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Perspective Predictor/Flight-Path Display
with Minimum Pilot Compensation

Gottfried Sachs*
Technical University of Munich, 85747 Garching, Germany

Prediction can substantially enhance the novel guidance and control capabilities of perspective flight-path dis-
plays. A position predictor based on geometry/kinematics relationsis considered, and an extension based on manual
control theory issues is introduced. Pilot-centered requirements for compensatory control of the predictor-aircraft
system are considered. It is shown which are the effects on pilot-predictor-aircraft system crossover, system sta-
bility, response quality, and system bandwidth. A solution for a predictor with minimum pilot compensation is
presented. Furthermore, it is shown that the flight-path predictor is also an efficient means for controlling the
current state of the aircraft. The conceptual and theoretical predictor considerations are verified with pilot-in-the-

loop simulation experiments.

Nomenclature
e = error
g = accelerationdue to gravity
K = gain
Ls, = roll moment due to roll control input
s = Laplace operator
T = time constant
Y(s) = transfer function
y = lateral coordinate
A = denoting a perturbation, for example, Ay
[oX = roll control
4 = damping ratio
7, = effective time delay
¢ = roll angle
X = azimuth angle
10} = frequency

Introduction

ERSPECTIVE flight-pathdisplays with a predictorare an inno-

vative instrumentationtype because they provide the pilot with
three-dimensionalinformation of the current and the future aircraft
states and the future command flight-path. Thus, they offer a fun-
damental improvementover currentcockpit instrumentation, which
presents two-dimensional information of current aircraft position
and actual flight condition. With conventional instrumentation, the
pilot mentally reconstructs the spatial and temporal situation of the
aircraft from planar displays. By contrast, a perspective flight-path
display presents information in a spatial format and, thus, provides
a basic advancement for the cockpitinstrumentation. A further im-
provementis possibleby presentingan objectsuch thatthe emergent
features can be directly perceived so that the pilot does not have to
decompose the objectinto features. Rather, the manner in which the
flight-path is presented allows holistic perception. A recent paper
provides guidelines for designing the parameters of a perspective
flight-path display that takes the specific human capabilities in the
areas of perception, cognition, and control into account.!

Recent research, including simulation experiments and flight
tests, shows that substantialimprovements in aircraft guidance and
control can be achieved with pictorial perspective flight-path dis-
plays with a predictive capability.!~'3 The flight test verification
includes the first landing of an aircraft with a pictorial display pre-
senting three-dimensional guidance information (synthetic vision)
as the only visual information for the pilot.!!:12
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The predictor symbol in a tunnel display was treated, and its
advantage was demonstrated through theoretical as well as experi-
mental investigations.In Ref. 3,itis shown thata tunnel display with
a predictor outperforms conventional-typedisplays. The advantage
of the predictorsymbolis demonstrated through pilotsimulationand
in an exploratory flight test. A detailed investigation of the predic-
tor symbol is presented in Ref. 4, which shows that more complex
predictive information indicating future position and attitude has
only a marginal advantage over more basic predictive information.
In Ref. 5, different predictor laws related to circular and full-order
models are applied, and a pilot-vehicle stability analysis is under-
taken with the assumption of a pure-gain pilot model. References 6
and 7 are concerned with improvementsin the display layout, yield-
ing an algorithm for generating well-matched trajectory shapes and
improved predictor guidance information, with a circular predictor
model applied. In the context of providing predictive information,
Ref. 14, which includesboth pilot-vehicleanalysis and pilot simula-
tionresultsis of interestbecauseit deals with a predictorsymbol, the
dynamics of which are designedto yield transfer characteristicsthat
are desirable from the standpoint of manual control response and
performance.

In summary, the predictor models hitherto used in perspective
flight-path displays are based on geometry/kinematics relations be-
cause their intent is to predict the future aircraft position and the
continuation of the flight path. Their effectiveness was primarily
demonstrated through experimental investigations, supplemented
by stability analyses using an assumed pure-gain pilot model.

The purposeof this paper is basically twofold: First, the predictor
conceptbased on geometry/kinematics relations will be assessed by
means of manual control theory. Thus, possibledeficienciesthat may
exist from the standpointof manual control theory can be identified.
Furthermore, it will be shown that manual control theory provides
explanationsfor predictor characteristicseffects, like the significant
effect of the prediction time and its optimal selection. Second, a
new predictor conceptis introduced that is based on manual control
issues (appropriately combined with geometry/kinematics consid-
erations). The proposed approach uses manual control theory as a
design tool for perspective predictor/flight-path displays. It will be
shown that this predictor concept yields a predictor-aircraft system
requiring minimum pilot compensation and, thus, can substantially
contribute to the improvement of manual control performance.

Novel Guidance and Control Capabilities with
Perspective Predictor/Flight-Path Display
Perspective flight-path displays with a predictor provide novel
guidance information for the pilot. This is illustrated in Fig. 1,
which shows a perspective flight-path display presenting the com-
mand flight path in three-dimensionalform (tunnel) and a predictive
element (predictor) as well as other, integrated guidance elements.
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Fig.2 Model for dual-mode pilot-aircraft system.

A more detailed inspection of Fig. 1 shows that the predictor
indicates the future position of the aircraft at a specified time ahead
(predictiontime). The predictoris referenced to the command flight
path with the use of a specially marked cross-section frame of the
command flight path. This cross-section frame indicates the com-
mand position at the prediction time ahead. A deviation of the pre-
dictor from the center of the cross-section frame of the command
flight path providesthe pilot with a precise indication of the position
error at the prediction time ahead.

The three-dimensional visual information displayed to the pilot
enables him to apply novel control modes when compared with
cockpitinstrumentationpresenting two-dimensionalinformation of
the current aircraft state. Figure 2 shows a simplified model for
describing general pathways of the human controller operating on
visually sensed inputs and exerting manual control outputs. Differ-
ent control modes described in the following sections are possible.

Compensatory Control

The compensatory control mode is a closed-loop control for reg-
ulation tasks. The pilot, who primarily acts in response to errors or
vehicle output quantities Yp,, can exert continuous control over the
aircraft for minimizing system errors in the presence of command
and/or disturbance inputs. Compensatory control is applied when
system errors are the only source of information available.

For perspective flight-path displays with predictive capability,
the predictor shows the position of the aircraft at the prediction
time ahead. It indicates, with reference to the command flight-path,
the (future) position error. From a control point of view, the predic-
tive capability of a perspective flight-path display is, therefore, an
issue primarily related to compensatory control.

Pursuit/Preview Control

When command information and preview are available, the pilot
can use this preview to structure a control feedforward Y p; (Fig. 2).
The open-loop feedforward element permits the pilot to anticipate
the future flight-path. The pursuit/preview control mode often ap-
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pears in company with compensatory operations as a dual-mode
control forming a combination open-loop, closed-loop control ac-
tion. In this form, the control is initiated and can be largely accom-
plished by the feedforward control action and may be finished with
compensatory actions for error reduction.

With perspective flight-path displays, command information and
preview are available with the three-dimensional future trajectory
presented to the pilot as the command flight-path. From a control
point of view, the command flight-path presentation is, therefore,
anissuerelated to pursuit/preview control and, in combination with
the predictor, to compensatory control.

Summing up the modes possible with predictive flight-path dis-
plays, the control is either compensatory, pursuit/preview, or dual
mode. In dual-mode phases, the feedforward element operates on
inputs provided from the predictive flight-path display presenting
information about the current and future flight conditions, and the
closed-loop control element is a fine adjustment component for re-
ducing errors.

The focus of the paper is on compensatory control related to pre-
dictiveflight-pathdisplaysas animportantissue of thisnovel display
type. This is because the predictive capability of a perspective flight-
path display basically is a compensatory control issue. Although
predictor control originally concerns an error state in the future at
the predictiontime ahead, it will be shown that the predictor-related
compensatory control is also very efficient for minimizing the error
of the current state.

Pilot-Centered Requirements for Compensatory
Predictor Control

The compensatory control problem in mind, where the pilot con-
tinuously tries to minimize an error in a closed-loop manner, is
illustrated in Fig. 3, which shows a model for the pilot-predictor-
aircraft system. There are pilot-centered requirements that result
from the presence of the human operator in the control loop. They
concern the effort required by the pilot for performing the control
task. The objectiveis to achieve an overall predictive system requir-
ing minimum pilot compensation.

The following general form of the pilotdescribingfunctionmodel
holds for aircraftapplications,>!® including the compensatory con-
trol problem in mind:

Yp(s) = Kp[(Tys + 1)/ (Tys + 1)]e™™* 1)

where K p is a gain, T, and 7 are lead and lag time constants, and
7, is an effective time delay.

The pilot can set the parameters of Eq. (1) for a satisfactory
behavior of the controlled element (predictor-aircraft system) by
appropriateequalization selection and adjustment. For the compen-
satory control problem, equalization for minimum pilot effort and
best performanceis a primary goal. The corresponding selection of
the parameters of Eq. (1) is a basic issue for the synthesis of the
predictor.

Manual control theory and related experimental verification show
that the crossovermodel can be applied to pilot-aircraft systems for
a great variety of controlled elements and input commands.'**'® For
the controlledelementin mind, the predictor-aircraftsystem Y pg Y,
the crossover model form yields

YpYprYe = a)Ce_T”“'| s ?2)

This relation holds for the region centered around the crossover
frequency oc.

Perspective
Flightpath
Display with
Predictor Pilot Aircraft
ye e ePR 33 y
;- YPrR Yp Yc

Fig.3 Pilot-predictor-aircraft model for compensatory control.
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The pilot can adapt his characteristics described by Yp(s) to
compensate for a variety of dynamics of the controlled aircraft-
predictorelement, Y (s) and Y pg (), such that the crossover model
form Eq. (2) holds. This concerns possible dynamic deficiencies
for which the pilot may develop low-frequency lead or adjust his
gain. When a low-frequency lead is required, the associated cost
is increased pilot time delay, degraded system performance, and a
decrement in pilot ratings.

For achieving the best results in terms of performance and work-
load, a design requirement is that the predictive system should be
constructed to require no low-frequency lead equalization for the
pilot and to permit pilot loop closure over a wide range of gains.!’
This pilot-centered requirement can be met when the equalizations
and gains are selected so that the effective transfer characteristic of
the controlled element, the predictor-aircraft system Y pg(s)Yc(s),
approximates either a pure gain or a pure integration over an ad-
equately broad region centered around the pilot-predictor-aircraft
crossover, that is, for pure gain,

Ypr(s)Ye(s) = K (3a)

and for pure integration,

Ypr(s)Yc(s) =K/s (3b)

The pure gain case, however, may be not an appropriate solution.
This is because the dynamics of the aircraft between aileron and
predictor position cannot be made a gain without introducing char-
acteristics that may be undesirable or even unrealistic. It leads to a
higher-order predictor that requires roll rate feedback with a high
gain. This can yield the violation of a requirement for face validity,
according to which status information presented by the predictorin
the perspective flight-path display should correspond to the actual
situation.
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Fig.4 Lateraldisplacementof basic predictor with circular flight-path
continuation.
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Therefore, the integrator characteristicEq. (3b) is selected, which
is nearly as good as a pure gain with regard to pilot response and
performance. It is considered to have distinct advantages over the
pure gain case as a basis for the design of the flight-path predictor.

Equation (3b) describes desired dynamic characteristics of the
predictor-aircraft systemas the controlledelement. This can be used
askey requirementfor designingthe predictorto achieveappropriate
dynamic characteristics of the closed-loop pilot-predictor-aircraft
system.

For a predictor-aircraft system as described by Eq. (3b), it fol-
lows from Eq. (1) that the pilot behavior can be modeled as (with
oc =KK p)

Yp(s) =Kpe ™™ 4)

Further dynamic requirements that are significant for the closed-
loop characteristics concern system stability, response quality, and
system bandwidth. The closed-loop system should have an adequate
stability level, including good system damping. Response quality
refers to certain predictor/flight-pathresponse aspects that are con-
cerned with subjective pilot opinion of the system. It includes pre-
dictorresponse characteristics (consistency of predictor signal with
vehicle or control motions) and vehicle motion response charac-
teristics (modal interactionkeparation). Good command following
and disturbance regulation requires an adequate bandwidth of the
closed-loop system.

Summing up the foregoing considerations,the following dynamic
requirements are of concern: 1) predictor-aircraft transfer charac-
teristics in the frequency region of pilot-predictor-aircraft system
crossover, 2) system stability, 3) response quality, and 4) system
bandwidth.

This paperemphasizeslateral predictorcontroland related system
characteristics, but the procedure and considerations can also be
applied for the longitudinal motion.

Basic Predictor (Circular Flight-Path Continuation)

The purpose of flight-path prediction is to provide the pilot with
an indication of the future flight path. Prediction is based on an
estimated flight-path continuation for which different models of
various order are applied. A second-order model yielding a circu-
lar continuation of the flight path represents a promising predictor
concept.*~%10 From the relations in Fig. 4, which shows geometry
and kinematics for circular flight-path continuation, it follows that
the deviationof the predicted position from the command flight path
at the prediction time 7pg ahead may be expressed as

Ayme =Dy = yo + AxVIm + AzVI%l 2 (5)

The block diagram presented in Fig. 5 shows how the predicted
position displacement Aypr can be determined with relations of
the current aircraft state. With the use of these relations, the trans-
fer characteristics between the position error epp presented by the

PREDICTOR ! PILOT AIRCRAFT
Roll Path
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Fig.5 Block diagram for basic predictor with circular flight-path continuation.
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predictor symbol and the roll angle A¢ may be expressed after
Laplace transformation as

ern(s) (12} 2)5> + Tpps +1
PR =K

Ao(s) RS 52

(6)

where

epr(s) = KprAypr(s) M

The transfer function Eq. (6) describes the dynamic behavior of the
predictor. There are two factors, Tpr and K pg, that can be selected
for best equalization for the controlled aircraft-predictor element.

The dynamics of the aircraft can be described with the roll mode
characterized by its time constant T because it can be considered
to be the dominant root of the vehicle for the frequency region of
concern. Accordingly,

_AP(s) Ls,

Yo = 5,(s)  s(s + 1/ Tp) ®)

CombiningEqgs. (6) and (8) yieldsthe following expressionfor the
open-loop predictor-aircraft transfer function (effective predictorto
control response, without pilot):

ern(s) T3, 52+ (2 Tp)s + 2 12,

Yor¥e = -
PREC = S5y T mRERaTy (s + 1/ Tp)

The zeros of the numerator, which may be rewritten as
$2 + 2Wppaps + @by =52+ (2 Top)s +2 T2, (10)
are given by

Wpr = \/zl Tpx, Crr = 1| \/5 (11)

Compensatory Control (Basic Predictor)

The predictor-aircraft transfer characteristics that are of concern
for compensatory control are illustrated in Fig. 6, which presents a
system survey (with data of the aircraft used in the simulation ex-
periments described in a subsequent section). An asymptotic Bode
plotis used to address this issue. As a main result, Fig. 6 shows, in
accordance with Eq. (9), that there is a K /s characteristicin the fre-
quency region between wpg and 1/ Tk. This is the frequency region
where pilot-system crossoveris possible. From wpg = 1/2/ Tpg and
from Eq. (9), it follows as a general characteristicthat the K/ fre-
quency region is primarily determined by Tp; and Tk. The length
of the K/s frequency region decreases with a decrease of the dif-
ference between Tpr and T and vice versa. This is a basic result
according to which Tz may be selected with reference to the value
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Fig. 6 Bode plot for predictor-aircraft system (basic predictor with
circular flight-path prediction): , Tpr =5.0s,and - - -, Tpg =2.55s.
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of Ty to assure a K/s frequency region large enough. If, for exam-
ple, a Tpg valueis selected close to Tk, the resulting K /s frequency
region may be too small or not even achieved. In that case, the pilot
would have to develop a lead characteristic that would incur a cost
as described earlier.

With regard to the effect of aircraft dynamics, the roll mode time
constant Tk is of primary concern for the K/s frequency region.
The roll mode time constant is a primary flying qualities metric
for which an acceptable range is specified, including appropriate
limits.!7-18 This range and its limiting values, respectively, can be
used to provide an estimation for the predictiontime 7pg . A range of
0.3-1.0 s may be considered as realistic for 7 when taking related
flying qualities requirements into account.!”!8 If the objective is to
achieve a decade of K /s frequency region, a range of about 5-10 s
may be a reasonable choice for Tpr when also taking stability and
bandwidth issues, dealt with in a subsequent section, into account.

There is a further effect of the prediction time 7Tpr for compen-
satory control, in addition to the effect on the length of the K/s
frequency region. It concerns the pilot gain required for crossover
in the K/s frequency region. If Tpr is decreased, the pilot gain for
crossover has to be increased (and vice versa). This is because a
Tpr decrease leads to a prolongation of the K /s frequency region
until the increased wpy frequency value (wpg = +/2/ Tpg ) isreached
where the K /s region begins (Fig. 6). The prolongationof the K /s>
frequency region yields a downward shift of the amplitude values
in theK /s frequency region so that an increase of pilot gain for loop
closure is required.

This resultcan be confirmed by consideringthe conditionat pilot-
system crossover. Here, the following relation holds:

S2 + 2CPRCOPRS + CO?,R

=1
s3(Trs + 1)

p— * —TeS
|YpYpr¥Yels—ioe =|KpKie™

s =ioc

(12)

where K/ =—(g/2)KprLs, TﬁR Tx. For o > wpyg, it follows from
Eq. (12) that

|Kpl~ (1/K2)(ec/|iTroc + 11) (13)

Manual control theory shows that system crossover frequency
oc is invariant with controlled element gain.!* This means that for
the problem in mind, wc can be considered constant as regards a
change of Tpr (provided that the K/s frequency region remains
large enough). Thus, it follows from Eq. (13) that

Kl o1l T2, (14)

As aresult, there is an increase in pilot gain Kp with a decrease of
Tpg.

Stability, Response Quality, and Bandwidth
(Basic Predictor)

The stability characteristicsof the closed-loopsystem can be eval-
uated with the root locus technique yielding results of rather general
nature. Figure 7 presents the root locus of a pilot closure for the air-
craft used in the simulation experiments, where the pilot model,
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Fig.7 Rootlocus of closed-loop system with basic predictor [7, =0.3s,
pilot model Eq. (4) with 7, =0.25 s, Kpg =1.0]: , Tpg = 5.0 s, and
-——— TPR =10.0s.
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Eq. (4), valid for the K /s characteristic, is applied. Figure 7 shows
that there are basically two root locus branches. Correspondingly,
there are two closed-loop modes from which the lower frequency
mode is primarily related to path control whereas the other one con-
cerns attitude. Furthermore, Fig. 7 shows that system stability is
achieved above a certain pilot gain Kp_, . Figure 7 also indicates
that Kp_, is increased if a smaller Tpr value is selected.

Response quality is another issue. The root locus presented in
Fig. 7 shows that there are two modes of motion of which the one
at low frequency may be identified as a path mode and the other
as an attitude mode. The path and attitude modes that show rapid
and adequately damped response characteristics are well separated
in frequency, and there appears to be no coupling problem. From
the root locus characteristics it further follows that pilot loop clo-
sure does not drive the system modes into near proximity. Predictor
response quality refers to correspondence between the signal pre-
sented by the predictorpositionin the perspectiveflight-pathdisplay
and the vehicle or control motions. The predictor positionin relation
to the flight-path corresponds to the predicted displacement of the
position of the aircraft so that there is consistency with trajectory
deviation and aircraft heading.

A furtherissue is closed-loop system bandwidth. Good command
following and disturbance regulation require a large enough band-
width. From the root locus presentation of Fig. 7, it follows that
the frequency wpr of the numerator zeros of the predictor transfer
function, Egs. (9) and (11), is significant for the maximum achiev-
able closed-loop system bandwidth. Because wpg = /2/ Tpg, the
bandwidth is increased when a smaller Tpp is selected. As a con-
sequence, bandwidth is in conflict with predictor-aircraft transfer
characteristics and stability so that the selection of Tpgr involves
a tradeoff between them. However, a more detailed investigation
shows that some improvement is possible because there is a root
locus part where the closed-loop system frequencies are larger than

Predictor Extension: Roll Rate Feedback

An extension of the predictor concept is introduced that con-
cerns the upper part of the K/s frequency region when 1/ Ty is
approached. From the Bode plot in Fig. 6, it follows that there is
a K/s? characteristic for frequencies greater than 1/ Tk. For this
frequency region, there may be a need for the pilot to develop a
lead to cancel the effect of 1/ T for achievinga K /s characteristic.
Such a need is more pronounced with aircraft having a large roll
time constant T. If the addressed effect is significant enough, the
crossover frequency is reduced and the effective time delay of the
pilot is increased.!>!® As a consequence, a deterioration in perfor-
manceresults. A pilotlead can be avoided with a predictorextension
by introducing roll rate feedback for the predictor control law and
selecting an appropriate gain for this pathway.

With roll rate feedback K 4;([5, the displacement of the predicted
position from the command flight-path may be expressed as

Aypr = Ay — yi+ Ay Vo + AZVIZ) 24 Kyp  (15)
Accordingly, the predictor dynamics read

(K31 9)s> + (T2 2)? + Tpps +1
52

epr(s) _

Ag(s)

Ypr = PRE

(16)

With Eq. (8), the following relation for the predictor-aircrafttransfer
function results:

epr(S)

5,(8)

L [e72) 2K))]s? + (eToriKy)s + ¢/ K,
s3(s + 1/ Ty)

YprYe = = KpKyLs,

)

The purpose of roll rate feedback is to introduce an additional
open-loop zero spg and place it the close to roll mode root —1/ T
toachievethe cancellationeffectdescribed. Assuming 1/ T >> wpg,
the following relation between the zero introduced by roll rate

feedback spg and the two other path related zeros wpg and Cpg
holds:

|SPR| > wpg (18)

Based on this relation, a factorization of the transfer function nu-
merator Eq. (17) that may be rewritten as

(s — SPR)(SZ + 28prwprs + a)i,R) =53+ [gT§R| (2K¢)]s2
+(gTrr/ Ky)s + g/ Ky
yields the following approximate solutions
s~ =gl (2Ky), Con = Comy
(19)

@pr = PR,

where wpgr, = +/2/ Tpg and pg, = 1/ /2 denote the circular predic-
tor case, Egs. (10) and (11). Equation (19) shows that a desired value
of s pr can be achieved by selecting an appropriateroll rate feedback
gain K ; whereas wpr and {pg are approximatelyindependentof K .
For compensatory control, the main effect of roll rate feedback
concerns cancellationof the roll mode root —1/ T. For this purpose
(spr = —1/Tg), the roll rate feedback gain may be selected as

K; =~ (8/2)TkTpy (20)

With this gain selection, the following simple form of the predictor-
aircraft transfer function results from Eq. (17):

S2 + 2CPRCOPRS + CO?,R

~ *
YoeYe = K S

2n

This relation shows that the K /s frequency region extends to values
higher than 1/ Tk. Thus, the controlled predictor-aircraft element
is K /s-like for all practically interesting frequencies in the high-
frequency region. This is shown in Fig. 8, which presents the effect
of roll rate feedback on frequency response characteristics, with a
gain selection according to Eq. (20). From Fig. 8, it is evident that
the effectof roll rate feedbackis especially advantageousfor aircraft
with large roll mode time constant 7.

For the conditionat pilot-system crossover for the predictor with
roll rate feedback, the following relation holds:

2 2
. ST+ 28pr0prs + @ ‘
|YpYprYcls—io = | KpKie™™ R

=1

53 | )
s=ioc
(22)
For w¢ >> wpy, it follows from Eq. (22) that

The pilot-system crossover frequency . can be considered con-
stant and, thus, is invariant with K} =—(g/2)Kpz Ls, TﬁR Tk. This
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Fig.8 Effect of roll rate feedback on frequency response characteris-
tics of predictor-aircraft system: ——, roll rate feedback, and - - -, no
roll rate feedback.



resultimplies that oc is invariant with the open-loop roll time con-
stant 7. Furthermore, there is an increase of K » with a decrease of
Tpr (as it holds for the basic predictor):

1Kl o1l T2, (24)

The predictorextension introducedin this paper is a new concept
element for the design of predictors. This is because it is based
on control systems considerations (appropriately combined with
geometry/kinematics considerations). The primary objective of the
new concept element is to improve the characteristicsof the closed-
loop pilot-predictor-aircraftsystemby applyingappropriatecontrol
techniques means.

Stability, Response Quality, and Bandwidth
(Predictor Extension)

The stability characteristics of the closed-loop system with the
predictor extension (using aircraft data of the simulation experi-
ments) are graphicallyillustratedin Fig. 9. The low-frequencyroots
denote the path mode that is similar to the basic predictor case.
Thus, the positive characteristics of the closed-loop path mode ex-
isting with the basic predictor are retained. The high-frequencyroot
concerns the attitude mode. The attitude mode is now an aperiodic
mode of motion instead of an oscillatory one (as in the basic pre-
dictor case). This is a difference between the two predictor types.
Furthermore, there is an improvement of system stability due to
the increase in the phase at frequencies around 1/ 7k and above
(Fig. 8). This stability improvement is especially advantageous for
aircraft with large roll mode time constant Tx. There is a fourth
high-frequencyroot that is basically canceled by s pg in its dynamic
effects.

Furthermore, Fig. 9 shows that system stability is achieved above
a certain pilot gain Kp_, . It also indicates that there is a significant
effect of the prediction time Tpg on K p_, . This basic result can be
confirmed with an analytical solution obtained from evaluating the
stability conditions of the closed-loop system. For this evaluation,
a pure-gain pilot model is applied (Y» = K p, without time delay)
thatis approximatelyapplicablebecauseof 7, < 1 for loop closure
with Kp =K p . where @ = @y, is the stability boundary frequency
related to K p_, . The following analytical solution holds:

Kpy =~ =2 (L5 K prTrTpy) (25)

This expression shows that the Ty effect is rather strong (propor-
tional to 1/ T3, ), yielding a significant and monotonic decrease of
Kp,, when a larger Tpy is selected. Furthermore, there is also an
effect of the roll mode time constant according to which Kp ., de-
creases with an increase of Tj.

The stability condition evaluation also yields a solution for the
closed-loopfrequencyat the stabilityboundarythatcanbe expressed
as

Wsiap = WpR (26)

A further issue is response quality, flying qualities characteris-
tics, and bandwidth. Here again, the positive response quality char-
acteristics existent with the basic predictor are retained (frequency
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separation, correspondencebetween predictor position and vehicle
motion, etc.). Furthermore, there is also an improvement. This con-
cerns the mode characteristics determined by the high-frequency
roots that are primarily related to roll attitude behavior. As shown in
Fig. 9, rollrate feedback introduces an aperiodic motion type for the
attitude mode. The aperiodicroll attitude behavioris an aircraft mo-
tion response characteristic that is more familiar to the pilot than an
oscillatory one that would result in the basic predictor case (Fig. 7).
Thus, there is an improvement with respect to the response in roll
rate and attitude. System bandwidth shows similar properties as in
the basic predictor case according to which the numerator zero fre-
quency wpg has a significant effect. Some improvementis possible
because the stable part of the path mode root locus has frequencies
that are larger than wpg. This follows from the characteristics of
the root locus shown in Fig. 9 together with Eq. (26), according to
which @ > wpp for @ > @y

Summing up the foregoing considerations,roll rate feedback pri-
marily concerns the high-frequency region and yields the intended
improvements for flight-path control with minimum pilot compen-
sation and for system stability. The positive low-frequency charac-
teristics as they exist with the basic predictor are retained.

Experimental Evaluation

A test program consisting of pilot-in-the-loop simulation experi-
ments was set up to verify the conceptual and theoretical issues. A
fixed-base simulator equipped with a perspective flight-path display
with a predictor was used. The layout of the predictive flight-path
display (with tunnel and predictor as main elements) developed for
the experimental program corresponds to the configuration shown
in Fig. 1. The nonlinear six-degree-of-freedomaircraft model used
in the pilot-in-the-loop simulation experiments can be regarded as
representative of small, twin jet engine aircraft. The simulated air-
craft has very good dynamics characteristics and flying qualities
so that there are no objectionable effects with regard to the flight
tasks performed in the simulation experiments related to flight-path
prediction. Five pilots with different professionalbackgrounds (air-
line pilots, private pilot, student pilot) took part in the simulation
experiments where they performed several runs for each flight task.
The flight tasks consisted of landing approaches, the ground tracks
of which are shown in Fig. 10. Different trajectory profiles were
applied to avoid familiarization of the pilots with a fixed trajectory.

A basic issue of the experimental verification is the prediction
time Tpg, which is a factor of primary concern. This is because it
determines the K/s frequency region (together with Ty ) and, thus,
has a substantial effect on compensatory control characteristicsand
on related pilot performance. Results of the simulation experiments
for the control of the predictor position are presented in Fig. 11
(box plot technique, 95% confidence interval) for different predic-
tion times Tpg. As a basic result, the predictor position is effec-
tively controlled by the pilot, with rather small deviations from the
command flight-path. Furthermore, the prediction time Tp; has a
significant effect on the predictor position deviations as controlled
by the pilot, with a decrease of the errors when Tpy is decreased
and vice versa. Results for the correspondingcontrol activity of the
pilot are presented in Fig. 12, which shows the aileron deflections
for minimizing the deviations of the predictor position. Here again,
the effect of Tpy is significant, yielding an increase of control ac-
tivity as Tpg is decreased. Comparing the characteristics of control
activity and predictor position deviation, it turns out that there is an
opposite tendency as regards the effect of the prediction time 7'pg.

The significant effects of prediction time Tpg on predictor po-
sition error and control activity can be explained with pilot loop
closure behavior. According to Eq. (23), a decrease in prediction
time Tpp requires an increase in pilot gain for achieving loop clo-
sure in the K/s frequency region. As a consequence, the error of
the closed-loop system is decreased. The physical reason underly-
ing this phenomenon is that the pilot can suppress excursions more
effectively when he can increase his control activity, provided there
is an increase of the overall pilot-predictor-aircraft gain.

Further insight into pilot closure characteristics is provided by
Fig. 13, which presents frequency response characteristics and
pilot-system crossover estimated from the simulation experiments.
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Basically, Fig. 13 shows that pilot-system crossover is in the K/s
region and has a large phase margin. Furthermore, the characteristics
presentedin Fig. 13 can also be used to support the precedinginter-
pretation of the effect of the predictiontime Tpg. A decrease of Tpg
wouldyielda change of wpy to higher frequencies(wpgr = +/2/ Tpg)
so that, in turn, a downward shift of the Bode amplitude of the K /s
frequency region results. As a consequence, pilot-system crossover
requires an increase in pilot gain (with crossover frequency consid-
ered constant).

Another subject of the pilot-in-the-loop simulation program was
to show the advantages of roll rate feedback (K”S) by dedicated
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Fig. 13 Frequency response characteristics of predictor-aircraft sys-

tem and pilot gain from simulation experiments (Tpg = 5.0 s, Kpg =
1.0).

experiments. Results are presented in Figs. 14 and 15, which show
predictor position deviations and related control activity where a
predictor with roll rate feedback is considered in comparison to its
counterpart without roll rate feedback.

For the predictor without roll rate feedback, there is a significant
increase in predictor position deviations when the open-loop roll
time constant 7 is increased (Fig. 14). A similar effectholds for the
control activity of the pilot (Fig. 15). These results can be explained
with pilotloop closure behavior. Basically, an increaseof Tk reduces
the length of the K /s frequency region so that the K/s? frequency
region begins at a lower frequency. If this effect is large enough,
the pilot may have to develop a lead to achieve a K/s characteristic
of the pilot-predictor-aircraft system for crossover. Manual control
theory!>:!® shows that, for such a case, the crossover frequency is
reduced and the effective time delay of the pilot is increased. As a
consequence, a deterioration in performance results. Furthermore,
closed-loop stability may be reduced due to phase margin decrease
(predictor-aircraft system) and effective time delay increase. In ad-
dition, results from pilot questioning after the simulation runs show
that the increase of the open-loop roll time constant T causes a
rating decrement.

Introduction of roll rate feedback yields a substantial improve-
ment. This is illustrated in Figs. 14 and 15, which show that there
are several effects. Basically, the predictor position deviations and
control activity are significantly reduced when compared to the pre-
dictor case without roll rate feedback. Furthermore, the values for
the predictor with roll rate feedback in Figs. 14 and 15 stay at a
constant level, which indicates that there is no or only a minor in-
fluence of the open-loop roll time constant 7. This even holds for
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the configuration with the largest open-loop roll time constant con-
sidered (T =1.8 s), which would exceed limits of flying qualities
requirements.'”"!8 As a result, roll rate feedback yields a compensa-
tion of detrimental effects due to large open-looproll time constants
andsubstantiallyimprovesthe compensatorycontrolcharacteristics.

Control of Current State with Predictor

The predictor is originally concerned with the future state of the
aircraftat the predictiontime ahead, y(¢ + Tpg). Itisalso an efficient
means for controlling the current state y(¢), which is the ultimate
goal of the compensatory control effort of the pilot.

For future state control, the controlled quantity is the position
y(t + Tpg), the deviationsof which are to be minimized. With regard
to current state control, the controlled quantity is not the position
alone but a mixture of quantities including azimuth angle, azimuth
rate, and roll rate. Concerning this controlled quantity, the related
error denoted by e (1) can be expressed in the following form
(according to the pathways of the block diagram shown in Fig. 5):

emi (1) = Ay(1) = y2(1) + K, Ax(t) + K, Aj () + Ky (1)

= Ay(t + Tpr) = Aypg 27
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where

K, = VT, K, =vi%] 2 (28)
are gains that, from the standpoint of current state control, have no
physical meaning.

Because enix = Aypg, the results described in the preceding sec-
tions about efficient predictor control Aypy also hold for e, .

An efficient ey, control also supports an efficient Ay control
because of the following reasons:

1) Feedback of y and y with gains K, and K, were originally
introducedfor geometry/kinematicsreasons to describe the continu-
ation of the flight-path (K, =V Tpg, K, =V T32,/2). Froma control
systems standpoint, ¥y and y feedbackyields good dynamic charac-
teristics (damping, frequency). This effectof y and y feedbackalso
holds for the control of the current state. Similar arguments with
regard to compensatory control apply for ¢ feedback.

2) With reference to Egs. (16) and (20) and to Ay(s) =
gA¢(s)/s?, the relation between the current position error Ay(s)
and the future position error (predictor error) Aypg(s) can be ex-
pressed as

Ay(s) 1
Aypr(s) — (Tgs + D[(s/ 0pr)> + 28prs/ opr + 1]

(29)
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According to Egs. (11) and (19), the damping is {pr = 1/ /2. For
this value, it follows from Eq. (29) for the frequency response char-
acteristics that

Ay(s)

=<
Aypr()|, _.0

1 (30)

As a result, the current position error is basically smaller than the
future position error (predictor error). Moreover, Eq. (29) shows
that the reduction of Ay relative to Aypg is very significant for
frequencieslarger than wpg. Thereis a decrease of 40 dB per decade
for wpr < @< 1/ Tk and even 60 dB per decade beyond 1/ Tk.

3) Furthermore, both errors approach zero in steady-state refer-
ence conditions. This is because, from Eq. (29),

Ay(s)
—_— = (31)
Aypr($)|,_,

As a result, the current position error becomes zero when
the predictor reaches its steady-state reference position, that is,
Ay =Apr =0.

The preceding considerations are confirmed with results of the
pilot-in-the-loop simulation experiments. Figures 16 and 17 show
experimental results for control of the current position Ay (for the
same simulator experiments as consideredin the preceding section).
From the results presented in Figs. 16 and 17, it basically follows
thatthe currentstate is effectively controlled. Furthermore, compar-
ison with Figs. 11 and 14 shows that the deviations of the current
position are even smaller than those of the predictor position. Here
again (Fig. 17), roll rate feedback is an efficient means for improv-
ing control that shows a particular advantage for large roll time
constants.

Conclusions

An aircraftposition predictorbased on geometry/kinematicsrela-
tions (model for flight-path continuation) is considered, and a new
conceptual predictor extension based on manual control issues is
introduced for enhancing the novel guidance and control capabili-
ties possible with perspective flight-path displays. It is shown that
the conceptual predictor extension proposed in this paper is an im-
provement for satisfying pilot-centered requirements for achieving
the best performancein compensatory control. This concernsa K/
predictor-aircraft characteristicin an adequately broad region cen-
tered around pilot-predictor-aircraft system crossover as well as
system stability, response quality, and system bandwidth. It is fur-
ther shown that the predictor is an efficient means for controlling
the flight path not only at the predictiontime in the future but also at
the currenttime. Results of pilot-in-the-loopsimulationexperiments
are presented for verification of these issues.
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