
Fiij—AO47 890 £T PHOPtASIOtI LAS PASAUtNA CALIF P~~b tu,z
COIeUTER PHO RAM FOR 0(518+4 AND PERFORMANCE ANALYSIS OF NAVIGAT—CICIU) N

.ARl 77 H 1(110
LIICLASSIF LW WI.—SO40—27 USCG—O—11—77 18. -

_________

M E !  
_ _flø flU Iii______UPUIIIfl I 

____

_ _  

UI~I 
_ _  _ _W H IflUSU _/ 1



Report No. 5040-27 CG-D-11-77
June J 977

O COMPUTER PROGRAM FOR
DESIGN AND PERFORMANCE ANALYSIS
OF NAVIGATION-AID POWER SYSTEMS

Program Summary

‘S?4TIS O~~~~~

June 1977

Fi nal Report

fl ~Document us available to the public through the
National Technical Information Serv ke, - n

Springfie ld, Virg inia 22161
~~~~~~~ S~~~~: ~‘~~~(

I.)

Prepare d for

DEPARTMENT OF TRANSPORTATION
___ UNITED STATES COAST GUARD

Office of Research and Development
Was hington , D.C. 20590

~~~~~~ 
____________________________________ 1~~~~~~~~~~l



5O~4O—27

N O T I C E

This document is disseminated under the sponsorship of the
Department of Transportation in the interest of information
exchange. The United States Government assumes no liabiliity
for its contents or use thereof.

N O T I C E

The United States Government does not endorse products or
manufacturers . Trade or manufacturers ’ names appear herein
solely because they are considered essential to the object
of this report.

N O T I  C E

The contents of this report reflect the views of the Jet
Propulsion Laboratory which is responsible for the facts
and accuracy of data presented. This report does not con-
stitute a standard, specific ation or regulation.

This work presents the results of one phase of research conducted at the Jet
Propulsion Laboratory , Calif~ rnia Institute of Technology for the Department
of Transportation , United •

T tates Coast Guard , Office of Research and Develop—
men4 under Contract MIPR . Z-70099—5—53355—A by agreement with the National
Aeronautics and Space Administration.
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R&D (Hnter t~epc r t Number 18/76 has been assigned. - (7r .

A uter p gr~~-~ i ; c ~l ped for  the perfo rmance analysis of a spacecraft power system )
by tae ~et h r j u H i / n  Laboratory has been adapted to meet certain needs of the United

a rt  G i a r i .  This pr r -ram , now designated as the Design Synthes i s/ Per formance
I r L T I i y J i s  (D.~~~r r ) oputer Program~ is capable of performing all the calculat ions necessary

~e : . -~~aa -I the verall charac ter i s t ics  of solar array—battery power systems for
aDp i~ ati rri t aidc t navi gation. The DSPA,Computer Program will enable the Coast

- b r  i~ai r I  or a r ray/ba t tery  power systems for aids to navigation having any
r e c i l i ’  t ,ash in~ lamp load and at any geographical location , simulate the performance
of s- lar ar r ay ’t a t t ery  p wer systems in operation on navi gational aids under spec i f ic

l ; h i r r :  l orp 1- a 1 and environmental conditions , and provide spec ifications for viable
a l te rna t i ve der igns  which may be used to integrate solar array/battery power systems
m t  the ( oo. ;t Guard inventory . The DSPA Computer Program was ve r i f i ed  by comparing
~- T ’ pr eli- ’toi perat i rial. charac te r i s t i cs  of specif ied  power systems with the actual
p~~r L r r . . a r L r  o f th ese same power systems . The Computer Program accurately predicted the
‘ t r ~~ej in b at t e r y  state— f—charge over a one year period for two power systems consid—

e rer  s e / ’ e rs f u l i y  tested by the Coast Guard.~~~Three other power systems eva luated by
the 2 ort  liar I exper ienced er ra t ic  solar arra~~ degradation prof i les  during the one
year t , r t  period ari d were considered as fai lures -~by the  (Hart  Guard. Desp ite the

-~r e r t o i rt i e r  in the erratic solar array degradation data and the potential impact rn
‘ ‘t, V iJLI  ba t te ry  t o h o v L r , ve r i f i ca t ion  test cases were performed , and the DSPA accur a t o 1y

~ro-~i to-i r t V L t e— f—charge  for t wr  of the three system~ . Verification of the DSPA was
V riril ered a:; :~~cnesrful based upon these results.
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1. l;lRuUUcliuN AND SUT-C IARY V

A major mission of the U.S. Coast Guard is the task of provi ding and

maintaining Maritime Aids to Navigation. These aids ore located or, and

near the coast line and inland waters of the United States and i ts  pos—

r e c o l or s .  A spec i f ic  type of r av ig ao iona  aid (‘2: osl iag loor; on a Pony )

offers- a possible anclication for low—cost solar  array/bor oesy poc er

systems.

Presen tly,  f lashing  lamp buoys are powered by z i n c — a i r  h at c e ri e s  wh i ch

require periodic replacement (1—2 year life). Development of a solar

array/battery power system with unattended operation during a six—year

li fe , shows considerable promise for reducing buoy maintenance costs.

Buoys are exposed to a wide variety of environments. The range of these

environments are typif ied by weather cond it ions in locations at Fairbanks ,

Alaska , and Florida coastal waters . Operat ional and desi gn problems

are compounded when it is realized that solar—powered buoys must operate

wi th  a wide range of solar insolation in addit ion to f u n c t i o n i n g  under a

variety of weather condi t ions .

— 
The Coast Guard has a requirement fcr a computer program capable of per-
forming all the calculations necessary to understand the overall charac—

teristics of solar array/battery power systems for application to Aids to

:;avigai-ion. This report contains a description of the Design Synthesis/

Performance Analysis (DSPA) Computer Program developed by the Jet

Propulsion Laboratory in response to the Coast Guard requirements.

The description of the DSPA Computer Program is presented as indicated

below:

• Segment A — Program Summary .

• Segment B — Program Documentation.

Volume I — Software Requirements  Document . V

Volume II — Users ’ Manual .

Volume III — Programmer’s Manual .

1—1

________________—V _-_ ~~~~~~~~~~~~~~ - -- - - - -- --—-----~~~~~ -—-- - - - - —‘ - - - - - —---~~ 
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- he NSPA Computer Program will  enable the Coast Guard to:

• Design solar array/bat tery  power syst em s for aids  to nav iga t ion
h av ing  any specif i c f l a sh ing  lamp load and in any geographical
location.

- ( i mu la t e  the perf ormance of solar array/bat tery power systems in
operation on navigational aids under spec i f ic  f l a sh ing  lamp loads
and e 1vironmental c o n d i ti on s .

• Provide spec i f ica t ions  fcc ’ viable alt’-rnative desi gr:s w21 1;i ,  ;:;ay be
used to integrate  solar array/battery power systems into  the  Coast
Guard inventory .

The specifications generated iry the DSPA computer program may a lso be cred

by the Coast Guard as a basis for a complete economic analysis of alterna-

t ive  power system design . V

(He basis for selecting the computer program that wil l  meet the Coast  
—

Guard requirements was determined by an examinat ion of the  uses of

power system programs. Generally , power system computer programs are

used for two types of system problems , i.e.,:

• Design Synthesis.

• Performance Analysis.

During design synthesis , load and environmental profiles set the reiui re—

ments for the power system. Based on these requirements and on the

electrical characteristics of the system equipment , the computer program
determines the electrical size (volts, amperes , watts , ampere—hours ,

watt—hours ) and the physical characteristics (weight , area, and cost)

of the power system. A design synthesis computer program can also

provide an easy means of determining sensitivities of the power system

physical characteristics to variations in the many equipment parameters —

in order to establish the rat ional e for “opt imum” power system desi gns.

During perfo rmance analysis calculat ions, the arrangements , elec~ rica

size , and physical characteristics of powe r system equipment are already
known . The objective , in th i s  case , is to determ ine the response (or

operational characteristics) of the power system equipment to n given

—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ -
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co m p u t e r  program provides a means of “raeasar-i;ig and a dj u s t i n g  s tea ç

;;tate performance (and t r ans ient  e r fc rm ; c re If ic selected p r s f i e

t ime increments are small enough ) of propose.i or existing ~ocer systemsc ;

in order to establish design s which meet ten  rcr~Oi r - ms t t s .

The determination was made that Coast Guard object ives  arsi r e ;j c i rements

would be best attained if the  computer program ccorsLirc~ d t he f e nt :ros o f

both the design synthesis and :e r f or m a r ;c e  analysis  processe s

u l nr iy  co s t ic a l  requirement for  d e t e rm i n i n g  the  actual  m i  :y r e m a in in g

L o t t e r y  capac i ty  losing a one year period was part ~cOLnrl ajoencii e to

s o l u t i on  by the  ~erformance aa ’dysis meth odoLopy .

VChe design synthesis methodology allows the program user to select a lamp

a o l  l’iasher  combination as well as a particular power system ar rangem ent

(— ou t  of a limited set). The user must also supply information on dai ly

rloud rover  for periods of one week up to fifty two ( 52 )  weeks . Based

on t h i s  i n for m a t i o n , the computer program determines the  hourly solar

in r o l ot io n  as well as the day/nigh t load durations needed for a power

lend p r o f i l e .  (An alternative form of calculation utilizes solar insola—

‘ ion -data taken from N at ional  Oceanic amrl Atmospher ic  ( NOAA ) solar

‘ V t V j ; O t j U  tapes). The power load profile , after modification using

b a t te ry sj ;rge~ e ff i c i e n cy  and a number of power system cabling and diode

losses , is used in the load prof i le  analysis.  The ob j ec t  of a load

; r-Dfile analysis is to determine the electrical size of a balanced*

i ower c--cur -ce as well as the minimum theoretical electrical size of a

- n r re  t his information is obt ained , it is a fairly simple and
- ,  ral gh t fo rward process to determine the e l ec t r i ca l  size  of the  r e m a i n —

i ; g  i tems of equipment s ince  the  desi gn sy n t he s i s  m e t h o d o l og y  is a

l inear s tep — b y — s t e p  procedure .

*~~ i.trcced power source: — power s -ur c e  wh ich  x r r v i  des ur t  enough eaer~~ to
the Pat’ eries (luring recharge p e r l o - I c ) to o f f o c t  or  balance th e  energy loss

r c t o i r e d  by ‘he batteries during periods of discharge .

11— 3
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The methodology used in perfo rmance analys is* is to obtair. the raw power

bus operating point for each selected time increment during a mission.

Once this operating point is obtained, all power system operational char-
acteristics are easily determinable.

To obtain the operating coint , the power sy stem is di~-i c ded in to  group s

about the operating point node . Th ese group s and the equ ipment in each

group are :

Power Source Group:

• Solar Array .
• Shunt L imi te r .
• Solar Array Isolat ion Diodes.
• Solar Array Cable.

Energy Storage Group:

• Batteries .
• Battery Chargers .
• Battery Isolation Diodes .
• Battery Cables.

Power Conditioning and Distribution Group:

• User Loads .

• Load Cable.

Current—voltage (I—V ) characteristics of each equipment group are deter-

mined. The Power Conditioning and Distribution Group characteristics are

then deducted from those of the Power Source Group to obtain a Difference

Curve . The intersect ion of the D i f f e r ence  Curve with the Energy Storage

Group characteristics (as determined by the computer program) is an

estimate of the voltage and current on the raw power bus (operating

point). During the time increment under examination , the battery is in

a state of charge , discharge or open—circuit , depend ing on the val ue

and sign of the operating point current . After the operating point is

o b t a i n ed , the operational character istics of the power system equipment

are determined.  The computer program is then ready for examination of

power system response for the next time increment . The process is

repeated until the end of the mission of interest.

*This portion of the DSPA Computer Program is based upon a similar program
developed for the analysis  of planetary spacecraft power sys~ ens by the V F L
and for the C ct i i c a l  Aeronautics and Space Administration.

1—14
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The comp uted results of both design syn thes i s  and per formance  analysis

are printed out in easily readable and comprehensive tabular formats.

Additionally, an optional graphical summary of selected performance analy-

sis output data is available as an aid in determining performance trends .

A selec tion of key data used to represent the perfo rmance characteristics

of the equipment was compiled and also presented. This program data is

conveniently placed in the three categories representative of the equip-

ment functions , i.e.,:

• Power Source Group.

• Energy Storage Group.

• Power Conditioning and Distribution (roup .

The final phase of DSPA Computer Program development was program verifica-

tion . This phase was necessary to provide a check on the validity of the

performance analysis methodology used in the program by comparing the
predicted operational characteristics of a known power sys tem with the
actual operational performance of’ that same power system. During this

phase, dat a on the crit ical parameters of five power systems , undergoing

tes t  at the USCG Res earch and Development Center , Groton , Conn., were

supplied by the Coast Guard.

The DSPA Computer Program accurately predicted the change in battery capa-

city over a one year period for the two power systems considered success-

fully tested by the Coast Guard. The other three power systems exper-

ienced errati c solar array performance and were considered fai lures by

the Coast Guard. In spite of these problems , the DSPA fairly well

predicted the battery capacity over a one year period for two of the three

“failed” power systems .

1—5/1—6 
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2. COT’~’UTER PROGRAM DE SCRIP TI lI

The features of the  DSPA -Comp u ter  Progr am are di  .o ur:ei in th is sC-rtic: .

of the nx ’cgc-nm s Jmric ac-y . _ r ~e key e i em e n t s  f this -u sc i-ca in-’

speci I’ic pr-ogrsrr; cc ~ui r ose at : , conpuae ’ J rograr.c rat ior.ale , :s~ A ocr or ’
i i’cgrarn , design synthesis and p er f o r m an c e  an dy ; i s .  Chese  e~ er-s -at :  are

presen ted  below .

2.1 Specific i - rogram i- ci ;~ - c ’ - o’ -:

ike ma . or red-cA sements  of  t hy  DCPA Comsuter program , as discussed is. th e

Introduction were to ~rovide a capability to:

a. Design solar array/battery power syrtecis for aids to navigation h av i n g
any specific f lash ing  lamp load and at any geographical location.

b. Simulate  the  serformance of solar array/bat tery power systems in
operation on Navi gational Aids using specific flashing lamp loads ,
at any geographical location and under spec i f i c  envi ronmental
condi t ions .

c. Determine specification for viable a l ternat ive  designs which  may be
used to in tegrate  solar array/bat tery power systems into the Coast
Guard inventory .

Addi t iona l ly , there were specific requirements that the DSPA Computer

Programs have the following features:
1. Program flexibility to accept data on solar insolation , wind and

wave motion. It was intended that the program be written with
enough flexibility so that power sys tem design analysis can be
determined for systems using solar insolat ion , wind or wave met ion
as the primary energy sources. The initial version of the computer
program , however , was only required to utilize solar array power
sources wi th  the capabil i ty of easily adding subp rograms w h i c h
utilize the characteristics of wind—powered or wave motion power
generators.

e. Ability to generate solar insolation values at any latitude and
longitude .

f. Capability of accepting input parameters such as temperature , hours
of sunlight, load cha rac te r i s t i c s, and cost f’rcr ’ r:. .JP was
further required to identify any additional input parameters needed
for program operation . As an example, the use of this computer
program for both buoys and shore s t a t i ons was d e s i r e .  In the case
of buoy s, the effec ts of w ind/wave mot ion ~-n array p-°wer so’ po’ (and
o t h e r  characteristics) were to be ignored . The as r;imL ion was ~o

~~~
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be made that all buoy solar arrays are horizontal . Shore station
arrays, on the other hand, would be southfacing and t i l t ’- i  at some
“optimum” angle (e.g., t ilt angle ~ latitude). I P - a c e , t h e  c o mp u t e r
program was coded to accept any preselected sutrir array tilt angle.

ci sc mr ic1ar ~ dn : i OV ~~ 
V~~~~V~, V t  t~~ O ~ra r c~~i- rV ’ ;cc - ‘ • a’}.

m e r i t m- i r i l e  - ;  i -i I r, ’t mI :, ioel -~ ICi , lC l Ot~o j , 
V ’ r a n  e

the computer program operator. Equipment modules i n c l u d e  solar
cell panels , batteries , battery chargers , shunts , ct ; .  The ro~ogror.
operator , for example, could select the type of shun t de;;ir”d ,
i.e., none , ordinary zener dio de , temperature—compensated zer.er
diode or active type. Characteristics of a l l  of these shun ’. types
are part of the  normal p rogram data which may be r c c - l i f i e u  L-y ‘h e
program operator as new characteristics are dete:- r - in ’ - A

h. Automatic design operations with the capability of a l lo w in g  th’-
program operator to specify variable operating p ar a r s ’t t e r r  ari d
design criteria. Examples of design c r i t e r i a  ove r ‘shirt the
operator must have control include :

1) tVlinirnun remaining acceptable battery capacity.

2) Inclusion of res t r ic t ions  on solar array and battery s i z i n g .

3) Inclusion of safety factors.

14) Selection of system elements.

i. Per form calculations which take into considerat ion all parameters
affecting useable stored battery capacity . Examples of these
parameters , l i s ted  below , are typically obtained f rom analyses of
power system operational characteristics.

1) Solar Array current—voltage characteristics as a function of
solar insolation magnitude and cell temperature .

2) Voltage Regulator: Voltage r u t — o f f  characteristic as a func—
t ion of input  vol tage and t e a r V er a t - cr e .

3) Storage Battery: :~i t~etime l egr a d at i o r i  cha rac te r i s t i c s  (cycle
life) of the ba t t e ry  a: a ‘unction of depth of discharge .

j .  Capabil ity of storing or ger~E ’r ;t t i r V g  the tot ‘ii range of ope ra t ing
characteristics of all j-oirsible system elements.

~~ k. Ab ility to accept variV OV; restrictions or; power system operations.
Examples of these restric tions ire :

1) Minimum battery temperature as a function of remaining capacity.
Information on freezing temperatures are generally obtaine i
from data of the type shown in Figure —1 .

_ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~r —J
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1 .9

- 

~i .~I______________________ ______________— ______

0 100 1 .1 1 .3
PERCENT CAPACITY REMAINING ELECTROLYTE SPECIFIC GRAVITY

(a) PERCENT CAPACITY REMAINING (b) FREEZING TEMPERATURE

FIGURE 2—1. BATTERY ELECTROLYTE FREEZING TEN~~ERATUR E AS FUNCTION
OF REMAINING CAPACITY

2) Minimum allowable remaining battery capacity .

3) Maximum time allowable with the battery capacity below a given
value.

1. Program Outputs. The primary program output must be a table which
shows actual remaining battery capacity for each day over a one to-
two year period. This is the central and critical requirement for
the entire computer program . The computer program must be capable
of dealing with a one year load/ environmental/solar insolation
profile for a reasonable running cost.

m. Program Language. The computer program must be written in
FORTRAN—V for use on a UNIVAC—1108 Computer. Such a computer is
available to personnel from the U.S. Coast Guard R&D Center , Avery
Point , Conn., and is located at the N t I V T V I I Ti n ~ot’ s;~’ or ’ V O :V

V
,flt err :

Center (NUSC), New London , Conn .

2.2 Computer Program Rationale

The basis for selecting the proper computer programs ‘hat will meet tn’-’

Coast Guard requirements was determined by an examination of the ices

of power ;r yn t e rn  programs . T hn er a l i y ,  power sys tem computer programs are
used for two types of syr t ~ m problems, i.e., :

• ~at r; i~-n Synthesis.
• Performance Analysis

___________________ - ~~~~~~~~~~~~ 
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In design synthesis , load and environmental profiles set the rezj ciremer,ts

for the power system. Based on these requirement s and on the electrical

characteristics of the system equipment , the comp uter progr am d e t e rm i n e :
V the electrical size (volts , amperes, watts , ampere—hours , arc - i  watt—hours )

an.; the physical characteristics (weight , area , cost ) of the owe;’ system .

A design synthesis computer program can also provide an easy means of

determining sensitivities of the power system physical characteristics to

variations in the many of the equipment pararleter r_ irc order to establish

the rationale for “optimum” power system designs. Some- of t he  mer e flex-

ible design synthesis  programs may even select the “optimum ” arr ar .gnents

of power system equipment , rather than leav ing the choic e of such

arrangements to the program operator.

In performance analysis calculations , the arrangements , electrical size

and physical character ist ics of power syst em equipment are already known .

The objective , in th is  case , is to determine the response (or operational

characteristics) of the power system equipment to a given stimulus (load

and environmental profiles). The performance analysis computer program

provides a means of “measuring” and adjusting steady—state performance
(and transient performance if the selected profile time increments are

small enough ) of proposed or existing power systems in order to establish

designs which meet system requirements.

A number of methods for performance analysis of circuit s and modules
been developed in the past. Usually , these t ake the form of nodal an c A y se s

in which the transfer funct ion of a circuit , part , or componen t is arc aly—

zed in a complex network whose branch interconnection point s or nodes ar°

reference points. A voltage or current is assumed for each node , the

entire circuit solved by solution of simultaneous equations , and the

values of voltage and current at each node compared with the ass umed
values. If they are not the same , the computed values replace the ini tia l

ass umptions , and the solution is repeated. After a number of iterations ,

the system eventually converges , and the f inal  solution is reached. If

the system consists of more than a very few nodes , the problem is solvable

on ly in a comput er and with large numbers of nodes. Even the computer

programs can become too costly to use because of the  increasing number of

iterat ions required to reach a final convergence . When these probl ems ar e

.

~

: V V  V —~~ ~~~~~~~ ~~~~~
— .—-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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added to the  necessity f:r p o s s ib l e  thermal solutions at each moment in

time , use of nodal analysis programs for describing the performance of

power subsystems containing batt’—’ries presents a discouraging picture .

The approach here in to Fer’f- ;r rsan ce Analysis , discussed in Section 2 . 5

below , represents an achievable compromise between the desirable complete

electrical analysis given by the nodal analysis type of program and the

excessive cost and complexity of  detailed nod-U analysis. The compromise

approach ( t o  Performance Analysis) uses a graphical analysis method which

is implemented for  the  compu te r  and which  also lends itself to more

accurate modeling of battery current—voltage characteristics.

The de terminat ion  was made that Coast Guard object ives and requirements

would be best a t ta ined if the  computer program combined the features of

both the design synthesis and the  compromise approach to performance

analysis processes . The particularly cr i t ical  requirement for d e t e r m i n in g

the actual daily remaining bat tery  capability dur ing a one year period was

particularly amendable to solution by the “ compromise ” p e r f or m a n c e

analysis methodology.

Accordingly , the computer program actually developed was one w h i c h  r c a —

bines the elements of design synthesis and performance arccAysis and was

named the Design Synthesis Perfo rmance ~nalysis  (DSPA ) Compute r  Program .

2.3 DSPA Computer Program

The general ized arrangement of the solar a r r a y / b a t t e r y  power system use-i

as t he  basis of the DSPC Computer Program is sl own in Figure 2—2. Fra si r—

a l ly ,  the  system contains the  followi ng major  elemen ’ s:

• Solar array .

• Shunt Limiter .

• Batt er ’~/ cha rge r .

• Ba t t e r y .

• J;r e i’ V lsi

—5
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IPOWER SOURCE GROUP 1 ~~~~~
I I RAy, ‘ CONDITIONING AND
I SOLAR ARRAY I POWER OP E RATIN G I DISTRIBUTION GROUP

ISOLATION DIODES BUS POINT I.. ... , I
~~~~~~~~~~~~ I I I

I S OLAR i ,I
ARRAY I ENERGY I ICABLE I STORAGE UNIT I

I RESISTANCE ‘ i I I LOAD
CABLE 1

I BATT ERY I RES ISTANCEII I I  I ISOLATION ’ I I

BA TTERY DIOD E I I

I 1 ’  1 f ‘“l I I CHARGER I I I
I S OLAR SHUNT I 

__________ I USER
ARRAY LIM ITER j 

_______________ 
j LOADS I

I L .  ~~ L , ,  ~~~~ I I ~ BATT ERY CABLE
,_LRESISTA NCE I I

I ~ I II

I I I  —:_ BAT TERY ~I

I~ 

_ _ _  ‘ _ _ _ _ _ _ _ _ _

I I I
L J L _ J

FIGURE 2—2 . POWE R SYSTEM BLOCK DIAGRAM

Solar arrays are the primary power source , providing for the photovoltaic

energy conversion of sunlight into electrical power. The array must be

large enough to provide sufficient power for the user loads , power system
“housekeeping” losses , and battery charging during periods of solar

insolat ion .

A shunt  l imiter  may be provided to limit the maximum voltage on the raw

power bus . The shunt limiter is usually designed to accept the full

output power of the solar array .

Batter ies  are needed to provide power during periods when the user loads

require more power than is available from the  solar array as well as for

p r o v i d i ng  power during periods of solar occultation . The minimum voltage

on ~he raw power bus is determined by the minimum battery voltage.

Batt ery  chargers may also be used in the  process of res tor ing energy to

a ri schar ged battery. The function f  he charger is to maintain battery

volt age and V l T ~~5 f t i t within tolerable levels - l u r i n g  t h e  charg ing  process .

- —I,

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The user loads consist  of a f lash ing  lamp ( u t i l i z e d  on a buoy ) as well

as a regulator to control the current voltage and ph asing  of that lamp .

An important concept in power s y s te m  operat ion and analysis is that of the

the operating point , i.e., the nodal point in the power circuit about

which the major elements of the power system are grouped. As am, aid in

desi gn and analysis , the system elements are divided i n to  three major - ‘

groups about the c-t er a t i ng  point node .

• Power Ssurc’e Group:

Solar Array .
St; - ui ; ’ l i m i t e r .
Solar Array i5olatiofl Diodes .
Solar Arr ay - ‘ a b l e.

• Energy Storage roup:

Batteries .
Battery Chargers .
Battery Isolation hiodes.
Battery Cables .

• t ower  Conditioning and Distrib ution Group :

User Loads .
Load Cable.

The Energy Storage Group consists of parallel Energy Storage Units . A

single Energy Storage Uni t , as shown in Figure 1—2 , conta ins  a ba t te ry ,

battery charger , battery isolation diode and battery cables.

A funct ional block diagram of the Design Synthes i s Performance Analys i s
(DSPA) Computer Program is shown in Figure 2—3 . The OSPA Computer Pro-

gram, at the primary level, utilizes the following methodolo~ i:

a. The program operator selects the power system arrangement desired.

b. If a design synthesis is not required , then the program operator
must provide in fo rma t ion  on the electrical size of the equipment
selected.

c. If a design syn thes i s  is requested , the  program operator must
supply in fo rmat ion  on the  parameters used in de te rmin ing  the various
pro f i l e s .  The computer ~-r ogram then calcull a ’es the load and environ-
mental prof i les  needed in t h e i r  en t i r e t y  for a lo ad  p rof i l e
analysis .  Based on a p ro f i l e  energy balance let ’-rr-r i r e d  as part of
the load p ro f i l e  analysis, the computer estima t es the electrical
size of tVhe equi pment selected.

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V ~~~~~~~~~~~~~~~~~~~~~ I~~~~~~~ . V~~~ ~~~~~~~~~~~~~~~~
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FIGURE 2—3. DESIGN SYNTHESIS PERFORMANCE ANALYSIS C0I~~UTER PR-9GPJdV~

d. The physical characteristics of the equipment selected is then
determined by the computer , based on the equipment electrical size.

e. If performance analysis is not required , the data calculated by the
program , along wi th  the input data , is pr inted in the appropriate
output data format .

f. If performance analysis is requested , the program operator must
again supply information on the parameters used in determining the
various profiles. The computer program then calculates the values
of the load and environment at the start of a selected mission
period. These stimuli (load, environment) are used to calculate
the response (operational characteristics) of the equipment at that
point in time . The process is repeated for selected time increments
until the power system operational characteristics for the entire
mission period have been determined. This information is then
printed in the appropriate output data format .

An overview of’ the input/output elements of the DIPA ‘omp’iter Program

is shown in Figure 2—14. Input data requirements fall into two major

groups , i.e., Program Parameter Data and Environmental Profiles.

Program Parameter Data contains information on mission requirement :

(latitude , long itude , dura ti on , etc) and equipment : h ar r l c t e r i s t i c s .

2—8
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DESIGN SYNTHESIS - ’
PERFORM ANC E ANALYSIS

FIGURE 2— 14 . DSPA CO~~ UT~~ PROGRAM INPUT/OUTPUT

These data are required in a “Namelist ” forma t — for ease in changing

values of the parameters for repet i t ive computer runs .

Environmental Profiles are obtained from two sources . The program user

may elect to prepare his own cloud cover profile (in Free—Format) for

ire in estimating solar insolat ion, or he may elect to use the actual

solar insolation values for a given location direct ly from a “ -UriR JE ”

tape (described below).

A f t e r  DSPA Computer Program calculations are completed , the output will

be printed in a tabular format. The program user may also elect to

receive a graphical output of the tabulated result-s.

Solar Insolation and other environmental information is available on

magnetic tapes from the National Climatic Center, National Oceanic and

Atmospheric Admin i s t r a t ion  (NOAA ) at Asheville , North Carolina. The

magnetic tapes of particular interest are those for Surface - l,rerv’,ir ions

(T l F— l14 ; Reference  1) and Solar Radiation (DECK—280 ; Reference 7).

-—9

.~
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The information recorded on TDF—114 magnetic tapes is given in Table 2—1.

Data recorded on Deck 280 magnetic tapes are shown in Table 2—2.

Since thes e tapes contain more information than was needed as input for
the DSPA Computer Program , an independent “ MERGE ” program was developed

to provide a simplified tape input. The “MERGE” program performs th e

following functions .

• Reads in dat a from the TDF—l14 and Deck—280 tapes .

• Combines data into single , sequential random access files.

• Annotates empty data locations .

• Prepares a “MERGE” tape containing temperature, solar insolat ion
and wind velocity as a function of time for various geographical
locations .

“MERGE” tapes have been prepared for the ten principal coastal lccat ions
(shown in Table 2—3 ) and five supplemental locations (shown in Table 2— 14 )

selected by the Coast Guard.

TABLE ;- —1.—SURFACE OBSERVATIOI-~S, TDF—l14 IN FORMATIO N Si I CIRDED

Station Number Drizzle Blowing Spray
Year , Month, Day, Hour Freezing Drizzle Sea Level
Ceiling Height Snow Pressure
Sky Condition: Snow Pellets Dew Point

Clear Ice Crystals Temperature
Scattered Snow Showers Wind Direction
Broken Snow Grains Wind Speed
-~vercast *Sleet Station Pressure
Partial  Obscurat ion Hail Dry Bulb
b scura t ion *Small Hail Temperature

Visib i l i ty Fog Wet Bulb
Weather and/or Ice F’-~g Temperature

- - bstruction to Vision Ground Fog Relative Humidity
Thunderstorm Blowing Dust Total Sky Cover
Tornado Blowing Sand Amount, Type and
Squall Smoke and/or  Height  of Cloud
Rain Haze Layers
Rain Showers Dust Opaque Sky
Freez ing Rain Blowing Snow Cover

*pepor t ed as Ice Pellets , effective 1 Apr 70.

2—10

_ _ _ _ _ _   
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11~ L i ,  2— 7 . — C - -I1 AR RADIAl -C , DhCL—c-5 0 I CE ~~~~~~ Il

Station Number
Year , Llonth , Day , Hour
Solar Radiat ion — Hemispheric (sum of direct and di ffuse)
Solar Elevat ion
Extra—Terrestrial Radiation
Sunshine
Snow Cover
Solar Week ( d i s con t inued  1 Jan 63)
ipaque Sky Cover (discont inued 1 Jan 65)
Solar Hour
Percent of Possible Radiation (discontinued 1 Jan 65)
Visibility (discontinued 1 Jar -i 6 5) 

__________

-Ju a~~~i~~~ ~r :dhb Ubutru cLions  to yisi~~~~~Tscontinued 1 Jan P5)
Cry dolt temperature °F (discontinued 1 Jan 65)
P ew F -oir1t  Tempera tur e  °F (d iscontinued 1 Jan 65)
itmouflt Cype and Height of Cloud Layers (discontinued 1 Jarr 65)

2.1+ Desi gn yr thesis

A -letailed picture of the design synthesis methodology is shown in Fig—

ire ~— 5 . This methodology allows the programmer user to select a lamp and

flasher c o m b i n a t i o n  as well as a part icular  power system arrangement (cut

f a limited set). The user must also supply in format ion  on daily cloud

cover for periods of one week up to fifty two (52) weeks or , if so des ired ,

hourly solar insolation and temperature values from a “t~~PGE ” tape for th e

same periods of time . Based on this information , the DSPA Computer Pro-

gram determines the daily periods of solar occultation , power system share—

mode operation , battery charging and the number of battery operating mode

reversals (needed to estimate battery charge/discharge cycle requirements). F

Using the informat ion, a power load profile is obtained. The power load

pro f i l e , after  modi f ica t ion  using bat tery c h a r g e — e f f i c i e n c y  and a number

of power system cabling and diode losses , is used in the load p r o f i l e

analys is .  The object of a load profile analysis is to determine the el?- ’—

trical size of a balanced* power source as well as the minimum theore t ica l

size of a battery. Mathemat ical  formulat ions for e s t ima t ing  t i r e  sine of a

*r V V I . 155e J j - ) W e r source: —a power source which provides jus t  enough e ner t ~ V to
the ba t t e r i e s  ( dur ing recharge periods ) to o f f - c t  or’ ba lance the energy loss
. -u r t a i n e d  by the ba~ toi’ ie:  dur ing  periods of discharge .

2—il
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TI~BLE 2-— 3 . .-: Cf\A S-3:~AP’rL~--,2~iLH ‘11i lb

L I L V O 7 l~~~Oi Losaoio,~s, ____________________

Stat ion Station ~J 3f 1 g~
Number Name Tape Data Periods Covered

114607 Caribou , Maine DK—280 Jan 1955 — Dec 1961+
114607 Caribou , Maine TDF—l 14 Jar 1 1955 — Dec 1961+

114753 Blue Hi l l /Mil ton , Mass. DK—280 Jan 1955 — Dec 19614
114739 Boston , Mass. TDF— 114 San 1955 — Dec 19614

914706 h e w  York , N. Y ., (Central  Park ) DK—280 t Jan 1953 — Dec 1958
914706 New York , N . Y . ,  (Central  Park ) DK—28 0~ Jan 1963 — Dec 1966
114732 La Guardia Field , N. Y. TDF~ 11d Jan 1953 — Dec 1958
114732 La Guardia Field , N . Y .  TDF— 114~ Jan 1961 — D o c 1961+

1148147 Sau,lt Ste. Marie , Mi ch .  DK—28 0 July 1952 — Aug 1958
1148147 Saul t Ste. Marie , M ich.  TDF— 114 Jan 1952 — Dec 1961

137145 Hatteras , D .C . DK—280 1 Jan 1955 — Mar 1957
93729 Cape Hatteras , D . C .  DK—2 80~ Mar 1957 — Dec 19614
137145 Hatteras , N . C .  TDF—l 14~ Jan 1955 — Mar 1957
93729 Cape Hatteras , S .C .  TDF—l 14~ Mar 1957 — Dec 19614

12839 Miami , Florida DK—280 Jan 1955 — Dec 19614
12839 Miami , Florida TDF—l14 Jan 1955 — Dec 1911+

12919 Brownsville , Texas DK—280~ Jan 1953 — Dec 1955
12919 Brownsville, Texas DK—28O~ Jan 1959 — Dec 1965
12919 Brownsville , Texas TDF—114~ Jan 1953 — Dec 1956
12919 Brownsville , Texas TDF— l14~ Jan 1959 — Dec 19614

231714 Los Angeles , Cal i f .  DK—280 Jan 1962 — Dec 1966
231714 Los Angeles , Cal i f .  TDF— l14 Jan 1955 — Dec 19614

2 14233 Seattle , Wash. DK—28 0 Jan 1955 — Dec 19614
2 14233 Seattle , Wash. TDF— 114 Jan 19-55 — Dec 19614

26615 Bethel , Alaska DK—28 0~ July 1952 — Oct 1952
26615 Bethel , Alaska DK— 28 0~ Dec 1956 — Apr 1957
26615 Bethel , Alaska TDF—l14 Jan 1952 — Dec 1961

balanced power source are given in Append ix  A. The e q u a t i o n s  in A p p e n d i x  -\

fo rm the basis for the key algorithms used in design syn thes i s .

Once the electr ical  s ize  — f  a balanced power source is obtained , it is a

fair ly simple and s t ra ight  fo rward process to de te rmine  the electrical

2_ i s
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TABLE 2— 1+ . —COAL SOIAR / \ - TEA i’H ER TAPES

( . T ~~ t - L ler:j er1tai Coc at  I-St i lt )

St a t i o n  Station
Dumber Name Tape d at a  Per iod . :  —

13983 Columbia , Mt . PP — CO O Jan 1955 — ~~~ 1961+
13983 Columbia , MO I DF—l1+ Jan 1955 — e - 1961+

231514 Ely , NV . DK—28 0 Jan 1955 — Dec 1961+
231514 Ely , NV . TDF—114 Jan 1955 — Dec 1 9 1 +

2 14225 Medford , OR. DK—28 0 Jan 1955 — Dec 19 2
2 1422 5 Medford , OR.  TDF—1 14 Jan 1955 — Dec 19(1

93193 Fresno , CA. DK—280 Jan 1955 — Dec 19614
93193 Fresno , CA TDF—114 Jan 1955 — Dec 19614

93722 Silver Hill , MD. DK—28O ~ Jan 1955 — Dec 19(0
9i13 14 S ter l ing ,  VA. ii~ — 2 8O~ Dec 1960 — D e :  19614
137143 Wash.  D . C .  tDF— l14 Jar ~ 1955 — Dec 19(2

(Na tl .  Airport )

size of the remaining items of equipment since the  design synthes is

m~ th - lo 1ugy is a l inear s tep—by—step procedure .

ma~ or elements (subroutines) of the design synthesis subprogram are

-~~~ wr~ in Figure 2—6. Functions performe d by each of the major  subroutine:

‘~r ’e - a l s o  shown in th is  f igure .

Cx~~:1pie: of tabular output from design synthes is  calculat ion are shown in

Figures 2— 7 to 2— 10 . The output includes separate tabular parameters f or :

• Design spec i f ica t ions  and cos ts .

• Eng ineer ing  Design Data.

• Battery Performance Data.

• Power Load Profile Analysis.

The f i r s t  two of the presentation shows the costs , s p e c i f i c a t i o n s  and

major physical characteristics -of the designed power system . The last

two presentations cover key info rm-tion obtained during tne design pr- sT -rs .
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[_,,~~ DRVR 1 MAIN DESIGN SYNTHESIS DRIVER PROGRAM

COMPUTES BATTERY EFFICIENCY

__—_.f
~~~

•

~~~~~ SI COMPUTES CLEAR DAY SOLAR INSOLATION

— -——-1~~~~~~~~GIV COMPUTES BATTERY CURRENT AND VOLTAGE CHARACTERIST ICS

COMPUTES POWER CONDITIONING AN D DISTR I BUTION[ __J GR OUP CURRENT AN D VOLTAGE CHARACTERISTICS

—J~~~~~~~~ EC COMPUTES SOLAR ARRAY CURRENT AND VOLTAGE CHARACTERI S TICS

COMPUTES TERMI NATOR CHARACTERISTI CS[ _ _ _,,,,,,J (SUNRISE AND SUNSET TIMES)

FIGURE 2—6. DESI-IC SYNTHESIS S-UBPP OGFAM ELPC ~:bTs

2.5 Perfo rmance Analysis

A detailed pic ture  of the performance analysis metbcd cl-o~~ is shown in

Figure 2—1 1. This  portion of the  PS~ A Computer ’  ?rc-rr-ar: was based ut o n  a

similar program developed by JPL for  t}-,e a n a l y s i s  of planetary spacecraft

power systems (Re ference 3) .

The analysis of terrestrial power system performance is a comple:-: t a sk .

This complexi ty stems , in part , from the interaction sf th e  power s y s t e m

with the ambient environment. Ratteries , for e:~:ample , have electrical

cr~aracteristics which show significant variation with temmerature . The

same is true of solar arrays. hence , at a rr iri i : urr , a r y  reasonably accurate

simu l a t ion  of power sys tem operation trust include ambient and e q u i m m e n o

teri;~”ratures as an independent parameter. An overview of the  complex Ity

f the procedures necessary to analyze power system per fc ’rmar ~ce is 1:-r u —

cated in Figure 2— 11. This  f i gure shows t h e  flow of hita i-orin1r the

calculation as well as the iterative nature of the pr5ceuures.
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The performance analysis  methodo 1o~~’ uses a graphi-cul  l inaly :: is  method ,

implemented for the computer to obtain the power cyctIm J ; l ’cat  zig pal: ’:

for each selected t ime increment during a m i s c i o n .

Once th i s  aoerat ing  point  is obtained , all power c ter :.e:’ot -o. al char :t

t e r i s t i c s  are easily determinable .  10 )Ltalr, the operating po~ ~~ the

power system is divi ded in to  groups about the : -r- ~’:l T O T h~ (sunr:i).

These groups are :

• *)wer Source Group (P S G ) .

• ~z:er~ / $tii’ age Group ( E 2 G ) .

• over Cond i t i on ing  and D i  ct:’ bot~ -: - o lr:- u:- (PhD;) -

C o’rer,t_voltage ( I — h )  character is t ics  of each equi pment ‘roob lire de° eo—

r J : , yd .  The Power Concitioning and Dis t r ibu t ion  Grou t ;  h t -~ r ac ’t eri  : tI  cc ar

hen deducted from those  of the Power Source Group to 01 - tom a D i f f e r e r . :’e

~urve , The intersection of the Difference ‘urve w i t h  th e  Ene :’~~i ;Dto roge

Group ch-irocterlotics (as determined by the computer program) is an

est imate of the  volta~ e and current on the raw power bus (operating p o i n t ) .

D u r i n g  the t ime increment  under examination , the bat tery is in a state

of charge , d ic ch o r~~- or open—ci rcu i t , depending on the value and sign of

the operating soint current . After the operating point is obtained , the

operational characteristics of the  power system equipment are determined.
r~ )C computer r-~~ r-c- is then ready for examination of power system

response for  the n -x t  t ime  increment . The process ic  repeated un t i l  the

end of the massion Of interest .

Power Source Group characteri;:ticc are determined as shown in Figure 2—12.

As a :tarting point , solar array characteristics are 1--b ta~ ned .  These

characterist ‘ ct ;  or e based on the analyt ical  p roce - tur en  developed for the

- P h Planetary Spacecr- ht Power Systems Pro~~rar. odif ied an~z incorporated

in to th~ DSI’A compote :’  program.

A maj-- r  I - L r- Ir- u~~t I - r ’  needed in determining solar array citar- so teristics is

u~~~~~-. I~-~v e l  of c-:  iou’ insolation. Soaar insolation oty he c l i - t a ined  di rectly

from a “~~i 1 -  h-
I tape  ( s u p r a )  or e c t i  r e s t ed  by the  DSPA . o n~~1 s 4 .er pro~~r am ,

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _
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l’he method -: .~ o~~j used in making solar insolat ion es t imates  is discussed in

Appendix B. the  techniques were based upon formulations and algorithms

developed by the ~~ er ican Society of Hea t ing ,  h e f ri ge r a t in ~ and Air  Condi—

t i o n in d  i - n -:i :eers  (Reference 14). Solar array c h a ra c t e r i st i c s  are fu r the r

;leter:-Jned by single solar cell characteristics and de1io’adat ion as well as

the series — parallel arrangement of cells in each rr1 c-bile.

Shunt L i m i t e r  cha rac te r i s t i c s  are determined by t h e  type of :iriter

selected , the  des i red  raw power bus voltage cu tof f  and the  limiter

temperature .

the modified solar array characteristic , as shown in 1-igure h— i2~ is

obtained by s 1;t ract ing the  shun t l imi te r  current  f c c : .  the solar array

c u r r en t  at earls point  between zero vo l t s  and array open c i r cu it  voltage .

Power Source Group characteristics , shown in Figure 2—l2b , are obtained by

subtract ing the i so la t ion  diode and cable voltage drops from the  modif ied

solar array voltaE:e at each point between zero amperes and modi f i ed  solar

array short circui t current .

The methodo1o~~
r of determining Power Cond it ioning and Di st r ibut ion Group

character is t ics  is discussed in Appendix C. Using these character is t ics,

the in terac t ion  between the Power Source Group anti the Power Cond i t ion ing

and Distribution Group is shown in Figure 2—13.

A load line di fference curve is used to determine the  interaction of the

Power Source , Ener~~r Storage and PC&D Groups . The d i f f e r ence  curve , as

indicated in Figure 2— 13b , is obtained by subt rac t ing the PC ?~D Group c-or—

rent from the Power Source Group current at eac:: voltage level. By oper-

ating along posi ti ve values of the d i f f erence curve, the  solar array has

excess power which can be used to charge the batteries . Operating on neg-

ative values of’ the difference curve will result in battery discharge .

t e c h n a ; i i a e : :  fo r  estimating the current—voltage characteri ;tics of the

i n e r~ f S t . t ’ :i~ e Group are given in Appendix D. Icing these characteristics ,

the interaction between the Ener~~’ ftorage Gr ’ 0 and t I . e  Load D i f f e r e n c e

__________ - - - - — - ~~~ ~~~~~~~~~~~~~~~~~ 
-
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Curve d ur i r ~~ Load i. ine Analysis is shown in Figure 2— iL . Load Line Ari:tl’~—

sic is per formed by deterr ining the point of intersectllz5 (power system

operating n o i z : o )  of ’ the Energy Storage Group Characteristic with the Load

Dif fe rence  Curve .

the  in t e r t i c ’. ions in Figure 2—114 also indicate the change in power system

operation w i t h  battery st-ate of charge . These several operating points

i n c l ude:

• Battery Ch:ir~ i n g  — (Opera t ing  Points 1D , 2 D ) .  -j

• Battery Floating — (Operating Point 3D).

• Share ho;i - ( Bat tery  Discharg ing  and shar ing load wi th  Solar Array )
— (Operating Point L~O) .

• lI:itter’i, Disch LrEe — (Operating Points 5D , 6D , I : i— ( - : i ) .

the  ma~ or - - l emen t s  (subroutines ) of’ the performance ana lys i s  subprograa

are shown in Figure 2— 15 . Functions perform ed by each of the major sub—

routines are also shown in th is  fi gure .

Examples of tabujar output from performance analysis calculations are

shown in Figoa- - : 1 2— 16 to 2—18. This output includes separate tabular

presentations for :

• Tinregulated Bus Summary Data.

• Power Source Group Summary Data.

• Energy Storage Unit Summary Dat-a .

These tabulation show the predicted performa nce of the major  power system

elements f- r selected t ime increments  over a selected period of the

ci ssion.

One f r:- . of ’ fr aph ical  output  is shown in Fi~~ures h—19 to 2—21. These

forms of ’ s : : t pu t  i l lus t ra te  the factors  involved in load line analysis for

selecte l t imes during the miss ion .  he pa r t i cu la r  t imes shown in thes e

f i 5~ure ; rid - ~~~ i 4 :Q Q  a .m . ,  8:00 a .m .  and 12:00 noon on tu -zary 1, 1973.
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EI~ i~J MAIN PERFORMANCE ANALYSIS DRIVER PROGRAM

COMPUTES BATTERY EFFIC I [ NC

GENERATES ‘ INSTANTANEOUS I—V PLOTS

PA-ESGC COMPUTES ENERGY STORAGE GROUP I-V CHARACTERISTICS

PA- ESGIV COMPUTES BATTERY CURRENT AND VOLTAGE CHARACTERISTICS

—.--J
~~~~~~~~TER COMPUTES OPERATING POINT CURRENT AND \ ‘OLT AGE

—Ellil COMPUTES POWER CONDITIONING AND DISTRIBUT I ON GROUPA- PCDGC CURRE NT AND VOLTAGE CHARACTERISTICS

COMPUTES POWER SOURCE GROUP I—V CSAR A CT E RI5 T I C 5

L .~~~~~VC COMPUTES SHUNTER LIMITER I-V CHARACTERISTICS

—F~~~~~~ TPLT GENERATES OUTPUT PLOTS AND TABLES

FIGURE 2-15. PERFORMANCE ANALYSIS SUBPROGRAM ELE~-IIiNTS

The second form of graphical output is shown in Figures 2 — 2 2 anI 2—23.

t h i s  output includes sep-irate graphical illustrations of:

• Power Source Group Summary Plots .

• Battery Performance Summary Plots.

These illu:;trations show the temporal trends in selected data taken frau

the tabular presenta t ions  (Fi gures 2— 11 to 2— 18) discussed above. In

particular , the information in Figure 2—23 shows th :-it available battery

capacity (a critical performance parameter) aI pe sre to be holding steady

(for the design represented by these curves) during th e law solar insola—

L io n  w in t e r  days .
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3. PROGRAM DATA

Exact values of all numerical program data may be found in Program Docu—

inentation (Volume II, Users Manual). The basis for key elements of this

data , however, will be presented in this section of the report .

Program Data may be conveniently placed in three categories corresponding

to the three major categories of equi pment , i . e . ,

• Power Source Group.

• Ener~~r Storage Group .

• Power Conditioning and Distr ibut ion Group .

Key data for these equipment groups is discussed below.

3.1 Power Source Group

Information needed in determining Power Source Group performance and char-
acteristics includes estimates of solar insolation. These estimates may be

obtained by the methods indicated in Appendix B. This appendix also con-

tains the following data needed in making estimates of solar insolation:

• Time Zones in the United States (Figure B—2).

• Time Zone Numbers in Uni ted States for Standard Time (Table B — i ) .

• Clearness numbers of N o n in d u s t r i a l  Atmosphere in the United States
(Figure 13—3).

• Solar Radiat ion Vari ables (Table B — 2 ) .

• Solar Radiation Fourier Coef f i c i en t s  (Table B — 3 ) .

• Cloud Cover Modi fiers ( Table B — 1 4 ) .

• Cloud Cover Modi f ier  Equations (Table B — S ) .

Another important parameter a f fec t ing  performance is the solar cell spec-

tral correction factor. Data received from the U.S. Coast Guard (Ref-

erence 5) indicate that the short circuit current of a solar cell , above

the atmosphere , is related to solar cell short circuit current at the

earth ’s surface by the following:

3—1 
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2 2
~ 

1 135.6 mw/cm = (1 1146) ~ 
1 100 mw/c m I 

~ 1sc 1 AMO sc AM1 —

where :

2

~ 
1 135.6 mw/cm = Solar Cell Short circuit  current above thesc I AMO - -atmosphere (AMO) at a standard solar insolat.L :1

of 135.6 mllliwatts/cm2

2
1100 mw/cm I

I = Solar Cell Short circuit current at the earth I
Ssc (AM 1 - -surface (AM1 ) at a standard solar insolation of

100 milliwatts/cm2

Thus , the spectral correction factor (SPECOR) is:

SPECOR = (l35 .6)(i) = 1.183 (3—2)

Variations in the average daily temperature are typically represented by

the yearly temperature profile for Los Angeles , California (Reference 6),

shown in Figure 3—1.

Information on the performance of terrestr ial  solar arrays under test were

obtained from the Coast Guard (Reference  7). The data obtained from these

tests were used to estimate the equivalent solar cell characteristics for

two types of arrays of interest to the Coast Guard. These cell characteris-

tics are shown in Figures 3—2 and 3—3. Extrapolation of cell performance

beyond measured data is required because of the DSPA Computer Program

methodolo~~r used for solar array performance characteristics.

A number of sol id—state  devices have been used as solar array isolation C

diodes by the Coast Guard (Reference 7) . The characteristics of two of

these devices are shown in Figures 3—14 and 3—5. One of these devices is a

rectifier diode (Figure 3—14). The other device is a zener diode which

was used by the Coast Guard as a rectifier diode because of its low reverse

leakage current (at less than zener breakdown voltage — 39 v o l t s ) .
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FIGURE 3—1. AVERAGE DAILY TE~~ ERATURE , LOS ANGELES , CALIF.
(ANNUAL MEAN TE~~ERATURE = 58 .9 °F)
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FIGURE 3—2. EQUIVALENT SOLAR—CELL CHARACTERISTICS
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FIGURE 3— 3. EQUIVALENT SOLAR CELL CHARACTERISTICS
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FIGURE 3—5. SOLAR ARRAY ISOLATION DIODE CHARACTERISTICS

Shunt limiters , included in the DSPA Computer program are:

• Ordinary zener diodes.

• Temperature compensated zener diodes.

• Active shunt l imiter .

Temperature coefficients for ordinary zener diodes are shown in Figure 3—6
(Reference 8). The information in this figure shows that zener diodes

with a breakdown voltage in the vicinity of 5.1 volts have a zero tempera-

ture coefficient and may also be considered Utemperature_compensated.~

The impedance of ordinary zener diodes is shown in Figure 3—7. Th~ data

shown in Figures 3—6 and 3—7 are used to estimate the current—voltage char-

acteristics of ordinary zener diodes .

Characteristics of a typical series of temperature—compensated zener

diodes , as a function of temperature , are shown in Figure 3—8 (Reference 8 ) .
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The perforr:~arxce characteristics of an active shunt l imi ter  used by t~ o

Coast Guard (Reference 7) are given in Figure 3—9.

3.2 Ener~~ Storage Group

Data have been obtained for two storage cell types of interest to the Coast

Guard. Ihe bat ter ies  of interest  are :

• Lead — Acid Batter ies .

• lickel — Cadium Batteries .

The e f fec t  of temperature and discharge rate on lead—acid battery capacity

is shown i:~ Figure 3—10 (References 9— 1 5) .  As shown in th i s  f igure , i~t ’~n—

dard discharge con— ~iti ons are :

• Normalized Discharge Rate — 0.05 Amperes/Ampere—Hours (20 hour r a t e ) .

• Temperature — 20 °C.

0.50
SHUNT
CURRENT
LI M IT

500 ma
0 .40 —

4,
4,
0,
£
a

— ‘ 0 .30 —
z

300 mo

~~~0.2 0 —  /
~ ( H EL IOTEK ~ I j.*-200 nia

I
“ 0,1 0 —  

U /1
0 1 I I I i l l

0 0 .1 0 .2 0 .3 14. 45 14 , 5  14.6 14 .7 14 .8 14 .9 15. 0 15 . 1

SHUNT LIMITER INPUT VOLTA G E , vd c

FIGURE 3—9 . ACTIVE SHUNT LF-UT ER CHARACTE R ISTI CS
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CAPACITY WITH TEI-~~ERATURE ASS DISCHAE GE FATE

Since the normalized discharge rate  for ~p- -r at i o n  -:o i a i~~~~y i~ -i: low a:

0.0005 hr 1, the data in Fi gure 3—10 indicate that I~7~~~er :. i is :har, ’-

capacities as high as 50 percent greater t i t ar .  the capacit:.’ m er ‘u.

discharge rates may be utilized for these Coast Cuar i ap~~~~~tti~~r:.

Current—iolta ge  cha rac te r i s t i c s  of e L d — -~c id r i t te r i e r  a ’. 0 °C are rho~’r-.

in Figure 3— 11. (References  9, 10 , 13, 1~~, 15). The 1-h~~~~e. i:~ ~~C—

ure 3—11 may be adj usted for other temperature  by use of the f:I~ ow~ :r~’

(Reference 9):

/ V  — V

I ,~ 
— 

r
r
~ = —0.0035 volts/°i’ (3 3)

co
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7 1 .8 1 .9 2. 0 2.1 2 .2 2.3 2. 4 2 .5 2 .6 2.7

STORAGE CELL VOLTAGE , vo lt i/CELL

FIGURE 3—li.  LEAD—ACID BATTERY , CUR R E1~T — VOLTA GE CHARACTERISTICS

where

V = Storage Cell Voltage at To , volts/cell

V = Storage Cell Voltage at T , volts/cel lco co

T Storage Cell Temperature , °F

r~~ = Storage Cell Reference Temperature , °F

The instantaneous charge e f f i c i e n c y  of lead—acid bat ter ies  is given in

Figure 3—12 . (References  5, 9, 12). A charac ter i s t ic  of these  storage

cells is the decr~rt:e in charge e f f i c i e n c y  wi th  in c r c r l o in g  charging

current s.

The e f f ec t  :t’ dep th—of—discha rge  on lead—acid  b a t S e r y  cycle l i f e  is shown

in r’ig1IrC~ ~— 1 ~. (Refe rence  i i) . The Cal a p r e r e r i t O y  u n c h  in the DSPA

‘omp’ i t e r  r grari I also shown . This  data  ii ; on ly  a:; en Cineer ing  est imate

and shoul d C i ft-jated as the l a t en t  i 1 f J i ~~ C i t io n  :‘~‘~~r: th e  : :oo—crane t o ot s  on

lead— -trill i :L1 ~.er ies is received.

3—10
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r-Iaximum allowable - h t r g ; r i g  currents  for I e a u— a : i d  ~a t ter ~ es or e  shown is

Figure 3—l~ (Reference 15). The allowable current va l ues nrc u oed to

es t imate  ~he current cutoff Ifl a battery ‘h arger .

Electrolyte r h n r n ct e r i s t i cs  for lead—acid  ba t t er i e ; ;  ore 11104-toote d in

Figures 3—15 and 3—16 (Reference 15). Both ele~ troIyto :~ e:Ific gravity

and freezing J~~~i n t  are shown . As the  data jr FiCure 3—la shows , when the

electrolyte temperature approaches the freezing p~ ~nt , b -t t t e r~ d~ s’tharge

capacity falls off sharply .

~io5t of the informat ion  on nickel—cadmium ( S i — C d )  batteries , supplied wi th

the S5PA Computer Program , was based on the  results of tes ts  on S I — C C

storage cells used for the Viking  Orbiter  spacecraft (R efe rence  3) .

Typical informat ion used in determining appropriate  Si—Cd battery perform-

ance is shown in Figures 3—17 and 3—18 (Reference 16). Current—voltage

10 -

~w ISCO ELECTROLYTIC RETAINING TYPE)
CHARGE VOLTAGE , 2 .40 v ol t i CELL

i

I-
z

1.0
0

0 .1 - - C I  C

10 100
- IATTf ~ C I - ~ ~~~~~ CAPA CIT’Y , rq hours (AT 80°F , 20—hour RATE)

F: ~‘Od ~~~~ ‘tA / “ “  B~ - 
- , : h : ’RAI ’ E CU~~ - SI’ , hl~\2 — A ’ l S  ‘ITTFR I i- C
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TEMPERATURE = 80°F
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characterist ics of N i—Cd storage cells are shown in Figure 3—17. Instan-

taneous charge eff ic iencies of these cells are illust rated in Figure ~—i8.

The data in Figure 3—18 show that the charge efficiency of Si—Cd batteries

increases as charge rate increases ( the  opposite of lead—acid b a t t e r i e s ) .

Cycle l i fe  of I~r i~ Cd batteries for use in design synthes is  is given in Fig-

ure 3—19 (Re ference 17).

The characterist ics of a series regulator used as a bat tery  charger by

the Coast Guard is shown in Figure 3—20 (Reference  5). This regulator has

no current l imit to prevent excessive charging currents .

3.3 Power Condi t ioning and Dis t r ibut ion Group

7he load requirements on the power system are based on various lamp/ flasher

combinations.  Two types of lamps are under consideration : tungsten fila-

ment lamps which are currently in use and xenon flash lamps (over a cur—

rent range which yields illumination levels equal to the tungsten lamps) .

TEMPERAT URE = 25°C
100,000

0 AVERAGE NAD-CRANE DATA
1.5 hr ORBIT BASED ON TEST

- T O FAILUR E INFORMATION
- 

‘tj,,, S SAFT 8 ht ORBIT 20°C

~ 
HUGHES TEST ON GE 15 ahCELLS

3 hr ,,,,, , 8 hr ORBIT. NO FAILURES AFTER
10,000 — 

6 hr 6
C’~~~~~ TESTING STARTED

- ‘~. NAD-CRAN E TE ST 1 .5 hr ORB IT

l2hr ~~

‘
“

~ 
~~ QUL i ON 9 .8 ML 1964

~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1

~~~~~~!’TION

NUMBER OF
T EST DATA

I I I I I
0 20 40 60 80 100

DEPT H OF DISCHARGE PERCENT

F I J I  THE 3— 19 . - ST A RCh /DISCH A RGE CYCLE LIFE OF SI CKLO — CA D T: IU M BATTERIES
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FIGUR E 3—20. BATTERY CHARGER (REGULATOR) CHARACTERISTICS

Flasher types are those presently under development or operational wi th the

Coast Guard (Reference 18), i.e.:

• Type I — Simple Flashing.

• Type II — Gro up Flashing.

• Type III  — Complex Flashing.

• Type IV — Fixed.

These flashers have the characteristics indicated below :

Type I — Simple f lashing consist ing of a flash of F
1 

seconds , a l ternat ing

wi th  an eclipse of E1 
seconds , the total period being E

1 
+ F

1 
seconds .

The most common Type I characteristics are specified in Table 3 — 1.

Type II  — Group f lashing consis t ing of a group of Ti f lashes all of the same

duration F
1, wi th  the in te r—flash  eclipse of duration E1, the  intergroup

eclipse of duration E2, and the overall period of + ( N  — 1) E
1 

+ E
2 .

Common Type II character is t ics  are in Table 3— 2.

3—17
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TABLE /—1.— 1 Y T L I FLAS!R :H CHARACT LRIS? CC

F
1 

E
1 

T~:~r t - ~~e r i o t i o  r T r k g .  Outy Cycl e

0.3  seconds 0 .7  oeconds —~K F L  (o.~~ 0.300

0.5 2.0 FL 0 .5  ( 0 . 5 )  0.200

0.14 3.6 FL C (o. C) 0.100

1.0 5.0 FL 6 ( 1.0)  0.167

3.0 3.0 E IS: 6 ( 3 . 0 )  0.500

3.0 1.0 0CC C ( 3 . 0 )  O. 15~

TABLE 3—2.—TYPE II FLASHER CHARAC’ ERIS?ICS

Charac te r i s t i c  Duty
F
1 

E
1 

E
2 

TTarking Cycle

6 0 .3  seconds 0.7 seconds 14.7 seconds I ~K FL (6xo.3) 0.180

2 0.14 seconds 0.6 seconds 3.6 seconds GP FL 5 ( 2X0. C )

OYPE III — Complex f l a sh ing  consis t ing if  any other combinat ior .  of short

and long flashes (F 1, F2 , e t c . )  and short and long ecl ipses (E
1, i-T~~, etc.).

The only common charac ter i s t ic  of t h I s  type is the T - T~ rse Code “A ,” indi-

cated in Table 3—3.

TAH OE 3—3. —TYPE III FLASHER CH ARA CThR I ST I CS
(MORSE CODE “A”)

— S o ~r a ct er i s t ic  Duty
F1 E1 F2 

E2 T-Oi rkin g Cycle

~•1~ seconds 0.6 oecnn-Io 2.0 seconds 5.0 seconds TTC(A)(O .C ,2,O) 0.300

3—18
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Type IV — A f lasher wi th  a fixed characteristic will  provide all the

operational features of the other types but will allow the lamp to burn

steadily with no time—coding imposed on the voltage. The characteristic

marking is “FIX ” and the “duty cycle” marking is “1.000.”

The data shown above have been incorporated in the DSPA Computer Program .

The program user may then simply select a desired flasher by using the

code n umber indicated in Table 3— 14 .

1-Jominal currents ( f o r  Tungsten Lamps ) are in the range 0.25 amperes —

3.05 amperes (Reference 18). The nominal current must be adjusted for

cold filament surge at lamp tu rn—on.  Value s of the cold f i lament surge

coeff ic ient  are shown in Figure 3—21 (Reference 19).

Voltage regulation character is t ics  of the flasher regulator are shown in

Figure 3—22 (Reference 18). This regulator is only under load when the

lamp is turned on.

IABLE 3—14.—FLASHER CODE IIUT-0 ~EHS

IFTYPE (CODE riUl-mER ) CHA RACTERISTIC DIRT TI ED

1 Q.KFL (0.3)

2 FL 2.5 (0.5)

3 FL C (o.C)

C FL 6 (1 .0)

5 EIIJT 6 (3.0)

6 0CC 14 (3.0)

7 IQKFL (6 x 0.3)

8 GPFLS (2 x o.C)

9 M0(A) (0.14, ~.o)

10 FIX

3—19
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Character is t ics  of the “housekeep ing” load regulator are shown in Fig-

ure 3—23 (Reference 5). These “housekeepi ng” loads are always e f fec tive

and represent a permanent load, on the power system.
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0.001 -
vs
D
0
I

0 I I 1
0 2 4 6 8 10 12 14 16 18 20
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FIGUR E 3—23. HOUSEKEEPING LOADS — AIDS TO NAVIGATION
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14. PROGRAM VERIFICATION

The final phase in the development of the DSPA Computer Program was

program verification . For this phase, the Coast Guard supplied JPL with

performance data on five actual solar array/battery power system designs .

The purpose of program verification was to provide a check on the valid—

ity of the performance analysis segment of the program by comparison of
the predicted operational characteristics of a known power system with the
actual operational cha--acteristics of that same power system. The power

systems against which the comparisons were made were selected from those

presently undergoing instrumented tests at the Coast Guard R&D Center.

Recorded values of all critical parameters , from these tests , were made
available to JPL by the U.S. Coast Guard (References 5, 12).

Major characteristics of the five power systems used in this comparison

are shown in Table 14—i ; while, the general arrangement of the power

slstem equipment is shown in Figure ~~~~~ The information in Table 14—i

indicates that , to all intents and purposes , Systems iTo . 26 and 29 are

identical.

Another key performance parameter measured by the Coast Guard was solar

array current degradation — shown in Figures 14—2 to 14—6. Relatively

erratic performance was demonstrated by the solar array s on Systems 2 an d

9. The System 147 solar array also experienced erratic performance due to

corrosion effects early in the test . In fact , the only two arrays

declared successful by the Coast Guard for purposes of verification were

those used for Systems 26 and 29.

The major parameter used to determine successful prediction of power

system operation was battery state—of—charge . The reason for using

this parameter was that if battery charge drops to zero at any time

during a mission the power system is considered to have failed.

14— i 
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TABLE 14—i. -NAVAID POWER SYSTEM CHARACTERISTICS

Array
System Isolation Shunt Lamp
Number Solar Array Diode Limiter Battery ( amp )

2 Heliotek lNl314lA Heliotek Globe; 0.55
12 volts

HGL—V.-3785—03
20 amp—hours/

1cm x 2cm P on N cells* battery

Co cells—in—series 3 batteries—
in—parallel

15 cells—in—parallel

9 Heliotek 1N13141A Heliotek Gates; 0.55
2.1 volts/cell

HGL_V_3785_03* 6 cel ls—in—
series

Same as system No. 2 5 amp—hours]
battery

12 batteries—
in—parallel

26 Heliotek 1N1314J,A WISCO; 0.77
12 volts

HW—3785—014 (2 batteries—
in—series )

1cm x 2cm P on N cells*
100 amp—hours /

33 cells—in—series battery

15 cells—in—parallel

29 Heliotek 1N13141A Same as system 0.77
No. 26

J{W— 3785_O2*

Same as system No. 26

*See Figure 3—2.

14—2
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TABLE 14—1.—NAVAID PO~JEH SYSTEM CHA RACTERISTICS (contd)

Array
System Isolation Shunt Lamp
Number Solar Array Diode Limi te r  Battery (amp )

147 Centralab So. 17 1N2992 Globe; 0.55
12 volts

2cm x 2cm P on
celis** 20 amT - — : . j i ir s/

ba t te~-y
148 ce l l s—in—ser i e s

2 batteries.-
6 cells—in--parallel in—parallel

*See Figure 3—3

SOLA8
AR RAY
ISOL ATIO N

0 15t1 DIODE 0 19n
P1 w.

I- - -  —
~~ 1 1

A CT I -1 USER LOADS
S OLAR SHU~~T L IMITER 

B A T T E R I E S F L A S H E R

No. 2 , 9 FL 4 (0 .4 :
L_ ~~

_
~~

FIGURE 14—1. POWER SYSTEMS TESTED BY U.S .  COAST GUAR D

14—3
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1 974 1975
AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL

I
—

~~ START OF
0 6 —  TEST

0

0.5 —
0- MEASURED DATA

0 ,4 — 
‘ SC 

- A RRAY SHORT CIRCUIT CURRENT

0 .3 
1 SCO ARRAY SHORT CIRCUIT CURRENT AT BOL

0 .2

0.) -

C —O——~—

FIGURE 14— 6. SOL~ R ARRA Y CU R RE NT DEGRADA T I—:: :  SISTEI I No .  147

The r e s ult s  of the verification tests of tho ~SFA Cor - :i ut er  Prc~~rar~ ar~
shown in F igure s 14— 7 to C— u . Each of’ these figures shows two values for

the battery ctora~e capacity . The standard capacity ( C R 2 0 2 )  was taken

from Table 14—1 (except in the  case of Oyster~ 9 where , for convenience ,

the battery capaci t ies  were doubled , and the  b a t t e r i e s —in — p a r a l l e l  were

halved). These va lu e s  represent battery capaci ty  at t h e  r andard 0Th —

charge rate of 0.05 ampere/ampere—h~ ur (see Fi gure 3—10). Rowever , as

the- battery discharge rate decreases , the storage ca p a ci t y  of the battery

increases . Hence , the “ac tual” battery capacities (CB) are also shown

in Figures 14—7 to 14—ii . These values of CB represent the  1 attery

capacities used as input to the DSPA computer program which enabled the

program to pr f ~-I i c ~ the  battery s ta te—of—charge  (as a func t ion  of time )

shown in Figu res 14—7 to 14—u .

The T r e d i c ’ - i b a t t e r y  states—of—charge for Sy s tem r  2 and’ 9 were st i l l

a fair ap pr-  x m a ~ ion of the measured state—of—charge ii1 spite of the

erratic performance of The solar arr- t:c f r  t l i e c - sv~ t om~ .

0—6
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FIGURE 14—9. COMPUTER PROGRAM VERIFICATION TEST SYSTE M 50. 26
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1974 1975
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FIGURE 14—11. C0~~~UTER PROGRAM VERIFICATI ON TEST SYSTEM N O . Cy

Predicted battery states—of—charge for Systems 26 and 29 were very close

to the measured states—of—charge , These predictions made with success-

ful power systems are a true measure of the capability of the DSPA com-

puter program to simulate power system operation over a one year period.

The final verification test performed with System 147 data only shows a

general trend agreement between measured and predi cted battery state—of—

charge . This is due to the initial corrosion failure of the solar array

with the attendant erratic operation. This comparison is not consid—

ered a true test of the DSPA Computer Program capabilities.

14—9/14—10
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A schematic of the Navigation Aid Power system is shown in Figure A—l .

There are three operational modes for this power system , i.e.:

• Power Source Group Only .

• Battery Only.

• Share—Mode.

When there is no p =rer available from the Power So ur ce Gc:- up (PSG), then

the loads are siij plied only by the battery . Hence , the energy balance is:

~~ PCD~ J 
(~~t)~~ = 

~D ~~BD~J (~~t ) J ( A — I )

where :

(at)-. Incremental load periods during Power Sour ce Group shutdown ,
~
‘ hours

~~PCD~J 
= Power londi-tioning and Distribution Group (iCDG) loads during

PSG shut down , watts

(P
BD

) T = Battery Discharge Power during PEG shutdown , watts

= E f f ic i e ncj  of battery discharge device

~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~ IING
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During Share—b-S-dc c neration when the loads are supplied by both the Power

Source Group and the battery , the energy balance is:

~~PCD~ F- (L t)
K 

= 
~~~~~ 

(~ t)~ + 
~D ~~BD~ K (At )

K (A—2)

where :

(At ) K = Increment-il load periods during share—mode operation power,
hours

= Average F :wer Source Group power output , watts

(P _ 0 ) = Battery Discharge Power during Share—Mode operation , watts

~~PCD~K 
= PCDG load.: during Share—Mode operation , watts

When the Power Source Group alorAe supplies energy for charging the battery

and for power ing the loads , the ener~~r balance is:

____ 
(P ) (st )

~PSG (~~t)L 
= 

~~PCD~ L 
(~~t ) 1 + BCH L S (A— ~~)

where :

(
~
t)L 

= Incr emental load periods when PSG is charging the battery and
powering the loads , hours

= Battery charger efficiency

~~BCH~ L = Battery Charge Power during charging periods , watts

~~PCD~L 
= PCDG I:ad.: during battery charge periods , watts

During the PSG shutdown periods :

(E BD
) J = 

~~BD~J 
(At )

J (A— - )

where : (EBD )J = Bat tery energy discharged dur ing PSG shutd own periods ,
watt n—h urs

A-C

- - - 7 - - - -- --7  ~~~~~~~~~~ _ . ~~~~~~~~~~~~~~~~~ - - -~~—-~~~~~~~~ —-~~~~
-
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During PSG and Oat:er5 Chare—Sode periods :

(E BO ).. = 
~~BD~ E 

(A ~~ p ( A - 5 )

where: (E50Y. = battery energy discharged duo’i~ g --lbace— ~ :de p~ oi:ds ,
ra t t—h-c sos

lonbin in c  E-~s. (A—l ) ani (A—- -) :

(s  
~~~~~~~~ 

(A o )
- - P~~~ c( :. - - - )  =

fl S

O’cnbining oqs. ( A — 2 )  arid ( A — 5 ) :

(~~
-

_ 

~ = ~~PND ~ K 
(
~~

t K 
- ~PSG 

(At )~
- -  -

The t -taT battery Ii- : charge energy is:

E BDT 
= (E

BD
) j + (E

5
)~. ( A — 8 )

wher e : E 50T = t~i battery energy discharged 1uring ni.coi n ,” o- :a t t—hos rs

OumbTh i~~g Eqs . (~~— 6 ) ,  ( A — 7 )  and (A—8):

- - ~~ D~; 
(A t ) ,  ( r ~~5 D ) . .  ( A t ) . .  ~~~~~~~~~, ( A t ) . .  

- -+ — —

~L . 
~D ~D 00

0. oC battery charge :

EBCHT = 
~~~~~~~ 

(A t ) 1 (A 10)

where : F~ C .i: = 0 taO ba ttery charg e energy cu r ing “oissi:n ,’ -n - o t t— h our s

A—5

L - ~~~~~~~~~~~~~~~~~
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Combining Eqs. (A—3) and (A—lO):

EBOR T = 
~~~CH~ ~~~~~~~~ (At )

L 
— 

~~~~~ ~~PCD~L 
(At), (A-li)

A balanced power system is defined as one wherein the PSG supplies just

enough energy to the Energy Storage Group (ESG) to replace that energy dis-

charged by the ESG. Thus :

EBCHT = 
~~BE EBDT ( A— l 2 )

where : = Battery energy charge/discharge ratio (inverse ~f battery energy
charge efficiency )

Combining Eqs. (A—9), (A—il) and (A—12 ) and rearranging, the average PSG

power level requirement is then:

— 

(v BE
) 
1~~pCD~J 

(At )
J 

+ 
~~PCD~K 

(At )
K] 

+ 

~~~~~~ ~~PCD~L 
(At )

1 C~ i
~PSG — 

~~~~~~ 
(At )

L 
+ 

~~~~ 
(At )

K 
- -

Def in ing :

( E PCD )J = ( P ~~5fl
)
J 

(At )~~ (A — i C )
Load energy (from POD group )
during each of the applicable

(E PCD )K = 
~~~PCD~~K 

(At )
K 

power system operational (A—i5)
modes , watt—hours

(E PCD )L = 
~~~PCD ~~K 

(At )
1 

(A — l 6 )

Combining Eqs. (A—i3), (A—iC) , (A— i5) and (A—16):

- 

(V
BE) [(EPCD

)
J 
+ (Ep0JK] + 

~~~~~~ 
(E PCD )L 

(A 1
~PSG — 

~~~~~~ 
(At )

L 
+ 

~
vBE ) (A t )

~. 
—

____  _ _ _ _ _ _ _ _  
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The total ene rgy required of ~he PSG is thus :

EPSG = 
~~~~~~~~~~~~ [At K 

+ (At )
L] 

(A-18)

where:  EPSG = Power Source Group Total energy requirement for the “mission ,”
watt—hours

A-.7/A-8 

s— - ~~ -- . ~~~  ~~~~~~~~~~~~~ -



— 7 -

5014 0-27

APPENDIX B
ASHRAE ALGORITRJ4S FOR SO~~ R II1 S0LATI~~5*
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b—2 Time Zones in the United States 3—14
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*“Procedure for Determining Heating and Cool ing  Loads for Nompute rized Energy
Calculations” — American Society of Heating, Refrigerating and Air Condition—
Ing - .r:girieers ; 1971.
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CU:

An Algorithm to Find Solar Position , and Intensity of Solar
Radiation Incident on the Outer c’crfaces of Buildings
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I Intensity of total solar radiation incident on surface (wall),
Btu per ( h r ) ( s q .  f t )

I Intensity of sky diffuse radiation incident on surface (wall),
d,sky Btu per (hr)(sq ft)

I - Satensity of ground diffuse radiation incident on surfaced ,~~rc-uro -s ( w a l l ),  Btu per ( h r ) ( s q  f t )

Table B—2 lists , as function of date and for the northern hemisphere only ,
five variables related to solar radiation. These variables are declination

angle 6; the equation of time , ET; the apparent solar constnat , A; the atmos—

pheric c effic ient , B; and sky diffuse factor , C.

Cable B—2 could be stored in the computer memory , but this would necessi-

tate an interpolation procedure . In order to avoid such a problem and to save 

ter c-c rc space , 6, IT , A , B and C are expressed in Fourier Series form ,

ar. i the values are calculated as a function of the day of the year, d, from

~he ~ i l — w i n g  t runca ted  Fourier series.

A~ + A * ~~ * d)  + A * 0cs 2 * w * ~~) + A * Cos( 3  * w * d)
o 1 2 3

A =
+ 

~ l 
* i r o ( w  * -1) + °2 * Sin (2 * * j )  + ~ * Sin (3 * w * d)

w:n-’re ‘.i = 2 *

TAI - :io 5—2. —VALUES IF 6 , 1-T O , A , S 05:1 C

A B

-
~ FT Stu per  I

- ate  I ~-g: e--: : :- -J r -~ (hr) ( I > q  ft) Air -ians

Jan. 11 —20.0 —0.190 390 0.l1~? 0.058
Feb. 21 —10.8 —0.230 385 0.l~.’. 0.060
1-tar. 21 0.0 —U .i23 376 0.156 0.071
;~r r .  21 11.6 0.020 360 0.180 0.097
1-lay 11 20.0 0.060 350 0.196 0.121
June 2i 23.15 —0.025 ~•5 0 . 2 05  0 . 1 3 1 4
J o L y  21 20.6  —0.103 3-N~. 0. CY’ 0.136
Aug. 21 12.3 — 0.0 5 1 351 0.201 0.122

ept . 21 0.0 0.113 365 0.i7- ’ 0.092
0-t . 21 —10. 5  0 .255 378 o.~ 6s 0.073
Uov . Ci —1 9 .8 0.235 387 0.119 0.063
I c c .  21 —23. 145  0 .033 391 0.112 0.057

- ~~~
o -  
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The proper Fourier coef f ic ien ts  are given in Table B— 3.

TABLE B-3. —FOURIER COEFFICIENTS

A0 A1 A2 A
3 B1 B2 B

3

6 0.302 —22. 93 — 0.22 9 —0. 2 143 3.851 0.002 — 0 .055

ET 0.0 0.007 —0.0 5  —0. 0015 — 0. 122 —0. 156 —0 .00 5

A 368. 1414 2 14.52 —1.1 14 — 1.09 0.58 —0. 18 0.28

B 0.1717 —0.03 1414 0.0032 0.002 14 —0 .00 143 0.0 —0.0008

C 0.0905 —0.0 1410 0.0073 0. 0015 —0.003 14 o.ooo14 —0.0006

CALCULATION SEQUENCE:

1. Determine or calculate 6, ET , A , B , C and CCM.

2. Calculate sunrise and sunset time , h’, radians.

h ’ = Cos ’
~~(—Tan (L) * T a n ( 6 ) )

Y = h ’ * (12/-n )

Sunrise time , SRT , hr

SRT = i 2 — Y — E T — TZN + 90/15

Sunset time , SST , hr

SST = 21+ — SET

F 3. Calculate hour angle, h , degrees.

h = 15 * ( t  — 12 + TZN + ET) —

B—7
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• 1+. Check if jh~ > Ih ’ I .

If yes , make I = 0 and skip following steps .

If no , go to next step .

5. Calculate direction cosines of direct solar beams.

C o s ( Z)  = S i n ( L )  * S i n (6 )  + C o s ( L )  * C o s ( 6 )  * C o s ( h )

Cos (W)  = C o s ( 6 )  * S i n ( h )

- 
C o s ( S )  = (1 — (Co s (Z f l**2  — (Cos(w))**2)**o.5

- If C o s ( h )  > (Tan(5)/Tan(L)), Cos (S) is positive, otherwise it is

negat ive .

- 
6. Calculate solar altitude and solar azimuth.

SALT = Sin 1(Cos(Z))

- If Cos (S) > 0 , SAZM = Sin ‘( C o s ( W ) / C o s ( S A L T ) ) .

If C o s ( S )  < 0 , SAZM = 180 — Sin i ( C o s ( W ) / C o s ( S A L T ) )

7. Calculate intensity of direct normal solar radiation .

- IDN = A * CN * CCM * Exp(—B/Cos(Z))

8. Calculate sky brightness.

BS = C * IDN/(CN**2 )

1 9. Calculate ground brightness.

BG = * (Bs + IND * C o s ( Z ) )

B—8
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10. Calculate direct ion cosines of normal to surface (wall).

a = Cos(WT )

8 = Sin (WA ) * Sin(WT )

= Cos(WA ) * Sin(WT )

ii. Calculate cosine of angle of incidence.

C o s ( f l )  = a * C o s ( Z )  + 8 * C o s ( W )  + y * C o s ( S )

12. Calculate intensity of direct solar radiation incident on surface (wall).

ID = IDN * C o s ( f l )  If Cos(r ~) > 0 , otherwise ID = 0

13. Calculate intensity of sky diffuse radiation incident  on surface ( w a ll ) .

For Horizontal  Surface:

= C * IDN

For Vert ical  Surface :

If C o s ( f l )  > — 0 . 2

Y = 0 .55 + 0. 1437 * Co s(r) ) + 0.313 * (Cos (r D **2)

Otherwise Y = 0. 145

— Tt d ,sky IDN ~ ( C * ~~ 
+ ( P g * (C + C o s ( Z ) ) ) / 2 )

114. Calculate intensi ty of ground di f fuse  radiation incident  on surface (wall).

I = BG * ( ( l — a ) / 2 )
d ,groun d

B— 9
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15. Calculate intensity of total solar radiation incident on sur face  ( wa l l ) .

I = ( I D + I  + 1
d ,sky d ,ground

CCM*

Cloud Cover Modifier

INPUT:

2-AlT Solar alt i tude angle , degrees (Output of SUN )

CT Cloud type

0 cirrus or c i r ros t ra tus**
CT

1 stratus

TC Total cloud amount at t ime t

OUTPUT:

0CM ‘loud cover modi f ie r

Table B_14
t lists the value of cloud cover modifier , SCM , for each combina-

t ion of c lou d  type , total cloud amount, and solar altitude angle. Each column

of Table B—14 , corresponding to a given cloud type and a solar alti tude , has

been expressed as a cubic relat ionship between t~ tal -cloud amount and O U .  The

resulting six equations are given in Table B—5.

*Thj s subrout ine is a stop—gap unt i l  better information is available for the
effe ct of cloud cover ~n d i f fu s e sky radiat ion .

**For any other type cloud, use the mean - -- f CM for CT = 0 and 1.
lOerived from Boeing Company Report , Summary of Solar R a d i a t ion  Observa t ion
0)2—90507—1/Dec. 196 14.

13—10
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TABLE B— 4. —CLO TJ D COVES ~10DIF1i E~

Cloud Typ e

Cirrus
Total Stratus or Cir ros t ra tus  Other
Cloud
Amount SALT < 45° SALT > 145° SALT < 45° SALT > 45° SALT < 145° SALT > 45°

1 o.6o 0.88 o.84 1.0 0.72 0.911
2 0.60 0.88 0.83 1.0 0.715 0.94
3 0.58 0.88 0.83 1.0 0.705 O . 9 L ~
14 0.58 0.87 0.82 1.0 0.70 0.935
5 0.57 0.85 0.80 0.99 0.685 0.92
6 0.5 3 0.83 0.77 0.98 o.6~ 0.905
7 0.49 0.79 0.74 0.95 0.615 0.87
8 0.43 0.73 0.67 0.90 0.55 0.815
9 0.35 o.6i o.6o 0.84 0.475 0.725
10 0.27 0.46 0.49 0.711 0.38 0.42

TABLE B—5.—CLOUD COVER MODIFIER E1~UATI0US

CT = 0, SALT < 45°

CCM 0.598 + 0.00026 * TC + 0.0021 * (TC**2) — 0.00035 * (TC**3)

CT = 0, SALT > 45 °

CCII = 0.908 — 0.032114 * TC + 0.0102 * (TC**2) — 0.O01i~. * (T f l**3)

CT = 1, SALT < 5°

:1 914 = 0.849 — 0.01277 * TC + 0.0036 * (Tc**2 ) — 0.00059 * (TC**3)

CT = 1, SALT > 45 °

CCII = 1.010 — 0.01394 * TC + 0.00553 * (Tc**2) — 0.00068 * (TC**3)

CT ~ 0 or 3., SALT < 45°

SCM = 0.7214 — 0.00652 * TC + 0.00191 * (Tc**2) — 0.00047 * (TC**3)

CT ~ 0 or 1, SALT > 45°

= 0.959 — 0.02304 * TC + 0.00787 * (TC**2) — 0.00091 * (Tc**3)

B—11/B—12
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APPENDIX C

P0~1ER CONDITIONING AND ~ISThIBUTI•DIJ GROUP

ELECTRICAL CHARACTERISTICS
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The Power Condit ioning and Dis t r ibut ion Group (PCDG ) consists  of a Lamp

Flasher Regulator in parallel with a Housekeeping Regulator as well as ancillary

equipment . A schematic of the PCDG is shown in Figure C-i belo’~:

— FLASHING LAMP

/

CABLE RESISTANCE LAMP

REGULAT OR

__________ 
HOUSE K IF Pihu 

_______

R E GULAT OR

(— )

FIGURE C— i. POWER CONDITIONING AND DICTPHuCLJ; ‘ PJJ~

~~rpical characterist ics of the flasher which controls  th~ ~~~~ 
I te

are shown below in Figure C—2 .

CURRENT

N

/ /

DITIOT ‘/ //~~ / ~~/ 
/

OFF / /~ _______ — 

~~ 1IME

~~~ ~LON W ~~~~~
t LOFF (I ~~~~~~~ 1 LON (2)

~~~~~~~~ 
t LOFF (2)

~~~~~~~~ LON~
3
~~~~~ 

t L OFF (3
~ ~~ 

t LoN (4)
~~~~ 

t
LO~~

(4)
~~

FIGURE 1-2. TYPICAL FLASHER CHARAC P CCT

C— 3
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Based on the characteristics shown in Figure C—I , the lamp dut y cycle is :

NLON NLON

D
L 

= 
- 

tLON (i) 

= 
i l  

t LO~~~
( i )

t~~01~~~~ ) + t~ Q~~(J)

where :

D
L 

= Lamp dut y cycle

t~~0.~ ( i) = Durat ion of i th lamp flash during repetit ive perio d , T~~, secc,rids

t
TOFF (J) = Duration of Jth lamp cutoff during repetitive period , T~~,

cecundo

= Repet it ive period of flasher , seconds

LCI~ 
= Thtal nuc~ber of lamp flashes during TL

:;r~~ 
= lotal n umber of lamp cutoffs  during T

~~FF L

Correcting for cold filament surge at turn—on :

C > 1.0 when : ( 0 . 0  < D < l . o ) ’
~

= 1
L2 

1LR 
= 1.0 when : DL 

= 

L (c—2)

where :

= Actual lamp current , amperes

C
L~

; = Filament sur~;e correct ion factor

= Rated lamp current , amperes

Finally , the averag e lamp current is:

TL = ‘L 
DL (1-3)

where : = A~-~ rage lamp current , amperes

The re~ ist~trice r a t ing  of a lamp is given by:

V.

L ~~~~~~~~~~~~~~ _ _ _ _ _ _  ~~~~~~~~ 

.. . —
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where :

V
LR = Voltage ra t ing,  VDC

‘LR 
= Current ra t ing,  amperes

R LR = Resistance rat ing,  ohms

Using the actual lamp current ( including turn—on su rge ) ,  the actual lamp

resistance is:
V

( C— 5 )
L

where:

= Actual lamp current , amperes

E
L 

= Actual lamp resistance , ohms

The ef fect ive  lamp resistance ( due to au on—off  duty cycle)  is:

= ~-6)

where :

TL = Average lamp current , amperes

= Effec t ive  lamp resistance, ohms

The lamp—flasher  regulator is a series regulator and hence has the fcflcv—

ing characteristics.

1R 1 
= ‘L 

(c— ’T)

where:  ‘RI Actual regulator input current , amperes

tRI 
= TL (c—8)

where:  TRI Average regulator input current , amperes

L 

c h i l e  the voltages are:

VL = F {VR,, TR} (c—9)
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where :

VR, Regulator inpu t v~~ tage , VDC

VL Lamp voltage , VDC

TR Regulator temperature , °F

The regulator character ist ics  of the lamp—flasher are shoun in Figure ‘—3.

GE , 
SATURAT ED ~~~~~~N I

VR I O VRIS A

VRI , RE GULATOR INPUT VOLTAGE , vd~

FIGURE C—3. LA~~—FLASHER REGULATOR CHARACTERICT:CS

When the lamp— flasher regulator is operating in the saturated region

(V
ETO 

< VET < VRI SA ) ,  the regulator and lamp combination may be represented by

the schematic shown in Figure C— 14 .

The character is t ics  of a saturated pas s t rans is tor  are shown in Figure 1— 5.

The voltage drop across the regulator is given by:

= VEIO + ‘L Z
RS 

( c — b )

_________ -— ~~~~~~~~~~~ 
-
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4 __
~~

V
R S

v ~~ R (LA~~p)
RI PASS TRANSISTOR IN SATURATE D L L

REGION HAS DIODE-LIKE
CHARACTERISTICS

1

_ 

_ _ _ _ _ _ _

FIGURE C—4 . SATURATED REGION OPERATION

T R = CONSTANT

SLOPE

LAMP
CURRENT ,
amperes

ZR = SATURA TED PASS
TRANSISTOR
IMPEDANCE , ohms

VRI 0
AV RS , VOLTAGE DROP ACROSS “ SATURATED” PASS TRANSISTOR , vdc

FIGURE C—5. SATURATED PASS TRANSISTOR CHARACTERISTICS

But , by de f in i t i on :

~
VRS = VR, — V

L (c—n )

C3mbining Eqs . ( C — b ) and (c—li), the regulator output voltage (i.e., the

lamp voltage ) is l i ven by:

VL 
= VET 

— V
E TO - 1

L 
ZRS ( 1 - 1 2 )

C— T

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~~~~
.-.- - --—--- —.—---- ,.- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The voltage drop across the lamp is:

VL 
= T L EL (c— 13)

Combining Eqs . ( 0—12) and ( C— 13 ) ,  the lamp current is :

= 
EL 

+ Z
RS

Substituting Eq. (0—7) into (c—b14 ) yields , for the  actual regulator

input current :

‘RI 
(V

EI V
RIo) ; (VETO < V~ 1 ~ 

VEISA ) (C-15)

and by using the same methods , the effective regulator input current is:

= 

(

VRI
_ 

::°) ~ (V EIO < V~~ < VRI SA ) (c-i6 )

where : TRI = Effective regulator input current , amperes

When the lamp—flasher regulator is operating in the active region

( VRI > VEI SA) ,  the regulator an d lamp combination may b~ represented by the

schematic shown in Figure 1—6.

V OLTAGE
R EGULATOR I R (LAMP 1

V L L

I

FIGIJRR c—6. ACTIVE REGT U OPERATION 
—

c—6

— - -— -_ .-~
& £ • _ - ]~~...k .  %

~~
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Voltage regulator output characteristics in the “pass transistor active”

region are shown in Figure C—7.

In the active region, it may be shown that the regulator characteristics

are given by:

V
L 

= VLB — ‘L ZRA (0—17)

where : VLB = Regulator output voltage at zero current , VDC

Combining Eqs. (C—13) and (C—lT), the lamp current is:

V
= 

EL 

LB (c—i 8)

But :

VLB = VLB ~~RI~ 
i.e.: VLB is a function of VRI (C—b9 )

. V —.. INCREASING
RI

CONSTANT

LAM P SLOPE — I
CIMRENT , ‘I RA

~
np.r.s

ZR = ACTIVE REGION
REGULATOR
IMPEDANCE , olwns

VALUES OF V LB
V1. LAMP VOLTAGE (REGULATOR OUTPUT VOLTAG E) , VDC

FIGURE C— 7.  ACTIVE REGION RE GULATOR CHARACTERISTICS 

~~~~~~ ~~~—— . =—-  — .- ,--. 
j
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Hence , combining Eqs. (0—7), (C—l8 ) and (C—l9):

I VLB 
{v

RI
} \

‘RI = 

~~ 
R
L 

+ ZEA ,j ; (V RI > VRISA ) (c—2o)

and by using the same methods , the effective currents are :

/VLB {V RI} \
‘RI = 

— 

+ 
) ; (V RI > VEISI ) (C—21)

R
L 

ZRA ,

Finally , it should be noted when

= ‘RI = 0.0 (0—22)

(O < V
R,

< V RI O )

TL = = 0.0 ( 0—23)

Based on the foregoing derivations, the generalized lamp— flasher regulator

input characteristics are shown in Figure 0—8.

= CONSTANT

LAMP-ON

OR I EFFECTIVE
RI RI (DUTY-CYCLE)

RIG ULATOR
INPUT CURRENT ,
~~ peres

I LAMP-OFF
VRIO VRISA

VR,. REGULATOR INPUT VOLTAGE , vd c

FIGURE C—8. LAMP—FLASHER REGULATOR INPUT CHARACTERISTICS

c—b

__________________________________________ - ~~~~~~~~~~— - .
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At the input to the housekeeping regulator (a series re lu lat ;r ) ,  which is

in parallel with ti.u 1an~—flasher regulator , the current  is :

‘HI = ‘HI {V H,, TH} 1—2 --)

where :

‘HI = Housekeeping regulator input current , amperes

VHI = Hou seke eping regulat or input voltage , VDC

T
R 

= Housekeeping regulator temperature , °F

The housekeeping l elul ator character istics are shown in F igure  1—9 .

Since both the  lnr~p— f1asher and housekeeping regulators are in parallel:

VHI = VEI (c—25)

~~~~~~~~~ ENT , 

H

V H,, REGULATOR INPUT VOLTAGE , vd~

FIGURE 1_9• HOUSEKEEPING REGULATOR INPUT CHA RACTERISTICS

C—li

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ - —-- - -~~~~~-~~~~-~~~~~~~~~~~~~~~
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and since regulators are located in the same module

T
H 

T
R (0—26)

Hence , when the lamp is off:

‘UL = 1
H1 ~

‘PI’  TR}

where : ‘UL = User load current , amperes

which condition is illuotrated in Figure 1—10 .

When the lamp is on:

TUL = THI {V R I ,  TE) + TRI {vRI, T5} (o—�8)

which condition is shown in Figure C—li.

wh ile the average user load current while the lamp is flashing is :

I
U~ 

= 15T 
{VR,, TR} + ‘RI {v~_ , TR} (:—I~~)

which condition is given in Figure 1—12 .

(
~~ peres ) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ HOUSEKEEPING 

T R = C:NSTANT

VRI ,  RE GULATOR INPUT VOLTAGE , vdc

F I Gt JRE C— l O . LIU4~ — oFF CO N DIT ION

C—12

_____________ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ----._--.— _~~—
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CONSTANT

‘UL _ __ _ TOTAL

USER LOAD RI
CURRENT , LAMP-ON
~ npe~e%

HOUSE:EEPING

V RI REGULATOR INPUT VOLTAGE , vd c

FIGURE C— il. LAMP—ON CONDITION

TOTAL

1
UL

T~ ~~~~~~~
I AV E.LA M P

FLASHING
LOAD
CURRENT ,
ampe res

VRI , REGULAT OR INPUT VOL t AG E , vdc

FIGUR E 0—12 . LAMP—FLASHING CONDITION

C— 13

- - - — -
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Since the Lamp Flasher Unit (user load) is in series with the user load

cable :

‘PCD = 1UL ~—29)

where : = Power ‘oniltioning and Distritutior. r up ~rr~—r .t , amperes

T
502 ~

‘PCD ’ TR} VRI {IpCD , TR
} + 

‘
~~ ~~

-
~~ :

where:

VPCD = Power Conditioning and Distribution Oroun ior tale , ‘
~~~~

RPCD = User load cable resistance , ohms

The charact er is t ics  of the power cond ition ing lr :up ,  bac el :r. Eds . (‘—o~)
and ( 0 — 3 0 ) ,  are shown graphically in Figure C—l 3.

V~1 ~ ~~~~~~ }

PCD~~R0UP ~~~~~~~~~~~~~~~~~~~~
V PCD ~

CURRENT
amperes

CA BLE
VOLTAGE = I RPCD PCD

VOLTAGE , wdc

FIGURE 1—13. POWER CONDITIONING AND DISTRIBUTION GROUP
INPUT CHARACT~~ ISTICS

c—114
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APPENDIX D

ENERGY STORAGE UNIT ELECTRICAL CHARACTERISTICS

LIST OF FIGURES

Figure Title

P— i Ener€~,
r Storage Unit , No Battery Charger F— 3

—2 :-:ner~~ Storage Unit Character istics , No Bat tery Charger   . —~~

Rner~ j Storage Unit , with Battery Charger 2—5

Pattery Bus Operating Point During Battery Charging 2—5

— 5 Pattery Charger Regulation Characteristics D—6

- — ‘o 2r.er~~ Storage Unit Characteristics , with Battery Charger  . D—8

0—1/ D—2

__________ 
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The simplest form of the Ener~~r Storage Unit in relation to the rest of

the power system is shown in Figure D—1 below .

- 
BUS VBM

E~~~~~~~~~ ABT~~~

I RESISTANCE R L I

TO POW ER

TO POWER I V B - 
CONDITIONING

SOURCE DISTRIBUTION
GROUP I I GROUP

I BATTERY

L -J

FIGURE D-l. ENERGY STORAGE UNIT, NO BATTERY CHARGER

The relationship between the battery voltage and the bus voltage (or the

battery voltage reflected to the bus ) is given by:

VBM V
B 

+ ‘B 
E
L 

(:—I)

where :

VB 
= Battery terminal voltage, VDC

VBM = Battery voltage reflected to the bus , VDC

+ = charge mode
= Battery current, amperes

= discharge mn le

~ 

~~~~~~~~~ - - —  .-_ ~~~~~~~~—
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The Ener~~r Storage Unit input characteristics under these conditions is

shown in Figure D— 2.

An Ener~~r Storage Unit with a battery charger and a battery discharge

diode is shown in Figure D—3.

During periods of battery charging, the operating point on the battery

bun is shown in Figure D—14.

It may be shown that the operating point current is given by :

VCHOO — VBBM
TBBM = 

ZCHR

r, after rearranging:

V B 
VBM

CONSTANT TEMPERATUR E
CONSTANT STAT E-OF-CHARGE

CHARGE MODE ~ 
IBR L / CABLE

VOLTAGE

(+) / DR OP

/
/

/1 B

CUR REN T , 
C ~ VOLTAGE , vdc

amp.f.,

BATTERY CHARACTERISTIC
DISCHARGE MODE .‘ — — — ENERGY STORAGE UNIT/ CHARACTERISTIC

/
(—) / I R CABLE

B L 
~ VOLTAGE

/ 
DROP

/
VL V B

FIGURE D—2. ENERGY STORAGE UNIT CHARACTERISTICS, NO BATTERY CHARGER

_____________________ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~ :c!:,!lIIIIIuiiI~~IIIl~~~4
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-. 
V ESI RAW POWER BUS

~
IE5I

V
DI~~~E

VCM BATTERY
CHARGER

I TO POWERTO POWER I v CONDITIONING—— —— é — — — —  AND
GROUP 

,— ‘  BATTERY BUS DISTRIBUTION

‘ B 
GROUP

R L

BATTERY

-
4

FIGURE D-3. ENERGY STORAGE UNIT , WITR BATTERY CHARGER

CHARG ER / ~____ BATTERY CHARGE
CHARACTERISTIC CHARACTERISTIC

‘ B I ~~-OPERAT lNG POINT
BATTERY — — — — — — — —CURRENT ,

I 1 1
SLOPE — I y

I CHR

VB~~ ~~~~~~
V~~~, BATTERY VOLTAGE REFLECTED TO BATTERY BUS, vdc

FIGURE D-.14. BATTERY BUS OPERATING POINT DURING BATTERY CHARGING

D— 5

- — — .~~ — - - - ---~-~ — j -  
~~~~~~~~~~~~~~~ 

—
~~~~~~ -~~



- - _ .-—
~~~~~~

_ --
~~~~~~
--

~~~~~~~

50140—27

V C}100 = VBBM + ‘BBM ~~
- ~~

- -~
where :

= Charger output voltage at zero curLent , an~ere:

VBBM = Operating point voltage , VDC

‘BBM = Operating point current , amperes

ZCHR = Charger output impedance, hms

The regulation characteristics of the batter ,’ ‘har~ ef are shown in

Figure D—5.

Examining Figure D—5, it can be seen that :

VESI = ~ {VCHOO} (D—~.+)

where : VESI = Ener~~r Storage Unit input voltage, VDC
and referring to Eq. (D—3).

~~ACTIVE REGION

I — CTEMPERATUR E)

VCHOO, ICHARGER

VOLTAGE AT 
SATURATED I

CL*RENT

V V
0110 CHISA

VESI , ENERGY ST ORAGE UNIT INPIJT VOLTAG E , vd c
(EQUIVALENT TO CHARGER INPUT VOLTA GE)

FIGURE D—5. BATTERY CHARGER REGULATION CHARACTERISTICS

D—6
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In the saturated region , when (V eRb < VESI <

V CHOOS = VBB~I 
+ ‘BBM Z CHR S

VESI = V CHOQS 
+ V CHIO ( D — 6 )

where :

= ‘har~-er output impedance in saturateo reg~ n , onms

‘CROON 
= ‘hurger ~utp ut voltage at zero current in sat~ ratei region , :po

= ut v J t a~;e at charger turn— n , VP C

= :ar~ e input voltage at changeover from saturated t.~ active
~~~ O t  L 0 , i U

IJhi ,e in ‘h~ a ’t iv e  reg i on  of operation; 
~
“
~~ I 

->

V
CHOQA 

= VBB~ 
+ 

~PhII 
2C5R2

= ~ — 
} (D-8)r I

= Charger output voltage at zero current in active region , VDC

= Char~-e output impedance in the active region , ohms

Examining Fi gure 11—3, it can be seen that during battery discharge

VEST 
= - V

D,ODE

where : V . 
~~~~

. attery discharge diode voltage drop , VDC

art - i since the battery charger is a ~eries regulator:

1L1I ‘B ( D-.lo)

D-. 

~~~~~~~~
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where: ‘ESI = Ene r~f Storage Unit input curren t, amp eres

The input characteristics of the ener~~r storage unit based on Eqs. (D—5)

through (D—l0 ) are shown graphically in Figure D—~ , below :

‘ B’ VBM
/ BATTERY BUS

CHARGE MODE /‘
~ 

CHARACTERISTICS

/ ENERGY 5TORAG~I UNIT INPUT/ CHARACTERISTIC I t s , ,I
(+) / ~~~~~~ — ESI ’

/ ~~~~~~~ACT IV E

/ /

/ / SATURATED
/ / REGION

CURR ENT , C /~~~~~~~~~
‘ VOLTAGL

amperes ,‘~,/ (‘ dc

/7/ 1
/ 1
I ,

/ / DISCHARGE MODE
V D ,ODE

/ /j—D ISCHARGE DIODE

j  j  V OLTAGE DROP

IEIS, I
V ESI B BM

FIGURE D— 6. ENERGY STORAGE UNI T CHARACTERISTICS ,
WITH BATTERY CHARGER

NA SA—J PL—C cmI . I A C~~I.I
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