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Design and Flight Test of a Lateral-Directional
Command Augmentation System

David Atzhorn* and Robert F. Stengelt
Princeton University Flight Research Laboratory, Princeton, New Jersey

Two-input/two-output, lateral-directional control laws with Type 0 and Type 1 structures have been designed,
analyzed, and flight tested using the microprocessor-based digital flight control system (Micro-DFCS) installed
in Princeton’s Variable-Response Research Aircraft (VRA). These control laws were designed using linear-
quadratic, sampled data regulator- theory, and were evaluated by U.S. Navy test pilots. Major closed-loop
response features were found to be relatively insensitive to sampling rate (down to 4 sps), although flying
qualities were degraded by increased sampling delay. Type 0 c()ntrollers provided satisfhctory performance in
flight, but the equivalent Type 1 systems were found to be unduly sensitive to dlsturbances and measurement

noise.

Introduction

ANY future aircraft will require command and stability

augmentation to meet handling qualities requirements
while achieving performance objectives. The reasons for this
include increasing use of relaxed static stability margins,
substantial variations in dynamic characteristics over ex-
panded flight envelopes, and increasing workloads associated
with more demanding missions. Modern control theory and
digital microprocessors can be expected to play .com-
plementary roles in the development of such control systems.
They provide both the method for designing complex control
structures and the means for implementing them in flight.
This paper presents the results of an analytical and ex-
perimental investigation of the application of modern control
technology to lateral-directional command augmentation
systems. ,

Linear-quadratic, sampled-data regulator theory was used
to design several Type 0 and Type 1 digital control laws for
the Variable-Response Research Aircraft (VRA). Lateral-
directional control structures were defined for singular
command inputs! and for control rate outputs. The former
allows for precise following of a command variable whose
integral appears in the state vector, while the latter provides
either low-pass filtering or proportional-integral com-

pensation of control outputs. CAS-4, the control program for

the VRA’s microprocessor-based digital flight control system
(Micro-DFCS), offered four combinations of com-
mand/control structure: direct electrical linkage (‘‘Digital

DEL”’) from the lateral stick and foot pedals to tlie ailerons.

and rudder, Type O control with sideslip angle/roll rate and
lateral acceleration/roll rate command inputs, and Type 1
control with sideslip angle/roll rate command. The Model 1
Micro-DFCS used the 8085 central processor in a Multibus
architecture. CAS-4 was coded in assembly language using
floating-point arithmetic and the general organization
described in Refs. 2 and 3. Additional details of this in-
vestigation can be found in Ref. 4.
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Digital Control Law Development
Aircraft Model and Design Ob]ectlves

Lateral-directional motions of an aircraft can be described
by the fourth-order linear differential equation,

Ai=FAx+GAu ‘ )

The state Vectdr, Ax, represents perturbations in yaw rate
(4r), sideslip angle (AB), roll rate (Ap), and roll angle
(Ag): v .

AxT = (Ar AB A pAd) @)

The VRA can be controlled independently about all six
degrees of freedom, as it is equipped with direct-lift and
direct-side force. surfaces in addition to its .conventional
controls. Longitudinal motions were not a subject for study
(although they were, of course, controlled py the pilot in
flight), and the VRA’s side-force panels- were not actively
controlled in this program; hence, the control vector Au
considered here represents perturbations in rudder angle
(ASR) and aileron angle (AdA) only:

AuT = (ASR ASA) 3)

The corresponding stability and control matrices, F and G,

" are defined as in Ref. 5. Taking straight-and-level flight with

an indicated airspeed of 105 kt as the nominal flight con-
dition, the numerical values of the VRA’s lateral-directional
matrices are,

-.75 59  -.26 0
-1 0.4 0 0.18
F= )
1.16 —-11.5 —6.5 0
0 0 i 0
—-6.1 —.25
-07 0
G=
.58 21 %)
0 0 |

(All angles are measured in radians or degrees.)
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Satisfying established specifications for handling qualities
(e.g., Ref. 6) is a reasonable goal for designing an aircraft
control system, and the present designs have been evaluated in
this respect; however, the ‘‘bare airframe’” VRA falls well
within the Level 1 requirements of Ref. 6, so this aircraft has
no immediate need for command or stability augmentation
Recognizing that flight testing provides the unique ability to
gather further evidence regarding just what handlmg qualities
dre satisfactory, we have chosen instead to examine a range of
command modes and aircraft responses generally falling
within Level 1 limits.

Sampled-Data Regulators and Equilibrium Response
Direct Digital Synthesis
This is used to design the command augmentatlon control

laws, so it is necessary to define the discrete-time equ1va1ent of
Eq. (1)

Axk+] =<I>Axk+I‘Auk (6)

The lateral-directional command augmentation system is
designed as a sampled-data regulator, i.e., as a discrete-time
(digital) controller that minimizes a continuous-time (analog)
linear-quadratic cost function subject to a dynamic constraint
[Eg. (8)]. The solution algorithms follow Refs 7 and 8 with
modifications, as described below.

As shown later.in this section, the pilot’s command input,
Ay*, specifies equlhbrlum values of the state and control, Ax*
and Au*, collectively known as the regulator set point.
Perturbations from the set: point are described by

A)?(t)=Ax(t)'—Ax*(t) Q)
Adi(t) =Du(t) — du* (1) ®

Assuming that the set pomt is frxed Eqs. (1) and (6) apply
equally to the () varidbles, and the continuous- time cost

function can be expressed as
Q0 M7 [ A%(2)
- de
MT R Al ()

&)

As in Ref. 8, minimization of this cost.function leads to
proportional (Type 0) command augumentation control

SRR

k=0

[AxT (1) Aa” (1) ] [

Al = — KA%, (10a)
Auy = Au} — K (Ax — Ax*) (10b)

We can formulate logic that drives the control rafe,
Av=Au, rather than the control dtsplacement Then the
control rate can be weighted in the cost function, providing a
means for limiting high-frequency or rapid motions of the
controls. The cost functxon and state equation are augmented
as follows

I =]

5 E [MTAu-TAP'T]k
0, M N, A%

x| MT Q, N, Ad (1)
N N R AV |4
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T AR ) & I [ AFf 0
= + AT,
Al | gy, 0 I A |, I
| (12)

The () weighting matrices are derived from continuous-
time weighting matricies as in {7}, and the perturbation
control law

A“/'-k="'K1Ax~k"‘K2Aﬁk (13)

(it can be assumed that Av* =0; hence, AP=Av.) This can be
trarisformed to control displacethent logic using a forward-
difference approximation for the derivative:

AV = (Afiyy; — Al ) /T 14
Equation (13) becomes

Al = (I- TK,) Adiy_, — TK, A%, _, (15)

The lagged An feedback introduces low-pass filtering in this
control. This can be expressed as the proportlonal filter (Type
0y command augmentatlon control law,

Auk—Auk+(I TK,) (Au=Au*),_; — TK,; (Ax—Ax*),_,
(16)

For a step input and zero initial conditions, the initial control
depends only on the steady-state value, Au*; the cost function
and its mlmmrzatxon have no effect unt11 the next sampling
1nstant

An ‘alternative approximation to the control derivative
incorporates the effects of cost function minimization in the
computation - of the initial ‘control. Taking the Laplace
transform of Eq (13) and combmmg terms yields,

(sI+K,) Auy (s) = — K; Ax, (s) + K, Aag (s) a7n
The Tustin - transformation approximates .the Laplace
operator, s, in terms of the sampling shift operator, z per Ref.
9 R o

s=(2/T) (z~1)/(z+1) (18)

Equation (17) then can be written as

(2 -1r2
Allk= (?I-FKZ) Ii}, ([—Kz)Auk_I

— K, (Af + A% ) +K; (Sup+duy ) | 19

This form of the proportional filter (PF) command
augmentatlon system, which uses trapezmdal integration to
generate & from u, was found to provide improved response
when an initial control of Au* alone . [as from Eq. (16)]
caused unacceptably large transients.

Assuming that the pilot’s commands can be interpreted as
some linear comblnatlon of the state and control, a constant
pilot command should result in constant state and control
vectors, .

Ay*=H Ax*+ H, Au* (20)
H, and H, define the command relationship, and the

dimensiéns of Ay and Au are equal. At equilibrium,
Ax;,; =Ax,, so the combined solution of Egs. (6) and (20)
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leads to a direct solution for Ax* and Au* in terms of Ay™:

| Ax* ‘@-D r 77 0 A '0}
= =W—1
o g B e e P

0
=5 2la)
Ay*
or
Ax* =8, (0) +S,Ap* (21b)
Au* =S, (0) +8,,Ap* (22)

As long as W is nonsingular, i.e., can be inverted, the par-
titions of § are well-defined, and the sampled-data regulators
[Eqgs. (10), (16), and (19)] can be written as,

Nonsingular Proportional
Auk=(S22+KS12)AyZ_KAxk (23)

Nonsingular Proportional Filter
(Forward Difference)

Auy=S8pAvi+ [TK,S; — (I-TK;) 1Ay,
+(I" TK))Auk__I—/TK]Axk_] ' (24)

Nonsingular Proportional Filter
(Tustin)

2 :
Bty = (14K, [ (K812 +KoS2) (Mg &91))

2
+ (}I_Kz)Auk_] +K1 (Axk+Axk—])] (25)

Unfortunately, § does not exist for some of the more in-
teresting command variables, e.g., roll rate, because the state
vector contains a pure integral of the command variable (pitch
angle or roll angle). By definition, the integral cannot be
constant when the command is a nonzero constant. As in the
continuous-time case,! the problem can be solved by defining
a quasi-steady equilibrium for a reduced-order system,
treating the integral state as an ‘‘exogenous’’ forcing term
that grows continuously as long as the command is constant.
Equations (6) and (20) are partitioned as

- Ax, e, @ ][ Ax Y
= + Auy
A e L® T LA, Lo
(26)

Ay*=[H,, 0] |: } +H,Au* @7

*
2

Ax; is the reduced-order state, and Ax, is the integral state.
The quasi-steady equilibrium is defined as

{AXY] (®,-D T, ][ —#jAxg
Aup |, | H, H, N

—®}Axy
=8’ (28)
Ay* P
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and the integral state Ax, k is propagated by
Axz, =Ax3‘k_l +<I>§Ax}‘k_1 29

As an example, a sideslip angle/roll command vector yields
the following set point at the VRA’s 105 KIAS flight con-

dition:
Ar* - 0.18 —.47 .004 ]
AB*
AB* = 0 Adi+ 1 0
Ap* | 4
A_p* k 0 O 1 ]
(30)
AS6R* - -0.2 1.0 -.0671[ AB*
= Agi +
AsA* | & -.01 0.55 031 | Ap* |«
€2))

Note that the steady-state roll angle commands the steady-
state yaw rate to coordinate the turn.

The singular command augmentation controllers then are
defined as Eq. (29) plus the following:

Singular Proportional
Aup= (85, +K;57,) Ay, — KAx,

+ [Ky— (S5 — K, S;) #31 Ax3, (32)

where the K of Eq. (10) is partitioned as [K, K,] to be
conformable with Ax,; and Ax,.

Singular Proportional Filter
(Forward Difference)

Auy,=85,Ay5+ [(TK,—D S5, +TK 85, 1Ay%
—8;,®}Ax35, + (I-TK,) Auy_; — TK; Axy_
+([U~-TK;)S;, —TK;;S;, 19} + TKp }Ax3, _, (33)
with the K; of Eq. (16) partitioned as [K;; K;,].

Singular Proportional Filter
(Tustin)

2 -1c/2
s (o) (G-

—K; (Axp+Ax, ) + (K S+ K282)
X (AyE+Ayi_ )+ [— K Si+K85,) 8 +K),

K] (Ax3, +Ax3,_ )] (34)

with K, [Eq. (19)] also partitioned as [K,, Kj,]. These
control laws have the Type 1 property with respect to the
singular command variable because they contain integral
error terms formed by (Ax, — Ax}). ,

The nonsingular PF controller can be transformed to a
Type 1 proportional-integral (PI) structure

Aup=Au,_;—Ci(Axp—Axy_;) = C, (H Axy_; — Ayg)  (35)

(with H,, =0) by defining

[C; C)=1TK, TK,]S (36)
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as in Ref. 8.1 In the singular case, the PI controller takes
advantage of the natural Type ! characteristic of the PF
control law. Equation (36) is applied to the reduced-order
model, transforming K; and K, to C; and C,, and the
equivalent singular Type 1 control law is written as*

Aup=8u,_;— (S5, +C;;S)) Bi(AxS, —Ax3, )
+ (852 +CS1) (Avi—Ayy)
+(C 2} —TK ;) (Ax3, |, —Ax;, ) .
+C(AVi_ = Ay ;) —Cpy (B, —Axy, ) G7
This controller was simplified, as in Ref. 4, for flight testing.

Command Augmentation Control Laws

During flight testing of CAS-4, the evaluation pilot’s center
stick and foot pedals commanded - desired values of the
motion variables. For the sideslip angle/roll rate (8,p) modes,
the stick commanded p*, and the pedals commanded 8*, so
the command relationship [Eq. (20)] was

r

{6*} {0100} B8 {0 0}{&}

yr= = +

r* 0010]| p 0 0 8A
¢

(3%

The B,p modes used both Type 0 and Type 1 controllers, Egs.

(33) and (37). Experiments also were conducted with lateral -

acceleration (a,) and yaw rate (r) replacing 3asa command
variable.* In addition, the digital DEL mode provided direct
feeds from stick and pedals to aileron and rudder.

The present discussion focuses on the 8, p modes, except as
noted. The B,p controller was tested with four gain sets
derived from the continuous-time linear-quadratic weighting
factors, i.e., the diagonal elements of @;, @,, and R, given in
Table 1. The Mode D control law also was shaped by 8 and p
weightings of 20 and 0.25, respectively. The progression from
Mode A to C reflects increasing penalty for control usage;
Mode D continues this trend through the effects of reduced
0, and state-rate weighting. Overshoots and the handling
qualities parameter ‘‘¢/8” are minimal,§ and rise time
steadily increases for both command inputs.

Perturbation gains (K; and K,) for Modes A and C, with
10 per s sampling rate, are shown in Table 2. These also reflect
the effect of increasing control weighting.

Table 3 summarizes Mode A closed-loop natural fre-
quenciés w,, damping ratios {, real roots A, and the two
largest eigenvector magnitudes v; and v, for each dynamic
mode. These equivalent continuous-time parameters are
derived from the eigenvalues and eigenvectors of F;, where
F¢; is defined as,'?

1 1 . .
FCL=§~3W‘1’CL=}[‘I’CL"I)—VZ(‘I’CL—I)Z'*'"'] 39

and ®.; is the closed-loop state transition matrix. For
comparison, the open-loop values also are given. The
unaugmented VRA has a lightly damped Dutch Roll
oscillation, -a quick roll mode, and a nearly neutral spiral
mode. The closed-loop mode shape is decidedly different

1This result was derived in {11}.

§“¢/B”’ represents the ratio of roll and sideslip angle component
magnitudes in the Dutch roll eigenvector.

J. GUIDANCE

Table 1 Weightings and step response characteristics for 8,p modes

Mode
A B C D

State r 250 30 25 10

B 5000 250 30 10
Weightings V4 100 - 30 10 0

o) 25 15 5 0
Control SR 15 33 15 15
Weightings 8A 15 33 15 15
Rate 8R 1 1 1 !
Weightings 6A 1 1 1 1
p Command Response
Rise Time, sec 2 23 .37 .96
Overshoot, % 7.4 7.4 3.6 2.8
B8 Command Response
Rise Time, sec .82 1 1.83 2.37
Overshoot, % .06 .21 . .80 1.20
“@/B .19 .10 .24 22

Table2 Type 0 gains for 8, p modes, sampling rate =10 per s

Mode
A C
SR 6A o6R 6A4

K, r -10.48 .63 -2.23 43

8 11.21 -3.3 —3.48 -2.2

D .40 1.5 .10 437

¢ 1.70 2.6 .15 .66
K, OR 14.25 .02 7.07 —.05

6A 1.01 11.9 .36 6.68

Table 3 Eigenvalues and eigenvectors of 8, p Mode A and the

unaugmented VRA
B, p Mode A Unaugmented VRA
“’n()‘): g‘«‘ V5,V wn()\): §', Vy,0;
rad/s S- - rad/s - -
14.6 75 D,0A (—6.6) - D®
9.9 .68 8R,r 2.6 200 nLp
(-4.9 - r,6R . - - -
(=0.6) - 4. (-0.00) - b7

from the open-loop case, although all modes are well-
behaved. The roll mode coalesces with the aileron filter
dynamics, while the Dutch roll mode combines with the
rudder filter dynamics. The spiral mode becomes a purer
rolling motion.

Mode A and C responses to sideslip and roll rate step inputs
are shown in Figs. 1 and 2. These digital simulations exhibit
well-controlled transients and a high degree of steady-state
decoupling. Commanded 8 and p responses are precise. The 8
command results in a flat turn, and the p command provides a
coordinated turn using conventional pilot inputs. For 3
commands, the sharp p transient is followed by a steady
return to zero roll rate. For p commands, there is a residual 8
perturbation associated with the quasi-steady-state ap-
proximation [Egs. (28) and (29)]. This ‘‘hangoff”’ is nulled
completely in the Type 1 realization.* The PI version of the 3,
p Mode C controller has identical p command response and
slightly slower 8 command response (rise time=2.1 s).

The Type 1 PI controller is tolerant of stability- and
control-parameter variations. The PF and PI controllers are
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Fig. 1 Response to command roll rate, 8,p : a) Mode A;b) Mode C.

compared in Fig. 3, with 25% variations in L, and N from
design values. Reduced roll damping (L,) causes an over-
shoot in both p responses. PF and PI responses both converge
to the proper value because both possess the Type 1 property
for roll rate commands (Fig. 3a); however, the PI controller’s
convergence is quicker. The PF controller’s sideslip angle
response does not have the Type 1 property, so there is
considerable hangoff with 25% decrease in rudder effect
(N;zz) (Fig. 3b); the PI controller qulckly nulls the error
under similar circumstances.

Operational Control Structure and
Preflight Simulation
Micro-DFCS and CAS-4

The primary tasks of the Micro-DFCS were to accept
analog information from aircraft . sensors (including the
evaluation pilot’s controls), to calculate the control laws, and
to send analog commands to the VRA’s control effectors at
periodic instants in time. As described in Refs. 2 and 3, the
Model 1 Micro-DFCS consisted of a flight control computer
unit (FCCU) and a control-display unit (CDU). The FCCU
contained six Multibus boards for analog input, analog
output, central processing, arithmetic processing, main
memory storage, and backup memory storage. Although the
8085 central processor used 8-bit data words, all
mathematical operations used 32-bit floating-point format.
Analog inputs and outputs were quantized at the 12-bit level.

The CAS-4 flight control computer program contained
three sets of routines.>® The Executive Routines provided
initialization, CDU interface, and memory check. The Utility
Routines included data conversion, error detection, status
driver, math driver, mode change, timer/sampling rate
selection, variable pure delay, variable output quantization,
and output limiting. The Flight Control Routines provided
mode set up for each mode change and interrupt service at
each control sampling instant. The Executive Routines
requird 363 bytes of memory, while the Utility Routines were
stored in 1939 bytes. The remaining 4549 bytes of CAS-4
contained the Flight Control Routines. These consisted of
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Fig. 2 Response to commanded sideslip angle, 3,p: a) Mode A; b)
Mode C.
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Fig. 3 Effects of parameter variations on PF and PI controler
response, 3,p mode.

setup and service routines for four command modes and
thirteen sets of gains. Thus, it was possible to switch rapidly
from one mode and set of gains to another in flight. In ad-
dition, alternate gain sets could be entered through the CDU.

The computation time of the digital DEL mode was 8 ms;
the PF controllers executed in 37 ms. The PF logic could be
structured to reduce the transport lag between analog inputs
and outputs to 12 ms. This was accomplished by computing
only those terms that depended on the current input during
the input-output interval and all the lagged terms in the
control law during the output-input interval.

Flight Testing of the Digital Control System

Several VRA flights were conducted in this investigation.
The first series of flights were engineering tests flown by
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Fig. 4 Effects of sampling rate on 8,p Mode C response to sideslip
angle command; a) 10 sps; b) 4 sps.

Princeton Pilots A and B. General observations were made
regarding the control of attitude and flight path in cruising
flight. The second series included tracking and landing ap-
proach tasks flown by U.S. Navy Test Pilots C and D.
Various tracking tasks were performed, as described below.
The landing approach was made using visual guidance from
an aircraft carrier approach mirror and an angle-of-attack
meter/indexer, as in Ref. 3. All pilots provided commentary,
and Pilots C and D used the Cooper-Harper Handling
Qualities Rating (HQR) scale as a measure of pilot opinion.
The Cooper-Harper scale!® assigns numerical values between
1 and 10 to each configuration tested, with 1 indicating highly
_ desirable flying qualities and 10 indicating deficiencies great
enough to cause loss of control. The effects of direct-mode
digital control on pilot opinion are reported in Ref. 14; pilot
opinions of CAS-4 closed-loop modes are presented below.

CAS-4 Step Response

Telemetry recordings of the aircraft’s response to step
inputs confirmed ground simulation trends. Response to roll
rate (lateral stick) command for the 3,p Mode C is shown in
Fig. 4. The PF and PI traces are very similar, but the PI
response was marked by overshoot and continuing high-
frequency oscillation. Sideslip angle response (not shown) was
negligible in all cases. Response to sideslip angle (foot pedal)

command is shown in Fig. 4. The r and p transients were more

peaked at 4 sps than at 10 sps, and the residual oscillations
seen in Fig. 4 reappear in the PI result. Roll angle response
was nil in all cases. :

Pilot Opinions of Handling Qualities

The engineering flight tests provided the evaluations
summarized in Table 4. Sampling rate was 10 per s, except as
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Fig. 5 Comparison of random disturbance responses of 8, p Mode C
control laws; a) PF controller; b) PI controller.

noted. Pilots A and B preferred 8, p Mode C and a,, p Mode
B to the other Modes. Reducing the 3, p sampling rate to 8 per
s had little effect on flying qualities; at 6 sps, roll control was
noticeably more abrupt, and at 5 per s, sideslip “‘jerkiness’’
became apparent. At 4 sps, closed-loop control resolution was
bothersome but less so than for DEL control at the same
sampling rate. ,

Pilot C, whose experience had been gained primarily in
anti-submarine warfare aircraft, flew the VRA with CAS-4 in
five tasks. Task 1 involved low-gain lateral maneuvering, with
45 deg bank-to-bank turns and large control inputs. Task 2
consisted of rapid 3 deg heading changes (+ 1 deg), with bank
angles of 10 deg or less. This task was similar to maneuvering
for air-to-air refueling. Foot pedals were not used unless
required for turn coordination. Task 3 required track to be
maintained while performing a slip, and Task 4 involved
changing track in the slip. Task 5 was directed toward 30 deg
(or greater) flat turns, with final heading hold (+3 deg). This
maneuver is representative of heading change in a surveillance
aircraft. Samping rates were 10 per s, except as noted. Pilot
C’s evaluation is summarized by Table 5. .

For normal maneuvering (Tasks 1 and 2), Pilot C preferred
the direct modes to the closed-loop modes, and was able to
discern an improvement when the sampling rate was increased
from 10 to 20 per s. The foot pedals wer used very little in
these cases. Choosing among the closed-loop modes, Pilot C
showed a definite preference for the a,,p modes, and he gave
his best ratings to a,,p Mode B. In other words, he preferred
faster response than Pilots A and B. Tasks 3 to 5 could not be
accomplished easily with the direct mode; the Task 5§ HQR of
6 falls well above the ratings for the best closed-loop modes.

Ratings for 8, p Mode C deteriorated as sampling rate
decreased. This was not the result of poorer transient response
but of increased sampling delay. On the average, pilot
command inputs occur halfway between sampling instants;



ratings, but only for rates below 6 per s. Ratings for the 8,p
and a,,p modes were edhivalent, Wwith a preference for the
same speed of response preferréd by Pilots A ‘and B.
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Table4 Pilot A and B evalautions of CAS-4 for conventional operations
8, Mode A — Acceptable response, although yaw is jerky and seénsitive to 8 commmands. Roll response
good with no adverse yaw. Rate of turn smoothly follows roll rate.
B.p Mode B — No difference in roll response. Sideslip response better due to perceived lower Ng.
B,p Mode C—No noticeable difference in roll response. Sideslip angle response is softer than Mode B but
very good, with no adverse effect in roll. The preferred configuration.
8.p Mode D—Roll response considered acceptable but rated poorer due to slower response time. No
noticeable difference in yaw response.
B8,p Mode C (P1) — Very jerky hands-off response; especially in yaw. Seems to have faster response than
PF version. Ride quality very sensitive to turbulence. No heading clianges associated with turbulence
response, just high frequency disturbances. Excessive yaw stiffness. Roll response faster than desired but
acceptable.
a,.p Mode A = Response appeared similar to 8,p Mode B.
a,,p Mode B - Response appeared similar to 3,p Mode C.
8,p Mode C (8 sps) — No degradation noted in roll or yaw control. Slight abruptness in start and stop of
roll maneuver.
B,pMode C (6 sps) — Yaw response same as 10 sps. Abruptness more noticeable in roll.
B.p Mode C (5 sps) — Jerkiness in yaw is apparent but not objectionable. Roll response is erratic. Time lag
is noticeable, depends on timing of input.
8,p Mode C (4 sps) — Roll objectionable, due to ratchet-type coritrol movements and response. The same
is true'in yaw response but is not objectionable. Response delay acceptable in yaw, annoying in roll.
DEL (10 sps) — Same respon'se as continuous-time, open-loop response.
DEL (4 sps) — Jerkiness of controls main objection. Thumping of control surfaces very apparent. Prefer
closed-loop control at low sampling rates due to improved turbulence response.
Table5 Handling qualitites ratings of Pilot C Table 6 Handling qualitities ratings of Pilot D
Conitrol Task number Control : Task number
Mode 1 2 3 4 5 Mode la 1b 2a 2b
Bp—A 4.5 40 5.0 5.0 5.0 B — 5.0 6.0 - S
8.p—B 3.0 33 4.0 4.0 4.0 B.p— B 3.0 3.0 - -
B.p—C © 3.0 4.0 3.0 4.0 2.5 Bp—C 3.0 2.5 3.0 3.0
8.p—D 4.5 5.0 - - - B.p—D 3.0 4.0 - -
a,,p—A 3.5 4.0 4.0 4.0 4.0 a,,p—A 4.0 5.0 - -
a,p—B 2.8 2.8 3.0 3.0 3.0 ay,p B 3.0 3.0 - -
a,,p—C 4.0 4.0 3.0 4.0 4.0 a,,p—C 4.0 4.0 - -
B,p—C(8) 4.0 4.0 - - - ,3 p—C(8) 2.5 4.0 5.0 5.0
B,p—C(6) 5.0 4.5 - - - B,p— C(6) 2.5 2.0 3.0 3.0
B,p—C(5) 6.0 4.5 - - - B,p—C(5) 4.0 5.0 5.0 6.0
B.p—C4 7.5 . 7.0 - — - B,p— C(4) ' 4.0 4.0 6.0 7.0
DEL (10) 2.5 25 - - 6.0 DEL (10) 4.0 4.5 - -
DEL (20) 2.0 2.0 - - - DEL (20) 4.0 3.0 - -
s fT} ' TR ___H__ » T
hence, there is an equivalent transport delay associated with E sl NE B BE== aman N1
digital control.? = _sz s T .
Pilot D, with fighter aircraft experience, flew the VRA with ¥ -60 E '
CAS-4 in two tasks, each of which was subdivided in two
parts. Task 1 involved acquisition and tracking of fixed
objects on the ground. The acquisition phase (1a) began by 'g alian
selecting a point 35-45 deg off the nose and pulling the aircraft ) /] :_ +H nand
" up to a 10 deg nose-high attitude. At 75 KIAS, he rolled into a 2 d k- na B\
10 deg dive, accelerating to 105 KIAS and attempted to center % 5
the object in'the field of view (=5 mils). The tracking phase i o
(1b) continued for 15-20 s, holding airspeed and using the best ) =l isuERREn in
combination of stick and pedals to mairitain pointing. Task 2 3 H T T L
is identified as field carrier landing practice (FCLP). The g iniy £
approach phase (2a) began at 650 ft altitude about 1.5 nm -8 H1 H
from the runway ‘A 3.5-deg approach was made at 86 KIAS.
The “‘close-in’ phase (ZB) began at 0.5 nm from the landing 12§ 16T T
mirror and ended with a waveoff at 10 15 ft altitude. Pilot D’s ~ ol T LT - ] TiH ]
evaluation i$'summarized By Table 6. Y s 1] T '
Pilot D generally liked the closed-loop modes more than the g fu T " 11 -
direct mode, and he was able to adapt to slow sampling rate -12 HLA L e gy an
during the tracking task. Sampling delays degraded his a) b) o

Fig. 6 §,p Mode C roll rate step response from fllght test; a) PF, 10
Sps; b) PF, 4 sps; ¢) PI, 10 sps.
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Fig. 7 B,p Mode C sideslip angle step response from fhght test; a)
PF, 10 sps; b) PF, 4 sps; ¢) PI, 10 sps.

Decreasing sampling rate had greater impact on landing
approach than -on tracking. Pilot D also sensed an im-
provement in the higher-rate direct mode.

Conclusion

Lateral-directional control laws were successfully designed
and tested in flight. Flight tests showed that major closed-
loop response features were largely unaffected by the choice
of sampling rate (down to 4 sps), although sampling delay of
pilot-inputs degraded handling qualities ratings. The closed-
loop ‘digital control laws provided improved command
response and exhibited improved steady-state decoupling,
compared to the VRA’s open-loop dynamics, at all sampling
rates investigated. Ground, simulations and flight testing
showed that the Type 1 system, which was designed to have a
step response that was virtually identical to an equivalent
Type 0 system, was extremely sensitive to noise inputs and
turbulence, although it was tolerant of large variations in
aircraft parameters. The Type 0 controllers provided
satisfactory performance in ground test and in flight, but their
steady-state performance could be affected by aircraft
parameter variations.
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