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Determination of Horizontal Tail Load and Hinge Moment
Characteristics from Flight Data

Gary D. Park* and Mike H. Ablat
Gates Learjet Corporation, Wichita, Kansas

Horizontal tail load and hinge moment derivatives were obtained from flight data through the use of
parameter identification techniques. For these analyses, strain gage data were used in conjunction with
gyroscope, accelerometer, and other airplane response measurements. The resulting derivatives were compared
with full- and small-scale wind-tunnel data. The strain gage measurements are shown to be a practical means of
obtaining hinge moment derivatives and improving the accuracy of other derivatives.

Nomenclature

a, =normal acceleration at the center of
gravity, g

ACTLOD =load on the actuator, Ib

FE, F, =pilot elevator control force, Ib

g =acceleration due to gravity, ft/s?

G, =elevator gearing ratio, 1/in.

H, =e¢levator hinge moment, in.-lb

I, =moment of inertia about y-body axes, slug-
ft?

iy =horizontal stabilizer incidence angle, rad or
deg '

K, =downspring force when i;,; =0, lb

K;, =variation of downspring force with i,
Ib/deg

1 =distance from airplane center of gravity to
the center of pressure of the horizontal
tail, ft

m =W/g, slugs

M =pitching moment/[,, rad/s?

N =normal force/mV, 1/s

q =pitch rate, rad/s or deg/s

g =dynamic pressure, lb/ft?

S =wing area, ft?

V =velocity, ft/s

w =airplane gross weight, b

a =waterline angle of attack, rad or deg

S, =elevator deflections, rad or deg

0 =pitch angle, rad or deg

de/da =variation of downwash angle with angle of
attack

Superscripts

") =the partial derivative of that parameter with
respect to time

- = fixed value

Subscripts

H =horizontal stabilizer

0 =initial

q,0,iz,0, =partial derivatives with respect to sub-

scripted variables
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Introduction

ERIFICATION of derivatives used in airload analyses

during FAA certification of the Model 55 business jet
airplane was accomplished using parameter identification
computer progams developed at NASA. The computer
program developed by Taylor and Iliff was used extensively.!
However, some work was done using the newer, more
elaborate program developed by Maine and Illiff.23 These
programs were utilized because, in some form, they have been
widely used in research and industry since 1968.* These
techniques have made analog computation for determining
derivatives from flight data obsolescent and are at least
rivaling the wind tunnel in both sophistication and data
reliability. Although many available sources exist which
explain the mathematical formulation of the parameter
identification technique, Fig. 1 presents a simplified block
diagram for illustration. '

Past studies of similar business jet airplanes provided
useful comparison data and methods. A full-scale wind-
tunnel test of the model 23 in the NASA Ames 40 x 80 ft wind
tunnel was conducted.’ These results were compared with
small-scale wind-tunnel tests.® Wingrove obtained in-flight
derivatives using least-squares on a model 23.7#® Strain gages
mounted on a model 35 empennage permitted the deter-
mination of empennage and tail-off derivatives.®!'" While
evaluating translational acceleration derivatives from flight

data, Maine and Iliff made estimates of downwash on the

horizontal tail of a jet trainer using approximation
techniques.'? This study expands the utilization of parameter
identification techniques to the determination of horizontal
tail load and hinge moment derivatives from strain gage
measurements. ‘ '

The literature is abundant with comparisons of the various
parameter - identification techniques with wind-tunnel and
analytical results.'>'S These comparisons include airplanes of
all types.'s® Many investigations have been performed to
establish the merits of these techniques and include com-
parisons of various parameter estimation techniques, tur-
bulence effects, magnitudes of parameter uncertainty,
modeling errors, instrumentation errors, and more.!%%
Expanded applications are being developed, and some
because - of improved instrumentation.!?26-30 Strain gage
measurements also provide new applications such as
presented and can improve the accuracy of other
derivatives. 2192

Test Airplane
The airplane used in these analyses was the model 55 shown
in Fig. 2. The results of the analyses are compared with full-
scale wind-tunnel tests of the model 23 shown in the
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Fig. 1 Parameter identification technique.

Fig.2 Model 55 with model 23.

background of the photograph. Model 55 has a bigger
fuselage which is larger in diameter, the vertical tail has an
exension plug, the wing has been extended, and winglets
replaced the tip tanks. The horizontal tails are nearly identical
and the bullet-shaped fairing at the top of the vertical no
longer exists. Also, TFE 731-3 turbofan engines are on the
model 55, whereas, model 23 uses CJ610-4 turbojets.

Instrumentation and Data Reduction

The elevator hinge moment was determined from strain
gages formed in a Wheatstone bridge mounted to a torque

tube fixed along the hinge line to the inboard spar. The other

end of the torque tube was mounted to the elevator bellcrank.
Elevator stick forces produced by the pilot were obtained
from a strain gage mounted on the pilot’s control column.
Airloads on the horizontal stabilizer were determined from a
strain gage mounted on the actuator which rotates the
stabilizer for trim. Thus, forces on the actuator (ACTLOD)
were measured directly. The elevator deflections were
measured using ceramic rheostats on the control surface. The
airplane angle of attack was measured using a vane mounted
on the nose boom shown in Fig. 2. The airplane pitch attitude
and pitch rate were measured from gyroscopes, and normal
acceleration was measured from an accelerometer. -

The real-time data acquisition system shown in Fig. 3
consists of an antenna controller, a telemetry receiver, a PCM
decom, a time code generator/translator, and tape search
unit. The 256K byte computer uses magnetic tape, two disk
drives, a printer/plotter, and a graphics terminal.?!

Longitudinal Control System

The horizontal stabilizer is shown in Fig. 4. It is an all-
movable stabilizer that rotates about a pin as shown. The
actuator is a screw jack operated by an electric motor.

The elevator control system is shown in Fig. 5. The pilot
control column attaches to cables that operate a sector which
causes the push rod to move. The push rod splits into a ‘Y™’
to connect to the two bellcranks. The downspring assembly
attaches to the stabilizer. The graph in Fig. 6 illustrates the
relationship between the stabilizer position and the amount of
force produced by the downspring.
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Fig.3 Real-time data acquisition system.
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Fig. 5 Elevator control system.

PULL AFe = K1 + Kiysin
= 202 + 3.382iH
PILOT FORGE — LBS. 0 A L r-——-1 1 J
2 4 6\ 8 -0 -12
STABILIZER INCIDENCE (iH) — Deg
5 -
10¢=
15k
PUSH

2oL

Fig. 6 Pilot force due to up/down spring.
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Mathematical Modeling
Hinge Moment Equation

The relationship between the stabilizer position and the
downspring force can be expressed mathematically as

AF, =K, +K;, iy 0]
The measured stick force can be expressed as

= -G, -H,+AF, (2)

Cmeasured
Substituting Eq. (1) into Eq. (2) and solving for hinge moment
F,

emeasured KI _KiH Iy
- Ge - Ge

—AF, F

emeasured

H, = )

The hinge moment about the elevator hinge line can be ex-
pressed as

H,=H,+H, oy +H,, -8, @)

where
de\
aﬂza(1——5)—eo+iﬂ )
ad :

Consequently, two hinge moment responses were available:
one was determined directly from a Wheatstone bridge,
measuring hinge moments about the hinge line; the other was
computed using a strain gage which measures pilot input
forces to the elevator control column. To take into account
these two measurements, the following equation was used:

+ )\[Femeasured _Kl _KiH “In ]

H,=(I-NH, —
e

O]

measured

The A term can be,used in one of two ways: either as a switch
which would eliminate one or the other measurement, or to
give more emphasis to the measurement considered to be
more reliable. Equation (6) was programmed directly into the
Taylor-1liff computer program. The variables A, K, K, and
G, were made inputs to be read by the program. Since the
measurements for hinge moment and elevator stick force were
strain gages, both were considered reliable. As a result, values
for A were chosen to be one and zero. This procedure provided
two sets of hinge-moment derivatives. These derivatives were
computed using hinge moment measurements and elevator
stick force measurements, independently.

Actuator Equation

Figure 7 shows the relationship between the strain gage
measurement of the actuator load and the airloads due to

[ q ] 1 0 0 ] q
[} 0 1 0 9
[ 0 0 1 o
------------ = e e ., e ——— e — e e c e ————— +
a, 0 0 Na-
de
ACTLOD 0 0 Ny (1 - —)mV(0.00859)
da
FE 0 0 0 -
de
meo| o o m(-E)

J. GUIDANCE
Nipy
— ] [ 245" Nse
I 28.53" 12.485"

=l

HINGE

ACT. LOAD

Fig. 7 Diagram of horizontal tail loads.

stabilizer incidence and those due to elevator deflection. The
locations of the force vectors were determined using a
doublet-lattice computer program. By summing the moments
about the hinge point, the following equations can be derived.

EMyinge =0.245-N, -y

+12.465-N;, -6, —28.53- ACTLOD =0
ACTLOD=0.00859-N;, -aj; +0.4369- N, -3, M

where a; was defined in Eq (5)and Ny =N.

From Fig. 7, the normal airload due to stabilizer incidence,
N, is nearly on the hinge line. As a result, the likelihood of
identifying the value of this derivative with any certainty is
nil. Wind-tunnel values for this derivative were used for this
equation since its value should not significantly affect the
identification results of N. Good results, however, were ex-
pected of Nj;, since this airload is much farther from the
hinge.

Equations of State and Response
From Fig. 1, the equations of state and response in general
form, can be written, respectively, as
X(t) =Ax(t) +Bu(t)
y() =Fx() +Gu(t) +b

where x(¢) is the state vector of the position and velocity state
variables, u(?) is the control input vector, y () is the resulting
computed response vector, and b is the constant bias vector.
For this investigation, the equation of state is:

[ g M, 0 M, q
6 = 1 0 0 0
|« 1 0 -N, a
r wvI N WvI ; 1
-N,H Ig 5, I 0 H
+ (8)
0 0 0 5,
L -N,, —N;, —N, 1
and the response equation is:
0 0 0 ] in
0 0 0 5 |+b
0 0 0
_______________________________________________________ 1
v — v
iy E N"g E %a,
N,,, mV(0.00859) N;, mV(0.4369) Noxcrion
0 FE,SP FE,
H, H,, ~H,€

)
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Fig. 8 Example time history of trim runaway.

During this study the observation was made, after some
experience was gained, that not all of the derivatives shown in
Eqgs. (8) and (9) could be obtained. Reviewing the time
histories shown in Fig. 8, the pilot corrected for the stabilizer
trim runaways by using the elevator. As a result, these inputs
tend to cancel out each other. Thus, either N;,, or V;, must be
fixed in the equations. In the actuator load (ACTLOD)
equation, Eq. (7), N;, was considered to be very accurate since
strain gage measurements were involved. Thus, these values
were fixed in the state equation and the normal acceleration
response equation. Reasonable results were not possible for
M,. As shown in Fig. 8, pitching rate varies very little;
consequently, M, was fixed with analytical values. The
downwash terms were fixed with wind-tunnel values.

These parameter identification computer programs contain
an a priori option whereby values obtained from other sources
can be input as starting values. These values also tend to force
the answer to these starting values. In this study, a priori
information was considered not available; consequently, this
option was not used.

The normal airload derivatives in the actuator equation,
Eq. (7), differs from the state equation, Eq. (8), by the factor
mV. For example, in the state equation,

N;, =Cn,, (as/mV)
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Fig. 9 Example of MMLES3 results for elevator hinge moment.
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Fig. 10 Elevator hinge moment derivatives.

In the actuator equation,

N, =Cn. 0
®epcTLOD No, @
Thus,
NaeACTLOD = Nae i
Flight Conditions

The maneuver shown in Fig. 8 is a trim runaway condition
required by the FAA in certifying an airplane. The maneuver
is fairly static due to the pilot compensating for the runaway
with elevator input. This made it difficult to separate the
effects of the stabilizer and the elevator in the equations of
state. The flight maneuvers were analyzed for air speeds
ranging from Mach number 0.4 to 0.8. The airplane gross
weights were approximately 15,000 lb at altitudes of 15,000
and 30,000 ft.

Time History Comparisons

Time history comparison plots are shown in Fig. 8 for the
results from the Taylor-1liff computer program. The com-
parisons from the Maine-Iliff program are very similar, and
the parameter results were nearly identical.

Figure 9, using the Maine-1liff program, illustrates results
achieved for the hinge moment when not using a state
equation. That is, all the time histories shown, except hinge
moment, were used as inputs.
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Identification Results

Figures 10-12 show the comparisons of the flight data
results with full-scale model 23 and small-scale model 55
wind-tunnel] test results. The parameters compared include
CH(SE’ Criys Chi,» CN,.H, Cy,» and C,, . The hinge moment
curves also indicate the effect of using analytical results on the
solution of Cy, .

Comparing the time histories of the two approaches in-
dicated no difference. The tail derivatives show very good
agreement with previous analyses. The airplane derivatives
compare relatively well with full-scale wind-tunnel results, but
show some disagreement with the small-scale wind-tunnel
results.

The full-scale wind-tunnel test results are for a model 23
which now hangs in the National Air and Space Museum of
the Smithsonian Institution in Washington, D.C. Model 23 is
smaller than model 55; however, the horizontal tails are
nearly identical. A buliet-shaped fairing at the top of the
vertical fin no longer exists. These full-scale results are for
reference purposes and should be judged on the basis of these
differences.

Conclusions

The hinge moment derivative due to elevator deflection was
shown to follow a Prandtl-Glauert Mach trend and agreed
fairly well with full-scale wind-tunnel results at low speed.
Considerable disagreement was noted for the hinge moment
due to angle-of-attack derivative. Analytical values for this
derivative reduced Chi, somewhat. The time history com-
parisons of the two identification approaches provided nearly
identical matches with flight data. The horizontal tail load
derivatives provided very good correlation with previous
analyses. The airplane derivative seemed to show better
agreement with fuil-scale wind-tunnel results than with small-
scale results.

J. GUIDANCE

The results of this study show that parameter identification
techniques are valuable in determining horizontal tail load
and hinge moment derivatives while determining airplane
derivatives using the same flight records. Furthermore, these
techniques enhance the certification process and provide
confidence in the data used.
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