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Abstract  

Speed control issues are considered for tun-
nel/predictor displays presenting 3-dimensional 
guidance information, with reference to a pre-
dictor control law for best performance of the 
pilot-predictor-aircraft system. Possible prob-
lems concerning speed control can be removed 
by proper thrust control. It is shown that the 
thrust control loop is supported by the predictor 
control law because of favorable coupling ef-
fects. There is another favorable effect related 
to a minimum number of nonsensitive feedback 
loops. Furthermore, a command thrust indica-
tion in the tunnel/predictor display is introduced 
to support speed control. Results from pilot-in-
the-loop simulation experiments are presented 
for verification. 

1  Introduction 

Tunnel/predictor displays presenting guidance 
information in a 3-dimensional format have at-
tained significant interest and are subject of re-
cent research 1-10. They provide command in-
formation and preview, thus offering an en-
hancement in the visual information of the pilot. 

A primary goal of a tunnel/predictor dis-
play is to provide the pilot with 3-dimensional 
guidance information for precise flight path 
control. As part of the piloting task, speed con-
trol is also of concern. It will be shown that 
there are specific aspects of tunnel/predictor 
displays in this respect. 

2  Predictor Control Law and Basic Speed 
Control Characteristics 

In a tunnel/predictor display as illustrated in 
Fig. 1, the command flight path is presented in 

the form of a tunnel and the future position of 
the aircraft is indicated using a predictor. The 
pilot operates on visually sensed inputs and ex-
erts manual control outputs. The resulting loop 
closure is schematically illustrated in Fig. 2. 
There are basically two predictor goals: 
– Prediction of future aircraft position 
– Providing controlled element properties re-

quiring minimum pilot compensation 
An appropriate predictor control law reads 
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where qK , 1T  and 2T may be selected as 
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With Eq. (1), the open-loop predictor-air-
craft system can be described by 
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For speed control and stability characteris-
tics, the long-term modes of the closed-loop pi-
lot-predictor-aircraft system are of concern. 
They can be expressed as 
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The closed-loop path mode denoted by the 
primed quantities Pω′  and Pζ ′  is basically stable. 
It profits from the predictor related pilot gain 

PK  which increases its frequency and damping. 
The closed-loop aperiodic mode denoted by 1hT ′  
shows a different behavior: it is stable for 
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01 >′hT  and unstable for 01 <′hT . According to 
Eq. (5), the stability of the closed-loop aperiodic 
mode is determined by the zero 1/1 hT−  of the 
transfer function of the predictor-aircraft system 
Eq. (3): 

αα ZZgXXT uuh /)(/1 1 −+−≈  (6) 

This expression shows that stability of the 
closed-loop aperiodic mode depends on thrust-
drag characteristics, yielding stability for opera-
tion on the frontside of the power-required 
curve )0( 1 >hT  and instability for operation on 
its reverse )0( 1 <hT . 

Summing up the basic speed control char-
acteristics, the pilot-predictor-aircraft system is 
stable provided the closed-loop aperiodic mode 
is stable. In case of instability, the response 
shows a divergent characteristic particularly re-
lated to speed. A proposal is presented to re-
move this divergence problem and, for a slow 
stable aperiodic mode, to achieve a faster con-
vergent response. 

3  Improvement of Speed Control 

The proposal for improving speed control com-
prises two successive loop closures, as illus-
trated in Fig. 3. The first closure relates to the 
above predictor-aircraft system as the inner 
loop, yielding the single prime poles described 
by Eq. (5). The second closure shows feedback 
of speed to thrust as the outer loop, modifying 
the single prime to the double prime characteris-
tics described below. An essential element of 
this proposal is that speed control is supported 
by the predictor control law. 

With regard to the loop Tu δ→  shown in 
Fig. 3, it is assumed that the representation of 
pilot behavior does not imply linearity on a 
point-by-point sense, but rather on the average. 
Thus, for example, the presence of a threshold 
in the perception of Ve  and a consequent dis-
crete manipulation of the throttle are considered 
to be representable with the applied modeling. 

For dealing with the speed control issue in 
mind, the speed to thrust transfer function con-
cerning the path and aperiodic modes is used 
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Evaluation of the effect of the predictor re-
lated pilot gain on the zeros ),( uu ζω ′′  shows that 

PuPu ζζωω ′≈′′≈′ ,  (8) 

Closure of the outer loop )( Tu δ→  with 

gain uK  yields for the path and aperiodic mode 

roots denoted by the double prime 
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These relations show that there are several 
effects which can be considered as favorable for 
speed control: 

1) Effect of Thrust Related Gain uK  on Path 
and Aperiodic Modes 

There is an effect of uK  solely on the ape-
riodic mode and not on the path mode. Thus, the 
aperiodic mode which is the mode having defi-
ciencies can be purposively influenced. The fa-
vorable properties of the path mode for trajec-
tory control are preserved. This result is due to 
the predictor control law. 

2) Effect of Predictor Related Pilot Gain PK  
on Aperiodic Mode 

From Eq. (9) it follows that the predictor 
related pilot gain, PK , supports the stabilization 
of the aperiodic mode. The shift of the closed-
loop aperiodic mode root, 1/1 hT ′′− , to more nega-
tive values indicating an improved stability and 
a faster speed response behavior profits from 

PK . This is a further effect of the predictor con-
trol law in support of speed control. 

3) Modal Properties 
The path and aperiodic modes have differ-

ences as regards their modal properties. The 
path mode involves both altitude and speed 
components, similar to the phugoid. Speed is the 
dominant modal component of the aperiodic 
mode, yielding 

modepathmodeaperiodic
// huhu ∆>>∆   

Accordingly, there is a decoupling con-
cerning speed and altitude. This is considered to 
also contribute to path (altitude) and speed con-
trol. 
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4) Bandwidth Ordering 
For uK  gains providing an adequate stabil-

ity level of the aperiodic mode, the following 
relation holds 

1/1 hP T ′′>>′′ω   

As a consequence, the path mode is sig-
nificantly faster than the aperiodic mode. Thus, 
the h -loop has a faster response than the u -
loop, indicating that there is an adequate band-
width separation between the two loops. This 
can be regarded as a desirable property for path 
and speed control. 

Furthermore, manual speed control is con-
sidered to be supported by an appropriate com-
mand thrust indication, integrated in the tun-
nel/predictor display (Fig. 1). Thus, the pilot can 
be assisted in performing his control task. 

The speed control issues considered in the 
previous sections were subject of an experimen-
tal investigation in a simulation test program. A 
fixed base simulator was used which was 
equipped with the tunnel/predictor display 
shown in Fig. 1. The non-linear 6-degree-of-
freedom aircraft model applied in the simulation 
experiments can be regarded as representative of 
small twin jet engine aircraft. 

Results on speed control are shown in Figs. 
4 and 5. Basically, speed is effectively con-
trolled in both cases (Fig. 4). There is some in-
crease of the speed deviations when operating 
on the reverse of the power-required curve. A 
corresponding behavior shows the control be-
havior of the pilot (Fig. 5). There is practically 
no control activity for operation on the frontside 
of the power-required curve, in accordance with 
speed stability of the pilot-predictor-aircraft sys-
tem in this case. 

4  Conclusions 

Speed control issues are considered for tun-
nel/predictor displays presenting guidance in-
formation in a 3-dimensional format. As a basis, 
a predictor control law for minimum compensa-
tory effort by the pilot and maximum system 
performance is used. Conditions for stability 
and instability of the closed-loop pilot-
predictor-aircraft system are considered. It is 

shown that possible speed instability problems 
can be removed by an appropriate thrust control. 
Furthermore, it is shown that the thrust control 
loop is supported by the predictor control law 
because of favorable coupling effects between 
the two loops involved. Another favorable effect 
is due to the control economy possible with a 
tunnel/predictor display, yielding a minimum 
number of nonsensitive feedback loops. This 
result corresponds with the desire of the pilot to 
use as simple a control technique as possible. 
Furthermore, a command thrust indication in the 
tunnel/predictor display is considered to support 
the pilot. The theoretical findings are supported 
by results from pilot-in-the-loop simulation ex-
periments. 
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Fig. 1 Predictor/flight-path display with thrust command 
indicator 
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Fig. 2 Block diagram of pilot-predictor-aircraft system 
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Fig. 3 Model for predictor related flight path control and thrust-speed control 
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Fig. 4 Speed control in simulation experiment 
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Fig. 5 Thrust input activity in simulation experiment 


