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Abstract

:

There are various uncertain factors such as parameter perturbation and external disturbance during the steering process of a permanent magnet slip clutch electronically controlled hydraulic power steering system (P-ECHPS) of medium and heavy duty vehicles, which is an electronically controlled hydraulic power steering system based on a permanent magnetic slip clutch (PMSC). In order to avoid the immutable single assistance characteristic of a hydraulic power steering system, a PMSC speed-controlled model and P-ECHPS of each subsystem model were studied. Combined with non-singular terminal sliding mode and fast terminal sliding mode, an Adaptive Non-singular Fast Terminal Sliding (ANFTS) mode control strategy was proposed to control precisely the rotor speed of the PMSC in P-ECHPS, thus achieving better power control for the entire P-ECHPS system. The simulation results show that adaptive nonsingular fast terminal sliding mode control enables PMSC output speed to track the target speed. Compared with the non-singular terminal sliding mode control and the ordinary sliding mode control, the convergence speed has been improved by 66.7% and 84.2%, respectively. The rapid control prototype test of PMSC based on dSPACE (dSPACE is a development and verification platform based on MATLAB/Simulink software.) was carried out. The validity of the adaptive NFTSM algorithm and the correctness of the offline simulation results are validated. The adaptive NFTSM algorithm have better robustness and can realize variable assist characteristics and save energy.
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1. Introduction


The widespread traditional hydraulic power steering system (HPS) in heavy duty vehicles has some disadvantages. For example, HPS has a single assist characteristic and it wastes energy because the steering pump keeps running in a high speed regardless of its steering [1]. To solve this problem, an electronically controlled hydraulic power steering based on a permanent magnetic slip clutch was proposed, which is referred to as P-ECHPS. The Electronically Controlled Hydraulic Power Steering (ECHPS) system is mainly divided into flow control type [2,3,4], reaction type [5,6] and valve sensitive type [7]. The design scheme of the flow control type of the ECHPS system is adopted in this paper. During the steering process, P-ECHPS reveals various uncertain factors such as parameter perturbation and external disturbance and it requires a swift response for PMSC output speed. From the later experiment of this paper, we can see that the conventional PID (Proportion Integration Differentiation) control was difficult to obtain satisfactory control. PMSC is the critical component of P-ECHPS and how to control precisely the rotor speed of the PMSC is the key to achieve better power control, so it was necessary to combine the PMSC speed control problem with the actual requirements of P-ECHPS.



Sliding Mode Control (SMC) is a kind of nonlinear control, which has the advantages of insensitivity to the parameter changes and disturbances, strong robustness and simple physical implementation, etc. It is widely used in motor control [8]; However, the tracking error convergence to the zero point centre in a limited time is impossible, due to the sliding surface of traditional SMC is linear. The linear sliding surface’s weaknesses are obvious in the control of some complex and difficult nonlinear systems. With the purpose of improving the defects of the linear sliding surface, Zak [9] proposed to use the concept of a terminal attractor to create the Terminal Sliding Mode (TSM) in 1988. However, TSM also has singularities in practical applications. To tackle this problem, Feng [10] proposed an improved Non-singular Terminal Sliding Mode (NTSM) for TSM. Although the NTSM algorithm can guarantee convergence in a finite time and avoid singularity, its convergence speed will be slower when it is far away from zero. Therefore, the Non-singular Fast Terminal Sliding Mode (NFTSM) emerged, which ensures that the system state has fast convergence characteristics whether it is away from zero point centre or near zero [11].



In recent years, the NFTSM algorithm with many advantages has received special attention from research control algorithm scholars. Li et. al. [12] proposed an adaptive NFTSM control method including an adaptive control term and a robust control term for the electromechanical actuator control system. The adaptive control term uses the improved composite adaptive strategy to estimate the uncertainty of the parameters and compensate for the uncertainty of dynamic modeling. The robust control term guarantees the fast convergence of the error; Zhao et. al. [13] developed a decentralized adaptive control method based on the NFTSM algorithm which is applied in the field of position synchronization control of spacecraft to eliminate chattering and ensure fast convergence; Cheng et. al. [14] proposed the NFTSM algorithm based on state variables comprising the advantages of SMC and NTSM, using this algorithm to solve the problem that the position of a switched reluctance motor is difficult to control accurately, and achieving fast convergence.



The contributions of this paper are described as follows:



1. The composition and principle of the P-ECHPS are introduced. PMSC, the core component, of the P-ECHPS is studied. The PMSC speed regulation scheme and the mathematical model of PMSC speed regulation are established. Through the bench test, the value of the induction potential coefficient and the key characteristic parameter in the mathematical model of speed regulation are obtained. The hydraulic system group of the P-ECHPS is analyzed. Mathematical models of each part of the hydraulic system are established. According to the requirement of the P-ECHPS ideal boost characteristic, the simulation is carried out. According to the requirement of the P-ECHPS’s ideal assistant characteristic, the curve of the P-ECHPS’s assistant characteristic is obtained by simulation. Combined with the established hydraulic system model, the target rotation speed of PMSC’s inner rotor under different working conditions is obtained.



2. Considering the working characteristics of the P-ECHPS, a new control law of the adaptive NFTSM algorithm applied to the PMSC is proposed to precisely control the rotor speed of the PMSC, so as to achieve better control for the P-ECHPS. Through simulation analysis, the control effects of adaptive NFTSM are compared with PID, SMC and NTSM. The results show that the adaptive NFTSM algorithm has relatively fast convergence speed, strong robustness and good control performance. The simulation of P-ECHPS boost characteristics shows that the adaptive NFTSM algorithm achieves the variable boost characteristics of P-ECHPS.



3. A prototype test-bed for rapid control for PMSC based on dSPACE is constructed. Contrast experiments of PID and adaptive NFTSM control effect under interference and non-interference conditions are carried out. The results show that adaptive NFTSM can make PMSC track the target speed quickly and has strong robustness. The validity of the adaptive NFTSM algorithm and the correctness of off-line simulation results are verified.




2. The Composition Principle of P-ECHPS


P-ECHPS, as shown in Figure 1, is the structure of HPS on the basic of PMSC building bridge between the engine and the steering. The principle of P-ECHPS is that an Electronically Controlled Unit (ECU) receives multiple sensor signals, including vehicle speed, engine speed, steering pump speed, torque/rotation angle, and the IGBT duty cycle externally connected to the PMSC outer rotor speed control circuit was calculated and outputted, and the rotor speed of the PMSC inner rotor can be adjusted. This changed the speed of the innner rotor are equivalent to altering the steering pump speed, changing the steering pump output flow, thereby determining the variable power and avoiding the flood waste of the steering pump, which reduces the energy consumption relative to the HPS.




3. Structure and System Modeling of P-ECHPS


3.1. Speed Control Model of PMSC


The core of P-ECHPS is thought to have the ability of transmitting enough torque to drive the steering pump to achieve on-demand rotation and its basic structure including the speed of the outer rotor and inner rotor and external speed control circuit, as Figure 2 shows. The principle of PMSC is as follows: The PMSC is installed between the drive shaft and the load shaft. The permanent magnet establishes a constant main magnetic field in the pole of the inner rotor. When the outer rotor is driven by the driving shaft, the armature part cuts the main magnetic field and causes the induced current in the three-phase winding. The armature magnetic field and the main magnetic field are interlinked, establishing an electromagnetic torque between the inner and outer rotor. This torque drives the inner rotor and the load shaft to rotate at a certain speed. The magnitude of the torque depends on the strength of the main magnetic field and the slip between the inner and outer rotors.



Owing to the mechanical characteristics of the PMSC itself, the output speed of the inner rotor is far from the target speed required by the P-ECHPS under various working conditions in the real world. Therefore, the speed of the PMSC must be adjusted to make the inner rotor speed of the PMSC reach the target speed, ensuring that the P-ECHPS provides adjustable power by the on-demand output flow of the steering pump.



Consequently, the Boost chopper circuit of the external switching device IGBT on the outer rotor winding of the PMSC is used for speed regulation. Figure 3 is a speed control circuit diagram. By adjusting the IGBT duty cycle, the outer rotor winding loop potential and winding current Id can be altered, thereby changing the output torque of the PMSC inner rotor, and then turning the steering pump speed to achieve variable speed assist characteristics.



The dynamic mathematical model of Boost circuit applied in PMSC speed regulation is established by using the state space averaging method [15], and the average equivalent circuit voltage equation of the model is derived.


Ud−(1−D)Uc=LdI˙d+RId



(1)




where Ud is induction electromotive force, UC is terminal voltage of capacitor, D is duty cycle, Ld is inductance, R is three-phase winding resistance of outer rotor.



The relationship between the induction potential Ud and the speed difference of the internal and external rotors in PMSC is as follows:


Ud=k(ω1−ω2)



(2)




where k is induced electromotive force factor, ω1 is mechanical angular velocity of outer rotor, ω2 is mechanical angular velocity of inner rotor.



The knowledge of capacitance and inductance charging and discharging can be obtained as follows:


12CUc2=12LdId2



(3)




where C is capacitance.



Referring to the chopper cascade speed regulation [16], the electromagnetic torque equation between the inner and outer rotors of PMSC is obtained.


Te=CmId



(4)




where Te is electromagnetic torque, Cm is torque factor.



The PMSC equation of motion is as follows:


Te−TL−F2ω2=J2ω˙2



(5)




where TL is load torque, F2 is the damping coefficient of inner rotor, J2 is the inner rotor moment of inertia.



Among them, the induced potential coefficient is an unknown key parameter, which needs to be obtained by the PMSC performance test bench shown in Figure 4. During the test, firstly, the three-phase winding on the outer rotor is disconnected from the PMSC. The speed of the variable frequency motor is adjusted to 100 r/min through the control cabinet. The induced potential appears in the three-phase winding, but the winding and PMSC have been disconnected and there is no induced current, so the rotor of the PMSC is stationary. At this moment, the slip between the inner and outer rotors is 100 r/min. The two phases of the winding are arbitrarily selected by placing an oscilloscope and its probe aims to read the maximum value of the induced potential, which is about 11.5 V when the slip is 100 r/min. The test was continued with the slip at 200 r/min as an interval (Choosing 200 r/min as an interval to carry out experiments can obtain better results). When the slip was 1500 r/min, the test was terminated, and the maximum value of the induced potential under each set of slips was converted into an effective value, as shown in Table 1.



A fitting analysis was performed to plot the characteristic relationship between the effective value of the induced potential and the PMS slip. As shown in Figure 5, the induced potential coefficient k of the Equation (2) is 0.0816, and the remaining parameters of the PMSC speed math model are shown in Table 2. These values were provided by Jiangsu Cigu Technology Co. Ltd.




3.2. Mechanical Subsystem Model


The mechanical subsystem of P-ECHPS is mainly composed of the steering wheel-steering shaft model, steering screw-steering nut model, steering nut-rocker shaft fan model and rocker shaft toothed fan-rocker shaft model [17]. The models are as follows:


{Jsθ¨d+Bcθ˙d+Kc(θd−θlg)=TdJlgθ¨lg+Blgθ˙lg=Kc(θd−θlg)−FLMlmX¨lm+BlmX˙lm=F+Fz−FcsJcsθ¨cs+Bcsθ˙cs=Fcsrcs−Tp



(6)




where JS is the steering wheel-steering column equivalent moment of inertia, θd is the rotation angle of the steering wheel, Bc is the steering column viscous damping, Kc is the torsion bar stiffness, θ1g is the rotation angle of steeling screw, Td is the steering wheel torque, L is the center distance of screw force, J1g is the steering screw equivalent moment of inertia, F is the steering screw axial force, B1g is the viscous damping coefficient of steering screw-worm gear, M1m is the mass of the steer nut, θcs is the angle of gear sector, B1m is the damping coefficient of power cylinder, X1m is the displacement of steer nut, Fz is the power provided by the hydraulic system, Fcs is the force of gear sector on the rocker arms, Jcs is the gear sector equivalent moment of inertia, Bcs is the viscous damping coefficient of gear sector, rcs is the pitch radius of gear sector, Tp is steering resistance moment.




3.3. Hydraulic Subsystem Model


The hydraulic subsystem in P-ECHPS is mainly composed of the rotary valve, steering pump and assist oil cylinder. The power provided by the hydraulic system is affected by the flow area of the rotary valve port and the calculation formula is given by


Ai={W1L12+R2−2L1Rcos(α1−φ)+(W2−W1)(A2−πφR180)φ=0~α1W1(L22+R2+2L2Rcos(φ+β)−R1)φ=α1~α2



(7)




where A1 is the width of the edge, B is the width of the valve port, W1 is axial length of the edge, W2 is the axial length of the pre-opened play, R is the radius of valve cores, R1 is the radius of the edge, α1 is the angle of pre-opened, α2 is both the cutting edge angle and the pre-opened angle, L1 is the length of the edge for the cutting edge to the center of the spool, L2 is the arc eccentricity of edge, β is the corner of the valve groove.



According to the basic knowledge of hydraulic transmission [18], the mathematical model of the steering pump and the power cylinder can be expressed as


Q=nbVp



(8)






QL=Apvp+CiΔp



(9)




where Q is the output flow of steering pump, nb is the speed of steering pump, Vp is the displacement of steering pump, QL is the flow of the rotary valve into the hydraulic cylinder, Ap is effective area of the piston, Vp is the speed of piston movement, Ci is the leakage coefficient, ∆p is the pressure difference between the two ends of the power cylinder.




3.4. Automobile Dynamics Model


As shown in Figure 6, the three-degree-of-freedom automobile dynamic model including lateral, roll, and yaw is adopted.



The mathematical model [19,20] is as follows:


{Izw˙r−Ixzφ¨=2aK1δ1−2bK2δ2mu(wr+β˙)+mshφ¨=2K1δ1+2K2δ2Ixφ¨+mshu(wr+β˙)−Ixzw˙r=−(d1+d2)φ˙−(c1+c2−mshg)φ



(10)




where Ix and Iz are the moment of inertia with respect to the longitudinal axle and vertical axle, respectively, Wr is the yaw rate, m, ms are complete automobile mass and sprung mass, Ixz is the inertial product of sprung mass around z and x axis, K1, K2 are, respectively, the front stiffness of front and rear wheels, a, b are the centroid distance to the front and rear axle, δ1, δ2 represent the side-slip angle of front and rear wheel, u is the automobile lateral velocity, β is the side-slip angle, h is the rolling arm, φ is the automobile roll angle, d1, d2 are the damping coefficient of the front and rear suspension roll angle, c1, c2 represent, respectively, the rolling angle stiffness of the front and rear suspension.




3.5. Tire Model and Steering Resistance Torque Model


In the tire modeling process, only the side slip condition was studied. At this time, the tire cornering stiffness is considered to be linear, and the mathematical model can be expressed as


{Fc=K1δ1Th=Fcd



(11)




where Fc is the tire lateral forces bias, d is the tire towing, Th is the aligning torque.



According to the geometric relationship, the formula for calculating the side angle of the front wheel is:


δ1=β+auwr−δ−E1φ



(12)




where E1 is the front suspension roll steering coefficient, δ is the front wheel corner.



The input torque of the steering system is mostly used to overcome the aligning torque generated by the interaction between the road surface and the steering wheel [21], ignoring the steering inertia force moment and the steering friction torque, and the steering resisting torque Tp can be obtained. The calculation formula can be written as


Tp=K1d(β+auwr−δ−E1φ)



(13)









4. P-ECHPS System Controller Design


4.1. Terminal Sliding Mode Control


4.1.1. Terminal Sliding Mode


The switching function of the Terminal Sliding Mode (TSM) can be expressed by the following equation:


s=x˙+β′xq′p′=0



(14)







In the formula, β’ > 0; p’ and q’ are both positive odd numbers, and 1 < p’/q’ < 2; system state x ∈ R1. to is the time taken to reach equilibrium x = 0 from the initial state x(0) ≠ 0, which can be solved by solving the Equation (14) to determine. The actual solution:


to=p′β′(p′−q′)|x(0)|(p′−q′)/p′



(15)







Consider the Jacobian determinant (14) near the equilibrium zero:


J=∂x˙∂x=β′q′p′x(1−q′/p′)



(16)







J is regarded as the eigenvalue of the first order approximate matrix.


J→−∞ where x→0+











It can be seen that the eigenvalues at the equilibrium zero tend to be negative infinite. If |J|→∞ does not satisfy the Lipschitz condition, it can guarantee that the existence and uniqueness of solutions of differential equations at the origin and J is singular at the origin. Only under the condition of not satisfying Lipschitz condition, the system state can guarantee convergence in finite time.




4.1.2. Nonsingular Terminal Sliding Mode


Although TSM has many advantages, such as excellent responsiveness, limited time convergence and high control accuracy, it is found that singular phenomena inevitably occur in the actual use of TSM. In order to avoid singular phenomena, the Non-singular Terminal Sliding Mode (NTSM) emerged. The switching function of NTSM is as follows [22]:


s=x+1β″x˙p″q″=0



(17)







In the formula, β” > 0; p” and q” are both positive odd numbers, and 1 < p”/q” <2. to is the time taken to reach equilibrium x1(to) = 0 from the initial state x1(0), which can be solved by solving Equation (17). The actual solution:


to=p″β″(p″−q″)x(0)(p″−q″)/p″



(18)







Like TSM, NTSM can converge in a limited time.




4.1.3. Fast Terminal Sliding Mode


Although the control performance of TSM is better than that of SMC, it is not the best in terms of convergence time. As the distance between system state x and equilibrium zero becomes longer and longer, the convergence speed of TSM becomes slower. To overcome this shortcoming, the Fast Terminal Sliding Mode (FTSM) is proposed. The switching function of FTSM can be expressed as follows [22]:


s=x˙+α‴x+β‴xp‴q‴=0



(19)







In the formula, α”’ > 0, β”’ > 0; p”’ and q”’ are both positive odd numbers, and 1 < p”’/q”’ < 2.



The solution of Equation (19) is obtained as follows:


t0=−p‴α‴(p‴−q‴)lnα‴x(0)(p‴−q‴)/p‴+β‴β‴



(20)







Consider the Jacobian determinant (19) near the equilibrium zero:


J=∂x˙∂x=−α‴−β‴q‴p‴x(1−q‴/p‴)



(21)







Similarly, J is regarded as the eigenvalue of the first order approximate matrix.


J→−∞ where x→0+











So, set the parameters (α”’, β”’, p”’, q”’) appropriately to ensure that the finite time converges to zero, when it is on the sliding surface; the actual solution:


x˙=−α‴x−β‴xq‴p‴



(22)







If the distance between the system state and the equilibrium zeros is getting farther and farther, the convergence time depends on x˙=−β‴xq‴/p‴; If the distance between the system state and the equilibrium zero is getting closer and closer, the convergence time depends on x˙=−α‴x, where the x exponent decays rapidly [23]. In this way, the system state can converge to zero quickly and accurately.





4.2. P-ECHPS System Control Strategy


In order to obtain good control effects and provide the automobile with the best power for each working condition, it is necessary to select a good algorithm to control P-ECHPS.



The whole system of P-ECHPS has many characteristics such as the rapid response requirements, multivariable and strong non-linearity. There are also many inevitably uncertain factors in the working process, such as fluctuations in the engine speed, crosswind, and random forces from the road surface, etc.



The NFTSM algorithm combines the advantages of both NTSM and FTSM, overcoming the shortcomings of the SMC system state failure to converge to zero in finite time, avoiding the singular phenomenon of TSM input, and can improve the shortcomings of the NTSM algorithm but cannot guarantee fast global convergence, so this paper proposes an adaptive NFTSM algorithm. By precisely controlling the inter rotor speed of the PMSC, approved power control is achieved for the entire P-ECHPS system. Figure 7 is a block diagram of the P-ECHPS adaptive NFTSM algorithm.




4.3. Assist Characteristics and Ideal Speed


The assist characteristics are closely related to the maneuverability and safety of the automobile. The ideal assist characteristics should be variable with the speed of the automobile. The specific requirements are as follows: the automobile should provide greater power in the in-situ or low-speed steering conditions to make the steering lighter and improve maneuver stability. With the increase in speed, the power provided should gradually decrease; especially under high-speed conditions, relatively minimum assistance should be provided to give the driver a better “road feel” to ensure driving safety.



The concrete design methods are as follows: Firstly, the driver’s preferred steering wheel torque and the automobile steering resistance torque are achieved at different automobile speeds. Secondly, the automobile steering resistance torque is equivalent to the steering wheel resistance torque and compensates for the difference between the steering wheel resistance torque and the driver’s preferred steering wheel torque. The assist torque required by the system at different speeds is obtained. Finally, according to the assist characteristic curve of the P-ECHPS system, six characteristic automobile speeds were selected, and the variable assist characteristic curve as shown in Figure 8 was designed.



The target speed range of the inner rotor (steering pump) of the PMSC is [300, 600] r/min, but in order to provide suitable assistance under various working conditions of P-ECHPS, it is necessary to determine the target speed of the PMSC inner rotor during the driving process in each working condition. Figure 9 shows the specific calculation process.



The PMSC inner rotor target speed curve shown in Figure 10 is made by calculation.




4.4. Adaptive NFTSM Controller Design


4.4.1. Error State Equation of the rotational Speed


The state variables of the controlled system E = (e1, e2) are defined, among them


{e1=ω2−ωde2=ω˙2−ω˙d



(23)




where ωd is the target angular velocity, equal to the target speed multiplied by π/30, rad/s, e1 is the speed error, e2 is the derivative of speed error.



The state equation of the rotational speed error derived from the simultaneous (1) can be expressed as:


{e˙1=e2e˙2=F(x)+G(x)u+d(t)



(24)




where F(x)=−Cmk+(LdC+R)F2LdJ2ω2−(LdC+R)J2+LdF2LdJ2ω˙2−(LdC+R)TL+LdT˙LLdJ2, u is the control quantity (duty cycle), d(t)=−ω¨d, G(x)=LdC(J2ω˙2+TL+F2ω2)LdJ2.



Considering the entire system of P-ECHPS has many uncertainties, e˙2 expressed as follows:


e˙2=(F(x)+ΔF)+(G(x)+ΔG)u+(d(t)+Δd)



(25)




where ∆F, ∆G and ∆d are, respectively, uncertainties of the corresponding items F(x), G(x) and G(x), these uncertainties are bounded.



Record the total uncertainty and external disturbances as h(t), then:


h(t)=ΔF+ΔGu+d(t)+Δd



(26)







Therefore, the state equation can be obtained as:


{e˙1=e2e˙2=F(x)+G(x)u+h(t)



(27)




where h(t) is bounded, assume |h(t)| ≤ lh; lh is the interference maximum and is a constant greater than zero.




4.4.2. Adaptive NFTSM Control Strategy


Define the NFTSM sliding mode switching function [24]:


s=e1+Ae1GH+Be2p2q2



(28)




where A, B > 0, G, H, p2 and q2 are positive odd integers, 1 < p2/q2 < 2, G/H > p2/q2.



When the system state is far from the balance point, e1 is the higher order term and makes the control amount larger, the system convergence speed becomes faster, and the convergence speed is higher than the ordinary NTSM algorithm; when the system state is close to the equilibrium point, at this time e1, e2 are both tend to be close to 0, e1 the higher order term is smaller and negligible, and the convergence speed is similar to the NTSM algorithm, so the NFTSM sliding mode surface can ensure the global convergence of the control system [25].



Use lh estimate l^h instead of lh at the same time; using the exponential approach strategy, the adaptive NFTSM algorithm can be obtained as follows:


u=−1G(x)[F(x)+1Bq2p2e22−p2q2(1+AGHe1GH−1)+(l^h+η2)sgn(s)+k3s]



(29)




where η2 > 0, k3 > 0.



The adaptive strategy is defined as follows:


l^˙h=nBp2q2e2p2q2−1|s|



(30)




where n is an adjustable parameter.



The Lyapunov function is taken to perform stability analysis:


V=12s2+12nl˜h2



(31)




where, l˜h=lh−l^h.



Take a derivative with respect to Equation (31)


V˙=ss˙−1nl˜hl^˙h=s(e2+AGHe1GH−1e2+Bp2q2e2p2q2−1e2)−1nl˜hl^˙h=sBp2q2e2p2q2−1[−k3s+(l˜h−η2)sgn(s)]−1nl˜hl^˙h≤−Bp2q2e2p2q2−1(k3s2+η2|s|)



(32)







Because we can determine e2p2q2−1≥0 from 1 < p2/q2 < 2, and can also determine V ≤ 0 from B > 0, η2 > 0, k3 > 0. When e2 ≠ 0, V < 0, according to the Lyapunov stability theorem, it can be known that the closed-loop control system is asymptotically stable and will converge to zero in finite time.



Controller parameters: A = 1, B = 0.0052, G = 9, H = 5, n = 1, p2 = 7, q2 = 5, η2 = 48, k3 = 21,000.






5. Simulation Analysis


5.1. PMSC Speed Control System Simulation


According to the designed controller, Matlab/Simulink (R2016a) was used to build the speed control of PMSC for four control system models: PID, SMC, NTSM and adaptive NFTSM. Through simulation, the control effects of adaptive NFTSM and other three algorithms are compared and analyzed.



The simulation condition was set to in-situ steering while assuming a steering wheel speed ωo ≥ 0.5 r/s; according to Figure 10, the target speed is 600 r/min. Refer to the engine speed under idle conditions. The input speed can be set to 700 r/min and the load torque, according to the recommended values in reference [26], is set to 40 Nm. The comparison result between the adaptive NFTSM algorithm and the other three algorithms on the PMSC speed control is obtained, as shown in Figure 11.



Figure 12 is, in this simulated working condition, the time comparison (response time) chart of when the actual torque reaches the stable value under different control methods supposing that the target speed is adjusted from 600 r/min to 300 r/min at 0.8 s; if other values are constant, the speed response of the target speed change can be obtained, as shown in Figure 13. Assuming that the input speed changes from 700 r/min to 1200 r/min at 0.4 s, and then back to 700 r/min at 0.6 s after stabilization. Other conditions remain unchanged, and Figure 14 shows the speed response of the input speed changes. Figure 15 shows that the rotational speed response when the load torque changes under the following conditions: the load torque is abrupt change at 0.4 s, falling from 40 Nm to 30 Nm and adjust to 40 Nm at 0.6 s after stability and the other conditions are the same.



Analysis of simulation results:



(1) From Figure 11, it appears that the four control algorithms of adaptive NFTSM, PID, SMC, and NTSM can make the rotor speed of the PMSC track the target speed. Among them, due to poor dynamic performance of PID, PID control has overshoot, and the other three control algorithms have no overshoot. For convergence time, adaptive NFTSM, NTSM and SMC need about 0.06 s, 0.18 s and 0.38 s, respectively, and the convergence rate is compared with adaptive NFTSM and NTSM, SMC; the convergence speed is increased by 66.7% and 84.2% respectively, and the control performance is relatively optimal.



(2) Figure 12. depicts that the actual output torque response is the same as the rotational speed response, and the adaptive NFTSM algorithm performance is relatively optimal. Figure 13. depicts the adaptive NFTSM algorithm that allows the PMSC inner rotor speed to be adjusted and tracked to the new target speed as soon as the target speed changes.



(3) Figure 14 and Figure 15. depict that in the case where the input speed or the load torque suddenly changes, the adaptive NFTSM algorithm’s anti-interference ability is better than the PID algorithm’s.



In summary, the adaptive NFTSM algorithm method has the fastest convergence speed, strong robustness and good control performance for the PMSC inner rotor speed, which can meet the fast response requirements of the P-ECHPS whole system and ensure the stability of the P-ECHPS control system.




5.2. P-ECHPS System Assist Characteristic Simulation


According to the model of each part of the P-ECHPS system, the adaptive NFTSM control system model is added, and the P-ECHPS system automobile simulation model is built in Matlab/Simulink, as shown in Figure 16. The simulation parameters refer to the bus of SLK6118.



Firstly, 5 km/h is selected as the first characteristic automobile speed (instead of the in-situ steering condition), set the steering wheel speed to 0.5 r/s, and the steering wheel torque adopts the slope signal with a slope of 10 Nm/s. Keep the speed constant when it reaches 5 km/h, the simulation is carried out to obtain the steering pump speed curve and the corresponding assist oil pressure response curve at the speed of 5 km/h. Secondly, in the range of 20~100 km/h, with 20 km/h as an interval, select 5 characteristic automobile speeds, and set the slope signals to 5.3 Nm, 5.6 Nm, 5.9 Nm, 6.2 Nm, respectively; 6.5 Nm remains unchanged, and the comprehensive simulation results are shown in Figure 17 and Figure 18.



Figure 17 and Figure 18 show that with the adaptive NFTSM algorithm, the automobile speed is gradually increased, the inner rotor speed of the PMSC and the speed of steering pump will gradually decrease, and the assist oil pressure generated by the steering system will gradually decrease. The actual assist oil pressure is in accordance with the assist characteristic curve designed above, showing that the P-ECHPS adaptive NFTSM algorithm can realize the variable assist characteristic of P-ECHPS.





6. PMSC Rapid Control Prototype Test


In order to verify the effect of the adaptive NFTSM algorithm, a rapid control prototype test based on dSPACE was performed on the PMSC speed regulation. Figure 19 is a PMSC rapid control prototype test platform built, including hardware and software. The hardware part includes the dSPACE powered by DC power. With the help of the PMSC test bench, MicroAutobox was used to collect two speed sensors including input and output and winding current sensor signal of the PMSC test bench. dSPACE is calculated by the control algorithm, and control signal PWM was outputted to drive the drive circuit (The drive circuit is provided by Magnetic Valley Technology Co. Ltd.) to drive the IGBT; the inner rotor speed in the PMSC can be adjusted. The PWM and the rotor speed of the PMSC are both different, and finally the P-ECHPS variable assist characteristic can be realized.



The actual test bench is shown in Figure 20.



The test compares the inner rotor speed response of the PMSC adopting the adaptive NFTSM algorithm and PID algorithm. Firstly, the interference-free test is carried out. The real-time simulation condition is P-ECHPS in-situ steering. At this time, the target output speed is 600 r/min. In the real-time simulation model, the target speed is set to 600 r/min, while the load torque is set to 40 Nm, and then the test is carried out to set the variable frequency motor speed (that is the input speed) to 700 r/min. During the test, the Control Desk has the function of adjusting the parameters online, and the PID control parameters are adjusted in real time. Finally, the PMSC internal rotor speed response curve under PID control (Figure 21) and the PMSC inter rotor speed response curve under adaptive NFTSM control (Figure 22) can be obtained.



It can be seen from Figure 21. that PID has a good control effect under the condition that there is no interference in the system and parameters can be adjusted online in real time, but it is slightly inferior to the adaptive NFTSM algorithm; both can make the inner rotor speed of PMSC track fast to the target speed of 600 r/min and keep it steady. It takes more time to reach steady state than offline simulation due to the variable frequency motor takes a certain time from the start to the setting speed of 700 r/min.



Based on the above test without interference, the input speed is quickly adjusted from 700 r/min to 1000 r/min at 7 s. Other settings are maintained, and the inner rotor speed response curve of the PMSC in the PID control under interference (Figure 22) and PMSC inner rotor speed response curve under adaptive NFTSM algorithm (Figure 23) are obtained.



It can be seen from Figure 22 and Figure 23. that the PID control lacks the ability of disturbance rejection in the presence of interference, and the adaptive NFTSM algorithm can better resist the influence of the interference, so that the inner rotor speed in the PMSC can track the target speed 600 r/min fast and closely. This algorithm has good control effect without overshoot. The above test results show the validity of the adaptive NFTSM algorithm used in P-ECHPS and the correctness of offline simulation results.




7. Conclusions


A new steering system P-ECHPS suitable for medium and heavy duty commercial automobiles is proposed. The mathematical models of the speed control of the core transmission mechanism and the subsystem models are established. The adaptive NFTSM control strategy is used to control the system and the controller is designed. The PMSC speed regulation performance and the assist characteristics of system power are simulated. The results show that the designed controller has good control performance and can guarantee the global fast convergence of the closed-loop control system, so that the speed of the speed pump can be quickly tracked to the ideal speed. The NTSM and SMC have improved by nearly 66.7% and 84.2%, respectively, and have good anti-interference ability, which makes the heavy-duty automobile realize the variable assist characteristics well and meet the requirements of steering assist and road feeling. The rapid control prototype test of PMSC based on dSPACE is carried out. The experimental results also show that the adaptive NFTSM can quickly track the target speed of the inner rotor in the PMSC and has strong robustness. This experimental verifies the effectiveness of the adaptive NFTSM algorithm and the correctness of the off-line simulation results.
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Figure 1. Composition diagram of P-ECHPS. 
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Figure 2. Structure diagram of PMSC. 
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Figure 3. Boost speed control circuit of IGBT. 
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Figure 4. Test bench of PMSC. 
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Figure 5. Relationship between the effective value of induced potential and slip. 






Figure 5. Relationship between the effective value of induced potential and slip.



[image: Energies 12 01739 g005]







[image: Energies 12 01739 g006 550]





Figure 6. Automobile dynamic model with three degrees of freedom. 
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Figure 7. Control Strategy diagram of P-ECHPS. 
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Figure 8. Ideal assist characteristic curve of P-ECHPS. 
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Figure 9. Calculation of PMSC inner rotor target speed. 
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Figure 10. The diagram of PMSC inner rotor target speed. 






Figure 10. The diagram of PMSC inner rotor target speed.



[image: Energies 12 01739 g010]







[image: Energies 12 01739 g011 550]





Figure 11. Speed response when input speed is fixed. 
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Figure 12. Steering pump speed response when input speed is fixed. 
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Figure 13. Speed response when target speed is changed. 
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Figure 14. Speed response when input speed is changed. 
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Figure 15. Speed response when load torque is changed. 
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Figure 16. Automobile simulation model of P-ECHPS. 
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Figure 17. Graph of steering pump speed at different speeds. 
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Figure 18. Graph of assist oil pressure at different speeds. 
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Figure 19. The rapid control prototype test platform of PMSC. 






Figure 19. The rapid control prototype test platform of PMSC.



[image: Energies 12 01739 g019]







[image: Energies 12 01739 g020 550]





Figure 20. The rapid control prototype test physical map of PMSC. 
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Figure 21. Comparison and analysis of control results under different condition of PMSC speed response: (a) PID control; (b) adaptive NFTSM control. 
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Figure 22. PMSC speed response for the PID algorithm. 
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Figure 23. PMSC speed response for the adaptive NFTSM algorithm. 
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Table 1. Effective value of induced potential.
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	Slip /r/min
	100
	300
	500
	700
	900
	1100
	1300
	1500



	Induced Potential rms /v
	8.1
	24.3
	40.9
	56.8
	73.4
	89.5
	106.2
	122.3
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Table 2. Speed regulation model parameters of PMSC.
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	Parameter
	Numerical Value





	Winding resistance R/Ω
	0.5



	Inductance Ld/H
	3 × 10−4



	Capacitance C/μF
	4



	Electromagnetic torque coefficient Cm
	1.82



	Inner rotor damping coefficient F2/Nm·s/rad
	0.02



	Inner rotor moment of inertia J2/kg·m2
	8 × 10−3
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