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Various control methods for controlling robotic manipulators have emerged as a promising direction in the field of robotic con-
trol over the past decade. Researchers are exploring a diverse range of classical and modern techniques to address the challenging
issue of time variant nonlinearities and uncertainties in manipulator dynamics. In this paper, we review and discuss several clas-
sical control methods for robotic manipulators such as model-free method,pure inverse dynamic method, andfuzzy logic-based
method, to apply on a 7-degrees-of-freedom anthropomorphic manipulator. We compare and contrast the performance of these
methods with oursuggested method of optimization through a series of simulation tests. An adjustable backstepping fuzzy controller
is suggested, which introduces new variables into the system, where a nonlinear fuzzy filter creates a dynamic nonlinear estimator
that is more robust to uncertainties, nonlinearities, and external disturbances than pure feedback linearization controllers, and
decreases trial and error which makes the tuning process easier.In the suggested control law Gaussian membership functions were
used instead of triangular ones.Our results demonstrate that the proposed error-based backstepping fuzzy controller can achieve
high accuracy and speed, even in the presence of significant disturbances. This makes it a promising candidate for use in robotic
applications where high performance is required, such as the tasks of grasping objects which is based on pattern recognition.
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Introduction

Although classical control methods for a seven DOF
manipulator position control vary from one robot model
to another, three main methods can be identified: linear
PID controllers, PID controllers with feed forward com-
pensation, and nonlinear decoupling and compensation
controllers. Linear PID controllers are adequate for most
robotic tasks, especially in the absence of robot know-
ledge. They are model-free and have parameters that can
be easily adjusted separately. However, linear PID con-
trollers are joint-independent, which can lead to poor
performance due to the complete elimination of manipu-
lator dynamics. PID controllers with feed forward com-
pensation can improve performance by accounting for
known disturbances and time variant nonlinearities.
However, these controllers still require a model of the
manipulator, and their performance is sensitive to the
accuracy of the model.

Nonlinear decoupling and compensation control-
lers offer the best performance, but they also require
the most detailed knowledge of the manipulator dy-
namics.These controllers decouple the manipulator's
joints and compensate for nonlinear interactions.As a
result, they can achieve high accuracy and speed, even
in the presence of significant disturbances. Several
nonlinear decoupling and compensation controllers
have been developed, some of which require a dynam-
ical model of the manipulator and others that use
adaptive control techniques to avoid the need for pre-
cise modeling. In this paper, we propose a nonlinear
decoupling and compensation controller that uses a

fuzzy logic back stepping controller to estimate uncer-
tainties in the manipulator dynamics. This makes the
controller partly model-free and allows it to work well
in partly uncertain systems. Our results demonstrate
that the proposed error-based back stepping fuzzy
controller can achieve high accuracy and speed, even
in the presence of significant disturbances. This
makes it a promising candidate for use in robotic ap-
plications where high performance is required.

Model-free controllers

Model-free control algorithms, such as proportional-
integral-derivative (PID), proportional-integral (PI), and
proportional-derivative (PD), have been studied and ap-
plied quite extensively [1-3] and are widely used for
robot manipulators due to their ease of implementation
and tuning. However, these controllers have limitations
in terms of steady-state error and transient perfor-
mance.PD control guarantees stability only when the PD
gains tend to infinity. However, with friction and gravity
forces present in robot manipulators, the tracking error
will not tend to zero.Model-based compensation is an
alternative approach to PD control. This approach in-
volves compensating for the effects of gravity and other
known disturbances. However, model-based compensa-
tion requires accurate knowledge of the robot's dynam-
ics, which can be difficult to obtain.Nonlinear PD con-
trollers can also achieve asymptotic stability. However,
these controllers are complex and have many different
parameters that need to be tuned. This can be challeng-
ing, and it is not always possible to find a set of parame-
ters that works well for all operating conditions.
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In contrast to model-based compensation and nonli-
near PD control, PID control is a linear controller with a
simple structure. This makes it relatively easy to design
and implement for controlling manipulators.To over-
come the limitations of PID control, researchers have
proposed a variety of feedforward compensation tech-
niques.

Feedforward compensation involves adding a sig-
nal to the output of the PID controller to compensate
for known disturbances. This signal is calculated
based on thedynamic model of the manipulator and
the measured disturbance.Feedforward compensation
can be used to improve the steady-state error and tran-
sient performance of PID controllers. However, it is
important to note that the feedforward model must be
accurate in order for the compensation to be effec-
tive.Model-free control strategies for serial manipula-
tors are based on the assumption that the joints of the
manipulators are independent and the system can be
decoupled into a group of single-axis control systems.
This enables the design of kinematic controllers,
which consist of a group of individual controllers,
each for an active joint of the manipulator.

The independent joint assumption eliminates the
need for a priori knowledge of robot manipulator dy-
namics in the kinematic controller design, simplifying
the controller design and reducing the computational
burden. This makes kinematic controllers suitable for
real-time control applications where powerful proces-
sors are not available.However, kinematic controllers
neglect joint coupling, which degrades control per-
formance as the operating speed increases. Kinematic
controllers used to control serial manipulators are on-
ly appropriate for relatively slow motion.

At high speeds, the dynamic coupling between the
various robot joints increases significantly, exceeding
the compensation capabilities of a standard robot con-
troller such as PID. Therefore, model-based control is
the preferred approach for serial manipulators that
must operate at high speeds. The PID for serial mani-
pulators can be expressed byEq. 1 and Eq. 2:

e(t) = qq(t) — qn(t), (1)

where e(t) is the error, q4(t) is the desired angle and
qm (t) is the measured angle,

u® = Ke® + [ et kG @

where K, K; and K are the controller gains.

Pure Inverse Dynamic Controller

Pure inverse dynamics control (PIDC) is a model-
based feedforward nonlinear controller that is widely
used in the control of robot manipulators. It is based
on the feedback linearization technique, which trans-
forms the nonlinear dynamics of the robot into a linear
system. PIDC then computes the required joint tor-
ques using a nonlinear feedback control law.

This controller works very well when all dynamic
and physical parameters of the robot are known.

However, in practice, most robot manipulators
have unknown or time-varying parameters. In these

cases, PIDC can be combined with other control tech-
niques, such as computed torque control (CTC), to
achieve robust and high-performance control. Re-
search on PIDC has been studied and grown signifi-
cantly and implemented in recent years [4] with a fo-
cus on developing new techniques to improve its ro-
bustness and performance in the presence of
parameter uncertainties and disturbances.The mathe-
matical representation of pure inverse dynamics con-
trol can be expressed by Eq. 3:

T =M(@)-U+B() [ﬂ -1 | +
k=2

+C([d*] + G(q), A3)

where M(q) is the mass matrix, B(@) is the matrix of
Coriolis coefficients, C(q) is the matrix of centrifugal
coefficients, G(q) is the vector of gravity terms and g,
q and ¢ are the angle, angular velocity and angular
acceleration respectively [5], U is typically chosen as
in Eq. 4:

U= q.d + Kp(qd - qm) + Kv(dd - {:Im)' (4)

and an integral term can also be added so that U will be
asin Eq. 5:

U= Gq+ Kp(‘ld = qm) + Ky(4g — ) +

where e = (q4 — ¢, )which makes the dynamic error
yield to Eq. 6:

g + Kye + Kyé + K f edt, (6)

where K, K,,and K;are the controller gains.

Fuzzy LogicControllers

Fuzzy logic controllers (FLCs) have emerged as a
promising paradigm for the design of nonlinear con-
trollers for nonlinear and uncertain systems[6, 7, 8].
Traditional control methods often require an accurate
mathematical model of the system to be controlled.
However, in many real-world applications, such as
industrial processes, robots, and vehicles, it is difficult
or impossible to obtain an accurate model.FLCs are
able to overcome this challenge by using fuzzy logic
to represent and reason with the uncertainty in the
system.

Fuzzy logic is a mathematical framework for deal-

ing with uncertainty and vagueness. It allows us to
represent imprecise and uncertain information using
fuzzy sets, which are characterized by membership
degrees rather than crisp values.FLCs have emerged
as a promising paradigm for the design of nonlinear
controllers for nonlinear and uncertain systems.
The foundation of fuzzy logic methodology lies in the
ability to represent and reason with imprecise and un-
certain information.FLCs typically consist of four
main components:

o Input fuzzifier: The input fuzzifier converts the
numerical input signals from the system into fuzzy lin-
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guistic variables. This is done using fuzzy membership
functions, which map numerical values to fuzzy mem-
bership degrees.

e Fuzzy rule base: The fuzzy rule base contains the
fuzzy rules that define the relationship between the input
and output fuzzy variables.

o Inference engine: The inference engine evaluates
the fuzzy rules and calculates the output fuzzy variable.

e Output defuzzifier: The output defuzzifier con-
verts the fuzzy output variable from the inference en-
gine into a numerical output signal that can be sent to
the system.

In order to address the challenge of pure inverse
dynamic control (PIDC) based on time-variant nonli-
near dynamic formulation, this research proposes an
approach that eliminates the nonlinear equivalent for-
mulation. This is done by replacing the dynamic non-
linear equivalent part with a performance/error-based
fuzzy logic controller.

Where throughout this paper a Mamdani-type
fuzzy inference system is considered,in addition to a
center-of-area inference mechanism with two inputs
being the error and the rate of change of the error and
one output being the torque given to the system,
where each of them consists of 7 sigmoid membership
functions and a total of 49 rules.The center of areain-
ference mechanism adopted in this research be can
expressed as in Eq. 7:

Yis u(T) T

Z?:l #(Ti) '
where 7; is the input to the fuzzy controller, 7f,,,, are
the defuzzified values, and u(t;) is the corresponding
membership function as in Eq. 8:

u(zy) = max[min(u(e), u(ce))]. ®)

where e is the error and ce is the change in error.

Fuzzy Logic-Based NED Formulation Controller

In the realm of nonlinear systems, which are per-
vasive in the real world, control can be challenging
due to the intricate dynamics and inherent uncertain-
ties.

One approach to controlling nonlinear systems is
the pure inverse dynamic control (PIDC), which en-
tails calculating the required control input to achieve a
desired system output based on the system's dynamic
model.

However, PIDC can be sensitive to uncertainties in
the system model. To address this challenge, a fuzzy
logic-based plus gravitycan be leveraged to estimate
the nonlinear equivalent dynamic formulation [9, 10,
11], as gravity can be used to estimate the nonlinear
equivalent dynamic (NED) formulation in uncertain
systems,given our understanding of the gravitational
force and its impact on the system.

Once the NED formulation has been estimated, a
fuzzy partly linear inverse dynamic controller
(FPLIDC) can be designed. The FPLIDC is a parallel
combination of an IDC controller and a fuzzy logic
plus gravity controller. The IDC controller is respon-

()

Tfuzzy =

sible for controlling the linear part of the system's
dynamics.

The fuzzy logic controller is responsible for com-
pensating the nonlinear part of the system's dynamics,
including the NED formulation.

This is done by the Mamdani's fuzzy inference sys-
tem considerations mentioned in Eq. 7 and Eq. 8. The
parallel fuzzy error-based inverse dynamic controller’s
output can be expressed by Eq. 9:

T = Truzzy T Tpartiylinear T G(q), )
where Tpariy linear 18 €xpressed in Eq. (10):
Ga + Kpe + K & +

10

Tpartlylinear = M(CI)

Adjustable Backstepping Fuzzy Controller

The proposed adjustable backstepping fuzzy control-
lerinspired by the work of [12—15] addresses the limita-
tions of pure feedback linearization controllers in the
presence of time variant uncertainties and external dis-
turbances.

The fuzzy logic-based NED formulation controller
approach provides a more robust solution, but calcu-
lating the controller gains is challenging.

The backstepping methodis a mathematical formu-
lation that introduces new variables into the system
that are used for feedback linearization to solve nonli-
nearities. In this research, a nonlinear fuzzy filter is
used to create a dynamic nonlinear backstepping esti-
mator, in the adaptive fuzzy estimator a feedback li-
nearization process is used to eliminate or reduce the
time variant uncertainties. This approach offers sever-
al advantages over existing methods.

First, the adjustable backstepping fuzzy control
approach is more robust to uncertainty and external
disturbances than pure feedback linearization control-
lers. Second, it significantly decreases the amount of
trial and error which makes enables experts to tune the
controller easily. Third, the proposed approach can be
applied to systems with known and unknown time
variant uncertainties.Where the formulation of the
proposed backstepping controller can be expressed as
in Eq. 11:

T=Ma+p, (11)

where M is the mass matrix and « is the proposed con-
trol law and it can be expressed as in Eq. 12:

a =K (K, — e + (K, + K,)é, (12)

where K; and K, are the controller gains, and S is the-
partly linear term, expressed as in Eq. 13:

B = Truzzy T G(. (13)
The suggested control law is applied on a 7-DOF

anthropomorphic manipulator, using Gaussian member-
ship functions instead of triangular ones.
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Results

Validation of the proposed method was conducted by
implementing all the methods mentioned in this paperon
a self-designed first generation 7 DOF anthropomorphic
manipulator,named Hepta-GSM (Hepta - Global Serial
Manipulator),with randomly selected trajectory points
for each joint and comparing theresults by the help of a
Matlab/Simulink simulation environment.

Two scenarios were considered: no disturbance and a
band-limited white noise disturbance with a predefined
60% of the input signal power. This type of noise is suit-
able for modeling external disturbances in continuous
and hybrid systems. The dynamics parameters of the
Hepta-GSM are shown on Table 1.This manipulator will
be used for grasping tasks based on object recognition
mentioned in [16].

Firat Lisk Thind Link

Second Link Feairth Lisk

Position: Bad

Timme: Sec Time: Sec

Table 1. Dynamic description of the Hepta-GSM
Tabruya 1. [unamudeckoe onucanue 'enta-GSM

. Center
Links Mass, kg of Mass, m

1 15.45 [0.17,0.17,0.41]
2 8.15 [0.14,0.53,0.44]
3 10.97 [0.21,0.9,0.42]
4 8.15 [0.3,1.3,0.58]
5 10.97 [0.34,1.57,0.43]
6 8.15 [0.68,1.44,0.18]
7 1.2 [0.98,1.34,0.13]

The results of comparison are shown in Fig. 1, Fig. 2,
and Fig. 3, and the mean squared error under disturbance
for all the joint angles of the manipulator was used as a
metric for comparison as shown on Table 2.
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Fig. 1. Independent PID control for each joint of the manipulator

Puc. 1. HezaBucumoe 11 /I-perynupoBanue i KaXKI0T0 MapHAPa MAaHAITYJISITOpa

We can observe that the controlling of each joint
independently yields instability in the joints where
none of the joints followed the required path and this
is due to the issue discussed earlier, which lies in the

complete elimination of the robot dynamics and just
considering the error in position for each joint and for
this reason it will not be further mentioned in our
comparison.
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Fig. 2. Comparison of PIDC, Fuzzy PID and our method of control in case of disturbances absence

Puc. 2. Cpasrenne PIDC, Fuzzy PID u Hamero Metona ynpaBieHHs IPH OTCYTCTBHU BO3MYILCHUAN

We can observe that in the case of no disturbance
the Fuzzy PID and our suggested method preform
very well with slightly different transient behavior
and almost similar to PIDCwhich is considered to be

First Link Thind Link

Pasitinn: Rad

Second Limk Fourth Link

>

the ideal controller in the case of no disturbances be-
cause complete knowledge of the manipulator dynam-
ics is known and hence perfectly modeled.

Fifh Link End Effector

Sixth Link

-

Fig. 3. Comparison of PIDC, Fuzzy PID and our method of control in case of disturbances existence

Puc. 3. CpaBrenue PIDC, Fuzzy PID u Hamero merona ynpasieHUs IIpU HAIUYUU BO3MYLICHUHN

We can observe especially at the end effector, where the
fluctuations are very clear, that the PIDC doesn’t have the
same consistency in performance under disturbances as it
can only deal with the disturbances caused by the dynamic
model but not so well with external disturbances.

On the other hand the fuzzy PID offers better per-
formance than the PIDC but still some fluctuations are
present. In our proposed method best performance is
obtained where it has the best rising time and minimum
overshoot and almost no oscillations are present.
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Table 2. Mean squared error underdisturbanceof joint angles

Tabauya 2. CpeaHeKkBapaTHyecKas OLINOKA YIJI0B IPH BO3MYLIIEHHH HAa CYCTaB

Method Error 0 q qs qs qe q;

PIDC MSE 0.3496 0.0365 0.2214 0.0873 0.6599 0.0622 0.1945
P 1(5) nFt‘rl(ley MSE 0.3015 0.0439 0.1962 0.0730 0.5737 0.0498 0.1694
Our Method MSE 0.2462 0.0466 0.1625 0.0574 0.4470 0.0432 0.1428

Conclusion and Discussion

The proposed controller was evaluated on a 7 DOF
anthropomorphic manipulator with a variety of uncer-
tainties, and the results showed that it outperformed
other control methods, such as pure inverse dynamic
control and fuzzy logic-based nonlinear equivalent
dynamic control. The proposed controller was able to
achieve accurate tracking performance, lowest error in
joints, and it reduces output oscillation even in the
presence of significant uncertainties.Our contribution
lies in that the suggested control law is applied for the
first time on a 7-DOF manipulator, a part from using
Gaussian membership functions instead of triangular
ones, as they are nonlinear by nature, and more suita-
ble to deal with nonlinearities present in the sys-
tem.This work provides a general guideline for future
research in selecting the appropriate control methods
for robotic manipulators.

Budaunorpaguyeckue ccblIKH

1. Cepebpsikos P. A. IlepcieKTHBBI pa3BUTHS BETPOIHEPre-
tiku // Tounas Hayka. 2021. Nel10. C. 2-13.

2 Cepebpsaxos P. A. Teopernyeckre OCHOBbI MaTeMaTHye-
CKOT'0 MOJICITMPOBAHUSI BUXPEBOH BETPOIHEPreTHYECKON ycCTa-
HoBku // Tounas Hayka. 2021. Ne 110. C. 23-30.

3 MHoroarperaTHasi BETpOIHEpPreTHYecKas yCTaHOBKa IS
paiioHOB ¢ HU3KHM BeTpoBbIM noteruuanoM / C. C. Jlopxues,
E. I'. bazaposa, B. B. Ilununkos, M. U. Po3enbmtom // Arpo-
TeXHHKa 1 dHeproodecnedenne. 2021. Ne 2 (31). C. 45-52.

4. Iluonkesuu B. A. MaTtemaruueckoe MOJEIMpPOBaHUE
BETPOTYPOMHBI  UII  BETPOIHEPIreTHYECKOH  yCTaHOBKH
C aCHHXPOHHBIM T'€HEPaTOpPOM METOJOM YaCTOTHBIX CKOPO-
cTHbIX Xxapaktepuctuk // Bectuux HUpI'TVY. 2016. Ne3. C.
83-88.

5. Emadifar R., Tohidi D., Eldoromi M. Controlling Variable
Speed Wind Turbines Which Have Doubly Fed Induction Gene-
rator by Using of Internal Model Control Method // International
Journal of Advanced Research in Electrical, Electronics and
Instrumentation Engineering. 2016. No. 5. Pp. 3464 — 3471.

6. Balamurugan N., Selvaperumal S. Intelligent controller
for speed control of three phase induction motor using indirect
vector control method in marine applications // Indian journal
of Geo Marine Sciences. 2018. no. 47. pp.1068—1074.

7. Vijayalaxmi B., Bheema K. Individual Pitch Control of Va-
riable Speed Wind Turbines Using Fuzzy Logic with DFIG //
International Journal of research in advanced engineering tech-
nologies. 2016. No. 5. Pp. 45-52.

8. Subbaian V., Sasidhar S. Maximum energy capture of
variable speed variable pitch wind turbine by using RBF neural
network and fuzzy logic control // International Research Jour-
nal of Engineering and Technology. 2015. No. 2. Pp. 493-500.

9. Haiying D., Lixia Y., Guohan Y., Hongwei L. Wind
Turbine Active Power Control Based on Multi-Model Adaptive
Control // International Journal of Control and Automation.
2015. No. 8. Pp. 273-284.

10. Heuaes 1.C., Illonuna J].E. OcoGEHHOCTH U IIPOOIEMBI
pasBuTHs BeTpOBOH sHepreTuku // Momonoit ydensid. 2019.
Ne 15 (253). C. 44-46.

11. I'opsaues C. B., Cmonaxosea A. A. Tlpobnembl u miep-
CIIEKTHBBI BETPOIHEPreTnieckrux cucteM B Poccuu // Mexay-
HapOIHBIIl HAay4YHO-HCCIIENOBATENbCKUM KypHaL. 2022. Ne 5
(119). C. 37-41.

12. Conomun E. B., Honeowees B. B., Buvicunves U. A.
IMporuBoobieneHennas cucrema Jjomactu BDOY Ha ocHoBe
YJIBTPa3ByKOBOTO HU3IydeHHs // MexXIyHapoIHBIH HayJIHBII
XKypHaJI «AnbTepHaTuBHas sHepreTuka U skonorus (ISJAEE)».
2015. Ne 5 (169). C. 19-23.

13. Qin Hongwu, Li Xinze, Chye En Un, Voronin V. V.
Research on the mechanism of wind turbine blades ice
coating and anti-icing methods // Bectauk TOI'Y. 2021. Ne 2
(61). C. 53-60.

14. Wei K, Yang Y, Zuo H, et al. A review on ice detec-
tion technology and ice elimination technology for wind
turbine. Wind Energy. 2020. No. 23(3). Pp. 433-457.

15. Bysinvcxkuii B. M. Metonsl noBbIneHus 3pdeKTHBHOCTH
yIOpaBlICHUs BETPOIJIECKTPUUYECKON YCTaHOBKOW Ha 0asze ydera
BUOPAIMOHHOM HArpy>KEHHOCTH MPHUBOJA MIPU Pa3HBIX YCIOBU-
SIX SKCIUTyaTalluy 3Heproarperara // VIHTenneKkTyalbHBIE CHC-
Tembl B mpomspoxacte. 2021. T. 19, Ne 3. C. 74-81. DOI:
10.22213/2410-9304-2021-3-74-81.

16. Kpusyoe B. C., Onetinuxos A. M., Axoenes A. . Kuura
2: Hewucuepnaemas sueprusi. Berposnepreruka : y4eOHUK.
XappkoB: HanuoHanbHbIM  a9pOKOCMHYECKUN YHUBEPCUTET
«XapbKOBCKUH aBUAIIMOHHBIH MHCTUTYT», CeBacromons : Ce-
BACTONOJIbCKMM HAIlMOHAJIBHBIA TEXHUYECKUH YHUBEPCHUTET,
2004. 519 c.

17. Byarvckuii B. M. Metonuka Uil yCTpaHEHHS 3aIa3ibl-
BaHMS BKIIIOYEHHS yCTPOHCTBA pa3BOPOTa JIOMIACTEH BETPOTYP-
ounsl // DHepreTuk. 2014. Ne 5. C. 33-35.

References

1. Floreano D., Husbands Ph., Nolfi S. Springer Handbook
of Robotic.Siciliano B., and Khatib O. Evolutionary Robotics,
Springer-Verlag, 2008.

2. Kurfess T.R. Robotics and Automation Handbook.1st
ed., Taylor & Francis, 2005.

3. Zhang S., Zhang Y., Zhang X., Dong G. Fuzzy PID con-
trol of a two-link flexible manipulator. Journal of Vibroengi-
neering, 2016, vol. 18, no. 1, pp. 250-266.

4. Piltan F., et al. PUMA-560 robot manipulator position
computed torque control methods using Matlab/Simulink and
their integration into graduate nonlinear control and Matlab
courses. International Journal of Robotics and Automation,
2012,vol. 3, no. 3, pp. 167-191.

5. Craig J.J. Introduction to Robotics Mechanics and Con-
trol. 3rd ed., Pearson. Prentice Hall, 2005.

6. Beata J. Fuzzy logic controller for robot manipulator
control system. Applications of Electromagnetics in Modern
Techniques and Medicine (PTZE), IEEE, 2018, pp. 77-80.
doi:10.1109/PTZE.2018.8503205.

7. Hamed B., Almobaied M. Fuzzy Logic Speed Controllers
Using FPGA Technique for Three-Phase Induction Motor




HNudopmaTuka, BLIMHCINTENbHASI TEXHUKA U YIIPaBJIeHHe 27

Drives. Dirasat journal: engineering sciences, 2010,vol. 37, no.
2, pp-194-205.

8. Lee C. C. Fuzzy logic in control systems: fuzzy logic
controller. 1. IEEE Transactions on Systems, Man, and Cy-
bernetics, 1990,vol. 20, no. 2, pp. 404-418. doi:10.1109/
21.52551.

9. Kazeminasab M., et al. Design Parallel Fuzzy Partly In-
verse Dynamic Method plus Gravity Control for Highly Nonli-
near Continuum Robot. International Journal of Intelligent
Systems and Applications, MECS Publisher, 2014,vol. 6, no. 1,
pp.112-123.doi: 10.5815/ijisa.2014.01.12.

10. De Silva C. W. dpplications of fuzzy logic in the con-
trol of robotic manipulators. Fuzzy Sets and Systems,
1995,vol. 70, no. 2(3), pp. 223-234. doi:10.1016/0165-
0114(94)00219-W.

11. Bezine H., Derbel N., Alimi A. Fuzzy control of robot
manipulators. Engineering Applications of Artificial Intelli-
gence. Elsevier, 2002,vol.15, mno. 5. pp. 401-416.
doi:10.1016/50952-1976(02)00075-1.

12. Piltan F., Rezaie H., Boroomand B., Jahed A. Design
Robust Backstepping on-line Tuning Feedback Linearization

Perynupyemblii HeueTKHIi KOHTPOJLIep 00PaTHOIO X012

Control Applied to IC Engine.International Journal of Ad-
vanced Science and Technology,2012,vol. 43, pp.127-142.

13. Li Y., and Xu Q. Adaptive Sliding Mode Control With
Perturbation Estimation and PID Sliding Surface for Motion
Tracking of a Piezo-Driven Micromanipulator. IEEE Transac-
tions on Control Systems Technology, 2010,vol. 18, no. 4, pp.
798-810. doi:10.1109/TCST.2009.2028878.

14. Hashimoto H., Harashima F. Variable Structure Strate-
gy in Motion Control. IFAC Proceedings Volumes, 1987,vol.
20, no. 5(3), pp. 57-62. doi:10.1016/S1474-6670(17)55352-5.

15. Khalilian A., Sahamijoo G., Avatefipour O., Piltan F.,
SafaeiNasrabad M. R. Design High Efficiency-Minimum Rule
Base PID Like Fuzzy Computed Torque Controller. Interna-
tional Journal of Information Technology and Computer
Science,2014, vol.6, no.7, pp.77-87.
doi:10.5815/1jitcs.2014.07.10.

16. Abdellatif E. M., Hamouda A. M., Al Akkad M. A. 4n
Overview of Object Recognition Methods for Robotic Grasping
Tasks.In proceedings of the All-Russian Scientific and Tech-
nical Conference “Information Technologies in Science, Indus-
try and education”, 2023,pp. 511-515.

JJIS1 AaHTPONOMOP(HOI0 MAHMILYJIATOPA ¢ 7-cTeNeHHOM cB06010i

E. M. A6oennamug, crynenr, IxxI'TY umenu M. T. Kanamuuxosa, MxeBck, Poccus
A. M. Xamyoa, crynent, UkI['TY umernn M. T. Kanamnukosa, Mxesck, Poccus
M. A. Anb Akkao, KaHIUIAT TEXHUYECKUX HayK, noieHT, Vk['TY umenn M. T. Kanamuukosa, Mxesck, Poccust

3a nocneonee decsimunemue pasiiuiHsle Memooul ynpaeienus po60mu3upoeaHHblMu MAHURYJIAMoOpamu cmaiu MHOZOO6€WCZIOWMM

Hanpaeneruem 8 oonacmu pobomusuposantozo ynpaeienus. HMccredosamenu usyuaiom wupoKull CneKmp KiacCUHeCKUX U COBPEMEeHHbIX
MemoO08 0I5l peueHus CLON#CHOU NPoOaeMbl 8aPUATNUBHBIX HETUHENIHOCEll 80 PeMeHl U HeonpedeneHHOCmell 8 OUHAMUKE MAHUNY -
mopa. B smoii cmamue Mbl paccmampuedaem u 00CyHcoaem HECKOIbKO KIACCUYECKUX MEMOO08 YNPasieHust poOOmusupO8aHHbIMU MAHU-
NYIAMOpamuy, maxkux KaxK Memoo pezyiuposanus 6e3 Ucnoib308anus MOOeIU, Memoo pesyauposaHus ¢ YUCmol 0OpamHou OUHAMUKOL,
MeMOO pe2yUpOaHUsl HEIUHEIHBIX IKEUBANICHMHBIX OUHAMUYECKUX POPMYTUPOBOK HA OCHOBE HEYEeNKOL I02UKU, KOMOPbLe MOJICHO NpuU-
MeHUms K aHmpOonoMOP@OHOMY MAHURYIAMOpPY ¢ 7 cmeneHamu c6oboobl. Mel cpasnusaem dghghekmusnocnms smux mMemooos ¢ npeono-
JICEHHBIM HAMU MEMOOOM ONMUMUAYUL C NOMOWBIO CepUL UMUMAYUOHHLIX mecmos. [Ipednazaemcs pecynupyemblii HewemKull KoH-
mpoiep ¢ 0OpamHoll C653b10, KOMOPbILL 6600UM HOBblE NepeMeHHble 8 CUCTEMY, 20e HeUHElHbL HeuemKULl UIbmp co3oaem OuHAMU-
YeCKyI0 HeUHENHYI0 OYeHKY, Komopas Oonee YCMouuuea K HeonpeOeneHHOCHAM, HETUHEHOCIAM U GHEWHUM BO3MYUWEHUAM, YeM
KOHMPOANEPbL ¢ TUHeApU3ayuell ¢ Yucmotl 0OPamHoll Cé:3b10, U YMEHbWAEm KOIUYecmeo npob u owuboK, 4mo ynpowaem npoyecc Ha-
Ccmpotiku. B npednosicenHom 3aKoHe ynpaenerus 6Mecmo mpeyeoibHbIX QYHKYUL NPUHAOTEHCHOCHIU UCRONb308ATUCH 2aYccosbl. Hawu
pe3ybmanvl OeMOHCIPUPYION, YO NPeOTONCEHHBIU HeuemKUuLl KOHMPOLep ¢ 0OPAMHbIM WA2OM, OCHOBAHHBIL HA OWUOKAX, MOXCEm
00Ccmu2ame 8bICOKOU MOYHOCIU U ObICIMPOOeUCmEUst 0adice NPU HATUYUY 3HAYUMETbHBIX HOMeX. IMo denaem e20 MHO2000euaouum
KaHOUuOamom OJisl UCNONb308AHUS 8 POOOMUSUPOBAHHBIX NPUTOJCEHUAX, 20e Mpedyemcs BbICOKAs NPOU3BOOUMETbHOCHb, MaKUe KaK 3a-
0ayu 3ax6ama 00bEKIMOB, OCHOBAHHbIE HA PACNOZHABAHUU 00PA308.

KnrodeBble ciioBa: HEUeTKOE JTOTHYECKOE YTIPaBICHUE, 7 CTeNeHeill cBOOObI, BpeMEHHbIE BapUAHTHBIE HEONPEAEIEHHOCTH,
HeJHMHEeWHOe JHHeapu3alnoOHHOe YIPaBICHHE C 00paTHOI CBsI3bI0, 0OpATHBIN 1Iar.
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