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Abstract Mechatronics systems are widely used in modern industries, and with the advancement of technology,
the complexity and functional requirements of the systems are increasing. In this study, a vibration suppression-
based adaptive controller (VS-MRAC) is proposed for enhancing the vibration control performance of mechatronic
systems. First, an adaptive decomposition method is used to reduce the noise of the vibration signal, and the
controller design is optimized by combining the principle of minimum information quantity. The effectiveness of the
proposed method in trajectory tracking and vibration suppression is verified through simulation analysis. In the
comparison experiments, the VS-MRAC controller is able to significantly reduce the platform amplitude after 7
seconds and reach the steady state within 25 seconds, which provides superior control performance compared to
the traditional PD controller. Specifically, the system vibration amplitude is significantly reduced with the proposed
controller, and it is more robust to the system model uncertainty. Simulation results show that the VS-MRAC
controller is able to reduce the burden on the controller while maintaining high accuracy, and improve the efficiency
and safety of the mechatronic system. The method has strong applicability and popularization value, especially in
the practical application of high-precision vibration control.

Index Terms Mechatronics system, vibration suppression, adaptive controller, minimum information, control
efficiency, simulation analysis

. Introduction

Mechatronics system refers to the combination of knowledge and technology from multiple fields such as
mechanical engineering, electronic engineering and computer science to achieve automatic control and optimization
of complex equipment [1]. It is an emerging technology produced in the context of economic development, scientific
and technological progress, and industrial upgrading, and is commonly used in various industrial fields in today's
society [2]-[4]. In modern industrial manufacturing, mechatronics systems have become an important method to
increase productivity and improve product quality [5], [6]. Derivatives of mechatronics technology include
microelectronics manufacturing equipment, vibration test equipment, CNC machine tools, and measuring
equipment and other important machining equipment for large and medium-sized manufacturing enterprises, all of
which play an important function in the field of mechanical manufacturing [7]-[10].

However, combined with the current situation, the traditional control methods in response to the complex and
changing industrial production environment, there are many shortcomings, the introduction of intelligent control
technology for the development of mechatronics system to inject new vitality [11]-[13]. The introduction of intelligent
control technology provides an effective solution for maintaining performance and stability in mechatronic systems
[14]. Using advanced technologies such as artificial intelligence, fuzzy control, and neural networks, adaptive control
of the system can be realized, which does not rely on precise mathematical models, but analyzes and learns from
the input and output data of the system, and automatically adjusts the control strategy to adapt to the uncertainty
and complexity of the system [15]-[18].

In this study, firstly, by analyzing the vibration characteristics of mechatronic system, the control demand of
vibration suppression is determined, and a method based on adaptive decomposition and control of vibration signal
is proposed. Then, an adaptive control algorithm (VS-MRAC) is designed, which can adjust the control parameters
in real time so as to cope with different system vibration modes. Through simulation verification, the method shows
better control performance in practical applications, including the adaptability to model uncertainty and the effective
suppression of system vibration. Finally, the practical application effect of the control strategy in mechatronics
systems is analyzed in combination with experimental and simulation results, and its robustness and high efficiency
under a variety of operating conditions are verified.
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Il. Mechatronics systems

Il. A.System logical structure

ll. A.1) The mechatronic unit (ME) and its logical structure

Mechatronic unit (ME) is the basic logical structure unit of the mechatronic system, which is the basic unit with
independent information processing capability to accomplish a specific physical function through automatic control.
It is by the controller C, actuator A and sensor S integrated organic whole. It should be emphasized that.

First, the sensor in the electromechanical unit is logically attached to the controller.

Second, the actuators in the mechatronic unit include drive components (e.g., motors), transmission components,
and actuators (but not necessarily all at the same time). For example, in the laser rapid prototyping system actuators
include stepper motors, servo motors, heating elements, laser tubes, transmission mechanism.

The logical structure of the electromechanical unit shown in Figure . ME is at the lowest level of the system will
be the physical process and the information process combined, can be the same structure to complete the operation
of different parameters, so that the system structure is greatly simplified; through the ME of the controller only to
change the software to meet the requirements of different coupling to realize the different physical functions.
According to the law of mechatronics itself, grasp the essence of mechatronics systems and electromechanical
units and their coupling and integration of the law, we have seized the core of mechatronics system design.

Controller

Sensor

Actuator

Figure 1: The logical structure of the electromechanical unit

Il. A.2) Logical structure of ME-based mechatronics systems

With the reduction of computer costs and operating speed improvement, more functional, control requirements of
the mechatronics system commonly used distributed distributed control system, that is, the system is divided into a
number of sub-systems, and lift the coupling between the subsystems, so that they are independent of each other
and set up more than one distribution of local controllers (local control computers). Each local controller through the
communication interface with the main controller, accept its control, and exchange data. The logical structure of the
mechatronics system based on the coupling and integration of electromechanical units is shown in Figure @ From
the figure, it is easy to know that the mechatronics system and ME in the logical structure of the existence of “self-
similarity”. The mechatronic system includes two functional modules: the main control module and the execution
module. The main control module consists of two subsystems: information processing and control, and sensing and
detection, while the execution module, i.e., the execution subsystem, consists of multiple actuators coupled with
multiple actuators (MEs), each of which consists of actuators, controllers, and sensors integrated into a single unit.
The most essential feature of mechatronic system is to realize controllable execution action. The execution function
of the mechatronic system is the main function, and the final execution function is realized through the coordination
of multiple actuator components in each distributed ME. The sensing and detection function and the information
processing and control function are two types of auxiliary functions, which are realized by the corresponding
subsystems. The information processing and control subsystem in the main control module is responsible for the
information interaction, information processing and command release in the mechatronics system. The main
controller of the system coordinates the distributed controllers (in the MEs) to control the MEs to realize the system
functions in an orderly manner. The sensing and detection subsystem in the main control module is logically
attached to the information processing and control subsystem, and the sensing and detection function of the system
is realized through the data fusion of the distributed sensors (in the MEs) [19].
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Figure 2: Distributed Logical Structure of Mechatronic System

Il. B.Principle of Maximum Control Efficiency

Since each time-domain parameter TP corresponds to a function FR, the interval of variation of the time-domain
parameter [a, b] should encompass the range L of the function, and the resolution ¢ of the time-domain parameter
should be less than the precision 7A7, of the function, i.e.:

L<la-b|,2AL>¢& (1)
Then there is:

I, zlogﬁﬁlog%zln, ()
This leads to a constraint on the design of time-domain parameters for the design of mechatronic systems: the
information content of the time-domain parameters 7,, must not be less than the functional information content of
the corresponding function 7, . This is a necessary condition for the time domain parameters to satisfy the function.
The constraints on the design of the time-domain parameters give a lower bound on the informativeness of the
time-domain parameters, while the upper bound on the informativeness of the time-domain parameters is limited
by the control conditions, the choice of controllers, and the price-costs on the one hand, and the control efficiency
on the other hand, which will be discussed below.
Let the total information content 7, of the system function FR be:

Iy ZZIR/ (3)

Definition: for a given design solution of a mechatronic system, the ratio 7, of the total information of the
functional FR to the total information of the time-domain parameters M 7 :

n:%xlOO% (5-24) (4)

Call n the efficiency of control of the time-domain parameters of the program. It denotes the function of the
system controlled by a certain time domain parameter.

When the function of the system is unchanged and j, is certain, reducing the number of time-domain
parameters or the amount of information in the time-domain parameters, the value of 7 increases, indicating that
the control efficiency of the selected time-domain parameter is high; whereas when the design of the time-domain
parameter is unchanged and M is certain, the function is strengthened by functional recombination and integration,
tapping into the system's potentials, and the value of 7, increases, 7» value increases, indicating that the control
efficiency of the design increases. Reducing the amount of control information required means that the burden on
the controller is reduced when the system is in motion; while increasing the amount of functional information means
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that the functionality of the system is increased. All these measures can be applied to the design and optimization
of mechatronic systems.

For a mechatronic system, the magnitude of the 7r value is an important measure of its design merit. This in turn
leads to the principle of maximum digging efficiency for mechatronics system scheme optimization: a good
mechatronics system scheme optimization should satisfy the principles of independence (functional independence)
and minimum information, and pursue the maximum control efficiency of the time-domain parameters under the
constraints of satisfying the information quantity of the time-domain parameters.

The principle of maximum control efficiency can guide how to effectively improve the control efficiency of
mechatronic systems, so as to reduce the burden of the controller and reduce the cost of the product by improving
the control efficiency under the condition of satisfying the constraints and ensuring that the functional requirements
of the system remain unchanged. However, the design of mechatronic systems often also requires the system to
have a sufficient level of controllability and automation (i.e., a certain mechatronics rate). Therefore, the pursuit of
high control efficiency, low cost is only one aspect of the system program preference, the history of the important is
the effect brought about by mechatronics. That is, we are still pursuing a good compromise between system
performance and cost of a limited, moderate work flexibility. Therefore, the principle of maximum control efficiency
should also be reasonably implemented in the design and program selection.

Since the comparison of functional information quantity 7, is limited to the same kind of function, the comparison
of the control efficiency of time-domain parameters is also limited to the system of the same kind of function,
especially to the same design scheme of the same system. This restriction does not prevent the application of the
principle of maximum control efficiency. Because the system design needs to choose between several schemes;
and the advantages and disadvantages of a certain design scheme can only be reflected in the comparison with
other schemes and other systems of the same kind, there is no absolute criterion that can cover all the functions of
the system [20].

lll. Adaptive controller design methods in mechatronic systems

lll. A. Adaptive decomposition method of system vibration signal

lll. A.1) Adding Vibration Signal Gaussian White Noise

First, the information input function of the mechatronics system is utilized to obtain the intrinsic modal vibration
signal adaptive function by inputting the vibration signal according to its frequency from low to high [21]. In the
original vibration signal, by adding Gaussian white noise x'(;=1,2,.--,»), then the intrinsic modal vibration signal
adaptive function is set to IMF, and the formula for calculating the intrinsic modal vibration signal adaptive function
IMF after adding the vibration signal Gaussian white noise is shown in Equation (5):

IMF = lZIMF;‘ (®)
Ny
In Equation (5), n refers to the signal-to-noise ratio of the added vibration signal Gaussian white noise: ; refers
to the number of added vibration signal Gaussian white noise, which is a real number: j refers to the magnitude
of the added vibration signal Gaussian white noise amplitude. Therefore, each independently added vibration signal
Gaussian white noise, can be obtained according to Equation (5), an independent inherent modal vibration signal
adaptive function.

lll. A.2) Adaptive noise reduction of vibration signals

On the basis of obtaining the adaptive function of the intrinsic modal vibration signal, adaptive noise reduction is
performed on the vibration signal according to the noise level and confidence interval of the intrinsic modal vibration
signal adaptive function. The intrinsic modal vibration signal adaptive function is projected onto the orthogonal
principal component with the largest variance in the mechatronic system, and the control and information processing
part is used for vibration signal control and information processing to minimize the correlation of the
multidimensional vibration signals, and then realize the vibration signal adaptive noise reduction. Let the projection
of the intrinsic modal vibration signal adaptive function IMF in the direction of the principal components be 3/,
then the principal components ordered by the size of the adaptive noise reduction rate are p = {pl1, p2,---, pm}, then
the formula for the calculation of p is shown in Eq. (6):

p =e(xx)' (6)

In Equation (6)), e refers to the diagonal matrix of the covariance matrix vibration signal adaptive noise reduction
eigenvalues; x refers to the eigenvalues as the contribution rate of the principal component; ; refers to the
cumulative noise reduction contribution rate of the principal component. After obtaining the size-ordered principal
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component function of the adaptive noise reduction rate, the vibration signal is adaptively noise reduced according
to the adaptive noise reduction rate. Let the adaptive noise reduction rate be ¢, then the formula of ¢ is shown
in Equation (7)):

p=-— (7)

In Equation (7)), m refers to the control vector of the mechatronic system for adaptive noise reduction of vibration
signals. In the actual adaptive noise reduction of vibration signals, the vector of the mechatronics system's control
of adaptive noise reduction of vibration signals can be determined after determining the threshold value of the main
component of the size ordering of the cumulative adaptive noise reduction rate.

lll. A. 3) Adaptive decomposition of vibration signals

After completing the vibration signal adaptive noise reduction, the vibration signal after adaptive decomposition is
obtained. Let the original vibration signal be IMFn, add three vibration signals Gaussian white noise respectively,
substitute into the mechatronics system, carry out EMD decomposition, and obtain the vibration signal after adaptive
decomposition. The overall process of adaptive decomposition of vibration signals is shown in Figure 3.

Original vibration signal IMFn

|
v v v

Gaussian Gaussian Gaussian
white Noise 1 white Noise 2 white Noise 3

I [ I
v

Mechatronics system
v
EMD decomposition

[
v v v

IMFn1 IMFn2 IMFn3

Figure 3: shows the overall process of adaptively decomposing vibration signals

As shown in Fig. EMD decomposition based on mechatronic system is the most critical step in the adaptive
decomposition method of mechatronic system vibration signals. The mechatronic system information input, control
and information processing part, driving part, actuator and mechanical body must be utilized to carry out the adaptive
decomposition, so as to obtain high-precision sub vibration signals after the adaptive decomposition.

lll. B. System adaptive control methods
The core concept of adaptive control is to adjust the control parameters in real time according to the dynamic
performance of the system and changes in the external environment to ensure stable operation and excellent
performance of the system. Because the controller's system cognition and control strategies are different, adaptive
control is divided into: (1) model-based adaptive control. (2) Data-driven adaptive control based on two categories.
The key to model-based adaptive control algorithms lies in the construction of system mathematical models and
accurate parameter prediction. Among them, model reference adaptive control (MRAC) is a model-based adaptive
control strategy, the essence of which is to feedback and adjust the control parameters by comparing the gap
between the system model and the actual output, and to achieve online optimization of the parameters. Adaptive
PID control, on the other hand, adds an adaptive adjustment function on the basis of traditional PID control, which
can adjust the PID parameters in real time to adapt to the system changes. In addition, Adaptive Model Predictive
Control (AMPC) is a widely used model-based adaptive control technique that adaptively regulates the system with
the help of an online optimized prediction model.

Data-driven adaptive control based algorithms discard the complex system modeling process and obtain
information directly from a large amount of input and output data for accurate parameter adjustment. These
algorithms usually have good stability and flexibility, and are good at dealing with complex and nonlinear problem
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scenarios. Data-driven adaptive control algorithms cover diverse control methods such as fuzzy logic adjustment,
reinforcement strategy of machine learning, and optimization strategy of genetic algorithm. Among them, fuzzy
adaptive control utilizes fuzzy reasoning and a predefined rule base to achieve self-adaptation of control parameters,
which is particularly suitable for systems whose own properties are ambiguous. Reward-driven reinforcement
learning control is to optimize the control scheme through continuous trial and error correction, which is very suitable
for dealing with systems with unknown environments; Genetic algorithm optimization control is an optimization
method to explore the best control strategy with the help of genetic algorithms, which is especially suitable for
optimizing complex systems and high-dimensional problems. In this paper, the method is based on vibration
suppression adaptive (VS-MRAC) controller, which improves the theoretical guidance and technical support for
enhancing the performance of mechatronic systems.

Exploratory study on the theoretical design of vibration suppression adaptive controller for mechatronic systems

IV. Simulation results and analysis

IV. A. Parameterization

In the beginning of this section we will perform a simulation to verify the simulation of the designed VS-MRAC
controller. The simulation is carried out using Matlab software programming to solve the differential equations of the
established controller combined with dynamics using the Lunger-Kutta method. The simulation is divided into two
parts: linear trajectory and circular trajectory. The simulation is first compared with the existing controllers PD control
and PD-SMC control to verify the improvement of the VS-MRAC controller in trajectory tracking performance. Then
the effect of the change of the VS-MRAC controller gain on the tracking performance is verified. Finally, simulations
are performed under conditions with initial errors to verify the robustness of the VS-MRAC controller. The mass,
center of mass position, and moment of inertia around the center of mass of each rod can be calculated
automatically by the attribute function of solidworks, and the detailed values are shown in Table (1. The lengths (m)
of the rods (m) of the connecting rods 1~5 are 0.21, 0.14, 0.47, 0.47, 0.47 respectively.

Table 1: Physical parameters of the five-bar mechanism

Connecting rod Mass (kg) Rod length (m) Center of mass (m) Inertia (kg-m2)
1 0.112 0.21 0.045 0.42x10-3
2 0.063 0.14 0.013 0.53x10-4
3 0.224 0.47 0.142 2.57%x10-2
4 0.224 0.47 0.142 2.57%x10-2
5 0.47

The parameters of the motors we need to use in the simulation are shown in Table 2, and the types of the motors
are normal speed motors and servo motors.

Table 2: The parameters of the two motors

Motor type J(kgm2) Bm (Nms)
Constant speed motor 0.6 0.6
Servo motor 0.06 0.06

IV. B. Analysis of simulation results

The results of the first set of simulations are shown in Fig. 4. The simulation results of the x-direction platform
position, the y-direction platform position, the rotation angle of the eccentric ball with respect to the vertical position,
and the input torque acting on the rotating eccentric ball are shown from top to bottom, respectively; the black
dashed line indicates the desired value of the rotation angle of the eccentric ball, and the solid line with the red
curve indicates the simulation results of the 2 methods. As can be seen from the figure, both methods are able to
suppress the vibration of the system and make the eccentric ball finally reach the desired rotation angle, but the
amplitude of the two-direction platform of the control method proposed in this paper is obviously smaller than that
of the PD controller after 7 s, and the two-direction platform can basically reach the calming state in about 25 s,
whereas the two-direction platform under the action of PD controller still has the residual vibration in 30 s. Therefore,
the control method proposed in this paper has the ability to suppress vibration of the system and make the two-
direction platform reach the desired rotation angle. Therefore, the control method proposed in this paper has more
superior control performance.
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Figure 4: Simulation results of Group 2

In order to verify the control performance of the controller when the system model parameters are uncertain, the
spring elasticity coefficient in the x-direction is changed to kx=200N/m while the control gain is selected to keep the
same with the first set of simulations, and the simulation test is carried out on the system, and the results are shown
in Fig. 5. When the spring elasticity coefficient of the mechatronic system is changed, the method proposed in this
paper makes the platform have insignificant residual vibration in the x-direction, and the platform motion curve in
the y-direction and the driving torque acting on the rotating eccentric ball are basically the same as the above figure.
Under the action of the PD controller, the amplitude of the platform in the x-direction increases significantly
compared with the above figure, and it still cannot reach a stable state at 30s, which indicates that the control effect
of the PD controller will be greatly affected when the parameters of the system model are changed. From the figure
comparison, it can be seen that under the action of the controller, the system state variables can still converge to
the desired position quickly, which proves that the proposed controller can effectively solve the problem of inaccurate
system model caused by the change of the system parameters and vibration suppression, which ensures the
efficiency and safety of the mechatronics system.

From the above, it can be seen that the adaptive vibration suppression control method for mechatronics system
proposed in this paper has good control performance in terms of work efficiency and calming control.
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Figure 5: Simulation results of Group 2
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Fr
V. Conclusion

In this study, it is verified by simulation that the VS-MRAC controller significantly improves the vibration suppression
effect of the mechatronics system. In the simulation of linear trajectory and circular trajectory, the proposed method
not only improves the tracking accuracy of the system, but also effectively reduces the vibration. Specifically, the
simulation results show that the vibration amplitude of the system platform is significantly reduced after 7 seconds
and stabilized within 25 seconds with the VS-MRAC controller, while the traditional PD controller takes a longer time
to stabilize and the residual vibration is obvious. More importantly, the VS-MRAC controller is still able to converge
to the desired position quickly when the system model parameters are changed with uncertainties, proving its
superior robustness.

In addition, the proposed method can reduce the burden of the controller and improve the overall efficiency of the
system through adaptive noise reduction and information processing while improving the control accuracy.
Simulation data show that the VS-MRAC controller has superior performance in vibration suppression compared
with conventional controllers, and is able to maintain high control accuracy and system stability, especially in
complex and dynamic environments.

Therefore, the proposed adaptive control method not only improves the control performance of the mechatronic
system, but also has strong application prospects, especially in the field of vibration suppression with high precision
and high requirements, which has good popularization value and practical significance.
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