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Predictor/Flight-Path Display for Manual
Longitudinal Control Improvement

G. Sachs* and K. Dobler"
Technical University of Munich, 85747 Garching, Germany

A predictor can substantially enhance the guidance and control capabilities possible with a perspective flight-
path display. A new predictor concept based on manual control theory and related pilot-centered requirements is
introduced for the longitudinal motion to achieve best performance for manual control of the predictor-aircraft
system. Key predictor factors are identified and optimized. The new predictor concept requires minimum com-
pensatory effort by the pilot and features insensitivity to turbulence. It also provides a high degree of face validity
for displaying guidance information in a descriptive and three-dimensional format. The conceptual and theoretic
control findings are verified with pilot-in-the-loop simulation experiments.

Nomenclature
epr = predictor position error
g = acceleration caused by gravity
h = altitude
K = gain
M = pitching moment
q = pitchrate
s = Laplace operator
T = time constant
Tpr = predictiontime
t = time
Vv = speed
Y(s) = transferfunction
z = vertical force
y = flight-path angle
A = perturbation,e.g., Ah
3, = pitch control deflection
¢ = damping ratio
7, = effective time delay
w = frequency

Introduction

PERSPECTIVE flight-path display with a predictor is a

promising new concept for an advanced cockpit instrumenta-
tion. It has potential for a substantial enhancementin the guidance
and control of aircraft. This is because a perspective flight-path dis-
play with a predictor provides the pilot with visual information of
the command flight path and the future position of the aircraft in
a three-dimensional format. By contrast, current instrumentation
merely yields a planar picture basically related to the current state
of the aircraft. A mental effort is required by the pilot to reconstruct
the spatial and temporal situation.

Recent developments in the field of perspective flight-path dis-
plays have led to significant progress, which is documented in the-
oretical and experimental investigations (Refs. 1-15). The experi-
mentalinvestigationsincludeboth simulationexperimentsand flight
tests. In a dedicated flight-test series the first landing of an aircraft
with a pictorial display presenting three-dimensional guidance in-
formation (Computer Generated Synthetic Vision) as the only visual
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information for the pilot was achieved.'>'* The results attained with
perspective flight-path displays show that significant improvements
in guidance and control are possible.

In the research thus far emphasis was placed on the lateral motion
of aircraft and corresponding guidance and control issues of pre-
dictive displays, which have been treated in great detail !:3=7-10-14.15
The advantageof a predictor for lateral control was demonstratedby
theoretical investigations and experimental evaluations with pilot-
in-the-loopsimulationsand flight tests. Research subjects for lateral
predictor control include various predictor laws, simple or complex
predictorinformation, pilot-vehiclestability analysis, and improved
reference guidance information.3~7 With regard to predictive infor-
mation, Ref. 16 is of interest because it presents a predictor the
dynamics of which are designed to yield desirable transfer char-
acteristics for longitudinaland lateral control. Furthermore, manual
controltheoryisused toimprove control performanceand to achieve
lateral predictor-aircraftsystem characteristics requiring minimum
pilot compensation '3

In contrast to the detailed treatment of lateral control, less at-
tention has been directed to the specific problems of longitudinal
control and the related potential of perspective flight-path displays
with predictor. A recommendationis expressedin Ref. 4 for devel-
oping improvements, enabling a more accurate vertical path-angle
control. Furthermore, turbulence sensitivity appears to be an issue
for longitudinal predictors (as opposed to lateral predictors).

The purpose of this paper is to show that perspective flight-
path/predictor displays offer a significant improvement for manual
longitudinal control. For achieving this goal, manual control the-
ory is used, and appropriate pilot-centered requirements are speci-
fied. It will be shown that longitudinal control poses unique predic-
tor problems that substantially differ from those of lateral control.
These problems concern the dynamic characteristics of the con-
trolled predictor-aircraft element from the standpoint of manual
control. Another problem is the possible sensitivity of the longi-
tudinal predictor-aircraft system to turbulence. For the addressed
problems solutions will be presented.

Pilot-Centered Requirements for
Compensatory Predictor Control
A perspective flight-path display with a predictor provides the
pilot with information about the future position of the aircraft and
the command trajectory in a three-dimensional format (Fig. 1). The
predictor shows the future position at the prediction time ahead,
and the command flight path is presented in the form of a tunnel.
The predictor provides a precise indication of the position error if
referenced to the corresponding cross section of the tunnel. This
cross section, which shows the command position at the prediction
time ahead, is indicated by a special marking.
When the pilot acts in response to the error of the predictor po-
sition, he operates in a compensatory control mode. This is a main
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Fig.1 Predictive flight-path display with three-dimensional flight-path
presentation.

control possibility offered by the predictor of the perspective flight-
path display. Accordingly, compensatory control of the predictor-
aircraft system by the pilot is the subject of this paper. Though
predictor control originally concerns an error state in the future at
the prediction time ahead, it will be shown that compensatory con-
trol related to the predictoris also very efficient for minimizing the
error of the current state.

Compensatory control of the predictor-aircraftsystem by the pilot
is an issue of manual control, where the pilot operates on visually
sensed inputs and exerts manual control outputs. Manual control
theory shows that there are pilot-centeredrequirementsforachieving
best results in terms of performance and workload by the pilot.
Based on these requirements, a proper design of the predictor can
be achieved.

A primary goal is a predictor design that requires minimum com-
pensatory effort by the pilot and provides maximum system per-
formance. From manual control theory it is known which dynamic
properties the controlled element should have for achieving this
goal.'”!8 This can be summarized as a design requirement for con-
structing the controlled element to yield the following properties:
1) no low-frequency lead equalization required for the pilot and
2) pilot loop closure possible over a wide range of gains. These
results can be achieved when the controlled element, which is the
predictor-aircraft system Ypg ()Y (s), approximates either a pure
gain or a pure integration over an adequately broad region centered
around pilot-predictor-aircrdt crossover, that is,

Pure gain:

Ypr(s)Yc(s) = K 1
Pure integration:
Yer(8)Yc(s) = K/s 2)

The integration characteristic K /s is nearly as good as a pure gain
K with regard to pilot response and performance. It has distinct ad-
vantages over the pure gain as a basis for the design of the predictor.
This will be shown in subsequent sections.

There are further dynamic requirements that are of concern for
the pilot-predictor-aircraf system: 1) system stability, 2) response
quality, 3) turbulence sensitivity, and 4) face validity.

Basic Predictor (Circular Flight-Path Continuation)

A predictorindicates the future position of the aircraft at the pre-
diction time ahead (Fig. 1). The predicted positionis based on an es-
timation of the future flight path on which the aircraft would proceed
(as opposed to the command flight path). There are various mod-
els for flight-pathestimation in use, relying on geometric/kinematic
relations of different order. A promising model used in recent re-
search is referenced to a circular continuation of the current flight
path.!:3=810.1415 Geometric and kinematic relationshipsof a circular
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Fig.2 Displacement of basic predictor (circular flight-path continua-
tion).

flight-path continuation are shown in Fig. 2. Accordingly, the dis-
placement of the predicted position from the command flight path
atthe predictiontime Tpr ahead can be described with the following
relation:

Ahpr = Ah — b + VT Ay + V(T [2) Ay 3)

The displacement of the predicted position can be determined with
quantities of the current aircraft motion (Fig. 3). Accordingly, the
following relation holds for the displacement Ahpy referenced to
flight-path angle rate after Laplace transformation:

Ahpr(s) = V(TR /2 + Tor /s + 1/52) Ay (s) @)

The displacement Ahpy is indicated by the predictor symbol in
the perspective flight-path display as an error epr (Fig. 3):

epr () = Kpgr Alpr(s) %)

Combining Eqgs. (4) and (5) yields the transfer function between
the flight-path angle rate and the error presented by the predictor
symbol:

epr(S) — KooV (TPZR/Z)S2 + Ters + 1
ApGs) " 52

6)

(YPR)circular =

This transfer function describes the dynamic characteristics of the
predictor with a circular flight-path continuation. There are two
factors Tpr and Kpr that can be selected for best equalization for
the controlled aircraft-predictorelement.

The effect of the prediction time Tpr manifests in the numerator
of the predictor transfer function Eq. (6) and related zeros. Because
the zeros are generally complex, the numerator can be rewritten as

5%+ 2prwprs + oy = 57+ 2/ Tor)s +2 /T (7
where the following solution holds:

WpR = “/E/TPR, PR = 1/“/5 (8)

With regard to aircraft dynamics, the short-termresponse behav-
ior is of concern because it is most significant for the frequency
region in mind. It is characterized by the short period mode and its
frequency and damping wsp and ¢sp. The following relation holds
for the frequencyregion of concern (i.e., for pilot system crossover):

Z M, [V

52 4+ 2spwses + wip

_Ap(s)
CS(s)

Ye ©)
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Fig. 3 Block diagram for basic predictor.
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Fig.4 Asymptotic Bode plot for predictor-aircraft system (basic pre-
dictor with circular flight-path continuation).

With Egs. (6) and (9) the open-loop transfer function of the con-
trolled element reads (effective predictor to longitudinal control re-
sponse, without pilot)

ePR(s) — _KPRZ 1‘4(S TL?R SZ + 2§PRwPRs + 6()IZ’R (10)
SE(S) circular ©2 SZ(SZ + 2§SPwSPs + wéP)

This transfer function describes the dynamic behavior of the
predictor-aircraftsystem, where a predictor with circular flight-path
continuationis used. Itscharacteristicsareillustratedin Fig. 4, which
shows a generic Bode plot of the open-loop predictor-aircraftsys-
tem. The frequencyregion of primary concernis the region between
wpr = +/(2)/ Ter and wsp because it can be regarded as the region
where pilot system crossover occurs. Figure 4 shows that there is
K characteristicin this frequency region. Thus, it can be regarded
as a predictor candidate from the standpoint of controlled element
transfer characteristics.

However, there are other properties of the basic predictor with
circular flight-path continuation, which appear to be inadequate.

One issue is closed-loop stability. There can be a significant re-
duction in damping and frequency of attitude mode characteristics.
An advantagein this respectcan be achieved with another predictor
concept considered in the following section.

A further issue is turbulence sensitivity. The basic predictor with
circular flight-path continuation shows a rather great sensitivity to
turbulence. This is illustratedin Fig. 5, which presents the response
of the basic predictor to turbulence without a controlling action by
the pilot (Dryden model with rms intensity of 4.7 ft/s for vertical
and 4.85 ft/s for longitudinal gusts, according to Refs. 19 and 20,
aircraftdynamics describedin the following section). The results of
Fig. 5 suggest that the degree of predictor motion that is excited by
turbulenceis rather high. The reason why the turbulence effect is so
strong is because of the high gain V T}, /2 in the y pathway (Fig. 3).

Experience and results from simulation experiments support the
preceding conclusion according to which such a high degree of

Predictor Excitation [m]

1 3 5
Time [s]

Fig. 5 Excitation of predictor position caused by turbulence (basic
predictor with circular flight-path continuation).

predictormotion excitationis very disturbing. Therefore, avoidance
of the detrimental turbulence effects is a further objective.

Extended Predictor Concept

In this section a new predictor concept is introduced, which is
capable of achieving the design goals just described. Emphasis is
placed on two requirements: 1) to provide a transfer characteristic
for minimum pilot compensation K or K /s, over an adequately
broad region centered around pilot-predictor-aircraf crossover;and
2) to avoid detrimental turbulence effects.

Transfer Characteristic for Minimum Pilot Compensation

The preceding objectives can be achieved when the y feedback
is replaced by a g feedback, as shown in Fig. 6, and by selecting an
appropriate gain for this pathway. With reference to the pathways
in the block diagram of Fig. 6, the predictor position error can be
expressed as

Ters +V

K \%4
—Ag(s) + s—zAﬂs)} (1n

epr(s) = Kpr [m
w

Applying the relation between Ag(s) and Ay (s) for pitch control
inputs
Aq($)/Ay(s) =1—=(V/Zy)s =14 Tps (12)

the following form for the predictor transfer function results from
Eq. (11):

evr(s) [(1+ Tos) /(1 + Tys)| K, + Virs + V
YPR = B = PR )
Ay (s) s
(13)
For Ty, the following relation is selected:
Ty =T, (14)
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Using this relation, Eq. (14) can be rewritten as K/s?
X &r| ¢
K,/V T 1 K/
PR:M: PRV( o/ Vs ‘ZF PRS T+ (15) 3, dB / S Crossover
Ay(s) s | Gain
. . . Krs”
Equation (15) shows that proper selection of Tpg and K, can yield J
the desired K /s frequency characteristics:
1) Ter, which describes the prediction time span, can be used for A 1O
determining the lower end of the K /s frequency region. T, T,
2) K, canbe used for determining the upperend of K /s frequency
region, such that a numerator zero is placed close to the short period @ ST
frequency wsp. -180°
These goals can be achieved if the numerator of the predictor
transfer function, Eq. (15), has real zeros (instead of complex zeros Region of Stable
as with the basic predictor). Thus, the numerator can be rewritten as Closures

s+ Tor(V/K)s + V/K, = (s +1/T)(s +1/T») (16)

The zeros, which are ad separated in frequency for achieving the
purpose in mind, that is,

T, <T,
can be approximated by
T, ~ Tpx (17a)
T, ~ K, /V T (17b)

With Egs. (15) and (16) the open-loop transfer function of the
controlled predictor-aircraftelement can be expressed as

epr(S) _ _KPRZaMSeKq +1/T)s+1/Ty)
3.(s) 14 sz(s2 + 2¢spwsps + a)ép)

(18)

Resulting predictor-aircrafttransfer characteristicsare illustratedin
Fig.7, whichshows thatthereisa K /s characteristicin the frequency
region between 1/T; and 1/7,. By proper selection of Tpg and K,
accordingto Eqgs. (17a) and (17b), it is possible to place 1/7; close
to wsp. Thus, a K /s characteristic can be generated that practically
extends from 1/7; to wsp. This is the frequency region where pilot
system crossover is possible. A K /s frequency region of sufficient
length can be achieved by proper selection of 7 in relation to wsp,
thus determining Tpg (because Tpr = T)).

Placing 1/7, close to wsp yields the following relation for the
gain in the g pathway:

K, ~ VT /wsp (19)

Fig.7 Asymptotic Bode plot for predictor-aircraft system for extended
predictor.

Avoidance of Detrimental Turbulence Effects

Turbulenceeffects are substantiallyreduced when compared with
the basic predictor. This is because the gain K, in the g pathway,
which can be considered the most susceptible one out of the path-
ways used for the predictor law (Fig. 6), is significantly decreased.
As a measure for the reduction of the turbulence effects, the ratio
of the gains in the g and y pathways of the new predictor and the
basic predictor concepts (Figs. 3 and 6) may be used:

Kq/K;; :2/a)5prR (20)

where K, is given by Eq. (19). For typical valuessuch as Tpg =5 s
and wgp > 2 rad/s, this ratio is

K,/K; <02

There is a further effect contributing to a reduction of the detri-
mental turbulence effects. It concerns the element 1/(1 + Ty s) in
the ¢ pathway (Fig. 6). With Ty, =T, according to Eq. (15), the
denominatorterm is given by 1 + 7}, s. This term becomes effective
in the frequency range w > 1/Tj,.

The effectiveness of extended predictor concept for avoiding
detrimental turbulence effects is illustrated in Fig. 8. Comparison
with Fig. 5, where the same turbulence characteristics are consid-
ered for the basic predictor, reveals that the new predictor approach
yields a superior solution, which shows practically no turbulence
excitation. This result is confirmed by results from simulation ex-
periments where the pilots noted no objectionableturbulenceeffects
with the extended predictor concept (as opposed to the basic pre-
dictor with circular flight-path continuation).
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Fig. 8 Excitation of predictor position caused by trubulence for ex-
tended predictor concept.

Remarks for the Extended Predictor Concept

With regard to the new predictor conceptintroduced in this sec-
tion, three further aspects can be considered:

1) Noncircular fligh-path continuation: From a geometry/
kinematics standpoint the predictor with ¢ feedback shows a non-
circular flight-path continuation. This is because flight-path angle
rate y is replacedby pitch-anglerate g. Furthermore, the g feedback
gain K, & V Tpr /wsp is smaller than the y feedback gain of the basic
predictor K; = VT /2. As a consequence, the noncircular flight-
path continuationdiffers from the circular one, showing a decreased
contributionof flight-path curvature (or centripetal acceleration, re-
spectively).

2) Face validity: Face validity concerns the correspondence be-
tween status information presented by the predictor in the perspec-
tive flight-path display and the actual situation. If there is a clear
correspondence,the status information has a high degree of face va-
lidity. In this respect the predictor function is to indicate the future
positionof the aircraftat the predictiontime ahead. The face-validity
issue is considered important because the predictoris an element of
a perspective flight-path display, which presents guidance informa-
tion to the pilot in a descriptive and three-dimensional format.

Indication of the future position can be provided with different
predictor models as long as the models provide a realistic esti-
mation of the continuation of the flight path. The predictor with
q feedback represents a predictor model that has geometric/
kinematicrelationships which differ from the basic predictor model
with circular flight-path continuation, showing a reduced contribu-
tion of flight-path curvature. This contributionis determined on the
assumption that flight-path curvature is constant throughout the en-
tire prediction time span Tpr. Because there are prediction times in
the order of Tpr =5 s, a constant curvature (or constant centripetal
acceleration, respectively) may not be the case. This particularly
holds for short correcting control actions of the pilot for error re-
duction. As a consequence, there is an overestimation of the contri-
bution of flight-path curvature if its gain is too high. A reductionin
the weighting of flight-path curvature contribution can contribute to
realistically estimating the position of the predictor. Thus, the pre-
dictor with ¢ feedback can be considered a predictor model yield-
ing correspondencebetween displayedstatusinformationand actual
situation.

The suitability of the predictor with g feedback as a realistic pre-
dictor model with a high degree of face validity is supported by
the results and the experience gained in the simulation experiments.
There are no objectionable comments of the pilots from the simu-
lation test runs.

3) Use of pitchrate g: Sensors for measuring pitch rate are simple
and robust. This can be considered an advantage in terms of sensor
system reliability and avoidance of complexity.

Stability and Response Quality

With the root-locus technique results of general nature can be ob-
tained for closed-loopstability of the pilot-predictor-aircrat system.
Results are presented in Fig. 9.

The open-loop pole/zero configuration of the predictor-aircraft
system, which is significant for loop closure, has two zeros and

24r
Closed-Loop [1/s]
Attitude Mode 2.0+
N
161
12+
Closed-Loop
Path Mode N 0.8F

770 04 o8
L s [1s]

\;C: L "
-24 /20 -16 -12 -08

'1/T2 '1/T1

Fig.9 Root locus of closed-loop system (extended predictor concept):
1/T, =wgp; pliot model Eq. (21) with 7, = 0.25 s; L, pilot gain from
simulation experiments; ——, Tpgr =5.0s; ----, Tpr =2.5s.

poles of the predictor [Egs. (13-14)] and two poles of the aircraft
[Eq. (®)].

For the pilot the following model is used, which is valid for sys-
tems described by a K /s characteristicin the frequency region cen-
tered around pilot system crossover frequency' %

Yp(s) = Kpe™ ™ 2n

Figure 9 shows that there are two root-locus branches, one of
which emerges from the short period poles (closed-loop attitude
mode) and the other from the origin (closed-loop path mode). From
the characteristics of the root-locus, it follows that the path mode is
basically stable. Its damping and frequency profit from loop closure.
The attitude mode, on the other hand, shows a destabilization. For
the pilot gain at crossover, the closed-loop system is stable.

The described results about system stability are supported by the
following approximations for the closed-loop roots, which hold for
the pilot gain at crossover:

Path mode:

w. x| wc/Ter L wc /2 22)
P 1+ wc/wsp’ PUP T+ wc/osp

Attitude mode:

Wl A o |: 1+ wc 2¢spwc i|
X ws == />
SF ' wsp 1+ wc/wsp

Lepap A Lspwsp — Lpp (23)

Figure 9 also providesaninsightintoresponsequality characteris-
tics. The low-frequencymode representsa path mode, the properties
of which are significant for flight-path control. The high-frequency
mode describes the attitude behavior. For pilot loop-closure gain
both modes show rapid and adequately damped response character-
istics and are well separated in frequency. Furthermore, it follows
from the root-locus characteristics (open-loop pole/zero configura-
tion) that pilot loop closure does not drive the system modes into
near proximity.

Experimental Verification

Experimental verification of the preceding issues was achieved
with simulation experiments. For the simulation-test runs a fixed
base simulator was used. It features a perspective flight-path display
with predictoras showninFig. 1. A nonlinearsix-degree-of-freedom
aircraft model representative of small, twin jet-engine aircraft was
used to simulate aircraft dynamics characteristics. The tasks of the
pilots was to follow precisely a flight path consisting of alternating
descending and ascending segments (Fig. 10). The sequence of the
alternating flight-path segments was changed to avoid familiariza-
tion of the pilots with a fixed trajectory. Five pilots with a different
professional background (four airline pilots and a flight instructor
for motor gliders) took part in the simulation-test program.
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Fig. 11 Deviation of predictor position (extended predictor concept).
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Fig.12 Pilot control activity (extended predictor concept).

The prediction time Tpg, which has been found to be a primary
factor for predictor design, has a significant effect on control per-
formance. Results of the simulation experiments for compensatory
control of the predictor position are presented in Fig. 11 (box plot
technique, 95% confidence interval). This figure shows as a basic
resultthat the predictorpositionis effectively controlled by the pilot.
The deviations of the predictor position from the command flight
path are rather small. Pilots ratings are very favorable and support-
ing the perspective flight-path predictor as an efficient means for
improving aircraft guidance and control. Further, Fig. 11 shows that
the effect of the prediction time Tpr manifests in an increase of the
deviations when Tpyg is increased.

Results on control activity of the pilot are presented in Fig. 12.
There is again a strong effect of the prediction time 7pg, Which now
leads to a decrease of the control activity with an increase of Tpg
and vice versa.

The results presentedin Figs. 11 and 12 concerningthe effects of
Ter can be explained with pilot loop-closure behavior. The reason
underlying these effects is graphically illustrated in Fig. 13, which
schematically shows frequency responses for two predictor numer-
ator zeros 1/7T, , and 1/T; ;. The change in the numerator zeros is
caused by a change of the predictiontime from Tpg , to Tpg , because
T, .~ Tpr , and T} , & Tpg ;. Figure 13 shows that a numerator zero
increasefrom 1/T) , to 1/T; , yieldsachangeof the K /s frequency
region, which is shifted downward (dashed line). The decrease of
the effective gain in the K /s frequency region from K, to K, is
given by (Fig. 13)

Ky/Ko = T ,/Ti o = Torp/Ter.a (24)

K/s Frequency Region
Kt | K T Toms

/ Y ~

Region of Stable
Closures

Fig. 13 Effect of prediction time on frequency responses (extended
predictor concept): - - - -, Tpr decreased (from Tpg, , to Tpg, ;).

For loop closure the downward shift of the K /s frequency region
requires an increase of pilot gain (from Kp, to Kp ), which is
approximately the inverse of the ratio expressed in Eq. (22):

Kpp/Kpa ™ Tora/Tors (25)

A quantitative evaluation using data from the simulation exper-
iments supports the explanation of the described pilot-closure be-
havior. Figure 14 shows two frequency responses of the predictor-
aircraft system, one for Tpg =2.5 s and the other for Tpr =5.0 s.
Pilot gains, which were estimated from simulation tests, are indi-
cated in Fig. 14. The numerical values of the pilot gains for the two
Tpr cases correspond with the preceding explanation.

Furthermore, Fig. 14 confirms that the desired K /s goal is
achieved. There is a broad K /s frequency region centered around
pilot system crossover. Pilot system crossoveris near the frequency
for maximum phase margin.

The effectiveness of the extended predictor concept for avoiding
detrimental turbulence effects was also the subject of experimental
verification. Results are presentedin Figs. 15 and 16 (Dryden model
with rms intensity of 4.7 ft/s for vertical and 4.85 ft/s for longitudinal
gusts,accordingto Refs. 19 and 20). Figure 15 shows thatturbulence
leads to some increase of the predictorerror, which still can be kept
atalow level. Correspondingly,the pilot control activityis increased
when compared with the case without turbulence (Fig. 16).

Control of Current Position with Predictor

The predictor basically concernsthe control of the future position
at the predictiontime ahead (predictorposition), ipg = h(t 4 Tpr). It
will be shown in the following that the predictoris also an efficient
means for controlling the current position h = h(t), which is the
ultimate goal of the control effort of the pilot.

Reference is made to Eq. (15), which relates the future position
error indicated by the predictor as Aepr(s) = Kpgr Ahpr(s) to the
current flight-path angle rate Ay (s). Accordingly,

Ahpr(s) (K,/V)s* + Tors + 1
Ay(s) 52

(26)

Accounting for s?Ah(s) =V Ay(s) and selecting Ty and K, ac-
cording to Egs. (14) and (17b), the following relation between the
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Fig. 16 Effect of turbulence on pilot control activity (extended predic-
tor concept, Tpg = 5.0s.)

current position error Ak (s) and the future position error Ahpg (s)
results:
Ah(s) 1

Ahpr(s)  (Tis + )(Tys + 1) @n

This relation shows that the frequency response has the following
property:

Ah(s)

Ahpg(s) =1 @8

s=iw

As aresult, the current position error is basically smaller than the fu-
turepositionerrorindicatedby the predictor. There is a significantre-
ductionof Ah relativeto Ahpy in the frequency range just presented
1/T, (20 dB per decade for w > 1/T, and 40 dB for w > 1/T5).

Furthermore, it follows from Eq. (26) that both errors approach
the same steady-state value, i.e.,

Ah(s)
—_— =1 29
Ahpgr(s) 550 29)

This means that the current position error becomes zero when
the predictor reaches its steady-state reference position, i.e., Ah =
Ahpg =0.

Control of the current position was also the subject of the
simulation-testprogram described in the preceding section. Results
are presented in Figs. 17 and 18 (from the same simulation runs as
just considered).

A basic result is that the current position can be effectively con-
trolled with the predictor. This holds for both cases graphically il-
lustrated in Figs. 17 and 18. Furthermore, comparison of Fig. 17
with Fig. 11 shows that the current position error is smaller than
the predictor position error. Thus, the preceding considerations are
confirmed. Another result concerns the prediction time Tpg, which
has some effect although it appears to be reduced.

The result that the current position error is smaller than the pre-
dictor position error also holds for the turbulence case as shown by
comparison of Fig. 18 with Fig. 16. Furthermore, Fig. 18 reveals
that the error level is similar to the case without turbulence.
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Fig. 17 Deviation of current position (extended predictor concept).

s
<o

w
o

N
o

=
(=)

Current Position Error [m]

Without With
Turbulence Turbulence

Fig.18 Effect of turbulence on deviation of current position (extended
predictor concept, Tpg = 5.0s.)
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Conclusions

A new predictor concept for the longitudinal motion is proposed
for enhancing the guidance and control capabilities possible with
a perspective flight-path display. The concept is based on manual
control issues, appropriately combined with geometric/kinematic
relations. Pilot-centered requirements are specified for achieving
minimum pilot effort and maximum system performance for man-
ual flight-path control. Key factors of the predictor-aircraftsystem
are identified and optimized for attaining this goal. The new pre-
dictor concept requires minimum compensatory effort by the pilot
and shows insensitivityto turbulence. It also provides a high degree
of face validity, which is considered substantial for a display pre-
senting guidanceinformationin a descriptiveand three-dimensional
format. Further issues are system stability and response quality. It
is shown that not only the future position at a specified time ahead
can be effectively controlled but also the current position. The con-
ceptual and theoretical findings are verified with pilot-in-the-loop
simulation experiments.
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