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SECTION I 

INTRODUCTION AND SUMMARY 

Aircraft gas turbine engines have been improved greatly in recent years, 
not only in measure of merit such as thrust-specific-fuel-consumption, but in operating 
flexibility as well; that is, their response to a call for a change in thrust is highly 
automatic, rapid and safe. This flexibility' has, however, exacted a toll in complexity. 
Today's engines have very complicated control systems. Fufare engines will demand * 
even more of their control systems. Conventional control system synthesization 
and development practice may not be adequate to meet this challenge. Consequently, 
there is need for the exploratory control system synthesis work. 

REQUIREMENTS 

The goal of this project was to assemble re search-type, externally program¬ 
mable control system for use in development and evaluation of new modes of control 
using improved sensing and computation. It was desired that this system employ, to 
the extent practicable, items of government property plus such additional items as 
may be necessary to provide a coherent system. The project was to include sufficien 
engine running to demonstrate that the goal had been accomplished. 

The system was to include: 

• A logic section to regulate the flow of fuel to the engine's combustor, 
to control the position of various movable parts of the engine, and 
perform other necessary functions. 

• The AFAPL's IBM 1800 Digital Computer to accomplish the 
computation function of the "logic section. " 

• Sensors, transducers, and associated equipment to measure and 
transform engine operating state, and other data. 

• Interface/intermediary/ancillary equipment needed to achieve 
an internally compatible system. 

• A hybrid J85-13 engine incorporating a variable exit nozzle and 
associated actuation system, in addition to standard J85 parts. 
The engine was to be mounted in the altitude cell of Room 21, 
Building 18C of A FA PL. 
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• The AFAPL's Applied Dynamics AD/FIVE analog computer 
programmed to represent the engine sufficiently for system 
checkout. 

Functional requirements of the system were to include: 

• Accurate control of engine acceleration and deceleration 
transients, including starting, over a wide choice of paths, 
at sea level static and limited altitude capability of the 
A FA PL facility. 

• Provide stable, accurate control of engine steady-state 
operation. 

• Prevent operation of the engine beyond its specified limits. 

® Shut the engine down automatically in the event an unsafe 
operating condition is experienced. 

• Incorporate provisions for the accommodation of inputs 
normally associated with frequency-response transient- 
response, and optimizing control testing. 

• Control accurately the position of various movable parts 
of the engine. These parts include the exhaust nozzle, com¬ 
pressor inlet guide vanes and compressor bleed valves. In 
addition, the system was to include provisions for 
variable compressor and turbine stators. 

® Sufficient flexibility that the system can readily accommodate 
modification to the characteristics of its individual elements. 

• The AFAPL's IBM ItiOO Digital Computer for essentially 
all its computation needs. 

PROGRAM ORGANIZATION 

The program was to be divided into three distinct phases of effort and 
time periods. There existed, however, equipment for control of a J85-7 engine 
in rudimentary form. Much of the work specified by the requirements of this 
project had been initiated during prior A FA PL programs. During the course 
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of the program, the J85-7 engine was to be used for other A FA PL programs. 
Since the J85-7 and the J85-13 are similar except for the variable exhaust area 
incorporated in the J85-13 system, items could be fabricated and checked on 
the J85-7 for future installation on the J85-13. Further some equipment to 
be delivered during the project could be useful if available for the J85-7 system. 

The program included the following: 

• Models of the engine and control loops were to be 
programmed in suitable computers to establish 
system requirements. This work was accomplished 
in three steps. 

(1) The models were programmed for the 
Bendix Pace analog computer and checked 
for operation. 

(2) The program was modified for the A FA PL 
analog computer and checked for operation. 

(3) The control computation parts of the program 
were converted to the IBM 1800 digital computer 
language and the digital computer was used to 
control an engine simulated on the AFAPL 
analog computer. 

• Requirements for sensors, geometry actuation devices, 
and fuel control mechanisms were to be established. The 
necessary items were to be purchased or designed and fabri¬ 
cated, installed and tested. Some items supplied were desired 
for J85-7 tests as well as for the tests on J85-13 engine. 

• Requirements for interface devices were to be determined. 
The interface was to include sensor conditioning circuits, 
geometry control circuits, safety circuits and circuits for 
communication with the digital computer. Some interface 
elements were available at AFAPL. Hie program included 
modification of existing equipment as well as design and 
fabrication of new equipment. 
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• An engine test program was to be established and tests 
performed to demonstrate operation of the system and to 
demonstrate that the goals of the program had been achieved. 

THE SYSTEM 

The block diagram of Figure 1 illustrates the elements ol the system. 

• Engine — The system components were designed to control 
a J85 engine. The system is not limited to the engine presently 
available for development, but with adjustments and with a 
few additions and/or changes, the system is useable for control 
of other engines. 

• Engine Geometry Controls -- Inlet guide vanes, compressor 
bleeds, and variable exhaust nozzle control loops are incor¬ 
porated in the system. Control loops useable for other geometry 
such as turbine stators were designed and fabricated, and 
installed in the system. 

• Fuel System — The fuel system utilizes the parts list pump 
to supply fuel to various valving components. The components 
car be used to provide fuel as computed and requested. 
Dynamic fuel cycling may be super-imposed. Safety features 
including automatic cutoff, flow limiting and the engine mounted 
overspeed governor are integrated into the system. 

• Control Sensors — Sensors ior pressures, pressure ratios, 
engine speed, positions, temperatures and vibration have been 
supplied and mounted on the engine. 

• Data Sensors — Sensor for engine irerformance data are supplied 
in the cell by AFAPL. These include temperatures, pressures, 
fuel flow, and engine speed. 

• IBM 1800 Computer — The IBM 1800 digital computer is used 
for computation. Values of engine variables are input to the 
computer in analog ±5 V DC or in binary form. The computer 
operates on the inputs according to a program and calculates 
desired values of engine geometry and fuel flow . 
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INTERFACE

• Analog Computer — An analog computer is used to simulate 
the engine. Simulated engine variables are fed into the 
digital computer and used to compute desired values of engine 
geometry and fuel flow as if the engine were actually being 
controlled. Outputs from the digital computer are used to 
control the simulated engine.

• Interface — The Interface Is composed of four chassiss con­
structed to mount in 19 inch racks. Three chassis contain various 
electronic circuits to convert signals from sensors and computer 
for use in the system. The fourtli chassis provides system power.

• Monitoring Equipment — Rack mounted voltmeters are used 
to monitor selected signals as the engine is being run. Also, 
digital computer values can be read on a five digit decimal 
display.

• Instrumentation Cabinet — Many signals are available at 
barrier strips in a small cabinet. Simulation signals from 
the analog computer an- fed into the system through this 
cabinet. Signals generated by AFAPL development items may 
also be input to points in this cabinet. Engine signals used 
in the system may be sensed here for recording and monitoring.

• Data Acquisition and Recording Equipment — AFAPL strip 
recorders, x-y plotters and tape recorders are used to obtain 
performance data.

• Checkout Fuel Pump — An electric motor driven fuel pump 
is used to check out the fuel system and geometry controls 
during simulated engine operation.

• Power Levers — The engine operation request is by dual 
power levers. Their function is described on Page 8.

The interface consists of three chassis containing circuits to tie the 
various parts of the system together. Chassis EK 14 was fabricated in 1971 and 
modified in 1972 and 1974. The original configurations of chassis EK 14 and EK15 
are defined by references 1 and 2,respectively. These two chassis were modified 
and chassis EK 18 was fabricated during the program.
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Power for these chassis is provided by the power supply chassis. Figure 2 is a 
photograph showing the chassis mounted in racks. 

These chassis contain outputs to the IBM 1800 computer, simulation 
inputs, sensing circuits and position control circuits. In addition, monitoring 
circuits and devices are included. 

EK 14 Chassis 

Circuits contained in this chassis are not presently used. These 
are eighteen signals available for input to the computer for program adjustment 
and six points for input of variables. 

Each adjustment circuit may be varied from zero to-5 VDC by setting 
of a potentiometer. The voltage is converted to a computer number (0 to 32767) 
for use in computations. 

The six input points located in the instrument cabinet are used for 
variables generated exterior of the interface chassis. 

EK 15 Chassis 

The EK 15 chassis contains circuits for position control, pressure 
transducers, pressure ratios and frequency (speed) converters. In addition a 
card contains multiplier, divider and square root circuits for use in combining 
signals. 

• Position Control Circuits 

There are twelve position control circuits. These circuits 
are designed for a position request input from 0 to +5 VDC. 
The request may be manual as well as from the computer. 
Also a step change or cyclic change can be added to the 
request. The feedback may be either from a potentiometer 
or from an LVDT through a conversion circuit to the position 
control circuit. 

Output from each circuit is for use with torque motors at 
±14 VDC and a maximum current of. 025 ampere. The 
output may also be connected to either of two stepper motor 
circuits. 
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• Pressure Transducer Circuits

There are thirteen (13) circuits designed for use with strain 
gage type pressure transducers at 5 volts excitation. These 
circuits are calibrated for transducers assigned and mounted 
at various engine pressure sensing ports.

• Pressure Ratio Sensing Circuits

There are two circuits designed for use wifli the Bendix Model 
PRA-A2 pressure ratio sensor.

• Frequency (Engine Speed) Circuits

There are two circuits with digital outputs and two circuits 
with analog voltage outputs. The digital circuits output the 
number of clock pulses occurring during a set number of 
input pulses. The analog circuits have a voltage output 
proportional to input pulse frequency.

EK18 Chassis

The EK 18 chassis contains temierature (thermocouples), vibration 
sensing, power lever, safety and program adjustment circuits.

• Temperature Circuits

Each of the four i4i temperature circuits have provisions 
for three (3) thermocouple inputs. Any of the thermocouples, 
the average or the highest can be selected for output.

• Vibration Sensing Circuits

Three (3) circuits are available for use with engine mounted 
accelerometers.

• Power Lever Circuits

T«’o power levers are available. One is used to set the low 
speed value and the other is used to set the high speed value 
of the speed range during an investigaticn. A switch is used 
to step between the requests.



FIGURE 2 ~ MOUNTING OF IN'raRFACE CHASSIS



• Safety Circuits 

Safety circuits are included to automatically shut down the 
engine in event of a power supply failure. 

• Program Adjustments and Readouts 

Communication with the IBM 1800 computer is through EK 18 
circuits. A selected number of program constants can be 
varied by manipulation of switches. Computer computation 
points can be called and the value read and recorded. 

Power Supply Chassis 

The power supply contains seven (7) "Power Mate" power supplies. 
Cables are used to connect voltages as required to the various chassis. 

Instrumentation Cabinet 

Signals generated by the circuits in the various chassis are available 
at barrier strips in the instrument cabinet. Engine simulation signals are through 
the cabinet. Signal input points are through the cabinet. Signal input points are 
also available in the cabinet. 

FUEL SYSTEM 

Figure 3 is a block diagram illustrating the components of the fuel 
system for operating the J85-13 engine. Fuel is supplied from the fuel farm by 
a boost pump at about 25 psig through a filter and a shutoff valve (A) exterior 
of the cell. Fuel can be returned to the tank through a shutoff valve <B) in the 
cell. 

Flow can be directed to two paths. First, the flow can be directed 
to an electric motor driven pump which is used for fuel system and geometry 
control checkout. Second, the flow can be directed to the engine boost and main 
pump which is used for engine running. During checkout, selector valves 2 and 4 are 
opened, and during engine running, selector valves 1 and 3 are opened. 
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GEOMETRY CONTROLS I FUEL PUISE SYSTEM 
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With either valve 1 or 2 open, pressure is supplied to the metering 
valve, the bypass valve and to a filter. From the filter, flow is directed to ail 
servo valves of the geometry controls. Maximum pressure from the auxiliary 
pump is controlled by a flex-flo valve with the pressure level set by a nitrogen 
pressure regulator. Maximum pressure from the engine pump is also controlled 
by a flex-flo valve with the pressure set by a nitrogen pressure regulator. In 
addition, a solenoid valve is incorporated to allow a rapid decrease in the nitrogen 
pressure to reset the maximum pressure as a safety control. 

Flow from the metering valve is through a solenoid operated cutoff 
valve to a header to valves 3 and 4. With valve 4 open, flow is through the 
checkout flow meter back to the inlet line. Since flow is recirculated in this 
configuration, valve B is opened sufficiently to control fuel temperature increase. 
With valve 3 open, flow is directed to the engine overspeed governor, flow meter, 
oil cooler, drain valve and nozzles. The header also includes provisions for 
pulsing the engine flow by a puiser powered by the auxiliary pump or by dumping 
fuel through a solenoid valve to either a servo valve or to a finely adjustable micro¬ 
valve. 

ENGINE SIMULATION BY AN ANA LUG COMPUTER 

The simulation of the J-85 engine as detailed in Section IV is based 
on deviation from steady state conditions due to fuel and nozzle variation from 
reference values. Six variables as functions of s|)eed at 173 square inches nozzle 
area are generated. Compressor temperature rise is generated by a function of 
compressor pressure ratio. Turbine pressure ratio is calculated from compressor 
temperature rise and turbine temperature. The functions axe for standard 
atmospheric conditions. 

This analog simulation of the engine is used for digital computer program 
and system checkout. There are two switches in the instrument cabinet to switch 
from simulation to engine running. During engine simulation, engine fuel control 
and geometry components can be operated. A test pump provides fuel to the fuel 
control and geometry controls. To check the complete nozzle control, the engine 
must be cranked also. Change in engine fuel system valving is required when 
changing from complete system checkout to engine running. 

The simulation includes a fuel schedule and speed governor and a 
nozzle schedule and control. These simulations are used during programming 
and to study effects of program changes without using the digital computer. 
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The program includes dynamics of rotor speed, fiiel control, nozzle 
control and simple lags for pressure and temperature sensors. Rapid response 
characteristics such as combustion dead time, transport lags, and volume effects 
are ignored. The low frequency characteristics are reasonably represented and 
stability characteristic of the simulation is fairly representative of engine operation.

IBM 1800 COMPUTER PROGRAM

The computer program provides computations based on engine variables 
with the results of the computations output to the electronic interface package.
Engine geometry’ positions and fuel flow are then controlled to the computed values 
by circuits of the interface. Computer computations are based on engine variables 
sensed by transducers and converted to voltages or digital words by the interface 
circuits. The effects of the variables in the computations are changed by program 
adjustments. Block diagrams of the digital programs are presented in Section III. 
The computer program print-out obtained by printing the card deck at the time of 
use is the only valid control program.

Nominal program constants are loaded into a standard trim register. 
These constants are transferred to a variable trim register by a reset signal. In 
this register the numbers can be changed by adjustment logic circuits and program. 
Engine variables such as pressures, temperatures, pressure ratios, positions, 
rotor speed and accelerations are sensed by transducers and converted by interface 
circuits to signals compatible with the computer inputs. Power lever position is 
also input through the interface to the computer.

The computer program utilizing the constants and variable inputs 
computes positions of the fuel valve, inlet guide vanes, compressor bleeds, and 
exhaust nozzle. These signals are output to the interface. The computer outputs 
are compared with feedback signals by circuits of the interface and control signals 
are generated. Control signals are output to engine moimted control devices.

Safety’ circuits incorporated in the interface reset the program to 
standard trims. When the program is being varied to examine effects of trim 
values and problems occur, the program is reset to the safe standard values by 
the operator reset switches. Signals may be conditioned or simulated by an 
analog computer and input to the program through the interface.



Two computer programs were developed. The first includes control 
loops and features to demonstrate the system per contract requirements. The 
second contains a fuel boundary, start provisions, governor, and input points for 
insertion of control loops to be studied. 

SAFETY PROVISIONS 

The system assembled is one of a kind. Many parts are aircraft 
quality production type units. Other parts are industrial off-the-shelf items 
used in flow bench setups. These types of equipment were used to assure a 
reliable system without extensive development testing. With a one of a kind 
system, frequent inspection of engine components and checkout of the operations 
is of primary importance to safety. The provisions include manual overrides 
and automatic features provided by equipment and IBM 1800 program. 

The system incorporates design considerations for safety. 

• The operators are integrated into the system. 

• Equipment is designed and components are selected to 
provide a reliable system. 

• A prerun checkout by use of the analog computer 
simulation is made. 

• All system signals are readily monitored by voltmeters 
and from the digital computer program. 

• Fuel system valves are automatically checked for 
proper positioning. 

• Temperature and pressure limits are controlled by 
program. 

• Engine speed signals are checked in the program. 

• Maximum system fuel pressure is set by a nitrogen 
pressure controlled regulator. 

• An over speed governor is included as engine parts 
list equipment. 
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fi Accelerometers are used to monitor engine vibration 
and may be integrated into the system to automatically 
decrease fuel pressure. 

• Any power supply failure causes the cut-off valve solenoid 
to be de-energized. 

SYSTEM DEMONSTRATION 

The system assembled was used to ope;ate and control the .185-13 
engine using several variables and combination of variables at steady state and 
during transients. These various control methods and results are discussed in 
Section V. 

The objective of the engine tests was a demonstration of use of the 
system for engine control by several modes. Control loops had adjustments 
for use in demonstrating effects due to change in values. The data obtained shows 
the various effects and demonstrates the flexibility of the system and variations 
obtainable by programming the computer. 

The system was used to demonstrate engine operation utilizing the 
following types of control; 

• Fuel Flow Boundaries -- Fuel boundaries were programmed 
as functions of speed, ambient temperature and burner 
pressure. 

• Power Request — Power request is by step or by an adjustable 
program rate. Manual power lever movement may also be 
used. Manual request is normally too slow and too erratic 
to demonstrate control action during transients. 

• Engine Speed Control — Two speed governor loops were used. 
One was a proportional control using a base ratios near 
required to run as a reference. The other was a proportional 
plus integral control using a fuel flow which exists at the time 
as a reference. 
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• Transient Speed Control — Three methods of speed rate 
control were demonstrated. First, a throttle rate was used. 
Second, an acceleration control was used with the integral 
part of the speed control. Third, a fuel flow rate was used 
to limit speed rate. 

• Burner Pressure Control — Burner pressure limiting during 
steady state and acceleration was demonstrated. 

• Turbine Inlet Temperature — Proportional and proportional 
plus integral temperature control were used during accelera¬ 
tions. 

• Compressor Discharge Air-Flow Parameter —Acceleration 
control using compressor discharge air flow (Mach number 
or AP/P) was illustrated. 

• Engine Geometry Control — The IGV and compressor bleeds 
are scheduled by function of rotor speed. The nozzle is 
scheduled by speed request with a turbine discharge tempera¬ 
ture override. 
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SECTION II 

SYSTEM DESCRIPTION 

Figure 1 is a block diagram illustrating the various components of 
the system. In this section some features of the components are described. 
An "Operation and Service Manual" which has been delivered to AFAPL presents 
a detailed description of the devices. The descriptions of this section define 
the system sufficiently for a user to have knowledge of items available. 

The electronic circuits were fabricated on Cambion wire wrap cards. 
Figures 4 and 5 are photographs of the component and wire wrap sides of circuit 
cards. This fabrication technique allows rather easy modification of circuits. 
A few circuit cards are filled. Many other cards have space for additions which 
may be desirable during future test programs. 

ANALOG COMPUTER 

An analog computer, AD/Five manufactured by Applied Dynamics 
Division of the Reliance Electric Company is integrated into the system. This 
computer is used for engine simulation and for some signal conditioning. There 
are 22 twisted pairs of signal lines connected between the computer and instru¬ 
mentation cabinet. The computer engine simulation is presented in Section IV. 

Signals from or tc the analog computer are through switches in the 
instrument cabinet. When the switches are in simulation position, the signals 
are input to engine variable circuits and output from the interface to the IBM 
1800 computer terminal as if the signals were from the engine. When the switches 
are in the engine position, the simulation signal lines are open. 

The following signals are connected in the present configuration. 
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Symbol 

A8 

N 

P3 

P5 

T4 

T5 

WF 

AP/P 

Definition 

Nozzle area request 

Engine Speed 

Compressor Discharge Pressure 

Turbine Discharge Pressure 

Turbine Inlet Temperature 

Turbine Discharge Temperature 

Fuel Flow Request 

Compressor Discharge Airflow Parameter 

The speed signal is input to a voltage controlled oscillator and the 
output of the oscillator is through the switches to engine speed circuits Other 
computer output signals are through lags to represent engine-sensor dynamos. 

IBM 1800 COMPUTER TERMINAL CONNECTION 

The IBM 1800 is a digital computer data acquisition and process 
control system. The system has analog voltage and digital word inputs and outputs 
used with the synthesis project computer programs. Description of the computer 
programs are presented in Section III. A data input-output terminal is located 
in the J-85 engine control room. Current programs are in assembly language with 
most storage and computation in single word (15 bit plus sign) form. This yields 
computer numbers between plus 32767 and minus 32767. 

Terminal points are connected by screws in barrier strips. Input- 
output points used by various programs during the project are listed below. 

• 64 - ¿5 volts analog input points. The plus-to-minus 5 volts 
yields computer numbers of minus to plus 32767 respectively. 

• 3 - 15 bit plus sign digital input words. A computer zero bit 
is a voltage less than -6 VDC. A computer one bit is a 
voltage greater than -1 VDC. 



• 7-: ±10 volts analog output points. Plus to minus 32707 
computer numbers yield plus to minus 10 volts respectively. 

• 1 - 15 bit plus sign digital output. A point conducting a 
positive voltage is a one bit. A non-conducting point is a 
zero bit. The connection is made by TTL NAND gates. 

• 1 - Interrupt point. A voltage change from less than -6 
to greater than -1 provides an interrupt signal with the 
computer performing the programmed action. 

Uses of terminal points are listed below: 

• Engine variable signals (except speed) are input to the 
analog voltage points with values from 0 to -5 VDC . 

• The speed is input on one 15 bit digital word. The sign 
bit is turned on when the speed word is changing. 

• One 15 bit digital word is used for safety inputs and 
control program logic. 

• One 15 bit digital word is used to vary computation 
constants and to select a computation point for readout. 
The constant and the desired change are selected and the 
interrupt is switched to obtain the change. 

• The DAC's ±10 volts outputs are used as follows: 

Fuel Request 
Inlet Guide Vanes 
Compressor Bleeds 
Engine Exhaust Nozzle 
Any selected computation point 
Any selected computation point 
Not assigned 

DAC 0 
DAC 1 
DAC 2 
DAC 3 
DAC 4 
DAC 5 
DAC 6 

• One digital output word is used to read the selected adjustment 
or the selected computation point. 
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EK 14 CHASSIS DESCRIPTION 

This chassis was available at the start of the program. Some circuits 
were used during part of the synthesis program but the active sensor circuits have 
since been retired from use. The variable voltage (0 to -5 VDC) potentiometers 
are available for variable adjustments in the IBM 1800 programs. Six signals 
may be input at the instrument cabinet and outnut to the IBM computer terminal. 
The digital voltmeter is used to monitor the EK 14 and EK 15 signals by selector 
switch setting and for monitoring externally generated signals. 

chassis Description 

Figure 6 shows the front of the EK 14 chassis. The eighteen trim 
knobs are adjusted to voltages as required by the computer program. These 
voltages are monitored on the voltmeter by setting the selector switch to the adjust¬ 
ment number and setting the voltmeter switch to EK14 position. The left selector 
switch is used for the first 16 adjustments with the two position switch between the 
selector switches up. Adjustments 17 and T 8 and the six external inputs are 
monitored with the two position switch down and by positioning the right hand 
switch to numbers 17 through 24. 

Four cables are attached to the rear of the chassis. 

• 115 VAC power cable to the "Power Supply Chassis. " 
Required for the voltmeter and the -5 VDC power 
supply which provides the voltage for the trim potentiometers. 

• ±15 VDC power cable to the "Power Supply Chassis. " Power 
for the isolation amplifiers used for line drivers in all lines 
to the terminal. 

• Twenty-four point cable to the "Computer terminal!’ 
Eighteen adjustments and six external inputs. 

• Instrument Cabinet Cable. Six external input lines 
and the selector switch output line. 
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Isolation Amplifier Circuits 

Figure 7 is a schematic illustrating the isolation amplifier card circuits. 
Thirty-one type 741 operational amplifiers are used as indicated on the schematic. 
Six 130K resistors to obtain zero output from any external input signal not in use 
are shown. 

The isolation amplifier '.sed with the sw.x'h pole allows selecting a 
signal for recording without loading t^e signal to the computer. Also the six 
isolation amplifiers to the selector switch allow pickup of the signal by clipping 
to the switch terminal for recording data without loading the input signal. 

EK 15 CHASSIS DESCRIPTION 

Figure 8 is a phoiograph showing the various controls and location 
of the various circuit cards of the EK 15 chassis. The circuits are incorporated 
on 19 Cambion wire wrap cards and two printed circuit cards for the stepper 
motor drivers. The circuits are listed in Table 1. The selector switches show-n 
under the card file are used to select a step or cyclic input to the various position 
control circuits. Selector switches on the cards are used as discussed in the 
description of the circuits. Patch boards are incorporated to allow circuit 
selections for input to IBM 1800 computer, circuit selection to the stepper motor 
controls and LVDT feedbacks, and selection variable to the arithmetic card. 

Two major functions are served by the controls. First, various 
signals can be selected for read out, and second, the twelve position control 
circuits are regulated by the adjustments. 

Figure 9 is a photograph of the rear panel showing the connectors used 
for connecting the various components of the system. Each connector is labeled 
and each caKe for attaching to the connectors is labeled similarly. When there 
are several similar circuits in the chassis, the connectors are the same. This 
allows interchange for convenience of changing circuits. Also if a circuit fails, 
a replacement may be used with minor interruption of a test program. 
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Circuit Variable 
Card 

Transducer Type Position 

Pos 1 
Pos 2 
Pos 3 
Pos 4 
Pos 5 
Pos 6 
Pos 7 
Pos 8 
Pos 9 
Pos 10 
Pos 11 
Pos 12 

IGV 
RT. Bleed 
LT. Bleed 
Puiser 
Nozzle 
Fuel Flow 
Dump Servo 
Turbine Vanes 

Not defined 

Position Feedback 24 
Potentiometers or 24 
LVDT for 5-12 24 

24 
16 

Hydraulic Torque 16 
Motor Servo Valve or 18 
Stepper Motor 18 
Circuit 4B 

4B 
5B 
5B 

Stepper Motor 1 Position 
Stepper Motor 2 Control 

May be used with 6B & 7B 
position circuits 5-12 6B & 8B 

LVDT Position 1 Demonstrator 
LVDT Position 2 Feedback 
LVDT Position 3 

Linear Voltage 12 
Differential 12 
Transformers 12 

PI 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
P10 
Pll 
PI 2 
PI 3 

PB Burner Pressure 
AP Diff. Press. 8th stage 
P2 Compressor Inlet 
P2.3-P2 Diff. Press. 
P2.4-P2 Diff. Press. 
P2. 5-P2 Diff. Press. 
P5 Turbine Discharge 
PB Burner Pressure 
P0 Engine Discharge 
P2.1 
Pump output Press. 
Engine Fuel Nozzle Pressure 
Metering Valve Head 

C.E.C. 

Straingage 

Transducers 

22 
22 
22 
22 
20 
20 
20 
2B 
2B 
2B 
3B 
3B 
3B 

AP/P Pressure Ratio Bendix PRA-A2 14 

Arithmetic Card 2 multipliers, 2 dividers, 
2 square rooters 

N1 
N2 Digital Words Frequency 

Frequency 

II Voltage Frequency 
Electro 
Magnetic 
Pulse 

IB 

2 & 4 
6 & 8 

10 
10 

9 variable outputs to IBM 1800 (Selected by Patching variable to an output circuit) 

TABLE 1 — EK 15 CIRCUITS 
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Patch Panel 

Figure 10 is a layout illustrating the patch panel incorporated in thf 
EK 15 to provide flexibility in circuit use. To allow for growth and unknown use, 
points are available for all pressure sensor and position circuits. This eliminates 
the need of reserving circuits for some definite purpose. Patching is available 
as discussed in the following listing. 

• Digital to Analog Converter (12 Points) — Twelve lines are available 
from the computer terminal. These arc patched double for use with 
a position and for instrument output or a simulation signal. More than 
one line can be attached to any computer output point. The instrumentation 
may be through any instrument out or through simulation 17 or 18. 

• Position Request (12 Input Points) — Any DAC input signal can be patched 
to any position request. 

• Torque Motor Voltage (8 Circuits) — The T. M. voltage is available 
for input to the stepper motor logic card if it is desired to drive a 
stepper motor with the position circuit. 

• Stepper Motor Logic Input — There are two stepper motor circuits 
available. The two T. M. voltage points of a circuit are patched to the 
two input S. M. logic points. 

• Position (12 Points) — The position result of each of the twelve position 
circuits is available at the panel for patching to the computer or for use 
with the arithmetic card. 

• LVDT Circuits (3) — Three positions as generated by an LVDT are 
available to patch to any of eight position control circuits. 

• LVDT Feedback (8) -» If an LVDT is used for position feedback instead 
of a potentiometer, the LVDT output can be input to any of eight position 
control circuits. A switch on the control circuit card must be switched 

to the LVDT position also. 
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• IBM 1800 (9) — Nine points can be patched to the IBM 1800 tnrough the 
isolation amplifier card. Any of the points available on the patch panel 
can be used including instrumentation and the spare input points. If 
more signals to the computer are desired, jumpers may be used in the 
instrument cabinet from the signal to the EK 14 input points. 

• Instrumentation Points (11) — The four instrumentation in points are 
through isolation amplifiers on Card 26. The four output points are used 
primarily for arithmetic card signals or for DAC signals. The two 
simulation points and the three spares may be used for inputs or outputs. 

• Pressure Ratio (2) — Two circuits calibrated for sensor PRA-A2 

• Two analog voltage speed points 

Pulse Count Circuit Description 

Figure 11 is a block diagram illustrating operation of the circuit. 
The circuit is contained on two Cambion cards. The pulse input is conditioned 
by a dual amplifier and the pulses are counted by nine J-K flip flops. The number of 
pulses to be counted are set by nine switches connected to the Q and Q not outputs 
of the flip flops. When the selected number is reached, logic stops the clock 
pulses which are being counted by a digital counter of 15 bits. The output of the 
hold register is converted to the IBM 1800 logic by dual inline amplifiers. 

The clock count is proportional to the tine required for the set 
number of input pulses. Thus the output is proportional to the reciprocal of 
speed. 

The following table indicates the method of setting the count number Nc. 

Logic 
Number 

0_ 1_ 
Q Q Q Q 
10 2 0 

O = Qfor 

Q>NC-Qa-Qb 

SWITCH NUMBER 

2 3 _ 4 _ 5 _ 
Q Q QQ Q Q Q Q 
4 0 8 0 16 0 32 0 

O = Q for_ 

Q>NC- % 

fi _ 7_ 8 _ 
Q Q Q Q Q Q 
64 0 128 0 256 0 

r = Q for 
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Figure 11 — Digital Speed Signal 
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GAIN ADJUSTMENT 

Figure 12 — Block Diagram Frequency to DC Voltage Converter 

VOLTAGE LEVEL ADJUSTMENT 

Figure 13 — Block Diagram LVDT Circuit 
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Fieure 13 is a block diagram of the circuits. An oscillator chip is 

ised to generate 2500 cps square wave which is filterfd and ^vdt ci remits ^ 
in excitation sine wave. This circuit is common to the three LVDT circ . 
This excitation is mixed with the secondary of the LVDT. rectified and fi tere 
™b*in^negative DC output. The gain of tl* output is adjustable to^obUin 

in agreement with voltages used for the position control circuits. g 
level C^the output is adjustable by the zero adjustment. The linear range of the 
circuit does not extend to a zero output, consequently, the output is between 
two negative voltages. The output is to the patch panel for pacing to the position 
Mr jr.othe selector sw.tch for monltorin* on a voltmeter and to the .nstrument 

cabinet for recording. 

LVDT. 

These circuits are designed for use with a Schavitz PCA-117-200 

Some tayloring may be required for other LVDT s. 

Pressure Ratio Sensor Circuits 

Two circuits are available for use with the Bendix PRA-A2 pressure 

ratio sensor. These circuits are similar to the LVDT 
is generated at 7500 cps for the position sense of the sensor armature Th 

excitation voltage if fed back through a level adjustment a"d ™'“d ^th ^ f'ed' 
back signal at the input amplifier. The excitation is also mixed at the output 
amplifier8 The output linear range is from -. (I to-5 VDC. A gain adjustment 

X»s cLfHn ouU voltage. Figuiv 13 is a block diagram illustrating the 

circuit. 

The DC voltage output is to the patch panel for patching to the IBM 
1800 computer, to the selector switc h for monitoring on a voltmeter, and to the 

instrument cabinet for recording. 

Position Control Circuits 

There are twelve (12l position control circuits. Eight (8) ot the^' 

two on each of cards 16, 18, 4B and 5B, contain velocity tef 
by front panel controls. This velocity feedback may “'hdback 
gain circuits These circuits also include pm visions for input an LVDT feedback 

Cother four position controls am on Card 24. These circuits do not 

contain the controls noted above. 
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All circuits contain provisions for adjusting the input request relative 
to the feedback. Feedbacks are negative and inputs are positive. The numerical 
value of the request can be equal to or several times the feedback. However, 
the manual inputs have a maximum voltage of +5V. Thus the D/ C outputs which 
may be as high as +10V need be restricted to 5V if the manual input is used for 
full range selection when the DAC is switched out. 

All circuits contain a gain adjustment on the cards and a torque motor 
current monitor point on the front panel. The voltage of the monitor is 100 times 
the current. The torque motors saturate at about .010 amperes. The amplifiers 
at saturation will output about . 016 ampere. Thus the voltage will be between 
about ±1.6 volts from amplifier, saturation to saturation. The two coils of the 
torque motors are connected in parallel. Thui* if one coil opens, the maximum 
current will be about .010 ampere, and the monitor will read about 1 volt maximum. 

Figure 14 illustrates the features of the position control circuits. 

1. Each circuit contains a switch on the front panel to select 
a manual request from a potentiometer on the front panel 
or a DAC input from the patch panel. 

2. The first ten of the manual position request values can be 
read on a voltmeter before switching the manual value into 
the circuit. 

3. The input selected can be read through the monitor isolation 
amplifier and by setting the selector switch to the desired 
circuit. 

4. The input is through an adjustable potentiometer. The 
feedback of opposite sign is through a resistor. The request 
may be equal to or a multiple of the feedback. 

5. An offset is incorporated to allow for use of torque motors 
which are mechanically offset from null. The offset is 
set at zero for the system presently used. 

6. The normal feedback is from a potentiometer through an 
isolation amplifier. This amplifier allows use of high 
resistance feedback potentiometers. 
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7. Circuits 5 through 12 allow an input through the patch panel of an 
LVDT feedback position. The potentiometer or LVDT is selected 
by a switch on the card. 

8. The feedback is output to the selector switch, the patch panel and 
to the instrument cabinet through an isolation amplifier. 

9. Each circuit is provided with a step input and a cyclic input. 
Either of these two inputs is selected by a normally open switch 
located under the front edge of the card file. There is one step 
potentiometer and one cyclic input for use with all circuits. 

10. Circuits 5-12 contain a rate feedback. This input is used to 
obtain a velocity proportional to position error. The adjustment 
is located on the front panel. When velocity feedback is used, the 
torque motor AC current should be observed and the feedback 
setting adjusted to obtain near zero AC at steady state. 

11. A gain potentiometer is contained in the circuit of the output 
amplifier. 

12. The output from the amplifier is through the torque motor through 
a 300 and a 100 ohm resistors. The current is monitored across 
the 100 ohm resistor. The torque motor points are also connected 
to the patch panel for use with the stepper motor circuits. 

Pressure Sensor Circuits 

Pressure sensor circuits are designed for strain gage type transducers 
manufactured by C.E. C. The thirteen circuits are contained on four Cambion 
wire wrapped cards. Three circuits on each card in positions 20 (5, 6 and 7), 
2B (8, 9 and 10), and 3B (11, 12 and 13), and four circuits on card in position 
22 (1, 2, 3 and 4). These circuits are basically the same although there are 
some differences. Figure 15 is a block diagram of the circuits. 

Connections for all circuits are the same. Negative five volts is 
used for excitation. Excitation and return are attached to the voltage busses 
near the cards. l£gs of the strain gages are input to 5558 type amplifiers. The 
difference between the leg voltages is amplified and the amplification is adjustable. 
A second stage of amplification is used before input zero adjustments. Differences 
between the circuits are after this point. 
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1. Circuits 1 through 7 have simulation inputs before the final output 
isolation amplifiers. The switch to disconnect .oe simulation 
signal is in the instrument cabinet. 

2. Circuits 7, 10, and 13 contain adjustable lead circuits. These leads 
may be used to remove lags in the engine sensing connections. 

3. Circuits 5 through 13 have an instrument output through card 26 
isolation amplifiers. 

4. All circuits are output to the patch panel. Circuits 1 through 4 
have lines to the computer terminal. Circuits 5 through 13 must 
be patched to the computer through card 26. 

Arithmetic Circuits 

There are six arithmetic circuits. These circuits use an "Analog 
Devices" multiplier chip in circuits shown by Figure 16. The two multipliers 
yield a product equal to xy/10. The two dividers require a negative denominator 
and yield a quotient equal to 10 n/d. The two square root extractors require a 
positive input and yield a square root equal to -JlQZ. The circuit contains 
absolute value converters as required for the square root function and negative 
of the absolute value for the dividers. 

Stepper Motor Control Circuits 

The system is to contain circuits which might be useful for control 
of geometry such as turbine stators or compressor exit guide vanes. Since these 
controls are undefined, two stepper motor control circuits are included in the 
system to demonstrate this type control. Stepping frequency and direction control 
for both circuits are included on card 6B and the motor voltage outputs are 
included on cards 7B and 8B. 

Figure 17 is a block diagram of the direction and stepping rate control 
and the stepper motor circuit. This circuit is used with a torque motor driver 
position control. The driver voltage is patched to the input of either of these 
two circuits on card 6B. Direction of movement is dependent on whether the 
torque motor current generated voltage is positive or negative relative to common. 
The signal is input to an absolute value circuit. The magnitude of signal controls 
the oscillation rate of a pulse generation circuit. The pulse, direction and limit 
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switch signals of the control mechanism are fed into a logic circuit to provide 
the pulse frequency to the stepper motor control circuit. Direcüon and rate 
(clock) are fed into the control gates to establish sequence and rate of stepper 
motor coil excitation. The output of the logic gates provides switching of the 
stepper motor power circuits. 

EK 18 CHASSIS DESCRIPTION 

Figure 18 is a photograph of the front of the EK 18 chassis. Figure 
19 is a photograph of the rear of the chassis showing connectors and circuit cards. 
Circuits of this chassis are on 13 Cambion wire wrap cards. Circuits included 
are listed by position number below. 

Card Position 

2 Digital Adjustment Selection 
4 Digital Computer Value and Converter 
6 Binary to BCD converter 
8 Spare 
10 Miscellaneous Circuits 
12 Filter and Lead-Lag 
14 Power Request and Safety Circuits 
16 Accelerometers 
18 Temperature Output 
20 TD, Turbine Discharge Temperature 
22 TC, Turbine Inlet Temperature 
24 TB, Compressor Discharge Temperature 
26 TA, Compressor Inlet Temperature 

EK 18 Circuits 

Circuits of Cards 2, 4 and 6 are used to change the IBM 1800 adjust¬ 
ment numbers and to convert the numbers for readout. The readout is by 
equivalent voltage without sign and by decimal value of the computer number. 

The card in Position 8 has no wiring. One MS3102A-27-20 connector 
is available for inputs and outputs for additional circuits on this card. 
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Figure 19 Rear View of EK 1« Chassis
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The card in Position 10 contains safety circuits from EK 14 and EK 15 
chassis power, a circuit to output the value of the called computer number to the 
instrument cabinet,and two computer logic inputs to equate a computer variable 
to a DAC channel. 

The card in Position 12 contains a second order filter and a lead-lag 
circuit. Effects of these circuits can be adjusted as may be desired to condition 
a variable. The input is through the instrument cabinet and the output is connected 
to the IBM 1800 terminal. 

Two safety circuits and two power lever circuits are included on 
Card 14. Safety circuit "one” cuts off engine fuel flow if any interface voltage is 
lost. Safety circuit "two" reduces fuel pump output pressure if an accelerometer 
output exceeds a preset level. Either power lever is normally through the PLA 1 
circuit by selection of the step switch. Both circuits may be input to the IBM 
1800 computer by properly positioning the switch on the card. 

Three accelerometer circuits are included on Card 16. These circuits 
are used as a safety control in event of excessive engine vibration. Also,'the 
vibration level can be monitored. 

Four temperature circuits with three thermocouples each are included. 
The outputs of all four circuits are from Card 18. Thermocouple inputs and 
conditioning circuits are on Cards 20, 22, 24, and 26. These circuits are 
designated A, B, C, and D. A and B are calibrated to 1024°R and C and D 
are calibrated to 3277*R. Any engine station in these ranges can be sensed by 
the circuits. Description of the various circuits is presented in this section. 

Chassis Operation Features 

Figure 18 is a photograph of the chassis front showing the various 
controls. Four voltmeters are attached to the chassis to monitor signals and 
make a quick check of circuit operation. The poles of the selector switch are 
connected to the first two meters. The first Deck 1 is used to check operation of 
each thermocouple and the output of the temperature circuit. The second meter 
is used to check operation of the variable circuits as noted at the selector switch. 
The third meter is used to monitor power lever settings. The fourth meter is 
available to monitor any signal which may be input to the jacks. 
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The left-hand part of the chassis is used for the IBM 1800 protrram control 
and monitoring. A computer number is selected by the thumb wheel switch. The 
va ue corresponding to the selected number is output to the chassis. This value is 

InH J eqUi,Valen! volts* 5 volts = 32* 707 counts, on the voltmeter beside the switch 
by counts in decimal form on the numitron readout display. If it is desired to 

change the number, a change switch is moved up for increase in number and down 
for a decrease in number. While holding the change switch, the switch on the left 
is moved down for a single value change or up for more than one change. The cycle 
rate is set by the cycle rate adjustment. If it is desired to reset the number to its 

T/n naH V!iUe; ! ^ B*itch on the lef« i® Pressed. If several numbers have been 
changed and it is desirable to reset them all. the second reset switch is pressed. 

The switch designated DAC 1 - DAC 2 is used to select a computer 
number for output through some assigned DAC channel selected in the computer 
program. The desired number is selected by the thumb wheel switch and the DAC 1 - 

C - switch is moved up or down and returned to center to output through a DAC 
as programmed by the computer. The value of this number at every computer cycle 
will be output until a different number is selected. 

The Deck 1 -Deck 2 switch is used to select the deck of the selector 
switch to be output at the signal out jack. 

Safety circuits are monitored on the chassis. If the red lights are on 
the circuit contains an error. When the creen l.chts are on. the system is safe for 
operation. The circuits can be switched in or out. Circuit 3 is not assicnetl any 
function in the system at this time. 

The computer warning light comes on if the system fuel valves are not 
properly set for the operational mode or the computer program is not in operation 
DAC 0 must be near zero or negative for tbe light to be on when the program is not 
in operation. 

Selections and adjustments are available for the power levers, the filter- 
ead-lag and the ajcelerometers. Use of these adjustments are discussed when the 

circuits are described. 

Control of the four temperature circuits is accomplished on the front 
panel. Seven outputs from each circuit can be selected and a lead circuit can be 
selected and adjusted. Use of these controls are discussed during description of the 
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Computer Variable Call Up 

Figure 20 is a block diagram of the circuit used to call up a computer 
variable either a trim, an input variable or a computed number. The three 
switches are used to call units, tens, or hundreds in binary coded decimal form. 
These signals are converted to binary form by the logic chips. The binary form 
is output to the IBM 1800 Terminal through operational amplifiers. A logic one 
in the IBM 1800 is a positive voltage. A logic zero is a negative voltage less 
than -6 VDC. 

Figure 20 also shows the trim change circuitry. The called computer 
number, if a trim number, can be changed by the circuit illustrated. The value 
and direction of the change is selected on a change switch. When the switch is 
moved up or down a positive voltage is applied at the positive input an operational 
amplifier. This causes a positive saturation of the amplifier and the voltage is 
applied to the computer. The voltage applied to the sign bit depends on whether 
the switch is up or down. If up, the change is added to the computer number. If 
down, the number is subtracted from the computer number. 

The interrupt switch must also be moved to effect the change. The 
interrupt is normally negative and causes one change each time the interrupt 
changes from negative to positive. When the switch is pressed down, one change 
occurs; when the switch is raised, the oscillation circuit causes the interrupt to 
cycle as long as the switch is held. 

The outputs from the card are designated by numbers 0 through 16. 
The trim change is on 0 through 6, and the call numbers on 7 through 14. 
Output 15 and 16 are not connected now. If desired, the bits can be shifted at the 
computer terminal by dropping zero so the change would allow an increase in 
called numbers from 254 to 508. The output 15 would be connected. 

Computer Value Converter and Readout 

Figure 21 is a block diagram of the IBM 1800 computer output read 
and conversion circuit. A sixteen bit word including sign is output on a digital out 
terminal. A computer logic one causes the bit to conduct yielding a zero input to 
the Nand gate. Thus a logic one or a voltage exists at the output of the Nand gate. 
A zero or a positive voltage corresponding to zero or logic one in the computer is 
output to the binary to decimal coded decimal converter. The converter consists of 
16 SN 74185 A logic integrated circuits. Output of the converter is input to numitron 
drivers. 
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Figure 21 — Block Diagram of Computer Number 
Conversion and Readout Circuit 
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The computer value of the called number is read out on the five 
numitron tubes. The sign tube is activated by a transistor circuit. The drivers 
and tubes are mounted on a cutoff Cambion card which is mounted behind the 
front panel. 

Higher order bits are fed to an "Analog Devices” DAC 12QZ to convert 
the bits to an analog voltage. This device outputs value but not sign. Output of the 
DAC 12QZ is divided down for input toan "AnalogDevices” voltmeter. The meter 
is used to read the counts value in equivalent volts of 5 volts equal 32,767 counts. 
The output is adjusted by the potentiometer shown. The output of the DAC is also 
output to card 10 through an isolation amplifier to the selector switch and to the 
instrument cabinet for recording the value of the called number. 

Miscellaneous Circuits 

The cards in position 10 and 12 contain logic; computer control and 
safety circuits. Figure 22 is a block diagram illustrating function of these circuits. 
Two circuits are used to obtain outputs to the computer terminal. The computer is 
programmed to output the variable selected by the thumb wheel switch to a DAC 
channel when the DAC 1 - DAC 2 switch is moved up or down as programmed. 

A warning light driver circuit is also included on the card. This circuit 
is activated by the DAC 0 voltage . DAC 0 is used for the fuel request and the 
computer is programmed for a negative voltage if the fuel system valves are not 
in the proper position for the mode. The light comes on when the fuel request 
becomes negative. 

Two reset circuits are included on the card. If a power signal is lost 
or the throttle is pulled into cutoff, all adjustments are reset. If an accelerometer 
setting is exceeded, the adjustment being called is reset. The adjustments may be 
reset by use of either switches on the chassis or by remote switches at the ends of 
cables. 

The EK 15 and EK 14 power supplies are fused separately from the 
EK 18 supplies. Circuits were added to provide for sensing any fuse failure and 
the output is to the safety circuit of card 14. 
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Figure 22 — Block Diagram of Miscellaneous Circuits 
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The two safety circuits operate to cut off or limit fuel flow to the 
engine. If any power supply is lost the fuel cutoff valve solenoid is de-energized. 
If the 28 VDC is available, the three red safety lights come on when any other 
power is lost. With safety circuit 2, the solenoid in the nitrogen pressure control 
line is de-energized if any of the three accelerometers exceed a preset value. 

Power Request 

Power request circuit is shown by Figure 23. The circuit is on card 14. 
In addition,a regulated five volts power supply was added to the card. The five volts 
are used for temperature offset to null out the 150* F cold box temperature and lor the 
small digital voltmeter reference. 

Two power levers are mounted on the operators console. Each of the 
levers rotate a potentiometer which has an adjustable high negative voltage at one 
end and an adjustable low voltage at the other end. The voltages are adjustable by 
trun potentiometers accessible at the front panel of the chassis. Power lever volts 
are fed to the card. Each voltage is output through an isolation amplifier for power 
request monitoring. A switch on the card can be used to obtain independent outputs 
to the computer or combined output to the computer through a select circuit. When 
the switch on the card is in the step position, PLA1 output to both the computer and 
instrument cabinet is either PLA 1 or PLA 2 depending on the position of the front 
panel switch. 

The select circuit requests either PLA1 or PLA 2 by the step switch on 
the chassis. Normal position is up requesting PLA1. The step is down requesting 
PLA 2. PLA 2 lever and PLA 1 lever are interlocked so PLA 1 position is always 
greater than the PLA 2 position. The voltage setting of PLA 2 should not exceed 
( be more negative than ) PLA 1. 

Filter-Lead-Lag 

For many control functions it is necessary to provide a lead circuit to 
obtain rapid response of the control loop. The signal, however, may be rather 
noisy and the lead would have undesirable values. However, if the signal is first 
filtered, a useable signal can be obtained with the lead. Figure 24 is a block 
diagram of filter-lead-lag circuit of Card 12. The controls for the filter and the 
lead-lag are on the front of the chassis. 
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The filter has the characteristics expressed by the following equation: 

ourin 

W = 2 r f ; s = damping factor. 

Setting ot the switches, yields the results shown by the table. 

SWITCH 1 

Position 
1 
2 
3 
4 
5 

f (Hz) 
1.4 
2.0 
4.0 
8.0 

16.0 

SWITCH 2 

Position 
1 
2 

3 
4 
5 

z 
.20 
.275 
.40 
.55 
. 80 

The lead-lag has the characteristics expressed by 

E /E. = ( 1 )Xl 4 Tb 
out in 

Lead = a r Lag ; Lag 4.- T 

The lead and lag are controlled by switches on the front of the chassis. 

Position 
1 
2 

3 
4 
5 
6 

7 
8 
9 

10 

SWITCH 1 
f Lag ( Hz) 

.2 

.5 
1.0 
2.0 
5.0 

10.0 
20.0 
50 

100 
200 

T Lag (Sec. ) 
. 8 

.32 

. 16 

.08 

.032 

.016 

.008 

.0032 

.0016 

.0008 

SWITCH 2 
Position a 

1 2. 
2 5 
3 10 
4 20 
5 40 
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Accelerometer Circuits 

Three accelerometer circuits are assembled on card 16. The 
accelerometers are mounted in three perpendicular planes on an engine flanpe. 
Figure 25 is a block diagram of one of the three circuits. The output of an 
accelerometer is input to an LM 208 high gain amplifier. Output of this 
amplifier is fed into a gain amplifier and filter. The filter frequency band is 
controlled by a switch at the front panel. The signal is then rectified and filtered 
and output through an isolation amplifier for monitoring. The output of the 
rectifier is compared with a set value at the input of a 741 operational amplifier. 

If the accelerometer signal exceeds the pre-set value, the 
amplifier output is saturated in the opposite direction from normal and the safety 
circuit causes the nitrogen pressure control valve to be de-energized. 

Thermocouple Circuits 

Each of the four temperature cix juits is contained on one card. 
Each circuit has three thermocouple inputs as shown by Figure 26. The signals 
are input to 725 type amplifiers. The circuits are zeroed. Thus at the cold 
junction temperature, there is zero output. The gain is adjusted to yield one volt 
per 205 degrees for circuits "A” and "B" and the gain is adjusted to yield one volt 
per 655 degrees for circuits "C" and "D". The 1800 computer number is ten 
times 0 It when 610* It is added to the input value. 

The output of the three thermocouples are averaged to obtain an 
average output from the card. In addition, the three outputs are input to a select 
high circuit. The sensed temperature must exceed the cold junction box tempera¬ 
ture to obtain an output from the select high circuit. 

Temperature output circuits are contained on card 18. All four 
temperature circuits are on this same card. Input to the circuit is from the 
selector switch on the front panel. The switch selects between common (zero 
volts), any of three thermocouples, the average of the three, the high of the three. 
or an external input signal from some other temperature sensing device or 
simulation. 
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Ihis input feeds into a circuit for monitoring the temperatures in 
deprees Hankine. For circuits "A- and "B” zero input to the monitor is set to 

I'1 , :? *8’ *S’ vo^taPe's etiual 10 the temperature in °R/100. For 
circuits "C" and "D", at zero input the monitor is set to yield .61 volts, that is 
the voltage is or/iqoo. 

rhe card inPut is also into the computer and instrumentation 
circuit. Output of these circuits is limited negatively to prevent computer over 
toad. Also the signals may be input to a lead circuit. This lead circuit may be 
switched in or out by a switch on the front panel and the lead may be adjusted by 
a knob on the front panel. J 

POWFR SUPPLY CHASSIS 

FlfîUres 27 and 28 are photographs of the power supply chassis 
I he power supply incorporates seven Power Mate type power supply units. Cable 
wiring for attaching between the power supply and the three chassis of the system 
and solenoids in the engine cell is presented in The Manual. 

The chassis contains three 115 VAC receptacles for use with 
checkout equipment. Also the various DC voltages are available at jacks for power 
supply check and power for auxiliary equipment used during system checkout. 

1 he 0 to 34 VDC power supply has three output circuits controlled 
by switches for use with solenoid control valves. These circuits are used for 
airflow switches to the A p/p sensor and for a solenoid operated fuel dump valve. 

The power supplies were purchased from : 

Power/Mate Corporation 
514 River Street 
Hackensack, New Jersey 07601 

Power supply model and use are listed on page 65. 
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Figure 27 Fn>nt View of Power Supply
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Model Voltage Chassis 
EK 14, EK15, EK18 
EK 14, EKi5, EK18 
EK15.EK18 
EK15 

EK18 
Solenoids 
EK15, EK18 

OEM-15-B 
OEM-15-B 
OEM-5-A 
OEM-5-C 
OEM-5-D 

+15 

-15 
-5 
+5 
+5 

BP34F-3. 5-A 
UN1-30E 

0 to 34 
+28 

Instrument Cabinet 

The instrumentation cabinet contains access points to signals 
generated in the system. Figure 29 is a Photograph of the cabinet. Signals 
available are listed by Figure 30. The points are protected by isolation amplifiers 
to prevent shorting out a signal to the digital computer. 

• The 13 pressure circuit outputs are available. 

• Six points for input of signals io the IBM 1800 are 
available. 

• The 12 position circuit outputs are available. 

• Other signals available from the EK15 and EK18 are 
listed by points 65 through 97. A signal not listed but 
available at the chassis can be obtained through the 
selector switch points. 

• Use of the instrument in and out points is noted in the 
patch panel discussion. 

• Point 108 is used to pickup a nozzle position signal. 
This signal is through a resistor to instrument in point. 

• Point 115 is a signal equal to the called 1800 computer 
number . ( 5 volts = 32767 counts ). 

• Point 117 is a negative 15 volts fed through the simula¬ 
tion - engine switches. For use in the safety warning 
circuit. 

• The four external temperature input points are used with 
EK18 temperature circuits for input of simulation signals 
or signals generated by experimental circuits. 
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• Analog computer simulation signals are through the 
cabinet. 

The following points must be considered in determining 
simulation line uses; 

• Simulation 1 is ♦he A P/P signal. 

• Simulation 9 is in parallel with patch panel DAC 1. 

• Simulation 5 is wired to the pulse inputs of EK 15 
for simulation speed input. 

• Simulation points 10 through 16 are wired to pressure 
circuits 1 through 7 for pressure simulation input. 

• Simulation 12 is in parallel with 18 and is not connected 
to the analog computer. 

• Simulation 17 is used for fuel request to the analog. 

• Simulation 18 is used in the fuel valve check circuit. 
There is -15 VDC on the point during simulation. 

• Simulation 21 is wired through the lead-lag circuit of 
EK18 which is output to the computer terminal. 

• Temperature simulations TC = T4 and TD = T5 are on 
points 19 and 20 connected directly to the temperature 
circuits. 

• Simulation 22 is equal to the power lever signal to the 
1800 computer. 

FUEL SYSTEM 

The fuel system comprises the main engine fuel control which is 
made of breadboard components, the geometry effectors, and various items to 
implement special tests capabilities of the Synthesis Control. The fuel system 
integrated with the engine test cell equipment is shown in block diagram form by 
Figure 3. A schematic of the system is shown in Figure 31. 

The system can be used with or without the engine operating. The 
normal condition is considered to be with the engine operatii g and the selector 
valves shown in the system schematic (Figure 31 ) are shown in position for 
engine operation. 
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Fuel System Normal Operation (Emrine Running 

e normal flow paih utilizes the enpne pumps, Hows through 
selector valve #1 to the metering: and bypass valves. The discharge from the 
metering valve flows through the solenoid operated cut-off valve to selector 
valves # 3 and # 4. With selector valve # 3 open the flow is to the engine 
nozzles through the engine mounted overspeed governor. 

i ne oypass discharges to the low pressure manifol 
be returned to the system inlet or returned to the cell fuel tanks. 

The pump discharge pressure after the selector valve # 1 and # 2 
ts taken through a filter to a high pressure (P2) manifold which supplies the 
servo flow for the engine geometry actuators and the metering valve actuator. 

..... , The enSine PumP contains a high pressure relief valve. In 
addition, a Flexflo pressure regulator is provided to allow setting of the 
maximum system pressure. The set value of the Flexflo is a manual operation 
performed by the test stand operator prior to engine start. 

Test Operation 

To allow testing of the metering valve and actuator, the fuel 

™ ía.nnbe USed lnka,tes‘ 'onfiffuration. In this confieuration selector valve, 
# 2 and # 4 are open while » 1 and # 3 are closed. Fuel is supplied bv the moto 
driven auxiliary pump. The pump pressure is set manually by nitronen prcssui 
control to the Flexflo pressure renulator in die auxiliary system. Z enZT 
pumpls) are bypassed and no fuel nows to the enpine nozzles. The meterin* 
valve, bypass valve, cut-off valve and all enirinc actuators can be operated in 
this configuration. 

The flow and pressure are limited by the capability of the 
auxiliary pump. Within the pump limits any actuator can be frequency responsec 
by control of the command input to the servo valve. 

When running on the auxiliary pump, the valve to allow return flov 
to the tank should be "cracked". This will allow some return to the tank and 
allow some make-up flow to enter the system from the tanks through the cell 
boost pump This prevents the system from being a closed cycle and prevents 
fuel temperature rise. 
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Safety Interlocks 

The selector valves # 1, 2, 3, and 4 are all provided with 
indicating switches as illustrated for valve # 4 on the schematic of Figure 31. 
The valves are wired in pairs. The pairs have the indicating switches so wired 
and interlocked with the computer program that no fuel will be provided to the 
engine unless #1 and #3 are open and #2 and #4 are closed. The program is 
such that if any valve is only partially closed, the only signal to the components 
is to close the main metering valve. 

NOTE : This program feature must be provided in the computer 
program. The fuel system can only supply the necessary signals. If the 
selector valves are reversed ( in the test operation positions) the computer 
program will also be in control. Position indicator lights are mounted on the 
back of the rack in which electronic interface chassis EK 18 is mounted. 

A second safety interlock is associated with a solenoid in the 
nitrogen (N2) line to the flex-flo controlling engine pump discnarge maximum 
pressure. The reset solenoid opens when and if the signal from the engine 
mounted accelerometers exceeds a predefined set value. The reset pressure 
depends on the size of the line bleed and the micro valve setting. This circuit is 
independent of the computer program. 

This feature is adjusted and used when test conditions are 
into stall. Normal nitrogen pressure feolenoid energized)is set near 700 psig and 
the bleed down pressure (solenoid de-energized) is set by the micro valve near 
125 psig. If high engine vibration occurs, the solenoid is de-energized which 
reduces fuel flow allowing the engine to recover. The engine operator will have 
time to correct the requested condition before the engine and pressure recovers. 

Special Features 

The system has the capability of providing pulses, stepped, or 
cyclic fuel flow changes. 

• Fuel Flow Step— With the engine running, the engine flow 
can be given a "step" change. The solenoid (Flow Step) 
is energized and a fraction of metered flow is bled back 
to the system inlet. The magnitude of the step is 
controlled by the setting of the micro-valve. 

NOTE : The servo valve ( Servo Valve Flow Cycling) must 
be in null position or it wall also contribute to the magni- 

\ tude of the flow step change. 
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• Fuel Flow Cycline "A servo valve (Flow Cycline) is pro¬ 
vided down stream of the solenoid (Flow Step) to allow the 
eneine flow to be cycled while the computer is in control 
of the meterine valve. By closine ihe micro valve and 
openine the solenoid (Flow Step), the nozzle flow can be 
bled to inlet by cycline the servo valve. It should be noted 
that a reduced flow will occur for each half of the servo 
valve stroke and the nozzle ilow will be equal to or less 
than the value set by the meterine valve position. (Never 
ereater than demand flow from the computer proeram). 

• Fuel Flow Puiser Operation --This can be tested for per¬ 
formance in the test confieuration with the selector valves 
# 2 and # 4 open and # 1 and # 3 closed. It should be noted 
that the supply to drive the puiser cylinder is provided by 
and only by, the auxiliary pump. 

To operate the fuel puiser with the enpine running, it is 
necessary to have the auxiliary pump running. In engine 
running operation the selector values are in the normal 
position. That is # 1 and # 3 open with # 2 and # 4 closed. 
The auxiliary pump can be turned on and the discharge 
pressure set with the Flexflo regulator in the auxiliary 
circuit. The fuel puiser will then effect metered flow by 
sensing the required signal to the Puiser Servo Valve. 

System Pressures 

The system pressures are determined by the nozzle flow pressure 
curve, compressor discharge pressure, and the various control valve and line 
losses The following listing define pressures with the subscripts as shown on 
the schematic of Figure 31. 

P4~~ Nominal nozzle discharge pressure. In engine running, 
compressor discharge must be added and some line losses 
will occur between the discharge from the cut-off and 
pressurizing valve and the nozzles. 
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P3 — Exceeds P4 by the drop across the cut-off and 
pressurizing valve. Nominal setting of the pressurizing 
valve is 60 + 5 psi. When P4 exceeds the set value, the 
cut-off valve drop is negligible. 

P2— Greater thab P3 by the drop across the metering valve. 
P2-P3 is set by the head sensor and has a nominal value 
of 60 psig. 

Pj-- High pressure in the system equal to pump discharge 
pressure. Greater than P2 by line losses and check valve 
drop. 

P0— Low pressure in system on pressure sink. Generally set 
by cell boost pump discharge pressure. 

FUEL SYSTEM COMPONENTS 

The major components supplied as part of the Synthesis System are 
listed in Table 2. The following items included on the schematic of Figure 31 
were either in the test cell or added to the cell by A FA PL personnel. 

Tank Return Shut-Off Valve 
Inlet Screen 
Auxiliary Pump and Drive Motor 
Inlet Servo Operated Shut-Off Valve 
Flowmeters 
Check Valves 

Other components shown in the schematic of Figure 31 are bill uJ 
material to the engine ( in this case the J85-13>. 

Engine boost pump and high pressure pump assembly 
Hydromechanical overspeed governor 
IGV actuators 
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PART NAME SUPPLIER 

MctcrinR Valve Assembly 
Head Sensor Assembly 
Bypass Valve Assembly 
Cutt-off Valve Assembly 
Solenoid-Step Function 

Fuel Puiser 

Puiser Cylinder 
Drive 1 yllnder 
Potentiometer 
Servo Valve 

Bleed Actuators 

Drive Cyl Inder 
Potentiometer 
Servo Valve 

IGV Actuator 

Drive Cylinder 
Potentiometer 
Moog Valve 

Bundlx 
Bendlx 
Bendlx 
Bendlx 
Bendlx 

Hydro-Line 
Hydro-Line 
Bourns 
Moor 

Tom-Thumb 
Bourns 
Moor 

GE 
Bourns 
Moor 

Nozzle Position Request Actuator 

Request Cylinder 
Request Potentiometer 
Servo Valve 

Hydro-Li ne 
Bourns 
Moor 

MetcrinR Valve Actuator 

Drive Cylinder 

Potentiometer 
Servo Valve 

Hydro-Line 

Bourns 
Moor 

Flow Cycllnp Servo Valve M )op 

Cut-off Solenoid Skinner 

Pressure Reset S 'enoid Skinner 

Flcxflo Auxiliary System Grove 

Floxflo Main System Grove 

Table 2 — Fuel System Assemblies 

MODEL OR PART 
NUMBER 

FXD-162944 
FXC-162943 
FXD-1C2942 
FXD-162945 
190585 

R2F 1 X 6 

R2F 2x6 
2001081615 
72-102 

HVP 1 X 1 

031 A 02705A-050H4 

Engine Part 
2001782009 
73-101 

R2F 1 X 1 
2001781010 
031A11005A-050H4 

R2F 1x1 

2001781010 
031A11005A-050114 

031A02705A-050H4 

V116 DAI 1001 

V51 DB 2200 

880 NH 275 psl 

10679 WK 1500 psl 
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The following comments amplify Table 2 where additional 
information is applicable.

Fuel Metering Valve

The two valves supplied have linear contour with a gain of 23.5#/ 
hr. and 7.9 #/hr. per .001 inch travel. Maximum capacities of 17,600 #/hour 
and 6500 #/hour are obtained.

Head Regulator and Bypass Valve

Figure 32 shows exploded views and assembly drawings of the 
head regulator and bypass valve. The head regulator controls the integral part 
of the proportional plus integral l^pass valve. An adjustment on the regulator 
is used to set a head of 57 psi across the metering valve. This setting will yield 
the metering valve flow calibration currently being used in the installation. The 
proportional part of the bypass valve was preset to yield proper operation with 
the J85-13 pump.

Cut-Off and Pressurizing Valve

Cut-off is provided by de-energizing the normally open solenoid 
which vents hi^ pressure to the back side of the value and allows the spring to 
close the value. In evert of a system electrical power failure, the valve will 
go to the cut-off position and shut down the engine.

With the cut-off solenoid valve closed ( solenoid energized) the 
back side of the valve is vented to Pq and the cut-off valve acts as a fuel system 
pressurizing valve.

Actuators

Tom Thumb.
The two types'supplied were procured from Hydro-Line and

Hydro-Line — The Hydro-Line cylinders used are the R2 series with the ”F'' 
(in R2F) designating end mounting flange. The numbers following the model 
type are bore diameter and stroke. That is an R2F 1x2 has a one inch bore 
and two inch stroke. One inch diameter bores for R2 series are rated at 
3000 psig and for 2 inch bores are rated at 1500 psi. For detailed information

1
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manufacturer's catalogs should be consulted. 

• Tom Thumb — These are supplied in HV series rated at 2000 psi hydraulic 
pressure with the P (in HVP) being the mounting flange definition. The bore 
and stroke designation are the numbers following the letters. 

Servo Valves 

Moog Industrial Series 72 and stock Type 30 servo valves have 
been procured for the Synthesis System components. 

• Moog Series 72 and 73 Servo Valves -- For detailed information the manu¬ 
facturer's catalog should be consulted. For the Model 72-102 used with the 
fuel puiser the following is obtained. 

Rated Flow at 1000 psi drop = 40 gpm (72-102 ) 

Rated input signal = 15 ma 

Coil resistance = 200 ohms 

The frequency response can be approximated by a second-order transfer 
function with a natural frequency of 60 cps and a damping ratio of 0.9. 
Frequency response is somewhat dependent on signal amplitude, temperature, 
and supply pressure. 

• Moog Type 30 Servo Valves — The type 30 Servo Valves carry a part number 
which fully definës their physical characteristics. The following example is 
from Catalog 315. 
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Typical Part No. 

Series —- 

Elastomer — 

031 

Jr 
Rated Flow (1)- 

Supply Pressure (2). 

Connector —-_ 

Connector Location 

Pigtail Direction_ 

Coil Resistance 

Coil Connection 

:L 110 05 A 05 0 H 4 

(1) Rated flow is in cubic inches per second (CIS) x 10 
(¿) Supply Pressure = psi/100 

metering- valve and nozzlT^tLTorT ihe^rat ^n dcSi*nated for usc with the 
Natural frequency for this series is *80 cps“aTer ^ ^ 

1 or greater. Rated current is 10 ma. 

Solenoid (Flow Step) 

This is a Bendix part. 
(1940 PPH) with less than 20 psi drop 
( Serial No. 31675A) as shipped had 9 

How capability specification is 5 gpm 
across the valve. The unit delivered 
psi pressure drop across the valve. 
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Special Mountings 

The bleed valve actuator and the nozzle actuator have special 
mountings provided. These are shown on Figures 33 and 34. 

^ . The nitr°Pen pressure regulators for the Flexflo control pressure 
and gages are mounted on the operators panel in the control room. These ti- 
shown in Figure 2. 

PRA-A2 PRESSURE RATIO SENSOR 

fho r u BendiX PIlA‘A2 Pressure ratio sensor was developed during 
course o t e contract. Figure 35 is a schematic showing operational details 

f the mechanism. Figure 36 is a photograph of the sensor. 

Pressure Ratio Sensor Operation 

The PRA-A2 Pressure Ratio Sensor senses the ratio between a 
total pressure Pt and a static pressure Ps by ilowinc air from P. throurf, a 
circuit consisting of a manually adjustable upstream restriction A andTt“ oked 
downstream movable valve A2. The latter is automatically positioned to ‘.ake 

¿VequaTp iseaPreSSUrC PC1 equal t0 Ps • The valve position required to make 
Cl equal P is a measure of the ratio (P,-Ps)/Pt or Ap/pt. The value of ap/ 

t is indicated by the output signal from a linear differential transformer having 
a sensor core fastened to the piston on which conical valve A, is formai A 
fluid amplifier amplifies the pressure difference Pr to produce the outn t 

sn?hhUHehdlfíerenCe P°1-1502 which Positions the piston. Piston movement is* 
snubbed by the viscous impedance to air flowing from the P01- and PnT , 
throunh the . 001 piston radial clearance to the piston ends. V ampUfleTr ‘with 
a r from burner pressure P,,. This air is processed throuyh a coarse wash 
filter, a cyclone separator and two fine filter screens. The cleaned a^s also 

used to supply a,r bearings which float the piston and a small bleed flow into die 

the ampltfllr “tplt “ ““ R3,,° 'nSUre that ^ -aches 

The coarse filter is washed bv the air used for an elector whirh 
aspirates the discharge of valve A, so that « will be choked a. an ' ra,^ 
conditions. A separate filter screen is provided for P. since for cloréTsor 
discharge mach number sensing Pb is too low lo permit bleeding it into the P, 
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Figure 35 — Schematic of PRA-A2 Pressure Ratio Sensor 
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line. Amplifiers vent pressure Pv is controlled by restrictors R6, R7 and/or 
R12, and air bearing vent pressure Pabv controlled by restrictors R4 and/ 
or R5. For this application, Pv and Pabv are made the same and controlled by 
a vent restrictor R4 placed in the Pa vent port - by opening R4 and R6 and clos¬ 
ing R5, and R12. Amplifier output load is established by restrictors R9 and R- 
11 in parallel with leakage paths along the piston. The A2 valve cone angle and 
minimum A2 opening determine the ratio of maximum to minimum sensed A P/ 

Pf 

POSITION CONTROL DEMONSTRATOR 

A device "Position Control Demonstrator" is shown by the 
Photograph of Figure 37. The device contains an LVDT and Potentiometer for 
position indication and a stepper motor driving the mechanism through a pinion 
and rack. 

The contract requires provisions for control of compressor stator 
vanes and turbine nozzles. These items are not included on the engine. Since 
requirements of these actuators are unknown, the techniques of stepper motor 
drives and the use of LVDT feedback are demonstrated by the mechanism. 

To demonstrate control with this mechanism three cables are 
connected to the device and three lines are patched in the EK15 patch panel. The 
mechanism is used to checkout the position control circuits with use of fuel flow. 
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SECTION III 

IBM 1800 COMPUTER PROGRAMS 

The computer program provides computations with the results of the 
computations output to Vie electronic interface package. Engine geometry positions 
and fuel flow are than controlled to the computed values by circuits of the inter¬ 
face. Computer computations are based on engine variables sensed by transducers 
and converted to voltages or digital words by the interface circuits. The effects 
of the variablen in the computations are changed by program adjustments. Block 
diagrams illustrating the digital program are presented. Examples of computer 
print-out lists of variables, adjustments, and computations are also presented. 
The computer program print-out obtained by printing the card deck at the time 
of use is the only valid control program. 

Figure 38 illustrates the program input-output features. Nominal 
pregram constants are loaded into the standard trim register. These constants 
are transferred to the variable trim register by a reset signal. In this register 
the numbers can be changed by adjustment logic circuits and program. Engine 
variables such as pressures, temperatures, pressure ratios, positions, rotor 
speed and accelerations are sensed by transducers and converted by interface 
circuits to signals compatible with the computer inputs. Power lever position 
is also input through the interface to the computer. 

The computer program utilizing the constants and variable inputs 
computes positions of the fuel valve, inlet guide vanes, compressor bleeds, and 
exhaust nozzle. These signals are output to the interface. The computer outputs 
are compared with feedback signals by circuits of the interface and control signals 
are generated. Control signals are output to engine mounted control devices. 

Safety circuits incorporated in the interface reset the program to 
standard trims. When the program is being varied to examine effects of trim 
values and problems occur, the program is reset to the safe standard values 
by the operator reset switches. Signals may be conditioned or simulated by an 
analog computer and input to the program through the interface. Use of the 
analog computer is discussed in Section IV. 
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PROGRAM ADJUSTMENTS AND SAFETY IXXÎIC 

The IBM 1800 computer program computation values are changed 
by digital word input. Value of the selected adjustment, or a computed number, 
is read ou' y digital word and displayed in counts and a voltage equivalent to 
5 volts equal 32767 counts. 

Nominal program values are included in the program deck. These 
values are transferred to the computation routine when the power lever is in cutoff 
or by reset switches. In the routine register the values are called by positioning 
a thumb wheel switch to the adjustment number desired. The selected number is 
changed by moving a change switch up for an increase in number and down for a 
decrease in number while simultaneously operating an interrupt switch down for a 
single change and up for multiple changes at a set rate. 

The value of the computer number selected is read out on a five 
digit decimal display. In addition to the adjustment values, computation and 
input variable values can be called out by positioning the thumb wheel switch. 
In the initial program, 254 numbers are available. Zero is not used. Some 
numbers are used for program adjustment. The other numbers are used to call 
up computation points for check of program operation. Numbers used for 
adjustment are the only ones programmed for change. 

Figure 39 illustrates the adjustment circuit features. The adjustment 
number and the magnitude of the change is input through one digital word. Lower 
order bits are used for change and higher order bits are used for number call out. 
Value of the selected adjustment is readout by digital word. Any change to this 
called up adjustment is accomplished by moving the appropriate change switch 
up for increase in number or down for decrease in number. While holding the 
change switch, the interrupt switch is moved to activate the change. 

Bits of a second digital word are used for program logic. The highest 
bit 2*4 is used for resetting all the adjustments simultaneously. When the bit 
becomes positive, the nominal adjustment numbers are transferred to the program 
register. This bit becomes positive when the throttle is in cutoff or due to a 
reset switch. 

The next bit is used to reset the called adjustment. This bit is made 
positive by action of a switch. After examination of a control loop by changing a 
particular adjustment, the adjustment is reset by the switch. Also if a control 
problem develops, the adjustment can be reset quickly. 
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[RESET 

RES-.T 
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ALL STXXX TO VTXXX 
AND/2000 CALLED VTXXX =STXXX 

AND/1000 CALLED VTXXX=DAC4 

AND/0Ö00 CALLED VTXXX =DAC5 

AND/0400 VALVES CHECK + 

DO 

0 NO ACTION M 

+ OR - DACO-» - 
PREVENT ENGINE 

RUNNING 

ND/OOFF 
0 NO ACTION 

+ OR - DACO. - 

PREVENTS SIMULATION 
/OOAA 

Figure 39 — Adjustment and Logic Features 
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Bit 2*“ is used to equate DAC 4 output to the called computational value. 
This DAC can then be used for recording the variable during an engine test cycle. 
Bit 2*1 is used in a similar manner when a second computer value is desired for 
recording through a DAC. These variables will hold until another variable 
is selected by the thumb wheel switch and the command to equate is given by the 
DAC1-DAC2 switch. 

Bit 2^° is an analog computer input through simulation point 18 and 
output through DAC 11 (cable 11 and 12). When the analog computer switch in 
the instrument cabinet is on simulation, a programmed negative signal yields 
a logic zero in the computer and the engine valving is checked for cneck-out 
configuration. If not, a red light comes on the panel and a negative fuel is 
requested. This prevents the simulation program from running. If the simulation 
switch is open to engine running a logic one exists in the computer and engine 
configuration valving is checked. If not, a negative fuel request is output and 
the red warning light comes on. 

Valve indication is shown by the following table: 

Test 27 
Flow 26 
Engine 2^ 
Flow 24 
Test 23 
Pump 22 
Engine 21 
Pump 2® 

Volts Logic 
Open 0 1 
Closed -24 0 
Closed 0 1 
Open -24 0 
Open 0 1 
Closed -24 0 
Closed 0 1 
Open -24 0 

TEST 

Volts 
-24 
0 

-24 
0 

-24 
0 

-24 
0 

ENGINE 
RUNNING. 

Logic 
0 
1 
0 
1 
0 
1 
0 
1 

The engine runung number in hexidecimal form is 0055 and for checkout the 
number is 00AA. 

Figure 40 is a partial print out of the trims program. The program 
standard trim values are listed as STXXX. When the reset switch is pressed 
or the throttle is in cutoff, the routine of storing the STXXX's to the VTXXX's 
is run through. VTXXX is called in the computer computation. 
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11 KSTAL EOU
16 LD STOOl
15 STO 2 VTOOl
16 LD ST002
,17 STO 2 VT002
Ik
» LD ST003

«

STO ? VT00 3

72 LD STO 30
1 3 STO 2 VT030
76 K STTVT
7b LUPb

76 + DC U
7 7
7h S luoo DC U
7-i STuol DC 0
kU ST on 2 DC J
kl ST(,03 jC 20000
62 ST(U)6 !.'C 0

lo^l
Ibl 
lb;* 
it>3 
lb<^ 
lb-5 
I *56
lb 7 
1 bW 
IbV

?10
211
212
213
21^
21b
216

b rut)6 
S1057 
S 1 <j b»- 
S10b9 
S ( U 6(! 
STTVT

»C
oc
nc
DC

•)C

euu
LD

STfJ

UJ
STU

LiJ

STO

LO

srn
LD

STO

B

16600

163B4

0

0

0

*

ST031 
VT031 
STO 32 
VT032

STObfl

VT058

ST059

VT0b9

ST060

VT060

DAC6L

KhStf ALL DIGITAL ADJUST

speed LuWTKfjL PIG10-3t^

lULb SPtED TKIi»i 
MAX SPEED TKIm

BKANCH COMMAAiD 66+

Tb ktOOEST 
Tb CuNTkOL GAIM

GTPoo mo 
GTP0()^i;0 
GTEOOPin 
GTkOO/>20 
r.TEoo?3n 
GTED0i;6D 
GTFn02bO

GTE007HO 
GTFOO 790 
GTFOO bOO 
GTFnUttiO

GTFOOb^o 
(^TFOOc'if. 
GTFOti f-60 
GT'^00Kr5<)
CLAOObbO
GTFOn (.,70

GTFOIS, 
GTEmSbO 
GTF01b70 
GTi^O 1 680 
r-TFni690 
GTFOIftOO 
GTFOlblO 
GTFO1620 
GTF0 1630 
OTFOihAO

GTF021b0
GTE0216O
0TF0^17n
GTF02180
GTEO^mo
GTFOi'200

HKAIviCH TO DAC6 OUTPUT LUOP GTE02210

FIGURE 40 PARTIAL PRINTOUT OF TRIM ROUTINE
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Figure 41 is a list of digital computer points for input of analog 
(voltage) signals to the computer. These points are programmed and assigned 
VTXXX numbers. Points P18 through P39 were points used with the EK 14 
chassis. Points P40 through P63 are points used for engine variable inputs. 
Some variables may be read by selecting the VTXXX numbers in psi and °R 
multiplied by 1034. These numbers are used to monitor operation of various 
circuits. 

Figure 42 is a partial list of VTXXX numbers which may be read out 
to monitor computation and may also be output through selected DAC signals 
for recording. Any VTXXX assigned in the computational programs may be 
selected. 

COMPUTATIONAL BLOCK DIAGRAMS 

A computational block diagram was prepared for operation of the 
J85-7 engine which was installed in the cell at the start of this project. The 
diagram was programmed and that program was changed and varied as the project 
progressed. The program is knowr as the Bendix control. Some part of the 
program were deleted and the resultant program became known as the Bounds 
control. 

Both control programs contain many of the same functions. The 
Bounds control is for the purpose of starting the engine and limiting operation 
to a safe region. All safety and logic routines, engine geometry control, power 
lever routines and fuel valve request are common to both programs. All controls 
on fuel to be investigated with the Bounds program are input in the fuel valve 
request routine. If the control under investigation involves geometry change, 
the geometry program is changed. 

The diagram of Figure 43 presents an overview of the control 
programs. The bounds program does not contain the proportional burner pressure 
and temperature controls nor the proportional plus integral temperature and AP/P 
controls. The parameters near the bottom of the figure are representative of 
data routines which are incorporated in programs. Engine rotor acceleration, 
acceleration divided by flow and fuel flow integrated over an acceleration period 
have also been programmed for some tests. 

95 



L-

407 aNaLT LU 3 P18

40 H STO 2 VTllO

409 LI) 3 P19

410 STO 2 VTlll

‘♦11 LI) 3 P20

412 STO 2 VT112

440 LI) 3 P34

441 STO 2 VT126

442 LI) 3 P35

443 STO 2 VT127

444 LI) = 50
44b STO L TRlI-iS

‘♦4 b tivuTi^i eou *

4 bb LD 3 P40

4b 7 STO 2 VT231

bb M =20000

459 SLT 1

460 STO 2 VT102

46 1 LO 3 P41

462 STO 2 VT232

463 t'l =30000

4 64 SLT 1

46b STO 2 VT103

623 LO 3 P57

b24 A =6100

52b STO 2 VT248

626 S =4600

52 V STO 2 VT098

b2d LI) 3 P58

529 STO 2 VT249

530 LD 3 P59

631 STO 2 VT250

532 LI) 3 P60

533 STO 2 VT251

534 LD 3 P61

53b STO 2 VT2 52
53b LD 3 P62

537 STO 2 VT2 53
538

539 LD 3 P63

540 STO 2 VT2 54

Pb=luOXHSI 
OP

DP=lOOOXPSI

Tb=iOXP
PLaI

PLA2

LEaO-LAG SIGNAL

64TH POINT

GTFO'3980 
GTF0 3990 
GTF0 4000 
GTFOAOin 
GTP0 4U20 
GTF0 4U3n

GTF.')^3in 
GTF0 4320 
GTFf)A3'30 
(,TFn43A0 
GTFOA3t>'i 
GTto A3 60 
GTF0^370

tKl^j GTF0^9 70 
GTFO'^AHO 
MF0^<»90 
GTEO-ibOn 
GTFO-i»^:ir. 

bKl6 GTF()^b20 
GTF04b3'i 
GTFfi^b^O 
GTFOAbbO 
GTF04-3 60

tK18 GTF0bl40 
GTF(15150 
GTF0bl6O 
GTF0bl7n 
GTFOblttO 

fcKlH GTE0bl9n 
GTF()b2')0 

bK18 GTEOb210 
GTF05220 

EKlfi GTF0523O 
GTF0b2A0 

tK18 GTFObPbn 
6TF0526n 

tK18 GTF0b270 
GTE0b2 80 
GTFnb290 
GTEOb300 
GTF05310

FIGURE 41 PARTIAL PRINTOUT OF ANALOG VOLTAGE INPUT POINTS
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1501 
150 2 
1503 
1504 
1505 
1506 
1507 
150b 
150y 
1510 
1511 
1512 
1513 
1514 
1515 
1516 
1517 
151b 
1519 
1520 
1521 
1522 
1523 
1524 
1525 
1526 

1618 
1619 
1620 
1621 
1622 
1623 
1624 
1625 
1626 
1627 
1628 
1629 
1630 
1631 
1632 
1633 
1634 
1635 
1636 
1637 

VT231 EOU 
VT232 EOU 
VT233 EOU 
VT234 EOU 
VT235 EOU 
VT236 EOU 
VT237 EOU 
VT238 EOU 
VT239 EOU 
VT240 EOU 
VT241 EOU 
VT242 EOU 
VT243 EOU 
VT244 EOU 
$ 
VT245 EOU 
VT246 EOU 
VT247 EOU 
VT248 EOU 
VT249 EOU 
VT250 EOU 
VT251 EOU 
VT252 EOU 
VT253 EOU 
« 
VT254 EOU 

+ 104 
+ 105 
+ 106 
+ 107 
+ 108 
+ 109 
+ 110 
+ 11 1 
+ 11? 
+ 1 1 3 
+ 114 
+ 115 
+ 116 
+ 117 

+ 118 
+ 119 
+ 120 
+ 121 
+ 122 
+ 123 
+ 124 
+ 125 
+ 126 

+ 12 7 

THIkO 

SPAKE 

8UKNER PRESS EK15P1GTE 
UP= P3-PS EK15P2 GTE 

P2 GUMP INLET EK15P3 GTE 
bltEO PRESS P23EK15P4 GTE 
PUSITIUN INPUT EK15 GTE 
analog speed inst gtf 
8LtE0 PRESS P2.4 P5 GTE 
BLtEO PRESS P2.5 P6 GTE 
T0K8INE ÜISCH PRES PB GTE 
engine uisch pres P9 gtf 

PRESSURE RATIO GTE 
GTE 
GTE 

STRIP t K1H 
GUMP TEMP INLET TA 
CUl'iP TEMP UISCH TB 
TURBINE INLET TC 
TURBINE DISGH TO 
PUWER LEVER PLA1 
PUWER LEVER PLA2 
E ILTER-LEAO-LAG VAR 
SPaRE 
SPARE 

PU I NT 

GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 
GTE 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

4160 
4170 
4180 
4190 
4200 
4210 
4220 
42 30 
4240 
4250 
42 60 
42 70 
42 80 
4290 
4 300 
4310 
4320 
4330 
4340 
4350 
43 60 
4370 
43 80 
4 390 
4400 
4410 

VT090 EOU -90 
VT091 EOU -91 
VT092 EOU -92 
VT093 EOU -93 
VT094 EOU -94 
VT095 EOU -95 
VT096 EOU -96 
VT097 EOU -97 
VT098 EOU -98 
VT099 EOU -99 
VT100 EOU -100 
VT101 EOU -101 
VT102 EOU -102 
VT 103 EOU -103 
VT104 EOU -104 
VT105 EOU -105 
VT106 EOU -106 
VT 10 7 EOU -107 
VT106 EOU -108 
VT1C9 EOU -109 

T2=10XE DEG 
T3 = 10XF DEG 
T4=10XF DEG 
T5=10XF DEG 
adjustment number selected 
ADJUSTMENT REGISTER NUMBER 
SAFETY DIGITAL NUMBER 
PB=lU0XPSI 
DP=1000XPSI 
P2=1U00XPSI 
P23-P2 = i00XPSI 
P24-P2=100XPSI 
P25-P2=100XPSI 
P5 =100XPSI 
PO = 1000 XPS I 

GTE15330 
GTE 15340 
GTE15350 
GTE 15360 
GTE15370 
GTE15380 
GTEl 5390 
GTE 15400 
GTE15410 
G TE 15420 
GTEl 54 30 
GTE 15440 
GTE 1 5450 
GTE 15460 
GTE 1 54 70 
GTE 15480 
GT E15490 
GTE 15500 
GTE 15510 
GTE 15520 

FIGURE 42 LIST OF VARIABLES AND ASSIGNED VTXXX 
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Computer computations were divided into groups and each group was 
represented by a block diagram. These block diagrams are indicated on the 
simplified diagram of Figure 43. A simple block diagram is presented and 
discussed in the following paragraphs. The power lever is the controlling input 
to the computation. On the left-hand side of the diagram are listed the variable 
inputs and primary trim VTXXX numbers. On the right side of the diagram 
are listed computation outputs. 

Rotor Speed Request 

The power lever requests engine speed linearly with position. The 
specification engine control requests speed between 7,950 equal to 48c¿ at idle 
to 16,542 RPM at 100%. Program speed request band in counts equal RPM is 
initially set at these values. Throttle voltage band is between 47.5 and 105%. 
These two speeds are requested by a throttle input voltage change of 2.9 volts 
between minimum to maximum. The resulting counts are divided by two and 
added to the low speed counts programmed to yield the request. Idle and maxi¬ 
mum speed can be adjusted between limits to obtain a limited speed band. Also 
a minimum and maximum speed can be set through the interface and switched 
from one to the other. 

Figure 44 is a block diagram illustrating the fuel control part of 
the computer program. The throttle voltage is -0. 25 volt at minimum position 
corresponding to 47.5% "N" and is -3.15 volts at maximum position corres¬ 
ponding to 105% "N". This voltage is converted to a digital number, divided 
by two and added to the number 7, 212 equal to 43.6% rpm. The number thus 
obtained is compared by a select high with a low speed limit equal to 7950 rpm 
plus one-eighth the setting of adjustment VT001 nominally zero. The value 
thus obtained is compared by a select low with 16542 minus one-eighth the setting 
of adjustment VT002 nominally zero. The output is the speed request with the 
number equal to the engine rpm being requested. 

Adjustments VT001 and VT002 are divided by eight to prevent the low 
speed from exceeding the high speed request or the high speed request being 
less than the low speed request when the trims are at the maximum of 32767 
counts. The adjustments can be changed in sign to yield numbers less than 
minimum throttle or greater than maximum throttle. Thus the full throttle 
range can be selected. 
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Although the power lever input is normally used for speed request, 
the vaiue may be used for a request of any operating variable or parameter which 
might be indicative of engine power such as engine pressure ratio. 

The request obtained is used directly as speed request if adjustment 
VT004 (nominally zero) is less than (54. When greater than 64, the speed request 
initiates a programmed command which allows integration of the speed request 
up and down proportional to burner pressure times a constant plus a set value. 
VT005 is nominally set at 6000 which is divided by 29 to yield 11. Due to 
the integration rate of the computer, a speed change of 750 RPM per second 
is requested due to this value. This number is added to a number proportional 
to burner pressure minus inlet pressure and the sum in used. VT006 is used as 
a emstant of proportionality. VT006 is nominal set at 9200 which will yield 25 
or 1600 rpm/second near idle. 

Deceleration control is accomplished in a similar but opposite manner 
with VT007 and VT008 minus. When the difference between VT128 and VT132 
is low, the integration is on this difference. 

This integration of speed request is included in both programs to 
allow a controlled speed change while investigating engine variables. The throttle 
request is a definite signal which is unaffected by engine variable change. The 
difference between request and speed yields a definite direction of a transient, 
and the transient will be followed over the speed range requested. This routine 
allows study of control action during simulated pilot le/er motion. The action 
is from a snap to a slow easy change request. 

Engine maximum speed request is reduced at low compressor inlet 
temperature. At 395°R the maximum speed is reduced to 15,542 RPM and 
increases linearly with temperature from 15,542 to 16,542 at 445*R. The value 
computed is compared with speed request by a select low to yield the speed 
request. 

Speed Control 

The speed request is compared to engine speed to yield a speed error 
which by a gain is converted to ratios in counts. Nominally one rpm error is 
equal to .4 ratios counts. Approximately 400 counts are required from steady 
state to maximum acceleration. Figure 44 illustrates the speed sensing circuit 
and control circuit. 
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Speed input is by digital word, the value of which is clock counts 
pcr revolution or some factor times a revolution. The clock counts are divided 
into a constant to yield RPM in which counts obtained are numerically equal 
to the RPM. A validity speed logic is incorporated in the computer program 
to insure a valid reading. In addition an analog speed signal is input and the 
digital value is compared to the analog value. If a difference of S00 RPM occurs, 
the fuel valve request is set to yield a maximum flow of near idle value. If 
a failun* occurs during start, this value would be too high. The operator should 
monitor speed VT157 during a start and warn the engine operator if VT157 does 
not perform properly. 

The gain of the speed control is set at 6553 counts. The error 
times the gain divided by yields 0.4 ratios counts per RPM error. A count 
of 32. h is about one actual ratio. An error of Hi RPM will cause one actual 
ratio change. Since steady state ratio is near 20 and 81 RPM is near 0.5 per¬ 
cent at maximum speed, the fuel gain with speed is near ten on basis of percent/ 
pe rcent. 

Proportional Temperature and Pressure Control 

Proportional temperature and pressure control are illustrated by 
Figure 44. Outputs of these two controls are compared with the speed control 
in select lows to control whichever of the three variables is high relative to the 
set requested values. 

The temperature request is set at a fixed number plus a function of 
engine speed when the speed exceeds 11500 RPM. The temperature is set high 
í22oo<,Ri and must be decreased to obtain control during engine tests. Computer 
counts of the temperature control is ten (10) times the temperature in degrees 
Rankine. The values can be called out and read easily in engineering units. 

The pressure request is set proportional to compressor inlet pressure. 
Nominally the pressure is set near the 709? speed value. This setting is a safety 
measure to prevent high speed in event of a high speed request at starting. Adjust¬ 
ment VT013 sets the burner-pressure-inlet-pressure ratio. At VT013 - 16384, 
the ratio is eight. At this value, pressure will be removed from control. 
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Error in the temperature and pressure loops are converted to ratios 
in counts by gain factors. Ten temperature counts are nominally 2. 5 ratios counts 
or one degree is approximately .08 actual ratios. This gain is approximately 
8 percent/percent. Nominally at 50 psia burner pressure, the pressure gain 
is about 2. 5 percent/percent. 

Ratios request from the propotional control devices is VT168. This 
ratio is driven to zero by a base ratios number which is nearly equal to required 
to run. In computer ratios counts, the base ratio is set at 650. VT168 and the 
base radios are added to yield VT171. VT171 is limited by the acceleration and 
deceleration ratios. 

Fuel Ratios Computations 

The numerical numbers used for this program are the same .12,8 
counts/(Wf/Po) actual as used with the J85-7 program and fuel system. A 
multiplier is included at the output of the schedule to convert counts to compatible 
voltage values for the new fuel system and to allow entire schedule shift. A speci¬ 
fication plot of Wf/Pb is generally rather complex involving a wide range of 
temperatures based on computation, experience and testing of the engine. The 
maximum ratios computation of this program is based on a narrow compressor 
inlet temperature band of 0#F to 130* F. Further, the schedule is approximated 
by functions of N and T. The bands approximate the cam schedule of the J85-5 

engine. 

The fuel pressure ratios used in the program are given by the following 
equations for various speed regions. 

Start 
Flow 

WF/PB = 12 
= 34 

+ .65 [(1 + .0024 (T2-460)] 

+ .00079 (T2-590) N% 

Acceleration 
Limits 

= -11 + 0.65 N7f 
= 37 -.0023 (T2-460) 

N7f 

Back Slope : = 1.9 (115 - N^) 
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The maximum ratios schedule is divided into five segments as indicated 
by the above five equations. The first two segments are in the start regime to 60¾ 
s}x*ed. The second two segments are in the acceleration regime and the fifth 
segment is the back slope at high speeds. Deceleration schedule is established 
by either a fraction of the acceleration schedule (VT029) or a fixed minimum 
ratios (VTO.'IO). The ratios are multiplied by the burner pressure to establish 
the fuel request. 

The maximum and minimum ratios schedules may lx? increased or 
decreased to change transient response of the engine. These limits are used 
as boundaries in an integration routine. The routine contains inputs for propor¬ 
tional plus integral controls. The routine is activated by the output of s jeed, 
Lem [»rã tu re and pressure proportional control computation. 

Fuel Valve Position Request 

The output of the integration routine is multiplied by burner pressure 
and a conversion constant to yield a valve position request value. The program 
includes adjustable limits for values of the fuel request. A high and or a low 
fuel can be set. With these values set a study of engine behavior between two 
fuel levels can lx? investigated. 

The values from another fuel control loop is input into the program 
at this point. If another loop were in ratios and not in fuel flow values, the value 
could feasibly be Input into the ratios part of the control along with the speed, 
temperature, and pressure controls. 

Temperature Control. Proportional Plus Integral 

The proportional plus integral control yields a control similar to 
a lead in the feedback. Figure 45 illustrates a control in which the temperature 
reference is a function of engine speed. Although the control is shown for turbine 
inlet temperature, turbine discharge temperature could be used. The request 
level (VT037) and the slope with speed (VT036) are adjustable. 

Requested temperature is compared to actual temperature to produce 
an error. The error is used in both an integral and a proportional control. In 
the integral part, the rate at which fuel pressure ratios increase is controlled 
and in the proportional part, ratios are proportional to error. The lead is 
equal to proportional gain divided by the integral gain. This lead is multiplied 
by the integral gain (VT038) to obtain the proportional gain. 
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The deceleration reference temperature is set at a fraction of the 
acceleration temperature by VT040. • Control is similar to the acceleration 
proportional plus integral. Increasing integration fuel is equated to VT187 
and decreasing integration is equated to VT188. The two proportional parts 
are summed to yield VT196. The setting of VT039 provides the lead. 

Pressure Ratio Control. Proportional Plus Integral 

The pressure ratio (compressor discharge airflow) control is 
proportional plus integral similar to the temperature control. A reference 
pressure ratio is established by a three segment schedule indicated as a 
function of speed. The low speed part of the schedule sets the value for starting. 
Most control is based on the mid-range segment. The high speed segment is 
used to change the acceleration control value as the pressure ratio changes 
at high speed. All three segments have a slope and intercept controlled by 
adjustments VT043 through VT050. 

The actual pressure ratio is compared to the reference schedule 
tn obtain an error. The error controls an integration rate of ratios and a 
proportional effect on ratios. The proportional trim (VT050) is multiplied by 
the integral gain (VT049). Thus« the proportional trim becomes a lead value 
of the proportional plus integral control. 

Outputs of the airflow control are the same as the temperature 
control. Manipulation of adjustments VT034 and VT035 calls the loop desired 
during an investigation. Values of VT187, VT188, and VT196 are set 
nominally to prevent interference with the basic control when neither the 
temperature nor the airflow control is being used. 

Inlet Guide Vane and Bleed Controls 

The compressor inlet guide vanes and bleeds are controlled to 
schedules. The schedule is linear with speed from low speed position to high 
speed position. Low and high speeds at which the vanes are at extremes vary 
with compressor inlet temperature. 

Figure 46 illustrates the computer schedule. The engine speed in 
RPM's is equal to the computer counts. Low and high speed extreme positions 
are computed and output in DAC volts. Voltage from the DAC output Is equal to 
the feedback potentiometer voltage of opposite sign. 
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VTl 57 

VT?33 

VTO5I 

VTO^ 

VT?33 

VT0^4 

VTO'j>3 

VT233 

VTl 57 

Figure 46 - Compressor Guide Vanes and Bleeds Schedule and 
Computations 
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The schedule is computed by the following equations: 

X N-N1CG 
POSITION REQUEST = POS LO + (POS HI - POS LO) n2CG - Ñire 

POS LO and POS HI are the low speed and high speed extreme positions as shown 
on the figure. N is the existing speed and Nl CG and N2CG are the low and high 
speed values of the compressor geometry schedule. These speeds are functions 
of the compressor inlet temperature. 

The equation of NlCG is given by: 

N1CG = 11800 + (T2 - 420°) 1.32 

The high speed (bleed closing point) is determined by three functions 
with temperature. 

N2CG = 14,900 + (T2 - 420°) 1.72 

N2CG = 16,000 - (T2 - 484°) 4 

N2CG = 15,800 + (T2 - 534°) 15.8 

To each Nl or N2 is added a speed trim value VTXXX in order to 
change the range of speed over which the geometry moves. 

Block diagrams for each of the guide vanes and the bleeds are shown 
by Figure 46. The guide vanes are controlled by DAC #1 output. The bleeds 
are controlled by DAC #2 output. 

Exhaust Nozzle Control 

The nozzle is controlled by positioning the input lever to the nozzle 
drive power unit. This lever is positioned by a throttle schedule and by closed 
loop control of T5 by the engine parts list system. The control by the IBM 1800 
computer system is by speed request VT156 and by T5. Figure 47 shows the 
nozzle schedule. 
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Figure 47 - Exhaust Nozzle Control 
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The schedule equations are based on speed request as follows: 

N Request Nozzle F/B Volts PAC #3 Counts 

Less than 10130 

10130 to 14700 

14700 to 16042 

16042 to 16542 

-3.72 

-3.72 -1.28 

-1.28 

-1.28 to -0.2 

12200 

12200 to 4190 

4190 

4190 to 655 

A simple proportion control of T5 opens the nozzle when T5 exceeds 
its set value. VT055 may be used to set a constant nozzle in an investigation 
range. The control temperature level is set by adjustment VT056. 

BOUNDS CONTROL PROGRAM 

The previously defined control designated BXCNT contains the bounds 
control designated GTECT which is a complete control within itself. There is 
a throttle input and speed control, a fuel-pressure ratios control to bound 
excursions, geometry controls, and input points for controls under investigation. 
The program eliminates only the pressure, pressure ratio and temperature 
controls from the Bendix Control BXCNT. All applicable ST and VT numbers 
are retained along with all program inputs, constants, and safety features. 

Power request and speed control of program BXCNT is retained 
(Figure 44). The program also includes the speed request integration loop. 
The power request is removed from the bounds control when other power control 
loops are being investigated. This is accomplished with current programming 
by increasing VT009 nominally zero to a value greater than 123. 

When the Figure 44 is effective, VT009 is at zero and VT180, the input 
of another control is loaded at 21,000 to make any other fuel valve control ineffec¬ 
tive. When VT009 is increased to a value greater than 123, VT161 (the BXCNT 
speed control) is loaded at 20,000 and speed control output computations are 
bypassed and the speed control of another program is used. 

113 

m 



Proportional Plus Integral Control 

The control shown by the computational block diagram of Figure 48 
is used with the "Bounds” control program. This control contains a proportional 
plus integral speed control, a proportional plus integral temperature control, 
and an acceleration (speed rate limiting) control. The diagram indicates the' 
method of computation, the names assigned to computation points and the method 
of input to the bounds control. 

Names are assigned to various trim values and points in the computation. 
The STXXX ’ alues are set as standard trim values. These values are loaded into 
the VTXXX register where they may be changed to investigate effects rf variation 
on control performance. AIsq other VTXXX names are used to name points in 
the computation. The names, VTXXX, are used to store the values for use 
in the program and for call out to check operation of the computation. All 
VTXXX values may be called for readout. 

The lower part of Figure 48 is the fuel valve request part of the 
bounds program. Any control program used with the bounds program is input 
at VT180. The program illustrated runs through the computation whether used 
or not and stored at VT164. When VT009 is increased above 123, VT164 is stored 
in VT180 and thus becomes part of the computation of the fuel valve position. When 
VT009 is at nominal value equal to zero, VT180 is loaded at 21000 and is removed 
from control effect. The fuel valve computation contains the following inputs: 

VT184 — Maximum valve position computed from engine 
acceleration fuel flow schedule. 

VT142 — A trim value which can be set to limit the 
mfjcimum position. 

VT158 — A safety input derived from comparison of two 
engine speed signals. 

VT148 — Minimum vslve position computed from engine 
deceleration fuel flow schedule. 

VT147 — Zero intercept of fuel flow due to fuel valve 
position feedback setting. 
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Proportional Plus Integral Speed Control 

The upper and right side of the diagram in Figure 48 ahows the 
speed control. VT193 is used as a reference for the speed loop. The reference 
is multiplied by a conversion factor and divided by the speed loop gain. This 
computation results in a value of equivalent RPM. The value is lagged to allow 
a rate control of the fuel valve if desired. The lagged value is used to bound 
the speed control during speed excursions. VT136 is the proportional part 
of speed control and VT139 is the integral part of the speed control. VT136 is 
a speed rate limiting input. The sum of the integral and the proportional is 
multiplied by the loop gain. 

The integral gain is multiplied by a factor proportional to the burner 
pressure minus the engine inlet pressure. In the loop this effectively yields 
a lead inversely proportional to the product. Error in speed VT136 is multiplied 
by the integral gain to yield the integration value. This value is compared to 
acceleration values which form maximum and minimum rates of change in speed. 
The output of the integration routine is summed with the speed error to obtain 
an effective RPM error VT171. 

The output of the speed control is converted to ratio units. VT171 
has units of RPM which when multiplied by the loop gain yields a number propor¬ 
tional to fuel flow. The fuel flow is divided by burner pressure to yield fuel- 
pressure ratios. These ratios are compared with temperature and limit controls. 

Proportional Plus Integral Temperature Control 

The proportional plus integral temperature control is the same as 
used in the Bendix control. A simple schedule of temperature is used. The 
temperature is constant to 11500 RPM at a value set by adjustment VT037. 
Above 11500 RPM, the temperature increases with speed. The increase is 
determined by adjustment VT036. The deceleration reference temperature is 
a fraction of the acceleration temperab . 3. The fraction is determined by 
adjustment VT040. The integral gain becomes the loop gain and the proportional 
gain becomes the lead time constant. In the control shown, the proportional 
gains are nominally zero and are raised to demonstrate control action. The 
integral gains are nominally high to prevent interference with the speed loop 
and are decreased to obtain operation. 
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An error in temperature VT198 is multiplied by the integral 
gain to establish the increased integration value of the ratios integral loop, VT203. 
The decreasing integration limit VT204 is obtained by multiplying the decelera¬ 
tion temperature error VT201 by the integral gain VT041. The increasing 
proportional gain is formed by multiplying the integral gain VT038 by the time 
constant adjustment VT039, This gain times the error yields the proportional 
value which is limited and than divided by VT135 which effectively increases 
the lead effect at low burner pressure minus inlet pressure values. The 
deceleration proportional part of the control is treated similarly to the accelera¬ 
tion part. 

The output of the control is bounded by the fuel-pressure ratios. 
These ratio limits are computer’ In the bounds program and are input to the 
integration routine. Output of the control VT179 is multiplied by VT194 which is 
equal to burner pressure times the fuel flow to valve conversion factor. 
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SECTION IV 

ENGINE SIMULATION BY AN ANALOG COMPUTER 

The engine simulation is based on deviation from steady state conditions 
due to fuel and nozzle variation from reference values. Six variables as functions of 
speed at 173 square inches nozzle area are generated. Compressor temperature 
rise is generated by a function of compressor pressure ratio. Turbine pressure 
ratio is calculated from compressor temperature rise and turbine temperature. The 
functions are for standard atmospheric conditions. 

This analog simulation of the engine is used for digital computer program 
and system checkout. There are two switches in the instrument cabinet, to switch 
from simulation to engine running. During engine simulation, engine fuel control and 
geometry components can be operated. A test pump provides fuel to fuel control and 
geometry controls. To check the complete nozzle control, the engine must be cranked 
also. Change in engine fuel system valving is required when changing from complete 
system checkout to engine running. 

The simulation includes a fuel schedule and speed governor and a nozzle 
schedule and control. These simulations are used during programming and to study 
effects of program changes without using the digital computer. 

The program includes dynamics of rotor speed, fuel control, nozzle 
control and simple lags for pressure and temperature sensors. Rapid response 
characteristics such as combustio'.i dead time, transport lags, and volume effectr 
are ignored. The low frequency characteristics are reasonably represented and 
stability characteristic of the simulation is fairly representative of engine operation. 

DESCRIPTION OF SIMULATION 

The block diagram of Figure 49 represents the various parts of the simu¬ 
lation. The following table is a list of symbols used in this section. 
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Variable 
Symbol Name 

K tiR i ne 
Station Units 

AN Noz/le Area ft 
K Constant 
N Engine Speed Shaft 
Ps Static Pressure 3 
Pt Total Pressure 2 
1*2 Inlet Pressure 2 
P3 Burner Pressure 3 
Q Torque Shaft 

Square Inches 

RPM 
PSI 
PSI 
PSI 
PSI 
Foot-Pounds 

T2 Inlet Temperature 2 
T3 Burner Inlet 3 
T4 Burner Outlet 4 
T5 Turbine Outlet 5 

Degrees Rankine 
Degrees Rankine 
Degrees Rankine 
Degrees Rankine 

V Voltage 
WF Fuel Flow 

Corrected Airflow 3 

Volts 
Pounds/Hour 
Pounds/Second 

^P/P Pressure Ratio Sensor 3 
AT Differential Temp. I 
AWf Differential Fuel 3 

T Time Constant 
q Efficiency 

Volts 
Degrees Rankine 
Pounds/Hour 
Seconds 

Symbols 

Inputs to the diagram are speed request or fuel valve position request 
and nozzle position request. The speed request may be generated in the simulation 
program or input from the engine control throttle. Fuel valve position request is 
from the digital computer program. The nozzle request may be generated in the 
program or input from the digital program. 

A change in one of the input requests causes a change in the engine 
balance point. When the speed request is changed, the result is a change in fuel 
request. The fuel request change causes a change in torque which accelerates or 
decelerates the engine. A change in nozzle position request causes the nczzle to 
vary causing an effect on torque and the engine accelerates or decelerates. 
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The block diagram shows four variables generated as functions of speed. 
The variables are used to compute shaft torque. These are values for a base nozzle 
area at steady state. Fuel flow, thus generated,is compared to the fuel output from 
the fuel control. Delta fuel is multiplied by the temperature to fuel gain to yield a 
delta temperature. This temperature is added to and the sum is divided by the steady 
state temperature. The square root is taken of this temperature ratio. The nozzle 
area effect is added to the square root of temperature ratio minus unity. The sum 
is multiplied by the shaft torque to obtain a torque unbalance. Rotor acceleration is 
proportional to the torque unbalance which is integrated to obtain rotor speed. The 
speed is input to nozzle request schedule. The nozzle position request is input to 
a request actuator which in turn requests the engine mechanical drive to change the 
nozzle area. The area obtained is used to compute the effect of the nozzle on engine 
torque. 

A fuel schedule in the form of fuel/bumer pressure ratios is generated 
in the program. A start schedule as a function of speed is generated up to a constant 
maximum ratio. A constant deceleration ratio is used. Also a constant base ratio 
near the steady state value is used as a null from w'hich speed error is added or sub¬ 
tracted. The ratios value is multiplied by the burner pressure and the value of 
metering valve position request is input to the metering valve control. The metering 
valve control and the bypass valve control then generate the fuel flow. 

Engine speed is used to generate two other variables. Steady state burner 
pressure at the base nozzle area is generated and multiplicei bv the square root of the 
temperature ratio to obtain the humer pressure. Steadv state compressor discharge 
corrected air flow is also generated. This variable is divided by the square root of 
the temperature ratio to obtain the existing air flow for the conditions. 

The air flow and burner pressure are used to generate a total pressure 
and a static pressure for simulation inputs to the air flow sensor. These two 
pressures are imperically based on data from a J85-7. The total pressure or high 
pressure is the simulated wall static pressure. The wall static is actually sensed 
on the engine as the burner pressure for use in digital computer programs. The static 
pressure is the pressure sensed in the last stator row blading. 

Three engine variables are computed from previously generated variables. 
The compressor rise is computed from the compressor pressure ratio. Compreseor 
discharge temperature is obtained by adding 519°R to the rise. This is applicable to 
standard conditions only. The turbine discharge temperature is assumed equal to 
turbine inlet temperature minus the compressor temperature rise. Turbine pressure 
ratio is computed from the compressor temperature rise and the turbine inlet tempera¬ 
ture. The turbine discharge pressure is obtained by multiplying the ratio by the burner 
pressure. 
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Variables generated in the simulation are converted to values compatible 
with the values from the engine sensors. These outputs from the simulation are fed 
through the interface to the IBM 1800 computer. 

Engine Block Diagram 

Figure f>0 is an engine block diagram. Schedules with speed of engine 
nominal values for shaft torque, turbine inlet tempt-rature, fuel flow, burner pressure, 
compressor discharge corrected airflow, and temperature gain with fuel are shown by 
the table. The compressor pressure ratio is computet! and the compressor tempera¬ 
ture rise is determined by a function. Also shown is an impericallv derived nozzle 
effect on torque. Inputs to the simulation are fuel flow and nozzle area. 

The fuel flow from the control is compared to the nominal value for the 
engine speed existing. The difference is multiplied by the temperature to fuel gain 
to establish a AT. This AT is added to the nominal temperature to establis! a tran¬ 
sient temperature or the temperature required because of the nozzle effeci. This 
temperature is divided by the nominal to obtain the temperature ratio. 

The square root of the temperature ratio is taken to establish the priman' 
effect on the engine variables. Change in temperature has a ven small effect on air 
flow as a result, with a near choked turbine nozzle the burner pressure increases as 
the square root of the temperature increases. Similarly the compressor discharge 
corrected airflow decreases and the turbine torque increases due to the increased gas 
velocity. 

The change in rotor torque causes the engine to accelerate or decelerate. 
Differential torque is the difference between the turbine torque and the compressor 
torque which is simulated as steady state torque. 

Differential torque is established by subtracting unity from the square 
root of the temperature ratio and adding in the nozzle effect and multiplying by the 
nominal torque. AQ = - Qcomp = Qss [T4/Tss - 1 +.077 (An -173)/(An - 80. 9)] 
The nozzle effect w-as established from a plot (T4/Tgs) - 1 vs nozzle area at various 
speeds. Change in speed changes the nominal values of the variables and a balance is 
established depending on the nozzle area and the fuel flow. 
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Compreßsor temperature rise is computed from the equation: 

T3-T2= [(P3/p2> 286 - 1] T2/r)c 

The results of this computation is shown by the table on Figure 50. 

Turbine temperature drop is nearly equal to the compressor tempera¬ 
ture rise. Hence,T5 is equal to T4 - (T3 - T2) as shown. Turbine pressure ratio 
is computed by: 

P5/P4 = l1 - T3/T2)/.9 T4 ) 3-9 

Fuel Control Block Diagram 

Figure 51 illustrates the dynamic behavior of the fuel control valving. 
Both the metering valve and the bypass valve in the system behave as second order 
devices. The metering valve has a maximum velocity of 60, 000 PPH/second, or 
from IOOT speed flow to zero in . 03 seconds. 

The fuel system is shown in this relatively simple form because of effects 
of the dynamics are of secondary importance in the simulation. Adjustment can be 
made in the simulation to obtain engine performance duplication over a speed range. 
A more complex and accurate simulation requires the metering valve, the bypass 
valve, and servo valves in parallel off the pump discharge flow. System pressure 
and consequently fuel system dynamics are then influenced by the nozzle flow which 
establishes the back pressure on the metering valve. 

Fuel Schedule and Governor 

Figure 52 is a block diagram of the fuel schedule and governor for use 
during checkout and programming the analog computer. The scaling shown is ten 
times the value of the fuel valve feedback. The schedule which is the bounds for the 
speed governor operation consists of a start schedule as a function of speed, a maxi¬ 
mum ratio and deceleration ratio. The speed governor with speed requested either 
by the engine throttle or by an analog computer potentiometer is compared with the 
simulated speed and the error times a constant is added to the base ratios to obtain 
the govemoring ratios. 

127 



"1 

F
IC

I’
R

K
 5

1 
--
 

FT
’K

L
 C

O
N

T
R

O
L
 V

A
L

V
IN

G
 

B
L

O
C

K
 B

IA
G

R
A

M
 



129 

L 

F
'G

l'
R

K
 r

.2
 
--
 

B
L

O
C

K
 D

IA
G

R
A

M
 
O

F
 
F

I 
L

L
 S

C
H

E
D

U
L

E
 A

N
D

 G
O

V
E

R
N

O
R

 



r

When the 1800 computer is operating, the above schedule and governor 
are switched out and the 1800 request signal is input. The 1800 computer request 
is five times the \-alue of the feedback, in addition, tlie fuel valve has a zero flow 
intercept at . volts. This value times five or 1.65 is subtracted from the DAC 
value and multiplied by two to obtain the fuel valve request. Thus,the DAC value for 
simulation and for engine running become equal. A second fuel v-alve with a gain of 
1700 PPH per volt is at'ailable. WTien this valve is programmed in the digital com­
puter the scaling for the DAC input to the simulation is changed.

Nozzle Control

The block diagram. Figure .53, for the nozzle control is based on the 
feedback voltage from the nozzle request actuator. This actuator is shown as a 
simple lag. The actuator position is input to the simulated nozzle drive. The drive 
is proportional to engine speed with a dead band of about i3 per cent. At zero 
request, the area is a maximum 173 square inches and as the request increases the 
area decreases. The scaling is one voft equals 20 square inches. The request 
actuator feedback varies from zero to -4. .5 volts which is equal to an area change 
of 66 square inches; Hence, the . 74 scale factor shown between actuator and drive 
is to change the 4. 5 volts to the 3. 3 volts required into the mechanical drive.

Nozzle request is either from the engine speed or throttle speed request. 
Nozzle movement is from 10.500 RPM to minimum area at 16500 RPM. Input to 
the actuator simulation is in speed simulation volts. The IBM 1800 computer also 
computes the nozzle command. This input is shown as the DAC 3 input.

SIMULATION PROGRAM

The engine is simulated by nominal values of engine variables as 
functions of engine speed. The nominal fuel flow is compared with the engine flow 
being delivered by the fuel control. This difference is used to compute engine 
variables. Engine variables computed are operated on to yield voltages compatible 
with the interface circuits. Control elements can tje simulated or feedbacks from the 
engine components can be used.

Engine Simulation

Figure 54 illustrates the engine simulation program. Function generators 
are set per the table. For example at 12000 RPM the input is 6 volts and the functions 
are 1.1 voH equal 1100 ft. lbs. torque, 4.16 volts equal to 1360”R equal T4 1 61 
volte equal 810 PPH fuel flow. etc. The outputs of the functions are operated on to 
yield changes in the engine operating point.

130



1
0
l/

X
) 

R
PM

 
5
.2

5
 

V
O

L
T

S
 

131 

F
IG

U
R

E
 5

3 
--
 B

L
O

C
K
 D

IA
G

R
A

M
 N

O
Z

Z
L

E
 

R
E

Q
U

E
S

T
 A

N
D

 A
C

T
U

A
T

IO
N

 



T1.4 c function is the required flow at the speed for maximum nozzle.
TWs fuel flow is subtracted from the fuel input fro-n the control to yield a ftiel 
d fferential. The differential is multiplied by a temperature'fuel gain to yield a 
differential temperature. This differential is add. * to T^ to obtain the tuibine tem­
perature including the effect of the fuel differentia! The new T, is divided by 
nominal T4 and the square root of this ratio is tak 1.

3ff«^cted by this s.|uare root of the temperature ratio.
Engine torque balance is effected by the square ro ♦ minus unity. This causes the 
engine to accelerate or decelerate. The nozzle eft.-ct is added to the temperature 
effect on torque to obtain the combination effect. the nozzle is maintained open the 
engine speed will change until the nominal fuel and fuel input are equal WTien the 
nozzle is changed, the speed will change until the . .feet of the nozzle balances the
effect of the temperature. The fuel will be different from nominal to yield the required 
torque balance. ^

The engine variables are effected as si iwn by the diagram. The engine 
variables obtained by this simulation are converte«- to voltage values compatible with 
the interface. Turbine dischange pressure !>-, and tuibine inlet ten-.jx^^raluie Tj 
as sensed by a fluidic sensor have been added to tl program. Figure .1.-, illustrates 
the computations for P5 and the dynamics of the T. sensor.

This simulation is completed for comp ter checkout by selecting a spi-ed 
and setting this speed as the initial condition for tU speed integrator, input ing a fuel 
equal to fuel required at the speed and setting the ! ozzle effect at zero. A distuibance 
in nozzle or fuel causes changes in the simulated \ nlues.

Variable Conversion and Sensor Simulation

The variables generated by the engine program are converted to values 
compatible with the interface b>- circuitry^ which im ludes simulated sensor dynamics. 
Figure 56 illustrates the conversion and sensor computer programs for pressures 
and temperatures.

The three temperatures T3, T4^ and T-, all are shown with one-half second 
lags. Scaling ia to yield voltages equal to the outputs of the engine sensor circuits.
The cold Junction of the thermocouple circuits is set at 610'R equal to 150" F. The value 
of 655 yield! ten computer counts per degree. In the dfgttal computer both the 610 and 
150 are added and readouts are available in degrees Rankine or degrees Fahrenheit.
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Scaling of Tg yield 32 digital counts per degree. A readout equal to ten counts 
per degree Fahrenheit is available.

The pressure P3 is scaled at 40 PSI equal one volt which yields computer 
counts of 164 equal to one PSI. A readout is available at 100 counts equal to one PSI. 
The signal is lagged by 10 milliseccmde.

Speed output from the simulation is adjusted for input to a voltage con­
trolled oscillator. The oscillator yields 3844 Hz at lOO'J^ engine speed.

sensor.
Figure 57 represents the simulation of the Bendix PRA-A2 pressure ratio 

This simulation is based on performance of the sensor as calibrated. The 
input airflow sense is adjusted to yield a sensor output equal to the output obtained 
from the engine. The sensed value of PS and PT depend on location of the sensor 
probes. This means the airflow sensed is not a true indication of compressor discharge 
corrected airflow; but is a parameter which varies similarly as the true airflow para­
meter varies.

Nozzle Control Simulation

The nozzle control is simulated by the request actuator and the nozzle drive 
mechanism. The nozzle simulation is used in an imperical computation to arrive at 
an effect on torque. Figure 5<^ illustrates the computer program. Inputs to the request 
actuator are obtained by moving the patch cord. At zero volts, the nozzle is open; at 
6 volts the nozzle is closed; the DAC input may be used, and in the position shown the 
nozzle is on analog computer speed or throttle.

Fuel Control Simulation

Figure 59 presents the fuel schedule and governor program. This pro­
gram is used for analog computer setup without the digital computer being used.
The diagram is the program for Figure 52. Operation of the fuel control and governor 
is discussed in previous paragraphs.

Fuel Valving Simulation

Figure 60 represents the simulation program for the fuel system valving. 
Beth the metering valve and bypass valve are second order functions. The valve does 
not enter into any stability control modes studied. Control loops,which may be unstable 
at a frequency near 17 CPS may be aggravated by the fuel valve characteristics.
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FIGURE 59 — FUEL SCHEDULE AND GOVERNOR 
SIMULATION 
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FIGURE 60 — FUEL CONTROL VALVING SIMULATION 
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SECTION V 

TESTS OF CONTROL SYSTEMS 

Tests on both the analog computer J85 simulation and the J85-13 
engine installed in the Air Force Aero Propulsion Laboratory were made to do 

the following: 

• Demonstrate the flexibility of using the IBM 1800 digital 
computer to control the engine under test, 

• Test various control modes and loops, and 

• Show the performance characteristics of the engine and 
control system under test at altitude and sea level. 

All control modes tested were programmed into the digital computer. 
All adjustments to the control were made during engine operation through the 
digital computer test console (EK18). 

The following performance characteristics and control loops (both 
proportional and proportional plus integral) were demonstrated: 

• Acceleration and deceleration on engine fuel-pressure ratio 
(WF/P3). 

• Rate limited throttle request accelerations and decelerations. 

• Speed governing, 

• Rotor acceleration limiting, 

• Burner pressure limiting, 

• Turbine inlet temperature limiting, 

• Turbine exit temperature limiting with engine exhaust nozzle.. 

• Airflow (pressure ratio) limiting. 
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ACCELERATION AND DECELERATION ON FUEL-PRESSURE RATIOS 

The J85 engine specification fuel pressure ratio schedule shown in 
Figure 61 was used to limit fuel-pressure ratios during acceleration and decel¬ 
eration transients. Transients were also made at fractions of the schedule. 
Test results in fuel flow and turbine temperature are shown in Figures 61 through 
65 for both sea level and altitude conditions. The overall acceleration and 
deceleration time for the runs tested are summarized in the following table: 

Sea Level Conditions 

Speed Range = 49.5 to 88. 5% 
Percent of Schedule 
Time-Seconds 

Acceleration_Deceleration 
100 94 87.5 81.5 100 87.5 75 62.5 
2.4 3.1 4.2 6.5 3.0 2.5 2.2 2.1 

Altitude Conditions (23000 Ft) 

Speed Range = 59.5 to 88. 5% 
Percent of Schedule 
Time-Seconds 

Acceleration 
109 87.5 
2.3 3.0 

Deceleration 
100 75 
5.0 3.8 

Time trace, Figure 65, Run C,shows that during deceleration, nearly 
50% of the time was spent coming into governing when fuel-pressure ratios were 
reduced to 87. 5% and below the nominal deceleration schedule. 

Turbine inlet temperature during sea level accelerations shown in 
Figure 63 appeared to decrease five degrees per percent reduction in acceleration 
ratios. The slow thermocouple response prevented observation of actual engine 
turbine inlet temperature during the transients. Frequency response tests from 
fuel flow to thermocouple output showed a first order lag characteristics with a 
time constant (r) approximately equal to that given in Figure 64. Variable lead- 
lag dynamic compensation of 10:1 was then applied to the thermocouple 
output with the lead time constant matched to the thermocouple lag time constant. 
The results of the compensated turbine inlet temperature thermocouple output 
are shown in X-Y plot of Figure 64 for altitude and in Figure 65 time traces for 
both sea level and altitude conditions. The compensated temperature T4<"' now 
appears to respond more closely to changes in fuel pressure ratios. 
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RATE LIMITED THROTTLE REQUEST 

Throttle requests of speed were rate limited as a function of (P3-P2) 
as shown by the block diagram and equations of Figure 6G. Fuel flow versus 
speed results are given in Figures 66 and 67 for altitude and sea level conditions 
respectively. Figure 68 shows rotor accelerations and decelerations (N) resulting 
from the rate limited throttle request transients. Acceleration levels of ±5 and 
±10 percent per second for altitude and sea level conditions respectively resulted 
from the scheduled rate limit on the throttle. Accelerations made on engine 
specification ratios (Run A) showed maximum rates of nearly 20 and 40 percent 
per second respectively, for altitude and sea level. The acceleration was computed 
by averaging the speed changes that occurred in the last four computer iterations 
(àt - .015 sec. per iteration). During the rapid transients at sea level acceleration 
fluctuations of two percent occurred at approximately four hertz. 

SPEED GOVERNING 

Proportional and proportional plus integral speed governing control 
modes were tested. 

Proportional Speed Governing 

The proportional speed governor was implemented per the block 
diagram in Figure 69. Speed error proportionally changes fuel-pressure ratios 
about a base fuel-pressure ratio level of 22 PPH/PSIA. Figures 69 and 70 show 
the effects of changing the proportional governor gain (KR). A governor gain of 
2.4 fuel-pressure ratios per percent speed caused a slightly underdampened 
oscillator of 1.5 hertz near the maximum speed set point. 

Proportional Plus Integral Speed Governing 

The proportional plus integral governor tested was implemented per Block 
Diagram Figure 71. During steady state governing, the proportional plus integral 
governor changes fuel flow through gain KlWF. The proportional path that sums 
with the integral output has unit}' gain; therefore, the transfer function from speed 
error to fuel flow becomes the following: 

WF = (N Request - N) a + S/KI)K1WF • Kl/S 

150 



(P3-P2> 

NLIMIT = N0 * K(P3-P2)o ( P3*P2)0 
57 PSI AT 95<* N 
AND SEA LEVEL 

-ÑL 

FIGURE 66. THROTTLE REQUEST RATE LIMITED AS A 

FUNCTION OF ( P3-P2 ) 

151 



E
N

G
IN

E
 

F
U

E
L
 

F
L

O
W

, 
W

F
 

, 
P

P
H

 

FIGURE 67. THROTTLE REQUEST RATE LIMITED 

FUNCTION OF ( P3-P2 ) 

152 



RUN 
NO. 

N0 
% 

SEC. 

K 

% 
SEC. 

A 
B 
C 

D 
E 

F 

Not L 
4. 5 

0 

4. 5 

4. 5 
2. 3 

mited 
32 

32 

16 
0 

0 

P 

U 

lu. . 

lu 

K *+Wfi*i i 

^ RE F. BLOCK DIAGRAM i : 

; T FIGURE (iU 
ALTITUDE ( 23000 IT. ) _ 

. . I 

ROTOR SPEED, N, PERCENT 

FIGURE 68. ACCELERATION AND DECELERATION SPEED RATES 
FOR VARIOUS RATE LIMITS ON THROTTLE REQUEST 

153 



STEADY STATE BASE 
RATIOS AT 50 %N 

PROP. 22 PPH/PSIA 

ACCEL. DECEL. Pg 
LIMIT LIMIT 
f(N,T2) f ( N ) 

FIGURE 69. THE EFFECTS OF VARYING THE PROPORTKÄiAL 
SPEED GOVERN (HI GAIN 

154 



155 

P
R

O
P

O
R

T
IO

N
A

L
 

G
O

V
E

R
N

O
R
 

G
A

U
 



Fuel flow requested by the governor is converted to fuel pressure 
ratios to permit limiting by the engine specification ratios and turbine inlet 
temperature during engine transients. A fuel flow feedback path to the speed 
governor bounds the governor output to 20 percent above (K4A =1.2) and below 
(K4D = .8) the acceleration and deceleration limits respectively during the 
requested changes in speed from the throttle lever. Note when the speed governor 
is on the bounds, an increase in speed error causes the integrator output to 
lecrease. Lagging the fuel flow feedback path in effect moves the bounds 
towards the acceleration and deceleration limits. The numbers given on the 
block diagram of Figure 71 are the nominal values and any deviations will be 
given on the figure under discussion. 

The effects of varying the fuel flow gain (KlWF) which changes the 
loop gain are shown in Figures 72 and 73 for step changes to throttle speed request. 
A KlWF gain of 400 PPH per percent speed caused underdamped oscillations in 
the speed loop of 2. 5 hertz at both maximum and iuie speed set points. Figure 73 
Run C shows that the high gain also causes excessive noise on metering valve 
position which was used to represent fuel flow. The noise was partly attributed 
to the computer's resolution of the speed signal which is .033 percent of point. 
For example, at 100 percent when engine speed changed . 033 percent, the computer 
would sense the speed change in one iteration and request a step change in fuel 
flow of 13. 2 PPH (. 033 x 400). 

The effects of changing the integral gain adjustment (GlI) are shown 
in Figure 74 and Figure 75. Note that the integral gain (KI) varies proportionally 
with (P3-P2). The purpose of the pressure changes on the integral gain was to 
cause the resultant lead time constant from the proportional plus integral governor 
to match the engine lag dynamics from fuel flow to speed. With step changes in 
throttle speed request, lowering the integral gain causes the governor to act with 
increased anticipation as speed approaches the requested point. The anticipation 
was reduced when the integral gain was increased. The variations in anticipation 
associated with the integral gain are due to the changes in the speed error level 
required to bring the sp_eed governor off the bounds through the select functions, in 
front of the integrator. 

During the test, the maximum and minimum speed set points were 
changed with the throttle lever to run the intermediate speed points. When the 
throttle positions were returned to the maximum and minimum speed settings, 
no attempts were made to precisely match the previous set points.. This setting 
change resulted in small variations in the maximum and minimum speeds for the 
various gain settings. 
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Figures 7(5 and 77 show the effects of varying the fuel flow feedback 
response to the governor bounds. Increasing the lag time constant to slow the 
response time causes the governor bounds to close in on the acceleration or 
deceleration limits. The results are that the anticipation of the speed governor 
increases and eventually the bounds prevent the acceleration and deceleration 
limits from being reached throughout the entire transient as in Hun F. 

Hate limited throttle request to the proportional plus integral governor 
caused the anticipation and acceleration limiter features to become ineffective 
as shown in Figure 78. Hun A shows a rate limited throttle request using a 
proportional speed governor. Huns B and C are results of stepped throttle requests 
to the proportional plus integral governor which show the effectiveness of the 
anticipation feature and acceleration limiter. However, Hun D shows that when 
rate limited throttle request of speed was applied to the gain settings of Hun (’, 
engine speed and fuel flow appeared to follow the throttle lever request instead 
of being acceleration limited by the (P+I) governor. Also,no anticipation occurred 
which caused speed to overshoot approximately one percent of the maximum setting. 
Given more time, the integrator would have brought speed back to the 88 percent 
setpoint. In Figure 79, efforts were made to cause anticipation and eliminate 
speed overshoots by increasing the fuel flow feedback lag time constant. Anticipa¬ 
tion was again attained for rate limited throttle request, however, not before the 
governor bounds began cutting into and reducing the acceleration and deceleration 
fuel flow limits. Both the acceleration limiter and anticipation characteristics 
require the speed error to be large enough to drive the integrator velocity on 
the acceleration limits and be indicative of actual engine speed rate of change. 
When throttle requests are rate limited instead of stepped, the resultant speed 
error causes the governor to supply sufficient fuel flow to the engine to maintain 
the speed acceleration requested. It is the fuel flow changes from the proportional 
path during the transient that reduces the velocity requirements of the integrator; 
thus, the velocity or acceleration limits are not reached. 

BUHNFR PRESSURE LIMITING 

The burner pressure limiter was tested on the analog computer engine 
simulation and consists of a proportional control loop shown in Block Diagram 
Figure 80. The results are shown in Figure 81 for various levels of burner pressure 
limitings. The burner pressure did not exceed any of the limits set by the control. 
Due to the droop of the proportional controller bu nier pressure began effecting fuel 
flow approximately 12 PSI below the limiting value. For example with a proportional 
gain of 1.0 PPH/PSIA/PS1, 12 PSI change in burner pressure is required to lower 
fuel-pressure ratios from the acceleration schedule to steady state which is 
approximately a 12 PPH/PSIA reduction. 
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FIGURE 77. FUEL FLOW FEEDBACK LAG TIME CONSTANT 
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RI NS B, C S D; T\ = .03 SEC. , REF. BLOCK DIAGRAM FIGURE 71 

RUN 
NO. CONDITION 

A 

B 

C 
D 

THROTTLE REQUEST RATE LIMITED TO PROPORTIONAL SPEED 
GOVERNOR (RE.’PEAT OF RUN 3 FIGURE 07) 
THROTTLE REQUEST STEPPED TO (P+1) GOVERNOR WHICH HAS N 
LIMITS EQUAL TO RUN A ABOVE. 
SAME AS RUN B EXCEPT GAIN Kf, HALVED TO 16. OT/SEC. 
THROTTLE REQUEST RATE LIMITED AS IN RUN A: ,P+I) GOVERNOR 

RATE LIMITED AS IN RUN C. 

FIGURE 78. EFFECTS OF RATE LIMITED AND STEPPED THROTTLE 
REQUEST ON THE (P+I) SPEED GOVERNOR AND N LIMITER 
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BASE RATIOS 

Figure 80 -- Burner Pressure Limiter Control 
Block Diagram 

TURBINE INLET TEMPERATURE LIMITING 

Proportional and proportional plus integral turbine inlet temperature 

limiting control modes were tested. 

Proportional Control 

The proportional turbine inlet terni«rature (T4) limiter was implemented 
l>er the block diagram shown in Figure 82. The test results also shown in Figure 82 
were run on the analog engine simulation. During an acceleratiofytemperature loop 
proportionally increases fuel-pressure ratios above the base ratio level which is 
set near the engine steady state requirements. As a result,error between the 
scheduled temperature limit and the sensed temperature proportionally increases 
as the limit is moved above the steady state temperature level for a given propor¬ 
tional gain. Reference gain,Run B,which has a proportional gain of .11 ratios 

l>er degree Fahrenheit. 

Proportional Plus Integral Control 

The proportional plus integral turbine inlet temperature limiter was 
implemented per block diagram in Figure 84. Results from runs made on the 
analog computer engine simulation and the real engine are shown in figures 83 
and 84 respectively. Accelerations made from 50 percent speed show the engine 
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FIGURE 81. VARIOUS LEVELS OF BURNER PRESSURE LIMITING 
USING PROPORTIONAL CONTROL 
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FIGURE 82 — VARIOUS LEVELS OF TURBINE INLET TEMPERATURE 
LIMITING USING PROPORTIONAL CONTROL 
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temperature being held close to scheduled limits. Accelerations made from higher 
speed settings prevented the sensed temperature from reaching the limit because 
of the slow thermocouple response. Attempts were made to vary the proportional 
gain (Kp) inversely proportional to burner pressure as implemented in block 
diagram Figure 71. The purpose was to cause the effective lead time constant 
(KP/KI) resulting from the proportional plus integral loop to be more closely 
matched to the variations in the thermocouple lag time constant. Engine tests 
showed that the effectiveness of the loop to correct temperature errors was 
reduced at higher speeds. Also the additional loop from burner pressure to 
fuel flow in the proportional path reduced the stability margin during temperature 
limiting. Figure 85 shows some test results using the proportional gain compen¬ 
sation. It is felt that varying the integral gain (KI) proportional to burner pressure 
would be more appropriate in matching the proportional plus integral control loop 
response to that of the thermocouple. 

Effect of Proportional Plus Integral and Proportional Limiters on Engine Temperature 

Dynamic compensation was applied to the thermocouple output to provide 
a better indication of actual engine temperature. The compensation used is given 
in Figure 86. Note^ the compensated output was only used for recording purposes 
and was not used in any of the control loops. Time traces in Figure 86 showed 
that the proportional controller allowed engine temperature to overshoot the limit 
by 250° while sharply limiting the output from the thermocouple. The proportional 
plus integral controller sharply held engine temperature nearly equal to the limit 
while allowing the thermocouple output to increase slowly. The corresponding 
X-Y plots noted on the time traces show the fuel flow changes associated with the 
limiter actions. 

WF/P3. T4 and P3 LIMITERS ACTIVATED TOGETHER 

Figure 87 shows proportional limits applied to engine parameters 
of speed (N), burner pressure (P3) and turbine inlet temperature (T4). Note during 
acceleration Runs A, B, C, and D, the limiters that are hit in sequence are WF/P3, 
T4 and P3, In Run E the T4 reference was increased to permit P3 limiting only. 
Run F shows full range acceleration and deceleration transients with specification 
fuel-pressure ratios and the speed governor providing the limiting action. Note, tlie 
fuel pressure ratio limit is absolute. 
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172 



FIGURE 84. TURBINE INLET TEMPERATURE LIMITING USING 
PROPORTIONAL PLUS INTEGRAL CONTROL 
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EXHAUST NOZZLE CONTROL O F TU USINE EXIT TEMPERATURE 

The results of proportionally controlling turbine exit temperature (T5) 
with the engine exhaust nozzle Area (A8) are given in Figure 88. The limiter 
showed control of the nozzle area; however, the weak effect of nozzle area on 
T5 produced minor changes on turbine exit temperature. A higher proportional 
gain would also make the control loop more effective. 

COMPRESSOR ADtFLOWAP/P LIMITING 

Compressor airflow was limited by a proportional plus integral control 
loop shown by the block diagram on Figure 89. Analog engine simulation test 
results presented in Figure 89 show the limiter to be quite effective in holding air¬ 
flow A P/P on the scheduled limits. Increasing the integral gain relative to the 
proportional gain (decreasing KP/KI) reduces the anticipation characteristics as 
airflow AP/P approaches the limit line. Compare Run C with Run D which shows the 
reduced anticipation. Airflow limiting test results on the actual J85 engine are 
presented in Figure 90. Run B shows the effectiveness of the AP/P acceleration 
limiter when compared to Run A’ in which acceleration was made on engine speci¬ 
fication fuel-pressure ratios. 
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FIGURE 90, ENGINE AIRFLOW PRESSURE RATIO LIMITING DURING 
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SECTION VI 

SYSTEM PERFORMANCE INFORMATION 

STEADY STATE ENGINE DATA 

Steady state performance data was run on the engine at sea level and 
altitude conditions. The steady state data was obtained by ramping the throttle 
request ±2.3 percent per second with a proportional governor providing fuel to 
maintain the speed changes. The data show s the influence the test cell has on the 
engine parameters. In addition, the engine exhaust nozzle, compressor bleeds 
and inlet guide vanes were moved off their nominal schedules to show their 
effects on the engine parameters. The following table lists the engine variables 
that were plotted versus speed and the corresponding figure number of the plot. 

Figure No. 

91 

92 
93 

94 and 95 

96 
97 

98 and 99 
100 

Engine Data 

Fuel Flow to the Engine — Wf 
Fuel-Pressure Ratios --Wf/Pjj 
Engine Inlet and Discharge Pressure — P.¿ and PQ 
Compressor Interstage Pressure Rise — (P2 3-P2'’ 

(P2>4 - P2) and (P2> 5 - P2) 
Burner Pressure — P3 
Turbine Discharge Pressure — P5 
Turbine Inlet and Discharge Temperature — T4 and T5 
Compressor Discharge Airflow —AP/P 

Steady state engine data at three engine exhaust nozzle areas (A8) are 
given in Table 3 for various speeds (N). The engine parameters include nozzle 
fuel flow (Wf), burner pressure P3, turbine discharge pressure (P5), turbine 
inlet temperature T.j anil turbine discharge temperature T5. 
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FIGURE 91. ENGINE FUEL FLOW AS AFFECTED BY ENGINE 
EXHAUST NOZZLE AREA 
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Engine 
Parameter 

Wf - PPH 
P3 - PSIA 
P= - PSIA 
T4 -#F 
t5-°f 

ENGINE SPEED - N - 1 
50 60 
Engine Nozzle Area 
512 556 
22. 8 27. 9 
13.8 13.5 
1050 960 
860 750 

70 80 
- 94.5% of stroke* 
630 760 
33. 9 43. 8 
13.3 12.9 
928 919 
670 629 

90 

995 
59.8 
11.4 
1050 
629 

95 

1180 
68.0 

10.5 
1180 
660 

Engine Nozzle Area 
Wf - PPH 
P3 - PSIA 
P5 - PSIA 
T - - ° F 

¿J 

46% of stroke* 
686 858 1130 
34.0 45.5 61.0 
13.9 14.0 13.9 
598 579 610 

1358 
71.0 
13.8 
688 

Engine Nozzle Area 
Wf-PPH 
P3 - PSIA 
P5 - PSIA 
T5 -°F 

*100% stroke, A g = 212 in“. 
0% stroke, Ag = 88 in“. 

= 2. 5% of stroke * 
1140 1710 
48.8 68.8 
17.8 20.5 
760 888 

2060 
78.8 
22.7 
998 

Table 3 -- Engine Steady State Data at Sea Level 

RESPONSE OF ENGINE ACTUATOR SYSTEMS 

Electrohydraulic driven actuators are used to drive the metering 
valve compressor bleeds, inlet guide vanes and exhaust nozzle area request. 
The fundamental gains and response of all the actuators are represented functionally 
in block diagram Figure 101. 
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INPUT FORWARD SLEW 
GAIN LOOP GAIN LIMITS ACTUATOR 

VOLTS 

FROM 
DIGITAL 
COMPUTER 

K, Kr 
-. y- VEL 

1 TRAVEL 
(TS +1) Jr s 

- 

IN. \ 
SERVOVALVE * 
& INERTIA TERM F/B POT. 

VOLTS F/B 
kf/b 

Figure 101 — Hydraulic Actuator Block Diagram 

The following table gives the response values and gains for each 
actuator at approximately 200 PSID. 

Actuator 

Metering Valve 
Bleeds 
IGV's 
Ag Req. 

KI_ K F/B 
(V/V) (V/in) 

.2 5.0 
1.0 2.5 
1.0 2.5 
1.0 5.0 

KF Slew Limits r 
in/sec (in/sec) sec 

24V 2,5 .0033 
7.5 2.0 .002 
5.0 l.o .003 
7.5 2.5 .002 

The relationship from metering valve feedback volts to fuel flow are 
the following: 

WF = - 1700 (Vf/b +. 22) PPH 

The metering valve capacity (1.0 in. stroke) and gain are 8,130 PPH and 8,500 
PPH/in. respectively. Frequency response tests from metering valve position 
to fuel flow was made to determine the fuel flow bypass response. The results 
showed second order dynamics with a damping ratio and break frequency of 0.20 
and 20 hertz respectively.. The effective slew rate of the bypass was tested 
to be 30,000 PPH per second. 
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The engine exhaust nozzle actuator receives its input from the nozzle 
request actuator and is driven at a rate proportional to engine speed. Block 
Diagram, Figure 102,describes the nozzle actuator system. A given actuator error 
is required to engage and disengage the actuator clutch. 

lOO^r full stroke - 212 in^. 
0T full stroke - 88 in“. 

Figure 102 — Engine Exhaust Nozzle Actuator 

SYSTEM FREQUENCY RESPONSE TESTS 

Frequency response tests were ran on the J85-13 engine and the J85 
analog computer simulated engine by Honeywell Incorporated. See . 
Reference 3. 
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SECTION VII 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

A highly versatile, research type, externally programmable control system 

for use in development and evaluation of new modes of control was fabricated and 
assembled at the Aero Propulsion Laboratory of Wright-Patterson Air Force Base, 

Dayton, Ohio. 

SUMMARY 

The system assembled includes features and equipment as listed below: 

• A J85-13 engine mounted in the altitude cell of Room 21, 
Building 18C of the Air Force Aero Propulsion Laboratory. 

• A simulation of the J85 engine on the AFAPL’s Applied 
Dynamics AD/Five Analog Computer. 

• Programs for the IBM 1800 digital computer to control 
the engine and the simulated engine. 

9 Electronic equipment to complete circuits between the 
digital computer, engine mounted equipment and the 

simulated engine. 

• Electronic circuits for communication with the digital 
computer. 

• Engine mounted sensors, fuel control and actuators and 
electronic conversion and control circuits. 

The system assembled and computer control programs developed 
allowed for the following types of engine control for ground level and altitude: 

• Start fuel flow schedule, 

• Fuel flow schedules bounding the safe operating region of 

the engine, 
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• Proportional burner pressure limiting, 

• Proportional and proportional plus integral turbine 
temperature control, 

• Proportional and proportional plus integral engine 
speed control, 

• Engine speed request rate for acceleration control, 

• Speed rate of change control, 

• Compressor discharge air flow control, 

• Mechanical overspeed governor, 

• Compressor geometry controls, and 

• Exhaust nozzle control. 

Control loops contained a sufficient number of adjustments to demonstrate 
effects of request settings and gain adjustments. Also combinations of control 
loops and transfer from one loop to another during transients were demonstrated. 
These controls were discussed in Section V. 

Control demonstrations were contained within the engine specification 
fuel flow boundaries. Further, most engine testing was i>erformed between 50 and 
90 percent speed. The engine has many bosses welded on to the case for instru¬ 
mentation. During tests with the J85-7, several cracks developed at welded areas. 
Since the system performance and operation could be demonstrated without excessively 
stressing the engine, the pseudo range of operation was observed. 

CONCLUSIONS 

The system including the analog computer with the simulated engine, 
the IBM 1800 digital computer programs, the engine mounted equipment, and 
the interface electronic circuits fulfills the goals of the program. The system 
is flexible, reliable, externally programmable and useful as a control develop¬ 
ment and evaluation tool. Many types of engine control loops were demonstrated. 
Sufficient engine running was accomplished to demonstrate flexibility and repeata¬ 
bility of the system. 
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• Use of the IBM 1800 to develop and test control systems for 
jet engines was demonstrated quite successfully. The ability 
to make schedule and gain changes in the control while die 
engine and control system were under test showed the at 
flexibility provided. Also,being able to quickly and safely 
call in any one of several control loops to test while the 
engine was running also demonstrates the flexibility of 
the test system. 

• The engine simulation was most useful in the test program. 
Characteristics of the engine were fairly well represented. 
Numerical values of variables were within a few percent 
of values obtained during engine running. More accurate 
steady state schedules could be used in the simulation. 
Dynamic behavior of the simulated engine was fairly repre¬ 
sentative of the engine. Advantages of testing with the 
simulated engine included: 

1. New digital control programs were easily and safely 
checked and evaluated while varifying the digital 
programming accuracy. 

2. Engine and control system operating characteristics 
were obtained. 

3. Nominal control schedules and gains were established. 
Control settings which proved to be satisfactory by 
simulation also proved to be satisfactory during 
engine running. 

# Many engine control loops were demonstrated during the test 
program. Results of the tests are discussed in Section V. 
Successful and useful engine control and flexibility of the 
system were demonstrated during tests utilizing the following 
techniques: 

1. Acceleration and deceleration of the engine at ground 
level and altitude were demonstrated by use of fuel- 
burner pressure schedules with speed and inlet tempera 
ture. This or a similar type of control has been used 
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on most turbine engines. Utilizing the sehedule 
as a boundary ol operation appeared to bo a most 
desirable featuie of control. 

Closed loop control of engine variables may be 
desirable or necessary during steady state but, 
there are problems if the boundary schedule is 
ignored during accelerations. For example, 
compressor discharge pressure har a relatively low- 
gain with fuel at low rotor speed. Excess fuel flow 
could easily be obtained il the fuel control relied on 
burner pressure only. Compressor discharge air 
flow parameter also had a low gain at low speed. 
Burner temperature is a double function with fuel. 
That is, it is possible to decrease the temperature 
if enough fuel is available. A similar condition can 
exist with temperature averaging and some flame area 
is extinquished by rich blowout. 

2. Rate limited speed request was demonstrated. The 
throttle request was input to the control as a step. 
This step started an integration of the request w'hich 
was used for control. Very slow accelerations and 
decelerations with this technique provides a method 
of examining control and engine behavior. Also, 
the technique removes the variable rate obtained by 
slow manual power requests. 

Rapid requests are useful in examining control actua¬ 
tion at scheduled values of variables. When a limit 
is encountered and the rotor speed lags behind the 
request, the rate becomes ineffective during the 
remainder of the transient. 

3. Proportional controls of burner pressure, temperature 
and rotor speed w'ere successfully demonstrated. 
Transition from ratios schedule to temperature, pressure 
or speed control was accomplished smoothly by use of 
selected circuits. 
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4. Proportional plus integral controls of speed, tempera¬ 
ture and compressor discharge airflow were success¬ 
fully demonstrated. The speed was used with the tem - 
perature control. The speed control was used with 
the ratios'boundary. The temperature and airflow 
controls were used with a proportional speed control. 

These proportional plus integral controls require 
significant test and adjustment of gains to obtain smooth 
transition from one loop to another. 

RE COMMENDA TIONS 

As a result of experience gained in demonstrating the system,and the 
value of system as demonstrated, it is recommended that extension of the capa¬ 
bility should be incorporated for current and future activities at AFAPL. 

• The simulation program should be revised to better reflect 
engine operation as occurs in the cell. Data is now available 
to program the analog for sea level and altitude. Only sea 
level is included in the current program and schedule adjust¬ 
ments would be required for altitude. The controls reported 
here include altitude provisions, and they are,thus,compensated 
for changes in intake pressure. 

The installed engine is self-aspirating. Engine discharge 
pressure decreases as rotor speed increases. During alti¬ 
tude operation the intake is throttled to obtain an altitude 
equivalent at a given speed,and the exhaust pressure is set 
at a pressure to correspond to the inlet altitude. At lower 
speeds, altitude decreases at the intake and increases slightly 
at the discharge. 

Although any satisfactory engine control should perform well 
with these conditions, a simulation program to reflect these 
characteristics should be considered. The simulation would 
be more useful in evaluation of controls. 
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• System requirements should be re-evaluated with respect to 
current objectives. Revisions and/or additions may be desired 
for use in the next few years. Design objectives of the system 
were set forth three years ago. Many parts of the system 
have been used for two years. Some changes may lie desired 
for convenience and some changes may be desired to meet 
requirements of more recent project planning. The evaluado 
should include: 

1. Consideration of control for engines other than 
the J85-13, 

2. Use of and communication with other digital computers, 

3. Methods of/or simulation of other engines, and 

4. Additions to the interface for sensing variables and 
control of geometry not required by the J85 test 
programs. 
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