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Abstract 

One of the main drawbacks of quadrotors is high energy consumption which limits the flight duration. To plan 

the quadrotor mission effectively the energy expenditure should be predicted. The purpose of the study was 

to create a high-fidelity energy consumption model for a low-cost quadrotor. Six degree of freedom 

mathematical model was developed, implemented into MATLAB/Simulink and validated using real flight trials 

data. DJI Mavic 2 Pro drone was used as a test platform. It was obtained that the model allows predicting 

accurately the drone flight parameters, the amount of consumed energy, state of charge of the onboard 

battery, and voltage level. The developed numerical simulation might be used for planning real object 

missions. 
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1. Introduction 

In the last years, quadrotors become very popular and used in a wide area of applications, e.g. 
agricultural, aerial imaging, search & rescue missions, package delivery, reconnaissance, 
inspection, etc. [1], [2]. Vertical take-off and landing capability, high maneuverability, relatively 
simple mechanical design, and low cost gives them advantages over fixed-wing drones and 
helicopters. They are often powered by Lithium-Ion multiple-use batteries. These batteries offer high 
energy density, lack of memory effects, and low mass. 
One of the main problems with quadrotors is limited energy available onboard, quite a large energy 
consumption, and resulting short time of flight duration. A large amount of energy is spent to 
maintain the drone in the air. To maximize flight efficiency the mission should be planned carefully. 
To realize this goal a reliable mathematical model of the energy consumption by the drone in 
various flight conditions is necessary. 
The topic of electrical energy consumption by the quadrotors was previously studied by several 
researchers. Yacef et all. [3], [4] studied the energy consumption of the quadrotor and presented the 
mathematical models of electric motors. Sheng and Sun [5] analyzed the usage of variable pitch 
propellers to minimize drone power consumption. Agarwal and Tewari [6] investigated the use of 
reinforcement learning to optimize energy expenditure. Energy-efficient path-planning with the aim 
of the genetic algorithm was studied by Shivgan and Dong in [7]. Pradeep et all. [8] analyzed the 
energy consumption in the monitoring mission. Jee and Cho [9] studied the energy consumption in 
various flight patterns. Gao et all. [10] validated the theoretical energy model for a quadrotor. 
Dietrich et all. [11] presented analysis of energy consumption and proposed empirical formula to 
predict the consumed energy. An empirical model of energy consumption was presented by 
Abeywickrama et all. [12]. The energy consumption model was shown by Korneyev et all. in [13]. 
Hwang et all. [14] presented method for estimation of endurance of flight. Wang et all. [15] 
discussed analytical power consumption model. Aleksandrov and Penkov [16] presented the 
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theoretical energy calculation for quadrotors with the different number of rotors. Chen et all. [17] 
described battery-aware model for prediction of energy consumed by the drone. Apeland et all. [18] 
discussed the model of the fuel cell. Prasetia et all. [19] proposed black-box modeling of energy 
consumption. Rodrigues et all. [20] presented a data-set suitable for energy consumption research. 
Roberts et all. [22] proposed endurance estimation model. Chan and Kam [23] showed a procedure 
for energy consumption estimation. The simple endurance model was presented by Abdilla et all. 
[24]. Power consumption measurements were shown by Penkov and Aleksandrov [25]. 
The goal of the presented study was to develop and validate the reliable simulation model of energy 
consumption by the quadrotor in the typical mission. 
The main contribution of this paper is the comparison of calculated results with the data from real 
flight tests in windy environment. 
The structure of the paper is as follows. In Section 2 the test platform and nonlinear mathematical 
model of the object are presented. The assumed autopilot structure and energy consumption model 
are also described. In Section 3 flight tests are explained and model validation is shown. This 
manuscript ends with a discussion of obtained results and a summary of the main findings. 

2. Materials and Methods 

2.1 Test platform 

Commercially available DJI MAVIC 2 Pro [26] quadcopter was used as a test mobile platform. The 
drone (Figure 1) possesses cross-configuration and was modified to integrate the object with the 
pads of the ground charging station (e.g. legs were added). The total mass of the drone after 
several modifications is 𝑚 = 0.960 [kg] and moments of inertia are: 𝐼𝑥𝑥 = 0.00010246 [kgm2], 
𝐼𝑦𝑦 = 0.00007672 [kgm2], 𝐼𝑧𝑧 = 0.0000053043 [kgm2]. Mass of the drone was evaluated through 

measurements. The moments of inertia were estimated experimentally using trifilar pendulum 
methodology. Products of inertia 𝐼𝑥𝑦, 𝐼𝑦𝑧, 𝐼𝑧𝑥 were assumed to be negligible. 

 
Figure 1 – DJI MAVIC 2 Pro (front view). 

The diameter of the single propeller is 𝑅𝑑 = 0.22 [m]. Propellers number 1 (forward right) and 3 (aft 
left) rotate counterclockwise looking from the top whereas 2 (aft right) and 4 (forward left) spin 
clockwise. The object is equipped with a gimbaled camera and several onboard sensors. A set of 
flight data parameters could be recorded during the mission using the build-in functionality. 

2.2 Model assumptions 

It was assumed that the quadrotor is a rigid body with 6 degrees of freedom (DOF) and constant 
mass. Aerodynamic interference between rotors and fuselage was neglected. The motor dynamic 
was included in the model. Earth rotation effects were neglected. Gravity acceleration 𝑔 was 
calculated using WGS-84 model. Air density was obtained according to ISA Atmosphere model [27]. 
Wind field was incorporated into the simulation. 

2.3 Coordinate frames 

In Figure 2 the coordinate systems used in the mathematical model are shown. 
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Figure 2 – Coordinate systems used in the model. 

𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 is Earth fixed North-East-Down oriented coordinate frame. 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 is a frame rigidly 
attached to the quadrotor that moves with the object. Origin 𝑂𝑏 is located at the center of mass of 

the drone, 𝑂𝑏𝑥𝑏 axis is pointed forward, 𝑂𝑏𝑦𝑏 on right and 𝑂𝑏𝑧𝑏 is pointed down. 
The state vector of the system is: 

 𝒙𝒔𝒕𝒂𝒕𝒆 = [𝑈 𝑉 𝑊 𝑃 𝑄 𝑅 𝑥𝑛 𝑦𝑛 𝑧𝑛 Φ Θ Ψ]𝑇 (1) 

where: 𝑈, 𝑉,𝑊 – linear quasi-velocities in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 frame, 𝑃, Q, R – quasi-angular rates in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 
frame, 𝑥𝑛, 𝑦𝑛, 𝑧𝑛 – position coordinates in 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 frame, Φ, Θ, Ψ – roll, pitch, and yaw angles, 
respectively. 
The 𝑧𝑛 is the vertical coordinate which relates to the altitude ℎ by: 

 ℎ = −𝑧𝑛 (2) 

The transformation matrix from 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 to 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 is: 

 𝑻𝒃
𝒏 = [

cosΘ cosΨ sinΦ sinΘ cosΨ − cosΦ sinΨ cosΦ sinΘ cosΨ + sinΦ sinΨ

cosΘ sinΨ sinΦ sinΘ sinΨ + cosΦcosΨ cosΦ sinΘ sinΨ − sinΦcosΨ

−sinΘ sinΦ cosΘ cosΦ cosΘ

] (3) 

Quaternions were used to describe the attitude of the object: 

 𝑒0
2 + 𝑒1

2 + 𝑒2
2 + 𝑒3

2 = 1 (4) 

To improve the accuracy of the numerical calculation and ensure the satisfaction of equation (4) 
method of algebraic constraint is used [28]. The kinematic constraints are then given as follows [29]:  

 [

�̇�0

�̇�1

�̇�2

�̇�3

] = −
1

2
[

0 𝑃 𝑄 𝑅
−𝑃 0 −𝑅 𝑄
−𝑄 𝑅 0 −𝑃
−𝑅 −𝑄 𝑃 0

] [

𝑒0

𝑒1

𝑒2

𝑒3

] − 𝑘𝐸 [

𝑒0

𝑒1

𝑒2

𝑒3

] (5) 

where: 𝑘 – constant coefficient, 𝐸 – constraint (𝐸 = 0 in an ideal situation) which is given as [28]: 

 𝐸 = 𝑒0
2 + 𝑒1

2 + 𝑒2
2 + 𝑒3

2 − 1 (6) 

The coefficient 𝑘 is often chosen empirically to ensure 𝑘ℎ𝑖𝑛𝑡 ≤ 1, where ℎ𝑖𝑛𝑡 is numerical integration 

step [29] (it was assumed that 𝑘 = 1). The integration in time of (5) allows obtaining quaternion 
𝑒0, 𝑒1, 𝑒2, 𝑒3 that describes the attitude.  

The kinematic relations between position coordinates in 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 frame and quasi-velocities in 
𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 are [28], [29], [30]: 



INSERT RUNNING TITLE HERE 
 

4  

 [

�̇�𝑛

�̇�𝑛

�̇�𝑛

] = 𝚲 [
𝑈
𝑉
𝑊

] (7) 

where 𝚲 is defined as: 

 𝚲 = [

𝑒0
2 + 𝑒1

2 − 𝑒2
2 − 𝑒3

2 2(𝑒1𝑒2 − 𝑒0𝑒3) 2(𝑒0𝑒2 + 𝑒1𝑒3)

2(𝑒0𝑒3 + 𝑒1𝑒2) 𝑒0
2 − 𝑒1

2 + 𝑒2
2 − 𝑒3

2 2(𝑒2𝑒3 − 𝑒0𝑒1)

2(𝑒1𝑒3 − 𝑒0𝑒2) 2(𝑒0𝑒1 + 𝑒2𝑒3) 𝑒0
2 − 𝑒1

2 − 𝑒2
2 + 𝑒3

2

] (8) 

For post-processing purposes, the Euler angles were calculated as [28], [31]: 

 Φ = atan [
2(𝑒0𝑒1 + 𝑒2𝑒3)

𝑒0
2 − 𝑒1

2 − 𝑒2
2 + 𝑒3

2] (9) 

 Θ = asin[2(𝑒0𝑒2 − 𝑒1𝑒3)] (10) 

 Ψ = atan [
2(𝑒0𝑒3 + 𝑒1𝑒2)

𝑒0
2 + 𝑒1

2 − 𝑒2
2 − 𝑒3

2] (11) 

To integrate (5) it is necessary to calculate initial quaternion values. Initial altitude was defined by 
Euler angles Φ,Θ,Ψ, and then recalculated on quaternions as [28], [31]: 

 𝑒0 = cos
Φ

2
cos

Θ

2
cos

Ψ 

2
+ sin

Φ

2
sin

Θ

2
sin

Ψ 

2
 (12) 

 𝑒1 = sin
Φ

2
cos

Θ

2
cos

Ψ 

2
− cos

Φ

2
sin

Θ

2
sin

Ψ 

2
 (13) 

 𝑒2 = cos
Φ

2
sin

Θ

2
cos

Ψ 

2
+ sin

Φ

2
cos

Θ

2
sin

Ψ 

2
 (14) 

 𝑒3 = cos
Φ

2
cos

Θ

2
sin

Ψ 

2
− sin

Φ

2
sin

Θ

2
cos

Ψ 

2
 (15) 

2.4 Dynamic equations of motion 

The dynamic equations of motion were obtained using momentum 𝚷 and angular momentum 𝑲𝟎 

change theorems, that in a noninertial frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 have the form [32], [33], [34]: 

 
δ̃𝚷

δ̃𝑡
+ 𝛀 × 𝚷 = 𝑭𝒃 (16) 

 
𝛿𝑲𝟎

𝛿𝑡
+ 𝛀 × 𝑲𝟎 + 𝑽𝒃 × 𝚷 = 𝑴𝒃 (17) 

where 𝛀 = [𝑃 𝑄 𝑅]𝑇 vector of quasi-angular rates, 𝑭𝒃 = [𝑋𝑏 𝑌𝑏 𝑍𝑏]
𝑇 vector of external forces 

expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, 𝑴𝒃 = [𝐿𝑏 𝑀𝑏 𝑁𝑏]
𝑇 vector of external moments with respect to point 𝑂𝑏, 

and 
�̃�

�̃�𝑡
 is local derivative. Assuming that 𝑂𝑏 coincides with the center of mass of the quadrotor, 

momentum 𝚷 is given as: 

 𝚷 = 𝑚𝑽𝒃 (18) 

where 𝑚 – quadrotor mass, 𝑽𝒃 = [𝑈 𝑉 𝑊]𝑇 – vector of quasi-velocities in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 frame. 
Angular momentum with respect to the origin of 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 frame is given as: 

 𝑲𝟎 = 𝑰𝛀 (19) 

where 𝑰 is inertia matrix defined as [30]: 
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 𝑰 = [

𝐼𝑥𝑥 −𝐼𝑥𝑦 −𝐼𝑥𝑧

−𝐼𝑥𝑦 𝐼𝑦𝑦 −𝐼𝑦𝑧

−𝐼𝑥𝑧 −𝐼𝑦𝑧 𝐼𝑧𝑧

] (20) 

where 𝐼𝑥𝑥, 𝐼𝑦𝑦, 𝐼𝑧𝑧 are moments of inertia 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, and 𝐼𝑥𝑦, 𝐼𝑥𝑧, 𝐼𝑦𝑧 are products of inertia. 

When (18), (19), (20) are substituted into (16) and (17) (ignoring products of inertia) the equations of 
motion are [35], [32], [36]: 

 𝑚(�̇� + 𝑊𝑄 − 𝑉𝑅) = 𝑋𝑏 (21) 

 𝑚(�̇� + 𝑈𝑅 − 𝑊𝑃) = 𝑌𝑏 (22) 

 𝑚(�̇� + 𝑉𝑃 − 𝑈𝑄) = 𝑍𝑏 (23) 

 𝐼𝑥�̇� − (𝐼𝑦 − 𝐼𝑧)𝑅𝑄 = 𝐿𝑏 (24) 

 𝐼𝑦�̇� − (𝐼𝑧 − 𝐼𝑥)𝑃𝑅 = 𝑀𝑏 (25) 

 𝐼𝑧�̇� − (𝐼𝑥 − 𝐼𝑦)𝑃𝑄 = 𝑁𝑏 (26) 

2.5 Forces and moments 

The total external forces 𝑭𝒃 acting on the quadrotor expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 frame are: 

 𝑭𝒃 = [

𝑋𝑏

𝑌𝑏

𝑍𝑏

] = 𝑭𝒈 + 𝑭𝒑 + 𝑭𝒂 (27) 

where: 𝑭𝒈 – gravity forces, 𝑭𝒑 – forces from propellers, 𝑭𝒂 – fuselage aerodynamic loads. 

The total moments 𝑴𝒃 expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 with respect to the origin 𝑂𝑏 are:  

 𝑴𝒃 = [

𝐿𝑏

𝑀𝑏

𝑁𝑏

] = 𝑴𝒈 + 𝑴𝒑 + 𝑴𝒂 (28) 

where: 𝑴𝒈 – moments from gravity, 𝑴𝒑 – moments from propellers and 𝑴𝒂 – aerodynamics 

moments. 

2.5.1 Gravity loads 

Gravity forces 𝑭𝒈 expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 are [37], [34], [38]: 

 𝑭𝒈 = [

𝑋𝑔

𝑌𝑔
𝑍𝑔

] = 𝑚𝑻𝒏
𝒃 [

0
0
𝑔
] = 𝑚𝑔 [

− sinΘ 
cosΘ sinΦ
cosΘ cosΦ

] (29) 

where 𝑻𝒈
𝒃  is defined by (3).  

It was assumed, that the origin 𝑂𝑏 coincides with the center of mass of the object so: 

 𝑴𝒈 = [

𝐿𝑔

𝑀𝑔

𝑁𝑔

] = [
0
0
0
] (30) 

2.5.2 Loads generated by propellers 

Total forces generated by four propellers are calculated as a sum of forces from individual 
propellers: 
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 𝑭𝒑 = [

𝑋𝑝

𝑌𝑝

𝑍𝑝

] = 𝑭𝐩𝟏 + 𝑭𝒑𝟐 + 𝑭𝒑𝟑 + 𝑭𝒑𝟒 = ∑𝑭𝒑𝒋

4

𝑗=1

 (31) 

where 𝑗 = {1…4} is the number of 𝑗–th propeller.  

The force generated by the single propeller in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 could be expressed as [39]: 

 𝑭𝒑𝒋 = [

𝑋𝑝𝑗

𝑌𝑝𝑗

𝑍𝑝𝑗

] = [

0
0

−𝑇𝑗
] (32) 

The thrust force 𝑇𝑗 generated by the 𝑗–th propeller is proportional to the angular rate Ω𝑗 [40], [41], 

[42], [43]: 

 𝑇𝑗 = 𝜌𝑆𝑝𝑅𝑝
2Ω𝑗

2𝑘𝑓 (33)  

where: 𝜌 – air density, 𝑆𝑝 = 𝜋𝑅𝑝
2 – area of propeller disc, 𝑅𝑝 – propeller radius, 𝑘𝑓 – thrust coefficient 

(𝑘𝑓 = 1.353·10–4 [N/RPM2]).  

Moments generated by single 𝑗–th propeller with respect to point 𝑂𝑏 expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 are: 

 𝑴𝒑𝒋 = [

𝐿𝑝𝑗

𝑀𝑝𝑗

𝑁𝑝𝑗

] = 𝒓𝒑𝒋 × 𝑭𝒑𝒋 + [

0
0

−𝑀𝑗

] (−1)𝑗 = [

𝑟𝑝𝑗𝑥

𝑟𝑝𝑗𝑦

𝑟𝑝𝑗𝑧

] × [

0
0

−𝑇𝑗
] + [

0
0

−𝑀𝑗

] (−1)𝑗 (34) 

where 𝒓𝒑𝒋 is a vector from 𝑂𝑏 and end in a point of mounting of the propeller. The vectors 𝒓𝒑𝒋 for 

each of the propellers are: 𝒓𝒑𝟏 = [0.108 0.139 0]𝑇, 𝒓𝒑𝟐 = [−0.108 0.139 0]𝑇, 𝒓𝒑𝟑 =

[−0.108 −0.139 0]𝑇 and 𝒓𝒑𝟒 = [0.108 −0.139 0]𝑇. 

Drag moment 𝑀𝑗 of the 𝑗–th propeller is calculated as [40]: 

 𝑀𝑗 = 𝜌𝑆𝑝𝑅𝑝
3Ω𝑗

2𝑘𝑚 (35) 

where 𝑘𝑚 propeller drag coefficient (𝑘𝑚 = 7·10–5 [Nm/RPM2]). The gyroscopic effects due to 
propellers rotations were omitted in the presented model. 

2.5.3 Aerodynamic loads 

Aerodynamic forces generated by the fuselage and expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 frame are defined as: 

 𝑭𝒂 = [

𝑋𝑎

𝑌𝑎

𝑍𝑎

] =
1

2
𝜌𝑉𝑡𝑜𝑡

2 𝑆 [
cos 𝛼 cos𝛽 −cos𝛼 sin𝛽 −sin𝛼

sin𝛽 cos𝛽 0
sin𝛼 cos𝛽 −sin𝛼 sin𝛽 cos 𝛼

] [
𝐶𝑋

𝐶𝑌

𝐶𝑍

] (36) 

where: 𝜌 – air density, 𝑉𝑡𝑜𝑡 – total flight velocity, 𝑆 – reference cross-section area (assumed 
0.1 [m2]), 𝐶𝑋 – drag force coefficient, 𝐶𝑌 – side force coefficient, 𝐶𝑍 – lift force coefficient.  

Aerodynamic moments with respect to point 𝑂𝑏 expressed in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 are: 

 𝑴𝒂 = [

𝐿𝑎

𝑀𝑎

𝑁𝑎

] =
1

2
𝜌𝑉𝑡𝑜𝑡

2 𝑆𝑑 [
cos𝛼 cos𝛽 −cos𝛼 sin𝛽 −sin𝛼

sin𝛽 cos𝛽 0
sin𝛼 cos𝛽 −sin𝛼 sin𝛽 cos 𝛼

]

[
 
 
 
 
 
 𝐶𝐿 + 𝐶𝐿𝑃

𝑃𝑑

2𝑉𝑡𝑜𝑡

𝐶𝑀 + 𝐶𝑀𝑄

𝑄𝑑

2𝑉𝑡𝑜𝑡

𝐶𝑁 + 𝐶𝑁𝑅

𝑅𝑑

2𝑉𝑡𝑜𝑡 ]
 
 
 
 
 
 

 (37) 

where: 𝑑 – linear reference dimension (assumed 0.1 [m]), 𝐶𝐿 – rolling moment coefficient, 𝐶𝑀 – 

pitching moment coefficient, 𝐶𝑁 – yawing moment coefficient, 𝐶𝐿𝑃 – rolling moment derivative with 
respect to roll rate, 𝐶𝑀𝑄 – pitching moment derivative with respect to pitch rate, 𝐶𝑁𝑅 – yawing 

moment coefficient derivative with respect to yaw rate. It was assumed that aerodynamic 
coefficients are functions of angles of attack and sideslip. 
The angle of attack 𝛼 is defined as [28]: 
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 𝛼 = atan
𝑊 − 𝑊𝑊

𝑈 − 𝑈𝑊
 (38) 

In the numerical implementation the function atan2(𝑊 − 𝑊𝑊, 𝑈 − 𝑈𝑊) was used to ensure the 
values of 𝛼 from –180° up to 180°. 

The angle of sideslip 𝛽 is [28]: 

 𝛽 = asin
𝑉 − 𝑉𝑊

𝑉𝑡𝑜𝑡
 (39) 

Total flight velocity with respect to the oncoming flow 𝑉𝑡𝑜𝑡 is calculated as: 

 𝑉𝑡𝑜𝑡 = √(𝑈 − 𝑈𝑊) 2 + (𝑉 − 𝑉𝑊)2 + (𝑊 − 𝑊𝑊)2 (40) 

where 𝑈𝑤, 𝑉𝑊, 𝑊𝑊 are linear wind velocities in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏. Lookup table 
methodology was used to implement fuselage aerodynamic coefficients as functions of two inflow 
angles. 

2.5.4 Control inputs mixer 

Outputs from each autopilot channel were mixed to calculate the total angular speed for each 
propeller: 

 [

Ω1𝑐

Ω2𝑐

Ω3𝑐

Ω4𝑐

] = [

1 1 1 1
1 1 −1 −1
1 −1 −1 1
1 −1 1 −1

] [

𝑈1

𝑈2

𝑈3

𝑈4

] (41) 

where: 𝑈1 is the control signal (angular rate of the motor) from altitude autopilot, 𝑈2 is commanded 
signal from roll autopilot, 𝑈3 is the signal from pitch autopilot and 𝑈4 is the commanded value from 
yaw autopilot. The altitude change is realized by changing the speed of propellers by the same 
amount. The differences between propeller angular rates result in thrust variations and quadcopter 
attitude changes. Proportional-integral-derivative (PID) controllers were used for each channel. The 
autopilot structure is not discussed here because is out of the scope of the presented study. 

2.6 Electric motor model 

It was assumed that all four brushless direct-current (BLDC) motors are the same. Each of the 
motors was modeled using the first-order transfer function: 

 Ω𝑗 =
1

𝑇𝑠𝑠 + 1
Ω𝑗𝑐 (42) 

where: Ω𝑗𝑐 – commanded angular rate (obtained from (41)), 𝑇𝑠 – time constant (it was assumed 

0.05 s). The upper saturation of angular speed was included in the model. It was found 
experimentally that the maximum achievable propeller angular speed for the tested DJI Mavic 2 Pro 
drone is 98000 RPM. 

2.7 Wind model 

The total wind velocity expressed in 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 coordinate frame is 𝑉𝑊𝑡𝑜𝑡, and the direction of the 

oncoming wind is defined by the angle Ψ𝑊 (clockwise when looking from the top, e.g. 90° means 
wind from east). The wind velocities in 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 frame are: 

 [

𝑈𝑊𝑛

𝑉𝑊𝑛

𝑊𝑊𝑛

] = [
−𝑉𝑊𝑡𝑜𝑡cosΨW

−𝑉𝑊𝑡𝑜𝑡 sinΨW

0
] (43) 

Next, the wind velocities 𝑈𝑊𝑛, 𝑉𝑊𝑛,𝑊𝑊𝑛 are transformed from 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 to body-fixed frame 
𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏: 
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 [

𝑈𝑊

𝑉𝑊

WW

] = [

cos Θ cosΨ sinΦ sinΘ cosΨ − cosΦ sin Ψ cosΦ sin Θ cosΨ + sinΦ sinΨ

cos Θ sinΨ sinΦ sinΘ sinΨ + cosΦcosΨ cosΦ sin Θ sin Ψ − sinΦ cosΨ

−sin Θ sin Φ cos Θ cosΦ cosΘ

]

T

[

𝑈𝑊𝑛

𝑉𝑊𝑛

𝑊𝑊𝑛

] (44) 

2.8 Energy consumption model 

The test platform is equipped with a single Lithium-Polymer, rechargeable, four-cell battery. This 
kind of battery offers high energy density, a high rate of charge/discharge, and relatively low cost 
[44]. The onboard battery parameters declared by the Manufacturer are listed in  
Table 1. 

 
Table 1 – Battery parameters [26]. 

Parameter Value 

Capacity 3850 mAh 

Voltage 15.4 V 

Max Charging Voltage 17.6 V 

Battery Type LiPo 4S 

Energy 59.29 Wh 

Net Weight 297 g 

Charging Temperature Range From 5℃ to 40℃ 

Max Charging Power 80 W 

 

Theoretically, the amount of energy available onboard is 15.4 [V] · 3.85 [Ah] = 59.29 [Wh]. For the 
fully charged battery, the flight endurance is approximately 31 min (value declared by the 
Manufacturer). 
The total energy consumption 𝐸𝑐 is a sum of two components: energy consumed by all four electric 
motors 𝐸𝑚 and energy used by onboard systems and sensors other than motors 𝐸𝑠 [3], [45]: 

 𝐸𝑐 = 𝐸𝑚 + 𝐸𝑠 (45) 

Energy used on propulsion 𝐸𝑚 is often a way higher than on onboard systems 𝐸𝑠 [10]. 
Energy consumed by all four motors could be calculated as [46], [47], [48], [48]: 

 𝐸𝑚 = ∫ ∑𝑈𝑗(𝑡)𝐼𝑗(𝑡)

4

𝑗=1

𝑡𝑘

𝑡0

𝑑𝑡 (46) 

where: 𝑈𝑗(𝑡) – voltage of 𝑗–th motor, 𝐼𝑗(𝑡) – electric current on 𝑗–th motor, 𝑡0 – initial time (in most 

cases 0 s), 𝑡𝑘 – total quadrotor flight time, 𝑗 = {1,2,3,4} – motor number. The values of current were 
not measured directly by onboard equipment, so it was needed to express (46) in terms of motor 
speed instead of current. 
Energy 𝐸𝑚 consumed by all electric motors could be written as [4]: 

 𝐸𝑚 = ∫ ∑𝜏𝑗(𝑡)Ω𝑗(𝑡)

4

𝑗=1

𝑡𝑘

𝑡0

𝑑𝑡 (47) 

where: 𝜏𝑗(𝑡) – moment of the 𝑗–th motor, Ω𝑗(𝑡) – angular speed of the 𝑗–th motor, 𝑗 = {1,2,3,4} – 

motor number. 
Equation (47) could be transformed to [4]: 

 𝐸𝑚 = ∫ ∑(𝐼𝑧𝑧𝑝Ω̇𝑗(𝑡) + 𝑘𝑚Ω𝑗
2(𝑡) + 𝐷𝑣Ω𝑗(𝑡))

4

𝑗=1

𝑡𝑘

𝑡0

Ω𝑗(𝑡)𝑑𝑡 (48) 
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where: 𝐼𝑧𝑧𝑝 – propeller moment of inertia with respect to its rotation axis (3.21322·10–5 [kgm2]), 𝑘𝑚 – 

drag coefficient of the propeller, 𝐷𝑣 – viscous damping coefficient of the motor. Dot symbol above 

some quantities means the first derivative with respect to time, for example Ω̇𝑗(𝑡) =
𝜕Ω𝑗(𝑡)

𝜕𝑡
. 

To increase the model fidelity a motor efficiency was included in the equations [4]: 

 𝐸𝑚 = ∫ ∑
𝐼𝑧𝑧𝑝Ω̇𝑗(𝑡) + 𝑘Ω𝑗

2(𝑡) + 𝐷𝑣Ω𝑗(𝑡)

𝑓𝑟,𝑗 (𝜏𝑗(𝑡), Ω𝑗(𝑡))

4

𝑗=1

𝑡𝑘

𝑡0

Ω𝑗(𝑡)𝑑𝑡 (49) 

where: 𝑓𝑟,𝑗 – efficiency of the 𝑗–th electric motor. It was assumed that 𝑓𝑟,𝑗 = 0.94. 

In some works, e.g. [3] the Authors suggests omitting 𝐷𝑣Ω𝑗
2(𝑡) and in this way (49) is simplified to: 

 𝐸𝑚 = ∫ ∑
𝐼𝑧𝑧𝑝Ω̇𝑗(𝑡) + 𝑘Ω𝑗

2(𝑡)

𝑓𝑟,𝑗 (𝜏𝑗(𝑡), Ω𝑗(𝑡))

4

𝑗=1

𝑡𝑘

𝑡0

Ω𝑗(𝑡)𝑑𝑡 (50) 

The total energy consumed by onboard subsystems was calculated as: 

 𝐸𝑠 = ∫ 𝐸𝑠𝑢𝑏

𝑡𝑘

𝑡0

𝑑𝑡 (51) 

where 𝐸𝑠𝑢𝑏 – instantaneous power consumption. The value of 𝐸𝑠𝑢𝑏 was obtained experimentally. 
The stationary tests were conducted. During measurements, the drone was powered but all four 
electric motors were switched off and the discharge rate was observed. The initial state of charge 
was 97% and the final state of charge was 15%. The discharge time was 150 minutes. From 
obtained data, it was calculated that onboard systems and sensors consume approximately 
𝐸𝑠𝑢𝑏 = 23.7 [J/s]. 
It was assumed that the battery is a new one and free from manufacturing errors. The aging effects 
were omitted in the model. The influence of temperature on the battery capacity was neglected [50]. 
Battery state of charge could be defined as [3], [51]: 

 𝑆𝑂𝐶 = 𝑆𝑂𝐶0 − ∫
𝐼

𝑄𝑏𝑎𝑡𝑡
𝑑𝑡

𝑡

0

 (52) 

where: 𝐼 – electric current, 𝑆𝑂𝐶0 – initial battery state of charge, 𝑄𝑏𝑎𝑡𝑡 – battery capacity. For fully 
charged battery the 𝑆𝑂𝐶 = 100%, and for fully discharged 0%. 
To calculate the voltage during the battery discharge process the Shepherd model was used. This 
model is widely used to describe the battery dynamics [52], [53], [52], [54], [55], [56], [57]: 

 𝑈𝑑𝑖𝑠𝑐ℎ = 𝐸0 − 𝐾
𝑄

𝑄 − ∫ 𝐼𝑑𝑡
𝑡

0

𝐼 + 𝐴𝑒−𝐵∫ 𝐼𝑑𝑡
𝑡

0 − 𝑅𝐼 (53) 

where: 𝑈𝑑𝑖𝑠𝑐ℎ – battery voltage, 𝐸0 – open circuit voltage of the battery, 𝐾 – polarization resistance 

coefficient, 𝑄 – battery capacity, 𝑡 – time, 𝐼 – current, 𝐴 – amplitude in the exponential zone, 𝐵 – 
time constant inverse in the exponential zone, 𝑅 – internal battery resistance (it was assumed 

0.1 [Ω]). Constants 𝐴 = 0.2 [V] and 𝐵 = 6.1 [Ah]–1 were obtained according to [58]. 

3. Results 

The developed model was implemented into MATLAB/Simulink 2020b. The equations of motion 
were integrated using a fixed step Runge-Kutta solver with step size 0.001 s. Simulation takes place 
on the laptop computer with Procesor Intel(R) Core(TM) i7-8750H CPU @ 2.20GHz and 16 GB 
RAM.  
A series of 14 flight tests were evaluated on 20/21 May 2021 in Przasnysz airfield (Latitude 
53.0050011, Longitude 20.9383297) in Poland to validate the developed model. Flight tests were 
realized mainly in the P-mode of the autopilot (that setting limits the drone maneuverability) and 
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partially using the manual control. The flight data parameters were registered using only build-in 
functionality without additional sophisticated equipment because adding some onboard 
measurement devices could increase the mass of the drone and significantly reduce the 
performance. The experimental data sampling frequency was 10 Hz. Linear accelerations and 
angular rates were not recorded during flight trials which complicate the validation process 
significantly. The resulting flight logs were analyzed offline using Airdata online service [59] and then 
imported into MATLAB to compare with simulation results. Initial conditions to the simulation were 
set the same as derived from flight logs. Validation takes place after completing the test campaign. 
One of the flight tests (case number May-20th-2021-12-06PM-Flight-Airdata) was presented here to 
illustrate the validation results. Mean wind speed in the analyzed case was 6.5 m/s and mean wind 
azimuth 301° (these values were measured on the airfield using an anemometer and estimated later 
from the obtained flight logs).  
In Figure 3 the drone flight parameters obtained from the simulation are presented. 

 
Figure 3 – Quadrotor flight parameters (simulation only). 

In Figure 4 a, b, c the comparison of Euler angles obtained from the flight test and numerical 
simulation is shown. In Figure 4 d the altitude comparison is shown. 

  

(a) (b) 
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(c) (d) 

Figure 4 – Euler angles and altitude comparison. 

The total flight time was 1500 [s]. Roll and pitch angles are oscillatory due to air turbulence. Yaw 
angle decreases up to –1300°. It means that the object realized left turns (looking from aft) several 
times. 
At the beginning of the flight, the altitude increases from 0 [m] to 40 [m]. Then the drone realizes 
most of the mission at attitude 40. In 1200 [s] the altitude decreases rapidly to 2 [m] and hold 
constant nearly to the end of the flight. Finally, the drone landed and the attitude drops to 0 [m]. The 
experimental results match the simulation predictions accurately. 
In Figure 5 the propeller speed time history obtained from simulation is presented. Propeller angular 
rates were not measured during the flight, so it was impossible to compare them with the model. 

 
Figure 5 – Propellers angular speed obtained from simulation. 

With the aim of the simulation, it was predicted that the propeller minimum speed achieved during 
tests was approximately 4000 RPM and a maximum 7700 RPM. 
In Figure 6 the comparison of the amount of energy consumed by the quadrotor is shown. 
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Figure 6 – Energy consumed by the quadrotor (experiment vs simulation). 

The experimental results match well the numerical predictions of total energy consumption 𝐸𝑐. From 
the simulation results, it might be concluded that the total energy consumed by the subsystems 𝐸𝑠 
was approximately 9 [Wh] (5 times less than energy spent on propulsion). 
In Figure 7 the battery state of charge comparison between flight trials and simulation is presented. 
The state of charge during experiments was recorded with a sensor resolution 1%. 

 
Figure 7 – Battery state of charge comparison. 

The initial state of charge was 97%. The curve decreases linearly. At the end of the real flight state 
of charge was 1%. Tests results agree with model predictions accurately. 
In Figure 8 the battery voltage was presented (total and on individual battery cells). 
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Figure 8 – Battery voltage. 

The total voltage is a sum of voltages from individual cells. A typical discharge curve for a lithium-
polymer battery was obtained. The voltage of a fully charged device is higher than the discharged 
one. At the beginning of the flight, the total voltage is approximately 16 [V] and decreases slowly 
with time. At the end of the mission, the total voltage rapidly decreases to 12 [V]. The curves of 
voltage for each cell coincide with each other. 

4. Discussion and Conclusions 

In this paper, the nonlinear mathematical model of the quadrotor was developed and validated. The 
modified DJI MAVIC 2 Pro drone was used as a test platform. The experimental data correlates with 
the results of numerical simulation. The obtained model could be used to predict the drone flight 
parameters and energy consumption during the mission. Flight tests take place in windy conditions. 
The wind effect is one of the main difficulties to predict accurately the object behavior. Presented 
study extends the work of Yacef et all. [3], [4] because calculations for the whole mission are shown 
and partially fills the literature gap. Energy consumed by propellers is several times higher when 
compared to energy spent on the operation of other onboard subsystems. 
Future works might concentrate on flight tests to gather more data and increase the reliability of the 
model. The propulsion model could be improved to include various aerodynamic phenomena. Wind 
tunnel tests of the isolated fuselage of the drone might be evaluated to improve the aerodynamic 
coefficients database. Additional lightweight onboard instrumentation might be considered to 
increase the availability of the flight parameters registered during the flight. Also, precise wind 
measurements might be conducted during the flight tests to understand the atmospheric conditions. 
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𝐴 amplitude in the exponential zone, [V] 
𝐵 time constant inverse in the exponential zone, [Ah]–1 

𝐶𝐿 , 𝐶𝑀, 𝐶𝑁 rolling, pitching and yawing moments coefficients, [-] 
𝐶𝐿𝑃, 𝐶𝑀𝑄 , 𝐶𝑁𝑅 roll, pitch and yaw damping moments coefficients, [-] 

𝐶𝑋, 𝐶𝑌, 𝐶𝑍 drag, side, and lift force coefficients, [-] 
𝑑 linear reference dimension, [m] 

𝐷𝑣 viscous damping coefficient of the motor, [Nms/rad] 
𝑒0, 𝑒1, 𝑒2, 𝑒3 quaternion elements, [-] 

𝐸 quaternion norm, [-] 
𝐸𝑐 total energy consumed by the quadrotor, [Wh] 

𝐸𝑚 energy consumed by all the four electric motors, [Wh] 
𝐸𝑠 energy consumed by onboard subsystems, [Wh] 
𝐸𝑠𝑢𝑏 instantaneous power consumption by the subsystems, [W] 

𝑓𝑟,𝑗 the efficiency of the 𝑗-th electric motor, [–] 

𝐼𝑗(𝑡) current, [A] 

𝐼𝑧𝑧𝑝 propeller moment of inertia, [kgm2] 

𝑭𝒂 aerodynamic forces, [N] 
𝑭𝒃 total forces in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [N] 

𝑭𝒈 gravity forces, [N] 

𝑭𝒑 forces generated by the propellers, [N] 

𝑭𝒑𝒋 force generated by 𝑗-th the propeller, [N] 

𝑔 gravity acceleration, [m/s2] 

ℎ altitude, [m]  
ℎ𝑖𝑛𝑡 numerical integration step, [s] 

𝑰 inertia matrix, [kgm2] 
𝐼𝑥𝑥, 𝐼𝑦𝑦, 𝐼𝑧𝑧 moments of inertia, [kgm2] 

𝐼𝑥𝑦, 𝐼𝑦𝑧, 𝐼𝑥𝑧 products of inertia, [kgm2] 

𝑗 = {1,2,3,4} number of the propeller, [–] 
𝑘 coefficient which drives the norm of the quaternion state vector to 1.0, [-] 
𝑘𝑓 propeller thrust coefficient, [N/RPM2] 

𝑘𝑚 propeller drag coefficient, [Nm/RPM2] 

𝐾0 angular momentum, [kgm2/s] 
𝐿𝑏 ,𝑀𝑏 , 𝑁𝑏 rolling, pitching, and yawing moment in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 with 

respect to the center of mass, [Nm] 
𝐿𝑔, 𝑀𝑔, 𝑁𝑔 rolling, pitching, and yawing moment from gravity in the body-fixed frame 

𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 with respect to the center of mass, [Nm] 
𝑚 quadrotor mass, [kg] 

𝑴𝒂 aerodynamic moments, [Nm] 
𝑴𝒃 total moments in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [Nm] 

𝑴𝒈 moments due to gravity, [Nm] 

𝑴𝒑 moments due to propellers, [Nm] 

𝑴𝒑𝒋 moment generated by the 𝑗-th propeller, [Nm] 

𝑀𝑗 drag moment of the 𝑗-th propeller, [Nm]  

𝑃, 𝑄, 𝑅 quasi-angular rates in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [°/s] 

𝑃𝑐 , 𝑄𝑐 , 𝑅𝑐 commanded roll, pitch and yaw rates, [°] 
𝑃𝑒 , 𝑄𝑒 , 𝑅𝑒 roll, pitch and yaw angular rates tracking error, respectively, [°/s] 

𝑄𝑏𝑎𝑡𝑡 battery capacity, [Wh] or [Ah] 
𝒓𝒑𝒋 vector of the position of 𝑗–th propeller, [m] 

𝑅 internal battery resistance, [Ω] 

𝑅𝑝 propeller radius, [m] 

𝑆 fuselage cross-section area, [m2] 

𝑆𝑂𝐶 state of charge of the battery, [%] 
𝑆𝑂𝐶0 initial state of charge of the battery, [%] 
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𝑆𝑝 propeller disc area, [m2] 

𝑡 time, [s] 
𝑡0 initial time, [s] 

𝑡𝑘 time of flight of the quadrotor, [s] 
𝑻𝒃

𝒏 transformation matrix from the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 to navigation frame 

𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 
𝑇𝑠 electric motor time constant, [s] 

𝑇𝑗 thrust force generated by the 𝑗-th propeller, [N] 

𝑈1, 𝑈2, 𝑈3, 𝑈4 control inputs, [°/s] 
𝑈, 𝑉, 𝑊 linear quasi-velocities in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [m/s] 
𝑈𝑗(𝑡) voltage of the 𝑗-th electric motor, [V] 

𝑈𝑊, 𝑉𝑊,𝑊𝑊 linear wind velocities in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [m/s] 

𝑈𝑊𝑛, 𝑉𝑊𝑛,𝑊𝑊𝑛 linear wind velocities in the navigation frame 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛, [m/s] 
𝑽𝒃 vector of quasi-velocities in 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 frame, [m/s] 

𝑉𝑡𝑜𝑡 total flight velocity with respect to air, [m/s] 
𝑉𝑊𝑡𝑜𝑡 wind total velocity, [m/s] 

𝑊𝑛 vertical velocity in the navigation frame 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛, [m/s] 
𝑥𝑛, 𝑦𝑛, 𝑧𝑛 center of mass coordinates in the navigation frame 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛, [m] 

𝒙𝒔𝒕𝒂𝒕𝒆 the state vector of the system, 
𝑋𝑎 , 𝑌𝑎 , 𝑍𝑎 total axial, side, and normal aerodynamic force in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, 

[N] 
𝑋𝑏 , 𝑌𝑏 , 𝑍𝑏 total axial, side, and normal force in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [N] 
𝑋𝑔, 𝑌𝑔 , 𝑍𝑔 axial, side, and normal force from gravity in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [N] 

𝑋𝑝, 𝑌𝑝, 𝑍𝑝 axial, side, and normal force from propulsion in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, 

[N] 
 
Greek symbols 
𝛼 angle of attack, [°] 
𝛽 angle of sideslip, [°] 

Φ,Θ,Ψ roll, pitch, and yaw angles, respectively, [°] 
Φ𝑐 , Θ𝑐 , Ψ𝑐 commanded roll, pitch, and yaw angles, [°] 

Φ𝑒 , Θ𝑒 , Ψ𝑒 roll, pitch, and yaw tracking error, respectively, [°] 
𝚲 transformation matrix from the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏 to the navigation 

frame 𝑂𝑛𝑥𝑛𝑦𝑛𝑧𝑛 
𝜌 air density, [kg/m3] 

𝜏𝑗(𝑡) moment on 𝑗–th motor, [Nm] 

𝛹𝑊 wind azimuth, [°] 
𝛀 vector of quasi-angular rates in the body-fixed frame 𝑂𝑏𝑥𝑏𝑦𝑏𝑧𝑏, [°/s] 
Ω𝑗 angular rate of the 𝑗–th propeller, [°/s] 

Ω𝑗𝑐 commanded angular rate of the 𝑗–th propeller, [°/s] 

𝚷 momentum, [kg·m/s] 
 
Abbreviations 
BLDC Brushless Direct Current 
DOF Degree of Freedom 
ISA International Standard Atmosphere 
PID Proportional-integral-derivative 
RPM Revolutions per Minute 
WGS World Geodetic System 
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