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THE NIMBUS ENERGY BALANCE

COMPUTER PROGRAM

ABSTRACT

The lengthy and laborious hand calculations now associated with the
design and analysis of satellite power systems can be greatly reduced
through the use of the Nimbus Energy Balance Computer Program. By
combining the known electrical characteristics of the power supply com-
ponents, this program will simulate the operation of three general types
of power systems — Nimbus, Series Maximum Power Point Tracker and
Parallel Maximum Power Point Tracker — as the spacecraft passes
through a complete orbital cycle. The effect of load changes, battery
failure or changes in operating characteristics, solar array degradation
or partial failure, and changes in electrical component characteristics on
power system energy balance can be easily obtained; energy balance is
defined as the condition where sufficient power exists to supply the
spacecraft loads and completely recharge the batteries during a given
orbit,

The output of the program is a summary of the operating condition
of the various system components at user-specified time increments dur-

ing an orbit: solar array maximum available power, actual array power

vii




supplied, solar array current, battery current and voltage, the relative
battery state-of-charge and number of ampere-minutes > capacity re-
maining in battury, total regulated bus current, peak load current and
shunt dissipator current, The average power dissipation in the batteries,
the battery ampere-minute charge-to-discharge ratio achieved during the

orbit and the battery depth-of-discharg: are also calculated and printed ’

out.
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THE NIMBUS ENERGY BALANCE

COMPUTER PROGRAM

I. Introduction

The design and analysis of satellite power systems is greatly enhanced by
the capability to simulate the power system's orbital performance. The laborious
hand calculations usually associated with this simulation can be significantly
reduced through the use of the Nimbus Energy Ralance Computer Program. The
determination of the various system component operating parameters is ac-
complished by combining the known electrical characteristics of the solar
array, battery, source control devices, load power conditioning devices, charge
controller, system power losses and spacecraft load profiles., A running tally
of the various power system operating parameters is provided throughout the
simulated orbit; these parameters are printed out at equal user-specified time
increments during the orbit.

This program accommodates anenergy balance analysis of three general
types of power systems:

1. The Nimbus B series rcgulator type system (NB),

2. A parallel maximum power tracker system (PMPT), and

3. A series maximum power tracker system (SMPT),
Figure 1 presents a block diagram of the computer model of the three power

system configurations., By supplving a particular "System Kay' input data card,
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the program user specifies which system configuration he wishes to simulate,
and the computer "switches'" shown in Figure 1 are positioned appropriately.
All input data and computer instructions are supplied by the program user in a
"data deck" consisting of 50 NCODE cards defining various power system
parameters, 30 STINT tables containing solar cell, battery, temperature and
load profile information, and up to 25 Panel Description Cards defining the
solar array configuration to be simulated.

Because of the numerous power system components and functions that must
be considered when simulating orbital performance, the energy balance program
is divided into a main routine, called MAIN, and the following subroutines:
STASH, STINT, DRAIN, AMPS and PRINT. All five subroutines are used when
simulating either the NB, PMPT or SMPT system configurations and perform
identical functions for all systems. Briefly, the functions of the subroutines
are:

MAIN - Perform energy balance iterations

STASH - Supply solar cell information

STINT - Store input data tables

DRAIN - Determine value of load current

AMPS - Determine available solar array current

PRINT - Present output data in proper formats

A more complete description of each subroutine is contained in Section III.



II. Power System Components

The following paragraphs describe the characteristics of each of the com-
ponents comprising the computer model of the three types of power systems
shown in Figure 1.

1. Solar Array and Isolation Diode

The solar array may contain fron one to twenty-five solar cell panels con-
nected electrically in parallel. Each panel may have its own number of series
and parallel cells, its own solar incidence angle (which must remain constant
throughout an orbit) and its own temperature-vs-~time profile. All panels use
the same solar cell as the basic building block, and pass current through the
isolation diode ADIODE. The value of ADIODE (if applicable) includes the diode
and slipring voltage drop. Total solar array output current, IA, is the sum of
the individual panel currents at the solar array operating voltage VA.

The array current-voltage (I-V) curve values are determined by the com-
puter multiplying the solar cell I-V points by the number of series cells for
voltage, and by the number of parallel cells for current on each panel. The
charged-particie-degraded solar cell I-V curve is supplied by the user as an
input table of I-V pairs along the curve. Temperature coefficients and voltage
and current degradation factors are also supplied as an input by the user; sub-

routine STASH manipulates the tabulated cell I-V curve to account for the vari-

ous design factors and temperature effects.




2. Series MPT Unit and Solar Array Bus

If the program user has elected to simulate the SMPT system, the switches
in Figure 1 are placed in the SMPT position by the computer and the Series MPT
Unit is connected in series with the output of the solar array. The component
transfers solar array power (VA-ADIODE) x IA to the series tracker unit out-
put with an efficiency, PTEFF, specified by the user. The power tracker output,
PTO, is then defined by the relationship PTO = (VA-ADIODE) x IA x PTEFF, in
wa..S. PTEFF retains a constant value during an orbit, and a minimum drop of
1.0 volt is maintained across the series tracker unit at all times. The series
tracker unit output voltage is designated VTO.

When either a NB or PMPT system is to be simulated, the switches in
Figure 1 are automatically positioned accordingly; the series tracker unit is

| shorted out, and the voltage on the solar array bus (VAB) is defined as VAB =

i
J g

VA - ADIODE.

3. Shunt Dissipator

The shunt dissipator is employed in the NB system cnly, and is represented

by the equivalent circuit shown below.

SOLAR ARRAY BUS

1S0 l ERSR {OMMS)

IDEAL DIODE
VAB

- TVSR (VOLTS)
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Whenever the solar array bus voltage (VAB) exceeds the shunt dissipator thresh-
old voltage (TVSR), shunt dissipator current (ISD) will exist, as determined by
the effective shunt dissipator resistance (ERSR). The values of TVSR and ERSR
are specified by the user on input NCODE cards.

4, Charge Controller

The NB and SMPT systems use the same charge controller model, shown in
the figure below.

iB (AMPS)

A

» VCRR (VOLTS)

0 DZCRR  VKCRR

When the voltage drop across the charge controller (VCRR) exceeds the
dead zone voltage (DZCRR), battery charge current (IB) will increase linearly
to the point where the maximum permissible charge current (IBMAX) occurs at
the charge controller knee voltage (VKCRR); further increases in VCRR will
maintain a constant IB value. If the value of battery charge voltage reaches the
maximum permissible value (VBMAX), the computer will reduce the charge

current to a value such that VBMAX is not exceeded, just as in actual voltage

limiting circuit operation (tapered charge operation).

z
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Values of DZCRR, VKCRR, IBMAX and VBMAX are specified by the user
on input NCODNE cards.

When a PMPT system is being simulated, the series dissipative charge
controller previously described is disconnected and replaced by the parallel
maximum power tracker unit, which transfers power from the solar array bus
to the tracker output with a user-specified efficiency PTEFF, The tracker out-
put power, PTO, is normally used to charge the battery, but can also deliver
power to the peak load and/or the main load regulator if necessary.

The parallel tracker unit also contains the current-limiting (IBMAX) and
voltage-limiting (VBMAX) circuits which control battery charge current just as
in the other two system configurations. In addition, the narallel tracker unit
continuously compares the total amp-minutes into the battery with the total
amp-minutes taken out of the battery during the orbit being simulated. When
the ratio of these parameters reaches the value specified by the program user
as the C/D ratio (CTOD), battery charge current is automatically reduced to a
nominally low (0.6A) value. This simulates the actual operation of an ampere-
hour counter charge control method. If the program user does not wish to take
advantage of this ampere-hour charge control program feature, a high value for
CTOD (e.g. 100.0) should be specified in the NCODES.

5. Battery

The computer model assumes that all batteries connected in parallel in

the power system have the same electrical characteristics and can therefore



be lumped together into one equivalent battery having the combined capacities,
the sum of the maximum charge currents and the same voltage as the individual
batteries.

The voltage of the computer model of the battery depends upon its state of
charge (SOC) and the value of current (IB) going into or out of the battery. The
full capacity of the battery BAMMAX (Battery Amp-Minutes MAXimum) is de-
fined by the user as an input and the state of charge (SOC) is calculated by the
computer to be the amp-minntes in the battery at any given time (ACCUM), di-
vided by BAMMAX. Storage cell data is read into the computer from an input
data table which tabulates cell voltages as a function of SOC and charge or dis-
charge current, IB. The computer multiplies the cell voltage by the number of
series-connected cells in the battery (FUDGE) to obtain the battery voltage VB
at a given SOC and a given value of IB. One battery is assumed in the computer
system, having the combined capacity of all the storage modules, and charging
or dischargirg at the total value of current. An example of how storage cell data

is tabulated for computer input is presented later in the report.

Values of BAMMAX and FUDGE are specified by the user as an input to de-
fine the fully-charged system storage capacity in ampere minutes and the num-
ber of series connected cells in the battery. (NOTE: the variable NBAT is also

used in the program to signify the number of series-connected cells in the

battery).




6. Discharge Diode, Unregulated Bus and Peak Load

In all three system configurations, the battery discharges through an isola-
tion diode in the battery discharge path between the battery and the unregulated
bus. The voltage drop across this diode is called VDIODE, ard is user-specified.
Current exists through this diode only during battery discharge, providing a
definition for unregulated bus voltage, VU, during satellite nighttime: VU= VB -
VDIODE.

Note that VU can be much greater than VB during solar array illumination,
since the battery discharge diode is then normally reverse-biased. During
satellite night, the spacecraft load demand (except for peak load) is determined
by the computer in subroutine drain to be ILT amperes demand at the unregu-
lated bus voltage (VU), while ILT is defined at the array bus voltage (VAB) dur-
ing satellite day.

The peak load is a user-supplied input data table which defines peak load
power in watts as a function of time in minutes during an orbit. The table is
prepared in the same format for all three systems, and in fact can define any
type of unregulated bus power profile from a minimum duration of one minute
up to an entire orbit duration load. As seen in Figure 1, the peak load in the
NB and SMPT systems is supplied from the unregulated bus. The battery will
discharge if the solar array bus cannot supply enough power at VU to satisfy
ILT and the peak load current (IPKLD).

When the PMPT system is selected, the peak load is supplied from a peak

load bus which is isolated from the unregulated bus by the battery discharge
9




diode VDIODE. This permits the solar array to operate at its maximum-power
voltage at all times with the PMPT system; the peak load current is supplied by
the parallel tracker unit up to the limit of IBMAX - any additional current re-
quirement is supplied by battery discharge to the peak load bus. The value
VDIODE is applied to the voltage drop across the diode between the battery and
peak load bus in the PMPT system.

7. Load Power Conditioning Devices

Figure 1 shows four types of power conditioning devices which derive un-
regulated DC power from the unregulated bus and supply the spacecraft loads
with the desired type of voltage. Any or all of the four devices may be used with
any of the three systems - the user defines which 3TINT table location (explained
in Section IV of this report) contains the load vs time profile of a device which is
to be employed in the system. The characteristics of each load power condition-
ing device are described below.

(a) PWM Voltage Regulator, - This device is a down-converting, switching

regulator that basically transfers power at a relatively constant per-
centage efficiency. The iiput current can be less than the output cur-
rent in this relatively efficient device. PWM regulator losses (transfer
efficiency losses) are included along with other system losses in a sepa-
rate stored table, as a function of regulated load power. The load
profile for this device is tabulated as spacecraft load watts, at the
regulated output voltage, versus time; calculation of losses is auto-

matically made.
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(b) DC-DC Converter. - This device supplies regulated DC power at an

output voltage which can be higher than the input (unregulated) voltage.
The load profile is prepared as regulated output power versus time;
losses are calculated as a power transfer inefficiency with a user-
supplied value of converter efficiency EFFCNV. The computer does
not need the value of output voltage for its calculations; the user must
define the appropriate constant value of EFFCNV, in percent, for the
particular device he is simulating.

(c) Inverter. - This device supplies an A-C output voltage to the load pro-
file which is tabulated as required watts versus time. A constant per-
centage power transfer efficiency EFFINV is supplied by the user as
an input. Values of output voltage, frequency or power factor are not
required by the computer; the user must supply an appropriate power
transfer efficiency EFFINV, in percent, for the particular inverter he
is simulating.

(d) Series Dissipative Voltage Regulator. - This device supplies current

to the spacecraft load at a ccnstant regulated DC output voltage which
is less than the input voltage, similar to the PWM regulator. However,
in the dissipative device, the input current is assumed to be equal to the
output current. The product of this current times the voltage drop
across the regulator is the power lost in supplying the loads with this

device. The load profile for the series dissipative regulator is
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tabulated as amperes demand (at regulated voltage) versus time. Values
of shunt power loss in the series dissipative regulator can be accounted
for in the system power loss table, explained nelow.

8. System Power Losses and Fixed Losses

The syste.a loss watts (SL) shown in the block diagram of Figure 1 are
values of watts, stored in a table in the computer, that represent the measured
PWM voltage regulator losses, telemetry and standby circuitry losses, solar
array bus-to-unregulated bus diode losses and regulated power required by the
eight charge controllers in the Nimbus B flight power subsystem. These are
cn'lectively called system power losses and are strongly dependent on both the
unregulated bus voltage and the total spacecraft load demand on the power sub-
system. Figure 2 presents the measured system power losses as a function of
regulated bus output power for conditions of satellite nighttime (battery dis-
charge, low unregulated voltage), solar array illumination (middle-range unregu-
lated voltage) and shunt dissipator ON (highest unregulated voltage) for a typical
Nimbus power subsystem.

When a PWM regulator is specified, the total value of system loss is ob-
tained from the table which contains the Figure 2 data. If a PWM regulator is
not used in a system, the losses are calculated as described in b, c, and d, and
in addition the system loss (watts) at ¢ watts PWM load is obtained to account
for such losses as are caused by telemetry, standby circuitry and other powcr

losses associated with the system.
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Figure 2. Typical Nimbus System Power Loss
Versus Regulated Bus Lood Power

Figure 1 also shows a computer "switch' which can be positioned to place

a '"power loss, night" (PLN), or "power loss, day'' (PLD) load on the unregulated

bus. The user can specify this constant value of power loss in addition to all

other loads and losses by supplying the value of watts for daytime and/or night-

time system opersation on an input data card. An example of the use of PLD is a
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15-watt fixed loss in the series tracker unit of the SMPT system. This fixed
loss is in addition to the loss caused by the power transfer efficiency of the
series tracker unit, PTEFF.

III. Program Description

This section presents a functional description of the subroutines in the
energy balance program (MAIN, STASH, STINT, DRAIN, AMPS and PRINT). A
basic functional block diagram of the computer program is shown in Figure 3,
which summarizes the important features of each subroutine.

A. MAIN - Computer Program Contiol

The purpose of MAIN is to load input data, initialize power system param-
eters, select the proper set of energy balance calculations for a particular sys-
tem, perform a clock function during the orbit, call on the five subroutines for
data as required and maintain and update values of the system parameters
throughout the orbit. MAIN employs iterative processes to determine the vari
ous system voltages and solve for the various branch currents in the power
system such that the Ohm and Kirchoff criteria are satisfied to withir. an arbi-
trarily small error. In addition to the various system voltages and currents,
MAIN keeps track of battery relative state of charge (SOC), depth of discharge
(DOD), accumulated ampere-minutes (ACCUM), net power dissipation in the
battery on an orbit-average basis, ampere-minute C/D ratio achieved during
the orbit, solar array maximum power and power at the actual operating point,
and solar array temperature. MAIN also ensures that the maximum values of

battery charge current and battery voltage are not exceeded.
14
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STASH

DEGRACE SOLAR CELL 1-V CURVE FOR
CURRENT, VOLTAGE AND RESISTANCE
EFFORT

STORE CELL 1-V CURVES OVER
TEMPERATURE RANGE

FROVIDE CELL I OR V FOR A GIVEN V
OR | AND A TEMPERATURE

MAIN

PERFORM
SYSTEM
CALCULATIONS

CALL
SUBROUTINES

MAINTAIN
TALLY OF
PARAMETER
VALUES

STINT

STORE ALL INPUT DATA TABLES

INTERPOLATE IN TABLES AND
PROVIDE DATA AS REQUESTED

DRAIN

OETERMINE LOAD AND SHUNT DISS.
CURRENTS AND SYSTEM LOSSES

AMPS

DETERMINE TOTAL SOLAR ARRAY
CURRENT FROM CELL, PANEL,
SUN ANGLE, VOLTAGE AND
TEMPERATURE DATA

PRINT

PRINT REQUIRED INPUT DATA AND
CALCULATED SYSTEM DATA IN
PROPER OUTPUT FORMATS

Figure 3. Subroutine Functions in Energy Balance Program

15




B. Subroutine STASH - Solar cell degradation and temperature effects

The purpose of subroutine STASH is to account for all factors, with the
exception of charged particle irradiation degradation, which effect an individual
solar cell's I-V curve. Illumination intensity change, coverglass transmission
loss, current and voltage measurement uncertainty, ultraviolet effects on cover-
glass adhesive transmission and standard solar cell accuracy uncertainty are
examples of factors which are accommodated by translating the solar cell I-V
characteristic parallel to its voltage and current axes. STASH changes the
cell I-V curve shape to account for external series resistance and operating
iemperature effects.

The input to this subroutine is an irradiation-degraded I-V curve*, specifi-
cation of percentage degradation factors, and the solar cell temperature co-
efficients.

After applying the degradation frctors to the input solar cell I-V curve,
subroutine stash expands the degraded cell curve into a family of 15 I-V curves
spanning the user-specified temperature range of interest for the ensuing
energy-balance analysis. The 15 I-V curves are held in memory, supplying
current or voltage data when interrogated during program execution.

A detailed technica. discussion of the techniques employed in the solar
cell I-V curve manipulation by subroutine STASH is contained in Reference 2.

*A solar cell |-V curve, accounting for charged particle irradiation effects, can be obtained by
employing techniques described in Reference 1.

16
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C. Subroutine STINT - Data Storage and Retrival

Subroutine STINT stores in tables, and then supplies on demand, the values
of variables which are functions of one, two or three arguments. The first use
of STINT loads the tabular data into the computer. Subsequent STINT calls
will ask for a linear interpolation to be performed which corresponds to the
supplied argument values.

One and two argument functions may be stored in single tables - Tables 1
and 6 are examples of one and two argument functions, respectively. Three
argument functions must be stored in consecutive two argument tables; the
number of two argument tables must be equal to the number of argumentg values.

Subroutine STINT is called by means of a statement with the following
format:

CALL STINT (ARG 1, ARG 2, ARG 3, FCT, KEY, NGRIPE, MINTBL,

MAXTBL)

The first three dummy variables are the three arguments; zeroes must be
substituted for unused arguments. FCT is the variable value to be calculated,
and KEY tells the computer what kind of operation is tobe performed (data loading
or data interpolation). A value of -1 indicates the table loading mode, while
a + 1 calls for a linear interpolation to be performed. NGRIPE is an errc. tlag,
advising the user of improperly prepared input data, MINTBL and MAXTBL are
the number of the STINT tables used; both tables are the same if the variable

is a function of one or two arguments. MINTBL is set equal to the table number
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which contains the lowest value of argument3 values and MAXTBL is set to the

table which contains the highest argument3 values if the variable is a function

of three arguments.

D. Subroutine DRAIN - Total Load Current Calculation

Subroutine DRAIN determines the total load current demand at the system
operating voltage for each time increment during the orbital cycle. The sub-
routine obtains the value of load power (or current in the case of a series dis-
sipative regulator load) from the profile table for each of the power condition-
ing devices specified by the user. By adding the system losses and resulting
inefficiencies to either PLN or PLD, the subroutine computes the total load

current. For example, during satellite night:

PCONV PINV
iy - DCLSD , ZEERONV , BFERN L BLE . isEm
where
ILT = total load current demand @ VU
vU = system unregulated bus voltage
PWM = PWM regulator load demand, watts
SL = system losses, watts

PCONV = converter load power, watts

PINV = inverter load power, watts
PLN = fixed nighttime power loss
ISER = series dissipative regulator current demand

18




EFFINV = power transfer efficiency of inverter

EFFCONV= power transfer efficiency of converter

In addition, DRAIN compares the operating voltage with the shunt dissipator
threshold voltage (TVSR) and calculates the shunt dissipator current (ISD) if
TVSR has been exceeded.

E. Subroutine AMPS - Solar Array Current Determination

Subroutine AMPS determines the total solar array current available at the
solar array output voltage (VA), accounting for the series-parallel arrange-
ments, sun angles, panel temperatures and blocking diodes associated with up
to 25 solar-cell panels.

F. Subroutine PRIN7T - Output Data Presentation

Subroutine PRINT receives the user-specified input data and various calcu-
lated system parameters from MAIN and writes the output tape, preparing the
data in the proper formats and column headings.

IV. Program Usage

The following describes the mechanics of using the program in ''non-
programmer' language. A complete Fortran IV program listing including the
MAIN routine and subroutines can be found in the Appendix A; Appendix B illus~
trates a typical data deck set-up.

The assembly of the complete program as it is submitted to the computer is
shown in Figure 4. This assembly basically consists of two parts - a program

deck and a data deck. The program deck, which can be used in either Fortran
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BLANK CARD

NCODES FOR
LAST RUN

( LABEL CARD
F

OR LAST RUN
IN CHAIN

L
SOLAR ARRAY
CARDS

e
(FOR MORE

DATA

DECK (/002

(999

(/' NCODES
IST RUN

LABEL CARD
IST RUN

BLANK CARD
(COLS 9-12, 71-72)

( STINT TABLES
STINT TABLES
TITLE CARD

(  DATE CARD

PROGRAM DECK

lf——————

———
(FOR ONE RUN ONLY,
THIS IS LAST CARD)

END OF STINT
TABLES CARD

NOTE:; ARROWS SHOW LOCATIONS OF
REQUIRED COMPUTER CONTROL CARDS.

Figure 4. Assembly of Complete Energy Balance Program and Input Data

IV or binary form, is always used and is placed first in the assembly. It con-

tains the MAIN routine and the five subroutines used in the program (DRAIN,

ERINT, STASH, STINT, AM PS) and does not require any card change from run

to run to perform its function.

The data deck contains all the numerical information the program requires

for computation and defines the user-selected options for each run. Consequently,
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the data deck must be prepared specifically for each run, or series of chained
runs, to be made. Cards and tables in the data deck must be positioned in the
order shown in the program assembly in Figure 4. The input data deck descrip-
tion and format are presented below in the proper assembly sequence.
Date Card

Col. 1 - 2 Number of month

Col. 3 - 4 Number of day

Col. 5 - 6 Number of year

STINT Table Title Card

Col. 1 Blank
Col. 2-72 Any alpha-numeric information, such as "DATA TABLES
FOR NIMBUS D POWER SYSTEM ENERGY BALANCE"

STINT Tables

The STINT tables are stacked one behind the other in the data deck in as-
cending numerical order. The tables listed below are present in the data deck

in the order shown, for a typical NIMBUS energy balance analysis.

Table No. Contents
1 2.0 amp series regulator load
2 System power loss data
3 ETA vs. Bat, Temp, Nimbus~B
4 Relative solar cell current vs, incidence angle

5 11.4 CRL I-V Curve Unglassed 28 Dec. C AMO




Table No.

10

11

12

13

14

15

16

17

3 Mos I-V Curve, Flux

6 Mos I-V Curve, Flux

Contents
is 7.9 Exp 13

is 1.58 Exp 14

1 Yr I-V Curve, PHI = 3.16 Exp 14, T = 28 Deg.

2 Yr I-V Curve, PHI = 6.32 Exp 14, T = 28 Deg.

400 Watt PKLD Table

NB SA Temp vs. Time Profile, 612 NM

25 Dec. C, BOL B
25 Dec. C, 1 Yr. Life
25 Dec. C, 2 Yr. Life
35 Deg. C, BOL

35 Deg. C, 1 Yr. Life

35 Deg. C., 2 Yr. Life )

Table No.

18

19

20

21

22

23

24

25

> Storage Cell Data

Contents
PWM Reg Load 150W No XMTR
PWM Reg Load 160W No XMTR
PWM Reg Load 17CW No XMTR
PWM Reg Load 180W No XMTR
PWM Reg Load 190W No XMTR
PWM Reg Load 200W No XMTR
PWM Reg Load 210W No XMTR

PWM Reg Load 220W No XMTR
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Table No., Contents

26
27
28
29

' 30

PWM Reg Load 230W No XMTR
PWM Reg Load 240W No XMTR
PWM Reg Load 250W No XMTR
PWM Reg Load 260W No XMTR

PWM Reg Load 270W No XMTR

The maximum number of STINT tables that the program can presently ac-

commodate is thirty. It is not necessary to fill all 30 table locations in STINT

if the data is not needed.

The first card of each STINT table is a header card, which must be pre-

pared in the following format:

Cols. 1-8: Any alpha-numeric characters can be used for a date.

Cols. 9-12: Table number. Cannot be zero. Fixed point and right-justified.

Cols. 13-14:

Cols. 15-16:

Cols, 17-19:

Cols. 10-70:

Cols, 71-72:

Number of argument 1 values. Cannot be zero. Fixed point
and right-justified.

Number of argument_ values, Cannot be zero, is 1 for a

2
function of one argument. Fixed point and right-justified.
Not used.

Any alpha-numeric characters desired. Usually used for tabletitle.

00

After the header card, each card in the table uses 10 fields of 7 columns

each for the argument values and the function values. The first card contains
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the first nine argument 1 values in fields 2 through 10. In the following cards,
field 1 contains an argument2 value, and fields 2 through 10 contain correspond-
ing function values. After all the argument2 values have been spanned, the whole
series of argument1 cards followed by argument2 cards can repeat until all the

function values are used. If there is an argument,_ value for the table, it goes

3
into field 1 of the argument1 card. Columns 71 and 72 on each card must contain t
a sequence number, starting with 01 for the first card. Figure 5 shows a typical
STINT table coding sheet for a single argument (solar cell current as a function
of voltage) STINT table. Figure 6 shows a typical two-argument STINT table
format.
After the last STINT table in the data deck, there is a card labled END OF
STINT TABLES, starting in Coi. 21. Cols 9-12 and 71-72 must be left blank on

this card.

Run Label Card

Following the END OF STINT TABLES c:-d is a card containing any desired
alpha-numeric information in Cols. 2-72, which usually describes the first run
to be made, such as: RUN NO. 1, NIMBUS D, 1 YR IN ORBIT, 25 DEG C BAT-
TERY, CONSTANT 150W REG BUS LOAD.

NCODE

Following the Run Label Card are the 50 NCODE cards. The card number,
or NCODE, is right justified against Col. 3. The numerical value of the NCODE

variable is left-justified against Col. 5 and must have a decimal point. Table 1
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shows the NCODE names, the NCODE numbers, the NCODE values and a brief
description of each NCODE for a sample computer run. Only the NCODE num-
ber and its numerical value are punched on the NCODE cards; the other data in
Table I is for information only. All 50 of the NCODES are initially loaded into
memory, thus a single run or the first of a series of chained runs must contain
all the NCODES in the data deck. The 50 NCODE cards used in the data deck are
described below:

1. TN is the total orbit nighttime in minutes.

2. TO is the total orbit period in minutes.

3. AT is the time increment between energy balance calculations in minutes.

4. VBMAX is the maximum baftery voltage permitted during power system
operation.

5. IBMAX is the maximum allowable battery charge current.

6. DZCRR is the dead zone voltage of the battery charge controller. No
battery charge current will flow unless the voliage across the charge
controller exceeds this value.

7. VKCRR is the battery charger controller knee voltage. The maximum
allowable charge current will flow into the battery when the voltage
across the charge controller meets or exceeds this value.

8. CTOD is the battery ampere-minute charge-to-discharge ratio (C/D).
The NCODE is needed only when simulating operation of an ampere-

hour controlled PMPT System, and reduces the battery charge current

to 0.6 amperes when the prescribed C/D ratio has been achieved.
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9'

10.

11.

12,

13,

14‘

15.

16.

17,

18.

19,

20.

21.

22,

TVSR is the shunt dissipator turn-on voltage (volts).

ERSR is the equivalent resistance of the shunt dissipator (ohms).

PLN is a constant nighttime loss, watts.

PLD is a constant daytime loss, watts.

VDIODE is the battery discharge diode voltage drop (volts).

BAMMAX is the ampere-minute capacity of the fully charged battery.
ETA is the panel normal to sun vector angle. A value of 0.0 must al-
ways be inputed for this NCODE (accounting for panel angle is ex-
plained later).

NSLT is the number of the STINT table which includes the power system
losses.,

NBMINT is the STINT table number with the minimum battery temper-
ature information,

NBMAXT is the STINT table number with the maximum battery tem-
perature information,

NCELLT is the number of the STINT table which contains the input
solar cell I-V curve.

NPKLD is the number of the STINT table with the peak load power profile.
NPWM is the number of the STINT table with the PWM regulator load
power profile.

NINV is the nuniber of the STINT table with the inverter load power

profile.
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23. NCNV is the number of the STINT table with the converter load power
profile.

24. NSER is the number of the STINT table with the series dissipative
regulator load current profile.

25. SYSTEM KEY tells the computer to simulate a series maximum power
tracker (-1.0), a Nimbus B system (0.0), or a parallel maximum power
tracker (1.0). If this card is omitted from the data deck, the Nimbus B
system will be simulated. The NCODE is called PMPT in the MAIN
program listing,

26. NPRINT is the time increment in minutes between calculations at which
output is printed.

27. NEND is an "end of runs" key. A value of 0.0 implies that additional
computer runs are to follow, while a 1.0 signifies that this is the last
run to be made.

28. EFFINV is the power transfer efficiency of the inverter, in percent.

29, EFFCNYV is the power transfer efficiency of the co.. ~rter, in percent.

30. NBTEMP gives the number of the STINT table with the battery tem-
perature. A value of 3.0 must be inputed for this NCODE.

31, NDGRAD must be set to 1.0 in the first run. This causes the machine
to automatically degrade the solar cell and expand it for temperature
in Subroutine STASH as specified by the degradation and temperature

parameters in the NCODES. When chaining additional runs, if the solar
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32.

33.

34,

35,

36.

37.

38.

39.

cell degradations are not changed, NDGRAD should be set to 0.0 in the
second run. By setting NDGRAD to 0.0, needless repetitive computa-
tions in the solar cell subroutine are eliminated.

SIGISC is the solar cell short circuit current temperature coefficient,
(AMPS/°C).

SIGVOC is the solar cell open-circuit voltage temperature coefficient
and is punched on the card as a positive number; the program later
gives it the proper negative sign (volts/°C).

DI1 is the first short circuit current degradation factor; it usually refers
to a standard cell error. (Thisparameter is given as a percentage of
remaining current after correction is made).

DI2 is the second short circuit current degradation factor; it usually
refers to a solar illumination intensity variation, (%).

DI3 is the third short circuit current degradation factor; it usually re-
fers to an ultraviolet degradation (%).

D14 is the fourth short circuit current degradation factor; it usually
refers to a current measurement error (%).

DV1 is the first maximum power point voltage degradation factor; it
usually refers to an external series wiring loss and is specified as a
percentage of voltage remaining after correciion is made.

DV2 is the second maximur power point voltage degradation factor;

it usually refers to a thermal cycling degradation loss (%).
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40.

41,

42,

43.

44.

45.

46.

417.

48.

49,

50.

AVPMO is the maximum power point voltage of the vndegraded solar
cell in volts.

AIPMO is the maximum power point current of the undegraded solar
cell in amperes.

AVOCO is the open circuit voltage of the undegraded solar cell in volts.
THETA is the open circuit voltage degradation factor, it usually refers
to a voltage measurement error. This parameter is specified as a
percentage of voltage remaining after correction is made.

TNOT is the input solar cell reference temperature in degrees centigré.de.
NBAT is the number of series storage cells in the battery.

ADIODE is the array blocking diode voltagd drop, specified by the
user. A value of 0.0 is punched if no diode drop is desired.

PTEFF is the power transfer efficiency of the maximum power track-
ing unit, either series or parallel. This parameter is defired as a
percentage.

DELTT is the temperature increment between the 15 stored solar cell
I-V curve in STASH (°C).

ADDT is the temperature increment to be added to TNOT to determine
the highest STASH temperature (°C).

DENFAC is a curve shape temperature correction factor for use in
STASH. This factor should be specified as 0.065 for a 1 ohm-cm solar

cell, and 0,0 for a 10 chm-cm cell.
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Array Signal Card

Immediately following NCODE 50 card must be a card containing 999 in
columns 1-3. This card tells the computer that solar array information is to
follow.

NPANEL Card

Following the Array Signal Card is the NPANEL card, which contains the
number (NPANEL) of solar panels in the array (maximum number of panels is
25). This number must appear right-justified in columns 1-3; no decimal point
is required.

Panel Description Cards

Following the NPANEL card is a panel description card for each solar
panel in the array, up to a maximum of 25 panels. The number of these cards
must agree with the value of NPANEL. Each card contains four fields of ten

columns each, in floating point format (requires decimal point).

Columns Variable Typical Vaiue
1-10 No. of Series Solar Cells per String 94.0
11-20 No. of Parallel Strings per Panel 36.0
21-30 Solar Incidence Angle (degrees) 0.0
31-40 Panel Temperature vs Time Table 11.0

Location in STINT

Following the Panel Description Cards is a blank card. This tells the

computer to stop reading in data and to start computing. If it is desired to




chain an additional run, a new Run Label Card and only those NCODES and Panel
Description Cards that contain changed or new information should be placed after
the blank card. In addition, NCODE 27 must be set to 0.0 fo~ all except the last
run, when it must have a value of 1.0. As many runs as are desired can be chained
in this manner, ensuring that sach new run starts with a Run Label Card and ends
with a blank card. Refer again to Figure 4 for the proper sequence of card posi-
tions for chained runs.

As indicated in Figure 4, computer control cards are required in front of
the Program Deck, in front of the Date Card, and behind the last blank card at
the end of the Data Deck. The particular control cards needed vary from com-
puter to computer, and are sometimes different for identical machines at two
separate facilities.

A complete listing of the input data deck, including typical control cards,
20 example STINT tables, and example run label cards and NCODES for two
chained program checkout runs can be found in the attached Appendix B.

V. Program Output

The information that the computer equipment prints out after an energy
balance run consists of the following items:

1, STINT Table Summary

The STINT table number, the date on the STINT table header card and the
title of the tabulated data as it appears on the header card are listed for each

table stored in STINT.
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2. Input Data Page

e Run number and date

¢ Run comments (a8 specified on input card)

e Listing of NCODE numbers, names and values

e Solar Array description: panel number, number of series solar cells,
number of parallel solar cell strings, solar illumination incidence angle and
number of STINT table which contains the array temperature-time profile.

3. Subroutine STASH Printout

o Values of temperature for which the degraded solar cell I-V curve has
been prepared are listed in a row across the page.

o Values of degraded solar-cell maximum-power voltage and current,
open-circuit voltage and short-circuit current appear in columns under each
temperature.

e Values of every other caiculated current and voltage pair comprising
the I-V curve and stored in the computer memory are listed in columns under
each temperature.

4. Power Subsystem Data

The names of the calculuted power system parameters are listed in a row
across the top of the page: orbit time at which the calculation was made (TIME),
number of ampere-minutes in the battery (ACCUM), relative state of charge of

the battery (STATE), output voltage of the series tracker unit in the SMPT

system (VTO), unregulated bus voltage during satellite nite or solar array bus




voltage during satellite day (VU(Night), VAB(DAY)), solar array current (IA),

solar array power at the operating point (PA), solar array maximum power
(PMAX), battery voltage (VB), battery current (IB), load current including sys-
tem losses (IL), shunt dissipator current (ISD), peak loal current (IPKLD), and
solar array temperature (TEMP).

5. Battery Data Summary

The depth of discharge, in percent of capacity at beginning of run, the
ampere-minute C/D ratio actually achieved during the run, the charge energy
into the battery during the run in watt-minutes, the discharge energy out of the
battery during the run in watt-minutes, and the orbit-average power dissipated
in the battery during the run, in watts, are presented.

If several runs are made at one time, the output data for each run is printed
out in the same format as for the first run, except that only changed values of
NCODES are printed out on the input data page, and subroutine STASH printout
will not appear if the same solar cell I-V curve and degradation factors as in
the previous run are used.

Figures 7, 8 and 9 show a typical energy balance computer run output.
Figure 7 shows the NCODE and array description card listing. A portion of a
typical STASH printout is shown in Figure 8, whiie Figure 9 shows the output

of the power subsystem data.
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RUN NN, 1 DN THIS DATE OF §2-13-40

TABLE COMMFATS,
NIMRUS TADLES

RUN COMNMENTS,
RUN NO 1

NEw O] CHANGFC PARAWMETERS

1 TNINIGHTY TIME Jeecsosocscceccsessvcscscssoss P28.0700
2 TO(ORBIYT TIMF)lesseesovocsescncsessccssce rN.OONNA
3 DELYA Teeoessesessscocsostcconcsoscssnone 1.0007
& VAMAX (/OLTS)ecsscesscsvsosesoscsesncesns AR, NAANA
= IBMAX (AMPS)eosscsescccssssvesascocsnssse L XS Lodabs]
6 DICRR (VOLTS)esssccssssccccsvevrssssene N.0ENA '
T VKCRR (VOLVS)esssccecscsccccosssscnases 1esannn
8 C/0 RATICeesecscvacsccssosncscvcvenscsccnce 141¥29
9 TVSR  (VCOLTS)eeesccovnsssosssececcrnese as,ronn
10 ERSPA  (OFMS)eceecvcsccssscncesoncrcnne Q.0129
11 PLNcesecsssecscvvsccscsvonssocssstosvsensse LAY o]

12 PLDoeesvcsscctssssantscsonssnsssvcsnscssse Q.0

13 VDIODE(VOLTS)sesesscescsesnvecsncnssoes [« X1 Joda]
14 BAMMAX (A=M)osocevsssosscsassssssosarce 21F£C 00NN
18 FYA-(DFGlecovsossscocseccccscscascsscrones 0e0

16 NOLTceesvceccsssocsrsscosvcconnvsevran.vsnsse 2

17 MBMINT.ocosvccencocsossssrcesssvensvosves 12

18 NOMAXT 000000 ce0sscossosssosrcatsonesess 12

19 NCELLToseoeeccocesascsscsssonscosossos s

20 NPKLDooccosssssvennasssssasssssnestsce 10

21 NPWM.ceveosvtccssoncscscccccasscssscnsone L]

22 NINVscoacsocoresesceccsnnsncsssscstscscons 1

23 NCNVeeosssseesstscscsescacccssssssstocs 20

24 NSFRossscessvvcsetssssvsonocnsssasssesnne A

2% SYSTEM KEY (~1,02SMPT 10.02NB.1.730MPT) 0.

26 NPRINT.ceeesveccccscscsrosncsnnsstsnscssnse 2

28 ESFINVececeorcsossnsctosscsscesensonse a=, 0000

29 FEFFCNVscsocrnscssncssnssssssscctcncense 90.0CH0

30 esssssscscsns -]

3 s0scscscsrnss 1

32 SIGISC (#/DFG Clececcscnscnosnocsccsoccee 0.00714
33 SIGVDC (V/DEG Clossscssssssocncscscccne 04002720

38 DIT(PERCEAT)seccescscscncsossccossnsocse 9% ,0r 20
35 OI2(PERCEAT)csose aee csseres 100.,2070

36 OI3(PERCENTIoceon see sesrese 100 .NN%0

37 OIA(PERCFAT)eorerosccscnctossssosccvsnese } Eal o olalale)
38 DVI(PERCENT)ocovecscscsccsosesessccsone 9B NONN
39 OV2(PERCENT)acoencasececsoscccacscnsoe 100.NnC0N

Q0 AVFEMOUVOLYS). ¢ :evsssesnecscssssscocssnes Ce8?AND

4] ALPMO(AMPS) e 0coscnosse eeesecsencess 0.,12890

£2 AYOCO(VOLYS)esaceossovccvansoscsssvecnse NS00 0

42 THETA(PFPCENT )oesvevsenccsacscscsscssae 107.0099 .

48 TNOT(DES c)‘..'l......-.l.ll...l.?...l PR NANY

A5 NOs NF CELLS/PATT ssescnvcesesvcscssensscs 24

46 ADIOCE(VOLT)2oveesoccosansonsecsoncsanne tefNAN

A7 PTFFFeecenvetenascsctcsosssnsescscsossassose 924NN AN

A0 OFLYV(DEG Clecccosssecccscssscscscsssss 10.0008N

49 ADDY (DEG Clecocsceososssssosnscsssorssce 12,0009

S0 DENFAC(] MHM-CUZ0,055s10 UHMN=CH=EN ,0),. AeNA8AN

PANEL t

CELLS = 1N2.,C STRINGS = 102.00 INCON ANGLF = Ne¢ TEMP TAALFE = ¢

Figure 7. Progrom Output—~NCODE Listing and Solar Array Description
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Figure 9. Program Output—Power System Data

V1. Energy Balance Calculations

At the start of an energy balance computer run, the values of the NCODES
and other internally-used system parameters are initialized. The data deck is
then read in: STINT table data is stored in the computer memory, the NCODES
for the new run are read in, updating the initianlxzed values, and the solar array
configuration, sun angles and temperature profile are defined from the panel
description cards, This preliminary effort is done by MAIN, from the beginning
of the routine threugh instruction 105 (Refer to Appendix A for listing of computer

instructions).
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A. Solar Cell Data

After the initialization described above, subroutine STASH obtains the user-
supplied solar cell I-V curve from STINT and degrades the curve with the cur-
rent, voltage and series resistance factors specified in the NCODES. This de-
graded I-V curve is then corrected for temperature effects and finally 15 I-V
curves are stored in memory at 15 different temperature values, over the tem-
pcrature range (TNOT + ADDT) to (TNOT + ADDT -15 DELTT), as specified by
»e NCODES. S£TASH will interpolate between the 15 stored I-V curves when

-lled upon by MAIN or subroutine AMPS for particular solar cell data.

B. Spacecraft Nighttime Calculations

Energy balance calculations for spacecraft nighttime are made in MAIN,
from instructions 106 through 3005. Since all three system configurations (NB,
PMPT and SMPT) operate in the same manner during solar array eclipse periods,
the same set of instructions in the computer is used for all three systems during
the nighttime duration, TN.

Initialized parameters for the nighttime calculations are as follows:

(a) Orbit time is set equal to zero: T = 0.

(b) Total ampere minutes removed from battery is set equal to zero:

TOTOUT = 0.
(c) The total energy, in watt-minutes, removed from battery is set equal to

zero: EOUT =2,
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(d) The battery relative state-of-charge is set equal to 1.0: SOC = 1.0.
(e) The total ampere minutes presently in battery is set equal to the initial
battery capacity, in ampere-minutes: ACCUM = BAMMAX.
The nighttime portion of the orbit (TN minutes duration) comes first, with the
following computations being made at each DELTAT time increment.
(1) Increment T = T + DELTAT. If new T is greater than TN, nighttime
calculations are completed; if not, continue with step (2).
(2) Assume a battery discharge current of 1 ma; determine storage cell
discharge voltage: VBDCH @ SOC and IB = - 0.001A.
(3) The unregulated bus voltage during nighttime (VA) and battery voltage
(VB) are calculateaq:
VB = VBDCH x FUDGE
VA =VB - VDIODE

(4) The total ioad (ILT) and peak power currents (IPKLD) are calculated

at VA:
PINV PCONV
PWM + SL EFFINV EFFCNV PLN
ILT = VA + VA + VA + VA + ISER
. PKLD
IPAKLD = VA

(5) The battery table is reentered at IB = - ILT - IPKLD and a new value
of VBDCH is determined at SOC and IB. New values for VB and VA
are calculated as in step (3).

(6) Step (4) is repeated at the new unregulated bus voltage. The sum of

ILT and IPKID are compared with IB from step (5).




(7) If the difference between the two values is less than 10 ma, go to step
(8). If the difference is greater than 10 ma, return to step (9) to
determine a new value for VBDCH at IB = - ILT - IPKLD.
(8) The ampere-minutes removed from battery during time interval DELTAT
is computed:
AMPMIN = IB x DELTAT
(9) The number of ampere-minutes remaining in battery is determined:
ACCUM = ACCUM + AMPMIN
(10) The new battery state-of-charge is calculated:

ACCUM
SOC = BAMMAX

(11) The total amper-minutes removed from the battery is computed:
TOTOT = TOTOUT - AMPMIN
(12) The energy, in watt-minutes, removed from battery is determined:
EOUT = EOUT + AMPMIN x VB
(13) The time is compared with the total nighttime; if T < TN, go to (1).
If T = TN, the battery depth of discharge is calculated:
DEPTH = (1.0 - DOC) x 100
Return to step 1; if T and TN have different values, go to step 1.
When, in step 1, T is greater than TN the spacecraft has emerged into the

sunlight. The solar array is illuminated and a much more complicated set of

computations must be made at each time increment.




C. Spacecraft Daytime Calculations

Energy balance calculations for spacecraft daytime (solar array is illuminated
and orbit time is greater than TN) are made in MAIN, with a different set of com-
puter instructions used for each of the three system configurations.

Before the daytime calculations are begun, the value of equivalent charge
controller resistance is calculated: RCRR = (VKCRR-DZCRR)/IBMAX, In-
structions 130 through 806 are common to all three systems and are executed
at each time increment during the daytime before the energy balance computa-
tions are started; the solar array maximum power PMAX at the orbit time T is
calculated. The values of total ampere-minutes into the battery (TOTIN) and
total energy into the battery (EIN) are set to 0.0 before the daytime computation
begins.

1. Nimbus B (NB) Daytime Energy Balance Calcuations

The NB system uses the 900 series of instructions in MAIN for daytime
energy balance calculations.
(1) Thestorage cell open-circuit voltage (VBO) is determined at SOC
and IB = 0. The battery voltage (VB) is calculated:
VB = VBO x FUDGE
(2) The total load (ILT) and peak load (IPKLD) currents are calculated
at an array bus voltage (VAB) set equal to VB:
PINV PCONV

PWM + SL N EFFINV + EFFCNV . PLD
VAB VAB VAB VAB

ILT =

+ ISER
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4)

(5)

PKLD

IPKLD = 5~ VDIODE

Subroutine AMPS is entered at array voltage VA = VAB + ADIODE
to determine the solar array current (IA) available at the array
operating voltage, VA, The available battery charge current is
calculated: IB =1A - ILT - IPKLD.

(a) IfIB= 0, go to step (4)

(b) IfIB < 0, go to step (5)

(c) IfIB > 0,go to step (6).

The solar array operating power (PA) is calculated: PA =1IA x

(VAB + ADIODE). The battery parameters are updated:

AMPMIN = IB x DELTAT
ACCUM = ACCUM + AMPMIN
_ ACCUM
SoC ~ BAMMAX
EOUT = EOUT - AMPMIN XVB
TOTOUT = TOTOUT - AMPMIN

Time is incremented (T = T + DELTAT), and program operation
operation is returned to Step (1) to begin calculations at the next
time increment in orbit.

The storage cell discharge voltage, VBDCH, is located at SOC

and IB and the battery voltage determined: VB = VBDCH x FUDGE.

The array bus voltage is set equal to VB; ILT and IPKLD are
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(6)

calculated as in step (2). The total array current is determined a.
VA = VAB + ADIODE and the actual value of battery discharge
current is calculated: IB =IA - ILT - IPKLD. Go to step (4).
The battery charge current is set equal to IBMAX and the storage
cell voltage (VBM) is determined at IB and SOC. Battery voltage
is calculated: VB = VBM x FUDGE, and array bus voltage is de-
termined: VAB = VB + DZCRR + (RCRR x IBMAX). The total
load and peak load currents are calculated as in (2). Subroutine
AMPS is entered (at VAB + ADIODE) to determine the solar array
current. The available battery current is calculated: IB = IA -
ILT - IPKLD. If the available battery charge current is greater
than IBMAX, go to (a); if IB < IBMAX, go to (b).

(a) A voltage increment is defined: DELTAV = 0.1 volt. The ar-
ray bus voltage VAB is set equal to TVSR + DELTAV and the
array current at VA = VAB + ADIODE is determined. Values
for ILT and IPKLD are calculated as in (2). The available
battery charge current is calculated: IB = IA - ILT - IPKLD.
(Note that ILT now contains some value of shunt dissipator
current ISD - defined as (VAB - TVSR)/ERSR. The new value
of IB is again compared with IBMAX; if 1B is still greater
than IBMAX, set DELTAV = DELTAV/2.0. A new array bus

voltage is calculated. (Note that VAB is now equal to




(b)

(7

TVSR+0.1+0,05). System currents are again evaluated, and a new
DELTAV is added to VAB in order to further increase ISD and
reduce IB if IB still exceeds IBMAX., A maximum of 10 iter-
ations is allowed in th1s manner to zero-in on the values of
system currents. Go to (7).

IfIB < IBMAX, the array bus voltage is calculated: VAb- VBOx
FUDGE +DZCRR. ILT,IPKLD and IA are determined at VAB, VAB-
VDIODE, and VAB + ADIODE respectively. The storage cellvolt:ge
VBMis located inSTINT at SOC and IB= IA - ILT - IPKLD; the
battery voltage is determined as VB = VBM x FUDGE. The
array current is determined at VA = VB + DZCRR + IB x RCRR)
+ ADIODE; ILT and IPKLD are calculated at new VAB = VA -
ADIODE. The new charge current (IBN) is determined;

IBN = IA - ILT - IPKLD. If|IBN - IB| >10 ma, a new value

of storage cell voltage VB is located at IB = IBN; this interation
is repeated untilthe difference between IBN and (IA - ILT -
IPKLD) is less than 10 ma., When |IBN - IB| £ 10 ma, go to
(7.

The battery voltage is now compared with the maximum al-
lowable voltage (VBMAY). If VB < VBMAX, go to (8); if VB>
VBMAX, the computer moves the system operating point out

alung the I-V curve just as in (6(a)). Less input power is
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ob.ained at each new voltage point until both the currents and
voltages are compatible with acceptable small errors and
maximum limits; then proceed to step (3).
(8) The battery parameters are updated:
AMPMIN = IB x DELTAT
ACCUM = ACCUM + AMPMIN
EIN = EIN + AMPMIN x VB
SOC = ACCUM/BAMMAX
TOTIN = TOTIN + AMPMIN
The solar array operating power is defined:
PA = (VAB + ADIODE) x IA
The final value shunt dissipator current is determined:

_ VAB - TVSR
ERSR

ISD
(9) Orbit time in incremented: T = T + DELTAT. If T £ TO, go to
(1); if T > TO, go to step (10).
(10) The ampere minute charge-to-discharge ratio is calculated:
RATIO = TOTIN/TOTOUT. Orbital average power dissipated in
the battery is determined:

(EIN + EOUT)
TO

PAVG =

The energy balance run for NB is now complete.




2. Parallel Maximum Power Tracker (PMPT) Daytime Energy

Balance Calculations

The PMPT system uses the 600 series of instructions in MAIN for daytime
energy balance calculations. Another parameter is also used with this system
and is computed at each time increment: RATIO = TOTIN/TOTOUT. TVSR is
set to 1000 volts to avoid unintentional use of a shunt dissipator in this system,
which can operate at a solar array bus voltage up to 30 volts or greater. Refer
to Figure 1 for the PMPT system block diagram.

(1) The unregulated bus voltage is initially defined as the previously-
calculated solar array maximum-power voltage minus the array diode
drop, VU = AVMPSA -~ ADIODE, and the solar array currecnt is set
equal to the current found earlier at the maximum power point, 1A =
IAM. The total load current ILT is calcu’ated at VU; ILT is compar:d
with IA. If (IA - ILT)< 0, go to (2); if (IA - ILT) > 0, go to step (3).

(2) As the total load current is greater than the array current, battery
discharge power is needed to support the load. Cell discharge voltage
VBDCH is looked up by STINT at SOC and at IB = -1.0 ampere. Un-
regulated bus voltage is calculated VU = VBDCH x FUDGE - VDIODE,
Solar array current IA is found at VU, as well as ILT and IPKLD, Total
value of battery discharge is calculated: IB = IA - ILT - IPKLD, solar
array operating pcwer is determined, PA = (VU + ADIODE) x IA, and
the battery parameters are updated just as in step (4) of the NB day-

time calculations. Orbit time is incremented and step (1) above is repeated.
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(4)

5)

(6)

If (IA - ILT) from (1) is positive, the value of RATIO is compared
with the user-specified CTOD; if RATIO is greater, the battery has
reached a full state of charge and a limit value of charge current is
set: ILIM = 0.6A. If RATIO is less than C TOD, set ILIM = IBMAX.
The parallel tracker unit output power is calculated: PTO = VU x

(IA - ILT) x PTEFF. Battery open-circuit voltage at SOC and 0.0
amps is calculated and an initial value of charge current is found:

IB = (PTO/VB) - PKLD/(VB-VDIODE). Note that this value of IB will
high since a low VB (open-~circuit voltage) ~/as assumed. If IB < 0,
go to (5); if IB > 0, go to (6).

If IB from (4) is negative (this cau unly occur if a high peal: load
exists), storage cell discharge voltage VBDCH is located in STINT at
SOC and IB = - 1.0 A. The battery voltage is defined (V3 = VBDCH x
FUDGE), and a final value of battery discharge current is determined:
1B = PTO/VB - PKLD/(VB-VDIODE). The remaining system param-
eters are defined: VA = VU, PA = (VA + ADIODE) x IA. The battery
parameters (SOC, AMPMIN, ACCUM, TOTOUT, and EOUT) arz up-
dated just as in step (4) of the NB daytime calculations. The time is
incremented (T = T + DELTAT) and the calculations in step (1) are
begun again.

if IB from (4) is positive, it is compared with the value of ILIM. If IB

is greater than ILIM, battery voltage VB is found at SOC and at
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(7

(8)

IB = ILIM and IB is redefined: IB = PTO/VB - PKLD/(VB-VDIODE).
If IB is still greater than ILIM, a new operating voltage is specified:
VU = VU + 0.1. 1A is found by AMPS at the new VU, DRAIN supplies the
new value of ILT and step (3) is repeated. Eventually, the increasing
value of VU will reduce the available IB below ILIM, as follows:
Battery voltage is found at the new value of IB, and now another value
of IB is obtained from VB: IB = PTO/VB - PKLD/(VB-VDIODE).

This value of IB is now compared with ILIM; if IB is greater, VU 's
again incremented, further reducing IB. After sufficiently increasing
the array operating voltage, IB will be equal to or just slightly less
than I1L.IM, and the last value of VB is compared with VBMAX,

If VB is greater than the .naximum permissible VBMAX, VU is incre-
mented to a higher value just as it was when IB was too great, Charge
current is further reduced at the higher array operating voltage and
eventually the reduced value of 1B will resuit in the VBMAX limit not
being exceeded. At this time the battery parameters (AMPMIN, RATIO,
EIN, TOTIN, ACCUM and SOC) are updated, array operating power is
calculated, the values of all system parameters sent to PRINT and
orbit time is again incremented.

If orbit time T is less than or equal to TO, step (1) is repeated; if time
T is greater than orbit duration TO, the actual C/D ratio achieved is

calculated: RATIO = TOTIN/TOTOUT, battery power dissipated as
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heat is calculated: PD = (EIN + EOUT)/TO and the energy balance
run is complete.

An additional feature of the PMPT coding instructions is that when a final
system operating point has been determined from energy balance considerations,
a check is made to see if the unregulated bus voltage VU is at least one volt
greater than the battery voltage, during system charge. This check is necessary
since an operating point is assumed at the maximum-power voltage, which con-
ceivably could be even less than battery voltage for an unusual combination of
high array temperature, low battery temperature and a severe solar array volt-
age degradation. If VU is too low, the computer will increment VU = VU + 0.1
until a satisfactory operating point is reached, and an error message will be
printed out ai the completion of the run.

3. Series Maximum Power Tracker (SMPT) Daytime Energy Balance

Calcuations
The SMPT system uses the 700 series of instructions in MAIN for daytime
energy balance calculations. As seen in the system block diagram of Figure 1,
the operation of the SMPT system is identical to that of the NB system after the
series tracker unit has processed the solar array power.
(1) The tracker output power is determined at the array maximum power
point (IA = IAM and VAB = AVMPSA - ADIODE): PTO = 1A x VAB x
PTEFF. Assuming z~oro current into the battery, the storage cell

voltage (VBO) is obtained from STINT, and the battery voltage is
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defined: VB = VBO x FUDGE. The series tracker output vcltage (VTO)
is set equal to VB, and the total load current calculated:
PINV PCONV

PWM + SL N EFFINV . EFFCNV N PLD
vVTO VTO VTO VTO

ILT = + ISER.

A first value of battery charge current is defined:
IB = PTO/VB - PKLD/(VB-VDIODE) - ILT.

(2) If IB from (1) is negative, battery power is required to support the
spacecraft load. Storage cell voliage (VBDCH) is determined at SOC
and IB = - 1.0A and battery voltage is defined: VB = VBDCH x FUDGE.
DRAIN is entered to determine the new ILT at the lower VB, and a re-
fined value of IB is calculated as in (1). Battery parameters are up-
dated, just as in step (4) of the NB daytime calculation, and calcula--
tion at the next time increment is begun in step (1) after the values of
system parameters have been sent to PRINT.

(3) If IB from (J) is positive, IB is set equal to IBMAX. After storage
cell voltage (VBM) is determined at IB and SOC, the battery voltage
is calculated: VB = VBM x FUDGE, An initial value of tracker out-
put voltage is defined as VIO = VB + VKCRR. A new value of ILT is
calculated at this value of VTO, as in (1), and a value of IB is determined:
IB = PTO/VTO - ILT - PKLD/(VTO - VDIODE).

(4) If the value of 1B from (3) is greater than IBMAX, the system operating

voltage on the array is incremented: VAB = VAB + 0.1, where
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(5)

(6)

originally VAB = AVMPSA - ADIODE. A new value of IA is obtained
from AMPS, and step (1) is executed again., This procedure is repeated
until 1B is less than or equal to IBMAX.
After an 1B which is less than or equal to IBMAX has been determined,
either from (3) or after the last iteration of step (4), a maximum of 10
iterations are started to find the p.oper valuc of IB, The charge con-
troller resistance is calculated as RCRR = (VKCRR - DZCRR)/IBMAX
and the tracker output voltage is set equal to VB + DZCRR, where VB
is defined as the battery open circuit voltage (VBO x FUDGE). A value
of ILT is found at VTO as in (1) and a value of IB is calculated: IB =
PTO/VTO - ILT - PKLD/(VTO-VDIODE). The storage cell voltage at
the new value of IB is located in STINT and a new battery voltage cal-
culated; VTO is redefined as VB + DZCRR + (1B x RCRR). ILT is re-
calculated at the new VTO, and a new value of IB is defined:

IBN = PTO/VTO - ILT - PKLD/(VTO-VDIODE)
The new value of battery charge current isv compared with the older
value; if | IBN - IB| < 10 ma, the error is deemed small enough and
program operation is shifted to step (7). If the difference is not within
the allowable 10 ma tolerance. 1B is set equal to IBN, The calculations
of step (5) are repeated, up to a maximum of 16 times, each time re-
placing IB with IBN and allowing the system operating point to be de-

termined with little error.




(7) After IB from (6) has been determined, the resulting battery voltage
VB is compared with VBMAX, If VB is greater than the user-specified
VBMAX, the array bus voltage is incremented VAB=VAB +0.1, as in step
(4), until the decreased available power at the higher VAB produces a
low enough value of 1B such that VBMAX is not exceeded.

(8) System operating voltage is checked, just as with the PMPT system, to
ensure that VAB is greater than VB by at least 1.0 volt. When this
criterion is satisfied, battery parameters (SOC, AMPMIN, TOTIN,

EIN, ACCUM) are updated, solar array power is calculated: PA =IA x

(VAB + ADIODE), and step (1) is repeated for the next time increment.
If T> TO, RATIO and PD are calculated as with the other two systems,

and the energy balance run is completed.

A S SRR e e e

VII. Summary
A computer program has been described which will simulate the « peration

of three general types of satellite power supply configurations (Nimbus B, Paral-

lel Maximum Power Tracker,and Series Maximum Power Tracker) as the space-
craft passes ithrough a complete orbital cycle. The simulation is accomplished
by combining the known electrical characteristics of the various system com-
ponents. The system's operuting condition (array power, load powers, battery
voltage and current, etc.) is determined at each time increment during the orbit
and printed out. The program will enable the user to quickly and easily ascer-

tain the effect on the power supply operation of load changes, disconnecting one
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or more batteries, occurrance of a partial solar array failure or expected array
degradation and differing component electrical characteristics. Power dissipation
in the storage models under any conditions can be determined, as can the battery
ampere-minute charge-to—~lischarge ratio achieved during the orbit. Excellent
agreement has been demonstrated between tne computer calculated power sys-
tem operation and actual hardware measurements.
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