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MANIPULATOR CONTROL SYSTEMS REVIEW

Abstract. This review focuses on manipulator control systems, which are systems that
control the movement of manipulators, a type of robot programmed to move in specific ways.
The control systems send commands to actuators (such as motors or pneumatic cylinders) based
on input from sensors (such as position or force sensors) to control the movement of the
manipulator's joints. Manipulator control systems have a wide range of applications in industries
such as robotics, industrial automation, and medical and surgical robotics.

The review covers the different types of manipulator control systems, including open-
loop, closed-loop, and hybrid control systems, and their applications. It also discusses control
strategies, including Proportional-Integral-Derivative (PID) control, Linear Quadratic Regulator
(LQR) control, and Model Predictive Control (MPC). The review also covers sensors and
actuators used in manipulator control systems and the challenges and future directions in the
field.

The review provides a comprehensive understanding of the current state of manipulator
control systems and highlights the recent developments and future directions in the field,
providing insights for future research and development.

Keywords. Control system, Manipulator, Robotics, Control strategies, Control Systems
Design.

Introduction.

A manipulator control system is a system that controls the movement of a manipulator,
which is a type of robot that can be programmed to move in a specific way. The control system
Is responsible for sending commands to the actuators (such as motors or pneumatic cylinders)
that move the manipulator's joints, based on input from sensors (such as position or force
sensors), as illustrated in fig. 1.
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Figure 1 — General structure of manipulator system

The importance of manipulator control systems in various industries cannot be
overstated. They have a wide range of applications in fields such as robotics, industrial
automation, and medical and surgical robotics. In the robotics industry, manipulator control
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systems are used to control the movement of robotic arms in manufacturing and assembly
operations. In industrial automation, they are used to control the movement of machines and
equipment in processes such as welding [1], painting [2], and material handling [3]. In the
medical field, manipulator control systems are used to control the movement of surgical robots
[4], which can perform precise and delicate procedures with minimal invasiveness. This review
will cover the different types of manipulator control systems, control strategies, sensors and
actuators, applications, challenges, and future directions. We will also discuss the recent
developments and future directions in manipulator control systems research, and the implications
for future research and development. This will provide a comprehensive understanding of the
current state of manipulator control systems and the direction in which the field is heading.

Materials and methods.

Types of Manipulator Control Systems.

Control strategies in manipulator control systems refer to the methods and techniques
used to control the movement and behavior of a manipulator robot. They play a crucial role in
determining the accuracy and efficiency of the manipulator's performance. There are three main
types of manipulator control systems: open-loop [5], closed-loop [6], and hybrid [7] control
systems. Open-loop systems do not use feedback from sensors to adjust control commands,
while closed-loop systems do. Hybrid systems use a combination of both.

Open-loop control systems (fig. 2), also known as non-feedback control systems, do not
use any feedback from sensors to adjust the control commands sent to the actuators. Instead, they
rely on pre-determined or pre-programmed control commands to move the manipulator. These
systems are simple and easy to implement but are not very robust to changes in the system's
dynamics or external disturbances. They are typically used in simple applications where the
system's dynamics are well-known and the environment is highly controlled.
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Figure 2 — Structure of open-loop controller of soft robotic manipulator [5]

Closed-loop control systems (fig. 3), also known as feedback control systems, use
feedback from sensors to adjust the control commands sent to the actuators. The control system
compares the actual position or other state of the system to the desired position or state and uses
the difference (error) to adjust the control commands. This allows the system to respond to
changes in the system's dynamics or external disturbances, making it more robust and accurate.
However, closed-loop control systems are more complex than open-loop systems and are used in
applications where the system's dynamics are not well-known or the environment is not highly
controlled.
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Figure 3 — Structure of closed-loop controller of continuum manipulator [6]

Hybrid control systems (fig. 4) combine elements of both open-loop and closed-loop
control systems. They use a combination of pre-determined or pre-programmed control
commands and feedback from sensors to control the manipulator. Hybrid control systems are
used in applications where the system's dynamics and the environment are not well-known and
where a combination of feedforward and feedback control is required.
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Figure 4 — Structure of hybrid open-loop / closed-loop controller of human-robot [7]

In summary, open-loop control systems are simple and easy to implement but not robust
to changes, closed-loop control systems are more robust and accurate but complex, and hybrid
control systems are a combination of both and are used in applications where the system's
dynamics and the environment are not well-known.

Control Strategies.

Common control strategies include Proportional-Integral-Derivative (PID) [8], Linear
Quadratic Regulator (LQR) [9], and Model Predictive Control (MPC) [10]. PID is the most
widely used and it uses the error between the desired position or state and the actual position or
state to adjust the control commands. LQR is a powerful strategy for complex systems with
multiple inputs and outputs, but it requires a good model of the system. MPC is a powerful
strategy for systems with constraints and disturbances, but it also requires a good model of the
system.

Proportional-Integral-Derivative (PID) control (fig. 5) is the most widely used control
strategy for manipulator control systems. It is a feedback control strategy that uses the error
between the desired position or state and the actual position or state to adjust the control
commands. The controller is composed of three components: the proportional, integral, and
derivative controllers. The proportional controller is responsible for reducing the error by a
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proportion of the error, the integral controller is responsible for eliminating the residual error,
and the derivative controller is responsible for reducing the rate of change of the error.
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Figure 5 — PID controller structure [11]

Linear Quadratic Regulator (LQR) control (fig. 6) is a feedback control strategy that uses
a mathematical optimization algorithm to determine the control commands that minimize a cost
function. The cost function is a mathematical representation of the system's performance and can
include factors such as the error, the rate of change of the error, and the control effort. LQR
control is a powerful control strategy that can handle complex systems with multiple inputs and
outputs, but it can be computationally intensive and requires a good model of the system.

” X = Ax + Bu y
Q 1 y = Cx + Du i
X
K k

Figure 6 — Architecture of LQR control system [9]

Model Predictive Control (MPC) (fig. 7) is a control strategy that uses a mathematical
model of the system to predict future behavior and determine the control commands that will
achieve the desired performance. The control system uses the predicted behavior to plan a
sequence of control commands that will optimize the system's performance over a finite horizon
of time. MPC is a powerful control strategy that can handle complex systems with constraints
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and disturbances, but it requires a good model of the system and can be computationally
intensive.
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Figure 7 — Simplified block diagram of a MPC-based control loop [10]

In summary, PID control is the most widely used control strategy, it uses the error
between the desired position or state and the actual position or state to adjust the control
commands. LQR control is a powerful control strategy that can handle complex systems with
multiple inputs and outputs, but it can be computationally intensive. MPC is a powerful control
strategy that can handle complex systems with constraints and disturbances, but it requires a
good model of the system and can be computationally intensive.

Sensors and Actuators.

Sensors are devices that measure various physical quantities such as position, velocity,
and force. They are used in manipulator control systems to provide feedback information to the
control system. Some common sensors used in manipulator control systems include position
sensors [12], velocity sensors [13], and force sensors [14].

Position sensors measure the position of the manipulator's joints or end-effector and can
be based on various technologies, such as encoders, potentiometers, or laser interferometers.

Velocity sensors measure the velocity of the manipulator's joints or end-effector and can
be based on technologies such as tachometers or optical encoders.

Force sensors measure the force exerted by the manipulator on the environment and can
be based on technologies such as load cells, strain gauges, or piezoelectric sensors.

Actuators are devices that convert control commands into mechanical motion. They are
used in manipulator control systems to control the motion of the manipulator. Some common
actuators used in manipulator control systems include electric motors, pneumatic cylinders, and
hydraulic cylinders.

Electric motors are widely used as actuators in manipulator control systems and can be
controlled using techniques such as pulse width modulation (PWM) or direct torque control
(DTC).

Pneumatic cylinders use compressed air to generate mechanical motion and are simple
and robust, but not as precise as electric motors.

Hydraulic cylinders use pressurized fluid to generate mechanical motion and are powerful
and precise, but also complex and expensive.
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In summary, sensors provide feedback information to the control system by measuring
physical quantities such as position, velocity and force, while actuators convert control
commands into mechanical motion to control the motion of the manipulator. Electric motors,
pneumatic cylinders, and hydraulic cylinders are common actuators used in manipulator control
systems.

Applications.

Industrial automation. Manipulator control systems are widely used in industrial
automation for tasks such as material handling, assembly, and welding. They are used in various
industries such as automotive, aerospace, and electronics manufacturing to improve productivity
and reduce human error.

Robotics. Manipulator control systems are also used in robotics for tasks such as
grasping, manipulation, and navigation. They are used in various fields such as service robots,
medical robots, and space robots to perform various tasks that are difficult or dangerous for
humans to perform.

Nuclear power plants. Manipulator control systems are used in nuclear power plants for
tasks such as fuel handling, maintenance, and decontamination. They are used to perform tasks
that are difficult or dangerous for humans to perform, and they also help to minimize the
exposure of workers to radiation.

Biomedical engineering. Manipulator control systems are used in biomedical engineering
for tasks such as surgical robots, rehabilitation robots, and prosthetics. They are used to perform
tasks that are difficult or dangerous for humans to perform, and they also help to improve the
quality of life for patients.

Military and defense. Manipulator control systems are used in military and defense for
tasks such as bomb disposal, mine clearance, and reconnaissance. They are used to perform tasks
that are difficult or dangerous for humans to perform, and they also help to minimize the risk to
human soldiers.

In summary, Manipulator control systems are widely used in various fields such as
industrial automation, robotics, nuclear power plants, biomedical engineering, military and
defense to perform various tasks that are difficult or dangerous for humans to perform, improve
productivity and reduce human error, and minimize the risk to human lives.

Results and Discussion.

One of the main challenges in manipulator control systems is achieving real-time control.
The control system needs to process sensor data, compute control commands, and actuate the
manipulator in a timely manner. This is especially challenging for high-speed or high-precision
tasks.

Singularity is a condition where the manipulator's degrees of freedom become linearly
dependent, and the inverse kinematics solution becomes ill-defined. Singularity avoidance is a
major challenge in manipulator control systems, and various strategies have been proposed to
address this issue.

Another challenge in manipulator control systems is achieving adaptive control. The
manipulator's dynamics can change due to variations in the environment, payload, or wear and
tear. Adaptive control strategies are needed to ensure stable and efficient operation under these
conditions.

As manipulator control systems are increasingly used in fields such as service robots,
medical robots, and prosthetics, the interaction between humans and robots becomes an
important aspect of the control system. Human-robot interaction (HRI) is an active research area,
and various strategies have been proposed to improve the safety, usability, and acceptability of
manipulator systems.
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In recent years, the use of Machine Learning and Artificial Intelligence techniques have
gained attention in the field of manipulator control systems. These techniques can help to
improve the performance, adaptability, and autonomy of the control systems.

Future research in the field of manipulator control systems is likely to focus on
addressing these challenges and incorporating advanced technologies such as Machine Learning,
Artificial Intelligence and Network communication to improve the performance, adaptability,
and autonomy of the control systems.

In summary, the main challenges in manipulator control systems are achieving real-time
control, singularity avoidance, adaptive control, human-robot interaction and incorporating
advanced technologies such as Machine Learning and Acrtificial Intelligence. Future research in
the field of manipulator control systems is likely to focus on addressing these challenges and
incorporating advanced technologies to improve the performance, adaptability, and autonomy of
the control systems.

Conclusion.

Manipulator control systems are critical components in various industries and fields, such
as industrial automation, robotics, nuclear power plants, biomedical engineering, and military
and defense. They are used to perform tasks that are difficult or dangerous for humans to
perform, improve productivity and reduce human error, and minimize the risk to human lives.

This review has discussed the different types of manipulator control systems, control
strategies, sensors and actuators, applications, and challenges and future directions. It has
highlighted the importance of real-time control, singularity avoidance, adaptive control, human-
robot interaction, and incorporating advanced technologies such as Machine Learning and
Artificial Intelligence in manipulator control systems.

In conclusion, manipulator control systems are a complex and rapidly evolving field, and
continued research and development is needed to address the challenges and incorporate
advanced technologies to improve the performance, adaptability, and autonomy of the control
systems.
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MAHUITYJATOPAbI BACKAPY )KYHWEJIEPIH IIOJTY

Anparna. byn mony Manunynstopiapasl Oackapy kyienepiHe, sFHE Oenriiai Oip
KO3FaJIbICTapFa OarmapiaMaliaHFaH poOOTTap CHAKTBHI MaHUMYJISTOPIAPIBIH — KO3FaJIBICHIH
OackapaTblH KyHenepre OarbITTanFaH. backapy xyienepi Koi OybIHIAPBIHBIH KO3FaJIbICHIH
Oackapy YIIIH ceHcopiiapaaH (TIO3WIUS HEMece KYII CEHCOpJapbl CHSKTHI) Kipic HETi3iHJe
KeTeKkTepre (MbIcajbl, KO3FAITKBIIITAD HEMECE IMHEBMATHKAIBIK LHWIMHIpPIEp) KOMaHAajIap
kKibepemi.  Manumynstopiapabpl  O0ackapy — oKyHenepi  poOOTOTEXHHMKA,  ©OHEPKICINTIK
aBTOMATTAHIBIPY, MEIUIMHAIBIK JKOHE XUPYPIHUSUIBIK POOOTOTEXHUKA CHSKTHI cajajapia KeH
ayKbIMJIbI KOJI1aHOaIapra ue.
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oy manumynsTopiapasl Oackapy >KYHWelepiHiH opTypii TYpJiepiH, COHBIH IHIiHJE
amblK IUKJIl, JKaOBIK UK JKOHE THOpHMITI Oackapy KyHelepiH, COHJal-aK oOJapablH
KonganOanapeiH  Kamtuasl. On  coHpaii-ak Oakpulay —CTpaTeTHsUIApbIH, COHBIH  iIIiHAE
POTIOPIMOHAIIBI-UHTETPATABIK-TYbIHABI (PID) Oackapy/ibl, CHI3BIKTHIK KBaIPATTHIK OaKbLIAY bl
(LQR) >xone momenpaik O0omkamael Oackapynsl (MPC) tankputaiiger. [llomy coHbpiMeH Karap
MaHHMITYJIATOPJIApAbl  Oackapy JKyHenepiHIe KOJJIaHBUIATBIH CEHCOpJIAp MEH IKETEeKTep/l,
COHJIali-aK OChI cajia/iarbl KUBbIHABIKTAp MEH OoJialiaK OarbITTapblH KAMTHIBI.

[Hony manumynsTopiaapabl 0ackapy >KYHWeJIepiHiH aFbIMJIaFbl JKal-KYHiHIH JKaH-KaKThl
KOpIHICIH Oepei koHe Oonamak 3epTTeyliep MEeH d3ipiaeMelnep YIIiH aknapar 0epe OTBIPHII, OChI
cajiaiaFbl COHFBI d3ipiieMeriep MeH OoJaIaK OarbITTapbIH KOpPCETE/Ii.

Tyiiinai  ce3nep. backapy kyiieci, MaHHIyJISTOp, pOOOTOTEXHHKA, OacKapy
CTpaTerusuiapbl, 6ackapy xyienepit xobdanay.
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OB30P CUCTEM YIIPABJIEHUA MAHUITYJIATOPOM

AHHoTanusi. B 3TOM 0030pe OCHOBHOE BHUMaHHUE YAENSAETCS CHUCTEMaM YIIpaBJICHUS
MaHUIYJATOpPAaMHU, TO €CTb CUCTEMaM, YMPAaBIAIOIUM JAB)KEHHEM MAaHUIYJIATOPOB, THUIIA
poOOTOB, 3amporpaMMHpPOBAaHHBIX Ha OIpeAeieHHble ABMKEHMs. CHCTeMbl YINpaBiICHUS
OTNPABJISAIOT KOMaHABl HCHOJHUTENBHBIM MEXaHU3MaM (TakuM KakK JIBUTATeNd WU
ITHEBMaTUYECKHE LIUJIMHIPBI) HA OCHOBE BXOJHBIX JAHHBIX OT JATYMKOB (TaKUX KaK JaTUMKHU
NOJIOKEHUS WM CUJIbl) JJIsl YIpaBlEHHs JBHXKEHHEM CYCTaBOB MaHUMyJsTopa. CHCTeMbl
YIOpaBIEHUS MaHUIYJISATOPaAaMH MMEIOT HIMPOKUN CHEKTp MPUMEHEHUs B TaKUX OTpacisix, Kak
pOOOTOTEXHMKA,  MPOMBIIUICHHAs  aBTOMATU3alus, MEAUWUUHCKas M XHUpyprudeckas
poOOTOTEXHUKA.

O030p 0XBaThIBACT pa3IMYHbIC TUIBI CUCTEM YNpPaBJIECHUS MaHUIYJIATOpPAaMH, BKIOYAs
Pa30MKHYTbIE, 3aMKHYThIE U THOPHIHbIE CUCTEMBI YIIPABJICHHUS, a TaKXKe UX MPHIoKeHusd. B Hem
TaKkXke O0OCYXKIAIOTCsl CTpaTerMu YINpaBJIEHUs, B TOM YHUCIE MPONOPIHOHAIBEHO-UHTETPaIbHO-
muddepennmansaoe ([MTN]]) ympaBnenue, ymnpaBiieHHE € MOMOIIBIO JTHHEHHO-KBAIPATUIHOTO
perynstopa (LQR) u ynpanenue c¢ mporrozupoBanuem mozeneit (MPC). O630p Ttakxke
OXBAaThIBaeT JAaTUYMKHU U MPUBOJBI, UCIOJIb3yEMblE B CUCTEMaX YIpPaBIE€HUS MaHUITYJISTOpaMH, a
TaKxe MpobseMbl ¥ Oy Iylie HalpaBJIeHus B 3TOM o0aacTu.

O0630p 1aeT BCECTOPOHHEE MPECTABICHNUE O TEKYIIEM COCTOSHUM CHUCTEM YINpPaBICHUS
MaHMITYJIATOPAaMH M OCBEIIAET IMOCIeIHUE pPa3paboTKU W OyJyllue HampaBlIeHHs B ITOH
obJyacTu, mpenocTaBisisa HHPOPMAIIUIO IJisl Oy IYIIHX UCCIEA0BaHUI U pa3padOToK.

KuaroueBble cioBa. Cucrema yrnpaBlieHHs, MaHUIIYJISATOP, POOOTOTEXHUKA, CTpATETUU
YIIpaBIEHUSA, IPOEKTUPOBAHUE CUCTEM YIIPABIICHHUS.
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