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Validation of Aerodynamic Parameters for High-Incidence
Research Models
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Two series of free-flight tests on high-incidence research models have been conducted to investigate flight
behavior near departure conditions and to obtain responses for deriving aerodynamic data. The analysis of the first
series using stepwise regression has given the structure of the mathematical model and values for the lateral
derivatives for angles of attack between about 20 and 30 deg, and the results have been used in the design of active
control laws. These were tested in 1986, and preliminary analysis indicates that the mathematical model is
validated. Flight results for a new configuration are also discussed and compared with predicted responses.

Nomenclature
ax,ay,az — linear accelerometer readings
Clp = rolling moment due to roll rate
Cy = rolling moment due to sideslip, per rad
Cmq = pitching moment due to pitch rate
Cnp = yawing moment due to roll rate
Cnp = yawing moment due to sideslip, per rad
CYp = side force due to sideslip, per rad
ChCm,Cn = moment coefficients
CX,CY,CZ = force coefficients
p^qjr — rate of roll, pitch, yaw
71 = time to half amplitude, s
t — time, s
V = airspeed, knots or m/s
a = angle of attack
ft = angle of sideslip
f = rudder deflection, + ve to port
rjc = canard deflection, +ve Trailing edge (TE)

down
rjF = TE flap deflection, + ve TE down
rjT = tailplane deflection, + ve TE down
9 = pitch attitude angle
£F = differential flap, +ve starboard down
\T = differential tail, + ve starboard down
(j) = bank angle

Introduction

A RESEARCH program on the aerodynamic and dynamic
characteristics of a combat aircraft configuration at high

angles of attack was started at the Royal Aircraft Establish-
ment (RAE) in 1979.1 A research configuration was designed,
shown in Fig. 1, with an aft-swept wing suitable for good
transonic maneuvering (although the tests discussed here are
all for low speed), a closely coupled canard, and an all-moving
tailplane for pitch and roll control. The single fin has a
rudder, and a simple fuselage shape was chosen to ease
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manufacture of both wind-tunnel and free-flight models; it
was also decided not to represent intakes. This high-incidence
research model is known as HIRM, or HIRM1. The leading
geometric data are listed in Table 1, with those of HIRM2
(described later).

The program began with a very comprehensive series of
static wind-tunnel tests, followed by dynamic tests on the
RAE oscillatory rig, on the British Aerospace (BAe) and
RAE rotary rigs, and on the RAE large-amplitude pitch rig.
These results have been published,2'5 and some results from a
further static test in the RAE 5-rii tunnel were reported in Ref.
6. A model is also being tested on the whirling arm at the
College of Aeronautics at Cranfield to give results for steady
pitching and yawing. The results from the RAE wind-tunnel
tests were used to form mathematical models of the aerody-
namic forces and moments, in order to design flight experi-
ments using large-scale free-flight models.

The results of the first series of free-flight tests on HIRM1
have been discussed in two papers. The interpretation and use
of the data from the wind-tunnel experiments to obtain
satisfactory simulation of flight responses are described in
Ref. 6, and the results for values of the aerodynamic deriva-
tives obtained by stepwise regression analysis of the flight data
are reported in Ref. 7. This analysis established the variation
of the lateral derivatives with angle of attack between 20 and
30 deg for the large-amplitude coupled oscillatory responses
obtained in flight, and indicated significant effects due to the
two different canard settings (0 and —10 deg) tested. A

Fig. 1 High-incidence research models, HIRM1 (original) and
HIRM2 (modified).
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Table 1 Leading particulars of models

HIRM1 HIRM2

Wing (gross)
Leading edge sweep, deg
Aspect ratio
Taper ratio
Span, m
Mean chord, m

Canard (net)
Leading edge sweep, deg
Aspect ratio
Area ratio

Tail (net)
Leading edge sweep, deg
Aspect ratio
Area ratio

42
3.3
0.302
2.6
0.868

50
0.86
0.13

42
1.65
0.16

58
2.3
0.183
2.5
1.259

50
0.86
0.10

—
—
—

Fin (net)
Leading edge sweep, deg 42
Aspect ratio 1.66
Area ratio 0.11

Fuselage (without probe)
Length, m 3.32
e.g. aft of nose 1.91

42
1.66
0.09

3.62
2.16

selection of the results is included in this paper, because the
mathematical model of the lateral stability and control deriva-
tives have been updated with these values from flight tests.

The second phase of flight tests was undertaken by the
RAE trials team in 1986 at NASA Ames-Dryden. Active
control systems had been designed for these flight tests by
British Aerospace (Brough). One set of control laws (HIRM
Aerodynamic Parameter Identification, HAPI) was designed
to maintain steady longitudinal flight during lateral responses
to roll and yaw control inputs, and to restore wings level if
bank angle became excessive, using a switch type of control
law. An alternative set of control laws (Departure Prevention
System, DEPS) was designed to prevent departure from con-
trolled flight by limiting angle of attack, and both sets of laws
were implemented digitally, using the asynchronous multipro-
cessor system developed by Lucas Aerospace.8

Results from two of these flight experiments are discussed
in this paper, and the other flight tests are described briefly.
The responses calculated using the mathematical model based
on the results in Ref. 7 are compared with flight responses,
and the efficiency of the departure prevention system is
demonstrated. Analysis of the records is in progress, using
stepwise regression methods to give values for the aerody-
namic derivatives obtained from different types of responses,
particularly from small-amplitude uncoupled oscillations.

A second HIRM configuration, known as HIRM2, has also
been tested in both wind-tunnel and flight experiments. The
wing and tailplane of HIRM1 are replaced by a more highly-
swept wing with trailing-edge flap controls, on a slightly
longer fuselage, with the same canard and fin/rudder. The
center of gravity for these flights was chosen to give near-neu-
tral stability at a ~ 25 deg, but the pitch-up encountered on
this type of configuration means that the model has to be
flown with an active control system to insure satisfactory
release from the towing helicopter. Control laws were de-
signed analogous to those used for HIRM1, using results
from static and dynamic wind-tunnel tests, to give controlled
longitudinal responses and either controlled or unaugmented
lateral responses. Some results are discussed to show that a
mathematical model based on results from wind-tunnel tests
(using the data in a manner analogous to that derived from
experience in interpreting HIRM1 data) gives the main char-
acteristics of the flight responses.

Free-Flight Experiments
Experiments in 1983

The first series of free-flight trials at NASA Ames-Dryden
Flight Research Facility were aimed at establishing the math-
ematical model of the aerodynamic forces and moments ob-
tained from responses of HIRM1 (shown in Fig. 1) without
an active control system. The experiments had been designed
using values of aerodynamic derivatives obtained from wind-
tunnel tests, most of the data being reported in Refs. 2 and 3,
and the important derivatives being given in Ref. 6.

The canard setting was held constant for each flight, at
either 0 or -10 deg, and the tailplane setting was changed at
intervals to give a range of trimmed angles of attack. At each
tailplane setting, lateral control inputs were applied sequen-
tially, differential tailplane doublet first, followed by rudder
pulse, and finally differential canard doublet. The longitudinal
responses were predicted to be of small amplitude for the
changes of trim chosen, but could be affected by cross cou-
pling, particularly after the rudder pulse. The lateral Dutch
roll mode was predicted to be a divergent oscillation at some
angles of attack, depending on canard setting, but simulations
of the responses were acceptable.

Two factors contributed to the high cross-coupling of the
actual flight responses, with large-amplitude oscillations oc-
curring in both longitudinal and lateral motion. The first was
that the trim conditions obtained from static wind-tunnel data
gave lower angles of attack than experienced in flight; the
second was that the Dutch roll damping predicted using
oscillatory rig results is higher than indicated by the flight
records. Both factors contribute to make the Dutch roll
oscillation more unstable for given tailplane/canard settings,
so that large-amplitude, lateral responses cause oscillations of
considerable magnitude in angle of attack, giving a cumula-
tive effect on the coupling. The changes in trim conditions
were evaluated, and then combined with the data from the
rotary rig, to give the better agreement between flight and
simulated responses reported in Ref. 6.
Flight Experiments in 1986

Some short flights were made in the United Kingdom
during the summers of 1984-1986 in preparation for the
second series of trials at NASA Ames-Dryden. Various types
of experiments were achieved in these latter trials, as described
here:

1) Responses without the active control system, using
changes in canard or tailplane settings to give pitch distur-
bances that cause coupled, large-amplitude oscillations, at
canard settings of 0, —3, and — 5 deg (two flights).

2) Small-amplitude responses with the HAPI control laws
active to maintain near-constant angle of attack, with canard
setting of either 0 or — 5 deg; the lateral responses due to
differential tail doublet or rudder pulses are unaugmented
unless bank angle exceeds ±30 deg (three successful flights,
including one with e.g. at rear position, and two flights
possibly yielding data).

3) Responses to combined control inputs to test the depar-
ture prevention system, at canard setting of either 0 or
—10 deg (two successful flights and one possibly yielding
data).

4) Responses of the new model HIRM2 (also shown in
Fig. 1) with HAPI control laws active to prevent loss of
control after release, and to maintain near-constant angle of
attack during lateral oscillations due to differential flap and
rudder inputs (two flights, but the second went into a spin).

The average length of flight is about 120 s, with 10-12
"maneuvers" performed in most flights.

Analysis of 1983 Results
The first step in the data analysis included a check on data

compatibility and the estimation of unknown bias errors in
the measurements. Then, from the postulated possible expres-
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Fig. 2 Compatibility check on flight data.

Table 2 Estimates of bias errors in measured data

Measured variable

V, m/s
ft deg
a, deg
$, deg
0, deg
ax, g units
ay, g units
az, g units
P, deg/s
q, deg/s
r, deg/s

Bias

1.6
-3.4
-1.2
-6.0
-1.6

0.04
0.06

-0.12
-4.0

1.5
-3.0

Standard error

0.63
0.25
0.42
1.1
Q.96
0.020
0.031
0.015
1.8
0.23
0.41

sions for aerodynamic coefficients, the algebraic structure of
these coefficients was determined and unknown parameters
estimated. The resulting aerodynamic model equations were
verified by 1) comparison of results from individual maneu-
vers and partitioned data, 2) comparison of results from flight
data with those from wind-tunnel measurements, and 3)
checking the mathematical model prediction capabilities.

For the compatibility check, a nonlinear fixed-interval
smoother was applied.9 An example of measured and recon-
structed (estimated) airspeed and angle of attack and sideslip
is given in Fig. 2. In this maneuver, only constant bias and
initial conditions were estimated. Because of the very good
agreement between the measurements and prediction, it was
not necessary, to estimate the scale factors. The estimated bias
errors in measured data and their standard errors are summa-
rized in Table 2.

For the estimation of aerodynamic characteristics of
HIRM1, the data from five flights with 26 maneuvers were

available. One example of a test run is given in Fig. 3. It
represents the motion of the model with r\c = —10 deg follow-
ing it's release and then the response to a differential tail
doublet of duration approximately 3 s at t — 24 s. Two flights
with Y\C = —10 deg, rjT ~ -18 deg are designated as HD1 and
HD3, and the remaining three flights with >/c = Odeg,
f/r ~ -15 deg as HD2, HD4, HD6. In addition to analyzing
each of the 26 individual maneuvers, the data from all of the
flights were joined together into two sets of data, one for each
canard setting. The resulting ensembles were then partitioned
into subsets according to the value of angle of attack (see Ref.
10 for the explanation of the partitioning procedure and its
impact on model simplification). For these new subsets of
data, the aerodynamic coefficients were modeled mostly on
1 deg subspaces of the original a space.

All of the corrected data from available maneuvers were
analyzed by using a stepwise regression. As a modified version
of the linear regression, this method can determine the struc-
ture of aerodynamic model equations and give estimates of
the model parameters. The determination of an adequate
model for the aerodynamic coefficients starts with the postula-
tion of the terms that might enter the model. For individual
maneuvers, the aerodynamic coefficients were postulated as
functions of response and control variables and their combi-
nations were: 1) the longitudinal coefficients Cx, Cz, and Cm
as functions of a, q, qT, r\c, a2, #a, a3, #a2, jS2, jft2a, /?, r, £r, £c,
and £; and 2) the lateral coefficients CY, Ch and Cn as
functions of /?, /?, r, £r, £c, (, j5a, /?a, ra, /fa2,>a2, ra2, /?2, p2

9
j?3,7?3, j52a, /?2a, /?3a, /?3a, /?/?, a, a2, and a3.

In both cases, the functions were approximated by polyno-
mials. The variables in these polynomials represent the incre-
ments with respect to their trim values. In the equation for
pitching-moment coefficient, the term a could not be explicitly
included because of identifiability problems that occur due to
high correlation between a and q.

Relationships between parameters in the expression for Cm
with and without the explicit a terms can be found in Ref. 11.
For the partitioned data, the polynomials representing aero-
dynamic coefficients were postulated without explicit a-depen-
dent terms, since the partitioned subspaces span only 1 deg
range.

The genera} form of the aerodynamic model equations can
be written as

y(f) = 00 + 0i*i(0 + • • • + OnXn(t) (1)

where y(t) represents the resultant coefficient of the aerody-
namic force and moment, Bl9.. ., 6n are the stability and
control derivatives, 00 is the value of any particular coefficient
corresponding to the initial conditions, and xl9..., xn are the
HIRM response and control variables or their combinations,
The stepwise regression is a model-building algorithm using
the least-squares method. All significant terms among the
candidate variables are determined and the corresponding
parameters are estimated. The variable chosen for entry into
the regression equation is the one that has the largest correla-
tion with y after adjusting for the effect on y of the variables
already selected. The parameters are estimated by minimizing
the cost function

/= I [X0-0o- I 0/f/oT (2)
/ = l L 7 - 1 J

where / +1 is the number of parameters in the regression
equation.

At every step of the regression, the variables incorporated
into the model in the previous steps and a new variable
entering the model are re-examined. Any variable that pro-
duces a statistically insignificant contribution is removed from
the model. The process of selecting and checking variables
continues until no more variables are admitted into or rejected
from the equation! The details of the whole procedure are
explained in Refs. 11 and 12.
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Fig. 3 Example of flight responses, HIRM1.

The type of HIRMl's responses, and the design of the flight
experiments, means that the main emphasis in the data analy-
sis was constrained to the lateral aerodynamic equations.
Some of the important lateral parameters are presented to
show their variation with angle of attack and canard setting,
and their agreement with wind-tunnel test results. Three ma-
neuvers in flight HDl and one in the HD3 consisted mostly of
lightly damped large-amplitude oscillations (see, for example,
Fig. 3). The remaining three maneuvers in HD3 flight exhib-
ited large excursions in a with some lateral coupling. The
stepwise regression procedure demonstrated that for the oscil-
latory maneuvers analyzed as partitioned data, models with
linear parameters were adequate for all three lateral co-
efficients CY, Ch and Cn. From the analysis of the individual
maneuvers, the technique also selected nonlinear terms /?a and
/)a for the model equations for the coefficient Cn. The aerody-
namic derivatives CY^ Cm, and Cn$ were always selected by
the technique as the first parameters for the model equations.
They also explain the substantial part of the variations in
measured data. High sensitivity of the experimental data to
these derivatives sometimes resulted in identifiability problems
for the remaining parameters, e.g., lower accuracy of their
estimates.

The estimated values of three static parameters Crjg, C/^,
and Cnft from data of flights HDl and HD3 are presented in
Fig. 4. The parameter values of CYp from flight HD3 are hot
available because of a malfunction of the lateral accelerome-
ter. From the plot of Cy/? against a, it is evident that the flight
data are consistent, but for a < 23 deg the flight data a^ re
lower than those from the wind-tunnel static and oscillatory
measurements. The estimates of C//5 from each flight show
certain inconsistency for a < 25 deg, but on the average they
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Fig. 4 Derivatives due to sideslip, HIRM1 with canard -10 deg.
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Fig. 5 Derivatives due to roll rate, HIRM1 with canard -lOdeg.
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Fig. 6 Rolling moment derivatives, HIRM1 with canard 0 deg.

agree well with the wind-tunnel static data. Finally, the flight
estimates of C^ are consistent between flights and agree with
the wind-tunnel oscillatory data, but show more directional
instability of HIRM1 than predicted by the wind-tunnel static
measurements.

In Fig. 5, the damping derviative Clp and cross derivative
Cnp are compared with the results from the oscillatory and
rotary wind-tunnel tests. The rotary data predicted a decrease
in damping for 20 deg < a < 28 deg; whereas, the oscillatory
tests show no deterioration in this region. [It should be noted
that oscillatory rig tests give the combined derivatives (e.g.,
C/P + £# sina), so differences can be expected at high angles

Wind tunnel
V = 40m/s

— - — V = 70m/s

Flight
—0- HD1 | Partitioned
-^-- HD3J data

A HD1 1 Individual
A HD3 J manoeuvres

7)c=-10"

35<V<55m/s
-10«i<30deg/s

10 20 of, deg 30

Fig. 7 Damping in pitch derivative, HIRM1 with canard —10 deg.

of attack.] Results from the second series of oscillatory tests
indicate some sensitivity to angle of attack near 20 deg, but no
severe loss in damping was experienced as angle of attack was
being changed between test points. The flight data indicate
even less damping-in-roll than the rotary test. The flight
results are in agreement with the observed responses of the
drop model, which show very little damping or no damping at
all. The reason for the discrepancy between the oscillatory
data and flight results can be due to the different amplitude of
oscillations in the wind tunnel (±2 deg) and in flight (around
±35 deg), the reduced Frequencies being ,about 0.03 in both
cases. The comparison of Cnp parameters from various tests
shows satisfactory agreement, particularly if it is noted that all
values are near zero in this angle-of-attack range.

The effect of different canard settings is shown in two
examples where rjc — 0 deg and r]t = —15 deg. In the upper
part of Fig. 6, the parameter estimates of 'Clft from flights
HD2, HD4 and HD6 are plotted and compared with wind:
tunnel data fpri / r= —20 and —10 deg. The consistency of
flight estimates is good, and they agree with the wind-tunnel
data for a < 32 deg. For higher a, the flight results still exhibit
negative values for C/y?, but the wind-tunnel measurements,
predict zero and positive dihedral effect. To confirm these
differences, more flight data would be needed for a > 32 deg.
The lower part of Fig. 6 contains the damping parameters Clp
from flight and wind-tunnel testing; The rotary test results
agree with flight data for 22 deg < a < 27 deg. For the a
region between 27-35 deg, the flight data still indicate low
damping-in-roll, which is not confirmed by wind-tunnel mea-
surements. A comparison of flight results in Figs, 5 and 6
indicates strong effect of canard setting on damping-in-roll,
not seen in the wind-tunnel data.

Some of the single maneuvers and partitioned data sets
were also analyzed in order to obtain the estimates of longitu-
dinal aerodynamic parameters. The results for the coefficients
of the longitudinal and vertical forces were very limited and
inconsistent due to insufficient excitation of the airspeed and
heave motion. More consistent results were obtained, how-
ever, for the pitching-moment parameters. Both the individual
maneuvers and partitioned data provided good estimates for
the damping and control derivatives and also indicate effects
of yawing and rolling velocities on Cm. Figure 7 presents the
estimates of Cmq derivative from flights HD1 and HD3, The
discrepancy in these results could be caused by different flight
conditions and the amplitudes of pitching velocity. The low-
amplitude results agree well with wind-tunnel measurements.
The second set of flight results shows an increased damping in
pitch.
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Results from 1986 Trials
The initial analysis of two flights are discussed, by compar-

ing flight responses with simulations,.to give a measure of the
adequacy and accuracy of the mathematical models used for
the aerodynamic forces and moments. The validation of the
HIRM1 model is also demonstrated by the efficiency of the
departure prevention system^ and the results of one such flight
test are described. The detailed analysis of the flight records is
in progress, using stepwise regression and possibly maximum-
likelihood techniques.
Coupled Oscillations of HIRM1

An experiment was planned specifically to. validate the
mathematical model based on the results obtained from re-
gression analysis of the coupled, oscillations described in the
previous section. The values of the derivatives shown in Figs.
4-6 were used in the simulation, with wind-tunnel data
providing the longitudinal forces and moments. Linear inter-
polation was used to obtain values of the derivatives for
canard settings of -3 and — 5 deg from the values for 0 and
— 10 deg. The control inputs were step changes in either
canard or tailplane setting to give a change in trimmed angle
of attack, but the asymmetric forces and moments present at
these flight conditions cause lateral responses. The Dutch roll
oscillation is either lightly damped or divergent in the range of
angle of attack being investigated, so the resulting coupled
oscillations can be of large amplitude.

The results from the previous flights indicate that HIRM1
is near-neutrally stable longitudinally for 21 deg < a < 26 deg,
so the trimmed angle of attack varies significantly with ca-
nard/tailplane setting. The damping of the Dutch roll oscilla-
tion is highly dependent on angle of attack in this region, as
shown in Fig. 8. It is found that the simulations give the basic

0.6

\
0.4

0.2

-0.2

-0.4

Convergent

20 22
Divergent

24 \/ 26 28

Flight^
(approx)

Fig. 8 Damping of lateral oscillation, HIRM1 with canard 0 deg.

characteristics of the responses, but detailed comparisons are
not easily obtained because of the coupling between longitudi-
nal and lateral motions. The characteristics of the responses
for a sequence of five changes to tailplane setting are summa-
rized in Table 3.

In flight, the first divergent lateral oscillation is of limited
amplitude, and this damps out when the angle of attack
increases after the tailplane change at 22s The lightly
damped and slowly divergent oscillations, which follow as
angle of attack is increased, again are of relatively small
amplitude, up to ±20 deg/s, so the coupling is not significant.
Simulations starting with the flight values for all of the
variables give a similar divergent oscillation of slightly larger
amplitude for the first sequence, but the coupling causes larger
changes in angle of attack, so that the change in tailplane
setting leads to a different trim state being established, with
higher values of mean angle of attack and a limit cycle in roll
rate. This affects the conditions when the tailplane setting
changes subsequently, so correlation between flight and simu-
lation is lost. However, the observed convergence and diver-
gence rates of the lateral oscillations are near those obtained
from the Dutch roll mode of the linearized mathematical
model, as shown in Fig. 8. The influence of the coupling on
the trim states and on the formation of limit cycles is being
investigated.

Such effects of coupling are illustrated in Fig. 9, where the
sequence previously described is followed by a change in
canard setting. This causes a divergent oscillation laterally,
which appears to limit at about ±50 deg/s in roll rate. The
simulation with initial conditions taken from flight records,
i.e., p == 5.6 deg/s, r = — 3 deg/s, <f) = — 11.6 deg, /? = 0 deg for
the lateral variables, leads to a limit cycle of ± 80 deg/s in roll
rate after a sudden increase in angle of attack not seen in the
flight records. If the simulation is started with zero values for
lateral variables, the lateral oscillations are of small ampli-
tude, slowly diverging as shown in Fig. 9. With nonzero value
for either roll rate or yaw rate, the limit cycle develops to the
same amplitude of ±80 deg/s.

It will be interesting to see whether the values of the lateral
derivatives obtained from these flight records show a depen-
dence on amplitude of oscillation, causing the differences
between flight and simulation, or whether the sensitivity to
angle of attack precludes absolute correlation of long se-
quences of responses when the motion is highly coupled.

HIRM2 with HAPI Control System
The mathematical model of the aerodynamic forces and

moments of HIRM2 is based solely on results from wind-tun-
nel tests on an exact 4/9 scale model. The static tests have not
been so extensive as those conducted on HIRMI,2 and some
extrapolations for control powers and effects of flap settings
have had to be made. The normal force, axial force, and
pitching moment are represented in data tables as functions of

Table 3 Characteristics of responses to sequence of tailplane settings

Time, s
Canard
Tailplane

Flight
Mean a deg
Lateral roll rate
71, s .

Theory
Trim ,a deg
71 at flight -a, s

Simulation
Mean a deg

11-22
0

- 14.2

25.5
Divergence to + 60 deg/s

-2.5

25.4
-20

24

22-29
0

-13.75

26.7
Convergence

2.7

21.9
3

>30

29-42
0

-14.15

27.7
Lightly damped

4

24.8
6

20

42-55
0

-14.55

23.0
Slow divergence

-4

26.7
17

>30

55-63
0

-15.1

28.5
Convergence

9

28.2
-50

21
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Fig. 9 Flight and simulated responses of coupled oscillations HIRM1
without active control system.

angle of attack and flap setting, with increments added for
changes due to canard setting. Sideslip data depend signifi-
cantly on angle of attack, and the sideforce, rolling and
yawing moments measured at zero sideslip are used to ac-
count for the effect of the asymmetric nose vortices. The
dynamic data were obtained from large-amplitude pitch tests
for damping-in-pitch, from rotary rig tests for derivatives due
to roll rate, and from oscillatory rig tests for derivatives due
to yaw rate.

There have been engineering difficulties in producing ac-
ceptable responses from the actuators and drivers for the
flaps, and the flights were achieved using only the inboard
flaps for both roll and pitch controls. The mathematical
model of the actuation system continues to be under investi-
gation, and an approximation has been used in the simula-
tions based on the results for the HIRM1 actuators, with an
added representation of the apparent sticking observed in the
flight records of HIRM2. Thus, the simulated response of
the flaps cannot be expected to agree in detail with the noisy
flight responses, although the general character appears to be
similar.

An example of the type of responses obtained using the
HAPI control system is shown in Fig. 1.0. After release, the
flaps move quickly toward positive deflections in order to
control pitch rate, and so angle of attack, and then revert to
negative deflections for the requested trim condition of
a = 24 deg. The flaps are also deflected differentially, to over-
come the lateral disturbance experienced at release, the bank-
angle-hold control law being in operation for 5s after release
(Fig. lOa), by which time the model is flying steadily. The
responses in the motion variables are not very oscillatory, and
the test of the accuracy of the aerodynamic mathematical
model (which the active control system is having to overcome)
is the comparison of the time histories of the control move-
ments. The symmetric flap deflection (pitch control) agrees
reasonably well with this rapid maneuver after release, both in
amplitude and timing, as shown in Fig. lOa. The differential
flap and rudder deflections indicated in the simulation are
larger in amplitude than the measured values. This is proba-
bly due to the variation of the moments due to asymmetric
vortices with angle of attack assumed in the simulation, which
determines the amplitude of the bank angle.

The model flew steadily until about 19 s, but bank angle
was increasing negatively due to some form of asymmetry.

f
-10

r / \

a) Release b) Bank-angle-hold

Fig. 10 Flight and simulated responses for HIRM2 with HAPI control
system.

Comparable bank angles can be obtained from simulation,
using asymmetric force and moments measured on HIRM2 in
static wind-tunnel tests at zero sideslip. When the bank angle
reached — 30 deg, the lateral control law was automatically
switched on (Fig. lOb), suppressing the demand to roll control
programmed to occur at 20 s. The flap movements are larger
than predicted, so the limit of control travel ( — 15.6 deg) is
reached several times, causing instability, but the oscillation
stops when the control law switches off. The differential flap
movement is initially similar to that predicted, and the simu-
lated response of the rudder agrees quite well with the flight
records. In flight, the bank angle decreases again to — 30 deg
at 29 s, and the responses in differential flap and rudder due to
the control law are closer to those expected, without limiting.
The model flew for 130 s before being recovered, giving flight
records of changes in trim state and lateral responses due to
demanded rudder pulse, differential flap doublets, and to
(/>-hold control law.
Efficiency of DEPS for HIRM1

The last part of a flight of HIRM1, with canard set at
— 10 deg, is shown in Fig. 11, where the demands are 1) a
rolling pull from a = 25 to 27 deg initiated at about 93 s after
release, 2) a coordinated turn using roll and yaw controls at
103 s, and 3) cross roll and yaw controls to induce departure
at 113s. The earlier part of the flight was designed to test the
control system with roll control demands at a = 25 and
27 deg, and the responses were as expected. The simulated
responses to the combined control inputs are also in agree-
ment with the flight results, but they are not included in Fig.
11.

Without the active control system, the responses at these
angles of attack are very oscillatory in both longitudinal and
lateral motions due to the coupling via the large amplitudes in
roll rate, as shown in Fig. 3, particularly at this canard
setting. The combined control demands tested here would
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Fig. 11 Combined control inputs at high angle of attack for HIRM1
with DEPS control system.

induce departure to higher angles of attack, so the lateral
control laws have to be powerful, using feedbacks in roll and
yaw rate, and angles of attack, sideslip, and bank. The values
of the gains depend fairly strongly on the mathematical model
used in the design of the control laws, so the fact that the
responses show no sign of departure indicates that values of
derivatives are reasonable. The bank-angle limit was kept at
30 deg, giving only low turn-rate capability, but it may be
possible to try further experiments with higher limits in flight
trials in the United Kingdom.

The demanded changes to angle of attack and roll rate used
to make the rolling pull cause an acceptably smooth change in
flight condition at 93s, and the mean deflection of the
tailplane changes to the new trim value, whereas the differen-
tial tail deflections needed to stabilize the lateral response are
of fairly large amplitude. A small lateral disturbance at 99 s
(perhaps caused by asymmetries) activates the lateral control
laws again, but the motion is fairly steady when the demands
for the coordinated turn occur. The angle of attack remains
steady until the bank angle reaches -30 deg, when the </>-hold
law is switched on. This causes coordination to be lost, the
angle of sideslip increasing to about 10 deg before returning to
zero, but the angle of attack remains near the demanded
value. The simulated responses show similar characteristics
(not shown), but a small-amplitude oscillation is apparent on
most of the variables. A small residual roll rate of about
5 deg/s occurs both in flight and in the simulation, so the
0-hold switches on when (/> = +30 deg is. reached at the end
of the cross-control demand input. The model recovers to
steady flight with minimum of change to angle of attack,
although the tailplane surfaces and rudder have to respond
rapidly to maintain stability.

The flight test conducted with canard set at 0 deg had the
same demands described above, and the responses are very
similar. It is interesting to note that the bank angle remained
below 30 deg after the cross-control demand, so that the
0-hold law was not operative. The angle of attack and
sideslip remained near constant throughout the maneuver,
giving added confidence in both the design of the control laws
and the values used in the mathematical model.

Concluding Remarks
The analysis of the 1983 flight tests of HIRM1 using

regression techniques has given values of aerodynamic forces
and moments that compare with results from wind-tunnel
experiments, although there are some significant differences.
The preliminary comparison of predicted responses with the
observed data from the 1986 flight tests indicates that the
mathematical model based on these results is satisfactory,
although it has not been possible as yet to reproduce exact
correlation due to the high degree of coupling and to the
sensitivity of lateral damping to angle of attack. The adequacy
of the mathematical model has also been demonstrated by the
flight behavior obtained with the active control system DEPS,
designed to prevent departure at angles of attack up to about
30 deg.

The experience gained in interpreting the data from wind-
tunnel tests on HIRM1 has been used to form the first
mathematical model for the HIRM2 configuration. It is neces-
sary to use an active control system to limit angle of attack,
and the responses obtained in flight have similar characteris-
tics to those predicted.

The detailed analysis of the flight records is continuing, and
should yield aerodynamic data from small-amplitude re-
sponses for both HIRM1 and HIRM2, and from large-ampli-
tude responses for HIRM1, for comparison with existing
results.
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