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CONTROL ASPECTS OF THE SCHUCHULI VILLAGE
STAND-ALONE PHOTOVOLTAIC POWER SYSTEM

Peter P. Groumpos and James E. Culler
Cleveland State University
Cleveland, Ohio 44115

and

Richard Delombard
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

The NASA Lewis Research Center is managing the Stand-Alone Application
Project for the Department of Energy (DOE). Under this project, Lewis
installed, in 1978, a photovoltaic power system in an Arizona Indian village.
Under a DOE funded grant from Lewis, the Energy Research Center of the
Cleveland State University performed an analysis of the control subsystem of
this photovoitaic power system. The four major functions of the control sub-
system are voltage regulation, load management, water pump control, and system
protection. This report analyzes the control subsystem functions, presents
flowcharts for the control subsystem operation, and presents a computer pro-
gram that models the control subsystem.

INTRODUCTION

Many societies throughout the world have developed a large appetite for
electrical energy. Of the many reasons for this appetite, the most important
are the great variety of applications and the relative ease with which elec-
tricity is generated and distributed, and the desire of each society to up-
grade its standard of 1iving. Everyday we observe the tremendous impact on
mankind's 1ife style caused by advances in agriculture, transportation, medi-
cine, telecommunications, computer technology, aerospace research, energy
conversion and international trade. The key ingredient for the successful
operation of all these complex processes is the availability of energy.

The sun is the source of nearly all earth's energy, either directly by
heat and 1ight or indirectly through fossil fuels. However, it is only through
the photovoltaic (PV) effect that the sun's 1ight energy is directly trans-
formed into electricity (ref. 1). Many experts believe that this process will
play a major role in meeting the future energy needs of the United States and,
in particular, our goal for energy independence. In addition, this same pro-
cess could be the most promising way for the developing countries to meet their
energy needs.

PV technology is a relatively new and promising energy source and an
alternative to fossil fuel and nuclear power. Energy systems based on this
principle are quiet, nonpolluting, easy to operate and need not have any moving
parts if stationary collectors are used (refs. 2 and 3). With proper design,
these energy systems can be highly reliable. PV energy systems have proved



capable of operating efficiently in a wide range of applications including
small, low-power systems for remote communication equipment to midsize systems
for schools and large systems for remote villages.

On December 16, 1978 (ref. 6), the Papago Indian village of Schuchuli,
located about 120 miles west of Tucson, Arizona, became the first community in
the world to rely entirely on PV energy for its basic human needs (refs. 3 and
4). Prior to the installation of the PV power system, kerosene was used for
lamps, diesel fuel powered a water pump, and the villagers' diet consisted
mostly of food not requiring refrigeration. Ffunded primarily by the Department
of Energy (DOE), the Schuchuli village PV energy system has been designed,
installed and managea by NASA Lewis Research Center as part of DOE's National
PV Program (ref. 5). The Schuchuli system has a 3.5 kW (peak) solar array and
is a stand-alone energy system (i1.e., no backup power generating source). It
provides power for the 1ights in the village buildings, village water pumping,
refrigerators, a clothes washing machine, and a sewing machine. A solar col-
lector is used to heat the water in the domestic service building.

NASA has reported (ref. 5) an on-line operation of 98.6 percent during
the first two and one-half (2-1/2) yr operational period. This has shown the
validity of the system design.

This report analyzes the control aspects of the Schuchuli village PV
energy system.

COMPONENTS OF THE SCHUCHULI PV ENERGY SYSTEM

The Schuchuli stand-alone PV energy system consists of a PV array, bat-
teries, loads, controls, power distribution system, instrumentation, data
gathering devices, the Electrical Equipment Building (EEB) and the Domestic
Services Building (DSB) (refs. 3 to 5). A detailed 1ist of the various elec-
trical components is given in table I while figure 1 shows an overall view of
the system. The components are located throughout the village as shown in
figures 2 and 3.

The PV array is composed of 24-4 ft by 8 ft (1.22 by 2.44 m) panels, each
containing eight Solarex 9200J modules connected in series to form a 120 V
nominal string. The panels are located within a locked fenced area and are
designed to withstand 100 mph (160 km/hr) winds. To minimize land requirements
and shadowing during low sun angles, the panels are arranged in three stepped
rows. The tilt angle is adjusted four times per year to compensate for the
seasonal variations in the sun's relative position.

The main battery consists of 52-2 V (nominal) cells, rated at a 2380 A-h
capacity, connected in series with a parallel arrangement of four pilot cells,
rated at capacities of 1055, 310, 310, and 310 A-h. These pilot cells are
used by the control subsystem for load management (see Load Management sec-
tion). The battery cells selected for this system are the 1.300 specific
gravity lead-calcium grid lead acid cells designed specifically for deep dis-
charge cycle operation. For safety considerations, the batteries are housed
in a separate vented room in the EEB.

Also located in the EEB are the controls, which are housed in the Power
Collection, Control and Instrumentation Assembly (PCCIA). The controls are
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discussed in the Control Aspects section. The refrigerators, washing machine

and the sewing machine are installed in the Domestic Services Building (DSB).

More information about the physical description of the Schuchuli system can be
found in reference 5.

CONTROL ASPECTS
General

There are various objectives that must be met when designing a PV stand-
alone energy system for a village. The needed power for the total expected
load demand should be provided either from the array, the storage battery or
both. 1In addition to cloudy day and nighttime operation, sufficient stored
energy should be available to compensate for the seasonal loss of daylight.
The batteries should be protected from excessive discharge which could cause
permanent loss of capacity. Both the batteries and loads must be protected
from under and over voltage situations. Certain loads may have a higher
priority for service, than others.

In the design of the Schuchuli PV energy system, these objectives, along
with others, were taken into consideration. There are several control func-
tions, summarized in table II, associated with these objectives. For the most
part, the controls are contained in the PCCIA in the EEB.

In this report, only the voltage regulation, load management, water pump,
and watchdog control subsystems are addressed.

Voltage Regulation

The voltage regulation and load management (see next section) subsystems
are implemented by a drum programmer (DP). The DP is a 24 position, 30 switch
electromechanical device incorporating a stepping motor and timer circuit.
Appropriate signals indicating the status of the system cause the DP to change
position. The DP contact closure schedule is shown in figure 4 (ref. 5). Each
of 1ts 24 positions describe a possible state of the system and is summarized
in table III with the conditions necessary to switch states.

Voltage regulation is accomplished by connecting or disconnecting array
strings. For proper battery charging during sunlight periods, when power is
obtained from the array, the system voltage should be maintained between 124
and 130 V. A meter-relay monitors the system voltage and signals the DP to
connect additional strings if the voltage is below 124 V or disconnect strings
if the voltage is above 130 V. The DP range for voltage regulation is from
position 6 (all strings connected) through position 24 (all strings discon-
nected). There 1s a time delay (~2 to 5 sec) before the DP can change posi-
tions to allow the system to reach equilibrium and to avoid tracking fast
transients. This control subsystem is 11lustrated in flowchart form in
figure 9.

For a given insolation, temperature, and number of parallel strings con-
nected to the DC bus, a unique operation curve describes the behavior of the
array. The system operating point is determined by the intersection of the



array I-V curve and the load 1ine describing the effective load (including the
battery) as seen by the array. When changes in the environment or load occur,
the system operating point will change and the number of connected array
strings may be adjusted accordingly.
As an example, consider the following (see fig. 5):
1. Present operating point = A
a. 10 array strings connected
b. system voltage = array voltage = 125 V
c. load line, Ry 7, battery and resistive load

d. for a desired veltage range of 124 to 130 V, the system voltage is
within range, so the system is stable.

2. A decrease in load occurs

a. a parallel resistive load is turned off, the load line is
now Rio

b. the operating point moves from A to B

c. the voltage at B is 132 V, above the 130 V high 1imit, so two array
strings are disconnected so the system voltage is below 130 V and
the new operating point becomes C

d. the new system voltage at C is 128 V, within range, so the system
is stable with 8 array strings connected.

3. An increase in load occurs

a. a parallel resistive load is turned on, the load line is
now Ry again

b. the operating point moves from C to D
c. the voltage at D is 122 V, below the 124 V low 1imit, so two array
strings are reconnected so the system voltage is above 124 V and
the new operating point becomes A
d. the new system voltage at A ﬁs 125 V, within range, so the system
is stable with 10 array strings connected.
Load Management
Load management is performed by utilizing the 53rd battery cell which is

composed of 4 pilot cells in parallel. During discharge, the individual pilot
cells are sequentially connected in series with the other 52 cells. Battery



depth-of—d1scharge] (DOD) 1is determined by sequentially sensing the end-of-
discharge voltage of each of the pilot cells. This then triggers sequential
load shedding. As the batteries recharge, the loads and pilot cells are
sequentially reconnected in the reverse order. The load management system
protects the battery from excessive discharge, which would cause permanent loss
of capacity, and maintains the operation of critical loads at the expense of
less critical loads. This action is illustrated in flowchart form in figure 7.

The first pilot cell has a 1055 A-h capacity and the other three have 310
A-h capacities. In parallel, these four pilot cells represent ~80 percent of
the 2380 A-h capacity of the main battery bank in increments of ~50, 10, 10,
and 10 percent (44, 13, 13, 13 percent, actual) respectively. Since the actual
battery capacity is dependent upon its net ampere-hours charging, its recent
discharge/charge history, and the temperature environment, these approximations
are assumed sufficient for indicating their respective nominal DOD levels.

When the system voltage is below the desired low 1imit (124 V) with all
the array strings connected, and the battery is discharging, then the system
can enter the load management mode. The DP will then be in position 5 with
pilot cell 1 (1055 A-h) connected in series with the 52 cells. When the volt-
age of pilot cell 1 has dropped to a specified end of discharge voltage, this
indicates that the main battery is at ~50 percent DOD. At this time, the DP
changes from position 5 to position 4, which disconnects pilot cell 1, the
washing machine and the sewing machine and reconnects pilot cell 2. If the
battery continues to discharge to 60, 70, and 80 percent DOD, in a similar
way, the village 1ights, the water pump, and finally the refrigerators are
disconnected.

At any point in the discharge cycle that the battery begins to recharge,
the connected pilot cell voltage will increase. As the pilot cell voltage
attains the full charge voltage, the loads are reconnected and the next pilot
cell 1s reconnected. As the last pilot cell recharges above its low voltage
1imit and the battery charging current is above the high set point (6 A), the
drum programmer changes from position 1 to position 2, reconnecting the
refrigerators. The other loads are sequentially reconnected as the pilot
cells attain their full charge voltage. Table IV summarizes the load manage-
ment control actions.

Water Pump

The pump is controlled automatically based on the water level in the
storage tank with the control function divided into three cases. ‘For the first
case, the system is in the load management mode, DP positions 1 or 2. The pump
load has been shed and will not start. The pump will stop if it had been run-
ning when the DP position changed to position 2 from 3. For the second case,

IDepth-of-charge 1s the percentage of capacity below the manufacturer's
rated value or measured total capacity. State-of-charge (SOC) is the percent-
age of present storage to the rated value. Therefore, SOC + DOD = 100 percent.
The capacities are normally given in ampere-hours and if the manufacturer's
rating is conservative, DOD could be negative and SOC could be greater than
100 percent.



the system is in the load management mode, DP positions 3 to 5. The pump will
start either when the water level has fallen to 18 inches below full and the
array current is greater than 3 A or when the tank is less than half full. For
the third case, the system is in voltage regulation mode, DP positions 6 to 24.
The pump will start when the water level has fallen to 18 inches below full.
The pump will continue operating until either the tank is full or until load
management disconnects it. This control subsystem is i1lustrated in figure 8.
The array current condition was included to 1imit the pump operation to day-
1ight hours while in load management mode, except when the tank is less than
one-half full.

Watch Dog System

The watch dog control subsystem is designed to protect the overall PV
energy system from over and under voltage situations. If the system voltage
falls below the minimum allowed value (99 V), the loads are disconnected from
the battery and array. If the system voltage exceeds the maximum allowable
1imit (138 V), the array strings are disconnected from the battery and the

loads. In this latter case, an audible alarm is triggered in the DSB and both
" situations activate alarm lights in the EEB. Figure 10 describes this opera-
tion in flowchart form.

Flowcharts

Five logic flowcharts, figures 6 to 10, were created to describe the
operation of the various control subsystems for the Schuchuli stand-alone PV
system. To simplify the logic, it is assumed that the number of array strings
connected differentiates the voltage regulation mode from the load management
mode even though this introduces some error compared with the actual system.
Since the flowcharts were written as a basis for a computer simulation, timing
paths are included to reflect the following:

(1) System voltage checked every second

(2) Array string switching possible every NDELAY second

(3) Check for water pump start/stop condition every minute

(4) Check for over/under voltage (watch dog) every 10 min

(5) update the battery SOC every one-half hour

(6) Update the insolation, temperature, and load profile every hour

The simulation timing intervals were arbitrarily chosen and do not neces-
sarily reflect actual system operation at Schuchulil.

COMPUTER PROGRAM

This section contains a computer program, written in FORTRAN, which simu-
lates the four major control subsystems utilized at Schuchuli. It follows
directly from the flowcharts. A sample output based on generated data is at
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the end of this section. The various subroutines for the solar array, battery,
loads, and for locating the operating point are still under development by
Cleveland State University. _

SUMMARY

This report examines the control aspects of a stand-alone photovoltaic
power system for the first village (Schuchuli, Arizona) to have its energy
needs supplied by a photovoltaic power system. The major components and con-
trol subsystems of the Schuchuli photovoltaic power system are discussed.
Flowcharts describing the operation of its various control subsystems are
developed and serve as a basis for a computer program.

In order to design and analyze future cost effective, efficient and reli-
able stand-alone photovoltaic energy systems, new methodologies, advanced con-
trols concepts and advanced techniques need to be developed (ref. 7). We hope
that the results of this report will form the basis for such future studies in
improving further each subsystem of stand-alone photovoltaic energy systems.

REFERENCES

1. Hovel, Harold J.: Solar Cells. Semiconductors and Semimetals, vol. 11,
R.K. Willardson and A.C. Beer, eds., Academic Press, 1975.

2. Pulfrey, David L.: Photovoltaic Power Generation. Van Nostrand Reinhold
Company, 1978.

3. Ratajczak, A.F.; and Bifano, W.J.: Description of Photovoltaic Village
Power Systems in the United States and Africa. NASA TM-79149, 1979.

4. Rosenblum, Louis, et al.: Photovoltaic Power Systems for Rural Areas of
Developing Countries. NASA TM-79097, 1979.

5. Ratajczak, Anthony F.; Vasicek, Richard W.; and DelLombard, Richard: Design
Description of the Schuchuli Village Photovoltaic Power System. NASA
TM-82650, 1981.

6. World's First Solar Electric Village Power System Dedicated, DOE-NASA press
release, December 16, 1978.

7. Groumpos, P.P.: Future Energy Systems: A Prospective Analysis. TR-ELE
81-1, Cleveland State University, 1981.






TABLE I. - MAJOR COMPONENTS OF THE SCHUCHULI PV SYSTEM

Name

Description/electrical characteristics

Solar array

Battery storage

Battery storage
(Instrumentation)

Loads]!

3.5 kW (peak), 192 Solarex 9200 J modules

Each module: 42 serijes connected solar cells
19.15 V at 28 °C maximum power point
16.46 V at 60 °C maximum power point

8 modules series connected for nominal 120 V string

24 strings total

130 v, 2380 A-h, nominal

52 - C and D Model LCPSA-19, 2380 A-h capacity at 77 °F
(25 °C) 500 hr discharge rate.

1 - C and D Model KCPSA-15, 1055 A-h capacity at 77 °F
(25 °C) 500 hr discharge rate, pilot cell 1.

3 - C and D Model DCPSA-15, 310 A-h capacity at 77 °F
(25 °C) 500 hr discharge rate, pilot cells 2, 3, 4.

rated 1055 A-h, nominal 12 V
6 - C and D Model KCPSA-15, connected in series

(1) 1 - Jensen Jack water pump, rated 1100 gal/hr
(4165 1/hr), 2 hp 120 V dc motor, normal load
is ~6 A, used in conjunction with
11 000 gallon tank.

(2) 53 - fluorescent 1ights, each rated 20 W with Bodine Co.
"Tran-Bal" inverter-ballast, 120 V dc to 120 V ac/
23 kHz, normal load is ~0.24 A/1light.

(3) 15 - refrigerators/freezers, custom manufactured by

Magna Kold Inc.
5 - compressor motors (1 per 3 refrigerator units),
1/4 hp 120 V dc permanent magnet motors, normal
load is ~1.45 A/motor, manufacturer
estimates 25 percent on duty cycle at 110 °F
ambient temperature.
(4) 1 - Maytag wringer washer with Applied Motors 1/4 hp

120 V dc permanent magnet motor, full load current

is 2.59 A.

(5) 1 - stretch zigzag sewing machine, White Model 954,
1/8 hp 120 V dc universal motor, normal load is
~1.1 A.

(6) 1 - hot water heater, Solahart Model 80 GE Hotwater

System, contains 300 W resistance heating element
to prevent water freeze-up in the solar collector

during cold weather.

(7) Instrumentation and controls, estimated current is

0.54 to 0.57 A.

1Loads cannot be arbitrarily added to this 1imited energy system.




TABLE II. - CONTROL SUBSYSTEMS
Name Function and comments

1. Voltage regulation Maintain system voltage between 124 and 130 V when
power is available from array.

2. Load management Sequentially shed loads beginning with lowest
priority as battery reaches predetermined low
state-of-charge (SOC) levels.

3. MWater pump Maintain sufficient amount of water in 11 000 gal
storage tank.

4. Watch dog system Protect system components from over voltage (138 V)
and under voltage (99 V) conditions.

5. Cumulative daily timer | Limit usage to 12 hr/day (disconnected in 1980

for washing machine since 1t requires resetting after power outage and
usage patterns dictated that it was not needed.)

6. DAT-3 Automatic data recorder, contains microprocessor
that could be used for control purposes in the
future.

TABLE III. - DRUM PROGRAMMER
Position | Number of array |Pilot cells connected |Loads connected Down-count Up-count
strings connected #1 #2 83 # #g 43 #2 #1 to next to next
position position

1 24 N N N Y N N N N (not allowed) (V7 is not low) and (IB is hi)

2 24 N N N Y N N N Y |(V7 is Tow) (V7 is hi) and (IB is hig

3 24 N N Y N N N Y Y [(V6 is Tow) {v6 is hi) and (IB is hi

4 24 N Y NN N Y Y Y {(V5is Tow) (V5 is hi) and (IB is hi

5 24 Y N NN Y Y Y Y |(V4 is Tow) (va is ha§ and éIB is hi;

6 24 Y Y Y Y Y oY Y Y |(Vl< 124) (V1 > 130)

and (IB is low)

7 23 (V1 < 124) (V1 > 130)

8 22

9 21

10 20

11 19

12 18

13 17

14 16

15 15

16 14

17 13

18 12

19 10

20 8

21 6

22 4

23 2

24 0 Y Y vy Y Y Y ¥ | (V1< 128) (Not allowed)

N = No V1l = system voltage 18 = battery current
Y = Yes V4 = pilot cell No. 1

V5 = pilot cell No. 2

V6 = pilot cell No. 3

V7 = pilot cell No. 4




TABLE IV. - THE LOAD MANAGEMENT CONTROL FUNCTION OF THE SCHUCHULI PV ENERGY SYSTEM

Battery Loads Pilot cell Pilot cells DP
depth-of-discharge disconnected |[connected disconnected | position

<50 percent none No. 1 No. 2, 3, 4 5

50 percent < DOD <60 percent | washing and No. 2 No. 1, 3, 4 4
sewing machine

60 percent < DOD <70 percent | above + 47 No. 3 No. 1, 2, 4 3
village 1ights

70 percent < DOD <80 percent | above + water No. 4 No. 1, 2, 3 2
pump

>80 percent above + No. 4 No. 1, 2, 3 1

refrigerators
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Components of the electrical equipment building

Figure 1. - Schuchuli photovoltaic village power project,

(EEB)
Control room Battery room
Power collection, control Batteries
and instrument assembly (2380 A-h),
| Racks,
Distribution, circuit | Turbine
breakers, Auto data | ventilator,
system, lights(2) | Lights,
Lights | Eye wash and
| shower
Feast Electrical
lights (4? light h building
() 'gnts eac (EEB)
L d L
Water | | Distribution B S Water oum
Water Cpamp
storage
- tank
Domestic
service solar
(DSE) Level array
sensor

Components of the domestic service building
(DSB)

15 Refrigerator/freezers

Solar hot water heater with freeze protection
Washing machine

Sewing machine

Wash tubs

Lights (2)

Components of the solar array

Photovoltaic array

Solar cell panels-3. 5 KN peak

Modules (192)
Wiring harnessss
Frames (24)
Support structures

Fence

Electrical ground mat to fence
and panels

Cabling and conduit

Meteorological sensors

Figure 2. - A block diagram of the Schuchuli energy system,



SEWING MACHINE

45 kW peak PHOTOVOLTAIC ARRAY - 120 VOLT-DC

3680 A-HRS . . FEAST HOUSE ~ CHURGH

Figure 3. - World's first photovoltaic power system, Papago Indian village of
Schuchuli, Arizona,



Position 5: Pilot Cell No. 1 Connected.
Washing & Sewing Machines, Relrigerators,

Position 6 24 Pump & Village Lights Connected
All Loads Connected. Various e Position 4: Pilot Cell No. 2 Connected.
Numbers of Strings Connected Refrigerator, Pump & Village Lights Connected

Position 3. Pilot Cell No. 3 Connected.
Retrigerators & Pump Connected

Position 2: Pilot Cell No. 4 Connected.

All Strings All Strings !
Switched Off  Switched On Refrigesators Connected
Position 1: Pilot Cell No. 4 Connected.
- Washing & Sewing Machines, Refrigerators.
v1 CONTROL o Pump & Village Lights All Disconnected
TARRAY STRING SWITCHING! va Vs Vi
VM VI O) A (108 VI VIING
ALS (HI
20222212019 18121615 1413121110 9 8 2 6 5 ¢ 3 2 1\ POSILION .——-{ Drum Programmer Position Number ]
f PANHL #1 x[x x x x x[ §
? X X[%X & & X X 2
) X x x|x x x x X 3
e X X x XX Xx X X X 4
" X X x x[x xx x x| s
" XX X X x xfx xxxx|6
” X X X X X x x|x X x XK ?
" X XXM XX XIXKXXX ]
PV,A"’V ” X X X XX X XN x xfx NXXX 9,
5".‘“ < "o X x n Xk xxx xxx]xnxxx]o
Strings " XN KK K XXX N X K|xx A K] »
2 X X X X X X X XX X x X[xxx x xj2
13 e XX R XX uxxxXx xxx[wxxxx]n e
ns ne XXX XX XK KXKX Xxx{xxnxx|re : Includes A1S {Lo) Control in DP “Down’' Command
Functions " oans X X XX X X XX X XXX X x n|xxwxufis I Circuit To Prevent DP Oscillation When Stepping
Controlled ¢ ns 120 xxxxn xxxx kxxx xxxfxxxxxfre P From Position 6 to Position 5
moan XK X XX XXX X K KXX KX x|Xxxxx| E 3
by the OP { mad] xxx xxxx axxx xxxx xxxfxxxxfrie 2 Opens Circuit to DP Down Command Vo Prevent
AISICOIENABLE [X K X X X X X X X X X X X X K X X X w8 360° Rotation
oF LiMIT {D" XXX X XXX K KX KN KXX XXX KX |20 ‘ — Opens Circuit to DP Up Command To Prevent
uP X X X X X X X X XX X X XXX X XX X x x xf|21 mo Ro(l(ioﬂ
PILOT CELL 7 X X X X X X X X X X X X X XN X X X X X|X 22
£2 % x X X X X X X N X KX X KXX XXX x 2 X' Indicates Particular Pilot . .
Energizes CR25 Which
A3 X X X X X X XK KXXXXNKXXEKZX x 24 Cell Connected to System Bus
#4 X X X X X XN X XK X XXX X XXX XXX X x| 2% :'.“"P."l' DCP ﬁoMn"Ol
VICONTROL |[X X X X X X X X X X X X X X X X X X X Fd ] R’.oll:‘y' .C:'nlv:bl |o'\::'
CRM (IWASHI XX X xp2r X' Indicates Particular Load Control & Enables Pump
C::"'"‘fu’::: el ;: Circuit Relay Energized To Motor Starter
CRI? REF & CAED x| 10 Disconnect That Load Circuit

.
. 1 {—[Dmm Programmer Switch Number ]

Y
DP Undes Control of .
A OP Under Pilot Cell
Moter Relay V1 (Hi & Lol Meter Relays. A'S tHi)
DP Under Control of V1 (Hi & Lo} & A15 (Lo) & V1(Hi Control
- v J NOTE: X" Indicates DP Switch Is Closed

Elements Controlling the DP

Figure 4. - Drum programmer contact closure schedule (5).
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Figure 5. - Example of voltage regulation by array string switching.

y

{Hourly)

P
Input Input battery
total number state of )
array strings charge
(NARRAY) (SOC (O)
Input battery Input
capacity present
array
current
{1y}
Input number
of delay periods '
before array
string switching NHIGH = 0
(NDELAY) NLOW =0
M =0
S =0
i
Input
day of year
(D)
D day of year
H hour parameter
Input M minute parameter
hour of day S second parameter
(OH) Hezs i VMIN  minimum allowable V
<HL VMAX maximum allowable V ¢
Vg system voltage
WDS  watch dog system
Input number of
array strings
currently
connected
(NACTUAL)

Figure 6. - Initial data requirements flowchart.

Input
light
flux

Input
load demand
desired




(30 min
interval)

Are all
array strings
connected ?

SOC > 50%
?

Disable Enable
SOC battery washing & washing &
state-of-charge | sewing sewing
machines machines
SOC > 40% Y
N ? l
Disable Enable
lights lights
SOC > 30% Y
?
N
Disable Enable
water pump water pump
SOC > 20% Y
?
Enable
r refrigerators
N Disable
refrigerators
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SUSRUUTTINE PVPSS

Cc
Cc PHOTOVOLTAIC PNWER SYSTEM
[ STMJLATION
o
C JAMES CULLER & PETER P, GROUMPOS VERSION JUNE, 1981
C ECECTRICAT ENGINFERING DEPT.y CLEVELAND STATE UNIVERSITY
C CLEVELAND, 34IO 44115
C
[ SYSTEM DESUKIPTIUN
Cc BATC = BATTERY STORAGE CAPACITY (AMP=-HQURS)
C TACONS = MINIMUM ARRAY CURRENT FOR NORMAL WATER PUMP
[ DPERATIVN (XAPS]
Cc NARRAY = TOTAL NUMBER OF ARRAY STRINGS IN SYSTEH
C NDELAY = NUMRER NF CNANSECUTIVE NDELAY PERIQNDS BEFORF
C ARFAY SIRING SWTTCHING
Cc VSAMAX = MAXTIMUM ALLOWABLE SYSTEM VOLTAGE VS (VOLTSY
C VSAMIN = MINIH4UM ALLOWABLE SYSTEM VOLTAGE VS (vOLTS)
C VSYAX = MAKT AN DESIRED SYSTEM VOLTAGE VS TVOLTS)
Cc VSMIN = MINIMUM DESTRED SYSTEM VOLTIGE VS (VOLTS)
2 CO440N /7SYSTEM/BATC, TACONS y NARRAY ¢ NDELAY,VSAMAX, VSAMIN,
T VS™AX,VSHIN
C
C STARTING STATE
T T = NUAERTCAC NUTRER FOOR DAY CF THEYEAR
(of H = AQUR 0OF THE DAY D.<=HL=23,
Cc IA = INITTAL ARRAY CURRENT (AMPS)
C NACTUAR = NWUMRER UF ARRAY STRINGS INITTACLY CONNECTED™
c SOC(1l) = INITIAL BATTERY STATE OF CHARGE AS A
C FRACTION OF BATTERY STORAGE CAPACITY
T TYDPTICATLY T J.0X=S00CX=1.0
C AP = WATFR PUMP ON (W2=1.0) OR OFF (WP=0,0)
2 COMMCN /START/D,Hy IANACTUA,SOC(&])
C
C INTFRNAL PARAMETERS
C M = MINUTE PARPAMETER
C TTRATGH = CUNSECUTIVE CVENT COUNTERFCRSYSTEM—VCLTAGE-
Cc TO00 HIGH
C NLOw = CONSECUTIVE EVENT COUNTER FOR SYSTEM VOLTAGE
C TOU COW
c S = SECONNS PARAMETER
C VS = SYSTEM VOLTAGE
C VSAVG = AVERAGE SYSTER VOLTAGE FORTHE LAST THIRTY—
C MINUTE INTERVAL (VOLTS)
c VSSUM = SuUM OF SYSTEM VOLTAGES (EVERY SECOND) FCR
C THE PRESENT THIRTY MINUTE INTERVAL OR 1800 SECONDS™
c (VOLTS)
(o} WOS1 = WATCH DOG SYSTEM DISCNNNECT FCR LOADS
C WOSZ = WATCH OOG SYSTEM OISTONNEC T FOR—TIHEARRAY—
(of STRINGS
4 COMMON 7/ INTERN/MyNHIGH NLOW¢S9yVS9VSAVGyVSSUMWDS14WDS2
C
5 COMMON /LOAD/L14R1yL24R24L3yR3I4L41yR4G14L429R42,4LPL,

1 LP2,LP3,LP4

Figure 11. - Computer program listing.



CUMMCN 7 WATER/ SRISSH27SW3 WP —
COMMON /BAT/ VBAT, RBAT, UPDATE
COMMON /SOLAR/CyToPVIV(10416)4CCL4&)sTT(4),VV(10)

g @ ~ o

REAL TAy TACONS
DATA INPUTS
1) LOADS: L14R14L24R2,13,R3,L414R41,4L42,R42

TFROM "SUBROUTINE OLOAD™)
2} WATER TANK: SHW1l4SW2,SW3
(FROM "SUBRUOUTINE WATERL"N)

37T INSOLATIONT —C
(FROM "SUBROUTINE INSOL"™)
4) CELL TEMPERATURE: T

TFROM "SURROUTINEINSOL™)
SYSTEM STATE AND QUTPUTS

IV STATES
IA (FROM "SUBROUTINE VSIA®)
NACTUA

SUCTHFI I (FROM"SUBRCUTINE SATTRY*}
VS (FROM "SUBROUTINE VSIA®")
2) LOAD PRIORITY ENARLES: LPLlyLP2,LP3,LP4

3 WATER PUMP UN/7OFFT— WP
4) WATCH DOG SYSTEM DISCONNECTS: WDSl,.WDS2

THE RESULTS OF TH1S STHMURATION ARE PASSED—TO—"SUBROUTINE—
QUTPUT" FOR SUBSEQUENT PKOCESSING AND PRINTOUT

HOURLY LOOP
OBTAIN HNURLY AVERAGE OF SOLAR POWER ON THE SOLAR

CECLCSy C, 17T IS A FUNCTIONOF:
1) INSOLATION
A) NORMAL ON HORIZONTAL SURFACE

BT (OTAU ON HORTZONTAL >uRFttE‘TNORﬁtt*‘———‘“
NIFFUSE)
2) SUN PCSITION - AZIMUTH & ELFEVATION

27 DLLLTWKTTUN_KWGtE‘U?‘TH*‘SUN‘TDE*ERﬂTﬁfﬁ—_
BY THE DAY OF THE YEAR)
B} HOUR OF DAY’

Ci) LATITTUDE OF SYSTEM COCATTION
3) ARRAY
A)Y DIRECTION IT FACES (SOUTH?)

BY TILCT ANGLE FROM THE HORTZONTAL
C) TRANSMITTANCE OF THE COVER
D) CONCENTRATICN RATIO

) STZE
F) FILL. FACTOR (AREA OF CELLS/AREA ARRAY)

UBTAIN HUURLY TEMPERATURE OF SOLARY CELLSy T T 135
A FUNCTION OF:
1) AMBIENT TEMPERATURE

oo dqoodoodqooaqondoondandmnodonadqondondondacndoan

<1 WINDSPEEU TUORLCY CTUNLING FOR A PASSIVE
SYSTEM)
3) SOLAR ENERGY ON ARRAY

Figure 11. - Continued.



~ 4) VOWIWAU SULAR CELLT EFFTCTENCY (FOUR AMOUNT
OF ENERGY ABSORBED)
S) ARRAY SIZE

10

2Xz ¥ Ne N g

-
o

67 THERJAL CHARAUTERTSTIUS UF CELLS AND
MOUNTING STRUCTURE
CALL INSOL

OBTAIN PROFILE OF THE DESIRFD LOADS - HOURLY
NOTE: INDIVIODUAL LOAD RESISTANCE MAY BE A

FUNCTTUN UF VULTALE
I. LOAD PRINRITY 1 - REFRIGERATORS
(5 MOTORS @ 1/4 HP, R1 CHMS EACH)

EXTERNAL CUNTRKULS
1) INDEPENDENT TEMPERATURE REGULATING SYSTEM
2) MANUAL DISCONNECT

HOW MANY AUTURS RUNNIWG EACH HUUR ASSUMING
POWNER IS AVAILABLE?
L1=0y19293+4+5

TI. CONO PRIOURTTY 2 — WATER PUMP
(1 MOTCOR 3 2 HPy R2 CHMS)
EXTERNAL CONTPROL

[T TANUAT DISCONNECT
SIMULATED CIONTROL = AUTOMATIC
2) WATER LEVEL IN STORAGE TANK

IS THAF PUOAP MUOTOR CORNECTED (2= OR
DISCANNECTED (L2=0)} FUR THE HQOUR?
117, LNAD PRIORITY 3 - LIGHTS

(5% 7 2U Wy R3 UAMS EACH]
EXTERNAL CONTROL
1) MANUAL ON/QFF SWITCHING

AUW ™MANY LIGHUS SWITCAEU ONM FCR |HF HOUOR?

0<=L3<=53
IVe LOAD PRIPRITY 4 - CLNTHES WASHER

TI YOTLR T 7% HPy RaT TOHMSY
EXTERNAL CONTROL
1) MANUAL ON/OFF SWITCHING

1S THE WASHING MACHINE IN USE (Lé4l=1) OR NOT
IN USE (L41=0) FOR THE HOUR?

Ve LUAD PRIORITY & = SEWING MACHINE
{1 MUOTOR A 1/8 HPy R42 COHMS)
EXTERNAL CONTROL

ondonadooaqoodoodaqonqonaq sNelaNFe¥ake InkeXsKsXa s Faiaiz KnEnEs

[T YANTJAL ON/OFF SWITCHING
IS THE SFWING MACHINE IN USE (L42=1) OR NOT
IN USE (L42=0) FOR THE HOUR?

ll

N
(&

CALL ULUAD

THIKTY MINUTE LY

LOAD MANAGEMENT BASEN ON THE BATTERY STATE OF
CHARGE TO PREVENT EXCESSIVE DISCHARGE AND POSSIBLE

aoaqooaqoo

JAMAGLE U THE BATTERY

Figure 11. - Continued.



T. TP = COAD PRIDRITY
C = 0 FOR OISCONNECTED
C = 1 FOR CONNECTED
C SOC = BATTERY STATE OF CHARGE
C v v
Cc RANGE CONNECTED DI SCONNECTED
C s R e T T T T T T T T T T T T T T e
C 0.5 < SoC ALL NONE
C 0.4 € SNC <= 0.5 LP3,LP2,LP1 ' LP&
T U3 X SNCX= 0% CP27tPY P tP3——
C Ne2 € SOC <= 0.3 LP1 LP4,yLP3,LP2
C 0.0 € SNC <= 0.2 NONE ALL
1Y) Ir INACTUA NE. NARRAYJ] GOUTU 19T
12 100 [IF {(SOC{M+1).5T.0.,5) GOTO 190
13 110 LP4=0
I% 120 IF (OMCTWFTIT.GT.0.%) o0T0—200
15 130 LP3=0
16 140 IF (SOC(M#1).GT.0.3) GOTO 210
7 50 CP2=0
18 160 IF (SOC(M+1).GT.0.2) GOTO 220
19 170 LP1l=0
20 80— GOTU 230
21 190 LP4=1
22 200 LP3=1
Z3 210 CPZ2=1
24 220 LP1l=1
25 230 CONTINUE
C
C
C ONE MINUTE INTERVAL
T WATER PUYP CLTNTROLS
C IA = ARRAY CURRENT {AMPS)
C TACONS = AINIMUM ARRAY CURRENT (AMPS) - SEE
C CAST 282 BELUW
C NACTUA = NUMBER NF ARRAY STRINGS PRESENTLY
C CCNNECTED
C NARRAY = T0TAL NUMBER CF ARRAY STRINGS—IN—
C THE SYSTEM
C SOC = BATTERY STATE OF CHARGE
C SAL = U WHEN WATER LEVEL ABUVE HIGH CIMIT
c SW1 = 1.0 WHEN WATER LEVEL BELNW HIGH LIMIT
C SW2 = 0.0 WHEN WATER LEVEL ABQOVE MINDNLE LIMIT
C SWZ = T.U WHEN WATER LEVEL BELOW MIDOLE CImMIT —
C SW3 = 0.0 WHFEN WATER LEVEL ABOVE LOW LIMIT
Cc SW3 = 1.0 WHEN WATER LEVEL BELOW LOW LIMIT
C TEMERGENCY)
C WP = 0,0 WHEN WATER PUMP STOPPED BY THIS
C CONTROL
C W ="T1T.0 WHEN WATER PURPSTARTED BY THTS —
C CONTROL
C OBTAIN WATER LEVEL FOR THE MINUTE
26 300 CATL WATERL
27 305 E.1.0) GOTO 325

c

IF (WP .N

Figure 11. - Continued.



(o CASE 1. /WP=1.,0/ PUMP PRESENTLY RUNNING
c KEEP IT RUNNING 1F BELOW YHE HIGH LIMIT
28 310 IF (SWI .EN. 1.0) GUTO 370
C STOP IT IF ABOVE THE HIGH LIMIT
29 315 WP=0.0
30 320 GUITY 370
Cc
c CASE 2. /MP=0,07 PUMP NOT PRESENTLY RUNNING
C CASE 238, VEST FUR EMERGENCY USE
C IF BELOW THE LOW LIMIT, START PUAMP
21 325 1F (SW3 .EQ. 1.0) GOTN 360
[
C CASE 2B. TEST TO SEE IF TANK NEEDS FILLING
Cc IF ABNVE THE MIDDLE LIMIT, DO NOTY START pPuUmMmp
32 330 [IF (SWZ EJ. O.0F GUTO 370
Cc
c CASE 2Bl1, TEST TO SEE IF ARPRAYS ARE CAPABLE OF
C SUPPTCYING SUFFICTIENT POWER"
C
c IF SNy, START THE PUMP
33 335 IF (NACTUOAR NEe. NARRAYI GUTU 350
C
C CASE 232, BATTERY NOT FULLY CHARGED
C TEST 10 SFE IF THE AFRAYS ARE—SUPPLYING—
ol STGNIFICANT CURRENT TO THE SYSTFM
C IF NCT, D0 NOT START THE PuUMP
EX3 340 IrFr U1IA LEe 14ALUNST GUTU 370
C {START THF PUMP)
35 340 WP=1.0
C
36 370 CONTTINUE

ONE

SECCND INTERVAL
CATAIN SYSTEM VOLTAGE (VS) AND CURRENT (1A)

FUNCTION OFz
1) SOLAR CELL CHARACTERISTICS
2) NUMBER OF ARRAY STRINGS COMNECTED

NaCTURY
3) SOLAR ENERGY 0ON THE ARRAY CELLS
4) TEMPERATURE OF THE CELLS

57 LOAD CINE CURVE
6) BATTERY CHARACTERISTICS
M = MINUTE PARAMETER

NACTUA = NUMBEW OF ARRAY STRINGS PRESENTLY —
CCONNECTED
NARRAY = TOTAL NUMBER OF ARRAY STRINGS IN THE

SYSTE™
NDELAY = NUMBER OF CONSECUTIVE DELAY PERIODS
BEFORE ARRAY STRING SWITCHING

2Xs X2 Iz XkzKs XXz X3 XnkznXg nncnnwnnnn

NHIGH = CONSECUTIVE EVENT COUNTERFOAR—SYSTEM—
VOLTAGE Y0O HIGH

Figure 11. - Continued.



C NCOW '—CUWSECUTTvE—tvEﬂT—tﬁUNTfR—POR—STSTEH‘-——'
(od VOLTAGE TOO LOW
C S = SECONDS PARAMETER
C VoA X = MAXTAUN DESIREDSYSTEM VO TAGE—{tVOLT S —
Cc VSMIN = MINIMUM DESIRED SYSTEM VOLTAGE (VOLTS)
c VSSUM = SUM 0OF SYSTEM VOLTAGES (EVERY SECOND)
198 FIIR TAE PRESENT THIRTY MINUTEINTERVAL—
37 500 CALL VSIA
Cc
C VOCTAGE REGUCLATION BY ARRAYSTRING SKHITCHING ———
38 510 IF (VS LT, VSMIN) GOTN 560
39 5§20 IF (VS .GT. VSMAX) GOTQO 630
[
Cc VALTAGE IN RANGE
40 530 NLQCW=0
%1 540 NHTIGH=O0
42 550 GOTO 690
C
C VCTAGE—TOO—tCR
C (AFTER A TIME DELAY, IF THE VOLTAGE STILL IS
C TO0 LOW, THEN CONNECT ANCTHER ARRAY STRING
C IFPOSSI3CEY
43 560 NLOW=NLOW+1
44 570 NHIGH=0
%5 580 IF (NLOW < NE NOECAY TGO TO 690
46 590 IF (NACTUA .NE. NARRAY) NACTUA=MNACTUA+L
&7 600 NLOW=0
48 olU LU Y 6YJ
Cc
C VALTAGE T0O0Q HIGH
T AFTTSR A T I E ey I TR VYOOT St STFitt—15s—
Cc TNO HIGHy THEN DISCONNECT ANOTHER ARRAY STRING
c IF POSSIBLE)
49 63U NHIOGH=MHR1ILHYL
59 A40 NLOW=0
51 650 IF (NHIGH NE, NDELAY) GOTO 690
52 €60 IF (NACTUR .NE. OV NACTUR=TNACTUR=T
53 670 NHIGH=0
Cc
C SUM UP VOUTAGES FOR THE INTERVAL
54 690 VS SUM=VSSUM+VS '
Cc
C
C TIME UPDATE LINE 200/MINUTE LOOP/e LINE S500/SECONDS
C LCOP/y LINE 7SO/TEN MINUTE LOOP/
25 100 2=o+1l.U
56 710 1IF (S «NE. 60.) GOTO 500
57 715 S=0.0 '
58 120 M=M+]
59 730 1IF (M ,NU, 10%(M/10)) GOTO 300
60 T40 CONTINUE

(s NeXg

Figure 11. - Continued.



T TEN MINUTE INIEXRVAL
(od WATCH 00G SYSTEM (OVER/UNDER VOLTAGE . PROTECTION)
c QUTPUT = QUTPUT RESULTS SUSBSROUTINE
C VS = SYSTEM YCLTAGE (VOLTS)
Cc VSAMAX = MAXIMU4 ALLOWABLE SYSTEM VOLTAGE
Cc {VOLTS)
C VSAMIN = MINTAUM ACLCWARLE SVYSTEM VULTAGE
C (VOLTS)
Cc WDS1 = WATCH DNG SYSTEM LOAD DISCONNECT
C = .U FUR LUADS CORNECTED
Cc = 0.0 FOR LOADS DISCONNECTED
c WNS2 = WATCH ONG SYSTEM ARRAY DISCONNECT
C = 1.0 FUR ARRAY STRINGS CORNNECTED
C = N.,N FOR ARRAY STRINGS DISCONNECTED
61 750 IF (VS o.GE. VSAMIN) GOTO 790
- U
c VS BFELNW ALLOWED MINIMUM, DISCONNECT ALL LBADS
Cc AND SOUND ALARM
52 7580 WUSI=0U.0
63 779 CALL QUTPUT
64 780 GOTD 2000
55 790 IF (VS LEe VSAMAXY GUTD 830
C
Cc VS ABOVE ALLOWED MAXTIMUM, DISCONNECT ALL
C APFAY STRINSGS AND STUNI—ATAR™
Y 800 W%WNDS2=0.9
67 810 CALL OUTPUTY
58 BZ9 GUTO 2000
A9 830 CONTINUE
C
C VS WITHIN ACTCOWED I MTTS
C
C
T VIAE UPDATE CIRNE I007/7MINUTE LOCUP7y CINE Q007 THIRTY——
C MINUTE LOOP/, LINE 950/HUCURLY LGOP/
70 850 IF (M .EQ. 63) GOTO 959
TI B0 IF (M EW, 3UF(M7/7307TF GQTU 990
72 870 GOTO 300
C
C
C RETURN TO THIRTY MINUTE LOOP
C UPDATE THE BATTERY - DONE EVERY 30 MINUTES
C CACCUTCATEY
C SOC = STATE OF CHARGE.
C VRAT = QPEN CIRCUIT BATTERY VOLTAGE (VOLTS)
C RBAT = INTERNAU RESTSTANCE OF THE BATTERY —
C (0HMS)H '
Cc AS A FUNCTION QF PAST SOC, VBAY, AND
C VS SUN = SUM CF THE SYSTEMVOLTASES tEVERY—
C SECOND) FOR THE LAST THIRTY MINUTES
(o VSAVG = AVERAGE SYSTEM VOLTAGE FOR THE LASTY
C THIRTY WINUTES —
73 900 VSAVG=VSSUM/1800.0
14 910 VSSUM=0.0

Figure 11. - Continued.



75 920~ CALL BATIRY
76 930 GOTO 100

C
|
C RETURN TO HOURLY LOOP
c UPDATE THFE BATTERY AND HOUR, OUTPUT THE RESULTS,
C GO TO THE BEGINNING FOR NER INSOCATIONAND—tORD—
c DATA
177 950 VSAVG=VSSUM/1800.0
s 50U VSSUM=1.10

T9 970 CALL BATTRY

80 980 CALL OQUTAaUT

BT TBS =1

32 990 H=H+1.0

33 1000 IF (H .NE. 24.0) GOTO 1030
R 1O01T0 0=N¥FI0)

85 1020 H=0.0

86 1039 CONTINUE
BT I GO T IO
33 2000 RETURN

39 END

Figure 11. - Concluded.



DAY = 1R5,
HNUR DESIREN LNANS LNAD MANA EMENT WATER PUMP WATCH ONG SYSTEM STATE
T 2 U3 AT G TPTU TP IPT LPZ T SHT SWZ SWI'HP "WDSE WDS2 NACTUA VSAVG — 1A SOC VBAT
T s ST S E=EESSCSSSSTSS==SST =T===Ss=S== T T EEE S sCS IS TS S S S SESESESSTSSEEE=E L N S S NI N ST T ST EITEISTZISSESTIESTE=I®
D, T I T 0 [9) T T T T I O, U. U, T. 177 T 72% 1155 000,931 1192
1. o 1 3 0 0 i 1 1 1 1« 0., 0. O. 1. 1. 24 114,9 0.0 0,872 114.5
2. 1 1 3 0 0 1 1 1 1 1« 0. 0. 0O, 1. 1. 24 113.9 0.0 0.872 113.8
B PN 01T 37D 0 I 77T " 1777177070007 71 77 1, - 26 L1390 0 0.8 T2 13—
4. 1 v 3 0 0 1 1 1 1 i 0. 0. Q, 1. 1. 26 113.2 0.0 0.871 113.8
S 91 3 0 0 ! 1 1 1 1. 0. 0. Q. l. t. 24 113.5 0.0 0.871 113.8
8 2 11T DO [*] T T 1 T I.— T 00, | R T 2% 11276 0.0 0869 1137
7. 2 1 1% 0O 0 1 1 \ 1 1. 1 1. 1o 1. t. 24 110,2 3.4 0,861 113.7
e 2 1 8 1 0 1 1 1 1 0. 0. 0. 0. 1. 1. 24 117.2 24.9 0,869 127.9
Te,TTTYIT YT RTTY 1 1 T 771U 77U U,7700700 0., 7 le T 1, CUIBRTT L2947 TT2RVE T 0. BT6 28 0
10, t L 8 1 1 1 1 1 1 1. 1. 0. L. l. 1. 18 129.4 138.0 0.A881 128.1
1. tr vt 3 1 1 1 1 1 1 1. 1. 0. 1. l. 1. 18 129.4 38,0 0.886 128.2
175 T B 1 0] T 1 T T | W AT D Ts 1. 18128837 108881282
13. i1 8 1 0 1 1 i i 1. 1. 0, 1. | S | 18 128.8 130. 0.890 128.3
14, 1 1 8 1 1 1 1 1 1 O 0, 0. 0. 1. l. 18 129.4 18,3 0.894 128.3
IS, ) N G A § T T | NS B G SPE SPS ¢ P R PR I 18 126453403886 11450
164 1 1 8 1 1 1 1 i 1 0. 0. 0. 0. te 1. 24 113.3 3.4 0.835% 113.9
17. 2 112 1 Q 1 1 1 1 1. L. N, 1. l. l. 24 109.5 0.0 0,875 113.9
19, TOTT720 1 U T T 1 4 ) R TR R O T . 24 ORI 00— 0. 865 — 11358
19, 4 1 20 1 0 1 3 1 1 1. 1. 1. 1. l. l. 24 108.5 0.0 0.855% 113,.7
20, 2 1 4) O 0 1 ) 1 1 0. 0. 0. 0. 1. L. 24 111.2 0.0 0.850 113.6
21TV A0 00 1 | S T 177077770 067 " la” 1. 2 Il 0, 0OV — 113 S ———
?2%. 1 130 0 Q 1 1 1 1 1. 1. 3. 0. 1, t. 24 111.8 0.0 0.843 113.5
213, 1 110 O 0 1 1 1 1 1. 1. 0. O. 1. 1. 24 0.0 0.841 113.4

112.6

Figure 12. - Computer program sample output.
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