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1. INTRODUCTION

This document is the final report of the Dynamic Load Simulator Study. This
was a six-month study (29 December 1969 through 30 June 1970) conducted by Avco
Corporation's Systems Division for the National Aeronautics and Space Adminis-
tration under Contract NAS-9-10429. The basic objective of the study was the
identification and investigation of various methods of characterizing and
simulating the dynamic and steady-state electrical load responses of manned
spacecraft equipment.

1.1 BACKGROUND

Both design and development of electrical power distribution and condition-
ing systems are highly dependent on the characteristics of the power sources and
the various loads. The inter-relationships between these elements are partic-
ularly significant in the case of the complex systems of manned spacecraft. The
need to maintain tight schedules in the Mercury, Gemini, and Apollo manned space-
craft programs made mandatory the use of load simulators in evaluating system
performance. At best, however, such devices simulated only steady-state load
conditions. Subsequent vehicle testing and flight experience has disclosed
operational problems caused by transient (or dynamic) load characteristics.being
reflected into the system.

The dynamic load simulator study was undertaken to identify and investigage:
(1) methods of interrogating electrical hardware to establish significant char-
acteristics, and (2) methods of simulating both the dynamic and steady-state
" regsponse of that hardware.

In the proposed concept the individual loads to be simulated will first be
interrogated electrically (electronically) to identify quantitatively the para-
meters necessary to establish the load response to the power input. This data
will then be processed to yield the information required to program the simulator
to respond to the power input in a like manner. In practice, the interrogation/
simulation process is characterized by the following sequence of events. Figure
1-1 shows the sequence in flow diagram form.

1. The load to be simulated is identified.

2, The load category and stimulation data are determined.
3. An interrogation method designed to yield the device response for all

modes of operation is selected.
4. The load is interrogated.

5. The interrogation data is processed to identify the impedance-time
history of the load for each mode of operation.

6. A simulator capable of being programmed to provide this variable
impedance is selected.

7. A simulator program is generated.

1-1
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The simulator program is entered into the simulator.

The simulator is connected to the power control and distribution system
under test. :

:

The interrogation and simulation techniques identified during this study
can be implemented in appropriate hardware for use in testing the power condi-
tioning and distribution systems of future manned spacecraft..

The use of such techniques and equipment is not limited, however, to this
application. The availability of a load simulator capable of reproducing a
specific dynamic response when stimulated by a power source would be of signifi-
cant value during the development phase of any electrical hardware program. Such
simulators would:

1.

2.

3.

Permit load parameter changes to be introduced and evaluated.

Provide more convenient and readily available data points for system
monitoring purposes.

Permit the assembly of a test configuration without tying up expensive
and often ungvailable equipment.

1.2 OBJECTIVES

1.3

The dynamic load simulator study was concentrated on the following general
and specific objectives.

GENERAL

To identify and investigate various methods for characterizing and
simulating the dynamic and steady-state electrical loads of manned
spacecraft equipment.

.

SPECIFIC

To investigate typical spacecraft equipment to identify and characterize
the parameters significant to their electrical loading of power sources.

® To establish a set of requirements for an interrogator and an electrical
load simulator.

e To identify techniques and concepts that may be useful in satisfying
the interrogator and simulator requirements.

e To investigate these techniqies and conduct a trade-off study to define
and describe the more promising approaches.

e To recommend a preliminary design based on the results of the trade-off
study, and present a program plan for implementing the design.

DEFINITIONS

The terms interrogation and simulation are used extensively throughout this
report. A definition of these terms follows.

1-3



"1.3.1 Interrogation

Interrogation is the quantitative determination of those parameters of a
device that describe its dynamic and steady-state electrical response on the
power lines to a specified application of voltage. In its broad sense the term
includes the acquisition of this data and its processing to yield information in
a formal suitable for programming a simulator to duplicate the load response.

1.3.2 Simulation

Simulation is the duplication on the power lines of the dynamic and
steady-state response of an electrical load.

1.4 REPORT ORGANIZATION

The final report is organized as follows.

1.

INTRODUCTION

Provides background information, states the study objectives, defines
key terms, indicates the way the report is organized, and lists
pertinent contractual publications.

CONCLUSIONS AND RECOMMENDATIONS

Presents conclusions drawn from the study and recommendations for
future action.

STUDY APPROACH

Summarizes the step-by-step approach adopted in carrying out the
dynamic load simulator study.

AREAS OF INVESTIGATION

Describes each of the major areas investigated.

INTERROGATION AND SIMULATION SYSTEM CONCEPT

Discusses an over-all system concept, covering both the interrogation
and simulation processes, and describes equipment requirements, im-
plémentation aspects, and trade-offs.

FEASIBILITY ASSESSMENT

Indicates the feasibility of the system concept, in particular the

feasibility of the two key elements of the system--network models
and variable resistance devices.

RECOMMENDATIONS

Recommends the next step to be taken in the system's evolution.
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Fifth Monthly Progress Report, for the Period 1 May 1970 to 31 May 1970;
Avco Systems Division, AVSD-0259-70-CR, 12 June 1970.



2. CONCLUSIONS AND RECOMMENDATIONS
2.1 CONCLUSIONS

@ The concept of electrically (electronically) interrogating and
simulating the steady-state and dynamic response of manned
spacecraft electrical loads is feasible.

®© A process capable of performing the required interrogation and
simulating functions has been described.

® The hardware required for implementing this interrogation/
simulation process has been identified.

o The effectiveness of the more critical interrogation and simula-
tion elements-of the system has been demonstrated successfully
in laboratory experiments.

2.2 RECOMMENDATIONS

It is recommended that a six-step program designed to demonstrate
the practicality and efficiency of the system proposed in this report be
initiated as a minimum-cost next step in the evolution of a dynamic load
simulator system. The program is described in Paragraph 7 of the report.
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3. STUDY APPROACH

3.1 GENERAL APPROACH

»The dynamic load simulator study was conducted according to the approach
summarized below and shown in logical flow diagram form in Figure 3-1. This
approach is basically one of thoroughly analyzing requirements and subsequent
synthesis of a system capable of satisfying those requirements.

Step 1 - Identify electrical loads by class.

Step 2 - Establish load parameters and load parameter ranges for each
class of loads.

Step 3 - Establish interrogation and simulation requirements.

Step 4 - Identify potential interrogation and simulation techniques.

Step 5 - Lnvestigate the potential interrogation and simulation
techniques and make appropriate trade~offs.

Step 6 - Establish interface requirements.

Step 7 - Select suitable interrogation and simulation design approaches.

Step 8 - Define a feasible system concept.

3.2 IDENTIFICATION OF ELECTRICAL LOADS

Basic to establishing interrogator and simulator requirements is
knowledge of the spacecraft electrical loads to be simulated. That is, the
types of loads and their significant electrical parameters must be identified
and a quantitative assessment made so that the extremes over which the interroga-
tion and simulation process must operate can be established.

The electrical loads to be simulated are those system elements that
ultimately use the energy. Figure 3-2 is a simplified block diagram of a power
conditioning and distribution system. This study was concerned with the interro-
gation and simulation of the electrical loads at the interface with the distri-
bution network, as shown in Figure 3-2.

A list of electrical loads peculiar to manned spacecraft was established
early in the program. These loads are listed in Table 3-1. At that time, too,
significant parameters to be used in characterizing the load response were also
didentified. These are listed in Table 3-2.

The load classifications identified in Table 3-1 were then divided into
sub-classes to group together those load elements whose load characteristics were
similar. Table 3-3 summarizes these loads along with estimates of significant
parameters. The loads and parameters listed on that table represent: (1) the
principal means for defining the scope of the dynamic load simulator study, and
(2) the basis for defining a set of requirements for the interrogator and for
the load simulator. These estimates are the result of engineering judgements
based on examination and study of NASA-supplied data and identify the range
through which the input parameters of the electrical loads of future manned
spacecraft may be expected to vary. Table 3-3 covers two major sets of character-
istics, as follows: :
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TABLE 3-1 SPACECRAFT ELECTRICAL LOAD CLASSIFICATION

1., Motors

2, Electronics

3. Heaters

4, Lighting

5. Solenoids and Relays
6. Pyrotechnics

7. Computers

8. Transducers and Servos

9. Electrolysis

TABLE 3-2 SIGNIFICANT LOAD PARAMETERS

1. Input Voltage

2. Input Current

3. Input Power

4, Input (Source) Frequency
5. Load Power Factor

6. Load Transient Amplitude
7. Load Transient Duration

8., Load Transient Frequency
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TABLE 3-3 LOAD CLASSIFICATION AND INPUT PARAMETER RANGE ESTIMATES

G-¢

LOAD CLASSIFICATION AND INPUT PARAMETER RANGE ESTIMATES

STEADY STATE CHARALTERISTICS DYNAMIC CHARACTERISTICS
CATEGOR Y VOLTS |POWER, |GURRENT |PWR | SOURCE . |TURN-ON TRAMSIENTS |TURW-OFF TRANSI\ETS| DOERB- YR/ C REMARLK S
v w - A FRCTOR| FREQUENEY|AMPL.|Dur [FRE® [PearL [DuR [FReq|'r M [ TorROUE '
I MOTORS APPLIED CURRENT
LD-C MOTORS CONSTANT AT RATED
A SPEC/AL bL-385 |3-100|.05-1.5 | D Dc 15 A |15eclipLse 154 |1SEC |IPLSE| 7220 |2 FI-lbs| comDS
B L/HP 40-200| 80 -3500|1.5-15 Dc Dc 120 A |BSEC IPLSE |[/8A-  |3SEC |IPLSE | 7200 | QOFT/65|.APPLIED CURRENT™
Lo INCRERSSES W IT M 4
c1<HPL2 75-200 (750-000 110 -50 [ ¥ D¢ SO00A 5 SEC IPLSE (50A S SEC|IPLSE {3600 |BOOFT- S| HORSE POWER,
2?—5 MOTOR S APPLIED CURRENT COM-
SPECTAL &-~220 |2~/00 [.05-2.0| .5 |400Hz-|,38| 2OA | ISEC |dooH:z | 2A 15€6C |qookz] 24 o0a | Z FT-1bs| START AT RATED LOADS
BA ' HP 26 220({80-200(|1.5-10 | -8 |400HZ-,3Q|/00A |5SEC|9C0HION |3 SEL|400Hz| 8000 | GOFFRIbs| APPLIED COBRENT
clI&HP L2 [115-220800-3500|4 - 20 | .6 |400Mz-3& |200A |55EC [4c0H=]20m |5 SEC |da0Hz| 3600 | Boo Frbs|/NCREASE AT PEAK LOADS
) . POLS L &
T ELECTRONICS , POLEE |[WioTH |FRER |.O2 V-1 KHRIPPLE ON
. CONTROLLERS . ] RETORN
A SOUD STATE | 20-25 |10-70 |0.5-2.0| DC oc 3 A [3SMS(IPLSE| BOV|IooMS | IMHZ{\BA [BOIS [10PeS ’
B MAG CORE | 20-35 |20-/140 | '1.0-4.0| DC ocC 4OV [\OUS |IPISE | 200V /O US| IMHL 1BA | SOMS| IOPPS
CELECTRO-MECH | 20- 40 |20-300{4.0-8 | DC oC 20A |SMS |IPLSE| S0V |5MS |/0 KHz| 1B A [ EOMS|I0PPS|ARGING WHEN SWITCHING
2 COMMUNICATIONS . jeeveD]
ATRANSMITTER, . . POWER | FREQV. |[lugaTION
1 DEOUD STATE DL | 20-4-0 |2- 1O [.05-.5 | DC De oV | INS | 4ok 6OV | 1S [IOMH2 | SO W cw AS REQ
YSOLOSTRIEAL| 24- 118 | - 5 ‘5 {400Hz BQ [ \30V | | MS |90kHa| 180V | IMS |IOMH2| 2ow | cw/ ASRER
YVAC.TUBE | 20- 130|110~ S0 oC Do \50V | IMS [40KI|1I50V | iMS [iIOMKHz] \Bow | ¢w AS REQ
B RECEIWER : AS RE
— 12-35 | /-5 pe | pe BoVv| 1ms |a0KH] Sov | iMs |iomuz| 1ow | cw R
G MODULATOR
2 DC bL-38 [1-3 DC oc B0V | 1MS | 40K 50V | M5 [\0oMHz] BW [DIGITAL| IMIN.
b AC 24-1\5 | 0.5 -5 -5 |400H:-1,38 {130V | \MS [4A0W| 130V [ \MS [10oMHiz] 10 W [DIGITAL { iMIN,
D AMPLIFIER . — .
) D 20-35 | \-\0 pc Dc 40A | I'SEC{ZWz § BOV | 1MS [IOMHZ | E0ow | Cw W
b AC |[NB-220}15-25 .5 [400M2-,3Q | SA | 5MS | I00KH 250V | 1S [10MH2| 200w | CW cw
3 INSTRUMENTATION YOLTAGE VARIES LINEARLY WITH
T ATRANSOUCER |B-35 1.01-3.0 [.01-.10 | DC DC S0V | EMS| DL | 50V IMS |IiMiz | AMBIENT COMDITIONS
B GYROSCOPE 24-130(2.~100 |.0B-1.5| .5 |400-3® | 4A |1MIN||PLSE|200V| 2ZMS [500HZ] CUEBRENT VARIES WITH TORQUE
C ELECTeO-0PTICS |100-200 |E- (0O -5 [BOO-28 | ZA [IMIN[IPLSE| 200V |2MS [1K Wz
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TABLE 3-3 (Concl'd.)

LOAD CLASSIFICATION AND INPUT PARAMETER RANGE ESTIMATES

’

LOAD CLASSIFICATION AND INPUT PARAMETER RANGE ESTIMAT

ES

STEADY STATE CHARACTERISTICS

DYNAMIC CHARALTERISTICS

i VOLTS |POWER |CURRENT|PWR |SCURCE  |TURN-ON TRANSIENTS [TURI-OFF TRANSIENTS [OPERATING REMARKS
CATEGORY v w A FACTORIFREQUENC Y JAMPL 'DUE |FREQ |AMPL |DUR [FRE®
[HI MEATERS .
A THERMOSTAT | 6~40 |20-250}.5-6-0 | DC DcC 50V {3MS [|OKHz| 400V | 3 MS 13000
B PROPORTIONAL | 20-90 |z0-400 |.5~10. | DC | DC SOV | IMS |1 KHa| - - !
7 LIGHTIN G LW BASED OM LOWEOF LIGHTING
[ ATELECTROLUMIN. 10O~ 120 03 = o2 . LB 1400-1® SURFACE
B INCAMDESCENT '
\_T_—‘a. e L2-55 0,/~100|.0/-4 | DcC Dc 1 HOA [100Ms$| 30K HY zoov | I1Mi& | | Ki2
L Ac 24-200 | 20-/00 |/ - 2.0 | .& [|4C0O- 1/3& | 10A '[ICOMS|30KH| A0V | 1MS | | KHz
C FLASHERS 20-200 | D¢ [oY= 250A | 2DMS |S5tPS 250 A PULSES FOR ZOMS AT 55 PPS
DFLUORESCEMNT [ 100200 |2 - 40 |.05--.8 | .5 |40o0-/& | 24 |/oomsi3oriz] -~ - -
 SOLENOID ¢ RELAY
.. A DC 6-120 |.5-5 |.0/-20 | DcC Dc 140v | SMS|200H 1205V BMS || KMz,
1 BAC ¢-230 [.5-15|.0/-8& |.B |400-/8 |250V|S5MS|200H2|2300V| 5MS | | KHz,
T PYROTECHNILS _ L
A I\TIATOR S ONE-SHOT DEVICES 7 A| 10ms|100nz|20-0A | 250MS| DC |1 AMP-) WATT NO-FIRE FOR BMIN. MiN
B PRESS. CARTRIDGE 7 A 10MS5{100\02]20-,IA] LSEC] De (" v bow u " wowoow "
IOL COMPUTER
A SOLID STATE .
oc lo- L.co5 -35 [.cos -\.0] DC DCc 50V [IM S ]IMHZ 5OV [ IM S | IMHz| 02 VOLT RI\PPLE OW RETUR N
AC &-120 L0O5--35 .0DS—5.| ,5 [400- /|38 [140V [ 1MS [\ MHL{ 14DV | {MS || MUy
B MAGNETIC CORE
T 5-35 |.5-70 |-l-2.0| DC DC GOV | I1MS [ I KHZ | .200 V] BMS [ 10K 1y
AC 6-\120 | é- 300/ '\-5.0| .5 |400-1/38 150V | M3 | 1 KKz 600 V| BMS| 10K A=
I g ectroLYS1S | 28- 200 |(25-30) KW pe | bpc
%%‘;‘;ﬁ‘é&;&f&‘& SLOW LY DECAYING CURRENT
OCANPLUT | 20- 40 |1~100W OVER LoV G TIME PERIOD
AT 1PUT [100-200 [\ ~|COW -5 [400-83® g . ;
BFUEL CELL SENS. i RANP V OUTPUT PLROPORTIONATE
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1. Steady State Characteristics. - Those characteristics that
describe the response of the load as reflected on the input
-power lines during non-transient periods of load operation.

2. Dynamic Characteristics. - Those characteristics that describe
the response of the load during the turn-on, turn-off, and other
non-steady-state intervals, including periodic and non-periodic
phenomena.

In each case conservative estimates of the parameter ranges were used.
Those estimates given in terms of a range identify both the lowest and highest
values expected for that category of load. The estimates given as a single
value are based on an expected worst-case value for the category concerned.

The criterion used in developing the subcategories of electrical loads
was that a subcategory would be created within a major load category when
either or both of the following load characteristics existed:

1. A dynamic range in input current or voltage in excess of 10:1.
2. A fundamental difference in input current characteristics e.g.,
digital versus analog.

3.3 INTERROGATOR AND SIMULATOR REQUIREMENTS

A set of requirements for an interrogator and a simulator was established
to serve as a basis for developing and governing the investigative and trade-off
phases of the study. These requirements are quantitative to the extent possible
and are based primarily upon the load data presented in Table 3-3.

The requirements for a dynamic electric load interrogator and for a
dynamic load simulator are discussed in further detail in Paragraphs 3.3.1 and
3.3.2, respectively.

3.3.1 Dynamic Electrical Load Interrogator Requirements

The interrogator, for the purposes of this study, is the measurement
element of a system whose ultimate purpose is the simulation of certain
electrical characteristics of a device. It is anticipated that hardware
capable of meeting the performance criteria of this requirement will be used
along with appropriate simulation hardware in testing the power conditioning
and distribution systems of future manned spacecraft.

The interrogation process will be used to determine the input parameters
of a device in sufficient detail that a simulator can be designed to duplicate
the dynamic and steady state response of the device.

1. PERFORMANCE
A, General

The basic purpose of interrogation is the quantitative
determination of those parameters of a device which
describe its dynamic .and steady-state electrical response
on the power lines to a specified application of power.
The interrogation process must take into account all modes
of operation of the device and must cover the entire range
of expected input voltages.
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Load Characteristics

The device to be interrogated will typically have a
dynamic driving point impedance. The input current
waveform to such a device will be composed of four
parts, as shown in Figure 3-3.

The operating voltage of the devices to be interrogated
will range between 6 and 200 VDC and 6 and 220 VAC., The
AC voltage will be 400 Hz, 1 or 3 phase; or 800 Hz, 2
phase. Device power congumption will be typically less
than 1 KW. ' '

Stimulation
The interrogation process must include the input voltage
and other stimulation necessary to exercise the device in

all modes of operation.

Instrumentation

The interrogation process must include all of the instrumen-
tation necessary for sensing, measuring, storing, and processing
the input data. Measurement parameter requirements are:

Accuracy - The accuracy of the interrogation process
must be such as to permit meaningful simulation of
the device.

Frequency Response - The frequency response of the
interrogation process must be sufficient to permit
quantitative identification of device behavior under
transient conditions 10 microseconds or longer in
duration.

Dynamic Range - The dynamic range of the interrogation
process must be suitable for quantitatively determining
the input parameters listed on Table 3-3.

Channel Capacity - The channel capacity of the interroga-
tion instrumentation must be consistent with the number
of input terminals. Ten channels will be a minimum
design goal.

Input Impedance - Instrumentation, including sensors,
must be such that the characteristics of the device
under test will not be altered. As a design goal,
device characteristics should not be altered by more
than 17.

Data

All data must be obtained by electrically (electronically) interro-
gating the device under test. This raw data must be capable

of being processed to yield final data in a format compatibie

with the simulator program input.,
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F. Environmental’

The interrogation hardware will be expected to meet all of

its performance requirements when subjected to the tempera-
ture, humidity, and handling enviromments of a typical test
laboratory. .

G. Operating Time

The interrogation process must be capable of being automated,
at least to the extent that a device may be interrogated
frequently . to determine the effects of altering selected
device characteristics. The intent is to accomplish the
interrogation in "real" time to permit the identification of
device characteristics without significantly delaying test

activities.
1I. DESIGN AND CONSTRUCTION
A, Packaging

An interrogation scheme employing hardware that can be
packaged in a single unit or central location will be a
design goal.

B. Safety

The interrogation process may require operation at dangerous
voltages and power levels. Accordingly, precaution must be
taken in the design of the interrogation process to develop
safe procedures and hardware configurations. Positive
provisions for protecting test personnel and the devices
under test must be incorporated.

3.3.2 Dvynamic Electrical Load Simulator Requirements

The simulator, for the purposes of this study, is that element of a system
whose ultimate purpose is the faithful representation of the dynamic electrical
response of a hardware item. It is anticipated that hardware capable of meeting
the performance criterions of this requirement will be used along with appropriate
interrogation hardware in testing the power conditioning and distribution systems
of future manned spacecraft.

The simulator will be used during ground tests of manned spacecraft to
duplicate the dynamic and steady-state electrical response of individual load

elements.

I. PERFORMANCE

A. Input Power

Input voltage to the simulator will range between 6 and 200
VDC and/or 6 and 220 VAC. The AC voltage will be 400 Hz
single or 3-phase (30), or 800 Hz-20. The AC power factor
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will be 0.5 minimum. Entries in the volts, power factor,

and source frequency columns under steady-state character-
istics in Table 3-3 indicate the power requirements for

each item. The remaining columns under steady-state
characteristics list the anticipated power and current ,
ranges each item must dissipate and draw (without degradation)
for periods up to 1 hour. Dissipation of the heat generated
by the simulator will be accomplished by proper heat sinking
or other cooling equipment. However, utilization of such
equipment must not impose any additional electrical require-
ments on the input power source beyond that of the device

it is simulating.

Simulation Characteristics

The simulator will be a programmable device that will accurately
reproduce on the input power circuit(s) the electrical charac-
teristics of g spacecraft load element. It should be noted
that the simulators are not to be simply scaled models of

the hardware they represent. They will dissipate the same
power levels as their hardware counterparts. Operation is
defined as including transients experienced during turn-on

and turn-off, conditions present during steady-state operation,
and dynamic operating conditions. The load element to be
simulated will be operated and interrogated. The operating
parameters will then be stored in the simulator for application.
A typical load waveform is shown in Figure 3-3.

Turn-on Transients - A typical listing of worst-case
turn-on transients expected in the various categories
is shown in Table 3-3 which lists the surge amplitude
in volts or amperes, the duration of the transient
effect, and the frequency of the transient pulse.

Steady-State Operation - This also includes the operating
parameter warm-up, During warm-up the device to be
simulated will draw more or less current for some finite
period of time and then revert to its steady-state
operating current, Typical warm-up parameters are
listed in the turn-on transient column. Arbitrarily,

if the transient duration is one second or longer, it
may be considered warm-up. Typical operating steady-
state characteristics of input voltage, power, current,
power factor, and frequency source are listed in Table
3-3.

Dynamic Operation - A typical listing of the dynamic
operating characteristics of the black boxes studied

is given in Table 3-3 under Operating Remarks. As
these remarks indicate, in some cases the input current
will change linearly or exponentially over a given time
period; in other cases the input circuit will reflect
discrete current pulses. T
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Turn-0ff ngnsfents - Typical worst-case conditions
inherent in the categories analyzed are listed in
Table 3-3. These reflect their amplitudes in current
or voltage, transient duration, and pulse frequency.

C. Control
The simulator must be capable of being programmed to operate
over a wide voltage or current range with a time response of

10 microseconds or greater.

D. General Electrical Design Requirements

The simulator must include provisions to prevent damage to
associagted equipment under test in the event of & malfunction
in the simulator or to the input power source. The simulator
design must insure that it will not present an electrical
hazard to any handling personnel. The simulator must be
capable of being operated repeatedly without degradation.

E. Environments

The simulator must be operable within its design limits at
normal ambient room temperatures. It must survive normal
laboratory handling shock and be capable of being operated
in any orientation.

DESIGN AND CONSTRUCTION

The simulator should occupy as small a volume as good design practice
permits. The impedance elements of the simulator must be capable

of being located in the same space occupied by the real load to
permit the use of actual spacecraft cabling harnesses.
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3.4 INTERROGATION AND SIMULATION TECHNIQUES

Once the interrogation and simulation requirements were defined, the next
step in the study was to identify appropriate techniques for implementing these
requirements.

A comprehensive literature search provided the information base essential
to soubid selection of interrogation and simulation techniques. This search is
discussed in Paragraph 3.4.1. The interrogation and simulation techniques
considered in the study are described in considerable detail in Paragraphs 3.4.2
and 3.4,3, respectively.

3.4.1 Literature Search

An extensive literature search was conducted to identify interrogation and
simulation methods and techniques. This effort complemented that expended in
compiling a comprehensive bibliography (Paragraph 8).

One phase of this search was concentrated on identifying the state-of-
the-art in the areas of network analysis and network synthesis. This search,
which yielded a promising file of publications, was conducted on the basis of the
four extensive indexes listed in Table 3-4. This same table also indicates the
key words used in this phase of the literature search. In addition to the network
analysis and synthesis state-of-the-art investigation, Avco conducted an independent
search in the area of computer technology--specifically in the following major
areas of coneentration:

1. Load Interrogation - The primary emphasis in this area was on
determining what digital computer techniques are available.for
circuit synthesis and analysis.

2. Load Simulation - The search in this area was directed toward
computer technology in process control, automated testing, and
other real-time computer applications.

Information obtained during the library searches described above was
supplemented by data obtained in response to letters of request sent to various
vendors. The vendors questioned were those active in the areas of power dissipa-
tion elements, network analyses and measurement services, and variable impedance
elements.

All of these efforts, plus those expended in compiling a bibliography,
yielded the basic data necessary for meaningfully evaluating the interrogation
and simulation requirements and techniques, defining appropriate trade-offs, and
synthesizing a system concept. P

3.4.2 Interrogation Techniques |

Interrogation techniques fall into two basic areas - frequency domain and
time domain. Table 3-5 summarizes various candidate interrogation techniques
in these areas and presents pertinent descriptive information and trade-off data.
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TABLE 3-4
LITERATURE SEARCH BIBLIOGRAPHY (NETWORK ANALYSIS AND SYNTHESIS)

Publication Year Key Words
Applied Science and 1968-1969 Computers-Simulation Programs
Technology Index Electric Circuits

Electric Circuits, Equivalent
Electric Distribution
Electric Transient Phenomena
Tmpedance

System Simulation

Voltage

Voltage Regulation

Engineering Index 1968-1969 Computers-Simulation
Electric Circuits
Electric Network Analyzers
Electric Transmission

International Aerospace 1968-1969 Breadboard Models
Abstracts Circuits
Control

Control Equipment

Control Simulation
Control Stability
Electric Equipment
Electric Networks

Electric Power

Electric Power Transmission
Electrical Impedance
Electronic Equipment Tests
Equivalent Circuit

Flight Simulators

Linear Systems

Network Analysis

Network Synthesis
Simulation

Simulators

Spacecraft Power Supplies

Scientific and Technical 1968-1969 SAME AS INTERNATIONAIL AEROSPACE
Aerosapce Reports (STAR) ABSTRACTS
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TABLE 3-5 SUMMARY OF DYNAMIC ELECTRICAL LOAD INTERROGATION TECHNIQUES

METHOD Imgg}ggg%ﬂon RAW DATA DATA PROCESSING FINAL DATA TRADE-OFF DATA
1. Impedance Bridge Sinusoid 7Z{lJ/), Phase Angle 1. Plot Z({J) and phase angle Network model | 1. Raw data obtalned at dis-
(Prequency Domain) 2. Estimate model configuration | and parameter crete frequencles. h
3. Optimize model response by - values 2, Interrogation source net
lterative process of para- practlcally realized.
meter value estimates and
trial
2. Impulse Response? Impulse v, 1 = £(t) 1. Calculate Z({J) Network model | 1. Not suiltable for
(Frequency Domain) 2, Plot Z(LJ) and parameter non-linear devices.
. 3, Estimate model configuratlion | values 2., Interrogation source not
4, Optimize (as for impedance practically realized,
bridge, above)
3. Rectangular Approximation Step Vv, 1= £(t) 1, Calculate Y{{J/J) Network model | 1. Not suitable for
(Frequency Domain) 2. Plot Y(L/) and parameter non-linear devices.
’ 3. Estimate model configuration values
4, Optimize (as for impedance
bridge, above)
4, Time Domain Actuall Vv, 1 = f£(t) .1. Estimate model configuration | Network model | 1. Applicable to linear and
2. Optimize (as for impedance and parameter non-linear devices.
bridge, above) values 2. No unnecessary trans-

formatlons or calculations

a The impulse response may also be obtained by cross-
correlating a nolse signal with the system output.

b Actual source means a source whogse characteristics
approximate. those of the normal operating source,




In each interrogation scheme (except for the bridge method which measures
the impedance directly) the basic data is obtained by stimulating the load and
measuring the input voltage and current. The techniques differ basically in the
method of stimulation selected and the data processing required., In each of the
frequency domain techniques, the raw data is obtained in the time domain and then
transposed into the frequency domain for further processing. This transformation--
whether accomplished by Fourier techniques, rectangular (or trapezoidal approxima-
tion), or some other scheme--requires considerable computation and the approxima-
tions involved contribute inaccuracies. Also, these methods are restricted to
linear devices.

The time domain technique, on the other hand, does not require domain
transformation since the data is both acquired and used in the time domain.
Furthermore, this technique is not limited to linear systems.

Frequency Domain Techniques - In the frequency domain techniques the data
is processed to yield impedance versus frequency, Z(W) information. A
network model consisting of resistance (R), capacitance (C), and inductance
(L) components is estimated and component values are assigned arbitrarily.
This model is then optimized in a computer by an iterative process of
judicious component value estimation followed by a comparison of the
model's response with the calculated response of the original load as
determined from the interrogation data. The final values resulting from
this process are then printed out anda mal network is constructed (or
programmed) to conform to this configuration.

Time Domain -~ In the time domain technique the device input current
waveform, determined during interrogation, is duplicated by a network model
much as in the case of the frequency domain techniques described previously.
An estimate is made of a model configuration of R, L and C components and
component values are assigned arbitrarily. The model response is then
optimized by computer. The final values of R, L, and C are printed out.
These represent the optimum value of each model component for the desired
response. Much depends on the initial model configuration estimate since
the computation involves only changes in component value. In any event,
the final result is the best achievable for the particular model chosen.

A significant parameter in this (or any) optimization process is the
criterion used in judging '"goodness-of-fit" of model response to the
resporise of the real device., Optimization and criterion selection are
covered in more detail in Paragraph 5 of this report.

3.4.,3 Simulation Techniques

Two fundamental techniques for simulating the dynamic response character-
istics of a device have been identified. They are: (1) network models comprised
of R, L, and C components whose values can be adjusted to yield an impedance
variation with time and, (2) variable resistance devices whose resistance is
varied as a function of time to duplicate the voltage/current (V/1) ratio of
the interrogated device.

Both techniques may be combined in a hybrid configuration. This permits,
for example, the model to provide the steady-state response characteristics and
the variable resistance to provide the dynamic response.

Table 3-6 summarizes load simulation techniques.
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METHOD

NETWORK MODEL

VARIABLE RESISTANCE

HYBRID

TABLE 3-6

LOAD SIMULATOR TECHNIQUES

DESCRIPTION

R, L, C NETWORK WHOSE ELECTRLCAL RESPONSE
DUPLICATES THAT OF INTERROGATED LOAD.

CONTINUOUSLY VARIABLE RESISTANCE WHOSE VALUE
IS EQUAL TO V/I OF INTERROGATED LOAD AT
EACH POINT IN TIME.

COMBINATION OF NETWORK MODEL AND VARIABLE
RESISTANCE TECHNLQUES,



3.4.3.1 Network Models
Network models can be comstructed of passive components (R,L,C)
and suitably adjusted such that model response to stimulation corresponds to that

observed for the real device.

The model configuration and component values are determined during
the interrogation process.

It should be noted that the network models of a simulator would not
be scaled but would in fact dissipate power of the same levels as the real devices.

3.4.3.2 Variable Resistance

This method takes the analog voltage and current data obtained
during interrogation and calculates

R(t) = V(&)
i(e)

at selected points in time. This calculation can be accomplished in either analog
form (by using a divider circuit) or digital form (after converting the data

using an analog-to-digital converter and then returning the processed data to
analog form with a digital-to-analog (D/A) converter). In either case the R(t)

is an analog representation of the voltage-current ratio over the entire duration
of device operation.

If a magnetic tape is used to record the R(t), the tape need only
be conditioned (amplified or attenuated) to permit it to serve as the programming
input to a simulator. A more practical method would process the R(t) and store
it in digital format. This would facilitate synchronization of the R(t) with timer
or source frequency.

The entire process is easily mechanized and operates in real time.
There are, however, difficulties in using this process for alter-
nating current (AC) circuits in which there is a significant phase difference in

the voltage and current waveforms. However, the technique is promising in the DC
case and is applicable to non-linear as well as linear networks.
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4. AREAS OF INVESTIGATION

Investigative effort during the study was concentrated on those elements of
the interrogation and simulation techniques for which there was little available
data. The objective of the investigation in any particular area was to evaluate
the concept only to the extent that its feasibility and practicality could be
determined. No attempt was made to optimize a technique.

Certain elements of the interrogation process, e.g., data acquisition, were
well-known, and standard laboratory techniques were more than adequate for
accomplishing this phase of the process. Other elements, such as continuously
variable impedance elements, modelling techniques, and computer optimization
routines, were not as well known. Thus, the more intensive investigative
efforts during the study were concentrated on these elements.

4.1 VARIABLE IMPEDANCE ELEMENTS

Table 4-1 summarizes variable impedance concepts identified during the
study and presents estimates of device limitations., Several of the more
promising of these concepts were examined in some detail and these examinations
are describad in the following discussions.

4,1.1 Variable Resistance Elements

All simulation schemes require resistive elements for power dissipation.
In addition, some means must be provided for changing component values to
accommodate changes in the resistance requirements. Simple schemes, such as
switching high-power-rated resistors could provide this variability, but only
at the expense of requiring large equipments to house the many different values
of resistance, and complex switching schemes to utilize them most efficiently.
A more efficient and versatile means of obtaining a variable resistance is based
on using analog circuits whose input resistance is caused to vary as a function
of a control voltage. -

Several techniques for doing this were investigated in some detail.



TABLE 4-1

PRELIMINARY RANGE DATA OF VARIABLE IMPEDANCE DEVICES

AC DC Power Frequency
Voltage Voltage Dissipation Response Element
Device Capability Capability Capability Capability Capability
V, rms volts watts
Impedance Multiplier Peak Multiplier Supply Volt- 50 50 KHz 10<R<10 M
age = M (Input Voltage), 0.1 HKL<10 H
where M is the multiplication 0.005 uF< C 500 uf
factor
Rotator:
A, Solid State ' 125 200 25 at 200 50 KHz 10<R<1O M
volts, 0.1 H<L<10 H
100 at 50 0,005 uWFLC< 500 uF
volts
B. Vacuum Tube Lo 650 n n n
Transistor Resistance 125 175 100 at 50 200 KHz 0,l1<R<100 K
volts,
25 at 175
' volts
Saturable Core 440 650 Limited by a 1 UH<L<<100 H
Reactor physical size
Switched Component L4140 650 500 1 MHz 0.1<R<100 K,
L & C limited by~
physical size

a To be determined,




4,1.1.1 Rotators

The rotator is a twow~port device that has the property that when a
resistor is connected to one port, the resulting characteristics of the other
port are the voltage versus current characteristics of the resistor rotated
by a prescribed angle.

I, Operational Amplifier Type

Figure 4-1 is » schematic disgram of an R-rotator circuit. If
resistance Rl is large compared to the resistsnce synthesized by the
circuit, then current i, (Figure 4-1) can be considered negligible,

and

L R Ay o fa%s

4 Krjb \ (Eq. 4.1)

where

i1 - input current, in amperes

ix - current from port 1 to port 2, in amperes

e - input voltage, in volts

e3 - amplifier output voltage, in volts

Rx is the resistance connected across port 2, in ohms, With reference
to Figure 4-1, the amplifier output voltage, ey can be expressed as

where A_ is the circuit voltage gain. 1If Equation 4.2 is substituted
into Equetion 4.1, then

e, -A €
. : 1 w 4.
Ay X A, = (Eq. 4.3)
1 %x% R

The input resistance, Rs’ can be' expressed as

€
R =—% L1 (Eq. 4.4)
A ’Lﬂi Ly,
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R2 = R4 = 100 K ohm % watt 5% carbon resistor
100 K ohm 5 watt carbon potentiometer

A2 = operational amplifier Philbrick Researches Inc. Model P2

FIGURE 4-1 OPERATIONAL AMPLIFIER TYPE ROTATOR



If Equation 4.3 is substituted into Equation 4.4, then

iRy o %
e, - A, T Hla-a,

R, =

(Eq. 4.5)

Equation 4.5 indicates that the circuit input resistance, R_, is a
function of the terminating resistance, R_, and the voltage gain of

the circuit. Thus, if the voltage gain of the circuit can be varied
by a control signal, a resistance whose magnitude: can be varied may be
synthesized. Several methods of varying amplifier gain by controlled
signals are feasible,

1f the operational amplifiers shown in Figure 4-1 are considered to
be ideal, then the circuit voltage gain

A R2 R4
*~ RLR3

However, since R1 = R2,

R4 |
A’\r - R3 (Eq. 4.7)

Substituting Equation 4.7 into Equation 4.5 gives:

R, = |——r
<2 R4
| R3

Equation 4.8 indicates that the magnitude of the resistance synthesized
can be varied by changing the magnitude of resistance R3 or R4. Equation
4.5 indicates that negative resistance can be synthesized by a circuit
gain of one or greater. If the circuit gain is less than one, the re-
sistance synthesized will be positive.

(Eq. 4.6)

(Eq. 4.8)

Chual indicates that for angles of rotation less than 50°, the per-
centage of maximum rotator error is less than the percentage error
caused by circuitry parameter variations. Thus, good design practice
would indicate that if high angles of rotation are required, they can
-best be achieved by the use of rotators connected in cascade.

1 Chua, Leon O.; The Rotator - a New Network Component; Pro-
ceedings, LEEE, Vol. 55, No. 7, Sept. 1967.
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While theory indicates that rotators have an infinite bandwidth, in
practice the operation of the rotator deteriorates as frequency
increases. The bandwidth of a rotator is determined by the circuitry
and devices used to implement the rotator. In general, operational
amplifier circuits have frequency limitations of approximately 50 KHz.
Thus high frequency rotators would utilize circuits specifically
designed for the rotator. 1If small values of resistance are to be
synthesized, these circuits would be required to supply high stand-by
currents and power dissipation will be high. However, it appears that
several rotator circuits may be connected in parallel to reduce the
currents required from the rotator circuitry.

Controlled-Source Type

Figure 4-2 shows the schematic diagram of a controlled-source

type rotator. This circuit uses a controled source whose output
voltage is equal to the voltage on the comntrol terminal. If
resistances A and B are large compared to the resistance synthesized
by the circuit, Equations 4.1 through 4.5, above, also apply to

the circuit, Because the voltage gain of the controlled source

is unity, the voltage across resistor RB will equal e_, The volt-
age e, across resistor Ry is a function of the input Voltage e

and is given by

RB
e, = e - & (Eq. 4.9)
1 T Ra4RB 1~ 3 4

Equation 4.9 indicates that the voltage gain, A , of this circuit
is given by v

e
A = R (Eq. 4.10)
v RA+RB

If Equation 4,10 is substituted into Equation 4.5, the result is

i

R&’«‘: R,”\i_ RB (Eq. 4.11)
RA+ RB

Equation 4.11 indicates the circuit input resistance is a function of
resistances RA and RB, Current i_ will flow through the controlled
source in the reverse direction. xMost controlled sources are fabricated
from unilateral devices which do not permit vreverse currents to flow.

A resistor and a diode were added to the circuit, as shown in Figure
4-3, to provide a path for current i around the controlled source.
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FIGURE 4-3 PRACTICA-L ROTATOR CIRCUIT
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D1 = diode RCA type IN 1204A
PS = power supply Hewlett

Packard model 6274A TAG
11721 connected in remote
voltage program mode



4.1.1.2 Multiplier Controlled Current Sinks

Another method of realizing a continuously variable resistance is
by the use of an analog circuit using a multiplier, an operational amplifier,
and a transistor power stage. This concept--called a multiplier~controlled
current sink (MCCS)e-is described in the following discussion.

I. DC Type Current Sink

Figure 4-4 is a schematic of a current interrogator. It consists
of a simple resistance in series with the unknown load shown as
Ry(t). As Ry varies with time, V; will also vary and will repre-
‘'sent the real-time current through the load. Having achieved a
function for I;(t), this is stored by any one of a number of
means for later use as the control voltage for the MCCS,

Figure 4-5 is a schematic of a DC Mgbé circuit. The circuit
utilizes an analog multiplier, an operational amplifier and a

power gain stage for the operational multiplier. The command -~

signal, V (t), is applied to the B input of the multiplier and

a fractlon of Ep(t) is applied to the A input. The attenuation
factor for the input is specified as 1/E} where E} is the voltage
used for interrogation in Figure 4-4. If E,(t) is equal to Ep,
then the A input is equal to 1 volt and the output of the mul-
tiplier is equal to the multlpller scale factor times the B
input. 1If Ey(t) changes to (1/2)E , then the A input will equal i/
1/2 volt and the multiplier output will equal 1/2 its original
value. The mulitplier output is therefore a control function
that is modified by the voltage E2(t). This modified control
function is applied to the non-inverting input of the operational
amplifier whose gain is equal to the inverse of the multiplier
gain. The amplifier loop is closed from the emitter of Qy to

the inverting input and the result is that Vi(t) appears across
the load resistor R3 and the current I,(t) is equal to V; (£)/R3.

The following analysis will show that the device input resistance
equals the "unknown" resistance. Consider the interrogator
circuit of Figure 4-4 and the simulator circuit of Figure 4-5,
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In Figure 44,
L= Ej /R:l (#) = Vl(t\) it R =1 (Eq. 4.12) ..
and in Figure 4-5,
V(9 -, 4y AB (5. 019

where

¢A1= 'mulf:ip.lier constant

4&2= i/,

Then,
\/2(76) ‘144.1/42 \/1 (#£) E2 (#£) (Equ 4.14)
and
A (&) :,’/e3 V, (%) (Eq. 4.15)
where
,&Bﬂ amplifier gain
and
2
Iz (,t) :y’é—(—l z "ég Vz‘(f/: "'67?2 f} %(L{)fz{){) (Eq. 4.16)
3
1f
R3 =10
then

R, &) = E,(£)/I, ()
- E (%)

Ao, Ay, N, (%) E, (£) (Eq. 4.17)
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Substituting Equation 4,12 into Equation 4.18, gives

R, = Ri(/é)

AC-Type Current Sink

An AC MCCS is very similar to that of the DC MCCS. The require-
ments are identical in that a power consuming device must be
interrogated, the resulting control function must be stored, and
the simulator must reproduce the original results. The concept is
similar in that a current is sampled and the current through the
simulator is controlled. In this case, the output of the interro-
gator is the rms current through the load under interrogation.

The condition that the rms voltage applied to the load under
interrogation be constant and known applies similarly to this
case,

4-13
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Figure 4-6 is a schematic of an AC load interrogator. A small b
value resistor is placed in series with the load under test &Q;.
and the voltage developed across the resistor is proportional to

the current flowing through it. The voltage developed is con-
verted to an rms value and stored for later use as the command
input to the simulator. :

Figure 4-7 is a schematic of an A.C. MCCS which is essentially
the same as the one shown in Figure 4-5, the difference being
the bilateral power stage. The command applied to the B input
to the multiplier is proportional to the rms current desired and
is essentially a positive D.C. signal. The signal applied to
the A input is a scaled portion of Ep(t) but in this case, Ey(t)
is equal to EpSin wt and contains both positive and negative values.
The output of the multiplier will, therefore, be negative when
E>(t) is negative and as in the case of the DC simulator, the
output of the multiplier multiplied by the amplifier gain will
appear as V3(t) across R3.

Again, it can be shown that the device resistance equals the
"unknown" resistance.

Consider the circuit diagram in Figure 4-6. V;(t) is a positive
‘command function that may change with time:zand has a scale factor
of 1V/RMS amp required. Ej is constant.

E, 2en W
Ii(%): E, (%) /Ri(t) = 1R1 5 (Eq. 4.19)

V, (%) I (AR, = I1(76> if R=1 (Bq. 4.20)

- Eq (ame)
- R, (%)

Now, consider the circuit in Figure 4-7:
\,(£) = Aoy 4,V (£) E, ()
:jbi,éz V, () E, ot wx
where

/£«1= multiplier gain

sz = i/Ei.(hM\‘ 5> _' where E:L is from Figure 4-7.
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)ai V, (#) E, adn 0

V.(£)= (Eq. 4.21)
2 E&.()bznwao
and
V3 (/'6): /k'g VZ (,t) when /ész 1//@1
) E, acw WL
Vs ()= A 2 2 T (Eq. 4.22)
E, (2mws)
then
T, () = V5 () /Ry = Vg (%) e R,=1
= ain W2
T (4) = Ve (;blt‘aw “ (Eqo 4.23)
2 E, (oome a)
and
R (£) = E,(#) /T, ()
_ EZM W3 Ei(/b/m@)
V, (%) (Eq. 4. 24)

Substituting Equation 4.20 into Equation 4,24 gives

Lt should be noted that changes in Vj_ (/e)will be limited by the
time constant of the rms network in Figure 4-7, and the system will
not be capable of reproducing step changes,
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I11I. Limitations
A, DC-Type Current Sink

The frequency response of the DC system will be determined
by the storage system or possibly by the multiplier.
Typical multiplier performance will provide a response of
500 KHz with 27 attenuation.,

The power handling capability for a single stage operating
at 28 VDC has been analyzed. Figure 4-8 shows the key
parameters together with the result that 390 watts can be
handled. Additional output stages including the drive
transistors, their collector and emitter resistors and
pre-amplifier may be added in parallel. Figure 4-9 is a
proposed parallel application.

B, AC-Type Current Sink

The frequency response of the A-C system is limited strictly
by the rms network shown in Figure 4-6. The problem trade-
off between the requirement to rectify and filter the
voltage appearing across R3 and to detect changes in the

rms value. A reasonable compromise is to set the corner
frequency of the filter at W/10. In the case of a 400 Hz
application, this would limit the transient response to

40 Hz and this is clearly the limit for the system.

The power handling capability for the A-C case is somewhat
complicated by the lack of PNP power transistors available
with an adequate BV.o, rating. The transistor must handle
the peak A-C voltage in the forward direction. The diodes
protect each stage in the reverse direction. Figure 4-10

is a schematic and analysis of the bilateral A-C power stage.
The result of this analysis indicates a power limit of 220
watts. Additional stages may be added in a manner similar
to that shown in Figure 4-9 if more power is required.

The A-C interrogator/simulator described herein is theore-
tically incapable of producing a phase shift. This
phenomenon requires that at certain times during the A-C
cycle the current be opposite to the voltage and this
result can.be achieved only if energy storage devices are
used or if a power source is available within the simulsator,
Neither of these conditions exist.

4.1.1.3 Laboratory Experiments
_Both rotators and current sinks were constructed dhring the

study and demonstrated under dynamic conditions. In one experiment a dynamic
load (several resistors and switche$) was interrogated.
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The resultant voltage and current data was processed to yield
R(t). This R(t) was then converted from analog to digital form and stored in
a small computer. Subsequently, the R(t) data was recovered from storage, pro-
cessed into analog form, and applied to the control input of a resistance
rotator. The resulting current response of the rotator duplicated (except for
frequency) the response of the original load. The demonstration was carried
out using available hardware. Accordingly, V(t)/i(t) was computed in real
time by using an analog divider, and the rotator was one that used a relatively
slow-response controlled source.

However, the results of the experiment clearly showed that the
variable resistance technique is a feasible means of obtaining a dynamic load
response.

A detailed report of this experiment is provided in Appendix F of
the fifth monthly report.

In another experiment a current sink was assembled and its
dynamic capabilities demonstrated by controlling the sink resistance with a
square wave voltage. In this experiment a response of 50 KHz was achieved at
a power level of over 100 watts.

Engineering reports of other laboratory investigations carried
out during the study were included in the monthly reports.

4.1.2 Variable Reactance Elements

Reactance elements will be necessary for any simulation technique involv-
ing a network model (impedance). In order to permit changes in the model response,
some means of varying the model component values must be included. As mentioned
in the previous discussion, lumped components may be interconnected and switched
in discrete steps. Of course this has the disadvantage that large volume and
complex switching is required to achieve even a moderate dynamic range. Analog
circuits were considered as means for realizing variable reactance elements and
one such scheme is described briefly in the following discussion.



Figure 4-11 is a schematic diagram of an impedance multiplier circuit, If
the operational amplifier is considered to be ideal, then the circuit voltage

gain
AV = AV, AV,
Av, =1
1-00 _ A
}4\/ - l\\lz = Ao - .
where

A\/ = magnitude of the circuit voltage gain

Avi = magnitude of the voltage gain of the first amplifier
AVZ = magnitude of the voltage gain of the second amplifier

A0J = resistance ratio, in ohms, indicated in Figure 4-11,

The input current is given by

‘ d (e1-£3)

where
,C~ = the capacitance to be multiplied
61 = voltage between terminals 1 and 2
62_ = voltage between terminals 3 and 2
The capacitance synthesized, is

’

<4
A =
% e, fdt

The output voltage, 62 , is given by

e, =-AvVe = —ci(-—-i—g
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(Eq. 4.26)

(Eq. 4.27)

(Eq. 4.28)
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Substituting Equation 4,26 into Equation 4,27 gives
2 A (e,-¢ez)
O = st (Eq. 4.29)

*T o de /dr

Sustituting Equation 4,28 into Equation 4,29 gives

f. == (Eq. 4.30)
* T e

Equation 4,30 indicates that the capacitance synthesized is equal to

1/a times the capacitance connected across port 2 of the circuit. Equation

4,26 indicates that current i, is a function of the difference between the

input voltage e, and the outpu% voltage €ye Equation 4.27 shows that this

current determines the amount of capacitance multiplication. Since the

maximum output voltage is limited by the amplifier circuits, the largest

capacitance multiplication that can be achieved in practice will be limited

by the maximum  input voltage to be applied to the circuit.
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4.2 NETWORK MODELING

Practical electrical load simulators will include network models suitably
adjusted to respond to voltage stimuli in a manner in which duplicates the real
_devices. Development of such models is a necessary step in the realization
of electrical:load simulators.

A first requirement is to specify what components can be used in the
modeling. A second requirement is to define some criterion (or even a variety of
criterions) that must be used to judge the degree of agreement between real
devices and models. A third requirement is to indicate what types of driving
signals are to be used.

4,2,1 Components

It is, of course, desirable to realize the simulator(s) as simply as
possible. A lumped parameter model, with passive elements R, L, C, whose value
can be changed in steps (by switching at appropriate moments) appears to be a
desirable goal. The number of elements should be kept as low as possible. If
some simple active components (such as buffer amplifiers) are allowed, .the
modeling process becomes easier. Hence, it may be desirable to allow amplifiers
in the modeling. Continuously variable elements are rather complex and should
be avoided whenever possible. :

Experience has shown that the task of modeling is much easier when the
designer knows something about the structure of his device and incorporates
this a priori knowledge in his model. As an example, one can model an RC network
also (exactly) by an RLC network (in the Darlington scheme), but at the cost of
more elements and close coupling of inductances. Therefore, it seems reasonable
to divide the devices in (at least) two major series. A first series consists
of devices like motors,and solenoids, whose internal structure is known in some
detail. Moreover, for some of these devices, such as the motors, a great deal
of literature is available on modeling. The a priori knowledge of internal
structure can generally be incorporated in the topology and choice of element-
kind (R, L or C) of the model. The best fitting values of the parameters are
determined by an automated search on the computer. Note also that the general
models based on knowledge of internal structure may be too complicated for the
present task (as may well be the case for the AC-motors) but they serve as a
starting point for simplified models.

A second series consists of catch-all categories such as "electronics"
which may contain a very large number of types of devices. Some specific
devices, belonging to "electronics" can, of course, be modeled individually and
thus belong to the first series, but the others are too numerous or of unknown
structure to allow for individual modeling. A realistic approach for this
series is to start with a few basic structures, containing a limited number of
parameters, chosen for their flexibility in producing a good variety of responses.
(see Section 4.4 for one scheme).

A search on the computer will then find the parameter values yielding
the best fit, within the basic structures considered. Obviously, it may be
difficult or even impossible to assign a direct physical interpretation of the
components in the model in terms of the real device of the second series.
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Generally speaking, one expects a better fit for the first series than
for the second series. But, at least, one can find the best achievable match
within the structures considered for the second series; it is up to the user
to decide whether this best match is good enough. This point will be discussed
more in connection with the choice of criterion, next. '

4.2.2 Criterion of Fit

The choice of the criterion or criterions is very important, since it
determines what type of approximation is used to judge the quality of the model-
“ing. Some examples are given below. Figure 4-12 is used for reference.

SIGNALS £(t) &

fm (®) |

fp )

AVAILABLE RECORD —
£=0 £=T

FIGURE 4-12 TRUE DEVICE RESPONSE AND MODEL RESPONSE

1f the true device response is 'fD(t), and the model response ist‘ (#),
then the instantaneous error can be defined as

e
wvhere Q0 & £ KT

Now, one ean define the best model as that which minimizes (over the
possible and allowed models)

1. Ci = /el |€ (7‘) l Qs AL LT (peak error)
T i/
2. Ca = (—_—{_—'_—-L 62»6()6) 2 {rms error)
T
3. C5 = —:jr‘_—-—[ lel GLt (mean absolute error)
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The Type C; may pose problems if narrow tolerances are demanded. It
would appear that here an averaging type of criterion such as C,, C; is more
appropriate or, at least, easier to deal with than a point type criterion
such as Cy. 1In fact, £(t) = power of the device, may be a good choice here
(or else, f(t) is either current or voltage).

Since the measured signals on the real devices are time-functions and
since the natural criterion. of fit are also in the time domain, it is preferable
to stay in the time—domain altogether and to avoid a detour in the frequency
domain, Therefore, the computer program must be able to obtain dynamic responses
in time, i.e., to compute fM(t) in terms of a given structure and given values
of parameters (say, pi, p2s.-..Pp; Where pj may be the numerical value given to
a resistor, a capacitor or an inductor). Another important feature of the computer
program is the automated search to locate the best values of pj...pp. It is
known that search programs run into serious problems of time, convergence,
efficiency, etc., for large numbers of parameters (i.e., large n); therefore,
the number of allowable parameters must be kept low, say 10. Note that, be-
cause of limited accuracy of data on real devices, a relatively low order model
may be theoretically best anyway. )

A hybrid computer would probably be the best tool for the modeling, with
time responses calculated by the analog elements and search logic handled by the
digital part.

If one takes a sufficiently flexible set of basic structures (such as the
ones chosen in Section 4.4.1, and if no limit is imposed on the number of parameters,
then mathematical results show, at least theoretically, that criterions like C; and
C3 can be made arbitrarily close to zero, i.e., one can approximate to any desired
degree according to Cy and Cg (except for unavoidable round-off and reading error).
However, a very high degree of accuracy may require an impractically large number
of parameters. If, on the other hand, an upper bound is imposed on the number
of parameters, no general quantitative prediction can be made about the achievable
accuracy.

4.2.3 Signals

The signals of interest are voltages and currents, in pairs, to give
powers. One can consider two situations - either a device is basically a one-port,
shown in Figure 4-13, and then it is described by its driving point characteristic.

F (VB 2()=0
Or else it is a mﬁlti—port, say a two-port device (also shown on Figure 4-13).

Two-port modeling requires considerably more work and a more complicated
synthesis (modeling) since it involves 4 (driving point or transfer) characteristics
(3 if reciprocity exists), but reduces the total number of models when cascades of
diodes are considered.
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4,3 COMPUTER OPTIMIZATION

4,3,1 Program Description

Network models can be made to provide responses quite similar to those
of the real devices by suitable adjustment of the model component values. 1In
order to permit the use of complex models (up to 20 model components) and to
provide a consistent means of adjusting and evaluating the model parameters,
a computer operation is indicated.

Avco Systems Division has developed and utilized optimization techniques
for the selection of reentry vehicle designs and for the selection of decoy
configurations whose trajectories matched the reentry vehicles trajectories
within specified tolerances.

, These applications have required the development of computer programs
which optimize non-linear functions subject to non-linear constraints. Typically
the degree of non-linearity and the actual behavior of the functions are
relatively unknown. :

These programs were édapted for use in the model optimization investigation
of this study to permit gross assessment of feasibility.

4.3.1.1 Overall Program Organization

The major elements of the program are outlined in Figure 4-14,
The input requirements are shown in the upper section, and the program itself
is divided into analysis and synthesis modules.

The inputs to this program consist of an identification of the type
of simulation network and starting values (initial guess) for the network parameters.
The data describing the actual measured response of the equipment to be simulated
is input., This is in the form of tables of the time histories of current and
voltage, The criteria to be used to judge the adequacy of the simulation are
identified by input qualities. Also any constraints on the calculated criterion
values or on the allowable ranges of the design parameters are input,

The analysis module (1) calculates the transient behavior of the
simulator network, and (2) calculates comparisens of the calculated response with
the input data describing the response of the system to be simulated. This
module is discussed in Section 4.4.1.2,

The synthesis module contains the logic and calculations required
to search for values of the network parameters which will provide an acceptable
or optimimum simulation of the original system. In an iterative process, the
synthesis module organizes the relationships between the values of the network
parameters being tried and the magnitudes of the criterions (mismatch) which result.
From these relationships, new design values which will improve the simulation
are selected and fed back to the analysis module. This process converges to the
values of the network parameters which minimize the selected criterions. If the
problem is overconstrained so that there is no acceptable simulation, the program
will identify this result. The synthesis module is also discussed in Appendix B.
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Printouts are provided which summarize the various trials along ‘the
way to the optimum and detailed printouts are provided for the final network
behavior. Machine plotting options are also provided in the program.

4.3.1.2 Analysis Module

An analysis module has been programmed to (1) calculate the transient
behavior of electric networks, and (2) compare this calculated behiavior with the
desired transient behavior which has been input. Options exist in the analysis
module for calculating the behavior of various types of networks. A number-of
criterions are calculated as measures of the degree of simulation that has been
achieved between .the calculated response and the input response.

The analysis module has three basic building blocks:

1. A pure resistance, Ry (or conductance, U’P), with admittance
basis impulse-response

Yp (£) = 8 $(H ¥,r1/Rp  (Ba. 43D

2. A series of resistance, R, and inductance, L, with admittance
basis impulse-response

Yo (#)= & exp (-§2) (Bq. 432

where
g’ = IFQ//L.
= 1/L
or R = {,/,6

L =1/%

This corresponds to a real root in the Laplace plane

_ 4 - 5
Y(‘S)'R+Ls T os«x§

- 3. The network below

f [ Y (s) =

=N V'V
Ag 4 &
—nn— T — +— - ¢
R L RPN AV EY .Q.B.‘)
o C
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with admittance basis impul se-response
—oit '
/é{b(,t) =e (Reoabrt +B aewlt)

(Eq. 4.33)
where
- = T - B &
= 1/a R= 23
. 3 2
L= @<l+/3:()w’- G== (xs+pw)
" or, inversély,
S R
2.1 _1/6 RV
W=t ale 'E)

This corresponds W1th a pair of complex roots if
(Q_ R)z A
cC L CL
V(s =4 JE£8 4 o - < f
T2 S+l 2 S+0-c W

(s) = 28 t (X" +R &)
Y 5% +2 075 +(6c % &?)

provided 2 ,
(& R\, 4
(&) i

Otherwise, one finds a pair of real roots, which can also be produced
by the network shown below,
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In each case, the program calculates the currents for given voltages
by a discretized version of the superposition integral

Z
A)=[V @y (£ a)du

4.3.1.3 Criterions Available in the Program

- Eight criterions are now available. Let V@) be voltage,/&//é)
experimental current, and.C (i) approximate current for model. Then,
oné has for an observation interval

5, _j__/ 68) =4, ()| dt
3, =__%.le(,£ (/t)-,c;(/t))\/(*ﬂ A%

36, = e 4@ -4 0]

04 LET

TC, = T ) -La )V (;é)‘

%—-f (<08 ~u () A2

35, ok [ (£ 64y (4 (v 02 2
T . ,4béw 5

JD =%f (i: T4t )

Io, —[ (dea ,aLVzb)/cLﬂ
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Criterions with subscript w are similar to the corresponding ones with
subscript 1. The former are based on power (current times voltage), the latter
are using current only (for a given voltage input). The criteria J;, JS;, and
JD, are all of the averaging type and deal with absolute error, error-squared,
and first derivative error-squared, respectively. They are continuous and quite
smooth with respect to the search parameters, meaning that a small change in some
parameters will produce a small change in criterion value. Such criterions can be
handled by the present search schemes (Rosenbrock or Davidon).

The criterion JCl, on the other hand, is a local point criterion (maximum
absolute error) and is not as smooth with respect to the search parameters.
Therefore, more problems of convergence of search can be expected when JC, is used.

From results of network synthesis, it can be expected that the criterion sur-
faces may well have several local minima. This complicates the search and may
require a variety of starting guesses to obtain the global minimum.

These criterions may be summed with relative weighing factors to produce com-
" bined figures of merit for network simulation. The various criterions may also be
constrained, if desired, during the optimization process. These concepts are dis-
cussed more fully in Appendix B. These criterion calculation results may be
selected to become the y1 or y; quantities discussed in that appendix.

4,3,2 Experimental Results

In order to demonstrate the adapted optimization program on real hardware
problems, interrogations were made of a number of electrical and electronic
devices available in the laboratory. A laboratory report om this load data is
provided in Appendix C of the Fifth Monthly Report. The interrogation consisted
of stimulating the device by application of the device's normal operating

“voltage and photographing an oscilloscope display of the resulting current into
the device.

Several of these loads were then selected for use in demonstrating the
computer programs. The current response along with the input voltage data was
-used by the computer as interrogation inputs.

The following discussion describes these experiments. ~ In the computer

graphs, circles denote experimental points while full lines indicate the
approximation.
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4,3.2.1 Example One: DC Motor

The step response is shown in Figure 4-15. Criterion J; was used
here.

The corresponding network realization is shown below.

0.755 L
MILLIFARAD
1341

OHM  Z-15130HM* OR ~ 0O23HENRY

1 7.4 OHM

0.02 0.5
HENRY HE NRY

il

with admittance

Y (s)=

43.3S + 573.3
S24 77145 + 67631

These results are very close to those obtained on the analog
computer.

4,3,2.2 Example Two: DC Solenoid

The response in current to a step-input in voltage is shown in Figure
4-16, The time history can be divided into two parts. In Phase I the solenoid
slug moves, providing a variable inductance. In Phase II, the slug having
reached the end of its travel, the inductance is constant.

Therefore, it is not surprising that a really good fit cannot be
obtained by means of a single linear (passive) constant parameter network
covering both phases, if only a small number (e.g., six) of elements is allowed.
(Note the sharp Vee between the phases, which is hard to simulate). One of
the best obtainable results is shown in Figure 4-17. It uses the network
shown below with six elements.
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+ I1®

.20 OHM

0.0633
HENRY
0.0487
AR 31,033 OHM HENRY
©
a6 ©.99X 10 ° OHM
i (NEARLY OPEN)
MICROFARAD

These values were obtained using the slope criterion, JDy, Similar
results were obtained by use of the criterion Jl' Better results can be obtained
with a (still simplel model .based on the physics of the events, One has two
models, one for each phase, taken as linear passive systems for simplicity.

Phase 1

One has

V = RT + L ﬁ:}_yd‘_EA’ (Eq. 4.38)

W odz
where
V = voltage of source
[ = current from source
R, | = resistance and inductance of wiring

E = back-emf of solenoid
A
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. ® ,
Further, if r;c denotes the motion of the slug (initially, %(0}-‘: 79 (o) = 0)

L
(L (AI) = LeSE 1420
il (oc) ,d/x

LI + I

Slug motion (7L = mass, ‘f = friction coefficient)

e 4 52 4

Assuming a force-law, /é, (I)

[£6)=d, A (D= AT

After linearization, one finds

V = RI+L L (L m)) dr "’(I ddl:('x)//al)

e

( E } m M
/
Using ,5 as the Laplace operator, one now has

= (R—\-LiS +(—€3—4':E)I

where

L= L, +(L (m)

& —-bi%

4L

(Eq. 4.35)

(Eq. 4.36)
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The corresponding network, shown below, is well known,

R=1.35X10 COHM L,= 0.0342 HENRY

(NEARLY SHORTED)

: VVVV 6666

@=129 %10 C=1,32

Le775 ouM == MILLIFARAD

A good approximatidn is shown in Figure 4-16. This cofreéponds with values of
- elements as indicated above., These values were obtained by -criterion Jl. Very
similar results were obtained with criterion JDl.
Phase 11
1f one has 4= constant = X,
V=RI+LEE+ 1, (2, (LE
2 W odt s\ punt! dt
e &L
if = +
// ; L2 LW LS (’xW)
The numeri.cal values shown in the network below give the good fit shown in

Figure 4-16,

R,=2.50HM L= 0.0l HENRY

(time constant = 4 msec)

h-u3



The two phases can be combined into one model-~-the model shown below.

0.0) HENRY PHASELL 4, 0249 HENRY CURRENT
___IWW I o A2
| PHASET de?
PHASETL) /'y dx
PHASET CURRENT~ 33 Q775 | | oo
oHM _~ '

2.5 OHM — MILLIFARAD

The closing of the switch depehds on 96 , with closing time, ,"ta', given by

=%,
jhnab

This law 'can be mechanized in the model,
4.3.2,3 Example Three: Amplifiers

This is an AC situation, with input voltage
V(€)= 75 en (277 60t + )’)

with
Yy =-11.5°

The following simple network, based on optimization by means of criterion ‘Il’
was found by the computer.

" 1059 OHM 0.856 OHM 21.26x10 CoHM
(2.44 % 10" *MH0) h
353%10 7 -L3Txi0 2
HENRY HENRY

Lih



This network is not passive, since

o ()

but is very similar in behavior to the passive network .shown below. The latter
was obtained by omitting the negative elements (with very high impedance).

10590HM 0.856 OHM

».53x%10

HENRY

>

The computer plot is shown in Figure 4-18,
4,3,2.3 Example Four: AC Solenoid

This is, again, an AC case. The input voltage is

V(%) = =75 acn (2T 60X + r)

with

7 = 31720’

The following simple passive network

o Vv mm—— 1/ 1 RS

R: 0.412 0MM  L=2.98%10 > HENRY
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CASE 130.0 L= 1 M= 2 N= 0

200

o 00K LY s EMZ AL | DRTs

100 q o

; 0“ .- %‘A" {’ 4] o
A ' \
od ‘ d ° \a 0 0
\ \ 0
o 'p] \is I T i 1
Io 4£° A
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"\ Ok q :
\k q]’ A pguxazaﬁzmu.ltia/!

TIME - (seconds)

FIGURE 4-18 AC AMPLIFIER, COMPUTED AND EXPERIMENTAL DATA
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gave the results shown in Figure 4-19., The steady-state phase shift and
admittance magnitude are modelled very well, but the initial current peak
is not well simulated. This initial high current is probably due to some
non-linear effect (such as a resistance change caused by heating) and
attempts to add passive networks to account for the current transient did
not work out well (note that here one tries to simulate non-linearities,
which are not necessarily sensitive to the phase of switch-on with respect
to the voltage sine wave, by means of linear networks which are indeed sen-
sitive to such phase relationships).

If linear active networks are allowed, such as the one shown below,
(requiring amplifiers or other active elements), good simulation can be ob-
tained as shown in Figure 4-20,

| ADDITIONAL o
> ADMITTANCE 8x10 “OHM
3 f |'> ANV =

: TMPEDANCE ©2xi0m

0412 OHM , 0292 0HM  SIGN-INVERTER HENRY
-3 -4

29810 4.72 %10 468 | 0.5 ONM
HENRY HENRY MILLIFARAD T~ :

The - steady-state response is the same as in F1gure 4-19 (after 20 msec). The
additional network has the admittance

177 — 377 1 [ s2+ 3772
(5+20°)’“+ @772 | lo.s2s + 322

2121. _ 837 S +329174
S5 +619 (5 +200)2 + (377)%

——

One has to check if this admittance is positive real to find out
whether a passive realization (of course, as a different structure) is possible.

The result of a numerical check is that the admittance is not positive
real and, hence, not realizable as a purely passive network.
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CURRENT

CASE 120.0 L= 0 M= 1 N= 0
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40 L 0
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-120
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0.0 6.0100 0.0200 0.0300 0.0400 0.0500

TIME (seconds)

FIGURE 4-19 AC SOLENOID, RESPONSE SIMULATION, PASSIVE
NETWORK
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5. . INTERROGATION AND SIMULATION SYSTEM CONCEPT

Up to this p01nt the study has defined requirements and described techniques
for implementing an interrogation and simulation process to be used in character-
izing and simulating the dynamic and steady-state electrical loads of manned
spacecraft eéquipment.

This section descrlbes a total system approach which will ~draw upon those
techniques to ‘satisfy the ovérall requirements.

Table 5=1 is a ‘summary of the baseline system requirements derived from the
earlier summary of load parameter range estimates and from estimates of customer
needs.

The interrogation/simulation process begins with identification of the driving
point immitance of a specific electrical load and ends with the accurate simula-
tion of that immitance by a device at voltage and current levels which are not
scaled from the real levels. Further, the simulator has a flexibility which
provides for varying simulator operation to accommodate a range of response
characteristics.

The interrogation/simulation process can be characterized by the seauence of
events listed below and shown schematically in flow diagram form in Figure 5-1.

1. The load to be simulated is identified.
2. The load category and stimulation data are determined.
) 3. An interrogation method designed to yield the device response

for all modes of operation is selected.
4, The load is interrogated.

5. The interrogation data is processed to identify the impedance-
time history of the load for each mode of operation.

6. A simulator capable of being programmed to provide this variable
impedance is selected. :

7. A simulator program is generated.
8. The simulator program is entered in the simulator.

9. The simulator is connected to the system under test.

5.1 INTERROGATION

5.1.1 General Description

The interrogator is shown schematically in general form in Figure 5-2.
The methods by which each of the elements of Figure 5-2 will be implemented are
discussed below:



TABLE 5-1

INTERROGATOR/SIMULATOR BASELINE SYSTEM REQUIREMENTS .

Voltage

Current

Steady-state

Dynamic

Power

Fregquency Response

Dynamic Operation

Range

Behavior

Duration of Dynamic
Operation During Any
Period

System Application

Quantity of Simulators
in Simultaneous Use

Duration of Total
Operation Per Use

Duration of Interroga~
tion Imterval ‘

0 to 200 VDC
0 to 220 VAC (400 Hz, 1 or 3 phase)

0 to 20 Amps DC
0 to 10 Amps AC
0 to 500 Amps DC
0 to 200 Amps AC

0 to 400 watts, typilcal

(to 6 kxilowatts for motors and
30 kilowatts for electrolysis)

DC to 10 KHz for AC loads

DC to 1 KHz for DC loads

40 dB
Periodic¥*

0.1 second, maximum

30, maximum
1 hour, maximum

1 minute, maximum

* Synchronous with excitatlion frequency for AC loads.
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FIGURE 5-1 INTERROGATION/SIMULATION PROCESS FLOW DIAGRAM
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Stimulation Source - The stimulation source provides a voltage
whose amplitude and frequency are within the specified nominal
operating range of the unit under test (UUT), The source resis-
tance will approximate that of the real source.

The source will be either DC or AC (single or three phase) and
will be applied to the UUT as a step, using a fast-rise-time

‘switching element..

Measurement Interface - The measurement interface can be an adapter:
cable in a "T" configuration. The three extensions of this cable
interface with:

1. The interrogation source
2, The UUT
3. The instrumentation

The cable provides a breakout for each interface wire for voltage
measurements., A conventional mefer shunt installed in each power
return lead permits current measurements.

Instrumentation - All voltage and current data is recorded in real
time using an instrumentation quality tape recorder operating in
the FM mode. Absolute values of voltage and current are determined
by comparing the acquired data with calibration signals recorded

on each recorder track prior to recording the interrogation data.

A time signal (such as one of the Inter-Range Instrumentation Group,
IRIG, codes) recorded on a separate track simultaneously with the
interrogation data provides an accurate time base and facilitates
tape editing and cueing.

Stimulation - Other stimulations of the UUT which will produce a
response on the power lines are also provided during the interroga-
tion process. These might be temperature, load variations, signal
inputs, etc. The specific stimulation to be included and the
coincidence of these stimuli will be determined by the user on the
basis of simulator application requirements and UUT specifications.

The user must make a similar decision specifying UUT operating
modes of interest.

Data Processor - At this point in the process input voltage and
current data associated with each mode of operation and stimulation
of the UUT has been acquired and recorded in analog form. A data
processing method designed to yield the simulator programming
information is shown schematically in Figure 5-3. The analog data
is first sampled at 1 millisecond intervals and stored on digital
tape.

All processing is accomplished using digital techniques. However,
if a different format is desired, the original analog tape (master)
can be used to generate a new tape. The process is programmed into
a computer (a small general-purpose computer is suitable) and all
operations are automated. The data is processed to yield two items
of information.
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1. The specific R, L, C values in a given network configuration
to provide . the turn-on, turn-off, and steady-state (TO/TO/SS)
response of the UUT. '

2. The resistance/time history to provide the dynamic response
of the UUT.

See Figure 5-4 for an illustration of the turn-on, turn-off, steady-
state, and dynamic operation portions of the current response wave
form.

A, Turn-on, Turn-off, and Steady-State Operation - The computer
program will include an optimization process which will
include a set of network models each of which represents a
class of loads.

These models will be composed of passive elements arranged
in a network configuration whose response can be made to
duplicate the load response by a judicious selection of the
network element values as described earlier in Paragraph 4
of this report.

B. Dynamic Operation - For the dynamic portions of the response
curve, the computer will calculate:

R(t) =Vv(e)/i(E)

for each interval of sampled data. This will result in s
time history of the voltage - current ratio over the entire
duration of dynamic operation,

C.- Stress Identification - For each of the operations just
described (TO/TO/SS and dynamic) an additional computation
would be made to determine the minimum required stress
rating of each component. For resistors, this would be
a power dissipation versus time curve; for capacitors, an
applied voltage versus time curve; and for inductors, an
applied current versus time curve.

5.1.2 Interrogation Computer Reguirements and Trade-offs

5.1.2.1 Sampling and Phase Requirements for the AC Case

The sampling requirement is that enough, usually on the order of
3 to 10 samples per cycle of the highest data frequency, data samples are taken to
define the maximum frequency of dynamic operation. Furthermore, for the AC case
that the sample value can be referenced to a unique point on the waveform, for
example the positive zero crossing. To insure that the voltage and current are
sampled at the same time requires that the two channels be multiplexed and pro-
vided with individual sample and hold circuits.

The R(t) obtained by dividing the voltage and current time samples

is specified at a point in time but is not related to a unique point on the voltage
waveform which is required for accurate simulation. The following, technique may
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be used to correct for the phase error. The voltage data samples are linearly
interpolated to obtain the time of the zero crossing. Now R(t) data samples
are linearly interpolated to obtain sample values at uniformly spaced At
referenced to the zero crossing time. These are the R(t) values which would
be used for the simulation.

The example shown-in Figure 5-5 illustrates this technique.
Sample values are shown at 15° intervals. The voltage zero crossing occurs
mid-way between samples. Therefore, the voltage data is linearly interpolated
to determine the time of the zero crossing, T,, R(t) data is now interpolated
to obtain R(t) values with uniform sample spacing referenced to T,, shown as
Rt - values. The advantage of this approach is that it reduces the sample rate
needed to obtain R(t) values referenced to a unique point on the voltage wave-
form.

Another approach to minimize the phase error is to sample at a
faster rate such that the phase accuracy of R(t) is within acceptable limits. A
phase error of 2° corresponds to a 3% of full scale error in the simulation and
would probably be acceptable. The relationship of phase error and sample rate
is

phase error = +% (Source frequency x 360°)

sample rate

For a source frequency of 400 Hgz and’sample rate of 10,000 sps
the error is 17.2°., This can be reduced using the interpolation technique
described. Without interpolation, the sample rate required for a 20 phase
error is 36,000 samples/sec.

5.1.2.2 Interrogation System Approaches
The interrogation system must perform 3 major functions -

Data Acquisition - Measure voltage and current time
histories and record on magnetic tape

Analog-to-Digital Conversion - Convert measurements to digital values

Digital Computation - Perform digital computations required
to obtain input values for simulator

For all approaches being considered the requirements are to provide
digital representations of the voltage and current measurements for use in sub=w
sequent digital processing operations that will yield input data for the load
simulators. The significant trade-off areas are individual equipments cost vs
performance, and overall system configuration vs cost, flexibility of operation
and turn around time, i.e. time required to obtain simulator inputs after the
interrogation operation has been performed. For trade-off purposes, the interro-
gation system is considered to consist of 3 major subsystems: See Figure 5-6,

1. Data Acquisition System
2, A/D Conversion System
3. Digital Computer System

5-9
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DATA ACQUISITION
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—-S1lgnal Conditioners
-Magnetic Tape Recorder

—-Time-~Code Generator
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Analog-to-Digital
Converter System, with
Digital Tape Output

DIGITAL COMPUTER
SUBSYSTEM

Céntral Processor Unit

Digital Magnetic Tapes (2)

FIGURE 5-6 INTERROGATION SYSTEM, MAJOR SUBSYSTEMS



5:1.2.3 System Configurations

_ Five alternative system configurations, summarized in Table 5-2,
were considered. These are discussed below,

A, Independent Stand-Alone System

This system configuration would include all.hardware components

and computer programs required for acquisition and processing.

This approach provides maximum operational flexibility since the
system is totally independent and capable of performing all
necessary operations independently and under internally controlled
scheduling. It also is the most costly approach, requiring a large
initial equipment expense and large operating staff. Turn-around
time would be on the order of 4 to 8 hours.

B. Modified Stand-Alone System

A variation -of the first approach would include A/D conversion
capability as part of the digital computer capability and share the
acquisition magnetic tape recorder for tape playback. This approach
would result in a moderate equipment cost saving at a small sacrifice
in totally independent scheduling of operations; i.e. acquisition
would preempt A/D conversion and A/D conversion would preempt com-
puter processing. Turn-around time is not significantly affected.

C. Data Acquisition Only

This system configuration would include capability only for
acquiring the data on analog magnetic tape. This tape would then
be forwarded to a central agency with the necessary capability and
operating skills for performing the analog-to-digital conversion
and digital computations to provide outputs usable by the simulators.
This is the minimum cost approach but has the greatest effect on
operational flexibility and turn-around time. However, this
approach is ideally suited for performing interrogation at remote
locations since the size and complexity of remote interrogation,
i.e. data acquisition, is minimized. Mobility is further enhanced
by use of a portable instrumentation recorder.

D. Real-Time A/D Conversion

This approach would eliminate the analog magnetic tape recorder
with a small cost saving. However, it complicates and increases
the cost of acquisition at remote locations, and eliminates
flexibility of data conditioning during the A/D coversion
operation.

E. Stand-Alone Without Digital Computer

This approach would include A/D conversion capability in addition
to magnetic tape record/reproduce. The A/D tape would then be
sent to a central computer facility for processing. No clear-cut
advantage in turn-around time, unless computer facility is located
close to the simulator site.

b-12
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TABLE b5-2
INTERROGATION SYSTEM TRADE-OFFS

System Confisuration Flexibility Turn-Around Relative Costs Operating Remote Site
S Lem guratio (%) Time Hardware Software Staff Operation
(Hrs.) (%) (%) (%)
A - (Stand-Alone) 100 4-8 100 100 100 Good
B - (Modified Stand-Alone) 66 4-8 70 100 80 Good
¢ - (Data Acquisition Only) 33 oh72 15 50 20 Good
D - (Real Time A/D) 87 4-8 85 100 80 Poor
E - (Stand-Alone without
Digital Computer) 66 o2 60 50 ko Good

- Definition of Headings:

Flexibility - Relative degree of technical and scheduling control of interrogation

operations.

Assumes 50/50 split of technical and schedule control.

Turn-Around-Time - Represents time required to provide results of interrogation
operation for simulator input.
1 day back fFor worst case.)

(Assumes 1 day out - 1 day process -

Relative Costs and Operating Staff are normalized to configuration "A".

Remote Site Opefation - Rated -according to complexity and cost of Date Acquisition System
required at remote site.




5.2 SIMULATION

5.2.1  General Description

The simulator is shown schematically in Figure 5-7. It is a device (one
of a family) capable of being programmed to reproduce a specific impedance time
curve, Different simulators would be required to accommodate the various classes
of loads. The classes would correspond to those chosen for the network models of
the interrogation process.

The simulator would provide a fixed impedance in a specific configuration
corresponding to the interrogation model to provide the turn-on, turn-off, and
steady-state portions of the current response. In parallel (and perhaps series-
parallel) with the fixed impedance would be a resistance element, such as a
rotator, whose value can be varied in an analog manner to accommodate the dynamic
portions of the current response. See Figure 5-8 for a schematic representation
of the fixed and variable elements.

For the TO/TO/SS operation, the simulator could be considered as consisting
of a number of variable R, L, and C components and a complex switching matrix used
to interconnect them in the specified configuration. Another concept might be to
use a number of fixed R, L, and C components and vary the total R, L, or C of any
element by switching.

Other variations of configuration could be conceived each of which effects
component value changes by some mechanized analog or digital technique.

Each simulator, in addition to providing for the fixed impedance model,
would provide for accommodating the variable resistance device. This device
could be a separate element and connected to a specific simulator as required,
or each simulator could contain the variable elements as part of its basic con-
figuration. The former is a more versatile technique since it permits flexibility
and can accommodate any power level without penalizing all simulators with un-
necessary size and power requirements.

The resistance—time history of the UUT obtained in the interrogation process
would be stored in digital form in the simulator memory. The transfer of digital
values would be controlled by a clock or other programmed source to deliver the
R(t) values at the required times,

The simulator would be interfaced with the system under test using a
short adapter cable which accommodates the standard simulator connector on one
end and the specific system connector on the other end. 1In use, the simulator
would present the TO/T0/SS impedance to the interface. Upon operation of the
simulator, by application of a voltage corresponding to that specified for the
UUT, the variable resistance operation of the simulator would be initiated
and would proceed until the voltage was removed. Removal of the input voltage
would cause the variable R program to reset to its initial condition.

Implementing the simulation scheme just described would permit the packag-
ing of all impedance and variable resistance elements in a small volume,

Cooling provisions, if necessary, would also be included in this package.
All other elements of the simulator could be located remotely.

5-14
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In order to verify that simulator operation is acceptable, a validation
process would be implemented. This would be accomplished by stimulating the
simulator with the interrogation source and graphically recording the resultant
current response. This response would then be compared with the response of
the UUT determined during the interrogation. This comparison would be accom-
plished by visual observation of the two graphical displays.

5.2.2 Simulation Computer Requirements and Trade-offs

5.2.2.1 Simulator Approaches

The possible approaches to control the dynamic variations of
load value are shown in Figure 5-9.

Level 1 indicates the objective which is to vary R(t) as a
function of results obtained from the interrogation
operation.

Level 2 indicates that the R{t) variation can be accomplished
using either switched components or a continuously
varigble device.

Level 3 indicates that the control signals can be obtained from
stored data or from real time data. Real time may be
a misnomer; what is meant is this type of operation.

SCALE | CONTROL VARIABLE.
>

MODE .| SIGNAL RESISTANCE

where the scale model duplicates the device's voltage-
current performance characteristics at a scaled down
power level and generates a control signal for a variable
resistance,

Level 4 categorizes the form of data that is available for con-
trol.

Analog - continuous time history
R (t)
) +% o+
Digital - sampled time history + t++++*+

R () &
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5.2.2.2 Switched Components Versus Variable Devices

From the storage and control standpoints, there is no significant
difference between switching component values to provide a dynamic R(t) of
providing a control signal for a variable device. A hybrid approach using
both switched components for large changes in load value, and variable devices
for handling small changes is possible but would increase the storagé and con-
trol requirements for the simulator.

5.2.2.3 Stored Versus Real-Time Operation

The primary advantage of the real-time approach is its simplicity.
The storage approach is more complicated and costly, but it has the advantage
of flexibility in producing complex dynamic variations.

5.2.2.4 Analog Versus Digital Control Signals

Analog control signals are most directly suited for the real-time,
“variable mode of operation. For the stored mode of operation, the analog control
signal approach cannot be used. The major difficulty being synchronization of
the stored data with simulator turn on, and in the AC case the power frequency.
Analog tape recorders have start-up times measured in terms of seconds which
means that R(t) values would not be available until the recorder had reached
its operating speed. For the switched mode of operation, analog control signals
would have to be converted to digital form to control the switching.

Digital control signals are most directly suited for the stored,
switched component mode of operation. There is no reason to consider digital
control signals for the real-time operating mode. For the stored-variable mode
of operation, digital control signals can easily be converted to analog form
using an digital-to-analog converter (D/A)? These units are available with —_—
operating speeds in the order of 5 {seconds and conversion accuracies of 0.1%.
A further advantage is that the switching discontinuities can be filtered using
simple RC networks to provide a smoothly varying control signal.

5.2.2.5 Analysis of Digital Storage Parameters

The significant parameters which must be considered are storage
capacity, data transfer rate, and synchronization of data readout. These
parameters can be analyzed with reference to the following simulator requirements.

R(t) Dynamic Characteristics

AC Case - R(t) occurs at the period of source
voltage frequency and is defined by
25 samples per cycle of source
frequency.

DC Case - R(t) occurs periodically after turn-

on and is defined by 100 samples in
a 0.1 second interval.

5-19



Maximum number of simulators - .30

Dynamic Range of Control Signal - 1000:1

Accuracy of Control Signal - 17 of Full Scale

Simulator on-off Controlled by sensing presence

of external voltage.

The accuracy and dynamic range can be realized using a 10-bit déta
sample. This provides a control range of O to 1023 values.

For the AC case, the storage capacity is twenty-five 10-bit samples
and the transfer rate is 10,000 samples per second for a 400 Hz power frequency.
A very critical requirement is for the transfer of stored data to be synchronized --
to the source frequency in order to preserve the phase relationship between R¢t)
and the source voltage. This means that each simulator must generate a data
transfer clock which is synchronized to the source frequency. This can be
accomplished using a phase-locked loop approach with a voltage controlled oscillator
(VCO) and a zero-crossing detector to establish a phase reference point.

For the DC case, the storage capacity is one hundred 10-bit éamples
and the transfer rate is 1,000 samples/second. The synchronization requirement
is not critical. Data transfer can be controlled by a 1 KHz clock with readout
commanded to repeat every T interval, where Z&T could be obtained from time-
of-day, i.e. every second repeat readout.

Two approaches are considered for providing digital storage and
control of the simulator. One is to use & signal control computer to store the
data for each simulator and control data transfer by sensing external interrupt
signals. The other is to use separate storage and control logic for each simulator.
For the AC case the single computer approach appears to be marginal as far as
preserving the phase relationship of the data transfer. With direct memory
access, computer transfer rates for a single output channel are on the order of
1 second. Considering that memory readout would have to be time multiplexed for
servicing up to 30 simulators implies that a minimum of 30 [[seconds are required
to provide one data sample to each simulator and it is more likely that 2 or 3
memory cycles would be required. Since 1° of phase at 400 Hz represents 7[1 seconds,
it is seen that phase errors in the order of 4° to 120 can be expected.

The separate storage/control approach, on the other hand, can easily
provide data transfers in the order of 1-5/( seconds depending on memory cycle
time selected. The adwantages of this approach are that the simulation can be
performed independently at various locations and the number of simulators can be
expanded by simply adding N more units, whereas the single computer approach
would have to be sized for the maximum number of simulators planned. The storage
could be loaded manually, considering that the number of data samples are small,
25 or 100. This feature would lend itself to independent operation. However, to
facilitate operation with multiple simulators, loading could be accomplished
using a small computer with digital tape input. 1In this case the simulators
would be treated as an external device. This also provides for another level
of R(t) contral since the stored values could be changed during a simulation run
to simulate "slow'" variations of R(t).
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5.3 IMPLEMENTATION OF EQUiPMENT REQUIREMENTS
_Méjdr items of equipment:have been identified and the necessary per-
formance capabilities defined:on.the basis of preliminary interrogator/simulator

requirements.

5.3.1 Interfog§tion System

The interrogation system consists of three basic subsystems, data
acquisition, analog-to-digital conversion, and computer. These are discussed
in Paragraphs 5.3.1 through 5.3.3, below, and shown in Figure 5-10.

5.3.1.1 Data Acquisition.Subsystem =

Output signals from voltage and current sensors will be conditioned
to the range of 1 to 10 volts and recorded on an intermediate band instrumentation
magnetic tape recorder using FM techniques. This will provide information band-
widths from O to 40 kHz at 120 inches/second and a channel signal—to-noise ratio
of 50 db. Capability will be provided fof recording 10 data channels - 3 phase

_voltages, 3 phase currents, neutral current, and 3-phase to neutral voltages.
Additional channels will be provided for recording voice annotation, time code

and servo reference frequency. A 1" - li—track configuration is required. FM
record and FM reproduce electronics will be provided for all tape speeds, 120

to 1-7/8 inches/sec, in order that time-base expansion techniques can be used

in subsequent data processing operations. A 12-channel oscillograph recorder with
5kHz frequency response capability is required for quick-look data display and
time editing. A time-code generator and time-code translator are required to
facilitate locating areas of interest recorded on the tape.

5.3.1.2¢ Analog-to-Digital Conversion Subsystem

The A/D convertor will perform a 10-bit conversion on bi-polar
gignals in the range of 1-10 volts. This provides a 1000:1 resolution which is
consistent with the simulator dynamic range requirement. A sampling rate of
20,000 samples per second will provide the capability required to sample two
functions, voltage and current, at 10,000 samples/second. Capability for mul-
tiplexing 2 input channels with simultaneous sample and hold is required to
preserve AC phase relationship. The A/D output will be recorded on a digital
‘magnetic tape in standard computer—compatible format. It should be noted that
the effective sampling rate can be increased by using time base expansion techni-
ques during data playback, i.e. reducing the playback speed by a factor of 8
provides an effective sampling rate of 160,000. Operating features will be
included for commanding start/stop of conversion at pre-selected times, sample
rate control, digital output monitor, and calibration source.

5.3.1.3 Computer Subsystem
The computer will accept the digital magnetic tape produced by the

A/D subsystem and perform the necessary digital operations to provide input
data for the simulators. The computational requirements are as follows:
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Data Calibration

Linear Interpolation .

Division o :

Model Optimization

Determine component stress ratings

The computer hardware configuration will include:

Central Processor Unit - 16-bit word, 32K memory size,
2 sec memory cycle time, with
g ’ multiply/divide hardware.
y
~Leletypewriter
2 Digital Magnetic Tapes
/A// ' g::g igiggir} Desirable, but not required

The computer software will include such standard items as:
Assembly Program
Fortran IV Compiler
Arithmetic Sub-routines
Floating Point

Computer programs will be required to perform the indicated operations.

The significant interrogator computer performance characteristics are
summarized in Table 5-3.

A pictorial view of such a system is shown in Figure 5-11.

5.3.2 Simulator System

The simulator system will consist of a small control computer and indi-
vidual storage and control logic for each simulator, see Figure 5-12.

The control computer will have the following capability:

Memory cycle time 2 microseconds
Memory word length 12 bits

Memory capacity 8000 words
External Interrupts - 30

Other features required are digital magnetic tape input, teletype input/
output, direct memory access channel, and a real-time clock. Assembly language and
real-time executive monitor software are required.

The simulator storage will have the capability for storing one hundred
10-bit data samples, thus it provides adequate capacity for both the AC and DC
cases, For the AC case, the data sample transfer will be synchronized to the
external power source frequency, within 2° of phase and the transfer rate will
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TABLE 5-3 INTERROGATION SYSTEM PERFORMANCE CHARACTERTSTICS

DATA ACQUISITION
SYSTEM

10 CHANNELS

0-40 kHz FREQUENCY RESPONSE

50db SNR

(AMPEX MODEL 1900)

ANALOG-TO-DIGITAL
CONVERSION SYSTEM

DIGITAL COMPUTER
SYSTEM

2 CHANNELS

10, 000 SAMPLES/SEC/CHAN.
SIMULTANEOUS SAMPLE & HOLD
10 BIT SAMPLE

(ASTRODATA MODEL AD-1)

16 BIT WORD
32k MEMORY
PROGRAMS FOR -

DATA CALIBRATION

LINEAR INTERPOLATION

DIVISION.

MODEL OPTIMIZATION

COMPONENT STRESS:
RATING DETERMINATION

(HONEYWELL MODEL 516)



Ge~g

DATA

ANALOG 7O PIGITAL
ACQUIS 1 TION DIGITAL COMPUTER
SYESTEM CONVERS JON SYS7eM
Sysrem . L
: e RN ey Y
A1l - " — 1
A . D © ell©®
(el | ‘ 7 = |
. f Eldalibd
) ||;:='la;w
) | ' b =
A== sttty =
1 Y 13 1 1 =

FIGURE 5~11 INTERROGATION SYSTEM, PICTORIAL DIAGRAM




92-4

Control
Computer

Digital-to-

Analog Convertei-

Load’

Synchronizer

Variable o E ;

Source}

1
j ] Core
Memory
Control
Logic
#30

Detector

Zero Crossingh€ .

FIGURE 5-12 SIMULATOR SYSTEM, BLOCK DIAGRAM



be 10,000 samples/second. For the DC case, data sample transfer will occur at
T intervals, selectable from 0.1 to 10 seconds, and the transfer rate will

be 1,000 samples/second. The storage will be interfaced to the control computer

as an external output device which will allow for loading storage from digital

magnetic tape. Provisions will also be included for loading storage manually

to allow independent operation at a remote site.

Control logic will provide capability for initiating data transfer from
an external switch closure, switch opening will reset storage to the initial
value, and for controlling data transfer from an external clock signal.

The device used for synchronizing the external clock signal to the AC
source frequency will maintain phase coherence within 20, Phase—lock—loop
response time in the order of 0.1 second will be required.

The output of the storage will interface with a digital-to-analog con-
verter. The D/A will provide capability for a 10-bit conversion, 0.1% accuracy,
and operating speeds in the order of 5-10 micvoseconds. Output filtering will be
provided to minimize switching discontinuities. The output voltage range will be
‘compatible with the requirements of the variable device, 0-10 volts.

The significant simulator computer performance characteristics are
summarized in Table 5-4.

A pietorial view of a simulator, including the computer (storage and
control units), is provided in Figure 5-13. A single console as shown can
accommodate up to six simulators simultaneously.

5.4 INTERFACES

The interrogation/simulation process just described will have three
mgjor interfaces,

1. Interrogator/unit under test
2. Interrogator/simulator
3. Simulator/system under test..

These are shown in simplified block diagram form in Figure 5-14, and
discussed briefly in the following paragraphs.

5.4.1 Interrogator/Unit Under Test Interface

This interface is the point in the system at which the interrogation
measurements are obtained. Typically, each load to be interrogated will have
a unique power connector. Provisions must be made for interfacing these con-
nectors with the common connector on the interrogator.

Additionally, provisions must be made for sensing the voltage and current
_at the interface and routing such data to the appropfiate measurement device.

The voltage to the device may be DC or AC (both single and three-phase)
and at high power levels.
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TABLE 5-4 SIMULATION SYSTEM PERFORMANCE CHARACTERISTICS

[ MEMORY CAPACITY
® WORD SIZE

® TRANSFER RATE

° DYNAMIC RANGE

® SYNCHRONIZATION

( Honeywell Model H112)

4,000 WORDS

10 BITS

10,000 SAMPLES/SECOND
100:1

2° OF PHASE RELATIVE TO POWER
SOURCE FREQUENCY



FIGURE 5-13 DYNAMIC LOAD SIMULATOR, PICTORIAL DIAGRAM
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5.4.2 ILpterrogator/Simulator .Interface

_ The interface between the interrogation system and simulation system
primarily involves the transfer of the impedance-time history parameters, as
determined by the interrogation process, to the simulation system in a compati-
ble format. .

The primary requirement for the interrogator/simulator interface is,
therefore, compatibility of information transfer. That is, the output of the
interrogator system should be compatible with the simulator's input requirements,
The interface is a function of the particular concept chosen. If, for example,
the interrogation system output is in the form of digital data recorded on
magnetic tape, then the simulation system must be capable of accepting digital
data recorded on magnetic tape as an input.

The information transfer between the interrogation and simulation systems
can take place either in real time or, by use of a suitable storage medium, in
elapsed time.

5.4.3 Simulator/System Under Test Interface

It is anticipated that a family of simulators will be required to
accommodate the various spacecraft electrical loads. Each of these simulators
will be capable of representing (one-at-a-time) a number of loads, depending
on the particular programming information entered in the simulator. Typically,
each load will have a unique power comnector. Provisions must be made for each
simulator to accommodate a number of different interfaces.

In addition, it might be desirable to provide means for voltage and
current data sensing at these interfaces to permit measurements to be made
during system operation,

5.5 THREE-PHASE POWER CONSIDERATIONS

A review of the spacecraft load classification table (Table 3-3) shows
that a number of the loads to be treated are operated by three-phase power. The
discussions of the various interrogation and simulation methods thus far have not
considered the specific nature of the input power. The interrogation techniques
are, generally, applicable whether the normal operating power of the device is
DC or single-~phase AC,

Simulation of single-phase AC devieces is somewhat more complicated than
in the DC case, but the techniques described apply in either case.

It would seem that the three-phase AC case can be treated by using the
same techniques that apply to the single-phase case. That is, a three-phase
device would be interrogated by monitoring the voltage between all significant
pairs of wires (e.g., between each pair or phases and between each phase and
neutral) and the current in each current carrying wire. In the worst case,
this would require a ten-channgl measurement system. Alternatively, the
interrogation might be accomplished in several passes, each one treating a
different combination of phases.
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In any event, the data, once obtalned would be processed as though

-the. measurements had been made on a number of single-~phase devices. Simulators
would then be. programmed ‘to treat each case and interconnected in a three-phase
conflguratlon. Any interaction between the phases would be observed during
1nterrogatlon ‘and would automatically be programmed into the individual
simulators., :
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6. ASSESSMENT OF FEASIBILITY

In the overall interrogation/simulation process despribediin paragraph 5,
two key elements requiring consideration from the standpoint of feasibility
are:

1. Development of network models whose response can be made to
match accurately that of a specific load by appropriate
adjustment of the values of elements in the model.

2, Development of variable resistance devices capable of
operating at high voltage and current levels.

These elements are discussed in paragraph 6.1 and 6.2, respectively.
6.1 MODEL DEVELOPMENT

Examination of various models has resulted in development of:
(1) several preliminary models of motors, and (2) a generalized model for
representing a general load, such as that presented by an electronic device.

A significant consideration in model development is the selection of an
optimization criterion for judging a given model's ability to reflect faith-
fully the response of an actual load. There are numerous criterions by which
a comparison may be made between. the model's response and the actual load's
response (that is, the error) may be judged. These include the use of:

1. The sum of the absolute values of the error.

2. The sum of the squares of the errors.

3. The sum of the absolute errors between the derivative
of the model's response and the derivative of the load's
response.

In the computer optimization routine, iteration is performed to minimize
error defined by these various criterions. Selection of the criterion to be
specified is based on engineering experience and judgment. To that extent,
the selection is subjective.

The problem of assessing the feasibility of developing and implementing
network models lies in the great variety of possible loads and consequent
potentially great variety of responses. Arbitrary assignment of accuracy
or cost requirements (or any combination of similar mutually dependent
requirements) applicable to all possible loads presents a formidable problem,
one that may, in fact, be virtually insoluble, It appears more practical to
develop models for selected loads and to demonstrate -the suitability of these
models in the laboratory.
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The investigations made in this study indicate that given an unrestricted
number of model parameters or an unspecified model response accuracy, the
concept of modeling is entirely feasible for use in a system identification/
simulation process. To be practical, of course, the number of model parameters
must be limited (perhaps to less than 10) to permit optimization to be
completed in a reasonable period of time. Also, some limit must be placed
on the model accuracy.

The optimization computer programs used in the modeling investigations were
adapted from existing software and, thus, were not as efficient as might
be required. However, the models showed good correspondence with the
actual devices.

6.2 VARIABLE RESISTANCE DEVICE DEVELOPMENT

The second key element from the aspect of determining process
feasibility is the variable resistance element used for dynamic operation.
Several techniques for implementing this element have already been examined
and tested in the laboratory. One technique employs a resistance rotator,
Laboratory tests were conducted on a rotator used to provide a dynamic
response. The results of the experiment clearly demonstrated that a variable
resistance device can simulate the response of a dynamic load, and, furthermore,
that the variable resistance control signal can be derived from interrogation
data, stored in digital format, and subsequently retrieved. Although this
experiemnt was conducted at low voltage and current levels (approximately 40
volts and 1 ampere), the operating principles are equally applicable at higher
voltage and current levels., Methods of handling these higher values have been
described in the monthly progress reports.

6.3 COMPUTER HARDWARE AVAILABILITY

The interrogation system requirements are well within the capabilities
of presently existing equipment. For example, the data acquisition system
can be realized using an Ampex Model FR-1900 instrumentation recorder, CEC
Model 5-133 oscillograph recorder and Astrodata Model 5200 time-code generator/
translator. The A/D conversion system presently exists as an Astrodata -
Model AD-1 system. The digital computer hardware requirements are satisfied
by any of a number of general-purpose computers and, with the exception of model
optimization, all of the necessary computations as well as the data acquisition
and A/D conversion are currently being routinely performed in Avco's data
processing operation.

) Simulator system requirements are also well within the capabilities of presently
existing equipment. For example; the control computer requirements are satisfied
using the Digital Equipment Corp. Model PDP.8/L. The storage and control require-
ments would be more than satisfied using a standard product such as the General
Automation Model SPC-12 controller. However, it may be more cost effective to
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design a special unit using standard core memory and logic components, This
would depend on how many units were required such that the design cost could

be spread over several units. The phase synchronization could be achieved

using phase lock loop techniques currently used in bit rate synchronizer and tape
recorder servo speed control applications. The digital-to-analog converter
requirements are met using an Analog Device Model DAC-T unit.

6.4 SUMMARY

The load interrogator and simulator concept is feasible. This conclusion
is based on careful consideration of the following-listed results obtained during
this study:

1. The computer and data processing software and hardware for
implementing the process are available.

2. The variable impedance hardware's performance has been
successfully demonstrated at low voltage and current
levels; methods for handling higher levels have been
proposed.

3. The development of network models to simulate the steady-
state and turn-on/turn—off transient characteristics of
loads is feasible when loads are considered on an individual
basis.



7. RECOMMENDATIONS

,%//// The study has identified and investigated various methods of interroga-
//, ting and simulating electrical equipment., Further, the study has described a
hardware system capable of implementing the total process. Laboratory tests
on the more critical elements of the process have demonstrated the proposed
system's feasibility.

The next step in the evolution of dynamic load interrogators and simula-
tors is implementing the proposed system to demonstrate its practicality and to
assess in laboratory experiments its usefulness and completeness.

Table 7-1 summarizes hardware and software requirements for implement-
ing the interrogation/simulation system and identifies the availability of the
required items. As the table indicates, most of the hardware is readily availa-
ble. Only those elements peculiar to load simulation would need development,’

The following six-step program designed to demonstrate the practicality
of the proposed approach is recommended as a minimum-cost next step in the
system's evolution.

1. Intervogation of Real Equipment - Use existing data acquisition
equipment to acquire voltage and current data on a number of (ten
or fewer) items of actual spacecraft hardware stimulated in
their various modes of operation.

2. Analog-to-Digital Conversion - Convert the analog data obtained
in 1., above, into a digital format consistent with data processing
needs. Existing processing hardware is available and adequate for
this task.

3. Optimization Software Development - Develop software for computer
optimization of network models. Existing optimization programs
(e.g., the Avco program described in this report) can serve as
a baseline. Evaluation and selection of suitable criterions for
judging model accuracy would be a concurrent task.

4. Selection of One Representative Equipment - Select one of the
equipments for which data had been acquired and processed. The
equipment selected should be one that provides maximum exercise
of the hardware and software, and provides a suitable test-bed
for system evaluation.

5. Simulator Design' and Development - Design and develop one load
simulator to provide the hardwarel required to simulate the one
equipment item selected in 4., abbve. The development and use
of continuously variable impedanc¢ elements should receive par-
ticular emphasis. This simulator \would be tested and delivered
for evaluation and use by the custpmer,

6. Documentation - Provide a:complete} set of drawings, specifica-
tions, and manuals (operating and paintenance) to support the
delivered hardware. The documentation should include the

7-1



2-L

TABLE 7-1 HARDWARE AND SOFTWARE AVAILABILITY

I. INTERROGATION

A.

Data Acquigition Hardware

1. Tape Recorder

2, Oscillograph Recorder

3. 8Signal Conditioning Equipment
L, Time-Code Generator

Data Processing Hardware

1. Analog-to-Digital Converter
2. Digital Computer System

Data Processing Software

1. Routine Computation
2. Model Optimization

IT. SIMULATION

A,

Storage and Control Hardware

1. Computer
2. Integration and Control Hardware

Variable Impedance Hardware

CURRENTLY
AVATLABLE

D4 b

Pd b

REQUIRE
DESIGN AND DEVELOPMENT



computer software for model optimization, along with all obher
software peculiar to the process.

The objective of this program would be to develop software and hardware compati-

ble with software and hardware to be developed subsequently for a complete stand-
alone system.
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8. BIBLIOGRARHY

As in any comprehensive study, compilation of a bibliography received high
priority. The results of Avco's efforts in this area are summarized in Appendix C.
All of the publications listed there have been reviewed and found significant in
reference to the dynamic load simulator study.



APPENDIX A

This appendix summarizes the five monthly progress reports
published by Avco Systems Division under the Dynamic Load
Simulators for Electrical Systems Test Facility Study, NASA
Contract No. NAS-9-10429.



1.

First Monthly Progress Report, for the period 29 December 1969 to
31 Januvary 1970. Avco Document No. AVSD-0065-70-CR, dated 5
February 1970

SUMMARY
Describes Avco's efforts in the following two areas of concentration:
1. Identifying spacecraft electrical loads.
2. Ildentifying candidate interrogation and simulation techniques.
Second Monthly Progress Report, for the period 1 February 1970 to

28 February 1970. Avco Document No. AVSD-0108-70-CR, dated 6 March
1970

SUMMARY
Covers efforts in the following-listed areas:
1. Completion of spacecraft electrical load identification.

2. Establishment of requirements for developing and evaluating
interrogation and simulation techniques.

3. Identification of the interrogation and simulation techniques
to be investigated.

4. Establishment of contact with selected vendors in the areas
of power dissipative devices, variable impedance elements,
network analyzers, and measurement devices.

Third Monthly Progress Report, for the period 1 March 1970 to
31 March 1970. Avco Document No. AVSD-0157-70-CR, dated 6 April 1970.

SUMMARY
Describes efforts in the areas of:
1. Examination of the various interrogation and simulation
techniques. Particular emphasis was placed on measurement and
data processing considerations, and on non-linearity and

three-phase power considerations.

2. Preliminary investigation of system interfaces.



4. Fourth Monthly Progress Report, for the period 1 April 1970 to 30 April

1970.

Avco Document No. AVSD-0216-70-CR, dated 6 May 1970.

SUMMARY

Describes efforts in the areas of:

1. Continuation of the examination of interrogation and simulation
techniques. ’

2. Establishment of requirements for the three major system inter-
faces.

3. Development of a total system concept and preliminary findings

regarding the feasibility of implementing the concept.

5. Fifth Monthly Progress Report, for the period 1 May 1970 to 31 May 1970.

Avco Document No. AVSD-0259-70-CR, dated 12 June 1970.

SUMMARY

Describes efforts in the areas of:

1.

Investigation of the feasibility of using noise- and cross-correlation
techniques for determining the system driving point immitance,

Investigation of a computer program that uses a frequency-domain
technique for optimizing network models.

Investigation of the feasibility of constructing general network models
for use in synthesizing time-domain iterative networks.

Demonstration in laboratory tests of an interrogation and simulation
‘process based on a variable resistance technique.

Conduct of a trade-off study in the areas of interrogation and
simulation techniques and their hardware implementation.

Development of a prelihinary design for implementing an interrogation
and simulation process.

Appraising the feasibility of implementing this process in hardware.



APPENDIX B

OPTIMIZATION PROCEDURES

The following description of Avco's optimization pro-
cedures for computer handling of network modelling

has been extracted (with minor editorial changes) from
Avco Document No. AVSSD-B798-610-6782, dated 23 April
1970 (pages 27 through 44, and pages 48 and 49).



2.3.2 Penalty Function Transformation

The penalty function proposed for this program allows the constrained
optimization problem to be solved as a sequence of unconstrained problems.
This section contains descriptions of the penalty function equation, the
technique for defining a dummy function if the current search point is out-
side the capability of the analysis modules, and the techniques for tighténing
a constraint after each unconstrained search.

2.3.2.1 Function Evaluation

The analysis portion of the program characterizes the specifics of each
design by a set of numbers called y;. The selection of the desired com-
bination of these quantities to be used in the penalty function is made by the
user by means of input codes. The actual penalty function equation is
described in the section called sequential optimization.

An alternate way of describing the calculation of the value of the penalty
function, F, is as follows. Let F be the sum of the NP individual con-
straint terms, fi: :

where each term is:

s, 0.0 if the constrained quantity is within the limits
f; = ¢

( k; (| amount out of the limits i)l if not within limits

where kj and I are inputs. If the penalty function, F, is zero, the design is
within all the constraints. If the penalty function is not zero, then its
magnitude represents the "amount' that this design is unacceptable. The
penalty function thus reduces the entire set of performance histories and
design constraint situations to a single number (F}. Optimization techniques
can then be applied to find the designg which result in smaller values of the
penalty function until a design is found which has a penalty function value of
zero. This would then complete one !""solution-finding' operation. The
detail of the process of utilizing a sequence of solution-finding operations
to obtain an optimum solution will be discussed in the section called
sequential optimization.



2.3.2.2 Screening Operations

It is possible for an optimizer to specify that a design be evaluated which is
not physically meaningful or which is outside the capability of the analysis
modules. A testing procedure has been set up which ''screens'' out such
situations and defines a value for the penalty function, ¥, which is equal to
the sum of the last calculated value from the penalty function equation, D,
plus the amount the design failed the screening test:

JJS - .-
F=D=+ Si{<LLi—-Xi>2 + <X - ULi>2}

where S; is input; and the design parameters, Xi , the lower limits, LLj,
and the upper limits, UL;, are specified within the program. It is
assumed in this formulation that the initial design is input so that it passes
the screening test. ’

2.3.2.3 Sequential Optimization

A technique for formulating the solution-finding problem was discussed in
the Function Evaluation section. This technique has been extended to allow
performance and design constraints to be included in the search for an
optimum design. The extended technique effectively transforms the con-
strained optimization problem onto a sequence of solution-finding problems
which are solved using unconstrained optimization techniques. The technique
is based on the Schmidt and Fox penalty function equation of Reference 15
which will be considered in the following form:

M
F = ky <y; - UB;>E 4 E ki{<LBi - y>B ¢ <y - UB;>E}
i=2"

where:
F is the penalty function which is searched for a zero or a minimum by the

optimizer
kj is the multiplier (scale factor) for the quantity being minimized
¥ is the quantity being minimized
UB; is an upper bound on the quantity being minimized
E is the exponent which is normally 2 but can be set to 1 for special

problems
M is the total number of terms in the penalty equation
k; is the multiplier (scale factor) for each constraint
LB; is the lower bound for each constraint
Vi is the value of each item being constrained

UB; 1is the upper bound for each constraint

<A> is { A if A is positive

0.0 if A is zero or negative

-
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There are two cases to be considered. The first is where the quantity being
minimized is a calculated value or a design variable and the second is where
the quantity is an input quantity which is not an active design variable.

For the cases where the quantity being minimized, y;, is a calculated value or
a design variable, the procedure is to input the exponents, the upper and lower
bounds, and the multipliers. The first upper bound, UB;, is selected to be
reasonable large (based on experience and judgment). The multipliers, kj,
are allowed for numerical purposes and do not theoretically enter into the
process at all. The first solution-finding operation is initiated from an input
initial design. The optimizer modifies the design until every constraint is
satisfied. At this point every term of the penalty equation is zero and the
value of the penalty function, F, is therefore zero. The parameters
describing this acceptable design are carried over to describe the initial con-
figuration for the next solution-finding step. The first upper bound, UBj, is
reduced for the second solution-finding operation. Each time that it is possible
to find an acceptable design, the constraint is tightened by a factor, Wgrp . and
the process is repeated:

(UBie1 = Vrr 01

After a series of solution-finding problems, the constraint will have become so
tight that a solution is no longer possible. In this situation, the search
procedure finds that F has a minimum and that it is not possible to find a design
where F equals zero, thus it is not possible to find a design which satisfies all
the imposed constraints. The next-to-the-last design then is declared the
optimum (within the tolerance implied by the factor, WRF)'

This technique of approaching the optimum from the "acceptable' side has been
found to be a practical technique for design work.

A parallel procedure is used when the quantity being minimized, y;, is an input
which has not been identified as a design variable. After each successful
solution-finding operation, the value of the input itself is changed:

11 = YRE O

Again, the solution-finding process is repeated until it is no longer possible to
find a solution. The next-to-last design is then declared the optimum (within

the implied tolerance). '

When the general multivariable optimizers are used, the exponents in the penalty
equation must have a value of two so that the first derivatives of the function
with respect to the design variables will be continuous. However, since the
Fibonacci techniques do not have any continuity restrictions, the exponents can
be set to a value of one and the constrained optimum can be searched for directly.
For one- and two-variable problems where Fibonacci techniques are applicable,
setting the exponents to one and providing suitable k; multipliers eliminates the
need for the series of solution-finding operations discussed above.
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2.3.3 Gradient Of The Penalty Function

When required, the gradient of the penalty function is calculated using finite
differences. The increments, AX;, are inputs to the program. Each element of
the gradient is calculated as:

F(X: + AX;) - F(X)) ’
G; = ! Ax’ ! i =1, Number of design variables

1

2.3.4 Search Logic

Four separate serach techniques will be mechanized for possible selection by
the user. The first is the Davidon Variable Metric Method for Minimization
which is a multivariable unconstrained technique. It utilizes the gradient and
an approximation of the matrix of second partial derivatives to locate the
minimum. The second technique is the Rosenbrock Rotating Coordinate Method
which locates the unconstrained minimum of a multivariable function without
the direct calculation of the gradient. The third technique is the one-variable
Fibonacci method which locates the minimum of an unimodel function within

a specified interval. The fourth technique is the two-variable Fibonacci
method which locates the minimum within a specified region by obtaining the
minimum of a series of one-variable solutions. In fulfillment of the ADTECH
III and IV contracts (References 12 and 13), Avco reviewed the state of the art
in optimizing nonlinear functions subject to nonlinear constraints. It was
concluded that there is no technique which has simultaneously the character -
istics of superior reliability and superior efficiency for all types of functions.
The effectiveness of a given optimizer frequently depends on the depth of
understanding that the user has of the mathematical characteristics of the
function currently being optimized. This understanding is implemented
through selections of starting designs, control constants, and stopping
tolerances. The optimizers being proposed for this program have been
formulated with the dual objectives of allowing initial studies to be performed
with minimum required input and allowing continuing studies to be performed
more efficiently with input best suited to the situations at hand.

Of the optimizers investigated in the ADTECH studies, four were selected
for incorporation into the Optimum Decoy Design Program (Section 2,4). The
Davidon Variable Metric Method is judged to be one of the most suitable .
optimizers from the class of gradient methods while the Rosenbrock Rotating
Coordinate Method is one of the most suitable from the class which does not
calculate the gradient directly.. Each of these techniques had advantages and
disadvantages and neither is superior for all problems. Rather than arbi-
trarily select one or the other, both have been mechanized and the user may
select either based on his experience with his problem. The two Fibonacci
techniques are provided as options for the special situations where one- or
Ewp -variable optimizations are required to be solved with high reliability.
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The four proposed search techniques will be discussed in more detail in the
following sections.

2.3.4.1 Davidon Method

The Variable Metric Method for Minimization is a multivariable technique
which uses special gradient methods to locate unconstrained minimums or
zeros of a function. A simplified flow chart of the Davidon Method is shown
in Figure 14, '

This method is a modified gradient technique having more sophistication than
the first-order steepest-descent methods and far less computational require -
ments per step than the second-order gradient methods. The program ‘
requires an initial starting coordinate (initial design point), XP, an estimate
of the inverse of the matrix of second partial derivatives of the function with
respect to the design variables, H, and a procedure for evaluating the
function, F, and its gradient, G. The Davidon method selects a step size, A,
and a search direction based on the modified gradient, HG. The next design
to be evaluated, X, is determined from the matrix equation:

x = xP - AHc

The step size is estimated by the program (based on the value of the function,
the gradient, and the estimate of H) to overstep or bracket the minimum along
the search direction. If the minimum has been bracketed, an interpolation is
made for the approximate minimum. Based on the behavior of the function
during the overstep and the interpolation, the metric H is modified and the
process is repeated from the best point available. The identity matrix is
typically used for the initial estimate of H unless other information is’
available.

It is the use of first-order calculations (gradient) to improve the estimate of the
second-order parameter H which gives the Davidon technique its power and
efficiency. If the penalty function becomes zero, an acceptable design

has been obtained and the problem is complete. If the transformed-gradient
becomes less than a tolerance, , a nonzero minimum has been located.

This implies that it is not possible to reduce the function further.

If the estimated step size does not bracket the minimum, the Davidon program
modifies the H matrix and selects a new search direction. An alternate
approach which is more consistent with the basic theory is to change the
estimated step size until the néw point does bracket the minimum. Although
this approach is theoretically sound, actual experience in running both
approaches has indicated that the original approach is faster for most problems.

Another variation away from the basic theory is included in the program at the
point where the minimum in the search direction has been bracketed. Calcu-
lations are made to estimate whether the function is behaving in such a way
that a "perpendicular'' step would be more advantageous than back-tracking to
interpolate for the minimum in the search direction. This possibility is
attractive because of the characteristics of certain functions. Safeguards are
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included in the program so that the process is stable. For example, if the
perpendicular step is worse than expected, the program returns to the normal
logic and interpolates for the minimum in the search direction.

The program, as currently mechanized, differs from the description in the
Ref, 16 with regard to the limits on the maximum size of the step length, A.
In the program the step length is:

2.0 1

A = smaller of
— M (f/gs)

whepé M is an input which may be adjusted by the user
s
Vae random step operations described for subroutine STUFF (Ref. 16) have not been

mechanized since they would tend to interfere with the sequential constrained
optimization process.

The Davidon technique has heen applied to several functions in order to
investigate its capabilities and limitations in the solution-finding mode. There
are a number of classical check problems in the optimization literature which
have been intentionally designed to emphasize the weaknesses of various
optimization techniques. For this study, these functions have been modified
to include the features of the penalty function equation. The check cases have
been graded in various levels of difficulty. One of the most difficult two-
dimensional functions is one developed by Rosenbrock (see Referencel?),
which has a narrow curved valley with steep sides. The problem is to start
from various points and search for the region of acceptable solutions.

An example of the search path obtained using the Davidon method is shown in
Figurel5. In Figurelb, the search is started on one of the constraints. For
this check case, it was necessary for the optimizer to calculate the function
and the gradient at 8 points. Since this is a two-dimensional problem and
since finite difference techniques are being used to calculate the gradient,
three evaluations of the function are required at each point for a total of 24
evaluations.

The number of function evaluations required for each check case are labeled
""time units' in the figures.

Another example is shown in Figure 16. The Davidon technique in an
optimization mode is applied to a quadratic function. For each of the points
labeled in the figure, three evaluations of the function are performed in order
to obtain the function and the gradient. The Davidon technique is particularly
efficient for quadratic or nearly quadratic functions.

2.3.4.2 Rosenbrock Method

The Rosenbrock Rotating Coordinate Minimization Technique {(Reference 17)

is an algorithm for selecting trial values for the input parameters of a given
system model in such a way that a function of the performance of the system is
optimized.
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The technique is referred to as ''rotating coordinates'' because of the fashion

in which the variables are perturbed. Rather than varying the input parameters
of the system model one -at-a-time, this method rotates the coordinate system
in parameter space so that one axis points in the 'best' direction of search.
The remaining axes for exploration, which are mutually orthogonal, are
obtained with a Gram-Schmidt orthogonalization procedure. A search is taken
along each of these directions one at a time using the logic which is described
below, and then a new set of axes are developed. Flow charts for the technique
are shown in Figures 17 and 18. o

The search technique involved consists of taking trial steps along each of the
coordinate axes. Thetrial is a "success" if the functional value is less than
the value on the previous trial; otherwise it is a "failure.'" The step sizes

are determined in the following manner. An initial step size (A X) is an input
quantity. After a successful trial, the length of the previous step is multiplied
by a constanta, (a > 1) and this is added to the previous value used to locate
the next trial. After a '"failure, ' the previous step size is multiplied by -B
(0B < 1) and this is added to the previous value. If this stepping procedure
produces a functional value within a specified tolerance level (TQL) of the
previous functional value the step is called a '"success.'" The trials in a given
direction are complete when there has been a "success' followed by a 'failure. "
The initial step in the new search (i.e., after the rotation of the coordinate
axes) is dependent upon the total of the successful steps from the previous
search. In particular, if d, is the algebraic sum of all successful trials in

the nth direction, then the initial trial of the next search in the ath direction

will be y d,,, (y> 0), where y is a preset constant. Although all of the above
constants, a, B, y, TQL, are preset, they may be input as different values to
suit the need of a particular problem. ’

After a set of trials has been completed in one direction, the program searches
along the next orthogonal direction until all N directions have been treated. A
new set of directions is then calculated. All of the tridls along the N directions
and the subsequent calculation of a new set of directions is called a "stage."

The rotating coordinate axes are related to the parameter axes by the direction
cosine matrix!_C,-:/'n_;’, with which steps in a given direction can be resolved into
parameter changes. For the first stage,(C¢ nJis 2 unit matrix so that each
step, ep, corresponds to a change in only one of the system parameters X : .
For each subsequent stage, a new direction cosine matrix is computed using
the Gram-Schmidt procedure as follows;

o T o -
Let 51 , 52 s ese s ENO be the set of orthogonal unit vectors defining the direc-
tions in the original stage. Suppose that d; is the algebraic sum of all successful
steps in the direction El , etc. Then define the set of vectors:

;l = dy£)° + dr 5% 4.+ A &Y
Ay = dzfz°b+'.... + dy &°
Ay = dy &°
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=1 - - .
The orthogonal unit vectors 51 R 521, “eos 511\] for the next stage are now

.obtained using the following vector equations:
B = & '

&' - B,/13,1

By = Ay — (& - §HE!

&' - By1 5l

’ N -1

= _ 7 z: - 71,71

By = Ay - (an - &) &
j=1

& = By/ Byl

The new direction cosine matrix is obtained by taking the transpose of the matrix
comprised of the components of FNI along the parameter axes. With the new coordi-
nate system defined, the search is repeated in each of the new directions in turn,

The result of applying these equ%ltions several times is to ensure that g lies along
the direction of fastest advance, ? 2 along the best direction which can be found
normal to El and so on. S

The stopping logic is based on the value of the function. For a value of the function
that is undefined, an error message is printed out and the search is stopped. The
same thing happens if the total 3umber of function evaluations for a given set of con-
straints equals an input limit. [f the value of the function is zero or if three succeed-
ing functional values are withini{a defined interval of each other, a solution is con-
sidered to have been found. Cohsidering the diagram below, the intervals for suc-
cessive functional values which jlefine a solution are

i . Fs+l'Fs+2
(Fy ~ Fg,9) < DEL} Fy and ——e—eee. < RATU
_Fs‘Fs+1

g

S +1 s$+2
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The functional values, Fg, Fs+1' Fg42, are those obtained wher'x the trial steps
have been completed for all the system orientations. '

Figure 19 illustrates the operation of the Rosenbrock Method in an unconstrained
optimization mode. A total of 35 trials organized in 4 stages (coordinate systems)
are required to obtain the optimum and meet the stopping criteria. Eleven selected
trials are shown in Figure 19 to illustrate the coordinate rotations and general pattern
of the trials.

2.3.4.3 One-Variable Fibonacci Method

The Fibonacci search technique is a search scheme for finding the maximum or mini-
mum of a one-variable function within defined limits, The function has to be at least
piecewise corn inuous, single valued, and also have only one optimum (i. e., maximum
or minimupr] within the interval. These restrictions define a unimodal function

(pp. 10-#3 of Reference 18). , The initial interval, 'l , is defined by an upper
bound/ B, and a lower bound, A, where

Ly=B-A

Either the number of function evaluations, F, to be made during the search or an end-
of -search accuracy limit, A., defined in terms of a number of independent variable
units away from the actual maximum or minimum within the interval has to be

given.

The technique is based on direct comparison of values of the function, which are used
to exclude parts of the search interval. The placement and comparison of the points
is continued until the interval is sufficiently small or until the function is zero. The
points are located so as to maximize the interval to be excluded at each step.

The location of the first two points in the initial search interval is dependent upon the
total number of function evaluations to be made during the search. If the accuracy is
given, a trial Fibonacci number, FnT, is defined

i
A

FNnT =

[}
-

The actual Fibonacci number is obtained through an iteration process where

Y

F1=1
F2=2
Fn=F _, +Fy., n=3,4,5 ---

The iteration process is continued until the first value of n at which F,2 FnT

is found. The number of function evaluations to be used within a given accuracy
limit is then:

NF =n-2
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Likewise, if the number of function evaluations is given the assdciated Fibonacci
~number is found by applying the above process in reverse order.

The two evaluation points in the first interval are located as follows:

= Fn -1

X3 A + ___F;__ L
s .
//X/Z = A + __Il_'_'._é_ Ly

- b

angd the corresponding functional values, Y, and Y, are computed. Comparing the
o functional values and choosing one of the associated evaluation points to be a

new end point yields a new interval for computing the next evaluation point. For
instance, in the search for a maximum the evaluation point associated with the smallest
functional value becomes an end point for the new interval containing the other evalua-
tion point and the remaining end point. Then a new evaluation point is placed in the
new interval a distance of A X units from the end point retained from the previous

interval,
-J j=3,4,---, N
H ’ 4 K

where the subscript j is the number of the particular evaluation point being found
for that interval. The new functional value for the interval is computed and compared
with the functional value retained from the previous interval so that a new interval can
be determined. This process is repeated until the appropriate number of function
evaluations have been made. The maximum or minimum of the function is obtained
by directly comparing the functional value of the final evaluation point, the evaluation
point retained from the last interval, and the new end point for the last interval.

2.3.4.4 Two-Variable Fibonacci Method

The Fibonacci search technique for a two-variable function in a bounded region

is the application of the one-variable Fibonacci search to each variable. Taking
one of the variables to be the secondary independent variable and the other to be
the primary independent variable, the method employed in this technique is the
optimization of the primary independent variable during each step of the optimization
of the secondary independent variable, That is for each evaluation point selected
during the optimization of the secondary variable, the primary independent
variable is optimized, Then, the secondary value and the optimum primary value
are stored in a table, This process is repeated until the desired number- of
evaluations have been made on the secondary independent variable, The table is
then searched for the optimum secondary value, producing also the associated
optimum primary value,

The restriction of unimodality (see description of one variable Fibonacci) applies

in a stricter sense for the two-variable Fibonacci technique. Not only does the two-
variable function have to be unimodal, but the associated one~-variable functions for
the one-variable Fibonacci searches must also be unimodal. For a unimodal two-
variable function, whether or not the two one-variable functions are unimodal some-
times depends on which independent variable is chosen to be the secondary variable.
Thus, the choice of which variable is to be the secondary independent variable is
important.
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Eckman, Donald P. - Systems Research and Design, John Wiley & Somns, Inc.,
New York, 1961,

Guillemin, Ernst A, - Synthesis of Passive Networks, John Wiley & Sons, Inc.,
New York, 1957

Korn, Granino A, - Random-Process Simulation and Measurements, McGraw-Hill Book

Company, New York, 1966.

Lee, Y. W. - Statistical Theory of Communication, John Wiley & Sonms, Inc., New
York, 1960.

Martin, James - Design of Real Time Computer Systems, Premtice Hall.

Marton L. - Advances in Electronics, Academic Press, Inc.,, New York, New York,
1951.

Rudenberg, R. - Transient Performance of Electric Power Systems, McGraw-Hill
Book Company, New York, 1950.

Su, Kendall L;/- Active Network Synthesis, McGraw-Hill Book Company, New York,
1965.

Truxal.fﬁohn G. - Automatic Feedback Control System Synthesis, McGraw-Hill Book
Company, Inc., Brooklyn, New York, 1955.
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INTERROGATION

Analysis of Continuous Parameter Identification Methods, George A. Bekey,
Simulation, February, 1966.

Applying Parameter Estimation. to Dynamlc Systems < Part I, P. C. Young, Control
Engineering, October; 1969.

Applying Parameter Est1mat1qn to Dynamic Systems - Part II, P. C. Young, Control
Engineering, November’ 196Q//

Automated Testing, Robenﬁ A Grimm, Hewlett-Packard Journal, August,Al969.

Building an Automatic/Test System, M. D, Ewy, Hewlett-Packard Journal, August
1969.

Choosing an Automa ic Test System, M. D. Ewy and S. C. Shank, Hewlett-Packard
Journal, August, }p69.

Computerizing Fouyier Analysis, J. R. Guerriero, Control Engineering, March 1970.

Convolution Rev'éited, T. J. Healey, 1EEE Spectrum, April, 1969.

Determination ‘of the Characteristics of Multi-Input and Nonlinear Systems From
Normal “Operatijg Records, T. P, Goodman, Transaction of the ASME, April, 1957.

Determination/éf System Characteristics From Normal Operating Records, T. P.
Goodman azj/’. B, Reswick, Transaction of the ASME, February, 1956.
n

Direct-Reading, Fully Automatic Vector Impedance Meters, G. J. Alonzo, Hewlett-
Packard sournal, January, 1967.

Experdfiental Determination of System Dynamics by Pulse Methods, Dr. Gerald E,
‘Drejtke and Dr. Joel O. Haugen, IEEE (TOC), April 1963.

Gulded Tour of the Fast Fourler Transform, G. D Bergland IEEE Spectrum, July 1969.

Hewlett-Packard Automatic Test Svstegg, Robert A. Grimm, Hewlett-Packard Journal,
August, 1969.

Interpreting Dynamic Measurements of Phy81cal Systems, Signey Lees, Transaction
of the ASME, May, 1958.

Learning Method for System Identification, Jin-Ichi Nagumo, IEEE Transactions
on Automatic Control, June, 1967.

Learning Model Approach for Nonlinear System Identification, T. C. Hsia, -
A, L. Bailey.

Methods of Measuring Impedance, Charles G. Gorss, Hewlett-Packard Journal,
January, 1967.

Measurement of Transfer Function by Correlation Methods, M. Subocz, A.T.R.,
November, 1968.




INTERROGATION , (Con' £)

Measuring Impedanceuwith.lnsertién Loss, K. G. Byers and H. W. Denny, Electronics,
April, 1968. '

Obtain Process Dynamics by Pulse Testin » James W. Banham, Jr., Control Engineeriﬁg,
April, 1965.

Process Parameter Estimation, Peter C. Young, Control, November, 1968.

‘Pseudo-Random and Random Test Signals, G. C. Anderson, Hewlett-Packard Journal,
September 1967.° , o
Pulse Testing for Dynsmic Anal sis, William G. Clements, Jr., and Karl B. Schnelle,
Jr., I&EC Process/pesign and Development, April, 1963.

-
Technique for the Identification of Linear Systems, K. Steiglitz and L. E. McBride,
1IEEE Trans;gfion on Automatic Control, October, 1965.

e
Testing-with Pseudo-Random and Random Noise, Hewlett-Packard Journal, September,
1967
#;E?adebffs in Impulse Testing, James M, Hood, Hewlett-Packard Journal, June, 1969.
A

P

Triangular Pulses Yield Frequency Response, Horst Arp, Control Engineering,
December, 1969.




SIMULATION

Activating the(Paséivé»RCQNétworkw.Arnoldeeltzer, Electronics, May 27, 1968,

Realizations, A.W. Keen, PROC IEE, July, 1968

Direct Simulation of Physical S stemg, Alan Krigman, Instruments and
Control Systems, December, 1967.

The FET as a Voltage-Controlled Resistor, Thomas Mollinga, EEE, January, 1970.

Ideal-Transformer and Convertor Realizations Using Operational Aggllflers,
A.W. Keen, PROC, IEE, August, 1968,

Magnetic Equivalent Circuits for Electrical Machines, Prof. E.R. Laithwaite,
PROC., IEE, November, 1967.

A Method for Realizing Time—Varving Circuit Elements, Robert W. Donaldson,
Proceedings of the IEEE, January, 1969.

The Negative Resistance Element (NRE) A New Circuit Component, Carl D, Todd,
Electronics, May 31, 1963,

Properties of a Solid—-State Inductance, A.B., Pavlinov and V,A. Sablikov,
Radio Engineering and Electronics Physics, May, 1967.

The Rotator-A New Network Compoment, Leon O, Chua, PROC, IEEE, Vol, 55,
No. 9, September, 1967.

Stats—of -the-art of Simulation-Survey Paper, E.S. Stoops and L.H. Gale, ‘
ATAA 5th Annual Meeting and Technical Display, No. 68-1085, October 21-24, 1968,

Synthes - New Nonlinear Network Elements, Leon O, Chua, PROC. IEEE,

Vol. 56;' 0. 8, August, 1968,

Systems—Oriented Digital Power Sources, Brett M. Nordgren, Hewlett-Packard
Journal, June, 1968,

Three-Terminal Gyrator Circuits Using Operational Amplifiers, A. Antoniou,
Electronics Letters, 27 December 1968,

Vacuum Tubes as Variable-Impedance Elements, Industrial Electronics Reference
Book by Electronics Engineers of the Westinghouse Electric Corporation,
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COMPUTER TECHNOLOGY

Analogue Computer for the Solution of Linear Simultaneous Equations, An,
Robert M. Walker - Proceedings of the IRE-Waves and Electronics Section -
December, 1949,

Computer Aided Design Programs, Electronic Design, November 8, 1969

Computer for Instrumentation Systems, A, Kay B. Magleby - Hewlett-Packard
Journal, March 1967.

Control of Non-Linear Multivariable Systems, David P. Lindorff - IEEE
Transactions on Automatic Control, October, 1967

D/A Conversion Using Digitally Controlled Power Sources, Computer Design,
July 1969.

Direct Simulation of Physical Systems, Alan Krigman - Instruments and Control
Systems, December 1967.

Fast Fourier Transform, The, Proceedings of IEEE, October 1967

HYPAC -~ A Hybrid - Computer Circuit Simulation Program, Philip Balaban,
Fall Joint Computer Conféerence, 1969.

Interfacing a Control Computer with Contrel Devices, Control Engineering,
November 1969,

Linear Circuit Models Designed via Computer Optimization, Education,
September 1969.

Look at Minicomputer Applications, A, Gerald Lapidus - Control Engineering-=
Noveaw..or 1Y9A%,

Method for Approximation of Network Characteristics by Digital Computer, A,
Toshio Shinozaki, Izumi Kawakami and Tomokazu Komazaki - Electronics and
Communications in Japan, April 1967.

Mini-Computers for Real Time Application, Datamation, March 1969.

Non-Linear Analog Computing Elements for Process Control, Harold H. Koppel
and Phillip I. Wajs - IEEE Transactions on Industrial Electronics and
Control Instrumentation, December 1967.

Process Control Eanguage, A, Computers, November 1969,

Selecting a Small Computer for Your Application, Computer Design, September 1969.

Small Digital Cemputers, Michael French = EEE - February 1970.
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COMPUTER TECHNOLOGY (CON'T)

Structure in the Computation of Power-System Non-Einear Dynamical Response,
John M. Undrill- IEEE Transactions on Power Apparatus and Systems, January 1969.

Technology Profile of Mini Computers, Modern Data, August 1969,

C-7



INTERFACING

Converting Circuit-Design Problems Into Program Language, R. S. Miles, W. M, Conner,
Electro-Technology, July, 1970/

Interfacing a Control Computer with Control Devices, P. M. Kinter, Control
Engineering, November, 1969.

Recording Data for Computer Analysis, William J. Steinmetz and Robert L. Knapp,
Hewlett-Packard Journal, January, 1969.

Successful Instrument-Computer Marriages, Hewlett-Packard Journal, March, 1967.




ANALYSTS

Analyzing Networks with State Variables, Louis dePian, Electronics,
December 26, 1966,

Analysis and Synthesis of Multivalued Memoryless Nonlinear Networks,
Leon O. Chua, IEEE Transactions on Circuit Theory, June, 1967,

Chavacteristic Times for System Analysis, Alan Krigman, Instruments
and Control Systems, June, 1968.

On _the Dynamic Equations of a Class of Nonlinear RLC Networks, L.O. Chua
and R.A. Rohrer, IEEE Transactions on Circuit Theory, December, 1965.

Method and Tables for Determining the Time Response to a Unit Impulse
from Frequency Data and for Determining the Fourier Transform of a
Function of Time, Carl R. Huss and James J. Donegan, National Advisory,
Committee for Aeronautics, Technical Note 3598, January, 1956,

Transfer Functiong from Frequency Response, N.G. Meadows, Control
Engineering, June, 1964.



SYNTHESIS

Active RC Svnthesis of Time-Vafying and Time-Invariant State Equations, IEEE
Transactions on Circuit Theory, September, 1967.

Analysis and Synthesis of Nonlinear Systems, Henri B. Smets, IRE Transactions on
Circuit Theory, December, 1960.

Circuit Synthesis Using Rectangle, Instruments and Control Systems, January, 1968,

Extrusion of Bode's Constant Resistance Lattice Synthesis of Transfer Impedance
Function, S. Y. Lee, Bell Systems Journal, March, 1969.

Impedance Synthesis Via State-Space Techniques, Professor B, D. 0. Anderson and
Professor R. W. Newcomb, PROC. 1EE, July, 1968.

Introduction to Network Synthesis, L. Weinberg, Electro-Technology, January, 1961.

Mathematical Games, Martin Gardner, Scientific American, November, 1958.

Method for Realizing Time-Varving Circuit Elements, R. W. Donaldson, K. F,
Wickwire, Proceedings of the IEEE, January, 1969.

New System of Two Terminal Synthesis, Fusachika Miyata, IRE Transactions, Circuit
Theory, December, 1955.

Note on Interpolation, E. Zeheb and A. Lempel, IEEE Transactions on Circuit Theory,
December, 1967.

Procedures for Time-Varving Impedance Synthesis, Brian D. Anderson and John B. Moore,
Proceedings of the llth Midwest Symposium on Circuit Theory, May, 1968.

Survey of Network Realization Techniques, Sidney Darlington, IRE Transactions,
Circuit Theory, December, 1955.

Synthesis of a Class of Multivariable Network Functions Using Controlled Sources,
Valerio Cimagalli, IEEE Transactions on Circuit Theory, Sept, 1968.

Synthesis of a Finite Two-Terminal Network Whose Driving-Point Impedance is a
Prescribed Function of Frequency, Otto Brune.

Synthesis of a Network Having a Prescribed Impulse by the Z-Transform Method,
V. A. Kisel and I. V. Kitsul, Telecommunications and Radio-Engineering, September,
1967.

Synthesis of a One -Port Utilizing a Lattice Construction, Fusachika Mivyata,
IEEE Transactions on Circuit Theory, June, 1963.

Synthesis of a Variable-Parameter One-Port and a Unified Approach to Cascade
Synthesis, J. J. Carlin and D. C. Youla, IRE Transactions on Circuit Theory,
December, 1962.
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SYNTHESIS (Con't)

Synthesis of a Variable-Parameter Ome-Port, Y. Oono and T. Koga, IEEE Transactions
on Circuit Theory,.June, 1963.

Svnthesis of Driving-Point TImpedance by Active RC Networks, S. Singh, Electronic
Engineering, May, 1968.

Svnthesis of Impulse Response Matrices by Internally Stable and Passive Realizations,
Leonard M. Silverman, IEEE Transactions on Circuit Theory, September, 1968.

Synthegis of Non-PR Driving Point Impedance Functions Using Analog Computer Units,
W. J. Karplus, IRE Transactions on Circuit Theory, September, 1957.

Unified Survey of Active RC Synthesis Techniques, 1. M. Horowitz, G. R. Branmer.

Use of Time Element to Shape Transfer Functions. of Electrical Networks, A. G. J. Holt
and C. Pule, Int. J. Control, Volume 9, 1969.
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