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SUMMARY

This report presents the development
of an experimental flight test maneuver
autopilot (PTMAP) for a highly maneu-
verable aircraft. The essence of this
technique is the application of an auto-
pilot to provide precise control during
required flight test maneuvers. This
newly developed flight test technique
is being applied at the Dryden Plight
Research Pacility of NASA Ames Rssearch
Center. The PTMAP is designed to
increase the quantity and quality of
data obtained in flight test. The tech-
nique was developed and demonstrated on
the highly maneuverable aircraft tech-
noloqy (HiMAT) vehicle. This report
describes the HIiMAT vehicle systems,
maneuver requirements, PTMAP development
process, and flight results.

INTRODUCTION

To meet the rsesarch nesds of the
highly maneuverable alrcraft technology
(HIMAT) project, a new flight test tech-
nique was developed at the Oryden Plight
Research Pacility of WASA Anes Research
Center (Ames-Dryden!. The essence of
this €LlLijne test technique Ls the appli-
cation of an autopilot to provide pre-
cise control during requited flight test
mansuvers, such as pushover pullups,
windup turns, and "rocking-horse”
maneuvers. This technique, the flight
test manuever autopilot (FTMAP), was
applied to the HiIiMAT vehicle because of
the problems in flying the vehicle at
high angles of attack and elevated load
factors. The problems were such that
the pilot received no motion or usual
visual cues, and the aircratt enperi-
enced wing rock and butfet at the high
angles of attack at which data were to
be collected.

The FTMAP is the extension of pre-
vious flight test trajectory guidance
tasearch at Ames-Oryden {(ref. 1) and
represents the first closed-loop appli-
cation of this pilot-aiding technique.
The PTHAP was designed to provide pre-

cise, repeatable control of the HiMAT
vehicle during certain prescribed maneu-
vers 8o that a large quantity of high-
quality test data could be obtained

in a minimum of flight time.

The FTMAP has been used for various
maneuvers, including straight-and-level
flight, level accelerations and decel-
erations, pushover pullups, excess-thrust
windup turns, thrust-limited windup
turns, and the rocking-horse maneuver.

This report discusses the develop-
ment of the FMAP within the context of
the HIMAT systems and flight test
sansuver requiresents. The details of
the HiNAT aystem implementation deter-
mined the mechanization technique used
with the FTMAP; the specific maneuver
requirements of the HIMAT research
program determined the trajectories
selected for automation. The develop-
ment of the FYMAP is detailed from
linear analysis through nonlinear simu-
lation to application in flight. The
analytic sodels and development tools
used In this process are described in
their contaxt of application. Plight
tast results are included to illustrate
the PTWAP operational effectiveness.

W¥hile developed specificelly for the
HiMAT remotely piloted research wehicle
(RPRV), the FTWAP represents a broadly
applicable flight test technique that
provides the pilot with & seans of
simultaneously controlling sultiple
peraseters to seet desanding tolerances.
This technique is extendable to either
sanned aircreft or sircratt having less
performance capability snd saneuver-
ability than the HiIMAT vehicle.

NORENCLATURS

Where appropriate, parameters are

referenced to fuselage body axes
according to right-hand sign conventions.
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altitude error froam com-
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Mach numsber

time that angle-of-attack
command is to be held
during pushover pullup,
sec

lateral stick position or
equivalent lateral stick
position, cm (in)
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longitudinal stick posi-
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deflection, deg
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HiMAT SYSTEMS ODESCRIPTION

The HIMAT vehicle (fig. '] was
dasigned to incorporats teschnological
advances in many lielde: close-coupled
canard conflguration, setoeslastic
tailocing, advanced transonic aecody-
namice, advanced composite and setal-
lic etructures, digital €fly by-wire
controle, and digitally iaplemented
integrated propulsion control systens
(emf. 1). The MiMAT NPAV (fig. 2) is
a O,44-scale vecrsion of an envisioned
full-scale fighter aicccall with an B-q
sustained-turn maneuver capeability at
Mach 0.90 and an altitude of 7600 =
(25,000 tv),

The operational concept (fig. 3}
foe the NiMAT vehicle is similar to
that for previous APRVe flown at Ames-

Dryden. The 1530-kg (3370-1b) wvehicle
is air-launched from a B-52 aircraft at
13,700 m (45,000 ft) and carries 300 kg
(660 lb) of fuel for the J85-21 engine.
The vehicle is flown under the control
of a NASA research test pilot located in
a ground-based RPRV facility cockpit.
Flight test activity is monitored on the
ground by use of telemetry downlink.
Flight control laws for both primary and
backup operation are implemented through
two ground-based and two airborne digi-
tal computers. The vehicle is equipped
with landing skids and forward-looking
tslevision for horizontal recovery on
the surface of an Bdwards dry lakebed.

In the primary mode of operation
(f19. 4), aircraft sensor data are
transmitted to the ground by a telemetry
downlink, The downlinked data are used
to drive the ground cockpit displays;
the data are also used as i1nput to the
qround-based prisary control systea
{PCS) computar ™he control lav coa-
puter coabines the pllot 1aput commands
with the downlinked aircraft sensor data
in the execution of the HIRAT control
lavs, The coaputer then forssts & servo-
actuator command for sach of the vehicle
control surfsces and throttle. These
surface commends arve output to the up-
link encoder and then trenaaitted to the
alrcrete (ref, )).

RANEUVER RBOUIREXENTS

To eccomplish the prisary project
rtessarch objectives, severs]! saneuvers
were required, incluiing lewvel accel-
erations and decelerstions, pushover
puliups, excess-thrust windup turns,
thrust-limited windup turns, lewvel
turns, and the rocking-horse saneuver.
These sanesuvers were to be performsed
with a precision that necessitasted the
development of a technique W provide
agtomatic sultiple-axis control. Mot
only were terminal conditions specified
to exacting accuracies, but the rates
at which these conditions were to be
achieved were an additional constraint.
For & pilet using manual control and




normal piloting techniques, the rate of
onset of a flight maneuver is the most
demanding requirement. The maneuvers
used angle-of-attack command or normal-
acceleration command variables. The
design goal was to control the rate of
onset by linearly increasing the command
variable at 0.25 deg/sec for angle-of-
attack commanded maneuvers and 0.2 g/sec
for normal-acceleration commanded maneu-
vers., This was to be accomplished
while controlling the vehicle to toler-
ances of 20,59° angle of attack or $0.5-9
normal acceleration, 20,01 Mach, and
£150-m (£500-ft) altitude for the col-
lection of asrodynamic, structural,
flutter, and overall performance data.

A description of each maneuver, 1ts use,
and the specific performance require-~
ments for that maneuver are described In
the followling sections.

Level Accelerations and Decelerations

A lsvel acceleration or decslsration
is & 1=-q, wings~leve! maneuver perforsed
at constant altitude with \nceteasing of
decreaning Mach numbec., Ouring & leve!l
accelecation or decelscation, longitudi-
nal stick Le used to control altituds,
latecal stick ts used to control rol)
attltude, and throttle Ls used to con-
trol Mach numbac. These ReNSUYRTrY are
used for sirvpeed calibdrations, to
determine climbdb peclocmance, and to
obtain ovecall pecformance data. These
nanauVers are requlrted to be performmd
at & constant altitude within 21%0 a
(800 tr),; the targel Mach number Le
to be achlieved without overshoot,

Pushover Pullupe

A pushover pullup ix & winge-level
maneuver Rhat can be perfocrmed at
aither a constant throtitls setting or
a constant Mach number. The maneuver
consists of vactying the alrcreft angle
of attack a about the trim condition
a5 Figures S illustrates the pitch-axis

task for the pushover-pullup meneuver,

The stick is pushed forward until the
measured angle of attack reaches a spec-
ified angle-of-attack increment Aa

below the trim conditions. This angle
of attack is held for a predetermined
condition~hold time At;. Then the stick

is pulled back past the trims point and
held until the measured angle of attack
increases to the specified Ac above the
trim angle of attack., After the hold
timne, the stick is moved forward until
the aircraft returns to straight-and-
level flight. The commanded rate of

change of angle of attack ac.d deter-

mines the slope of the angle-of-attack
time history. During this asaneuver,
lateral stick is used to maintaln a
wings-level condition.

For the fixed-throttle pushover-
pullup manesuver, Mach nuaber is not
controlled and the throttle remdins
constant throughout the sdneuver.
Similar to level accelerations and
decelerations, the fixed-throttle
fsansuver is a4 two-axis task, which
requires londitudinal end laterel con-
trol. Howsver, the constant-Mach
aANGuUYST 18 4 three-axis task that
aleo requires active control of mach
aunber with the Wrottle. Ouring the
pushover-pul lup sansuver in which o
constant Mach nuaber 1a selntained,
the longlitudinael and alrspeed axes
are etrongly coupled.

T™he geshover-pullup sansuver s
weed to abtain dreq data end wing and
canard pressure 4ats at anqgles of attack
above snd bewlow tris. The saneuver s
to e putforned to ¢ meesured angle of
attack within 210,.%° of the commended
angle-of~attack protile. 1n addition,
the rate of change of snqgle of attack
sust be ssintained at 0.5%0 deqg/sec
during the ssnsuver. The tise it for

which the end condition (a 2 a..4) is

to be held was ofiginally specified
a9 5 sec, bDut wes later changed to
tero. Por the congtant-8ach pushover




pullup, the tolerance in Mach error
is 20001 Mach.

Turns

An excess-thrust windup turn, a
thrust-limited windup turn, and a
level turn are all elevated normal-
acceleration maneuvers., Longitudinal
srick is used vo control angle of attack
or normal acceleration, the lareral
stick is used to control altitude rate,
and the throttle is used to control Mach
number. The excess-thrust windup turn
is a turn in which normal acceleration,
load facror, and angle of attack are
increased to a target value at a con-~
stant altitude and constant Mach aum-
ber. The thrust-limited windup turn 1is
performed not at constant altitude, but
with the nose of the aircraft pointing
slightly downward. This aliqns the
gravity vector more closely with the
atrcraft body axis %o act as a thrust-
alding force, 80 that altitude is traded
for Mach aumber. The lavel turn s a
constant normal-accsletation version of
the excess-tRArust turn,

These turns ars ussd to provide
tlilght conditions o measure wing loads,
wing deflection, wing preesures, d4draqg,
and dbuffer, as well as o gather sta-
Dility and control datas at sleveted noc-
mal accelscation and angle of attachk,
For the MHIMAT program, sach 3¢ the thres
turns iv requiced to be angle-of-attack
commanded of nocmal-acceleration com-
manded, with the targel condition spec-
ified in teems of an anqle of attack or
a notmal accelescation, respgeactively,
During theee tutne, the oHbjective (e
to maintain altitude within $1%

(£ 300 ) and to maintain mach numder
within t0,0! of the nominal. The com-
manded pacameter lrom the trim to the
tacgel condition is to be increased

at a specitfied cate of 0,209 deg/vec for
angle-of-attack commanded turns and

0.2 q/nac for notmal -acceleration com-
manded turnses. An additional conneteainat
is that the target condition be achieved

to a tolerance of £0.5° angle of attack
or £0.5-g normal acceleration.

The command rate is the most
demanding requirement for the pilot
because, as the normal acceleration of
a maneuver increases, 8o does the dif-
ficulty of controlling the vehicle to
maintain the other aission tolerances.,
To illustrate the coaplexity of the
piloting task as a function of in-
creasing normal acceleration, figure 6
shows the bank-angle requirements for a
range of normal accelerations. Figure 6
1s based on the normal-acceleration
tolerance {(£0.5 g) and the relationship
for a constant-altitude turn,

¢ = cos-!} LI
4n

wheare ¢ 1s the bank angle and an 1a the

normal acceleration. YThe qgraph in
figure &6 ashows that ths acceptable range
for bank angle decreases dramatically
an the target norasl acceleration in-
Creassa. Thus, latsral control of the
vehicle bDecoaews aore Jdesanding as the
target normal acceleration incresses.,
Because the orlantation of the Jift
vector detarmines the altitude rete of
the wehicle, the ssin effect of bank-
anglie wariations is altitude error.
T™he altitude rete generetad by & bDank-
angle efror increases as the normel
acceleration incressss.

While CiqQqure & Lllustreten the
decressing bank-snqgle tolerence ss »
functian of target normsal scceleretion,
this same plot couid De used to show the
telationahip of time until the slititude
toletance i exceeded as s function of
noteal sccelerstion. Thus, not only
doms the toletsnce for benk-angle error
dectease as a function of increasing
target normal accelerstion, but the
amount of time until sltitude i out
of tolerance Jecressss, thereby requir-
ing more attention to the latersl axis.
The windup tutn is a highly coupled
thrse-axis task requiring longitudineal,




ateral, and airspeed control. Not
nly does a change in angle of attack
nd normal acceleration require a com-
ensating change in bank angle to main-
ain the specified altitude, but an
mmediate throttle change is required
.0 maintain Mach number to compensate
‘or changing dragq.

locking-Horse Mansuvers

A rocking-horse maneuver 1s per-
‘ormed after a windup turn has stabl-
.ized to the zero-excess-thrust coan-
lition. The purpose of the manuever
.8 to gather performance 1ata at Mach
iumbers and load factors near the appar-
nt zero~excess-thrust condition vo fix
the exact zero-excess-thrust coandlition.
this condition 18 important because 1\t
fetecmines the maxlmum sustalned turning
capability of the venhicle 1n a gilven
Flight condition., Because Isro sxcess
thrust occurs when the avallable thrust
Ls equal to the dradqg, any Lncreass tn
normal acceleration must be accompanied
by sither an altituds or a veloc.ty loss,
The tocking-hores manuever (s & Aigyhly
soupled two-axis task requicting longitu-
1inal and lateral control, which crestss
sven moce pllot workload than the wind-
up turn., Becauss the throttie Lle flasd
AL maximum aftechurner, the aanmuver
toquices only stlel action, albwlit
Nighly cootdinated.

Yigucte 7 illustrates the nocrmel
accelecation and Mach Humbet Ccharac~
tecintice of a single cycle of the
rtocking hurtee. Once the vehicle ie
At the ssro-sxcess-thrual condition and
the thrust has stabiliged at naximum
afterourner. the longitudinal stick
is moved capidly att until some specified
increase in notmal accelstation 8a, has

been obtained., This aft longitudinael
sticR movement must be sccompenied by
Lateral sfick activity to increase bank
angle and maintain level flight, The
slevated load Cactor condition is main-
tained until Mach number has decteased
a specitied amount 4m from the gero-
encess-thrust Mach numbetr Meef. When

the desired Mach number (Myqo¢ - AM) has

been reached, the longitudinal stick is
moved forward quickly to achieve -4a,.

This longitudinal stick movement is
accoampanied by lateral stick action to
decrease the bank angle and maintain
level flight. The forward stick posi-
tion is held until Mach number has
increased to Myo¢ + 8M; the stick is

then moved aft until noramal acceleration
4t Zero excess thrust 3, 18 achieved.

Because the rocking-horse aaneuver
18 flown at saximum afterburner, fuel
consusption i3 high and the amount of
time avallable for maneuvering is lim-
1ted, The only constraint on the ini-
tial windup turn 1s that it end at a
specific altitude and Mach nusber when
excess thrust decreases to xero.
Howaver, 1f the windup turn to the
tero-excess~-thrust condition can be
controlled, useful wing loads, pres-
sure, and daflection data can also be
collected during the turn. As excess

theuyat 1s reduced to zero, the ability
o changs total wvehicie enerqgy also
4eCreanes W 10r0. The wvehicle specific
enorgy By I8 glven by e relationehip
wi
O . —
e ‘19

where h i altitude, V is total weloc-
ity, and g Lte the accelerstion due o
greavity, The derivative of this quan-
tity with fespect O time yields spe-
cific power Py wharte

4 . wv
"ca—"—“'htr
which L9 used as the specificetion
patamater for the tero-excess-thrust
condition of Py equsl to 0 2 A s/eec
{02 2% tt/sec). The rate of change
of noreal acceleralion is specified an
S g/eec. The Lan han s tolerance of

£0.9 q. and 8% is specified ss the point
at which stick reveraal occure,




PTHAP DESCRIPTION

To provide the capability to per-
form the required research maneuvers,
the FTMAP operateés as an outer loop to
the PCS, replacing the pilot in the
closed-loop flight systeam (fig. 8).
when the PTMAP is engaged, the normal
pilot input commands are replaced by
corresponding commands generated by the
PMAP. These PTMAP-generated coamands
are the result of feedback control laws
that operate on error signals derived
by comparing measured vehicle parameters
with a dynamically computed trajectory.
This computed trajectory corresponds o
rthe flight rest maneuver selected by
the pilotw.

Appendlx A presents a detailed
description of the PTMAP systems and a
discussion of both operational charac-
recristices and operational mechanization
of the PTMAP. Appendix B provides a
descrlption of the PMAP control laws,
appendix ¢ deralils the development of
the FTMAP from lineac analysis through
simulation and flight, and appendix D
deasceilbes spacial MIMAT Lnstrumsntazion
ussd with the PFITMAP.

YLIGHAT RESULTS

Theee HiMAT Elights were used for
YTMAP development (tel. 4). On the
ticst two flighta, the PTMAP was used
only for altitude hold duting ctulse,
accelecations, and decelerations et con-
stant altitude. Sased on this flight
expacience, a longitudinel dynamsic-
pteassure gain scheduls wvas added to
the FTMAP control lawe, On e third
tlight, the FTMAP was used for three
vange-positioniug, low-qg turns al
an altitude of 121,000 m (40,000 e},
These three windup tutne were per-
formed at Mach 0.99, 0,95, and .10,
The success of the FTMAP on these
tlights sncouraged its use on sub-
gecuent flights.

On the fourth flight, the FTRAP wvas
ueed to collect flight research data.

The FTMAP successfully controlled the
HiMAT through a constant-altitude
cruise, a constant-altitude decelera-
tion, a windup turn at low dynaaic
pressure, and a constant-Mach push-
over pullup. However, when the windup
turn to the design condition of 8 g at
Mach 0.90 and 7600-m (25,000-ft) alti-
tude was initiated, a lateral insta-
bility was experienced. This problea
(discussed in app. C) was corrected
before the next HiMAT flight one week
later., On that fliqght, the FTHAP suc-
cessfully controlled the HIiMAT vehicle
for all data collection maneuvers. The
use of the FIMAP in rlight accounted for
$3 percent of the 25.5-min total flight
tine from launch to touchdown,.

For the remaining HIKAT flights,
the PTWMAP was used for almost all data
collection mansuvers. On the seventh
flight, the thrust-limited windup turn
was demonstrated under FTHAP control.
™e PFIHMAP wvas used during the resaining
tlights with only minor modifications.

Because of the success of the
FTHAP development and flight applice-
tion, only & lisited number of research
sansuvers wvare flown adnually by the
pilota after the FIMAP became opers-
tional. The results of this limited
sanple of maneuvers ere used, vhere
applicable, to compare FMMAP-flown and
sanually tlown saneuvers. A descririfon
of the FTMAP-flown manesuvers 1is pre-
sented in the following sections.

Altitude Mold

Although not rejuired Iin the FTRAP
design specification, the sltitude-
hold maneuver was used to esteblish
constant-mach snd constant-gltitude
¢tuise, as well as to control altitude
during decelerations and sccelerations.
Fiqure 9 shows g wvings-leve]l, constant-
altitude, constant-Mach cruise st a
nominal Mech 0.80 and & 12,200~
({40.000-ft) asltitude., The FIWAP
controls the vehicle at the engsge-
nent altitude and commanded Nach




wumber to within the resolution of the
iata systenm.

The constant-altitude deceleration
thown in figure 10 was flown at a nomi-
ral altitude of 7600 a (25,000 ft) and a
tach range from approximately 0.70 to
.50, Once again, the excellent PTMAP
rontrol and stability are evident. A
level acceleration from approximately
tach 0.50 to 0.80 is shown in figure 11,
Phe key feature of these maneuvers is
the control of altitude to within the
resolution of the data system. For the
accelerations and decelerations, the
lack of overshoot in Mach nusber at the
final condition illustrates the desired
vell-damped performance.

A8 can be seen from figures 9 to 11,
the FTMAP provided a means of collecting
data at constant altitude to exacting
tolerances. This system provided high-
quality, consistent crulse and perform-
ance data. Particularly noteworthy 1is
the demonstration of the Mach number
control feature. The level accelera-
tions and decelerations were performed
smoothly and at constant Mach rates,

The target Mach number was achieved
without ovecrshoot,

Pushover-Pul lup Maneuvers

The constant-Mach pushover pullup
was demonstrated La flight as an exanple
of the pushover-pullup clase of maneu-
vers, This maneuver was performed to
the specified requitements with only
minor deviations beyoand mach number
tolecance. Figure 12 compates three
FIMAP pushover pullups at nominal con-
ditions of a 6100-m (20,000-f2) altitude
and Mach 0.80., As ashown in figure 112,
the data obtained from thess maneuvers
acte copeatable from flight to flight,
T™he quality of the data is evident from
the time historiea of tha maneuvers in
figures 12 to 1%, These figures dem-
onetrate that the FIMAP paclformed the
pushover-pul lup maneuwsrs throughout the
HiMAT flight envelope.

As demonstrated by the altitude-rate
time histories, these maneuvers are
highly dynamic. However, Mach number is
maintained close to the nominal con-
dition. The angle-of-attack time
histories show the smooth control of the
FTMAP froa pushover-pullup initiation to
exit phase initiation., During the exit
phase of the maneuver, the FTMAP tran-
sitions from the angle-of-attack control
mode to the altitude-hold control mode.
The altitude recovery portion of this
maneuver is actually performed using
the altitude-hold control capability
of the PTMAP with the nominal altitude
as reference.

windup Turns

Figure 16 compares two manually
flown windup turns. These maneuvers are
initiated from a wings-level, 1-g con-
dition at a nominal altitude of 7600 m
{25,000 ft) and Mach 0.90. The objec-
tive of sach maneuver is to increase
either the normal acceleration at a rate
of 0.2 g/sec or the angle of attack at a
rtate of 0.25 deg/sec until the design
condition is achieved. HMHach number is
to be held to 20.01 Mach, and altitude
is to be within 2150 m (2500 ft) of the
nominal. Tvwo features of these maneu-
vers are important — Daneuver quality
and mansuver consistency. The dif-
ticulty of flying these maneuvers is
apparent from the time histories. In
both maneuvers, the rates of increase of
normal acceleration and angle of attack
ate irreqgular and erratic. Both the
Mach nunber and altitude tolerances are
excesded. There is little repeatability
from maneuver to nsaneuver.

In contrast, three FTHAP-flown
wvindup turns shown in figure 17 are
vittually identical. The rates of
increase for both angle of attack and
normel acceleration are reqgular and
controlled, Altitude tolerance is
saintained throughout the maneuver,
However, the Mach number tolerance
it atill exceedad. This maneuver qual-




ity, repeatability, and hence, predict-
ability were demonstrated throughout
the HiMAT flight envelope. Another

key poin. of this comparison is the
difference in elapsed time for maneuver
execution. The pilot-flown maneuvers
require approximately 80 sec, whereas
the FTMAP-flown maneuvers are completed
within 50 sec.

Figure 18 illustrates both the
supersonic performance of the FTMAP and
its ability to achieve and maintain a
flight condition. The maneuver is a
normal-acceleration commanded windup
turn to 2 g at an altitude of 12,200 m
(40,000 ft) and Mach 1.10. Once the
2-g turn is achieved, the FTMAP recovers
Mach number to within the resolution of
the data system. The flight condition
is held almost without deviation for
approximately 40 sec. Figure 19 shows
time histories from an angle-of-attack
commanded windup turn to 12° angle of
attack. The maneuver was performed at
Mach 0.80 and an altitude of 9800 m
{32,000 ft). This maneuver again illus-
trates the capability of the FTMAP to
control the HiMAT vehicle in a precise,
predictable way. The rates of onset of
both angle of attack and normal accel-
eration are reqular and consistent.
Both Mach number and altitude are held
to the specified tolerances.

These two windup turn maneuvers
(figs. 18 and 19) are representative of
the class of maneuvers in which the
FPTMAP excelled and in which all design
specifications were met, The common
feature is the absence of the transition
from core engine to afterburner. The
supersonic maneuver (fig. 18) was per-
formed entirely in afterburner. The
gubsonic maneuver (fig. 19) was per-
fcrmed without the use of afterburner,
On the other hand, the FTMAP maneuvers
shown in figure 17 began without after-
burner and transitioned into afterburner
as angle of attack increased. This
transition occurred during the period
when the slopes of the angle-of-attack
and normal-acceleration time histories
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leveled out.
and compensate for this transition is
described in appendix C.

The logic used to detect

Figure 20 is a time history showing
elevator doublets performed for param-
eter identification purposes during an
FTMAP-controlled level turn. The
maneuver was performed at Mach 0.80 and
an altitude of 4600 m (15,000 ft) at a
6-g normal acceleration. This time
history illustrates the ability of the
FTMAP to accommodate disturbances. The
ability to collect repeatable data is
evident. The response of the system is
virtually identical for each elevator
doublet. The flight condition is main-
tained to well beyond the design speci-
fications of the FTMAP.

The two thrust-limited windup
turns shown in figures 21 and 22 illus-
trate the performance of the FTMAP logic
in detecting the zero-specific-power
(Pg = 0) condition and controlling the

HiMAT vehicle during a descending spiral
by trading altitude for Mach number. In
the turn at Mach 0.90 and an altitude of
7600 m (25,000 ft), the logic to detect
the thrust-limited condition allows the
vehicle to gain an additional 1° angle
of attack and 2-g normal acceleration
while bringing the Mach number back to
within a tolerance of *0.01 Mach for
part of the maneuver (fig. 21). For the
supersonic maneuver at Mach 1,20 and an
altitude of 12,200 m (40,000 ft), the
thrust-limited maneuver resulted in
data for approximately 2° more angle of
attack and 3 g more normal acceleration
than would have been available without
this logic (fiq. 22). However, as shown
in the Mach-number time history, this
logic caused the vehicle to accelerate
excessively and to exceed tolerance.

The performance of the thrust-
limited control was demonstrated in
flight. The ability to detect and com-
pensate for the thrust-limited condition
was judged to be tolerable but did not
meet the Mach tolerance specification.
As thrust-limited control performance




was acceptable, further development was
curtailed and this control logqgic was
not refined.

FPUTURE RESEARCH

The application of the PTMAP on
the "iMAT vehicle represents a proof
of concept rather than a finished
production-type system., While the
FTMAP performed exceptionally well,
not all design goals met the required
tolerances. Additionally, many lessons
were learned concerning requiresments for
an FTMAP system. This section of the
report attempts to define the key areas
in which further maneuver autopilot
research is needed,

The most significant problem
encountered during the development
and flight demonstration of the FTMAP
was the sensitivity of the autopilot
to the aerodynamic model. This is not
a problem unique to control law design
for an FTMAP, but the consequences are
more severe than for conventional con-
trol law design. If the PTMAP is to
be a tool for the initial flight test
of a new vehicle, the design must be
more robust and probably more adapt-
ive. To restrict the PTMAP to vehicles
with well-known and well-modeled aerody-
namics is to limit its application so
severely that the PTMAP would have
little practical value as a generic
flight test technique.

Most of the problems encountered
during PTMAP flight test were related to
Mach number control. These problems
occurred during the transition from core
engine to afterburner and after the
thrust-limited condition. Both of these
regions are highly nonlinear transitions
that are somewhat vehicle dependent.
Hnwever, techniques can be developed to
regulate the rate of onset of angle of
attack as military power is approached.
The control of a vehicle in a thrust-
limited turn is a difficult but achiev-
able task. These two aspects of Mach

number control should be explored on
future projects.

The development and demonstration of
additional maneuvers are areas of future
PTMAP research. These include not only
the demonstration of maneuvers already
developed, but also the development and
demonstration of totally new maneuvers
based on the capabilities of the FTMAP.
Two perforsance maneuvers were developed
for the FTMAP but were not demonstrated
in flight: the constant-throttle
pushover-pullup and the rocking-horse
maneuvers, These maneuvers would be a
useful adjunct to the related flight
research maneuvers for the FTMAP,

In particular, the rocking-horse
maneuver is an extremely demanding and
difficult maneuver. Figure 23 illus-
trates two pilot-flown rocking-horse
maneuvers. The supersonic maneuver
shown in figure 23(a) was performed at
nominal conditions of Mach 1.40 and an
altitude of 12,200 m (40,000 ft). The
subsonic maneuver shown in fiqure 23(b)
was flown about nominal conditions of
Hach 0.90 and an altitude of 7600 »
{25,000 ft). A feature wost apparent
from these two time histories is the
altitude range. The rocking-horse
saneuver is supposed to be a constant-
altitude maneuver. The difficulty of
controlling altitude is shown in the
altitude-rate time histories. The
pilot must constantly compensate for
altitude rate that is generated as a
consequence of changing the normal
acceleration of the vehicle. Because
the information needed to fly this
maneuver {(altitude, Mach number, and
normal acceleration) is on three gep-
arate fnstruments, the task (s even
more difficult for the pilot.

Two rocking-horse maneuvers flown by
the PTMAP in the HiMAT simulator are
shown in figqure 24. The maneuver shown
in figqure 24(a) was executed at simu-
lated conditions of Mach 1.10 and an
altitude of 12,200 m (40,000 ft)., The
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maneuver shown in figure 24(b) was
executed at simulated conditions of

Mach 1.20 and an altitude of 7600 m
(25,000 ft). Because these maneuvers
were executed on the simulator and not
in flight, they should not be compared
too closely with the pilot-flown rocking-
horse maneuvers. However, the features
to be noted in the simulated FTMAP
maneuvers are the altitude control, the
virtual absence of altitude rate during
the rocking-horse maneuver itself, and
the repeatability of each cycle of the
maneuver. Based on the experience with
the FTMAP in a level turn (fig. 20), the
flight results would probably be about
the same as the simulator results pre-
sented here.

Plight research maneuvers that
could pe performed by an FTHMAP include
(1) altitude and Mach number profiles
flown at constant Reynolds number or
dynamic pressure with a specified anqle
of attack, and (2) constant-altitude
accelerations and decelerations performed
at a specified angle of attack or normal
acceleration, These maneuvers are even
more demanding of the pilot than the
rocking-horse maneuver and would benefit
greatly from automation,

A limitation imposed on the PTMAP by
the pilot interface with the system was
the need to achieve altitude dy manually
flying the vehicle to the desired alti-
tude. In fact, the use of thumbwheel
switches to select maneuvers and saneuver
conditions was somewhat limiting. The
pilot-FTMAP interfsce is one of the
areas in which research would be bene-
ficial. This will be a particularly
important issue when the FTMAP is
applied to a manned vehicle.

CONCLUDING REMARKS

An experimental flight test maneuver
autopilot (FPTMAP) was developed for the
highly maneuverable aircraft technology
{HiMAT) vehicle. This application of
the FTMAP represents a proof of concept
of an advanced flight test technique
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rather than a finished production-type
systema. The FTMAP was used to fly

level accelerations and decelerations,
constant-Mach pushover pullups, excess-
thrust windup turns, and thrust-limited
windup turns. All maneuvers for which
it was designed, except the constant-
throttle pushover-pullup and the
rocking-horse maneuvers, were demon-
strated in flight. The FTMAP performed
exceptionally well — meeting and often
exceeding the extremely demanding maneu-
ver tolerances: Mach within $0.01,
altitude within 2150 m (£500 ft), angle
of attack within £0,5°, and normal
acceleration within 20,5 g. In some
cases, the Mach number tolerance was not
met, However, even in these instances,
the FTMAP proved capable of controlling
the HiMAT vehicle to tolerances coapar-
able to those for a pilot using normal
piloting techniques. This new technique
has been demonstrated in flight and has
proved to be a valuable tool.

The stated goals of the FTMAP devel-
opment were to increase the quantity
and quality of the data obtained in
flight test. The objectives were to
provide precise, repeatable control of
the HiMAT vehicle during certain pre-
scribed maneuvers and to ensure that
a large quantity of high-quality test
data could be obtained in a minimum of
flight time. All these goals and objec-
tives were met. The FIMAP increased the
overall quality of maneuvers signifi-
cantly beyond what could be obtained by
manual control. The quantity of data
wvas increased because the FTMAP per-
formed maneuvers in less time than the
pilot and also because maneuvers did
not have to be repeated because of poor
maneuver execution.

This report documents the develop-
ment of the FPTMAP froa the defining of
design requirements to FTMAP flight
test. The application of linear analy-
sis, modeling techniques, flight
hardware-in-the-loop simulation, and
flight test is illustrated. The result
of this FTMAP development is an auto-




pilot that provides precise, repeatable
control of an aircraft during pre-
scribed maneuvers and also allows the
collection of a large quantity of high-
quality data. Although first applied to
a high-performance remotely piloted
research vehicle (RPRV), the FTHMAP
represents a broadly applicable flight
test technique that has the potential
to benefit any flight program. The
FTMAP provides the pilot with a power-

ful aid that allows multiple parameters
to be controlled simultaneocusly to
exacting tolerances.

National Aeronautics and Space
Administration

Ames Research Center

Dryden rlight Research Pacility

Bdwards, California, August 23, 1984
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APPENDIX A — DETAILED PTMAP SYSTEMS
DESCRIPTION

The FTMAP was developed to satisfy
the project requirements for precise,
repeatable maneuvers. The operational
characteristics and the operational
mechanization of the PTMAP for the
HiMAT system are described in this
appendix. Pigure 25 is an overview
of the HiMAT-FTMAP simulation system
showing the input panel and FTMAP
control laws described in this section
and the command generation function
described in the simulation analysis
section (app. C).

FTMAP Operational Characteristics

The PTMAP operates as an outer loop
to the PCS shown in figure 4, employing
two additional ground-based computers
(fig. 26). In this system, while the
FTMAP is engaged, the normal PCS pilot
input commands (that is, longitudinal
stick, lateral stick, and throttle
position) are replaced by corresponding
commands generated in the FTMAP con-
puter. The pilot retains rudder pedal
control to trim sideslip; no FTMAP input
is required in the yaw axis. The PCS
control laws execute in series with the
FTMAP control laws and provide the
inner-loop stability augmentation.

Both the FTMAP and the PCS computers
receive inputs from downlink processing
computers that provide subframe decom-
mutation of the downlink data stream.
The data available to the FTMAP com-
puter are identical to those available
to the PCS computer., The FTMAP computer
accepts data from a cockpit input panel
(figs. 25 and 27) that allows defini-
tion of the test condition parameters,
such as maneuver number, angle of
attack, normal acceleration, and Mach
number, This input panel includes
thumbwheel switches, an annunciator
display, and two electromagnetic con-
trol switches for PTMAP engagement and
manuever initiation (fig. 28).
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The system configuration for incor-
porating the FTMAP into the basic HiMAT
PCS was selected according to the
availability of hardware and the con-
venience of mechanization. Because a
duplicate set of control and decom-
mutation computers was already available
in the RPRV facility, these computers
were used, If these computers had not
been available, a simpler scheme, such
as the inclusion of the FTMAP control
laws within the PCS computer, could have
been employed for the mechanization of
the FTMAP.

The procedure for flying a maneuver
with the FTMAP requires the pilot to fly
to the desired test altitude., Wwhen
altitude rate is within a nominal
15-m/sec (2350-ft/sec) window and the
vehicle is at the target altitude, the
FTMAP is engaged using the cockpit input
panel. Each maneuver sequence consists
of three phases: straight and level,
maneuver cont--~ and maneuver disen-
gagement. Enga .ment of the FTMAP
establishes a reference altitude and
puts the PTMAP into a straight-and-
level, altitude-hold mode. For the
level acceleration and deceleration
maneuvers, the straight-and-level phase
of any of the manuevers could be used
and selected independently of the other
two phases, to provide an altitude-hold
autopilot with Mach number control.
During the maneuver control phase, the
FTMAP flies the vehicle through the test
maneuver and monitors the vehicle sgtates
to determine when the test conditions
are met and whether any predefined
mission limits are exceeded. This mon-
itoring of predefined mission limits is
used to determine whether the FTMAP
should be allowed to continue a maneu-
ver., If one of these limits is encoun-
tered, the FTMAP automatically enters
the maneuver disengagement phase and
returns the vehicle to straight-and-
level flight at the reference altitude.

The FTMAP is equipped with six pro-
cedures for exiting a maneuver. In




three of these procedures, the FTMAP
remains operative and performs a con-
trolled exit; in the other three, it

is completely disengaged. In its normal
operation, the FTMAP performs a con-
trolled exit from the maneuver phase,
executing a smooth, gentle ramping out
of bank angle and load factor and
returning the aircraft to straight-and-
level flight.

The exit phase, like the straight-
and-level and maneuver phases, is indi-
cated on the instrument panel, Imme-
diately after an exit has been com-
manded, the exit indicator is illumi-
nated and the maneuver indicator turns
off. The exit phase does not ramp the
aircraft completely back to straight and
level. At a certain point, based on the
bank angle of the aircraft, the FTMAP
changes from the exit phase to the
straight-and-level phase. The light-
emitting diode (LED) annunciators on the
instrument panel change accordingly.

The FTMAP then attempts to regain the
engagement altitude and the thumbwheel-
selected Mach number.

The primary method of exiting a
maneuver is to pull the maneuver switch
to the off position. This immediately
commands the exit phase, which begins to
ramp the aircraft back to straight-and-
level flight. The rate at which the
aircraft returns to straight and level
is dependent on the maneuver selected.
In an angle-of-attack commanded wind-
up turn, the aircraft ramps back to
straight and level at an angle-of-attack
rate of 1.60 deg/sec. 1In a normal-
acceleration commanded windup turn,
the ramping rate is 1.28 g/sec. The
ramping rate during the exit phase of a
pushover-pullup maneuver is 0.50 deg/sec,
which is equivalent to the rate through-
out the maneuver phase.

The normal manuever exit phase can
also be triggered by reaching one of
the preset limits incorporated into the
FTMAP to reflect envelope limits imposed

on the vehicle. These preset limits are
based on the actual angle of attack,
normal acceleration, dynamic pressure,
and Mach number limits of the aircraft
minus a tolerance value. The tolerance
value provides a safety margin to pre-
vent possible damage to the aircraft.
This method ensures that an exit is com-
manded if a limit is reached, regardless
of the maneuver selected. 1In a windup
turn, the type of maneuver selected
determines the ramping rate back to
straight and level, For example, if the
aircraft were in a normal-acceleration
commanded windup turn and reach- ° an
angle-of-attack limit, it woul »
back to straight and level at “
corresponding to a normal-accele.ation
companded windup turn,

Ancther method of commanding a nor-
mal exit from a windup turn maneuver is
based on a maneuver timer. When the
FTMAP reaches its target condition, the
maneuver timer starts. The FPTMAP holds
the target condition for the prescribed
amount of time and then commands an
exit. In both the envelope limits and
maneuver timer methods described, the
magnetic maneuver switch automatically
returns to the off position when an exit
is commanded by the FTMAP,

The three remaining procedures
completely disengage the autopilot and
return control to the pilot. The pri-
mary method of disengaging the autopilot
is to squeeze the trigger switch on the
control stick. Squeezing the trigger
returns one or both of the FTMAP electro-
magnetic control switches to their
original positions, depending on the
current phase of FTMAP operation. The
sound associated with the disengagement
of the control switches provides the
pilot with a positive aural indication
that he has control of the aircraft.

An equally effective procedure to
disengage the FTMAP is to put the mag-
netic level-cruise switch in the dis-
engage position. If the aircraft is
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in a maneuver, this action also causes
the magnetic maneuver switch to move to
the off position.

The third method of disengaging the
autopilot involves the G-ERR/ILS-GLSP
switch behind the thumbwheel switches
(fig., 28). The G-ERR position provides
the pilot with a special flight director
display, while the ILS-GLSP position
provides the pilot with instrumsent
landing-glideslope guidance. when
this switch is pushed forward to the
ILS-GLSP position, the PTMAP disen-
gages. Although not intended to be
the primary means of disengagement,
this method prevents the possibility
of entering a manuever while attempting
to land.

Totally disengaging the PTMAP causes
the current stick and throttle positions
to be sent to the PCS and hence to the
vehicle. Thus, using one of these pro-
cedures that completely disengage the
autopilot has the potential for intro-
ducing large transient commands. To
minimize unacceptable transient commands
during FTMAP disengagement, the throttle
is left in the position in which it was
during FTMAP enqgagement and the stick is
returned to the zero command position.
In simulator studies, it was observed
that this procedure resulted in notice-
able transients only in the longitudi-
nal axis during a high-g turn. This is
because the PCS had an essentially
full-aft stick command suddenly replaced
by 4 neutral position stick command. The
effect was to return the elevator and
elevon rapidly from an extreme trajiling-
edge up position to a zero position.
Hence, the vehicle began immediately to
lose altitude. The induced transient,
while noticeable, was extremely benign
and did not require excessive pilot
attention to return the vehicle to wings-
level flight.

PTMAP Operational Mechanisation

The cockpit input panel (fig. 28)
allows selection of maneuver and test
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condition parameters by means of the
thumbwheel. switches. This panel also
includes electromagnetic switches that
control FPTMAP engagement (level cruise)
and saneuver initiation. All commands
to the PTMAP return a positive indica-
tion when accepted by the autopilot.
Because the control switches are mag-
netic, they can only be engaged (and
remain engaged) if the appropriate
signals are sent from the FTMAP com-
puter., After the FIMAP is engaged
using the level-cruise switch, one

of the three status lights on the
instrument panel (fig. 27) is illumi-
nated, indicating the current maneuver
phase of the FTMAP.

The FTMAP computer continuously
monitors a PCS computer-generated
disengage signal and a downlink discrete
signal that indicates backup control
system (BCS) operation., 1If either of
these are set, the FTMAP coaputer does
not permit engagement. An electromagnet
is used to hold the two control switches
in the engaged position. As a safety
precaution, the maneuver switch cannot
be engaged if the level-cruise switch is
not engaged. The maneuver switch is
also equipped with a channel guard to
prevent accidental engagement.

The thumbwheel switches (figs. 25
and 28) are used to select the desired
maneuver, target condition, and Mach
number. The first set of thumbwheel
switches defines the maneuver to be
performed. Table 1 gives a descrip-
tion of each maneuver by maneuver
setting number.

The second set of thumbwheel
switches defines (1) the target angle
of attack Acpg for either a right or

left angle-of-attack commanded windup
turn, or (2) the requested angle-of-
attack range Aa for either type of
pushover-pullup maneuver. The third
set of thumbwheel switches defines (1)
the target normal acceleration for a
right or left normal-acceleration com-
manded windup turn, or (2) the Aa, for




the rocking-horse maneuver. The fourth
set of thumbwheel switches is used to
input the Mach number to be reached and
maintained during a maneuver.,

The LED annunciators display
the current thumbwheel switch values
registered in the FPIMAP computer.
The annunciators display only the
information pertinent to the selected
maneuver. For example, if a normal-
acceleration commanded windup turn
is selected, a nonzero target angle-
of-attack command registers as zero
on the LED annunciators.

To monitor FTMAP operation, the
cockpit is equipped with three FTMAP
status lights located on the instru-
maent panel directly below the attitude-
direction-rate and yaw-rate indicators
(fig. 27). These lights are horizon-
tally placed LEDs that indicate the
present phase of the FIMAP operation.
The LEDs indicate (from left to right)
level cruise, maneuver, and exit, cor-
responding to the straight-and-level,
maneuver control, and maneuver disen-
gagement phases, respectively.
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APPENDIX B — CONTROL LAW DESCRIPTION

The FTMAP control lavws are coaposed
of several control modes: altitude
hold, angle-of-attack control, normal-
acceleration control, wings-level
control, turn control, and throttle
control (ref. 5). Depending on the
maneuver being executed, various modes
are selected as shown in table 2.

The altitude-ho.d mode (fig. 29)
maintains altitude during straight-and-
level flight. In this mode, the longi-
tudinal command to the aircraft is
controlled by an altitude-rate feedback
signal and an altitude error signal.

The altitude error signal is the 4dif-
ference between the FTMAP engagement
altitude and the actual aircraft alti-
tude. The altitude-hold mode is designed
to capture altitude under relatively
favorable conditions; the combined
altitude-rate and altitude error signal
is limited to keep the aircraft within
the range of 0 to 2.5 g. The limited
command signal is multiplied by a gain
based on dynamic pressure and is passed
through an inverse stick shaper and out-
put limiter.

The angle-of-attack control mode
(fig. 30) provides control of the longi-
tudinal axis in the angle-of-attack com-
manded windup turn and pushover-pullup
maneuvers. This mode is based on an
angle-of-attack error signal, which is
the difference between the comsanded
FTMAP angle of attack and the sensor-
measured angle of attack of the air-
craft. The angle-of-attack error sig-
nal follows two paths — a direct gain
path and an integral gain path. The
direct gain path provides an immediate
output command but goes to zero as the
target condition is reached. The output
command produced through the integral
path lags the error signal but can main-
tain a target condition even after the
error signal has gone to zero. Sat-
uration of the integrator is prevented
by limiting the integrator. The direct
path and integral path signals are com-
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bined, and the resultant command is
passed through a dynamic-pressure gain
schedule, an inverse stick shaper, and
an output limiter,

The normal-acceleration control mode
(fig. 31) is used with the normal-
acceleration commanded windup turn and
the rocking-horse maneuver. This mode
is identical in every respect to the
angle-of-attack control mode previously
described, except for its inputs. The
main inputs for this wmode form a normal-
acceleration error signal, which is the
difference between the commanded FTMAP
normal acceleration and the sensor-
measured aircraft normal acceleration.

The wings-level control mode
(fig. 32) provides control of the
lateral axis of the aircraft in both
straight-and-level flight and the
pushover-pullup maneuver. Bank attitude
is maintained near zero through the use
of roll-rate and bank-angle feedback
signals, which are scaled before being
combined. The resultant signal is
passed through a coabination of limiters
and a limited integrator. The first
limiter acts as a rate limit to control
the maximum rate of change of the
lateral command; the second limiter pre-
vents saturation of the integrator.
Dynamic pressure and Mach number are
used to provide a scheduled scaling fac-
tor prior to the final output limiter.

The turn control mode (fig. 33) pro-
vides lateral-axis control during any of
the turn maneuvers. A roll-rate error
signal, an altitude error signal, and an
altitude-rate feedback signal are the
primary inputs. The reference altitude
is maintained by means of the altitude-
rate and altitude error signals. The
roll-rate and altitude error signals are
used to provide effective bank-angle
control. The roll-rate signal is scaled
before reaching a washout filter. The
washout filter removes steady-state
effects and allows the turn to be
established for a nonzero roll rate.

To prevent excessive altitude error




effects, the altitude signal is passed
through a limiter and a scaling factor
before being combined with the altitude-
rate signal. The altitude-rate signal
also follows a direct path and is summed
downstream of the limited integrator,
The combined limiters and limited
integrator are identical to those in

the wings-level control mode. Dynamic
pressure and Mach number are used to
compute a scheduled gain factor before
the final limiting process.

The throttle control mode (fig. 34)
is used in all PTMAP maneuvers except
the pushover pullup with fixed throttle,
The equivalent throttle command is
derived from the combination of an
impact-pressure error signal and an
impact-pressure-rate feedback signal.
The impact-pressure error signal is the
result of the combination of a static-
pressure input, a commarnied Mach input,
and an impact-pressure input. The com-
manded Mach number is passed through a
pressure ratio command schedule and then
multiplied by ambient pressure to pro-
duce an impact-pressure command Uend®

The difference between the commanded
impact pressure and the aircraft-

measured impact pressure is multiplied
by a constant gain factor before being
combined with the impact-pressure error
signal. A gain schedule that is depen-
dent on altitude provides a scaling fac-
tor for the impact~-pressure-rate signal,
The scaled impact-pressure-rate signal
produces faster equivalent throttle
response at high altitudes to compensate
for changes in the engine dynamics due
to altitude,

Under certain conditions, the

PTMAP is capable of commanding after-
burner — that is, during the straight-
and-level maneuver phase if the Mach
number coamand is 1,00 or greater and
during the maneuver control phase of
any maneuver that uses throttle control.
Both the throttle forward-loop gain Kap

and the throttle-rate limiter change as
a function of coamanded engine state.
Por equivalent throttle commands within
the core engine range (less than 98° of
the power lever angle comamand value
PLAcmd), these parameters are 1.0 and

S0 deqg/sec, respectively; for equivalent
throttle commands of 98° of PLAcpg4 OF

qreater, these values are 0.33 and
10 deqg/sec, respectively,
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APPEMDIX C — PTMAP DEVELOPHENT

The functional capability of the
FTMAP is derived from two separate func-
tions — the maneuver commsand generation
and the control laws. The maneuver coa~-
mand generation is a subset of the
underlying switching and comsand genera-
tion logic. Any of six basic control
laws can be selected through this
switching and command logic to control
the equivalent of throttle setting and
longitudinal and lateral stick displace-
ment. This separation of the ccmmand
and control functions provides a flex-
ible framework in which additional
maneuvers can easily be constructed,

The basic control laws were detsrmined
using linear analysis and classical
design techniques. These control laws
were expanded to include nonlinear ele-
ments and were evaluated in a high-
fidelity, real-time, pilot-in-the-loop
simulation environment, This simulation
was used not only to fine-tune the con-
trol laws, but also to develop the com-
mand generation and switching logic.

Reference 6 describes the develop-
ment of the linear control laws and pre-
sents a preliminary mechanization of the
FTMAP. In references 7 and 8, the
current FTMAP mechanization and control
details are explained. The following
sections of this appendix describe the
development of the FTMAP comaand genera-
tion and control functions and the tools
used in their development.

Control Law Synthesis

The PTMAP control laws were devel-
oped using real-time, pilot-in-the-
loop, 6-degree-of-freedom simulation,
supported by sampled-data linear analy-
sis. This work was performed under
contract to WNASA (ref. 6) and formed
the basis of FTMAP. Using nonlinear
equations of motion and a full-envelope
nonlinear aerodynamic model, the lin-
earized state equations were derived
about selected trim points using numeri-
cal perturbation. The determination of
trim using nonlinear equations and the
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generation of the linear model were per-
formed by using a computer prograa to
produce the A, B, H, and G matrices for
a system of the fora

X°Ax+Bu
yoixeou

where 2_1- the derivative of the state
vector with respect to time; x, u, and
Yy are conventional notations for state,
control, and observation vectors, re-
spectively; and A, B, H, and G are
state, control, feedforward, and obser-
vation matrices, respectively. These
matrices provided the basic linear
design wodels for use in a linear
design and analysis program (ref. 9).
The PCS control laws for the longi-
tudinal and lateral-directional axes
were added to the basic aircraft sys-
tem models to obtain the coaplete
linear systea,

Pigqures 315 and 316 show the block
diagrams for the PCS pitch and roll
axes, respectively. while these control
laws are nonlinear in general, both axes
can be easily linearized for a given
flight condition. The main nonlineari-
ties of the pitch axis are in the mecha-
nization of the angle-of-attack and
normal-acceleration boundary controllers
and in the maximum and ainiaum value
select functions. Because the FTMAP was
designed to operate within angle-of-
attack and norsal-acceleration boundary
limits, these functions could be ignored
for the PTMAP linear analysis. The
nonlinear pitch stick shaping is elimi-
nated from the PCS linear wmodel and is
compensated by an inverse stick shaper
in the PTMAP longitudinal control laws
(figs. 29 to 31). Pigure 37 shows the
linear wmodel of the HIiMAT PCS pitch-
axis control laws where only the angle-
of-attack feedback gain fkc must be

selected as a function of flight con-
dition. This gain fka is equal to

gzero for Mach nuamabers less than one.




Because all linear analyses were done
at subsonic conditions, this loop
does not appear in any of the closed-
loop analyses.

The PCS roll axis is much less com-
plicated. With only two gains dependent
on flight condition, the control laws
are virtually linear. The only modifi-
cation to the linear model ia the elim-
ination of the lateral stick gain Kpp

which is compensated for by the incor-
poration of an inverse function in the
PTMAP lateral control laws (figs. 32
and 33). Pigure 38 shows the linear
feedback model used for the roll axis of
the HiMAT PCS, and figure 39 shows the
linear model used to represent the

yaw axis.

A sampled-data root locus analysis
was performed using loop closures to
represent the normal-acceleration coa-
manded turn, the angle-of-attack com-
manded turn, altitude hold, the pushover
pullup, and the wings-level lateral
mode. The system models used for this
analysis consisted of four main sub-
system models: onboard systems and
vehicle nodel, transmission model, PCS
model, and PTMAP model. The onboard
systems and the vehicle were modeled as
continuous systems. The transmission
model represents pure delay induced by
the RPRV loop closure. The PCS and
PTMAP were represented as discrete
models. All the discrete models were
analyzed at the uplink rate of 53.3 Mz,
which corresponds to the 18.75-msec
cycle time of the ground-based PCS and
FTMAP computers.

A block diagram of the linear
model used to analyze the normal-
acceleration commanded windup turn
is shown in figure 40. The state
vector of the plant is

Xxs= lU.V.'cPaq.h0 00 ‘T

where u, v, and w are the body axis
velocitiss; p, q, and r are the body

axis rates; and ¢ and 8 are the Ruler
bank angle and pitch angle, respec-
tively. The control vector for the
normal-acceleration coamanded windup
turn is

u = (8v,,6r,60)7

where $v, and 8r are the asymmetric
elevon and rudder deflections, respec-
tively, and §L represents the coabined
elevator and symmetric elevon deflec-
tion. The output vector used for this
maneuver model is

l Ld (q:‘no;‘lpcto‘le

vhere a, and ay are the normal and
lateral body axis accelerations,
respectively, and R is the altitude
rate. All quantities in x, y, and u

are perturbations about their trimmed
values for the steady-state turn.

The block diagram for the angle-of-
attack coamanded windup turn is shown
in fiqure 4. Both the state and
control vectors are the same as for
the noraal-acceleration comsanded turn.
However, the observation vector has an
additional term:

Y- lﬂcq.amh.p.t,aylr
vhere G is the angle of attack.
FPigure 42 shows the altitude-hold
block diagram. The vehicle state
vector is
x= (ucvaae‘T

and the control input is a scalar 4L.
The output vector is

) A (h"nv‘UT

The pushover pullup (fig. 43) is an
unsteady maneuver for which linear anal-
ysis at a single flight condition is
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not strictly valid. However, closing
the angle-of-attack loop at the initial
flight condition provided adequate
modeling. The state vector for the
pushover pullup is the same as that
used for the altitude-hold model:

X = (u,w,q,0]T

The control is also the same and is

the combined input of elevator and sym-
metric elevon deflection 8L. The
observation vector for the pushover-
pullup maneuver is

Yy = l«.an.qlT

The wings-level mode shown in
figure 44 is the lateral-directional
portion of straight-and-level control
and the pushover pullup. For these
maneuvers, longitudinal control is
modeled by the altitude-hold and
pushover-pullup modes, respectively.
However, unlike the turn mode, these
maneuvers can be easily decoupled into
simpler models that can be analyzed
separately. The state vector for the
wings-level mode is

x - (v.p.c.17

and the control vector \is
u = [6\1.,6!’]1.
The output vector \is

x - [P;rn.yn’ lT

Ffrom the linear analysis, five of
the six basic control laws were derived:
altitude-hold control, angle-of-attack
control, normal-acceleration control,
wings-level control, and turn control.
The respective block diagrams of these
control laws are shown in figures 29
to 3). The altitude-hold mode (fig. 29)
is derived from the altitude-hold model
(fig. 42). The normal-acceleration
commanded turn model produced the
normal-acceleration control mode
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(fig. 31). The angle-of-attack com-
manded turn analysis resulted in the
angle-of-attack control mode (fig. 30},
which is identical in structure to the
normal-acceleration command mode. The
turn control mode (fig, 33) was deter-
mined from the roll axis of the turn
analysis models (figs. 40 and 41) and is
the result of design using both normal-
acceleration and angle-of-attack command
models. The analysis and design using
the pushover-pullup model (fig. 37) pro-
duced control laws identical to the
longitudinal control laws that resulted
from the analysis and design of the
angle-of-attack commanded turn. There-
fore, the angle-of-attack control laws
derived from the turn design (fig. 30)
could be used to control angle of attack
for the pushover pullup. The wings-level
control laws (fig. 32) were derived from
the wings-level model (fig. 44).

The inverse stick shaper given in
all longitudinal control laws (figs. 29
to )1} and the lateral gain factor given
in the lateral control laws (figs. 32
and 3)) are the results of the modeling
tachnique used to develop the linear
models of the PCS pitch arJ roll axes.
Neither of these functions was incor-
porated into the linear models; there-
fore, the inverses of those functions
were required in the nonlinear PTMAP
control laws. Except for the altitude-
hold mode, which has no integrator, all
control laws contain a limiting function
attached to a forward-loop integrator.
These functions are added to the systes
to prevent saturation of the integrator
beyond its output capability. wWithout
these liniters on the integrators, large
command signals could be built up if the
input error signal remained nonzero
after the output reached {ts maximum.

The limits isposed on altitude error
and altitude-rate error feedback in the
turn control sode (fig. 1)) are to pre-
vent saturation of the roll axis caused
by large errors in those parameters.

The rate-limiting function preceding the
forward-loop integrator in the two roll-
axis control modes (figs. 32 and 31)




minimizes the transients in output com-
mand during mode or command transitions.
These nonlinear elements were added to
the linear control laws, which were then
implemented on the FTMAP computer of the
real-time simulation of the HiMAT systenm.

Simulation Analysis

Control laws (ref. 6) provided by
the contractor, Teledyne Ryan Aero-
nautical Corp., were implemented in
the NASA Ames-Dryden simulation facility
for evaluation and fine-tuning in a
realistic, pilot~-in-the-loop environ-
ment. The HiMAT-PTMAP simulation system
(fig. 45) then replaced the linear anal-
ysis program as the PTMAP development
tool. The simulation system, which
includes the simulation computer, actual
flight hardware, and duplicate RPRV
facility flight support computers,
realistically reproduces the inter-
faces and timing of the actual RPRV
flight syatem.

Simulation Pacility

The simulation computers, consisting
of two general-purpose minicomputers and
an array processor, model the vehicle
aerodynamics and all onboard systems
except those modeled in the flight hard-
ware rack, The flight hardware rack
consists of a breadboard version of the
actual HiIiMAT onboard computer, an uplink
encoder hardlined to a receiver and
decoder system (bypassing only the
transmitter-receiver radiofrequency
iink), and high-fidelity electronic
models of each of the MIMAT servo-
actuators. The patch bays serve as
general-purpose simulation facility
interfaces and route the discrete
and analog signals throughout the
facility. These patch bays inter-
connect the simulation computers not
only to the flight hardware cack but
also to the cockpit through the cockpit-
interface electronics.

The simulation facility cockpit is
an exact duplicate of the actual flight

control cockpit in the RPRV facility.,
The stick computer is a special-purpose
analog computer that controls the force
and feel characteristics of the stick.
Both the stick computer and the cockpit-
interface electronics duplicate the
equipsent used in the RPRV facility.
The simulation facility RPRV computers
consist of four minicomputers that are
entirely software compatible with the
actual RPRV flight computers. The
decoamutation computers decode the
downlink from the simulation computers
and select parameters for use in the
PCS computer and the FTMAP computer,
This system is designed to provide a
detailed and highly accurate model of
the system illustrated in figure 8 and
discussed in the HiMAT systeamas descrip-
tion 1n the main body of this report
and PTMAP operational characteristics
section of appendix A.

The array processor contains a
nonlinear model of the HIMAT aero-~
dynasica (including flexibility effects)
that covers the entire HiMAT flight
envelope. The equations of motion are
integrated within the array processor
at a 4.54-msec rate using a modified
second-order Runge-Xutta integrator,
~his integration interval corresponds to
the 220-Hz downlink rate of the actual
flight systeas (fig, 4). The main simu-
lation cosputers provide an interface
batween the array processor and the
other sisulation equipsent. These com-
puters also contain the real-time input-
output functions: digital-to-analog
conversion, analog-to-diqital conver-
sion, and processing of input and output
discrete signals. The main simulation
computers model the perforsance of
the HiMAT inteqrated propulsion con-
trol syastem (ref, 10) and engine as a
function of throttle setting and flight
condition, the atmosphere, onboard
instrumentation, and vehicle sensors.
The use of this HIiMAT simulation to
develop and qualify ground-based flight
codes such as the FITMAP is discussed
in reference 11,
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Development of Throttle Control Mode

Using the real-time simulation, the
FTMAP throttle control mode (fig. 34)
was developed on the basis of the BCS
high-altitude throttle control law.
References 12 and 13 describe the BCS
in general and the BCS throttle control
laws in particular. Impact-pressure
rate, derived from an onboard analog
differentiation of the output of the
impact-pressure sensor (app. D), was
essential to the success of the FPIMAP
Mach-number control.

The BCS throttle control laws were
designed for control of the core engine
from idle to military power. However,
the PTMAP was also required to control
the afterburner. Several modifications
to the basic control laws were needed
to accommodate this expanded range of
operation. Two changes of a generic
nacure were required; that i1s, the
forward-loop gain Kapn was lowered, and
the throttle-rate limit was decreased
in the afterburner command range. Both
of these changes were based on predic-
tions from a batch simulation of the
HIiMAT J85-21 engine performance, such
as that illustrated in fiqure 46.

Both variables, K,p and t!-ottle-rate

limit, are related to the slope of the
thrust curve. Because this slope ia

a factor of two or three larqger for
the atfterburner region than for the
core reqion, the two parassters were
ceduced accordingly.

Another change to general throttle
control was based on the predicted
thrust differential between military
and minimum afterburner. A timer was
added to eliminate a potential cycling
in and out of the afterdburner in the
windup turn that might be caused by this
thrust differential., This timer prevents
a4 rteturn to the core engine region for
S sec following an afterdburner request,
This allows the angle-of-attack or
normal-acceleration commanded control
iaw the necessary time to increase the
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commanded parameter sufficiently to
raise thrust dem:» . . hove that provided
at minimum after~ .rner.

Development of Command
Generation Punction

The HiMAT-FTMAP simulation system
was also used extensively to develop the
command generation functions (fig, 25)
required to support the automatic maneu-
vers. The maneuver command generation
function can be used to specify the com-
manded angle of attack, normal accelera-
tion, bank angle, roll rate, altitude,
altitude rate, and Mach number.

In all the FPTMAP maneuvers, com-
mands were generated to control the
time-varying parameters. These com-
mands were based on the selected maneu-
ver and the target conditions input
on the thumbwheel switches. The angle-
of-attack command is used during the
pushover-pullup maneuvers and the angle-
of-attack commanded windu; turns,
Normal-acceleration command is used
during the normal-acceleration commanded
windup turns and the rocking-~horse
maneuver, During the windup turns, the
angle-of-attack and normal-acceleration
commands increase linearly at a gpeci-
fied command rate.

The command rates for the HiMAT pro-
gram are currently set at 0.25 deg/sec
for angle of attack and 0.2 g/sec for
normal acceleration. The command is
ramped from the trimmed value to the
target condition. When the throttle
control first commands the afterburner
tregion, the angle-of-attack and normal-
acceleration commands are slowed to
allow time for a stable afterburner
light and the attendant increase in
thrust before continuing. This 2-sec
delay prevents excessive thrust demand
and subsequent Mach loss during after-
burner lighting. Angle-of-attack and
normal-acceleration commands are also
used during the exit phase of the turn
and rocking-horase maneuvers. During the




exit phase, the commands are ramped down
to the initial trim condition at the
previously described command rates.

The angle-of-attack command for the
pushover-pullup maneuver is illustrated
in figure 5, where Aa corresponds to the
value Aa .4 requested on the second set
of thumbwheel switches. Starting at the
trim value, angle-of-attack command is
linearly decreased to a - a.5q. When

the minimum value is reached, the com-
mand is held for a specified time Aty.

The command is then linearly ramped
until it is 8a.pg above the trim value.

This new value is held for 4ty seconds,

and then the angle of attack is linearly
ramped back to its original trim value.
Both the command rate and the hold time
are variable from flight to flight by
means of a software change. The final
values were 0.50 deg/sec for the angle-
of-attack command rate and 0 sec for the
hold time.

The rocking-horse maneuver is
controlled with the normal-acceleration
command. The windup turn to the zero-
excess-thrust condition is the same as
the normal-acceleration commanded windup
turn, except for the region where the
equivalent throttle command approaches
maximum afterburner. The normal-
acceleration command rate is reduced
from 0.2 g/sec at 80-percent full
equivalent throttle to 0.02 g/sec at
95-percent and above full equivalent
throttle (fig. 47). The command reduc-
tion is bagsed on percent equivalent
throttle to allow the rocking-horse mode
to be exercised during conditions other
than maximum afterburner. On the simu-~
lator, this slowing of the command rate
has proven very effective in simulta-
neously approaching zero-excess-thrust
normal acceleration an, and maximum

afterburner command. In fact, this
technique has eliminated the need to
adjust the final an,. During the

rocking-horse maneuver, the throttle
command is locked at the predefined

zero-excess~thrust throttle setting.
Although the option of performing a
rocking-horse maneuver at various throt-
tle settings was available, only the
maximum afterburner setting was used.

In the turning maneuvers, bank-angle
command was set to 0° and was not used
for maneuver control. Originally, this
command was used for turn initiation.
Roll-rate command was later used to
initiate the roll into the turn. This
command was set to 10,00 deg/sec and
was maintained until the vehicle had
achieved a 35° bank angle. At that
time, the roll-rate command was set
to O deg/sec.

For all conditions except the
thrust-limited windup turn, altitude
and altitude-rate command are not used
dynamically; that is, altitude reference
is set to the vehicle altitude at FIMAP
engagement, and altitude-rate command is
zero. However, for the thrust-limited
windup turn, reference altitude tracks
the current vehicle altitude, and
altitude~rate command is based on
Mach-number error (fig. 48). The
integral path commands a steady-state
altitude rate, limited to -3020 m/min
(-10,000 ft/min). The direct path can
provide a quick nose-down roll into the
thrust-limited maneuver to prevent
excessive Mach error. The altitude-rate
command mode i{s activated when the zero-
excess-thrust condition is detected
during a windup turn.

Mach number is normally commanded
directly from the thumbwheel switches.
However, for some of the maneuvers,
negative or positive increments are
added to the selected reference Mach
number Mref to aid Mach control. During

the straight-and-level phase of all
turning maneuvers, an increment of
0.01' Mach is added to Mref. This value

is held until the zero-excess-thrust
condition is reached, at which time the
increment is set to 0.02 Mach to
increase the commanded altitude rate.
Artificially increasing the target Mach
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number provides sufficient lead time to
allow the engine or the aircraft to
respond to a known future requirement.
When the exit phase is initiated, the
increment is eliminated. This same
approach has led to the somewhat more
involved method used in the constant-
Mach pushover pullup. For this latter
maneuver, an increment of -0.01 Mach

is added to Myef¢ during the straight-

and-level portion of the maneuver.
As the decreasing angle-of-attack
command begins, this adjustment is
set to 0.01 Mach and held constant
until the minimum angle of attack is
reached. The Mach increment is then
reset to zero,

Switching logic within the FTMAP
is used for several purposes: (1) to
change between the three maneuver phases,
(2) to detect zerc excess thrust in the
windup turns, (3) to change to the
thrust-limited turn, (4) to determine
when to initiate each portion of the
rocking-horse maneuver, and (5) to pro-
vide the anticipated throttle commands.
The switching logic is functionally
interrelated to the command generation,
but conceptually it can be treated
separately. Use of a full-envelope
nonlinear simulation was essential in
the development of the switching logic,
for which the HiMAT-FTMAP simulation
system was used extensively.

At FTMAP engagement, the altitude-
hold (fig. 29), wings-level control
(fig. 32), and throttle control
(fig. 34) modes are used to command
the vehicle to a straight-and-level
condition at the reference altitude
and requested Mach number. The forward-
loop integrator of the throttle control
mode is initialized to the pilot com-
manded cockpit throttle position. The
forward~loop integrator in the wings-
level control mode is initialized to
zero. No signal ramping is performed in
any axis. Because of its initializa-
tion, the throttle control engagement is
transient-free. The engagement of the
other two axes is transient-free only if
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the FTMAP is engaged when the vehicle is
straight and level. The effects of off-
nominal engagement of the FTMAP are
illustrated in figure 49. This simula-
tion operated at a 7600-m (25,000-ft)
altitude and Mach 0,90 shows an off-
condition engagement at extreme con-
ditions., The altitude rate is in excess
of 30 m/sec (100 ft/sec), and roll atti-
tude is approximately 40°. At FTMAP
engagement, the FTMAP longitudinal com-
mand is a stick forward step, resulting
in the 3.00- to 5.00-deg/sec angle-of-
attack rate, There is a small roll-axis
trangsient, but the effects of the wings-
level control mode can be seen on the
bank-angle trace, where a wings-level
condition is achieved in 4 sec and is
completely damped in 6 sec.

When a maneuver is commanded, the
straight-and-level phase is continued
for 5 sec to ensure straight-and-level
flight. The longitudinal command is
switched from the altitude-hold mode
(fig. 29) to the appropriate command
mode — that is, either the normal-
acceleration (fig. 31) or the angle-
of-attack (fig. 30) control mode. The
lateral-axis control is switched from
the wings-level mode (fig. 32) to the
turn control mode (fig. 33) when a turn
is requested; otherwise, the wings-level
mode is used throughout the maneuver.
The mode switching in the pitch axis is
transient-free because Gong (fige. 30) or

3ncpg (fige 31) is initialized to the

straight-and-level value of the cor-
responding parameter, and because the
forward-loop integrators are initialized
to the output of the altitude-hold mode
(scaled appropriately to account for the
inverse stick shaper and the dynamic-
pressure scheduled gain). The transition
from the wings-level mode (fig. 32)

to the turn control mode (fig. 33) is
minimized because the turn control inte-
grator is initialized to the value of
the wings-level control integrator, and
because the washout filter on roll-rate
feedback is initialized to the zero-
roll-rate error condition.




To initiate the turn, a roll-rate
command is used to achieve a 35° bank
angle ¢. At ¢ equal to 35°, the command
is set to zero. Figure 49 shows the
virtually transient-free nature of this
mode switching into the maneuver. The
transition from the maneuver phase to the
exit phase of a maneuver involves no
mode switching and always terminates
with a 2-sec linear ramping between the
output of either the normal-acceleration
or the angle-of-attack control mode and
that of the altitude-hold mode. The
transition from the exit phase back to
the straight-and-level phase begins when
the command parameter has returned to
the initial trim value. At that point,
the previously described longitudinal
ramping begins, and the lateral control
mode is switched to the wings-level mode
if the aircraft is coming out of a turn.

The logic to detect the zero-excess-
thrust condition was perhaps the most
difficult of all developments for the
FTMAP. Various approaches, such as
directly computing the specific power
Pg and calculating the total vehicle

acceleration 6, were tried. However,

a simple scheme was ultimately used.
Velocity was monitored 0.2 sec after
maximum afterburner was commanded. If
velocity decreased consistently for

0.1 sec (six computational cycles), a
thrust-limited condition was declared.
This technique was used for both the nor-
mal windup turns and the turn into the
rocking-horse maneuver without a false
thrust-limited condition being declared.

During the normal windup turns,
detection of zero excess thrust results
in the engagement of the altitude-rate
command mode (fig, 48). In thrust-
limited turns, the transition to the
thrust-limited condition results in
a step input to the altitude-rate com-
mand (fig. 48), which in turn, causes
a step input into the turn control mode
(fig., 33)., Two factors cause this
response — the Mach number is usually
below the target Mach as the zero-

excess-thrust condition is approached,
and a Mach increment is added to Mcpg

(fig. 48), as described previously in
this appendix. This step results in

an abrupt altitude-rate command, which
bypasses the forward-loop integrator

in the turn control mode (fig., 33). A
rapid increase in bank angle results,
and because the bank angle is more than
that required for level flight with

the commanded normal acceleration, the
vehicle begins a downward spiral and
quickly acquires the velocity necessary
to maintain the target Mach number.

Flight Test Development

Use of the HiMAT-FTMAP simulation
did not end when FTMAP flight testing
began. In fact, the simulator became
even more important during this part of
the FTMAP development and served to
minimize the problems encountered during
flight. The simulation was used not
only to develop and qualify every modi-
fication mode for the FTMAP, but also to
nlan each mission prior to flight. This
allowed potential FIMAP problems to be
detected in the simulation rather than
in flight. In addition, the simulation
was used as a diagnostic tool. Fvor dif-
ficulties encountered in flight, the
simulator could often be used for dupli-
cation, analysis, and correction of the
problem. For example, the dynamic-
pressure gain scheduling in the FTMAP
longitudinal control modes resulted from
such a process. The pitch axis seemed
to have too little damping during flight
at high dynamic pressures. However, by
increasing the forward-loop gain to
decrease the gain margin in the pitch
axis, the problem was duplicated reason-
ably well on the simulator. The gain
schedule was then developed and tested
using the simulation before flight test.

Experience with the original design
of the turn initiation command for wind-
up turns involved a different set of
problems. The original design (ref. 6)
used a nonzero bank-angle command to
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initiate the roll into the windup turns.
The roll into the turn was assisted by
a bank-angle command that remained in
effect from turn initiation until the
bank angle was within 10° of the com-
manded bank angle. After being
qualified on the real-time simulation,
this scheme was used on the first two
maneuvering flights.,

Figure 49 shows the results of a
simulated windup turn at an altitude of
7600 m (25,000 ft) and Mach 0.90. This
maneuver was engaged outside the normal
capture window with an altitude rate in
excess of 1820 m/min (6000 f£t/min) and
a 40° bank angle, which resulted in a
capture with significant equivalent stick
activity. Although somewhat less damped
than desired in the roll axis for the
engagement of the straight-and-level
phase, the simulated performance during
the turn from maneuver initiation to
exit command was excellent.

On the second FTMAP maneuvering
flight, a windup turn was attempted
twice. As shown in figure 50, the
equivalent lateral stick command went
from stop to stop on the output limiter
of the turn control mode. The flight
performance was unacceptable and was
also not reproducible on the HiMAT-FTMAP
simulation, even with the turn control
mode gains raised by a factor of three.
On the basis of a review of the roll-
axis control techniques used by the
pilot, the rate of maneuver initiation
(that is, the roll rate at maneuver
initiation) was decreased by eliminating
the bank-angle command. Thus, the turn
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command scheme was modified to be a
function of roll-rate command to achieve

a minimum bank angle. Figure 51 shows
the flight results that employed this
modified bank-angle command method and
illustrates the improved performance.

Although the HiMAT-FTMAP simula-
tion has proven to be a valuable tool,
it has significant limitations. The
HiMAT systems are represented by highly
refined hardware models or even exact
duplicates of actual flight systems.
However, the key element — the aero-
dynamic model — has inaccuracies and
inherent unknowns that hamper the
translation from simulation to flight.
Further, the relative inaccessibility
of the aerodynamic model in the array
processor, combined with schedule con-
straints, virtually eliminates con-
sideration of aerodynamic variations.
A mechanization such as the FTMAP puts
more demands on a simulation system
than does a pilot or a conventional
autopilot. The control loops in the
FTMAP are tightly closed to provide pre-
cise command tracking. Thus, the FTMAP
is somewhat more sensitive to modeling
errors than are normal controllers.
However, this alone cannot explain
all the differences between simulation
and flight results. In addition, the
effects of these modeling errors could
have been minimized in a more flexible
simulation that allowed variations in
the parameters to which the FTMAP was
sensitive, This problem of parameter
sensitivity is discussed in the FUTURE
RESEARCH section of this report.




APPENDIX D — SPECIAL HiMAT
INSTRUMENTATION

In addition to the standard set
of flight test instrumentation, the
HiMAT vehicle was equipped with on-
board electronics that provided two
unique parameters that greatly aided
the development and application of the
FTMAP. These parameters were static-
pressure rate and impact-pressure rate,
Static-pressure rate was used to com-
pute an altitude-rate signal without
the large delays normally associated
with altitude-rate measurements.
Impact-pressure rate was used directly
in the throttle control mode (fig. 34)
to provide damping as well as to pre-
vent overshoot in Mach number.

Both signals were derived from
normal instrumentation. Each of the

onboard static-pressure and impact-
pressure signals was differentiated
with analog filters whose transfer
functions were

G(g) = ————M—
(0.28 + 1)2

where 8 is the Laplace variable. These
differentiated analog signals were then
digitized and sent to the ground-based
computers using the telemetry downlink.

The static-pressure-rate signal
was used to compute altitude rate
using the measured static pressure
and the schedule of static-pressure
gradient as a function of altitude
shown in figure 52. Figure 53 shows
the altitude-rate calculation in block
diagram form.
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TABLE 1, — MANEUVER SETTINGS

Maneuver
setting Description of maneuver
number
1 Normal-acceleration commanded windup turn to the right
2 Normal-acceleration commanded windup turn to the left
3 Angle-of-attack commanded windup turn to the right
4 Angle-of-attack commanded windup turn to the left
S Pushover-pullup maneuver with throttle fixed
6 Pushover-pullup maneuver with constant Mach
7 Rocking-horse maneuver to the right
8 Rocking-horse maneuver to the left
TABLE 2. — CONTROL MODES USED FOR MANEUVERS
Maneuver Control mode
Straight and level Attitude hold, throttle
control, and wings-
level control
Pushover pullup Angle-of-attack control,

throttle control,2 and
wings~level control

Normal-acceleration commanded Normal~acceleration control,

windup turn throttle control,b and
turn control

Angle-of-attack commanded Angle-of-attack control,

windup turn throttle control,2 and
turn control

Rocking horse Normal-acceleration control,

throttle control,P and
turn control

aNot used in fixed-throttle maneuver.
bNot used after Pg = 0 condition.
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Figure 1. Himat RPRV on Edwards dry
lakebed.

Figure 2.
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Three-view drawing of HiMAT vehicle.
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Figure 3. HiMAT operational concept.
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Pigure 4. HiMAT RPRV primary control system.
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Figure 5. Angle-of-attack command for
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Figure 7. Normal-acceleration command
and Mach number response during one
cycle of rocking-horse maneuver.
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Figure 8. Conceptual block diagram of
HiIMAT flight system with FTMAP.
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(40,000-ft) altitude.




.70
Mss \
ol L1 1 1 |
™ 7800 25000
30— 100
h, h,
misec 0 E] °nn«:
-3 | ! | | -100
]
an
deg ‘F,i/_/
2 ] ] | |
0 10 20 2 4 5
Time, sec
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Figure 11. FTMAP constant-altitude accel-

eration at nominal conditions of Mach 0.50
to 0.80 and 7600-m (25,000-ft) altitude.
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(20,000-ft) altitude.
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Figure 13. FTMAP pushover-pullup mansuver
at nominal conditions of Mach 0.90 and
11‘600-. (38,000—ft) altitude.
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Figure 26.

HIMAT flight system with FTMAP.
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Figure 27. HiMAT cockpit showing FTMAP hardware.
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Figure 32, Wings~level control mode.
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Figure 34. Throttle control mode.
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tion of power lever angle for HiMAT
J85~21 engine.

20
."cmd
rate,
gisec 10 r—
02 —
LA, ] J ] .
0 80 85 90 85

Pum. percent

FPigure 47. Normal-acceleration
command rate for rocking-horse
maneuver.

Limited Imogutor

Figure 48. Altitude-rate command for
thrust-limited windup turn.

54




Exit command

aneuver command

—_——— - - -

Maximum

Full forward /FTMAP engagement M

afterbumer

Time, sec

Windup turn using simulation at Mach 0.90 and 7600-m

(25,000-ft) altitude.

Figure 49.

55




engagement initiation

Full forward

First sttempt

FTMAP  Maneuver

Maneuver
/ disengagement

Second attempt

FTMAP Maneuver
/ engogomem/ initiation

t 1 ] N ]
[ : i : r :' ‘ 5 Maneuver
4 i ) : ! | | disengagement
.p Neutral W{——— | )
] | | ' 1 ]
t t [ 1 :
Full aft H I l_i L ! l___] ! l [ l l L J
Full right — 1 l [— '
da Neutral : ‘ ; :
P
eut ot L s |
Maximum
afterburner — , i ‘ — ! by
Military M— L ' ]
t 1
1 1 1 | ' '
! ; ] ! P
idle L—1_1 | N T | J ' [ J
20 [— ! 3 ' i '
= : | [ P
a i ; | ; Vo
deg 0= 1 i [~ .
S B | n
It T sy
100 — 4 . : — b
' H H H Vo
) o 1'7 &\
- Tl W | W~
—~100 | L { J 4 1
30 100
f h,
mjsec 0 oltlsec
-30 -100
150 500
Ah, An,
p 0 0 4
~150 -500
Figure 50. Comparison of first and second flight attempts of

windup turn at nominal conditions of Mach 0.90 and 7600-m
(25,000-ft) altitude.

56




initistion and level
Full forward ~ | Exninmltlon\‘. /
de,, Neutral |~—___ e A

Full aft
Full right !ﬁ
d.P Full l.': H 1 1 i 1 J
Maximum afterbumer
Mil
Plhggg M f*z*f—‘—** J

¢ hey ! L
deg _1wr\‘1\'A‘ A IV

a, 2, L)

deg 13F!m

misec _mr""%'_%} woﬂl;oc
A""" 1so|——-r—l-é-=-——#——3

10 20 30 40 50 60 70
Time, sec

Figure 51. Windup turn with modified
bank-angle command initiation at nominal
conditions of Mach 0,90 and a 7600-m
(25,000-ft) altitude.

57




58

2

B, Ibitt
0 200 400 600 800 1000 1200 1400 1600 1800 2000
4 f I ] f I 1 [ I I T
10 x18 —
— 5000
16} 15,200 — as00
(50,000)
184 — 4000
12,200
(40,000) _
b 3500
(390.105:0) — 3000
10 "

Anidp,, B Anidp,,
_"‘_2 —2500
Nim sl bt

— 2000
IS
— 1500
4+
— 1000
| (10,000)
2 -T 500
| | ! 1 | L,
0 1 2 3 4 5 6

Figure 52,

p,. Nim?x 104

Ratio of altitude to static pressure.
(Altitude points are indicated in meters (feet).)

lk Anidp,
-h
]
(028 + 1)2 5.

Figure 53. Block diagram
of HIMAT altitude-rate

computation.




1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA TP-2618
4. Title and Subtitle 5. Report Date

September 1986
6. Performing Organization Code

Development and Flight Test of an Experimental Maneuver Autopilot
for a Highly Maneuverable Aircraft

7. Author(s) 8. Performing Orgenization Report No.

Eugene L. Duke, Frank P. Jones, and Ralph B. Roncoli H-1258
10. Work Unit No.

9. Performing Organization Name and Address
RTOP 533-02-71

NASA Ames Research Center 11. Contract or Grant No.
Dryden Flight Research Facility
P.0O. Box 273

Edwards, CA 93523-5000 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

‘ Technical Paper
14. Sponsoring Agency Code

National Aeronautics and Space Administration
Washington, D.C. 20546

15. Supplementary Notes

16. Abstract

This report presents the development of an experimental flight
test maneuver autopilot (FTMAP) for a highly maneuverable aircraft.
The essence of this technique is the application of an autopilot to
provide precise control during required flight test maneuvers. This
newly developed flight test technique is being applied at the Dryden
Flight Research Facility of NASA Ames Research Center. The FTMAP is
designed to increase the quantity and quality of data obtained in
flight test. The technique was developed and demonstrated on the
highly maneuverable aircraft technology (HiMAT) vehicle. This report
describes the HiMAT vehicle systems, maneuver requirements, FTMAP
development process, and flight results,

17. Key Words (Suggested by Author(s)) 18. Distribution Statement
Aircraft guidance, Aircraft control, Flight Unclagsified — Unlimited
test techniques, Flight test maneuver autopilot
(FTMAP), Highly maneuverable aircraft tech-
nology (HiMAT)

STAR category 05

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price®
Unclassified Unclassified 59 AO4

*ror sale by the National Technical Information Service, Springfield, Virginia 22161.
NASA-Langley, 1986




