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Abstract— Equivalent circuit model (ECM) of the
permanent magnet (PM) synchronous motor (PMSM) lays
the foundation of the motor analysis, design, optimization,
and control. However, the most widely used ECM of the
PMSM ignores the core loss, which accounts for a
considerable part of the electromagnetic loss and may
exceed the copper loss in the medium and high-speed
ranges. Previous researches of ECMs with predictable core
loss are hard to satisfy the prediction precision over a broad
range of speed and current. Therefore, a generalized per-
phase ECM of the PMSM with predictable core loss is
proposed. The proposed ECM topology and parameter
identification method can effectively enhance the prediction
accuracy of both the no-load and load core loss, and each
component of the core loss in terms of the hysteresis, eddy
current, and anomalous loss can be analyzed separately.
Apart from the core loss, the proposed ECM has better
precision in predicting the motor’s output performance,
such as mechanical characteristics, compared with
traditional ECMs. The merits of the proposed ECM have
been experimentally validated on the prototype of a PM
transverse flux synchronous motor. This proposed ECM
can be promotionally employed in other control strategies,
such as model predictive control, to improve the PMSM
performance.

Index Terms—Core loss, equivalent electric circuit
model, magnetic saturation effect, permanent magnet
synchronous motor (PMSM), transverse flux synchronous
motor.

. INTRODUCTION

QIVALENT circuit model (ECM) of the motor which equals
the mathematical models lays the foundation of the motor
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analysis, design, optimization, and control. Since the rotor of
the synchronous motor rotates at the synchronous speed, i.e.,
the speed of the rotating magnetic field of the stator, the
electromagnetic properties of the rotor are eliminated in the
ECM, resulting in a more straightforward topology and easy-
understanding physical significance compared to that of the
asynchronous motor. In recent decades, benefiting from the
vigorous development of rare earth permanent magnet (PM)
materials, the permanent magnet synchronous motor (PMSM)
with low copper loss, high efficiency, high power density and
torque density has achieved a wide range of applications and
research [1-6], especially in the electric vehicles (EVS), hybrid
electric vehicles (HEVs) [7-9], and unmanned aerial vehicles
[10]. Among many types of PMSMs, PM transverse flux
synchronous motors (TFSMs) have attracted strong interest in
research and industry applications due to their unique features
like high torque density capability and simple winding structure
[11-15]. Because this kind of motor has a complex
configuration with three-dimensional (3D) magnetic flux path,
the soft magnetic composite (SMC) material is selected to press
the stator, which is very difficult to use the steel sheet as the
stator of the TFSM [14-17]. In the SMC machine, the core loss
takes a significant part of power loss. Therefore, while this
study focuses on the ECM of the PMSM, the PM TFSM
prototype is employed to validate the proposed method.

There are two main electromagnetic loss in the PMSM, i.e.,
the core loss and copper loss [18, 19]. The core loss increases
significantly with the motor speed, and exceeds the copper loss
and becomes the dominant component of the electromagnetic
loss when the motor operates in the medium and high-speed
ranges [20, 21]. However, in the traditional ECM or
mathematical models of the PMSM, the core loss is neglected
[22-25], resulting in large calculation errors and limited
application in high-speed and high-torque/power density
PMSM performance calculation. Although some scholars have
engaged in core loss modelling in the ECM, there are still issues
that need to be improved. In [26, 27], a single-valued equivalent
resistance was adopted to represent the core loss of the PMSM
in the per-phase ECM. However, nowadays PMSMs are also
widely used in speed-varying situations, and the single-valued
equivalent resistance model cannot correctly predict the core
loss in a wide speed range. In order to express the core loss
changes with the terminal voltage and current of the PMSM,
[28, 29] incorporated two single-valued equivalent resistances
to describe the voltage-dependent core loss and stator current-



related core loss in the per-phase ECM, respectively. However,
the impact of the magnetic saturation effect on the core loss is
neglected in them. [30] modeled the core loss of the PMSM in
the per-phase ECM via a variable equivalent resistance, which
is a function of the motor speed. This method achieves high
performance prediction accuracy in a wide speed range, but the
performance prediction error will increase when the motor
operates with large stator currents.

This study proposes a generalized per-phase ECM of the
PMSM considering the core loss and magnetic saturation effect,
and the experiments of a PM TFSM have validated the
effeteness and high precision of the proposed method. The main
novel contributions of this study are as follows: firstly, three
variable equivalent resistances are introduced in the ECM to
respectively represent the hysteresis loss, eddy current loss, and
anomalous loss, which enable the accurate analysis of the
speed-relevant core loss components. Secondly, since only the
PM flux contributes to the no-load core loss and induces the
back emf, no-load core loss equivalent resistances are connected
in parallel with the back emf only, which are connected in
parallel with both the back emf and synchronous inductance
traditionally. Thirdly, the additional core loss, which is caused
by the stator currents, is modelled by a variable resistance, and
it is connected in parallel with the synchronous inductance
considering the magnetic saturation effect.

The rest parts of this paper are arranged as the following.
In Section II, the alternating and rotational core loss are
introduced, and then how to model the core loss into the
equivalent circuit is developed. Section Il proposes a
generalized per-phase ECM with predictable core loss, which
can predict the core loss under various speeds and loads
accurately. Section 1V describes the determination of the
equivalent core loss resistance, which is crucial for the ECM
establishment. In Section V, performance comparisons of
ECMs with predictable core loss are presented, and then the
discussion and conclusion are drawn in Section V1.

II.  UNDERSTANDING OF THE CORE LOSS AND MODELLING
IN EQUIVALENT CIRCUIT

Core loss in the PMSM is caused by the alternating magnetic
flux, of which only the magnitude varies with time, and
rotational magnetic flux, of which both the magnitude and
direction of the magnetic flux vary with time. Fig. 1 illustrates
the trajectories of the magnetic flux density vectors in the stator
core of a PMSM [31]. In the stator yoke and tooth bodies,
alternating and elliptical trajectories of the flux density vector
can be observed, and the elliptical trajectories are the most
common mode of the rotational magnetic field. In the tooth tips,
the trajectories are circular approximately, whereas they are
rhombic in the tooth roots. The reason of rhombic trajectories
is that the magnetic flux density contains high-order harmonics.
Therefore, according to the flux density vectors in the PMSM,
the core loss can be divided into alternating core loss and
rotational core loss, and their mechanisms and mathematical
models are completely different. Each kind of core loss consists

of three parts: hysteresis loss, eddy current loss, and anomalous
loss.
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Fig. 1. Trajectories of the flux density vectors in the stator core [31].

For further understanding the difference of the alternating
core loss and rotational core loss, Fig. 2 demonstrates the
rotational and alternating hysteresis loss of two kinds of
ferromagnetic materials obtained by Baily [32]. The alternating
hysteresis loss of two kinds of ferromagnetic materials, soft iron
and hard steel, grows continuously with the increase of the
magnetic flux density. However, for a range of flux density up
to about 70% of the saturation value, the rotational hysteresis
loss increases with the flux density and is larger than the
alternating hysteresis loss. When the flux density continually
rises, the rotational hysteresis loss drops dramatically and even
vanishes when the flux density reaches the saturation value.
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Fig. 2. Rotational and alternating hysteresis loss of iron and steel [32].

The general practice for computing the alternating core loss
P. is based on the three-term model [33-37]

Pa = Cha fBS + Cea ( fBP )2 + Caa ( pr )1A5 (1)



The three terms in the right side represents respectively the
hysteresis, eddy current, and anomalous loss items, where f and
Bp are the flux density frequency and peak value, and the
remaining four parameters are all coefficients depending on
material properties.

The rotational core loss may be quite different from that with
the alternating counterpart, particularly the hysteresis loss
component. Some models have been developed and applied,
and one example with high-accuracy is shown below [36-39].
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where P, is the rotational core loss, Bp the peak value of the
circularly rotating B vector, Bs is the saturation value of flux
density, and the remaining five parameters are all coefficients.

Although there are significant distinctions in the
mathematical models of the alternating core loss and rotational
core loss, some commonalities still can be extracted. The
hysteresis loss is related to the first power of the flux density
frequency or rotor speed, the eddy current loss is proportional
to the square of the frequency, and the anomalous loss is
associated to the 1.5th power of the frequency, and the
following equation can be concluded

P. =R +P,+P, =k,n+k.n’+k,n"° (5)

where P¢ is the core loss, n is the speed, and kn, ke, and kan are
core loss coefficients in the hysteresis, eddy current, and
anomalous loss items, respectively.

In order to model the core loss into the equivalent circuit, the
most essential issue is to identify and build the relationship
between the magnetic field and circuit in the context of the
electrical motor. A profound investigation of the mathematical
models of the core loss reveals that there are three main factors
that affect the core loss, i.e., magnetic properties of materials,
flux density frequency, and flux density vectors. A reasonable
and practicable ECM with predictable core loss should include
these three factors in consideration.

ECM with predictable core loss has not been limited to a
standard topology, since the mechanism of the core loss are still
not fully understood, hence its modeling in the ECM is also a
pending issue. Some topologies have been developed over the
last decades to achieve specific features, and the most widely
used per-phase ECM of the PMSM is as shown in Fig. 3.
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Fig. 3. Per-phase ECM of the PMSM with predictable core loss [30].

In Fig. 3, the equivalent core loss resistance R is connected
in parallel with the series branch of synchronous inductance Ls
and back EMF E,. If the PMSM is operated with the optimal
brushless dc control, i.e., adjusting the armature current Is and
the back emf to have the same phase angle, and the terminal
voltage V, is controlled to vary against the back emf (or speed)
and load current by

E, +jX.|I
S°S 6
- (6)
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where R is the phase winding resistance, Xs=welLs the
synchronous reactance, and we is the rotor speed in
electrical angular frequency.

The core loss is calculated by
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To further understand the core loss and the magnetic flux in
stator core which arises the core loss, Fig. 4 illustrates the
magnetic flux density versus the phase current (root mean
square value) in the stator core of the PMSM. When the PMSM
operates under the no-load conditions where no current flows
in the armature windings, 1,=0, the magnetic flux density in the
stator core which generated by PMs is at the inflection point of
the magnetization curve, Bpm, Which closes to the saturation
value Bs. When the PMSM operates under the load conditions
where there are armature currents fed in the motor, the magnetic
flux density in the stator core is the resultant flux density
generated by both PMs and phases currents, and it increases
slowly with the significant grow of the phase current. Even if
the phase current reaches the rated value Iy, the stator core flux
density By is just much close to the saturation value Bs., and
will not increase significant, and that is the magnetic saturation
effect. On the other hand, the core loss of the PMSM positively
correlates the magnetic flux density. Similar to the relationship
of magnetic flux density versus the phase current, the core loss
will not increase evidently with the growing phase current.
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Fig. 4. Magnetic flux density versus the phase current (root mean square
value) in the stator core of the PMSM.

Therefore, (7) may much overestimate the extra core loss
caused by the armature current. The core loss does go up when
the load or armature current increases, but it will not increase
so much due to magnetic saturation effect. For example, if the
voltage generated by the armature current, Xls, has the same
value of Eo, the calculated core loss will be doubled compared
with that at no-load conditions where X;ls equals zero.

In conclusion, the ECM as shown in Fig. 3 cannot provide
accurate core loss predictions, especially when the motor is
operating with large loads or armature currents.

I1l. PROPOSED GENERALIZED PER-PHASE ECM WITH
PREDICTABLE CORE LOSS

The proposed generalized per-phase ECM of the PMSM
considering the core loss is as shown in Fig. 5. When the PMSM
operates at no-load condition, i.e., the armature terminals are
open-circuited and hence no current flows in the armature
windings, the magnetic flux in the motor is generated by the
PMs only. The PM magnetic flux not only contributes the back
electromotive force but also causes the core loss; therefore, the
equivalent resistance which stands for the no-load core loss
should be connected in parallel with the back electromotive
force Eo. Since there are three components of the core loss, three
equivalent resistances Ry, Re and Ran are adopted to respectively
present the hysteresis loss, eddy current loss and anomalous
loss at no-load conditions. Various stator core materials have
different proportions and development trends of these three
core loss components. The advantage of using three resistances
rather than single resistance as in the traditional topology is that
it makes the core loss evaluation, optimization and even control
more flexible and targetable.

When the PMSM operates at loading conditions, i.e., the load
current flows in the armature windings, the magnetic flux in the
motor is the resultant flux of the PMs-generated flux and the
load current-generated flux. Moreover, the magnetic flux in the
motor cannot increase linearly with the load current due to the
magnetic saturation effect of the stator core. To depict the extra
core loss due to the load current and take the magnetic
saturation effect into consideration, an equivalent resistance R;
connected in parallel with the synchronous inductance Ls is
adopted. The sum of the power loss in Ri, Ry, Re and Ran

represents the core loss when the PMSM operates at loading
conditions.

Although the proposed ECM is the per-phase model and the
input variable is the per-phase current, the magnetic flux
density in the stator core is the resultant flux of PMs and all
three-phase balanced alternating currents. The flux linkage due
to the three-phase balanced alternating currents, which have the
relationship of i.+ipy+ic=0 at any instant, is indicated by the
synchronous inductance Ls, and we have the relationship of
Ls=3Laa/2+La, Where Laa is the self-inductance of per-phase,
and L is the leakage inductance of per-phase.

«— «—

YY) AN o

ul lhl Iel lanl Ls Rs *

@ Ri Vp
Eo Rh Re Ran

o

Fig. 5. Generalized per-phase ECM of the PMSM with predictable core loss
(In motor convention).

According to the proposed ECM, the mathematical models
of the PMSM should be rewritten as

szRi
Vp :E0+R5|p+mlp
X’R X R? ®
=E°+Rslp+xfs+ll?f I"+XSZ:-I|?i2 ;
=1+ 1, + 1+ 1, 9)

where V, and |, are respectively the phase voltage and phase
current. Eo is the back electromotive force, Rs the phase winding
resistance, Xs=weLs the synchronous reactance, and R;i, Rn, Re
and Ran are equivalent core loss resistances. In, le, lan, and 11 are
currents flowing through Rp, Re, Ran, and Eo, respectively.

The electromagnetic power and torque of the PMSM can be
calculated as

P =N, E,l, cosy (10)
P

T =— (11)
w

m

where y stands for the angle between phasors E, and I, np the
number of phases, and wn is the rotor speed in mechanical
angular frequency.

Moreover, the copper loss Pg, the no-load core loss P, the
load core loss Pg, the input power Pi,, the output power Poyt,
and the efficiency # of the PMSM are obtained as follows



2 =N, AR, (12)
Pco = |:)h + Pe + Pan
E2 EZ EZ (13)
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= E2 EZ , XZR, (14)
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IDout = Pem - Pmech (16)
n=P, /P, x100% a7

where ¢ is the angle between phasors V, and I, n, the number
of phases, and Pmech is the mechanical loss of the PMSM.

IV. DETERMINATION OF THE EQUIVALENT CORE LOSS
RESISTANCES

Identification of the parameters in the proposed ECM
properly is the key to achieving precise analysis results.
Generally, there are two methods to work out these parameters
including the equivalent core loss resistances, i.e., the finite
element method (FEM) and the experimental test. Three-
dimensional core loss calculation considering the rotational
magnetic field is highly recommended due to its superior
accurateness, and details can be found in [30]. Although
experimental tests are able to provide intuitional and reliable
solutions, additional auxiliary equipment is needed to separate
the core loss and the mechanical loss. For instance, an identical
rotor with non-magnetized PMs, or an equivalent stator made
of non-ferromagnetic material.

In this paper, a three-phase PM transverse flux synchronous
motor with the SMC core is selected as the prototype motor to
verify the proposed ECM, and other types of PM synchronous
motor, e.g., surface-mounted PMSM, interior PMSM, claw-
pole PMSM, axial flux PMSM, also can be described by this
proposed ECM. Furthermore, both the single-phase and multi-
phase PMSMs can be represented by this proposed ECM. The
parameters of the PM TFSM are listed in Table I, and the
prototype motor is illustrated in Fig. 6. The outer rotor
configuration is introduced in this PM TFSM, and the
permanent magnets are mounted on the inner surface of the
rotor. The stator has three stacks of core which are arranged
axially, and three concentrated coils are embedded in the stator
for three phases.

TABLE |
PARAMETERS OF THE PM TFSM
Parameter Value
Number of phases 3
Number of poles 20
Rated power 640 W

Rated speed 1800 r/min
Rated torque 3.4 Nm
Rated phase current 55A
Winding resistance 041Q
Synchronous inductance 6.08 mH
PM flux 0.28 mWhb
Number of turns of a phase 125
winding

(b)
Fig. 6. Prototype of the PM TFSM: (a) Rotor, (b) Stator.

For determining the equivalent core loss resistance, Ry, Re
and Ran, the no-load core loss data should be figured out. In this
study, all parameters in the ECM are from experimental tests,
and Table II lists the measured no-load core loss with different
speed or frequency [15, 19]. The core loss measurement of the
PM motor is a complex process and requires additional
auxiliary components, such as a dummy rotor or stator, to
imitate and measure the mechanical loss of the motor. In this
study, the stator of the PM motor is replaced by a wood one to
imitate the windage, and hence measure the mechanical loss of
the PM motor without the coupled core loss. Drive the PM
motor as a generator and select a DC motor as the prime mover,
and the armature terminals of the PM motor are open-circuited
and hence no current flows in the armature windings, i.e., no
copper loss. The electromagnetic properties of the selected DC
motor have been well measured in advance. Therefore, the
power fed into the DC motor when it drives the PM motor
subtracting the power fed into the DC motor when it operates
alone yields the total of the core loss and mechanical loss of the
PM motor. Then, the total of the core loss and mechanical loss
subtracting the mechanical loss of the PM motor, which is
measured with the help of the dummy stator, obtains the core
loss of the PM motor.

TABLEII
MEASURED NO-LOAD CORE L0OSS OF THE PM TFSM

Speed (rpm) Core Loss (W)
200 4.2
400 9.3
600 15.3
800 22.1
1000 29.8
1200 38.4
1400 479
1600 58.2
1800 69.4

Notice that the flux density frequency in the stator of the
PMSM is proportional to the speed of the PMSM, and then by
combining (5) and (13), the no-load core loss of the PM TFSM
is obtained as



P = anj(Ri+Ri+i) =k,n+k,n? +k,,n"°

h e an

(18)

where n is the speed of the PMSM, n,=3 for this PM TFSM.

By curve-fitting the data in Table II, the core loss coefficients
can be obtained as k,=1.881x102 W/rpm, k.=1.085x10°
W/(rpm)?, and kan=5.178x10¢. As Eo=4.44fN &, and f=pn/120,
where p=20 is the number of poles, Eq=0.0259n. It can be
deduced that Ry is a linear function of motor speed n, Ra, is
proportional to the square root of n, and R; is a constant. Then
we can obtain Ry =0.107n Q, Re =185.5 Q, and Ra, =388.7v/n
Q.

For determining R;, the motor core loss under various load
currents should be figured out. It should be noted that the motor
control method will affect the magnetic field distribution and
hence the core loss. Here, the PM TFSM is driven by the so-
called optimal brushless dc control, i.e., the armature current is
controlled to be in phase with the back emf, so I, lags @n by 90
degrees.

Actually, the synchronous reactance is a function of the
motor speed as well

7z pL
=2 n 19
=760 (19)

where p is the number of poles, and n is the motor speed.
Substitute (13) and (19) into (14) and solve it, and R; can be
obtained as

~S;n®+5,nyS;n* —4S}

) 20
. 2 (20)
where
P,—P
81: Cl 2CO (21)
nPIP
7 pL,
g, =2 22
2= 60 (22)

The core loss of the PM TFSM at the rated speed 1800 rpm
and rated load current 5.5 A is 120.3 W, and from the above-
mentioned equations, $;=0.56 and $,=6.37x1073. Therefore, the

equivalent resistance R; for the PM TFSM is computed as

_ (6:37x10)n? +(6.37x10°)ny/(6.37 x10°)?n? —1.2544

i 1.12
(23)

V. PERFORMANCE COMPARISONS OF ECMS WITH
PREDICTABLE CORE LOSS

There are two vital points that determine the accuracy of the
ECMs with predictable core loss. The first is where the
equivalent core loss resistance should be placed, and the second
is how to identify the value of the equivalent core loss resistance.
Through a comprehensive and in-depth analysis of the previous
literature [40], two representative methods will be used to
compare with the proposed method in this paper.

Method 1: the topology of the ECM is as shown in Fig. 3,
and the equivalent core loss resistance R is a single-valued
resistance and determined based on the core loss at rated speed
and no-load condition. For the PM TFSM, R.=94 Q.

Method 2: the topology of the ECM is as shown in Fig. 3,
and the equivalent core loss resistance R; is a function of the
motor speed and determined based on the no-load core loss at
various speeds. For the PM TFSM, R.=0.0583n Q, where n is
the motor speed.

The experimental platform of the PM TFSM is illustrated in
Fig. 7. It mainly contains a DC motor, a torque transducer, and
the PM TFSM with SMC core. These two motors are connected
via a torque transducer, and both of them can operate as the
driver or load, depending on performance testing requirements.
The torque transducer was made in Switzerland, and the type is
Vibrometer TM109 S/N 0148, and the range is 20 Nm. The
torque transducer has been calibrated before the test to
guarantee the accuracy of the measurement. More
conveniently, the neutral point of the three phase windings is
led to outside for measurement.

Fig. 7. Experimental blatform of the PM TFSM with SMC core.

Fig. 8 demonstrates the predicted no-load core loss via
method 1, method 2, the proposed method, and measured core
loss. It can be seen that the proposed method can predict the no-
load core loss with the highest precision, followed by method 2,
while method 1 has the lowest precision.
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Fig. 8. No-load core loss versus motor speed predicted by different methods.

The errors between the measured no-load core loss and
predicted values are evaluated via the standard deviation, and
that is calculated as

o= /%g(xi—xf

The standard deviation of method 1 is about 6.22, and that of
method 2 is 4.88, while that of the proposed method is close to
zero. Quantitative analysis confirms that the proposed ECM and
parameter identification method have superior performance in
core loss prediction.

Another distinctive merit of the proposed ECM is that it
makes the analysis of each component of core loss possible, and
the hysteresis loss, eddy current loss, and anomalous loss versus
motor speed are depicted in Fig. 9. In the motor speed range of
0 to 1750 r/min, the hysteresis loss dominates the core loss,
while the eddy current loss will master the core loss in the
higher speed range, and the anomalous loss, which is less than
1 W even at the rated speed of 1800 r/min, maintains the lowest
value.

(24)
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Fig. 9. No-load core loss and its components versus motor speed.

Furthermore, the proposed ECM has significant advantages
in predicting the core loss and performance under loading
conditions. Fig. 10 presents the core loss at the rated operating
point predicted by different methods, at which the phase current

is 5.5 A and the motor speed is 1800 r/min. Due to the ignoring
of the magnetic saturation effect, methods 1 and 2 notably
overestimate the core loss, but the proposed method can
estimate it accurately.

Method 1 Method 2 Proposed Measured

Method
Fig. 10. Core loss at the rated operating point predicted by different methods.
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An excellent ECM with predictable core loss of the PMSM
is not only able to predict the core loss correctly, but also can
predict the output performance of the motor reliably. Since the
measurement of the load core loss is very difficult and hard to
ensure accuracy, and we need to separate the output power,
copper loss and mechanical loss from the input power, we
compare the mechanical characteristics and efficiency of the
motor which includes the calculation and comparison of the
load core loss in following paragraphs.

When the PM TFSM operates under the optimal brushless dc
control with a dc link voltage, i.e., adjusting the current I; and
back emf E, to have the same phase angle, the phase voltage of
the motor can be obtained as

I XZR, I X R?
Vp=\/(EO+RSIF+X"52+Ri2)2+(xpsz+Ri2)z (25)

Therefore, the mechanical characteristic of the PM TFSM,
i.e., the relation of the motor speed and output torque can be
worked out from (25) as

T kem kemn kem\/ﬁ
N+ R, (o 4y e et

o I(T I(h ke kan )
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where  kem=0.0259 V/rpm is the back emf constant,
kxs=271tpLs/120=0.00637 Q/rpm is the synchronous reactance
constant, and kr=90Kkemi/7=0.742 Nm/A is the electromagnetic
torque constant.



In methods 1 and 2, the phase voltage equation can be
obtained by rewriting (6) as

E R X IR
A =\/(E0+RSIS+$)Z+(XSIS+%)Z (27)

C C

The mechanical characteristic of the PM TFSM can be
calculated as

T
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To furtherly demonstrate the superiority of the ECM
considering the core loss, the ECM ignoring the core loss is also
be compared, and hence the voltage equation becomes

V, =E +R1, + X1, (29)

where the currents passing through Eo, Rs and X are the same.
As |, is controlled to be in phase with Eo, one can obtain

- n+ Rs Tem )2 + (kan Tem )2
k; k;

V2 = (k (30)

For V4:=192 V, the curves of the mechanical characteristic in
terms of the motor speed against output torque are solved by
different methods as shown in Fig. 11. It is noted from the
prototype experiment that the ratio of V,, over Vg is not fixed,
but decreases by a slope of approximately 10% against the
increase of torque. In order to have a fair comparison with the
measured data, this variation is included in the prediction of the
mechanical characteristics.
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Fig. 11. Mechanical characteristics of the motor predicted by different
methods.

It is seen from the figure that the prediction of ignoring the
core loss is far from the measurement, while method 1 and
method 2 can improve the predicted results slightly. Compared
with these counterparts, the proposed method has the best
performance in predicting the mechanical characteristic of the
PMSM. This comparison results indirectly verify the
superiority of the proposed method in predicting the load core
loss of the motor.

To quantitatively compare the four cases, their errors are
calculated. It is seen that the predicted speeds when ignoring
the core loss have an average error of 13.6% compared to the
measurements, while the average errors marginally decrease to
13.13% and 13.19% in method 1 and method 2 respectively,
and it decreases considerably to 5.4% in the proposed method.

The most notable advantage of the ECM, compared to the
finite element method, can provide various analysis results with
much less calculation burden. An example of applying the
proposed ECM to analyse the motor efficiency is constructed,
as shown in Fig. 12. In the optimal brushless dc control mode,
the maximum efficiency of the PM TFSM is 80%, which is
consistent with the prototype measurement.
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Fig. 12. Efficiency map of the PM TFSM.
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VI. DiscussioN AND CONCLUSION

This paper presented a generalized per-phase equivalent
circuit model with predictable core loss, for predicting the core
loss and analyzing the performance of PMSMs under varying
speed and load conditions. The proposed model has been
applied to calculate the performance of a PM transverse flux
synchronous motor under the optimal brushless dc control
mode. Compared with previous studies of the ECMs with
predictable core loss, the proposed method has better accuracy
in both no-load and load core loss predictions, and can analyze
the hysteresis loss, eddy current loss, and anomalous loss
separately. Furthermore, in predicting the motor performance,
such as mechanical characteristics, the proposed method can
provide more reliable results compared to the traditional ECM
ignoring the core loss as well as previous ECMs considering



core loss. The superior performances of the proposed method
have been verified by experiments.

The proposed model of the PMSM can be versatilely used in
motor design, optimization, and control with fast calculation
speed. For example, the developed model is also be useful for
improving the performance of the PMSM under other motor
control strategies such as model predictive control, in which the
mathematical model will be more accurate by considering the
core loss under varying speed and load conditions.

Finally, a brief discussion about whether the eddy current
loss of PMs should be included in the ECM is launched. The
ECM of the synchronous motor is different from that of the
asynchronous motor. To be more specific, in the ECM of the
asynchronous motor, the electromagnetic parameters of the
rotor, such as the rotor winding resistance, are included. By
contrast, in the ECM of the synchronous motor, the
electromagnetic parameters of the rotor are eliminated since the
stator and rotor of it are rotating at the same speed. Generally,
eddy current loss in PMs is a part of loss which occurs in the
rotor, and electromagnetic characteristics of the rotor are
excluded in the ECM of the synchronous motor. Therefore,
authors of this paper think that modelling the eddy current loss
of PMs in the ECM of the synchronous motor is less theoretical
supports.
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