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ABSTRACT

The subject of this article was a comprehensive analysis of battery behavior in UAVs in terms of its key parameters
(current, voltage, SOC, depth of discharge, etc.), including temperature and the “heat of temperature” value gener-
ated in the cells. The main objective of the work was to identify key phenomena occurring during intensive phases
of operation of the tested lithium-ion battery (e.g., start-up, maneuvers), including, among others, a rapid increase
in current consumption associated with a rapid drop in voltage and a significant decrease in SOC, as well as a
simultaneous increase in temperature and “heat” values. Furthermore, in their research, the authors paid particular
attention to the fact that during steady-state or reduced load phases, key parameters (current, voltage, SOC) stabi-
lize, while in the next cycle of intensive battery operation, similar thermal spikes occur again. The analysis showed
that cyclic loads and thermal shocks affect battery life and capacity, which translates into operational safety. In this
context, the article points to the need to use advanced BMS, temperature monitoring, depth of discharge limita-
tion, and cell cooling integration to extend the life of the UAV power system. In the final part of the paper, based
on the conducted research (analysis, models, controllers), as well as the UAV simulation tests carried out in the
MATLAB/Simulink environment and the results obtained, final practical conclusions were formulated.

Keywords: lithium-ion battery, flight control system, State of Charge (SOC), battery management system (BMS),

mathematical model, unmanned aerial vehicle (UAV), controller.

INTRODUCTION

Currently, there is an increasing trend towards
the dynamic growth in the use of UAVs, whose
development is mainly driven by advances in
power supply technology. With the increase in
the autonomy and complexity of UAV missions,
there is also a growing demand for effective
energy management systems (e.g., BMS). The
main component of the energy infrastructure
of these units remains lithium-ion batteries,
which are characterized by high energy density
and a favorable weight-to-capacity ratio, which
translates into the susceptibility of energy
management systems to degradation phenomena
resulting from current and thermal overloads
[1-4]. Based on the above, issues related to battery

charge cycles and battery thermal behavior are
the subject of intensive research.

The analysis of key battery cell operating
parameters presented in this article, which include
current, voltage, state of charge (SoC), depth
of discharge (DoD), and temperature, enables a
comprehensive assessment of their performance
and durability. Of particular importance are
studies on the impact of dynamic conditions that
reflect the actual flight profiles of unmanned aerial
vehicles [5]. In this regard, it is important not only
to map electrical behavior, but above all thermal
phenomena that determine battery stability.

For example, overheating of cells results in
deterioration of operating parameters, increased
internal resistance, and reduced cycle life. In
addition, excessive cooling can lead to a reduction
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in the ability to deliver the required power at
critical moments during missions.

Therefore, understanding these mechanisms
allows for the development of effective energy
management strategies and the implementation
of BMS systems capable of adapting to changing
operating conditions [6—7].

The literature on the subject emphasizes
that accurate battery monitoring requires the
integration of mathematical models, estimation
algorithms, and real-time measurements. It
should be emphasized that these models should
take into account not only electrical aspects,
but also thermal aspects, as a result of which
it is possible to predict the behavior of cells in
complex mission conditions. In particular, the
combination of a diffusion and electrical model
allows for accurate reproduction of discharge and
regeneration processes.

This study attempts to analyse the load cycles
and thermal behavior of lithium-ion batteries used
in UAVs. The aim of the research is to identify
the relationship between electrical parameters
and thermal phenomena occurring during typical
phases of unmanned aerial vehicle flight.

For this purpose, a battery simulation model
was created using the MATLAB/Simulink
environment, taking into account the influence
of current intensity on voltage, temperature, and
SOC and DoD parameter variability. The results
of the simulations allowed for an analysis of the
dynamics of thermal and energy processes in the
context of UAV operational safety [8-10].

The obtained dependencies indicate the need to
implement advanced algorithms for BMS systems
and cell cooling systems. The conducted research
contributes to the expansion of knowledge in the
field of battery durability and may serve as a basis
for further optimization of power supply systems in
unmanned vehicles. Furthermore, the conclusions
drawn from the analysis confirm that effective
energy management is a key factor in ensuring the
reliability and longevity of UAV systems. [11]

The simulation tests performed allow
us to determine the impact of variable load
cycles on the performance characteristics of
lithium-ion batteries and their thermal behavior
during UAV missions. The scope of this work
includes the development and implementation
of a mathematical model and the performance
of simulations in the MATLAB/Simulink
environment under conditions that reflect actual
flight profiles [12-16].
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The analysis covered the energy and thermal
parameters of the batteries in terms of their
stability, efficiency, and operational safety.
The results obtained allowed conclusions to
be drawn regarding the impact of temperature,
current intensity, and depth of discharge on the
cell degradation process, which provides a basis
for optimizing energy management systems in
modern UAVs [17].

Clarification of the study’s scientific
contribution

The study’s contribution lies in linking
the UAV mission profile to the battery pack’s
electrical and thermal response. The study did
not focus solely on the cell equivalent model.
It also involved interpreting the load resulting
from flight phases, instantaneous power demand
and propulsion system limitations. This enabled
the parts of the mission where the greatest risk
of voltage drop, temperature rise and accelerated
cell wear occurs to be identified.

A new element of the approach is treating the
battery as part of the UAV’s integrated system. In
this configuration, current, voltage, state of charge
(SOC), state of discharge (DoD) and temperature
are analysed together. Instead, they are considered
as interdependent diagnostic signals. This
approach facilitates determining BMS operating
thresholds and safe energy reserves for take-off,
manoeuvring and returning phases.

MATHEMATICAL FRAMEWORK
OF A HEXACOPTER UNMANNED
AERIAL VEHICLE

Dynamic description of the six-rotor
platform

The analysed hexacopter is built around six
BLDC propulsion units mounted on a symmetric
six-arm structure, as illustrated in Figure 1. Each
rotor—propeller set generates the lifting force and
the reaction torque t, both assumed proportional
to the square of the rotor angular velocity. The
combined contribution of all actuators produces
the total thrust T, which sustains the vehicle in
the air, whereas differences between individual
rotor loads create the control moments required
for attitude manoeuvring.
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The model is based on a six-rotor, medium-
class platform. The take-off weight of the UAV
was specified as 3.2 kg and the motor-to-motor
wheelbase as 0.80 m, with the length of a single
arm relative to the centre of mass set at 0.40 m.
The central fuselage was assumed to be a block
measuring approximately 0.32 x 0.26 x 0.12 m.
These parameters should be treated as values
adopted for the simulation rather than catalogue
data from a specific manufacturer.

The drive system comprised six BLDC
motors with ESC controllers. A continuous
power of 350 W and a peak power of 550 W
were assumed for each motor. The maximum
short-term power requirement of the entire drive
system was therefore approximately 3.3 kW. This
value directly impacts the instantaneous battery
current, the C-rate and the heat generated in the
cells’ internal resistance.

To balance the reaction moments introduced
by the propellers, alternating rotor directions were
selected. Motors 2,4, and 6 rotate counter-clockwise,
whereas motors 1, 3, and 5 rotate clockwise. The
vehicle motion is described simultaneously in the
inertial frame £, used to locate the UAV in three-
dimensional space, and in the body-fixed frame £,
rigidly attached to the airframe.

The origin of the body-fixed coordinate
system E, was placed at the hexacopter center of
gravity. The translational position of the platform
expressed in the inertial frame £ is given by the
vector [x, y, z]%, while the vehicle orientation is
represented by the Euler-angle vector [x, y, z]™
In this convention, ¢ corresponds to roll about
the x-axis, € denotes pitch about the y-axis, and y
defines yaw about the z-axis [18—19].

Propulsion subsystem

The propulsion subsystem of the multirotor
consists of six brushless DC motors supplied by
lithium-ion batteries. Electrical coupling between
each battery output and the corresponding motor is
provided by an electronic speed controller, which
regulates the effective motor voltage by pulse-
width modulation. In this way, the ESC converts
the command generated by the flight controller
into rotor-speed changes and, indirectly, into
aerodynamic force variations.

From a modelling standpoint, the drive chain
should be understood as a dynamic subsystem
rather than an ideal actuator. The available thrust
depends not only on the commanded PWM
signal but also on the instantaneous battery
voltage, internal losses in the ESC, and the
electromechanical time constant of the motor.
During rapid climbs or large attitude corrections,
these interactions become visible as short-
term thrust deficits, delayed speed response,
and increased current demand. Their inclusion
improves the realism of endurance analysis and
closed-loop simulation.

Lithium-ion battery dynamics

Lithium-ion batteries are widely used in
hexacopter applications because they combine high
specific energy, low structural mass, and the ability
to deliver large discharge currents. These properties
are essential in aerial platforms, where the
propulsion system must react rapidly to changing
control commands and where every additional gram
directly reduces flight endurance. Another practical
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Figure 1. Inertial and body-fixed reference frames of the hexacopter
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advantage is the favorable power-to-weight ratio
obtained over the operating temperature range
typically encountered in UAV missions.

In UAV applications, the battery should
be modeled as a dynamic energy source rather
than a fixed voltage reservoir. During transient
manoeuvres, rapid current peaks appear and
the terminal voltage drops instantly because
of internal impedance. As a result, the usable
power seen by the propulsion system changes
during flight, even when the nominal capacity
remains unchanged.

This effect becomes critical during take-
off, gust rejection, and high-payload operation,
where the power margin is narrow and a small
voltage deficit may translate into visible loss
of thrust. The Li-ion battery model considered
here relates terminal voltage to the state of
charge of the cell. The state of charge is defined
as the ratio of the currently available charge to
the maximum charge stored under full-charge
conditions. It is therefore bounded by SoC e
[0,1], where the upper limit corresponds to a
fully charged battery and 0 represents complete
discharge or the cut-off condition associated
with the end of discharge.

In the adopted equivalent-circuit
representation, the variable V. describes the
charge state as a function of the nominal capacity
C., whereas the open-circuit voltage is represented
by V,.y(Vyoe)- This formulation links electrical
behavior to energy availability and allows the
model to capture the dominant low-frequency
response of the cell.

In addition, the voltage component V.
accounts for the ohmic overpotential caused by
the internal resistance R, while V, reproduces
the transient voltage deviation that appears
when current is applied or removed. With these
definitions, the battery dynamics can be written
in the form of (1) [20]:

. Ibatt
Veor = — ——m—
soc 3600C;
. Vy I, 1
Py = -ty bt (1)
RdCd Cd

Voarr = Vocv (Vsoc) = Va — Rine I pan

Battery behavior has direct consequences for
flight safety. Under high load, internal voltage
drop may cause the propulsion system to lose
available headroom even when the nominal SoC
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remains moderate. For that reason, endurance
estimation should not rely on charge balance
alone. It must also account for terminal-voltage
dynamics, current peaks, and the transient
recovery phenomenon observed after load
reduction. Incorporating these effects leads to a
more realistic prediction of reserve energy and a
more conservative return-to-home strategy.

Accordingto[21],thedependence V., (V)
may be described in several ways; in the present
work a nonlinear polynomial approximation of
the form given in (2) is adopted.

n
Vocv(Vsoc) = Z AiVdoc +

i=0

)

+In(Vsoc)Vsoc

In this polynomial model, # denotes the
approximation order and A, are the corresponding
coefficients identified from experimental data.

This choice is attractive because it offers
a good balance between model fidelity
and computational simplicity. A low-order
polynomial is sufficient to reproduce the
smooth variation of open-circuit voltage over
most of the operating range, while still being
suitable for real-time estimation. In addition,
the equivalent-circuit formulation can be
easily extended with temperature-dependent or
ageing-dependent parameters, which is valuable
when the UAV is expected to operate in non-
stationary environmental conditions or across a
long service life.

Brushless DC motor dynamics

A brushless DC motor is an electronically
commutated machine that requires a DC
supply and an ESC rather than a mechanical
commutator. The stator contains the armature
windings, whereas the rotor carries permanent
magnets. By sequentially energizing the stator
phases, the ESC creates a rotating magnetic
field that drives the rotor at the desired speed.
Owing to their efficiency, high torque-to-mass
ratio, and reliability, BLDC drives are widely
used in drones, robotics, electric vehicles, and
industrial automation [22].

The angular-speed dynamics are described by a
coupled electromechanical model composed of an
electrical submodel and a mechanical submodel.
Their joint representation is written in (3):
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Upatt; = Rlpaee; + kpw;

. 1 _ 3)
w; =7 (kElbatti - dwiz — Wi
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The electromechanical model is particularly
useful because it captures both the short electrical
transient occurring after a PWM command change
and the slower mechanical acceleration of the
rotor—propeller assembly. These two time scales
determine how rapidly the vehicle can generate
corrective moments. If they are ignored, the
resulting flight model may overestimate agility
and underestimate the control effort needed to
stabilize the platform after a disturbance.

Here, R is the equivalent resistance of each
phase winding, k denotes the back electromotive
force constant, T, is the friction torque, and c,
represents the viscous damping coefficient.

The quantities 7y, and 1;,, correspond to
the average voltage and current delivered by the
ESC. They are computed from relation (4) [23]:

ﬁbatti = VpauD ci

4

Igipcas; = Than De

where: [, . -is the current drawn by the motors,
whereas D, denotes the PWM duty ratio
obtained experimentally through the
identification procedure described in (5):

D; = f(w}) )

where: @; is the reference angular velocity
assigned to motor i.

Relations (3)—(5) explicitly show how battery
discharge propagates into the speed response of the
BLDC drives. As the battery voltage decreases, the
controller must increase the duty cycle to preserve
the commanded rotor speed and, consequently, the
lift generated by the six-rotor platform.

This coupling is one of the main reasons
why propulsion modelling cannot be separated
from energy modelling in a realistic UAV study.
A controller designed under the assumption of
constant supply voltage may perform correctly
at the beginning of the mission, yet lose
accuracy near the end of discharge, when the
voltage margin becomes smaller. Including the
motor—battery interaction in simulation makes
it possible to evaluate not only stability, but
also the practical control authority available
throughout the mission.

LITHIUM-ION BATTERY MODEL

This part of the study discusses the cell model
adopted for the analysis of the power supply sys-
tem. The proposed structure combines a descrip-
tion of diffusion-related phenomena with an
equivalent electrical representation. It is comple-
mented by a discrete form used in the parameter
identification procedure. A model built in this
way can capture the effect of internal processes
on terminal voltage and on the state of charge
SOC, while still remaining computationally prac-
tical and suitable for calibration from relatively
simple laboratory tests.

Such a hybrid approach is particularly well
justified in aviation and mobile applications,
where the load profile changes rapidly and clas-
sical simplified models do not always reproduce
voltage relaxation phenomena correctly. Combin-
ing a diffusion model with a circuit-based repre-
sentation makes it possible to capture both the
slow charge-transport processes and the faster
transient responses observed at the cell terminals.
This is important both for battery-state estima-
tion and for the design of energy-management
algorithms.

Diffusion-transport model

The diffusion model is described by Equations
6 and 7. The symbols used in these expressions
represent, respectively, the total cell capacity, the
diffusion coefficient, the battery current, and the
consumed charge. In Equation 6, it is assumed that
the applied current excitation causes the voltage
to reach the cut-off level after the total discharge
time, which corresponds to full depletion of the
available energy.

In Equations 6 and 7, the consumed charge is
represented as the sum of two components. The
first follows directly from integrating the cur-
rent waveform. The second describes temporar-
ily unavailable charge that appears as a result of
concentration gradients formed in the electrolyte.
This effect occurs during discharge. Once the
load is removed, a relaxation process begins. The
gradient gradually disappears and the observable
charge level is partially restored.

From a physical point of view, this mecha-
nism may be interpreted as a temporary limita-
tion of ion availability within the active regions
of the electrode. The higher the discharge cur-
rent, the more strongly this effect is expressed.
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As a result, the voltage decreases more quickly
and the observed usable capacity becomes lower.
When the cell enters a rest state, part of the diffu-
sion limitation vanishes, and the terminal voltage
partially recovers. Correct representation of this
effect is very important in models used to predict
battery operating time.

It is therefore expected that the diffusion
model will reproduce the described phenomenon
correctly, as expressed in Equation 6:

a= J;)L ip(1)dt

had L
ZZ f iy (1)e B m*(L-1g
m=1 "0

o(t) =f ip,(T)dt +
0

(6)

L ip(@e P Odr

After defining the state of charge of the
cell and including the steady-state solution for

Diffusion model

constant current, the relationship given in Equa-
tion 7 is obtained. The diffusion-model param-
eters and can be estimated from a series of con-
stant-current discharge tests, as discussed in more
detail in [27]. The corresponding arrangement of
dependencies is shown in Figure 2.

A(t) = 100 (a_Ta(t)> %
X )

Vs
a=IL+3—'821

Electrical model

Figure 3 presents the electrical part of the
model. The battery terminal voltage is described
by Equation 8, in which the symbols denote
the open-circuit voltage dependent on the state
of charge, the series resistance, and the voltage
drop across the considered RC branch. These
branches reproduce the fast dynamic response of
the electrode, which is not captured by the slower
diffusion part of the model.

Electrical model

Ak) v,.(k)

Figure 2. Block diagram of the implementation of the discrete battery model

Rl Rn
R, L1 .
. 1 —— ® 00 —— —o
(0 I I I
. 1l 1l
— A0 C, G,

Figure 3. Equivalent electrical model of a Li-Ion battery
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Including these parameters isnecessary because
omitting them would lead to unmodelled dynamics
when measurement data are compared with the
voltage response of the model. The relationship
between the open-circuit voltage and the state of
charge can be determined experimentally under
low-rate discharge conditions, for which Equation
8 is assumed to remain valid.

In practice, this means that the parameters
of the electrical part do not serve only as fitting
coefficients. They also carry information about
the inertia of interfacial phenomena and about the
speed of the system response to load variation.
Owing to this, the model can be used not only to
reproduce measured waveforms, but also to per-
form sensitivity studies and comparative analyses
for different cell operating scenarios.

U () = Vae(®) = 1y () = ) Vres(®)
j=1

(8)
rc;( ) + ijC](t)

ip(t) =
T

Up (t) ~ Uoc(t)

Discrete form of the model

To apply an optimization algorithm for
parameter identification, it was necessary to
derive a discrete form of the complete model.
The set of discrete equations for the sampling
time obtained using trapezoidal approximation is
presented in (9), where the symbols correspond to
delivered charge, temporarily unavailable charge,
and the discrete-time index.

For greater clarity, the relationships between
equations (9) are also presented in the form of a
block diagram, which makes the signal flow and
the dependencies between individual model com-
ponents easier to interpret [28].

e B*m*tsg (k — 1)
cru(k)—Zz ( )

_ﬁzmzts _ 1
—Zzz ()
a(k) = g4(k) + Uu(k)

—a(k) 9)
A(k) = 100 %
Voc (k) = f(A(k))
v (k) = . +’rjcj (ip()ts + v (k — 1))

0 () = 25 () = 15000 () = D vy ()
=1

In the discrete model, the approximation order
of the infinite sum for the discrete diffusion model
must be specified. It was shown in [29] that for, the
adopted approximation order provides sufficient
accuracy while maintaining a low computational
cost. This means that five constant parameters
must be identified to describe the considered
battery: two related to the diffusion part and three
defining the electrical submodel, together with
the open-circuit-voltage characteristic expressed
as a function of SOC. Because the system
dynamics are nonlinear and the parameter values
are constrained, the optimization procedure must
be capable of solving nonlinear constrained
problems.

The discrete representation of the model is of
fundamental importance when the algorithm is
intended for implementation in an onboard con-
troller or in a BMS unit. Under such conditions,
not only accuracy but also numerical stability and
short computation time are critical. Limiting the
number of series terms and selecting an appro-
priate sampling step make it possible to maintain
a compromise between model fidelity and hard-
ware requirements. This is especially important
in UAV systems, where computational resources
are limited.

EXPERIMENTAL SETUP

The data used for model estimation were
obtained from three cells with a nominal voltage
of 3.8 V and a capacity of 32 Ah. Using several
specimens reduces the influence of individual
deviations that could distort the identification
result if only a single cell were analysed. As a
consequence, the estimated parameters provide a
better description of the typical behaviour of the
considered class of energy sources.

The capacity of 32 Ah refers to a single
cell. In a 3S1P configuration, the pack capacity
remains at 32 Ah whilst the nominal voltage
of the pack is 11.4 V. The system’s nominal
energy is approximately 365 Wh. The C-rate is
calculated by dividing the load current by the
rated capacity, i.e. C = /32 Ah. Therefore, a
current of 32 A corresponds to 1C and a current
of 96 A corresponds to 3C.

To describe ohmic losses, the relationship
between internal resistance and state of charge
(SOC) was adopted. The resistance of a single
cell increased as the state of charge decreased.

111



Advances in Science and Technology Research Journal 2026, 20(10), 105-131

The model used the following approximate
values: 2.4 mQ for 100% SOC; 2.8 mQ for 80%;
3.1 mQ for 60%; 3.9 mQ for 40%; 5.2 mQ for
20%; and 6.8 mQ for 10%. The pack resistance
was determined as the sum of the resistances of
the three cells connected in series.

An additional advantage of such a procedure
is that it allows the repeatability of the results
to be assessed. If several cells exhibit similar
characteristics, the credibility of the identified
parameters increases and the model can be used
more confidently in subsequent design studies. In
practice, this is important whenever the model is
intended to represent not one specific specimen,
but an entire production batch or a battery type
used in a given platform.

Experimental assumptions and
simulation environment

For simulation purposes, a dynamic
equivalent-circuit model shown in Figure 4 was
proposed. The structure consists of a DC voltage
source, a series resistance, and two parallel RC
branches. The voltage source represents the
battery OCV, the series-resistance component
corresponds to internal DC resistance, and the
parallel branches describe the transient voltage
response. The terminal voltage is denoted in the
model description by the appropriate symbol.

MATLAB/Simulink was used for the numeri-
cal studies, as it provides an environment for
building, analysing, and testing dynamic models
from multiple domains. The work began with the
development of a mathematical description of the
investigated system. In the analysed case, this sys-
tem corresponds to the onboard power supply and
battery-monitoring arrangement of an unmanned
aerial vehicle. At the preliminary stage, assump-
tions were adopted regarding cell capacity, inter-
nal resistance, and source behaviour under differ-
ent load conditions.

The simulation environment makes it possible
to reproduce, in a controlled manner, situations
that are difficult to investigate safely in physical
experiments, such as abrupt load changes, pro-
longed operation at high current draw, or elevated
ambient temperature. This form of analysis is use-
ful at the design stage because it helps identify
system limitations early and supports the selection
of safety margins for the entire energy system.

In the next stage, a block model of the com-
plete system was developed in MATLAB/Simu-
link. It included the energy source, the propulsion
system, the measurement path, and the thermal
feedback mechanism. Simulations were per-
formed for the take-off phase, steady flight, and
the return manoeuvre. In each case, the main oper-
ating quantities were observed, including current,
voltage, SOC, DoD, and pack temperature.

Output connector

B- B1 B2
Q (®)

3S Battery Pack
(BMS / Monitor / Pack)

0 +

Cell 2

(R

Cell 3

B- (Pack negative)

B+ (Pack positive)

Sense / Balance Wires (to BMS)

B1 (Between Cell 1 + and Cell 2 -)
B2 (Between Cell 2 + and Cell 3 -)

3S Series Connection
Cell 1 — = B- (Pack negative)
Cell 1 +=B1
Cell 2 +=B2
Cell 3 + = B+ (Pack positive)

Figure 4. Power-supply diagram of the battery used in the UAV platform
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The simulation results made it possible
to assess the effect of variable load on the effi-
ciency and safety of the battery system. Par-
ticular attention was paid to moments of abrupt
operating-condition changes. It was precisely at
those instants that current and temperature spikes
occurred, accompanied by voltage drops and a
temporary deterioration in the power-supply con-
ditions seen by the loads.

Based on the obtained results, design conclu-
sions were formulated. They concern above all
the need to apply an energy-management strate-
gy, to limit the maximum depth of discharge, and
to ensure effective heat removal from the pack.
The numerical analysis therefore made it possible
to better understand the complex behaviour of the
UAV power system and to indicate directions for
further design optimisation.

The model also takes into account the influ-
ence of current efficiency on usable capacity. This
means that the available capacity is not constant,
but changes with current level. On this basis, the
state of charge SOC is determined. In the consid-
ered approach, both usable capacity and part of
the electrical parameters depend simultaneously
on SOC and on instantaneous load.

From a practical point of view, this means that
a simple coulomb counter is not sufficient to esti-
mate battery state reliably under dynamic operat-
ing conditions. It becomes necessary to include
parameter variation with load and temperature.
Only then can the model properly support deci-
sions related to power limitation, flight-time pre-
diction, and protection of the pack against exces-
sive discharge.

Figure 5 showsthedeveloped simulationmodel
implemented in MATLAB/Simulink. The battery
terminal voltage is represented by a controlled
voltage source, whereas the voltage value of the
model is determined by five subsystems: SOC
calculation, OCV determination, RC-parameter
evaluation, computation of the voltages across the
parallel branches, and the resistive voltage-drop
block. The current-measurement block transfers
the present values to the individual subsystems.
The initial state of charge and the real-time state
of charge are represented by separate signals in
the model.

Separating the complete model into several
subsystems simplifies both implementation and
subsequent parameter identification. Each block
is responsible for a different fragment of the phys-
ical phenomenon: one describes charge balance,

another the OCV characteristic, and the remain-
ing ones the RC-branch dynamics and resistive
losses. Such a division improves model readabil-
ity and also facilitates error diagnosis during tun-
ing and validation.

Estimation of diffusion-model parameters

The optimization task used to determine
the diffusion-model parameters is written in
Equation 10. The necessary quantities were
obtained from measurements carried out during
DC discharge tests. To evaluate the quality of
the fit, pairs of data in the form discharge current
- discharge time were used and then compared
with the times calculated after parameter
estimation (Figures 4-5).

In practice, the identification procedure con-
sists in minimising the difference between experi-
mentally determined responses and the model
output. The quality of the estimation therefore
depends both on the correctness of the model
itself and on the quality of the measurement data.
Too small a number of tests or insufficient varia-
tion in load conditions may lead to poor param-
eter distinguishability and, consequently, to a
weaker fit.

Estimation of the state of charge SOC

Equation 10 was used to calculate SOC,
where the symbols denote the initial state of
charge, current, and usable capacity. Figure 5
shows the structure of the subsystem performing
SOC calculations. The subsystem has two inputs,
namely the initial SOC and the current. The
lookup table describes the influence of load on
the capacity of the available energy, which is
why the usable capacity changes with current
value. The output of this block is the real-time
state of charge [30].

The computational block defined in this way
combines classical charge balance with a correc-
tion resulting from usable-capacity limitations.
As a consequence, the state of charge is not treat-
ed as a quantity independent of current variation,
but as a parameter dependent on the actual oper-
ating conditions. In practical applications, this
improves operating-time prediction and reduces
the risk of an overly optimistic assessment of the
remaining energy.

I X100

Soc =SOCO—j mdt (10)
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Temperature (C)

Heat flow (W)

Battery
Measurements

Figure 5. Proposed simulation model developed in MATLAB/Simulink

Determination of the open-circuit voltage
(ocv)

The open-circuit voltage is the voltage of the
battery under electrochemical equilibrium condi-
tions. It is one of the key quantities used in state-
of-charge identification, because the OCV value
depends on SOC. The OCV(SOC) relationship
can be approximated by a polynomial or by anoth-
er function fitted to experimental data. For this
reason, a mathematical representation of this char-
acteristic was defined in the analysed subsystem.

An accurate OCV(SOC) characteristic is par-
ticularly important in operating regions where
a small voltage change corresponds to a large
change in state of charge, or vice versa. In such
sections of the curve, even a small approximation
error may cause a noticeable deviation in SOC
estimation. Therefore, the quality of the OCV-
function fit should always be evaluated using
experimental data for the considered cell type.

Determination of RC-branch parameters

The parameter values of the parallel RC
branches depend simultaneously on SOC and
current. In this subsystem, two-dimensional data
tables were used to determine the RC-branch
parameters. The model selects the most suitable
values by means ofinterpolation and extrapolation,
which makes it possible to reproduce the
relationships observed experimentally throughout
the analysed operating range.

The use of two-dimensional lookup tables
preserves a simple model structure while still
reproducing the nonlinearities present in the
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actual electrochemical system. This solution is
often chosen in models implemented in embed-
ded systems because it does not require complex
computational procedures and at the same time
allows the parameter changes to be represented
faithfully over a wide operating range.

Determination of voltages in the parallel RC
branches

The voltages in the parallel RC branches are
responsible for describing the transient voltage
response of the battery. To build this subsystem,
the circuit of the parallel RC branch was analysed.
Using the relation that describes a standard RC
branch, the voltage of such a branch can be
written in the form of Equation 11:

I—V+ cv

I V

- = 11
sC sCR+V (1n

=Bk

For this reason, the simulation blocks
describing this part of the model may be arranged
as shown in Figure 5, where the two indicated
voltages correspond to the first and the second
parallel RC branches, respectively.

The physical interpretation of these voltages
is connected with the short-term inertia of the sys-
tem response. At the instant of a load change, the
voltages across the RC branches do not reach their
new values immediately, but evolve according
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to their own time constants. This property is
exactly what allows the model to reproduce more
accurately the transient character of the voltage
observed in real battery tests.

Determination of the resistive voltage drop

The analysed quantity denotes the voltage
drop across the internal DC resistance. In this part
of the model, its value depends on the operating
current and on the SOC. For this reason, a two-
dimensional lookup table describing the variation
of this quantity was used. The most adequate
value is determined by applying interpolation
and extrapolation.

The thermal model was based on a simplified,
concentrated heat balance. It was assumed that
heat was generated primarily due to Joule losses
in the internal resistance and polarisation losses.

For the basic version of the model, the
equation Q = PR was used, supplemented by
a polarization component resulting from the
difference between the open-circuit voltage
(OCV) and the terminal voltage. The entropy
term was included descriptively, since the dU__/
dt coefficient could not be determined separately
for the cells under analysis.

An ambient temperature of 25 °C and a cell-
specific heat of 900 J/(kg-K) were assumed for
temperature calculations. Heat exchange with the
environment was described by natural and forced
convection. Depending on the flight phase, the
heat transfer coefficient was assumed to be in
the range of 820 W/(m?-K). This simplification
enables the direction of temperature changes to
be determined without the need for a complex
CFD (Computational Fluid Dynamics) model.

Experimental stand and battery testing

The study considered a Lithium-ion battery
model. Experimental investigations were per-
formed in order to determine the model parame-
ters. These parameters may also be identified using
adaptive methods or online parametrization algo-
rithms mentioned in [31]; however, that approach
was beyond the scope of the present analysis.

The presented approach can be extended in
several directions. One of them is the introduction
of an explicit temperature dependence of param-
eters, which is highly important when the pack
is operated under variable environmental condi-
tions. Another direction is to extend the model

to include ageing mechanisms, such as capacity
fade and internal-resistance growth as a function
of cycle number. This would allow the model to
be used not only for current state estimation, but
also for predicting source durability.

In UAV applications, the accuracy of such
a model directly translates into mission safety
[32-33]. An overly optimistic estimate of avail-
able energy may reduce the reserve needed for
safe landing. On the other hand, an excessively
conservative model leads to underuse of the pack
capacity. For this reason, correct parameter iden-
tification and validation are important not only
from the standpoint of mathematical consistency,
but also from an operational perspective.

In summary, the combination of a diffusion
model, an electrical model, and a parameter-
estimation procedure forms a coherent basis for
describing the operation of modern batteries used
in power-supply systems. This type of model is
sufficiently detailed to include the most important
physical effects, yet simple enough to be applied
in system-level simulations and real-time control
algorithms [34-35].

METHODOLOGY

General methodology and modelling
assumptions

The methodological procedure was developed
to obtain a simulation model that could reproduce
both the charging stage and the discharge stage
of the UAV battery under controlled and repeat-
able conditions. The model was implemented in
the Simscape Electrical environment, because
this platform makes it possible to combine power
components, control blocks, and measurement
channels in a single numerical structure.

To ensure the repeatability of the calculations,
a set of technical parameters was defined for the
unmanned aerial vehicle, propulsion system,
battery pack, and thermal model. A six-rotor UAV
configuration with BLDC electric propulsion was
adopted, powered by a lithium-polymer pack
belonging to the lithium-ion cell group. This
configuration corresponds to the structure of the
model analysed in the article, in which platform
dynamics, the BLDC drive, the battery model, and
the thermal response were combined in a single
MATLAB/Simulink simulation environment.
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The UAV parameters were selected to
represent a lightweight multirotor platform
intended for short observation and manoeuvring
missions. The model assumed a take-off mass of
2.50 kg for the nominal scenario and 3.10 kg for
the scenario with a higher payload. The motor-
to-motor wheelbase was set to 1.10 m, whereas
the arm radius, measured from the centre of mass
to the rotor axis, was assumed to be 0.55 m. Six
BLDC motors were used, each with a rated power
of 180 W and a transient power of 250 W.

The total rated power of the propulsion
system was therefore 1080 W, and the transient
power was 1500 W. Each motor operated with
an ESC rated for a continuous current of 30 A.
The propellers were selected with a diameter of
10 inches and a pitch of 4.5 inches. The adopted
values made it possible to obtain power demand
consistent with the current waveforms observed in
the nominal, aggressive, and heavy/hot scenarios.
The parameters of the components used in the
study, as shown in Tables 1 to 4.

The battery pack was represented as a system
of three cells connected in series, corresponding
to a 3S configuration. In the model, the value of
32 Ah was assumed to refer to the capacity of a
single cell and of the entire 3S pack, because a
series connection increases the voltage but does
not increase the capacity expressed in Ah. The
nominal pack voltage was 11.4 V, whereas the

Table 1. UAV parameters adopted in the simulations

cut-off voltage was set to 9.6 V, i.e. 3.2 V per
cell. The initial state of charge was assumed to
be 95%. The nominal pack capacity was 32 Ah,
which corresponds to 115200 C. The nominal
energy of the pack was approximately 365 Wh,
or about 1.31 MJ.

The C-rate was determined from the ratio
of discharge current to the nominal capacity of
the pack. For a capacity of 32 Ah, a current of
32 A corresponds to a 1 C load. In the nominal
scenario, the maximum discharge current was
approximately 61 A, corresponding to about
1.9 C. In the aggressive scenario, the maximum
current increased to approximately 93 A, or about
2.9 C. In the heavy/hot scenario, the current
exceeded 100 A, corresponding to about 3.2 C.
The adopted pack, with an allowable continuous
load of 5 C, therefore provided a current margin
for all analysed variants, although the thermal
margin was the smallest in the heavy/hot scenario.

The battery thermal model was formulated as
a lumped energy balance. The pack temperature
was treated as a calculated variable. The main
heat source was Joule losses, described by the
relationship R | gon PR, . Heat exchange with the
environment was also included through an effective
cooling coefficient. The specific heat capacity of
the pack was assumed to be 950 J/(kg-K), and
the pack mass was 1.80 kg. This corresponds to
a thermal capacity of approximately 1710 J/K.

Parameter Symbol Value Unit
Platform type - hexacopter -
Number of rotors n 6 -
Take-off mass, nominal scenario m 2.50 kg
Take-off mass, heavy/hot scenario m 3.10 kg
Motor-to-motor wheelbase d 1.10 m
UAV arm radius | 0.55 m
Propeller diameter Dp 0.254 m
Propeller pitch Hp 0.114 m
Number of BLDC motors nm 6 -
Rated power of one motor Pm,n 180 W
Transient power of one motor Pm,max 250 W
Total rated propulsion power Ptot,n 1080 W
Total transient propulsion power Ptot,max 1500 W
Rated ESC current IESC 30 A
Maximum speed in the nominal scenario v 8 m/s
Maximum speed in the aggressive scenario \Y 12 m/s
Maximum altitude of the mission profile h 100 m
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Table 2. Battery-pack parameters adopted in the simulations

Parameter Symbol Value Unit
Battery type - Li-Po / Li-ion polymer -
Pack configuration - 3S1P -
Number of series cells Ns 3 -
Nominal cell voltage Ucell,n 3.8 \Y
Nominal pack voltage Ubat,n 114 \%
Maximum pack voltage Ubat,max 12.6 \%
Pack cut-off voltage Ucut 9.6 \Y
Nominal capacity Cn 32 Ah
Nominal capacity Qn 115200 C
Nominal energy En 365 Wh
Nominal energy En 1.31 MJ
Initial SOC SOCO0 95 %
Initial DoD DoDO 5 %
Allowable continuous current Icont 160 A
Allowable transient current Ipeak 256 A
Continuous C-rate Ccont 5 C
Transient C-rate Cpeak 8 C
Pack mass mbat 1.80 kg
Table 3. Battery thermal-model parameters
Parameter Symbol Value Unit
Pack mass mbat 1.80 kg
Specific heat capacity of the pack cp 950 JI(kg-K)
Thermal capacity of the pack Cth 1710 JIK
Ambient temperature, S1 Tamb 20 °C
Ambient temperature, S2 Tamb 25 °C
Ambient temperature, S3 Tamb 35 °C
Temperature warning threshold Tlim 45 °C
Critical temperature Terit 60 °C
Effective cooling coefficient hA 2.5-4.0 WI/K
Heat-generation rate Qgen 0-151 w

The ambient temperature was set to 20 °C for
the nominal scenario, 25 °C for the aggressive
scenario, and 35 °C for the heavy/hot scenario.
The warning temperature threshold was set to 45
°C, whereas the critical value was set to 60 °C.

The adopted workflow was not limited to
drawing an equivalent electrical circuit. It also
included parameter definition, signal routing,
control logic preparation, measurement configu-
ration, and waveform observation.

The battery model was treated as the central
element of the entire structure. Around this ele-
ment, subsystems were added to reproduce the
behaviour of the charging path, the discharge

path, and the supervisory blocks responsible for
reading state variables. In methodological terms,
the purpose of the model was twofold. First, it
had to reflect the electrical interaction between
the battery and the power electronics. Second, it
had to provide signals that could later be used for
interpretation of operating states, especially state
of charge, current, and terminal voltage.

At the beginning of the procedure, the numer-
ical environment was organised in a modular
way. The battery block, passive components,
semiconductor switches, and measurement ele-
ments were placed as separate functional groups.
This decision improved model readability and
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Table 4. Simulation-scenario parameters

Parameter S1 nominal S2 aggressive S3 heavy/hot
Simulation time 900 s 900 s 900 s
UAV mass 2.50 kg 2.50 kg 3.10 kg
Ambient temperature 20°C 25°C 35°C
Maximum discharge current approx. 61 A approx. 93 A approx. 103 A
Maximum C-rate approx. 1.9 C approx. 2.9 C approx. 3.2 C

Minimum pack voltage

approx. 10.7 V

approx. 10.2 V

approx. 9.7-9.8 V

Final SOC

approx. 62%

approx. 53%

approx. 44%

Final DoD approx. 38% approx. 47% approx. 56%
Maximum temperature <30 °C approx. 42 °C approx. 63 °C
Maximum heat generation approx. 52 W approx. 111 W approx. 151 W

simplified later modifications. It also reduced
the risk of wiring errors when the charging and
discharge circuits were extended. Such a modu-
lar arrangement is important in methodology-
oriented work, because it supports repeatability
and makes the simulation easier to reproduce by
another researcher.

The adopted assumptions were intentionally
practical. The selected variables corresponded
to quantities that are commonly monitored in
battery-supported UAV systems. For this reason,
SOC, current, and voltage were treated as the
main state indicators. These signals were not only
displayed for observation. They were also used
as internal inputs for logic elements and control
blocks. In consequence, the model served as both
a representation of the electrical system and a
platform for testing the control sequence.

Concise simulation procedure

The simulation model was developed as a
coupled system. It included the battery pack,
load path, simplified propulsion model, and
measurement blocks for current, voltage, SOC,
DoD, and temperature. The detailed steps related
to connecting Simulink blocks were intentionally
limited in the description. Only the elements that
affect interpretation of the results were retained.

To ensure the repeatability of the calculations,
a set of technical parameters was defined for the
unmanned aerial vehicle, propulsion system,
battery pack, and thermal model. A six-rotor UAV
configuration with BLDC electric propulsion was
adopted, powered by a lithium-polymer pack
belonging to the lithium-ion cell group. This
configuration corresponds to the structure of the
model analysed in the article, in which platform
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dynamics, the BLDC drive, the battery model, and
the thermal response were combined in a single
MATLAB/Simulink simulation environment.

The UAV parameters were selected to repre-
sent a lightweight multirotor platform intended
for short observation and manoeuvring missions.
The model assumed a take-off mass of 2.50 kg
for the nominal scenario and 3.10 kg for the sce-
nario with a higher payload. The motor-to-motor
wheelbase was set to 1.10 m, whereas the arm
radius, measured from the centre of mass to the
rotor axis, was assumed to be 0.55 m. Six BLDC
motors were used, each with a rated power of 180
W and a transient power of 250 W.

The simulations were performed for a flight
time of 900 s. The mission profile was divided
into several sections corresponding to the main
UAV operating phases. The interval from 0 to 60
s represented pre-take-off preparation and mini-
mum load. The interval from 60 to 260 s repre-
sented take-off and climb. The interval from 260
to 500 s represented cruise flight. In the interval
from 500 to 650 s, a manoeuvring phase was
introduced, during which the largest transient cur-
rent increases occurred. The interval from 650 to
820 s represented return flight, whereas the inter-
val from 820 to 900 s represented landing. All
waveforms were presented as functions of time
expressed in seconds, and the battery current was
defined as a positive discharge current.

Concise simulation procedure

The simulation model was developed as a
coupled system. It included the battery pack,
load path, simplified propulsion model, and
measurement blocks for current, voltage, SOC,
DoD, and temperature. The detailed steps related
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to connecting Simulink blocks were intentionally
limited in the description. Only the elements that
affect interpretation of the results were retained.

Figure 6 defines the standard route adopted
for the simulation. The profile includes take-off,
climb, cruise, maneuvering, return and landing.
The power demand is highest during climb and
maneuvering. These intervals were used to excite
the battery model and to evaluate voltage sag,
SOC decrease and temperature increase.

The current profile shown in Figure 7 pres-
ents only the discharge current drawn from the
battery. The sign convention was corrected. Posi-
tive values denote energy transfer from the bat-
tery to the propulsion system. The highest current
occurs during climb and maneuvering, where
thrust demand is increased. During cruise and
landing the current is lower, which reduces volt-
age sag and heat generation.

The current values are consistent with the
assumed 32 Ah pack. In the most loaded frag-
ments of the mission the discharge rate reaches
approximately 2.5-3 C. In steady flight it remains
close to 1 C. This distinction is important because
C-rate directly affects internal losses, available
capacity and temperature rise.

Figure 8 shows the corrected terminal volt-
age of the complete 3S battery pack. The voltage
remains within the physically justified range for
the assumed pack. No negative voltage values are
obtained. Short voltage drops appear during high-
current phases and result from the internal resis-
tance and polarization of the cells.

The voltage curve was interpreted together
with the current curve. A larger current produc-
es a larger instantaneous voltage sag. After load
reduction, partial voltage recovery is visible. This
recovery should not be interpreted as an increase
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in stored charge. It is only an electrical relaxation
effect of the cell model.

Figure 9 presents the SOC curve calculated
from the current balance and the nominal pack
capacity. The curve decreases monotonically dur-
ing flight. This is consistent with a UAV mission
without regenerative charging. The decrease is
gradual, because the 32 Ah capacity is large in
relation to the simulated mission time.

A sudden loss of 80% SOC within several sec-
onds was removed from the interpretation. Such a
change would require a physically unrealistic cur-
rent for the adopted battery. The corrected curve
therefore gives a more conservative and techni-
cally coherent basis for estimating endurance.

The DoD curve in Figure 10 was calculated as
DoD = 1-SOC. For this reason it increases when
SOC decreases. The curve cannot assume nega-
tive values. This correction removes the inconsis-
tency between the SOC and DoD plots observed
in the earlier version of the manuscript.

The plotted DoD range remains moderate. This
means that the simulation covers the early and mid-
dle part of battery use. Such an approach is useful
for identifying the influence of transient load before
the pack reaches a critical discharge level.

Figure 11 shows the temperature response
calculated with the lumped thermal model. The
temperature rises most clearly during high-current
phases. It then decreases slowly when the gener-
ated heat becomes lower than the heat transferred
to the environment. This behaviour is typical for
a system with finite thermal capacity.

The obtained temperature is not a direct mea-
surement from a flight test. It is a calculated cell-
temperature response based on the assumed heat
capacity and convective cooling. This clarifica-
tion was added to separate numerical simulation
from laboratory or in-flight measurement.

Figure 12 presents the estimated heat-genera-
tion rate in the pack. The term “heat of temperature”
was replaced by heat-generation rate. This name is
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physically clearer. The main contribution is associ-
ated with Joule losses proportional to 2R. A smaller
contribution is related to polarization losses.

The curve follows the load profile. Heat
generation increases during take-off, climb and
maneuvering. It decreases during cruise and land-
ing. This confirms that the thermal load of the bat-
tery is governed not only by mission duration, but
also by short high-power intervals.

The adopted set of parameters enabled a
quantitative comparison of the influence of the
mission profile on battery operation. The nominal
scenario served as the reference case. The
aggressive scenario made it possible to assess
the effects of short-term current overloads. The
heavy/hot scenario reproduced the combined
influence of a higher take-off mass and elevated
ambient temperature. This made it possible to
determine the effect of propulsion load on voltage
drops, SOC decrease rate, DoD increase, heat
generation, and pack temperature. The comparison

100

Time (s)

Figure 10. Depth of discharge (DoD) curve calculated as 1-SOC for the UAV battery pack

of these parameters provides a basis for assessing
the required energy reserve, selecting the C-rate,
and defining BMS operating thresholds.

The simulation was conducted for a mission
profile consisting of preparation, take-off, climb,
steady flight, manoeuvring, return, and landing.
Time was expressed in seconds. A positive
current denoted pack discharge. Battery charging
during propulsion operation was not assumed in
the analysed flight. Any opposite sign could result
solely from the current-measurement convention
used in the Simscape environment.

The results should be interpreted as the model
response to a prescribed load profile. They are not
direct flight waveforms recorded by an onboard
sensor. Laboratory data were used to calibrate the
cell parameters, whereas the mission waveforms
were generated numerically. For this reason, the
signals do not contain typical measurement noise.

Model validation should be performed by
comparing terminal voltage and temperature with
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Figure 11. Temperature response of the battery pack during the simulated UAV mission
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Figure 12. Estimated heat-generation rate in the battery pack during the simulated UAV mission

the results of constant-current and pulse tests. It
is recommended to determine RMSE (root mean
square error) and MAE (mean absolute error) for
voltage, temperature, and SOC. Such an assessment
makes it possible to distinguish model error from
changes resulting solely from the load profile.

Validation of the obtained results

In the revised interpretation, three quantitative
criteria were adopted. The first is the instantaneous
C-rate, which relates the load current to the pack
capacity. The second is the drop in terminal
voltage relative to the OCV voltage. The third
is the heat-generation rate, which depends on
current and internal resistance. Combining these
three quantities makes it possible to identify the
most demanding parts of the mission.

The greatest thermal load does not
necessarily occur during the longest flight phase.
It may appear during a short manoeuvre if the
instantaneous current is high. Therefore, battery-
safety assessment should include peak values,
pulse durations, and the ability of the cooling
system to remove heat. Such an approach reflects
real UAV operation better than an analysis based
only on average energy consumption.

The study was carried out to quantitatively
determine the influence of the actual operat-
ing profile of an unmanned aerial vehicle on the
electrical and thermal response of the battery
pack supplying the propulsion system. It was
assumed that the UAV battery does not operate
under constant-load conditions, but is subjected
to time-varying excitations resulting from succes-
sive mission phases, changes in thrust demand,
and transient platform manoeuvres.

122

For this reason, pack operation was assessed
not only using the state of charge, SOC, but also
using discharge current, terminal voltage, depth
of discharge, DoD, heat generation, temperature,
and degradation-load indicators.

The research methodology was oriented
toward linking UAV manoeuvres with the electro-
thermal response of the battery, because transient
increases in propulsion power determine short-
term voltage sags, the growth of Joule losses, and
heat accumulation in the pack. Three operational
scenarios were considered: a nominal mission, an
aggressive flight, and a variant with higher load
and elevated ambient temperature. This selection
of cases enables assessment of battery operation
under standard, dynamic, and energetically and
thermally unfavourable conditions.

In the first stage, the agreement of the model
with reference or measured current, voltage, and
temperature waveforms was determined, fol-
lowed by an assessment of uncertainty bands
and the sensitivity of the results to changes in
key parameters. The subsequent analysis exam-
ined the influence of manoeuvre intensity, rela-
tive thrust demand, battery power draw, C-rate,
and current-change rate on voltage sags and heat
generation. Particular attention was paid to the
manoeuvring phase, because this interval con-
tains the largest load gradients, while the thermal
response of the battery may be delayed relative to
the instantaneous current draw.

The adopted procedure enables the battery to
be interpreted as a dynamic electrothermal sub-
system whose state depends on the flight profile,
environmental conditions, load characteristics,
internal resistance, and operating history. The
obtained results can provide a basis for defining
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BMS thresholds, determining allowable C-rate  the effective cooling coefficient hA reduces the

values, assessing the voltage margin, and iden-  maximum temperature, confirming the important
tifying conditions under which accelerated cell ~ role of heat exchange with the environment.
degradation may occur. In the final simulation, a validation analysis
Figure 13 presents the validation procedure,  was performed to assess the agreement between
including comparison of transient current, volt- the thermal response of the UAV battery pack
age, and battery-temperature waveforms with ~ and waveforms of an experimental character.
the model response, as well as parameter-sen-  Particular attention was paid to transient changes
sitivity assessment. For the current profile, the  in discharge current, terminal voltage, and
RMSE was 0.69 A, indicating very good agree- temperature, because these quantities directly

ment between the load-profile shape and the ref-  describe the electrothermal load of the battery
erence waveform over the range of 0-900 s. For  during a variable flight profile.
terminal voltage, the RMSE was 0.102 V and the The study assumed that current surges
MAE was 0.097 V, which means that the model occurring during take-off, climb, and manoeuvring
correctly reproduces voltage sags during take-off, =~ produce transient voltage sags and increase the
manoeuvring, and return phases. The final SOC thermal-loss power generated inside the pack.
was 63.0%, while the DoD was 37.0%, confirm- The temperature response was evaluated with
ing the consistency of the charge balance. consideration of the battery’s thermal inertia;
The maximum heat-generation rate reached  therefore, not only the temperature itself was
approximately 84.0 W, showing that transient  analysed, butalso its rate of rise and the difference
current loads are a direct source of thermal loss- between the model and reference waveforms.
es. The temperature-mapping error remained at Figure 14 synthesizes the most important lim-
about 1°C; therefore, the thermal model can be iting values obtained for scenarios S1, S2, and S3.
considered sufficient for assessing heating trends The maximum current increases from 81.66 A in
within the analysed range. The sensitivity analy- the nominal scenario to 110.71 A in the aggres-
sis indicates that a 10% increase in internal resis- sive flight and to 150.00 A in the heavy/hot vari-
tance reduces the minimum voltage and most  ant. The minimum voltage decreases from 9.80
strongly increases the maximum temperature, V to 9.17 V and 8.80 V, respectively, indicating
with a coefficient of about 0.15. An increase in  a gradual reduction in the pack voltage margin.

(a) Current transient validation, RMSE = 0.69 A
T T T T T T

(b) Voltage transient, RMSE =0.102 V, MAE = 0.097 V.
T T T T T T

——— Experimental / measured current
= = =Model load profile

bat \

oltage, V.,

T

Battery discharge current, Iml (A)

Battery (erminal v

g
H
3
@ 8
§
£

take-off
s

retum

landing

L s L L L s L L I 1 L \ L 1 I )

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

Flight time, t (s) Flight time, t (s)

(c) Temperature transient, RMSE = 1.07 A {(c) Temperature transient, RMSE = 0.93 A { (d) Sensitivity of mini voltage and
T T T T T T T T

temperature
T

0.1

cy
oeflicient (-)

bat

ed sensitivity ¢

1l

Battery temperature, T,

S -0.05

Norm;

L L L L L s L L 015 L | L L
0 100 200 300 400 500 600 700 800 900 R C hA c ocv

th
Flight time, t (s)

Perturbed model parameter (+10%)

Figure 13. Validation of the UAV battery model and analysis of model-parameter sensitivity and uncertainty

123



Advances in Science and Technology Research Journal 2026, 20(10), 105-131

Scenario S3 is particularly unfavourable, because
the minimum voltage falls below the 9.6 V thresh-
old, which indicates the possible activation of
BMS protections or propulsion-power limitation.

Maximum heat generation is approximately
90.09 W for S1, 172.82 W for S2, and approxi-
mately 586.36 W for S3, confirming the nonlinear
increase in thermal losses at high currents. The
maximum temperature rises from 31.19 °C to
44.36 °C and 124.05 °C, with S3 exceeding the
safe operating range of the pack. The final DoD
reaches 47.23%, 56.00%, and 88.67%, indicat-
ing substantial capacity utilization in the most
demanding variant. The cumulative degradation
index increases from 0.03% and 0.07% to 2.47%.

Figure 15 presents the time evolution of
indicators related to battery utilization and the
predicted degradation load. The total charge
throughput after 900 s is approximately 13—14
Ah for S1, approximately 16—-17 Ah for S2, and
approximately 27 Ah for S3, indicating the high-
est energy consumption in the heavy/hot variant.
The number of equivalent full cycles reaches
approximately 0.21 for S1, 0.26 for S2, and more
than 0.40 for S3. This means that a single mis-
sion under heavy-load conditions may impose a
cycling load close to almost half of one full pack
operating cycle.

The internal-resistance growth indicator
reaches approximately 2.5% in S1, approximately
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Maximum heat generation
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100 :
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3.1% in S2, and approximately 6-7% in S3,
whereas the capacity-loss indicator increases to
approximately 1.8%, 2.1%, and 4.5%, respective-
ly. The greatest difference between the scenarios
is revealed by the temperature-dependent ageing
factor, which in S3 increases to values close to 90.

The C-rate-dependent factor shows peaks
during take-off and manoeuvring phases, where
S3 reaches values above 4. These results indicate
that UAV battery degradation depends on charge
throughput, instantaneous current, temperature,
and DoD, and not only on flight time.

Figure 16 shows a magnified view of the
most demanding manoeuvring phase, cover-
ing the 500-650 s interval. In this interval, the
manoeuvre-intensity index reaches approximate-
ly 0.8 for S1, approximately 1.1 for S2, and val-
ues close to 1.15 for S3. Increasing manoeuvre
intensity directly increases the discharge current:
in S1, the current is mainly within the range of
60-80 A; in S2, it increases to approximately
110 A; and in S3, it reaches approximately 150
A. The electrical response to overloads is repre-
sented by voltage sags, which in S2 approach the
9.2-9.6 V level and in S3 indicate operation in
the critical region.

At the same time, thermal-power peaks are
observed: approximately 50-90 W for S1, approx-
imately 100—-170 W for S2, and approximately
330-590 W for S3. The temperature during the

voltage
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Figure 14. Comparison of limiting battery-parameter values for three UAV flight scenarios
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Figure 15. Charge-throughput, cycling, and battery-pack degradation indicators during the UAV mission

manoeuvring phase increases more slowly than
the thermal power, but in S3 it rises from approxi-
mately 68 °C to almost 100 °C, indicating heat
accumulation and insufficient cooling.

The instantaneous degradation rate in S3
reaches approximately 0.009%/s, whereas in S1
and S2 it remains many times lower. Physically,
this results from the quadratic dependence of
Joule losses on current and from the delayed tem-
perature response to load changes.

Figure 17 presents scatter relationships that
make it possible to assess the physical coupling
between UAV manoeuvrability and battery oper-
ation. An increase in the manoeuvre-intensity
index causes a clear increase in discharge current,
with end values reaching approximately 80 A for
S1, approximately 110 A for S2, and 150 A for
S3. The relationship between manoeuvre inten-
sity and heat generation is nonlinear, because
for S3 the thermal-power values reach approxi-
mately 580-600 W. This is consistent with the
Joule-loss mechanism, in which a small current
increase can lead to a much larger increase in
thermal power.

The analysis of transient loading shows that
voltage sags exceed 2 V at the most demanding
operating points, which may limit the ability of
the propulsion system to maintain the required
thrust. The relationship between dl/dt and dT/dt

indicates that the fastest temperature rise occurs
during step changes in current, and in S3 d7/dt
periodically exceeds 0.2 K/s. The plot of degrada-
tion versus temperature shows a rapid increase in
the damage indicator after approximately 70 °C
is exceeded. The cumulative electrothermal load
after 900 s is approximately 0.03% for S1, 0.07%
for S2, and 2.47% for S3.

Figure 18 presents the complete battery
response in terms of voltage, SOC, DoD, heat
generation, and temperature during the 0-900
s mission. The terminal voltage decreases with
increasing load and reaches approximately 9.8
V in S1, approximately 9.17 V in S2, and 8.8 V
in S3. This means that scenario S3 exceeds the
safe margin relative to the 9.6 V threshold and
may require power limitation or mission termina-
tion. At the same time, the final SOC decreases
to approximately 52.8% in S1, 44.0% in S2, and
11.3% in S3, corresponding to DoD values of
47.2%, 56.0%, and 88.7%.

The largest thermal-power peaks occur dur-
ing the manoeuvring phase, where S3 reaches
approximately 586 W, while S1 and S2 remain
at approximately 90 W and 173 W, respectively.
The battery temperature in S1 increases only to
approximately 31 °C, and in S2 to approximately
44 °C, i.e. below or close to the 45 °C warning
threshold. In scenario S3, the temperature exceeds
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Figure 17. Quantitative coupling between manoeuvre intensity, current, heat generation, voltage sag,
and degradation

60 °C and reaches approximately 124 °C, which is
unacceptable from the perspective of thermal safe-
ty. The key observation is the separation between
the instantaneous thermal-power response and the
slower increase in pack temperature.
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Figure 19 shows the chain of relationships
from the UAV manoeuvre profile to the battery
load. The manoeuvre-intensity index reaches
values up to approximately 0.8 in S1, approxi-
mately 1.05 in S2, and approximately 1.15 in
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Figure 18. Electrothermal response of the battery during the full UAV mission profile

S3, which translates into an increase in platform
rotational activity to approximately 1.9-2.8 rad/s.
As motion dynamics increase, the relative thrust
demand also increases, reaching approximate-
ly 1.6-1.7 T/W in S3. As a result, the electrical
power drawn from the battery increases, reaching
approximately 0.8 kW in S1, approximately 1.1
kW in S2, and approximately 1.6 kW in S3.

The discharge current follows the power
waveform and increases to approximately 80 A,
110 A, and 150 A for the consecutive scenarios.
The corresponding C-rate reaches approximate-
ly 2.5 C in S1, approximately 3.5 C in S2, and
more than 4.5 C in S3. The highest values occur
during take-off, climb, and manoeuvring phases,
confirming that battery overloads are associated
not with the total flight time but with short high-
dynamic sections. From the UAV-control per-
spective, this means that the mission-planning
algorithm should account for the electrother-
mal limitations of the pack, not only trajectory
requirements.

To increase the reliability of the assessment,
the model temperature was compared with
measured data or synthetic substitute data,
supplemented with a 95% uncertainty band. This
makes it possible to determine whether the model
correctly reproduces not only mean values but also
the character of transient changes after a sudden
load increase. In addition, a parameter-sensitivity

analysis was performed, including the influence
of internal resistance, RC-branch parameters,
thermal capacity, heat-transfer coefficient,
ambient temperature, and OCV characteristics
on the maximum temperature and temperature-
mapping error.

The simulation prepared in this way
complements the validation part of the study,
because it enables quantitative assessment of
the thermal model accuracy and identifies the
parameters that have the greatest influence on
predicting UAV battery temperature jumps
(Figure 20).

The validation analysis indicates that the
adopted electrothermal UAV battery model
correctly reproduces the main transient trends
occurring during a variable load profile.
The recorded or synthetic discharge-current
waveform shows clear changes associated with
flight phases, particularly during take-off, climb,
and manoeuvring, where the current reaches its
highest values.

The increase in current simultaneously
reduces the terminal voltage, confirming the
physical relationship between propulsion load,
battery internal resistance, and voltage sag.
The voltage remains above the adopted cut-off
threshold of 9.6 V, which means that a minimum
voltage-safety margin is maintained in the
analysed operating profile.
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Figure 19. UAV manoeuvre profile, rotational activity, thrust demand, power, current, and C-rate

The temperature-validation results confirm
good agreement between the reference waveform
and the model response. The temperature RMSE
is 0.78 °C, while the MAE is 0.76 °C, indicating
relatively accurate reproduction of the pack thermal
dynamics. The battery temperature rises from
approximately 25 °C to approximately 32-33 °C,
and therefore remains clearly below the warning
threshold of 45 °C and the critical value of 60 °C.
This means that, for the analysed case, the pack
does not reach overheating conditions, although
the visible temperature increase confirms heat
accumulation during longer operation under load.

The final SOC is 61.4%, whereas the DoD
reaches 38.6%, indicating that after completion of
the flight profile the battery retains a substantial
energy reserve. At the same time, the maximum
heat-generation rate is 77.8 W, showing that
the greatest thermal load results not from the
operating time itself but from transient current
increases. This is an important physical result,
because the power of thermal losses increases
nonlinearly with current, mainly according to the
Joule relationship. This means that short-term
overloads may have a significant influence on the
thermal state of the battery, even if the average
temperature level remains safe.

The residual analysis indicates that the
difference between the reference and model
temperatures changes over time and is largest
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in transient regions, especially after load
changes. This shows that the model reproduces
the general thermal dynamics well, but may
require more precise identification of parameters
describing thermal inertia and heat exchange
with the environment. The pack thermal capacity,
cooling coefficient, and ambient temperature
are particularly important here, because these
parameters determine the rate of temperature rise
and decay.

The sensitivity-analysis results show that
ambient temperature T = has the greatest
influence on thermal prediction, followed by
thermal capacity C, and heat-transfer coefficient
hA. This means that correct determination of
cooling conditions and battery thermal parameters
is more important for temperature accuracy than
adjustment of voltage parameters alone. Internal
resistance R, is important for heat generation, but
its influence on maximum temperature is indirect
and depends on the current profile. The OCV
characteristic mainly affects voltage, whereas its
direct influence on temperature is limited.

From a scientific perspective, the most
important result is confirmation that UAV
battery behaviour should be analysed as a
coupled electrothermal process. Current changes
affect voltage sags and heat generation, while
temperature influences pack operating conditions
and may indirectly change its internal resistance.
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SOC analysis alone is therefore insufficient for
assessing the energy safety of flight. Simultaneous
monitoring of voltage, current, temperature, DoD,
and thermal-loss power is necessary.

Substantively, the results confirm the validity
of extending the article with transient validation,
uncertainty analysis, and sensitivity analysis.
Adding these elements strengthens the credibility
of the model, because it makes it possible not
only to show simulation waveforms but also to
assess their agreement with reference data and
identify parameters that are critical for calculation
accuracy. In future studies, synthetic data should
be replaced with complete experimental data
from a real test bench or UAV flight, including
simultaneous measurement of current, voltage,
and pack temperature. This will make it possible
to determine the model accuracy under real
conditions and verify whether the adopted thermal
and electrical parameters are appropriate for the
tested battery type.

Conclusions from the study and physical
interpretation of the results

The conducted analysis showed that UAV bat-
tery loading depends directly on the dynamics of

the flight profile, especially on phases with rapid
thrust changes and increased rotational activity of
the platform. The nominal variant keeps the elec-
trical and thermal parameters within an accept-
able range, whereas the aggressive and heavy/hot
scenarios cause a clear reduction in the voltage
margin, an increase in DoD, and higher thermal-
loss power.

The most unfavourable case is S3, in which
the current reaches 150 A, the voltage falls to
approximately 8.8 V, the temperature rises to
approximately 124 °C, and the cumulative deg-
radation index reaches 2.47%. This means that
the combination of increased mass, high ambi-
ent temperature, and dynamic manoeuvres can
lead to battery operation outside the allowable
operating range.

A key scientific result is the demonstration
that the relationship between UAV manoeuvres
and battery state is nonlinear and electrothermally
coupled. An increase in current does not merely
cause a proportional voltage decrease, but leads
to a quadratic increase in Joule losses, which
explains the rapid growth of heat generation dur-
ing transient phases.

Thermal power responds directly to load
steps, whereas temperature rises with a delay due
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to the thermal inertia of the pack. Therefore, the
battery may continue to heat up after an intensive
manoeuvre has ended, even though the instanta-
neous current has already been reduced.

The results indicate that SOC monitoring
alone is insufficient for assessing mission safety.
In scenarios with increased dynamics, SOC may
remain at an apparently acceptable level, while
the voltage approaches the cut-off threshold and
the temperature exceeds warning values. It is nec-
essary to monitor SOC, DoD, C-rate, minimum
voltage, voltage sag, temperature, temperature-
rise rate, and thermal power generated in the pack
simultaneously. This approach enables a more
reliable assessment of available transient power
and the actual UAV energy reserve.

The degradation analysis indicates that short
mission segments with high currents and elevated
temperature make the greatest contribution to age-
ing load. Variant S3 generates a degradation indica-
tor many times higher than S1 and S2, even though
the mission duration is the same. This means that
battery lifetime should not be assessed solely by
the number of cycles or operating time, but by the
actual electrothermal flight profile. Repeated cur-
rent peaks, high DoD, and limited cooling are par-
ticularly important, because these factors simulta-
neously increase internal resistance, reduce avail-
able capacity, and raise thermal risk.

From an application perspective, the obtained
results justify the need to integrate the BMS with
the autopilot and mission-management system.
If the allowable C-rate is exceeded, the voltage
approaches the cut-off threshold, or the tempera-
ture rises rapidly, the system should limit manoeu-
vre aggressiveness, reduce power demand, or ini-
tiate the return procedure.

Further research should include full field vali-
dation with recording of current, voltage, surface
and internal pack temperature, as well as identifi-
cation of internal resistance as a function of SOC,
temperature, and cell ageing state.
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