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Abstract

:

A method for real-time estimation of rotor flux linkage of permanent-magnet synchronous machines (PMSMs) under both steady state and free-running conditions is proposed in this paper. At steady state, a method for the estimation of rotor flux linkage is proposed based on the injection of variable-period zero-voltage perturbation, of which the accuracy is irrespective of the influence of voltage-source inverter (VSI) nonlinearity. Moreover, for the estimation of rotor flux linkage under free-running condition, due to system inertia after shutdown or fault in the motor driver, an effective approach using history data recorded at different transients of rotor speeds is developed, which has eliminated the influence of VSI nonlinearity during the modeling process. The proposed two methods are experimentally validated on a down-sized PMSM prototyped for electric vehicle application, which shows good performance for the estimation of rotor flux linkage under both steady state and free-running conditions.
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1. Introduction


Thanks to its high torque density and high efficiency, the permanent-magnet synchronous machine (PMSM) has been widely used in industrial applications such as electric vehicles (EVs) and industrial servo drives [1,2]. However, for electric vehicles using PMSMs, their rotor permanent magnets (PMs) might suffer from irreversible demagnetization due to temperature rise and large demagnetization current [3,4,5,6]. Therefore, in order to monitor the status and potential faults of PMs, the accurate information of rotor flux linkage, which decreases with the increases of PM temperature, has become an essential factor. In addition, the real-time information of rotor flux linkage is also necessary for high performance controls such as the maximum torque per ampere control and sensorless control [7,8,9].



Recently, the real-time estimation of rotor flux linkage has been widely investigated for operations under steady state. However, the estimation of rotor flux linkage and other machine parameters will inevitably suffer from equation rank-deficient problems, which can lead to divergence or wrong convergence of results [10]. Moreover, in a PMSM drive system, the command voltage from the proportional integral (PI) controller is often employed for replacing the real voltage for control algorithms [11]. However, due to the existence of voltage source inverter (VSI) nonlinearity, the command voltage is not equal to the real PMSM voltage, which will greatly affect the accuracy of parameter estimation.



To solve the rank-deficient problem in parameter estimation of PMSM, many methods have been developed [12,13,14,15,16,17,18,19,20,21,22,23,24,25]. A typical method is based on observation or identification algorithms, such as model reference adaptive system [12], recursive least square [13,14], and extended Kalman filters [15]. Two RLS algorithms, being fast and slow, respectively, are employed in [12] to estimate four electrical parameters of a PMSM. The faster one estimates the d-axis and q-axis inductance, which are affected by magnetic saturation due to varying currents. While the slower one is devoted to the estimation of winding resistance and rotor flux linkage, which are mainly affected by the machine temperature. Similarly, the methods used in [16,17] also adopt the two-stage algorithms to estimate machine parameters. A potential disadvantage is that the inaccurate estimation of inductances will lead to errors in the identification of winding resistance. In addition, it is also possible to construct a full-rank identification model by setting the parameters that do not need to be identified as fixed values or offline measured values [18,19,20]. However, this kind of solution will easily suffer from mismatched parameters and result in large estimation errors. Another method for constructing a full-rank identification model is to inject disturbance signals into the PMSM for online parameter estimation, such as DC voltage pulse [21], d-axis currents [22], zero-voltage vector [23], harmonic current [24], and position-offsets [25]. Nevertheless, the injection of disturbance signals may bring adverse effects to the machine, such as increasing machine losses and reducing the stability of the drive system.



To eliminate the influence of VSI nonlinearity on parameter identification, numerous methods have been investigated [11,26,27,28,29,30]. The most conventional method is to establish a disturbance observer based on the accurate mathematical model of VSI [11], in which the VSI nonlinearity is modeled as a distorted voltage term and can be eliminated by online compensation. However, in real applications, the hardware parameters are not always available, and voltage drops of power devices are varying under different operating conditions. Since the distorted voltage due to VSI nonlinearity is mainly composed of the 6th harmonic, it can be eliminated by the harmonic suppression solution [26,27,28]. In [26], it was assumed that only VSI nonlinearity leads to 6th harmonics in dq-axis voltages, while the influence of 6th harmonic in back-electromotive-force (EMF) was ignored. Hence, it is only suitable for PMSMs with sinusoidal back EMF, and its application scenarios are limited. Similarly, it was concluded in [29] that the derivative of the d-axis current harmonics will be the major error in the estimation of VSI nonlinearity. Moreover, the suppression of d-axis current harmonics can be achieved by the d-axis current control loop, which improves the identification accuracy of the parameters of surface-mounted PMSMs (SPMSMs). In addition, the distorted voltage due to VSI nonlinearity can also be estimated under variable speed conditions [30].



Based on the above analysis, it can be found that most existing studies on the estimation of rotor flux linkage and other machine parameters are conducted at steady state, and few researchers work on the identification of rotor flux linkage under the free-running condition. Therefore, this paper proposes a scheme for the real-time estimation of rotor flux linkage of PMSMs under both steady state and free-running conditions. Firstly, the rotor flux linkage will be estimated by an injection of variable-period zero-voltage perturbation at steady state, of which the accuracy is irrespective of the influence of VSI nonlinearity. The proposed method can reduce the potential adverse influence of d-axis voltage fluctuation on machine operation compared to reference [23]. Then, when the PMSM works under free-running condition due to system inertia after shutdown or fault in the motor driver, the rotor flux linkage will be estimated from data recorded at different transient speeds, which is also capable of eliminating the influence of VSI nonlinearity during the modeling process. Finally, the proposed method is experimentally validated on a down-sized PMSM prototyped for EV application, which shows good performance for the estimation of rotor flux linkage under both steady state and free-running conditions.




2. PMSM Modeling Including VSI Nonlinearity


The proposed rotor flux linkage estimation is based on the dq-axis PMSM model. In real applications, the dq-axis PMSM voltage model should include the distorted voltage resulted from VSI nonlinearity [26,30]. Thus, all analyses in this section are based on the PMSM model including VSI nonlinearity.



The transient-state dq-axis voltage equations of a PMSM are expressed below [4,8]:


       u d  = R  i d  −  L q  ω  i q  +  L d   d  d t    i d       u q  = R  i q  +  L d  ω  i d  +  λ f  ω +  L q   d  d t    i q       



(1)




where    u d   ,    u q   ,    i d   ,    i q   ,    L d    and    L q    are the actual dq-axis voltages, currents, and inductances, respectively;    λ f    is the rotor flux linkage; R is the stator winding resistance;  ω  is the electrical angular speed.



In a PMSM drive system, voltage sensors are seldomly used and, thus, the command voltages of current-loop PI controllers are usually employed for replacing the actual voltages in parameter estimation. However, the command voltages are usually unequal to the actual voltages due to VSI nonlinearity, and their relationships are expressed below [26]:


       u d  =  u d ∗  + D d  V  d e a d        u q  =  u q ∗  + D q  V  d e a d        



(2)




where    u d ∗    and    u q ∗    are the command voltages; DdVdead and DqVdead are the dq-axis distorted voltages caused by VSI nonlinearity; Vdead is a constant when the PMSM is at steady state, and Dd and Dq can be denoted as [30]:


      D d = 2 sin ( θ −  π 3  × int (   3 ( θ + γ +  π 6  )  π  ) )     D q = 2 cos ( θ −  π 3  × int (   3 ( θ + γ +  π 6  )  π  ) )      



(3)




where γ is the angle between the current vector and q-axis; θ is the electrical angle. As shown in (3), Dd and Dq are periodical functions of θ and phase currents.



Substituting (2) into (1), it becomes


       u d ∗  + D d  V  d e a d   = R  i d  −  L q  ω  i q  +  L d   d  d t    i d       u q ∗  + D q  V  d e a d   = R  i q  +  L d  ω  i d  +  λ f  ω +  L q   d  d t    i q       



(4)







Hence, (4) is the transient-state dq-axis PMSM model including VSI nonlinearity.




3. Rotor Flux Linkage Estimation


In this section, the estimation model for rotor flux linkage under both steady state and free-running condition are deduced respectively.



3.1. Rotor Flux Linkage Estimation at Steady State Condition


Since the rotor flux linkage is in the q-axis equation, it can be calculated from the q-axis voltage by an appropriate estimation model. When the PMSM is operated under vector control, a zero-voltage perturbation is injected on the q-axis every N cycle of PWM switching (NTs), the corresponding q-axis equation can be expressed as (5) [23]. In other words, N cycles of PWM switching can be regarded as one control cycle, which consists of N − 1 cycles of vector control and one cycle for the injection of q-axis zero-voltage.


    ( D q  V  d e a d   )   i n j   = R  i  q _ i n j   +  L d  ω  i  d _ i n j   +  λ f  ω +  L q   d  d t    i  q _ i n j    



(5)







Combining (5) and (4) without injection of zero-voltage perturbation yields (6):


       u  q _ v c  ∗  +   ( D q  V  d e a d   )   v c   = R  i  q _ v c   +  L d  ω  i  d _ v c   +  λ f  ω +  L q   d  d t    i  q _ v c         ( D q  V  d e a d   )   i n j   = R  i  q _ i n j   +  L d  ω  i  d _ i n j   +  λ f  ω +  L q   d  d t    i  q _ i n j        



(6)




where    u  q _ v c  ∗   ,    i   d _ v c     ,    i   q _ v c      and (DdVdead)vc are the q-axis command voltage, the dq-axis currents, and the q-axis distorted voltage due to VSI nonlinearity, respectively.    i   d _ i n j     ,    i   q _ i n j     , and (DqVdead)inj represent the dq-axis currents and the q-axis distorted voltage due to VSI nonlinearity when there is an injection of zero-voltage perturbation.



When the PMSM is running at steady state, the q-axis command current determined by the output of speed-loop controller is dynamically fixed to a constant. Therefore, the current produced by N − 1 switching cycles of the vector control will be opposite to the variation trend of current during the cycle of zero-voltage perturbation injection. Therefore, (7) can be obtained as follows:


  ( N − 1 )  d  d t    i  q _ v c   = −  d  d t    i  q _ i n j    



(7)







When Equation (6) is multiplied by N-1, the result is


      ( N − 1 )  u  q _ v c  ∗  + ( N − 1 )   ( D q  V  d e a d   )   v c   = ( N − 1 ) R  i  q _ v c   + ( N − 1 )  L d  ω  i  d _ v c         + ( N − 1 )  λ f  ω + ( N − 1 )  L q   d  d t    i  q _ v c           ( D q  V  d e a d   )   i n j   = R  i  q _ i n j   +  L d  ω  i  d _ i n j   +  λ f  ω +  L q   d  d t    i  q _ i n j        



(8)







Combining (7) and (8) yields:


    ( N − 1 )  u  q _ v c  ∗  + ( N − 1 )   ( D q  V  d e a d   )   v c   +   ( D q  V  d e a d   )   i n j       = R ( ( N − 1 )  i  q _ v c   +  i  q _ i n j   ) +  L d  ω ( ( N − 1 )  i  d _ v c   +  i  d _ i n j   ) + N  λ f  ω    



(9)







Considering an SPMSM under id = 0 control and defining    η  V S I    = (N − 1)(DqVdead)vc + (DqVdead)inj, Equation (9) can be simplified to (10):


  ( N − 1 )  u  q _ v c  ∗  +  η  V S I   = R ( ( N − 1 )  i  q _ v c   +  i  q _ i n j   ) + N  λ f  ω  



(10)







To eliminate the influence of VSI nonlinearity, the distorted voltage can be cancelled through variable speed control. Two sets of different rotor speeds are denoted as    ω 0    and    ω 1   , respectively, and, according to (10), (11), and (12), they can be obtained in the form:


  ( N − 1 )  u  q 0 _ v c  ∗  +  η  V S I   = R ( ( N − 1 )  i  q 0 _ v c   +  i  q 0 _ i n j   ) + N  λ f   ω 0   



(11)






  ( N − 1 )  u  q 1 _ v c  ∗  +  η  V S I   = R ( ( N − 1 )  i  q 1 _ v c   +  i  q 1 _ i n j   ) + N  λ f   ω 1   



(12)







When the PMSM is under constant load torque or no-load condition, the q-axis current may be regarded as constant for different speeds, i.e.,    i   q 0 _ i n j     =   i   q 1 _ i n j     ,    i   q 0 _ v c     =   i   q 1 _ v c     . Therefore, subtracting (12) from (11), yields:


  ( N − 1 ) (  u  q 1 _ v c  ∗  −  u  q 0 _ v c  ∗  ) = N  λ f  (  ω 1  −  ω 0  )  



(13)







Equation (13) can be discretized by Euler’s method and simplified to (14):


   λ f  =   ( N − 1 )   ∑  a = b = 1  L   (  u  q 1 _ v c  ∗  ( a ) −  u  q 0 _ v c  ∗  ( b ) )     N L   ∑  a = b = 1  L   (  ω 1  ( a ) −  ω 0  ( b ) )      



(14)




where L is the length of Data 1 and Data 2, a and b are the ath and bth indices of Data 1 and Data 2, respectively. The command voltage and rotor speed are measurable; thus, the rotor flux linkage can be estimated directly by (14). The method in (14) not only eliminates the influences of inductance and winding resistance on rotor flux linkage, but is also irrespective of VSI nonlinearity. The schematic diagram and data measurement of the zero-voltage injection-based method under variable speed control are shown in Figure 1.




3.2. Rotor Flux Linkage Estimation at Free-Running Condition


The PMSMs used in electric vehicles or traction drive systems are usually with large moment of inertia. Once the inverter is suffering from a short-time power interruption or outage due to unexpected faults, the PMSM will go into the free-running condition due to the energy stored in inertia. The dq-axis model of a PMSM under the free-running condition is expressed below:


       u d ∗  + D d  V  d e a d   = 0      u q ∗  + D q  V  d e a d   =  λ f  ω      



(15)







Equation (15) can be discretized by Euler’s method and simplified to (16):


       u d ∗  ( k ) + D d ( k )  V  d e a d   ( k ) = 0      u q ∗  ( k ) + D q ( k )  V  d e a d   ( k ) =  λ f  ( k ) ω ( k )      



(16)




where “k” is the index of the discrete sampling instant of drive system. When the PMSM goes into the free-running condition, the rotor speed of PMSM will transiently decrease due to power loss. As shown in Figure 2a, the current of PMSM is controlled to zero under current loop control, and the rotor speed of PMSM is controlled by the load machine. After the load machine is powered off, the PMSM goes into the free-running condition. As shown in Figure 2b, two sets of data (Data 3 and Data 4) corresponding to two sets of rotor speeds under the free-running condition are recorded and saved in the memory. Assuming that c and d are the cth and dth indices of Data 3 and Data 4, respectively, the two discrete-time q-axis voltage equations can be obtained as follows.


       u q ∗  ( c ) + D q ( c )  V  d e a d   ( c ) =  λ f  ( c ) ω ( c )      u q ∗  ( d ) + D q ( d )  V  d e a d   ( d ) =  λ f  ( d ) ω ( d )      



(17)







Thus, the rotor flux linkage is expressed below:


    ∑  c = d = 1  M   (  λ f  ( d ) ω ( d ) −  λ f  ( c ) ω ( c ) )   =   ∑  c = d = 1  M   (  u q ∗  ( d ) −  u q ∗  ( c ) )   +   ∑  c = d = 1  M   ( D q ( d )  V  d e a d   ( d ) − D q ( c )  V  d e a d   ( c ) )    



(18)




where M is the length of Data 3 and Data 4. Since the dq-axis currents are fixed to 0 by the current controllers, it is reasonable to treat Vdead as a constant. Hence,    ∑     c = 1  M  (  V  d e a d   ( c ) )    =   ∑     d = 1  M  (  V  d e a d   ( d ) )     while    ∑     c = 1  M  ( D q ( c ) )    =   ∑     d = 1  M  ( D q ( d ) )    , and    ∑     c = 1  M  (  λ f  ( c ) )    =   ∑     d = 1  M  (  λ f  ( d ) )    =  M  λ f   . Then, (16) can be further simplified to (19):


   λ f  =     ∑  c = d = 1  M   (  u q ∗  ( d ) −  u q ∗  ( c ) )     M   ∑  c = d = 1  M   ( ω ( d ) − ω ( c ) )      



(19)







Thus, the rotor flux linkage can be directly estimated from the recorded command voltages and rotor speed.





4. Experimental Results


4.1. Test Rig and Prototype PMSM


The proposed method for rotor flux linkage estimation is experimentally validated on a down-sized PMSM prototyped for EV application, as shown in Figure 3. The test PMSM is controlled by a Speedgoat equipped with Intel Celeron 2.0 GHz 4-core CPU, and fed by an insulated-gate bipolar transistor (IGBT) module, while the induction machine providing external load torque is controlled by an independent drive system. The position sensor used in the tested PMSM is a high-resolution incremental optical rotary encoder, which is of 5000 lines per revolution. The detailed design parameters of the tested PMSM are listed in Table 1. It is worth noting that the nominal values in Table 1 are measured values. For example, the rotor flux linkage is calculated from the measured line back EMF under the no-load condition. The product model of employed power module is FP50R06KE3, which is manufactured by Eupec. The sampling period is set to 100 μs. In addition, the typical electrical characteristic parameters of VSI are listed in Table 2.




4.2. Experimental Tests of Zero-Voltage Injection-Based Approach


The results of PMSM operation with injection of zero-voltage perturbation at N = 5 are shown in Figure 4. It can be seen that the total time of applying the method of injection is set to 200 ms from Figure 4a,b of which influences on the average value of rotor speed and currents are negligible. This can be attributed to the short time injection of zero-voltage perturbation and quite high injection frequency, of which the impact on the traction drive system with a large time constant can be ignored. Since the zero-voltage perturbation is injected every 5 switching cycles (N = 5) from t = 1.0 s to t = 1.2 s, the total time of applying and not applying the zero-voltage perturbation is 40 ms and 160 ms, respectively. Figure 4c shows the dq-axis command voltage of total 200 ms of applying the method, and Figure 4d shows the q-axis command voltage within 10 cycles of PWM switching, in which the average value of command voltage will be raised up during the injection. This can be explained that during the injection from t = 1.0 s to t = 1.2 s, one-fifth of the control cycle is set to zero voltage, and in order to keep the system state unchanged, the command voltage will be raised up by the current-loop PI controller during the rest time of the control cycle.



Figure 5 shows the measured currents and rotor speed with the injection of zero-voltage perturbation (N = 5) under variable speed control, which also confirms that the injection of zero-voltage perturbation has a quite negligible influence on the current.



As shown in Figure 6, the command voltage is a function related to the rotor speed during the injection of zero-voltage perturbation. The relationship between the q-axis command voltage and rotor speed is approximately linear, regardless of the value of N (total number of PWM switching cycles included in one control cycle). Therefore, it confirms the correctness of (13), and the rotor flux linkage can also be obtained according to the slope.



Figure 7 shows the estimated rotor flux linkage of the position-offset-based parameter estimation (POPE) method in [25] and the proposed method at different values of N. For the POPE method, it can accurately estimate the rotor flux linkage, which is described in detail in reference [25]. It can be seen that the online estimated rotor flux linkage by the POPE method is around 0.242 Wb. For the proposed method, the online estimated rotor flux linkage is also around 0.242 Wb. Compared with the nominal rotor flux linkage, the estimation error by the proposed method is within 1.13–1.72%. Therefore, both the proposed method and the POPE method have good performance in estimation of rotor flux linkage. However, according to Figure 4c, the proposed method will raise the average value of the q-axis command voltage; so, it will reduce the utilization of DC bus voltage of VSI. This is described in detail in Section 5.



To investigate the influence of variation of winding resistance on the estimation of rotor flux linkage, the three resistors are connected in series with the three phase windings of PMSM. Each resistor is Rs = 2.2 Ω, and the test result after the addition of resistors with injection of zero-voltage perturbation at N = 5 is shown in Figure 8. It can be seen that the relationship between the q-axis command voltage and rotor speed is also approximately linear after the addition of resistors, and the two curves of q-axis command voltage with respect to rotor speed are almost parallel. Furthermore, the estimated rotor flux linkages are 0.2419 Wb and 0.2412 Wb before and after the addition of resistors, which is shown in Table 3. Thus, the variation of winding resistance has almost no influence on the estimation of rotor flux linkage.



To confirm the accuracy of the proposed method at higher operating temperatures, a comparison experiment under different PM temperatures is designed and conducted as follows:




	
The PMSM is drawn by a induction machine and then is heated by connecting the external three-phase winding.



	
The rotor speed of PMSM will be fixed to 600 rpm by the induction motor, and the corresponding line back EMF of PMSM under no-load condition will be measured. The rotor flux linkage under no-load condition can be calculated from these measured line back EMF.



	
The PMSM will be loaded and the rotor flux linkage under loaded condition will be estimated by the proposed method N = 5.



	
Repeat 1–3 under different PM temperatures.








The PM temperature is measured in real time by a high-precision infrared thermal imager (type model: optris Xi400 from Optris GmbH of Berlin, Germany), which is shown in Figure 9. The experimental results of steps 2 and 3 are plotted in Figure 9, which show that the proposed method can accurately track the variation of rotor flux linkage at different PM temperatures. As can be seen from Figure 10, the estimated rotor flux linkage varies from 0.2419 Wb to 0.2336 Wb with the increase of PM temperature.




4.3. Estimation under Free-Running Condition


Figure 11 shows the free running test starting from different initial speeds, which settle down to zero finally. The duration from the initial speed to zero is defined as the time of free-running. It is worth noting that a higher initial speed of PMSM will result in a longer settling time. The data lengths Data 3 and Data 4 for the estimation of rotor flux linkage are both set to 0.3 s at different initial speeds. However, as can be seen from Figure 11a, the duration of free-running is less than 1 s at 100 rpm. During a period of time when the rotor speed is close to zero, the rotor speed oscillates greatly, which leads to the possibility of invalid data. Hence, on condition that the duration of free-running is too short, it will become difficult to obtain enough data for the estimation of rotor flux linkage.



Figure 12 shows the estimated rotor flux linkage by using (19) at different initial rotor speeds of free-running. It can be seen that the online-estimated rotor flux linkage ranges from 0.2938 Wb at 100 rpm to 0.2425 Wb at 1000 rpm. Thus, compared with the nominal rotor flux linkage, the estimated error is 0.53–19.53%. For the tested PMSM, the estimated rotor flux linkage and its estimation error are 0.2541 Wb and 3.38%, respectively, if the initial speed is 200 rpm. Hence, when the initial speed of the PMSM is greater than 200 rpm, the proposed estimation of rotor flux linkage under free-running condition will be of high accuracy.





5. Discussion


It is widely known that the EV motor needs to be operated by means of flux-weakening control to improve its operation speed due to the limitation of output voltage of VSI. However, from the experimental results in Section 4.2, it can be seen that the zero-voltage perturbation-based method will raise the average value of the q-axis command voltage. When the EV motor is in flux-weakening control, there may be no excess voltage to apply the proposed method due to the limitation of the output voltage of VSI. Therefore, how to apply the proposed method in flux-weakening control is the focus of future research.




6. Conclusions


In this paper, a method for real-time estimation of PMSM rotor flux linkage under both steady state and free-running conditions is proposed, of which the accuracy will not be affected by the VSI nonlinearity in theory. The effectiveness of the proposed method is verified on a down-sized prototype PMSM developed for EV applications, and it is found that the estimation error at steady state is within 1.13–1.72% while it becomes less than 3.38% if the machine works under free-running condition. Further analysis also shows that the proposed method can be used irrespective of the influence of VSI nonlinearity while the estimation under free-running condition needs a large enough initial rotor speed (>200 rpm) to achieve high signal versus noise.
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Abbreviations




	Ld, Lq
	dq-axis inductances (H)



	R
	Stator winding resistance (Ω)



	λf
	Rotor flux linkage (Wb)



	ω
	Electrical angular speed (rad/s)



	θ
	Electrical angle (rad)



	γ
	Angles between current vector and q-axis (rad)



	   i    d     ,    i    q     
	Actual dq-axis currents (A)



	   i d ∗   ,    i q ∗   
	Command dq-axis currents (A)



	   u d   ,    u q   
	Actual dq-axis voltages (V)



	   u d ∗   ,    u q ∗   
	Command dq-axis voltages (V)



	Dd, Dq
	Functions of θ and γ



	Vdead
	Distorted voltage due to inverter nonlinearity (V)



	Ts
	PWM switching period (S)



	N
	Total number of PWM switching cycles included in one control cycle
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Figure 1. Zero-voltage injection-based approach under variable speed control. (a) Schematic diagram of zero-voltage injection-based approach; (b) processes of data measurement and parameter estimation of the proposed method. 
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Figure 2. Proposed method under free-running condition. (a) Current control diagram; (b) process of data measurement. 
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Figure 3. PMSM test rig. (a) Inverter and Speedgoat controller. (b) PMSM and load machine. 
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Figure 4. Waveforms of PMSM with and without injection of zero-voltage perturbation (N = 5, id = 0, iq =3 A, 300 rpm). (a) Dq-axis currents; (b) rotor speed; (c) Dq-axis command voltages within 2 s; (d) Dq-axis command voltages within 10 cycles of PWM switching. −15. 
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Figure 5. PMSM waveforms under variable speed control (id = 0, iq = 3 A). (a) Dq−axis currents; (b) rotor speed. 






Figure 5. PMSM waveforms under variable speed control (id = 0, iq = 3 A). (a) Dq−axis currents; (b) rotor speed.



[image: Wevj 13 00083 g005]







[image: Wevj 13 00083 g006 550] 





Figure 6. Measured q-axis command voltage with respect to rotor speed (id = 0, iq = 3 A). 
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Figure 7. Nominal and estimated rotor flux linkage of the proposed and POPE method at different values of N. 
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Figure 8. Measured q-axis command voltage with respect to rotor speed (N = 5, id = 0, iq = 3 A). 
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Figure 9. PM temperature measurement. (a) Observation hole in end cover of PMSM; (b) thermal image captured by a high-precision infrared thermal imager. 
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Figure 10. Comparison between estimated and measured rotor flux linkage under different PM temperatures. (a) Estimated/measured rotor flux linkage; (b) variation in the rotor flux linkage. 
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Figure 11. PMSM waveforms at free-running condition with different initial speeds. (a) 100 rpm. (b) 200 rpm. (c) 400 rpm. 
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Figure 12. Estimated rotor flux linkage and its estimation error with respect to different initial rotor speeds of free-running. (a) Nominal and estimated rotor flux linkage; (b) estimation error of rotor flux linkage. 
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Table 1. Design parameters of PMSM.
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	Parameter
	Value





	Rated power
	3 kW



	Rated current
	6 A



	Rated speed
	3000 rpm



	Number of pole pairs
	3



	Nominal d-axis inductance
	13.8 mH



	Nominal q-axis inductance
	22.6 mH



	Nominal rotor flux linkage (T = 25 C)
	0.2458 Wb



	Stator winding resistance (T = 25 C)
	0.98 Ω
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Table 2. Design parameters of employed VSI.
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	Parameter
	Typical Value





	Turn-on delay (Ton)
	0.10 μs



	Turn-off delay (Toff)
	0.60 μs



	PWM switching period (Ts)
	100 μs



	Dead time (Tdead)
	2 μs



	Voltage drop of the switching tube (Vsat)
	1.45 V



	Voltage drop of the freewheeling diode (Vd)
	1.55 V







Note: Design parameters cited from datasheet of FP50R06KE3 and T = 25 °C.
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Table 3. Estimated rotor flux linkage value under different winding resistances.
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	Winding Resistances R (Ω)
	Estimated λf (Wb)





	0.98
	0.2419



	3.18
	0.2412
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