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Abstract: Permanent magnet synchronous motor (PMSM) possesses the advantages of low power
loss, high power density and high torque density and, hence, has achieved broad applications in both
industrial drives and home appliances. With the increasing demands for high power density, the
PMSM often operates at high speed and high frequency, leading to high power loss and temperature
rise. Consequently, proper consideration of power loss, including the core loss, has attracted much
attention for the modelling, designing, controlling and optimizing of PMSMs. However, the widely
used equivalent circuit model, capable of providing good analysis results with fast calculation, often
ignores the core loss, which may lead to unsatisfactory motor performance. This paper aims to
investigate the development of equivalent circuit models, with predictable core loss for PMSMs, and
proposes novel equivalent circuit models, which improve the core loss prediction accuracy in the
load conditions. Some thoughts about the further improvement of the models are proposed and

check for discussed.
updates
Citation: Ba, X.; Gong, Z.; Guo, Y,; Keywords: permanent magnet synchronous motors; equivalent circuit model; core loss

Zhang, C.; Zhu, ]. Development of

Equivalent Circuit Models of

Permanent Magnet Synchronous

Motors Considering Core Loss. 1. Introduction
Energies 2022, 15, 1995. https://

_ A permanent magnet (PM) synchronous motor (PMSM) is a kind of synchronous
doi.org/10.3390/en15061995

motor with permanent magnets to provide the field excitation. Thus, the PMSM does not
Academic Editor: Anibal De Almeida need a DC source for excitation, resulting in low copper loss, high power density and
torque density. Consequently, PMSMs have been widely used in both industrial drives
and home appliances. Recently, the surge in demand for highly efficient PMSMs has been
mainly caused by electric vehicles (EVs) and hybrid electric vehicles (HEVs) [1,2]. One of
the requirements in the PMSM design is to save energy and achieve high efficiency, over a
broad torque and speed range, especially in the applications where the motor is supplied
by power-limited batteries, e.g., EVs and HEVs. Higher efficiency of the PMSM means
lower loss, whilst understanding and modelling all kinds of electromagnetic loss correctly
are the basis of the loss minimum design and control strategies. In PMSMs, generally, there

are three main types of loss, i.e., copper loss, core loss, and mechanical loss. Among them,
the core loss may account for a significant component of the total loss of a PMSM, especially
for the high-speed operations, since the core loss increases dramatically with the increase
in the motor speed. In addition, the thermal effects due to the power loss, including core
This article is an open access article 1088, directly influence the irreversible demagnetization of PM, the cooling design, and the
distributed under the terms and  VOlume of PMSMs. Therefore, proper core loss calculation and modelling have significant
conditions of the Creative Commons  influences on the performance, efficiency and temperature rise in PMSMs.
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factor, can be calculated conveniently. Traditionally, the core loss component is neglected
in the ECM, but this may suffer from the risk of low computation accuracy, resulting in
limited application for modern high-performance PMSM design and control. Moreover, in
both traditional vector control and in flourishing model predictive control of PMSMs, the
ECM lays the basis for establishing the control strategies and, hence, excluding the core
loss component may lead to inaccurate analysis results, far away from practical operation
conditions. By contrast, ECM with predictable core loss provides promising solutions for
the above-mentioned issues, which is drawing more and more attention.

This paper aims to present the development of the PMSM equivalent circuit models
considering the core loss. Section 2 presents the prototypes and the conventional ECM of
PMSMs and discusses the limitations of the conventional ECM. Section 3 investigates the
per-phase ECMs with predictable core loss, and Section 4 studies the ECMs with separate
d-axis and g-axis circuits, which are commonly used for PMSMs. Section 5 proposes novel
ECMs with predictable core loss and verifies them using simulations. Then, a brief review
of core loss calculation methods is given in Section 6. Section 7 concludes the paper by
proposing and discussing some thoughts for further improving the core loss prediction and
the development trends of the ECM.

2. Prototypes and the Conventional ECMs of PMSMs

There are various prototypes of PMSM, such as the surface-mounted PMSM [3],
interior PMSM [4], claw-pole PMSM [5], transverse flux PMSM [6], and axial flux PMSM [7],
as shown in Figure 1. The structures of the prototypes show significant differences, but their
operating principle, in terms of electromagnetic energy conversion, is consistent. Therefore,
it is fundamental to extract the key electromagnetic parameters of the PMSM and present
them in an ECM, or in mathematical equations, to conduct motor performance analysis,
control and optimization.

(@ @

Figure 1. Prototypes of the PMSM: (a) surface-mounted PMSM; (b) interior PMSM; (c) claw-pole
PMSMV; (d) transverse flux PMSM; (e) axial flux PMSM.

In the most studied cases of the PMSM, the per-phase ECM, neglecting the core loss,
is illustrated in Figure 2, while the d- and g-axis ECMs are demonstrated in Figure 3. In
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Figure 2, R; is the winding resistance of per-phase, and the power loss of Rs presents
the copper loss of the PMSM. L; is the synchronous inductance, which is an equivalent
inductance of self-inductance and mutual-inductance per-phase. The PMSM is excited by
PMs, and the PM flux is described by Ay, while rotating PMs induce the back electromotive
force Ep, which is proportional to the rotor speed in electrical angular frequency, w,.
Moreover, I, and V), are the phase current and voltage, respectively. To realize the vector
control of the PMSM, ECM or mathematical model in the three-phase stationary reference
frame, we must transform this to the two-phase rotational reference frame, as shown in
Figure 3, where V; and V; are the d- and g-axis terminal voltages, I; and I, are the d- and
g-axis armature currents, and L; and L, are the d- and g-axis inductances, respectively.

IP Rs Ls
—
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O

Figure 2. Conventional per-phase ECM of PMSM.
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Figure 3. Conventional d- and g-axis ECMs of PMSM: (a) d-axis; (b) g-axis.
The mathematical models of Figures 2 and 3 can be written as follows

Vp =Ey+ (Rs +jWeLs)Ip (1)

Vd . Id Ld 0 Id 0 —weL Id 0
[Vq}_RS[Iq]JFP[ 0 LqHIq}Jr{weLd 0 quq]Jr[we/\f} @

The ECMs and mathematical models, mentioned above, cannot provide high-precision
solutions during motor design, control and optimization, due to the absence of the core
loss. The copper loss can be estimated via the power loss on winding resistance R;, while
the core loss cannot be predicted from any parameters in these models. Actually, the core
loss may rise significantly and exceed the copper loss, when the motor speed increases
and the load torque grows. Ignoring the core loss also leads to underestimation of other
performances.

In conclusion, due to neglecting the core loss component, the drawbacks of the con-
ventional ECMs of the PMSM mainly contain:

(1) Inconvenience for core loss calculation, control, and optimization;

(2) Poor theoretical foundation to support the motor efficiency prediction, thermal man-
agement, and cooling design;

(3) Overestimation of the output electromagnetic torque and power for a given input
current, resulting in lower control performance; and
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(4) Exacerbation of the parameter sensitivity of the model-based motor control system,
such as the model predictive control.

Therefore, further studying and establishing the ECM of the PMSM with predictable
core loss has vitally important theoretical significance and engineering value.

3. Per-Phase ECM with Predictable Core Loss

Due to the complex mechanism, the core loss modeling in the ECM is still a pending
issue. Although incorporating the core loss in ECM is important, only a small amount of
research has been carried out in this area, and most of this was in the 1980s. This section
and the next are presented to investigate the main publications with various topologies
of ECM of PMSMs with predictable core loss, and all the ECMs describe the permanent
magnet synchronous machine working as a motor.

The earliest record of the ECM of PMSMs with predictable core loss may be in 1980 [8],
when Honsinger reported an ECM of AC permanent magnet machines, as illustrated in
Figure 4. Strictly speaking, the core loss is comprised of three components: hysteresis
loss, eddy current loss, and anomalous loss or excess loss. However, a considerable
number of researchers divided the core loss into just two parts: hysteresis loss and eddy
current loss. The eddy current loss simply varies with the square of the terminal voltage,
whereas the empirical index for the hysteresis loss is in the range of 1.6-1.9 and that for
the anomalous loss is 1.5. For different types of cores, this three components account
for various proportions, e.g., in soft magnetic composite and amorphous magnetic alloy
core, the hysteresis loss may be the dominant part, while in silicon steel core, the major
component may be the eddy current loss. In a permanent magnet machine, the core loss
appears due to the magnetizing flux and leakage flux, and the core loss caused by the
leakage flux can be neglected, especially under a no-load condition. At fixed speed and
frequency, the core loss can be considered approximately proportional to the square of
magnetic flux or back electromotive force (EMF):

P ~ kcE? (3)

where k. is a constant. Therefore, the equivalent core loss may be represented by a resistor,
in parallel with the magnetizing branch. As shown in Figure 1, the core loss in the stator
core is considered by a power loss consumed in an equivalent core loss resistor r., placed
across the internal voltage E;. It is noted that the impedance Z; may contain the synchronous
inductance, as well as the distributed capacitance.

[}

Figure 4. Per-phase ECM with predictable core loss of PMSMs [8].

Figure 5 proposed the most widely used per-phase ECM of PMSMs with predictable
core loss, and this topology was first introduced by Colby and Novotny in 1987 [9]. The
key to using ECM to predict the core loss of PMSMs is how to identify the value of the
equivalent core loss resistance R, and a more accurate value of R, can bring a better analysis
solution of PMSMs’ performance. In Colby and Novotny’s original work, the equivalent
core loss resistance R, is modelled as a single-valued resistance, and it was evaluated by
measuring the torque required to drive the PMSM as a generator at no-load conditions.
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Figure 5. Per-phase ECM with predictable core loss of PMSMs [9].

However, the core loss is frequency-dependent, i.e., the core loss varies with motor
speed, so the single-valued equivalent core loss resistor is insufficient to describe the whole
speed range of the PMSM. To deal with this problem, the authors of this paper presented an
ECM with variable core loss resistance, as in Figure 6 [10]. The model was used to analyze
a permanent magnet motor with soft magnetic composite core, in which the hysteresis loss
dominates, and reasonably accurate results were obtained.
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O

Figure 6. ECM of PMSM with R, as function of speed [10].

In order to express the core loss changes with the terminal voltage and current of inte-
rior permanent magnet synchronous motor (IPMSM), Consoli and Renna [11] established
an ECM with two equivalent core loss resistance, i.e., R¢1 and Ry, as illustrated in Figure 4.
The resistance R.,, conventionally placed in parallel with the internal EMF of the motor,
accounts for the small power which is lost in the motor at the no-load condition. This
resistance is calculated through the values of voltage and current at this point and accounts
for the voltage-dependent core loss of the machine. On the other hand, R is included,
which carries part of the input current to model the core loss component relevant to the
stator current. Additionally, the d-axis inductance is different from the g-axis inductance in
the IPMSM and, hence, two parameters, R and X, are incorporated to represent the saliency
of the motor, and R = (X; — Xj)sinycosy, X = (X; — Xy)sin27y, while v is the reaction
angle and X;; are X, the d-axis and g-axis reactance, respectively. For the surface-mounted
permanent magnet synchronous motor (SPMSM), X; = X;;, and R and X are zero and the
ECM, as in Figure 7, also can be adopted.
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Figure 7. Per-phase ECM with predictable core loss of PMSMs [11].
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As a further step of Figure 7, Consoli and Raciti [12] developed the ECM of PMSMs
with salient pole, as shown in Figure 8. In this ECM, both the core loss and the saliency
effects of the machine are taken into account by introducing parameters Re,, R, R, and
X. To be more specific, the equivalent resistance R, placed in parallel with the total
voltage induced in the stator winding, accounts for the voltage-dependent core loss, while
the equivalent resistance R, carrying part of the phase stator current, accounts for the
current-related core loss. The resistance R and the reactance X are introduced to describe
the saliency effects of the machine, and they are zero when the machine has no saliency.
Circuit parameter determination relies on experimental tests on the machine, and no-load,
as well as loaded conditions, are analyzed. The main difference between Figures 7 and 8 is
where to place the equivalent current-related core loss resistance, and there are only slight
differences in the results.

I Rci RL'i

=
~
>

Ey

[e;

Figure 8. Per-phase ECM with predictable core loss of PMSMs [12].

4. d- and g-Axis ECM of PMSM with Predictable Core Loss

The most widely used ECM of PMSMs, based on the synchronous d-g reference frame,
considering the core loss, is presented in Figure 9 [13-18]. In the figure, the equivalent
core loss resistance R, is connected in parallel with the d- and g-axis magnetizing branch,
respectively. Essentially, Figure 9 can be regarded as the equivalent ECM of Figure 2, after
applying reference frame transformation.

Ry
g ) ‘ ) e
]d chl Iod a)eLq]oq Iq [qu qu a)eLdIod a)ej’f
Va R= |V Ly v, RS |V L,
(a) (b)

Figure 9. ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis.
Figure 9 shows the most popular ECM of the PMSM, but its mathematical equations

corresponding to the circuit model contain some errors [13-17]. Here, the mathematical
models are modified as:

R R =l ®
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HMEHEA

[ Iog } B [ —weLqlog /R ] %
Ieq | we(Laloa + /\f>/Rc

where V; and V, are the d- and g-axis terminal voltages, I; and I; are the d- and g-axis
armature currents, V,; and V,, are the d- and g-axis internal voltages, I,; and I, are the d-
and g-axis magnetizing currents, I.; and I.; are the d- and g-axis mechanical and core loss
currents, and Ly and L, are the d- and g-axis inductances, respectively. R, is the equivalent
core loss resistance, R; is the armature winding resistance per-phase, A is the permanent
magnet linkage, w, is the rotor speed in electrical angular frequency, and p is the differential
operator (=d/dt).

The electromagnetic torque T, and electromagnetic power P,;; of PMSMs can be
determined as:

3
Ton = 5P(Aflog + (La = Lg) hoalog ®)

Pern = Temwm )

where P is the number of pole pairs of the PMSM, and wy, is the rotor speed in mechanical
angular frequency.
The copper loss P, and the core loss P, can be estimated as:

weLglyg 2 We(Lglog + Af)

3 3
Pcu = ERS(L? + qu) = *Rs (Iod - ) + (qu +

2

Rm&c Rm&c

2
) ] (10)

2 2 2
3 [WZ(quoq) + we(LdIod +)Lf) 11)

— 3 2 2\ _
PC - ERC(ICd + ICL]) - E RC RC

Then, the total main loss of PMSM, which consists of the copper loss, core loss and
mechanical loss, is expressed as:

Ploss =Py + P+ Pmech (12)

where P, is the mechanical loss of PMSM.
Ignoring the eddy current loss of permanent magnets, the output power, input power,
and efficiency of the PMSM are calculated as:

Poutput = Pem — Priech (13)
Pinput:Pem+Pcu+Pc (14)
P,
= 2P 100% (15)
Pinput

where Poytpyt is the output power, P;, is the input power, and 7 is the efficiency of the
PMSM.

To apply the ECM in motor characteristic analysis, the parameters, including the equiv-
alent core loss resistance, should be identified properly. Generally, there are two methods to
determine the value of the equivalent core loss resistance, i.e., numerical calculation, based
on finite element analysis (FEA), and prototype tests at no-load conditions. In [13], the core
loss of PMSM is calculated based on FEA, and the harmonic components of magnetic flux
density are concerned, while the core loss at each element is calculated from the summation
of the core loss generated from different frequencies of the magnetic flux density. Finally,
the total core loss of the PMSM is obtained by the summation of the core loss in all the
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elements. After calculating the total core loss W, the equivalent core loss resistance R, can
be determined as: 5
VA
We W
Figure 10 [19,20] presented another kind of d-and g-axis ECM of PMSMs. In this
ECM, L, is the leakage inductance per-phase, and L,,; and Ly, are the d-axis and g-axis
component of the magnetizing inductance, respectively. Figure 10 separated the d- and
g-axis inductances into magnetizing inductances and leakage inductances, and both of
them contribute to the core loss.

(16)

L Is LI‘Y

Y'Y

—> N
I I

qs

e

(a) (b)
Figure 10. ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [19].

Nevertheless, in the opinion of the authors of this paper, the ECM of PMSMs, consider-
ing the leakage inductances under the d- and g-axis reference frame, should be modified, as
shown in Figure 11, and L, is the leakage inductance per-phase. The flux linkage generated
by phase windings can be expressed in terms of the leakage linkage and the magnetiz-
ing linkage. However, the leakage flux only links the stator winding itself and does not
contribute much to the core loss of the stator. Therefore, the magnetizing flux linkages,
in which the equivalent core loss resistances are paralleled, should exclude the leakage
inductances.

() G

/
Wely

— Y

I oq weLde od

Vg

mq

AN

(b)
Figure 11. ECM of PMSMs considering core loss and leakage inductance: (a) d-axis; (b) g-axis.

After the reference frame transformation, the three-phase sinusoidal currents under
the abc reference frame can be recognized as direct currents under the d-and g-axis reference
frame. Therefore, based on the concept of the direct currents, the voltages across the d-and
g-axis inductances would be zero in the steady state, resulting in the elimination of the
d-and g-axis inductances in the equivalent circuit model of PMSMs [21-27], as shown in
Figure 12 [25]. For the determination of the equivalent core loss resistance R, although
the value of R, changes with the operating conditions, [22,25] calculated it from the results
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of tests performed at nominal voltage and synchronous speed, i.e., R; is assumed to be a
constant in that condition.

R, R,
’ () ()
£ f— p—/ <
I, chl eLyly, I, ]cql Ly ®cLlaloa wAf
Va RZ | Vot vy Re= | Veq
[o; O
(a) (b)
Figure 12. ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [25].

When the PMSM is operated in the high-speed region, the field-weakening control
strategy is generally applied. During this condition, the harmonic components of the flux
become more significant, especially in load conditions, and this might lead to underesti-
mation of the core loss. Therefore, in [28], the harmonic components are considered by
increased voltage drops across the equivalent core loss resistance, while the circuit model
is illustrated in Figure 13. Since the harmonic inductances L, are added, the additional
voltage drops wellog and w,Lyl,; would increase the power consumed by the equivalent
core loss resistance R..

R R
) E—)
N N N\ N
I chl WelL gl I, Icql Ly oldu — oJdy
Va R, < Voa Lq % Vy R= | Vo Ly 3
C()eLhI oq weLhI od
j’fﬁ ) )
N N/
(@) (b)

Figure 13. ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [28].

By using the Fourier analysis, harmonic components of flux at load conditions can be
identified, and then each component is divided by the fundamental component of current
and added together. Thus, the harmonic inductance Lj, can be calculated, as shown in (17).
Besides, the corresponding voltage equations of this ECM are expressed as in (18) and (19).

Ly= ) =% (17)
i=35,7... 4
Voa = welglog + weLpIog (18)
Vog = (‘Je)\f 4+ weLglog F welylog (19)

where I, I,4, and I, are the phase current, d- and g-axis currents, /\f and A,; the linkage
flux generated by permanent magnets and the i-th harmonic component of flux linkage,
respectively.
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Furthermore, the no-load core loss is obtained by using FEA and the corresponding
resistance R, is expressed by a function of speed as:

2
We1 X A 1
Ra = (@a X Ao1)” m o) awl (20)
1
where R, is the equivalent core loss resistance, calculated at no-load condition, W;; the
no-load core loss, Ay the no-load flux linkage, w, the reference angular speed, and a and b
are coefficients.
The core loss resistance, corresponding to load condition R.», can be expressed as:

A
RcZ = Rcl X —2 (21)

where R, is the equivalent core loss resistance, calculated at load condition, and A, the
load flux linkage.

As shown in Figure 14, an ECM of the PMSM, which is suitable for high-frequency
differential mode calculation, was proposed in [29]. The differential mode branch contains
series 79LpyaCpma (roLpmgCpmy) combination to stand for the second resonance, while
the differential mode capacitance Cpys, together with the motor inductance L, almost
determines the value of the first resonance. Moreover, Lpys and Lpyy, are the d- and g-axis
differential mode leakage inductances. The equivalent core loss resistance R is normally of
high value, and determined from the maximum value of the measured input impedance at
the resonance frequency.

1y Ry Iy Lsd 1, R, I, Lyy
O—»— oO—>—
ro Vo
weLsdIst>
Cpma = CDMq
v RL < wequIsq Q) RC ii
d
V. T
Lpma ! Lpug Wy (D
Ipya Ipug
(@] (@]
(a) (b)

Figure 14. Differential mode ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [29].

Taking into account not only the copper loss and core loss, but also the PM loss, Ref. [30]
introduced an ECM with a series-parallel structure, as shown in Figure 15. Rg, and Rpy
are the equivalent core loss and PM loss resistances, respectively, and they are indirectly
achieved, based on finite element method (FEM) results.
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Figure 15. ECM of PMSMs with predictable core loss and PM loss: (a) d-axis; (b) g-axis [30].

Based on the ECM of Figure 15, the copper loss and the sum of the core loss and PM
loss can be described as [30]:

3 Ag—Ag 2 T, 2
Pey = ERS[( I f) + A ‘ Aa—As ) } (22)
a LSP[ + (Ly — Lo) %01
Pre + P —9“’73@2”\2) (23)
e M T O Rpe+ Rpyy 1

5. Proposed ECMs with Predictable Core Loss

Although, increasingly, researchers have realized the importance of the core loss, the
generalized ECMs of the PMSM with predictable core loss have still been underdeveloped
during the past decades. There are two crucial points in developing the ECM:

(1) Where the equivalent core loss resistance should be put, i.e., which branch the equiva-
lent core loss resistance should be connected, to predict the core loss in both no-load
and loading conditions.

(2) How to identify the value of the equivalent core loss resistance, i.e., it should be a
constant or a function of motor parameters.

The no-load core loss is generated from the PMs’ flux, and obviously increases with the
motor speed or frequency. The load core loss is yielded from the resultant flux of both PMs
and winding currents. More importantly, the load core loss cannot continue to increase with
the current or load due to the nonlinear magnetic properties of the stator core. To reflect
the above characteristics in the ECMs, a novel per-phase ECM of PMSM with predictable
core loss is proposed in Figure 16, and d- and g-axis ECM is developed in Figure 17. In
them, R; is the armature winding resistance per-phase, R, the no-load equivalent core loss
resistance, R,; the load equivalent core loss resistance, Ey the back electromotive force, A
the permanent linkage, and we is the rotor speed in electrical angular frequency. I, and V),
are phase current and voltage, V; and V; the d- and g-axis terminal voltages, I; and I, the d-
and g-axis armature currents, and L, and L, are the d- and g-axis inductances, respectively.

Y Y YN AN o
R

Figure 16. Proposed per-phase ECM of PMSM with accurate core loss prediction.
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Figure 17. Proposed ECM of PMSM with accurate core loss prediction: (a) d-axis; (b) g-axis.

According to the proposed per-phase ECM, the following mathematical equations are

obtained: R
JAsR¢j

V, =E R+ =——F)I 24

4 O+( s ]Xs+Rcz')p ( )

The no-load and load core loss P, and P; can be, respectively, calculated as:

2
EO

Py =320 = 312 Re (26)
co
X2R,
P = Py + 315" 27
o/ co 14 XSZ + REI ( )

According to Figure 17, the mathematical models of the equivalent circuits for d- and
g-axis voltages and currents are given as follows:

Vy . R + PLd —a)qu I 0
{ v, ] = [ welg  RetpLy || I | 79| 1 (28)

Iy = Leig + Lna
29
{ Iq = Iciq + Imiq = Ieo + Imq @9)

where I;; and L.i; are, respectively, the d- and g-axis load core loss currents, I,;,5, Linig, and
Ing the d- and g-axis magnetizing currents, while I, is the no-load core loss currents.
Therefore, the no-load and load core loss P, and P.; can be, respectively, calculated as:

3 3 , 1
PCO - ERCOIEO - §(Wg/\f) Rico (30)
3in 2 L p2 3 (welgly)? | (weLyly)®
Pci = Py + E[Rci(lcid + Iciq)] = Peo + E[ Rci + Rci } (31)

Please note that the values of R, and R,; in the per-phase ECM are equal to that in the
dq axis ECM. Two methods are proposed to identify the values of R., and R;:

(1) Numerical calculation based on the finite element method. Compute the no-load core
loss versus the motor speed (frequency), and then determine the no-load equivalent
core loss resistance R, as a function of the motor speed (frequency) via data fitting.
Work out the load core loss at the rated operating point, and then evaluate the load
equivalent core loss resistance R; as a constant.

(2) Experimental tests. Similar procedures as (1), but all data are acquired by the experi-
mental tests on the prototype.
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To verify the proposed ECMs, an interior PMSM (IPMSM) is investigated, and the
parameters of the motor are shown in Table 1.

Table 1. Parameters of the IPMSM.

Parameter Symbol Value
Number of pole pairs P 4
Stator winding resistance Rs 0.0974 O

d-axis inductance Ly 83.955 uH

g-axis inductance Ly 328.365 uH

PM flux linkage As 0.0479 Wb

Rated speed N 3600 r/min
Rated current IN 180 A

No-load equivalent core loss resistance Reo —5.418 x 1077 x n? + 0.005056 x 1 Q) (n represents the motor speed)

Load equivalent core loss resistance R, 210

It has been seen that the no-load equivalent core loss resistance is a function of the
motor speed, and it is calculated via FEM, while the load equivalent core loss resistance
has fixed value.

It is very hard to compare the proposed ECMs with every reviewed ECM, since some
of them have less portability and extensibility. Figure 6 (per-phase ECM) and Figure 9 (dq
axis ECM) are the most widely used configurations, so they are selected as the compared
counterpart with the proposed ECM. The equivalent core loss resistance identification is
another key issue, compared with using a single-value equivalent core loss resistance to
predict the core loss during the entire operating range, to model it as a function of motor
speed in [10] has better accuracy. Therefore, the equivalent core loss resistance in the
compared counterpart will be established as a function of motor speed, which is obtained
from no-load core loss [10].

Figure 18 illustrates the core loss versus motor speed, calculated by three methods.
The green line represents the core loss computed by FEM, which increases, evidently,
with the motor speed and winding current. Since the proposed ECM and the compared
conventional ECM adopt the same method to model the no-load core, as a function of
motor speed, the predicted core loss is equal and able to accurately follow the FEM results,
in a wide speed range, as shown in Figure 18a. The main difference between the proposed
ECM and conventional ECM, in terms of the model structure, is which branch the load
equivalent core loss resistance is connected to, while in terms of the function, it is how to
calculate the additional core loss due to the winding current. When the IPMSM is fed by
the rated current, the calculated core loss versus motor speed by three methods is presented
in Figure 18b. The blue line shows the predicted core loss by the proposed ECM, and the
average error between it and FEM is 9.1%, while the maximum error is 19% (in low-speed
range) and the minimum error is 3.8% (around rated speed). The predicted core loss by the
conventional ECM is described by the red line, and the average error between it and FEM
is 69%, while the maximum error is 150% (in low-speed range) and the minimum error is
44% (around rated speed). It is seen that the proposed ECM can dramatically enhance the
core loss prediction accuracy.
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Figure 18. Core loss versus motor speed: (a) no-load conditions; (b) rated current conditions.

To have an overview of all the ECMs with predictable core loss mentioned above, a
comparison is made with five indicators, as shown in Table 2.

Table 2. Comparison of the ECMs.

Equivalent Core

ECM Value of E quivalent Core Loss Resistance Ease f)f . Accuracy Additional Items
Loss Resistance g e Application
Identification
Figure 4 A single-valued resistance  Not mentioned Easy Low None
Figure 5 A single-valued resistance =~ Experimental test ~ Easy Low None
. A variable resistance . . . Incorporating the
Figure 6 (function of motor speed) FEM Medium Relatively high rotational core loss
Most difficult due
. to the coupling Incorporating the
. Two single-valued . structure and . .
Figure 7 ) Experimental test Medium saliency of the
resistances complex
. motor
experimental
conditions
Two sinele-valued Incorporating the
Figure 8 O Smg Experimental test ~ Medium Medium saliency of the
resistances
motor
A single-valued resistance Experimental
Figure 9 for d- apd g-axis test/FEM Easy Low None
respectively
A single-valued resistance Relatively difficult
. ) . due to the Leakage
Figure 10 for d- and g-axis Experimental test . Low .
. separation of the inductances
respectively )
leakage inductance
Relatively difficult
Figure 11 Flexible Flexible due to t.he Medium Leakage
separation of the inductances

leakage inductance
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Table 2. Cont.

Equivalent Core

ECM Value of E quivalent Core Loss Resistance Ease ?f . Accuracy Additional Items
Loss Resistance g e Application
Identification
A single-valued resistance Lowest due to
Figure 12 for d- and g-axis Experimental test ~ Easy eliminating of None
respectively inductance
A variable resistance Relatively difficult
(function of motor speed) due to the Harmonic
Figure 13 . p FEM identification of Relatively high .
for d- and g-axis . inductance
respectivel the harmonic
P y inductance
A single-valued resistance gff;%ﬁ: fl; l;t Differential mode
Figure 14 for d- and g-axis Experimental test high-frequency Relatively high capacitance and
respectively differential mode leakage inductance
A single-valued resistance
Figure 15 for d- and g-axis FEM Easy Medium PM loss
respectively
A variable resistance for
no-load core loss
Figures 16  prediction & a Experimental .
and 17 single-valued resistance test/FEM Easy High None

for load core loss
prediction

6. Core Loss Calculation Methods

The most general practice for computing the core loss is to divide it into two or
three terms, i.e., the hysteresis loss, eddy current loss, and anomalous loss, while a two-
term model ignores the anomalous loss term. Assuming the excitation magnetic field is
alternating, the alternating core loss can be calculated as [31-35]:

Py = Chaf Bl + Cea(fBp)* + Caa(fBp) "

(32)

The three terms in the right side represent, respectively, the hysteresis, eddy current,
and anomalous loss items, where f and Bp are the flux density frequency and peak value,
while Cy,, Ceq, Caa, and h are coefficients, depending on material properties.

However, in the stator core of the PMSM, the trajectories of the flux density are not

only alternating, but also rotational, and with high-order harmonics. Considering the
rotational core loss, many researchers decomposed the flux density into its radial and
tangential components B, and B; [36-38], and modified the core loss calculation models
based on the equation below:

P, = Cp f (B! + B') + Cor f2(B% + B?) + Cor f15(B}® + B}) (33)

where P, is the rotational core loss, and Cy,, C,, Cyr, and h are coefficients of stator material
under rotational magnetic field. Strictly speaking, these coefficients are different in the
alternating and rotational magnetic fields, but many researchers made a confusing explana-
tion. In addition, a number of researchers ignore the rotational anomalous loss (the last
term of (33)).

The main shortcoming of Equation (33) is that it cannot accurately compute the
rotational hysteresis loss when the flux density is near the saturation value, since the
rotational hysteresis loss cannot continually rise with the increase in the magnetic field,
and it drops dramatically and vanishes when the flux density reaches the saturation value.



Energies 2022, 15, 1995 16 of 18

Therefore, the following models are established to depict the special characteristic of the
rotational core loss and rotational hysteresis loss [39-41]:

P = Py + Cor(fBp)* + Car(pr)lj (34)
Phr 1/s 1/(2_5)
Zhr — 35
f . (a2+1/s)2+a§ [a2+1/(2—s)]2+ﬂ§ )

B 1
s=1--L

e 36
B\ a2 (36)

where P, is the rotational core loss, Bp the peak value of the circularly rotating B vector, B;
is the saturation value of flux density, and s, a1, ap, and a3 are all coefficients.

7. Conclusions and Discussion

ECM is able to calculate the electromagnetic properties of the PMSM in an intuitive
way. However, the conventional ECMs ignore the core loss, resulting in low accuracy and
difficulty to control and optimize the core loss. This paper investigated the development of
the PMSM ECMs with predictable core loss, and it is noted that, generally, the equivalent
core loss resistance is connected in parallel with the magnetizing branch. This is based
on the assumption that the core loss is approximately proportional to the square of the
flux density and the machine runs at a fixed speed, e.g., synchronous speed. However,
modern PMSMs often operate with variable frequency (speed) and variable flux density
(e.g., changing load condition), so the core loss would change, accordingly. Therefore,
novel ECMs, with a predictable core loss and equivalent core loss identification method,
are established. Compared with the conventional ECM, considering the core loss, the
proposed ECMs can effectively increase the accuracy when the motor runs in loading
conditions. In addition, a brief review of core loss calculation methods is introduced to
help understanding of both alternating core loss and rotational core loss.

The significance of the ECM with predictable core loss is not only to predict the core
loss, but more importantly, it has rewritten the calculation models of the PMSM, such as
electromagnetic torque, magnetizing current, and efficiency, resulting in higher accurate
solutions, which cover every aspect of the PMSM. In addition, the ECM with predictable
core loss needs to improve and developed further. There are two development trends of
the ECM with predictable core loss, according to the authors” understanding;:

(1) Develop the equivalent core loss resistance identification method, based on a deep
understanding of the physical mechanism and effective mathematical modeling of
various factors. Taking the alternating core loss, rotational core loss, and nonlinear
magnetic properties of the stator core into consideration, determine the equivalent core
loss resistance to present the characteristic of the PMSM, across the entire operating
range.

(2) Explore the application of the ECM with predictable core loss. Taking the motor
control as an example, such as direct torque control, field-oriented control, and model
prediction control, the mathematical models (equivalent to the ECM) of the PMSM are
necessary, and a high-precision model can provide many possibilities to improve the
control performance, and [42] made an attempt at this. Moreover, in the system-level
multi-physics and robust design and optimization [43,44] of PMSM, advanced ECMs
with accurate and fast calculations are also necessary.
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