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Abstract



This paper aims at increasing the control effect. In this paper, a fuzzy PID control algorithm is used to control the hybrid magnetic bearings(HMBS) with complex and multivariate characteristics. And the particle swarm optimization (PSO) algorithm is combined to optimize the scale factors(,,) of the fuzzy controller to solve the problem of fixed parameters of the fuzzy controller, which leads to the limitation of control accuracy. The simulation of the HMB in Simulink, comparing PID and fuzzy PID control, shows that after the optimization of the PSO algorithm, the system response is quick and the overshoot is minimal, and better control results are achieved in the process of rotor displacement control of the HMB support.
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1    INTRODUCTION
A magnetic bearing is a high-performance bearing that uses electromagnetic force to support the rotor without contact. it has the distinct advantages of zero friction and wear, zero lubricants, high speed, long life, and minimal noise when compared to conventional mechanical bearings. Currently, it is widely used in the sectors of aerospace, medicine, and flywheel energy storage [1,2,3,4]. Depending on how the magnetic force is generated, there are three different types of magnetic bearing: active magnetic bearings [5] (AMB), passive magnetic bearings [6] (PMB), and hybrid magnetic bearings [7] (HMB). The rotor-HMB system is suspended at high speed and stability thanks to the combined effects of the bias magnetic field produced by permanent magnets and the control magnetic field produced by the electromagnetic coil in the HMB, which combines the features of both AMB and PMB. It can efficiently minimize the system's power consumption and the magnetic bearing's volume, which has emerged as a key area for future research and development in the industry.

[bookmark: MTBlankEqn]The HMB system's controller is a central component, and the system's dynamic performance is directly impacted by the controller's design. Therefore, numerous researchers have explored the HMB's control technique. Zhang Dan et al. from Yangzhou University used Fuzzy PID control to study the HMB, showing that Fuzzy PID has the advantages of fast response and strong anti-interference ability [8]. Tian Chenxin from the Zhejiang University of Technology used the structured singular value synthesis method to study the control of HMB [9]. Long Yawen of Nanjing University of Aeronautics and Astronautics conducted research on hybrid sensitivity robust control of HMB according to the method of selecting weighting function for the amplitude of the rotor at the natural frequency [10]. Li Rongna from the Shenyang University of Technology designed an improved variable universe Fuzzy PID control algorithm for the HMB system based on the traditional variable universe Fuzzy PID control method [11]. Scholar Abdullah J.H.AI Gizi designed a new controller combining PSO and fuzzy logic control to determine the optimal PID parameters of generators in AVR systems [12]. Scholars Tapan Santra et al. applied the sliding control to the HMB and performed vibration characterization research [13].
HMB has been subjected to Fuzzy PID control, with comparatively positive control results. The controller parameters, however, cannot be altered dynamically in response to changes in input error while the system is in operation because fuzzy control relies too heavily on expert experience [14]. The HMB is a complex system with changeable external excitation that requires adjusting the fuzzy control's output to the circumstances at hand. As a result, the control impact is constrained by the fixed parameter variables. 
Particle Swarm Optimization (PSO) [15] was proposed by Dr. Eberhart and Dr. Kennedy in 1995, based on the study of bird predation behavior.  The basic idea of ​​the PSO algorithm is to seek the optimal solution by cooperating and sharing information among individuals in the group. It has the advantages of fast convergence speed, suitable for multi-parameter adjustment, and simple structure. It optimizes the proportional factor of the Fuzzy PID controller and can effectively solve the shortcomings of the fuzzy controller that relies too much on expert experience and the controller parameters are fixed, thereby improving the control accuracy of the system.



In this paper, the mathematical modeling of the HMB is firstly carried out, and then the Fuzzy PID is used to control the HMB, and the scale factors of the Fuzzy PID controller(,,) are optimized by the PSO algorithm, the comparison of Simulink simulation results demonstrates that the optimized control effect has better dynamic response performance than PID control and Fuzzy PID control.
2    HMB MODELING
The HMB control system is composed of the stator, rotor, displacement sensor, controller, power amplifier, and so on. When the rotor is deflected by external interference force, the displacement sensor detects the displacement signal at this time and feeds the displacement signal to the controller in real-time. The controller calculates the displacement signal according to the corresponding control algorithm to obtain the control signal.  The signal is converted into a control current by the power amplifier so that the coil is driven by the control current to generate an electromagnetic force to bring the rotor back to the equilibrium position[16].
The magnetic circuit diagram of the HMB is shown in Fig. 1.
[image: ]
Fig 1 HMB magnetic circuit diagram

When the rotor is deviated by interference in the positive direction of the Y-axis, there must be an electromagnetic force  along the negative direction of the Y-axis to counteract the external interference force so that the rotor can return to the equilibrium position [17].

		(1)








Where, is the combined electromagnetic force in the direction of , is the air permeability,  is the magnetic pole area, is the bias magnetic flux generated by the permanent magnet in the direction of , and is the control magnetic flux in the direction of .

The linearization of the suspension force  using Taylor's formula gives the linearization equation for the electromagnetic force near the equilibrium position where the rotor is operating.

		 (2)

		(3)

	 	(4)







Where is the current stiffness factor and is the displacement stiffness factor. Where is the magnetization thickness of the permanent magnet, is the coercive force of the permanent magnet, is the relative permeability of the permanent magnet, is the cross-sectional area of ​​the permanent magnet, and is the rated air gap.

To facilitate the study, the equations of motion are modeled on a single-degree-of-freedom HMB, assuming a displacement of the rotor motion of, Obtained by the laws of Newton：

		(5)
Substitute the formula (2)：

[bookmark: _Hlk106909223]		(6)
Applying Laplace transformation of the above equation gives the transfer function of the HMB is expressed as:

		(7)
3    DESIGN OF TUZZY CONTROL SYSTEM
Fuzzy control was first proposed by Professor L.A.Zadel of the University of California as an intelligent control based on fuzzy set theory, fuzzy linguistic variables, and fuzzy logic reasoning [18]. A fuzzy controller generally consists of three parts: a fuzzification part, a rule base, and a defuzzification part.  The control block diagram of Fuzzy PID is shown in Fig 2.
[image: ]
Fig 2  Fuzzy PID control block diagram
The Fuzzy PID control system is designed as follows:   
(1) 







Identify the input and output of the system: The displacement deviation  and the deviation change rate  of the HMB are adjusted by the quantization factor as the input quantities of the fuzzy controller, and the output quantities of the fuzzy controller are converted into the actual output quantities ,, through the scale factor ，，.
(2) 




Fuzzy description of input and output quantities:7 fuzzy subsets are defined for the input and output quantities , representing negative large, negative medium, negative small, zero, and positive small respectively. , the corresponding fuzzy universe is , , and the corresponding fuzzy universe is .
(3) 


Establishment of fuzzy rules and determination of the membership function: Based on expert experience, a table of suitable fuzzy rules is established by considering the different roles played by  ,, in the control process at different moments, building a suitable fuzzy rule table.  Determine the membership function.
(4) Perform fuzzy inference: the fuzzy controller derives the output fuzzy control quantity according to the corresponding fuzzy rules based on the input fuzzy quantity.
(5) Defuzzification of the output quantity: The result deduced according to the fuzzy rules is still a fuzzy quantity, so it needs to be transformed according to the defuzzification method to obtain a specific output value.  



After the specific output control quantities are obtained, the parameters  ,,  of the Fuzzy PID control system are adjusted as follows:

		(8)







Where , , are the initial values ​​set by the PID controller.  is the output quantities of the fuzzy controller,  ，， are the scale factors.
4    PSO TO OPTIMIZE FUZZY PID CONTROLLER
From formula (8), it is clear that the scale factor value of the Fuzzy PID controller directly affects the size of the PID parameters. As a result, the size of the scale factor has a direct impact on the stability and precision of the system's control. The issue brought on by the constant fuzzy controller parameters can be effectively remedied by optimizing the scale factor parameters of the PSO algorithm, which will increase the system's control accuracy.
4.1   PRINCIPLE OF PSO ALGORITHM OPTIMIZATION








Determine a particle swarm in a dimensional space, note the position of the ith particle is represented by, the velocity of the ith particle is represented by , the individual extremum is, and the global extremum of the population is. the local optimal position of the ith particle is calculated by the fitness function as , the global optimal position is. And the updated formula of position and velocity in the particle search process are:

            (9)

                           (10)






Where  represents the number of iterations; ,  represents a random number between [0, 1], ,  represents the learning factor, and represents the inertia weight.
4.2   FITNESS FUNCTION
The Integral Performance Index (ITAE) is an index with good practicability and selectivity. It can comprehensively evaluate the dynamic and static performance of the control system and is widely used in engineering. This paper uses the ITAE index as the fitness function.
The PSO fitness function is: 

                         (11)



where  is the time,  is the system input error, represents the particle's current fitness value.
4.3    PSO OPTIMIZES FUZZY PID CONTROLLER PARAMETERS
The PSO algorithm optimization process is shown in Fig 3.



This paper investigates the effect of the PSO algorithm to optimize the scale factors ，， on the system response, The schematic diagram of the PSO optimization scale factor process is shown in Fig 4, The specific optimization process steps are as follows [13]:
(1) Determine the range of the scale factor according to the response of the Fuzzy PID control, determine the parameters of the PSO algorithm according to experience, and initialize the speed and position of the particle within the parameter range.
(2) Using the fitness function of Equation 11, import the initial value of each particle into the Simulink model for simulation, and obtain.
(3) For each particle, if the individual fitness value is better than the individual extreme value, replace the individual extreme value, if the particle’s fitness value is better than the global extreme value, replace the global extreme value.
(4) Using the velocity and displacement iteration formulas (9) and (10), update the particle velocity and position information.
(5) Determine whether the termination conditions are met, if so, end, and output the optimal solution, if not, continue the loop.
[image: ]
Fig 3 PSO optimizes the process flowchart
[image: ]
Fig 4 Schematic diagram of the PSO process
5      SIMULATION AND RESULTS 
5.1      ESTABLISH OF THE SIMULINK MODEL
The relevant parameters of known HMB are shown in Table 1.


	Table 1  HMB parameters

	parameters
	value
	parameters
	value

	Standard air gap
	0.5mm
	Magnetic pole area
	
261.8

	remanence
	1.23T
	Magnetization area
	
620.6

	Coercive force
	900000A/m
	Permanent magnet length
	3mm

	Number of turns
	50匝
	Rotor quality
	5kg


According to the above formulas (3) and (4), the current stiffness coefficient is 62.83N/A, and the displacement stiffness coefficient is 600000N/m. The displacement sensor and power amplifier can be approximately regarded as linear changes within a certain range.  The function is =20000 and the power amplifier transfer function is =1.  The simulation model of HMB is established by MATLAB/Simulink.
5.2      FUZZY PID SIMULATION



[bookmark: _Hlk106871157]Based on experience, the table of ，, fuzzy rules is developed as shown in Table 2. The membership function adopts the Triangular-shape grade of the membership function as shown in Fig 5, and the defuzzification method is the Centroid area center method.



Table 2 ,, Fuzzy Rule Table
	 (
 
) (
 
)
	NB
	NM
	NS
	ZE
	PS
	PM
	PB

	NB
	PB NB PB
	PB NB PB
	PM NM PM
	PM NM PM
	PM NM PM
	PB NB PB
	PB NB PB

	NM
	PB NB PB
	PB NB PM
	PM NM PS
	PM NM PS
	PM NM PS
	PB NB PM
	PB NB PB

	NS
	PM NM PM
	PS NM PS
	PS NS ZE
	ZE NS ZE
	PS NS ZE
	PM NM PS
	PM NM PM

	ZE
	PM NM PM
	PS NM PS
	PS NS ZE
	ZE NS ZE
	PS NS ZE
	PS NM PS
	PM NM PM

	PS
	PM NM PM
	PM NM PS
	PS NS ZE
	PS NS ZE
	PS NS ZE
	PM NM PS
	PM NM PM

	PM
	PB NB PB
	PB NB PM
	PM NM PS
	PM NM PS
	PM NM PM
	PM NB PM
	PB NB PB

	PB
	PB NB PB
	PB NB PB
	PM NM PM
	PM NM PM
	PM NB PM
	PB NB PB
	PB NB PB


[image: ]
Fig 5  Input and output variable membership function




Plots of the variation of the ，, parameters with  were obtained from the fuzzy rule in Table 2. As shown in Fig 6.
[image: ]



Fig 6 surface view plot of ，, against the inputs 
5.3     PARTICLE SWARM OPTIMISED FUZZT PID SIMULATION








Determine the particle swarm dimension , inertia weight，, =0.1，=-0.1， and the maximum number of iterations is 10.  After the optimization of the PSO algorithm, the change graph of the number of iterations is shown in Fig 7, and the change of the ，， parameter before and after optimization is shown in Table  3.
	Table 3 Scale Factor Parameter Table

	
	

	

	


	Fuzzy PID
	8
	312.5
	0.0067

	PSO optimized Fuzzy PID
	15
	250
	0.0026


In the PID controller, P=8, I=2500, D=0.02, respectively, the Fuzzy PID controller and the PSO optimized Fuzzy PID controller are used for simulation comparison, and the control results are shown in Fig 8.

[image: ]
Fig 7 Iterative number change graph  
[image: ]
Fig 8 Control effect comparison graph




The step signal given in the system is , in the feedback loop, the amplification ratio of the sensor is = 20000, so the equilibrium position of the system simulation is . The simulation results obtained are shown in Fig 8. The control effect response analysis is shown in Table 4.





	Table 4 Comparison table of response results

	
	Overshoot/%
	Peak time/s
	Settling time/s

	PID 
	33%
	0.006
	0.027

	Fuzzy PID
	9.3%
	0.006
	0.046

	PSO optimized Fuzzy PID
	5.7%
	0.003
	0.04


 6.      CONCLUSION
The results in Table 4 demonstrate that the PID control system takes little time to stabilize, but that its response time is slow and its overshoot is substantial. Although Fuzzy PID control can successfully increase system response time and decrease overshoot, its effectiveness is constrained because it depends too heavily on expert knowledge and has fixed controller parameters. Fig 8 shows the Fuzzy PID control after the PSO algorithm has optimized it. The response time of the optimized system has increased by 50%, and the overshoot has decreased by 38.7%.  In conclusion, the PSO algorithm optimizes the Fuzzy PID controller's proportional factor, the system reacts rapidly, the overshoot is minimal, and a better control effect is obtained in the rotor displacement control process supported by HMB. 
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