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Abstract

Unmanned Aerial Vehicles (UAVs) have become an integral part of modern life. However, one of the main limitations to
their wider adoption remains the energy challenge — specifically, the limited capacity of onboard batteries and the efficiency
of energy consumption. While significant resources are being invested in the search for alternative energy sources, lithium
extraction, and the development of advanced battery technologies, far less attention has been given to the electronic systems
responsible for managing that energy — namely, ESCs (Electronic Speed Controllers), switches, and control algorithms.

This situation can be compared to the automotive industry's transition from carburetors to electronic fuel injection systems,
which significantly improved fuel efficiency. Similarly, UAV performance can be significantly enhanced not only through
hardware upgrades but also by optimizing energy management via intelligent control electronics.

This article explores a new direction in UAV development: increasing flight range and speed without relying on additional
power sources or fuel, but purely through the optimization of control systems and electronic regulation. Integrating Artificial
Intelligence (AI) can further improve these systems’ efficiency by extending UAVs flight durations. While the focus is on
control algorithms designed for heavy-duty transport multicopters, many of the methods discussed can be applied across a
broad range of UAV types to improve energy efficiency and maximize battery life. The key advantage lies in the fact that the
most expensive components of the UAV — including the battery pack, frame, motors, and powertrain — remain unchanged.
Enhancing only the electronic control systems provides a cost-effective solution to improve the performance of existing UAV
fleets. Notably, even the use of smart electronic switches paired with standard ESCs can yield up to a 30% increase in flight
autonomy.

Keywords: Unmanned Aerial Vehicle (UAV), drone, energy efficiency, Electronic Speed Controller (ESC), flight time,
range extension, energy management, control algorithms, Artificial Intelligence (AI), multicopter, battery optimization, power
electronics, heavy-lift drone, energy consumption.
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AHHOTaNMA

CoBpemeHHasi )XU3Hb yKe HembiciuMa 6e3 UAV's. OCHOBHBIM TpENATCTBHEM 0osiee IIUPOKOTO TPUMEHEHHUS SIBJISeTCS
SHepreTUUeCKUM (akTop — 3arac HepruM B aKKyMysisiTopax U ee 3¢ ¢eKTHBHOe pacxofoBaHue. bonblnve cpescTBa TpaTsaTcs
Ha TIOMCK HOBBIX WCTOYHUKOB OJHEPrMHM, pa3paboTKe HOBBIX MECTODOXKAEHWN JUTHS W YAydllleHHe KOHCTPYKLMH
aKKyMy/iTopoB. Ho 3HauuTe/lbHO MeHbllle BHUMAaHWs YZessieTCs 3/1eKTPOHHBIM pacrpe/ie/IuTelbHbIM YCTPONCTBAM 3TOM
sHeprud (ESC perynsTopsl, KOMMYTaTOpBl, arOPUTMBI YIIpaBIeHUs: U paboThI).

OTy cuTyaL{l0 MOXKHO CPAaBHHUTHL C IEPeX0Ji0OM aBTOMOOWU/IBHOM NPOMBIIIJIEHHOCTH OT KapOHOpaTOpoB K 3/eKTPOHHBIM
CHCTeMaM BIIpPbICKa TOTUIMBA, UTO MO3BOJIM/IO 3HAUMTEIbHO TIOBBICUTH TOIIMBHYIO 3¢deKTBHOCTL. C I0sIBIeHNEM B Halllei
»ku3Hn VckyccrBernHoro UaTennekra (VIU) crano BO3MOKHBIM 3HAUHTETBHO MOBBICUTE 3()(eKTUBHOCTE IaHHBIX YCTPOWCTB U
obecITeunTs 3HAUMTETBHBINA IIPUPOCT aBTOHOMHOM paboTtsl UAVs.

B [paHHOW cTaTbe TIpHBeJeHbl HEKOTOphble TIPUMEepLI aJrOPUTMOB ISl YIIPaB/ieHWs TSDKEJOro TPaHCIIOPTHOTO
MYJ/IBTUKONTEpPA, TI03BOJISIIOIIME 3HAUMTENbHO YBEIWYWTH BpeMsi ero ToneTa 0e3 WCIONb30BaHUS —[JJOTIOHUTENbHBIX
aKKyMYJ/IITOPOB U TIOBBILIIEHUs] TIOJIETHOTO Beca. XOTsl PacCMOTPEeHbI alrOpUTMbl YIIpaBleHMsl TsDKeIbIM TPaHCIOPTHBIM
MYJIETUKOIITEPOM, MHOTMe OIMCAHHbIe alirOpUTMbl MOTYT OBITH YCIIELIHO MCMOJ/B30BaHBI U B Apyrux tumax UAV's ans
9KOHOMUHM 3HEPTUH aKKyMY/ISITOPOB W TIOBBIIEHHS] BPeMeHW aBTOHOMHOW paboTel. Ocobo crefyeT OTMETHUTb, UTO Jaxe
WCTI0/Ib30BaHKe 3/IEKTPOHHBIX KOMMYTAaTOpPOB €O cTaHfapTHeIMu ESC-peryssitopamMy I03BOJISIET  YBeIWUUTb BpeMsi
aBTOHOMHOU pabotel UAV s 1o 30%.
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WCKYCCTBeHHBIN uHTe/eKkT (UI), MynbTHKONTEpP, ONTHMHU3aLUs OaTaper, CH/IOBasi 3JI€KTPOHUKA, TPY30BOM MYJILTHUKOMNTEP,
3HepronoTpebieHue.

Introduction
A standard BLDC (Brushless DC) system consists of a battery, an ESC (Electronic Speed Controller), and a BLDC motor
[1], [2], [3], [4], as shown in Figure 1.

Figure 1 - Standard BLDC system
DOI: https://doi.org/10.60797/IRJ.2026.172.56.1

Batteries commonly used in UAVs include Lithium Polymer (Li-Po) [5], [6], [7], [8] and Lithium Iron Phosphate
(LiFePO4) cells [9], [10], [11], [12]. The latter are less widespread due to their higher cost and manufacturing complexity.
While Li-Po batteries offer high energy density, they are sensitive to deep discharge and present a significant fire risk [11],
[12], [13], [14]. In contrast, LiFePO4 batteries are more thermally stable and fire-safe but have a lower energy density.

Recent advancements have introduced Lithium Titanate (LTO) [15], [16], [17] batteries have been introduced for use in
heavy UAVs. Their key advantages include extremely fast charging—an important feature for aerial taxi applications—and
reliable operation at low temperatures. However, all battery types share a common trait: a nonlinear discharge profile. This
characteristic must be taken into account to ensure reliable UAV performance [18], [19].

The ESCs convert the energy stored in the battery into high-frequency pulses to drive BLDC motors [15], [20]. Most ESCs
share a similar circuit architecture comprising of a microcontroller and high-power MOSFET transistors [21], [22], [23] with
variations in synchronization algorithms, PWM frequency, and the power handling capacity of the output stage [24]. Silicon-
based MOSFETs are used as power switches in nearly all ESCs [25], [26], [27]. However, there are already small-batch ESCs
based on GaN (Gallium Nitride) transistors [20], [28], [29], [30], which outperform silicon-based designs and allow high-
power, compact solutions. Their main drawback is high cost and the need for liquid cooling.

BLDC motors themselves follow a consistent design principle, differing mainly in size, number of poles, and magnet
configurations [31]. Most motor windings are made from copper wire with enamel insulation rated for up to 130 °C [4], [32],
while newer implementations employ nickel-plated copper wire with high-temperature insulation rated up to 300 °C [4], [33].
This enables operation of windings at temperatures up to 250°C, supporting current levels exceeding standard limits [34],
preventing insulation breakdown during prolonged peak load conditions, and enabling short-term “boost” modes [33].
Additional thermal protection for rotor magnets is achieved through specialized heat-resistant coatings and barrier layers [35],
[36], [37].

Furthermore, the use of ceramic ball bearings significantly extends motor lifespan, as bearings are the only components
subject to mechanical wear in BLDC motors [20], [38].

In contrast to small drones, heavy multicopter-type UAVs also incorporate variable-pitch propeller systems. These allow
the motor-propeller group to adapt to different loads and flight conditions [39], [40]. However, in most systems, all propellers
are adjusted simultaneously: a higher pitch for light-load high-speed flight, and a lower pitch for heavy-load low-speed flight.

Proposed Modernized BLDC System
To enhance the capabilities of the standard BLDC system, it is upgraded with additional components, including ESC
current sensors (I), motor tachometers (T), and an Artificial Intelligence (AI) module (Figure 2).
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Figure 2 - Modernized BLDC System
DOI: https://doi.org/10.60797/IRJ.2026.172.56.2

The ESC current sensors (I) monitor the power consumption of the motors (M) under varying load conditions. The
tachometers (T) track the actual rotational speed of the propellers, helping to detect and prevent slippage during high-load
flight scenarios.

The flight controller PC-MCU handles real-time UAV navigation and stabilization tasks.

The Artificial Intelligence module (AI) stores data on all system components, including their operating limits and
specifications. It also runs algorithms designed to optimize energy consumption during flight by intelligently managing power
distribution and motor performance.

The following sections describe several practical Al-based algorithms that have been successfully implemented on a
heavy-duty multicopter and have proven effective in real-world testing.

Proposed Algorithms, Experimental Verification, and Results
The proposed algorithms aim to optimize the energy consumption of onboard batteries in heavy-duty multicopter-type
UAVs, depending on flight conditions (Figure 3).

Figure 3 - Heavy Transport Multicopter-Type UAV
DOI: https://doi.org/10.60797/IRJ.2026.172.56.3

3.1. Platform Balancing Algorithm for Heavy Multicopters

To transport irregular or oversized loads, heavy multicopters typically use an external suspension system, with the
suspension point located at the UAV’s center of gravity. However, this method is not always suitable—for example, during
ground-effect flight at low altitudes (below 3 meters) or in strong wind conditions where there is a risk of load swinging. In
such cases, proper load distribution on the platform and balancing of the UAV become crucial.

Often, due to the shape and size of the cargo, it is not possible to distribute the weight symmetrically. Examples of uniform
and non-uniform load distribution on a heavy UAV platform are shown in Figure 4.
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Figure 4 - Uniform (a) and non-uniform (b) load distribution on the UAV platform
DOI: https://doi.org/10.60797/IRJ.2026.172.56.4

In the case shown in Figure 4b, the center of gravity is shifted. The flight controller attempts to maintain a level frame by
varying the motor speeds. If the imbalance is minor, the multicopter can hover stably under calm conditions. However, motors
will operate under different load conditions. The more heavily loaded motors will have a smaller dynamic reserve of RPM and
power to respond to flight controller commands compensating for wind gusts or manual control inputs. As a result, the UAV
may begin to drift toward the shifted center of gravity.

Furthermore, to maintain balance with uneven cargo placement, motor 4 must operate at significantly higher speeds than
the other motors. This results in excessive heat generation, accelerated bearing wear, and a higher current load on its ESC. A
component under sustained overload becomes a point of failure, with reduced reliability, shorter lifespan, and higher failure
probability. In heavy multicopters, failure of even one of the four motors results in complete failure of the aircraft. Thus, cargo
imbalance is a critical factor in UAV operation.

For a comparative analysis, let us calculate the load characteristics of motors in a conceptual UAV with a 2-meter arm
length and a payload located 1 meter from the center of gravity. A schematic representation is shown in Figure 5.

Figure 5 - Conceptual UAV
DOI: https://doi.org/10.60797/IRJ.2026.172.56.5

The thrust of a fixed-pitch propeller is proportional to the square of its rotation speed and can be estimated using the
simplified formula:

F =C, x pxn®x D%, (1)

where

Ca — thrust coefficient for an ideal propeller;

p — air density;

n — propeller rotational speed (RPM);

D — propeller diameter.

To maintain stable flight under asymmetric loading, the thrust produced by motor 4 must be three times that of motor 1.
Similarly, motors 2 and 3 must each produce twice the thrust of motor 1.

This leads to the following required speed ratios between motors:

- Motor 1:1;

- Motors 2 and 3 : 1.41;

- Motor 4 : 1.73.

For example, if motor 1 is spinning at 5,000 RPM, motor 4 would need to spin at approximately 8,650 RPM while still
retain sufficient headroom for maneuvering — which is often not feasible in real-world conditions.

Another critical factor for heavy multicopters is managing centrifugal forces generated by the spinning propellers, which
can cause unwanted yaw (rotation about the vertical axis). As a propeller spins, centrifugal force acts outward along the blade,
perpendicular to the axis of rotation.

The force on any given point of the blade is proportional to the square of its angular velocity, described by:

FC=m><a)2><r 2
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where

m — mass of the blade segment;

w — angular velocity;

r — radial distance from the axis.

If propellers are arranged in counter-rotating pairs (two clockwise, two counterclockwise) and spin at equal speeds, these
centrifugal forces cancel out. However, when there are significant differences in RPM — as in this case, where some motors
are spinning nearly twice as fast as others — a net rotational torque arises, which the flight controller must counteract. In some
situations, the motors may lack the dynamic range to fully compensate, leading to instability.

This is why the platform balancing algorithm is critical not only for flight reliability but also for ensuring precise control.

In our heavy-lift multirotor systems equipped with variable-pitch propellers, this issue is addressed by dynamically
adjusting the pitch of each propeller. Based on the load distribution across the platform, the balancing algorithm tunes
individual blade pitch values to equalize the average rotational speed of each motor. This helps prevent overloading, extends
service life, and ensures stable, energy-efficient operation.

3.2. Platform Balancing Algorithm Description
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Figure 6 - Structural Diagram of the Platform Balancing Algorithm
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The PC-MCU flight controller initiates the balancing process by lifting the heavy multirotor UAV to a minimum safe
altitude. During this phase, it measures the operating current of each ESC using current sensors (I) and records the motor RPM
using tachometers (T).

The system then enters a continuous adjustment phase. It monitors ESC current in real time and makes dynamic pitch and
RPM corrections: for arms where motors are spinning faster, the algorithm increases propeller pitch while proportionally
reducing RPM. Conversely, for arms with lower RPMs, the pitch is reduced and motor speed increased. This adaptive process
ensures all rotors operate at approximately the same average RPM, which helps evenly distribute mechanical wear—particularly
on motor bearings.

In addition to the core logic, an Al-based module (not shown in the diagram) continuously monitors several critical
parameters to ensure system reliability:

- ESC current on each rotor arm, to prevent exceeding safe peak thresholds;

- Motor temperature, to avoid stator overheating and subsequent rotor magnet demagnetization due to thermal stress;

- Propeller RPM and PWM signal duration to minimize heat buildup during rapid switching transitions in the ESC’s
MOSFET output stage.

Based on these inputs, the algorithm continuously adjusts system parameters to meet operational reliability requirements of
all critical components. The algorithm was tested on a dedicated bench setup simulating a representative UAV. Measurement
results were recorded at two stages:

- Initial stage: Lift to minimum altitude without adjusting motor speed or propeller pitch;

- Final stage: After applying RPM and pitch corrections.

The corresponding data is summarized in Table 1.


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 10 (172) = October © Authors of the article / Authors of the article

Table 1 - Experimental results before and after RPM-based propeller pitch adjustment
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Initial Stage Final Stage
Motor 1 RPM 1800 2850
Motor 2 RPM 2800 2800
Motor 3 RPM 2800 2800
Motor 4 RPM 3450 2750
Propeller Pitch 1 8 5
Propeller Pitch 2 8 8
Propeller Pitch 3 8 8
Propeller Pitch 4 8 10

The data clearly demonstrates the algorithm’s effectiveness in equalizing rotor RPMs across the platform. The slight
deviation in Motor 1's final RPM from the target value occurs because the thrust vector of Motors 2 and 3 does not align
perfectly with the platform’s center of gravity, introducing a minor imbalance in overall lift distribution.

From an aerodynamic standpoint, it would be advisable to expand the algorithm with constraints on permissible propeller
pitch values to ensure stable and predictable behavior.

Below is a code snippet illustrating the implementation of the described algorithm:

#define NUMBER_ROTOR 4

#define BLADE_ANGLE_START 2

#define BLADE_ANGLE_MAX 20

#define HIGH_TAKEOFF 2000 //mm

#define MAX_CURRENT 10000 //mA

#define DELTA_CURRENT 100 //mA
#define DELTA_SPEED 100 /lrpm

#define MAX_SPEED 10000 /Irpm

int Blade_Angle[NUMBER_ROTOR];

// Takeoff and weighing
int Takeoff(void)
{
int Index;
int Max_Angle;
for(Index = 0; Index < NUMBER_ROTOR; Index++) Blade_Angle[Index] = BLADE_ANGLE_START;
Start_ESC();
while(Get_High() < HIGH_TAKEOFF)
{
for(Index = 0; Index < NUMBER_ROTOR; Index++) Set Blade_Angle(Blade_Angle[Index]);
delay(100);
Max_Angle = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)
{
Blade_Angle[Index]++;
if(Blade_Angle[Index] > BLADE_ANGLE_MAX) Max_Angle = 1;

}
if(Max_Angle) break;
}

/I Speed equalization
int Speed_Equ(void)
{

int Rotor_Speed[NUMBER_ROTOR];

int Rotor_Current[NUMBER_ROTOR];

int Max_Speed, Min_Speed, Sub_Speed, Max_Current, Index;
int Max_Angle;

while(TRUE)
{
Max_Speed = 0;
Min_Speed = MAX_SPEED;
Sub_Speed = 0;
Max_Current = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)
{
Rotor_Speed[Index] = Read_Speed(Index);
Rotor_Current[Index] = Read_Current(Index);

6
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if(Rotor_Speed(Index) > Max_Speed) Max_Speed = Rotor_Speed(Index);
if(Rotor_Speed(Index) < Min_Speed) Min_Speed = Rotor_Speed(Index);
if(Rotor_Current(Index) > Max_Current) Max_Current = Rotor_Current(Index);

}

for(Index = 0; Index < NUMBER_ROTOR; Index++) Sub_Speed = Sub_Speed +
(Max_Speed - Rotor_Speed(Index));

Sub_Speed = Sub_Speed/NUMBER_ROTOR;

if(Sub_Speed < DELTA_SPEED) break;

Max_Angle = 0;
for(Index = 0; Index < NUMBER _ROTOR; Index++)
{
if(Max_Current < MAX_CURRENT)
{
if(Rotor_Speed[Index] > Min_Speed) Blade_Angle[Index]++;
if(Blade_Angle[Index] > BLADE_ANGLE_MAX) Max_Angle = 1;
} else
{
if(Rotor_Speed[Index] < Max_Speed) Blade_Angle[Index]--;
if(Blade_Angle[Index] < BLADE_ANGLE_START) Max_Angle = 1;
}

}
if(Max_Angle) break;
}

// Current equalization

int Current_Equ(void)

{
int Rotor_Current[NUMBER_ROTOR];
int Max_Current, Index;
int Max_Angle;

while(Get_Stat_ESC()) // Rotors RUN
{
Max_Current = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)
{
Rotor_Current[Index] = Read_Current(Index);
if(Rotor_Current(Index) > Max_Current) Max_Current = Rotor_Current(Index);
if((Blade_Angle[Index] >= BLADE_ANGLE_MAX) || (Blade_Angle[Index] <=
BLADE_ANGLE_START) Max_Angle = 1;
else Max_Angle = 0;

¥
if('Max_Angle)

for(Index = 0; Index < NUMBER_ROTOR; Index++)

{
if((Max_Current < (MAX_CURRENT - DELTA_CURRENT))
Blade_Angle[Index]++;

if((Max_Current > (MAX_CURRENT + DELTA CURRENT))
Blade_Angle[Index]--;

}

3.3. Propeller Pitch Optimization Algorithm

This algorithm is used to determine the optimal propeller pitch settings based on the specific conditions of a predefined
flight route. As with any navigation system, two modes are available: “Minimum Time to Destination” and “Shortest
Distance”.

The “Minimum Time” mode prioritizes the fastest possible travel, aiming for the highest attainable flight speed.
Conversely, the “Shortest Distance” mode in this context focuses on minimizing battery energy consumption, operating under
an energy-efficient strategy for maximum endurance. The UAV's flight speed depends on propeller pitch, RPM, and is
calculated using the simplified formula:

V =sXHXn (3)

where

s — slip coefficient (typically 0.75);

H — propeller pitch;

n — propeller rotation frequency (RPM).

From this, two derived formulas are used within the algorithm for determining the optimal pitch. To determine the required
pitch for a given speed and RPM:
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H =V %1000 x 60/(0,75 X n) (@)
To determine the required RPM for a given speed and pitch:
n=1V x1000x60/(0,75 x H). (5)

3.4. Algorithm Overview for Maximum Route Speed Configuration

In this mode, the algorithm sets the propellers to the maximum permissible pitch to achieve the highest possible speed.
Throughout the flight, it continuously monitors motor RPM and ESC current to ensure operational safety and performance
stability.
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Figure 7 - Heavy Transport Multicopter-Type UAV
DOI: https://doi.org/10.60797/IRJ.2026.172.56.8

The PC-MCU flight controller lifts the heavy multicopter to a minimal safe altitude and begins measuring the operating
current drawn by each ESC using current sensor (I), as well as the propeller rotation speed via tachometers (T).

Subsequently, while continuously monitoring the ESC current in real time, the algorithm gradually increases the pitch of
all propellers in sync until one of the following thresholds is reached: either the maximum allowable current on any ESC or the
maximum pitch setting. The system uses RPM monitoring during this process to evaluate aerodynamic efficiency, since each
propeller exhibits unique aerodynamic load characteristics under different conditions.

This algorithm was validated on a test bench simulating a typical UAV environment. Measurement results from the initial
stage (liftoff to minimal altitude with default propeller pitch) and the final stage (after pitch optimization) are summarized in
Table 2 below.
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Table 2 - Measurement results Before and After Propeller Pitch Adjustment Based on Current Draw

DOI: https://doi.org/10.60797/IRJ.2026.172.56.9

Motor RPM = constant 2800 RPM Initial Stage Final Stage
ESC Current 1, A 54 79
ESC Current 2, A 53 79
ESC Current 3, A 55 80
ESC Current 4, A 54 79
Propeller Pitch 1 8 12
Propeller Pitch 2 8 12
Propeller Pitch 3 8 12
Propeller Pitch 4 8 12

The results clearly demonstrate the effectiveness of the algorithm in increasing the multicopter’s cruising speed by
approximately 1.5 times, achieved through propeller pitch optimization and a controlled rise in motor current. This provides a
clear performance advantage in short-distance operations, where battery life is not a critical constraint. The maximum
permissible operating current for the ESCs was set at 100 A.

The following section contains the source code that implements this algorithm:

#define NUMBER_ROTOR 4

#define BLADE_ANGLE_START 2

#define BLADE_ANGLE_MAX 20

#define HIGH_TAKEOFF 1000 //mm

#define MAX_CURRENT 10000 //mA

#define DELTA_CURRENT 100 //mA

/I Current equalization

int Current_Equ(void)

{
int Rotor_Current[NUMBER_ROTOR];
int Max_Current, Index;
int Max_Angle;

while(Get_Stat ESC() && (Get_High() > HIGH_TAKEOFF)) // Rotors RUN and the required
height has been reached
{
Max_Current = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)
{
Rotor_Current[Index] = Read_Current(Index);
if(Rotor_Current(Index) > Max_Current) Max_Current = Rotor_Current(Index);
if((Blade_Angle[Index] >= BLADE_ANGLE_MAX) || (Blade_Angle[Index] <=
BLADE_ANGLE_START) Max_Angle = 1;
else Max_Angle = 0;

h
if('Max_Angle)

for(Index = 0; Index < NUMBER_ROTOR; Index++)
{
if((Max_Current < (MAX_CURRENT - DELTA_CURRENT))
Blade_Angle[Index]++;
if((Max_Current > (MAX_CURRENT + DELTA_CURRENT))
Blade_Angle[Index]--;

}

3.5. Battery Energy Optimization Algorithm
This algorithm adjusts propeller pitch based on the optimal motor RPM, load characteristics, and battery discharge
profiles.
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Figure 8 - Structural Diagram of the Algorithm for Optimal Battery Energy Consumption
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The flight controller PC-MCU lifts the heavy multicopter to a minimum altitude and begins measuring the operating
current of the ESCs using current sensor I, along with motor RPM using tachometers T. While continuously monitoring ESC
current draw, the algorithm synchronously increases the propeller pitch until the motor load and battery discharge parameters
— stored in PC-MCU memory — reach optimal values. These parameters are adjusted in flight at predefined intervals based
on remaining battery capacity. If the system determines that the energy reserve is insufficient or the discharge rate is excessive,
it triggers an emergency alert. All flight and battery status data are logged to memory for future use.

The relationship between battery discharge time and discharge current is nonlinear, as shown in Figure 9. LiPo batteries
typically exhibit a relatively linear discharge curve, whereas LiFePOa4 batteries show more pronounced nonlinearity, especially
toward the end of the cycle — an important consideration for the algorithm.

48V LiFeP04 Cell Voltage Chart 65 LiPo Cell Voltage Chart
Voltage Voltage
58v 258V
53v 2424V
48V 2274V
43v 2118V
38v 19.62v
100% 75% 50% 25% 0% SOC/DoD 100% 75% 50% 25% 0% SOC/DoD

Figure 9 - Battery Discharge Time as a Function of Discharge Current
DOI: https://doi.org/10.60797/IRJ.2026.172.56.11

Based on the data in Table 2, the recommended strategy is to maintain maximum speed during the first 75% of the flight
(i.e., battery discharge period), then gradually reduce propeller pitch during the final 25% to ensure a smoother discharge.
These two propeller pitch optimization algorithms can be run independently or together, depending on the processing power of
the onboard computer. Ultimately, the AI system selects the flight mode based on route data, flight distance, and the actual
energy reserve of the onboard batteries.

The following code demonstrates how this algorithm operates:

10
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#define NUMBER_ROTOR 4

#define BLADE_ANGLE_START 2

#define BLADE_ANGLE_MAX 20

#define HIGH_TAKEOFF 1000 //mm
#define MAX_CURRENT 10000 //mA
#define OPTIMAL_REG 30000

int Blade_Angle[NUMBER_ROTOR];

// Optimization by speed and angle step
int Speed_Angle(void)

{

int Rotor_Current[NUMBER_ROTOR];
int Max_Current, Mid_Current, Mid_Speed, Index;
int Max_Angle, Min_Angle, Power;

while(Get_Stat_ESC() && (Get_High() > HIGH_TAKEOFF)) // Rotors RUN and the required
height has been reached

{

Max_Current = 0;
Power = Get_Power();
Mid_Current = 0;
Mid_Speed = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)
{
Rotor_Current[Index] = Read_Current(Index);
Mid_Current += Rotor_Current[Index];
Mid_Speed += Read_Speed(Index);
if(Rotor_Current(Index) > Max_Current) Max_Current = Rotor_Current(Index);
if((Blade_Angle[Index] >= BLADE_ANGLE_MAX) Max_Angle = 1;
else if(Blade_Angle[Index] <= BLADE_ANGLE_START) Min_Angle = 1;
else {Max_Angle = 0; Min_Angle = 0;}
}
Mid_Current = Mid_Current/NUMBER_ROTOR;
Mid_Speed = Mid_Speed/NUMBER_ROTOR;

for(Index = 0; Index < NUMBER_ROTOR; Index++)

if((Max_Current < MAX_CURRENT) && 'Max_Angle && (Function(Blade_Angle,

Mid_Speed, Power) < OPTIMAL_REG)) Blade_Angle[Index]++;

if((Max_Current < MAX_CURRENT) && 'Min_Angle && (Function(Blade_Angle,

Mid_Speed, Power) > OPTIMAL_REG)) Blade_Angle[Index]--;

if((Max_Current >= MAX_CURRENT) && !Min_Angle) Blade_Angle[Index]--;

}
Set Blade_Angle();

Proposed Algorithms for the Extended BLDC System: Experimental Verification and Results

The use of electronic battery section switches and stator winding reconfiguration in BLDC systems has been widely
studied as a means to extend flight time and improve battery energy efficiency. Integrating artificial intelligence allows
dynamic control of these switches based on real-time flight data, further enhancing system performance.

To recap, this extended BLDC includes, in addition to the standard configuration, an electronic battery switch that
reconfigures battery sections to deliver different voltages to the ESCs, and an electronic winding switch, which reconfigures
stator windings to modify thrust and speed characteristics of the BLDC motors (Figure 10).

11
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Figure 10 - Schematic representation of the Extended BLDC System
DOL: https://doi.org/10.60797/IRJ.2026.172.56.12

4.1. Battery Switch Control Algorithm

The battery switch algorithm functions similarly to an automatic transmission: higher "gears" are engaged as speed
increases. A lookup table stored in the AI control unit maps the BLDC motor RPMs at which switching between battery
configurations should occur. This keeps motor RPMs within optimal efficiency ranges. For UAVs using multi-stator BLDC
motors, a separate switching table is required for each stator winding configuration.

12
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Figure 11 - Structural Diagram of the Battery Switch Control Algorithm
DOI: https://doi.org/10.60797/IRJ.2026.172.56.13

The PC-MCU flight controller dynamically measures the propeller’s rotational speed M using tachometers T and switches
battery sections according to a predefined lookup table stored in memory. Simultaneously, the current consumed by the
batteries is measured to ensure optimal discharge characteristics, which are also stored in the PC-MCU's memory.

This algorithm was tested on a test bench that simulated a hypothetical UAV. During testing, motor speed and propeller
pitch were held constant, while the battery switch configurations were changed among 10S, 20S, and 40S voltages. During the
tests, the motor's operating current and PWM pulse durations were measured.

The measurement results are summarized in Table 3.

Table 3 - Impact of Battery Voltage on Operating Current and PWM Pulse Duration
DOT: https://doi.org/10.60797/IRJ.2026.172.56.14

Motor Speed = const. 2,800 RPM Motor Current (A) PWM Pulse Duration (s}
10S 24 42
20S 45 22
40S 80 12
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The results indicate that at low motor speeds combined with large propeller pitch — typical of heavy multicopter operation
— it is advantageous to use lower voltages. Longer PWM pulses reduce losses in the transition stages of MOSFET output
stages and losses in the high-inductance stator windings. Consequently, this leads to lower heat losses.

To achieve higher rotational speeds of the propeller, it is necessary to increase the operating voltage, as low operating
voltages often fail to reach the required rotational speeds. The achievable rotational speed of a BLDC motor can be calculated
using the following formula:

RPM = (Q/6)/(N /2) x 60 ®)

where

RPM — propeller rotation frequency 1/min;

Q — PWM frequency, Hz;

N — Number of magnets in the rotor.

As with a robotic car gearbox, a certain level of hysteresis should be built into the algorithm to avoid undefined states at
switching boundaries.

Below is the program code that explains how this algorithm works:

#define NUMBER_ROTOR 4
#define NUMBER_SWITCH 3
#define DELTA_SPEED 100

// Battery switch
int Battery_switch(void)

{
int Mid_Current, Mid_Speed, Opt_Speed;
int Battery mode = 1;
Set Battery switch(Battery mode);

while(Get_Stat ESC() && (Get_High() > HIGH_TAKEOFF)) // Rotors RUN and the required
height has been reached

{
Mid_Current = 0;
Mid_Speed = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)

{
Mid_Current = Mid_Current + Read_Current(Index);

Mid_Speed = Mid_Speed + Read_Speed(Index);

}
Mid_Current = Mid_Current / NUMBER_ROTOR;

Mid_Speed = Mid_Speed / NUMBER_ROTOR;
Power = Read_Power();
Opt_Speed = Read_Al Speed(Mid_Current, Mid_Speed, Power);

if(Opt_Speed > (Mid_Speed + DELTA SPEED)) Battery mode++;
if(Opt_Speed < (Mid_Speed - DELTA SPEED)) Battery mode--;

if(Battery mode > NUMBER_SWITCH) Battery mode = NUMBER_SWITCH;
if(Battery mode < 1) Battery mode = 1;

Set_Battery_switch(Battery mode);

4.2. Stator Winding Switch Algorithm

This algorithm operates similarly to an automatic transmission in a car — except instead of shifting gears, it changes the
stator winding configuration to optimize either torque or rotational speed. The optimal RPM ranges and switching thresholds
are preprogrammed into the PC-MCU’s internal memory and continuously monitored via tachometers (T).

A detailed description of multi-stator BLDC motor winding configurations and the electronic switching system design can
be found in [4],[15].
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Figure 12 - Block Diagram of the Stator Winding Switching Algorithm
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In systems with conventional BLDC motors, the controller alternates between two standard winding configurations: “Star”
and “Delta”. This switching enhances both motor thrust and energy efficiency. The electronic switch is lightweight and
compact, requiring just nine switching elements.

The algorithm was tested on a simulation bench replicating a typical UAV environment. Throughout the experiment,
voltage, motor speed, and propeller pitch were held constant. Only the winding configuration was changed — switching
between “Star” and “Delta”. During the tests, current consumption and PWM pulse duration were measured.

The measurement results are summarized in Table 4.

Table 4 - Impact of Winding Configuration on Motor Current and PWM Pulse Duration
DOT: https://doi.org/10.60797/IRJ.2026.172.56.16

Motor Speed = const. 2,800 RPM Motor Current (A) PWM Pulse Duration (us}
Star 36 28
Delta 42 22

The results indicate that for low-speed operation with high propeller pitch — typical for heavy-lift multicopters — high-
inductance winding configurations are more efficient. At higher RPMs, switching to a low-inductance configuration becomes
preferable, as it supports higher currents and delivers greater power output.

However, if flight conditions (cruise speed, propeller load, RPM) permit, the system should favor the configuration with
the lowest current draw to maximize battery efficiency.

The following code demonstrates the logic behind this switching algorithm:

#define NUMBER_ROTOR 4
#define NUMBER_SWITCH 5
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#define DELTA_SPEED 100
#define DELTA_CURRENT 100
#define MAX_CURRENT 10000

// Windings switch

int Windings_switch(void)

{
int Mid_Current, Mid_Speed, Opt_Speed, Max_Current;
int Windings mode = 1;
Set_Windings_switch(Battery mode);

while(Get_Stat ESC() && (Get_High() > HIGH_TAKEOFF)) // Rotors RUN and the required
height has been reached

{
Mid_Current = 0;
Mid_Speed = 0;
for(Index = 0; Index < NUMBER_ROTOR; Index++)

{
Mid_Current = Mid_Current + Read_Current(Index);
if(Read_Current(Index)) > (MAX_CURRENT + DELTA_CURRENT)) Max_Current =

if(Read_Current(Index)) < (MAX_CURRENT - DELTA_CURRENT)) Max_Current =
Mid_Speed = Mid_Speed + Read_Speed(Index);

}
Mid_Current = Mid_Current / NUMBER_ROTOR;
Mid_Speed = Mid_Speed / NUMBER_ROTOR;

Power = Read_Power();
Opt_Speed = Read_Al Speed(Mid_Current, Mid_Speed, Power);

if(Opt_Speed > (Mid_Speed + DELTA_SPEED) && !Max_Current) Windings mode++;
if(Opt_Speed < (Mid_Speed - DELTA_SPEED) || Max_Current) Windings mode--;

if(Windings mode > NUMBER_SWITCH) Windings mode = NUMBER_SWITCH;
if(Windings mode < 1) Windings mode = 1;

Set_Windings_switch(Windings mode);

By combining the battery switching algorithm with the stator winding switching logic, a unified control algorithm can be
developed — a comprehensive strategy that considers not only battery discharge characteristics and optimal BLDC motor
speeds, but also the aerodynamic behavior of propellers at various RPMs and the transient response during topology switching.

If the switching thresholds for battery sections and stator winding configurations are properly decoupled and staggered,
transient phenomena — particularly peak current spikes during transitions — can be significantly reduced.

Conclusion
In UAV systems, the term “power-to-weight ratio” typically refers to the relationship between available energy and total
flight weight. The higher the power-to-weight ratio, the longer the UAV can remain airborne. It is generally expressed as:

o/wW, ™)

where

Q — battery capacity;

W — UAV takeoff weight.

However, the integration of advanced BLDC systems into the UAV introduces an additional efficiency factor into this
equation:

K-0/w, (8)

where

K — efficiency coefficient of the BLDC system.

The more sophisticated the BLDC system — incorporating battery commutation, stator winding switching, and tightly
integrated electronics — the higher its efficiency coefficient. As a result, the effective power-to-weight ratio increases,
enabling longer flight durations even with the same battery capacity and takeoff weight, due to improved energy utilization.
The slight weight gain from additional switching components is negligible, thanks to the compact and lightweight nature of
modern electronics.

Naturally, the algorithms described in this paper are not the only ways to enhance UAV efficiency. Depending on specific
UAV designs, additional software algorithms can be implemented, including:

- Point-to-Point Flight Optimization Algorithm.

This algorithm receives coordinates for the departure point (A) and destination (B), analyzes onboard battery reserves and
UAV power characteristics, and dynamically adjusts flight parameters to either minimize energy consumption or maximize
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travel speed. If available energy is insufficient to complete the planned route, the system alerts the operator and proposes
alternative solutions.

- Stator Inductance Estimation Algorithm.

High-voltage BLDC windings often exhibit significant inductance. If PWM pulses are too short, energy is not effectively
transferred and is lost as heat. This algorithm estimates the inductance of the stator windings and adjusts the minimum
allowable PWM pulse width to minimize energy loss — a critical function in multi-stator BLDC motors, where inductance can
vary depending on the selected winding configuration.

- PWM Pulse Width Adjustment Based on MOSFET Temperature.

The heating of power-stage MOSFETs is primarily driven by switching frequency. At high propeller RPMs, rapid
switching can cause excessive heating and risk component failure. This algorithm monitors MOSFET temperature and, if a
defined threshold is exceeded, evaluates current flight parameters and reduces propeller speed if necessary to avoid
overheating — while notifying the operator of the intervention. This method can also be combined with the inductance
estimation algorithm for further optimization.

Together, these software-driven algorithms and circuit-level optimizations allow UAV performance to be significantly
improved without any hardware upgrades. In many cases, deploying newer versions of a UAV may only require a remote
firmware update.

This level of adaptability lays the foundation for fully autonomous UAV logistics networks — enabling smart, reliable, and
scalable aerial cargo delivery.
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