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This paper aims to improve control performance for a magnetorheological damper (MRD)-based semi-active seat suspension system. The vibration of the suspension is isolated by controlling the stiffness of the MRD using a proportion integration differentiation (PID) controller. A new intelligent method for optimizing the PID parameters is proposed in this work. This new method appropriately incorporates particle swarm optimization (PSO) into the PID-parameter searching processing of an improved fruit fly optimization algorithm (IFOA). Thus, the PSO-IFOA method possesses better optimization ability than IFOA and is able to find a globally optimal PID-parameter set. The performance of the PID controller optimized by the proposed PSO-IFOA for attenuating the vibration of the MRD suspension was evaluated using a numerical model and an experimental platform. The results of both simulation and experimental analysis demonstrate that the proposed PSO-IFOA is able to optimize the PID parameters for controlling the MRD semi-active seat suspension. The control performance of the PSO-IFOA-based PID is superior to that of individual PSO-, FOA-, or IFOA-based methods.
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INTRODUCTION

Engineers often work in a high vibration environment, which seriously affects their health (Maikala and Bhambhani, 2013). Seat suspension is widely used as a buffer unit to solve the hostile vibration problem. Compared to other existing seat suspension systems, semi-active seat suspension based on a magnetorheological damper (MRD) has the advantages of a simple structure, low power consumption, strong damping force-adjustment capability, and fast response speed. Moreover, the natural frequency and damping characteristics of the semi-active seat suspension can be adjusted according to the excitation frequency, which can improve damping performance. However, it is difficult to obtain the proper natural frequency and damping performance in the absence of an effective control strategy. For this reason, achieving high performance control for semi-active seat suspension systems has become an essential research topic in recent years.

Proportion integration differentiation (PID) controllers have been widely used in industrial contexts because of their advantageous characteristics of having a simple structure, strong robustness, high cost-benefit ratio, and high reliability (Kuntanapreeda, 2016; Zamani et al., 2017; Pan et al., 2018). PID controllers have found application in process control (Mukherjee and Ghoshal, 2007), flight control (Savran et al., 2006), motor driving control (Hernandez-Guzman and Carrillo-Serrano, 2011), and instrumentation (Feng et al., 2014). The most important factor that affects the performance of a PID controller is the determination of the PID parameters (Ang et al., 2005; Ramezanian et al., 2013). Because of the strong non-linearity and time delay that is in the nature of an engineered system such as a semi-active seat suspension system (Zhou et al., 2011; Lu et al., 2015), it is necessary to optimize the parameters of the PID controller. The fruit fly optimization algorithm (FOA) (Shi et al., 2015), which has been developed according to the foraging behavior of fruit flies, is able to address the problem of PID parameter optimization (Wang and Liu, 2014; Han et al., 2016; Wang et al., 2016). However, due to the fixed flight distance and blind search direction in individual fruit flies, the optimization performance of the FOA is not always satisfactory due to the fact that some individual fruit flies cannot escape from a local optimum (Pan et al., 2014). Particle swarm optimization (PSO), which is based on the feeding behavior of flocks, is another method for optimizing the PID parameters (Meissner et al., 2006). However, it is easy to fall into a local optimum, and a particle cannot jump out of its own cycle (Srivastava and Agarwal, 2010). The improved fruit fly optimization algorithm (IFOA) is an optimization of the FOA with increased global search capability for optimizing the PID parameters. However, its control accuracy is still not ideal (Liu et al., 2017). To solve this problem, this paper develops a new method based on particle swarm optimization and the improved fruit fly optimization algorithm (PSO-IFOA) to optimize the PID parameters for the vibration control of semi-active seat suspension and shows that it possesses better dynamic response characteristics and control accuracy compared with FOA, PSO, and IFOA. The control performance of the PID controller optimized by PSO-IFOA is evaluated using simulations and experimental tests.

The rest of this paper is organized as follows. In section Literature Review, a literature review is performed. In section Proposed Method, the basic theories of PID parameter optimization and FOA are presented, the PSO-IFOA is proposed. In section Vibration Control Performance, Simulation and experimental tests are carried out to evaluate the PSO-IFOA method. Conclusions and future work are summarized in section Conclusions and Future Work.



LITERATURE REVIEW

The most recent publications relevant to this paper have mainly been concerned with two research streams: PID parameter optimization and FOA. In this section, we try to summarize the relevant literature.


PID Parameter Optimization

The parameter adjustment of a traditional PID mainly relies on working experience. In Xu (2015), the leapfrog algorithm was used to improve the global search capability of the FOA and optimize the PID parameters, and the relevant experimental results indicated that the performance of the PID controller had been optimized significantly. Fuzzy logic, genetic algorithms, and neural networks were used to tune the PID parameters, and the results indicated that a controller with a combination of these algorithms was better than the conventional controller (Alkamachi and Erçelebi, 2017; Eduardo et al., 2018; Eltag et al., 2019). Vijayakumar and Manigandan (2016) proposed an ant colony optimization algorithm to optimize the genetic algorithm and PID parameters and found through experimental study that a non-linear PID-based on the enhanced genetic algorithm was more suitable for servo control and supervisory operation. Liu et al. (2018) proposed a parameter adjustment approach for PIDs based on iterative learning control. The relevant simulation and experimental results indicated that the proposed approach could intelligently adjust the PID parameters of an atomic force microscope. Bhambhani and Shah (2016) adjusted the parameters of a PID controller by a novel optimization approach called queue intelligence, and it proved to present a better response than the genetic algorithm. Mei and Luo (2017) proposed a parameter optimization approach for PID controllers based on improved coevolution and found that this approach had better convergence speed, adaptability, and precision and wider application prospects.



Fruit Fly Optimization Algorithm

In recent years, many researchers have started to focus on the FOA. In Yu et al. (2015), an IFOA was proposed to identify the parameters for an improved LuGre friction model used in the modeling for MRD. The IFOA was shown to be able to enhance the convergence rate of the algorithm and to avoid local optima. Yu et al. (2014, 2016) used an IFOA based on a self-adaptive step update strategy (SSFFOA) to characterize a magnetorheological elastomer (MRE) base isolator, and an enhanced PSO was used to identify the model parameters for the MRE base isolator. Meanwhile, the superiority and feasibility of the proposed algorithms were verified. Ahmet et al. (2017) proposed an improved version of FOA and showed through experiment that the improved version of FOA was more equal and fairer in terms of screening the solution space. Xu et al. (2016) proposed an IFOA and illustrated its effectiveness and superiority through a comprehensive comparison among five typical algorithms. Han et al. (2017) developed a novel FOA with trend search and coevolution and showed experimentally that the novel FOA had higher robustness. Lei et al. (2016) proposed a novel fruit fly optimization clustering algorithm to identify dynamic protein complexes by combining FOA and gene expression profiles. Zheng and Wang (2016) proposed a knowledge-guided FOA to deal with the dual resource-constrained flexible job-shop scheduling problem and experimentally verified the effectiveness of the proposed algorithm.



Discussion

Many PID parameter optimization approaches have been proposed in the above literature and have been applied in recent decades, but these also have some shortcomings. Firstly, PID controllers designed by different intelligent algorithms have diverse control effects on the same system. Secondly, conventional PID controllers have a worse control effect than PID controllers designed with an intelligent algorithm. Thirdly, due to the large non-linearily and hysteresis of semi-active seat suspension, it is necessary to design a control system with a faster response, more accurate control, and less overshoot to address these problems. Lastly, FOA has great advantages in terms of iteration rate and encoding efficiency but still has the potential to fall into a local optimum.

Therefore, a PSO-IFOA is proposed to adjust the parameters for the PID controller of an MRD-based semi-active seat suspension. The velocity formula of PSO is utilized to redefine the flight distance and direction of IFOA to reduce the possibility of blind search of individual fruit flies. The convergence precision of IFOA can be enhanced, and local optima can be avoided. Both a simulation model and an experimental system of the MRD-based semi-active seat suspension are established to evaluate the effectiveness and correctness of the proposed PSO-IFOA-PID method.




PROPOSED METHOD


Proposed PSO-IFOA Method

FOA is a global intelligent optimization algorithm that is established by simulating the foraging behavior of the fruit fly. The FOA can be implemented via the following steps (Liu et al., 2017).

Step 1: Determine the population amount (PA), the maximum iteration number (INmax), flying distance range (FR), group location range (LR), and initial location (X−axis, Y−axis) of the fruit fly population.

Step 2: Calculate the random flight direction and distance to search for the food of the individual fruit fly.
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Step 3: Calculate the distance between the individual fruit fly and the origin, and then calculate the flavor concentration parameter, which is the reciprocal of the distance.
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Step 4: Substitute Si into the fitness function, calculate the value of the flavor concentration function Smelli, and find the best flavor concentration in the fruit fly population. In this paper, the minimum value is taken as the best flavor concentration.
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Step 5: Obtain the best flavor value and the coordinates of (X−axis, Y−axis).
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Step 6: When the smell concentration reaches the preset precision value or the iteration number reaches the maximal INmax, the search stops. Otherwise, repeat Steps 2–5.

Because the flight distance of an individual fruit fly in FOA is within a fixed interval and the search direction is blind, the probability of individual fruit fly falls into a local optimum greatly increases. In order to enhance the capacity of global and local search, the FR should be optimized.

The position of particles in PSO is affected by the current speed, memory, and optimal location of the population. The search direction of an individual fruit fly could be guided by PSO. The velocity equation of PSO can be used to replace the random flight distance of FOA to improve the search capability; this is described as follows:

[image: image]

where w is the inertia weight and cx1, cx2, cy1, and cy2 are the learning factors; the random constants r1 and r2 are within [0, 1]; Vxi and Vyi are the flying speed of an individual fruit fly along the X and Y directions. The increase of the inertia weight can enhance the global search capability but decrease the local search capability and vice versa. Therefore, in order to achieve a good trade-off between global and local search capabilities, the inertia weight w should maintain a large value in the early stage of operation and a small value in the later stage of operation. In this paper, the normal distribution formula is used as the prototype, and the difference x between the individual's position and the global optimum position is used as an independent variable to update the inertia weight w, as follows:
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where k1 = 100, k2 = 16, k3 = 1, k4 = 0.2, k1, k2, and k3 are used to control the change rate of the inertial weight and the upper limit of the control parameters, and k4 is used to control the upper and lower limits of the inertia weight. In this method, when the gap between the individual and the global optimum positions is large, the calculated inertia weight is large, which increases the individual's global search capability. Meanwhile, when the gap between the individual and the global optimum positions is small, the calculated inertia weight is small, which can accelerate toward the optimal point. Figure 1 shows the change rule of inertia weight with iteration number in the calculation, which indicates that the inertia weight maintains a large value in the early stage of operation and a small value in the later stage of operation and that the parameter values of k1-k4 can meet our requirements in the calculation. The flowchart of the proposed PSO-IFOA is illustrated in Figure 2.


[image: Figure 1]
FIGURE 1. The change rule of inertia weight with iteration number.



[image: Figure 2]
FIGURE 2. Flowchart of PSO-IFOA.




Feasibility Verification of Search Capability of PSO-IFOA

In order to verify the search capability of the PSO-IFOA, four tests were conducted using four popular functions (i.e., Ackely, Rastrigin, Schewell, and Matyas) (Xu et al., 2016). The convergence trend and optimization precision of the tests were compared using FOA, PSO, IFOA, and PSO-IFOA. Table 1 shows the optimal solutions of the four test functions. The initialization conditions were the same for the four algorithms; that is, the population quantity was 30, and the iteration number was 100. Figure 3 shows the convergence curves of the test functions.


Table 1. The optimal solution of the four test functions.

[image: Table 1]


[image: Figure 3]
FIGURE 3. Convergence curves of the test functions.


As can be seen in Table 1, the smallest optimal solution of the four test functions is produced by the proposed PSO-IFOA method. Figure 3 shows that the proposed PSO-IFOA has a fast convergence speed and a higher convergence precision than the other three methods.



Feasibility Verification of PSO-IFOA for Optimizing PID Parameters

The feasibility of PSO-IFOA for optimizing PID parameters was investigated using a numerical model of a semi-active seat suspension system. Modeling of the semi-active seat suspension system mainly included two aspects, which were human body dynamics modeling and seat dynamics modeling. The research in this paper is mainly concerned with the vibration absorption performance of semi-active seat suspension, which is the vibration attenuation transmitted from a cab to a human body. In this situation, the human body can be considered to a mass block without considering its internal vibration characteristics. In the actual seat suspension, the cushion also possesses vibration damping performance due to its characteristics of stiffness and damping. Therefore, the vibration damping characteristics of the cushion should be considered in establishing the semi-active seat suspension model. A shear suspension structure was adopted in this research due to its good lubrication at the turning structure, and the friction resistance at the rotating structure was then ignored. In order to simplify the calculation process, a 2-DOF semi-active seat suspension model was established. The human body was simplified as a mass block with equivalent mass of m1, the cushion was simplified as a spring and a damper, with a massless elastic coefficient and a damping coefficient of k1 and c1, respectively. The suspension was regarded as a subsystem with equivalent mass of m2, equivalent stiffness of k2, and variable damping coefficient of c2. The kinematics equation was established according to the 2-DOF semi-active seat suspension model, as shown in Equation (12).

[image: image]

where u is the vibration excitation transmitted from the cab to the seat suspension, x2 is the displacement response of the top plate of the seat suspension, and x1 is the displacement response of the human body; ẋ1 and ẍ1 are the first and second derivatives of x1, ẋ2, and ẍ2 are the first and second derivatives of x2, and [image: image] is the first derivative of u. In this study, k1 = 19,496 N/m, k2 = 150,261 N/m, c1 = 2,165 Ns/m, c2 = 1,600 Ns/m, m1 = 18 kg, m2 = 70 kg.

The kinematic Equation (12) was transformed in Laplace transform, and the transfer function of human displacement response x1 and vibration excitation u could be obtained as follows:

[image: image]

The parameters of the PSO-IFOA, IFOA, PSO, and FOA were set as: PA = 50, INmax = 100, (X−axis, Y−axis)∈ (0, 5), FR = 0.5, ω1 = 0.999, ω2 = 0.001, ω3 = 2.0, and ω4 = 100.

In the simulation, a step command signal was input into the control system. The simulation time was 0.4 s. The convergence curves of the comprehensive performance index function J for the different control methods are shown in Figure 4A, and the step response curves of each controller are shown in Figure 4B. Table 2 provides the control performance evaluation indicators. It can be seen in Figure 4A that the convergence speed and precision of the PSO-IFOA controller are superior to those of the FOA, PSO, and IFOA controllers. This is because the proposed PSO-IFOA method possesses a stronger global search capability than the others. One can observe in Figure 4B and Table 2 that the PSO-IFOA-optimized PID controller produces the best overshoot and adjustment time of the four methods. The proposed PSO-IFOA PID controller outperforms the other three methods in terms of dynamic characteristics.


[image: Figure 4]
Figure 4. (A) Convergence curves of Best J and (B) step response curves of the controllers.



Table 2. Control performance evaluation indicators of the controllers.

[image: Table 2]




VIBRATION CONTROL PERFORMANCE


Simulation Results

In order to evaluate the effectiveness of the PSO-IFOA-optimized PID controller, an MRD-based semi-active seat suspension system was established using Matlab/Simulink. The MRD damping effect was considered in this model. The displacement and acceleration responses of the human body were measured under different excitations such as collision and harmonic and random vibrations that were imposed on the seat model. The vibration control performances of the FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID methods are shown in Figures 5–7. The root-mean-square (RMS), peak-to-peak (PTP), and vibration-dose-value (VDV) of the acceleration response were adopted as the criteria with which to evaluate the random vibration effect.


[image: Figure 5]
FIGURE 5. Acceleration and displacement responses under collision vibration.


The displacement and acceleration responses of the human body in the condition of collision vibration are shown in Figure 5. As can be seen in the figure, compared to the other three controllers, the peak values of human acceleration at the first four waves were smallest with the proposed PSO-IFOA method, the overshoot of the proposed method was, respectively, reduced by 16.29, 6.04, 2.35, and 0.43%, and the stabilizing time was, respectively, decreased by 35.6, 20.6%, 12.99, and 2.5% compared to the other methods.

The displacement and acceleration responses of the human body in the condition of harmonic vibration are shown in Figure 6. As can be seen in the figure, compared to the other three controllers, the proposed PSO-IFOA method has the smallest peak values of human acceleration at the first four waves, and its overshoot was, respectively, reduced by 71.2, 47.6, 28.7, and 3.7% compared to the other methods.


[image: Figure 6]
FIGURE 6. Acceleration and displacement responses under harmonic vibration.


Figure 7 depicts the displacement and acceleration responses of the human body in the condition of random vibration. As can be seen in the figures, compared to the other three controllers, the displacement and acceleration amplitudes are smallest with the proposed PSO-IFOA method. Thus, the damping effect of the MRD can be better controlled by the proposed method.


[image: Figure 7]
Figure 7. (A) Acceleration responses under random vibration, and (B) displacement responses under random vibration.


Table 3 compares the RMS, PTP, and VDV of the acceleration amplitude using different controllers. One can note that the proposed PSO-IFOA-PID controller decreased the RMS values by 60.26, 46.25, 33.06, and 9.17%, respectively, when compared with the other four methods; the PTP was, respectively, decreased by 43.74, 36.85, 28.95, and 13.06%, and the VDV was, respectively, reduced by 39.93, 29.87, 17.37, and 7.08%. As a result, the control performance of the proposed method is superior to those of the other methods in the simulations.


Table 3. Acceleration response characteristics under random vibration.

[image: Table 3]



Experiments
 
Introduction to MRD

The design principle of MRD is that the curing degree of magnetorheological fluid (MRF) is controlled in real time by changing the magnetic field intensity at the damping channel so as to achieve the purpose of controllable damping force. The structure of the MRD is shown in Figure 8. When uneven road excitation occurs, relative motion will appear in the vehicle body and seats, which results in variation in displacement on either side of the MRD. The MRD will then be stretched or compressed, and the MRF will be pushed from one working space to another. In this process, the friction between the MRF and the pore wall and the internal friction between liquid molecules cause the generation of damping force, which causes the vibration energy of the whole suspension system to be converted into thermal energy and consumed to achieve the aim of reducing vibration.


[image: Figure 8]
FIGURE 8. Structural diagram of MRD. One to twenty-two are the piston rod, end cover, pressing plate, nut-M5, washer, screw-M5, guide holder, seal ring, O-ring (41.2 × 3.55A), cylinder block, piston, coil, spring washer, nut-M12, O-ring (38.7 × 3.55G), floating piston, screw-M5, nut-M5, sealing washer, joint, working space 1, and working space 2, respectively.


In order to make the design of MRD more reasonable, the key sizes of the MRD are optimized by the genetic multi-objective optimization algorithm, which possesses better accuracy in achieving multi-objective optimization. The implementation of the optimization processes can be achieved through the following steps.

Step 1: Define the damping force equation and the adjustable multiple calculation model of the MRD, which is as follows:

[image: image]
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where Fη is the non-adjustable viscous damping force, Fτ is the adjusted coulomb damping force, η, τ, and v are the dynamic viscosity, shear yield stress, and flow velocity of MRF, respectively. L, Ap, D, and h indicate the effective length, effective area of the inner ring, inner diameter, and clearance thickness of the damped channel, respectively.

Step 2: Establish the mathematical model of the optimized objective function, which as follows:

[image: image]

where m and n are the weighting coefficients, and the sum of m and n is 1.

Step 3: Set the optimization variables and the corresponding value range. These are shown in Equations (17) and (18).

[image: image]
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where d is the diameter of a coil. In this study, the optimized parameters were set as L = 0.026 m, h = 0.001 m, D = 0.03 m, and d = 0.022 m and the turns of coil as N = 240. A photograph of the physical MRD developed is shown in Figure 9.


[image: Figure 9]
FIGURE 9. Photograph of the developed MRD.


The MRF for this experiment is MRF-250, purchased from Zhang Dongnan intelligent materials studio. It is comprised of soft magnetic carbonyl iron particles (average diameter: 8 μm, density: 7.86 g/cm3; Beijing DK Nano Technology Co., Ltd.), dimethyl silicone oil (viscosity: 100 cSt at 25°C, density: 0.965 g/cm3; Shin-Etsu, Japan), sodium dodecylbenzenesulfonate, oleic acid (purity 90%), graphite, and diatomite powder. The zero-field viscosity, saturation yield stress, and working temperature of MRF-250 are 242.5 mPa•s, 55.25 kPa, and −40 to 150°C, respectively.



Introduction of the Experimental System

Vibration experiments were performed on the semi-active seat suspension with MRD to evaluate the actual control performance of the proposed control method. The experimental system consists of a 6-DOF vibration table (model 6ZYD, rated load: 500 kg, frequency: 50 Hz, maximum displacement and acceleration: ±400 mm and 50 m/s2), a semi-active seat suspension with MRD, two acceleration sensors (model CT1005L, sensitivity: 50 mv/g, frequency range: 0.5–800 Hz, measuring range: 0–100 g, maximum impedance and linearity: 100 Ω and 1%), a constant current adapter (model CT5204, maximum frequency, output amplitude, accuracy, and noise: 0.31 KHz, 10 VP, 1.5%, and 1 mVrms), a data acquisition card (model PCI8735, measuring range: 0–10 V, accuracy: 0.0001, non-linearity: ±1 LSB, sampling rate: 500 KHz), a programmable current source (model DP811A, voltage range: 0–40 V, current range: 0–5 A, maximum response speed: 50 μs, resolution: 1/0.5 mV), and a digital signal processor (model TMS320F28335). The main performance parameters of the digital signal processor are shown in Table 4. An Figure S1 has been provided as a Supplementary Material to describe the experimental system.


Table 4. Main technical indicators of the TMS320F28335 development board.

[image: Table 4]

The 6-DOF vibration table consists of a foundation platform, a top platform, and six hydraulic cylinders, which can realize shock vibration, simple harmonic vibration, random vibration, and path spectrum reappearance. One acceleration sensor is used to measure the acceleration response of the human body, and another acceleration sensor is used to measure the excitation acceleration of the seat suspension. The constant current adapter is used to provide appropriate working voltage for the acceleration sensors, meanwhile, which can amplify the signal detected by the sensors and de-noise the measured signal. The data acquisition card is used to collect data and transmit the collected data to the controller and computer. The digital signal processor is the core of the whole control system and is employed as the controller for the semi-active seat suspension with MRD. Semi-active seat suspension with MRD is a kind of suspension system that uses MRF as a damping medium and is designed by using the rheological effect of MRF. The damping force of the suspension can be adjusted in real time according to the vibration state of the automobile cab. Compared to other suspension systems, semi-active seat suspension with MRD possesses the strengths of a simple structure, controllable performance, fast response, strong adaptability, and continuously adjustable damping force.



Experimental Results

Figures 10A,B present the acceleration and displacement responses of the semi-active seat suspension with MRD under random vibration by using the control methods of traditional PID, FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID. Figure 10C presents the power spectral densities (PSD) of the acceleration response under random vibration by using the same control methods. The RMS, VDV, and VDV values for the acceleration response are presented in Table 5. Figure 10A indicates that the lowest acceleration amplitude is generated under the PSO-IPOA-PID control method during the entire time history. Figure 10B indicates that the maximum displacements under the control methods of traditional PID, FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID are 0.0343, 0.0294, 0.0258, 0.0231, and 0.0197 m, respectively; thus, the maximum displacement in the PSO-IFOA-PID is significantly lower than with the other methods. Figures 10A,B prove that the best damping effect is achieved by using the PSO-IFOA-PID control method. Figure 10C indicates that the largest peak value of the PSD of acceleration appears at 6.7 Hz under the PSO-IPOA-PID control method, which is lower than with the other methods. This result proves that the PSO-IFOA-PID can effectively reduce the PSD of acceleration response. Table 5 shows that, compared to the control methods of traditional PID, FOA-PID, PSO-PID, and IFOA-PID, the RMS of the acceleration response in PSO-IFOA-PID is, respectively, decreased by 65.58, 52.93, 43.27, and 20.63%, the PTP of the acceleration response is, respectively, decreased by 47.53, 38.34, 33.67, and 18.3%, the VDV of the acceleration response is, respectively, decreased by 42.65, 32.88, 26.65, and 12.36%. Table 5 also indicates that only under the PSO-IFOA-PID control method can the damping effect meet the ISO2361-1 comfort evaluation standard (RMS ≤ 0.315 m/s2). The experiments verify the effectiveness and superiority of the purposed PSO-IFOA-PID control method.


[image: Figure 10]
Figure 10. (A) Acceleration responses under random vibration, (B) displacement responses under random vibration, and (C) human vibration magnitude under random vibration.



Table 5. Evaluation indices of the acceleration response.

[image: Table 5]





CONCLUSIONS AND FUTURE WORK

This paper proposed a PSO-IFOA-PID control method to improve the control performance for an MRD based semi-active seat suspension system. In order to verify the feasibility and superiority of the PSO-IFOA-PID, the search and control parameter optimization ability of traditional PID, FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID were compared. The results indicated that the PSO-IFOA-PID had better optimization accuracy, faster convergence speed, and higher convergence precision in solving four test functions. Meanwhile, the PSO-IFOA-PID exhibited the advantages of adjusting the control parameters with better convergence speed and precision, and a shorter adjustment time, without overshoot, and having better steady and dynamic response characteristics. Furthermore, example simulations and experiments using the traditional PID, FOA-PID, PSO-PID, IFOA-PID, and PSO-IFOA-PID were carried out, and the results of both the simulations and experiments indicated that PSO-IFOA-PID control was the most ideal method.

In future work, new intelligent algorithms should be researched to achieve better response characteristics for the control performance of the semi-active controller of MRD seat suspension. Moreover, the temperature of MRD rises when it has been working for a long time, which will increase the internal pressure of the cylinder and result in the leakage of MRF. This adversely affects the damping characteristics of MRD, so further study is needed on how to improve the damping characteristics by controlling the temperature, and relevant experiments will also need to be carried out.
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