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ABSTRACT

The Explorer Platform/ Extreme Ultraviolet Explorer (EP/EUVE) spacecraft
power is provided by the Modular Power Subsystem (MPS) which contains three
50 ampere-hour Nickel Cadmium (NiCd) batteries. The batteries were fabricated

by McDonnell Douglas Electronics Systems Company, with the cells fabricated by
Gates Aerospace Batteries (GAB), Gainesville, Florida.

Shortly following launch, the battery performance characteristics showed similar

signatures as the anomalous performance observed on both the Upper
Atmosphere Research Satellite (UARS) and the Compton Gamma Ray
Observatory (CGRO). This prompted the development and implementation of
alternate charging profiles to optimize the spacecraft battery performance. The

Flight Operations Team (FOT), under the direction of Goddard Space Flight
Center's (GSFC) EP/EUVE Project and Space Power Applications Branch have

monitored and managed battery performance through control of the battery
Charge to Discharge (C/D) ratio and implementation of a Solar Array (SA)
offset. This paper provides a brief overview of the EP/EUVE mission, the MPS,
the FOT's battery management for achieving the alternate charging profile, and
the observed spacecraft battery performance.

INTRODUCTION

The EP/EUVE spacecraft was designed, built, and managed by NASA, GSFC. EP/EUVE is

operated by NASA and Loral AeroSys with the primary payload, the Extreme Ultraviolet Explorer
(EUVE), operated by the University of California at Berkeley. The Explorer Platform (EP)
spacecraft design was based on the Multimission Modular Spacecraft (MMS). The platform can
support a variety of remote sensing, Low-Earth-Orbit (LEO) missions requiting solar, stellar, or
earth pointing missions. The EP provides a space based platform from which the explorer class
instruments and equipment can be remotely exchanged during Space Shuttle-based servicing
missions. The MMS structure supports the Platform Equipment Deck (PED), which serves as the
EP interface to the payload. The payload module, currently EUVE, is mounted on the PED and the
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mission-unique equipment has been placed within removable PED modules. When EP was
integrated with its payload module, EUVE, it became the mission-unique EP/EUVE satellite.

The EP/EUVE spacecraft was launched on a Delta II Expendable Launch Vehicle (ELV) from Cape
Canaveral Air Force Station, Florida on June 7, 1992 into a circular orbit 528 km in altitude with

an inclination of 28 degrees. The EUVE is a LEO astronomical survey mission that has produced
the first definitive sky map and catalog in the portion of the electromagnetic spectrum that extends
from approximately 100 to 1000 angstroms. Scientifically, the mission includes three objectives,

all-sky survey, deep survey and spectroscopy. The all-sky survey and deep surveys were
performed concurrently during the first 6 months of the mission and completed in January, 1993
with gap filling completed in July, 1993. The balance of the EUVE mission is being used for
additional spectroscopy experiments.

During the two spacecraft modes of operation, the spacecraft orientation is defined as follows. In
survey mode, the spacecraft maintains a constant rotation of 0.18914 +/- .00005 degrees per
second. In spectroscopy mode the spacecraft will be inertially fixed such that the spacecraft is
pointed within the design constraints of 0 to i 10 degrees with respect to the -X_ axis and +/- 33
degrees with respect to the Command and Data Handling (C&DH) roll axis.

MODULAR POWER SUBSYSTEM

The EP/EUVE MPS is comprised of all the power control, distribution, regulation, provision, and

other power-related hardware. This includes the McDonnell Douglas MPS and the two Solarex
solar arrays. Figure I illustrates the subsystem interfaces.

The functions of the EP/EUVE major power subsystem components are presented in Table 1.

Table 1:

Power Subsystem Component
Bus Protection Assembly (BPA)

50 Ampere Hour Batteries (3)
Power Control Unit (PCU)

Remote Interface Unit (RIU) (2)

Signal Conditionin_ Assembly (SCA)

Solar Arrays (2)
Solar Array Drives (2)

Solar Array Drive Electronics (2)

Standard Power Regulator Unit (SPRU)

Thermal Control Subsystem

EP/EUVE Major Power Subsystem Components

Function
Fusin_ of internal MPS loads

EnerF_, storage
Power distribution
Command & Data Handlin_ interface

Command and telemetr_, conditionin_

EnerF_, conversion
Maintains solar array position as determined

by the Solar Array Drive (SAD) flight software
and commanded by the Solar Array Drive
Electronics (SADE)

I Monitors and commands the SAD movement
as determined by the SAD flight software or

_zround issued commands

Batte_ charge control
Batter_ system thermal regulation

The batteries onboard the EP/EUVE spacecraft are three 50 amp-hour conventional NiCd batteries

in parallel configuration. Each battery contains 22 serially connected cells. The plates were
fabricated at GAB during the 1/85 to 5/85 time period. The cells were activated in March 1988.
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Figure I: EP/EUVE Power Block Diagram

POWER SUBSYSTEM OPERATIONS

The MPS operations have evolved on-orbit to rely heavily on various SPRU modes of operation.
The modes of SPRU operation are discussed in Table 2.

EARLY MISSION OPERATIONS

At launch, the Voltage Limit Mode of SPRU was set at V/T level 5; however, the level was

commanded to vfr level 4 on launch day based on the observed high average C/D ratio values
(1.286, 1.241 and 1.224 for batteries 1, 2 and 3, respectively). The level was later lowered to V/T
level 3 on May 5, 1993 to further reduce the C/D ratio.

Thermostat control was also implemented during early mission operations. MPS battery
temperature regulation was implemented to maintain a specific battery temperature operating range
greater than the thermistor set points for the battery heater controls. This can be performed on the
EP spacecraft because the MPS configuration includes an externally mounted heat pipe
implementation that maintains a stable thermal environment between all three batteries. Current
operation maintains a battery baseplate temperature of greater than 5 degrees C and less than 8

degrees C. This temperature range is maintained through Onboard Computer (OBC) Telemetry
Monitor (TMON) control. The original operational implementation was introduced on September
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8. 1992 based on a temperature goal of 2 degrees C. This goal was changed, in steps, to the

current operational temperature range on October 23, 1992. The battery temperature trends for the
length of the mission is presented in Figure 2. This thermostat control showed no appreciable
impact on the battery charge profile.

Standby Mode

Peak Power Tracking Mode

Voltage Limit Mode

Current Limit Mode

Sate Mode

Table 2: SPRU Modes of Operation

SPRU Modes of Operation

The MPS power is supplied by the batteries due to no
available solar array power. The SPRU is able to
receive commands and retains a memory of its last
commanded state in this mode.

The maximum SA output power point will be
maintained to provide all available power to the
spacecraft load and recharging the batteries until the
Voltage-Temperature (V/T) set point is reached or the
constant current mode is enabled.

The battery voltage limit is determined by one of the
eight commandable NASA standard V/T limits. When
the battery terminal voltage rises to the limit, the battery

current is reduced to a taper profile.
The current limit is an externally commanded mode
which limits the total battery charge current to ofie of the
three selectable levels, 0.75 amps, 1.5 amps or 3.0

amps.

In the event of three consecutive pulses being missed to

the MPS Computer Status Monitor (CSM), the SPRU
will be commanded to the appropriate V/T level based
on the selected v/r level (currently V/T level 1). No
external commanding will be allowed to the SPRU until
the CSM has been disabled.

CURRENT POWER OPERATIONS

The C/D ratio and the net overcharge of all three batteries remained higher than recommended for
the batteries. This is due in part to the small loading requirements of the spacecraft and the large
size of the SAs. Because the arrays were designed to support a 10-year Platform mission life

integrated with EUVE and a variety of follow-on Explorer class Instruments, the available power
to the payload was budgeted at 300 watts for an orbital average with peaks of 1000 watts. On-
orbit EUVE payload power needs, however, have been an orbital average of 200 watts with peaks
of 300 watts during both spectroscopy and survey modes.

The FOT currently utilizes three of the SPRU modes - the constant current mode, the peak power
track mode and the voltage limited mode, on an orbital basis for nominal battery operations. These
standard operational procedures for a single EP/EUVE orbit are presented in Figure 3.
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Figure 2: Mean Battery Temperatures for the Mission Life

Constant Current Mode at Orbital Sunrise

Constant Current Mode (CCM) at Orbital Sunrise (OS) was implemented to regulate the high
battery charge current from the SAs when the arrays are cold. The operational goal has been about

20 amps. The onboard implementation uses the OBC Orbital Time Processor (OTP) flag 6 to trip
when the spacecraft to sun vector cosine is -0.5 corresponding to an angle of 120 degrees. This
equates to approximately 2 minutes prior to spacecraft day. The flag executes a Relative Time
Sequence (RTS) that commands the SPRU to 3.0 amp CCM at orbital sunrise then returning the
SPRU to V/T control approximately 10 minutes into day.

Spacecraft Night

I
CCM

at I

Orbital I

Sunrise I

Spacecraft Day

100%
State of Charge

V/T Control

CCM
at

Full

Charge

Spacecraft Night

Figure 3: Standard EP/EUVE Orbital Battery Management

Constant Current Mode at Full Charge

CCM at full charge was implemented to minimize the batteries overcharge. Proactive steps have
been taken to maintain a ground minus CCM calculated C/D ratio goal range of 1.02 to 1.07 and
hence minimize the batteries overcharge. In this implementation, the SPRU commands 0.75 amp
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CCM to maintain a trickle charge on the batteries while still in spacecraft day after the C/D ratio

goal has been reached as determined through TMON sampling of the battery state of charge. The
C/D Ratio goal is based on the assumption that when the battery reaches 100 percent state of charge
at a specified 0.98 Power Monitor (PMON) processor battery charge efficiency, the C/D ratios

approximate 1.02.

PMON battery, efficiency changes

The PMON battery efficiency changes were implemented to stabilize the End-of-Night Load Bus

Voltage (ENLBV), which was decreasing during extended maximum eclipse period. The PMON
battery efficiency is decreased by 0.01 during the maximum eclipse period to allow additional
charge on to the batteries while marginally increasing the C/D ratio by 1 percent. The CCM at full
charge target C/D ratio may be changed by changing the Battery 1, 2, and 3 charge efficiencies in
the PMON processor via OBC system table load. This is routinely being performed by changing
the target C/D ratio. The efficiency is set to 0.97 for spacecraft eclipse periods of greater than 34.5
minutes and set to 0.98 for eclipse periods less than 34.5 minutes. The PMON efficiency changes

are presented with the length of spacecraft day in Figure 4.
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Figure 4: Length of Spacecraft Day for the Mission Life

Solar Array Offset

The SADs remained powered off during the first 13 months of the EP/EUVE mission, In-Orbit
Checkout (IOC), survey, and 6 months of inertial point mode. Then, following the completion of

the gap fill-in portion of the all sky survey in July 1993, the SADs were validated during a mini-
IOC. Two SA hardware limitations, specular reflection and an Extra Vehicular Activity (EVA)

handrail, were identified during the validation. The spacecraft body, specifically the Signal

Conditioning and Control Unit (SC&CU), reflects sunlight onto the solar array panel 1. This
causes heating of the panel in the vicinity of thermistor 3 to the solar panel red high temperature
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qualification limit, 114 degrees C. Additionally, an EVA handle prevents the movement of solar

array 2 past 83 degrees -X_ limiting the range of possible SA motion. A flight software change
has been implemented which will maintain the solar arrays at a table-defined offset. This flight
software implementation repositions the SAs to the offset position, currently 40 degrees to avoid
specular reflection, taking into account the EVA handrail limitations, when the spacecraft slews to a

new target. The change in the spacecraft attitude may be seen in the effective solar array offset
(figure 5).,
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Figure 5: Effective Solar Array Offset for the Mission Life

DATA

With the implementation of CCM and SA offset management, the charge-to-discharge ratios
have decreased for the length of the mission (figure 6). The average IOC C/D ratios (including
CCM) of 1.08 to 1.09 in comparison with the current values of 1.06 to 1.07 showing an
improvement of 2 percent for batteries 1 and 2 and of 1.5 percent for battery 3. Thebattery C/D
ratios show stable in-family trending of high numbers during the survey portion of the mission
with the SA position constantly normal to the sun. The C/D ratios diverged in January 1994
with the spacecraft transition to inertial point mode and the introduction of CCM at OS. During
this mission phase, the SADs remained fixed, while the spacecraft changed pointing positions
throughout the sky on a daily and sometimes orbital basis. This varied the effective SA offset to

the sun from 0 to 55 degrees, and thus varied the available solar array current to the batteries.
Two operational events, a deep discharge of the batteries (24.5%) on June 17, 1993 (DOY 168)
and the implementation of a constant 40 degree SAD offset on August 6, 1994 (DOY 218), have
contributed to the stable and lower C/D ratio values seen since June of 1993.
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Half battery differential voltages for batteries 1, 2, and 3 are presented in Figure 7. The battery
differential voltages showed similar degraded features with all three batteries crossing zero as the
spacecraft to inertial point mode. An improvement is evident in all three half battery differential
voltages. The half battery differential voltages for battery 1 continues to near zero, while
batteries 2 and 3 are approaching toward zero.
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Figure 7: Half Battery Differential Voltages for the Mission Life

A significant improvement in the end-of night load bus voltage is apparent from Figure 8 for the
last six months. The end-of-night load bus voltage has been approximately 26.88 volts for this

period.
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CONCLUSIONS

The constant current mode implementation successfully limits the C/D ratio to a specified goal.
This has been enhanced by the use of the battery, efficiency change which allow the end of night
load bus voltage to stabilize about 26.88 volts during periods of maximum eclipse. The 40 degree
solar array offset maintains a battery current input between 13 amps and 20 amps. The
implementation of the CCM charge control, PMON efficiency change, and the SA offset have
optimized battery operation for the EP/EUVE spacecraft.

1994 NASA Aerospace Battery Workshop -607- Nickel-Hydrogen / Nickel-Cadmium Data Session





0

00
<<

1994 NASA Aerospace Battery Workshop -609- Nickel-Hydrogen / Nickel-Cadmium Data Session



0
I:IC
(.O

• • •

1994 NASA Aerospace Battery Workshop -610- Nickel-Hydrogen �Nickel-Cadmium Data Session



.t::

8
II

0
0

m

1994 NASA Aerospace Battery Workshop -611- Nickel-Hydrogen / Nickel-Cadmium Data Session



1994NASAAerospaceBatteryWorkshop -612- Nickel-Hydrogen �Nickel-Cadmium Data Session



8
|

o
0

1994 NASA Aerospace Battery Workshop -613- Nickel-Hydrogen / Nickel-Cadmium Data Se_ion



1994 NASA Aerospace Battery Workshop -614- Nickel-Hydrogen �Nickel-Cadmium Data Session



o,
Zo
0

1994 NASA Aerospace Battery Workshop -615- Nickel-Hydrogen �Nickel-Cadmium Data Session



1994NASAAerospaceBatteryWorkshop -616- Nickel-Hydrogen �Nickel-Cadmium Data Session



t',,. O0 0"_ v'- =_
• o

1994 NASA Aerospace Battery Workshop -617- Nickel-Hydrogen / Nickel-Cadmium Data Session



1994 NASA Aerospace Battery Workshop -618- Nickel-Hydrogen �Nickel-Cadmium Data Session



c_
II,.I

a

!11.1

ITI

c-

in
m

I.i.

14--
0

E

I

i ! '

t

z: F!i:

z' i _ I t

' , i

i i ! i ! ; i I _ !'' i
._,_ ..... i ! _

li!_li!

,_.i i i '
;_ ;_"i_'1_i _

-'_' _ -'_ i !-1 "1 _

_ __ _,:_:

i

!

"i'-

!.,_, l_,! _
__:_

',

II /_ilti I_

I

I
i

1994 NASA Aerospace Battery Workshop -6 ] 9- Nickel-Hydrogen / Nickel-Cadmium Data Session



I::)

,,4,-,I

1994 NASA Aerospace Battery Workshop -620- Nickel-Hydrogen / Nickel-Cadmium Data Session



0,1
¢/)
10

¢0

¢0
£:)

10
m

GI
imln
i

ii

or)

:::)
to-
0

O.

i
I

!i

, ; I r, _i ii lii

i

!

I

i

1994 NASA Aerospace Battery Workshop -621- NickeLHydrogen �Nickel-Cadmium Data Session



tD

t_

t:l

tD

e-

ml
n

I1

Or)
tw
<
::3

O

eq _.. i _' ¢q i eqi _

jC"q t"q¢qli,

t"q !t",4ieq ¢'q,c,,l!e,4it"q ¢q

i I i i

I

_ _ m,,_b_ ,,-¸

e_, e_,

t_

1994 NASA Aerospace Battery Workshop -622- Nickel-Hydrogen / Nickel-Cadmium Data Session



t_
t:l

g,
I:1:1

e"

im
m

i!

re'

0

m

E
t_

¢d

1994 NASA Aerospace Battery Workshop -623- NickeLHydrogen /Nickel-Cadmium Data Session



L_

_> C _OL
_.0_'-_0.c :3 -- _=

0 0 • m

W _ m

1994 NASA Aerospace Battery Workshop -624- Nickel-Hydrogen / Nickel-Cadmium Data Session



::I79NV V138

W

<

o _ 0 143 _ e=3
0'_ I_ ¢,D _. 0'3 _,-

/i /

/

: /

UJ ILl 111 i

======

El m m m

F

I

/-

0

i.Sl.

81;,I.

St_l,

6£1,

9£1,

££1.

0£1,

g
L_I.

|

81,1, _)

¢JI, I,
a

6Ol.

9Ol,

£o_

OOl.

L6

P6

1,6

(:3) 3_IRlV'_lqdlN:ll A_Iq.LlV8

1994 NASA Aerospace Battery Workshop -625- Nickel-Hydrogen / Nickel-Cadmium Data Session



>..
re
u.I
I--
!--
,<
I:i:1

W
(.9

re
Wn,'

>-

0

Q..O

I--

m

re

0

378NV V1:18

OOO

eene ne

ae_¢3000>- >., >-
..1 ..1 ..1

ec_cY
_wW _

_-., i _/

• -. o o o. o.

OllV_I ClIO _V_AV 171V(]

i.SI.

8t,_

_t,I,

6£1.

9£1,

££1,

0£1,

Lgl,
!

I,gl,

81.1,

601,

901,

£01,

001,

1994 NASA Aerospace Battery Workshop -626- Nickel-Hydrogen / Nickel-Cadmium Data Session



::I7E)NY V13B

>-
n,'
111
I--
I--
<
co

0c
W IL.
>0

u. t7

F. r7
<
rn

Or)
iX
<

0
o'J

z_ 0 z_r} o
e'}

z_

a a a
OOO
r% ¢_ ¢%

O OO

>. >. >.
--J ._ .J

w w w <

I

(SalnNl_l-d_V) ::19_I¥H0£IC]

-dO-Hld::IClBOV_I:::IAVA71YO

O

I,_1.

8171.

_t_i,

6£1,

9£1.

££1.

0£1, _

• II

I.gl, _.

81,1, _)

60_

901,

00_

1,6

1994 NASA Aerospace Battery Workshop -627- Nickel-Hydrogen �Nickel-Cadmium Data Session



(£:llnNll/_-dl/_V)

:I_Vl.-IS-CIV07 7'¢IIN:I_FI-I:IIO

n,.
,<

O>-
<<
O I:::I

>.>

m

0

0 _ 0 It) 0 It) 0

:I-19NV V138

|

<
uJ
>.
LI.
0
>.
<

1994 NASA Aerospace Battery Workshop -628- Nickel-Hydrogen / Nickel-Cadmium Data Session



O0
>

LLI o4
@a
_z

LU

ZLULU

_wO
0111
u. _"

W
I--

=I-IONV V.I.BB

0

0 _ 0 _ 0 Lt_
0

i

I

68g

LLZ

g9"_

I.t,T,

67,7,

LI, T,

gOZ

£61,

I.- m

I

! ..... _................ 1,81.

......_......... i __ ,e.=

........i..................

..........•................I

I i................

I

LSI. n,'
<:

St_l. u.I
>,,

££1. u..
0

601.

L6

S8

£,L

1,9

6_'

Z£

£1,

I,
cO ¢0 _ o4 0

(o "o_a)

1994 NASA Aerospace Battery Workshop -629- Nickel-Hydrogen / Nickel-Cadmium Data Sessto_



>-
r_
W

m_

O<

W_

O_
" 0

W
n J

iyO
<

37_NV V138

0 _ 0 _ 0 LID C3

!

n,'

W
>-
LI.

0
>-

0

(AW) 39V170A 7VlIN3_I3_-I_-IIO

1994 NASA Aerospace Battery Workshop -630- Nickel-Hydrogen /Nickel-Cadmium Data Session



>.
tY

_tY

cO>"

0

_0
tY>
W
n .-J

tyF-
wZ
F-W
F_t_

m_
W.

tyO

=I79NV V138

'q" eq

: :_II

'e- 0

:::::::I

(AW) =IgV170A 7VIIN=I_I3-1-11Q

1994 NASA Aerospace Battery Workshop -631- Nickel-Hydrogen / Nickel-Cadmium Data Session



LL.

O
C3
Z
w0c

<>-
0Cu-
wO
>>-
<<
>-r7
"'Io3l

<>
OW

1 >
m

_9

rn z

g

39V17OA

She ovo7 1HZ)IN-.-IO-CIN3

"Y7_)NV Vl:IB

O_

"7,

1994 NASA Aerospace Battery Workshop -632- Nickel-Hydrogen / Nickel-Cadmium Data Sesston



n

o$

.t:

•_.=-__ _._ ._>

"' _ _ .=-

,_ _,_ _ _-_ _,.__
•-- _=0.-_ 0.I3 03,_

_o_ .___=

1994 NASA Aerospace Battery Workshop -633- Nickel-Hydrogen / Nickel-Cadmium Data Session



_a

[]

¢

o1

f;

_g

e,i

=_gVZ-IOAShec]vo'l .LHE)IN40£1N=I

1994 NASA Aerospace Battery Workshop -634- Nickel-Hydrogen / Nickel-Cadmium Data Session



0

•-: _4 e4

1994 NASA Aerospace Battery Workshop -635- Nickel-Hydrogen / Nickel-Cadmium Data Session



164

167

170

DEEP i

DISCHARGE CONDITIONING

155

158

161

164

167

170

173

DALLY AVERAGE DEPTH-OF-

DISCHARGE (AMP-MINUTES)

i .-_/

I

J
J

J

DIFFERENTIAL LOAD-SHARE

(AMP-MINUTES)
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