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Abstract


In many industrial practices, it needs a permanent magnet synchronous motor to provide enough torque, such as autonomous vehicle driving. In the operation of a permanent magnet synchronous motor, the nonlinearly parameterized-uncertainties degrade control performances, causing the instability of motor speed and output torques. Based on the analysis of temperature effects and friction torque model, a composite controller is proposed in this paper which considers model uncertainties and external disturbances. An adaptive controller involving an online time-varying scaling gain is employed to eliminate the influence of nonlinearly parameterized-uncertainties. In addition, an extended state observer (ESO) is used to estimate the disturbance in the control system in which the estimated value is used to compensate for the feed-forward. Numerical simulation and experiment are performed and the results show that the proposed method may alleviate the performance degradation due to nonlinearly parameterized-uncertainties and disturbances. Simultaneously, it may improve the stability and anti-disturbance capacities of the system.
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1. Introduction


Recently, permanent magnet synchronous motors (PMSMs) is widely applied in industrial applications due to its small size, lightweight, high energy density, and high reliability, especially in the field of advanced manufacturing and autonomous vehicle driving [1,2,3]. PMSM drive system with high performance generally adopts field-oriented control, which has excellent performance for dynamic and static speed regulations. However, the nonlinearly parameterized-uncertainties in the system decrease the accuracy of the magnetic field orientation. Moreover, the conventional PI controller of the motor system with fixed gains exhibits a poor speed regulation performance with the variation of load torques [4].



Generally, there are more or less nonlinearly parameterized-uncertainties in the real industrial environment. First of all, a long-running motor with load may run in a high-temperature case, resulting magnetism loss for those permanent magnetic with high heat sensitivity. Meanwhile, the value of the stator resistance increases according to the temperature. In contrast, the value of the rotor flux linkage and the stator resistance is usually considered as constant, which may degrade the performance of PMSM. Besides, the impact of friction torques among some parts of the motor is usually ignored. However, in a real system, the increase of contact area and pressure between the shaft and other components are also capable of increasing static friction so that the startup and running performance of PMSM may be negatively affected.



Due to the unavoidable appearance of uncertainties in real systems, it is always difficult to obtain an exact model with high accuracy [5]. One practical approach is the off-line identification or modeling before implementations [6,7], while its employment condition is limited since it is only efficient for a time-invariant system. Therefore, there is few control methods overcoming the difficulties of nonlinearly parameterized-uncertainties. Variable structure control and robust control can competently deal with such uncertainties. Unfortunately, they can merely ensure that the tracking error of the system converges within a specific limit value while it cannot be realized as tracking with zero error [8,9]. A time-varying proportional gain method is presented and control law is designed according to dynamic high-gain control techniques [10,11,12,13]. However, it is inevitable to guarantee a Lipschitz continuous condition to achieve an asymptotically stable result. A finite-time stable controller with time-varying gains is proposed by Bhat and and his colleagues [14]. They adjusted parameters online by two dynamic equations. It’s worth mentioning that their method involved a complicated procedure of recursive determination of the virtual controller. As the order of the system increases, the criterion of gain selections becomes conservative due to a large number of mathematical estimations. A variable structure iterative learning controller is addressed and a learning law is adopted to realize the completed convergence of tracking errors by Xu and his colleagues [15]. In [16], an adaptive repetitive learning control (ARLC) scheme is proposed for permanent magnet synchronous motor (PMSM) servo systems with bounded nonparametric uncertainties. An extend the adaptive sliding mode control arrangement to periodic case to suppress the torque ripple by using a series-structure resonant controller is proposed in [17]. In [18], the authors proposed a proportional-type full-state observer is combined with a disturbance observer to deal with the model uncertainties. A method of learning control is studied utilizing the norm bound of uncertainties and the robustness of the controller so as to ensure the stability of the system and to effectively eliminate the tracking error [19,20,21]. Inspiring by the homogeneous system theory, a novel non-recursive adaptive controller design framework is proposed to solve the problems of a class of nonlinear systems with nonlinearly parameterized-uncertainties [22,23]. It can obtain a stabilizer including a dynamic scaling gain function and a constant gain vector. The gain vector can be easily acquired when the dynamic scaling gain is adjusted online according to the explicit self-tuning law. Compared with the existing recursive design methods, the proposed non-recursive method reduced the complexity of the controller and averted the difficult estimation of interior nonlinearly parameterized-uncertainties.



In applications, various external disturbances may unavoidably occur in the PMSM driving system, such as parameters perturbation and load torques, which may put some negative impacts on the stability and the rapidity of the motor. However, the conventional PID controller cannot have an excellent effect on rejecting disturbances although the feedback can eventually converge to the value reference in a long time. Hence, using an observer to estimate the disturbance value in the PMSM control system has great significance. Many researchers devise various control methods, such as frequency disturbance observer [24], time-domain disturbance observer, sliding mode disturbance observer, and so on. In this paper, an extended state observer is applied to estimate disturbance in the process of motor operation due to its superior characteristic of accurate evaluation both for state variables and disturbances. It is usually employed for output feedback-based disturbance rejection control.



In this paper, we firstly analyze two kinds of nonlinearly parameterized-uncertainties in a PMSM control system. Specifically, the influence on remanent magnetism and the coercivity of permanent magnet caused by the change of temperature are illustrated. Then, the influence on stator resistance is analyzed. Based on the analysis of Stribeck friction model, the influences of friction on the performance of motor systems are elaborated. Furthermore, simulation results depicted adverse effects on output torques and the stability of control system of these uncertainties. We combined an adaptive controller and an ESO to handle the adverse effects caused by the nonlinearly parameterized-uncertainties in PMSM and to improve the stability and the anti-disturbance capability.



The main contribution of this paper can be summarized as follows



	
The proposed controller uses a non-recursive design framework, the stability analysis and controller design can be separated, and has a fixed architecture framework, that is easy to design and implement for engineering;



	
The proposed controller adopts a one-step adaptive law to deal with parametric uncertainties of the PMSM system, which is an one-step designed adaptive mechanism which is more direct and effective;



	
The proposed controller applied the nonsmooth control technique which has better convergence performances around the equilibrium points and greater robustness.






Finally, experiment results show that the driving system can quickly track the reference speed in finite time and has an excellent control performance.




2. The Mathematical Model of PMSM


The voltage equation of a surface-mounted PMSM in the rotor field-oriented   d − q   frame:


       u d  =  R s   i d  +  L d    d  i d    d t   − p  ω r   λ q         u q  =  R s   i q  +  L q    d  i q    d t   + p  ω r   λ d       



(1)




where   u d   and   u q   are the stator voltages of d and q axes, while   i d   and   i q   are the stator currents of d and q axes respectively.   ω r   is the angular velocity, and p is the number of pole pairs.   R s   indicates the stator resistance.   λ d   and   λ q   are the stator flux of d and q axes.   T L   stands for the load torque.   T e   is the output torque of the motor and   λ f   is the rotor flux linkage.   L d   and   L q   are the stator inductance of d and q axes. J is the rotor inertia, and B is the viscous friction coefficient.



The motion equation can be described as follows,


  J   d  ω r    d t   =  T e  −  T L  − B  ω r   



(2)







According to the following relationship,


      λ d    =     L d   i d  +  λ f        λ q    =     L q   i q       



(3)






   T e  =   3 p  2   λ f   i q   



(4)




the state equation of PMSM can be described by Equations (1) and (2) as:


         d  i d    d t     =     −    R s   L d    i d   +    L q   L d   p   ω r   i q  +   1  L d    u d            d  i q    d t     =     −    R s   L q    i q   +    L d   L q   p   ω r   i d  + p  ω r     λ f   L q   +    1  L q    u q            d  ω r    d t     =        3 P   2 J    λ f    i q  +    T L  J  −    B J   ω r        



(5)







In order to eliminate the coupling between   i d   and   i q  , the FOC method of setting    i d *  = 0   obtains an excellent control performance. The system (5) can be simplified as the form written in (6).


        d  i q    d t   =  1  L q    ( −  R S   i q  − p  ω r   λ f  +  u q  )          d  ω r    d t   =  1 J   ( −  T L  +   3 p  λ f   i q   2  − B  ω r  )       



(6)







According to (6), the FOC control system of PMSM can be described in Figure 1.




3. Analysis of Nonlinear Parameterized-Uncertainties


3.1. Nonlinear Parameterized-Uncertainties in PMSM


The nonlinear parametric uncertainty analysis is given below, including: temperature and friction.



3.1.1. Temperature Change


Magnetism Loss and Coercivity


Due to the high sensitivity of permanent magnets, the magnetism loss and coercivity change relied on the change of temperature cannot be ignored in the PMSM control system. It may lead to the fluctuation of the permanent magnet flux linkage (  λ f  ), and result in the instability of the output torque. The relationship among coercivity   H c  , magnetism loss   B r   and temperature T are illustrated as below:


   B r   ( T )  =  B r   (  T 0  )   [ 1 +  α 1   ( T −  T 0  )  ]   



(7)






   H c   ( T )  =  H c   (  T 0  )   [ 1 +  α 2   ( T −  T 0  )  ]   



(8)




where   T 0   is the reference temperature.   α 1   and   α 2   are the temperature coefficient.




The Change of Stator Resistance


The winding temperature changes as the heat generates during the running process, and the stator resistances also vary with the fluctuation of winding temperatures. According to relevant technical regulations [25], the relationship between stator resistance and temperature can be described as:


   R s  =  R 0    234.5 + T   234.5 +  T 0     



(9)




where   R s   is the stator resistance in current working temperature.   R 0   is the resistance at room temperature (25.0 °C). The curve of stator resistance changing with the increment of the temperature can be illustrated in Figure 2. However, in a realistic system, the temperature increment has a significant relationship with the uncertainties of the external environment, leading to the nonlinear change of stator resistances.





3.1.2. Friction Torque


Friction is unavoidable and complicated phenomenon in the control system. For PMSM, friction can lead to tracking errors, limited cycles, and undesired stick-slip motion [26]. According to the dynamic equation of PMSM (5), the effect of friction is expressed by the correlation between the viscosity coefficient and the velocity. The simplicity of this form leads to the fact that the influence on the motor control system caused by friction which cannot be expressed completely. In practical engineering, the friction torque is usually a combination of Coulomb friction, viscous friction (Stribeck friction model), and Stribeck effect, in which the latter is recognized to produce a destabilizing impact at very low speed. The relationship between friction moment and speed may be described by Equation (9) as follows,


   M f  = s i g n  (  ω r  )   M c  + s i g n  (  ω r  )   (  M m  −  M c  )  exp  ( −   (   ω r   ω  s t r    )  2  )  + B  ω r   



(10)




where,   M f   is the friction torque and   M c   is the Coulomb friction moment.   M m   is the maximum static friction moment, and   ω  s t r    is the Stribeck velocity. The maximum static friction moment is greater than the Coulomb friction torque, and the Coulomb friction force is constant in the running process of PMSM. The second term in (10) reflects the characteristics of friction torque under extremely low-speed conditions. The curve of friction torque can be illustrated as in Figure 3.



In general,   ω  s t r    is very small, so that the Stribeck effect can be ignored as the motor runs at a high speed and (10) can be simplified as the following form (11):


   M f  = s i g n  (  ω r  )   M c  + B  ω r   



(11)







According to (11), the friction torque can be equivalent to the combination of Coulomb and viscous friction at high speed, without any change, which has little impacts on PMSM control system. However, the Stribeck effect cannot be ignored in low running speed. According to (10), the friction torque shows a strong nonlinear characteristic, and the traditional PI control system has limited bandwidth, so that it is difficult to effectively suppress the high-frequency disturbance. Therefore, it is obvious that the influence of friction torque on the system at low speed.



Friction torque among some parts in the motor may change due to the uncertainty of some external conditions. The volume of the bearing and coupler may expand due to thermal expansion caused by a rise of indoor temperature, which leads to the increase of the contact area between the shaft and these two parts. Therefore, the static friction force may increase. Furthermore, the humid working condition may cause some parts (such as the bearing) rust, which also enhances the contact area between some parts. Meanwhile, friction torque may increase since the roughness between contacts surfaces may increase as the existence of some iron rust [27].





3.2. Simulation of Nonlinearly Parameterized-Uncertainties in PMSM


A simulation of nonlinearly Parameterized-uncertainties was performed in PMSM considering the following parameters: temperature and friction



3.2.1. Simulation of the Influence of Temperature Change


Since there is no disturbance about temperature in existing PMSM model, it is difficult to study the influence of temperature by conducting simulation. In this paper, according to the state equation of PMSM and corresponding temperature (9), a simulation model with temperature disturbance is constructed.



According to the Hudson User Manual, the specifications of motor M-2310P-LN-04K introduce that the maximum winding temperature is about 150 °C We conduct simulation for FOC system within a temperature range from 25 °C to 150 °C. According to (9), the stator resistance changes linearly with the increase of temperature. Initially, the stator resistance at indoor temperature (25 °C) is   0.36  Ω  . Then, it increases to   1.06  Ω   at 150 °C. In a realistic system, temperature changes have a significant relationship with the uncertainties of the external environment, bringing nonlinear changes of the stator resistance. Parameters of PMSM used in the simulation are shown in Table 1.



Figure 4a,b are the response curves of speed. Motor starts with load torque at    T L  = 5   N·m. From the results, the motor runs steadily without temperature influence in Figure 4a. However, the speed of PMSM drops rapidly with the change of stator resistances and the flux in Figure 4b, which eventually results in the unstable performance of the control system. Figure 5a,b (response curves of torque) show a similar result, similar as in Figure 2. With the increment of the temperature from 25 °C to 150 °C the amplitude of torque decreases gradually, and the torque also drops rapidly.




3.2.2. Simulation of the Influence of Friction Torque


Since the weak effect from static friction on PMSM, we set the speed reference as 30 rad per minute in simulation.



Figure 6a,b are the response curves of speed. Motor starts with a load torque at    T L  = 5   N·m and the friction moment is applied in PMSM. From the results, the motor with friction influence starts with vibration and run less stability. Figure 7a,b are the response curves of the torque. If the torque curve with friction influence has a smaller overshoot, the motor ignoring friction influence has a higher response speed.




3.2.3. Control Strategy


The non-recursive adaptive stabilizing controller [23] is proposed for a class of lower-triangular nonlinear systems with nonlinearly parameterized-uncertainties, which can be described by the following form


        d  x i    d t   =  x  i + 1   +  f i   ( θ ,   x ¯  i  )  , i ∈  N  1 : n − 1           d  x n    d t   = u +  f n   ( θ , x )       



(12)




where     x ¯  i  = c o l  (  x 1  ,  x 2  , … … ,  x i  )   ,   x =   x ¯  n   , and u are respectively the system partial state vector, full state vector and control input.   θ ∈  ℜ r    is unknown time-varying or constant parameter vector.    f i   ( · )    is a c1 nonlinear function satisfying a vanishing condition (   f i   ( θ , 0 )  = 0  ). According to [27], the following assumption is satisfied for following relationship of    f i   ( θ ,   x ¯  i  )   


     f i   ( θ ,   x ¯  i  )    ≤  δ i   ( θ )   γ i   (   x ¯  i  )    ∑  j = 1  i      x j       r i  + τ   r j     i ∈  N  1 : n   , 0 ≤ j ≤ i  



(13)




where  θ  is bounded and    δ i   ( θ )  ≤ τ  . r is the homogeneous dilation weight.    r i  = r (  i − 1 ) + τ   .  τ  is the homogeneous degree (  τ ∈ [ 0 , 1 )  ).



The stabilizing control law is designed as:


      v = − K   ∑  i = 1  n    s i g n  ( z )     z      r n  + τ   r i           u =  L  n + 1   v         σ ^  =   c 1   L ρ    z    Δ r    2 k          L =   L  1 + ρ   max   0 ,  c 2   σ ^  −  c 3   L  1 − ρ           z =   x i   L i        



(14)




where   ρ = 1 −  ( 1 − τ )  /  r n  ∈  [ 0 , 1 )   .   c 1  ,   c 2  ,   c 3   are designed to be constant. L is a time-varying scaling gain, and     x    r   =   (    x i    p /  r i    )   1 / p       p = 2  .   K = [  k 1  ,  k 2  ,  k 3  … …  k n  ]   is a constant gain vector corresponding to a Hurwitz polynomial.



Though the adaptive method based system (13) with a concise structure, some external disturbances are not considered in this system. However, in practical system, load disturbances and external disturbances may generate undesirable behavior on both stability and response speed of PMSM system. Hence, the closed-loop performance is affected to a extent.






4. Composite Controller Design


Considering that the motion equation of PMSM (2) also satisfied system (12), our purpose is to design an efficient composite controller for PMSM system with nonlinearly parameterized-uncertainties so as to improve the system stability and capacity of anti-disturbances.



4.1. Adaptive Controller Design


Since the control purpose of the PMSM drive system makes the motor speed track the reference speed value, the speed tracking error is defined. The dynamic tracking error of the speed can be written as   e =  ω r *  −  ω r   . Then, we have following relationship


  J   d  ω r *    d t   − J   d  ω r    d t   = J   d  ω r *  −  ω r    d t   = J   d  ω r *    d t   −  T e  +  T L  + B  ω r  = J   d  ω r *    d t   −  T e  +  T L  − B  (  ω r *  −  ω r  )  + B  ω r *   











Such that:


    d e   d t   = −   3 p  λ f    2 J    i q  −  B J  e +  B J   ω r *  +   T L  J  +   d  ω r *    d t    



(15)







The motion equation of PMSM can be rewritten as following form:


    d e   d t   = −   3 p  λ f    2 J   u −  B J  e + f  ( θ , x )  + d  ( t )   



(16)




where   f ( θ , x )   is nonlinear function with nonlinear parameterized-uncertainties and   d ( t )   is the external disturbance (  d  ( t )  =   B  ω r *   J  +   T L  J  +   d  ω r *    d t    ).



Firstly, the influence caused by   f ( θ , x )   is eliminated utilizing the new adaptive controller, and the PMSM control system in the absence of   d ( t )   is considered as:


    d e   d t   = −   3 p  λ f    2 J   u −  B J  e + f  ( θ , x )   



(17)







Coordinate Transformation: Consider the transformation as the following form:


  z =  e L  , v =  u  L 2    



(18)







The system (15) can be rewritten as the following form:


    d z   d t   = −   B L  J  z −   3 P  λ f  L   2 J   υ −  1 L    d L   d t   z +   f ( θ , x )  L   



(19)




where L is a dynamic scaling gain function, which can be online updated according to an explicit self-tuning adaptive law:


    d L   d t   = L max  { 0 , a  σ ^  − b L }   



(20)




with   L ( 0 ) ≥ 1  , where a, b are positive design parameters. Denoting that   σ ^   is the estimation of  σ , it may be updated by following functions:


    d  σ ^    d t   = c L   z   2 k    



(21)




where c, k are design constant.



Dynamic Control Law: Aiming to design a controller such that the speed  ω  of the motor in the system (2) can asymptotically track the reference trajectory. A dynamic control law can be expressed in the following form [23]:


  v = − K sgn  ( z )    z   r + τ    



(22)




where   r = 1  ,   τ = 0  . K is a constant gain corresponding to a Hurwitz polynomial.



According to (13), we have


  u =  i q *  = − K  L 2  sgn  ( z )   z  = − K  L 2  sgn  (  e L  )    e L    



(23)








4.2. ESO Design


After eliminating the adverse effects of   f ( θ , x )  , the dynamic equation of PMSM (8) can be equivalently represented as:


    d e   d t   = −  B J  e −   3 P  λ f    2 J   u + d  ( t )   



(24)







Defining    x 1  = e ,  x 2  = d  ( t )   ,   A = − B / J  ,   B = − ( 3 P  λ f  ) / 2 J  , the system (15) can be depicted as:


        x ˙  1  = A  x 1  + B u         x ˙  2  =   d d ( t )   d t        



(25)







To obtain the extended states of PMSM control system, a linear ESO can be designed as [27]


        d  z 1    d t   =  z 2  −  β 1   (  z 1  −  x 1  )  + b u         d  z 2    d t   = −  β 2   (  z 1  −  x 1  )       



(26)




where   z 1  ,   z 2   are the estimates of   x 1  ,   x 2   and   β 1  ,   β 2   are the observer parameters which are need to be designed.



In order to satisfy the control objective of dealing with the adverse effects caused by nonlinearly parameterized-uncertainties and effectively suppressing various disturbances in the PMSM system, combine Formulas (23) and (26), a kind of composite controller (non-recursive adaptive controller + ESO) has been introduced as the following form:


  u = − k  L 2  sgn  (  e L  )    e L   +   2 J   3 P  λ f     z 2   



(27)







The whole control block diagram of composite controller can be found in Figure 8.





5. Experiment Results


According to existed methods, a model in MATLAB is built to conduct experiments, and the integral control method is implemented by the TI-TMS320F28379D control board on a 426 w PMSM. The specification of PMSM is the same as the parameters in Table 1. Figure 9 shows the experimental platform setup. Considering the complexity of experiments, we take the uncertainty of friction torque as an example to illustrate its impacts by increasing artificial friction (increasing the contact area). The control parameters for the experiments are shown in Table 2. Concerning that the influence of the friction force may be more remarkable at low speed, we set the reference speed as 100 rad per minute in experiments and the load torque is chosen as    T L  = 5   N·m is applied to PMSM when it starts.



In the case of tracking a step signal, the response curves of speed in Figure 10a,b, the PID controller with artificial friction influence runs with higher amplitude (107 rpm) than the controller without friction influence (104 rpm). In Figure 10c, the composite controller with friction influence has less settling time (0.15 s) than the PID controller (0.17 s) with friction influence in Figure 10b. Besides, the speed trajectory of the PID controller in Figure 10b is less stable than that of the composite controller showing smaller overshoot (1%) than speed curves in (a) (6%) and (b) (5%). The maximum tracking error of the step response is 12.5 rpm.



According to the response curves of torque in Figure 11a,b, the PID controller with artificial friction influence runs with a more violent vibration (4.8 N·m 8.2 N·m) than the controller without friction influence (3.8 N·m 5.6 N·m). In Figure 11c, the composite controller with friction influence has less violent vibration (5.8 N·m 8.3 N·m) than that of the PID controller in (b) showing less stability.



In the case of tracking sinusoidal signals (Reference track   80 s i n ( θ )  ), the response curves of speed in Figure 12a,b, and response curves of torque in Figure 13a,b, the the PID controller with artificial friction influence runs with higher amplitude (97 rpm) than the controller without friction influence (94 rpm). The composite controller with friction influence in Figure 12c has higher tracking accuracy than PID control. Maximum steady state error for sinusoidal tracking is 8.2 rpm




6. Conclusions


In this paper, some specific nonlinearly parameterized-uncertainties caused by temperature change and friction torque in PMSM have been illustrated, and some simulation results reveal the adverse influence of them. Therefore, a novel composite control method, including an adaptive controller and an extended state observer (ESO), has been applied to the FOC of PMSM to overcome the influence caused by nonlinearly parameterized-uncertainties. This composite controller has a good effect on eliminating these impacts and effectively improves the stability of the motor drive system. Additionally, through the comparison between the proposed method and the conventional PID controller, experimental results show that the control system owns a better control performance as PMSM starts with load torque.
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Figure 1. The principal block diagram of PMSM system based on Field Oriented Control. 
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Figure 2. The curve of stator resistance changing with the temperature. 
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Figure 3. Friction model. 
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Figure 4. Comparison of speed curves. (a) Without temperature change, (b) With temperature change (simulation). 
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Figure 5. Comparison of torque curves. (a) Without temperature change, (b) With temperature change (simulation). 
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Figure 6. Comparison of speed curves (a) Without friction influence, (b) With friction influence (simulation). 
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Figure 7. Comparison of torque curves. (a) Without friction influence, (b) With friction influence (simulation). 
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Figure 8. The block diagram of the composite controller. 
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Figure 9. The experimental platform setup. 
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Figure 10. Comparison of Velocity Waveforms with Step Signal Tracking. (a) Without friction torque (PID), (b) With friction torque (PID), (c) With friction torque (Composite controller) (experiments). 
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Figure 11. Comparison of torque Waveforms with Step Signal Tracking. (a) Without friction torque (PID), (b) With friction torque (PID), (c) With friction torque (Composite controller) (experiments). 
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Figure 12. Comparison of Velocity Waveforms with Sine Signal Tracking. (a) Without friction torque (PID), (b) With friction torque (PID), (c) With friction torque (Composite controller) (experiments). 
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Figure 13. Comparison of torque Waveforms with Sine Signal Tracking. (a) Without friction torque (PID), (b) With friction torque(PID), (c) With friction torque (Composite controller) (experiments). 
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Table 1. Specification of the PMSM.
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	rated power
	426 W
	pole pairs
	4



	rated voltage
	60 V
	stator resistance
	0.36 Ohms



	rated torque
	1.5 N·m
	stator inductance
	0.4 mH



	rated current
	7.1 A
	rotor inertia
	3.75 kg·m   2  



	rated speed
	6000 rpm
	back-EMF
	4.64 v/krpm










 





Table 2. Control parameters of experiments.
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	Traditional PID
	
	Composite Controller
	





	speed loop proportional gain
	25
	design parameter a
	0.5



	speed loop integral gain
	0.001
	design parameter b
	0.8



	speed loop differential gain
	0.01
	design parameter c
	1



	current loop   I d  /  I q   proportional gain
	0.04
	design parameter k   I d  /  I q  
	1.5



	current loop   I d  /  I q   integral gain
	0.02
	constant gain K
	−0.5



	
	
	gain of ESO
	23



	
	
	gain of ESO
	4.5



	
	
	current loop   I d  /  I q   proportional gain
	0.04



	
	
	current loop   I d  /  I q   integral gain
	0.02
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg





media/file4.png
Ro

 /

s —— g





media/file18.png
Torque sensor

Main Motor )
I Test Motor

IDriver boardl ISignal transfer boardl






media/file21.jpg
= =
(a)





media/file26.png
100

I
o
©

1
(=]
(=]

1
(=]
<

I
[=] o
N

=20 1

(wdia)paadg

-40 -

-60

-80

-100

100

(=] o

2
=20

(wdi)paadg

-40 -

-60 -

-80

-100

Time(s)
(b)

Time(s)
(a)

100

(=} o

2
=20 -

(wdi)paadg

-40

-60 -

-80

-100

Time(s)
(c)





media/file27.jpg
,,,,,,,,





media/file3.jpg
R/Ohm

Ro

- o O





media/file19.jpg
—sesd
x’—'
i

ANANERRNAN
Wag"






media/file7.jpg
Suem

s . s u

S
PRI

P . s ¥

Tt

(a)

Tt

(b)





media/file28.png
(wrN)enbuo]

- =] =

(wrN)anbuo]

Time (s)
(b)

Time(s)
(a)

I
o~

o

(wrN)anbuo]

Time(s)
(c)





media/file23.png
Targua(N.m)

15 T T T T T T T
7
6
10 - 5
4
01 02 03
5 [
B
ol 5
4
22 24
_5 1 1 1 1 1 1 1
1] 05 1 15 25 15 4 45
Tume{s)

Torgua(N.m)

L5 B = T I =«

21 22 23 24

_5 1 1 1 1 1 I |
b 05 1 15 2 25 3 15 4 45 5

Tume{s)

(b)





media/file10.png
12

10|

5= - L]

fuNjenbloL

1 L

[

= L] - Loy ™

fuNjenbloL

06 0¥ 08 09

05

03 04 Timets)
(b)

0.2

01

06 0¥ 08 09

05

Tume{s)

(a)

02 03 04

01





media/file14.png
TarguaiN.mj

01 02 03 04 05 06
Tme{s)

(a)

07

15 T T T T T T T
" 115
11
13 10.5
10
95
12 0.02
TN
£
= 10
o
e 9
8 -
T
b
5 | 1 1 1 1 1 1
L] o1 02 03 04 05 06 07 o8 09
Tume{s)

(b)






media/file11.jpg
Seeecirom)
s






media/file6.png
M m

'(l)r

-Mm






media/file15.jpg
dt

Adaptive ig
controller PrSH

ESO e

Sensor |-






nav.xhtml


  energies-15-07354


  
    		
      energies-15-07354
    


  




  





media/file29.png





media/file16.png
- {k controller
W

Sensor

ESO

PMSM

A






media/file2.png
Speed
Calculation

dq

Ve

id*
A
iq
id

0

| Position L

§ [+

dq

Upc

3Phase
SVPWM ™ INVERTER
Va Vb Vc
I, L
abe 4
Ip |
)
af

| Sensor I I






media/file20.png
Epsad{rpm)

Epsad{rpm)

1m T T T T T T T T
100 |
105 104
100 102
95 100
90 a8
a0 85 9%
005 01 015 B
21 22 23 24
n L
0 05 1 15 2 25 35 4 45
Tume{s)
(a)
1m T T T T T T T T
100 N e T A VAL
100
102
» 100
Mg
98
006 01 014 9 32 24
“ =
0 05 1 15 2 25 35 4 45

Tume{s)

(c)

150

Spaadirpm)

110
105
100 105
95 100
1 90 a5 ’
0.1 0.14 0.18 5 5
0 05 1 15 2 25 3 135 45 5





media/file5.jpg
-Mm

-
Wy





media/file24.png
24

22

15

W

fu'NJenblaL

Tume{s)

(c)





media/file1.jpg
Upc

Ny BN AN
sprse
- INVERTER
Y
= #
@ 1
T
et
Coltuiaion . - abe,
A w
0
T .

Semsor






media/file25.jpg
ez ssad

e

i





media/file12.png
Epaad{rpm)

T T T T T T T T T ﬁ T T
3] -
30 ] 2 | 30
. 295
| | 29
28 £ 285
0.02 0.04 | £
o1 0.02
o
0
. “ 1w
6
4 1 sl
2 2
0
2 | ol ©
0 2 2
Timm}a 1 1 1 | 1 1 | 5 n !5
01 02 03 04 05 06 07 08 09 1 0 01 0213

Tame(s)

(a)





media/file9.jpg
=

(a)

st

(b)





media/file22.jpg
006, 01

0.02

24

22

15

10

(WN)enbiaL





media/file8.png
i
=
ot
=
P
=
et
=
)
ol ~~
3
ot
=
it/
=
N
=
=
_r[|.’ A L Il Il =
s = = g = =
{wdiipeeds
i
=
ot
=
ad
=
et
=
)
L]
: ~~
LG
-
=
]
=
N
=
=
T ® ® & = =g

{wdiipeeds





media/file17.jpg
Main Motor

Torque sensor

Power supply

Test Motor

Main control board

oriver board]

Signal transfer board|






