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Abstract:



Core loss is one of the significant factors affecting the high power density of permanent magnet machines; thus, it is necessary to consider core loss in machine design. This paper presents a novel method for calculating the core loss of permanent magnet synchronous machines under space vector pulse width modulation (SVPWM) excitation, taking magnetic saturation and cross coupling into account. In order to accurately obtain the direct and quadrature (d-q) axis, current in the given load condition, the permanent magnet motor model under SVPWM excitation has been modified, so as to consider the influence of magnetic saturation and cross coupling effects on the d-q axis flux-linkage. Based on the magnetic field distribution caused by permanent magnet and armature reactions, the stator core loss can be calculated with the core loss analytical model, corresponding to the rotational magnetic field. In this study, the method has been applied to analyze core loss in an interior permanent magnet synchronous machine, and has been validated by the experimental results. The influence of pole/slot number combinations on core loss in the same on-load condition is also investigated. This study provides a potential method to guide motor design optimization.
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1. Introduction


Space vector pulse width modulation (SVPWM) has been widely used in machine control systems because of its high output of current waveforms and high direct-current voltage utilization, and its status is becoming more and more important with the development of power electronics. However, motors under SVPWM excitation induce more harmonic current, which in turn increases stator core loss. This core loss is a main contributing factor that decreases the power density [1,2]. Currently, core loss under the pulse width modulation control has been studied extensively [3,4,5], but relatively little has been discussed regarding core loss under SVPWM excitation. In particular, different control systems play different roles in core loss [6]. In addition, machines with high power density cause more electromagnetic load in the stator core. This will obviously cause magnetic saturation and a cross coupling effect, which result in the various direct and quadrature (d-q) axis inductances that are dependent on the armature current. Therefore, machine performance, particularly current harmonic and core loss, can be clearly affected by magnetic saturation, especially in interior permanent magnet synchronous machines (IPMSM). Consequently, it is necessary to study core loss under SVPWM excitation, while considering magnetic saturation.



Co-analysis simulation has been mainly applied to core loss under SVPWM excitation. In [7], a co-analysis method was used to analyze losses due to time-harmonic currents with a SVPWM inverter, in a permanent magnet synchronous motor (PMSM) of 150 kW. The results were verified by the experimental results. The error between losses obtained by the co-analysis method and results caused by the sinusoidal current were compared. In the literature [8], the influence of the amplitude modulation radio and frequency modulation radio on eddy current losses and stator losses of permanent magnet synchronous generators under SVPWM modulation, have been analyzed by co-analysis simulation. Calculation models have presented reference values for setting proper amplitude modulation radios and frequency modulation radios under SVPWM modulation. In addition, the influence of magnetic saturation on core loss in surface-mounted permanent magnet synchronous machines has been analyzed in the literature [9]. However, the analyses considering saturation have simply used finite element analysis (FEA), under deep core saturation, caused by the larger armature current, so it lacks theory. It can be seen from the analysis mentioned above that few studies have been presented on core loss under SVPWM excitation. In addition, it is difficult to build an accurate co-analysis method, and the core loss obtained by the co-analysis model is time-consuming. If a co-analysis method has not been employed to deal with core loss under SVPWM excitation, machine saturation cannot been considered in the core loss model. Therefore, it is important to research the core loss calculation method, which includes the magnetic saturation effect under SVPWM excitation.



Recently, more and more studies have focused on analyzing the magnetic saturation of stator cores. The frozen permeability method, verified by many studies, has been mainly applied to calculate inductances and flux-linkages with consideration to magnetic saturation and cross coupling [10,11,12]. In [10], an analytical method to calculate d-q axis inductance for an interior permanent magnet machine with a V-shaped rotor in the no-load condition has been proposed, based on the winding function theory. A lumped parameter magnetic circuit model was adopted to investigate the saturation and nonlinearity of the bridge. Furthermore, much attention has been played on the influence of magnetic saturation on machine design and control systems. An improved method considering core saturation and cross coupling has been derived to obtain the ideal maximum torque per ampere (MTPA) angle of PMSM. The updated inductance and flux-linkage, which were obtained by fitting the FEA simulation data, were applied to each optimization iteration step of the MTPA algorithm [13]. A stator flux oriental vector control technique, taking saturation and cross coupling into account, in a flux switching permanent magnet machine was presented, to minimize volume and cost, and reduce cogging torque, noise and vibrations. The d-q axis inductances have been identified using an advanced model [14,15,16,17]. However, few studies have been done to discuss the influence of the SVPWM model, which includes magnetic saturation and cross coupling, on core loss.



In terms of reducing core loss, motor design optimization, including the permanent magnet structure and pole/slot number combinations, is the most common approach. In [18,19], the permanent magnet (PM) cavity of an interior machine with a single-layer U-shaped PM was optimized to reduce the core loss of the machine. In addition, the electromagnetic torque ripple and cogging torque were also reduced by using the improved PM cavity. The on-load core loss of interior machines considering the local magnetic saturation and the influence of slot/pole number combinations is discussed in [20,21,22]. A detailed core loss density in different parts accounting for the slot/pole number combinations was calculated and compared in the same d-q axis current. However, the machine parameters, such as inductance and flux-linkage, could be affected by the slot/pole number combinations, so that the machine electromagnetic torque with various slot/pole number combinations is different in the same d-q axis current. Therefore, core loss cannot be accurately used to evaluate machine performance.



Based on the previous research presented above, a novel method for calculating the core loss of IPMSM machines under SVPWM excitation considering magnetic saturation is proposed in the paper. The PM motor model of SVPWM has been modified to deal with magnetic saturation and cross coupling, to accurately obtain the d-q current with the given load condition. The stator core loss can be calculated by the core loss analytical model corresponding to the rotational magnetic field. Moreover, the influence of pole/slot number combinations with consideration to the saturation effect on core loss and total loss in the same load condition has been investigated in the paper. It has the potential to guide the motor design optimization.



The paper is organized as follows: Section 1 provides an introduction. Section 2 proposes the method for calculating core loss under SVPWM excitation with consideration to magnetic saturation and cross coupling. Section 3 analyzes the magnetic field distribution and core loss in the different load conditions. Section 4 provides the experiment to verify the core loss. Section 5 describes the influence of pole/slot number combinations on core loss and total loss. Finally, Section 6 gives the conclusions.




2. The Stator Core Loss Calculation Method


2.1. Modified PM Motor Model


Stator core loss is influenced by the control technique. The SVPWM control diagram presented in Figure 1 was needed in this model. The ideal voltages, vd* and vq*, modulated using SVPWM excitation can be obtained from the target speed (n*), actual speed (n), and actual current (id, iq). Then, the PM motor model calculates the actual current (id, iq) and actual speed (n) by using the relationship between mechanical and electrical properties in the steady state, which can be defined as:
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where vd is the d axis phase voltage, vq is the q axis voltage, Ld and Lq are the d axis inductance and q axis inductance, respectively, Rs is the phase resistance, ω is the electrical angular speed, φf is the flux-linkage of the permanent magnet, Te is the electromagnetic torque, p is the number of poles, B is the damping coefficient, ωm is the mechanical angular speed, TL is the load torque, and J is the rotor inertia moment.


Figure 1. Block diagram of SVPWM control.
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Thus, for a given speed and torque condition, the motor operating characteristics can be obtained by Equations (1)–(4). In this way, the inductances, Ld and Lq, and flux-linkage, φf, are kept constant in the solving process. However, the inductances (Ld, Lq) and flux-linkage (φf) change with the d-q axis currents because of the magnetic saturation and cross coupling in the steel sheet. To avoid error due to not considering saturation in the motor model, the PM motor model should be modified to deal with the magnetic saturation and cross coupling effects, so as to accurately reflect the motor operating performances. It is well known that Equations (1)–(4) can be rewritten from the view point of flux-linkage:
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where φd(id, iq) and φq(id, iq) are the d axis and q axis flux linkages that are dependent on the armature currents, id and iq, respectively.



To develop the ideal PM motor model, the d-q axis flux linkage that is dependent on the current (id, iq) is available in Equations (5)–(7). Figure 2a shows the relationship between the d axis flux-linkage and d axis armature current when iq is kept constant. Each line in various iq pass through a common point (−I0, φ0). This means that the permanent magnet flux and d-q axis flux path reach a balance, no matter what the q axis current is. In addition, the influences from iq to φq play different roles at the common point. Figure 2b shows the influences from iq to φq with a fixed value of d axis current. When id is equal to −I0, φq reaches a maximum value. Thus, the fitting relation between φd, φq and id, iq can be expressed as [15]:


[image: ]



(8)




where KLd and Ksd are the fitting coefficients that define the curve shapes presented in Figure 2a, with consideration to the magnetic saturation, Ksqd defines the d axis saturation caused by the q axis current (iq). Meanwhile, the fitting coefficients, KLq and Ksq, determine the curve shapes presented in Figure 2b with consideration to the magnetic saturation, and Ksdq defines the q axis saturation caused by the d axis current (id).


Figure 2. The relationship between the d-q axis flux-linkage and the d-q axis armature current. (a) The relationship between the d axis flux-linkage and current; (b) The relation between the q axis flux-linkage and current.
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The current (id, iq), which varies with φd, φq can be obtained by solving the Equation (8). That is:
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(9)







Additionally, the phase voltage and current are unable to exceed the maximum allowed value due to the limitation of the inverter.
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By applying Equations (5)–(7) and (9), the modified PM motor model containing the magnetic saturation property was designed, which is shown in Figure 3. MTPA is applied to the constant torque region, and flux-weakening is applied to the constant power region. Thereafter, the current (id, iq) for a given speed and torque can be obtained by the iterative procedure in any specified operating region.


Figure 3. The modified PM motor model.
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2.2. Stator Core Loss Calculation Method


The rotational magnetic field caused by the common excitation of the permanent magnet and armature reaction produces core loss in the stator. Based on Bertotti’s core loss model, the stator core loss can be decomposed into hysteresis loss, eddy current loss and eddy current excess loss. Generally, the stator core loss calculation model for a rotational magnetic field that is regarded as two perpendicular alternative magnetic fields, is proposed in [23]. However, this calculation method is only true when the flux density is less than 1.2 T and the frequency is less than 400 Hz. Another calculation method for a rotational magnetic field, which has the higher calculation accuracy, is introduced in [24], but it is difficult to measure core loss under circular field excitations, thus, it is hard to obtain the coefficients of the core loss model.



In order to calculate core loss with consideration to magnetic saturation and higher frequencies, a core loss prediction model with piecewise variable coefficients, based on Bertotti’s core loss model is used in this paper. In the model, an additional flux density higher-order term and an additional flux density lower-order term are introduced, to allow consideration of the increased eddy current loss and the local hysteresis loss caused by magnetic saturation and the harmonic field, respectively. Moreover, the rotating magnetic field is regarded as two perpendicular alternative magnetic fields in the stator core loss calculation model, in which the core loss density can be expressed as [25]:
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(11)




where Kh, Ke and Kexc are the coefficient of hysteresis loss, eddy current loss and eddy current excess loss, respectively; Bkmax is the kth harmonic amplitude of the major axis flux density; Bkmin is the kth harmonic amplitude of the minor axis flux density; Kr is the core loss coefficient of rotational magnetic excitation (Kr = 1 + Bkmin/Bkmax), Ph, Pe and Pexc refer to the core loss densities from hysteresis loss, eddy current loss and eddy current excess loss, respectively; k is the harmonic order of flux density; α is the coefficient; f is the motor frequency; n1k and β1k are the coefficients of the additional flux density higher-order term, which reflect the hysteresis loss changes caused by the local hysteresis loops; n2k, β2k are the coefficients of the additional flux density low-order term, which reflect the eddy current loss changes caused by magnetic saturation, where n1k, β1k, n2k and β2k vary with the amplitude and frequency of the flux density. The coefficients of the core loss model can be easily obtained by the curve-fitting experimental data of core loss under alternating field excitations. More detailed calculation processes for the coefficients can be found in the literature [25].



Then, the stator total core loss can be calculated using the loss density and mass of each subdivision element. That is:
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(12)




where La is the axis length of the stator, ρ is the density of the steel sheet, Ns is the number of subdivision elements, Δs(i) is the area of the ith subdivision element.



Consequently, the calculation flow chart of stator core loss is shown in Figure 4.


Figure 4. The calculation flow chart of stator core loss, MPTA: maximum torque per ampere, PM: permanent magnet.
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3. Stator Core Loss Analysis with Magnetic Saturation


In order to properly analyze the influence of magnetic saturation on stator core loss, an IPMSM, as shown in Figure 5, was used in the paper. Moreover, in order to analyze the magnetic field in different stator parts, four points, A, B, C and D, were selected in the stator core. The motor specifications are given in Table 1. In addition, the proposed method for calculating core loss is compared with a conventional method, so as to present the improvement of the proposed method. Because the conventional method does not take the saturation effect into account, the armature current at a given load condition can be calculated by Equations (1)–(4), where the inductances and flux-linkage are kept constant in the solving process. Then, the magnetic field and stator core loss can be obtained by a two-dimensional (2D) time-step FEA method.


Figure 5. The analysis model of interior permanent magnet synchronous machine (IPMSM), A: point in the border of the tooth-tip, B: point in the middle of the tooth-tip, C: point in the tooth, D: point in the yoke.
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Table 1. Motor design parameters.







	
Parameters

	
Values

	
Parameters

	
Values






	
Rated power (kW)

	
370

	
Rated speed (rpm)

	
3185




	
Maximum power (kW)

	
550

	
Maximum speed (rpm)

	
6000




	
Rated torque (Nm)

	
1110

	
Rated line voltage (V)

	
440




	
Stator outer diameter (mm)

	
490

	
Number of slots

	
72




	
Stator inner diameter (mm)

	
360

	
Number of poles

	
12










3.1. Armature Current Comparison


Based on the motor parameters, the fitting coefficients in Equation(9), which is presented in Table 2, can be determined by fitting the relationship between the d-q axis armature current and the flux linkage performances, by using finite element analysis (FEA). Then, the d-q axis flux-linkage, with respect to the current (id, iq), can be calculated. The d-q axis flux-linkage comparison obtained by FEA and the proposed model are shown in Figure 6. It was observed that when the motor is operated in the saturation region, the flux-linkage obtained from the proposed model is far lower than that from the model with constant inductance. Moreover, the FEA results have a good agreement with the calculation results obtained by the proposed model.


Figure 6. The d-q axis flux-linkage comparison obtained by finite element analysis (FEA) and the proposed model. (a) The d axis flux-linkage; (b) The q axis flux-linkage.
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Table 2. The fitting coefficients of relations between the d-q axis current and flux linkage.







	
Coefficients

	
Values

	
Coefficients

	
Values






	
I0 (A)

	
600

	
φ0 (Wb)

	
0.067224




	
KLd

	
1.8 × 10−4

	
KLq

	
0.00051




	
Ksd

	
7.06 × 10−6

	
Ksq

	
0.00122




	
Ksdq

	
1.84 × 10−4

	
Ksqd

	
0.0002










In the proposed method, the d-q axis current with magnetic saturation can be determined by the modified motor model. However, the saturation effect is not considered in the conventional model; the d-q axis current is solved by Equations (1)–(4). By using park inverse transformation, the armature current can be obtained. Figure 7a shows the armature current at the rated operating point (3185 rpm, 1110 Nm), obtained from both the proposed model and the conventional model.


Figure 7. The armature current harmonic at the rated operating point. (a) The armature current waveform; (b) The armature current harmonic.
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At the rated operating point, the armature current from the proposed model was higher than the current from the conventional model, due to the influence of the d-q axis current on the flux-linkage. In order to clearly describe the differences in armature current obtained from the proposed model and the conventional model, the armature current harmonic in the time domain calculated by Fourier decomposition is shown in Figure 7b.



The errors between the fundamental current from the proposed model and the fundamental current from the conventional model reached 18%, and the harmonic current which considers saturation, reached a higher value. However, based on the armature currents obtained by the proposed model and the conventional model, the main harmonic order is (2i − 1)fc/f ± 2, (2i − 1)fc/f ± 4, 2ifc/f ± 1, 2ifc/f ± 5 (i = 1, 2, 3…), where fc is the carrier frequency, and f is the motor frequency. The carrier frequency of the controller in this paper is 8 kHz.When the motor operates at the rated speed, the ratio of fc to f is 25.1. Thus, the main harmonic order is 21, 23, 27, 29, 49, 50 etc., which is marked in Figure 7b.




3.2. Magnetic Field Comparison


The magnetic field distribution, caused by the permanent magnet and armature reaction, varies widely in the different positions of the stator core under the same load conditions. Therefore, four points—A, B, C and D—in the stator core, which are marked in Figure 5, were chosen to introduce the stator magnetic field distribution in one entire electrical period of the rated operating point.



Figure 8 shows the typical time variation curve of the radial and tangential components of flux density, and the elliptical flux density vector waveforms at points, A, B, C and D, at the rated operating point, in which the curve enclosed with the dashed line is the flux density obtained from the conventional model and that enclosed with the solid line is the flux density obtained from the proposed model.


Figure 8. The typical time variation curves of the radial and tangential component of flux density and elliptical flux density vector waveforms at points A, B, C, D, Br and Bt are the radial and tangential components of flux density, respectively, Elec. degree is the rotational electrical degree of machine..
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Almost all of the motor magnetic fields in the different positions of the stator core have a rotational magnetic field. In particular, the rotational magnetic field accounts for the maximum proportion at points A and B. However, the radial component of flux density is far beyond the tangential component at point C, so the magnetic field at point C can be approximately considered as an alternative magnetic field. Moreover, the magnetic field at point D is an elliptical rotating field, due to the higher radial flux density. Therefore, it is necessary to consider the influence of the rotational magnetic field on the core loss calculation model. Based on the rotational magnetic field, a series of the elliptical harmonic magnetic field vectors, formed with major axis flux density (Bkmax) and minor axis flux density (Bkmin) can be obtained by applying Fourier decompositions to the radial and tangential components of flux density.



Figure 9 shows the elliptical harmonic magnetic field vectors at points A, B, C and D, at the rated operating point.


Figure 9. The elliptical harmonic magnetic field vectors at points A, B, C, D.
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The radial and tangential flux densities at every position of the stator core are mainly odd harmonics. In the conventional unsaturated PM motor model, the inductances, Ld and Lq, are simply considered constant gains. However, in the proposed saturated motor model, the inductances, Ld and Lq, vary with the armature current of the self-axis and the other axis. Thus, compared with the flux density obtained from the conventional model, great changes have taken place in the flux density obtained from proposed model, especially at points A and B. The fundamental amplitude of radial flux density decreases while the fundamental amplitude of tangential flux density increases at point A. In addition, it can be obviously seen that the change rate in flux density at point A is higher than at the other three points. At the rated operating point, if the saturation is considered in the motor model, the larger demagnetizing current reduces the fundamental amplitude of the radial flux density. Meanwhile, in contrast to the harmonics without saturation in the conventional model, the harmonics of radial and tangential flux density increase. This is because if the saturation is considered, the various inductances that are dependent on the current (id, iq) lead to the large current harmonics.




3.3. Stator Core Loss Comparison


Using Equations (11) and (12), stator core loss can be obtained. Figure 10a shows the core loss at the low speed of 1000 rpm. At the speed of 1000 rpm, torque varies from 100 Nm to 1660 Nm, where 1660 Nm is the machine’s maximum torque. Figure 10b shows the errors in percentage forms between the hysteresis loss, eddy current loss and eddy current excess loss, obtained from the proposed model and the conventional model. In the region of 1000 rpm, MTPA control is used in IPMSM. The low fundamental frequency leads to the lower core loss. It can be seen from Figure 10a that the core loss increases as torque increases. The reason for this is that the armature current under MTPA control increases as torque increases, which results in the increasing magnetic field. For a specific frequency, core loss has increased, due to the increasing magnetic field. Moreover, as the torque increases, the armature current from the proposed model is larger than the current from the conventional model, especially in the high torque region, so the fundamental flux density amplitude obtained from the proposed model is larger in the high torque region, whereas the harmonics are higher in the low torque region. Therefore, the errors of hysteresis loss increase and the other loss errors decrease, when the torque varies from 100 Nm to 1660 Nm. In addition, the minimum error of total loss has taken place at the rated point, and the maximum error of total core loss is increased to 12% at the maximum torque of 1660 Nm, due to the higher fundamental flux density amplitude.


Figure 10. The stator core loss comparison at the speed of 1000 rpm. (a) The stator core loss; (b) Errors from the core loss component comparison and total core loss comparison.
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Figure 11a shows the core loss at the rated speed of 3185 rpm, in which the torque varies from 100 Nm to 1110 Nm. At the rated speed, 1110 Nm is the machine’s rated torque. Figure 11b shows the errors in percentage forms between the hysteresis loss, eddy current loss and eddy current excess loss obtained from the proposed model and the conventional model. Because of the rising fundamental frequency, the core loss is much higher than the core loss in the region of 1000 rpm. Unlike the relation between torque and core loss in the region of 1000 rpm, core loss decreases as torque increases in the region of 3185 rpm. Particularly, core loss in the region above 300 Nm is much less than core loss in the torque of 300 Nm. This is due to the different control modes. For the higher speed, MTPA control is used for low torques (100, 300 Nm), and flux-weakening control, which increases the minus d axis current and decreases the q axis current, is applied for high torques (above 300 Nm). In the flux-weakening region, the magnetic field has been reduced by the increasing minus d axis current and the decreasing q axis current, and the higher the torque is, the greater the flux-weakening effect is. Thus, for the specific frequency condition, the magnetic field under MTPA control is higher than that under flux-weakening control, and the magnetic field is lower in the higher torque region. Therefore, the core loss under flux-weakening control is much less than the core loss under MTPA control. When the machine operates with a torque of 300 Nm, the maximum error from core loss, obtained from the proposed model and the conventional model reaches 19%, because of the higher harmonic of the magnetic field obtained from the proposed model. Moreover, the eddy current loss is more sensitive to the flux density compared with the other two losses, so magnetic saturation has an important effect on the eddy current loss in the entire speed-torque region.


Figure 11. The stator core loss comparison at a speed of 3185 rpm. (a) The stator core loss; (b) Errors of the core loss component comparison and total core loss comparison.
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Figure 12a shows the core loss at the high speed of 6000 rpm, in which the torque varies from 100 Nm to 588 Nm. At a speed of 6000 rpm, 588 Nm is the torque at the rated power of 370 kW. Figure 12b shows the errors in percentage forms between the hysteresis loss, eddy current loss and eddy current excess loss obtained from the proposed model and the conventional model. In the region of 6000 rpm, flux-weakening control is used in the motor. It was observed that the core loss considering saturation changed little, when compared with that from the conventional model in the low torque region. As the torque increases, the d axis demagnetization current considering saturation increased much more under the deep flux-weakening region. Therefore, the hysteresis loss with saturation was lower than that from the conventional model, due to the lower fundamental amplitude of flux density, but the eddy current loss and eddy current excess loss with saturation were greater because of the greater harmonics of flux density. In addition, the core loss error including saturation, in the region of 6000 rpm, was around 10%, which is much less than in the other speed regions.


Figure 12. The stator core loss comparison in the speed of 6000 rpm. (a) The stator core loss; (b) Error of the core loss component comparison and total core loss comparison.
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Compared with the results calculated by the conventional method, the influence of saturation on the inductance and flux-linkage, which vary with the motor operating conditions, can be considered well in the proposed method. Moreover, the maximum value of errors for calculating stator core loss reached 19% in certain load conditions. Therefore, it is necessary to consider magnetic saturation in the core loss calculation model, and the proposed method takes magnetic saturation into account.





4. Verification


In order to verify the accuracy of the method for calculating core loss, the machine experimental platform was built to measure the loss, as shown in Figure 13. When the machine operates in the on-load conditions, input power (Pin) and output power (Pout) can be measured by the experiment. The total loss can be given as:
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(13)




where Pcu is the copper loss, which can be calculated from the measured armature current; PFe is the core loss; Pre is the rotor eddy current loss and Pme is the mechanical loss, which can be obtained by the empirical formula. That is:
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(14)




where PB and Pw are the friction loss and wind friction loss, respectively; km is the empirical coefficient; Gr is the rotor mass; n is the machine speed; lr is the axis length of the rotor and Dr is the rotor outer diameter.


Figure 13. The machine experimental platform. (a) The test machine; (b) The experimental platform.
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Particularly, it is difficult to separate the core loss from the rotor eddy current loss. Therefore, the sum of the core loss and rotor eddy current loss was applied, to verify the method used in this paper. That is:
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(15)







Based on Equation (15), Figure 14 shows a comparison of calculation and experimental results for the sum of core loss and rotor eddy current loss in the rated condition, where the rated conditions are the constant torque region below the rated speed of 3185 rpm and the constant power region above the rated speed.


Figure 14. The comparison of calculation and experimental results.
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It can be seen from Figure 14 that the results obtained by the proposed method have good agreement with the experimental results. In addition, the results obtained by the proposed method were a little higher than the experimental results. This is due to the eddy current loss obtained by the 2D finite element analysis. Two-dimensional finite element analysis ignores the end effect, and produces a lower eddy current loop resistance, so the calculation results of the eddy current loss are higher than the experimental results. The errors between the results from the proposed method and the experimental results are greater in the low speed region. As the speed increases, the flux-weakening effect increases, so the eddy currents in the rotor core and permanent magnet decrease. The decreasing eddy current results in lower errors of eddy current loss. However, the results obtained by the conventional method were lower than the experimental results. Due to the higher eddy current loss, the core loss error between the results from the conventional method and the experimental results are significantly increased.




5. Influences of Pole/Slot Number Combinations on Core Loss


The influence of magnetic saturation on core loss is related to motor topology, such as the pole/slot number combinations. If IPMSM is the study object, the effect of pole/slot number combinations on the magnetic saturation and core loss can be analyzed. The pole/slot number combinations: 12/72, 12/36, 12/18 and 16/18, were chosen in this paper, according to the motor performance, cogging torque and manufacturing process. The design principles of IPMSM with different pole/slot number combinations are as follows:

	
To avoid the influence of slot opening width on core loss, so ensure the slot opening width remains unchanged;



	
To adjust the motor tooth width to make the tooth flux density around 1.6 T, and to adjust the yoke height to make the yoke flux density around 1.5 T in the no-load condition;



	
To ensure the no-load electromotive forces are approximately identical.








Based on the design principles above, the motor topology with different pole/slot number combinations is presented in Figure 15. In order to accurately analyze the influence of pole/slot number combinations on the core loss in different regions, the stator was divided into four regions (I: tooth-tip, II: tooth, III: region between tooth and yoke, IV: yoke), and four points, A, B, C and D, were used in the four regions, respectively, as shown in Figure 15. All machines have the same stator outer diameters, inner diameters, magnet thicknesses, and air gap lengths, except for the winding structure and stator slot parameters. The different parameters are summarized in Table 3. In this way, the electromagnetic parameters, such as motor inductance, phase resistance and flux-linkage, are changed accordingly, due to the different influences of magnetic saturation caused by the pole/slot number combinations. Compared with the 12/72 machine, the phase resistance of the 16/18 machine decreased by 34%, while the inductance increased by up to 14%.


Figure 15. The motor topology with different pole/slot number combinations. (a) 12/72; (b) 12/36; (c) 12/18; (d) 16/18. I: tooth-tip region, II: tooth region, III: region between tooth and yoke, IV: yoke region, A: point in region I, B: point in region II, C: point in region III, D: point in region IV.
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Table 3. The designing parameters of IPMSM with different pole/slot number combinations.







	
Pole/Slot Number

	
12/72

	
12/36

	
12/18

	
16/18






	
Turns per phase

	
24

	
24

	
27

	
24




	
Winding factor

	
0.945

	
0.866

	
0.866

	
0.945




	
Teeth width (mm)

	
8.16

	
15.83

	
30.52

	
25.71




	
Yoke height (mm)

	
16.17

	
16.2

	
18.97

	
18.8










According to the four machines with pole/slot number combinations of 12/72, 12/36, 12/18 and 16/18, the rated operating point (3185 rpm, 1110 Nm) was chosen to analyze the influence of pole/slot number combinations on core loss in the paper. In order to ensure the machine performs well, the rated line voltage was 600 V. The magnetic saturation, including inductance and flux-linkage, can be influenced by the pole/slot number combinations, so that the d-q axis armature current under each pole/slot number combination machine are different. Figure 16 shows the d-q axis average current obtained by the modified PM motor model at the rated operating point. The q axis current varied little. However, the d axis current of the 16/18 machine was much larger than the other machines, so the armature current of 16/18 machine was the highest.


Figure 16. The d-q axis average current at the rated operating point.
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The distribution of the magnetic field and core loss in the different stator regions is different because of the nonlinearity of the steel sheet. In this section, the harmonic amplitudes of flux density at points B and D are presented in Figure 17, where Brk_max is the harmonic amplitudes of radial component of flux density, and Btk_max is the harmonic amplitudes of tangential component of flux density. It can be seen that due to the armature reaction, the flux density fundamental amplitude reaches the maximum value in the 12/36 machine and the harmonic flux density with a low order had a maximum value in the 12/72 machine at point B. However, at point D, the flux density fundamental and harmonic amplitudes of the 12/18 machine achieved maximum values. In the 16/18 machine, because the strong flux-weakening effect is caused by the d axis current, the fundamental amplitude of flux density reached the minimum value, but the harmonic of the high order was large.


Figure 17. The harmonic amplitudes of flux density at points B and D. (a) The flux density harmonic at point B; (b) The flux density harmonic at point D.
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The core loss in different regions can be calculated with Equations (11) and (12). Figure 18a shows the stator core loss in the different regions. Because the flux density caused by the armature reaction is different, the core loss and core loss density under different pole/slot number combinations have great differences. The core loss achieved the minimum value in the 12/18 machine, while the core loss had a higher value in the 12/72 machine. In addition, the core loss of the 16/18 machine was larger than the core loss of the 12/18 machine, due to the high harmonic component of flux density. Figure 18b shows the core loss density in different regions. It is observed that the core loss density of the 16/18 machine was obviously larger than the core loss density of the other machines, especially in the tooth-tip of region I. The core loss density of tooth (region II) and yoke (region IV) in the 12/72 machine had high values, whereas the core loss density in region III decreased by a big margin. Moreover, the core loss density in region III in the 12/36 machine was larger than the core loss density in the other machine.


Figure 18. The core loss and density in stator different regions. (a) The stator core loss; (b) The stator core loss density.
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Due to the different armature currents and magnetic fields under the various pole/slot number combinations, the influence of the armature current on copper loss and rotor eddy current loss was different from that of the armature current on the core loss, at the same rated operating point. Therefore, the variation in performance of core loss is different from that of total loss in the machine of pole/slot number combinations. The total loss, including copper loss, rotor loss and core loss at the rated operating point, is presented in Table 4.



Table 4. The losses of IPMSM with different pole/slot number combinations.







	
Pole/Slot Number

	
Copper Loss (W)

	
Rotor Loss (W)

	
Stator Core Loss (W)

	
Total Loss (W)






	
12/72

	
1546

	
980

	
2494

	
5020




	
12/36

	
1926

	
1036

	
2281

	
5442




	
12/18

	
1306

	
1064

	
1818

	
4188




	
16/18

	
2044

	
1246

	
1980

	
5270










It can be seen that although the core loss decreased in the 12/36 machines, copper loss and rotor eddy current loss increased due to the large phase current, so the total loss in the 12/36 machine achieved a higher value. Meanwhile, the core loss in the 12/72 machine was the highest, but the armature current was lower than the current of the other machines, so the copper loss and eddy current loss were lower, and the total loss was relatively low. In addition, the total loss in the 12/18 machine reached the minimum value. This was due to the small resistance, which resulted in a lower copper loss. In the 16/18 machine, the high armature current produced a higher copper loss and eddy current loss, thus the total loss was larger than that in the 12/72 machine.



Under the same load conditions, the machine electromagnetic parameters vary with the pole/slot number combinations, so the armature currents of the machine with different pole/slot number combinations at the rated operating point were different. In this way, the armature reaction may have resulted in the various flux density waveforms in different stator parts, and the losses in performance were greatly different from each other. Therefore, in machine design for pole/slot number combinations, it is necessary to analyze the influence of pole/slot number combinations on the magnetic field, together with the total loss.




6. Conclusions


This paper presents a method for calculating the core loss of a permanent magnet synchronous machine under SVPWM excitation. Taking the magnetic saturation and cross coupling into consideration, the PM motor model has been modified to calculate the d-q axis current in a given load condition. The stator core loss can be obtained by the core loss analytical model, corresponding to the rotational magnetic field, which is caused by the permanent magnet and armature reaction. By this method, the core loss of the IPMSM under SVPWM excitation was obtained, and the influences of saturation on the armature current, magnetic field distribution and core loss were also discussed, in comparison with the results from the conventional model. The accuracy of this method was validated by the experimental results.



Using the proposed method, the influence of pole/slot number combinations on the core loss were investigated. The machine saturation parameters, including d-q axis flux-linkage, vary with machines of different pole/slot number combinations, so the armature current harmonic at the rated operating point is different under the same load conditions, which results in the variations in core loss and total loss. With respect to the four machines of different pole/slot number combinations mentioned in this paper, the core loss in the 12/72 machine reached the maximum value, but the total loss in the 12/36 machine achieved a higher value. Therefore, in machine design for pole/slot number combinations, it is necessary to comprehensively analyze the influence of pole/slot number combinations on the magnetic field, together with the total loss.
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