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Abstract. Problem. Electro-pneumatic clutch actuators used in automated transmission systems operate
under nonlinear conditions and varying external loads, which complicates the design of stable and
accurate control systems. Classical PID controllers often demonstrate limited robustness under
actuator saturation and parameter variations. Goal. The purpose of this work is to improve the dynamic
performance of an electro-pneumatic clutch actuator and to perform a comparative analysis of different
control strategies under identical simulation conditions. Methodology. A simplified second-order dy-
namic model of the electro-pneumatic actuator was developed in MATLAB. The model includes equiv-
alent mass, damping, clutch spring stiffness, actuator saturation, velocity constraints, and external dis-
turbance loading. Three control strategies were investigated: classical PID control, adaptive gain-
scheduling control, and a simplified fuzzy-based nonlinear controller. Results. The obtained simulation
results demonstrate that the adaptive controller provides the best overall dynamic performance in terms
of settling time and tracking accuracy. The fuzzy-based controller ensures smoother transient behavior
and reduced oscillatory response near the target position. Quantitative comparison of overshoot and
RMS tracking error confirms the effectiveness of adaptive and nonlinear control approaches for electro-
pneumatic clutch systems. Originality. The originality of the proposed approach lies in the development
of a unified simulation framework that allows comparative evaluation of several control strategies un-
der identical actuator constraints and disturbance conditions. Practical value. The developed simula-
tion model and control approaches may be used for further optimization of automated clutch control
systems in automotive transmission applications, particularly for improving shift quality, reducing me-
chanical wear, and increasing actuator stability under varying operating conditions.

Keywords: electro-pneumatic actuator, clutch control, adaptive control, PID controller, fuzzy control,
MATLAB, transmission systems.

Introduction and Analysis of publications and the overall stability of the drivetrain. Exces-
sive oscillations, delayed response, or inaccurate
clutch positioning may lead to increased mechan-
ical wear, deterioration of shift smoothness, and
reduced transmission efficiency. Therefore, mod-
ern transmission control systems require actuator
controllers capable of maintaining stable opera-
tion under varying load conditions and external
disturbances.

At the same time, electro-pneumatic systems
are characterized by significant nonlinear behav-
ior caused by air compressibility, friction effects,
valve dynamics, and pressure fluctuations. These

Electro-pneumatic actuators are widely used in
automated clutch control systems of modern ve-
hicles due to their relatively simple design, fast
response, and compatibility with electronic trans-
mission control units [1], [2]. Such systems are
commonly applied in automated manual trans-
missions of commercial vehicles, buses, and spe-
cialized transport equipment, where reliable
clutch engagement directly affects transmission
durability and driving comfort.

The dynamic performance of the clutch actu-
ator significantly influences gear shifting quality
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factors complicate the development of stable con-
trol algorithms, especially under variable operat-
ing conditions and transient processes during
clutch engagement.

Classical PID controllers remain widely ap-
plied in industrial actuator systems because of
their simple implementation and low computa-
tional cost [3], [4]. However, previous studies
have shown that conventional PID control may
provide insufficient robustness under nonlinear
operating conditions and parameter
variations [9], [10]. For this reason, recent
research increasingly focuses on adaptive and
intelligent control methods.

Recent studies have investigated various ap-
proaches to improving the performance of elec-
tro-pneumatic clutch actuators and pneumatic po-
sitioning systems. Qian et al. [10], [11] proposed
pressure-observer-based control approaches for
electro-pneumatic clutch actuators and demon-
strated improved positioning accuracy and sys-
tem stiffness under varying operating conditions.
Yahagi and Kajiwara [12] investigated gain-
scheduled control methods for electro-pneumatic
clutch position regulation and reported improved
transient response characteristics compared to
conventional fixed-parameter controllers.

Bécsi [13] analyzed quasi-linear parameter-
varying modeling approaches for clutch actuator
systems and demonstrated the effectiveness of
adaptive parameter adjustment under nonlinear
operating conditions. Similar research was pre-
sented by Szabo et al. [14], who developed and
validated control strategies for floating-piston
electro-pneumatic gearbox actuators. Schindele
et al. [15] investigated nonlinear model-predic-
tive control methods with hysteresis compensa-
tion for truck clutch applications, showing im-
proved control stability under nonlinear actuator
behavior. Despite these developments, many
published studies analyze individual control
strategies separately and use different modeling
assumptions, which complicates direct compari-
son of controller performance. In addition, prac-
tical operating constraints such as actuator satu-
ration, velocity limitations, and disturbance load-
ing are often insufficiently considered in simula-
tion models.

The aim of this paper is to develop a unified
simulation framework for comparative analysis
of PID, adaptive, and nonlinear fuzzy-inspired
control strategies for an electro-pneumatic clutch
actuator under identical operating conditions and
external disturbances.

Purpose and Tasks

The purpose of this study is to develop a unified
simulation framework for analyzing the dynamic
behavior of an electro-pneumatic clutch actuator
and to perform a comparative evaluation of dif-
ferent control strategies under identical operating
conditions. To achieve this purpose, a mathemat-
ical model of the actuator system considering
damping, elastic properties, actuator saturation,
velocity constraints, and external disturbance
loading was developed. Within the proposed sim-
ulation framework, classical PID, adaptive, and
nonlinear fuzzy-inspired control strategies were
implemented and investigated. The obtained tran-
sient responses were further analyzed using dy-
namic performance characteristics and error-
based evaluation criteria in order to determine the
effectiveness of different control approaches un-
der identical operating conditions.

Mathematical Model of the Electro-
Pneumatic Actuator

The electro-pneumatic clutch actuator is repre-
sented by a simplified lumped-parameter dy-
namic model describing the longitudinal motion
of the actuator rod. The model is derived from
Newton’s second law and takes into account the
combined influence of pneumatic force, mechan-
ical damping, and the equivalent stiffness of the
clutch diaphragm spring.

The dynamic equation of the actuator can be
written as

mi + bx + k(x — x9) = E, — Fg;5¢(2), Q)

where m is the equivalent mass of the moving
mechanical components, b is the viscous damp-
ing coefficient representing friction and pneu-
matic losses, k is the equivalent stiffness coeffi-
cient associated with the clutch diaphragm
spring, and x,is the equilibrium actuator
position [4], [5].

The pneumatic driving force is determined by
the pressure acting on the piston surface

E, = A(p = pa), )

where A is the effective piston area, p is the
chamber pressure, and p, is atmospheric pres-
sure.

The term Fg;. (t) represents external disturb-
ances affecting the actuator dynamics. In practi-
cal clutch systems, such disturbances may arise
due to variations in friction force, pressure fluc
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tuations in the pneumatic line, nonlinear stiffness
of the clutch spring, and transient load changes
during gear shifting.

For control system analysis, the pneumatic
subsystem is simplified by assuming that the
chamber pressure is proportional to the control
signal generated by the controller. This assump-
tion allows the actuator dynamics to be repre-
sented as a second-order system suitable for com-
parative evaluation of different control strategies
while preserving the dominant transient charac-
teristics of the real electro-pneumatic actuator.

Although the proposed model does not explic-
itly describe thermodynamic air processes and
valve flow dynamics, it captures the dominant
mechanical behavior of the clutch actuator in the
operating region. Such simplified models are
widely used during the preliminary design and
comparative analysis of control algorithms due to
their computational efficiency and sufficient ac-
curacy for transient response evaluation.

Table 1. Simulation model parameters

Parameter Description Value
m Equivalent moving mass | 1.2 kg
b Damping coefficient 180 Ns/m
k Equivalent spring 15000
stiffness N/m
A Effective piston area 0.003 m?
Xtarget Target displacement 0.08 m
Uy Saturation limit 3-10*
a Adaptive gain coefficient | 0.4
B Integral adaptation | 0.2
coefficient

Investigated Control Strategies
Classical PID Controller

The baseline control strategy is a classical PID
controller defined as

u(t) = Kpe(t) + K; J e(dr + K, 252, ©)
where e(t) is the tracking error. The initial PID
gains were determined using the Ziegler—-Nichols
tuning method and further refined in simulation
to reduce overshoot and improve settling time un-
der actuator saturation constraints.

The controller tuning process was
additionally evaluated using the following
performance criterion

J= fOT wy e2(t) + wyu?(t)dt, 4)

where the first term represents the tracking error
and the second term penalizes excessive control

effort. Such a formulation allows a balanced
compromise between response speed, stability,
and actuator loading.

Adaptive Controller

The adaptive controller is implemented using a
gain-scheduling approach in which the controller
parameters are adjusted according to the instan-
taneous tracking error.

The proportional and integral gains are modi-
fied online as follows

Ky () = Kypo(1 + ale(®)]) )
Ki(t) = Kio (1+ B [le(0)ldt),

where e(t) is the tracking error, while @ and 8
are adaptation coefficients determining the sensi-
tivity of parameter adjustment.

Such an approach allows the controller to in-
crease its control effort during large transient er-
rors and reduce excessive oscillations as the sys-
tem approaches steady-state operation. In con-
trast to fixed-gain PID control, the adaptive gain
scheduling mechanism improves robustness un-
der varying operating conditions and external dis-
turbances.

This simplified adaptive strategy is particu-
larly suitable for electro-pneumatic clutch sys-
tems, where actuator dynamics may vary due to
pressure fluctuations, friction changes, and non-
linear clutch spring characteristics. [6], [9].

Fuzzy-Based Controller (Simplified
Implementation)

The weighting coefficients were selected ex-
perimentally to ensure stable transient response
without excessive oscillations under actuator sat-
uration constraints.

u(t) = sat(a ce(t)+b- é(t)), (6)

where a and b are weighting coefficients that de-
termine the influence of the error and its deriva-
tive on the control action, while sat(+) represents
the actuator saturation function.

In the proposed implementation, the satura-
tion mechanism introduces nonlinear behavior
similar to that commonly observed in fuzzy con-
trol systems, where the controller response
changes depending on the magnitude of the track-
ing error and the operating region of the actuator.

Unlike a conventional linear PD controller,
the proposed approach limits excessive control
effort and ensures smoother actuator operation
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near the target position. Although the controller
does not employ a complete fuzzy inference
mechanism with membership functions and rule
bases, it preserves several practical characteris-
tics associated with fuzzy-like control behavior,
including reduced oscillations and improved ro-
bustness to actuator nonlinearities.

The implemented simplified structure allows
comparative analysis of nonlinear control behav-
ior while maintaining low computational com-
plexity suitable for real-time automotive actuator
applications. [7], [8].

Simulation Results

The system is simulated using a discrete-time
numerical integration approach with a fixed
sampling step of 0.001 s over a total simulation
interval of 1 second. This resolution is
sufficient to capture the transient dynamics of
the actuator and ensures numerical stability of
the integration process.

At each time step, the system states, including
position and velocity, are updated iteratively
based on the current control input and the dy-
namic model of the actuator. The control signal is
calculated using the corresponding control strat-
egy and then applied to the system through the
force term in the motion equation.

To ensure physical realism of the simulation,
practical constraints of the electro-pneumatic ac-
tuator are taken into account. In particular, the
control signal is limited within a predefined
range, which reflects actuator saturation. In addi-
tion, the actuator velocity is constrained to pre-
vent unrealistically fast motion and to approxi-
mate real mechanical limitations.

All control strategies are implemented within
the same computational framework and evalu-
ated under identical initial conditions and refer-
ence input. This ensures consistency of the ob-
tained results and allows for an objective compar-
ison of the dynamic performance of different
control approaches.

This unified simulation environment also en-
sures reproducibility of the results, which is es-
sential for further validation and comparison with
experimental data.

System Response (PID vs Adaptive vs Fuzzy)

Figure 1 presents the transient response of the
electro-pneumatic clutch actuator under PID,
adaptive, and fuzzy-based control strategies for a
target actuator displacement of
Xtarger = 0.08 m.

Transient Response of Electro-Pneumatic Clutch Actuator

-

Displacement (m)

Time (s)
Fig. 1. Transient response of the electro-pneu-
matic clutch actuator under PID, adap-
tive, and fuzzy-based control strategies
for the target displacement
Xtarget = 0.08m

At the initial stage of the transient process, all
controllers generate sufficient control effort to
move the actuator rapidly toward the target posi-
tion. However, significant differences in dynamic
behavior become apparent as the actuator ap-
proaches steady-state operation.

The classical PID controller provides the fast-
estinitial response, but the transient process is ac-
companied by noticeable overshoot and oscilla-
tory behavior. Such dynamics are associated with
the fixed controller gains, which cannot adapt to
changes in system conditions during operation. In
practical clutch systems, excessive oscillations
may increase mechanical wear of the release
mechanism and negatively affect gear-shifting
smoothness.

The adaptive controller demonstrates im-
proved transient behavior compared to the con-
ventional PID approach. Due to online adjust-
ment of controller gains according to the tracking
error, the system achieves faster settling with re-
duced oscillation amplitude. The adaptive strat-
egy maintains stable actuator motion even during
rapid state transitions, which is particularly im-
portant for automated clutch engagement systems
operating under variable load conditions.

The fuzzy-based controller produces the
smoothest actuator trajectory among the consid-
ered approaches. The nonlinear saturation behav-
ior reduces abrupt changes in control action and
suppresses oscillations near the target position.
Although the convergence rate is slightly lower
than that of the adaptive controller, the resulting
motion is mechanically smoother and may con-
tribute to reduced actuator stress and improved
durability of clutch components.
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Overall, the adaptive controller provides the
most balanced dynamic performance in terms of
response speed, stability, and tracking accuracy.

Baseline vs Improved Controller

Figure 2 compares the transient responses ob-
tained using the baseline PID controller and the
modified controller with increased integral gain.

Baseline and Improved PID Controller Comparison

Disturbance at t= 0.4 s

Displacement (m)

Baseline PID

Improved PID
.......... Target

T
Fig. 2. Comparison of transient responses ob-
tained using the baseline PID controller
and the modified controller with in-
creased integral gain

The baseline configuration demonstrates stable
actuator motion; however, the response is
characterized by a relatively long settling time and
a non-negligible steady-state error. Such behavior
is typical for conservative PID tuning, where
controller aggressiveness is intentionally limited
to avoid instability and excessive overshoot.

Increasing the integral gain improves the
tracking capability of the controller by accelerat-
ing error compensation during the transient pro-
cess. As a result, the modified controller reaches
the target displacement faster and reduces the
steady-state error more effectively.

At the same time, the improved dynamic re-
sponse requires higher control effort during the
initial stage of motion. This effect is reflected by
a steeper control signal increase and a larger peak
actuator load. In practical electro-pneumatic
clutch systems, excessive control effort may in-
crease air consumption and accelerate wear of
pneumatic valves and mechanical transmission
components.

The obtained results demonstrate that integral
gain optimization significantly influences actua-
tor performance and should be selected as a com-
promise between response speed, positioning ac-
curacy, and actuator loading.

Control Signal Analysis

Figure 3 illustrates the control signals generated
by the considered controllers during the actuator
positioning process.

10° Control Signals Generated by Controllers
T T T T T

Disturbance att=0.4 s

Control Signal

e PID

= = = Adaptive

= mmnm Fuzzy-Inspired
evusenness Saturation Limit

Fig. 3. Control signals generated by different
control strategies during the actuator po-
sitioning process under saturation con-
straints

At the beginning of the transient response,
both the PID and adaptive controllers produce
high control amplitudes due to the large initial
tracking error. The control signal rapidly ap-
proaches the saturation limit, allowing the
actuator to accelerate quickly toward the target
position.

The adaptive controller maintains a more flex-
ible control profile during the transient process.
Because the controller gains vary according to
the instantaneous error, the control action
changes more smoothly after the initial accelera-
tion stage. This behavior reduces oscillatory ef-
fects and improves stability near the steady-state
operating region.

The fuzzy-based controller generates the
smoothest control signal among all investigated
approaches. The nonlinear saturation mechanism
limits abrupt variations in control effort and sup-
presses sharp peaks of the actuator input signal.
Such behavior may reduce mechanical stress on
the clutch release mechanism and improve oper-
ational reliability of the pneumatic actuator.

However, the smoother control action also
leads to slightly slower convergence compared to
the adaptive strategy. Therefore, the selection of
a control algorithm depends on the specific oper-
ational priorities of the transmission system, in-
cluding response speed, durability, and energy ef-
ficiency.

Automobile transport, Vol. 58, 2026
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Error Analysis

Fig. 4 presents the tracking error evolution for the
investigated control strategies.

Tracking Error Evolution

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

Time (5)

Fig. 4. Tracking error evolution for PID, adap-
tive, and fuzzy-based controllers during
transient actuator operation

The PID controller exhibits the largest initial
error peak and noticeable oscillatory behavior
during the transient process. Although the error
gradually decreases over time, residual oscilla-
tions remain visible near the target position due
to the fixed controller parameters.

The adaptive controller achieves faster error
reduction and demonstrates improved convergence
characteristics. The adaptive gain adjustment
mechanism allows the controller to react more
effectively to transient deviations, resulting in
smaller steady-state error and shorter settling time.

The fuzzy-based controller provides the
smoothest error trajectory with minimal oscilla-
tory behavior. The error decreases gradually
without abrupt sign changes, indicating stable
nonlinear control action near the operating point.
Such behavior is beneficial for clutch actuator
systems where smooth engagement and reduced
mechanical shock are required.

Comparative analysis of the error responses
confirms that adaptive control provides the best
compromise between fast convergence and stable
operation, while the fuzzy-based approach offers
advantages in terms of smoothness and reduced
oscillatory effects.

Quantitative Performance Evaluation

To provide a guantitative comparison of the in-
vestigated control strategies, the main transient
performance indicators were evaluated, including
rise time, settling time, overshoot, and root-
mean-square (RMS) tracking error.

Table 2 summarizes the obtained performance
metrics.

Table 2. Obtained perfomance metrics.

Controller | Rise | Settling | Overshoot RMS
Time | Time (%) Error
©) ©)
PID 0.11 0.32 94 0.0068
Adaptive | 0.13 0.24 3.1 0.0037
Fuzzy- 0.16 0.28 1.2 0.0045
based

The quantitative results confirm the observa-
tions obtained from the transient response analy-
sis. The PID controller provides the shortest rise
time but exhibits the largest overshoot and track-
ing error due to its fixed-parameter structure.

The adaptive controller achieves the best
overall balance between response speed and sta-
bility. In particular, it demonstrates the shortest
settling time and the lowest RMS tracking error
among the investigated approaches.

The fuzzy-based controller produces the
smallest overshoot and the smoothest actuator be-
havior, although its transient response is slightly
slower. Such characteristics may be advanta-
geous in applications where mechanical durabil-
ity and smooth clutch engagement are prioritized
over maximum response speed.

Conclusions

This study investigated the dynamic behavior of
an electro-pneumatic clutch actuator under dif-
ferent control strategies using a unified
MATLAB-based simulation framework.

A simplified dynamic model of the actuator
was developed considering mechanical damping,
equivalent clutch spring stiffness, actuator satu-
ration, and velocity limitations. The proposed
model made it possible to evaluate the transient
characteristics of the actuator under conditions
close to practical clutch control operation.

Comparative analysis of the investigated con-
trollers demonstrated that the conventional PID
approach ensures acceptable positioning perfor-
mance but remains sensitive to parameter tuning
and nonlinear operating conditions. The adaptive
controller achieved the best overall balance be-
tween response speed, settling time, and tracking
accuracy due to online gain adjustment during
transient operation.

The fuzzy-based nonlinear controller provided
the smoothest actuator response and the lowest
oscillation level near the target position. Although
its convergence speed was slightly lower, the
reduced mechanical stress and smoother control
action may be advantageous for improving
durability of clutch release components and
reducing shock loads during gear shifting.

ABTOMOOiABHHUH TpaHCHOPT, Bumn. 58, 2026



36

Motor vehicles

Quantitative evaluation of transient character-
istics confirmed that adaptive control improves
dynamic performance compared to the classical
fixed-gain PID approach, particularly under var-
ying operating conditions and actuator con-
straints.

At the same time, the presented results are
limited to simulation-based analysis using a
simplified actuator representation. Real
electro-pneumatic systems may additionally
exhibit nonlinear airflow dynamics, hysteresis
effects, pressure losses, and friction variations
that require more detailed modeling and
experimental validation.

Further improvement of the proposed ap-
proach is associated with incorporation of nonlin-
ear pneumatic flow processes and validation of
the controller performance under real transmis-
sion operating conditions.
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IMokpameHHs:  IHHAMIYHHX  XapaKTePHCTHK
€J1eKTPONHEBMATHYHOI0 TNPHUBOAY 34YeIUIeHHs i3
Bukopucranusaim MATLAB-monenioBannsi  Ta
CYYaCHHUX CTpaTeriii KepyBaHHS

Anomauin. Ilpoénema. Enexmponneemamuyni npu-
800U 3UENNIeHHs, WO GUKOPUCMOBYIOMbCA 8 A8MOMA-
MU30BAHUX MPAHCMICIUHUX CUCMEMAX, (DYHKYIOHY-
I0Mb 8 YMOBAX HENHIUHOCI Ma 3MIHHUX 308HIWHIX
HABAHMAICEHD, WO YCKIAOHIOE PO3POOKY CIABINTbHUX
i mounux cucmem xepyeanns. Knacuuni I11/]-pezyns-
mopu Yacmo OeMOHCmPYIOmb obMedceHy pobacm-
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HICMb 30 HASIBHOCMI HACUYEHHS NPUBOOY Md 3MIHU NaA-
pamempie cucmemu. Mema. Memorwo pobomu € no-
KpaujenHs OUHAMIYHUX XaApaKmMepucmux eiekmpon-
HeBMAMU4HO20 NPUGOOY 3YENNIeHHs Md NPOBEOEHHs.
NOPIBHANLHO20 AHANIZY PISHUX cmpamezill Kepy8aHHs
3a 00HaKo8UX yM08 modentosants. Memoouka. Y ce-
peoosuwi MATLAB 6yno pospobneno cnpoweny ou-
HAMIYHY MOO€elb eNeKMPONHeSMAMUUHO20 NPUEOJy
Opyz2020 nopsaoky. Modenv epaxosye exeisaneHmHy
macy, 0eMng)y8amHs, dHCOPCMKICMb NPYICUHU 34en-
JIEHHS1, HACUYEHHS NPUBODY, 0OMEICEHHS WUBUOKOCI
ma Oito 308HiWHIX 30ypeHsb. [locnioxceno mpu cmpa-
mezii kepygsanus: kiacuume IIl/[-xepysanmns, adan-
mueHe KepyeaHHsl 3i 3MIHOW Koeiyicnmie ma cnpo-
wjene Heninitne Kepy8anHs Ha OCHOBI HeYimKOI 102IKU.
Pezynomamu. Ompumani pe3yrsmamu MoOOeI08aAHHSA
NOKA3aMY, WO adanmueHull pezyrsamop 3abesneuyc
HAUKpawi 3a2anbHi OUHAMIYHI XAPAKMEPUCMUKU 3
MOYKU 30pY 4aACy 8CMAHOBIEHHA Md MOYHOCMI 8i0-
cmedicenns. Pecynamop na ocnosi neuimkoi noziku 3a-
be3neuye binvw NIABHUL nepexioHull npoyec i 3meH-
WIeHHST KOAUBAHb NOOAU3Y UYINbOBO2O HNOLONCEHHS.
Kinvkicue nopienanns nepepezyniosanns ma cepeots-
0K8aAOpamMuyHoOi  NOXUOKU  RIOMEEPONCYe  eeK-
MUBHICMb A0ANMUSHUX | HEeNIHIIHUX nioXo0ié 00 Ke-
DPYBAHHA eNeKMPONHeBMAMUYHUMUY CUCeMaMU 34en-
nenns. Haykoea noseuszna. Haykosea nHosusna 3anpo-
NOHOBAHO20 NIOX00Y NONAAE Y PO3POOIEHHI €OUHO20
iMimayiunoeo cepedosuwia, sKe 00360J5€ BUKO-

Hysamu NOpiHAIbHE OYIHIOBAHHS OEKLIbKOX cmpa-
meeiti KepyBaHHs 3a 0OHAKOBUX 0OMedICeHb NPUsooy
ma ymog 0ii 36ypens. IIpakmuuna 3nauywgicms. Po-
3pobaeHa IMimayiina Mooelb ma 3anponoHOSaHL nio-
X00U 00 Kepy8aHHs. MOJNCYmMb OVMU GUKOPUCIAHT 0I5
nooanbuwol onmumizayii AGMoOMaAmu308anux cucmem
Kepy8aHHs 34enjienHaAM y MPAHCMICIUHUX cucmemax
MPAHCNOPMHUX 34C00i8, 30Kpema Oisl NOKPAWEeHHs.
AKOCMI NepeMUKaHHs nepeoay, 3MeHUEeHHs MeXaniy-
HO20 3HOWYBANHS MA NIOBUWEHHS CMILIKOCTT poOomU
npuBoOy 8 3MIHHUX YMOBAX eKCHIYaAmayii.

Knrwouoei cnosa: erexmponnesmamuynuii npusio, Ke-
PYBAHHA 3uenyieHHsaM, adanmuste kepysanns, I11/]-pe-
eynamop, Hewimxe Kepyeanns, MATLAB, mpanc-
MICItIHI cucmemu.
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