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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 � ight-
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 identi� ed 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 � ndings are veri� ed 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 = pitch rate
s = Laplace operator
T = time constant
TPR = prediction time
t = time
V = speed
Y .s/ = transfer function
Z = vertical force
° = � ight-path angle
1 = perturbation,e.g., 1h
±e = pitch control de� ection
³ = damping ratio
¿e = effective time delay
! = frequency

Introduction

A PERSPECTIVE � ight-path display with a predictor is a
promising new concept for an advanced cockpit instrumenta-

tion. It has potential for a substantial enhancement in the guidance
and control of aircraft.This is because a perspective � ight-path dis-
play with a predictor provides the pilot with visual information of
the command � ight 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 � eld of perspective � ight-path dis-
plays have led to signi� cant progress, which is documented in the-
oretical and experimental investigations (Refs. 1–15). The experi-
mental investigationsincludeboth simulationexperimentsand � ight
tests. In a dedicated � ight-test series the � rst landing of an aircraft
with a pictorial display presenting three-dimensional guidance in-
formation(ComputerGeneratedSyntheticVision) as the only visual
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informationfor the pilotwas achieved.12;13 The results attainedwith
perspective � ight-pathdisplays show that signi� cant 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.1;3¡7;10;14;15

The advantageof a predictorfor lateral controlwas demonstratedby
theoretical investigations and experimental evaluations with pilot-
in-the-loopsimulationsand � ight tests. Researchsubjects for lateral
predictorcontrol includevarious 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
controltheoryis used to improvecontrolperformanceand to achieve
lateral predictor-aircraftsystem characteristics requiring minimum
pilot compensation.14;15

In contrast to the detailed treatment of lateral control, less at-
tention has been directed to the speci� c problems of longitudinal
control and the related potential of perspective � ight-path displays
with predictor. A recommendation is expressed in 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 � ight-
path/predictor displays offer a signi� cant improvement for manual
longitudinal control. For achieving this goal, manual control the-
ory is used, and appropriate pilot-centered requirements are speci-
� ed. It will be shown that longitudinalcontrol 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 � ight-path display with a predictor provides the
pilot with information about the future position of the aircraft and
the command trajectory in a three-dimensionalformat (Fig. 1). The
predictor shows the future position at the prediction time ahead,
and the command � ight 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 � ight-pathdisplaywith three-dimensional� ight-path
presentation.

control possibilityoffered by the predictorof the perspective � ight-
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 predictor is also very ef� cient for minimizing the
error of the current state.

Compensatorycontrolof thepredictor-aircraftsystemby the pilot
is an issue of manual control, where the pilot operates on visually
sensed inputs and exerts manual control outputs. Manual control
theoryshows that therearepilot-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 predictordesign that requiresminimum 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.17;18 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 YPR.s/YC.s/, approximates either a pure
gain or a pure integration over an adequatelybroad region centered
around pilot-predictor-aircraft crossover, that is,

Pure gain:

YPR.s/YC.s/ D K (1)

Pure integration:

YPR.s/YC.s/ D 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-
vantagesover 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-aircraft system: 1) system stability, 2) response
quality, 3) turbulence sensitivity, and 4) face validity.

Basic Predictor (Circular Flight-Path Continuation)
A predictor indicates the future position of the aircraft at the pre-

diction time ahead (Fig. 1). The predictedposition is basedon an es-
timationof the future � ight path on which the aircraftwould proceed
(as opposed to the command � ight path). There are various mod-
els for � ight-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 � ight
path.1;3¡8;10;14;15 Geometric and kinematic relationshipsof a circular

Fig. 2 Displacement of basic predictor (circular � ight-path continua-
tion).

� ight-path continuation are shown in Fig. 2. Accordingly, the dis-
placement of the predicted position from the command � ight path
at the predictiontime TPR ahead can be describedwith the following
relation:

1hPR D 1h ¡ h¤
C C V TPR1° C V

¡
T 2

PR

¯
2
¢
1 P° (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 1hPR referenced to
� ight-path angle rate after Laplace transformation:

1hPR.s/ D V
¡
T 2

PR

¯
2 C TPR

¯
s C 1=s2

¢
1 P° .s/ (4)

The displacement 1hPR is indicated by the predictor symbol in
the perspective � ight-path display as an error ePR (Fig. 3):

ePR.s/ D KPR1hPR.s/ (5)

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

.YPR/circular D
ePR.s/

1 P° .s/
D KPRV

¡
T 2

PR

¯
2
¢
s2 C TPRs C 1

s2
(6)

This transfer function describes the dynamic characteristics of the
predictor with a circular � ight-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

s2 C 2³PR!PRs C !2
PR D s2 C .2=TPR/s C 2

¯
T 2

PR (7)

where the following solution holds:

!PR D
p

2
¯

TPR; ³PR D 1
¯p

2 (8)

With regard to aircraft dynamics, the short-termresponse behav-
ior is of concern because it is most signi� cant for the frequency
region in mind. It is characterizedby the short period mode and its
frequency and damping !SP and ³SP. The following relation holds
for the frequencyregionof concern(i.e., for pilot system crossover):

YC D 1 P° .s/

±e.s/
D ¡

Z® M±e

¯
V

s2 C 2³SP!SPs C !2
SP

(9)
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Fig. 3 Block diagram for basic predictor.

Fig. 4 Asymptotic Bode plot for predictor-aircraft system (basic pre-
dictor with circular � ight-path continuation).

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

ePR.s/

±e.s/

­­­­
circular

D ¡KPR Z® M±e

T 2
PR

2

s2 C 2³PR!PRs C !2
PR

s2
¡
s2 C 2³SP!SPs C !2

SP

¢ (10)

This transfer function describes the dynamic behavior of the
predictor-aircraftsystem,where a predictorwith circular � ight-path
continuationis used. Itscharacteristicsare illustratedin Fig. 4,which
shows a generic Bode plot of the open-loop predictor-aircraft sys-
tem. The frequencyregion of primary concern is the region between
!PR D

p
.2/=TPR and !SP because it can be regarded as the region

where pilot system crossover occurs. Figure 4 shows that there is
K characteristic in 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 � ight-path continuation,which appear to be inadequate.

One issue is closed-loop stability. There can be a signi� cant re-
duction in damping and frequency of attitude mode characteristics.
An advantagein this respect can be achievedwith another predictor
concept considered in the following section.

A further issue is turbulence sensitivity.The basic predictor with
circular � ight-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,
aircraft dynamics described in 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 turbulenceeffect is so
strong is becauseof the high gain V T 2

PR=2 in the P° pathway (Fig. 3).
Experience and results from simulation experiments support the

preceding conclusion according to which such a high degree of

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

predictormotion excitation is 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 centeredaround pilot-predictor-aircraft crossover;and
2) to avoid detrimental turbulence effects.

Transfer Characteristic for Minimum Pilot Compensation
The preceding objectives can be achieved when the P° feedback

is replaced by a q 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

ePR.s/ D KPR

µ
Kq

1 C TW s
1q.s/ C

V TPRs C V

s2
1 P° .s/

¶
(11)

Applying the relation between 1q.s/ and 1 P° .s/ for pitch control
inputs

1q.s/=1 P° .s/ D 1 ¡ .V=Z® /s D 1 C Tµ2 s (12)

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

YPR D
ePR.s/

1 P° .s/
D KPR

£¡
1 C Tµ2 s

¢¯
.1 C TW s/

¤
Kq s2 C V TPRs C V

s2

(13)

For TW , the following relation is selected:

TW D Tµ2 (14)
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Fig. 6 Extended predictor concept.

Using this relation, Eq. (14) can be rewritten as

YPR D
ePR.s/

1 P° .s/
D KPRV

.Kq =V /s2 C TPRs C 1

s2
(15)

Equation (15) shows that proper selection of TPR and Kq can yield
the desired K=s frequency characteristics :

1) TPR, which describes the prediction time span, can be used for
determining the lower end of the K=s frequency region.

2) Kq can beused fordeterminingthe upper end of K=s frequency
region, such that a numerator zero is placed close to the short period
frequency !SP.

These goals can be achieved if the numerator of the predictor
transfer function, Eq. (15), has real zeros (instead of complex zeros
as with the basic predictor). Thus, the numerator can be rewritten as

s2 C TPR.V=Kq/s C V=Kq D .s C 1=T1/.s C 1=T2/ (16)

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

T2 ¿ T1

can be approximated by

T1 ¼ TPR (17a)

T2 ¼ Kq =V TPR (17b)

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

ePR.s/

±e.s/
D ¡

KPR Z® M±e Kq

V
.s C 1=T1/.s C 1=T2/

s2
¡
s2 C 2³SP!SPs C !2

SP

¢ (18)

Resultingpredictor-aircrafttransfer characteristicsare illustratedin
Fig. 7, whichshows that there is a K=s characteristicin the frequency
region between 1=T1 and 1=T2. By proper selection of TPR and Kq

according to Eqs. (17a) and (17b), it is possible to place 1=T2 close
to !SP. Thus, a K =s characteristic can be generated that practically
extends from 1=T1 to !SP. This is the frequency region where pilot
system crossover is possible. A K=s frequency region of suf� cient
length can be achieved by proper selection of T1 in relation to !SP,
thus determining TPR (because TPR ¼ T1).

Placing 1=T2 close to !SP yields the following relation for the
gain in the q pathway:

Kq ¼ V TPR=!SP (19)

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

Avoidance of Detrimental Turbulence Effects
Turbulenceeffectsare substantiallyreducedwhen comparedwith

the basic predictor. This is because the gain Kq in the q pathway,
which can be considered the most susceptible one out of the path-
ways used for the predictor law (Fig. 6), is signi� cantly decreased.
As a measure for the reduction of the turbulence effects, the ratio
of the gains in the q and P° pathways of the new predictor and the
basic predictor concepts (Figs. 3 and 6) may be used:

Kq=K P° D 2=!SP TPR (20)

where Kq is given by Eq. (19). For typical values such as TPR D 5 s
and !SP ¸ 2 rad/s, this ratio is

Kq=K P° · 0:2

There is a further effect contributing to a reduction of the detri-
mental turbulence effects. It concerns the element 1=.1 C TW s/ in
the q pathway (Fig. 6). With TW D Tµ2 according to Eq. (15), the
denominator term is given by 1 C Tµ2 s. This term becomes effective
in the frequency range ! ¸ 1=Tµ2 .

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 con� rmed by results from simulation ex-
perimentswhere the pilotsnotedno objectionableturbulenceeffects
with the extended predictor concept (as opposed to the basic pre-
dictor with circular � ight-path continuation).



498 SACHS AND DOBLER

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 concept introduced in this sec-

tion, three further aspects can be considered:
1) Noncircular � igh-path continuation: From a geometry/

kinematics standpoint the predictor with q feedback shows a non-
circular � ight-path continuation. This is because � ight-path angle
rate P° is replacedby pitch-anglerate q. Furthermore, the q feedback
gain Kq ¼ V TPR=!SP is smaller than the P° feedbackgain of the basic
predictor K P° ¼ V T 2

PR=2. As a consequence, the noncircular � ight-
path continuationdiffers from the circular one, showing a decreased
contributionof � ight-path curvature (or centripetalacceleration,re-
spectively).

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

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 � ight path. The predictor with
q feedback represents a predictor model that has geometric/
kinematic relationshipswhich differ from the basic predictormodel
with circular � ight-path continuation, showing a reduced contribu-
tion of � ight-path curvature.This contribution is determined on the
assumption that � ight-path curvature is constant throughout the en-
tire prediction time span TPR. Because there are prediction times in
the order of TPR D 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 overestimationof the contri-
bution of � ight-path curvature if its gain is too high. A reduction in
the weighting of � ight-path curvaturecontributioncan contribute to
realistically estimating the position of the predictor. Thus, the pre-
dictor with q feedback can be considered a predictor model yield-
ing correspondencebetweendisplayedstatusinformationandactual
situation.

The suitability of the predictorwith q feedback as a realistic pre-
dictor model with a high degree of face validity is supported by
the results and the experiencegained in the simulationexperiments.
There are no objectionable comments of the pilots from the simu-
lation test runs.

3) Use of pitch rate q: Sensors for measuringpitch rate are simple
and robust. This can be consideredan advantage in terms of sensor
system reliability and avoidance of complexity.

Stability and Response Quality
With the root-locus techniqueresults of general nature can be ob-

tainedfor closed-loopstabilityof thepilot-predictor-aircraft system.
Results are presented in Fig. 9.

The open-loop pole/zero con� guration of the predictor-aircraft
system, which is signi� cant for loop closure, has two zeros and

Fig. 9 Root locus of closed-loop system (extended predictor concept):
1/T2 ¼ !SP; pliot model Eq. (21) with ¿e = 0:25 s; z, pilot gain from
simulation experiments; ——, TPR = 5.0 s; - - - -, TPR = 2.5 s.

poles of the predictor [Eqs. (13–14)] and two poles of the aircraft
[Eq. (8)].

For the pilot the following model is used, which is valid for sys-
tems described by a K =s characteristic in the frequency region cen-
tered around pilot system crossover frequency17;18:

YP .s/ D K P e¡¿ e s (21)

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-looppath mode). From
the characteristicsof the root-locus, it follows that the path mode is
basically stable. Its dampingand frequencypro� t 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 supportedby the
following approximations for the closed-loop roots, which hold for
the pilot gain at crossover:

Path mode:

!0
P ¼

r
!C =TPR

1 C !C=!SP
; ³ 0

P !0
P ¼ !C =2

1 C !C =!SP

(22)

Attitude mode:

!0
SP ¼ !SP

µr
1 C !C

!SP
¡ 2³SP!C

1 C !C =!SP

¶

³ 0
SP!0

SP ¼ ³SP!SP ¡ ³ 0
P !0

P (23)

Figure 9 also providesan insightinto responsequalitycharacteris-
tics. The low-frequencymode representsa path mode, the properties
of which are signi� cant for � ight-path control. The high-frequency
mode describes the attitude behavior. For pilot loop-closure gain
both modes show rapid and adequatelydamped response character-
istics and are well separated in frequency. Furthermore, it follows
from the root-locus characteristics (open-loop pole/zero con� gura-
tion) that pilot loop closure does not drive the system modes into
near proximity.

Experimental Veri� cation
Experimental veri� cation of the preceding issues was achieved

with simulation experiments. For the simulation-test runs a � xed
base simulator was used. It features a perspective� ight-pathdisplay
with predictorasshownin Fig. 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 � ight path consisting of alternating
descending and ascending segments (Fig. 10). The sequence of the
alternating � ight-path segments was changed to avoid familiariza-
tion of the pilots with a � xed trajectory.Five pilots with a different
professional background (four airline pilots and a � ight instructor
for motor gliders) took part in the simulation-test program.
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Fig. 10 Altitude pro� le of � ight path in simulation experiments.

Fig. 11 Deviation of predictor position (extended predictor concept).

Fig. 12 Pilot control activity (extended predictor concept).

The prediction time TPR, which has been found to be a primary
factor for predictor design, has a signi� cant 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% con� dence interval). This � gure shows as a basic
result that thepredictorpositionis effectivelycontrolledby the pilot.
The deviations of the predictor position from the command � ight
path are rather small. Pilots ratings are very favorable and support-
ing the perspective � ight-path predictor as an ef� cient means for
improvingaircraft guidanceand control. Further,Fig. 11 shows that
the effect of the prediction time TPR manifests in an increase of the
deviations when TPR is increased.

Results on control activity of the pilot are presented in Fig. 12.
There is again a strong effect of the prediction time TPR, which now
leads to a decrease of the control activity with an increase of TPR

and vice versa.
The results presented in Figs. 11 and 12 concerningthe effects of

TPR 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=T1;a and 1=T1;b . The change in the numerator zeros is
causedbya changeof thepredictiontime from TPR;a to TPR;b because
T1;a ¼ TPR;a and T1;b ¼ TPR;b . Figure 13 shows that a numerator zero
increase from 1=T1;a to 1=T1;b yields a changeof the K=s frequency
region, which is shifted downward (dashed line). The decrease of
the effective gain in the K =s frequency region from Ka to Kb is
given by (Fig. 13)

Kb=Ka ¼ T1;b=T1;a ¼ TPR;b=TPR;a (24)

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

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

K P;b=K P;a ¼ TPR;a=TPR;b (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 TPR D 2:5 s and the other for TPR D 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 con� rms that the desired K =s goal is
achieved. There is a broad K =s frequency region centered around
pilot system crossover. Pilot system crossover is near the frequency
for maximum phase margin.

The effectivenessof the extended predictor concept for avoiding
detrimental turbulence effects was also the subject of experimental
veri� cation.Results are presented in Figs. 15 and 16 (Dryden model
with rms intensityof 4.7 ft/s forverticaland 4.85ft/s for longitudinal
gusts,accordingto Refs. 19 and20). Figure 15 shows that turbulence
leads to some increase of the predictorerror, which still can be kept
at a low level.Correspondingly,the pilot controlactivity is increased
when compared with the case without turbulence (Fig. 16).

Control of Current Position with Predictor
The predictorbasicallyconcernsthe controlof the future position

at the predictiontime ahead (predictorposition), hPR D h.t CTPR/. It
will be shown in the following that the predictor is also an ef� cient
means for controlling the current position h D 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 1ePR.s/ D KPR1hPR.s/ to the
current � ight-path angle rate 1 P° .s/. Accordingly,

1hPR.s/

1 P° .s/
D V

.Kq=V /s2 C TPRs C 1
s2

(26)

Accounting for s21h.s/ D V 1 P° .s/ and selecting TW and Kq ac-
cording to Eqs. (14) and (17b), the following relation between the
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Fig. 14 Frequency responses and pilot gain for crossover.

Fig. 15 Effect of turbulence on deviation of predictor position (ex-
tended predictor concept, TPR = 5.0 s.)

Fig. 16 Effect of turbulence on pilot control activity (extended predic-
tor concept, TPR = 5:0 s.)

current position error 1h.s/ and the future position error 1hPR.s/
results:

1h.s/

1hPR.s/
D 1

.T1s C 1/.T2s C 1/
(27)

This relationshows that the frequencyresponsehas the following
property:

­­­­
1h.s/

1hPR.s/

­­­­
s D i!

· 1 (28)

As a result, the currentpositionerror is basicallysmaller than the fu-
turepositionerror indicatedby thepredictor.There isa signi� cant re-
ductionof 1h relative to 1hPR in the frequencyrange just presented
1=T1 (20 dB per decade for ! ¸ 1=T1 and 40 dB for ! ¸ 1=T2).

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

1h.s/

1hPR.s/

­­­­
s ! 0

D 1 (29)

This means that the current position error becomes zero when
the predictor reaches its steady-state reference position, i.e., 1h D
1hPR D 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 considerationsare
con� rmed. Another result concerns the prediction time TPR, 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.

Fig. 17 Deviation of current position (extended predictor concept).

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



SACHS AND DOBLER 501

Conclusions
A new predictor concept for the longitudinalmotion is proposed

for enhancing the guidance and control capabilities possible with
a perspective � ight-path display. The concept is based on manual
control issues, appropriately combined with geometric/kinematic
relations. Pilot-centered requirements are speci� ed for achieving
minimum pilot effort and maximum system performance for man-
ual � ight-path control. Key factors of the predictor-aircraft system
are identi� ed 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-
sentingguidanceinformationin a descriptiveand three-dimensional
format. Further issues are system stability and response quality. It
is shown that not only the future position at a speci� ed time ahead
can be effectivelycontrolledbut also the current position. The con-
ceptual and theoretical � ndings are veri� ed with pilot-in-the-loop
simulation experiments.
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