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Abstract

:

This paper focuses on the universal control design of permanent magnet synchronous motors (PMSMs) with uncertain system dynamics. In vector control, classical proportional-integral (PI) controllers are used to control d-q axis currents and speed of the PMSM. This paper uses two control methods: conventional field-oriented vector control and simplified control. First, all the control gains are determined for numerous PMSMs with various power ratings using an empirical study and generalized mathematical expressions are derived for each of the gains. Then, these expressions are used for automatic gain calculation for various PMSMs with a wide power-rating range. In vector control, the control gains are determined using only the motor power ratings. In the simplified control, generalized control gain expressions are obtained using the number of pole pairs and the flux linkage. Compared to the vector control, the simplified control method provides much simpler generalized mathematical expressions. Validation is carried out in MATLAB/Simulink environment using various PMSMs from 0.2 HP to 10 HP, and results show accurate tracking of reference speed and d-q axis reference currents. Thus, the proposed gain scheduling approach is effective and can be used for self-commissioning motor drives.
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1. Introduction


Permanent magnet synchronous motors (PMSMs) are used in various industrial applications due to their many advantages over induction motors like efficiency, torque-to-current ratio and power density [1]. The d-q axis current control has a vital role to play in a vector controlled PMSM to achieve better system dynamic performance [2]. Current control is also important as it has a direct effect on torque control [3]. The use of proportional-integral (PI) controllers is the most common approach in the implementation of d-q axis currents and speed control loops due to their simplicity [2]. Several tuning methods for obtaining the PI control gains have been proposed in recent years [1,4,5,6,7,8,9]. Trial-and-error and Ziegler–Nichols are some of the most commonly used tuning methods for controlling PMSM [1].



It is difficult to obtain good performance using linear control algorithms, as the PMSM is a non-linear system that is subject to parameter variations and multiple coupled states [10]. Many non-linear control methods have come to light due to the recent developments in motor control techniques [10]. In [11], a boundary layer integral sliding mode controller is designed based on a quasi-linearized and decoupled model considering the effect of parameter variations. In [12], the non-linearity of a voltage source inverter (VSI) is considered to propose an adaptive super-twisting algorithm based sliding mode observer (STA-SMO) for the surface-mounted PMSMs. To achieve better accuracy of the PMSM model, the voltage distortion due to VSI non-linearity is compensated online [12]. A simple adaptive disturbance observer is used in [13] with a robust controller, which uses an adaptive element in the reference-voltage-generation stage using the feedforward control. Depending on the various operating conditions of the PMSM, the adaptive element is selected as an uncertainty function which changes accordingly [13]. In [14], a robust fractional order proportional-plus-differential controller is proposed, which varies with an acted function. The parameters of the acted function are determined based on a fuzzy logic inference algorithm [14]. In [15], a non-linear internal model based output feedback controller is used for the position tracking for PMSM drive. In the last few years, better control techniques incorporating predictive current controllers [16,17,18] are receiving attention in the PMSM drive domain. A discrete-time robust predictive current controller is proposed in [16], based on the dead-beat structure. However, unmodeled dynamics and parametric uncertainties are drawbacks of the dead-beat control [16]. In [17], the current control is achieved while satisfying the real-time and physical constraints of PMSM drives by obtaining fast transient current response adjusting the stator voltages. A five-phase PMSM is controlled using the proposed finite control set model predictive current control (FCS-MPCC) in [18]. At low speed, the sensor-less control of PMSM can be accomplished by a signal injection method in [19], which ideally requires only one voltage vector for position estimation. In [20], a control Lyapunov function over a discrete set of realizable inputs generates the input switching sequences for the PMSM control system. Each input has its own stabilizing effect on the control system [20], upon which the switching decisions can be made for the input selection process. In [21], a predictive functional control (PFC) technique is proposed for the control design of the speed loop. But the PFC method does not give proper results in the case of strong disturbances, due to which an extended state observer (ESO) is introduced, which adds a feedforward compensation item based on the estimated disturbances [21]. In [22], the control of a PMSM driven by a matrix converter is accomplished using a new speed finite control set model predictive control algorithm that uses a single control law instead of the cascaded control scheme.



In recent years, artificial intelligence techniques such as fuzzy logic and artificial neural networks are gaining more attention in the field of PMSM control due to their many advantages over the conventional methods. A fuzzy PI-type current controller is used in [23], which stabilizes the decoupled dynamics and ensures the stability of the PMSM. But this approach has some problems dealing with the time-varying uncertainties [23]. In [24], a speed control integrated circuit (IC) is proposed under a system-on-a-programmable-chip (SoPC) environment for the PMSM drive. Here, the external load effect and dynamic uncertainty in the speed loop of a PMSM is considered for the operation of an adaptive fuzzy controller [24]. A decentralized adaptive fuzzy controller for the PMSM drive is used in [25], based on the type-2 fuzzy logic systems and adaptive control theory. An artificial neural network (ANN)-based real-time adaptive controller is proposed in [26], which initially generates estimated coefficients using an offline training method. Then, to update the ANN, an online training is executed using the dynamic back-propagation with the Levenburg–Marquardt algorithm [26]. In [27], the unknown and non-linear functions of the PMSM are approximated using neural-networks (NNs) and an adaptive dynamic surface control (DSC) is proposed. A speed control strategy for a six-phase PMSM is proposed in [28] using a robust adaptive back-stepping sliding mode control (ABSMC) with recurrent wavelet fuzzy neural network (RWFNN) considering the load disturbances and parameter variations. In [29,30], a recurrent fuzzy neural cerebellar model articulation network (RFNCMAN) is considered for a six-phase PMSM position servo drive system, which is also equipped with a fault tolerant control scheme.



Apart from the commonly used vector control, one other control strategy known as the direct torque control (DTC) is also explored by many researchers. In [31], the reduction of torque ripple and stator flux ripple is achieved using the proposed duty ratio modulated direct torque control technique. In [32], the torque and flux ripple reduction can be observed while improving the dynamic response of the classical DTC technique with the help of a new predictive DTC strategy. In [33], the internal model principle and variable structure control (VSC) approach are combined to obtain a new hybrid control model, and a direct instantaneous torque control scheme is proposed for a direct drive (DD) PMSM.



Despite the many theoretical advances achieved in PMSM control, more research is needed in the intelligent learning-based control techniques and better experimental validation is also required for the most favorable control methods. Unlike various control methods reported in the literature, this paper uses a classical PI control approach due to its design simplicity and good performance. In [34], an altitude control algorithm is presented for a quadcopter using the advantage of conventional proportional-integral derivative (PID) control technique by resolving some of its drawbacks. In [35], the stability of an autonomous quad-rotor is achieved using the PID control strategy. An autonomous quadcopter robust landing algorithm is proposed in [36] to accomplish precision landing task. In [37], temperature control of a diffusion furnace is achieved using a PID controller tuned with the help of a frequency loop-shaping method. PID controller is used for stabilization of modern voltage regulator system in [38], which can help the technicians and engineers in better understanding of digital controller tuning. Thus, several control methods are available but the PID control approach is widely used in a variety of applications across the world [34]. In [39], an efficient PID controller gain auto-tuning method is proposed through reinforcement learning neural networks for a complex system like a multicopter. The neural network is trained and updated every time until it chooses the best action to find the controller gains [39]. Various auto-tuning techniques are also presented in [40,41,42] which need little prior system information and are robust to noise. Although the aforementioned control methods achieve good performance, they use very complex control algorithms which increases the computational burden. The proposed method to find the PI controller gains uses simple mathematical expressions which make it more suitable for low-cost real-time implementation. Moreover, compared to the aforementioned control methods, the proposed technique can be applied to multi-power range motor types.



The main objective of this paper is to automatically obtain the PI control gains by only using few motor parameters like its power rating, number of pole pairs and magnetic flux linkage. Accurate tracking of d-q axis currents and speed of the PMSM is observed with the help of a self-tuned PI controller. Two control techniques are discussed in this paper: vector control and a proposed simplified control. In vector control, the PI controller gains are calculated in terms of the motor power ratings using a set of non-linear equations, while, in simplified control, the product of number of pole pairs and magnetic flux linkage (   n p  ψ  ) is used in a set of linear equations for determining the control gains. A synopsis of the entire procedure for deriving the appropriate mathematical expressions is as follows:




	
Four suitable PMSMs are used to obtain the PI controller gains through trial-and-error approach.



	
A curve of the control gains is plotted against the motor power ratings or    n p  ψ   product values for each of the PI controller gain constants according to the control method used.



	
For a single PMSM, two values of lower and upper limits for a control gain are obtained. Thus, all the values lying between these two limits are valid.



	
An average curve lying between these two limits is generated through an empirical study, and a generalized mathematical expression is obtained.



	
Afterwards, to validate this proposed tuning method, four new PMSMs are simulated in MATLAB/Simulink environment using these generalized mathematical expressions, and the results show accurate tracking of the currents and the speed.








It is observed that simpler generalized mathematical equations are obtained in simplified control compared to the vector control for each of the PI controller gains. However, vector control gives better accuracy in terms of reduced speed and d-q axis current errors compared to the simplified control. Unlike the aforementioned techniques discussed before, the proposed tuning methods do not use complex control algorithms and are much simpler and convenient to apply. The proposed approach also requires very minimal information on the motor’s dynamics. Due to the use of simple PI controllers, this control algorithm is very cost effective compared to most of the other techniques, especially machine learning ones. Many industrial and practical applications involve the use of multiple PMSMs with different power ratings, where both these proposed methods can provide a hassle-free way to efficiently tune those motors.



This paper is organized as follows: The description of mathematical modeling of PMSM is given in Section 2. In Section 3, the control design of vector control and simplified control are mentioned in detail. Section 4 provides the testing of both the proposed tuning strategies by obtaining some generalized mathematical expressions for gain calculation. The verification of the proposed control methods using the MATLAB/Simulink software is given in Section 5. Finally, Section 6 concludes this paper.




2. Mathematical Modeling of Permanent Magnet Synchronous Motor (PMSM)


The PMSM model can be described in the form of the following nonlinear mathematical equations in the d-q reference frame [27]:
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Here,    L d    ≠      L   q    for interior permanent magnet synchronous motor and    L d       =   L   q    for surface-mounted permanent magnet synchronous motor. The conventional field-oriented vector control is based on the Park transformation. Equation (1) derives the rotor speed using the rate of change of rotor position. The electromagnetic torque balance equation is represented by Equation (2). The stator voltage equations can be derived from Equations (3) and (4) with the help of the usual motor sign conventions. More details regarding the PMSM mathematical model can be found in [20]. These mathematical equations form the basis of the PMSM control strategy which is discussed in the next section.




3. Control Design


3.1. Vector Control


The conventional field-oriented vector control strategy uses the Park transformation, as shown in Figure 1. The stator voltage equations in the d-q reference frame are obtained from Equations (3) and (4). A feedback signal of rotor speed is compared with the reference speed, which determines the q-axis current reference using the outer loop PI controller driven by the speed error [19]. The current loop control technique is developed using the dynamic Equations (3) and (4). The current references    i  q   r e f          (torque reference) and    i   d ( r e f )      (flux reference) are compared with the    i q    and    i d    components, respectively. The two PI controllers for d-q axis current control give the voltage signals in the d-q reference frame [19]. The controller gains of all the three standard PI controllers used here can be represented as given in Equations (5)–(7). The second proposed strategy called the simplified control is explained in Section 3.2 which uses only two PI controllers driven by the speed the d-axis current error. Both these proposed control techniques aim to determine the PI controller gains in a simple way using some motor parameters. The rotor position information is required to convert the d-q voltage commands into    V α    and    V β    components, which are the inputs of the space vector pulse width modulation (SVPWM) [19]. The 3-phase inverter is driven by the outputs of the SVPWM block. Two motor phase currents are measured and are fed to the Clarke transformation module, giving the outputs    i α    and    i β   . These two components of the current act as the inputs to the Park transformation block which gives the currents in the d-q rotating reference frame.
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3.2. Simplified Control


The modeling equations of PMSM play a vital role in its control strategy and one such equation is used for the working of the simplified control method. The simplified control is an attempt to make the vector control scheme less complicated by eliminating the need for cascaded PI controllers. The only difference between the vector control and simplified control is the way of calculating the voltage component    v q   . Considering Equation (4), it can be seen that the value of    v q    mainly depends on the product of    n p    and  ψ , as the rest of the terms hold insignificant values due to low    R s   ,    L d    and    L q   . As shown in Figure 2, the outer loop PI controller uses the speed error to generate the output of q-axis voltage component    v q  .   This strategy nullifies the need for the second PI controller driven by the    i q    current error to calculate    v q   . In the previously mentioned vector control method, any variation in torque affects the speed and iq current which is controlled by the two outer loop PI controllers while, in the simplified control technique, this task is accomplished by only one PI controller. Thus, if any over current situation arises in the industrial environment, it can be maintained within an acceptable range with the help of the given one outer loop PI controller. Hence, in this method only two PI controllers are used in total which are driven by the speed and d-axis current errors. The outputs of these two PI controllers can be represented by Equations (8) and (9) to achieve optimal control.
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(9)









4. Testing for Proposed Universal Control Strategies


4.1. Testing Procedure


A total of eight motors are used for the determination and validation of this proposed control scheme. These eight motors are represented as M1, M2, M3, …, M8 in Table 1, consisting of both the interior and surface mounted types of PMSMs. In this paper, PMSMs of up to 7.5 kW power ratings are used, while further analysis is required for motors with higher ratings. Motors M1, M4, M6 and M8 are used for the generalization of this control technique, while the remaining four motors are used for verification purposes. The testing scenario used in MATLAB/Simulink for the four generalization motors is described in detail as follows: The total test time is 60 s and the desired speed signal is taken as a step response of a critically damped second-order system. First, at 5 s, the speed increases to 500 rpm with no load. Once at a steady state, full load is applied, and the speed is increased again to the motor’s rated speed of 1500 rpm. Then, the speed goes back to 500 rpm before the load is suddenly released and the motor is brought to the full stop.




4.2. Proposed Universal Control Algorithm


Considering the given topologies in Section 3, each motor needs to be tuned for six (vector control) or four (simplified control) control gains accordingly. The proportional gains for the speed and d-q axis current control are denoted by    K   p ω     ,    K  p d     and    K  p q     respectively, while the integral gains are represented as    K   i ω     ,    K  i d     and    K  i q     for the same. Motors M1, M4, M6, and M8 are tuned, and the lower and upper limits of each of the gains are found using an empirical study. The final values of the lower and upper limit gains for the speed and d-q axis currents are determined only if their relative percentage errors are almost zero at steady states and less than 1% during the transients. Perfect tracking of the reference value by the actual value with very little overshoots is also considered while calculating the final gain values.



Here, the main aim of this proposed control algorithm is to generate some mathematical equations which can calculate every controller gain just by using a system variable. This system variable is taken as the motor power rating for vector control, or the    n p  ψ   product value in the case of simplified control. First, for every motor, the lowest and highest possible values for each of the given control gains are plotted against the appropriate system variable. Then, in the next step, a generalized curve is to be formulated in the region enclosed between these values. For every control gain, a set of linear and non-linear curves are plotted in the bottom, center, and upper parts of the available region, and their corresponding mathematical expressions are formed. However, non-linear curves can not be plotted in the simplified control due to irregular nature of the highest gain points. Using the system variables of the four motors; M1, M4, M6, and M8, all these formulated equations are used to determine their respective control gains. These calculated gains are used for their respective motors and the control performance of their speed and d-q axis current tracking are observed. The main goal to draw these generalized curves in the lower, center, and higher regions is to determine which region gives the best performing control gains. In all the given linear and non-linear equations, the system variable is the only variable while the rest are some constant values. These constant values are altered after every trial by an empirical study until the gains calculated from these equations give the best control performance for all those PMSMs. It is found that the gains calculated using the non-linear curves give better accuracy compared to the linear ones. One of the curves from the three regions is finalized, whose calculated gains give the best accuracy in the speed and d-q axis current tracking. It can be seen that the generalized curves of the proportional gains are in the bottom region while those of the integral gains can be found in the upper part. The generalized equations can be applied to both the interior and surface-mounted types of PMSMs.




4.3. Derivation of Proportional-Integral (PI) Gain Equations for Vector Control Strategy


In the vector control, the outer loop PI controller operates using the speed error, and the two current loop PI controllers are driven to maintain the d-q axis reference currents. As mentioned in Section 4.2, four generalization motors are tuned, and the final gain values are determined if the speed and d-q axis current errors are within the acceptable range. To show the tracking accuracy of all the generalization motors, rotor speed percentage error (%) is presented in Figure 3. Here, it can be seen that tracking error increases with the size of the motor. Although motor M8 has the highest error among all the four PMSMs, its tracking error remains in an acceptable range. To analyze further its tracking performance, Figure 4 shows the speed and d-q axis currents. Figure 4 reveals a high tracking accuracy and a fast response when overcoming the applied load. The overshoot under such condition is negligible, i.e., 0.013%. It is worthwhile mentioning that less overshoot is observed for the other three PMSMs.



The power rating is the most easily available information on any motor’s nameplate, and thus, it is chosen as a variable to calculate every control gain in this control method. The lowest and highest possible values for each of the given control gains are plotted against the motor power ratings of the respective PMSMs. Then, a generalized curve is finalized in the enclosed region through an empirical study that can give the best possible accuracy. Figure 5 shows the plots of all the six control gains with respect to motor power ratings and their respective generalized curves. Physically, for the same power, some PMSMs may have different parameters which can influence the tuning process. Thus, both the proposed tuning strategies in this paper aim to control the PMSMs using minimum information of their system parameters. From Table 1, it can be observed that motor M6 with power rating of 2 kW has very high d-q axis inductance values compared to other PMSMs. Due to this, most of the curves of the highest gain points have mainly two types of slope for low and medium power ratings.



The non-linear generalized curve allows better precision in the tracking of the speed and d-q axis currents which is also justified by the non-linear nature of the PMSM’s dynamics. The non-linear mathematical expressions formulated from the generalized curves in Figure 5 can be represented as follows:
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where p is the power rating in kW. It can be seen from Figure 5c,e that both these curves are almost identical. Thus, the same mathematical expression can be applied to both    K  p d     and    K  p q     gains as depicted in Equations (12) and (14). To verify the working of these mathematical expressions for PI control tuning, motors M2, M3, M5 and M7 are used for experimentation. The simulation results of these four motors in MATLAB/Simulink are discussed in Section 5.




4.4. Derivation of PI Gain Equations for Simplified Control Strategy


In the simplified control, the outer loop PI controller operates using the speed error, and the current loop PI controller is used to maintain the d-axis reference current. To establish a relationship between the    n p  ψ   product and control gains, all the PMSMs are arranged in the increasing order of    n p  ψ   product values. Thus, the motors are arranged in the order of M1, M2, M3, M4, M5, M8, M7 and M6 for the testing and validation of this control scheme. Voltage component    v q    is obtained as an output of the speed error PI controller instead of the inner loop PI controller, which uses the    i q    current error. As a result, the PI controller driven by the    i q    current error is eliminated. This makes the overall control structure less complex by getting rid of the cascaded controllers which are difficult to tune. Thus, four control gains are required to be tuned for the speed and    i d    current error PI controllers. Motors M1, M4, M8 and M6 are tuned using an empirical study, and their lowest and highest control gain points are plotted w.r.t the    n p  ψ   product values. To show the accuracy of those four generalization motors while finalizing their gain values, a plot of their relative rotor speed percentage errors (%) is mentioned in Figure 6. The speed and current tracking performance of motor M8 is shown in Figure 7 to verify its control precision. Although motor M8 yields the highest overshoot, i.e., 0.28%, it is still in a low range. The average values of the lower and higher limit gain points of the respective motors are used to achieve appropriate results.



Unlike the vector control, a generalized non-linear curve cannot be formulated due to the irregular nature of the highest gain points. Thus, a linear curve is formed for every distinctive gain and further analyzed for its accuracy. The validation motors are used for determining the reliability of this control strategy which is discussed in Section 5. Figure 8 represents all the graphs of the control gains plotted against the    n p  ψ   product values in detail.



The generalized curves given in Figure 8 can be represented in the form of simple straight-line equations as follows:
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To verify the functioning of these mathematical expressions for obtaining PI control gains, motors M2, M3, M5 and M7 are used and simulated in the MATLAB/Simulink software.





5. Controller Tuning Evaluation


This section investigates the effectiveness of the two proposed gain tuning approaches using the vector and simplified control. The process of determining the gains is done offline and does not add any computational burden to the control system. Motors M2, M3, M5 and M7 are evaluated using the gains determined by both the proposed offline tuning methods consisting of some simple linear and non-linear mathematical equations. These four motors are examined under different load conditions, and the variations in the d-q axis currents and the rotor speed are monitored. The actual values of  ω ,    i d    and    i q    are compared with their reference values, and the respective errors are plotted to discuss the feasibility of the given control strategies. Figure 9 depicts the aforementioned errors for the vector control approach for all the four PMSMs considered for validation. For the simplified control approach, only the rotor speed error and the d-axis current error is mentioned in Figure 10 as the q-axis current is not taken into account.



For the vector control approach, the maximum rotor speed error w.r.t the rated speed is noted as 0.0027% for motor M5. Also, the errors in d-q axis currents are very minimal, which proves the high accuracy of this tuning method. In simplified control strategy, it can be seen that the maximum percentage error in the rotor speed is 0.85%, which occurs for motor M5 and the d-axis current error is also not significant. To compare the accuracy of both the control techniques, the rotor speed errors in percentage (%) are represented in Figure 11. From Table 2, it can be seen that the vector control strategy has better overall performance and accuracy compared to the simplified control.



Although, both the proposed methods give good results with minimum errors, it is required to validate these techniques under the effect of motor parameter variations. When a motor is used in any application, its parameters’ values change due to the increment of temperature. This also affects the performance of the motor which needs to be taken into consideration during its operation. It is found that the stator resistance increases with the increase in temperature, which degrades the motor output [43], while the magnetic flux decreases with the increase in magnet temperature [44]. When the temperature increases up to  80  °C, the stator resistance can vary by nearly 20% [43], while there is a decrement of magnetic flux by 10% under almost the same operating conditions [44]. These factors are considered and the integral absolute errors (IAE) for the speed tracking of all the validation motors are calculated in Table 3 under the influence of parameter variations. Integral absolute error can be defined as:


   IAE   =      ∫  0 t     e ω   t    d t  



(20)




where    e ω   t    represents the speed error.



To further analyze the precision and effectiveness of both the proposed methods, a sensitivity analysis is carried out to select the best control algorithm. The ratio of a relative change in a function f to a relative change in a system parameter p is known as the sensitivity function [45]. Thus, the sensitivity can be given as [45]:


   S f p  =     d f  f      d p  p    =   d f   d p    p f     



(21)







It can be seen that the sensitivity approaches zero, when an error in parameter p has less influence on the function f [45]. Under the nominal speed condition, the effect of the change in parameters of    R s    and  ψ  on the speed tracking is investigated and shown in Table 4.



All the results in Table 3 and Table 4 show that the vector control strategy has better precision and accuracy compared to the simplified control method, along with a little disadvantage of using some complex mathematical expressions for the determination of the control gains. Thus, vector control method is a better choice for applications requiring high accuracy in the speed and current tracking of PMSMs, while the simplified control technique can be used for applications with acceptable precision levels. Moreover, both these methods use simple PI control approaches making them affordable. The simplified control strategy uses only two PI controllers compared to three in vector control, making it cheaper in real-time implementation. The use of simple linear equations in simplified control seems to be a good option for applications such as vacuum cleaners, water pumps, printers, and photocopier machines which do not need very high accuracy. However, the advantage of better control precision of the vector control technique outweighs the benefit of using simple linear mathematical expressions of simplified control in most of the practical applications.




6. Conclusions


This paper proposed two gain tuning methods for the control of PMSMs with minimum information of prior system dynamics. Both these strategies make use of generalized mathematical expressions to determine the values of all the required control gains. First, the vector control approach is used to obtain some mathematical equations consisting of the respective control gain and the motor power rating as the two variables. The accuracy of this method is verified when some new PMSMs are simulated using the calculated control gains from these equations. In the second method, the simplified control strategy is used, based on the PMSM modeling equations. The generated mathematical expressions from this approach make use of the product of the number of pole pairs and flux linkage to find the required control gains. This method has the advantage of using only two PI controllers due to the elimination of the typical cascaded control structure. Furthermore, this method uses simple linear mathematical equations compared to the complex expressions derived from the vector control approach. This method is also verified by simulating the new PMSMs and calculating the rotor speed and d-axis current errors. It is found that the vector control technique has better accuracy compared to the simplified control method. Compared to the existing conventional control gain tuning methods, the proposed strategies are easier to implement and less time consuming in the real system. Validation carried out using numerous PMSMs with various power ratings of up to 7.5 kW is considered in this paper. Future work may envision the use of motors with higher power ratings.
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Abbreviations




	
List of Symbols:




	
  θ  

	
Rotor position




	
  ω  

	
Rotor angular velocity




	
   i d   ,     i q   

	
d-q axis current components




	
   v d   ,     v q   

	
d-q axis voltage components




	
   L d   ,     L q   

	
d-q axis stator inductances




	
    R s    

	
Stator resistance




	
  J  

	
Rotor moment of inertia




	
  B  

	
Viscous friction coefficient




	
    T L    

	
Load torque




	
    n p    

	
Number of pole pairs




	
  ψ  

	
Magnetic flux linkage




	
   i   d ( r e f )     ,     i  q   r e f        

	
d-q axis reference currents




	
    K   p ω    ,    K   i ω      

	
Speed controller PI gains




	
    K  p d   ,    K  i d     

	
   i d    current controller PI gains




	
    K  p q   ,    K  i q     

	
   i q    current controller PI gains




	
    e ω    

	
Speed error




	
    e d    

	
   i d    current error




	
    e q    

	
   i q    current error
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Figure 1. Vector Control Scheme. 
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Figure 2. Simplified control scheme. 
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Figure 3. Relative rotor speed percentage errors (%). 
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Figure 4. Motor M8 tracking performance. (a) Speed; (b) d-q axis currents. 
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Figure 5. PI control gains versus motor power ratings. (a)    K   p ω     ; (b)    K   i ω     ; (c)    K  p d   ;    (d)    K  i d    ; (e)    K  p q    ; (f)    K  i q   .   
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Figure 6. Relative rotor speed percentage errors (%). 
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Figure 7. Motor M8 tracking performance. (a) Speed; (b) d-q axis currents. 






Figure 7. Motor M8 tracking performance. (a) Speed; (b) d-q axis currents.



[image: Actuators 10 00049 g007]







[image: Actuators 10 00049 g008 550] 





Figure 8. Plots of PI control gains versus    n p  ψ   product values. (a)    K   p ω     ; (b)    K   i ω     ; (c)    K  p d   ;    (d)    K  i d   .   
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Figure 9. Errors measured in the vector control method. (a) Rotor speed error; (b) d-axis current error; (c) q-axis current error. 
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Figure 10. Errors measured in simplified control method. (a) Rotor speed error; (b) d-axis current error. 
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Figure 11. Rotor speed errors in percentage (%). (a) Vector control; (b) simplified control. 
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Table 1. Parameters of all permanent magnet synchronous motors (PMSMs).
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	Parameters.
	Symbol
	M1
	M2
	M3
	M4
	M5
	M6
	M7
	M8





	Rated power/(kW)
	p
	0.15
	0.25
	0.4
	0.5
	1.49
	2
	3.8
	7.5



	Rated speed/(rpm)
	  ω  
	2400
	4000
	3000
	3000
	1125
	1000
	3000
	1500



	Number of pole pairs
	    n p    
	2
	5
	4
	4
	6
	4
	6
	4



	Stator resistance/(Ω)
	    R s    
	2.62 × 10−3
	0.18
	1.73
	1.38
	2.9
	2.73
	0.94
	0.44



	d-axis stator inductance/(mH)
	    L d    
	0.23
	0.25
	3.46
	3.7
	5.43
	14.5
	7
	8.39



	q-axis stator inductance/(mH)
	    L q    
	0.23
	0.25
	3.46
	3.7
	8.58
	31.18
	8.3
	8.39



	Permanent magnet flux/(Wb)
	  ψ  
	12.45 × 10−3
	15.92 × 10−3
	0.03
	0.045
	0.043
	0.55
	0.25
	0.168



	Moment of inertia/(kg.m2)
	  J  
	9 × 10−5
	2.91 × 10−4
	3 × 10−4
	5.5 × 10−4
	4.5 × 10−4
	0.011
	2 × 10−3
	1.5 × 10−3



	Viscous friction coefficient/(N.m.s/rad)
	  B  
	1.32 × 10−5
	3.63 × 10−4
	5.8 × 10−4
	7.2 × 10−4
	1.2 × 10−4
	0.02
	0.038
	4 × 10−5
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Table 2. Comparison of average rotor speed error (%).
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	Validation Motors
	Vector Control
	Simplified Control





	M2
	1.65 × 10−5
	1.5 × 10−3



	M3
	1.86 × 10−5
	9.4 × 10−3



	M5
	2.91 × 10−5
	0.01



	M7
	6.3 × 10−5
	8 × 10−4
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Table 3. Integral absolute error (IAE) comparison under varying motor parameters.
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Validation Motors

	
IAE (Nominal)

	
    IAE   ( 120 %    R S  )    

	
   IAE   ( 90 %   Ψ )   




	
Vector Control

	
Simplified Control

	
Vector Control

	
Simplified Control

	
Vector Control

	
Simplified Control






	
M2

	
198.38

	
17,908.32

	
198.38

	
21,455.19

	
220.59

	
19,910.53




	
M3

	
167.11

	
84,645.15

	
167.1

	
101,574.14

	
185.72

	
94,050.17




	
M5

	
98.28

	
35,542.29

	
98.28

	
42,573.7

	
108.42

	
39,429.06




	
M7

	
566.69

	
7625.47

	
566.69

	
9565.21

	
629.52

	
8318.39
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Table 4. Sensitivity analysis.
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Validation Motors

	
     S ω   R s             ( 120 %    R S  )    

	
     S ω Ψ          ( 90 %   Ψ )   




	
Vector Control

	
Simplified Control

	
Vector Control

	
Simplified Control






	
M2

	
1.62 × 10−4

	
0.005

	
0.015

	
0.009




	
M3

	
8.34 × 10−4

	
0.028

	
0.008

	
0.068




	
M5

	
7.11 × 10−4

	
0.037

	
0.005

	
0.059




	
M7

	
2.67 × 10−4

	
0.008

	
0.013

	
0.042

















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











© 2021 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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
LR

T @
[ ——
S ot g

0

Time (5

@

aans.

2

0

Time ()
(b)





media/file4.png
Inverse Park tr.

W(ref) v V
_)G:./'p >@— q} d, ¢ % S— T
T 5/ 3-phase
i SVPWM ! inverter
d(ref) R Va Vg W— +
A > PI >/ a,p E ——>
. ;r” — DC-link
Ly .
W
) iq h’_, i ; iﬂ a, B i‘ﬂ
] iq ) iﬁ ip |
W a, p a, b, e
Park tr. Clarke tr.
Rotor speed | 0 I
calculator L|
Encoder






media/file18.png
<

1 | 1
- Lo | —
o T B
= — —]

(wrda) Jd0aa9 paads a0joy

=

-0.01 -
-0.02 -
-0.03 -

60

50

40

20

10

Time (s)

(a)

—M
—M

-~

_MS 8
_}\-’I?

|
-+
.
=
¥

(V) 10113 JU1IND ST

=-0.02 -

60

40

30
Time (s)

(b)

20

10

A

=

— i [—
= —

=

1
(V) 104193 Juaaand sixe-b

0.05 -

S0 60

40

30
Time (s)
(c)

20

10





media/file21.jpg
—M,
—M,
—M,
b

4

30
Time (5)
(a)

20

>
310

(%) 1013 poads 1010y





media/file3.jpg
Inverse Park tr.

wen v, Ve
v} 4
o - phase
SVPWM S ierter|
7}
i @b i
is 4
b
Pukr Clirker
Rotor speed LA
calculator u

Encoder






media/file19.jpg
—M,
==

M,
—M,

30
Time (5)
(@)

10

17

20

0

(uida) 10115 paads 10103

s

28 ° g
s S s
(V) 20430 1024100 S{X-}

z
g

Time (5)
(b)





media/file7.jpg
Time ()

»
Time o)

@

0

®)

)

-

(wda) soususopsad -]

K
Supyawan posds soron Wamuispd

upen wsaan spve b-p






media/file23.png
~N ™, N~

74

&
{

1 o |

i B

-3
3 x 10

1

(94) 10119 paads a0jo

b |

ot ]
1

30
Time (s)

20

10

(a)





media/file10.png
—dr— Lowest gain points 44— Highest gain points == (zeneralized curve
1.6 250
1.4 200
1.2
g 1 £ 150
5 5
bé) 0.8 8
2 0.6 2 100 -
0.4 - — 50 -
0.2 - /-_——7
0 e, ¥ ¥ e 0 e ¥ ¥ hr—
0 2 4 6 8 0 2 4 6
Power rating (kW) Power rating (kW)
(a) (b)
120 - 2500
2000
£ 1500
o
=T
<
2 1000
e
500
1 0
8 0 2 4 6
Power rating (kW) Power rating (kW)
(c) (d)
3000
2500
2000
£
o
°0 1500
v
1000
500
0 v v v
8 Power rating (kW)
Power rating (kW)
(e) ()






media/file14.png
500

499.5

499

16.2

498,55

152 154 156 158

16

|

15

m(reﬂ

X

1500 |-

000 -

u

(wda) dduewaojaad
sunjoea) paads 1010y

|
= =
=

40 S0 60

30
Time (s)

(a)

20

10

0.015

I | | [
[y
=¥
.,
._I._.ﬂ -.I.:ﬂ
I i |
| | _ |
— w = u — u
= = = = —
= < = = <
= = i =

(V) uuzaEua._...ua
SunjIe.a) JUI.LIND SIXB-P

50 60

40

30
Time (s)
(b)

20

10





media/file11.jpg
= 4
= s
(%) 30130 d3wudId
paads 10101 aapeRA

60

30 a0
Time (5)

0





media/file6.png
0.006

I_46_3 |
===
Hew
! \ |
—_———— e
\
4
——
Z
T & o o =
S S S & S
- = 000.

(%) 10113 38ejuddaad
paads 10300 dA1IR[dY

30 40 50 60
Time (s)

20

10





media/file15.jpg
0

m
"

Ky gain

EEE]

—4—Lowest gain poiats

I
POV

(c)

—+—Highest galn points

——Generalized cur

sz

Kegain

"

I

W oes 1 s 25
VD)

)

1500

1000

Kl

s

s 1 25
oV

(d)





nav.xhtml


  actuators-10-00049


  
    		
      actuators-10-00049
    


  




  





media/file16.png
s Lowest gain points -4 Highest gain points = (Generalized curve

np (Wb) n,Y (Wh)

(a) (b)
2000 -
1500 -
£
S
> 1000 -
v
500 -
| | | | | 0 v
0 0.5 1 1.5 2 2.5 5 Wh) 2.5
n
n,y (Wb) P

(c) (d)





media/file2.png
W(ref)
+

irr(rcf)
>{PI|
iq
Lacref)
+

_)Q_,

Lq

Inverse Park tr.

|4
d g 2

o 2 3-phase - I
SVPWM s inverter
a, p > >

DC-link

Rotor speed
calculator

} iq d! 'ff ia “1 B iﬂ,
] iy iﬂ iy
— T
1 a, p a, b, ¢
Park tr. Clarke tr.

0 [

Encoder





media/file20.png
(wdl) 10412 paads 1030y

| T T
s es s
I
N -
e —
i -
—t
A
i

30
Time (s)
(a)

20

10

30
Time (s)

(b)

10

(—]

=
(V) 10449 Judaand SIXB-P

g€ 2 8 ° 8 3





media/file5.jpg
0.006

—M,

(3

1S

—

1

4
—

4
HERE
S S S 9

(%) 10432 93 uIU.11
paads 10101 2AnEPY

0006

30 “ 50
Time (s)

2

10





media/file24.png
~N ™ in_ ™~

e

@ =
i <
(9) 1019 paads a0joy

40 S0 60

30
Time (s)
(b)

20

10





media/file1.jpg
laverse Park tr.

Ve,
da
Sphase
SVPWML iaverter
Vs,
ap
da /] | @b [
i i
ap b
Pk Clarketr.
Rotor speed 0]
calculator U
Encoder






media/file12.png
0.1

Te) =
—]

30 40 50 60
Time (s)

20

10

= T
(24) 10249 d3ejuddaad
paads 103104 dAnE[Y





media/file9.jpg
i
. o
15 J
i
2 ] 4 . k3 e T N n
- Fower rating (W) Pawer raing (W)
“ m
dw

© ®





media/file0.png





media/file22.jpg
.

3
Time (5)
(b)

20

g v
(%) 10412 paads 10103





media/file8.png
49998
1

e |

4994

154 156 158

152

|
40

10

:

g 2

._E.uhm_luu.n ewaojsad

Buryoea) paads aojoy

=

Time (s)

(a)

5

4

2

-
,
s
e —I—._-_
23

|...|rrl|-l

PLEEES

- —-— ==

1
; - ) =
—

=]
(V) aduruLiopiad
duryaea) yuaaand sixe b-p

10

Time (s)

(b)





media/file17.jpg
Time )

@

N

B

Time )
®)

T

@ o

EI

o wans sy

gs3-13

[ Tr——

)





