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Abstract

:

This paper presents a robust current tracking controller for permanent magnet synchronous motors (PMSMs) with a performance recovery property for electric power steering (EPS) applications. The contributions of this work are twofold. First, a disturbance observer (DOB) is designed to compensate the disturbances arising from the model–plant mismatches while reducing the closed-loop sensitivity. Second, a current controller is designed to improve the current tracking performance in the frequency domain by assigning the performance recovery property to the closed-loop system. The closed-loop performance is verified through simulations and experiments using a 500 W PMSM connected to an EPS system.
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1. Introduction


The permanent magnet synchronous motor (PMSM) has received widespread acceptance for use in precise industrial tasks for high-performance applications. For the electric actuation systems in vehicles in particular, PMSMs are extensively accepted due to their high efficiency, high power density, high precision, and low maintenance costs [1]. In particular, the electric power steering (EPS) system, which is a human assist device, is a device that assists the driver with steering torque, and PMSMs are mainly used in EPS systems for high-precision performance. Since 2010, most passenger cars have been produced using EPS systems to improve fuel economy and steering performance [2].



The current control of the individual motors affects the overall EPS performance and the upper EPS control logic. There have been many studies on the control logic of EPS generating a torque tracking command to create a comfortable steering sensation [2,3,4,5]. However, there have been relatively few attempts to enhance EPS performance by improving the performance of the motor torque controller.



A widespread current control scheme, the proportional integral (PI)-decoupling method, was introduced in [6], in which the scheme passes the closed-loop dynamics in the d-q frame through a corresponding first-order low-pass filter with a target cut-off frequency.



The controller directly compensates the nonlinear cross-coupling and back-electromotive force (EMF) terms relying on the rotor speed, and the remaining feedback linearized terms are controlled with pole-zero cancellation via the PI controller. However, this approach significantly depends on the motor parameters and speed measurement information, which can vary considerably according to the operating conditions. Therefore, closed-loop transient performance often deteriorates. This means that it is impractical to achieve acceptable closed-loop performance for a wide operating range.



Various studies aim to address the aforementioned problem. Parameter identification with adaptive control [7,8,9] in the control algorithm provides a good convergence characteristic; however, due to the convergence speed of each parameter, the control bandwidth is difficult to satisfy in actual applications that require a fast transient response. Another widespread method to guarantee robust performance, namely, the sliding mode control technique in [10,11,12,13], has great disturbance rejection performance, but the switching characteristics of the control input cause an excessive control action, resulting in the control system being overly sensitive. Despite its simplicity, direct torque control (DTC) [14,15,16,17] allows fast torque control performance in transient operating conditions. However, it is challenging to control flux and torque at very low speeds, and torque ripples and high currents continue to be difficult issues for human assist applications. Recently, model predictive control (MPC) has received widespread attention among many researchers due to the reduced burdens of its calculation [7,18,19,20,21,22]. Although MPC can guarantee the convergence to steady state, whether closed-loop optimality is preserved within PMSM uncertainty is questionable.



The internal model control (IMC) was reported as a robust current control scheme for AC machines. The relationship between synchronous-frame PI control and IMC was expressed in [23]. The paper revealed that integrators attached to the   d q   cross-coupling are effective for decoupling, and the implementation of IMC is the extension of applying a cross-coupling integrator. This study has influenced many important studies on PMSM current control [24,25,26]. Nevertheless, it is reported that this method requires accurate information on system parameters; otherwise, considerable oscillation may occur [27].



Recently, it has been reported that disturbance observer (DOB)-based control algorithms are effective in the current tracking problems of motor machines. DOB-based control schemes were proposed for DC/blushless DC (BLDC) motor control applications [28,29], robot manipulation [30], and PMSM current control applications [24,27,31,32,33].



Because of the simple add-on characteristics to the existing controller structure and its impressive disturbance rejection performance, this method is appropriate for applications that require a fast response. However, the studies are limited in the scope of performance improvement in the time domain for an individual motor device regardless of the load torque and speed variations.



This paper proposes a DOB-based robust current control method for uncertain PMSMs with transient performance recovery for EPS applications. The contributions of this work are divided into two parts. First, the paper illustrates the controller design method for improving the current tracking response in target frequency domains. The proposed DOB is designed to compensate only the disturbance of the target control region, and it does not make the system too sensitive. Second, the proposed control method is proven on a PMSM that is connected to the mechanical steering shaft of an actual vehicle, and the control response is recovered to achieve the desired performance when the torque load and motor speed change dynamically. The closed-loop performance is shown through simulations and using a 0.5 kW surface-mounted permanent magnet synchronous motor (SPMSM), and both time- and frequency-domain tracking performances are recovered.



Note that this paper is a generalized and detailed version of a conference paper [31]. In [31], only one design parameter is presented for convenience, however this paper takes into full consideration two design parameters of the controller. Analysis of the algorithms is suggested through time domain derivations of the proposed control and the frequency domain design guideline.




2. System Description


2.1. PMSM Control Issues in the EPS System


An EPS system assists the driver with the steering force and provides a comfortable steering sensation to the driver. In most cases, a PMSM is used as a torque assist actuator. Figure 1 illustrates the mechanical structure of an EPS system. The object of this system is to generate the motor torque   T e   to assist the driver with the steering torque   T h   to reach the steering angle   θ 1   in the presence of an external torque   T L   caused by friction and self-aligning [2].



As shown in Figure 2, the EPS control system indirectly estimates the driver’s steering torque using a torque sensor placed between the steering wheel and the column [2]. To reduce the steering torque, the EPS control logic H generates the required motor torque   T  e , r e f   , and the motor system   G m   generates torque   T e   to cancel out the external load torque   T L  . With some derivations, the transfer function to the internal system output (  θ 1  ,   θ 2  ,   T s  ) from the external system input (  T h  ,   T L  ) is obtained as


     θ 1    =       P 1  + N  P 2  H  G m    1 + N  P  e q   H  G m     T h  +   P 3   1 + N  P  e q   H  G m     T L  ,     



(1)






     θ 2    =       P 4  + N  P 5  H  G m    1 + N  P  e q   H  G m     T h  +   P 6   1 + N  P  e q   H  G m     T L  ,     



(2)






     T s    =      P 7   1 + N  P  e q   H  G m     T h  +   P 8   1 + N  P  e q   H  G m     T L  ,     



(3)




where   P 1  –  P 8   and   P  e q    are transfer functions with system parameters (the definition of each expression is in the Appendix A) and N is the constant gear ratio of the reduction gear. Note that the EPS control logic H and torque tracking transfer function   G m   are always connected in series   H  G m   . The characteristic function of the transfer functions (1)–(3) is


     1 + N  P  e q   H  G m     =    0 .     



(4)







The characteristic function determines the stability of the system; therefore, the tracking performance of   G m   is important, as is the design of H. In most cases, the design target of the torque controller of PMSM is


     G m    =      T e   T  e , r e f    =   ω  c c    s +  ω  c c     ,  ∀ s ∈ C ,     



(5)




where   ω  c c    is the desired torque tracking cut-off frequency. The crucial problem is that the desired performance (5) often deteriorates due to the existence of nonlinear disturbances and uncertainties in the PMSM system. Accordingly, it is very important to design a motor controller   G m   robust to disturbances and uncertainties for actual EPS applications.



Figure 3 represents the performance of a commercial EPS motor drive in the frequency domain. In the EPS system, the load torque   T L   and driver torque   T h   are produced irregularly and applied to the EPS logic H. However, as can be seen in [2], the effect of the load torque on the control logic sharply decreases above the resonance band over 11 Hz. Thus, in actual application, the torque controller is able to achieve the target performance (5) by suppressing disturbances below 20 Hz. In this regard, the proposed current controller is described in the next section.




2.2. PMSM Model in a Synchronous Rotating d-q Axis


The application of a rotating coordinate transformation (  d q  -transformation) subject to the rotor position derivatives [6,32] is as follows:


      d  i d   ( t )    d t     =    −   R s   L d    i d   ( t )  +   L q   L d    ω r   ( t )   i q   ( t )  +  1  L d    u d   ( t )  ,     



(6)






      d  i q   ( t )    d t     =    −   R s   L q    i q   ( t )  −   L d   L q    ω r   ( t )   i d   ( t )  −   λ  P M    L q    ω r   ( t )  +  1  L q    u q   ( t )  ,     



(7)






      d ω ( t )   d t     =    −  B J  ω  ( t )  +  1 J    T e   (  i d   ( t )  ,  i q   ( t )  )  −  T  L L    ( t )   , ∀ t ≥ 0 ,     



(8)




where    i d   ( t )    and    i q   ( t )    denote the d-q frame current.    ω r   ( t )  = P ω  ( t )    denotes the electrical speed, with P and   ω ( t )   representing the number of pole pairs and the mechanical speed, respectively. The PMSM parameters   λ  P M   , B, J,   L d  ,   L q  , and   R s   represent the magnetic flux, viscous friction, rotor inertia, d-q inductances, and stator resistance, respectively, with    T  L L    ( t )    being the load torque to the rotor. The control inputs of    u d   ( t )    and    u q   ( t )    are the input voltages, and the generated torque    T e   (  i d   ( t )  ,  i q   ( t )  )    is given as


   T e   (  i d   ( t )  ,  i q   ( t )  )  =  3 2  P  Δ  L  d q    i d   ( t )   i q   ( t )  +  λ  P M    i q   ( t )   ,  



(9)




  ∀ t ≥ 0  , where   Δ  L  d q   =  L d  −  L q   .



Except for the number of pole pairs P, the true values of the PMSM parameters are difficult to decisively identify due to the parameter varations under the operating conditions such as the PMSM temperature, gate driving condition, phase current, and DC link voltage. Additionally, the bandwidth of the rotor speed measurement is very low compared to the current dynamics, which also causes mismatches in the fast transient response. In this manner, it is natural to rearrange the current dynamics of (6) and (7) as


      L  x , 0     d  i x   ( t )    d t       = −  R  s , 0    i x   ( t )  +  v x   ( t )  +  u x   ( t )  +  f x   ( t )         v d   ( t )      =  L  q , 0     ω ˜  r   ( t )   i q   ( t )         v q   ( t )      = −  L  d , 0     ω ˜  r   ( t )   i d   ( t )  −  λ  P M , 0     ω ˜  r   ( t )  ,     



(10)




where   x = d , q ,  ∀ t ≥ 0   with the nominal parameters of   R  s , 0   ,   L  d , 0   ,   L  q , 0   , and   λ  P M , 0   .    f x   ( t )    represents the uncertainties and disturbances caused by the unmodeled dynamics and parameter mismatch;    v x   ( t )   ,   x = d , q  , denote the calculated cross-coupling terms and back-EMF; and     ω ˜  r   ( t )    is the measurement of    ω r   ( t )   . The next section proposes the current controller design based on the perturbed dynamics of (10).





3. Controller Design


The control objective is to attain the transfer function of the closed-loop system as follows:


        I x   ( s )     I  x , r e f    ( s )    =   ω  c c    s +  ω  c c     ,  x = d , q ,  ∀ s ∈ C ,     



(11)




where the design parameter   ω  c c    denotes the desirable cut-off frequency, and    I x   ( s )    and    I  x , r e f    ( s )    indicate the d-q frame current Laplace transforms,    i x   ( t )   , and the corresponding references,    i  x , r e f    ( t )   ,   x = d , q  , respectively. In the time domain, the target dynamics of (11) can be expressed as


       i ˙  x   ( t )  =  ω  c c     i  x , r e f    ( t )  −  i x   ( t )   ,  x = d , q ,  ∀ t ≥ 0 .     



(12)







3.1. Problem: PI-Decoupling Method and Drawbacks


To achieve the tracking performance of (11), the conventional PI-decoupling method is widely and commonly used in industrial applications. This conventional controller is given by


      u x   ( t )     =     u  x , p i    ( t )  −  v x   ( t )  ,  x = d , q ,  ∀ t ≥ 0 ,     



(13)




where    u  x , p i    ( t )   ,   x = d , q  , represent the PI controller outputs defined as


      u  x , p i    ( t )     =     K  p , x    e x   ( t )  +  K  i , x   ∫   e x   ( t )  d t  ,  x = d , q ,     



(14)




  ∀ t ≥ 0  , where    K  p , x   =  ω  c c    L  x , 0     and    K  i , x   =  R  s , 0    ω  c c    ,   x = d , q ,   denote the P and I gains of the controller, respectively, and tracking errors    e x   ( t )   ,   x = d , q ,   are defined as


      e x   ( t )     =     i  x , r e f    ( t )  −  i x   ( t )  ,  x = d , q ,  ∀ t ≥ 0 ,     



(15)







The feature of the conventional controller is that the rotor speed coupling terms    v x   ( t )   ,   x = d , q  , are directly compensated using nominal parameters and speed measurement, and the desired performance of (11) is obtained by the PI controller. Substituting the control laws of (13) into the d-q current dynamics of (10), it is derived that


       i ˙  x   ( t )     =     ω  c c     i  x , r e f    ( t )  −  i x   ( t )   +  η x   ( t )      



(16)






       η ˙  x   ( t )     =    −   R  s , 0    L  x , 0      η x   ( t )   +  1  L  x , 0      f ˙  x   ( t )  ,  x = d , q ,     



(17)




  ∀ t ≥ 0  , where    η x   ( t )    means output disturbances to the current dynamics. Although the steady-state error converges to zero, the change of the disturbance    f x   ( t )    significantly affects the transient tracking dynamics. The problem is that the only way to reduce the effect of disturbances in this structure is to increase   ω  c c   , which makes the system sensitive and susceptible to noise.




3.2. Proposed Control Algorithm


To address the disturbance rejection problem of the conventional method, a DOB-based control is proposed,


      u x   ( t )     =     u  x , p i    ( t )  −  v x   ( t )  −   f ^  x   ( t )  ,  x = d , q ,     



(18)




  ∀ t ≥ 0  , where     f ^  x   ( t )   ,   x = d , q  , represent the disturbance estimates defined as


       f ^  x   ( t )  =  ζ x   ( t )  +  α x   β x   L  x , 0    i x   ( t )  ,  x = d , q ,  ∀ t ≥ 0 ,     



(19)




and    ζ x   ( t )   ,   x = d , q  , denote the states of the observers:


       ζ ˙  x   ( t )  =     −  α x   ζ x   ( t )  −  α  x  2   β x   L  x , 0    i x   ( t )         +  α x   β x    R  s , 0    i x   ( t )  −  u  x , p i    ( t )   ,     



(20)




where   α x   and   β x  ,   x = d , q  , denote the gains of the DOBs as design parameters, respectively. Henceforth, the observers of (19) with the outputs of (19) are called the DOBs. The structure of the proposed method is depicted in Figure 4.



Applying the control input designs of (18) and (19) into (10), the closed-loop current dynamics can be formed as


       i ˙  x   ( t )     =     ω  c c     i  x , r e f    ( t )  −  i x   ( t )   +  η x   ( t )      



(21)






       η ¨  x   ( t )     =    −  (  α x   (  β x  + 1 )  +   R  s , 0    L  x , 0    )    η ˙  x   ( t )  −  (  α x   (  β x  + 1 )    R  s , 0    L  x , 0    )   η x   ( t )  +  1  L  x , 0      f ¨  x   ( t )  +   α x   L  x , 0      f ˙  x   ( t )  ,     



(22)







Note that different disturbance rejection dynamics are induced in (22) compared to (17). The effect on disturbance    f x   ( t )    can be reduced by selecting design parameters   α x   and   β x   of the DOBs.



The next subsection guides the selection of the appropriate gains (  α x  ,   β x  ) of DOBs with physical meaning via frequency-domain analysis.




3.3. Control Gain Design Method in the Frequency Domain


To obtain the transfer function of the effect of the disturbance, taking Laplace transforms in (10) and (19)–(22) yields


      Q x   ( s )      =   β x    β x  + 1      α x   (  β x  + 1 )    s +  α x   (  β x  + 1 )    ,     



(23)






      M x   ( s )      =   s ( s +  α x  )    L  x , 0    ( s +   R  s , 0    L  x , 0    )   ( s +  α x   ( 1 +  β x  )  )   ( s +  ω  c c   )    ,     



(24)






      S x   ( s )      =    L  x , 0      α x   β x  +  ω  c c         s +   R  s , 0    L  x , 0        s +    α x   (  β x  + 1 )   ω  c c      α x   β x  +  ω  c c           s +  α x   ( 1 +  β x  )      s +  ω  c c         ,     



(25)




where transfer functions    Q x   ( s )   ,    M x   ( s )   , and    S x   ( s )   ,   x = d , q  , are the disturbance estimation function, the load disturbance sensitivity function, and the noise sensitivity function, respectively. The transfer functions are defined as


    Q x   ( s )  ,   M x   ( s )  ,   S x   ( s )   : =      F ^  x   ( s )     F x   ( s )    ,     I x   ( s )     F x   ( s )    ,     U x   ( s )     I x   ( s )      



(26)




where    F x   ( s )   ,     F ^  x   ( s )   ,    I x   ( s )   , and    U x   ( s )    denote the Laplace transforms of    f x   ( t )   ,     f ^  x   ( t )   ,    i x   ( t )   , and    u x   ( t )   , respectively. The frequency shapes of these transfer functions by changing   a x   and   b x  ,   x = d , q  , determine the control performance.



Designing the parameters (  α x  ,   β x  ) separately has the advantages of having two degrees of freedom to adjust both the cut-off and DC gain of DOBs simultaneously. Figure 5 illustrates the attenuations in the frequency domain given the parameters  α  and  β .



For simplicity, let    ( · )  =   ( · )  q    in Figure 5. The electric parameters used in the magnitude plots of the transfer functions are designed as   L = 198.9 e − 6   H,   R = 0.0315    Ω , and     ω  c c    2 π   = 75   Hz for the ground case. Assume that the disturbances are distributed below   10 × 2 π   rad/s. To obtain more disturbance attenuation, another PI-decoupling controller increases its gain to     ω  c c    2 π   = 274.5   Hz. The PI controller with the increased gain provides an additional   − 11.3   dB of disturbance attenuation, but noise is amplified by   11.3   dB. Meanwhile, the proposed control method with     ω  c c    2 π   = 10   Hz and   β = 20   provides   − 26.4   dB of additional disturbance attenuation with the same noise amplification of   11.3   dB.



Remark 1.

Note that the disturbance attenuation in the target disturbance rejection frequency is reduced to   1  β + 1    below α [rad/s] by applying the proposed control method. Clearly, the proposed method has a great advantage in disturbance attenuation ability compared with the feedback linearization controller having the same noise amplification level.







4. Simulation Study


This section inspects the closed-loop performance of the proposed scheme compared with the PI-decoupling method in other works, such as feedback linearization (FL) in [6]. To achieve the simulation results, MATLAB SIMULINK 2016A (Mathworks, Natick, MA, USA) was utilized.



4.1. Simulation Environments: Electric Power Steering (EPS) System


The true electromagnetic parameters of the PMSM are given by


     R s     = 0.0229  Ω ,   L d  = 198.9  uH ,       L q     = 198.9  uH ,   λ  P M   = 0.1074  Wb ,  P = 3 ,     



(27)




and the mechanical part is connected to the rotor shaft of the PMSM directly. The mechanical transfer function is given by


      Ω ( s )    T e   ( s )      =      N 2   (  J 1   s 2  +  C 1  s + K )     J 1   J 2   s 3  +  (  J 1   C 2  +  J 2   C 1  )   s 2  +  (  J 1  +  J 2  )  K s +  (  C 1  +  C 2  )  K      



(28)




where    T e   ( s )    and   Ω ( s )   are the Laplace transforms of the motor electrical torque    T e   (  i d   ( t )  ,  i q   ( t )  )    and the mechanical speed   ω ( t )  , respectively. (  J 1  ,   J 2  ,   C 1  ,   C 2  , K, N) are the mechanical parameters given as


      J 1  = 0.033   kgm 2  ,   J 2  = 0.085   kgm 2  ,        C 1  = 0.23  Nm / rad / s ,   C 2  = 2.4  Nm / rad / s ,       K = 143.24  Nm ,  N = 20.5     



(29)







The mechanical system of (28) and (29) represents the mechanical system of EPS, which is depicted in Figure 1. The entire system combined with the mechanical system of (28) and (29) and the PMSM of (27) represent the EPS system of the target vehicle.



The DC-link voltage is given as    V  d c   = 12   V for vehicle applications, and both the pulse-width modulation (PWM) and control frequencies are set as 20 kHz. The desired cut-off frequency is tuned as    f  c c   = 75   Hz such that    ω  c c   = 2 π  f  c c   = 471   rad/s, which was applied to both the proposed method and the classical method. The simulations were conducted on two different uncertain cases: the first case is conducted under parameter variations, and the second case is simulating the current response under motor speed measurement delay. Both cases reveal major problems of the conventional method in practice; therefore, the proposed method aims to recover the current response under the uncertain environments in actual applications.




4.2. Simulation Case 1: Parameter Variations


For this simulation, to verify the robustness, the nominal parameters for the current controllers are perturbed to


     R  s , 0      = 0.5  R s  ,   L  d , 0   = 0.4  L d  ,       L  q , 0      = 0.5  L q  ,   λ  P M , 0   = 0.5  λ  P M   .     



(30)







The first case simulation is performed to examine the closed-loop current tracking performance for three different DOB designs. The DOB design parameters for the proposed method were selected such that the set of   (  α  2 π   , β )   is   { ( 10  Hz , 5 ) , ( 10  Hz , 20 ) , ( 100  Hz , 20 ) }  . The simulation results of the closed-loop current responses are illustrated in Figure 6.



As expected, the proposed scheme recovers the ruined responses; however, values of  α  and  β  are too high amplify the noise of the control inputs, as shown in Figure 7. The simulation of the frequency response of Figure 8 provides more detailed information that    (  α  2 π   , β )  =  ( 10  Hz , 20 )    and    (  α  2 π   , β )  =  ( 100  Hz , 20 )    satisfy the tracking control performance. Considering tracking performance and noise amplification,    (  α  2 π   , β )  =  ( 10  Hz , 20 )    certainly recovers the tracking performance of the classical method and shows acceptable noise sensitivity.




4.3. Simulation Case 2: Speed Measurement Delay


For this simulation case, it was assumed that the speed measurement is delayed without parameter variations. In many actual applications, the speed information is achieved by differentiating the position measurement; however, differentiating the raw signal severely amplifies digital and white noise, so the adaptation of a low-pass filter becomes necessary. Consequently, an inevitable delay occurs in the speed information because of the low-pass filtering. The measurement speed to control logic is


       Ω ˜  r   ( s )     =      ω s   s +  ω s     Ω r   ( s )  ,  ∀ s ∈ C ,     



(31)




where     Ω ˜  r   ( s )    is the Laplace transform of the measured electric speed     ω ˜  r   ( t )   ,    Ω r   ( s )    is the Laplace transform of    ω r   ( t )   , and   ω s   is the cut-off of the speed measurement low-pass filter. In the simulation,   ω s   is set to 100 rad/s.



As shown in Figure 9 and Figure 10, the control performance degrades when a speed measurement delay exists. As expected, however, this method restores both the step response and the frequency response to the desired performance. Note that a situation with a very small time delay can be fatal to the transient response as there are large parameter uncertainties. This speed measurement delay can also be compensated by the proposed DOB-based method.





5. Experimental Results


In this section, the closed-loop performance of the proposed method is compared with conventional schemes, specifically FL, as presented in Section 3.1. The experiment was conducted using a 500 W SPMSM in an EPS system of a vehicle. The known parameters of the SPMSM were provided in the previous section. The control design parameters and the operating conditions were set to be consistent with those provided in the simulation section except for the design parameter   α x   to achieve an improved tracking performance. The proposed current control laws were implemented in a TMS320F28377D digital signal processor (DSP). Figure 11 and Figure 12 illustrate the configurations of the hardware setup and closed-loop system.



5.1. Experiment 1: Performance Recovery of the Proposed Method


Three different experiments were performed to examine the performance of the proposed control method.



	
Experiment 1.1 (   i  q , r e f   =   20 A step reference input at t = 0 s):




	
In the first experiment, the test vehicle is on the ground, with high friction between the surface of the ground and the tyre. The result in Figure 13a indicates that an increase in the  β  gain and appropriate  α  effectively mitigate lumped disturbances and uncertainties, and the q-axis current recovers to the step response.








	
Experiment 1.2 and 1.3 (the sine sweeps when the vehicle is on the ground and lifted, respectively):




	
The sine sweeps are conducted with a +/−10 A amplitude continuous sinusoidal signal on the q-axis current reference   i  q , r e f    with a set of discrete frequencies varying from 0 to 150 Hz. Figure 13b,c display the frequency response of    i q  /    i q   *   ; both the measured current and reference are filtered with a 10th-order 300 Hz cut-off finite impulse response (FIR) filter to reject the effects of high-frequency noise from the measurement. Figure 13b,c prove that the effects of the disturbances, including the back-EMF, are well mitigated compared to the classical FL method. The compensation results recover to the frequency shape of the first-order low-pass filter. The difference between Figure 13b,c arises from different torque loads from the surface friction between the tyre and floor.












5.2. Experiment 2: Robust Stability to Parameter Variation


Two different experiments are conducted to examine the robustness of the proposed control method. In these experiments, the nominal parameter values used in the controller design are forcibly changed for the purpose of testing parameter uncertainty.



Figure 14a is the sine sweep experiment result for examining the effect of the uncertainty of q-axis inductance when the proposed method is applied. This result shows that the performance is recovered and maintained. Although slight changes occur compared to    L  q o   =  L q   , the performance is not significantly decreased in the target frequency band (<20 Hz).



Figure 14b is the sine sweep experiment result for verifying the effect of the uncertainty of stator resistance when the proposed method is applied. This result indicates that the robustness does not break except for the case of   0.1  R q   . The exception occurred because the I control gain of the PI controller is decreased one-tenth; equivalently, it has the same effect as a one-tenth reduction of  β . However, in actual applications, the change of parameter   R s   is physically limited because the temperature of the machine is bounded.





6. Conclusions


The proposed algorithm provides the transient performance recovery property by introducing DOBs in EPS applications. The findings prove that the designed closed-loop system achieves sufficient current tracking performance for various uncertainties. The proposed method is clearly effective and considered to be a better alternative to the classical FL (PI-decoupling) method with a practical controller design approach. The following points are presented in this paper:




	
We examine and raise the problem of basic FL control widely used in EPS systems.



	
To solve the problem, this paper proposed a disturbance-observer-based current controller. The structure of the proposed controller is easy to design and has minimal influence on noise while greatly suppressing disturbances below 20 Hz from external load torques.



	
In an actual mechanical EPS system in a vehicle, the performance around the resonance point was recovered, and the robustness was proved in both simulations and experiments.








However, there is room for more detailed considerations on frequency shaping of disturbance attenuation in the proposed form. In addition, research on using the EPS logic controller H to design the PMSM controller   G m   is a challenging but important issue. Thus, it will be methodically verified in a future study.




7. Patents


“Motor control system and method for compensating disturbance,” US Patent App. 15/283,076, 2017. (USA, CHINA): https://patents.google.com/patent/US20170110992A1/en.
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The following abbreviations are used in this manuscript:



	PMSM
	Permanent Magnet Synchronous Motor



	DOB
	Disturbance Observer



	EPS
	Electric Power Steering



	DTC
	Direct Torque Control



	MPC
	Model Predictive Control



	IMC
	Internal Model Control



	FL
	Feedback Linearization










Appendix A. Transfer Functions of EPS Control System


The transfer functions of   P 1  –  P 8   and   P  e q    are given as


     d o m    =     J 1   J 2   s 4  +  (  J 1   C 2  +  J 2   C 1  )   s 3        +     (  C 1   C 2  +  J 1  K +  J 2  K )   s 2        +    (  C 1  K +  C 2  K ) s        P  e q   ,  P 8     =    K (  J 1   s 2  +  C 1  s ) / d o m       P 1    =    (  J 2   s 2  +  C 2  s + K ) / d o m        P 2  ,  P 3  ,  P 4  ,  P 5     =    K / d o m       P 6    =    (  J 1   s 2  +  C 1  s + K ) / d o m       P 7    =    K (  J 2   s 2  +  C 2  s ) / d o m     
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Figure 1. The picture and the schematic of the electric power steering (EPS) system. PMSM: permanent magnet synchronous motor. 
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Figure 2. A block diagram of an EPS system. 
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Figure 3. The performance degradation of the linearized feedback PI controller widely used in industry (a test on a commercial motor controller of an EPS system): (a) torque tracking performance degradation; (b) individual frequency tracking performances (added). 
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Figure 4. Proposed current control algorithm structure. DOB: disturbance observer. 
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Figure 5. Comparison of q-axis (a) load disturbance sensitivity and (b) noise sensitivity function. 






Figure 5. Comparison of q-axis (a) load disturbance sensitivity and (b) noise sensitivity function.



[image: Energies 11 01224 g005]







[image: Energies 11 01224 g006 550] 





Figure 6. The q-axis current (   i q   ( t )   ) step responses under parameter variations. 
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Figure 7. The q-axis control input (   u q   ( t )   ) under parameter variations. 
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Figure 8. The q-axis current tracking frequency response (sine sweep) under parameter variations. 
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Figure 9. The d- and q-axis current step responses under speed measurement delay due to the low-pass filter. 
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Figure 10. The d- and q-axis current frequency responses under speed measurement delay due to the low-pass filter. 
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Figure 11. Hardware setup. 
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Figure 12. Configuration of implemented closed-loop system [6]. 
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Figure 13. Experiment 1: q-axis current responses (a,b) when the vehicle is on the ground; and (c) when the vehicle is lifted. 
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Figure 14. Experiment 2: q-axis current responses when there is (a) inductance parameter variation and (b) resistance parameter variation. 
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