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DEVELOPMENT OF THE NASA VALT
DIGITAL NAVIGATION SYSTEM

by

Walter J. McConnell Jr.
Edmund R. Skutecki
Alfonso J. Calzado

SUMMARY

Sperry Flight Systems was awarded Contract NAS1-12365 in June of 1973 by
the NASA Langley Research Center. The purpose of this contract was to develop
and fabricate a terminal area navigation system for use in the NASA VTIOL
Approach and Landing Technology (VALT) program. This report presents the
results of that effort through contract modification number seven.

The navigation system developed and fabricated was based on a general pur-
pose airborne digital computer. A set of flight hardware units was fabricated
to create the necessary analog, digital and human interface with the computer.
A comprehensive package of software was created to implement the control and
guidance laws required for automatic and flight director approaches that are
curved in two planes.

A technique was developed that enables the generation of randomly shaped
lateral paths from simple input data. The lateral path concept combines
straight line and elliptical-curved segments to fit a continuous curved path to’
the data points.

A simple, fixed base simulation was put together to assist in developing
and evaluating the system. The simulation was used to obtain system perfor-
mance ,data during simulated curved-path approaches.



INTRODUCTION

On 6 June 1973, NASA/LaRC, Hampton, Virginia awarded Contract NAS1-12365 to
Sperry Flight Systems for the design and fabrication of a Digital Navigation
System to be used in conjunction with a modified CH-47B helicopter. Subsequent
modifications to the contract were issued in October 1973, March 1974, and
December 1974 to expand the capabilities of the system through additional hard-
ware and software. The work performed under this contract is a part of the
ARMY /NASA VTOL Approach and Landing Technology (VALT) program designed to
determine the operating envelope and piloting procedures for VIOL aircraft in
the terminal area. -

This report describes the design, fabrication, and initial performance
evaluation of a digital navigation system. The principal output from this
project was a set of flight system hardware, a set of ground support hardware
and a digital computer software package that together were used to implement
the desired control laws and navigation equations.

The objective of this project was to produce a digital navigation system
that could be used to generate and track arbitrary curved path approaches,
altitude profiles, and speed profiles. The system was to be a flexible re-
search tool suitable for the evaluation of various control, display, and guid-
" ance concepts related to VIOL Approach and Landing problems. The system was to
be configured such that complex approaches could be made in either a fully
automatic mode or by a pilot through the use of various cockpit displays. The
project was divided into the following two main tasks:

Task 1 - Systems Analysis and Definition

An installation survey was made to determine the detailed electrical and
mechanical interface with the CH-47B helicopter. NASA/LaRC defined a baseline
system built around a TR-48 analog computer, a set of aircraft sensors, a modi-
fied GSN-5 radar, and a digital telemetry link. These items of equipment were
to be combined with a general purpose digital computer and the necessary inter-
face units to form the integrated system. " The digital computer was to perform
all computations except for the inner loop rate damping in the pitch, roll and
yaw axes. NASA LaRC provided a model of the characteristics of the CH-47B with
the NASA inner loops closed. This model was used in a simulation to determine
the control laws necessary to obtain acceptable tracking of the lateral curved
paths. A technique was developed using elliptical and straight line path seg-
ments to approximate an arbitrary lateral curved path with a minimum number of
data points. - A format for the entry of path data was developed together with a
limited number of restrictions on the use of the curved path technique. De-
tailed performance requirements for the flight system interface hardware were
developed and used as a basis for the design of the flight system hardware.

A set of Ground Support Equipment hardware was designed and fabricated in order
to facilitate the generation of the system software. '



Task 2 - Fabricate Hardware, Generate Software
and Measure System Performance °

A set of flight hardware was fabricated and tested. Software to implement
the desired control law and navigation equations was written. The software and
hardware were integrated and interfaced with the simulation to verify the de-
sign in a dynamic situation. Data runs were taken to document the closed loop
system performance and navigational capabilities. A programmers manual was
developed to document the software in detail and to serve as a -basis for future
system software modifications. The flight system and ground support system
components were delivered to NASA/LaRC for installation and system checkout.

A training course was developed and presented to NASA personnel as an aid to
building an 1819A programming capability at LaRC.

As part of one of the contract modifications, additional software was
~ generated to provide digital inmer loop stabilization and control, in addition
to the analog capability.



SYMBOLS

Values are given in both SI and U.S. Customary Units.

a.
y

41

X1

lateral accelerometer output, m/sec2 (ft/secz)

vertical accelerometer output, compensated for gravity, m/sec_2
(ft/secz)

longitudinal accelerometer output, compensated for gravity,
m/sec2 (ft/secz)

body axis roll rate, deg/sec

body axis pitch rate, deg/sec

‘body axis yaw rate, deg/sec

positional error parallel to aircraft longitudinal axis, m (ft)

positional error parallel to aircraft lateral axis, m (ft)

airspeed, m/sec (ft/sec)

groundspeed, m/Sec (ft/sec)

aircraft position, Qest, north, up, m (ft)
barometric altitude, m (ft)

pitch attitude, positive nose up, deg

roll attitude, positive right wing down, deg
magnetic heading, deg

pitch actuator position, percent of full travel from.center

roll actuator position, percent of full travel from center
collective actuator position, percent of full travel from center
yaw actuator position, percent of full travel from center

crosstrack error, m (ft)



Subscripts
c

e

SYMBOLS (cont)

commanded parameters

error

model output

pilot originated

reference parameter

tangential to reference angle

derived by hover augmentation éystem computation

change in longitudinal body axis velocity, pos1tive forward,
m/sec (ft/sec)

change in lateral body axis velocity, positive right; m/sec
(ft/sec)

change in vertical body axis velocity, positive down, m/sec
(ft/sec)



SYSTEM DESCRIPTION

The VALT Digital Navigation System is an integrated hardware and software -
package designed to provide a tool for investigating the problems associated
with the terminal area operations of VIOL aircraft. The system has been con-
figured for integration into a NASA CH-47B research aircraft and as such is de-
signed to interface with the sensors, control system, and data link that will
be installed in that aircraft. The hardware and software created for this sys-
tem are designed to provide a tradeoff in favor of flexibility and cost as
opposed to minimum size, weight, power, or memory requirements.

System Components

As presently configured, the total NASA VALT Research System is a hybrid
combination of analog and digital components. The analog elements of the sys-
tem include the sensors, the actuation system, and the inner loop stabiliza-
tion and control portion of the control system. The digital elements of the
system include the digital navigation system and the air/ground telemetry data
system. Software has been generated to permit digital computation of the inner
loop control laws. The initial flight tests will be accomplished using the
hybrid digital-analog system. A block diagram of the VALT research system is
shown in Figure 1. This report pertains to the VALT Digital Nav1gat10n System
and the associated Ground Support Equipment (GSE) only.

Hardware.—- The navigation system hardware consists of a general purpose
digital computer, a pair of control and display units, an analog-to-digital and
digital-to~analog conversion unit, a telemetry data system interface unit, a
flight hardware mounting pallet and electrical junction box, and the necessary
‘interconnecting cables and wiring.

Digital Computer: The primary hardware component in the Digital Navigation
System is the Sperry Flight Systems 1819A Digital Computer. This general pur-
pose computer is designed for airborne applications. The computer configura-
tion used for the Digital Navigation System consists of 16,384 words of 18-bit,
magnetic core memory, 1024 words of 18-bit, solid-state, read only memory,
seven input/output channels, and a built-in test routine. This computer per-
forms all of the computations, data formatting, and logic decision making for
the navigation system. In addition, the computer controls and directs the flow
of digital data to and from the remaining hardware elements of the system.

Analog Interface: The interface between the 1819A navigation computer and
the analog sensors, displays and actuation components is provided by the Digi-
tal Interface Unit (DIU). The DIU is configured to provide 30 channels of
analog-to-digital conversion and 30 channels of digital-to-analog conversion.
In addition, the DIU provides the capability to input 12 discretes into the
computer and to accept 12 discretes from the computer. The DIU will convert
analog signals within the range from -10 volt dc to +10 volt dc into 12-bit
digital words. Conversely, the DIU will convert 12-bit digital words into
signals within the range from -10 volt dc to +10 volt de.



Control and Display: The man/machine interface function within the naviga-
tion system is provided by two Navigation Guidance Control Panels (Nav/
Guidance). The two panels are identical in both appearance and operation and
allow simultaneous interrogation of the computer by either the cockpit person-
nel or the flight test engineer. The primary functions of the Nav/guidance -
panel are mode selection and indication, parameter insertion, and in-flight
programming of the digital computer.

Data Link: The primary navigational position information for the VALT
Digital Navigation System is generated by a ground radar system and is trans-
mitted to the aircraft via a data link. The interface between the Transponder
Data System (TDS) and the 1819A computer is provided by the Transponder Data
System Interface Unit (TIU). The TIU provides the level shifting, logic
sequencing, and memory buffering required to accept uplink data from the TDS
and transmit it to the computer. It also accepts data from the computer and
transmits it to the TDS for further transmission to the ground via the down-
link. Uplink data consists of up to 16 proportional data words of 10 bits
each, and up to 64 single-bit, discrete signals. Downlink data consists of up
to 48 proportional data words of 10 bits each and up to 64 single-bit, discrete
signals.

. Support Equipment: A set of Ground Support Equipment (GSE) provides the
means to modify existing software or to generate new software for the digital
computer. The GSE consists of a set of peripheral devices, a control electron-
ics unit, power supplies, and the necessary interconnecting wiring and cables. -
The GSE provides the capability for interactive communication between the pro-
- grammer and the computer as well as the capability to read in or punch out
paper tapes. A portable item of ground support equipment was also fabricated
to enable the computer memory to be updated when the aircraft is away from the
GSE. This unit, the Carry-On Load/Dump (COLD) box, provides the capability to
load the computer memory from a magnetic tape cassette and to output the con-
tents of the computer memory onto a magnetic tape cassette.

Software.— Because of the flexible nature of the hardware configuration,
the particular characteristics of the navigation system are primarily deter-
mined by the software that is input to the computer. The software developed
for this particular project is comprised of two major parts: Ground Support
Utility Software and Flight System Software.

Ground Support Software: The ground support utility package consists of-
five major programs and is the primary tool for the system programmer. This
software package, when used in conjunction with the ground support equipment,
provides the programmer with the capability to write, debug, edit, and assemble
programs for the 1819A computer.

Flight Software: The flight software consists of a group of special pur-
pose subroutine modules, each of which performs a specific computational or
logic task. Control of the subroutines is maintained by a master logic exec-
.-utive routine that decides which subroutines should be used. This decision is
based on data that is entered into the system through either of the Nav/
guidance control panels.



Modes and Indicators.- The two Nav/guidance control panels provide the
primary means to control the Digital Navigation System during flight. In the
normal system configuration, Nav/guidance panels will be located in the air-
craft cockpit and at the engineer's station in the aircraft cabin. These two
panels are identical and provide both stations with the capability to :
(1) select and monitor system modes of operation, (2) alter and verify system
parameters stored in the digital computer, and (3) inspect, change, and verify
computer programs stored in the digital computer. The panel controls are shown
in Figure 2.

Operational Modes: The Digital Navigation System modes of operation are
divided into three major categories: Hold Modes, Approach Modes, and Conveni-
ence Modes, ' The Hold Modes are Heading Hold/Heading Select, Altitude Hold/
Altitude Select, and Speed Hold/Speed Select. The Approach Modes are Manual
Approach, Automatic Approach, Go-Around, and Land. The Convenience Modes are
the On~Line and Test Modes.

Heading Hold/Heading Select - This mode provides automatic magnetic
heading hold through either the roll axis or the yaw axis. The switch from yaw
axis control at hover or low airspeed to roll axis control at higher airspeeds
is a software  function based on airspeed. The current magnetic heading is used
for the heading reference whenever this mode is engaged. Once the mode is en-
gaged, however, the desired reference heading can be changed (Heading Select)
by means of the keyboard on the Nav/guidance control panel. A transition from
one heading reference to another is indicated by a blinking heading-hold
indicator. '

Altitude Hold/Altitude Select - When this mode is selected, the system
will generate collective axis commands to hold automatically the current baro-
metric altitude. Whenever this mode is engaged, the reference altitude can be
changed by means of the keyboard on either of the Nav/guidance panels. Trans-
itions from one reference to another are indicated by a blinking altitude-hold
indicator.

Speed Hold/Speed Select - This mode provides automatic airspeed hold
through the pitch axis. The current airspeed is used as the reference when the
mode is first engaged; however, the reference airspeed can be changed by means
of the keyboard on the Nav/guidance panel. As in the case of the other hold
modes, transitions between speed references are indicated by a blinking mode
indicator.

Manual Approach - This mode provides pitch, roll, and collective com-~
mands to the flight director command bars, in order to provide guidance infor-
mation to the pilot relative to the selected deceleration profile, lateral
path, or altitude profile. This mode is inhibited whenever ground position in-
formation is not being received via the data link. When the manual approach
mode is engaged, the heading hold, altitude hold or speed hold mode buttons can
be used to provide a split axis control configuration. Under these conditions,
engaging the heading hold mode, for example, will result in automatic tracking
of the ground track profile without automatic tracking of the velocity or alti-
tude profiles. Any of the various combinations of automatic and manual split




axis control of the pitch, roll and collective axes are allowed; however, auto-
matic control of the yaw axis is provided regardless of which combination of
automatic or manual operation is selected for the other three axes. !

Automatic_Approach - This mode generates the pitch, roll, yaw, and col-
lective commands necessary to provide automatic tracking of the selected decel-
eration profile, lateral path, or altitude profile. Like the manual approach,
this mode is inhibited whenever ground position information is not being re-
ceived via the data link. The automatic approach mode provides output signals
to the flight director command bars to enable the pilot to monitor system
performance.

Go-Around - This mode was implemented to allow the pilot to quickly
select and automatically capture a preset heading, altitude and airspeed
reference.

Land - The land mode initiates a vertical descent and a landing seq-
uence in conjunction with either the manual approach or automatic approach
modes. This mode is inhibited if one of the approach modes has not been
selected. The land mode is enabled only when certain programmable restrictions
on aircraft position and velocity have been satisfied. This enabled condition
is indicated by blinking land-mode indicator on the Nav/guidance control
panels.

" On-Line - This mode is provided primarily as a convenience to the
flight test engineer in order to minimize computer faults during airborme pro-
- gramming operations. With the on-line mode disengaged, the computer is execut-
ing a minimal program that performs initialization and filtering computations
only. This short cycle routine allows the flight test engineer to make data or
instruction changes to the software stored in the computer, without the need to
plan the changes, in such a way as to avoid faulting the computer. The on-line
mode must be engaged before any hold or approach mode can be engaged.

Test - The test mode is used to generate up to 30 analog output volt-
ages from the computer memory and to read in up to 30 analog input voltages
into the computer memory. These voltages can be interfaced with the analog
inner loop to create a static or dynamic test of the navigation system. The
test mode is inhibited by any other mode selection and, in turn, inhibits the
selection of any other mode.

Displays and Indicators: The displays and indicators on the Nav/guidance
control panels are the primary source of navigation system data for the pilot
and the flight test engineer.

Mode Indication - System mode status is displayed by illuminated leg-
ends built into the mode select pushbuttons.

Data Displays - Two numerical readouts are provided for the presenta-
tion of digital data. The current data readout displays the current value of
the parameter selected by the Nav/guidance panel rotary switch position. The
keyboard readout displays the data to be entered into the computer from the
keyboard. :
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~ Parameter ‘Selection and Alteration: The first ten positions of the nav/
~guidance panel rotary selector switch enable the panel user to monitor the
following parameters:

Lateral track profile to be used.
Altitude profile to be used.

Deceleration profile to be used. Up to five lateral, five
altitude and five deceleration profiles may be stored in the
computer. Selection of a different profile is accomplished by
changing the appropriate profile number with the keyboard.
Selection of a baseline configuration for all three profiles
may be obtained by using the baseline mode switch.

Vertical Velocity Control System (VVCS) configuration to be
used. Up to five VVCS configurations may be stored in the
computer. The keyboard is used to enter the desired config-

. uration number. The variable VVCS configuration feature is

enabled only in conjunction with one of the approach modes.
Path distance to go, in feet, along the approach path.

Slant range, in feet, from the present aircraft position to
the origin of the approach coordinate system.

Altitude, in feet. The altitude that is displayed is either
barometric or radar-derived, depending on the particular VVCS
configuration in use.

Speed reference, in knots, for use with the speed hold mode.
This reference clamps when the speed hold mode is engaged and
can then be changed through the keyboard. When either of the
approach modes is engaged, this display presents the desired

~ground speed reference as determined by the velocity profile.

Altitude reference, in feet, for use with the altitude hold
mode. This reference clamps when the altitude hold mode is
engaged and can then be changed through the keyboard. When an
approach mode is engaged, this display presents the desired
radar-derived altitude reference.

Heading reference, in degrees, for use with the heading hold
mode. This reference clamps when the heading hold mode is
engaged and can then be changed through the keyboard. With
either approach mode engaged, this display presents the com-
puted tangential heading along the approach path.



In-Flight Computer Programming.- The last two rotary switch positions on
the nav/guidance panels enable the user to inspect and change the contents of
the digital computer memory. Input and output data can be in either decimal or
octal format as indicated by the rotary switch position. The software that is
required to implement this programming capability is located in the protected
memory section of the computer and, therefore, cannot be destroyed or altered
due to an operator error.

Inspection of the Computer Memory: When the selector is rotated to either
the decimal or octal position, the left hand display will show all zeros and
the right hand display will be blank. The desired memory address is then
entered into the left hand display with the keyboard switches. Momentarily"
depressing the ENT button will cause the contents of the selected memory loca-
tion to be presented in the right hand display. The selected memory address
can be incremented or decremented by momentarily depressing the '+'" switch or
the "-" switch respectively. The contents of thé new memory location will be
presented in the right hand display in the correct format. Selection of a dif-
ferent memory address by use of one of the other keyboard switches will cause
the right hand display to be blanked out again until the ENT button is momen-
tarily depressed.

Changing the Computer Memory: "The contents of a computer memory location
can be changed by first inspecting the desired location and then momentarily
depressing the Memory Access Switch (MEM). This will cause the memory access
switch indicator light to be lighted, indicating that the contents of the
selected location may be changed. In additiom, the right hand display will be
activated and will show all zeros. The new contents are then entered via the
keyboard. These contents will appear right justified in the right hand dis-
play. Momentarily depressing the ENT button will cause the current data to be
entered into the selected memory location. At this time, the right hand dis-
play will blank out for approximately 1 second and then return. In addition,
the memory access indicator light will go out, indicating the return to the
normal memory inspection mode. Momentarily depressing the memory access switch
when the indicator light is on will cause the control panel to revert to the
inspection mode without altering the selected memory location contents. The
"-'" switch is used to enter negative numbers into memory when the decimal
format display has been selected. The '"+" switch does not need to be utilized
since data will be entered as positive numbers unless the "-" switch has been
depressed. :

Fault Recovery: The ability to recover in flight, from a computer fault
due to an invalid instruction, is built into the system. When such a fault is
detected by the computer, the operating program is interrupted and a fault
recovery subroutine is executed. This subroutine is located in the protected
portion of the computer memory. The fault recovery routine will cause the mes-
sage FFFFFF to appear in the current data display. Rotating the nav/guidance
rotary switch to the octal position and then momentarily depressing the ENT
button will cause the address where the fault occurred to appear in the key-
board data display. The contents of the fault location will be displayed in
the current data display. Changing the contents of the fault location to a

valid instruction will clear the fault and restart the operating program.

11
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CONTROL LAWS

The VALT research vehicle is a CH 47B helicopter which has undergone exten-
sive electrical and mechanical modifications. - The mechanical linkages between
the right-hand set of pilot controls and the basic aircraft have been replaced
by full authority, electrohydraulic actuators in the pitch, roll, yaw, and .col-
lective axes. These actuators are drivén by the inner loop control system
which provides the aircraft with high-gain stability augmentation. In additionm,
the inner loop accepts reference commands generated by the outer loop control
system in response to automatic navigation commands.

Inner Loop Control Laws

The pitch and roll inner loops are configured identically and are shown in
Figure 3. This implementation yields a second-order attitude response to outer
loop commands, and pilot inputs. The VALT Digital Navigation System is cur-
rently configured such that the pitch and roll inner loop control laws may be
implemented in either digital or analog fashion. In the digital inner loop
configuration, the 1819A computes both outer and inner loop control laws and
produces actuator-position commands which are fed to an analog servo loop via
the Digital Interface Unit (DIU). In the analog inner loop configuration, only
the outer loop control laws are computed by the 1819A.

The yaw axis inner loop yields a first-order response to yaw rate commands.
The implementation may be either digital or analog. A block diagram of the
digital version, which is similar to the analog version in the AUTO mode, is
shown in Figure 4.

The collective axis inner loop, the Vertical Velocity Control System
(VVCS), shown in Figure 5, has a first-order response to altitude-rate com~-
‘mands. The VVCS is currently implemented in a digital configuration only.

Outer Loop Control Laws

Roll Axis.— The roll axis outer loop control laws produce an attitude com-~
mand which in turn is fed to the roll inner loop. A block diagram of the roll
axis controller is shown in Figure 6.

The most basic roll outer loop is Heading Hold/Select, which is implemented
through roll at speeds above 35 knots.

Current heading is summed against a heading reference and scaled by a gain
constant equal to the desired gain at 60 knots. The result is then gain pro-
grammed with velocity to produce a roll-angle command. One percent integral
control is employed to compensate for any nulls in the system. The integrator
is clamped whenever the heading error magnitude exceeds 10 degrees in order to
prevent large overshoots when a new heading is selected.

During a high speed approach, crosstrack error is controlled through the
roll axis alone. Error rate generates a bank—angle command which in turn

causes the aircraft to yaw (yaw axis is in turn coordination mode) thereby
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producing a ground .speed vector in a direction opposite to the crosstrack rate.
Crosstrack error is scaled and fed into the velocity loop as a crosstrack rate
reference. The rate command is limited in such a way as to provide a maximum
capture angle of 30 degrees.

During the low-speed portion of an approach the control technique used is
similar to the high-speed implementation with the exception that velocity is
commanded by direct lateral translation (yaw axis is independent of roll). 1In
addition, that portion of ground speed which is directly controllable by lat~
eral translation is fed into the velocity loop. This provides the control
necessary to follow a prescribed ground track while performing independent yaw
maneuvers. The rate and position gains are the same in the high and low speed
modes, but have been. implemented separately in order to provide the capability
to investlgate the two modes independently. In addition, integral control is
employed to compensate for the aircraft's lateral drag.

Pitch Axis.— Pitch axis outerloop control is implemented in three basic
modes: Airspeed Hold/Select, High-Speed Approach, and Low-Speed Approach. A
block diagram of pitch axis controller is shown in Figure 7. In the airspeed
hold/select mode, airspeed is summed against a reference and gain scaled to
produce a pitch-attitude command. This command is limited to a *5-degree
change from trim. A trim reference is provided by an integrator which is
initialized at the moment of engagement and which is also used to provide inte-
- gral control. The integral control gain was selected to compensate for air-
craft longitudinal drag in the 70 to 90 knot regionm.

During a high speed approach, ground speed is controlled by pitch-attitude
commands only. The groundspeed reference generated by the velocity profile
calculation is summed against groundspeed and gain scaled to provide a pitch-
attitude command above trim. The command is limited and integral control is
employed as in the airspeed hold case. In addition, a pitch-attitude lead term
provides the pitch-attitude command necessary to hold the deceleratlon command—
ed by a changing velocity reference.

The technique employed during low speed approach is similar to the high
speed case except only that portion of the groundspeed reference which is
directly controllable by pitch is used for a reference. In addition, only the
- groundspeed along the aircraft longitudinal axis is used as the feedback term
rather than total groundspeed. Furthermore, that portion of crosstrack error
parallel to the aircraft longitudinal axis is gain scaled and used to augment
the velocity control loop. An implementation of this nature provides a matural
transition to hover control, and also provides the control necessary to follow
prescribed groundtrack in the presence of independent yaw maneuvers.

Yaw Axis.- The yaw axis outer loop operat