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Summary. In the last years, many researches have proposed concerning the motion control and 

position regulation for manipulators. Motion control has important applications in many areas, 

for example industrial robotics. In this paper control system based on digital controller for the 

position control of robotic arm manipulator are build. The proposed control system was simulated 

on a robot manipulator driven by permanent magnet dc motors. Simulation results show the 

effectiveness of the control approach. 

Keywords: Robot Manipulator, Servo System, Control System, Position Control, Block Diagram, 

Digital Controller. 

 

 

Introduction. Robot manipulators have been used for various motion control 

applications, and so on high-precision control of robots has been of interest to the 

https://doi.org/10.36074/grail-of-science.19.11.2021.048
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control community for a number of decades. The task of controlling a robot 

manipulator is usually formulated as follows: taking into account the desired 

trajectory, mathematical model of the manipulator and its interaction with the 

environment, find a control algorithm that generates torque commands to the 

actuators so that the robot manipulator can achieve the expected movement [1]. 

The desired trajectory can be set in the task space of the robot, and can also be 

converted into the desired trajectory in the joint space of the robot in reverse 

kinematics. The desired trajectory is usually of two types: a fixed position and the 

trajectory is constantly changing over time. The purpose of the free movement of the 

robot position control should force the robot arm to reach the desired trajectory 

from any starting position. When a fixed point position trajectory is desired, it is 

called a fixed point control task. When the desired trajectory is a continuous 

trajectory in time, this is called a trajectory tracking task. If there are restrictions 

between the robot and the environment, the torque of the joints is necessary pay 

for the dynamics. In this case, the position working body, and the forces acting on 

the environment must also be calculated [2]. 

Path planning is to determine a curve in the state space that connects the initial 

and final desired position of the end-effector, avoiding any obstacles. Trajectory 

generation consists in parameterizing the obtained curve in time during trajectory 

planning. The resulting parameterized trajectory, which is usually called the 

reference trajectory, is obtained mainly in terms of coordinates in the workspace. 

Then, following the so-called method of inverse kinematics, you can get a time-

parameterized trajectory for common coordinates. Control design is to solve the 

control problem mentioned in [3]. 

Among the technology areas which demand new and creative approaches are 

complex control problems in robotics and automation. As automation becomes 

more prevalent in industry and traditional slow robot manipulators are replaced by 

new systems which are smaller, faster, more flexible, and more intelligent, it is also 

evident that the traditional PID controller is no longer a satisfactory method of 

control in many situations. Optimum performance of industrial automation systems, 

especially if they include robots, will demand the use of such approaches as adaptive 

control methods, intelligent control, “soft computing” methods (involving neural 

networks, fuzzy logic and evolutionary algorithms). New control systems will also 

require the ability to handle uncertainty in models and parameters and to control 

lightweight, highly flexible structures [4-8]. 

Some advanced control methods for tracking manipulators are discussed in 

[9]. That is, implementation problems, such as the reduction of operational 

calculations and the impact of the dynamics of the executive mechanism, force 

researchers to rethink previous theoretical developments of robot controllers to 

solve these problems. Some current research issues are related to the integration 

of force controllers with modern motion controllers and the corresponding digital 

implementation. 

Control Pattern of Mechatronic Servo Systems. At the generation of 

mechatronic servo system, the control pattern, as the start point of servo system 

construction, is according to the following [10]. 

– The velocity offset for step-shape torque disturbance is below n [rpm] 

(generally below 1 [rpm]). 
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– The velocity control ratio is one to several thousands (minimum 1 [rpm] and 

maximum 3000-5000 [rpm]). 

– The capability of power amplifier is effectively adopted (regulation time is 

shortened from the rated current acceleration/deceleration adopted for limited 

value). 

The structure of a mechatronic servo system designed for satisfying these 

performances is illustrated in Fig. 1 for DC motor. As an aid to understanding the 

figure, generally, the position control is designed as ratio control and the velocity as 

well as current minor-loop in its inside is designed. Moreover, in the structure of 

power amplifier, PWM amplifier is always adopted. The carrier frequency of basic 

wave when using this PWM is from several to a few dozens [kHz] is used. 

 

Fig. 1. Block diagram of position control system of one-axis mechatronic servo 

system 

 

In an industrial mechatronic servo system, the servo system of each axis is 

always controlled independently. Actually, the interference or friction of each axis is 

different according to the structure of the mechanism part. Although it is possible to 

design an optimal servo controller corresponding to the various mechanism, the cost 

of designing a servo controller respectively for each mechanism became very high 

and hence the implementation in industry is very difficult. Therefore, for designing a 

servo system which can be adopted, this servo system is combined into each axis 

corresponding to the mechanism part. That is to say, in an industrial mechatronic 

servo system, the discussion on servo system is carried out for only one axis, 

because of the importance of the servo problem for each axis. If this one axis 

problem can be solved, the general industrial mechatronic servo system problem 

can be solved, when each axis of an industrial mechatronic servo system is simply 

combined and the characteristic in joint coordinate can be analyzed approximately 

by characteristic in working coordinate by using nonlinear coordinate transform 

between the working coordinate and the joint coordinate about articulated robot 

arm. 

In a usual, mechatronic servo system consists of multi-axis mechanism. When 

taking into account the performance of a mechanism machine, the analysis on multi-

axis servo system must be carried out. However, the structure for this actuator is 

basically independent for one axis. For the basic feature of a mechatronic servo 

system, the discussion based on the state of one axis structure is sufficient. 

Hence, there are two problems on discrete time interval when analyzing the 

one axis performance of mechatronic servo system. One is that the structure of 
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current mechatronic servo systems are almost all software servo systems and they 

must be thought of coming from the sampling control systems. Therefore, the data 

renewal time interval of control system is determined by sampling frequency. In 

general mechatronic servo system, there exist same delay time and 0th order hold 

with this time interval. Therefore, this time interval greatly affects the characteristic 

of closed-loop control system. 

Another is that, the upper controller seen from the servo system, i.e., the 

computer using for internal trajectory calculation of the controller, is performed in a 

time interval providing command given in the servo system. From the relation 

between this time interval and performance of the control system, the overall 

mechatronic servo system performance of a mechatronic machine can be 

determined. From this point of view, the value of these discrete time intervals are 

very important for analyzing the performance of a mechatronic servo system. 

Servo Controller of Mechatronic Servo System. In traditional control system, 

feedback is used to reject the disturbance effect that are acting on the controlled 

variables in order to bring the controlled variables back to their desired value. To do 

that, the variables are measured and compared to the desired values and the 

difference is fed into the controller. In these feedback systems, the designer adjusts 

the parameters of the controller so that a desired control performance is achieved. 

This is done by having a priori knowledge of the plant dynamics [1]. The block 

diagram of servo system of each axis in a mechatronic servo system is a 13th order 

or higher high-order system strictly illustrated in Fig. 1. From Fig. 1, the information 

of locus is not feedback in the servo controller. From this 13th order model, the 

features of modeling from the point of the servo controller of a mechatronic servo 

system is summarized as: 

− The power amplifier can be obtained linearly when a big carrier frequency 

is designed greatly; 

− The dead zone of the power amplifier can be neglected; 

− The resonance frequency of axis torque of each axis motor is about 5∼8 

times that of the natural frequency of the mechanism part and can be neglected 

when eliminating axis resonance by an axis resonance filter; 

− The cut-off frequency of the velocity detection filter and axis resonance filter 

can be neglected if it is higher than the natural frequency of the whole mechatronic 

servo system; 

− The current control part is designed by considering the balance of the 

electric features of motor; 

− The position detection is obtained by the logical calculation of two pulse 

signals of the encoder and judgement of direction and increase/decrease. The 

countering of the pulse without noise in the pulse counter is considered; 

− The delay in response can be neglected if the response velocity of velocity 

detection is higher than the response velocity of the mechanism; 

− The torque disturbance is compensated in the integral (I) action of PI 

controller of velocity loop. 

According to these characteristics, the original complex structure of industrial 

mechatronic servo systems can be simplified using a simple mathematical model in 

the contour control. 
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Mathematical Model Derivation of a Mechatronic Servo System. For combining 

the mechanism part of a mechatronic servo system and the mechanical part of the 

motor, a two mass model is adopted [10]. The two mass model is the model in which 

the inertial moment of the motor and the inertial moment of the load are connected 

by a spring. The motion equation in the motor side and the mechanism part side can 

be written as below, which including the inertial moment of motor JM, the rotation angle 

θM, the inertial moment JL of load in the mechanism part, the viscous friction coefficient 

DL, the whole spring constant KL with the gear for connecting the mechanism part and 

motor axis, gear ratio NG and torque TM generated in the motor side, 

 

 
J M

d
2
θM (t )

dt
2

=T M (t )− T L(t)
, (1) 

 

J L

d
2θ L(t)

dt
2

= N G T L(t)− DL

dθ L(t)

dt
, (2) 

 

T L(t )=
K L(θM

(t )− N GθL
(t ))

N G
2

. (3) 

 

where TL(t) in (3) is the reaction force added on the motor side from the mechanism part 

side. However, the friction of the motor itself is ignored because it is too small. 

 

When equations (1) and (2) are transformed by a Laplace transform, the 

transfer function of the two mass model is as 

 

 

θ M (s)=
T M (s)− T L(s)

J M s
2

, (4) 

 

θ L (s)=
N G

J L s
2
− DL s

T L(s)

, (5) 

 

T L(s)=
K L

N G

2
(θ M (s)− N Gθ L(s))

. (6) 

 

Concerning the servo controller side, from the features 3, 4, 5, 8 of an industrial 

mechatronic servo system, the influence of the axis resonance filter feature and 

velocity detection filter feature in Fig. 1 can be neglected due to their slightness. 

When making the current loop transfer function in the servo controller as one and 

the velocity controller is expressed as P control, the transfer function of the servo 

controller and the electric part of motor is changed as 

 

 
T M

(s)=K v
g(K p(U (s)− θM

(s))− sθM
(s)) . (7) 

 

where TM(s) in equation (7) denotes the torque generated from the motor. The first item of 

(7) is the transfer function of the servo controller. The second item expresses the influence 

of the reaction force TL(s). U(s) is the angle input to the motor. Kp is position loop gain.  

Kv
g is velocity amplifier gain. 
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This 4th order model of a mechatronic servo system can be effectively adopted 

in the development of servo parameter determination or control strategy. 

In the actual mechatronic servo system, for changing velocity controller as PI 

controller, it is as shown strictly in the block diagram of Fig. 1. To this controller, in 

the 4th order model of Fig. 2, velocity controller is expressed by an equivalent P 

control. The integral (I) action in velocity controller in the actual mechatronic servo 

system is performed for torque disturbance compensation. The time shift of output 

response is nominated by the gain of P control. On above way, the ratio gain Kv
s of PI 

control in the general motion of an actual system is not the velocity amplifier gain Kv
g 

in the model of Fig. 2, but is expressed by the ratio gain when PI Controller is 

equivalent to the P control. 

 

 
Fig. 2. Block diagram of 4th order model of mechatronic servo system 

 

The expression of a mechatronic servo system by a reduced order model 

corresponding to the movement velocity condition is desired from the simple 

controller design. The 1st order model for expressing the low speed operation of the 

mechatronic servo system (velocity below 1/20 rated speed) and the 2nd order 

model for expressing the middle speed operation (velocity below 1/5 rated speed). 

The significance of these reduced order models has been proved [10]. 

The middle speed 2nd order model expressing properly the industrial 

mechatronic servo system from 1/20 to 1/5 of rated speed can be derived. This 

middle speed 2nd order model is the 2nd order system (refer to Fig. 3). 

 

 
Fig. 3. Middle speed 2nd order model of mechatronic servo system 
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The servo controller of a mechatronic system consists of the reference input 

generator, the position control part, the velocity control part. By this controller, the 

motor is rotated and the mechanism part connected with the motor is moved. In 

recent years, the reference input generator, position control part and velocity control 

part are digitally implemented using a microprocessor and the current control part is 

analogically implemented. When the microprocessor is installed into the closed-loop 

of the control system, this system must be considered as the sampling control system. 

The model of a mechatronic servo system for analyzing the relationship between 

the reference input time interval and velocity fluctuation can be expressed by the 

continuous 2nd order system illustrated in Fig. 4, where r denotes objective trajectory. 

 

 
Fig. 4. 2nd order model of mechatronic servo system 

 

Conclusion. This paper has developed a model of mechatronic servo system 

with digital controller for electrically driven robot manipulators. The proposed method 

has shown a very good performance such that the value of tracking error are ultimately 

bounded to small values. The proposed control algorithm has guaranteed the stability 

analysis and simulation results have shown the effectiveness of the method. The 

control approach is robust with a very good tracking performance. 
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