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Abstract

:

Traditional construction machinery has the disadvantages of low energy efficiency and poor emissions, which do not meet the requirements of environmentally friendly industrial development. Electric construction machinery has attracted more and more attention because of its advantages of zero emissions and high energy efficiency, which are considered to be important factors in the future development of construction machinery. Preliminary attempts to introduce electric motors into construction machinery usually only adopt the motor for simulating the working mode of the engine, with it providing power for the system. Because the output power of the motor needs to be matched with the actual load through the transmission of the hydraulic torque converter, it is difficult to maximize the advantages of high energy efficiency for the electric drive. This paper studied the direct drive technology within electric construction machinery and presents a model reference adaptive algorithm (MRAA) based on maximum torque per ampere (MTPA)-vector control of an internal permanent magnet synchronous motor (IPMSM). The reference motor model was established, and the real-time dynamic reference value of the motor was obtained based on a model with the motor voltage and current as inputs. Simulations based on MATLAB/Simulink verified the feasibility of this control method. The results indicate that the MRAA can identify the motor flux linkage value and the d-q axis inductance within 50 ms in real time, with the error controlled within 2%. Additionally, when the motor operates at low speed, compared with the traditional MTPA algorithm under fixed-parameter control, the starting torque ripple of the IPMSM control method based on reference model adaptation was reduced to 23.8%, which proves that the MRAA can achieve good low-speed response characteristics and stability.
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1. Introduction


Traditional construction machinery uses the engine as the power source; due to the large fluctuation range of the working load, the hydraulic torque converter is generally used to understand the transformation of speed and torque. The transmission efficiency of the hydraulic torque converter is generally only 20% to 80%, and the heavier the load, the lower the transmission efficiency, which makes it difficult to improve the energy utilization of construction machinery and aggravates the problem of exhaust emissions [1,2].



The electrification of construction machinery uses the motor as the power source, which can achieve zero emissions and significantly improve the energy efficiency of construction machinery. It is considered to be one of the main development directions for construction machinery [3,4,5]. Electrification technology has been widely used in the field of automobiles. However, the working conditions of construction machinery are essentially different and more complex from that of automobiles. The electrification of construction machinery needs to be reconsidered.



Lots of research has been carried out on the electrification of construction machinery. Canceling the hydraulic torque converter and using the electric motor combined with the transmission to directly drive the walking mechanism can effectively improve the efficiency of the walking transmission system [6]. However, as mentioned above, traveling construction machinery often needs the transmission system to work in a low-speed and high-torque situation or even under locked rotor conditions. The traditional motor control method makes it difficult to ensure the controllability of motor torque under a low-speed state [7,8,9,10]. Therefore, it is necessary to carry out further research on the control method of the motor under low-speed driving conditions for the walking transmission system [11].



Common, permanent magnet synchronous-motor control methods mainly utilize a constant voltage-frequency ratio control, vector control, direct torque control, and intelligent control based on vector control or direct torque control. Vector control and direct torque control are suitable for a wide range of motor working conditions and achieve good control performance. At present, vector control has become the most widely used control strategy, which is mainly divided into id = 0 control and MTPA control. This paper studies the intelligent vector control algorithm based on the basic MTPA control. The research on the control for the low-speed performance of permanent magnet synchronous motors (PMSM) is mainly based on motor state parameters and structure parameters. Based on the motor state parameters, Djeriou et al. proposed an original control method based on the grey wolf (GW) algorithm, which quickly found the input control physical quantity to minimize speed fluctuation by combining the advantages of the fast optimization process of the GW optimizer and carried out the actual test verification. The results showed that this method can greatly reduce the low-speed torque ripple of the motor [12,13]. Elsonbaty et al. proposed a control strategy for hybrid excitation PMSM. The simulation showed that the control strategy can reduce the torque ripple when the motor starts at a low speed without considering its parameters [14,15]. Zhu et al. proposed a control algorithm for low-speed motor dead-time compensation based on a combination of a neural network band-pass filter and an extended Kalman filter. Through comparative experiments, it was verified that the algorithm can effectively reduce the harmonic pulsation generated by low-speed motor operation and improve the utilization rate of the bus voltage [16]. Fu et al. proposed a sliding mode control algorithm based on vector control. Through comparative experiments, it was verified that the algorithm can effectively improve the anti-interference ability of the motor in the low-speed area of the motor [17].



Based on the structural parameters of the motor, Bobtsov et al. proposed a stator flux observer and dead-load torque estimation method for nonsalient PMSM, which identified the stator winding flux value of the motor through the combination of an LTI filter and linear regression and then combined this with the actual controls to reduce the low-speed torque ripple and enhance the low-speed running stability of the motor [18,19,20,21]. Cui et al. proposed a real-time estimation algorithm of all the parameters of a permanent magnet synchronous motor based on a stator-current ripple model, which realized the self-parameter identification of the motor under low-speed conditions and verified via simulation that this algorithm can enhance the stability of a motor under low-speed operation [22,23,24,25,26]. To sum up, at present, in the research of the low-speed performance of motors based on the structural parameters of the motor, most scholars used the state quantity in the process of motor operation to observe the physical parameters of the motor and then combined this with the basic direct torque control or vector control to reduce the torque ripple and overshoot of low-speed motor.



This paper studies the methods to improve the motor driving performance of walking construction machinery under low-speed and high-load torque conditions. A model reference adaptive algorithm (MRAA) is proposed for internal PMSM (IPMSM) based on the vector control of maximum torque per ampere (MTPA). Compared with traditional vector control and other intelligent control, the MRAA proposed in this paper can fully consider the physical quantities in the dynamic operation of a motor and then identify the motor’s parameters in real time to optimize the real-time operating performance of the motor. By establishing the motor reference model and taking the motor voltage and current as the input physical quantity, according to the reference adaptive mathematical model, the parameters of the motor model can be dynamically adjusted with the external interference. Simulation research is carried out to verify the rationality and control effect of the proposed MRAA for IPMSM.




2. Principle of MRAA for Parameter Identification


2.1. MRAA for IPMSM


The MRAA is able to analyze a physical signal by establishing a mathematical model, and then converges the reduced parameters to be as close to the set true value as possible. The MRAA mainly consists of the reference model, adjustable model, and adaptive rate model, as shown in Figure 1. The reference model generally refers to the mathematical model of the system under the idealized condition, which has the most ideal system parameters and system test conditions. The adjustable model refers to the mathematical model system established according to the actual situation. Its inputs are physical quantities such as motor voltage and current, but the internal mathematical model will change its model parameters with external disturbances and other random changes to change the output results of the model. The adaptive rate model takes the output difference between the reference model and the adjustable model as the input and uses the appropriate theory to design the model, such as PI-adaptive rate design, so that the module outputs the ideal parameter identification results. The biggest feature of the system is that the ideal output of the main controlled object of the system is determined by the output of the reference model.



MRAA design can be divided into three parts, for which adaptive rate design is the most important part of the whole system. Adaptive rate design is generally applied to nonlinear situations, so the quality of the whole module design directly determines whether the stability of the whole system meets the requirements. The adaptive rate design method will be described below. There are three common adaptive rate design methods: local parameter optimization, Lyapunov stability theory, and Popov stability theory. The local parameter optimization method is simple and easy to understand, and the amount of calculation is small, but it cannot ensure the closed-loop control stability of the system, so it is only suitable for relatively simple scenarios and cannot be applied to occasions requiring high control accuracy. The design of the adaptive rate model based on Lyapunov stability theory is complex; it is difficult to establish the principle equation of parameter identification for this model, and the amount of calculation is too large to be applied in practice. The design of the adaptive rate model based on Popov stability theory is relatively simple, and its principle equation is easy to establish, with the amount of calculation required being small. Among them, Hong Dong Gai et al. designed the adaptive rate part of parameter identification based on Lyapunov stability theory and then proposed a new model-reference adaptive control based on PID control [26]. In this paper, the adaptive rate design of motor parameter identification based on Popov hyperstability theory is adopted, which is simpler, less computationally intensive, and has good stability. Therefore, to make the whole MRAA control system more suitable for practice so that the whole system can better serve the high-precision field contract, this version is easier to realize, so the MRAA adaptive rate model was designed based on Popov stability theory.




2.2. Popov Stability Judgment


Popov hyper stability theory mainly refers to the stability of the integral value of the input–output product of the system under particular constraints. In Figure 2, the structural block diagram of Popov hyper stability theory is illustrated. The system consists of two parts: a forward channel and a feedback channel. The forward channel is a linear constant part, and the feedback channel is a nonlinear part of the system, and this part can be constant or time-varying. The above two channels combine to form the closed-loop system in the figure [27,28]. In addition, in order to reduce the amount of calculation of the mathematical model and make the design process of the model simpler, we choose Popov hyperstability theory to design the adaptive rate of the MRAA. Compared with Lyapunov stability theory, Popov hyperstability theory does not need to choose the Lyapunov function, which reduces the difficulty of model design and is more flexible for application.



If the external input of the positive channel of the system r is equal to 0, the external input of the system is equal to the negative value of the feedback output of the feedback channel, i.e.,    r ′  = − σ  . Therefore, to make the whole adaptive rate system achieve better stability, the input and output of the transmission part of the feedback channel should comply with Popov inequality, as shown in Equation (1):


  Ψ  (   t 0  ,  t 1   )  =    ∫   0 1   σ T   ( τ )  y  ( τ )  d τ ≥ −  r 0 2   t 1  ≥  t 0   



(1)




where Ψ(t0, t1) is the function of Popov hyper stability theory. σ is the feedback of Popov hyper stability theory. y is the output of Popov hyper stability theory. r0 is the input of the Popov hyper stability theory at t0. t0 and t1 are different times.



If the whole adaptive rate system is stable, there must be a constant ξ, λ which are greater than 0, so that the state variable of the linear part of the forward channel satisfies the following inequality:


  ∥ x  ( t )  ∥ < ξ ⋅  [  x  (   t 0   )  + λ  ]    ∀ t ≥  t 0   



(2)




where ξ, and λ are constants.



At this time, the state variable function x(t) is infinitely close to 0.



From the above analysis, it can be seen that the whole adaptive rate closed-loop system needs to meet the following two conditions to have super stability:



(1) The transfer function matrix of the linear part of the forward channel shall be a positive real matrix, which can be expressed as:


  G  ( s )  = D + C   ( s I − A )   − 1   B  



(3)




where G(s) is the transfer function matrix of the linear part of the forward channel of Popov hyper stability theory. A, B, C, D, and I are constant matrices, respectively.



(2) The nonlinear part of the feedback channel satisfies Popov inequality.





3. IPMSM Control Based on the MRAA


The actual permanent magnet synchronous motor is a nonlinear time-varying system. To facilitate the analysis and research of the mathematical model of the control algorithm proposed in this paper, the following assumptions are made:




	(1)

	
The three-phase windings of the stator are symmetrical, with a space difference of a 120° electrical angle;




	(2)

	
Ignoring the influence of the saturation of the motor magnetic circuit and the loss of the iron core, the motor magnetic circuit is regarded as a linear system;




	(3)

	
Ignoring the high-order harmonics, the stator potential changes according to sinusoidal law, and the magnetic field generated by the stator current in the air gap is distributed according to sinusoidal law;




	(4)

	
The winding damping of the rotor can be ignored.









On the basis of the above assumptions, the mathematical model of the permanent magnet synchronous motor in the three-phase stationary coordinate system can be obtained.



(1) Voltage equation


   [       u A         u B         u C       ]  =  [           R A     0   0                 0     R B         0             0   0     R C           ]   [       i A         i B         i C       ]  +  d  d t    [       φ A         φ B         φ C       ]   



(4)




where    u A   ,    u B   , and    u C    are the phase voltages;    R A   ,    R B   , and    R C    are the motor stator windings;    i A   ,    i B   , and    i C    are the stator winding phase currents and    φ A   ,    φ B   , and    φ C    are the motor stator flux linkages.



(2) The flux linkage equation


   [       φ A         φ B         φ C       ]  =  [           L  AA        L  AB        L  AC                  L  BA        L  BB        L  BC                  L  CA        L  CB        L  CC            ]   [       i A         i B         i C       ]  +  [      c o s   θ       c o s ( θ − 120 ° )       c o s ( θ + 120 ° )      ]   φ f   



(5)




where      φ f    is the permanent magnet flux linkage of the rotor,    L  AA    ,    L  BB    , and    L  CC     are the self-inductance coefficients of the motor stator winding, and    L  AB    ,    L  BA    ,    L  CA    ,    L  AC    ,    L  BC    , and    L  CB     are the mutual inductance coefficients of the motor stator winding.



(3) Mechanical equation of motion:


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



(6)




where    T e    is the electromagnetic torque, B is the friction coefficient, and    T L    is the load torque.



(4) Electromagnetic torque equation of motor:


   T e  =  3 2  p  φ f   [  1 +  (   L d  −  L q   )   i d   ]   i q   



(7)




where     p   is the number of poles of the motor.



The above is the mathematical model of the permanent magnet synchronous motor in the three-phase static coordinate system. Because there are a lot of coupling relationships between the physical quantities in the motor equation, and in order to simplify the algorithm analysis process, CLARK and PARK transformations were carried out under the principle of power invariance; the voltage and current equations of the motor in the dq axis rotating coordinate system can thus be obtained.



According to the stator winding voltage equation of the mathematical model for IPMSM, the stator winding equation can be expressed as:


   {        d  i d    d t   = −    R s     L d     i d  +  ω r   i q     L q     L d    +    u d     L d            d  i q    d t   = −    R s     L q     i q  −  ω r   i d     L d     L q    +    u q     L q    −  ω r     φ f     L q           



(8)




where id and iq are the d-q components of the stator current vector, respectively. Rs is the resistance of the stator phase winding. Ld and Lq are the stator inductances transformed to the d-axis and q-axis of the reference frame system. ud and uq are the d-q components of the stator voltage vector supplying the stator phase winding. wr is the electric rotary speed of the rotor.    φ f    is the flux linkage of the IPMSM.



According to Equation (4), the d-q axis inductance    L d   ,    L q   , and flux linkage    φ f    of the IPMSM are coupled with the motor stator current. Therefore, in the torque control system designed based on the MRAA, the current equation of the IPMSM can be selected as the reference model of the MRAA.



Assuming that   x =  1   L d    , y =  1   L q    , z =    φ f     L q     , using Equation (4), the voltage balance equation of the d-q axis can be obtained as:


   {        d  i d    d t   = − x  R s   i d  +  ω r   i q   x y  + x  u d          d  i d    d t   = − y  R s   i q  −  ω r   i d   y x  + y  u q  −  ω r  z        



(9)







Using Equation (5), the adjustable model of the MRAA can be obtained by replacing the real value with the estimated value of the parameters involved in the equation and expressed as:


   {        d  i d ′    d t   = −  x ^   R s   i d ′  +  ω r   i q ′    x ^   y ^   +  x ^   u d          d  i q ′    d t   = −  y ^   R s   i q ′  −  ω r   i d ′    y ^   x ^   +  y ^   u q  −  ω r   z ^         



(10)




where x, y, and z are the actual parameter values of the IPMSM, respectively.   x ^  ,   y ^  , and   z ^   are the identification parameter values, respectively.    i d ′    is the identification value for    i d   .    i q ′    is the identification value for    i q   .



After the design of the mathematical model for the reference model and the adjustable model was completed, the mathematical model of the adaptive rate model needed to be designed. The design of the adaptive rate model is based on the fact that the difference between the output of the reference model and the adjustable model meets the Popov hyper stability theory. Therefore, the difference between the reference model and the adjustable model needed to be analyzed. From Equations (5) and (6), the following equation can be deduced:


       d  d t    [       e d         e q       ]  =  [      − x  R s       ω r   x y        −  ω r   y x      − y  R s       ]   [       e d         e q       ]  +  [       x ^   R s  − x  R s       ω r   x y  −  ω r    x ^  y         ω r    y ^   x ^   −  ω r   y x       y ^   R s  − y  R s       ]   [       i d ′         i q ′       ]        +  [       x ^  − x    0     0    y −  y ^       ]   [       u d         u q       ]  +  ω r   [     0       z ^  − z      ]       



(11)







For the equation    e d  =  i d  −  i d ′  ,  e q  =  i q  −  i q ′   , assuming that:


  P =  [       x ^   R s  − x  R s       ω r   x y  −  ω r    x ^  y         ω r    y ^   x ^   −  ω r   y x       y ^   R s  − y  R s       ]   



(12)






  Q =  [       x ^  − x    0     0    y −  y ^       ]   



(13)






  c =  ω r   [     0       z ^  − z      ]  ,   î =  [       i d ′         i q ′       ]   



(14)






  u =  [       u d         u q       ]  , e =  [       e d         e q       ]  , H =  [      − x  R s       ω r   x y        −  ω r   y x      − y  R s       ]   



(15)







Equation (7) can be simplified as:


    d e   d t   = H e + P î + Q u + c  



(16)







The adaptive rate model design consists of the linear part of the forward channel and the nonlinear part of the feedback channel. According to Equation (12), the adaptive rate model of the MRAA, applicable to IPMSM, can be created as shown in Figure 3. Where F is an identity matrix, which can convert the output of the forward channel accordingly. The nonlinear time-varying module is the derivative equation of the motor current difference between the motor adjustable model and the reference model, established based on the MRAA, that is, the nonlinear part of the model error state equation, where N =     P î + Q u + c  .



As shown in Figure 3, the transfer function matrix of the forward channel of the adaptive rate system conforms to the condition of a positive real matrix. Therefore, to ensure the good stability of the whole adaptive rate system, the nonlinear part of the feedback system should meet the Popov integral inequality mentioned in Equation (1), and Equation (12) can be brought into the Popov integral inequality and deduced as:


  η  (  0 ,  t 1   )  =    ∫   0   t 1     e T   (  P î + Q u + c  )  d t =    ∫   0   t 1     e T  P î d t +    ∫   0   t 1     e T  Q u d t +    ∫   0   t 1     e T  c d t ≥ −  γ 0 2   



(17)




where η(t0, t1) is the function of the Popov hyper stability theory for this IPMSM.



Finally, Equation (13) is solved, and the definable adaptive rates   x ^  ,   y ^  , and   z ^   can be expressed as:


       x ^  =  K   i 1       ∫   0 t   [   (   i d  −  i d ′   )   i d ′  +  (   i q  −  i q ′   )   i q ′   ]  d τ +  K   p 1     [   (   i d  −  i d ′   )   i d ′  +  (   i q  −  i q ′   )   i q ′   ]  +  x ^   ( 0 )         y ^  =  K   i 2       ∫   0 t   [   (   i d  −  i d ′   )   u d  +  (   i q  −  i q ′   )   u q   ]  d τ +  K   p 2     [   (   i d  −  i d ′   )   u d  +  (   i q  −  i q ′   )   u q   ]  +  y ^   ( 0 )         z ^  = −  [     ∫   0 t   K i   ω r   (   i q  −  i q ′   )  d τ +  K p   ω r   (   i q  −  i q ′   )   ]  +  z ^   ( 0 )         



(18)








4. Simulation Research


4.1. Model Construction


As mentioned above, the MRAA established by IPMSM based on Popov hyper stability theory is now analyzed in detail. The reference model, adjustable model, and parameter adaptive rate equation of the MRAA were obtained. The schematic diagram of parameter identification based on the MRAA is shown in Figure 4.



According to the MRAA parameter identification system established by IPMSM based on Popov hyper stability theory, the reference model of the system is itself the mathematical model of the electric motor current. From Figure 4 (of parameter identification, the mathematical model of the adjustable model, and parameter adaptive rate), the reference model, adjustable model, and simulation model for the parameter-adaptive rate were established in Matlab/Simulink, as shown in Figure 5, Figure 6 and Figure 7.



The integrated control model of the MRAA for the vector control system for IPMSM was built in Matlab/Simulink. By combining the MRAA reference model, MRAA adjustable model, and the MRAA adaptive rate model, the IPMSM-MRAA parameter-identification system model based on Popov hyper stability theory was built in Matlab/Simulink and is shown in Figure 8.



The internal parameters of the IPMSM in the model are shown in Table 1:




4.2. Simulation Analysis


The simulation condition settings are shown in Table 2.



The core idea of the IPMSM MRAA based on Popov hyperstability theory is to use the collected phase current and speed of the motor in the reference model to obtain the motor stator current and voltage through transformation and then input these into the adjustable model of the MRAA to obtain the observed motor stator current through mathematical equation adjustment. The adaptive rate model uses the difference of stator current between the adjustable model and the reference model to observe the parameters of the motor. Therefore, to verify the effectiveness of the method, it is necessary to check whether the stator current identification value output by the adjustable model is accurate. Table 2 lists the simulation parameters designed according to the actual working conditions of the motors listed in Table 1. The set speed of the motor is the normal low-speed working condition (not the lowest applicable working condition of the algorithm). And the maximum driving torque is the rated torque of the motor, i.e., 44 N·m. After about 3.5 s, when the model reaches the stable state, we compared the difference between the output stator current of the adjustable model and the actual stator current, as shown in Figure 9; to observe the change process of current more clearly, the curve of the anterior segment (1 s) was extracted (Figure 9b).



It can be observed that the difference between the stator winding current identification value and the actual value is almost equal to 0 after a very short time of adjustment, indicating that the identification value of the d-q axis current is consistent with the actual value, that is, the stator winding current identification value is able to gradually converge with the actual value, which proves the correctness of the simulation of the adjustable model.



The comparison results between the identified values and actual values of flux linkage, Ld and Lq, are given in Figure 10, Figure 11 and Figure 12, respectively. It can be observed that the identification results of the three parameters are able to converge with the actual value within 50 ms and the identification error is kept within 2%. The correctness of the mathematical model and simulation model of the IPMSM-MRAS parameter-identification system based on Popov hyper stability theory is verified by these results.



The speed of IPMSM based on the MRAA parameter-identification algorithm combined with MTPA control and fixed-parameter MTPA control, as well as the comparison diagram of the stator current under the same load, are given in Figure 13 and Figure 14, respectively. It can be observed that the combination of the MRAA parameter-identification algorithm with MTPA control optimizes the torque ripple of the motor at low speed, which makes the motor run more smoothly at low speed and makes the fluctuation overshoot of starting current (at low speed) more ideal, effectively suppressing the current impact under the control of the fixed-parameter MTPA.





5. Conclusions


Electric construction uses an electric motor that easily cancels the engine, which can improve efficiency and achieve zero emissions. However, the existing electric construction machinery mostly uses the motor to replace the working engine and simulate the working condition of the engine. The load is matched with the speed, torque, and power of the motor through the hydraulic torque converter, which cannot maximize the energy efficiency of the whole machine. This paper aims to understand the load direct-drive motor system of electric construction machinery, such as the direct-drive system of the loader traveling motor. The high-performance motor control method in the state of low speed and high torque is studied. Based on the vector control of the maximum torque per ampere of IPMSM, an MRAA is employed. By establishing the motor reference model and taking the motor voltage and current as the input physical quantity, the parameters of the motor model are dynamically adjusted with external interference according to the reference adaptive mathematical model, identifying the parameter values during the real-time operation of the motor. Simulation research was carried out to verify the rationality and control effect of the proposed MRAA for IPMSM. The simulation results suggest that the MRAA can identify the flux linkage and the dq-axis inductance of the motor at a low speed within 50 ms, and the parameter identification error remains below 2%. Compared with traditional MTPA control, the torque ripple of the motor controlled by the MRAA was reduced to 23.8%.



To sum up, the MRAA shows certain application potential for motor control. It can accurately identify the dynamic operating parameters of the motor so as to regulate the motor to achieve good operating performance. To further improve the availability of the algorithm, on the basis of the simulation analysis and experiments, the analysis of the impact of various interference signals on the operability of the algorithm during motor operation can be carried out in the future so as to promote its application in the field of electric construction machinery.
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Figure 1. Structural block diagram of the MRAA. 
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Figure 2. Structural block diagram of Popov hyper stability theory. 
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Figure 3. Block diagram of the adaptive rate system. 
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Figure 4. Block diagram of adaptive rate system. 
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Figure 5. MRAA reference model. 
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Figure 6. MRAA adjustable model. 
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Figure 7. MRAA adaptive rate model. 
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Figure 8. Simulation model of IPMSM MRAA based on Popov hyper stability theory. 
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Figure 9. Difference between the stator current identification value and the actual value. (a) Stator current identification difference and (b) the local magnification of the anterior segment. 






Figure 9. Difference between the stator current identification value and the actual value. (a) Stator current identification difference and (b) the local magnification of the anterior segment.



[image: Machines 10 00575 g009]







[image: Machines 10 00575 g010 550] 





Figure 10. Comparison between the MRAA-identified flux linkage and actual flux linkage. (a) Comparison of flux linkage and (b) the local magnification of the anterior segment. 
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Figure 11. Comparison between the MRAA-identified Ld and the actual Ld. (a) Comparison of Ld and (b) the local magnification of the anterior segment. 






Figure 11. Comparison between the MRAA-identified Ld and the actual Ld. (a) Comparison of Ld and (b) the local magnification of the anterior segment.



[image: Machines 10 00575 g011]







[image: Machines 10 00575 g012 550] 





Figure 12. Comparison between the MRAA-identified Lq and the actual Lq. (a) Comparison of Lq and (b) the local magnification of the anterior segment. 
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Figure 13. Speed comparison between MRAA-MTPA control and fixed-parameter MTPA control. (a) Comparison of speed and (b) the local magnification of the anterior segment. 
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Figure 14. Comparison between MRAA-MTPA control and fixed-parameter MTPA control. (a) Comparison of stator current and (b) the local magnification of the starting segment. 
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Table 1. Parameters of IPMSM.
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	Rated Torque (N·m)
	Rated Speed (r/min)
	Rated Power (kW)
	Ld (mH)
	Lq (mH)
	Stator Resistance (Ω)
	Moment of Inertia (kg·m2)
	Pole Pair





	44
	1800
	9
	2.5
	5.5
	0.17
	0.0055
	2
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Table 2. Simulation conditions.






Table 2. Simulation conditions.





	Target Speed
	Target Torque
	Ld
	Lq
	Flux Linkage





	120 r/min
	14 N·m
	2.5 mH
	5.5 mH
	0.203 Wb
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