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Abstract—Methods for assessing the current state and forecasting critical events are developed
in order to reduce the stress load on the pilot of an aircraft. These methods are based on the
energy approach to flight control. Algorithms for forecasting the possibility of safe takeoff in the
presence of high-rise obstacles on the trajectory are obtained. Forecast correction algorithms
are introduced. Algorithms for calculating the braking distance depending on the runway
condition are found in the modes of landing or emergency braking at takeoff. Some ways to
correct forecasts considering the sequence and operation time of all braking devices are proposed.
Model tests are carried out for the algorithms in the entire range of operating conditions.
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1. INTRODUCTION

The issues of organizing passenger transportation have recently become more and more acute
and topical. The main directions of transportation improvement are traffic intensification and the
expansion of permitted weather conditions for aircraft flights. Therefore, the safety of aviation
equipment comes to the forefront.

Technical and communications progress in all spheres of human activity tends to accelerate.
This progress is manifested by the increase in transportation traffic and the expansion of acceptable
atmospheric or climatic conditions.

According to statistical data of the Main Center for Information Technologies and Meteorological
Services for Aviation (Aviamettelecom) of the Federal Service for Hydrometeorology and Environ-
mental Monitoring (Roshydromet) [1], there were nine aviation accidents during January–March
2023, including:

(1) three fatal accidents, particularly three fatal accidents in G-class airspace, with a death toll
of 5;

(2) one non-fatal accident, including one non-fatal accident in G-class airspace;

(3) two aviation incidents in total (one aircraft landing below the operational minimum and one
aircraft struck by atmospheric electricity);

(4) two industrial events (emergency events);

(5) one emergency situation without investigation (one aircraft struck by atmospheric electric-
ity).

In a statistical study of aviation accidents on passenger flights throughout the world, Boeing demon-
strated that more than half of all accidents occur during takeoff and landing stages [2]. Flight con-
trol at these stages is carried out with the direct participation of the pilot, who undergoes strong
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psychological stress. Therefore, the human factor becomes governing. The statistics of aviation
accidents based on the recent studies [3–5] shows that the share of aviation accidents caused by
human participation in flight task fulfillment varies from 50 to 70% depending on the estimation
methods.

One safety improvement direction is to equip aircraft with onboard systems providing instrument-
based control of critical motion coordinates during two stages: ground run on the runway during
landing and takeoff. Information support for the pilot and the creation of a pilot-friendly interaction
environment with cockpit equipment have become necessary. For this purpose, forecasting methods
and new algorithms [6–8] were developed to calculate the aircraft motion on the ground segment
of the trajectory.

In particular, it was decided to supplement onboard equipment with an information measuring
system (IMS) of takeoff run control [6]. This system simultaneously monitors longitudinal acceler-
ation, speed, and distance to reach the target speed. The forecasted distance to the decision point
helps the pilot to make a timely decision. But if the forecasted distance differs from the standard
one by an unacceptable value, the IMS generates a signal to alert the pilot and a command signal
to prohibit takeoff. In [7, 8], some variants of safe forecasted takeoff and emergency braking in
unfavorable climatic conditions and geographical coordinates were developed. These solutions are
conceptually based on the energy approach to controlling the spatial motion of an aircraft, first
presented in [9].

This paper further refines methods for assessing the current situation and forecasting the air-
craft’s motion on the runway in the braking modes after landing or aborted takeoff and in the ground
run stage before takeoff. In addition, we develop methods for increasing situational awareness to
eliminate stress load and reduce the risks of erroneous actions of the pilot.

2. THE ENERGY BALANCE EQUATION FOR AIRCRAFT MOTION

Historically, the basic controllable coordinates of an aircraft are altitude, speed, and the direction
of flight. They are natural for flight control both in visual orientation mode and in instrument
flight. The theory and practice of automatic control were developed in the same line. The concept
of flight control in the longitudinal channel of the aircraft using two loops—trajectory and speed—
became established in aviation. In automatic flight control systems, the functions of controllers
are performed by independent devices, namely, thrust automaton and autopilot. Controller design
problems with classical methods neglect the nonlinear relationship between the two main variables
(speed and flight altitude), which is provided by the fundamental law of conservation of energy of
a body moving in a potential field of forces.

In contrast to the conventional description of the spatial motion of an aircraft by the Cauchy
equations, the paper [10] proposed a control concept with the total energy of motion

E = mgh+
mV 2

2
,

where m denotes the weight of the aircraft, h is the flight altitude, and V is the speed in the inertial
frame.

We will consider motion in terms of the weight-normalized specific energy of motion HE, which
is also called the pseudo-energy or energy height:

HE =
E

mg
= h+

V 2

2g
.
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Being jointly solved, the dynamic equations of translational motion in the disturbed atmosphere
and the total energy equation of an object yield the energy balance equation

ΔHE = ΔHeng
E +ΔHD

E +ΔHgear
E +ΔHw

E .

This equation describes quantitative relations between the energy source and all its consumers in
the “aircraft–engine–environment” system. The equation is written in increments and contains the
following terms: ΔHE is the increment of the energy height of the aircraft; ΔHeng

E is the specific
work of the engine; ΔHD

E is energy costs to overcome the aerodynamic drag; ΔHgear
E is energy

costs to overcome the resistance of landing gear; finally, ΔHw
E is wind work. For each term, the

following expressions were derived in [8, 9]: ΔHE =
∫ t2
t1

VB(θ +
V̇B
g )dt, where VB is airspeed and θ is

the angle of inclination of the trajectory in the inertial frame; ΔHeng
E =

∫ t2
t1

VBPH cos(αB + φeng)dt,

where PH = P
mg is the normalized thrust, αB is the angle of attack, and φeng is the angle of engine

installation; ΔHD
E =

∫ t2
t1

VBDHdt, where DH = D
mg is the normalized drag; ΔHw

E =
∫ t2
t1

VBfwdt,

where the factor fw ≈ ẇx
g − ẇy

VB
is called the wind factor or hazard index, and wx and wy are the

projections of wind speed on the inertial frame axes; finally, ΔHgear
E =

∫ t2
t1

V kbrakfwdt, where kbrak
is the generalized normalized braking coefficient (the total resistive force of landing gear divided
by aircraft weight).

3. BASIC ALGORITHMS OF ENERGY CONTROL SYSTEM

The energy height HE has two components characterizing potential and kinetic energies, respec-
tively. When moving in space, each component changes not independently but in according with
the law of conservation of total energy. Therefore, the problem of designing flight control algo-
rithms is naturally posed as a problem of multicriteria control. The first criterion is to minimize
the deviation of the energy height: ΔH → min. The second criterion is to minimize the mismatch
between its kinetic and potential components:

ΔHkin
E −ΔHpot

E → min .

In the energy control system (EnCS), the thrust P is the only control variable affecting the total
energy of the aircraft; the elevating rudder deviation δB causes a redistribution of the potential
and kinetic components.

The forces in projections on the axes of the air frame satisfy the equation

mV̇B = P cos(αB + φeng)−D −mg sin θB −m(Ẇxg cos θB + Ẇyg sin θB),

where VB is airspeed, αB is the angle of attack in the air frame, D is drag, θB is the trajectory’s
angle of inclination in the air frame, and Wxg and Wyg are the projections of wind speed on the
axes of the Earth frame. Resolving this equation for P under the assumption of small angles and
passing to the normalized variables, we obtain

PH = θ +
V̇B

g
+ fw +DH .

In the steady-state flight mode without wind, the simplified thrust control law in the EnCS in
increments relative to the set values is given by

ΔPEnCS
H = Δθ +

ΔV̇B

g
.

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 10 2023



INFORMATION SUPPORT FOR AIRCRAFT CREW 1235

Elevating rudder control is used to minimize the mismatch between the potential and kinetic
components, which does not affect the first criterion:

ΔδEnCS
H = Δθ − ΔV̇B

g
.

Integral terms are added to the proportional ones to ensure astatism for the controlled coordinates.

Flight control with EnCS naturally considers the mutual influence of the speed and trajectory
channels; thus, correction loops for these relationships are not needed.

4. ENERGY FORECASTING METHOD FOR TAKEOFF AND OBSTACLE CLEARANCE

The pilot’s goal in the takeoff stage is to overcome a high-rise obstacle at a speed at least equal
to that of stable horizontal flight. In complicated conditions, the pilot needs to assess a priori
the aircraft’s ability to accelerate to the takeoff speed within the runway and climb sufficiently to
overcome high-rise obstacles on the takeoff course. The takeoff diagram is shown in Fig. 1.
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LobstLobstLobst

HobstHobstHobst
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LresLresLres
DTPPDTPPDTPP

DDPDDPDDP
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Fig. 1. Characteristic points on the takeoff trajectory.

This figure has the following notations: x(t) is the current coordinate of the aircraft; Hobst

and Lobst are the obstacle height and the distance to the obstacle from the runway endpoint,
respectively; V2 is the minimum speed of stable horizontal flight; S is the energy accumulation
distance; Lrun is the runway length; DTPP is the distance to the takeoff possibility point (TPP);
DDP is the distance to the decision point (DP); xDP is the coordinate of the decision point; finally,
Lres is the takeoff run reserve from the DP to the runway endpoint.

According to the Flight Manual, takeoff is authorized when sequentially reaching the minimum
horizontal flight speed V1 and the nosewheel lift-off speed Vr regardless of the aircraft’s position on
the runway. However, this takeoff procedure does not ensure overcoming an obstacle safely since
the speed Vr may be reached at a point in unacceptable proximity to the runway endpoint or even
beyond it.

Let us inform the pilot about the possibility of a safe takeoff ahead of time by forecasting the
energy state of the aircraft corresponding to the required generalized coordinates at the obstacle
clearance point.

To overcome the obstacle safely, the aircraft must have a speed not less than its stable horizontal
flight speed V2. At the instant of overcoming the obstacle, the total energy EHobst

of the aircraft
must contain the required minimum kinetic component and a reserve of the potential component,
which gives the aircraft the necessary altitude Hobst for obstacle clearance:

EHobst
= m

V 2
2

2
+mgHobst. (1)
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The total accumulated energy of the aircraft consists of the current kinetic and potential compo-
nents and the work of all external forces Fi on the trajectory of length S. Then the forecasted
accumulated energy is given by

E(t)fore = m
V (t)2

2
+mgh(t) + S

∑
i

Fi(t), (2)

where
∑

i Fi(t) is the resultant of all external forces: engine thrust, aerodynamic drag, wind force,
and landing gear braking force. Equation (2) explicitly relates the energy state of the controlled
object and the trajectory length to reach this state.

The resultant is naturally calculated through the longitudinal overload:∑
i

Fi(t) = mgnx(t). (3)

Let all forces in (3) be measured during the ground run before takeoff. Equating the required (1)
and forecasted (2) energies, we find the length of the forward section of the ground segment to the
DP necessary to accumulate the deficient total energy:

DDP =
(g(Hobst − h(t)) + 0.5(V 2

2 − V (t)2))

gnx(t)
− Lobst.

Note that this expression is invariant with respect to weight. The trajectory point where the
forecasted length of this section becomes zero is the DP of safe takeoff: XDP = x(t)|D=0. The
coordinate of this point is simply calculated as

XDP (t) = x(t) +DDP (t).

Total energy forecasting indicates the possibility of takeoff not at the instant of reaching the decision
speed but earlier and in the distance coordinates associated with the runway.

The forecasting method based on the energy approach yields a forecast of another characteristic
point on the takeoff run trajectory. Each type of aircraft is allowed to lift the front landing gear
strut when reaching a known minimum takeoff run speed Vr. In abnormal situations, the pilot
must assess the possibility of continuing the takeoff run and, moreover, the position of the aircraft
on the runway in which it is possible to start lifting the front strut. The distance from the current
position of the aircraft to reaching the rate of climb is calculated as

DVr(t) =
V 2
r − V 2(t)

2gn(t)
.

When this forecasted distance reaches zero, it is possible to lift the front landing gear strut to turn
the airplane to the takeoff angle of attack. In the course of the takeoff run, it is proposed to inform
the pilot about the distance to the front strut lift point. The instrumental estimate of this distance,
unlike the intuitive one, improves the pilot’s situational awareness and reduces the prerequisites for
erroneous actions. The distance to the front strut lift point can be shown on the instrument panel
or on the display.

Situational awareness can be increased (and stress load can be reduced) when using the fore-
casted distance reserve to the runway endpoint at the DP:

Lres(t) = Lrun − x(t)−DDP (t).

A very fruitful feature of the energy method is that the current forecast considers the total energy
acquired by the aircraft on the forward air segment outside the ground one. As a result, it is
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Fig. 2. Energy accumulation on the ground and air segments of the trajectory.

possible to calculate forecast values ahead of current events. Figure 2 demonstrates the energies
on the ground and air segments for aircraft with three takeoff weights.

Thus, energy forecasting allows calculating the distances to all regulation events on the trajectory
of a complicated takeoff ahead of time. Information about the occurrence of these events can be
presented to the pilot on the cockpit indicator in text, audio, or graphic form. The pilot’s awareness
of the current and forecasted situation reduces the stress load and the probability of erroneous or
untimely response of the pilot.

5. SIMULATION OF TAKEOFF IN THE PRESENCE OF OBSTACLES

The method for forecasting flight parameters at an obstacle clearance point was tested on a com-
puterized bench. The bench included a complete certified model of the TU-204 aircraft, particularly
the engine model and the landing gear model.

The operator’s console was used to set the aircraft weight and alignment, climatic conditions, and
airfield altitude and to prepare a takeoff scenario in accordance with the current flight regulations.
In the bench, control during the ground run and takeoff was performed by the automatic EnCS.

The energy system saves and efficiently utilizes the resources of the controls—throttle lever and
altitude channel knob—for spatial maneuvering. Therefore, the takeoff scenario contained only the
required speed and altitude values.

Figure 3 shows the transients in the height Y G and speed V P at takeoff in the presence of a
100 m-high obstacle at a distance of 1000 m from the runway endpoint for an aircraft with three
different takeoff weights.
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Fig. 3. Transients with the energy control system.
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Fig. 4. Cockpit takeoff indicator window.

The simulation was carried out to compare the forecasted decision points for takeoff with the
Flight Manual’s recommendations for aircraft with different weights (from minimum to maximum)
and the location of obstacles with heights of 50–150 m at a distance of 500–3000 m from the
runway endpoint. During takeoff, the bench recorded the position of the aircraft on the runway
(the coordinate XDP ) in which the current energy state was sufficient for a safe takeoff considering
the forecasted motion.

Table 1 combines the coordinates of three points for an aircraft with takeoff weights of 70,
90, and 105 tons: the decision points calculated by forecasting (Xfore

V1
), the points of reaching

the regulation takeoff speed V1 factually (Xfact
V1

), and the points of reaching the nosewheel lift-off
speed (XVr ).

Clearly, the possibility of overcoming the obstacle, as well as the nosewheel lift-off speed, are
forecasted much earlier than the aircraft gains the decision speeds V1 and Vr prescribed by the
Flight Manual.

For bench testing of takeoff modes with information support of the pilot, a prototype of a real-
time indicator of aircraft movement on the ground and air segments was implemented. Figure 4
presents the indicator window at the obstacle clearance instant.

The indicator window demonstrates the histories of the set and factual values of the main
flight parameters (altitude and speed). The aircraft symbol on the altitude trajectory shows its
current position. The runway and obstacle are conditionally depicted as well. The prototype of the
indicator successively marks in real time the forecasted distances to the decision point for takeoff
(DDP ), to the point of reaching the regulation decision speed (DV1), and to the point of nosewheel
lift-off speed (DVr), including their numerical values.

Table 1. Comparison of forecasted and factual coordinates

Weight, t V1, km/h Xfact
V1

, m Xfore
V1

, m Vr, km/h XVr , m

70 204 515 153 210 547

90 220 764 508 228 825

106 238 1095 837 245 1203

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 10 2023
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6. METHOD FOR FORECASTING SAFE BRAKING DISTANCE

Figure 5 shows the landing diagram with the following notations: x(t) is the current position
of the aircraft on the runway; Dbrak is the braking path length; Xbrak is the end point coordinate;
finally, Lres is the ground run reserve to the runway endpoint.

LresLresLres
XbrakXbrakXbrak

DbrakDbrakDbrakx(t)x(t)x(t)

Random factors:

�Aerodynamics
�Wind, precipitation
�Thrust reverse
�Landing gear braking
�Spoiler extension

Stop

Fig. 5. Landing with braking.

Within the ground segment of the trajectory, during the run after landing or before an aborted
takeoff, there may be situations with a risk of overrunning the runway. Under a time deficit, it is
necessary to assess the possibility of either emergency braking and stopping within the runway or
going around again. We define the braking length as the distance over which the airspeed will be
canceled from the current one to some small value ε or the taxiing speed.

For the stopping criterion V (t) � ε, the forecasted braking length is given by

Dbrak =
0.5(V 2(t)− ε2

gnx(t)
. (4)

According to this estimate of the marginal stopping distance of the aircraft, the pilot may be
visually informed of the safe braking distance reserve

Lres = Lrun − x(t)−Dbrak.

This information message will help the pilot to make a decision on emergency braking (and in the
case of its impossibility, a decision on go-around).

In the process of braking, all forces and conditions change; therefore, the a priori estimates of the
aircraft motion on the runway differ from the real ones, containing an inevitable error. Moreover,
the current situation forecast is always optimistic since the main braking forces (reverse thrust and
aerodynamic drag) relax with decreasing the speed.

To improve the reliability of forecasting, we propose to correct the forecast (4) by introducing a
correction Qcor and calculating the corrected braking distance

Dbrak cor = QcorDbrak. (5)

The highest forecasting errors occur on sections with maximum reverse and with extended spoilers,
so the correction coefficients are selected separately for each configuration of the braking devices.
These sections are always identifiable, and switching the type of correction is straightforward.

At the beginning of the braking path (the reverse section), the greatest impact on the forecasting
errors is exerted by the friction coefficient kfric (which is reported to the board for the landing
calculation) and the rolling velocity V (which is bounded by the reverse speed, V � Vrev).

The correction coefficient on the reverse section, Qrev, explicitly considers both factors men-
tioned:

Qrev = krev(kfric)krev(V ).

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 10 2023
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The value krev(ksc) was analytically approximated by the polynomials of the second, third, and
fourth degrees. The polynomial of the third degree has the form

krev(kfric) = 16.14(kfric)
3 − 22.55(kfric)

2 + 8.25kfric + 0.716.

Despite the differences in the approximating polynomials, the resulting errors varied by no more
than 10%.

The empirical dependence of the correction coefficient on speed was found in the form

krev(V ) = k1(k0 + (1− k0))V/VH ,

where VH is the initial braking speed, the coefficient k1 determines the overall intensity of correction,
and the coefficient k0 changes the degree and sign of correction as the aircraft moves along the
runway. The tuning coefficients k0 and k1 were determined by minimizing the average forecast
error on the reverse section.

On the ground run section with extended spoilers, the correction was achieved by simply scaling
the coefficients using the normalized average landing weight mnorm=m/90:

Qspoil = kimnorm.

The values ki were found by minimizing the error over the entire flight under all braking conditions.
After retraction of the spoilers, the correction coefficient was scaled to Qspoil = 0.8Kimnorm.

The states of the braking devices and the actions of external factors change at a high rate.
Therefore, to smooth out possible high-frequency bursts, all the forecasted values are passed through
a damping filter, i.e., an aperiodic link with a tunable time constant Tffore.

7. STUDIES OF THE BRAKING DISTANCE FORECASTING ALGORITHM

A special simulation bench was created to study the forecasting algorithms. This bench has a
set of modes to analyze the forecasting algorithms and to perform their correction and studies as
well as developed service tools for setting the experimental conditions and processing and recording
the results.

First of all, the bench is used to determine the correction coefficients in terms of the selected
optimality criteria (forecasting errors on any trajectory section). The program module of the fore-
casting algorithms contains a base of settings for the coefficients of the algorithm (5) on a discrete
set of braking conditions. To make the coverage of the settings domain continuous, the software
includes a module for interpolating the correction coefficients as a function of three variables:
[k0, k1, ki] = INTERPOL[m,kfric, Vpos].

The service software of the simulation bench includes a module for analyzing the results of
statistical tests of the forecasting algorithms. The statistical testing module is configured to analyze
the forecasting errors of the stopping point during aircraft braking on the runway. The random
disturbances are the variations in aircraft weight and friction coefficient. The distribution law can
be assigned as Gaussian or uniform. When displaying the curves on the screen, the experimental
distribution function is plotted along with the analytical Gaussian function with the same moments.

Figure 6 shows the experimental distribution functions and the corresponding probability den-
sities of the forecasting errors of the braking distance (ΔDbrak) for a 90-ton aircraft from an initial
speed of 220 km/h. The analytical approximation of the distribution function by the Gaussian law
is plotted on each graph. The mean and the width of the 5% error tolerance are also provided.

According to the graphs, random forecasting errors have distributions close to Gaussian. Small
values of the mean and standard deviation indicate high forecasting accuracy, which is achieved by
the effective correction of forecasting algorithms.

AUTOMATION AND REMOTE CONTROL Vol. 84 No. 10 2023
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Fig. 6. Distribution functions and probability densities of the forecasting errors of braking distance.

Fig. 7. Braking indicator.

Engine thrust reverse has the strongest impact on the dynamics of the braking process. Increas-
ing the reliability of forecasting on the reverse section is very important: on this section, the speed
takes the highest values, increasing the stress load on the pilot. Forecasting errors during the entire
braking stage (total errors) and those in the reverse mode only (reverse errors) were investigated
and compared. The correction coefficients were determined using two different optimality criteria:
by minimizing the errors on the reverse section, min(reverse errors), and by minimizing the errors
on the complete braking trajectory, min(total errors).

Table 2 presents the average forecasting errors on the reverse section and on the complete braking
trajectory of an aircraft with a landing weight of 90 t, an initial speed of 220 km/h, and friction
coefficients of 0.3, 0.5, and 0.75.

These data confirm that the reverse section contributes most to the forecasting error, and opti-
mization in terms of the minimum error on the reverse section also significantly reduces the total
error over the entire run.

Table 2. Forecasting errors on the reverse section and complete braking trajectory

Friction coefficient 0.3 0.3 0.5 0.5 0.75 0.75

Reverse Total Reverse Total Reverse Total
Optimality criterion

errors errors errors errors errors errors

min(reverse errors) −8.97 −8.94 −0.48 10.27 −0.23 6.03
min(total errors) −21.35 −3.81 −3.54 −2.0 1.55 0.55
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Figure 7 demonstrates the prototype of the braking indicator for information support of the
pilot of an aircraft moving in real time along the runway. There are marks of the current position
of the aircraft and the forecasted braking endpoint. The numerical value of the aircraft coordinate
on the runway and the estimated distance to the stopping point are also shown.

If the forecasted stopping point goes beyond the runway endpoint, it is a signal to go around.

8. CONCLUSIONS

To increase situational awareness of the pilot and reduce stress load, we have developed algo-
rithms for forecasting terminal states during takeoff and landing operations. The algorithms are
based on the energy approach to aircraft flight control. This approach allows assessing the current
situation and, moreover, the future situation on the forward section of the trajectory, including
the air segment of climbing and overcoming a high-rise obstacle. The idea is to inform the pilot
of the forecasting results in the form of text, graphic, or audio alerts. In the ground run mode
before takeoff, the distance to the decision point on the possibility of safe takeoff and clearance
of a high-rise obstacle has been determined. In the braking mode, algorithms for forecasting the
distance to the stopping point or to the taxiing speed have been developed. In each mode men-
tioned, the possibility of safely reaching critical points of the maneuver has been forecasted ahead
of their factual occurrence on the trajectory. This gives confidence in fulfilling the flight task in
nonstandard or complicated conditions on the runway.
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