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ADAPTIVE CONTROL OF ROBOT MANIPULATORS -
A BRIEF REVIEW OF RECENT ADVANCES

POBOT-MAHUNYNATOPNAPObI BEUIMOAENME EACKAPY —
COHFbI XETICTIKTEPIE KbICKA LLOJTY

ADANTUBHOE YNPABJIEHUE POEOTAMU-MAHUNYNATOPAMM —
KPATKMU OB30P NOCNEOHUX AOCTUXEHUAN

Abstract. Currently, there is a rapid development of various industries using robotic manipulators.
Robotic manipulators are controlled by programmable controllers. Most industrial controllers use a
common control principle, namely, a linear proportional control algorithm for each link, where the spatial
position of the working tool is corrected, and the position of the tool is a feedback signal. This method is
suitable for low speeds and requires movement along a given trajectory in time. However, the
development of modern robotic production requires more flexible, adaptive control of the production
process in order to increase the speed of passing a given trajectory and set the trajectory without
preliminary calculations for each individual link of the robot. A large amount of the research is currently
devoted to the solution of this problem all over the world, but the solution is ambiguous and varies in
relation to the control of specific processes. This review presents a brief description of the principles of
adaptive control and discusses the results of recent research in this area in relation to the control of robotic
manipulators. Recent advances in adaptive control systems for robotic arms in terms of their applications
are reviewed with critical comments on related issues. It is expected that the wide dissemination of this
review will stimulate closer collaboration between industry and the research community and encourage
further developments.
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AHOamna. Kasipai yakeimma pobom-maHunynsmopnapObl KondaHambiH mypni eHOipicmepdiH
KapKbIHObI Qamybl Xypin xambip. Pobom-maHunynsmopnap 6ardapnamvanaHambiH KOHMPOIeprep
apkbinbl backapbinadbl. ©Hepkacinmik KoHmpornnepnepdid Kenuwiniai 6backapyOblH Xasrbl MPUHUUMIH
KondaHalbl, aman almkaH0a XYMbIC KypasbiHbiH KEeHICMIKmIK opHanacybl pemmenemiH ap 6ybiH ywiH
rnponopyuoHandsl backapyOblH Cbi3bIKMbIK anzopummi, an kepi 6alnaHbic cusHanbl 6yn KypandbiH
opHanacybl 6onbin mabbinadsl. byn adic memeH KosfanbiC xblrdamObifbiHa Xapamobl xoHe 6eneini 6ip
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mpaeKkmopusi apKbliibl KO3farbICmbl yakblim b6olbiHwWwa XypeizyOi manan emedi. Anatida, Kasipai 3amaHfbl
pobommaHObipbiniFaH eHOipicmepdi dambimy bepinizeH mpaeKmopusiHbIH 6my XblndamObifbiH apmmbipyOb!
XoHe pobommbiH opbip xeke b6ybiHbl yWwiH andbiH ana ecenmeycisa mpaekmopusiHbl benainey ywiH
eHdipicmik npouecmi HeryprbiM ukemoi, 6eliimOenme b6ackapyObl manan emedi. Kasipai yakeimma 6ykin
anemOe KerimeaeH 3epmmeyrep 0Cbl MaCesIeHi Wweuwlyae apHasraH, bipak wewim aHblK emec xaHe benaini
6ip npouyecmepdi bakblnayra kambicmbl e32epin ombipadsl. byn wonyda belimdenme backapy npuHyuUn-
mepiHiH Kbickalwa cunammamach! bepineeH xsaHe pobom-maHunynsmopnapob! backapyra KambICMbl OCbl
canadarbl COHFbI 3epmmeyrnepliH Hemuxenepi KapacmbipbiiraH. Pobom-maHunynamopnapdb! 6elim-
OeneeH backapy xyuenepiHOeai onapObiH KOCbIMWarapbl MypFbICbIHAH COHfbI Xemicmikmep onapMeH
batinaHbicmbl Macenenep 6olbIHwa CbiHU MiKiprnepMeH Kapacmbipblinadbl. byn wonydbiH KeH maparybl
©HEePKaCiM MNeH fblbIMU-3epmmey KoFamMmoOacmbifbl apachiHOarbl Mblfbi3 bIHMbIMaKMacmbIKMbl bIHManaH-
Obipadsbl xxeHe o0aH api Oamyra bikran emedi 0en Kyminyde.

Tytlin ce3dep: beliimOenme backapy, pobom-maHunynsmopsap, bardapnamanaHamsiH KOHMPOIIep-
J1ep, MexHo102UsbIK KocbiMwarap.

AHHOmMayus. B Hacmosiwee spemsi npoucxodum cmpemMumesibHOe pasgumue pasfiuyHbIX Mpous-
800cme, UCOoNb3yWUX pO60MbI-MaHUMyasiImopbl. Po6ombI-MaHUMyissmopb! yrpaenstomces npu noMouu
rpoepaMmupyeMbiX KOHMPOsIepos. bonbwas 4Yacmb [POMbILWIEHHLIX KOHMPOJIepos8 UCMobL3yem
o6wWull NPUHYUN yrnpaeneHusi, a UMEeHHO: JIUHeUHbIU an2opumm MpornopyUoHaIbHo20 yrpasneHusi O5s
Kaxd020 38eHa, 20e KOPPEKmMupyemcsi MpoCmpaHCmMBeHHoe MosioxeHue paboye2o uHcmpymeHma, a
cueHanom obpamHoU €es3u s819emcsi nofoxeHUe UHcmpymeHma. Takol memod rnpueodeH Onsi HU3KUX
ckopocmel dsuwxeHusi u mpebyem ocywecmenisimb 08uxeHue o 3adaHHOU mMpaeKkmopuu 80 8PEMEHU.
OO0Hako, pa3zsumue cospeMeHHbIX pobomu3uposaHHbIX npoudsodcme mpebyem 6onee eubkozo, adarn-
mueHo20 yrnpasneHusi npou3so0CMeeHHbIM MPOUECCOM, YmMOobbl y8enuyums CKOPOCMb MPOXOXOEHUs
3a0aHHOlU mpaekmopuu U 3alamb mpaekmoputo 6e3 npedsapumeribHbiX pacyemos O5isl Kax0020
omOesibHO20 38eHa poboma. PeweHuro amoti npobriemMbl 8 HaCMOsIUee 8peMsi 80 8CEM MUPE MOCESLUEHO
bornbwoe Konuyecmeo uccnedosaHull, HO pelweHUe HEOOHO3HAYHO U 8apbupyemcsi MPUMEHUMESbHO K
KOHMPO KOHKpemHbIMU rnpouyeccamu. B amom o063ope Oaémcsa Kpamkoe onucaHue npuHyUnos
adanmueHo20 yrpaeseHusi U paccMmampuearomcsi pesyrbmamel ocinedHuUx uccredosaHuli 8 amou
obnacmu npuMeHUmMernbHO K yrnpaeneHur pobomamu- maHunynsmopamu. locnedHue docmuxeHus 8
adanmueHbIX cucmemax yrnpaeneHuss pobomamu-MaHunysamopamu € MOYKU 3PEeHUsT UX MpUnoxeHul
paccmMampuealomcesi ¢ KpumuyYeCcKUMU KOMMEHMapUSIMU 110 C8s13aHHbIM C HUMU rpobnemam. Oxudaemcs,
4Ymo WwupoKoe pacrpocmpaHeHue amoz2o obsopa 6ydem cmumynuposams b6oree mecHoe compyOHu-
yecmeo Mex0y MNPOMbIWIEHHOCMbIO U uccriedosamernibCKUM coobujecmeom U criocobecmeosams
OanbHelwum pa3pabomkam.

Knroyeenie cnoea: AdanmusHoe yripasrneHue, pobom-maHumnysmop, npospamMmmupyemMbie KOHMpPOI-
J1epbl, MEXHOM02UYECKUE MPUITOXKEHUS.

Introduction. Currently, the development of new control algorithms of multilink robotic
manipulator is in the focus of the world scientific research representing significant scientific and
practical interest in relation to specific technological processes.

The purpose of this review article is a critical analysis of modern research in the field of
adaptive control of robotic manipulators in order to present the latest achievements in this field
and the challenges associated with the prospects of the industrial implementation of adaptive
control. It is expected that this review will stimulate closer cooperation between researchers of
various fields, including using and control of robotic manipulators, as well as contribute to further
developments for implantation into manufacturing.

For the analysis, reliable open information sources of information were used, including mainly
research articles in peer-reviewed scientific journals or proceedings of prestigious scientific
conferences over the past 5 years.

Literary review. The robotic manipulator has become an integral part of modern industrial
automation. Currently, the use of the robotic manipulators in industry is steadily expanding,
robots are used for coating, loading and packaging operations, on assembling conveyers of
automotive and machinery manufacturing plants, etc., since their characteristics allow the



Ne 4, 2022 235 «IKTY XABAPIIBICBI»

technological process to be carried out with precision accuracy and high productivity. It is also
important that industrial automation with the help of robotic manipulators allows for long-term
technological processes in difficult or harmful conditions for humans, without direct human
involvement.

Currently, due to automation of thermal plasma spraying processes, it has become possible to
apply these technologies for additive manufacturing of multilayer functional coatings [1-4]. This
is a very promising direction that allows to obtain layer upon layer of coatings for medicine [1,
2] or electronics [3, 4] with the desired composition and microstructure along a given 3D-model
of the product.

At the same time, a number of challenges still exist for the implementation of thermal plasma
spraying technology directly into additive coatings industry. Including the challenge which has
focused the attention by a number of researchers in the field of automation and robotics, remains
such a control of the robotic manipulator, which would allow for fast and accurate movement of
a working tool (for example, a plasmatron) along the given 3D trajectory[5-8], that is necessary
for the additive coating manufacturing.

Robotic manipulators are controlled by programmable controllers. Most industrial controllers
use a common control principle, namely, a linear proportional control algorithm for each link,
where the spatial position of the working tool is corrected, and the position of the tool is the
feedback signal. This method is suitable for low speeds and requires movement along a given
trajectory in time. However, the development of modern robotic production requires more
flexible, adaptive control of the production process in order to increase the speed of passing a
given trajectory and set a trajectory without preliminary calculations for each individual link of
the robot. A large amount of research is currently devoted to the solution of this problem all over
the world, but the solution is ambiguous and varies in relation to the control of specific processes.

This review presents a brief description of the principles of adaptive control and discusses the
results of recent research in this area in relation to the control of robotic manipulators.

Adaptive control is able to adapt to a controlled system with parameters that are constantly
changing or initially unknown. If the control system relies on a posteriori data, for example, the
control system parameters change due to changes in the system parameters or due to interference
from the environment, then this control system is called adaptive. As for the non-adaptive control
system, the control system is modeled on the basis of a priori system data, in other words, the
system and the controller being developed are known, intended only for this system, and it is
assumed that the changing phenomenon does not exist inside the system. In other situations, when
it is not known how the operating state of the system will change, it is necessary to plan changes
in parameters within the control system. Thus, using the example of aircraft movement control, it
is clear that when designing the aircraft control system, its speed and altitude must be taken into
account, and it is expected that the aircraft will move at certain values of altitude and speed at
each point of the trajectory. In this situation, the controller of the control system can be designed
for each individual expected working point of the trajectory, and different controllers can be
replaced by each other, this is called gain planning. In other scenarios, when the system
parameters change, but the degree of parameter change is also known, in this situation it is
possible to develop a fixed controller that is able to handle various parameter changes and provide
reliable control.

Cheng et al. [9, 10], Na et al. [11], C. Yang et al. [12] independently developed adaptive
control algorithms for robotic manipulators, generically described as follows: the desired path
determines the ideal response of the controlled system; a numerical model describes the dynamics
of the robot and its interaction with the environment; a well-designed controller is used to generate
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appropriate control signals to actuate the drives to create the required torques. Thus, the robotic
manipulator can follow the desired trajectory.

According to Zhang and Wei (2017), adaptive control can be divided into three types: MRAC
(Model Reference Adaptive Control), self-tuning control and gain control [13]. As for MRAC,
input data is entered into the real and reference systems, and an error is generated between the
real output and the output of the reference model. The error is then used to change the controller
parameters to minimize the error. The scheme of the reference model of adaptive control is shown
in Figure 1.
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Figure 1. Reference model of an adaptive control system [13]

Wang (2017) investigated the problem of adaptive control of the robotic manipulators with
both the kinematic and dynamic uncertainties [14] and proposed two adaptive control schemes
with controllers to implement the task of tracking the trajectory in the task space regardless of the
kinematic and dynamic uncertainties. It was assumed that the certain sensors in the task space (for
example, a camera) are used to provide information about the position/velocity in the task space
in the case when the kinematic parameters are unknown. The designs of adaptive controllers for
the robotic manipulator and the purpose of the control were to force the robot's final effector to
asymptotically track the desired trajectory in the task space. The adaptive controller had the
separation property and used the law of adaptation of the joint reference speed and kinematic
parameter. The performance of the proposed controllers was shown by numerical modeling. It
was shown that the proposed controllers also had the desired separation property, that the first
adaptive controller (with appropriate modifications) could provide improved performance
without the cost of conservative gain selection, and also that to obtain potentially good tracking
performance in the task space, adaptive Jacobian feedback seems preferable than the commonly
used adaptive transposed Jacobian feedback.

The advantage of the adaptive control schemes proposed by Wang [14] is that the separation
of kinematic and dynamic contours is more suitable for use in industrial robots. The reason for
this is that the kinematic control law (represented by the joint speed reference) in combination
with the kinematic parameter adaptation law ensures that tracking errors converge in task space
as long as the combined servo loop (typically built into most industrial robots) can ensure that the
joint speed approaches the reference joint velocity fairly quickly, in the sense that the joint
velocity tracking error is integrable over the square of its magnitude and limited.

Perumal and Natarajan (2017) also used the kinematic and dynamic loop separation property
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to control a three-link rigid robotic manipulator using the hardware-in-the-loop (HIL) modeling
method [15]. The solution was presented by implementing two different adaptive control schemes
in order to track the trajectory of the end effector of the robotic manipulator in the task space.
Both proposed regulators were developed taking into account the joint reference speeds and the
additional separation property. Based on this, the controllers were called adaptive reference
velocity (RV) controllers and reference velocity separation (RVS) controllers, respectively. Two
developed adaptive control schemes, RV and RVS, were implemented using the C2000 real-time
controller, and HIL modeling was performed using MATLAB 2012b and Code Composer Studio
5. The above adaptive control was implemented to actuate a three-link planar rigid robotic
manipulator that captures an unknown object. The adaptive control described above was
implemented to actuate a three-link flat rigid robotic manipulator that captures an unknown
object. From the simulation results [15] it followed that the adaptive RV controller provided
better tracking accuracy by about 0.0015 m at t = 6 s and more adequate use of joint torques. The
accuracy of tracking in the loop by the adaptive RVS controller after t = 6¢ was similar; therefore,
the dynamics of the closed loop approached linear dynamics with critical attenuation. From the
experimental results implemented by HIL, it followed that the developed adaptive RV controller
has better trajectory tracking accuracy with minimal torque, and the adaptive RVS controller
responds better to joint tracking errors and converges faster [15].

Control of high-precision robotic manipulators capable of moving at high speeds places high
demands on the robot controller. Positioning of such robots is a nonlinear task, since the
mathematical model of the manipulator includes coordinate transformation matrices having sine
and cosine terms. Linear manipulator control assumes that each joint is independent and takes
into account the moments of inertia "visible" by the drive controllers of each joint as constants.
This approximation leads to a number of undesirable effects. Let's take a closer look at the
proposed approaches to adaptive control of robotic manipulators, allowing us to avoid such
disadvantages.

Ali et al. (2021) developed an adaptive robust control algorithm using a sliding control mode
(SMC) and Lugre friction model to control the movement of the robotic manipulator along the
required trajectory, and Lyapunov approach was proposed for the stability of the system [16]. The
negative aspect of the proposed approach with friction compensation is that the temperature effect
on the parameters and operation of the robot joints is not taken into account, and also that large
values of control coefficients have to be introduced to solve vibration problems. In practice, the
robot's joints heat up due to friction after the manipulator has been working for some time, and
the robot can also be operated at low or high temperatures, so temperature effects must be taken
into account.

Chen et al. (2016) noted that adaptive control for tracking the trajectory of robotic systems
with uncertain kinematics and dynamics is usually based on the assumption that uncertainties can
be expressed in the form of linear parametrization [17]. In this sense, the above methods are
basically model-based control. Although theoretically they can provide satisfactory control
characteristics, the requirements for an accurate mathematical model limit their application [17].
Moreover, in most conventional adaptive control schemes, it is assumed that joint acceleration
signals are available for controller design [13]. However, the measurement of joint accelerations
is practically impractical, since it is usually sensitive to external interference and noise. To ease
the requirements for knowledge of the robot model, neural networks (NNs) can be used as an
effective tool for approximating nonlinear uncertainties.

Yang et al. (2018) proposed adaptive neural control based on a neural network with a radial
basis function (RBFNN) for robotic manipulators to achieve guaranteed monitoring and
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estimation of tracking [18]. Since the measurement of joint accelerations is sensitive to external
noise, the authors [18] avoided the direct use of acceleration signals by reformulating the robotic
model. This consisted in the fact that first two auxiliary variables were developed for the
reconstruction of the robotic model, then a low-pass filter was applied to the reformulated model
in such a way that when developing adaptive control laws, it was possible to avoid taking into
account the joint acceleration. RBFNN has been used to approximate concentrated unknown
nonlinear dynamics in order to weaken the system knowledge requirement. In order to preserve
the convergence of control and estimation, the adaptive parameter estimation proposed earlier
(2015) by Na et al. [11], was additionally adapted and included in the adaptive design of neural
control. Thus, both the tracking error and the weight estimation error NN were used in the new
adaptive control law, and thus the convergence of the tracking error and the weight estimation
error could be guaranteed simultaneously. To demonstrate the effectiveness of the proposed
methods, the authors [ 18] presented numerical simulation based on the robot SCARA 2-DOF.

When designing controllers for robotic systems, methods such as the disturbance observer
method, the adaptive neural network control, the fuzzy logic control, the feedback linearization
approach and the slide model control method do not take into account external factors such as
input dead zone, saturation and backlash. These non-linearities exist in robotic actuators, and it is
quite difficult to obtain their exact models. Ignoring these non-linearities in order to simplify the
control design can lead to a decrease in productivity and control efficiency. Therefore, recently
researchers have been using neural networks with new structures based on Wavelet neural
networks (WNN) [13, 19-21] or solving nonlinear problems with an input dead zone [22]. The
ability of WNN to learn when identifying systems is higher than that of conventional neural
networks, since the wavelet functions are localized in space. The WN learning algorithm has a
shorter convergence time than that of a conventional neural network, and the control of a
controller developed on the basis of WNN is more efficient [13, 19-21].

Tomczyk et al. (2019) successfully applied WNN to approximate unknown functions and
unknown feedback in transformed systems [21].

Sun et al. (2020) proposed an adaptive WNN control method for the robotic manipulator with
an input dead zone [22]. The new adaptive WNN controller was designed to achieve the output
trajectory using the backstepping method. WNNs were used to approximate the virtual control
laws generated in the backstep control procedure and the unknown nonlinear function of the
System.

Ahmed et al. (2019) presented Hoo-adaptive tracking control of an uncertain robotic
manipulator with unknown external disturbances and input time-varying delays [23]. Proposed
by Ahmed et al. the control scheme (Figure 2) is used to ensure that the position of the hinges
provides accurate tracking of the desired trajectory for the robotic manipulator with n-degrees of
freedom.

As can be seen in Fig.2, where r is bounded reference input vector, x is state vector, x; is
known matrix, e is tracking error (x- x,), w is unknown bounded input acting on the manipulator,
7 are control input torques applied to the manipulator, K is a constant gain matrix, d(z) - continuous
and time-varying function satisfying 0 < d <7 (n is known positive scalar), 6,8 are joint
position and velocity, M is the estimate of inertia matrix M, H(6,6) is the matrix of centripetal
forces and coriolis forces, G(6) is the matrix of gravitational forces, such the Hoo adaptive
controller can be proposed to develop a reliable time-delay controller with non-smooth
nonlinearities such as saturation and dead zone.

It should also be noted that parametric uncertainties caused by environmental influences and
safety problems associated with the physical interaction of a human and a robot are inevitable in
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robotic systems. To perform the specified tasks in real applications, undefined robotic
manipulators must work taking into account both safety and performance requirements. Control
strategies that partially focus on performance without security guarantees often lead to a lack of
practicality and vice versa [13, 24]. These challenges motivate researchers to develop an effective
strategy for robotic manipulators control in such a way that safety, performance and uncertainty
can be considered together.

r X, e
Manipulator > —
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Figure 2. Scheme of the Howo-adaptive tracking control model [23]

For example, Song et al. (2021) developed an adaptive control strategy, schematically
presented in Figure 3 [24], where 8 is the estimated parameter vector, y is the output state, yq is
the desired trajectory, yris the filtered version of y, u is the system output, uris the filtered version
of u, e is the trajectory error.
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Figure 3. Scheme of adaptive control of a partially indeterminate robotic arm. [24]
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The proposed scheme of adaptive control of a partially indeterminate robotic arm (Fig. 3) can
simultaneously solve the following issues:

1) security issues in terms of output constraints;

2) guaranteed performance against tracking errors;

3) parametric uncertainties of a partially unknown robotic manipulator.

This adaptive control strategy for tracking an undefined n-link robotic manipulator with
guaranteed safety and performance is based on ABLF (asymmetric barrier Lyapunov function),
TF-CL (torque filtering-concurrent learning) and backstepping methods [24]. The TCL-based
parameter estimation update law ensures that without the inclusion of external noise to satisfy the
PE (persistence of excitement) condition, the estimated parameters quickly converge to the
desired values. Information about the acceleration of joints is excluded using the torque filtering
method. Based on the computational model, the proposed control strategy can force an indefinite
n-link robotic manipulator to effectively track the desired trajectory, while meeting safety and
performance requirements. It was proved that the output data of the system always remains in a
given safety set, the tracking error is bounded by the performance set, and the parameter
estimation error eventually converges asymptotically to 0 [24]. This method has practicality
compared to conventional methods, which must include external noise to satisfy the excitation
retention condition for parameter convergence.

It should be noted that Kazakhstani scientists are also successfully work in this promising
direction, in particular Shadrin et al. (2019-2020) developed the method of Correction Dynamics
and Perturbations Compensation (CDPC) and successfully applied it to adaptive control of an
industrial robotic manipulator with 6 degrees of freedom performing microplasma spraying
operations of functional coatings on the surface complex shape [6, 25]. Based on the consideration
of the features of the manipulation robot, the task of control its movement in one direction was
considered as control of a second-order linear object. Application of the CDPC method made it
possible to obtain the control algorithm such a general object in an analytical form by means of
algebraic operations on matrices, as well as to obtain an algorithm for controlling the angle of
rotation of a link of the robotic manipulator. The initial data for the calculation of the control
system were the mathematical model of the control object and the free parameters of the reference
filters, which was convenient for practical applications. The algorithm provided zero static error
and testing of external influences with the accuracy of standard filters. Application of
Vyshnegradsky form facilitated the parametric identification of the object and the setting of the
free coefficients of the reference filter, which are convenient in relation to the description of the
robot's movement. The analysis of the robot motion control system in the simulator program
allowed to conclude that the system provides the specified quality indicators and has the
properties of parametric and structural robustness.

Results and Discussion. Thus, the results of the analysis of modern research methods of the
robotic manipulator control show that although linear control has been successfully used for
decades, but it may not be able to service modern and advanced technologies using robotic
manipulators with several degrees of freedom, for which adaptive control is a necessity. However,
there is a number of challenges associated with the use of adaptive control of such robots and the
decision to choose linear or adaptive control for a particular application can be difficult. The fact
is that linear control is well tested and proven for industrial applications. Many excellent analysis
tools are available for linear systems, such as Nyquist stability criteria, Laplace transform, Z-
transform and Fourier transform, etc., whereas adaptive control of a nonlinear system may require
complex mathematical analysis using methods such as, for example, Lyapunov stability criterion,
Popov criterion, singular perturbation methods. Mathematical modeling can also be cumbersome
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for nonlinear systems. A nonlinear system can be subject to chaotic disturbances and bifurcations.
Most schemes of nonlinear systems can provide only local stability, while full stability can not be
guaranteed [26]. Despite the fact that the saturation of the actuator usually occurs with linear
control, it can be more problematic and even catastrophic in the case of nonlinear control, since
the control signal here is very powerful and aggressive. Consequently, it is easily leads to system
hang. In order to have deal with the problems of drive saturation, an emergency compensator can
be included in the reference model of adaptive control of a robotic arm, but the emergency
compensators usually worsen the operation of the control circuit [26].

For the above reasons, there are difficulties in the industrial implementation of adaptive control
of robotic manipulators. The industry still relies mainly on simple traditional linear circuits.
Additional work is needed to reduce the complexity of advanced adaptive control strategies and
make them more attractive for industrial implementation. Considerable efforts are needed to
develop reliable and fairly easy-to-implement adaptive control algorithms in order to convince
manufacturing engineer (control specialists) to apply modern methods of adaptive control for the
needs of industry.

Conclusion. The review of modern literature has shown the growing needs of industries using
robotic manipulators in the application of adaptive approaches to their control. This review briefly
describes the main modern approaches and methods of implementing adaptive control of multi-
link manipulators, as well as the article shows the main advantages and challenges associated with
the application and industrial implementation of modern advanced methods of adaptive control
of robotic manipulators. This review encourages closer cooperation between researchers in
various fields, including the use and control of robotic manipulators, and can also contribute to
further developments for implementation in production.
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