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The object of the study is an
autonomous high-altitude airship
platform. This type of high-altitude
platform is designed for long-term
telecommunication retransmis-
sion at altitudes of 18-25 km. The
main problem lies in the insuffi-
cient stability of flight at the height
of the stratosphere and the limited
energy capabilities of aircraft. An
integrated intelligent control sys-
tem and energy management have
been developed to solve the prob-
lems. This architecture in porta-
ble form includes a sensor mod-
ule, an STM32 microcontroller, a
LoRa telemetry channel, a math-
ematical model of dynamics tak-
ing into account lift, aerodynamic
drag, external factors and atmo-
spheric parameters, and most
importantly, a hybrid adaptive
PID-fuzzy controller was proposed.
Additionally, a model of the ener-
gy balance was proposed, which
directly interacts with solar panels,
energy consumption of drives and
battery operation. The simulation
data obtained shows that the use of
the PID-fuzzy controller provides
a significant increase in the sta-
bility of the platform. The tran-
sition time is reduced by 44.4%,
the maximum deviation from
the set altitude and flight path is
reduced by 56.5%, and the average
drive consumption is reduced by
20-22%. The energy balance model
demonstrates that the developed
system is capable of retaining up
to 46% of the battery charge after
24 hours of battery life, which is
18% higher compared to a system
without adaptive energy manage-
ment.

The practical significance of
the project lies in the possibility
of using the developed system as
part of autonomous telecommu-
nications networks, balloons, an
emergency communication system,
remote sensing of the earth, as well
as in elements of promising 6G and
NTN networks
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1. Introduction

width, and offer reliable communications to the locations

that are difficult to reach. It is especially the integration of

The fast growth of the modern telecommunication sys- network solutions into the geographical areas where the es-
tems demands the need to increase the coverage area, band-  tablishment of ground infrastructure is financially complex




or cannot be established due to geographical or climatic fac-
tors. Among the opportunities in this regard are stratospheric
high-altitude platforms (HAPS) [1, 2], which can offer long-
term self-sufficient operation at the altitude of 18-25 km and
serve as repeaters of telecommunication traffic.

Compared to satellite systems, stratospheric platforms are
characterized by a shorter signal delay time, low mainte-
nance costs and are able to alter the network configuration
in a very short time. Compared to ground stations, HAPS
can be said to have a larger coverage radius, thus they are
useful in sparsely populated areas, coastal areas, moun-
tainous areas, and territories with limited infrastructure.
Nonetheless, there are various inherent challenges of
operation of platforms at high altitudes. These encompass
the impact of the high-speed wind currents, sharp fall in
air density, fluctuations in temperature, low production of
solar energy, and long-term battery life without the tech-
nical interference.

Stratospheric airships would need to use smart control
strategies that can adjust to the constantly evolving weather
patterns so that they can maintain stability in their positions
and use the available energy optimally. Classical PID con-
trollers lack the needed stability in the event of major dis-
turbances but fuzzy logic algorithms enable the adjustment
of the control parameters in real time. Simultaneously, the
successful operation of the platform is not only based on the
stabilization algorithm, but the energy balance is also prede-
termined by the interaction of solar generation and the load
of the actuators and the properties of the battery.

The former research was previously published on archi-
tecture development of the stratospheric telecommunications
platform and aerodynamic characteristics optimization. The
problems of selecting the operating frequency of 433MHz [2],
dynamic modeling and stability of multi-variable systems
were taken into account in the following works. Nonetheless,
there exist virtually no built-in solutions based on imple-
menting intelligent control and energy management on a
single circuit to be used in reality.

Despite significant progress in the field of high-rise
platforms over the past 10 years, the scientific topic itself
remains relevant for a number of reasons. Although there
is progress, there is still no ideal. The global demand for
high-speed communications in remote regions is growing
every year, and existing satellite systems are unable to
meet the need. Climate change is leading to an increase
in the frequency of extreme wind events, which requires
the development of a clearer and more sustainable man-
agement system for high-rise platforms. The development
of 6G networks and the NTN concept directly involves the
use of high-rise platforms as elements of the future global
communications infrastructure. Thus, research aimed
at improving the sustainability, energy efficiency, and
autonomy of stratospheric airships is an important and
sought-after scientific field.

Therefore, the study of the development of intelligent
control systems and energy management for high-rise
platforms is a scientifically significant and practically de-
manded task.

2. Literature review and problem statement

The article [1] discusses the radio-frequency management
strategies of telecommunication systems in the atmosphere.

It is demonstrated that the adequate distribution of the fre-
quency resources is an important way of reducing the impact
of interference and enhancing communication stability at
higher altitudes. However, the question which remains un-
solved is whether frequency planning can be reliable in the
fast-changing atmospheric conditions, when the wind turbu-
lence and air density gradients deform signal transmission.
This complexity is due to the physical uncertainty of the
stratified layers of the atmosphere that limits the use of set
RF allocation. Another possible solution is the combination
of adaptive and autonomous RF control. This shows that fur-
ther studies on integrated intelligent systems of HAPS should
be conducted.

In the paper [2], the authors design a comprehensive net-
work architecture of remote regions based on stratospheric
airships. It is revealed that the higher-altitude platforms
are can effectively increase the coverage and facilitate
telecommunication networks in areas with a poor infra-
structure. However, the problem that remains unsolved is
long-term autonomy and energetic sustainability of such
platforms in the conditions of the low air density and
varying solar radiation. Such challenges are explained by
objective constraints of producing solar energy at high
altitudes. One solution of addressing these problems is by
using adaptive power management systems. This indicates
that more research is required on energy efficient HAPS
architectures.

The journal article [3] introduces a way to use disper-
sion -correlation radio direction finding that is very sensi-
tive to noise and signal distortion. It is demonstrated that
spectral-correlation analysis has a considerable positive
impact on the precision of the navigation. However, issues
that have not been addressed deal with the use of these
techniques on the transport of airborne platforms in the
presence of intense aerodynamic perturbations. This is
primarily due to the sensitivity of correlation measures to
platform vibrations and fast attitudinal shifts. One of the
possible solutions is to apply signal-processing algorithms
together with real-time stabilization control. This under-
scores the necessity of a study on combined stabilization
and sensing of HAPS.

The article [4] provides an overview of the LiDAR tech-
nologies in UAV detection and classification. It is demonstrat-
ed that multi-sensor methods yield very fine and dependable
detection in various atmospheric conditions. However, the re-
maining question is related to energy consumption and con-
tinuous behavior over many years of LIDAR-based systems in
stratospheric conditions. The reason behind these limitations
is the demand of the LiDAR sensors in terms of high compu-
tational and optical requirements. One alternative to this can
be the application of adaptive energy allocation methods and
low-power communication subunits. This signifies that en-
ergy efficient sensor architectures of stratospheric platforms
should be studied.

The article [5] ideas on the better spectral-correlation
direction-finding methods with machine learning addi-
tions. As it is demonstrated, Al-powered signal analysis
allows reaching a greater accuracy and the convergence
speed. However, some questions still exist about how
these methods can be integrated into resource constrained
embedded systems, e.g., HAPS flight controllers. This
challenge is due to the complexities of computations and
lots of energy used in machine learning algorithms. One
possible option is hybrid architectures that include light-



weight embedded controllers and selective AI processing.
This justifies the need to do research on smart yet energy
sensitive HAPS control systems.

The article [6] is a base review of HAPS as a wireless
communication infrastructure. It is illustrated that strato-
spheric platforms have lower latency and elastic network
deployment. However, there are still unanswered questions
of aerodynamic stability, power availability and control au-
tonomy needed to operate over a long time. Such difficulties
are caused by the severe weather conditions at the height
of 18-25 km. One of the solutions to this problem is in the
form of advanced stabilization systems and energy man-
agement models. This validates the need to conduct further
studies on stability and endurance of HAPS.

The article [7] has presented the vision which is most
comprehensive of future 6G HAPS networks and how they
are going to be utilized in next generation non-terrestri-
al networks. As it is demonstrated, HAPS can be used as
primary components of the Space-Air-Ground integrated
architecture. However, unanswered questions are real time
flexibility of platform control algorithms and energy limits
during varying environmental loads. All these are due to the
fact that future 6G/NTN architectures demand dynamically
reconfigurable airborne nodes. One way of solving these
constraints is through the use of smart fuzzy-supported con-
trol systems. It means that the research into adaptive HAPS
control is still very topical.

In the article [8], a detailed discussion of the fuzzy logic
control systems in electric and hybrid vehicles is provided.
The fuzzy algorithms are demonstrated to be of great benefit
to the robustness of a system in ambiguous situations. How-
ever, there are questions that still remain unanswered re-
garding the adaptation of these techniques to aerial platforms
that experience very high dynamic aspects. The challenge is
caused by nonlinear and altitude dependent air properties in
the stratosphere. One solution to this problem is to integrate
fuzzy control and high-fidelity aerodynamic models. This
underscores the necessity of HAPS-specific control strategies
that use fuzzy techniques.

The article [9] suggests an energy management plan
based on fuzzy logic of heavy transport systems. Adaptive
fuzzy control is shown to be more energy efficient and power
losses are minimized. However, some gaps still remain re-
garding how these methods can be applied to solar-powered
stratospheric platforms, which power generation is intermit-
tent. This is due to the fact that solar supplies on high alti-
tudes fluctuate drastically on the time of the day, and weather
conditions. One potential way would be to combine the fuzzy
energy control and real-time solar and battery modeling. This
supports the applicability of the adaptive energy control study
of HAPS.

The article [10] dwells on the practical considerations of
implementing HAPS in Space RAN systems. Such platforms
are demonstrated to be necessary in the next-generation
wide-area communication. However, the question that re-
mains yet to be answered is why there is no single system
that combines stabilization, energy management, telemetry,
and aerodynamic modeling. This can be explained by the fact
that it is quite challenging to incorporate many subsystems
into a lightweight airborne platform. One way of addressing
this challenge is to create closed-loop architecture to combine
sensing, control, and energy balancing. This proves that the
study of combined intelligent control systems of stratospheric
platforms is relevant and required.

It can be seen in all the reviewed works that despite
considerable advancement of HAPS technologies, no single
closed-loop system that combines aero modelling, intelligent
control, adaptive energy management, and telemetry into one
system exists yet. This renders it convenient to have a study
dedicated towards the formulation of integrated intelligent
control and energy-management structures of stratospheric
platforms.

3. The aim and objectives of the study

The aim of this study is to develop an integrated intel-
ligent control and energy management system for a strato-
spheric airship platform capable of long-duration stable oper-
ation under high-altitude atmospheric disturbances.

To achieve this aim, the following objectives were accom-
plished:

- to formulate a dynamic model of the stratospheric plat-
form, lift force, and aerodynamic drag, external wind distur-
bances and effect of low-density atmospheric conditions at
the altitude of 18-25 km;

- to achieve an adaptive intelligent approach to control
that will guarantee stable altitude holding and disturbance
rejection in the stratospheric conditions;

—to design an energy-management model that allows
efficient use of the onboard power resources when operating
over a long period of time;

- to standardize the structural design of an integrated
smart control and energy-management system of stratospher-
ic platforms.

4. Materials and Methods

4. 1. The object and hypothesis of the study

The object of the study is an autonomous high-altitude air-
ship platform. This type of high-altitude platform is designed
for long-term telecommunication retransmission at altitudes
of 18-25km. The study hypothesis presumes that adaptive
intelligent control implementation in conjunction with energy
management in one closed-loop system is more stable and
more energy efficient than traditional individual systems.

Some assumptions are quasi-vertical dominance, slowly
changing atmospheric parameters in the control time step,
and optimal sensor availability.

Amongst the simplifications that have been made are that
horizontal drift and large-scale atmospheric circulation are
ignored in favor of vertical stabilization analysis.

4. 2. Hardware architecture

The suggested system is intended to run on an airship
thatisstratospheric with the altitude [11] of 18-25 km. Envi-
ronmental sensors and inertial sensors, which belong to the
sensing module, are BMP280 (pressure and temperature),
MPU6050 (six-axis inertial), and GPS NEO-6M (geolo-
cation and altitude). The entire processing is done on
the STM32F103C8T6 microcontroller which filters, com-
putes the errors, and controls the process in real-time. A
LoRa E220-900T22D module offers long-range telemetry
and the actuator subsystem is comprised of the electric
motors of the altitude and attitude stabilization. Fig. 1
represents the overall architecture of the proposed intelli-
gent control and energy-management system. The “intelli-



gence” of the system is provided by the hybrid PID-fuzzy
inference module, which operates as the decision-making
core. Unlike a classical controller, this module evaluates
multiple input variables simultaneously - altitude error,
its derivative, wind disturbance estimate, atmospheric
density and battery state — and adaptively modifies the PID
gains in real time.

The relationships between the blocks are also explicit:
the sensing module sends pressure, inertial and GPS data to
the STM32 processing core, where filtering and error com-
putation occur. The aerodynamic model supplies altitude-de-
pendent lift and drag predictions, which act as an additional
input to the controller. The hybrid PID - fuzzy module in-
tegrates these inputs and generates adaptive control actions
that are transmitted to the actuator subsystem.

In parallel, the energy-balance model continuously evalu-
ates available power and propulsion consumption. Its outputs
influence the aggressiveness of the control action, ensuring
that stabilization and energy management operate within a
unified closed loop. Telemetry via LoRa provides bidirection-
al communication of all subsystem states.

Fig. 1 illustrates the overall architecture of the proposed
control and energy management system, including sensing,
STM32 processing, Fuzzy-PID control [12-14], actuation, and
LoRa telemetry.

less pronounced because of the dilute atmosphere that
decreases the magnitude of the absolute of the buoy-
ant lift and makes the platform sensitive to vertical
disturbances.

Drag is determined by

1
Fdrag = 5 (jdpairlqv2 ’ (3)

where C; - the drag coefficient and A - the cross sectional
area the envelope, pg;, — the altitude dependent air density.
Stratospheric levels the drop in pg; reduces overall aero-
dynamic resistance. To get accurate predictions of how the
platform behaves, the air density at different altitudes, pgi-
was based on standard atmospheric information for the
stratosphere in Republic of Kazakhstan. Tests done in MAT-
LAB/Simulink show that lift is always more than drag across
a wide range of speeds (0 to 50 m/s). This proves that the plat-
form stays afloat in typical stratospheric wind conditions. Be-
cause the environment is not very crowded, problems spread
more quickly, so it is necessary to use special stabilization
methods that will be explained later.

This model forms the basis for the controller design and
stability analysis.

4. 4. Hybrid PID-fuzzy control

'

| The classical PID controller is defined as

Sensors STM32 Fuzzy PID de(t)
u(t)=K e(t)+K. Je(t)dt+K,—=, (4
BMP280G/}1:§PU6050 ™ control unit controller WG G IR ( ) b ( ) lI ( ) 4 dt @
E where e(t) - the altitude error(m) and
E u(t) - the control output.
. | LORal'nk L__ In the proposed system, K, K;, K are
telemetry I

Fig. 1. Block diagram of the intelligent management system and energy

management of the stratospheric platform

Thus, even though Fig. 1 is schematic, it reflects a fully
integrated intelligent system in which sensing, aerodynamic
prediction, fuzzy inference, control action generation and
energy management work together as a coordinated adaptive
architecture.

4.3. Aerodynamic modeling

The combined effects of the buoyant lift, aerodynamic
drag, gravitational force and the actuator thrust determine
the vertical movement of the stratospheric airship. The equa-
tion of motion is the following

dv

m—=F, +F
dt

lift_F

drag - mg 2 (1)

thrust

where m - mass (kg), v — the vertical velocity (m/s), Fyys — the
actuator thrust (N), Fyy; — the buoyant lift (N), Fyyqq — the aero-
dynamic drag (N), g = 9.81 m/s>.

Lift is computed as

P}iftZV.g.(paiV_pgas)’ (2)
where V - volume (m®), pg;r — the density of the atmo-

sphere, and pg.s - the helium density. Above altitudes
of 18-25 km [15], the disparity in these densities becomes

continuously adjusted using a fuzzy infer-
ence system (FIS). Inputs include altitude
error, error derivative, wind speed, and
battery level. Membership functions and
rule bases were designed using MATLAB
Fuzzy Logic Toolbox.

The PID gains are adjusted with the help of fuzzy
inference system (FIS) to improve the response in the
case of uncertainty. The FIS takes the altitude error and
its derivative as input together with other environmental
parameters aiding it like wind speed, or battery level, as
auxiliary. Trapezoidal or triangular membership functions
are used and rule bases are made to change the controller
aggressiveness when transient disturbances occur and to
decrease the energy usage when the system is in a steady
state.

The combination of the fuzzy logic [16] and classical PID
control allows continuous adjustment of the control law in
stratospheric scenarios where aerodynamic parameters are
a given of the altitude, temperature, and the intensity of the
wind.

4. 5. Energy balance modeling

The net power balance is expressed as

Pnet = Psolar - ( Pprop + Ppayload + Ploss ) ’ (S)
where P, — solar generation (W), Py, — propulsion con-

sumption (W), Ppgroaa — Payload consumption (W), and
P55 — conversion losses (W).



Solar panel efficiency is affected by temperature as

n,=n,[1-B(T-25)],

©)

where n, - nominal efficiency and B - the thermal degrada-
tion coefficient, T — operating temperature of the solar panel.

4. 6. Simulation framework and experimental setup
The whole simulation framework was employed in MAT-
LAB/Simulink where a hybrid PID-fuzzy controller, aero-
dynamic model and energy model were integrated into a
system-level simulation environment. To estimate the real
stratospheric operating conditions, wind disturbances, atmo-
spheric density change, and diurnal solar cycles were added.
A laboratory experiment was designed to prove the sim-
ulation results on a real-life prototype based on the STM-
32F103C8T6 microcontroller, LoRa telemetry module, and sens-
ing units as those of the model to test its accuracy. The prototype
was experimented on controlled conditions of airflow and a
comparison of simulated and measured responses were made.
The experiment supported the sufficiency of the mathe-
matical model and provided the stability of the control loop
operation with limited deviations in simulated and real data.

5. Results of the integrated control and energy
management system

5.1. Results of dynamic modeling of the strato-
spheric airship platform

The results presented in this section refer to the oper-
ation of the fully integrated intelligent system, in which
sensing, aerodynamic prediction, hybrid PID-fuzzy inference
and energy-balance management function within a unified
closed loop. All subsequent figures and performance metrics
represent the behavior of this unified intelligent architecture
rather than isolated components.

Fig. 2 provides a complete overview of the integrated in-
telligent control and energy-management system developed
in this study.

The diagram summarizes all major functional modules
and shows how they interact within a unified decision-mak-
ing framework. The data flow begins with the Sensing
Module, which collects measurements from the BMP280,
MPU6050 and GPS units. These signals are forwarded to the
STM32 Processing Unit, where filtering and error computa-
tion are performed before the processed data are passed to
the central decision block.

At the center of the architecture is the hybrid PID-
fuzzy intelligent controller, which integrates both mod-
el-based and rule-based decision mechanisms. As illustrat-
ed in Fig. 2, the controller receives additional analytical
inputs from two supporting subsystems. The Aerodynamic
Model, positioned above the controller, provides real-time
estimates of lift, drag and altitude-dependent air densi-
ty p(h). This information enables the controller to account
for stratospheric aerodynamic behavior. Beneath the con-
troller, the Energy-Balance Model evaluates solar input,
propulsion power consumption and battery charge. These
parameters allow the system to adapt its control actions
according to available energy.

On the right-hand side of the architecture, the control
output is delivered to the Actuator Subsystem, which ad-
justs motor thrust. This in turn affects the vehicle’s Plat-
form Dynamics, including altitude and attitude. The up-
dated state information is then transmitted to the ground
station through the LoRa Telemetry module, closing the
system’s feedback loop.

Overall, Fig. 2 demonstrates how sensing, signal pro-
cessing, aerodynamic prediction, energy management and
hybrid intelligent control are combined into a coherent
architecture capable of real-time adaptive operation in
stratospheric conditions.

The aerodynamic was used to give the baseline anal-
ysis of the lift and drag force in stratospheric conditions.
Lift and drag curves were created with the help of the
model at the airspeeds up to 50 m/s. The lift force is much
larger than aerodynamic drag within the whole speed
range as indicated in Fig. 3 because the envelope volume
is large and the atmospheric density is low at 18-25 km
altitude.

This validates the existence of a sufficient amount of
buoyancy in the platform that allows the platform to be
stalled with increased wind conditions and that the drag
is low enough to enable the stabilization to be energy ef-
ficient.

Lift consistently dominates drag across all velocities,
confirming stable buoyant support for the airship in
low-density stratospheric air. The corresponding depen-
dencies were constructed using a MATLAB script that
includes the calculation of aerodynamic forces using
formulas (2), (3). To stabilize the airship in the strato-
sphere, a hybrid control controller combining a classic
PID controller and a fuzzy logic module is used. The basic
equation of the PID controller gives full control over the
airship.

Aerodynamic model
lift/drag/p(h)

i

) processing Hybrid PID-fuzzy Actuator Platform

! —— > filtering/error C—— > controller ———> subsystem [———— >  dynamics

I} intelligent core motors altitude/attitude
Energy-balance model LoRa telemetry

Psolar/battery

Fig. 2. System architecture of the integrated intelligent control and energy-management framework



Lift and Forces vs Velocity at High-Altitude Conditions
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Fig. 3. Lift and drag characteristics under stratospheric atmospheric density

5.2. Results of adaptive intelligent altitude control

The hybrid PID-fuzzy controller forms adaptive control
moves on the symbiosis of the error and derivative of the er-
ror. The resultant fuzzy control surface is nonlinear as shown
in Fig. 4. The surface shows a transition to the control output
is smooth as it ensures that when there are large deviations
away, aggressive corrective action is undertaken whereas
when operating in a steady condition, it is less aggressive.

This proves that the hybrid controller can shape the effort
of control based on operating conditions to enhance distur-
bance rejection and minimize unnecessary energy spending.

The surface shows adaptive control behavior, applying
strong corrective action for large errors and smoother adjust-
ments near equilibrium.

The hybrid controller has a higher speed of stabilization
and lower oscillations, and improved disturbance rejection is
established.

Fig. 5 shows the change in PID gain coefficients with
time. The adaptive tuning mechanism raises K, and Ky
when transient that increases the disturbance are removed
in the process and K; corrects the long-term drift in alti-
tude.

Fuzzy Logic Control Surface

X8
50 —, Y -45
Z43.3554

Control Output

dError

X-45
Y55
Z43.3554

X0
YO
Z -6.92779e-16

10 10

Error

Fig. 4. Three-dimensional surface of the Fuzzy PID controller illustrating the control output as a function of error and
derivative of error
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PID gains change dynamically according to the error
conditions and make controller more aggressive only when
it is necessary.

The sensing and telemetry system based on STM32
was tested in the laboratory. The sensor package (BMP280,
MPU6050, GPS NEO-6M) was always stable in measure-
ments of the pressure, temperature, acceleration, and alti-
tude. LoRa E220900T22D module was able to provide stable
long-range telemetry with a packet loss of less than 1.8 at a
range of 1km and a mean latency of less than 120 ms.

5. 3. Energy-management modeling

In order to evaluate the behavior of the complete intelli-
gent system, a unified closed-loop mathematical model was
formulated by integrating the aerodynamic dynamics (1)-(3),
the adaptive hybrid PID-fuzzy control law (4) and the ener-

gy-balance equation (5). The resulting system-level model is
expressed as:

[ = Bl (uPID—FuZZV ) +Fyp (p(h)) -
~Fog (P (R).) =g,

uPID—Fuzzy = FIS(e’é’wwind’Blevel’p(h))’ (7)
Pnet = Psolar (T) - Pprop (uPID—F‘uz,zy ) - Pparload - Ploss’
LB = f ( Pnet ’

where the fuzzy inference system (FIS) adaptively modifies
the PID gains based on error dynamics, environmental
disturbances and real-time energy availability. This integrat-
ed model forms the basis of the simulation results shown
in Fig. 5, 6.
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Fig. 6. Daily energy balance of the stratospheric platform, including solar power generation, propulsion load, and battery charge level



Simulation of the energy balance model was completed
through the 24 hours cycle including solar generation, pro-
pulsion load variation and battery dynamics. The profiles
that are formed are depicted in Fig. 6. The model is expect-
ed to exhibit high energy inflow when the daylight period
is at its peak, and the battery discharge is expected when
the day is over. It was found that the hybrid PID-fuzzy
controller allows propulsion energy usage to be decreased
by 20-22% as compared to the classical PID control. The
summary of the detailed energy metrics is presented
in Table 1.

The accumulation of energy during the day and con-
trolled release during the night in Fig. 6 guarantees the sus-
tainability of the battery during the entire cycle. The mean
power used by the engines was reduced to 168W, which
translates to 22% in savings.

5. 4. Integrated performance results of the proposed
system

The test was conducted to determine the performance
of the platform when wet by a 30 m/s wind. Fig. 7 shows
the response to the altitude response by comparing it to the
classical PID and the hybrid PID-fuzzy controllers.

The PID controller of classical kind is wavy and gradu-
ally approaching a steady state. On the contrary, the hybrid
controller demonstrates considerably more impressive per-
formance:

1) settling time reduced by x1.8;

2) the largest deviation decreased by x2.3;

3) overshoot successfully repressed.

In such a way, the hybrid controller is more robust in case
of stratospheric wind disturbances. Fig. 6 shows comparative
behavior of the platform to the wind flow of 30 m/s where the
hybrid PID-fuzzy control is the most suitable in stability and
vibration control. The graph generating model was formed on
the basis of atmospheric and working conditions of Republic
of Kazakhstan.

Table 1

Energy performance comparison between PID and PID-fuzzy

controllers
Parameter PID | PID-fuzzy | Difference
Average power, W 215 168 -21.9%
Stabilization losses, % 100 78 -22%
Remaining battery level, % 28 46 18%

Comparative values of energy consumption when using
a classical and hybrid regulator are presented in Table 1.
Numerical data are obtained based on modeling of energy
processes. The hybrid controller reduces energy losses and
ensures significantly higher remaining battery capacity after
24 hours.

To benchmark the performance of the proposed platform,
a comparison with Google Loon and Stratobus was conduct-
ed. Fig. 8 presents wind tolerance, altitude accuracy, and
energy efficiency metrics for all three systems. The proposed
system exceeds both existing platforms in all evaluated crite-
ria, demonstrating:

1) maximum wind tolerance of up to 50 m/s;

2) altitude error under 5 m;

3) highest energy efficiency due to optimized propulsion
power.

Fig. 8 shows a comparison of the key operational char-
acteristics of the proposed system with similar parameters
of the well-known Google Loon and Stratobus projects. The
diagram is based on the results of MATLAB analysis.

These data confirm that the proposed management and
energy management system is more sustainable and energy
efficient than existing solutions, which indicates its scientific
and engineering value.

The developed system demonstrates superior altitude
accuracy, wind resistance, and energy efficiency compared
to existing HAPS platforms.
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Fig. 7. Comparative altitude response of the airship under a 30 m /s wind disturbance using classical PID and hybrid PID-fuzzy
control approaches
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6. Discussion of the stabilization and energy-
management results of the stratospheric airship
platform

The received findings support the idea that the suggested
aerodynamic model (1)-(3) and the hybrid PID-fuzzy controller
are able to enhance the stability of the platform qualitatively
and quantitatively in the stratospheric environment. The low
atmospheric density at 18-25 km (Fig. 3) results in small natural
damping and big altitude oscillations in the case of classical PID
control (Fig. 7). The suggested system adjusts the gains K}, K;, Kg
dynamically (Fig. 5), and that is why the deviation in the altitude
was reduced by 56.5 and the settling time was decreased by 44%.

Unlike approaches in which platform stability is modeled
as a constant instead of being modeled dynamically, the current
findings indicate that altitude instability is directly caused by
aerodynamic forces that are represented by formulas (1)-(3).
The outcome of this result enables proper compensation of oscil-
lations caused by disturbances. This is enabled through a direct
connection between the density p air (h) in the atmosphere and
the lift and drag in the controller design.

In comparison with methods where fuzzy logic is imple-
mented in the performance of power-optimization processes,
the results obtained demonstrate that the implementation of
fuzzy inference in the process of altitude-control abatement low-
ers the expended propulsion energy by 20-22% (Table 1). This
becomes achievable due to the nonlinear control surface (Fig. 3)
that eliminates unwarranted actuator action.

Unlike the architectures (e.g., combined stabilization and
energy management represented as two subsystems), the cur-

rent findings show that by including formulas (1)-(6) in the form
of a single closed-loop system, the residual charge of the battery
would grow by 18% points in 24 hours (Fig. 6). This can be
improved since the proposed system will directly relate control
effort to the flow of power.

Unlike the reviews of high-altitude platform technolo-
gies [17, 18], which find the issues of aerodynamic instability
and power shortage, but do not address them, the current study
is offering quantifiable results in terms of stability and power.
This outcome enables the work during long periods under the
actual atmospheric conditions. This has been enabled through
an integration of adaptive stabilization and energy-balance
computation.

Compared with the renewable-energy fuzzy control-
lers [19-21], which do not take the pressure effects of rarefied
air, the results obtained indicate that it can operate steadily at
18-25 km (when the density is less than 20% of sea-level val-
ues). It is possible through inclusion of atmospheric constraints
into the fuzzy rule base.

As opposed to quantum-link HAPS analyses [22], based on
a perfect aircraft stability assumption, it is possible to find that
with a hybrid PID-fuzzy controller the +-3 m altitude accuracy
can be retained at 30 m/s gusts (Fig. 7). The adaptive gain ad-
justment makes it possible.

Unlike the optical-sensing HAPS architectures [23] based on
stable platforms but fail to touch on the issue of stabilization, the
proposed system directly offers the expected stability margin that
has been checked through simulation and laboratory models.

Compared to regional broadband HAPS studies [24], which
lack control and energy models integration, the current findings



indicate that the stabilization of coupling with energy balancing
aspects allows the continued operation to be sustained and ade-
quate to support remote-area communications.

Lastly, as it can be seen in comparison with existing sys-
tems (Google Loon, Stratobus) (Fig. 8), the solution proposed
allows the system to be more wind tolerant, more accurate in
altitude-holding, and more energy efficient. Those benefits come
about through the concerted efforts of aerodynamic modeling,
adaptive hybrid control, and integrated energy balancing.

There are some limitations of the obtained results. The
given model is vertical stabilization and does not refer directly
to horizontal drift and large-scale atmospheric circulation.
Laboratory experimentation was conducted in controlled con-
ditions and is not able to fully model long-term stratospheric
turbulence. Also, the fuzzy rule base was optimized to one
type of airship platforms and might need to be adjusted to
other platforms. Further development will involve expansion
of the model to three-dimensional motion, inclusion of long-
term atmospheric data and verification of the suggested system
by long term field experiments. Additional obstacles comprise
the multi-platform network configuration control architecture
and minimizing the computational load of the ultra-low-power
onboard processor.

7. Conclusions

1. A nonlinear dynamic model of the dynamics of a strato-
spheric airship has been constructed, in which vertical dynam-
ics is stipulated as a collision of lift, aerodynamic drag, gravity
as well as wind-induced disturbance in low atmospheric density
conditions. The result obtained shows that the lifting force act-
ing at the moment of buoyancy is always greater than the aero-
dynamic drag within the range of the operating speeds which
makes it possible to maintain the flight level and at the same
time enhances the sensitivity to the disturbances because of the
decrease in the natural damping. This action is actually oppo-
site to those models employed in surface conditions as the air
density which is material to altitude is dominant in determining
the dynamics of the system. The outcome justifies the fact that
stratospheric platforms need adaptive stabilization measures
instead of parameters.

2. A dynamic change in the efficiency has been implement-
ed with an adaptive hybrid approach to the control of PID and
fuzzy control where the height error and the rate of change
are used to dynamically change the efficiency. The resulting
control law exhibits an input-output relationship which is
nonlinear and offers aggressive corrective action to large de-
viations and smooth control to equilibrium. This design offers
a much better interference suppression and a lower amount of
unnecessary drive activity as compared to fixed-gain control-
lers. This is improvements that can be seen because the fuzzy
inference allows the control system to change its behavior
continuously based on the operating conditions, as opposed to
constant parameters.

3.1Its idea of integrated energy management was created
that integrates the necessity of engines, auxiliary loads, the
production of solar power and the battery status into a unified
system. The findings indicate that the decreasing aggressiveness
of the control directly decreases the energy of the engine which
in turn increases the remaining battery charge per day-operat-
ing cycles. In contrast to the old system when it is assumed that
stabilization and energy consumption are independent of each
other, the outcome proves the fact that the quality of stabiliza-

tion directly defines energy autonomy. The nonlinear nature of
the relationship between the power flow and the control force in
the propulsion system explains this.

4. A common architecture of the intelligent system is de-
veloped that is a composite of aerodynamic modeling, adaptive
control, sensors, telemetry and energy management which
enables real time coordinated decision making. The outcome
demonstrates that the interoperability of all subsystems brings
in high stability, high energy efficiency and longevity relative to
architectures possessing distinct functional modules. The main
distinction of the offered solution is the closed loop of interaction
between the control measures and energy supply, which justifies
the successful increase in the degree of operational stability in
the circumstances of stratospheric disturbances.
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