molybdenum foil astroquartz insulation system housed within a
sealed beryllium outer shell which serves as the RTG primary structure and
external waste heat radiator. The SiGe thermoelectric material was selected
because of its high conversion efficiency and for its ability to operate in
air or vacuum at high temperatures---a prime consideration for long duration
missions. During normal operation, the nominal hot and cold junction tempera-
tures are 1000° and 300°C, respectively. An inert cover gas is provided for
ground operations to prevent exposure of the oxidizable foil insulation to air.

This gas is vented to space after launch.

To contain the cover gas, the outer shell of the RTG is pneumatically sealed

at the end pressure domes and all shell penetrations, including the 312
thermocouple attachments. A gas management system, consisting of an externally
mounted valve connected to the case, releases the cover gas after launch.
Overall external dimensions of a singie RTG are 15.7 inches in diameter by

22.9 inches in length, a velume of 359.5 cubic inches, and a total weight of

34 pounds.
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The MHW heat source contains twenty-four spheres of plutonium dioxide to make
up the 2400 watt (thermal) inventory (Figure A-7). FEach sphere is encapsu-
lated in an iridium post-impact containment shell and is provided with its

own impact protection. This assembly is referred to as a fuel sphere assem-
bly (FSA). The FSA's are arrayed in six planes along the length of the heat
source, four FSA's to a plane, with each plane rotated 45 degrees with respect
to the planes adjacent to it. For reentry protection, the FSA array is con-
tained within a graphite aeroshell which is also the basic structure of the
heat source. The aeroshell is enclosed by an iridium outer clad which pro-
vides the mechanical and thermal interface with the heat source, pneumatic iso-
lation of the heat source from its environment, protection during the multiple
skip class of reentries, and gas management for the helium generated by the

fuel.

5.1.1 RTG Internal Impedance - Some effort has been expended to determine the

internal impadance of a Toaded RTG. Figure A-8 indicates the internal impedance
with an inductance of a few microhenrys at a frequency of 1 Mega Hertz. Test
data and analysis has indicated virtually no shunt capacitance. No specific

effort has been made to map the RTG dynamic impedance over a range of fre-

guencies.
Y Y Y e——
é L = 7 Microhenries
R = 5.67 ohms
T V = 57.8 ¥DC

Figure A-8. Equivalent Circuit - RTG Internal Impedance
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5.1.2 RTG Radiation - RTG radiation maps are presented in Figures A-9 and

A-10 for the spacecraft configuration based on current design data for the
MHW-RTG. The maps include gamma and neutron radiation fiux based on calcu-
lations for three RTG units mounted in a single axis. The fuel age (10 years)
is assumed to be a maximum expected for the mission incTuding RTG fuel assem-
bly and testing activities. Additional information is available in the
Mariner Jupiter/Saturn 1977 Spacecraft Description, Jet Propulsion Laboratory,

dated July 12, 1972.

5.1.3 RTG Life Characteristics - Available power as a function of fuel life

is shown in Figure A-T1.

5.2 Battery

Transient spacecraft power requirements which exceed the capability of the RTG
power source will be met by the use of a rechargeable, hermetically sealed,
nickle-cadmium battery. It has a capacity of approximately 3 ampere-hours, a
weight of 5.0 pounds, and a volume of 178 cubic inches. It is capable of oper-
ating throughout the entire mission in a temperature range of zero to 25 degrees

centigrade.
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6.0 POWER PROCESSING EQUIPMENT

6.1 Main Inverter

The main inverter trancforms the input voltage of 29volts dc + T percent, from
the main bus to 50 volts rims, +3 percent and -4 percent, square-wave. The out-
put power ranges from 145 watts minimum to 315 watts maximum. The rise and
fall time of the output waveform is 2 +] microseconds. The inverter is de-
signed either to run from a clock synchronized at 4800 Hz or to free run at
4750 Hz + 0 percent and -5 percent. The efficiency is to be at least 92 per-
cent at full Toad. The output is short circuit protected for a period of 0.5
second with a source capability of 35 amperes. The inverter is to operate over

a temperature range of -20°C to +75°C.

The inverter free run frequency is generated by an operational amplifier os-
citlator. The basic frequency of operation is determined by a resistor-
capacitor time constant, R7 and €3 of Figure A-12. The actual frequency of
operation, however, will be determined by the spacecraft central clock. Tran-

sistor Q1 synchronizes the oscillator to the clock frequency.

A buffer amplifier, Q2, amplifies and squares the oscillator output to drive
the bistable multivibrator, Q3 and Q4. The state of the multivibrator is

changed by the negative going edge of the square wave from the buffer ampli-
fier. Therefore, the output of the multivibrator is a square wave whose fre-

quency is one half the oscillator frequency.

The drive transformer, T7, converts the high voltage, low current square wave
from the multivibrator to a Tow voltage, high current square wave to drive
the power transistors, Qs and Qg. Transformers T4 and T5 are volt-second de- %;

vices which delay the turn on of the OFF transistor. This notch in the drive
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waveform allows the ON transistor to turn off before the OFF transistor turns
on; preventing both Qg and Qg from being on at the same time. Resistors R23
and R24 are used to prevent the magnetizing current of the volt-second devices

from turning on the output power transistors.

Transformer T2 is a current feedback transformer which increases the base drive
as the collector current increases. This allows efficient inverter operation
over a wide variation of the Toad. Resistors R25 and R26 assist in turning

off the power transistors.

A short circuit on the inverter output will draw a maximum of 35 amperes, at
zero volts, from the power source. With drive circuitry capable of deriving
power from the dc bus and current feedback in the output power stage, the in-

verter can operate into an overload or short circuit.

Since a failure in the oscillator or multivibrator sections could pull the bus
out of reqgulation, & current limiter was placed in series with the dc bus Tine.
On the schematic of Figure A-12, the Timiter is composed of circuit elements
CR1g> Rog, and Q7. Two input filters (L1, L2, C7, and C10) reduce the amount

of ac ripple current that will appear on the dc buses.

The main inverter weight is 5.0 pounds and occupies approximately 120 cubic
inches. Measured efficiency as a function of output power is shown in Figure

A-13.

6.2 Sequenced Shunt Regulator

The shunt regulator operates on a fail-safe philosophy which protects against
faults that produce a continuous power drain and other faults that could reduce

the required shunting capability of the regulator on the RTG's.

A-20
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A block diagram of the sequencing shunt regulator is shown in Figure A-14 and

may be used in the following description of the regulators' operation.

The three voltage error generators independently sample the regulated bus,
compare this with their stable voltage reference and output the resultant
error signal. It should be noted that the error generators sense points are
randomly set within the small regulation band (29 VDC + 0.3 volts) of the shunt
regulator. The Tinear operation region of each error generator inherently

will not overlap the others. Therefore, one of the error generators will be
near the low 1imit of operation (28.7 VDC) while another will be near the

upper 1imit (29.3 VDC) and the third somewhere in between.
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In operation, assuming the bus voltage is = 28.7 VDC, one error generator
will always be full on, while a second will be operating in its Tinear region
and a third generator will be off or it could have failed open or shorted - it

doesn't matter, since only two of the three signals are required by the majority

vote circuit.

The majority vote circuit is three sets of two serial transistor "AND" gates,
with a wired "OR" operation to perform the Boolean functions indicated in the
block diagram of Figure A-14. It should be noted that each transistor "AND®

gate, if selected according to the Boolean function, will have one of its two

series transistors in saturation while the other will operate in its Tinear

region.

The majority vote stage provides an analeg signal to the qual redundant power
amp1ifier which by a simple diode sequencer stage, Iinearly turns on a series
redundant transistor and associated fn-line load redundant resistor. The
number of load resistors that are switched in at any one time is totally
dependent on the sensed 1ine voltage and the resultant analog signal level

from the power amplifier which causes the diodes in the sequencer to break down
and conduct sequentially; thereby linearly operating one or more shunt transistor
‘elements which effectively switches in one or more elements of the Toad bank.

The Toad bank itself can be located external to the electronic package ring of

the spacecraft to simplify the thermal design.

The shunt regulator has been designed, tested, evaluated and integrated with

an RT&. The shunt reguiator is-we11 within the design requirements of Table A-1.
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TABLE A-1

~ DESIGN REQUIREMENTS

FUNCTION

DESIGN VALUE

DC Regulation

29.0 +0.3 VDC

Rippie

20 mi1Tivolts peak-to-peak

1 Power Dissipatjon Capability

450 Watts

Dynamic Impedance

100 mil1iohms from 100 Hz
to 50 KHz

Transient Response

Return. to DC regulation within
100 microseconds after termina-
tion of a 100 watt step load
(less than 1 microsecond load
rise/fall time).

Power Dissipation within the
Electronics

50 watts maximum

Standby Power Loss

2 watts maximum

Operating Temperature

-20°C to +75°C

Transistor Power Dissipation

15 watts maximum. (ATTows 45°C

Junctionh temperature above control

plate with a thermal resistance
of 30C/watt)

Piece Part Selection

From JPL approved parts List

Mission Life

. 3.5 years
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The shunt resistor bank {or radiétor) is estimated to weigh 6.5 pcunds. The
volume is not significant since it is mounted on an appendage to the spacecraft.
The shunt regulator electronic equipment is estimated at 10.5 pounds and will

occupy a volume of 338 cubic inches.

Empirical data has indicated that the shunt regulator will have a dynamic
output impedance of less than 0.1 ohm over a frequenty range of zero to

50 KHz and Tess than 0.3 ohms from 50 KHz to 1 MHz. The standby Tosses will be
400 milliwatts with a capability of handling 450 watts maximum. A Bode plot
indicates positive gain out to 60 KHz with a phase margin of 20 degrees at

this frequency.

6.3 Three Phase, 400 Hertz Inverter

The three phase 400 Hz inverter consists of four basic blocks as shown in

Figure A-15. This package has a maximum weight of 3.4 1bs, requires a

volume of 109 cubic inches, and has an efficiency §1ightly above 85% at 27.2 Vrms

operating into a 12 watt load with a minimum lagging power factor of 0.5. The

400 Hertz output frequency stability is within +0.01 percent.

The inverter provides a quasi-sguare-wave output voltage virtually free of
any third harmonic content. The three-phase output voltage powers the

gyro motors in the Attitude Control Subsystem.

Qutput transistors in the three phase power amplifier drive each primary leg

of the delta-connected output transformer. Each phase is driven by a push-pull
stage through a coupling transformer. The drive signal foﬁ gach push-pull pair
is obtained from a divide-by-six counter eircuit. The power converter is

synchronized by the spacecraft 2.4 KHz, 50 Vrms, square wave thrdugh a coupling
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transformer. This frequency is picked off to clock the ring counter, and is
transformed, rectified, and fiitered to +5 and +15 VDC for the ring counter:and
the three phase driver circuit. The counter logic consists of three J-K flip-
flops and two "NAND" gates. The 2.4 KHz is divided by six by the counter to
provide the three-phase, time displaced, square-wave drive signals to the driver

of the three phase generator.

6.4 Battery Charge Discharge Electronics

The battery charge circuitry provides the Tow level charging necessary to
maintain the battery at full charge during inactive periods, and to provide

recharge in the event of its use.

The hattery discharge regulator provides control over the battery discharge

and boosts the voltage of the battery to the level of the regulated bus.

A typical methoed of discharging a battery and providing that power to a higher
voltage regulated bus would be the boost regulator. Although the component
design is not completed, it is expected that the requlator will be required

to boost about 200 watts. Its efficiency will be above 80 percent and its
weight is estimated at 5 pounds, with a volume of 110 cubic 1inches. The
output impedance is estimated at one ohm and the frequency response at 0.5

to 1.0 milliseconds. A conceptual design using an autotransformer pulse width

modulation is shown in Figure A-i5.

The battery charge circuitry will consist of a resistor for continuous
trickle charge and a second resistor to provide a higher rate of charge via

a commandable relay.
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6.5 Power Control

The power control unit contains the main inverter failure detector and switch-
ing circuitry for the 2.4KHz inverters, and the input/output telemetry funct-
ions for 2.4KHz inverters, 400 Hz, 3@ inverter and DC distributed power. Here
again, precise data is not available but it is expected that the component

will weigh 7.0 pounds and require a volume of 110 cubic inches.

6.6 Power Distribution

The power distribution units contain the switches, drivers, and associated
circuiiry for commandable control of the spacecraft power distributed to the
subsystems. It is expected that the total weight will be approximately 18
pounds and the volume about 330 cubic inches. Precise circuit details are

not presently availabie.
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7.0 POWER SYSTEM PERFORMANCE CHARACTERISTICS

7.1 Power Profile

The power profiie shown in Figure A-17 1is based on maximum steady state

load values. Transient loads are generally assumed to be suppiied from the

RTG power margin or from the small battery incTuded for this purpose.
Sequencing of loads is expected in order to prevent excessive source drains.
For example, the science scan platform will be slewed by operating the momentum

wheels by time multiplexing power pulses to the three axes in seguence.

‘Representative science loads are expected to require approximately 67 watts
at the instruments. Other spacecraft loads which must supply individual
inverters with their inherent inefficiencies are also included in the total

power profile of Figure A-17.

7.2 Electromagnetic Compatibility

The EMI requirement specified in Table A-1 for radiated noise in the 1 Hz

to 40 MHz range is imposed to satisfy the requirements for the plasma wave
and radio astronomy experiments. Conducted and radiated interference require-
ments are specified for science instruments and mayv not be appropriate for
1ﬁbérited spacecraft subsystems. The cost of modification of the inherited
hardware from an EMI standpoint toward the new equipment requirements will be
traded off against the expected improvement. EMC testing of flight hardware

will be limited to these two environments.
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7.3 Radiation Effects

For the MJS mission the Jovian radiation environment will influence flyby

closest approach and electronic piece-part selection on the basis of radia-

tion susceptibilities. Susceptibility thresholds and radiation models have

been selected.
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1.0 INTRODUCTION

The Application Technology Satellite F&G, beiter known as ATS, was desiagned,
breadboard tested and evaluated by General Electric Space Bivision, Valiey

Forge in cooperation with NASA, Goddard Space Flight Center, Maryland. The

prime spacecraft was manufactured and tested for flight by Fairchild Space

Division, Maryland, and was successfully launched on 30 May 1974.

2.0 SYSTEM OVERVIEW

ATS F, the sixth in a continuing series of Applications Technology Satellites
was launched on a Titan III C vehicle for insertion into a synchronous

orbit at 95 degrees lest longitude, The power subsystem will supply the
spacecraft nominal pover reauirements for the prelaunch through acquisition
phase of the mission in accordance with the power profile shown in Figure B-1.
Transfer to internal power may occur as much as 4-1/2 hours before 1iftoff,

allowing a normal 2-hour prelaunch countdown plus up to a 2-1/2-hour hold.

During the launch phase of the mission, the solar array is folded into a box
configuration around the equipment section of the spacecraft, At 289 seconds
after Tiftoff, the shroud is jettisoned and the solar array is exposed in its
folded configuration. The batteries support the spacecraft Toads from transfer
from around power until after shroud separation when solar array output power

is available to handle the load and for recharging the batteries.

The standard Titan III-C toast mode, "Rotisserie" maneuver, is utilized to
maintain a low-array temperature (See Figure B-2). The thermal time constant

for the solar array is approximately 20 minutes and the Titan maneuver is such
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that it performs a 230 degree roll in 6 mirutes, with a 1-minute dwell at each
extreme position. TIn the toast mode with the sun vector normal to the roll
axis, the maximum solar panel temperature will be about 95°F. Under these
conditions, the average electrical power available is 250 watts. Power output
will vary approximately as the cosine of the angle of incidence. Analyses of
the Taunch and ascent trajectory indicate that the array will meet the load

requirements and recharge the battery during transfer orbit injection.

The mission 1ife has a minimum of two years with a design goal of five years.
During the mission, the vehicle will be repositioned to 57 degrees West
Longitude for air traffic control experiment on L-band: broadbeam coverage

from Shannon, Ireland to New York.

Another repositioning avent will be required for instructional television
experiment (ITV) operation with india. Other on-board experiments are defined

in Table B-1.

Some of the mission objectives are to demonstrate feasibility of a 30-foot
deployable spacecraft antenna with good radio frequency performance up to ten
gega Hertz; to provide spacecraft fine pointing (0.1 degrees) and slewina

(17.5 degrees in 30 minutes); to demonstrate capability of forming hi-gain
steerable antenna beams; to demonstraze capability of providing radio frequency

links from ground, to ATS-F, and to other Tow orbiting spacecraft and return.
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3.0 VEHICLE CONFIGURATIOM

The spacecraft launch weight is approximately 1957.5 pounds. This weight

allows for an additional growth capacity of 25 percent. The power system

weighs 396 pounds or about 20.2 percent of the launch weight. The power

system weight is a summation of not only the electrical, but alco the mechanical
items necessary to its total support and operation. Briefly, these items are:
the 160 square fToot-fixed-solar array, inciuding the solar cell modules, mounting
panels, hinge tubes, booms and crossovers, deployment motors, and linkage. Other
items 1nciuded are the two 12 ampere hour storage batteries, electronics and

power distribution components; as well as 110 pounds of distribution harness.

The entire spacecraft configuration from booster separation through array boom
deployment and operation is shown in Figure B-3. Power subsystem componentis
are located just above the Earth Viewing module and in bays 7 and 8 as shown

in Figure B-4,



4,0 POWER SYSTEM FUNCTIONAL DESCRIPTICN

The power subsystem provides direct energy transfer from the solar array to
the Toad for maximum efficiency. Energy storage is provided to support peak
load demand and eclipse operation. Experiment interface circuit provides on-off

and over-load control, noise suppression and isolation from the bus.

The power subsystem consists of two fixed solar array panels perpendicular to each
other as shown in Figure B-3; two 19 cell batteries, a power reguiation unit, 12
shunt requlators, two power controllers and a separation controlier. This con-
figuration of source power and power processors is functionally shown in the block

diagram of Figure B-5.

Regulation is provided for three different modes. When the solar array output
is sufficient to support the load, a direct transfer of energy to load occurs.
As the load increases or the array output decreases, the batteries are used to
support the Toad. lhen the Toad is less than the array capacity the batteries
are recharged. If the array output exceeds both the load and battery charge
requi ment, the excess is dissipated in the shunt regulators. A bus voltage

sensin_ .ircuit provides a reference to control the smooth transfer between modes.

Overload protection, common experiment interface, and {solation are provided by
power interface controilers. These are switches which sense excessive power
demands and ramp off the malfunctioning experiment, Each interface controller

18 set to a current level apprcpriate to the experiment with which it interfaces.
Command resetable circuit breakers are also included to provide overload protection

for the power subsystem from malfunctions in the spacecraft subsystem. A time
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delay is provided to avoid tripping on transients. The separation controller
provides for redundant actuation paths for all subsystems requiring release and
deployment. Protection agiinst premature actuation is assured by interlocking
events and requiring both an enable and actuation command. Overrides are
available for the interlock functions and an AGE bypass is provided for use

during system test.

The power subsystem provides conversion of solar energy and regulation of the
resultant power in two qualities, 29.5VY + 2 percent, -3 percent to all space-
craft subsystems and 28V +2 percent to all experiment payloads. The solar
array output varies between 612 and 395 watts initially decreasing to 565 and
350 watts in two years. The batteries in shallow charge/discharge cycles
provide an average power available to the Toad of 483 to 436 watts. Peak power
capability of the subsystem as a function of time, season and lToad magnitude and

duration is shown in Figures B-6 and B-7.

Prelaunch and Taunch power reguirements are supplied by two 12 ampere-hour
batteries. Sufficient energy is stored to permit over four hours on internal
power prior to launch and attainment o€ synchronous altitude, with fully

charged batteries to support the deployment loads. Recharging is done by

using the power available from the folded array durina the transfer orbit. The
spacecraft load of 230 watt-hours is supported by the batteries during the yearly
eclipse periods. The nominal rinple has been measured at 10 mv pp with a maximum

of 80 mv pp when the batteries are supporting a high load.
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Table B-1

Defined Experiments

EXPERIMENT

PURPOSE

: Data Relay (X and S-Bands)

Long duration, real-time communication

with Tow-altitude sateli.*es {Nimbus,

Apollo)}

PLACE (X and L-Bands)

Instructional TV (TRUST){ITV)
{X-Band and 850 MHz)

Air traffic controil

l Instructional TY distribution

Radio Frequency Interference {RFI)

e

r— ———— e ——t -

. Measure interference in COMSAT band

Time and Frequency Dispersion

| Propagation experiment

MiTlimeter Wave

Radio Beacon

. Commandable Gravity Gradient
.  System (COGGS)

Spacecraft Attitude Maneuvering
Optimal Control, and Self-Adaptive
Precision Pointing Attitude Control

High Resolution Camera

Radiometer

Integrated Scientific Experiment

Package B-7

! Measurement of atmospheric effects on
. K~-band communications links

o e epereabb e - x o ———
|

' Measure ionospheric effects on radio
i frequency transmissions
§

Ve p et o e e e o am o

' Checkout of S/C-to-ground and
. S/C-to-S/C IR communication
- Tinks

e A A———— — a1t ——

. Demonstration of hybrid controls plus

propuision backup

self-adaptive attitude control

| Meteorological mapping to

T N. mile

IR and visible meteorological

mapping to 5 N, miles

Measure magnetic fields, particie den-
sities & radiation-induced solar cell

" degradation

.

Optimum control for attitude maneuvers:
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The curves at left fllustrate the performance of
the power subsystem. The upper curve shows
the maximum capability of the subsystem to
support peak loads as a function of the duration
of the load. The differences between the equi-
nox and solstice seasons of the year, as well as
the beginning of life and two year design points,
are also illustrated. Notice that :he peal. -pace-
craft load requirement (ITV experiment) which
is drawn in at 420 Watts for four hours, lies well
below the summer solstice condition at the two
year design point.

The second curve apain illustrates the peak load
capability of the subsystem except this time the
least favorable time of day was chosen. This
curve illustrates the battery depth of discharge
as a function of user load power drain with a
four hour duration, Again the ITV experiment
load requirement is drawn in to idlusirate the
margins in the power subsystem capability,

This curve illustrates the high degree of efii-
ciency exhibited by the power subsystem rlec-
tronics. The data was obtained from the Phuse C
subsystem breadboard testing and includas an
internal component temperature range of 40°F
to 100°F, and array characteristic extiemes.
Notice that the user load power region of 300 to
600 Watts, where load sharing takes place during
various times of the mission, benefits from the
highest efficicncy (over Y6 percent). This results
in a smaller solar array, fewer battery cells in
series (smuller, lighter battery) and improved
battery charuee to discharge eftficiency.

This curve illustrates the bus voltage reguiation
characteristics wheye the Powcer Regultion Unit
was stressed by temperatuce extremes (40°F to
100°F) and worst case solar array short circuit
current and open cirenit voltare, The curves
were plotted from measured data {romn the Phase
C breadboard test program.

Notice that the cnvelope of all voltage excur-
sions lies well inside the 2 two percent <pecifica-
tion limits shown as dotted horizontal lines.



5.0 POWER SOURCE EQUIPMENT DESCRIPTION

5.1 Solar Array

The prime electrical power source for the spacecraft 1s an array of photo-
voltaic cells arranged to provide adequate power at the required voltage

and current. The array must be able to provide housekeeping power, experi-
ment power, and battery charging power for spacecraft operation during eclipse
periods. The array is sized to provide adequate power at 2 year design peoint,
so that size compensates for various degradation factors. Excess power is

therefore available for use during the early part of the mission.

Trade studies completed during earlier phases indicated that, although a motor
driven sun-oriented solar panel system would be lighter, fixed solar panels
would result in less program cost and the array would be simpler and more

reliable.

The solar array must provide primary power to the spacecratt beginning no
later than 90 minutes after launch, when the booster is placed into the

"rotisserie mode", and continuing throughout the mission.

There are two fiat solar panel assembl.es, located on the + and - pitch axes
(north and south axes), with solar cells on both sides of each panel assembly.
Each panel assembly consists of two panels, one fixed and one free (hinged).
By selecting the north panel to be horizontal (earth-facina), and canting the
boom downward over the reflector, the field-of-view requirements of both the

EME experiment and the Polaris tracker are satisfied. Furthermore, the time



of maximum array output is located in the evening {7 to 11 p.m.}., which makes

the greatest amount of power available for ITY during "prime time."

The maximum power output is available from the solar array during the equinox
seasons, when the sun is closest to the orbit plane and the spacecraft axes
are most nearly perpendicular to the sun. During the solistice seasons, the
array output is less because the minimum angle of incidence on the solar
panels is 23.5 degrees. The array output is least of all at summer

solstice, since the earth's aphelion nearly coincides with the time of Teast
favorable solar incidence angles. Therefore, the worst-case design point is

selected to be at summer solstice.

5.1.17 Solar Array Operation
Solar energy is converted to electrical power by 33,408 cells (2 X 2 cm) inter-

connected to form 12 strings of 72 cells in series. Each string has 8 or 10
cells in parallel on each of the four sides of the solar platforms. Cells

are interconnected with silver mesh using a technique developed for
controlling solder deposit thickness. The array has 144 square feet of solar
cell area arranged on two platforms each consisting of two interchengeable
panels with cells on both sides. The cells are N/P, 2 ohm-cm cells having an
11 percent conversion efficiency. 6 mil microsheet with blue filters provide
radiation shielding. Taps are provided at the 42 cell point in each string

to permit shunting excess arrav power during cold array or light load

operating conditions.



The predicted power gutput of the solar array after 2 years in orbit is shown

in Figure B-10. The "plus" flat panel configuration causes the 6-hour repeating
cycle of power peaks. The variation for only the equinox and summer solstice
conditions are shown. The winter solstice power output curve is similar and
lies between the two curves given. When the solar array is new, the power
output will be 10% greater than the values shown, which include the effect of

radiation damage.

The arrangement of solar cell modules is shown in Figure B-11 with a summary

of parameters given below.
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Figure B-10. Solar Array Power Output
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A summary of solar array parameters is given below:

Series-connected cells:

Parallel cells, one side of panel:
Cells per side of panel:

Panels per vehicle:

Ce’'3 per vehicle

Gross solar array area:

Net active cell area (3.8 cm2/cell)
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5.2 Battery

The energy storage system consists of two 19-cell hermetically sealed nickel-
cadmivm batteries of 12 ampere-hour capacity each. The type and size were
selected on the basis of life and power requirements. The batteries are

required to supply power to the spacecraft during the following phases:

1, Prelaunch

2. Powered flight

3. Deployment (EED and boom actuator)

4, Peak power loads when the demand exceeds the solar array capability

5. Eclipse

The power requirements during the entire cycle including prelaunch, powered
flight and transfer orbit, acquisition, and the orbital life of the space-
craft are shown in the power profile (Figure B-12). The shaded portions
indicate the power which must be supplied to the loads from the energy
storage system., Using the measured efficiency (Figure B-19), the diode
voltage drop, and a battery voltage of 23.5 volts, typical power which must

be supplied by the batteries is shown in Table B-2.

The battery voltage is set by the number of series cells which in turn
is determined by the voltage available for charging the battery. In this
power subsystem configuration, the battery is charged from the regulated
solar array bus of 29.5 volts. Allowing a l-volt drop in the battery

charge regulator and a maximum charge voltage of approximately 1.5 volts
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per cell the battery is configured with 19 cells. On discharge the nominal voltage
will be approximately 23.5 volts with a specified mipnimum of 21 volts, depending
on the load, This minimum is approaching the lower limit specified by the booster
in summary, the voltage requirements for the batteries are a maximum

regulator,

of 28.5 volts on charge and a minimum of 21 volts on discharge.

Figure: B-12 Power Profile, Showing Battery Usage
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Table B-2 Typical Bat_tery‘ Power Requirements
Total Use’q/“w
Total Total Total Total Battery %
Bus . | Battery Battery Battery _Rrdpacity Depth of
{waiis) (watts) {amps) (watt—h/g),/" (amp-hr) Discharye
/F(
Prelaunch < 13.8 16 0.67 732
55.5 65 2.7 | 32,5 2.7 11.2
".-_.,r""/r \
Powered Flight 55. 5 g5 2.7 97.5 4 16,17
Deployment 660 690 33 23 1.1 4.6
Eclipse (Max) 190 224 10 268 12 50
Load Sharing 420 105 4,3 181 7.3 a0
{Typical)
Load Sharing 420 142 6 290 12 50
(Typical Max) ‘

C_, _ % B-17




The power subsystem is configured to charge the battery at a comstant

current of 1.2 ampers (G/1l0 charge rate) from a 29.5 volt bus. The charge rate
selection is based on the time available to recharge the batteries between
discharge periods and on a safe continuous overcharge rate. Provision is

made for backup charge mode and over~temperature cut-out. The battery

charge regulator takes power from the regulated bus and supplies a constant
current of 1.2 amperes at a maximum of 28.5 volts to the battery. As the
battery voltage approaches 28.5 volts, the charge rate will taper. In

summary, the battery is required to become charged and accept a continuous

overcharge at 1.2 amperes at a maximum of 28.5 volts.

Each battery, weighing 28 pounds and requiring 555 cubic inches is configured
with 19 cells of 12 ampere-hour capacity and the number of cells is deteimined
by the voltage of the solar array bus used 'o charge the battery. The cell
size is selected on the basis of required power output and battery life. The
most stringent power requirement is during eclipse which occurs at regular
intervals over the 2-year orbital life. The capacity required from the
battery during the maximum eclipse period is approximately 12 ampere hours.
With two 12 ampere-hour batteries, this represents a depth of discharge of

50 percent which is a safe level, considering degradation over the 2-year

orbital period due to load sharing cycles and memory effects.

The discharge currents associated with the loads and the expected electro-
explosive device pulse loads are well within the capability of the nickel-

cadmivm system and will represent no voltage problem. The voltage variation

1
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CELL VOLTAGE

with a small load is shown in Figure. B~13. For comparative purposes, the
characteristics at a C and C/2 rate are shown. The voltage difference

is less than 50 millivolis per cell for 2 2 to 1 increase in current.

The effect of temperature on voltage at a constant C/2 rate is shown in

Figure B-14, There is little variation in voltage except at high temperatures.
The thermal design is configured to maintain the battery at a temperature of
50° F to 80° except for small periods when the temperature may exceed

80 and approach 90° F. This is associated with the over charge period

when the battery thermal dissipation is greatest. No voltage problem is

anticipated due to temperature wvariation.
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Figure B-13, Discharge Figure B-14. Discharge Characteristics

Characteristics (77° F) (C/2 Rate)

During prelaunch the battery supplies all .the power used by the spacecraft.

The length of time the battery can supply the necessary power is dependent
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on the spacecraft load requirement. TFigure B-15 shows the battery capability

as a function of the power demand. This curve assumes approximately a 27-watt
load during the ascent phase, sufficient array power to meet the load requirements
no later than 60 minutes after launch, and a maximum depth of discharge of

50 percent on the two batteries.
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Much has been written in the literature om the charge acceptance or charze
efficiency of the nickel-cadmium system. The discussion and figures presented
in this section were derived from a report prepared under Contract No. NAS5-5193
by the GE Research and Development Center, Schenectady, New York. Charge
acceptance is a complex function of the previous history of the electrode,

the temperature, the rate of charge, the concentration of electrolyte,

the concentration and kind of impurities present in the elecktrodes and

electrolyte, and the state of charge of the slectrode.




6.1 Power Regulation Unit (PRU)

There are several modes of operation of the power subsystem, boosted battery,
regulated solar arrvay voltage, solar array plus battery load sharing. In order
to make sure that the proper mode of operation is achieved at all times, the
operating conditions must be sensed, and logically derived decisions must be
made to determine which regulator will operate. This is the task of the

Power Regulation Unit. This particular design incorporates the three-

mode regulation concept.

The Power Regulation Unit maintains the vehicle electrical bus at % constant
29.5 vyolts direct current plus or minus two per cent with a variatiom in

power demand from a minimum specified load of 13.5 watts to a maximum capability
of 1000 watts., In addition, the Power Regulation Unit optimizes the electrical
power subsystem performance by selecting the solar array, the batteries, or a
cowbination of the two as the source of this power. It also controls recharge
of the batteries when required .f excess electrical power is available at the
solar array. When the load demand is satisfied and the batteries are being
charged at their design maximum rate, excess solar array power is dissipated

in active transistorized shunt regulators to maintain the vehicle electwical

bus within regulation limits,

To accomplish these functioms, the Power Regulation Unit contains:

1. Redundant voltage regulation control circuit to sample the
vehicle wlectrical bus, compare it with a voltage reference, and
select and actively control the operation of the array shunt
regulator, the battexry charge regulator, and the boost regulator.
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Redundant shunt regulator controls to furnish base drive :
current to the twelve shunt regulator modules located E
throughout the vehicle,

One battery charge regulator for each of the two nickel-
cadmium batteries to furnish up to a G/10 constant current
on demand of the battery when the solar array has available
power in excess of that required by the load.

4, Redundant boost regulation to draw current from the batteries
at the varying battery discharge voltage level; and by time ratio
controlled voltage transformation, supply this power to the
vehicle bus at a regulated voltage level,

L 5. A failure detector to monitor the vehicle electrical bus for
an under-voltage or over-voltage condition, and switch from
primary to stand-by units as required,

All of the required sensing, logic, active control, and switching functions

are located in one component to minimize the complexity of the electrical

and mechanical interface, to eliminate any potential need to supply matched

sets of enuipment in which inkeraction exists, to simplify logistice, and to
5 eliminate the possibility of noise injection on sensitive signal lines.

The single component provides a central, low impedance, electrical tie

point for all loads and also allows closer voltage regulation, less common

mode noise, and separate electrical wiring to each subsystem and each

S experiment.

The electronic equipment essential to electrical power subsystem performance
1’ is contained withii. the Power Regulation Unit, permitting subsystem testing at
- the component level and reducing the amount of test time in final assembly

i of the wehicle. Additicnally, costs are reduced because of the necessity

e co develop, fabricate and test only one piece of equipment. The Fower

' Regulation Unit is shown in the functional block diagram in Figure B-16.

Each block of the Power Regulation Unit is functionally described in the

following paragraphs:

i
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6.1.1 PRU - Boost Regulater

The Boost Regulator schematic is shown in Figure B-17, The Boost Regulator

receives unregulated voultage and supplies regulated voltage to the user

loads.

Unregulated voltage is applied to the center tap of both the primary and

secondary winding of the output transformer T3.

Therefore in the absence

of any changing current in the primary, the secondary voltage will equal

the unregulated input voltage (minus losses in copper and output rectifiers),

Independent of this circuit function, a 10 KHz square wave voltage is

produced by the saturable transformer T5.

This square wave voltage is

integrated by capacitor Cl4 and resistors R95 or R96, thus producing a

constant amplitude triangular wave shape base drive into transistors Q39

and Q40, These wave forms are 180 degrees out of phase with one another,

The emitters of these two transistors are connected to the collector of

transistor Q45 which is driven by the regulation control unit. The error

signal from the regulation control unit determines the collector voltage

cf Q45, thus determining the switching point of transistors Q39 and Q40.

Thus, in this manner, the bias on the emitters of Q37 and Q38 is established

at a level where the tramsistors turn on only when the triamgular voltage

has reached a sufficiently high voltage level (V

BE(

}. Because the
SAT)

level of the triangular waveform is a function of the time from the

beginning of the triangle, this circuit produces an output signal of variable

pulse width., The actual width is a function of V

a function of the error signal.

CE

of Q45 which is actually

This signal is stepped down in voltage

by transformer .+ as a quasi square wave and used as base drive for the

power transistors,

rectify it by CR 59

The power transistors Q37 and Q38 amplify this quasi square wave,

and CR 60 and add to the existing input voltage to

B-25
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provide a boosted regulated output voltage. The pulses produced are filtered
by 19 and capacitors €27 through €C31. The sum of unregulated input plus
variable pulse width power constitutss the regulated output voltage. A block

diagram of the boost regulator is shown in Figure B-165.

FP.Qu N REGULATED
ic_ln_a.: e POWER
IRAY
TRANSEORMER
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L |
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I iR — "
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I
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Figure B-18. Boost Regulitor Block Diagram

6.1.2 Boost Regulator Output Filter Canacitors

Five 400 microfarad tantalum foil capacitors (C27 through C31 Figure B-17) are
used for filtering the output of the Power Regulation Unit. These capacitors

are common to both redundant boost regulators for the following reasons:



1, Whenever a backup unit is turned om, the current through the
relay contacts is just the load current of that particular
unit at the time of switching. This eliminates any surge current
to charge the capacitors if they were just being switched on
to the bus line. -

2. The capacitors maintain a constant bus voltage if there is a power .
interrupt of very short duratiom.

The five 400 microfarad capacitors in parallel are individually in series -
with low impedance, low power resistors which provide a fusing effect should "
one of the capacitors fail short to ground. Also, any failure of one of the
capacitors will not in any way provide an output ripple in excess of the

specified amplitude, or degrade the stability of the Power Regulatiom Unit.

6.1.3 PRU - Boost Regulator - Efficiency wvs. Outpuif Power -
The efficiency ranges from a minimum of 847 to a maximum of 95%. At the X
minimum load test point of 40 watts, the efficiency ranges from 84% to 88.5%

over the full temperature and input range. At 250 watts, and the same

environmental conditions, the efficiency ranges from 90% to 92.5%. The ;E
regulator was tested out to 440 watts with the efficiencies as indicated -1
in Figure B—~19. The general shape of the curves follows that of the "

typical regulator, i.e.,

1. Low efficiency at ninimum load because of comstant power losses.
2, Maxinum efficiency at the design point. vy

3. Reduction in efficiency above the optimum load point because

various parts are operating above their cptimum point.
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Figure B-19. Boost Regulator Efficiency versus Power

This type or characteristic is the normal one for regulators because usually
low weight and high efficiency are incompatible. Therefore, the system is
usually designed for a specified efficiency at a load level at which it will
operate for the maximum time, The designer is willing to accept a lower
efficiency at extremely high loads because these loads occur for only a short

period of time, thus optimizing the weight/efficiency trade off.

6,1.4 PRU - Battery Charge Regulator

The schematic diagram of the Battery Charge Regulator is shown in Figure B-20.
There exists one Battery Charge Regulator for each battery and this is backed up

with a resistor.
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The regulation contrel unit introduces an error voltage to the battery charge
regulator, TIf the line voltage is high enough the battery charge regulator

is "enabled on'" by lowering the potential of transistors Q5 and Ql. Tramsistor
Ql thus increases the base drive potential of Q7 providing charge current into
the battery. As the array voltage tries to increase further, the battery
current increases until a 1.2 ampere (C/1l0) level is reached. At 1.2 amperes,
resistor R41 develops the voltage V'  requirved to turn on transistor Q2.

BE
This limits the charge current by raising the voltage at the base of transistor

Q5, thus turning it off.
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The diode, CR49, is used to protect the transistors from a reverse voliage
in case the bus voltage goes below the battery voltage during a failure or

a transient. The block diagram for the battery charge regulator is shown

in Figure B-21.

T FROM T e .
SOLAR
ARRAY
\L TO LOAD
PASS CURRENT :
| Ammmm— i - SENSE s TO LOAD
ELEMENT ELEMENT P—H‘—
OVERRIDE
SIGNAL -
BASE _ _—
DRIVE o1 SENSE AMP -
CONTROL 7

FROM REGULATION CONTROL UNIT .

Figurc B=21. Block Diagram of Battery Charge Regulator

6.1.5 PRU - Shunt Regulator Control

The Shunt Regulator Contrcl schematic is shown in Figure B-22, As the solar
array voltage attempts to rise above that permitting the maximum battery
charge rate, C/10, additional current is drawn from the lower half array

in the shunt transistors. In order to operate the tranmsistors at a lower

voltage, and therefore a lower power point, only a part of the arrav is shuntad,
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3. SHUNT REGULATOR COMTROL

Ri
SHUNTS RE

>—-—-——~—~4AN-4:

REGULATED
-~y OQUTPUT
VOLTAGE

FROM

o RECGL LATION
CONTROL
UNIT

Figure B-22, Schematic of Shunt Regulator Control

The tap point on the solar array i selected considering the post-eclipse
maximim case. This minimum temperature case will vesult in the highest

array voltage characteristics, and the tap point must be selected so that the
open circuit voltage on the unshunted portion of the array does not exceed
the desired output voltage. A tap point 42 cells from the return bus in the
series string was chosen, resulting in a calculated array section voltage

of 27 v during the post-eclipse maximum. This yields a shunt voltage of

2.5 v allowing some margin for errors in estimating tewperature,

The regulation control unit introduces an error control voltage to the shunt

regulator control, thus biasing transistors Q43 and Q44., As the regulated
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bus voltage increases the bias to those tramsistors also increases thus
inereasing the voltage at the resistors Rl through R12, and providing more
drive to the shupts and drawing more current from the array. The result is

that the main bus voltage is lowered into regulation.

6.1.6 PRU - Repgulation Control Upit

The schematic shown in Figure B-23 is that of the Regulatiom Control Unit.
The output voltage is sensed by the regulation control unit and compared to
a reference. An error voltage is produced that is proportional to the

difference in actual output voltage and desired output voltage,

4 REGULATION CONTROL UNIT

REGLLACED

o siUsy oAy
REGULATOR - VULTAGE
CONTROL g CHes l
R100
¥ CRS6G 1
TU BATFFRY
1 CHARGE REGELATUR
wing % R105
nics R108
?awu
s L7
RIlOS RUE 2 Rz ¢ - _g
L—'T Q4B
CVTA
Qiﬁ?‘? I‘ & CReT
,B [ & cnes
TO + CRCY
BCOST 1 Oy
REGULATOR L
]. :n:JT Hl!d?
L ~

Figure B-23, Regulator Control Unit Schematic
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The regulation contrel unii biases either the boost repulator when the bus

voltage is low or the battery charge regulator when the boost regulator is off.

There is more than adequate power available for the loads and the shunt
regulator control when there is an excess power available and the batteries

are being charged at a C/10 rate.

At 2 very low array voltage, when additional power is required, transistor
Q46 turns on providing a bias to the boost regulator. 1In this condition

the transistors QA4T7A and Q47B are off. The zener diodes CR67 through CRG69
are used as a reference for’the regulation control unit. As the bus voltage
rises, transistor Q46 turns off and transistor Q47B turns on mnext, thus

biasing the battery charge regulator.

Because transisior Q46 is used to turn on the boost regulator when the main
bus voltage is low, a PNP transistor was used, and because transistor 0474
is used to turn on the battery charge regulator when the main bus voltage is
high an NPN trapsistor was used. This combination of transistors alds imn
preventing both the boost regulator and the battery charge regulator bheing
turned on simultaneously by their difference in bias polarity with the

emitters being tied to the same zener reference CR67 through CREY,

When the battery charger is satisfied and the regulated bus voltage rises

even further, transistor Q47A turns on thus providing bhias voltage to the

shunt regulator control. The transition through the three modes of operation

has been demonstrated to be extremely smooth. (The only noticedble difference

on the regulated bus voltage is a larger ripple when the boost regulator is

in operation, compared to the other two modes of operation.)} Diodes CR65 and
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CR66 are used as a negative temperature compensation to improve the regulation
with temperature. An additional function performed by the regulation control

unit is current limiting of the boost regulator.

The curcuit shown in Figure B-24 senses the output current of the boost
regulator, If the current exceeds 15 amperes (at 450 watts from the boost
regulator) the voltage across resistor R18 exceeds the breakdown voltage

cf the zener diode CR70, thus turning on transistor Q48. This will turn
transistor Q45 off thus raising its collector voltage. Because the turning
on of the boost regulator and the pulse width control depends on the
collector voltage of Q45, the higher the voltage the more "off time' there

is of the boost regulator. With Q45 off the boost regulator turns off.

6.1.7 PRU - Failure Detector and Low Voltage Cutoff

The circuit shown in Figure B-25 senses the bus voltage for an over/under
voltage comndition. At over voltage, this device regulates av + 2%, at low

voltage (-10%) it disconnects the nonessential loads.

1, Failure Detector. The failure detector monitors the bus voltage for

over-voltage and under-voltage conditions. If the regulated bus voltage
exceeds +2%, the output of A2 (referenced to the zener diode CR74) becomes
low (AL and A2 normally high). This turns off tramsistor Q29 which was
charging capacitor C24 (providing a time delay to make sure that this
condition does mot occur during transients) until the zener breakdown voltage
of CR75 is exceeded. This turns on transistors Q284, Q20, Q28B and Q27,
providing a current path through K1, K2, K3 and K4 relay coils thus switching
to the backup components consisting of the boost regulator, shunt control,
and regulation control unit. It also discomnects the two battery charge

regulators and comnects the Etrickle charge resistors R35 and R36.
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The same thing occurs when the bus voltage goes below -2%, except that now
Al becomes low. In order to determine the location of the fauli, ground

command can put each individual circuit back on the lipe until the improper
load is identified. Override capability is included to byp;ss the failure

detector by ground command.

2. Low Voltage Cutoff (LVCD). The low voltage cutoff discomnects the non-

essential loads when the bus voltage goes below -107%. 1If an overload occurs

such that the regulated bus voltage exceeds the -10% limit (referenced to

the zener diocde CR76), the output of A3 becomes low thus turning transistor

Q354 off charging capacitor G26 (providing a time delay for transient rejection)
until the zener brealkdown voltage of CR77 is exceeded. This turns on transistors
Q35B and Q32, energized K8 relay coil, and disconnects the nonessential loads.
Ground command can override the low voltage cutoff by either resetting relay K8
(automatically opening relay K9) or closing relay K9 which is an override fox

the low voltage cutoff and a backup path for the nonessential loads. TFigure

B-26 shows the LVCO block diagram.
¢ ESSINTIAL LOADS

OPEN
LVCO RESET N T K8

LVCO OVERRIDE ﬁopr‘\; —» TLm
CLOSE
[ )

VOLTAGE f; NON-ESSENTIAL 1.OADS

. SENSE ™ N
19>TLM

|

. — |

— LOW VOLTAGE |- l
| ;

|

|

CUT OFF K8

CLOSE 5 1 OPEN

NON-ESSENTIAL
LOADS OFF

Figure B-26. TLow Voltage Cutoff Block Diagram
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J 6.1.8 PRU - Battery Over Temperature Control

The battery over temperature control civcuit limits the battery temperature

due to continuous overcharging by the charge regulator at the C/10 rate.
" The schematic of the battery over temperature control is shown in Figure B-27.

REGULATED BUS VOLTAGE

em . 3
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1 TO REGULATION CONTROL

Figure B-27. Battery Over Temperature Control Schematic
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As the battery temperature reaches 1OOOF, the voltage at the base of the

promivamiing
(RN |

transistor Q50 increases to a point where the transistor saturates.

As Q50 turns on, transistors Q49A and Q498 saturate., Tramnsistor Q49B back

ey Fonnminy
[—_ At

biases tramsistor Q5 in the battery charge regulator, thus turning off

transistors Q1 and Q7 (thus turning the battery charge regulator off).
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Transistor Q49A closes the loop in the circuit and keeps the hattery temperature
control circuit turned onj that is, it keeps the battery charge regulator

turned off even Lf the battery temperature returns to below 100°F.

Ground command can override the battery over temperature control circuit by
switching xelay K4 into the trickle charge resistor R35. This will disconnect
the battery charge vegulator and deactivate the battery over temperature control
circuit. 1If the battery charge regulator needs to be turned back on, relay

K4 can be switched back to the battery charge regulator position and the
battery over temperature control circuit will remain off (thus charging the

0
battery) until the battery temperature reaches 100 F again.

The on and off switching of relay K4 in order to disconnect and then reconnect
the battery charge regulator would not normaliy be done since the battery
temperature of 100°F is an abmormal condition. The battery over temperature
control circuit is only a safety device to protect the battery from over
temperature until ground can react to the problem, This circuit would

normally be turned off.

6.1.2 PRU - Current Monitors

The seven current monitors used in the Power Regulation Unit were designed
using the ac excited, direct current transformer method. The basic concept
of the desipgn is illustrated in Figure B-28, This current-to-voltage
transducer consists of two coils stacked such that their flux polarities are
opposing. The power lines (¥e) whose current is being sensed provides

current which is designed to saturate both cores.

B-40

=

[S—

1 A

o e

oo

L
-

[N

1] F o I B,
e

[

[p—

'
r

PR
[S—

u
-

!

4

P

[P

[3

LS

PR

,‘..,‘
oot ot

RIS

pesiy g
rm— b av--nu} R, [N 4



i For the positive half-cycle of the square wave excitation, the gate winding
of one core produces ampere turns to drive its core further into saturation.
The other gate produces ampere turns to take iits core out of saturation.
Because the gate turns are large with respect to the one turn.passing through
the center, and the resistance R is properly sized, the law of equal ampere
turns applies. Therefore, for eich half cycle, NcIc = NgI. Therefore,

T is a function of the sensed current and the prouper selection of R yields
L L

the required scaling for interfacing with the remote multiplexers of the

telemetry system.

CORE 1 CORE 2

N @ N, e {’: /"§\ N, SENSED

}"lﬁ)/ CURRENT
Ng NG

'ay
F R

E SQUARE
WAVE
OSCILLATOR

TO TELEEMETRY

g I = AVERAGE VALUE OF RECTIFIED LOAD CURRENT
B L

Figure B-28., Cuxrent Monitor Basic Concept Diagram
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These devices provide 3% accuracy over a temperature range of 23 to 1310F as
verified on over 100 space flight proven units. The major advantage of this
technique is the complete isclation of the power line from the sensing circuit.
Any failure imn any of these current monitors can in no way jeopardize the
power line.

6.1.10 PRU - Command and Telemetry Interfaces

Command and Telemetry for the Power Regulation Unit is shown in Tables B-3 and

B-4.

6.1.11 PRU - Parameters

The Power Regulation Unit requires a volume of 1100 cubic inches and weighs
approximately 25 pounds. The worse case minimum efficiency is 85.6 percent;
best case maximum efficiency is 99.8 percent, based on nominal spacecraft
conditions. An efficiency curve versus output power is shown in Figure B-8.

A summary of breadboard data shows the source impedance to reach a minimum

of 5 milliohms at 100 Hz. A maximum impedance of 300 milliohms will be

reached at 300 #Hz which is the resonant frequency of the Boost Regulator

ovtput filter. This value is reached only when the Boost Regulator is

operating., The loads requiring a source impedance of 100 milliohms are conmected
to PIC's or ECB's (i.e. Power Intexrface Controllers or Electronic Circuit

Breakers) which are located in the power controllers.

Voltage regulation between the extremes of minimum input voltage, maximum

output current, and maximum input voltage, minimum output current, for a
o

temperature variation of 60 F, is better than + 1.5 percent. A voltage

regulation curve versus user load power is shown in Figure B-3,
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Table B-3.

PRU Commands

"
4
i

e

Pttt g
€ ok

Battery Over Temperature 2 OFF

No Name Funetion
1 Boost & Control 1 Select Connects Boost & Control 1, disconnects
Boost & Control 2, disconnects failure
detector
2 - Boost & Control 2 Select Connects Boost & Conirol 2, disconneccts
Boost & Controel
3 Failure Detector ON Connects failure delector
4 Battery 1 OFF Disconnects Battery 7 from charge/
discharge circuits
5 Battery 2 OTTF Disconnects Battery 2 from charge/
discharge circuits
G Batteries ON Connects both batteries to charge/
discharge circuits
7 Battery Charge Regulator 1 ON Connects Baitery 1 charge regulator and
discomects resistor
8 Battery Charge Regulator 2 ON Connects Battery 2 charge regulator and
disconnects resistor
9 Battery Charge Regulators Bypass| Disconnects both battery charge regulators
and connects resistors
10 Low Volitage Cutoffl Reset Reconnects loads to bus which were
disconnected by low voltage cutoff, and
enables subscguent cutolf
11 Low Voltage Cutoff Override Disconnected by LVCO, disables LVCO
12 LVCO Loads OTF Discomnects loads which can be removed by
LVCO until subsequent Reset or Override
Command
13 Battery Over Temperature 1 OFF | Turns OFT the battery over Temperature 1.
14 Turns OFT the battery over Temperature 2.

:
)




Table B—-4. PRU Telemetry Interface
No. Name Type Description
1 Battery 1 Voliage A Battery 1 voltage
2 Battery 2 Voltage A Batfery 2 voltage
3 | Battery 1 Current A Battery 1 charge/discharge current
4 Battery 2 Current A Battery 2 charge/discharge current
5 Battery 1 Status D Battery 1 connected/disconnected
to charge/discharge circuits
6 Battery 2 Status D Battery 2 comnected/disconnected
vo charge/discharge circuits
7 Batterv Charger 1 Status D Battery 1 BCR/resistor charge
mode
8 Battery Charger 2 Status D Battery 2 BCR/resistor charge
) mode
9 Boost and Control Status D Boost and Control 1/boost and
conirol 2 ON
10 Resulated Bus Voltage A Regulated bus vaoliage
11 Total Regulated Power Load Current A Total power subsystem output
current
12 Solar Array Output Current A Total solar array cutput current
13 Total Shunt Current A Tofal shunt current
11 Nonessential Leads Bus Status D Nonessential load bus ON/OFF
15 LVCO Status D LVCQ Overridden/Not Overridden
18 Failure Detector Status D Failure Detector ON/OI'F
17 Battery 1 Temperature A Battery 1 temperature
18 Battery 2 Temperature A Battery 2 temperature
19 PRU Temperature 1 A PRU Internal temperature
20 PRU Temperatu.a 2 A PRU Internal temperature
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6.2 Shunt Regulator

The shunt regulator maintains the main bus voltage constant during the time
that the solar array provides all of the spacecraft power. Output voltage
is sensed and when it tends to change from its present value an error signal
is provided. This error signal controls conduction of the shunt tramnsistors
which in turn draw current from a portion of the solar array and thereby
dissipate the excess power, The additional current drawn represents a
voltage drop; this voltage drop keeps the main bus voltage within tkhe.

specification limits (29.5V + 2%). !

The shunt consists of a Darlimgton amplifier in parallel with a portion of
each solar array string. All of the Darlington amplifier inputs are
controlled by the error signal generated in the power regulation unit.

The physical position of the transistors is such that the mounting surfaces

are kept close to an isothermal temperature,

The maximum voltage appearing across the Darlington amplifier is 15 volts.
The meximum power is 20 watts at 10 volts, on a per-shunt element basis,
There are 12 shunt elements in the spacecraft. Each shunt weighs approximately

0.5 pounds and consumes a volume of 9.4 cubic inches.
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6.3 Power Coptrollers

Two Power Controllers will be required to distribute bus power to the wvarious

electronic components within each subsystem. Individual Power Interface

Controllers (PIC) located within each Power Controller will supply individually

regulated power, +28vdc + 1% to each of the experiments. Individual Electronic

Circuit Breakers (ECB) located within Power Controller No. 1 will supply

bus power to esach vended electronic component in the Control Subsystem.

The required redundant on and off commands from the Remote Command Dedoders
will be accepted by each PIC or ECB to apply power to nonessential loads.

A telemetry signal will be supplied by each PIC and ECB to indicate when
power is being applied. The digital type signal, +5.0 volts in the on
condition and 0.0 volts in the off condition will be routed to the Telemetry

Subsystem.

Power Controller No. 1 weighs 7 pounds and requires a volume of 403 cubic
inches. Power Controller No. 2 has a weight of 6 pounds and a volume of

200 cubic inches,

6.4 FElectrical Performance PIC and ECB

Protection of the power source from damage due to malfunction in any load
is provided by either an electronic circuit breaker or a power interface

circuit, It provides for turn-on and turn-off by command. These circuits
prbvide an automatic cutoff for a current overload which is resettable by

ground command. Turn-on and turn-off rate of current change is limited

to minimize conducted interference. It also provides filtering of each
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individual load. In addition, the power interface controller also provides
a + 1% regulated line to experiment loads. The operation of the two circuits

is discussed bealow.

The Power Interface Controller (PIC) and Electronic Circuit Breaker (ECB)
cireuits will be identical except for curremnt loads and the regulation
requirement of 28 vdc + 1% for the PIC. Each ECB and PIC will ramp-on or-off
by command at a peak rate of 100,000 amperes per second or less. Each circuit
will ramp;cff due to a current overload with a delay of approximately one

second (See Tigure B-29).

The load requirements will be standardized into various groupings to limit

the number of different individual circuits and theveby increase reliability.
This will allow for changes in power requirements during the design cycle by
selecting the proper internal components when the final design power requirements

are established,
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6.1.5 PIC Operation {(See Figure B-30)-

The PIC is an electronic circuit breaker with series regulation. This is

accomplished by controlling the base current for other than turn-on, turn-off

conditions, by an error signal. This error signal is generated by the

differential amplifier, Q6, Q5, R15, the voltage sense resistors, Rl6, R17,

——

and the reference zenmer diodes, CR9, GR10, and CR1l. Additional regulation

and noise immunity is thereby provided for those loads requiring it.
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Figure B-30. PIC Schematic
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The design limit for the output impedance of the PIC is 0.1 chms over the
frequency range of de to 15 kilohertz. This requirement is easily satisfied
using the circuit defined by the schematic of Figure B-30. The output
impedance will remain below 0.1 ohms over a wide frequency range because

of the nature of the active, high gain voltage regulator. TFor any real
value of load current, the output terminal voltage is sensed with a resistor
sampling network (RL6 and R17), and compared with a zener reference voltage.
The error signal developed is a functiom of the difference between the
actual output terminal voltage and 28 volts established by the zener diode
string (CR9, CRLN, CR11). This error signal is then amplified and used to
control the effective resistance of the pass tramnsistor (Q4). When the

load current changes, the voltage drop across the pass transistor is adjusted
by the high gain feedback loop in order to maintain the output voltage
constant. The output impedance is defined as the change in output voltage
for a change in output current and therefore becomes the open loop

impedance divided by the gain of the error amplifier which includes the pass
element and all drive stages. The error amplifier open loop gain is
sufficiently high to maintain the impedance to a level well below the
specified 0.1 otms. In order to ensure stable circuit operation, sufficient
phase and gain margins are provided by rolling off the error amplifier
response at the proper frequency. Low source impedance is maintained above

the roll-off frequency by shunting the output terminals of the PIC with a

capacitor. The capacitor, by exhibiting a decreasing impedance with an
increasing frequency, maintains the PIC source impedance below the

specified level.
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6.6 Separation Controller

The application of power to actuation devices to accomplish the backup
separation and deployment functions is controlled by ground command via

the separation controller, Separate redundant firing circuits are

provided for each function. Each function is interlocked to the completion
of the previous function. Both enable and actuate commands are required.
Command override is provided for all interlock functioms. An AGE inter-
face is provided to permit test sequencing of the separation and deployment
functions. In addition to the initial deployment reference, the controller
also contains the actuation circuits associated with COGGS and the enabling

of the back-up cold gas attitude control thruster,.

The separation controller connects the electro-explosive devices (EED) and
actuators to the battery. This is controlled by command, sequence inter-
locks, and internmal logic. The component contains arm/disarm switches for
EED safety. It also provides event status telemetry and an AGE test
interface for fimal EED circuit tests. The separation controller functional

block diagram is shown in Figure B-31 and the arm/disarm scheme in Figure B-32,

The separation controller has a net weight of 8 pounds and consumes a

volume of 269 cubic inches.
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7.0 POWER SYSTEM PERFORMANCE CHARACTERISTICS

7.1 3Benefits of Central Power Regulation

Beneficial side effects are available when a regulated bus system is selected

over the distributed regulation system. The first is lower source impedance

L3

over the full range of array current. The unregulated solar array has 2 voltage

change with current demand of approximately 1/2 volt per ampere, Or an
impedance of 0.5 ohms. The battery will have a lower inherent resistance
than the solar array, but it too will show a decreasing voltage with
increasing load current. In the shunt boost system, when the shunt regulator
is operating in parallel with the solar array, the load can change over the
full range of array current capability of approximately 18 amperes. The
boost regulator will provide a characteristic impedance less than half that
of the battery, and the bus will remain at 29.5 volts + 2% or less than

1/2 volt per 18 amperes. This is a 10 to 1 improvement in source impedance
when the loads are drawn from the solar array, and a 2 to 1l improvement over

the battery.

A second advantage of a regulated bus system is constant voltage operation
for all loads. Electronic piece part failure rates are a functiom of
operating voltage, and typically increase with increasing applied voltage
expressed as a percent of rated value. A piece part will operate more
reliably at constant voltage than it will over a voltage range, provided
that the part is applied at the same percent of rated voltage in both
systems. An additional advantage of constant voltage is that devices such
as solenoids and relays can be applied more easily. A common problem is

assuring that the solenoid device will operate at a minimum voltage amd
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still be capable of dissipating power applied at the maximum voltage, since
the dissipation increases with the square of the applied voltage. When a
part is selected for minimum voltage and the voltage varies, the excess
voltage causes wasted power, tﬁermal degradation, and an increase in

failure rates.

The third advantage is a weight and power saving outside the power subsystem.

There is a saving in secondary power conditioning equipment since these
devices will require less drive capability when they are designed to operate
at constant voltage than if they are designed to operate over a range of
input voltage. Savings occur ¥rom the power difference and the weight of

heat sinks and thermal conductive paths.

An overall view of the vehicle electrical system indicates that significant
advantages will accrue from selection of a regulated bus voltage approach.
A single-point voltage is sufficient for analysis and test, rather tham a
conikinuous range, More reliable performance and fewer system test
constraints are required for such devices as power converters, solenoids,
relays, and heaters. The experiments, vhen turned on, will operate at a
constant thermal condition. Power conditioning circuits with a constant
input voltage are simplified in that they operate with increased efficiency
and with a lower total weight than those designed to accept a wide range of

input voltage.
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7.2 Trade Studies

Trade studies were performed to make a selection among three alternate
photovoltaic/battery power subsystems as indicated in the first columm of

Table B-5.

The studies considered weight, power capability, reliability, efficiency
and ease of implementation. The results of the studies (Table B-6)
indicated the selection of shunt-boost approached as the best to meet
ATS F & G mission requirements. Additional details are available in GE
proposal (SD proposal N-21630) for Applications Technology Satellite

¥ & G, Phase D, Book 1, Technical Volume IE, Power, Date 17 Sept. 1969.

TARLE B-5. Subsystem Peformance Matrix

Average Power
Available at 2 Year Reliahility
Alternative Design Point (Watts) Figure of Merit
Shunt-boost 410 (.95668
Shunt-series 410 + 1% * 0. 9635
Distributed Regulation 385 0.9658

* Detailed analysis not performed. Performance estimate based on
known component efficiencies, in comparison to shunt-boost approach.
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1.0 INTRODUCTION

Unless there is an unexpected breakthrough in the technology of exotic energy
sources or dense energy storage devices, the electromechanical process will
continue to be used for aircraft electronic power generation in the future, and

in the space shuttle during the atmospheric transition.

Present aircraft use the constant speed, constant frequency system, in which a
gearbox is installed with each engine. A drive shaft and a power disconnect
coupling connect the gearbox to the engine power takeoff pad. The gearbox pro-
vides mounting pads for installation of an air turbiue for engine start, a
generator or a generator consiant speed drive combination for the electrical
system, one or two hydraulic pumps for the hydraulic system, and an air com-
pressor for the pneumatic system. The gearbox usually incorporates a cooling
system that includes a gear-driven air blower and an oil-to-air heat exchanger

for cooling the gearbox and the accessories.



2.0 ALTERNATE GENERATING SYSTEMS

Various configurations have been developed to accommodate the conflicting
requirements of variable engine speed and a constant frequency eleatrical

system.

In the variable speed constant frequency system, the alternator operates
at a relatively high and variable frequency. The alternator feeds as elect-
ronic cycloconverter that converts the high variable frequency to a low and

constant frequency.

A second method is to use a DC link, either by a static rectifier and elect-
roniec inverter, or by a motor and generator set of rotating equipment. A
modification of the conventional motor and generator set with its slip-rings
and brushes is the line commutated rotating inverter that uses solid state

commutation.

A third system uses a mechanical differential interposed between the variable
speed engine pad and the constant speed alternator. An induction wmachine, run-
ning from the main AC line, adds or subtracts the engine speed in the differ-

ential drive to maintain a constant output speed to the altermator.

A wild frequency system controls the voltage but does not modify the altermator

frequency. Frequency sensitive equipment is supplied with a rectifier and

inverter.

Additional data is reported in "Study of Aircraft Electrical Power Systems,"

NASA CR-120939, June, 1972.
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3.0 DC to DC CONVERTERS

AC power is converted to low voltage DC power by a circuit consisting
of a step-down transformer, a rectifier, and a filter. When more than a
fractional kilowatt of d-c power is required from an a-c source, a multiple-
phase rectifier circuit is used typical of those shown on Table (-1, As
the lowest harmonic frequency on the output ripple is increased, the
rvectifier conduction interval is decreased and the harmonic current content
in the transformer secondary windings increases without an increase in d-c
output power. This increases the required transformer rating, where the
utilization factor (U.F.) of the transformer is defined as the ratio of
the amount of d-c power delivered to the volt-amperes of transformer
secondary rating required.

The total secondary volt amperes are mV/ Y 2 times the rms current,

oxr

volt—amperes =m V 1l ‘
2 2q (B + sin B + cosg )

o)<t

and the d-c power delivered is

Pge = V2 (sin 8/ B)2
R

where B = 9/m and m is the lowest harmonic frequency from Table C-L.

The utilization factor for an m-phase rectifier transformer is

U.F. = Py, _ 2 sin® B
volt-amperes

an"ﬂ(g. + sin B + cos B ).
Values of the utilization factor have been determined and tabulated

in Table (-2 for useful rectifier circuits. The maximum value occurs

Cc-3




-0

TABLE C-1 CHARACTERISTICS OF TDFAL RECTIFILERS WITH IMFINITE INDUCTANCE CHOKE-INPUT FILTERS

Tabulated .Data based
on Zero Reetjfier and
Transformer Resistance
and Zero Transformer.

SINGLE-PHASE
FULL-WAVE
SINGLE WAY

SINGLE-PHASE | TWO-PHASF,
FULL-WAVE [~ FULL~WAVE
BRIDGE STAR

IlHREE-PHASE
STAR

=

] +

THREE-PHASE
--BRIDGE

4

si{_m

STX~PHASE
STAR
SINGLE_WAY

SIX~PHASE
DOUBLE-WYE

Leakage Inductance ) - T i/éf
) L bou“
v v k! {}}_— g AVT’}__ Y i’:}_
1 1 kf‘)
OC Lead Current , Ig-c 1.00 1.00 1.60 1.00 1.00 1.00 1.00
- ",inc'ti'.:—i&_n;e;ageqﬁt‘xr:“—“‘ 0.500 1, 0.500 T, 0.250 I, _ 0,233 1y, 0.333 Tyc 0.167 1y, 0.167 1,_, -
‘ Rectifier RMS Current @507 Iy, 0.707 I . 0.500 1,_ 0.577 1, . 0.577 1, 0,408 T, 0.289 14 .
Secondary RS Current 0.707 1, . Lie 0.500 L, . 0.517 1, 0,816 L, . 0.408 T, 0.289 1, .
Pee¥ Rectifier io Load Current Ratio 1.00 1.00 1.00 .00 1.00 1.00 ¢.500
Secondary YA Rating SHETI PN PN VSIS SR U 5 IR I | BU-R FIRR FIE I L R
Primery RS Rating Ty.e VoMY 1, Ver, a0y o Ve [o.ser v B | 00816 Taue VO | 00577 1y Verv, fo.a0s 1y Vaiwy

i b s e e

Primery YA Rating

LA I Y,

1111 ¥

1. Tjue "'d-c d=c d~e

180 Ty, V.

0671, ¥

1.262 1, v,

1,087 Ty Vo

——— - ———

Jatal vA Rating

2.68 Ty¥ 4o

22204V g ) 268 IV s

2.86 Ty Vag

2,094 Tge Vg

3,085 Ty Voo

2,537 Tgog Ve

-

BC Load Voizage, Vy.e 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Qutput V;It;e. ¥i-c 0.9 V, 0.9 ¥, 1,279, 1.12 vs. 2,34 v, 1735 v, 17 v,
IC Qutput Matts Tie Ve Lo Vaee Tse Vae L S Lie Yoo Tae Viee 1y e Vaoe
Rectifier Peak Inverse Voltage | 318 Vo 1.57 vd_; 2.23 Y3, 2,09 Vg T 1007 vd,_:' 2,09 Va0 2.09 Vgp
Ripple Factor, m 2f 2t [14 ki3 &f &f -1
Peak to Peak Ripple Yoltage 1.57 ¥, o 1.57 Vg, 0,326 Vy__ 0.604 Vo 0.140 Vy o 0,140 V,;_, 0240 vy .
s Voltage, Lowest Harmonic B.4TL Yy . 0,471 Vo 0.333% Vg 0.177 Vy_, 0.0605 ¥y, 0.0405 ¥y 0.0605 Vy_.
Ans Volt-a_gc- Second Lowest Harwonic 0.0944 v, 0.0944 ¥, .u.uzz:. Vyo 0.04L v, D.0099 V. 0.008% V, 0.0099 ¥,
T - — TR} S L g -
Rms Voltage, Third Lowest Harmenic L 00408 V, 00405 v,_ 0.0088 ¥, . 0,018 V,_ 0.0043 V. 0.6043 ¥, . 0.0043 Vy_,
e T L - 4
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Tahle (C-2

TRANSFORMER SECONDARY UTILIZATION FOR MULTIPLE-PHASE RECTIFIERS

NUMBER OF PHASES UTILIZATION FACTOR __J
2 0.448
3 0,520
4 0.484
6 0.392
8 0.323
12 0.237
16 ' 0.187
24 0.131

at m = 3, which implies that the most economic conduction angle from a
transformer utilization standpoint is 120°.
A simple three-phase half-wave rectifier circuit is shown in Figure

C-1 where the load resistance R is connected between the diode common

=
%
|

{" ‘. B
LA TE

» B J—— | - L]

Figure C-1  Three-Phase Half-Wave Rectifier Circuit

cathode and the transformer secondary neutral. The rectified output

voltage waveforr ! .no.n in Figure -2 with the most positive anode diode
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0 180 ’, : 360
wt (Degrees)
Figure (-2 Thzee-Phase Half-Wave Rectifier Voltage Waveform

conducting for 120° of each cyecle. The anode current of a diode can be
written as
i =1V cos ut - /3 swt =9/3
R
The total load current is the sum of the three diode currents displaced
in time, or

%/3

Igee = 3 V cos w t 0.827 v
21 R d (wt) = R

/3
and the d-c output voltage and the transformer secondary voltage to produce

it may be obtained from

Vge = Ty R= 0827V = L1779V

the rms current is

1/3
Toms =4 3_ ¥2 cos? wt 0.838 V
29 2 d{ wt) = R

- 1/3 R

and the percent ripple is

I\ 2 J 0.838\ 2
Ripple = 100% T -1 = 100% 0.827 -1 = 17%

d-c
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These relationships hold for ideal transformers and rectifiers.
In an actual transformer, the voltage drop associated with the d-c
current flow and the transformer winding resistance results in a d-c
component that causes the operating B-H loop to move toward saturation.
For this reason, the simple three-phase half-wave rectifier circuit is
seldom used.

The advantage of 120° conduction on transformer'economy and a lowest
harmonic ripple frequency of six times the a-c source make the three—phase
full-wave (bridge) circuit of Figure (-3 of great practical value. Voltage

wavefcrms are shown on Figure (-4 where the dotted lines are the

A
A R
I
A.
g B | :
o~ e
S I
. B .$ i %
Figure C-3 — Three-Phase Full-Wave (Bridge) Rectifier Circuit

\N\/\W

\ f \ 40 \\ ’I \
o ’f \\\ f 180 \ /J N 360 __T;____ e S —
/ | ‘, \ wt [(Degroes)® N/ . AN
,l
c
Figure (-4 Three-Phase Full-Wave Rectifier Voltage Waveforms
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three phase a—-c voltages at the transformer secondary with respect to i}
neutral, the solid line envelope at the top represents the common cathode, i
and the solid line envelope at the bottom represents the common anode. Each
diode conducts for 120°, and current flows alvernately in both directions %]
in each transformer secondary. The peak to peak voltage appears across the

load resistance as six—phase ripple with respect to the negative terminal i

as shown in Figure (C-5. :

0 ' 180 360
wt {Degrees)

Figure C-5 Three-Phase Full-Wave Rectified Voltage Waveform

The load current flows thru two transformer secondary windings and
two diodes at any instant, making it unattractive for low-voltage high-~current
output power. _é
The circuit of Figure C-6 utilizes a double wye secondary with

windings in opposition on each core leg. An interphase transformer is

n

Figure C-6 Three-Phase Double-wye with Interphase Rectifier Circuit %}
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connected between the two, forcing conduction in both wye circults at all
times. This configuration provides 120° conduction, double-way transformer
current to eliminate d-c saturation, one rectifier and winding in series
with load current flow, and six phase output ripple. Voltage waveforms

are shown in Figure (-7 where the dotted lines are the two three-phase

Figure (-7 Three-Fhase Double-wye with Interphase Voltage Waveforms

a-c voltages at the transformer secondary terminals with respect to
neutral, the light solid lines show the two common cathodes, and the heavy
50lid line the voltage that appears across the load resistance. It can be
seen that the potential across the interphase transformer changes three
times per cycle of the a-c source. A small third harmonic current is
necessary to excite the interphase transformer, and when the load current
falls below a critical value, the ecircuit reverts to operation as a six-
phase star, the interphase transformer behaves as a short circuit, and the

output voltage rises by about 107 as shown om Table C-1.
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1.0 INTRODUCTION

The 30 Day Biosatellite was designed, manufactured, tested, and launched
by the General Electric Company, for and in cooperation with NASA, Ames

Research Center, California,

The spacecraft was launched successfully from Cape Kennedy on June 29, 1969
carrying a live, instrumented primate. Its mission was to determine the
effects of prolonged weightlessness on the cardiovascular and central

nervous system, and to study metabolism and behavior.,

Mission objectives and significant system design parameters which affect the

power processing system were considered and are reviewed here briefly.
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2.0 SYSTEM OVERVIEW

The primary spacecraft reu:irement was to maintain a near-zero gravity con-
dition not to exceed 1 x 10~%4 gravity units and to maintain less than 1 x 10'5

gravity units for 95 percent of the orbital mission time.

Shirt-sleeve conditions were maintained in the experiment capsule throughout
the mission. Temperature variation within the primate static envelope was
Timited to 68 to 81°F and relative humidity was maintained between 42 percent
and 56 percent. The two das standard atmosphere system supplied a Taboratory
environment for the primate. The capsule tota! pressure was maintained
between 13.2 and 16,2 pounds per square inch absolute, with partial oxygen
pressures of 135 to 1A5 millimeters of mercury. Toxic gas levels such as

carbon dioxide concentrates were maintained in the range of 0.2 to 7.6 milli-

meters of mercury. Food pellets and fuel cell by-product water were accurately

measured, telemetered, and dispensed to the primate under the control of the
psychomotor programmer. Primate waste products were removed, measured,
analyzed, and stored during the orbit; and accumulated data was transmitted

in real time.

The primate's T1ight level was maintained between 6 and 20 foot candles
during the day, and the night Tevel occurred as programmed at a light in-
tensity less than 1/30 of the day. Photography was maintained under these

1ight conditions in both single frame and cine-modes.



The combined fuel cell and orbital battery provided prime spacecraft power.
20 percent margin above the mission power demand was demonstrated, and ‘this
exceeded the 6 percent margin requirement. The fuel cell operated for a

total period of 38 days.

Management of nitrogen, hydrogen and oxygen expendables for fuel cell opera-
tion and environmental control was maintained over the 30 day flight with

sufficient margin of quantity.

Recovery of the capsule was accomplished via helicopter pickup following a

water impact,

This overview indicates a high quantity of electromechanical devices such as

pumps, motors, and solenoids; as well as sophisticated switching logic were

A

required for spacecraft operation. The interaction of the pulse power require-

ments of the electromagnetic equipment with the Tow noise threshold
solid state devices provides an opportunity to evaluate the power processing
equipment designed to make these two classes of equipment electrically

compatible.
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3.0 VEHICLE CONFIGURATION

A second area of interest to the power processing system description is the
vehicle configuration and {ts Taunch, orbital and recovery sequences which

affected packaging density and weight.

The orbiting vehicle shown in Figure B-1 consists of the mated adapter, the
satellite re-entry vehicle, and the recovery capsule as shown in Figure D-2.
The airborne subsystems are distributed between these three basic vehicle

sactions on the basis of equipment use in the mission.

The adapter houses those functions required during orbit but not needed for
the deorbit sequence or required to be recovered. At the end of the orbital
phase, the vehicle aligns itself for the deorbit phase and the adapter is
separated from the satellite re-entry vehicle and remains in orbit. Only the

satellite re-entry vehicie begins a controlled re-entry.

The satellite re-éntry vehicle consists of the re-entry vehicle and the thrust
cone. The re-entry vehicle consists of a forebody, a recovery capsule, and

an aft thermal cover.

After adapter separation, a retro-rocket is fired under controller conditions

and re-entry into the atmosphere begins. When the deorbit mechanism has
compieted its function, the thrust cone is separated from the re-entry vehicle.
The re-entry vehicle continues its ballistic trajectory protected by the ablative
forebody. The forebady is jettisoned when the re-entry vehicle enters an
atmosphere sufficient to support parachute operation. The Electrical Power and
Distribution System is divided across the three basic vehicle sections as

indicated in the block diagram of Figure D-3.
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4,0 POWER SYSTEM FUNCTIONAL DESCRIPTION

4.1 PpPrimary Power

Primary power was supplied by a hydrogen-oxygen, ionic membrane, solid electro-
lyte fuel cell, with a back-up orbital battery. The fuel cell was activated

on the Taunch pad prior to transfer to internal power, and supplied power

from the time of transfer during prelaunch until separation of the reentry
vehicle and the adapter during reentry. The fuel cell and its cryogenically
stored fuels were located in the adapter. The fuel cell also provided water

for the primate,

A primary, silver-zinc, manually activated, electro-chemical battery was
provided to supplement the fuel cell by carrying transient and short-time
loads, and, in addition, was capable of carrying the entire electrical
system for approximately 18 orbits in the event of a fuel cell failure.

The electrical system could have been transferred from the fuel cell to the
orbital battery efther automatically or by real time command. Nominal
capacity of the battery was 345 ampere hours at 27 volts DC. Power for the

separation subsystem was provided by the orbital battery,

4.2  Reentry Power

During reentry, primary power for the experiment, 1ife support, reentry
telemetry, and data recording was supplied by two paralieled primary, silver-
zinc, electro-chemical batteries from a time after the spacecraft had been
oriented for retrofire, during reentry, and until landing. Power could have
continued to be suppiied for the experiment and for life support for six

hours after Tanding. These batteries were located in the reentry vehicle
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and had a combined nominal capacity of 16 ampere hours at 27 volts DC. ‘Diode
isolation was provided in any power distribution circuits common to the
orbital power source. Battery power was applied to the bus by activation of

an explosive switch assembly.

4.3 Deorbit Power

Primary power for the deorbit subsystem; including reentry vehicle spin-up,
retrorocket firing, vehicle despin, and separation of the thrust cone from
the reentry vehicle; was supplied by two redundant, special, high-duty
batteries located in the thrust cone. These batteries were activated by a

voltage applied to pyrotechnic initiators within the batteries.

4.4 Power Control and Distribution

In general, power controi was centralized in power controllers which respond.
to commands from the command subsystem, signals from the programmer timer,
internal timers, or hardwire commands on-pad. As appropriate, the controilers
contained auxiliary functions such as diagnostic signal conditioning and

circuit protection.

The buses were designed for each system voltage to distribute power as
required by components, to provide for switching as required by commands and
the mission event sequence, to comply with voltage regulation requirements,
to permit assembly and disassembly of the major parts of the vehicle, and to

permit testing as required by the various subsystems and experiments.
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5.0 POWER SOURCE EQUIPMENT DESCRIPTION

5.1 Fuel Cell . |
The fuel .cell module consists of ‘a 32-cell stack mounted inside a fabricated

- titanium container. - The 32 cells comprising the stack are mechanically loaded

between end plates and electrically connected in series. Details of the internal

fuel cell assembly are shown in Figure D-4.

COOLART QUT . . . COOLAKT N

‘ Hy HAHIFOLD JNLET
007 CURRENT COLLECTOR -

CELL WICKS
(-} TERMINAL PLATE
HOMEYCOMBED END PLATE Hy FEED TUBES
Hy CURRENT COLLECTDR
s !, STACK TIE ROD
; @
O /
/’ 0 LE.M. ELECTRODE ASSENBLY
Sy {+) TERKIKAL BLATE
L2
> g!' S HYDROGEN PURSE KANIFOLD
[ = ' i
WATER SEPARATOR BASIN !\\' :
Figure D-4.  Fuel Cell Stack Assembly
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The 32 cell stack is moqntéq_in:é;iﬁ;in¢h diameter cylinder approximately

17 inches Tong requiring a volume of 238 cubic inches with a gross weight of

'~ 35 pounds.

The stack was designed to deliver a terminal voltage of 31 to 23 VDC with an
output of 113 to 187 watts for the 3O day‘mission. The fuel cell efficiency
is typically 2.1 times the stack voltage, or 65 to 48% efficient.

The internal impedance of the stack is shown in the equivalent circuit of
Figure D-5, where Ry = 0.21 ohms and represents theApd1arization effect at
fuel cell start-up and R, is the ohmic effect which varies with current demand
and fuel cell 1ife, For a new fuel cell Ry = 0.17 ohms and will approach 0.7
ohms as the 1000 hour design 1ife is reached. The value of C = 1.09 farads

and is fixed.

\ : .\ 4 ,‘v’ ) u U Ll \ ’. = —-ﬁ
Té:‘ I
— Vs [~ ¢C Vour
.. -

Figure D-5. -Fuel Cell Equivalent Circuit

—

The current. and voltage characteristics of the hydrogen-oxyger, ionic membrane,

solid electrolyte fuel cell are shown in Figure D-6.
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The fuel cell module incorporates four operating systems: hydrogen; oxygen;

product water; and coolant as shown in Figure D-7,

interfacing and operation of the fuel cell is defined in a simpliffed block

diagram of Figure D-8.
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Hydrogen gas is used as the fuel and oxygen gas is the oxidjzing agent. In
the fuel cell, the hydrogen-oxygen gases are reacted in the presence of a
catalyst and produce electrical energy and product water. Waste heat is
removed from the fuel cell stack by coolant fluid which is pumped across the
cells continuously through small diameter tubes. After passing across the

stack, the coolant fluid is cooled by the spacecraft heat exchanger.

Thermal dissipation of the fuel cell in BTU/hr may be derived from equation:

Q=3.413xP ( ﬂ%;é, -1)
=3.413x 1 (47.5 -V)

where I is current drawn by the Toad and V is the terminal voltage of

the fuel cell.

Reactant consumption by the fuel cell may be derived from the following

equations:
0, rate in Tbs/hr = 2.653 x 1073 (I)

plus purging A 0.275 1b/hr for 12 sec/6 hr

Hy rate in Tbs/hr = 21.216 x 1073 (I)
plus purging @ 0,437 1b/hr for 120 sec/6 hr

Water generation may be derived from the following equation

Hy0 rate in Tbs/hr= 23.86 X 1073 (1)
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The ratio of total fuel in pounds consumed (the sum of Hp and 0, not including
purge] to the electrical energy in kilowatt hours generated is a useful relation-
ship. It is a function of fuel cell characteristics, electrical Toad level

and electrical load mix. It is of the order of 0.88 pounds per kilowatt hour

and can vary 2 to 3% over the range in interest.

5.2 Orbital Battery

The silver-zinc, manually activated, electro-chemical battery has a 345 ampere
hour capacity over a sixty day activated stand. The 124 pound, 18 cell battery
is housed in a cast magnesium case. A 17 cell tap is provided in order to

meet the maximum voltage requirement of 31 VDC without preloading. The 18th

cell s commanded on during orbit mode when the bus is'‘near 28 VDC.

The actual flight battery curve for valtage over orbit time is shown in

Figure D-9. AVERAGE STATION PASS LOAD = 1,0 AMP : R
30 w*]
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Figure D-8. Orbfital Battery Performance Characteristic

D-15




5.3 Fuel Cell Controiler

A Tuel cell controiler provides six basic functions as follows:

1. 0Oxygen and hydrogen purging for several seconds every six hours.

2. Current sharing with the orbital battery to hold the fuel call bus
at 23 vDC.

3. Full orbital battery power to the fuel cell bus should the fuel cell
fall below 20 VDC.

4. Switch-on capability of the orbital battery's 18th ceil.

5. Orbital battery/fuel cell current monitor.

6. Orbital battery ampere-hour monitoring and store Tast reading in

event of power drop out,

A fuel cell controller counts the ten minute tiing puises. When the total
input pulses reach 36 (6 hours) a purge is initiated. This purge consists of
activating the oxygen solenoid for 120 10 seconds and during the last 12 + 1

seconds activating the hydrogen solenoid.

A purge can be initiated by real time command. A real time command can
initiate an oxygen solenoid actuation for 108 +5 seconds or a hydrogen purge
for 12 4] second. Telemetry is generated to indicate:
(1) Energization of hydrogen solenoid
{2) Energization of oxygen solenoid
(3) Completion of a purge cycle.
Facilities exist for AGE to:
(1) Hold the counter to stop responding to the 10 minute timing pulses.
(2) Accelerate the time by sending fast pulses into the fuel cell
controller. (It is anticipated that the wmaximum pulse rate will

be ten puises per sacond.)



Circuits are provided as a back-up to the fuel cell to current share loads
in order to hold the fuel cell bus at 23 volts. If this should fail, the
orbital battery will be switched directly to the fuel cell bus if the bus
voltage falls below 20 volts. Diode coupling ic incorporated to prevent
reverse current flow into either the fuel cell or the orbital battery,

as shown on Figure D-10.

The fuel cell bus assist regulator is & series regulator circuit using the
bus from the power controller as a source to maintain the fuel cell bus

at 23 volts or more. If the fuel cell voltage decreases under load, the
regulator will current share with the fuel cell to maintain the bus at 23
volts. The regulator circuit uses a differential comparator circuit with a
temperature compensated zener for a voltage standard. The circuit is
capable of maintaining 23.3 +.3 volts from O to 10 amperes output with an

input voltage of 26.5 to 31 volts.

An automatic regu’ator bypass circuit is provided which will switch the
orbital battery directly to the fuel cell bus upon command or if the fuel
cell bus drops to 20 volts or below fdr approximately 100 milliseconds. The
switching element is a two pole, double throw, motor driven switch with make-
before-break, 15 ampere contacts. The sensing element is a differential
comparator circuit similar to the one used in the regulator. It drives dual
unijunction firing circuits which activate a relay to drive the switch. The
unijunction circuit was chosen to reduce the susceptibility to transients

and two firing circuits are used for redundancy. Either circuit will actuate
the relay. When the switch bypasses the regulator, the supply to the

regulator and the automatic switching circuit is removed to conserve power.
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The orbital battery has two output connections to this component, one at

17 cells and one at 18 cells. A switching circuit i3 provided to transfer

to efther the 17 cell or 18 cell tap of the battery. A "Command Arm" command
is required to enable the 17/18 cell switching commands and the reguiator
bypass and reset commands. This arming function 1is automatically reset by

a telemetry "Off" pulse from the power controller each time telemetry is

switched offT.

5.4 Bus Current Telemetry

The component monitors 0 - 10 amperes on the fuel cell bus and the orbital
battery bus, using differential comparator circuits. The telemetry output is

0 - 5 volts with an accuracy of +1% or 15 millivolts, whichever is greater. The
input can be 14 amperes continuous or 30 ampere, 50 miilisecond puises without

degradation to the circuit.

5.5 Battery Ampere-Hour Telemetry

The component is capable of monitoring ampere-hours with inputs from 0 - 10
amperes. The output is from 0 -5 volts in 32 steps. The logic stores the

Tast output step in the event of voltage dropout.

The ampere-hour telemetry has an inherent threshold of not more than 50

mi11iamperes.

The ampere-hour circuitry is shown in the block diagram of Figure D-17.
The x10 ampiifier senses the voltage across a resistor and develops a voltage
across an emitter resistor of the integrating current source. If this voltage

exceeds a pre-determined value (equivalent to 50 milliamperes of current) the
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low level threshold enables the integrating capacttor allowing 1t to charge
at a rate proportionai to the input current. The circuitry at this point has
converted the orbital battery current-time integral to a voltage appearing
across the integrating capacitor. The circuit parameters have been adjusted
such that when this voltage reaches a value equivalent to 1 ampere-second the
high level threshold detector triggers and generates a pulse which turns on a

reset transistor and discharges the capacitor to its initial state through
a current Timiting resistor. Simultaneously, the pulse enters one count in

the increasing chain. When 3600 discrete counts have been compieted, one
count is entered into the storage counter whose output is monitored through

a digital to analog ladder by the vehicle telemetry. Each discrete telemetry
step is equivalent to one ampere-hour of orbital battery energy. When a
total of 32 ampere-hours have been accumulated, the counter resets and

starts a new series of counts.

It should be noted that the x10 amplifier is fed back from the emitter
resistor of the integrating current source to close the sensing Toop. The
current source is initially biased up by a stable reference source to insure
that the integrating transistor is out of the low-current non-linear operating
range, Its base is clamped to the input 10 ampere current level to enable

the metering to continue, although at a reduced rate, to indicate an

excessive current drain on this telemetry channel due to possible systiem
failure modes. Therefore, pulse currents in excess of 10 amperes are

reduced to 10 amperes automatically by this section.
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5.6 Deorbit Batteries ff

The deorbit battery is a fuse-salt electrolyte battery. Two deorbit batteries

are connected in parallel, with either battery capable of carrying the entire -
load during spin, retrofire, despin and seperation, at a voltage of 32 +5 VDC.
The batteries supply a continuous current of 1 ampere with three pulse loads
of 12 amperes for a minimum of 0.5 seconds and a 35 ampere pulse for about

40 milliseconds. All events are completed in approximately 20 seconds.

5.7 Capsule Heater Battery/Reentry Battery

These two batteries share the capsule electrical Toad 400 seconds prior to )
separation of the satellite recovery vehicle from the orbiting adapter until

6 hours after water impact. Since the capsule heater battery has one more

cell, and thus higher terminal voltage than the reentry battery, it will

discharge first. Both batteries have silver-zinc couples. The reentry

battery has an 11 ampere-hour capacity and the capsule heater battery is

rated 5 ampere-hours. Note that certain capsule Toads, such as the

reentry vehicle inverter power supply, are supplied by the fuel cell during

the orbital phase and by the reentry batteries at T-400 seconds (T = time

of adapter separation).

5.8 Recovery Battery

A recovery power source consists of two paraliel batteries to power the
recovery subsystem by initiating the parachute cover ejection and supplying
power to the recovery beacon for 12 hours after sateliite recovery vehicle

separation.
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6.0 POWER PROCESSING ENUIPMENT

6.1 Reentry Vehicle Inverter Power Supply

The reentry vehicle inverter power supply was designed to convert the prime
26 voit or the secondary 28 volt direct current into 400 Hertz AC and six

other regulated DC voltages as shown in Table D-1 and D-2.

The regulated AC and DC voitages are supplied from the time of on pad check-

out to the end of mission.

The inverter was designed to handle both the 21 and 30 day missions. The
3 day mission required less than 50% of the 21/30 day regulated power and

therefore it was separately designed and housed.

For comparative purposes, the 3 day iInverter was designed for a maximum
input power of 20 watts at 31 VDC with its output fully loaded at 12.0 watts
maximum. This would indicated an efficiency of 60%. The 3 day inverter also
required a volume of 40 cubic inches (4 x 5 x 2 inches) and had a maximum

weight of 3.8 pounds.

The 21/30 day inverter was designed to accept the wide input voltage range
of 21 to 31 VDC with a maximum input of 44 watts when fully loaded at 28
watts. This would indicate an efficiency of 64%. The 30 day inverter
consumed a volume of 108 cubic inches {6 x &6 x 3 inches) and had a maximum

weight of 5.3 pounds.
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Table D-1

Reentry Vehicle Inverter DC Outputs

OUTPUT LOAD,  AMPS  (WATTS) REGULATION | RIPPLE | OUTPUT
VOLTS DC MIN MAX . ALL CAUSES* | PK-PK  IMPEDANCE
5.0 .003, (.015) | .025, (0.13)| +0.3% 0.2% Less than
1 ohm, DC
-2.5 .020, (.05) 100, (0.25) | +10% 2.0% ito 150 KHz
+4. 25 .250, (1.08) | .500, (2.12) | +6% 0.1% |
+5.0 .045, (.225) | .420, (0.6) +1%,-.5% | 0.4%
+8.0 410, (3.3) | .510, (4.0) +15% 0.5%
10.0 .001, (0.01) § .020, (0.2) +0.3% 0.1%
i
l

*steady state regulation: Total excursion due to load,
temperature and input voltage variations.

NOTE: A1l values apply to a temperature range 40°F to 105°F,

Table D-2
Reentry Vehicle Inverter AC Qutputs

QUTPUT SQUARE WAVE LOAD ‘REGULATION QUTPUT
VOLTAGE FREQUENCY MIN MAX EALL CAUSES* IMPEDANCE
26 YAC 400 Hz 0.26W  0.26W +5% Less than 10%
of Load
§ Impedance
115 VAC ;400 Hz 10VA 20.7 VA +3%

*Steady state regulation includes -excursion due to load,
temperature and voltage input variation.
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The Reentry Vehicle Inverter has three basic sections which are best described

with the use of Figure Dp-12.

The first section is a series pre-regulator, with Pulse Width Modulation

cantrol operating into & LC integrator which feeds two post regulators.

The DC post regulator is driven by a 10 KHz Jensen oscillator, power amplified,
transformer isolated, rectified and filtered to supply six, operational
amplifier type - series regulators feeding the spacecraft Toads. Each series

output regulator is current limited to protect against a continuous short.

The AC post regulator is driven by a common 400 Hz Fl1ip-Flop which drives a
push-pull power amplifier stage that is operating into an isolation trans-
former to supply the spacecraft Toad with 400 Hz square wave, at 115 VAC and
26 VAC. Overload protection is provided by sensing the current at the power
amplifier and driving a one-shot to remove the Flip-Flop drive for one milli-
second, then allowing recovery of power; again sensing and removing the power

if the overload remains.

VYoltage regulation is maintained by sensing the curvent in the return Teg
of the AC post regulator output transformer and performing a current to voltage
transformation followed by rectification and filtering. This voitage signal
is then summed with a second voltage signal that is sensed at the input of

tle DC post regulator.
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The summed signal is then compared with a temperature compensated, zener
reference voltage. The resultant error signal is amplified and used to
modulate a simple constant current, RC relaxation nscillator, operating at a
basic frequency of 20 KHz. The net output of the oscillator is a pulse width
modulated signal which is then amplified and buffered to modulate the base-

emitter junction of the series pass transistor within the pre-regulator.

Telemetry voltage monitors (0 to 5V, voltage dividers) are provided at the
output of each DC series regulator. The fuel cell bus input to the Inverter
is zenered to 5V for telemetry. The 115 VAC is monitored via a step-down
transformer followed by full wave rectification. This DC signal then drives
an operational amplifier, with feedback, generating a zero to five voit level

for the telemetry subsystem.

EMI effects were reduced by a compartment packaging concept at module and
board levels. Extensive use of EMI feed-thru filters provided board inter-
connections between compartments. Additional protection was provided by the
use of RF gaskets at the housing/cover interfaces. The design approach of

isolation transformers provided the signal to power ground isolation.
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6.2 Adapter Inverter Power Supply

The Adapter Inverter Power Supply was designed to convert the 26 volt DC into
400 cycle AC and eight other regulated DC voltages as shown in Table D-3 and
D-4.

The regulated AC and DC veltages are supplied from the time of on pad checkout

until satellite recovery vehicle separation.

It should be noted that this inverter was designed to handle several Bio-
satellite missions; 3 day, 21 day and the 30 day. Table D-5 shows the maximum
expected wattage dissipation for each Inverter output and for each mission as

compared to the maximum design value.

The inverter was Jesigned to except the wide range of 21 to 31 VDC. The input
power dissipation was limited to 220 watts with the unit fully loaded by any

mission power profile.

The maximum design load configuration was 1imited tc 139 watts for any one
mission. The internal inverter losses may be calculated with the use of

Tab'ie D-6 and by inserting assumed loads or each voltage Tine, but not exceeding
the design load of 139 watts. For example, if nominal Toads are extracted

from Table D-5 {30 day mission) and calculated based on Table D-6, then

the inverter Tosses would approach 26 watts with an external load of approximately

56 watts. This would indicate an efficiency of near 70%.
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Table -3
Adapter Inverter DT Qutputs

ouTRuT : “REGULATION __ RIPPLE |  OUTPUT
VOLTS DC MIN. ; MAX ' ALL CAUSES (*); PK-PK{**) IMPEDANCE
-28 ' 0.0, (0.0) - 0.18, (5.0) +2, -1 29 Less than
: T ohm, DC
to 150 KHz
+10 0.0, (0.0) 1.0, (10) +2, -1% 29
T 0.0, (0.0) 0.5, (5.0) ¥2, -1% 29
|
46 0.0, 10.0)  2.17, (13) +3, -0% 2%
45 0.0, (0.0) - .15, (0.75) +1, -0.5% 2%
| j
-6 0.0, (0.0) 1.5, (9.0) | +2, -3 2%
28 0.5, (14) © 2.2, (61.6) Y S | 29
+31 0.226, (7) . 0.97 (30) +3% o1 Less than
‘ ; ‘ 2 ohms DC
; | | to 20 KC.

! " I |

* Steady state regulation:Total excursion due to Toad, temperature and
input voltage variations.

*%  Switching transients shall be less than 1.5V peak-to-peak at double
the chopping rate.

Table D-4
Adapter Inverter AC Outputs

CJTRUT T Ay o] ' TOTAL HARMONIC
yOLTAGE ~ FREQUENCY |~ WIN: MAX . | REGULATION(*) | DISTORTION
t
| 26 VRMS 400 cps +2% 0.0 10W 0.9 P.F. +2% Less than 5%
115 VRMS | 400 cps +2% | 0.0W 104 0.9 P.F. +2% | Less than 5%
l :

and input voltage variations

|
i
1 % Steady State Regulation includes total excursion due to Toad, temperature
l

D-29




Table D-5

Adapter Inverter Combined Loads

MISSION DAYS : MAX THUN
QUTPUT MINIMUM WATTS MAXTMUM WATTS (*) DESIGHN
JOLTS DC K] z1 30 21 30 WATTS
-28 0.1 0.1 0.1 4.4 4.4 4.4 5.0
+'_iD 0.1 4 1 1 10 3 10
-l'ID 0.1 0.2 0.2 0.6 0.8 0.8 5.0
+ 6 0.1 3 0.1 7.2 12 7.2 13
+5 0.1 0.1 0.2 0.2 0.2 0.3 0.75
-6 0.1 3.6 0.1 1 8.2 1.2 9.0
+28 18 22 25 53 60 6l 61.6
+31 7 26 24 8 30 27 30
115 fNone None Rone 8 8 é 10.0
26 5 None None | 6 None | MNone " 10.0
*Total combint¥ loads shali not exceed 139 watts for any tora configuration
-~ e e L 1l
Table D-6 o
Adapter Inverter lLosses
QUTRUT CONSTANT TERM VARIABLE TERM TOTAL
VoLTS DC WATTS COEFFICIENT TIMES LOSS
LOAD WATTS IN WATTS
-28 0.70 +.056 (load)
+10 0.80 +.248 (1oad)
-1C 0.35 +.150 (load)
+ B 0.60 +,470 (load)
+ b 0.80 +.600 (load)
-6 0.40 +.415 (load)
+28 3.00 +.069 (load;
431 4.80 +.082 (1oad)
115 VAC 4.80 +,480 (load}
TOTAL 16.25
TOTAL LOSS = 16.25 WATTS + VARIABLE TERMS
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The Tow efficiency might be caused by the tight regulation requirement under
all loads and temperatures for three different missions of 3 to 30 days, or

the input voltage excursion of 10 VDC. The inverter was required to supply
regulated voltages t¢ many thermal controllers, sensors, heaters, pump controls,
and other equipments which are physically too small for self contained voltage/
current regulatars. These loads are variable, complicating efforts toward

efficient design.

The inverter requires a volume of approximately 300 cubic inches and has a
maximum weight of 10 pounds. It was designed to operate over a temperature range

of 0°F to 160°F and endure vibration Tevels of 8.0 g's (peak) over a freguency

range from 65 Hertz to 2 KHz sinuscidal and 0.13 gz/Hz random over a 50 hertz

to 1 KHz range.

A functional description of the inverter may be best understood with the use of
the block diagram in Figure D-13. The inverter accepts +21 to +31 VDC at the
input connector. The input is redundantly wired to feed-thru EMI supression
filters tc the main series-input, LC Filter, and a zener voltage clamp. It
drives a 10 KHz Royer oscillator and feeds the primary and secondary of power
converter No. 1 (a saturable toroid). The toroid output is rectified and filtered
to 37 VDC and fed to the differential comparator circuit with a temperature
compensated zener for the voltage reference. The comparator's error signal

is fed to a magnetic amplifier which increases or decreases the voltage coupling
from the Royers' output thru power converter No. 1. It should be noted that

a decrease of input voltage from 31 to 21 VDC will be sensed by the comparator
and magnetically amplified to boost the voltage coupling. The pre-regulated 31

VDC is then used by four other locads.
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The post regulator consists of power converter No. 2 which is essentially two
power switching transistors with their bases phase driven by the Royer oscillator.
Their collectors are tied to the pre-regulated +31 VDC with their emitters

driving the primary of a center-tapped grounded power transformer. The

secondary windings provide the required voltages which are rectified and

filtered. These voltages are then series regulated, current 1imited and fed

to the spacecraft.

One other major section in the inverter is the AC generator. The fundamental

of the 400 Hz sine wave is generated by a common 400 Hz fl1ip-fiop. One side

drives the base of a single stage input amplifier. The coliector of this amplifier
is controlled by a series regulator in the multistage feedback loop. The output

of this single stage drives into a 0.5 cubic inch, double quadradic, passive,

400 Hz bandpass filter. The filtered output is sinusoidal with less than 1%
harmonic distortion and 5% dissymmetery, and drives an operational amplifier

with a self-feedback lToop. The output of this drives a second operational amplifier.
The outputs of these twe operational amplifiers are coherent but 180° out of

phase. These two signals then drive the push-pull power amplifier. The output
stage drives the primary of the power transformer. The secondary is tapped to

supply the spacecraft with 115 VAC and 26 VAC.

The multistage feedback is sensed at the 26 VAC tap, rectified, series requlated,
and fed to the collector of the single input stage. Overload protection is pro-
vided by current sensing at the power amplifier and using this signal to control
turn-off of the feedback series regulator. This removes drive until the overload

fault is removed.
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Signal conditioning and telemetry monitoring of each voltage Tine, including
the 115 VAC Tine, is accomplished within the adapter power controller, the

point of central power distribution.
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7.0 POWER SYSTEM PERFORMANCE CHARACTERISTICS

7.1 System Volt-Ampere Characteristic

The fuel cell has an internal impedance which degrades with Tife and compiicates
predicting fuel consumption, heat dissipation, coolant flow control and water

generation.

An analytical and graphical method for determining the actual power source
terminal conditions as a fTunction of power source characteristics has been

developed.

Basically, the spacecraft load is considered as three elements; constant power,
constant current, and constant resistance, all operating at a nominal voltage

of 26 VDC.

The sysiem lcad data of each element is accumulated and summed to generate one
system V-I curve. This curve is then superimposed with the early and late
1ife curves of the power source. The net result yields the operating region

of the power source over system loads.

In Biosatellite, the system load is approximately 50% constant power, 30%
constant current and 20% constant resistance. Initially the system was 67%,

27% and 6% respectively.

The injtial system load (V-I) characteristics and the total element makeup

is shown in Figure D-14.
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The effect of superimposing the fuel cell early and late 1ife characteristics

on Figure D-14 is shown in Figure D-15.

Here the operating region for the actual power source voltage varies from 28
to 24 volts, the actual current from 5.5 to 6.0 amperes and the actual power

from 154 to 144 watts, all during the power source life.

This graphic approach is also developed analytically in terms of V and I for
any given point in the Tife of the fuel cell. These V-I equations can be used

to correct nominal data: processed by power management computer programs.

7.2 Load Sharing

The essential system characteristics are shown in Figure D-16. These curves
were extracted from the Biosatellite flight data. It can be seen that the
characteristic at launch was better than at initial activation. After
approximately the first day of orbital operation, the performance improved,

then remained constant at the "orbital mode" curve. Figure D-16-also shows
typical non-station pass, station pass, and the powered flight system load lines,
as well as the Toad sharing level as seen by the fuel cell upstream of the

blocking diodes.

Voltage versus time characteristics of the fuel ceil at station pass load levels
are shown in Figure D-17. Included in the figure are corresponding curves of
the performance of the quaiification unit (3001} and of the unit used in the
primate compatibility test (3004). The 3005 unit stabilized after a few hours
at a Tevel slightly Tower than previously tested units. It then improved

gradually until it reached nominal performance.
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7.3 QOrbital Fuel Cell Power Requirements

Vehicle subsystem and experiment power requirements are shown in Table D-7.
Average watts for the 30-day period are shown at the nominal Tlevel. Additional
factors include a correction based on actual voltage levels, a prelaunch provision
and a 6% margin. The fuel cell is required to carry those loads which are

essentially constant and of high energy content.

7.4 Orbital Battery Energy Requirements

The requirements on the battery are summarized in Table D-8. The various
subsystems and experiments require a total of 136.4 ampere-hours for mission
functions for the 30-day period. The provision for 24 hours of emergency
operation is 173.6 ampere-hours. Other provisions for instrumentation and
telemetry errors, as well as a 6% margin are shown. The orbital battery is
required to carry loads which are of short time duration and of low energy

content, except, of course, for the emergency condition.
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Table D-7

Orbital Fuel Cell Power Requirements

Subsys tem

Average Power - Watis

Attitude Control

Electrical

Life Support

Environmental Control

Experiment USC + UCLA
Pace/Rho

Telemetry, Tracking, Command

Separation and Gas Storage

SUBTOTAL at 26 VDC

Correction to Actual Volts
SUBTOTAL at actual volts
Prelaunch equivalent
6% Margin
TOTAL - WATTS
TOTAL - Kilowatt Hours

i2.72
39.44
26.07
20.65
6.90
6.45
4,21
0.13
116.57

2.13
118.7¢
2.70
128
128.68
92.65

Table D-8

Oraital Battery Energy Requirements

ORBITAL LOADS - AMPERE~-HOURS

Prelaunch 1.5

Orbital Period {480 Orbits) 134.9

136.4
Fwergency (24 Hours) 173.6
Instrumentation Ervors 8.1
6% Hargin 20.0
Unasﬁigned 6.9
TOTAL 345.0




7.5 Electromagnetic Compatibility

EMC is implemented by maintaining tight control at the component Tevel.
Interference generation is Timited and susceptible circuits are isclated.
Further isolation is maintained by proper twisting and shielding in the
harness. On the 30 day Vehiéle the grounding system and EMC control con-
centrated on maintaining ciean data from the primate. This is the most

critical parameter in the vehicle. The grounding diagram is shown in Figure D-18,

System generated transients were measured on power lines and selected control
and signal 1ines. The amplitudes were measu .d using detectors with a 50 nano-
second response time. Detection points are selected to test all power Tines,

returns, control and signal 1ines test for susceptibility.
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1.0 INTRODUCTION

The initial spacecraft of the Earth Resources Technology Satellite Program,
ERTS-1, was designed by General Electric Space Division, Valley Forge, in co-
operation with NASA, Goddard Space Flight Center, Maryland, and was Taunched
on July 23, 1972.

The ERTS observatory design is based upon highly successful Nimbus sateliites
that have regularly returhed meteorological data and pictures of the Earth's

weather and surface since 1964.

The ERTS-1 spacacraft power processing system is similar to Nimbus with mod-
ifications introduced to provide increases in average and peak power capabil-

ity from its polar-orbit, sun-tracking solar array.

o



2.0 SYSTEM OVERVIEW

The 2100 pound Earth Resources Technology Satellite was launch into a 500
mile, polar orbit from Vandenberg Air Force Base and Missile Test Center, Cal-

ifornia, aboard a two-stage Delta 900 launch vehicle.

The spacecraft has been designated as a research and development tool to de-
monstrate that remote sensing from space is a feasible and practical approach

to efficient management of earth resources.

Specific requirements of the ERTS system are to provide multispectral photo-

graphic and digital data of large scene (100x100 nautial mile) in user-oriented

quantities, repetitive land and costal observations at the same Tocal time,
image overlap in direction of flight, image sidelap from adjacent orbits, image
location to better than 2 nautical miles, world coverage in less than three
weeks, and a spacecraft 1ife of one year. It should be noted that the ERTS

spacecraft has been operating since July 1972 and is continuing to produce

over 100,000 images.

The ERTS observatory carries two television-iype camera subsystems; Return Beam
Vidicon(RBY) and HMultispectral Scanner (MSS) which furnish independent views

of the Earth (900 kilometers) directly beneath the satellite to dat§ acquisition
stationg on the ground. Two wideband video tape recorders store up tu 30 minutes

of picture information for delayed readout. The observatory also carries a Datia
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Collection Subsystem (DCS) which serves as a relay for collecting data from

remotéTy tocated ground plaiforms.

An active attitude control subsystem maintains the spacecraft within + 0.7

degree of local vertical and + 0.7 degree in the orbit plane (YAW).

Electrical power (520 watts) is generated by two independently driven solar
arrays, wWith energy storage provided by 8 nickel-cadmium batteries for
eclipse periods, Taunch, and pulsed loads. Independent power processors are

used to suppiy payloads and spacecraft subsystems.

Communication links between the spacecraft and vround stations are provided
via wideband (2.2GHz) and narrow band (2.1GHz to 137.8MHz) subsystems. The

Wideband Telemetry Subsystem accepts and processes data from the RBV, the MSS,
and both wideband video tape recorders. It consists of two 20-watt FM trans-

mitters and associated filter, antennas, and signal conditioning equipment.
The subsystem permits transmission of any two data sources simultaneously,

either real time or recorded.

Commandabie power-level traveling-wave-tube (TWT) amplifiers and shaped beam

antennas provide maximum data fidelity at minimum power.

The communication Tinks are mentioned here since they and the three experi-

ments (RVB, MSS, and DCS) are the larger power consumers as indicated in
Table E-1.
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Table E-1

Subsystem Fower Demands

Service Subsystems Watts
Attitude Contro1-—j ------------------- 35.7
Command and Data Handling----~--==—~w-- 76.2
Telemetry----mmmmee e e o 9.3

121.2

Payload Support Subsystems

Wideband Communications~-—====ceano-- 144

Wideband Tape Recorders

Record----—cmmem e c e e e 172
Playbacke-=eemcmm e -175
Payloads
Multispectral Scanner-----~-cem-meceneo- 52.3
Return Beam Vidicon--=-r---emmcamceano 174.1
Data Collection System---=-wmcammvecua- 1.3
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3.0 VEHICLE CONFIGURATION

The spacecraft launch weight is approximately 2073.1 pounds including 107
pounds for the adapter. The power system weighs 540.1 pounds or about 26
percent of the launch weight. The power system weight is a summation of not
only the electrical but also the mechanical items necessary to its total
support and operation. Briefly some of these items are the solar array
panels, servo drive and transition section, latch mechanisms, and siip
rings. Other items included are the batteries, power regulators, timers,
electronics, power controliers, and 183 pounds of harnessing and installa-

tion hardware.

The major identifying features of this ERTS/Nimbus class of vehicle as show in
Figure E-lare its 5 foot diameler sensory ring containing 18 bays for mounting
various types of equipment the attitude control module supported by a truss

tube structure from hard points on the sensory ring; and the two solar array
paddles driven from separate drive mechanisms contained in the attitude control
module. The payload sensors are mounted mainly on the underside 0f the sensory
ring to afford unobstructed view of the earth's surface. An orbit adjugt sub-~
system is mounted in the region just above the sensory ring to assure the orbital

-

period is within the prescribed limits.
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4.0 POMER SUBSYSTEM FUNCTIONAL DESCRIPTION

The power subsystem is designed Lo process solar array energy at -38 vde to re-
gulated power at -24.5 + 0.5 vdc to the bulk of the spacecraft loads. Unregulated
power is also available for certain pulsed loads, mainly associated with
pyrotechnic events, and a small amount of power is provided at -23.5 + 0.5vdc from
auxiliary regulators for back up purposes in the event of failure in the main

power system. Figure E-2 shcws a simplified block diagram of this power subsystem.

As showﬁ on the functional block diagram of Figure E-3 the power sy§tem con-
sists of: {1) two solar array platform assemblies with a combined BOL output
capability of roughly 520 watts; (2) a separate solar array drive and slip
ring dssemb1j for each platform; (3) 8 sforagé modules, each.containing

a 23-cell, 4.5 ampere-hour battery and charge electronics; (4) a power control
module (PCM) having the main function of voltage regulating the array and
battery power to the service subsystems with a rating of 20 amperes; (5) a
payload regulator module (PRM} which specifically voitage regulates the power
to the main imaging payloads with a rating of 26 amperes; (6) a power switch-
ing module (PSM); (7) and (8) auxiliary loads and controller for absorbing
excess array power; and (9) an unfd]d timer for deploying the solar array after

injection into orbit.

Under normal spacecraft day conditions the solar array supplies power at a
voltage of about -38 vdc. Power from the array is transferred to the loads
through in-1ine diodes to the PCM and PRH buck regulators, which regulate the
power to an output at -24.5 + 0.5 vdc. The PCM and PRM regulators establish
separate requlated buses, the PCH bus being devoted to the service subsystems
and the PRM bus to the major payload sensing systems. The ﬁCM and PRM deéigns
are essentially identical. Besides taking advantage of the Nimbus developed
PCM, the separation into service and payload buses has resuited in excellent
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buffering against the effects of turn-on transients and noise.

Power from the array for battery charging is transferred through each of the
eight chargers to the batteries with éharge voliages roughly in the range of
-29 to -33 vdc. Each battery is individually controlled in accordance with
current and combined temperature/voltage 1imit criteria. Since the array volt-
age is higher (more negative) than the charge voltage, each battery is pre-
vented from discharging by means of blocking diodes in the discharge Teg of

each battery.

During spacecraft night the batteries supply power through their discharge
diodes at voltages in the range of -26 to -30 vdc.  This is still above the
lower limit of the buck regulator for producing regulated power at -24.5 +

0.5 vde.

-During spacecraft day when the loads exceed the array output, the array voltage
drops, allowing the batteries to supply current through their discharge diodes.
In this case, both the array and batteries share the burden of current supplied

to the PCM and PRM buck regulators.

Under certain circumstances, with small load and battery charge demands, the
array voltage can become abnormally high. This condition can be avoided by
absorbing the excess array power with shunting Toads. Automatic shunts are in-
corparated in the system in the form of eight transistor-~resistor circuits which
are activated in response to array voltages more negative than -38 vdc. These

circuits can be enabled or disabled by ground command. Fixed auxiliary loads
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;[ can also be used, which are likewise enabled or disabled by ground command. %
These loads have been used to control charge to the batteries by adjusting
control of the current limit at lower levels than that achievable by the in-

ternal charge contirols of each battery.

The in-Tline diodes between the array and the series PUM regulators are used

to prevent the auxiliary loads from absorbing battery energy during spacecraft

night operation.

Fault clearing capability for the system is provided by means of a fuse blow

%l tap located at the 15th cell (neqative from the positive return) of each

I% : battery. These are joined to the mdiﬁ bus through diodes and are normally

i“ inactive. If a severe fault depresses the regulated voltage, sufficient current

ij may be drawn directly from the batteries through the fuse blow taps to clear
the fault.

. Table E-2 indicates demand Tevels during launch, minimum satellite and or-
bital modes. The minimum satellite mode pertains to the demand required during

emergency conditions when it might be necessary to conserve energy to the

[

greatest extent possible.

] Table E-2

}} Operational Mode Power Demands

j . Watts

i —
Launch Mode 146

’ i Minimum Satellite Mode 97

, Orbital Mode 121

{ (without payloads) _
Orbital Mode 521 '

g] (with payloads)

PSR
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Figure E-4 shows a typical orbital load profile as reflected at the regu-
lated bus. Continuous Toads associated with basic service subsystems account
for about 121 watts. The major load peak results from payloads with a max-
imum demand of 521 watts. These high power demand payloads are the Multi-
spectral Scannar (MSS) and the Return Beam Vidicon (RBY), both associated with
imaging aspects of the mission. The on-time duration per orbit of these pay~
Toads was not specified as a hard requirement but is rather tailored to the

capability of the power system.

560 RECORD
| LB{ALTIMF_
480" | ]
PLAYBACK PLAYBACK
gaoo 3 )
£ WARM-UP |
o 320 |
L
2 o
240 L REWIND - REWIND |
160 |
80 L
— SPACECRAFT ~piat SPACECRAFT =~ ———— ]
NIGHT DAY
i 1 1 LI i L 1 1

- 1
0 10 20 30 40 50 60 70 80 90 100

orbit time (minutes)

Figure E-4 Orbital Load Profile

Table £-3 indicates the estimated on-times as a function of specific mission
durations and are based on the predicted power system outpuf degradation

principally due to ionizing radiation.

The other load peaks of significance are associated with playback {(PB) of
recorded data during passes over receiving ground stations in Tine-of-sight
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with the spacecraft. Such passes occur about equally during satellite night
and day accounting for the equal allocation of playback shown. Rewind of the

tape recorder pertains to respositioning of the tape for use in its next mode

of operation.

TabTe E-3 Payload On-time Capability

Elapsed Time Payload On-time
in Orbit Per Orbit

Initial Orbit 16 minutes

6 months 13 minutes

12 months 9 minutes

Basis:

|

' 1. Both the Return Beam Vidicon and the

Multispectral Scanner in operation
concurrently
Record for 75% of Payload on time

Transmit on realtime for 25% of
Payload on time

Payload playback occurs: 50% in
Satellite Day, 50% in Satellite Night

[ pp——



4,7 Solar Array

4.1.1 Solar Array Volt-Ampere Characteristic

The solar array volt-ampere characteristic is shown in Figure E-b. Unique

to the normal solar array characteristic is its post eclipse character where
the solar cells have experienced a cold soak period in the Earth's shadow,
Zero array power output, followed by a post eclipse or sun-soak period. Here
the array voltage is almost twice its normal value as indicated by the upper
curve in Figure E-5. The thermal time constant or the time vor the array
voltage to return to its nominal voltage Tevel is dependant on many factors,

but is in the neighborhood of 20 minutes.
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; ‘ This post eclipse. overvoltage condition for a relatively long period is un-
i acceptable to most subsystem components and/or reguiators, and essentially
‘F dictates the need for a voltage clamp as indicated by the horizontal
dotted 1ine in Figure E-5. A clamping device takes the form of & transistor/re-
;E sistor shunting element {located in the storage modules), with control provided
) by spacecraft bus voltage level sensing and comparator circuit amplifiers to
iL provide the drive control. The net affect of the clamp is to hold the space-
| craft bus to a preselected upper voltage level that is acceptable for power

regulation.

ii' One other unicue solar array characteristic must be considered. That is the
eclipse period itself. Here the power from the array drops to zero. _This
characteristic dictates the need for the 8 energy storage devices, (batteries),
| that must provide the required power for a maximum eclipse period. Additional

power management functions are carried out by the commandable Auxiiary Load

[N

Controller which causes power to be drained from the solar array bus to the

Auxiliary Load Panels. These auxiliary loads are generally required when it

is desired to reduce the power dissipated in the Storage Modules.

4,1.2 Solar Array Physical Characteristics

{ The two solar array paddles, aluminum honeycomb (3X8 feet each), and two

i’ transitions sections (1X7 feet each), weighing 75.1 pounds are configured

with nineteen diode isolated solar cell circuits. Each circuit contains an

ii average of 9 parallel and 93 series connected cells for a total of 10,888

2 by 2 centimeter solar cells. These are N on P type with a base resistivity

il of 1 to 3 ohm-centimeters with titanium-siiver contacts and are nominally

ig rated at 132 milliamperes and 0.46 volt when measured at 28°C under equivalent
5

i; E-15
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air mass zero illumination., Six-mil microsheet (Corning 0211) coversiides
bonded to the solar cells are used for radiation protection. Silver expanded

metal Z-bar strips are used to interconnect the solar cells.

4.1.3 Solar Array Operation

During the launch sequence, the solar array is in the stowed position and the
batteries must supply the required loads. Upon separation of the spacecraft
from the adapter, relays are energized in the Unfold Timer which cause the
paddle unfoid pyros to fire at predetermined intervals. When the cables are
cut, the unfold motor is started, deploying the solar array. In approximately
16 minutes, the array begins to slew to acquire the sun and with its acquisit{on

the solar array assumes the power generating function for the spacecraft.

During sunlight periods, the solar array delivers power to the solar array bus
in the power control module at a voltage of about -30 to -39 volts. The Tower
limit is set by the battery discharge voltage. As -30 volts is approached,

load sharing occurs and the batteries begin to carry the spacecraft load.
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4.2 Storage Modules

There are eight essentially identical storage or battery modules on the ERTS
spacecraft. Each storage module contains 23 series connected, 4.5-ampere-
hour, hermetically sealed, nickel-cadmium cellss weighing approximately

15.4 pounds and requiring 312 cubic 1inches.

In addition, each moduie contains the closed-Toop charge controller associ-
ated with each battery as shown in Figure E-6. This controlier limits the
charge current to a preset value (1.1 amperes per module) and also reduces

this when either the battery voitage or temperature reaches a predetermined
1imit. A ground commandable override circuit in the Power Control Module
inhibits the voltage-temperature control Toop in the charge controlier, per-
mitting battery charge rates based on the battery/solar array voltage relation-

ship.

In the negative leg of each battery is a battery disconnect latching relay
which can be actuated by ground command for the purpose of removing a de-
graded battery. This relay also disconnects the battery fuse blow tap line.

The battery tap is used to supply the nécessary current to clear faults on

the fused power 1ines.

The battery module also contains one of the dissipating legs for the space-
craft shunt Timiter. Although this circuit bears no direct relationship to
battery operation, the battery module provides a convenient location in the

spacecraft from which the heat dissipated by the shunt Timiter may be rejected.
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A functional block diagram of the battery charge controller is shown in
Figure E-6. The controller electronics represents a significant area of
power processing and therefore the subsequent paragraphs will attempt to
describe the functional operation. It shouid be recalled that this system

is a mid-1960 design and therefore does not contain integrated circuits.
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4.2.1 Battery Charge Control

The purpose of the charge controlier is to protect the battery from over-
current, over-voltage, and over-temperature conditions while it is being
charged.
The circuit performs this function by monitoring and operating upon the
following parameters:

1. Bat}ery charge current

2. Battery temperature

3. Battery terminal voltage

The control circuitry was designed to accept signal inputs corresponding to
each of the above parameters and to compare these inputs with built-in re-
ferences. Deviations or error signals are amplified and ultimately adjust

battery charging current in such a manner as to decrease the error.

There are three normal modes in which the charge controller might operate.

These modes or regions of operation are indicated in Figure E-7.
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Figure E-7 Region of Normal Charge Control Operation
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4,2.1.1 Region I Operation. In Region I, it is desired to maintain charging

current as close as possible to the maximum allowablz current. In addition,
any current less than that required to maintain energy balance could result
in a degraded mission through insufficient charging. The tolerance require-
ments on the charge current have dictated a closed loop or feedback type of

current regutating circuit.

Figure E-8 presents a block diagram of the current regulator. In Figure E-8
the symbol, VRI’ represents a reference voltage derived from a temperatuyvz
compensating zener diode and a voltage divider. "G;"represents the forward
gain or transconductance of the transistor circuitry; “h" represents the feed
back element which senses battery current, Ig, and transforms the current
level to a voltage level which is compared with Vg1. The difference between

V.. and the converted current level is the error, E, which activates the

R1
forward gain to control the charge current.

R1 Y

A

TRANSFER FUNCTION: Ip = VRE G4

B 1+h Gy

Figure E-8 Current Regulator Block Diagram
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4.2.1.2 Region II Operation. Ir Region II it is desired to 1imit the vol-

tage to which the battery may charge. It is also desired to adjust this

Timiting voltage with battery temperature as shown in Figure E-8.

Normally, at the beginning of charge, the battery will cause the charge

gontrol?er to operate in Region I, the current 1imited mode. As the battery

3.0
Wb

1

amzr
3.8

UPPER LIMIT

3344

3.0 LOVER LIMIT

BATTERY VDLTAGE (VOLTS)

sef
2.2

[ T D N L S SO IO L B N O |
g 10 2 33 44 50 &
TEMPERATURE (08}

Figure E-9 Maximum Battery Voltage as a Function of Temperature

is charged, its terminal voltage and/or temperature will increase. Should

the voltage/temperature combination enter Region II, the charge controller

will sense this condition and act in such a manner as to maintain the operating
condition of the battery within this region. Since the charge controller may
operaie directly on charge current and on other parameters only as a function

of charge current, the circuitry was designed to vary the current in order to

maintain operation in Region II.

Within Region II, the charge controller becomes essentially a voltage re-
gulator with an oﬁtput voltage related to temperature., Figure E-10 i1lus-

trates this mode of operation.
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Figure E-10 Charge Control Operation in Region II

If the gain, G, is high, then it may be shown that

Vg = V 1+ Rt
RZ( Rd
Where:
G = Effective transconductance of transistor circuitry
in Region II.
Vg = Battery voltage.

Vpo= Reference voltage for V/T circuit
Rd = Constant resistance
Rt = Temperature sensitive resistor with a negative

temperature coefficient.

As the battery temperature increases, Rt decreases therby reducing the

value of Vg at which the circuit will regulate.
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4.2.1.3 Reqgion III Operation. 1In Region III, the charge controller operates

as a constant current regulator in essentially the same manner as in Region I
with the exception that the regulated current is the trickle charge current.

There are two conditions which could lead to operation in Region III.

\

The first condition would occur in Region II operation if battery voltage
and temperature conditions forced the voltage/temperature circuit to reduce

charging current to the trickle charge limit.

The second condition would occur should the battery temperature rise

to thé high temperature 1imit indicated in Figure £-7. In this case,the
circuitry designed to detect this high temperature condition would immediately
reduce or cut-out charge current to the trickle rate. Should the temperature
decrease by a small, predictabTe amount, the charge current will be returned

or cut-in to a level determined by the current regulator and the volfage/
temperature sensing circuits. If, after the higher charge current level is
restored, battery dissipation could be high enough to cause the high temperature
1imit to be rcached, a cyclical condition might be established. Essentially,

in this mode cof operation, the charge controller acts as a temperature re-

gulator and controls battery power dissipation in order to regulate battery

temperature,

Charge controller operation in this mode is described in Figure E-11. in
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Figure E-11 the battery temperaiure is sensed by thermistor, T, and rcsistor,

Rgs which act as half-bridge.

-24.5 VDC

[

-
o

SCHMITT 1 CURRENT "
TRIGRER . REGULATOR

Figure E~-11 Charge Current Opergtion in Region I11

The voltage, VT’ reaches the trip level of the Schmitt Trigger at the high
battery temperature due to the negative temperature coefficient of the
thermistor. At the trip 1eQe3, the Schmitt Trigger delivers a step current
to the current regulator which causes the battery current, IB, to be reduced
to the trickle charge level. As the battery temperature decreases, VT will

decrease by an amount equal to the .hysteresis of the Schmitt Trigger.

Upon reaching the lower trip level, the Trigger will change state and allow

the current requlator to charge the battery at the normal rate.
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£,2.1.4 Regional Transitions. As has been established in the foregoing dis-

cussion, the transition from one operating region to another is afforded by
changes in the operating mode of the charge controller system. The bas%c
operating mode is regulation of charge current. Al1 transitions are accom-
plished by causing a reduction in the Tevel of regulated current as a fun-
ction of signal inputs to the current regulator from the high temperature
sensing circuits and/or the voltage/temperature sensing circuits. The ha-
ture of these signals is a voltage level shift from a high impedance point
which is "OR' gated into the appropriate current regulator input and which
is derived frem each of the sensing circuits. Figure E-6 presents an oper-
ational diagram of the entire charge controlier. As indicated, the sensing
signal inputs modify the feedback ratio of the current regulator in order to

affect a change in the battery current.

The major parameters of the battery charge controller as well as the tele-

metered parameters are indicated in Table E-4.
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Table E-4

Battery Charger Parameters

Parameter

Range

Normal Charge Current
Trickie Charge Current
High Temperature Limit

Hi-Temp Detection
Circuit Hysteresis

Battery Voltage/Temp
Detection Band

1.1£0.1 amperes
0.15+ .05 amperes

51.7+28°C
2.6+2.40C

See figure E-O

Analog Signals for Telemetry Subsystem

Parameter

Parameter Range

Nominal TLM Range

Battery Voltage
Battery Temperature

Battery Charge Current

Battery Discharge Current

-20 to -40v

~10 to +70°C
0 to 1.2 amps
0 to 2.4 amps

0 to -6 volts

-1 to -6 volts
-0.5 to -6 volts
-0.5 to -6 volts
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4,2.1.5 Ground Commands. For the purpose of protection against various fail-

ure modes and for the flexibility of load programming, two ground commands are
included as indicated in Figure E-6. One command protects against failure in
the temperature and voltage circuits by providing a trickle charge override.
Here, the trickle charge override disables the temperature and vo]tagevsensing
circuits at their connection to the current regulator loop by merely blocking

their outputs until command off.

13

The function of the second ground command is to disconnect a battery
from the subsystem. There are sixteen commands avajlable for this purpose
(2 for each battery ) so that individual batteries may be removed and

reconnected 2s required.
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4.3 Power Control Module (PCM)

The Power Control Module contains the spacecraft's main and standby PUWiM series
{bucking) regulator, a voltage sensing and switchover circuit, redundant

auxiliary requlators, a bus-voltage sensing circuit and driver circuit for the
8 shunt dissipator circuits located in the storage modules and-auxiliary-load-

‘panels, and a number of telemetry and diode circuits.

The entire module weighs approximately 22 1bs, requires a volume of 624 cubic
inches, and has an orbital average thermal dissipation of 27 watts. The main
and standby regulators weigh approximately 6 pounds and about 80% of this
weight is abtributed to the common input LC filter and the common output energy

storage network.

Each of the functional areas within the Power Control Module will be described
with major emphasis placed on the main and standby pulise width modulated re-

gulator.

4,3.1 Series Pulse Width Modulator Circuit Description. The current Timited

pulse width modulated (PWM) voltage regulator is shown in block diagram form
in Figure E-12. This regulator in simplest form is composed of the follow-

ing sections.

(1) Input Filter

(2) Power Switching Network

(3) Output Filter

(4) Constant Current Drive Amplifier

(5} Pulse Width Modulator and Sawtooth Oscillator
(6) Over Current Sensing Amplifier

(7) Voltage Sensing Amplifier
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The input filter is placed between the unregulated bus and the power switching
network to eliminate large ripple currents which would otherwise flow. The
power switching network is used to alternately connect and disconnect the un-
regulated bus and the output filter. The voltage sensing amplifier senses

the output voltage; compares it with a stable reference voltage; amplifies

the error between the two voltages and transmits the amplified error signal

to the pulse width modulator and sawtooth oscillator. The puise width mod-
ulator transmits a rectangular pulse train; and the sawtooth oscillator
determines the frequency of the pulse train. The duty cycie of the square

wave pulse-train is determined by the signal level transmitted from the voltage
sensing amplifier. The constant current drive ampiifier accepts the pulse
train as an input and transmits a constant current amplitude pulse to the power
switching network at a duty cycie determined by the pulse width modulator
circuit. The system emp1bys a negative feedback voltage loop (composed of the
voltage sensing amplifier, pulse width modulator, and the constant cur ent
drive amplifier) to vary the duty cycle of the power switch network and
establish a well regulated output voltage level which is essentially inde-

pendent of input voltage and load current variations.

An excessive current is also translated to a proportional voltage which is
compared with a stable reference voltage. The difference between the two
voltages is amplified and transmitted to the puise width modulator and sawtooth
oscillator. This system employs.a negative feedback current loop (composed of
the over current sensing amplifier, pulse width modulator, and constant current
drive amﬁ]ifier) to vary the duty cycle of the pover switch network to reduce

the output voltage, thereby 1imiting the output current.
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4.3.2 Series Pulse Width Modulator Circuit Operation. For purposes of sim-

plification, operation of the regulator in the voltage regulation mode and

current Timit mode will be discussed separately.

(R)

Yoltage Regulation Mode

" The signal current to the modulator is derived frem the differential

Operation of the voltage regulation mode imay be explained on the
basis of the functional block diagram in Figure E-13. The DC

input voltage is modulated by the switch to produce a rectan-

gular pulse train at the averaging filter input. The average or DC
value of the pulse train is the duty cycle of ihe switch times the
input voltage. The averaging fii;er is a low pass type which greatly
attenuates the AC component and passes ihe DC component of the puIsé

train with 1ittle or no attenuation. The output voltage is given as

Yo = 0 Vin
wherefl = duty cycle
Vin = input vo]tagé

The switch is driven from the modulator with a constant frequency,
variable duty-cycle current pulse. The modulator has a transfer

function.

%

Modulator Transfer Function =S::§mpeﬁ€

where "%#" refers to percent "on time"

and "ampere® refers to the modulator signal input current

amplifier which has a transconductance, Gg. The output current of

the differantial amplifier is

n

1= GgE »

where Gg = diff. amplifier transconductance

Bt

E error voltage
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and
E = Vg =holVin
A11 the expressions thus far mentioned may be combined to express
the output in terms of the reference and the individual transfer

functions shown in Figure 1I-3, and, it may be shown that

Vo =|Vin6y  fx v
1+ h Vin 6d|
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{B) Current Regulation Mode

A functional diagram of the pulse width modulator in the current 1imit
mode is shown in Figure E-14. The current sensor produces an output
voltage proportional to the peak value of output current. The sensor

is a series connected saturable reactor driven by a square wave (2.4 KHz)
inverter. 1Its output is rectified, filter and delivered via an impedance

transformation stage to the indicated differential amplifier.

The difference "e" is sensed by an amplifier with a threshold which
allows no amplifier output uniess "e", as indicated, becomes neg-
ative. At this point, a signal is issued to the modulator which
causes a reduction in power switch duty cycle. The resulting duty
cycle is proportional to the magnitude of "e". The output voltage

~ then falls as the duty cycle is reduced.

4.3.3 Series Pulse Width Modulator System Considerations. In formulating a

method for modeling and analyzing power processing systems some consideration
should be given to total system requirements in the area of protection and
redundancy. Toward this end, three considerations are highlighted here; A,
current limit protection of the PWM regulator; B, redundant PWM regulator and

switch-over methodology; C, the need for an auxiliary regulator.

(A). Of prime importance is the possibility that one or more of the space-
craft {oads could sustain a low impedance fault; drawing excessive current

and pulling the main bus out of regulation.
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Under this consideration the regulator must be current Timited un-
til the fault is removed or cured. If the regulator in this system
were a dissipative type current 1imiting could be achieved

merely by limiting drive to the control element wherein the regulator
is transformed from a constant voltage device to a constant current

device until fault removed.

In the case of a switching regulator, the output current is sensed and
transformed to a proportional voltage to regulate the duty cycie of the
regulator's control element. The net effect is reduced output voltage for
excessive currents. This method protects the regulator from overloads in-

cluding a short-circuit.

Now, considering the system as a total and under a fault condition;
the system bus voltage level will drop with excessive currents, un-
til the fault is removed or cured. Hence, the battery tap and fuse
protection system is employed as shown in Figure E-12. This systeh
operates to clear any sustained fault. If a fault develops, the re-
gulator attemps to supply the current, bu? the regulator goes into its
current 1imit mode and the spacecraft bus voltage drops to the battery
tap voltage for a period of time necessary to open the fuse, clear the
fault, and allow the regulator to maintain bus voltage control. Bus
voltage perturbation during emergency operation must be carefully re~

viewed with this type of protection.
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(B). Although the main regulator is current limited, protecting itself

against external faults, it is usually required, from a reliability stand-

kB

¥ point, to provide redundancy for any in-line system throttling device.

1 Redundancy may be approached from a piece-part stand-point, but this ofter

‘] becomes too cumplex for an in-Tine regulator and generally requires block

§; redundancy, where an entire second regulator is paralled to the main regulator
¢ and placed in a stand-by mode of operation.

N .Once block redundancyAis accepted, a-method of sensing a failure in the main
}; " regulator and switching over to the redundant regulator is required. Further,
£ the switch-over method should minimize perturbations on the regulated space-

craft bus voltage. For this reason it is generally acccpted to design the in-

. put filter and the output energy storage network of the regulator to be common

to both regulators.

Internal failure detection of thélmain regulator is achieved as shown on
Figure E-15 by sensing and comparing the bus voltage with a stable voltage
reference and detecting the error signal {under or over voltage) via a
schmitt trigger. The output of this device drives into a flip-flop which

- further drives a relay opening the failed regulator path and closing the

- path of the redundant regulator to the common output energy siorage network.
To prevent arcing of relay contacts, associated EMI effects and feedback

{ into a failed regulator, a second flip-flop is employed to inhibit current

§ E-39
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flow from the redundant regulator until the relay contacts are firmly in

place. A typical time response curve is shown in figure E-16.

Since the current Timit mode of the regulator has the effect of reducing
the bus voltage for a finite time, it is necessary for the current detector
circuit to provide an inhibit signal to the under/overvoltage detector to
prevent switchover to the redundant regulator during system fault clearing

operations.

(C). 1In order to implement internal requlator failure detection, external
over-current protection and certain control circuits, it is necessary to
provide a separate regulated supply which is independant of the main regul-
ated bus. This is achieved via an auxiliary regulator, operating one volt
below the main spacecraft bus. The auxiliary regulator is & simple series
dissipative type with linear base control of the pass element. The maximum
current ¥low through the reguiator is in the order of 1 ampere. A second
auxiliary regulator is paralled and diode or'd with the first as indicated
in Figure E-12. Both regulators are diode gated to the regulated bus to
provide power to the spacecraft command receivers so that unencoded commands

can be received during temporary loss of regulated bus voltage.
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4.4 Payload Reguiator Module

This unit is identical to the Power Control Module except that the current
Timit of the series regulator is increased from 20 to 26 amperes to accommo-

date turn-on transients associated with payloads.

4.5 Parameter Descriptions ) é
Table E-5 summarizes the major parameters of both regulators. Figure E-18

shows a simplified circuit of the input and output filter networks.

_ REDUNDA.NT /@L#?,V
5 PWM REGULATOR | / ( Aemmeer OPrsl )
7} Lo
A Y
L] M R ;‘
A SISTOR SeTEN 0 #M 7
& =7 ¥ h
// T
o
F Bt A000uF
DignE
-§ i L —®

Figure E-18 Simplified Input/Output Filters
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Table E-56

Power Control Module & Payload Regulator Module
Series PWM Regulator Characteristics

PARAMETER RANGE
e 2o e

Input Voltage Range -26 to -40vdc

Output Voltage Range -24.5t0.5vdc

Qutput Curre~t 2 to 20 amperes*

Regulation** 0.5%

Ripple Voltage 50 my p-p max.

Efficiency see figure E-17

Qutput Impedance < 0.7 ohms 10hz to
10khz

Standby Power Dissipation 7 watts

Transient Response Return to Regulation
24.5+0.5 vdc within

1 4 ms after a 4 amp step
load.

Operating Frequency 7.0 KHz

* 26 amperesimax.)for Payload Regulator Module

** Regulation for line, load and temperature combined.
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4.6 Shunt Dissipator

The shunt dissipator 1imits the maximum voltage that may appear on the
solar-array bus. During Tow spacecraft power demand conditions, the power
subsystem operating point wi1i attempt to move along the solar array V-I
curve (fig E-5) in a direction toward the array open-circuit voltage. For
a current demand of five amperes, the aperating point couild be at array
voltages exceeding -68 volts at cold array temperatures. This voltage is

unacceptable to most regulators and must be Timited.

Two important parameters govern the design of the shunt dissipator:
(1) the threchold volitage and (2) the amount of power to be dissipated.
In determining the threshold voltage and power to be dissipated the upper
design 1imit (-40vdc) of the PWM series regulator is used together with the
maximum solar array current of 15 amperes. These two parameters must in-
clude maximum array current on the first day of orbit, and system losses
such as isolation diodes, harness, and slip rings. Also, the design must
provide the minimum voltage between the battery and solar array bus that will
allow the maximum charge current to enter the battery. The shunt dissipator
as designed has a cut-in point of -38.0 + .3vdc and can handle 549 watts with

a no-load dissipation of 0.6 watts.
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The shunt dissipator circuitry (Figure E-19) is essentially a bus voltage
error amplifier; (Differential amplifier with zener volitage reference); the
output is delivered to a two-stage current amplifier to provide the linear
base drive to each of the eight transistor/resistor shunting elements Toc-
ated in each of the eight storage modules. Current telemetry is provided

for each shunting element via a voltage divider. Failure protection is provi-
ded via ground command operations of 8 relays which remove each shunting

transistor/resistor element on an individual basis.
Power dissipation as a function of shunted current is shown in Figure E-20.

The dynamic output impedance of the shunt dissipator as a function of fre-
quency under the conditions of 7 ampere load and +709C is shown in figure

E-21.

The Toop stability characteristics of the shunt dissipator are shown in
Figure E-22. The circuit exhibits a maximum loop gain of 41 db at Tow
frequencies when operating from a source having a resistance of 1 ohm, and

rolls off to Odb at 3.8 KHz with a phase margin of 80 degrees.

Table E-6 summarizes the major parameters of the shunt dissipator.
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Table E-6

Shunt Dissipator Characteristics

Parameter

Range

Output Voltage

Cut-In Reguiation

Load Regulation
Temperature Regulation
Adjustability/Resolution
Shunt Loss

Max. Pass Transistor Dissipation
@ Base Plate Temp. =55°C

Load Sharing/Shunt
Output Impedance

Stability Criteria

-37.7v to -38.8v (&)
-38t0.3vde (2)

0.5vdc(2)

See note 1

i.025vdc(3)

18 ma(4)

21.7 watts/shunt e]emﬁs)

+20% average (6)
See Figure E-21
See Figure E-22

Notes:

- FE—— . e r— e A e b e el e ¥

A11 parameters subjected to -10 to +70°C
0.14 to 14A

I oad
Iload = 0-1A, T

250C
¥in = 37vdc
-38.8vdc

ILoad = 9A, Vin
I pad = 2A to 14A

E-50

ISR | L)
[,

.

-
- s



! [ i A e ] e e

4.7 Auxi]iaf& Regulator

The Auxiliary Regulator provides a separate source of voltage (isolated from
the main regulated spacecraft bus) to the main and redundant PWM series re-
gulators for failure detection circuits. Other lower-level system require-

ments have been defined under the system considerations section.

The Auxiliary Regulator is a simple voltage sensing, linear controlled, dissi-

pative type 25 watt regulator with a regulated voltage (23.5 + 0.05 VDC) output.

In operation, as shown in Figure E-23, a change in load voltage, due to
fluctuations in either load resistance or input voitage, is applied to one in-
put of the differential amplifier by the voltage dividing network R1/R2. This
sampling of the load voltage change appears as an amplifier error-voltage when
compared to the stable voltage reference. The error-voltage drives a push-pull
type current gain stage to provide sufficient drive to the pass-transistor ele-
ment; increasing or decreasing its voltage drop and maintaining the regulated
output. A phase-lag network has been incorporated into the current drive stage
to start the gain roll-off at a low frequency and with a controlled rate of de-
crease. The output capacitor provides a Tow output impedance at frequencies
beyond the point where the normal requlator impedance increases because of loop-

gain reductions.

The l1oop-gain and phase angle relationships of the Auxiliary Regulator are

shown in Figure E-24,

The dynamic impedance is shown in Figure E-25 for a given input voltage and

load current with temperature as a parameter,

The major parameters of the Auxiliary Regulator are listed in Table E-7.
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Auxiliary Regulator Characteristics

PARAMETER™

RANGE

Output Voltage

Line Regulation

TLoad Regulation

Temperature Regulation
Adjustability/Resolution
Min./Max. Allowable Vi

Shunt Loss, No Load and Full Load
Qutput Impedance

Stability Criteria

~23.5 + 0.05 ¥DC?

0,002 vDC3

0.005 ypch

0.05 vDCd

+ 0.04 VDG

~26V to -39v6

26 and 29 milliamperes7
See Figure E-25

Yee Figure E-24

NOTES:

1A11 Parameter subjected to ~10°9C to +70°C

2

I1.0AD

3%;0ap = 1 amp., VI = -26V to -39V

47 oap = 0 to 1 amp., Viy = -26V

SILOAD = 1 amp., Vyy = -26V

|

GILOAD 1 amp.

-26V

0 to 1 amp., Vyy = ~26V to -39V

£-54

———



4.8 Auxiliary Load Controlier and Load Panels

The auxiliary load controller contains the circuitry for switching the auxil-
iary and shunt loads onto the solar array bus. In addition, this module pro-
vides isolation for the various signals monitored and functions controlled by ;
the ground test equipment through the spacecraft umbilical. Telemetry fun- .
ctions derived in this module include auxiliary, shunt and compensation load

ON/OFF status and shunt load current monitors.

There are five basic auxiliary loads, each capable of dissipating 20, 50, 50,
140, and 140 watts respectively. The loads can be commanded onto the solar

array bus to consume excess array power. In flight operation, the auxiliary

loads are generally programmed according to the power management profile, dis
cussion to follow. These laads can act as a fine trim on battery charge con-
trol and under power management, will supercede the automatic shunt dissi-

pator control.

The auxiliary Toad resistors are mounted on a thermally isolated panel, ex-
ternal to the main spacecraft electronics ring. This condifuration permits
radiation directly to space, reducing additional vehicle thermal balance con-

trol.

4.9 Power Switching Module

The power switching module provides the necessary regulated and unregulated
power distribution (at command discretion) to the spacecraft subsystem loads.
This type of component or module is generally tailored to a specific space-
craft design and will have 1ittle bearing on this study; therefore, no add-

itional description is provided.
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4,10 Power Subsystem Telemetry Summary

R e R L R

Various subsystem functions are telemetered in order to provide a

means of analyzing the performance of the

subsystem in meeting the space-

craft power requirements and to provide information in the event of power

subsystem or spacecraft fajlure. These telemetry functions are useful

during the spacecraft test phases as well

as during orbital flight. 1In

order to provide a more detailed insight into the functional significance

of the telemetered parameters, two typical circuits are herein discussed.

A summary of the characteristics of the telemetry circuits is shown in

Table E-8.

The following quantities of telemetry circuits are provided.

Telemetry Circuit

Battery Voltage Telemetry

Battery Temperature Telemetry

Battery Charge Current Telemetry
Battery Discharge Current Telemetry
Regulated Bus Voltage Telemetry
Unregulated Bus Voltage Telemetry
Auxitiary Regulator Voitage Telemetry
Regulated Bus Current Telemetry

Solar Array Current Telemetry

PWM Reaulator ON-QFF Telemetry

Shunt Dissipator Current Telemetry
Solar Array Voltage Telemetry

Solar Array Temperature Telemetry
Solar Panel Position Telemetry (Proposed)

E-56
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Table E-8 Telemetry Characteristics

£miiire iy

.

Characteriatics mi‘: lm':::fc Ngumlf::ll::ﬁ';, Offset! ":::x{: Lincarity ? I:;:;::cc E;::::“I‘-:;l Hu:':l‘:rg::v:mm.
[kilvhmm | (milllamperen)
Hallery Mudule 1/M
Battery Voltage T/M 20-40 Volts -y, 2 to -G 0.220,2 1 1% Terminal Daged 1.0 10 ~19
Battery Temperature T/M =10 to + 70°C -9 to ~4.75 0.90.2 2°C 31 ndepentent 3.01 9.4 -9.3
Battery Charge Current T/M 0 to .2 Amperes -0,8 to -G 0.5 0.3 2 1 Termiaal Daaed 2004
Aalery Discharge Current /M 0 to 2.4 Amperes ~0,5 o -6 0,5 = 0.3 2 1%L Terminal Rased .04 13 -*
Electronics Motule T/M
Regulated Rusg Volluge T/M 20-50 Valiy =0, 30 to -6 03z 1 1% Termingl Naspd 3,01 10 ~19
Unregutated Dus Volmage T/M a0-45 Volts =ik 1'n to -6 0.1 z20,2 1 1% Terminal Based nul 10 ~19
Auxillary Regulalor Vollage T/M | (=25 Volts o ~6.4 n 1 0.25% Terminal Bosod d.m 2.1 23,5
Regulator Bus Current T/M ! 9-20 Amperes -n.masto -5, | o005 s 0,02 2 2% Yero Dused = 22 10,8
Solar Arvay Current T/M \ {Nole §5)
Shunt Dissipator Current T/M n-2.3 Amperes 0 to -G, 2 n b 1% Terminnl Based qam 4 . -10,4
Repulater Operate T/A Aegulator off ab VI/M = v Regulatar on at ATT/M =7.3 volis {= &% Accuraty) 1.6 -20
Selur Avray T/M
Selar Arrsy Voitage T/M -4 Voliy thio -5, 2 n 1 0.25% Terminal Based k] 4 ~1h8
=76 to + 70°C -0.2 10.~G, 05 210%C 57 Indepentent H 7.5 =16

Salar Array Temperature T/M

1 An oliset is desirable in most cases since it shows that the sysiem s in operation.  The offsets tabulated
above are the uncalihrated oflsets including the intiial wolerances as well ag slability telerances.

! The accuracy shuwn in ithe table above is the calibrated, worﬁl—c:su. full-seale accuracy. This represcnts
the maximun, full-gcale deviatian [rom a calibration curve for an end-of-life perimd of 1 year.

3 The defimtion of the dilferent types of linearity are shown at the end of this report.

* The maximum wlemetry voluge Is recorded here for the condition of Royy open circuited; the maximum
telemetry outpul voltage s required Lo be less than ~24 volts for all circuite,

¥ The ripple I8 < 2 mv.




4.10.1 Battery Voltage Telemetry

Simple resistor dividers heretofbre empjoyed to measure voltages through-
“out the power éupb]y subsystem are considered inadequate for this application.
The inadequacy is brought about by grounding Timitations within the spacecraft.
Spurious voltage drops in ground'returns add to or subtract from the simple

divider output resulting in measurement inaccuracy.

The battery voltage telemetry circuit shown in Figure E-26 provides an
isolated signal output return which may be connected to the encoder signal
ground at any point without interference from power ground currents. Zero
suppression has been included for greater telemetry accuracy and hetter re-

solution.

This circuit was designed to accommodate a range of from -20 to -40 volts
within the specified telemetry range from 0 to -6.4 volts. Circuit operation
is as follows: No output appears across resistor R4 until the voltage to be
telemetered exceeds the reference voltage of the base (approximately 20 volts).
The voltage across resistor R3 establishes an emitter current in transistor
Q1B which for large values of current gain equals the collector current. Since
the collector current is essentially independent of collector voltage, the out-
put voltage across resistor R4 will be independent of voltages between the power
ground and the telemetry encoder grounds. The capacitor across resistor R4
reduces any high frequency noise which might appear in the output. Transistor
Q1A is connected in such a manner as to cancel temperature variations in Vg
of tranéistor Q1B. Circuit operation cén be summarized by the calibration curve

shown in Figure E-27.
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~4.10.2 Regulated Bus and Solar Array Current Telemetry L

The feguTated bus current and the sd]af'array-current requirements
ére functionally identiCéi. The circuit, shown in Figure E-28, consists of
a seriés-connécfed saturable reactor (L) transformer coupled to a full wave
'Bridgé (CR1, CR2, CR3, CR4) terminated with an accurate wirewound resistor
(R2), and a low pass filter (R1, R3, C1). The current telemetry transducers

are excited by a 3.5 to 4.0 kilohertz inverter.

The series connected saturable reactor consists of two identical
toroidal reactors stacked one on top of the other, and electrically connected
in series opposition with respect to a common control winding, N.. With a
high control circuit impedance as seen from the gate winding Ng, the reactor
acts as a current inverter, whereby the D-C control current, Ic, is converted
to a square wave current whose peak-to-peak value is 2 (Nc/Ng)Ic. This
D-C voltage and a small amount or ripple appears across capacitor Ci. The
two diodes across the output capacitor provide overvoltage protection of the
telemetry system. The calibration curve for this type telemetry circuit is

shown in Figure E-29.
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4.11 Power Management N :

With a spacecraft carrying high wattage payloads which must be cycled and a
solar array power source receiving daily eclipse pefiods; proper power man- FI
agement is essential. In fact, power management as performed through ground B
monitﬁring and command control can be viewed as another functional block if

within a power processing system.

The objective of power management for the ERTS-1 spacecraft is to assure P
that planned load profiles are adequately satisfied by the power system.
The major criterion for determing this adequancy is that the batteries be -{

properly recharged on an orbit-to-orbit basis.

Conceptually, as long as load, battery recharge, and power system loss de-
mands are less than the power pfoduced by the solar array, the power system
should be fu11y.capab1e of handling recharge and disposing of any excess power.
Because of uncertainties in battery performance, chargs control is exercised

as an aspect of power management as described below.

The basic strategy is shown in Figure E-30. Essentially, it invoives ass-
essing the energy demands associated with planned mission sequences and bat- §§
tery recharge and comparing these demands with the capability of the saolar

array. Any excess is handled by programming auxiliary leoads of sufficient i}

magnitude.

The procedures for performing these steps have been worked out in fairly Ef
elaborate detail. Plans for the spacecraft activities are provided daily by

.. . .. - . ;
mission operations. Each day the mission scheduler, after receiving his ;1
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cloud cover predictions for the orbital tracks to be covered in the next

24 hours, selects his picture making mission based on user requests and prio-
rities. His output results in a spacecraft activity File (SCAT) defining

"on" and "off" times of payload operation. They include realtime coverage

of imaging payloads and wideband video tape recorder operations of record, re-
wind and playback. It also includes scheduling of narrow band tape records and
playback (containing full orbit sampled telemetry) and its associated USB down-
link. On an orbital basis, this planned sequence of events is converted to

a profiie of load demands which, in turn, results in an orbital energy demand.
With power system losses included, this demand is that reflected at the solar

array/battery unregulated bus.

Battery discharge is determined by that portion of the loads occurming dur-
ing spacecraft night and for certian cases during spacecraft day when the
loads exceed the output of the solar array. Thus far on ERTS-1 the dis-

charge during such cases has been negligible.

Battery recharge energy is determined on the basis of the observed ampere-
hour charge/discharge (C/D) ratio. The ampere-hour C/D ratio is about 1.15

to 1.2.

The excess output of the solar array is determined by deducting the recharge
requirement .nd the remaining portion of the orbital energy demand from the
array output profile. The available solar array energy is determined directly

from f1ight measurements and is updated on a continuous basis.

Auxiliary Toads are programmed to absorb the expected excess array output.

Thus, on an overall basis, the power management of ERTS-1 responds to a pro-
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posed mission sequence by designating the levels and sequence for applying

auxiliary loads.

The effect of these designated loads is evaluated on an orbit-to-orbit basis.

A proper value of auxiliary load is considered to exist when a C/D ratio of
1.2 is achieved. A range of 1.195 to 1.215 s considered accepfab]e. Tele-
metry is monitored for proper end-of-day and end-of-night voltage, maximum
battery temperatures and the spread of temperature among all batteries.
Appropriate adjustments in the level of auxiliary loads are made as indica-

ted by specific symptoms or trends.
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