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ABSTRACT

The core loss modeling in the equivalent circuit and developing regulation methods of
the core loss are among the key technologies to analyze the performance and improve the
efficiency of the permanent magnet synchronous motor (PMSM). Nowadays,
understanding, modeling, and regulating the core loss of the PMSM play increasing
crucial roles when developing high-speed, high-efficiency, high-torque density and high-
power density motors. Therefore, this thesis aims to develop generalized equivalent
circuit models (ECMs) of the PMSM with the predictable core loss, including per-phase
ECM and d- and g-axis ECMs. Firstly, the core loss with the 3-dimensional rotating
magnetic field is investigated, and the method of how to model the core loss into the ECM
is developed, in which the equivalent core loss resistance is modelled as a function of the
motor speed to achieve high accuracy over the entire speed operating range, and then an
attempt of adopting the proposed ECM in deadbeat predictive current control to improve
the dynamic response and robustness of the PMSM drive system is made. Secondly, to
further increase the core loss prediction accuracy especially in load conditions, a novel
generalized per-phase ECM of the PMSM with predictable core loss is proposed.
Experimental tests of the PMSM prototype suggest that the prediction precision of both
the core loss and the output electromagnetic characteristic is effectively enhanced over
the entire speed and torque operating range. Finally, novel generalized d- and g-axis
ECMs of the PMSM with predictable core loss are established to benefit motor control
and enable the core loss management. Moreover, to make the most use of the stator
current and decrease the electromagnetic loss of the PMSM, an improved maximum
torque per ampere current control considering both the core loss and copper loss is carried
out theoretically. The research results of this thesis will improve the accuracy of the
ECMs and mathematical models of the PMSM, and hence provide theoretical and
technical support for the improvement of the optimization methods and control strategies

of the PMSM.

Keyword: Equivalent circuit model, core loss, permanent magnet synchronous motor,
motor control.
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CHAPTER 1. INTRODUCTION

1.1 Background of the Research

Permanent magnet (PM) synchronous motor (PMSM) is a kind of synchronous motor
with permanent magnets to provide the field excitation. Thus, the PMSM does not need
a DC source for excitation, resulting in low copper loss, high reliability, high power
density and torque density. Consequently, PMSMs have been widely used in industrial
applications, such as the auxiliary power unit, solar power, medical instruments, robotic
arms, electrical tools and so on [1-4]. Recently, the surge in demand for highly efficient
PMSMs is mainly caused by electric vehicles (EVs) and hybrid electric vehicles (HEVs)
[5-9]. The research hotspots of the PMSM may move toward high speed/power density,
high torque density and high efficiency, and to achieve these goals, the core loss in the

PMSM has to be appropriately calculated, modelled, and controlled.

The core loss which is caused by the motion of magnetic domain walls inside the magnetic
materials is one of the main parts of the electromagnetic loss of the PMSM. Traditionally,
the core loss is regarded to be a small part of the total loss compared with the copper loss.
Therefore, the most common practice is to roughly estimate the core loss in the motor
design and ignore the core loss in the motor control directly. However, the core loss is
increasing with the motor speed and stator current, and it may even exceed the copper
loss in the medium and high speed ranges. Thus, comprehensively understanding,
modelling, optimising, and managing the core loss are necessary for the modern high-

performance PMSM development.

The equivalent circuit models (ECMs) are the key to the PMSM. Specifically, the ECMs
are the mathematical models of the PMSM in terms of the physical meaning, but they
have different expressions. The ECM is able to provide a straightforward and clear
expression of the energy conversion during the motor operation. For example, the power
loss of the stator winding, the copper loss, is represented by resistance, while the magnetic
energy stored in the stator winding is depicted by inductance. Although the structure of
the ECM looks simple, it can achieve versatile performance evaluations with fast

calculation and small amount of calculation burden, including input power, output

1



power/torque, efficiency, power factor, etc. In conclusion, the ECMs or mathematical
models underpin the motor design, optimization, and control; therefore, any improvement
in ECM can benefit all related areas of the PMSM. However, in the conventional ECM
of the PMSM, the core loss is neglected, resulting in insufficient accuracy in motor

performance predictions.

The mechanism of the core loss, especially the rotating core loss has not been fully
understood until now; thus, the accurate core loss modelling with the rotating magnetic
field deserves to be studied systematically. Generally, the research results of the core loss
are displayed by a series of complex mathematical formulas, which are acceptable in
motor design and optimization but hard to insert into the motor control and extend in
engineering practical applications. However, the ECM is the bridge to solve the above
difficulties. Modelling the core loss into the ECMs is the most effective way to expand
applications in almost every related topic of the motor. Although many researchers have
realized the importance of the core loss, the generalized ECMs of the PMSM with
predictable core loss are still 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
equivalent 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.

Therefore, this thesis is devoted to establishing ECMs of the PMSM with predictable core
loss, and exploring applications of the proposed ECMs for improving the performance of

the motor design, optimization and control.
1.2 Research Gaps

In most cases, i.e., in conventional ECMs or mathematical models of the PMSM, the core
loss is ignored, leading to some defects in the application, including insufficient support
in core loss estimation, efficiency prediction, thermal calculation, electromagnetic torque

computation, parameter sensitivity in the motor control, etc.



Although some scholars have engaged in core loss modelling in the ECM, there are still
issues that need to be improved. In [10, 11], a single-valued equivalent resistance was
adopted to represent the core loss of the PMSM in the per-phase ECM. In [12-17], two
single-valued equivalent resistances were used to represent the core loss in d- and g-axis
ECMs of the PMSM, respectively. 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, [18, 19] 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 [20], the authors of this thesis
modelled 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 at load, i.e., with large stator currents.

As for the equivalent core loss resistance identification in ECMs, there are two categories
of methods, i.e., the finite element method and experimental tests. However, in the finite
element methods in the previous studies of the equivalent core loss resistance
identification [12, 21, 22], only the alternating core loss is taken into account, but more
than 50% of the core loss in the PMSM is the rotating core loss, and hence the accuracy
of the equivalent resistance is suffered. On the other hand, most researchers selected the
core loss test result at the no-load condition with rated speed to fit the equivalent core loss
resistance [11, 23, 24]. Actually, the core loss is sensitive to the motor speed and current,
and the core loss at one point is hard to represent the core loss in the whole operation
range. Moreover, until recently the measured core loss in both no-load and various
loading conditions has not been reported systematically. Therefore, the equivalent core

loss resistance identification methods need to be significantly improved.

In the last decades, model predictive controls (MPCs) have become hotspots of academic
research and industrial application since they can provide superior dynamic and steady-
state characteristics. In MPCs, ECMs of the PMSM, also known as the predictive model,
are the essence for the further behaviour prediction of the control variables, such as the

g-axis current. In other words, the accuracy of the ECM determines the accuracy of the
3



control variables. However, almost no record has adopted the core loss predictable ECM

of the PMSM in MPCs to enhance prediction performance.

The original intention of the maximum torque per ampere (MTPA) current control is to
decrease the copper loss for a given output electromagnetic torque. Due to the existence
of the non-negligible core loss, the calculated current in the traditional MTPA deviates
from the actual value. Therefore, the improved MPTA considering both the copper loss

and core loss is needed to make the most use of the stator current.
1.3 Research Objectives

Based on the above-mentioned research background and research gaps, the main

objectives of the study are as follows:

1. To fully understand the core loss with the alternating and rotating magnetic fields,
as well as the relationship between the magnetic circuit and electrical circuit, and
then model the core loss of the PMSM in equivalent circuit models.

2. To comprehensively explore the influencing factors of the core loss, and then
develop generalized ECMs of the PMSM with the predictable core loss, including
the per-phase ECM and d- and g-axis ECMs.

3. Experimental/simulated comparisons are carried out to evaluate the performance
of the proposed ECMs not only in the core loss prediction but also in output
characteristic predictions.

4. To improve the accuracy of the predictive model in the model predictive control
of the PMSM, enhanced deadbeat predictive current control which involves the
proposed ECM is developed.

5. To make the most use of the stator current and narrow the gap between the
calculated current and the actual current, a modified maximum torque per ampere

current control considering both the copper loss and core loss is constructed.
1.4 Contributions of the Research

Based on the above-mentioned research gaps and objectives, the contributions of this

thesis are discussed below.



—

A novel equivalent core loss resistance identification method is proposed,
whereby the 3-D rotating core loss in a wide speed range can be predicted

accurately.

2. An improved deadbeat predictive current control with the ECM with predictable
core loss is designed, and then the dynamic speed response and the torque

robustness of the drive system are enhanced effectively.

3. A generalized per-phase ECM considering the core loss and magnetic saturation
effect is proposed, resulting in higher prediction accuracy in both core loss and

mechanical characteristics compared with traditional ones.

4. Generalized d- and g-axis ECMs with predictable core loss are established, which
benefit the motor control by providing high-precision solutions in wide speed and

torque ranges.

5. A novel maximum torque per ampere current control considering both the core
loss and copper loss is illustrated to make the most use of the armature currents

and improve the efficiency of the PMSM.

1.5 Thesis Outline

This thesis consists of six chapters where each chapter contains different contents of the

research. Short descriptions of each chapter are discussed as follows:

Chapter 1 presents the background of the study which directs scopes of the study. In
addition, the contributions of the research are included in this chapter. Moreover, the

chapter presents outline of the thesis.

Chapter 2 gives the literature survey on previous works which are related with this study.
The chapter includes the conventional ECMs, per-phase ECMs with predictable core loss,
and d- and g-axis ECMs with predictable core loss in previous studies, as well as
comparisons of them and some error corrections are presented. In addition, the core loss
measurement techniques in terms of separation method and direct measurement methods

are reviewed in this chapter.



In chapter 3, taking a claw pole PMSM with the soft magnetic composite as the example,
a comprehensive analysis of the 3-dimensional rotating magnetic fields is illustrated, and
hence the core loss mathematical models with the 3-dimensional rotating magnetic fields
are established. Then, the detailed method of modelling the core loss in the equivalent
circuit model is reported, and the identification methods of the equivalent core loss
resistance, as well as other parameters in the circuit model, are discussed. Experimental
tests of the claw pole PMSM verify the effectiveness of the proposed circuit model and
the equivalent core loss resistance identification methods. Finally, an extended
exploration of the proposed equivalent circuit model with predictable core loss in the
model predictive control of the PMSM is carried out, and simulation experiments suggest

that it has better dynamic performance than the traditional predictive model.

To further improve the accuracy of the circuit model in wide speed and current ranges, a
generalized per-phase equivalent circuit model of the PMSM with predictable core loss
is developed in chapter 4. Firstly, the limitation of the previous circuit model of core loss
with large current/torque is analysed. Then, the improved generalized per-phase
equivalent circuit model of the core loss considering the magnetic saturation effect, as
well as the equivalent core loss resistances determination methods are established. Finally,
performance comparisons of three kinds of equivalent circuit models with predictable
core loss and the traditional circuit model which ignores the core loss are made.
Experimental tests indicate that the proposed method is not only able to predict the core
loss in both no-load and load conditions accurately but also can predict the motor output

performance with the highest precision compared with its counterparts.

In motor control, the d- and g-axis equivalent circuit models are widely used since they
are the foundation of the field oriented control. Therefore, chapter 5 explores the d- and
g-axis equivalent circuit models of the PMSM with predictable core loss. Due to the
salient effect, the d-axis inductance is smaller than the g-axis inductance in the interior
PMSM, which makes this prototype suitable for validating the d- and g-axis equivalent
circuit models. Firstly, the electromagnetic parameters of the interior PMSM are analysed
by the finite element method. Then, the d- and g-axis equivalent circuit models
considering both the core loss and the magnetic saturation effect are carried out. Finally,
to accurately make the most use of the stator currents, an improved maximum torque per

ampere current control, which incorporates both the core loss and copper loss, is proposed.

6



Chapter 6 presents the conclusion of this thesis. Possible future works are also included

in this chapter.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

Since electrical motors transform two thirds of industrial electric energy, one of the aims
of electric device design and drive 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. Higher efficiency of electromagnetic devices means lower
loss, whilst understanding and modelling all kinds of electromagnetic loss correctly are
the basis of the loss minimization design and control strategies. In electrical machines,
generally, there are three main types of loss, i.e., copper loss, core loss, and mechanical
loss. The mechanical loss, also called friction and windage loss, is caused by the friction
among mechanical parts and air. The physical size of the rotor, interfaces of rotor and
stator, and the angular velocity of the rotor are the main factors affecting the value of the
mechanical loss [25, 26]. The coil resistance is the main reason for the copper loss, and
the copper loss is the principal loss in the machine under most operating conditions [27].
The core loss is caused by the motion of magnetic domain walls inside the magnetic
materials, and increases with the motor speed and current. Undoubtedly, the core loss of
PMSMs needs to be precisely calculated for high-performance design and control

strategies.

The equivalent circuit model (ECM) is a widely used method for electric machine analysis
because it provides good analysis results with fast calculation. By analysing the
equivalent circuit model of the electrical machine, the machine performance and
parameters, such as the relationship among currents and voltages, input power, output
power, as well as the efficiency and power factor, can be calculated efficiently.
Consequently, the equivalent circuit model lays the foundation of the electric machine
control algorithms. However, in the conventional equivalent circuit model of electrical
machines, the copper loss is modelled as a stator winding resistance, while the core loss
of stator core material is neglected. Recently, increasing emphases have been put on the
accuracy of torque control algorithm, loss minimization control algorithm, and high-
speed motor control algorithm, resulting in the need to add the core loss component when

modelling the equivalent circuit of electric machines. Thus, in this chapter, a review of



ECMs considering the core loss is established for both 3-phase stationary reference frame

and 2-phase rotary reference frame.

The properties of core material are usually obtained from standard Epstein tests on
samples that have undergone different treatments together with stress released annealing.
The mechanical stress [28], heat treatment processes [29], and the assembly effects
(clamping and welding) [30] on the stator core can increase the core loss of the electrical
machines. Besides, the measurement of the core loss of PMSMs shows more challenges
since one cannot “turn on” or “turn off” the flux linkage generated by the permanent
magnets. Therefore, a review of core loss measurement methods of the PMSM is also

presented in this chapter.
2.2 Prototypes and the Conventional ECMs of PMSMs

There are various types of PMSM prototypes, such as the surface-mounted PMSM [31],
interior PMSM [32], claw-pole PMSM [33], transverse flux PMSM [34], and axial flux
PMSM [35], as shown in Fig. 2-1. The structures of the prototypes show significant
difference, but their operating principle in terms of electromagnetic energy conversion is
same. Therefore, it is fundamental to extract the key electromagnetic parameters of the
PMSM and present them in an ECM or mathematical equations to conduct motor

performance analysis, control and optimization.

Rotor core Permanent rnagnet

Winding

Stator core ———
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(e)
Fig. 2-1 Prototypes of the PMSM: (a) surface-mounted PMSM [31]; (b) interior PMSM [32]; (c)

claw-pole PMSM [33]; (d) transverse flux PMSM [34]; (e) axial flux PMSM [35].

In the most studied cases of the PMSM, the per-phase ECM neglecting the core loss is
illustrated in Fig. 2-2, while the d- and g-axis ECMs are demonstrated in Fig. 2-3. In Fig.
2-2, Ry is the winding resistance of per-phase, and the power loss of R, presents the copper
loss of the PMSM. Ly 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 A5, while rotating PMs induce the back electromotive force Ey
in the phase winding, 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 needs to be transformed to the two-phase rotational reference
frame, as shown in Fig. 2-3, where Vy and V; are the d- and g-axis terminal voltages, /4
and /; are the d- and g-axis armature currents, and Ls and L, are the d- and g-axis

inductances, respectively.
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Fig. 2-2 Conventional per-phase ECM of PMSM.
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Fig. 2-3 Conventional d and g axis ECMs of PMSM: (a) d-axis; (b) g-axis.

The mathematical models of Figs. 2 and 3 can be written as follows

V,=E,+(R +]jo,L)I, (2.1)

AR A7 A B PN
v TP o || e, o |1 T es, 22

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 in winding resistance Ry, 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
performance.
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In conclusion, due to the neglecting of core loss component, the drawbacks of the

conventional 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
management, and cooling design;

(3) Overestimation of the output electromagnetic torque and power for a given input
current, resulting in lower control performance; and

(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.
2.3 Per-phase ECM with Predictable Core Loss

Due to the complex mechanism, the core loss modelling in the ECM is still a pending
issue. Although incorporating the core loss in ECM is important, only a small amount of
research works have been carried out in this area, and most of them were in the 1980s.
This section and the next are 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 motor.

The earliest record of the ECM of PMSMs with predictable core loss may be in 1980 [10],
when Honsinger reported an ECM of AC permanent magnet machines, as illustrated in
Fig. 2-4. 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 just into 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, these 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
12



be neglected, especially under 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), one has
P ~kE’ (2.3)

where k. is a constant. Therefore, the equivalent core loss may be represented by a
resistance in parallel with the magnetizing branch. As shown in Fig. 2-4, the core loss in
the stator core is considered by a power loss consumed in an equivalent core loss
resistance 7. placed across the internal voltage E. It is noted that the impedance Z; may

contain the synchronous inductance, as well as the distributed capacitance.
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Fig. 2-4 Per-phase ECM with predictable core loss of PMSMs [10].
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Fig. 2-5 Per-phase ECM with predictable core loss of PMSMs [11].

Fig. 2-5 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 [11]. 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
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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.

However, the core loss is frequency dependent, i.e., the core loss varies with the motor
speed, so the single-valued equivalent core loss resistance 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 shown in Fig. 2-6 [20]. The model
was used to analyse 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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Fig. 2-6 ECM of PMSM with R. as function of speed [20].

In order to express the core loss changes with the terminal voltage and current of the
interior permanent magnet synchronous motor (IPMSM), Consoli and Renna [18]
established an ECM with two equivalent core loss resistance, i.e., R.; and R, as
illustrated in Fig. 2-7. 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=(Xs-X;)sinycosy, X=(Xu-
Xy)sin2y, while y is the reaction angle and Xy are X, the d-axis and g-axis reactance,
respectively. For the surface-mounted permanent magnet synchronous motor (SPMSM),

X=Xy, and R and X are zero and the ECM as shown in Fig. 2-7 can also be adopted.
14
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Fig. 2-7 Per-phase ECM with predictable core loss of PMSMSs [18].

As a further step of Fig. 2-7, Consoli and Raciti [19] developed the ECM of PMSMs with
salient-pole, as shown in Fig. 2-8. In this ECM, both the core loss and the saliency effects
of the machine are taken into account by introducing parameters R.y, 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 Figs. 2-7 and 2-
8 is where to place the equivalent current-related core loss resistance, and there is only

slight difference for the results.
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Fig. 2-8 Per-phase ECM with predictable core loss of PMSMs [19].
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2.4 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 Fig. 2-9 [12-17]. In the figure, the equivalent
core loss resistance R. connected in parallel with the d- and g-axis magnetizing branch,
respectively. Essentially, Fig. 2-9 can be regarded as the equivalent ECM of Fig. 2-2 after

applying reference frame transformation.
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(b)
Fig. 2-9 ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis.

Fig. 2-9 shows the most popular ECM of the PMSM, but its mathematical equations
corresponding to the circuit model have some errors in [12-16]. Here, the mathematical

models are modified as

Vi _ 1, R, Ve
M_RS MHHE){VJ 2
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where V; and V, are the d- and g-axis terminal voltages, /s and /; the d- and g-axis
armature currents, Voqs and V,, the d- and g-axis internal voltages, /,s and I, the d- and g-
axis magnetizing currents, /.¢ and /.4 the d- and g-axis mechanical and core loss currents,
and Lq and L, are the d- and g-axis inductances, respectively. R. is the equivalent core
loss resistance, R, the armature winding resistance per phase, As the permanent magnet
linkage, w. the rotor speed in electrical angular frequency, and p is the differential

operator (=d/dt).

The electromagnetic torque 7e» and electromagnetic power P., of PMSMs can be

determined as

3
T, = EP(/lfIOq +(L,-L,) 11, 2.8)
p,=T1,0, (2.9)

where P is the number of pole pairs of the PMSM, and w is the rotor speed in mechanical

angular frequency.

The copper loss P., and the core loss P. can be estimated as

wl 1 w (LI +A4
Pw=%R¢1§+1§)=%R{(1@d—%)%(Joﬁ Al ‘;""’ f))z} (2.10)
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Then, the total main loss of the PMSM which consists of the copper loss, core loss and

mechanical loss is expressed as

P

loss

=P +P+P

mech

(2.12)

where P 18 the mechanical loss of the PMSM.

Ignoring the eddy current loss of permanent magnets and other stray losses, the output

power, input power, and efficiency of the PMSM are calculated as

Poutput = })em _Pmech (2 13)

B = Fon + B + 1, (2.14)
})DM[ ut

=2 x100% (2.15)

input

where Poupu 18 the output power, Pj, is the input power, and 7 is the efficiency of the

PMSM.

To apply the ECM in motor characteristic analysis, the parameters including the
equivalent 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 the finite element analysis (FEA) and prototype tests at no-load
conditions. In [12], the core loss of the PMSM is calculated based on the FEA, and the
harmonic components of the 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 elements. After calculating the total core

loss W, the equivalent core loss resistance R. can be determined as
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Fig. 2-10 presented another kind of d-and g-axis ECM of PMSMs [23, 24]. In this ECM,
Ly is the leakage inductance of per phase, and Ls and L, are the d-axis and g-axis
components of the magnetizing inductance, respectively. Fig. 2-10 separated the d- and
g-axis inductances into magnetizing inductances and leakage inductances, and both of

them contribute to the core loss.
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(b)
Fig. 2-10 ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [23].

Nevertheless, in the opinion of the author of this thesis, the ECM of PMSMs considering
the leakage inductances under the d-and g-axis reference frame should be modified as
shown in Fig. 2-11, and L; is the leakage inductance of per phase. The flux linkage
generated by phase windings can be expressed in terms of the leakage linkage and the
magnetizing 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
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linkages, in which the equivalent core loss resistances are paralleled, should exclude the

leakage inductances.
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Fig. 2-11 ECM of PMSMs considering the 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 [36-42], as shown
in Fig. 2-12 [40]. For the determination of the equivalent core loss resistance R., although
the value of R. changes with the operating conditions, a considerable number of research
works calculated it from the results of tests performed at nominal voltage and

synchronous speed, i.e., R is assumed to be a constant in that condition [37, 40].
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Fig. 2-12 ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [40].

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
underestimation of the core loss. Therefore, in [21], the harmonic components are
considered by increasing the voltage drop across the equivalent core loss resistance, while
the circuit model is illustrated in Fig. 2-13. Since the harmonic inductances L are added,
the additional voltage drops weLiloq and weLrloa Would increase the power consumed by

the equivalent core loss resistance R..

R;
£
R > N
L 'J L Oyl
Va R= |V Ly
il

(2)
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Fig. 2-13 ECM of PMSMs with predictable core loss: (a) d-axis; (b) q-axis [21].

By using the Fourier analysis, harmonic components of the flux the at load condition can
be identified, and then each component is divided by the fundamental component of the
current and added together. Thus, the harmonic inductance L can be calculated, as shown

in (2.17). Besides, the corresponding voltage equations of this ECM are expressed as in

(2.18) and (2.19).

= > (2.17)
i=3,57.. 44

Vy=olLl, +oll, (2.18)

V,=oi +ol,l,,Fo,Ll, (2.19)

where 1, loa, and 1,4 are the phase current, d- and g-axis currents, A and Ao; the linkage
flux generated by permanent magnets and the i-th harmonic component of the flux linkage,

respectively.

Furthermore, the no-load core loss is obtained by using FEA and the corresponding

resistance R.; is expressed by a function of speed as

(a) XA, D)’
cl T W

il

~ b
R ~aa’, (2.20)

where R.; is the equivalent core loss resistance calculated at the no-load condition, W;;
the no-load core loss, 4,7 the no-load flux linkage, w.; the reference angular speed, and a

and b are coefficients.
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The core loss resistance corresponding to the load condition R.> can be expressed as

12
R :R X 02
2 =R, —(/102 e (2.21)
/1 ol

ol

where R.: is the equivalent core loss resistance calculated at the load condition, and 4,2 is

the load flux linkage.
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Fig. 2-14 Differential mode ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis [43].

As shown in Fig. 2-14, an ECM of the PMSM which is suitable for high-frequency
differential mode calculation was proposed in [43]. The differential mode branch contains
series roLpmaCpma (roLprvgCpug) combination to stand for the second resonance, while the
differential mode capacitance Cpy together with the motor inductance Ls almost
determines the value of the first resonance. Moreover, Lpya and Lpuy are the d- and g-

axis differential mode leakage inductances. The equivalent core loss resistance R. is
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normally of high values, and determined from the maximum value of the measured input

impedance at the resonance frequency.

Taking into account not only the copper loss and core loss but also the PM loss, an ECM
with a series-parallel structure was introduced [22], as shown in Fig. 2-15. Rr. 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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Fig. 2-15 ECM of PMSMs with predictable core loss: (a) d-axis; (b) q-axis [22].

Based on the ECM of Fig. 2-15, the copper loss as well the summation of the core loss

and PM loss can be described as [22]

A=A
P = RIC
2 L,

T,
)2+( ﬂ/ < ﬂ/ —ﬂ, )2]
LSPI-L+(L, - L)——]

L LL,

(2.22)
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(2.23)

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 2-1.

Table 2-1. Comparison of the ECMs

Equivalent core

Value of equivalent Difficulty of Additional
ECM loss resistance Accuracy
core loss resistance application items
identification
) A single-valued )
Fig. 2-4 i Not mentioned Easy Low None
resistance
) A single-valued ]
Fig. 2-5 i Experimental test Easy Low None
resistance
A variable resistance ) Incorporating
) ) ) Relatively )
Fig.2-6  (function of motor FEM Medium hich the rotating
12
speed) core loss
Most difficult due to
the coupling )
] Incorporating
) Two single-valued ) structure and ) )
Fig. 2-7 ) Experimental test Medium the saliency of
resistances complex
) the motor
experimental
conditions
Incorporating
) Two single-valued ) ) ) ]
Fig. 2-8 ) Experimental test Medium Medium the saliency of
resistances
the motor
A single-valued )
) ) Experimental
Fig. 2-9 resistance for d- and ¢- Easy Low None
) ) test/FEM
axis respectively
A single-valued
. . Leakage
Fig. 2-10 resistance for d- and g- Experimental test Relatively difficult [ 4y
inductances

axis respectively

due to the separation
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of the leakage

inductance
Relatively difficult
) ) ) due to the separation ) Leakage
Fig. 2-11 Flexible Flexible Medium
of the leakage inductances
inductance
Lowest due
A single-valued to
Fig. 2-12 resistance for d- and ¢g- Experimental test Easy eliminating None
axis respectively of
inductance
A variable resistance Relatively difficult
) (function of motor due to the Relatively ~ Harmonic
Fig. 2-13 ) FEM o ] ) ]
speed) for d- and g-axis identification of the high inductance
respectively harmonic inductance
Differential
A single-valued Difficult and suitable ) mode
) ) ) ) Relatively )
Fig. 2-14 resistance for d- and g- Experimental test for high-frequency ) capacitance and
axis respectively differential mode leakage
inductance
A single-valued
Fig. 2-15 resistance for d- and g- FEM Easy Medium PM loss

axis respectively

2.5 Core Loss Measurement

The core loss measurement methods can be roughly divided into two categories. The first
category reviewed in this section is the core loss separation methods based on the no-load
and load tests. Then, the core loss direct measurement methods are presented based on

the stator core test apparatus.
2.5.1 Core Loss Separation Method

1) Based on the No-load Tests (Open-circuit Tests)
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When the PMSM operates as a generator, no-load tests, also called open-circuit tests, are
conducted with the machine armature terminals open-circuited and hence no current
flows in the armature windings, i.e., no copper loss. Therefore, the schematic view of the
no-load (open-circuit) test and the power flow of the electrical machine are shown in Figs.
2-16 and 2-17, respectively. In Fig. 2-16, the target PMSM is driven by a DC motor or
AC motor with variable speed drive system, and they are connected via a torque
transducer or a mechanical coupling. From Fig. 2-17, it is noted that the power input the
PMSM would be the summation of the core loss and the mechanical loss (friction and

windage loss). The equation of power flow can be represented as

[i)nput = Pmech.loss + R:ore loss (224)

Then, the core loss of the PM machine would be the total input loss minus the mechanical

loss under the no-load condition.

Pcore loss — Pinput -k mech.loss (225)

Torque Transducer/
Mech. Coupling

Fig. 2-16 Schematic view of the no-load test.

Mechanical Loss

Input Power

Core Loss

Fig. 2-17 Power flow of electrical machines under no-load condition.

However, it is unpractical to define tests for PMSMs which can provide a direct
measurement of the core loss independent of the rotational friction and windage loss
under no-load (open-circuit) conditions. Unlike wound-field machines in which the
magnetic flux in the machine is controlled by the field current and can be varied from

zero to the rated operation flux level or even higher, the flux excitation of permanent
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magnet machines is fixed at a level determined by the PMs. It is not possible to “turn off”
the magnetic flux of PMs to provide a direct measurement of the friction and windage
loss under no-load (open-circuit) conditions. Thus, the key issue of the core loss
measurement of PM machines is how to separate the core loss and the friction and
windage loss. In order to measure the friction and windage loss, two alternative test

methods can be implemented, i.e., using a dummy rotor or using a dummy stator.

According to the IEEE standards, replacing the PM rotor with a non-magnetized
equivalent rotor can measure the friction and windage loss, and the equivalent rotor

should be one of the following:

a) An identical rotor, including magnets, in which the magnets have not be magnetized

yet.

b) An identical rotor in which the magnets have not be inserted yet and the magnet space

is filled with a non-magnetized material.

¢) A rotor which is physically similar to the PM rotor in all aspects which affect friction

and windage loss.

With the equivalent rotor installed in the PMSM, the drive motor is then used to acquire
the speed of interest. In this situation, the power input the PMSM equals the friction and
windage loss, and it can be measured directly or indirectly. In [44-60], the measurements
of the friction and windage loss are conducted by using the dummy rotor method. To be
more specific, in [45, 47-51, 54, 55, 58], the rotor with magnets was replaced by a rotor
without magnets but with the same bearings and identical shape, while in [46, 52, 53, 57],
arotor having non-magnetized permanent magnets was adopted. Besides, in [44] a plastic
rotor and in [56] an induction motor rotor was substituted to remove the core loss
component and to ensure that the friction and windage loss is not altered. Repeating the
no-load test procedure, the relationship between the rotation speeds and the mechanical

loss can be drawn.

For the dummy stator method, in [31, 61, 62] the stator was eliminated from the motor,
while the rotor and bearings of the test motor were installed in the experiment set to

measure only the mechanical loss. In [63, 64] the PM machine stator was replaced by a
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non-magnetic replica made of hard plastic with exactly the same geometrical dimensions
as the original stator. Then, the dummy stator was assembled with the original rotor,
bearings and couplings to ensure that the friction and windage loss is not altered.
Particularly, for the core loss measurement in [64], not only the plastic tube is utilized to
imitate the mechanical loss but also the motor end effects are removed by using two
motors with active lengths of 38 mm and 76 mm, respectively. Assume two motors of
different active lengths have the same end effects because of the same end structures. The
net core loss after the removal of the end effects in the 76 mm motor should be twice as
much as that in the 38 mm one. Thus, the core loss due to the end effects can be deduced

by [64]:

P, =2P,—P, (2.26)

where P3g and P7¢ are the core loss in the 38 mm and 76 mm motors, respectively, before

the removal of the end effects.

As mentioned above, the power input of the PMSM can be measured directly and
indirectly. When the drive motor and the PMSM are connected via a torque transducer
and the dummy stator or dummy rotor method is employed, the mechanical loss torque
Tmech can be measured directly and the corresponding power 10ss Pmech.loss can be obtained
by multiplying this torque and test speed wm

T (2.27)

mech.loss = a)m mech

If Timecn 1s expressed in Nm and @, in rad/sec, Pmech.loss Will be in Watts. Using a torque
transducer to collect the torque data is the most common method when conducting the
no-load tests and the mechanical loss tests, since it can provide accurate and convenient

results efficiently.

On the other hand, when the torque transducer is absent and the test system includes a
mechanical coupling between the drive motor and the PM machine, the mechanical loss
torque also can be measured indirectly, and this kind of test method is also called the
retardation test. In this method, the drive motor is used to bring the motor to a desired
initial test speed. If the power to the drive is then disconnected, the subsequent decay in

machine speed will be determined by the combined inertia and the friction and windage
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loss torque of the machine under test and the drive motor. The rotational speed is recorded
as the system decelerates, while the total decelerating torque of the test machine and the

drive motor Tyec (wm) 1s calculated as

do,
dt

T,.(0,)=J, (2.28)
where w,, is the machine speed, J. the total moment of inertia of the test machine and
drive motor, and T4 (wn) the total decelerating torque of the test machine and the drive

motor. Note that this torque is a function of the machine speed.

Then, the machine loss for both test PM machine and the drive motor as a function of

speed can be obtained as
PIOSS (a)m) = a)m]-'dec (a)m) (229)

The loss of the drive motor should be well-defined so that the loss of the test PM motor
can readily be obtained by subtracting of the drive motor loss from the total loss. In [26,

65], this kind of retardation test method was presented to measure the mechanical loss.
2) Based on the Load Tests

PM machines can be operated as both motors and generators, and a typical core loss test
set-up under the load conditions can be illustrated in Figs. 2-18 and 2-19, respectively. In
Fig. 2-18, the testing PM machine works as a generator, and it is driven by a rotating
machine capable of bringing the generator to the desired test speeds and supplying the
required test power. The generator load may be a variable-impedance load such as a
resistor bank. In Fig. 2-19, the testing PMSM works as a motor and a mechanical load is
used. Additionally, the power flow of the PM machine under a load condition is shown
in Fig. 2-20, while the input power of the PMSM equals the summation of the output
power, mechanical loss, copper loss, and core loss. The equation of the power flow can
be represented as

P =P +P

input output mech.loss

+P

core loss

+P

copp.loss

(2.30)
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Therefore, the absence or presence of the copper loss, output power and core loss due to
the stator armature reaction are the main differences between the no-load core loss and
the load core loss tests. The total loss can be obtained from the difference between the
input power and output power. The core loss can then be obtained by subtracting the

copper loss and mechanical loss from the total loss

P

mechloss l)copp.loss

(2.31)

core loss — * input - output -

The mechanical loss can be measured by the same methods reported in the last section.
In [50, 53, 66], the load core loss is reported.

Torque Transducer/
Mech. Coupling

Fig. 2-18 Schematic view of the load test with the testing PMSM working as a generator.

Torque Transducer/
Mech. Coupling

Fig. 2-19 Schematic view of the load test with the testing PMSM working as a motor.

Power Supplier

Mechanical Loss

Input Power Output Power

Copper Loss
Core Loss

Fig. 2-20 Power flow of electrical machines under load condition.

In order to remove the mechanical loss, Xue et al. presented a core loss measurement
method based on the locked rotor test when the PMSM is powered by a pulse width
modulation (PWM) inverter and by a sinusoidal current supplier, respectively, as shown
in Fig. 2-21 [67]. In this locked rotor test, the permanent magnets are removed from the
rotor to eliminate the influence of the permanent magnet eddy current loss. Then the
measured core loss can be calculated by subtracting the copper loss from the total input
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power. The locked rotor test is also reported in [68-70] to remove the uncertainty
associated with the mechanical loss. Since the loss in the locked rotor test is usually
different from those under normal rotating operation, the aim of the locked rotor test is

more to validate the core loss models.

— .f-/lzfmmh
— ‘
dSPACE Inverter || locked rotor |

Controller \

ﬂth011t Pyﬂ
(a)

California Instrument —!/12” 01pP m

4500iL three-phase 4:\ IQCde rotor ;:
power source {Hhout PM/Q

(b)

Fig. 2-21 Diagrams and photos of core loss test rig. (a) When powered by PWM inverter; (b) When

powered by sinusoidal current supplier [67].

2.5.2 Core Loss Direct Measurement Methods

fex
le

Fig. 2-22 A stator core in the measurement system.

Fig. 2-22 illustrates the basic principle of the core loss measurement of a stator core, in
which V., is the excitation voltage, and i.. the excitation current. Since the coils are
uniformly wound around the ring core, the magnetic field intensity H and magnetic flux
density B within the core can be assumed uniform. According to Ampere’s law, one can
obtain

HI =N,

17ex

(2.32)

where /. is the mean length of the stator core.

32



Thus, the magnetic field intensity H can be calculated by
H=Ni_/I, (2.33)
By the Faraday’s law, the emfinduced in the pick-up coil N> can be expressed as

dB
V,=N,4, — (2.34)
dt
where A. is the cross sectional area of the stator core, N the number of turns of the
exciting winding, and N> the number of turns of secondary winding. Therefore, the

magnetic flux density in the stator core can be captured by the emf'signal V; and calculated

as

1
B=—— [V (235)

2%

Finally, the core loss in the stator core is directly calculated according to the equation

below and then divided by the stator yoke weight.

T
INGRAGL (2.36)
0

where T is the waveform period.

This method of the stator core loss measurement described above is widely employed [30,
71-75]. For example, in [30, 71] the layout of the measurement setup (a) and the used

instruments and one of the core sample (b) are shown in Fig. 2-23.

230 V| /13
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(b)
Fig. 2-23 (a) Layout of the measurement setup, (b) The used instruments and one of the core sample [30,

71].

In Fig. 2-23, [ is the programmable power source which can operate with a signal derived
from the feedback signal of the system, thereby providing a sinusoidal voltage induced in
the secondary winding of the test core. 2 is the measuring transducer, 3 the digital

oscilloscope, 4 the tested stator core, 5 the feedback, and 6 the analogue control meter.

Tekgun et al. developed a stator core loss measurement technique including the finite
element analysis (FEA), which can be considered as a further step of the method described
above [76]. First, flux density waveforms in various parts, where the core loss is
approximately uniform, of the electric machine are determined using FEA. Second, the
same waveforms are generated in a wound toroidal core made of the same material as
used in the machine, with a novel flux-controlled core loss tester unit as shown in Fig. 2-
24, and this apparatus is capable of controlling both dc and ac flux densities. This tester
allows that the actual core loss is measured per unit mass under known and controllable
flux density waveforms, and then the total motor core loss is calculated by integrating the
measured W/kg loss values for predefined sections of the motor. However, only
unidirectional flux densities are considered, i.e., the rotating flux densities and the rotating

core loss are excluded in this research.

v SL%] L?%}
DC|
. L L I
o . =3

Fig. 2-24 Flux-controlled core loss tester [76].
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A core loss test that nearly duplicates the magnetic field conditions in a spindle motor
was designed and shown in Fig. 2-25 [77]. A base plate supports this experimental
apparatus, and the sample core is mounted on a mandrel and connected to a variable speed
motor whose speed is checked with a strobe lamp. The sampled core is axially centered
and spun concentrically within a 12-pole electromagnet that is connected to a fixed shaft
optical torque gauge. The electromagnet poles are alternately polarized to simulate the
alternating permanent magnet poles of a motor, and the number of poles can be adjusted.
When the sample core is spun, the drag torque of the electromagnet due to friction and
windage alone is measured by the torque gauge. After that, the electromagnet is energized,
and the total reaction torque is recorded. The core loss is recorded as the product of the
angular velocity of the core and the total reaction minus the friction and windage torque,

as shown in the equation below

rpm
R:oreloss :(Ttotal _Twind)XZﬂ->< 60 (237)
STATIONARY
ELECTROMAGNET OLADING
TOROUE GAGE % TEST STATOR
/-MoToR
e — - — - - —f
1
lﬂ_ o/
— # —

Fig. 2-25 Core loss test apparatus [77].

A core loss measurement system for semi-processed geometries like single tooth was
presented by Veigel et al., which consists of a digital controller, a power amplifier, a
measurement adapter for individual test specimen and a power measurement system [78].

The magnetic circuit of this single tooth tester is shown in Fig. 2-26.
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Fig. 2-26 Magnetic circuit of the single tooth tester and declaration of tooth flux ®z and yoke flux ®y
[78].

The voltage equation of this system is shown below:
Vamp (t) - Rpip (t) + Vp.ind (t) (2.38)

where vump (t) 1s the amplifier voltage, R, the winding resistance, i, (t) the winding current,

and vp,ina (t) the primary induced voltage.

The induced voltage vp,ina (t) is caused by the alteration of the magnetic flux of the winding

(2.39)

where N, is the number of turns of the primary winding, and @, (t) the magnetic flux in

the corresponding part of the yoke.

Therefore, a relationship between primary and secondary induced voltages can be

established as

dg, (1) 2xdg, (1)

Vona (£) = N, N (2.40)
N
vs,in (t)zz_sv,in (t) (241)
d Np p,ind
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where Nj is the number of turns of the secondary winding, and @: (t) the magnetic flux in

the tooth.

The power that is absorbed by this electromagnetic system is a composition of the ohmic
loss in the primary windings, the core loss in the yoke and the core loss in the test

specimen which is to be determined. The system power equation can be written as

. . N, ,
Vamp (t)lp (t) = Rplj (t) + 2N vs,ind (t)lp (t) (242)

p

The left side of the above equation is the system power, and the first term of the right side
of the equation is the ohmic loss in the winding, while the last term is the core loss. This
relationship shows the possibility to determine the system’s core magnetization and loss
by observing the secondary voltage and the primary current over time. This oscillating
waveform can be split up into a part of reactive power and a part of active power. The
part of reactive power is equal to the magnetization of the core, and the part of active
power is equal to the core loss that has to be determined. However, the magnetizing
conditions inside the yoke’s arrangement are not changed in another tooth specimen, and
the core loss of the yoke only depends on the flux waveform @, (t). Thus, the yoke’s flux
and core loss are clearly defined by the operation point, and the core loss of the test
specimen can be separated. Moreover, Veigel ef al. employed this single tooth tester to

determine the core loss of motor stator [79].
2.6 Conclusion

This chapter aims to present an extensive review on the ECMs considering the core loss
and core loss measurement methods of PMSMs. ECMs for both per-phase and d-and ¢-
axis are analyzed, and the equivalent core loss resistance is connected in parallel with the
magnetizing branch, generally. Although various ECMs of PMSMs under d- and g-axis
reference frame were developed in previous studies, there are some mismatches between
the ECM and voltage equations in some papers. Therefore, corresponding modifications

are reported in this paper.

For core loss measurement of PMSMs, the most common method is to separate it and the

mechanical loss from no-load tests, or separate it and the mechanical loss as well as the
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copper loss from loading tests. A dummy rotor or a dummy stator is employed to imitate
the mechanical loss and exclude the core loss generated by permanent magnets. Moreover,
this chapter also surveys other measurement techniques based on the testing apparatus to

measure the stator core loss of electrical machines.

38



CHAPTER 3. CORE LOSS WITH ROTATING MAGNETIC
FIELDS AND EQUIVALENT RESISTANCES IN CIRCUIT
MODELS

3.1 Introduction

Recently, as more and more PMSMs are operating in the high speed (frequency) range,
the core loss has increasing significant influences on the efficiency, temperature rise, and
volume/weight of motors. For a PMSM with a specified capacity, compared with the
traditional ignoring or roughly estimating the core loss in the motor design and control, a
lighter cooling design is required if the core loss can be precisely predicted, and higher
efficiency is obtained if the motor control strategy appropriately manages the core loss.
Thus, the torque/power density of the PMSM can be effectively increased. Therefore,
high-precision core loss calculation models and effective ways to model the core loss into

the ECM are required urgently.

According to Bertotti’s core loss separation model, the core loss can be divided into three
parts: hysteresis loss, (classical) eddy loss, and anomalous loss or excess loss. The
hysteresis loss is caused by Barkhausen jumps and irreversible rotation processes in the
magnetic material of electrical machines. The induced voltage by the alternating magnetic
field causes circular currents in the iron sheets that cause the classical eddy current loss.
The anomalous loss originates from the microscopic eddy current produced by the
displacement of the Bloch walls. Material characteristics, excitation frequencies and the
magnetic flux density in electrical devices are the main factors affecting the values of the
core loss. Therefore, in this chapter, the core loss of the PMSM with 3-D rotating
magnetic field will be introduced first. Then, how to model the core loss into the ECM 1is

established systematically.

Soft magnetic composite (SMC) material is formed by surface-insulated iron powder
particles, and possesses a number of advantages, including isotropic magnetic and
thermal properties, low eddy current loss and relatively low total core loss at medium and
higher frequencies, net-shape fabrication process with smooth surface and good finish,

and prospect of very low-cost mass production [80]. Due to its powder nature and
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isotropic magnetic property, SMC material is suitable for construction of electrical
machines of three-dimensional (3D) magnetic fluxes and complex structures, for which
it is almost impossible or very difficult to use laminated steels. In the past decades, many
investigations have been made to explore SMC material in different types of motor, such
as claw pole motor [80, 81], transverse motor [60, 82], axial flux motor [83, 84], universal
motor [85, 86] and so on. Therefore, this chapter takes a claw pole permanent magnet
motor prototype with SMC core as the example to establish the ECM with the predictable
core loss, and experimental verifications of this prototype are set up in both no-load and

load conditions.

In the last section of this chapter, an improved deadbeat predictive current control (DPCC)
with novel current predictive model of PMSMs is proposed. First, the new predictive
model is built, which takes the motor core loss into account and can effectively reduce
the errors between the predictive and the actual values of the control variables. Therefore,
an improved DPCC containing a higher-precision predictive model is developed. Finally,
in order to validate the superior control performance and disturbance robustness of the
improved DPCC, comparisons have been made between the traditional and improved

approaches.
3.2 3-D Rotating Magnetic Fields of a Claw Pole PMSM

This section will explore the performance of the claw-pole PMSM with SMC core.

Table 3-1 lists the dimensions and major parameters of the claw pole PMSM.

Table 3-1. Dimensions and major parameters of the claw pole PMSM.

Dimensions and parameters Values Dimensions and parameters Values
Rated frequency 300 Hz Rotor inner radius 41 mm
Number of phases 3 Stator outer radius 40 mm
Rated phase voltage 64V Effective stator axial length 93 mm
Rated power 500 W Shaft outer radius 9 mm
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Rated phase current 41A Airgap I mm

Rated speed 1800 r/min Number of turns 75
Rated torque 2.65 Nm Number of coils 3
Rated efficiency 81% Number of strands 2
Number of poles 20 Coil window dimension 17 x 11 mm?
Permanent magnets NdFeB Diameter of copper wire 0.71
Number of magnets 60 Phase resistance 0.302 Q
Stator core material Somaloy™ 500 Rotor outer radius 47 mm

This claw pole PMSM is of the outer rotor structure, and the stator and rotor of the
prototype are illustrated in Fig. 3-1. The outer rotor consists of a mild steel case, three
arrays of NdFeB magnets for three phases, and two aluminum end plates. Since the flux
density in the yoke is almost constant, mild steel is used for the construction of the rotor.
The stator has three stacks with an angular shift of 120 electrical degrees from each other.
Each stator phase has two pieces of SMC claw pole discs and a single concentrated coil,

which is housed between two claw pole discs.

(a) (b)

Fig. 3-1 The structure of the claw pole SMC motor: (a) stator; (b) rotor.
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Fig. 3-2 shows the ANSYS simulation model of one pole of the claw pole PMSM, and
five points are selected in it, of which point 1 is in the yoke of the stator, points 2 and 3

are in the middle of the stator, and points 4 and 5 are at the top of the stator claw pole.

(a) 3-D trajectory of the flux density vector.
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(b) The magnitudes of the axial, radial, circumferential components of the flux density vector.

42



< e -
=) o0 o
L}

>3]

Harmonic /Fundamental
<
N

o (=]
87
T

0
2345 6 7 8 910111213 141516

Order of the harmonic

(c) Amplitude relationships between harmonics and fundamentals.

Fig. 3-3 Magnetic flux density characteristics at point 1.

At point 1, the magnetic flux density characteristics at no-load condition are analysed, as
shown in Fig. 3-3. Fig. 3-3 (a) depicts the 3-D magnetic flux density trajectory in an
electrical cycle, and Fig. 3-3 (b) represents the magnitudes of the axial magnetic flux
density B, radial magnetic flux density B, and circumferential magnetic flux density By
at different rotor positions, while the amplitude relationships between harmonics and
fundamentals of these three components are shown in Fig. 3-3 (c). It can be seen that the
most notable vibration of the 3-D magnetic flux density trajectory occurs in the
circumferential direction of the motor, and the amplitude of it is about 1.2 T, while the
changes of the radial and axial magnetic flux density components are small and fluctuate
around zero, respectively. In addition, each magnetic flux density component contains a
large number of odd-order harmonics, and the amplitude of the third harmonic of the axial
magnetic flux density component B. even reaches 75% of the fundamental, and the

harmonic amplitude decreases as the harmonic order increases.

The magnetic flux density characteristics at the no-load condition of point 2 are analysed
in Fig. 3-4, and Fig. 3-4 (a) depicts the 3-D magnetic flux density trajectory in an electrical
cycle, Fig. 3-4 (b) the magnitudes of the axial magnetic flux density B, radial magnetic
flux density B, and circumferential magnetic flux density By at different rotor positions,
and Fig. 3-4 (c) shows the amplitude relationships between harmonics and fundamentals
of these three components. The major change of the 3-D magnetic flux density trajectory

occurs in the radial direction of the motor with the amplitude of 1.5 T. The amplitudes of
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the third harmonic of B., B, and Bs account for 48%, 9%, and 29% of the fundamental,

respectively.
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(b) The magnitudes of the axial, radial, circumferential components of the flux density vector.
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(c) Amplitude relationships between harmonics and fundamentals.

Fig. 3-4 Magnetic flux density characteristics at point 2.
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The magnetic flux density characteristics of point 3 are illustrated in Fig. 3-5. Fig. 3-5 (a)
is the 3-D magnetic flux density trajectory in an electrical cycle, the shape of which is an
approximately irregular quadrilateral. The magnitudes of the axial magnetic flux density
B-, radial magnetic flux density B, and circumferential magnetic flux density By at
different rotor positions are described in Fig. 3-5 (b), which is similar to that of point 2
and the amplitude of the radial magnetic flux density component is about 1.9 T. The
amplitudes of the third harmonic of B, B,, and By respectively account for 52%, 5%, and

44% of the fundamental, as shown in Fig. 3-5 (c).
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(b) The magnitudes of the axial, radial, circumferential components of the flux density vector.
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(c) Amplitude relationships between harmonics and fundamentals.

Fig. 3-5 Magnetic flux density characteristics at point 3.

Fig. 3-6 shows the magnetic flux density characteristics at the no-load condition of point
4, and Fig. 3-6 (a) illustrates the approximately elliptical 3-D magnetic flux density
trajectory in an electrical cycle, while the axial magnetic flux density B:, radial magnetic
flux density B, and circumferential magnetic flux density Bs change according to an
approximate sinusoidal law, and the magnitude of them are respectively 0.34 T, 0.68 T,
and 1.03 T, as shown in Fig. 3-6 (b). At point 4 of the stator claw pole, the high-order
harmonics of each magnetic flux density component are comparatively small, and their
3rd harmonics account for 2.4%, 7.5%, and 6.5% of the fundamental, as analysed in Fig.

3-6 (c).

B, (T)

(a) 3-D trajectory of the flux density vector.
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(c) Amplitude relationships between harmonics and fundamentals.

Fig. 3-6 Magnetic flux density characteristics at point 4.

Similar to the magnetic flux density trajectory at point 4, the magnetic flux density
trajectory at point 5 is also a relatively smooth approximate ellipse, as shown in Fig. 3-7
(a). The axial magnetic flux density B., radial magnetic flux density B, and
circumferential magnetic flux density By at different positions of the rotor are all varying
approximately sinusoidally, respectively with the magnitude of 0.84 T, 0.78 T, and 0.62
T, as illustrated in Fig. 3-7 (b). Fig. 3-7 (c) gives the amplitude relationships between
harmonics and fundamentals of these three components. The 3rd harmonics of each
magnetic flux density component account for 1.3%, 3% and 8.7% of the fundamental,

respectively.
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Fig. 3-7 Magnetic flux density characteristics at point 5.
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From Figs. 3-3 to 3-7, conclusions can be drawn as follows:

(1) In an electrical cycle, the magnetic flux density trajectory at any point in the stator of
the claw pole PMSM is of 3-D pattern, in which the magnetic flux density trajectories
at the yoke of the stator are close to the alternating pattern and that at the bottom of
the stator are near the elliptical rotating pattern.

(2) These 3-D magnetic flux density trajectories contain a large number of high-order
harmonics, and with the proportion of the high-order harmonics to the fundamental

increases, the distortion of the trajectory becomes significant.

To analyse the magnetic flux density of the claw pole PMSM furtherly, the axial magnetic
flux density B:, radial magnetic flux density B, and circumferential magnetic flux density
By at 5 points in Fig. 3-2 are expanded according to the Fourier series, and the trajectories
of magnetic flux density are reorganised by using the fundamental, the third harmonic,

and the fifth harmonic of B:, B,, and By, respectively.

Fig. 3-8 (a) illustrates the trajectory of the magnetic flux density at point 1 of the claw
pole PMSM, while Figs. 3-8 (b)-(d) are the reformed trajectories of the fundamental, 3rd
harmonic, and 5th harmonic of the axial magnetic flux density B:, radial magnetic flux
density B, and circumferential magnetic flux density By, respectively. It is obvious that
the magnetic flux density trajectories of the fundamental, 3rd harmonic, and 5th harmonic
are all one-dimensional alternating patterns. The trajectory shown in Fig. 3-8 (a) can be
considered as vectors superposition of Figs. 3-8 (b)-(d) as well as remaining higher

harmonic of the magnetic flux density.
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(a) Trajectory of the flux density. (b) Trajectory of the fundamental of the flux
density.

(c) Trajectory of the 3rd harmonic of the flux (d) Trajectory of the 5th harmonic of the flux

density. density.

Fig. 3-8 Trajectories of the flux density at point 1.

Figs. 3-9 (a)-(d) illustrate the trajectories of the magnetic flux density, the fundamental,
3rd harmonic, and 5th harmonic of the magnetic flux density at point 2 of the claw pole
PMSM, respectively. Although the magnetic flux density trajectories of the fundamental,
3rd harmonic, and 5th harmonic are all one-dimensional alternating patterns in the 3-D

space, the amplitude and direction of each alternating trajectory are different.
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(a) Trajectory of the flux density. (b) Trajectory of the fundamental of the flux
density.

(c) Trajectory of the 3rd harmonic of the flux (d) Trajectory of the Sth harmonic of the flux

density. density.

Fig. 3-9 Trajectories of the flux density at point 2.

The trajectory of the magnetic flux density at point 3 of the claw pole PMSM is shown in
Fig. 3-10 (a), which is approximately an irregular quadrilateral. However, the trajectories
of the fundamental, 3rd harmonic, and 5th harmonic of the magnetic flux density at point
3 are standard ellipses, as shown in Figs. 3-10 (b)-(d), respectively. A deep observation
of these elliptical trajectories suggests that the amplitudes, axial rates, and spatial

positions of them are all inconsistent.
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(a) Trajectory of the flux density.

(b) Trajectory of the fundamental of the flux
density.
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(c) Trajectory of the 3rd harmonic of the flux

(d) Trajectory of the 5th harmonic of the flux

density. density.

Fig. 3-10 Trajectories of the flux density at point 3.

Similar to Fig. 3-10, Fig. 3-11 demonstrates the trajectories of the magnetic flux density
at point 4. The approximately irregular ellipse, as shown in Fig. 3-11 (a), is the vector
summation of standard ellipses with different main axis lengths, axial ratios and spatial
positions. The standard elliptical trajectories of the fundamental, 3rd harmonic, and 5th

harmonic of the magnetic flux density are depicted in Figs. 3-9 (b)-(d).
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B, (T)
B, (T)

(a) Trajectory of the flux density. (b) Trajectory of the fundamental of the flux
density.

(c) Trajectory of the 3rd harmonic of the flux (d) Trajectory of the 5th harmonic of the flux

density. density.

Fig. 3-11 Trajectories of the flux density at point 4.

Figs. 3-12 (a)-(d) display the trajectories of the magnetic flux density, the fundamental,
3rd harmonic, and 5th harmonic of the magnetic flux density at point 5 of the claw pole
PMSM, respectively. Although the magnetic flux density trajectories of the fundamental,
3rd harmonic, and 5th harmonic are all two-dimensional rotating patterns in the 3-D space,
the directions of the main axes of the elliptical trajectories are not parallel to any reference

axis in the 3-D coordinate system.
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B, (T)

B, (T)

(b) Trajectory of the fundamental of the flux
density.

(c) Trajectory of the 3rd harmonic of the flux (d) Trajectory of the Sth harmonic of the flux

density. density.

Fig. 3-12 Trajectories of the flux density at point 5.
In conclusion, Figs. 3-8 to 3-12 show that:

(1) The 3-D trajectory of the magnetic flux density at any point in the stator of the claw
pole PMSM is the vector summation of the trajectories of magnetic flux density’s
fundamental and high-order harmonics.

(2) Either fundamental or high-order harmonics of the magnetic flux density, the
trajectories of them just fall into two categories: 1-D alternating pattern like a straight
line and 2-D rotating pattern like an ellipse.
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Therefore, it is necessary to develop the core loss calculation models when the applied
magnetic field varies in the 1-D alternating pattern or 2-D rotating pattern, namely the

alternating core loss and rotating core loss calculation models.

3.3 Core Loss with the 3-D Rotating Magnetic Fields
3.3.1 1-D Alternating Core Loss

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 two terms
model does not have the anomalous loss. Assuming the excitation magnetic field is 1-D

alternating, the alternating core loss can be calculated as [87-91]

P, =B, +P,+P,=C, B! +C,(/B,) +C,(/B,)" 3.1)

where P4, Pe, and Py, represent respectively the alternating hysteresis, eddy current, and
anomalous loss, and f'and B, are the flux density frequency and peak value, while Cj,

Cea, Caa, and h are coefficients depending on material properties.
3.3.2 2-D Rotating Core Loss

Similar to the 1-D alternating core loss, the 2-D rotating core loss can also be separated
into rotating hysteresis, eddy current, anomalous loss
Pr:Phr+Per+Blr (32)

where Py, Per, and P, represent respectively the rotating hysteresis, eddy current, and

anomalous loss.

If the trajectory of the 2-D exciting magnetic field is a standard circle, the rotating eddy

current loss can be calculated by

P,=C,(fB) =2C,(/B) (3.3)
’b’c
C, = 6p. 3.4)
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where C. is the coefficient of the eddy current loss, which is the same for both alternating
and rotating core loss, and f'and B are the frequency and magnitude of the circular rotating
magnetic flux density. Moreover, b is the thickness of the electrical steel sheet, o the

conductivity, and p, the mass density.

The rotating anomalous loss is obtained by

P,=C,(/B)" (3.5)

where C, is the coefficient of the rotating anomalous loss and it is a function of the
magnetic flux density. C, eventually reduces to zero when the core material is magnetic

saturated and all magnetic domain walls disappear.

The rotating hysteresis loss is quite different from that with the alternating counterpart.
Some models have been developed and applied, and one example with high-accuracy is

shown below [92-95].

B _ I/s ~ 1/(2-s)
f _al[(az +1/5)’ +a; [612+1/(2—S)]2+a32] (3.6)

s=1—§«/1—1/a22+a32 (3.7)

N

where By is the saturation value of the rotating magnetic flux density, and a;, a2, a3, and

s are all coefficients.

However, from the research of the magnetic flux distribution of the PMSM we know that
the most common trajectory of the magnetic flux density is an ellipse rather than a circle.
Therefore, the elliptically rotating core loss calculation model will be established in this

section.

If the trajectory of the magnetic flux density B in the stator core of the PMSM is an ellipse,
the applied rotating magnetic field strength H may not be an elliptically rotating vector
due to the magnetic anisotropy of the core material and the nonlinear relationship between

B-H. Expanding the magnetic field strength H into a Fourier series, the higher harmonics
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of it do not contribute the total core loss as long as B contains only the fundamental

component.

Fig. 3-13 Trajectories of elliptical B and Hr vectors.

Fig. 3-13 depicts the trajectories of the magnetic flux density B and the fundamental

component of magnetic field strength H;, and they can be expressed as

{Bx = B, cos(r)

) (3.8)
B, =B, sin(wt)
H,,=H,,cos(ot+p) 39
H,=H,, sin(a)t+g0) (3-9)

where By and B, are respectively the X and Y components of B in the XOY coordinate
system, Bms and Bumin the major and minor axes of elliptical B, and e is the angular
frequency of magnetisation. Hx' and H;, are respectively the X’ and Y’ component of
Hj in the X’OY’ coordinate system, Himqj and Himin the major and minor axes of elliptical

Hj, and ¢ is the phase angle by which H; leads B in time.

Equation (3.9) can be transferred into the XOY coordinate system by multiplying a

transformation matrix
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H,. _(cosa —sina H, . 310
H,, sina  cosa H,, (3-10)

Therefore, the total elliptically rotating core loss can be computed as

dB
PIZL T(H-d—Bjdt:L ! Hr~de+H — 2 \dt
Tp, o dt Tp,*°\ " dt 7 dt

1 e (—Bmajsin(a)t))x[Hlmjcos(a)t+g0)cosa—H1minsin(a)t+go)sina]
Tp, +(B cos(a)t))x[H

min Imaj
VA
= T I:(BmajHlmin

P

d(ot)
cos(wt+@)sina+H, Sin(wH‘P)COS“] (3.11)

+B,.H,,, )sin (a+p)+ (Bmaj -B_. )(Hlmaj -H, . )cosa sin (p]

:%BmajHlmaj [(RH +Ry)sin(a+¢@)+(1-R,)(1- R, )cos arsin (o]

m

where 7=1/f"is the time period of magnetisation, p,, the mass density of the core material,

and Rg=Bmin/ Bmaj and Rg=H 1min/ H1maj are the axis ratio of elliptical B and Hj, respectively.

If the core material has isotropic magnetic property, Ry equals Rp, and hence the above

equation can be rewritten as

r . 2 .
P= EBmajHlmaj [ZRB sin(a+¢)+(1-R,) cosasin qo} (3.12)

When Rz =1, the total rotating core loss in an isotropic material with a purely circular flux

density is
2 .
I)cr :U majHlmaj Sln(a+¢) (313)

When Rp = 0, the total rotating core loss in an isotropic material with a purely alternating

flux density is

T .
Py = T—memajHlma,» cosasing (3.14)

Therefore, (3.12) can be rewritten as
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B =RyF, +(1_RB)2P

alt

(3.15)

Equation (3.15) is independent of the magnetisation frequency, since it is derived directly
from the formula of the total rotating core loss, which is valid for any magnetisation

frequency, and should be applicable to both hysteresis and total core loss.
3.3.3 3-D Rotating Core Loss

In an element of the finite element method (FEM), the three items core loss calculation

model still can be applied even the magnetic flux density contains higher harmonics

])t:Pth+Pte+Ptu (316)

where P; is the total core loss considering higher harmonics in an element of the FEM,
while Pu, P, and P, represent respectively the total hysteresis, eddy current, and

anomalous losses considering higher harmonics in an element of the FEM.

For arbitrary 3-D magnetic flux density trajectory in an FEM element of the PMSM, the
radial magnetic flux density B,, circumferential magnetic flux density By and axial

magnetic flux density B: can be expanded as follows according to the Fourier series

B.(t)= i[Bmk sin(27kft) + B,,, cos(27kft) |

i (3.17)
=ZBrmk sin (27zkft + ¢, )
B,(t)= i [ B,y sin(27kft )+ By, cos(27kft) |
e (3.18)
=" B, sin(27kfi + ¢, )
B.(t)= i[stk sin (27kft )+ B.,, cos (27kft) |
0 (3.19)

= ki B_,sin (Zn'kft +9, )
=0
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where Bk, Bomk, Bzmk are the magnitudes of the k-th harmonics of B, Bo, B-, and ¢, dox,

@-« are the phase angles of these harmonics.

Any order harmonic of these three components will reform an elliptical trajectory in a
plane, which may not be parallel to any coordinate axis. The two axes can be calculated

by

B,, =B +B:, +B:

zsk

(3.20)

Bmck = \/Bizck + Bﬁzck + Bzzck (321)

The larger of Biugk and Bk 1s taken as the major axis Bimgj, and the other as the minor axis

Biumin of the k-th harmonic of the elliptical flux density vector.

The total hysteresis loss in an FEM element can be obtained by summing up the
contributions from these flux density harmonics. For each elliptically rotating flux density
harmonic, the loss can be predicted from the corresponding alternating and rotating losses
according to the axis ratio of the elliptical flux density. Therefore, the total hysteresis loss

Py, in an FEM element is

By = PRy +(1=Ry) Py | (3.22)

k=0

where Rx=Bimin/Bimaj 1 the axis ratio of the k-th harmonic flux density, Py is the purely
rotating hysteresis loss with flux density Bimaj, and Pux is the alternating hysteresis loss

with flux density magnitude of Bmg;.

Moreover, the total eddy current loss Py and total anomalous loss P, in an FEM element

are as follows

=Cﬁ K (Bhuy + Bl (3.23)
=0

J— le [dB"’""(t)T+£d3‘)’""(t)]2+(d3””k()jz dt (3.24)

’“ (2;;)3/2 T dt dt dt
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The core loss for the entire PMSM can be computed as

Ne

Pmotor = Z(Pth +Be +Ba) (325)
e=1

where N, is the number of FEM elements for the entire PMSM.

3.4 Modelling the Core Loss in the Equivalent Circuit Models

Using the equivalent electric circuit is a common way to predict the motor performance
in the field of electrical machine design, analysis and control. The machine is represented
by lumped parameters such as rotating electromotive force (EMF), resistances and

inductances.

Fig. 3-14 illustrates schematically the cross section of a three phase, two pole cylindrical
rotor PMSM. Coils aa’, bb’, and cc’ represent the distributed stator windings producing
sinusoidal magnetomotive force (mmf) and flux density waves rotating in the air gap. The
reference directions for the currents are shown by dots and crosses. The magnetic axis of

the permanent magnets is rotating with the rotor.

Magnetic axis of PMs

Magnetic axis of phase @

Fig. 3-14 Cross section of a three phase PMSM.

Taking phase a as an example, the electrical circuit equation for per-phase of the PMSM

can be written by the Kirchhoff’s voltage law as
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o dﬂ/
va - Rala + dl (326)

where v, and i, are the terminal voltage and phase current of the PMSM, R, is the stator
winding resistance, and /4, the flux linkage of phase winding, which can be expressed in

terms of the leakage linkage and the magnetizing linkage as the following

ﬂ’a = /Ial + /’{’am (327)

where 44 is the leakage linkage of phase a, which links only the stator wingding a, and
Aam 1s the magnetizing linkage which links all three phase of stator windings. To be more

specific, the magnetizing linkage Aa», also can be expressed as

ﬂ“am = ﬂ“aa + ﬂ“ab + ﬂ‘ac + ﬂ‘aj (328)

where A4 1s the flux linkage of phase a generated by phase a current, 4 the flux linkage
of phase a generated by phase b current, . the flux linkage of phase a generated by phase

¢ current, and A4 the component of the PM flux linkage on the magnetic axis of phase a.

Thus, the flux linkage of phase winding a can be rewritten as

A=A+ A, +A,+A, + Aaj (3.29)

Taking the time derivative of both sides of the above equation, one can obtain

a am

dl, diA,di, oA, di, 0A, di, 0A, di di,
=—=—"+ —+ — +

+
dt di, dt oi, dt o, dt oi, dt dt
i i i s da (3.30)
i A, i AL, i Al i AL, 4
oy Sy ey g 9 By
dt dt dt dt dt

where Ly is the differential leakage inductance of phase a; L., the differential self-

inductance; while La, and L, are differential mutual inductances.

For a symmetric three-phase stator winding of the PMSM, the relationships of

inductances are as follows
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1
Lab:Lac:__Laa (331)
2
When the stator windings are excited by balanced three-phase currents, we have
di, di di
e (3.32)
dt dt dt
Thus, equitation (3.30) can be rewritten as
o di i dA
A, _ par dio  3Loy i, | (3.33)
dt dt 2 dt dt
Therefore, the electrical circuit equation for single phase a can be rewritten as
di  dA
v, = Ry, + 17 Loy S (3.34)
dt dt
diff
Liﬂ: 3Laa + L‘:[ﬂ (335)
‘ 2

where L% is known as the differential synchronous inductance, and di4/dt is the induced

electromotive force (emf).

According to the above equation, the equivalent circuit model (ECM) of the per phase of
the PMSM can be illustrated as shown in Fig. 3-15.

I, R, L,
—
o AN Y'Y Y
A
v, Erods (I

Fig. 3-15 Per phase ECM of the PMSM.

However, in electrical machines, there are mainly two kinds of electromagnetic loss, i.e.,

the copper loss and the core loss. In Fig. 3-15, the copper loss is incorporated by using a
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winding resistance R,, while the core loss is neglected in this equivalent circuit model. In
order to establish an equivalent circuit model which can predict the performance of the

PMSM comprehensively, the core loss should be taken into account.

If a resistance is used to represent the core loss due to the magnetizing linkage, the power

consumed by this resistance should be calculated as

P, == 3.36
core R ( )

c

where Peore 1s the power consumed by the equivalent core loss resistance caused by the
flux linkage; R. the equivalent core loss resistance; V. the voltage across the equivalent

core loss resistance.

According to Faraday's law, we can obtain:

dA
V,=——= 3.37
== (337)

Therefore, the equivalent core loss resistance which represents the core loss caused by
the magnetic flux should be connected in parallel with the magnetizing branch. Moreover,
the equivalent circuit model of the PMSM with predictable core loss should be established
as described in Fig. 3-16.

Ia Rg Ls IS
—> ' —
o AN Y'Y Y
v
Va VC §Rc E0=a)e/1f rg
\ 4 v

Fig. 3-16 Per phase ECM of the PMSM with predictable core loss.

64



3.5 Parameters Identification in the ECM of the Claw Pole PMSM
3.5.1 Back EMF

Considering the almost magnetic independence and structural symmetry, only one pole
pitch of one stack of the motor needs to be calculated. Fig. 3-17 illustrates the no-load
magnetic flux density vector distribution. The major path of the PM flux is along one of
the PMs — the main air gap — half of the SMC claw pole stator core disk — the stator yoke
— another half of SMC claw pole stator core disk — main air gap — another PM and then

— the mild steel rotor yoke to form a closed loop.

0.6 T T T T T T v T T T T T ¥ T

0.4
0.2
0.0
-0.2

Magnetic flux (mWhb)

-0.4

_0'6 i 1 " 1 i 1 " 1 N L " 1 M 1
0 50 100 150 200 250 300 350
Electrical degree (*)

Fig. 3-18 Per turn no-load flux of a phase winding.
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The flux waveform linking a stator phase winding produced by the rotor PMs can be
calculated by rotating the rotor magnets for one pole pitch in steps. When the rotor rotates,
the flux linking the stator winding varies and an EMF is induced. In this claw pole PM
motor, the flux waveform is almost perfectly sinusoidal versus the rotor position, as

plotted in Fig. 3-18.

Therefore, the back EMF can be determined as

E, =2z Nk 4, (3.38)

where f'is the frequency, N the number of turns of the stator winding, k. the winding
factor of the phase winding, and ¢, is the magnitude of the magnetic flux linking the
stator winding. In the claw pole PMSM, the concentrated winding is adopted, and hence
kwa=1. At 1800 rpm (300 Hz), E/=48.9V, and the values of the back EFM are proportional

to the rotor speeds.
3.5.2 Incremental Inductance

The behaviour of an electrical circuit is governed by the incremental inductance, also
called differential inductance, rather than the secant inductance [96]. When considering
the nonlinear characteristic of the core material, which is the case for changing loading
conditions, using the secant inductance to analyse the performance of electrical machines
is not very reasonable. Since the principle of the FEM is based on the minimization of
magnetic field energy, choosing energy method, i.e., calculating the energy or co-energy
stored in all the elements to evaluate inductances is considered as quite accurate. Thus, a
modified incremental energy method for the calculation of the phase winding incremental
inductance of the claw-pole motor is used [97]. However, in the case of PM machines,
the magnetic field is generated not only by winding currents but also by PMs, and the
former one just accounts for a small account. According to the modified incremental

energy method, the self-incremental inductance can be computed as

L(6) = 2W.(AL,0) /(Ai) (3.39)

where W, is the magnetic co-energy, and Ai is the stator perturbation.
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Fig. 3-19 shows the computed self-incremental inductance as well as the computed secant
inductance and measured inductance of one phase winding at different rotor positions.
Since the fluctuation of the values of inductances is not significant, for simplification, the
phase winding inductance can be considered as a constant, e.g., the average value over a
variation cycle. Therefore, the average value of a phase winding’s self-incremental
inductance can be computed as L =4.91 mH, while that of the self-secant inductance and
measured inductance are 5.22 mH and 4.72 mH. In the claw pole PMSM, the three phase
are magnetic independent, and hence the mutual inductances between phases can be
regarded as zero, and then the synchronous inductance equals the self-inductance. At the
rated operational frequency of 300 Hz, the synchronous reactance of the stator winding

can be calculated as X; = 2nfL; = 9.26 Q.
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Fig. 3-19 Self-incremental, secant, and measured inductances.

3.5.3 Stator Winding Resistance
The stator winding resistance can be calculated as

R =pl/A (3.40)

where / is the total wire length, 4 the wire cross sectional area, and p the electrical

resistivity of the stator winding.

At the rated winding temperature of 115 °C, representing a temperature rises of 75 °C

above an ambient temperature 40 °C, the resistance is calculated as 0.302 Q.
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3.5.4 Equivalent Core loss Resistance

Fig. 3-20 draws the measured alternating core loss of the SMC material at different
frequencies [98]. Fitting the alternating core loss in Fig. 3-19 with the alternating core
loss mathematical model (3.1), the coefficients in that are Ci,=0.1402, h=1.548,
Cea=1.233¢7, and C,=3.645¢. Therefore, the proportion of each component of the core
loss in the SMC core can be analyzed quantitatively. In the low frequency range,
compared with the alternating hysteresis loss, the alternating eddy current loss and
anomalous loss can be ignored. For example, the alternating eddy current loss and
anomalous loss respectively account for 0.1% and 2.6% of the alternating hysteresis loss

when the frequency is 100Hz.
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Fig. 3-20 Measured alternating core loss of the SMC material at different frequencies.
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Fig. 3-21 Measured rotating core loss of the SMC material at different frequencies.

The measured rotating core loss of the SMC core at different frequencies are illustrated
in Fig. 3-21. The coefficients in the rotating core loss calculation models (3.3) — (3.7) are
calculated as C.,=2.303¢™*, C,,=0, a/=6.814, a;=1.054, a;=1.445, and B,=2.134T by curve
fitting the core loss data in Fig. 3-21.

In the no-load condition, the core loss of the claw pole PMSM based on the proposed 3-

D core loss calculation models at different speeds is demonstrated in Table 3-2.

Table 3-2. Calculated core loss of the claw pole PMSM.

Speed (r/min) Core Loss (W)

300 9.7
600 18.5
900 27.8
1200 38.5
1500 47.6
1800 57.5

According to the proposed ECM with predictable core loss as shown in Fig. 3-15, when
the motor operates in the no-load conditions, I, is considered as zero, then V. and

equivalent core loss resistance R. can be calculated as
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V.=E (3.41)

c a

R =3V?/P (3.42)

ore

where V. is the magnitude of the voltage across the equivalent core loss resistance, and

P.ore the calculated core loss.

The variation of the equivalent core loss resistance R. with respect to the motor speed is
shown in Fig. 3-22. It is seen that the values of R. vary almost in proportional to the rotor
speeds (frequencies). This agrees with the dominant hysteresis loss of SMC, which is

proportional to the excitation frequency.
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Fig. 3-22 Equivalent core loss resistance Rc with respect to the motor speed.

Therefore, we can conclude an equation for calculating the equivalent core loss resistance

by curve-fitting as

R =0.0702n (3.43)

where # is the rotor speed of the claw pole PMSM.
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3.6 Experimental Verifications of the Equivalent Core Loss Resistance

in the Circuit Model

Fig. 3-23 Experimental platform of the claw pole PMSM.

Fig. 3-23 shows the experimental platform of the claw pole PMSM. The motor on the
right side is the target claw pole PMSM, while the DC machine with variable speed drive
system on the left side is the drive motor, and they are connected via a torque transducer
(in the middle). The DC machine works as the drive motor when the prototype is operated

as a generator or the load when the prototype is operated as a motor.
3.6.1 No-load Experimental Verifications

In the no-load experiments of the claw pole PMSM, it is operated as a generator, and its
armature terminals are open-circuited. Thus, no current flows in the armature windings,
resulting in no copper loss. The power feeds into the DC motor would be the summation
of the core loss and mechanical loss (friction and windage) of both the DC motor and the
claw pole PMSM. Subtracting the loss of the DC motor yields the core loss and
mechanical loss of the claw pole PMSM alone. Table 5-3 shows the power fed into the
DC machine when it drives the claw pole PMSM at different speeds, where V. is the
applied DC voltage to the armature of the DC machine, /s the input current, £, the back

emf, and P., the electromagnetic power.
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Table 3-3. Power fed into the DC machine when it drives the claw pole PMSM at different speeds.

n (r/min) Vie (V) Iac (A) Eq (V) Pem (W)
104 6.4 1.29 4.1 5.3
196 10.2 1.32 7.8 10.4
299 14.3 1.40 11.8 16.6
401 18.5 1.44 16.0 22.9
508 23.0 1.50 20.4 30.7
608 27.2 1.55 24.4 38.0
705 31.2 1.60 28.4 45.3
816 35.6 1.65 32.7 54.1
898 39.0 1.70 36.0 61.2
1003 43.1 1.75 40.0 69.9
1115 47.8 1.81 44.6 80.6
1207 514 1.85 48.1 89.0
1292 55.0 1.89 51.7 97.8
1403 59.3 1.93 55.9 107.8
1507 63.5 1.99 60.0 119.6
1604 67.5 2.02 64.0 129.2
1710 71.9 2.09 68.2 142.6
1808 75.9 2.13 72.2 153.5

The mechanical loss of the claw pole PMSM is measured by replacing its stator with a
wooden tube, and then repeating the previous test procedure. Therefore, the core loss of
the claw pole PMSM is obtained by subtracting the mechanical loss from the summation
of the core loss and mechanical loss. Table 3-4 exhibits the power fed into the DC motor

when it drives the claw pole PMSM with a wooden stator.

It 1s assumed that the core loss and mechanical loss of the DC motor are constants at a
certain speed. Therefore, the electromagnetic power in Table 3-3 subtracting that in Table

3-4 yields the core loss of the claw pole PMSM.
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Table 3-4. Power fed into the DC machine when it drives the claw pole PMSM with a wooden stator.

n (r/min) Vie (V) lac (A) Eq (V) Pem (W)
113 5.7 0.425 4.4 1.9
212 9.8 0.489 8.3 4.1
288 13.1 0.528 11.5 6.1
404 17.9 0.601 16.1 9.7
539 23.6 0.645 21.6 14.0
593 25.8 0.690 23.7 16.4
730 31.5 0.773 29.2 22.5
776 33.2 0.785 30.8 24.2
913 39.0 0.845 36.4 30.8
997 42.5 0.880 39.8 35.0
1106 46.8 0.928 44.0 40.8
1238 52.3 0.980 49.3 48.3
1279 54.0 1.01 50.9 514
1383 58.5 1.05 55.3 58.1
1519 64.0 1.11 60.6 67.3
1588 66.5 1.14 63.0 71.9
1671 70.2 1.18 66.6 78.6
1777 74.5 1.23 70.8 87.0

The comparisons between the measured core loss and calculated core loss based on the
proposed ECM at different speeds under the no-load steady-state conditions are shown in
Fig. 3-24. The calculated core loss is about 7% lower than the measured, which may be
caused by the measurement error and some additional loss ignored in the calculation, e.g.,
the stray loss, eddy current loss of PMs, etc. To sum up, the proposed ECM and equivalent
core loss resistance identification methods can effectively and accurately predict the core

loss of the PMSM under no-load conditions with a wide speed range.
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Fig. 3-24 Core loss measurement and calculation.

3.6.2 Load Experimental Verifications

The motor is assumed to operate in the optimum brushless DC mode, i.e. I in phase with

E,, so that the electromagnetic power and torque can be obtained by
P, =3E]I cosp=3E1I (3.44)

T,=P,/o (3.45)

where ¢ is the angle between phasors E, and I, and in the optimum brushless DC mode,

=0.
In this claw pole PMSM, electromagnetic torque is a constant as: 7.,=0.273 Nm.

Notice that the armature reaction in the SMC motor is quite small and it will not
demagnetize the permanent magnets. That is to say, whether the motor works with no-
load or load conditions, the distribution and strength of the magnetic field in the SMC
core will hardly change, and then the core loss will not change significantly. Therefore,
the calculated equivalent core loss resistance R. by (3.43) can be used to predict the core
loss in loading conditions, where phase current |1,| >0, and then the core loss and copper

loss can be predicted by

V.=E,—jX ], (3.46)
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P,.=3V’/R, (3.47)

1 X
I =—E +(1-j25)1
a R,a( JR>S (3.48)

c c

P, . =31"R (3.49)

copper
where V. is the voltage across the equivalent core loss resistance, Iy the current through

the synchronous inductance, and I, the phase current of the claw pole PMSM.

In the load conditions, the output power, input power, and efficiency of the claw pole

PMSM are calculated by

Pout = Pcm - Pmcch (3.50)
[)in = Pem + Pcopper +[?:ore (3 5 1)
77 =Puut/Pin XIOO% (3-52)

where Puecn 1s the mechanical loss including windage and friction. In this claw pole

PMSM, the mechanical loss accounts 3% of the output power approximately.

Based on the test platform as shown in Fig. 3-23, load experiments of the claw-pole
PMSM with SMC core were established. The prototype was used as the prime mover,
and the DC machine was used as the generator. The magnitude of the electrical load is
adjusted by changing the value of variable resistances connected to the DC machine,
thereby changing the phase current and output electromagnetic torque of the claw-pole
PMSM. In load experiments, the input voltage of each phase of the PMSM is fixed at
68V.

Table 3-5 shows the measured output characteristics of the claw-pole PMSM under
different load conditions. It can be seen that with the increase of motor load (or the phase
current of the motor), the output torque constant k7 (the ratio of electromagnetic torque to
armature current) is also increasing until reaching the rated operating point (#=1802 r/min,

Tgu[:2.65Nm).
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Table 3-5. Measured output characteristics of the claw-pole PMSM under different load conditions.

n@min)  L(A)  Tow(N-m) Pu(W)  Pex(W)  5(%)  kr(N-m/A)

2021 1.96 1.185 359.7 250.8 69.7 0.605
1959 2.34 1.500 417.5 307.7 73.7 0.640
1898 2.81 1.910 498.0 379.6 76.2 0.679
1828 3.49 2.463 595.5 471.5 79.2 0.706
1802 3.72 2.651 624.8 500.3 80.1 0.709
1776 4.27 3.000 700.9 557.9 79.6 0.702

Fig. 3-25 presents the output torque versus the speed of the claw pole PMSM. The orange
curve in the figure shows the measured output torque of the motor, while the green curve
demonstrates the calculated output torque via the proposed ECM with the predictable core
loss. It is clear that the calculated torque is slightly smaller than the measured ones, and
the maximum error between them does not exceed 6.5%. The error may come from the
neglection of the stray loss and eddy current loss of PMs. In conclusion, the proposed
ECM with the predictable core loss can accurately predict the core loss and the output

torque of the PMSM in a wide speed range.
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Fig. 3-25 Output torque versus the speed of the claw pole PMSM.
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3.7 Core Loss Predictable Model in the Model Predictive Control of the
PMSM

In the last decades, model predictive controls (MPCs) have become a hotspot of academic
research and industrial application since they can provide superior dynamic and steady-
state characteristics. Among various MPC methods, the deadbeat predictive current
control (DPCC) has superior dynamic response capabilities, making it suitable for the
high-speed drive [99-101]. However, the DPCC is a parameter-sensitive control method
of the PMSM model, and hence parameter mismatch will cause the predicted control
variables to deviate significantly from the expected values. Some parameter
compensation methods have been developed to address this problem, but often they

cannot provide satisfactory results.

In the DPCC, the ECM of PMSMs, also known as the predictive model, is the essence for
the further behavior prediction of the control variables, such as the g-axis current. The
predictive values of the control variables are derived though the ECM of the PMSM, and
at the end of each control period, the difference between the predictive and actual values
of control variables is forced towards zero. Thus, the DPCC is a model-dependent
algorithm, and the inaccurate ECM will directly affect the values of the control variables
and furtherly increase the errors. Therefore, improving the accuracy of the ECM of the

PMSM can be very effective for the performance enhancement of the DPCC drive system.
3.7.1 Establishment of the d- and g-axis ECM with Predictable Core Loss

Although the per-phase ECM (as shown in Fig. 3-16) benefits in clear physical meaning
and easy to understanding, the d-q axis ECM of PMSMs attracts more attention in the
motor vector control area. Thus, a change of variables that formulates a transformation of

the three-phase stationary circuit elements to the rotary reference frame can be written as

uqd0 = Ksuabc (353)

where ugq0 1s the voltage vector with the rotary reference frame, uqsc the voltage vector
with the three-phase stationary reference frame, and the matrix Ky and its inverse matrix

(Ky)! are defined as
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cos® cos(6—27/3) cos(0+27/3)

KSzz sinf sin(6—-27/3) sin(0+27/3) (3.54)
1/2 1/2 1/2
cos@ sin @ 1
(K,)" =|cos(0-27/3) sin(6-2x/3) 1 (3.55)

cos(0+27/3) sin(0+27/3) 1

Thus, (3.53) can be rewritten as

u,,=KR (K, )-l Lo + Ksp[(Ks )-I lqdﬂ}

. . . (3.56)
:KsRs(Ks) lqd0+Ksp(Ks) lqd0+Ks(KS) p)quo

where 4440 and iy are the flux linkage and current vectors under the rotary reference

frame, Ry is the stator winding resistance matrix, and p is the differential operator (=d/dt).

After mathematical manipulations, the voltage equations under d-q axis reference frame

can be written as

u,=Ri,—w A + pA
{ oo e (3.57)

u, =Ri,+w, A, +pl,
where w. is the PMSM speed in electrical radian per second.

Similarly, for the R. branch in the per-phase ECM, the voltage equation can be described

as

u, - Ri, +Ri. (3.58)

abc s abc ¢ cabc

Applying the reference frame transformation, one has

s “abc = KsRs (Ks )-I iqd0 + KsRc (Ks )-1 ichﬂ

= Rslqd0 +R ‘lch0

c

u,=Ku
o (3.59)

where iupe and icape are the phase current and the core loss current matrixes under the three-
phase stationary reference frame, whereas icqa0 1s the core loss current matrix under the

rotary reference frame, and R. is the equivalent core loss resistance matrix of the PMSM.
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Then, the mathematical models of the PMSM considering the core loss resistance under
the d-q axis reference frame have been established. Additionally, the d-¢g axis ECMs with

predictable core loss are demonstrated as shown in Fig. 3-26.
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(b)
Fig. 3-26 ECM of PMSMs with predictable core loss: (a) d-axis; (b) g-axis.

3.7.2 Establishment of the Drive System with Improved DPCC

The DPCC is based on the predictive model of the PMSM to predict voltage references
to generate proper switch signals via space vector pulse-width-modulation module for the
inverter, and then drive the PMSM. Correspondingly, the model parameter mismatch of
the DPCC is an obvious problem that has attracted widespread attention from scholars all
over the world. Establishing an accurate predictive model of PMSMs can address the
aforementioned problem fundamentally. The block diagram of the drive system with the
improved DPCC is illustrated in Fig. 3-27. A PI controller which regulates the mechanical
speed loop of the PMSM, and a DPCC which adjusts the d-g axis current loop are included
in the proposed drive system. The reference d-q axis currents are derived from the speed
error in the PI controller. In this application, the i#=0 control strategy is adopted to realize

the maximum torque per ampere drive.
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Fig. 3-27 Schematic diagram of the DPCC drive system.

The current equations considering the core loss of the PMSM in the DPCC can be written

as
dlod RcRs ®
dt _ Ls (Rc + Rs) ‘ |:lodj|
di,, o, _ RR |4,
dt ‘Ls (RC + RS )
(3.60)
R
c 0 0
L, (Rc + R, ) u,
+ + o4,
R u —_—
0 < ! L
L (Rc + RS) ;
_ Lsa)e
Iy =1y _Tcloq
Cle o4 (3.61)
lq=l0q+ R lod+ R

where iz and ioq are the d-axis current and magnetizing current, and i; and iy, are the g-

axis current and magnetizing current, respectively. Aris flux linkage generated by the PMs.

Assuming that the control system has very small sampling period 75, the PMSM’s discrete

current predictive model can be obtained according to the first-order Taylor series as

i(k+1)=Ai(k)+Cu(k)+D(k) (3.62)

where
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i(k) {l}’ (k)},u(k) = {“d (k)} (3.63)

TRR
_ s” s T k
y L (R +R) (k)
= TRER (3.64)
_]’;a)e(k) _ s” ¢S
i ‘ L (R +R)
TR, .
- L (R +R) y
= TR (3.65)
I L (R +R,)
0
D(k)=| To,(k)4, (3.66)
LS
The PMSM voltage in the following modulation period is predicted as
u(k+1)=C"' i (k) - A(Ai(k)+Cu(k)+ D(k))-D(k+1)] (3.67)

where i"(k) is the reference currents.
3.7.3 Comparison of the Proposed and Traditional DPCC

Initially, the motor is at standstill and with no-load. A step command of rated speed (1800
r/min) from standstill is provided. In the drive system, the parameters of the PI controller
are fixed as K,=10 and K;=0.24 both for the traditional DPCC and the improved DPCC.
Fig. 3-28 depicts the rotor speed response of the two cases. It is found that the rise time
with the traditional DPCC is 0.091 s, and after a short period of oscillation, the motor
speed can follow the preset speed without steady-state error, as shown by the blue line.
The red line describes the rotor speed response with the improved DPCC, and the rise
time is 0.085 s and also can follow the preset speed without steady-state error. The
dynamic speed response of the drive system with the improved DPCC is faster than that

of the traditional one.

81



T
1810 5
_’é‘ 1800
£
o)
= 1790 1 &
D
v}
2
1780 1 Rated Speed
Traditional DPCC
1770 Improved DPCC 4
0.08 0.10

Time (s)

Fig. 3-28 Comparison of rotor speed response between the drive systems with the traditional and

improved DPCCs.

After the rotor speed reaches the steady-state, a torque step command of 1 Nm from no-
load at 0.12 s is applied. The corresponding torque characteristics for both the traditional
and improved DPCCs are presented in Fig.3-29. With the traditional DPCC, after a short
period of oscillation, the speed offset of the drive system changes from zero to a negative
value, i.e., the steady-state speed is less than the preset speed (1800 r/min), depicted by
the blue line. With the improved DPCC, the rotor speed enters the steady-state after 0.005
s of oscillation, and can still follow the preset speed accurately. It can also be seen that
the torque robustness of the drive system with the improved DPCC is better than the
traditional DPCC when the motor load torque changes suddenly.
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Fig. 3-29 Comparison of torque response between the drive systems with the traditional and improved

DPCCs.
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Fig. 3-30 illustrates the phase current response of the drive system with the improved
DPCC during the control process mentioned above. After the phase currents are stabilized,

their amplitude is 2.379 A, and the phase currents are quite sinusoidal.
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Fig. 3-30 Phase current response of the drive system with the improved DPCC.

3.8 Conclusion

Firstly, this chapter analyzes the 3-D rotating magnetic fields in a claw pole PMSM which
has a stereoscopic magnetic structure, and the magnetic flux density trajectory at any
point in the stator of the motor is of 3-D pattern and gets into two categories: the
alternating pattern and near the elliptical rotating pattern. Moreover, these 3-D magnetic
flux density trajectories contain a large number of high-order harmonics, and the higher
the proportion of the high-order harmonics, the more distortion of the trajectory. However,
the 3-D trajectory of the magnetic flux density at any point in the stator is the vector
summation of the trajectories of magnetic flux density’s fundamental and high-order
harmonics, and the trajectories of the fundamental and high-order harmonics of the
magnetic flux density just fall into two categories: 1-D alternating pattern like a straight

line and 2-D rotating pattern like an ellipse.

Secondly, the core loss mathematical models with the 3-D rotating magnetic fields are
derived, and then the method of modelling the core loss in the ECM is developed
systematically. In the next sections, the motor parameters including the equivalent core
loss resistance are determined based on finite element method and considering the 3-D
rotating magnetic field, which is efficient and accurate, particularly at the design stage.
More importantly, the equivalent core loss resistance in the proposed ECM is modelled
as a function of the motor speed, and hence the prediction accuracy of entire speed range
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has been boosted. Both no-load and load tests verify that the proposed ECM and

parameters identification methods are practical, effective and accurate.

Finally, this chapter establishes an improved DPCC with a novel predictive model to
enhance the performance of the PMSM drive system. In the improved DPCC, the
predictive model of PMSMs with predictable core loss is adopted to generate more
accurate predictive control variables. Then, the dynamic speed response and the torque
robustness of the drive system with this improved DPCC are enhanced effectively. At the
same time, the phase currents of the drive system with the improved DPCC can maintain
a good sinusoid. This predictive model can be further extended to analyze the robustness
when other kinds of disturbance, such as parameter variation during operation, and this
approach would also be effective to enhance the accuracy of the predictive control

variables in other kinds of model predictive control.
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CHAPTER 4. PER-PHASE EQUIVALENT CIRCUIT
MODEL OF THE PMSM WITH PREDICTABLE CORE
LOSS

4.1 Introduction

ECM with predictable core loss has not been limited to a standard topology, since the
mechanism of the core loss has not been fully understood yet, hence its modelling 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. 4-1.

I L, R, 1,
«— «——
—— YN AW o

Fig. 4-1. Per-phase ECM of PMSM with predictable core loss.

In Fig. 4-1, the equivalent core loss resistance R. is connected in parallel with the series
branch of synchronous inductance Ls and back EMF Ej. If the PMSM is operated with
the optimal brushless dc control, i.e., adjusting the armature current /; and the back emf
to have the same phase angle, and the terminal voltage of per-phase V), is controlled to

vary against the back emf (or speed) and load current by

E,+jX I,

Vp =E,+jX I +R (I + ) 4.1)

c

where R; is the phase winding resistance, X;=w.Ls the synchronous reactance, and we is

the rotor speed in electrical angular frequency.

The core loss is calculated by
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(4.2)

To further understand the core loss and the magnetic flux in stator core which arises the
core loss, Fig. 4-2 illustrates the magnetic flux density versus the phase current in the
stator core of the PMSM. When the PMSM operates under the no-load conditions where
no current flows in the armature windings, /,=0, the magnetic flux density in the stator
core generated by PMs is at the inflection point of the magnetization curve, Bpy, which
is close to the saturation value Bs. When the PMSM operates under the load conditions
where there are armature currents fed into 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. When the phase current
reaches the rated value Iy, the stator core flux density By is very close to the saturation
value Bs., and will not increase significantly, 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 and the phase current, the

core loss will not increase evidently with the growing phase current.

1=0 L=I, L, (A)

p p

Fig. 4-2. Magnetic flux density versus the phase current in the stator core of the PMSM.

Therefore, (4.2) 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 that much due to magnetic saturation effect. For example, if the voltage
generated by the armature current, X/, has the same value of Ey, the calculated core loss

would be doubled compared with that at no-load conditions where X;/s equals zero.
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In conclusion, the ECM as shown in Fig. 4-1 cannot provide accurate core loss predictions,

especially when the motor is operating with large loads or armature currents.
4.2 Per-phase ECM of the PMSM with Predictable Core Loss

The proposed generalized per-phase ECM of the PMSM with predictable core loss is
shown in Fig. 4-3. 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 Ey. Since there are three components of the
core loss, three equivalent resistances Ry, R. and R., 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 L; is adopted. The summation of the power loss
in R;, Ry, R. and R., represents the core loss when the PMSM operates at loading

conditions.
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Fig. 4-3. Generalized per-phase ECM of PMSM considering the core loss and magnetic saturation effect

(In motor convention).

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

rewritten as

szRi XSZ Ri .]X sRi2
Vp :EO +Rs[p +m[ﬂ :EO+Rst + X2 +R2 ]p +X2 +R2 [p (43)
[,=0L+1,+1,+1, 4.4)

where V), and I, are respectively the phase voltage and phase current. Ey is the back
electromotive force, R, the phase winding resistance, X=w.Ls the synchronous reactance,
and R;, Ry, R. and R, are equivalent core loss resistances. I, I, l.n, and I; are currents

flowing through Ry, Re, Ran, and Ey, respectively.

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

P = anOI1 cosy 4.5)
P

T — em 4,

. (4.6)

where y stands for the angle between phasors E, and /;, n, the number of phases, and @,

is the rotor speed in mechanical angular frequency.

Moreover, the copper loss P, the no-load core loss Pc,, the load core loss Pc;, the input
power Pi,, the output power P,., and the efficiency # of the PMSM are obtained as
follows:
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P,=nI'R (4.7)

2 2 2
E E
P, =P+P+P, =n —>~+n,—+n, — (4.8)
g h 8 Re pRan
E? E? E: X’R
Ro=P,+R=R+P+P, +B=n,—ton,—ton, —Cin - (4.9)
3 Rh ! Re g Ran nr st +Ri2
B, =nV I cosg (4.10)
})out :l)em_ mech (411)
n=~P /P x100% (4.12)

where ¢ is the angle between phasors V), and I, n, the number of phases, and Ppecr 1s the

mechanical loss of the PMSM.
4.3 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, 1.e., the finite element method (FEM) and
the experimental test. Three-dimensional core loss calculation considering the rotating
magnetic field is highly recommended due to its superior accurateness, and details can be
found in [20]. 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 chapter, a three-phase PM transverse flux synchronous motor (TFSM) 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 4-1, and the prototype motor is
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illustrated in Fig. 4-4. 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 4-1. 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 041 Q
Synchronous inductance 6.08 mH
PM flux 0.28 mWb
Number of turns of a phase winding 125

(a) (b)

Fig. 4-4. Prototype of the PM TFSM: (a) Rotor, (b) Stator.

For determining the equivalent core loss resistance, R;, Re and Ras, the no-load core loss
data should be figured out. In this study, all parameters in the ECM are from experimental
tests, and Table 4-2 lists the measured no-load core loss with different speed or frequency
[60, 102]. 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 rotor 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. The PM motor is driven to act as a generator and a
DC motor is selected 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.

90



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 rotor, obtains the core loss of the PM motor.

Table 4-2. Measured no-load core loss 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 the no-load core loss of the PM TFSM is obtained as

P=n Ej(RT+—+R—)=khn+ken +k,n" (4.13)

where 7 is the speed of the PMSM, n,=3 for this PM TFSM.

By curve-fitting the data in Table 4-2, the core loss coefficients can be obtained as
ki=1.881x10 W/rpm, k.=1.085x10° W/(rpm)?, and k.=5.178x10°. As E=4.44fN D,
and f=pn/120, where p=20 is the number of poles, Ey=0.0259n. It can be deduced that Rj,
is a linear function of motor speed n, Ru, is proportional to the square root of n, and R. is

a constant. Then we can obtain R, =0.1077 Q, R. =185.5 Q, and R, =388.7Vn 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
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dc control, i.e., the armature current is controlled to be in phase with the back emf, so I,

lags @, by 90 degrees.

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

L
x =Py (4.14)
60

where p is the number of poles, and # is the motor speed in rpm.

Substituting (4.14) into (4.9) and solving it, R; can be obtained as

P Sin® +S,nySin’ — 4S8! .15

’ 28,
P -P
S — Cl co
! ”pli (4.16)
7 pL
S, =——+ 4.17
= (4.17)

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, $1=0.56 and $>=6.37 X 107,

Therefore, the equivalent resistance R; for the PM TFSM is computed as

R = (6.37x107)°n’ +(6.37x10*3)n\/(6.37x10*3 *n* —1.2544

. (4.18)
’ 1.12

4.4 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 [103], two representative

methods will be used to compare with the proposed method in this chapter.
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Method 1: the topology of the ECM is as shown in Fig. 4-1, 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. 4-1, 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 QQ, where n is the motor speed.

The experimental platform of the PM TFSM is illustrated in Fig. 4-5. 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.

PM TFSM

Fig. 4-5. Experimental platform of the PM TFSM with SMC core.

Fig. 4-6 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. 4-6. 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 (4.19)

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. 4-7. 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.
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Fig. 4-7. 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. 4-8 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.

200

—_
W
o

100

Load core loss(W)
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Fig. 4-8. Core loss at the rated operating point predicted by different methods.

Method 1

Method 2 Proposed Measured
Method

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.
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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 /; and back emf Ey to have the same phase angle, the

phase voltage of the motor can be obtained as

IXR , I XR
=Bt R ) e

s

)? (4.20)

Therefore, the mechanical characteristic of the PM TFSM, i.e., the relation of the motor

speed and output torque can be worked out from the above-mentioned equation as

- )
k k k
kemfn+RS(7;m+ nf , Lem™ e’”f\/;)
ko ko k| k

Vz — T e an
k)zﬂcani Tem kemf kemfn kemf \/;
s R P + + )
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e an

(4.21)

_2
kX nR2 T kemf kemfn kemf \/;
H 55— 2( e + + )
kwn"+R k. k, k k

e an

where kem=0.0259 V/rpm is the back emf constant, kxs=2npLs/120=0.00637 Q/rpm is the
synchronous reactance constant, and k7=90ken/n=0.742 Nm/A is the electromagnetic

torque constant.

In methods 1 and 2, the phase voltage equation can be obtained by rewriting (4.1) as

E R X IR
Vl’ = \/(EO + RSIS + %)2 + (les + %)2 (422)

c c

The mechanical characteristic of the PM TFSM can be calculated as

96



Tk, Rn| r R
2 _ em emf s em s
Vp _{kemfn+RS P +—R } {szn . (1+E)} (4.23)

T 4 T C

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,+RI +jiX,]I (4.24)

where the currents passing through Ey, Ry and X; are the same. As I, is controlled to be in

phase with Ey, one can obtain

T T
V?=(k,mn+R, o )’ +(kyn o )’ (4.25)
T T

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. 4-9. It is noted
from the prototype experiment that the ratio of V), over Vac 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. 4-9. Core loss at the rated operating point predicted by different methods.
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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. 4-10. 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. 4-10. Efficiency map of the PM TFSM.
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4.5 Conclusion

This chapter presented a generalized per-phase equivalent circuit model considering the
core loss and magnetic saturation effect, for predicting the core loss and analysing 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 analyse 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 or not 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 its stator and rotor magnetic fluxes are
rotating at the same speed. Generally, eddy current loss in PMs is caused by the harmonic
fluxes, and it might not be significant when the motor operates stably at the synchronous

speed.
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CHAPTER 5. DQ AXIS EQUIVALENT CIRCUIT MODELS
OF THE PMSM WITH PREDICTABLE CORE LOSS

5.1 Introduction

Electric vehicles (EVs) have been considered as one of the major solutions for tackling
greenhouse gas emission and environment pollution problem. Electric motor drives are
among the key enabling technologies for EV success [5, 6]. Various types of electric
motors have been investigated for driving the EVs, such as induction motors [104, 105],
switched reluctance and synchronous reluctance motors [106-109] and permanent magnet
(PM) synchronous motors (PMSMs) [110-124]. Particularly, the PMSMs have been very
widely researched and applied thanks to their many advantages such as high efficiency,
high power density, light weight and small size. While the surface-mounted PMSM
(SPMSM) has merit of easy assembly of permanent magnets [110-112], the interior
PMSM (IPMSM) [113-118] possesses the advantages of high resistance against
demagnetization and possible usage of flux concentration, leading to higher torque

density and higher speed range.

In [113], the interior PMSM with distributed winding design revealed the capability of
simultaneously achieving flux concentration and reluctance torque, and avoiding PM
demagnetization based on the rotor structure optimization. Jung et al. designed an
IPMSM with asymmetric rotor for reducing vibration under certain load condition [115].
To reduce the usage of expensive rare-earth PM, a spoke-type motor was designed to have
both NdFeB and ferrite magnets, and the results show that it cannot only gain low PM
cost, but also achieve high flux-weakening and demagnetization withstand capabilities
[114]. Liu et al. investigated the parameter and performance calculations of IPMSMs with
different rotor structures such as U-shape, V-shape, spoke-type and circumferential-type
PMs [116]. Dorrell et al. studied different rotor topologies based on the spoke design for
hybrid EVs [117]. Sun et al. analysed the performance of IPMSM by using the model
predictive control strategy [118].

In this chapter, an IPMSM prototype for EV propulsion is selected as the study case to
develop the d- and g-axis ECMs with predictable core loss. The d- and g-axis ECMs of
the PMSM greatly benefit the development of the modern motor control theory, and they
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work the same as the analytical formulas which can provide a fast computation with good
indication of how a parameter may affect the motor performance [119-121]. On the other
hand, the numerical methods like finite-element analysis (FEA) can achieve more
accurate results as they can take into account the geometry details and the nonlinear
properties of magnetic materials [122-125]. Therefore, the major motor parameters in d-
and g-axis ECMs, such as the winding flux and back electromotive force (EMF), winding
inductance, and the core loss in various load conditions, are calculated with the assistance

of the FEA.

In the last section of this chapter, an improved maximum torque per ampere current
control of the PMSM considering both the core loss and copper loss, which is derived
from the proposed d- and g-axis ECMs with the predictable core loss, is developed
theoretically.

5.2 Analysis of the IPMSM

Fig. 5-1 shows the structure of the IPMSM prototype. The top figure illustrates the
schematic diagram of the rotor assembly, and the bottom figure shows the photos of the

fabricated rotor and stator. Table 5-1 lists the major dimensions and parameters.

Fig. 5-1. The IPMSM structure.

Table 5-1 Key dimensions and design parameters
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Dimension

Value

Number of phases

Number of slots

Number of poles

Number of magnets per pole
Core material

Stator outer diameter (mm)
Stator inner diameter (mm)
Stator axial length (mm)
Rotor outer diameter (mm)
Air-gap length (mm)

Tooth width (mm)

Winding type

Number of coil turns
Number of winding branches
Pitch of coil (slots)

Copper wire diameter (mm)

3

48

8

2
35WW270
200

135

108

134

0.5

6.35
Double layer
4

4

5

0.8

power is 40 kW, and the maximum torque is 180 Nm.

B [tesla]

2.2902
. 2.1375
1.9848

1.8322
1.6795
1.5268
1.3741
B 1.2214

.| 1.0688

0.9161

0.7634
0.6107

| 0.4580
0.3054
0.1527
0.0000

The motor is designed to have a rated speed of 3600 rpm with a rated power of 20 kW,

delivering a rated torque of 53 Nm. The maximum speed is 5500 rpm, the maximum

To accurately calculate the key motor parameters, the magnetic field distribution is
worked out by the two-dimensional (2-D) FEA. Fig. 5-2 plots the magnetic flux density

distribution at no-load, i.e., there is no current following through the stator windings.

Fig. 5-2. 2D magnetic field distribution in the IPMSM.

5.2.1 Magnetic Flux and Back EMF

Based on the 2D FEA results of the magnetic flux density distribution at the no-load
condition of the IPMSM, the curves of the radial and circumferential components of the

air-gap magnetic flux density against rotor position in electrical degree can be obtained,
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as shown in Fig. 5-3. The maximum value of the radial component of the air-gap flux
density, depicted by the blue solid line, is about 0.87 T. The maximal circumferential flux

density is around 0.18 T.
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Fig. 5-3. Radial and circumferential components of air-gap magnetic flux density versus rotor position.

The V-shaped IPMSM air-gap flux density waveform can be approximately simplified as
a flat-topped wave rather than the sine wave. Although there are a large amount of
harmonics in the air gap flux density, the phase winding is formed with short-pitch and
distributed coils, then the effect of higher-order harmonics of the flux has been greatly
reduced and hence the back EMF in the phase winding approximates sinusoidal, which is

shown in Fig. 5-4.
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Fig. 5-4. Back EMF in per phase versus rotor position at rated speed.

The root mean square (RMS) value of the back EMF of a phase winding at the rated speed

of 3600 rpm can be computed as 51.06 V. When the flux remains constant, e.g., using the
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variable voltage variable frequency (VVVF) control, the EMF constant can be calculated

as 0.03386 Vs by kem~=E 1/ we, where . 1s the electrical angular speed.
5.2.2 Winding Resistance

Ignoring the skin effect of the alternating current, the phase winding resistance can be

computed by the following equation

Pl
R =
1N 4 (5.1)

b*"cu

where p=1.75x10® Qm is the electrical resistivity at the room temperature 20 °C, /; is the
total length of the phase winding, 4., is the cross-sectional area of the copper wire, and
Nj is the number of strands. The total length of one phase wining is 7.53 m, and the phase

resistance is computed as 0.0699 Q.

Generally, the rated temperature is much higher than the room temperature. Thus, taking
the influence of the temperature into account, the stator winding resistance can be

modified by

234.5+1,

CT M 34544, (52)

where #; is the room temperature, and #, the rated operation temperature. Thus, the phase

resistance can be modified as 0.0974 Q when the operational temperature is 120 °C.
5.2.3 Winding Inductance

When calculating the winding inductances of the PM motor, incremental inductances,
also called differential inductances, should be computed rather than the secant
inductances [97]. Thanks to the continuous improvement of ANSYS software, the
incremental inductances can be obtained conveniently via the latest versions. Fig. 5-5
illustrates the incremental self-inductances of three phase versus rotor position at the no-

load condition.
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Fig. 5-5. Incremental self-inductance of three phase windings versus rotor position at no-load condition.

Taking the position of maximum self-inductance of phase A as the reference zero, the

three phase incremental inductances can be written as

L,,=149.36+89.74cos260

L,, =149.36+89.74cos 2(6 —120°) (5.3)
Lo =149.36+89.74c0s 2(6+120°)

where @ 1s the rotor position in electrical degrees, and the unit of inductance is pH.
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Fig. 5-6. Incremental mutual-inductance of three phase windings versus rotor position at no-load

condition.
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Similarly, the incremental mutual inductances of three phases at the no-load condition are

shown in Fig. 5-6, and can be expressed as

L,=L, =-56.8+732c0s2(6+120")
L =-56.8+73.2cos2(0) (5.4)

BC — LCB

L, =L, =-56.8+73.2c0s2(0-120°)

Therefore, the inductance matrix can be obtained

Ly Li Ly
Liype =|Lys Lgs Lyc (5.5)
Loy Lep Lec

In the modern motor control areas, especially in the vector control, the ECMs or

mathematical models of the PMSM under the d-g axis reference frame are widely used.

The transformation matrix C from 3-phase rotary reference frame to 3-phase stationary

reference frame and its inverse matrix C/ are defined as

cos@ —sin @ 1
C=|cos(0—-120) —sin(@—120") 1 (5.6)
cos(@+120") —sin(@+120") 1

cos@ cos(@—120") cos(B+1207)
C'= 2 —sin@ —sin(@—120") —sin(@+120") (5.7)
1/2 1/2 1/2

The currents and flux linkage of the PMSM under different reference frames have the

relationship as follows

iABC = Cidqo (5 . 8)

A

dqo

= CilﬂABc = CilLABCiABC = CilLABCCidqo = Liyoligo (5.9)

Therefore, the inductances under 3-phase rotary reference can be calculated as

Ly, =C 'Ly C (5.10)
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Implementing the reference frame transformation, the incremental d-axis and g-axis

inductances at the no-load condition are determined as L,~=83.955 uH and L,=328.365 uH.

Actually, the inductances of the PMSM are not only determined by the PMs flux but also
by the winding currents. Due to the nonlinear magnetic properties of the steel sheet, the
incremental d-axis and ¢g- axis inductances decrease with increasing winding currents, as

shown in Fig. 5-7.
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Fig. 5-7. Incremental d-axis and q- axis inductances versus winding current.

5.2.4 Electromagnetic Torque

When the motor is operated under the field-oriented control with zero d-axis current, the
armature current is in phase with the back EMF, then electromagnetic torque constant is

determined as 0.40632 Nm/A by

Tem })em 3Elp]
kT ===

= =1.5P*k,,
I ol 20l :

(5.11)

where @- is the mechanical angular speed of the rotor, and P the number of poles.

5.2.5 Core Loss

The core loss may take a significant part of the power loss, particularly when the machine
operates at high speeds and with large currents. The core loss is caused by the magnetic
field variation in the motor cores, and it is usually computed by the Berttoti’s three-term
formula [95, 126, 127], which consists of the hysteresis loss Py, eddy current loss P. and

anomalous loss P..
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P.=P+P +P, =k, fB; +k.f’B, +k,f"B,’ (5.12)

where fis the frequency of the magnetic field, and B,, the magnitude of the magnetic flux
density. kx, a, ke, kan are the loss coefficients, which can be determined by curve-fitting

the core loss data measured on a standard material sample under different frequencies and

magnetic flux densities.

Fig. 5-8 presents the core loss of core material (35WW270) measured by Epstein test
apparatus. The core loss of sample no-oriented electrical sheet steel increases with the

magnetic field frequency and density.
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Fig. 5-8. Core loss of no-oriented electrical sheet steel (35WW270).

Fig. 5-9 illustrates the core loss of the PMSM based on the finite element method, while
the motor speed is in the range of 600 - 6000 rpm, and the operating conditions cover no-
load and various loads (the root mean square values of the phase currents are 60A, 120A,
180A and 240A, respectively), and the control strategy is with iz=0. Particularly, 180A is
the rated current of this PMSM prototype. Due to the no-linear magnetic characteristics
of the stator core, the increment of the core loss per 60A is non-uniform. The core loss
increases slightly when the winding currents rise from 180A to 240A, because the stator

core is approaching magnetic saturation in this condition.
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Fig. 5-9. Finite-element analysis of core loss under different working speeds and phase current conditions.

Fig. 5-10 compares the copper loss and core loss of the IPMSM at different speeds and
armature currents. It is distinct that the core loss increases significantly with the motor
speed, and exceeds the copper loss and becomes the dominant component of the
electromagnetic loss when in the medium and high speed ranges. Obviously, ignoring the

core loss during the modeling and performance analysis would lead to large errors.
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Fig. 5-10. Comparisons of the core loss and copper loss under different speeds and currents.

5.3 d- and g-axis ECMs of the PMSM with Predictable Core loss

The equivalent electrical circuit is widely applied in the motor characteristic analysis as
it can provide fast computation with reasonable accuracy and the effect of motor
parameters on the motor performance can be easily tracked. The traditional circuits rarely

include the core loss, which may decrease the performance prediction accuracy, so some
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circuit models accounting the core loss have been proposed [13, 18, 20]. However, these
models mainly focus on the rated operation point and may produce large calculation errors
when the motor runs with large ranges of speed and load. Therefore, an improved
electrical circuit model is applied as shown in Fig. 5-11, which can consider the core loss

at different speeds and load currents.

R, Ly Lyl
A O
—wW QW
+ I [md
d VA
—
[cd Rl
Va
O
(a)
R, L, weLala Log
Y ()
" .,
+ I [mq J ](,’Lm l [(’g l [(,’/1
q — VV
Loy R, +
v, = = = Oy ()
Ran RL’ Rh
O
(b)

Fig. 5-11 ECM considering core loss and magnetic saturation effect: (a) d-axis; (b) g-axis.

According to Fig. 5-11, the mathematical models of the equivalent circuits for d- and g-

axis voltages and currents are given as follows

{ V,=RI,+pL]l,, -olLl
_ (5.13)
V,=RI,+pLI, +olL,l,+0A4
{ 1=1,+1,
_ _ (5.14)
[q - Icq + [mq - Ican + Ice + ]L']’L + [()q

The currents can be calculated as follows
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@=—e£q (5.15)
o,L,1,

== (5.16)

/ 0,

can — Ran (517)

/ 0,

ce Re (518)
o,

%:<R (5.19)

where V; and V, are the d- and g-axis terminal voltages, /s and /; the d- and g-axis
armature currents, Lqs and L, the d- and g-axis inductances, /s and /.4 the d- and g-axis
load core loss currents, Ina, Ing, and Iog the d- and g-axis magnetizing currents, lean, Lee,
and /., the no-load core loss currents, respectively. Ry, Re, Ran, and R; are respectively the
equivalent hysteresis loss, eddy current, anomalous loss, and load core loss resistances.
R; 1s the armature winding resistance per phase, Arthe permanent magnet flux linkage, w.

the rotor speed in electrical angular frequency, and p the differential operator (=d/df).
According to the improved ECM, the no-load core loss P, is obtained as

})co :g(R ]2 +Relcze +Rhlczh)

3 11 (5.20)

1
=—(0A,) (—+—+—
z(a)e ) (Rh Re Ran)

Compared with the mathematical model of the core loss (5.12), the no-load core loss P,

also can be written as
P, =k, [+k, f*+k, [ (5.21)

Via curve-fitting the no-load core loss in Fig. 5-9, the coefficients can be identified as

kn’=0.8699, k.’=0.009217, and k., ’=0.002913. Assuming that the PM flux is constant
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during the operation and comparing (5.20) and (5.21), these equivalent core loss

resistances are R,=0.02486w. Q, R.=14.74 Q, and R.=13.1576w."* Q, respectively.

Furtherly, the load core loss P. and the equivalent load core loss resistance R; can be

deduced as

P= P, 4R +12)]

oL ) 2 (5.22)
:])004_2[( e q q) +(a)eLdld) ]
2 R R
oLlI)+(wlL,1I,)
g =3[k @ L) (5.23)

2 £ -F,

Analyzing the load core loss data in Fig. 5-9, the equivalent load core loss resistance can
be worked out and as shown in Fig. 5-12, and it is a function of the motor speed and
winding current. However, in engineering applications, a lower-order function with exact
expressions and acceptance calculation error range is prioritized. Therefore, the function
of the equivalent core loss resistance can be simplified as: R; = -8.463+0.181,+0.0075we,

and I, is the root mean square value of the phase current.

240

120
we (rad/s) 60 Current (A)

Fig. 5-12 Equivalent load core loss resistance versus winding current and speed in electrical angular

frequency.
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The electromagnetic power Pe, and electromagnetic torque 7., of the PMSM can be

determined as

3

Pz)m = Ea)e[/lfloq +Ld1d1mq _Lq[mdlq] (524)
P, 3

7;m: o :Zp[j’floq+Ldld1mq_Lqud1q] (525)

m

where P is the number of poles of the PMSM, and w, the rotor speed in mechanical

angular frequency.

The copper loss P., can be estimated using the circuit in Fig. 5-11:
P, = ER (I;+17)
cu 2 s\ d q (526)

Ignoring the eddy current loss of PMs and stray loss, the input power P;,, output power

Pou, and efficiency # of the PMSM can be obtained as follows

3
E, =§(Vd1d+%1q)=1’em+liu+3 (5.27)
Pout = Pem _Rnech (528)
n= Fou b x100% (5.29)

1.

where P 1s the mechanical loss of the PMSM.

5.4 Maximum Torque Per Ampere Current Control Considering Both

the Core Loss and Copper Loss

Fig. 5-13 presents the schematic diagram of the stator current vector in the d- and g-axis

reference frame.
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Fig. 5-13 Schematic diagram of the stator current vector.

According to Fig. 5-13, the d- and g-axis currents can be calculated as

1,=1 cospf
I,=1sinp (5.30)

where /; is the stator current vector, and £ is the angle between the d-axis and the stator

current vector.

To achieve the maximum torque per ampere (MTPA) current control of the PMSM is to
find the minimum stator current for a certain torque. The optimization objective of the

stator current can be established as follows

I :min1/I§+I; (5.31)

Combining (5.14) and (5.15), we have

oLl
[md:]d_lcd:1d+T (5.32)

Combining (5.14) and (5.16), we have

w,L,1
Imq :[q _]cq :Iq - Rd ‘ (5.33)

i

Combining (5.14) and (5.17-5.19), we have
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ol ol ol
_ _ e’ f e’V f et f
[oq _Iq _Ican _Ice_]ch _Iq - - R - R

an e h

(5.34)

Substituting (5.32) - (5.34) into (5.25), the torque calculation formula can be rewritten as

o, (LI + Li]:) a)eﬂlf a)e/iﬁ a)el/f N
- —+ T 5.35
R R R R, (5-35)

1 an e

[

Tm=%P[/IfIq +L 00, ~LI1,~

Establish a helper function as shown below

o (12 + 117
%P[/lflq+Ld[d1q—Lq1qld— Ll + 1)
F=D+I’+y i 5.36
¢ 0l 0L 0L (5:36)
—(— ~+—)]-T,,
Ran Re Rh

where y is the Lagrange multiplier.

Take the partial derivatives of the above equation with respect to the d- and g-axis currents

as well as the multiplier and make each of them equals to zero, respectively.

OF 3 20,L,
aT:2Id+Z;(P[Ld1q—quq— 471,1=0 (5.37)
d i

oF 3 20
— =21 +=yP[A, + L, ~L1,———211=0 (5.38)
or, ' 47 ! R
oF 3 o, (Ll + L)1)
5 J AL LI =L LT 2 =

~ wgﬂ; wgﬂ? a)e/ij o (-39)

+ )] ‘T:zm =0
Ran Re Rh

Note that Ls<L4, and solving the above formula can obtain

20, 2 20, 2 2 272
A, +—=(L, L) 1+ [[A,+—= (L, -L)Y I"+4(L,—L )1
[ f R ( d q) q] \/[ f Ri ( d q) q] ( d q) q (5.40)

2L, - L)

I, = ’
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20, 20

L -L)I,]- (L —L), T +4(L, — LA, +(L,—L)I]
I:[R,-( q)]\/[Ri( M1 +4( WA, +( )] (5.41)

! 2L, - L,)

Substituting (5.40) into (5.35) yields

3
To= 7 PO, =Ly =L )Xed, + I+, Jla+p1) +17)-
o (LA+LIY) ol ol ol N (5.42)
—(—++ +——
Ri Ran Re Rh
where
l/‘
a= :
2L, -L) (5.43)
a)e
p="r(L+L,) (5.44)
A=Q DI +HAaBl +Q2BI, +2e)\(a+ BI,) +1} +2a (5.45)

From (5.42) - (5.45), the g-axis current can be obtained for a given torque, and hence the

d-axis current is solved by (5.40) and the optimal stator current is calculated by (5.31).

Fig. 5-14 shows the schematic diagram of the improved MTPA drive system. This
improved MTPA control strategy takes into account not only the copper loss but also the
core loss, and has higher accuracy and reliability in guiding practical applications than
the traditional one. The outer loop of the drive system is the motor speed loop, in which
a PI controller is employed to regulate the stator current. The inner loops of the proposed
drive system are the d- and g-axis currents loops. For a given torque, the reference values
of the d-axis and g-axis currents are derived by the improved MPTA controller, and the
errors between the reference values and the actual values collected by the sensor will enter
the two PI controllers to generate voltage signals respectively. Furtherly, the switch
signals of the inverter are obtained via the space vector pulse width modulation
(SVPWM), and hence drive the PMSM to acquire the maximum torque per ampere

current.
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Fig. 5-14 Schematic diagram of the improved MTPA drive system.

The designed IPMSM has been fabricated and some experimental results on the motor
prototype have been obtained. Fig. 5-15 shows the testing setup, where the prototype is

connected to another electrical machine as the load or driver via a torque/speed transducer.
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Fig. 5-16 Measured efficiency map of the [IPMSM.
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As the first step of this study, the efficiency map of the IPMSM in the speed range of 0-
6000 r/min is measured under the i7=0 control strategy, as shown in Fig. 5-16. The
maximum torque of the IPMSM could reach 180 Nm, while the maximum efficiency is

96.8%, which well satisfied the design requirements.

5.5 Conclusion

This chapter analyses the electromagnetic characteristic and parameters of an IPMSM
prototype with the assistance of the 2-D FEM. Particularly, due to the magnetic saturation
effect, the incremental d-axis and g¢- axis inductances decrease with increasing winding
currents. However, the influence of the magnetic saturation of the stator core is not only
on incremental inductances but also on the core loss. Not only does the core loss increase
with motor speed, it also increases with stator current, but with a nonlinear characteristic.
When the magnetic flux density in the stator core approaches the saturation value, the
core loss increases slowly. Thus, to model these special properties of the core loss, an
improved d-axis and g- axis ECMs of the core loss considering the magnetic saturation
effect is presented. Correspondingly, the calculation formulas of electromagnetic power,
electromagnetic torque, efficiency, etc. have been modified. The proposed d-axis and g-
axis ECMs and parameter identification methods are general to other prototypes of the
PMSM, such as the surface-mounted PMSM, interior PMSM, claw-pole PMSM,
transverse flux PMSM, and axial flux PMSM.

Finally, this chapter theoretically establishes the maximum torque per ampere current
control of the PMSM considering both the core loss and copper loss. Simulations and

experiments of the proposed control method will be conducted in future work.
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CHAPTER 6. CONCLUSION AND FUTURE WORKS

6.1 Conclusion

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 thesis 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 PMSMSs often operate with variable frequency (speed) and variable
flux density (e.g., changing load condition), so the core loss would change accordingly.
In addition, a brief review of core loss measurement methods is introduced to help

understanding the coupled mechanical loss and core loss of the PMSM.

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. 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. In this thesis, the core loss with 3-D rotating magnetic field is investigated, and then
the core loss is modelled into the ECM of the PMSM. To imitate the core loss in a wide
speed range, the equivalent core loss resistance is modelled as a function of the motor
speed, which effectively enhances the prediction accuracy. Furtherly, an improved DPCC
with the novel predictive model to enhance the performance of the PMSM drive system
is established. Simulations suggest that the dynamic speed response and the torque

robustness of the drive system with this improved DPCC are enhanced effectively.

ECM with predictable core loss has not been limited to a standard topology, since the
mechanism of the core loss has not been fully understood yet, hence its modeling in the
ECM is also a pending issue. To overcome the drawback that the previous proposed ECM

overestimates the core loss caused by the armature current, a novel generalized per-phase
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ECM of the PMSM with predictable core loss is proposed. When the PMSM operates at
no-load condition, three equivalent resistances Ry, Re and Ru, are adopted to respectively
present the hysteresis loss, eddy current loss and anomalous loss at no-load conditions.
When the PMSM operates at loading conditions, an equivalent resistance R; connected in
parallel with the synchronous inductance Ly is adopted to depict the extra core loss due to
the load current and take the magnetic saturation effect into consideration. The summation
of the power loss in R;, Rn, R. and R, represents the core loss when the PMSM operates
at loading conditions. Experimental tests of the PMSM prototype validate the excellence

of the proposed ECM.

Furtherly, the generalized d-axis and g- axis ECMs of the PMSM with predictable core
loss is also developed, which benefit motor control and enable the core loss management.
The equivalent resistances Rj, R. and R.,, which stand for the hysteresis loss, eddy current
loss and anomalous loss at no-load conditions, are connected in parallel with the
electromotive force w.iy in the g-axis ECM, respectively. The equivalent resistance R;,
which represents the extra core loss due to the load current, is connected in parallel with
the series branch of Ls and w.L,l; in the d-axis ECM, while with the series branch of L,
and w.Lals in the g-axis ECM, respectively. Moreover, based on the proposed d- and g-
axis ECMs with predictable core loss, an improved maximum torque per ampere current
control of the PMSM considering both the core loss and copper loss is established

theoretically.

6.2 Possible Future Works

This thesis mainly focusses on the equivalent circuit models of the permanent magnet
synchronous motor with predictable core loss, including the per-phase circuit model and

the d- and g-axis circuit models. A few of the possible future works are listed below:

(1) The mathematical models of the core loss in this thesis, including those with the 1-D
alternating, 2-D rotating, and 3-D rotating magnetic field, ignore the effect of
temperature. Further works should incorporate the temperature as a factor of the core

loss.
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(2) The core loss measurement is very tough and demanding work, but it is of great
significance. In particular, the core loss measurement under various load conditions
is urgently required.

(3) Per-phase equivalent circuit model facilitates motor design, but the saliency of the
PMSM cannot be reflected in the proposed equivalent circuit models of this thesis.
An improved per-phase model with predictable core loss and salient effect would
greatly benefit.

(4) More simulations/experiments on the robustness of the proposed equivalent circuit
models and the equivalent core loss resistances identification methods should be
included.

(5) Investigate more applications of the proposed equivalent circuit models of the
permanent magnet synchronous motor with predictable core loss, not only as the
predictive model of the model predictive control but also in field-oriented control and
direct torque control.

(6) Core loss optimization and management strategies can be established based on the
proposed equivalent circuit models in this thesis, and hence the efficiency of the

PMSM can be boosted.
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