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Abstract

:

In a variety of motor models, the effects of iron-loss (ILS) on motor control accuracy and efficiency are generally ignored. This makes it difficult for the motor control system to obtain accurate control parameters (especially on high speed and low load conditions), and limits the improvement of motor control accuracy. This paper aims to clarify the influence of different ILS modeling and observation methods on motor control performance. Three equivalent models of motors with iron losses are compared. These models are: A parallel model, a series model and the simplified traditional model. Three tests are conducted to obtain the effect of ILS perturbation on ILS estimation results, and then to derive the sensitivity of the motor state and torque to the perturbation. These test conditions include: Ideal no-load, heavy-load, locked-rotor, and ILS perturbations during speed regulation. Simulation results show that the impedance and excitation characteristics of the series model and the parallel model are similar, and the traditional model has the best speed regulation smoothness. The ILS estimation errors of the series model is nearly constant and easy to compensate. For accurate ILS observation results, the series model can achieve better control accuracy.
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1. Introduction


Motor control systems characterized with high-speed and high-efficiency are needed in centrifugal equipment and electric vehicles [1,2]. As an important part of the model parameters and motor losses, iron-loss (ILS) affects the flux observation [3], parameter identification [4], real-time torque and speed control [5], speed sensor less control [6] accuracy and efficiency optimal control [7,8], and, to some extent, performance.



The loss model is dominated by the parallel model [9], the Γ model [10], and the inverse Γ model [11]. In [12], a simplified model that ignores leakage inductance was used to simplify the loss analysis, but it had significant errors in a high-speed region [13]. As an improvement, the study [13] used a simplified model that can be seen as ignoring the shunt effect of the parallel ILS resistance or the partial pressure effect of series ILS resistance, but the accuracy of this model was still less than that of a series or parallel model. The series loss model [14] is relatively simple, but the difference in ILS estimation based on series model and parallel model has not been accurately explored.



The parallel model has many different circuit forms [3,9,15,16]. Two studies [10,17] transformed the circuit into a stationary coordinate system for further simplification and equivalent relationship analysis. Since voltage and current control quantities are given in the rotating coordinate system, it is difficult to apply such a circuit directly to vector control. However, it can avoid the equivalent circuit difference caused by the different expression of the coupling electromotive force. At this point, the circuit is simpler and easier to categorize and compare. It can be clearly seen from the vector circuit in the stationary coordinate system that the parallel model is equivalent to the Γ model and the inverse-Γ model. These models can be traced back to the modeling methods proposed by an earlier study [18] that considered ILS and magnetic saturation.



By taking an approximation of the inductance effect and model parameters, the T-form transient equivalent circuit was obtained in [19,20]. Compared with the parallel model, the series model reduced the order, and simplified the structure, while it also weakened the applicable conditions. In this model, the magnetizing inductance that changed with the frequency was regarded as invariable, as a result, it leads to different degrees of distortion with different frequencies. This kind of error and distortion will inevitably adversely affect control performance and loss estimation.



Unlike loss analysis, the motor control, state observation, and parameters identification rely more on models in state-space forms. For the parallel model, the air gap flux vector was reserved as an additional state variable in [3,17]. The parallel model had a more detailed description of the motor, but a higher model order and a scalar matrix with many zero elements. This meant a redundant description capability. The system matrix parameters can be very complex while deriving the state Equation from the series circuit model directly. In order to simplify the parameters, one study [21] made use of the steady-state circuit Equations of the series model, while [22] omitted the smaller leakage inductance product term in the derivation process. In the state space models derived, as an important use of the ILS resistance, the matrix of the two models were both simplified by compensating the deviation of the traditional model state, but the latter has more accurate transient compensation than the former. In addition, there was a π model with ILS resistors in parallel with the stator inductance [23]. It can be transformed into a simple T-form transient circuit by using power transfer, and has a state Equation in which the transmission matrix is not zero. However, as a simplified parallel model, the π model has more specific circuit parameters and matrix parameters, which mean that it has no obvious advantage in accuracy, convenience, and universality. There are also further studies on improved models that consider pulse-width modulation (PWM) power supply [24,25] and spatial harmonics [26,27]. This is helpful for providing methods that can calculate loss under non-ideal conditions, but at present, the calculation accuracy of the ILS under the basic sinusoidal or fundamental wave also needs improving.



It is noteworthy that eddy current losses account for a large proportion of ILS [19]. In [5,20], they showed that ILS can also be described by the equivalent resistance when considering the hysteresis and eddy currents of both the stator and rotor. In this case, the resistance was the parallel connection of all. The eddy current winding modeling method can describe various models uniformly and reflects the rationality and significance of a parallel and series model.



The influence of ILS on the motor efficiency and the accuracy of the control system is complex. Different models have their own advantages and disadvantages. Using appropriate models to quantify the impact of ILS, and then proposing corresponding improvements for different applications, is the current research priority.



This paper aims to clarify the influence of different ILS modeling and observation methods on motor control performance. Three types of motor equivalent models related to ILS are comparatively studied. They include the parallel and series models and the traditional simplified models. MATLAB scripts and Simulink S-Function simulation models were written for comprehensive testing. The deviation of the flux observation introduced by the model simplification, the frequency characteristics of the excitation functions of the three models, as well as the frequency characteristics of the impedance function, were also tested to provide a reference for torque control deviations. These tests consider ideal no-load, heavy-load, and locked-rotor conditions. It can reflect the effect of ILS in the motor control system under different loads and power frequencies.




2. State Equations and Transfer Relations of the Models


Three excitation winding representations were derived from three models. The transient equivalent circuit is shown in Figure 1. Under the approximate conditions, the topology and parameters were the same except for the excitation and the ILS branch. It is also considered that the excitation inductance of the three models are the same.



The three models are described by a third-order vector state Equation [28]. The standard form of the state Equation is


x˙=Ax+Buy=Cx



(1)




where x = [is ψr im]T, u = us, y = is, the output matrix C = [1  0  0], and the state matrix and input matrix of the three models are shown in Table 1.



The vector form of the torque Equations [28,29] for the three models are given by (2)


te=p0LmLrσIm(ψr*im)te=−p0Im(ψr*ir)=−p0Im[ψr*(1Lr−jRMψr−Lm−jRMLr−jRMis)]te=p0LmLrIm(ψr*is)



(2)







From the state Equation (1) and the parameters in Table 1, the driving point admittance functions for the parallel and series model are derived as (3) and (4), and the function of the traditional model can be obtained letting Rm = 0 in the series model.


isus=1Lsσjωs+Rs+RFe−RFe[1+Lmjωf/(Lrσjωf+Rr)]jωsLm/RFe+1+Lmjωf/(Lrσjωf+Rr)



(3)






isus=1Rs1+Trjωf+jRm/(ωsLr)1−σTsTrωsωf−σTsRm/Lr+jRm/(ωsLr)+Trjωf+Tsjωs



(4)







The stator current excitation functions are derived as (5) and (6). The transfer function of the stator voltage to the rotor flux is the product of the driving point admittance function (3) or (4) and the corresponding stator current excitation function (5) or (6).


ψris=RrLm(Lmjωs/RFe+Lr/Lrσ)(Lrσjωf+Rr)−LmRr/Lrσ



(5)






ψris=LmTrjωf+1+jRm/(ωsLr)



(6)







The relationship between the ILS branch currents and state variables of the parallel and series model are


iFe=is−LrLrσim+1Lrσψr



(7)






iM=1Lr−jRMψr−LrσLr−jRMis



(8)







In addition, in the parallel model


im=(jωfLrσ+Rr)/(RrLm)ψr



(9)







Substituting (9) into (7) eliminates im. To get the relationship between the ILS current and the rotor flux, then substitutes (7) into (5) and (8) into (6). Letting P stand for the parallel and S for the series model variable, the expressions are shown by (10).


iFe=GP(jωs)ψrP, iM=GS(jωs)ψrS



(10)




where, GP(jωs)=(Lmjωs/RFe+Lr/Lrσ)(Lrσjωf+Rr)−LmRr/LrσRrLm−LrLrσjωfLrσ+RrRrLm+1Lrσ and GS(jωs)=1Lr−jRM−LrσLr−jRMTrjωf+1+jRM/LrLm.



In the parameter sensitivity analysis of the observer, the flux-ratio function is often introduced to measure the amplitude and phase deviation of flux observations [30]. Derived by dividing the two voltage excitation functions, the ψrS/ψrP function is significant in the steady state analysis of the flux and ILS deviations for different models and observers. ILS ratio function PFeS/PFeP was introduced to measure the accuracy of ILS estimation. Since PFeP = RFe × iFe × iFe, PFeS = Rm × iM × iM, then


PFeSPFeP=RmRFe(|GS(jωs)GP(jωs)||ψrSψrP|)2



(11)








3. Experimental Setup


To compare the differences in the model characteristics, the MATLAB (R2017b, MathWorks, Natick, MA, USA) script and Simulink S-Function simulation model were written based on the Equations (2). The ILS resistance empirical perturbation assumption was adopted to simulate and test the model. The power supply is an ideal sine wave. For discrete simulation, the first-order forward Euler method was used for discretization, and the sampling time was 10μs. The 0 and 1 slips were to simulate the ideal no-load and locked-rotor respectively, and the 5% slip was to simulate the heavy load. The rated parameters of the motor used are shown in Table 2. The simulation contents and methods are shown in Table 3.



The empirical perturbation used the empirical formula of the hysteresis and eddy current loss of the electrical machinery PFe = kf1.3B2m, and the ILS resistance can be expressed as RFe = RFe0(f/f0)0.7, so as to simulate the value of the ILS equivalent resistance cannot be known [31]. Assuming that only the stator ILS is considered, the relationship between the steady state ILS resistance of the series model and the ILS resistance of the parallel model can be approximated as Rm ≈ (ωsLm)2/RFe [19].




4. Results and Discussion


4.1. Impedance Characteristics and Excitation Characteristics


According to the driving point admittance function (3) and (4) and the motor parameters in Table 3, a Bode plot under empirical perturbation is shown in Figure 2. In the figure, different models are distinguished by color, and curves for each model under ideal no-load, heavy-load, and locked-rotor are plotted, respectively. The curves for locked-rotor characteristic and the above-mentioned part of the fundamental frequency are only used as reference and contrast without practical significance. The important part (about 15 to 48 Hz) in the fundamental frequency range is highlighted at the lower left corner of the figure, which is convenient for observing the specific magnitude of the deviation. Similarly, the Bode plot for the voltage excitation characteristic is shown in Figure 3.



According to Figure 2, it can be seen that the characteristics of different models were far less affected by the frequency than the slip conditions, and the amplitude and phase differences caused by different models under the same conditions increased with increasing frequency. In Figure 2a, the amplitude-frequency characteristics of the three models under ideal no-load were almost completely coincident. The parallel and series models agreed well under heavy load, and the maximum deviation of the traditional model was only about 1 dB. The results in Figure 2b show that the load had a large influence on the power factor of the motor, and the phase-frequency characteristics of the three operating conditions had different trends. The no-load and heavy-load finally tend to −90° and −45°, respectively. The maximum deviation of the series model relative to the parallel model was only about 1° under the two conditions, while the maximum deviation of the traditional model was about 7° in high-frequency and no-load condition. Different from the steady-state one-port equivalent transformation, the reduced order simplification of the dynamic model will have slight deviations. However, unlike the locked-rotor characteristic, this deviation is negligible under normal conditions. There are some differences in frequency characteristics as a result of the simplification of series-to-traditional model. From the parallel, the series to the traditional model, the amplitude gain decreased, and the phase lag increased in turn. That is, model transformation and simplification make the impedance modulus and impedance angle slightly larger. In general, this deviation is small relative to the true value. In other words, the three models had a consistent description of the motor characteristics, and it is reasonable and scientific that the vector control based on the traditional model can be widely used. Converting the ILS resistance in the driving point admittance function (3) (4) into a similar form, it can be seen that the difference between the parallel and series models was only a coefficient of the leakage inductance level, and the product of this coefficient and the synchronous angular frequency will make the difference slightly larger at high frequencies. The difference between the series model and the traditional model is the transient ILS resistance in series, was no more than 0.01. However, the ILS resistance is a function of the synchronous angular velocity, which will amplify the influence of frequency on the impedance and cause the traditional model to have a certain deviation.



It can be seen from Figure 3 that the excitation characteristics of the three models were very close and the deviation was smaller than the impedance characteristic. Increasing the slip will increase the flux lag angle and will hardly change the amplitude gain. In Figure 3a, neither the model nor the operating conditions in the fundamental frequency range had any effect on the amplitude-frequency characteristics of the excitation. The six curves were almost completely coincident. It can be seen from the enlarge figure that the amplitude deviation between the high slip and no-load conditions was only about 0.5 dB. The deviation in the phase-frequency characteristic Figure 3b was also much smaller than the impedance angle deviation. The series model and the traditional model were in close proximity to the parallel model curve. In detail, under the no-load condition, the lag angle of the traditional model was slightly smaller and the series model was slightly larger. Under the heavy load condition, the lag angle of the traditional model swung near the parallel model and that of the series model was slightly larger, but the maximum error was only about 1°. The results show that the ILS had less influence on the excitation and the flux had a characteristic of large damping. It can be seen that the observation error of traditional flux observer was not large, and the current control deviation will be the main reason that affects the control performance. Since the ILS affects the excitation branch in the series model, the simplification of the dynamic model will have some distortion in the excitation characteristics, and the phase deviation of the traditional model is comparable to the series model occasionally.




4.2. ILS Characteristics


The ILS ratio function curve in logarithmic coordinates is plotted as shown in Figure 4. It can be seen in Figure 4 that the ILS of the series model was smaller than that of the parallel model. It means that the model transformation had some deviations in the expression of ILS. In detail, the ILS under heavy load condition was relatively stable, and the gain value in the fundamental frequency range was basically −1.9 dB above and below; while under no-load conditions, it was weakly attenuated with increasing frequency, and the fundamental frequency gain was approximately −1.998 dB. The actual gains under the two operating conditions were not significantly different, with all being around 0.8. From (11), since the flux deviation is very small, the difference mainly comes from the transfer function (10). Similar to the impedance characteristic, if the deviation of the leakage inductance is completely omitted in the transfer function, the ILS ratio is approximately 20%. The deviation should essentially be related to the two approximations from parallel to series conversion and series circuit to state Equation conversion, and as a quadratic quantity, the power has an amplification effect on the error. In Section 4.1, the amplitude was less affected by the load than the phase in each transfer relationship. The power is equivalent to the product of the square of the current vector magnitude and the resistance, as a result, the ILS ratio should be less affected by the load.




4.3. Dynamic Characteristics


The Simulink simulation model was constructed based on the state Equation (1) and the parameters in Table 1, and the dynamic response of the parallel model was tested with the method in Table 2. Under the action of a ramp input, the motor response is shown in Figure 5.



In the discrete simulation test, the stability range of the parallel state Equation was related to the ILS resistance and sampling time. For example, the Equation was stable when the sampling time was less than 10 μs and the ILS resistance was less than 2500 Ω. The reason for this is that the matrix parameters of the state space model were closely related to the ILS resistance and leakage inductance. Among them, many of the state matrix parameters in Table 1 contain the product of the reciprocal of the leakage inductance or even the square of the reciprocal leakage inductance and the ILS resistance, and the input matrix coefficient was also the reciprocal of the stator leakage inductance. This makes the matrix parameter of the parallel model very large, resulting in large and sensitive discrete errors, requiring more precise numerical algorithms and smaller sampling times.



Taking the parallel model as a benchmark, the error response curves of the relative parallel model of the series model and the traditional model are plotted respectively in Figure 6.



From the error responses of the traditional model and the series model in Figure 6, the trend of each error waveform and the time at which the peak appears were basically the same, and the errors are in the same order of magnitude. The steady-state error of the series model was significantly smaller than that of the traditional model, but the dynamic deviation was slightly larger and it oscillated back and forth between positive and negative values. In the figure, the current, torque, speed, and flux error peaks all occurred around 0.9 s. According to the given conditions and responses of the parallel model in Figure 5, this was the final period for the response process getting into a steady state. Among them, the traditional model peak time sequence was rotation speed, flux linkage, current, and torque. The peak time of the speed and the flux of the series model occurred earlier and was not much different There was no obvious peak time for the current error, and the torque peak occurred later. The response oscillation was essentially related to the intrinsic characteristics of the ILS resistance in the series model. The ILS resistance under dynamic had the inductive characteristics of coupling between the two axes, and the magnitude was a function of frequency, which directly determined that the dynamic response in the frequency conversion process was not smooth enough.



Comparing Figure 5a with Figure 5b, it is known that the current error of the two models during the constant V/F phase is comparable, but there were errors, several times that of the series model, in the response of traditional model while getting into a steady state and loading process. Comparing Figure 5c with Figure 5d, the error sign of the magnetic flux amplitude of the two models was opposite. The dynamic error of the series model was larger than the traditional model, but the steady-state error was smaller than the traditional model. The deviation of the flux rotation angle of the series model showed positive and negative oscillations in the dynamic process and this is comparable to the traditional model in the steady state. From Figure 5e,f, the torque error of the traditional model during the start-up process was from positive to negative and the series model was the opposite. Since it is the derivative of the rotational speed, the zero crossing of the torque determines the peak value of the speed error. It can also be seen that the speed of the traditional model was greater than the parallel model and the series model was smaller than the parallel model. In the dynamic process, the torque error of the series model also showed positive and negative oscillations, but the speed error was smaller than the traditional model. In the loading process after 1.5 s, both the torque and the speed error of the series model were smaller than the traditional model. The steady-state speed errors of both models were less than 1 r/min. The error of the series model electromagnetic torque is generally smaller than the traditional model. As a large-inertia mechanical variable, the speed was hardly affected by the torque oscillation generated by the ILS resistance. Its dynamic and steady-state characteristics were superior to the traditional model. Comparing the torque Equation (2) for each model, the expression of the traditional model was equivalent to calculating the electromagnetic torque by replacing the excitation current vector with the stator current vector of the parallel model and ignoring the transfer relationship between the two variables. The series model used the transient ILS resistance to correct the torque dynamic deviation, which can be seen as an approximate expression of the above current transfer relationship. This shows that the compensation of the series model was effective, and the mechanical characteristics presented by the series model were similar to the parallel model and superior to the traditional model. The ILS deviation will affect the relationship between real torque and given torque in speed control system. A reasonable compensation can guarantee the linear relationship between the given torque and the real torque for good system performance.





5. Conclusions


In this paper, three types of motor equivalent models related to ILS were studied; a parallel model, series model and the simplified traditional model. An ideal sinusoidal power supply was used in the simulation test, and the ILS resistance perturbation was simulated using the empirical formula of ILS proportional to frequency 1.3 power. Test results show that:

	
Under ideal no-load and heavy-load, the impedance and excitation characteristics of the series model were closer to the parallel model. Compared with the parallel model, the deviation of the excitation characteristics of the traditional model was small, that is, the observation error of the traditional flux observer was not large, and the torque control accuracy was greatly affected by the current control deviation.



	
Compared with the parallel model, there was an error in estimating ILS using the series model, but the error was, approximately 20% constant, insensitive to load and frequency. As the error is easy to compensate, series model can be used directly as a loss model.



	
The discretization of the parallel model required a smaller sampling time or a more accurate numerical algorithm. In the speed open-loop and constant V/F speed regulation process, the dynamic response smoothness of the series model was not as good as that of the traditional model due to the influence of the equivalent ILS parameter. However, the speed compensation of the state Equation and the ILS effect compensation of the torque Equation were significant. Therefore, the series model can effectively replace the complex parallel model to improve the control accuracy of the traditional model under the condition that the ILS resistance is described accurately.








In addition, treating ILS as a parametric perturbation instead of a structural deviation in parallel model, the series model has the advantage of simplifying analysis. It is also easy to benefit from previous research results because of the similarity of the series model and traditional model in structural characteristics and analytical ideas.
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Figure 1. Transient equivalent circuits for parallel, series, and conventional model. 
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Figure 2. Bode plot of driving point admittance function. (a) Magnitude-frequency characteristic; (b) Phase-frequency characteristic. 
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Figure 