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Abstract. The two ways for the improvement of flying qualities are considered: the predictive 

display (PD) and the predictive display integrated with the flight control system (FCS). 

The both ways allow to transforming the controlled element dynamics in the crossover 

frequency range, to improve the accuracy of tracking and to suppress the effect of time delay in 

the vehicle response too. The technique for optimization of the predictive law is applied to the 

landing task. The results of the mathematical modeling and experimental investigations carried 

out for this task are considered in the paper. 

 

1. Introduction 

The precise path control task is a one of the most difficult manual control task as for the aeronautical 

and space vehicles because of their controlled element dynamics is characterized by the high order 

pole at the origin. For example the height-to-inceptor transfer function of aircraft in the landing task as 

well as the spacecraft in the docking task with International Space Station (ISS), has the second order 

pole at the origin [1, 2]. It requires the considerable pilot lead compensation what decreases the 

accuracy [3, 4]. Except this peculiarity, the highly augmented aircraft dynamics is characterized by the 

time delay [5, 6]. Such delay is caused by different filters, actuator dynamics, digital realization of 

aircraft flight control system laws. It achieves 0,1÷0,2 sec and even higher. It requires the considerable 

pilot lead compensation to avoid the pilot-induced oscillations in the closed-loop system [7]. The 

teleoperator control used for the docking of spacecraft with ISS and UAV (unmanned aerial vehicle) 

control implemented via satellite is accompanied by higher time delay (up to 1 sec for spacecraft [2], 

and 0.5 sec for UAV control [8]). The manual control is much more complicated in these cases. 

Because of it the automatic control is used more and more often.  

The problem discussed in the paper is dedicated to the compensation of the time delay in their 

response by use of the predictive display. 

 

2. General technique for the predictive display design. 
The potentiality effect of predictive display for the landing of aircraft on the runway was shown in [9]. 

Such type of display was offered in [10] for the tasks of refuelling and landing the carrier. It displays 

3D corridor within which the aircraft has to move. Such information allows to evaluate the current and 

future position of the aircraft and to transform pilot behaviour from compensatory to preview type. 

The predictive display shows also the surface moving inside the corridor with the aircraft velocity V, 

where the predictive angle pr pr

pr

H

L
 


   is projected. Here pr prL T V   is the distance between a 
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pilot and the moving surface, H  is a deviation of aircraft altitude. The equation for predictive angle 

pr  depends on the controlled element dynamics. It is shown in [10] that for a conventional aircraft 

with the practical zero time delay in responses the predictive angle is defined by the equation 

2

pr

pr

T
    . The use of such law allows to transform the controlled element dynamics providing 

the slope of its amplitude frequency response characteristics ( * pr

c

e

(j )
W

x (j )

 


 ) in the crossover  

frequency range close to -20 dB/dec. It increases the accuracy and decreases the pilot workload. The 

technique for the definition of Tpr is considered in [10, 11]. It is based on the minimization variance of 

error H  (
2

H
) ( see the block diagram in fig.1). The procedure of minimization supposes the use of 

the modified pilot structural model considered in [10, 11]. 

 

Figure 1. Pilot-aircraft system with predictive display 

The results of preliminary selected Tpr are verified then in the ground simulation. The developed 

technique was adopted for investigation of the following manual control tasks: 

1. Predictive display law synthesis for compensation of time delay in: 

- aircraft landing; 

- docking of spacecraft with the ISS. 

2. The integration of predictive display and flight control system. 

The analysis of the different alternative laws demonstrated that the general equation for predictive 

angle for all considered tasks has the following form. 

 
( )

( ) ( ) ( ) ( )
2

pr

pr M M M f

pr

TH t
t t t t W

L


     

 
      ,    (1) 

where 
1

f

f

K
W

T p



, ( )M t  and ( )M t  are calculated (with help of on-board computer) path angle 

and derivative,   - time delay. The parameters fT  and K  are selected by minimization of variance 

2
H .  

 

3. Predictive display law synthesis for the time delay compensation. 
The principle of time delay compensation is illustrated by the fig. 2. 

 

Figure 2. Compensation of time delay 

Here *

pri (t T )  - the predictive program trajectory projected on the display screen in the form of 3D 

corridor with the centre line. The predictive angle pr  is projected on the surface moving inside the 

3D corridor. 
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In the landing task of the highly augmented aircraft the nonzero time delay in its dynamic can be 

suppressed by the law  

( )
( ) ( )

2

pr

pr m m

TH t
t t

L


  

 
   ,     (2) 

which is a special case of equation (1), derived from condition 0fW  . The mathematical modelling of 

pilot-aircraft system allowed to get optimum value prT . In particular it was obtained that 1.4
optprT   

sec what is higher than prT  obtained for the case when the time delay is zero. 

It can be shown that for the spacecraft teleoperator control height motion in the docking task the 

summand ( )
2

pr

m

T
t  and fW  in eq. (1) have to be zero. In that case this equation transforms in the 

following  

s

pr M

pr

H
e

L

 
  ,      (3) 

It provides the following controlled element dynamics transfer function 
- s

pr

C 2

pr

K(T s+e )
W

T s (Ts+1)



  (T – time 

constant of the thruster dynamics). The use of predictive information provides the slope of 

Cdlg W
-20 dB / dec

dw
  in the range 0.6÷6 1/sec what improves the accuracy considerably. The 

optimization of prT  allowed to get its optimum value equal to 16÷18 sec. 

The experiments on ground-based simulators demonstrated that the use of predictive display allows to 

suppress the time delay effect considerably (see fig. 3, where 
2

H
 - variance of error in glideslope 

tracking, 
2

maxH
 - variance of error in glideslope tracking for the case of uncompensated time delay). 

 

Figure 3. The results of ground-based simulation 

The use of predictive display allows decreasing the docking error by about 3 times.  

 

4. The integration of predictive display and the flight control system. 
In the frame of the considered investigation the integration of predictive display with the flight control 

system of the aircraft employing the direct lift control (DLC) was studied. This surface was used for 

provision of control of the angle of attack changes without having to change the pitch angle 

( var, )const    [12, 13]. The investigation demonstrated that realization of such mode requires 

the installing a prefilter into the flight control system f

pr

s
W

s


  (where 0.2 1/ secf  ) for 

suppression the static error in glide slope tracking. The integration of flight control system with 

predictive display required to modify the equation (1) for predictive angle and to eliminate the 

summand 
2

prT
  in it. Optimization of predictive display law demonstrated that the increase of time 
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delay required the proportional increase of predictive time 
prT  too. The experimental investigations 

executed on ground-based simulator confirmed that the integration of DLC and display allows to 

suppress the effect of time delay in glideslope tracking task in turbulence and calm atmosphere 

conditions (fig. 4, 5) and to improve the accuracy in several times. 

  

Figure 4. Effect of DLC use 

(mathematical modeling) 

Figure 5. Effect of DLC use 

(experimental investigations) 

  

 

Acknowledgments 

The results included in the paper are the results of the investigation were sponsored by the Ministry of 

Education and Science (contract № 9.7465.2017/BP). 

References 

[1] D. McRuer, J. Ashkenas, D. Graham 1973 Aircraft dynamics and automatic control (Princeton, 

New Jersey : Princeton University)  
[2] Efremov A.V., Tjaglik M.S., Tiumentzev U.V., Wenqian T. 2016 Pilot behavior modeling and its 

application to manual control tasks  IFAC-PapersOnLine  49 (32) 159-164 

[3] D. McRuer, E. Krendel 1974 Mathematical models of pilot behavior AGARD-AG-188 

[4] D. McRuer et al 1965 Human pilot dynamics in compensatory systems AFFDL-TR-65-15 

[5] D. McRuer 1998 Aviation safety and pilot control: understanding and preventing unfavourable 

pilot-vehicle interactions (Washington: National Academy of Science) 

[6] D. Klyde, D. McRuer, T. Myers 1995 Unified pilot-induced oscillation theory Vol. 1 Analysis 

with linear and nonlinear effective vehicle characteristics  WL-TR-96-3028 

[7] Efremov A.V., et al 1992 Pilot as a dynamic system (Moscow:Mashinostroenie) (in Russian) 

[8] Feng Wang, Sheng Jun Qi, L.Jing 2017  An analysis of time delay for remote pilot vehicle 

MATEA Web of Conference 114  04012 

[9] G. Sachs 2000 Perspective Predictor/Flight – Path Display with Minimum Pilot Compensation 

Journal of Guidance, Control, and Dynamics 23( 3) 51-64 

[10] Efremov A.V., Tjaglik M.S. 2011 The Development of Perspective Displays for Highly Precise 

Tracking Tasks  Advances in Aerospace Guidance, Navigation and Control  (New-York: 

Springer)  

[11] Efremov A.V., Tyaglik M.S. 2010 Development of displays provided high accuracy control 

Journal Flight 11  9-19, (in Russian) 

[12] M.J. Pinsker 1970 The control characteristics of aircraft employing direct – lift control US 

Ministry of technology  report R. and M. № 3629 

[13] I. Guskov, G. Zagaynov 1980 Flight control (Moscow:Mashinostroenie) (in Russian) 

 

https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=36570200200&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=36616612100&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57192989246&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=36607283200&zone=
https://www.scopus.com/sourceid/21100456158?origin=resultslist

