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1. INTRODUCTION

This document is the final report of the Dynamic Load Simulator program
(Phase II). This was an eleven-month program (24 June 1971 to 24 May 1972)
conducted by Avco Corporation's Systems Division (Avco/SD) for the
National Aeronautics and Space Administration (NASA) under Contract
Number NAS-9-12016. The basic objective of the program was the design
and development of an engineering model of a load simulator capable of
duplicating the dynamic and steady-state response of electrical loads on the
power lines. The simulator will be used to:

1. Demonstrate the feasibility and usefulness of such devices.

2. Provide a test bed for evaluating and improving the techniques
employed. .
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1. 1 BACKGROUND

The design and development of electrical power distribution/conditioning
systems is highly dependent on the characteristics of the power sources and
the loads. Their influence becomes progressively more significant as the
operational functions of the total integrated system become more critical,
such as exemplified in complex spacecraft systems. During the past and
present manned spacecraft programs (from Project Mercury through Apollo),
in order to meet projected schedules it was necessary to evaluate system
performance using load simulators which, at best, could only duplicate the
steady-state load conditions. Subsequent vehicle testing and flight experi-
ence has consistently uncovered system operational problems caused by
the transient (or dynamic) characteristics of the various loads reflected
back into the system. Identification of the problem at this point in the pro-
gram resulted in costly workaround and/or corrective action. Recognizing
this, a two-phase program was undertaken to investigate concepts for
providing more realistic loads, and to develop prototype hardware and
software capable of implementing and evaluating these concepts.

The Phase I study program was undertaken to investigate various concepts
and techniques for identifying and simulating both the steady-state and dynamic
characteristics of electrical loads for use during integrated system test and
evaluation. These investigations showed that it is feasible to design and
develop interrogation and simulation equipment to perform the desired
functions.

The current program was undertaken to develop hardware capable of provid-
ing this simulation. During these activities, actual spacecraft loads were
interrogated by stimulating the loads with their normal input voltage and
measuring the resulting input voltage and current time histories.

Using an existing computer program with some modification, general net-
work models consisting of resistance (R), inductance (L), and capacitance (C)
elements were optimized by an iterative process of selecting element values
and comparing the time-domain response of the model with those obtained
from the real equipment during the interrogation.

A general-purpose simulator was developed with the capability of realizing
a variety of R, L, and C network topologies where the element values were
discretely variable. The different models, corresponding to real space-
craft equipment, are set up manually for each case by suitable switching
and patching.
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Also developed during the current program was a variable resistance (vari-
able R) device with the capability of reproducing a resistance-time curve
upon application of a suitable, externally provided control signal. In practice,
the current/voltage-time history of an article of hardware is obtained during
the interrogation process and this data is then processed and stored. In
operation, this signal is retrieved from storage and applied as the control
input to the variable R. The output resistance of the variable R, connected
to the power source normally used to operate the real equipment, is then
made to vary as a function of this control. Thus, the power input current is .
caused to vary just as the input current to the real equipment.

The dynamic load simulator model is capable of simulating electrical loads
with the following input power characteristics:

Voltage 100 to 130V, 60 or 400Hz, 1-phase
20VDC to 60VDC

Current up to 8 amperes

Power up to 250 watts

The variable R is capable of simulating loads with these power characteristics,
but is limited to positive, non-zero-crossing voltages only.

The dynamic load simulator system concept is described in Figure 1-1 which
shows the flow of activities from initial data acquisition, through data pro-
cessing, and, finally, simulator operation.
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1.2 DEFINITIONS

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

Interrogation: - -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.

Simulation: - - The duplication on the power lines of the dynamic and
steady-state response of an electrical load.
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1.3 REPORT ORGANIZATION

The final report is organized as follows:

1. INTRODUCTION

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

2. CONCLUSIONS AND RECOMMENDATIONS

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

3. PROGRAM ACCOMPLISHMENTS

Describes accomplishments of the program in the areas of
interrogation and simulation.

4. INTERROGATION

Describes interrogation activities--from interrogation of space-
craft electrical equipment at NASA MSC, through data acquisition
and processing, to subsequent modelling and optimization.

5. SIMULATION

Discusses the design of the dynamic load simulator, and imple-
mentation of that design in an engineering model.

6. SIMULATOR EVALUATION

Describes evaluation of the simulator's ability to satisfy program
goals.
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1.4 PUBLICATIONS

Avco Systems Division documents published under this contract (in addition
to this final report and an operating and maintenance manual) are listed on
Table 1-1. All are monthly progress reports. For summaries of these
documents, see Appendix A.

1-7



TABLE 1-1

MONTHLY PROGRESS REPORTS, -DYNAMIC LOAD SIMULATOR

1. Dynamic Load Simulator, First Monthly Progress Report,
for the Period 24 June 1971 to 31 July 1971, Avco Systems
Division, AVSD-0365-71-CR, 5 August 1971.

2. Dynamic Load Simulator, Second Monthly Progress Report,
for the Period. I August 1971 to 31 August 1971, Avco Systems
Division, AVSD-04o4-71-CR, 7 September 1971.

3. Dynamic Load Simulator, Third. Monthly Progress Report,
for the Period 1 September 1971 to 30 September 1971, Avco
Systems Division, AVSD-0443-71-CR, 6 October 1971.

4. Dynamic Load Simulator, Fourth Monthly Progress Report,
for .the Period. 1 October 1971 to 5 November 1971, Avco ,
Systems Division, AVSD-0491-71-CR, 9 November 1971.

5. Dynamic Load Simulator, Fifth Monthly Progress Report,
for the Period 6 November 1971 to 30 November 1971, Avco
Systems Division, AVSD-0518-71-CR, 8 December 1971.

6. Dynamic Load Simulator, Sixth Monthly Progress Report,
for the Period. 1 December 1971 to 31 December 1971, Avco
Systems Division, AVSD-0004-72-CR, 5 January 1972.

7. Dynamic Load Simulator, Seventh Monthly Progress Report,
for the Period. 1 January 1972 to 31 January 1972, Avco
Systems Division, AVSD-0046-72-CR, 9.February 1972.

8. Dynamic Load Simulator, Eighth Monthly Progress Report,
for the Period 1 February 1972 to 29 February 1972, Avco
Systems Division, AVSD-0092-72-CR, 6 March 1972.
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2. CONCLUSIONS AND RECOMMENDATIONS

2.1 CONCLUSIONS

The dynamic load simulation hardware developed during this program pro-
vides two different and independent means of simulating the dynamic and
steady-state response of electrical loads on the power lines.

The hardware has been evaluated on the basis of its ability to simulate
specific items of spacecraft equipment whose response characteristics
were determined by interrogation. As shown in Section 6, both the model
and variable R device showed good correspondence with the actual equipment
response.

Although the model element inventory was influenced by the specific .needs
of the models developed for the five items of equipment simulated, the
inventory covers a wide range of element values. Also, the model topology
is general and, in both the Phase I work and the work just completed, this
topology has been shown to have the versatility necessary for modelling a
variety of equipments.

The variable R device has been shown to provide excellent simulation of
equipment response when driven by a control signal derived from the inter-
rogation data. Since the variable R resistance is controlled by an analog
of the desired response, very complex and non-linear responses may be
achieved.

The hardware,housed in a convenient operating console, along with a detailed
operating and maintenance manual provides means for further evaluation and
improvement of the techniques employed.
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2.2 RECOMMENDATIONS

The program just completed has demonstrated the feasibility of the dynamic
load simulation concept and has provided hardware for evaluation and im-
provement of the techniques employed.

It is recommended that the next step in the evolvement of this technology
be the application of the dynamic load simulation principles to a specific
system test and evaluation program. It is further recommended that the
design be improved to provide for a degree of automation in the man/machine
interfaces and that particular future emphasis be placed on the production
design of the equipment to permit its manufacture at reduced cost. .
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3. PROGRAM ACCOMPLISHMENTS

The Phase 1 study, conducted under NASA contract NAS-9-10429, established
the feasibility of dynamic electrical load simulators. The final report of that
study* has served as the basis for the design and development effort on this
program.

To develop hardware capable of simulating the dynamic and steady-state
response of electrical loads on the power lines, and to demonstrate and
evaluate its performance, the following program was undertaken.

1. Interrogation; - - Using Avco data acquisition equipment, Avco
interrogated nine items of spacecraft hardware of NASA's
Manned Spacecraft Center (MSC).

2. Data Processing;--Using Avco data processing equipment,
Avco converted the analog data obtained in 1. , above, into
a digital format compatible with model optimization needs,
and developed a control tape for use in operating the
variable R device.

3. Selection of Equipment for Model Synthesis;--On the basis
of the data obtained and processed, a selection was made of
equipments to be modelled.

4. Model Synthesis and Optimization:--Circuit models were
developed capable of suitably simulating the response of the
equipment interrogated in 1., above. The computer program
identified in the Phase 1 report was used to select model
values that optimally reproduce the equipment response
characteristics.

5. Simulator Design, Development, and Fabrication;--A
simulator capable of simulating the respohse of the selected
equipments was designed, developed, and fabricated.

1. A Study of Dynamic Load Simulators for Electrical Systems Test
Facility, Final Report, Program Period: 29 December 1969 to
30 June 1970; AVSD-0364-7Q-RR, 17 August 1970.
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6. Simulator Evaluation and Installation; - -The simulator response
was compared with both the computer-model-predicted response
and the actual equipment response to assess the accuracy of the
simulation. The simulator was then delivered to MSC and in-
stalled and checked out by Avco personnel.

7. Documentation; - -A maintenance handbook to furnish informa-
tion necessary for proper use and maintenance of the equip-
ment was provided. It explains the circuit functions, describes
the operating procedures, provides safety precautions, speci-
fies power requirements, and presents maintenance data.

A flow diagram of this program is shown in Figure 3-1.
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4. INTERROGATION

In all, nine items of spacecraft electrical equipment were made available
at NASA MSC for interrogation. The following discussions identify the
equipment and describe the data acquisition and processing activities,
and the subsequent modelling and optimization efforts. On the basis of
the equipment responses, five of the nine equipments were subsequently
selected for modelling and seven equipments were selected for demon-
strating the variable R.
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4. 1 DATA ACQUISITION

Avco personnel visited MSC to interrogate the spacecraft equipment provided
by NASA. The equipment interrogated is identified in Table 4-1. Each equip-
ment is identified by a number corresponding to the test run number assigned
during the interrogation.

Interrogation consisted of application of the equipment operating voltage and
the recording of this voltage and the resultant input current during turn-on,
steady-state operation, and turn-off.

Suitable calibration signals were recorded on the same recorder tracks
prior to each test to permit accurate interpretation of results. An Inter-
Range Instrumentation Group (IRIG) time code, previously recorded on a
spare track, provides the means for editing and cueing.

Facsimiles of the current and voltage traces for each of the equipments
interrogated are shown in Figures 4-1 through 4-17. A quick-look and
an expanded-look trace is provided for each case except the first--for
w h i c h a qu i c k - lo o k trace is notnecessary. The quick-look provides
an over-all view of the waveform (long-time duration) while the expanded-
look provides a detailed view of the transient portion of the waveform
(short-time duration).

A portable acquisition system was used to monitor the MSC equipment
at the NASA facility and record the measurements on analog magnetic
tape. A simplified block diagram of the data acquisition system is
shown in Figure 4-18. A differential amplifier and wide-band voltage-
controlled oscillator (VCO) were used to convert each voltage/current
data point for input to a wide-band instrumentation tape recorder.
Data bandwidths of greater than 0 to 10 KHz were obtained with a
nominal calibration accuracy of 2% and noise level of 3%, peak-to-
peak, which resulted in a dynamic range of 33 to 1.

The voltage measurements greater than 10 volts required signal
conditioning prior to the VCO. The signal conditioning was designed
to provide less than 1% loading to the circuit source impedance.

The current measurements were obtained with standard meter shunts
selected to provide necessary current carrying capacity and maximum
outputs to assure optimum signal-to-noise ratios. Table 4-II identifies
the on-site data acquisition equipment.
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TABLE 4-1

LIST OF EQUIPMENT PROVIDED BY NASA FOR INTERROGATION

Run Number Equipment Power Source

3 Motor Switch 28 VDC

6 Heat Exchanger Valve 115 VAC, 400 Hz

8 Varo Inverter 28 VDC

9 Apollo Inverter 28 VDC

10 Rotron Fan 115 VAC, 400 Hz

11 VHF/AM Transceiver 28 VDC

12 Recovery Beacon 28 VDC

13 UHF/FM Transmitter 28 VDC

16 HF Transceiver 28 VDC
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FIGURE 4-12 Voltage and Current Traces, Run 12A--Recovery
Beacon
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FIGURE 4-14 Voltage and Current Traces, Run 13B--UHF/FM
Transmitter
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FIGURE 4-16 Voltage and Current Traces, Run 16A—HF
Transceiver
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TABLE 4-11

ON-SITE DATA ACQUISITION EQUIPMENT LIST

Description Manufacturer Model

Analog Tape Recorder

FM Discriminator

Recording Oscillograph

Voltage Controlled
Oscilla.tor

Cons ol id at ed. El e c t rod ynami c s
Corporation

Electro-Mechanical Research,
Inc.

Consolidated. Electrodynamics
Corporation

Electro-Mechanical Research,
Inc.

Differential Amplifier Hewlett-Packard

Precision Voltage
Source

Electronic Development
Corporation

VR-3600

287

5-124

4570

2470A

VS-ll-R
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4.2 DATA PROCESSING

The analog magnetic tapes recorded at MSC were returned to Avco Systems
Division' s Data Processing Center for processing for input to the model
optimization activities and for preparation of a variable R control tape.

4.2.1 Data Processing for Model Optimization Input

The analog magnetic tapes were processed to provide a digital representa-
tion of the current/voltage-time history data for use in the model synthesis
and optimization computer program. These tapes were reproduced and the
signals demodulated to provide voltage representations of the measured
current/voltage data. Oscillograph recordings were made to determine
the areas of interest, and the start/stop digitizing times were read from
the I RIG format B time code. This record was used to define the digital
sampling rate required to adequately define the data.

The analog magnetic tape recordings, recorded at 120 inches/second, were
reproduced at a tape speed of 15 inches/second thereby providing a time
base expansion factor of 8 to 1. The FM-recorded data was demodulated
using EMR Model 287 FM Discriminators. The output voltage of the dis-
criminators was fed to the input of the Astrodata Analog-to-Digital (A/D)
Conversion System.

A sampling rate of 12, 500 samples/second/channel was selected to provide
an equivalent real time sample rate of 100, 000 samples/second/channel.
This rate was selected to provide 10 samples/cycle of the maximum
information frequency, i.e., 10 KHz.

For each digitizing run the calibration signals recorded on the analog tape
were also digitized to allow the digital representation of the voltage and
current values to be calibrated to their corresponding engineering units,
i.e. , volts and amperes. The A/D system output digital tape was then
processed on the IBM System 360/75 computer to provide calibrated
current/voltage data interpolated to a common time base.

The existing computer optimization program can accept a maximum of
200 data points. Therefore, each of the transient intervals of interest
was divided linearly into this number of samples during the analog-to-
digital conversion.

Only the transient intervals were san-ipled since the steady-state
conditions are either end points of transient intervals or easily
determined by straight-forward calculation.
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The data for the five equipments selected for modelling ( see
Paragraph 4. 3. 1) was then provided on punched cards for input to the
optimization program.

A block diagram of the data processing system is shown in Figure 4-19.
The data processing equipment is identified in Table 4-III.

To better visualize the data, and to confirm that the digitized data is a
true representation of the original response data, the data on the punched
cards was plotted. These plots are shown in Figures 4-20 through 4-31.
They correspond to the traces provided in Figures 4-1 through 4-17.

As a convenience in describing or comparing the data in this report, the
response curves shown in these figures (4-20 through 4-31) will be used
as the reference traces.

4.2.2 Data Processing for Variable R Control Tape

The variable R control signal is an analog of the conductance-time curve of
the equipment to be simulated. This signal is obtained by interrogating the
equipment to be simulated and computing the input current/voltage ratio
versus time, G(t) = I ( t ) /E( t ) , and then scaling this function on the basis
of the variable R transfer characteristic. Thus, the control voltage,
Vc = KG(t) = K [j(t)/E(tLl . See Figure 4-32 for a simplified block
diagram of the process for generating a control tape.

The variable R delivered as part of the Model DLS 1000 Simulator is a
250-watt, peak, device. The control voltage/load voltage combination
must be chosen consistent with this constraint or the variable R will
limit the load current, thus altering the desired response.
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TABLE 4-III

DATA PROCESSING EQUIPMENT LIST

Description

Analog Tape Reproducer

PM Discriminator

Analog-to-Digital
System

Manufacturer Model

Consolidated. Electrodynamics VR-3600
Corporation

Electro-Mechanical Research 287
Inc.

Astrodata, Inc. 1
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FIGURE 4-20 Current History, for Motor Switch, Run 3C
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FIGURE 4-21 Voltage History for Motor Switch, Run 3C
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CURRENT HISTORY FOR HEAT EXCHANGER VALVE. 6B
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FIGURE 4-22 Current History for Heat Exchanger Valve, Run 6B

4-29
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FIGURE 4-23 Voltage History for Heat Exchanger Valve, Run 6B
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CURRENT HISTORY FOR INVERTER. 8A1

FIGURE 4-24 Current History for Varo Inverter, First Event,
Run 8A1
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VOLTAGE HISTORY FOR INVERTER. 8A1
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FIGURE 4-25 Voltage History for Varo Inverter, First Event,
Run 8A1
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VOLTAGE HISTORY FOR INVERTER, 8A2

UJ
13

O
>

TIME. SEC

FIGURE 4-26 Current History for Va.ro Inverter, Second Event,
Run 8A2
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FIGURE 4-27 Voltage History for Varo Inverter, Second Event,
Run 8A2
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CURRENT HISTORY FOR APOLLO INVERTER. 9A
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FIGURE 4-28 Current History for Apollo Inverter, Run 9A
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FIGURE 4-29 Voltage History for Apollo Inverter, Run 9A
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CURRENT HISTORY FOR VHF/AM TRANSCEIVER. 11C
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FIGURE 4-30 Current History for VHF/AM Transceiver, Run 11C
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VOLTAGE HISTORY FOR VHP/AM TRANSCEIVER. 11C

20

trt

o
>

UJ
(9

O

10

o.o O.O10O 0.0200

TIME. SEC

FIGURE 4-31 Voltage History for VHP/AM Transceiver, Run 11C
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4. 3 SELECTION OF EQUIPMENT FOR SIMULATION

4. 3. 1 Model Simulation

The voltage and current data shown in Figures 4-1 through 4-17 for each of
the interrogated equipments was reviewed and a selection was made of five
of the nine equipments for model synthesis. In general, the equipment
chosen provided the more "interesting" characteristics of the group and
required maximum exercise of the model optimization routines and simula-
tion hardware. These equipments are identified in Table 4-IV.

Four equipments were not selected for modelling. They were eliminated
for the following reasons.

One of the items of equipment is an AC operated fan (Rotron Fan - Run 10)
whose current waveform has a varying envelope. The number of data points
required to accurately describe this waveform would exceed the capacity of
the optimization program as it is currently configured.

It can be seen from the graph, Figure 4-8, that the dynamics of the envelope
are much slower than the oscillator frequency. Therefore, because of the
limited number of sampling points that the existing synthesis program can
handle within a reasonable computing time, no direct design of the model
by computer was considered.

The other three items of equipment not selected (recovery beacon - Run 12,
UHF/FM transmitter - Run 13, and HF transceiver - Run 16) have simple
periodic current waveforms. The transient behavior of these waveforms
is less complex than that of the selected equipment and simulation of these
transient intervals could be achieved. However, their periodic behavior
would require programmed periodic switching within the network model.
Although the model is capable of programmed branch switching, such
switching can occur only once per operation.

4. 3. 2 Variable R Simulation

Each of the interrogated equipments that is operated by a DC source was
selected for demonstrating the variable R. Therefore, seven equipments
(Runs 3, 8, 9, 1.1, 12, 13, and 16) were chosen.as follows:
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TABLE 4-IV

INTERROGATED EQUIPMENT SELECTED FOR MODELLING

Run Number Equipment Power Source

3C Motor Switch 35 VDC

6B Heat Exchanger 114 VAC, 400 Hz

8A Va.ro Inverter 26 VDC

9A ' Apollo Inverter 26 VDC

11C VHF/AM Transceiver 30 VDC
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Run Number Equipment Power Source

3C Motor Switch 35 VDC
8A Varo Inverter 26 VDC
9A Apollo Inverter 26 VDC

11C VHF/AM Transceiver 30 VDC
12A Recovery Beacon 26 VDC
13B UHF/AM Transmitter 28 VDC
16A HF Transceiver 28 VDC

Four of these items were also chosen for modelling ( see Paragraph 4. 3. 1) ,
thus permitting a comparison of model response and variable R response
for the same equipment.
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4. 4 MODEL DEVELOPMENT

Early in the program a general network model was developed capable of
providing responses suitable for simulating the equipment interrogated at
NASA.

This model consists of three branches containing resistance, capacitance,
and inductance elements where each branch is in the configuration shown in
Figure 4-33. Each of the model elements is variable and the branch topology
may be varied by eliminating any of the elements.

4. 4. 1 Model Structure

It was required that the model be flexible to permit simulation of as large
a variety of equipment as possible, and that it also be constructed with the
simplest possible components to reduce its cost and to increase its reli-
ability and repeatability. Therefore, the model consists of passive
resistances, inductances (without coupling), and capacitances. These
elements can take a discrete set of values, give adequate coverage of
given ranges, and be used to construct linear, lumped networks in the
form of one-ports (one-terminal pair devices).

On an admittance basis, consider the branch structure shown in
Figure 4-33 as a basic building block with four adjustable positive
parameters: Rk, Lk, Ck, Gk.

It is understood that this network is meant to include simpler sub-
networks, such as shown in Figures 4-34 and 4-35.

These networks are obtained (at least in the mathematical limit sense)
by letting Gk, C k —>CD» or Rk, Lk > 0.

The current L and voltage V are connected by the admittance operator
(S = Laplace transform operator)

S-K-r-'+r1
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This operator provides two real or complex conjugate roots in the system
impulse response.

N blocks in parallel result in the admittance

K=/

with 2N poles. Even with the restriction to non-negative element values,
good flexibility and adaptivity is maintained.

While it would be desirable for element values R, L, C, G to be continuously
variable over their range, one must work with discrete values in a practical
realization. Starting with the results found in previous work (Phase 1 Report)
and estimating needs based upon the interrogation performed on the real
equipment at NASA, the numerical ranges identified in Table 4-V were
selected.

With these 20 elements one can build three elementary blocks (branches)
as. shown earlier (N < 5) with elements to spare. If fewer branches are
needed per device, one simulator can simultaneously simulate up to three
different types of equipment. Note that large capacitance values can be
involved when purely electrical means are used to simulate mechanical
effects, such as inertias (which cause large initial current peaks) .
Within each decade, for example in the R = 1 ohm to R = 10 ohm
resistor range, the discrete values that can be obtained are distributed
approximately uniformly on a logarithmic scale to provide uniform
sensitivity ( y\ R) /R. This minimizes deviations in network response
caused by rounding-off to make theoretically optimum values correspond
to those available.

Previous work has shown that for many devices a relatively good model
can be constructed with 12 parameters and that only little improvement
is gained by more complexity (i. e. , one has reached the point of
diminishing returns) . For a larger number of elements, the computa-
tion time needed by the search for the optimum becomes large with
correspondingly higher cost.
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TABLE 4-V

ELEMENT VALUE RANGES AND QUANTITIES

Element Range Quantity Chassis

Resistance 0.1 to 1 ohm
1 to 10 ohms
10 to 100 ohms
100 to IK ohms
IK to 10K ohms

1
2
3
1
1

Rl
Rl
R1/R2
R2
R2

Capacitance 0.1 to 1 microfarad 1
1 to 10 microfara.ds 1
10 to 100 microfarads 1
100 to 1000 microfarads* 1
1000 to 10,000 microfarads* 1

C
C
C
C
C

Indueatance 0.01 to 0.1 millihenry '
0.1 to 1 millihenry
1 to 10 millihenries
10 to 100 millihenries
100 to 1000 millihenries

1
1
3
1
1

LI
LI
LI
L2
L2

* For DC application only.
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Additional flexibility can be achieved by timed switching, i. e. , in certain
cases one particular network is used only during a fraction of the entire
simulation time, to be replaced by one or more others for the remaining
portion. The sketch of Figure 4-36 illustrates this scheme.

(Switching networks may simply mean switching some elements in a given
configuration, or else completely changing the topology) . In some appli-
cations (see the Phase 1 Report) there is good physical justification for
switching because the real device works in very distinct modes.

Since the models are linear, good agreement for one pair of signals will,
in principle, also provide good agreement for other pairs if the real de-
vices are also linear. Strongly non-linear devices may require several
models according to their mode of operation.

4. 4. 2 Model Optimization Criterions

The selection of a "best" set of component values as well as a "best"
topological configuration required definition of some criterion of goodness
of fit. Again using the admittance basis, let Y (t) be the admittance im-
pulse response of a candidate network. Then Y (t) is a function of all
component values or search parameters R, etc.

Y (t) = Y (t; Rk. Lk, Ck, Gk)

If i ( t ) , v (t) are the true current and voltage as recorded during the time
interval (to, tQ + T), the approximating current, ia ( t ) , is given (for zero
initial conditions) by the following:

and the current-error is



I
Network 1

I

r
£

Network 2

I
^initial < t < tswltch tswitch < fe< tfinal

FIGURE 4-36 Simplified Diagram Showing Timed Switching
Altering Model Topology Dynamically

•-T
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The following types of criterions can then be considered.

X.

T - I ' j TJl - T J

Jx ~ T

T

£ ;Tfc1 I .

These correspond, respectively, to mean absolute current error, mean
absolute power error, mean square current error, mean square power
error, mean square current derivative error, and mean square power
derivative error. All these criterions have been used with success in
previous work (Phase 1 Report). Note, too, that all of the preceding
criterions are of the time-averaging kind that produce smoother
criterions. Such criterions are relatively easy to deal with in the
optimization algorithms.

Point-type criterions such as

JL,
o

are often not smooth with respect to the component values (search
parameters) and present serious divergence problems in the optimiza-
tion algorithm. Therefore, the use of point-type criterions was not
considered for this program.
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Network synthesis theory indicates that a given network response may be
exactly or approximately realized by various configurations. Accordingly,
one expects an optimization difficulty in that there may be more than one
local optimum in many instances. This complicates the search for the
absolute optimum and may require using several starting guesses to
find the global optimum.

It should also be noted that the use of a timed switching approach amounts
to using time-dependent weighting-factors in the earlier expressions for
the criterion J,, etc.

The method used is as direct as possible since synthesis is done in the
time-domain where the specifications are prescribed.

The computer optimizations of several of the models revealed a need for
emphasizing certain aspects of a response more than others. To accomo-
date this, certain of the criterions identified above were provided with
weighting factors resulting in the criterions listed on Table 4-VI.

The weighting vectors W: and X: and the bia.s terms BJ.T and Be are inputs
which can be controlled by the user of the code. The measured response
of the real equipment is described by the current and voltage histories,
L,^ and V^, while the predicted current response of the simulator to the
imposed voltage, V^, is called 1 .̂.

The first criterion, JM}, is the weighted-biased root-mean-square (RMS)-
criterion for current while the second, JM2> is the corresponding criterion
for power. The third criterion, JDj, is the weighted-biased RMS criterion
for the current derivative, dl/dt while the fourth, JD2> is the corresponding
criterion for the power derivative d(I*V) /dt.

These four criterions allow various individual points to be given more
emphasis than other points. In some of the applications in this program,
the point representing the peak current was to be emphasized. This form
of the criterion allows any combination of points to be weighted. For
example, a final point could be emphasized, if an exceptionally good match
of the steady-state current were desired. Provisions are also made to
allow negative and positive errors to be weighted (biased) separately.
This is based on the expectation that it is better for the simulator to
draw more current than does the real equipment, if it cannot match the
real equipment.

There are reasons for expecting that simulation criterions that include
the time rate of change of current or power may be useful in the future.
Criterions for these derivatives are included in the original 8 and weighted-
biased, RMS criterions for these derivatives are also included in the 4 new
criterions.
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TABLE 4-VI

WEIGHTED CRITERIONS

Current Magnitude

i

C,.r ('-0 lp^r<i|-/rJ) '«

t •« wOny'-l^l) •»
Power Magnitude

Current Derivative

Power Derivative

/. ( 1.0 IF
£4, s i

Is - °-
| -ir^l) is ̂  o.
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4. 4. 3 Model Synthesis

Using the model structures described in Paragraph 4.4. 1 as a basis, pre-
liminary models were identified for each of the selected equipments identi-
fied in Paragraph 4. 3. 1. These models, obtained by engineering judgment
based upon the time-domain response of each equipment to be modelled,
were then used as the starting point for the computer optimizations de-
scribed in Paragraph 4.5. These preliminary models are shown in
Figures 4-37 through 4-41 along with tables of initial values for the model
elements.
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Branch 1

R

L.

Branch 1

R (ohms)

L (H) 0.358

FIGURE 4-38 Initial Estimate Model for Heat Exchanger
Valve, Run 6B
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Branch 1

R

G

R (ohms)

L (H)

C (f)

G (I/ohms)

1/G (ohms)

Branch 1

0.68

0.25 x 10

3.4 x 10

0.085

11.8

~3

~3

FIGURE 4-40 Initial Estimate Model for Apollo
Inverter, Run 9A
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Branch 1 Branch 2

R R

G G

Branch 1

2.78

1.47 x 10"3

3.8 x 10~3

0

oo

R (ohms)

L (H)

C (f)

G (I/ohms)

1/G (ohms)

Branch 2

1.11

132 x 10"

166 x 10

o.ooo 033

30 024

-6

FIGURE 4-41 Initial Estimate Model for VHF/AM Transceiver,
Run 11C
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4. 5 COMPUTER OPTIMIZATION

4. 5. 1 Program Description

As a means of quickly selecting model element values for each problem and
of evaluating the resulting responses, a computer operation is indicated.

The feasibility of using existing numerical optimization techniques to select
component values for dynamic load simulators was demonstrated in the
Phase 1 study. A program developed for the selection of decoy configura-
tions was adapted to select electrical component values for the examples
shown in the Phase 1 final report. This program, which operates on Avco's
IBM 360/75 digital computer, provided the foundation and structure for the
optimization software used during this phase. The major elements of the
program are outlined in Figure 4-42. The input requirements are shown
in the upper section, and the program itself is divided into analysis and
optimization modules.

The inputs to this program consist of an identification of the type of simula-
tion network and starting values (initial guess) for the network parameter.
Up to 20 parameters can be evaluated and/or optimized. The data describ-
ing the actual measured response of the equipment to be simulated serves
as an input to the program. The data acquisition and processing system
must supply this data in the form of time-history tables of current and
voltage in selected units and in selected punched card formats. The pro-
gram is formulated for up to 200 time points. The combinations of cri-
terions to be used to judge the adequacy of the simulation are identified
by input quantities. Also, any constraints on the calculated criterion
values or on the allowable ranges of the design parameters are provided
as input.

In those cases where the dynamic response is simulated in segments
(by switching between two or more networks) the optimization is per-
formed for each segment independent of the other segments. Inputs
are provided to identify the initial conditions for the present segment
(resulting from the final conditions of the previous segment) .

The analysis module: (1) calculates the transient behavior of the
simulator network, and (2) calculates comparisons of the calculated
response with the input data that describes the response of the system
to be simulated.

The optimization (or synthesis) module contains the logic and calcula-
tions required to determine those values of the network parameters
that will provide an acceptable or optimum simulation of the original
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INPUTS

A. Starting Design Parameters
and Network Class

B. Transient Response to be
Simulated

C. Restraints and Criteria
Selection

D. Allowable Ranges for
Design Parameters

I
ANALYSIS MODULE

A. Network Behavior

B. Criteria. Calculations

I
OPTIMIZATION LOGIC

A. Adjust Parameters to
Improve Design

B. Perform Stopping Tests

Optimum
Solution

No
Solution
Exists

Improved.
Design

FIGURE 4-42 Program for Obtaining Optimum Model
• Solution
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system.' By an iterative process the synthesis module organizes the
relationships between the values of the network parameters being tried
and the magnitude of the errors (mismatch) which result. From these
relationships, new design values that will improve the simulation are
selected and fed back into the analysis module.

The process normally converges upon those values of the network
parameters that minimize the selected criterions. If the problem is
over-constrained so that there is no acceptable solution, the program
identifies this result. The Davidon and Rosenbrock optimization tech-
niques described in Appendix B of the Phase 1 final report were re-
tained in this program. The Fibonacci optimizers are not appropriate
for this problem due to their limited number of variables and were not
retained in the program.

This optimization program is formulated with a model based on con-
tinuous values of the design parameters. After running the optimizer,
the user can round-off the optimum values to the nearest discrete values
available in the simulator. These rounded-off values can be evaluated,
if desired, by running the optimizer program in a mode such that it stops
after the first pass through the analysis module.

The output of the program summarizes the various trials along the way
to a solution, and detailed printouts of the optimization network behavior
are provided. This program differs from the one described in the Phase 1
study in that it was improved by providing the capability of working with the
element values directly instead of the time constants, and by adding the
capability of biasing the criterions (weighted criterions) to suit the particu-
lar characteristics of each waveform.

4. 5. 2 Optimization Results

Using as a starting point the preliminary models of Paragraph 4. 4. 3, the
optimization program described in Paragraph 4. 5. 1 was run on the Avco
360/75 digital computer to select optimum values for each of the model
elements. The response data for the five interrogated equipments se-
lected for modelling was provided in digital punched card form. One of
the equipments modelled—the Varo inverter, Run 8A--was treated as two
separate problems during the optimization studies. The response data for
this equipment shows a high initial current transient followed a period of
time later by a low-amplitude current transient. These two intervals
were treated separately and are identified as Run 8A1 and Run 8A2,
respectively.
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For optimization efforts, the last two points of the motor switch (Run 3C)
data and the first five points of the Varo inverter second event (Run 8A2)
data were deleted. These points are simulated by switching techniques
that are unnecessary to include in the optimization study.

It should be noted that the results and discussions that follow are the
calculated results determined by the optimization program and are not
representative of actual simulator performance. Simulator performance
evaluation is treated in Section 6.

For each device, numerical optimization techniques were applied using
Avco programs 2918 and 5010 to obtain an unconstrained continuous vari-
able optimum set of element values. Eight element values were optimized
for the motor switch (Run 3C) and the "ripple circuit" was held fixed during
the optimization. In those cases where the initial value of the parallel re-
sistor implied an open circuit, this was considered a part of the network
topology and the value of the parallel resistor was, therefore, not optimized.
Although the network for the Varo inverter included four branches, the
"ripple-circuit" branch was deleted from the optimization studies con-
sistent with the hardware limitation of three branches.

Two figures-of-merit were used in all of the optimizations. The early
optimizations used the average value of the square of the difference
between the measured current and the predicted values (Criterion J3).
The final optimizations--those described in Paragraph 4. 5. 2. 3--used
a weighted version of this criterion (Criterion JM1).

The results are presented for each of the five electrical devices in turn.
For each device, the results for the optimum solution, the nearest rounded-
off solution, and the optimum rounded-off solution are shown. The results
are shown in the form of a predicted simulator current response (connected
X's) compared with the measured response (unconnected O's) . A plot of
the difference between the simulated and measured response is also shown.
In all figures the current is in amperes and the time is in seconds. The
sign convention for the errors is that a positive error indicates that the
simulator is drawing more current than the original device. The errors
are in units of amperes.

4. 5. 2. 1 Initial Optimization Results

The element values obtained from the initial optimization study of each of
the six responses were unconstrained. That is, they were not limited to
those values available in the simulator. A summary of these initial values
is provided in Table 4-VII.
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Ĉ
0
C.

CO

rj
O

8̂f
o

m

O

c

OUD

0 0
rH rH
CT>
CO

in

1 1 1
000
rH rH rH

X X X

ON— J° ONin^o I*—
OUDO

rH rH CTl

CO CO CO
I I I
ooo
rH rH rH

X X X

OJ O O
rococo
rHViXM

t- vo
it +J rH
t- ^ CO
. O •

m

rH OJOO

£*
o
^H
f. O
MCO

rl Co 3
os

i m
CO

1 LT\
•

0

rH
O

rH

x

co i
VD CO 1 O
OJ in rH

O OJ OJ
rH

CO CO Jd-
1 1 1
O O O
rH rH rH

X X X
1

CO f̂  CO
OJ CO OJ
O~\ CO O

in t- j*

.=!- OJi i
0 0
rH . rH

X X

co

O OJCOVD
OJ O O rH

0 OJrH^t

O OJ VJO
:=f r-HOJ

-* o inro
OJ rHrH
f"—

rH

rH rH OJ CO

0

rH
at

^
rl

60 ' CD

§ tn
fi Vo pa > <
x<8 ceo
W H

•P 3 03
(jj OS ti CC
<i> cd
K >

i

<Tv
OJ

m

coi
o
rH

^

OJ

co

in
i
0
rH

^

VO
OJ
CO

m

t—
CO
CO

o

H

rl
0

rl
0
c
H «:

o\
o
H C
H 3
o ce
P.

i

in
o
, — I

X
e

ON 0
0 0,
co o
rH

t 1
o o
rH rH

X X

OU3
OU3
CO O

rH CO

coco
1 1
0 O
rH rH

X X

CO 0\

g£

I-H m

rH-=t

COrH

rH CO

rH OJ

0

.̂H
0
0
CO

§
fc 0
EH rH

i-H

9 c
p-t' p^s
^



1. Motor Switch, Run 3C (Initial)

The motor switch simulation was provided by a three-branch
network that can be switched off after 0. 0408 seconds. One
branch was used to provide the "ripple. " This branch was
held fixed while the other eight element values were optimized
to produce a minimum of the average value of the square of the
current error.

The simulation resulting from the optimized element values is
shown in Figure 4-43. The error plot shown in Figure 4-44
indicates that some of the ripples may be out of phase with the
original data; however, it does not appear that this phase rela-
tionship would be significant. .

2. Heat Exchanger Valve, Run 6B (Initial)

The initial results for the heat exchanger valve, Run 6B, were
obtained for a one-branch circuit having four elements. The
corresponding current response and current error plots are
shown in Figures 4-45 and 4-46, respectively.

3. Varo Inverter, Run 8A (Initial)

The primary network for the simulation of the Varo inverter,
Run 8A, consisted of a 4-element branch designed to simulate
the initial 40-ampere transient plus two branches added
(switched) later to simulate the secondary 3. 5-ampere transient.
The problem has been uncoupled so that the two parts of the net-
work can be optimized separately.

a. First Event - The current response of the branch designed
for the first event is shown in Figure 4-47, and the current
error plot is shown in Figure 4-48.

b. Second Event - The current response of the network
(2 branches) designed to provide the second event is shown
in Figure 4-49, and the corresponding error plot is shown
in Figure 4-50..
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CASE 4.0 L- 0 H« 0 N« 3

o *

FIGURE 4-43 Simulation of Motor Switch, Run 3C, Using
Optimized Element Values



CASE 4.0 L= 0 M= 0 N» 3

O.O2OO 0.040O

TIHE, .sec..

FIGURE 4-44 Current Errors for Motor Switch, Run 3C, Using
Optimized. Element Values
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CASE 5.0 L« 0 H> 0 N* 1
o.ioo

o.ioo

0!at
u

o.o

•o.ioo

-0.200
O.O O.OO30 O.OO4O O.OOOO O.OOOO O.O1OO O.01IO O.OI40 0.01*0 0.0110 O.OJOO

TIME

FIGURE 4-45 Simulation of Heat Exchanger Valve, Run 6B,
Using Optimized Element Values
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CASE 9.0 L» 0 M« 0 N= 1
O.JOO

0.0

•Ul

O.O O.OOIO O.OO4O O.OOCO O.OO«O 0.010O O.01JO O.0140 0.0140 0.01(0 0.0200

TIHE

FIGURE 4-46 Current Errors for Heat Exchanger Valve, Run 6B,
Using Optimized Element Values
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CASE 3.0 L= 0 H* 0 N= 1

ft
at

O.O 0.00 JO O.OO4O O.OOVO O.OOtO O.OIOO 0.0110 O.OMO 0.01*0

TIME

FIGURE 4-47 Simulation of Varo Inverter, First Event,
Run 8A1, Using Optimized Element Values
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C/SSE 3.0 0 M» 0 N= 1

N
U)

O.O 0.0020 0.0040 O.OO«0 O.OOtO 0.0100 0.0120 0.0140 O . O K O

TIHE

FIGURE 4-48 Current Errors for Varo'Inverter, First Event,
Run 8A1, Using Optimized Element Values
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CASE 1.0 L= 1 M= 1 N= 1

2.1

O

e.e

TIME

FIGURE 4-49 Simulation of Varo Inverter, Second Event,
Run 8A2., Using Optimized Element Values
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CASE 1.0 L= 1 H- 1 N= 1

H
U 0.0

TIHE

FIGURE 4-50 Current Errors for Varo Inverter., Second. Event,
Run 8A2, Using Optimized Element Values
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4. Apollo Inverter, Run 9A (Initial)

A single four-element branch was used to simulate the Apollo
inverter (Run 9A). The current response for this initial model
is shown in Figure 4-51 with the corresponding error plot shown
in Figure 4-52.

5. VHF/AM Transceiver, Run 11C (Initial)

The network topology used to simulate the VHF/AM transceiver
consisted of two branches. One branch had four elements, and
the other had three (no parallel resistor). The optimum values
produced the simulation shown in Figure 4-53. The error plot
is shown in Figure 4-54.

4. 5. 2. 2 Nearest Rounded-Off Value Results

The optimization studies described in Paragraph 4. 5.2. 1 assumed an un-
constrained element value inventory. In order to evaluate the results
using a limited inventory, each of the values determined in Para-
graph 4.5.2. 1 was rounded off (either up or down) to the nearest discrete
value available in the simulator. The nominal element values used are
identified in Table 4-VIII. The predicted responses are provided in
Figures 4-55 through 4-66.

4. 5. 2. 3 Optimum Rounded-Off Value Results

In an attempt to improve on the results obtained by rounding off each ele-
ment value to the nearest available discrete value, the optimization was
repeated. This time each element was rounded off to both the next higher
and next lower value and a comparison made of the resulting responses.
A selection was then made of the optimum combination. For example,
in the case of the motor switch (Run 3C), rounding-off the elements as
described in Paragraph 4.5.2.2 resulted in an increase in the response
current level. Therefore, in an attempt to improve the response, each
of the elements was varied both up and down to the nearest discrete value.
The ripple circuit branch was held constant for this exercise since it does
not contribute to the average current level. Thus, 7 elements remained
to be varied. Since each element can be varied either up or down from
the initial value, there are 2 , or 256, combinations to be tried. All
256 models were evaluated and the one producing the smallest RMS
current error was selected.
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CASE 2.0 L« 0 M= 2 N* 0

FIGURE 4-51 Simulation of Apollo Inverter, Run 9A, Using
Optimized Element Values
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CASE 2.0 L= 0 M« 2 Ns 0

0.0110 0.0140

FIGURE 4-52 Current Errors for Apollo Inverter, Run 9A,
Using Optimized Element Values
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CASE 4.0 L» 0 M= 0 N= 2

0.010O O.02OO

TIME

FIGURE 4-53 Simulation of VHF/AM Transceiver, Run 11C,
Using Optimized. Element Values
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CASE 4.0 L= 0 M* 0 N= 2

e.e

TIME

FIGURE 4-54 Current Errors for VHP/AM Transceiver, Run 11C,
Using Optimized Element Values
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CASE 5.0 L= 0 M» 0 N= 3

z
Ul

u 4

e.o

TIME

FIGURE 4-55 Simulation of Motor Switch, Run 3C, Using
Rounded Element. Values
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CASE 5.0 L= 0 M- 0 N= 3

i
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FIGURE 4-56 Current Errors for Motor Switch, Run 3C, Using
Rounded Element Values
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CASE 6.0 L= 0 M= 0 N= 1

o.e
aa:
u

0.0020 0.004O O.OO«O 0.00(0 O.010O 0.0120 0.0140 O.OItO 0.0190

TIME

FIGURE 4-57 Simulation of Heat Exchanger Valve, Run 6B, Using
Pour Rounded Element Values
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CASE 6.0 L= 0 M= 0 N= 1

o.o

a
u

O.O 0.0020 O.O040 O.OO40 O.00*0 0.0100 O . O 1 J O 0.0140 O . O K O 0 .01(0 O . O J O C

TIHE

FIGURE 4-58 Current Errors for Heat Exchanger Valve, Run 6B,
Using Four Rounded. Element Values
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CASE 4.1 L* 0 M= 0 N= 1

0.0 O.OIOO O.OIJO 0.0140 0.01*0

FIGURE 4-59 Simulation of Va.ro Inverter, First Event, Run 8A1,
Using .Rounded Element Values
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CASE 4.1 L* 0 H- 0 N= 1

2.0

1.0

•Ul

C.O O.OO10 O.OO4O O.OO4O O.OOtO O.OIOO O.01JO 0.0140 0.01*0

TIME

FIGURE 4-60 Current Errors for• Varo Inverter, First Event,,
Run 8A1, Using Rounded, Element Values
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CASE 2.0 L= 1 M= 1 N= 1

1.4

TIME

FIGURE 4-61 Simulation of Va.ro Inverter, Second. Event, Run 8A2,
Using Rounded Element Values
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CASE 2.0 L- 1 M= 1 N= 1

0.4O

O.JO

0.0

O.JO

0.0

TIME

FIGURE 4-62 Current Errors for Varo Inverter, Second Event,
Run 8A2, Using Rounded Element Values
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.e

CASE 2.0 L= 0 M= 0 N- 1

ec.
u

0.01*0

FIGURE 4-63 Simulation of Apollo Inverter, Run 9A, Using
Rounded Element Values
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CASE 2.0 L= 0 H= 0 N= 1

e.e

FIGURE 4-64 Current Errors for Apollo Inverter, Run 9A,
Using Rounded. Element Values
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CASE 6.0 L= 0 H« 0 N« 2

14

10

0.0100 O.O2OO

T1HE

0.0(00

FIGURE 4-65 Simulation of VHF/AM Transceiver, Run 11C, Using
Rounded. Element Values
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CASE 6.0 L« 0 H» 0 N» 2

-4.0

TIME

FIGURE 4-66 Current Errors for VHF/AM Transceiver, Run 11C,
Using Rounded Element Values
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Similar studies were carried out in each case to select the optimum
rounded-off values for each response curve. These values are identified
in Table 4-IX and the responses are shown in Figures 4-67 through 4-72.
During these exercises an additional branch was included in the models
for Runs 6B and 9A to provide greater accuracy in these responses. In
Figure 4-68 (Run 6B), the response is shown on a different time scale
from the corresponding earlier traces. In evaluating the predicted re-
sponse of each model, subjective judgment was used to select the "best"
model. This judgment was biased toward emphasizing those characteris-
tics of the response considered most significant to a power system. Thus,
for example, peak current was judged more important than high-frequency
ripple. Model selections reflect this bias.

In those cases in which the model response and original equipment
response were not identical, the emphasis was placed upon providing
worst-case transient behavior. That is, the model should provide a
response equal to or slightly more severe than that of the interrogated
equipment.
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CURRENT SIHULATION FOR HOTORSVITCH. 3C

w*

£
I --

TINE. T. SECONDS

FIGURE 4-6? Current Simulation for Motor Switch, Run 3C
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CURRENT SIMULATION FOR INITIAL HEAT EXCHANGER. 6B1
0.40

e.te

V*

Xr

-O.M

-o.»o

••• O.COOTC e.eeo«o o. O.OOOOO O.OOIOO O.OOltO O.OO140 0.001*0 0.001*0 O.'

TIME. T. SECONDS

O.OOltO

FIGURE 4-68 .Current Simulation for Initial Heat Exchanger
Valve, Run 6B1
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CURRENT SINULATION FOR VARO INVERTER. 8A1

O.OOTO O.OIOO 0.01IO • 0.0140 O.OIIO

TIME. T. SECONDS

FIGURE 4-69 Current Simulation for Varo Inverter, First.
Event, Run 8A1
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CURRENT SIMULATION FOR VARO INVERTER. 0A2

*•«! 1—1

FIGURE 4-70 Current Simulation for Varo Inverter, Second
Event, Run 8A2 ' '
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CURRENT SIMULATION FOR APOLLO INVERTER. 9A

o.oo«o 0.00*0 o.oo»o

TINE. T. SECONDS

o.oioo o.oiao o.oi«o

FIGURE 4-71 Current Simulation for Apollo Inverter, Run 9A
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CURRENT SIMULATION FOR VHP/AN TRANSCEIVER. 11C

FIGURE 4-72 Current Simulation for VHP/AM Transceiver,,
Run 11C
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5. SIMULATOR DESIGN

The overriding principle in designing and developing the simulation hardware
was to provide: (1) an engineering tool for demonstrating the feasibility and
usefulness of such devices, and (2) a test bed for evaluating and improving
the techniques employed.
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5. 1 DESIGN REQUIREMENTS

As a first step in the development of the dynamic load simulation hardware,
a preliminary set of design requirements was established. These require-
ments, included in the third monthly progress report, guided design efforts.

,*"
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5.2 DESCRIPTION

The dynamic load simulator (DLS) developed during this program provides
two different and independent means for simulating the dynamic and steady-
state response of electrical loads on power lines. These two means are:

1. Model

A variable topology network consisting of discretely variable resistors,
inductors, and capacitors. The network topology and element values
are selected to provide the same time-domain response as the original
equipment.

2. Variable R

A two-port electrical network whose input resistance at one port is
controlled by a signal applied to the second port. For simulation,
the control signal is made an analog of the current/voltage ratio on
the power lines of the equipment to be simulated.

Both the model and the variable R are designed for operation at the same
voltage and power levels as the equipment they are simulating.

A simplified block diagram of the DLS is shown in Figure 5-1. The model
and variable R are discussed in the following sections.

5.2.1 Model

The DLS model is a 3-branch electrical network consisting of resistors,
capacitors, and inductors arranged such that the branch topology and element
values are discretely variable. A simplified block diagram of the model is
shown in Figure 5-2. A front panel view of the model is provided in Figure 5-3.

The model is designed for simulation of equipment with the following input
power characteristics:

Voltage - 100 to 130 VRMS, 60 or 400 Hz, 1 phase
20 to 60 VDC

Current - Up to 8 amperes continuous
Up to 50 amperes peak for up to 100 milliseconds duration

Power - Up to 250 watts continuous
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MODEL

n
MODE

BRANCH

R2

MODE

NCfff

FIGURE 5-3 Front View of Model Panel
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5.2. 1. 1 Branches

Each branch of.the model consists of the combination of elements shown in
Figure 5-4. By means of switching, each of the elements of the branch may-
be made open or zero, thus providing one means of altering branch topology.
The elements are located remote from the model and are connected into the
model by front panel switching.

The branch topology may also be varied by means of mode, switches located on
the front panel. Table 5-1 identifies the available modes and provides a
tabulation of their features. In general, there are 3 basic modes of oper-
ation, each of which results in a change to the branch topology shown in
Figure 5-4. For example, mode 2 shorts out the resistor/capacitor parallel
network and provides a series R, L. circuit. Mode 3 opens R2 and results '
in a series R, L, C network. Mode 4 provides all 4 elements in the con-
figuration shown in Figure 5-4.

Modes 5, 6, and 7 are identical to modes 2, 3, and 4, respectively, except
the entire branch is open until a, preset time when the Kl relay is operated.
Modes 8, 9, and 10 are identical to modes 2, 3, and 4, respectively, except
the entire branch is closed until a preset time when the Kl relay is released.

In Mode 1, the branch remains open throughout the operation.

Interconnection of the branches with the elements is accomplished by front
panel switching. Figure 5-5 is an interconnecting diagram showing the
interconnection of the branches with the element decades.

Interconnection of the branches with one another is accomplished by jumpers
on the model front panel.

Each branch is equipped with a conventional meter shunt in series with the
branch in the return leg. The shunt is a standard 100 millivolt/10 ampere
unit. The sense leads for the shunt are brought outto appropriate con-
nectors on the interface panel to provide convenient means for monitoring
the branch current.

5.2.1.2 Elements

A total of twenty element decades are provided for connection into the model.
These decades are identified in Table 5-II.
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Kl

Rl

K3

R2

FIGURE 5-4 Model Branch Schematic Showing
Mode Switching
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MODE SWITCH
POSITION

TABLE 5-1

MODE SWITCH MATRIX

Kl K2 K3 BRANCH
CONFIGURATION

1 0

2 C

3 C

4 . C

5* C

6* C

7* C

8** c

-9** c

"10** -c

1.1

12

_

C

0 0

c o
c

0 0

C 0 .

c
o • o
C 0

No Branch

A Fixed.

B Fixed

C Fixed.

A Kl N/0

B Kl N/0

C Kl N/0

A Kl N/C

B Kl N/C

C Kl N/C

Not Used.

Not Used.

* Same as corresponding fixed configuration except Kl closes
at pre-selected time.

** Same as corresponding fixed, configuration except Kl opens
at pre-selected. time.

Configurations:

A

B

c

— 1( —
WSAAA

5-9



r

FVff£

(*U»

i ' p. iiin'."j;^'^t'tJUii'Jlitii5 [3Ti ..L_i ij i

V" M

I I

FIGURE 5-5 Model Interconnecting Diagram
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TABLE 5-II

MODEL ELEMENT RANGES AND QUANTITIES

Element

Resistance

Range

0.1 to 1 ohm
1 to 10 ohms
10 to 100 ohms
100 to IK ohms
IK to 10K ohms

Quantity

1
2
3
1.
1

Chassis

Rl
Rl

R2
R2

Capacitance 0.1 to 1 microfarad
1 to 10 microfarads
10 to 100 microfarads
100 to 1000 microfards*
1000 to 10,000 microfarads*

1
1
1
1
1

C
c
C
c
c

Inductance 0.01 to 0.1 millihenry
0.1 to 1 millihenry
1 to 10 millihenries
10 to 100 millihenries
100 to 1000 millihenries

1
1
3
1
1

LI
LI
LI
L2
L2

* For DC application only.
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' Each decade provides 11 element values in a pseudo-logarithmic scale.
Thus, the values available within each decade are 1, 1.2, 1. 5, 2, 2. 5,
3, 3. 5, 4, 6.2, 8, and 10 multiplied by a power of 10.

-^ The elements are located in 5 chassis.

Element stress ratings were selected consistent with the voltage, current,
and power operating range of the simulator.

Resistors;—All resistors are provided in the 2 resistor chassis
(Rl and R2). A front view of resistor chassis Rl is shown in
Figure 5-6 and front view of resistor chassis R2 is shown in
Figure 5-7.

A schematic of the two resistor chassis is provided in Figure 5-8.

Power dissipation was calculated on the basis of I R or V /R with a
maximum current of 8 amperes and a maximum power of 250 watts.
The power rating for each resistor value is shown in Table 5-III.
The calculated ratings are for ambient conditions with no air

1 circulation. The console is equipped with a blower thus providing
margin additional to that shown in the derating column of the table.

Capacitors:—All capacitors are provided in the capacitor chassis,
a front view of which is provided in Figure 5-9.

A schematic of capacitor decades 1, 2, and 3 is provided in
Figure 5-10 and a schematic of decades 4 and 5 is provided in
Figure 5-11.

All capacitors are derated at least 100% in voltage. In addition, the
capacitors used for AC applications (Decades 1, 2, and 3) were
selected on the basis of a maximum current of 3 amperes RMS and a
maximum of 20 volt-amperes per square inch of surface area.

Protection against reverse voltage application to the electrolytic
capacitors (decades 4 and 5) is provided by two diodes (Dl and D2)
located in the model chassis. In addition, the polarity sense
circuits will open all branches upon sensing reverse voltage application
to these decades.

Inductors; - -The inductors are provided in two chassis, L.1 and L2.
A front view of LI is shown in Figure 5-12. Chassis L2 also houses
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TABLE 5-III

RESISTOR POWER RATINGS

Resistance

ohms

Calculated
Dissipation

watts

Resistor
Rating

watts

Derating

percent

0.1
0.2
0.3
0.4

1
2
3
4

10
20
30
40

100
200
300
4oo

1000
2000
3000
4ooo

6.4
12.8
19.2
25.6

64
128
192
250

250
250
250
250

144
80
48
40

17
8.5
6
4

50
50
50
100

100
225

450
450
450
450
360

225
200
75
100

50
50
50
50

100
100
100
100

36
42
41
44

44
44
44
31
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36
100

100
100
100
100
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the 28-volt DC power supply and the console circuit breaker.
A front view of this chassis is shown in Figure 5-13. A schematic
of the inductor chassis is provided in Figure 5-14.

All inductors are rated at 8 amperes RMS and 130 volts RMS except
for the 0. 1 to 1 henry inductor which is rated at 4 amperes RMS.
In order not to degrade the frequency response of the inductors,
no additional safety factor was included in the inductor ratings.

As a means of monitoring the use of the element inventory, each element
decade provides a lamp indication when that decade has been connected
into a branch. In addition, if an element is connected into more than one
branch location, the lamp will light with increased intensity. The lamps
are operated by the console 28-volt power supply through dropping resistors.
The dropping resistors are mounted on a single board installed on one of
the two side supports of the model chassis. A schematic diagram showing
the decade lamp •wiring for the resistor decades is shown in Figure 5-15.
The lamp wiring for the capacitor and inductor chassis is similar.

5.2.1.3 Interface

Except for interconnection of the branches which is accomplished at the
model front panel, all access to the model is through the interface panel
located at the rear of the console. Figure 5-16 is a front view of the inter-
face panel.

A schematic diagram of the interface panel is provided in Figure 5-17.

5. 2. 1.4 Controls

The model provided in the model DLS 1000 Dynamic Load Simulator is
manually operated. Control of the model is accomplished by appropriate
operation of the switches and interconnection with the connectors and bind-
ing posts. All switches and connectors are conservatively rated for their
application in the model. , All manual branch switches and element switches
are rated at 10 amperes per contact and two decks are used in parallel
in each application. The connectors are either standard MS rated at 20
amperes per pin or 5-way binding posts rated at 30 amperes.

5. 2. 1.4. 1 Timer

In addition to the manual controls, the model also makes use of a preset
interval timer for altering the model branch topology dynamically. The
timer is a Model 5301 Preset Interval Timer manufactured by Electronic
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FIGURE 5-15 -Resistor Decade Monitor Light Schematic
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Counters Incorporated. See Figure 5-18 for a front panel view of the timer.
The timer provides four independent output channels each of which may be
set to operate at 000 to 1. 999 seconds (in 1 millisecond increments) follow-
ing application of a start signal common to all four channels.

5.2.1.4.2 Control Electronics

The control electronics of the model provides various control functions as
described below. The control electronics are in several locations in the
model chassis. The model control electronics subassembly is located at
the rear of the chassis and is connected into the model by P19. The mode
control circuit boards are located on both side supports of the model
chassis and are hardwired into the model.

5.2. 1.4.2. 1 Control Electronics Subassembly

The control electronics subassembly provides the following functions.
A schematic diagram is provided in Figure 5-19.

START;--The START circuit provides a positive voltage pulse
for initiation of the preset timer. The START circuit obtains
a sense voltage by connection to the SENSE connector of the
branch selected to provide the start signal. Thus, when voltage
is applied to the branch, it is detected by the START circuit
which generates a start signal for the timer.

Reset;- - The RESET circuit provides a positive voltage pulse
for resetting the preset timer to zero. The RESET circuit also
resets the Polarity Sense circuit and resets the model branch
to the topology set by the front panel switches and patching.
This feature is necessary following a simulator operation in any
one of modes 5, 6, 7, 8, 9, or 10. And, finally, the RESET
circuit applies a low resistance across the capacitor (C) switch
of each branch to discharge all capacitors connected into the model.

Total reset time is set for approximately four seconds to permit
complete discharge of the model capacitors.

The Branch Disconnect lamp will light during the reset operation.

Polarity Sense;--A polarity sense circuit is provided for each
branch to protect the electrolytic capacitors (capacitor decades 4
and 5) against reverse voltage application. A monitor is applied
to the polarity sense circuit for each branch from the Kl relay
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; - . . . - ; • FIGURE 5-19. Model. Contro'l Electronics Sub assembly .Schematic
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of the same branch. The return for the sense circuit is to the
low side of the capacitor discharge circuit (lower end of branch).
Thus, if reverse voltage is applied to the model while either of
the electrolytic capacitor decades is being used, the polarity
sense circuit will operate and provide an output to the branch
disconnect circuit which, in turn, will open the Kl relay of all
three branches.

Branch Disconnect:-~ The branch disconnect circuit is activated
manually by operation of the BRANCH DISCONNECT switch or
RESET switch or, automatically, by output from the polarity sense
circuit. The branch disconnect circuit opens relay Kl in each
branch and illuminates the BRANCH DISCONNECT lamp.

5.2.1.4.2.2 Mode Control

The branch mode relays are a part of and are operated by the mode control
circuit in each branch. A schematic diagram of the mode control circuit
is provided in Figure 5-20. Three of these circuits are provided--one for
each branch.

5.2.2 Variable R

The dynamic load simulator variable R is an electronic circuit whose output
resistance can be made to vary as a function of a control voltage, as depicted
in the simplified block diagram shown on Figure 5-21.

The variable R can be used to simulate equipment response to application of
voltage by first interrogating the equipment and computing the input current/
voltage ratio and then using this ratio (conductance analog) as the control
signal.

The variable R will respond to control signals over a frequency range of
DC to 10 KHz at current levels as high as 8 amperes continuous. The vari-
able R delivered as part of the dynamic load simulator may be operated at
positive, non-zero-crossing voltage inputs of 20 to 60 volts. The maximum
power dissipation is 250 watts continuous.

Figure 5-22 shows the block diagram of the variable R electronics.
The following description is based on this block diagram and the
schematic, Figure 5-23. The isolation block in Figure 5-22 is
obtained by two operational amplifier stages, Al and A2 of the
schematic. The two inputs are into inverting amplifier stages.
Al inverts the signal on the + input and then the signal is summed
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1.1

into the A2 amplifier stage giving unity gain for the differential
signal, Vc , and rejection of the common mode signals (signal
from circuit ground to the + and to the - inputs) based mainly on
the resistor matching.

The Vs conditioning block is a voltage divider the output of which
is buffered by the A3 amplifier to drive the Y input of the multi-
plier. This feature makes the variable R load current (Ig) sensi-
tive to load voltage (Vs ) changes, and, therefore, provides a true
variable resistance. The multiplier output is proportional to the
product of the X and Y inputs and provides the drive to the parallel
current sources. The current sources are shown in the schematic
with inputs at pin 3 of A4 and A5. One current source consists of
the A4 operational amplifier, Ql, Q3, Q4, Q7 and Q8, Diode Dl,
and Resistors Rll through R18. The other is an identical current
source circuit.

The input at pin 3 forces a corresponding signal at pin 2 by oper-
ational amplifier action, since the differential input (pin 2 to pin 3)
must be zero ideally. The resistive divider Rll and R12 require
that the voltage across R17 be (R12 + R11)/R11 times the input
signal. This sets the emitter current of the Darlington stage
transistors and forces the collector current (approximately equal
to the emitter current) to flow, thus forming a voltage-inpub-
controlled current source. The current source is unipolar and
diode Dl protects against negative input signals.

The other current source with A5 input and similar circuitry
operates similarly. The two current sources are summed pro-
viding a current flow proportional to the control voltage, Vc,
and the source voltage, Vg . .

Transfer Characteristic

The source current, Is, is given by the following equation in
terms of the schematic, Figure 5-23, designations.
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where kj is the multiplier constant = 1/10 and G} is the gain of
the A1-A2 isolation stage. Substituting unity gain for Gj, 1/10
for kj and assuming matching values of R17-R24, R12-R26, and
R11-R28, a simplified expression is as follows:

substituting values

/3QK-HOK\_L / 10K u/ w

/OK ' 5 C
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gives the general simplified equation:

2.0

which is the simplified expression of the transfer characteristic.
Therefore for a constant Vg of 20 volts the expression is Ig = Vc

Likewise, for V8 = 40 volts, Is = 2 Vc , and for Vg = 60 volts,
I S = 3 V C .

The equation for Rg is, therefore:

3.0
I

Vc

The circuitry is designed for a 0 to 10V range for Vc .

Leakage Current

Operational amplifier A6 is employed as a comparator with pin 2
input'set for approximately 15 millivolts. As the control signal
at the multiplier input exceeds the 15 mv the amplifier output
swings positive turning on transistor Q12 and relay Kl, thus
closing the contacts K1A and K1B on Vg .
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Relay Kl is off for signals below 15 mv and lamp LP2 is ON for
this condition, since it is operated by the normally closed con-
tact K1C. This provides a 10 iJt.a maximum leakage at Vs for
zero or control signals up to approximately 15mv.

For those cases where operation of the unit requires a step input
starting from a zero-current level, an override feature has been
provided to maintain the relay in a closed condition. This may
be accomplished by either: (1) operation of the OVERRIDE
switch located at the rear of the unit, or (2) jumpering pins E
and H of connector J2, also located at the rear of the unit.

Overvoltage Protection

An overvoltage protection is provided by D6 and Q13 which senses
the overvoltage and shunts the drive from A6 to the relay driver,
Q12. Therefore, for control signals under 15mv or an over-
voltage condition,the amber lamp, LP2, is on as an indicator.

Power Overload Protection

Multiplier M2 performs a product function whereby Is and Vg are
sensed and used to drive M2, giving an output proportional to the
output power (Vg x Is). The M2 output is used to drive a threshold
detector to limit the drive to the current sources. Therefore any
Vg x Is product equal to the threshold value will prevent further
drive to the current sources and,therefore,limit power. The power
limit is set at approximately 250 watts.

An identical threshold circuit is used to drive lamp LP3 for a
power overload indication.

Reverse Polarity Protection for Vs

Diode D3 is placed in the Vs input line to prevent damage for a
reversed Vg polarity. .

Current Monitor

Amplifiers A7 and A8 form a summing amplifier, and an inverter
and buffer amplifier for an output proportional to the Ig current.
The scaling is 1 volt/ampere for simplicity of conversion. The
output is a direct representation of the current waveform and has
sufficient bandwidth and slewing rate to accurately follow the
current waveform.
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Power Supply

The power supply is a commercially available unit which provides
unregulated ±28V for relay and light supplies and a regulated ±15
volts at 300ma capability. Fuzing and short circuit protection
are provided.

The supply line and load regulation are specified at 0.05% for 10%
line variation, and no load to full load, respectively.

Test Mode

Switch 2 is a 4PDT switch employed for testing the performance
of the variable R from a 28V source which is available in the test
console. Thus, operation can be checked without applying an
external source voltage, Vs . In the ON position the REMOTE
connector and the LOAD (OUTPUT) binding posts are connected to
the variable R output stage.. In the TEST position 28 volts is
applied to the variable R output stage through the rear connector.

Figure 5-24 is a front view of the variable R assembly. Figure 5-25 is a
top view of the assembly showing the power supply, Kl relay, and elec-
tronics subassembly with the housing removed to show the heat sink and the
circuit boards.

As shown in Figure 5-25, the unit contains a blower assembly, thus making
the variable R self-sufficient.

5.2.3 Dynamic Load Simulator Assembly

As described in 5. 1.2. 1, the DLS consists of two separate and independent
means of providing dynamic simulation, a model and a variable R. Both of
these items are housed in a single upright console identified as Dynamic
Load Simulator Model DLS 1000.

Figure 5-26 is an interconnecting diagram showing the interconnection of
all chassis of the DLS. Figure 5-27 is a front view of the DLS. Figure 5-28
is a rear view of the DLS.

j
The DLS requires 115 volts rms, 60 Hz, single-phase power for its operation.
A three-wire cable is provided with the console for connection to a suitable
power source. Console power is controlled by a 15-ampere circuit breaker
located on the bottom inductor chassis in series with the 'high' side of the
primary power line. The POWER ON indicator lamp, located just above
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FIGURE 5-26 Dynamic Load Simulator Interconnecting Diagram
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FIGURE 5-27 Dynamic Load Simulator, Model DLS 1000,, Front View



FIGURE 5-28 Dynamic Load Simulator, Model DLS 1000, Rear View
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the circuit breaker, is operated by the console 28-volt DC power supply and
indicates when primary power is applied. Figure 5-29 provides a schematic
diagram of the power distribution.

A blower unit equipped with a removable air filter and located on the front
of the console provides cooling for the resistor loads. The air is exhausted
through the top of the DLS console.

A grounding stud, located directly below the primary power connector on the
side of the console, provides a convenient tie point for connecting the console
to instrumentation ground.

5.2.4 Operating and Maintenance Manual

Also provided as part of this program is a Dynamic Load Simulator, Model
DLS 1000, Operating and Maintenance Manual. This manual describes the
DLS, and provides operating instructions, safety precautions, maintenance
instructions, and all necessary diagrams and wire lists.
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6. SIMULATOR EVALUATION

Tests were conducted on the dynamic load simulator (both model and vari-
able R) to evaluate certain operating characteristics and, for selected
items, to compare the response of the simulator with that of the original
equipment.

It is important to note, in the equipment comparisons, that the equipments
interrogated at MSG were operated by different power supplies and were
interconnected by different wire sizes and lengths than those used for the
simulator tests at Avco. The DC power supply used at Avco, in particular,
was "softer" than the supply at MSC. Accordingly, this voltage regulation
difference resulted in differences in the response waveforms.

As mentioned in Paragraph 4.2. 1, the computer plots of the original data
(rather than the oscillograph records) were used in comparing the interro-
gation data with actual equipment response. To compare simulator re-
sponse with the original oscillograph records of the interrogation data,
refer to Figure 4-1 through 4-17.
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6.1 MODEL EVALUATION

Testing of the model consisted of verification of control operation and
wiring integrity; measurements of all element decade values to establish
the actual values available; and.measurement of the resistance inherent
in the wiring, switches, connectors, etc. in each branch. In addition,
the model's ability to simulate equipment response was demonstrated for
five items of spacecraft equipment.

6.1.1 Basic Operation Evaluation
f

The actual value of each element decade setting was measured to determine
the element values available in the simulator. These measurements were
made at the cable connector on each chassis, therefore they are low by the
value of resistance, capacitance, and inductance inherent in the wiring
within the model chassis between the connectors and the branch element
locations. The resistance of this wiring is approximately 0.050 ohm.
The inductance and capacitance values are too low to have an effect on the
element values recorded. In the case of the low resistance decade (0.1
to 1 ohm), this additional 0.050 ohm should be added to the values tabulated
to arrive at the actual values available at the branch location.

Table 6-1 provides a tabulation of the resistance values of the two resistor
chassis as measured at the P4 and P5 connectors.

Table 6-n provides a tabulation of the capacitance values of the capacitor
chassis as measured at the PI connector.

Table 6-HE provides a tabulation of the inductance values of the two inductor
chassis as measured at the P2 and P3 connectors.

A tabulation of the series resistance of the inductor elements is provided
in Table 6-IV for each inductance value setting.

The inherent resistance of each branch between (*) and (-) interface
terminals (with all branch switches in the shorted position, Position 11,
and all mode switches in Position 2) is as follows. These values include
the shunt resistance of 0.01 ohms, nominal. •

Branch Resistance (in ohms)

1 0,10
2 0.11
3 . 0.11
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The response time of the branch Kl relays was measured to permit suitable
correction to be made when operating in any dynamic mode (Modes 5
through 10). The response times were determined to be:

Kl Closure. Time 0.010 seconds
Kl Opening Time 0.030 seconds

The response time is defined in this case as the time from initial applica-
tion of load voltage to the interface to the time the Kl operating contacts
open or close.

6.1.2 Demonstration of Model Simulation Capability

As described in Paragraph 4.3, five items of spacecraft equipment that
were interrogated at MSC were selected for simulation by the model. The
interrogation data was processed as described in Paragraph 4.5 and the
resultant data used as input to the model. This data identifies the model
topology and element values necessary for achieving the desired time-
domain response for each item of equipment to be simulated. Using this
data, the model was then set up, by suitable patching and switching, for
each of the five items in turn. Table 6-V tabulates the model set-up data
for each equipment. The Branch 3 inductance value for Run 8 was inad-
vertently transcribed as 0.050 millihenries instead of 50 millihenries from
Table 4 - IX . This incorrect value was used throughout the evaluation.

The power source in each case was adjusted to provide the voltage level
corresponding to that used during interrogation.

The DC voltage source used at Avco did not exhibit the same regulation
characteristics as that used at MSC. Also, the interconnecting wire size,
length, and routing were not identical. These differences resulted in some
difference in the observed current amplitudes.

In the case of the AC load (heat exchanger valve, Run 6B) the responses
are difficult to compare since the transient current depends upon the line
voltage at the instant the switch is closed. No attempt was made to sense
the AC line voltage and close the switch at the same point on this waveform
for each simulation. Therefore, although it can be seen that the transient
interval and frequency of the simulator response is similar to those
observed in the original interrogation, a direct point-by-point comparison
is not made with the same facility as those made in the cases of the DC-
operated equipments.

4C . ' '
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In order to account for the effects of the supply voltage regulation differ-
ences and the differences between the nominal and actual element values,
three different evaluations were made.

1. Comparison of model response with interrogation data.

2. Comparison of model response with computer-predicted response
using nominal element values and Avco voltage history .

3. Comparison of model response with computer-predicted response
using measured element values** and Avco voltage history.

6.1.2.1 First Comparison

The first comparison shows the effect of the different power sources used
in obtaining the two sets of data. These comparisons are shown graphically
in Figures 6-1 through 6-12. The figure following each current response
comparison is a comparison of the NASA (interrogation) voltage and Avco
voltage histories.

6.1.2.2 Second Comparison

The second comparison shows the computer-predicted response of the
model using nominal element values and the Avco voltage history versus
the model responses measured at Avco. This comparison eliminates the
effects of the different voltage sources in that it substitutes the Avco
voltage history for the NASA voltage history in the computer-predicted
response of the model. These comparisons are shown in Figures 6-13
through 6-18.

6.1.2.3 Third Comparison

The third comparison was made to reduce the effects of using nominal
element values in the computer calculation. In this comparison, the
element values actually measured in the simulator were used in the com-
puter along with the Avco voltage histories. Table 6-VI is a tabulation of
the measured element values for each model. These predicted responses
were then compared with the measured model responses. These compari-
sons are shown in Figures 6-19 through 6-24.

* Voltage history for each trace measured during model evaluation tests
at Avco.

&& ' -
Actual element values measured in the model.

6-9

•*?.



CURRENT HISTORY FOR MOTORSWITCH. 3C

I I I I I I I I I

FIGURE 6-1 Comparison of Interrogation Data with Model
Response for Motor Switch, Run 3C c 10



VOLTAGE HISTORY FOR MOTORS*ITCH. 3C
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FIGURE 6-2 Comparison of NASA Voltage History (Interrogation
Data) with Avco Voltage History for Motor
Switch, Run 3C 6-11
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FIGURE 6-3 Comparison of Interrogation Data with Model
Response for Heat Exchanger Valve/ Run 6B
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FIGURE 6-4 Comparison of NASA Voltage History (Interrogation
Data) with Avco Voltage History for Heat
Exchanger Valve f Run 6B c~\ o
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> FIGURE 6-5 Comparison of Interrogation Data with Model
Response for Varo Inverter, First Event, Run 8A1
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VOLTAGE HISTORY FOR INVERTER. 8A1

CO

*

i

O.OI4O 0.01*0

TINE. SEC

FIGURE 6-6 Comparison of NASA Voltage History (Interrogation
Data) with Avco Voltage History for Varo Inverter,
First Event, Run 8A1 6-15
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FIGURE 6-8 Comparison of NASA Voltage History (Interrogation
Data) with Avco Voltage History for Varo Inverter,
Second Event, Run 8A2 6-17



CURRENT HISTORY FOR APOLLO INVERTER. 9A
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FIGURE 6-9 Comparison of Interrogation Data with Model
Response for Apollo Inverter, Run 9A
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VOLTAGE HISTORY FOR APOLLO INVERTER. 9A
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FIGURE 6-10 Comparison of NASA Voltage History (Interrogation
Data) with Avco Voltage History for Apollo
Inverter, Run 9A



CURRENT HISTORY FOR VHF/AH TRANSCEIVER. 11C

FIGURE 6-11 Comparison of Interrogation Data with Model
Response for VHP/AM Transceiver, Run 11C
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FIGURE 6-12 Comparison of NASA Voltage History (Interrogation
Data) with Avco Voltage History for VHF /AM
Transceiver, Run 11C ,.



CURRENT SIMULATION FOR HOTORSVITCH. 3C
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FIGURE 6-13 Comparison of Model Response with Computer-Predicted
Response Using Nominal Element Values and Avco
Voltage History for Motor Switch, Run 3C
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CURRENT SIMULATION FOR INITIAL HEAT EXCHANGER. 6B1
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FIGURE 6-14 Comparison of Model Response with Computer-Predicted
Response Using Nominal Element Values and Avco
Voltage History for Heat Exchanger Valve, Run 6B
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CURRENT SIMULATION FOR VARO INVERTER. 8A1
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FIGURE 6-15 Comparison of Model Response with Computer-Predicted
Response Using Nominal Element Values and Avco
Voltage History for Varo Inverter, First Event,
RunSAl.



CURRENT SIMULATION FOR VARO INVERTER. 8A2
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FIGURE 6-16 Comparison of Model Response with Computer-Predicted
Response Using Nominal Element Values and Avco
Voltage History for Varo Inverter, Second Event,
Run 8A2 ,, _
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CURRENT SIMULATION FOR APOLLO INVERTER. 9A
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FIGURE 6-17 Comparison of Model Response with Computer-Predicted
Response Using Nominal Element Values and Avco
Voltage History for Apollo Inverter, Run 9A

6-26



CURRENT SIMULATION FOR VHF/AM TRANSCEIVER. 11C

TIME. T. SECONDS

FIGURE 6-l8 Comparison of Model Response with Computer-Predicted
Response Using Nominal Element Values and Avco
Voltage History for VHP/AM Transceiver, Run 11C
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CURRENT SIMULATION FOR MOTORS*ITCH. 3C
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FIGURE 6-19 Comparison of Model Response with Computer-Predicted
Response Using Actual Element Values a.nd Avco
Voltage History for Motor Switch, Run 3C
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FIGURE 6-20 Comparison of Model Response with Computer-Predicted.
Response Using Actual Element Values and Avco
Voltage History for Heat Exchanger Valve, Run 6B
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CURRENT SIMULATION FOR VARO INVERTER. 8A1
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FIGURE 6-21 Comparison of Model Response with Computer-Predicted
Response Using Actual Element Values and Avco
Voltage History for Varo Inverter, First Event,
Run 8A1



CURRENT SIMULATION FOR VARO INVERTER. 8A2
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FIGURE 6-22 Comparison of Model Response .with Computer-Predicted
Response Using Actual Element Values and Avco
Voltage History for Varo Inverter, Second Event,
Run 8A2
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CURRENT SIMULATION FOR APOLLO INVERTER. 9A
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FIGURE 6-23 Comparison of Model.Response with Computer-Predicted
Response Using Actual Element Values and Avco
Voltage History for Apollo Inverter, Run 9A
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CURRENT SIMULATION FOR VHP/AM TRANSCEIVER. 11C
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FIGURE 6-24 Comparison of Model Response with Computer-Predicted
Response Using Actual Element Values and Avco
Voltage History for VHF/AM Transceiver, Run 11C
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Having eliminated the effects of the differences in voltage sources and
having taken into account the actual element values used, the computer-
predicted responses and the model responses show good correspondence.
Thus, it is reasonable to conclude that had the model simulation perfor-
mance been tested using the NASA voltage source and the optimizations
done with the actual element inventory instead of the nominal values, the
model response/actual equipment response comparisons would have shown
more improved correspondence than that shown in Figures 6-1 through
6-12.

Figures 6-25 through 6-29 are oscilloscope traces of each of the five
equipments simulated by the model during acceptance tests at NASA MSC.
During these tests, the voltage source used was the same as that used
during the original interrogations.
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2 amp/cm

10 msec/cm

FIGURE 6-25 Model Response at MSC, Motor Switch, Run 3C
(Load Voltage - 35 VDC)

0.1 amp/cm

2 msec/cm

FIGURE' 6-26 Model Response at MSC, Heat Exchanger Valve,
Run 6B (Load. Voltage = 114 VRMS, 400 Hz)
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15 amp/cm

5 msec/cm

RUN 8A1

1 amp/cm

50 msec/cm

RUN 8A2

FIGURE 6-27 Model Response at MSC, Varo Inverter, Run 8A1,
First Event, and Run 8A2, Second Event
(Branch 1 Rl = 0.2 ohm, Load Voltage = 26 VDC)
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15 amp/cm

2 msec/cm

FIGURE 6-28 Model Response a.t MSC, Apollo Inverter,
Run 9 A (Branch 1 Rl = 0.2 ohm, Load
Voltage = 26 VDC)

4 amp/cm

5 msec/cm

FIGURE 6-29 Model Response a.t MSC, VHF/&M Transceiver,
Run 11C (Branch 1 Rl = 1 ohm, Branch 2 Rl =
2.5 ohms, Load Voltage = 30 VDC)
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6.2 VARIABLE R EVALUATION

Development testing of the variable R consisted of an evaluation of the
unit's performance capabilities and safety features; In addition, the
ability of the variable R to simulate actual spacecraft hardware was
demonstrated for seven items of equipment. The results of this testing
are presented in the following paragraphs.

6 .2 .1 Basic Performance

6.2.1.1 Safety Features

The variable R provides four basic safety features for protection of its
circuitry against improper operation. These features are identified in
Table 6-VII along with the measured performance level of each.

6 .2 .1 .2 Frequency Response

The frequency response of the variable R was determined by measuring
the current response to a square wave control signal at a pulse repetition
frequency (PRF) of 10 kHz. The response was judged to be flat over the
range of DC to 10 kHz.

The transient response of the variable R was evaluated on its ability to
respond to pulse control signal inputs. Pulses obtained from a function
generator were provided as control signals while the variable R output
was connected to a 20-volt DC source. The pulse inputs were essentially
square (zero rise and fall times) and flat. Table 6-VIII lists the output
current rise and fall times for a 1 -amp, 5-amp, and 10-amp pulse.

6 .2 .1 .3 Variable R Transfer Characteristic

As discussed in Paragraph 5 . 2 . 2 , the basic variable R equation is

IB = <VS Vc)/20

where

I_ = Source current
O

/

Vs = Source voltage

Vc = Control voltage
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TABLE 6-VII

VARIABLE R SAFETY CIRCUIT OPERATING LEVELS

Function

No control signal

Loa.d over-volta,ge

Power overload

Reverse voltage

Measured Level

0.015 volts, pea.k

77 volts, peak

250 watts, peak

Not applicable

Indication

Amber Light

Amber Light

Red. Light

No Indication
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The variable R was evaluated for its ability to conform to this equation.
The measured static transfer characteristics of the variable R are pro-
vided in Figure 6-30. These curves shown linear performance from the
maximum current level of approximately 8 amperes to as low as 30 milli-
amperes, depending on the applied source voltage. The characteristic
curves show varying degrees of non-linearity at the low current levels
(less than 100 ma). The curves also show the limiting action of the power
over-load circuit at the high current levels where the dissipation is auto-
matically limited to 250 watts.

6 .2 .1 .4 Current Monitor Transfer Characteristic

The variable R provides a convenient circuit for monitoring source current.
This circuit provides a transfer function of 1 volt per ampere at any con-
trol or source voltage within the variable R's operating range. Thus, for
a source current of 5 amperes, the current monitor circuit will provide
5 volts. The measured transfer characteristic for this circuit is provided
in Figure 6-31.

6 .2 .2 Demonstration of Simulation Capability

The basic application of the variable R is the simulation of equipment
response on the power lines. As a means of demonstrating this applica-
tion, certain of the equipments that had been interrogated were selected
for simulation and the interrogation data obtained at NASA MSC was used
to generate an analog control signal to the variable R.

As described in Paragraph 4.2.2, the variable R control signal is an
analog of the conductance-time curve of the equipment to be simulated.
This signal is generally obtained by interrogating the equipment to be
simulated and computing the input current/voltage ratio versus time,

G( t ) = I(t)/E(t) and then scaling this function to correspond with the
transfer characteristic. Thus, Vc(t) = KG(t) = KI(t) /E(t) .

For purposes of demonstrating the variable R device, the interrogation
data obtained for the seven selected equipments (see Paragraph 4.3) was
processed in a slightly different way than that depicted in Figure 4-32.
For convenience, the input voltage was assumed constant, and the current
data was simply scaled to obtain the Vc(t) control signal. That is,

Vc(t) = K'I(t)
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ô

*• c
0

(\t

oo

CO
o

CQ
•H

-P
O

o

0
<M
CQ
C
05

O
•H
-P
«J
-P
CO

CD
rH

o
00

-» •* CM

.6-43



(J

"
A 10V

X*-—'% Sor/e Error-

F.SO*.

SA»/»IS.= J.ML

+O.OII volt*

7 & 1 lo
Sa^rct. Current'-*'

FIGURE 6-31 Variable "R Current Monitor Transfer
Characteristics



The variable R delivered as part of the Model DL,S 1000 simulator is a.
250-watt, peak, device. Several of the equipments selected for demonstra-
tion on the variable R have peak loads of up to approximately 1500 watts,
therefore, in order to limit dissipation to 250 watts, the control voltages
for these equipments were scaled. That is, the control voltage was
reduced in amplitude such that the highest resultant peak current was
8 amperes.

In practice, of course, a variable R of higher power dissipation capabili-
ties would be used for these equipments. However, for purposes of
demonstrating the capabilities of a variable R device to faithfully repro-
duce even complex current waveforms, the scaling technique was
justified.

The control tape used for demonstration of the variable R was generated
in the following manner;

a. The calibration and current histories on the data acquisition
tapes were FM demodulated and the levels measured.

b. A scaling factor was computed for reducing the calibration
levels to fall within the variable R limits.

c. The playback demodulator was then calibrated such that the
center frequency = 0 volts, and +40% deviation = +8 volts.

d. The demodulated signal was input to a 108 kHz VCO which was
calibrated such that 0 volts = center frequency, and +8 volts =
40% deviation.

e. Approximately 20 seconds of both the 0-level and +8 volt level
of calibration were then recorded on the control tape at a
record speed of 60 ips. These calibrations are used for
adjusting the playback demodulator on the control tape
recorder each time the tape is used with the variable R.

f. Each original data run was then played back from the original
tape and recorded on the control tape.

g. In addition, a voice annotation on track 1 of the control tape
identifies the tape and data tracks, identifies the start and
stop of each interval of data, and describes user tasks for
calibrating the playback demodulator and adjusting the load
power source. .
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h. This control tape was then played back on a tape reproducer
and applied to the control input of the variable R. The load
terminals of the variable R were connected to a suitable source
of DC voltage.

The results of this testing are shown in the traces of Figures 6-32 through
6-38. In each case the control voltage input is shown on the lower trace,
and the output (load) current is shown in the upper trace. The load voltage
was adjusted for each equipment simulation to correspond to the level used
during interrogation of the original equipment at MSC. These levels are
identified on each figure. The control and current traces show excellent
correspondence.

In addition to this data which was recorded at Avco, Figures 6-39 through
6-43 show oscilloscope traces of several of the simulations accomplished
at NASA MSC during equipment acceptance. The control signals used in
this instance were obtained from a magnetic tape generated from the
master just described, and reproduced on an MSC-provided FR-600 tape
recorder.
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FIGURE 6-32 Oscillograph Record—Variable R Simulation
of Motor Switch, Run 30
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FIGURE 6-33 Oscillograph Record.—Variable R Simulation
of Varo Inverter (First Event),, Run 8A1
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FIGURE 6-34 Oscillograph Record—Variable R Simulation
of Apollo Inverter, Run 9A

6-49



r



FIGURE 6-35 Oscillograph Record—Variable R Simulation
of VHF/AM Transceiver, Run 110
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FIGURE 6-36 Oscillograph Record—Variable R Simulation
of Recovery Beacon, Run 12A
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FIGURE 6-37 Oscillograph Record—Variable R Simulation
of UHF/FM Transmitter, Run 13B
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FIGURE 6-38 Oscillograph Record--Va.ria.ble R Simulation

of HF Transceiver, Run l6A
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5 amp/cm

5 msec/cm

FIGURE 6-39 Variable R Response at MSC, Motor Switch,
Run 3C (Load. Voltage = 33 VDC)

2 amp/cm

5 msec/cm

"

FIGURE 6-40 Variable R Response at MSC, Varo Inverter,
First Event, Run 8A1 (Load Voltage = 26 VDC)
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2 amp /cm

5 msec/cm

FIGURE 6-4l Variable R Response at MSC, Apollo Inverter,
Run 9A (Load Voltage = 26 VDC)

2 amp/cm

5 msec/cm

FIGURE 6-42 Variable R Response at MSC, VHF/AM Transceiver,
Run 11C (Load Voltage = 30 VDC)
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0.5 amp/cm

5 msec/cm

FIGURE 6-43 Variable R Response at MSC, Recovery Beacon
Run 12A (Load Voltage = 26 VDC)
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APPENDIX A

SUMMARY - PROGRESS REPORTS

This appendix summarizes the eight monthly progress
reports published by Avco Systems Division under the
Dynamic Load Simulator program, NASA Contract Num-
ber NAS-9-12016.
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APPENDIX A

1. First Monthly Progress Report, for the Period 24 June 1971
to 31 July 1971. Avco Document No. AVSD-0365-71-CR, dated
5 August 1971.

SUMMARY

Describes Avco^s efforts in the following three areas of
concentration: '

1. Selecting the spacecraft loads to be interrogated.

2. Preparing an interrogation test plan.

3. Assembling the interrogation equipment and shipping
it to NASA MSC.

2. Second Monthly Progress Report, for the Period 1 August 1971
to 31 August 1971, Avco Document No. AVSD-0404-71-CR, dated
7 September 1971.

SUMMARY

Covers efforts in the following-listed areas:

1. Interrogation of selected spacecraft load.s at
NASA MSC.

2. Preliminary review of Interrogation data.

3. Optimization program checkout.

3. Third Monthly Progress Report, for the Period 1 September 1971
.to 30 September 1971, Avco Document No. AVSD-0443-71-CR,
dated 6 October 1971.

SUMMARY

Describes efforts in the area of:

1. Processing the interrogation data.

2. Synthesizing a. preliminary model.

3. Initiating simulator design.
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4. Fourth Monthly Progress Report, for the Period 1 October 1971
to 5 November 1971, Avco Document No. AVSD-0491-71-CR, dated.
9 November 1971.

SUMMARY

Describes efforts in the areas of:

1. Completion of model synthesis.

2. Preliminary design of the simulator.

3. Conduct of a. preliminary design review (PDR).

5. Fifth Monthly Progress Report, for the Period 6 November 1971
to 30 November 1971, Avco Document No. AVSD-0518-71-CR, dated
8 December 1971.

SUMMARY

Describes Avco's efforts in the following three areas:

1. Completion of preliminary deisgn of the variable R
element.

2. Initiation of detailed design of the simulator.

3. Initiation of hardware procurement.

6. Sixth Monthly Progress Report, for the Period 1 December 1971
to 31 December 1971, Avco Document No. AVSD-OOC4-72-CR, dated
5 January 1972.

SUMMARY

Covers efforts in the following-listed two areas of con-
centration:

1. Detailed design of the simulator.

2. Additional optimization activities.
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7. Seventh Monthly Progress Report, for the Period 1 January 1972
to 31 January 1972, Avco Document No. AVSD-0046-72-CR, dated
9 February 1972.

SUMMARY

Describes efforts in the following-listed areas:

1. Conduct of the final design review (FDR).

2. Hardware fabrication.

3. Mode relay control.

8. Eighth Monthly Progress Report, for the Period 1 February 1972
to 29 February 1972, Avco Document No. AVSD-0092-72-CR, dated
6 March 1972.

SUMMARY

Describes activities in the a.rea of simulator fabrication.
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