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Abstract – The paper aims at researching and developing an
adaptive control system algorithm and its implementation and
integration in the control system of the existing unmanned aerial
vehicle (UAV). The authors describe the mathematical model of
UAV and target function for energy consumption minimisation
and possible searching algorithms for UAV optimal control from
an energy efficiency perspective. There are two main goals: to
minimise energy consumption and to develop and investigate an
adaptive control algorithm for UAV traction drive in order to
increase energy efficiency.
The optimal control algorithm is based on two target function
values, when comparing and generating corresponding control
signals. The main advantage of the proposed algorithm is its
unification and usability in any electrical UAV with a different
number of traction drives, different or variable mass and other
configuration differences without any initial manual setup. Any
electric UAV is able to move with maximal energy efficiency using
the proposed algorithm.
Keywords – Adaptive algorithms; Energy consumption;
Unmanned aerial vehicles.

I. INTRODUCTION
Since the unmanned aerial vehicles (UAVs) are increasingly
used in various fields of human activity, their useful
characteristics have become topical, and the flight distance is
one of those. The battery capacity, the total mass, the efficiency
of engines and converters (ESC regulators), control modes, as
well as external influences (e.g., wind and temperature) affect
the flight range of the UAV. As it is not possible to change
external influences, it is necessary to adapt to them. It is
required to build a control system that will adapt to changing
external parameters and in the case of cargo delivery it will also
react to total weight of the UAV changes after delivery, in order
to find the control mode for optimal energy consumption for
most efficient use of the battery. Most studies devoted to
adaptive UAV systems investigate the stability of the aircraft.
Paper [1] presents the UAV usage options to fulfil power
engineering tasks, improvements and their explanation. Paper
[2] proposes the real-time problem solution for operational
planning to minimise energy consumption of the UAV for the
routes with obstacles. Euclidean calculations are compared by
energy consumption criteria in [3]. Energy efficient
optimisation algorithm for UAV charging network is described

in paper [4]. UAV cooperation in network is described in [5]
and [6]. Non-linear model forecasting strategy of UAV
trajectory detection is proposed in [7], while energy efficient
communication and UAV trajectory optimisation are discussed
in [3]. Energy-saving for unmanned aerial vehicles is
considered in [8], where a compromise between the stable
operation of system and energy consumption is applied, so that
the decrease in energy consumption does not reduce the quality
of the whole system. In [9], planning a UAV optimal trajectory
route total energy consumption 72.3397 Wh was achieved using
an adaptive neural network control method, while without using
this method, the average energy consumption was 96.593 Wh.
The optimisation of energy efficiency for small cellular
networks using a coordinated UAV network was considered in
[10], considering the coordination of small air cells. The energy
efficiency maximising problem was formulated and presented
in the non-convex fractional optimisation form. Such a problem
is quite difficult to solve directly; therefore, it is divided into
two subtasks and effectively solved by the proposed iterative
algorithm. Path generation for UAVs with minimal energy
consumption is proposed by the authors of [11]. In the present
article, the paths of minimum energy between the
predetermined initial and final configuration of the quadrotor
are determined by solving the optimal control problem with
respect to angular accelerations of four propellers. This theory
is illustrated in several scenarios for the DJI Phantom 2
quadrotor. With the same UAV initial parameters, it is logical
to assume that a short path consumes less energy than a longer
one. The authors propose a new strategy for calculating the
minimum time trajectories for quadrotors in a bounded
environment. The transverse coordinates expressing the
distance from the frame path are used to parameterise the
position of the vehicle, and the spatial parameter is used as an
independent variable. The strategy is proven by numerical
calculations using two different illustrative scenarios [12].
The background analysis allows concluding that the
minimisation of energy consumption of an unmanned aerial
vehicle is a topical issue.
II. PROBLEM FORMULATION
The main practical goal of the research is to minimise energy
consumption of UAV. The main scientific goal of the research
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is to study and to develop an adaptive control algorithm for
UAV traction drive in order to increase energy efficiency of
UAV.
The main research object is an adaptive algorithm that could
be applied for various UAVs without initial settings, e.g., mass,
engine speed, in order to move as efficiently as possible. The
computer simulation of an adaptive quadcopter control
algorithm is the final stage of the present research.
The main tasks of research are as follows:
- to study mechanical and electrical characteristics and to
develop the mathematical model and target function for
electrical energy consumption minimisation;
- to develop an optimal control algorithm;
- to create the UAV testbench model in order to obtain the
real traction drive parameters;
- to develop the computer model with an adaptive algorithm
and control system with adaptive controller of UAV
take-off;
- to simulate motion of the UAV and to evaluate the
workability of the control algorithm for different UAV
configurations in real-time;
- to evaluate the efficiency of the selected adaptive
searching algorithms.

Route planner

III. DEVELOPED STRUCTURE OF UAV CONTROL
The adaptive optimisation algorithm is implemented on a
microcontroller that is embedded in the existing UAV control
and monitoring system. Modelling, estimation, and control for
multirotor aerial vehicles, with a particular focus on the most
common form – the quadrotor, have been investigated in [13].
The modifiable UAV quadcopter consists of a flying controller,
brushless permanent magnet DC motor, electronic speed
controllers and battery, voltage regulator (for low-voltage
equipment powering), radio receiver, GPS module and built-in
sensors. The optimisation controller consists of a
microcontroller and an additional group of sensors, voltmeter,
current meter (Hall sensor), accelerometer, barometric altimeter
and GPS module. The optimisation controller is installed in the
circuit between the master gear controller (coordinates) and the
flight controller. The UAV flight controller has standard inputs:
A – aileron, E – elevator, T – throttle and R – rudder. Instead of
remote control, the optimisation controller is connected to the
flight controller and plays the role of the UAV operator, which
controls the UAV using the basic signals <A, E, T, R>.
The improved control structure of quadcopter is
demonstrated in Fig. 1.
Figure 2 shows a principal electrical scheme of the
optimisation controller. The control signals A, E, T, and R are
fed to the Rx5 input of the optimisation controller.

Optimization Controller

Flight controller

Electric drive

Fig. 1. Improved control structure of quadcopter UAV as example with optimization controller.
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Fig. 2. Principal electrical scheme of optimisation controller.

The GPS module, compass, and barometer provide the
optimisation controller with data about UAV’s position relative
to the destination and permissible deviations from the given

route trajectory. The values of UAV’s current and voltage
getting to the input of the optimisation controller are converted
to power consumption. To power the circuit element, on-board
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voltage is stabilised by a voltage regulator. Incoming data are
processed according to a given optimisation algorithm and, as a
result, the optimised control signals appear at the output of TX1.

The model is based on the fundamental law of classical
mechanics, actually Newton’s second law of motion:
(1)

(12)

Consumed energy from source:



(13)

0

V. TARGET FUNCTION FOR ENERGY CONSUMPTION
MINIMISATION

( FR − 1)

,

F
,
m·g0

FR =

P
M sl = 9950 .
n

E = Pdt / 3600 .

The following functional dependencies are defined for UAV
velocity limits:
Max vertical velocity:
Vver =

(11)



where
Fvil – UAV resultant force, N;
Fga – air resistance force, N;
Fgr – gravity force, N;
m – UAV mass, kg;
𝑎 – UAV acceleration, m/s2.

2m·g0
ρ·CD·Aeff

P = UI.
Torque on the motor shaft, Nm:

IV. MATHEMATICAL MODEL OF UAV

Fvil − Fgr − Fga = ma,

Power consumption, W:

(3)

(14)

The secondary criterion is a minimisation of the manoeuvre
time that should be minimal in case when the primary criterion
is satisfied, i.e., if more than one solution exists with the same
minimal energy consumption, then manoeuvre with the shortest
time should be selected:

τ = f 2 ( C ) → min,

Fga = ρ·CD·Aeff ·v2 ,

(4)

Fgr = m·g0 .

(5)

UAV acceleration is calculated from the force equation:
(6)

UAV velocity:


v = a dt.

E = f1 ( C , Q ) → min.

(2)

where
F – motor summary traction power, N;
g0 – gravity acceleration value 9.81 m/s2;
CD – aerodynamic flow factor;
Aeff – UAV effective area, m2;
ρ – air density, кg/m³;

a = ( Fvil − Fgr − Fga ) / m.

The primary criterion of the target function is UAV energy
consumption minimisation, which in general form is
represented as the following equation:

(7)

(15)

where
E – electrical energy consumption for the manoeuvre
completion, Ws;
C – a set of adaptive control parameters, i.e., C = (R, P, T, Y),
where
A – a roll control signal level, μs – moving right, left;
E – a pitch control signal level, μs – moving back, forward;
T – a throttle control signal level, μs – moving up, down;
R – a yaw control signal level, μs – turn signal;
Q – an uncontrollable parameter set, internal, external and
environmental impacts;
𝜏 – time spent for manoeuvre, s.
Start parameters: A = 0, E = 0, T = 0, R = 0, az(R) 0°,
targ = 0 + n°.

0

UAV distance:


s = v dt.

(8)

0

Mechanical power (instantaneous):

N( t ) = Ft ·v ( t ) .

(9)

Mechanical work:




A = Ndt / 3600 .
0

(10)

 Ev =  IUdt = f ( A, E ,T , R, t ) → min

az ( R ) − targ → 0


x ( A, E ) − xM → 0


y ( A, E ) − yM → 0



z (T ) − z M → 0


1000  A  2000

1000  E  2000


1000  T  2000


1000  R  2000


(16)
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The control signals are limited within minimal and maximal
acceptable boundaries a and b:

 aR
a
 P

 aT
 aY

 R  bR
 P  bP
.
 T  bT
 Y  bY

(17)

values are obtained, several TFVR are eliminated from search
due to unimodality. Value 𝛿𝑐 is detected with the required
accuracy. This algorithm belongs to a class of successive
searching.
Algorithm mathematical presentation is the following:
1. Assignment r = 1, a1 = a, b1 = b,

2.

TFVR1 = a1, b1  .


Value calculation (see Fig. 3)

3.


a r − br
r
r 
r
r
, c1 = c0 − c , c2 = c0 + c .
2
2
2
Read the function 𝐸(𝑐) values according to

In the present research, the manoeuvre means the
achievement of the target point M(xM, yM, zM) from the current
UAV location S(x0, y0, z0), within the condition:

 xM − x0   X

 yM − y0   Y ,
 z −z 
0
Z
 M

c0r =

wattmeter measurements E (c1r ), E (c2r ).

(18)
4.

a r +1 = a r , br +1 = c0r , TFVRr +1 = ar +1, br +1 



where 𝜀𝑋 , 𝜀𝑌 , 𝜀𝑍 – an acceptable precision by Ox, Oy, Oz axes.
Energy consumption of UAV in continuous form is the
following:

or perform assignments
r +1
r
a r +1 = c0r , a r , b = b , TFVRr +1 =  a

 N

Ev =

u (t, c (t ))·i (t, c (t ))·dt ,
j

j

If E (c1r )  E (c2r ) , then perform assignments

(19)

5.

0 j =1

r +1

, br +1  .


If | TFVRr +1 |  c , then END,
or perform r = r + 1 and go to Step 2.

where
Ev – consumed energy by traction drives for manoeuvre, Ws;
t – momentary time values, s;
 – manoeuvre completion time, s;
N – a number of UAV traction drives (traction motor and
electronic speed controllers);
j – an index of UAV traction drive;
uj(t) – a momentary voltage value of j-th traction drive, V;
ij(t) – a momentary current value of j-th traction drive, A;
c(t) – a set of momentary control signal values, μs.
Improving energy efficiency to reduce electrical energy
consumption was investigated in [14].
VI. ALGORITHM FOR OPTIMAL UAV REAL-TIME CONTROL

( )

a, b.

(20)

Halving algorithm or even dichotomous searching algorithm
attempts are in pairs. The coordinates of each pair are different
from the other pair for the amount

c  c ,

(21)

where  c − the required solution accuracy.
Attempts are made in the range of values of the control signal
(traction force value range TFVR). After the function E(c)

𝑐2𝑟

𝑐0𝑟
𝛿𝑐

𝑏𝑟

𝛿𝑐

Fig. 3. Calculation of c0r , c1r , c3r values.

Under the same conditions, any point from the current
uncertainty interval may be accepted as the approximated
minimum point c*. The uniform halving algorithm is described
in Fig. 4.

E(с)

E(c)
A. Halving Algorithm
In the present paper, the real-time modification of the uniform
search algorithm is developed as an optimal search algorithm.
The task of the algorithm is to find minimum of the unimodal
function E(c), where c – a control signal (absolute in %, or
relative in μs), which is defined in a closed range of acceptable
values D = [a, b],

minE ( C ) = E c* , c
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a = a𝑐111
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c

Fig. 4. The first two iterations of a one-dimensional unimodal function E(c)
with a halving algorithm.

The TFVR decrease twice after each iteration. Since in each
iteration only two measurements are required, this algorithm
can be accepted as applicable to the optimal management of
UAV.
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B. General UAV Control Algorithm
In the present paper, the searching for optimal control
methods are based on comparing the values of two target
functions and making the respective decisions due to the
improvement (success) or deterioration (failure).
The UAV optimal control algorithm in general form is the
following.
1. Increase the control signal until starting.
2. Start control signal generation – set the control signal
value.
3. Measurement – Measure or calculate the value of the
target function.
4. Optimization – use a certain optimisation method to
make a decision and perform an action on the next
control signal value.
5. Checking for optimal value – If the optimum value is not
reached, returned to Step 2. Use a new control signal
until the optimal control value is reached, then go to
Step 5.
6. Waiting – when the optimum value is reached, after a
certain period it is necessary to recheck the optimum
value because the movement conditions may change,
then repeat from Step 2.
The developed algorithm for the UAV optimisation controller
is the following.
Step 1. Initial control signal c is set.
Step 2. By measuring the acceleration, the time moment is
found when a < eps ≈ 0, so v ≈ const. Thus, the transient
process is not considered.
Step 3. Current energy consumption value is stored as e 0,
time moment as t0 and distance as s0.
Step 4. After the time tf = const, i.e., constant for any
measurements, the relative energy consumption per meter is
calculated as de = (e – e0)/(s – s0), Wh/m.
Step 5. If de1 is not defined yet, then de1 = de, or de2 = de.
Step 6. If de2 is defined, then go to Step 7 or c = c + dc and
go to Step 2.
Step 7. If de2 < de1, then
current control signal c is better than the previous one, and
the search is moving towards the extremum point, i.e., the
search step is successful, and according to the optimal search
algorithm, new dcsuc is set or calculated and next c value is
defined as c = c + dcsuc
or
current control signal c is worse than the previous one, i.e.,
the search step is unsuccessful, and according to the optimal
search algorithm, new dcuns is set or calculated and next x
value is defined as c = c + dcuns.
Step 8. Check the optimality achievement conditions:
If conditions are satisfied, then
search is stopped,
optimal control c* = c and
next optimality check and search will be activated
after the predefined delay tg.
or, go to Step 2.

VII. COLLECTION OF UAV REAL TRACTION
DRIVE PARAMETERS
For testing the algorithm, three different UAV motors have
been selected: BR2216-KV810, BR2212-KV920 and BR2212KV980, which are usually used in quadcopters. The propeller
1045 is used, i.e., 10-inch diameter and 4.5-inch step.
The special testbench for UAV traction testing and modelling
is developed. It allows evaluating the power characteristics of
motor at different loads. It is also used to simulate the UAV
motion. The measured values are accumulator battery current,
voltage and traction force of the traction drive (motor with
propeller and ESC).
The testing system is presented in Fig. 5. and the schematic
of the motor testing part is shown in Fig. 6.

Fig. 5. Motor testing and UAV simulation system.

Fig. 6. Schematics of UAV traction drive testbench.

The motor is connected to the ESC and for control of the ESC
the microcontroller board is used. It generates a pulse-position
modulation signal with the duration between 1000 μs and
2000 μs. The controller obtains the real battery voltage and
current values, the motor and the propeller when receiving the
control signal from the controller give the traction force
measured by the load sensor module. The traction force is
calculated using the equation F = 9.81w and motor power is
calculated as Pelectric drive = UI .
Since in real conditions the optimisation algorithm does not
consider the elements of the electric drive separately but takes
into account the total energy consumption, the losses in the
wires and the losses in the speed controller are not calculated.
Thus, the power consumed by the electric drive consists of

Pelectric

drive

= Pwire + PESC + Pmotor ,

(22)
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where
Pwire – power loses in wires;

TABLE II
THE PART OF 100 M VERTICAL INTEGRATED TAKE-OFF

PESC – power loses in the speed converter;

t, s
Fga, 𝑁
F, N
A, m/s2
V, m/s
S, m
N, W
A, Wh

Pmotor – motor power (including loses).

0
0
13.93
0
0
0
0
0

0.1
0.28
13.65
9.28
0.93
0.09
26.59
0.00074

....
....
....
....
....
....
....
....

15.5
13.93
0
0
6.59
99.48
188.85
0.00525

15.6
13.93
0
0
6.59
100.14
188.85
0.00525

 A = A0 sec + A0.1sec + ... + An sec =
0 + 0.00074 + 0.00146 + ... + 0.00525 = 0.79669 Wh (26)

 E = E0 sec + E0.1sec + ... + En sec =
0.01485 + 0.0148 + ... + 0.01485 = 2.316253 Wh (27)

η=

 A 0.79669
=
= 0.344
 E 2.316253

(28)

Fig. 7. Power-force curves of three motors.

The power graph for BR2216 KV810, BR2212 KV920, at
various traction force values from Table I is shown in Fig. 7.
Figure 7 demonstrates obvious non-linearity that proves the
possibility for energy consumption optimisation.
TABLE I
MEASUREMENTS AND CALCULATIONS OF BR2216 KV810 MOTOR
%

U, V

I, A

m, kg

10
40
60
80
86

16.27
16.22
16.14
15.89
15.76

0.3
3.2
6
11.4
13.6

0.028
0.375
0.63
0.96
1.06

Calculated
F, N
0.27
3.68
6.18
9.42
10.40

Calculated P,
W
4.88
51.90
96.84
181.15
214.34

Quadcopter efficiency equation is the following:

A
η = ,
E
where

A = A0 sec + A0.1sec + ... + An sec ;
E = E0 sec + E0.1sec + ... + En sec .

(23)
(24)
(25)

The numerical example of mechanical work, consumed
energy and efficiency calculation is presented for quadcopter
following the given parameters:
− Motor – BR2216-KV810;
− ρ = 1.22 kg/m³;
− CD = 1.05;
− Aeff = 0.25 m2;
− g = 9.81 m/s2;
− m =1.5 kg;
− dt = 0.1 s.
Example is shown for the following values of variables
assuming these values are not changing:
− Ft1 = 7.16 N – traction force of one motor;
− P1 = 133.63 W – power of one motor;
− Ft = 28.6 N – traction force of 4 motors;
− Fgr = 14.7 N, P = 534.52 W;
− E = 0.01485 Wh in each time interval.

VIII. PROGRAMMABLE COMPUTER MODEL
OF UAV TAKE-OFF
The part of quadcopter computer model code is presented in
Fig. 8. The part describes the computer and optimisation
controller interaction to assess the ability of the microcontroller
to perform the optimal control.
The microcontroller ATMEL328P is equipped with an
adaptive algorithm for searching for optimal power
consumption, and microcontroller output data control the
propeller-motor pair of the test bench. The computer program
receives the signal from the sensor and simulates the flight, but
only the vertical component of the flight at a given altitude St is
used.
if (!ok && beg && t>=t1+1)
{
beg=0;
if (!e1) {e1=(E-e0)/(s-s1); x+=1;}
else
{
e2=(E-e0)/(s-s1);
cout << “Eprev=” << e1 << “\tEcur=” << e2 << end1;
if (e2>e1) {dx=-dx*0.5;}
if (abs(dx)<1)
{
Dx=dxmax; ok=1; t2=t;
cout << “Optimal throttle found!”;
}
x+=dx;
if (ok) cout << “ T = “ << x << “%\n\n”;
e1=e2;
}
}
Fig. 8. The part of quadcopter computer code.

IX. MODELLING OF UAV TAKE-OFF WITH ADAPTIVE
ALGORITHM
The experiment shows how the unified optimal algorithm
performs the control of the UAV for the take-off motion.
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In the present research, two quadcopters with different mass,
area, drag rate values and with different motors are simulated in
such a way. The different configuration parameters of
quadcopters are shown in Table III.
Figures 10–13 provide the comparison of the UAV take-off
simulation results when an optimal throttle signal is constant
and known before and with the optimal control algorithm, when
this value is unknown.

E, Ws
30000
25000
20000
15000
10000
5000
Fig. 9. Dynamics of the UAV with optimal control.

0

Figure 9 shows dynamics of five motion parameters of UAV
– control signal x(t), acceleration a(t), power P(t), velocity v(t)
and path s(t). Initially, the algorithm increases the control signal
until UAV starts the movement. Then the optimal control
algorithm searches for the optimal control signal with minimal
energy consumption. In Fig. 9, this signal is 60 %, i.e., 1600 μs.
The acceleration dynamics shows that the decision making
about the control signal change happens at the moment when
the acceleration is close to zero, i.e., the transient process is
skipped. When the optimal control value is found, the algorithm
maintains the found throttle, but every 10 seconds it checks
whether the optimality condition is satisfied. Thus, in case of
internal, external or environmental parameter changes the
algorithm will be able to find another optimal control signal to
keep the minimal energy consumption in real time.

1

2

3

4

5

6

7

8

9

10 11 12 N

Fig. 10. Energy consumption for different quadcopters with an optimisation
algorithm for 1000 m flight.

t, s
210
180
150
120
90
60
30

TABLE III
DIFFERENT CONFIGURATION PARAMETERS OF QUADCOPTERS

0

N

Motor

M, kg

Aeff, m2

CD

1

BR2216KV810

1.3

0.24

1.05

2

BR2216KV810

1.6

0.25

1.10

3

BR2216KV810

1.9

0.26

1.15

4

BR2216KV810

2.2

0.27

1.20

5

BR2212KV920

1.3

0.24

1.05

6

BR2212KV920

1.6

0.25

1.10

7

BR2212KV920

1.9

0.26

1.15

8

BR2212KV920

2.2

0.27

1.20

9

BR2212KV980

1.3

0.24

1.05

10

BR2212KV980

1.6

0.25

1.10

11

BR2212KV980

1.9

0.26

1.15

12

BR2212KV980

2.2

0.27

1.20

1

2

3

4

5

6

7

8

9

10 11 12 N

Fig. 11. Time spent for different quadcopters with an optimisation algorithm for
1000 m flight.

Results show that the algorithm is able to find an optimal
solution in all cases. The search for an optimal solution needs
time and it depends on the quadcopter mass. However, in
practice, it is impossible to know the optimal value at the
beginning of the control process due to different factors of the
UAV and its environment. Therefore, it is necessary to adapt
the control to these factors and minimise the energy
consumption all the time during the flight.
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S, m
200
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Fig. 12. The altitude at which the optimisation algorithm finds the optimal
power consumption.
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0.27 m2 and drag rate 1.2 (configuration No. 12). It proves that
the energy consumption to take-off at the altitude of 1000 m
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