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A summary of the procedures used to design the high-performance model follower flight
control system of the NF106B-VST is presented. Major phases included design criteria/per-
formance index development, rigid/elastic mathematical model development, initial design
analysis and simulation, hardware design and implementation, final design verification simu-
lation, flight hardware installation, and flight test evaluation. The désign/synthesis proce-
dure used root-locus methods for selecting gains and compensations, frequency response
methods for determining gain and phase margins, and analog simulation for verifying trans-
ient response. Actual hardware characteristics were measured and incorporated into the final
design verification simulation. Through planned iterations it was possible to apply comple-
mentary analytical techniques effectively and factor updated information into the problem,
thereby producing a successful design in a relatively short time span. Flight test data are pre-

sented to illustrate results obtained.

L

HE Martin Marietta Corporation recently completed
modification and flight testing of two F-106B delta wing
aircraft for use as aerospace vehicle trainers at the Aerospace
Research Pilot School at Edwards Air Force Base, Calif.
The trainers are known as NF106B-VST (variable stability
trainers). Their primary purpose is to provide realistic in-
flight simulation of a variety of existing or proposed vehicles.
The modification contract specified that the model follower
approach be used to obtain variable stability capability and
also specified the model state variables that were to be used.
The primary purpose of this paper is to describe a com-
prehensive approach to design used to synthesize the model
follower loops employing conventional techniques in a plan-
ned coordinated effort. This approach resulted in a success-
ful practical design in a relatively short time span, and avoided
problems commonly encountered in control system work, e.g.,
performance deficiencies; inadequate understanding of
system characteristics; and instability, particularly in-
volving structural modes. The intent of this paper is to
illustrate and emphasize the importance and need for con-
sidering all facets of a control design problem, including the
effects of knowledge obtained as the design and testing phases
progress. It is not intended to discuss or defend the use of
particular follower loops in the NF106B-VST or to emphasize
VST performance characteristics.

Introduction
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The design objective of this effort was to develop a model
follower flight control system capable of following the model
state variables: i.e., lateral acceleration-Ay (cruise and
landing system); roll angle-¢ (cruise and landing system);
normal aceceleration-Az (cruise system); altitude and short
period pitch angle-k + 6., (landing system).

II. Comprehensive Approach to Design

Major Phases

The design approach used is illustrated in Fig. 1. The
major phases of work are outlined as follows:

1) Design Criteria/Performance Index Development:
Considerations include system stability, steady-state and
transient performance, saturation, and cross-talk effects.

2) Mathematical Model Development: Includes rigid
plus elastic body and a general control law including major
system nonlinearities.

3) Initial Design Analysis and Simulation: A process of
repetitive analysis where a combination of root locus, fre-
quency response, and analog simulation techniques are
exercised iteratively by the design engineer.

4) Hardware Design and Implementation: This phase,
which is very important to the overall design effort, is not
covered in this paper.

5) Tinal Design Verification Simulation: This phase is
an analog simulation which includes the actual hardware
characteristics which finally evolve from the hardware design
effort.

6) Flight Hardware Installation: Includes hardware
changes resulting from the previous phase.

7) Ground and Flight Test Evaluation: This phase
verifies predicted behavior and/or indicates design modi-
fications.
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Fig.1 Major phases of comprehensive approach to design.

Rationale of Design Approach

The design criteria must guarantee asymptotic stability
of all modes, and then assure the “best” transient response,
with a minimum of cross-talk. The design criteria/per-
formance index, mathematical model, and design/synthesis
techniques employed cannot be chosen independently. The
combination must provide the design engineer with good
insight to the problem of stability and response. Any
assumptions made in the development of the design criteria/
performance index and mathematical model must be vali-
dated on an a priori basis if possible and must certainly be
verified at specific check points during the design process
before progressing to the next major phase of work.

With the foregoing rationale in mind, the design/synthesis
procedure is based on root locus studies to gain insight for
proper feedback gains and compensations, frequency response
analyses to determine the actual gain and phase stability
margins of the system, and analog simulation studies to
verify the adequacy of the design from the standpoint of
transient response. This procedure requires a number of
iterations with and without nonlinearities before a design
can be established. After the initial design has been
achieved the hardware is designed and implemented. The
actual hardware characteristics are then measured and in-
corporated into a final design verificationsimulation. Finally,
flight hardware is installed on the aircraft and ground and
flight test evaluations are performed.

I1I. Design Procedure

This section outlines the comprehensive approach to
design, emphasizing the procedure rather than the details.
The first phase was to establish the basic design criteria/

performance index. Consideration of the system perfor-
mance information most readily observable from conven-
tional analytical techniques led to selection of damping
ratio criteria (¢ > 0.3 for 0.1 < w < 10 rad/sec, { > 0.1 for
all other frequencies, as observed on root locus plots), and
phase and gain margin criteria (phase margin > 30° and
gain margin > 6 db as observed on Nyquist and Nichol
plots). In addition, the design goal was to provide dynamie
response which presented no noticeable lag to the pilot,
and which was of the correet transient and steady-state
magnitude.

In phase 2 the mathematical model of the complete system
was formulated. Details are too voluminous for inclusion
here; a full description is available in a Martin Company
report.! The rigid body airframe was represented by the
conventional uncoupled longitudinal and lateral/directional
equations of motion. The aircraft elastic structural modes
were represented by generalized differential equations.
Elastic structural data were based on results of ground vi-
bration tests. Five symmetric modes ranging in frequency
from 8.3 to 25.3 cps and five antisymmetric modes from 10.5
to 27.0 eps were identified and included in the mathematical
model.

The control surface actuator representations were based on
ground test data. Sensor characteristics were represented by
best data available at initiation of the initial design phase,
and were revised prior to the final design verification phase.

The form of the follower loops evolved from a general
control law which included all possible linear terms. The
unnecessary terms were eliminated during analyses when it
was demonstrated that they did not improve the system
significantly. '

A complete description of the phase 3 effort involving
initial design and simulation of the follower loops is too



JUNE 1971
A, |9
——
Fig. 2 Response of TWO ELASTIC MODES
preliminary A4z fol- gt
S A
lower loop—cruise flight z
condition. —
FIVE ELASTIC MODES
A, ‘9T
o i+ 2z

TIME-SEC

extensive for presentation in this paper, but is given in Ref. 1.
As a typical example the longitudinal cruise system will be
used to illustrate the comprehensive approach to design.
Since it would be impractical to include all the analytical
data in this paper only selected highlights are used to develop
the flavor of the design evolution.

The point of departure for this engineering analysis was the
preliminary design work conducted by Systems Technology
Inc.2 A number of major design problems existed because
of the nature of the system specified in the contract. For
example, an acceleration model following system is inherently
sensitive to elastic structural oscillations, especially for the
F-106B with its many closely spaced modes. Analyses
indicated that all modes were significantly in the design
because they were strongly coupled to each other.

Figure 2 shows analog computer traces of the step response
of the preliminary A4z follower loop that was based on rigid
body design analysis, when the first two elastic modes and
then when five elastic modes were included in the simulation.
Note the 160 rad/sec limit eycle due to 5th mode instability.
The corresponding root loci of Figs. 3 and 4 show the nature
of the problem. The rigid body roots are unaffected by the
inelusion of the elastic modes; however, the elastic modes are
heavily influenced by higher order system dynamics and by
other elastic modes. Figure 3, with only modes 1 and 2
included, and with sensor dynamics neglected, predicted
stable elastic modes for K4z = 0.0015 rad/fps’. Figure 4
shows that the 2nd and 5th modes are unstable when modes
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Fig.3 Root loci for preliminary 45 follower loop with two
elastic modes.
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Fig. 4 Root loci for preliminary 4z follower loop with five
elastic modes.

1-5 are included. Evidence of the 2nd mode can be observed
as a modulation on top of the 5th mode in the acceleration
traces of Fig. 2.

Obviously, gains based on a rigid body model would not be
suitable for the elastic representation. To stabilize the
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Fig.5 Root loci for initial 45 follower loop design without
structural filter.
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Fig. 6 Nichol’s plot for initial Az follower loop design
without structural filter.

structural modes one could change gains and compensators,
add filters, or change sensor locations. All three approaches
were necessary to achieve a stable system. The evolution can
be illustrated in Fig. 5 which shows the root loci for the best
sensor locations, and changes in gains and compensators.
Note that with these inner loop changes the root locus pattern
is changed completely relative to that of Fig. 4 where the
branch associated with the actuator pole established the
system bandwidth of 30 to 40 rad/sec. For the revised
system the bandwidth is controlled by the branch stemming
from the F-106B short period pole and is considerably smaller,
less than 15 rad/sec. The reduction in bandwidth is neces-
sary to achieve elastic stability. The Nichol’s chart for
this system with the loop open at the actuator instead of at
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Fig. 7 Root loci for final 4; follower loop design with
structural filter.
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Fig. 8 Nichol’s plot for final 47 follower loop design with
structural filter.

the acceleration error point, Fig. 6 shows that there is in-
sufficient gain margin.

The next major change was the addition of a structural
filter. The root loci for this system are shown in Fig. 7
and the Nichol’s plot is shown in Fig. 8. Here the minimum
stability margins are 40° in phase and 10 db in gain.

After a number of iterations of the root locus/analog
simulation/frequency response process, including an ex-
tensive parametric sensitivity study, necessitated by the large
number of parameter combinations involved and the sub-
sequent availability of an updated data package, the initial
design configuration was used to design and implement the
hardware of the model follower system (phase 4). The
hardware characteristics were then measured for inclusion
in the final design verification simulation.

The final design verification, phase 5§ of the procedure,
consisted of an analog simulation using updated values of
system parameters. This study was planned as part of
the design effort because it was anticipated that the follower
loop hardware would not exactly match the design values;
that updated data would be available on airframe, aerody-
namie, structural, and mass characteristies; and that veri-
fication of possible design improvements would be required.
The updated system parameters did not require significant
changes to the design of the Az follower loop. Final design
parameters were incorporated in the hardware, and the flight
system was installed in the aircraft as phase 6 of the effort.

Phase 7, the ground and flight test program, was an es-
sential part of the design verification process. Initial tests
were largely devoted to checking stability of the system and
observing basic operating characteristics. Some difliculty
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Fig. 9 Response of 4z follower loop, flight system, cruise
flight condition, 350 knots at 20,000 ft.
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was encountered with elastic mode oscillations during early
ground and flight tests. These oscillations were due to
structural modes at frequencies above those of the ten modes
identified and included in the mathematical model used in
the design process. The problem was overcome by making
gain and filter modifications to the final system.

A series of flight tests was conducted using inputs to the
follower loops which were the same as those used in the analog
simulation studies. This procedure was chosen to permit
direct comparison of flight system performance with that
obtained in the analog design studies. Figure 9 shows
responses of the flight A4, follower loop to shaped commands
of two different frequencies. Response is good, with only a
slight lag evident. Ultimate flight verification of follower
loop performance was obtained by simulating F-106B and
X-24A lifting body characteristics in the model computer
and observing responses of the NF106B-VST. Simulation
of the F-106B permitted a direct check on over-all simulation
fidelity, and simulation of the X-24A permitted a check on
the capability of the system to simulate a vehicle that is
quite different from the F-106B. Evaluation of flight test
results was obtained qualitatively from test pilot observations,
and quantitatively from recorded instrumentation signals.

IV. Design Summary

The comprehensive approach to design just deseribed for
the Az follower loop is essentially an organized iterative

Table 1 Az and h follower loop parameters

Symbol Final system Flight system
Koz 1.25 1.40
Koo 1.0 1.5
Gy 2s/(1 + 2s) 2s/(1 + 2s)
K, 0.0006rad 8,/1t 0.006
G 1 1
Kaz 0.0015 rad /ft/sec? 0.0014
Gaz (14 0.33s)/(1 + 0.08s) (1.4 0.335)/(1 + 0.125s)
Ko 0.8 0.8
Gy 1 . 1
Gsrom (1 4+ s/125)/(1 + s/30) (1 4 s/200)/(1 4 8/30)
0 0.075 cruise 0.072
0.24 landing 0.23
Uo 2s/(1 + 2s) 2s/(1 + 2s)

process that produces a system satisfying the design criteria/
performance index. This approach was also used to design
the h, Ay, and ¢ follower loops. Details of the method will
not be presented here, but success of the approach will be
illustrated by presenting a summary of the over-all con-
figuration and its performance.

The basic block diagram of the normal acceleration and
altitude follower loops is shown in Fig. 10. The normal
acceleration of the model (4 z.) forms the input to the system
in the cruise mode, and the model altitude (k.) and pitch
angle (6,) form inputs to the system in the landing mode.
The piteh signal passes through a washout filter so that only
short piteh signals are fed to the follower loop. Parameter
values for these loops are given in Table 1.

For comparison, values are given as determined after the
final design verification (phase 5) and as established after
completion of flight tests (phase 7). The change in K,z
was made to bring the 4z response to the proper level, and
the change in K s was dictated by pilot preference. Changes
in G4z and Gsrse were made to prevent high-frequency elastic
mode oscillations which occurred during ground tests of the
system.

Performance of the A follower loop is illustrated in Fig. 11
for the final design and flight systems. The steady-state error
is inherent in the system for ascending or descending flight.
The jerkiness evident in the flight data arises from altitude
sensor resolution characteristics.

The block diagram of the lateral acceleration and roll
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Fig. 11 Response of h follower loop, flight system, 6000
fpm descent.
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angle follower loops is shown in Fig. 12. The lateral ac-
celeration of the model (4 y.,) forms the input to the Ay loop,
and the roll angle of the model (¢.) forms the primary input
to the ¢ loop. Parameter values for these loops are given
in Table 2.

The values listed for the system as defined after the final
design verification (phase 5) reflect changes made relative
to the initial design. These changes included addition of a
roll rate feedforward (K¢.) to improve response of the ¢
loop, reduction of K,y and changes in Gsréz to eliminate a
44 cps limit cycle oscillation previously evident in the Ay
loop and change of Gz and relocation of the aileron crossfeed
path to improve response of the Ay loop. Additional
changes in the flight system were largely the result of diffi-

60

$m 30}
DEG

culties with structural oscillations at frequencies above those
considered in the design analyses. Changes were required
in the rudder structural filter Gszd4 along with a reduction
in Kay in order to prevent oscillations involving the lateral
accelerometer. This was accomplished without signifi-
cantly affecting Ay response, although K.,y had to be in-
creased to achieve the correct level.

An illustration of the performance achieved by the flight
Az, Ay and ¢ systems operating simultaneously is presented
in Fig. 13, where responses are shown for a case when the
pilot maneuvered the model into a wind-up turn. Over 500
“runs” were made by experienced pilots during test and
demonstration flights. Pilot comments on follower loop
performance were very favorable.
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Fig. 13 Simultaneous response of
¢, Ay, and Az follower loops, flight

system, 350 knots at 20,000 ft.
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Table 2 Ay and ¢ follower loop parameters

Symbol Final system Flight system
K. 0.5 0.7

K,y 1.2 1.67

Ky 0.8 0.77

G, 1 1

Kava 0.004 rad/fps? 0.0038

Gava 5s/(1 + 5s) 5s/(1 + 5s)

Kay 0.07 rad/fp? 0.04

Gay 1 1

Kp 0.2 0.17

Gr 1 1

Gsrsa (14 8/250)/(1 + 5/62.5)  (1+3/300)/(1 + s/30)
Gsrsr (L +5/400)/(1 4 s/250) (1 + 5/300)/(1 + s/125)
Kz 1 0.8

Gr 2s/(1 + 2s) 2s/(1 + 2s)

V. Summary

The NF106B-VST modification and flight program pro-
vided an excellent opportunity to demonstrate the success

NF106B-VST MODEL FOLLOWER SYSTEM : 473

of a comprehensive approach to design of a high performance
flight contro! system. By using a planned iterative pro-
cedure it was possible to apply several complementary
analytical techniques effectively, and to factor updated
information into the problem readily. Emphasis was
placed on developing a complete yet workable mathematical
model including high frequency dynamics where data were
available. This proved valuable in diagnosing and solving
problems which arose during simulation and testing phases
of the program. Pilot opinions and recorded flight test
data indicated that the system resulting from the effort
described in this paper performs very well.
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Hover and Forward Speed Aerodynamics of Several

Tracked Air-Cushion Vehicle Models

Henry W. Woorarp,* Kwan L. So,* anp RicuarD J. SErRGEANTT
TRW Systems Group, Redondo Beach, Calif.

Hover and moving-ground-plane wind-tunnel tests were performed on three elongated
Tracked Air-Cushion Vehicle (TACV) models and one circular air-cushion model in a joint
TRW-NASA Langley test program. Selected results are presented for all the models tested in
hover and for one of the elongated models tested at forward speed. Separate force and mo-
ment measurements on the body and cushions were taken. The air-cushion lifting per-
formance in hover was found to be influenced by cushion length-to-width ratio, cushion-jet
Reynolds number, and body-shell proximity. At a fixed cushion height and constant air-flow
rate, cushion lift generally increased with forward speed to a peak value and then decreased.
This characteristic diminished with increasing cushion height. For the elongated model at
forward speed, the body forces, and moments generally were greater than those of the cushion

except for the lift and pitching moment.

Nomenclature
A = alr-cushion base area
Cy = body lift coefficient, Ly/qoSn
Cn = body pitching-moment coefficient, my/geSmls
Cp = pressure coefficient, (p — Pw)/¢»
A = diameter of a circle having an area equal to the
body maximum cross-sectional area
h = air-cushion edge height
h* = height parameter, h/{(1 4+ sin v) or 1/¢*
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= total pressure (absolute)

ks = belt forward-speed parameter, gz/ (D — Pw)o’

k = air-cushion forward-speed parameter, ¢../(Pc —
pm)o; qoo/(ﬁc - pm)ol

K.’ = air-cushion mean-pressure parameter, (p. —
Pe)o’/(Hp — Po)

Kg = normalized air-flow rate [see Eq. (1)]

l = length

l = rolling moment about the x axis; positive, using
a left-hand rule

L = lift force (see text)

Ly = agir-cushion lift due to body cavity pressure, (B —
pk)Aa

Ly = lift measured by strain-gauge balance

(Li)e = cushion lift in hovering state

m = pitching moment about an axis parallel to the y
axis; positive, using a right-hand rule (see
Fig. 1 for moment centers)

n — yawing moment about an axis parallel to the z
axis; positive, using a left-hand rule (see Fig. 1
for moment centers)

P = static pressure (absolute)

(e — Po) = air-cushion mean gauge pressure



