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Abstract—This paper presents improved iron loss analytical prediction models for interior permanent magnet
synchronous motors (IPMSMSs) used in electric vehicles. The effects of slotting harmonics, pulse-width modulation
(PWM) carrier harmonics, temperature rise and mechanical stress are considered in the proposed models.
Specifically, by investigating the stator flux density as piecewise linear with trapezoidal waveform, the iron losses in
the teeth and yoke regions are calculated separately, considering the different magnetic field distributions and
waveforms. To deliberate the PWM harmonic influence, a correction coefficient is added to the hysteresis loss models,
while the eddy current loss models are updated by summing all the eddy current losses caused by the power supplying
current harmonics. Moreover, the coupling interaction effects of magnetic, thermal, and stress fields on the empirical
coefficients of hysteresis and eddy current losses are analyzed in detail and also implemented in the iron loss
prediction process. The feasibility and superiority of the proposed models are verified by numerical and experimental

case studies on an IPMSM prototype.

Index Terms—Electric vehicles, electrical machines, interior permanent magnet synchronous motor (IPMSM), iron

loss, harmonics, pulse width modulation (PWM), multiphysics.

I. INTRODUCTION

Concerns on global fossil fuel shortage and automobile emissions have contributed to the increasing investment and application

This work was supported in part by the Australian Research Council under Discovery Grants DP120104305 and DP180100470, and the
Foundation of China Scholarship Council under Grant 201906730038.

L. Liu, X. Ba, Y. Guo, and G. Lei are with the School of Electrical and Data Engineering, University of Technology Sydney, NSW 2007,
Awustralia (e-mails: Lin.Liu@student.uts.edu.au; Xin.Ba@student.uts.edu.au; Youguang.Guo-1@uts.edu.au; Gang.Lei@uts.edu.au).

X. Sun is with the Automotive Engineering Research Institute, Jiangsu University, Zhenjiang 212013, China (e-mail: xdsun@ujs.edu.cn).

J. Zhu is with the School of Electrical and Information Engineering, The University of Sydney, NSW 2006, Australia (e-mail:
jianguo.zhu@sydney.edu.au).

Corresponding author: Dr. Xin Ba (Postal address: CB11.08.305, 81 Broadway, Ultimo, NSW, 2007 Australia; Phone: +61 2 9514 2650)



mailto:jianguo.zhu@sydney.edu.au

of electric vehicles (EVs). The topology of interior permanent magnet synchronous motor (IPMSM) has been considered as suitable
for driving EVs under complex operating conditions, thanks to its advantages in the areas of weight and space saving, efficiency
improvement, speed range expansion as well as control performance promotion [1]-[4]. However, the iron loss of IPMSMs can be
significantly interfered by the time-varying working conditions and coupling effects of multiphysics factors like magnetic, thermal
and mechanical stress field distributions [5], [6]. Moreover, the harmonics of non-sinusoidal magnetic flux in the motor stator,
caused by both stator slotting structure and pulse-width modulation (PWM) inverter, would result in additional iron loss [7], [8].

In this case, the development of an accurate iron loss calculation technique, as a prerequisite for the design and optimization of
IPMSMs in EVs, has attracted great research interests from academia and industry worldwide. Recently, the finite element analysis
(FEA) based on the well-known Bertotti model has shown satisfactory performances for calculating iron loss with reasonable
accuracy. In [9], the FEA was utilized to predict the iron loss and the magnet eddy current loss of permanent magnet synchronous
machines (PMSMs) with concentrated windings. In [10], [11], the iron loss calculation models accounting simultaneously for
magnetic hysteresis and eddy currents were investigated for steel laminations at high frequencies by using the FEA method. In
[12], the influence of iron loss on IPMSM electromagnetic characteristics was evaluated based on the inverse solution of the flux
linkages extracted via FEA. In [13], the iron loss caused by fringing fluxes in an axial-flux PMSM was calculated through FEA.
Although the FEA can estimate iron losses conveniently for nonlinear problems with complex structures, it is time-consuming,
which poses a great difficulty to design optimization process of PMSM with a large number of iterations. Moreover, the impacts
of multiphysics factors such as temperature and stress on motor performance cannot be easily distinguished via FEA. It is therefore
strongly desired to develop iron loss calculation methods that cannot only greatly shorten the calculation time, but also indicate
the interactions of motor parameters, while maintaining the calculation accuracy.

To reduce the computational cost, alternative iron loss calculation methods based on analytical models were proposed. For
instance, the magnetic equivalent circuit (MEC), as a promising analytical method, has been applied to estimate the iron loss and
analyze the operating performance as well as the relationship between static and dynamic flux densities for various electrical
machines [14]-[17]. However, the MEC calculation accuracy might be discounted since this method prefers the average core
magnetic density to harmonic component, without giving enough considerations of the iron loss from harmonics contribution.
Meanwhile, in EVSs, it is impractical for a drive motor to work only under definite and standard conditions. Non-sinusoidal flux
density waveforms with rich harmonics can impact significantly on iron loss characteristics.

According to the sources, there exist two types of flux density harmonics: the spatial harmonics due to stator slotting and the
carrier harmonics generated by the PWM inverter. To reveal the influences of harmonics, analytical iron loss models are
investigated by taking into account both the spatial and carrier harmonics. In [18] and [19], an analytical iron loss calculation
method was proposed for a spoke-type in-wheel PMSM with the bridge saturation and magnetic field harmonics. In [20], aiming
at the influence of harmonics, an analytical iron loss calculation method was proposed for an integer-slot IPMSM during flux

weakening, in which a harmonic loss voltage and a harmonic loss coefficient were added to the iron loss resistance model. The



relationship between the harmonic additional loss and the harmonic voltage was analyzed. Experimental results reported in [21]
indicates that the iron losses of electrical machines fed by PWM inverters could be almost three times higher than those fed by the
ideal sinusoidal currents. Similar results were also reported in [22]-[25].

The abovementioned studies have shown successful progress in improving the speed and accuracy of iron loss prediction in
electrical machines in the presence of either spatial or carrier harmonics. However, in the presence of both spatial and carrier
harmonics, substantial work is still needed to improve the analytical iron loss prediction model. Furthermore, since the magnetic
properties including iron losses are susceptible to temperature and mechanical stress [27]-[28], the interaction of multiphysics
effects, such as thermal and stress characteristics, also need to be considered to improve the iron loss prediction accuracy for the
design and optimization of PMSMs.

To address the above-mentioned issues, this paper proposes an improved analytical iron loss prediction model for IPMSMs
utilized as the drive motor of EVs. The novelty is mainly manifested in that the influences of different physical factors including
both the spatial harmonics from slotting and carrier harmonics due to PWM inverter, the temperature and compressive stress on
iron loss are fully considered in the proposed analytical models. The prediction accuracy can be improved while the computational
burden is reduced. The remainder of this paper is organized as follows. Section II describes the principles of the proposed iron loss
prediction model. In Section III, an IPMSM prototype is employed for the case studies. The coupling effects of multiphysics factors
are also analyzed by the finite element method (FEM). Then, the iron loss of the EV IPMSM prototype is calculated. The
effectiveness and superiority of the proposed method are verified through a comparative analysis of the numerical and experimental

results, as presented in Section IV. Finally, conclusions are drawn in Section V.

Il. PROBLEM FORMULATION AND MODELS

Classically, Bertotti’s iron loss separation model, consisting of hysteresis loss density Pn, eddy current loss density P. and
additional loss density Pag, has been commonly employed for calculating iron loss density in silicon steel sheets. Under sinusoidal

magnetization, the total iron loss density Pyt in a silicon steel sheet sample can be calculated by [8]
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where s is the motor angular frequency, Bn the amplitude of the magnetic flux density, d the thickness of silicon steel sheet, S the
cross-sectional area of the iron core, G=0.1375 a dimensionless constant, or.=1/7. the conductivity, V a parameter characterizing

the statistical distribution of local coercive fields, T the excitation period. 7ee and pre are the resistivity and density of core material,



respectively. Ky and a are both hysteresis loss empirical coefficients, and 1.8<a<22. K, = dz/(lanepFe) is defined as the eddy
current loss coefficient while K4 =/oGVS /o, is set as the additional loss coefficient.

Since the additional loss generally accounts for only a small percentage of the total iron loss [5], [26], it is ignored in the iron
loss calculation, and according to (2), the accurate estimation of magnetic field and coefficients Ky and K. is crucial for calculating

iron loss.

A. Iron Loss Considering Slot Harmonics

Unlike the ideal case of iron loss estimation in a silicon steel sheet sample under sinusoidal magnetization, the calculation of
iron loss in a PMSM must consider both the fundamental and harmonic flux density waveforms. While there exist two types of
harmonics, this subsection calculates the iron loss by taking into account the spatial harmonics due to the stator slotting and rotor
structure. To consider the effects of spatial harmonics, the stator is divided into the tooth and yoke regions. The hysteresis and
eddy current losses in each region are predicted separately with consideration of non-sinusoidal flux density waveforms.

i) Iron Loss Model of Tooth Region

The hysteresis loss equals the area enclosed by the quasi-static hysteresis loop, which is mainly related to the fundamental
frequency of magnetic flux density, temperature rise and compressive stress instead of the waveform harmonics. In contrast, the
eddy current loss highly depends on the waveform harmonics, and to calculate the eddy current loss, the harmonics of non-
sinusoidal flux density waveforms must be considered [7], [18]-[19]. Because of the complexity of harmonic evaluation process,
by using FEM, the tooth flux density waveform is transformed into piecewise linear or trapezoidal waveform, as shown in Fig. 1.

Under the magnetization of trapezoidal waveform, the eddy current loss density of the tooth can be calculated as [29]
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where Ny; is the number of linear intervals.
For the tooth region, the non-dominant longitudinal component of flux density can be ignored [29], and the time required for a

magnet to pass a slot pitch can be expressed as
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where Nr and Ns are the numbers of phases and slots per pole per phase of the PMSM, respectively.

For a trapezoidal waveform, the changing rate of flux density with respect to time can thus be transformed into

9B (®) _Brm (5)
dt At
As shown in Fig. 1, the mutation of flux density change rate happens four times in one excitation period. In this case, based on

(3), the eddy current loss density in the tooth region can be expressed by

4
P = KEL? (BAT—E“)% (6)
Substituting At of (4) into (6), one obtains
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The iron loss in the tooth region can be calculated by
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where Pyiarr and Ppr are the total iron loss density and hysteresis loss density in the tooth region, respectively.

ii) Iron Loss Model of Yoke Region

In this subsection, the flux densities in the yoke region are also considered as piecewise linear with trapezoidal waveform
obtained by using FEM, as shown in Fig. 2. However, the calculation of the yoke iron loss density is not the same as that for the

tooth region, which should be estimated separately with both longitudinal and normal components. Moreover, although the rise
and fall times of flux density in the yoke are independent of the position along the radial direction, the amplitude of flux density
9)

normal component depends highly on the position [29]. Thus, the eddy current loss models of yoke region are derived under

longitudinal and normal components, respectively.
To calculate the eddy current loss due to the longitudinal component, a quantity
_ W,
p 2rr

is defined to represent the coverage of the width of magnet, where p is the number of poles, W, the effective width of magnet for
(10)
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the V-shaped IPMSM, and r the rotor outer radius.
The time required by a magnet to rotate from one point to another in the yoke can be expressed as
W,

where wmech is the motor mechanical speed and wmecn=2 ax/p.
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Fig. 1. Flux density waveform in the tooth region.
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Fig. 2. Flux density waveforms in the yoke region.

Substituting (9) into (10), one obtains
At = s
wS

During Ats, as shown in Fig. 2(a), the variation of longitudinal flux density is 2Bm, and

(11)
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This change happens twice during an excitation period. Substituting B in (12) as Bi in (3), one obtains the average eddy current

loss density in the yoke due to the change of longitudinal flux density as

2
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The eddy current loss due to the varying normal component of flux density is also estimated. Fig. 2(b) shows the normal
component of flux density waveform in the yoke, where Bn(x) is the magnitude of normal component at distance x from the outer

edge of the yoke. By employing the theoretical quadric fitting method [29], Bn(X) can be expressed as

By (X) = (ax +bx?)By, (14)
where a and b are the fitting coefficients.

The time required by a magnet to rotate for one slot pitch can be calculated by

At, = 2 (15)
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where Ns is the number of slots per pole per phase.
During this time period, the flux density normal component varies linearly with the amount of Bn(x), and can be noted as Bn(X,t).

The variation rate of normal component is calculated by
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Combining (3), (15), (16) and (17), one can obtain the eddy current loss density due to the flux density normal component at
point x as
Ns o, 2
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By integrating Pn(x) over X, the average loss density due to the normal component can be obtained as
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The total iron loss in the yoke region can be obtained as
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Finally, by multiplying the total iron loss densities of the tooth and yoke by the corresponding volumes, the total stator iron loss
can be estimated as

I:"ron_l = I:?(otaITVT + PtotaIYVY (22)

where Vr and Vy are the tooth and yoke volumes, respectively.



B. Iron loss considering PWM carrier harmonics

The iron loss prediction model shown in (22) can account for the effects of magnetic field spatial harmonics and distribution,
but it is derived under the assumption that the motor is driven by sinusoidal current input. However, the drive motors for EV are
supplied by inverters and operate for a wide range of speed and torque, which generates extra iron loss due to the carrier harmonics.

As shown in Fig. 3, the distorted current injected by the inverter can produce minor hysteresis loops and generate additional
hysteresis loss. Additional eddy current loss can also be produced by the flux density harmonics caused by the PWM carrier. To
describe the effects of PWM carrier harmonics on iron loss prediction, an improved model is applied. A coefficient kn_pwm is
introduced to revise the calculation equations of hysteresis loss while the models of eddy current loss are updated by summing all

the eddy current losses caused by harmonics, as given below [24], [30].

R _pwm = kh_PWM R (23)
P pwm = Z P pwm (n)
N
Kn_pwm =1+Cy BizABa (24)
m a=1

where Pn_pwm and Pe_pwm are the hysteresis and eddy current losses considering PWM carrier harmonics. Pe_pwim (n) is the eddy
current loss caused by the nt" PWM harmonic, Ch the constant coefficient between 0.6 and 0.7 which depends on the lamination
properties, and AB, denotes the fluctuation in motor flux density, as seen in Fig. 3.

In the above-mentioned model, Pe pwm (N) can be estimated from the flux density harmonics. According to the Faraday’s law,
the relationship between the supply voltage and flux density can be expressed as

dB
u(t)=N,S— 25
(t)=NuS (25)
where Ny is the number of winding turns.
Assuming that the output voltage of the PWM inverter, marked as v(t), is a periodic function, the stator terminal voltage can be

expressed as (26) by using Fourier decomposition [23].
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Fig. 3. Distorted flux density waveform with PWM inverter supply.

If the PWM inverter is well controlled, the positive and negative parts of the PWM waveform are symmetrical. No direct current

component and even-order harmonics exist, and (26) can be transformed into
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where f is the fundamental frequency of the PWM waveform.

Substitute (27) into (25). After integration, the expression of magnetic flux density can be illustrated via
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Thus, the magnitude of the n harmonic of flux density is
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where V, is the magnitude of the n'" harmonic voltage, and can be estimated from the magnitude of fundamental voltage V1 by [21]
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where Jn is the Bessel function, y the modulation ratio, and & the carrier ratio.
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To reduce the computing burden, the Bertotti model is employed to predict the additional eddy current loss density due to the

n carrier harmonic, as the following

2
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where f, is the frequency of the n harmonic. Combining (8), (21), (22), (23), (24) and (31), the iron loss model in the presence of

non-sinusoidal magnetic flux density and PWM carrier harmonics can be obtained as
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C. Iron loss considering Multiphysics Factors

To incorporate multiphysics uncertainties including thermal and stress effects, the iron loss model of (32) is updated.

i) Iron Loss with Thermal Effect

Since core materials are sensitive to temperature, the influence of temperature should be reflected on iron loss. It is well known
that the temperature effect mainly acts on the material resistance that is proportional to its length L, and inversely proportional to

its cross-sectional area Acs, namely,

r= (et (33)
Acs
where R is the resistance of the material, and #(T-c) is the material resistivity varying with temperature Tec.

Therefore, both Ky and Ke are related to Tec, or
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According to the theory of linear relationship, nre(T<c) can be estimated by

TTre (Toc)zﬂge 1+ 17 AToc) (39)
where 72, is the equivalent resistivity of materials at the room temperature, xr the temperature coefficient obtained by fitting the

iron loss curve under different temperatures, and AT- the temperature variation.

ii) Iron Loss with Stress Effect

Apart from the temperature effect, the remaining stress in silicon steel sheet, caused by punching, cutting and pressing, etc., is
another important motivating factor responsible for the performance degradation, which would induce the enhancement of iron
loss due to the newly arranged internal magnetic domain. To update the stress effect, the iron loss coefficients K, and K. should
also be functions of stress, and can be noted as Kn(c) and Ke(o).

iii) Correlation Analysis

In order to simplify the fitting process of iron loss coefficients, the Pearson correlation analysis method is employed to analyze

the relationship between iron loss coefficients and multiphysics factors. The Pearson correlation coefficient Rxy is defined as [5]

(X = X) % -V)
Ryy =t —— _ (36)
JOG =) (Y, -Y)?
where X={X;; i=1,---N} is the set of input variables, Y={Y;; i=1,---N} the set of corresponding output variables, and X and Y are

the means of X and Y, respectively.
Moreover, the closer Rxy is to 1, the stronger the correlation between the input and output variables. By taking advantage of the
FEM data, the Pearson correlation coefficients between the iron loss coefficients, Knand Ke, and the multiphysics factors at different

operating speeds (from 500 rpm to 5500 rpm) are obtained, as shown in Fig. 4.
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Fig. 4. Correlations between Ky and Ke with temperature and stress.
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It can be concluded that the hysteresis loss coefficient has a strong relationship with the stress, while the eddy current loss
coefficient significantly depends on the temperature. Finally, the proposed iron loss model considering the coupling effects of

multiphysics factors can be summarized as

{kr-:—_PWM Kh (O')DWs
F>'ron_2 =
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where Kn(o) and Ke(T<c) can be acquired by fitting the iron loss curves.
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I11.  ANALYSIS OF MULTIPHYSICS FACTORS

A. Experimental System Establishment

An IPMSM prototype for driving EVs is tested to verify the proposed iron loss predictive model. The stator and rotor structures,
as well as the setup and operating principles of the integrated experimental platform are illustrated in Fig. 5 [4]. The specifications
are listed in Table 1. The control and measuring equipment including the control and drive circuits, the dynamometer, and the
dynamic torque/speed sensors are mounted on the counter-towing experimental platform. Besides, a DC power supply is utilized
for providing the desired DC power to the text motor, an upper computer is used for writing the control program, an electrical
control cabinet is employed to collect speed & torque data and simulate different load conditions, while an oscilloscope is applied
for the waveform recording and data processing. Moreover, the prototype is also simulated by a 2D time-stepping FEM in ANSYS,

as shown in Fig. 6.

(a) Stator and rotor structure
Grid

DC power
supply

motor

Date =
acquisition Electrical = y
control %
cabinet

Load setting Oscilloscope Upper computer

(c) Operating performance of the experimental platform

Fig. 5. Setup and operating principles of the integrated experimental platform [4].
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TABLE |
SPECIFICATIONS OF THE IPMSM USED IN EVs
Items Values Items Values
No. of poles 8 Core material 35WW360
No. of slots 48 Core length 108 mm
No. of phases 3 Stator outer diameter 196 mm
Magnets per pole 2 Stator inner diameter 135 mm
Rated power 20 kW Rotor outer diameter 134 mm
Rated speed 3600 rpm Air-gap length 0.5 mm
Maximum power 40 kW Tooth width 6.35 mm
Maximum speed 5500 rpm Magnet width 19.5 mm
Rated torque 53 Nm V-shaped angle 145°
Maximum torque 180 Nm Phase resistance 0.0052 Q

B [tesla]

2.3889
22296
20703
19111

1.7518
1.5926
1.4333

12741
1.1148
0.9555
0.7963
0.6370
0.4778
0.3185
0.1593
0.0000

Fig. 6. 2D FEM model of the IPMSM.

B. Effects of Harmonics

For the inverter-fed IPMSM, there are various harmonic components in the output voltage of PWM inverter [31], [32]. But the
voltage or voltage harmonics would not directly generate the iron loss that is caused by the changing of magnetic flux density,
since the magnetic field is generated by current according to Ampere’s Law [32]. In this case, when the motor is driven at 3000
rpm under load condition, the output current waveform of inverter is obtained. Fig. 7 shows the carrier harmonic characteristics
with the developed SPWM strategy based on sampling method [32]. As shown, the current waveform mainly contains the 5, 7%,

11, 13" and 19™ harmonics, which are more than 10% of the fundamental component.
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Fig. 7. Output current waveform of PWM inverter.



12

In order to show the harmonic effects during iron loss calculation, the air-gap flux density waveforms with PWM current input
are also obtained by taking advantage of the established 2D time-stepping FEA model, as shown in Fig. 8. The magnitudes of the
fundamental component and individual harmonics were calculated by using the discrete Fourier transform method, and the
combined simulations of Simplorer and ANSYS can be utilized to obtain the airgap flux density with the sinusoidal and PWM
supplies. It is worth mentioning that the magnetic field finite element analysis is conducted with the excitations of both the stator

currents and rotor magnets. As seen from Fig. 8, because of the current harmonics, the flux waveforms are distorted significantly.
C. Effects of Multiphysics Factors

Apart from the PWM harmonics, the temperature and stress field distributions of the stator in the IPMSM prototype are also
analyzed via FEM. To estimate the temperature distribution, it is assumed that there is no heat exchange between stator and rotor
while the mechanical compressive stress in the stator is calculated based on the theory of thick-walled cylinders of elastic
mechanics [33]. The FEM maps of temperature and stress field distributions at rated operating point are illustrated in Fig. 9. It can
be seen that the maximum temperature happens at the top of the tooth region and reaches 89 °C, while the maximum stress exists
at the bottom of stator slot and can be up to 90 MPa. The average temperature of the stator is about 60 °C and the average stress is
around 50 Mpa. In order to precisely predict the iron loss of electrical motors based on the proposed approaches, the data of the
silicon steel sheets loss under different working conditions are measured by using the monolithic measurement method in the built
2-D magnetic property testing system, then utilized to calculate the loss coefficients at different working points (speed range of
500-5500 rpm with the interval of 500 rpm, temperature range of 30-100 °C with the interval of 10 °C, stress range of 20-90 MPa
with the interval of 10 Mpa) through the Lsqcurve fit in Matlab software. Finally, when the stress values are determined, the 3D
maps of loss coefficients shown in Figs. 10 (a) and (b) can be obtained with the measured data under different working speeds and
temperatures. When the temperature values are determined, the 3D maps of loss coefficients under different working speeds and
stresses shown in Figs. 10 (c) and (d) can also be fitted.

The predicted loss coefficients, considering the coupling effects of multiphysics factors, can thus be substituted into (37) for
iron loss calculation. As shown, when the temperature increases, the eddy current loss coefficient decreases significantly (about
35%) while the hysteresis loss coefficient varies slightly (only around 2%). Meanwhile, Ky increases by 15% with the increase of

stress, while K. varies by only 1% regardless of the stress.

Radial component

Tangential component ‘

Air-gap flux densities (T)

0 40 80 120 160 200 240 280 320 360
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Fig. 8. Predicted air-gap flux density waveforms.
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Fig. 9. FEM maps of temperature and stress field distributions.
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Fig. 10. Predicted 3D maps of loss coefficients.

IVV. ANALYSIS OF MULTIPHYSICS FACTORS

A. No-load condition

To verify the superiority in the prediction accuracy and the computational burden of the proposed iron loss analytical model, the

iron loss of the IPMSM prototype under no-load condition is predicted by using the proposed model, then compared with the values

obtained by the Bertotti separation analytical model and numerical

for better comparison, the magnetic-effect, temperature-effect, and stress-effect on the loss coefficients are considered in both the

FEM. In the calculation, & =2 and Cy = 0.41 hold. Meanwhile,

proposed model and the numerical FEM, while these factors were not given into considerations in the Bertotti model.

Three conditions are set for case studies, namely, ‘case (i): the temperature is fixed at 30 °C, and stress at 90 MPa, case (ii): the
temperature is fixed at 30 °C, and stress at 20 MPa, and case (iii): the temperature is fixed at 100 °C, and stress at 20 MPa’. Figs.
11-13 illustrate the iron losses obtained by the three models at different motor speeds in the range of 500 - 5500 rpm, under the
operating conditions of cases (i), (ii) and (iii), respectively. Since the speed ripples are relatively small, more attentions are paid to
the iron loss performance under static operating state and the speed harmonics or ripples are neglected in the case studies. As seen

from Figs. 11-13, the stator iron loss has a significant upward increase along with the speed increase. Meanwhile, the temperature

rise and mechanical stress have non-ignorable impacts on the iron loss, which would be fully analyzed later.
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Fig. 11. Comparative results of iron losses under case (i).
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TABLE I
ERROR ANALYSIS OF FIGS. 11, 12 AND 13
Items EM1; EA;L EMy, EAL EMi3 EA;s
Bertotti 23.68% 17.90% 24.27% 17.85% 24.34% 16.35%
Proposed  3.53% 2.95% 3.59% 3.03% 3.30% 2.73%

14

The error analysis between the analytical models and FEM, corresponding to Figs. 11-13, is presented in Table 11, where EM;

and EA; (i =11, 12, 13) represent the maximum and absolute average errors of iron losses which are relative to Figs. 11, 12 and

13, respectively. As shown, under different working modes, the maximum errors between the iron loss calculated by the proposed

approach and the values obtained by FEM are 3.53%, 3.59% and 3.30% for cases (i), (ii) and (iii), respectively, while the absolute

average errors are all within 3.03% in spite of the temperature and stress. For Bertotti method, the maximum errors exceed 23.68%

and the absolute average errors are all greater than 16.35%. Moreover, the proposed method took only a few minutes for iron loss

calculation, while the FEM required about 56 minutes. The results illustrate very well the superior performance of the proposed

models in accuracy and conciseness of iron loss prediction with no-load condition.
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B. Load condition

Although the results under no-load condition indicate that the proposed model is efficient for the iron loss prediction of IPMSMs,
the PWM carrier harmonics are not fully considered. For better verification, the measured iron losses of the prototype are compared
with those predicted by the FEM, the method considering PWM and slotting harmonics [25], and the proposed model in terms of
different input phase currents of 64 A, 180 A, 285 A and 588 A with the average temperature and stress. The PWM effects are
considered in all the prediction methods, while the coupling effects of temperature and stress on the loss coefficients are only
involved in the proposed methods to clearly verify the contributions of this work. Taking advantage of the simple structure, fast
dynamic response and strong robustness, the field-oriented control (FOC) strategy [34] is used to carry out the experiments, aiming
to achieve the maximum torque per ampere. It is worth mentioning that the iron loss of the prototype cannot be measured directly
with the experimental platform. The IPMSM mainly contains four kinds of losses, i.e. the iron loss, copper loss, mechanical loss
and stray loss. The copper loss can be calculated based on the phase current and winding resistance. The mechanical losses are
determined through a so-called dummy rotor method which was successfully employed in our publication [35]. In this scheme, the
motor rotor is replaced by a wooden rotor with a similar shape as the real rotor. Assuming that the mechanical losses with the two
rotors are the same under the same speed, then the mechanical loss of the test motor at various speeds can be obtained as the input
power of the drive motor since there is no magnetic field, induced voltage and current in the stator, i.e. no iron loss or copper loss.

The stray loss is empirically assumed to be 1% of the output power [5]. Thus, the iron loss of the prototype can be calculated by

I:)ironM = F’inputM - PcopperM - PmechM _1'01PoutputM (38)
where Protaiv and Poupuem are the measured input and output powers, while Peopperm and Poupurm are the derived copper loss and stray

loss based on the experimental data.

To make the mechanical loss data more convincing, we carried out experiments to measure the mechanical losses at every speed
for three times, and determined the mechanical losses by the means. Fig. 14 shows the measured mechanical loss curve with motor
speeds. Then, the comparative experimental results are obtained with (38) and illustrated in Fig. 15. The error analysis between
the measured iron losses and the predicted values is presented Table 111, where EM; and EA; (j = 64, 180, 285 and 588) represent
the maximum and absolute average errors of iron loss which are relative to those measured by the experimental platform under 64
A, 180 A, 285 A and 588 A phase currents, respectively.

As shown in Table 111, with different phase current inputs, the maximum and absolute average errors of the measured iron losses
and the values calculated by the proposed model are less than 5.85% and 4.71%, respectively, which are around 45% of the errors
for the numerical FEM. The computational times are also much shorter. Although the method in [25] takes little computational
time as the propose models, the maximum and absolute average errors compared with the measured values are bigger than 11.62%
and 11.41%, respectively, regardless of the current inputs. Owing to the loss separation error and the unaccountable influence of
temperature and stress, there is a deviation of about 10% between the iron losses obtained by the FEM and experiment measurement.

Moreover, taking advantage of considering the multiphysics factors, especially the PWM harmonics, the proposed model has better
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prediction accuracy than FEM. All the results show the satisfactory performances of the proposed iron loss model under load

conditions. The visible relationships between these multiphysics factors and the final iron loss are also revealed through the

improved iron loss prediction model.
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Fig. 14. Measurement results of mechanical losses
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Fig. 15. Comparative results of iron losses under different working speeds and phase current conditions

TABLE Il
DATA ANALYSIS OF FIG. 14
Items FEM Proposed  Method in [25] | Items FEM Proposed  Method in [25]
EMes  10.91%  4.95% 13.03% EMgzs  10.66% 5.39% 12.87%
EAss  9.61% 3.56% 12.84% EAxs  9.44% 3.89% 12.68%
EMis 10.39% 5.22% 12.99% EMsgs  9.37% 5.85% 11.62%
EAwo  9.21% 3.80% 12.81% EAsss  8.72% 4.71% 11.41%

(d) Comparative results and errors under 588 A input current
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C. Effects of the Multiphysics Factors

In order to illustrate the coupling effects of multiphysics factors, the control variable method is utilized for analyzing the single
temperature-effect, and stress-effect on the final iron loss value of the IPMSM. Based on the verifications outlined above, the iron
losses under varying temperatures and stresses are calculated by using the proposed model and given in Fig. 16. The current is
fixed at 180 A and motor speed at 3000 rpm.

As shown, the iron loss decreases by a range of 15.20% when the temperature increases from 30 °C to 100 °C, while the iron
loss value increases by 10.03% with the expansion of stress from 20 MPa to 90 MPa. Results indicates that the loss coefficients

are not only affected by the frequency but also strongly related to the temperature rise and mechanical stress.

180 1 1 1 L 1 1 ,
30 40 50 60 70 80 90 100

Temperature (°C)
(a) Iron loss under varying temperatures and fixed stress at 50 Mpa

215 T
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- 185 1 L 1 1 1 1
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(b) Iron loss under varying stresses and fixed temperature at 60 C

Fig. 16. Iron losses under varying temperatures and stresses.

V. CONCLUSIONS
Aiming at the coupling effects of multiphysics factors, an improved iron loss prediction model for IPMSMSs, used in EVS, is

proposed, which accounts for the slotting harmonics, PWM harmonics, temperature and stress influences. The accuracy and
superiority of the proposed model is verified by comparing its results with the results obtained by experimental testing, FEM, and
the Bertotti methods on an IPMSM prototype. The main conclusions are as follows.

i) The proposed model has good performances for iron loss prediction. Under no-load condition, a comparison with the FEM
results shows that the maximum and absolute average errors are less than 3.59% and 3.03%, respectively, in the case of varying
motor operating speeds, temperatures and stresses. Under load conditions, the comparison between the iron loss results of
experimental measurement and theoretical prediction by the proposed model also shows a very small error that accounts for only
45% of the errors for the numerical FEM. Moreover, the computational cost can also be greatly reduced.

ii) The iron loss is affected by the slotting harmonics, PWM carrier harmonics, temperature rise, and mechanical stress.
Specifically, the eddy current loss coefficient is mainly related to the thermal field, and the hysteresis loss coefficient has a strong
dependency on the stress field. Furthermore, the iron loss increases when the stress increases, while the iron loss reduces when the

temperature rises.
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The results of this paper may provide useful references for not only the accurate iron loss prediction but also multiphysics design
optimization of PM motors. Future works including the validation works of different types PM motors under extreme working
conditions can be conducted to improve the proposed iron loss prediction model in adaptability.
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