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FOREWORD 

Th is report documents the CDC vers i on of the S IM~~EST compu ter programs deve l
oped by Boei ng Computer Serv ices Company under ~ASA Contract DEN3-42, "An 
Expanded System Simulation Model for Solar Energy Storage". The SIMWEST codes 
were originally developed for simulation of wind energy storage systems. The 
current version of these codes also includes solar-photovoltaic energy systems 
modeling. This project was conducted under the spbnSorship of the Division of 
Energy Storage Systems, DOE, under the direction of Dr. G. C. Chang, and was 
administered by the NASA-Lewis Research Center Thermal and Mechanical Storage 
Section with Mr. L. H. Gordon and Mr. R. H. Beach as Project Managers. 

This report is in two volumes. 

r. CDC User's Manual 
II. CDC Program Descriptions 

The Boeing prinCipal investigator for this project was Dr. A. W. Warren. 
contributors in the development of SIMWEST were Dr. R. W. Edsinger, Dr. 
Burroughs, and Dr. Y. K. Chan. 
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1.0 INTRODUCTION 

Energy storage systems for the utilization of intermittent power sources have received increased study over the past few years. The analysis of storage requirements for optimal utilization of solar-derived energy systems and the total cost of the resulting generator/storage system are often evaluated in such studies. The purpose of the SIMWEST (Simulation ~odel for ~ind Inergy Storage) program described in this document is to provide a tool for performing this needed analysis. It is a tool to aid in the design of a wind or solar-photovoltaic energy system for a given application and to allow the resulting system to be evaluated and verified through simulation. 

SIMWEST consists of a library of system components and a precompiler program which allows these components to be put togeth~r in building block form. The present library contains components for five types of energy storage systems. They are pumped hydro, battery, thermal, flywheel, and pneumatic. The SIMWEST prog\~am version described in this document is for use on the CDC 6000 and CY3ER series of computers. 

The simulation program has proven to be efficient and versatile for performing parametric studies. It has a unique capability for simulating total wind/solar systems containing anyone or combination of the above types of storage and at the same time has the flexibility and depth required to perform thorough and meaningful parameter studies. 

1.1 SIMWEST OVERVIEW 

SIMWEST consists of two basic programs, and a library of generation, storage, environmental, and load components. The first program, the Model Generation Program, is a precompiler which generates computer models (in FORTRAN) of complex energy generation/storage systems, from user specifications using SIMWEST library components. The second program utilizes the resulting computer 
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model to perform cost and power utilization analysis. It handles input, 
output, integration of system dynamics, and iterates to obtain convergence of 
implicit yati~bles. The combination of these two programs provides a powerful 
tool for analyz'ing ~lternate generation and storage $ystem designs. 

Figure 1.1-1 shows the general organization of the SIMWEST program. In addi
tion to the two programs described above, there is a third which performs file 
maintenance. It is used to incorporate user supplied data for new subsystem 
models. Although the program is shown as a number of subprograms, it can be 
executed as a single b~tch program by supplying the model description cards and 
the control cards describing the desired analysis to be performed and the 
desired tabular and/or plotted output. 

The SIMWEST mode 1 generat i on and s imu 1 at i on programs have a number of user 
oriented features which greatly enhance the value of the codes. Some of the 
more promi nent features are shown in Table 1.1-1. These features and the 
supplemental components described in 1.2 enable the user to quickly build, 
debug, simulate and interpret alternative system designs. 

1.2 SIMWEST LIBRARY 

The SIMWEST library is listed in Table 1.2-1. It is made up of six types of 
components: environmental, generation, load, logical, storage and supplemen
tal. The two character mnemonic names are used to identify components in the 
uS.ers mode 1 • 

The degree of detail in the component models is based upon two design criter'ia. 
First, all models should contain sufficient detail to simulate all physical 
characteristics and constraints having significant impact on system cost ef
fectiveness. Second, the models should be designed to minimize computer time 
and required user specification. It is assumed thi'tt a SIMWEST simulati(,.'1 might 
cover a time span of one year. Thus, from a computer run time and economic 
impact point of view a simulation step size of between 15 minutes and one hour 
was established as a design goal. 
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Table 1.1-1 SIMWEST User Oriented Features 

MODEL GENERATION PROGRAM 

• Simplified Component Connections 

• Availability of all Input Parameters for Connection 

• Fortran Insertion Capability Between Components 

• Li ne Pr inter Schemat i c of User I s Mode 1 Prov i ded 
1 
? 

• Automated Naming of Parameters and Variables 

• Built-in Diagnostic Capabilities 

SIMULATION PROGRAM 

• Free Field Data Inputs, Including Tables 

• Diagnostics on Data Inputs 

• Default Values Assigned to Unspecified Parameters 

• Optional Levels of Line Printer and Diagnostic Output 

• Multiple, Back-to-back Simulation Capability 

• Printer Plotter Output of Time Histories and Crossplots 

4 
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Table 1.2-1 SIMWEST library Components 

t ~ ENVIRONMENTAL 
BATTERY STORAGE 

, 

i: 

WIND WD' INVERTER tv 
, AMBIENT TEMP TP RECTIFIER RE THY WEATHER TAPE ED BATTERY BA 

WIND POWER GENERATION 
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As a result of the above design criteria, many physical components, such as the 
electrical components, were modeled mainly in terms of power flow and steady 
state response. This level of detail is consistent with a 15 minute time step 
and with the concept that important transients are on the time scale of demand 
curves or weather patterns, i. e., an hour or more, rather than on the time 
scale of electric motor transients of a few seconds. If short time transients 
were to be modeled, additional detail would be required in the component models 
which would greatly increase the user's task of specifying the model. Further, 
the simulation time step would have to be reduced and computer runs would be 
much costlier. 

The environmental components listed in Table 1.2-1 simulate environmental con
ditions. In the present SIMWEST library a user can generate wind speed and 
ambient temperatures, or can use selected inputs from the recorded weather and 
insolation data on the Typical Meterological Year (TMY) tapes for one of 26 
U.S •. locations. These variables are generally used as inputs to physical 
components. 

The generation components consist of wind generation, solar-photovoltaic and 
utility rOlltines. The wind turbine-generation components are fairly simple 
models for computing the power output of a conventional, horizontal axis wind 
machine given basic machine parameters. The solar-photovoltaic component; are 
sOnlewhat more soph i st i cated, espec i ally in the co 11 ector thermal ana lys is, and 
have a number of modeling options which a user may employ, e.g., active or 
passive cooling. 

The storage components encompass sllch th i ngs as motors, generators, trans
missions, flywheels, etc. These components model actual physical hardware 
which might be used in a wind or solar energy system. The selection of the 
particular SIMWEST library set of storage components was based on the require
ment that it be capable of modeling the five types of energy storage systems 
mentioned previously: thermal, flywheel, battery, pumped hydro and pneumatic. 
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The load components in the SIMWEST library (:\re used to simulate various types 
of power demand. They also monitor how well the system meets the simulated 
demand and compute the value of the energy delivered to the load. Like the 
environmental components, these components may be computed from actual mea
surement data or from randomly generated data based on user furnished load 
profil es. 

The library's logical components are the power dividers, power accumulators, 
switches and priority interrupts. Although physical hardware or logic devices 
could be built to serve the function of the logical components, they are not 
meant to represent any particular existing hardware. Instead, they are ideal
ized components that allow the user flexibility in modeling a wide variety of 
system and control logic for operational evaluation of energy storage systems. 
In practice, the control function might be performed by a control room operator 
using a predefined control strategy or by use of a process computer. 

Finally, the supplemental components include such things as the tape read, the 
histogram and the cost monitor. These components serve to help the user run 
the simulation and analyze its results. 

1.2.1 Storage Subsystems 

Figures 1.2-1 through 1.2-5 give possible configurations of the five types of 
storage subsystems which can be modeled with the present SIMWEST library. For 
illustrative purposes the number of variables shown passed between components 
is limited. A description of the variables being passed is given in Table 
1. 2-2. 

A tota 1 energy system wi 11 genera 11 y be made up of elements from a number of 
different subsystems (see Figure 1.2-6). In addition, the SIMWEST program can 
be used for models which include networks of storage subsystems of the same 
type or a network of wind or solar generators. 
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Figure 1.2-5 Thermal Storage 

Table 1.2-2 Partial List of Component Inputs and Outputs 
SYMBOLS 

P 
RE 
MP 
RS 
T 
TA 
M 
H 
, 

liD 
i 

WV 
GR 
EF 
INT 
PR 
P$ 
WY 

i 
OW 
TO 
SP 
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POWER 
POWER REQUEST 
MAXIMUM POWER 
ROTOR SPEED 
TEMPERATURE 
AMBIENT TEMPERATURE 
MASS FLOW RATE 
RESERVOIR HEIGHT 
THERMAL LOAD DELIVERED 
WIND VELOC lTY 
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INTERRUPT FLAG 
PRESSURE 
PRIORITY SEQUENCE 
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TIME OF DAY 
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1.2.2 Logic Components 

The capability for modeling complex system control logic is provided by the 
power divider, power accumulator and priority interrupt components. Both the 
divider and accumulator operate on a priority basis. The priority interrupt is 
used by other system components to change the priority setting of the divider 
and

r 

accumulator. 
I 

i 
The power divider has one input power port and four output power ports (not all 
output ports need be used for a given simulation). The divider also has an 
input request associated with each of its output ports. A power request 
originates with a component which is directly or indirectly connected to an 
output port. The user specifies priorities of either 0, 1, 2, 3, or 4 to be 
associ ated with each of the output ports. If the input power exceeds that 
requested of the port with highest priority (priority 1) then the excess power 
goes to the port with the next priority. This process continues until either 
all power is distributed or all requests of non-zero priority ports are met. A 
port with zero (0) priority does not receive power. Such ports are included to 
model backup or switch operated components. In these situations, the connected 
component would change the zero priority setting of the power divider by use of 
a priority interrupt. Two or more ports may be assigned the same priority in 
which case the user may specify weights to be associated with each port. Then 
if there is not enough power available to satisfy all requests of equal prior
ity, the power is divided between them in proportion to the user specified 
weights. 

The power accumulator is similar to the divider except that instead of distri
buting power from a single input port among four output ports, it accumulates 
power from four input ports and sends it out through a single output port. The 
power accumulator accepts power requests from the downstream component and 
allocates requests to each of its input ports in order to service the down
stream component. 
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An example illustration of the use of power dividers and power accumulators is 
given in Figure 1.2-6. It is seen that power from the turbine/generator is 
distributed with highest priority (priority 1) going to the power accumulator 
that services load 1. Since the power accumulator servicing load 1 has its 
priority 1 input port connected to the power divider, it will try first to 
satisfy load 1 from the turbine/generator and then from the utility. If the 
p6wer divider satisfies load 1 and there is power left over, it will be used to 
satisfy the request from the battery. Finally, if the battery is full or if 
its charging rate is met, then the excess power goes to the flywheel. The 
battery also has a priority zero connection to the utility. If the battery 
remains in a discharge state for more than a specified amount of time, it can 
change the utility priority (from 0 to 1) to receive needed power~ 

Also in Figure 1.2-6, we see that load 2 prefers to draw power from the 
flywheel before turning to the battery. This configuration tends to keep the 
flywheel as discharged as possible, using it primarily as a means to absorb 
large influxe~ of power. 

1.3 SIMWEST OUTPUT 

There are three basic forms of SIMWEST output to facilitate the analysis of 
wind and solar energy storage systems; line printer plots, histograms of system 
variables and time sequenced output of variable values. Each SIMWEST library 
component is associated with a number of output variables. Prior to simulating 
a given system the user may select any of these outputs for plotting or tabular 
output. For example, he may want to plot the energy of pneumatic storage as a 
function of time and/or as a function of temperature. If the user wants a time 
sequenced listing of all variable values, he may specify the time step between 
printouts. The list-ing of all variables has proven to be a useful tool in 
understanding the performance of the system under consideration and a valuable 
aid in validating the system design. 

SIMWEST also provides a special output which computes life cycle andlevelized 
energy costs per kwh. This output is produced by the cost monitor component 
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and is illustrated in Figure 1.3-1. The levelized energy costs are based on 
energy delivered to the loads during a simulation and forecasted to a full 
years' system operation. This output permits direct comparison of capital and 
energy costs for alternative system configurations, enabling a user to perform 
economic trade studies and system sizing. 

1.4 TESTING 

Reference [1] describes two simulation studies which were used to test the 
original SIMWEST program. Reference [6] describes the NASA-Lewis approved 
simulation studies for the expanded SIMWEST program. These studies provide an 
excellent test and illustration of the program's capability to model complex 
wind/solar energy systems. 

Prior to performing the simulation studies and throughout its development the 
SIMWEST program was systematically tested. First components were grouped into 
simple systems and simulations were performed. During these simulations sys
tem parameters were dr i ven so as to force the oj nd i v i dua 1 components through 
every normal program path and to assure that all component outputs assume a 
wide range of values. The number of components and the number of ways they can 
be connected makes it impossible to exercise every combinatio~. However, the 
subsystem groupings that were used were representative of tbe expected program 
usage. Sections 8 and 9 describe some of the test cases for the wind and solar
photovoltaic generation componerits. 

The test cases and simulation studies revealed that the code is reasonably 
efficient for system parameter studies. Even on very complex systems, such as 
represented by the NASA-Lewis test case, convergence of logic variables was 
quite rapid. Convergence generally took place in less than six iterations per 
simulation time step. M, an example, the year simulations used in the NASA 
defined parameter study of Reference [1] took less than 420 CPU seconds on the 
CDC 6600. For comparison, the CPU time on the UNIVAC 1100/40 is approximately 
two to three times as great as that on the 6600, and CPU time on the Cyber 175 
7S a factor of two to three times smaller than that of the 6600. 
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20 'EAR LIFE CYCLE 
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ENERGY DELIVERED 7 .... 5. !CWH 

•••••••••••••••••••••••••••••••••••••••••••••••••• • • • ENERGY COST PER KWH • 
86.8 HILLS • 

• •••••••••••••••••••••••••••••••••••••••••••••••••• 
VIALUE OF ENERGY DEL IVERED 
(VALUE OF FUEL SAVED) 372 S 

ENERGY VALUE PER KWH 50.0 HILLS 
COST PER VALUE DELIVERED 1.74 

LOAD FACTOR 

PERCENT OF LOAD SUPPLIED 
By TOTA~ SOLAR SYSTEM 100.0 

PERCeNT OF LOAO SUPPLIEO 0.0 BY UTILIH 

PERCENT OF SOLAR ENERGY 0.0 SURPLUSED 

COST TO HEET LOAD 
(SOLAK .'UTILlfY) 86.8 HILLS 

1.3-1 Cost Monitor Output for frf!snel lens; .... 1 
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1.5 PROGRAM USAGE 

During the testing it became clear that while the user need not be a SIMWEST expert or software specialist to make efficient use of the program, he should thoroughly think through and be familiar with the characteristics of the system he wants to simulate. Component models, if not carefully specified, may perform in unexpected ways. If the systems logic is not well thought out, the resulting system may be significantly out of balance and subsystems may not be fully utilized. The test case described in Reference [6] illustrates the process of sizing and logic adjustment to satisfy system performance objectives. 

A number of useful procedures were developed during the simulation studies. First it was found that when simulating a complex system, it is best to separately develop and test subsystem portions of the model. This allows problems or unexpected results to be isolated and understood prior to the introduction of the more complex characteristics associated with the total system. 

It was found during the simulations that the use of Fortran statements in the model definition is very useful for creating special input to system components and for defining special outputs to be plotted or statistics to be printed. For example, Fortran statements enable the user to generate and interpret trade study data by computing component input parameters from user specified system parameters. The use of Fortran statements is simple and should be encouraged early in SIMWEST applications. 

Computer simul ati on costs may be minimi zed by appropri ate tradeoffs between run time and simulation accuracy. Run time is most directly affected by the integration step size, the total simulation length, and the average number of iterations through the model at each time step. For long duration runs, an hour step size is usually acceptable. Models having smaller time constants than the step size may be approximated by implicit steady state conditions and 
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solved by iteration through the model. If a model requires many iterations for 
convergence, then it may be useful to isolate the source of instability in 
order to modify or simplify that portion of the system model. It has been 
generally found in the simulation studies that use of a few seasonal weekly 
simulations is adequate to predict long term performance for system trade 
studies and design optimization. Four to six week-long simulations are recom
mended for this purpose. 

When making a year simulation run, it is best to break it into twelve monthly 
simulations. Thus, measUt'es of performance such as plots, histograms and 
performance statistics are available on a monthly basis. In addition to giving 
better vi sib il i ty of the system performance, th i s he 1 ps 1 imi t the job core 
size. The twelve monthly simulations can be submitted as a single run with the 
results of a given month acting as initial conditions for the next month. The 
user only needs to submit new data cards for data which changes from one month 
to the next. 
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2.0 MODEL GENERATtON 

The -Model Genet'ation program design is based on the assumption that the system 
analyst will begin by constructing a schematic diagi'arn of the system he wishes 
to analyze. This schematic will be comprised primarily of standard SIMWEST 
1 i brary components. Standaf'd 1 i brat'y components inc 1 tide wind models, AC in ... 
duction motet's, inverters, rectifier's, etc. If a ptH'ticular system cannot be 
modeled \\lith eXisting standard components, the analyst may construct his model 
by including appt~opl~iate FORTRAN statements in his system desct'iption. 

All i nterconnecti ons between stalldar'd components ai~e accolllp 1 i shed by the Node 1 
Generation pi'ogram. The analyst merely specifies each standard cOlllponelrt in 
the schematic diagram and all of the components that provide inputs to that 
component. The Model Genet'ation pt'ogralll then genet'ates names and the propel" 
interconnecti()I1s between the specifi ed components. Tlli sis accompli Shed by 
matching the input quantities t'eqUir'ed by each standal'd component to the output 
quantities of the specified input components. 

After processing the complete system model descY'iption, the Nodel Generation 
program genm'ates a schematic diagram of the model showing the intercannec ... 
tions between standard components and the quantities such as power', preSSure, 
temperature, mass flow rates, etc., that pass through each inter'connection. 
This schematic is produced 011 the lineprinter to provide a Npid graphic check 
on the Pt'ogt'am's interpretation of the model description. 

In addi ti on, the pt'ogram produces ali st of input data that wi 11 be N~quh'ed by 
each component to complete the model description. Both the scalar' pat'ametel'S 
and tabUlar data reqllit'ed for' the analysis at'e included in this list. The 
program assumes that any quantity not Supplied by another component will be 
supp 1 i ed as a fi xed parameter by the analyst. Thus t'equests for non"'parametel' 
items in the input data 1 i st will reveal My connect i on that was omi ttad ft'Olll 
the system model description. 
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2.1 MODEL DESCRIPTION 

The Model Generation program is a precompiler program which accepts model 
description instructions and from these instructions generates a FORTRAN model 
of a system. These instructions, referred to as I'program commands, II are made 
up of one ot~ more words. In addition, the system model description contains 
numeric values, standard component names, and standard input and output 
quantity names. 

The Model Generation cOlnmands may be best introduced with a simple example of 
their use to describe a wind turbine system. Figure 2.1-1 shows an analyst's 
schematic of a wind turbine model that has been constructed using standard 
components on a SIMWEST schematic form. The standard component names used in 
this sample are: 

WD - Wind t~odel 

WT L Wind Turbine 
I 

TI ~ Time Conversion 
HG - Histogram Generator 
GR - Fixed Ratio Transmission 
LO - Electrical Load 
GE - AC Induction Generator 

The SIMWEST description of this model would be as follows: 

Example 2.1 

MODEL DESCRIPTION WIND TURBINE TEST CASE 
LOCATION=15 TI 
LOCATION=l1 WD INPUTS=TI 
LOCATION=31 WT INPUTS=WD 
LOCATION=35 GR INPUTS=WT 

20 BCS 40262-1 
>;, ht. 

Iii.;ij • .,.. ]iI!"iIiIi!!::'::~'!' RzI!t~;!trtt $"'5. t"'epj,.....,~;". ".,~. 

:i 
r 

I 
1 
1 
1 

·1 

j 
; 
I 

.."",j 



,x: 

? 
i.' 
r: 

t 

" 

, ~' 

r 

", 

II. 

,.~'F,'- --

~ 

C:J 
C"') 
Vl 

~ 
o 
f\;) 
O'l 
f\;) 
r 
~ 

N ...... 

1 

WD 
11 --~ 

r 

h1' 
31 

W 

HG 
51 

61 

71 

- .'-', ,- .• - - & 5 &2 a 2 :S • 2 _ a 5 B~ 

SIMWEST SCHEMATIC FORM 

2 3 4 5 6 7 

. n 
15 

22 23 24 25 26 27 

...... GR 
~ 35 

42 43 44 45 46 47 

52. 53 54 55 56 57 

62. 63 64 65 66 67 

FIGURE 2.1-1 AMLYSPS SKETCH OF wnm TUF,BIUE li0DEl SCHEMATIC 

72 73 74 75 76 77 

B q 

! 

LO 

1 ..... 19 ~ 

~ 

28 

~ 
...110 GE - 39 

48 49 

. 

58 59 

68 69 

78 79 

10 

20 

30 

40 

50 

60 

70 

80 

'1 

.j 

i 
~ 

1 
1 
j 
" 1 
j 

1 
j 

j 
1 
1 

1 
l 
.) 
,3 

~ 
~ 
A 

~.{....w..:._~~~_._ •. '- •• __ ,~<_.£,j~ .... Agee: "~",~,~"_~,-..o..~ •• _ •• ,"---,,..,._~ ... """"""""""''''-''''''.'_~ ____ -'-'''~._''''';''''''_'''''''''_'''''="' ...... 1'..'-> .............. -""-,>",....... :CLsi.jp",,'" aI· ... k "",,,. ...".· .... «~rI!r:!.tt"i& ........ t i.1!!!! d,ltm .-' '¥ -#'2 -$". te-? N .4 



~--..-r--' ,:: =;;:SQA .... I Mitt· < , ~ •• " 

,.~ _".~._ " ~ ~~< ., - ~", .. ··:"t-""·l"": ... -~ --~~~ .... ~~'! 

I 
I ,.. 
L-t:::, 

Example 2.1 (Continued) 

LOCATION=51 
LOCATION=39 
LOCATION=19 
END OF MODEL 
PRINT 

HG 
iGE 

LO 

\ 

INPUTS=WT(P=FIN) 
INPUTS=GR 
INPUTS=GE,TI 

"the model description consists of a statement as to the location of each component in the schematic and a list of all components that provide inputs to that component. The location of the component in the schematic is used for a line printer drawn schematic of the model, such as shown in Figure 2.1-2. In the line printer schematic the connection variables such as powers (P2 WT, P2 GE, P2 GR) are shown on the various connecting lines. 

2.1.1 Phrases and Delimiters 

The system model description is interpreted by the Model Generation program as a series of "phrases", which can appear in a free field format in any position on a data card. Phrases must be separated by anyone of the delimiter symbols shown in Table 2.1-1. 
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Table 2.1-1 

Model Generation Program Language Delimiters 

= equal sign 
COl1111a 

( left parenthesis 
) right parenthesis 

three or more blanks 
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2.1.2 Command Phrases 

The Model Generation command phrases are described in this section in a logical 
sequence similar to that in whi~h they appear in system model descriptions. 

MODEL DESCRIPTION 

The MODEL DESCRIPTION command ,phrase indicates the start of a new system model. 
This phrase may be followed, (on the same card), by a title of up to 60 
characters. This title will be used to identify various program output schem
atics, lists and program listings. In Example 2.1, the title was "Wind Turbine 
Test Case." 

LOCATION 

The LOCATION command phrase ind'icates the start of the description of a new 
component in the system model. This command must be followed by a numeric 
value phrase that specifies the location of the new component on the model 

I 

schematic. Thus in the example of Figure 2.1-1, the location number of the 
wind model WD was 11 and the wind turbine WT was 31, etc. To be a valid 
component location, the last two digits of this number must comprise a number 
between 1 and 80. The hundreds column is used to specify additional pages as 
needed for the schematic. Thus the numbers 

1, 13, 51, 80 

would be valid location numbers for components on the first page, (PAGE O), of 
a system schematic. These same locations on the second page of the schematic, 
(PAGE I), would be: 

101, 113, 151, 180 

The location number phrase is followed by the name of the component at that 
location. Component names are discussed in Section 2.2. 
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A LOCATION statement should be given only once for each component. That is, once a LOCATION statement is started for a component the complete description of all inputs to that component should be given. 

INPUTS 

The INPUTS conmand phrase indicates that the following phrases conta~n' the names of the components that provide inputs to the component at the specified location. Thus in the example of Figure 2.1-1, the electric load at location 19 which receives inputs from generator GE and the time source TI was described as: 

LOCATION=19 LO INPUTS=GE,TI 

In this example the conmand phrase INPUTS is followed by two component names. As many component names as are necessary to specify the inputs to apart;cular system component may be included in each component description. 

For some system components there are multiple input and/or output ports. For example, a power divider has four input power ports. When specifying the connections between such components, it ;s advisable to specify which ports are to be connected. This is done by adding the port numbers to be connected after the name of the input component. Thus, the wind turbine to transmission connection could have been more,explicitly described as: 

lOCATION=35 GR INPUTS=WT(2,1) 

This says that port 2 of the wind turbine (WT) drives port 1 of the transmission (GR). Any quantities which have no port numbers are considered "universal ports" for input connections. Thus, the GR input of GR is connected up to GR WT, and the RS input of WT is connected up to RSIGR by the above conmand. If the port designations are omitted, as they were in Example 2.1, the connections will be made to the first available input port starting with the minimum port 

BCS 40262-1 
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number. Once a connection has been made to an input port, those input quanti
ties that are connected are no longer available for further connections. An 
exception is made when the physical quantities of both input and output are 
specified. This method of specifying connections is described in the following 
paragraphs. 

For certain components, such as the arithmetic elements, the inputs to the 
component can be any physical quantity in the model. For these components, the 
input component names must be supplemented by the name of the particular output 
quantity that is to provide the input. 

As an example, consider a component that represents a linear first order lag 
transfer function. If the trJnsfer function compo~ent's input, FIN, was to be 
the rotor speed of the wind turbine WT in Example 2.1, then the statement 

LOCATION=53 LA INPUTS=WT(RS=FIN) 

wou 1 d i ndi cate to the program that of the outputs of the wi nd turbi ne, the 
output rotor speed, RS, was to be used as the input, FIN, to the transfer 
function, LA. 

To sumnarize, there are three levels of connection specification: 

1. Default (only component names are specified) 

Connections are made between all unconnected inputs and outputs for the 
first ports for which a match of physical quantity names occurs. 

2. Ports Specified 

Connections are made, between matching physical quantities for all uJlcon~ 

nected inputs and outputs of the specified ports. 
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3. Physical Quantities Specified 

Connections are made between only those quantities specified. Previous 
connecti ons can be overridden, provi di ng the three character phys ica 1 

quantity name of the previously connected variable is used. For example, 
the phrase 

LOCATION=19 LO INPUTS=GE,GE(P,2=MP2) 

will first replace the input parameter MP1LO by MP2GE and then override the 
connection MP2GE and substitute P2 GE as the LO input. 

Note: The LIST STANDARD COMPONENTS command produces a listing of all input and 
output physical quantity names and port numbers. When specifying individual 
physical connections this listing may be used to differentiate physical quan
tity names and port numbers. For example, (P,2= ••• ) denotes connection of a 
physical quantity P at port 2, whereas (P2= ••• ) denotes connection of physical 
quantity P2 without regard to port number. 

END OF MODEL 

The END OF MODEL command phrase indicates that the model description has been 
completed and that the Model Generation program should proceed with the genera
tion of the model subroutines. 

PRINT 

The PRINT command phrase causes the program to: (1) draw a schematic of the 
system model, as shown in Figure 2.1-2; (2) print a list of input requirements 
for the mOdel; and (3) print a source listing of the FORTRAN subroutines that 
were generated for the model. The Model Generation program then terminates. 
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PUNCH 

The PUNCH conmand phrase has the same effect as the PRINT conmand, but in 
addition a FORTRAN source deck of the system model is produced. 

FORTRAN STATEMENTS 

The FORTRAN STATEMENTS command phrase allows the system analyst to supplement 
the library components with FORTRAN statements. Using this feature, the 
analyst can introduce his own program logic, DO loops, etc., as necessary to 
model any system feature not obtainable with standard library components. 

One of the common uses of the FORTRAN STATEMENTS command is to input large 
tables into the model. Two function subprograms TBLU1 and TBLU2 are provided 
for this use. They perform linear interpolation from one and two dimension 
tables, respectively. TBLU1 is in general called in the form 

F = TBLU1(X,TAB(4),TAB(4+N),I,.:!:.N), 

where F is the interpolated value at the. desired point X, TAB is a one dimen
sion table with dimension N, TAB(4) is the independent variable and TAB (4+N) 
is the dependent variable list, I = 0 for equal spaced data, I = 1 for unequal 
spaced data, and the dimension N is specified as the, last variable if linear 
extrapolation is desired, and -N is specified if truncation is desired outside 
the table limits. Similarly, TBLU2 is in general called using the form 

F = TBLU2( X ,V ,TAB( 4+M) , TAB( 4), TAB( 4+M+N), IX, IV ,.:!:.N,.:!:.M,N ,M}, 

where X and V are the values of the primary and secondary independent varia
bles, Nand M are the dimensions of the primary and secondary variable arrays, 
IX and IV are indicators for equal spaced or unequal spaced data as above, and 
the sign convention on Nand M is positive for extrapolation, negative for 
truncation. 

(' 
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The FORTRAN STATEMENTS command would normally be used only when some portion of 
the system cannot be modeled with library components. When using this feature 
of. the program, the analyst must include detail connections and, naming of 
variables, that are normally accomplished by the Model Generation program. In 
return for these added tasks, the analyst gains a great deal of additional 
f'lexibility in forming details of his system model. Non ... executable code such 
as common blocks must precede the first component definition and executable 
code should come after a component has been defined for the iteration logic to 
work proper ly. 

ADD STATES 
ADD VARIABLES 
ADD PARAMETERS 
ADD TABLES 

The ADD COr+1ANDS may be used in conjunction with the FORTRAN STATEMENTS to add 
states, variables, par~meters, and tables that Occur within the FORTRAN state
ments, to the system n':l-lel. Quantities that are not specified by one of these 
conmands cannot be accessed or manipulated by the AnalYSis Program. 

Before discussing these commands, a few definitions of terms are in order. 

States: 

BCS 40262-1 

States are those quantities in the system model that 
are described by first order differential equations. 
The state variables are the result of integrating 
the set of first order differential equations that 
comprise the dynamic system model. The number of 
states equals the order of the system model. The 
states are dynamic, time varying quantities during 
most simulation studies. The initial values, 
(initial conditions), of the states must be input as 
part of the system model description. Derivatives 
of the state variables are stored in an array XDOT 
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Variables: 

Parameters: 

Tables: 

where XDOT( 1) is the derivative of the Ith state 
variable stored in the model (EQMO). 

Variables are all other dynamic time varying 
quantities in the system model that are not states. 
In general, variables are related to states by 
algebraic relationships. 

Parameters are constant scalar quantities in the 
system model. Parameters can be manipulated by the 
ana lyst to alter the system mode 1. All parameter 
values* should be input as part of the system model 
description. 

Tables are constant nonscalar quantities in the 
system model. Tables are used to represent 
algebraic functional relationships with one or two 
independent variables. All table values must be 
input as part of the system model description. 

The format for the ADD commands is that the command is followed by one or more 
phrases that contain the names of the states, variables, parameters, or tables. , 

In addition to each table name, a number, speCifying the amount of storage to 
be allocated for that table must be given. This number is positive if the 
table is two dimensional and negative if one dimensional, with absolute value 
determined by the formula: 

N = 3 + I + J + D 
where 

N = The total storage required by the table, in words. 

* For certain components, default values are provided for some parameters. 
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I = The number of data points in the primary 
independent variable table. 

J = The number of data points in the secondary 
independent variable table. (J=O if there is only 
one independent variable.) 

o = The number of data points in the dependent 
variable table. (0=1 if there is only one 
independent var i ab 1 e. 0= I *J if thel"e are two 
independent variables.) 

The following example from reference [1J illustrates the use of FORTRAN 
STATEMENTS: 

Example 2.2 

MODEL DESCRIPTION PARAMETER STUDY 

ADD TABLES = WIND,802 
LOCATION = 41 TI 
FORTRAN STATEMENTS 

C READ WIND VELOCITY DATA 

WV1WD = TBLU2(TD TI,DY TI,WIND(35),WIND(4), 
1 WIND(59),0,0,24,-31,24,31) 

LOCATION = 71 WD INPUTS = TI 

In this model, Fortran is used to input wind veloCity data. The wind table, 
denoted WIND, consists of up to 31 days of hourly wind speeds. Hence, as 

BCS 40262-1 
31 

'] 
! 
I 

: J 
I 'j 
1 
f" 
I 

, "~ 
, '~" 

'j 
l 

l , 



described previously, the total storage required is 3+24+31+24*31=802. The 
F6rtran is inserted after time of day and day of the year are computed in TI. 
In this case, N=24, M=31, the data is equal spaced, and extrapolation is used 
to provide velocity data over each 24 hour period. The variable WV1WD is the 
name of the wind input to WD generated by the precompiler. Fortran insertion 
in the model ends when the LOCATION=71 ••• command is read and a call to the 
subroutine WD is then generated. 

Note: When interpolation of one dimension, egui-spaced data is desired, it is 
possible to reduce the table dimension and table input by using the following 
alternative procedure: 

32 

(1) Set the table dimension for the ADD TABLES command to 6+N, where N is 
the length of the dependent variable data. 

(2) The call sequence for linear interpolation is changed to 

F = TBLU1(X,TAB(4),TAB(6),0,+N), 

where F is the interpolated value at the desired point X and TAB is 
the one dimension table name specified in the ADD TABLES command. 

(3) The tabular data input to the simulation program as specified in 
3.1-2 is modified such that only the first two values of the indepen
dent variable table are specified, i.e., the data cards for the table 
TAB may be input as follows: 

Card 1 
Card 2 
Card 3 

TABLE, TAB = N1 
Xl, X2 
Yl, Y2, ••• YN 

where N1 = N/2 + 1 if N1 is even and N1 = (N+3)/2 if N is odd, Xl, X2 
are the fi rst two va 1 ues of the independent var i ab 1 e table, and 
VI, •.• N are the values of the dependent variable table. 
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LIST STANDARD COMPONENTS 

The LI ST STANDARD COMPONENTS cOlnnand phrase causes the program to pri nt ali st 
of all standard components. For each standard component, lists of inputs, 
outputs, and tab les for that component are provi ded. For ~ach input, the 
ph~sical quantity name and port number is given. For each output, the physical 
quantity name, port number, and the letter S, if the quantity is a state is 
given. For each table, the table name, the number of independent variables and 
the maximum amount of storage allowed is provided. This conmand is usually 
given as the first command of a model description and wi 11 result in a 1 ist of 
all standard component information as the first output from the Model Genera
tion program. 

2.2 NAMING CONVENTION 

All standard components are given names consisting of two characters, the first 

of which is alphabetical~ Thus we have WT for wind turbine, GE for generator, 
WD 'for wi nd model, etc. Whet'e mu 1 ti P 1 e components of the same type are 
required, the second character is used to distinguish between the different 
models of the same basic component type. A specific component in a model can 
be distinguished from other components of the same type by adding one more 
character to the standard component name. This character is usually numeric 
but can also be alphabetical or blank. Thus a given model can contain up to 37 
different components of the same standard component type. For example, a model 
with ten different wind turbines might have these components designated as: 

WT1,WT2,WT3, .•••• ,WT8,WT9,WTA 

2.2.1 Variable, Parameter, and Table Naming Conventions 

All of the input, output, and tabular quantities required by each component in 
a system model must have unique FORTRAN names. These quantities are given 
names conSisting of up to three characters that describe the physical quantity 
they represent. 
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Since a sing 1 e component may have severa 1 inputs or outputs of the same physi,~ 
cal quantity, a port number may be added to the second or third character of 
the physical quantity name to prevent duplication. 

The physical quantities that are outputs of a given component are identified by 
catenating the three character name of that component to the three character 
name of the physical quantity. In this way, unique six character FORTRAN names 
are generated for all output quantities of the system model. 

Input quantities to a component that are driven by another component carry the 
names of the component that drives them. Any inputs that are not driven by 
other model components are assumed to be parameters and are assigned the name 
of the component for which they are an input. 

If a component should require tabular data as an input, unique table names are 
generated just as scalar input quantity names by adding the component name to 
the table name. A pictorial representation of the character assignment in 
component, variable, and table names is given in Figure 2.2-1. 

2.3 MODEL SCHEMATIC 

The Model Generation program produces an information flow or schematic diagram 
of the system being modeled. This schematic is crude but is inexpensive and 
does not have the flow delays associated with more elaborate plotting methods. 
Its purpose is to provide a means of rapidly locating errors in the model 
description. 

In order to construct a schematic diagram in an efficient manner with a reason
able size program, it was necessary to establish some simple rules for symbol 
generation, component connection paths, and labeling. If these rules are kept 
in mi nd when 1 ayi ng-out a schematic for the system, the SIMWEST produced 
schematic will match that developed by the analyst. If the rules are violated, 
the SIMWEST schematic should still be correct, but may contain some unusual 
component connection paths and some labeling information may be overwritten. 
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INPUT/OUTPUT OR TABLE NAMES 

PHYSICAL QUANTITY 
OR TABLE NAMES 

STD. 
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NAME 

SPECIFIC 
COMPo 

IDENTIFIER r,..----.. ~--~"r,..--... ~-..... ,,. ,..., , 

- V 
PORT NO. 

(IF REQ' D) 

... 

SPECIFIC COMPo NAME 

FIGURE 2.2-1 CHARACTER ASSIGNMENT INPUT/OUTPUT OR TABLE NAME 
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2.3.1 Stafldard Schematic Form 

The SIMWEST schematic diagrams are produced on a standard 11" by 14" line-, 

printer page with 80 component locations per page. A standard form containing 
only the location numbers can be obtained by executing the Model Generation 
program with the single program command, PRINT. This form can then be repro
duced and the copies used as forms for drawing system model schematics. 

2.3.2 Input Quantity Labeling 

The names of the physical quantities that are input to one component from 
another component are 1 i sted adj acent to the downstream component symbo 1. 
These labels are placed near the connecting line that joins the two components. 
Sin'ce these names are composed of the physical quantity name and the name of 
the' component that generates the information, the source of the input is 
evident from the name itself. Parameter and tabular inputs to a component are 
not shown on the schematic. These constant inputs are described in the Input 
Requirements List. 

2.3.3 Component CO,nnection Paths 

In order to keep the requirements of the SIMWEST schematic subroutine small, it 
was necessary to limit the types of connecting paths between components to a 
few basic routes. These paths are shown in Figure 2.3-1. Connections between 
components on the same horizontal or vertical line are straightforward. How
ever, connections between components that do not share a horizontal or vertical 
line require a two segment path. These paths have been arbitrarily chosen to 
follow a clockwise route. It is therefore advisable that components that are 
on diagonal locations be placed in a clockwise sequence. If coonter-clockwise 
flow between components is necessary, it can be acconmodated by placing the 
components on the same horizontal or vertical lines. 
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The SIMWEST schematic subroutine makes no attempt to go around components that 
get in the way of a connection path. Such components are "run-over" by the 
connecting line. 

2.3.4 Additional Pages 

The SIMWEST schematic diagram may be broken into as many pages as are nec
essary. No attempt is made to draw connecting paths between components located 
on different pages. It is therefore advisable to minimize the number of con
necting paths between pages. This can usually be done by grouping components 
with many interconnections on the same page and placing page boundaries between 
such groups of components. 

2.3.5 Guidelines for Schematic Layout 

The following guidelines may help in creating schematic layouts that can be 
duplicated by the SIMWEST program. 

1. Try to place connected components on the same horizontal or vertical line. 
2. Avoid plaCing components on adjacent location points. 
3. Place diagonal components so that flow is clockwise. 
4. Group components to minimize flow paths between pages. 

2.4 WARNING MESSAGES 

One or more of the following warning messages will occur if the program is 
unable to interpret a portion of the model description or encounters problems 
in assembling the system model. These messages will be preceded by: *** 
WARNING *** or *** NOTICE ***. The symbols xxx and zzz are used to indicate 
phrases from the model description that are included as part of the warning 
message. The following messages are listed in alphabetical order: 
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1. CAN'T IDENTIFY xxx AS A STANDARD COMPONENT 

xxx will contain the first two characters of the phrase which cannot be 
identified as a command or standard component. This message will often 
follow other warning messages as the program makes successive attempts to 
interpret the given phrase. 

2. CAN'T IDENTIFY xxx AS A VALID INPUT COMPONENT TO III 

The component xxx cannot be found in the 1 ist of components for the 
current system model. 

3. CAN'T LOCATE xxx AS AN INPUT COMPONENT TO LOCATION n 

This message indicates that the component xxx, which provides inputs to 
location n in the schematic, has not been assigned a location number. 
Check for a missing LOCATION statement or misspelling of the component 
name. 

4. COMPONENT xxx DEFINITION WASN'T COMPLETED BEFORE STARTING THE DEFINITION 
OF COMPONENT lZZ 

The command INPUTS was not given between the component names xxx and lZl. 

Check for proper spelling of INPUTS and a valid delimiter after the phrase 
xxx. 

5. COMPONENT xxx HAS ALREADY BEEN DEFINED 

The component xxx was defined in a previous LOCATION statement. 

6. LOCATION NO. xxx FOR COMPONENT III HAS LAST TWO DIGITS OUTSIDE THE 
ALLOWABLE RANGE 1 TO 80. NO SYMBOL WILL BE PLACED IN SCHEMATIC FOR THIS 
COMPONENT 
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This message will occur at the end of the model description for a 
component ZZZ which has an invalid location number. The system model may 
still be valid but the schematic will not contain this component. 

7. NO. xxx OUTPUTS MATCH UNSATISFIED IZZ INPUTS 

Check that it was intended to drive component Zll with component xxx or 
that the inputs to III have been previously satisfied by other component 
connections. 

8. TABLE NAME xxx MUST BE FOLLOWED BY A NUMERIC DIMENSION RATHER THAN ZIZ 

When using the ADD TABLES command, it is necessary to provide the maximum 
amount of storage to be allocated for the table as well as the table name. 
This storage value must be a numeric quantity. 

9. THE FOLLO.WING CO.MPO.NENTS Fo'RM AN IMPICIT LO.O.P. XXX~I lIZ, ••••• 

Implicit loops can often be corrected by inserting a component with a 
state variable as its output, e.g., a simple linear lag, LA. All models 
containing Fo'RTRAN STATEMENTS will receive this warning. 

10. THE SEQUENCE o'F THE FO.LLO.WING CO.MPO.NENTS HAS BEEN ALTERED TO. FORM AN 
EXPLICIT Mo'DEL. xxx, lIZ, ••• 

The model component sequence as given contained implicit equations. By 
altering the component sequence it was possible to form an expl icit model. 

11. xxx IS No'T A VALID INPUT QUANTITY o'R PO.RT DESIGNATIO.N Fo'R CO.MPO.NENT lIZ 

The phrase xxx cannot be located as one of the input quantities or input 
ports of the component IZI. No connections will occur. Check the list of 
standard components for the proper spelling or port designations for this 
component. 
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12. xxx IS NOT A VALID LOCATION NUMBER 

The LOCATION command must be followed by a numeric location number. 

13. xxx IS NOT A VALID PORT DESIGNATION FOR INPUT COMPONENT zzz. ERRONEOUS 
CONNECTIONS MAY nCCUR. 

The phrase xxx cannot be located as a valid input port for the component 
zzz. Connections will be attempted using the upstream output port that 
was identified. 

2.5 MODEL GENERATION LIMITATIONS 

Certain limitations exist in the Model Generation program due to array dimen
sions within the program. for most applications these limits should not be 
encountered. However, if they should be encountered they can usually be 
extended at the expense of larger core requirements to execute the program. 
The following table describes these limitations: 

Limitation Description 

Standard components in library 
Components per model 
States per model 
Inputs per any standard component 
Outputs per any standard component 
Tables per any standard component 
Ports per any standard component 
Tables per model 
Table dimension (words) 
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Maximum Value 

150 
200 
200 
50 
50 
15 
10 

100 

960 
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3.0 SIMULATION PROGRAM 

Once a model has been generated as described in Secticn 2.0, the user must 
de~cribe the simulation he wishes to perform. This involves specifying the 
various parameters detailing the model components and setting the model ini
tial conditions. It involves defining input data tables and the type and 
quantities of printed output, both tabular and plotted. The user must also 

I 

specify the number of iterations he wishes to perform at each time step and the 
maximum number of component diagnostics. This section describes the commands 
for specifying the simulation and gives some example output. 

3.1 MODEL INPUT DATA 

A dynamic system model requires that the values of model parameters, tables and 
initial conditions, be provided to complete the model description. Sections 
3.1.1, 3.1.2 and 3.2 describe the methods used to specify parameter values, 
tables, and initial conditions. 

3.1.1 Scalar Data 

PARAMETER VALUES (Default values = .99999) 

This program command allows the numeric values of parameters to be loaded into 
the system model. The PARAMETER VALUES command is fo 11 owed by one or more 
~arameter names followed by a numeric value. Each name and its value are 
separated by one of the standard delimiter symbols. This command is used to 
specify the values of all system model parameters at the beginning of an 
analysis. It may also be used at any point between analyses to modify the 
value of one or more model parameters. A default value of .99999 is provided 
by the Model Generation program for all parameters not so specified. 

~R.ECEDING PAGE BLANK NOT FILMED 
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Example 3.1-1 

PARAMETER VALUES = CYCLES = 6.01, TO TI = 0, EW WP = .2, 

CR CM = 15, LE CM = 30, MDEHS = 4.E5, ••••• 

3.1.2 Tabular Data 

If tabular data is required by the system model, it should be loaded before any 

of the simulation commands described in Section 3.4 are issued. Tables may be 

modified between analyses 'iJy loading new values. The tables required by a 

SIMWEST generated model are specified in the Input Requirements List. These 

tables may have either one or two independent variables. All data items are in 

a free field format with each item separated by one of the standard delimiters: 

comma [,], equal sign [=], left or right parenthesis [()], or three or more 

consecutive blank spaces. The data iteti)$ required for each table are placed on 

cards as follows: 

where: 

Card 1 
Card 2* 
Card 3* 
Card 4* 

Table Name 

NX 

TABLE table name 

Z table values 
X table values 
Y table values 

NX NZ 

The six character table name generated by the Model 

Generation program. 

The number of points in the primary independent vari

able table. 

NZ** - The number of points in the secondary independent 

variable table. 

Z table ** - Table of NZ secondary independent variable values. 

X table - Table of NX independent table values. 

Y table 1 or NZ tables of NX dependent variable values. 

* As many cards as required may be used. Each table must start with a new card 

and NZ, NX, and NX*NZ points must be given per table. 

** These items are omitted for tables with one independent variable. 
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A copy of all tabu 1 ar input data is pri nted as it is interpreted from data 
cards. The following example shows the data cards for a one and a two indepen
dent variable table. 

Example 3.1-2 

TABLE, TABON E, 10 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10 

Card 1 

Card 2 
Card 3 
Card 4 
Card 5 
Card 6 
Card 7, 

Card 8 
Card 9 
Card 10 

11, 12, 13, 14, 15, 16, 17, 18, 19, 110 
TABLE, TABTWO, 5, 4 
10.3, 20.4, 30.5, 40.6 
1,2, 3, 4, 5 

11, 12, 13, 14, 15 
21, 22, 23, 24, 25 
31, 32, 33, 34, 35 
41, 42, 43, 44, 45 

The printout of these tables would be: 

TABLE TABONE 
PRIMARY INDEPENDENT VARIABLE TABLE 

1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000 10.00 
DEPENDENT VARIABLE TABLE 

11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 110.00 

10.30 

1.000 

11.00 
21.00 
31.00 
41.00 

BCS 40262-1 

TABLE TAB TWO 
SECONDARY INDEPENDENT VARIABLE TABLE 

20.40 30.50 40.60 
PRIMARY INDEPENDENT VARIABLE TABLE 

2.000 3.000 4.000 
DEPENDENT VARIABLE TABLE 

12.00 13.00 14.00 
22.00 23.00 24.00 
32.00 33.00 34.00 
42.00 43.00 44.00 

5.000 

15.00 
25.00 
35.00 
45.00 
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3.2 INITIAL CONDITION, ERROR, AND INTEGRATION CONTROLS 

INITIAL CONDITIONS (Default value = 0) 
ERROR CONTROLS 
INT CONTROLS 

(Default value = 0.1) 
(Default value = 1.0) 

These program commands may be used to specify state variable initial condition 
values, integrator error controls, and integrator status, (either active (=1) 
or frozen (=0)). Default values are furnished by the simulation program. 
However, it.js strongly recommended that values appropriate to the particular 
system model be furnished for the initial conditions and error controls. 

Each of these commands is followed by phrases of the form of a state name 
followed by a numeric value. 

Example 3.2-1: 

INITIAL CONDITIONS = MA HS = 1.6E6, E TS = 600, VDELO = 0, •••• 
ERROR CONTROLS = MA HS = 10, •••• 
INT CONTROLS = MA HS = 0, E TS = 1, VDELO = 1, ••••• 

ALL STATES (Default Condition) 
NO STATES 

These program commands may be used to activate or freeze all system integra
tors. These commands are normally used together with the INT CONTROLS command 
to specify the desired integrator configuration. 
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3.3 INITIAL CONDITION STORAGE COMMANDS 

XIC-X 
XIC-XICI 
XIC-XIC2 
XIC-XIC3 
XICI-XIC 
XIC2-XIC 
XIC3-XIC 

These progt'am cOl1l11ands are used to transfer data from the current state vector, 
X, to the initial condition vector, XIC, and between the XIC vector and three 
auxiliary initial condition vectors XICl, XIC2, XIC3. 

Example 3.3-1 

XIC1-XIC, XIC-X, XIC2-XIC 

The three program cOlmlands shown above would take 'the current operating point 
(initial condition vector) and store it in vector XICl; then transfer the 
current state, X, into XIC; and then store that value of XIC in XIC2. 

3.4 SIMULATION COMMANDS 

SIMULATE 

This program conmand initiates simulation operation. Associated with this 
command are the program values: 

Default Valu~s: 
TINC = time increment, hours 0.1 
TMAX = dUration of the simulation run, hours 1.0 
INT MODE = integration mode control 3 
OUTRATE = output rate 1 
PRATE = print rate 1 
PRINT CONTROL = print control variable 0 



..... "., 

These program conmands specify the integration time increment, duration of 
simulation run, the integration mode, the simulation output rate, the printing 
rate, and the quantity of printing,at each point in time. These quantities 
should be specified before the first issuance of the SIMULATE command. 

The Time increment, TINC, provides the integrator time step size, in hours, for 
the integrator. TINC also provides the report interval for which data will be 
available for printing or plotting. The default value for TINC is"O.l. 

The duration of a simulation calculation in hours, is specified by the TMAX 
parameter. The default val ue of TMAX is 1. 

The integration mode control, INT MODE, allows one of three different integra
tion methods to be selected according to the values given below. The default 
value of INT MODE is 3 • 

INT MODE 
1 

2 

3 

Integration Method Selection 

Method 
Variable Step, Variable Order Gear 
Variable Step, 4th Order Runge-Kutta 
Fixed Step Euler (2nd order) 

I 

The error controls specified in Section 3.2 determines the system step except 
for INT MODE = 3. 

The output rate parameter, OUTRATE, determines the sampling rate at which 
simulation data is added to plots. Thus, if OUTRATE is set equal to 10, data 
will be plotted every 10th time increment, TINC. The default value of OUTRATE 
is 1. OUTRATE should only be set to positive integer values. 

The number of data samples plotted for a simulation analysis is thus given by: 
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No. of Plotted Samples = TMAX + 1 
TINC*OUTRATE 

For most simulation operation, the plotted output specified by the DISPLAY 
commands is the primary output and little printer output is used. However, for 
diagnosing problems in a simulation, the line printer options provided by the 
PRINT CONTROL parameter allow large amounts of detailed information about the 
simulated system to be obtained. 

The value of the PRINT CONTROL parameter controls the quantity of data printed 
at each report interval as shown in Table 3.4-1. Options 1 through 4 give 
"snap-shots" of all states, rates, variables, and parameters of the system 
model at a particular point in time. Option 5 provides tabular lists of up to 
10 specified quantities.* The default value for PRINT CONTROL is O. 

PRINT CONTROL 
o 
1 

2 
3 

4 

5 

TABLE 3.4-1 

Print Control Values 

ReSUltant Lineprinter Output. 
None (Default Condition) 

All states, rates, and time 
All states, rates, variables, and time 
All states, rates, variables, and parameters 
at time = 0 
All states, rates, variables, and parameters 
Time and the quantities specified via PR!NT 
VARIABLES command. 

The PRATE parameter determines the sampling rate at which the simulation data 
specified by the PRINT CONTROL parameter i s pl~esented on the 1 ineprinter. Thus 
if PRATE is set equal to 5, data will be printed on the lineprinter every 5th 

{ * See the PRINT VARIABLES command description below. 
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time it is added to the output plots. The rate of output to the lineprinter can 
never be greater than that to the plots. The default value of PRATE is 1. 
PRATE should only be set to positive integer values. 

The number of data samples printed for a simulation analysis is thus given by: 

No. of Printed Samples = TMAX + 1 
TINC*OUTRATE*PRATE 

Example 3.4-1: 

PRINT CONTROL = 2, TINC = .01, TMAX = 10., 
OUTRATE = 10, PRATE = 10, SIMULATE 

In the example, the simulation would run for 10 hours. Plotted output would 
occur every .1 hour, (10* .01), and printed output would occur every 1. hour 
(10* 10* .01). 

PRINT VARIABLES 

This program command allows up to ten variables to be specified for printing 
under option 5 of the PRINT CONTROL. This command is followed by from one to 
ten state, rate, or variable names separated by delimiters. This command wipes 
out all previously stored PRINT VARIABLES names. 

Examp 1 e 3.4-2: 

PRINT VARIABLES = MA HS, E TS, VDELO 

3.5 PLOT DESIGNATION COMMANDS 

50 

PRINTER PLOTS 
PLOT OFF 
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The above program commands allow the plotted output to be turned on or off. 
The default condition is PLOT OFF. It is therefore necessary to include the 
PRINTER PLOTS command before requesting any analysis from which plots are 
desired. The PLOT OFF and PRINTER PLOTS commands can be issued between simula
tion requests if it is desired to omit the plotting of certain analysis re
sults. 

DISPLAY1 
DISPLAY2 
DISPLAY3 
DISPLAY4 
DISPLAY5 
DISPLAY6 

These program commands may be used to define the quantities to be displayed by 
lineprinter plots for simulation calculations. These commands must be issued 
before the simulation analysis is requested. From one to five plots may be 
specified per display. Each plot is specified by stating the dependent varia
ble and the independent variable separated by the 1etters VS. If desired, the 
independent and dependent axis scale ranges can also be specified. The inde
pendent scale range is specified by the word XRANGE followed by the minimum and 
maximum values for this scale. The dependent scale similarly is specified by 
the word YRANGE. If scale ranges are not specified, values will be used that 
span the given data. 

SI MANUAL SCALES 
SI AUTO SCALES (Default Condition) 

TheSI MANUAL SCALES command allows the plotted output requested by the DISPLAY 
commands to be plotted on manual scales specified by the YRANGE and XRANGE 
commands. The SI AUTO SCALES command can be used to return plotting to the 
automatic scaling mode. Auto scales are selected so that they span each 

""... plotted quantity. The auto scale option is the default used until manual 
{f 
'It .'-
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scales are requested. The PRINTER PLOTS command is also required to obtain 
plots. 

Example 3.5-1: 

st MANUAL SCALES, PRINTER PLOTS , 

DISPlAYI 
WV2WD, VS, TIME, YRANGE = 10,40 
P~ PO, VS, TIME, YRANGE = 0,1000 
pa PO, VS, TIME, YRANGE = 0,1000 

i 
DI:SPLAY2 

i 

P2 IV, VS, TIME 
RE2BA, VS, TIME 

I 

REllO, VS, TIME 
DISPLAY3 

PI PO, VS, P2 PO, YRANGE =0,1000, XRANGE = 0,1000 

TITLE 

The TITLE command allows a title to be placed on all plotted output. Up to 74 
characters may follow the del imiter after the TITLE command. The TITlE command 
may be changed before each analysis. Once defined, the title remains in effect 
until a new title is entered. 

Example 3.5-2: 

TITLE = BATTERY TEST MODEL 

3.6 ITERATION AND DIAGNOSTIC CONTROL 

There are three built-in parameters in any SIMWEST model: CYCLES, DLINES and 
RESET. These parameters are specified similar to component parameters using 
the PARAMETER VALUES command. 
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CYCLES controls the number of iterations through the model to obtain steady 
state. If CYCLES < 1. then only one pass is made through the model. If CYCLES 
is a positive integer then the maximum number of iterations through the model 
is equal to CYCLES + 1. If cycles is positive, but not an integer, then the 
maximum number of iterations is equal to the smallest integer value exceeding 
cycles. A maximum of 20 iterations are permitted per time step. Most of the 
models tested require no more than six iterations per time step to attain 
steady state. A complex model with cascaded logic components may require more. 

Each of the model output variables are monitored each pass for convergence. If 
all of the outputs are converged within 3% of their previous values, then one 
final pass is made through the model. Otherwise, all variables exceeding 5% of 
their previoys value are printed out after the last iteration. 

Since output statistics are only updated the last iteration, some of the 
variables printed indicating nonconvergence are statistics, and as such should 
be ignored. 

DUNES controls the amount of convergence related pri ntout as well as the 
amount of diagnostic printout from the library components. If DUNES> 0 then 
the total number of diagnostics is limited to DUNES. Figure 3.6 shows a 
typical section of diagnostic printout using DUNES> O. If DUNES < 0 then 
only library component diagnostics are printed with no more than - DLINES'of 
output. Typically, DLINES = 50 is sufficient to catch most simulation errors 
per run. 

------, --_ .. ---------------~ ,. 'TO~A'E 'l~PlNATURE , ..... OutllD[ IIlhl .. U" 111.000 

Ulll- ",!to 
-----. -p, ii"- Ho ... eOIolVfll&£ilCf..-1)\.i)-¥6L-UE--· -JI •• U -''''EII VALUt----5JtiJn----" &t HO ... CO.,.V[R&EHCE. OLD VALUE- lO,6J8 HE- VALUE_ 2'.0" PL GE hONCD"VERGlNCE. OLD VALUt- 1.175 Nt., VALUE- 1.211 --,---- - -_._ ... _--- - ._--.--. -- -----H, RESERVOiR VOLUII[ 71110,.0. DROP£D bfLOW IIIHIIIUII 10000,000 
-J.-.. 'nR'Ii£-U"'[""URE--~''''.--OUftlot:''''r'''r"u,,- -., 60iOOo-AfCD·-t!61.OIUM--'12iOOO-
,. 'TOR"E T[I'Vt"'TURE S ••••• DUTIlDt .. 11 .... 1.1" '0,000 AND NA.I~UN ZU.OOO ----_.-.. _._---------------- -- ---.... b OUTIIOE "11I!f'U" '0,000 AND M'IINU_ 211.000 

FIGURE ~.6 TYPICAL DIAGNOSTIC OUTPUT 
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RESET controls the initialization value for the random number generators if 
several simulations are run back to back. If RESET >0 (Default) then the same 
random numbers are used for each simulation. If RESET ~ 0 then the random 
numbers at the start of each simulation are obtained from the last value at the 
end of the previous simulation. 

3.7 DEFINE COMMANDS 

DEFINE STATES 
DEFINE RATES 
DEfINE PARAMETERS 
DEFINE VARIABLES 

These program commands may be used to replace model generated names by user 
d~fined alphanumeric names for system states, rates, parameters, and ! 

v~riables. (State variable derivatives, (Rates), are generated as Rl, R2, ••• 
f9 r all models. Rl, R2, ••• refer to the rates of the first, second, ••• 
states respectively.) If it is ·desired to replace these machine generated 
names with other names, the DEFINE command may be used to substitute any eight 
character name of the analyst's choosing. These names are associated with the 
corresponding numeric quantities located in the labeled commons ICX/, ICXDOT/, 
ICP/, and ICV/. The appropriate location for each quantity is printed out 
along with the quantity name prior to each simulation. Each of these commands 
is followed by phrases containing the location numeric followed by an 
alphanumeric name with one to eight characters the first of which must be 
alphabet it. 
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Example 3.7: 

DEFINE STATES 
1 = PRESSURE, 2 = STROKE, 5 = VELOCITY, 7 = ANGLE 

DEFINE PARAMETERS 
5 = MASS, 35 = OCT AREA 
DEFINE VARIABLES, 1 = T OUTLET, 2 = LIQ H20 

Note that the program commands, numeric values and alphanumeric names must be 
separated by de 1 imi ters whi ch are: comma [ ,], equals [::: J, 1 eft parentheses 
[(], right parenthesis [)], or three or more consecutive spaces. 

3.8 FUNCTION SCAN COMMANDS 

I 

SCAN1 
SCAN2 

These program commands initiate the calculation of general algebraic functions 
of one or two independent variables. Associated with these commands are the 
program names and values 

1. DEPEN = dependent variable 
2. INDEPl = 1st independent variable 
3. INDEP2 = 2nd independent variable 
4. START1 = starting point of 1st independent variable 
5. STOP1 = stopping point of 1st independent variable 
6. START2 = starting point of 2nd independent variable 
7. DEL TA2 = increment of 2nd independent variable 
8. CURVES2 = number of 2nd independent variable values 

which specify the dependent and independent variables and scan ranges of these 
quantities. These quantities must be set to their desired values, before 
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requesting the general algebraic function evaluation. If a single function is 
requested, i.e., SCAN1, only items 1, 2, 4 and 5 need be specified. 

Example 3.8: 

DEPEN = I PV, INDEPI = STlS0, INDEP2 = TC FP, STARTI = 0 
STOPI = 3000, START2 = 20, DELTA2 = 30, CURVES2 = 4 
SCAN2 

In this example, the output current of a photovoltaic array, I PV, is 
calculated as a function of solar insolation, STlSO, and cell temperature, 
TC FP (See Example 9.2). 

3.9 EXAMPLE OUTPUT 

Figure 3.9 shows a sample of the output print format generated using PRINT 
CONTROL = 3. This sample is taken from the Fresnel Lens Collector Model 
described in Section 9.3, which is a simple model. At each print time the 
output quantities are indexed by number and component name as they occur in the 
model. For example, first all the variables for component TI are printed, then 
all variables for component ED, etc. The parameter values at time = 0 show 
both the input values and the default parameters. After T = 0 only the states, 
rates, and output variables are printed. Since all the model. connection 
variables and output variables are printed, this mode is especially valuable 
for program debugging and analysis at a fixed time. The printer plots, samples 
of which are shown in Sections 8 and 9 are useful for monitoring the time 
behavior of critical parameters such as energy in storage and percent of load 
delivered by storage. 
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c- ~. r 
/-/,,/./ SIMULAT!Q~ A~~_USU 1.I.L~L1 " 1 

PRHtJ UrE: 12 O[SPlAY RATE: 1 MODE: 3 T[NC: .51000 TMAX= 16a.OO 1 
; 

FRESNEL LENS COLLECTOR (INCREMENTAL COST COHI'UUTlON) 

~ CA5E NO. 1 1'J/03/12. 15.S9.0~. 
(/) 

.:::a. 
~ ED: STATION ID=13985 YEAR 19(.0 
m 
N 
I 

..... TIME:: o. 
1 OP FO :: o. 

I Rl = o. 

00 1 
..... ::0 6 

T TI 
vy Tt 
n ED 
FO HA 
T2 FO 
lTIFO 
EF2PV 
T TS 
lO TS 
RE Tl 
L02LO 
CN lO 

"'0 e 11 
02 16 
o li 21 
:u r- 26 

gl 
)Itt;) 
r-", 

~iii 

f..T1 
-......I 

31 
36 
41 
.6 
51 
56 

1 TO TI 
6 H2 ED 

11 H1 ED 
Hi A. fO 
21 C1 HA 
26 TAUFO 
II ES FO 
36 RC fa 
H NT fO 
.. 6 OEt~FO 
51 COPFO 
56 SL PV 
61 ~S PV 
66 r-. PV 
7t ILlPV 
16 CF PV 
111 NU T5 
86 DH TS 
91 (FlTS 
96 R TS 

101 VE TL 
106 NC lO 
hi cHPILO 
116 DLINES 

:: o • 
:: 1.0000 
:: 11.050 
:: 31.118 
:: o. 
:: o. 
:: .33800 
:: 100.00 
:: .15160 
:: .15760 
:: o. 
:: -.3262. 

:: o. 
:: .9'1999 
:: .993QQc 
:: • 'J':J999 
:: .55556 
:: 1.0000 
:: .5000~ 

:: .60000[-01 
:: 24.000 
:: 98(JeOO 
:: 2.0000 
:: 1000.0 
:: 600.00 
:: 1.5600 
:: .';0000E-04 
:: .<J9~99 

:: .10000[-01 
": .81"100E-02 
:: .9,}999 
:: .JoaOOE-OJ 
": .50000E-01 
:: .99999 
:: .10000E+l1 
:: 50.000 

2 E TS 

2 R2 

2 TO TI 
1 HY TI 

12 )(5 ED 
'11 TC fO 
22 PH FO 
21 V P1I 
32 SP PV 
37 H TS 
.2 TSUTS 
47 PC TL 
5,2 SRELO 
57 DUMCH 

2 N)( ED 
7 "3 ED 

12 HI' EO 
17 A5 ED 
22 C.2 MA 
27 AHeFO 
]2 EI FO 
37 ABlFO 
'2 MFi·'FI) 
47 COCFO 
52 VT PV 
57 SH P1I 
52 N? PV 
67 VI PV 
12 OS PV 
17 QAKPV 
82 TS TS 
81 PO rs 
=)2 "'PITS 
97 CM TS 

102 NC TL 
107 CT LO 
112 EFllO 
11 i REsn 

80.000 

:: -.95760 

:: .1001)0E-05 
:: 1.0000 
:: o. 
:: .60000 
= O. 
= O. 
= o. 
:: 6825.9 
:: 100.00 
:: 100.00 
:: o. 
:: o. 

= 4.0000 
= .99-)99 
:: .99')99 
= .99999 
:: -11.11F.l 
:: .951)00 
:: .50000 
= .50000E-Ol 
:: .!loaOO 
:: .65100 
:: .93999 
:: 2'5000. 
= '1.0000 
:: .60000 
= .29215E-1. 
:: 11(,10. 
:: 5.0iJOO 
:: 12.000 
:: .10000::+09 
= 7.2001) 
": .201)00 
:: .99')99 
:: .99999 
:: .9999q 

SUTES 
3 VOETl ~O. 

RATES 
3 Rl = .78800[-)2 

VARIABLES 
3 TW T1 :: • .10000E-) 5 
8 )(1 EO = o. 

13 )(6 ED = 
18 TS fO :: 

O. 
.60000 

23 PI FO = o. 
28 P PV :: o. 
33 [ TS :: O. 
38 CCOTS :: 50."00 
43 TSLTS :: 100.00 
.8 SlOTL = .39400E-)1 
53 SOElO = o. 

3 
8 

13 
18 
23 
28 
33 
38 
43 
.. 8 
53 
58 
63 
68 
73 
18 
83 
88 
93 
98 

10l 
108 
11l 

PARAHETERS 
[III'JEO :: 
H. ED :: 
At EO :: 
A6 ED = 
TFOfO :: 
EFFFO :: 
CV FO :: 
sprFO = 
DT FO :: 
HC FO :: 
TL PV :: 
SR PV :: 
11 PV :: 
R'i PV :: 
o T P1I = 
RI\PPV = 
VO TS = 
P" TS :: 
CP2TS :: 
CSATS :: 
TO LO :: 
HN LO :: 
CR CH = 

.99999 

.99999 

.999':H 

.99999 

.. 2.718 
.12000 
3.7500 
HM.O 
.15000E-11 
.10000[+lO 
2iJ.OilO 
25'000. 
.60000[-)1 
.55000£-11 
.117HE-J 7 
1.3000 
.99999 
2".000 
.29300E-.3 
50.000 
.99999 

O. 
15.000 

4 VDELO 

4 R4 

" DW TI 
9 ,X2 ED 

14_Xl EO 
19 FMOFO 
2.4REAFO 
29 I PV 
34 MP2TS 
39 RE2TS 4. HE TS 
49 SPoElL 
5.. PC LO 

, 
9 

H 
19 
24 
29 
3. 
39 
44 
49 
54 
59 
61J 
69 7. 
79 
81J 
89 
'H 
99 

104 
10 '1 
114 

TS ED 
~5 ED 
A2 ED 
A7 ED 
CHOfO 
SPAfO 
Cl FO 
HIFO 
COSFC 
CC FO 
TH PV 
RC PV 
12 PY 
AD PV 
DSTPV 
CC PV 
TH1TS 
MFHTS 
TOllS 
CSBfS 
OW LO 
STOLO 
LE CPI 

= o. 

= o. 

= 1.0000 
:: o. 
,= o. 
:: o. 
:: O. 
:: o. 
:: 158.22 
= 2 •• 000 = 80.000 
:: • 39~0 OE-Ol 
= o. 

= -.50000 
.99999 
.99993 
,.9'9999 
2.0000 
025000E-01 
3.9000 
.loonOE-ol 
202.00 
24.000 
120.00 

:: 
:: 

:: 

= 
:: 
:: 
:: 
:: 

:: 

= 

= 
:: 

:: 

:: 
:: 
:: 

::: 
:: 

:: 

= 
= 

25.000 
le5000 
.l'HOOE+34 
.18113E-07 
100.00 
212.00 
9001].0 
~O.OOO 
15.200 
.99999 
.99999 
20.000 

5. 0., TI 
10 X3 ED 
15 X8 ED 
20 Tl FO 
25 REFFO 
30 £FlPV 
35 UHS 
40 MF TS 
45 "FUTS 
SO RElLO 
55 T[HLO 

5 HI ED 
10 H6 ED 
IS A3 EO 
20 A8 EO 
25 AL FO 
30 EL FO 
35 Nl FO 
U FIRfO 
45 THSFO 
50 CM fO 
55 TR PV 
60 AA PV 
65 IJ PV 
10 EGOPV 
15 KD Pit 
80 C~ PV 
85 TOlTS 
90 Tons 
95 HI2TS 

100 LE TS 
105 IoIY LO 
110 VE LO 
115 CYCLES 

:: 1.0000 
= .600011 = o. 
= 0'. 
= o. 
:: 1.0000 = o. = 8.96.1 
:: 8.9ii4' 
:: O. = -1.0001) 

:: .9,)999 
:: .99'199 
:: .999')9 
= .9')999 = .'JoOOa[-Ol 
": .90000 = 120.00 
:: 1.0000 
:: .30000E-02 = 50.000 = t20.0J 
:: .60000 
= .60000E-Ol 
:: 1<\000. 
:: .20131E-31 
:: 50.000 = 60.000 
:: 4.0ilOO 
= 212.00 
:: 30.000 
= • 99Cjl99 = .50000E-Ol 
:: ••. 0100 

:i 
1 
J 

. " 

~ 
,1 

1 , 

~ 

1 
~ 

i 
1 
,j 
1 

j 
), 

" 

! 

.j 
j 
I 
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4.0 JOB CONTROL PROCEDURES 

This chapter describes the job control procedures used on the BCS computer 
network MAINSTREAM-EKS to execute SIMWEST and to develop library components. 
The user at other CDC computer installations should consult his maintenance 
organization for extensions and variations to these procedures. 

4.1 JOB ENVIRONMENT 

The CDC version of SIMWEST was developed for a user with primary computer 
access via a communications terminal. The job control procedures described 
below are contained within the user's procedure file PROFIL stored as one of 
the user account permanent files. These procedures are for a CDC installation 
using the Network Operating System (NOS) and can be modified for a KRONOS 
operating system. They enable a user to easily edit files, compile Fortran 
source on-line, and to submit jobs in interactive or remote job entry modes. 
Job output may be directed to the terminal, stored in a user controlled file, 
or disposed to a remote line printer, depending on the procedure and user 
requirements. These procedures enable the user to minimize development time in 
constructing system models, and to minimize computer resources when performing 
system simulations. 

4.2 SIMWEST PROGRAM EXECUTION 

Four procedures have been developed for constructing SIMWEST system models and 
running simulations: 

• EASYM 

• EASY 

BCS 40262-1 

Interactive execution of the model generation program with 
output to user file EASYOUT 

- Batch execution of the model generation and analysis pro
grams with output to an RJE terminal printer 
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• EASYA - Batch execution of the model generation and analysis pro
grams wi th output to user fi 1 es EASYOUT, ANALOUT, and 
PLOTOUT 

• EASYB - Similar to EASY, but includes the capability to input TMY 
tape environmental inputs (See Section 7.8) 

The following is a summary of the usage of these procedures. 

EASYM 

This procedure is used in timeshare mode to generate the user's For,tran model 
and system schematic to verify the system model connections. The job command 
card is 

CALL (,EASYM(DATAM=MODEL) 

where MODEL is the user's model generation input file. The output file EASYOUT 
contains a readback of the input file with error diagnostics, the system model 
schematic, and the model data requirements list. A compilation listing of the 
Fortran model is also output to a local or temporary file COMPOUT. Figure 
4.2-1 is a listing of the job control cards for EASYM. 

EASY 

This procedure is used to launch a SIMWEST batch job from a terminal. The job 
command card is 

CALL (,EASY(DATAM=MODEL,DATAA=SIMUL) 

where MODEL is the user's model generation input file and SIMUL is the user's 
input file for the simulation ~rogram. (It is not necessary to run the model 
generation program each time, but this is normally done since it is inexpensive 
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EASYH 
*EXECUTES EASY MODEL GENERATION PROG~AM VIA KIT RETURN(PROG,OAlA-)' ---.---------. _ ... _--.. -- ....... -----'" .- .-_ .. 1 ATTA CH (PRO G=EA SYIt/PI.I=PSWD, UN=SIH WES) GEHDATA=DATAM) 

--A'TACtHTAPE'1"8~WMP-F-/PW=PS-WIH---~FL(70000) 
HAP(PART) 

--l.0 AOXEQ('F=PfW"t)t-5=-DAfA ,-EA-SY·OUT .. lAPE18 ).----------. - '----" --- ... -- - --------.---•. TYPE.NORMAl ffEASYIf TERMINATION SEE FILE"EASYOUTIt FOR OUTPUT PACK (E ASY out) 
-·REPL.AC£-( E AS·YOtlf-}-------'--- --GOTOtlO. 

[Xll. 
-TYPE'. A-BN{)R-HAl--#EAS·Yff·-TBHHNA:r.:r -DN---·S£E-·t..-aCAl.:·· F-Il.-£-- fiE A SYOur. -F OR-OUTPU T··---

PACK(EASYOUT) 
RETURN(TAPE78,TAPE1,TAPE131 -GOTO ,~1.-oa. 

------.------ .-----.. -_.--.--.--- .. - -10,RETU~N(r~PE78,TAPE7,TAPE8,TAPEIO.TAPE11.TAPE12.rAPE13.0ATA,PROG) 
REWIND(TAP~9,EASYOUT,MOOELB,COMPOUT' --F1N{·A., B=MO!1'::l-H,I=1·APP3 ,~Pf=O tft=! ,-t:=C-GHPOUf-}----'---"- -'--"'-" -.- ..... --....... . lYPE.S~CCESSFUL MODEL COMPILE SEE LOCAL FILE #COMPOUT. FOR LISTING RETURN~TAPE9) . 

--P'A(;f(-t-{:OHP{HJTi-
GO.TO.100. 
EXIT. 

--- TY P£ .lJWSUe-CESSFUL -fo100Ef.: -C-O MP-I LE-"-SE-E -. t.;OCAL FI L £ ...• CO HPOU T" FOR LIS T ING PACK (COMPOUT) 
RETURN(TAPE9) 

--1:-o-o,£lH-l.,.---------.END OF PROCEDURE EASYM 
-----<, .. _--_._---_ .. _-- -_ ..... --.. -

FIGURE 4.2-1 JOB CONTROL PROCEDURE 'EASYM' 
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and provides a complete listing of the model associated with a simulation run.) 
Figure 4.2-2 gives a listing of the control cards for EASY. The job dayfile is 
also output to user file DAYFLE so that a user can verify whether a job ran 
successfully prior to receiving the 1 ineprinter output. 

The control ~ards shown in Figure 4.2-2 are for the general case in which the 
user maintains and updates his own component library files WMPF and WMCOMP. If 
the user is not developing new library routines, then this procedure can be 
simplified by replacing the control cards 

by the card 

ATTA~H(WMCOMP/PW=PSWD) 

REWIND(ULIB,MAPF) 
LIBGEN(F=WMCOMP,P=ULIB) 
R ETUR N (WMCOMP) 

ATTACH(ULIB=SIMLIB/PW=PSWD) • 

The permanent library file SIMLIB is easily generated by using the above four 
control cards plus 

EASYA 

DEFINE(SIMLIB/PW=PSWD) 
COPYEI(ULIB,SIMLIB) 
RETURN(ULIB,SIMLIB). 

This procedure is used to launch a SIMWEST batch job from a terminal with 
output to user files for rapid inspection of output and subsequent printout as 
desired. The job command card is 

CALL(,EASYA(DATAM=MODEL,DATAA=SIMUL) 
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SIMIJES'TJO,CMI10000,PO~. 
USER,E£XX15,EEXX15. 4.1J. UARRFNI 575-5095 I 9C-01 I 
"HATCH SlMIJESl" .J08,~-~,",~,_", ~«_ '_~"'" '" NOO(CI( • 
RFl(7'7000) 

EXIT (U I .~. "_._. , ._" ~." __ ".'" ...... _ ..... ,_ ... """'" """" "" __ ~ ...• ~ • HODEL GENERATION PROGRAM .. 
~ -, RETURN (TAPE7tJ, TAptn-~~".

ATrACH(TAP£78=~MPF/PW=PSWO) 
COPYAR(,OATA) 

.. REWfNO (OA r A' . -.. ~~~ .. " -'r 

COPYSflF(OA'TA) 
R£~rNO(OATA) 

.......... 
.. ' ..... ," .. ~ 

---.. ~ "-' 

~- . AT TA CH (PROG:::EASr,./UN:::S IM~ES,PU=pswo. "_. __ ~ ___ ~. ,,~ ~"' . __ _ MAP(PART) ~ 

lOAOXEQCF=PROG,S=OATA,M:::/MAPF) 
"~~ETORN (T AP E,78 .. r AP£:7 .. P1WG-) _.~_ •. ~ .. ~< __ ."~ •• ~_,,_ •• __ ~ ..... _, RE.'IJINO(TAPE9) 

F~N(A'H:MOOElx,r:TAPE9'OPT=O'R:::l) 
.... ., Sf MUl ATTON PROGR AM-. _ .. _~. _ .... __ 
* 
R(IJINO(OATA) 

--COPYtlRC.,OATA) .. 
REIJINOCOATA) 
COPYSAF(OATA) 

"- REIJI NO (OA r A ,PR OG, MOOE;U(lIF)~-=.__ '~"'. _ __ .... ..... ., 
ATTACH(F:NONSI M4/UN:SIMIJES,PW:PSIJO) 

,-" ~ "'''''- '" >, - ............ . 

COPYlCF,MOOElX,PROG) 

--..RE~tURN,( F,., MOD&l--)O~ _______ ~.~ __ ~~. __ = __ ..•• ~'_n ___ .~_, '.,~_ .. ,._,.'" _._. RE~INO(PROG) 
ATTACH(IJMCOMP/PW=PS~O) 

. ···.RE.·"'IND CUll fl~HAP$,) ____ .........-. __ ~ 'C_,",_ ~. , ___ .,,_ .. __ "_" __ .q ___ •• _'"--. ._ 

lTBGEN(F:WMCOMP,P:UlIB) 
RETUR N O"MCOMP) 

==.RFl( 110 no 0 )~.. .. .. _, ~~'~"_~~'_'~ __ ~.",'_'~_ ..... " ....... _, __ ,_~" _ ... 
LOAOXCQ(F:PRQG,U=ULIB,S:::DATA,M=/HAPF' 
GOTO(20) 

" . EX IT .. 
REIJINOCMAPF) 
COPVf.'ICMAPF) 

. lOr, RET URN (PROG.) ~'_~_" __ ~,~ .. _.,,-,._~_ "" .... 
* PRINTER PLOT PROGRAM 
• 
REUINDCTAP('3n) .. ~,. '_"_'" __ '~_'" ,." "_~ ___ . 
ATTACH(NSMPPT/UN:SIHwrs,pw=pswo, 
RfU16000) 

-.. HAP(OFf) '_=.,. '~_._ ..... ___ • ~ 
lOAOXEQCF=NSMPPT) 
lQO,txITCU) 
04 YF llE( OA.YFlC.) 
I-ltPLACECOAYFlE) 
EX IT. 

• --(NO {}f 'PROCEJ)UAE~ £-AS.v .• o_~ __ '-." .. ,'_., ~''- . _"_. 0" , ... ,. ft' 

FIGURE 4.2-2 JOB CONTROL PROCEOURE 'EASY' 
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where MODEL and SIMUL are the model generation and simulation input file names. 
The output of the model generation program and the model Fortran listings are 
conta.ined in file EASYOUT. Similarly, ANALOUT contains the output of the 
simulation program, PLOTOUT contains the output of the printer plot program, 
and DAYFLE contains the job dayfi leo The user is cautioned to print out 
results of interest before reexecuting this procedure since only the most 
recent program output is save.d on the output files. Procedure LIST may be used 
for this purpose (see Section 4.3). 

Figure 4.2-3 shows the control cards for EASYA. If the model generation or 
simulation program load and execute step aborts, a load map is also copied onto 
the respective output file for error traceback and debugging. 

EASYB 

This procedure launches a SIMWEST batch job using the TMY tape for environmen
tal inputs, i.e., whenever the uSer's system model includes an ED component. 
The TMY tape is blocked into logical records, each record containing environ
mental data for a 24 hour period. There are 26 stations on the tape with each 
station containing a standard meteorological year of 365 days. Thus the user 
must edit EASYB whenever a different station or data record length is required. 
A procedure TMYRD is used to select and copy that portion of the TMY tape to be 
input for subsequent analyses. See Figure 4.2-4. The command card to launch a 
SIMWEST job using EASYB is 

CALL(,EASYB(DATAM=MODEL,DATAA=SIMUL) 

where MODEL and SIMUl are the model generation and simulation input file names. 
Each EASYB job mounts the TMY tape and creates a local file TAPEI for input to 
the simulation program. If many simulations are required using the same TMY 
input data, then TAPEI can be saved and the TMYRD cards in EASYB replaced with 

FIlE(TAPEl,CM=YES,MBL=3168,FL=132,RB=24,RT=F,ST=K) 
GET(TAPEl) 

This eliminates creation of the input file TAPEl for each separate SIMWEST job. 
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PEEK,T2C,C~11COO~,P04. 
US~q.EEXX15.EEXX15. A.~~ WA~REN 1575-5C951 ~C-Ol I *SATCH ST~WEST'J09 WITH bJT?UT TO USER F1LES.· 
~iODECK • 
RFLC770QO) 

---,,-~ .• ,.. 'lO'DE'L Gl.rr8ATT"ON' PROG"':r"A~=--------'--'-----_u" .-.. ,.--_ ......... __ .. " ... ". • 
RETWRNCTAPE7B,TAP(7) 

" '~ATTI\ tHC TAPE7A-:':'H1P'F lP'W=-PSlm")~---'-'-'-
CO;:'Y8R(,DATA) 
REIJBJD{OATA) 

·14TTACH('Pt(OG=EASYlfl"P1.1=PSlJD·'U\l=SIMwES"-'··~··,-·- ... --_._--- - --- .. - ...... MAP(PART) 
LOADXEQCF=PROG~S=DATA~EASYOU1,M=/MAPf) -- --- -'''~'E1"U~ N·. TAP ETB ,"T A :.l'E? ';P'R'Oli') _ .. _- .. ,'---------
REWI'IIDCTA=>(9) 
FT~(A,B=MODELB,I=TAPE9.0Pl=O.R=1.L=EASYOJT) -·----GOTOC IO} .,.~ ... --.~- ------ .---.------------ -- .. 
EX I r. 
~E..,IND01APF) 

" __ ·r,,, COP YE'I( MA'P·F.r~ SYD UTr---'-"---'~-" _ .. --.----.... -.--.---.... -- .- ---" ... _. 
SErnl=2> 
10, PACK (EASYOUT> 
'RtPLA'CErO'SYUUTr~----"'-"-~""--~-~-~---"-"~-"~--"-'-------,-----,---- ,.,. 
IFI~1.EQ.2)GOTO(lQO) 
* SIMULATION PROGRAM .... - ." , ., 

- REWIP-JDCDATA) 
COPY3R{,!JA1A) 

_. -'" . '-~'EW 1'N 0 ('0 A T"A • '"MU D E1.t=. ,F) -,~., -.,,--........ -.. .. ~---.----.~-,-~ .. -
ATJASH(F=NONSI~4/P~=PS~D.UN=SIMWES) 
COPYL(5.~ODEL8,P~OG) 

--~--- .... -.--..",. 

_." -'-REill~O{ P~01;T"'-'" •. -.,,----"'.-- - --,-.-.~-<~-"-,--.-, .. -.--~.----- --- ,--.-.. ,.~." 
4TTACH(~~COMP/o~=PSWD) 
REW1~D(ULJB.~APF) 

-1. t3 G~Nl F=WMCO~'::t·.? ::ULTB1"'" - - ..... ~-..... --.. ------- .... ~.-~--------. ,. _ ... _-" _.'.' 
RErU~N(W'IJCO~P.:-) 
RFL(1100009 

--L-O"ADX[ Q (F= ~ R 01) ,O=Ut:IS .S=O'A l'A ,'A'N'A'L'OOT ,M:: '''I'APF " ••. _.--"-~' -',,,-,, ---- - <._ .• GOTO(20) 
EXIT.. . 
R t~l ~O 1 MAPFJ -.-"-~' ........ - ...... -.---.~------
COPY~l(MAPF.ANALOUT) 
2~,PACK(ANALDUT> 

. REP L AIT1'A N A LOl)'n--'-'--'" 
• .PRINTER PLOT PROGRAM 
* 
~EjJT'JO{TAPE'3l)l-""--'--""- . 
ATTACH(NSMDPT/P~=PSWD.UN=SIM~ES) 
~APC~FF) 

..... ""-'L OA J X E Q{ F = ~ S ~lP~T ,S::p l-oT'O UT1'o , .. _....._. __ .- •.. --------.~ . __ . _ ..... , ... =!ACKCPLOTOIH) 
REPL~CE(PLOTOUT) 
100,£"XITfU') 
DAYFILE',DAYFLE. 
REPLAC[(DAYfLE> EX 1 T; .. , .... - .. ,,~ -_ .... -.~ ... --•.•. ,,~--- '~' .. ~ -=" __ ._0 • '~' .••. =" .... _ .•. --.,~ ... --... -~.-.," .• -- _ ... '"" 

* --~NO Of PROCE~U~i EASYA. 
_ .... ' ... w ~ .,".lliU.RE.. 4 • ..z :;~_ .. ~Q<6... C.QNIRQL .P.RQ.Cf:_D_UR.~. ,'EAS,yA,,' .. ____ . . .-,. .. 
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TMYSIM,T20,CMII080C,PO~. 
USER,EEXX15,EEXX15. A.W. WARREN 1575-5J951 9C-Ol I " .... B.AT·'CH . S I HWES-T'" JOB· US HiG'';'H\,- TAPE-lNPUfS -.- -- _ ......... _.. .. , _.- .. NOOECK. 
RFL(77000' 

............. ···HOOEi.·GEN€~A-T-I-oN 'PR-oGiUH -----.-~-.-.. "'-"'''--- -.-.... --.~ .. • 
RETURN(TAPE7R,TAPE7) 

~--A{-T'A'CtH:rAPE78=WHPF"'PW=P~'W£»-- -'--.--- --... -.---------' .. COPY8R(/j/OATA) 
~EWTNO(oATA) 

--COP Y SAFiDAT ,,-)----------.. -------.----... --... - .. _ .. _-_ .... _--_ ... -. -..... - ...... . I 

REWINOCOATA, 
ATTACH(PROG=EASY4/PW=PSWD,UN=SIHWES, I '-""AP(PARH ------ .-.---... - ........ - .. -" lOAOXEQ(F=PROG,S=OATA,H=/HAPF) 
~ETURN(TAPE78,TAPE7,PROG) 

-~EWINO(.y"P£-9"'- -------..... - ... ---.---- -.- .. ---- .-.-.. ----.. FTN(A,B=HOOELB,I=TAPE9,OPT=O,R=1' 
• PREPARE THY TAPE INPUT FILE - TAPEl 

~FLC 30000) 
GETCTHYRO/PW=PSWD,UN=SIHWES' i - --0 At_L- (-T tI1 YRD (N SK I P=·2-92 {h NC oPY= 9)--·· .. ----, . - ... _.- -.-. .... --_. "'- .- .. . ... *: SIMULATION PROGRAM 
.i 

'-Ri£ WI NO·( DA T A' -----.. ----. 
C:OPYBR (,OA TA, 
R',EW I NO (OAT A' 

---C-oPY sa F-( 0 A T A ,-----------.-------. -----•. -----.... -" ~~.---.. _ .• -REWINO(OATA,MODELB,F) 
ATTACHCF=NONSIM~/Pw=ps~n,UN=SIHWES) 

-t(lPV t;-( F 9-MGDEt:-B·.,PIHHH--------.. ----·-RETURN (f) 
REWINO(PROG) 

-·ATTACH(IoIMCOHP-I.p·W=.pswO~)------ .. ----·-·-·· .. · - .. _ .... _ ...... "--... - ... ,,-.----,,.-. REWIND(ULIB,MAPF) 
lIBGENCF=WMCOMP,P=UlIB' 

-- RETURN (-WHGOH?") --.. ",---.- -'--"-----' .--.----.- -- .. _._-RFl(llOOOO) 
LDSET(FILES=TAPE1) 

-- LO AD )(EG(F =PROG,-U=Ul.-:lB·,-5=OA l-A ,M=/fUPF+-- .-. ---- .-.- .. - . GoTO(20) 
EXIT. 

--- ~ E WI NO HMp·t--F+J ---
COP¥ £J P1APF) 

--_ ... _._ .. --.. -._--... _--._--- ._ .... 

20,RETURN(PROG) " 
-- •. ,_._-- PRINl-£R .. -f>t..-G.J-PROGRAM· .. ----_··----· 

* REWINOCTAPE30) 
- Ar·TA-CH-{-NSMPP·T-I.pW=.pSWD~UN=S UtW('S) -'-._ ......... ,,-...... _ ....... . 

HAP(OFF) 
lOADxEG(F=NSMPPT) 

--10,0 .. £x IHO-J----------·-·----·--.... --.. ·-- .. -.- .. _ ....... _- .... -_ .. DAVF IL E,OAyFLE. 
REPL ACE(DAYFLE) 

- -. Ex IT .'- .. ---- -'. .- -- '.'-' .. _. - .• --- -------- '-' .--- "-'---• --END OF PROCEDURE EASYB. 
FIGURE 4.2-4 JOB CONTROL PROCEDURE 'EASYB ' 
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The job conmand card to create input file TAPEl is 

CALL(TMYRD(NSKIP=N1,NCOPY=N2) 

where N1 is the number of logical records to skip and N2 is the number of 
records to be copi ed from the TMY tape onto TAPE1. These parameters are 
specified using 

where 

N1 = 365 * (NSTATION -1) + (}START -1 
N2 = DEND - DSTART +1 

NSTATlON = station number of the data file as shown in Table 7.8 
DSTART = first or start day of the desired data file 
DEND = last or end day of the desired file. 

For example, if a user wanted TMY inputs for April (DSTART = 91 and DEND = 120) 
at Albuquerque, New Mexico (NSTATION = 13), then N1 = 4470 and N2 = 30. Thus, 
procedure EASYB would be edited so that the TMYRD call statement reads 

CALL(TMYRD(NSKIP=4470,NCOPY=30) 

4.3 FILE MAINTENANCE AND LIBRARY UPDATES 

This section describes frequently used procedures for modifying and developing 
SIMWEST library components. A terminal based user would first create his 
Fortran component subroutines and any associated subroutines as records within 
a user file of source routines. The procedures FORMOD and FORMODG are then 
used to compile these routines and merge the relocatables produced onto the 
component library WMCOMP. The FILOAD procedure is then called to update the 
component name list of input and output variables on WMPF. (See Section 6.0 
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f or component cod i ng convent ions and preparat i o.n of input for the F I LOAD pro
gram.) Usage of the procedures FORMOD, FORMODG, FILOAD, and LIST are described 
below. 

FOR MOD 

This procedure is used in timeshare mode to compile a multi-record Fortran 
source fi le and merge the object code onto a specified file of relocatab le 
records. The job command card is 

CALL(,FORMOD(SOURCE=MYFILE,OLD=RELFLE) 

where MYFILE is the permanent file name of the user's source code and RELFLE is 
the file name of the relocatable code. 

Figure 4.3-1 shows the control cards for FORMOD. If the source code has fatal 
errors, diagnostics are printed out on the terminal printer. Otherwise the 
source code listings are disposed to a lineprinter. If no relocatable file is 
specified, or if RELFLE cannot be found, then the object code is copied onto 
permanent file 'OLD'. 

FORMODG 

This procedure is similar to FQRMOD except it enables compilation of specified 
records from a multi-record source file. The job command card is 

CALL(,FORMODG(SOURCE=MYFILE,OLD=RELFLE) 

The terminal then prompts the user for the record numbers of the source code to 
be compiled, i.e., the terminal prints: 
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fORMOD 
• COMPILES AND MERGES EXTENDED fORTRAN PROGRAMS 

/.,. --.- ... -- .... -.. I ~ ACCEPTS HULTIRECORO FILE Of SOURCE CODE --SOURCE-
~ PLACES COMPILER LISTING ON --LIST--

-*--OSES-C.QC -·EXT E-NO£.-D-COMP-lLE-R·-F-T-N4.& • 
~EWINO(LIST,TEXT) 

--~E~~Sl=snURCtJ----
~OTO,5. 

._-_._------_ .. __ ._. '--"-' -.. 
Ej'XIT. 

---lj-V:PE. -C AN 1L.f--F-I-HD-' SOURGE-I·,--
GOTO,60. 
5"R[WINOCSl) 

--P:A~K(Sl)------------
RFl( 77 000) 
FTN(A,I=Sl,B=TEXT,L=LIST,R=3,OPT=1) 

--=f-Y-P[ .SI·UCC-£-5 SFlH; FT N -t-G HP-I!;-AT-t-9N 
SETCR2=O) ZERO fOR NO FTN ERRORS 
CALl.(,LIST) 

-GO-TO .. 1. 0 .. 
E~IT. 
S~T(R2=lJ INDICATE FORTRAN ERRORS 

--TV PE",,-F-OR-T-RAN-£-RRORS---OET.£-C-t'[D BY·--£XT E NOEn·· CO MP lL·E-R------.·--·-·-····REfURN(TEXT,Sl) 
Rt::WI Nil CLI ST) 

- ER RL-I S-l .. t.-IST ..... -------
TYPE.TO SEND LISTING TO LINEPRINTER% CALL(,LIST) 1 0 ,R E r UR N ( S 1) 

--I-F-t-R-2.-&Q .. -1-J~:r-O-,-6-0-..-SK-I-P-MER_t;E_l_F-ERRORS---· .. -------------• 
*H'ERGES NEW TEXT RECORD --TEXT-- WITH EXISTING MUL.TIRECORO -JII----.l-.£ X T· -F-J-.L'£--COf!4.f-A-I-N-t-Nu ·-A-RE-C-ORO .. -H AV·I N G -S-A HE - N AM &-----------'* OF SUAROUTINE OR PROGRAM. TEXT FILE IS --OLO--
* 

--A TTA·CH.( Sl=-OLD1-P·W=Ps'"m~fl=W')--- _. ----.. -.-------,,-.-----.. -.- --- -' GOTO,30. 
EXIT .. 

-~EWI~IID(-TEXn--·----- .. -------- --- ... ----------.~-------------.--.. -----OEFINE(S2=OLD/PW=PSWO) 
TYPE. OLD FILE COULD NOT BE FOUND 

----t: V PE· .. --- .. ·-H·IN AR1:.f:-S--ARt-PL·AG'£-U·--ON--P ER HA N ENT FIt. £ - # OLD.· -- .. ---COPYEICTEXT,S2) 
GOTO,20. 

• t 

--..f[-X-I T e- ------ ------" ... --_._. -- -------------T:YPE. OLD FILE BUSV 
iYPE. BINARIES ARE ON LotAL FILE ~TEXT' -.GO.TOC 60 ).-._
~O,REWIND(Sl,OlO,TEXT) 
~OPYLM(Sl,TEXT,OLD"A) 

.. _.-_ .. _. -_._---_._. ---_ .. _---_._-

.-~£ WI ND(OLD~Sl-.J---·--·-·-·-·--·- .. ----- ..... - --_. --.. --- .. ----- .. _-- ------- ---COPYEI (OL D ,Si) 
TYPE.SUCCESSFUL MERGE INTO #OLD# FILE 

·--20 ,RETURN( Sl~ T (~T ,-CLD, S2J-.-----------·-----.·---.------·- _ .... ,"" - - .-- -.-. 60 ,RFL (20000) 
*--ENO OF PROCEDURE FORMOD 

FIGURE 4.3-1 JOB CONTROL PROCEDURE 'FORMOD' 
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INPUT RECORD NUMBERS 
I> 

The user enters the record numbers to be comp i1 ed f 0 n owed by two carr i age 
returns (CR), i.e. 

I> 3,38 CR 
I> CR 

This procedure will catalog the records to be compiled, compile the source code 
and merge the object code onto RELFLE, replacing old object code routines with 
those just created. Figure 4.3-2 shows the control cards for FORMODG. 

FILOAD 

This procedure is used in timeshare mode to create or modify ir,put, output and 
table name and dimension data for SIMWEST library components. The job command 
card is 

CALL(,FILOAD(DATA=NAMES) 

where NAMES is the permanent fi le name of the input data for the FILOAD 
program. (See Section 6.2 for preparation of the input file.) 

If the FILOAD program execution aborts, the user should check the format of the 
input data since exact spacing of the alphanumeric character inputs is re
quired. Figure 4.3-3 shows the control cards for FILOAD. 

LIST 

This procedure is used to dispose a local file to be printed. If the local file 
LOCAL has no printer control characters, then one uses the command cards: 
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FORM:lDG 
• CO~PILES AND M~RGES £XTE~nEn FORTRAN P~OGRA~S ---.:--.--

~- .. ,-----------~. 
REWJ~D(LIST.TEKT) 
GET(l\=SOURCE> 

------~bOrO,5. ---------------------------------------------EXIT. 
TYPE. CAN]T FI~D #SOURCE# ---"""GtH o-;-bo. 
~,R~TURN(OUTPUTX) 
"rS~L£CT SOURCE RECORDS TO eE CDM~IL£D ---rfrlfI"NlfCPRCfn L ) 
SKIPF(PROFIL.5) 
¢0P'Y3FCPROF.IL.~T) 

------~~~wrvn~-.~FT)---------------------------------------------RFLOOOOO) 
GT~ 

-----(~J1~(~T)-----------------------------------------------CATALOGCF) 
~ETUqNCA,Gr.TA~EO.l~U) ---1I10n'7. 
EXU. 
60TO.60. 

---~. --C,':> /1P rcrs-cro"{t'tr"""r rLE~F""----------------------7,?ACK eF) 

RFLC 11000) 
---"'"FT ~ n-,l:: F-;lf=TE"'n...-r=rrS-Tt1f=3,O P':[) 

TYP.E.SUCCESSFUL FTN COMPILATION 
SET(~2=O) Z~RO FOR NO ~T~ ERRO~S ----..... R hifRN C",F ..... )----------------------------------
CALli ( • LI Sf) 
GOra,lO. 

------:.~e: X 1 J • 
SET(,2=1) INDICATE FORTRAN ERRO~S 
TYPE. FO,TRAN ER~ORS DETECTED BY EXTENDED CO~~ILER ------Ri~~D~CTSTT)------------------------------------------ERRLI ST, LI ST. 
T~P£.TO SEND LISTING TO LINEPRINTERX CAlLf,LIST) ---ro-..-rr-nrz-;rtr;-rTGOT1),~O_;_-Sl{rl),.,ERG::--Ir-ER~O~S--------4~TACH(Sl=OLD/~~=oSW~.M=W) 
G~TO.30. 

---:---r£~ IT .-
R(,WI Noe TEX]) 
OEF.INE(S2=OLDIP~=PSWO) 

----..1 y,pr-;O'LLltlLre OllL,r-N OT-err-ou ND 
T!~E._ BINARIES A~E PLACEO ON PE~MANENT ~ILE MOLOM eD?)'::I fTEXT.S2) 

---Gol' 0,'2 Ci • 
EXIT • 
l'~E. OLD FILE BUSY 

----..,Tyl~[";-8-IN'lR-I::s-Airr-O'frTOCTL-nI:ElfTf:-xn.--------
GDTO(6C) 
3~'R£WINDeSl.0LDfTEXT) 

---CO~Y[MrSl,lTXT; OLD,,"O 
REJlIND(OLO,Sl) 
C t)~ Y ~ I ( 0 L 0, S 1 ) 

---u=>::"';S1Jec£ SSFUC-"!ERGE""NTO-IIOI::Hr' F Ilt -----20,R£TURNeSl.T[XT,OlO,S2) 
50, ~FLt 20000) 

---~. -=-E~jj-DF'- PR DC ED J~ E'- FM ~OD G---- ---

FIGURE 4.3-2 JOB CONTROL PROCEDURE I FORMODG' 
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FILOAD 
RETURN(OUTPUTX,DMPFILE,TAPE77,TAPE9) 
.-ATTACH(FIlOAD~/-U~=SIMWn:;~pW=PSWD.)-.---. - -.. -----.. ---.- -'-" '.'-- 0-'--' 

ATTACH(TAPE78=WMPF/PW=PSWD,M=W) 
GEl(TAPE3=DATA) 

--RFL(S-OOOG.)···_- ._- -- - ---
TYPE. FILOAD EXECUTION HAS BEGUN 
FILOAD". 

-- RE WI NO ( T APE·1~. T AP.f·19 )--._-_. --.. - '.'--'- -..... - - .-----.-- .. - ---... -_ ... -
COPYNF(TAPE19,TAPE7B) 
TYPE.NORMAl ~FIlOAD# TERMINATION 

--- RETU RN (T AP£18, TAPE3,-T APE-7-9., FI LOA-Olt t-- ---" --'.'-' ---.-------.---.---.------ ----"-'-'
EX IT. 
TYPE.ABNORMAL IFILOAD# TERMINATION NO DEGAS OCCUREO SEE OMPFIlE FOR DUMP 

'-' R.£ TU R N (T AP [~TAP€-1-8~-I-t...nAO",)---- ---- ... - - -.--- --.. ---------------------- -----
*---END PROCEDURE FIlOAO---

FIGURE 4.3-3 JOB CONTROL PROCEDURE 'FILOAD ' 

_ ... -... _------------------- ------... - ---
LIST 
* CONTROLS LIST PRINT, SUBMITS 

'r--*-AS--OES.IRE-O-a-V--f-EiHH-NAi..-USER.----------------------
GEl( MA ILBOX) 
EX IT (U) .' 

TO PRINTER FROM KIT 

----REWINO(!:.IB''::} 
DISt" OS t_fL IST=PR/E I=SC 1183) . , 
* --END OF PROCEDURE LIST 

- -_ .. _-------------- _w. ______ . __ ._ . ________ .. _~ _ 

_ .... _-------._,----- --_.,._------ ... _---------

-_._---- .. _-_._--------
FIGURE 4.3-4 JOB CONTROL PROCEDURE 'LIST' 

72 BCS 40262-1 

1'B51'~~~i-.i~i~-;~~&::;:::;&:#:M:'~~:;.:;~.~~~~: __ .~~~.~.~~~~~~~;~'.-~-~ .• --~···~-··~~.·.· .......... ~_-~=~~C~~ll~~~~-~--~.-~ .. ~,-=-,-~-.~-~.-----------,~ 



COPYSBF(LOCAL,LIST) 
CALL (, LIST) 

To print files such as EASYOUT which contain printer control characters, it 
suffices to use the command 

CALL(,LIST(LIST=EASYOUT) 

Figure 4.3-4 shows the control cards for LIST. (See previous page.) 
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5.0 DIAGNOSTICS 

Diagnostic messages are printed by both the model generation and the simulation 
program. In addition, individual library components generally have diagnostic 
printout asociated with them. The diagnostics assoc'iated with the model gener
ation program are discussed in Section 2.0. Section 5.0 describes the diagnos
tics associated with the simulation program and the library components. 

5.1 WARNING MESSAGES 

One or more of the following warning messages will occur if the program encoun
ters difficulty in interpreting analYSis instructions or performing an analy
sis. These messages will be preceded by the flag: 

*** WARNING *** 

Message symbols xxx, zzz, or nnn are used to indicate phrases from the analYSis 
description that are included as part of the warning message. The following 
messages are listed in alphabetical order: 

1. A VALID PARAMETER NAME MUST PRECEDE THE NUMERIC VALUE nnn 

This message indicates that a valid parameter name was not identified 
precedil1g the numeric value nnn. Check for miSSing delimiters or mis
spelled parameter name. 

2. xxx CAN'T BE SET EQUAL TO zzz. VALUE MUST BE NUMERIC. 

Check for missing numeric value or delimiters. 

3. CAN'T IDENTIFY xxx AS A VALID PRINT VARIABLE 

Check spelling of xxx or for miSSing delimiters. 
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4. CAN'T IDENTIFY xxx VALUE WILL BE IGNORED 

This will result in not setting the quantity intended by xxx to its new 
value. Check for spelling of xxx or for misSing delimiters. 

5. CAN'T INTERPRET xxx 

The phrase xxx cannot be recognized as a valid program conmand, program 
name,or program value. Check spelling of xxx or for missing delimiters. 

6. nnn EXCEEDS THE ALLOWABLE INDEX RANGE FOR xxx THIS QUANTITY WILL NOT BE 
DEFINED 

The number nnn was outside the allowable range of states, rates, variables, 
or pa,rameters. Therefore, the name xxx cannot be assigned as a name for 
the nnnth state, rate, variable or parameter. 

7. NON-ALPHA NAME ON THIS CARD --- xxx. WILL IGNORE THIS CARD. 

The table inputs routine expected an alphanumeric table name but encoun
tered a numeric value on the data card printed. Check the sequence and 
number of tabular data cards to assure that they match those required by 
the model's tables and table input formats. See Section 3.1.2 for correct 
formats. 

8. NON-NUMERIC DATA ON THIS CARD --- xxx. WILL RFAD NEXT TABLE 

76 

The table input routine expected a n~meric value but encountered an alpha
numeric name on the data card printed. Check that the sequence and number 
of tabular data cards matches the model's tables and table input formats. 
See Section 3.1.2 for correct formats. 

BCS 40262-1 

k~~~.~~~~~!t,_ if 



\ 
i 
" ,'. 

:{: 
9. nnn PRIMARY and xxx SECONDARY INDEPENDENT VARIABLE POINTS EXCEEDS THE zzz 

WORD STORAGE LIMIT FOR THE FOLLOWING TABLE. SOME DATA WILL BE LOST. 

The maximum amount of data allowed for each table is given in the Input 
Requirements List produced by the Model Generation program. Check that 
given data falls within this limit or for data card errors. 

5.2 DIAGNOSTIC MESSAGES FOR LIBRARY COMPONENTS 

Diagnostic messages are produced by many components when a critical variable 
gets out ?f bounds during analysis. Adjustment of component parameters may be 
necessary. 

In component alphabetical order, these diagnostic messages are: 

AD: INPUT POWER xxxx TOO HIGH RELATIVE TO ADMITTANCE xxxx AND RATED 
VOLTAGE xxx 
ADMITTANCE POWER LOSS xxxx EXCEEDS INPUT POWER xxxx 

B~: POWER REQUEST xxxx EXCEEDS BATTERY CAPABILITY. CHECK VC, VO, AND RT. 

BN: BN INLET AIR MASS FLOW RATE xxxx GREATER THAN MAXIMUM ALLOWABLE xxxx 

CO: MAX ITERATIONS FOR COMPRESSOR EFFICIENCY. NP, XNP, RS = xxxx, xxxx, xxx x 

CS: CS STORAGE TEMPERATURE xxxx GREATER THAN ALLOWABLE xxxx 
CS MASS OF AIR IN STORAGE xxx x BELOW MINIMUM ALLOWABLE xxxx 
CS MASS OF AIR IN STORAGE xxxx EXCEEDS MAXIMUM ALLOWABLE xxxx 

ED: INPUT ERROR, DAY OF YEAR DY IS OUT OF RANGE 
TAPE INPUT ERROR OR EOF 
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FL: FLYWHEEL POWER LOSS xxxx EXCEEDS CHARGING POWER xxxx 
FLYWHEEL LOSS xxxx EXCEEDS DISCHARGING POWER xxxx 
FLVWHEEL CLUTCH LOSS xxxx EXCEEDS DELIVERABLE POWER xxxx 
FLYWHEEL KINETIC ENERGY xxxx EXCEEDS CAPACITY xxxx 
FLYWHEEL KINETIC ENERGY xxxx FALLS BELOW MINIMUM REQUIREMENT xxx x 

GE: GENERATOR OUTPUT EXCEEDS RATED POWER 

HS: HS INLET MASS FLOW RATE xxxx OR OUTLET MASS FLOW RATE xxxx IS GREATER THAN 
MAXIMUM xxxx 

HS RESERVOIR VOLUME xxxx EXCEEDED MAXIMUM AlLOWABLE xxxx 
HS RESERVOIR VOLUME xxxx OROPPED BELOW MINIMUM xxxx 

HT: HT TURBINE CHARACTERISTIC PARAMETER OUT OF RANGE 
HT INLET MASS FLOW RATE xxx x GREATER THAN MAXIMUM DESIGN VALUE 

HX: HX EXIT TEMPERATURE xxxx GREATER THAN MAXIMUM ALLOWABLE xxxx 

IF: IV POWER LOSS xxxx EXCEEDS INPUT POWER xxxx CHECK RATED DC VOLTAGE VDC 

MB: WARNING-DIVISOR IN MB EQUALS 0., HAS BEEN SET = 1. 

MO: MOTOR INPUT POWER xxx x .GT. RATED INPUT POWER xxxx 
MOTOR SLIP xxxx EXCEEDS RATED POWER SLIP xxxx 
STATOR RESISTANCE xxxx OR DAMPING xxxx TOO HIGH FOR MOTOR 

PV: WARNING: INSOLATION OR TEMPERATURE AT CELL EXCEED RANGE 

RE: RE POWER LOSS xxxx EXCEEDS INPUT POWER xxxx 
RE, AC INPUT POWER xxx x TOO LARGE IN RELATION TO TRANSFORMER REACTANCE 
xxxx AND RATED AC VOLTAGE xxx x 
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TR: TRANSMISSION POWER lOSS xxxx EXCEEDS INPUT xxxx 
TRANSMISSION POWER LOSS xxxx EXCEEDS MAXIMUM INPUT POWER 

TS: TS WORKING FLUID FLOW RATE xxxx GREATER THAN MAXIMUM ALLOWED xxxx 
TS INPUT POWER xxxx GREATER THAN MAXIMUM ALLOWED CHARGE RATE xxxx 
TS STORAGE TEMPERATURE xxxx OUTSIDE MINIMUM xxxx OR MAXIMUM xxxx 

TU: TURBINE BACK PRESSURE xxxx GREATER THAN STORAGE VESSEL PRESSURE xxxx 
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6.0 CREATION OF NEW LIBRARY COMPONENTS 

The addition of new standard components to the SIMWEST library involves two 
steps. The first is the design of the component. This design must conform to 
certain design conventions if the new component is to be compatible with 
eXisting components. Section 6.1 discusses thes~ design conventions and the 
addition of the component subroutine to the SIMWEST library. The second step 
involves the addition of the new component's input and output description to 
the SIMWEST file WMPF. File WMPF is used by the precompiler to generate 
subroutine calling sequences for the library components. Section 6.2 dis
cusses the use of the FILOAD program to accomplish this task. 

6.1 LIBRARY COMPONENT CODING 

6.1.l Component Call Seguence 

The items in the component subroutine call sequence must be arranged in the 
following order: 

1. Tables 
2. Output Quantities 
3. Input Quantities 

Tables or inputs may be absent from the subroutine call sequence. However 
those items that are present must follow the sequence given above. 

Dummy argument names for the call sequence quantities that are used within each 
subroutine should be chosen to match the physical quantity names placed in the 
ihput, output, and table name lists. Exceptions to this policy may be made 
when integer names (names starting with I through N) must be avoided or when 
additional letters will clarify the name. 
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The subroutine name must contain only two characters and must not duplicate the 
name of an existing standard component. 

Tables 

The table arrays must be dimensioned within the component subroutine. They 
must be dimensioned with only onE'~ subscript; e.g., DIMENSION TABLE (1). When 
table data is passed to the component subroutine, the first word in the array 
contains the name of the table. The second word contains the number of valu€1s 
given for the primary independ~nt variable. The third word contains the number 
of values given for the secondary independent variable. Both of these numbers 
are stored as REAL quantities and must be converted to INTEGER before they can 
be used as a subscript. This can be done by a statement such as: 

NX = TABLE (2) - number of primary independent variables 
NZ = TABLE (3) number of secondary independent variables 

If there is a secondary independent variable, the secondary independent varia
ble array will begin with the fourth word in the array. Thus if this array is 
designated as z(l), z(2), .••• , then: 

z(l) = TABLE (4) 

z(2) = TABLE (5) 

z(3) = TABLE (6) 

The primary independent variable array begins with word NZ + 4. Thus, if this 
array is designated as X(l), X(2), ••• , then: 
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X{I) = TABLE (NZ + 4) 
X(2) = TABLE (NZ + 5) 

~.~~~'~'~-·'-"-·-'~~T~''''''-''~ r ~~.-"-"'" 

T~e dependent variable array begins with word NX + 4 if there is no secondary 
independent variable. Thus, if this array is designated as Y(I), Y(2), ••• , 
then: 

Y(I) = TABLE (NX + 4) 
Y(2) = TABLE (NX + 5) 

If there is a secondary independent variable array and this array was designa
ted Y (I,J), with IS 1$ NX and 1$ J$ NZ, then Y(I~,J) would be relat.ed to the 
table array a~: 

Y(I,J) = TABlE(NX+NZ+3+I+(J-l)*NX) 

Normally the individual elements in the table are not used directly but are 
passed to a table look-up routine. In this case the starting address of the X, 
Y, and Z tables would be referred to as: 

Z(I) "" TABLE (4) 
X(I) = TABLE (NZ+4) 
Y(I,I) = TABLE (NX+NZ+4) 

secondary independent variable table 
primary independent variable table 
dependent variable table 

If more than one table ;s used by a component subroutine, the table names must 
appear in the same sequence in the table name list sto~ed in WMPF as in the 
subroutine call sequence. 
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Example 6.1: Given a component, HA, that requires the tables TPH and TPC as 
inputs. The call sequence of this subroutine would appear as: 

SUBROUTINE HA(TPH,TPC, ••• 

Output Quantities 

Tl;1e term "output quantity" refers to information that is calculated land then 
"out'p'!!!''' by a particular component subroutine. This is not to be confused with 
the "outlet quantities" of the component. The outlet quantities nre associated 
with a particular component port as a result of assigning a positive direction 
of power or information flow through the component. Some outlet quantities may 
be calculated by the component subroutine and thus become output quantities of 
that component. While other outlet quantities may be furnished to the compo
nent subroutine and thus become input quantities to that subroutine. 

Cer'tain output quantities may be internal to the component and not associated 
with any port. In other cases the same output quantity may be associated with 
several ports. In such cases, no port designation is assigned to the output 
quantity. Such quantities are referred to as "universal port" quantities. As 
such, they are allowed to connect to any other similar physical quantity 
regardless of the input quantities port number. This is not the case for 
quantities with specified port numbers. Once a connection has beel; made I 

I 

between an input and output quantity with given port number$, only connections 
of matching physical quantities with those port numbers occur. Manual override 

of this provision can be made by specifying particular physical quantity con
nections. 

Th~ee quantities are required for each state variu~~e output. The first is the 
state variable, the second is the state variable derivative, (rate), and the 
third is an integer quantity, the integrator control variable. 
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Example: Given a component, HA, with the following outputs: 

Physical Quantity Port No. 

T 3 

j 
Outlet Ports T 4 

P 1 {State variable)j 
Inlet Ports P 2 (State Variable) 

The call sequence arguments for these outputs would be: 

SUBROUTINE HA{TPH, TPC, T3, T4,Pl,PlDOT,IPl,P2,P2DOT,IP2, ••• 

Input Quantities 

The term "input quantity" refers to information that is provided to a particu
lar component subroutine. This is not to be confused with the "inlet quanti~ 
ties" of the component. The inlet quantities are associated with a particular 
component port as a result of assigning a positive direction of power or 
i nf ormat i on, through the component. Some in 1 et q uant i ties may be ca 1 cu 1 a ted by 
the component subroutine and thus become output quantities of that component, 
whi le other inlet quantities may be furnished to the component subroutine and 
thus become input quantities to that subroutine. 

J:,e input quantities should be grouped together by port. That is, all inlet, 
(port one quantities), then all outlet, (port two quantities), etc. Port 
designations for two port components which have the same physical quantity on 
both inlet and outlet will be: port 1 for upstream or inlet port and port 2 for 
downstream or outlet port. It is important that the inlet port quantities be 
listed before any outlet port quantities. If a component has multiple inlet 
ports, the input quantities associated with each inlet port should be grouped 
together and listed before any outlet port quantities. 
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Certain input quantities may be internal to the component and not associated 
with any port. In othet' cases, the same input quantity may be associated with 
several ports. In such cases, no port designation is ass,igned to the input 
quantity. Such quantities are referred to as "universal port" quantities. As 
such, they are allowed to connect to any other similar physical quantity 
regardless of the output quantities port number. This is not the case for 
Quant ities with specified port numbers. Once a connection has been made 
between an input and output quantity with given port numbers, only connections 
of matching physical quantities with those port numbers occur. Manual override 
of this provision can be made by specifying particular physical quantity 
connections. 

Example: Given the component HA described in the above example, with the 
following inputs: 

Physical Quantity 

T 

T 

P 

P 

AKH 

Port No. 

2

1 }' Inlet Ports 

4

3 } Outlet Ports 

(universal port quantity) 

The call sequence for these inputs would follow the output arguments, giving 
the complete call sequence: 

SUBROUTINE HA(TPH,TPC,T3,T4,P1,P1DOT,IP1,P2,P2DOT,IP2,T1,T2,P3,P4,AKH) 

The call sequence for standard component subroutines should follow the order 
shown in Table 6.1-1. 
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1. Tables 

2. Output Quantities 

TABLE 6.1-1 

COMPONENT SUBROUTINE 
CALL SEQUENCE ORDER 

2.1 All Outlet Port Quantities* 

2.2 All Inlet Port Quantities* (feedback variables) 
2.3 All Other Output Quantities 

3. Input Quantities 

3.1 All Inlet Port Quantities* 

3.2 All Outlet Port Quantities* (feedback variables) 
3.3 All Other Input Quantities 

* Group quantities with the same port number together. If multiple inlet or 
outlet ports exist, arrange port quantities in order of increasing port 
numbers. 
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6.1.2 Additions and Modifications to Componel1t Library 

Section 4.3 describes the job control procedures to add a new component to the 
component library, compile the source code that describes the new component and 
add the relocatable binaries to the component library WMCOMP. 

6.1.3 Coding Conven~ions 

There are several coding rules which apply to any component coded. First of 
all, the calling sequence must be ordered so that it agrees with that con
structed from the FILOAD program. Hence the calling sequence begins with table 
arrays, is followed by output variables, and then by input parameters. State 
variables require three sequential parameters in the calling sequence: the 
state variable, the state derivative, and an integer valued integration con
trol. With the exception of the latter, all parameters in the calling sequence 
are real valued. In genera'l, one cannot use any local variables. or arrays to 
store information from call to call since there may be several components in 
the model which call a given subroutine. In other words, local variables can 
only be used for scratch calculations, unless the computed information is based 
on COMMON block inputs. 

Most of the coding conventions and techniques used are illustrated in Figures 
6.1-1 and 6.1-2. Figure 6.1-1 shows the code for the simple power curve 
component WP. Following the call sequence are a number of comment cards 
including the component purpose and calling sequence. The table PW is treated 
asa single dimension Fortran array. Power output is obtained from the table 
interpolation subroutine TBLUl. (Use of the table interpolation routines 
TBLU1 and TBLU2 is explained in Section 2.1). The rest of the code shows the 
conventions used to compute output statistics and add costs for the cost 
summary. IMPL is an integer variable which indicates the iteration control 
status: 
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SUBROUTINE WP ( PW,BI,PO,AMlrAMP.SP,COrVOrWVO.WVlrwv.ceI,CMI.EC' 
PURPOSE 

C 
e 

MODEL THE WINO TURBINE AND GENERATOR USING A POWER CURVE 
WRITTEN BY A.W. WARREN 

CALL SEQUENCE 
<= c VERSION 1. MARCH 3 1977 

e TABLES 
e 
e 
c 

PW 
- WIND GENERATION POWER IN KW VERSUS WIND VELOCITV IN MPH 

C e 
C 
e 
e 
e 
e 
e 
e 
e 
C 
C 
C 
C 
C 
C 

C 
e 
c 

OUTPUTS 
81 
PO 
AMI 
AMP 
SP 
CO 

INPUTS 
va 
WO 
WVl 
WV 
CCI 
c~n 
EC 

- OUTPUT BUS CURRENT, AMPS 
- POWER OUTPUT, KW 
- MAX. 03SERVED CURRENT, AMPS 
- MAX. OBSERVEO POWER, KW 
- TOTAL OUTPUT E~ERGy,KWH 
- OPERATING COST, S 

- RATED BUS VOLTAGE, VOLTS 
- POWER CUTIN VELOCITY, MPH 
- POWER CUTOUT VELOCITY, MPH 
- WIND VELOCITY, MPH 
- CAPITOL COST I YEAR, S 
- MAINTENA~CE COST I YEAR, $ 
- CONT~OL ENERGY RATE, S/HR 

DIMENSION PWU) 
COMMON I CIMPL I IMPL 
COMMON/COSTI CC,CM,CO? ICTIMEI TIME ICSIMUll DUM(6'fTINC

r
TMAX 

POWER OUTPUT CALCULATIONS 
PO = O. 
IFCWV.lT.WVO .OR. WV.GT.WVl) GO TO 10 
N = PW(Z) 
PO = TBLUl(WV,PW(4),PW(4+N),1,_N) 

10 BI = PO*lOOO/VO 
C STATISTICS C 

IF(IMPl.GT.O, GO TO 20 
CO= O~ 
AMI :: O. 
AMP = O. 
SP = O. 
TMAXl=TMAX*.99999 

20 IF(IMPL.lE.l' ~ETU~N 
AMI = AMAXICAMI,RI) 
AMP = AMAXl(AMP,PO) 
SP = SP + PO*.S*TINC 
eo= CO + EC*.S*TINC 

C ' COST SUMMATION 
IF( TtME.LT.TMAXIJ RETURN 
ec :: CC + eel 
eM = eM + CMI 
eop= COP + CO 
RETURN 
END 

FIGURE 6.1-1 SAMPLE COMPONENT CODE - WP 
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CGE 

c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

C 
C 

C 

SUBROUTINE GeCPZ.EE.RS.PL.EFZ.P~2.P~.SP,Pl,RAP,RSy,RAS,DA,SR,VO, 
1 EF1,PM1,CCI.CMI) 

MODEL AC INDUCTION GENERATOR PURPOSE 

MElliOD MECHANICAL AND ELECTRICAL EFFICIENCIES ARE USEO TO COMPUTE 
OUTPUT POWER. ROTOR SPEED IS COMPUTED ASSUMING POWER IS 
PROPORTIO~AL TO SLIP. 

WRITTEN BY A.W. WARREN VERSION 1, MARCH 16 1977 

CALL SEQUENCE 

- OUTPUT POWER, KW 
- ELECTRICAL EFFICIENCY 
- ROTOR SPEED, RPM 
- POWER LOSS, KW 
- OUTPUT PRODUCT EFFICIENCY 
- "AXI~UM OUTPUT POWER, KW 

OUTPUTS 
PZ 
EE 
RS 
PL 
EFZ 
PMZ 
PMN 
SP 

- MAX. O~SERVED OUTPUT POWER 1 RATED POWER 

INPUTS 
PI 
RAP 
RSY 
RAS 
DA 
SR 
VO 
EFI 
PMl 
CCI 
CMI 

- TOTAL OUTPUT, ENERGY. KWH 

- INPUT POWER, KW 
- RAT~D OUTPUT POWER, KW 
- SYNCHRONOUS ROTOR SPEED, RPMN 
- RATED POWE~ SLIP (DEFAULT = .05) 
- MECHANICAL DAMPING. JOULE-SEC 
- STATOK RESISTANCE, OHMS 
- RATED SUS VOLTAGE, VOLiS 
- INPUT PRODUCT EFFICIENCY 
- MAXIMUM INPUT POWER, KW 
- CAPlTAL COST/Y~A~, S 
- HAI~TENANCE COST/VEAR, S 

COMMON ICIMPLI IMPL,rCNT ICTIMEI TIME 
COHMON ICOSTI CC.CM,C~,CV ICSIMULI I)U"'16) ,TINC,TMAX 

INITIALIZATION 

IFI IMPL.GT.O) GO TO 10 
EFF • 1. 
T~AXI = TM4X* .99999 
IFIRSY.EQ •• 99990 ) RSY = 1800. 
IF(RAS.EQ •• 99999) RAS = .05 
IflDA .EQ •• 999991 OA = O. 
IFISR .EQ •• 99999) SR = 1.4/RAP 
IFIVO .EQ •• 99999,1 VO = 400. 
IF(PM1.EQ •• 99999. PMl = 1.EI0 
P~N =0.0 
SP .. 0.0 

'RATI = RAP*1000./VO 
EE :: RAP/IRAP + SR*.OOl*RATI**Z' 

COMPUTE ROTOR SPEED AND OUTPUT POWER 
10 IF( PI.GT. 0.1 GO TO ZO 

P2 &0.0 
PL =0.0 
RS = RSY 
GO TO 30 

20 A • RAP/IEE*RASI 
8 • RSY/( A + RSY**Z*DA*I.C966E-51 
RS = B*CA + PlI 
P% = RAP.IRS/RSY -1.I/RAS 

C 

IF (P2.GT.RAP.AND.IMPL.EQ.2) WRITE(b.IOa) 
100 FORMATCIHO, 40X,31HGE~E?ATOR 0VTPUT EXCEEDS RATED POWER /1 

C 
C; 

c 
c 

IF(PZ.GT.RAP .AND. IMPL.EQ.ZIICNT=ICNT+l 
PL .. PI - PZ 
EFF • PZlPI 

30 EFZ = EFUEFF 
PMZ % AMINIIRAP, PMl*EFF) 

STATISTICS 
IFlIMPL.LE.ll RETURN 
PMN ~ AMAXl(PMN, PZ/RAP) 
SP a SP + PZ*.5*TINC 

COST SUMMATION 
IF( TI~E.LT.T~AX1~ ~ETUP.N 
CC .. ce + eel 
CM • CM + CMI 

FIGURE 6.1-2 SAMPLE COMPONENT CODE - GE 
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IMPL = 0 the first time in a simulation that the model (EQMO) is called 
= 1 if more iterations and hence subroutine calls are expected at a 

given time step 
>1 the final iteration through the model' 

Hence when IMPL = 0, subroutine variables are initialized, default values are 
, 

assigned, etc. The statistics are only updated at the final iteration when the 
model has presumably attained steady state values. Finally, the costs are 
added up when the simulation has reached the maximum time point. Capital 
costs, maintenance costs, and operating costs are stored in the first three 
locations of common block COST. 

Figure 6.1-2 shows the code for the generator component GE. The program 
automatically assigns default parameters = .99999. Hence, when IMPL = 0 
component dependent default vllues are assigned whenever the .99999 default is 
assumed. The code near Format statement 100 shows a typical diagnostic print-

, 

out. The diagnostic is only printed if IMPL = 2 since we need only diagnose 
errors at the final iteration. Note that a counter ICNT is updated each time a 
diagnostic is printed. It is stored in the second location of common block 
CIMPL and is monitored to see if diagnostic print lines exceeds OLINES. If so, 
IMPL is set to 3 the final iteration, so that no further diagnostics are 
printed. The last convention observed here concerns the use of the maximum 
power and product efficiency variables denoted PMI, EFl, PM2, EF2. These 
variables are used to communicate information to the logic components PO and 
PA. The efficiency variable EFF is defined as the ratio of output power to 
input power except when PI = O. In this case the old EFF value is used, but in 
any case EFF = 0 must be avoided since this would communicate a zero efficiency 
to a logic device which would then generate an infinite request. Observe that 
EF2 and PM2 represent the joint efficiency and maximum power at the output port 
as a consequence of the rated generator power and computed input/output effi
ciency. 
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Storage devices have in addition to the above, certain conventions to communi
cate with the logic components. An input parameter REI for port 1 request is 
used to initiate power discharge from storage. An output variable RE2 for port 
2 request is used to communicate a maximum charge rate request and is usually 
computed by 

RE2 = MIN {MPl, RAP)/EFI 

where MPI and EFI are the input maximum power and input product efficiency,iand 
RAP denotes the maximum storage charging rate. A priority interrupt INT should 
also be defined so that INT = 1. when storage is empty or at a minimum, INT = O. 
if no interrupt is required, and INT = -1. at full storage capacity. The 
amount of storage is normally a state variable so that the code computes the 
state derivative at each time point and lets the integrator update the state at 
each time point. 

6.2 FILOAD PROGRAM 

In addition to merging the subroutine representing the new standard component 
into the component library, descriptions of the inputs, outputs, and tables 
required by the new component must be added to the permanent file WMPF. These 
lists are used by the Model Generation program to direct the connection of 
component inputs and outputs. The program FILOAD is provided to perform any of 
the followin9 tasks: 

1. Add new input, output, or table name lists. 
2. Replace existing input, output or table name lists. 
3. Remove all name lists for specified components. 
4. Dump contents of WMPF file onto TAPE9 in input format. 

6.2.1 FILOAD Program Commands 

The FILOAD program will recognize the following commands. 
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LIST STANDARD COMPONENTS 

The LI ST STANDARD COMPONENTS conmand cau ses the program to pr i nt the i npu t. 
output, and table lists for all components modified or added to the WMPF file. 
If this conmand is not given the program will merely give a message stating the 
name of the new components being added to the file. 

PURGE 

The PURGE conmand can be used to remove a component from the WMPF fi 1 e. The 
PURGE command is folowed by the names of the components to be purged. The 
cOlllTland and the component names must be separated by one of the standard 
delimiters; i.e., []three or more blanks, [,] COlllTJa, [=] equal sign, [0] left 
or right parentheses. 

Example 6.3: PURGE = CM, TB, OB 

This conmand would remove all lists for the CM, TB, and OB components from the 
name 1 i st fil e. 

SYMBOL 

The SYMBOL cOlllTland may be used to des; gnate the type of symbol that is to 
appear for each standard component in the lineprinter drawn model schematic 
diagram. The SYMBOL cOlllTland is followed by the names of the components each 
fOllowed by a symbol nUmber. The Symbol numbers and their associated symbols 
are shown in Figure 6.2-1. The SYMBOL conmand, component names, and symbol 
numbers are separated by standard delimiters. 

Example: SYMBOL, CO = 100, SH = 200, TU = 300, OC = 400 

If a symbol number is not specified for a component, the default symbol of a 
square box will be used. 
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STANDARD SCHEMATIC SYMBOLS 

4 6 7 8 

aaaaaaaa 
.0 a 

14 16 
.Q oc a 
o 17 a 18 
a a 

000000'100 

SYMBOL = 400 

24 26 27 28 

** **** ********** : .' 

'" * * * t . 

* SH. '" * ME * ~' 34 * 35 '" 36 * 37 * 38 i 
I * * * * ~ 
" "'***"'* ********** . ~ r SYMBOL = 200 SYMBOL = ANY OTHER NUMBER ~. 1 

44 ! I 45 4'6 47 ,I 
48 

** r 
* * ~ 

* * II * * ~ 
! 

* TU '" i 54 * 55 * 56 57 58 i j 
f * '" 

* * 
* '" SYMBOL = 

** 
300 

\' 
64 65 66 67 68 

FIGURE 6.2-1 LIST OF STANDARD COMPONENT SYMBOLS 
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DUMP FILE 

The DUMP FILE conmand, causes the FILOAD program to dump the contents of the 
WMPF fi le onto TAPE9, in the input format of the FILOAD program. Thus for each 
standard component, a list of inputs, outputs, and tables will be produced. 
This data will be preceded by the command NEW FILE described below. This file 
may be edited to modify the input, output or tables description of any existing 
standard component or to derive a new standard component description from an 
eXisting one. The results of such an editing wouldithen serve as input data to 

I , 

a subsequent run of the FILOAD program. Unless it is intended to purge the 
WMPF file and start anew, the NEW FILE command at the beginning of TAPE9 should 
be removed before the subsequent run of the FILOAD program. 

NEW FILE 

The NEW FILE command instructs the FILOAD program to construct a new WMPFfile. 
This command must occur as the first card in a set of data describing a 
completely new WMPF file. Any previous components that may have existed on the 
WMPF file are purged by this command. 

FILE NAME 

This command is used to load the file name to be associated with the WMPF file. 
The current WMPF file name is SIMWEST II. This command is used as: 

FILE NAME = SIMWEST II 

6.2.2 Input Name~Lists 

Input name lists are identified by the letters INPT following the component 
name. Thus, the input name list for a component DC would be introduced with 
the phrase, DCINPT. This must be followed by a phrase that contains the number 
of names in the input name list. 
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The input names are contained on the following data cards, 8 names per card. 
The names must be left adjusted in fields, '10 characters wide. The names are 
placed in CO,lumns 1 through 3 of each field. Column 9 of each field can be used 
to indicate a port number which can be attached to the name to distinguish it 
from other quantities of the same name that occur with the given component. 
Thus, to indicate that temperature, T, is an input to port 1, the input name 
list would be: 

Column: 1 2 3 4 5 6 7 8 9 10 
Item: T 1 

This quantity would then be referred to as T1. 

Example 6.4: 

SWINPT = 3 

IN •••••• l.IN •••••• 2.CNT 

(The dots are used here to indicate blank spaces and would not be included in 
an actual data card). 

These two data cards would indicate that the component SW had 3 input quantity 
names. A quantity IN appears at port 1, and is to be referred to as INl. A 

quantity IN appears at port 2, and is to be referred to as IN2. A third input 
quantity CNT has no port designation. Note that if a port number is to be 
attached to a quantity name, that name should contain np more than 2 charac
ters. 

The sequence of names in the input name list must match the sequence of input 
arguments in the component call sequence. 
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6.2.3 Output Name Lists 

Output name lists are identified by the letters OUTP following the component 
name. Thus, the output name list for a component DC would be introduced with 
the phrase, DCOUTP. This must be followed by a phrase that contains the number 
of names in the output name list. 

The output names are contained on the following data cards, 8 names per card. 
The names must be left adjusted in fields 10 characters wide. The names are 
placed in Columns 1 through 3 of each field. Column 9 of each field can be us~d 
to introduce a port number .which can be attached to the name to distinguish it 
from other quantities of the same name that Occur with the given component. If 
the output quantity is a state variable, this must be indicated by placing S in 
Column 10 of the field. Thus, if power P is a state variable output quantity at 
port 2, the output name list would be: 

Column: 1 2 3 4 5 6 7 8 9 10 
Item: P 2 S 

This quantity would then be referred to as P2. 

Example 6.5: 

TZOUTP = 3 
X ••••••• 1SX ••••••• 2S0UT 

(The dots are used here to indicate blank spaces, and would not be included on 
an actual data card). 

These two data cards would indicate that the component TZ had 3 output quantity 
names. A quantity X appears at port 1. This is a state variable, and will be 
referred to as Xl. A quantity X is also a state variable that appears at port 
2. It will be referred to as X2. The quantity OUT is an output variable, not a 
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state variable, and does not have a port number associated with it. Note, that 
if a port number is to be attached to a quantity· name that name should contain 
no more than 2 characters. These two characters plus the port number will 
reach the maximum number of 3 characters in a quantity name. 

The; sequence of names in the output name 1 i st must match the sequence of output 
arguments in the component call sequence. However, whereas three argum~pts are 
provided for each state in the subroutine call sequence, only one name ~f 

included in the output name list. 

6.2.4 Table Name Lists 

Table name lists are identified by the letters TABS, following the component 
name. Thus, the table name list for a component CM would be introduced with 
the phrase CMTABS. This must be followed by a phrase containing the number of 
tables in the table name list. The table names are contained in the follow'ing 
cards, one table name per card. The name is located in the first 3 columns of 
the card. It must be accompanied by the maximum dimension that is to be 
provided for this table. This number must be given in columns 4 through 10 and 
should have a decimal point given. For single independent variable tables this 
number must be negative. For tables with two independent variables, this 
number must be positive. 

Example: 

CMTABS = 3 

TAM 53. 
TAB 43. 
TCM -27. 

These four data cards would indicate that the component CM had 3 tables. The 
first two tables TAM and TAB have two independent variables each, as indicated 
by the positive dimension numbers. The table TCM has only one independent 
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variable, as indicated by the negative dimension number. 53, 43, and 27 words 
of storage are to be provided for tables TAM, TAB, and TCM respectively. The 
maximum storage is related to the maximum number of primary, NX, and secondary, 
NZ, independent variables by: 

MAX = 3 + NX+NZ+NX*NZ for tables with two independent variables 
MAX = 3 + 2*NX for tables with one independent variable 
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7.0 LIBRARY COMPONENT DESCRIPTIONS 

This section describes the mathematical algorithms and input/output structure 
of the SIMWEST library components. Each component writeup contains a brief 
textual description of the algorithms, a mathematical expression summarizing 
its function, a list of input and output variables, a description of the 
calculation sequence and logic used in the model, and the model code. A figure 
is provided which shows the nominal input and output connections, and the state 
variables of each component. 

There are a number of features and conventions in the component descriptions 
which require some elaboration. These are briefly summarized below. 

7a. INPUT/OUTPUT NAME LISTS 

A potentially confusing factor is the way port numbers on input parameters and 
output variables are designated. On the model generation input cards the name 
of the phys i ca 1 quant ity and the port number are separated by a comma. For 
example, the power variable with port designation 1 is denoted P,I. To empha
size the distinction between the physical quantities and port numbers they are 
listed separately in the name lists of the component writeups. Ear example, 
P 1 in the name list denote:' the power variable (or parameter) with port 
designation 1 even though in other parts of the text it may simply be denoted 
PI. 

Another convention in the name lists is that the alphabetic symbol '0' is shown 
as ~ to distinguish this symbol from a zero. Elsewhere in the text symbols 
such as V~ may be referred to as VO. 

7b. INPUT PARAMETER SPECIFICATION 

All input parameters are associated with default values. Many of the parame
ters have default values denoted in the parameter description by the letter D. 

BCS 40262-1 PRECEDING PAGE BLANK NOT 'W_ ... 101 



, 
" 

~'." ~. \~'.'" ·7' -!'-,..,."f'" .... ~" ~ --.:r-"'T7'i', .......... '....---"· __ ~·~rN"'l-~ .. 'ro--"-l-,'-:r",c:-r--c;-"'VW· '-""""'!Il.=;;;"$& .~7"'~~"''''~.-y'.'"7''"-'\,;;J"'~-:'~P~'7''':--~~-'''''"r-'--:-;''''"''''''-''':''''~~1I'''V,.''''''''''''''''''''_ 
. ~~lIo¢it"''''''''''~ .. ' ... ,.,...... o_~ __ "_4-~~*~ ........... I';h ... _,... __ l' .. ~.-\I!\~"n .. jU '~'j ~.! ."".' (I _billl' .t'in:IJ! ¥ ., 'A.... r . 

For example, in thr: Battery component the default value for terminal resis
tance, RT, is D = .001 ohms. All input parameters for which a default value is 
not so specified have a default value of .99999. Default values are intended 
to enable users to put models together quickly by specifying a minimum of input 
data. Users need only specify detailed parameter values for those components 
of current interest. One must be careful using this approach since the opera
ting characteristics and efficiency of a 10kw rated device may, for example, be 
quite different than for a 100kw device. 

Any user-specified input parameter can be driven by one or two dimension table 
lookups using the FU and FV components. This enables the user to build more 
detailed models using time or other output variables to drive the tables. For 
example, if one needs to specify cost of peak load generation to the utility 
component as a function of peak load request, then one adds FU as an input to UT 
and specifies load request as an input connection to FU. The desired function 
table for FU is specified in the simulation input. 

It l)1.ay be noted that not all of the components have maintenance or operating 
cost inputs. Thus, whenever these costs are important, one tan aggregate such 
costs and input lumped costs to the model. For example, the maintenance cost 
of the hydro storage system may include maintenance costs for the pump and 
turbine. 

7c. COMPONENT LOGIC 

In constructing SIMWEST components, we have adopted several conventions, to aid 
communication with the logic components. All physical components distdbuting 
power are given two input parameters EF and MP (port 1) and two output varia
blers EF and MP (port 2). The output EF is the product efficiency of all 
components in the distribution subsystem up to and inc]uding the given compo
nent, and MP is the maximum power deliverable at the output of the component. 
Each storage component has in addition a power request input denoted RE 
(port 1), a power request output denoted RE (port 2), and a priority interrupt 
flag denoted INT. 
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Figure 7.0 shows the logic and physical variable connections for power flow in 
and out of a hydro reservoir. Power flows from the power divider to the pump at 
a rate not to exceed the request RE from HS. The HS request is computed by 
dividing the input maximum power by the input (or pump) efficiency EF. Hence, 
the maximum power flowing to HS cannot exceed RE*EF = MP. Similarly, the input 
request to HS is computed by the PA component so as not to exceed the maximum 
input power MP divided by EF (turbine efficiency). Hence, the power that flows 
to PA cannot exceed RE*EF = input maximum power. 

When the hydro reservoir is empty, the interrupt flag is turned on and the 
priority sequence is changed so that the reservoir is given access to power 
flowing into the divider. 

7d. UNITS 

Most of the SIMWEST components are coded in English units. However, SI or 
metric units were used to code the solar-photovoltaic components: ED, SO, FP, 
FO, and PV. This is generally not a problem since there are at most only a few 
interconnection variables between the solar-photovcltaic generation components 
and other SIMWEST components, and units conversions are easily handled using an 
MA arithmetic component. (See for example the Fresnel lens Model, Section 
9.3.) 
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P 
RE HI' 

~ 

~ 
PO 

P 
J PU 

MP 
M 

I ,.., 
I 

PS EF 
RE=MP/EF 

J 
PI HS ~ 

~ 

INT '-
.-[ MP 

H 
M RE~MP/EF , 

KT ...... 
P PA 
MP 
EF i 

j 

RE 
MP 
P 

FIGURE 7.0 SAMPLE CONNECTIONS FOR LOGIC COMPONENTS 
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AD 
7.1 ADMITTANCE 

POWER (PI) 
INPUT EFFICIENCY 
MAX. INPUT POWER 

(EFl ): 
(MPI) =/ /

' : POWER (P2) 
AD OUTPUT Ef'PICIENCr (EP21 

L-___ --II---I .. MAX • OUTPUT POWER (MP2) 

The admittance model can be used to model transmission tines, transformers, 

capacitors or impedance power flows. A primary assumption is that the re

active parameters dominate the real parameters so that power transfer angle 

is solely based on reactive values, and power losses are based on the real 

admittance parameters and on power angle. The equation for power loss is 
based upon the following model: 

11 . ADMITTANCE .---.r ""II1II(" 
l 

VI 

---
FIGURE 7.1 ADMITTANCE NETWORK MODEL 

(
I:t) = (G1, + jB1 
12 GM + JBM 

GM + JBM) (V1) 
G2 + jB2 V2 

12 
l 

V2 

J -. 

Where the reactive parameters B1 and B2 do not enter into the power loss 
calculatioils. 
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AD 
Inputs 
ii, 

Parameter/Port 

Gl"GM"G2 

8M 

V0 

P 1 

EF 1 

MP 1 

CC 

Outputs 

Var i ab Ie/Port 
P 

Pl 

PA 

2 

EF 2 

MP 2 

Description 
-3~ Real admittance parameters 

React ive admittance parameter -l~(~) 

Rated voltage magnitude 

Input power 

Input product efficiency 

Maximum input power 

Capital cost/year 

Output power 

Power loss 
Power angle 

Output product eff i ci~5ncy 
Maximum output power 

.!.I.o..i..U 
mho 

mho 

vol ts 

kw 

kw 

$ 

kw 

kw 

deg 

kw 

* - See next page for User Input to Model Transmission lines, Transformers 
and Impedances. 
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Transmission line Inpu!: 

G1 = G2 = g~f.l. 
GM = -g~E-1. 

8M = 11 (~E-L~E-I.) 

where 9 = line conductance per unit length 
I. = length of line 

U), = frequency in rad i ansI sec = 1201r 

l = line inductance per unit length 

Transformer Input: 

G1 = G2 = GM = 0 

8M = 1/X~E-h 
where X = reactance in ohms 

h = turns rat io 

(No power loss modeled with a transformer) 

Impedance Inpu!: (Includes capacitors and inductors) 

where 

2 2 G1 = G2 = -GM = HI (R +X ) 

8M = XI (R2+X2) 

R = resistance in ohms 
X = reactance in ohms 

= e'l for 
an inductance 

- .l.. for a capacitance we 
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Calculation SeQuence 

If P1 SO P2 = PL = PA = 0 and Return 

1) Compute poWer angle 

I f P1 *1000 > BlMN0
2
, COS e = 0 and wr i te D I AGNOST I C 

e = -SIN-1CP1-l1-1000/BM1N02) 

PA = e -lE-180/lT 

Cos 8= V 1 - C P1 *1000/ BM1N0 2) 
2 

2) Compute poWer loss and output power 

PL = V0 ~E-(G1 +G2+21IGM*COS e) 11000 

P2 = P1 - PL 

EFF = P2/P1 

I f P2 > 0 go to 3) 

write DIAGNOSTIC 

EFF = L 

3) Efficiency and maximum output power 
EF 2 = EF11!-EFF 

MP2 = MINCMP1, IBM I '~VQ)2;1000) 110 EFF 

4) Compute costs 
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C40 AD 
C 
C 
c 
C. 
C 
~ 
C 
C 
C 

: 

Cr 
C 
c , 
c 
d 
Q 
t 
C 
c; 
C 
C! 
C: 
C 
C 
C 
C. 

c 

C 

CAll 

PURPOSE: MODEL uF TRANSMISSION LINES.IRANSFORMERS, 
CAPACITORS, OR IMPEDANCE POW~R LU~S 

METHOD OUTPUT POWER AND POWER LOSS COMPUT~D FROM 
INPUT POWER 

WRITTEN av Y.K.CHAN VERSION 1, ~ULy,1971 

SEQUENCE 
OUTPUTS 

P2 
PL 
PA 
EF2. 
MP2 

INPUTS 

-OUTPUT POWER,KW 
-POWER LOSS,KW 
-POWE~ ANGLE,DEG 
-OUTPUT PRODUCT EFF ICIENCY 
-MAXIMUM OUTPUT POWER.KW 

Gl,GM,G2 -REAL ADMITTANCE PARAHETERS,MHO 
BM -REAC1IVE ADMITTANCE PARAMETERS (.NE.O.),MHC 
VO -RATED VOLTAGE MAGHITUDE.VOLTS 
PI -l~PUT POWER.KW 
EFI -INPUT PRODUCl EFFICIENCY 
MPI -HAXIMUM INPUT POWER,KW 
CC -CAPITAL COST/YEAR,$ 

COMMON /CIMPl/IMPL,ICNT/CTIME/TIME/CSIMUL/OUM(1),TMAX 
X I /COST/CCI 

REAL MPl,HPl 

P2=O. , 
, 

TMAXl=TMAX*.99999 
IFCPl.GT.O.)GO TO 10 
P2.=O. 
pl=O. 
P~=O. 
MP2=flPI 
E:F2=EFl 
(,() TO 400 

C COMPUTE: POWER AN~LE 
C 

c 

10 RR=Pl*1000./(BM*VO*VO) 
AA2=RR*RR 
IFCRR2.LE.l.)GO TO 100 
PA=-9v. 
RRC=O. 
IF'IMPl.EQ.2)WRITE(b,10B)Pl,BM,VO 

lOti FORMATCIHO,13H INPUT POW~R ,F12.3,33H lOa HIGH Rt:LATIVE TO AilMITTA 
XNCE ,FI2.3,19H AND RATED VOLTAGE ,FI2.)) 

IF(IMPL.EQ.2)ICNT=ICMT+l 
GO TO 200 

100 THETA=-ASINlRR) 
PA = THi:T A *'180. /3.14159 
RRC=~QRT(I.-RR2) 
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C COMPUTE POW~R lOSS AND OUTPUT POWeR 
C 

200 Pl=VO*VO*(Gl+G2+2.*GH*RRCJ/1000. 
P2=Pl-Pl 
EFF=P2/Pl 
IF(P2.GE.O.)GO TO 300 
P2=O. 
EFF=l. 
IFCIMPL.NE.2)GO 10 300 
WRITE(b.308)PL,?1 

AD 

30b FORMAT(lHO.2.4H AOHITTANCE POWER lOSS ,Fl2..3.21H EXCEEDS INPUT POW£: 
XR ,Fl2.3) 

C 

C. 

C 

ICNT=ICNT+l 

300 I:::Fl=EFl 
IF(P2.GT.O.)EF2=~Fl*tFF 

IF(PZ.GT.O.)HP2=AMINICHP1,A8S(SH)*VO*VO/IOOO.'*EFF 

'400 IF(IMPL.Lc.l)RETURN 
IFCT IME.ll. TMAXURETURN 
CCl=CtI+CC 

110 

RETUIC.N 
END 
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7.2 TEST FUNCTION GENERATOR 

AF 
~ F0 

DescriptiQn 

IOput§ 

Parameter/PQrt 

C0D 
Specifies which analytic function is calcu

lated. (See equations below for use of these 
inputs) 

Cl 

C2 

C3 

C4 

C5 

Outputs 

Variable/PQrt 

F0 Output variable 

Calculation SeQuence 

C0D = 1 F0 :;= Cl + C2*SIN(C3*T + C4) 
2 F0 = Cl + C21ICOS (C3~f-T + C4) 
3 F0 = Cl + exp (-C5~f-T) ~E- SIN (C3~E-T + C4) 
4 F0 = Cl + exp (-C5~E-T) -)E- COS (C3*T + C4) 
5 F0 = Cl + C2*T 
6 F0 = Cl + C2*exp (-C3*n 

where: T = TIME 
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CAE 

c. 
c. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C. 
C. 
C 
C 
C 
C 
C 
C 
C 
C 
c.J 
c. 
c 
c 
c 
C 
C 

10 

20 

30 

40 

50 

bO 
100 

SUBROUTlhE A F{FO,('OD,('l ,('2,C3,("4 ,C!t) 
AF 

PURPOS~ 10 SIMULA1E ANALYTICAL FUNCTIONS 

METHOD - Sl~ CODIN& 

WRITTeN BY ADAM LLOYD LATEST' RE:VI SIQN fEB 16 

LHUTA1ION~ - NONE 

INPUT/OOTP"T LI~T 

Fa OUl PUT VARIABLE ANY 
COD COO~ IDENTIFYING ANALYTICAL FUNCTION 

CODE= FO= 
1 ('1+('2*SINCC3*TIM~+C4) 
2 Cl+('2*COSC('3*TIME+('4) 
j C1+C2*EXP(-('5*TIME)*SlNCC3*TIME+('4) 
4 C1+('2*EXP(-C5*TIM~)*COS(C3*TIME+C4) 
S Cl+C2*TIME 
6 C1 +(,2* EXP (-(,5* TIME) 

C1 CONSTANT lNPUTS FOR ABOVE EQNS 
L2 CONSTANT INPUTS FOR ABOVE EQNS 
C3 CONSTANT INPUTS FOR ABOVE EQNS 
(.4 CONSTANT INPUTS FOR ABOVE EQNS 
(,5 CONSTANT INPUTS FOR ABOVE EQNS 

COMMOM/CIIME/TIME 
NCO 0 £..=(,00 
(;,0 TU (10,20,30,40,50,60) ,NCODE 
FO=Cl+(.Z*SIN(C3*TIME+C4) 
GO TO 100 
FO=C 1+C2*COS (C3*TIME+C.4) 
GO TO 100 
FO=Cl+Cl*EXPC-C'*TIM~)*SlN'C3*TIME+C4) 
GO TO 100 
FO=C 1+CZ*EXP'-C5*TIME) *COS (('3*TIHE+C4) 
GO TO 100 
FO=C I+C2*TIME 
bO TO luO 
FO=Cl+C2*EXP(-('5*TIME) 
RfTURN 
END 

OUTPUT VAR 
INPut PARAM 

INPUT 
INPUT 
INPUT 
INPUT 
INPUT 

PARAM 
PARAM 
PARAM ~ .,' 
PARAM 
PARAM 
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7.3 BATTERY 

P(}lER (Pl) 
P(}lER REQUEST (RE1) 
INPUT EFFICIENCY (EF1) 
MAX. INPUT P~ER (MP1) 

-.. 

STORED ENERGY (PE) 

t. 
, 

BA 

.. 

PCWER (P2) 
MAX. OUTPUT PCWER (MP2) 
INTERRUPT FLAG (INT) 
POWER REQUEST (RE2) 

BA 

The battery model is based on the circuit diagram shown below. Current flow 

is determined by the output power request minus input power. Battery leakage 

is proportional to stored energy. Priority interrupt logic is activated when 
a minimum or maximum capacity level is attained. 

RL 

RT I 

-
I 1 
':.- '"!". 

VT 

1 
FIGURE 7.3 BATTERY CIRCUIT DIAG~ 

Basic Equations 

The output power P2, stored energy PE, terminal current I, and capacitor 

voltage VC is computed using the fol lowing equations: 

P2 = REl 

P~ = evc
2

+2*V0*VC)iICBI7 .2X106 

e P2-Pl )i'1000 = eV0+VC) I - 12*RT 
• 

PE = -e I+VC/RLJ (VC+V0)/lOOO 
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Inputs 
Parameter/Port 
P 1 
V~ 

RT* 
CBl 

RL 1 

RAP 
EF 1 
MP 1 
El 
RE 1 
EDE 
DT 
CC 
CM 

Outputs 
Variable/Port 
P 2 
PE 
I 
VC 
VT 
PL 
T~ 

MP 2 
INT 
RE 2 

Description 
Input power 
Internal voltage 
Terminal resistance (D = 0.001) 
Battery capacitance (D = 2.88xl08) 
Leakage resistance (D = 0.05) 
Rated input power 
Input product efficiency 
Maximum input power 
Maximum energy storage 
Power request 

Energy deadband for priority resequencing 
Down time for priority resequencing 
Capital cost/year 
Maintenance cost/year 

Output power (=REl) 
Stored energy (state of charge) 
Terminal current (+=out,-=in) 
Capacitor voltage 
Terminal voltage 
Power loss 

nme when battery was discharged 
I 

M~ximum output power 
Priority interrupt flag 
Maximum charging rate request 

D Default values supplied 

Units 
kw 
volts 
ohms 
farads 
ohms 
kw 

kw 
kwh 
kw 
kwh 
h 

$ 

$ 

kw 
kwh 
amps 
volts 
volts 
kw 
h 

kw 

kw 

1 - Battery leakage time constant in hours = CB*RL/3600 
* - RT may be used as an adjustment parameter for specifying battery efficiency at rated power. 

114 
BCS 40262-1 

BA 

........ 



Statistics 

Variable/Port 

MPE 
Description 

Maximum stored energy 

Sum of charging energy 

Sum of discharging energy 

SPC 

SPD 

Calcylation Segyence 

1) Compute VC 

VC = 

2) Solve for terminal current I 

1 
2) 

3) 

4) 

If (P2-P1)iE-1000 ~ (VC+V0)2/4iI-RT, GO TO 21 

= (VC+V0) - V (VC+Vt/)) 2 - 4*RT*(P2-Pl)*lOOO 

2*RT 

Go to 3) 

= (VC+V0)/2*RT and write DIAGNOSTIC 

Compute VT 

VT = VC+V0-1 il-RT 

Potential energy balance and po~er loss 

PE = -C I+VC/Rl) CVC+V0) 11000. 

PL = CI 2i1-RT + VC2/RL)/1000. 

5) Maximum charging and discharging rates 

RE2 = MINCMP1,RAP, (E1-PE)/TINC)/EF1 

MP2 = MIN(RAP,(VC+V~)2/(4000iI-RT~,(PE_EDE)/TINC) 
where TINC = integration step size" 
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Calcylation SeQyence eont • 

6) Priority interrupt logic 

If PE ~ EDE and T<J = 106 , T0 = TIME 

If PE S EDE and TIM( - T0 ~ DT, INT = 1 and go to 7) 

T0 = 106 

I f PE > 2*£DE and I NT = 1, I NT = 0 

I f PE ~ E1, I NT = -1 

I f PE < E1 - EDE and INT = -1, I NT = 0 

7) Compute Statistics and Costs 

SA 
lJ 
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eSA 

c 
(. 

c 
C 
C 
C 
C 
C 
C 
C, 
C 
c: 
(. 

c 
c 
C 
C 
c: 
c: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C' 
C 
C 
c. 
C 
C 
C 
C 
C' 
C 
C 
C 
C 
C 
C 

C 

BA 
~UBROUTIN~ aA(~2,pc,PcO,IP~,I'~,VT,PL,TU,HP2,IN1,REl,MPE,SPC,SPO, 

1 Pl,VO,~T,tB,KL,RAP,EF1,MP1,El,Rcl,~OE,DT,CC,CM) 

CALL 

PU~POSf. BATtERY MODE:l 

METHOD COMPUTE \TORED EN£~bY A~D POWER OUTPUT AS 
FUNCTIONS OF POWER INPU1 AND POWER REQUES1. 
A RESISTOR/CAPACITOR N~TWORK IS USED TO 
MODEL BATTERY SrORAGE. 

~RIITE~ BY Y.K.CHAN 

SEQUfNCE 
UUTPUTS 

P·2 -oUTPiJT POW~R, KW 
PE -STO~EO ENERGY (STATE),KWH 
PED -~lLRED ENER~Y DERIVATIVE 
IP~ -INTEGRATOR CONTROL 

VERSIO~ 1, JUNE 3,1977 

Ii -1 ERMINAL tURREN1 (+=OUT, -=IN) ,AMPS 
VC -CAPACITOR VOLTAGE, VOLTS 
VT -TERMINAL VOLTAbE, VOLlS 
Pl -POWER LOSS, KW 
TO TIME WHEN BATTERY WAS DI~CHARGED, HR 
MP2 -MAXIMUM OUTPUT POWER, KW 
INT -PRIORI1Y INTERRUPT FLAG 
RE£ -MAXIMUM, CHARGIftG RATE REQUEST, KW 

SlATISllCS 
~PC -SUM OF ChARGING ENERGY, ~WH 
HPE -MAXIMUM SIOkED ENEKbY,KWH 
SPO -SUM OF DISCHARG1~G E~~~GY, KHW 

INPU1"S 
PI -INPUT POWER, KW 
VO -IN1ERNAL VOlTAbE, VOLTS 
RT -TERMINAL RESISTANCL, OHMS 
CB -BAT1ERY CAPACITANCE, FARADS 
RL -LEAKAGE RESIS1~CE, OHMS 
RAP -RATED INPUT POWER., KW 
Efl -INPUT PRODUCT EFFICIENCY 
MPI -MAXIMUM INPUT POWER, KW 
El -MAXIMUM ENERGV STORAGE, KWH 
REI -POWlR REQUEST, KW 
EOE -eNERGY OEAOBANO FOR PRIORITY RE.SEQUENCING, K~H 
OT -DOWNTIME FOR PRIORI1'Y lU:.SEQUENC.lNG, HR 
CC -CAPITAL COST/YEAR, $ 
eM -MAINTENANCf COST/yEAR, $ 

COMMON /CIMPL/IMPL,ICNT/CTIME/TIME/CSIMUL/DUM(1),TMAX/COST/CCItCMI 
REAL I,HP2,HPE,MPI,INT 
TINC I=OUH (1) *.5 

IF(IMPL.GT.O) GO Tu 100 
IF(RT.EQ •• 99999)RT:.OOl 
IFlCR.EQ •• 99999)Cb=2.88E& 
IF(RL.£Q •• 99999)Rl=.O~ 
TO=looooao. 
INT=O 
TMAX1=TMAX*.99999 
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TINC =DUM' l' , BA 
c 
c 
c 

C 
C 
C 

c 

MPE:=O. 
SPC.=O. 
SPO=O. 

I 

CAPACITOR VOLTAGE 

100 VC=SQRT'CPE*7.2fbIC81+VO*VO, VO 

TERMINAL CURRENT 

P2=REI 
AA=lP2-Pl)*4000.*RT 
ci=VC+\lO 
c~.=S*n 
IF(AA.GT.BZ) ~O TO 200 
I=8-:)QRT (B2-AA' 
I=I/(2..*RJ) 
GO 'f0 300 

200 1=S/C2.*R.T' 
IF(IMPl.EQ.2.'WRITE:Cb,206'P2 

208 FORHAT(lHO,!5H POWER REQUEST ,F12.3,~OH EXCEEDS BATTERY CAPA61LIIY 
I. CHE:CK VC,VO, AND RT. , 

IF (IMPL.EQ.l)ILN1=IC.NT+I 
C 
C lERMlNAl VOLTAG~ 
C 

300 VT=YC+VG-I*RT 
c 
C POTENTIAL ENER.GY ~ALANCE AND ENERGY LOSS 
C 

C 
C 
C 

C 
C 
C 

IF'IP£.N~.O)PED=-(l+ VC/RL)*CYC+VO)/IOOO. 
PL=(I*I*RT+VC*VC/RL)/IOOO. 

MAXIMUM CHARGING AND OISCHARGING RATES 

APl=AMAXlCO.,lEl-PE)/TINC) 
RE2=AMINICMP1,RAP,APl) 
RE2=RE:2'cFl 
AP2=AMAXl'0.,lPE-EDE)/TINC) 
MP2=AMINl(RAP,B2/(4000.*RT),APZ) 

PRIORITY INTERRUPT 

C=EI-EOE 
ED2=i:OE+EOE 
IF(PE.GT.£D~)bO TO 401 
IF(TO.GT.999999.)TO=TIME 
WAIT=.JIME-TO 
IF 'WAIT.GT.OT)lNT=l 
bO 10 400 

401 TO=lOO~OOO 
IFIPE.LE.E02)bQ TO 400 
IFCPE.GT~El)GO TO 403 
IF'PE.Gl~C)GO TO 400 
INT=u 
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c 
C 
C 

C 

c 

GO TO 400 
403 INT=-l 
400 CONTINUE 

IFIIMPL.LE.l)RETURN 

STA T IS TIts 

MPf=AMAX1(MPL.P~) 
SPC=5PC+TINC1*Pl 
SPO:SPO+TINCl*PZ 

IF(TIHE.LT.TMAX1)RETURN 
CCI=CCI+C.C 
CMI=CHI+CM 

RETU~N 
ENO 
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7.4 BURNER 

M~SS FLOW RATE (Ml) 
TtMPERATURE (Tl) 
INPUT POWER (Pl) 

MAX. INPUT POWER 
. (MP1} 

INPUT EFFIClENCY 
(EF1] 

---. 

---.. .. 
. 
-

--
-

BN -.-" 

-
-

MASS FLOW RATE (M2) 
TEMPERATURE (TZ) 
OUT~UT POWER (P2) 

MAX. OUTPUT POWER (MP2} 
OUTPUT EFfICIENCY CEf2) 

BN 

The burner model computes the amount of fuel required to be burned in the 

Inlet airstream to raise the air temperature from the given Inlet temperature 

to the specified outlet temperature. The fuel mass flow rate when Integrated 
over time al lows calculation of the cost of burner fuel. 

Basic EQuation 

The mass of fuel consumed, F, Is computed from the equation: 

120 

F:::: Mt-l!Yf>-lH T2-I1 ) 
NU~~HF 
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Inpuh 
I 

POCameter/Port 
M 

CP 
1 

T 

T 

NU 

1 

3 

HF 
CF 
FOM 

C8 
LE 
MDM 

EF 1 

MP 1 

P 1 

Output l.1 

Varlgble/Port 
F 

EF 2 

MP 2 

T 2 

FO 

CC0 

C0 

M 

P 

Statistics 
FOU 

OQscrlpt Ion 
Inlet air mass flow rate 

.u.o.l..U1 
Ib/h 

BN 

-5 Air heat cnp~crty (0 ~ 72X~Q ) 

Inlet air temperature 
kwh I Ib-OF 
OF 

Outlet alt" temperature (specified) I 

Combustor efficiency (0 ~ 0.90) 
Fuel heating value (0 1:1 5.56) 

Specific fuel cost (0 1:1 0.094) 

Maximum allowable fuel mass flow r'ote (0:::;17800) 

8urner cost coefficient (D:::; 1.(83) 

OF 

kwh/lb 
$/lb 

Ib/h 

$/lb/h 
BUrner life expectancy years 

Maxlrnumallowable all" mass flow rate (0~27000) lblh 
Input product efficiency 

Maximum I nput power 
Input power 

Fuo I mass consumed (s ta t'e) 
Output product effiCiency 
Maxlfllllln output power 

Outlet air temperature 
Fuel mass flow rate 

8urner capital costlyear 
Fuel cost 

Outlet Illass flow rate (= Mi) 
Output power 

Maximum fuel mass flow rate 

kw 
kw 

Ib 

kw 
OF 

Ib/h 
$ 

$ 

Ib/h 

kw 

Ib/h 

~ D - Default values suppl led 

BCS 40262-1 
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BN 
The calculation sequence and default values are based on a burner sized using 

first principles to maintain the outlet temperature at 6000 F assuming an inlet 

temperature of 120
0
F and a mass flowrate of 2.7x104 Ib/h. These conditions 

represent the extreme conditions expected and should satisfy al I burner require

ments. No.6 fuel oil is assumed to be the fuel type. Cost and heating values 

were obl'a i ned from References 1 and 2. Cost est imates for the burner were 
estimated from the results of Reference 1. 

Calculation SeQuence 

1) Cap ita I Cost 

CC0 = CB-lfNDM/LE 

2) Maximum air mass flow rate al lowed 

If Ml = 0 set EFF = 1, MP2, = MP1 and go to 13) 

MlM = min ( NU-ll-HF-lfFDM ,MDM ] 
CP*(T3-Tl) 

I f T1 > T3, M1M = MDM 

3) Efficiency and maximum discharge power 

EFF = 1 + M1-ll-CP-ll-(T2-Tl) I P1 

EF2 = EFl-ll-EFF 
( if P1 > 0) 

MP 2 = min {MP1 *EFF, P1 -II- M1MI Ml} 

P2 = P1-1l-EFF 
(ifMl>o) 

"Prel iminary Feasibi I ity Evaluation of Compressed Air Storage 
tems, " United Technologies AER 74-00242, December 1976. 

~Heaml It§ G!i!neratiQD aDd !.l§!i!, Babcock and Wilcox, New Yor~, 

Power Sys-

NY, 1972. 
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Calcylation SeQyence Qno1. 

4) Fuel moss flow rate 

T2 = MAX(Tl, T3) 

If Nn > NnM write DIAGNOSTIC 

5) Compute stat i sti cs and Costs 

C0 = CF * F 
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CSN BN 
SUBROUTINE BNCF,DF,IF,EF2,HP2,T3,FD,CC,CO,M2,P2,FOU,Ml,CP,T1,T2 

(.. 

c.. 
c 
C 
C 
C 
C 
(. 

C 
C 
C 
C 
C 
C 
C 
C 
C' 
C 
C 
C 
C. 
C 
C 
C. 
C 
c 
c 
C 
C 
C 
C 
C. 
C 
C 
C. 
(:1 

C 
C, 
C 
C 
C 

C 

c 

1 .NU,HF,CF,FOH,CB,LE,MDM,EFl,MPl,Pl) 

PURPOSE COMPUTE FUEL REQUIRED TO KAIS~ THE AIRSTREAM 

TEM PERA TURE A G IVEN INC~EMEItT. 

METHOD INTEGRATE THE FUEL MASS FLOW RATl:: OVER TIME 

WRITTEN UY ~.O. MAHONY 
VERSION 1, MARCH 22 1911 

CALL ~EQUENCE 

OUTPUTS 
F 
uF 
IF 
EF2 
MP~. 
T3 
fD 
e.C 
CO 
H2. 
P2 
FDU 

- fUEL MAS5 tDNSUMED SINtE TIME=O (STATE), LB 
- FUEL MASS D~RIVATiVE 
- ~TA1US INDICATOR 
- OUTPUT PRODUCT EFFICIE~Y 
- MAXIMUM OU1PUl flOWE'l, i(W 
- OUTLET AIR TEMPERATURE, D~G F 

FUEL MA~S FLOW RATE, LB/HR 
- bURNER CAPITAL COST/Y£AR, $ 
- FUEL COST, $ 

- OUTLET MASS FLUW RAT~, LS/HR 
- OUTPUT POWER, KW 
- OSSERVED MAXIMUM fU~l MASS FLOW RATE, lB/HR 

- INLET AIR MASS FlGW RATE, LB/HR 
- AIR HEAT CAPACITY, KWH/LS-DEG F 
- INLET AIR TEMPERA TURE, DEG F 
- OUTLET AIR TEMP~RATURE, D~G F 
- COM~USTER EFFICIENCY 
- FUEL HEATING VALUE, KWH/l8-DEG F 
- SPECIFIC FUEL COST 

INPUTS 
MI 
~P 
11 
~2 
~U 
HF 
CF 
FOM 
ca 
lE 
MuM 
EFl 
MPI 
PI 

- MAXIMUM ALLOWABLE FUEL MASS FLOW RATE, LB/HR 
- BURNER COST COEFFICIENT 
- bURNER LIFE EXPECTANCY, YEARS 
- MAXIMUM ALLOWABLE AIR MASS FLOW RAT~, Lo/HR 
- INPUT PRODUCT EFFICIENCY 
- MAXIMUM I~PUT POWER. KW 
- INPUT POWER. KW 

COHMON/CIHPL/IMPl,ICNT /CTIME/TIHE /CSIMUL/OU .. (1).THAX 
CQHMON/CGST/CCI.CHI,COP 
R~AL MPl.H2,"I,NU.lE."~M,HPl.HlM 

, 
IFC lKPl.GT.O) GO 10 100 
lMIAXl =l'MAX*.99999 
IF:(CP .r:Q. .99999) CP = 12.0E-6 
IF!' I~LI .EQ. .99999. NU = 0.98 
IF:(HF .f:Q. .99999) HF = 5.56 
IFi(CF .E:~. .99999) CF = 0.094 
IFe FilM. EQ • • 99999' FDM=I.18l::+4 
IF-CCa .EQ. .99999) c.a =1.b33 
IFCHOH.EQ. .99999) MOH=2.1E+4 
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i . 

t 
c 
c 

e 

c 
C 

C 
e 

C 

e 
c 

e 

FOU = 0.0 
CC =CB*MOM/LE 

lu~ EFF=l.O 
IFCMl.EQ.O.O)GO TO 200 
MIM=MOM 
IF'Tl.GT.T2) &0 TO 200 

MAXIMUf'l ALLOWABLE AIR FLOW RATE 

KIM=AMINICNU*HF*FDM/eP/CT2-Tl"MDM) 

IF'Ml.GT.MlM) GO TU 1000 
300 CONTINUE 

ZOO 

i:FFICIENCY AND MAXIMUM DISCHARGE POWER 
IF(Pl.EQ.u.O)GO TO laO 

EFF ::: 1.0+Ml*('P* ( 1',-1"1 )/P 1 

EFl = EFl*EFF 
MP2=MPl 
IFCMl.GT.O.) MP2=AMINIIMPl*EFF,PI*MlM/MlJ 
P2=P l*EFF 

FUEL FLOW RA l"E 

IF( IF.HE.O) OF= Hl*C.P*(T2.-ll)/NU/HF 
IFITI.GT.T2) OF=O.O 
FO=OF 

C COS1S 

c 

CO ::: CF*F 
T3=MtAXl ( Tl, T 2) 
M2=MI 

C ~TATISTleS 

c 

e 

C 

IFtlMPL.lE.l) RETURN 

FDU ::: AMAXICFD,FDU' 

IFITIME.LT.TMAXIJ RETURN 
CCI= eel + CC 
cop= COP + CO 
RETURN 

1000 IFCIMPL.EQ.lJWRITE(6,10IO' MI,MIN 
UUO FORMAH IHO, 28Hiilt INLET AIR MASS FLOW RATE ,FIl.3, 

1 36H GREA1ER THAN MAXIMUM ALLOWABLE ,F12.3) 
.IF(IHPl.~Q.2JICNT=ICNT+I 
bO Te 300 
END 

f. 
~ BCS 40262-1 
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7.5 COST MONITOR1 

UTILITY INPUTS 
• UTILITY ENERGY DEUIVERED 
• VALUE OF UTILITY ENERGY 
• SURPLUS ENERGY SUPPLIED 

SYSTEM COST INPUTS 
• CAP IT AL COSTS 
.'MAINTENANCE COSTS 
• OPERATING COSTS 

CM 

j 

LOAD INPUTS 

'" 
" 

• SOLAR ENERGY DELIVERED 

eM 

COST PER KWH 
~ COST PER VALUE DELIVERED 

PERCENT OF LOAD SUPPLIED 

• VALUE OF ENERGY DELIVERED 
• TOTAL LOAD DEMAND 

This component sums the capital, operating and maintenance costs of all 

system components. The total yearly cost TC is then computed using a fixed 

charge rate factor which represents depreciation, cost of money, insurance 

and taxes. 

The total energy delivered to the loads plus surplus energy is then summed 

and yearly energy delivered TED computed. Cost of operation in mills is 

1 This component must be placed last in the model generation input file, 
i.e., just prior to the END OF MODEL command. 
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eM 
!:J then given by 

System cost/kwh = TC * IOOO./TED 

Similarly,_ the value of energy delivered to the loads is summed minus the 

utility energy value and including the value of surplus energy, and fac

tored to give yearly energy value delivered VED. Energy value in mills is 

given by 

Load value/kwh = VED * IOOO./TED. 

Cost per value delivered is the ratio of the above two equations. 

In addition to the above cost calculations, percent of total load supplied 

by storage PCW, percent of load supplied by utilities PCU, and percent of 

energy surplused to the utilities pes is computed. The total cost in mills 

to meet the load is then given by 

Load cost/kwh = (system cost/kwh * PCW + utility cost/kwh * PCU)/IOO., 

where 

Util ity cost/kwh = value of util ity energy * IOOO./util ity energy 

delivered. 

Inputs 
Parameter/Port 

CR 

LE 

BCS 40262-1 

Description 

Capital charge rate 

System life expectancy 

Units 

%/year 

years 
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CORmon Block 
Inputs 

CC 

CM 

CO 

TMAX 

VDE 

TOE 

TLD 

UTV 

UTO 

SPD 

Outputs l 

.. 'If" ..... -, .• \.., - .. ,,>,,'1 

Description 

Total yearly capital costs 

Total yearly maintenance costs 

Operating and fuel costs over TMAX 

Simulation time interval 

$ 

$ 

$ 

hr 

Value of energy delivered (including surplus) $ 

Solar energy delivered (including surplus) kwh 

Total load dema~d kwh 

Value of utility energy 

Utility energy supplied 

Surplus energy supplied 

$ 

kwh 

kwh 

$ 

kwh 

eM 

Total yearly costs (TC) 

Yearly energy delivered (TED) 

Cost of energy per kwh 

Yearly value delivered (VED) 
mills 

Cost per value delivered 

Percent of load supplied by 

Storage (PCW) 

Util ity (PCU) 

Surplus energy load factor (PCS) 

Total load cost per kwh 

$ 

mills 

1 Printout only occurs when simulation is completed. Thus no output 
variable symbol is required. 
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C 
C 
C 
C 
~ 
C 
G: 
t 
¢ 
~ 
C 
C 
C 
c. 
C 
C 
C 
C 
C. 
C 

C 
r C 
• 

C 

C 
C 
C 

c 

SUBROUTINE CMCDUMM,FCR,LE) eM 
PURPOSE SUMMARIZE WINO ENERbE STOaAG~ COSTS AND L~VELllEO ENERGY COST~ PER KWH. 

WRITTEN BY A.W. WARReN VlRSION 1, MAY 1971 
l .. PUT PARAHlJERS 

FIXED CHAR~E RATE fACTOR INCLUDING DEPRECIATION, MONEY CO~T, INSURANCE, AND TAXES, Pt:.R YEAR - SYSTEM LIFE EXPECTANCY , YEARS 
SIMULATION TIME, HR 

- T01AL YEARLY CAPITAL COSTS, $ 
- 101AL YEARLY MAINTENA;~CE COSTS, $ 
- TOTAL OPERATING AND FUEL COSTS OVER TMAX, $ - VALUE OF EN~RGY DcLIVtRED OViR THAX, ~ - TOTAL eNERGY DELIVERED OVER TMAX, KWH TOTAL LOAD DEMAND OV£~ TMAX, KWH 

.-

FCR 

lE 
TMAX 
CC 
CM 
CO 
VOE 
TDE 
TLO 
UTV 
UfO 
~Pu 

- VALUE OF UTILll1 ENERGY SUP~LIED LESS SURPLUS VALUE, $ 

100 

- TO"fAL UT IL ITY ENERGY DELIVERED, KWH 
- TOTAL SURPLUS ENERbY SUPPLIED TO UTILITy, $ 

COMMO~ /COST/ ce, CMA,CQ,VDE,TDE,TLD,UTV,UTD ,SPD COMMON ICIMPL/IMPL /CTIMEI TIME /CSIMUL/ DUHI7),THAX REAL Ll 

IF C I HP L • G T • 0 ) GO TO 100 
ooMM=O.O 
cc = 0 • 
CMA :: o. 
co = o. 
VOE= o. 
TDE= o. 
TtD:: o. 
UTV=,Ji. 
UTD=O. 
~D=O. 
TMAXl= ,oHAX*.9'9999 

IFCTIHE.LT.TMAXl)RETURN 
IFC IMPL .LE.l 'RETURN 

LLE = lE 
WRITU6,200) LLE 

INITIALIZATION 

I 

COST SUMMARY OUTPUT 

200 FORMATC1Hl,35X,39H SOlAR/wIND ENERGY STORAGE COST SUMMARY // 1 IH ,40X,12,11H YEAR LIFE CYCLE) 

COY = CO*S1bO./TMAX 
CCY = CC*Li::*FCR*.Ol 
TOY = COY + CMA + (CY 
WRITE(b,300)CCY,CMA,COY,TOY 

300 FORMATI//// ~OX,22HO YEA~LY SYSTEM C05TS/ lH+,29X,lH+/ IH-,42X, I lZHCAPITAL COST,12X,F8.0,ZH $ / IH ,42X, llH(INCLUDING FIXED. 
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c 

C 

c. 

c 

eM 2 8HCHAR~fS) I IHO,4lX,16HFIXEO 0 + M COST, 6X,F6.0,2H $ IlHO , 
3 4lX,21HOP~RATING + FUEL COST, 3X,FB.O,lH $ , IHO,42X,5HlOTAL, 
4 19X,FB.O,2H $ ) 

EOE = l'DE * 8760./TMAX 
IVDl:. = VDI:: * 8700.ITMAX 
TDYM = TOY*lOOO.1 t.DE 
VDEN :. VDE*lOOO.1 TOE 
CPV :. TOYN I VOEN 

WRll E( 6,400) EOE, TOYN, 1 VO'::, VOt.H,C.PV 
400 FORMAT(II" 30X,2,6HO ENERbY DELIViReD I IH+,2'JX,lH+ I Ht-, 

1 4lX,16H~N~RGY DELIVERED, 7X,F9.0,4H KWH I IHO,33X,50(lH*) , 
1 IH ,33X,lH*,48X,lH* I 
2 IH ,33X,lH*, 8X,19HENERGY COST PER KWH, 7X,F6.1,9H HILLS * I 
2 IH ,33X,lH*,45X,lH* I IH , 
3 33X,10(5H****.) I IHO,42X,25HVAlUE OF ENERGY OELIVE~ED,17, 
4 ZH $ I lH ,42X,22H(VALU~ OF FUEL SAVEO) / IHO,4~X,20HENERGY VALUE 
5 Pi..R KWH, 6X,Fb.1.,6H MILLS;' IHO,42X,2.4HCOST PER VALUE Ot.LIVERED, 
b 2X,F6.2) 

PCO= (TOE-Spu)*lOO./TLO 
PCU= UTO*lOO ./ILL) 
pes= SPD*lOO./TLD 
CPlC..WH=- (lOYN* (TDE-SPD) + UTV*lOO O. )/ILD 
WRITEib,500)PCO ,PCU,PCS,CPKWH 

~oo FORMATe/III 30X,31HO lOAD FAClOR /lH+,29X, 
1 IH+ I IH-,42X, 

130 

1 2bHPERCI:NT OF LOAD SUPPLIED ,F6.1, 2H / IH ,42X, 28HtiY lOTAL S 
2Cl.AR ~YSTEM I lHO,42X,24HPERCENT OF LOAO SUPPLIED,lX,Fb.l / 
~ IH ,41X,llH BY UTILITY / 
3 IHO,42X,26HPERC~HT OF SOLAR ENERGY ,Fb.l / 
3 IH ,42X,9HSUR~LUSED / 
4 lHO,42X,~3HCOST TO MEEl LOAD , 3X,Fb.l,6H HILlSI 
5 IH ,42X,29HCSOLAR + UTILITY) , lHl) 

RETURN 
END 

, . 
. , 

~:... -~' ~ §~ 
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7.6 COMPRESSOR (PNEUMATIC) 

POWER (PI) 
AMBIENT TEMP. (TA) 
MAX. INPUT POWER (MPI) 
INPUT EFFICIENCY (EFl) 

CO 

t--~ASS FLOW RATE eM} 
t--.... ~OTOR S.PEED (RS) 
....... ---*XIT TEMPERATURE (T2) 
t--~"1'IAX • OUTPUT POWER (MP2) 

~ ___ ---,t--..... uuTPUT EFFICIENCY (EF2) 

co 

The compressor model represents the off-design performance of a typical axial 

f low compl'"essor. The compressor is assumed des i gned for a spec if i ed set of 

design operating conditions and performance requirements. The mass flow rate 

is assumed directly proportional to angular velocity and independent of the 

p!~essure rat i 0 across the compressor. Thi sis expected to hoI d for ±15% of 

the design mass flow !rate. The polytropic efficiency of the compressor is 

as~umed to be a weak function of the angular velocity. Initial calculations 

are made with the design polytropic efficiency, and refinements made after 

the off-design parameters are calculated. 

Basic EQuations 

The expression for the angular velocity is 

where: 

RS - P1 ~E- RSD EEE 
- MD CP-lE-(TA+460)* [(PR2/PA )**A -1] 

EEE = «PR2/PA)*-lf-(M~P) - 1. )1 «PR2/PA)**A - 1. ) 

A = (GAM -1 )/GAM*NP) 
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Inputs 

Pal:am~ht:/Pgl:t 

P 1 

RSD 

NO 

CP 

TA 

PR 2 

PA 

GAM 
EF 1 

NIP 1 

NPD 

PID 

P0D 

TID 

CK 

F0 

Outputs 

Var i ab Ie/Poet 

NP 

EF 

MP 

T0 

M 

T 

RS 

CC0 

2 

2 

2 

Descrietign 
Input power 

Design angular velocity (D = 3600) 

Design mass flow rai'e CD = 3000) 

Heat capac i ty of air CO = 7 .2X10-5 ) 

Inlet air temperature (ambient) CD = 70) 

Exit pressure (D = 147) 

Inlet pressure (ambient) (D = 14.7) 

Heat capacity ratio (D = 1.4) 

Input product efficiency 

Maximum input power' 

Design Rolytropic efficiency (D = 0.88) 

Design inlet pressure (ambient) (D = 14.7) 

Desigr outlet pressure (D = 147) 

Design inlet air temp (ambient) (D = 70) 

Compressor capacity cost coefficient 1 (D = 1.0) 

Compressor exponent for cost calculations 

~olytropic efficiency 

Output product effici~ncy 

~aximum output power 

torque 

¥ass f low rate 
1 

Exit temperature 

Angular velocity 

Cost of compressor/year 

(D = 0.75) 

1 CK 

D 

= capital cost (known unit)/(design point mass flow rate)FO* 
LN (outlet/inlet pressure ratio)*(1 ife expectancy of unit) 

- Default values suppl ied 

132 

CO I 
.Y.c.il.i 
kw 

rpm 

Ib/h 

kwhll bOF 
OF 

psi 

psi 

kw 

psi 

psi 
OF 

kw 

ft-I b 

Ib/h 

OF 

rpm 

$ 
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t: 
Stat i st i cs 

MT 

/IF 

~scription 

Maximum temperature 

Maximum mass flow rate 

co 

I b/h 

The calculation sequence and the default values are based on the assumption 

of an axial flow compressor, nominally rated at 125kw, and a pressure ratio 

of 10. The equations used relate first order effects among the various phys

ical quantities and were derived from first principles originally to support 

the research work of Reference 1. Cost scal ing was also developed in that 

reference based on cost estimates obtained from turbomachinery manufacturers. 

Calculation SeQuence 

1) Costs (First pass only) 

CC0 = CK * (MD)**F0 -If- LN (P0D) 
PID 

If P1 > 0 go to 2) 

A = (GAM-lll <GAM-lf-NPD ) 

RAT = (P0D/PID)-lH~A 

EFF = 1, RS = 0, go to 3) 

1. "Closed Cycle High Temperature Central Receiver Concept for Solar Electric 
Power," BEC/EPRI RP 377-1, June 1976. 
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Calculation SeQyence Cont. 

2) Angular velocity iteration 

A = (GAM-1) I (GAM1I-NP ) 

RAT = '(PR2/PA)-lH~A 
EFF = (RAT-lHI-NP-1)/(RAT-U 

~ = fl EFF 

(Initially NP = NPD) 

RSD MD CP-l~(TA+460) '>'f-. (RAT - 1) 

Polytropic efficiency 

NP = 1 - (1 - NPD)1fo[2.0- ( PID1fo (TA+460) -l~RSD)~HI-O 2] 
PA (TID+460) RS • 

Iterate until NP and RS are consistent 

co 

(If iteration doesn't converge, then write DIAGNOSTIC and exit) 

I 
c-

3) Mass flow rate 

M = ND-l*RS I RSD 

4) Exit temperature 

T2 = (TA+460 )~AT -460 

5) Torque 

If P1 $ 0, set Til) = 0 and go to 6) 

T0 = PH!-737. 61 (RS-l1-211'/60 ) 

6) Efficiency and maximum pOWer 

EF 2 = EFl-lI-EFF 

MP2 = MIN (MPHt-EFF, 1. 5*MD-lECP-lfo(T2-TA ) ) 

7) Compute Statistics and Costs 

134 
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CCo 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
C 
C 
C ' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c 
c 

C 

co 
SUBROUTINE CO(NP,EF2,MP2,TO,H,T2,RS,CC,MT,MF,Pl,RSD.HO,CP,TA,PRl. 

1 P~ 1, GAM, EFl, MP l,N PO, P 10, POD, TID,CIC'., FO) 

PURPO~l:: PERFO~MANCE MOOEl OF AXIAL FLOW COMPRESSOR 

M~THOD tOMPR~~SOR IS SlZ~D FROM INPUT OPERATING REOUIREMENTS. 

MASS FLOW IS ASSUMED PROPORTIONAL TO ANGULAR VELOCITY 

AND INDEPENDENT OF PRESSURE RATIO. 

WRITTEN BY f.D. MAHONY VERSION 1, MARCH 22 1971 

CALL SEQU£NCE 
OUTPUTSi 

"Wi - POLYTROPIC EFFICIENCY 
EF:2. - OUTPUT PRGDUCT EFFICIE~CY 
MPZ ~ MAXIMUM OUTPUT POWER, KW 
TO - TORQUE, FT-LB 
M - MASS FLOW RATE, L6/HR 
T2 - EXIT TEMPERATURE, DEG F 
RS - ANGULAR VELOCITY, RPM 
CC - COST OF COMPRESSOR PER YEAR, ~/YEAR 
MT - MAXIMUM TEMPERATUR.E OBSERVED; DEG F 
MF - l"1AXIMUM MASS FLOW RATE, LB/HR 

INPUT'S 
PI - INPUT POWER, KW 
~lSD - DESIGaw ANGULAR VELOCITY, RPM 
MO - DESIGN MASS FLOW RATE, LS/HR 
CP HEAT CAPACITY OF AIR, KWH/LB-D~& F 
1"A INLET AIR TEMPERATURE (AMBIENT), OEG F 
PR2 - EXIT PRESSURE, PSI 
PR1 - INLET PRESSURE (AM&IENT), PSI 
GAM HEAT CAPACITY RATIO 
EFl INPUT PRODUCT EFFICIENCY 
MPl - INPUT MAXIMUM DISCHARGE POWER, KW 
NPO - DESIGN POLYTROPIC EFFICIENCY 
PID - ~ESIGN INLET PRESSURE (AMBIENT),PSI 
POD - OE~IGN OUTLET PRESSURE (AMBIENT), PSI 
TID - DESIGN INLET TEHPERAT'-'RE 'AMBIEMT), DEG F 
CK - COMPRESSOR CAPCITY COST tO~FFICIENT 
FO - COMPRESSOR EXPONt;:NT FOR COST CALCULATION 

COMMON /CIMPL/ IHPL /CTI .. £/ TIME /CSIHUL/DUM(7) ,THAX /C051/CCI 
REAL MO,MPl,NPO,NP,MP2,H,HT,MF 
QATA PI /3>.14159/ 

INITIALIZA110N 

tF'IHPL.GT.O) GO TO 100 
MT :: 0.0 
~F = 0.0 

i 

I:F (RSl) • EQ. .99999) RS 0 :: 3600.0 
IF (1140 .EQ •• 9~999)MD :; 3.01:3 
IFlMPI.EQ •• 99999) MPl= 1.E8 
IF (CP .EQ •• 99999)CP :: 72.0E-6 
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c 
C 
C 

c. 
c. 
c 
C 

C 

c 

c 

c 

c 

c 

c· , 

Co 

C 

C I , 
C 

I 

i 
C , , 

I 

IF I T4 .EQ. .99999 )1'4 :: 70.0 
IF ( P~£ .• EQ. .99999)PR,2 :: 147.0 
IF (PRl.EQ • • 99999)PRl = 14.1 
IF lGAM.EQ. .99999 )G4M = 1.4 
IF ( NPO.E:Q • • 99999)NPD :: 0.88 
IF ( PIO. EO • .. 99999)PID = 14.7 
IF IPOD.EO. .99999)POD :: 147.0 
IF (TID.EQ. .99999) TID = 10.0 
IF 'CK .EQ. .99999jCK - 1.0 

I IF , FO .EQ. .99999)FO - 0.75 
:NP : NPD 

COST 

CC = CK*MO**FO*ALOG(POO/PIO' 
TMAXI = TMAX*.99999 

100 CONT INUE 

ISP :: 0 

SOLVE FOR POLYTROPIC EFFICIENCY 
AND ANGULAR VELOCITY 

t:FF= 1.0 
IF(Pl.GT.O.O)GO TO 200 

MT= (POO/PIO,**, 'GAM-l.O)/(GAM*NPO~) 
TO =0.0 
RS=O.O 
NP=NPO 
GO TO 300 

200 A :: (bAM-l.O)/(GAM*NP' 
RA~: (PR2/PRl'**A 
EFF" (RAT*:tNP - 1. )/(RAT - 1.) 

RSNO = EFF*Pl/MO*I.0/CP/'TA+460.0'/(RAT-I.0. 

XNP = NP 

co 

NP· = 1.0-( 1.0-NPO) *(2.0-IPIO/PRl*' TA+460.0 )/1 TI0+460.0)/RSNO. 
I. **0.2.' 

! 

~F'ISP.GT.IO) GO TO 1000 

ISP = ISP+l 

IFIA8SUNP-XNP)/NPI.GT'.0.001) GO lO £00 
RS= RSO*RSNO 

MASS FLOW RATE 

')00 M :: MO*RS/RSO 
C 
C 
C 

136 

EXIT TEMP~RATURE 

T2 = (T4+460.0.*RAT-460.0 
IFCPl.Lf.O.OIGQ TO 400 
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c , 
e 
, 
C , , 
C 

C 

TORQUf: 

TO :: Pl*131.b/(RS*2.0*PllbO.O) 

EFFICIfNCY AND MAXIMUM POWER 

400 EF2 :: EFl*EFF 

MP~ - AMINl(MPl*EFF,1.5*MD*CP*(T2-TA'J 
, STATISTICS AND COST SUMMATION 
e 

C 

, 

IF (IMPl.lE.l) RETURN 
MT :: AMAXICMT, T~) 
HF = AMAXICMF, M) 
IFlIIME.ll.TMAXl) R~TURN 
eel :: cel + CC 

RETURN 

1000 WRITf: Cb,lOlO) NP,XNP,RS 
1010 FORMAl (lHO,40HMAX ITERATION~ FOR COMPRESSOR EFFICIENCY, 

1 i5H - NP,XNP,kS = ,3F12.6) 
STOP 
END 
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7.7 PNEUMATIC STORAGE VESSEL (CONSTANT PRESSURE) 

I 
i 

I1LOW RATE (Ml) 
I 

lEMPERATURE (Tl) 

STORED ENERGY (E) 
STORED MASS (MS) 

t 
OUTPUT POWER (P2) 
TEMPERATURE (T2) 
MASS FLOW RATE (M2) 

cs 

LOAD REQUEST (RE1) 
MAX. INPUT POWER (MP1) 
INPUT EFFICIENCY (EF1) ~-

CS MINIMUM AIR TEMPERATURE (TSO) 
POWER REQUEST (RE2) 
INTERRUPT FLAG (INT) 

.. - - MAX. OUTPUT POWER (MP2) 

The pneumatic storage vessel is based on a constant pressure underground 

cavern design as represented in Figure 7.7. A surface pressure-compensation 
I 

pond via a water shaft is assumed to maintain the vessel pressure at a con-

stant value. This model is assumed to be used in conjunction with a heat 

exchanger. The energy is calculated as a function of the stored gas mass, 

the inlet/storage air temperature, and a leakage function proportional to 
the stored energy. 

Bas i c EQuat ion 

The rate of E!nergy storage is computed from the e:quat ion 

E = M[*CP*(Tl-TO) - NU*E, charging 
. 
E = -M~fCP*(T2-TO) - NU*E, discharging 

where M1=mass flow rate during charge 

M2 = mass flow rate during discharge 

138 
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PRESSURE-COMPENSATION 
POND 

. WATER SHAFT 

FIGURE 7.7 CONSTANT PRESSURE AIR STORAGE 
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Inputs 

Parameter/Port 

M 

CP 

Ti 
TQ 

NJ 
R 

VM 

PR 

LE 

CVi 
I 

RE 

EF 

MP: 

!mE 

NO 

TM' 

TEM 

CM 

1 

1 

1 

1 

1 

1 

Oytpyts 

Variable/Port 

E 

M 

T 

V 

C;:C0 

MS 

MP 

RE 

INT 

TS0 

2 

2 

2 

2 

Descr ipt ion 

Inlet air mass flow rate 

Air heat capacity (0 = 7.2X10-5) 
I 

Inlet air temperature 

Minimum air temperature (0 = 60) 

Leakage coefficient (0 = 0.0008) 

~as constant (0 = 2.009X10-5 ) 

Maximum storage capacity (0 = 1.2X106 ) 

Vessel pressure (0 = 147) 

Life expectancy of vessel 

Vessel capacity cost (0 = 0.22) 
Load request 

Input product efficiency 

Ipput maximum power 

M~ss threshold for priority resequencing 

Maximum charge or discharge mass flow rate 

Maximum allowable air temperature (0 = 120) 

Maximum allowable inlet temperature 
Maintenance cost/year 

Stored energy (state) 

Outlet mass flowrate , 

Storage temperature 

Storage volume 

Cost of vessel/year 

Mass of air in storage (state) 

Maximum output power 
I 

Ma~imum charging rate 
i 

Interrupt priority flag 

Minimum air temperature (=TO) 

D - Default values supplied 

140 
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cs 
1J.o.ll.§ 

Ib/h 

kwh/lboF' 
OF 

OF 

h-1 

kwh/Jb 
ft3 

psi 

years 
$/ft3 

kw 

$ 

kwh 

Ib/hr 
OF 

ft 3 

$ 

Ib 

kw 

kw 
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~L 

cs 
Outputs Cant. 

Var iab Ie/Port 

PR 2 

P 

NDM 

Stat i st i cs 

EU 

VU 

2 

Vessel pressure (=PR1) 

Output power (discharge) 

Maximum allowable mass flow r~te (=MD) 

Maximum stored energy 

Maximum storage volume 

psi 

kw 

The pneumatic storage vessel calculation sequence and default values assume 

a 10atm cavern approximately 340 ft. below ground and sized for storage of 
I . 0 • 

120kw for 24 hours. A maximum cavern wall temperature of 120 F IS assumed. 

Cost estimates for the vessel were estimated from the results of Reference 

1, with cost scaling by .05 to account for plant size differences. 

1. "Prel iminary Feasibi I ity Evaluation of Compressed Air Storage Power Sys

tems," United Technoiogies AER 74-00242, December 1976. 
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Calculation SeQyence 

TINC = integration step size, hr 

Cl = conversion constant = 5.43xl0-5 

1 ) Vesse I Cost 

CC0 = CV*VMI LE 

2) Storage temperature 

_ E 
T2 - CP~fMS + T0 

3) Storage volume 

4) 

v :;: MS·)f- Rif-(J2+460) 
PR1~fCl 

Maximum Mass and charging rate 

MSM = VM* (PRI ~f-CI ) 
Rif-(J2+460) 

MDl = MI N(MDM, (MSM-MS)/TI NC) 

R£2 = min fMPl, IIOl*CP*ITEM;;nJlj/EFl 

5) Mass flow out (discharge mode) 

6) 

142 

M2 = REI 
Cpif-(J2-T0) 

P2 = REl 

Maximum discharge rate 

MD = MI N(MDM, (MS-MDE) ITI NC) 

MP2 = CP*(T2-T0)ifMD 

cs 
kwhl ft3 

psi 
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Calcylation SeQyence Cont. 

7) Stored energy rate . 
E = CP*(T1-T0)~ ~ NU*E - RE1 

8) Stored mass rate . 
MS=Ml-M2 

9) Priority interrupt 

I f fI5 S MDE, 'j NT ;:: 1 

If fI5 > 2"lWDE and INT = 1, INT = 0 

If fI5 ~ MSM, INT = -1 

If MS < MSM-MDE and INT = -1, INT = 0 

If T2>TM write diagnostic and set INT =-1 

If MS < MDE or MS >MSM write diagnostic 

10) Compute Statistics and Costs 
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CCS 

c 
C 
C 
C 
C 
C 
C 

" C 

:;:- •• i44_ j 'W" Ct . .& ...... 4' , ;a.a; .'.4, ; aa,_... l4Q;~ Q _ f 4.44 *,* .. ;. 44 ZAQ$ UN": .... iX" , .~ 4r 

cs suaROUTINE CSC ~'D~,IE'MS,OMS'IMS'M2'TZ'V,CC'MP2'RE2'INT'TSO,PR2 
1 ,P, MOM, lU, VU,M!, CP, T, TO, R, VM, PR 1., lE:, t«J ,C V, REI, EFI ,MPI ,MOE, MO, 1M 2 ,T£:M,('H) 

PURPOSE 

METHOD 
PERFORMANCE MOOEl OF CONSTANT PRESSURE STORAGE VESSEL 

b~~RGY IN STORAGE COHPUTEO AS A FUNCTIOH MASS AHD 

INLET TEMPERATURE. 

WRITTEN ay F.O. MAHONY 
V£RSION 1, MARCH 23 1977 

C CALL SeQUENCE 
C: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C , 
C 
C 
C 
C , 
C 
C 
C 
C 
C 
~ 
C 

I 

C 
<; 
q 
G q 
~ 
(; 

c 
c 
c 

144 

OUTPUTS 
E 
Of.: 

- ~TORED ENERGY (STATE VARIABLE), KWH 
- STORED fNER~Y DERIVATIV£, KW 

IE 
MS 
DMS 
IMS 
M~ 
)", 

- STATUS INDICATOR FOR E 
- MAS~ OF AIR IN STORAGE (STATE VARIABLE), L6 
- AIR FLOW RATE, LB/H~ 

V 
cc 
MFr2 
RE2: 

- STATUS INDICATOR FOR MS 
OUTLEI MASS FLOWRATE, lB/HR 
STORAG£ Ti:HPERA TURi:, Di.G F 

- STORAGE VOLUME, FT**3 
- COST OF VESSEL/YEAR, $ 
- MAXIMUM OUTPUT POWER, ~W 
- MAXIMUM CHARGIN~ RATE, KW 
- INTERRUPT PRIORITY FLAG 
- MINIMUM AIR TEMPERATUR~, OEG F 
- VESSEL PRES£URE, PSI 

INT 
1'SO 
PR2 
P 
MOM 
CU 
\lU 

- OUTPUT POWER C DISCHARGE) J KW 
- MAXIMUM ALLOWABLE MASS FLOW RATE, Ld/H~ 

MAXIMUM STORED (NER~Y, KWH 
MAXIMUM STORAGE VOLUME, FT**3 

INPUTS 
Ml 
CP 
T 
1'0 
R 
VM 
PRI 
LE 
NU 
CV 
REI 
~FI 
MPI 
HOE 

HI) 

TM 
TEM 
tM 

- IHLET AIR MASS FLuW RATE, LB/HR 
- AIR HEAT CAPACITY, KWH/LB-DEG F 
- INLET AIR TEMPERA1URE, uEG F 
- MINIMUM AIR TEMPERATURE, DEG F 
- GAS CONSTANT, KWH/L8-D~b R 
- MAXIMUM STORAGE CAPACITY, FT**3 
- VESSEL PRESSURE, PSI 
- LIFE EXP~CTANCY OF VESSEL, YEARS 
- LeAKAGE COEFFICIENT ,l/HR 
- VESSEL CAPACITY COST ,S/FT**3 
- LOAD REQUfST, KW 
- INPUT PRODUCT EFFICIENCY 
- I~PUT MAXIMUM POWER, KW 
- RESERVOIR THRE~HOLO MASS FOR PRIORITY 

RESEQUENCING, La 
- MAXIMUM CHARGE / DISCHARGE MASS FLOW RATE, l8/HR 
- HAXIMUM ALLOWABle STORAGE TEMPERATURE, DEb F 
- HAXIMUM ALLOWABLE INLET TEMPERATURE, OEG F 
- MAIHTENAMCE COS1 / YEAR , $ 
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C 
C 

c. 

C 

C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C. 

C 
C 
C 

c 
C 

C 
C 

COMMON ICIHPL/IHPL,ICNI/CTIMU T IMf /CSIMUl/OUM, 1), TMAX 
LOMMON ICOST/ CCI,LHl 
REAL NU,MS,MP2,INT,MDM,Ml,LE,MPl,MDE,MD,Ml,MSM,MOl 

I~(IMPL.bT.O) GO TO 100 

IF(CP • i:Q. .99999) CP 
IF; ( nt .E" . • 99999) TM= 
IF'TO .EQ. .99999) TO 
IF(NU .EQ. .99999) NU 
IFCR .EQ. .99999) R 
l~'VM • EQ. • 'i9999' VM 
IF( PR1.':Q. .99999) PRI 
IP(CV .EQ. .99999) CV 
REll=O.O 

IMAXI = TMAX*0.9999~ 
TINe. =DUM (7 ) 
ISO=TO 

CCo ::. CV*VM/LE 
Cl = !l.1t3E-!) 

lNT = 0 .. 
PR2=PRI 
i:.U= O. 
VU= o. 

'100 CONTINUE 

= 72.0i:-6 
120.0 

= 60.0 
::. 0.0008 

= l.009E-5 
::. 1.lE+6 

= 147.0 
= 0.22 

SIORAG~ T~MPERATUR~ 

T2 :: UCP/MS+IO 

SlORAGE VOLUME 

v = MS*R*n2+460.0 '/PRlICl 

MAXIMUM MASS AND CHARGING RATE 

HoM=MO 
HSM = VM*PR1*Cl/R/(T2+460.0) 
MDl=AMINlIMOM,AMAX1(O.,(MSM-MS)/TINC» 
RE2. ::. AMINIIHPl,M01*CP*(TEM-TO»/EFl 

MASS FLOW OUT 'DISCHARGE) 

H2 :: REl/CP/(T2-TO) 
P ::; REI 

MAXIMUM DISCHARb~ RATE 
AMD=AMAX HO., tMS-MDE )/IINC) 
MDM=AHINllHDH,AMO) 
MP2 :: CP*(Tl-IO'*MDM 

STORED ENERGY RATE 

BCS 40262-1 

cs 

145 

'Jill 
(.".' 

Ij 
! 

1 
'I 
I 

1 
1 
~ 



\ 

[ 
/. 

I 
1-

c 

C 
C 
C 

C 
C 

c 
C 

IFCIE.NE.O) DE:=CP*(T-TO)*Hl - MJ*E -REI 

STOR~O MASS RATE: 

IF(IHS.NE.O) DHS=H1-H2 

PRIORITY INTERRUPT LOGIC 
IFi(MS .LI::,. HOE) INT=1. 
IFI(HS.("r. 2.*MO£ .AND. IMT .EQ.l.) iNT=O. 
IF(HS .GE.MSM) IHT = -1. 
IFUtS.LT. MSM-MOE .AND. IN1.EQ.-I.) I,.T=O. 
IFel2 .Gl. TM) INT: -1. 

IF(IHPl.LE.l'RETURN 
IFCIHPL.CT.2)GO TO 2.eo 
IF(T2.LT.TM)GO 10 10 
WRITECo,1000)T2,TM 
l('NT =ICN T + 1 

10 IF(M~.GT'.MDE)&O TO 20 
W~ITE(6,lOlO'MS,MOE 
IC~T=IC~T+l 

20 IF(MS.LT.MSH)GO TO 200 
WRITE'b,1020)MS,H~M 
ICNT=ICNI+l 

C SlATISTICS 
C 

c 

c 

lOa EU = AMAXIlEU,EJ 
VU : AMAXl(VU,V) 

IF(TIME.LT.TMAXl) RETURN 
C('I : CCl+c:.C 
CMI=CMI+CH 

Ri:TURN 

cs 

1000 FORMAT(IHO,23HCS STORAGE Tl:MPERATURE,F12..3,22HbREATER l'HAN AlLOWAB 
1 LE. Fi2.3) 

1010 FORMAT(lHO.25HCS MASS OF AIR IN STORAGE.F12.3, 
1 26H BELOW MINIMUM ALlOWA6LE,F12.3) 

lulO FCRMAT'lHG.£~HCS MASS OF AIR IN STORAGE,F12.3, 
1 28H EXCEEDS MAXIMUM ALlOWABLE,F12.3' 

END 
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ED 
7.8 ENVIRONMENTAL DATA (TMY TAPE) 

Day-of-Year (DY) __ -.I 
1--_ .. Xl ,X2, ••• X8 

ED 
Time-of-Day (TD), __ --, 

This component reads data values from the Typical Meteorological Year 

(TMY) tapes or data with a similar format structure such as the University 

of Wisconsin insolation and environmental data tape or the SOLMET tapes. 

Only one ED component is allowed per model. (Unit 1 is reserved for the 

input tape.) The fi le structure assumes hourly recorded data with one 

record or card image per hour of data. Twenty-four hourly records are read 

into core at a time and linear interpolation is used to obtain the output 

values at the current simulation time. The component TI is used to supply 

the time inputs OY and TO. Standard outputs with the TMY tape are direct 

and global solar insolation, dry bulb temperature, and wind speed. For 

non-standard outputs or non-TMY format tapes the user may specify the input 

format to read one to eight data variables. The following limitations 

apply in this case: 
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ED 
1) Time information is decoded in integer month (1-12), day (1-31), and 

hour (0-24) format. 

2) Output vadables are decoded in F or E format, even if recorded in 
integer format. 

3) Where data is missing, fill in with 9 1 s is assumed. The code checks 

for certain 9 fill values, namely 99.,999., 9999., and 99999. If any 

one of these values is read, then the corresponding dClta input is 

replaced with O. or the previous value, depending on the Sign of IND. 

(However, one must use FN.O format N=2,3,4,5 for this option and a 

scale multiplier if necessary to obtain the desired exponent.) 

Inputs/Port 1 Description 

NX 

IND 
Number of output variables (default = 4, max = 8) 

Indicator function: 
o = no read 

±1 = standard format and units (default) 
±2 = user-specified format and units 
IND>O sets missing data = 0 

IND<O sets missing data = previous value 

Units 

1 Also see page 65 in Section 4.2 for inputs to procedure TMYRD. This 

procedure creates the data input file TAPEI from the multi-station TMY 
tape. 
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Inputs/Pott 
(cont'd) 

TS* 

TD 

DY 

Ml 

MS 

Al 

AS 

Description 

Time shift of data (default = -0.5) 

Time of day (0-24) 

Day of year (1-365) 

Units multiplier for Xl (default = 1) 

Units multiplier for X8 (default = 1) 

Units addition factor for Xl (default = 0) 

Units addition factor for XS (default = 0) 

.-._---------------

ED 
Units 

hours 

hours 

Compensation term since solar radiation data is an integrated total over 
the observation interval. 

I 
I 
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ED 
Outputs/Port Description Units 

Xl 1st output variable 
(IND = ±1: beam radiation in w/m2 

X2 2nd output variable 
(IND = ±l: global horizontal radiation in w/m2) 

X3 3rd output variable 
(IND = ±1: dry bulb temperature in °C) 

X4 4th output variable 
(IND = ±l: wind speed in m/s) 

X8 8th output variable 

Format Specification 

A user-specified format may be input in order to select non-standard en

vironmental outputs or to read a tape other than the TMY insolation tape. 

The following sequence of data cards is recommended for insertion in the 

model generation input following the MODEL DESCRIPTION command: 

FORTRAN STATtMENTS 

DIMENSION FMT(7) 

COMMON/READER/N,FMT 

DATA FMT/XXH( ..• )/,N/NN/ 

where the format spec ifi cati on contains XX-2 characters inserted after 

'XXH(' and followed by ')', and NN = the number of characters per data 
record. 
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ED 
The format specification must conform to the following rules: 

1) The first two words read are station and year identifying informa

tion. These words must be either A format or nH format with up to six 

characters for station and two characters NN for year 19NN. 

2) The next three words are two-digit integers containing month (1-12), 

day (1-31), and hour (0-24) information. 

3) The next one to eight words specify the location of the output vari

ables Xl ••• XS and must be given in F or E format. 

NOTE: The tab or column spacing conti"ol T may be used to read data from 

files which are not ordered as in 1) to 3), e.g.~ (T71, AS, Tl, A2, ••• ). 

For example, the standard TMY tape format specification (neglecting 

blanks) is 

Station 

(AS, 

Yr-Mo-Dy-Hr 

A2 , 3 I 2 , 11 X , 

and N ~ 132, XX = 46. 

Beam Rad. Global Rad. Temp Wind 

F4.0 ,26X, F4.0,45X, F4.1,7X, F4.1) 

The general format for variables on the TMY tape is summarized in Figure 

7.S. 
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ED 
SOL A Il R A D tAT I O!l 0 II S r, R V A T ( 0 ~ .... "''' SOUR LST ETR MDI.\TIOS \',\Ll!ES 1U/~% S It .. T[~ Tl~E 1U/.2 0 0 Ii l' GI.OS,\L A iI U , In l::.l· 0); lil\.~ 1 1 ! 1 085 1:::;" STD 1I~ I J' t L COlt YR S ) E J' t COR H } C U r: 

~~ T S D 
r: 

I) 

") 
I ~ 
It 

lOCXlCX Xl( xx xx XXlt'< 
nltD 002 OOl 

:cc'.X lCOOC 1lCt:0: 1X:COC 1lOCO: llO...""C< o::c..'OC lX:COC txx."(X lxx.~~ 1lC<X.~ :<."( , 
004 101 10:.! 10l 10~ 10~ .06 107 10~ 109 110. 111 

I 
IhIIIU 

'-iRIGINAL PAGE IS 
OF POOR QUALITY 

SUIlF."CE ~ E TEO R 0 L 0 C I CAL o B 5 E R V A T ION 
0 C SKY VS8\' \il::,\n!ER PitESSUR£ T~P Io'IND s • r: COND hili kPa ·c r:rr:)~ • • 1 SEA STA- DRY DEW- D 5 0 P 0 
T L LEVEL tION lUI.! PT. I P 'l' A W 
I I I D A Q 

~H If I. U C .1 C de, ./. E 0 
V ~ L d •• t 

S R 
'I 

IX XXXX lXX:<'~ )(.~"(x xxx.x.~~'OC xx.'OOC lClC.'CX.'t lOOt..~ )(.~'OC :<o'C."( :o;.'(X :<OX :<0"( X 
-201 ZOZ 20l 204 20~ 206 :.l01 :.lOa :.lOll U o 

TAPE RECORD 
FIELD NUMBER POSITIONS DESCRIPTION 

002 01-05 WBAN STATION NUMBER 
003 06-15 SOLAR TIME (VR ,MO', DAY ,HOUR,MINUTE) 
004 11-19 LOCAL STANDARD TIME (HR AND MINUTE) 

101 20-23 EXTRATERRESTRIAL RADIATION 
102 24-28 ;DIRECT RADIATION 
103 29-33 :DIfFUSE RADIATION 
104 34-38 NET RADIATION 
105 39-43 GLOBAL RADIATION ON A TILTED SURFACE 
101 44-48 GLOBAL RADIATION ON A HORIZONTAL SURFACE~ 

OBSERVED DATA 
107 49-53 GLOBAL RADIATION ON A HORIZONTAL SURFACE-

ENGINEERING CORRECTED DATA 
108 54-58 GLOBAL RADIATION ON A HORIZONTAL SURFACE-

STANDARD VEAR CORRECTED DATA 
101.110 59-18 ADDITIONA~ RADIATION MEASUREMENTS 

III 19-70 MINUTES OF SUNSHINE 

201 71-72 TIM£ OF COLLATERAL SURFACE OBSERVATION 
(LST) 

Z02 73-71 CEILING HEIGHT (DEKAMETERS) 
Z03 77-111 SKY CONDITION 
Z04 82-B5 VISIBILITV (HECTOMETERS) - 86-93 WEATHER 
ZOI 94.-103 PRESSURE (KILOPASCALS) 
207 104-111 TEM~ERATURE (DEGREES CELSIUS TO TENTHS) 
Z08 112:.118 WIND (SPEED IN METERS P~ SECOND TO TENTHS) 
20t 111-122 CLOUDS 
110 123 SIIHI COVER INDICATOR . 

FIGURE 7.8 THY TAPE FORMAT 
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ED 
A: complete description of the available data, and the meaning of the 

recorded outputs, is contained in the SOLMET user's manual [3]. The TMY 

tape was derived from SOLMET tapes of the 26 stations with rehabilitated 

solar radiation data, and has the same format as the SOLMET tapes except 

that tape deck number and detailed cloud data have been omitted. Table 7.8 

shows the identity and location of the 26 stations on the TMY tape. 

Calculation Sequence 

If IND = ° Return 

1) INITIALIZATION (first pass only) 

• Set defaults and initialize LTD = -1 

• Read first data block and write out identification informa-

• 
tion. (Error exit to 6)) 

Go to 4) 

2) Table Interpolation for Output (DY = DYF) 

• If DY·> DYF go to 3) 

• If DYF > DY go to 5) 

• If LTD = TD return (LTD = last time C(I,J) 

• X(I) = TBLU1 (TD, TO, C(1,I),0,24)*M(I)+A(I) 

• LTD = TO 

• Return 

BCS 40262-1 
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ED 
3) Read One or More Data Block s (DY > DYF) 

• Read DY-DYF data blocks. (Error exit or EOF exit to 6)) 

4) Decode Using Specified Format 

• 

• 

Decode day-of-year (DYF) and time information (TO) and put 

output variables in array C(I,J) 1=1,24 and J=l,NX. Check 

for missing data values in C(I,J). 

Go to 2) 

5) Backspace the File (DYF>DY) 

• Backspace and read first data block 

• Decode day-of-year (DYF) 

• Go to 4) if DYF~DY. Otherwise print diagnostic and stop. 

6) Read Error or EOF Encountered 

• Print diagnostic and stop. 

154 BCS 40262-1 

J 

1 

hrel. EKlIimI'Jr""",;",""'::: ... ~~~-':,ij,_~'.! .• ii~;-;)::."t!~~tH ;,;wtMlfi.WfHCW . HG:,""~~:;;::_~~":", . • ~.,., .• __ ~= ... ' . ' •. ,. 



~-~~-.':"-" ""r'!-~.~-;r--;-~r->v ~~-'P'rr-::r-~ -- ~~."7'""V'":""'"-."--' ~,,,":,~.,.........,r~~.,, " ~JI1"PI\Ji.' ':"".: :'1!t i" '".' :~";WT·~'-:·.~"'TU''T~~''~''''-----~-

"""'"'" '" ., 

ED 
TABLE 7.8 TMY TAPE stATIONS AND LOCATION 

STATION WBAN 
NUMBER IDENTIFIER STATION LATITUDE LONGITUDE 
1 3927 Fort Worth, Texas 32°50 1 '97°03 1 

2 3937 Lake Charles, Louisiana 30°07 1 93°13 1 

3 3945 Columbia, Missouri 38°49 1 ,92°13 1 

4 12832 Apalachicola, Florida 29°44 1 84°59 1 

5 12839 Miami, F10rida 25°48 1 80°16 1 

6 12919 Brownsville, Texas 25°54 1 97°26 1 

7 13880 Charleston, South Carolina 32°54 1 80°02 1 

8 13897 Nashville, Tennessee 36°07 1 86°41 1 
i 

9 13985 Dodge City, Kansas 37°46 1 99°58 1 

10 14607 Caribou, Maine 46°52 1 68°01 1 

11 14837 Madison, Wisconsin 43°08 1 89°20 1 

12 23044 El Paso, Texas 31 °48 1 106°24 1 

13 23050 Albuquerque, New Mexico 35°03 1 106°37 1 

14 23154 Ely, Nevada 39°17 • 114°51 1 

15 23183 Phoenix, Arizona 33°26 1 112°01 1 :J 

16 23273 Santa Mari a 34°54 1 120°27 1 

17 24011 Bismarck, North Dakota 46°46 1 100°45 1 

18 24143 Great Falls, Montana 47°29 1 111 °22 1 J 
19 24225 Medford, Oregon 42°22 1 122°52 1 

j 20 24233 Seattle-Tacoma, Washington 47°27 1 122°18 1 

21 93193 Fresno, California 36°46 1 119°43 1 1 
~ 22 93729 C~pe Hatteras, North Carolina 35°16 1 75°33 1 1 
1 

23 93734 W~shington, D.C. 38°59 1 77°28 1 
:1 

1 24 94701 Boston, Massachusetts 42 0 22 1 71°03 1 

25 94728 New York, New York (J047 1 73°58 1 j 
26 94918 North Omaha, Nebraska 41°22 1 96001 i 
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C 
C 
C 
c 
t 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c 

C 
C 
C 
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~UBROUTINE ~D'X,X2'X3,X4'X5'Xb'X7'X8'NX,INO,TS,TD'DY, 
lHl.M2,M3.H4.M5.Mb.M7,M8.Al,A2,A3.A4.A5,Ab,A1,A8) 

ED 
PURPOSE THIS COMPONENT REAOS THE TYPICAL METEOROLOGICAL 

Yf,AR TAPE WITH A STRUCTUitE SIMILAR TO THE 
SuLME1' DATA TAPE. USl::R MAY SPECIFY FORM4 T FOR N01.
STANDARD TAPES 

WRITTEN bY Y.K.CHAN, 10-S-18, VERSION 1 

METriOO IWEN1Y FOUR HOURLY RECORDS ARE READ INTO CORE 
AT A 1lMI:: AND LINEAR INTERPOLATION IS USED TO 
03 TAIN THE OUTPUT' AT CURRENT SIMULAT'ION lIME. 

CALL Sf;QUENCi: 
(;UTPUTS 

Xl, ••• ,X8 -OUTPOT VARIABLES AT CURRENT TIME 
Xl -BEAK RADIATION IF I~D=+-I, W/H2 
X2 -GLOBAL RADIATION IF lND:+-l, W/M2 
X3 -DRY BULa TEMPERATURE: IF IND=+-l, C 
X4 -WINO SPEED IF IND:+-l,M/S 

INPUTS 
NIX 
IND -NUMBER OF OUTPUT VARIABLES(~EFAuLT=4,MAX=8) 

-INDICATOR FUNCTION 
0=,.0 REAO 
+-l=STANOARu FORMAT AND UNITSCDEFAULTI 
+-2=US~R ~P~CIFlcD FORMAT AND UNITS 
>0,5ETS MISSING DATA TO 0 

lS <O,SETS MISSING DATA TO PREVIOUS VALUE 
-1'IME SHIFT OF DAIA(OiEFAUL T=-0.5) 
(COMPE:N~ATIUN TERM ~INCE SOLAR RADIATluN 
DATA IS AN INTEGRATED TOTAL. USUALLY OVER I HOURI 

tD -CURRENT TIME OF OAY(0-24) 
QY -CURRENT DAY OF YEAR(1-3651 
MI •••• ,M8 -l~ITS HULTIPLIERS FOR Xl, ••• ,X8 

DEFAUL1 M1= ••• =H8=1 
AI •••• ,AB -ADDITION FACTOR FOR X1, ••• ,XB 

O~FAUlT Al= ••• =A8=O 

DIHEftSION X (8), AC8 I ,FRHT(1), FHH 1),C (24,8) ,AA, 336) , I B(5) ,Be b) , 
1 CL(8),TOC24),DHCI2) 

COMMON /READERlN,FMT 
COHMCM /('IHPL/IHPL,ICNT,ITcST 
i(EAL NX, IND. Ml,H2, H3,M4,H5,Mb,M7 ,MB,HU~), L TO 
DATA FRin nOH(A S,Al, 312, 11X,F4.0 ,2b)(.,F4.0,45X,F4.1, 7X.r.;4. 11 

1 / 
DATA OH/O.,31.,59.,90.,120.,151.,181.,212.,243., 

1:213.,304 •• 334.1 

IF(ABS( IND) .LE •• 1) RETURN 

INITIALIZATIUN 

IFeIHPL.GT.O)GO TO 100 
iF (NX.EQ •• 99999 INX=4 
IFCTS.EQ •• 99999)TS=-.5 
INX=NX+.1 

ORIGINAL PA'GE IS 
Of. POOR QUALITY 
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c 

H( 1) :'Hl 
H( 2) =H2 
H(3)=M3 
'U4)=H4 
"(5):.H5 
"(6)=H6 
M(1)=H1 
flU 8) =H3 
A(U=Al 
A(Z'=42 
A(3)=A3 
A(4) =A4 
A( 5) =A5 
A(6)=A6 
AI1):.41 
A( 8) =48 
00 11 1= 1,INX 
IFlH(I).EQ •• 99999)H(I)=1. 

11 IF(A(I).EQ •• 99~9~)A(I)=0. 

C SET DEFAULT TAPE RECORD FORHAT TO STANDARD IF(ASS(IHO).GT.l.01)GO TO Z 

c 
c 
c 

"(l) =1./:;.6 
,.'2'=1./3.6 
00 3 1=1,7 
FMT' I) =FRHT (I ) 
N=132 
CONTINUE 
LTO=-I. 
00 10 J=l,INX 
Q (J ):.0. 

R~AD FIRST DATA SLOCK 

IREWIN=O 
J13=N/lO 
IF(N.GTQIO*J13)J13=J13+1 
DO 20 J=1.24 
Jl=J 13*' J-l }+l 
J2=J 1+J13-1 
SUFFER IN (1,0)IAAeJl),AAIJ2») 
IFCUNITCl))20,bOO,600 
CONTINUE 
DECOOE'N.FHT,AA(l»)IB,B 
WRITE(6,308)I&(1),IBIZ) 
FORHAT(lHO.~X,*ED STAIION ID=*,A5,lOX,*YEAR 19*,A2) 
GO lO 400 

100 CaNT INUE 

,200! C.ON11NUE 
C 

C INTERPOLATION FOR OUTPUT IF CURRENJ DAY OF YEAR HAS 
C SEEN LOCATED 
C 

T01=TO 
IFCOY.GT.'OYF+.l»GO TO 300 
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IFCDY.lT.IOYF-.I)'GO TO ~oo 
24 IF(llD.EQ.TD'RETURN 

00 201 I =~. INX 
201 XCI)::::TBlUl'TOl,TO,t'1.I"O,24'*M&I.+AlI. 

LTll::::TO 
i RETURN 

C 

I 

C 
300 CONTIHUE 

ED 

C IF CURRENT DAY OF YeAR HAS NOT SEEN LOCATED, REAO MOR~ TAPE 
C 

C 

c 

10=D Y-DY F+.l 
IF(IU.~Q.l .ANC. TO.LT •• 00001' TDl:24. 
IFCTOl.["I. 2.4.) GO TO 24 
00 JC 1=1,ID 
00· 301 J=1.2.4 
Jl::::J13*tJ-l'+1 
J2=Jl+J13-1 
SUFFER IMC1,OJCAAeJl).AAeJ2)) 
IFCUNITCl)'301.bu~,bO~ 

301 CONTINUE 
30 CONTINUE: 

DcCODE uATA ANO lIHf OF OAY 

400 CONT INUE: 
00 4(}2 1=1,24 
Il=JI3*( 1-1)+1 
OECOD~ CN,FMT.AACIIJJI6,D 
00 401 J=-l,lNX 
C( I ,J'=B( J) 
CIJ=C(I,J' 
IFICCIJ.EQ899.'.OR.ICIJ.EQ.999.'.OR.ICIJ.EQ.9999.).OR. 

llCIJ.EQ.CJ9999.) 'C(l,J'=CL(J' 
IF(IND.lT.O.'CL(JJ=CCI,J' 

401 CONTINUE 
TO(I):18(5)+T5 

402 CONTINUe 
OYF=IB(4)+DMIIS'3J) 
GO TO 200 

500 CONTINUE 

C IF DAY OF YEAR ON TAPE IS PAST CURRENT DAY OF YEAR, 
C ! REWI ... O TAPE. 

IF' lREWIN.GT .OHiO TO 507' 
REWIND 1 
IREWIN=IRl:WIN+l 
00 501 J=l,24 
J~=J 13*( .J-l)"'1 
J2=Jl+J1.3-1 
BUFFER INCl.0)'AA'Jl),AA'J2') 
IFlUNITll))501,600,bOO 

501 CONTINUE 
OECODt(N,FMT,AA(1"I8,6 
OYF=IS(4''''OMCI613) 
IFCOYF.LT.COY+.l')GO TO 400 

507 WRIT E(6,~08) 
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c 
508 FORMAT(lHO,. INPUT ERROR, DAY OF YEAR DY IS out OF RANGE.' 

STOP 

C IF ERROa IN READ, PRIMT DIAGNOSTICS 
600 WRITE(6,60St 
608 FORMATCIHO,.ED TAPE INPUT ERROR OR ~OF*' 

STOP 
END 

BCS 40262-1 
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7.9 FL YWHEELICLUTCH 

POWER (Pl) 
POWER REQUEST (RE1) 
INPUT EFFICIENCY (EFl 
MAX. INPUT P()l ER (MP 1 

\ 

\ 
I 

KINETIC ENERGY (KE) 

t 

FL 

PGlER (P2) 
ROTOR SPEED (RS) 
POWER REQUEST (RE2) 
INTERRUpT FLAG (tNT) 
OUTPUT EFFICIENCY (EF2) 
MAX. OUTPUT POWER (MP2) 

The flywheel model is a first order differential equation for kinetic energy 

which is driven by input power when charging and by a load request when dis

charging. Power losses include clutch losses versus shaft speed and torque, 

windage losses, and friction losses due to bearing and seals. Shaft speed 

is determined analytically from kinetic energy. Priority interrupt logic 

is activated if minimum or maximum capacity levels are reached. 

Bas i c Eguat ions 

where k,C1 ,C2 are flywheel constants 

w = rotor speed in rad/sec 

I 

PIN = input power - clutch losses 

POUT = output load request 

160 
BCS 40262-1 

FL 



, .-

J' . 
" 

Tables 

CL0 

CLl 

Inputs 

Parameter/P2d. 

PR 

/-fA 

RF 

SR 

wr 
KF 

ZE 

C2 

P 

EF 

MP 

RAP 

RE 

E0 

E1 

EDE 

CM 

CC 

'" ) 

1 

1 

1 

1 

Outputs 

Variable/Port 

RS 

KE 

Description 

Clutch losses versus rotor speed (rpm) 

and torque (ft-Ib), when engaged (Table 
dimension = 90) 

Clutch losses versus rotor speed (rpm) 

when disengaged (Table dimension = 17) 

Pressure in vacuum housing 

Momen t 0 f i ner.t i a1 

Radius of flywheel 

Shaft rr:dius 

Flywheel weight 

Coefficient of friction 

Width of flywheel at tip 

Windage loss coefficient (analytic default) 
Input power 

Input product efficiency 

Input maximum charging rate 

Rated power, charge or discharge 

Discharge load request 

Minimum allowable storage capacity 

Maximum al !owable storage capacity 

Energy deadband for priority resequencing 
Maintenance cost/ye~r 

Capital cost/year 

Rotor speed 

Kinetic energy (state) 

1 Includes physical drive system. 

BCS 40262-1 
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kw 

kw 

psi 

FL 

sl ug_ft2 

ft 

ft 

Ib 

ft 

kw 

kw 

kw 

kw 

kwh 

~wh 

kwh 

$ 

$ 

rpm 

kWh 
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Qyteyts ~QDt. 

~~riabl~/PQrt 

T0 

T1 

P 2 

PL0 

PLl 

EF 2 

MP 2 

INT 

RE 2 

S tat i s t, i c§ 

Nt 

MPC 

MPD 

SPC 

SPD 

162 

De§crietiQn 
Input torque (charging) 
Output torque (discharging) 
Output power 
Clutch losses (charging) 
Clutch losses (discharging) 
Output eff i ci ency 

Maximum output power 

Priori ty interrupt flag 
Maximum charging power request 

Maximum stored energy 

Maximum charge rate 

Maximum discharge rate 

Sum of charging energy 

Sum of discharging energy 

!!rl.!ll 
ft-Ib 

ft-Ib 

kw 

kw 

kw 

kw 

kw 

kwh 

kw 

kw 
. kwh 

kwh 
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Calcylation SeQuence 

1) Compute flywheel constants 

k = 1 *J-M-lE-/3. 766V:;'lfl0 -7 
2 

C1 = KF-HWT-lfSR*/1.355S-lE-10-3 

C = C *PRO•S -lE- RF4•6 -lE-(1 + 2.3-lI-ZE/RF) 
2 0 

C = 1.0946 * 10-7 
o 

If KE < EO or KE > E1 write diagnostic 

2) Compute rotor speed 

RS =UHI-(60/210 

(DEFAULT) 

3) Compute power losses and net power when charging 

If P1 = 0, set T0 = PL0 = PIN = 0 and go to 4) 

TO = P1*737. 6/W 

PLO = CL0(R5,T0) 

PIN = P1 - PL0 

If PIN<O, write diagnostic 

4) Compute power losses and output power when discharging 

If RE1 = 0, set T1 ='PL1 = P2 = POUT = 0 and go to 5) 

T1 = RE1-lE-737.6/W 

PL1 = CL0(RS, -T1) 

BCS 40262-1 
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Calculation SeQuence 

4) Cont. 

P2 = REl - PLl 

POUT = REl 

If P2 < 0, set P2 = O. and write diagnostic 

5) Compute power losses when disengaged 

I f Pl > 0 or REl > 0 I go to 6) 

6) Flywheel kinetic energy rate 

KE = P. - P - C ~!-w- C~HAl2,.B 
IN OUT 1 2 

7) Maximum Input (char:ging power) 

MP0 = MPl - CL0(RS,TM) 

If MP0 S 0, write diagnostic and go toB) 

EF0 = EFl ~lMP0/ MPl 

RE2 = MIN(MP0,RAP), (EI-KE)/TINC)/EF0 

B) Output effi~iency and maximum power 

RAPl = MIN(RAP,(KE-E0)/TINC), TlNC = integration step 

TM = RAP11!-737.6IW 

MP2 = RAPl - CL0(RS,-TM) 
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CS1lscld lat igD Seguensce 
8) Cont. 

If MP2 < o write diagnostic 

EF 2= MP 2/ RAP1 

If RE1 > 0, EF2 = P2/RE1 

9) Priori ty interrupt logic 

If KE ~ E0 , INT = 1 

If KE > E0 + EDE and INT=l, INT=O 

IfKE~E1 , INT = -1 

If KE < E1 - EDE and INT~ -1, INT=O 

10) Compute Statistics and Costs 

( 

, 

~ BCS 40262-1 
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c 
c 
c. 
c 
c 

c 
c 

c 
c 

FL 
SU8ROUTINE FL(CLC,CLl,RS,KE,KED,IKE,TO,Tl,P2,PLO,PLl,EF2,MP2,INT, 

1 R~Z,HE,MPC,MPO,SP~,~pO, PR,HM,RF,S~,WT,KF,lE,C2,Pl,EFl,MPl,RAP 
2 ,RE1,EO,El,EDE,tM,CC) 

PURPOSe:: 

METHOD 

MODEL OF FLYWHEEL CAPABLE OF ABSORBING POW~R 
A~D OF DELIVERING POWER ON REQUEST .... 
OUTPUT POWER AND KINf:TIC ENERGY COHPUTEO FR.OM 

POWeR REQUEST AND INPUT POWER 

WRITTE_ BY Y.K.CHAN VERSION 1, JUNE 17, 1977 

C CALL SEQUENCE 
TASLES C 

C 
C 
C 
C 
C 
C 
C 
(. 

C. 
C 
C 
C 
C. 
(. 

C 
C 
C. 
C 
C 
C 
C 
C 
C 
c.i 
C 
c 
C 
c. 
C 
C' , 
C 
(. 

C 
Ci 

C: 
C 
C, 
C 
C 
C. 

166 

CLO -CLUTCH LOSSES VS RGTOR SPf::ED( RPM) AND TORQUE( FT-LB)'KW 
eLl -CLUTCH lGSSES VS ROTOR SPc.i:()(RPM) WHEN DlSO~GAG.ED,KW 

mnpuTS 
RS -ROTOR SPEED, RPM 
KE -KIN!::llC ENERGY(STAlE:),KWH 
KED -KINa=TIC ENERbY INCReASE RATE,KW 
IKE -lNTEbRATOR CONTROL 
TO -INPUT TORQUE (CHARGING,. FT-lB 
Tl -OUTPUT TORQUE (OISCHARGING),FT-LB 
PZ -OUTPUT POWER,KW 
PLO -CLUTCH LOSSES (CHARGING),KW 
Pll -CLUTCH LOSSES (DlSCHAR~INb"KW 
EF2 -OUTPUT EFFICIENCY 
~P2 ~AXIMUM OUTPUT POWER,KW 
INT -PRIORITY INTERRUPT FLAG 
RE2 -MAXIMUM CHARGI~G POWER ~EQUEST 

STATIST'ICS 
ME MAXIMUM STURED ENERbY,KWH 
MPC -MAXIMUM CHARGE RATt,KW 
MPu -MAXIMUM i.)ISCHARGE RAlc,KW 
SPC -SUM OF CHARblNG POWER,KWH 
SPD -SUH OF DISCHARGI_G POWER,KWH 

INPUTS 
PR 
HM 
RF 
!)R 

WT 
~ 
ZE 
C2 
PI 
i:::Fl 
HPI 
RAP 
REI 
~ 
El 

-PRESSURE IN VAlUUM HOUSING,PSI 
-MOMENT OF INERTIA,!)lUG-FT2 
-RADIUS OF FLYWHEEl,FT 
-SHAFT RADIUS,FT 
-FLYWHEEL WEIGHT,LB 
-COEFFICIENT OF FRICTION 
-WIDTH OF FLYWHEEL AT TIP,FT 
-WINOAGl COEFFICIENT (ANALYTIC DEFAUL1' 
-INPUT POWER,KW 
-INPUT P~OOUCT EFFICIENCY 
-INPUT MAXIMUM CHARGING RATE,KW 
-RATED POWER, CHARGE OR DISCHARGE,KW 
-DISCHARGE LOAD REQUEST,KW 
-MINIMUM ALLOWABLE STORAGE CAPACITY,KWH 

EOE 
CM 

-MAXIMUM ALLOWABLE STORAGE CAPACITY,KWH 
-ENERGY OEAOBANO FOR PRIORITY RESQUENCING,KWH 
-MAINTENANCE COS11YEAR,$ 
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C 

C 
C 

c 

c 

CC -CAPITAL COST/YEAR,$ 

COMMON 1{'IMPl.lIMPL, IeNT/", TIME.lTIME.lCSIHUl/OUH( 7) ,"'AX 
X ICOST ICC 1 ,CMI 

REAL KE, KED, MP2., INT ,ME,MPC ,MPO,KF ."Pl.MPO,MPA .MP& 
OIMENSION CLoCI',ell«!' 
I 

IFCIMPL.GT.O)GO TO 10 
TINC=OUM( 7)*.5 
lFCC2.EQ •• 99999'CZ=(1.0946E-7.*CPR**.a.*CRF**4.b+2.3*1f*CRF**J.6') 
INT=O. 
TMAX I=TMA)(*.99999 

MIf:=O. 
REl=O .. 
MPC=O. 
MPD=u_ 
sPC=-O. 
spo=o. 

10 CONTINUoi:: 
AK=.~*HM*3.16616E-1 
CI=K F*WT*SR*l.,35!)Sf.-3 
IF(C'KE.GT.EO).A~D.CKE.lT.El»).O~.'IMPL.NE.2»GO 10 2G 
IFCKE.l£.EO)WRITE(o,108'KE,EO 
IF(Kt.GE.~1)WRITE(o,l09'KE,El 

109 FORMATCIHO,2.6H FLYWHEEL KINETIC EN~RGY wF12..3, 
X IBH EXCEEDS CAPACITY ,FI2.3) 

108 FORMATCIHO,24H FLYWHEEL KINETIC ENERGY,F12.3, 
X 33H FALLS 8ELOW MINIMUM REQUIREMEMI ,Fll.3) 

leN1'=leNT+1 
2.0 CONT INUi: 

NNRS=ClO(Z) 
NNT=CLOC 3) 
M4=NNT+4 
MN4=M4+NNRS 
-,NR5.=CLU 2' 
NI\.iNRS4=NlNNRS+4 
TO=O. 
T1=0. 
P~=O. 
PLO=Cl. 
Pll::.0 •. 
RE2=0. 

C COMPUTE ROTOR SPEED 
C 

C 
C 
C 

100 OMEGA=l.E-6 
IF(KE.GT.O.)OMEGA=SQRTCKE/A~) 
RS=DMEGA*30./3.14l59 
PIN=O. 

COMPUTE POWER lOSSES AND NET POW~R WHEN CHARGING 

I~CPl.EQ.O.)GO Tu ZOO 
TObPl*737.b.lOMEGA 
PLO:TBlU2CRS,To.eLOCM4',ClOC4',ClOCHN4',l,l,_NNRS,-NNT,NNRS,NNT) 
PIN=P1-PlO 
POUT-=O. 
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C 
IF(PIN.GE.O.)GO TO 200 
IFUHPl.NE.2)[,() TO 200 
WRITElb.,20S)PLO,PI 

20b FGRMAT(lHO,,21H FLYWHEEL POWER LOSS 
X24H tXCctOS CHARGI/lG POWER ,FIl.3) 
lC~T=lCNT+l 

FL 
c 
c 
c COMPUTE POWtR lOSS~S AND OUTPUT POW~R WH~~ OISCHARGIN~ 

200 IF(REl.EQ.O.)GO TO 300 

c 
c 
C 

C 
C 
C 

C 
C 
C 

Tl=REi*731.bIOMEGA 
Pll:::TBLU2tRS ,-11, eLOI M4) ,CLOI 4) ,CLOI HN4) ,l,I,-NHRS ,-.1IiNiT ,:_NRS,NNT ) 
~2=REI-Pll 
POUT=REI 
IF'P2.GT.Q •• OR.IMPL.NE~2lGO TO 300 
WRI1Elb,~ti)PLl,REI 

l08 FORMAT(lHO,l6H FLYWHEEL LOSS ,FIl.3, 
X 27H E:XCEEDS l)ISCHAR.GI~b POWER ,F 12 .. 3) 

lCNT=lCNT+l 

300 

400 

P2=0. 

COMPUTE POW~R LOSSES WHLN DISENbAGtD 

IF(Pl.GT.O.)~O TO 400 
IF(Rl::l.~T .0. Hi.o TO 400 
POUT:TBLU1(RS.CL1(4),CLl(NNNRS4),1,-NMHRS) 

FLYWHEEL KINETIC EN~RGY BALANCE 

IF( I l(E.Nt.O)iH:D·:::P IN-POUT -Cl*OMEGA-Cl*IDl'tEGA**.2.B) 

MAXIMUM CHARGING POWER REQUEST 

TH=HPl*737.6/0HEGA 
HPA:::TBLULIRS,TM.CLO{M4"CLG(4),CLOCMN4),l,I,-NNRS,-NNT, 

X NNR~,~~T) 
MPO=~l-MPA 
IFIMPO.GT.O.)GQ TO 500 

C IFCIMPL.EQ.Z'WRITE(6.50S'MPA,MPl 
C 50S FORHAT(lHO,22H FLYWHEEL CLUTCH LOSS ,F12.3, 
C X 3lH EXCt:EOS MAXIMUM INPUl' POIIER ,FI2.3) 
C IF(IMPL.EQ.2)IC~T=IC.T+l 

C 

GO TO bOO 
SOO EFO=EFl*MPO/MPI 

APC=AHAX1(O.,.5*(EI-KE)/TINC) 
RE2=AMINl(MPO,RAP,APC) 
RE2=tlE2/EFO 

C oUTPUT ~FFICIEN~Y AND MAXIMUM POWER 
C 

bOO ~PT=(KE-i.O)/CTINC*2.) 
kAPT=AMINltRAPT,RAP) 
RAPT=AMAXi(RAPT,RAP/IOOO.) 
TM=RAPT*731.b/OMEGA 
MPB=TBLU2(RS,-TH,ClO(H4),CLO(4),CLO(MN4),l,1,_NNRS,_NN1, 
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c 
c 

c 
C 
C 

C. 

C 

X NNRS.NNl') 
HP2::RAPT-JltP6 
IFlMP2.GT.G •• OR.IMPL.NE.2)GO TO 100 

106 FORMAT(lHO,2ZH FLYWHEEL CLUTCH lOSS .FI2.3, 
XZlii EX('EE.DS IIElIVERASlE POWER ,F12 • .J) 
WRIT~'6.70a)MP8.RAPT 
ICNT=ICNT+l 

100 HP2=AHAXICHP2,RAP'lOOO.) 
- I EF2=HP2/RAPT 

IFIRcl.GT.O •• ANO.PZ.GT.O.)EF,=PZ'REl 

PRIORITY IN1ERRUPT 

EC1=EI-EOE 
ECO=EO+fD~ 

rF((~L.GT.ECO).A~O.CIHr.EQ.l»)INl=O 
IF' (KE.l 1.ECl) .AND. (INT .EQ.-U UN1=0 

IF'KE.lE.EO)INT=l. 
IFCKE.GT.El)INT=-l. 
IF'(KE.Gl.ECO).ANO.'KE.lT.~Cl»INT=O. 
IFCIHPL.LE.I)REIURM 

STATISTICS 

Mf=AHAXl UtE ,KE) 
HPC=AMAXICMP~,KEO) 
MPO=AMAX1(MPO,-KEO) 
spc=;!)P(. + T INC*Pl 
SPO=SPO+TINC*P2 

IFlTIMf.LT.TMAXl)RETURN 
Ct.l =Cc; 1 +CC 
CM1=CM1+CH 

RIETURN 
END 
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7.10 FRESNEL LENS SOLAR COLLECTOR 

Solar Insolation 
Ai r Velocity or Wind 
Ambient Temperature (TA 

Fluid Inlet Temperature (TFI 

FO 

Cell Temperature (TC) 
Fluid Flow Rate (FMD) 

FO 

Outlet Fluid Temperature (T2) 
Thermal Power Ubtained (P1) 

The Fresnel lens collector model performs a thermal analysis for; a con

centrating photovoltaic array which tracks the sun. The array may be 

cooled passively or by forced air or fluid. Fins may be used on the back to 

increase convective heat transfer to the environment. Figures 7.10-1 and 

7.10-2 show the physical construction of the array and the equivalent 

thermal network for the focusing collector. The purpose of the model is to 

compute the cell temperature TC, and the fluid pump rate FMD when fluid 

cooling is used. The analysis is based on a similar thermal model in 

SOLCEL [4]. 
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Figure 7.10-1 Equivalent Thermal Network for Fresnel Lens Collector 

Temperature 

TA-------

TL--------

TC------~ 

T5-----__ 

TI------~ 

Figure 7. 10·2 
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Fresnel Lens Thermal Model 
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FO 
BASIC EQUATIONS 

1) Energy absorbed by the collector per unit area 

QH = ST*TAU*(ABC-EFF) 

where 

ST = direct beam solar insolation 

TAU = lens transmittance 

ABC = cell absorptance 

EFF = nominal cell efficiency 

2) Heat balance equations for the thermal network of 7.10-1: 

3) 

172 

Qh = QTOP+ QBOT 

QTOP = HTOP(TS-TETOP) = HL(TS-TL) 

QBOT = HBOT(TS-TEBOT) = QFIN + QFLU 

QF1N = HF1N(TS-TA) = H1(TS-TI) 

QFLU = HFLU(TS-TFLU) 

The temperature variation in the insulating bond between the cell and 

the heat sink is given by a radial conduction equation for r > a: 

2 
2 8 T8 8T8 2 

r =r + - - or T8 • 0, 
8r 8r 

T 
with :rB specified at the cell radius r=a and at the equivalent lens 

radius r=b. This equation may be solved using modified Bessel func

tions to compute TB at r=a given the overall heat transfer coefficient 
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and equivalent temperature of the collector minus bonding. Thus the 
cell, bonding, and collector thermal diagram reduces to 

-----QH*Al--____ _ 

TC T8 TE 

where 

AL = lens area = 1T b2 

Input Specification Notes 

Minimum input parameters to specify FO are 

CM0 = Cooling mode option 
TF0 = Outlet fluid temperature (CM0=2) 
NT = Number of cooling tubes (CM0=2) 
HI = Thermal conductivity/thickness of back insulation (CM0=2) 
AL = Area of lens 
NL = Number of lenses 
CL = Collector length 
CW = Co 11 ector wi dth 
RC = Radius of solar cell 
FIR = Cooling fin/collector area ratio (CM0=O) 

The user should check inputs for conSistency with those used in the 
photovoltaic model PV. For example 

? ? 
FO collector area = CL*CW ~AL*NL ~PV array area 

FO concentration ratio = AL/(" *RC2) ~ PV concentration ratio 
? 

FO cell area = 1T*RC2 ~PV array area/number of cells 

BCS 40262-1 
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Inputs/Port 

ST 

WD 

TA 

TFI. 

TFf(J 

CMf(J 

AL 

TAU 

ABC 

EFF 

SPA 

EL 

ES 

EI 

CW 

CL 

Nl 

RC 

ABL 

SPT 

HI 

174 

Description 

Direct beam solar insolation 

Air or wind velocity (default = 0.) 

Ambient temperature 

Inlet fluid t~mperature 

Specified outlet, fluid temperature 

Cooling mode (default = 0.) 

o = natural air cooling 
1 = forced air cooling 
2 = fluid cooling 

Lens area 

Lens transmittance (default = 1.) 

Cell absorptance (default = .95) 

Nominal cell efficiency (default = .12) 

Lens to heatsink space (default ~ .025) 

Emittance of lens (default = .9) 

Heatsink emittance (default = .5) 

Emittance of the back surface (default = .5) 

Co 11 ector wi dth 

Collector length 

Number of lenses on corlector 

Radius of solar cells (default = .025) 

Absorptance of the lens (default = .05) 

Specific heat of coolant (default:: 4184) 

Conductivity/thickness of the back insulation 
(default = 109 for no insulation) 

FO 
Units 

0(' 
v 

m 

m 

m 

m 
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.4f'," FO 
t .~ 

Inputs/Port 
(cont'd) Description Units 

FIR Cooling fin to flat plate area ratio 
(default = 1 for no fin) 

NT Number of coo 1 i ng tubes 

MFM Maximum fluid flow rate kg/s 
DT Diameter of cooling tubes (default = .015) m 
C0S Conductivity of heatsink (default = 202) w/m-K 

I , 
THS Heatsink plate thickne~s (default = .003) m 
DEN Coolant density (default = 980.) kg/m3 ! 

t 
C0C Conductivity of the coolant (default = .657) w/m 

'1 
-.~~ 

w/m2-K ! - HC Conductivity/thickness of the cell insulator 
I 

" 

(default = 109 for no insulation) f' 
j < ~ 

1 
CC Capital cost p~r unit collector area per year $/m2 

cr~ Maintenance cost per year $ 

C0P Cost of operating power $/kwh 

Outputs/Port Description Units -
TC Cell temperature °c 
TS Heatsink temperature °c f', 

FMD Fluid flow rate kg/s 
I· T 1 Inlet fluid temperature °c 

T 2 Outlet fluid temperature °c 
PH Co 11 ector energy absorbed kw 
P 1 Thermal energy collected kw 

,. 
" 
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Outputs/Port 
lcont'1!L Description 

REA 

REF 

LTl 

Reynolds number (air cooling) 

Reyno 1 ds i1tlillber (fl u i d coo 1 i ng) 

Last time at which the collector 
calculations were performed 

Operating Power used (state) 

CALCULATION SEQUENCE 

RL = (AL/1T ).5 

1) Solar Power Absorbed by the Collector 

QH = ST*TAU(ABC-EFF) 

PH = QH*AL*NL/1000. 
. 

If QH SO.l set TC = TA, FMD = PI = 0P = 0 and return 

If L Tl = HME and I TFI - Tli <.1, return 

LTl = TlME 

2) Convert TA,TFO,TFI ~o oK 

3) Initial Temperature and Flow Rate Estimates 

176 

TS = TA + QH/20 

TL = (TS + T0)*.5 

TF = (TFI + TFO)*.5 

n = TL 

FMD = IFLU = 0 

If CM0 = 2 and TF0 > TFI, IFLU = 1 

If IFLU = 1, 

'1 

FO 
Units 

hr 

kwh 
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CALCULATION SEQUENCE (cont'd) 

RO = NT*SPT*(TF0-TFI)/(AL*NL) 

FMD = MIN(0.5*QH/RO,MFM) 
f 
I 
L 

0 Iterate 4) to 8) three times: 

4) HTOP Heat Transfer Coefficient and TETOP ! 
TSKY = .0552*TA1•5 

reI) = CNVC(TL,TA,WD,CL) Appendix 
REA (2)-(3) 

Ibid,(8) 
i-, 

HI = HCl + HRI 

TM = .5*(TL+TS) 
f 

HC2 = (7.25xl0-5*TM+4.325xl0-3)/SPA "'-

HR2 = RADC(TS,TL,ES,EL) Ibid, (8) 
HL = HC2 + HR2 

HTOP = (I/H1 + l/HL)-l 

TETOP = TA+ST*(ABL+(I-TAU)*TAU*ABC)/Hl 

5) Fin Factor and HFIN Heat Transfer Coefficient 

HC = CNVC(TI,TA,WD,CL) Ibid,(2)-(3) 
HR = RADC(TI,TA,EI,I.) Ibid,(8) 
FAC = 4.318 - 4.3375*EXP(-.26795*FIR) (First pass) 
HFIN = (l/HI + 1/(HC*FAC+HR))-1 

6) HFLU Heat Transfer Coefficient to Fluid and REF 
,/if'-.,,_'" 

f HFLU = O. 
"" ,-
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CALCULATION SEQUENCE (cont'd) 

If IFLU = 0 go to (7) 

(
HFL) i , 

= FLUC(NT,DT,CW,C0S,THS, FMD,DEN,TF,C0C) 
REF 

7) HBOT Heat Transfer Coefficient and Temperature TEBOT 

HBOT = HFIN + HFLU 

TEBOT = (HFIN*TA+HFLU*TF)/HBOT 

8) Temperature and Flow Rate Updates 

H = HTOP + HBOT 

TE = (HTOP*TETOP+HBOT*TEBOT)/H 

TS = iE + QH/H 

TL = TS, - HTOP*(TS-TETOP)/HL 

TI = TS - HFIN(TS-TA)/HI 

QFLU = HFLU(TS-TF) 

FMD = O. 

If QFLU > 0, FMD = QFLU/RO 

If QFLU > MFM*RO, 

FMD = MFM 

RA = QFLU/MFM 

TF = TFI+RA*AL*NL*.S/(SPT*NT) 

9) Check for QFLU < 0 

If QFLU<O set IFLU·= 0 and repeat (4)-(8) once 

10) Cell Temperature 

ALPH = H/(C0S*THS) 

X = SQRT(ALPH)*RC 

178 

FO 

Jbid,(S)-(6) 
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CALCULATION SEQUENCE (cont I d) 

Y = SQRT(ALPH)*RL 

BETA = QH*AL/(21T *C0S*THS*X) 

A = BETA*U(Y)/(Kl(X)*I1(Y)-Kl(Y)*I1(X) 

B = BETA*Kl(Y)/(Kl(X)*Il(Y)-Kl(Y)*Il(X» 

TB = A*KO(X)+B*IO(X)+TE 

TC = TB+QH*AL/(1T *RC2*HC) 

where IO,Il,KO,Kl are modified Bessel functions. 

11) Output Calculation 

T2 = 2*TF-TFI 

Convert TC, TS, Tl, T2, TA,TFI, TF0 to °c 
Pl = QFLU*AL*NL/I000. 

TKP = 5.E-4*CL*CW 

(

0. if CM0 = 0 

0P=TKP+ .0742*(CW*CL) .2835*WO· 567 if CM0 = 1 and WO >0 

7.S5xlO-ll*FM02.855*OT(-4.702)*NT*CL if CM0 = 2 and FMO>O 

REFERENCES FOR FO 

1. 

2. 

J. K. Linn, "Photovoltaic System Analysis Program-SOLCEL," Sandia 
Laboratories Report SAN077-1268, 1977. 

E. L. Burgess and M. W. Edenburn, "One Kilowatt Photovoltaic Sub
system Using Fresnel Lens Concentrators," Paper 11.6

9 
IEEE Photo

voltaic Specialists Conference, Baton Rouge, November 1976. 
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C 

SUBROUTINE FOCTCtTS,FHO,Tl,TZ,PH.Pl,R~A.RfF.LTI,OP.OPO.IOP, 1 ST,WD,TA,l'FI, 
1 TFO,CHO.AL,TAU,A8C,~FF,SPA,El,ES,EI,&W,CL,NL, 2 RC,ABL,SP1,Hl,FlR,NT,MFH,OT,COS,THS,OEN,COC, 1 

~ HC, CC, &H,CUP) 
I 

PURPuSE: THIS COMPONENT COMPUTES THE TEPERATURE OF THE SOLAR CELL IN THE FRESNEL LENS COLLECTOR, AND CALCULAT£S THE FLUID PUMP RAtE WHEN FLUID COOLING IS USED 

iWRITTEN BY Y.K.CHAH, 10-19-7&, VERSIO~ 1 ! 

METHOD THERMAL ANALYSIS BAS~O ON SOLCkL MODEL CF SANDIA 
CALL SEQUENCE 

OUTPUTS 
Te. 
TS 
FHil 
Tl 
T2 
PH 
PI 
REA 
KEF 
LTI 

OP 
OPD 
lOP 

INPUTS 
~T 
WD 
i 

TA 
tFI 
TFO 
CHO 

-CELL TEMPERATURE,C 
-HEA ISINK TEf'4PcRATURE, C 
-FLUID FLOW RATE', KG/S 
-INLET FLUID TEMPERATURE,C 
-OUTLET FLUID TEMPERATURE.C 
-COLLECTOR ~NERGY ABSO~b~D,KW 
-THERMAL POWER CuLLECTEO,KW 
-R~YNOLDS NUMBER{AIR COOLING) 
-REYNOLDS NUHB~R(FLUID COOLING) 
-LAST lIME AT WHICH THE COLLECTOR 

CALCULATIOM WAS PERFORMEO.HR 
-ACCUMULATIVE OPE:~ATING ENfRGY,(STATE),KWH -OPERATING POWER,KW 
-INTEGRA10R CONTROL 

-GLOBAL SOLAR INSOLATION,W/H2 
-AIR OR WIND VELOCITY,M/S,(OEFAUL1::0) 
-AMalEHl lEMPERATURE,C 
-SPECIFIED INLET FLUID TEMPERAIURE,C 
-~PECIFIED OUTLET rLUID TEMPERATURE,C 
-COOLING MODE(Di:FAULT=O) 
O='NATUR~,l AIR C.OOLING 
l=FORCEO AIR COOLING 
2=FLUIO COOLING 

-LE_S AREA,H2,CDEFAULT=.09) 
-LENS TRANSMITTANCE'DEFAULT=I.) 
-CELL ABSORPTANC£:(DEFAULT=.95) 
-NOMIANAL CELL EFFICIENCYCOEFAULT=.12) -LENS TO HEATSINK SPACE,M,'DEFAULT=.02~) -EMll'TANCE OF LENS(OEFAULT=.9) 
-HEATSINK EHITTANCE{OEFAULT=.5J 
-BACK SURFACE EMITTANCE(DEFAULT=.5) 
-~OLLECTOR WIDTH,M 
-COLLECTOR LENGTH,M 
~UHBER OF LENSES ON COLLECTOR 
-RADIUS OF SULAR C~lLS,M,(OEFAULT=.02~) 
--A8S0RPTAHCE OF THt: LENSCOEFAUlT=.05) 

FO 

AL 
TAU 
ABC 
~FF 
SPA 
ell 
a::s 
EI 
(,W 
Cl 
fIL 
RC 
ABL 
SPl 
HI 

-SPECIFIC HEAT OF COOLANT,J/KG-K"uEFAULT=4184) -CONUUCTIVITY/THICKNfSS OF THE 8ACK INSULATION, W/M2-K,COEFAULT=lO •• 9 FOR NO INSULATION) 
180 BCS 40262-1 

% 
'-""'.' 

" I if 
is 
J~ 

;) 

.\ ~ , . 1 ~ J 



\ 
; 
\ 
,'. 

I-

~: ...... ' 

oJ: 

f 
" 

; 
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Cj 
C 
C 
~. 

c; 
C 
C 
c 
C 
\. 
c 
C 
C 
C 
c 

c 
c 
C 

FIR 

NT 
MFM 
In 
cbs 
lHS 
DE.N 

-COOLING FIN TO FLAl PLAIE AREA RAllO 
(D~FAULT=l FOR NO FIN) 

-NUMb£R OF COOLING TUBE~ 
-MAXIMUM FLUI~ FLOW RATE,KG/S 
-DIAME1~R OF COOLING TUBES,H,(OEFAULT=.Ol~) 
-CONDUCTIVITY OF HEAT Sl~K,W/M-K,'D~FAUlT=202) 
-HEATSINK PLA1E IHICKNESS,M,(OEFAUlT=.003' 

FO 

coe 
He 

-COOLANT D~NSITY,KG/M3,(DEFAULT=9BO) 
-(.uNDUCTIVITY OF THE COOLANT,W/H-K,(OEFAULT=.657) 
-CONDUCTIVITY/THICKNESS OF THE CELL INSULATOR, 

CC 
eM 
cap 

W/M2-~,(OEFAULT=lO**9 FOR NO INSULATION' 
-CAPITAL COST PER UNIT COLLECTOR AREA PER YEAR,$/M2 
-MAINTENANCE COST PER YEAR 
-COST OF OPERATING POWER,$/KWH 

COMMON /CIMPL/IMPL, leNT, ITEST 
COMMCfi /ClIME/TIME /CSIMUL/OUM(7),TMAX 
;COMMON /CUST/eeAf', CMA, CPO 
'RI:::AL NL,Nl',MFM, LTI 

INIT IAlIZAT rON 

IFCIMPL.GT.O)GO TO 100 
IFCWD.EQ •• 99999'WD=O. 
IF(CMO.EQ&.99999)CMO=0. 
IFlAl.EC •• 99999'AL=.09 
JFCl'AU.EQ •• 99999)TAU=1. 
IFCAbC.£Q •• 99999)AB~=.9S 
IFCEFF.EQ •• 99999)E~F=.12 
IF(SPA.EQ •• 99999)SPA=.02~ 
IF(El.Ew •• 99999'EL=.9 
IFlES.EQ •• 99999'ES=.5 
IFCEI.EQ •• 99999)EI=.5 
IFCRC.EQ •• 99999)RC=.02~ 
IFlA8l.EQ •• 99999)ABL=.05 
IFCSPl.EQ •• 99999)SPT=4184 
IFCHI.cQ •• 99999'HI=1.E9 
IF(FIR.EQ •• 99999)FIR=1. 
IFCOT.EQ •• 99999)DT=.015 
IFCtOS.EQ •• 99999)COS=202 
IFCTHS.EQ •• 99999)lHS=.003 
IF(DEN.EQ •• 99999)OEN=9S0 
IF'CO~.E~ •• 99999)COC=.651 
IFlHC.EQ •• 99999)HC=1.c9 
RL=SQRTtAL'3.141~92b) 
FAC=4.31B-4.3375*EXP(-.2b795*FIR) 
TMAX1=TMAX*.99999 

I 100 CONTINUE 
C 
C 
C 

SOLAR POWER AbSORBEO BY THE COLLECTOR 

QH=S T* T AU*« AdC-EFF ) 
PH=Q H* At *NL/ 1000. 
IF(QH.GT •• Ol ,GU TO 201 
TS=TA 
TC=TA 
oPo=o. 
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FMD=O. 
Pl=O. 
bO TO 920 

201 IF (( L n .I:Q. 1'1 ME ) .A'~D. (A3S( TF I-Tl' .IT •• 1) )bO TO 920 
LTI=TIMe 

C 

C CONVERT TA,TFO,TFI FROM CENTIGRADE TO KELVIN C 

c 

T4=lA+273 
TFO=TFO+Z73 
TFI =IFI +273 

C INITIAL IlMPe:RATuRE ANOf-LOW RATE ESTIMATeS c 

c. 
c 
c 

TS=TA+QH/20. 
TL=( l'S+TA'*.S 
1'F= (IFI + TFO) *.5 
11=Tl 
IFLU=O. 
FMO=O. 
IFC(AdSCCMO-Z.).lT •• l'.ANO.(TFO. bT.TFI)'IFlU=1 
IF(IFlU.NE.l)bO 10 301 
RO=NT*SPl*(TFO-IFI)/CAL*Nl) 
FMO=MFM 
IF'RO.GI.O.)fMO=AHl~I(.5*QH/RO,MFH' 

301 CONT INUE 

I I f.RA l' c. HEAT COEFF Ie If:Nl' C ALCUlA T IUN HIREE TIHf:S 

LOOP=O 
400 CONTINUE 

FO 

C 
C 

H10P, HEAT TRANSFER COEFFICIENT, AND T£TOP,T'OP EQUIVALENT TEMPERATURE I 

TSKY=.05~2*(TA**1.S) 
qAll CNVC( HCl,RE:.A, T'l ,I A, WD,CL) 
CALL RAOC(HR1,TLwTSKV,EL,I.) 
~1=HR1* (TL-TSKY )/( TL-1"A' 
Hl==HCl+HiU 

C 

tiM:. 5*( TL+T5' 
Hc2:(7.2S*1.E-5*lH+4.325E-3)/SPA 
CALL RADC (HR2, TS, TL, E::!), ELl 
HL=HC2+HR2 
HTOP =1./ (l./Hl+l./HL) 
TETOP=TA+ST*(ASl+(l-TAU'*TAU*ABC'/Hl 

C HEAT TRANSFER COf:FFICIENT HFH~ 
CALL CNVC(HC2,RE,TI,TA,WD,CL) 
CALL RAOC(HR,TI,TA,EI,l.) 
HFIN=1./(1./HI+1./(HC2*FAC+HR)) c 

C FLUID HEAl TRANSFER COEFFICIEJ'IH' HFI..U AND REVttOlDS NUMBER REF 
HFlU=O. 
IF(IFLU.EQ.O'bG TO 700 
CALL F-LUC(HFLU, REF .HI.OT ,ew,cos, THS,FHD,OEN, TF,COC) 

C 

C I:QUIVAlENT aOTTO" TeMPERATURE AND HEAT TRANSFER CO~FFICIENT 
700 CON T INUE: 

H60T =HFIN+HFLU 

182 
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C 
C 
C 

c TE801='HFI~*TA+HFlU*TF)/HBOT 

C UPDATE TEMPERATURE AND FLOW RATE 
H=HTOP+HBOT 
TE:C Hl-OP*TET(JP+HBOT,*TEBOT )/H 
TS=l'E+QH/H 

fQ 
TL=TS-HT'OP*( T~-TETuP )/Hl 
TI=1 S-HFIN*( TS-IA)/HI 
QFLU=HFlU*(TS-TF) 

C WRIT EC 6.108) Hf-lN, HBOT, TE80r, HI UP, TETOP,H, TE, TS, Tl. T I .QFlU,RO 
, lOS FORMAT(lH ,*FO .,btl0.2,/,5X,&EIO.Z) 

C 

c 

FMO=O. 
IF(QFlU.lE.O.)GO TO 800 
IF(QFLU.GT.CMFM*RO»GO TO 799 
FMO=Q FlU/RO 
GO TO 800 

7'19 fMO=MFM 
RA=QFlU/MFH 
TF=TFI+RA*Al*Nl*.~/CSPl*NT) 

800 CONTINUE 

lOOP=lOOP+l 
IFClOOP.LE.2)&O TO 400 

C CHE CK FOR EFFEC1'1 VE FLUID COOLING 
C 

C 
C 
C 

IF(QFLU.&E.O.)GO TO 900 
IFLU=O. 
GO 1'0 400 

900 C.ONT INlJE 

CEll TEMPERA1URE 

AlPH=H/(COS*1HS) 
X=SQRT (AL PH)*RC 
Y=SQRT (ALPH) *RL 
dETA=QH*Al/(L.*3.14159*COS*THS*X) 
CALL NAl~Il(y,BIlY,l) 
CALL ~TSKICX,BKIX,l) 
CALL NA1Sll(X,BIIX,1) 
CAll NATSKl(y,SKlY,l) 
CALL NATS~O(X,BKOXwl) 
CAll NATSIO(X,BIOX,l) 
A=8EIA*811Y/(SKIX*SllY-SKIY*8IIX) 
B=SETA*SKIY/IBKIX*SIIY-BKIY*&IIX) 
TB=A*BKOX+S*SIOX+TE 
TC=TB+QH*AL/C3.14159*RC*RC*HC) 

OUTPUT ~AlCUlATION 

TC=TC-273 
TS=T5-273 
Tl =TFI-273 
T2=2 .*1'F-TFI--27 3 
T'A=TA-273 
TFI=TFI-2.73 
TfO=TFO-273 
Pl=QFlU*AL*Nl/lOOO. 
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IFCA 85 (CMO-l.). U:: •• l .AND. WD.GT .0.) Ri::l=.074Z*t 'CW*Cl '**.2835'* 
1 WO** • .567 

FO 
IFCFMD.L~.O.)GO TO 909 
IF(CMO.GT.l_l)REl::1.85E-ll*(FMO**2.a,5)*(DT**C_4.702)'*Nl*CL CONTINUE 
lKP= 5. t;;-4*CL*CW 
IF(lOP.NE.O)GPD=TKP+R~l 
IF(TIM~.LT.TMAXl)RETURN 
IF'IMPL.LT.2)RE1U~N 
C~AP::CCAP+CC.*AL*NL 
CMA=OtA+CM 
CPO:: CPO +COP *0 P 
RETURN 
END 
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7.11 FLAT PLATE SOLAR COLLECTOR 

Sola r Insol ation {ST ~Cell Temperature (TC) 

Collector Ti lt Fluid Flow Rate (FMD) 

Fluid Inlet Temp. (TFI FP Outlet Fluid Temperature 

Ai r Ve loci ty or Wi nd Fluid Cooling Power (Pl) 

Ambient Temperature {TA 

The flat plate component performs a thermal analysis on a nonconcentrating 

photovoltaic array. Three types of cooling may be used: 

• Front surface cooling using natural or forced air. 

• ~ack surface cooling using natural or forced air with or without 

a finned back surface. 

• Fluid cooling using tubes on the back and N glass covers (N = 
0,1,2,3). 

Figures 7.11-1 and 7.11-2 show the physical construction of the array and 

the equivalent thermal network for the flat plate component. The purpose 

of the analysis is to compute the cell temperature TC and the fluid pump , '. 

rate FMD when fluid cooTing is used. The analysis is based on the flat 

plate thermal model in SOLCEL [4], except that an empirical equation due to 

Klein is used to compute the top loss coefficient for 1 to 3 glass covers. 

(T2) 
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TEMPERATURES 

...------::::::::==j .. ---GLASS COVER{S){!OPTIONAL) 

TCELL----~...r-------r= 

T' PLATE-----

T INSUL----'-_.l= 

T AHB ____ ...... _ 

----J~lR SPACE 
.--........ -:::::::=""'1---- SOLAR CELL 

,--.--INSULA TI ON 

ING PLATE 

~~~_I----INSULATION (OPTIONAL) 

10 COOLING (OPTIONAL) 

Figure 7.11-1 Physical Diagram of Flat Plate Collector 

Figure 7.11-2 Equivalent Thermal Network for Flat Plate Collector 
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FP 
BASIC EQUATION~ 

The basic thermal equations for the model are the heat balance equations 

for the network of Figure 7.11-2. 

QH = ST*T N (AS - EFF) '::: QTOP + QSOT 
QTOP = HTOP(TCELL - TAMS) 

QaOT = HSOT(TCELL - TEBOT ) = HC (TCELl - TpLATE) 

= QFIN + QFLU 

QFIN = HFIN(TpLATE - TAMB ) = HI(TpLATE - TINSUL) 

QFLU = FMO*P{TF0 - TFI) = HFLU(TPLATE - TFLUIO) 

where HTOP ' HBGT, HC ••• denote heat transfer coefficients, and 

TN = transmittance of the N-covers 

AB = collector cell absorptance 

EFF = nominal cell efficiency 

TESOT = equivalent bottom temp. (= TAMS with no fluid cooling) 

P = fluid specific heat/unit cell area * No. of cooling tubes 

TFLUID = average fluid temperature = (TF~ + TFI)/2. 

Input Specification Notes 

Minimum input parameters to specify FO are 

CM!fi' = Cooling mode option 
TF~ = Outlet fluid temperature (CM0=2) NG = Number of glass covers 
HI = Conductivity/thickness of the back insulation CW = Co 11 ector wi dth 
CL Collector length = 
NT !.: Number of .coo 1 i ng tub as (CM0=2) FIR = Cooling fin/collector area ratio (CM0=0) 

The user should check the consistency of these inputs (e.g., collector 
area) with those of the tracking component SO and the photovoltaic 
component PV. 
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ST 

TLT 

WD 

TA 

TfI 

TF~ 

MFM 

RE 

CM" 

NG 

TN 

AS 

EfF 

EC 

EG 

EP 

CW 

CL 

SPT 

HI 

sp .4UI>4f4 

Description 

Global solar insolation 

Co 11 ector ti lt 

Air or wind velocity (default = 0.) 

Ambient drybulb temperature 

Inlet fluid temperature 

Spec'ified outlet fluid temperature 

Maximum fluid flow rate 

Tracking power request 

Coo 1 i I1g mode (def au 1t = 0.) 

o = natural air cooling 
1 = forced air cooling 
2 = fluid cooling 

Number of, glass covers (default = 0.) 

Transmittance of the N-covers 

C0llector cell absorptance (default:.:: .9) 

Nominal cell efficiency (default = .12) 

Emittance of cell (default ~ 0.5) 

Emittance of the glass covers (default:.:: .9) 

Emittance of the back surface (default = .9) 

Collector width 

Collector length 

Specific heat of coolant (default = 4184.) 

Conductivity/thickness of the back insulation 
(def~ult = 109 for no insulation) 

Units 

w/m2 

Oeg 

m/s 

°c 
°c 
°c 
kg/s 

kw 

FP 
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Inputs/Port 
(cont'd) 

FIR 

NT 

DT 

crap 

THP 

DEN 

Crac 

HC 

CC 

CM 

Description 

Cooling fin to flat plate area ratio 
(default = 1. for no fin) 

Number of cooling tubes (default = 1) 

Diameter of cooling tubes (default = .015) 

Conductivity of mounting plate (default = 202.) 

Mounting plate thickness (default = .003) 

Coolant density (default = 980.) 

Conductivity of the coolant (default = .657) 

Conductivity/thickness for cell insulation 
(default = 109 for no insulation) 

Capital cost per unit area per year 

Maintenance cost per year 

Cpra Cost of operating power 

Outputs/Port Description 

TC Cell temperature 

TP 

FMD 

T1 

T2 

PH 

PI 

rap 

REA 

REF 

LTI 

BCS 40262-1 

Mounting plate temperature 

Fluid flow rate 

Inlet fluid temperature 

Outlet fluid temperature 

Collector energy absorbed 

Thermal energy collected 

Opera,t i ng power used (state) 

Reynolds number (air cooling) 

Reynolds number (fluid cooling) 

Last time at which the flat plate array 
calculations were performed (used internally) 

~~~.&._ .. "'~~"".;'.1&~ __ ~~~~~.~";;'~~~""""'_"";~--"'" t """""" .. ~_ .. , . 

Units 

m 

w/m-K 

m 

kg/m3 

w/m-K 

w/m2-K 

$/m2 

$ 

$/kwh 

kw 

kw 

kwh 

hr 

FP 
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CALCULATION SEQUENCE 

1) Solar power absorbed by the collector 

QH = ST*TN*(AB - EFF) 

PH = QH*CL*CW/1000 

FP 

.. 
If QH~O.1 set TC = TA, FMD = PI = OP = 0 and return 

If LTI = TIME and ITFI - T1 I < .1, return 

LTI = TIME 

2) Convert TA, TF0, TFI to oK 

3) Initial temperature and flow rate estimates 

TC = TA + QH/20 

TI = (TC + TA)*.5 

TF = (TFI+TF0)*.5 

TP = TI 

FMD = 0 

IFLU = ° 
If CM0 = 2 and TF0 > TFI, IFLU = 1 

If IFLU = 1, 

RO = NT*SPT*(TF0 - TFI)/CW*CL 

FMD = MIN(MFM,0.8*QH/RO) 

• Iterate 4) to 8) three times: 

4) HTOP heat transfer coefficient and REA 

TSKY = .0552*TA1•5 

(
HC1)= CNVC(TC, TA, WD, CL) 
REA 

If NG = 0, 

See (2)-(3) in Appendix 

BCS 40262-1 
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FP 
CALCULATIONS (cont'd) 

HTOP = Hel + HR1 

If NG >0, 

HTOP = ~ilGLAS(N,TA,TC,HC1,EC,EG,TLT) 

5) Fin factor FAC and HFIN heat transfer coefficient 

HC2 = CNVC(TI, TA, WD, CL) 

HR2 = RADC(TI, TA, EP, 1.) 

FAC = 4.318 - 4.3375*exp(- .26795*FIR) 

HFIN = (l!HI + 1!{HC2*FAC + HR2))-1 

6) HFLU heat transfer coefficient to fluid and REF 

HFLU = O. 

If IFLU = 0 go to 7) 

(

HFL

J = FLUC(NT,DT,DW,C~P,THP,FMD,DEN,TF,C~C) 

REF 

Ibid,(8) 

Ibid,(7) 

Ibid,(3) 

Ibid, (8) 

(first pass) 

Ibid,(5)-(6) 

7) HBOT heat transfer coefficient and equivalent temperature TEBOT 

HBOT = (l!HC + l!{HFIN + HFLU))-l 

TEBOT = (HFIN*TA + HFLU*TF)!{HFIN + HFLU) 

8) Temperature and flow rate updates 

TC = (QH + HTOP*TA + HBOT*TEBOT)!{HTOP + HBOT) 

TP = TC - HBOT*{TC-TEBOT)!HC 

TI = TP - HFIN*(TP - TA)!HI 

QFLU = HFLU*{TP - TF) 

BCS 40262-1 191 
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CALCULATIONS (cont'd) 

FMD =/0. 

\QFLU/RO 

If QFLU > MFM*RO, 

FMD = MFM 

RA = QFLU/MFM 

,if QFLU~O. 

if QFLU >0. 

TF = TFI + RA*CL*CW*.5/(SPT*NT) 

9) Check for QFLU < 0 

If QFLU < 0 set IFLU = 0 and repeat 4) to 8) once 

10) Output calculations 

T2 = 2*TF - TF! 

Convert TC,TP,Tl,T2,TA,TFI,TF~ to 0c 

Pl = QFLU*CL*CW/1000 

If CM0 = 0 . 
0P = RE 

If CM0 = 1 and WD>O 

jp = RE+.0742*(CW*CL)·2835*WD· 567 

If CM0 = 2 and FMD>O 

~P = RE + 7.85 x 10-11*FMD2.855*OT(-4.702)*NT*CL 

REFERENCES FOR FP 

1. S. A. Klein, M.S. Thesis, "The Effects of Thermal Capacitance Upon the 
Performance of Flat Plate Solar Collectors," University of Wisconsin, 1973. 

2. J. A. Duffie and W. A. Beckman, Solar Energy Thermal Processes. Wi ley, 1974. 

3. F. Kreith, Principles of Heat Transfer, 3rd Edition, International 
Textbook Company, 1973. 
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c 
C 
C 
C 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c: 
e 
C 
c 
e 
e 
C: 
C 
c. 
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c 
c 

suaROUTINE FPCTC,TP,FMO,Tl,T2,PH,Pl,OP,OPO,IOP,REA,R£F,LTI, 
1 ~ T, TLT .WD, 1"~!i TFl, 1 FO,Hr"~RE,CHO,N", TN,AS, 
2. EFF ,EC, EG, EP,CW ,CL, SPT, HI ,FIR,NT ,OT ,COP,THP, DE.1it 
3 coe,He,ce,CH,cPO' 

FP 
PURPOSi. THIS COMPONENT PERFORHS A THERMAL ANALYSIS 

ON A NOfllCuNCENTRATING PHOTOVOLIAIC ARRAY. 
THREE TYPES OF COOLING MAY BE U~EO 

FRONT SURFACE COOLH~G USING NATURAL OR FORCED AIR 
8ACKSURFACE COOLING USIN~ NATURAL OR FORCED AIR 

WITH OR WITHOUl FINS. 
fLUIO CGOLl~G USING TUSES ON THE BACK AND NG 

GLASS ~OVERS (NG=O,l,2,3). 

WRiTTEN BY Y.K.CHA~, 11-6-76, VERSIOH 1 

1. 

I 
1 

1 
l 

-:;~ , 
METHOD SAS~D ON THE FLAT 

fXCi..PT THAT AN 
TO COMPUTE THE 
GLASS COVERS 

PLATE TH~RMAL MODEL IN SOlCel, 
~MPIRICAl EQUATION OUE TG KLEIN I~ USEO 
TOP LOSS ("OEFFICIENT FOR 1 TO ;, 

, ~ 

CALLINb SEQUcNet: 
OUTPUTS 

5T -GLOBAL SOLAR INSOLATION,W/M2 
TC -Cell TEMPERATURE,C 
FMO -FLUID FLOW RATE,KG/S 
Tl -IMlEl' FLUID TEMPERATURE,C 
T2 -OUTLET FLUID TEMPERATURE.,e 
PH -COLLECTOR ENERGY A6S0RBED,KW 
PI -THERMAL ENERGY COLLECTED,KW 
OP -OP£RATINb POWER USi:D( STAT£) ,KWH 
REA -REYNOLDS NUMBER(AIR COOLING) 
~cF -REYNOLDS HUMBERCflUIO COOLING) 
lTI -LAST TIME AT WHICH THE FLAT PLATE ARRAY 

INPUTS 
TlT 
WD 
l"A 
lFI 
TFO 
HFM 
RE 
eMO 

NG 
TN 
AS 
e!FF 
EC 
E;(~ 

EP 
OW 
CL 
SPT 

CALCULATIONS WERE P£RFORMEOCUSED INTERNALLY) 

-COLllCTOR TIlT,DEGREES 
-AIR OR WIND VELOCITY,M/S,(DEFAULT=O.) 
-AM6IE~T ORYBULB TEMPERATURE,C 
-SPEClFIED INLlT FLUID TEMPERATURE.C 
-SPECIFIED UUTLET FLUID TEMPERATURE,C 
-MAXIMUM FLUID FLOW RATE,KG/S 
-TRACKING POWtR REQU£ST.K.W 
-COOLING MODE(DEFAULT=O) 

O=lflA T'URAl A IR COOLl~G 
I=FORCEO AIR COOLING 
2=FLU1D CUOlING 

-NUMBER OF GLASS COVERS'OEFAULT=O) 
-TRANSMITTANC~ OF THE N& blASS COV£RS 
-COLLECTOR CELL ABSORPTANCE(OEfAULT=.9) 
~OHI_AL CELL EFfILIENCY(DEFAULT=.12) 
-EMITTANCE OF CELlCDEFAULT=.5' 
-cMJTTANLc OF GLASS COV~RS(OEFAUlT=.9) 
-EMITTANCE OF THE BACK SURFACE'OEFAULT=.9) 
-("OLlH. TORWIDTH,M 
-COLLECTOR LENGTH," 
-SPECIFIC HEAl OF COOLAN1",J/KG-K,IOEFAULT=4184) 

BCS 40262-1 
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FP 
C HI -CONDUCTIVITY/THICKNESS OF THE aACK INSULATION,W/M2-K,· 
C 
C 
C 
( 

C 
C 
C 
C 
c 
C 
c 
( 

C 
C 

C 
C 
C. 

(OEFAUlT=1.E9 FOR NO INSULATlON) 
FIR -COOLING FIN TO FLAT PLATE AREA RATIO(OEFAULT=l. FOR 
NT, -r-.JMBi:R OF (OOlING TUBES(OEFAUL T=1) 
OT -DIAMETER OF COOLING ~UBES,M,'DEFAULT=.015) 
co:p -CONDUCTlV11Y OF MOUNTING PLAl£,W'M-~,(OEFAULT=102) 
THP -MOUNTING PLATE THICKN~S~.M,(DEFAULT=.003' 
DEN -COOLANT O~NSITy,Kb/M3,'DEFAULT=9&O) 
coe -CONDUCTIVITY OF COOLANT,W/M-K,(DEFAULT=.657 
He -CONDUCTIVITY/THICKNESS FOR (ELL IN~ULATION,W/M2-K, 

(DEFAULT=1.E9 FOR NO INSULATION) 
CG -CAPIl AL C051 PER UNll ARt:A. PER Yb\R,S.lM2 
CM -HAINT~NAHC~ COST PER YEAR,S 
CPO -COST OF OPERA1ING POWiR,$/KWH 

COMMON /(IMPL/IKPL 
eOMMUN /C.TIME/lIME /eSlMUL/DUM(l),lMAX 
COMMON /(OS ,"/eeAP ,C.MA, CPOS 
REAL Ll1,MFM,N&,NT 

I~l TIALIZATIOH 

IF(lMPL.Gl.0)GO 10 100 
IF(WD.~Q •• 99999)WO=O. 
IFlCMO.EQ •• 99999)CMO=O. 
IFlNG.EQ •• 99999'NG=O. 
IFlAB.EQ •• 99999'AB=.9 
IF(EFF.EQ •• 99999)EFF=.12 
IF(cC.EQ •• 99999)EC=.5 
IFlEG.EQ •• 99999)E~=.9 
IFlcP.~Q •• 99999)EP=.9 
IF(SPT.E~ •• 999~9)SPT=4184 
IF(HI.EQ •• 99999)HI=1.E9 
IFlFIR.EQ •• 99999) FIR=I. 
IF(Nl.EQ •• 999991NT=1 
IF(DT.EQ •• 99999)OT=.015 
IF(COP.tQ •• 99999)LOP=202. 

IF(THP.EQ •• 99999)THP=.003 
IF(OEN.£O •• 99999)OEN=980 
IF(eOC.EQ •• 99999)eOC=.651 
IFlHC.EQ •• 99999)HC=I.E9 
IMAXl=TMAX*.99999 
FAC=4.318-4.3375*EXPt-.2b795*FIR) 

100 CONT INUE 
C 
C SOLAR POWER ABSORBED BY COLLECTOR 
C 

QH=ST*TN*(AB-EFF) 
PH=QH*CL*CW/IOOO. 
IFCQH.G1.0.01)GO TO 201 
TP=TA 
opo=o. 
TC=TA 
FMD=O. 
Pl=O. 
~ TO 920 

201 IF((ll-I.EQ.TIME).AND.(A8S(TFI-Tl).LT •• 1»GO TO 920 
LTI=TIME 
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c 
c 

c 
c 
c 

c 

CONVtRT TA,TfO,TFI TO KELVIN 

1A=1A+273 
TFO=TFO+2.73 
TFI=l'FI+213 

INITIAL TEMPERATURE AND FLOW RATE ESTIMATES 
I 

1'C=TA+Q"'/20. 
TI=( lC+1'A'*.5 
TF=CTFI+TFO'*.5 
TP=TI 

I 

~MO=O. 
JiFLU=O 
lFC(A8S'CHO-Z.).LT •• l'.AND.CTFO.GT.TFI')IFLU=1 
IFCIFLU.NE.l'GO TO 3nl 
RO=Nl*~PT*(TFO-1FI)/CCW*CL) 
FMO=HFM 
IFtkO.GT.O.'FMD=AMINICMFH,.S*QHlRO) 

301 CONTINUE 

C ITERATE HEAl TRANSFER COEFFICIENl' CALCULATION THREE TIMES C 
lOOP=O 

400 CONTINUE 
C 
C HTOP, HEAT T~ANSFER CC~FFICIENT AND R~A, REYI\lOlOS NUMBER C 
C 

TSKY=.055Z*CTA**1.S) 
'All CNVCCHC.l,REA,TC,lA,WD,Cl) 
IF'NG.GT.O.)bO TO 401 
CALL RAOCCHR1.1C,TSKV,fC.1.) 
HRl=HR1*CTC-TSKY)/CTC-TA' 

Q HTOP :HCl +HR 1 
q/\ GO 10 402 

~ 
401 HTOP=HTGlASCNG, TA, Tc,Hel,EC, EG. Tll') -" 402 CONTINUE rp"\ C 

~. 
C HFIN HEAT TRANSFER COEFFICIENT c 

CALL CNV(CHCZ,RENl,TI.TA,WD,CL) 
CAll RADCCHR2.TI,lA,EP,I.) 
HFIN=1./(I./HI+l./CHC2*FAC+HR2)) 

C 
C 

FP 

HFLU, HEAT TRANSFER COEFFICIENT TO FLUID AND REF,REYNOlDS NUMBER C 
HFLU=O. 
IF(IFlU.EQ.O)GO TO 700 

I CALL FLUC(HFlU,REF,NT,DT,CW,COP,THP,FMD,OEN,TF,COC) C 
C EQUIVALENT BOTTUM l~MPERATUR~ 

TEBOl AND HEAT TRANSFER COEFFICIENT HBOl .......... C 
. -·i 700 CONTINUE "'iF 

HBOT=l./Cl./HC+l./CHFIN+HFLU') 
T~BOT=CHFIM*TA+HFLU*TF'/(HFIN+HFlU) C 

BCS 40262-1 
195 

=-.~ 1.' _ .. 

~ .. ~~~..: ~ .. ~----, ;'.-•.. :1.-- ~.Il4:···~!;'~!i-~d; "'~"""""'~:-.i';"""_;"~;;:-""'_~;~~"'n.._-""-.~ 
-, 

. -
; 

j 
j 
1 

~ 

1 , , 

j 
., 



• I < 244 4 ,- "I- 4S C USA ; &.. ~.F. if.' .",w i'Q!lI4fF<"H3Si ¢W St • ~ ji.!".i!*. ~ P? •.• r* .¥ .~ ... 

C LPDATE TtMP~RATURE AND FLOW RATE 
C 

C 

C 

lC=(QH+rll0P*lA+H601*lEB01)'(HTOP+H80TJ 
TP=TC-HBOT*(TC-TEBOTJ/HC 
TI=lP-HFIN*(TP-TA)/HI 
QFLU=HFLU*( TP-IF) 
FMO=O. 
IF(QFlU.lE.O.)GO TO 800 
IF(QFLU.~T.(MFM*RO»GO TO 799 
FMD=QFlU/RO 
GO TO 800 

7~9 FMD=MFM 
RA=QFlU.lMFH 
TF=TF1+RA*CL*CW*.~"SPT*MT) 

800 CONTlNUE 

lOOP=lOUP+l 
IF.(LOOP.LE.2.)GO Tu 400 

C CHECK FOR EFFECTIVE FLUID COOLING 
C 

C 

IF(QFLU.GE.O.)GO TO 900 
IFLU=O 
bO TO 400 

900 CONTINUi: 

C OUTPUT CALCULATION 
C 

TC=lC-213. 
TP=T P-21.i. 
1'1=TFI-213. 
T2=2.*TF-TFI-213. 
TA=TA-213. 
TFI=TFl-213. 
IFO=1'FO-2.13. 
Pl=QFLU*CL*CW'lOOO. 
RE:l=O. 

FP 

IF(ABS(CMG-l.)~LE •• l .AND. WD.GT.0.)R~1=.0742*(CCW*CL)**.2a35)* 
1 ~D**.567 

IF(FHD.LE.O.)GO TO 9C9 
IF'ABS'CMO-2.).lE •• l)R~1:1.85c-ll*'FMO**2.8S5)*(OT**'_4.102» 

1: . *NT*CL 
909 corn INUE 

IF(IOP.N~.OJOPO=R£+REI 
920 IFCTIME.LT.THAXIJRETURN 

IF'IMPL.lT.2)RETUR~ 
CCAP=CCAP+CC*CL*CW 
CMA=CMA+CM 
cpos:cpos+cpo*op 
RETURN 
EHD 
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7.12 ONE DIMENSION TABLE LOOKUP 

FIN , ~/ F0 
--~F0~~_ ...... 

Tables 
FTA, 

Input§ 

Parameter/ Port 

FIN 

AN 

.2Y.ie..Yll 
Variable/Port 

F0 

FIN 

Description 
Tabular values of function 

Input quantity 

ABS(AN) ~ 0.5 for equispaced interpolation 

(AN < 0 prevents extrapolation) 

Output quan'ti ty 

Calculation SeQuence 

F0 = FTA(FIN) 

NOTE: A maximum of 18 points is al lowed in the table. 

BCS 40262-1 
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CFU 

c 
c 
c 
c 
(. 
r 
'"' c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE FU«FTA,FO,FIN,AN) 

PURPOSE - 1'0 CALCULATE OUTPUT FO AS AN ARBITRARY F~CTION OF 
INPUT FIN USING TABULAR INPUT FTA GIVING FO~FCFIN) 

Me:THOO SELF EXPlA~ATORY 

LIMITAllONS - MAXIMUM ARRAY SIZE I~ 18 

FU 

WRITTEN BY - A~AM LLOYD LAT'EST REVISION APRIL 17 

INPUT/OUTPUT LIST 

FTA TABULAR INPUT FO=FCFIN) ANY INPUT TABLE 
FG OUTPUT ANY OUl-P'JT VAR 
FIN INPUT ANY INPUT VAR 
AN SET ABSlAN) .GT.O.5 FOR UNEQUAL SPACED TABLE OA1A--INPUT 

SET AaS(AN).lE..O.5 FOR HiUI-SPACEO TAlilE OA1'A 
A NE~ATIVE VALUE OF AN WilL 
PREV~NT EXTRAPOLATION BtYOND 
TABLE LIM11S 

DIMENSION FlA'l) 
NA= SIGNCFTA(2),AN) 
NB=Fl'A(2)+4 
N=l 
IF(ABSCAN).LE.O.~) N=O 
FO=TBLUICFIN,FTA(4),FTA'N8),N,NAI 
Rt::1URN 
END 
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7.13' TWO DIMENSION TABLE LOOKUP 

FNA 

F0 --, .. 
FNB 

Tables 

FTA 

Inouts 

Parameter/Port 

FNA 

FNB 

AN 

BN 

outputs 

Var i ab I e/ Port 

F0 

FNA 

Description 

Table of functional relationships (maximum 

number of table values = 144) 

Input quantity (primary) 

Input quantity (secondary) 

ABS(AN) ~ 0.5 for equal spaced FNA data~~ 

ABS(BN) ~ 0.5 for equal spaced FNB data* 

output quantity 

Calculation Seguenc~ 

F0 = FTA(FNA,FNB) 

* A negative value for AN or BN prevents extrapolation beyond the table 
boundaries. 

BCS 40262-1 
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CFV 

C 
C 
C 
C 
C 
C 
r ... 
c 

FV 
PURPOSE - 10 CALCULATE OU1PUT FO A~ AN ARB I TRARY FlftCTION elF INPUT 

~ARIA8LcS FNA AND FNb. INPUT TABLE fTA l~ USED GIVINb 
FO=F(FNA,FfWS) 

METHOD - TWO DIMEN~IONAL TASLE LOLKUP 

C LIMI1AliONS - MAX ALLOWABLE SIZE OF TASULAR AR~AY IS 12Xl~. C 
C 
C 
C 
C 
C 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C 
C 
C 

WRITTEN BY - GEORb£ DULESA 
LATEST REVISION MAY 76 

IHPUT'OU~PUT LIST 

FTA TABULAR INPuT INPUT TABLE 
FG OUTPUT ANY OUl PUl VAR 
FHA INPUT A ANY INPU1 VAR 
FfiB INPUT e ANY INPUT' VAK 
AN SET ASSCAN) MGT. o.~ FOR UNEQUAL SPACED FHA DA1A- I~PUT PARM 

A NE~A1IVf VALUE IND~CATES THAT THE NEAREST o~D 
POINT IS TO Sl USED UPON EXTRAPOLATION. 

8N S£T A85C6N) abT. 0.5 FOK U~EQUAl SPACED FNB DATA- INPUT PARM 
A NEGATIVE VALUE INDICA TES THAT THE NEARi:.ST END 
POIN1 IS TO BE USED UPON EXTRAPOLATION. 

DIMENSION FTAII) 
Nl=FTAC.3» +4 
~£=FTA(2)+FlA'3)+4 
H3=FTAC2' 
~=FTA(3) 
N6= SIGNCFTA(2) ,AN) 
N6= ~I~NCFTA(.3,,6N) 
NAN=l 
IF(AbSCAN).Li.O.5) NAN=O 
NUN=l 
IF(A8SCBN).LE.O.S) NBN=O 
FO=TaLUZCFNA'F~'FTAIHl)'FTAC4)'FTA'N2)'NAN'_BN'N5'N6'N3,N4, RI:TURN 
END 
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7.14 AC INDUCTION GENERATOR 

POWER (PI) 
INPUT EFFICIENCY (EFl) 
INPUT MAX. PO~ER (MPl) 

-
~ 

-

., •. AlGIt .44J 

GE 

...lIo 

--" 

~ 

--'" 

POWER (P2) 
ROTOR SPEED (RS) 
OUTPUT EFFICIENCY (EF2) 
OUTPUT MAX. POWER (MP2) 

GE 

The induction generator produces electrical power proportional to rotor slip, 
i.e., difference between rotor speed and synchronous speed. This relationship 
is used to compute rotor speed given input power and the generator parameters. 
Two power losses are modeled: a constant multiplicative term due to resistive 
heating and an additive term due to mechanical friction. Default parameters 
are based on a conventional squirrel-cage induction motor/generator machine. 
This component can also be used as a synchronous generator with RAS ~ .01. 

Basic Equations 

Output power P2 and rotor speed RS are computed from the following equations: 

P2 = EE*(P1-C*RS2) 

EL _ (RS/RSY-1) 
RAP - RAs (Power is proportional to slip) 

where EE = electrical efficiency 

Minimum input parameters to specify GE are 
RAP = rated output power, 
SR = stator resistance 

Note: SR may be chosen to obtain a given efficiency EE using 
SR = V~2(1/EE-l)/(RAP*1000) 
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Description 

Input power 

Rated output power 

Synchronous :rotor speed CD = 1800) 

Rated power sl ip CD = 0.05) 

Mechanical damping (D = 0.0) 

Internal stator resistance CD =6.4/RAP) 

Ra'ced bus vol tage (0 = 400) 

Input product efficiency 

Maximum input discharge rate (0 = 1x108) 

Capital cost/year 

Maintenance cost/year 

Ou tpu tpower. 

Electrical efficiency 

Rotor speed 

Power loss 

Output product efficiency 

Maximum output discharge rate 

Maximum output power/rated power 

Tota I output. energy 

0- Default values supplied. 
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kw 

kw 
rpm 

GE 

joule-sec 

ohms 

vol ts 

kw 
$ 

$ 

kw 

rpm 

kw 

kw 

kw 

kwh 
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Cqlcylatlon SeQyence 

1) First pass only 

EFF = 1 

IRAT = RA~t-1OOO/V0 

EE ::: RAP 
RAP+SR-lt-I ~AT/1000 

2) If Pi ::: 0 set P2 ::: 0, RS ::: RSY and go to 4) 

Compute rotor speed W in rod/sec using 

EE ( Pl ~(-1 000 - U?-lIDA 

RA~t-:LOoo 

(WIW - 1) 
::: _-..:.0:--__ 

wit h W ::: RSY~H 2 11 1(0) 
o 

3) Compute RS and output power 

RS = W~*'( 60/211 ) 

P2 ::: RAP(RS/RSY-l)/RAS 

P2 > RAP c> DIAGNOSTIC 

EFF ::: P2/Pl 

4) Compute loss, efficiency terms 

PL ::: Pi-P2 

EF 2 ::: EFl-lI-EFF 

5) COIIl>lIte maximum output nd'e 

MP2:= MIN(RAP,MP1-lI-EFF) 

6) Compute Statistics and Costs 

BCS 40262-1 
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GE S~BROUTIN~ GE'P2'EE'R~'Pl'EF2'PM2'PMN.SP'Pl'RAP'RSY'RAS.DA'SR'VO, 1 EFl.PHl,ceI,CMI) 

PURPOSE HODEL AC INDlICTION GENERATOR 
METHOD 

HfCHANICAL AND ELECTRICAL EFFICIENCIES ARE U~ED TO COMPUTE 
OUTPUT POWER. ROTOR SPEED IS COMPUTED ASSUMING POWeR IS 
PROPORTIONAL TO SLIP. 

WRITTEN BY A.W. WARREN 

CALL Sf.QUi:NCE 
VEitS iON 1, MARCH 1& 19-, 

- OUTPUT POWER, KW 
- tLcCIRICAl EFFICIENCY 
- ROTOR SPEED, RPM 
- POWE:R LOSS, KW 
- OUTPUT PROOUCT EFFICIENCY 
- MAXIMUM OUTPUT POWi.R. KW 

OUT'PUTS 
Pl 
EE 
RS 
Pl 
EF2 
PM, 
PMN 
SP - MAX. OBSERVED OUTPUT POWER 

- TOTAL OUTPUT E:NcRGY, KWH / RATED POWER 

INPUTS 
PI - INPUT POWER, KW 
RAP. - RATi:L> OUTPUT POWER, KW 
RSY - SYNCHRONOUS ROTOR SPEED, RPMN 
RAS - RATED POWER SLIP (DEFAULT: .05) 
DA - MeCHANICAL DAMPING, JOULE-SEC 
SR - STATOR RESlSTANCE. OHMS 
VO - RATED BUS VOLTAGE, VOLTS 
~FI - INPUT PRODUCT EFFICI~NCY 
PHI - MAXIMUM INPUT POWER, KW 
ceI - CAPITAL COST/YEAR, $ 
CMI - MAINTENANCE COST/YEAR, $ 

COMMON /CIMPl/ IMPl. ICNT /CTHtE/ TIME 
~OHMON /(05T/ CC,~M,CO,cV /~SIMUl/ OUM(6),TINC.TMAX 

INITIALIl.ATION 

IF( IMPl.GT.O) GO TO 10 
EFF :::. 1. 
TMAX 1 = HtAX* .99999 
IF(RSY.EQ •• 99999) RSY :: 1800. 
IF(RAS.EQ •• 99999) RA~ : .05 
IF-CDA .EQ •• 99999) DA :: o. 
IFtSR .EQ •• ~9999) SR :: 6.4/RAP 
IF(VO .EQ •• 99999) VO: 400. 
IFCPM1.EQ •• 99999) PMl :: I.EIO 
PMN =0.0 
SP =0.0 
RATI = RAP*lOOO./VO 

c E:E :: RAP/CRAP + SR*.001*RA1I**Z) 

C COMPUTE ROTOR SPEED AND OUTPUT POWER (. 

10 IF( PI.GT. 0.) GO TO 20 
f'2 =0.0 
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20 

. i 

100 

PL :::0.0 
RS :. RSY 
QO TO 30 

A ::. RAP/ (E:E*RAS) 
& ::: RSY/( A + RSY**2*OA*1.09b6E-5) 
RS ::: e *' A + P l) 
P2 = RAP*(RS/RSY -l.)/RAS 
IF (P2.GT.RAP.ANO.IHPL.EQ.Z) WRIIE(6.100) 
FORHATClHO. 40X.31HG~NERATOR OUTPUT EXC~£OS 

IFCP2.GT.RAP .AND. IMPL.EQ.2'ICNT=ICNT+l 
Pl ::: PI - P2 
i:FF ::: P~UPI 

30 EF2 ::: EFl*EFF 
PM2 ::: AHINl(RAP. PHl*EFF) 

C 

C STATI~TICS 
IF(IHPl.lE.l) RETURN 
PMN ::: AMAXl(PHN. P2/RAP) 
SP ::: SP + P2*.5*TIMC c 

C COST SUMMATION 
IFf TIME.lT.TMAXl) R~TURN 

C 

t.:c :: cc + eCI 
eM ::: eM + CHI 

RETURN 
END 

BCS 40262-1 
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7.15 FIXED RATIO TRANSMISSION 

POWER (PI) 
OU~PUT ROTOR SPEED (RS2 
MAX. INPUT POWER (MPI) 
INPUT EFFICIENCY (EFl) 

GR 

~ POWER (P2) 
J--~MAX. OUTPUT POWER (MP2) 
t--..... INPUT ROTOR SPEED (RSI) 
t--..... OUTPUT EFFICIENCY (EF2) ...... -----' 

GR 

This component models a fixed gear ratio transmission. Power losses are mo

deled by a table lookup depending on input power. Rotor input speed is used 
as a feedback variable. 

POWER LOSS 

INPUT POWER 

FIGURE 7.15: FIXED GEAR POWER LOSS 
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Tables 
PL0 

Description 
Power loss versus input power 

GR 
Units 
kw 

* A value for GR is supplied when connecting to the wind turbine component WT. 
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Calculation SeQyence 

l) MP2 = MPl - PL0(MPl) (First Pass Only) 

If Pl S 0, set PL = P2= 0 and go to 2) 

PL = Pl0(Pl) 

P2 = Pl - PL 

RSl '" RS2/GR 

EF 2 = EFl-l1-P21 PI 

2) T0 = P2*737.61 (RS2*21r/60) 

3) Compute Costs 

208 
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GR 
PURPOSE MODEL A FIXED GEAR RATIO TRANSMISSION 

q 
c 
d 
q 

METHOD POWER LuSSES ARE INPUT AS A FUNCTION OF INPUT POWER Pl. 

iWRITTEN BY A.W. WARREN 

bAll SEQUEHC E 
TABLES 

VERSION 1, MARCH 16 19~ 

G 
q 
c 
C 
C1 

C; 

C 
C 
C 
C 
C 
l: 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c 
C 
C. 

PLO - POWER LOSS IN KW VERSUS INPUT POWER IN KW 

OUTPUTS 
P2 
TO 
PL 
f:.F2 
PH2 
RS1 

INPUTS 
GRA 
RS2 
P1 
EFl 
PMI 
eel 
CMI 

- OUTPUT POWER, KW 
- OUTPUT TORQUE, FT-LB 
- POWER lOSS, KW 
- OUTPUT PRODUCT EFFICIENCY 
- MAXIMUM uUTPUT PO~ER, KW 
- INPUT ROTOR SPEED, RPM 

- GEAR RATIO 
- OUTPUT ROTOR SPEED, RPM 
- INPuT POWER, KW 
- INPUT PRODUCT EFFICIENCY 
- MAXIMUM INPUT POWER, KW 
- CAPITAL COST / YEAR, $ 
- MAINTENANCE COST / YEAR, $ 

DI~ENSION PLOCI' 
COMMON /CIMPL/IMPL /CTIME/ TIME 
COMMON /COST/CC,CM,CO,cV /CSIMUL/ OUM(l'.TMAX 

INITIALIZATION 

NP = PLO(2) 
IF( IM~l.GT.O) GO TO 10 
TMAXI = .99999*TMAX 
EF2=1. 
RS2=1.. 
IF(PMI.~Q •• 99999) PM1=1.EIO 
PM2 = PMI 
IF'PKl.4-.E. PLO(3+NP) ) Pft2 = PMI-T8lUI.CPMl,PLO(4),PL(;C4+NP),1,_NP) C 

C POWER LOSS AND ROTOR SPEED C.ALUCATIONS 10 PL=O. 
P2=O. 
IFCPI .EQ. 0.) GO TO 20 
PL = TBlUl' Pl,PLO(4 )'PLOC4+NP )'l,-NP) 
P2 = P1 - PL 
EF2 = EFl*P2./ P 1 
RS 1 = RS2/GRA 

20 IFCRS2 .GT. 0.) Tu = P2*,043./RS2 
C 

C COST SUMMATION 
IFCIMPL.L£.l) RETURN 
IFCTIME.lE.TMAXI' RETURN 

BCS 40262-1 
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CC: = cc + eel 
CM ::: eM + CMI 
RETURN 
END 
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HG 
7.16 HISTOGRAM 

FIN.....;....;.~ HG 

The input quantity is monitored during a SIMULATE analysis. When time reaches 

TMAX a plotted histogram is produced with 16 intervals that span the range 
from FLO to FUP. 

Input~ 

Vat i ab I e/ Port 

FIN 

FUP 

FL0 
1 Fl, ••• F16 

FA1 

Outputs 

Variable/Port 
AV 

SD 

SAM 

Descr i pt ion 

Input quantity to be monitored 

Upper I imit for histogram 

Lower I imit for histogram 

Array containing histogram data 
Measurement interval 

Mean value (running sum during simulation) 

Standard deviation (running sum squared) 
Number of samples 

1 
These quantities do not require data input values. 
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CHG HG 
SUBROUTIHE HGtSAMP,AV,SD,Fl,f2,F3,F4,f5,F6,f7,F8,F9,FlO,Fll, 

1 FI2,FI3,F14,Fl~,f16,FA, FIN,FUP,FLO ) 
C VeRSION 2. REVISED: MARCH 1977 
C PURPuSE - uEVElOP A RUNNING HISTOGRAM OF AN INPUT ScQUENC~ t CALL S~QUENCl 
C SAMP- OUTP~T NUMBER OF SAMPLES 
&,: AV - OUY'PUT AVE:RAGE CR~NING SUM) 
~ SO OUTPUT STANOARD DEVIATION (RUNNIHG SUM SQUARED) 
C FI-Flb - ARRAY WITH NUHBER OF OCCURENCES IN EACH IN1'ERVAL 
C FA OUTPUT CON1'AINING MEASUREMENT I"Tf:RVA L 
C FUP - INPUT SP~CIFYING UPPER MEASUREMENT LIMIT 
C FLO - INPUT SPECIFYING LOifER MEASUREMENT LIMIT' 
C FIN - INPUT MEASUREMEMT 

DIMENSION Fl(16),TDIC8),AXIC16J 
DIMENSION &RAPHC114,46) 
COHMON GRAPH 
COHMON/C. TIHEfflMf:/CSIMUL/OUH, 7), lMAX 
COMMON/CGVRL Y/OUHM (3) ,CPUSEC /CIHPL/IHPL 
CiA T'4 6lANlK, VERT ,HOiUl., POINT/IH ,1HI, IH-, IH*I 
IF(IHPL.GT.O) GO TO 100 
00 50 1=1,16 

SO FlU )=0. 
FA=lFUP-FLO)/14. 
50=0. 
AV =0.0 
SAMP=O.u 

IOu C.ONTINUE 
IFCIMPL.lT.2) R~TURN 
00 200 1=1,16 
l=l 
FAX=FLO+CI-1)*FA 
IFCFIN.LE.FAX) GO TO 300 

ZOO CONTINUE 
300 Fl(l)=FlCL)+l. 

SAMP=~AHP+l. 
AV=AV+FIN 
SO=SD+FIH*FIN 
IF(TIHE.LT.THAX*.99999)RETURN 
SAHP=O. 
DO 350 1=1,16 

350 SAMP=SAHP+Fl(l) 
ISAHP=SAMP 
ISAMP=MAXOC1,ISAHP) 
AV=AV/ISAHP 
SD=SQRTC$O/ISAMP-AV*AV) 
XMAX=Fl( U 
00 360 1=1,16 

360 IF( F l( I) .GE..)(MAX) XMAX=FlC I' 
IF(XHAX.EQ.O.) XHAX=10. 
HX=XHAX/44. 
00 370 1=1,40 
&RAPHll, I)=VERT 

310 GRAPH(114,I)=VERT 
00 380 1=2,113 
GRAPHlI,1)=HORII 

380 GRAPHCI,46'=HORIl. 
00 400 1=5,103,14 

212 
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400 GRAPh(I,46'=VfRT 

4~O 
00 450 1=8,106,1 
GRAPHC 1,1) =VERT 
00 .:)00 1=2,45-
IXt 500 J=2,113 

500 GRAPHlJ,I'=BlANK 
DO 600 Ie=l, 16 
J=IFIX(45.5-FICIC'/HX) 
DO 6(JCI Jl=1,7 
J2=Clt-l'*7+Jl+l 
00 bOO J3=J,45 

600 GRAPHCJ£,J3)=POINT 
00 700 1=1,16 

'lQO AXlCI)=FlCI)/lSAMP 
DO 800 1=1,8 

BOO TOllr)=FLO+(1-11.Z.*FA-FA/2. 

WRITE(6 t 900)'GRAPH'I,1),I=1,1141 
900 FORMATIIHl,9X,114Al/1 

WRITE(6,1000)CAXl(I),I=1,161 
1000 FORMAT(lH+,9X,lHI,16F7.S,lHI/) 

WRITE' b, 1100 I 
~lOO FORMATCIH+,9X,lHI,l12X,lHI/) 

WRITt:.(6, 12.00) «(GRAPH' 1 ,J I, 1:;:1, 114) ,J=2,46) 
1:200 FORHATI IH+,9X,l14Al/45110X, 114Al/,) 

WRIT~C6,1300)CTDlfII,1=1,dl 
1300 FORMAT CIH+,9X,8(F13.S,lX)//) 

WRITE(6,1400) ISAHP,AV,SO 
1400 IFORHATC1H+,10X,14HHISTOGRAM FOR ,17,8'" SAMPLES. 

19H MEAN: ,FI3.S,18H STANDARD DEV.= ,F13.5/) 
RETURN 
END 
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7.17 HYDRO STORAGE VESSEL 

INPUT FLOWRATE (Ml) 
MAX. INPUT POWER {MP1 
POWER REQUEST (REI) 
INPUT EFFICIENCY (EFl) 

RESERVOIR MASS MA 

HS 

t---;-...tJUTPUT FLOW RATE (M2) 
I--~ATER HEIGHT (H2) 

~~. OWER REQUEST (RE2) 
~~INTERRUPT FLAG (INT) 
~~MAX. OUTPUT POWER (MP2) 

HS 

The hydro storage vessel is modeled as an above ground reservoir with a large 

and constant surface area. The change in reservoir height between maximum 

and mini~um levels is assumed sma I I in comparison to the h~ight of the water 

above th~ turbine. Hence, reservo'ir height is assumed constant. The reser

voir has specified evaporation and leakage rates. Average input flow gained 

by rainfal I is also specified. Energy storage is calculated based ,on the 

potential energy of the water in the reservoir relative to the turbine !~_ 
let. 

Basic EQuation 

1M = M1. - M2 - NE*AS - NL + MDR*AS/14052 
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Parameter/Port 

M 

NE 

AS 

NL 
I 

NDR 
~M 

NM 

iii) 

H 

HOE 

RE 

CR 

EF 

MP 

LE 

CM 
I 

ou/puts 

1 

1 

1 

1 

1 

yair i ab Ie/Port 

M 2 

E 

H 2 

1M 

CC0 

MP 2 

INT 
0' RE 2 

Descr i pt ion 

Input water mass flow rate 

Evaporation co~fficient (D = 0.03) 

Reservoir surface area 

Leakage coefficient (D = 8.0) 
Rainfal I rate 

Maximum allowable mass flow rate (D = 4X105) 

Maximum allowable reservoir capacity (D=5X106 ) 

Minimum allowable reservoir capacity 

Reservoir height above turbine 

Reservoir deadband for priority resequence 
Power request (discharge) 

Reservoir cost coefficient (D = 0.025) 

Input product efficiency 

Maximum input charging rate 

Reservoir I ife expectancy 

Maintenance cost/year 

Outlet water mass flow rate 
Energy stored 

Reservoir height above turbine 
Reservoir mass (state) 

~ 

Reservoir cost/year 

(=Hl) 

~ximum discharge rate allowable 
Priority interrupt flag 

N@ximum charging rate request 

D - Default values supplied 

BCS 40262-1 
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Uni ts 

gal/h 

HS 

2 ga 11ft -h 
ft2 

gal/h 

:nches/year 

gal/h 

gal 

gal 

ft 

gal 

kw 

$/gal 

kw 

years 

$ 

gallhr 

kwh 

ft 

gal 

$ 

kw 

kw 
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Stati st i cs 

MDU 

1N.J 

ML 

Qcscr i pt i on 

Maximum mass flow rate 

Maximum reservoir mass 

Minimum reservoir mass 

HS 
Uo.l.iJi 
gal/hr 

gal 

gal 

The calculation sequence and default values assume a pond sized for 120kw 
6 storage for 24 hours (5x10 gallons of water 200 ft. above turbine inlet). 

The evaporation coefficient NE assures the pond drops i" in height per 10 

hours. To obtain a more accurate value for this parameter requires knowledge 

of local conditions. The leakage coefficient NL is based on the assumption 

of a loss of 0.1% of the maximum reservoir capacity in the rated storage time 

of 24 hours. The reservoir cost estimates are based on the compensation res
ervoir given in Reference 1. 

1. "Prel iminary Feasibi,1 ity Evaluation of Compressed Air Storage Power Sys

tems," United Technologies AER 74-00242, December 1976. 
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Calcylation Sequence 

C1 = conversion constant = 0.377 x 10-6 kwh 
ft-Ib 

C2 = conversion constant = 8.3398 Ib/gal 

A = Cl*C2*Hl 

1) Reservoir cost 

CC = CR*NM/lE 

2) Volume of water discharged 

M2 = REllA 

3) Reservoiir water volume 

• 
!ItA = M1 - M2 - NE*AS-Nl +(NDR*AS/14052.) 

4) Energy stored 

E = A*M 

5) Checks 

tAl :> NDM or M2 .> NDM c> 0 I AGNOST I C 

M>NM, 0 Ol-AGNOSTIC 

M<NQ c:> 0 I AGNOST I C 

6) Priority interrupt 

If MSNllJ, INT = 1 

IF M>M0+MDE and INT=l, INT = 0 j 

I f ~MM,INT = -1 

If M<~DME and INT = -1, INT = 0 

BCS 40262-1 
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HS 
Calculation SeQuence Cant. 

7) Maximum charging rate requ96t 

MDl = MIN {MDM,(MM-M~/TINC) 

RE2 = MI N (MP1,ND1-lI-A) IEFl 

Maximum discharge rate 

MP2 = A -l!- MI N (MDM, (M-M0) IT I NC) 

where TINC = integration step size in hrs 

8) Compute Statistics and Costs 
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CHS 

c 
c 
c 
c 
C 
C 
C 
C 
C 
~ 
C 
C 
¢ 
C 
C 
C 
C 
t 
t 
~ 
C 
C 
~ 
C 
t 
~ c 
t 
~ 
~ 
t 
C , 
C 
C , 
t 
t 
~ c 
t 
d 
t , 
c 
C 
C 
C 

c 

c 

HS 
SUBROUTIN~ HS(M,OM,IM,M2~E,H2,CC,MP2,INT,R~2.MDU.MU,ML.Hl,N.~ 

1 ,AS,NL,MUR,MDM,MM,MO,Hl,MOE,RE1,CR,EF1,MP1,Lf,CH' 

PURPOSE PfRFORHANC~ OF A LARGE ~ESERVOIR AS AN ENERGY STORAGE 

METHOD 

DEVICE. 

ENERGY IN STORAGf IS CALCULATED FROM THE POT~Nl'IAL 

BETWEEN THE RESERVOIR AND THE T~R8INE INLET. 

WRITT~N BY F. O. MAHONY VERSION I, HARCH 30 1977 

CALL Si.QUENCi: 

- R~SERVOIR MASS (STATE V4RIAaL~), GAL 
- RESERVOIR MASS FLOWRATE, GAL/HR 
- SlATUS INDlCATOR 
- OUTL~T WAT~R MASS FLUW RATE, GAL/HR 
- ENERGY STOR~O, KWH 

OUTPUTS 
H 
OM 
1M 
HZ 
E 
H2 
cc. 
MP2 
lNT 
RE:2 
MOU 
MU 
ML 

- RES~RVOIk HEIGHT ABOVE TURBINE (=H1', FT 
- I(ESERVOIR COST/YEAR, $ 

- MAXIMUM OlSCHARG~ RATE ALLOWABL~, KW 
- PRIORITY INTERUPT FLAb 
-- MAXIMUM CHARGING RATE REQUEST, KW 
- MAXIMUM MASS FLOW RATE, ~AL/HR 
- MAXIMUM RE~ERVOIR MASS, GAL 
- MINIMUM RESERVOIR MASS, GAL 

INPUTS 
":1 INPU1' WATER MASS FLOW RAT'E, GAL/HR 
NE - ~VAPORATION COEFFICIENT, GAL/FT**2-HR 
AS - RESERVOIR SURFACE AREA, FT**Z 
NL - LEAKAGE COEFFICIENT 
MOR - RAINFALL RATE, INCHES/YEAR 
MOM - MAXIMUM ALLOWABLE MASS FLOW RATE, GAL/HR 
MM - MAXIMUM ALLOWABLE R~SERVOIR CAPACITY, GAL 
MO - MINIMUM ALLOWABLE RESERVOIR CAPACITY, GAL 
HI - RESERVOIR HEIGHT ABOVE TURSINE, FT 
"DE - R~S~RVOIR DEAOBANO FOR PRIORITY RESEGU~NCE, GAL 

I REI - POWER REQUESl (DISCHARGE), KW 
CR - R~ScRvaiR COST COEFFICIENT 
EFl - INPUT PRODUCT eFFICIENCY 
MPI - MAXIMUM INPUT CHARGING RATE, KW 
LE - RESERVOIR LIF~ EXPECTANCY, YEARS 
CM - MA1~TE~NCE COST/YEAR, $ 

COMMON/CIMPL/IMPL,lCNT/CTIM~/TIME/CSIMUL/OUM(7),TMAX 
COHMCN/COST /CCl ,CMI 
REAL MZ.MP2,MOU.MU,ML,"I,Nf,NL,MOR,MOM,HM.MO.MOE.MP1.LE.INT.M 
REAL MD1,MOMl 

IFCIHPL.GT.O)GO TO 100, 

RE:l=O.O 
H2=Hl 
TMAXl=TMAX*O.99999 
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c 

«= 
c 

c 
c. 
c 

c 
c 
c 

c 
c 
c 

c 

c 

c 

c 

c 

C 

c 
c 
c 

C 
C 

'lINe =DUM , 7) 
(,1 = 3.1441E-b 

INT=O.O 
"DU:=O.O 
"U =0.0 
ML ::'. 1.0 E: 1 () 
IF (ltl: • EQ • 
.IF(r.l .cQ .• 
IFUU)H.EQ • 
IF(MM .iQ. 
If(CR .E.'-: • 

• 999'i9JNE =0.03 
• 99999)NL =8.0 
• 99999'HDH=4.0E5 
.99999)HM =5.0Eb 
• 99999'CR =0.025 

RESERVOIR COS1' 

CL =tR*MM/LE 

100 A=Cl*Hl 
H2 =REI/A 

VOLUME OF ~ATER OISCHARGED 

RES~RVOIR MASS FLOW RATE 

If'lM.NE~0)OM=MI-ML-NE*AS-NL+HOR*AS/1405l.0 

ENERGY STORED 

E: =A*H 

HOM1=HD"/.9999 
IF(Mi.lT.MDM1.ANO. 

1 H2 .• LT .MOHI)GO TO 2.0(; 

IF(IHPl.~~.2)WRITcC6,1010'Ml,H2,"DM 
IF(IMPL.E:Q.2) ICNT=ICNT+l 

200 IFCH .IT.HH+MDEIGO TO 300 

IF(IHPL.EQ.2.)WRITE(6,1020)H,HM 
IF-CIMPl.E:Q.2'ICNT=ICNT+l 

300 IF(H .GT.MO)bO TO 400 

IFCIMPL.E:Q.2)WRITE(6,1030)M,MO 
IF'IMPL.EQ.2' ICNl=ICNT+l 

PRIORITY INTERRUPT 

400 IF(H .LE.MO)INT=l.O 
IF'" .GT.C"O+"D~I.ANO. 

1 INT.EQ.l.o'INT=O.O 
If(M .GT.MH'lNT=-l.O 
IF(M .LT.(MH-HD~'.ANO. 

lINT .EQ.-I.O"INT =0.0 

HS 

.,.. 

1/1,'< '",", 

.J> 

..,., , 

MAXIMUM CHARGE RATE REQUEST AND DISCHARGE RATE 
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C 

C 

(. 
(. 

c 

C 

c 
(. 

HDl=AMINl (MO,t,AMAXlC 0., (MM-Hi/TINC)) 
RE2=AHINl(HPl.MDl*A'/EFl 

. MP2=A*AHINICHDM,AHAX1(O.,CM-MO'/TINt'l 

IFIIMPL.L~.l)RETURN 

STATISTIC.S 

MDU=AMAXl'OM,HDU) 
,MU =AMAX1(H ,MU ) 
i ML. =AMINUM ,ML ) 

'IFCTIME.LT.TMAX1)RETURN 

ctI=CtI+('C 
CMI=CMI+C.M 

RE:TU~ 

1010 FORMAl( lHO, 23HHS INLET MASS FLOW RATE, Fl2. 3, 5H OR, 
1 21HOULET MASS FLOW RATE,F12.3, 

I 2 2bH IS GREATER THAN MAXIMUM,F12.3' 
1020 FORMAl( IHO,19HHS RESERVOIR VOLUMlE,F12.3, 

1 30H EXCEED~D MAXIMUM AlLOWAdlE,F1Z.3) 
1030 FORMATIIHO,19HHS RES~RVOIR YOlUME,F12.3, 

1 24H DROPED BELOW MINIMUM,FIl.3' 
C 

END 

BCS 40262-1 

HS 

221 

.j 

1 
.. ~ 

1 

I 
i 
~ 
l 
1 

I 
1 



I. 

I· 

" 

7.18 HYDRAULIC TURBINE 

ROTOR SPEED (RS) 
MASS FLOW RATE (M) 
WATER HEIGHT (H) 
MAX. INPUT POWER (MPI \ , 

--
~ 

-

..... 

HT -
-

HT 

POWER (P2) 

MAX. OUTPUT POWER (MP2) 
OUTPUT EFFICIENCY (EF2) 

The hydraulic turbine model is based on a constant speed design and is typi

cal of a reaction/Francis type turbine. The turbine is assumed to be designed 

to a specified operating point and output power. 

For off design performance the pump efficiency is assumed to be functionally 

related to the first power of the mass flow rate. The equations are assumed 

to be valid over a specified range of values for the turbine parameter. 

Basic EQuations 

p = EFF*M*C1*C~1- H 

EFF = l-(l-EFD)*MD/M 

where Cl, C2 are conversion constants. 
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l, 
I nputs 

Pgr:ia!D~ hu:/ Pgr: t 
M 

H 

EFD 

NO 

11M 

EF 1 
MP 1 
CK 

F0 

RS 

x 
Oytl2yt~ 

Variable/PQrt 

( CCI/) 

EFF 

P 2 

EF 2 

MP 2 

CP 

Stat i ~t i ~~ 

CPU 

CPL 

PU 

\ 

, , 

D - Default values 

1CK = Capital cost 

{": 

BCS 40262-1 

Description 
Inlet mass flow rate 

Height of reservoir above turbine inlet 

Design pt. turbine efficiency (D = 0.90) 

Design pt. mass flow rate (0 = 2X105) 

Maximum mass flow rate (D = 3X105 ) 

Input product efficiency 

gallh 

ft 

gal/h 

gallh 

Input maximum discharge rate kw 

Turbin0 capacity cost coefficient1 CD = 0.011) 

TUrbine exponent for cost calculations (D = 0.5) _ 
Angular velocity rpm 

Turbine head exponent for cost calculations 

Turbine cost/year 

Turbine eff i ciency 

Output power 

Output product eff i ci ency 
Output maximum discharge rate 

Turbine characteristic parameter 

Maximum CP 

Minimum CP 

Maximum output power 

(D = 0.25) 

$ 

kw 

kw 

kw 

(known un it) / ( (NO*481. 2 )**FO~t'I-f**X*1 i fe expec t ancy ) 

HT 
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HT 
The calculation sequence and default values assume a constant speed reac

tion type hydraulic turbine nominally rated for 120kw and located 200 ft. 

below the reservoir. The equations relating the various physical parameters 

are assumed to be val id for the indicated range of the characteristic tur

bine parameter, CPo The equations and cost estimates are based on the data 

given in Reference 1, and the cost estimates on data from Reference 2. 

kalcylation SeQyence 

1) Costs 

Cl = 0.377x10-6 kwh 
ft-I b 

C2 = 8.3398 Ib/gat 

A = C1-lfC2*H 

2) Efficiency 

If M S 0 set EFF = 1 and go to 3) 

EFF = 1-(1-EFD)-lWO/M 

EFF = MAX(EFF, 0.6) 

1. L Marks and T. Baume i ster, "Mechan i ca I Eng i neers Handbook", McGraw Hi! I, 
: N.V.,1958, Section 9, p. 207. 

I. 

2. Carson and Fogleman, "Comparison of Methods for Converting Existing Power 

Plants to Pumped Storage Faci I ities", International Engineering Company, 
Inc., 1974. 
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CHt 

C 
C: 
C 
C 
C 
C 
c 
C! 
C. 
Ci 
C 
C: 
c: 
c 
C: 
C i 
C: 
C. 
C· 
Ci 

I 

Ci 
C 
C 
C 
C : 

C 
C i 
c 
C 
C 
C 
C 
C 
C 

C 

t 

C 

c 

HT 
~USROUTI~E HT'CC,EFF,P,EF2,MP2,CP,CPU,CPL,PU,M,H,EFO,MD,HM 

1 ,EF1,MPl,CK,FO,RS,X) 

i PURPOSE PERFORMANCE OF A HYDRAULIC TURBI~E 

MEtHOD OFF DESIGN PERFORMANCE IS ASSUMED PROPORTIONAL TO 

MASS FLOW RATE 

WRITT~N BY F. Q. MAHONY VERSION 1, MARCH 30 1977 

SEQUf;N('E 
OUTPI!JTS 

CC 
EFF 
P 
E-F2 
MP2 
CP 
CPU 
t.PL 
PU 

INPUTS 
H 
H 
E-FO 
MD 
HM 
EFl 
MPI 
CK 
FO 
RS 
X 

- TUR6I~E COST/YEAR, $ 
- TURBINE EFFICIENCY 
- OUTPUT PUWER, KW 
- OUTPUT PRODUCl EFFICIENCY 
- OUTPUT MAXIMUM DJSCHARC~ RATE, KW 
- TURBINE CHARACTERISTIC PARAMETER 
- MAXIHlIt cp 
- MJN IHUM CP 
- MAXI~UM OUTPUT POWER, KW 

- INLET MASS FLOW RA IE, GAL/HR 
- HEIGHT OF RESERVOIR ABOVE TURBINE INLE1, Fl 
- DE~IGN POINT TURBINE EFFICIENCY 
- DESIGN POINT MASS FLOW RAtE, GAL/HR 
- MAXIMUM MASS FLUW RATE, GAL/HR 
- INPUT PRODUCT tFFICI£NCY 
- INPUT MAXIMUM DISCHARGE RATE 

TURBINE CAPACITY COSt COEFFICIENT 
- TURBINE EXPONENT FOR COST CALCULATIONS 
- AN~ULAR VELuCITY, RPM 
- TURSINE HEAD EXPONENT FOR COST CALCULATIONS 

COMMON/CIMPUIMPL,ICNT/CTIHE/TIME /CSIMUL/DU.U7) ,TMAX /t05T/ tel 
REAL MP2,M,MO,MM,HPl 

IF(lMPL.GT.O)GQ TO 100 

TMAXl=TMAX*0.99999 
RS =3600.u 

IF (EFD.i.:Q. 
IFUtO .EO • 
IF("M .EQ. 
IFCCK .cQ • 
IFCFO .EQ • 
IF(X .EQ. 

CPL=l.OEIO 
CPU=o.o 
PU =0.0 . 

.99999)EFO=0.9 

.~9999)MO =2.0E5 
• 99999)MM =3 .. 01::.5 
.99999)CK =0.011 
• Ci99(9)FO =0.5 
• 99999'X =0.25 

CI = 3.1441E-6 
CC =tK*'"D*481.2)**FO*H**X 
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t 

e 
e 

C 

C 

EFFICIENCY 
100 EFF =1.0 

l~(M.LE~O.O)GO TO 400 

EFF=l.O~'l.O-EFO)*MD/M 
IFCEFF.LT.O.b) EFF=O.6 

C OUTPUT POWeR c 
400 P = EFF*H*H*C 1 

c 
C PRODUCT EFFICIEN~Y 
C 

Co 
C 
C 

C 
c 
e 

C 

C 

C 

C 

e 

c 
C 
C 

c.: 
, 

(. 

C! 
C' 

c 

C 

200 

300 

EF2=i:F l*'i.FF 

MAXIMUM DISCHARbE RATE 

HP2=AHINIlMPl*EFD,EFM*H*Cl) 

TURSINE tHARACTERISTIC PARAMETER 

IF(P .LE. 0.(;) GO TO 300 
CP =RS*SQRT(P*0.746)/H**1.25 

IF(CP.lT.IOO.O)GO TO 200 

IF(IMPl.EQ.2.)WRITE(6,1010)CP 
IF' IMPL.EQ .2,. ICNT=ICN1+1 

IF(M.lT.HM.GO TO 300 

IFCIHPL.EQ.Z)WRITfCb,l020)M,MM 
IFC IMPL.EQ.2' IC.NT=ICNT+ I' 

IFC IMPL.lE.l) RETUIUt 

STATISTICS 

CPU=AMAXl(CPU.CP) 
~PL=AHIN1'CPL,CP) 
PU =AHAXl(PU ,p ) 

IFCTIME.LT.THAX1)RETURN 

COST 

CCI=CCI+CC 

RETURN 

HT 

1010 FORMAT'lHO,48I-tiT TURBINE CHARACTERISTIC PARAMeTER OUT OF RANGE:, 
XF12.3) 

1020 FORMATC1HO,23HHT INLET MASS FLOW RATE,F12.3 
1 ,37H GREATER THAN MAXIMUM DESIGN VALUE,F12.3) 

END 
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7.19 ADIABATIC HEAT EXCHANGER 

HX 

STORED ENERGY (EC1,EC2) 

DISCHARGE MASS FLOW (M3 

D~SCHARGE INLET TEMP (T3 

AIR MASS FUll (Ml) 
: 

INLET TEMP (Tl) 
AMBIENT TEMP (TA) 
MAX. INPUT POWER (MP1) 
INPUT EFFICIENCY (EF1) 

DISCHARGE EFFICIENCY (EF0) 

DISCHARGE EXIT TEMP (T0) 

AIR MASS FLOW (M2) 
EXIT TEMP (T2) 
MAX. OUTPUT POWER (MP2) 
OUTPUT EFFICIENCY (EF2) 

The purpose of the adiabatic heat exchanger is to recover a portion of the 

heat of compression from the high pressure, high temperature air exiting from 

the compressor. Figure 7.19-1 shows an adiabatic heat exchanger used in an 

underground, constant pressure compressed air energy storage system. The adia

batic heat exchanger operates in a manner similar to the high temperature 

thermal energy storage systems currently conceived for solar thermal power 

plants
1 

•. In the storage charging mode, high pressure, high temperature air 

enters the top of the heat exchanger and deposits a portion of its thermal 

energy in the storage media as either sensible heat or latent heat of fusion. 

The exiting high pressure air is stored in an appropriate vessel, e.g., under

ground cavern. In the discharge cycle (HY), high pressure, low temperature 

air enters the bottom of the heat exchanger, recovers thermal energy from 

the storage media and exits to the turbine. 

The adiabatic heat exchanger model is based on a two cell storage model. Given 

the stored energy in both cells, a I inear temperature profi Ie is computed 

1 BEC/EPRI RP 788-1, "Advanced Thermal Energy Storage Systems," November 
1976. 
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COMPRESSOR 

T, 

\'v'ATER 
SHAFT 

l 
5 

HX 

-~ 

FIGURE t .. 19~1 KOUTZ-GLENDENNING ADIABATIC COMPRESSED AIR STORAGE 
SCHEME (SINGLE-STAGE HEAT -OF-Cor'lPRESSION STORAGE) 
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HX 
for the media mass. Based on a given inlet mass flow rate, the convective 

film coefficient, unit thermal conductance, and heat exchanger exit tempera
tUre are calculated. 

The rate of energy deposited ('or withdrawn) is calculated and integrated 

to yield the stored energy state. For a phase change media, the temperature 

profile is approximated in the fol lowing way: Average cel I temperatures TSl 

and TS2 are determined from the enthalpy diagram (Figure 7.19-2) using av

erage cell entropy EC1/MA and EC2IMA, respectively. Then a linear tempera
ture profile is constructed as shown in Figure 7.19-3. 

Basic EQuations 

. 
ECl = PX - py - NU ~~ ECl - BE ~~ (Eel _ EC2) 

EC2 = (P2 - PX) - (P0 - PY) - NU-l!£C2 + BE oJ!- (EC1 _ EC2) 

where 

EC1, EC2 = storage power in cells 1 and 2, respectively 

PX = charging power in cell 1 

py = discharging power in cel I 1 

P2 - PX = charging power in cel I 2 

P0 - py = discharging pOWer in cell 2 

NU = storage media leakage constant 

BE = storage media mixing constant 
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MEDIA 
TEMPERATURE 

TMT 

T02 o 

r
'. PHASE 

CHANGE 

E1 ~ H • E2 
MA MA 

ENTHALPY = STORED ENERGY PER UNIT MASS 

FIGURE 7.19-2: ENTHALPY-TEMPERATURE DIAGRAM FOR HX 

MEDIA TS1 
TEMPERATURE 

TS2 
I 

I 
I 
I 
I 
I 
I 

CELL 1 
I 
I 

I 
I 
I 
I 

CELL 2 
I 
I 

t-- L/2, -I- L/2---i 
TUBE LENGTH 

FIGURE 7.1~-3: STORAGE TEMPERATURE VERSUS TUBE LENGTH 
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Inputs 

Parameter/Port 
NU 

ST 

BE 

T(J1 

DTD 

PD 

TEM 

XD 

EF 

MP 
CPl 

H 

TMT 

CPF 

KF 

NdJ 

NT 

D 

L 

DEL 

K 

T 

M 

1 

1 

1 

1 

Descr i pt ion 

Storage energy loss coefficient (D = 0.002) 
Rated storage tlme1 

Storage energy mixing coefficient (D = 0.0) 

Minimum allowable storage temRerature (D = 60) 
Media temperature sWing1 (D = 400) 

Rated storage thermal power 

Maximum allowable exit temperature (D = 240) 

Design point fraction of molten media mass 
CD = 0~8) Input product ~fflciency 

Maximum input charging rate 

Storage media heat capacity (0 = 2.93X10-4) 

Storage media beat of fusion 2 (D '" 0.0219) 

Storage media melt temperature2 (D = 147) 
. . -5 All" heat capacity (D = 7.6X10 ) 

Air thermal conductivity (D = 1.03X10-4) 

Air viscosity (D = 0.055) 

Number of tubes (D = 200) 

Tube diameter (D = 0.03) 

Tube length (D = 4) 

Tube hal f spacing (D = 0.085) 

Storage media thermal conductivity (D = 0.0078) 
Inlet air temperature 

Inlet mass flow rate 

HX 
~ 
(h)-l 

h 
h-1 , 

'l= 
'l= 
kw 

'l= 

kw 

kwh/ I b OF 

kWh/lb 

9:-
kwh/lboF 

kw/ft°F 

I b/ ft-h 

ft 

ft 

ft 

kw/ ft_oF 

'l= 

CM 

CSA 

CSB 

LE 

Ib/h 
Storage device yearly maintenance cost (D = 0.6) $/kw 

Storage device capacity cost (D = 50) 

Storage device energy cost (D = 15.6) 
Unit I ife expectancy 

D - Default values specified 
1 - Design point conditions 
2 - Used for phase change media, H = 0 for sensible heat 

232 

$/kw 

$/kwh 

years 
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1[J~ut~ 

PS)rameter/Pgrt 

M 3 

T 3 

TA 

TS0 

Oyt~yt~ 

VS!r: i ab I i/ Pgr:t 

ECl 

EC2 

M 2 

MP 2 

TS1,TS2 

T 2 

1M 

CC0 

HF 

U 

P 2 

El,E.2 

PM 

EF ,2 

RT 

P0 

T0 

EF0 

Statistics 

T$U 

TSL 
ME 

MT 

BCS 40262-1 

Discri~tig[J 

Dischar-ge cycle mass flow rate from storage 

Discharge cycle temperature from storage 

Ambient temperature 

storage vessel minimum temperature 

Deser i ~t i gn 

Stored energy, (state) for cell 1 (hot side) 

HX 
~ 

Ib/:hr 
I 

of: 

of 

of 

!JJl.!i§ 

kwh 
Stored energy (state) for cell .2 (cold side) kwh 

Out I et mass flow rate (=M1I 

Maximum discharge rate 

Average tempera tures for ce I Is 1 and 2 

Air exit temperature 

Required storage media mass 

storage device capital cost/year 

Convective heat transfer coefficient 

Unit thermal conductance 

Charge rate into heat exchanger 

Energy stored at start and end of melt 

Maximum a I lowab I e charge rate 

Output product efficiency 

Thermal ~e$istance 

Discharge power taken from heat exchanger 

Discharge cycle output temperature 

Discharge cycle efficiency 

Maximum storage temperature 

Minimum storage temperature 

Maximum stored energy 

Maximum exit temperature 

" . 
!..tr!:Il .. l~~iiii iillililllllilll5itt '".e. '''''"" 

Ib 

$ 

kwh/ft2_0F 

kwh/ ft2_oF 
I 

kw 

kwh 

kw 

233 
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HX 
The default values assume use of paraffin wax as the phase change storage 

medium. (In real ity, paraffin wax may not be appl icable to temperatures as 

high as 600
o

F. The selection of a phase change medium involves careful con

sideration of a number of factors [see Reference 1J). The heat exchanger 

geometric parameters, i.e., tube number, diameter, etc., and heat exchanger 

cost estimates are based on the basel ine phase change storage device devel

oped in Reference 1, but scaled down to reflect expected mass flow rates 

and required media mass. Although these data were developed for a different 

application (50 MWe, 6 hour storage, average temperature = 786oC), they can 

be considered representative unti I detail design data is available. 

1. "Advanced Thermal Energy Storage," BEC/EPRI RP 788-1, July 1976. 
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Calculation SeQuence 

1 "n i t i a I Ca I cu I at ions 

2) 

1M = _....:P-=D_iE-~S..a..I*O~.1.II::5_ 
XD~E-H+CPl ~E-DTD 

OC0 = (CSA+CSB*ST'*PD/LE 

El= fM~E-CP1~E-(TMT-T01) 

E2 = fM~!-[H+CP1*(TMT-T01)] 

T3 = TSe)=TA 

A = W*DEL+DEUHE-2) 15. 

RB(l) = D/2, RB( 1+1) = SQRT(RB( 1 )*lE-2+A) 

RN ( I) = SQRT ( (RB ( 1+1 ) **2+RB ( I ) ~HE-2) 12) 

RT 4 LN (RN( 1+1) 
r RN( I) 

i=l ) 
Storage Temperature (see Figure 7.19-2) 

E 

1=1,5 

T01 + MA*CPl ifE<11. 

TS = 

HX 

where TS = TSl and E = ECl for storage cell 1 and similarly for eel I 2. 

3) HX Exit Temperature Calculations 

M2 = M1 

P2 = 0 

PX = 0 

BCS 40262-1 235 
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3) Cont. 

T2 = TS2 - (TS1-TS2)/2 

Iu = TS1-TS2 

If ~ = 0, GO TO 7) 

4) Convective Heat Transfer Coefficient1 

KF [ (Ml 4 ) 0.8 .,'L (CPk~!MU) 0.6J HF = D 0.0215 -lE- NT -If- MU-lf-PI*D .. 

5) Thermal Conductance 

=[~ RT 1 -1 
U + HF 

UA = U-lfoP Hf{)-l!13f-NT I (CPF *M1 *2 ) 

6) Exit Temperature and Charge Rate (See Equation A2. in HX Appendix) 

TX ::; T1 - in --(1. - EXP(-UA) )*(Tl - TSl -Il T/2 - IlT/UA) 

T2 = TX - IlT - (l.-EXP(-UA) )1f-(TX - (TS1+TS2)/2-IlT/UA) 

P2 := Ml-l*CPF-lf-(TI-T2) 

PX = Ml-l*CPF-lE-(TI-TX) 

7) HY Exit Temperature Calculations 

1 

T0 = TS1 + Il T 12 

P0 = o. 

py = o. 

If M3 = 0 GO TO 11) 

Kays, W. M., Convective Heat and Mass Transfer, McGraw Hil I, N.Y., 1966, 
p. 173. 

HX 
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8) Convective Heat Transfer Coefficient 

K ( ( AA'% ) 0.8 (CPEK*fNJ
F 

) 0.6) 
HF0 = r!- .0215* NT * MU*~I*o * -

9) Thermal Conductance 

U0 == (Ht0 + RT ) -1 

10) Exit Temperature and Discharge Rate (See Equation A3. in HX Appendix) 

TY = T3 + .in - (l.-EXP(-UA) )iE-(T3 - TS2 + 6T/2 + 6T/UA) 

T0 = TY + 6T - (l.-EXP(-UA) )*(TY - (TS1 + TS2)/2 + lH/UA) 

P0 = M3*CPE-lE-(T0-T3) 

PY = M3*CPF-lE-(T0-TY) 

11) Energy Deposited 

. 
EC1 = PX - NU -lE- EC1 - PY - BE -lE- (EC1 - EC2) . 
EC2;::: (P2-PX) - NU -lE- EC2 - (P0 - PY) + BE* (Eel - EC2) 

If T2 ~ TEM, WRITE DIAGNOSTIC 

12) Maximum Allowable Mass Flow Rate 

MDM = PD/(CPF*DTD) 

13) Maximum A II owab I e Charge Rate 

PM = NDM * CPF * (T1-TA) 
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14) Charging and Discharging Efficiency 

EFF = 1 

If T2 > TS0 

EF0 = 1 

If T3 > TS0 

EFF = ~ - TS0 
T1 - TA 

EF0 = T0 - TA 
T3 - TS0 

MP2 = MIN (MP1, PM) ~f- EFF 

EF 2 = EFl *EFF 

15) Compute Statistics and Cost Summation 

HX 
I) .... 
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HX Appen,dix: Temperature Equations for a ~Iedia with Constant Gradient 

AssymRt ions 

1) Constant Gradient Media Temperature: 

TS0 

MEOlA 
TEMPERATURE TSL 

o x • L 

TUBE LENGTH 

2) Working Fluid Differential Equation: 

aTf UA - = - (TS - Tf) aX L 
Ai. o < x < L 

Main Results: Exit temperature in the charging and discharging cycles are 
given by 

A2. 

A3. 

Tf(l) = Tf(O) + ~TS - (1-eXP (-UA))*(Tf(O)-TS0 +.A.!§) 
UA 

Tf (0) = Tf(l) - 6TS - (1-exp (-UA) )*ITf (l)-TSL ~ .1 TS) \1 US 

where ~ TS = TSL - TS0. 

Proof: Multiplying Al. by exp(UA'X/L) and recombining terms yields: 

A4. :X (expWA*X/l)*Tf ) = ~ *expWA*X/l)-lt-TS(X). 

Integrating A4. and subsituting TS(X) = TS0 + ~ * X yields 

HX 
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X 

AS. TfCX) = exp(-UA7foX/L)*TfCO) + ~ f eXpC-UA(x-y)/L)7I-TS(y)dy 
o 

= exp (-UA*X/L)TfCO) + Cl-expC-UMfoX/L) )*nS0 _ 6TS/UA) 

Recombining terms in AS. and letting X=L yields A2. Equation A3. fol lows 
from A2. by symmetry, i.e., sUbstitute in A2: 

T f( 0 ) for T f( L) 

T f( L) for T f( 0 ) 

TSL for TS0 

TS0 for TSL. 
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CHX 

c 
C' 
C 
CI 

C i 

C' 
C 
C 
c: 
c 
c 
C, 
C I 

C 
C 
C~ 
~ 
C 
C 
C 
C 
C 
C 
C 
C 
C, 
C, 
C. 
C 
C 
C 
C 
C 
C 
C. 
C' 
C, 
(. 

C 
C 
C, 
Cl 
C 
C 
C 
C 
C 
C. 
C, 
C ' 
C 
C 
C 

HX 
SUBROUTINe HX'ECl,Ofl,IEl,EC2,DEZ,I~2.H2,HP2.TSl,TSl,T2.HA, 
1,~,HF,U,P,El,E2,PH,EF2IPO,TO,EFO,R,TSU,TSL,H~,MT,NU,ST,SE,TOI,OTO 
2 ,PO,TEM,XO,EFl,MPI,CPI,H,TMT,CPF,KF,HU,NT,O,L,OEL,K,Tl 
3 ,HI,CH,CSA,CS8,lE,H3,T3,TA,TSO) 

PERFORMANC~ OF ADIABATIC HEAT EXCHANGER DURING CHARGE 

CYCLE 

M~THOD HEAT STORAGE MEDIA ASSUMED TO CONTAIN NO lEMPERATURE 

GRADIENTS. ENERGY DEPOSITED IS A FUNC.TICN Of TEMPeRATURE 

AND THERMAL C.ONDUCTANCE 

WRIITEH SF F. C. MAHONY VERSION 2, JUNE 1~77 

CALL SEQUENCE 
OUTPUTS 

ECl 
DEL 
lEI 
EC2 
DE2 
lE2 
M2 
MP2 
lSI 
TS2 
12 
MA 
c.c 
HF 
U 
P 
El 
E2 
PM 
EFZ 
PO 
TO 
EFO 
R 

~10kEO ENERGY (STATE , FOR STORAGE C.ELL I, KWH 
EN~RGY RATE FOR ~Cl, KW 

- STATUS INDICATOR FOR Eel 
- STORED ENERGY ~rATE FOR STORAGE CELL 2, KWH 
- ENl:.RGY RAlE FOR EC2, KW 
- STATUS INDICATOR FOR Ee2 

OUTLET MASS FLOW kATE, lB/HR 
MAXIMUM DISCHARGE RAT~ ALLOWABLE, KW 

- ~TORAGE TEMPERATURE IN CELL I, OEG F 
- STORAGE TEMPERATURE IH CELL 2, DEG F 
- AIR EXIT TEMP~~ATURE, DcG F 
- REQUIRED STORAGE MEDIA MASS LB 
- STORAGE DEVItE CAPITAL COST/YEAR, $ 
- CONVECTIVE HEAT TRANSFER COEFFICIENT, KWH/FT2-F 
- UNIT THERMAL CONDUCTANCE, KWH/FT2-F 
- CHA~GE RATE OF HEAT EXCHANGER 
- ENER~Y STORED AT START OF MELT PHASE, KWH 
- ENERGY STGRED AT ~ND OF MELT PHASE, KWH 
- MAXIMUM ALLOWABLE CHARGE RATE. KW 
- OUTPUT PRODUCT EFFICI~NCY 
- DISCHARGE POWER TAKEN FROM HEAT EXCHANGER, KW 

DISCHAR.(;E ,-YCLE OUTPUT TEMPERATURE, nEG F 
DISCHARGE CYCLe EFFICIENCY 

- THERMAL RESISTANCE, OE& F/KW 

STATISTICS 
TSU - MAXIMUM STORAGE TEMPERATURE, OEG 
TSL - MINIMUM STORAGE TEMPERATURE, DEG 
ME . - MAXIMUM STORED ENERGY, KWH 
MT MAXIMUM EXIT TEMPERATURE, DEG F 

INPUTS 
"l,I 

~~ 
Tal 
OTD 
PO 

- STORAGE ENERGY LOSS COEFFICIENT 
- RATED STORAGE TIME, HR 
- STORAC~~ ENERGY HIXIMG COEFFICIENT, l/HR 
- MINIMUM ALLOWABLE STORAGE TEMPERATURE, OEG F 
- MEDIA TEMPERATURE SWING, DEG F 
- RATED THERMAL STORAGE POWER, KW 
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c 
q 
c 
C 
~ 
~ 
c 

" q 
c; 
o 
c; 
o 
C' 
C: 
c: 
c: 
c. 
c 
c 
c 
C 
Co 
C. 
C 
C 
C 

c 

c 

c 
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rEM - MAAIMUM ALLOWABLE EXIT TEMPERATURE, OEG F 
XD - OESlbN POINI FRACTION OF MOLTeN MEDIA MASS 
eFl - INPUT PRODUCT EFFICIENCY 
MPI MAXIMUM INPUT CHARGING RATE 
CPI - STORAGE MEDIA HfAT CAPACITY, KWH/lB-F 
H - STORAGE MEDIA HEAT OF FUSION, KWH/La 
TMT - STORAGE MEDIA MELT TEMPERATURE, OEG F 
CPF - AIR HEAT CAPACITY, KWH/LB-F 
KF - AIR THERMAL CONOUCTIVITY, KWH/fT-F 
MU - AIR VISC05ITY, LB/FT-HR 
NT - NUMBER OF H/X TUB~S 
o - TUSE DIAMETER, FT 
~ - TuaE LEHGTH t FT 
QEL - 1 USE HALF SPACIM:;, FT 
~ - STORAbE M~DIA THERMAL CONDUCTIVITY 
Tl - INLET AIR TEMPERATURE, DEG F 
HI - INLET MASS FLOW RAT~, lB/HR 
CM - STORAGE DEVICE Y~ARLY MAINTENANCE COS1 $/KW 
CSA - S TG~AGt: DEVICE. CA PACITY COST t $/KW 
("SB - 51 DRAGE Df:VICE ENERGY COSl' t $/KWH 
LE - JNIT LIFE EXPi::CTANCY, YI::ARS 
M3 - DISCHARGE CYCLE MA55 FLOW RA1E FROM CS, LB/fiR 
13 - DlS'H4RGE CYCLE TEMPERATURE FROM ("S, OEG F 
TA - AMBIENT TEMPERATURE, u£G F 

HX 

150 - STOI~AGE VESSEL MI~IMUM TEMP~RATURE FROM CS, OEG F 

COMMON /CIMPL/IMPL,ICHT/CTIME/TIME: (CSIMUL/OUH'1),TMAX 
COMMON /COSTI CCI,CHI 
REAL M3,N~,M"MP2,HA,ME,MT,MPl,HU'NT,Ml.LE.KF.K.l.MDM 
DIME~SIO~ Ro'b).~C5) 
DATA Pl/3.l41~9/ 

IFtIMPL.GT.O)GO TO 100 

IF(NU .EQ •• 99999)NU =0.002 
IF(8E .EQ •• 99999)BE ~ 0.0 
IFCT01.~Q •• 99999)Tu1=60.0 
IF(OTa~E.Q •• 99999'010=400.0 
IF(1 E.M. EO •• 99999 )TEM=240.0 
IFCCP1.EQ •• 99999)CP1=2.93E-4 
IF'H .EQ •• 99999)H =2.188E-2 
IF(Xu .EQ •• 99999)XO =0.8 
lFCTHT.EQ •• 99999)IHT=147.0 
IF'CPF.c~ •• 99999)CPF=7.6t-5 
IFlKF .EQ •• 99999)KF =1.03E-4 
IF(HU .~Q • • 99999)HU =0.055 
IF(NT .EQ •• 999~9)NT =200.0 
IFCO .EQ •• 99999)0 =3.0E-2 
IF(L .EO •• 99999)l =4.0 
IF(OEl.EQ •• 999991DEl=8.SE-2 
IF(K .EQ •• 99999)K =7~6E-3 
IFCCH .EQ •• 99999)CM =0.6 
IF(CSA.EQ •• 99999)CSA=50.0 
IF(CSB.EQ •• ~9999)CS8=15.6 

TSl=1.0E;8 
po=o.o 
PM: 0.0 
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C 

C 

C 

C , 
C. 

C 

C 
C 

C 

C 

C. 
c 

I 

C 

C 
Co 
C 

TSlI=O.O 
ME=O .0 
MT=O.O 
143=0.0 
T3=TA 
TSO=lA 
MA =PD*O.5*ST/(XO*H+CPl*OTO) 
Cc. = (CSA+eSS*ST)*PD/lE 
CM= eM*PO 
El =MA*CP1*lTMT-10l) 
E2 =MA*lH+CPl*(TMT-T01» 
TMAX I=TMAX*O .99999 
A =(D*OEL+OEL**2)/S.0 

COMPUTE THERMAL RESISTANCE OF MEOlA 

RBll)=O/2.0 

00 20 1=1.5 
RS(I+l)=SQRTlRall)**2+A) 

20 RN(I)=SQRTI'RBIl+1)**2+RBIl)**2)/2.0) 

30 

100 

R=O.O 

00 30 1=1.4 
R=R+AlOG'RNlI+l)/RN(I» 

R=R*O/2.0/K 

STORAGE TEMPERATlRf::S 

TSl=TMT 

IF(Eel.LT.El) ISI= T01+ ECl/IMA*CPl) 
IFlECl.bT.E~) TSl= T01+ (ECI/MA - H)/CPl 
TS2:I"T 
IF(t~2.lT.El)TS2= T01+ EC2/1MA*ePl) 
IFIEC2.GT.E2) IS2= T01+ (ECZ/MA - H)/CPl 

DEL T= lSI - TS2 
TSH= T51+ .5*OElT 
TSC= TS2 - .~*OELT 

T2= TSC 
MZ=Ml 
P =0.0 
PX=O.O 
U=I.0/R 

IFIMl.lE •• OOl)GO TO 200 

CONVECTIVE HEAT TRANSFER COEFFICIENT 

HF =KF/O*(0.021S*(Ml/NT*4.0/MU/PI/O'**O.8*ICPF*MU/KF)**O.b) 

UNIT THERMAL CONOUCTANC~ 
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c 
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C 
C. 
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c 
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c 
c 
c 

c 
c 
c 
c 

u = 1.O/(1.O/HF+R' 
UA= U*PI*O*L*NT/(Hl*CPF*Z., 
TEMP= Of:LT/UA 
UA= 1. - [XP(-UAJ 

EXIl TEM~ERATURE 

TX::: 11 - DELl - UA*(TI-TSH-TEMP' 
T2= TX- DELl - UA*(TX-(TSl+TSZJ*.5-TEMPJ 

CHAKGE RATE 

P =Ml*CPF.CTI-TZ) 
PX = Ml*CPF*(Tl-TX) 

200 TO = TSH 
PO =0.0 
.... Y=O.O 

HY EXIT TEMPERATURE CALCULATIONS 

IFCM3.EQ.O.OIGO TO lOO 

CONVECTIVE HEAT TRANSFER COEFFICIENT 

UNIl THERMAL CONDUCTANCE 

UO=I.0/(1.0/HFO+RJ 
UA= OO*P I*D*L*NT /Oe*CPF*2.» 
TEMP: OEL T/UA 
UA= EXP(-UA) - 1. 

EXIT lEMPERATU~E ANO DISCHARGE RATE 

TY::: T3+ uELT+ UA*'T3-1SC+TEMP' 
10= TY+ OELT + UA*(TY-(TSl+TSZ,*.~5+TEMPJ 
PO =Ml*CPF*(TO-T~) 
PY= H3*CPF*(TO-TY) 

EHERbY DEPOSITED 

c 
300 IF(IEl.NE.O) DEl= PX- PY -NU*ECI -BE*CECI-EC2J 

IF(IE2..,tJ,::.OJ OE2= P-PX - (PO-PYJ -NU*EC2 +8E*CECl-fC2) 

C 

c 
c 
c 

c 
, 
C 

IF (TZ.LT.TEM) GO TO 500 

IFC IMPL.l.Q.2·) WRITE (6.1010' T2, TEM 
IFCIMPL.EQ.Z'ICNT=ICNT+l 

MAXIMUM ALLOWABLE CHARGEAMD FLOW RATES 

500 MOM: PO/(CPF*OTO, ., 
,}-

PM =MDM*CPF*CTI-TA) 

CHARGING AND OlSCHARGIIWG EFFI('IENCY 
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c. 
c. 

c 

c 

C 

c 
C 
C 
C 

c 

C 

C 

c 

C 

c 

EFF=·l.O 

IF(T2.~t.1S0'~FF=(T2-TSO'/CTI-TA) 

E:FO =1.0 

IF' T :i.(, T .1'50' EFO=l 10-1 A) I( 13-T50' 

HP2=AMIH1,HP1.PM'*EFF 

t:F2= EFl*EF-f 

SlATIS1ICS 

IAlIMPL.LE.l)RETURN 

TS~U =AMAXl( TSU, TSl , 
TSL =AMI~1(TSL,TS2) 
ME =: AHAXl'Mt, cCl+ECl' 
HT =AMAXU MT ,T2' 

IF(TJMf.LT.T"AXl)R~lURN 

CC;1 =CC I"'CC 
CMI=CMl+CH 
CM: CM/PO 

RETURN 

1010 FORMAT(lHO,ZOHHX EXIT TEMPERATURE ,fI2.3 
1 ,35H GR~AIER THAN MAXIMUM ALLOWABLE ,FI2.3) 

l:.NO 

BCS 40262-1 

HX 

245 

~ \ 

I . 
! , 

'~ 
j 

1 , 



I 
I 
tt 

7.20 ADIABATIC HEAT EXCHANGER - DISCHARGING CYCLE 

MASS FLOW RATE (Ml) 
HX EXIT TEMP. (T0) 
HX EFFICIENCY (~F0) 
MAX. INPUT POWER (MPl~~ 
INPUT POWER (Pl) 

i 

~y 

t--~MASS FLOW RATE (M2) 
1-... -tEXIT TEMPERATURE (T) 

~DISCHARGE POWER (P) 

~MAX. OUTPUT POWER (MP2) 
~OUTPUT EFFICIENCY. (EF2) 

HY 

HY is the discharge cycle complement to HX. AI I the calculations to obtain 

the exit temperature and heat exchange power deposited or withdrawn are done 
in HX. The results are then passed to HY for summary. 

246 
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Inputs 

Parameter/Port 
M 1 

T0 
P 1 

EF0 

MP 1 

Outputs 
; i 

V51ri ab I ~/PQrt 
M 2 

T 

P 2 

MP 2 

EF 2 

~tati§ti,§ 

TL 

TU 

SP 

Oeser i pt ion 

Air mass flow rate from storage 

Exit temperature from HX 

Discharge power from storage 

Discharge cycle efficiency from HX 

Maximum power from storage 

Exit air mass flow rate (~) 

Exit temperature (=T0) 

Discharge power 

Maximum discharge power 

Output product efficiency 

Minimum exit temperature 

Maximum exit temperature 

Total energy discharged 

Calculation Sequence 

1) M2=M1 

T = Til) 

MP2 == MPl ~!£F0 

EF2 = EFIl) 

P2 = Pl~F0 

Compute Statistics 

BCS 40262-1 
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OF 

kw 

kw 

Ib/~r 

OF 

kw 
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CHY 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c.. 
C 
C 
C 
C 
C 
C 
c.. 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c.. 

C 

C 

C 

10(1 

C 

C 

C 

C 
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HY 
PURPO:-'E 

PERFORMANCE OF ADIABATIC HEAT EXCHANGER DURING OISCHAkGE: ;:. 

CYCLE 

'MI::THOLJ 
COMPUTEl::XIT CONDITIONS USING HEAT £XCHAN&ER STATE 

DETERMI~ED IN HX 
, 

WRITE:'NI BY F. O. MAHONY 
VERSION I, MARtH 27 1977 

,CALL SEQUE.NC.E 
OUTPUTS 

M2 EXIT AIR MASS FLOW RATE (=Ml). ~B/HR 
l' EXIT TEMPERATURE (=TO), OEG F 
P2 - luTAl DISCHARGE POWER, KW 
MP2 - MAXIMUM DISCHARGE POWER, KW 
EF2 - OUTPUT' PROOUCl lFFIClf.NCY 

SI A lIST iCS 

TL - MINIMUM EXIT TEMPERATUR~, DEG F 
TU - MAXIMUM EXIT rEMPi:.RATURE, DEG F 
SP - rOTAl ENERGY DISCHARGED, KWH 

INPUTS 
Ml 
10 
PI 
EFO 
HPI 

- AIR MASS FLOW RATe FROM STORAGE, 
- EXI1 1EMPf.RATUR£: FROM HX, DES F 
- DISCHARbE POWER FROM STORAGE, KW 
- ulSCHARGE CYCLE EFFICIENCY 
- MAXIMUM POWER FROM STORAGE, KW 

COHMON ICIMPl/IMPl ,fCSIMUl,fOUM(6),i'INC 

RE~l H2,MP2,Hl.MPl 

lFi( IMPl.GT .O)GO TO 100 

TU =0.0 
SP =0.0 

lL =1.0£10 
M2 =H1 
1 =10 
P2 =Pl*EFO 
MP2=HP1*EFO 
t:.F2=t:FO 

IFIIMPl.lE.I)RETORN 

l:l =AMINUTl ,1 ) 
liu ==AMAXl(TU ,T' ) 

Sip ==SP +PZ*TINC,f2..0 

RETURN 
lNO 

lB/HR 
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7.21 INTEGRATOR WITH SATIJRATION 

FIN 
1 

S 

AMI\. 

AMI 

Inputs 

Parameter/Port 
FIN 

Oeser i pt ion 

GKI 

GKL 

AIM 

AMI 

Qutpyts 

Input 

Integration gain 

Saturation limiter gain 

Upper r imit of output (Default = 1036 ) 

Lower r imit of output (Default = _1036 ) 

Var i ab I e/Pprt 

F0 Output (state) 

Calculation, SeQyence 

BCS 40262-1 

F~ = GK 1-1!- [ F I N-GKL -11-( F0-A/M) ] 

F0 = GK I -1!- FIN 

F0 = GKI* [FIN-GKL*(F0-AMI) ] 

if F0 > AIM 

I f AM I ~ F0 S AIM 

if F0 <AMI 

IT 

FO 

249 

II 

I 
1 
J 

I 

;~ 

J 

J 

j 
.J 
~ 



~_"··· ___ ¥o· .... • •• I"'._, •. 

",' , ~. - . 

CIT 

~U6ROUTINE IT(FO,FOOOT,IFO,FIN,GKI,GKL,AMA,AMI) 
eVERSION 2. REVISED: OCT 8 1976 C 

C PURPOSE - ~lMUlATIO~ OF AN INTEGRATOR WITH SATURATION C 
C 

C METHOD - Sec COOING c 
c 

IT 

C LlMITAHOill!>. - EJ(CESSIVELY HIGH VALUES OF GKL MAY RESUL 1 Jill POOR 
C STEADY STATE CONVERGbNCE C. 
c 
c 
c 
c 
C 

WRITTEN SY - ADAM LLOYD 
LATEST REVISION - NOV 75 

c INPUT/OUTPUl LIST 

C FO 
C FODOT 
C. IFO 
C FIN 
C bKI 
C GKl 
C AMA 
C 
C AMI 
C 

INTEGRATOR OUTPUT ANY 
OUTPUT DERIVATIVE: ANY 
INTEGRATOR CONTROL 
FUNCTION l~PUT ANY 
INTEGRAl OR GAIN ANY 
DERIVATIVE LIMITER ~AIN ANY 
UPPER LIMIT OF OUTPUT ANY 
WHERE OERIV. lIHIT~R STARTS 
LOWER LIMIT OF OUTPUT ANY 
WHERE DERIV. LIMITER STARTS E-PS::FIN 

c ------------ PROVID~ DEFAULTS THAT ELLIHINATE SATURATION IF'AMA.tQ •• 99999)AHA~1.E36 
IF(A"I.EQ •• 99999)AMI~_1.E36 

250 

IF( FO.GT .AMAIEPS =- FIN - GKl*( fO-AHA I 
IF( FO.L T •. AHI) EPS :: FIN - GKl*C A)-AMI I 
IFCIFO.NE.OlfODOT::bKI*EPS 
RE:TURN 
END 

OUTPUT STATE 
OUTPUT 01£..RIV 
PROGRAM VAR 
INPUT VAR 
INPUT PARAM 
INPUT PARAM 
INPUT PARAM 

INPUT PARAM 
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7.22 D~-AC INVERTER 

DC POWER (PI) ~...,: .. l IV 
INPUT MAX. POWER (MP1)_ _~ I : 

AC POWER (P2) 
I--~""OUTPUT EFFICIENCY (EF2) 
t-~ ---l-... OUTPUT MAX. POWER (MP2) 

This component models a sol id state inverter/transformer. Power losses due 

IV 

to resistive heating and contact potential loss are modeled. A step-up trans

former may also be needed to boost output voltage up to that of the bus. 

Default parameter values are based on rated power = 200 kw. 

IOC TRANSFORMER 
lAC 

1 
VOC 

1 
INVERTER 

VAC! 

FIGURE 7.22 INVERTER FUNCTIONAL DIAGRAM 
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Inputs* 
Par ameter /Port 
P 1 
RT 
VDC 
01 

RI 
RAP 
EF 
MP 
CC 

1 
1 

Outputs 
Variable/Port 
P 2 

IDC 
PL 
EF 
MP 

2 

2 

Description 
DC input power 
Transformer resistance (0 = 0) 
Rated DC voltage (0 = 100) 
Inverter contact potential (0 = 0) 

Inverter resistance (0 = 0.005) 
Rated input power 
Input product efficiency 
Maximum input power 
Inverter cost/year 

AC output power 
DC input current 
Power loss 
Output product efficiency 
Maximum output power 

* Minimum inputs to specify IV are: 

RI = inverter resistance, 
RAP = rated input power. 

Units 
kw 
ohms 
volts 
volts 
ohms 
kw 

kw 
$ 

kw 
amps 
kw 

kw 

RI may be used as an adjustment parameter to obtain a specified efficiency at 
rated power. 

o - Default values supplied. 
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Calcylation SeQyence 

If P1 < 0, P2 = IDC = PL = 0, EFF = 1 and go to 31 

11 I nput and output current 

IDC = P1*1000/VDC 

lAC = V6*IDC/'IT 

21 Power loss and output power 

PL = (IDC*WI+RI*IDCI + V3*RT*'AC 2'/1000 

P2 = Pl - PL 

EFF = P2/P1 

P2 ~ 0 0 Diagnostic, EFF = 1 

3) Efficiency and maximum power 

EF2 = EF1~fEFF 

MP2 = MIN(MP1,RAP)~FF 

4) Compute Costs 

BCS 40262-1 
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eIV IV 
C 
e 
c , 

SU8ROU1I,.E: I V, P2, ,IOC, PL, E:F2., MP2., PI,RT, \11)(, 01, RI, RAP, EFl ,MPI ,ee, 
1 

ci 
c; 

PURPO!)E 

MelHOO 

SOLID STAlf: I"VE.Rl'ER/TRANSFOilMER MOOE'L 

COMPUTE At POWER ~S A FUNCTION OF 
INPuT ~C; POWER 

WRITTEN BY Y.~.CHAN VERSIO~ 1, JUNE 2, L917 Ci 
(;' 
(.: 

C. 
C; 

(..ALL S c:QUENC.E
OUTPUTS 

C 
C 
c: 
c: 
C 
C 
C 
C 
C 
C 
C 
C , 
C 
C; 

C 

e 

c 
c 
C 

e 
c 
e 

e 
c 

100 

200 

p~ 

IDe 
PL 
EF2 
MP2 

INPUTS 
Pl 
RT 
\tOC 
01 
RI 
RAP 
EFl 
MPl 
CC 

-A{. OUTPUT POWER, K~ 
-DC INPUT C~RRE~T, AMPS 
-POWER LOSS, KW 
-OUTPUT POWER EFFICIENCY 
-MAXIMUM OUTPUT POWeR, KW . 
-O~ INPUT POWER, KW 
-TRANSFORMER RESISTANCE, OHMS 
-RATED Ot VOLTAGE, VOLTS 
-INVERT'ER CONTACT POTENT'IAl, VOLTS 
-INVERTER RESISTANCe, OHMS 
-RAT£D OUTPUT POWER, KW 
-INPUT PRODUCT EFFltIENCY 
-MAXIMUM INPUT POWER, KW 
-INVERTER COST/YEAR 

COMMON /CIMPL/IHPL,ICNT/CTIME/TIME/CSIMUl/DUMC7"TMAX/COST/CCI 
R~AL IDC,MP2.MPl.IAC 
ClATA. PI/3.1415oi#/ 

IFCIMPl.GT.O) GO TO 100 
IFCRT.EQ •• 99999)Rl=O. 
IFCVDC.EQ •• 99999,\lDC=lOO. 
IFCOI.EQ •• 99999)DI=0. 
IF(RI.EQ •• 99999)RI=.005 
lMAXl::l'MAX*.99999 

COMPUTE INPUT AND OUTPUT CURRENT 

IF(PI.GT.O.'GO TO 200 
pz=o. 
10C=0. 
Pl=O. 
EF2=EFl 
MP2=AMIN1(MP 1, RAP) 
GO TO 400 

IOC=Pl*lOOO./VDC 
IAC=SQRTC 6. ) *IDC/P I 

POWER lOSS AND OUTPUT POWER 

PL=(IDC*CDI+RI*10C)+SQRT(3.'*RT*IAC*lAC'/lOOO. 
P2=Pl-Pl 
EFF=P2/Pl' 

EFFICIENC Y AND MAXIMUM POWER 
'J 

l~cc","±-",,,, ...... _",,,,,-. ~2=,"5""",4, .... __ ,,,,,,,,,,,,,,,,,,,,,,"., _ ~""~."" ', .. ='"~'n~. __ q."._"".;,,~ . ,,=.,~~_~:CS .. 40262' 
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I· 

f:F2=f.F l*i.FF 
MP2=AHINICMPl,RAP' 
MP2=MP2*EFF 
IFCP2.GT.O.'GO Tu 400 

EF2=-cFl 
MP2=AMIN1(MPl.RAP) 
IFCIMPl.EQ.Z'WRIT£C6.20B)PL.Pl 

IV 

208 FORMAT(lHO,14HIV POWER LOSS ,F12.3.£lH EXCEEDS INPUT PGWER ,F12.3, 
128H ~HECK RATED DC VOLTAGE VDC , 
IF(I~Pl.EQ.2)ICN1=ICN1+l 
P2=O. 

400 IF(lMPl.Li.l)RETURN 
111 ( T IME.LT. TMAXURETURN 
CCI=C,"I+CC 
RETUilN 
i:.ND 
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7.23 FIRST ORDER LAG 

FIN GAl 
TC~+ 1 

Inputs 

Parameter/Port 
FIN 

Descr i pt i 00 

GAl 

TC 

F0 

Input quant i ty 
Gain 

Time constant1 (hours) 

Output variable (state) 

Calculation SeQuence 

. 
F0 = (GAl -If- FIN - F0)/TC 

NOTE: d.c. gain = GAl; time constant = TC 

infinite frequency gain = 0 

pole location = ~ rad/sec. 

If TC = 0, then F0 = F.IN*GAI 

256 
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LA 

F0 

1 
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CLA LA 
C 

SUBROUTINE LA(FO,FOD01,IFO,FIN,GAI,TC' 

C 
c 

PURPOSE - TO ~I"ULA1E FIRST ORDER LAG FO 
= -------

GAl 

C 
c FIN (1.+TC*5' 

e 
c METHOD - SEE COOING 
C 
c 
C 
c 

WRITTf.N BY ADAM LLOYD LATEST REVISION NOY 15 
c 
c 
C 
c 
c 
c 
c 
c 
(. 

INPUT/GUTPUT LIST 

FO TRANSfER FUNCTION OUTPUT 
FODOT TRANSFER FUNCTION OUTPUT DE~lV. 
IFO iNTEGERA TOR CONTROL 
FIN TRANSFER FUNCTION INPUT 
GAl TRA~SFER FUNCTION GAIN 
Tt lIME CONSTANl 

COHHON/CIO/IREAD,lWRITE,IDIAG 
IFlTe.NE.O.) GO TO 10 
FO= GAI*FIN 
RETURN 

lO IFIIFO.ME.O) FOOOT=IGAI*FIM-FO'/TC 
RETURN 
END 

BCS 40262-1 

ANY 
ANY 

ANY 

SEes 

OU1PUl S1AlE 
OUTPUT STATE 
PROGRAM VAR 
INPUT YAR 
INPUT PAR.AM 
INPUT PARAH 
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7.24 LEAD LAG 

FIN 

Inputs 

GAl (TC'*S + 1) 

TC2*$ + 1 

Parameter/Port 

FIN 
I Description , 

Input quantity 
TCl 

TC2 

GAl 

Numerator time constant (hours) 

Denominator time constant (hours) 
Gail': 

Outpy.1§ 

Variabl e/fm:.! 

Xl Intermediate quantity (state) 

Output quantity (variable) F0 

Calculation Seguence 

F0= (Xl + FIN~~TC1~AI )/TC2 . 
Xl = GA I *FI N-F0 

NOTE: d.c. gain= GAl 

258 

. f' . t . GA I *TCl In Inl e gain = TC2 

zero location = - -l- , rad/sec 
TCl 

pole location = - -l- , rad/sec 
TC2 

LL 

F0 
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eLL 
SUBROUTINE LLCXl,XIDOl,IXl,FO,FI_,lCI,TC2,GAI) 

c 
C P~RPUSE: - TU SIHULATE: LEAD LAG TRANSFER FUf~ClluN 
c 
a Fa GAI*(l.+TCl*S' 
¢ ----- : -----------
C FIN 11.+TC2*S' 
~ 
Q 
Q METHOD - SELF EXPLANATORY 
o 

LIMITATIONS - NONE 
C! 
c 
c 
c 
c 
c 
e 
c. 
c 
c 
e 
C 
c 
e 
c 
c 
c 

WRITTEN BY ADAM LLOVD LATEST REVISION NOV 75 

INPUT/OUTPUT LIST 

Xl SlATE VARIAdlE 
XIDOT STA1~ ~ARIA8lE U~RIVATIVE 
IXI INlf:GRATOR CONTRuL 
FO TRANSF~R FUNCTION OUTPUT 
FIN TRANSFER FUNCTION INPUT 
lCl TIM~ CONSTANT (NUM~RATOR) 
TC2 TlME CONSTAN1 CD~~OHINAI0R) 
bAI 1~ANSFE:R FUNCTION GAIN 

COHMON/CIO/IRcAD,IWRITE,IDIAG 
FO='Xl+FIN*Ttl*~AI'/T~2 
IF(IXl.HE.O'XlDOT= GAI*FIN-FO 
RETURN 
I:NO 

BCS 40262-1 

ANY 
~NY 

ANY 
ANY 
SEes 
SEes 

OUTPUT STATE 
OUTPUT STATE 
PROGRAM VAR 
OUTPUT VAR 
INPUT "AR 
INPUT PARAM 
INPUT PARAM 
INPUT PARAM 
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7.25 ELECTRICAL LOAD 

VALUE OF ENERGY DELIVERED (VDE) 

MAX. ~NPUT POWER (MP1) 
INPUT POWER (P1) 
RECORDED LOAD (L01) 
LOAD PROFILES (PO ,PW ,PY 
TIME INPUTS (TD,DW,WY) 

LO ~ .... POWER REQUEST (~E1) 

LO 

This cQmponent represents electrical load ei ther by a user··speci fied data 

file time history or by a set of random numbers with user-specified daily, 

weekly, and yearly average profiles and user-specified random variation. 

It also computes the value of the power del ivered to the load by the sys-

tem. This value del ivered Is determined from a user-specified value per 

kwh. This value may be input in tabular form as a function of time of day, 

time of year, or any other system parameter. 

If the user selects to have the electrical load represented by random num

bers, then the load (L02) is generated from the fol lowing equation: 

Basic EQug tion 

where 

L02 = (ponD) + CNU)] * PW(DW)*PY(WY)*NC 

I PO, PW, PYare the daily, weekly, and yearly profiles, respective-

ly, emd TO, OW, WY are the time of day, day of the week, and week 

Of the year, respectively. NC is a normalizing constant. 

, 
CN is a colored noise term with user-specified correlation time, standard 

deviation and mean. 
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Table§ 

PO 

PW 

PY 

Inputs 

Parameter/Port 
P 

MP 

NC 

VE 

l0 

TO 

OW 

WY 

CT 

MN,STD 

EF 

1 

1 

1 

1 

Oytputs 

Variable/Port 

RE 1 

VDE 

l0 2 

TIM 

CN 

Stat i §t i!4 

SRE 

SOE 

PC 

De§cription 

Daily profile (tabular with TO) 

Weekly profile (tabular with DW) 

Yearly profile (tabular with WY) 

Power de livered 

Maximum Input Power del iverable (0 = lX1010 ) 

Normal izing constant 

Value of Electrical Energy 

E I ectr i ca I load data f i lei nput 
Time of day 

Day of week 

Week of year 

Correlation time of random noise 

~ 
kw 

LO 

arb i trary 

arbitrary 

kw 

kw 

$/kwh 

kw 

hr 
Mean (D = 0) and std. deviation of random noise kw 
Input Power Efficiency 

Power request 

Value of energy del ivered (state) 

E I ectr i ca I load 

last time a random sample was used 

Colored noise sample 

Tota I energy requested 

Total energy del ivered 

Percentage of load met 

kw 

$ 

kw 

hr 

kw 

kwh 

kwh 

o - Default values supplied 
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Calculation SeQuence 

1> Initial ize CN(O) (first pass) 

2) Check for data file input 

If L01 = .99999 go to 3) 

L02 = L01 and go to 5) 

3) Generate colored noise CN 

If TIM = TIME go to 5) 

A = (exp ( -tJ ICTl, CT>O, tJ= integration step size, hr) 

O. CT=O 

CN = A~*cN+W, 

Where W is white noise generated by RN with 

Mean = MN ~(- (l-A) and standard dev i at ion:.:: STD ~!- ~ l_A2 

4) Compute L02 

L02 = (PO (TD) + CN) ~(- PW(DW) ~(- PY (WY) ~!- NC 

TIM = TIME 

5) Power request and value del ivered 

RE = MIN(MP,L02)/EFl 

6) Statistics 

262 

VDE = Pl~EVE 

SRE = SRE + L02* 6/2 

SDE = SDE + Pl~!- 6/2 

PC = lOO.~!- SDE/SRE 

LO 
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c 
c 
C 
(: 
¢ 
¢ 
C
d. 
C 
c 
c 
q 
c 
C 
Ci 
C 
C 
C 
C 
C 
C 
C. 
C: 
C: . 
C 
C 
C 
C' 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C. 
C 
C 
C 

c 
c 
c 

- -.: 

LO 
SUBRGUTINE LO (PD,PW,PY,VDE,DVD,IVD,RE,L02,SRE,SDE.,PC,TIMO,XN, 

1 TD,OW,WY,XNC,CT,XMN,STD,VE,LOI,PMAX,PO,iF) 

PURPOSE 
GENERATE ELECTRICAL LOAD FROM DAILY, WEEKLY, YEARLY AND 
RANDOM PROfILE DATA AND EVALUATE PERFORMANCE STATISTICS 

'!'!II 

.J 

METHOD 
COLORED r.GISE IS ADD~D 1'0 A MEAN DAilY PROFILE AND MULTIPLIED 
&Y WErKLY AND Y~ARLY WEIbHTING FCNS. POWER RcwUESIED IS ~ITHEF 1 
THE bENERATED LOAD OR THE MAX. POWER DELIVERABLE. ~ 

WRITTEN SY A.W.WARREN 

CALL SEQUENt£: 

i 

VERSION 1, MARCH 9 197" 1 

TAilLES 
PO 
PW 
PY 

- H~AN DAILY PROFILE, KW 
- MEAN W~£KLY PROFIL~, 

MEAN YEARLY PROFILE, _ 

OUTPUTS 
VOE VALUE OF ENERGY DELIVERED (STATE), $ 
OVD - DERIVATIVE OF VDE 
Iva - INOICAlOR FOR VDE: 
RE - Pu~ER REQUEST, KW 
L02 - ELECTRICAL LOAD DEMAND, KW 
SRE SUM OF ENERGY DESIRED, KWH 
SOE SUM GF ENERGY DELIVERED, KWH 
PC - CUMULA1IVE PERCENT OF LOAD O~LIVE:RED, _ 
TIMO- LAST lIME A RANDOM SAMPLE WAS USED, HR 
XN - ~OLOREO NOISE SAMPLE, KW 

INPUTS 
10 - TIME OF DAY, HR 
OW - DAY OF WctK (1-7) 
WY - WEEK OF YEAR (I-52) 
XNC - NURMALIZING CONSTANT, _ 
CT - CORRELATION TIME OF RANDOM NOISE, HR 
XMN - MEA_ OF RANDOM NOISE, KW 
STO - SlANOARO DEVIATION OF RANDOM NOISt:, KW 
VE' - VALUE OF ELECTRICAL ENlERGY, $/KWH 
LOI - ELEtTRICAL LOAO DATA FILE INPUT, XW 
PMAX- MAX. INPUT POWER DELIVERABLE, KW 
PO - POWER DELIVERED TO LOAD, KW 
EF - INPUT POWER EFFICIENCY 

DIMENSION PO(l),PW(l),PY(l) 
REAL LOl,L02 
COMMON /CIMPL/ IMPL /CSIMUL/ OUM(6),TJNC.TMAX/CTIHE/TIME 
COHM~ 'COST/CC,CH,tO"V'~DE,LRE . 
DATA AX/.9999~/ 

INIl'lAlIZAl'lON 

ND = PO(2) 
NW = PW(Z) 
~y = PV(2) 

~. BCS 40262-1 

l(q"'"!,!~.~ii;. _ .. ~ ...... __ ., 

IF(IMPL.bT.O) GO TO 10 
IF(XMN.EQ •• 99999)XMN=O. 
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c. 
c 
c 

c 

TMAXi ::; TMAX*.99999 
T1HO=-I. 
SRc: =0.0 
SOE =0.0 
PC =0.0 
CALL RN'XN,AX,~TD,XMN) 
IF'PMAX.E~ •• 99999) PM AX :: l.E 10 

~HECK FOR DATA FILE INPUT 

10 IFCLOl.~Q •• 9999~' GO TO 100 
l02 ::; LOl 
GO TO 150 

C GENERATE: COLOReD NOIS::: SAMPLE XN 
C 

c 
C 

100 IF' TIML.EQ.TIME) GO TO 150 
4=0. 
IFCCT.GT.O.} A = EXP(-TINC/CT) 
WHN= XHN*'l.-A) 
WSD = STD*SQRTCl.-A*A) 
CALL RN(W,AX,WSO,WHN) 
~" :::: ~*A + W 

COMPUTE ELECTRICAL LOAD DEMAND 

DLD ::; T&LUl(TD,PO(4),PDCND+4),1,-NDI 
WlO = TBlUl(OW,PW(4),PWCNW+4},1,-NW) 
YlO - TBlUl( '"'YO, py (4) ,PY(NY+4), 1, -·NY' 
LOl = (OlO+XN)*WLO * YLO*XNC 
TIMO = TIME 

150 RE = AMINllPMAX,L02'/EF 
C PLRFGRMANCE STATISTICS 
C 

c 

264 

IFlIMPL.LE.l) RETURN 
IF(IVD.HE. 0) OVD = PC*Vf 
SRE = SRE + L02*O.~*TINC 
SDE ::; SOi + PO*O.5*TI~C 
IF(SRE.GT.O.) PC ::; 100.*SOE/SRE 

IF(TIMf.LT.TMAXl) RETURN 
C\I =- CV + VOE 
CDE= CDc + sot- PO*0.5*TINC 
CRE: CRE + SRE- LG2.*O. S*TINC 
RETU~ 

END 

LO 
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7.26 MULTIPLY AND ADD 

FIN -
Cl 

C2 

Inputs 
Parameter/Port 

FIN 

Cl 

C2 

Oytputs 

Variable/Port 

F0 

F0=ClifFIN + C2 

Desgription 
, 

Input quantity 

Input quantity 

Input quantity 

Output quant i ty 

Cglcylation SeQyence 

F0 = Cl~fFIN + C2 

BCS 40262-1 
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i 
F0 
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~. 

C.HA 

c 
c. 
~ 
c. 
c 
C 
c 
t 
c. 
c 
c 
C 
C 
Co 
C 
C 
C 
C 
C 

SUBROUTINE MACFO,FIN,tl.C2' 

PURPOS~ TO SlMULA1£ TH~ EQUATION 

H~THOD - SEE COOING 

WR lTTEN BY ADAM LLOYD 

LIMITATIONS - NONE 

INPUT/OUTPUT LIST 

FO OUTPUT VARIABLE 
FIN INPUT VARIASL~ 
C1 CONSTANT MULTIPLIER 
C2 CONSTANT ADDITION 

FO=Cl*FIN + C2 
RI:TURN 
END 

266 
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MA 
OUTPUT=Cl*INPUT + C2 

LATEST REVISION 

ANV 
A~V 

NOV 15 

OUTPUT VAR 
INPUT VAR 
INPUT PARAM 
INPUT PARAM 
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7.27 INJLTIPLY, DIVIDE, AND ADD 

~NA 

fiNB 

(;1 
i 

C2 

C3 
C4 

C5 

Inpu t § 

Parameter/Port 
FNA 

FNB 

Cl 

C2 

C3 

C4 

C5 

OytQuts 

Variabl e/Pgrj; 
F0 

F0=Cl*FNA'" C2*FNB + 

CJ*FNA*FNB + C4*FNA/FNB + C5 

D~§~ri~tlgD , 
Input quantity 
Input quantity 
Input quantity 
Input quantity 
Input quantity 
Input quantity 
Input quant i ty 

Output quantity 

Calculatign Segyence 

F0 = Cl*FNA+C2*FNB+C3~~NA*FNB+C4*FNA/FNB+C5 
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eMS MB 
c i 

C PURPOSI:: - "fa SlMUlA1E THE EQUAl-ICW 
C Y=Cl*XA+CZ*XB+C3*XA*XB+C4*XA/XB+C~ • 

C' 
C' 
C 
C 
(. 

C 
C 
C 
C 
C 
~ 
c . 
c 
c 
(. 

c 
c 
C 
c 
c 

10 
20 

30 

WRITTfN BY - bEORGE OUlE8A lATEST Ri:V IS ICJN 

lIMITAl'IONS - IF FN8=O DURING DIVISION, FNf£ IS SET YO E-20. 
DIAGNOS1IC MESSAGE IS GIVEN. 

INPUT/OUTPUT lI~T 

FO 
N~A 
FNB 
C1 
C2 
C3 
C4· 
C5, 

OUTPUT VAKIABlE 
INPUT VARIABLE A 
INPUT VARIABLE u 
MULTIPLIER 1 
MULTIPLIER 2 
HULlIPLH.R 3 
MULTIPLIER. 4 
ADDlTIVE VAkIABlE 

tOHMUH/ERMES~/IFATAl,IERk 
COMMON/CIO/IREAO~IWRITE,lDIAG 
FO= Cl*FNA + C2*FNa + C3*FNA*FNB + C5 
IF(C4.EQ.O.99999) GO TO 30 
IFIFNO.EQ.O.) GO TO 10 
FO= FO + C4*FNA/FNB 
Rl::TURN 
WRI 1 ElIWRITE,lO) 

ANY 
ANY 
ANY 
ANY 
ANY 
ANY 
ANY 
ANY 

MAY 76 

CUTPUT \ , 
INPUT , 
IN,PU', \ 
INPUT \ 
INPuT \ 
INPUT 
INPUT 
INPUT 

FORMATC/,30X, 53HWARNING- DIVISOR IN HB EQUALS 0., HAS &cEN SeT:l. 
2E-20) 

FO= FO + C4*FMA*1.E+20 
RETURN 
eND 

f 
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7.28 MULTIPLY AND ADD 

FlN 

FHJ 
i 

FIP 

d 
F0=Cl*FIN + C2*fIl) + C3*FIP -t. C4 

C2 
C3 
C4 

Inputs 

Pg:ramet~r/Pgrt D~~!;;rlgtlgD 
FIN Input quant I ty 
FI0 Input quant I ty 
FIP Input quantity 
Cl, Input quantity r C2 Input quantity "t" 

C3 Input quantity 
C4 Input quant I ty 

Oytgy~ 

~51ri5lbl~/Pgrt 

F0 Output quantity 

Calcy1atlsn SeQuence 

I' , 
I· F0 = Cl*FIN + C2*F10 + C3*FIP + C4 
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CMC Me 
c. 
C PURPOSE: - TO SIMULATE: THE EQlJATltN FO=C.l*Fl"+C.2*FIO+('3*FII'+('4 
C. 
C. 
C METHOD - SEE COuING 
(. 

c 
C 
C 
C 
c 
C 
C 
C 
(. 

C 
C. 
C. 
C. 
C. 
C. 
C 
(. 

WRIT fEN BY ADAM llOYD 

LIMITATIONS - NONE 

INPUT /OUTPiUl LIST 

FO QUTPUT VARIAaLE 
FIN INPUT VARIABLE 
FlO INPUT VARIA8L~ 
FIP INPUT VARIABLE 
(,1 ~ONSTANT MULTIPLIER 
(,2 CONSTANT MULTIPLIER 
(,3 CONSTANT MULTIPLIER 
(;4 C.ONSTANT AODIIION 

270 

FO=Cl*FIN+C2*FIO+C3*FIP+C4 
R.t:TUkr. 
END 

lATEST REVISION 

ANY 
ANY 
ANY 
ANY 

MOV 15 

OUIPUT 
INPUT 
INPUT 
INPUT 
INPlff 
I~PUT 
INPUT 
INPUT 

VAR 
VAR 
VAR 
VAR. 
PARAM 
PARAM 
PA~AM 

PARAM 
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7.29 AC INDUCTION MOTOR 

POWER (Pl) :1 I : INPUT MA~. POWER ~ MO ~ 

ROTOR('fplEED (RS)-... ,. ___ ......J 

POWER (P2) 
OUTPUT EFFICIENCY (EF2) 
OUTPUT MAX. POWER (MP2) 

MO 

The induction motor produces mechanical power and torque proportional to 

slip speed, i.e. power and torque approach zero as the rotor approaches syn

chronous speed. Two power losses are modeled: a constant multipl icative term 

due to resistive heating and an additive term due to mechanical friction. 

Default parameters are based on ~ conventional squirrel-cage induction motor/ 
generator machine. 

Basic EQuations 

where 

Pl,P2 = input and output power 

EE = electrical efficiency 

DA = mechanical damping 

C = conversion constant 
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Inputs 

Parameter/Port 

P 1 

DA 

RS 

RSY 

SR 
Vf{J 

RAP 

RAS 

EF 1 

MP 1 

CC 

CM 

Oytput§ 

Variable/Port 

P 

EE 

T0 

PL 

2 

EF 2 

MP 2 

Statistics 

MT 

MPN 

SP 

Description 
Input power 

Mechanical damping (0 = 0) 
Rotor speed 

Synchronous rotor speed (0 = 1800) 

Stator resistance (0 = 8/RAP) 

Rated input voltage (0 = 400) 
Rated input pOWer 

Rated power slip (0 = 0.05) 

Input product efficiency 
8 Maximum input power (0. = 1x10 ) 

Capital cost/year 

Maintenance cost/year 

OutPllt mechanical power 

Electrical efficiency 

Mechanical torque 

Power loss 

Output product efficiency 

Output maximum power 

Maximum torque 

Maximum output power/rated power 
Output energy sum 

o - Default values supplied. 

272 

MO 
i 

~ 
kw 

JOUle-sec 
rpm 

rpm 

ohms 

vol ts 

kw 

- i 

kw 

$ 

$ 

kw 

ft-Ib 

kw 

kw 

ft-Ib 

kwh 
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MO 
CQlcylatign Segyence 

1) Compute electrical efficiency (first pass only) 

I RAT = RAP-l"1000/VO 

2) Diagnostics 

Pl >RAP c> DIAGNOSTiC 

SLIP = 1 - RS/RSY > RAS c> DIAGNOSTIC 

. ,- 3) Output power and power loss 

(, w = RS~I-C 2 'IT 160 ) 

PL = Pl - P2 

4) If P2 > 0 go to 5) 

P1 > 0 c> D I AGNOST I c 

EF2:: EFl, MP2::; MINCMP1,RAP) 

Go to 7) 

5) Compute torque 

k ::; 1.3558 Joules/ft-Ib 
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Calcylation SeQuence Cont. 

6) Efficiency and maximum output power 

EF2= EFl ~f-C P2/ PI) 

MP2 = MINCMPI,RAPHf-CP2/Pl) 

7) Gompute Statistics and Costs 

274 

iis=~~;...·~·:==~.~.~ .... ;~....-...c._ ••.• ~~';;:;;;'.·~~ir.'r':;::.::;,:::z;;;-=-___ .....", __ ~. 

MO 
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CHO 

c 
(. 

C 
C 
C 
C 

, 

SUBRuUTINf MU'P2,EE,10,PL,EF2,MP~,MT,MPN,SP, 
l P1,DA,RS,R~Y,SR,~,RAP,RAS,~Fl,MPl,CC,LM) 

PURPOSE 

METHOD 

AC INDUCTION MOTOR MODEL 

MECHA_ICAl POWfR A~O TORQUE CALCULAT~D 
FftOM INPUT AC POW~it A~O ROTOR SPt:(u 

MO 

C 
C 

WRITTEN BY V.K.CHAN VERSION 1, JUNE: 13, 1917 

1. 

C I 

C. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
L 
C 
C 
C 
C 
C 
C 
C 
C 

I 

~ 
C 
C 
C 
C 

C 

c 

CA,lL 
' i 

SEQU~NC.E 
OUTPOl'S 

Pl -uUT~UT MECHAMICAl POWER,KW 
Ec -ELECTRICAL EFFICIENCY 
TO -MECHANICAL TORQUE, foT-La 
PL -POW~R LO~S,KW 
EF2 -OUTPUT POWi:R Efti'lCIE.NCV 
MP2 -OUTPUT MAXIMUM POWiR,KW 

STAJ'lSllCS 
MT -MAXIMUM TORQUE,Fl-LB 
MPH -MAXIMUM UUTPUT PUWER/RATtO 
SP-OUTPUl PGWtR SUM 

INPUrS 
-INPUT POWER,KW 

POWER 

PI 
OA 
RS 
RSY 
SR 
VO 
RAP 
RAS 
i::Fl 
MPI 
Cc. 
CM 

-MECHANICAL DAMPl~G,JOULE-SEC 
-ROTOR SP~ED,RPM 
-SYNCHRuNUUS RUTOR SPEED,RPH 
-SlATOR Rf:SISTANCE,OHMS 
-RATEJ INPUT VOlTAG~,VOLTS 
-RAllO INPUT POWER,KW 
-RATED PWER SLIP 
-INPUT PRODUCT EFFICIENCY 
-MAXIMUM INPUT POWE,KW 
-CAPITAL CQ~T/YEAR,$ 
-MAINTENANC~ COST/YEAR,$ 

COMMCfi /LIMPL/I"Pl, {CitT /CT IME/TIMEI'CSIMULI'DUMC 7) ,TMAX 
X I'COSlI'CCI,CMI,COP,VOE,TOE,llD,UlV,U10 

REAL MP2.,MT,MPN,MPl 

IFCIMPl.GT.O)GO TO 100 
IFCDA.~Q •• 99999)OA=0. 
If'RSY.EQ •• 99999)~SY=1800. 
IF(SR.EQ •• 99999)SR=8./RAP 
IF(VO.EQ •• 99999)VU=400. 
IF(MPl.EQ •• 99999)HP1=1.EB 
IF(RAS.~Q •• 9999~)RAS=.05 
TMAXl=THAX*.99999 
H1=0. 
HPN::O. 
~P=O. 

TINC=DUM' 7)*.5 

C COHPUT~ ELECTRICAL EFFI~IENCY 
C 

EE=l.-SR*RAP*luOu./IVO*VO) 
100 IFCP1.LE:.kAP*l..OOl )GO TO 200 
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c 
c 
c 

c 
C 
(. 

Ci 

MO IF'IHPL.~Q.2JWRIT~'6'208'Pl'RAP 
208 FORMATCIHQ,18H MUTOR INPUT POWER,F12.3,23H .GT.RATEO INPUT POW~R , 1 Fl2.3) 

IFCIMPL.EQ.2JICNT=lCNT+1 
~OO SlIP=I.-(RS/RSY) 

IF'SLIP.l~.RAS)GO TO 300 
IFCIMPl.EQ.2JWRIT~C6,30&)SLIP'RAS 

306 FORMAT(lHO,llH MOTUR ~lIP,f12.3,25H EXCEEDS RATED POWER SLIP, 
1 Fl2.3) 
IF(IHPl.EQ.2)ICN1=IC~1+1 

COMPUTE POWER AND POWlR lOSS 

300 CMEGA~RS*3.1415~/30. 
P2=E~*Pl-DA*OMEGA*OMEG4/1000. 
PL=PI-P2 
TO=O. 
IFCP~.bT.O.JbO TO 400 
IFCPl.lE.O.)GO TO 409 
IF(IMPL.EQ.2)WkIT~C6'40&)SR'DA 

408 FORMAl'( IHO,J!9H STATOR RE:!)lSTANCE ,F12.3,lZH OR DAMPING, 
XF12.~,20ri TOO HIGH FOR MOTOR ) 
IF'lMPL.E~.2)ICNT=ICNT+l 

EFFlCIENCY AND MAXIMUM OUT'PUT POWER 

409 CONTINUt 
P2=0. 
LF~=i:.Fl 

MP2=AMINICMPl,RAP) 
GO TO 500 

400 EF2=cFl*P2/Pl 
MP2=AHINICMPl,RAP'*P2/Pl 
IF'RS.~E.O.'10=P2*737.6/0MEGA 

c 
c 
c 

500 IFCIHPL.LE.IJRETURN 

c 

c 

276 

STAflSTICS 

MT=AMAXl'10,111) 
MPN=AHAXICP2/RAP,MPN) 
SP=SP+P2*TINC 

IF(TIME.lT.THAX1'RETURN 
eel=CCI .. Cc 
CMI=CHI+(J1 

RETURN 
E:::NO 
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7.30 POWER ACCUMULATOR 

POWER REQU EST 

INPUT POWER 
(Pl,P2,P3,P4 ) 

(REO) 

PRIORITY SEQU 
(PS1,PS2,PS3 

ENCE 
,PS4) 

MAX. POWER 
(MP1,MP2,MP3 ,MP4) 

CY INPUT EFFICIEN 
(EF1,EF2,EF3 ,EF4) 

i 

PA 

- ..' -- --, - ~ " -~ P "< ,I 

, 
, 
i 

i 
, 

PA 

MAX. OUTPUT POWER (MPO) 

POWER REQUESTS 
(RE1,RE2,RE3,RE4) 

POWER OUTPUT (PO) 

This component sums power from four input ports and allocates power re

quests to each port's source of power generation. An input power request 

is allocated according to user-supplied weiyhts within the ports of high

est priority. If an input power request (load) exceeds the maximum power 

that can be delivered by the ports of highest priority, then the remaining 

load is allocated to the next priority ports. (See 1.2.2 and 7c for 

further discussion.) 
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In!;!uts1 

Parameter/Port 

RE 0 

EF 1,2,3,4 

P 1,2,3,4 

PS 1,2,3,4 

F 1,2,3,4 

MP 1,2,3,4 

Out!;!uts 

Variable/Port 

MP 0 

RE 1,2,3,4 

P 0 

SP 

Statistics 

SRE 

PC 1,2,3,4 

Descrietion 

Load request 

Input efficiency from port i 

Input power from port i (default = 0.) 

Priority sequence (default = 1,2,3,4) 

Allocation weight (for equal priorities) 

Maximum power (default = 0.) 

Maximum deliverable power (IMP( 1)) 

Power request for port i 

Power output 

Supplemental power request to meet 
(Power deficit = REO - I MP i ) 

Sum of energy requested 

Percent of cumulative load request 
delivered by port i 

load 

PA 
Units 

kw 

kw 

kw 

kw 

kw 

kw 

kw 

kwh 

% 

1 No capital costs assigned ~:ince this is an allocation component, nota physical device. 
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CALCULATION LOGIC 

• PO I; 1: P ( k ) 
• IF PS(k), 0 SET MP(k) II: 0 k Ii 1,2,3,4 
• MPO I=1IMP(k) 

YES • RECk) ~ MP(k)/EF(k) 1-----...., 

NO 

• INITIALIZE REQUESt LOGIC 
SP a RECk} ~ O. K=l,2.3.4 
RL II: REO 
1=1 ...... _------...,----

N 

• SUM MAXIMUM pmJER Sf.1P FOR 
PORTS WITH PRIORITY I 

ES 

• SP • REO .. MPO 
• GOi TO G) 

YES 

l--~___t~. GO TO FAIR SHARE ALLOCATION 

• SET EACH PRIORrTY I REQUEST 
AT MAX mUM POWER· 

• RL = RL - SMP 

• GO TO a> 

G> (NEXT PAGE) 
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PA FAIR SHARE ALLOCATION 

- ROLD = RL 
-DETERMINE THE SUM SW OF WEIGHTS F(k) FOR PRIORITY I PORTS NOT PREVIOUSLY ALLOCATED 

~DETERMINE FAIR SHARE ALLOCATIONS FR(k) 
I FOR PRIORITY I PORTS NOT ALLOCATED: 
I FR(k) = RL * F(k)/SW 
- IF FR(k) ~ MP(k), THEN SET RECk) = MP(k) 

AND RL = RL - MP(k) 

NO 
t-------.t ... 3 

YES 

- ALLOCATE FAIR SHARE OF REMAINING REQUESTS TO PRIORITY I PORTS NOT PREVIOUSLY ALLOCATED 
RECk) = FR(k) 
RLi= 0 

k = 1,2,3,4 

- COMPUTE STATISTICS SRE, pel ,PC2 ,PC3 ,PC4 

EXIT 
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CPA 

c 
c 
c.. 
c. 
c. 
c 
c 
c 
c 
c 
c 
C 
c 
c 
c 
c 
c 
f,:. 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c. 
C 

c 
C 

C 
C 

C' 
c, 

c 
c 

C 
C 

I 
2 
:3 
~ 
if 
s 
b 
1 
IS 

SUB;ROOTIHE PAC MPO, 
Rt, R2, R3, R.4, 

I PO,SP, 
SR,PCl,PC2,PC3,PC4, 
RO, 
EF1, EF2, cF3, EF4, 
PI, P 2 , P3, P4, 
PRl, PR2, PR3, PR4, 
WI, W£, W3, W4, 
MP1, MP2, MP3, MP4) 

PURPCSE. MOUll POWER ACCUMULATOR 

METHOD. PRIMARY REQUE~T ALLOCATION ReSULTING FRQ,., PRIORITY 
ASSIGNMENTS. SECO~PARY REQUEST ALLOCATIO~ RESULTING 
FROM Wa:IGHT ASSIGNMENIS. 
THAT IS, REQUE~TS AR~ ALLOCATED AtC.ORDIN~ TO: 

* PORT PRIORITY CHIGHi::ST PRIORITY ::: U 
* PORT WEIGHTS (IN CASE OF EQUAL PRIORTIES. ) 

FORMAL ARGUMENT DEFl~lTlON. 
RI, ••• , R4: POWER REQU~STS IN KW (uUTPUTS) 
MPO : TOTAL MAXIMUM POWER 'OUTPUT) 
SP : SURPLUS REQUEST (OJTPUl) 
PO : TOTAL LOAD I~ KW (OUTPUl) 
SR : SUM OF ENERGY REQUESTED, KWH lOJ1PUT) 
PCl, ••• ~PC4 P~RCENT OF CUM LOAD DELIVERED 'OUTPUT~ 
RO : TOTAL POWER REQUE STED, KW (~NPun 
PI, ••• , P4: INPUT POWER IN KW (INPUTS) 
PRl, ••• , PR4 : PORT PRIORITIES '~NPUTS) 
WI, ••• , W4: PORT WtIbHTS (INPUTS) 
MPl, ••• , MP4: MAXIMUM POWERS UNPUTS) 
EFI, ••• , EF4: EFFIC.IENCIE~ (INPUTS' 

COMMON STORAGE 
COMMuN/ CIMPL / IMPL 
COMMON / CSIMUL / DUMlo), TINC, TMAX 

REAL HPO,MPl,MP2,MP3,HP4 

l.OCAL VARIABLES 

R(K) IS THE POWER REQUEST AT PORT K 
REAL R( 4) 

PR(K) IS THE PRIORITY ASSIGNED TO PORT K 
REAL PR( 4) 

WOO IS l'HE WEIGHT ASSIGNED TO PORT K 
Rt:AL W(~) 

,MP(K) IS MAXIMUM POWER TO SE ALLOCATED TO PORT K 
REAL MP(4) 

SWill IS THE SUM OF THE WEIGHTS ASSIGNED TO PRIORITY-I PORTS 
REAL SW( 4) 

!:.HP'1) IS THE SUM OF THE MAXIH~ POWER AT PRIORITY-! PORT'S 
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c 
(. 

C 
C. 

REAL SHP'4) 

FRU lS FAIR SHARE UNIT FOR PRIORITY-I PORTS 

FR (60 IS THE COHPUTE:O FAIR SHAR~ R E:QUEST FOR PORT K 
REAL FRt4) 

Co 
C LL U. THE: LOAD LtFT AT EACH POINT IN THE I1'ERATl~ 

c 
c 

c 
40 

REAL lL,LOLO 

IF IMPL l~ ZERO, THEN AS~I&N DEFAULT VALUES 

IF , IMPL .GT. 0) bO TO 40 
~O - 0.0 
IF ( PRI .EQ. 0.99(99) PRl = 1.0 
IF ( PR2. .EQ. 0.(9999) PRZ = 2 .• 0 
IF , PR3 .i::Q. 0.99999) PR~ :: 3.0 
IF ( PR4 .EQ. 0.99999) PR4 = 4.0 
IF ( MPi .f.Q. 0.99999) MP .i = 0 
IF « MP2 .EQ. O.999iiP9) HPZ :: 0 
If- ( MP3 .EQ. 0.99999 ) MP3 - 0 
IF (MP4 .EQ. n.99999) MP4 = (J 

IF(PI .EQ. .99999 ) Pl=O.O 
IF(P2 .EO. .99999 ) P2.=O.O 
IFCP3 .E.Q. .99999) P3= 0.0 
IF(P4 .t::w. .'I9<'19~ ) P4=0.0 
SR=O .. 
PCl=O .. 
PC2=(J. 
PC3=O. 
PC4=O. 
TINC 1= O.5*11NC. 
L.ONTINUi: 

C IF THE lOTAL MAXIMUM POWER IS .LE. TOTAL POWER 
C REQUESTED, l'HEN SUBMll REQ:ueSTS AT MAX-POWER. ~ET RE:.QUESl 
C SURPLUS EQUAL TO THE DIFFERENCE, AND RETURN 

PO = Pl + P2 + P3 + P4 

C 
C 
C 
C 
C 

IFlPR1.lE.O.O) MPl~O. 
IF'PR2.LE.O.~) MP2=O. 
IF(PR3.LE.O.O) MP3=O. 
IF(PR4.LE.O.O) MP4=O. 
MPO = "PI + MP2 + MP3 + MP4 
IF (HP6 .GT. RO) GO TO 80 

I 

Rl = "'PI/EFl 
R2 = MP2/EF2 
ft3 = MP3/EF3 
R4 = MP4/EF4 
SP = RO - MPO 
GO TO 500 

80 C.ONTINUE 

PRPCEED WITH ALLOCATION ALGORITHM SINCE THE SUH GF 
ALL MAXIMUM POWER INPUl S EXCEEDS THE TorAL REQUf:ST RO 

INIT IALI I.ATION 
LL = RO 
Rl = 0.0 
R2 = o.u 

PA 
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fY> 
'~ I:' 

R3 = 0.0 
R4 - 0.0 
SP ;: 0.0 

c 
C IF THE. TL·TAL REQUeST COR lOAD) IS ZERO, THEN RETuRN 

IF eRO .lE. 0.0) GO TO 500 

C 
C 
C 
C 

C 

C 

C 
~ 
C 

t 

Re l' =RI 
ReZ':.R2. 
Re 3) =a3 
Re.4) =R4 
PR 11) = PRI 
PIU£) = PR2 
PR(3) = PR3 
Pi(4) :. PR4 
WeI) :. WI 
wez) = W2 
W(3) = W3 
W(4) =W4 
MPC 1) = MPI 
HP(2) = MP2 
,"p(3) :. MP3 
MP (4) :. MP4 

ITERATE ON PRluRITY I FOR I = 1, 2, 3, 4 

DO 1000 I = 1, 4 

XI = I 

OBTAIN SUM OF MAXIMUM POWER FOR PORTS ~ITH PRIORITY I 
~MPe 1) = 0.0 
00 100 K = 1, 4 
IF ePRCK) .EO. XI. SMPeI) = SMP(I) + MPCK' 

100 CONTINUE 

IF NO P~IORITY-I MAXIMUM POW~R EXISTS, THEN PROCEED WITH 
THE N~XT HIGHER PRIO~lTY 
IF eSMP(I) .EQ. 0.0) GO TO 1000 

IF THE SUM OF ALL PRIORITY-I MAXIMUM POWER .bT. LOAD 
LEFT, THEN GO AROUND 
IF eSMP(I) .GT. Ll) GO TO 400 

C THE SUM OF All PRIORITY-l MAXIMUM POWER .LE. LOAD 
C LEFT, SO SUBMIT eACH PRIORITY-I REQUEST 

DO ZOO K :. 1, 4 

0 
Cl 

Cl 
Ci 

C, 
C 

C 

IF (PRCK) .EQ. XI' RCK' = MP(K) 
200 CONTINUE 

, UPDATE LOAD LEFT 
LL = Ll - SMPU, 

IF THE REMAINING lOAD IS ZERO, THEN EXI T 'rHE IT(-RATION 
I~ Cll .LE. 0.0) &0 TO 2000 

OTHERWISE, PROCl:ED WllH NEXT HIGHER PRIORITY 
GO TO 1000 
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c 
C 
C 
C 
C 

c 

400 CONTUtUE: 

THE SUM OF TH~ PRIORITY-l MAXIMUM POWER EXCEEDS THE 
LOAD U:FT t SO COMPUTE AND SU8MIT FAIR SHARE REQUESTS 

TO EAtH "RIORITY~I PORT 

600 C.ONTINUE 

C SAVE LL FUR LATER R[FERENCE 
LOlD = LL 

C 
C DI:TERHIHE FAIR SHAkE UNITS FOR ALL PRIORITY-I 
C PORTS TO WHICH NO RcQUi.ST HAS BEEN SUBMITTfAl 

~W CI) :: 0.0 

c 
C 
C. 
C 

c 

00 100 K :: 1, .ft. 
IF 'ReK) .NE. 0.0) GO TO 700 
IF (PR(K) .EQ. XII SWII. = swelt + W(K) 

100 CONT INUE. 
FRU = 1.0 / swel) 

FIRST, SUBMIT FAIR SHARE REQUESTS TO PORT~ FOR WHICH THE 
FAlR SHA~E R£QU~ST EXCEEDS THE MAXIMUM POWER. CONSIDER ONLY 
PORTS TO WHICH NO REQUEST HAS SEEN SUBMITTED 
00 800 K = 1, 4 
IF (R(K) .NE. 0.0) GO 10 800 
IF CPR(K •• N~. Xl) GO TO aoo 

C COMPUTE FAIR SHARE 
FRCK) : IW(K) * FRu) * LL 

C 
C IF FAIR SHAR~ EXCEEDS MAXIMUM POWER, THEN SUuMIT REQUEST 

IF (FR(K) .GE. MP(K) RCK) = MPCK) 
C - - - AND REDUCE LOAD LEFT TALLY 

c 
c 
(; 

c 
c 
c 
c 
c 
C 

C 

IF (fR(~) .GE. MPC~» LL = LL - MPIK) 
800 CONTINUE 

IF LL .NE. LOLO, THEN Ll WAS REDUCED DURING THE 
PROCESSING IN THE DO 800 LOOP ABOVE. THIS CHANGES 
THE FAIR SHARE COMPUTATIoN. IT IS THEREFORE 
NECESSARY Tu GO BACK THROUGH THE DO 800 LOOP IN 
URDER 10 RECONS IDER ANY PORT WHICH MAY NOW 
SATISFY THE REQUIRl::Ml::NT THAT FRCK) .GE •. MP(KI. ONLY 
PRIORI TY-I PORTS TO WHICH NO REQUEST HAS BEEN 
MADE ARE ELIGIBLE FOR RECONSIDERATION 
IF (ll .LT. LOLD) GO 10 bOO 

PA 

C 
c 

FINA lLY, SU8MIT REQUESTS TO THOSE PORTS FOR WHICH THE. FAIR SHAitE 

C 

C 

.L 1. TllAN THEIR MAXIMUM POWER. CONSIDER ONLY 
PRIORIl'Y-I PORTS 10 WHICH NO REQUEST HAS BeEN SUBMITTED 
00 900 K =. l, 4 
IF I R(K) .HE. 0.01 GO TO 900 
IF IPRIK) .IItE. Xl) GO TO 900 
RCK) = FRlK) 

900 CONTINUE 
LL=O.O 
GO TO 2.000 

1000 COIiT INUE 
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C 
2000 

C 
CONTINUE 

C. 
C 

fINALLY. ASSIGN OUTPUTS 10 NON-SUBSCRIPTEO 
ALSO. MODlFY ALL REQUESTS ACCORQING TO THE 
Rl :: Rll) I EFl 
R£ = R(2) I EF2 
R3 :: R(3) I EF3 
R4 = R(4) I EF4 
SP = LL 

500 IF(IMPL.LE.l) RETURN 
SRO= SR 
~R=SR.+ RO*TINCI 
IF(SR.lE.O.) RETURN 
SRO=SkO/SR 
SRI= rINc.l*lOO./SR 
PLl= PCl*SRO + Pl*SRI 
PC2= PCZ*SRO + P~*SRI 
PC3= PC3*~O + P3*SRI 
PC4= PC4*SRG + P4*SRI 
RETURN 
END 
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7.31 POWER DIVIDER 

INPUT POWER (PO 

POWER REQUESTS 
{RE1,RE2,RE3,R 

) 

E4) 

PRIORITY SEQUEN 
{PS1,PS2,PS3,P 

CES 
S4) 

MAX. INPUT POWE R (MP) 

INPUT EFFICIENC Y (EF) 

, 

, 

, 

PD 

PO 

POWER ALLOCATIONS 
(Pl ,P2,P3~P4) 

MAX. OUTPUT PO~IER 
(MP1,MP2,MP3,MP4) 

TOTAL POWER REQUEST (REO) 

SURPLUS POHER (SP) 

This component allocates power to four ports plus surplus based on priority 

and allocation weights for equal priority ports. Each port is assigned a 

priority sequence from 1 to 4, and a weighting F i '> 0, i=1,2,3,4 for propor

tional allocation among equal priority ports. If power available exceeds 

the power requested for the ports of highest priority, th~n the remaining 

power is allocated to ports h~ving the next highest priority. If power 

available is less than t~e power requested for ports of equal priority, 

then power is allocated among them in proportion to their respective allo

cation weights. 

The total power request is the sum of the port requests divided by input 

efficiency. The maximum power outputs MP1, ••• MP4 are necessary for direct 
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PO 
connections to a power accUlllulatOt' PA. rhest~ vaY'iables may be used as 
ma:xilllum powel" inputs to other' components t although such connections in~e 

not ,requil'ed • (See 1.2.2 and 7c for further discussion.) 

trwut§.l 
P aNmeter ,Pm't 

9 , D~s Cr' i [tt9!l 
P 0 Input: powel' 
RE 1!2!3!4 Power request of output ports 
PS 11,2.3,4 PI'iOt'ity sequence (default • 1.2~3,4) 
F 1,2,3.4 Allocation wt:l'ight (fen' equal pl'ioY'ities) 
MP Maximum input POWtW (default. PO) 
EF Input efficiency 

.qutQlIts 
,~al') ab le/POl't 

P 1,2~3!4 Output POWEH' fOt, Pot't i 
RE 0 Output power l'eqllest 
MP 1,2!3,4 Output maximum power bMed on MP 

, Statistic§, 

SP SlH'P lus power 

I No . capita 1 costs ass i gnad since this is an all OCa t i on component. 
not a physical device. 
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kw 

kw 

kw 

kw 

kw 

kw 
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CALCULATION LOGIC 

• WT(k) • 1 
• IF PS(k) := 0, RE(k) IS 0 

• R'EQ = ERE{k) 

k • 1.2.3.4 
Ie. • 1.2.3.4 

YES ·P(k) • RECk) 
C REO~ PO ? \J--~~--~- PL • PO ... REO 

~GO TO CD 
NO 

-INITIALIZE ALLOCATION LOGIC 
pet) • 9 k· i,2.3.4 

I = 1, PL" PO, MPA = MP 

NO ( 
\.. 1~------------------~ 

• SUM REQUESTS SR AND WEIGHTS 
WT FOR ALL PORTS WITH PRIORITY I 

MP(k) = MPA*F(k)/WT 
MPA = MAX(MPA-SR,O.) 

<PVES 
I,. 4 1 

I 1-1+1 J 

( REO~PO OR 
SR = 0 ? 

~ __ ~YE~S~ _______________ ~2 

NO 

( SR ~ PL ? 
NO • GO TO FAIR SHARE 

~-~----~ ALLOCATION a> 
YES 

• FOR EACH PRIORITY I PORT. SET 

P(k) '" RECk) 

• UPDATE POWER AVAILABLE PL 

-GO TO ~ 

(NEXT PAGE) 

PD 
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/If PO FAIR SHARE ALLOCATION 
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3 

POLO = PL J 

• DETERMINE THE SUM SW OF WEIGHTS 
F{ K) ASSIGNED TO PRIORITY - I PORTS 
NOT PREVIOUSLY ALLOCATED 

e,DETERMINE FAIR SHARE FR(K} FOR PRIORITY - I. 
NON-ALLOCATED PORTS. 

FR(K) = (F(K)/SW)* PL 
e IF FAIR SHARE FR(K) EXCEEDS REQUEST RE(K), 

THEN ALLOCATE AMOUNT REQUESTED AND REDUCE PL 
BY AMOUNT ALLOCATED. 

(IS P~ = POLO? /I"-__ N_O ----tl-"' 3 

" -
YES 

eALLOCATE FAIR SHARE OF REMAINING 
POWER TO PRIORITY I PORTS NOT 
PREVIOUSLY ALLOCATED 

SP = PL IF IMPL>l 

REO ~ MIN(REO,MP)/EF 

I 

EXIT 

, " 
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CPU 

c. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
(. 

C 
C 
C 
C 

290 

SUBROUTINE poe 
1 
2 
3 
4 
5 
(;, 

Pl. P2. Pl. P4. 
RO. 
SP,PMl.PM2,PM3,PM4. 
PO. 
1'1, R2, R3, R4. 
PR1, PR2, PRJ, PR4, 
Wl. W2. W3. W4. PM.EF' 1 

PURPOSE. MODEL POW~R DIVID~R 

METHOD. PRIMARY FLOW ALLOGATION RESULTING FROM PRIORITY 
ASSIGNHeNTS. SECONDARY FLOW ALLOCATION Rt:SUlTING 
FROM WEIGHT ASSIGNMENTS. 
THAT IS. TOTAL AVAILABLE POWER IS ALLOCATED 
ACCORDING TO: 

* PORT RI::.QUESTS 
* PORT PRIORITY 'HIGHeST PRIORITY = I' 
* PORT WEIGHTS (IN CASE OF EQUAL PRIORTIES' 

ALLOCATIO~ SCHEME. 
IS SUM OF ALL REQUESTS .LT. POWER AVAILABLE PO 
YES. 

FULFILL EACH REQUEST 
UPDATE POWER AVAILABLE 
EXIT 

NO. 
IS SUH OF ALL P~IORITY-l REQUESTS .LT. PO 
YeS. 

FULFILL EACH PRIORITY-l REQUEST 
UPDATE POWER AVAILABLE 'TO PL) 
GO ON TO PRIORITY-2 REQUESTS 

NO. 
ALLOCATE FAIR SHARE TO EACH PRIORITY-l PORT 
EXIT. 
I~ SUH OF ALL PRIORITY-2 REQUESTS .LT. PL 

AND SO ON AND SO FORTH 

FORMAL ARGUMEHT DEFI~ITION. 
Pl, ••• , P4: POWER ALLOCATIONS IN KW (OUTPUTS' 
RO : TOTAL POWER REQUESTED (OUTPUT) 
SP : SURPLUS POWER 'OUTPUT) 
PHl •••• ,PH4: PORT MAXIMUM OUTPUT POWER IN KW (OUTPUT) 
PO : TOTAL POWER INPUT IN KW (INPUT) 
PM : MAXIMUM INPUT POWER IN KW (INPUT) 

EF : INPUT EFFICIENCY lINPUT' 
RI._ •• , RLt·: PGRT REQUESTS IN KV (INPUTS) 
PRi ••••• PR4 : PORT PRIORITIES CINPUTS) 
Wl ••••• W4: PORT WEIGHTS (INPUTS) 

COMMON STORAGE 
COMMON/ CIHPL / IMPL 

LO('A L VARIABLES 

P'K) IS THE POWER ALLOCATED TO PORT K 

PO 
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I 
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C 
c 

c 
C 

c 
C 

C 
C 

C 
C 

C 
C 
C 
C 

C 
C 

C 
C 

C 

C 

REAL P(4' 

RCK) IS TH~ POWER REQUtST AT PORT K 
REAL R(4) 

PRCK' IS THE PR!CRITY ASSIGNED TO PORT K 
REAL PRe 4) 

WiK) IS THE WEIGHl ASSIG~ED TO PORl' K 
REAL W(4) 

~WU' IS THE SUM OF THE: WEIGHTS ASSIGNED TO PRIORITY-I PORTS 
REAL SW( 4·) 

SRCI) IS THE SUM OF THE REQUESTS AT PRIORITY-! PORTS 
RE:AL SR C 4) 

FRU IS FAIR SHARI: UNIT FOR PRluRITY'-! PORlS 

FRCK' IS THE COMPUTED FAIR SHA~~ ALLOCATION TO PORl K 
REAL fR' 4) 

PL l~ THE POWE~ LEFT AT EACH POI~T I~ THE: ITERATION 
REAL PL 

IF IHPL IS ZeRO. lHEN ASSIGN DEFAULT VALUES 
IF C IMPl .GT~ 0' {'G TO 40 
Rl = 0.\1 
R2 = 0.0 
R3 = 0.0 
R4 = 0.0 
IF ( PiU .EQ. 0.99999' PRl = 1.0 
IF ( PRl .EQ. 0.9994)9' PRl = 2.0 
IF , PR3 .E:Q. 0.99999) PR3 :: 3.0 
IF ( PfC.4 .EQ. 0.99999' PR4 = 4.0 

40 CONT INUE 

C IF THE T01'AL POW~R RE:QUi:S1'E.D IS .LE. TOTAL POWE.R 
C INPUT, THtN SATISFY REQUESTS, SET POWER SURPLUS 
C fQUA L TO THE DIFFEREatCE t 

IFtPRl.Lt.O.O. Rl=O.O 
IFCPR2.LE.0.O) R2.=O.O 
IF'PR3.l~.O.O) R3=O.O 
IFCPk4.lE.O.0) R4==0.O 

C 

RO == R 1 + R l. + R 3 + R 4 
IF eRG .61'. Pu) GO TO 80 
PI :: Rl 
Pl :: R2. 
P3 :: R3 
P4 = R4 
PL = PO - RO 
GO TO 60 

80 CONT INUE 

C PROCEED WITH ALLOCATION ALGORITHM SINCE: THE SUH OF 
C ALL REQUESTS EXCEEOS THE TOT AL AVAILABLE; POWER PO 
C 

PO 
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C 

C 

c 
c 
c 
c 

c 

bu 

INIIIALllAT 10M 
PL - PO 
PI ;:; 0.0 
P2. = 0.0 
P3= G.O . 
P4 :' 0.0 

PMA= PM 
IFCPM.EQ. .99999' 
P(U = PI 
P(l) = P2 
P(3) :. P3 
rl4' :. P4 
R(l) = Rl 
R(2.) = 11.2 
R(3 ) :. R3 
R(4' = 1(4 
PRe 1) =- PRI 
PR(l' = PRl 
PR(3 , = PR3 
PR(4' =- PR4 
well = WI 
W(l) = W2. 
W(3) =- W3 
W(4) =- W4 

PMA=PO 

ITERATE: (.!N PRoIOIU TY I FOR 1 = I, 2., 3, 4 

00 1000 I = 1, 4 

Xl = 1 
C uBTAIN SUM OF REQUE~TS FROM PURTS WITH PRIORITY I 

SRU) = 0.0 

C 

c 

WT=O.u 
00 100 K = 1, 4 
IF (PR'K) .E:Q. Xl) SR(l) = SR'I) + R(K) 
IF(PR(K) .~Q. XI) WT= WT+ Y(K) 

100 CONTINUE 

IF(PRI .tQ. Xl) PMI= PMA*WI/WT 
IF( PR2.E:Q. XI) PH2= PMA*W2/WT 
IF'PR3 .EQ. XI) PH3= PMA*W3/WT 
IF(PR4 .~Q. Xl) PH4= PHA*W4/WT 
PHA= AMAX1( PMA- SR(I),O.) 
IFCPL.LE.O.)GO TO 1000 

C ~F NO PRIORITY-! RtQUESTS EXIST, THEN PROCEED WITH 
C THE NEXT HIGHER PRIORITY 

C 

IF (SR'I) .E:Q. 0.0) GO TO 1000 
IF'RO.LE.PO) GO Tu 1000 

C IF THE SUM OF ALL PRIORITY-I REQUESTS .GT. POWER 
C AVAILABLE, THEN GO AROUND 

IF 'SR.'l) .GT. PL) GO TO 400 
c 
C THE SUM OF ALL PRIORITY-I REQUESTS .LE. POWER 
C AVAILABLl:., SO FULFILL EACH PRIORITY-I REQUEST 

PO 

t 
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c 
c 

c 

C 

C 

DO 200 K = 1, 4-
IF (PR(K' .EQ. XI) P(K' = RCK' 

200 CONTINUE: 

UPDATE POWER AVAILABLE 
PL .: PL - SRU) 

bU TCJ 1000 

400 CONTINUE 

C THE SUM OF THE PRIOR1TY-I REQUESTS EX'EEDS THE 
C POWER AVAILABLE. SO COMPUTe AND ALLOCATE FAIR 
C ~HARE TO EACH PRIURITY-I PORT 
C 

600 CONTINUE 
C 
C ~VE PL fOR LAT~R KEFERENCE 

POLO.: PL 
c 
C OEl'ERMINE FA I R SHARE UNIT S FOR ALL PRIORll"Y-I 
C PORTS FOR WHILH NO ALLOCATION HAS BEEN MADE 

SW(I) = 0.0 

C 

00 700 K = 1, 4-
IF (P(K) .NE. 0.0' GO TO 700 
IF (PRCK) .~Q. XI) SW(I) .: SWIll + WIK' 

700 CON1'lNUc 
FRU = 1.0 / SWell 

C FIRS1, ALLOC.ATE FAIR SHARE TO PORTS FOR WHICH THE. 
C FAIR SHARE eXCEEDS THE REQUEST. CONSIDER ONLY PRIORlfY-I 
C PORT~. A~D CONSIDER ONLY PORTS TO WHICH ~o ALLOCATION 
C HAS YEl BEi.:N MADE 

00 800 K .: 1, 4-

C 

IF (PLIO .NE. 0.0) GO TO 800 
IF (PRCK, .NE. XI) GO TO bOO 

C COMPUTE FAIR SHARE 
FRIK) = (WCK) * FRU) * PL 

c 
C IF FAIR ~HARE EXCEEDS REQUEST. THEN FULFILL REQUEST 

IF (FR ( K' • Gi:. R' K', P (10 :: R ( K) 
C - - - AND REDUCE: AVAIl.ABLE POWER 

C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

IF (FR(K' .GE. R(K) PL = PL - PIK) 
800 CONTINUE 

IF PL .NE. POLO. THEN PL WAS REDUCED DURING THE 
PROC~SSING IN THE DO 800 LOOP ABOVE. THIS CHANGES 
THE FAIR SHARE C.OMPUTATION... IT l~ THEREFORE 
MECf::SSARY TO GO BACK THROUGH THE DO 800 LOOP IN 
ORDER TO RECONSID~R ANY PORT WHICH HAY NOW 
SATISFY THE REQUIREMENT THAT FR(K) .GE. RCK). ONLY 
PRIORITY-! PORTS FOR WHICH NO ALLOCATION HAS BEEN 
MAD~ ARE ELI&IBLE FOR RECONSIDERATION 
IF CPL .NE. POLO) GO TO bOO 

FINALLY, ALLOCATE POWER TO THOSE PORTS R~QUESTING 
HOR~ THAN THEIR FAIR SHARE. CONSIDER ONLY 

PD 
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C P~IORITY-l PORTS FOR WHICH NO ALLOCATION HAS BEEN MADE 
00 900 K = 1, 4 
IF IP(K) .H~. O.G) GO TO 900 
IF (PRC K) .Nf;. Xl) GO TO 900 
P(K) = FR'K~, 

900 tONTINUE 
PL = 0.0 

C. 
IOuO 

C. 
C 
C. 
C. 

294 

CONT I~UE 

FINALLY, ASSl~ OUTPUTS 
FQRMAL PARAMETeRS 
PI ::; PCl) 
P2, = P(z) 
P3 = P(.l) 
Pft. = P(ft.) 
IF(lMPL.GT.l) SP=Pl 
RO=AMINI(RO,PM)/fF 
lU;;TURN 
ENlJ 

TO NON-SUBSCRIPTcO 
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7.32 PRIORITY INTERRUPT 

INT 
PSI 
PS3 

-
PI 

-
~ PS2 

- PS4 

This component is used by the storage components to change priority of the 

power requests when minimum or maximum capacity is approached. 

Inputs 
Parameter/Port 

PS 1 

PS 3 

PMX 

INT 

Outputs 
Variable/Port 

PS 2 

PS 4 

Equations 

PS2 = PSI 
PS2 = PMX 
PS2 = 0 
PS4 = PS3 
PS4 = 0 

Description 

Input priority for PS2 output (O to 4) 

Input priority for PS4 output (default=PS1) 

Maximum priority for PS2 (default = 1) 

Interrupt flag (0,-1,1) 

Output priority for charge cycle 

Output priority for discharge cycle 

if NT=O 
if NT>O 
if INT<O '. 

\ 
\. if INT~O ", 

if INT>O 

PI 

BCS 40262-1 
295 



I. 

CPI PI 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

PURPOSti. CHANGE PRIORITY OF POWER ALLOCATION TO STORAGE COMPONENTS 

WRITTEN BY A.W.WARREN VERSION 1, APRIL 14 19~ 

CALL SEQUENCE, 

REAL INT 

Ij'~"£ - OUT PUT PR lOR ITY (0 TO 4) 
PS4 - OUTPUT PRIORITY (COMPLEMENT TO PS2' 
PSI - INPUT PRIORITY FOR PSt2. 
PS3 - INPUT PRIORITY FOR PS4 
PMX - MAXIMUM PRIORITY FOR PS2 
INT - INTERRUPT FLAG 

0::. NO INTERRUPT 
1= INCREASE ALLOCATION PRIORITY 

-1= DECREASC ALLOCATION PRIORITY 

COMMON /CIMPL/IMPL 
IFCIMPL.GT.O) GO TO 10 
IFCPS3.EQ •• ~99991 PS3=PSl 
IFCPMX.fQ •• ~~999'PHX_I. 

10 P!:.2=PSI 
PS4=PS3 

296 

IFCINT.GT.O.) PS2=PHX 
IFCINT.LT.O.) P52=0. 
IFCUn'.GT .u) PS4= O. 
KETURN 
END 
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7.33 HYDRAULIC PUMP 

INPUT POWER (Pl) 

MAX. INPUT POWER 
(MP1) 

INPUT EFFICIENCY 
(EFl) 

PU 

1-.- MASS FLOW RATE (M) 

J--.- MAX. OUTPUT POWER (MP2) 

t--.. OUTPUT EFFICIENCY (EF2) 

The hydraulic pump model is based on a constant speed design. The pump is 

assumed to be designed to a nominal operating point and input power. For 

off-design performance the pump efficiency is assumed to be functionally 

related to the square root of the mass flow rate. 

Basic EQuations 

The putput mass flow rate is based on the equations 

M = Pl*EFF/(Cl*C2*Hl) 

EFF = 1 - (l-EFD)*SQRT(MD/M) 

where Cl, C2 are conversion constants 
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Inputs 

Parameter/Por..!. 
P 1 

H 1 
EFO 
11{) 

EF 

MP 

NM 

CK 

F0 

Y 

1 

1 

Oytpyts 

Variable/Port 

M 

EFF 

CC0 

EF 

MP 

Statistics 

M2U 

2 

2 

Oescr i pt i 00 

Input power 

Height of water above inlet 

Pump IJfficiency at design pt. (D = 0.90) 

Mass f I ow rate at des i gn pt. (0 = 2>(105 ) 

Input product efficiency 

Input maximum Charging rate 

Maximum allowable mass flow rate (0 = 3Xl05 ) 

Pump capacity cost coefficient 1 (0 = 0.011) 

Pump exponent for cost calculations (0 = 0.5) 

Units 

kw 

ft 

gal/h 

kw 

gal/h 

Pump head exponent for cost calculations (0=0.25) -

Output mass flow rate 

Pump e ff i c i eDcy 

Pump cost/year 

Output product efficiency 

Maximum output power 

Maximum output mass flow rate 

gal/h 

$ 

kw 

gal/h 

PU 

o - default values 

lCK = capital cost (known unit)/«MD*481.2)**FO*H1 **y * expected life time) 
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PU 
The calculation sequence and default values assume a constant speed hydraul ic 

pump nominally rated for 120KW and located 200 ft. below a reservoir. The 

equations relating the various physical quantities and the cost estimates 

are based on first prin~jples and the data presented in Reference 1, and the 
cost estimates on Reference 2. 

Calcylation Segyence 

C1 = 0.377*10-6 kwh 
ft-Ib' 

C2 = 8.3398 Ib/gal 

1) Costs (first pass only) 

1. 

2. 

L. Marks and T. Baumeister, "Mechanical Engineers Handbook", McGraw Hi II, 
N.Y., 1958, Section 14, p. 19. 

Carson and Fogleman, "Comparison of Methods for Converting Existing Power 

Plants to Pumped Storage Facil ities", International Engineering Company, 
Inc., 1974. 
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Calcylatlon SeQyence Cont. 

2) Mass flow rate and pump efficiency 

If Pl ~ 0 t set EFF = 1, M = 0 and go to 3' 

Solve the basic equations for M and EFF using: 

where 

3 X -XA+B:::O 

A ::: P11 (Cl~t-c~~Hl) 

B ::: A-ll-( 1-EFD )-If vms 
M = X2 

EFF = 1- (l-EFD)-l1- ~/X 

3) Product efficiency and maximum charge rate 

EF2 == EF1-lttFF 

MP2 ::: MIN (MP1-lttFF , MWl'Cl *C2*HU 

4) Compute Statistics and Costs 

300 

, 

PU 
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CPU 
SUBROUTI~~ PUCM,EFF,CC,EF2,MPl,M2U,Pl,Hl,EFO,"O.EF1,"Pl,MM 

1 ,CK,FO,Y) 

PU 
PU~OSt:: PERFORMANC~ OF HYDRAULIC PUMP 

c 
c 
c 
C 
C 
C 
C 
C. 
Cl 
Ci 
C 
c! 
CI 
Ci 
C 
C 
C 
C· 
c' 
C 
C 
C 
C 
C 
C 
Ci 

ME'fHOD COMPUTE PUMP FLGW RATES ASSUMING. CONSTANT SPEED WITH 

EFFICI ENC Y A FUNCTION Of' SQRTC FLOW RATE) 

WRITTEN SF F. O. MAHONY VERSION 1, MARCH 2.9 1977 

C· 
C 
C 
C 

C.~LL SEQUENC.E 
OUT'PUTS 

H - OUT'PUT MASS FLOW RATE, GAL/HR 
~FF- PUMP EFFICIENCY 
tc - PUMP COST/YEAR, $ 
EF2 - OUTPUT PRODUCT ~FFICIE:NCY 
HP2 - MAXIMUM OU1PUT CHARG.E: kATE, KW 
M2U - MAXIMUM OUTPUT MASS FLOW RA TE, GAL/HR 

INPUTS 
Pl 
HI 
EFD 
Hu 
EFI 
MPI 
MM 
CK 
FO 
Y 

- INPUT POWER, KW 
- HEIG.HT OF WAT~R ABOVE INLET, FT 
- PUMP EFFICIENCY AT DESIGN POINT 
- MASS FLaw RATe. AI' Oi:SIGN !'~OINT, l7Al/HR 
- 1~"UT PRODUCT EFFICIE~CY 
- IN1PUT MAXIMUM CHA~GING RATE, KW 
- MAXIMUM ALLOWA6L~ MASS FLOW RATE, GAl/HR 
- PUMP CAPACITY COST CUEFFICIENT 
- PUMP EXPONENT FOR COST CALCULATIONS 
- PUMP HEAD EXPON~NT FOR COST CALCULATIONS 

C 
eOMM~ /CIMPLlIMPL /CTIME/TIME/CSIMUL/OUM(7"TMAX ICOST/eCI 

c 

c 

C 

c 
C 

~EAL M,HP2,M2U,HO,MPl,HM 

lFUMPL.G.T .. O)GO TO 100 

TMAX1=THAX*.99999 

Cl::: 3.1441E-6 

IFlEFD.EQ •• 99999)EFO=O.9 
IFCHD .EQ •• 99999'MO =2.0E5 
IFCMP1.EQ •• 99999)MPl=I.E8 
IFtMM .EQ •• 99999'MM =3.0E5 
IFCCK .cQ •• 99999JCK =0.011 
IFCFO .EQ •• 99999)FO =O.~ 
IF'Y .EQ •• 99999)Y =0.25 
CC =CK*CH0*481.2)**FO*Hl**Y 

H2U =0.0 
100 EFF= 1.0 

M= 0.0 
IF(PI .LE. 0.0) GO TO 200 

SOLVE CUBIC EQUATION FOR M AND EFF 
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c 

c 

c 
c 
c 

C 

c 
c 
c 

c 

c 

C 

A3:: -P1/CC1*HU 
A~ =-A3*(1.O-~FD'*SQRT(HO' 

tALL CUBICCA3,A4,ANS' 
IF(AHS.LE.O.' GO TO ~OO 

M ::.ANS**2 
EFF::.l.O-(l.O-EFD'*SQRT(HDJ/ANS 

PRODUCT ~FFICIENtY AND CHARGE RATe 

200 EF2:::.EF1*EFF 
MP2=AMINl(MP1*EFF,MM*Hl*Cl' 

302 

,IFlIMPL.LE.l'RETURN , 

STATISTICS 

M2U=AMAXl(M2U,H J 

IF'TIME.LT.THAXl)R~TURN 

CCI=C(I+CC 

Rf=TUR~ 
I:.NO 

PU 
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:(. 7.34 SOLAR-PHOTOVOLTAIC ARRAY 

Ce 11 Tempe ra t ure (TC ) 

Solar Insolation (ST) 

Input Tenninal Voltage (vT) 
PV 

Cell Efficiency (EF1) 

Power Output (P) 

PV 

Power Tracker Effi ciency (EF2) 

The photbvoltaic cell is modeled by the circuit below. Powet' is delivered 

at terminal voltage V and is dependent on the cell 'temperature and insola

tion. Default for V is the maximum powet' point. A square array of solar 

cells is assumed with both parallel and series connections. 

RS 

IL~--V}--f --.j~-I 
BASIC SOLAR CELL MODEL 

Basi c Eguat; ons 

Output current I as a fUncti on of termi nal voltage Vis given by the 

implicit relation 

I = IL + 10*(1-EXP( (V+I*RS)*QBK/(T+273))) (1) 
where 
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IL = light current (amps) 

10 = diode reverse saturation current (amps) 

T = temperature (oC) 

RS = internal resistance (ohms) 

PV 

QBK = device constant (default = electron charge/Boltzmann's constant) 

The light current IL is computed by a bivariate expansion of insolation and 

cell temperature. It has been reported that this model fits observed solar 

cell characteristics within 5% at high temperatures and insolations and 

within less than 1% under more moderate conditions (ref. 2). The reverse 
saturation current 10 is given by 

I~(T} = KD*AO*((T+273)**3)EXP(-EGO/(T+273» 
(2 ) 

where 

KD = a device constant 

AO = a material constant 

EGO = band gap at OOK/Boltzmann's constant 

Tables Description 

EFF 

~p 

304 

Efficiency of maximum power tracker versus 
fractional load (default table provided) 

Optimum cell power versus insolation and I 

temperature (computed table) 

Optimum cell voltage versus insolation and 
temperature (computed table) 

Units 

kw 

volts 
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Inputs/Port 

VT 

TC 

TL* 

TH* 

TR 

ST 

SL* 

SH* 

SR 

RC 

AA 

NS 

NP 

11* 

12* 

13* 

* 

Description 

Array terminal voltage (default = maximum 
power voltage) 

Cell temperature 

Low temperature value (default = 28) 

High temperature value (default = 120) 

Temperature range (default = TH) 

Collector solar insolation 

Low insolation value (default = 1000) 

High insolation ~alue (default = 25000) 

Insolation range (default = SH) 

Concentration ratio (default = 25) 

Total illuminated cell area 
(default = .00015*NS*NP) 

Number of cells in series (default = 300) 

Number of cells in parallel (default = 500) 

Cell short circuit current at TL,SL 
(default = .06) 

Cell short circuit current at TL,SH 
( defau lt = 1. 5 ) 

Cell short circuit current at TH,SL 
(default = .06) 

Units 

volts 

°c 
°c 
°c 
°c 
w/m2 

w/m2 

w/m2 

w/m2 

Amps 

Amps 

Amps 

These inputs may be ignored if ILl,DS,DT,DST,KD coeffiCients are suppl ied. 
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Inputs/Port 
(cont'd) 

14* 

V1* 

RS i 

AD 

EGO 

ILl 

DS 

DT 

DST 

KD 

CF 

QBK 

RAP 

CC 

CM 

Description 

Celil short circuit current at TH,SH 
(default = 1.56) 

Cell open circuit voltage at TL,SL 
(default = .6) 

Cell internal resistance (default = .055) 

Material constant (default = 1.54E33 for silicon) 

Band-gap at OOK normalized by Boltzmann's 
constant (default = 1.4E4 for silicon) 

Coefficients in bivariat.e expansion for the 

light current IL. If not provided, they 

will be computed from the inputs 11, ••• ,14, 

Device constant, if not provided will be 
computed from Il,V1 

Lens I'adiation transmission coefficient 

Dev ice constant (defau 1 t = 1.161E4) 

Rated power of maximum power point tracker 
(default computed) 

Capital cost/year/unit cell area 

Maintenance cost/year 

Units 

Amps 

Volts 

Ohms 

m2v- i 

m2W-1 

1/oC 

m2/woC 

kw 

Note: Minimum input parameters to specify PV are cell area AA, number of 
cells in series NS and in parallel NP, concentration ratio RC, and rated 
power RAP. These parameters must be consistent with those for the 
collector model FO or FP. 

* These inputs may be ignored if ILl,DS,DT,DST,KD coefficients are supp 1 i ed. 

PV 
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output/Port Description 

V Array terminal voltage 
p Array output power 

I Array output current 

EFI Solar cell efficiency 

EF2 Maximum power tracker efficiency 

Statistics 

SP Sum of energy delivered 

Cal~ulation Sequence 

First Pass 

1) Compute parameter KD (if not input) 

KD = 11/ [AO*( (TL+273)**3 )*EXP( -EGO/(TL+273) )*( EXP( QBK*Vl/ 

(TL +273)) -EXP( QBK*Il *RS/(TL+273)))] 

2) Compute coefficients ILl,DS,DT,DST (if not input) in the light 

current bivariate expansion in temperature T and insolation S: 

Define 

Then 

IL = IL1*S*(1+DS*(S-SL)+DT*(T-TL)+DST*(S-SL)*(T_TL)) 

FIL(I,T) = I-IG(T)*(l-EXP(QBK*I*RS/(T+273))). 

ILl = FIL (Il,TL)/SL 

OS = (FIL(I2,TL) - ILl*SH)/(IL1*SH*(SH-SL)) 

DT = (FIL(I3,TH) ILl*SL)/(ILl*SL*(TH-TL)) 

DST = (FIL(I4,TH) - IL1*SH-IL1*SH*DS*(SH-SL) 

- IL1*SH*DT*(TH-TL))/(IL1*SH*(SH-SL)*(TH_TL)). 

BCS 40262-1 

PV 
Units 

Volts 

kw 

Amps 

k\~h 

(3) 
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PV 
3) If a terminal voltage VT is not input, calculate the optimal cell 

voltage V=0V(S, T) with S ranging through 10 values equally spaced 

between 0 and SR, and with T ranging through 10 values equally spaced 

b~tween 0 and TR, resulting in a 10 x 10 matrix 0V(S,T). The calcula-, 

308 

tion is as follows: Given Sand T, the open circuit voltage VOC is 

given by 

VOC = (T+273)*ALOG(1+IL/I0)/QBK, 

where IL and 10 are computed from (2) and (3). 

A binary search is performed in the range from 0 to VOC. For a value V 

in this range, Newton-Raphson iterations are used to solve for the 

terminal current I satisfying (1). The corresponding power P (in kw) 
is 

P = I*V/1000 • 

Th~ iter.ative search process to maximize P is given by 

(if Take the initial interval [VL,VH] to be [O,VOC]. 

(ii) Compute a numerical derivative of P at the midpoint VM of 

[VL, VH]: 

pi = (P(VM+1E-5)-P(VM»/lE-5 

(iii) If pi ~ 0, set VL = VM. 

If pi < 0, set VH = VM. 

i,'..c__._. . .---.- -~".,. .-.-...... -~;:;;;;;;;;;iiiiiiii1ii_ .. " ..... ilii'!' ___ ="""""" __ _ ~ iLiii~iibM·~t~~ -r-.:.~Jt.~· . rt_ ~_~;,. .... ~.!~~a 
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(iv) IfVH-VL > 2E-5 and the number of iterations performed 

go to (ii). Otherwise P is maximized and 

(.lJV(S,T) = VM 

(.lJP(S,T) = P 

PV 
is 10, 

The 10 x 10 matrices 0V(S,T) (optimal cell voltage) and (.lJP(S,T) (maxi

mal cell power) are stored for use in subsequent passes. 

Subsequent Passes 

4) Compute insolation S at the cells 

S = ST*RC*CF 

5) If terminal voltage VT is not input, the cell terminal voltage V and 

power P are obtained by interpolation from the arrays 0V(S,T) and 

(.lJP(S,T). (A diagnostic is printed if S ~ SR or TC > TR). 

6) If VT is used as an input voltage, then the cell voltage and power are 

determined using 

V = VT/NS 

I = IL(S,TC) + 1(.lJ(TC)*(I-EXP(QBK*(V+I*RS)/(TC+273))) 

P = I*V/I000 

7) Array outputs prior to max'imum power tracker: 

BCS 40262-1 

V = V*NS 

P = P*NS*NP 

I = P*lQOO/V 

EF1 = P*1000/(S*AA) 

EF2 = 1. 

if S>O 
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8) If the maximum power tracker is used, 

EF2 = EFF(P/RAP) 

P = P*EF2 

REFERENCES FOR PV 

... F h' ......... 

PV 

1. J. K. Linn, "PhotoYoltaic System Analysis Program-SOLCEL," Sandia 
Laboratories Report SAND77-1268, 1977. 

2. L. H. Goldstein an1 G. R. Case, "PVSS-A PhotoYoltaic System Simula
tion Program," Sandia Laboratories~ 1976. 
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C 
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PV SlJ8RCU1'lNE PV( EFF.OP.OV, V,P, J, EFl, EF~,!)P, IVT,TC.,Tl,TH,lR,ST,SL,SH,SR,Rt,AA,NS,NP, 211.12,I3,I4,Vl,RS,AO,EGO,ILl,OS,OT.OST,KO, 3CF,Q6K,kAP,CC,CM. 

PURPOS~ THIS COMPONENT COMPUTES THE PO~ER AND VOLTAGE OUTPUT OF A PHOTO-YOLTAIC C.f:Ll ARRAY GIVEN THE 
TEMPERATUR~ AND INSOLATION 

WRITTEN SY YaK.tHAN, 10-21-18, VERSION 1 

METHOO NEWTON RAlPHSON H~THOD IS USED TO CALCULATE CELL 
CURR~NT AS FUNCTION OF INSOLATION, T~MP~RA1URf, AND 
T~RMINAL VOLTAGE. IF TERMINAL VOlTAbE 15 NOT IN~UT, POWER IS COMPUTiO AT OPTIKAL VOLTAGE. THIS IS DONE FOR A RANGk: OF 10 VALUES OFTEMPERATUIU: AND 10 VALUES Of INSOLATION IN THE FIRST PA~S. 

AT SUiiSEQUi:NT PA~SiS, 
INTlkPOLATIO~ IS USED. 

CAll Sf;QUc.NCE 
TABLES 

EFF -EFFICIeNCY OF MAXIMUM ~OWER TRACKER 

BCS 40262-1 

OP 
VS FRACTIONAL LOAD (DEFAULT TABLE:. 

-o~lIMAL POWER,KW, VS IN~OLATION,W/M2, AND TE:MPERATURE,C 
OY -oP1IMAL H:RMINAL VOLTAGE.V, VS INSOLATION,W/M2, AND T'EMPERATURE ,C 

OUTPUTS 
V -ARRAY TERMINAL VOLTAGe,VOLTS 
P -AR.RAY OUTPUT POWER,KW 
I -ARRAY OUTPUT CURRtNT,AMPS 
EFl -SOLAR CELL EFFICIENCY 
EF2 -MAXIMUM POWER TRACKER EFFICIENCY 

SIATl~TlCS 
SP -SUM OF ENERGY DELIVERED,KWH 

INPUT'S 
VI -ARRAY TERMINAL VOLTAGE,VOLTS,COE:FAULT=MAXIMUM 
Tt 
TL 
TH 
TR 
51 
Sl 
SH 
SR 
ftC 
AA 
NS 
NP 
11 

1.2 

13 

14 

POWER VOLTAGE) 
-&Ell TEMPERATURE,C 
-LOW TEMPERATURE VALUE,C,(OEFAULT=28) 
-HIGH TEMP~RATURc VALUE,C,COEFAULT=120) -TEHPt-.RATURE RANGE,C,' DEFAUll=TH) 
-COLLECTOR SOLAR INSULATION,W/M2 
-LOW INSOLATION VALUE,W/MZ,lDEFAULT=lOOO) -HlGH INSOLATION VALUE,W/M2,(OEFAULT=25000) -INSOLA1ION RANGE,W/M2,(OEFAULT=SH. 
-CONCENTRATION RATIO(DEFAULT=25) 
-TOTAL COLLECTOR tt::ll AREA, M.2., C DEFAUL T=2.5£-3) -NJMBER OF CELLS IN SERIES( OEFAUL1"=300, 
-NUMBER OF CELLS INPA,RALLEL (DEFAUL T=500) -CELL SHORT CIRCUIT CURR.ENT AT TL,SL, AMPS 

'OEFAULT=.06) 
-CELL SHORT CIRCUIT CURRENT AT TL.SH, AMPS (Ok:FAULT=I.5. 
-CELL SHORT CIRCUIT CURR~NT AT TH,SL, AMPS CDE.fAULT::..06. 
-CELL SHORT CIRCUIT CURRENT AT TH,SH, AMPS 

"" : ...... ;--
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C 
4 , 
c 
c 
d c 
Ci 
C' 
C. 
C 
C 
Ci 
C' 
C. 
C 
c: 
,'! 
C 
(,., 

C 
C 
C 
C 

c 

I 

RS 
A,O 
EG~ 

(OEFAULT=1.56) PV -tELL OPl::N CIRCUIT VlOTA~E A1 Tl,SL, VOLTS IOfFAUL1'=.6' 
-CELL INTtRNAL RESISTANC~, OHMS,CDEFAULl=.055) -MA TERlAl CONSTANTC OEFAUL T=1.S4E33 FUR SIL ICON) -BAND GAP AT OK NORMALIlED BY HOLTIMANN :; CON51'ANTIOEFAULT=1.4&:4 FOR SILICON) ILl,OS,OT,OST 

KO 

Q8K 

tF 
RAP 

e.C 
C.M 

-COEFFICIEN1S l~ bIVARIATE EXPANSION FOR THE LIGHT CURR~NT Il. IF NOT PROVIDED, THfY WILL DE COMPUTED FROM THE INPUTS 11, ••• ,14. THE UNITS ~OR ILl,uS,OT,DST ARE RE~PECllVELY M2Y-l,M2W-1,C-l,M2CWC)-1 -DEYlC1=. CONSTANT. IF NOT PROVIDED, 11 WILL Sf: COMPUTED FROM II,Vi 
-OEVICe: CONSl'ANT ,K/V, (Df..FAUUf=£LEC1RON CHARGEI aOL TIMANN S CONS lANT=1.161E'i-' -LENS RAOIATION TRANSMITTANCE: COEFFICIENT -RATED POWER OF MAXIMUM POWE:R POINT TRACj(~~,~W (OEFAULT=lARG~ST OPTIMAL POWER FOR THE RANGE OF Ie AND ST) 

-CAPITAL COST/YEAR/UNIT tfLL AREA, $/M2 -MAINTENANCE CO~T/YEAR, ~ 
REAL I ,N~,MP, 11,12,13,14,,1 LI, KO, IL ,1 O,lM, IM~ OIMEN~IO~ EFF(1),E~Fl(14),OPl11,OV(1) COMMON /C1MPL/IMPL,ltNl,ITEST COMMON /CTIH~/TIME I'SIMUL/OUM(1),TMAX COMMON ICOSl/CCAP,CMA,COP OA lA i:FFlI'O., .1, .. 2, .3,.· ... 4,.5, 1. t. 338, .44,.~3, .bl,. '16,.75, .9/ lL, (S, T) =lLl*S*( 1.+05*( $-SL)+DT*( l'-TL'+OST*' S-SL )*( T-lll) iO(T);KD*AO*«(1+Z731**3)*EXPl-EGO/'T+213" FIL(I,l)~1-IO(T)*'1.-EXP(Q8K*I*R~/(T+213') IFCIMPl.GT.u)GO TO 100 

SP=O. 
TMAXl=TMAX*.99999 
TINe l=DUM( 7' *0. 5 

C IMITIALllATION 
C. 

IF(EFF(2).NE.1.99999JGO TO 11 t:FF(2'=1 
UO 12 11=4,17 

12 EfF'I£)=~FF1'11-3) 11 CONTINUE 
GPI2J=lO. 
0.,'3'=10. 
CV(2'=10 • 
GV(3 )=10. 
IF(Tl.EQ •• 99Y99'TL=28 IF'TH.EQ •• 99999JTH=120 IFCTR.EQ •• 99999)fR=TH 
IF(SL.~Q •• 99999)SL=lOOu 
IFCSH.EQ •• 99999JSH=25000 IF'SR.EQ •• 99999)SR=SH IF (RC..EQ •• 99999)RC.~25 IF{NS.EQ •• 99999)NS~300 
IFtNP.EQ •• 99999)NP=500 

I~ 
~ 312 I, 
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c. 

C 

IF(AA.~Q •• 99999»AA=1.5~-4*NS*NP 
IF'll.£Q •• 99999)Il=.06 
IF(12.E~ •• 99~99)I2=1.S 
IF(13.EQ •• 99999)I3=.06 
IFCI4.EQ •• 99999)14=1.5b 
IF(Vl.EQ •• 99999'Vl=.6 
IF(RS.EQ •• 99999)RS=.055 
IF'Au.~Q •• ~9999)AO=1.S4E33 
IF(EGO.EQ •• 999~9)EGO=1.4E4 
IFCWbK.EQ •• 99999)QBK=1.161E4 

IFIKD.EQ •• 99999)KD=Il/(AO*«TL+Z73)**3)*EXP(-EGO/ 
1 ITL+273»*CEXPCQBK*Vl/CTL+273»-
2 EX~IQ&K*Il*RS/ITL+273»» 

IF( lLl.E(;i •• 99999» IL1=FILC I 1, TL)/ SL 
IF'~S.EQ •• 99999)US=(FIL(I2,TL)-lLl*SH)/(ILl*SH*(SH-SL»» 
IFCD1.EQ •• 99999)DT=CFIL(13,TH)-ILl*SL)/(ILl*~L*(TH-TL)) 
IF(DST.Ew •• 99999)OST=(FIL(14,TH'-ILl*SH-

1 ILl*SH*DS*(SH-~l)-IL1*SH*OT*lTH-TL»1 
2 (ILl*SH*(SH-SL)*(TH-TL» 

C CALLULATE OPTIMAL POW~R OP AND CELL VOLTAGE 
C 
C IF TERMINAL VOLTAGE IS NOT INPUl 
C 

(,: 

C 
C 

C 

IF(VT.NE •• 99999)GO TO 100 
5=0. 
DO .3~ J=1,10 
JO=J+3 
OP(~G)=(J-l)*TR/9. 

33 OV(JO)=OPIJC) 
00 3 K=.1.,10 
T=O. 
DO 4 J=l,lO 
AIL=ILl S, 1" 
1110= to( T) 
VOC.=(1+273)*ALOGCl.+AlLlBlO)/QHK 
VL=O. 
VH=-VOC 

iilNARY SEARCH FOR MAX POWER POINT 

00 5 M=l,lO 
VM=( VL+VH'*. 5 
VME=VM+l.E-5 
IM=AINRCAIL,BIO,QBK,VM,RS,T) 
PM=IM*VH 
IM~=AINR(AIL,BIO,QBK,VME,RS,T) 
PME=lI1E*VME 
PMP=PMf-PM 
IF(PHP.GE.O.'VL=VM 
IF(PMP.LT.O.)VH=VH 
IFCCVH-VL).LE.2.E-S)GO TO 6 

5 CONTINUE 

6 C.ONlINUE 
IKJ=13+K+.J*10 
OV( IKJ)=VM 

BCS 40262-1 

PV 

313 

j 

I' 
I 
; '. 

~ '. , , 
I: 
7' 
j 

i 
I 



, 
.':1 

it .. ' 
I·· 
~;. 

c. 

c 
C 

UP (I KJ' =PM/I000. 
T=T+TR/9. 

4 CONTINUl: 
IKJO=13+K 
OP(IKJO'=S 
OV(IKJO)=S 
S=S+SR/9. 

3 CONT INUE 

C 1.01 
C 

IF(RAP.E:.Q •• 99999'RAP=OP(33'*_S*NP 
WRITE(b.lOl)(CP'IK),IK=24,123' 
WRITE:( 6 ,lOll (OV (1-<), IK=2.'t-, 123' 
FORMATCIHO,3HPV ,I,(~X,lOEIO.2J' 

c 
C 
C 

C 

100 CONTINUE 

CuHPUTE INSOLATION AT THE CELLS 

S=ST*RC*CF 

C COHPUT~ CELL VULTAGE AND POWER 

PV 

IF(VT.NE •• 99999)'O TO 900 
IF(IMPL.NE.2JGO TO 809 
IF«S.GT.SR).OR.(TC.~1.TR)WRITE'6,80S) 

BOB FORMAT(lHO,b2HPV WARNING INSOLATION OR TEMPERATURE AT CEll EXCcE 
10 RANGE ) 

C 

IF' (S.boT .SR) • Oil. (TC.GT. TR,) ICNT=IOtT+l 
609 CONTINUt: 

V=TBLU2, (5,1 C,OV (14 ),OV (4J ,OV (24),1.1.10.10,10,10) 
P=TBlU2.( S, TC,OP' 14 )'OP (4' ,op (24),1,1,10,10,10,10) 
GO TO 901 

900 CONT IHU£ 
V=V1/NS 
AIL=IL(S,TC) 
1)l0=10( Te) 
I=AINR(AIL,BIO,QBK.V,RS,TC) 
P=I*V/l.OOO. 

Cj 0 I e.o,. T IHU E. 

C COMPUTE: ARRAY V~lTAGE AND POWER 
C 

V:=V*NS 
P'=P*NS*NP 
1=0. 
IF IV .GT .0.) I=P* U}OO,./V 
EF1=l. 
EF2=1. 
IF(S.GT.O.)E:Fl=P*lOOO/lS*AA) 
IF(VT.Nc •• 999~)GO TO 904 
PRAT=P/RAP 
NEF=EFF(2) 
cF2=TBLlJl(PIlAT,EFF(4),EFFC4+NE:F).I,-NEF) 
P=P*i:F2, 

904 CONTINUE 
IFCIMPl.LE.l)RETURN 
SP=SP+P*TINCI 
IFITIME:.LT.TMAXI'RETURH 
CCAP=CCAP+CC*AA 
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CMA=CMA+CM 
KETURN 
E:NO 
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7.35 AC-DC RECTIFIER 

AC POWER (P1) 
INPUT MAX. POWER 

(MPl) 

DC POWER (P2) 

OUTPUT EFFICIENCY (EF2) 
OUTPUT MAX. POWER (MP2) 

HE 

This component models a solid-state rectifier/transformer. Power losses due 

to resistive heating and contact potential loss are modeled. Default parameter 
values determining power losses are based on 200 kw rated power. 

lAC 
TRANSFORMER 

IDC 

VAC RECTIFIER 

l VDC 

1 
FIGURE 7.35: RECTIFIER FUNCTIONAL DIAGRAM 
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Inputs* 
Parameter/Port 
P 1 
RT 
XT 
VAC 
DR 
RR 
RAP 
EF 
MP 
CC 

Outputs 

1 

1 

Variable/Port 
P 2 

lAC 
PL 
EF 2 

MP 2 

Description 
AC input power 
TrQnsformer resistance (0 = 0) 
Tr~nsformer reactance (0 = 0.03) 
Rated AC voltage (0 = 440) 

Rectifier contact potential (0 = 0) 
Rectifier resistance (0 = 0.02) 
Rated input power 
Input product efficiency 
Maximum input power (0 = 1.xl08 ) 
Rectifier cost/year 

DC output power 
AC input current 
Power loss 
Output product efficiency 
Maximum output power 

* Minimum input parameters to specify RE are: 

RR = rectifier resistance, 
RAP = rated input power. 

Units 
kw 
ohms 
ohms 
volts 
volts 
ohms 
kw 

kw 
$ 

kw 
amps 
kw 

kw 

HE 

RR may be used as an adjustment parameter to obtain a specified efficiency at 
rated power. 

o - Default values supplied. 
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Calculation SeQyence 

1) Compute transformer power angles 

Y = SINeS) = V3'*XTifP1-lf-1000/VAC2 

ABSen >1 0 DIAGNOSTIC 

2) I nput and output current 

If Pl ~ 0 set P2 = lAC = Pl = 0., EFF = 1 and go to 4) 

lAC = VAC V2-2COSeS) / V3*XT) 

" = VAC V 2-2* Yl="y2 / I V3*XTJ 

IDC = 1T,f-IAC / V6 

3) Power loss and output power 

P2 = Pl - Pl 

EFF = P2/P1 

P2 ~ 0 0 DIAGNOSTIC, EFF = 1 

4) Efficiency and maximum power 

EF2 = EF1*EFF 

MP2 = MI NIMP1;RAP)-lfEFF 

5) Compute Costs 

318 
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C 
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t 
C 
t 
C 
C 
C 
C 
C 
C 

CAll 

HE 
PURPOSE 

METHOD 

SOLID SlAT~ RECTIFIEa/TRANSFORMER MODEL 

COMPUTE OUTPUT DC POWER AS A FUNCTION 
OF INPUl At POWER 

WRITTE~ BY V.K.CHAN VER~lO~ 1, JUNe 1, 1977 
Sf:QUENCE 

OUJ'PUTS 
P2 
JAC 
PL 
E:f-2. 
MP2 

INPUTS 
Pi 
!( T , 
Xl' 
VAC 
OR 
RR. 
RAP 
f:F 1 
MPl 
CC 

-DC OUTPUl POWER, KW 
-At INPUT CUKRENT, AMPS 
-PUWER LOSS, KW 
-OUTPUT PRODUCT EFFICIENCY 
-MAXIMUM OUTPUT POWER, i(W 

-At INPUT POWER, KW 
-TRANSFORMWR RESISTANC~, OHMS 
-TKAN~FGRMf:R REACTANCE, OHMS 
-RATED AC VOLTAGE, VOLTS 
-RECTIFIi-,R GON1ACl POTENTIAL, 
-R~LTIFIER R~SISTANtE, OHMS 
-{.(A H:D INPUT POWER, KW 

VOLTS 

-INPUT PRODUCT ~FFICIiNCY 
-MAXIMUM INPUT POWER, KW 
-RECT1FIE;{ COSl'/YEAR., .$ 

QlMM ON /C IMP L/ IMP L, I CN T / (T 1M E/T I M':/C SIMUl/DUM' 1) ,lMAX/COS1/CC 1 
REAL IAC,MPZ,MPl,luC 
uATA PI/3.14i59/ 
DATA ROOT3/1.732051 

c 

e 
c 
c 

e 
e 
c 

IF(IMPL.GT.O) GO TL lOL 
IF'MPl.~Q •• 99999'MPl=1.E8 
IF(RT.EQ •• 99~99) Rl=O. 
IF(Xl.EQ •• 99999) Xl=.03 
IF ( VAC. EQ •• 99999) VAC.=440. 
IFlDR.EQ •• 99999) OR=O. 
IF(RR.EQ •• 99999) RR=.02 
TMAXl=lMAX*.99999 

COMPUTE TRANSFORMER POWER ANGLES 

100 Y=ROOT3*XT*Pl*1000./(VAe*VAC) 
yy=y*y 
IF(YY.LE.l.)GO 10 200 
IF(IHPl.cw.2)WRITE(6,10bJPl,XT,VAC 

108 FORMAT'lHO,19HRE, AL INPUT POWER ,F12.3,49H TOO lARG~ IN ReLATION TO 
ITO TRANSFORMER REACTANCE ,F12 • .=t,llH ANO RATfD AC VOLTAGE. ,F'i2.3) 

IF UMPL.Ei.I..£ HCNT=ICNT+l 
200YY=A"INICl.,YY) 

INPUT AND OUTPUT CURRENT 

IF(Pl.GT.O.)GO TO 300 
PZ=O. 
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lAC=O. 
Pl==O. 
EFF= 1. 

HE 
c 

c 
c 
c 

c 
c 
C 

C. 

GO TO 400 

JOO IAC=VAC*SQRl(Z.-2_*SQRT(1.-VV»/(ROOT3*XT) 
IOC==PI*IAC/~QRT(b.) 

POWER. lOSS AND OUTPUT POWER 

PL:(ROOT3*RT*IAc*rAC+IDC*(OR+IDC*RR))/1000. 
P2=PI-PL 
E:FF=PZ/p 1 
IF(P2.GT.O.) bO TO 400 
IF(IHPL.EQ.2JWRITE(b,30S)PL,Pl 

308 FORMAT(lHO,llHPOWER LOSS ,Fl~.3,23HRE EXCEEDS INPUT POWER .F12.3, 
15bH ~HECK aATE:~ A~ VOLTAGE: VAt AND TRANSFORMER REACIANCE Xl ) 
IF(IMPL.EQ.2)lC~T=ICN1+1 
p£=o. 
EFF=l. 

EFFICIENCY AND MAXIMUM POWER 

40(; EF2=t:Fl*EFF 
MP2=AHI~1'MPl,RAP) 
HP2=MP2*EFF 
IF(lMPL.lE.IJRETURN 
IF(TIME.LT.THAXIJRETURN 
CC.I::("'I+~C 

RETUR~ 
ENO 
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7.36 RANDOM NUMBERS 

MEAN ..... r-:-l 
STANDARD DEVIATION --:-~---- RANDOM NUMBERS 

This component generates an uncorrelated sequence of normally distributed 

random numbers with a specified mean and standard deviation. 

I . 

I Inputs 
I 

Parameter/Port 

MN 
SIG 

NST1 

O~tpyts , 
Var i ab Ie/Port 

F0 

Oes«ription 

Mean value of sequence 

StaMdard deviation of sequence 

Start parameter. (Use any odd integer 

greater than 1). Default suppl ied. 

Random number output 

RN 

1 
If RESET parameter> 0 then succeeding simulations use NST to start random 
sequence. 
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c. 
c 
c 
C 
L. 

C 
C 
C 
C 
C 
C 
C 
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SUBKOUll~E RN(U,AX,SIb,AMN) 
YERSICl'j 2. REVISED MAY 1977 
PURPOSE - (»ENERATES A NORMAllY DISTRIBUTED RANDOM NUMBf:.R. CALL SE-QUi:HCt: 

RN 
U - RANDOM NUMBER OUTPUT 
AX- A START PARAMiTcR WHICH CONTROLS THf SEGINNIN& POINT 

OF THE OUTPUT SEQUENCE. AX SHOULD 8E ANY 000 INTEGER 
GREATER lHA~ (NE. THE DEFAULT' VAldt. OF AX IS 431469. 
AX IS UPOAT~D FOR NEW CAllS TO THE SUBROUTINE. 

S l{;;- THE Dt.SIREO STANDARD OEVIA lION OF THE SEQUENCE 
AMN- THE DESIRED MEAN OF THE SEQUENC~ 

DESIGNED BY RO~ER W. CAll 
("OMM~ /eIMP UIMPL. ICHT. l1ES1 
DATA Y /2~j9b7./,AXO/O./ 
IF(lMPl.b.T.C)W TO 5 
IF(A~.EQ._~9999) AX=431469. 
IF(AXO.EC.O.)AXO=AX 
IF(lTEST.~Q.l)AX=AXO 

!I X =I\X 
SUM=O. 
00 1 1=1,1.2 
X= AMOD,X*V.16777L16.) 
SUM: SUM+ X/167712IS. 

1 AX=! X 
U:'SUM-6.0)*SlG+A~~ 
Ri::TUR~ 
END 

SEPT 1976 
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7.37 SATURATION FUNCTION 

FIN 

Inputs 

Parameter/Port 

FIN 

Cl 

C2 

C3 

C4 

C5 

C6 

outputs 

Variable/Port 

F0 

Input 

Slope 

Slope 

Description 

quant i ty 

0< FIN <C3 

FIN >C3 

Positive saturation intercept 

Slope 0 > FIN >C6 

S lope FIN < C6 

Negative saturation intercept 

Output quantity 

Calculation Se~uence 

F0 = Cl *C3 + C2*( F I N-C3 ) ifF IN> C3 

F0 = Cl-i~ I N i f 0 < FIN < C3 

F0 ;: C4~IN if 0 >FIN >C6 

F0 = C4*C6 + C5*(F IN-C6) ifF IN < C6 
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c 
C 
t 
C 
( 
(. 

c 
c 
c 
c 
c 
c 
c 
c 
c 
( 

c 
c 
c 
c 
c 
c 
( 

c 

" c. 
C 
c 
c 
C 
c 

c 
10 

C 
20 

(. 

30 
100 

SA 
~URPOSE - TO SIMULATE SATURATION 

M~THGO - SEE CODINb. C3 ANti C6 ARE VALUES OF TH~ INPUT AT WHICH 
SATURATION OCCURS. C3 IS ("REATER THAN C6. THE: ROUTINE 
CAN SIMULATE A CHANGE OF SLOPt AT THE ORIGIN CCl.NE.C4, 
PROVIDED Cb IS LE.!)S THAN ZERO. SIMILARLY THE SLOPES 
IN THE SATURATION REGION ((:., AND (5)CA.~ DIFFER. 
THE SLOPES CAN ~E POSITIVE OR NEGATIVE 

WRITTEN 6~ - ADAM LLOYD LATEST REVISION - NOV 75 

LIHITATIO_~ - USE OF ZERO SLOPES (C2=0 OR C5=0) IN THE SATURATION 
REGION SHOULD 8E AVOIDeD. IT IS DE.SIRABLE THAT THE. 
SLuPE RATIOS el/(2 AND C4/C5 SHOULD NOl ~X(E.EO 100. 
~XCESSIV~ SLOP~ RATIOS MAY R~SULT IN VERY SLOW 
CONVERGENCE. 

INPUT I OUTPUT' lIS r 

Fa OUTPUT VARIA3LE 
FIN INPUT VARIABLE 
C1 SLOPE ) FIRST 
C2 ~ATURATIG~ SLOPE , SLOPE 
C3 SATURATION INTERCEPT) 
C.4 SLOPE J SEC.OND 
C5 SATURATION SlOP~ ) SLOPE 
C6 SATURATION INT~RCE.PT) 

IF(FIN.GT.C3)GO TO 10 
IF'FIH.LT.C6)GO 10 20 
IF(FIN.LT.O.)~O III 30 
FO=Cl*FIN 
bO TO 100 

POSITIVE SATURATION 
FO=Cl*C3+C2*(FIN-C3) 
GO TO 100 

NEbATIVE SATURATION 
FO=C4*Co+C5*(FI~-Co) 
GO TO 100 

NEGATIVE UNSATURATED 
FO=C4*fIN 
RE:TU/W 
END 

ANY 
ANY 
ANY 
ANY 
A~Y 
ANY 
ANY 
ANY 

OU~PUT 
INPUT 
INPUT 
INPUT 
INPUT' 
INPUT 
INPUT 
INPUT 

VAR 
VAR 
PARAM 
PAf-tAM 
PARAM 
PARAM 
PARAM 
PARAM 
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so 
7.38 SOLAR ORIENTATION 

Day-of-Year (DY)_---t-., 

Time-of-Day (TO __ ~ 

SO 

Tracking Power Required (RE1) 

I"--..... Array Beam Insolation (SB1) 
Direct Beam 

Insolation (58) 

Global Insolation' (ST}I __ ~ 

Arr~ Diffuse Insolation (501) 

Array Total Insolation (ST1) 

The So"lar Orientation model computes flat plate collector insolation for 

five types of solar tracking: 

• Tilted orientation, facing south 

• Tracking about a horizontal EW axis 

• Tracking about a horizontal NS axis 

• Tilted, tracking about a vertical axis 

• Two axis tracking 

Array i nso 1 at ion is the sum of beam and diffuse components. The beam 

component is the product of norma 1 inc i dence rad i at i on and a geometr y_ 

dependent incidence factor. The diffuse component is approximated as the 

product of horizontal diffuse insolation times a geometry factor plus 

ground reflectance. 
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so 
BASIC EgUATIONS 

where 

I npu ts/Port 

LA 

DY 

TO 

M0 

TL 

S8 

ST 

PR 

* 

STl = SB1 + SOl + SRI 

= SB*IF + SD*RD + ST*RR 

SO = ST - SB*SIN(EL) 

RD = .5*(1 + COS(TLT)) 

RR = .5*PR*(1 - COS(TLT)), 

IF = solar incidence factor (incidence angle cosine) 

TLT = collector tilt angle from horizontal 

PR = ground reflectance 

Description 

* Collector latitude 

Day-of-the-year (1-365) 

Time-of-day (0-24) 

Tracking mode 

1 = fixed orientation and tilt (default) 
2 = hQrizontal EW axis tracking 
3 = horizontal NS axis tracking 
4 = tilted, vertical axis tracking 
5 = two axis tracking 

Collector tilt (M0 = 1, 4 inputs) 

Direct normal beam insolation 

Global insolation on a horizontal surface 

Ground reflectance (default = 0.2) 

Units 

Deg 

hr 

Deg 

w/m2 

w/m2 

for TMY stations, see Table 7.8 of the Environmental Data Component ED. 
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Inputs/Port 
(cont'd) 

AA 

SBT 

Oui;puts/Port 

SE 

SA 

IF 

RE 1 

SB 1 

SO 1 

SR 1 

ST 1 

TLT 

WEST 

BCS 40262-1 

Description 

Collector array area 

Insolation threshold for tracking 
(default = 100.) 

Description 

SIN . * (Solar Elevatlon Angle) 

SIN (Solar Azimuth Angle) * 

COS (Solar Incidence Angle) 

Tracking power required 

Collector beam insolation 

Collector diffuse insolation 

Collector reflected insolation 

Collector total insolation 

Collector tilt angle 

Units 

kw 

w/m2 

w/m2 

w/~2 

w/m2 

Deg 

so 

\lERTICAL 
(up) 1 • Solar Orientation Vector 

EL • Solar Elevation Angle 
AZ • Solar Azimuth Angle 

SOUTH 

*FIGURE 7.38 SOLAR ORIENTATION ANGLES 
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CALCULATION SEQUENCE 

RPD = 7T /180 

If S8$0 and M0>1 return 

1) Solar azimuth and elevation 

W = 15*(12 - TD)*RPD 

6 = 23.45*SIN(2" *(284 + QV)/365)*RPD 

LA' = LA*RPO 

SE = SIN 6 *SIN LA' + COS 6 *COS W*COS LA' 

CE = (1. - SE*SE)1/2 

TAN(AZ) = COS 6 *SIN W/(COS W*SIN LA'*COS 6 - SIN 6 *COS LA') 

CA = 1/(1 + TAN2(AZ»1/2 

SA = TAN(AZ)*CA 

2) Horizontal diffuse insolation 

SO = ST - SB*SE 

3) Array geometry and tracking power 

328 

REI = 0 

If M0 = 1 then 

TLT' = TL*RPO 

IF = SIN TLT'*CE*CA + COS TLT'*SE 
If M0 = 2 then 

IF = V 1. (CE*SA)2 

TLT' = MIN(COS-1(SEIIF), rr/2) 

REI = 3.75 E-4*AA 
if SB >SBT 

so 

BCS 40262-1 
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CALCULATIONS (contd) 

If M0 = 3 then 

IF = 'h. - (CE*GA)2 

TLT' = MIN(COS-I(SE/IF), 

REI = 3.75 E-4*AA 

If M0 = 4 then 

TLT' = TL*RPD 

Tr /2) 

IF = SIN TLT'*CE + COS TLT'*SE 

REI = 3.75 E-4*AA 

If M0 = 5 then 

IF = 1 

TLT' = MIN{COS-I(SE), Tr/2) 

REl =. 5. E-4*AA 

4) Insolation components 

SBI = SB*IF 

5) Til t 

BCS 40262-1 

SOl = SO*.5*(1 + COS(TLT')) 

SRl = ST*.5*PR*(1 - COS(TLT')) 

STI = SBI + SOl + SRI 

TL T = TL T' /RPD 

so 

if SB >SBT 
, 1. 

if SB>SBT ,ir ", " . j 

if SB>SBT 

329 
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so 
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3. J. A. Duffie and W. A. Beckman, Solar Thermal Processes (Chapter 2), 
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C 
c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C. 
C 
C. 
C 
C 
c' 
c 
c 
C 
C, 
C 
C: 
C i 

C 
C 
C 
e 
C 
c, 
C 
C 
C 
C 
C 
C 
Co 
e 
C 
e 
e I, 

e 
C 
C 
C 
C 
C 

so 
SU8ROUTINE SOCSE,SA,IF,REl,SBl,SDI,SRl,STl,TLT, 

1 LA,DY,lD,MO,lL,Sb,ST,PR,AA,S8TI 

PURPuSi: THIS COMPONENT COMPUTES FLAT PLATE COLLECTOR 
INSOLATION FOR FIVE MODi.5 OF SOLAR TRACKING 

TILTED ORIENTATION, FACING SOUTH 
TRACKING ABOUT A HORIZONTAL EW AXIS 
TRACKING ABOUT A HO~lZONlAL NS AXIS 
TILTED, TRACKING ABOUT TH~ VERTICAL AXIS 
TWO AXIS TRACKING 

WRITTEM BY Y.K.CHAN, 11-6-78, VERSION 1 

METHOl) ARRAY INSOLATION IS SUM OF BEAM AND DIFFUSE 
COMPONI::NTS. THE BEAM CuMPO~E:j~T IS THE PROOUC 1 OF 
NORMAL INCIDENCE INSOLATION AND A GEOMETkY DEPENDENT 
INCIDENCe FACTOR. THE DIFFUSE C.OMPONi:NT IS 

, 
1 
i 

APPROXIMATED AS THE PRODUCT OF HORIZONTAL DIFFUSE 
INSOLATION TIMES A GEOMETRY FACTOR. PLUS GRCUHiO REFLECTANiCE'l 

CAllING !)EQUENCE 
OUTPUTS 

Sf -SINE OF SOLAR ELEVATION ANGLE 
SA -SINE OF SOLAR AZIMUTH A~GLE 
IF -COSINt. OF SOLAR INCIDENCE A~GLE 
RE1 -TRACKINo POWER REQUIRED,KW 
S&1 -COLLECTOR BEAM INSOLATIUN,W/M2 
501 -COLLf:CTOR DIFFUSE INSOLAl'ION,W/M2 
SRl -COLLECTOR REFLECTED INSOLATION,W/M2 
STI -COLLECTOR TOTAL INSOLATION,W/M2 
TL1- -COLLECTOR TILE ANGU::,OEGREES 

INPUTS 
LA 
IlY 
TO 
MO' 

TL 
S8, 
sri 
Pk 
AA 
SST 

-COLLECTOR LATITUOE,OEGREES 
-DAY OF YEARCl-365) 
-TIME OF DAY(0-24),HOUR 
-TRACKING MODE 

I=FIXED ORIENTATION AND TILT IDEFAULT) 
2=HORIZONTAL EW AXIS TRACKING 
3=HORIZONTAL NS AXIS TRACKING 
4:TILTED,VERTICAL AXIS TRACKING 
5=TWO AXIS TRACKIGN 

-COLLECTOR lILT CMO=I,4 INPUTS),DEGR~ES 
-DIRECT NORMAL B~AM INSOLATION,W/M2 
-bl08AL INSOLATION ON A HORIZONI-AL SURFACE,W/M2 
-GROUND REFLECTANCE (OEFAULT=0.2) 
-COLLECTOR ARRAY AREA,M2 
-INSOLATION THRESHOLD FOR TRACKI_G,W/M2 

C DEFAUL T= 100) 

COMMON /CIMPL/I"PL 
~EAL IF,LA,MO 
IF'IMPL.NE.OIGO TO 100 
IF(MO.EQ •• 99999'MO=I. 
IFCPR.EQ •• 99999)PR=.l 
IF(SST.EQ •• 99999'SBT=lOO 
RPO=3.l41592b/lhO. 

1 
" ~'! 

4: 
l 

100 CONTINUE 
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IFI'SB.GT.O.).O~.CMO.LT.2..I)GO TO 109 
SA=O. 
IF=O. 
REl=O. 
581=0. 
S01=·0. 
SRl=O. 
~Tl=O. 
R£::TURN 

109 CONTINUE 
Rf:l=O. 

C SOLAR AZIMUTH AND ELEVATION 
C 

2.00 

~=15.*CI2.-TD)*RPO I 

~D~L=23.45*SIN(.OI12142*C264+0YI)*RPD 
PlA=LA*RPD 
ClAP=COS ( PLA ) 
SAOEl=SINlAOEl) 
CADEL=COSCADfL) 
SINP LA=S.LNCPLA) 
COSW=CuS Oil 
SE=SADEL*SINPLA+CADEL*COSW*CLAP 
CE=SQRT(I.-SE*SEI 
F=CADEl*COSW*SI_PLA-SADEL*ClAP 
CA=O. 
SA=I. 
IF'A8S'FJ.LE.l.E-S)GO TO 200 
TAl=CADEL*SINCWI/F 
CA=l./SQRTCl.+TAZ*TAl) 
SA=T!AZ*CA 
CONT:INUE 

C 
C 
C 

C 
C 
C 

301 

30£ 

HORIlONTAl DIFFUSE INSOLATION 

SO=ST-SS*SE 

ARRAY GEOMElRY AND lRACKINb POWER 

IHO="O+-.1 
GO TO(301.302.303.304.305'1"0 
TLTP=TL*RPD 
IF=SINITlIP'*CE*CA+COSITlTPI*SE 
GO TO 309 
IF=SQRT(I.-CE*CE*SA*~A) 
8IF=AHIN1(1 •• SE/IFJ 
TLTP=1.510~ 

IF(BIF.GT.O.)TLTP=ACO~(SIFI 
IFISS.GT.SBTJREl=3.15E-4*AA 
GO TO 309 

303 IF=SQRT(l.-CE*Cc*CA*CA' 
BIF=AHINl(l •• SE/IF) 
TlTP=1.5708 
IFCBIF.GT.O.)TlTP=ACOSCBIF) 
IFISb.GT.SBTJREl=3.1SE-4*AA 
(iO TO 309 

304 TL TP =Tl*RPO 
~F=SIN'TlTP)*CE+-COS(TlTP)*SE 
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c' 

C 
C 
C 

C' 
C 
C 

IFCSB.GT.SBT)RE1=3.7>f-4*AA 
GO TO 309 

305 IF:::l. 
SE1=AMIN1(S~,I.) 
IL TP=l.!) 708 
IFCS~I.GT.O.)TLTP=ACOS(SEIJ 
IFCSS.GT.SST)RE1=5.E-4*AA 

309 CONTINUE 

INSOLATION COMPON~N1S 

S81=S8*IF 
SDl=SO*.5*(1.+COS(TlTP) 
iSR1=ST*.5*PR* (1.-CDse TLTP) ) 
S1 1=581 +SOI +5Rl 

TILl 

T'l T=TL TP/RPD 
RETURN 
END 
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7.39 SINGLE POLE SWITCH 

VAt 
-0. 

I 
V01 ..... - .. 

J'\ 

V0'~ 
VBl . 

I~A' 
I 

I VB, 
VB1 

VAl ! V0, : ] 

TC,1 TIME TC2 TCl TIME TC2 

SW1=1 ,SW1=O 

THE SWITCHING OPERATION MAY BE CONTROLLED BY EITHER 
TIME OR THE INPUT PARAMETER SW1. THE TIME DEPENDENCE 
MAY BE ELIMINATED BY SETTING Tc1 = 1036 

Inputs 

Parameter/Port 

VAl 

VBl 

SWl 

TCl 

TC2 

Outputs 

Var i ab I e/Port 

V0l 

Description 
I nput to swi tch 

I nput to swi tch 

Switch control parameter 

Time for first switching (hours) 

Time for second switching (hours) 

Swi tch output 

Ca I cy I at i on SeQuence 

If SWl = 0 then 

(VAl TCl < TIME < TC2) 
V0l = 

VBl otherwise 
If SWl = 1 then 

(VB! TCl < TIME < TC2) V0l = 
VAl otherwise 
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CS .. 

c 
C 
c 
c 
c 
c 
c 
c 
C 
C 
e 
C 
e 
c 
C 
c. 
c 
.C 
C 
1 

(: 
C 
e 
c 
c. 

sw 
PURPOSE - TO PROVIDE SWITCH Ca.TROL FOR ONE VARIABLE 

METHuD - SEE COOING 

WRITTEN BY - ADAM LLOYD LATEST REVISION NOV 75 

LIMITATIONS - NOT MORE THAN TWO SW-ITCHINGS AT TIMES TCl AND Tel 

INPUT/OUTPUT LIST 

VOl OUTPUT YARIABLE NO 1 ANY 
VA 1 INPUT VARIASLE NO Al ANY 
YBI INPUT VARIA6LE NO B1 ANY 
SWI S~ITCH CONTROL INITIAL VALUE 

=1. VO=YB 
=0. YO=VA 

TCI TIME FOR FIRST SWITCH SEes 
TCl TIME FOR SECONO SWITCH SEes 

(Tel.GT.Tel) 
COMHON/CTIME/TIHi. 
eOHMON/CIO/IREAO,IWRITE,IDIAG 
SX=SWl 
IFCTIHE.GT.TCl.ANO.TIME.LT.TCZ'SX=ABSCSWl_l.' 
VOl=VAl 
IF(SX.GT.O.5)V01=YBl 
RETURN 
END 

OUTPUT VAR 
INPUT VAll 
INPUT VAR 
INPUT PARAM 

INPUT PARAM 
INPUT PARAM 

BCS 40262-1 
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7.40 TWO POLE SWITCH 

Inputs 

Parameter/Port 
VAl 

VA2 

VBl 

VB2 

SWl 

TCl 

TC2 

Outputs 

Vari ab Ie/Port 

V0l 

V02 

336 

VAl ,.. i -
'" 

V01 
VBl I 

VA2 
-0 I 

I 
..." 

"... V02 
VB2 '" - ... -- --0 

SEE SW FOR SWITCH CONTROL LOGIC 

De~s;;riptiS2D 

Input to swi tch 1 

Input to swi tch 2 

Input to swi tch 1 

Input to swi tch 2 

Swi tch contro I parameter 

Time for first switching 

Time for second switching 

Output from switch 1 

Output from switch 2 

(hours) 

(hours) 

sx 

--

I 

.i 
j 
t , 

BCS 40262-1 
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(' . 

CSX sx 
C: 

SUBROUTINe SX(VOl,V02,VAI,VA2,V81,VB2,SWl,TC1,TC2' 

C! 
c 
C 
C 
Ci 

PURPOSE TO PROVIDE A SWITCH COMPONENT FOR TWO VARIABLES 

METhOD - ~EE CODING 

c: 
WRITTEN BY - ADAft LLOYD LATEST REVISION NOV 75 

C 
c 
C: 
c' 
c, 
C! 

LIMITATIONS - NOT MORE THAN TWO SWITCHINGS AT TIMES Tel AND Te2 

Ci INPUT/OUTPUT LIST 
Ci 
C Val OUTPUT VAkIABLc NO 1 AN., 
C V02, OUTPUT VARIABLE NO 2. ANY 
C VAl INPUT VARIABLE lIi60 Al ANY 
C . VA2 INPUl' VARIA8LE NO A2. ANY 
C V81 INPUT VARIABLE NO 81 ANY 
C Vill INPUT VARIA5lE NO B2 ANY 
C SWI SWITCH CONTROL INITIAL VALUE 
c~ =1. VO=VB 
e =0. VO=VA 
C TCI TIME FOR FIRST SWITCH SEes 
C 1C2 TIME FOR SECOND SWITCH SEes 
c (TC2.&T.TC1' 

CqMMON/CT IME/TIME: 
COMMOIf/CIO/1REAU, IWRITE. IOIAG 
SWi=-SWI 

IF'TIM~.GT.TCl.ANO.TIHE.LT.TC2'SW=A8S(SW1_1.) 
V01=VAI 
VO:l=VA2 
IP(SW.GT.O.5'VOI=V81 
IF(SW.GT.O.,'V02=VB2 
RETUiW 
END 

BCS 40262-1 

OUTPUT VAR 
OUTP~J1 VAR 
INPUT VAR 
INPUT VAR 
INPUl VAR 
I~P!jT VAR 
INPUT PAR.AM 

INPUT PARAM 
INPUT PARAM 
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7.41 THREE POLE SWITCH 

Inputs 

Parameter/Port 

VAl 

VA2 

VA3 

VBl 

VB2 

VB3 

SWl 

TCl 

TC2 

Outputs 

Vsrisble/Port 

V0l 

V02 

V03 

338 

VA1 
~ 

"" 
V01 

VB1 , -- ..... I VA2 I ..... 
J"o. 

V02 
VB2 I 

,.. , 
VA3 - , 

~ ..... 
V03 

".. '1-,' 

VB3 
..... 

SEE SW FOR SWITCH CONTROL LOGIC 

Descr i pt i on 

Input to swi tch 1 

Input to swi tch 2 

Input to swi tch 3 

Input to swi tch 1 

Input to swi tch 2 

Input to swi tch 3 

Switch control parameter 

Time for first switching (hours) 

Time for second switching (hours) 

Output from switch 1 

Output from "switch 2 

Output from switch 3 

Sy 

~ 

.. 

1 
,i 
1 

i 

1 
:~ i' 
!,'; .. 

: 

j 

.~ 
1 

1 
.;( '" 

1 
-1:." 

-,,", " 
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CSY 

C 
t 
t 
..: 
C 
t 
~ 
c 
t 
(: 

~ 
c 
t 
C 
t 
t 
t 
t 
C 
c 
c 
C 
C 
C 
C. 
C 
C 
C 
C 
C 

Sy 
SUBROUTINE SY(VOl,V02,V03,VA1,VAl,VA3,VB1,V62,V63,SWl,TC1,TC2' 

PURPOS£ - TO PROViDE A SWITCH COMPON~NT FOR TH~EE VARIABLES 

MlTHOD - SE~ CODINb 

WRIITEN BY - ADAM LLOYD LATEST REVISION NOV 15 

LIMITA1IONS - NOT MORe THAN TWO SWITCHINbS AT TIMES Ttl AND TC2 

INPUT/OUTPUT LI~T 

VOl OUTPUT VARIAliLE NO 1 AHY 
VOL OUTPUT VARIABLE 1m 2 ANY 
VO~ OUTPUT VARIABLE NO 3 ANY 
VAl INPUT VARIAtiLi: NO Al ANY 
VAL INPUT VARIABLE NO Al ANY 
VAl INPUT VARIABLE NO A3 ANY 
VBl l~PUT VARIABLE NO 81 ANY 
V62 INPUT YARIASLE NO 8l ANY 
YB3 INPUT VARIABLE NO 83 ANY 
SWI SWITCH CONTROL INITIAL VALUE 

:1. YO=VS 
=0. VO=YA 

Ttl TIME: FOR fIR 5T SWITCH ~EtS 
TCZ TIME FOR SECOND SWITCH SE~S 

(T("l.&T.TC1' 
COMMON/CTIME/TIME 
tOMHON/CIO/I~EAD,IWRITE,IDIAG 
SW=SWI 
"OI=VAl 
VOl=YA2 
V03=VA3 
IF(TIHE.GT.TCl.AND.TIHE.LT.TC2)SW=ABS(SWl-1.) 
IFCSW.GT.O.5)YOl=V&1 
IFCSW.GT.O.5)VOl=VB2 
IF(SW.GT.O.5)V03=V83 
RETURN 
eND 

OUTPUT 
OUTPUT 
OUTPUT 
INPUT 
INPUT 
INPUT 
INPUT 
INPUT 
INPUT 
INPUT 

INPUT' 
INPUT 

YAR 
YAR 
YAR 
YAR 
VAR 
VAR 
VAR 
VAR 
V'AR 
PARAM 

PARAM 
PARAM 

I ~ BCS 40262-1 
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7.42 FOUR POLE SWITCH 

VAl 
V01 

VA2 
V02 

V02 
VA3 

V03 

V03 

VA4 
V04 

V04 

SEE SW FOR SWITCH CONTROL LOGIC 

IOQyts 
1 

Parameter/Port DescriQtion 1 

1 
~ 

VAl Input to swi tch 1 l 
VA2 Input to swi tch 2 ~ 
VA3 Input to swi tch 3 

j 
VA4 Input to swi tch 4 

VBl Input to swi tch 1 

VB2 Input to swi tch 2 '! 

VB3 Input to swi tch 3 ; 
~ 

VB4 Input to swi tch 4 i 
I 

SWi Swi tch control parameter J 
TCl Time for' first switching (hours) '~ 

TC2 Time for second switching (hours) 

Oytputs 

V5Irisble/Pgrt 

V0l Output from switch 1 

V02 Output from switch 2 

V03 Output from switch 3 
j 
1 

c;;:,' ""' -~ 

V04 Output from swi tch 4 
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CS1 

\ c 
c. 
C 
Co 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C 
C 
C , 
C 
C 
C 
C. 
C 
C 
C 
C. 
C 

" C 
C 
C 
C 
C 
C 

c. 

sz 
suaROUT INE. Sloe VOl, V02, VO.~, V04, VA l,VA2 ,VA3,VA4, Vb 1 ,VB2, VB3,V84, 

1 SWl,TC1,TC2. 

PURPOSl - TO PROVlot A ~WITCH COMPONENT FOR FOUR VARIABLeS 

ME.THOD - SEE (GOING 

WRITTEN BY - ADAM LLOYD LA H:ST RE'VISION NOV 75 

LlMITAllON~ - NOT MORE THAN TWO ~"ITCHING!) AT TIMES TCl AND T('2 

INPUT~UUTPUT LIST 

VOl; 
V02 
VO.,) 
V04 
VAl 
VA, 
VA3 
VA4 
V8l 
V&2 
V&3 
VB4 
SWl 

Te; 1 
TC2 

GUT PUT VARIABLi NO I 
OUTPUT VA~IA6LE NO 2 
mU1PUT VARIABLE ~O 3 
IDuTPUT VARIABLf.: NO 4 
INPUT VARIABLE NO A1 
I 

~NPUl VARIABL~ NO A2 
iNPUI VARIABLf:. NO A3 
INPUT VARIA6LE NO A4 
iNPuT VARIABLE HO B1 
INPUT VARIAaLE NO 82 
l~PUT VARIABLE NO 83 
INPUT' VARIABLE NO 84 
SWITCH (ONTROl INITIAL VALUi 

=1. VO=V6 
=0. VQ=VA 

lIME. FOR FIR 51' SWl1CH 
TIMl FOR SECOND SWITCH 

neZ.bT .lel' 
COMMON/ClIME/TIME 
C.OMMON/CIO/IR~AD,IWRITE,IOIAG 

ANY 
ANY 
AN:'f 
AN" 
AN~ 
ANiV' 
AN;Y 
ANY 
AMIY 
ANY 
ANY 
ANY 

SEes 
SEes 

SW=SWI 
IFeTIME.GT.l(I.ANO.TIM~.Ll.T('2'SW=A6SCSWl-I.' 
V01=VAI 
V02=VA2 
V03=VA3 
V04=VA4 
IFISW.GT.O."Vul=VBl 
IF(SW.GT.O.~)V02=va2 
IFCSW.GT.O.5)V03=V33 
IFlSW.GT.O.5)V04=V84 
RETURN 
£::NO 

OUTPUT 
OUT'PUT 
OUTPUT 
OU1'PUT 
INPUT 
INPUT 
INPUT 
J.NPUT 

I 

INPUT 
l~PUT 

INPUT 
lNPUT 
INPUT 

INPUT' 
INPUT 

VAR 
VAR 
VAR 
VAR 
VAR 
VAR 
VAR 
\tAR 
VAR 
VAR 
VAR 
VAR 
PARAM 

t>ARAM 
PARAM 

1 
l 

I 
1 

1 
'j 

j 
j 
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7.43 SECOND ORDER TRANSFER FUNCTION 

FIN 

Inputs 

Pa I-arne ter / Pod 

FIN 

Z0 

Zl 

P0 

P1 

Out~ytli 

Variable/Port 

Xl 

F0 

ZlS of Z0 

52 .. P15 + P0 

Descr ipt I 00 

Input quantity 

Numerator Coefficient 

Numerator coefficient 

Denominator coefficient 

Denominator coefficient 

Intermediate state 

Output quantity (state) 

Calculation SeQyen~~ 

Xl = Z~ IN - P0*F0 

F0 = Xl + Zl ~~ I N - P1 ~1f'0 

TF 

F0 
~"-----------'~-

NOTE: d.c. gain = ~; infinite frequency gain _ o. 
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C~F 
I 

t 
C 
C 
C 
C 
C 
C 
C I 

C I 

C i 
C i 

C i 

C : 

C 
C I 

C 
I 

C 
C 
C 
C 
C , 

C 
Co i 

C 
C : 

C 
C 
C 
C 
C 
C 

TF 
SUBROUT IHE:. TF ex 1, XIDOT, lXI, FO, FODOT, IFO, FIN, ZO, 1..1,1->0 ,PI' 

PURPOSt. - 10 SIMULAH::, A St:CONO ORDER TRANSFER FUNCliON Wll'H 
FIRS1' ORDER NUMERATOR 

Fa Zl*S +- ZO 
-- =- -------

FIN 2 
S + Pl*S+PO 

METHOD - SELF eXPLANATORY 

LIHITA1ILtNS - NONE 

WRIT'TEN BY ADAM LLOYD LATE.ST Rt:V IS10N NOV 15 

INPUT/OUTPUT L1ST 

Xl :INTERM~DIAT~ STAT~ VARIA8LE 
XIUOT :STATE VARIAbLE DERIVATIVE 
IXl INTEGRA10R CONTROL 
.FO lRANSPi::.R FUNCTION OUTPUT 
FODOT lRA~SFER FUttCl·lo.~ cUl'PUT DERIV. 
IFO INTEGRA lOR CONTROL 
FIN TRANSFER FUNCTION INPUT 
1..0 NUMERATOR LOEFFICIENT 
II NUMERATOR CO~FFICIENT 
PO ' OENOMl~ATOR COEFFICIENT 
Pl DENOMINA10R COEFFICIENT 

COMMON/CIO/IRtAO,IWRITE.IDIAG 
1Ft l)U.NE.O )XIOOT=2.0*FIN-PO*FO 
IFCIFO.NE.O)FOD01:XI+l1*FIN-Pl*FO 
REruRM 
END 

ANY 
ANy 

ANY 
AMY 

ANY 
ANY 
ANY 
1/StCZ 
1/SEC 

; 

OU1PUl SlA1E. 
OUTPUT STATl: 
PROGRAM VAR 
OUTPUT STA1'E 
OUTPUT ~TA1£: 
PROGRAM VAR 
INPUT VAR 
INPUT VAR 
INPUT VAR 
INPUT VAR 
INPUT VAR 
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7.44 TIME CONVERSION 

.. TD 
... TW 

TIME .. TI 
~ DY 
... Wy 

Converts simulation running time in hours to time referenced to start of 

day and start of week, and computes number of days and weeks elapsed since 

start of year. 

Ineuts 

Parameter/Port 

TO 

TIME 

outeuts 

Variable/Port 

TW 

TD 

WY 

DY 

MY 

Descrietion 

Initial time of simulation from start of year 

Running time (input via common/CTIME' 

Time since start of week 

Time since start of day 

Number of weeks 

Number of days 

Number of months (approx. , 

T Running time from start of year 

DW Day of week 

Calculation Seguence 

T = AM0D(TO+TIME,8760' 

WY = T/168+1 

DY = T/24+1 

MY = T/730+1 

TW = AM0D(T,168) 

TD = AMt>D (T, 24 , 

DW = TW/24+1 

~ 

hrs 

hrs 

hrs 

hrs 

hrs 

TI 
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Cli 11 
SUBROUT INE: TI' T, 10, l'W, OW ,OY, WY ,AMY, TO) ·t'·; ... 

, , c 
c. 
c 
C. 
c 
C. 
t i 

PURPOSe. CONVERT SIMULATION TIME TO DAILY, WEEKLY, MOf\fTtiLY UNITS 

t 
' ...... 

C 
C 
C 
C 
C 
C 
C 
C 

c 

WR,ITTEN 8Y A.W. WARREN 

CALli.. SEQuENCE 
T - SIMUl.ATION TIME FROM START OF 
TtJ - TIME OF DAY, HR 
TN - TIME:. SINCE STAR1 OF WEEK, HR 
ow - DAY OF WEEK 
OY - DAY OF YEAR 
WY - WEEK OF YEAR 
AMY - MONTH OF YE:AR (APPROX. ) 
TO - SIMULATION INITIAL TIME 

COMMON / CT IMi / TIME: 
DATA EPS/ .000001/ 
T = AMOO(lO+TIMc,8760.+EPS) 
TO = AMOO(T+EPS,24.) 
TW :; AMGOCT+EPS,lb8.) 
NO = TW/24.+1.001 
OW. = NO 
NO = 1/24.+1.001 
OY = NO 
NW = T/lb8.+1.001 
WY = NW 
MY.= T/730.+1.001 
AMY:; MY 

RETURN 
END 

BCS 40262-1 

FROM 

VERSION 1, MARCH 3 197 

. . 
YEAR, HR CUTPUT VJ ! 

OUTPUT \lJ ; 1 

OUTPUT \JJ 1 OU1PUT VI; 
OUTPUT \JJ 
OUTPUT V; ; 
OUTPUT VJ 

S1AR1 OF YEAR, HR INPUT' PM' 

345 
h:.~ 
." __ I!!!!!!!!!!!!!ll!!!t!!!!l~P.!!i§! 4!!!!!-!!!!!!"!I!!l!? r!!!ll!SJI!!l!!fMilM~·!!l!!!tt!:!!!fti!ip"!!!!!· !!!!!!#Sf!!!l!n!!!!JI.~Ji!:g"';llr ___ ... _ .. __ ""'_"",.""""""",_· ...,~"". ''''''ij~ ===-=-_""':l:! ....... ...,;,;,. ........ co " ...... _'-..... ·~····"-~i~j+; - ....;;;~~~.i:...~;....-!§"~. ~ 



7.45 THERMAL LOAD 

.AMBIENT TEMPERATURE (TA) 
POWER DELIVERED (lD} 
TIME OF DAY (TO) 

TL 

VALUE OF ENERGY (VDE) 
j 

- TL ~ - POWER REQUEST (RE) 

Therma I IOfld is computed as a user spec if i ed funct i on of amb i ent tempera ture 

and time of day. The actual load del ivered is either the load requested or 

the maximum discharge rate of the thermal storage chamber. The value of the 

thermal energy delivered and % of total load actually delivered are also 
computed. 

Bas jc EQya t ion 

RE = TL0(TA)*TWT(TD)*NC 

where 

TL0 = Thermal load versus temperature table 

TWT = Daily profile weighting function 

NC = Normal izing constant 

346 
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Tables 

TL0 

TWT 

Inputs 

Parameter/Port 

TA 

LD 

TO 

VE 

NC 

Oytputs 

Variable/Port 

RE 

VDE 

Stat i st i cs 

PC 

SLD 

SRE 

BCS 40262-1 

Descr i pt ion 

Thermal load versus ambient temperature 

Daily profile weighting function (tabular 
with time of day) 

Ambient temperature 

Power de livered 

Time of day (0-24) 

Value of thermal energy 

Normal izing constant 

Load request 

T010al value of energy del ivered (state) 

Cumulative percent of load del ivered 

Total energy del ivered 

Total energy requested 

~ 
kw 

OF 

kw 

h 

$/kwh 

kw 

$ 

kwh 

kwh 

TL 
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Calcylation SeQyence 

1) Compute load request 

RE = TL0lTA)*lWTlTD)-lINC 

2) Value of energy dynamics 

VDE = LDolfVE 

3) Statistics 

348 

SLD = SLD+LD-lE- ~/2 

SRE = SRE+RE* ~/2 

PC = 100.* SLD/SRE 

where 6 = integration step size 

TL 

c, 

j 
! 
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t, 

( 

CTl TL 
C 
C 
C 
Ct 
C. 
C 
C 
C

i 

C i 

C
i 

C 
C 
C 
C. 
C 
C 
C 
C. 
C, 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c 

C 
C 

c 

c· 
C 
C 
C 

C 

C 
C 

PURPUSE LOMPUTE ENERGY RESPONSE FROM A THERMAL lOAD REQUEST 

MeTHOD ENi:.RGY DELIVt:.RED IS EQUAL TO THE lOAD REQUESTED OR 

THE MAXIMUM DISCHARGE RATE. 

W~ITTEN bY F. O. MAHONY VERSION 1, APRIL 1 1917 

CALL SEQUENCt:: 

100 

TABLE.S 
lLO - THERMAL lOAD AS FUN'TION OF AMBIENl TEMPERATURE 
TWT - OAILY PROFlLE WEIGHTING FUN~TION VS TIME OF DAY 

OUTPUTS 
VDE 
DVD 
IVO 
RE' 
PC 
SLD 
SRE 

INPUTS 
l'A 
LD 
Til 
VE 
NC 

VALUE OF ENERGY DELIVERED (STA1~), i 
- DERIVATIVE OF VDE 

INDICATOR FOR VD~ 
- LOAD REQUEST, KW 
- CUMULATIVE PERCENT OF LOAD DELIVERED 
- T01AL ENERGY DELIVERED, KWH 

TOTAL ENERGY REQUESTED, KWH 

- AMBIENT lEMPf:RATlJRi.:., Df:G F 
- POWER DELIVERED, KW 
- TIME OF DAY, HR 
- VALUE OF THERMAL ENERbY, $/KWH 
- NORMALIZING CONSTANT FOR LOAD Rf:QUEST 

DIMENSION TLO(3),TWTC5) 
e.OMMUN/CIMPL/IMPL ICSIMULI OU"'b),TINC,TMAX/CTIME/TIME 
COMMON/COST ICC,CM.CO.CV,ClD,CRE 
Ri:lAL LO,Ne. 

ITL= ILO' 2) 
ITW=TWT(Z) 
IF(lHPL.GT.O)bO TO 100 

T~AX1=T~AX*O.99.999 
TINC 1=l'INe.*. 5 

Pc; =0.0 
:SLD=O.O 
:SRE=O.O 

COMPUTE LOAD REQUi:ST 

lLD=lBLUll TA, TlOC 4) ,TLOC ITL+4) .i.-Ill) 
l)f=lBLUlC TO, TWTC 4) ,nn C ITW+4) ,1, -In" 

RE =TLO*TW*NC 

VALUE OF ENER~Y 
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C 
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C 
I 

Ci 
C 
C 

Ci , 

c 

C 

C 

i 
,IFIIVD.NE.O)OVD=LO*VE 

,1F(lHPl.LE.l)RETURN 

PERFORMANC~ STATISTICS 

SLD= ~LO +LD* T I HC.l 
SRE=SRE+'U:*TINCI 

IF'SRE.GT.O.O)PC=lOO.O*SLD/SRE 

IFCTIME.Ll.TMAX1)RETURN 

tV=tV+VOE 
ClO=CLO+SLO-lO*TINCl 
CR~= CR~+ SRE-Ri*YINCl 

RETURN 
END 

I'·i 
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TP 
7.46 AMB lENT TEMPERATURE 

RECORDED TEMP (TA 11 a 

.~ TEMPERATURE 
PROFILES (PO, 

TIME OF DAY (TO) 
PY) 

TP , AMBIENT TEMPERATURE (TA2) 

WEEK OF YEAR (WY ) 

This component is very similar to the wind cpmponent. Ambient temperature 

is output either from user suppl ied time histories o~ storage files or by 

generating a set of random numbers with user specified random variations. 

If user suppl ied profi les are available, then the temperatures are genera
ted from the following equation: 

TA2 = [POnD) +CN( t) ] *PY(WY) /~ 

wh~re PO and PY are the user suppl ied daily and weekly profiles, TO and WY 

are the time of the day and week of the year, eN is a colored noise term 

and MO is the average value of PY: 

J 
Nfd = 1 1: PY(j) 

J j=l 
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Tables 

PO 

PY 

Inputs 

Parameter/Port 

TA 
TO 

'NY 

CT 

MN 

STD 

Outputs 

1 

Var i ab I e/ Port 

CN 

TA 

AV 

NO 

TIM 

352 

2 

Description 

Daily profile versus TO 

Yearly profile versus WY 

A~bient temperature data file 

Ti~e of day 

We,ek of t he year 
i 

Correlation time of colored noise 

Mean temperature of colored noise 

Standard deviation of colored noise 

Co:1 ored no i se samp I e 

Ambient temperature 

Mean of daily temperature 

Mean of yearly profile 

Last time a random sample was generated 

TP 
.u.ni..b 
OF 

arbitrary 

,. 
hr 

hr 
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Calcylation Seguence 

1) Initial ization (first pass only) 

Compute AV 1 MO, and initial CN 

AV = MN + ~ ,1: N PO (j ) 
J=l 

2) Check for data file input 

If TAl = .99999 go to 3) 

TA2 = TAl 

Return 

3) Generate colored noise sample CN 

I f TIME = TIM RETURN 

A = (EXP(-TINC/CT) 

o. 
CT>a 

CT=a 
where TINC = integration step size 
CN=CN~foA+W 

Where W is white noise with mean = MN*(l-A) and 

standard deviation = STO* lIl-A2 

TIM = TIME 

4) Compute Temperature 

TA2 = (PO (TO) +CN) *PY (WY)/MQ 

BCS 40262-1 
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TP C1;P 

C' 
C. 
C. 
C 
C. 
C 

PURPOSE 

METHOD 

GENeRA TE AMBIENT TEMPERATURE FROM DAILY, YEARLY AND RANDOM L~ f 

COLORtD NOISE WITH ~PECIFIED PA~MS IS ADDED TO A MEAN DAILY 
PROFIL~ AND MULTIPLI~O 8Y A YEARLY PROFILE. 

C 
C 
C 
C 
C. 
C 
c 
c. 
c 
c 
c 
c 
c 
c 
t 
c 
c 
c 
c 
c 
C 

c 
c 

c 

C 

WRITTEN BY A.W. WARREN 

CALL SE.QUENCE 
TABLf.S 

PO - MEAN DAILY PROFILE, DfG.F 
PY - MEAM Y~ARlY PROFILE, DEG.F 

OUTPUTS 
TAO - AMBIENT TEMPERATURe OUTPUT, OEG.F 
AV - MEAN OAIl Y T~MPERATURE, OEG.F 

VERSION 1. MARCH 1 19T 

XM - MEAN YEARLY TEMPERATURE,DEG.F 
TIMO- LAST TIME COLORED NOISe WAS USED, HR 
XN - COLORED NOISE SAMPLE, DEG.F 

INPUTS 
TAl 
T'D 
NY 
CT 
XMN 
STD 

- TEMPERATURE INPUT FROM DATA FILE,DEG.F 
- TIME OF DAY, HR 
- weEK OF YEAR (1-52' 
- CORRELATION TIME FOR COLORED NOISE, HR 
- H~AN TfMPERATURE OF COLORfD NOISE, DE&.F 
- STANDARD DEVIATION OF COLORED NOISE, OEG.F 

DIMENSION PD(l),PYCl) 
COMMON/CIMPl/IMPL ICSIMULlOUMCb),TINC ICTIME/TIM~ 
DATA AX 1.999991 

NO=PD(2) 
,..V=PYC2' 

INITIALIZATION 

IFCIMPL.bT.O) GO TO 10 
1'IMO:.-1. 
CALL RN(XN,AX,STO,XMN) 

AV = o. 
00 20 l=l,ND 
L = 3+NO+I 

20 AV = AV + PDCl) 
AV = AVIND +XMN 

XM=O. 
00 30 l=l,NY 
L=3+NY+I 

30 XM=XM+PYCl) 
XH=XM/NY 

';RIGINAL PAGE IS 
OF POOR QUALITY 

C CHECK FOR DATA FILE INPUT 
C 

10 IFCTAI.EQ •• 99999) GO TO 100 
TAO :. TAl 
GO TO 150 

C GENERATE COLORED NOISE SAMPLE XN 
C 

354 
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c 
C 

c 

100 IF' TIHC.EQ.TIHE) GO TO ISO 
A=O. 
If'CT.~T.O.) A=EXPC-TINC/CTI 
WMN ;: XHN*( 1.-A) 
WSO = STD*SQRTC1.-A*A) 
CALL RH(W,AX,WSO,WMN) 
)UW = A*XN+W 

COMPUlE: AMBIENT TE;MPERATUitE 

OlP ;: l8lUl(1'O,PLI(4J.PO(4+NO),1,-NOI 
YTP = TBLUICWY,PY(41,PY(4+NYI,1,-NY) 
TAO = (DTP + ~)*YTPI XM 
TIMO=TIME 

150 RETUR. ... 
END 
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TR 
7.47 VARIABLE RATIO TRANSMISSION 

-- - POWER (P2) -
INPUT ROTOR SPEED(RS1) 
OUTPUT ROTOR SPEED(RS2) 
POWER (Pl) 
INPUT EFFICIENCY (EP1) 
MAX. INPUT POWER (MP11 

... 
--

-
TR -

OUTPUT EFFICIENCY (EF2) 

MAX. OUTPUT POWER (MP2) 

--
, 

This component models a transmission which couples ~ fixed speed rotor input 

(or output) to a variable speed rotor output (or input) component. Power 

losses are modeled as a table lookup depending on gear ratio and input power. 

356 

Power 
loss 

GRl 

GR = gear ratio 
(secondary independent variable) 

Input power (primary independent variable) 

FIGURE 7.47 TRANSMISSION MODEL - LOOKUP TABLE 
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\ TR 

Iabl§1§ Oeser I pt i 00 
!.!Jl.lll PL0 Power loss versus I npld power and gear kw 

ratio (TABLE DIMENSION = 66) 

IDRut~ 

P5)t:~W~ hu::l Pgt: t 
RS 1 Input rotor speed 

rpm 
RS 2 Output rotor speed t"pm 
P 1 Input power 

kw 
EF 1 Input product efficiency 
MP 1 Maximum Input power kw 
CC Capl ta I cost/year $ 

I CM Maintenance cost/year 
$ 

j 
l 
I Outputs 
1 
I 
1 

Varlable/Pgrt 
1 , 

, i P 2 Output power kw 
T0 Output torque 

£1-1 b Pl Power loss kw 
EF 2 Output product eff I ci ency 
MP 2 Maximum power output kw 

1 

j 

BCS 40262-1 
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Calculation SeQyence 

If P1~0 or RS1~0 set P2 = T0 = PL = 0 and go to 4) 

1) Determine gear ratio and power terms 

GR = RS2/RS1 

PL = PL0(P1,GR) 

P2 = P1 - PL 

2) Determine output torque 

T0 = P'}:l!-737. 61 (RS2~!-( 2 11' 160) ) 

3) Efficiency and maximum power 

EF2 = EFl~!-(P2/P1) 

If P2S0, set EF2 = EFl and write Diagnostic 

MP2 = MPl - PL0(MP1,GR) 

MP2~0 0 DIAGNOSTIC 

4) Compute Costs 

TR 

lj 
1 

BCS 40262-1 



"'FRWAl 

" 

'('" 

I: 
" 
I. 

9U le;,}PQ' 

CTR TR I 

: 

C 
d 
c 
q 
c, 
C 
c; 
c: 
(, 

C 
c: 
c: 
c: 
c: 
c 
C1 

C' 
C 
C 
( 
C: 
C' 
( 

C 
C 
C 
C 
( 

C 

PURPOSE TRANSMISSION HODEL 

METHOD OUTPUT POWER AND TORQUE COHPUT~D FROM 
INPUT AND OUTPUT ROTOR SPEEDS~~O~ER 
lOSS MODELED BY TA&L~ LOOKUP DEPENDING 
ON b~AR RATIO ANO INPUT POWER 

WRITTEN bY Y.K.CHAN VERSION I,JUNE 17,1971 
CA~L SEQUENCE 

TABLES 
PLO 

OUTPUTS 
P2; 

10 
PL 
EFZ 
MP2. 

-POWER LOSS VERSUS INPUT POWER AND GEAR RATIO ,KW 

INPU1S 
RSI 
RSZ 
PI 
EFl 
MPI 
CC 
CM 

-OUTPUT POWER,KW 
-OUTPUT TORQUE,FT-LS 
-POWER LOSS,KW 
-OUTPUl PRODUCT EFFICIENCY 
-MAXIMUM POWER OUTPUT,KW 

-INPUT ROTOR SP~ED,RPM 
-OUTPUT ROTOR SPEED,RPM 
-INPUT POWER,KW 
-IMPUT PRODUCT EFFICIENCY 
-MAXIMUM I_PUT POWER,KW 
-CAPl TOL COST/YEAR, $ 
-MAINTENANCE (O~T/YEAR,$ 

COMMON/CIMPL/IHPL,ICNT/CTIHE/TIME/CSIMUL/DUM(7),1'MAX 
X /COST/CCI,CMI 

REAL MP2,HPl 
DIMENSION PLOCl) 

IF () HPL.GT .0 )GO TO 10 
THAXl=THAX*.99~99 
RS2=RSI 

10 CONTINUE 
NNCiR=PLO(3' 
NHP1=PLO(Z) 
M4=N NbR +4 
MN4=IINPl+M4 

C 
C 
C 

LOMPUle GlAR RATIO AND POWER TERMS 

( 

P2=0. 
1'0=0. 
PL=O. 
EF2=EFl 
HP2=HPl 

~oo IF(CRSl.LE.O.'.OR.(Pl.LE.O."GO TO 400 
P2=Pl 

200 IF(RS2.LE.0)GO TO 400 
300 GR=RS2/RSl 

Pl=TBlU2(Pl,GR,PlO(H4J,PlOC4',PLOCMN4),l,I,-NNPl,-NNGR,NNP1,NNGR) P2=PI-Pl 

BCS 40262-1 
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c 
C 

c 
C 
C 

c 

C 

OUTPUT TORQUE 

TO=P2*731.6*30./(R~2.3.14159' 

EFFICIENCY AND MAXIMUM POWER 

E.F.2=cF 1* .. 2/Pl 
IF'EF2.GT.O.)&Q TO 409 
EF2=EFl 
IF(IMPl.EQ.l'WRITE(6,40S)Pl,Pl 

4u8 FORHATCIHO,l5H TRA~SHISSION POWER LOSS ,Fll.3, 
X 21H EXCEEDS INPU1 POWE.R ,F12.3) 

IF(IHPl.EQ.2'ICNT=ICNT+l 
409 CONTINUE 

AHP2.=TBLU2( HP 1, GR, PLOC H4 , ,PLO( 4) ,PLOCMN4J.l, 1.-NNPl, -NNGR, 
XNNPI ,NNGR, 

H~2.=MP l-AMP2 
IF(HP2..GT.O.)~ TO 400 
IFCIMPl.~Q.Z)WRITE'6,508'AHP2,MPl 

50B FORHAT(lHO,2.5H TRANSMISSION POWER LOSS ,FIZ.3, 
X 29H EXClEDS MAXIHUM INPUT POWER ,F12.3) 

IF(IMPl.EQ.Z'lCNT=lCNT+l 

400 IF(IMPl.lE.l'RETURN 
IF(TIME.lT.TMAXl'RfTURN 
CCI=CCl+('t. 
CMl=CMl+CM 

RETURN 
END 

TR 
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7.48 THERMAL STORAGE CHAMBER 

PO~JER REQUEST (REl)-~ 
IUP.UT POWER (P) 
MAX. INPUT POWER 

(HP1) 

STORED 
ENERGY (E) 

TS 
t--..... LOAD DELIVERED' (LD) 
I-~ POWER REQUEST (RE2) 
I-~ INTERRUPT FLAG' tINT) 

TS 

The thermal storage chamber is modeled by a "lumped" parameter approach. The 
entire storage media mass is characterized by a single temperature (no tempera
ture gradient). The storage media is either a sensible heat or a phase change 
media. Energy is input via electrical resistance heaters and withdrawn by a 
heat exchanger. Energy is deposited in the media at a rate equal to the 
available electrical power up to a maximum charging power. The discharge heat 
exchanger fluid mass flow rate is adjusted to provide the desired heat load 
demand. 
load. 

The maximum mass flow rate condition determines the maximum thermal 
The maximum energy limit represents the paint whet'e the maximum media 

temperature is reached. 

The model initially calculates the required storage media mass to provide the 
rated thermal energy storage (design pOint). Cost calculations are also made 
on the design point conditions. Initial checks on charge and discharge power 
and initial stored energy level are made. The storage temperature is deter
mined based on the energy level. 

Note: An example case discussing parameter specification for TS is provided on 
page 54, Reference [1]. 

Basi c Equation 

. 
E = P- LD-NU*E 

BCS 40262-1 
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Tables 

HI 

Inputs 

Parameter/Port 

P 

RE 

NU 

TS 

V0 

TM1 

T01 

DH 

PD 

PM 

NFM 

IDE 

EF 

MP 

CP2, 

T02 

TM2 

R 

CM 

CSA 

CSS 

LE 

1 

1 

1 

t_"'. 

Descr i pt ion 

Media temperature versus enthalpy in KWH/LS1 

Input power 

Demand thermal load 

Stored energy loss coefficient (D = 0.02) 

R~ted storage time2 

Raited input vol tage2 

Maximum allowable storage temperature (D = 212) 

Minimum allowable storage temperature (D = 60) 

Design point enthalpy 

Rated storage thermal 2 power 

Maximum charge rate (D = 2*PD) 

Maximum working fluid mass flow rate (D = 9000) 

Temperature deadband for priority resequence 
(D = 4) 

Input product efficiency 
8 Maximum input charging rate (D = 1.X10 ) 

Working fluid heat capacity (D = 2.93X10-4 ) 

Working fluid return temperature (D = 40) 

Maximum allowable working fluid temperature 
(D = 212) 

Effective heat exchanger thermal resistanc~4 
(D = 3.08X10 ) 

Storage device yearly maintenance cost 

storage device capacity cost (D = 50) 

Storage device energy cost (D = 15.2) 

Unit I ife expectancy 

(D = 0.6) 

D - Default values specified 
1 - See Figure 7.48 
2~ Design point conditions 

kw 
kw 
(h)-l 

h 

V 

OF 

OF 

kWh/lb 

kw 

kw 

Ib/h 
OF 

$/kw 

$/kw 

$/kwh 

ye'ars 

TS 
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I .(.-: I . 
I .. 

I .. 

iI--

Q~teuh 

~sar i ab I ~/ PS;U:t 
1 

Oescr ilU ion 
Stored ener~y (state) 

Input current 

I 

Ei , 
I 1 

NIP 

INT 

T 

Mj 
i 

CC~ 

RE 

NF 

LD 

2 

2 

Maximum discharge rate allowable 
Priority interrupt flag 

Storage temperature 

Required storage media mass 
I 

Storage device capital cost/year 

Maximum charg i ng r'ate request 

Working fluid mass flow rate 
Power Delivered 

~ts!t i ~t iiS;;~ 

TSU 

TSL 

ME. 

NFU 

T 

TMl 

M~ximum storage temperatUl-e 

Minimum storage temperature 

Maximum stored energy 

Maximum working fluid mass flow rate 

------- - -- - -------,? 
CHANGE OF ~ . ' 
~ PHASE . 

TOl ----- __________ _ 

~ 
kwh 

amps 

kw 

kw 

Ib/h 

kw 

0: 
F 

of 

kwh 

Ib/h 

1S 

ENTHALPY = ElM 

FIGURE 7.48: TEMPERATURE - ENTHALPY DIAGRAM 
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TS 
The caldulation sequence and default values assume a thermal storage device 

sized to provide 10kw for 24 hours. A paraffin wax phase change storage me

dium is assumed. Water is assumed as the thermal transport fluid. Costs are 

assumed to be given by data for the phase change storage device given in 

Reference 1. The thermal resistance value, R, is assumed equal to that de

termined for the device of Reference 1. The value for the maximum charging 

rate, PM, reflects the acceptance of twice the design charge rate. The ac

tual numbers which should be used wil I depend on specific design and per

formance requirements obtained from a desired application. 

Calculation SeQyence 

1) Media mass, capital cost, maintenance cost (first pass) 

M = PD~E-TS 
OH 

OC = (CSA+CSB*TS)*PD/lE 

Q\\ = CM*PD 

2) Storage Temperature and Working Fluid Temperature 

T = HT(E/M) 

TF = mi n {TM2,max [T02, T-RE1*R ]} 
E2 = M*HT-1 CTMl) 

1. "Advanced Thermal Energy Storage," BEC/EPRI RP 788-1, July 1976. 
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Calculation SeQyence Cont. 

3) Discharge Rate and Thermal Load 

El = ~!-HT-l (T01 ) 

MP2 = MFM*CP2'l!-(TP-T02) 

LD=MIN(RE1,MP2,(E-ElI/TINCI 

MF = LD/(CP2'l!-(TF-T02» 

4) Diagnostic Checks 

MF $, MFM 

P S PM 

T01 $ T ~ TMl 

5) Current calculations, 

= P1!'1000 
V0 

6) Energy dynamics 

E = P-LD-NU*E 

7) Maximum Charging Rates 

RE2 = minCPM,MP1,CE2-E)/TINCI/EFl 

where TINC = integration step size 

BCS 40262-1 
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Calcylation SeQyence Cont. 

8) Priority resequencing 

if T S T01, tNT = 1 

if T ~ T01+TDE and tNT=l, INT=O 

if T ~ TN[, tNT=-l 

if T < TN[-TDE and INT=-l, INT=O 

9) Compute Statistics and Costs 

366 
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-¥ Jr. .... 

~ 

", ... ' 

C 
C. 
C 
t 
C 
4 
c 
C 
t 
C 
C 
e , 
c 
C, 
d. 
c. 
C: 

I 

C, 
t, 
e: 
c. 

~ 
t 
e 
C 
c 
C 
C 
t 
C 
C 
C 
C 
C 
C 
C 
c' 
C 
C 
C. 

I, c! 
c ' 

: e'i 
C 
c: 
C~ 
t: 
C 

r C 
C 
C 
C 
C 

I. 
~ 

I. 

1S 
~UBROUTIhE TSIHT,E,DE,IE,I,MP2,INT,T.M,CCO,RE,MF,LD 

1 , TSU, lSl ,Mf:,MFU, P, REI,." TSO, VO, TMl, TOl,DH .PO,PM, 
2 MFM,TOE,EFl,MPI,tP2,102,lM2,R,CM,CSA,CS8 
3 ,LE) 

PURPOSe: 

METHOD 

COMPUTE ENERGY CONTAINED IN A THERMAL STORAGE M~OIA 

'A PHASE CHA~GE CR SENSIBLE HEAT MEDIA 1 S MODELED AS 

A SINbl~ TEMPeRATURE MASS WITH NO &RADIENTS. 

WRITTEN 8Y F. O. MAHONY VeRSION 2, JULY, 1971 

CALL SEwUE:NCE 

TASLE 
Hl - MEDIA TEMflERATURE: ~ERSUS ENTHALPY IN KWH/La, DEG F 

OUTPUTS 
~ STORED ENERGY (STATE VARIABL~), KWH 
DE: - POWER INTO STORAGE, KW 
IE - STATUS INOICA1'OR 
I - INPUT ELEC1RIC CURRENT, KW 
MR2 - MAXIMUM DlSCHARG~ RATE ALLOWABLE, KW 
INT - PRIORITY FLAG INTERRUPT 
T - STORAGE TEMPERATURE, U£G F 
M - REQUIRED STORAGE MEDIA HA~S, La 
ceo - STORAGE DEVICE CAPITAL COST/YEAR, $ 
Rti - MAXIMUM CHARGIIWG RA H: R~QUES1, I(W 
MF - WORKING FLUID MASS FLOW RATe, L&/HR 
LU - THERMAL LOAD DELIVERED, KW 
TSU - MAXIMUM STORAGE TEMPERATURE, D~G F 
TSl - MINIMUM STORAGE lHEMPERATURE, OEG F 
HE - MAXIMUM STORED ENERGY, KWH 
MFU -- MAXIMUM WORKING FLUID MASS FLOW RATE, LB/HR 

INPUTS 

BCS 40262-1 

P - INPUT POWER, KW 
REI - THERHAL DISCHARGE REQUEST, KW 
NU' - STORAGE tNERGY LOSS COEFFICIENT, l/HR 
TSO - RATED STORAGE TIME, HR 

'vo - RATED INPUl VOLlAGE, VOLTS 
1'H1 - MAXIMUM ALUJWABLE STORA&E TEMPERATURE, DEG F 
TOI - MINIMUM ALLOWABLE STORAGE l'E:MPERATURE, DEG F 
PD - RATED STORAGE THERMAL POWER, K~ 
DH - DESIGN POl~T ENTHALPY, KWH/LB 
PM - MAXIMUM CHARGE RATE, KW 
MFM - MAXIMUM WORKING FLUID MASS FLOW RA1E, LB/HR 
lOE - TEMPERATURE Di:ADBAND FOR PRIORITV RE:SEQUENCE, OLC F 
tFl - INPUT PRODUCT EFFICIENCY 
"PI - MAXIMUM INPUT CHARGING RATE, KW 
CP~ - ~ORKING FLUID HEAT CAPACITY, KWH/LB-F 
T02 - WORKING FLUID RETU~ TEMPERATURE, OEG F 
TM2 - MAXIMUM ALLOWASLE WGRKING FLUID TEMPERATURE, DEG F 
R - EFFECTIVE HEAT EXCHANGE:R THE:RMAL RESISTANC.E:, F/KW 
CM - STORAGE DeVICe YEARLY MAINTENANCE COST. $/KW 
('SA - STORAGE DEVICE CAPACITY COST, $/KW 
CS8 - STORAGE DEVICE Ei-lWERGY COST, ./KWH 
LE - UNIT'lIFE FILE EXP~CTANCY, YEARS 
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c 

c 
c 

c' 

c 

C 

C 
C 
C 

100 

C 
C 
C 

C 
C 
C 

(; 

TS 
~OM"ON/CIHPL/IHPL,ICN/CTIMi/TIME ICSIMUL/OUM(7),TMAX/CO~T/CCI,CHI 
RFAL NU,I,MP2,IN1,HF,LO,HE,HfU,MfH,HPl,Lf.M ~ 
DIMEiiSlO~ HIll) ,-' 

, 

IFCIMPL.GT.O)&Q 10 100 
T~AXI=THAX*.99999 
l'JNC=OUH (7) 

J~'_U.EQ •• 99999)~u=O.02 
l~(T~l.EQ •• 99999)TMl=21~.O 
l~(Tul.EQ •• 99999JTul~oO.O 
I~'PH. EQ •• 99999) PH=2.0*PD 
IF(MFH.LQ •• 99999)MFM=9000.0 
IFCI0E.EQ •• 99999)TOE=4.0 
IFICP2.EQ •• 999~9)CP2=2.93E-4 
1~(T02.EQ •• 99999)T02=40.0 
1~(rM2.EQ •• 99999'TM2=21~.C 
IA'R .EO •• ~9999)R =3.0~E-4 
IF(CM .EO •• 99999)CM =0.6 
I~CCSA.EQ •• 99999)C5A=50.0 
Ifi'C~ti. EQ. .99999 )('S8=15.2 
IF'CHPl.i;Q •• 99999) MPl= 1.(iEf; 

INT~O.O 
RE:l:0.0 

l"SU=O.O 
HE: ;.0.0 
MFU=u.O 
TSl=l.OEe 
eM= CH*PD 

H =PO*TSO/DH 
CCO=(CSA+CSS*TSOJ*PD/lE 

COMPUTE. SlORAGE TEMPERAtURE 

NH=HH2J 
T=T8LU1«(/M,HT(4),HTC4+NH),l,NH) 
El=M*TBlUU THl,HT(4+HH) ,HT(4), l,NH) 

WOR~ING FLUID TEMPERATURE 

TF =AHINl' IMl,AMAXl' T02,l-REl*R' ) 

MAXIMUM DISCHARGE RATE AND THERMAL LOAD 

MP2=MFM*CPZ*(TF-T02) 
IF'INT.EQ.l.)MP2=0. 
LO =AMINl'R~l,MP2J 

C WORKING FLUID MASS FLOW RATE 
C 

IFCLO.GT.O.O) MF :LO/CP2/(rF-T02J 

.If'IHPl.lE.l)GQ TO 200 
I:~, 368 
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C 
C 
C 

c 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

c 

C 

C 

C 

c 

C 
C 
C 

C 

IFCIMPL.GT.2) GO TO 200 
PHI= PKI'.9<J99 

IFCMF .GT.MFM)WRITE(6,lOlO)MF,MFH 
IFCP .GT.PMl )WRIIE(b,1020)P ,PM 
IF&MF.GT.MFM .OR. P.GT.PMl)ICM=ICN+l 
IFCT .Ll.TOl.OR. 

1 T .bT.TM1)~RITECb,1030)T,TOl,TMl 
IFCT.LT.TOl .OR. T.Gl.TMl) ICN:ICN+l 

CURRENT CALtULATION 

200 I =P*lOOO.O/VO 

E:Nlt:RGY !) TA l'E 

IF(lc.NE.O)D£=P-LO-NU*~ 

MAXIMUM CHARGING RATE REQUEST 

A=AMAXll E:I-E, O.} ITU.C 
RE =AMI~1(PM,MP1,A)/£Fl 

PRIORITY R~SEQU~NCIHG 

IFCT.LE.T01)INl'~1.O 

IF(T.GL.(TOl+TD£'.ANO. 
1 INT.E~.l.)INT=O.O 

IF(l'.Gf.TMl)lNT=-l.O 

IFCT.LT.(TMI-TDE).AND. 
1 INT.EQ.-l.)IHT=O.O 

IFCIMPL.LE.l)RETURN 

TSU=AMAXl(TSU,T) 
T5L=AMINICTSl,T ) 
HE =AMAXl(ME ,E ) 
MFU=AMAX1(MFU,MF) 
IF(TIM~.LT.TMAXl)RETURN 

CMI=CMI+CM 
C(' 1 =C(' 1+CCO 
CM ::: CM.fPO 

REl'URN 

COST 

1010 FORMATCIHO,26HTS WORKING FLUID FLOW RAT'£:,F12.3 
1 ,32H GREATER THAN MAXIMUM ALLOWED,F12.3) 

1020 FORMATClhO.14HTS I~PUT POWER,F12.3 

18 

1 ,44H GREATER THAN MAXIMUM ALLOWEO CHARGE RATE,F12.3) 
1030 FORMAT(lHO, 23HTS ~TORAGE TEMPERATURE ,F12.3 

'I ,20H OUTSIDE MINIMUM ,F12.3 
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7.49 TURBINE (PNEUMATIC) 

MASS FLm~ RATE (M) 
TEMP (Tl) 

ROTOR SPEED (RS) 
INPUT POWER (Pl) 
MAX ~ INPUT POWER 

(MP1) 
INPUT EFFICIENCY 

(EFl) 

.-. 

----
.... 
.... 
... 

~ 

TU ... 
~ .. 

TU 

POWER (P2) 
MAX. OUTPUT POWER (MP2) 
OUTPUT EFFICrENC~ CEF2.} 

The turbine model is based on a high pressure ratio, constant angular velocity 

design. The turbine is assumed to be designed to a set of oJ operating con

ditions defined in terms of user specified parameters. The polytropic effic

iency is only weakly related to angular velocity. Initial calculations are 

made with the design polytropic efficiency, and refinements are then com-
puted after Off-design parameters are calculated. 

Basic EQuation 

The equation for output power P2 is 

P2 = ~!-CP*(Tl-TA) 
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k 
" 
! 

IDI2Yt§ 

P5Jram~t~r / PSU:t 

M 

CP 

T 1 

TA 
Nf) 

TID 

PIO 

P20 

T20 

PS 

RS 

EF 1 
Nf' 1 

P 1 

CK 

F0 

G 

NPO 

Oyteut§ 

Variable/Por! 

P 

CC0 

PR 

T(» 

2 

Descr i et ion 

Inlet mass flow rate 

Air heat capacity (0 = 7.2X10-5 ) 

Input air temperature 

Ambient air temperature 

Des i, gn mass flow ra te (D = 4800) 

Desrgn inlet air temperature (0 = 600) 

Design inlet pressure (0 = 117.6) 

Design exit pressure (ambient) (0 = 14.7) 

Design exit temperature (ambient) (0 = 70) 

Storage vessel pressure 

Ahgular velocity 

Input product efficiency 

Maximum input power 

Input power 

Capacity cost coefficient1 (0 = 0.015) 

Turbine mass flow exponent for capital cost 
(0 = 0.75) 

Turbine temperature exponent for capital cost 
CD = 0.5) 

Design Polytropic Efficiency (0 = 0.88) 

Output power 

Turbine cost/year 

Back pressure 

Torque 

o - Default values suppl ied 

TU 
~ 
Ib/h 

kwh/lb/oF 
of 

of 

Ib/h 
OF 

psi 

psi 
of 

psi 

rpm 

kw 

kw 

kw 

$ 

psi 

ft-I b 

1 CK = Capl ta I cost (known un i t)/ [Cdesign point mass f I ow rate )F0-l~ 

372 

Cdesign point' temperature +'460)G * LN (inlet/outlet pressure ratio)*LE]. 
where ~E = life expectancy in years. 
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Outputs Cont. 

Var i ab Ie/Port 

EF 2 

MP 

Stat i sti cs 

fNlJP 

2 

Description 

Output product efficiency 

Maximum discharge power 

Maximum power observed 

kw 

kw 

The calculation sequence and the default values are based on the assumption 

of a high pressure ratio, constant angular velocity turbine, rated at 150 kw 

and a pressure ratio of 8. The equations used relata.first order effects 

among the various physical quantities and were derived from first principles 

originally in support of the research work of Reference 1. Cost scaling was 

also developed in that reference based on cost estimates from turbomachinery 
manufacturers. 

1. "Closed Cycle High Temperature Control Receiver Concept for Solar Electric 

Power," BEC/EPRI RP377-1, June 1976. 
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Calcyla,t~on SeQyence 

11 Costs 

CC = CK*( MD 1 **f'0ifo(T I 0+460 1 **G*LN ( P I 01 P2D ) 

2) Back Pressure PR determined by 

PR = (MIMDlifoPID* V(Tl+460I/(TID+4601 
If PR > PS write DIAGNOSTIC 

31 Efficiency 

RAT = (PID/P2DI**(2/7) 

EFF = (RAT-l. )/(RAT**(l/NPDI-l) 

4) Power Out 

P2 = M-lfCPifo(Tl-TAl i!£FF 

5) Torque 

If RS = 0, set TO = 0 and go to 6) 

T0 = P2*(737.6)/(RS*2lf/60) 

6) Efficiency and maximum power 

EF2 = EFli!£FF 

MP2 = min(MP1*EFF,MD-lfCP*(Tl-TAl) 

7) Compute Statistics and Costs 
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C 
C. 
t 
C I 
C ! 

C 
t : 

C: 
C [ 

t i 

(. 

t' 
c! 
t: 
C: 
t: 
c 
C 
t! 
t 
C 
C 
C: 
C 
C. 

.' C 
C 
C! 
C: 
c.' 
C 
t 
t 
C 
C 
t 
C. 
C 

'. t 
C 

c. 

TU 
~UBROUIINE lU( PZ,C.C,PR ,TO, EF2.,MP l,MOP.M,C.P. T 1. TA .MO. TID. PID,P20, 

1 120,PS,RS,EF1,MP1.Pl,CK,F.G,NPO, 

PURPOSE 

ME1HOD 

TURBINE PERFORMANC~ MuDEL 

COMPUTE TUR8INE POW~R OUTPUT FROM INPUT DESIGN 

C.ONDITIONS AS A FUNCTION OF INLET TEMPERATURE 

AND MASS FLOW RATE 

WRITT~N BY F.O. MAHONY VERSION 1, MARtH 22 1911 

:CALL 
! 

S£QUENCi. 
OUTPUTS 

P2 
c.t 
PR 
TO 
E.f·Z 
MP2 
MOP 

INPUTS i 
Mi 
tP 
Ti 
TA 
Hi> 
T~D 
PIO 
PlO 
T20 
PS 
RS 
EF1 
MPl 
PI 
CK 
F 
G 
NPO 

- OUTPUT POWER, KW 
- TURdl~~ COST PER YEAR. $ 
- SAC.K PRES~URE, PSI 
- TORQUE, FT-LB 
- OUTPUT PRODUCT EFFIC1ENCY 
- MAXIMUM DISCHARGE POWf.it, KW 
- MAXIMUM POWER OBSERVED,KW 

- INLET MASS FLOW RATE, LB/HR 
- AIR H~AT CAPACITY, KWHllBI'OEG F 
- INPUT AIR TEMPERATURE, DEG F 
- AM~IENT AIR TEMPERATUR~, OEG F 
- DESIGN MA~S FLOW RATE, Lal'HR 
- DESlGN INLET AIR TEMPERATURE, DEG F 
- O~SIbN lNLET PRESSURE, PSI 
- DESIGN EXIT PRESSURE (AMBIENT), PSI 
- DESIGN EXIT TEMPERATURE (AMBIENT). PSI 
- STORAGE VESSEL PRESSURi., PSI 
- ANGULAR VELOCITY, RPM 
- INPUT PRODUCT EFFICIE.CY 
- MAXIMUM INPUT POWER, ~W 
- I~PUT POWER, KW 
- CAPACITY (.OST COEFFICIENT 
- TURBINE MASS FLOW EXPONENT FOR CAPITAL COST 
- TURBIN~ TEMPERATURE EXPONENT FOR C.APIIAL COST 
- O~SIGN POLYTROPIC EFFICIENCY 

COMMrN I'tIMPL/IHPL,IC.I~TI'CTI"EI' TIME /CSIMUlI'DUM(7),TMAX ICOST/CCI 
Rt::AL MP2.MOP, M,MD, Mt~l,NPO 
DATA PI /3.1~1591' 

IflIMPL.GT.O) GO TO 100 
IF(tP .EQ. .99999) CP = 7l.0E-b 
IF(TA .EQ •• 99999) TA = 70.0 
IFlMO .EQ •• 99999) MO = 4800. 
IF( T ID.i.Q. .9419(9) TICI=bOO.O 
If(PID.EQ •• 99999' PIO=117.6 
IFIP2D.EQ •• 99999) P2D=14.1 
IFIT20.EQ •• 99999) T20=70.0 
If(CK .EQ. .99999) CK =0.015 
IF'f .EQ •• 99999) F =0.75 
IF(G .EQ •• 99999) G =0.5 

liwl BCS 40262-1 .. 375 
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C 
C 

C 

c 

IF(HPO .~Q •• 99999)NPD= .88 
MOP :. O. 
RS= AMAXl(O.O,AMINl(RS, 4000.» 
TMAXl=.9'~999*1'MAX 

CC = CK*MD**F*(TID+460.)**G*ALOG(PID/P20) 
DETERMINE BACK PRESSURE 

100 RAT= (PIO/P20)**.1.857 
f:FF= (RAT:-l.O)I'CRAT**, l./NPO) - 1.0) 
PR = MI'MO*PIO*SQRT((tl + 460.0'/(TID+460.') 

IF(PR.GT.PS) GO TO 1000 

C POW~R OUTPUT 
C 
C 

200 Pl~ M*ep*lTI-TA)*EFf 
TO = o. 
IF(R~.E~.O •• OR. Pl.EQ. O~) GO TO 300 

C TORQUE 

C 
C 
C 

C 

C 

TO = P~*737.b/(RS*l.O*Pl/6u.u~ 
EFFICIeNCY AND M~~!M~M POWER 

300 EF2 :; EF1*EFF 
HP2 : AMIN1(MPl*£FF ,MO*CP*(TI-TA', 
IF(IMPL.LE. 1) RETU~ 
MOP: AMAXl(MOP,P2' 
IF(rIME.LT.TMAXl' RETURN 
eel = eCl + CC 

RETURN 

1000 IF(IMPl.EQ.2)WRIIE(6,1010) PR,PS 

i 

TU 

1010 FORMAT (IHO,21HTURalNf: BACK PRESSURE:,FIZ.3, 
1 39H GREATER THAN STORAGE: VESSEL PRESSURE. t~;,\1~.3) IF(IMPL.EQ.2)ICNT=ICNT+l 

C 
GO TO 2trru 

c 
END 
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7.50 UTILITY 

SURPLUS POWER (PO) 

PEAK POWER REQUEST (RE) 

UT 

BASELOAD GENERATION (Pl) 

PEAK LOAD GENERATION (P2) 

MAX, POWER CAPACITY (MP2) 

The util ity model has two power outputs corresponding to baseload and peak 
generation, with corresponding generation cost inputs. A surplus power input 
is also provided with cost credit depending on whether baseload or peak power 
is reduced. Total energy cost, total output power and total peak load requests 
are mon i tored • 

Minimum input parameters to specify the utility are: 

CB = cost of baseload generation ($/kwh), 
CP = cost of peak load generation ($/kwh). 

Note: Even if no baseload generation is assumed, CB may be needed to compute 
surplus power cost credits. 

;~ BCS 40262-1 
Y-b~"""';;"_"=""'""~'~'" . ~'~'" ... ~".:",~ ~~';CiU.·~'=L"C •• ~:.,",.· ..• ·~ ='-c·,"""'-......... .;;...,,= . ..i",;;,;"",:.,,"~" 

377 

, .'" 



~:'~ I'"~ "'.-- "C'" .• ~- -- '-v"'.~,,,_.~. ""7'"""~'''''~'':"" ~''''''~'''~.''''':I''.---. ~"T"""-',:",!,(!/fl"'T·""i.!f-"!"",,:I" '!","J ''' .. F:~''·.'7!'"'~~·'~~~'C'<1?'f- ._~£j;!MI4!tt. ~~': .. -" 

~~"""'~t'"-".""~<"_~"~ ••.. -' .:~,,~., ~'?",' .. '1'. " •• 

lnputs 

E'arar;g,eter/ Port 

BS 

CEI 

MP 

P 

RE 

CP 

CC 

CM 

1 

o 

Qy!jlYll 

~able/Port 

P 

MP 

P 

C0 

Stat i ~it i cs 

SR 

SP0 

SP 

VSP 

378 

1 

2 

2 

Descr i et ipn 

Baseload generation (default = 0.) 

Cost of baseload generation/kwh 

Maximum power capacity (default = lX108) 

Surplus power returned to util ity 

Peak generation request 

Cost of peak load generation/kwh 

Capital cost/year 

Maintenance cost/year 

Baseload generation (= BSI 
i 

Maximum power capacity (= MP1) 

Peak load generation 

Cost of energy used (state) 

Sum of requested peak generat ion 

Sum of output energy 

Sum of surplus energy 

Value of surplus energy 

UT 

Uni ts 

kw 

$ 

kw 

kw 

kw 

$ 

$ 

$ 

kw 

kw 

kw 

$ 

kwh 

kwh 

kwh 

$ 

BCS 40262-1 



otIi.....,·" >;<."i~ """"'.~~' '.~ .t:~""''''-''''''''''-~-

• Ai, &4"¥,""U,£Zftli• ~",~ ..... ", ,,~. ,_ "HT"',>c 

• '''', .. _ ...... ~ .. ..". ,..,.~, .... .,.,..."" S." " .,."W·~'···,..- .-........... ,.'" -·C,-.,,· • .........,,~.-.·~~-.--~ •• ~""<r.';""'"'"'"'"", _"--,.'''''._'''' .. ''., 

':, . .. 

Calcylation SeQyence 

1) Power outputs 

If BS > MP1, write diagnostic 

Pl = BS, MP2 = MPl 

P2 = MIN (MP1-BS,RE) 

2) Energy cost dynamIcs . ' 

C0 = BS*CB + (P2-P0)*CX 

CX = (OCP !I ff P2-P0 >0 
P2-P0<0 

3) Statistics 

SR = SR + RE * TINC 

if P2 >P0 
if P0 >P2 

SP0 = SP0 + (Pl+P2-P0)*TINC + DEL 

SP = SP + DEL 

VSP = VSP + DEL * CB 

Where TINC = integration step size/2 

4) Compute Costs 
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CUT UT 
SUBROUTINE UTIPl,MP2,P2,CO,COD,lCO,SR,SPO,S~.VSP , 

e 
e , 
e , , 
e 
e 
c 
e 
C , 
C , 
c 
e 
C 
e 
c 
c 
C 
C 
C 
C 
C 
C , 
e 
C 
c , 

, 

c 

1 ,8~,C6,MP1.PO,RE,CP,CC,CM' 

PURPOSE MOO~L OF UTILITY CAPA8LE OF PRODUCING 
BAS£LCAO AND PiAKLOAD POWER, AND OF 
ABSORBING SURPLUS POWER 

METHOD COMPUTE PEAKLOAD GE_ERATI~~ AND ~ERGY COST 

WRITT~N ay Y.K.CHAN VERSION l,JUNE 8,1~77 

CALL, SiQUf.NCE 
OUTPUT 

PI -BASELOAD GENERATION,KW 
MP2 -MAXIMUM POWER CAPACITY,KW 
P2 -PEAKLOAO GENERAIION,KW 
CO -COST OF ENt.:RGY USED (SlATE), $ 
COO -ENERGY COST RAT~, $/HR 
ICO -INTEGRATOR CONTROL FOR CO 

SlA T 1ST U.S 
SR -SUM OF RE:Q~ESTE:I) PEAK GENERAIION,KW 
SPO -SUM OF OUTPUT EN~RbY, KWH 
SP -SUM OF SURPLUS ENERGY, KWH 
VSP -VALUE OF SURPLUS ENERGY, $ 

l~UTS 

as -BASELOAD GtNERATI~ !OEFAULT=O.),KW 
C8 -COS1 OF BASELOAD GENERAl'ION/KWH, $ 
MPI -MAXIMUM POWER CAPACITY,KW 
PO -SURPLUS POWER RETURNED 10 UTILITY,KW 
RE -P~AK GENERATION REQUEST, KW 
CP -COST OF PEAKLOAD GENERATION/KWH, $ 
CC -CAPITAL COST/YEAR, $ 
CM -MAIHTENANCE eOSTIYEAR, $ 

COMMOH /CIMPLlIMPL, leNT /eT IME/TIME/CSIMUL/OUN' 7) ,THAX 
X /COST/CCI,CMI.COP,VDE,JOE,TLO.OTV.UTO.SPD 

REAL MP2,MPl 

IF(IMPL.GT.O)GO TO 100 
IF(BS.[Q •• 99999)BS=0. 
IFCMP1.EQ.~99999)HPl=1.Eo 
TMAXl=TMAX*.99999 
SR=O. 
SP=O. 
sPo=o. 
VsP=o. 
RE=O. 
po=o. 

, COMPUTE POWER OUTPUTS 
C 

TINC1=DUM( 7 )*.5 
IF'BS.LE.MPl)GQ TO 100 
IF(lMPL.EQ.2' WRITE(b,20u)3S,MPl 

208 FORMAlIIHO,lOH BASELOAD ,f12.3,32H EXCEEDS MAXIMUM PG~ER CAPACITY, 
1 FIl.3) 

IF(IMPL.EQ.2'ICNT=ICNT+l 
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t~ .. 
c 
c 
c 

c. 
c 
c 

c 

BS=HPI 

. 100 :Pl=B5 
. MP2=MPl 

P2=AMINICMPI-BS,RE) 

COMPUTE ENERGY COST 

CX~O. 
IFCPl.GT.PO)CX=CP 
IFCICO.NE.O)COO=BS*Ca+'~2-PO)*tx 
IFCIMPl.l~.l)RETURN 

STATISTICS 

SR=SR+RE:*TINC 1 
SPO=SPO+ 'Pl+P~-PQ)*TINCl 
IFCP2.bT.PO) GO TO 200 
TERH=lPO-PZ )*11NCl 
SPO= SPO+TERM 
SOP= s.P+ TERM 
YSP= YSP+ Cb*TERM 

ZOO IFCTIME.LT.THAXl)R£TURN 
(;,(,1=(,(, I +U: 
CMI=CMI+CM 
YDE=VDE-CO+VSP 
TOE::=TDE-SPO+SP 
UTV=UTY+CO 
UTO::UTO+SPO 
SPO= SPO+SP 
RETURN 
END 

BCS 40262-1 
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WD 
7.51 WIND 

RECORDED WIND 
HISTORIES (WV1) 

WD I----i--.... WIND SPEED (WV2) 
TIME OF DAY (TO) 

WEEK OF YEAR (WY) 

This model computes wind speed either from user supplied time hi~tories (data 

tape) or by generating a set of random numbers with user supplied daily and 

year I y average prof i I es and user spec if i ed random var i at ion. I f user supp lied 

profi les are available then the wind speeds are generated from the following 
equation: 

aas i c EQua t i on 

where 

382 

WV = [PO(TO) + N(T)]*PY(WY)/M 

PD is the user suppl led daily mean profile 
TO is the time of the day 

PY is the user supp lied year' y profile 
WY is the week of the 

N is white noise wi th 

J 
M = 1 E PY( i ) 

J i=l 

year 

user specified probability dis t r i bu t ion 
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Tables 

PO 
py 

OF 

lrieuts 

Parameter/Port 

WV 
TO 

WY 

1 

Outeuts 

Variable/Port 

VN 2 

M 

TIM 

Statistics 

lIN 

AV 

Oeser iot ion 

Daily profile versus TO (default = Oi 

Yearly profile versus WY 

Density function for white noise terms 
(tabular with speed WV) 

Wind speed data file input 
Time of day 

Week of the year 

Wind speed 

Mean of yearly profile 

Last time a random sample was generated 

Maximum speed 

Average speed (expected daily wind) 

~-j 

BCS 40262-1 
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WD 

.Y.o.Lt.i 
mi I es/hr 

arbitrary 

arbi trary 

mi les/hr 

hr 

mi I es/hr 

hr 

mi I es/hr 

miles/hr 
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Calculation SeQyence 

1) compute distribution function and mean M (first pass only) 

( E OF (V i) : Vi'S V~J) 
F(W) = 

E OF(V i) 

2) Check for data file input 

If WV1 = .99999 go to 3) 

W2 =VNl 

Go to 5) 

3) Generate white noise input N 

If TIME = TIM go to 5) 
U = random noise sample, uniformly distributed [0,1] 

-1 
Interpolate to find N = F (U) 

TIM = TIME 

4) compute wind speed 
WV 2 = (PO (TO) + N ] ~l- PY« WY ) 1M 

5) Compute statistics 
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~WO 

t 

WD 1 

j 
I c 

c 
C 
(: 

" c. 
c 
c 
~ 
~ 
~ 
E 
C. 
C 
C 
C 
c 
~ 
ct 
C 
C 
C. 
C 
C 
C 
C 
C 

C 
C 
C 

C 

PURPOSE GENERATE WIND SPEED FROM DAILY, YEARLY, AND RANDOM PROFILE DA: 
.:1 

METHOD RANDOM NOISE WITH SPECIFIED DIST. IS ADDED TO M6AN DAILV PROF:;.;> 
AND MULTIPLIED 6Y A YEARLY PROFILE. INI1IALLY THE OE:NSI1Y TABI; 1 
WF IS CONVERT~O TO A 0IST. FUNCTIUN. " 

WRITTEN BY A.W. WARREN VERSION I, MARCH 4 191~; 

CALL SEQUENCE 

- MEAN DAILY WINO PROFILE, MPH 
TABLES 

PO 
py - KlAN YEARLY WIND PROFILE i 

WF - WIND FREQUENCY FUNCTION (NON-WST, RANDOM COMPCNENT), H( 

OUTPu-rs 
~VO - WIND VELOCITY OUTPUT, MPH 
AMV - MAX. OBSERVED WIND SPeED, MPH 
AV - MEAN DAILY WINO SPEED, MPH 
XM - MEAN YEARLY WIND, -
TIMO- LAST TIME A RANDOM SAMPLE WAS USED, HR 

INPUTS 
WVl - WINO VELOCITY INPUT FROM DATA FILE, MPH 
TO - TIME OF DAY, HR 
WY - Wf.E:K OF YeAR 11-52) 

DIMENSION PDCI),PY'I),WF(l) 
COMMON'CIHPL/IMPL 'CTIME'TIME 
DATA IX/l/ 

INITIALIZATION 
COMPUTE MEAN DAILY WINO SPE~D AND DIST. FeN 

NP=WF(2) 
NO=PD(2) 

I 

~Y=PYI 2) 
IFlIMPL.GT.O) GO TO 10 
5UM=-0.0 
AMN=O.O 
TIMO=-I. 
IF'WFI 4+~*NP) .E.Q. 1.) GO TO 40 
00 20 I=l,NP 
WF(I+2) = WF(1+3) 
L = 3+NP+I 
A=WF(L) 
WFCL)=SUM 
SUM=SUM+ A 

20 AMN = AMN + A*WFI2+1) 
AMN = AMN/SUM 
WF(3+NP'~ WF(NP+2'*Z. - WFINP+l' 
WFIL+l)= 1. 

DO 30 I=-I,NP 
L=3+NP+I 

30 WF(L) = WFlL"SUM 

BCS 40262-1 385 
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C 
C 

c 

c 

40 CONTINUE 
DEFAULT TABLE FOR PO 

IF'PD'2'.~Q. 1.99999) PD,4,=0. 
IF'PO'2'.EQ. 1.99999) PDtS)=O. 
IFCPDC2'.EQ. 1.~~~99' POCl'=I. 

AV :: O. 
DO 25 l:::l,ND 
L = 3+NO+l 

25 AV. :: AV+PO( L' 
AV = AV/ND + AMN 

XM-;:;O. 
00 15 l=l,HY 
L=3+NY+l 

15 XM=XM+'PY (U 
XM::·XM/~Y 
AMV =0. 

i 

C CH~CK FOR DATA FILE INPUT 
C 

10 IF, WVI.EQ •• 9~999' GO TO 100 
WVO :: WV! 
GO TO 150 

C GENERAT~ WHIT~ NOISE WITH 01S1. WF 
C 

c 

100 IF( llME.EQ.lIMO) GO 10 l~O 
CALL lIUF(U,IX) 
NPl=twP+l 
W~ : TBLUICU,WF(4+NP),WF(3),1,-NPl) 

WD 
,,, 

C GENERAIE WIND SPEED USING DAILY AND Y~ARLY PROFILt$ 
owV :: T6LU1( TD.PD( 4) .PD( 4+ND)' 1,'-NO' 
YWV = TBLU1(WY,PY(4).PV(4+NY),1,-NY) 
WVO = (OWV + WN'* YWV I XH 
IIMO=TIM£. 

C 
C MAX. OBSERVED WINO SPEED 

150 IfOMPL.LE.l) R.E:TURN 
AMV = AHAXICAMV.WVO' 
RETURN 
~D 
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WP 
7.52 TURBINE/GENERATOR 

WIND VELOCITY (WV) ---tl""~I __ w_p __ ..JI""----.j.~ OUTPUT POWER (P2) 

This component uses a power curve relationship with wind velocity to model 

the wind turbine and generator. It may be used in place of the more detailed 

wind turbine-transmission-generator components where a simplified anaiysis 

is desirable, or where a nonstandard wind generator model is desired. The 

model may be used for either A.C. or D.C. power generation. 

Bas i c Egua t ions 

P2 = V-lf-1/1000 'lNO $ VN S VNl 

POWER 
OUTPUT 
(P2) 

WVO WIND VELOCITY 
(CUTIN) 

WVl 
(CUTOUT) 

FIGURE 7.52: OUTPUT POWER VERSUS WIND VELOCITY 
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Tables 

PW 

Inputs 

Parameter/Port 
V 

WJO 

lINl 

'IN 

CC 

CM 

EC 

OytPuts 

Variable/Port 
I 

p 2 

Stat i st iC2 

MI 

MP0 

SP 

C0 

1 

Oescr i pt ign 

Wind generation power versus wind Velocity 1 

Bus \;ultClge (Rated) 
Power cutin velocity 
Power cutout Velocity 
Wi nd ve I oc i ty 

Cap i tal cost/year 

Maintenance cost/year 
Control Energy Rate 

Bus current 

Real power output 

Maximum current 

Maximum power 

Total output energy 
Total operating costs 

Output power including mechanical and electrical efficiencies 

388 

WP 

~ 
kw 

vol ts 

~h 

mph 

mph 

$ 

$ 

$/hr 

amps 

k'w 

amps 

kw 

kwh 

$ 
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hi PlEA;. . C. j. C! AX};4tt 4 ; (""'"'"oov 

xs _fiiII>~~ 

CWP WP 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C , 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

'C 
C 

C 
C. 
C 

C 
C 

c 

SUBROUTINE liP ( PII,8I ,PO,AMI,AMP ,SP,CO,VO,WVO,WVl,WV,CCI ,OU, EC) 

PURPOSE MODEL IHl Wl~D TURBINE A.O GEMERATOR USING A POWER CURVE 

WRITTeN BY A.W. WARR~ VE.RSION I, MARCH 3 191" 

CALL SEQUENC£; 
TABLES 

PW - WIND GENERATION POWER IN KW VER~US WIND VELOCITY IN MPH 

OUTPUTS 
81 
PO 
AMI 
AMP 
SP 
e.O 

INPUTS 

- OUT PUT 6US CURR EN T, AMP S 
- PQWER OUTPUT, KW 
- MAX. OSSERVfO CURR~NT, AMPS 
- MAX. ObSERVED POWER, KW 
- TOTAL OUTPUT ENERGY,KWH 

OPERATING COST, $ 

VO - RATED SUS VOlTAGt:, VOLTS 
WVO - POWER CUTIN VELOCITY, MPH 
WVl - POWER CUTUUT VELOCllY, MPH 
WV WIND VlLOCIIY, MPH 
CCI - CAPITOL COST / YEAR, $ 
CMI - MAINTlNANCE COST / YEAR, $ 
EC - CONTR.UL ENf::RGY RA 1 f:, $/HR 

DIMENSION PW (1) 

C.uMMUN / CIMPL / IMPl 
COMMON/COST/ CC,CM,COP ICTIMEI TIME ICSIHULI DUM(bl,TINC,TMAX 

POWER OUTPUT CALCULATIONS 

PO = o. 
IFCWV.LT.WVO .OR. WV.GT.WVl) GO TO 10 
N = PW(Z, 
PC == l8LUH.WV,PWl4),PW(4+N),l,-N) 

10 BI = PO*lOOO/VO 
STATISTICS 

IF(IMPL.Gl.O) GO TO 20 
CO= o. 
AMI :: O. 
AMP == o. 
SP = o. 
lMAX1=THAX*.99999 

20 IFCIMPL.Lf::.l) RETURN 
AMI = ANAXICAMI,8I) 
AMP == AMAXl(AMP,PO) 
SP = SP + PO*.5*TINC 
CO= CO + EC*.S*TINC 

390 

COST SUMMATIO. 
If( TIME.lT.TMAX1) RclURN 
CC = CC + Cel 
CM = CM +CMl 
COP= COP + CO 
RETURN 
£ND 
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WT 
7.53 WIND TURBINE 

WIND VELOCITY (WV: WT }-POWER (P2) 

ROTOR SPEED (RS)---1I.. ____ ---'rGEAR RATIO (GR) 

This component models the wind turbine in terms of physical properties such as 
blade radius, power coefficient, and design tip speed ratio. 1 The step-up gear 
ratio is computed based on design rotor speed. 

Basic Equations 

Output power is given by 

where: 

P2 = CP*1/2*AD*A*(WV*C)3*k 

CP = effective power coefficient (tabular with WV) 
A = 1T*(BR)2 

C = 1.4667 (mph to ft/sec. conversion) 
k = 1.3558 x 10-3 (ft-lb to kw-sec. conversion) 

Minimum input parameters to specify the wind turbine are: 

VO . = mean wi nd speed, 
BR = blade radius, 
CPM = maximum power coefficient at design speed VO. 

1 NASA CR. 134937 "Design Study of Wind Turbines - 50kw to 3000 kw _ For 
Electric Utility Appiications", Kaman Aerospace Corporation, February 1976. 
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WT 
IOL'!yhi 

Parameter/Port 

'IN 

V0 

VR 

RS 

RSG 

BR 

EC 

AD 
LAMl 

CPM2 

CP 

CC 

CM 

Outeuts 

Variable/Port 

P 2 

T0 

C0 

GR 

RAP 

Statistics 

MT 

MP0 

SP 

Descr i L'!t ion 
Wind speed 

Mean wind speed (yearly) 

Rated wind speed (default = 1.35 x VOl 
Rotor speed 

Generator shaft speed (design)(default = 1800) 
Blade radius 

Cost to operate controls 

Air density (default = 0.0023) 

Design tip speed ratio (default = 9.4) 

Maximum power coefficient at VO (default = 0.4) 

Effective power coefficient (default table 
versus VOI"IN) 

Capital cost/year 

Maintenance cost/year 

Output mechanical power 

Mechanical torque 

Total operating cost 

Step-up gear ratio 

Rated output power 

Maximum torque 

Maximum power 

Total energy del ivered 

l.I.!ll.U 
f11lh 

mph 

mph 

rpm 

rpm 

ft 

$/h 

slugs/ft 

$ 

$ 

kw 

ft-I b 
$ 

kw 

ft-I b 

kw 

kwh 

1 
LAM may be computed using the design equation: 

2 

392 

LAM = SQRT(8/(3-ll- sol idity constant * design I ift coefficient» 

If default CP table not used then set CPM = CP(rated wind speed) 
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Calcylation Segyence 

1) First pass - Compute Gear Ratio and Rated Power 

RS = (LAM*V0*C/BR)*(60/211') 

GR = RSG/RS 

RAP = .5*CP1*AD*A*(VR*C)3 

where 

CP1 = (CPM*F (V0/VR ) 
CPM 

if CP default used 

otherwise 

2) Compute power coefficient CP 

3) 

If VN = 0 set P2=T0=O and :go to 4) 

If CP default used, then 

CP = CPM*F(V0/VN) 

where F is shown in Figure 7.'3 

Power and. torque I 

A = m!£R2 

P = • 5-ltCP-l!-AD*A-l!-(WV*C ) 3 

TO = P/(RS-l!-211' 160) 

P2 = P*k 

(C = 1.4667) 

-3 (k = 1.3558 x 10 ) 

4) Compute Statistics and Costs 
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/ I. CPm = MAX. OUTPUT POH~R COEFFr~rENT 
Cp a OUTPUT POWER COEfFICIENT \ -

V \ Vo ~~WIND VELOCITY AT C
Pm 

/ 
(DESIGN WINO VEL.) 

i\ V .. WIND VELOCITY 

- -
.4 

, 
~ 

4 _ - - --"- .- 4 _ 

1.Sl. 
V 

FIGURE 7.53 GENERALIZED MACHINE POWER OUTPUT PERFORMANCE 
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CW1' 

c 
c 
c. 
C. 
CI 
C 
C. 
C 
C: 
C: 
C' 
c.. 
(: 

c 
C' 
C' 
C! 
C 
C 
C 
C 
C. 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

r ... 

C 

WT 
SUBROUT 1NE WT 'Pl.. TO,CO.GR..RAP.M 1'.MPO.SP.WV. VO.VR.RS. RSG,BR, Ee, 

1 AD,LAMtCPM, CP.CC.CM' 

PURPOSE MODEL WINO TURSIME POWER OUTPUT 

METHOD COMPUTE: POWeR COEFFICIENT AND ROTOR SPEED FROM PHYSl(.AL 
uES!bN PARAMETERS. RATED POWER COEFF. IS 3/4 OF CPM. 

WRITT2N BY A. W. WARREN VERSION 2, AP~IL 6 1917 

CALL SEQUENCE 

- OUTPUT MECHANICAL POWER, KW 
OUTPUTS 

P2. 
TO 
1:0 
GR 
RAP 
MT 
MPO 
SP 

- OUTPUT MECHANI~AL TORQUE, FT-LB 

INPUTS 
WV 
VO 
V~ 
RS 
RSG 
SR 
EC 
AD 
LAM 
CPM 
ep 
CC 
CM 

- OPEKATING COST SUM, $ 
- TURBINE/GENERATOR GEAR RATIO 
- ~ATED OUTPUT POWER. KW 
- MAXIMUM TORQUE STATISTIC, FT-lB 
- MAXIMUM POWER STATISTIC, KW 
- TOTAL OUTPUT ENERGY DELIVERED. KWH 

- WINO SP~ED, MPH 
- MEAN WIND S~EEO 'Y~ARLY), MPH 
- RAT~D WIN~ SPEED, MPH 
- ROTOR SPEED. RPM 
- GENERATOR SHAFT SPEED. RPM 
- BLADE RADIUS, FT 
- C~TROL ENERGY RA TE, $/HR 
- AIR DENSITY, SlUGS/FT**3 
- DESIGN TIP SPEED RATIO 
- MAXIMUM POWER COEFFICIENT AT VO 
- EFFECTIVE POWER COEFFICIENT AT WV 
- CAPITAL COST PER YEAR 
- MAIMTENANCE COST PER YEAR 

COMMON /CIMPL/IMPL ICTIMl:/ TIME: ICSIMUL/ DUMC 6)' TINC, TMAX 
COMMON /(,051/ CCl,CMI.COI 
kEAl MT,HPO.LAft 
OIMEfiSION FCZ2' 
DATA F/.24 •• 4,.6,.68 •• 8,1.,1.2,1.31,1.4,1.6,l.14,0.,.3l,.68,.8, 

I .92,1 ••• 92 •• 8,.68,.3,0. /,Cl,C2,PI/1.4661,.00135Sa,3.14159 I 

INITIALIZATION 

IF(IMPl.GT.O) GO TO 100 
THAXI = TMAX* .99999 
TINC2. = .5* TINC 

IF' VR .EQ. .99999) VR = 
IF'RSG .EQ. .99999 ) RSG= 
IFC AD .EQ. .999~9' AD = 
If CLAM .EQ. .99999) LAM=-
IFCCPM .EQ. .99999' CPM= 

1.35* 
1&00. 
.0023 
9.4 
0.4 

RS = Cl*LAM*VO/8R*l30./PI) 
GR = RSG /RS 

VO 
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C 
C 
C 

e 
t 
C 

t 

CP1=CPM 
IFCCP.EQ •• 99999"Pl= CPM*TBLUICVO/VR,FCl"FC12J,I,-11' 
RAP= .5*CPl*AO*PI*SR*SR*'VR*tl)**3*tZ 
co = 0.0 
SP = 0.0 
MPO= 0.0 
MT = 0.0 

100 P2. = 0.0 
TO = 0.0 

POWER COEFFICIENT CALCULATIOH 

IFe WV.EQ. 0.) GO TO 2.00 
CPI :. CP 

WT 

IFC CPl.EQ •• 99999) CPl :: CPM*TBLUleVO/WV,FCIJ,F(12),I,-ll) 
IFCCPl.EQ. G.) GO 10 200 

OUTPUT POWER AND 10RQUE 

A = PI*BR** 2. 
P :. .5*CPI*AO*A*eWV*tIJ**3 
IFIWV.GT.VRJP= RAP/t2 
TO=P/CRS*PI/30.) 
P2. :: p*el 

e STATI~TICS AND tOSTS 
C 

t 

e 

t 

396 

co = to + EC*lINCZ 
MT = AMAXIC MT,TO) 
MPO= AMAXICMPO,Pl) 
SP = SP + p2.*TINe2. 

IFCTIME.LT.TMAX1'RETURM 
cel = CCI + CC 
CMI :. CMI + eM 
COl :: tOl + co 

RETURN 
END 

ORIGINAL PAGE Us 
OF POOR QUAliTY 
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8.0 WIND GENERATION ANO STORAGE EXAMPLES 

This section gives fOUl' simple example simulations using the SIMWEST Pl"OgNllll. 
These examples exet~cise all storage components of the SIMWEST libNwy and many 
of the mode 1 fel.\tlH~es. Each example contlli ns the input data fOl~ Illode 1 genenl'" 
tion and analysis. selected printet' output genenlted by the programs llnd a 
discussion of the results obtained. It is recommended that a usel' work ttH"oligh 
and tlndel'stand the model connections. fat' these examples befol'e {rttempting to 
build more complex models. 

8.1 BATTERY STORAGE MODEL 

A simplified schenH~tic of the battet'Y staT'age model is shown in FiglH'e 8.1 .. 1-
In thi s mode 1 p wi nd powel' Sl,lPP 1 emented by util i'ty genel'lrti on is SlIPP 1i ed to a 
powel' dividel') which delivers p()\yer' to the load_-.l'~ __ ~~il"st_pdority. Md,'------_ j 

( ------Ilntterys-fol"age as second pl"ior'ity. Simi1IlI'ly¥ if the load cannot be met fY'om --- I 
the wind at' storage? then the utility is i'equested to supply peaking powel' to j 
meet the 10ad l This model exer'cises the logic components incllld'ing the pdOI~'" 
i ty i nte¥'t"lIpt. 

Fi gllre 8.1-2 shows the model genel'ati on input data 'for -tho model. The compo ... 
nents are generally defined in the order of power flow shown in Figure B.l ... 1. 
Ot'del"ing the component definition in this WtlY is t'econillended to avoid COI'lV8l"
genoa pl'oblems il) the iteration loop. ThUS, 'It would be SOlll8\vhtlt better for 
cons i stency to defi ne UT after Wi> nrtheY' than IJftm' LO in 1;htt modeL A 11 thl'ee 
types of model conmlcl:iorls at'e 'lllust.Ntted in this example. Foy' eXllmple, \~P 
has the geneN\l inpllt connecthm WD~ MAB has the specific 'Input connection 
WP(P,2 lit FIN), (\tid PD has the port to Pot't connection PA(l!l)., The POl"t 
connect'ions are espeC'lally llseful fOl' connecting LIP the Itlultipoi't logic compo .. 
nents PA and PD. The connec'tion PA(l,l). fot' example, connects an input 
req lIest of PO to PA and a pow~n' and max imum power' input of PA to PD. It may be 
observed that the ut 11 i ty is connec.ted tiP to the SUl'P 111s POl't of PD. Thlls the 
baseload powet~ sent to MAO in effect is reduced whenever' the load and b~'ttery 
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WIND 
TURBINE 

UTILITY 

WIND 

~------------------------------------~l 

FIGURE 8.1-1: BATTERY STORAGE EXAMPLE 
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cannot absorb all the power generated. The last component defined is the cost 
monitor CM, which receives cost input data from other components through a 
common block rather than by model connections. Figure 8.1-3 shows the model 
sqhematic generated by the program. Most of the connection inputs are shown 
bu!t occasionally a model connection will be overprinted. For example, the 
input RE1PA to PD is not shown in 8.1-3. In cases like this it is necessary to 
check the Fortran model (EQMO) in order to verify the model connections. 

1 • 

MODEL DESCRIPTION 
LOGlHION=74 TI: 
LOCATION=61 , WD: 
LOCATION=21 WP 
LOCATION=42 MAB 
LOCATION=33 PO 

LOCATION=15 RE 
LOCATION=17 BA 
LOCATION=45 PIB 
LOCATION=19 IV 
LOCATION=69 PA 
LOCATION=76 LO 
LOCATION =62 UT 
LOCATION=1 CM 
END OF MODEL 

BATTERY TEST CASE 

INpUTS=TI 
INPUTS=WD 

INPUTS=WP(P,2=FIN),UT(P,1=C2) 

INPUTS=MAB(FO=P),MAB(FO=MP),PA(1,1),PIB(2,2), 
BA(RE=RE,2) 
INPUTS=PD(2,1) 
INPUTS=RE,PA(RE,2=RE) 
INPUTS=BA 
INPUTS=BA 

INPUTS=IV(2,2),LO(1,0),PIB(4,2),UT(2,3) 
INPUTS=TI 
INPUTS=PD(SP=P,O) 

LIST OF STANDARD COMPONENTS 
PRINT 

FIGURE 8.1-2 "BATTERY MODEL INPUT DATA 

The input data for two simulations is shown in Figure 8.1-4. In the first 
simulation the battery is nearly full at time = Q and the load is chosen larger 
on the average than the wind and utility power generated. In the second 
simulation the reverse is true, i.e. the load is less than that supplied by the 
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BATTERV T~ST CASE 
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T!T~Es BATTERY MODEL T[ST 
'4R4MfTE~ VALUES 
CR eM-1S.,LE eMa30. 
8s UT~20.,ca UTa.Olb,CP UT-.Ol,ce ur.l000.,CM UT1I1000. 
Ct MAB.I. 
CvC~ES.u.01,TO TIIIO,v WPs400,WVOWP.8,WV1WP.60,D~INES.100. 
cc WPalbOOO,CM WP.1200,PS1prB~2, 
I.C· I'IPz. 2 
NC ~Oe.005,CT LD.4,MN LOsO,STOLO.&,VE LO •• Ol3 
R4~8A.200"El 8,cZOOO.,EO!9A.100. 
V:O BA.l00 
~T SAsl0"ec BAa2000.,C M 8Aal00. 
RAPREaZOO"CC REcaoo.,R4PIVz200"CC IVzO, 
TASI.!,PW wPzto 
8,10,12,14,16,18,20,21.53,25,30 
2J.b,50,l,8b.5,1l1.~,205.1,292.,400.&,500,782.8,800 
T~'BI.E,PY WDa13 
O.,~.33,8.~7,11.,17,33,2t.&1,2b.,30.33,34.b7,39,,43.33,41,&7,52 • 
• 5,67,68,b5,bl,56,51,49,49,52,56,&I,&5 
TABL.E,PO WDII7 
0,4,8,12,1&,20,24 
10,12,14,16,14,12,10 
TABL.E,OF WDII1b 
O,1,2,3,U,5,&,7,8,9,tO,11,t2,11,14,15 
5,44,1&0,380,480,512,440,376,307,270,148,1&,40,22,9,3 
T4SLE,PO 1.01117 
O,t,5,3,Q.5,6,7.5,9,10.5,tl 
11.5,15,t~,5,18,19.5,21,22.5,l4 
450,360,312,330,U50,&60,810,798,804 
690,708,&99,702,150,708,570,450 
TASI.E,PW LO.7 
I.Z,1,I.I,S,b,7 
1,1,.9,.9,.9,.b,.5 
T'!~!,PV LO-b 
O,10,20,30,QO,S2 
2l6,194,180,174,194,22b 
I~IT!AL. CONDITIONS, PE SA -lQQO. 
PRINTER PLOTS,DISPLAVI 
WV2WO,VS,TIME 
Itt flO,YS,TIME 
P2 JlD,VS,TIME 
P! 8A,VS,TIME 
OtSflLAVi 
1t2 IIJ,VS,TIME 
R!2IU, vs, TIME 
R!ILO,YS,TIME 
TINC-.25,TMAXa33&.,PRATEa8,PRINT CONTROLa],INT MODE.3,OUTRATEa8 
SIMUL.AH: 
PlRA~ETER VALUES,~S UT-O.,NC LOa,OOl 
El 8A:l000.,EOEa.-zoo. 
ce' IV.l000, 
INITIAL CONDITrONs,PE 8.-250. 
S T MUL"A T'E 

FIGURE 8.1-4 INPUT DATA FOR BATTERY SIMULATION 
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wind system, and the battery storage is fairly low. Figures 8.1-5 to 8.1-8 
show results from the f'irst simulation. The cost monitor output is shown in 
Figure 8.1-5. The energy cost of the wind system is low because the wind 

profile delivers high energy winds during most of the simulation. The wind 
velocity shown in Figure 8.1-6 averages about 22 mph. Figure 8.1-7 shows the 
wind power output supplied directly to the load. The median power output is 

seen to exceed 450 kw and occasionally output reaches 800 kw = rated power. 
Figure 8.1-8 shows the usage of battery energy to meet the load during the 

week, and the increase in storage capacity during the weekends. Since the 
battery subsystem was 1 imited to 180 kw maximum discharge, the util ity was 
frequently cai led to meet peak loads. Thus about 10% of the load was satisfied 
by the utility backup. 
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8.2 FLYWHEEL STORAGE MODEL 

Figure 8.2-1 shows a simplified schematic of the flywheel storage model. This 
model is very similar to that of 8.1 except that flywheel storage replaces 
battery storage, and a power line loss is included in the model. The input 
data for this model is shown in Figure 8.2-2. Observe that the components are 
defined in the order of information flow shown in 8.2-1. The admittance 
component At) is used to model transmission line power losses. The model 
schematic is shown in Figure 8.2-3. 

MODEL DESCRIPTION 
LOCATION=74 TI 
LOCATION=61 WD 
LOCATION=21 WP 
LOCATION=42 MAB 
LOCATION=33 PO 
LOCATION=13 ' MO 
LOCATION=4 TRI 
LOCATION=6 FL 
LOCATION=8 TRO 
LOCATION=19 GE 
LOCATION=69 PA 
LOCATION=78 AD 
LOCATION=76 LO 
LOCATION=62 UT 
LOCATION=l CM 
END OF MODEL 
LIST STANDARD COMPONENTS 
PRINT 

FLYWHEEL TEST CASE 

INPUTS=TI 
INPUTS=WD 
INPUTS=WP(P,2=FIN),UT(P,1=C2) 
INPUTS=MAB(FO=PP),PA(1,1),PIB(2,2),FL{RE=RE,2) 
INPUTS=PD{2,1) 
INPUTS=MO(2,1),FL(RS=RS,2) 
INPUTS=TRI,PA(2,1) 
INPUTS=FL,GE(RS=RS,2} 
INPUTS=TRO 
INPUTS=GE(2,2),LO(RE,1=RE,0),PIB(4,2),UT(2,3) 
INPUTS=PA 
INPUTS=TI ,AD 
INPUTS=PD(SP=P,O) 

FIGURE 8.2-2 FLYWHEEL MODEL INPUT DATA 
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The simulation input data shown in Figure 8.2-4 uses the same wind and load 
i 

data ~s 'Example 8.1. However, the storage component is rated at 400 kw with 
one hour storage, simulating a system used for temporary storage and discharge 
during peak power generation and load demand periods. It may be noted that the 
transmission power loss table is input for both TRI and TRO. Figures 8.2-5 to 
8.2-7 show results from the simulation. Charging power to the flywheel in 
excess of that needed for the load is shown in Figure 8.2-5. Even with average 
load demand exceeding wind generation, the flywheel is charged at rated power 
fairly often. The kinetic energy stored by the flywheel over a two week period 
is shown in Figure 8.2-6. During the week, energy is frequently withdrawn and 
storage is genera 11 y not much above the deadb and (80 kwh), whereas dur i ng the 
weekend the reverse is true. Output from the cost monitor is shown in Figure 
8.2-7. The capital costs may be low since nominal values wet'e used for 
component costs. The utility supplied nearly 20% of the load in this case, 
since flywheel storage capacity is quite low. 
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TtTLEQ FLywHEEL ~OOEL TEST 
P.RA·IETI:~ VALlIES , . 
VO AD=tOD,Gl AOIA.,G2 ADa8.,GH AO •• 6.;i~ A~=200 
Sq GE~.OOS,C2 FL-l.e-S 
pq FL~.02,H~t FL=3j72,RF ~L.3.S,SR FLz,~,wT FL=2~OOO,KF Fl.cl,JE_S 
Z( FL~.I,HAPFL=ij00,EO FL=QO,EI fL;~OO,~b~~L:20,C~ 'L-soo,ee FL.-100 
RS ~D=t7S0'NAP~O=tOOO'~P'MO.I.~6,CC MO=SOO,CH Halo, 

. R!tITtO-17S0,CC T~I=SOO,CI1 T~t=O,cc T~a.50o,CH TRllIIO •. 
RA~GEll000,cc GE=lOOO,CM GEcIOO. 
C~ CM=lS.,LE CH=30. 

. ~ , " ... ,,, ... ,., ,-"" ... "-,,. 

Its UT=20.,C» UTa.Olb,CPUT=.O:S,CC UT=lo00.,CM Uhl.OOO ••. '"" "'" .. 
Cl "UI;I=l. 
CYCLES:II.Ol,TO TIDO,V WPlijoo,w VO WP=8,WVIWP e bO,DLINES.SOO, 
CC NP= 1 bOOO, CI1wPll120 0, PSI P 1hZ ,0' . " __ ' .... _ .•• _~ ...... _.. . "". __ ,.. ___ '" ..... 
EC ~PIr.2 

NC LO=,005,CT ·LOI4,MN LO.O,STDLOab,VE 1.0.,023 
U l'LE, PLU-rR 1115,4,. ". 
O,S,!,t .5, t, 72 
O,~Oo,900,1100,tlOO 

"$""~""""--"'-' ~" ... ""' ..... -- ...... ~ .. 

. O. t b, 1 ~, t S. 5,20 n'" ....... _._._. . .. "_ •.. _ ... _ ....... 'n ........................... ,,~ • ___ .. ..._~""., ".. "' • 

O.tl).tI,tl.5,s2 
0,10.10,10,5.11 
0.11, Il. S. 7, 10 , . , "'" 
T.~LE,PLQTRO~S,4 
.5.1,1.5,1.72 

_ O. /j 00,900, 1100,13 0 O"_._._"_~_.",,, __ ,, ______ ,,. ,," ...... ~. _ ... ~ .• _. ,_ ...... , .. _ "'" . "" ,_ . 
O,IIl,IIl,t13,!:t,20 I 

(1,10, t t, II,S, I? 

0, to, 10,10.5,11 ...... "' -'''='''0_ ......... ' __ " .. _~._ .......... K •• _ ...... , 
O,6,/),S,7.tO ' 
TAHI.E,CLOFLc3,1 

~ -1000. 0, 1000 ......... * ... _.~ •• ~,=_ .. __ .... _._ .... _. 
lnOll,IJOoo,1001) 
2.8, 7.4, 
.9, Z.5, 

<?'" 7.:!, 
U(n.E, CLl fL:al 

IS 
5 

15 

- 2"00. !.IOOO, 7000._ •....• , ", .. __ "'" 
.R~ 2.4, ij 

TUII.t::,Pw WP=lO 
... 8. to. 1 2.t II ,t /)" 1\ • <! 0, in , r;:5, 25,30 .. ~~ -." " .... "'_"_" '" ,, __ .. 
2~.b,50.lrab.5'137.q,205.1'2'2.,qOD.b,SOO,7B2.8,600 
TAHL.f',PV wD::13 

O.,q.j]'B~b7'13 •• 17.]3.2t./)7,2",lO.3],J4.b7,39.'43.13 ,47,b7,52, _ 
b5,/.17,b8,bS,/)t,5b,51,4Q,~q,52,Sb,bt,/)S 
U~3L.E,Pb WD"'7 

"' 0, 4 " l\, I 2. 1 b , 2 0 , 24.· .••..••. _,.,.., .. ""'." "', .... __ ..... m 

lO,12,14,1b,tQ,12,10 
TABLE,!)/" WDe16 

......... -' ...... " ... , ..... ~ "'''' ,-...... _.,.- ....... ~., ~,"" 

.O,I,2,.\,4,S,b,7,8,q,IO,II,I?,I~,14,15 
S,U~,tb".]l\O'460,51~,~UO,37&,307,270'146,7b,qO,22,9,1 
HlH.f;:,~f) L.O=17 
O,l.5.J,U,5,b,7.~,?,tO.S,lZ .. 
13.S,tS,lh.S,18,1~,S,21,22.~,2q 
450,3bO,372,3JO.a~~,6bO,~IO,7qa,804 

.bQO,708,b99,7D2,7S0,7U8,S70,ij~O 
UaL.E, P\~ LO-7 
1,i.!,3,1J,t;,b,7 

- 1. 1 , .9, • 9 , • 9 , , /) , • 5. ~ "W 'U,,, •• ~.~_" _ ." ••• _ .. 

T .HH.t, PV l.Ost, 
o,tO,?O,30,UO,52 

..... 2Zet,tY4,tSO,17U,tQ4,22b .. " 
J~ITIAL CO~DITIO~S, Kt Fl.1300, 
Pql~TER PL.OTs,OaSPLAYl 

, 

-~ w V 2 i~O, V s, T I ~lE -v '''u ~'A_~ ..... _._ •• _._._"... . ....... ___ ••• w. _ ",0 •. " ___ ..,, = .• , .. _ •• __ "'_ . " ... 
Pi IJO,VS,TIHE 
P2 PD, VS, TIME 
KE FL,VS,TIHE 
0t3PLAV2 
Pi! GE,VS,TIHE 

... R(i!FL, VS, TIME. . ... "" ...... ___ ..... 
Rt:II.O,VS,THIE 
TI~C=.~5,TMAXI31b.,PRATE_e,PRINT CO~TROL.3,INT MOO~.l,tlUT~ATE.8 
SI"IULATE • , ...••.. "'~. , _ .... 

FIGURE 8.2-4 FLYWHEEL SIMULATION DATA 
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FIGURE 8.2-6 FLYWHEEL KINETIC ENERGY STORAGE 
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8.3 HYDRO AND THERMAL STORAGE MODEL 

Figure 8.3-1 shows the basic model schematic for a model with both thermal and 
electrical loads. Wind power is supplied first to meet the electrical load, 
with excess power going into hydro and thermal storage. The thermal load is 
driven by an ambient temperature component. The electrical load energy value 
is supplied ~ a time dependent look-up table. Figure 8.3-2 shows the model 
input data. The components are ordered according to the flow of information in 
8.3-1. Observe that the maximum power input of the power divider is connected 

I up to the wi n d power au tput P. The mode 1 s chemat ic ; s shown in Figure 8. 3 -3 • 

MODEL DESCRIPTION 
LOCATION=77 TI 
LOCATION=51 WD 
LOCATION=21 WP 
LOCATION=33 PD 

LOCATION=13 MO 
LOCATION=15 PU 
LOCATION=17 HS 
LOCATION=45 PIH 
LOCATION=19 HT 
LOCATION=40 GE 
LOCATION=59 PA 
LOCATION=78 FU 
LOCATION=80 LO 
LOCATION=63 TS 
LOCATION=52 PIT 
LOCATION=67 TP 
LOCATION=65 TL 
LOCATION=1 CM 
END OF MODEL 
PRINT 

HYDRO AND THERMAL TEST CASE 

INPUTS=TI 

INPUTS=WD 

I~PUTS=WP'WP(P=MP),PA(1,1),PIH(2'2)'HS(RE=RE,2) 
INPUTS=TS(2,3),PIT(2,3) 
INPUTS=PD(2,1) 
INPUTS=MO 

,INPUTS=PU,PA(RE,2=RE) 
!INPUTS=HS 

INPUTS=HS 

INPUTS=HT 

INPUTS=GE(2,2),LO(1,O),PIH(4,2) 
INPUTS=TI(TD=FIN) 

INPUTS=TI ,FU(FO=VE) 
INPUTS=TL 
INPUTS=TS 

INPUTS=TI 

INPUTS=TI , TP 

FIGURE 8.3··2 HYDRO AND THERMAL MODEL INPUT DATA 
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FIGURE 8.3-3 HYDRO AND THERMAL .MO.DEL SCHEMATIC 
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The input data for a two week simulation with this model is shown in Figure 
8.3-4. CYCLES is set to 6 in this model for sufficient iterations to 
attain steady state in the hydro storage subsystem. The hydro system has 
much larger capacity and supplies a bigger load than the thermal system in 
this run. Figures 8.3-5 to 8.3-9 show results of the simulation. Hydro 
energy storage is shown in 8.3-5. During the week most of the wind energy 
goes directly to the load except at night. The reservoir builds up to 
capacity during the weekends. The cumulative percent load delivered by 
wind and hydro storage is shown in 8.3-6, and averages about 91%. Similar
ly, thermal energy stored and percent thermal load delivered are shown in 
8.3-7 and 8.3-8. The ambient temperature profile for a similar, one week 
simulation is shown in 8.3-9. 
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.'»A~ AMETER \llLUES 
-·;-Y·:-l:'ES-=S-.-1tt-,-T'J-II":1)-.v--il1>'=4O'a·''1.1VOwP=-a-;~V1·''P=·r,-lJ'JLPJ::s=ron-o~.·-----

:: JP:150O'O.:~ WP:1200,PSl?IH:?,~C WP=.?,CR CM=15,LE CM=30 
it PU=200,l5 HS=3S00.MD~HS=BO,~D ~S=ROOOD,C~ HS=1000 

---it-·HS=2O'1,." E""'S='f 00' 0 0 O·,U: -'" 5=3 0, F-2-·f>D=. 5. F:3 PD=.·S-----· 
~A'GE=200.~51j~=3&OO,SR G[:.OS33.CC GE=1000,C., ~~=120 
~: LO=.004.:r LJ=4,'N LD=O,ST]LJ=5,A~ fU:-l. 

-----._--

--;)St-P'I-T=-2 •• ·lS--T S = 1 O-,-""O-T S=11 O. I) [J·-·r S=1 011 ,1.t:·TS=30,·'1FI1 T S = 10000-• .--
Ji! TS=.OI4§5.rO~TS=2.RS MO=11~O,~AP~O=20D,CC "O=500,C~ MO=tOO 
11::1 TL=.023.1J: TL=ItO •• CT TP:12.1-H~ TP=O,STDP=5. 

-r-~} I.:'E..,-p;rJ~·t-o---·--------- .-----------.--.---
~.10,12,14,1;,1~.20,21.5~,25,30 

25.&.50.1,~;.5,137.4,205.1,292.,4O'O.5,500t782.8t900 
-f ~ 3 t;(-,""Y-It!)= 1-' ----.. ------.------.-... 

J.~4.33tB.;1.13.,17.33,21.67t26 •• 30.33,34.67,39 •• q3.33,47.67,52. 
;5~67,63,55t~I,5;,51,49,43,52,55,61,65 . 

-r-~i L[-, po-;r)-=-J---' 
J",R,12,16,20,24 
tO~12,14.16,1~,12,10 

--ni 1:[-,":11"-.1-) =1"5-.-----
J,L,2,3.4,5,S,1.~,9.10,11,12,13,14,15 

5~~4,160,39l.~gO,512.440,316,307.270,148.76.40,22t9,3 
-r ~! t (,.", r-·-T S -:-~ .. -------.--.--.--------:------.---

.J)873,.025~3L,.041~71,.O~'Ol~ 
~!.l, 147,llt7,2H 

-r-~·3tt:-.-;:'~-::-1-7-

O.L.5.3,4.5,S,7.5,9,lO.5,12 
13.5,15.16.5,18,13.5,21,22.5.24 

-\ 5 )'fjf, 0 ;.~ 72 ,- ~:I 0" 50. S (,0-. 1'1 (), 1"9 a-,!tOr 
;9),709.593,702,750,708,510,450 
n~ LE,PW L:):7 

-i"r2-.-3.;,·5-.&-.-7'-------
1.1,.9,.9 •• 3,.6,.5 
TII1LE,::>Y LJ=; 

._-_._----

--}-; to,,·2-o-,-')1-rth-5~ .----. 
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---------- . __ ._---------

THLE, I"TIIF'J = 6 
-!t,~·.-1-0,li5T2~.·2~4r-------:-----------------------

.OL9,.019,.J2Q,.028,.019,.019 
TIIHE,TL:HL=4 

---,..5:2't6'llTt"a-:t---·----· 
It.,2.,1.5,1. 
T 1\3 LE, TJTT:..:' 

-no',TS,214 
•• 4,1.,1.,.4 

TI\3 LE,?D T::I=9 
-,', 5,5-,'"391 1-;1- 3.'1 !l', 2 n 2·14----------

,;,45,43,55,;2,54,56,48,46 
rHLE,PY p=:\ 

-o-.-t-3 ·'Z!:i·,~-?--··--------·----
!to, 50,75,65.411 
I~[TIAL C)~)!rIO~S,MA H5=1600000.E TS=600 

--!) ~ r- N T:::~'-?U r $t:)IS?lltYl----·-----·---·----- - .. ----.---.. -.----
"V~ioIO,VS,TI'E 
'1 ?D,VS,rr.,=.: 

--41'-- p U,-VS,T-I""1'~' 
)BPLr.Y2 

_ .... HS.VS,TI"1:: 

12 HS,VS,TI'1:: 
-~~-:-l s·,vr,rp,--:.---------------------

)IiPLAY3 

._------

;) C L 0, VS, TI '1:: ~Ii.j" ... 
. -;) 3-? D ,VS,-U"I ::--.--.-----.. ----"---.-------.ruG/i'VALfiA--·--- --

~ T S, V S, TIE ... - OF PooR ~GE IS 
~ ~~ ;~.;.~~ '1:: .___________ . ___ · ____ ~~A~-,--

L) TS,VS,TI'1~ 

'e TL,VS,TIE - -re .. ? TPivS-;·n'1::-----·------- --. -----.-...... -------.---------.. -.-----
=) FU.VS,TJ TI 
TI~C=.50,T'1~C=33& •• PRATE=6,PRINT CDNTROL=3.I~T ~O)E=3,OUTRATE=~ 

- T1 r LT·-::IiYJ,·:rT1,.-:-THERlTAL -·TEST 
511 ULA TE. 

FIGURE 8.3-4 HYDRO AND THERMAL SINlJLATION DATA 
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8.4 PNEUMATIC STORAGE MODEL 

Figure 8.4-1 shows the simplified schematic for the pneumatic storage 
model. For simplicity the motor and generator have b~e~, omitted from the 
pneumatic storage subsystem. A burner is used if needed to heat the 
exiting air to the turbine. The heat exchanger is a phase change medium. 
Figure 8.4-2 shows the input data for this model. 

MODEL DESCRIPTION PNEUMATIC STORAGE TEST CASE 
LOCATION=1 TI 
LOCATION=21 WD INPUTS=TI 
LOCATION=51 WP INPUTS=WD 
LOCATION=5 TP INPUTS=TI 
LOCATION=43 PO INPUTS=WP,WP(P=MP),PA(1,1),PI(2,2),CS(RE=RE,2) 
LOCATION=64 UT INPUTS=PD(SP=P) 
LOCATION=15 CO INPUTS=PD(2,1),TP 
LOCATION=17 HX INPUTS=CO,TP,CS 
LOCATION=47 CS INPUTS=HX,PA(RE,2=RE) 
LOCATION=36 PI INPUTS=CS 
LOCATION=49 HY INPUTS=CS,HX 
LOCATION=59 BN INPUTS=HY 
LOCATION=80 TU INPUTS=BN,TP,CS(PR=PS) 
LOCATION=76 PA INPUTS=TU(2,2),LO(I,0),PI(4,2),UT(2,3) 
LOCATION=72 INPUTS=TI LO 
LOCATION=71 CM 
END OF MODEL 
LIST STANDARD COMPONENTS 
PRINT 

FIGURE 8.4-2 PNEUW\TIC STORAGE MODEL INPUT DATA 
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FIGURE 8.4-1: PNEUMATIC STORAGE EXAMPLE 
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The input data for a two week simulation is shown in 8.4-3. In order to 
keep the air entering the storage cavern from overheating, a fairly large 
leakage coefficient (NU = 0.01) is assumed. Hence the storage cavern loses 
about 2/3 of its heat energy every four days. The load constant NC LO can 
be ~djusted to balance wind energy to the load so that weekly air mass flow 
in and out of the cavern is balanced. The initial ~alues for the CS and HX 
states were chosen on the basis of an earlier one week simulation. Figures 
8.4-4 to 8.4-8 show results of this simulation. Figure 8.4-4 shows the 
average temperature of the heat exchanger storage medium for the 'coo1' 
cell. The initial temperature at the beginning of the simulation is a 
little too cool since the temperature rises to about 400 0 during the 
weekends. Phase change in this medium is indicated by the constant tem
perature int~rvals at 250

0
• Figure 8.4-5 shows the air t~mp~rature exiting 

I , _ 

from the heat exchanger into the cavern. During the week this temperature 
is generally held below 200

0 but may exceed 3500 during the weekend. 
Figure 8.4-6 shows the air mass stored in the cavern. In this simulation 
wind power generation exceeded that for the load and thus there ;s a 
gradual buildup of air mass in the cavern. The temperature of the stored 
air mass is shown in Figure 8.4-7. There is about a 100 fluctuation in 
temperature each week in this case. The last figure, 8.4-8 shows the air 
temperature exiting from the heat exchanger to the burner. Neglecting the 
influence of the inital conditions, the average temperature is about 5500 

and thus a burner is probably not required for this system. 
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TfTLE. PNEUMATIC STORAGE TEST CAaE2 
P.'U~ETER VALUES 
CVCL£SI4,Ol,TO T!ao,CT TPa12~MN TP'O,STOTPaS,DLINEsal00 
V WP=400,WVOwpa a,wvtwPa&o,CC WP'16000,C" WPa1200,PS1PI_a.,EC WPa.2 
LE CS:10,MDfCS,10000,TEMCS.350,NU CS a .Ol0,TM CSa125,8! MXa.OOl 
Mb CO.1500,T3 BN.bOO,LE BNI)O,MDM8NI3000 
ST ~X·?4,LE HX a30,PD HX.t50,T~THX.2S0,TEMHX.350,L MXl8 
MD CS a 1500,TIDTU'600,RS TUa3bOO,CR CM'15,LE CMa30,c~ CSa400 
Nt LOa.0041,CT LOa4,MN LOaO,STOLOI6,VE LOa.O!l 
em UT=.01 9,MP1UT'I.E8,CP UT.,023,CC urao,eM UT~O 
TAIL.!,PW WP.10 

... 8 .. lJl..l.2 .. Ul.d'~ja .. U::.J.L~ttl~2h .'lLl .. 
2J •• ,SO.1,8'.S'lJ'.4'205.1'292.'400,~,500.,880,,8'O. 
hBLE,FlIY WOa13 
0.,4,33,8.67,13.,17,33,21.",2,.,30.33,34.67,39,,43.33,47,.7,52. 
6S,67,b8,bS,bl,5b,51,49,4Q,52,5b,bl,b5 
TASLE,PO WO.7 
0,4,8,12,16,20,24 
to,12,t4,1~,t4,12,lO 
TA8LE,DF wo.to 
O.1,l,J,4,5,b,7,e,Q,lo,11,12,13,14,t5 
5,44,160,380,480,512,440,37&,307,270,148,76,40,22,9,1 
TABI.E,PD TP.9 
0,3,6,9,12,15,18,21,24 
4~'45'48,5S'bi'~2,56,48,4' 
TABLE,PY TPIIS 
0.13,26,39,52 
40,50,15,&5,40 
UB!.E, FlID LOal7 
0,1.5,3,4.5,6,7,5,9,10.5,12 
lJ.S,15,1~.5'1e,19.5,21,ZZ.5124 
450,3bO,372,330,"50,&60,810,798,804 
.'0,108,699 ,702,150,708,510,450 
TABl.E, F'W 1.0=7 
1.2,3,4,5,6,7 
1,1,.9,.9,.9,,6,,& 
TABLE, PY 1.0-6 
0,10,20,30,40,52 
2l.~,19q,180,114,194,226 
tNiTIAL CONDITIONS,! CS.1Z50,M8 C8a5~E5,EC1Hxal100,EC2Mx.eoo 
P~INTE~ F'I.OTS,OISPLAVl 
M CO,VS,TIME I 

Tz CD,VS,TIME 
T2 Mx,VS,TIME 
TU"'X, VS, TltoIE 
Pi UT,VS,TIME 
orSPLAY2 
E. . C s, ~ S, T I ME 
~s CI,VI,TIME 
T2 Cs,va,TIME 
fill HY,~S,TIME 
T MY, va, TIME 
OtSPLAY3,P2 TU,VS,TIME,TS2MX,VS,TIME 
TINCa~5ITMAX·31~.,PRATE.6 ,~RrNT CO~T~OL.3,INT MODEa3,ourRATE.4 
II"ULAT! 

FIGURE 8.4-3 PNEUMATIC STORAGE SIMULATION DATA 
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9.0 SOLAR PHOTOVOLTAIC EXAMPLES 
, 

-
The so 1 ar photovo lta i c component mode 1 s added to the S IMWEST 1 i brary are briefly described and test case results illustrating their use are summarized in this section. 

Table 9.0-1 summarizes the characteristics of the solar-photovoltaic components. The environmental data component is designed to read Typical Meteorological Year (TMY) data tapes containing hourly insolation and weather data at 26 u.s. locations. This component can also be used to read other hourly data tapes such as the SOLMET tapes by inputting a user specified format to the l!1odel generation program. The solar orientation or tracking component computes the sum of direct beam and global insolation on a flat plate array for fixed orientation and four different beam tracking options. The flat plate and 
I 

focusing lens collector components provide detailed thermal analyses for de-termining average solar cell temperature. The collector models, and that of the solar array are based on similar models developed at Sandia Laboratories for the SOLCEL program (Reference [4]). The array component model is "a simplified model based on scaling the characteristics of a single solar cell. Array voltage can either be user specified or determined by a maximum power tracker. It should be observed that the above components are coded in 51 (metric) units, whereas most of the 51MWEST components are coded in English units. This is generally not a problem since there are at most only a few interconnection variables between the solar-photovoltaic generation components and other SIMWEST components, and these are easily converted using arithmetic components. 

The TMY data tapes are currently the best environmental data sources available for simulating typical yearly solar energy system performance. These tapes 
I 

were extracted from SOLMET data tapes containing rehabil itated hourly solar and meteorological observation data over a period of many years at each observation site. Each Typical Meteorological Year was created by statistical 
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selection of a typical meteorological month for each calendar month in the long 
term data base and catenating the 12 months to form a TMY. All of the TMY data 
files are available for use by a SIMWEST user. He thus has access to a high 
quality environmental data base for solar energy simulations and system analy
ses. 

TABLE 9.0-1 SOLAR-PHOTOVOLTAIC COMPONENTS 

COMPONENT SYMBOL PURPOSE 

• ENVIRONMENTAL 
DATA (TAPE) 

ED READ DOE SOLAR INSOLATION AND WEATHER 
DATA TYPICAL METEOROLOGICAL YEAR TAPE 

• 

• 

• 

• 

436 

SOLAR ORIENTATION 
(TRACKING) 

FLAT PLATE 
COLLECTOR 

FOCUSING LENS 
COLLECTOR 

PHOTOVOLTAIC ARRAY 

SO 

FP 

FO 

PV 

SOLAR INSOLATION ON TILTED FLAT PLATE 
ARRAY (FIVE OPTIONS) 

FLAT PLATE THERMAL MODEL WITH FLUID 
AND PASSIVE COOLING OPTIONS 

FRESNEL LENS THERMAL MODEL WITH FLUID 
AND PASSIVE COOLING OPTIONS 

CONVERTS SOLAR INSOLATION TO D.C. 
ELECTRICAL POWER. MAX IMUM POWER 
TRACKER OR USER SPECIFIED VOLTAGE 
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9.1 PHOTOVOLTAIC MODEL TEST CASE 

The input data for the phQtovoltaic model test case is shown in Figure 9.1-1. 
The purpose of this model is to obtain characteristic current voltage curves 
for the default solar array parameters. Fortran statements ar~ used in the 
model generation data to let the terminal voltage range between 0 and 204 volts 
for solar insolation values of 5, 20, and SO suns (1 sun = 1000 w/m2). Cell 
temperature· is specified at 2SoC for the first simulation and 5SoC for the 
second. Figure 9.1-2 shows the current voltage curves and Figure 9.1-3 shows 
power voltage cross plots at th~ lower cell temperature and for the three solar 
insolation levels. These curves verify the physical characteristics of the 
solar cell model. It may be noted in these figures that current and output 
power become negative when the specified voltage exceeds the array open circuit 
voltage. Individual cell characteristics may be obtained by dividing voltage 
by 300 (default number of cells in serie~}J and by dividing current by 500 
(default number of cells in parallel). 

9.2 FLAT PLATE COLLECTOR MODEL 

The input data for the flat plate model test case is shown in Figure 9.2-1. The 
purpose of th i s model is to ill u str a.te water and wi nd coo 1 i ng of the co 11 ec tor 
and to test the track i ng opt ions of the or i entat i on component SO. There are 
six 1-1/2 day simulation runs. The'first run uses water cooling (CMOFP=2), a 
single glass cover over the front plate and insolation on the back. The second 
run uses passive cooling (CMOFP=O), no plate insolation and fins on the back to 
cool the collector. In the first t~~ runs, the collector is tilted and has a 
fixed, southward facing orientation (MO 50=1). The last four runs are similar 
to run 2 except different tracking options are utilized. 
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MODEL DESCRIPTlON 
LOCATION=11 Tl 

PHOTO-VOLTAIC CURRlNT VO~TAGE CURVES 

t
-f'ORTRAN-5TATE~ENl5- .----.......,...... -----.;.----

ST PY=5000 
JFCDY TI,GT,S,5)ST PY=20000 

-------
---~lfi-o-V-r-l.Gf~.5 '-5 T-P.y=5i)~Ot---------""";"'-----VT PV=8, 5* TO TI 

LOCATION_53 PV 
~O-OF~OOEt~---------------------------------------------PRINT 

a) Model Generation Input Data 

._--_._._----------------
PARAMETER VALUES 
CYCLES:O,TO Tl=O 

" t-l)t;·-INf:.S=SO------------
TC PVI:Z~ 
Rt PV=1 

-flR-HHF.-R-pt:-O rs, 0 I SPLA-Y-l-----------Y PV,VS,TIME 
I py,VS,V PV 
p' PV,V~T,VV--P~-~~'--------------------------------------------~ , PV,VS,TIME 
TI:NC_,5, TMAX=72, PRA TEa:Z4,PJUNT CONTROL=3,INT MODE=3,OUTRATE=1 - -f-J:.rt-EczPHOTO-YOL-TAIC-t£I;t.-t-iJRRE-tH-YOL-TAGI:."--f;UR·YE-6i----------. IJf1ULATf 
PARAMETER VALUES 

~~.S5~---------------------------------------------~ IJMUL.TE 

b) Simulation Program Input Data 

FIGURE 9.1-1 PV TEST CASE INPUT DATA 
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\- --.------ ------- -- _. HODEL OESCRIPTIO~ fLAT PLATE TEST CASE ~OCATJON=Sl 11 

i
---t{)C-A-l-lilNI:35 lO --INPU-T-5I:;i LOCATION=5~ so INPUTS=Tl,EOCX1=SB,X2=ST) LOCATION:57 FP JNPUTS=SO,EDeX4=WD,X3cTA) -E .. r>-tlF-MODEL-----------------PRINT 

a) Model Generation Input Data 

--------_._---------- ----- --_._--- .. --_.-.- ---------PARAI'IETlR VALUES 
CYCLES=2,Ol,TO Tlalb,TFIFP=10,TFOFP~30,MfHfP=.02,CMOfPRZ,NG FP~l, t

-oL-I-NE-SC; 5 0 - ._-_.-HI f-P=, 0 1 
CW FP=l,CL FP~2,NT FP=10,CC fP;1000,CM fP:l0,CPOFP=.ot,LA SO:2Q,733, -l1;--SO=2Q-.-7-33,AA-SQa2----·---------·----------------PRINTER PLOTS, DISPLAYS TL1SO,V5,Tlf!1E 

-1~~,~-Srfi~~E------------------------------------------XC! ED,VS,TIME 
P1 FP,VS,TIME 

-l·INC;:Ii·S.,-TMAX=36,PRAlE=6,PfHN1-£ONTROL-Jl3.,..1-Nl'-MODE.,·]-,OUTRAiEF.' 1-----TIT~E=fLAT PLATE COLLECTOR TEST CASE-SIMULATE 
-P-ARAME-l£'-R-l/At.-UE-B-----------------------------tMOfP=O,HI- FP=1.E~,FIRfP~4 SI"'ULATE . 
-fi'AR Af1E-TE-R-VAl-oE5 ----------------------------.-----MO 80=2 

SUWlATE 
-P-A-R-A HE-lE'R-V At,.-UE-5-------------------------110 ~O;:~ 

51 HULATE 
-PARAME-l£R-\lAt,.-UE·8 

twlO. SO=~ 
------------__ ._-_0-_-

8:1 MULATE 
-fLA·R~HE_.:rE-R-V·AI.--lIES----------~-----------------po1Q SO=5 

SIMULATE 
------ -----.--- ---_. 

b) Simulation Program Input Data 

...... _-----

I 
I 
1 
\ 

1 
-j 

I 

\ 

FIGURE 9.2~1 FLAT PLATE COLLECTOR f«)DEL INPUT DATA 
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The mode 1 schemat i c produced by the mode 1 generat i on program is shown in 
Figure 9.2-2. The component TI is used to furnish time of day and day of year 
information to SO and to the TMV read component ED. ED supplies direct beam and 
global insolation to SO, and ambient temperature and wind speed to the collec
tor component FP. Based on collector orientation, SO supplies solar insolation 
incident to the array, collector tilt angle, and tracking power to FP. 

Typical results of the flat plate model runs are shown in Figures 9.2-3 through. 
9.2-5. Figure 9.2-3 shows the global horizontal insolation obtained from ED . 
during the 36 hour simulation period. The data was for mid-winter and the 
daily peak levels are thus low to moderate. The array tilt angle daily pattern 
for horizontal E-W axis tracking is shown in Figure 9.2-4. At noon the array 
is oriented normal to the sun's incident rays and thus maximizes the insolation 
gathered during the mid-day peak. The tilt angle approaches 90 0 as the sun 
approaches the horizon, and remains fixed at 900 overnight. Comparison of the 
solar insolation peaks with the various tracking options showed that horizon
tal E-W axis tracking gave the best results of the single axis tracking sys
tems, and was only slightly inferior to two-axis beam tracking. Solar cell 
temperature for this case is shown in Figure 9.2-5. The cell temperature is 
within a few degrees of ambient most of the day and rises in mid-day propor
tional to the solar insolation received. The results with water cooling are 
quite simil ar. 

9.3 FRESNEL LENS COLLECTOR MODEL AND INCREMENTAL COSTS 

The input data for the Fresnel Lens test case is shown in Figure 9.3-1. The , 

purpose of this model is to illustrate a Fresnel Lens collector model with 
thermal fluid loops for collector cooling and for solar heating. Three week~ 
long simul ati ons are used to demonstrate incremental cost ca lcul ations for I 

S~bsystem economic design. A variable speed pump is assumed for the collector I 

fluid loop with the flow rate adjusted so that the outlet temperature is SoC 
greater than the inlet. The collector consists of a rectangular grid of 120 
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FIGURE 9.2-2 FLAT PLATE MODEL SCHEMATIC 
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FIGURE 9.2-5 SOLAR CELL TEMPERATURE VERSUS TIME 

.1 

i 
.~ 
1 
1 
.~ 

1 
J 
1 

I 
'j 
1 
·1 

j 
, 

. j' ... 

, 

~ \ 1 
I. \: 
" 

~'" 
.} 

" ,""* 

~;: =::;=.::~~::::.;;;::r!!::~!~! J!!I'!l,~,,! ! ~n!i!l!1!1J!,,!!!n "1,!I.nel!1&:!!:.!!:!!!:,!!E!.:!t!;J!!.!!!;q"}':!.'tUJUJlt!!IH!llil!Ali , ,",wwa;nl' I W ....... 

-~. ...... ~.', ~'''~ .• ,,'~ .. ,~ _ .....'" .... ","'" "re . '"T~''' " . .J 



.' !:l;~~:Jt 
I 
~ 

( 

MODEL DESCRIPTION FRESNEL LENS COLLECTOR WITH THERMAL STORAGE AND LOAC 
LOCATION=11 TI 
LOCATION=71 ED I~PUTS=TI 

LQCATION=~5 MA INPUTS=TS(T=FIN) 
FORTRAN STATEMENTS 

: TFOFO = FO MA+5. 
LdcATION=33 FO INPUTS=EOeXl=ST,X3=TA,X~~WD),MA(fO=TfI) 
LdcATION=73 PV INPUTS=EDeXl=ST),FO 
LOCATION=~7 TS INPUTS=FOep,l=?),TL 
LOCATION=27 TL~ INPUTS=TI,EO(X3=TA) 
lOCATION=77 LO INPUTS=PV(P=P,l,P=LO,l) 
lOCATION=79 CM 
END OF MODEL 
PRINT 

a) Model Generation Input Data 

riTLE=FRESNEL LENS COLLECTOR eINCREMENTAl COST COMPUTATION) 
PARAMETER VALUES 
CYCLr:S=~.Ol,TO TI=O,CMOFO=2,CW FO=3.7S,CL FO=3.9, OLINES=50 
Nt FO=120,NT FO=2~,MFMFO=O.5,CC FO=6.,CM FO=50,HI FO=.O!,RC FO=.06 
TS TS=S,DH TS=.00879,PD TS=12,LE TS=30,NU TS=.Ol,NC Tl=O.2 
Cl MA=.55556,C2 MA=-11.7778, COPFO=O.5 
CC PV=100,CM PV=50,LE TS=30,CR CM=lS,lE CH=20 
A~ PV=O.6,NS PV=600,NP PV=5,RAPPV=1.3 
VE LO=.OS,VE Tl=.05 

I 

TABLE,HT TS=4 
.QOB79,.025~91,.041371,.06'072 
90,1~7,1~7,20" 

T~BLE,TlOTl=' 
-~O,O,10,25 
4~2,1.5,1 
T~BLE, TWTTl=. 
0,6,18,2 • 
• 4,1,1,.4 
PRINTER PLOTS,DISPLAY! 
RE TL,VS,TIHE I 

I 

~ TS,VS,TIHE 
Pl FO,VS,TIME 
FMOFO.VS,TIME 
DZ,SPlAY2 
TO F 0, v S, T I ME 
P.! PV,VS,TIME 
Fq M A , V S , TIM E 
INITIAL CONDITIONS=E 1S=80 
TtNC=.5,TMAX=168,PRATE=12,PRINT CONTROL=3,INr MOOE=J,OUTRATE=l 
SI:MUlATE 

I 

P~RAMETER VALUES, TS TS=5.5 
SIiMUlATE 
PAP.AH~TER VALUES 
rs TS=5.,NL FO=126,CW FO=3.94,AA PV=0.63,NS PV=6JO 
S[MULA'TE 

b) Simulation Program- Input Data 

FIGURE 9.3-1 FRESNEL LENS MODEL INPUT DATA 
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Fresnel lenses each of which focuses solar radiation on a 5 x 5 array of solar 
cells. Excess thermal energy is conducted to a heat sink surface and then 
dissipated by natural convection, radiation and heat exchange to the coolant 
fluid. The collector parameters are chosen for a lens concentration ratio of 
25 and series connection of the output from each array. At maximum output the 
array collects about lOkw of solar radiation and produces about l.lkw of 
electrical power. The user should be especially careful in specifying the 
input parameters to the collector and array components FO and PV, since 
inadvertant parameter errors can lead to physically inconsistent configura
tions, e.g., collector area smaller than the total lens area. 

The model schematic produced by the model generation program is shown in Figure 
9.3-2. The collector thermal loop is formed by the connections between the 
collector FO the thermal storage TS and the multiply and add component MA. The 
MA component is used to convert the thermal storage outlet temperature from 
degrees fahrenheit to degrees centigrade. The output temperature from MA is 
supplied as the inlet temperature to FO. The total thermal power gathered by 
the coolant fluid is computed in FO and supplied to TS. Similarly, the thermal 
load fluid loop is represented by a power request from the load component Tl to 
TS and by thermal power delivered from TS to Tl. The electrical output of the 
arr~y is computed by PV and supplied to a load component lO which monitors the 
electrical energy collected. 

Results of the first week simulation run are summarized in Figures 9.3-3 
through 9.3-6. The weather was fairly constant during this run and solar 
insolation was fairly strong all week. Figure 9.3-3 shows that with water 
cooling cen temperature was held to less than lOoe at peak insolation. In 
fact, about 60% of the solar energy incident on the array is exchanged to the 
coolant fluid during peak insolation. The electrical output of the array is 
shown in Figure 9.3-4. The fluid flow rate of the pump and thermal energy 
collected exhibit very similar daily patterns. The thermal load for this week 
is shown in Figure 9.3-5. This load is dependent on both time of day and 
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FIGURE 9.3-2 FRESNEL LENS MODEL SCHEMATIC 
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ambient temperature which yields the complex load pattern shown. Figure 9.3-6 
shows the temperature of the thermal storage vessel resulting from the collec
tor and load thermal loops. The daily cycles are predominant with the periods 
of strong insolation providing sufficient energy to satisfy the load and com
pensate for thermal losses. Average load is fairly well matched to solar 
generation during the week since the temperature remains within a 150 channel 
and does not have an apparent trend away from this range. 

One of the most important measures of performance for a solar energy system is 
the levelized cost of energy, i.e., the life cycle cost to produce one unit of 
usable energy including generation, storage, transmission and conversion sub
systems. Energy cost may be used to size components and select most promising 
system alternatives, i.e., minimum energy cost is used as a selection or 
optimization principle. Although SIMWEST does not provide user optimization 
capability, optimal sizing of a few key parameters, such as the ratio of solar 
to util ity generat i on and the size of storage re 1 at i ve to generat ion, is 
possible and may be accomplished quickly using the concept of incremental 
energy cost. The idea is to compute the incremental change in levelized energy 
cost per incremental change in capital cost, for the system parameters of 
interest. Given an initial system configuration and M sizing parameters to be 
selected, optimization proceeds as follows: 

1) Perform M+l back to back simulations to compute the cost and energy perfor
mance of the baseline configuration and M incremental configurations from 
the baseline. 

2) Calculate the incremental energy costs for each parameter variation. Then 
select a new baseline configuration. Since the incremental costs are equal 
at the minimum cost point, increase or decrease the sizing parameters so as 
to equalize the new baseline incremental costs. 

3) Go to 1) and continue adjusting subsystem parameters until either a perfor
mance 1 imi tis reached or unt i1 the incremental costs of the 
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remaining parameters are equalized. (If two incremental costs are un
equa 1, one can always lower the system energy cost by increasing the 
subsystem with the smallest incremental cost at the expense of the other , subsystem. ) 

This procedure is recol111lended as more efficient and economical than using a 
series of parametric trade studies for subsystem optimization. 

The process of computing incremental costs is illustrated for the Fresnel Lens 
model. In the first simulation the baseline system performance and costs are 
computed. The second simulation differs from the first in that thermal storage 
capacity has been increased by 10%, and the third simulation differs from the 
first in that the solar collector and photovoltaic array area have been in
creased by 5%. Table 9.3-1 summarizes the incremental cost and simulation 
results for these runs. Column 1 shows the initial capital cost of the 
base 1 i ne system and the incremental capital costs for the ther'rna 1 storage and 
solar array increases. (These costs are meant to be illustrative rather than , representative.) Column 2 shows the results of a 20 year level ized cost 
analysis of the three systems, including maintenance and operating costs, 
e.g., the change in thermal storage increases costs by $9.10 per year. Column 
3 shows the energy delivered to the loads in a year as estimated from the one 
week simulations. (Note: the change in storage capacity lowers the average 
coolant temperature, thus increasing output power.) Column 4 shows the level
ized en@r9Y costs of the baseline system and of the increments in storage 'an~ 
generation. This column shows that the levelized energy cost will decrease as 
thermal storage or generation are increased, and that thermal storage is under
sized relative to generation since a fixed $ increase in storage will lower the 
system energy cost more than the same $ increase in array area. Column 5 shows 
the % change in levelized energy cost given a 1% increase in capital invest
ment. This column contains the same basic information as column 4 but provides 
a better quantitative measure of the economic value of increased storage capa
city. 
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TABLE 9.3-1 INCREMENTAL COST CALCULATIONS 

CC LC ED EC NIC 

Basel i ne 7392. 1272. 782g~ 16.2 ----
10% Inc. in Thermal 61. 9.10 110.5 8.2 -.84 
5% Inc. in Solar 319. 47.90 365.0 13.1 -.21 

NOMENCLATURE: CC = Initial Capital Cost in $ 

LC = Levelized Total Cost/Yr. in $ 
= Capital Cost*Life Cycle*Charge Rate 

+ Maintenance Cost + Operating Cost 

ED = Useful Energy Delivered/Yr. in KWH 
= Electrical Load + Thermal Load + Net 

Change in Thermal Storage 

EC Levelized Energy Cost in ¢/KWH 
= LC*100/ED 

NIC = Normalized Incremental Costs 
= % Change in EC Per % Change in CC 
- (~LC/LC - L\ED/ED)/(L\CC/CC) 
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APPENDIX: UTILITY SUBROUTINES 

This section provides a short description and source code for the utility 
subroutines called by the SIMWEST library components. These routines are 
also available to the user and may be called by FORTRAN statements in the 
user's manual. (See also page 26 of section 2.1.2 on the use of sub
routines TBLU1 and TBLU2.) 

.' FUNCTION AINR 

AINR computes the current of a photovoltaic cell given light current AIL, 
cell voltage V, and temperature T. Newton-Raphson iterations are used to 
solve the implicit equation (I) for current I: 

I = AIL + BIO (1. - EXP{{V+I*RS)*QBK/{T+273))) (1 ) 

• SUBROUTINE CNVC 

CNVC computes the convection coefficient HC and Reynolds number RE for air 
blown over a flat plate (ref. 1). 

Inputs: TA = air temperature in oK 

Tp = plate temperature in oK 

CL = length of plate in m 

V = velocity of air in m/s 

Equati9ns: 
TM = {TA + Tp)/2 

V~ = 9.0 x 10-8*TM -1.115 x 10-5 

G~ = 1.386 x 103 - 2.91*TM 
CO = 7.25 x '10-5*TM + 4.325 x 10-3 

RE = V*CL/VI 
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otherwise 

(3) 

• SUBROUTINE CUBIC 

CUBIC finds the roots of the cubic equation 

x3 + AAx + BB = 0 (4) 

and selects the real root x with largest value. 

• SUBROUTINE FLUC 

FLUC computes the heat transfer coefficient HF from a collector plate into 
a fluid coolant. The empirical equations used are for water cooling 
(ref. 1). 

Inputs: 

458 

N~ = number of cooling tubes 

D~ = diameter of cooling tubes in m 

CW = collector width in m 

COP = conductivity of mounting plate in w/m-K 
i 

THP = mounting plate thickness in m 
I 
I 

FMD = coolant mass flow rate in kg/s 
I 

DE~ = coolant density in kg/m3 

TF = mean coolant temperature in K 

COC = coolant conductivity in w/m-K 

BCS 40262-1 
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Equations: 
NTI = NT/CW 

HFI =12*NT12*COP*THP (conduction coeff.) 

VI = (21.7*(TF - 256}-0.8 - .185) x 10-6 
(fluid viscosity) 

PR = (.005l8*TF - 1.25)**(-1.49} (Prandtl no.) 

RE = 4.*FMO/( 7T*OT*NT*OEN*VI} (Reynolds no.) 

, 

If RE < 2100, 
HF2 = 4.36*COC* 7T*NT1 

If RE > 10000 

If 2100 ~ RE < 10000 

X2 = 36.S*PR· 33 

02 = .0029*PR· 33 

A = (4.36-X2}*1.6 x 10-8 + 02*1.266 x 10-4 

B = 02 - A*2.xl04 

C = X2 + A*108 - 02*104 

HF2 = (A*RE2+B*RE+C}*COC*7T*NTl 

HF = (l/HFl + 1/HF2}-1 

• FUNCTION HTGLAS 

(S) 

(6 ) 

HlGLAS computes the top surface heat loss coefficient Ht for a collector 
with 1 to 3 glass covers (ref. 2). 

Inputs: 

BCS 40262-1 

~ = number of glass covers (1,2,3) 

TA = ambient temperature in oK 

TC = mean cell temperature in oK 

HC = co~vection coefficient for air blowing over a 
heated flat plate in w/m2-k 

ec,eg = emittance of cell and glass covers 

TLT = collector tilt from horizontal in degrees 
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Equations: 

with 

Ht = (N(TC/C)/«TC-TA)/(N+f»0.33 + 1/HC)-1 

+ a (T~+T~) (Tc;~~~+(2N+f-l)/ei-N) 

a = 5.688 x 10-8 w/m2_K4 

C ~ 365.9 (1.-.00883*TLT+.0001298*TLT2) 

f ~ (1.-.04*HC+.0005*H~)(I.+.091*N) 
A = 1/(ec+.05*N(1-ec» 

• SUBROUTINE IMPLIC 

(7) 

IMPLIC controls the iteration logic which determines convergence of im
plicit variables in the user's system model, and prints convergence diag
nostics. (See section 3.6 for a discussion of the iteration and diagnostic 
control logic.) 

• SUBROUTINE RADC 
! 
I 

RADC computes the infrared radi ation coefficient HR between two bodies 
~ith surface temperatures Tl and T2• (See section 7.4 of Duffie and 
Beckman, ref. 3.) 

Inputs: T1,T2 = surface temperatures in oK 

e1,e2 = emittances for surfaces corresponding to T1,T2 

• FUNCTIONS TBLUl, TBLU2 

TBLUI and TBLU2 perform one- and two-dimension linear interpolation. A 
binary search is used to locate the nearest grid points for unequally 
spaced data. See section 2.1.2 for subroutine usage within model genera
tion FORTRAN statements. 
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• SUBROUTINE UNIF 

UNIF generates uniformly distributed, pseudo-random number sequence~ in 
the range [0,1]. This routine may be used to obtain random number 
sequences with a specified distribution function. (See for example the 
coding for WD in section 7.47.) 

REFERENCES 

1. F. Kreith, Principles of Heat Transfer, 3rd Edition, International 
Textbook Co., 1973. 

2. S. A. Klein, M. S. Thesis, "The effects of Thennal Capacitance Upon 
the Performance of Flat Plate Solar Collectors" t University of 
Wisconsin, 1973. 

3. J. A. Duffie and W. A. Beckman, Solar Energy Thennal Processes, Wiley, 
1974. 
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8EWTO_-RALPHS~ TO COMPUTE PH010-VOlTAIC CELL CURRENT 

F(A'=A-AIL-BIO*(1.-EXP(Q8K*IV+A*RS"CT+273'" 
FP( A )'=1. +BIO*EXP (QBK*( V+A*RS II I T+2731 I *QBK*RS/I T+2731 
A=O. 
DO 1 .1=1.10 
ANEW=A-FIA'/FPIAI 
IF('ANEW-AI.lE •• OOOOIIGO TO 2 

1 A=ANEW 
2 AINR=ANEW 

RETURN 
END 

I, BCS 40262-1 
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CNVC 

C 
C 
C 
C 
C' 
C 
C 
C 
C 

SUBROUTINE CNVCIHC,RE,TP,TA,V,CL' 

COMPUTES CONVECTION COEFFICIENT HC AND REYNOLDS 
NUMBER RE FOR AIR BLOWING OVER A FLAT PLATE. 
CALLED BY COMPONENT FO. 
INPUTS TA -AIR TEMPERATURE,K 

TP -PLATE TEM PERATURE,K 
V -VELOCITY OF AIR,M'S 
CL -lENGTH OF PLATE,M 

TM=I TA+IP'*.5 
VI=9.E-8*lM-l.11SE-5 
GR=138b.-2.91*TM 
CO=7 .25E-5*l'H+4. 325E-3 
RE=V*CL'VI 
HFREE=.11o*CO*oR*'IABSITA-TP"**'.333" 
HWIND=.591*CO*SQRIIRE"CL 
IFlRE.GT.5.ES'HWIND=.032*CO*(RE**(.SJ-23000."Cl 
HC=HFREE+HW IND 
RETURN 
END 
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CUBIC 
SUBROUTINE CUBICCAA,BB,ANSJ 
TER=AA**3/21. 
TERM=8B**214.+TER 
IFCABSCTERMJ.GT •• OOOIJGO TO 10 

Ci *.***************************************.***************** ....... C! THREE REAL ROOTS, TWO EQUAL 
C. ;*.******.******* •• ** •• *.****************************************** , '; A8=2.*CBRT(-SB/2.J 

. : A8B=-AB/Z. 
C .. **** •• ****~*-**~* •• **** .. *** .... ******************************** C SELECT POSITIVE ROOT 
C **************************** •• * •••• *.* ••• *.**.*****.************ .. 

C 
C 
C 

ANS=AMAXICAB,ABBJ 
RETURN 

10 IFCTERM.lT.O.JGO TO 20 
***.*4*.*~.*******~*********** .. *******.*********************** ONE REAL ROOT. TWO CONJUGATE IMAGINARY ROOTS **********************************.**.*.*****.* •• *.****.********** 'Si'EilM=SQRTC TERM) 
AAA=CuRTC-8IV2.+STE:RH) 
8Sa=CBRTC-86/2.-STERM) 

C ************************ ... *************************************** C SELECT REAL ROOT 
C . ********************************************** .. ** .. ************** ANS=MA+BBB 

RETU:u. 
C ************************************.***************************** C THREE REAL, UNEQUAL ROOTS 
C ************************.**************.***************** ... *****. 20 STER=SQRTC-TER) 

THETA=A~OS(-BB/2./STER) 
TE=2.*SQRTC-AA/3.) 
THETA3=THETA/3. 
Xl=TE*COSCTHETA~) 
X2=TE*COSCTH~TA3+2.09439) 
X3=TE*COSCTHETA3+4.18879) 

t *********************************.*******************************. C· SElE~T SMALLEST POSITIVE ROOT 
C ~*~*********** •• *** ..... *****.* •••• ***.***** ..... *.***** .. ****. 
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ANS=MtAXIIX1.X2.X3) 
RETURN 
END 
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CFLUC 
SUBROUTINE FLUCCHF.RE.NT.OT.CW,COS.1HS.FMD.OEN.TF.COC' 

COMPUTES HEAT TRANSFER COEFFICIENT HF TO FLUID 
AND REYNOLDS NUMBER. 
CALLED BY COMPONENT FO 
INPUTS NT -HUMBER OF COOLING TUBES 

DT -DIAMETER OF COOLING TUBES 
CW -tOLLECTOR WIDTH." 

REAL NT,NTI 

COS -CONDUCTIVIlY OF MO~TING PLATE.W/M-K 
THS -MOUNTING PLATE THICKNESS.M 
FH~ -COOLANT MASS FLOW RATE.KG/S 
DE~ -COOLANT OE~SITy,KG/M3 
TF -MEAN COOLANT TEMPE~ATURE,K 
CDC -COOLANT CONDUCTIVITY.W/M-K 

C WRITEC6,lOSJFMD,DEN,TF,COC 
C 108 FORHAT(lHO,5X,*FLUC INPUTS *,4FIO.2) 

PR=C.00518*TF-l.Z5)*~C-l.49) 
NTl=NT/CW 
HFl=12.*NTl*HTl*COS*THS 
VI=(Zl.7*(YF-2Sb.)**C-.8)-.18SJ*1.E-6 
RE=4.*FMO/C3.1416*DT*NT*OEN*VIJ 
IF(RE.GT.210~.)GO TO 1 
HF2=4.36*COC*3.1416*NTl 
GCJ TO 5 

1 IFCRE.GT.IOOOO.)GO TO 2 
X2=36.S*CPR**C.33») 
D2=.0029*(PR**(.33)' 
A=(4.36-Xl)*1.6E-8+DZ*1.266E-4 
B=D2-A*2.E4 
C=X2+A*1.EB-02*1.E4 
HFZ=(A*R£*RE+B*Rf+C'*COC*3.1416*NTl 
GO TO 5 

2 CONTINUE . 
HF2=.023*COC*CRE**C.8»*CPR**(.333»*3.141b~~Tl 

5 CONTINUE 
HF=l.l11./HFl+l./HF2) 

C WRIT~C6,109)HF,RE 

C 109 FORMATCIHO,5X,*FLUC OUTPUTS *,lFIO.2) 
RETURN 
END 

BCS 40262-1 
465 

L 
I' 
j 

1 

1 

.. ~ 



CHTGLAS 
FUNCTION H1GLAS'NG.TA.IC.HC.l.Et.EG.TLl' I 

~ i TOP HEAT LOSS COEFFICIENT HT FOR GLAS COVERS, CALLED BY FP ~i. t ,~ 
t 
t INPUTS 
t NG~UMBER OF GLASS tOVERS (1,2,3) 
t TA=AHBIENT l'EHPERATILJRE,K 
C TC=MEAN tELL TEMPERATURE,K 
~ Htl=tONVEtTION COEFFICiENT FOR AIR BLOWING OVER 
C A HEATED FLAT PLATE, W/H2-K 
t EC,EG=EHITTANCE OF CELL AND GLASS COVERS 
e Tl T==COllEC1'OR TILT FROM HORIZONTAL IN DEGREES 
e 

REAL NG 
$lGMA=5.688E-8 
C=36S.9*(1.-.00S83*TLT+.000129S*TLT*TlT, 
F= (1.-. 04,*HC 1 + .0005*HC I*HCU * (1. +. 091*NG) 
A=1./(EC+.05*Nb*(1.-EC)) 
G=N~*(TCIC'/'" TC-TA )/'NG+F' )**0.33' ~, 1./Hel 
B=SIGHA*(TC*Tt+TA*TAI.(Tt+TAI/(A+(Z •• NG+F-1.'/EG-NG) 
HTGLAS=I./G+8 
RETURN 
END 
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CIMPlIC 
SU8ROUTINE IMPLICCCYCLES,OLINESJ 
COMHON/CIMPL/IMPL,ICNT ICOROER/ NOX,NDV /COlO'VOLD 

~ COHMON /CV/ V /CNAMEV/ NAMEY /CTIHEI TIME 
.'" J DIMENSION V C 1) ,NItMi:Y« 1) ,VOLO (1) 

C ••• *** UNIVAC VERSION CODE ONLY 
t IFICVClES.LE.O.) GO TO 40 
t ...... 

IFCIMPL.GT.OJGO TO 10 
SP=O 
ITERS=CYCLES 
ITERS= MAXOC1,MINOCITERS,20)J 
ILINES= ABSCOLINES) 
IINO= 0 
IMPL=1 
00 5 I=1,NOV 

5 VOLD ( I J ::.: O. 
10 CONTINUE 

C .**~** CDC VERSION CODE ONLY 
IF(CYCLES.GE.l.J GO TO 15 
lHPL=2 
IF(ICNT.GE.ILINES) IMPL=3 
RETURN 

C .***:j$ 

C 
C 

15 IFCIMPL.GT.1J GO TO 20 
ITNO = I TMO+ 1 
IFCl TNO.GE.ITERSJ IMPL=2 
ICON=1 
DO 30 1=1,NOY 
IFCABSCY(I).LT. I.E-b) GO TO 30 
IFC A8SCVOLDCIJ-YCIJJ .GT. 0.03*A8SCYII») )ICON=O 
VOLD C I J = V« I ) 

30 CONTINUE 
IFCICON.EQ.l) IMPL=2 
IFlIMPL.EQ.2 .AND. ICNT.GE.ILINES) IMPL=3 
RETURN 

20 ITNO=O 
IFCIMPl.bT.2) GO TO 40 
IF(ICON.~Q.l) GO TO 40 
IF(OlINES.lT.O.) GO TO 40 
ICK=O 
00 50 I=l,NOY 
IFC ABS(Y(I».LT.l.OE-6J GO TO 5Q 
IFC ABSC VOLD( I)-YC I)) .LT. 0.05*ABS( YI I)) )GO TO 50 
IF'fCK.~Q.O) WRITE (6,100) TIME 

100 FORHAT(lHO,lOX,5HTIME=,F9.2J 
WRITE(6,200J NAMEV(I),VOLO(IJ,VCI) 

200 FORMAT(lH ,10X,A6,28H NONCONYERGENCE. OLD VALUE=,F12.3, 
1 13H ~EW VALUE=,F12.) 

lCK=1 
50 CONTINUE 

IF'ICK.EQ.l) ICNT=ICNT+1 
40 IMPL=4 

RETURN 
END 

I BCS 40262-1 467 

.ili' Miiiiiiiiii;;:>:::=:,:==.::: _: ... :. :.,, ___ : ... :. ,::",~,;;:,-,-:-,::. ~ -;;,~;;;;:.==:~~;;;:itf'i.:ft 7" a. tiu c·~: =--".'::.:."::~,.::~~.,,~ .. , ~,~~ ~.::~=~~:~::'~ 



~ .l. 

CRADe 

C 
t 
C 
C 
t 
C 

468 

~UBRQUTlhE RAOClHR,Tl,T2,El,EZ) 

COMPUTES INFRARED RADIATION COEFFICIENT HR 
CALL~D BY COMPONENT FO 

INPUTS T1.T2 -SURFACE TEMPERATURESwK 
E1,EZ -tORRESPONDING SURFACE EMITTANCES 

HR=5.688E-8*ITl*Tl+TZ*TZ)*ITl+TZ)/ll./El+l./EZ-l.) 
RETURN 
END 
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CTBLUI 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

• FUHC TION TBLUllX,XT ,FT ,NDX,NX) 
i 
: PURPOSE ONE DIMENSION LINEAR INTERPOLATION 

CALL SEQUENCE: 

X - VALUE OF INDEPENDENT VARIABLE 
XT - ARRAY OF LENGTH ABS(NX) CONTAINING X VALUES 
FT - ARRAY OF TABLE VALUES CORRESPONDING TO XT 
NDX- INDICA10R FOR STEP SPACING 

IF NDX.EQ.O TH~ XT CONTAINS EQUAL SPACED DATA 
IF NDX.N~.O THEN XT CONTAINS UNEQUAL SPACED DATA 

NX - A8SlNX, IS THE ARRAY LENGTH 
IF NX.LT.O THEN TRUNCATE OUTSIDE TABLE RANGE 
IF NX.GE.O THEN EXTRAPOLATE OUTSIDE TABLE RANGE 

WRITTEN BY A~W.WARREN 
VERSION 1, APRIL 197; 

DIMENSION XTtl"FTel) 
NA=IAB~'NX) 
IFlNA.GT.l)GO TO 5 
TBLU I=FT e 1) 
RETURN 

5 IF(NDX.NE.O) GO 10 100 

C EQUI-SPACED TABLE INTERPOLA1 ION C 

C 
C 
C 

XO= XT(I) 
H= XTe2.)-XT(I) 
XI= (X-XO'/H +1. 
I=XI 
IFCI.GT.OJ GO TO 10 
TBLUI= FTCl) 
IF(NX.GE.O)T8lUl= FTII) + eXI-l.'.IFTIZJ-FTII» 
RE1URN 

10 IF(I.LT.NA) GO TO 20 
TBLUl=FT(NA) 
IFCNX.GE.O) T8LUl= FTCNA) + CXI-NA).(FT(NA)-FTINA-l)' RETURN 

20 TBLUI=- FTII) + IXI-U.(FTCI+l)-FTII)' 
RETURN 

100 IFeX.GE.XTCl» GO TO 30 
TBlUl=FTCl) 

UNEQUAL SPACED TABLE INTERPOLATION 

IFCNX.G~.u, TBLUI= FTCI) + (X-XTII».lFTC2)-FT(1»/(XTeZ)_XT(I» RE:TURN 
30'IFiX.LT.XT(NA» GO TO 40 

. TBLUl= FT(NA' 
IFeNX.GE.O) TBlUl::FTCNAJ+CX-XT(NA)'.CFTeNAJ-FT(NA_l')/(XTeNA) 

1 - XT(NA-l)) 
RETURN 

40 1==1 
IGE= NA 

50 II=( IGE+l )/2 
IFeX.lT.XTeII)J GO TO 60 
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1= II 
GO TO 70 

60 IGE= II 
70 IFII+l.LT.IGE' GO TO 50 

TSLU1= FTIII + IfTII+ll-fTIIJJ*CX - XTIII'/CXTCI+l'-Xt'I" RETURN 
END . 
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FUNCTION TBLU2(X,y,XT,YT,FT.IX,IY,NX,NY.MX,MY) 

PURPOSE TWO DIMENSION LINEAR INTERPOLATION 

BINARY SEARCH TO FINO NEAREST GRID POINTS. 
TBLUI IS USEO TO REDUCE THE INTERPOlATHIt DIMENSION. 

METHOO 

CAill S EQUENC~ 

X~Y - POINT AT WHICH INTERPOLATION IS DESIRED j 
XT, YT- ARRAYS CCW1AINING INDEPENDENT VARIABLE GRID POINTS 1 
FT - TWO OIEMSNION ARRAY OF VALUES SUCH THAT FTCI,J) " 

CORRESPONDS TO XICI),YTC~). 
IX,IY- INDICATORS FOR GRID SPACING 

IF lX=O THEN XT CONTAINS EQUAL SPACED VALUES I 

IF IX .NE.O THEN XT CONTAINS UNEQUAL SPACED VALUES j 
NX,NY- ABSCNX),ABSCNY) ARE THE ARRAY DIMENSIONS FOR XT,YT 

IF NX.lT.O THEM TRUNCATE OUTSIDE Xl" RANGE 
IF NX.GT.O THEN EXTRAPOLATE OUTSIDE XT RA~GE 
LIKEWISE FOR NY AND YT VALUES. 

HX,MY~- DUMMY ARGUMENTS.SET EQUAL TO ABS(NX). ABS'NY). 

WRITTEN BY A.W. WARREN 
VERSION 1, JUNE 1971 

DIMENSION XT(l),YT(l).FTCl) 
NA = lABS(NX) 
MX = NA 
NS = IA6SCNY' 
MY = NB 
IF(NA.GT.l)GO TO 10 
TBLU2 = TBLUl(Y.YT.FT.Iy.NY' 
RETURN 

10 IFCNB.GT.~'GO TO 20 
TBLU2 = TBLUllX.XT.FT.lX.NX) 
RETURN 

C Y OUTSIDE YT TABLE RANGE C 

C 

C 

20 IFI Y.GT. yTCl»GO TO 100 
E = (Y-YTCl')/(YTCZ)- YTCI» 
FFI = TBlUI(X.XT.FT(l),IX,NX' 
TBLU2 =FFI 
IFCNY.GT.0)TBLU2 ~FFl+ E*C TBLUICX.XT.FTCNA+l),IX,NX' -FFIJ Rf.:TURN 

100 IF' Y.LT. YT(NBJJGO TO 200 
E '= (YTCNB)-Y)/(YTCNB'-YT'NB-l') 
N~1 = NA*CNB-l)+l 
FFI = TBLUI(X.XT,FT(N8U,IX.NX' 
TBLU2 = FFI 
IFCNY.GT.O'TBLUZ = FFl+ E*(TBLUICX,XT.FTCNBI-NAJ.IX,NXJ -FFl' RETURN 

C YT GRID SEARCH AND INTERPOLATION C 
200 IFCIY.NE.O)GO TO 2.40 

I = (Y - YTCl»/CYT(2'-YTCl), + 1. 
GO TO 300 
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240 1=1 
IGE = NB 

250 II = lIGE+I)/2 
IF(Y.lT. YTIIIJ'GQ TO 260 
1= II 
GO TO 270 

260 IGE =' II 
270 IF(I+l .IT. IGE,GQ TO 250 

300 E = IY-YTlI"/lYTlI+l'-YTII" 
1:1= Na\*(I-l'+1. 
FFI = TBlU1IX.XT.FT(IIJ,IX.NX' 
TBLU2 = FFI + e*ITBlUllX.XT,FTrIl+NA).IX,NX) -FFl) 
RETURN 
END 

472 
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tUNIF 
SUBROUTINE UNIF(U.IX) 
tOHMON /~IHPL/ IKPl.ICNT.ITEST 
DATA Y/253967.1 
IFCIMPL.EQ.O .AND. ITEST.EQ.l) 
IF CIX.EQ.IJ IX = 431469 
X= AHOD( IX*Y,16777216.J 
U= X/16777215. 
IX=X 
RETURN 
END 
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