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1. Introduction 

Landing is the most potentially dangerous phase of 
flight, stage of flare in particular, when the vertical 
speed is being significantly reduced. 

Automation of this stage can improve flight safety. 
Furthermore, implementation of unmanned 

aircraft depends on this process.  
This problem is being much discussed recently 

and there are many suggestions about method of 
flare automation, but question about workable 
solution is still topical. 

2. Analysis of recent research and publications 

One of the first methods is method of automatic 
landing control using exponential flare trajectory [1]. 

It is assumed that the vertical speed of aircraft is 
proportional to its height at each moment. 

It leads to the next expression of height: 

0( )
t
TH t H e−= , 

where H0 – the height of flare’s beginning;  
T – exponent constant. 
One can find the unknown parameters under 

certain conditions.  
Disadvantages of the method should include the 

ambiguity of simultaneous execution of requirements 
for height and speed.  

Moreover, the main source of information is 
radar altimeter.  

This method has been developed in paper [2].  
It’s author proposes a method of flare, where 

vertical speed is proportional to the current values of 
height and vertical acceleration.  

The height changing is given as a sum of two 
exponents.  

The most comprehensive solution to the problem 
of landing and alignment is considered in paper [3].  

A method of nonlinear control using dynamic 
inversion for automatic landing of unmanned aircraft 
is given in this article.  

The method has inner and outer loop structure. 
External circuit converts guidance commands 

into the evolution of the object (aircraft motion) 
while the inner loop provides control on object 
motions (given by external loop).  

There is also a separate loop for speed control, 
which regulates the engine thrust.  

Consider this loop for solution of alignment (Fig. 1). 

 
Fig. 1. Flare trajectory: 
(xg, hg) – a point where glide path starts;  
(xf, hf) – a point where flare starts;  
(xtd, htd) – a point which defines a place of touching down;  
(0,0) – a point of the inertial reference system in the end of 
the runway;  
(xg0, hg0) – a fictitious point on the ground on which glide 
path is projected;  
(x∞, hc) – a final point of flare which is chosen in such way, 
that the exponent of flare trajectory intersects the ground at 
the touchdown point 

When aircraft intrudes into zone of glide path’s 
beginning, the desired trajectory angle must be 
calculated as following: 

0* 1
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Thus, the desired height for each flight on final 
approach can be written as a function of distance: 

* *
0( ) tan γgh x x= − . 

Line path during flare is an exponential curve. 
The desired height can be specified as a function 

of the direct distance: 
( )* ( ) x fk x x

c f ch h h h e− −= + − . 
In the last equation the unknowns are: flare 

height hf, distance of flare’s beginning xf, final point 
below the ground level, where flare trajectory ends 
hc, and the constant kx.  

To find the unknowns we have to solve following 
system of equations: 

*
0( ) tanf f gh x x= − − γ , 

*( ) tanf c xh h k− = γ , 
( )0 ( ) x td fk x x

c f ch h h e− −= + − , 
( )* ( ) .x td fk x x

t f c x tdh h h k x e− −= − −  
As a result of solving this system of four 

equations, we obtain arbitrary values of xf and hf.  
This leads to uncertainty of the moment of 

reaching the required speed of landing. 
The goal of the article is upgrading and testing of 

a new method of aircraft flare with fixation of 
parameter hf (height of flare beginning) and 
decreasing of the equation amount.  

3. The main material 

We consider the situation where the automatic control 
system has already led the aircraft to initial point of the 
glide path (xg, hg) with horizontal speed W.  

We suppose that the wind speed is zero, and the 
automatic control system completely compensates 
the disturbances.  

We will solve the task of reaching desired 
horizontal and vertical speed at touchdown point xtd 
in two stages.  

On the first stage we decrease horizontal speed 
W up to desired value Wz from point xg to point xf 
while height is on level hf = hz.  

When considered angle of trajectory is small, the 
horizontal speed is almost equal to speed on glide path.  

We can find the exponent index α and the 
interval of speed change dT from the relation: 

dT
zW We α−= , 

0 0
( )sin ,dT t

zh D We dt−α= − γ∫  

where D0 – the distance between points (xg, hg)  
and (xg0, hg0); 

γ – glide path angle. 
Solving the last system of equations, we can 

obtain: 
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On the second stage we can fix the horizontal 
speed and begin to change the height by the 
exponential law from the value hz – hс to the value hс 
in such a way, that the exponent line crosses the 
point xtd with the vertical speed of hp.  

The values of exponent kx and hс can be found by 
solving the system of equations: 

( )( ) x td fk x x
c z ch h h e− −+ − ; 

( )( ) ,x td fk x x
p z c x ph h h k x e− −= −  

where hp – vertical speed. 
The math modeling is carried out to test the 

method.  
The complex includes programs for calculating 

changing parameters of speed and height and also 
program for repositioning the aircraft in time.  

We assume that automatic control system is 
perfect, and there is no wind.  

Initial modeling data is:  
D0 = 3,008*104 m; 
W = 200 km/h;  
Wz = 40 m/s;  
hp = 0,2 m/s;  
xtd = 100 m;  
γ = 0,05 rad. 
Modeling results are shown in Table.  
Zero point of the x-coordinate is chosen in such a 

way that distance until touchdown point xtd is 100 m. 
Modeling result 

t, s  641 650 655 660 665 668 669 
h, m  24,56 9,5 5,2 2,48 0,76 0,055 -0,14 
hp, m/s  2 1,08 0,68 0,43 0,27 0,2 0,19 
W, m/s  40 40 40 40 40 40 40 
x, m  -991 -631 -431 -231 -31 89 129 

Note: h – height; x – distances along the axis running 
along the runway. 
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Using data from Table we have built the 
dependence graphs of height (Fig. 2, a) and vertical 
speed (Fig. 2, b) on time. 

 
a 

 
b 

Fig. 2. Dependence of height (a) and vertical speed  
(b) on time 

As we can see from this data, we have reached 
the desired values of horizontal and vertical speed in 
the touchdown point.  

The value of vertical speed is 0,2 m/s, the value 
of horizontal speed is 40 m/s.  

The interval from point of glide path beginning to 
point of flare beginning is covered during 641 s.  

Note that if aircraft entered the glide path with 
touchdown horizontal speed, it would cover this 
interval during 759 s.  

The landing accuracy is 0.23 m, it is much better 
than accuracy of modeling with 4 equation system 
solving. 

4. Conclusions 

The performed modeling has shown that the 
upgraded flare method provides reaching the desired 
values of vertical and horizontal speed in the 
touchdown point.  

In contrast of method with solving 4 non-linear 
equations, the proposed method sets the initial flare 
height.  

This allows us to decrease the number of equations.  
Besides, the reduction of horizontal speed up to 

the touchdown value in the beginning of flare stage 
is carried.  

This method provides more precise landing than 
other methods, which were proposed earlier.  

Relations for parameters of height and speed 
control are given.  

The results would be useful for developers of 
automatic landing systems. 
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