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ABSTRACT

An optimum Mariner-Class spacecraft electric power system
which provides improved utilization of solar array power and
greater reliability than the present Mariner Mars power sys-
tem is presented. The optimurmn system is applicable to both

a Mars flyby and orbiter mission and is characterized in terms
of weight, size, parts, power/energy margins, telemetry re-
quirements, circuit types and redundancy, major performance
characteristics, and functional features. A multiplicity of

. possible solar photovoltaic power system configurations were
fully synthesized and evaluated. The recommended design
incorporates redundancy, automatic protection and limiting,
and failure mode detection and switching to improve power sys-
tem reliability, Areas where improvements can be made in the
existing Mariner power system are discussed.
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1. INTRODUCTION

‘ This final report covers work performed by TRW Systems under JPL Con-
tract 952151 entitled, "Mariner-Mars Power System Optimization Study." The
report covers the period of 1968 March 4 through 1968 August 30,

The prime objective of the study was directed toward the development of an
optimum Mariner~class spacecraft power system to provide improved utilization
of solar array power, greater reliability, and higher performance than the
present Mariner-Mars power system,

The present Mariner-Mars power system design draws heavily on the design
and techniques utilized on past JPL spacecraft, namely Mariner-Venus and Mariner-

Mars. The basic power system configuration can be traced back to the early Venus .

mission (1962). The power system has been utilized successfully on previous
Mariner missions namely, Venus (1962), Mars (1964), and Venus (1967). A Mars
flyby is scheduled for launch in 1969. Due to time and schedule limitations, the
existing power system design has been restricted to earlier hardware technology.
The present study, "Mariner-Mars Power System Optimization Study, " was under-
taken for the purpose of analyzing the present Mariner-Mars power system and
developing a significantly improved design for the next generation (1970 to 1975),
Mars spacecraft power system. The ultimate goal of this study was to develop

a power system design sufficiently detailed that it can be used as a hard reference
from which a feasibility model (engineering model/breadboard) can be constructed.

1-1
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i 2. SUMMARY o ’ »

Primary consideration was given to circuit configurations which would result
in maximum utilization of solar array power and provide maximum reliability for .
both normal and abnormal modes of operation. Weight, reliability, solar array
power utilization, system and equipment interactions, complexity, cost, testability,
performance, and availability of equipment were factors considered in arriving at
the optimum system. B,

An optimum system applicable to both the flyby and orbiter mission has been
developed and characterized in terms of weight, size, parts, power/energy margins,
command and telemetry requirements, circuit types and redundancy, and major
performance characteristics, along with a functional description. Detailed com=~
parisons of the advantages and disadvantages of the recornmended system with
respect to the existing Mariner-Mars system have been made. Section 3, Recom-~
mended System, covers the aforementioned items.

Section 4, Mission and Spacecraft Analysis, covers the mission characteristics,
the selection criteria, design guidelines, and load power requirements as a function
of mission phase.

A multiplicity of possible solar photovoltaic power system configurations
(Section 5) for the specified spacecra.ft power requirements were synthesized,
evaluated, and screened. A coniputer program developed by TRW on JPL Con-
tract No. 951574 was utilized during the preliminary power system configuration
tradeoffs to select desirable systems with respect to weight, reliability and power
, utilization. The initial screening process culminated in the selection of five model
‘:' systems (including the éxisting Mariner-Mars system) which were subjected to
further detailed design tradeoffs.

Section 6, Analysis of the Model System Equipment, covers in detail the
design and performance characteristics of the equipment comprising the power
systems: solar array, battery, array control, power conditioning, battery charger,
and power switching and control. The existing Mariner-Mars equipment design
has been evaluated. Areas where improvements can be made are identified.

No attempt has been made in this study to optimize the existing solar array
design nor extend the solar array technology. These areas require extensive
effort and are considered beyond the scope of this study. Electrical output charac-
teristics (I-V curves) based on the existing MM '69 solar panel design have been
computed to allow for power system configuration tradeoffs. All the factors
necessary for power output predictions, such as cell characteristics, temperature,
fabrication losses, radiation damage, etc., have been accounted for.

A silver-zinc (Ag~-Zn) battery type is a logical choice for the missions of
concern because of the requirement for a low number of charge/discharge cycles,
a relatively short life, and the weight constraints. The primary analysis was
oriented toward improving battery reliability and providing proper charge control
to extend battery life,

The power source control is utilized to condition/control solar array or
battery power in a form compatible with the power user voltage regulation require-
ments. There are two basic approaches for source control: (1) separate controls =
for both solar array and battery and (2) single control. There are numerous ways L3
in which circuits can be configured to perform these functions, depending on the s

: solar array voltage variations, battery voltage characteristics, and load voltage
@ requirements. The advantages and disadvantages of these circuit approaches such
as shunt regulators, zener limiters, series bucking regulators, boost regulators,
" buck-boost regulators, and maximum power tracking regulators have been fully
evaluated both on an equipment level and on a system level.

2-1
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Load power conditioning is used to convert bus power to a form suitable for e }
spacecraft power users. The power distribution approach (ac) dictated by the

‘Mariner~Mars spacecraft user equipment restricted the power conditioning equip-
“ment to what are commonly known as inverters. Various inverter configurations

were analyzed and evaluated. In addition, tradeoffs were made to determine the
optimum frequency to distribute ac power to the user loads.

Unlike earth-orbit missions, battery charging efficiency is not of primary

-concern for the identified missions. Emphasis was directed toward simple and

reliable battery-charging circuits such as series dissipative regulators and resistors.

~Various switching type chargers were eliminated since the efficiency improvement

was not worth the additional circuit complexity.

The function of the power distribution circuitry is to switch power on and off
to spacecraft users in response to onboard or ground-initiated commands. Because
these functions are essential to mission success, a reliable circuit design is
highly desirable. Various circuit approaches, ranging from nonredundant to fully
redundant designs have been synthesized and evaluated.

Section 7, Systems Comparison and Selection, describes the significant

- advantages, disadvantages, weight, and reliability tradeoffs for each of the five

model power systems.

Section 8, Failure Modes and Effects Analysis, describes the analysis
performed in determining the modes of failures for a power system and developing
techniques and methods capable of detecting these potential or actual failures.
After detection, remedial action must be taken to isolate. the fault, and adequate

“protection must be provided to prevent damage to other power system components.

Detailed evaluation has also been made of actual circuit design techniques to cir-
cumvent failures via approaches such as standby/parallel redundancy, majority
voting, and quad redundancy.

The reliability assessments for the various power systems, including the
Mariner system, are included in the appendices.




3. RECOMMENDED SYSTEM

3.1 SUMMARY

The establishment of an optimum power subsystem configuration for a
Mariner-class spacecraft is governed primarily by the need for improvements in
solar array utilization and reliability over that of the existing Mariner-Mars
power system.

The functions of the electric power subsystem are to!

e Provide continuously all electrical power to the Mariner space-
craft during all phases of the mission.

e Control the electric power, convert it to various voltages, and
regulate it as necessary.

e Provide load power switching and control.
® Provide a master frequency reference.

The chief characteristics of the recommended electric power subsystem are
summarized in Table 3-1. The subsystem consists of a solar array, two Ag -Zn
batteries, redundant buck-boost regulator, power source logic, power control unit
(battery chargers, momentary booster, current monitors), power distribution
unit, 2.4 kHz inverter, and 1¢, 3¢, 400 Hz inverter.

The recommended system is as shown in the block diagram of Figure 3-1.
This system provides a regulated 50 Vdc %1% bus for spacecraft loads such as
heaters, TWT converter, and the ac power-conditioning inverters, The buck-
boost regulator is used to convert either the solar array or battery voltage to the
regulated dc level. The major advantages of the buck-boost approach are its con-
version efficiency (92%) and ability to perform the power source regulation in just
one unit. The present system requires zener diodes to limit the maximum solar-
array voltage and requires a boost regulator for conversion of solar array or
battery voltage to the regulated dc level.

Battery discharge is performed via quad diodes. System failure modes and
effects analysis has clearly shown the mission catastrophic effects due to either an
open or shorted battery discharge diode. The battery-charging scheme is char-
acterized by its simplicity, that is, using a current-limiting resistor and a switch
used to terminate charging. Ground-backup capability is provided to override the
automatic charge circuitry and allow manual battery charge control.

Power-~system reliability has been enhanced through incorporation of current
limiting in the buck-boost regulator and incorporation of a heater bus. The power
to the heaters can be switched off by ground commands to assure the ability of the
power system to elude a current-sharing mode (in event of a momentary booster
failure) and also to permit the system to be powered down in event of an overload
malfunction.

The failure detector requirements in the main power chain have been simpli-
fied and fail-safe circuitry has been incorporated. Power distribution circuitry has
been made near fail-safe and is also protected against command failures. The
number of power-conditioning units has been minimized (six units compared to the
existing eleven units, including the zener diodes on the panels).

The 2.4 kHz inverter provides tz ac squarewave power to the spacecraft
engineering subsystems and the experinfients. 3¢ 400 Hz power feeds the gyro

L A S R %




Table 3-1, Prelimihary Specification, Electric Power Subsystem

NI

POWER - BUCK=BOOST 2:4 KHZ AC
SOURCE G R INVERTER
aeirs REGULATO
Pomsmsombeceseeeacaaad --..--.-.:
! '
! MOMENTARY BATTERY N
! BOOSTER CHARGER H
\
H ] POVI/ER
: POWER CONTROL ! = DISTRIBUTION
L-----.-----------..--T------... 406 M AC
INVERTER
SOLAR
ARRAY
BATTERY
DC

Subsystem Function: Generate, control, and condition electric power for the
loads. Provide load switching, Store electric power in
battery and control battery charging.

Performance Characteristics:

Solar array power (1.0 AU)

Solar array power after 3 mo

in orbit (1,612 AU)
Main bus voltage
Main bus impedance
Power r'eg'ulation

:

Reliability:
Physical Characteristics:

Total subsystem weight

830 w

37Tt W

+50 Vdc +1%

0 to 50 kHz, <1 ohm

Active buck-boost régulator uti-

lizing parallel and majority voting
redundancy

0.9706 for 1 yr

113,77 lb, excluding solar array
substrate and battery chassis
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assembly, and 14 400 Hz power is used for both the IR spectrometer and scan .
motors, A more complete functioning of the system and physical characteristics
of its components are given in Subsection 3.2. Changes from the existing MM
design are summarized in Table 3-2.

This section describes the operation and characteristics of the proposed
design. Reference will be made to the appropriate sections in the report describing
the alternative approaches that were investigated.

3.2 SUBSYSTEM CONFIGURATION

. Of the many possible system configurations subjected to detailed investiga-
tions, the regulated bus approach utilizing an energy ladling buck-boost regulator
offered the best overall system advantages., The comparisons between other com-~
petitive power systems are delineated in Section 7. The recommended design is -
based upon a regulated dc bus (50 Vdc £1%), followed by conversion and regulation
of that part requiring conditioning., A functional block diagram of the electric
power system is shown in Figure 3-1.

3.2.1 Solar Array

The selected power system configuration is compatible with the voltage
characteristics of the existing Mariner solar array. The solar array (summarized
in Table 3-3) consists of four panels containing 78 solar cells in series and a total
of 224 cells in parallel. The electrical output of the solar array has been computed,
based on the existing panel characteristics. Detalls of these computations including
the various degradation factors are described in Subsection 6.1. The calculated
I-V characteristics at 1.0, 1,45, and 1,612 AU are shown in Figure 3-2, Maxi~
mum power vs AU is depicted in Figure 3-3,

3.2.2 Battery

The recommended battery design (summarized in Table 3-4) consists of two
Ag~Zn batteries operating in parallel with individual charge control circuitry and
discharge circuitry. Each battery consists of 18 cells in series and contains a -
nominal 25 A~H capacity, which is approximately half the capacity of the present
Mariner '69 design. Reliability analysis has shown major overall system relia-
bility improvements with redundant batteries., Each battery is sized to handle the
maximum spacecraft loads for all modes requiring battery power. Weight estimates
show a net weight increase of 6.1 1b (cell weight, charge/discharge control) com-
pared to the existing nonredundant battery approach.

3.2.3 Solar Array/Battery Power Margins

Solar array power and battery energy margins were determined on the basis
of the furnished load power requirements for a Mars Orbiter mission, the existing
solar-panel design, and the performance characteristics of the recommended power-
system design. '

3.2.3.1 Battery Energy Requirements

Battery energy requirements for the various mission phases-are calculated
below:

Launch: Unregulated dc: 68.3 W
(Heaters + TWT converter output) = 27 + 41,3

2.4 kHz: 188,95 W

3¢ 400 Hz: 9.0 W
266,25 W
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Table 3.2, Changes from Existing Design

Item

| Existing MM Design

Recommended Design

i.

2.

3.

4.

7.

8.

9.

Method of power
source regulation

Power source cur-
rent limiting

Unregulated load
bus voltage

Battery discharge
diode

Battery charger

Charging current

Noncritical bus

Packaging

TWT converter

Zener limiter and
boost line regulators

None

25 to 50 Vde

Single

Series dissipative volt-
age regulator with cur-
rent limiting

<1 amp
None
8.1 Power distribution

8.2

8.3

8.4

dc heater distri-
bution

Power control
battery charger

Zener diodes,
main boost regula-
tor, standby boost
regulator

Main 2.4 kHz in-
verter, standby
2,4 kHz inverter

Efficiency of 75%

3.6

Buck-boost regulator

Current limiting in buck-
boost '

50 Vdc #1% (regulated
bus)

Quad diodes

Current limiting resistor
plus a switch to terminate

charge

300 £50 milliamp

"Heater bus to allow tem-

porary removal of heater
power

Combined in one unit

Combined in one unit

Functions combined in
one unit — buck-boost
regulator

Combined in one unit

o Redesign to increase
efficiency to 92%

o Reduce filter weights
as a result of operating
off regulated dc bus

e Incorporate current
limiting

.
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Table 3-2. Changes from Existing Design (Continued)

Item

Existinrg‘ MM Design

Recommended Design

10.

11,
12.
13.
14,

15,

Number of power
conditioning units

Number of batteries

Reliability

Power distribution

2.4 kHz failure
detector

Weight summary
Zener diodes

Main and standby
boost line regula-
tors

Buck-boost regu-
lator (redundant)

Power source logic
Power distribution

Heater and dc power
distribution

Power control
Battery charger

Main and standby
2,4 kHz inverters

14, 34, 400 Hz
inverter

Total power
conditioning

Battery (less cover
and chassis)

Solar array (less
zener diodes and
substrate)

TOTAL

1o

i
0.8544

Nonredundant

Nonredundant

4,0

12.24

8.43

117.73 1b

6

2
0.9706

Redundant

Fail-safe design

9.1
7.4
(includes
4.5 redundant
. circuitry)
} 4’ 6
{includes fail-
6.8 ure detector
and current
monitor)
30 87
36,27
31.5
460 O .
113,77 b
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Table 3.3, Preliminary Specification, Solar Array

Performance Characteristics

Initial power output (1.0 AU)

Power output after 3 mo
in MARS orbit (1. 612 AU)

s

_I}_gl}abllity

Physical Characteristics

Total array area

Total array weight
{excluding substrate)

Number array panels
Cells per spacecraft
Cells per panel
Cells in series

Cells in parallel per panel

Solar Cell Characteristics

Type

Output

Bulk resistivity

Cell size

Cell thickness

Cover glass

Ultraviolet reflective coating

830 W

3NN w

1.0 for t yr

83 ft2
46,0 1b

4 per spacecraft
17,472

4,368

78

56

N on P silicon

60,0 mW AMO at +28°C

i ohm~cm

2x2 cm

0,018 in,

Fused silica 0.020 in, thick
0,410 micron cutoff

3-8
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Table 3-4, Preliminary Specification, Battery

Performance Characteristics

Nominal capacity 50 amp-hr (total)

: Voltage 25.8 - 34,6 Vdc
:" ) Average discharge current 15 amp (total)
Reliability » 0.9917 for 1 yr

Physical Characteristics

Battery type Silver-zinc
Number of batteries 2 |
Number of cells » 18 series connected per battery
‘ Charge control sgnsing Battery terminal voltage
' @‘ . Charge current 300 #50 ma per battery
| Size 11 x 9 x 8 in. for two batteries con-

tained in common chassis

Weight o o 31.5 1b total (excludes cover and
chassis)




From Table 7-2 the solar array utilization factor for the buck-boost system
is 84.4% (with improved TWT converter efficiency). The battery utilization will be
lower on account of two factors: '

a, Lower buck-boost efficiency when operatmg at battery
voltages: -2% .
b, ILosses in quad battery discharge diodes: =%
Battery utilization factor for the recommended system is: 84.4% less 9%
losses 84. 4% (91%) 76. 7%. , ‘

110 min 266, 25
. 60 min/hr . 0,767

~The energy requirements for the various Mars Orbiter mission phase are
tabulated in Table 3.5.

Required energy = = 638 W-hr

Table 3.5, Battery Energy Requirements

Depth of
- Duration Energy Available Discharge
Mission Mode (min) (W-hr) (W=-hr) b)
Liaunch and acquisition 110 638 1350 47.2
Midecourse maneuver 65 512 1150™ 44,5
Orbit insertion 65 468 950" 49.3
Orbit time 65 468 - 950 49.3
*Assumption: 15% capacity degradation
=MASsurnption: 30% capacity degradation

3.2.3.2 Solar Array Power Requirements

Calculations have been made on the solar array power requirements for the
major mission modes, based on the power profile (Table 4~2) and solar-array
power utilization of 84.4% (see Section 7 for details). Figure 3-4 depicts the
power requirements for both the battery and the solar array as a function of
mission phase., The sizing of the solar array is dictated by the TV sequence mode
(363 W). The solar array margin at the critical design point (TV sequence) is the
difference between the solar array capabilities (shown in Figure 3-3) and 363 W.
Previous studies performed by TRW on the Voyager progran show that, for a Mars
Orbiter mission, AU distances can vary from 1.55 to 1.65. The crossover pomt
is 1.62 AU at which the solar array Just satisfies the TV sequence load require-
ment; as such, the array power margin is highly dependent on the actual launch
date with the present solar panel area constraint of 83 sq ft.

Examination of the load profile (Figure 3-4) and the solar array power availa-
bility (Figure 3-3) shows that substantial power margins exist for other mission
modes., For example, during cruise, the power available is 450 to 700 W, while the

‘required power, including battery charging, is merely 370 W. . At encounter, the
power available at 1.55 to 1.60 AU is 420 to 390 W, respectively; as such, ample
power is available for both the far encounter and for encounter playback modes.
During Mars orbit, substantial power margins exist for the cruise, Earth occulation,
and playback modes since these loads are approximately 60 to 100 W less than the
TV sequence load (which theé solar array is sized to meet).
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3.2.4 Buck-Boost Regulator ‘ v 9
The primary requirement of the unit is to convert either battery or solar

array voltage (25 to 65 Vdc) to a regulated 50 Vdc £1%. The main features of the

regulator are summarized in Table 3-6.

3.2.4.1 Basic Operation

Figure 3-5 illustrates the basic energy ladling circuit, supplying a load
resistance, R. The energy-storage inductor, L, has a linear flux versus MMF
characteristic with a slope, K. It has a primary winding, Ny, and 3 secondary
winding, N,, with magnetizing inductances, L, = K N¢ and L, = KNS, respectively.
The transistor switch, Q, is externally controiled to éurn on 2and oft2 cyclically with-
in a time period, T. A steady-state operating cycle of this circuit with input voltage
e;, and output voltage e, is described in the following paragraphs.

During the time interval Ton when Q, the transistor, is switched on by the
base drive circuit, the current i} in Ny causes the inductor to absorb energy from
the input source. Meanwhile, diode CR blocks any current in N,. Thus, a given
quantity of energy is stored in the inductor during T,,. When Q is turned off, the
MMF continuity demanded by the inductor causes i, to flow immediately through the
diode to charge the filter capacitor, C, and load, R. The energy stored in the
inductor during T, is thus released to C and R during To¢f.

Figure 3-6 illustrates the circuit waveforms during one steady-state operating
cycle, assuming ideal components in Figure 3-5. Voltage ey = ¢j, across Ny during
Ton causes iy to increase from i, to ip, at a constant rate ei'n/KN%,while i2 is 0 in
N,. At the end of T_ , the continuous MMF acting on the inductor cauges i, = o
N7i, /N, to start flowing in N, and decreasing at a constant rate e /KNZ, ﬁuring : Yok
this tinde interval, T .., i, = 0. Since the increase of MMF N,Ai° during To : =
should be identical to'its decrease during Toff for a steady-state operation t8'exist,

2 , 2
N /KN{ =N, T /KN,

T e,
on in

i off o

from which
V € © NZ/Nl Ton/ Tott ®in

Thus, despite a variation in input voltage, a constant output voltage can be main-
tained by controlling accordingly the ratio Ton/ T oge with the base drive circuit.

Figure 3-7 shows the circuit wavéforms before and after the occurrence of
an output short at t = t, when the power transistor, Q, is conducting, Currenti
does not increase abruptly, as Q sees only the inductor with inductance L1 and not
the short circuit in the output. While Ny T5,Aiq = Ny T er Aiy for each cycle before
the short condition at t = t{, Ny Topdig Np Ty Aip = 0 after t = t4 as the output
voltage becomes 0 during Toff. Therefore, the current level of i{ is steadily
increased on each succeeding cycle. Current limiting is provided as shown in
Figure 5-2. Thus during either a startup or a severe output short, no power-
conditioning component is subject to excessive stress of any voltage or current
transients. This is in contrast to the more conventional designs where heavy inrush
current may occur during startup and an output short is reflected back to the power
source within a half-cycle of the operating frequency., This immunity of the power
components in the energy ladling circuit to high-voltage and/or high-current tran-
sients greatly enhances the system reliability.




Table 3-6. Preliminary Specification, Buck-Boost Regxﬂator

Functions
[ Conditions. raw power from the solar array or battery
to a regulated dc voltage. ,
. Provides current and voltage telemetry.

Performance Characteristics

Input voltage 25 to 65 Vdc

Output power 240 to 340 W

Output voltage 50 Vdc

Regulation ‘ +{ percent where regulation is defined

as the maximum deviation of output
voltage from the nominal due to com-
bined effects of initial adjustment,
input line variation, temperature
coefficient, load range, and stability.

Rated efficiency . 92 percent at 340 W output and input
: voltage range 45 to 50 Vdc
Ripple . 400 mV peak-to-peak
Spikes 700 mV peak-to-peak
Transient response Maximum voltage deviation of £7% for
‘ 50-W load change, %1% regulation within
20 msec
Reliability 0.9998 for 1 yr
‘ Redundancy , ‘ Parallel-operating power stages and

majority-voting control circuitry

Physical Characteristics

Size 5x 7 x 6 in.
Weight ’ S 9.11b
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In addition, unlike some of the more conventional approaches, the output power 3
of the energy ladling circuit is handled only by a single dc-to-ac inversion process -
into which nondissipative regulation can be easily incorporated. This feature
generally results in a simpler and more efficient circuit for the power-conditioning
system.

3.2.5 Battery Charger

The proposed charger consists of a current-limiting resistor (quad), a
majority voting battery voltage sensor, a relay, and relay driver. The circuit
operates as follows:

a. Battery charging is initiated by a command from the CC&S
or by a ground command.

b, - Battery current llmxtmg is provided by the current-limiting
resistor between the regulated 50-Vdc bus and the battery,
A 60Q resistor will limit the charging current to 300 %50 ma.,

¢,  Battery charging is termmated when the termmal voltage
reaches 35.4 Vdc. Two-out-of-three majority voting circuits
are provided for fail-safe operation.

d.  The relay driver circuitry is also redundant which is similar
to the relay driver configuration in the power distributicn
circuitry,

e. - Ground back-up for charge termination is provided.

The primary advantages of this approach are; ’ R
t. Simplicity in charging

2. No-active series voltage limiter nor current limiter

‘3.  Control is done at a low power level, enhancing redundancy
methods with low attendant weight increases,

Alternative battery-charger schemes, both passive and active, have been evaluated
and discussed in Subsection 6.10. Both the battery charger and the momentary
booster (described in an ensuing sect:.on) will be contained in a unit known as a
power control unit (summarized in Table 3-7).

3.2.6 Momentary Booster

_.The momentary booster is similar to the existing Mariner unit. The booster
is energized wherever undesirable load-current sharing exists between an oriented
solar array and the battery, The logic consists of an "AND" function occurrence
of a sun signal (array oriented) and the solar-array operating voltage dropping
toward battery voltage. Ground backup capability is provided to get out of the
sharing mode via removal of the experiment and heater loads. A discussion of such
follows:

3,2,6,1 Load Sharing

; An analysis has been made to determine whether the existing MM '69 configu~
ration has the capability to remove sufficient loads to get out of a load~ sharmg 8
mode. E

el




Table 3-7. Preliminary Specification, Power Control Unit

Functions
[ Controls battery charging and termination.
* Provides momentary boosting during load-sharing

mode.

Performance Characteristics

Battery Charger

Input voltage
Charging current

Charge termination voltage

Momentary Booster

Input voltage
Output voltage
Output power
Output impedance

Reliability

Redundancy

Momentary booster:
Battery charger:

Physical Characteristics

Size:
Weight:

50 Vdc +1%
300 £50 ma/battery
35.4 0.2 Vde

25 to 35,4 Vde -
44 Vdc min

150 W at 26 Vdc

4,5 ohms

0.996 for { yr

Nonredundant
Majority voting and component

- redundancy

7% 7x 6in,
4.6 1b




-,

Table 3-8 lists the fixed loads and the loads which can be switched.

i

Takle 3-8, Fixed and Switchable Loads

Fixed Loads

o e o e e e e e 5

Equipment 2.4 kHz
TWT (Hi) 89w
R¥S 32,2
CC&sS 19,0
FTS 15.0
FCS 3.2
PWRD . | 2,25

Total 160.65 W
dc Heaters 15w

Total Fixed Loads: 2.4 kHz 160,65 W
, de 15.0 W

Switchable Loads

DSS (on) ; 10-23 W (2,4 kHz)

-DSS (off) 10 W (dc)
Experiments (on) 71 W (2.4 kHz)
Experiments (off) - 50 W (dc)
160, 65

+ 15 |
2.4BR | , f:

Solar Array Power =
N, 4 = Efficiency of 2.4 kHz invertex

= 91%

Ngp = Efficiency of boost regulator = 89%

The minimum switchable load condition is when the DSS and experiments are
-~ turned off; as such, the heaters will consume 60 W,

s
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Solar array power requirements:

Fixed loads: —-;—‘;(’(()f’%éy +15= 198+ 15 =213 W

- 60 -
Heater power = 0,97 (0,89 - 74.0

Total array power required = 213 + 74 = 287

The array capab111ty (during a load-sha.rmg mode) at the unregulated bus
voltage of 25 V (for minimum battery voltage) is 25 V (12A) = 30" W at {.45 AU

and 25(9.25) = 231 W at 1. 612 AU." These power capability computations are based

on the solar array I-V characteristics depicted in Figure 3-2. As such, for the
Mars Orbiter mission where the AU range can extend to 1.612 and greater, load
sharing cannot be terminated unless the loads can be reduced to 231 W or less.

For the flyby mission (1.45 AU), the present MM system design is adequate for
ground backup control of the undesirable load:sharing condition. Spacecraft loads
for the proposed power system desigh can be reduced to 197 W by removing heater
power momentarily via ground command. This is accomplished by a switchable {on-
off) heater bus. Therefore, with this backup capability, redundancy i$ not essential

in the momentary booster deszgn

3.2.7 2.4 kHz Inverter

The 2.4 kHz inverter (summarized in Table 3-9) consists of a main and
standby inverter, which converts the regulated input (50 Vdc) to 50 Vrms -3y, ac.
Included in this unit is a frequency standard created by a crystal oscillator,
inverter failure detector, and a current monitor, The primary failure detector
requirements have beén greatly simplified as discussed in Subsection 6. 7.

3.2.8 1¢, 3¢ Inverter

The 1¢, 3¢ 400 Hz inverters (summarized in Table 3-10) convert the regu-

 lated 50 Vdc into single and three-phase 400 Hz square wave outputs that are-

synchronous with the 2.4 kHz square wave. Tradeoff studies on TRW spacecraft
designs have shown that a nonredundant gyro package is usually less reliable than

a nonredundant 3¢ inverter; as such, overall spacecraft system reliability tradeoffs
would show that making the 3¢ inverter redundant is not warranted. The relatively
low power stresses (15,5 W), the low operating duty cycle operation of the 1¢
inverter, and its inherent design simplicity does not warrant full redundancy
(standby) unit with a failure detector. Partial redundancy, as described in Sub-
section 6.8, can be incorporated for a small weight increase. '

3.2.9 Power Source Logic

The power source logic (summarized in Table 3-11) contains the solar cell
string blocking diodes, battery discharge diodes, internal/external power control,
and current and voltage telemetry.

3.2.10 Power Dlstrxbutlon

The proposed power distribution (summarized in Table 3-12) consists of the

following:

a. Redundant sw1tch1ng and control c1r¢u1try for DAS, science,
scan onfoff, approach guidance on/off, DSS on/off, attitude
control on/off, heater bus power on/off.

3.21



Table 3-9. Preliminary Specification, 2.4 kHz Inverter k

Functions
° Converts the main bus voltage to 50 Vrms ac at 2.4 kHaz.
) Provides reference frequency source.

Performance Characteristics

Input voltage

Output
Voltage
Regulation
L.oad
Spikes

Rise/fall time
Power factor

Efficiency

Frequency

Sync

T'ree run »
Reliability

Redundancy
Power handling stages
Frequency source and low level drive

Failure detector

Physical Characteristics

Size
Weight

50 Vdc +1%

50 Vrms
+2, =3%
90 min/195 max W .

5 V max, 5 iLsec
duration

5 44 psec
0.95 lag min

91 percent at 187 W
output

2400 Hz 20.01%
2800 Hz +5%

0.9994 for { yr

Standby
Fail-safe

Fail-safe

6x 6x 7 in.

6.8 1b




Table 3-10. Preliminary Specification, 1o, 3¢,
400 Hz Inverter

Function

° Converts main bus voltage to 1¢ and 3¢ ac power
synchronous with the 2.4 kHz frequency.

Performance Characteristics

¢ 3¢
Input voltage 50 Vde £1% 50 Vdc 1%
Output
Voltage 28 Vrms 5% 27.2 Vrms 5%
» line-to-line
Load. 12 minf21 max W 9 min/i15 max W
Wave shape Square wave Quasi;square wave, no
third harmonic
Rise/fall time < 20 psec To be determined
Lagging power
power 0.8 min 0.5 min ‘
Spikes 2 V max To be determined
Efficiency 83% at 15 W 77% at 9 W
Frequency 400 £0.01% 400 20.01%
Reliability 0.9967 for 1 yr for 1¢ and 3¢ inverter
Redundancy
° Fully redundant bias supply and 2.4 kHz excitation for
synchronizer
. Majority voting synchronizer-
Physical Characteristics
Size ‘ 6x5x4.5 in.

Weight 3.87 1b




Table 3-11. Preliminary Specification, Power Source Logic

Functions

e Provides diode isolation for solar panel sections
o Provides battery discharge

e Provides control for external power source or
internal battery to the system

e Provides current and voltage telemetry

Performance characteristics

Maximum power dissipation (sunlight) 6.5 W-in blocking diodes
Maximum power dissipation (maneuver) 20 W in quad battery

discharge diodes -

 Reliability 0.9904 for 1 yr
Redundarcy Quad battery discharge
diodes

Physical characteristics

Size 5x 7x 4.5 in.

Weight 7.4 1b




Table 3-12. Preliminary Specification, Power Distribution Unit

Functions

e Controls and distributes ac and dc power to expex;iments.

heaters, and spacecraft power users.

Performance characteristics

'Input v,oitage

Command signal

Output voltage

Reliability
Redundancy

Physical characteristics

50 Vdc %1%

50 Vrms +2/-3%, 2.4 kHz

100 msec, 30-Vdc pulse

50 Vdc £1%

50 Vrms +2/«3%, 2.4 kHz
0.999 for { yr

Fail-safe design

6x 6x6,5in,
4,5 1b
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b. Dc heater fuses and distribution ’ ‘ Y
c. Dc current monifcr

The details of the selected redundant circuit design of the power distribution cir-
cuitry and the alternative approaches are described in ,§ubsection 6.9.

3.2, 11 Critical/ Noncritical Buses

The investigation of the Mariner power distribution revealed only two types of
! subsystems whose busses can clearly be labeled noncritical: experiments and
4 heaters. However, several other busses can be termed not quite critical either
because they are used only in the beginning of the mission or because their failure
would still leave some usefulness in the mission. - These busses are:

a. Data Storage Subsystem (DSS): ‘A failure of this subsystem
would leave real-time telemetry available, but all stored
data would be lost.

; b.  Inertial Platform: This assembly is not used after orbit
i ‘ insertion and orbit trim modes.

c. Flight Command Subsystem (FCS): After trajectory correc-
tions, the mission can (should) be fully automatic, -controlled
by the upgraded CC&S Subsystem,

d. Scan Control Logic: This bus is almost critical because three
"~ out of four experiments lose most of their meaning without =
pointing at Mars.

e. - Pyro: Most of this subsystem's functions are performed early

: inthe mission and the remaining functions (actuation of scan

i platform, IRS motor) occur at/ near Mars encounter. It is
doubtful that something can be gained by fusing the pyro bus,
because the pyro subsystem includes current limiting resistors.

3.2.11.1 Undervoltage Protection

Undervoltage protection is usually incorporated in systems where répeated
battery charge/discharge cycles occur (low-earth orbits, for example) in order
to protect the spacecraft system from losing primary power. Protection is pro-
vided by automatically removing nonessential loads whenever the source bus voltage
(battery) drops below a preset value. Undervoltage protection is not recommended
for the flyby/orbiter mission for the following reasons:

a. Loads are either current limited or fused to protect against
excessive power drains.

b, Telemetry and ground commands are available to remove
nonessential loads in the event of system faults.

c. Current limiting is provided in the buck-boost regulator to
allow sufficient time for corrective action to be taken,

Note: In low earth orbits battery, undervoltage can occur due to gradual
capacity degradation as a function of cycling or insufficient recharge in a given
orbit for various reasons such'as low array capacity, load malfunction, battery
charger malfunction, The probability of the occurrence of battery undervoltage for
a Mars flyby/orbiter mission is minimized by the long recharge time, the relatively
low depths-of-discharge (= 50%), and by only four charge/discharge cycles.

b
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3.2,11.2 Power Subsystem Grounding

The proposed power subsystem will have three classes of buses which are dc
decoupled from each other: the primary bus, connecting array and battery to the
buck-boost regulator; an intermediate bus connecting the buck~boost regulator to
the inverters and to the TWT converters; and secondary buses beyond these points.

The secondary buses are outside the scope of this study, but the grounding of
the intermediate bus must be considered. There are three choices: to leave it
floating, to ground it to the spacecraft reference plane at an optimum point, or to
return the ground lead and combine-the ground with the primary bus. It is not
practical to leave it floating, but the two other choices warrant some discussion.

The intermediate bus contains rather noisy loads and one EMC consideration
demands the placement of the ground as close as possible to either the noisiest or
to the most susceptible unit in the (sub) system. It is probable that the TWT con-
verter will satisfy both these requirements..

Whether this point should be made the single primary return point by grounding
battery and array to it or whether there should be two ground points, one for the .
primary and.one for the intermediate bus, is a question that depends on many sys-
tem parameters, such as:

e Spacecraft equipment layout

® Bohding consistency and extent in the spacecraft referénce plane

o Interference characteristics of end users (TWT, etc:)

e Isolation in inverters and converters
@ Overall isolation between primary and intermediate bus.
The preliminary recommendation is to ground the intermediate bus near the
TWT converters and to ground the primary bus near the battery separately, A
final decision needs additional analysis and system tests to answer questions on the
above parameters.

3.2.12 Telemetry Requirements

Due to the limited capacity of the MM '69 (or any) telemetry system, priorities
must be developed for the paramieters competing for assignments. Usually, the
more important parameters are sampled at the faster rates, but there are excep-
tions; for instance, battery temperature which, in spite of its prime importance,
can be sampled at fairly long intervals because of its slowly varying condition.

Telemetry priorities for the existing Mariner spacecraft are established in
general terms. Engineering measurements are grouped as follows:

a. Measurements necessary for flight operations during a no-
failure mission.

b, Verification of onboard events.

c. Measurements required for selecting between alternate
3 modes of operation.
R t‘ d' ’

Measurements of subsystem parameters dlrectly affecting
system performance.
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e. Measurements necessary to evaluate the performance of sub-
systems not previously flown.

~f.- Measurements necessary to evaluate the performance of sub-
systems previously flown,

This range of priorities has been used in Table 3~13 to establish a priority
matrix for the electrical power subsystem parameters.. Existing channels are
shown with their number and proposed additional channels are shown with a P,

In the list of priorities given in the TRW proposal for this study, three
priorities regarding power subsystem were given:

a.  Measurements to evaluate subsystem performance and the
need for backup modes.

b, Measurements necessary for ground checkout.
¢. -Performance check of black box parameters.

Priority b. warrants some further discussion. While it may appear-desirable
to have all parameters checked out through the telemetry system, . it is not
desirable to burden the telemetry system with data that is required only rarely or

is of lesser importance. Several desirable measurements for ground checkout are
the following:

a. Main/standby power select ' .
b. 400 Hz, 3¢, output voltage -~
c. 400 Hz, 1¢, output voltage

The first of these parameters should be included in the telemetry assign-
‘ments. A crude check of the 400-Hz equipment operation is available through
telemetry of inverter input and/or output interfaces; therefore specific 400-Hz out-
put voltage telemetry-is not deemed mandatory.

Table 3-14 lists ranges and accuracies of the chosen analog parameters.
Since the influence of other subsystems (thermal, etc.) is not known, the ranges
listed are rather wide and can probably be narrowed during a spacecraft system
study. The accuracies are a compromise between the aim of the component designer
(usually 0. 5 to 1%) and the realities of an economic telemetry system end to end
(2 to 5%). In most cases, absolute accuracy is not as important as is the ability
to show drift from an initial flight condition,

The limi ted engineering channel capacity of Mariner '69 has been almost
fully assigned. Per the existing MM telemetry allocations, four Type 200 channels
remain open as spares. Additional telemetry of power subsystem parameters must,
therefore, -be either programmed for these spares or it must displace a present
channel assignment.

The following parameters, which are not telemetered now, are worth serious
consideration. Most of them fall into Categories b and ¢ listed in Paragraph 3.2, 11,

A temperature monitor on the main inverter may permit temporary cooling
{by switching off noncritical loads) in case of a partial overload. "‘%

A discrete signal showing the actuation of the A/C enable relay is recommended.
This is necessary because only the start up of gyros is telemetered by a discrete
in the attitude control subsystem and, in case of failure, the existing discrete would
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Table 3-13. Priority Matrix for Electrical Power Subsystem

Numerical
Description Channel a b - ¢ d [y £ Notes Priority
PSL output \:oltage 4 X » 1
_Battery voltage 206 X Note: 2 i
Battery charger output current 216 % Note 2 5
Array + X panel, current 221 x 14
Array-+ Y panel, urfrent 223 x 15
Battery output current 225 x Note 2 B
Array = X panel, vurrent ! 222 x 16 {
Array - Y panel, current 224 x 17 i
Inverter output current 204 x Note 2 2 §
Inverter output voltage 203 x 25 3
Boost regulator input current 226 X ) 9 §
Boost regulator output current 215 X Note 1 24 ,
400 Hz inverters, input current 205 x | Note 1 23 ‘2
PSL dc bus current 300 X Note 2 b
Standard cell current 424 v % 20 ,
N Standard cell voltage 423 X 21
Rad res cell current 425 x : 22 ;
> Battery temperature 405" x ‘ 3
"+ X'panel inboard temperature 439 : x : 18 ;
+ X panel outboard temperature 419 x 19 ;
+ X panel open EC 1 X 10
+ Y panel open EC 2 X 11
- X panel open EC 3 % 12
- Y panel open EC 4 x 13
Gyros ON EC 1 X 7
Inverter temperature P x 14a
A/C enable discrete P x 7a
Main/ standby channel discrete P X Note 3 13a
Regulated dc voltage P 3a 3
400 Hz, 1¢, output, discrete P 23a
400 Hz, 34, output, discrete P _ 22a ’
Battery cell voltage (3 cells) P(x6) X 25a (
;
Note | = These channels could be eliminated, if absolutely necessary. :
Note 2 - Higher sampling rate desirable, i
Note 3 — Requires ground backup command.
’
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Table 3-14. Analog Parameter Ranges and Accuracies

~ Desired

Accuracy

Description Parameter | Range s max}
PSL output voltage \'s 20 to 80
Battery. voltage \Z 20 to 40
Battery charger output current A 0.1 to 2
Array +X panel, current A fto 8
Afray +Y panel, curfent A 1to8
Battery output current A 0 to 30
Array -X pane‘l.‘ current A 1to 8
Array -Y panel, current A {to8
Inverter output current Vrms 2,5to 5
Inverter output voltage Vrms 40 to 60
Buckeboost/regulator input
current A 5 to 30
Buckeboost/regulator output
current A 2 to 15
400 Hz inverters, input current A 0.2 to 1.2
PSL dc bus current A 5 to 30
Standard cell voltage mV 200 to 800
Standard cell current ma 0 to 300
Rad res cell current ma 0 to 300
Battery temperature op 20 to 100
Panel inboard temperature °F ~260° to +200°
Panel outboard temperature °F -260° to +250°
Inverter temperature °p 0 to 150
Battery cell voltage v fto2

2%
*2,%
+3%
£5%
+5%
*3‘70
£5%
£5%
£3%
+2%

%5%

5%
5%
+3%
+3%)
+3%
3%
+2°

+5°

£5°

£3°

+2%
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not reveal whether the failure was in the A/C enable relay, the 400 Hz 34 inverter,

~ or the gyro platform. A 400-Hz output voltage monitor seems desirable, but not

mandatory.

The position of several power subsystem relays should be considered for
telemetry of discretes. Several such measurements can be grouped into one
channel. Examples are the main/ standby switch for the 2.4-kHz inverter and the
momentary boost converter relay, The latter is difficult to implement, because of
the momentary mode of operation,

The telemetry of the boost regulator (B/R) and inverter chain of the existing
Mariner system has some drawbacks, Only the main B/R has output current telem-
etry. There is no indication other than this indirect one) which B/R and inverter
are ON. These comments would not be applicable on the proposed design that uses
a parallel-operating, redundant, buck-boost regulator, :

The RF Subsystem (RFS) load on the dc power bus is one of the biggest and
most critical loads on the spacecraft. The assignment of its current monitor to
Class 300 may yield measurement intervals of over { hr in Mode II. Transfer of
this channel to Class 200 and use of the 300 Channel for the discretes mentioned
above are suggested.

Output measurements of the main inverter and of the battery charger should
be made more often, but no Type 100 channels are presently available.

It would be desirable to monitor battery cell voltage. Range is 1.2 to 2.0V
with 2% accuracy desirable. Since it seems almost impossible to provide 18 new
analog monitors, three such cells could be combined for one measurement. Cell
voltage behavior is a very good indicator of the battery state-of-health, When
charging the battery with limited constant current to a fixed voltage level, charging
current telemetry becomes of less impcortance. :

A discrete telemetry point and an on-off ground command is proposed to
disconnect the highest-powered heaters fror) the power source in case of emergency.
The two groups of heaters to be ground switchable are the dc group which consumes
about 25 W and services IRS, platforms, and narrow TV; and the T/C-1 group,
which consumes 50 W and services IRS, TV, UVS, and Bay 7 (Reference Tables
4-1 and 4-2). Heaters being simple resistive devices, current or voltage monitor
does not seem warranted on these busses. In case of a short, the heater busses
are protected by fuses,

A discrete telemetry point is proposed on the main/ standby switch. In the
proposed new configuration this switch would switch only the main inverter since
the buck-boost regulator is part-redundant,

_ If available power or other telemetry requirements force a reduct?on. of
power subsystem telemetry channels, the following channels could be eliminated:

a., Battery Current. In spite of its importance, this parameter
can be computed from the other current measurements.
Only in the battery test load mode would no current reading
be available., The elimination of current telemetry usually
offers a greater saving in power and parts than elimination
of voltage or temperature telemetry.
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b.  400-Hz Input Current. This current monitor could be
replaced with a voltage monitor on one or both 400-Hz
inverters. These monitors could be on-off discretes
rather than analog channels,

3.2.13 Weight and Volume Analysis

The weight density (1b/part) and volumetric density (in.slpart) utilized in the
following estimates are based on TRW's past experience with similar electronic
hardware designs.

3.2,13-1 Buck-Boost Regulator

Weight estimate: : Magnétics 4,3 1b 4.31b
Chassis 2.51b , 2.51b

235 components at 0,01 1b/part 2.31b

Total Weight: 9.11b

Volume = 0, 8 in. 3/part = 210 in, 3

Total envelope = 6 x 7% 6 in.

3.2.13.2 Power Source Logic

Total component count for this unit, including 14 magnetics and 24 diodes,

is 134 parts, , %
Estinﬁated size! Height 4.5 in; ’
Width 7.0 in. 158 in, > at 1. 17 in. > part
Length | 5.0 in.
E stimated weight: 7 current monitors (85 components) 1.5 1b
24 power diodes 1,0 1b

Remainder of unit including:

49 components 0,3

Wire 0.5

6 connectors 0.3

Enclosure 1.8

Kinetics switch (2 ea) 2,0
Total Weight: 7.4 1b

wse
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3.2.13-3 Power Distribution and Heater Distribution

This unit contains the redundant switching and control circuitry for the
following:

a. - DAS, science; scan on~-off
b. Approach guidance (A/G) on-off
c,. Data storage subsystem (DSS) * on-off
d. - Attitude control (A/C) on-off
e. Dc heater on-off
Also, it contains the following:
f.  Dc heater fuses and power distribution
g. Dc current monitor

The estimated weight and volume of 525 total parts, including fuses, is

Weight . = 4.5 1b at 0. 0086 1b./part
Volume =  0.45 in. 3/part = 236 in. 3
Envelope = 6x 6x 6.5 in.

3,2.13.4 Power Control Unit

The weight estimate is based upon the following functions in one black box:
a. Share mode detector
b.  Momentary booster
¢. Two current monitors
d.  Battery charger

1. Redundant relay driver

2. Majority voting differential amplifiers

3. Charging resistors

Total number of parts: 650

Estimated weight: 4.6 1b at 0.007 lb/part
Estimated volume: 290 in.3 7x7x 6 in.

3.2,13+5 Redundant 2.4 kHz Inverter

The unit is comprised of the following:
g ; a. Main and standby 2.4 kHz inverter

““b. Failure sensor
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¢, Current monitor

Magnetics: 1.81b
Chassis: 1.5

406 components: 3.5
: at 0.0086 lb/part 6.8 1b

Volume: 250 in, 3 at 0.6 in. 3/part

Size! 6x 6% 7in,




4. MISSION AND SPACECRAFT ANALYSES

4.1 INTRODUCTION

The initial effort involved the definition of the mission and spacccraft charac-
teristics, the requirements imposed on the power system, and the establishment
of design tradeoff criteria and guidelines to be applied toward the design and selec-
tion of the optimum power system.

Two missions have been identified for this study: Mars Flyby and Mars :
Orbiter. The orbiter will be based on 90 days in Mars orbit with no eclipse seasons.
Specific launch dates have not been determined, but an early 1970 period is assumed.
Launch dates and time will be considered in the comparative analysis as variables.
Analyses performed in the course of TRW's Voyager studies show a range of Mars-
Sun distance (AU) dependent on the launch date. Typical values for arrival are
1.388 to 1.612 AU and 1.47 to 1.66 AU for arrival plus 90 days in orbit. Transit
times can vary from 11'% to 230 days. The spacecraft configuration will be the
Mariner '69 which is fully attitude-stabilized in three axes and uses the Sun and
Canopus as referenced objects. The spacecraft carries scientific instruments to
obtain data on the Martian environment, atmosphere, surface properties, and
biological life.. The spacecraft body is octagonal in shape with four fixed solar
panels comprising a total area of 83 sq ft. Louvers on the equipment bay provide
thermal control. The spacecraft engineering equipment and experiments will be
very similar to the Mariner-Mars '69 except for valve and gimbal equipment for
orbit insertion (orbiter mission). :

4.1.1 Selection Criteria

The selection criteria applied to the various model power system configura-
tions are discussed in the following paragraphs.

4.1.1.1 Solar Array Power Utilization

Utilization of the maximum available power is highly desirable as it results
in spacecraft load growth capability, increased allowance for array degradation,
or successful operation in flight with higher than normal loads. The constraint on
the power system design is to satisfy all power requirements with an 83 sq ft array.

4.1.1.2 Reliability

Other than the minimum assessment goal of z 0. 90, the following aspects of .
reliability are applicable: :

a. Ability of system to detect failures and provide corrective
action

b. Failure modes and effects
c. Testability

d. Utilization of proven components and derating of components

e. Complexity




4.1.1.3 Weight

Weight is a parameter to be traded off with system reliability. The weight
allocations are as follows:

Solar array (less structure) 50.0 1b

Battery (less chassis and cover)
plus power processing equipment ~71.71b
Total 121,7.1b

4.1.1.4 Demonstrated Design

Demonstrated design is highly desirable for it minimizes design risk and
development time, and narrows the uncertainty in the performance calculations.

4.1,1.5 Interface Simplicity

Simplicity in the electrical, mechanical, and especially the thermal interface
with the spacecraft configuration and power user equipment is desirable.

4.1. 1.6 Flexibility

Effects of launch/arrival dates, solar array temperature predictions, and
solar array degradation are to be minimized as well as dependence on predicting
battery charge/discharge voltage within narrow tolerances. The capability of the
system to operate over wide limits of load, source voltages, environment, and
abnormal mode operation is to be provided.

4.1.1.7 Unregulated Bus Voltage

Minimization of the present 2:1 swing in unregulated bus voltage will provide
advantages as follows:

a. Allow for ease in design (greater reliability) for users of
unregulated bus voltage (TWT's, heaters, low-level cir-
cuitry).

b. Allow for increase in power utilization via reduction of
TWT power (TWT converter efficiency decreases for
wider input voltage range) and reduce the variability in
power consumption of unregulated bus power users.

4.1.1.8 Transient Response

The ability of the power system to provide a low source impedance continu-
ously will minimize load switching transients. Many loads (TWT, heaters, experi-
ments, etc.) are switched on/off during the mission.

4.1.2 Design Guidelines

Several selected design guidelines to be applied to the model power system
configurations are delineated below:

a. Backup redundancy techniques shall be employed to the
extent that those events, functions, or sequences critical
to the mission success may be initiated by two separate
and independent means.




b, To assure increased reliability, the battery shall be
required only for normal mission modes in which the
array is not sun-oriented (e.g. launch, maneuvers, orbit
insertion).

¢. The solar array zener diode voltage limiter shall be
eliminated.

d. Isolation of command inputs and fail-safe control circuitry
shall be provided.

e. The two stable operating points which are characteristic
of a solar array with pulsewidth modulated power condi-
tioning equipment shall be eliminated.

f.  The electrical interface with the user equipment (e.g.
25-50 Vdc unregulated dc, 27.2 £5% Vrms, 1-¢, 400~
Hz power) is to be considered firm; however, internal
power system characteristics are flexible.

4.2 SPACECRAFT POWER REQUIREMENTS

Tables 4~1 and 4-2 show the load/power requirements for each subsystem
and equipment categories as a function of major mission phases for the flyby and
orbiter missions, respectively. These tables were based on JPL-furnished load
information. Analysis of the load requirements for the flyby mission shows that
the majority of the spacecraft engineering subsystems and all the experiments
require regulated ac power from the 2.4 kHz inverter. A large portion of ac power
(50 W) goes toward TCFM power and cruise heaters. Opportunities for reduction
of required source power may be realized by regulated bus voltage systems
supplying heater power directly, eliminating the losses in the conditioners (i.e.,
boost regulator and 2.4 kHz inverter). Requirements for 1¢ and 3¢ power are
relatively low and are required only during certain mission phases. The primary
user of unregulated dc power is the TWT power amplifier. It requires a dc/dc
converter for conversion to high voltages required by the TWT. Other users of
unregulated power include heaters and battery charging. The power requirements
for the orbiter mission are similar to the flyby except for the gimbal and valve
equipment that is required for Mars orbit insertion.

4.3 LOAD PROFILE ANALYSIS

Analyses were performed to compare the solar array load power capability
and the total conditioned load power requirement as functions of mission time to
define the critical design point (CDP). The CDP is defined as the condition of
minimum power margin between load power and solar array capability., The CDP
can be ascertained, knowing the solar array characteristics, by examination of the
load requirements tabulated in Tables 4-1 and 4-2. For the flyby mission, the
CDP occurs at near encounter with high level TWT's operating.. The CDP for the
orbiter mission occurs during the TV sequence near the end of mission life where
the solar array power capability is minimum. For both CDP's, it is assumed that
available battery power will not be credited toward sharing the load requirements
with the --~lar array.
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. Unreg Star Cruise
Item | Subsystem Acronym | Equipment DC 2,4 KHz | 34400 Hz 1% 400 Hz | Other | -Launch | Acq, Batt Chg
1 Science DAS Data Automation A '
Subsystem
2 TV ‘Television A
3 IRR Infrared
Radiometer A
4 IRS Infrared ’
Spectrometer A
5 uvs Ultraviolet |
Spectrometer A
6 IRSM Infrared Spec= A
trometer Motor .
7 Attitude AlC-1 Attitude Control A 13 25 4
Control
8 A/C=2 Autopilot Control A
9 GYRO 1 Gyro Electronics A 8
10 GYRO 2 | Gyro Iy 9 |
11 Scan Control SCAN=1 Scan Control A 5.3 5.3 5.3
Electronics |
12 SCAN-2 Scan Control A -
Motor
13 N/A ﬂ
12 | N/A , "
15 | Radio Fre- RFS Radio Frequency 32.2 32.2 2.2
quency Subsystem A : ‘
(except TWT) |
16 TWT TWT (Powor o 60 60 60 |
Amplifier)
17 Central cC&s Central Command 32,4 17.0 17. 0
Computer and and Sequencer A
Sequencer
18 Flight FTS Flight Telemetry A 15,0 15,0 15,0
Telemetry Subsystem
19 Flight FCsS Flight Command A 3,2 3.2 3.2
Command Subsystem
20 Data Storage DSsS Data Storage A 24,0 21.0 17,7 ‘
Subsystem
21 Pyrotechnic PYRO Pyrotechnic A 1,0 1,0 ‘
22 Thermal T/C-1 TCFM Power and A 54,0 54,0 54.0
Control Cruise AC Heater :
23 { T/C-2 DC Heater A 26,0 26,0 26,0
24 N/A ‘
25 Power PWR Power A 2. 25 2,25 2,25
Distribution |
26 BTCG Battery Charger’/ A 0,5 0.5 25,0
Booster
Summary of Power Requirements
Abnormal Gyro-On Loads Unreg DC 86, 50 86, 50 111,00
GYRS 1 8,0 2.4 KHz 2,4 KHz _186,35 | 183,95 | 151,65
GYRSZ 9,0 3¢, 400 Hz [ For All Phases 34 400 Hz 9. 00 %00} 0
ACS 1 16,0 2.4 KHz Except 1,2,5 14 400 Hz 0 0 0
TCS 2 9.8 Unreg DC |
1

POLDOUT FRAME J




Table 4.1, Power Requirements (W)
as a Function of Mission
Phase - Flyby Mission

MISSION PHASE

4

5

6 7

8 9. 10 T t2 13
Far Enc Far Enc Neat Enc Near Enc
Cruise Maneuver | Enc Appr| Far Enc | Hi Pwr TWT] Low Pwr TWT| Near Enc| Hi Pwr TWT | Low Pwr TWT | Playback
20 20 20 20 20 20
32 32 32 32 32 32
- 3 3 3 3 3 3
L 4 4 4 4 4 4
12 12 12 12 12 12
2 2
4 23 4 4 4 4 4 4 4 4
29
8
( 9
5.3 5,3 5.3 26.5 28,5 23,5 26. 5 16.5 16,5 5, 3+
12 12 12 12 12 12
T 32,2 32.2 32.2 32,2 32.2 32,2 32,2 32.2 32.2 32,2
" 60 60 60 60 99.0 60 60 99.0 60 99.0
17.0 17,0 17.0 17,0 17.0 17.0 17,0 17,0 17, 0 17,0
15.0 15.0 15.0 15.0 15,0 15,0 15.0 15,0 15,0 15,0
3,2 3.2 3.2 3.2 3,2 3.2 3.2 32 3.2 3,2
17,7 17,7 17.7 18,0 18.0 18,0 23.0 23,0 23,0 21,0
1,0 1,0 1.0 1.0 1.0 1.0 1.0 1.0 1,0 1,0
54,0 54,0 54,0 54,0
26, 0 26,0 26,0 26.0 26.0 26,0 2650 26,0
2,25 2.25 2,25 2.25 2.25 .25 2,25 2.25 2,25 2,28
0.5 0,5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0,5
86 51 86, 50 86,50 864 50 125, 50 80, 50 86,50 125, 50 86, 50 125,50
151,65 | 207,65 151,65 190, 15 192,15 197, 15 195.15 185, 15 185.15 154, 95
0 9,00 0 0 0 . 0 0 0 0 0
0 0 0 12,0 12,0 12,0 12,0 14,0 14,0 0

|
SRS T
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1 2 3
Unreg Star Cruise I
Item | Subsystem Acronym | Equipment DC " 2,4 KHz | 3¢400Hz]| 14 400 Hz | +28 VDC | Launch. | Acq Batt Chg
1 Science DAS Data Automation
Subsystem A
2 TVS Televisions A
3 IRR Infrared A
Radiometer
T4 : IRS Infrared A
Spectrometer
5 uvs Ultraviolet A
Spectrometer
6 Science IRSM Infraved Spec- A
trometer Motor
1 Attitude : AlC ! Attitude Control : 13 25,0 4,0
Control A
8 A/C2 Attitude Control A
=9 : GYRE Gyro Elsctronics A 8.0 8.0
10 Attitude GYRO Gyro . 9.0 9.0
- Control A
11 Scan Control SCNBE Scan Control A 5.3 5,3 5e3
Electronics
12 Scan Control SCNM Scan Control . A
Motor
13 Propulsion VALV Valve A
14 Propulsion GIMB Gimbal A
15 Radio Fre- RF'S Radio Frequency . . ’ 32.2 32,2 32.2
quency Subsystem {exc. ’ N
TWT) :
16 Radio Fre- TWT TWT (Power ' A 55,0 55,0 55.0
quency Amplifier)
17 Central Comp CC &S Central Command A 39,0 19,0 19.0
and Sequencer and Sequencer
18 Flight TLM FTS Flight Telemetry A 15,0 15,0 15,0
Subsystem
19 | Flight FCS Flight Command 3.2 3.2 3,2
Command Subsystem A
20 Data Storage Dss Data Storage A 21,0 22,0 10.0
Subsystem
21 Pyrotechnic PYRO Pyrotechnic A 1,0 1,0
22 Thermal T/C 1 TCFM Power and A 50,0 50,0 50,0
Control Cruise ACHtr
23 [} T/C2 DC Heater A 15,0 15.0 15,0
‘24 'é‘ﬁg::x;ﬁl T/C3 DC Heater A 10,0 10,0 10,9
25 Power BTCG Battery Charge/ A 0s5 0,5 25,0
Booster
26 BRFS Dattery Regulator A 1,5 1.5 1,5 1‘
Fail Sensor |
27 Power PWRD Power Distribution A 2425 2, 25 2,25
Summary of Power Requirements
Abnormal Gyro-On Loads Unregulated DC 82, 00 82,00 106,50
AcCsi 16,0 2.4 KHz 2.4 KHz 188,95 | 182,95 | 141,95 |
GYSE 8.0  2.4KHz 39400Hz 9,00 | 9,00 | 0,00
GYSO 9,0 3¢ 400 Hz 1% 400 Hz 0,00 0,00 0,00
+28 VDC. 0,00 0, 00 10,00

EOLDOUT BRAG /




Table 4-2. Power Requirements (W) as a
Function of Mission Phase —
Orbiter Mission
MISSION PHASE
4 5 6 7 8 9 10 1 12 13 14
ruise Far Orbit Far Enc | Orbit Orbit ™V Earth Playback | Playback
hg Off | Maneuver | Enc Insertion | Playback | Trim Cruise | Sequence | Occultation| ATR DTR 4
70,0 . 20,0
32,0 , ’ 32,0
3,0 3,0 i
4,0 : 4,0 :
. i
12,0 ‘_ 12,0
3.5
4,0 23,0 4,0 23,0 4,0 23,0 4,0 4,0 4,0 4,0 4.0 ‘;
10,5 10, 5 10,5
3,0 8,0 8.0 :
9,0 9,0 : 9.0 g,}
5¢3 5,3 28,5 5,3 5.3 5.3 53 | 165 503 5,3 5,3
4
12,0 : 12,0 5
30,0 30,0 x 30,0
35,0 35,0 : 35,0 !
32,2 32,2 32,2 32,2 32,2 32,2 32,2 32,2 32,2 32,2 32,2 :
55,0 55,0 89,0 89,0 89,0 55,0 55,0 89,0 55,0 89,0 55,0
19,0 19,0 19,0 19,0 19,0 19.0 19,0 19,0 19,0 19,0 19,0
15,0 | 15,0 15,0 15,0 | 15,0 16,0 15,0 15,0 15,0 15,0 15,0
3,2 3.2 3,2 3.2 3.2 3.2 3.2 3.2 3.2 C3,2 3.2
10,0 10,0 18,0 10.0 19,0 10,0 10,0 23,0 15,0 19,0 18,0
1,0 1,0 1,0 1,0 1,0 1.0 1.0 1.0 1.0 1,0 1.0
50, 0 50,0 ] 50,0 50,0 50,0 50,0 50,0 50,0 50,0
15,0 15,0 15, ¢ 15,0 15,0 15,0 15,0 15,0 15,0 16,0 15,0
0,0 10,0 10,0 10,0 10,0 10.0 10,0 10,0 10,0 10,0 10,0
0,5 0.5 0,5 0.5 25,0 0.5 25,0 0.5 0,5 0,5 0,5
1,50 1.5 - 1,50 1.5 1,5 1,5 1,5 1,5 1.5 1,5 1.5
2,25 2,25 2,25 2,25 2,25 2,25 2,25 2,25 2,25 2,25 2,25
82,00 | 82,00 116,00 | 116,00 140,50 82,00 106,50 - [116,00 82,00 116,00 82,00
41,95 179,45 194,15 | 179,45 150,95 179.45 [144,95 [187.15 146, 95 150, 95 149,95
0,00 9,00 0,00 9,00 0,00. 9,00 0,00 0, 00 0, 00 0,00 0,00
0,00 0,00 12,00 0,00 0,00 0,00 0,00 15,50 0,00 0, 00 0, 00
0,00 | 65,00 0,00 | 65,00 0,00 65,00 0,00 0,00 0,00 0,00 0,00
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5. SELECTION OF MODEL SYSTEM CONFIGURATIONS

5,1 SELECTION CRITERIA

The selection of the model systems involved screening the various power sys-
tem configuration possibilities to eliminate the less desirable ones. The selection
process progressed from the examination of 78 baseline power system configura-
tions to the selected number of five. Table 5-1 is a matrix of power system con-
figurations and Table 5-2 shows the justification for deletions of known system
configurations. The synthesis of the configurations and the rationale are detailed
in Final Report No. 07171-6001-R000, "Power System Configuration Study and
Reliability Analysis" dated 18 September 1967, This work was performed by TRW
for the Jet Propulsion Liaboratory under Contract No, 951574,

The criteria for initial selection primarily included power utilization, weight,
and reliability assessments (computer aided), complexity, flexibility, and demon-
strated design. Table 5-3 summarizes the rationale in eliminating certain power
system configurations, Figure 5~1 depicts the selected model power system con-
figurations in simplified form. Figure 5-2 shows the existing Mariner '69 powcy
system configuration. All relays are shown in the set position; also, telemetry
current monitors are shown. Table 5-4 designates the cross-reference for the .
commands and some of the abbreviations utilized in the block diagrams, y

5.2 WEIGHT-RELIABILITY CPTIMIZATION

A computer program (modification of a program developed by TRW for JPL
on Contract No, 951574) has been developed to provide an efficient instrument for
guick evaluation of various power system configurations and the multitude of possible
combinations of redundant elements for a given configuration. A brief description
of the program and some typical printouts ar¢ delineated below.

A space power system consists of the following major components combined
with a suitable solar array:

a. Power conditioning units
b, Line regulator
¢. Array control

d. Energy storage

These units can be implemented in several distinct basic designs (types). Further- ;
more, each type could have several redundancy scheme alternates to improve S
reliability., The problem, then, is to evaluate each system design (case) to deter- i
mine the optimum reliability alternates for each unit to achieve the highest reliability
for prescribed subsystem weight constraints.

The TRW 940 Fortran 2 program is adaptable to this approach and operates
in the following manner. The parameter information for each alternate of each
type of each basic component is stored in a master data file. - The program accesses
this master file and reads a case specification from the input file. The alternate
information for each type specified for each component is extracted from the master
data file and the combinatorial search for that case is begun, Each possible com-
bination of the alternatives is generated and the resulting subsystem weight and
reliability are calculated by a subroutine, The weight and reliability of the system
for this combination are stored along with alternate indicators. When all combina-
tions have been evaluated, they are sorted by weight. An option in the program
permits the output to be all the combinations or alternatively suppresses the output

5-1
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Table 5-1, Summary of Selected Baseline Power System Configurations

Note

o FEach configuration (combination of battery control, line
regulator and array control) may be used with either AC
or DC distribution,

e ‘Applicable array controls indicated by uncircled numbers
in each cell,

o Circled numbers in each cell designate reason for deleting
certain configurations as listed in Table 5«2,

R

LINE REGULATION
1 ' 2 3 4 5
PWM Buck Diss Boost Bk-Boost
Line Reg | Line Reg Line Reg Line Reg No Reg
1 Switch + Resistor 3 NA 3,4,5 3 NA
0)O) @ @O Q0 ®
: 2 %:r::t:rDischg 1 3 NA 3,4 3 NA
ARRAY @0 ©] Q0 @ 0JO) ®
CONTRCL 5| Dissipative Chg'r | 1,2,3 NA 2,3,4 1,2,3 NA
A 4 Dinchg: Sw. ® © |[000© V) ®
). Zener - 4 Same + Dischg. 1,2,3 NA 2,3,4 1,2,3 NA
3. Active g Booster @ @ @ @ @ ® @
s:;‘;‘:n ) & PWM Buck 1,2, 3 NA 2,3,4 1,23 NA
' §ertel ue § ? D?ngcl:g.& Sw, ® ® OR ] @ ® ®
5. BWM Buck 2| ¢| same + Dischg, 1,2,3 NA 2,3,4 1,2,3 NA
Pax Trlcﬁ | | Booster (©) @ ©0 @ ® ®
5, PWM Series E ? PWM Boost Chg'r 1,2,3 2,3 2,3, 4,5 1,2,3 NA
Buck-Boost || @ & Disch, Sw, @ ®0 ® o ) ®
a| Same + Dische, 1,2,3 NA 2,3,4 1,2,3 NA
Booster @ @ @ @ @ ® @
Diss. Chg, & NA NA NA NA 3,4,5,6
|t | © | o | o | o
10| WM Buck Chg. NA NA NA NA 3,4,5,6
i ©o | o © | @
11| Same with Low NA NA NA NA 34,56
Voltage Battery 10) ® (D [0)

52




3} Table 5-2, Justifications for Deletions of Power System Configurations

Circled
Number '
(Table 5«1) Rzason for Deletion

{ Not applicable, Array and battery controls provide
regulated bus, Additionalline regulationis not required.

2 Not applicable, Required bus voltage regulation can-
not be provided by these battery controls,

3 Not applicable, Power loss in line regulator with
maximum voltage at unregulated bus considered
excessive,

4 Not applicable, Series dissipative regulator tends
to produce constant current load and eliminate
possibility of undesirable load sharing,

] Array control 1 deleted, Unregulated bus voltage
must be limited to minimize voltage drop across
dissipative line regulator.

6 Arraycontrol { deleted. Unregulated bus voltage must
be limited to prevent overvoltage at regulated bus,

7 Array controls 1 and 2 deleted, Active regulator
required by battery charge control to provide accurate
voltage limit.

8 Array controls 1 and 2 deleted. They will not provide
required #1/2% bus voltage regulation,

9 Array controls 4,5, and 6 deleted., It 'is illogical to
use two series bucking regulators in series.

10 Array control 5 deleted, It is illogical to use line
regulator if solar array output well regulated. With
bucking charge control, array voltage must always
exceed battery voltage. Boosting required only dur-
ing battery discharge and should be included in battery
controls.

1 Array control 5 deleted, It is illogical to use dis-
charge booster with maximum power tracking solar
array conirol.. Both prevent undesirable load sharing
between array and battery.

12 Array control 6 deleted. It is illogical to use two
boost regulators in series.

5-3




Table 5-3. Reasons for Eliminating Power System Configurations

Systems

Reasons

Al) system conﬁAgura’ti‘ons'

with energy storage 1, 3,
5, and 7

All systems with a
diseipative line regulator

All systems with a PWM
buck line regulator

All systems with switch
and resistor battery
controls

All systems with PWM
buck charger :

All systems with PWM
buck charger and battery
boost discharge regulator

All systems with PWM

boost charger

These systems do not have the
capability to prevent undesirable
load sharing between the solar
array and battery near the end of
the mission. Solar array power
availability constraints prohibit
such a power system design,

The low efficiency of the dissi-
pative regulator near the
critical design point makes it
undesirable.

The boostline regulator offers
weight advantages since it is

not to handle the full power. It
also offers efficiency advantages
at the critical design point.. The
PWM buck line regulator requires
a higher voltage battery than a
boost for the same regulated
voltage.

The dissipative charger systems
offer more flexibility and control
in terms of current limiting and
charge voltage control. The
switch and resistor approach is
very highly dependent on
charging source voltage and is
thus not flexible.

The systems.do not require
highly efficient battery charging;
therefore, the more simple and
reliable dissipative charger is
desirable. :

Same reason as in 5.°

Selected config‘urar.tions, do not
require a PWM boost charger.
Reasons delineated in 5 also

apply.

5-4
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Table 5-3. Reasons.for Eliminating Power System Configurations (Cont)

Systems 1 : Reasons
8. All systems with low 8. For a nonredundant battery sys-
voltage battery . tem, the low voltage battery sys-
{battery controls 11) tem is not competitive from a

weight standpoint (higher conver-
sion losses with resulting
increase in power conversion
and battery weight). - Low voltage
systems are nrimarily applicable
to long-life, high-reliability
requirements or where partial
success is acceptable with loss
of a portion of the battery power,

9. PWM buck array control 9. It is generally not desirable to
with line regulator - have two series power-handling

‘elements for reasons of lower

reliability and increased losses.

10. PWM buck series 10. Maximum power trackers are
+P tracker generally applicable to low
max : .

: - orbits where advantage can be
taken of the transient (tempera-
ture) characteristics of the
solar-array. The boost regulator
is more desirable since its
efficiency is higher at the critical
design point and is a simpler

design.
11. Buck-boost array 11. The active shunt limiter offers
control higher reliability and increased

solar array power utilization.

12, Zener limiter 12. The active shunt limiter offers
‘higher reliability and flexibility in
adjusting the limiting voltage

and provides narrow limiting
voltage regulation.
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SYSTEM NO. FOLSEWIDTH REGULATED DC BUS

1 oggcxroa , T INVERTER
REGULATOR
DISS. '
sous el | S e
ARRAY ~1 T
' o 1# 400 Hy
BATTERY INVERTER
. o REGULATED DC BUS o 2.4 ki
: , INVERTER
E ' _oiss. | |eoost g
5 SOLAR CHARGER| | REG. L | 3p400h:
i e _ INVERTER
: ACTIVE 19 400 Hz
o | sHunr BATTERY | INVERTER
4 ; ' :  UNREGULATED DC BUS BOOST
3, - LINE . - 2,4 KHz
REGULATOR INVERTER
p : 39 400 Hz
SOLAR H
soLe INVERTER
ZENER S 16 400 Hz
LIMITER BATTERY INVERTER
3 o1
UNREGULATED DC BUS
. . - BOOST 2,4 KHz
REGULATOR , INVERTER
DISS. MOM, »
¢ 30 400 Hz
SOLAR CHARGER J 30,400 Hx
ARRAY -——-——-‘
ACTIVE : : 19 400 Hz
oot | t | BATTERY ; INVERTER
. |
UNREGULATED OC 8US  [5UCK BOOST
5 P L : Py 2.4 KHz
* ) REGULATOR ‘ INVERTER
DISS. ‘ MOM, l
: ! 39 400 Hz
SOLAR CHARGER!  [BOOSTER 39 400 Hz
ARRAY
' . 10 400 Hz
BATTERY , | INVERTER

Figure 5-1. Selected Power System Configurations,
Simplified Block Diagram
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r T_ @ @ UNREGULAT
SOLAR PANEL NO.1
' 1 RELAY [ of g1 L — = §
DRIVER No—o,
(D | T
- POWER 5 : K2 DIS. . MOM
» _.T e | cHe BOOST
GROUND P _ RELAY
vower 1 priver[ ] RESET = =
SOLAR PANEL NO.2 v
(, GROUND
POWER
oy
SOLAR PANEL NO.3
SOLAR PANEL NO.4 ' BATTERY
"Commai

TOXDOUT Framy



BOIDOUT FRay: (Q\

UNREGULATED DC BUS

MAIN
POWER
SELECT

(1

SUN
+  GATE
58V |NHIBIT
oSt
l [ INHiBT
SHARE
, RELAY ;
Lo P —— | SET e ‘ 14 MODE
| — DRIVER I DETECTOR
DIS. MOM. : - l — '
ciG | - |sooster K3 #
8C
) RELAY
b~ | RESET [*oriver[~] % f—2
RELAY
e =~ 1 RESET M haiver

é‘c‘T

"gCommand designations; refer to Table 5-4.

T

: JR——— R
e RELAY RELAY L, o
IDRIVER DRIVER'
I X .
i SET
;
1
1
K1
FILTER PC
STANDBY| |MAIN MAIN | |STANDBY
BOOST | [BOOST 2.4 KHz | -| 2.4 KHz
REG REG INV, INV.

FAILUR
SENSO

L

A J

Tz FRAME



11

| INVERTER r’

RELAY je—3
SET Moriver[™] OR

Whe e | PANORE b
[ ~ SENSOR ]

— '. T S UNREG DC

! ’ AC BUS

- A.C. ELECTRONICS - K1 PWRD

RELAY | | —¢ 4
RESET [ pever| | OR [B—09 o,

DAS
SCIENCE
SCAN

STANDBY
2.4 KHz

[}

|

!

|

|

|

|

e |
B
|

K2 PC NG ,

b e LrERAY e — 3
=71 57 Moaver[*] O* 13

r_, B
K2 PWRD

, RELAY
L ReseT fetnoverf™] OR —7

g

, RELAY ACS 1PWR
—0 RESET FIpRivER[ TURN ON

3¢
INVERTER

A/G HEATERS

» +56 VOC

DSS

16

K3 PWRD

RELAY
RESET *1oriver |

BATTERY Tes

POWER

_| RELAY
DRIVER
Y

g8 K) HDCPD

RELAY
RESET 1nRivER

TC2

RFS
UNREG dC

Figure 5-2. Unregulated DC Bus with
Zener Limiter and Boost
‘Line Regulator
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FAECEDING PAGE BLANK NOT FILMED.

{7 Table 5-4, Command Designation
Method of Actuation
Relay anation'
: “ Type of (1) Set or | Pwr
Corunand Name Soutce Signal Relay |Reset [Dist, BC PC [HDCPD
1 Gyros On AlC 28 V k2" R A
’ Referved
te
A/C Ground
2 Sun Gate AlC 1solated K3 R &
Enable/Disable Gl Cireuit
Closure
3 Approach CCand s K2 5 A
Guidance (A/G) On C4
4 Data Storage GCand S K3 R i
Subsystem {D8S) OIf L3
5 Encounter (ENC) CCand s K1 K A
Phase N1 K3 S >
K2 R A
[ Near-Enc,, CC and § Kl . R A
Terminate N5
? Near-Enc, CCand S K2 R '
Sequence Enable Né
8 Start Plagback €C and § KI R A
Pl K3 s a
9 Cruise Mode DC-1 1golated Kl R
Circuit
Closure
(1S, IP, or
Relay) .
10 Playback Mode DC.3 1solated Kl R A
Circuit
Closure
1 Enc, Phase -DC-25 K1 ] A
K2 R A
K3 S A
12 Near-Enc DC-26 K2 R A
Sequence Enable
13 A/G On/oOMf DC-34 K2 S A
K2 R A
14 Boost Mode DC-37 K3 S A
Enable/Disable K3 R A
15 Battery Charger DC-38 K2 s A
On/0Off - Kz R ry
16 DSS On/Off DC-47 K3 S A
. K3 R A
[k Ratfery/DC Bus DC.50 K1 ) A
DC Heater Toggle K1 R A

“ " Nonlatching
' Nomenclature

- PWK DIST

BC
PC

HDCPD

Description
Power Distribution Unit

Battery Charger
Power Control

Heater and DC Power

Distribution (4A19}

Relays magnetic latching except for K2 in PC

5-9
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of dominated combinations. (A combination is dominated if a combination exists
that has lower weight and an equal or greater reliability.) After the program
finishes one case and the output is received, the program reads the input file for
another case and repeats the above until all case specifications have been processed.

A subroutine computes the subsystem weight after a complete subsystem has

- been specified by the main program. Essentially, unit weights and efficiencies

are given functions of the unit power. The computation proceeds backwards,
from power conditioning equipment to solar array, and sizes each unit according
to its power requirement as determined by previous unit power requirements;
others on average power requirements and inputs are provided accordingly.

The subsystem reliability is taken as the product of the unit reliabilities
(any unit failure causes subsystem failure). The unit reliabilities as input are
assumed independent of the unit power in that the unit is sized according to its
power requirement and hence piece-part stress ratios are roughly invariant.

A typical example of the computer printout for one of the selected configura-
tions is shown in Table 5-5. The system (flyby mission) consists of a shunt limiter
array control (AC3), a boost line regulator (LLR3}, a dissipative charger and mo-~
mentary booster and battery (ES2), and power conditioning units. The first column
is the total weight of the power system including the solar array structure for
1.45 AU arvival. The second column is the system reliability, The third column
(PSA) is the required solar array power at the critical design point, The fourth
column (PBAT) is the required battery power during mid-course maneuver. The
fifth column (WGT2) is the total system weight including solar panel substrate for
1. 62 AU arrival. The sixth column (WGT3) is the total system weight less solar TS
panel structure at 1,45 AU arrival., The last column (CONFIG.) designates the ,
redundancy for each major element. The first digit in the last column corresponds '

“to the 2.4~kHz inverter. A zero or one indicates redundant or nonredundant

inverter. Proceeding to the right, the digits iniicate the 3¢ inverter, 14 inverter,
array control, line regulator, and the last two digits, the energy storage. The
energy storage for this example has four combinations of redundant/nonredundant
battery or charging control. For this particular case, 128 combinations were
possible; however, the computer selectively prints out the nondominated combina-
tions (20). A combination is dominated if a combination exists that has lower
weight and an equal or greater reliability,

=,

e



Table 5-5, Typical Computer Printout for One Selected
Power System for the Flyby Mission

MMPS@S “P@WER SUBSYSTEM OPTIMIZATION STUDY™ <(DATA AS @F 29MAYES8)
AC LR ES
3 3 2
WEIGHT REL PsSA PBAT wWGT2 WGT3 CONFIG.
13737 8922182 37015 339.46 14595 97.20 000 © O
138.37 9137268 370.15 339+46 150.96 98.21 000 C O
14228 +9297178 374-.04 343.51 154.99 101+69 000 O 1
146.32 .9379195 374.04 343477 159-.04 105.74 910 O 1
15041 9461935 374439 343.77 163s14 109.79 9011 0 1
15156 +9461935 379.29 349+34 164+ 46 11041 110 O 1
15565 +9545406 379.64 349.34 168.56 114+.46 111 O 1§
o 162.41 +9604525 385.51 34934 175.52 120.58 11t 1 1
2 173+06 +9640567 374.04 .343.51 18577 132.47 000 O 1
= 174.99 +9661254 37464 343.51 187.70 134.40 000 O 1
17712 9725613 374.04 34377 189+84 13654 010 O 1
179.05 9746483 374.04 343.77 191.77 138+.47 010 O 1
17908  +9746483 37439 34351 19181 138+46 001 O 1|
181.21 +9811409 374.39 343.77 193.94 140.59 C11 © 1}
183«14 9832463 374439 343677 195.87 142.52 011 O 1
184.77 9832463 37929 349.34 19767 143.62 110 © 1
18693 9897963 379.64 349.34 199.84 145.74 111 O 1
18886 9919202 379.64 34934 201.77 14767 111 O 12
19365 «9959266 385.51 349.34 206.75 151.82 1i¥ 1 1t
19562 +9980637 385.51 349+34 208.73 15379 1311 1 1

sl2}
01
01
o1
01
g1
ot

o1

10
11
10

11

11

10
11
11
10
1 51
10
11




6. ANALYSIS OF MODEL SYSTEM EQUIPMENT

i,

6.1 SOLAR ARRAY CHARACTERISTICS

The electrical output of the solar array, based on the existing Mariner solar.
panel total area of 83 sq ft with 78 cells in series and 224 cells in parallel, has
been determined, ,

The pertinent characteristics of the components are shiown in Table 61"

6.1.1 Electrical Output Characteristics

The electrical output, shown in Table 6-2, was calculated for the string-
pair (consists of a pair of 18 series by 3 parallel cells) based upon orbital condi-
tions given in Table 6-3, component characteristics shown in Table 6-1, nominal
time~independent power adJustment factors (50% probability) shown in Table 6-4,
temperatures given in Table 65, and nominal time-dependent loss factors described
in Paragraph 6,1.1,2, Results of these caleulations, including scaling to 224 par-
allel cells, are shown in Figure 6=1 for 1,0 AU and 1,45 AU distances (array life
150 days)., Preliminary correlations between the calculated values and JPL- "
furnished test data on a preproduction solar panel are very good, e,g., within 2%
at maximum power value (for same set of conditions),

6.1.1.1 Tempecrature

The temperatures corresponding to the various distances from the sun are
shown in Table 6-5 for an uninsulated array. These values are based on studies
performed by TRW on the Voyager program.

6,1.1.2 Time-Dependent Loss Factors

Radiation, The nominal (50% confidence) yearly dosage based upon "Voyager
Environmental Standards, 1 dated 1967 September 25 from NASA, Voyager Project
Office, is 5 x 108 30 MeV protons/cmz. This amounts to 3 x 1013 1 MeV equiva-
lent electrons at the cell for 20 mils cover-giass thickness. The nominal
degradation factors (50% confidence) based on the above data are shown in Table 6- 6,

6.1.1.3 Wiring and Diode Voltage Dxop

Wiring 0,38V
Diode 0.87 Vv

6.1.1.4 Weight

The weight ana.lyses for a module and the string pair are showa in Tables 6-7
and 6-8, respectively,

Based on the foregoing analysis, the total weight of the panel (less structure)
for 224 strmgs is estimated to be

222 (118955 x 10 3 11
or 44,4 1b,
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Table 6-1. Component Characteristics

Solar Cellé
Type

Size
Weight

Electrical characteristics
at AMO, 28°C

Resistivity

Series resistance

Current temperature coefficient
Voltage temperature coefficient

Efficiency

N-on-P silicon soldered
covered

2cmx 2 cm x 0.016 in.
550 mg

I = 0.125A
P |
V. = 0.480V
p ,
I = 0.134A
sC

V. = 0.598V

ocC

1- ohm-cm

0.4 ohm

74 x 10-® A/°C
2.2x 10°3 v/°C

11.2 percent average

Cover‘ Slides
-Type
Size

Cutoff wavelength

Fused silica
2cmx 2 cmx 0,020 in.
0.410 p

Blocking Diode

Type
Peak inverse voltage

Reverse leakage current

Forward voltage drop

Current

Silicon, glass

100 V

3uA at PIV, 25°¢c
50pA at PIV, 100°C
0.87 V at 1A, 25°C
2A

B o

i
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Table 6- 2. Electrical Characteristics of Solar Cell String-Pair
for Various Orbital Conditions and Times Based
on Nominal Time-Dependent and Time~Independent
Factors (50-Percent Confidence)

Electrical Characterietics
Time Tempera- ~
(Days)| AU ture (°C) Ip (Amps) VP (Volts) »Isc (Amps) voc (Volts).
o [t.oo | +28°c | o0.683 | 36.5 0.737 | 45.1
0 }1.00 +54 0.695 32.1 0.749 40.7
0 |1.388| + 4 0.319 42.5 0.373 51.1
150 {1.388| + 4 0.302 42.5 0.353 51,1
0 |t1.612]) -16 0.210 | 46.4 0.264 - 55.0
150 | 1.612| -16 0.199 46.4 0. 250 55.0
0 |1.586) -14 0.220 46.0 0.274 | 54.6
240 | 1.586| -14 0.200 46.0 0.249 54,6
01.67 | -2 0.188 47.4 0.242 56.0
240 | 1.67 -21 0.171 | 47.4 0.220 56. 0
Table 6-3. Sun-Spacecraft-Distance
and Array-Operating Life
Distance from Sun : "~ Array Life
(AU) ~ (Days)
1.00 0
1.388 150
1,612 : ~ 150
1,586 , , , 240
1.67 240

6-3




Table 6-4 Time Independent Power Adjustment Factors

I
8¢
Cover installation losses (a) *0, 955
Module assembly losses (b) *0. 960
Cell efficiency (c) - 1. 00
Uncertainty in solar constant (d) 1. 00
Random solar intensity (e) i1.00
Product (abcde) 0.9168
v
o¢
S Measurement error 0 .
R S *Based on TRW's
PR _ l . experience

Table 6-5. Temperatures Based on Distance fromthe Sun

Distance from Solar Array
Sun (AU) Temperature (°C)
1,00 +54
1,388 + 4
1,612 : -16
1. 586 : -14
1.67 , -21
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35

30
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— MAXIMUM POWER 820 W
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»
<

w

X
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437 W

L1.45 AU, 159 DAYS, -2°C
" L MAXIMUM POWER 468 W

| \ R

L | A

v 15 20 25 30 35 40 45 50 35
ARRAY VOLTAGE (V)

Figure 6-1. Solar Array Characteristics for Mariner-Mars
Solar Panel (Predicted)

Table 6-6. Nominal Voltagé and Current ?egradation
for Yearly Dosages of 3 3 10l Equivalent
1 MeV Electrons per cm -
Time Equivalent 1 Me\% Factor Voc Factor -Isc
(Days) Electrons per cm Before After Before After
0 , 0 1.00 1. 00 1,00 1. 00
150 .23 x 102 1,00 1,00 1,00  0.962
240 1.97 x 1013 .00  1.00 1.00  0.930

Cover Slide Transmittance Degradation due to Micrometeoroid Fluence

Time (Days) Factor
0 1,00

150 , 0.995

240 ; 0. 992

Adhesive and Cover Slide De radation. due to Ultraviolet Radiation

“Time (Days) Factor
0 1.00

150 0.988

240 : 0,985
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Table 6-7, Solar Cell Module Weight Analysis

v Unit Weight Total Weight
Unit Quantity (Lb x 10-3) (Lb x 10-3)
Solar cell 18 1. 21 21,78
Cover slide 18 0.99 17. 82
Cell interconnect 20 0. 026 0.52
Module interconnect 4 0.035 0. 14
~ Bus bar 1 -- t. 27
' 41,58
Table 6-8. String-Pair Weight Analysis
, : Unit Weight Total Weight
Unit Quantity (Lb x 1073 (Lb x 10-3)
Substrate Unknown Unknown
Module 26 41,58 1081. 1
Diodes 2 0.606 1,21
Connector i Unknown Unknown
Terminals 6 0. 14 0.84
Terminal board 1 1.6 1.6
Module adhesive As required -- 46.8
Wire - -- 33.0
Miscellaneous -- -- 25.0
1189.55
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AR O 6.2 BATTERY ANALYSIS

6.2.1 Mariner-Mars Requirements

There are two missions presently under consideration: A flyby and an
orbiter. In the flyby mission, the battery must provide essentially the same
level of performance expected of the present Mariner '69 battery. It was deter-
mined that the present Mariner '69 battery should satisfy the elecirical and 11fe
requirements of a flyby mission.

However, on an orbiter mission, battery power will be required at 150 and
160 days into the mission, and two additional charge/discharge cycles will be
required. It is therefore recommended that consideration be given either tou up-
grading the present battery to meet the more severe requirements of the orbiter
mission or to designing a new battery incorporating recent developments in silver-
zinc battery technology. This subsection discusses the major design considera-
tions and recommends possible methods of improving the present Mariner battery
to meet the requirements of a future Mariner spacecraft.

6.2.2 Mariner-Mars Characteristics

6.2.2.1 Description

The Mariner '69 battery is nominally a 50-AH design with up to 65 AH of
actual capacity available from a new, freshly charged battery (measured at room
temperature, 10A discharge rate to a final Battery voltage of 25.8 V). The watt-
hour ocutput is nominally 1200 WH with an actual capacity of about 1350 WH. The
_ battery consists of 18 series-connected silver-zinc cells (Electric Storage Battery
{{; © Model 257-20138), which are produced in three cell monoblocks. Cells are
individually sealed and completely potted into a battery canister. Battery weight
o is 34,95 1b with the cell pack alone weighing 28 lb.

During forming battery charging is accomplished by using a two-step con-
stant current charge. The battery is first charged at 2.0 A to 1.97 V/cell; then
it is charged at 600 ma.until 1.97 V/cell is again reached. The present spacecraft
charger characteristics result in a modified constant potential charge where
current is initially limited to 600 ma, and after about 80% of charge energy has
Leen returned, the current tapers off at a fixed constant potential of 34.6 V.

The present Mariner battery must provide two discharges of up to 1200 WH
and be capable of one recharge in flight during the first 120 days of flight. Batteries
stored fully charged have lost capacity at about 1% per month at room ambient,
while storage at 50°F for up to 4 years has resulted in very little capacity loss
{5 to 10% observed). It has been found that storage on open circuit in the fully
charged state results in the longest life. Extended trickle charge has been found
te shorten life. '

6.2.3 Recommendations

Recommended improvements to increase battery life and cycle capability
are presented below in order of ease of implementation:

a. Maintain battery temperature over the temperature range
60 to 90°F during usage and below 50°F when not in use.

b. Limit battery overcharge.
c. Charge battery at C/20 rate or lower to a voltage cutoff.
d. Charge battery using an asymmetric dc regime.
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e. Replace one or more layers of existing separator with
materials more resistant to zinc dendrite penetration,

f. Reduce possible occurrence of cell leakage by improving
cell design.

The implications of these recommendations, the detailed results of testing,
and the TRW analysis are discussed in the remainder of this subsection.

6.2.3.1 Battery Temperature Limits

The present battery temperature control anticipated during the flight of
Mariner '69 will provide a suitable environment for battery operation, It is
important, however, to consider the deleterious effects that extremes of tempera-
ture have on silver-zinc batteries. At temperatures below 32°F, divergence of
cell characteristics can cause gas evolution during charge. At temperatures above
1009F, degradation of separator material and dissolution of negative active mate-
rial can cause premature failures. Operation at temperature extremes can be
tolerated but should be limited, particularly at high temperatures as the degrada-
tions are cumulative. Batteries under storage should be maintained ai or below
50°F for best results.

‘Since héat is evolved during battery discharge, it is necessary to provide

adequate paths for conducting heat away from the battery. Heat generation can be
estimated by using the expression: .

q = (Erev-E) 1+ 22 186 IT | AS|

. LF
where

q =.W of heat

E=YV

I=amp

T =%

AS = Cal/mole °k (or entropy units)

4,186 = conversion t_'actoi'; calories to joules

Z= nurﬁbér of electrons transferred in the chemical reaction

F = Faraday's constant (96, 500 A-sec/g equivalent)

E
rev

battery reversable potential (V)

The center of heat evolution is the electrode pack, and temperatures at the pack
center may be 15 to 20°F higher than the gells outside surface temperature. Thus,
it is desirable when operations at the 2-hr rate or above are anticipated, to pro-
vide intercell hea! transfer fins, In the present Mariner design this would not be
possible because the cells are fabricated in three-cell monoblock units. An addi-
tional benefit gained with heat transfer fins is the stiffening of the plastic intercell
walls, .
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6.2.3.2 Limit Battery Overcharge '

By tabulating the battery discharge and charge usage on an A-H basis, battery
recharge may be terminated when A-I—I,charge input just balances discharge output.
On an A-H basis, the silver-zinc system is approxxma.tely 95% efficient (over the
temperature range of 60 to 90°F) with some variations due to differences in
internal cell construction; so by integrating the current-time telemetry it would be
possible to terminate charge at 105 to 110% A-H returned.

The effects of excess charge on life are discussed later., Overcharge not
only adds very little energy to the battery but promotes degradation since zinc
dendrite growth is severe on overcharge.

6.2.3.3 Battery Charge Rate

To minimize battery degradation it is best to charge at the most rapid rate
available which will not result in gas evolution or excessive heating, The C/20
rate (about 2,5 amp for a Mariner '69 battery) normally provides an optimum
charge rate for silver-zinc batteries. Charging rates may vary from the C/10
rate to the C/50 rate, depending on internal cell design and available power.

When charging at a constant current, the approach of full charge is signified

"by a rise in battery voltage and pressure. Charge termination voltage will depend

on the charge rate and internal cell construction. Review of the hterature indicates
that charge termination voltages of 1,94 to 2.00 V have been used.

An optimum charge termination voltage should be determined by a limited
test program utilizing prototype cells fabricated into a battery, For different
charge-current and termination-voltage combinations, the battery A-H capacity
is determined and the selected termination voltage should be the value which returns
sufficient capacity (plus a safety margin) over the anticipated temperature range.
In the past, charge termination voltages have been selected to maximize charge
return while sacrificing battery life. On the Mariner-Mars Orbiter mission, the
useful battery life required will be 50% greater than that required for a flyby
battery, so operations should be designed for extending life.

6.2.3,4 Separator Changes

The present battery life is limited by zinc dendrite penetration of the one
layer of polypropylene and six layers of battery-grade cellophane.

Materials presently available for use in battery separators have shown zinc
dendrite penetration resistance superior to cellophane (Weiss, Kelly, "Alkaline
Battery Separator Study, NAS-5-2860, Final Report, 31 July 1964").

Some superior materials are shown in Table 6-9, with cellophane shown as
a reference. Other materials presently in use which have also shown superior
zinc penetration resistance but not covered in this report are of the modified poly-
ethylene type.

It should be noted that many materials showing superior zinc penetration
resistance are found to depress cell voltage because of high resistivity. Thus a
judicious replacement of one or two turns of cellophane with a zinc stopper may
extend useful battery life without appreciably affecting voltage levels. - A limited
amount of cell and battery pack testing would be desirable to adequately identify

any performance variations when a change is contemplated in cell separator

materials.
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Table 679.

Zinc Pgnetratioﬁ Resistant Materials.

(B) )
{A) Time to (\.)
Wet Thickness Penetration Ratio B/A
Material {cm x 10"4) (min) (mm/cm x 10" 4

Cellophane (PUDO-300) 71 117 1.6
Cellophane PUDO-600

Ag. treated

(NASA C-19-600) 112 310 2.8
Permion 600

{Modified cellophane) 79 158 2.0
Clear sausage casing 216 1336 6.2
Fibrous sausage casing

(smooth side facing Zn) 178 425 2.4
Permion 300
"(modified polyethylene) 36 117 3.2

(Source: !'Alkaline Battery Separator Study,'' NASA-5-2860, Final Report,

31 July 1964, p 43).

6.2.3.5 Asymmetric DC Charge

Asymmetric dc charging where charge current is varied periodically (with
short periods of discharge between charge permds) will produce a more uniform

zinc electrode deposit with a possible reduction in dendrite formation.

6.2.3.6 Reducing Posgsibility of Cell Leakage

a.

Monoblock Redesign

The present three-cell monoblock used by Electric Storage

Battery Company results in an unequal wall thickness between

the two center cells of a monoblock and cells in adjacent
monoblocks, If gas evolution occurs in one of the center
cells, an unbalance in pressure between the cells will
cause the cell wall to deflect and eventually crack (most
likely at the side and proceeding along the cell height),
causing a common electrolyte path between cells and

loss of two cells, By eliminating the monoblock approach
and substituting individual cells, the individual cell walls
will offer additional rigidity and require the rupture of
two separate structures for intercell leakage. When using
separate cells, it is also possible to insert lightweight
metal or honeycomb stiffeners between cells to provide
support for the cell walls, An additional benefit gained

by using metal stiffeners is the transfer of heat from the
cell stack center to the battery base and then away from
the battery, Yardney Electric Company used this approach
in work done under JPL Contract 950959,
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b, Charge Control

In a normally operative silver-zinc cell, pressure is generated
when the positive electrode reaches full charge and all addi-
tional energy supplied produces oxygen gas. Continuous
overcharge at rates of C/1000 for 15 days was demonstrated
under JPI, Contracts 950811 (Whittaker Corporation, Power
Sources Division), 950959 (Yardney Electric Company), and
950495 (Electric Storage Battery Company, Missile Battery
Division) at the cell level. During one test run (ESD Report
E 41-63), ESB had a four-cell pack under test with a shorted
cell, The shorted cell operated at about 1,61 V throughout
the test, resulting in severe gassing in two cells and the
shorting of a third cell. Pressure in the two good cells had -
risen to between 45 and 55 psi after 80 hours of overcharge.
In a less extreme case than is created by a failed cell, it
would appear likely that some cells may be overcharged
while others are undercharged due to normal production
variation between cells, This is borne out by a review of
the constant potential charge voltages of cells on test by
ESB. Variations of 50 mV between cells in a four-cell
battery were quite common on test (ESB Report E 35-63).

Charge performanée of batteries may be improved by!

a. Producing a more uniform cell

b. Matching cells on initial cycle electrical performance
¢. Monitoring cell voltages individ.ually
d. Controlling individual cell charge

e. Modifying charging technique

f. Monitoring pressure.

Cell construction methods can be improved by 100% parts inspection and
closer tolerance control on individual components, Typically, silver~zinc cell .
electrodes are manufactured to about £5% weight tolerance. It is entirely possible
to control plate weight to £1%, and this was demonstrated on nickel cadmium and
silver cadmium batteries by Wagner and Enters ("'Development of Manufacturing
Methods and Techniques for the Production of Improved Alkaline Batteries, "
Wagner and Enters, AF33(615)-2578).

In addition, material lot control of components going into a battery can help
provide homogeneity between cells. During work on the Surveyor main battery,
it was found that cell failures within a battery could often be traced to differences
in positive electrode production lots. After manufacture of all cells within a
particular battery from a single electrode production lot, an improvement in life
was noticed; and cell voltages on float charge were found to be closer than for
earlier mixed~production-lot batteries.

Matching of cells on initial cycle electrical performance is normal practice
for nickel-cadmium and silver-cadmium batteries that must operate for a large
number of cycles without failure. Silver-zinc batteries normally are not matched
because only one or, at most, two cycles are required in most applications, In
the Mariner-Mars Orbiter application, a total of four charge/discharge cycles
will be required in flight. Thus it would be desirable to match individual cell

6-11



performance to produce a well-matched battery. The present Mariner '69 battery,
consisting of six three-cell monoblocks, can at best be matched to the average
monoblock performance,

As an in-flight diagnostic tool it would be desirable to monitor individual
cell voltages. Since impending failures may be preceded by an unsteady cell voltage
(about 0.1 V swings), cell-level monitoring could permit detection (0.1 V is about
5% of the nominal value); while battery level monitoring (0.1 V is about 0.3%
of the nominal value) would not allow detection. With cell~level monitoring, charge
could be limited to avoid overcharging the normal cells and discharge could be
terminated before the shorted cell reversed voltage and started generating gas,

By the use of cell bypass electronics, it v-ould be possible to limit cell
reversal voltage to levels where excessive gas is not evolved, The bypass circuit
essentially shunts current around the cell during discharge, Thus, a shorted cell
contributes energy only over the useful voltage range but is restrained from
operating in regions causing battery failure by open circuit,

Charge time and particularly overcharge time should be minimized, The
normally recommended charge rate for silver-zinc batteries is approximately the
20~hr rate. Work at JPL has indicated the adverse affects that overcharge has
on life, Work done by Leesona-Moos (NAS 5-3908) clearly points out that dendrite
growth occurs during conditions normally encountered on overcharge. Thus,
charging should be conducted at the maximum available rate to a voltage limit. The
exact voltage limit would be dependent on charge rate and, to a lesser extent, on
temperature over the range 60 to 100°F. Charge termination voltages reported
in the literature vary between 1. 94 and 2.00 V per. cell,

The Leesona-Moos studies pointed out the desirability of periodically vary~
ing charge current to produce a smooth, more dendrite-free zinc electrode in
silver~-zinc cells. Work by Wales (Wales, '"Charging the Silver Electrode with
Periodically Varying Current,' J. Electrochemical Society, 1968 July indicates
that, by using an asymmetric charge regime where discharge periods are inter-
spersed between charge periods, increased A-H capacities were obtained over those
obtained with continuous dc charge, Wales does not comment on life expectancy,
but 23 to 53 cycles were obtained on individual cells, In U.S. Patent 2, 678, 909,
it is pointed out that by using an asymmetric charge method similar to that used by
Wales, smooth deposits of zinc were obtained for commercial zinc plating., It
would appear that use of a periodically varying charge current where there is a
small amount of discharge between current cycles would tend to prolong battery
life while providing greater available battery energy.

Monitoring of battery pressure could provide a useful diagnostic tool for
establishing battery condition. The evolution of oxygen gas at the completion of
charge could be used for control purposes. In the event a cell shorts on charge,
gas evolution could be used as a more sensitive detector than battery voltage
(depending on battery-free volume), This technique was used on the Surveyor main
battery where battery pressure was monitored and used in conjunction with battery
voltage (in flight) and cell voltage (during test).

To implement battery pressure sensing, it would be necessary to provide a
common gas path between cells leading to a pressure transducer, Design of a
common gas manifold presents problems in preventing electrolyte from entering
the gas space and in providing an effective seal between adjacent cells and the
outside environment, ’ ’




6.3 UNDESIRABLE SOLAR ARRAY BATTERY 1L.OAD SHARING

A potentially large penalty in solar array sizing results from those system
configurations which combine the battery and solar array electrically at an '
unregulated bus. In this type of a system, the bus voltage will vary from minimum
battery discharge voltage to a maximum equal to or greater than maximuin battery
charging voltage. As a result, the solar array when oriented must be capable of
supporting the load over a relatively wide range of voltage. In a typical case, the
load connected to the unregulated hus approaches a constant power characteristic
as a function of bus voltage; therefore, at lower voltages, current demand is
considerably higher than at the higher end of the bus voltage range, Unless the
solar array is designed to supply adequate load current at minimum unregulated
bus voltage, or unless appropriate controls are included in the system, a stable
operating condition exists in which the battery is required to share the load with
the solar array, even though the solar array power capability at higher voltage is
adequate to support the entire load. '

Figure 6-2 illustrates the difference in required solar-array capability
between a system designed with appropriate controls to overcome this unde51rable
load~sharing condition and a system without such controls.

In a simple case, such as initial solar array orientation, the battery is
normally discharging to support the total load and the bus voltage is at the lower
end of its range. As the solar array is oriented, it will deliver current to the load
and, neglecting battery voltage regulation characteristics, must be sized to supply .
the total load current at the minimum operating voltage. When the array current
capability builds to the point (Figure 6-2, Point A) at which battery discharge is
no longer required, the bus voltage will rise, the load current will reduce, and
the battery will begin accepting charge from the solar array, Since battery-charge
ing current requirements for the specified Mars mission are low and a large
difference in voltage can exist between battery dxscharge voltage and array maximum
power point voltage (Point B), an array designed in this manner will severely
penalize solar-array power utilization and, therefore, weight.

To improve the utilization of array power, a momentary battery discharge
booster may be employed to force th+- bus voltage to a higher level when an
unnecessary load-sharing condition exists, With this approach, the solar array
may be designed to provide required load current only at voltages closer to its
maximum power point (Figure 6-2, Point C), The booster power capability need
only be adequate enough to supply the difference in power between the load require-
ment at battery discharge voltage (Point A} and the solar array capablllty at that
same voltage (Point D),

Power systems which generate a regulated dc bus directly by regulating both
battery and solar array outputs independently require a continuous boosting regulator
for battery discharge. This approach, of course, eliminates the problem of
undesirable load sharing.,
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Figure 6-2. Comparison of Required Solar Array Capabilities With and
Ty - Without Controls to Prevent Undesirable Load Sharing
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6.4 LINE REGULATORS

6.4, 1 Des’c'riptio'n of Functions

‘The basic function of the line regulator is to accept an unregulated power
input from either the solar array or the battery, and then to electrically condition

~ the output voltage or the output current, or both, in order to power the loads in an

adequate manner. It must function effectively in conjunction with the current-
sharing-mode sensor, battery controls, logic circuitry, and failure detectors.

6.4.2 Analysis of Existing Mariner Design *

6. 4 2,1 Area.s for Improvement

6.4, 2 1.1 Current L1m1tu}5 There is no current hm1t1ng in the emstmg design;

"~ . therefore, the system Is unable to avoid the propagation of certain failures

associated with the flow of high currents once they have or1g1nated at any of the
circuits powered by the boost regulator.

Current 11m1t1ng, in itself, is a good practice whenever the circuit configura-
tion involves relays that must switch under fault conditions. This is so because
the failure rate of a pair of contacts in a relay increases from about 12 fa11ures/109
cycles at rated load, to approximately 500 failures/ 109 cycles for-a short (few
hundreds of msec) 300% overload. Overloads exceeding the latter condition have
a much higher failure rate which is further evidenced by the fact that the relay

‘manufacturers are unwilling to disclose any fa1lure data for overloads exceeding
300% :

Assume, for instance, that one of the power tran51stors in the 2.4~ kHz

_inverter shorts, and that the fault impedance is in the order of 0.5 ohm (which is

realistic for the circuit under consideration). - The boost regulator will sense a
decrease of output voltage and will attempt to restore to normal voltage level by

" increasing duty cycle. This means that the power transistors in the boost regula-

tor will not only carry an overload of 300 to 400% or higher, but will be in a -
conductive state for a longer time, and therefore could be expected to fail in fewer
cycles. This first propagation of a failure will result in the low fault impedance
(short) being extended now to the boost regulator itself, This will occur regard-
less of whether the transistor first fails shorted or open, since either failure will
reflect an effective short back to the power sources (an open power transistor in

a center-tap auto-transformer causes the saturation of the latter), Although the
ex1stmg Mariner approach has prov151ons to replace the entire main power chain

- in case of failure, the fact remains that the extended or propagated fault may well

cause a further reduction of the short impedance, thus worsening the high current-
failure conditions that the DPDT relay has to see while sWitching. :

"6.4.2.1.2 Drift of Volta.ge Regulation Pomt. Although the Mariner booster |

regulator rélies on a dilferential amplifier to sense the magnitude of the error, the
collectors have different levels of dissipation. This causes a temperature

~ difference between both transistors that eventually leads to an unbalance of elec-
trical characteristics within the differential amplifier. Such an unbalance is
- amplified by the fact that the differential amplifier has a single-ended output.

An imprdVement would be to consider the lfollowiug:

e Balance the impedances connected to both collectors to equa.llze ‘
their d1s51pa.t10n as much as posslble. S

e . Substitute a dlfferenflal Output connection for the smgle ended
one, This could be implemented by subst1tut1ng a complementary
"pair of transistors for Q6.. : , A

*EXisting Mariner designs are referenced in Appendix A.
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6.4.2.1.3 Regulator Transient Response. The circuit stability of the existing
Mariner configuration appears to be satisfactory in the seénsé that the circuit is
free of any oscillatory mode of operation, However, the transient response,
occurring durmg the rejection or sudden application of loads, does not appear to
be optimum in terms of voltage overshoots, voltage dips, and recovery time, or it
may be optunum only for certain load and input/output voltage conditions,

The negatwe feedback windings shown in Figure 6-3 allow an optimization of
output voltage dip and overshoot over a broa.d range of tempera.ture, load, and
mput/ output voltage conditions,

6.4.2.1.4 Fuses in the Main Power Chain. The risk of losing the mission due to
the high failure rate of the relays when switching currents much in excess of their
ratings can be circumvented by fusing the main power chain and by providing
separate relays to activate the main and the standby boost regulator. This way, if
the relays associated with the main power chain fail to open due to arcing of con-
tact welding, the fuses will isolate the failed chain., An independent set of relays
for the standby boost regulator would allow the transfer of power from the main
chain to the standby chain without trouble,

6.4.2.1.5 Maximum Duty Cycle Capability, The existing boost regulator does not
have maximum duty cycle control capability (allows for regulation over wide input
voltage range) due to certain limitations in the self-saturating magnetic amplifier.

Thé.following t‘echniqués will improve the duty cycle range by improvement
in the steepness of the leading edge of the magamp's waveform:

‘e Increase amplitude of excitation voltage.

e Rise time of excitation voltage must be as small as possible,
This in turn depends on the rise time of transistors Q1 and
- Q2 and on minimization of leakage inducta.nce in transformer T2,

e The magnetic material used for T3 must have a squareness
as close to unity as possible.

e The core geometry and the winding techniques chosen for T3
must result in a minimum saturated inductance.

Note: Once maximization of the duty cycle capability for the magamp has been
obtained, verify that the on-state of transistors Q7 and Q8 does not overlap for the
cond1tmn of maximum duty cycle,

6.4.2.1,6 Frequency Failure Detection. At present, any frequency failure
occurring in another element (the 2.4-kHz inverter) causes the substitution of the
standby boost regulator for the good main boost regulator (the entire power chain

" . being substituted), This is conceptually unreliable since the boost regulator is the .

most relevant link, in terms of power handling, of the power chain.

6.4.,3 Approaches Considered

6.4.3.1 Prelimindry Screening

6,4.3.1.1 Basic Circuit,COnﬁ_g\_J.rations Considered

‘a. Autotransformer. type (Marmer) a.pproach . This approach
consists basically oFa, boosting, center-tapped autotrans-
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Figure 6-3, Fully Stabilized Boost
Transformer Regulator
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former bemg powered by the unregulated bus voltage and -

transistors. For minimum duty cycle, the output voltage
is equal to the input voltage minus the forward voltage drop
across rectifier CR13, For maximum duty cycle the ratio of

“output-to-input voltage approaches the autotransformer ratio. .

The output filter is composed of Ll and the output capacitor
bank that filters.the output voltage of the autotransformer, and

" a saturable transformer osc1lla.tor that sets the operatmg

fr equency.

The regulatmg'loop is mechanized by means of la'dﬁ'fere'rltml ‘

- amplifier that compares the output voltage against a temperature- -
- compensated zener diode, CR9, The single-ended output of the

differential amplifier is followed by a current amplifier, Q6,
that drives a self-saturable magnetic a.mpl1f1er, T3. The duty
cycle of T3 decreases as the control current increases, and it .
undergoes a process of current amplification via SCRl and SCR,
before controllmg the duty cycle of the power tra.’nszlstors, Q7

4

Converter trans‘former approach. See Figure 6-3, ‘Fully Stabilized

. Boost Transformer Regulator. This approachhas a similar

principle of operation to a., dlftermg from it only in certa.m o
specific features. '

e Theuse of a transformer makes the c1rcu1t apt for
. current 11m1t1ng. :

e A differential amplifier having a differential output,
followed by a complementary pair, optimizes.the balancing
properties of the differential amplifier, resulting in less =
voltage drift as a functmn of temperature and hfe. :

e Stabilizing wmdmg T3's determme circuit stablhty with
~maximum speed by takmg advantage of a magamp winding -
that couples the circuit in a transformer fashion, thus by- -
passing the slow magamp propertxes in the feedback
) mechamsm. S

e  Winding. T31s aids. in-minimizing the dip and overshoot
‘occurring during the application and rejection of steploads.

Transformerless approach. See Figure 6-4. In this circuit

the energy. delivered to the load is controlled by the duty cycle -
“of transistor Q1.  The output-to-input voltage ratio is related
to the transistor operatxon as follows'_ : :

Eo - '
; 'E"— " —_ﬂ"
where
" Eo = “output voltage
‘Ein = input voltage
T = Vduratvion of ohe full cycle
Toff = portion of the cycle When the power

transistor remains off,
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d. Quasi-buck series re@lator. See Figurek 6-5. This approach
© - ‘is a variation from the well-known buck series regulator. The .- -
; »functional differences from the buck type can be stated as follows:

. Ql and CR1 do not have to support the ent1re solar- a.rray :
voltage; but just a fraction of 1t.

e The ‘output filter is'more effective in the sense that it has =
~ to filter only the ac component ‘of a fraction of the solar-
.array voltage. - : . '

e Although incapable to current-limit the solarv array 1tse1f
- it can current-limit any power source (like a battery)
: connected to the collector of Q1.

e. - Buck-boost regulator,. See Figure 6-8. The many attractive» )
features of this circuit include the following inherent capabilities:

e Input-output ieolation"and‘current-limiting.
o Ability to step up or step down the input voltage.

e Ability to conveniently operate in. ezther half -wave or:.
' .full -wave fashion.

f,. Dissipative shunt regplator. See Figure 6-6. This circuit is
. _capable of precisely regulating the output voltage of a solar
array by linearly loading a portion of the solar array. The
“error amplifier and driver stage (transistor QZ) comprise the
regulating loop. The power transistors used in-this scheme . .
function within a Class A type of operation.

6.4.3,1,2 Comparisons. A c‘omparison‘ of the configurations described in . .
“Paragraph 6,6. 3. 1.1 is shown in the Comparison Chart, Table 6-10. Table 6-11,

- Relative Merits of lndlvxdual Approaches, compares the regulator approaches on a
‘qualitative basis, . !

- 6. 4.4 Analysm of Buck Boost Regulator :

" 6.4.4,1 Basic Operatmn

_ Figure 6-7 illustrates the energy-ladling circuit. The energy-storage -
transformer-inductor, T3, has a linear flux versus MMF characteristic. The
transistor switch, Ql, is controlled by a closed-loop circuit to turn on and off
cychcally within a time period, T. A block dxagram of the back boost regulator
- is shown in F1gure 6-8. : ,

F1gure 6-9 illustrates the circuit current waveforms durmg one Steady-state-
operating cycle. Voltage e) = ey, across Nl (number of primary turns in T3)
‘ durmg T, causes i to increase rom iy to ip at a constant rate em/Ll = em/KN
'wh1le ip is zero in Nz (number of secondary turns in T3) ‘

‘At the end of Tons the continuous MMF, acting.on the mductor, causes
iy =iy x N1 /Ny to start flowing in Np and decreasing at a constant rate e,/KNp
(where €, 1s the dc average voltage across the output capa.c1tor) Durmg this
interval, Ty, iy = 00 T

. “Since the increase of MMF Nj A, durmg Ton should be 1dent1ca1 to 1ts
decrease during T,¢f for a steady- state opération to exist, -

6-21



] o (193)

K = proportmnahty constant rela.tmg to core matenal
a.nd geometry, resultmg in

 ———————————————¢—¢-@ounr

solR  le2

CONTROL
CIRCUIT

REFERENCE

Figure 6-6, . Dissipative Shunt Regulator
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: _FOW’M‘/ | : |

-Fault Co

o Series Element Shorted (N
. o Main Voltage Regulator B E e
. Solar Array - “ Currani Propagation [ E, when Switc|
System Type Control Type " - Weight | Efficiency Ein - Be Redundancj Amp'itude to Standby Red
' Zener type | Boost autot, 100% ;2% (Note 2) |25-50 vde | 56 vde Standby > 75'amps | a) Battery -0
. . (> 50 amps) .
b) Solar arsay
~30 amps
i ’
Zener type ]| Boost transf, 100% 88% 25450 vde | .56 vde] Standby > 75 amps _ |'a) Battery 0
o ) Note 3 e . -~ {> 50 amps) :
) N b) Solat array
(=30 ampa)
.
Zener type | Boost -~ 1100% 88% 25-50 vde | 56 vde{ Standby > 7?5'amps {a) Battery 0
3 - t_ransiormerlesa : o . (> 50 amps)
R i b)- Solar array
R . . . (=30 amps)

None Quasi~Buck 66% 92 55400 vde| 50 vdc| Standby 220 amps |Sol.- Array only 150 vde or Eqg
series regulator i e . . "
consists of 2 >50 A {a) Battery whichever is hi
sections: - ) ‘ ) (> 30 A) 0

b) S, A : >
a) .One unregulat, iy However, E, &
- conpected to'a (=20 4) in the interim
o tap in Sol, A, S
4 through diode.
b) One regulated
by means of a
buck pwm,
(see Fig, 8)
None Buck=boost 100% ) 92 25-65 vde | 50 vde| Active redundancy | ~30 A a) Battery Not applic, (T
‘(Note 6} . (Note 7) (Note 8) (<30 A) " Japproach relie
R : . b) Sol, A active redunda;
: (< 30 A) rather than sta
(Note 8) redundancy
6

Note 1! Faults consldered as "series element shorted” include ' S
a) one or more pwr transistors shorted (boost, buck or buck~boost xeg.)

b) one transistor open (transformer or autotr, push=pull type)

Note 2

" Note.3:

Computed value, }

The 100 = weight assumes that only one transformer is used in conjunction

wIth two complete sets of electronic parts to complete two boost regulators

© (this is because the welght of an autotransformer is a

- @ transf, for the ratio being considered).

pproximately 1/2 of that of
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Fault Condlrtlona

Shorted (Note 1}

Series

Element Open |

hen Switching

Delay before

Eo when Switching

Delay when Switching

Current

Free Wheel Rectifler Shorted -

Eq when Swnching

. Delay Before

Switching to Switching to
andby Redund, | Standby Redun, | to Standby. Redun; to Standby Redundan, | Amplitude | Propagation to Standby Redun. | Standby Redun, | Advantage
0 ~{ gec B a1 ogec 15 amps | a) Battery S0 e gee a). Simplicity in the config, of
solar array > 50 amps i b} Few parameters to be mon
b) Sol, Array
=30 amps
- . ' 1 >;5 am| 73 a) Batter 0 x4 sec a) ‘Thermally balanced differe
0 i sec o ~i eec P ) > 50 a):nps) - . gain and better utilization
b} Sol, Array b) . Stability and frequency res
(~ 30 amps) ;neans ;ﬂ two mag amp sta
. Note 4). )

¢} - Current iimiting capability

d) - Design simplicity of failur
redundancy thereof,

e} Fuges incorporated in mal
preclude the pousibility of
remove the damaged circul

) - Two SPDT relays arc subs
type to ensure a succeasfu
unit into the circuit after tl
associated SPDT relay) ha

g) Input output isolation

0 =1 sec 0 ~1 sec > 75 amps | a) ?aﬂ:ry ) ) wt s0¢ a). Power transformer la eliw
_ . > 50 amps ’ :
‘b) Sol, Array
! (=30 amps)
de or Fog 5 ~1 gec 50 vde " ‘ MF.?“: 56 va < 20 amps- | Sol, ?rray 50, vdc ~i sec a)  Highest efﬁcie;\cy
¢ S Iy owever, : ' - " ‘
hever i higher 1 soc - 0 i ;hteevtnt'eri&. v vdel 2 50 amps only sxﬁszaiggt’;:: in '7’7‘ sec b): Lightest approach to provi
"o : a) Battery the intorim : a solar array
S - w4 sec (> 30 amps)} " T ' ¢ t lirniti bili
ever, Eg % 56 v . b) Sol, Arra -0 ‘c) urren‘ miting capability
e tnterim (%20 ampa) | d) This system yields iteelf c:
RN ps voltage blackout for certair
the battery is inoperative,

e} Sh;lplécity in the ir?‘plen:em
redundancy since there is ¥

f) - The collector voltage ratin,

. has only to accoumsfor tl;e
~ terminale 8A, and 5A; of tl

g} More effective output filter

i terminal of L2 experiences

. . } . equal to the voltage betweer
applic, (This - (Note 9} (Note 9) No offect -] > 75 amps | a) Battery {Note 9) {Note 9} a) No ldle welght since all mo
oach relées on S . : < 30 amps . . ;I‘hc circult rcmn:ns‘o'po rat
ve redundancy b) Sol. Arfay- . . loosing one module,
3 y .
er than standby < 30 amps b) Incorporation of current lin
ndanc
Y . . this circult does not have t«
. currents Aue to shorts oceu
in the power inverter circul
¢} This configuration is failes.
g (tloets not :lequi'l;‘o st‘andby
. detentors other than fuses
d) This principle can operate |

thus increasing the effectiv

Note 4: The advantages (a) and (b} would

autotrans{, boost regulator is used,

Note 5:

FAMA R4

opens trans

A simple fail gafe volta
rator Qi (sce Fig: 6.5

prevail wﬁether atransformer oy an

otherwise would find the entire solar array féeding a short circuit,

Note 6: The comparison of weights takes into account the two voltage regulators
" {one main and anothér standby) of Mariner &
voltage regulator modules (all active).

ystem type vs six buck«boost -

ge comparator in the Quasi=buck series regulator
whenever V.y decreases below certain
value so that an emergency voltage is avallable across Cy during failures that

: ¥ OI:DijT FRAMR

Noto 7: This e‘ficiency has been calculat
~T"TFTs possible to either increase efficie
frequencies higher than 2. 4 kHz are us

‘Note 8 The #horting of a lower transisto
use (connected at the input of the indix
fault currents in excess of 30 amps to

Note 9:
i Th val
impedance,
second or less, = .

The output voltag§ of the buck~bo
ue before the fuse cloars.

The ¢
However, the transient e}



O s

Table 6-10, Synoptic Comparison of

Five Configurations

Delay Before - -
Switching to . -
Standby Reﬂun, ; Advantages Disadvantages
i gec a) - Simplicity in the config, of pv'/r.A components +a} - Neo cm’reht limiting ‘ : )
b) few parameters to be monitored by fallure detector | b} Double pole D, T, relays moat likely will fail
’ : : when switching under fault currents in excess
of 75 amps, .
¢} Fault currents occurring at the load or 2, 4 kHz
inverter have to flow through the voltage regulator
d) Any fault oceurring at the 2.4 kHz inv. will also
result in the loss of one line voltage regulator
o) ‘Transient response cannot readily be optimized,
. o ) ) . Fallure detector very critical for lack of redundancy
s gec “a)- Thermally balanced differential amplifier, higher .a) Less afficient (88% instead of 92%) because a
gain and better utilization of the error amplifier, transformer has higher losses than an autotransf,
b} Stability and frequency response optimiaation by ‘ '
. means of two mag amp stabilizating windings.
(Note 4).
‘e) Current limiting capability ]
d) Design simplicity of failure detector and full
. redundancy thereof, T
"¢} Fuses incorporated in main line regulator to
preclude the possibility of the relay falling to
remove the damaged circuit,
f) - Two SPDT relays are substituted for the DPDT
- type to ensure a succeseful switching of tho standby
. unit into the circuit after the main unit (and its
- aseociated SPDT relay) has shorted out, :
g) Input outpuv isolation
wi sec . ai ”If‘r’owér tfanptormer is eliminated a) No current limiting.
: 'b)_-Fault currents occurring at the load or the 2, 4 kHz
: inv, have to flow through the voitage regulator
w1 soc ‘ a) Highest cmciehcy ) . a) . Requires a tapped solar array,
=4 gec b)  Lightost approach to provide a regulated bus from b) Requires high voltage battery
- - .. asolar array - : ) ’
¢) Current limiting capability
d) This syatem yiclda itee)f conveniently to prevent a
voltage blackout for certain failures occurring when
- the battery is inoperative, (see Note 5)
o) Simplicity in the implementation of the standby
’ redundancy since there is no transformer .
f) The collector voltage rating of Q1 (see Fig, 6-5)
has only to account for the max. voltage between
torminale 5A4 and 8A; of the solar array:
g} More effective output filtering aince the input
terminal of 1.2 experiences only a voltage swing -
equal to the voltage between SA4 and SA2, ) )
i (Note 9) .a)  No idle weight since all modules are active, ) a) The inductor-transformer is a relatively heavy
The circuit remains operative even aftey component,  Therefore, un operating frequency
. loosing one module, . - of 6 kHz to 10 kHz is necessary for weight/efficiency -
b) Incorporation of current limiting, Therefore, optimization
- this circuit does not have to support heavy fault b)
currents due to shorts occurring in the load or
- in the power inverter circuits, - -
¢) - This configuration is fail-safe in the sense that
it does not require standby units or failure
detoctors other than fuses -
d) -~ This principle can operate in a fullwave fashion
thus increasing the effectivences of the filters,

ool Note 7: ’I‘hlé’emctency hﬂs‘baorn calculated usin
0 © TTTETs possible to eithex increase efficiency or
frequencics higher than 2, 4 kHz are used,

g 2,4 kHz as switchin’g {requency, -
decrease weight'if operating -

Note 8: The shorting of a lower transistor or the' input filter capucitor cause the‘
Use {connected at the input of the individual module) to open, This may cause’
fault currents in excess of 30 amps to flow before the fuse is cleared,

Note 9 The output voltage of the buck-boost regulator will experience a decrease

n value befors the fuse clears,
impedance,
“'second or less, o

iy VFRAME

The clearing time depends on the short circuit

However, the transient should be completed in approximately one
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Table 6-11, ‘Relative Merits of Individual Approé.g:héu '

. o ' T : ] - Approach
S o - c°nc‘p‘.'A - . -
‘ S w I ®e] @] @} @]
Efficiency: = 1| =veryhigh S 1 1+ | 2] 2 1 2 | 3
~ .. . 2=high : , :
‘ * 3 = medium ) ) ) ‘ ) A ,
Weight ~  { = light ~ o 2 s |2 |t 2 |3
i C- "2 = not as light : - L o
3 = medium -
Current limiting" : v , , )
” 0 = incapable of AT 1 o 1t o] 2o 1 0
1 = ¢asy to implement : : - . :
2wt current- limlu the blttery but not the S. A
Faxl-la(e trancfer of madules m cale of any type of faxlure : } ‘No Yeé Nn | Yes Yes Yes
,Input/output isolation:. B : i " No .| Yes | No No | Yes | No

Mmunum voltugc drift: ] o E . . . .
' 1 = excellent . —_— 2 1 1 1 t ]t
2= mtermedtate ) ’ S : ' : ' : :

Transient re.sponse optumnt\on-

- { = optimum- ) Lo 2 | 1 2 o 2 . 1
2= mtermedxate ST ‘o : . ] . .
’ Faxlure detector umplxcxty and ease of incorporatmg: : ‘ 3 2 .| 3 i B B

redundant f;llure degectogl-

beit

1=
2 = intermediate
3. = poor
Fallure propagahon S : k : | ‘Yes No - Yes | No | No . No
= {ncorporatel tranlformer or auto-tnnnformer 7 | Yes | Yes | No | No ] Yes | wo

Type of redundanc)"

A T active - ¢ o : T e 1 s ‘S 'S A A : A
~S, = standby . ) . : : : : :
Reqﬁi;n taﬁpé‘@i :m:hr array: T S o No No No Yes No Yes
NOTES: © -~ 1. Definition of approaches

" .(a) - Auto-transformer typs (JPL approach) -
(b)- Converter transformer !
. : (¢} - Transformeriess
o IR B L “.(d): . Quasi-buck
' . . ) {e). Buck-boost )
(f) Dissipative shunt
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6.4, 4.4, 1 Assumptions

6.4,4,2 ‘Weight T : 3 B | : - . | - R ‘o
An Vexpelr‘imentall TRW model based on the’enefgy 'ladling con’cept'ha.s already ' N
demonstrated an electrical component weight of less than 4 1b/kW.  Preliminary

estimates for the finished unit, including. packa.gmg, indicates that the overall
system we1ght will be 12 to 16 1b/ kW or less.

6,404, 3 Rehablhty

The'relia.b1l1ty calculations have considered three energy4ladling module-
pairs arranged in two pairs of supplementary circuits. The two circuits within -

_one pair operate in such a manner that their switching operations are 180° out of

phase. Therefore, if the switching frequency of transistor switch, Ql, is 2.4 kHz,
the frequency of the ripple voltage across the output capacitor is 4.8 kHz, The
ratings and the design of the three individual power modules assure that adequa.te
perforrna.nce will be maintained in the event of losmg one module. .

: Furthermore, the error ampl1f1er (the portion shown at the right hand side
of Figure 6-7), the overload detector, -and the intermittent current d1sconnect
circuit (F;gure 6- 9) feature a ma._]orlty voting redundancy.

6.4, 4, 4 Eff1c1ency

‘The ensuing analysm deals W1th the most relevant components in terms ofr
power handling within the buck-boost line volta.ge regulator, The ground rules

. have been derived from the calculations and experimental results obtamed from )

a 300 w exper1menta1 breadboard developed by TRW.

" Number of power modules. For worst- case efch1ency, f1ve
“out of six modules are assumed to be opera.twe

AH...i ¥
l-' v - ) H
C(PRIM. cOIL @
OF13) = —p

- .lz Aﬂl
“(SEC. COIL Ny
“OF T3) : ,, — ——

bFigulre 6-9. . Gircuit Current Waveforms Durmg One Steady State :
S Opera.tmg Cycle A

'v6;3o,




where

‘b, Load handled by each module, Each module is assumed to be
ca.pable to handle a 50% overload or:

%-Q x 1.5 '; 85 W/module

c Under normal cond1t1ons, each module handles 340/6 =
» 56 66 W (number of modules = 6)

d, The: sthchmg frequency of the sem1conductor smtch is-
assumed to be 2.4 kHz,

‘e, Input voltage em., The mput voltage range is frorriVZS to
65 V. For the purpose of thxs analysm, an mput voltage of
40 V-is utilized. . . . R

'6 4, 4,4, 2 Transfmmer Inductor Losses

Copper 1os ses:

" The average mput current per module is

NP wET ey

P = output power = 340 w

= —‘sw1tch1ng l:er1od = 416 usec

3
it

it

: .number of power modules =3
‘56 .Vdc

7E "=
o B, e o
Ton = '208 hsec (thm further assumes that NZ/Nl 56/4(‘):'-_-' 1.4)
‘ V Note Equa,tlon (6 1) assumes umty effrc1ency as a flrst approx1matron. ’
, Solvm—?_r : , , o R o
_— 3‘40x415 L e i
L * Txaowxzos - 28%amps

To evaluate the coppe'r,IOSSes,, assutne a linear rate of current change of

di, T e e
_&t_: =‘;O‘.01 emp[psec o '7 R i(6-2)

- Therefore, the waveform of the current ﬂOng in the pr:ma.ry winding of the

inductor transformer is as shown in Figure 6-10. In Figure 6 10, the square of

o rms current is

' 2 ~on 20 2 T s S Cay
i ,A(Ir'ms). ‘Pvrlr‘n‘ar)vr = (—3—T-) (Ia"_+ Lo+ Ia Ib) , (6-3)
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1, =2,83 AMPS 1, =3.67 AMPS

T .

- Ton ™ OFF
= 208SEC = 208 uSEC

Figure 6-10. Inductor TrAansfo'rmer Waveform

The expression for the square of rms current in the secondary winding is

42 o[ off ( 1 ) 2, .2 : -
, (Irms); vsecor}xd;rYA = (T’f") N—z- ;(Ia + I+ Ia1b> b (6-4)

" Although the Winding resirstance depends on the wire size and length of conductor
used (which in turn is a function of the core dimensions), the present evaluation of
copper losses will proceed under the assumption that the equivalent resistance

referred to the primary side of the transformer is of the same -order of magnitude -
_as that obtained for the expenmental breadboard developed by TRW. -This assump-

tion is not. unreahstlc in view of the rather 11ghtwe1ght umts bu11t for the bread-
" board module (i.e., Z Ib/kW). - :

Therefore, assume the followmg wmdmg res1stances. )

Rp 0,704501 o (e-)

0.045 x 1.4% = 0.0880 (6-6)
Thus, the total transformer copper loss s

208 2. .2

P = gy (117974 3,877 4+ 1.79x3.87) x 0.045
208 ( ! )2 1 7v9'z+ 3 '872‘+ 1 '79#3 877) 0.088 |
..f_3x416 x \tg) (L7943 o e S0r R TEER L

' rz,: 208 () 792 4 3,87% 4 1.79 x 3.87) x 0.045

0.377 watts

6-7"32 ‘

ey

SO

el



Core loss

The loss per cycle is represented by the area enclosed by abed in
F1gure 6-11,

Areaabed = b x N x Ap = 8 x E]—’,‘ T (6-7)

For permalloy powder core operatmg at 2 4 kHz the magnetmmg force N Al/.ﬁ is -
- about. 16 amp- turns/meter (or. approx1mately 0. 2 oersteds) ,

Therefore, assummg 2 molybdenum permalloy powder core with the following
geometry ' : :

w

-OD = 2,251in, = outside diameter-
ID : . 1.4 in, = Ai'nside diametezj,

“h = 0.55in.

it

height’
4= 5.73in..

-1l

mean length of magnetic path -
The. width of the hysteresis loop is

S 0,146
A.1 = 16 x s VA 0.019573.‘1‘1’,195

J»whe"re 120 primary turns-are ‘cape,ble ‘of supporting a 70-V primary voltage.

-.‘Core loss per cycle is the_refor‘e”

40 x 208 x 1o 6 xo0.0195

E, T x Ai
“Tin Ton T

u

16,2 ’," 10'5 joule’rsf

Na
\
ol

\
—_—

[
|
|
[
|
—

— j. _ .1;1.‘_
Z
>

| Figurefé—'l 1, BH Loop forCore"Lossesr :
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?
4

C'on‘sequ’.‘ently, the total power loss P1 in the iron becomes = -
= “Sx2,4%10°

i

16.2 x 10

1y

~V0’.’38 w per"tra’ns’fermefj"“
where Z 4 kHz is the operatmg fr equency.

: Smce A and E “in Equation (6- 7) are mdependent of the line and load .

'conchtlons in the bucllc boos’% indyctor - transformer, the core loss is essent1ally '

fixed.

C 6.4.4,4.3 Losses of Power Tran51stor. If it is a.ssumed that the current requa.red
~to commutate Tectilier CRG6 (Figure 6-17) is negligible compared to its forward-

current, it is possible to establish the equations to calculate the transistor losses
by referring to the:current and voltage waveforms shown in Figure 6-12,

The averdge energy loss for the trans:sfor is (neglectmg losses due to
leakage current) : .

1

‘:?iR"T =“§;VT%-+( “VSAT)t*‘VcAT(lA ff“i)l
. ‘.+ E;‘VSAT(tc -iltrl-y, lv)+(-V: | VSAT)t + V te :‘-(6-‘8)
4 Ing Vept d

eb ¢ k

where : o 7 o
T = perlod of sw1tch1ng frequency 416 psec
S = L 79.A : ' .

Ipg = 0 387 A (assummg forced p = 10)

<
u

eb "= amplitude of emitter-to-base voltage o
= L2V

Vp= B0V |

' t, = 1 pusec (typical) -

ot ,’ = 0,5 psec, approﬁximva,tely_'

t = 208 psec

c N
t = Q';S psec (typical) _ » 7 7 m‘%
te = 1psec (typical) . - = S R T
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o o s e T S
-

T . S ASSUMPTIONS , v
KR P T fr=l‘p‘SEC o
te= 1 uSEC
,fs=0.5pSEC_

o tv‘=0.5 MSEC -

Figure 6-12, Power Transistor Current and Voltage Waveforms
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S\‘xbsrtitu‘tin'g‘ numerical values:
P '#T’=*”9(w£145§3x05+07£mesy
’ TR ’ “'T" " 4] . ! LIRS, )
| . | | o
-1—(o7xM6s+793x05+80xn
~’+0Js7xszzw

= 0,895 (264,20) + 1,935 (264,20) + 96,6

= 747.5+96.6

= 844.1 W-psec

rtherefore': »
' 844.1

PTR = Wﬂ' = 2.03W )

6, 4 4, 4 4 Losses of Free-Wheeh g Rectxﬁer (CR6), Assummg Ne lzgxble
Commutatxr_x& Current ‘ 7

et M b
N l 'f N
' ' T = (¢t + t)——>i
- NOTES:
L (A) RISE TIMF IS DETERMINED BY tf OF TRANSISTOR
"VRECT‘ ‘7 l (B) FALL TlME IS DETERMINED BY t OF TRANSlSTOR VA
o T F

57 V
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(6-10)

'substituting

Lo KRN
n

S 1.28A

™
H]

2,774

5 Vf (;bl Xt r|-~_Ia' x‘tr) ,

oy Vf [Ia;'?%‘(ib! ;-Ia')] ['r . (t‘c‘+ tS ‘e, +tf)] (6‘-1‘1)" :

PCAG xrrT

L - Pore*T Z'»Vfr(vlkb' tet 1yt t) “"(Ia'”b'-) [T 'z(%*%*%”f)]

_ making substitutions - '

PerexT * 04 @TTx1+1.28x1) + 405 (416 - 210.5)
= 0.4 (4.05 +832)
= 335 W-psec
Pecre = 7T = 0-805 W
o0 6,4.4.4.5 'Losses of Output Filter Inductor, L2, “To compute the loss of L2, it is -
. -first necessary to evaluate C4 and the output filter (L2 and output capacitor bank).

AR AUV, G NPT S S AR
C, = ———2 o S (6-12)
TR .

5t

Where Ve is the amplitude of the ac v‘oltAagera.c’ro'ss Cp (this can be near |
10 V, for maximum effectiveness in the combination of Cp and the output filter),

A standard size is 33 pF 100 V. °
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) 'A‘ttre'n,uating now the i)oltége ripple by'é faétbr of 30 and using-Co = 300 UF
for the output capacitor bank, inductor L2 can be calculated as follows: -

L

,=ATTY JJx? (6-13)
e, S
where V '
ATT

oﬁrx

no

30 - 1 2 attenuation

6 = no. of modules

s
T

-
u

2.4KHzx 2

300

-0

L2 %0.75 mhy

" A suitable powder covrebis Magnetics, Inc., 55894 with 100 turns of Awg.

No. 20 wire size. -

NS Wl x lwmx N
R = : :
~ Rpc T —ToooRTZ

where 7 )
W, '=Res./1000 £t of Awg No. 20 wire -
- =10.30at 25°C
 lwm= mean turn length = 1,25 in.
substifuﬁing values , »
Rp = 0.1080.
an_d'the copper losses are = . ,
Teup,  DCF L2
Co=0.13W
Evaluation of iron losses:
| R L 16x0.065 _ 0 oo
Al—‘———I—o—O—VV—- 0.0104 amp V
where -
' 16 = maghetizing force, .amp-~turns/meter -
0.065 = length of magnetic path, meter
100:v?’turn5'j ' o e
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- Therefore, the iron losses are B
; pFe o= Vpx Ton?x bix F ) P (6-571 5)

o - =0.052 W

A Total losses of L2 =0. 182 W

Ll has approx1mately the same losses as L2 Therefore the total losses are as
follows , R e

Cor’nponerxt Losses (W)
T3 o 0.787
L 0.182' ]
‘Power transistor o 2;0730:
"CR‘%I' 7‘ : 9;805 ‘
L2 o.182 |
Miscellanecus - ©1.000 '
4,956
56.6

'rEfficiency'/modole * 566+ 4956 100;% = 92%

6.5 2.4 KHZ INVERTER -

6.5.1 Description of Functions‘
The followmg ;Jnctmns descrlbe the 2 4- kHz inverter.
Can “Convert the regulated 50 Vdc from the boost regulator .
to 50 Vrms at 2.4 kHz. . This power is distributed and
- ‘utlhzed as prlrne power for the spacecraft ' .
b.. Operate at the frequency generated by a crystal osc1llator_'
and; in the absence of this frequency source, have the |

capablhty to free run at a prescrlbed frequency

SR Accept either res1st1ve loads or reactwe loads wh1ch
’ * exhibit a lagging power factor. ’ -

’ bd. e Work in con]unctlon with an undervoltage failure detector B
) and a frequency failure detector to continuously momtor
‘the quality of its voltage and frequency.

e. Include standby reduﬁdahcyi for irnproved rel'i‘abilityr.
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6.5.2 Analysis of ExistinﬂAariner Desig&i’ PR ‘ N o U R "y

6.5.2, 1 Reactwe Current Bypass Rect1f1ers

The effect of these rectxflers is depxcted in F1gure 6 13. Diodes must be of
_the fast recovery type. -Although these type of diodes have more. junction capaci- '
tarice than normal diodes, they do have also faster forward recovery time due to -
the bonded constructmn.

" 6.5. 2.2 'Independent Ffeqliency, Failure Detector
 Independent frequency failure detector can be realized from two viewpoints: :

* a. . As a matter of reliability, a substitution of a power stage
"~ when a power stage compcnent fails and a substifution of -
an oscillator when the oscillator circuit fails appears to
be a more effective procedure than the substxtutmn of both
‘when exther one has falled

b, From the design,point of view, the configuration of a
. single failure detector that should encompass sensitivity-

to both voltage and frequency failures presents two

weaknesses: circuit complexity and, particularly,

- great difficulty to achieve redundancy because of the

incompatibility of parameters and failure modes being:

detected. - A more reliable way to detect failures in -

the bridge oscillator is to sense directly the performance
"~ of the crystal osc1llator in terms of 1ts dxstmct failure - ) EE i
"modes, = - A N S T o Y

R

s

‘The expected fa1lure modes of the crystal osc111ator are '
‘as follows : : S

‘1.. Crystal opens. Cessation of operation can readily
" be detected and. corrected by the automatic insertion’
of the standby crystal oscillator and countdown stage
(see F1gure 14)

2. Collapse of amphtude and deterloratlon of the output
) 515 al waveshape (with fundamental frequency re--
maining unchanged) due to a failure of the electronics
directly associated with crystal (capacitors, tran-
sistors, and resistors). This tyoe of failure will =
cause a decrease of the dc signal obtained from the
‘rectification and filtering of the ac squarewave at the
~output of the bridge oscillator. This dc¢ signal is
fed to an accurate voltage comparator (see the"

.. three differential amplifiers connected in a majority
‘voting configuration (Figure 6-14) that has the further
advantage of being failsafe. ‘Such a signal, when .

' decreaemg below a well-chosen threshold level,

- will enable the standby oscillator and associated -
countdown binary circuit, and simultaneously dls-
able the output of the malfunctioning oscillator. -
Furthermore, the testability and resetability (or
capability of the circuit to be reset) of the oscil- _
lator are easy to accomplish, and the binary count-" o
down c1rcu1try can be made fallsafe.
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- he [ L 7| 'BASE CURRENT, Q1"
o ' " BASE CURRENT, @2 .| ' '

S0 , — - : —
S A‘U/CR'ICONDUCTS_‘

: » ',"Figure 6-13, Re‘a»c;ti\‘re‘ Current Bypass Mechanism
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" .Oscillator Including Majorit

Voting Binary Counter o




A mcemNG ?AGE - BLANk NOT rnww :

The result of this convement and redundant confxguration is a compact (could
be made of integrated- c1rcu1te in its entu'ety) and failsafe cxrcuxt w:thout the use -
of any relay. See!’

i . Flgure 6-14. Failsﬁa_fe_AF,‘ailure Detector kand_ Solid-State
: watchmg t : . ’

... "Frgure 671,5. Block Diagram of 2.4 kHz- Inverter. R
'3 F‘igt e 6- 16 Fallsafe Low Level Drtver Stage

© -e. - Although the Marmer approach mcorporates a techmque that-
"~ " minimizes the on-state overlap, it causes an undesirable .
- delay during the off-switching. "As a result, the delaying
of the on-stage must account for both the carrier storage
. plus the off-switching delay caused by such a technique. -
' This is a smiall loss in the utilization of the power tran~
sistors by approximately 90 nsec off switching delay =
01 X (Rsec of T3 + RCR6). - A recommended techmque

is shown in Paragraph 6 9. 3.1a,

' }fv6 5.3 Approaches Consxdered

i - 6.5.3.1 Preliminary,Screening L
‘a.,  Bridge type
' ‘b :Center tap type (JPL approach)

el Center-tap type includmg refvmem’ent‘s (the refinements
- referred to are those delineated’in'PaAragra'ph‘6.‘5. 2)

P The relatwe merlts of these c1rcu1t approaches are summarxzed in
‘ Table 6-12. ,

6.6 19, 39 INVERTEizs

7"6.6.1 Description of‘Function:s
A’The followmg functmns descr1be the 19 and 3¢ 1nverters.
‘a, Convert the regulated dc voltage from the output of the
line-voltage regulator into single and 3¢-400-Hz square-

- wave power outputs that are synchronous w1th the 2.4 kHz
““squarewave, . - S : -

o b. In the case of the 3¢ inverter, prov1de an output voltage L
" “waveform with a supressed third harmonic in order to
prevent the loads from dis s1patmg it, :

c. Accept e1ther reszstxve loads" or reactwe loads whmh
exhlbxt a laggmg power factor.
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Riath

CRYSTAL

OSCILLATOR

(STAND 8

CRYSTAL " -
OSCILLATOR
{MAIN) .

s

- (REDUNDANT)

| 2.4 KHZ INVERTER .
Cimanyy

- FAILURE .

DETECTOR

{REDUNDANT)

. DC INPUT POWER

2.4 KHZ INVERTER

- - {STAND BY)

DRIVER
(MAIN)

"DRIVER

'MAJORITY VOTING COUNT DOWN CIRCUIT”

FAILURE
DETECTOR

{REDUNDANT)

bom e i

'

(STAND 8Y)

| Figure 6-15. 2.4 kHz Inverter Block Diagram

. AC OUTPUT

4’% ] v.




- 'TO QUADED &
© CAPACITOR

vy

-~ TO FULLY REDUNDANT .
. EMITTER FOLLOWER - -
SUPPLY: . .

70 QUADED
- CAPACITOR

. . Figure 6-16. Fa,il-SarfeI Low Level Driver Stage
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. Table 6-12. Relative Merits of Individual Approaches

‘ i ’ Approa'ch .
. Concept @ ) b) ' e :
oL Bridge Type | Center-Tap (JPL) Center-T Tap (unproved)
Power trans1stor volta.ge ra.tlng. L= 10§v‘, ‘ v o S
H = high - ‘ oL - H H :
‘We1ght of power transformer - 80% 100% ) 100% .
Transmtor Iosses~ L= 1ow, M= medmm, L |
H= Ingh ‘ o : H M L
Reliability- H =‘higher; M= mediﬁih M M H
Szmphczty and dependablhty of fa.11ure '
detectorS' : » : ‘
H=high, M =mediu'm M M H .
Note: .. It has been assumed that the brxdge type has the same failure detector, base-drxvmg

~ technique, and lack of. reactwe <urrent rectlflers -as the Ma.rmer approach. o

s

p



6.6.2 Analysis of Existing 'Marine:r 'De'sign,v

6.6.2.1. Identlfy Areas for Improvement

‘a. Need for reactive current bypass rect1f1ers. “ Cireuit
recommendations pres"nted in Paragraph 6.5.2 are also
“applicable in this case. ) .

b. A partial redundancy could increase ,consider,ablyvthe
- .dependability of these inverters. This partial redundancy
- would 1nclude the followmg : o
1. A fa1lsafe blas ‘and exciter circuit; see Figure 6~ 17

(bias supply and 2.4-kHz exc1tat10n for synchromzer.
- fully redundant) :

2 A ma]orlty votmg synchromzer, see Flgure 6 18 :

6.6.3 Approaches Con51dered

- 6.6.3.1 Prehmmary Screemng k

a. For the s1ng1e phase mverter
‘l. ‘ Brldge type, nonredundant

~“2." Center- tap,' nonredundant

3. Center tap, part1ally redundant
b.- For the 3¢ 1nverter :
: ”lv. Nonredundant type:v
e ’Z‘,‘ Partlally redundant type

' The relatwe mer1ts of these approaches are summarlzed in Table 6 -13.
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15-9

| SYNCHRONIZER'NO. 1
Lo e e —

N

| synchrRoNiZERNO. 2 |

F———— =

N ’SYNCHRONIZER NO.3 |
1 TR N

o TO OME
, T » bEOF

colL

‘>QIO4 .

| focoLL oF
TO COLL. OF |

Qany

' Figure 6-18. Majority Voting Synchronizer

—@-

EACH ONE OF THE MAJORITY

VOTING SYNCHRONIZERS HAS

. THREE INPUT TERMINALS (BtAS
"AND 2.4 KHZ EXCITATION) AND’
“SIX QUTPUT TERMINALS (TO DRIVE

TRANSISTORS Q3A THROUGH Gi6A)

. . T2 PRIMAPY
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Table. 6-13'. Cempa_.ris]on of 1¢ and‘3¢”In}"erter:Des‘igﬁ Approaehes . ,

Concept

{ Phase | 3 Phase

Voita.ge ratiugs for pow'er transistors: I, = low, H = high ‘L | H | H Lo | L

S1ze and weight of output transformer

On-state tra.ns1stor losses L= low,. H H1gh H L L L L

Re11ab111ty M medmm, H h1gh M M ) H M H

-Need of fallure detectors ' - No No v No No No
1-Phase

A Br1dge type, nonredundant

1
2. - Center- -tap, nonredundant
2

. Center-tap, part1a11y redundant

 3.Phase.-

e v:.Noni"edu_nda'uttype‘ |
2. Partially redurid"antty‘pe :

o



6.7 POWER DISTRIBUTION

6.7.1 ‘Description of Functions

. The .primary function is the basic distribution of power,. in respon‘se to. . -
ground-initiated or on-board command signals. = This power falls into two basic
: categorles characterlstm of thls system. ' - R

. Regulated dc .
S Regulated ac’

Typmal funct1ons 1nclude the command operatlon of. _battery. chargmg, momentary
boosting, ACS control, heater control, 2.4 kHz inverter selection, experiment -
control and others. .To conserve power, it is required that a commanded state be_
attained during the command duration and-that this state be maintained with mini-.
_mum power ¢onsumption until another command is received. To conserve on the -
number of commands, some functions must toggle alternately from one state to-
‘the other on successive commands recewed on.a smgle input hne.~ Basmally, two )
types of commands are used

' a 100 -msec pulses from 1solated sw1tch trans1stors. I
b, Relay contact closures. »

' Both types are powered from a smgle 30. Vdc supply d1str1buted to the 1solated

switches, relays, and relay drivers. Additionally, the relays:and related driver

“circuitry must exhibit immunity to noise and stray signals, so that spuriois or"
: random undesu-ed operatlon does not occur. a

" Because of the _cr1t1"ca1, “in-line nature of the power distribution system to V
mission success, it is highly desirablé that a reliable method be implemented,

_consistent with interfacing functions and circuits.: Addltlonally, 1nformat1on is
prov1ded to telemetry about the command funct1on state.

6.7.2 Requ1rements

, Reference Table 3-1, Prehmmary Spec1f1cat1on, Power Dlstrlbutmn and
Table -5-4, Command Des1gnat10n. ) S R » :

::6 7 3 Analy51s of Exutmg Marmer Dem&n S »

6.7.3.1 Areas of Improvement

. Smce the present c1rcu1t mcludes no" part redundancy, fallure of almost any’
single part results in the inability to command the function. .Circuit redundancy -
- could be implemented to.allow normal operatlon to continue in-the. event of any
N s1ngle pa 't failure,” and in selected cases multlple parr fa1lures.

: When .a function responds to more than one command these 51gnals are v
combined by diode-resistor OR gates. These gates have the property that the out-
“put signal amplitude corresponds to the largest of the input SIgnal amphtudes. o
“Therefore, if onhe of several command signals failed in the ON cond1t1on, the: .

‘related relay driver would be continuously energized, preventing any further com-
" mand response of that function. Capacitive coupling of parallel command signals .
could prevent‘ this ‘particular failure mOde and'subsequent loss of'comrn‘and con’trol’. I

S1nce the 30 Vdc supply 1s7in line to all commands and relay drwers the
'necessu:y for reliable; fail- safe des1gn is apparent. The present MM '69 circuit
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protects agamst some part fallures but not agamst all;i.e., an open zener dxode
~causes the output voltage to increase toward +56 Vdc, limited only by voltage
divider action of the zener bias resistor: and the load resistance. Additional =

- circuit redundancy could be 1mp1emented to allow this critical circuit to provide
_ continued in-specification performance for all single and selected multiple part

- ‘failures. ‘Alternately, the supply could be eliminated if the related circuits were.
~ designed to operate dlrectly from the regulated dc bus. ~ Since this supply pro-:

vides power to circuits in several boxes, it is susceptible to cable shorts to ground L
or other potentials, Incorporation of: resistive decoupling to limit loading by =~
grounds, -and diode decoupling to protect agamst connectwns to hxgher potent1als

could ehrmnate this problem. L . , »

6.7. 4 Approaches Consxdered

The basm c1rcu1t conflguratlons con51dered fall 1nto four categones
'S Nonredundant— smgle part crrcmts. :

‘. Fa11 safe — Gircuits employmg series or parallel redundancy
" where the predommant part failure mode is considered so that -
the circuit.failure is blased toward a preferred fa11ure mode
. ~when one existe, SR -

o o Quad — Substitution of four parts for one in either a series ,
- ‘or bar-quad connection, enabling operation to continue for T
any smgle and some mu1t1p1e part fallures. . :

o MaJorlty votmg Loglc combmatmn of the outputs of three o o !
or more circuits performing the same function, whereby the - T o
‘ overall output reflects the output of the ma;or1ty of the c1rcu1ts ‘

Smce re51stors are generally cons1dered to fa11 in the open cond1t1on only, thlS
“allows parallel connection instead of quad connection in quad circuits, As a gen-
‘eral rule, ‘more relay contact sets’ (poles) are required in redundant ¢ircuits than
are required in the single part circuit, i.e., (1) to quad a single-pole, double=
‘throw relay (SPDT) requires four. double~-pole, double-throw (DPDT) relays (2)
to majority vote a. SPDT requires three DPDT relays. For the quad circuit, the ~
number of relays increased by four and the contact sets by e1ght. For the majority
votlng circuit, the number of relays increased by three and the contact sets by .~
"six. For the case where a four-pole, double-throw relay is completely utilized,
four eight-pole, double-throw relays would be requ1red for a quad connection {or
"eight four -pole double-throw relays). However, this is a maximum indicating the =
weight and size trend when employmg component redundancy for relays. When
‘¢ontact stress and operational life are well within the relay capablllty, -the contacts
are assumed h1ghly rehable and the coil is assumed as the primary cause of
failure: ‘ :

Since two coil; magnetlc -latch relays can be operated to both states by
reversing the voltage polarity on either coil, it follows that 1mproved reliability.
can be achieved by additional driver complexity without increasing the number of

¢ . relays. Table 6~14 compares the total parts of d1fferent circuit conf1gurat10ns Vs,

the basxc Marmer relay dr1ver.
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" Table 6-14, Part Count and Failure Mode Comparison

‘ A;:’T}fpex N ' -Total Parts - | B Faildre M'ode ,Sdrvival"‘yr“
“{Mariner '69 . Sl 200 0 Worst: Almost all part fallures dlsable
-TFlgure 6- 19) S the circuit, - ,
{Quad - S ISR [ EEE 'Best. Contmued operatlon after all smgle
lF‘lgqre 6-20) R o _and many. multxple part fallures.
|Fail-Safe - | 41 - ' Fair: - Predominant fallure occurs in‘a
; (Figure_ 6-21) - 7 o preferred mode, Can operate normally
R B A ' 1 for some part fallures. e
Majority Voting S 92 kBest. Contmued, operatmn,after:all single
({Figure 6-22}) oy | and many m’gltiple ‘part f'ailur.e's»;, o
Bridge 1. 66 Véry’ Good: Continued 'operatmn after all
(Flgure 6= 23) “. - . | single and many multiple part failures.

~Relay contacts are not redundant.

: *Exclusive of relays which Were.~disc_ussed previOusl‘y Ll

6.7. 5 Summary

"The selected: circuit (Figure 6 24) deplcts a bridge driver with ac sxgnal
. coupling and improves the problems discussed in Paragraph 6. 7 3. 1. The block.
: d1agram of the selected relay dr1ver 1s shown in Figure 6-25. o

o AC couplmg all_ows normal operatlon to .continue after_ one or
more parallel input commands fail in the ON condition.

'@ The parts requlred for toggle operation aré in line only for
the toggle . command, mcreasmg the re11ab1l1ty for parallel ’
' commands. o o . : o ‘

e VThe 30-Vdc supply is .

» 1) Elm‘unated by de91gn for operatmn dlrectly from
’ the regulated dc : .

2) ‘Improved through addxtlonal redundancy and d1s-
- “coupling to survive all single part failures and

- cable faults (if- other constraxnts preclude (1)
aabove) :

’I‘he advantages and dlsadvantages are. summarlzed in Table 6 i5.

6.7, 5 1 Descr1pt1on of Selected Relay Drwer Clrcmt (Flgure 6 24)

. Relay Driver. Each relay drwer con51sts of ‘two pairs of
- complementary transistors connected in a bridge fashmn
to prov1de current to the relay coil in a bidirectional
S AR o . manner, i.e.; the relay will close or set (current entermg
%7 0. - . - dot) when transistors Q8 and Q9 are turned on for 10 msec.
B ’ "~ Accordingly, the relay will open or reject when transistors .
Q1 and Q10 are turned on for an equal permd of tlme. - '
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Figure 6-20;, Quad Reléy Driver -
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NOTE: PREFERRED MODE FOR -
© 7 FAILURE IN SET CONDITION

Figure 6-2la, Fail-_Sé.fe Relay Driver

NOTE: PREFERRED FAILURE
7' MODE IS RESET ©

Figure 6-21b, Fail-Safe Relay Driver

C6e5T



" Figure 6-22, Majority Voting Relay Driver ~
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‘ "Figur’e 6-25. Command-Relay Driver Block ﬁiagram
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For redundancy purposes there is another identical relay -
driver and coil (Relay Driver No. 2 and Coil No. 2 in ,
. Figure 6-24), so that any single part failure and certain

multiple part failures will not inhibit the co

- of the relay.

rrect operation -

_ Table 6-15. Characteristics of Selected Relay Drives

Item

' Advantage

Disadvantage

1. Bridge driver -
redundant circuit

2. AC command
signal coupling

3. Toggle circuit

4.  +30 Vdc supply

Reliability:" Improved.
Redundancy allows normal

~operation for all single

part failures including one
of two relay coils, extept
relay contacts. Many

multiple part failures can -

also be survived.

Reliability: Improved,
=gl1apiiity
since normal command

_operation can continue

after a command input -
fails in the ON state.

"Re liébility: Improved,

since parts are restricted
to the toggle command
and are not in line for

- parallel commands.

Size and weight: Timing
energy storage and logic
are performed at a lower
level, allowing small .
parts tc be utilized.

Reliability: Improved.

1) Supply is eliminated,
deleting a single function
which is in line with all
commands.

2) Through part redun-
dancy to allow normal

-operation for all single

and some multipls part
failures, including cable
faults.

Size and weight are in-

creased by redundant
circuit. Parts increase
~3X, .

Small increase in size and

‘'weight. - Approximately

three additional parts per

-OR'd comimand signal.

1) Increased part ratings

-required for operation at

higher voltage.

2) Increased size and .
weight. Several additional
parts are required for the -

“basic supply, plus two parts

per relay driver and using

- function (CC&S, decoder,

etc.)

g

i e
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( , . e Subdriver. FEach subdriver is composed of four NPN

! transistors also connected in a bridge configuration and
capable of providing input signals to both relay drivers

when the subdriver itself receives an input voltage of at
least 5 V referred to ground. The input terminal of each
subdrwer is the anode of diodes CR5 ‘and CR6.

One of the SLbdrlvers causes the relay to close or. set
{Subdriver No. 2 in Figure 6-24) and the other will open or
reset the relay. The subdrivers, again, are insensitive
to any single part fa11ure and to certain multiple part
failures.

~® Toggle Operation. Trans1stors Q1 and Q2, capacitors Cl,
CZ, C3, and C4, resistors Rl through R10, and one relay
contact constitute the tocrgle circuit..

: To describe the operatmg principle, assume that the contact
has the position shown in Figure 6-24. This will cause Q1

- to be on, and therefore it will not allow the next input signal
to reach subdriver No. 2 via diode CR1. Instead, the toggle
“input will *..: directed through CR2, since Q2 is open and -
permitted to reach subdriver No. 1 (reset subdriver), )
causing the relay to open or reset. Once the relay is open
the contact will cause Q1 to turn off the Q2 to turn on with
a built-in time delay (see capacitor Cl and resistors R5 -
and R6) to prevent the toggle command to be d1rected to
both subdrivers 51mu1taneously

~ With Q! off, the next ‘toggle command will cause the relay
to close, completmg one full toggling cycle. .

‘e Gate Circuits.  The gate c1rcu1t ‘associated with the CC&S- N1
command is only capable to close the relay, or, if the relay
were already on, the application of the input will not cause
the relay to change states. Conversely, the gate circuit =
associated with the CC&S-L3 command is only capable to
open the relay. The apparent lack of redundancy in the
individual toggle or gate circuits is obviated by the fact

- that there is more than one input circuit, whether a toggle
‘or gate, capable of reaching the subdrivers via the OR
gates (diodes CR1, CR2, CR3, and CR4)

6.8 BATTERY CHARGER
6.8.1 Description

The battery charger provides the battery charge current at a prescr1bed
limit, if power is available. When a constant voltage limit is reached, this limit
" is maintained. The charger responds to a ground command to initiate and terminate
' charge. Charge initiation/termination is also accomplished by two on-board -
commands. Table 6-16 presents a comparison of charger characteristics for the
Mariner '69 and the selected system.
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~Table 6-16. ,Characteristics',Cor’npari'soh

Character'istic :'_E\_/I_ariner‘: 69 - . Selected Systern _‘
Source - - Solax array.i : B : Regulated bus -

| Input voltage o - ) 34:.'6 to 50 Vdc | ‘ 7 - 50 Vdc 1% -
Gur‘re‘nt limit ) o ’ ’ V;I..e:ss thah i a‘rnp - D 300.:1: 50 ma/battery
Voltage limit ,‘ ) - 34.6 Vdc - , ; : 35.4 Vdc |
Tolerance : _A , 40,2 Vde . . “ o | vriO.Z Vdc

6.8.2 :‘—Areas for Improvement

The circuit presently utilized incorporates no redundancy, exclusive of in-
“put and output filter capacitors. Therefore the fa11ure of any smgle part disables
the regulator in one of two conditions: :

Open: - ZUnable to cha'rgefthe battery.

' Short: Unable to voltage-limit; charge termmatmn must be
‘ by ground command.

The open failure cond1t1on serlously degrades spacecraft capability to per-
form the mission, particularly since no backup capab1l1ty exists for battery ,
recharge with the regulator fa111ng open. . : o

' PNP power trans1stors could be ut111zed to reduce the ser1es drop if opera- o
tion at input voltages approaching 34.6 Vd¢ is really a necessity. Additionally the
current limit could be implemented resistively with the value chosen to satisfy =
the l-amp current limit at the highest solar-array input voltage. This deletes a
. transistor (Q3) and poss1b1y the néed for a diode (CRI 5) R :

Ab 8 3 Approaches Considered

Of the approaches cons1dered, ‘switching regulators were eliminated because
the efficiency improvement was not worth the additional complexity. Similarly
majority voting or quad regulator circuits were also eliminated because only a
small re11ab1hty improvement was achieved at a large 1ncrease in parts and
we1ght. The three final candidate approaches are: )

e Dissipative regula‘tor-‘ (ac’:tvi’ve): "Present Mari’ner'approach.

™ Dissipativepregulator (active: With command backup for ‘
' charging 1f an open fa11ure -occurs,

‘e D1551pat1ve regulator (mactwe) Battery charge current switches
to zero at voltage limit; com=-
mand backup mcluded. ,

" The d1ss1pat1ve regulator cons1dered was baslcally the same as the Marmer

approach with the mod1f1cat1ons dlscussed in Paragraph 6. 8 2. A schematic is .
shown in Figure 6-26. , -
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thure 6-27 shows the same basic regulator with added command relay

capability to override any regulator failure. Battery charge occurs through resis-

tor Rl when Kx is commanded closed, after terminating charge through the regu-
lator by opening K2. This same basic approach can be 1mplemented w1th the
existing Mariner charger dengn. ’

Since the selected system provides a regulated bus, the current could be

: 1mp1emented through resistors and the charge terminated by opening the series

relay at the limiting voltage. Flgure 6-28 lhowe a block d:agram and schematlc
of this approach. : , .

To guard against failure of the voltage sensor, if the Voltage limit was
senged at too low a level to effectively charge the battery, a flip-flop plus logic
is added to provide command override capability.

In a modification of the last approach a ma]onty voting voltage sensor can
be xmplemented u-mg exxstmg. available, mtegrated -circuit flat-packs, (Figure
6-29). No increase in size or weight is expected since the AND gate and overrzde
flip-flop would be deletod along with the additional command.

6.8.4 Summarz

Of the three basic approaches considered, the dissipative regulator with no
ground command override capability was believed to be too unreliable for the orbxt-
mg mission, :

Table 6-~17 summarizes the four approaches using the existing Mariner ap-
proach as a base line.. From the table it is seen that, for the selected system
with a regulated bus, the current-limited charge can be achieved with resistors
(d1551pat1ve. inactive charger). Charge termination is achieved with a voltage
sensor in combination with the charger disconnect relay and driver. The sensor
can be implemented in a highly reliable manner with no size or weight penalty.

~ This approach also obviates additional command backup and related circuitry.

The recommended system has two separate battery chargers.
6.9 MOMENTARY BOOSTER | '

6.9.1 Descnptzon of Functions

- The ffollowing are the functionefot the momentary booster: '

a. Detection of current shar.ing. ‘This particular function
" is important since current sharing is a misuse of the
_ energy available at both the solar array and the battery.

bl. Boost momentanly the battery voltage via a dc-to-dc con-

verter to minimize the load seen by the solar array toa’
‘ h:gher voltage operating point.,

C Lxmzt the duration of boosting action as well as the idling

~intervals 80 as to be commensurate with the power capac1ty
- of the momentary booster. ’

6.9, 2 Regulrements
- The following are the requu-ements of the momentary booster.
a. Booster must be capable of providing a minimum of |

150 w power capability for a pulse duration not to exceed
. 1 sec.
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Figure 6-27. Dissipative Regula’.tor‘(Actix‘rje) with Command
' Backup for Charging - ' ‘
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 LOADBUS

RELAY -
DRIVER

oreN ¢ OR ﬂfﬁ- CMD, (TOGGLE)

——— - o S aa ]

clost fe—rdl or [

GATE | V= (AAY) + (AAy) +(AyAq)

E 4.

e,

,

- Figure 6-29, Dissipative Regulator — (Inactive)
with Majority Voting Level Detector -

Idling intervals must be within 5 sec minimum and 15,>secf

- maximum,

~ Current~sharing detector to command boosting action

whenever the primary voltage drops below 33 V.

Means of overriding or fusing the momentary booster must
be provided to avoid the possibility of a continuous boosting
action, : o :

Some form of redundancy or backup must be provided to
prevent current-sharing mode after the momentary boosier =
has failed.

The input voltage to the boost inverter must be between
22 and 34 Vdc, :

The output voltage of the hoost inverter must be 44 V

minimum. .
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Table 6-17. Summary of Four Approaches

~ Charger

Advantages

Disadvantages

Dissipative (active)

Moditied

_ Dissip: tive (active)

with cornmand

backup

.Dis sipafive (inactive).

Current limit:

Set by passive components
(resistors). Active regulator is deleted and
reliability is improved.

Command backup: No backup charging mode
is available if regulator fails OPEN.

Current limit: Set by passive components
(resistors). Active regulator is deleted and
rehab111ty is improved.

' Command backup: Chargmg mode exists in

event regulator fails OPEN.

Current limit: Set by passive components

_with command backup

Dissipative (inactive)

(resistors). Active regulator is deleted and
reliability is 1mproved

Command backup: Charging mode exists in

event regulator fails OPEN. No additional

‘relay or circuitry are required with automatic

charge termination at voltage limit. Net .
weight is reduced.

Current limit: Set by passive components

with command backup

- and majority voting
. Sensor

(resistors). Active regulator is deleted and
reliability is 1mproved

Command backup Not required w1th hxghly

reliable sensor, achieved at no we1ght or .
size penalty.

~ No fixed-current limit.

Addition relay and driver
circuitry are required with

.increased size and weight.
. ‘Additional command is

required.

'No continuous voltage limit

charging can be achieved.
Override command and logic

are required.




i . 6.9.3 Analysis of Existing“ Mariner Design
The following areas need improvement.

a.  Momentary booster. Present Mariner approach does not
' show any well-defined technique to avoid the overlap of the
_ on-state of both power switches. The reverse bias afforded
by capacitor C10 during switching is helpful, but incapable
of preventing overlap in the presence of a voltage waveform
with a high dv/dt. One technique to avoid overlap is shown

below.
- R
ANA—
R2
A" s
where:
Ti = Transformer providing base drive to power transistors

Q1 and Q2 = Power trans1stors of the mver’cer or the boost
1nverter

b. Current-sharing detector.

1. The right hand side of diff. amp. Q7 has an unde -
sirable floating base mode of operatlon A 3.3
Megohm emitter-to-base resistor is recommended

2. There should be a resistor or a fuse in series with
the coil of Q10; otherwise, there is a failure mechanism
‘that may well result in a short across the 50~V bus:
either a shorted CR1 or a shorted Kl coil (independently
of the position of the Kl contacts) will lead to the
. failure so described.
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6.9.4 Approaches Considéred

6. 9V.4. 1 - Preliminary Séreening

a. Mariner approach {(nonredundant)

b. Mariner approach with the incorporation of imprdvemehts

(see Paragraph 6.9.3,1).

one main and another standby).

6.9.5 Relative Merits of Individual Approaches

c. Redundant momentary booster (using two Marmer circuits,

i 7 , ’ oo Concept
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) Approach

{a) | (b) | (c)

Weight- 1=1ight' 2 = medium {1t 2

Simplicity of current sharmg detector: 1 11 {

1= 51mp1e :

Detector detects; c = current, v=voltage ' v |V v
"5"':; o - 7 Need of additional failure ’detector‘ : No : No fes'
o kReq.uires transformer or autotransformer Yes [Yes | Yes

=

o




7. SYSTEM COMPARISON AND SELECTION-

7.1 INTRODUCTION

For ac distribution systems, there are a mu1t1tude of possible systems to con-
sider. Section-5 "Selection of Model System Conf:.guratzons " delineates the rationale -
in arriving at the five model systems depicted in Figure 5-1. For the Mars Orbiter

on flyby missions, efficient battery charging is not required for the followmg

reasons: 7
e .Battery eharging.power is relatively low (25 W)
'y Battery charging times are long

[ ] The sxzmg of the solar array occurs during a nonbaf:t:er)r chargmg
mode (namely TV sequence)
In summary, contrary to low earth orbits where contmuous charge/dlscharge
cycling of the battery occurs, battery-charging eff1c1ency is not a pr:.mary des1gn
cr1ter1a for the missions of concern. o

The power conditioning elements (2.4 kHz and 1¢, 5¢\ 400-Hz mverters) supply

- »'regulated ac power to the spacecraft user equipment. There are several ways of

supplymg the regulated ac power, namely:

° Prov1dmg a regulated dc (1% regulatlon) to an unregulated
-inverter (present Marmer scheme).

. Prov1de separate regulators in the ac conversion umts.

Based upon previous studxes centralized (e.g., the use of a smgle regulator

- for the entire set of inverters) rather than distributed equxpment will result in

hxgher eff1c1ency, lower wexght, and fewer number of parts.

» Analysis of the power requirements shows that the majonty of power (194 W'

 maximum) is required at 2.4-kHz and {116-W unregulated power for TWT converters

and dc heaters. The major system tradeoffs involve the various methods of condi-
tioning the power source power (solar array and battery) to provide unregulated ,
power and regulated power. However, it is desirable for reasons of load equipment

“design simplicity and efficiency to provide all the loads with regulated dc. Power

system tradeoffs, on the other hand, will determine the optimum mix of unregulated

‘and regulated power dxstrlbutton.

Table 7-1 summar:.zes, inh matrix form, the relative advantages and disadvan~-
tages of the various system methods to provide conditioned power for both the

" regulated and unregulated dc loads.

7.2 SOLAR ARRAY POWER UTILIZATION

The solar array utthzatxon factor (SAUF) for solar array power utthzatlon will
be defined as the ratio of power delivered to the loads divided by the required solar
array maximum power at the critical design point. The definitions are as follows:

@ Power to loads: Unregulated dc (heaters), 1é or 3¢ eutput, 2.4
kHz output, and output power of the TWT converter.

’?‘ "Study and Analysis of Satellite Power System Configurations for Maximum Utiliza~

" tion of Power" Report No. 04894-601-R000, Contract NAS 5-9178, 1966 December 30

o Y
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 Table 7-1. Adva.ntagé‘s and Disé&vaﬁtages of ,S”ysftbem' Met‘:h'pds‘ :

SYSTEM 1 -

PWM Afray B

Control and |

SYSTEM 2

.';'\vli\n- Shunt_and

SYSTEM 3 |

Zener Limiter

SYSTEM 4. °

Shunt Limiter

SYSTEM 5

Buck-Boost

Moderate

o - Battery Boost Battery Boost and Boost and Boost Lin¢|-
Criteria Regulator Regulator Linc Regulator | Reygulator Regulator
1. Solar a;}-ay power utilization (%) '84.4 81,116 87.3 84.5 85.% B4.4
2. Reliability asscssment 20.999 "x0.999 . 0.927 20.999 20,999
3. Numﬁqr »of‘pchr—handling units z 2 2 2 1
4. Short circdit profcction - ‘Curréxxtf N ‘Currcvnl- None - None Cu_rrénh
. - limiting " limiting ’ ' limniting
5.  Weight (b 20 T 19was 16 219 to 25 10
6. Isolation between power sources and No~ No . No No Yes
regulator dc bus - - : B i
7. Restring of solar array . Yes " Yes No- Nb_ " No
8. Heat dissipation Moderate i High‘(in High High . Moderate
L : R shunt - transient "transient '
elements) « (;ener limiter)'} (shunt l'im'xtjer)
9. Number of ac‘ti‘ve‘ control loops’ 3 3 1 ‘2 gt
10. Complexity” ‘Currént- Current= Low Low Low
’ s ) sharing sharing - :
11. M‘omentary"boosterv No No‘ Yes Yes ~Yes
12. Battery discharge diode ‘No " No Yes Yes Yes
13. ‘Testability ) L No - :  Shunt régulhtor' No- : Shunt limiter No ' -
. L ' problems during power~ problems during power- problems
. o " dissipating - L dissipating . ’
| mode mode.
14, Failure vde.t‘ectiqn More com-  Battery boost Boost line Boost line = Kd‘deiéction o
R plex with regulator regulator regulator - parallel operating
PWM and. ' ‘ ' ' redundancy’
" boost regulator s
15." Transient respohse . Same Same Same .- Same | Same
16. Battery pp»?er ‘ 0 o D43, 50 + 7.0 =T 0T (éuéd
. ' (single diod¢) | - (quad dis-- discharge diodes)
: o ‘charge diode) | . C
'} 17. Cabling : . Moderate - Moderate " Moderate _Moderate . ‘Mininum
18, Test and ‘manufacturing . - Moderate - Moderate . ‘ Mo'dgraté AMinimun




Critical design poinﬁ The critical design point is that time in

the mission where the solar array power margin (with respect

to required load) is a minimum. For the orbiter mission, the
- critical design point occurs during the TV sequence when-all
experiments and the high-level TWT are turned on. :

The -analysis is presented in the following sequencet

Comparison of existing Mariner power system design with a
buck-boost system. ' . Coe ,

' Sélar'arra.y power utilization fdrfa‘n active shunt systerh — Model

~ System No. 2

Comparison of SAU factors for all five model éystems; including

‘efficiency improvements in the TWT converter and 2.4 kHz inverter.

7.2.1 Comparison of Existing Mariner Design with the Improved

Buck-Boost System

The following analysis will show how solar array power utilization can be o
improved by increasing the efficiency of the existing power conditioning elements.
The major functional power-handling elements for the existing MM system are

shown in Figure 7-1.
Ps — 7
™I e p,
4 CONVERTER | -4
’ P | | |
8
6 e s , '
SOLAR - : REG 72.4 |<HZ INV —_’
ARRAY
, A ¢, 3¢ -
L HEATERS __INV
1 : ' :

Figure 7-1. _ Power-Handling Elements

output power of 2.4 kHz inverter

1 =
P, = output powei', of 1 or 3¢ inverter
Py = oufput power of line'regulator,b
P, = output power of TWT converter
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'P—S = inpot power to TWT converter

L
1!'.'!“*"

Py = input power to line regulator
P7 'V=“hea.ters , |
Pé = req‘.nred solar array power
}“1 = efficienef of 2.4 kHz inverter
.’T]2 = ef£1c1ency of 1¢ or 3¢
‘1]3 = eff1c1ency of line regulator
, ;'q4 = efficiency of TWT conve}rter;rk

Analysis of the load proﬁle (Table 4-2) ‘Shows that the ‘ma.ximum solar array

. power requirements occur during the TV sequence. The loads for this mode are

as follows :

187.45W . T,

P, = =0.912
P, = 15.5 W S 0.838
P5 = .89.0 W - Ty = 0..887"
P, = 27.0 W ‘n4 =0,75 -
o -
- , P, P, ot
~ Solar array power S _TIT * _ﬁ; : R o
(ex1st1ng MM '69 des1gn) = M + Py + P, + line losses
3 ‘ :
187. 15 + i5. 5 v
=0 9102 8870 838 . 89 + 27+ line losses
= %75—5 + 89 + 27+ lme losses’
= (zsz+ 89+ 27) 1.03 = 368 (1 03 = 379W (7-1)’
The power flow dlagram for the: recommended buck-boost system is- shown in
- Figure 7-2.
Solar a'rray‘ power requirements for the recommended buck-boost regulated E
. dc system have been computed for the followmg basis:
Case 1
a. TWA'I‘ converter efficiency of 75% (existing design) 7
‘b, 2.4 kHz inverter effici.eney of 91.2% (eécisting design) :

% -
*Line losses assumed to be 3%. -
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TWT o P
CONVERTER |~ 4
"8 BUCK BOOST Py 24kHz | p.
| REGULATOR [T | CONVERTER [~ "1
P : SOLAR R B BT ——p P
' v _ARRAY. - T INverRTRR 2
T —p HEATERS AND LOW LEVEL
P, - CIRCUITRY
Figure 7-2, | Power Flow,Dviagravm'
Case 2:

a. TWT co‘n_vyerter iefficiéncy of 92% (improved désign) E
- b, 2.4 kHz inverter effiéieric‘y of :91. 2% (existing design)
© Case3: . | |

a. TWT converter eff1c1ency of 92% (1mproved desxgn)

~b. 2,4 kHz mverter eff1c1ency of 93% (1mproved design)

VThe requu-ed solar array power for. Case 1 is as follows

P, P, P

I S Sk S (1;03)
C TI1 nz Tl4 T 6 : ’
PS = Solar array power = - -

s (7-2)

7-5 -
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where:
P, = 187,15 W Ny = 91.2%
P 83. 8%
75.0%

2= 155 W,

P,= 27 W : ‘,113: efficiericy Of'buck-boos‘t regulatér .

_339.500.09 3%
ST T o (1-3)

: 4  The required solar array power for Case 2 is as follows:

4
o
]

Solar array power .—.9.2_3_71“_.@ 2n3_3 - ,
haahl T, ; el

wheré: :
910 270

830870
Pys 66.7 1, =920

P, =187.15 1,

“P. = 15,5 » "ﬂz

Py = 27 My = efficiency of buck-boost regulator
For 'Césé 3, the required solar array power is
319 g2y o329
. (1.03) = _
M Ty (7-5)

where!

93% c |
83, 8%
92%

ebfficiency of buck-boost regulator

p= 18745 W )

Pp= 155 W,
’, Py = 66.7 ;W My
7= 27. , W - T|3

.

Equations (7-3), (7-4), and (7-5) are depicted in graphic form in Figure 7-3.

T i e

il



S Y TR T T R e ek e re i e e i et R it e T

%ﬁmwwwmmmmw%—” e S e

Sl

- 410

390f- \

370}———— :\\ , | . _ \gcAsEi;
~ | —— a2

PREDICTED BUCK-BOOST
CEFFICIENCY

SOLAR ARRAY POWER (W)

330}

310

89 90 GEE 92 93 94

Figure 7-3. Regquired Solar Array Power versus Buck-Boost Efficiency



7.2.2 Active Shunt System

»  The active shunt system (regulated dc bus) SAU factor is a direct function of .
.-the solar array I-V curve at Earth'and the I-V curve at Mars., Figure 7-4 illus-~ '

trates the relationships between the regulated dc voliage and the solar array power
availability.  For a given constant power load, Py , the solar array must satisfy
this at Earth as well as at Mars. In Figure 7-4, Ii’ ‘can be satisfied at Earth (point
E) and with a little margin at Mars at point M. For this case the regulated dc =~

- voltage (shunt voltage) will be VR The power availabis at the regulated dc (Vi R) is
Pg fw]hlile the maximum available power is Pmax- The tradeoff for shunt systems is
as follows;

The shunt system. as shown in Figure 7-4, doeis not operate at P,.., at Mars;

however, systems which can operate at Py, will require some form of a regulator
" to force the solar array operating point at Pmax- ‘The additional losses in the .
regulator must be traded off with the additional load power capability of the system
when operating at P There are several factors which can affect the regulated
dc design center (Vg “)‘ and the array utilization for a2 shunt system, namely:

‘a, - Solar array temperature uncertainties
b., - Solar array I V curve uncertainties ‘
c. Spacecraft ~-to-Sun distance (AU) variations

Figure 7-5 is a plot of the required solar array maximum power requirements
at Mars as a function of AU, The load conditions (TV sequence) are the same as
delineated in Paragraph 7.2.1. The bottom curve labeled "No Uncertainty" shows
an increasing solar array power requirement as a function of AU, This is directly
attributable to the solar array temperature, decreasing with an increase resulting
in solar array maximum power at Mars (Pp,,,) becoming further removed for the
available power (Pg) at the regulated voltage VR. The top curve is an arithmetic
worst-case condition in which the uncertainties in solar array temperature and I~V
curve are taken in directions resulting in an upper maximum limit for solar array
power required.

7.2.3 ‘Summary of Solar Array Utilization Factors for Model Systern.

- Table 7-2 shows in summary form the SAU factors and the required solar
array power requirements (TV sequence mode) for the five model systems. Signifi-
cant improvements can be made by simply improving the TWT converter efficiency
from the existing 75% to 92%, The effect of such an improvement is delineated in

~ Table 7-2.

7.3 NUMBER or POWER HANDLING UNITS

All the model systems. except the buck-boost, require two power=-handling
devices, one for the array control (zener or shunt limiter) and a boost line or =~
battery boost regulator. The buck-boost combines the array and battery/ line
regulation into one single unit, v .

7.4 SHORT CIRCUIT PR.OTECTION

. Table 7-3 compares the. short-circuit capabilities and characteristica of the
five model systems. For system No. 1, current-limiting can be provided in the

E power regulators; however, fault currents will be approximately 2. 4 times normal

maximum currents (for comparison purposes it is assuined that the current limit
is set 20% higher than maximum expected currents). -

1-8




Rl

Wﬁlmmwmﬂmmmﬁwﬁmwww bt A e gt:!@l.k%‘:#“iﬁ;«*‘sz; s i ﬁlj,‘l.;"'»’??’;; ;:3“?»353“?1*3’.

S L : . e - o : . N S T

EARTH

| (CURRENT)

—-—
- s e GED WD NS Suby G sSS

6-L

V (VOLTAGE)

Figure 7-4. Typical Solar Arra.y'and Load I-V Charactéristics



R s

01-L

S e A SN

- 4107

4004
3904
3804
=  370-
€ a0
-3 |
X 350-
x N
3
. 8 * 340,1 .
Q .
g E
5 3304
O B
v
3204

3104

& 15°F S.A. TEMP UNCERTAINTY
3% UNCERTAlNTY IN S A. I- \ SHAPE. ’

NO UNCERTAINTY

v - v v - T

i.45 o 1.5 1.55 1.6 :
S/C‘DISTAN‘CE FROM SUN (AU) o

Figure 7-5. ':"Re'quvired‘ S‘olabr Array Power versus S/C Disvta.‘nce for a Shunt Regulétor System



RIS

. Table_ 7-2. Solar Array Power Utilization

A RN s ) TSt A A L et it fimn o ko e

Solar Arfay_ Utilization Factor (%)

Required -

regulator -

o o Required Imprdved
TWT Converter | Solar Array | TWT Converter | Solar Array S
Syst’em Effic;iency (75%) - Power Efficiency (92%) | Power (W) - Comments
1."  Zener lii'hitet and boost 80.8 v 379 R 84. 5 - 363 Boost line regulator
- line regulator (Mariner) ‘ o ' ' .| efficiency of 88. 7%
R - . o o . : B oo % x .
2. Shunt limiter and boost 80.8 379 84.5/ 86. 2" E 363/355 —‘nBLR = 94% and all
~ line regulator (BLR) ' ‘ : power processed
’ . s : through regulator
3. Shunt limiter and battery | 81.1 to 83.5 |378to 368 | '85t087.3 | 361 to 351 | o
. ‘boost line regulator T o o ; ‘
3a. Same with maximum  74.8t077.0 | 410 to 397.5) 77.9 to 80.5 | 393.5 to 381
", uncertainties : T - ‘ ' ;
4. PWM regulator and 80.5 380.5 - 84,4 363 Moo = 92%
A3 : v - - PWM
battery boost : ‘ I P
. ‘regulator _ ;
5. Buck-boost (BB) - 80.5 380.5 84. 4 363 fpp = 9%
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R  Table 7-3. Short-Circuit Capabilities of Model Systems .}

S ;- | Current Maximum — P

tor for current limiting; .
reduces efficiency

oot f _ System No, | Regulators | Limit | Fault Current | . Comménts
t. | PWM N N 21 | 2.41 Reqmres isolation trans-
: . . | battery boost - : former to provxde current
: . ~ - limit
2. :Active shunt None | 22.5to3.01I|Depends on array current “
: : : capability
3. | Zener limiter None 25 o Requires isolation trans-
~ | boost line ’ None o former in boost line regula~

; 4. | Shunt limiter Noﬁe -2 57 o : Same as above

St B o ,vboost hne » None - ' o
5. Buck- boost 121 | t21

-Current- 11m1t1ng cannot be mcorporated easily or eff1c1ently in zener or shunt
limiter systems. Boost-line regulators require an isolation transformer or some
- additional series current-limiting circuitry. The buck-boost, since it has an
isolation transformer and it processes both the solar ‘array and battery power, can-
- lirnit fault current to a reasonable level above normaJ load currents. The primary
: a.dvantages of current-nmltmg include: ” s ‘

a. Allows: add1t10na1 time for correctwe action to be taken
“in the event of a load fault

b. Limits maximum current through 2. 4-kHz fault sensor
relay and assures reliable tra.nsfer in the event of a 2.4-kHz
-inverter short. :

‘e Lxmxts maximum current through power system units and
cabling in the event of ground testing malfunctlons.; :

'7 5 WEIGHT

The we1ght of system No 1is composed of a redundant PWM regulator (10 lb)
" and a redundant ba.ttery boost regulator (10 1b). The shunt limiter weights for
" systems No, 2 and 4 are based on a full dissipative shunt design approach, in
. "whichthe shunt elements are mounted on the solar- array panels, F1gure 7-6 shows
. how the heat dissipation is distributed between the resistor (mchrome wire, for
example) and the power transistors. For the Mars Orbiter mission, the shunt would
be designed for a maximum of 600 W, Maximum heat dissipation in the transistors
will be approximately 156 W. The shunt limiter weights are based on shunt element
- powe r/welght ratios of 20 W/1b achieved on past TRW Systems spacecraft programs.
The precise weights will req*.ure further detailed analysis of the actual thermal
‘interfaces and the proper sizing of the heat sinks.

: System No. 3 (exxstmg Marmer design) consists of 12,2 1b (redundant boost
regulators) and an estlmated weight of 3.8 1b in zeners and assoc1ated wiring.

The shunt 11m1ter in system No. 4 diss;pates power only durmg transient
solar array temperature cond1tions (launch and post-orbit insertion). Since the

7-12
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high heat dxsszpatmn duratxon may be from 5 to 10 min, it may be pos sible to reduce V - j
the shunt heat sink weights. The buck-boost, being a single unit, is estimated to S
be the hghtest of the above-mentmned five - forms of power regulatmn. '

. 7 6 TRANSIENT RESPONSE

The present system design has poor transzent response characteristics in the
unregulated dc bus. For example, during sunlight operations, any load transients

. will cause the unregulated bus to drop from the solar-array voltage of 38 to 50 Vdc

to battery voltage (28 V nominal). Poor transient response is attributable to a power
source (or regulator) having high dynamic source impedance for a given step load -
change. For the recommended system, all loads will be powered from the regulated
dc bus or the ac inverters. The transient response design task is common to all
five model systems, requiring detailed knowledge of the transient behavior (current
versus tzme) of the loads. The design task involves incorporating sufficient energy
storage in the filters and fast enough dynamic response in the regulator (buck-

: boost) to prevent either the regulated dc bus or the ac bus from deviating excesswely .

in voltage due to step load change. For improved transient response, voltage seneing
should be as clgse to the source of step load changes as possible to minimize the
delay times. Preliminary information on the loads indicates that the TWT converter
(inrush of 5to 6 amps) is the load causing the largest transient step load change.
Proper filtering and response must be designed into the buck-boost regulator to
maintain good power quahty on the dc and ac buses.  Because of the impact on the
buck-boost design, it is strongly recommended that current-limiting be incorporated
into the now existing TWT converter. TRW has incorporated current limiting with
TWT converters on the Pioneer and Intelsat III spacecraft with a relatively few _
number of parts. Current-limiting is also desirable from the TWT standpomt, since

it mlmmxzes any volitage overshoot upon turn-on. e

s

- In summary, the transient response characterl.sttcs are common to. all sys- R o
tems, each requiring detailed trans1ent load charactenstu s and the a.pproprxate ' '
desxgn in the regulators. . T .

7.7 SUMMARY

Based on the comparatwe analysr.s of the five model systems, the buck—boost
approach (system No. 5) offers the greatest advantages in terms of simplicity,
reliability, weight, and power utilization. The advantages and disadvantages of
the other four competitive model power systems with respect to the recommended
buck boost system are delmeated below. :

System No. 1 dxsadvantages are as follows.

a. Requtres two power handlmg umts source
' b, : Requlres addttlonal 10 lb at power source condltxomng

. c. - Greater complex1ty in prov1d1ng current sharmg between
‘PWM, battery boost regulator, and battery chargmg. .

d.. Current 11m1t1ng not as effective.

e.  Higher number of parts and increased test and manufacturmg
. costs. : : :

System No. 1 advantages are as'foll’ows'

. a Slightly better solar array power utlllzatlon (1%).

b. Ehmmatmn of battery dlscharge diodes and momentary booster. :

7-14



“a.

- C.

d.

- b.

Ce

a.

~ b..

a.

a.

C.

AT - System No. 2 divsadv’antages are as follows: -

Requires 'two powe r-handling units

Requlres an additional 9 to 15 lb of power source cond1t1onmg

Heat d1s51patlon is very hxgh )

W111 probably require power trans1stors and _power dtssxpatmg »

resistors to be mounted on panels

.Testmg of shunt ‘elements in hxgh-dxsmpatlon mode

Current 11m1t1ng not as effective

ngher number of parts and increased test and manufacturmg
costs _ ' ey

- System No. 2 advantages are as follows:.

Inherent reliability in actlve shunt through use of component
redundance : o

Active shunt regulator performance has been thoroughly
demonstrated ~

Low output impedance

' No electromagnetic interference
' System No. 3 disadvantages are as follows:

‘Requires two pOWerf-handling. units

Requires additional weight (6 1b) -

Higher failure rate due to zener limiter

No current limiting

W).de tolerance of zener 11m1t1ng voltage

—System No. 3 advantages are as follows:

System has been des1gned and flown on prevxous Marmer
spacecraft

' System No. 4 disadvantages are as fbllows:

Requires two power-;'handling, units

,_Requ1res additional wexght {29 to .15 lb)

No current 11m1t1ng

thgher manufacturmg and test costs and more parts

Transient heat dlss‘J.patlonm shunt llrmter



) | System No. 4 adyanta.ges are as kfol»lov(/s:
a. Higher solar array pevc}er uttlizatien (1.78%)» 1
b. Demonstrated circuit designs . |
7. 8 SYSTEM RELIABILITY ASSESSMENTS s

Re11ab111ty assessments have been made on the five model systems. including
the existing Mariner system. Detailed assessments, including the assumptions '
‘and guidelines, are presented in Appendlxes A, B, and C. Table 7-4 presents the -
system reliabilities for a 1-yr mission with the same degree of redundancy as in
the existing system, i.e., redundancy in the main power-handling components.

Several conclusions have been derived from the system rehabxhty assessment
' ,ana.lys1s, hamely:: :

Ca. For a 1 -yr mission, mcorporatmn of redundancy in a regulator .

- (boost, buck-boost, PWM, etc.) will generally result in regu-
lator reliabilities of ~ 0, 999 based on the assumed component
failure rates. .

" b.  The maximum system re11ab111ty is 11m1ted by the Ag Zn
" battery reliability assessment of 0.9538. -

¢. The unrehab111ty of the Marmer system is largely attributable
to the zener limiter (0.9271). Replacement of the zener with
a redundant shunt limiter (0. 999) will raise the Mariner '
.~ system reliability from (0. 8544) to 0.922). :

d. Slnce the - system reliability of the model system (redundancy
in the primary power- handling units only) results in reliability
assessments of 0. 922 to 0. 928 and the upper limit is con-.
- strained by the battery (0. 9538), any further redundancy in the
.power conditiohing and control circuitry will not result in »
significant improvements from a reliability assessment view-
point. - However, redundancy can be incorporated in cr1t1ca1
low-level control circuitry with low attendant weight and
7 eff1c1ency penalties, thus increasing the overall confidence
in achieving successful operation. It also minimizes the
.. chances of a smgle component fallure in a critical c1rcu1t to
cause a m1ss1on fa11ure :

:7 8 1 Welght Re11ab1hty Tradeoffs

© 'The major area of re11ab111ty 1mprovement (exclusive of the zener 11m1ter) is
in the battery configuration. Rehabllity analysis (reference Appendix C) shows
_that two parallel batteries will increase the battery (including the charge control)
rellablhty from 0. 9538 to 0 9917, This is based on the following assumptions:
a. ,For t‘he,one-battery configuration: : » ' "
: i. 18 cells in series -
:AZ. ; ﬁ50 A H nommal capacxty '

3 300- bit fallure rate/cell for maximum depth of dxscharge
of 5070 : . .

4. Faxlure cr1ter1a (one cell fa;lure constttutes a battery
failure), ,

C7:16



Table 7-4.  Reliability Assessments

Rellability , -
(tyr) ] Comments

Zener and boost lme : V :

regulator (Marmer system) : 0.8554 .. | Unreliability in zener limiter +

: Shunt 11m1ter and boost line k S

regulator o - 0..9251
PWM array -control and - , V S : : ,

battery boost regulator 1. 0.928 Eliminates momentary booster
Shunt limiter and battery : : , ‘v

boost regulator =~ 7‘ , 0.928 . Eliminates momentary bhooster
Buck boost line 1egulator 0.925

b. For the two battery confxgura.txon.
1. 'Two batterles in pa.rallel 18 cells/battery
2. Nommal capacity of 25 A-H

o3 Each battery has the capab111ty to support the max1rnum
: load (refer to Sectmn 3 for battery energy analys1s)

4. Assumed 600-bit fa11ure rate/cell since in a fatlure mode,
_ the remaining battery will be stressed more than a smgle
’battery

5. Fa1lure cr1ter1a (one cell failure in. each battery constltutes
. a failure) ~

 The addltlonal welght mcrease for the two- battery conflguratlon is estimated
a8 follows: . , :

?- Cell weight ~ S 3;5,1b,’.

b, Chassis weight . - . 0.91b
c. Battery charge/dlscharge control 1 7 b

For an add1t1ona1 6, 11b, the rehablhty for the recommended system w111 be
increased from 0. 925 to 0,964, “Table 7-5 shows the effect of reliability and

weight for various degrees of redundancy in the Mariner system and for the recom- ..

mended buck-boost system. A re11a.b111ty versus welght plot (based on ‘Table 7- 5)

s depicted in FLgure 7-7.

7. 9 OPTIMUM INVERTER SWITCHING FREQUENCY

The effect of different squarewave mverter operatmg frequencies on power
“‘subsystem characteristics (weight and efficiency) was determined to check whether
.the present frequency of 2.4 kHz represents an optimum choice. In addltzon, ‘the
impact of faster switching times in the inverter power transistors on these same
charactenstrcs was also determined. Power conditioning, weight, and efficiency



S E -+ - Table 7-5. ~Summary of Weight and RchabxhtymMarmer System
S S and Recommended System

{

]

B - | POWER CONDI'TIONING

4 POINT ON| - - WEIGHT (INCLUDING | moraL syered
0| _CURVE | CONFIGURATION | _ZENER LIMITER) _ | RELIABILITY | __WBIGHT
g 1 | EXISTING DESION (No- | . 3467 - | 0.8209° 108,67
5; : REDUNDANCY IN B o |
| POWER CHAIN) | | o
. "2 | EXISTING DESIGN | 3.73 0,850k T .73
;- 3 | ExieTING DESIGN . | b5.73 | 0.887 12h,13
S P E (PLUS REDUNDANT y ,
SR . BATTERY )
Sk RECOMMENDED DESIGN | 28 | 0.88 | 102

(LESS RELUNDANCY IN
BUCK~BOOST, 2.4 KHz
INVERTER AND CONTROL
cmcum‘ay) '

5 | RECOMMENDED DESIGN 33.67 ' 0.925 109,67
-~ | (sInGiE BATTERY) - | T i ,

6 | RECOMMENDED DESIGN R N R
' (REDUNDANT BATTERIES) |  ~ 35.37 | 0.9706 | 113.77

‘data.. genera.ted in the course of a recent NASA study y were ut;.hzed in both theSe
assessments along with a few assumptmns regarding mverter ‘operation, :
' These assumptlon are:

a, Equal tran51stor ON and OFF sthchmg tlmes

b, Effec‘ts of transformer leakage reactance and winding
capacitance on inverter transistor sWitching are neglected

N L e Symmetmcal overlappmg of transxstor currents and voltages
o . during switching penods are assumed : :

L o d Resistive load is assumed for inverter

e. Inverter central circuit losses are neglected

w ”Analys1s -of Aerospace Power Condltlonmg Component Lxmltatmns, " prepared
- for NASA Headquarters by TRW Systems under Contract NAS 7- 546, 1968 June 30..
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: The condition for Optimum inverter switching frequency is that resulting in a mini-

mum power subsystem weight, For purposes of the following analysis, power sub- X %’_E
system weight, W, is specially defined as : ' :
W, =Wyt KP; (7-6)
where Wi represents the weight in pounds of major inverter components. including
transistor heat sink weight, Py represents total inverter power loss inwatts, and
K is the power source (solar array) power density in pounds’ per watt (assumed
here as 0, 2 lb/W) .
, In determining optimum frequency on the basis indicated. the followmg tran-
sistor parameters and circuit operating conditions a.re selected: :
Ontput power = 200 W |
Input voltage = 50 V =:E in.
‘ Obutput voltage = 50 V peak
| Maximum collector current —»4 amps = I(; A
.Collector-emitter satur_ation voltage =04V =Vopg
: Basa-ernitter saturation voltage =>>0~. 9V = VBES .
- Minimum transistor current gain = 10 = 8 ;‘*%
Transistor ON time (or OFF time) = 1.0 s = tgy nd
The. following relations for transmtor power loss (conduction, drwe, and
~switching) apply: -
VCE, I :
. S °C
Py =g (7-7)
L c : o ' ' ‘
Pprive ',VBEST : : o (7-8).
e _,3._‘9._8.?.!_ e
- Tsw 3T :
(T period of sthching frequency)
In Table 7- 6, both the transxstor and transformer losses and weights are
mdicated for switching frequencies of 1,0, 2.4, 5, and 10 kHz. The transformer
weight and loss figures (W P_) and the transistor (with heat sink) weight figures
were taken from the referenced‘ study. Also indicated are the corresponding values
of total inverter weight Wy, as previously defined, and W,, power subsystem weight.
As seen, a minimum W, is obtained at 5 kHz. ‘In terms of the overall or absolute
power subsystem weight, the improvement actually realized by designing for 5 kHz
rather than 2.4 kHz is slight when considering the inverter only. Additional com- AN
ponent weight savings, though, would accrue in downstream equipment Operatmg at ' : et

‘a higher frequency.
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Table 76, Transistor and Transformer Losses and Weights (1 psec Switching) -

Power Loss. (W) 7 S Weight, (1b)
T 7 Tr’aﬁs‘-
o R D ‘ .- | Transistor | former| - :
‘ Fr?l?;;:)ncyv Pon YPDrive. pswv Py Ptoytal angigfét Wy WiV
1,0 |0.8] 0,36 |0.13|13,4| 14.7 | 0.34 - | 0.42 |0.76 [3.7
2.4 0.8 0.36 [0.32| 9.4 10,9 0.39 | 0.25 |0)64 |2.82
5.0 0.8 0.36 [0.67 7.4| 9.2 | 0,495 | 0.185 | 0.68 |2.53
10.0 0.8 | 0.36 |1.33| 6.9| 9.4 | 0.685 | 0.15 |0.835|2,72

The impact of slower transistor switching speeds can be shown both in terms
of inverter efficiency and in the effect on power subsystem weight. For an operating
frequency of 2.4 kHz, the inverter losses for | and 5 usec switching times, respec-
tively, are 10.9 and 12,2 W.. The 1-psec switching case yields an inverter efficiency
1mprovement of approximately 0.6% as compared with the 5 psec case. The saving
in required power~-source weight, as shown by the w, figures in Table 7-7 amounts
to only 0.29 1b.. ; , .

Table 7~8 shows the effects of loss and welght for a 5~ “psec rise/fall tlme. the

© 2,4-kHz frequency is shown to be near optimum,

Table »7-7. Required Power-Source Wv_eight

, Powie'r Loss, (W) . : W‘eighﬂt(lb)b |
] 7 Tran»sisto'xr- IR )
" téw. psec pon P’Dfive IJasw Px ptotal angi}nilieét ‘ er , 'WI 1 ‘Wé
7.0 |08 0.3 |o.32]9.4 10,9 | 0.39 " 0.25 | 0.64] 2.82
5.0 |o8|0.36 |6 9.4 t2.2 | 0.4z | o.25 | 0.67)3.11

~ Table 7-8. 'Transistor'énd Transformer Losses and Weighté (5 psec Switching)

PowAer‘Loés,v'(W) ) S Weight (ib) -
' ‘Transistor g)ﬁ::; o
' ; : Pi' P ~and Heat W W ‘W
Frequency Pon PDri've Pow x| total | Sink x 1 o
1.0 | 0.8 | 0.36 |0.65|13.4(15.25 | 0.48 | 0.42 |0.9 |43
2.4 |o0.8|0.36 |16 | 94122 | 0.8 | 0.25 |1.05 13,49
5.0 0.8 0.36 |3.35| 7.4|11.92 1.3 | 0.185 | 1,485]3,79
0.0 |o0.8]0.36 |6.65] 6.9[14.7¢4 | 2.0 | 0,15 |[2.15 |51
721



7,10 CONCLUSIONS '
L The minimum power subsystem we1ght occurs at a sthchmg frequency of.
. 5 kHz for 1 p.s riseffall time constraint. - The overall weight advantage, however,
 is relatively small (0.29 1b). Accounting for input filter, weight, and assumed
battery power source density (0.1 1b/W), the overall weight advantage compared -

to the 2. 4 kHz frequency is approximately 0.5 1b.  Additional we1ght savmgs w111
be acerued m the 1oad transformer rect1f1er fllter um.ts - :

WIth no nse/fall tlme constramts, optu‘num swttchmg frequenc1es for the
inverter and system are estimated to be about 10 Kc, resulung in further reductlon
of load transformer- rect1f1er f1lter units. S :

: For rise/fall tzme of 5 p.sec,_Z.4kHz 'appearvs to be ;hear oprtimu.rn;” :
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8. AFAILURE: MODES AND EFFECTS A’NALYsiS ~

The followmg subsectmns report on the element and system fa1lure mode and'
effects analysis, as well as methods of failure protectmn and reliability .improve- -
“ment. In general, an'element is defined in this report as a major power system
functmn such as a boost line regulator, solar array. battery charger, etc.

o 8 1 ELEMENT FAI LURE AND EFFECTS

Each of the maJor elements const1tut1ng a. power system conf:guratron has
been analyzed for its failure modes. The possible failure modes of the element and
. the causes of the failures, as related to internal major parts.and circuit functions,

" have been identified. In general, the component/crrcmt failure modes are classi-
fied as open circuits, short circuits, or degraded performance. The method of
detection of these failures and means by which redundahcy can bé provided have

also been defined. -Table 8-1 presents in tabular form the element failure analysis .
for the existing Mariner system. Schematics of key representatlve c1rcu1ts which
were analyzed are presented in Flgures 8- 1 through 8-7. ‘Table 8-2 summarizes

‘the results of the analys1s. e S REEEE

8. 2. SYSTEM FAILURI& AND EFFECTS

After the element farlure analys1s was completed, the functional elements

" making up a power system were analyzed to determine the failure effects of a

given element upon an adjacent functional element. This analysis was then expanded

' to define the propagation throughout the power system, mcludmg the power inter-
face to the spacecraft user equ1pment. : : : ,

The functlonal elements were assumed to have fa11ed in each of the modes

. presented in the element failure list (Table 8-1).  The effects of these failures as_

manifested at the input and output terminals of that functional element were tabu- -
larized. The parameters considered as providing 51gn1f1cant information about

_ . the failure were: input voltage; input current, input power, percent regulation of

" the input voltage, and percent ripple on the input voltage. - The effect of one element -

" failare within the power system is 1dent1f1ed by its effect on the remaining functional

- elements and total equipment Cll‘Clllt. An example ,of this detailed failure effects -
analy51s is shown in Table 8~ 3. ’ : . - o

Tl.e left-hand column of- Table 8- 3 (under "No. " headmg) l1sts the maJor '
. .elements and the failure modes associated with each element... The failure mode
“identification is consistent with that delineated in Table 8-1. The effect of the
“ failure on each of these related elements is noted in the body of the table, using
" six symbols or combinations thereof. The (+) and (-) symbols indicate that the =~
magnitude of that parameter increased or decreased, respectively. The large "C": -
and "F" and small "f" indicate the degree of the change as noted in the legend. :
A "O" - indicates that the change did not exceed normal operatmg limits. A combi-

... nation.of symbols, such as "0/+F" was used when the change in that parameter

- depended upon the operatmg cond1tmns of the c1rcu1t and could fall anywhere w1thm

o the 1nd1cated range.

. Smce the output parameters of. each element are also the mput parameters

~ for the following element, only the input parameters. (except for solar array and
.. battery where output parameters are tabulanzed) are shown in the column, " Effect
“o.on Related Elements " :

: The effect on the power system outputs, namely, unregulated dc, regulated

56 Vdc, 2.4 kHz, 10, 30 400 Hz, load capability in sunhght and load capability

. during maneuver (battery operatlon) are. delmeated in the column, " Effect on .
System Performance. " :



Table 8-1., Failure Modes and Effects Analysis — MM '69 Power System

UNIT NO. FATLURE MODE " FAILURE CAUSE MI'THOD D REDUNDAN o LO2TFRIS
Sclar Array 1. String open Wire or conncction open DC level sensor (Z—00) Multiple strings
2. String short Solar ceil or diode (anode) to DC level sensor (Z—=Y) Multiple strings with
ground short or string + to blocking diode
- short (wire)

3. Multiple strings Same for string DC level sensor (Z-—=90) Multiple strings
open (mom. booster
disabled)

4. Multiple strings Same for string DC level sensor (Z/—J0) Multiple strings with
short (mom. booster blocking diode
disabled

5. Strings open or short Same for string DC level sensor Multiple strings
(mom. booster enabled)

| @ 6. Illumination low Spacecraft misorientation Sun angle sensor Attitude control
| o system
f 7. Array temp. high Poor prediction Temp. sensor Not applicable
!: 8. Array temp. low Poor prediction Temp. sensor Not applicable
Array Control 1. Voltage limiting Zener(s) open or drift to DC level sensor Multiple strings in
open high voltage parallel to minimize

effects of zener(s)
open or drift

2. Voltage limiting Zener(s) short or mechanical DC level sensor Multiple strings in
short short (e.g. at connector or parallel to minimize
positive to negative) effects of shorted

zener and multiple
series zeners for each

1 string
3. No solar array power Main bus open (mechanical Solar array current Multiple wires, zener,
failure), zeners short, blocking diodes
blocking diodes open
4. Unreg. bus short Short (mechanical or Current sensor Fultiple wiring, isolation
cathode to ground short, of blocking diode

‘ blocking diode)
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UNIT

Array Control
(continued)

Battery

Discharge

Diode

Kinetic Switch

Filter

Battery
Charger

Table 8-1,

FAILURE MODE

Loss of string power

loss of string
isolation

loss of battery
power

Decrease in battery
voltage

Battery voltage
decrease to 0
Iess of blocking
function

Loss of battery
discharge power
Loss of battery
discharge power

Loss of Solar Array
Current

Excessive ripple
Excessive ripple
Zero voltage input
No output current

nor voltage (input
current low)

FAILURE CAUSE

Plocking diode open

Blocking diode short

Cell open

Shorted cell

Shorted cells or mechanical

failure

Shorted diode

Open diode

Open switch
11 open

L1 short
C10, C1l open
Shorted capacitors

a) loss of drive power
b) loss of or erroneous error
signal from diff. amp
c) ?Een series element
ransistor, resistor, diode)

d) *K2 relay coil or relay

driver failure

METHOD OF DETECTION

Failure Modes and Effects Analysis — MM '69 Power System (Cont)

REDUNDANCY FRCVISION

CCMMENTS

“tring current

Volt, differential
sensor

Rattery current
sensor

Battery voltage

Battery current

Voltage differential
sensor

Discharze current

Discharge current
Solar array current

Ripple current
Ripple current
Fuse

Yot Practical (NP)
NP

Current

TIM

Parallel diodes

Series diode

Parallel battery

Additional series
cell

None

Series

Parallel

Parallel
Paraliel

Series
Parallel/quad
Series/quad

Quad
Majority voting

Parallel or standby
Quad

Same effect as
"Solar Array 1,2"

None unless
string shorts

Incorporate good
mechanical design

#or failed commarnc



UNIT

Pattery
Charger
(co. ‘*nued)

Momentary
Booster

2.

Table 8-1.

FAILURE MODE

Output voltage low

(input current normal)

No outut current or

voltage (input current

excessive)
Output current high
Output voltage high

No output, impedance

low

Loss of battery charger

off

No output

Input current pulse
high

Failure Modes and Effects Analysis — MM '69 Power System (Cont)

FAILURE CAUSE

a)

a)
b)

Inadequate base drive
Drift in diff.-amp

Input capacitor(s)
short

Current limiter open

Excessive base drive
Failure in diff. amp

Output capacitors short

*K2 relay coil or Driver
failure

a)
b)

c)
d)
e)

f)

*K3 relay coil or driver
failure

Share mode detector and
logic failure

K1 relay coil or driver
Oscillator open
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