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Design and Fabrication of a Flux Shunt DC Motor

with an Anti-Demagnetization Mechanism
Cheng-JuWu*  Yee-Pien Yang?

Department of Mechanical Engineering
National Taiwan University, Taipei, Taiwan, ROC

Abstract

High energy product rare earth magnets are widely used in high performance
permanent magnet machines to replace the current excitation methods and to improve
machine efficiency. However, the magnetic field provided by a permanent magnet cannot
be adjusted and the price of rare earth magnets.is high. If the machine adopts low grade
permanent magnet, there is a high risk-of irreversible demagnetization. To address this
problem, a novel DC commuta.tor machine that incorporates the concepts of hybrid
magnetomotive force rand ‘flux shlrj_nt_"r: [s_ pro.posed in~ this research. The hybrid
magnetomotive force is provided by a Io-;vi'f‘g]'rade permanent magnet and an additional
field winding to form an adjustable magnetLié field;, which is connected in the flux shunt
magnetic circuit. The design';fjr-ocedures of this-machine are presented in the following
order: magnetic circuit model coﬁstructiori, opﬁmization, and finite element analysis
verification. Finally, a conceptual prototype is fabricated. The experimental results show
that increases in the field winding current can increase the machine efficiency and torgue,
while the armature voltage is kept constant. Moreover, the machine speed can also be
changed by controlling the field winding current at constant armature voltage. This
excellent machine characteristic could be applied to a continuous speed variation servo

drive system.
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Chapter 1

Introduction

1.1 Background

With the development of advanced permanent magnet materials, traditional
electric machines with wound! field ,windings can. now be fitted instead with
permanent magnets. During the process of electrical and mechanical energy

transformation, the traditional wound field-winding is excited by currents to provide a

constant magnetic flux density. The main'_"gisadvantage of -an excited field current is
the increased copper losses by the.machine, which ‘prevents the machine from
achieving high efficiency. In contrast, perrﬁanent magnet materials are light, easy to
shape, high energy products with high remanence. Therefore, these can be used in
electric machines to provide a constant magnetic flux density without extra current
excitation. In the design aspect of electric machines, permanent magnet electric
machines are characterized by high efficiency, high torque density, and high power
density.

One significant advance in commercial permanent magnet materials for



practical applications has been the development of rare earth permanent magnets.
Rare earth permanent magnets are of two basic classes of materials: samarium-cobalt
(SmCo) or neodymium-iron-boron (NdFeB). The grade of rare earth permanent
magnets is usually evaluated by the maximum energy product. The energy product
range among different commercial permanent magnets is illustrated in Fig. 1.1. As
indicated, NdFeB magnets have the highest energy product compared to what ferrites

can achieve.

NdFeB

SmCo

AINiCo .
Ferrite l

0 10 20 30 40 50 60

Energy product range (MGOQe)

Fig. 1.1 Energy product range among different commercial permanent magnets

However, the utilization of permanent magnet materials in electric machines

has its limitation and drawbacks.

The first problem is irreversible demagnetization. Rare earth permanent

magnets are very sensitive to temperature. If the operation temperature exceeds the

Curie temperature, a partial or total demagnetization will occur, which may reduce the



machine performance or damage the machine. For example, NdFeB magnets may not
have the best performance in some operating conditions due to its lower Curie
temperature, which causes thermal irreversible demagnetization, and due to its
reactivity, which leads to corrosion problems. Moreover, if a rare earth permanent
magnet is operated in a high frequency magnetic field, this too will cause a
considerable loss of magnetism in the magnet.

Second, the flux provided by the permanent magnet is fixed. Although the field
excitation of a permanent magnet machine is.provided by permanent magnets, and
traditional commutator units or.slip rings can be eliminated, the field excitation flux
cannot vary with the operating conditior;;._?ec-aUSe the induéed voltage is proportional
to the speed of the machine.-and the field fTux a|base speed-of the machine is reached
when the induced voltage iS;'EQUaI to.the maximum. drive voltage. The base speed is
also referred to as the rated speed. In order fo extend the base speed, the flux provided
by field excitation must be decreased while the drive voltage is kept constant at its
maximum value. This technique of extending the base speed is called flux-weakening
control, which is often employed in permanent magnet synchronous machines.
Compared to separately excited DC motors, more complex algorithms are required to

realize the flux-weakening technique. In short, the fixed field excitation limits the

operational range of the machine.



The third problem involves the production of permanent magnets. Rare-earth
elements are not easily obtained, as 80% of the rare-earth elements are found in China.
In other words, China dominates the resources of rare-earth elements. Neodymium,
one type of rare-earth element, is the main component of the NdFeB magnet. The
stores of Neodymium are limited; therefore, it is a fact that the existing Neodymium
element will be used up in the future.

In conclusion, the disadvantages of permanent magnets need to be addressed. A
novel design of a permanent magnet machine;.called-the flux shunt DC motor with an

anti-demagnetization mechanism,is proposed in the.study.

—
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1.2 Literature Review

Permanent magnet machine technology keeps improving due to progress in the
permanent magnets themselves, in the power of electronic devices, and in motor
control technology. Much literature now exists on research involving permanent
magnet machines. The following literature review focuses on the topology of
permanent magnet machines and on the study of the demagnetization phenomenon of

permanent magnets.

1.2.1 Topology of Permanent Magn't_etri'c_ Machine

—
-

The application of-_permanent ma'_épets in electric: machines has gradually
become a trend due to the advances in.raré-earth material technology. The topology of
electric machines using permanent magnets: isreviewed in this section.

DC motors

Direct current (DC) motors are composed of an armature, a commutator,
brushes, and field poles. The armature is equipped with a commutator that changes the
direct current provided by the external power source into alternating current, through
the interaction between the commutator and brushes. The field poles are used to

provide magnetic flux and can be classified into wound type and permanent magnet



type, which are shown in Fig. 1.2.

Stator Stator

(b)

Fig. 1.2 The field pole configuration of (a) wound type and (b) permanent magnet
type =

According to the .connection configuration of the armature winding and field

pole winding, the DC motors with "Wc;;ugd{jﬁ’eld poles can be classified as shunt

L

excitation types, series excitation types, é’E—_‘comppund excitation types. Each type of
wound field dc motor can b:é{émpk;)yed in man)} irnq:ustrial applications, according to
its electrical characteristic. Due to the advz;nces in-permanent magnet technology, the
wound field poles can now be replaced by permanent magnet field poles to reduce the
utilization of copper volume and to decrease the weight of the machine. However, if
the machine uses permanent magnets as field poles, the risk of irreversible
demagnetization accordingly exists.

Some studies have investigated the design of field poles, taking into

consideration this irreversible demagnetization problem in permanent magnet DC
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motors.

For example, Odor and Mohr [1] presented a design concept for two-component
magnets for DC motors that could resist the partial irreversible demagnetization
caused by the armature reaction field. As shown in Fig. 1.3, the field poles consisted
of two different types of magnet pieces, one is a high quality magnet and the other is a
low quality magnet. This research suggested that the flux remained unchanged and
that the resistance to demagnetization increased by 30% in the design condition where

the motor outer diameter and the armature diameter were held constant.

Low quality PM

High quality ottty PM High quality PM

Armature

P

Fig. 1.3 The configuration of (a) two-component type and (b) modular type of field
pole

Isfahani et al. [2] proposed a design concept for a modular permanent magnet
pole (MPMP) for permanent magnet machines, which shaped the air gap flux density
distribution produced by the pole. As shown in Fig. 1.3, the pole is composed of
three or more permanent magnet pieces attached together with an alternative magnet

quality. Each magnet piece has identical height but the widths can be different. In
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this study, a linear permanent magnet synchronous motor was chosen as a design
example to implement the MPMP design concept. Finite element analysis showed
that the total harmonics distortion of back-electromotive force could be reduced by
40%.
Permanent magnet synchronous motor
Due to the advances in power electronic elements, traditional mechanical
commutation can now be replaced by electronic commutation, with the advantages of
no sparking and easy maintenance., Compared to -DC motors, permanent magnet
synchronous motors have no c;)mmutators or brush 7units because the commutation

processes are realized by the driving cireuit; in a process referred to as electronic

g—

commutation. Based on-the oriehtationf?_pf the magnet-flux, permanent magnet
synchronous motors can be C%tégorized into radial-flux permanent magnet motors and

axial-flux permanent magnet motors.

Stator Stator Stator

(@) (b) (c)
Fig. 1.4 The constructions of radial-flux permanent magnet motors (a) SPM, (b) inset
PM and (c) IPM



According to the arrangement of the permanent magnets, radial-flux permanent
magnet motors can be classified into surface-mounted permanent magnet (SPM)
motors, inset permanent magnet motors, and interior permanent magnet (IPM) motors.
The different constructions of radial-flux permanent magnet motors are shown in Fig.
1.4.

Axial-flux permanent magnet motors can be divided into Torus and Kaman
types. If a stator is sandwiched between two rotors, the motor is called the Torus type.
On the contrary, if a rotor is sandwiched between two stators, the motor is called the
Kaman type [3]. The features of. axial-flux permanent-magnet motors are that they are
smaller in size compared to radial-flux--bjofmén'ent magnetrmotors and that they have
an adjustable air gap. The_constructions af axialsflux permanent magnet motors are
shown in Fig. 1.5. Becausé;;df theit unique features and suitable sizes, axial-flux
permanent magnet motors have been applie-d tostraction applications in the last decade.
A successful example of the usage of axial-flux permanent magnet motors in electric
scooters has been developed by Yang [4] [5]. In this research, the axial-flux
permanent magnet motor is adopted in direct-driven wheel motors, which do not need

mechanical speed reduction mechanisms. Therefore, mechanical transmission losses

can be avoided and the efficiency is increased.
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Fig. 1.5 The constructions of (a) Torus type and (b) Kaman type
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Doubly salient permanent magnet motor (DSPM)
Liao et al. [6] first introduced the concept of a permanent magnet motor with a
doubly salient structure, which fis shown in Fig. 1.6. This doubly-salient structure is

based on the variable reluctanee motor (VRM),r"and the- permanent magnets are

arranged in its stator to provide eitr?fiéld’; excitation. Therefore, this topology
: | e | |

. T AN .
combines features of a reluctance r'nFtor gwd a brushless DC motor. The design result
2 ! | ; | ,
suggested that the performalhcga_ of doubly salient permanent magnet motor, such as
torque density, efficiency, and torque to current ratio, would be superior to variable

reluctance and induction motors. The doubly salient structure has recently been the

focus of intensive research.
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Stator

Fig. 1.6 Doubly salient permanent magnet motor (DSPM)
Based on the doubly salientstructure, Wei et.al. [7] presented another topology

of a flux-switching permanent magnet’(ESPM,)' motor, which is shown in Fig. 1.7. In

g—

Wei’s design, radial magnetized per'manenfE_magnets are arranged in the stator teeth of
the surface-mounted permaﬁ'éht,m;agnet (SPM). mgitor, to become a flux-switching
permanent magnet motor. In this study; finife element analysis showed that the FSPM
motor had a higher air gap flux density and a higher torque density than did the
surface-mounted permanent magnet motor within the conditions of identical unit

copper loss, but it had a higher torque ripple due to cogging torque.
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Stator

Fig. 1.7 Flux-switching permanent magnet motor

Yu et al. [8] incorporated the concept of memory motors [9] into the doubly
salient structure and presented.a flux-mnemonic permanent magnet brushless motor
for electric vehicles, which js shbwn in Fig. 1.8."In thié proposed configuration, the air
gap flux density can be controlled-by--.tfhf ﬁ.eld Windings-. Moreover, the field flux

-

weakening capability can-be implemented_ail:p this topelogy: without a complex control
algorithm. A memory motof;'-één be-built €ither as.a pole-changing, or as a variable
flux machine. In both machine types, the n”;agnefization of permanent magnets can be
simply varied by a short current pulse, without any need for the permanent
demagnetizing current that is required in internal permanent magnet machines at flux
weakening mode. The demagnetizing current flows through the stator windings,
supplied from the same source as the stator current. Memory motors combine the

advantages of a wound rotor machine (variable rotor flux) with those of a permanent

magnet machine (no excitation losses), resulting in a unique machine concept that has

12



the potential to find numerous applications in electric drives.

Stator

DC field
winding

Fig. 1.8 Flux-mnemonic permanent magnet brushless motor

Flux reversal permanent magnet machine -

The flux reversal machine is a-new brushless dou'bly salient permanent magnet

- | i
T _Nys

machine that combines the advantages:fﬂf thel switch' reflctance machien and the
| 1R _

permanent magnet machine -into one rﬁaéhine,’ Because two magnets of opposite
e | ¥ ,

polarity are placed on each stator poleface, it-has a bipolar flux and MMF variation

with rotor position. Therefore, it has a naturally low inductance and a low electrical

time constant. Deodhar et al. [10] presented a radial flux reversal permanent magnet

machine, which is shown in Fig. 1.9 (a). In this study, the operation principle of this

machine is demonstrated. Subsequently, Topor et al. [11] presented an axial flux

reversal permanent magnet machine, which is shown in Fig. 1.9 (b).
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Rotor
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Fig. 1.9 Flux reversal permanent magnet machine (a) radial type and (b) axial type

Hybrid excited machine

The definition of a hybrid excited'macr{ihe ca:n,be stated as follows: a motor or
generator contains both a main excitation source, and a secondary field source, which
are employed to provide a hybrid m;;j%éﬁc' field. In this topology, the common
construction of a main excitat.__iqn source an-(:j—a secondary fiéld source has the capability
to control the field flux. The main excitation source;an be a permanent magnet, while
the secondary field source is usually an excitation winding or also a permanent magnet.
Based on the utilization of field flux control capability, the speed, torque and back
electromotive force (EMF) of the machine can be manipulated. Therefore, a hybrid
excited machine can be selected as an actuator in conditions that demand high speed

variation. Because the characteristic of back electromotive force (EMF) can be

controlled by the secondary field source, this machine is suitable for power generation

14



applications.

Several hybrid excited machines topologies are reviewed as follows. Luo and

Lipo [12] presented the synchronous/permanent magnet hybrid (SynPM) machine

shown in Fig. 1.10. The major part of the air gap flux is provided by the permanent

magnets. The excitation poles act as a flux regulator to adjust the air gap flux

distribution. This research suggested that this machine had good efficiency, and its

field regulation capability was verified.

Fig. 1.10 Synchronrous/permanentmagnet hybrid machine
Fodorean et al. [13] introduced a double excited synchronous machine (DESM)
prototype that was designed and constructed for an electric vehicle traction system,
and is shown in Fig. 1.11. This study suggested that although the speed of machine
could be extended by employing the flux-weakening technique, this speed extension
was limited by the frequency response of the power converter capability and the

increase in iron losses. This problem could be solved by controlling the secondary field

15



source of the hybrid excited machine. Therefore, the speed range can be increased

without increasing iron losses and consequently the efficiency can also be increased.

& bt . .
Finken and Hamexé:r' [14] r structure for a hybrid excited
& 4y Y \OR
machine, which is de@ted in Fig. 1/;2\1 /proposed achi'ﬁ_g in this paper is based
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indicate that winding excitation’fﬁiéyj;l@_g—%;egm‘bfrjéontrol of the magnetic field by
controlling the excitation current, but yields a more complicated rotor construction and

increased copper expenses.

Fig. 1.12 Rotor structure of hybrid excited machine
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1.2.2 Studies on the Demagnetization Phenomenon

Due to the advances in rare-earth material studies, the use of permanent
magnets has been receiving increased attention in a wide variety of industrial
applications. In the motor design field, permanent magnet (PM) machines have
gradually become the trend. Permanent magnets can offer high flux density without
copper loss and therefore may replace the current excitation field source in electric
machines. Moreover, the current-free excitation provided by permanent magnets gives
permanent magnet (PM) machines more eﬁiciéﬁ'cy ar)d higher power density. Although
equipment containing permanent magnets in electric machines has many advantages,

1 o
-

the irreversible demagnetization phenorruxéjﬁ'o'n' occurs in some operating conditions.
Irreversible demagnetizationr__,v_vill _reduce- :t:he performancé of a permanent magnet
machine; therefore, this should be ‘considered in-z the permanent magnet machine
design process.

At present, several studies have been devoted to understanding the
demagnetization phenomenon and how to solve it. For instance, Farooq [15] presented
a permeance network method to model the demagnetization phenomenon. In this study;,

an outer rotor permanent magnet machine was selected as a design example and the

design result given by the permeance network method was compared to finite element

17



method (FEM) analysis. The author concluded that the permeance network method
can solve the electric machine design problem regarding the demagnetization
phenomenon much more quickly than would finite element method analysis, but it
would also introduce slight computational errors.

Zhilichev [16] presented a method to predict the partial demagnetization
behavior of isotropic permanent magnets as the operation temperatures and maximum
loads increased in an application. This method was implemented by combining two
finite element models, namely, the magnetization model and application model. A DC
motor and brushless DC mortor Were selected as finite-element analysis examples, and

the analysis result suggested that the'model.'can be used for magnet optimization in

the magnetically biased transformer, brust-ﬁgnd brushless motors, when the maximum
temperature and current Weré;'-;c,becified.

Ruoho et al. [17] summarized sevefal demagnetization mathematical models,
such as the limit model, linear models, the exponent function model, and the
hysteresis model. These models are used to predict the performance of a surface
magnet synchronous machine, after irreversible demagnetization due to the
overloaded condition. After this theoretical study, Ruoho et al. [18] conducted an
experiment of pulsed field demagnetization. An axially pressed, sintered Nd-Fe-B

magnet was selected as the experimental sample magnet and the sample had been
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demagnetized by an inclined field. The purpose of the experiment was to model the
demagnetization behavior of permanent magnets in electrical machines. Based on this
experiment, a simple model was presented to consider the angular dependence of
demagnetization resistance. The researcher also presented an empirical model for
modeling of demagnetization behavior caused by an inclined field. This empirical
model was incorporated by finite element method analysis and the result suggested
that the inclined demagnetization field must be considered while modeling the
demagnetization behavior.

In order to extend the mz;lximum speed range“of a motor, the flux weakening
control technique is usually adopte;d. -;:iflwe-veh flux Weékening control is usually
achieved by applying a large demagnetiz’_?::r}g current in the d-axis of the permanent
magnets to suppress the magﬁé"t flux. Therefore, Flux weakening control may bring the
risk of irreversible demagnetizing. Xu et aI-. [19] proposed a new design concept of a
permanent magnet machine for flux weakening operation. This new design introduced
a permeable material, which has an altering flux path, into the magnet circuit of the
motor. Finite element analysis was employed to evaluate the design result and it was
concluded that flux weakening is achieved without applying an excessive d-axis

current to reduce the flux of the magnets.

Aydin et al. [20] [21] proposed a new axial flux permanent magnet machine
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concept with air gap flux control, which is shown in Fig. 1.13. This design has two
slotted stator rings realized by tape wound cores with polyphase AC windings, two disc
rotors, and a DC field winding. The circumferentially wound DC field winding is
placed in between the inner and outer stator rings. There is no need for a stator yoke,
since the main flux travels from one rotor to the other. However, there has to be
sufficient stator yoke to hold the field winding. The axial thickness of the stator
depends on the DC field winding. This novel concept is proposed not only to overcome

P o (O o
the drawback associated Withrfutreh‘_t_i’r;jectiq[};blﬁ-a}sg_ to improve the features of the
"'_. % -I __‘_':‘_ —:.F‘,E‘ : li'f

r 4 - T
conventional permanent.magnet ines, by
& o -

concept with flux WeaE“(?'ninQ ipab' [

&
|

Outer stator Inner stator

Iron poles DC field winding Rotor disc

Fig. 1.13 Field controlled axial flux surface magnet PM machine structure
In summary, most permanent magnet machines tend to adopt the surface
mounted magnet topology. This topology has some disadvantages such as that the

permanent magnet may fall off due to vibration or eccentric forces. Moreover, the
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permanent magnet directly exposed to the air gap can be easily deteriorated by inverse
excitation when the electric machinery is running. The inverse excitation may cause
demagnetization risk in a permanent magnet machine, which may deteriorate the
performance of the machine.

The permanent magnet DC commutator motor is the most widely used motor,
and it also has the problem of demagnetization. However, although much research has
focused on the design issues of permanent magnet synchronous machines, there are
only few studies on the design oft DC commutator-machines. Although the research on
the demagnetization problem 6f permanent maghets has gradually received much

attention in motor design processes, few.inngvative electric machine structures have

yet been proposed to deal-with demagneti'_z_a}tion issue. Therefore, a novel structure of

DC commutator machine must be p'roposed to.address. thisproblem.
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1.3 The Motivation and Objective of the Research

According to the literature just reviewed, the disadvantages of permanent
magnet machine topology can be concluded as follows:

1. A demagnetization risk exists in a permanent magnet machine, which may
deteriorate the performance of the machine.

2. The constant field flux provided by a permanent magnet machine is difficult
to control. This may also constrain the machine performance.

3. The field flux provided by 'a perméﬁént rpagnet is generally less than the
current excitation, unless.a’rare-earth permanent magnet.is adopted. However, the
employment of a rare-garth permanent rﬁ.;ué'-ﬁ'ét-could bring about cost issues.

The purpose of this study is_ to pr(-);ose a novelrpefmanent magnet DC motor
with a flux shunt magnetic cireuit thatwould addr;ss these problems. Based on the
structure of the flux shunt magnetic circuit, the risk of irreversible demagnetization
could be reduced and the field flux of the permanent magnet machine could be

controlled without complex control techniques. The cost issue resulting from the

employment of rare-earth permanent magnets could be also resolved.
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1.4 Thesis Organization

The organization of this thesis is illustrated in Fig. 1.14. The thesis is composed

of seven chapters. The abstract of each chapter is described as follows.

Chapter 1
Introduction

Chapter 2
Flux Shunt DC Motor with
Anti-Demagnetization Mechanism

l

Chapter 3.
Material Selection Analysis

Chapter 4
Magnetic Circuit Model and
OptimalDesign

.

Chapter 5
Finite Element Verification

l

Chapter 6
Experiment and Discussion

Chapter 7
Conclusions

Fig. 1.14 Thesis organization
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Chapter 1 presents research background, literature review, and briefly describes
the motivation and objectives of this research. The literature review is focused on the
topology of permanent magnet machines and the investigation of the demagnetization
phenomenon.

Chapter 2 presents a conceptual design of a flux shunt DC motor with an
anti-demagnetization mechanism, whose configuration is introduced. The features of
this novel design are summarized. Finally, the demagnetization phenomenon in
electric machine is discussed.

Chapter 3 presents thg méterial selection ‘analysis for the flux shunt DC motor.
The materials used in electric machiﬁe d-.e_srllgn-a're discussed in this chapter. According
to the material characteristics, a designel'[rércan select suitable material to satisfy the
required specifications.

Chapter 4 presents an equivalent mégnetic circuit model of the flux shunt DC
motor. Sensitivity analysis is employed to evaluate how the objective functions are
influenced by single design variables, while other design variables are kept constant.
Based on the sensitivity indices, the design variables that critically affect the objective
functions are chosen as the optimal design variables. Therefore, the optimization

process can be executed.

Chapter 5 presents the finite element analysis result of the design. ANSOFT
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Maxwell 3D and COSMOS Works are employed for electromagnetic and thermal
finite element analysis, respectively.

Chapter 6 presents the fabrication of the flux shunt motor. Experimental
methods and results are also demonstrated in this chapter. Experiments include the
motor performance test, which provides the information regarding current versus
torque, speed versus torque, and speed versus efficiency.

Chapter 7 summarizes the performance and specifications of the designed motor.

According to the experimental results, future research and development are suggested.

=Y
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Chapter 2

A Flux Shunt DC Motor with an

Anti-Demagnetization Mechanism

2.1 Design Concept of the Flux Shunt DC Motor

Traditional permanent DC motors use.magnets to provide field fluxes as an
excitation source. The main ad\)antage of permanent-DC motors compared to wound
field DC motors is that permanent DC rr;_:_)j‘orsdo not require an external field winding;
therefore, copper losses-resulting froh '_’éfield winding ‘current excitation can be
eliminated. In addition, the lack of field windings also greatly reduces the weight of
permanent DC motors.

However, magnet excitation has its disadvantages, which can be summarized as
follows:

First, permanent magnets cannot produce high flux density in comparison to
externally supplied field circuits. Therefore, a permanent DC motor may have a lower

torque in the identical armature current.

Second, the armature current in permanent DC motors produces an armature
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magnetic field of its own. The armature magneto-motive force is against that from the
field pole flux under some positions of the pole faces, reducing the overall field pole
flux. This is the so called armature reaction effect. While the armature current
becomes very large, the magneto-motive force of the armature may demagnetize the
permanent magnets. In some severe conditions, irreversible demagnetization happens
and reduces the machine performance. Details of demagnetization phenomenon will
be discussed in section 2.4 to section 2.6.

Third, although using high quality permanent magnets, such as rare earth class
magnets, can produce large fiéld fluxes, the"field- flux cannot be adjusted. The

machine performance in terms of speed.and.forque will therefore be limited by the

g

fixed field flux.

In order to control the flux in.the field pole-and to address the irreversible
demagnetization risk, a flux shunt DC mofor is proposed. The topology of the novel
flux shunt DC motor is shown in Fig. 2.1. Although a related patent has been
published that disclose a similar topology [22] [23], this type of motor has not yet
been reported in the literature.

The flux shunt DC motor is related to electric machinery where the field poles
provide controllable magnetic flux. These are composed of a permanent magnet

shielded with a layer of ferromagnetic material, the outsides of which are wound with
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field windings.

Stator

PM
O Field winding
B Permeable pole face

Fig/ 24 Flux shunt DC Fnotorr '

The stator pole is made of ferrorﬁa'ggeti:;c material with high permeability, which

-
o |

“r.

offers a flux shunt magnetic Circuit Tor fl'zl:d windings and-permanent magnet poles.
The permanent magnet is pe'r:iph:e[ally covered by permeable ferromagnetic material,
to prevent the permanent magnet from direct exposure to the air gap; therefore, the
demagnetization field resulting from armature magneto-motive force can be decreased.
Moreover, the permeable pole face can concentrate the flux provided by the
permanent magnet and thus avoid flux leakage. The field winding coil is composed of
copper wires that are excited to supply additional magnetic flux through the air gap to

armature. A flux shunt magnetic circuit is provided by the permeable ferromagnetic

material between the permanent magnets and field windings on the field poles.
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Therefore, the flux of the field windings and the permanent magnet can be combined
in the permeable ferromagnetic material. Because the compound flux in the permeable
ferromagnetic material is proportional to the supplied excitation current of the field
windings, the flux of the field poles can be controlled by supplying various current
from the field windings.

Due to the construction of the flux shunt magnetic circuit, a demagnetization of
the flux from the armature does not impact the permanent magnet directly, but passes
through the permeable ferromagnetic material.to partially shunt the flux and to reduce

the risk of demagnetization. A schematic view of the flux shunt principle is illustrated

',-t

in Fig. 2.2. In the magnetic circuit aspects the design concept of the permeable pole

g—

face is very effective and the magnets are \'_E'g@ll protected against demagnetization.

o PM — Flux of PM

PM .

O Field windin —» Demagnetization
9 d-axis flux

m Permeable pole face

Fig. 2.2 The schematic view of flux shunt principle
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Because of the construction of the flux shunt magnetic circuit, the concept of
hybrid magneto-motive force is realized in the motor. The hybrid magneto-motive
force is composed of the permanent magnet and electromagnet. The electromagnet is
excited by the field winding. Because the field windings are excited to increase or
decrease the flux from the field poles, the operation mode of the flux shunt DC motor
can be divided into accumulative excitation mode or subtractive excitation mode.

In accumulative excitation mode, the pelarity of the field winding excitation
and the polarity of the permanent magnet are the same, following the property of an

accumulative excitation motor. The :magpg_tic' flux of the field winding is induced to

-
——

increase the flux of permanent magnets iﬁ’{zgccumulative excitation mode. Because of
the increased flux in the fiéld po.le, the armature; reaction effect can be reduced.
Moreover, the torque production can be also increased in the identical armature
current. The schematic view of a flux shunt DC motor in accumulative excitation

mode is shown in Fig. 2.3.
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Fig. 2.3 The schematic view of a flux shtim.DC motor in accumulative excitation mode
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In the subtractive exeitation 'm?)de,hf&ae palarity of the field winding excitation
and the polarity of the perrﬁ:etr-len_t :magnet are d'ifferent, following the property of a
subtractive excitation motor. The magnetic flux of the field winding is induced to
weaken the flux of permanent magnets in subtractive excitation mode. Because the
flux of permanent magnets is weakened, the machine speed can be extended without
increasing the armature voltage. The schematic view of a flux shunt DC motor in the

subtractive excitation mode is shown in Fig. 2.4.
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Fig. 2.4 The schematic view of flux shlin;t. D:C"motor in subtractive excitation mode
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In conclusion, the structure (')fg thel-il-yx shunt’DC motor contains both a main
excitation source and a secoriaairy fi;eld source, Wi‘]ich:are employed to provide a hybrid
magnetic field in the flux shunt magnetic: circuit. The main excitation source is the
permanent magnet, while the secondary field source comes from additional field
windings. By controlling the polarity of current in the field winding, a wide operating
range can be obtained. In the accumulative excitation mode, the field current acts to
increase the field flux; therefore, the output torque of the machine will increase and
the speed of the machine will slow down without changing the armature current. In

subtractive excitation mode, the field current acts to decrease the field flux; therefore,
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the speed of the machine can be extended without increasing the armature voltage.

This characteristic can be applied upon the demand for high speed operation.
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2.2 Specifications of a Flux Shunt DC Motor Prototype

Based on the conceptual design of the flux shunt DC motor discussed in section
2.1, the features of the flux shunt DC motor are summarized as follows:

1. Flux shunt magnetic circuit structure

2. Reduced risk of irreversible demagnetization

3. High overload capability

4. Controllable field flux

. . ; :‘;:._;_ —:-.F.'-'V'.:‘f'r'rr.;ﬂ.: '{ )
5. Little armature reaction’i .y e i,
A i 'I __:__', _‘I!. . ‘..-—

¥ i -’_"-{'J_ .'H;'-. e
6. Small cogging t.qf'que/ N
B o :

7. Low material Gost (with ferri

L]

fh-.ﬂlrji; shunt DC motor is

'I‘:"!. \ 8
i

té?fprot:otype is defined in Table
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2.1. -;' ,_.l;'-l - h}- £ .:.lt

; X - —‘ o .11.
457/ iy o el
Table 2.1 Specification of flux shunt DC motor

Specification of flux shunt DC motor ‘

Driving voltage 48V
Max. output power 1000W
Max. speed 3000 rpm
Number of armature slots 20
Number of poles 4
Magnet Ferrite magnet
Outer diameter 130 mm
Total length 200 mm
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2.3 Design Procedure

The conceptual design of a flux shunt DC motor with an anti-demagnetization
mechanism is explained in depth in section 2.1. According to this design concept, a
design procedure is now proposed from an engineering perspective. The proposed
design procedure is illustrated in Fig. 2.5. First of all, the motor specification of the
prototype is given. Then, according to the specifications of the prototype, material
analysis is made for selecting suitable materials.

Once the main dimensions have been de-t'ermined, the geometric parameters of
field pole and armature can. be determined accordingly. Next, the magnetic circuit

1 o
-

model of the motor is constructed in teﬁi’%’-df design:/variables, and the sensitivity
analysis is employed to evalrl{af[e hqw the 5t;jective functiohs are influenced by single
design variable changes, while other “design vari-;ibles are kept constant. Critical
design variables can be selected from the results of sensitivity analysis. A proper set of
design variables is then determined by maximizing or minimizing the designated
objective functions, which are output torque, speed, weight, and efficiency.

Following this, both finite element electromagnetic and thermal analyses are

used to verify the results of the analytical design. The former is employed to verify

the predetermined motor performance and refine the design variables. The latter is
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used to evaluate the heat dissipation ability of the motor.
Finally, the manufacturing drawings are prepared for prototyping; while

performance tests are also implemented to obtain characteristic curves of the motor.

Conceptual design of
flux shunt DC motor
v

Specification of prototype

\

Material selection analysis

'

—»| Determination of design parameters

Magnetic circuit model construction

Design variables
sensiﬂviti/ analysis
Parameters Optimization
1. Max. torque
2. Min. ripple
3. Min. weight
4. Max. efficiency

'

FEA verification

v

Heat dissipation analysis

'

Manufacture and fabrication

Y

< Performance test >

Fig. 2.5 Flowchart of the design procedure for a flux shunt DC motor
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2.4 Demagnetization of the Permanent Magnet

Demagnetization of magnets can be classified into reversible and irreversible
demagnetization behaviors which are shown in Fig. 2.6 [24]. If this external excitation
does not exceed the knee point of B-H curve, magnets will operate along the original
recoil line. This is called reversible demagnetization. In general, the permanent
magnet in an electric machine is designed to operate on the original recoil line, while
the stator windings exert a periodic excitation magnetic field. However, if the
operation point falls below the_knee ‘point of-'the B-H curve in the second or third

quadrant, the magnet will bejirreversibly demagnetized.

—
-

g

Original.recoil line

k%

Knee point

New recoil line
after irreversible
demagnetization

-H -

Fig. 2.6 Reversible and irreversible demagnetization behavior
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After this irreversible process, the original recoil line will change to a new recoil line
and the original remanent flux density B, will decrease to a lower value B,. The
demagnetized magnet will not maintain its original behavior even if the excitation
magnetic field is removed. The only possible way to remagnetize the demagnetized
magnet is for the new recoil line to return to the original one. Irreversible
demagnetization not only damages the permanent magnet but it also deteriorates the
performance of the machine. Therefore, demagnetization is a critical issue for electric

machine design.

e I 'IIE I!

38



2.5 The Causes of Irreversible Demagnetization

The causes of irreversible demagnetization in electric machine can be
summarized as follows:
(1) The operating temperature of the permanent magnet material

According to Faraday’s law, while a time varying magnetic field is applied on a
conductive material, this external field will generate eddy currents which result in a
power loss in the material. The generated power loss increases the material
temperature. This phenomenon oceurs..in é’lectric machines. In the design of
permanent magnetic machines, permanent magnets must be ‘operated above the knee
point of B-H curve. The influence of nsfrir'g {temperature in permanent magnets with
no-load condition is iIIustra@d_ in I_=ig. 2.7-?:The operationrpoints Q1, Q,, Qz, and Q4
change while the temperature increases from Ty to T4 Operation points Qy, Q2, and Qs
work in the linear region. If the temperature does not exceed T3, the remanence B, will
recover to its original value B; while the temperature of the magnet is cooling down
to the original temperature T;1. However, operation point Q4 is below the knee point of
the B-H curve, which means that the permanent magnet is operating in the nonlinear

region and the remanence B, will never return to its original value By, even if the

temperature is cooled to T;. This is called irreversible demagnetization.

39



The rising temperature in permanent magnets has two sources; one is due to the
eddy current generated in the rotor, and the other is in the permanent magnet. The
stator windings exert a time varying magnetic field on the rotor to induce eddy
currents. These eddy currents increase the temperature of the rotor, especially the
rotor surface. The permanent magnets arranged on the rotor may then suffer the risk
of irreversible demagnetization, if the heat cannot properly be removed by the cooling
system.
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Fig. 2.7 Demagnetization curve of permanent magnets with temperature increase
at a constant loading condition

As shown in Fig. 2.8, based on the operating temperature of permanent magnet
material, five sintered NdFeB magnets at different grades are selected for comparison

of their remanences at different temperatures. The remanence of NdFeB magnets will
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decrease as the operating temperature increases. In short, machine performance is
very sensitive to temperature; therefore, the relation between remanence and

temperature must be evaluated while selecting magnets.
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Fig. 2.8 Different grades of NdFe e{gS'Telfnanence at different temperature
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(2) The loading conditien-afth,p,'-}"naf ine 4 1N vl
According to the E)adcondlt Jn_‘qfthg_._e_l(le r;‘cmachlne the B-H curve can be
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divided by three load lines dé.sigjnateé, n(_)-I(_)ad:,. ratedil-oad, and over-load, with their
corresponding operation points Q; ,Q2 , and Qz which are denoted in Fig. 2.9 [19]. In
general, the electric machine is designed to operate at a rated-load region. However,
the stator winding produces a large magnetic field in some operating conditions,
which may lead to irreversible demagnetization if the large magnetic field exceeds the
knee point in the B-H curve. This phenomenon occurs in the over-load condition and

is a result of the instantaneous currents at a starting, locked rotor [25] or the
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short-circuit current in the stator windings [26].

Over-load Rated-load No-load ?
Br
// B'
Q" - r
QZ ///
il
Q¥
-H
HC

. -t .
Irreversible ..  _Reversible
demagnetization~ .. demagnetization

Fig. 2.9 Demagnetization curve of permaﬁght- magnets'with different load conditions
at constant temperature L= !

In a permanent maghét'synéhronous machine; due to the fixed magnet flux
density on the rotor, the flux weakening ozperation at high speed is implemented by
applying a large demagnetization current in the d-axis of the magnets (d-axis is
referred to the direction of magnetic pole). This technique involves the risk of
irreversible demagnetization because the applied negative current along the d-axis
may exceed the limited value. The constrained value of negative d-axis current is
related to the B-H curve of the magnet, because this demagnetization current in the

stator windings will induce a large magnetic field, causing irreversible
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demagnetization when the operating point falls below the knee of the magnet’s B-H
curve in the second or third quadrant.
(3) Both of rising temperature and loading condition of the machine

In a real machine operation, the temperature of the machine is related to its load
condition. Therefore, irreversible demagnetization could be simultaneously caused by
these two modes. The demagnetization curve of permanent magnets with different
load condition while temperature is increasing as illustrated in Fig. 2.10. If the heat
dissipation system of the machine is well designed, the temperature of magnets rising

from T, to T, will notinducetherisk of irreversible demagnetization in the no-load

condition. The machine remains In~operation for a long time in the rated-load

condition. However, if the-heat dissipatior;'_rv':s:ystem of the machine is not well designed,
the temperature of the madhéts rises from_T, 't0..T,and the risk of irreversible
demagnetization increases in rated-load -condition. When the driving current is
suddenly increased, as the machine is over-loaded from the state of no-load or
rated-load condition, the increased current produces considerable heat, which cannot
be effectively dissipated by the cooling system of machine. Therefore, the increased

temperature induces irreversible demagnetization.
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2.6 The Effects of Irreversible Demagnetization

The remanence of permanent magnets will be decreased after they suffer a large
demagnetization field exceeding the knee point. Therefore, the field flux of the
machine is also decreased. From an electromechanical energy transformation point of
view, the torque is the product of armature current and field flux in the d-axis. If the
field flux is decreased by irreversible demagnetization, the torque performance
decreases accordingly. Therefore, the consumption of armature current will become
higher than that rated to maintain the identicalrl-c')ad c:ondition [27].

The induced voltagé of /an electric maehine is\proportional to the speed and

1 o
-

field flux density, which can be inferred F{'&r‘ﬁ*Faraday’s law. If the permanent magnet
is irreversibly demagnetized?r__the fie_ld flux- ;f the machine irs decreased. Therefore, the
induced voltage is decreased or distorted, _resulting-z in the distortion or reduction of
back-emf and air gap flux density.

From the perspective of electrical machine design, the motor performance will
be degenerated because of irreversible demagnetization. The effects of irreversible
demagnetization are listed as follows:

1. The reduction of torque ability in the same magnitude of driving current [27].

2. The decrease in motor efficiency.
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3. The distortion or reduction of back-emf [26].
4. The decrease in air gap flux density.

Consequently, these harmful influences of irreversible demagnetization should
be comprehensively studied in the permanent magnet synchronous motor design,
especially if the motor is implemented for highly loaded machines, such as electrical

directly driven motors for electric vehicles, machine tools, and aircraft applications.
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Chapter 3

Material Selection Analysis

3.1 Brief Review of Magnetic Materials

All magnet materials have magnetization behavior. If a magnet material is
placed in an external magnetic field with field.intensity H , then the flux density B
in the magnet material will vary with the field intensity. This magnetization process
can be represented by the relationshi-.p;between flux density and field intensity

(magnetization):
_é=y0(H+M) c (3.1)

and
M=z,H (3.2)

where y,, is the magnetic susceptibility, which is a dimensionless quantity, M is
the magnetization vector, measured in amperes per meter (A/m), H is magnetic
field intensity, also measured in amperes per meter, and B is the magnetic flux
density, measured in tesla(T ).
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Substituting (3.2) into (3.1) yields:
B =, (Q+ ) )H = gt poH = uH (3:3)

where g, is the relative permeability of magnetic material, u, is the permeability
of free space (47 x10™" H/m), and x is the absolute permeability.
In terms of the relative permeability, magnetic materials can be categorized into

three groups: diamagnetic, paramagnetic, and ferromagnetic materials. The

i

3.1. & =

relationship between relative permeability ;qnd magnetic materials is listed in Table
e

Classification Materials

Diamagnetic materials

e

= . Cu,Ag,Au, Zn

(ur<1) 2, /] ¥
Paramagnetic materials [ ey _
- 2 Al, Mg, Ti, W
(u>1)
Ferromagnetic materials < " T al
10% < g1, <5:10° Fe, Co, Ni
(ur>>1) '

The characteristics of ferromagnetic materials are usually depicted in B-H or
M-H curves. These hysteresis curves describe the nonlinear relationship between
magnet flux density and magnet field intensity (magnetization).

Ferromagnetic materials are predominantly used in electric machines. They can
be divided into soft and hard magnetic materials. Soft magnetic materials are excellent

conductors of magnetic flux and they have narrow hysteresis loops. Soft magnetic
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materials are broadly referred to as electrical or silicon steel in electric machine design
issues. Hard magnetic materials are used to provide constant magnetic flux and they
have wider hysteresis loops. Hard magnetic materials are generally called permanent
magnetic materials. The difference between soft and hard magnetic materials can be

easily identified from their hysteresis curves, as shown in Fig. 3.1.

B B
A A

[ gy, (| [
A L |/

1 o
-

i '
g

(a) Soft magnetic material - (b)'Hard magnetic material

Fig. 3.1 Typical hysteresis Curves df soft and ‘hard.magnetic materials
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3.2 Selection of Armature Lamination Steels

Lamination steel is also referred to as silicon steel or electrical steel, and is one
of the soft magnetic materials. This material is widely used in electromagnetic power
devices, such as transformers and electrical machines. The ideal characteristic of
electrical steel should have high inductance at low field magnetic strength and have
good conductivity for magnetic flux. In general, since electrical steel is used in
alternating magnetic field applications, other requirements for this material are low
coercive field strength and a'narrow hysteresis I-'oop.

The classification of /Commercial electrical’, steel' can be divided into
non-oriented and grain-oriented. The ﬁ%@netic characteristic of the non-oriented
electrical steel are almost idgm_tical_ in aII-(:jrirections, and irs termed isotropic. Hence,
non-oriented electrical steel is:often ‘tsed in moto;s and generators. In contrast, the
magnetic characteristic of grain-oriented electrical steel is better in the rolling
direction than in the perpendicular direction, due to the orientation effect, which is
termed anisotropic. Grain-oriented electrical steel is often used in transformers.

According to the discussion above, the material for laminated armatures is

non-oriented electrical steel of a thickness range from 0.12 to 0.64mm. AISI grade

M19 of thickness 0.36mm is commonly selected as the armature lamination material.
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The B-H curve of AISI grade M19 is shown in Fig. 3.2.
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3.3 Selection of Stator Permeable Pole Face Material

Because a flux shunt magnet circuit loop is composed of a permeable pole face,
the stator permeable pole face must be made of permeable material. The selection
criterion is good conductivity of magnetic flux; therefore, laminated silicon steel, iron
or carbon steel can be adopted. The field winding is wound on the permeable pole
face and is excited by direct current to provide the field flux. Because eddy current
loss is not induced by direct current, the use of laminated silicon steel may not be
necessary. In addition, using laminated silicc;ﬁ ste(?l,as a permeable pole face may
increase manufacturing difficulty and cost. For.these\two:reasons, low carbon steel

1

grade S15C is normally sélected as the'h?ﬁﬁéﬁble pole face material. The B-H curve

of low carbon steel [28] is shown, in Fig. 33
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Fig. 3.3 The B-H curve of low carbon steel S15C
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3.4 Selection of Permanent Magnet Materials

Permanent magnet materials are widely applied in electric machines, because
they have highly coercive field strengths, high remanence, and high magnetic
permeability. Due to these excellent physical properties, the winding excitation
configuration in traditional electric machines has gradually been replaced by
permanent magnets. Permanent magnetic materials can be divided into three major
classes: alnico, ferrite, and rare-earth magnets, which are the usual candidates for the
electric machine applications. The features of-'several permanent magnetic materials
used in electric machine designare intraduced.as,follows;

—
-

(1) Alnico magnets %
Alnico magnets are corrpposeq of aII-ozgls of Aluminurﬁ, Nickel, and Cobalt. They
can be manufactured through either a:sintering.or a casting process. The features of
Alnico magnets are excellent temperature stability and high residual flux density. The
physical properties of alnico magnets are listed in Table 3.2.
(2) Ferrite magnets
Ferrite magnets are also referred to as ceramic magnets. These can be

manufactured through either a sintering or bonding process. Because of the advantage

of cost, ferrite magnets are widely used in commercial electronics. From the
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mechanical property perspective, ferrite magnets are hard and brittle; therefore, to
shape the magnet into a particular form requires special machining techniques.
Moreover, ferrite magnets have the risk of irreversible demagnetization at low
temperature due to their magnetic properties. Care should be taken to evaluate the
working temperature. The physical properties of ferrite magnets are listed in Table
3.2.
(3) Rare-earth magnets

Rare-earth magnets have two major classes, which are Neodymium Iron Boron
(NdFeB) and Samarium Cobait (SmCo) magnets. “Because the maximum energy
product and remanence of rare-earth: ma-.gﬁets-a're much hiéher than for other types of
magnets, they represent the- most advanc-'?f:c} permanent magnets today. Compared to
ferrite magnets, NdFeB magﬁéts have.a-better anti-demagnetization ability below 60

°C, but they are usually expensive. The physical properties of rare-earth permanent

magnets are listed in Table 3.3.
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Table 3.2 Basic physical properties of ferrite and alnico permanent magnets [29]

Property Unit . Alnico
Sintered Bonded
B, kG 4.3 2.4 8.2
pHc kOe 2.1 2.2 1.65
iHc kOe 2 2.5 1.7
(BH)max MGOe 3.8 14 5.3
T, °C 450 450 860
a(By) %/K -0.18 -0.03 -0.01
B(H.) %/K +0.4 -0.2 ~0
R pQecm >10% 44000 60
p glem® 5.0 7.0 7.3
: J‘L Lgi[:—[bﬁf;ﬂ:giﬂ
&y '
Table 3.3 Basic p@ca%ﬂj esofr \{‘perrﬁ@nent magnets [29]
o 1010 O 0 ODd
0]0]5 -
aered e DONAed
Br kG 1.6 = 98 6.3
oHe koe " [7~ $0 s W i 87 6.8
iHe kOe .j; 3 s 13 11
(BH)max MGOe - 10
T °Cc 720
a(B) %/K -0.11
B(GH.) %/K -0.6
R pQecm 114 60 150
p glem® 7.3 8.3 7.5

The selection of magnetic materials is important in the electric machine design

process, because it influences the performance, volume, and cost of the final electric

machine. The selection criterion of magnetic materials for electric machine design

processes are listed below:
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1. The physical properties of the magnetic materials are stable, and they do not
sensitively fluctuate with environmental situations, operation temperature, or load
condition.

2. The mechanical properties of magnetic materials are sufficiently robust to sustain
stress during the operation. Especially for a machine to be operated in critical
conditions such as high speed or pressure, the mechanics aspects of the design
must be seriously considered.

3. The magnetic materials should be easy to manufacture and assemble.

4. The cost of the magnetic matérials should be reasonable for economic reasons.

According to the analysis ofper;.rﬁneﬁt' magnet méterial, ferrite magnets are
selected to provide main-field flux. Beca-'fj:sre the secondary: field flux is provided by
current excitation, the total ﬂux is'composed by-the-flux of the permanent magnets
and the current excitation flux. The hybrid-total flux can satisfy the desired field flux

and it is adjustable. Therefore, the utilization of high quality permanent magnets, such

as NdFeB magnets, is made unnecessary regardless of their cost.
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Chapter 4

The Magnetic Circuit Model and Optimal
Design

4.1 The Magnetic Circuit [30]

4.1.1 The Basic Concept of a'Magnétic Circuit

A conversion betwegn:electricaland meehanical ‘energy occurs in a magnetic
field. Generally speaking,'a magnetic fi.e-%(:an be described by two vector quantities,
the magnetic field intensityrr__l—! (ampere per meter) and fhe flux density B (tesla).
The magnetic field intensity H “is related torthe Het current i, (ampere) flowing

through a closed path or contour C, which can be expressed by applying Ampere’s law

as follows:
956 H-dl =i, (4.1)

The flux density B can be thought of as the amount of magnetic flux flowing

through a given area. The relation between flux density and magnetic field intensity is
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shown as:

B=uH (4.2)

where 4 is the permeability of the magnetic flux medium.

Consider the simple magnetic structure shown in Fig. 4.1, where g is the air

gap length, I is the average length of the core from one side of the air gap around to

a

the other, ¢ is the magnetic flux excited by the N coil turns and carrying a current of

i Ampere.
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Fig. 4.1 A simple magnetic structure

Assuming that the core material is magnetically permeable, its permeability s,

IS much greater than the permeability s, of the surrounding air. The cross-sectional

area of the core in the path of a magnetic flux can be regarded as a constant.

Consequently, from equation (4.1), it can be obtained that:
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Mzﬁfhm:H&+Hﬂ (4.3)

where H,_ isthe field intensity in the core, and H isthe field intensity in the air gap.

The flux density is defined as the amount of magnetic flux flowing through a
given area. Assuming that the cross-sectional areas of the core and air gap are A, and

A, , respectively, the flux density in the core and air gap can be expressed as:

- (4.4)

(4.5)

F=Ni: " 4.6)

From equation (4.3) to (4.6), the following can be obtained:

F=Ni=H,UI +H,g
B
— E |é1 + _9 g
:uc IUO (47)

(9
Luc/x +quJ¢

where g, is the core permeability and , is the permeability of air (47x107"H/m).
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By observing equation (4.7), the relationship between magnetomotive force F
and magnetic flux ¢ is found to be similar to the relationship between voltage V and

current i in an electric circuit, as shown in Fig. 4.2.

(a) Magnetic . " (b) Electric

Fig. 4.2 Magnetic circuit model and itsianalogous electric circuit model

It is well known that the relationshi'_ﬁ_;between voltage V. and current i in Fig.

4.2 (b) can be represented by;'-O'hm’é law;as follows:.

V=(R+R,)i (4.8)

where R, and R, are resistances.

Similarly, the relationship between magnetomotive force F and magnetic flux

¢ inFig. 4.2 (a) can be described as follows:

F=(R,+R,)¢ (4.9)
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where R, and R, are the reluctances of the core and air gap, respectively. Comparing

equation (4.7) with (4.9), R, and R, can be rewritten as follows:

R =—°
A (4.10)
g
R =
ST A, (4.11)

Although a magnetic circuit is analogous to an electric circuit, their physical
meanings are different. For example, the current flowing through a resistance causes
energy dissipation, whereas the'magnetic flux flowing through reluctance constitutes

energy storage. ar—Tid
4.1.2 The PM Magnetic Circuit Model

PMs are made of magnetic materials. In general, the B-H curve of a PM can be

shown as in Fig. 4.3.
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Fig. 4.3 The B-H curve of a permanent magnet

For convenience, the field intensity axis is scaled by u,, giving both axes

dimensions in Tesla (T). In Fig. 4.3, the flux density at the zero field intensity is called

the residual flux density B, the field intensity-at the, zero, flux density is called the

| |

coercive force H_, and the relative recoilspermeability is the slope of the linear part of

I -%i

the B-H curve, which is'expressed as foIIo{/Qé:

" Br i
S (@.12)

Point (—z,H,,,B,,) is the operation point of PMs. It satisfies that:

m? =m

B, =B, + 1 i4H, (4.13)

Considering a rectangular magnet of length | and cross-sectional area A, as

shown in Fig. 4.4, the magnetic flux can be derived from the magnetic circuit and
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represented as follows:

Fm
P =0 R (4.14)

m

Since ¢ =B, A,, contrasting equation (4.13) with (4.14), gives the following:

¢r = BrAn (415)
Fo=H.l, (4.16)
o
" L tigh, (4.17)
Bm
A, T -

(@) (b)
Fig. 4.4 A rectangular magnet and its magnetic circuit
In order to facilitate the calculation, the value of reluctance is often represented
as permeance, whose value is the inverse of reluctance. Therefore, the permeance of the

rectangular magnet in Fig. 4.4 can be described as follows:
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Pm — Rmfl — :uRIUOAn (418)

where P, is conventionally called the magnet leakage permeance, although here it is

simply called the magnet permeance.

4.1.3 Flux Linkage and Back-EMF

The determination of flux linkage is the total flux linked by the winding, which is

expressed as

AN (4.19)

sre

From equation (4.7) and(4.9), equati(-)H (4.19) can be rewritten as

N2
T

i (4.20)

The expression shows that flux linkage is directly proportional to the current
flowing through the coil. As a result, it is common to define the constant relating

current to flux linkage as inductance:

L-2
|

N2
=== N?P,, (4.21)
eff
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where R, and P, are the effective reluctance and permeance of the core and air gap,

respectively.
The primary significance of flux linkage is that it induces a voltage across the
winding when the flux linkage varies with time. The voltage E that is induced by the

variation of flux linkage is given by Faraday’s law, which states:

d4
E=—>- 4.22
it (4.22)

Applying equation (4.21) toi(4.22), we obtain the following:

480 .
god(li) | di vt (4.23)
de\  fdt) dt

1

—— ~
—

where the first term is referred to as the traﬁsformer voltage- E,, which is produced by
the changing of the Winding'f':u'rrenf, and.the.second.term is the back-EMF E, , whose

amplitude is directly proportional to the speed of motor.
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4.2 Determination of Design Variables

The dimension description of the flux shunt DC motor is shown in Fig. 4.5.
Since this topology contains a stator and armature, the definition of design variables
are separated into two parts: one is for the stator parameters, the other is for the

armature.

[P

(b)

Fig. 4.5 Design variables of (a) stator, and (b)armature
Stator parameters are illustrated in Fig. 4.5 (a), where 7, is the magnet width,

|, is the magnet length, d, is the stator back iron width, |, is the front permeable

material length, w,, is the front permeable material width, w,, is the lateral
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permeable material width, wg is the half of the stator slot width, and A is the

stator conductor area.

Armature parameters are illustrated in Fig. 4.5 (b), where d, is the tooth shoe
depth, d, is the conductor slot depth, d, is the armature tooth depth, z, is the slot
pitch, o is the slot opening width, w, is the tooth top width, w, is the tooth
bottom width, d, is the armature back iron width, w,, is half of the armature slot
width, and A, is the armature conductor area.

The relationship between design.variables is discussed as follows:

The armature tooth depth is.given by:

d; =d, +d, (4.24)

. |

The slot pitch is givé;'h'by the_number_of slots "N, ‘and the outer radius of

armature R,:

(4.25)

The tooth top width is related to the slot pitch z, and the slot opening width o

by:

W, =7,-0 (4.26)
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The armature conductor area A, is determined by half of the armature winding

width w,, and conductor slot depth d,:
A, =2w,d, (4.27)

The stator conductor area A, is determined by half of the stator winding width

w,, and the front permeable material length |, :
A = 2w, (4.28)

Other parameters are definedias follows, ‘including the air gap length g, motor

axial length |, armature winding diameter...d,,J,)number of turns per armature slot N_,
,u-;:_:,-_

stator winding diameter. d

ws !

and number!of turns per stator slot N, . The length of
the air gap is the difference between the arfature olter radius R, and the stator inner

radius R..
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4.3 Magnetic Equivalent Circuit Construction

In this section, the magnetic equivalent circuit is proposed for the DC motor
with an anti-demagnetization mechanism. Due to the symmetrical structure of the
motor, the designed motor can be simplified by several minimum magnetic equivalent
circuit models, each of which has 10 armature slots and 2 poles.

According to the assumptions of material linearity and collinear flux in the air
gap, the magnetic circuit model and energy method are used to formulate the torque
produced in the air gap. It is'necessary‘to maké -t'he fgllowing assumptions:

(1) The stator magnetic material,_is operated In the: linear region of the B-H
curve. ;;"

(2) The air gap distri__bgtion of st;a:t;c-)r slot opening IS approximated by the
effective air gap distribution‘using Carter’s _Coefﬁcie;lt [31].

(3) The flux flows straightly across the air gap between the stator and rotor,

ignoring the leakage flux from teeth and magnets.

(4) The magnetic flux density is uniformly distributed in the stator magnetic

material.
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Based on these assumptions, a minimum magnetic circuit model of the DC

motors having 10 slots and 2 poles can be constructed, as shown in Fig. 4.6 (a).

Stator

Rotor (Armature)

[] Permeable material [ Permanent magnet Field winding

()

WERE OF[FRERERE D 2R,

Rat § é Rz

Rr
WV
—_—
#
(b)

Fig. 4.6 Flux shunt DC motor minimum magnetic circuit (a) structure and (b) model
The flux path 1 is assumed to flow straight across the air gap between the stator

and rotor. The overlapping area method [5] is used so that the fringing effects of flux
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are ignored in order to simplify the magnetic analysis. Therefore, the reluctance of the

air gap length is modeled by R, and R, ,, which vary with rotor shift. The leakage

92
flux flows through flux path 2 between two adjacent magnets, where the leakage
reluctance is denoted by R .. The self-leakage of the permanent magnet is described
in flux path 3, where it passes through the surrounding permeable material rather than
air because the reluctance of the permeable material is much smaller than that of air.
Hence, the reluctance of the permeable material is modeled as R, and R,,. The

magnet is represented by twor parallel elements,- ¢, and R,, where ¢, is the

m !

remanence of the magnet and R.#1s the reluctance“of the magnet, R, and R, are

the reluctances of the back iron of the Stator and rotor, respectively, and F is the

-
——

magneto-motive force produced by the fieﬁ;i_windings. Finally, ¢, is the air gap flux.

The stator is made of iron and the rotor.isiMade.of silicon steel, whose permeability is

much greater than air; therefore, "R, and.. R. .can be neglected in the magnetic circuit
model. To simplify the analysis, the reluctance is represented by permeance and the

simplified permeance network is shown in Fig. 4.7.
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mm

Fig. 4.7 The simplified flux shunt DC motor permeance network

4.3.1 Calculation of Air Gap Perm'é_an'pe

—— ~
—

The air gap distribution’in the circu'_r"m_ferential direction’is formulated explicitly
as a function of motor geométiries t31]. Theyvariation of effective air gap in one slot

pitch is shown in Fig. 4.8.

geﬂ (X) f

Fig. 4.8 The variation of the effective air gap in a one slot pitch
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The effective air gap length on the rotor side is defined as:

g
geff(x)z
1—,8(1— (:03207,Z xj (4.29)
where
o=ty (4.30)
B

B = (1-u) 431
_2(1+u2) (4.31)

41 0 0 0 ;

1= [ toaee — — L1+ [ % e .

g P %a J{zgj (4.32)
(4.33)

where g isthe minimum air gap length bet-weer; the stator and armature, o is the slot

opening width of the armature, and 0’ is the effective armature slot opening width.
The effective air gap distribution in a minimum magnetic circuit model is

sketched in Fig. 4.9, where Xx represents the peripheral coordinate along the

circumference of the air gap direction between the rotor and stator.
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Fig. 4.9 The effective air gap on the rotor side.in"a minimum magnetic circuit model
In the case of a. DC rﬁotor, the air gapulength on the stator side g, is

established by the magnetic field poles:-.ikxerefore, g, is the function of magnet width

R

m

r,, and magnet length 1., which are thé’%geome_try parameters of the magnet field
poles. For simplicity, the gs::—'is' qssfjmed to be I, and thetotal air gap length (X, s)

is written as:
5()(! S) = geff (X) + gs(X’ S) ~ geff (X) + Im (434)

where s denotes the rotor shift.
The permeance of each slot can be solved by equations (4.18). The air gap
permeance in the flux path is calculated by the overlapping area method [5], which is

illustrated in Fig. 4.10.
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6 7 8 7 |9 1

B

1
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\
Rotor side

Rotor (Armature)

Fig. 4.10 Overlapping area method (s=0)
Because the flux is assumed to flow straight across the air gap between stator and
rotor, the fringing flux effect can be ignored. Based on this assumption, the magnet’s
flux only flows through the slots'that face the.magnets. The permeance of each slot is

proportional to the overlapping area of slot and magnet, which can be expressed as:

S0s) |

P, (e = 80 [NISE2S | b 350 (4.35)
J:1r,+,2,...,10

where P

4isj represents the p’érr'neaﬁce of the,j th-slot in‘flux path of the ith magnet;

therefore, P.. is zero if the Jth slot. does not overlap with any magnet. The

gisi
overlapping area A ; of the jth slot and the ith magnet varies with respect to the

rotor shift, thereby, P,. isa function of the rotor shift.

gisj
The rotor shift is defined as is shown in the initial position in Fig. 4.10, where
slots 1 through 5 align with field pole 1 while slots 6 through 10 align with the field

pole 2. It is clear that P, is a linear combination of P, through P, . Similarly,

P, can be represented by a linear combination of P, through P,,,. As the
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rotor rotates, magnet 2 moves fictitiously back to slot 1 and the permeance of slot 1 is

included in P, to complete a period of the magnetic circuit. Therefore, the air gap

permeance aligning each magnet can be modeled as a several parallel connection slot

permeances in the corresponding flux path, which is given by:

Pgl = Pglsl + PglsZ + PglsS to.t Pglle (436)
Pg2 = Pngl + PngZ + Png3 +..t+ Pg2le (437)

4.3.2 Calculation of Magnet, Permeéb{?,_—i}/_lg_terial, and Leakage Permeance

4 1

The magnetic circuit of.permanent ﬁégnets Is constructed by (4.4). The magnet

permeance can be calculated by: ~

Pm :'uR’:l—OA“ (4.38)

A, =1, (4.39)
The permeable material permeance can be modeled as two parts, which are B,
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and PR,. The former is referred to as the permeance of flux path 2; the latter is

referred to as the permeance of flux path 3.

The front permeable material permeance P, can be calculated by:

Pbl — luRIUOATI (440)
Wbl

The self-leakage of a permanent magnet pole in flux path 3 passes through each

lateral permeable material; therefore, the lateral permeable material permeance P,,

can be calculated by:

Wl
R - (4.41)

If

1

—— ~
—

Because permeances. R, and P, 'F'f}tre connected -in- parallel in Fig. 4.7, the

equivalent permeance can be caloulated by:
Peq =R,+R,+FR, (4-42)

The leakage permeance of a permanent magnet pole in flux path 2 between each

pair of adjacent magnets can be described as [32]:

|
P =2 In[L+ ;—g] (4.43)

mm
T SS
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4.3.3 Calculation of Air Gap Flux

Vl
@
¢r * Peq Peq * ¢r
2 V3
Pbl I:)bl
Vv, V,
F F
Pmm
V6 'W\' V7
P P
gl V8 ¢}
—
'¢g

Rgference no:de
7Fig. 4.11- No&ivoi-tage method |
- e

After the permeances- of the'magnéfi_'c circuit'model-are acquired, the air gap
flux can be determined by I{ifchhc;ff’s Current .La\}:\g (KCL). According to KCL, the
node voltage method is employed- to forrﬁulate the voltage equations; the selected
nodes of the magnet circuit are shown in Fig. 4.11. There are eight nodes in the
magnet circuit, V, through V,. Assuming that V, is the reference node, whose
voltage is set to zero, then the others voltage nodes will have their relative values
referred to V.

By applying the KCL, the voltage equations of the magnet circuit can be

formulated as follows:
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(4.44)

(4.45)

where [V] is the node voltage vector, [Q]"is the magnetomotive force (mmf)/

magnet flux source vector,:and [P] Js-the permeance matrix.

1

The magnetomotive force (mmf)/magnet:fﬂfﬁxiéource vector [Q] is formulated by

[QIE[0: gy, 0 &, B

(4.46)

where ¢, is the magnet flux source and is the magnetomotive force (mmf) of the

field windings. The permeance matrix is given by:

—2F, P P
Py PuRy O
Py 0 R
[P] =/ 0 Pa 0
0 0 R,
0 0 0
| 0 0 0

0
P

eq
0
- Pbl
0
-1
0
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0
0
P
0
1

o

1

- Pbl
0

0 0
0 0
0 0
P — Pgl Pom
Pom P
1 0
-1

(4.47)



The seven independent equations shown in (4.44) have seven unknown

variables V,, V,, ..., V,,and V,. The solution can be obtained by solving these

linear equations. Subsequently, the flux distributions of each slot are calculated by:
¢sj = (Ve _Vs) Pglsj + (V7 _Vs) Pg 2sj (4-48)

where j=1,2,...,10.

The flux distribution ¢,, 4.,, ..., and ¢, in an electrical cycle of a rotor
shift is illustrated in Fig. 4.12. In this figure, the relative position of the armature and
stator iSO’ E, as shown in Fig. 4..10. At this moment, the N-pole of magnet 1 faces the

armature slots; therefore, the flux in stets<Ll.through 5 is positive. In addition, slot 1

and slot 5 face only a portion of magnet i’ihence the received flux of slot 1 and slot 5
is less than that of slots 2 tﬁrbugh 4, lncontrast, the S-pole of magnet 2 faces the
stator, so the fluxes in slots 6 through-10 -are negative. Similarly, slot 6 and slot 10
face only a portion of magnet 2; hence the received flux of slot 6 and slot 10 is less
than for slots 7 through 9. In addition, as the armature shifts from 0°E to 360°E,
the flux flowing through each slot varies with respect to the relative position of the

magnets.
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Fig. 4.12 Fluxidistribution.in each slot

4.3.4 Calculation of Torque

E .
T

o
=

Torque is produced- by the \'/aeriatici;ﬁ. of coenergy with respect to rotor shift,
which is defined as the relative a:nglle between the'rg_tor and stator. The field coenergy

in the air gap can be calculated by:

2R, F%(X,S) dx

W, (s)= j Fdg = j FB,dA = 4| jo 508) (4.49)

where | is the motor length, u, is the permeability of air gap, B, is the flux
density distribution in the air gap, F(x,s) is the MMF distribution in the air gap and
o(x,s) is the total air gap length.

The output torque is then calculated by the rate of coenergy change in the air gap,
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which is expressed as:

T(s)=R, W)

s (4.50)

i=const.

where s is denoted the rotor shift, W, is denoted the magnetic coenergy, and R, is

the outer radius of the armature.
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Fig. 4.13 Torque calculated by the magnetic circuit model
In order to calculate torque by a numerical method, the reduced continuous

coenergy and torque equation can be transformed to discrete forms as follows:

N|:2

(kAG, pAO)

W, (BAG) = 1l AOD

n=1

5(kAO, BAG)
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W, ((B+1)A0)-W, (BA0)|

T (BAG) = N

k,B=1,2,3.. (4.52)

i=const.

in which the electrical period (360°E) is divided by N equally spaced points, each
with a mechanical position apart from A& and s= SAE. The torque calculated by
the magnetic circuit model is shown in Fig. 4.13. The MATLAB m-files of the

magnetic circuit are attached in Appendix A.

4.3.5 Calculation of Inductance

The inductances can:be calculated by winding function method [31] [33], which

states that the inductancesbetween anyt\Eﬂd"Wi'hdings icfand j is

4 1

2z N. (x)N (x)

é‘(x 5) (453)

L;j;"(s;) = 1R | j

where 1, is the permeability coefficient of air gap, R, armature outer radius, | is
motor axial length, N; and N, are the winding functions for windings i and j,
respectively, ¢ is air gap length, s is the rotor shift, and X is the peripheral
coordinate.

Before the calculation of inductance, the winding functions need to be defined.

In flux shunt DC motor, there are armature windings and field windings, which is
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defined as follow:

The winding function of armature winding is defined as

o0

N, (x) = 42‘& Zsin(kz—x)

k=1 s

where N, is the number of turns per armature slot and 7, is the slot pitch.

The winding function of field winding is defined as

4
Ny (X) =

N ©
S sin(k )
7 e AT Tp

where N, isthe number of turns per stator slotand "z, is the pole pitch.

The self inductance of the armature.winding is calculated by

g—

4 1

- | -'\;'—- y 2.
L) R Ny
'y S o 5(X,S)

and the average self inductance of the armature winding La is calculated by

— 1 27
Lan =~ [ La(s)ds

(4.54)

(4.55)

(4.56)

(4.57)

The self inductance of the armature winding calculated by (4.56) is shown in

Fig. 4.14.
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Fig. 4.14 Self1|ndhctapce of e{almature winding

| = =

=
. S
The self mductance of thwwted by
"'" . r.\\ '.‘/-\I {P-: f'

(4.58)

(4.59)

The self inductance of the field winding calculated by (4.58) is shown in Fig.

4.15.
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Fig. 4.15 Self inductance-of the field winding

The mutual inductance between the armaturé:'winding and the field winding is

calculated by ,. 7
| '?,_;_ | !
: | 2-’['rNaa (X)N ff (X)
L.(s)=mRI| —=+———dx 4.60
SIS ARI, 50hs) (4.60)
and the average self inductance of the field winding L+« is calculated by
— 1 2r
Lt =—— [ Ly (5)ds (4.61)

The mutual inductance between the armature winding and the field winding calculated

by (4.60) is shown in Fig. 4.16. The MATLAB m-file of these inductances calculation

is attached in Appendix A.
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Fig. 4.16 Mutual inductance between,the armature:.winding and the field winding

Fig. 4.17 Equivalent circuit of a flux shunt DC motor

The equivalent circuit of a flux shunt DC motor is constructed in Fig. 4.17. By
applying Kirchoff’s voltage law to write voltage equations, the field winding voltage

and armature winding equation can be expressed by (4.62) and (4.63), respectively.
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di

Vi =1+ L — 4.62
f il ff dt ( )
.o— di
V, =i, + Laa d: + k¢, o, (4.63)
where v, is the field winding voltage, r, is the field winding resistance, i, is the

field winding current, L« is the average field winding self inductance; v, Is

armature winding voltage, r, is the armature winding resistance, i, is the armature

a a

winding current, La isthe average armature winding self inductance, ¢, isthe field

flux, k isaconstantand «, isthe mechanical @angular speed.

Because the field flux can be con.trglled by additional field windings, it can be

g—

4 1

written as:
k= Lai, Hp (4.64)

where L« is the average mutual inductance between armature winding and field

winding, i, isthe field winding current, and ¢, is the remanence flux.

Therefore, the armature voltage equation can be rewritten as:

di, — .
d'ta +(Lati, + )0, (4.65)

vV, = raia + Laa

and the mechanical angular speed equation can be represented by:
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.o di
V, =l —Laa —2
o, = dt (4.66)
Lat if +¢r

According to (4.66), the field flux is inversely proportional to the mechanical angular
speed. Since the field flux is controlled by the field winding current, so also is the

mechanical angular speed. A continuously variable speed technique can therefore be

implemented by this machine.
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4.4 Sensitivity Analysis

Before the optimization process, the designer has to evaluate the influences of
design parameters on the objective functions. Sensitivity analysis is implemented to
assess how objective functions are influenced by a single design variable by assuming
that other design variables are kept constant. The objective functions chosen in

sensitivity analysis are output torque, speed, efficiency, and weight.

4.4.1 Objective Functions

Objective functions are chosenfor sensitivity analysis and the optimization

process. The objective functions are define';f_i;.in this section;.
(1) Output torque

The torque equation is calculated by:

_p ()
T(s)=R, == (4.67)

i=const.

where s is denoted the rotor shift, W, is denoted the magnetic coenergy, and R, is
the outer radius of the armature.
(2) Speed

The speed of a motor is proportional to the driving voltage and inversely
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proportional to the field flux. The maximum speed of motor can be obtained by
equation (4.66).
(3) Efficiency

In the energy conversion process, power losses of an electrical machine can be
categorized as copper losses, magnet losses, iron losses, and mechanical losses.

Therefore, the relation between input power and output power is given by:

R,=P

in sha

ft + Pcopper + F)PM + I:)iron + Pmech (468)

S

where P, is the input electrical power, P,;af; is the output apparent motor shaft
power, P is the copper. loss, P,,. is the magnetless, P, is the iron loss and

copper

P..cn 1S the mechanical loss.

m

The apparent motor shaft output power is defined as:
Pare =T O (4.69)

where T is the output torque actually transferred through the motor shaft and o,
is the mechanical angular speed. The power flow diagram of an electrical machine is
shown in Fig. 4.18. Loss calculations for each component are introduced in the

following sections.
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Fig. 4.18 Power flow diagram of an electrical machine
Copper loss is also referred to winding or ohmic loss and is the effect of

time-varying current in copper. coils. Copper-loss mainly includes the DC resistance

loss P :

winding,DC

Accordingly, copper losses can

and the eddy current loss Prinoi S

be expressed as:

=
[ "
—

4 1

: Pcopper 3 Pwinding',lf)(-: + Pwin-wding ,eddy 7 (470)

The DC-resistance loss is related to the:coil length, cross-sectional area, and

material resistivity of the copper coils. Therefore, the DC resistance R,. for a single

phase winding is given by:

|
R, =2 (4.71)

where |, is coil length, A is cross-section area and p is the resistivity. The
resistivity of copper is 1.72x10°Qem at 20°C.
In general, DC resistance losses of a single phase electric machine can be
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represented as:

I:)winding,DC = RDCIrzms (472)

where |, isthe RMS phase current for one phase winding.

s
Eddy current losses in windings can be attributed to skin effects, internal
proximity effects and external alternating magnetic fields. Especially in a small
volume machine, the eddy current losses are a minor component of the copper losses
and therefore can be neglected to simplify the calculation of copper losses.
The main explanation of .Ioss in permahént magnets can be attributed to three
aspects. First, because of the winding distribution, the harmonics of windings induce

1 o

time-varying magnetic fields. and thergfore-a loss in permanent magnets occurs.

i

Second, because the currentryv_avefgrm ge_riérated by the ir.ivert (driver) contains time
harmonics, it is regarded as the source that induces e-zddy currents. Third, slot effects in
the machine lead to the variation of permeance and also induce eddy currents in
permanent magnets, even in the no-load condition. Based on these three facts, eddy
currents cause the bulk of the loss in permanent magnets and are significant,

especially in high speed or high-frequency conditions.

The induced power loss in a single permanent magnet piece is given by [34] [35]:

O
PPM = ﬂ ImtmTr::‘l Bza)ezddy (473)
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where o is the conductivity, B is the flux density produced by the applied MMF or

permeance variation, w,,,, Is the angular frequency of the eddy current, | is the

m

magnet length, t  is the thickness of magnet, and z, is the magnet width.

According to (4.73), the induced power losses in a permanent magnet are closely
related to its dimensions.

Iron loss is also referred to as core loss and includes the hysteresis and eddy
current loss components in silicon steels in electric machines. Silicon steels are
excited by the alternative or.simply,sinusoidal magnetic fields. The alternative

magnetic field dissipates energy in‘'the material andhit-can be calculated by the area of

hysteresis loop in BH curve. Hysteresis0ss canibe estimated as:

e

P —Jgsb B" I (4.74)

where k, is a constant that depends on the type éhd dimensions of material, f is
the excitation frequency of a silicon steel, and B is the flux density for the selected
silicon steel. n is an exponent that depends on the material property of silicon steels
and ranges between 1.5 and 2.5.

The other component of iron loss is the eddy current loss, which can be
alleviated by increasing the lamination of silicon steels. Eddy current loss can be

estimated as:
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P, =k,h*f*B? (4.75)

where h is the thickness of a silicon steel and k, isa material constant.

Therefore, total iron loss can be estimated as:

Piron = I:)h + Ra (476)

The resistances from wind and friction are another sources of losses while the
machine is in operation. Windage loss is caused by gaseous particles sliding on the
rotor surface. It can be estimated as'[35]:

ngll = c.. %] (4.77)

where p, is the mass density of air,; WhFd‘.IIS usually selected as p, =1.092 kg/m®
at 40°C, o, Is the mechanical angula;épeed, D, is the diameter, and | is the
length of the armature respe-cti\_/ely, C,i1s the wihdage friction coefficient that
depends on geometrical dimensions and the state of the gaseous flow.

The other component of mechanical losses is friction loss, which arises from the

internal friction in bearings. It can be estimated as:
Pbearing :Cb tha)m (478)
where C, is the bearing coefficient related to the bearing type, D, is the diameter

of the bearing. Therefore, mechanical loss P

mech

is expressed as:
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P

mech —

P

windage

+ I:)bearing (479)

Therefore, the efficiency can be calculated by the ratio between the shaft output

power and the electrical input power, as follows:

Tw,
- n x100%
T Ta, <P, _+P, +P_+P ’ (4.80)

copper iron mech

(4) Weight
The motor weight is determined by the motor volume and the density of

materials. Mathematically, it is represented as:
. =2, Vil (4.81)

where p, and V, represent the density%ﬁdr_yolume of the different components of

i

motor, respectively.

4.4.2 Sensitivity Analysis

Sensitivity analysis is executed to determine how the objective functions are
influenced by each single design variable while other design variable kept constant.
The initial value of the selected design variables and their corresponding objective
functions are listed in Table 4.1. The result of sensitivity analysis for each design

variable will be discussed as follows.
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Table 4.1 The initial value of design variables and their corresponding

objective functions

\[o} Variable Symbol Initial value Range ‘
1 Tooth shoe depth d; 0.8 mm 0.8~1.3
2 Conductor slot depth d, 13 mm 13~18
3 Slot opening width 0 1 mm 1~15
4 Half of the armature slot width Wi 1.5 mm 1.5~-3
5 Armature back iron width da 12.5 mm 12.5~15
6 Magnet length In 7mm 7~9.5
7 Magnet width Tm 44.26 mm 44.26~47
8 Armature outer radius Ra 40 mm 40~42.5
9 Stator back iron width ds 12.75mm  |12.75~15.3
10 Air gap length g 0.5 mm 0.5~0.8
11 Motor axial Iength I 100 mm 100~120
64 turns 64~80

Operatlon condltlon

Armature voltage 48V
Armature current 10A
Field voltage ov
Field current ov
Corresponding objective functions
Torque..-an\]_fk QG -’-.42Nm
Speed f’r S ;m @ ql 3147 rpm
Efficiency 2"7"3 = Eij‘ T B07%
Weight B 6.98 kg
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(1) Tooth shoe depth d,

The sensitivity of tooth shoe depth is shown in Fig. 4.19. The changes in tooth
shoe depth affecting torque, speed, and efficiency approximate zero. This is because
the armature material property is assumed to be linear in the region of the B-H curve.
Therefore, saturation behavior of the armature is not observed in our analysis.
Empirically, a small tooth shoe depth causes efficiency to degrade with the flux
saturation in the tooth shoe. In addition, the increase in shoe depth slightly decreases

the total weight of the armature.
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Fig. 4.19 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
tooth shoe depth
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(2) Conductor slot depth d,

The sensitivity of conductor slot depth is shown in Fig. 4.20. Conductor slot
depth does not influence the torque, speed, or efficiency but mainly influences the
armature winding space. Because the volume armature material is decreased by the
increasing of conductor slot depth, the motor weight is also decreased. A deeper slot

depth on the armature offers more space to insert copper conductors.
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Fig. 4.20 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
conductor slot depth
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(3) Slot opening width o

The sensitivity of slot opening width is shown in Fig. 4.21. The slot opening
width is related to the effective air gap distribution. Increases in slot opening result in
the decrease of armature tooth width. Therefore, the flux flowing through the
armature teeth is reduced, and consequently the output torque decreases. This will
also decrease the efficiency because the magnet flux provided by the field poles does
not entirely enter the armature teeth. In general, increases in slot opening width causes
higher reluctance variation, but the decrease of slot opening width causes flux leakage
between adjacent teeth. Empitically, the slot opening is suggested to be twice larger

than the air gap.
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Fig. 4.21 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
slot opening width
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(4) Half of the armature slot width w,_,

The sensitivity of the half of the armature slot width is shown in Fig. 4.22. As
was seen for the sensitivity of conductor slot depth, half of the armature slot width
does not influence the torque, speed, and efficiency but mainly influences the
armature winding space. Because the volume of armature material is decreased by
increasing half of the armature slot width, the motor weight is also decreased. A wider
half of the armature slot width offers more winding space into which copper

conductors can be inserted.
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Fig. 4.22 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
half of the armature slot width
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(5) Armature back iron width d,

The sensitivity of armature back iron width is shown in Fig. 4.23. The armature
back iron is also used to establish a flux path for the MMF provided by armature
winding and to form a closed magnetic circuit loop. Therefore, changes in the
armature back iron affecting torque, speed, and efficiency approximates zero.
Moreover, the increases in armature back iron will consume more materials; hence, the

motor weight is also increased.
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Fig. 4.23 Sensitivity of (a) Torque, (b) Speed, (c) Efficiencyt, and (d) Weight versus
armature back iron width
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(6) Magnet length |

The sensitivity of magnet length is shown in Fig. 4.24. The magnet length
affects all of the objective functions, which means that the motor performance is
closely related to magnet length. Because the magnet length dominates the stator MMF
produced by magnets, an increase in stator MMF results a large field flux. Therefore,
the torque and efficiency is increased significantly by increasing the magnet length.
Moreover, the increases in magnet length will consume more materials; hence, the

motor weight is also increased.
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Fig. 4.24 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
magnet length
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(7) Magnet width 7,

The sensitivity of magnet width is shown in Fig. 4.25. Similar to the magnet
length, the magnet width affects all of the objective functions. Because the magnet
width also dominates the stator MMF produced by magnets, the increases in stator
MMF results in a large field flux. Therefore, the torque and efficiency is significantly
increased by increasing the magnet width. If the field flux is increased, the speed is
decreased for the same armature voltage. Moreover, the increases in magnet width will

consume more materials; hence, the motor weight'is also increased.
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Fig. 4.25 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
magnet width
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(8) Armature outer radius R,

The sensitivity of armature outer radius is shown in Fig. 4.26. The output torque

is usually increased proportionally to the armature outer radius. Increasing the

armature outer radius of a motor will also increase the use of materials; therefore, the

motor weight has a significant increase, which is proportionally to the armature outer

radius of the motor.
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Fig. 4.26 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
armature outer radius
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(9) Stator back iron width d,

The sensitivity of stator back iron width is shown in Fig. 4.27. The stator back

iron is also used to provide a flux path for magnetic flux so that the magnetic circuit

loop is closed. Therefore, changes in the stator back iron affecting torque, speed, and

efficiency approximates zero. Moreover, the increasing of stator back iron will

consume more materials; hence, the motor weight is also increased.
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Fig. 4.27 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
stator back iron width
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(10) Air gap length g

The sensitivity of air gap length is shown in Fig. 4.28. The gap between the

stator and the armature is defined as the air gap length, which is a primary region that

provides electrical mechanical energy transformation and storage of magnetic energy.

Therefore, the sensitivity of output torque with respect to the air gap length is high.

Moreover, the increase in air gap length causes a large reluctance in the magnetic flux

path; hence, the torque and efficiency are decreased by enlarging the air gap length.
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Fig. 4.28 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus air
gap length
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(11) Motor axial length 1

The sensitivity of motor axial length is shown in Fig. 4.29. Similar to the
sensitivity of armature outer radius, the output torque is usually increased
proportionally to the motor axial length. Increasing the axial length of a motor will
also increase the use of materials. Therefore, the motor weight has a significant

increase, which is proportionally to the axial length of the motor.
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Fig. 4.29 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus
motor axial length
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(12) Number of turns per armature slot N,

The sensitivity of the number of turns per armature slot is shown in Fig. 4.30.
The armature MMF is produced by conductors in the armature slots. If the number of
turns per armature slot is increased, the armature MMF is also increased. Therefore,
the torque increases with the increases in conductors per slot. The increases in
conductors will consume more copper, and so the motor weight will also be increased.
However, the increase in copper will also cause more copper losses; therefore, the
efficiency will decrease substantially. The increase of conductors in the armature slots

will increase the back EMF; therefore,.the maximum speed of motor will decrease at

an identical armature voltage.
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Fig. 4.30 Sensitivity of (a) Torque, (b) Speed, (c) Efficiency, and (d) Weight versus

number of turns per armature slot
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4.4.3 Sensitivity Indices

Sensitivity indices are defined as the ratio between the variation of an object
function and the variation of a design variable, and are used for describing the
influence of each objective function by each design variable per unit change [36].
This type of index helps designers to determine a proper set of design variables. The

sensitivity indices for torque T, speed w, , efficiency 7, and weight W _ are

defined by AT/A¢, Aw, /A, AW, /Ag, and An/A¢ where ¢ symbolizes
design variables. The sensitivity index of torque, speed, efficiency and weight are
shown in Fig. 4.31, Fig. 4.32; Fig. 4.38; and Fig-4.34 respectively.

1 o

According to these “sensitivity .intzllf:é‘:és;the tooth/shoé depth d,, the conductor
slot depth d,, and the half qf_,the ar.mature_ ;:sriot width fw,, rhave less sensitivity on the
objective functions of torque and"efficiency. More(;ver, the armature back iron width
d, and the stator back iron width d, have less sensitivity on the objective functions
of torque, speed and efficiency. Hence, the influence of these five design variables is
too small to be neglected in the optimal design process. Finally, seven design
parameters are selected as design variables in the optimal design process; these are

slot opening width 0, magnet length |, magnet width z_, armature outer radius R,,

air gap length g, and number of turns per armature slot N, .
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4.5 Optimal Design

4.5.1 The Optimal Design Tool

The optimal design utilized the multifunctional optimization system tool
(MOST) [37], which is applied to deal with the multi-functional optimal design
process. MOST is developed by the C++ language and a sequential quadratic
programming (SQP) is selected as the single objective optimizer for the continuous
variables. In addition, engineering .design-.problems always involve a mix of
continuous and discrete varjablés. As a result, a brand-to-bound method is developed
to cope with discrete design variables-..:ir hé MOST prO\}ides demonstrations with
examples to help designers ‘efficiently ﬁnd the best solution for minimizing or
maximizing the performance Tirn'dice's subject to.the Size and constraints [38] [39].

The purpose of optimization is to fiﬁd asset of design variables in the feasible
region, which gives a minimum value of the cost function. In the following discussion,
two fundamental programming methods are introduced.

(1) Goal programming (GP) [40]
The goal programming is used to minimize the error between the optimal

solution and the ideal solution in the objective function spaces. First, the errors,

namely under-achievement and over-achievement of the i th objective function
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f.(x), are defined as:

+ ( fi (X) _Ti*)}
- ( fi (X) _Ti*)}

d’ =05(f,(0-T
d; =0.50f,(0-T,

(4.82)

where T represents the goal set by the designer for the ideal solution in the ith

objective function. Based on equation (4.82), the general formulation for optimal

problems can be written as follows:

min f(x)={_§k:(d;+d;)9}p, p>1 (4.83)

where p is determined by the designer accordingto‘the gradient of convergence.

il
—

(2) Compromise programming (CP) -[41]1;. 4 '

The compromising-programming ijs'_r'f.l_sed to minimize the distance between the
optimal solution and the idégl'soltjtion. Unlike the_::goal programming, the distance,
instead of the error, measured by the com-promise programming is to evaluate how
close the set of non-dominated points come to the ideal point with the cost function

index L,. The objective function L,(x) is defined as follows:

f(x)—f 1, p>1 (4.84)

fm— T

i,max i

min Lq(X)={iaip

where «, are the weights, f and f, are the optimal value and the worst values

of the i th objective function, respectively. The f,(x) is the value of implementing the
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design variable x with respect to the ith objective. The subscript g represents the
order of the cost function, which is defined by the designers.

In this thesis, the CP method is the candidate for the multi-functional optimal
design process. Therefore, the optimization goal is to minimize the chosen cost function
L,. All of the design variables and objective functions are constructed by magnetic
circuit models. The variation of each variable is based on the result of sensitivity

analysis.

4.5.2 Optimal Design Process

1 o
-

After the sensitivity analysis, the;::'r'fl‘t'ic'al design parameters are selected and
further optimized. The 0bjg_ct_ive (_)f the-gbtimization —précess is to accomplish the
maximal output torque, the maximadl speed, the rriinimal weight, and the maximal
efficiency. The optimal design process in MOST is shown in Fig. 4.35.

First, an initial guess of design variables is given by the designer to evaluate the
objective functions constructed in the optimizer. The initial values are then assigned in
the magnetic circuit model and the gradients of objective functions and constraints are

calculated. If any constraints are violated or the convergence test is not satisfied, the

above steps have to be repeated until a final solution is obtained, which is the optimal
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design parameter. In MOST, different weightings of objective functions can be

Initial guess
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o input
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selected for optimization.
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; Convergence"- :
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i COptimélrdes.ign pa_r_afﬁéters)
Fig. 435 Flowchartie_f-‘_ﬁ'ﬁfimal design process
| "E
| T

The weighting of objective f,urlmtio';]-s- is a:séigned-to be 3, individually, for fair

comparison. The optimized va:ri;ables based:gn laifferent weighting of objective
functions in group A are listed in Table 4.2. The best performance, or the least
dimension, is considered to be the optimal solution. The results obtained from the
group A can be discussed as follows:

(1) The optimization with weightings 1:1:1:1 for objective functions is the
default value of MOST. By comparing to the initial design results, the values of weight

seen to be better in the initial design, but the output torque and efficiency are worse
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than for the initial design.

(2) The optimization with weightings 3:1:1:1 is the best among the other results
due to better performance in the torque and speed. Moreover, it provides the second
best efficiency and weight. Although the magnet width is larger than the initial design
result, this is an acceptable trade-off. Therefore, this is considered to be the best
among all of the results.

(3) The optimization with weightings 1:3:1:1 provides the second best speed,
but its efficiency is worse than the initial design results. It seems to be inadequate due
to its poor efficiency.

(4) The optimization with Weightirjngs i:l;3:1 provid:es the second best torque,
but its weight has no -significant redjlj'_réztri(-)a compared.“with the original result.
Therefore, it is not adopted. ¥

(5) The optimization with Weighting-s 1:1:1:3 provides the best efficiency, but
the magnet width and weight are the largest among the results. It is not adopted
because of the increased material costs it will incur.

Because the assigned weightings of objective functions have different
combinations, the case of two selected objective functions can be further investigated.
Two objective functions are selected from the four objective functions. The weighting

of these selected objective functions is assigned to be 2, resulting in six different
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combinations. The optimized variables based on different weighting of objective

functions in group B are listed in Table 4.3. The optimization with weightings 1:2:2:1

provides the best speed and the second best efficiency in group B. Because its torque

performance and weight are in the middle level of other results, it is considered to be

the best result in group B.

In conclusion, it seems that the result in group A with weighting 3:1:1:1 is the

best for the specification requirements, and the resulting geometries are chosen for the

finite element verification and ‘Jfabhcaq;)n 'I:g ﬁ'ptalzcmzatlon program is attached in
.5-*"-' | :

;--;

Appendix B
Table 4.2 Optimized v%hable of di ng of bjectii/e functions (group A)
. Weighting (Torque: Speed Welght Efficiency)
Variables  pum PP
Initial 1:1:1:1 3:1:1:1 1:3:1:1 1:1:3:1 1:1:1:3
o (mm) Ty L 12 VI H 1 1.1
I (MM) | 7.2 69 |“72 | 71 6.2
Zm (MM) 4426 | 438 | 484 | 492 | 505 | 512
Ra (mm) 40 38.9 41.2 40.2 40.3 39.8
g (mm) 0.5 0.51 0.48 0.52 0.5 0.5
I (mm) 100 98 100 99 99 102
N, (turns) 64 60 64 64 60 64

Objective functions

Torque (N-m) | 42 | 415 | 468 | 421 | 454 | 4.49
Speed (rpm) | 3147 | 3058 | 3245 | 3240 | 3142 | 3214
Efficiency (%) | 807 | 786 | 8L2 | 803 | 806 | 825
Weight (kg) | 698 | 672 | 6.83 | 725 | 6.92 | 7.42
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Table 4.3 Optimized variables of different weighting of objective functions (group B)

Weighting (Torque: Speed: Weight: Efficiency)

Variables
2:2:1:1 2:1:2:1 2:1:1:2 1:2:2:1 1:2:1:2 1:1:2:2

0 (mm) 1 1 1.1 1.1 1.2 1.2

Im (Mmm) 7.1 7.2 7.2 7.3 7.1 7.2

Tm (MmM) 48.2 45.6 45.2 46.3 48.3 49.8
Ra (mm) 39.8 38.6 40.2 40.2 40.3 40.3

g (mm) 0.5 0.5 0.49 0.48 0.5 0.5

I (mm) 100 99 100 99 99 100

Na (turns) 66 64 64 64 68 64
Torque (N-m) 4.69 4.37 4.61 4.57 4.85 4.61
Speed (rpm) 3117 3122 3123 3246 3111 3122
Efficiency (%) 77.8 80.9 81.1 80.9 81.3

Weight (kg) 6.78 7.37 7.37
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Chapter 5

Finite Element Verification

5.1 Introduction of Finite Element Analysis Tools

Define model

Y

Define Material

v

Setup boundary conditions

o

Setup excited sources

T

Setup solution options

v

Analysis

v

Data post process

Fig. 5.1 Finite element analysis process flowchart

Although the linear magnetic circuit model was constructed in Chapter 4 to

optimize the design variables, the nonlinear characteristics of material properties were

not considered, such as the saturation of magnetic flux, the leakage flux between
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adjacent teeth and the operating temperature distribution. Commercial FE software for

engineering problems provides effective analysis tools. Therefore, ANSOFT Maxwell

3D verll.l was selected for electromagnetic analysis and COSMOS Works was

selected for thermal analysis. The analysis process using the commercial FE software

is shown in Fig. 5.1.
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5.2 The Flux Density Distribution in the Air Gap

In order to further investigate the flux density distribution, the 3D FEM tool is
employed for analysis in this section. The FE model constructed in the ANSOFT
Maxwell 3D verl1l.1 is shown in Fig. 5.2. This model has six components: armature,
armature winding, field winding, permanent magnet, stator and permeable material.
After the model is constructed, the material for each component in the model needs to

be assigned. The armature material is seJJrecth as steel 1008 because it is available in

7.1_ £ .f'
% N

the ANSOFT Maxwell 3D{ma’t§pal Ilbr' dits mart_er!-al property is similar to AISI
P el

grade M19 lamination ‘steej'aT e
&

rrpieg\al of armatu ﬁggdmg and field winding is

l_l

Loy P

The detai rdﬁ.maté?lal information is listed

permanent magnet is feTrlte mQ_ et 344

in Appendix C.

. Armature

. Armature winding

[[] Fietd winding
[ § R

Stator and
permeable material

Fig. 5.2 ANSOFT Maxwell 3D FEA design model
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The flux density distribution of the flux shunt DC motor is show in Fig. 5.3.
According to the direction of flux density distribution, there are 4 closed magnetic
loops formed by 4 poles and 20 armature slots. The presence of polarity N and
polarity S poles can easily be seen in this figure. The maximum flux density of the
stator happens on the lateral side of permeable pole face and is around 1.9T. The
leakage flux occurs in the stator back iron and is around 0.4T. It should be noted that
the flux resulting from the armature passing through the front permeable pole face is

shunted to each lateral side of_permegbl_e pol_er'fgc’é. Based on the simulation result, it
| :_‘;:-

Hﬂ

can be inferred that the cohcep{ ofﬂUX shunt |sv:alldated i_r]-this design.

BLT]

2. 2000e+000
- 2.0625e+000
! 1.9250e+000

S 1 7875e 4000
1. 6500 +000
1.5125e+000
1.3750e+000

| 1.2375e+000

| & 000000
9. 6250e-001
8. 2500e-001
6.8750e-001

5.5000e-001
4. 1250e-001
2.7500e-001
1.3750e-001
0. 0000e+000

Fig. 5.3 Flux density distribution of the flux shunt DC (field current 10A)
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Flux density (T)
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----- Field current=30A T[]
""""" Field current=20A
—Field current=10A []
-Field current=0A
Field current=-10A

T

r r r r

50

100 150 200 250 300 350
Rotor position (electrical degrees)

Fig. 5.4 Flux density distribution in the air gap (Va=48V, i,=10A)

L

shows the variation of flux-density dlistri@_tion in_ the air gap when field windings are
excited by DC current Witﬁ'{t'he f(;)l.lowing currlent_::values of 0, 10A, 20A, 30A and
-10A. The field current value of 0Ais:in ihe original mode. The field current values
of 10A, 20A and 30A are in the accumulative excited mode; the field current value
of -10A is in the subtractive excited mode. Due to the use of a ferrite magnet, the air
gap flux density is around 0.4T in the original mode. In the accumulative excited
mode, the flux density is increased by the field excitation windings and the
maximum flux density in the air gap is about 0.8T, while the field current is 30A. In

contrast, the flux density is decreased by the field excitation windings in the
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The flux density distribution in-th'eaair{gaip is illustrated in Fig. 5.4. This figure



subtractive excited mode and the minimum flux density in the air gap is about 0.2T,
while the field current is -10A. The notches resulting from the armature slot effect
influences the flux density waveform. Moreover, the flux density near the lateral
permeable pole face becomes higher than that at the pole center due to the flux
concentration.

According to the variation in flux density, it is clear that the flux field is
controllable. The relationship between electric machine performance and field

current will be further investigated in Chapter.6, with numerous experimental data.

=Y
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5.3 Thermal Analysis

The purpose of thermal analysis is to investigate the stator temperature under
the current excitation of field windings. Because the magnet is wound by the field
winding, the magnet tends to be demagnetized when it is exposed to a high
temperature environment, which reduces the motor performance. Therefore, the
influence of the temperature should be carefully investigated during the design
process.

Heat losses in the motor are results. of thé copper loss in coils and the core loss
in the silicon steel. The source of.eepper loss is dominated by two components,

copper loss from the armature.windings éﬁﬁﬁom the field windings. The copper loss

can be estimated as [42]:

Propper = R {1[0.00393(T, ~20)]} i2 (5.1)

copper c

where P

copper

is the copper loss (W) at coil temperature T., R, is the coil resistance
(Q) at 20°C, T, is the coil temperature ("C) and i, is the coil current (A) at the coil
temperature T_. The core loss consists of two parts; the eddy current loss and the
hysteresis loss. The core loss is related to the square of frequency of the alternative
current in the silicon iron. The core loss characteristic can be obtained by reference to

the datasheet provided by manufacturers. These data are inputted into COSMOS
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Works for finite element thermal analysis. The boundary conditions set in the software
are described as follows: ambient temperature is 25°C, heat convection coefficient is
25 W/m*-K, heat sources are field windings, and quantity of heat is 100W. The thermal
analysis simulates the condition of field windings fed by a 30A excitation current,
which is the most severe operating condition. The stator thermal analysis model is
shown in Fig. 5.5. In this model, the maximum stator temperature rises to about 75°C,
which guarantees that the magnets will not suffer a demagnetization risk resulting
from the heating of the field vt/_in_dif‘fg__s'r: ,r'lfhlsj.r _sl}i_%_&'iataio_r_l result will be further verified

L .

b2 _—

A 4 A
by the temperature test, which Med in oter 6. 2
:h.: '_:'?; . ﬁ E-_::E-__-: --‘.'

Tewp (Celsiu)
#0000
l .00
L 00m

. ES0m

50.000
45.000

Fig. 5.5 Thermal analysis model (ir=30A)
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Chapter 6

Experiment and Discussion

6.1 Fabrication

The flux shunt DC motor has 20 slots on the armature, as shown in Fig. 6.1.

e
The armature winding is Wountd_:l[_)_yngple-laygr:"l’é'p;wpding. These coils of two turns
r T 'I'__';_?, —-.-_E}" % ..-—

Jl;. r ’F;:’ p
are bunched together before th ound in

e Tt t
: il By
L1._' ol

76, e
*armétu_re slots. The diameter of

et 18
'l‘ l-—- = -
per coil is 16‘and each slot contains

wire is selected as 0.7§'ﬁ1m.
eyt

gi‘;rtoré as shown in Fig. 6.2.
y

i

‘:'-:-'- "'-
th a carbon brush set on the brush

Rhd. Vi
- o 8

holder. The configuration of thé-'é:anbblﬁlg_rggh_ @ndbfush holder unit is shown in Fig.

6.3.

Fig. 6.1 The armature of a flux shunt DC motor with armature winding
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Slot wedge

1 [ 1 |= 1turn
2turn

A

.
15turn
16 turn

1turn
2turn

AA AA

.
15turn
16 turn

H
&
=
&
3

5
5
A

Fig. 6.3 The configurati le-Ce d‘brush holder unit

Lo I

The flux shunt DC mogg S : es p}_ﬂie., %';tétor; each field pole is
--.- -\.hf _l-.

'!r : e, —.l' -
wound by 10 turns of 1. 5mm g}lametefrWre as_; fleld Wﬂ'ldlng The stator of the flux

-"' J’ f '“,l I'll...i
shunt DC motor with field winding is shown in Fig. 6.4.

Fig. 6.4 The stator of flux shunt DC motor with field windings
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After the winding process of the armature and the stator, these are assembled

together to form a flux shunt DC motor. The assembly of the armature and stator is

shown in Fig. 6.5. Finally, the front case and back case are fixed onto the stator, and

the final flux shunt DC motor appears as shown in Fig. 6.6.

Fig. 6.6 The assembly of the flux shunt DC motor
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6.2 Experimental Equipment

MAGTROL Motor test system [43]
HD-810 Hysteresis Dynamometer
5100 Power Analyzer

DSP6001 Dynamometer Controller
PC based motor testing program

Adjustable motor fixture

(a) (b)
Fig. 6.8 (a) DSP6001 Dynamometer Controller [44], (b) 6530 Power Analyzer [45]
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ig. 6.9 Motor test system configuration
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Oscilloscopes

(BADDD | oy

LT
b;_ﬂg “)iE
(¥ :

Fig. 6.11 TDS 3014 Digital Phosphor Oscilloscopes

Other Instruments

Digital Multimeter: YFE YF-3140; —

| |

i

il &
Clamp-on Power Meter: MIG:"Z)(_)I__BC_)W;‘

-
Temperature gauge: CHY 5,05 ype:

(a) (b) (©)
Fig. 6.12 (a) Digital Multimeter, (b) Clamp-on Power Meter, (c) Temperature gauge.
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6.3 Performance Test of the Flux Shunt DC motor

Experimental objective

In order to evaluate the torque capacity of the flux shunt DC motor with
different armature current and field winding current, the torque versus armature
current curve is measured. In addition, the torque versus speed curve of the flux shunt
DC motor is measured with the armature voltage of 24V, 36V and 48V. In the
corresponding armature voltage, the field winding current is fed by 10A, 20A, 30A,
which are in the accumulative excitation modé’; theﬁ field winding current is also fed
by -10A, which is in the subtractive excitation-mode."According to the experimental
data generated, torque vs. speed curve,. .%'c'-iency vs. Speed curve, output power vs.
speed curve, output power V8, torque cur-\;a, and efficienéy vs. torque curve can be

acquired. The machine performance ifn-accumulative excitation mode and subtractive

excitation mode is compared and evaluated.

134



Experimental procedure

1. Mount the motor on the adjustable motor fixture, as shown in Fig. 6.13.

2. The specific motor speed is set in the motor testing program for Windows-based
data acquisition and the output torque will be recorded by the motor testing
software. In the test process, armature winding current is fed by a standard power
supply; field winding current is fed by a GW Instek SPS-1230 power supply.

3. Record the data displayed by the motor testing program.

Fig. 6.13 Motor mounted on the motor test system
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Experimental Results

The armature voltage is 24V

Field current DA weeeeee 104 204 ---30A 104
4
35
3 .
=25
Z
3z 2
=
=15
1 -
0.5
D T T T
1000 1500 2000 2500 3000 3500

Speed (rpm)

Fig. 6:14.Torque vs~Speed at-24V armature voltage

First, the armature voltage is sup;’l'réai'a-t 24V in this test. The motor’s field
1 . :

winding is fed by the currer-1t__01_c OA: 1iOA, 20A 3:0;_7Arand- -7ldA. The resulting torque vs.
speed curve is shown in Fig. 614 T;he minimum ;E:Jeed is 1189 rpm when the field
winding current is 30A. The maximum speed can reach as high as 3250 rpm when the
field winding current is -10A. These four T-N curves intersect at the motor speed of
about 1550 rpm, which is defined as the rated speed (base speed).When the motor
speed exceeds the rated speed, the output torque drops with further increases in motor

speed. This indicates that the motor has entered its constant power operation region.

The constant power operation region can be extended by the field winding current,
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because the field flux is weakened in the subtractive excitation mode. This extension

of the constant power operation region will also increase the maximum motor speed.

In order to evaluate this behavior, the constant power speed ratio (CPSR) » can be

defined as follows [46]:
y=—2 (6.1)

where @, is the maximum speed and w,,., Is the rated speed (base speed). In the

case of 24V armature voltage, » is calculated as % yielding a value of 2.1.

Field current ——0A  -oeeeees +10A +20A = = =+30A -10A
1

09 4
0.8 4
0.7 4
06 4
0.3 4

Efficiency

04 4

1000 1300 2000 2300 3000 3300

Speed (rpm)

Fig. 6.15 Efficiency vs. Speed at 24V armature voltage
The resulting efficiency vs. speed curve is shown in Fig. 6.15. The maximum
efficiency of the motor proposed in this thesis is 0.61 at 1694 rpm when the field
winding current is 30A. The maximum efficiency is 0.6 at 2235 rpm when the field

winding current is 0A. The maximum efficiency is 0.6 at 2515 rpm when the field
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winding current is -10A. According to the trend of the efficiency vs. speed curves, the
maximum efficiency point is changed by different field winding currents. Although
the maximum efficiency point in different field winding currents does not show a
significant increase, the average efficiency below 1880 rpm is increased by positive
field winding currents.

The efficiency of the motor is calculated by equation (6.2), which considers the

losses resulting from field winding current and dynamometer as follows:

(\'fal V H)n
,..i}

where T |stheoutputtorguq(p# Is the.moto eg’d(rad/s) V, and |, arethe

2. (6.2)

,— 1
input armature voltag'e and current
winding voltage and Ctir,r"'entb_

kT f

assumed to be 0.85. The power Iosses in Ihe fleId Wmdlng excitation P;, are

o
-“".,:fL

calculated by the product of V, and If‘ : 'as;IiStéd in Table 6.1.

Table 6.1 The power losses in the field winding excitation

It ‘ \% Pt
10A 0.96V 9.6W
20A 2.31V 46.2W
30A 3.36V 100.8W
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Fig. 6.16 Output power vs. Speed at 24V armature voltage
The resulting output power.vs. sbee’d curve is shown in Fig. 6.16. Because of the

limitation of the armature c;i;r.rent, the-data of putput poviléf_.,below 1100 rpm cannot be

o= ')

measured. It should be noted that the|fd@f3es :Iintersect at the motor speed of 1550

;o m 1 Lo IS
rpm and then the output power driJJs im—rﬁédiaieiy. The.-motor speed is extended to
.:-'_ y I g -

approximately 3250 rpm because the field flux: is weakened by a field current of -10A.
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Fig. 6.17 Output power vs. Torque at 24V armature voltage

The resulting output power _vs.jit:dfqueﬂj_-(ver is.shown in Fig. 6.17. The field

A
3 i

winding current has no sigrﬁﬁcaﬁt inﬂquce on-the ou:'tplji_'i;-}ower.
- fne ) [~ |
| rﬁ !I=r" ,'l:. 11

Field current ———0A oo +10A +20A = = =+30A - - = -10A

Torqne (N-m)

70

Armature current (A)

Fig. 6.18 Torque vs. Armature current at 24V armature voltage
The resulting torque vs. armature current curve is shown in Fig. 6.18. It

indicates that the torque can be increased by the field winding current and the
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relationship between torque and armature current presents is positive and proportional.
Therefore, it can be represented by linear equations of different field winding currents.

The linear equations obtained by curve fitting are shown as follows:

T =0.0587i, —0.1348 (field current =0A) (6.3)
T =0.0656i, —0.1428 (field current =10A) (6.4)
T =0.0752i, —0.1647 (field current =20A) (6.5)
T =0.0855i, ~ 0.1919(field current = 30A) (6.6)
o gt " i "y R
T =0.04971, —0.1258;_3(]3_@[(1 '_current =-10A) (6.7)
| i <= ||
Field corrent ——0A oo +10A +20A - - —=+30A - - -10A
1
0.9 1
0.8 4
0.7 -
= 06 A
5 05 4 4/ 3
Z 04 4 -
03 A
02 4t
0.1 f
04 . : : .
0 0.3 1 15 2 25 3 33 4
Torgue (N-m)

Fig. 6.19 Efficiency vs. Torque at 24V armature voltage

The resulting efficiency vs. torque curve is shown in Fig. 6.19. The maximum
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efficiency of the motor is 0.61 at 1.3 N-m when the field winding current is 30A. The

maximum efficiency is 0.6 at 0.66 N-m when the field winding current is 0A.

According to the trend of efficiency vs. torque curve, the motor efficiency at an

identical torque can be increased by a positive field winding current but is decreased

by a negative field winding current.
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The armature voltage is 36V

Field current
3

0A  weeeeeene +10A +20A - - —+30A -10A

Torqne (N-m)
i
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2300 2600 2900 3200 3300 3800 4100 4400 4700 3000

Speed (rpm)

Fig. 6.20 Torque Vs, Speed at 36\ armature voltage

Second, the armature Voltage is-supplied-at 36V, in this test. The motor’s field

- | i
N e

winding is fed by the current'of 0A, 10A;§DA 30A or~10A. The resulting torque vs.
11 &

speed curve is shown in Fig:.6.20. Jrhe iait-ed spéed ofthe motor is 2480 rpm. The
3y N )./ ,
maximum speed can reach as hlgh 4574932 rpm when the field winding current is
-10A. This validates that the field flux provided by the permanent magnet is
weakened by the field winding, resulting a significant maximum speed extension. In
. 4932 :
the case of 36V armature voltage, the » is calculated by 2280 to yield a value of

1.99.
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Fig. 6.21 Efficiency vs. Speed at 36V armature voltage
The resulting efficiency vs. speed curveis shown in Fig. 6.21. The maximum

efficiency of the motor is:0;68 at 2507 rpm when the fiéld winding current is 30A.

- | i
N e

The maximum efficiency is 0.80 at 325;T5m \;vﬁen the field winding current is OA.
. Il | :

The maximum efficiency is; 084 ati4-L03 rpm Wije'In 7the -f,irel.d winding current is -10A.

According to the trend of the efficiency vs. speed-:-:curves, the maximum efficiency

point is changed by different field winding currents. Although the maximum

efficiency point in different field winding currents does not show a significant

increase, the average efficiency below 3000 rpm is increased by a positive field

winding current.
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Fig. 6.22 Output power Vvs. Speed at 36V armature voltage
The resulting output power-vs. srpe'ed clrves are.shown in Fig. 6.22. Because of

the limitation of armature;';current,_,-—-thq outputs, power:‘he:low 2500 rpm cannot be

. \ :7.;. 'I

measured. It should be noted that thle:re i;a*r'ipee, éurves of field current OA, 10A, 20A
m |}

and 30A that intersect at the. mottir-speé—d-of 2;4%53 rpm-and then the output power

drops immediately. The motor épéed IS extended around 5000 rpm because the field

flux is weakened by the field current of -10A.

145
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Fig. 6.23 Output power vs. Torgue at 36V armature voltage
The resulting output power- vs. torgque curve is.shown in Fig. 6.23. It indicates

that the field winding currep'ts have ne-significant influeﬁ_i{é.,on the output power.

|
| 1 'y
@l T8R!
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Fig. 6.24 Torque vs. Armature current at 36V armature voltage

The resulting torque vs. armature curve is shown in Fig. 6.24. It indicates that

the torque can be increased by the field winding current and the relationship between
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torque and arm

the linear equati

Field current

ature current presents a positive proportional relationship; therefore,

ons obtained by curve fitting are as follows:

T =0.0699i, —0.209 (field current =0A) (6.8)
T =0.0738i, -0.1863 (field current =10A) (6.9)
T =0.0913i, —0.2419 (field current = 20A) (6.10)
T =0.1095i, —0.308L... (field current =30A) (6.11)
T — 006051, 0886 (fielduitent — ~40A) (6.12)

DA oo +10A +20A - - —+30A -10A

1
0.9 4
0.8 4
0.7 4
06 4
03 4

Efficiency

04 4
0.3 4
0.2 4
0.1 4

The resu

0 0.5 1 135

b2

Torgue (N-m)
Fig. 6.25 Efficiency vs. Torque at 36V armature voltage

Iting efficiency vs. torque curve is shown in Fig. 6.25. The maximum

efficiency of the motor is 0.68 at 1.19 N-m when the field winding current is 30A.
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The maximum efficiency is 0.8 at 0.65 N-m when the field winding current is OA.
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The armature voltage is 48V

Field current ——0A oo +10A +20A = ==+30A --- -10A
45

Torqne (N-m)

2000 2500 3000 3500 4000 43500 5000 3500 6000 6300

Speed (rpm)

Fig. 6.26 Torque vs.'Speed at48Vv armature voltage

Third, the armature yeltage i_s-supplie(_jfat 48Vhif this test. The motor’s field

winding is fed by the currént of OA 10Aa,~‘20ﬁ 30A or,~10A. The resulting torque vs.
'T

speed curve is shown in Flg 6 26 he rated speed of the motor is 3350 rpm. The
maximum speed can reach as high 456242 pm When the field winding current is
-10A. The field flux provided by the permanent magnet is weakened by the field

winding, resulting in a significant maximum speed extension. In the case of 48V

armature voltage, the » is calculated by % yielding a value of 1.86.
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Fig. 6.27 Efficiency vs. Speed at 48V armature voltage
The resulting efficiency vs. spéed curve“is shown in Fig. 6.27. The maximum

efficiency of the motor is:0/77 at 3635, rpm when the fiéld winding current is 30A.

. \ :7.;. 'I

The maximum efficiency is 0.81 atI 4585:$ﬂ? wﬁen the field winding current is OA.

The maximum efficiency is 0.83 at;IS-LZl rpm Wiﬁelln the field winding current is -10A.

According to the trend of the -e-f;iciency VS. s'peeg: curve, the maximum efficiency
point is changed by different field winding currents. Although the maximum
efficiency point in the different field winding currents does not show a significant
increase, the average efficiency below 3692 rpm is increased by a positive field

winding current.
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Fig. 6.28 Output power vs. Speed at 48V armature voltage
The resulting output pow_.errvs.r'sp'eed Ccurve is.shown in Fig. 6.28. Because of

the limitation of the armatﬂ're current.-the output powé‘r_‘:below 2477 rpm cannot be
\

|
'
i,

;_r"‘u 'I',I'E L : .
measured. There are four Curves for ﬁelé:ﬂiﬂ.'r?;nt (I)A, 10A, 20A and 30A that intersect
at the motor speed of 3274 rpm all[l the output p:fowe,r-—then drops immediately. The
.:". L I £ 7. e

H

motor speed is extended aro'undri6200frpm beeause the field flux is weakened by a

field current of -10A.
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Fig. 6.29 Output power vs. Torque at 48V armature voltage

The resulting output power :vs.‘tb

:fque;f_fl'iirver is.shown in Fig. 6.29. The field
winding currents have no s’i?grjznifi;c:antfiﬁt{uencefonlthe butﬁh_t power.
: Ll "
| fﬂ‘:r":l:. 11

0A  eeeeeeees +10A +20A - --+30A ~--- -10A

Field current
45

Torqne {(N-m )

0 10 20 30 40 30 60 70 20 20 100

Armature current (A)

Fig. 6.30 Torque vs. Armature current at 48V armature voltage

The resulting torque vs. armature current curve is shown in Fig. 6.30. It

indicates that the torque can be increased by the field winding current and the
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relationship between torque and armature current is positive and proportional.

Therefore, the linear equations obtained by curve fitting can be shown as follows:

T =0.0432i, —0.0122 (field current =0A) (6.13)
T =0.0491i, —0.0175 (field current =10A) (6.14)
T =0.0591i, —0.0714 (field current =20A) (6.15)
T =0.0717i, —0.1062.. (field current =30A) (6.16)
T =0.0564i, - 04917 (field'uirent = ~10A) (6.17)
Field current ——0A oo +10A +20A - —-+30A —.- _10A
1
09 A
0.8 4
0.7 4
;—. 0.6 A
5 0.3 A
Z 04 =
034/
02
0.1
0

Torgue (N-m)
Fig. 6.31 Efficiency vs. Torque at 48V armature voltage

The resulting efficiency vs. torque curve is shown in Fig. 6.31. The maximum

efficiency of the motor is 0.77 at 1.024 N-m when the field winding current is 30A.
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The maximum efficiency is 0.81 at 0.69 N-m when the field winding current is OA.
According to the trend of efficiency vs. torque curve, the motor efficiency at an
identical torque can be increased by a positive field winding current but is decreased

by a negative field winding current.
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6.4 Temperature Test

Experimental objective

Because a field winding is wound around the permanent magnet for current
excitation, the temperature rise of the field winding has a great influence on the
permanent magnet. In order to evaluate whether the heat loss from the field winding
will cause irreversible demagnetization, a temperature test was implemented.

Experimental procedure I
P P . V:I;"‘--‘r- ':i"ﬁ"f'-':"-ﬂ-i'

-4

g e

1. Maintain the motor opergtiﬁg_gn the
_J".. -

"‘-.. _;_ g
2. The field winding current. EfgzthaleRC CD-2000 power
~ A | ha

supply in that order,@lnd*ea

=" -.7._

3. Record the field Wln‘dlng

Fig. 6.32 The temperature measurement of the field winding
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Experimental Results

Feld cumrent —4—10A ——20A 30A

I'emperature (*C)
=z &
&

0 5 10 13 20 25 30

Time (min)

Fig. 6.33 The rising field V\_(inding c'urren'E'éur\(e with different field currents

The rising field Wmdlng curre%qurve with dlfferent field currents is shown in
.' a1

5
i

Fig. 6.33. The field winding tempera1ured')fhe ¢ond|t|on of field current 10A showed
| r'T 1

no significant rise. The fleld Wlndlrlg temperaturf 1n the: ceedltlon of field current 20A
was slightly increased; it reached about 40°C after the 20" minute. It should be noted
that the field winding temperature reeches its maximum 65°C after the 22" minute
while the field current is 30A. It is assumed that the temperature of the magnets is
very close to the temperature of the field winding. If the B-H curve of grade C3440
ferrite magnet at 60°C shown in Appendix C is consulted, it can be found that a knee
point for that B-H curve does not exist. According to the results of temperature test, it

can be concluded that irreversible demagnetization of the proposed machine is not a
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risk and does not occur in the no load condition, if the field excitation current is

maintained under 30A.
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6.5 Measurement of Back EMF Waveform

Experimental objective

In order to evaluate the effect of anti-demagnetization, the back EMF waveform
of the flux shunt DC motor is measured. In addition, the back EMF waveform of a
permanent magnet (PM) DC motor which has no flux shunt magnet circuit is also
measured for a comparative study.
Experimental procedure
1. Maintain the motor operating at the constant épeed of3000rpm.
2. Measure the armature winding baek.EMF waveform'of.flux shunt DC motor and
permanent magnet (PM) DC moto;-%lr;i'y-oscilloscopes and save data before
demagnetization.
3. Lock the armature of the flux shunt DC moter a;d fed armature current 40A for 3
second. The permanent magnet of flux shunt DC motor is demagnetized in this step.
4. Lock the armature of the PM DC motor and fed armature current 40A for 3 second.
The permanent magnet of PM DC motor is demagnetized in this step.

5. Measure the armature winding back EMF waveform of flux shunt DC motor and

PM DC motor by oscilloscopes and save data after demagnetization.
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Experimental Results

The measured back EMF of flux shunt DC motor before and after
demagnetization is shown in Fig. 6.34. The back EMF of the motor is 15.69V before
demagnetization. The back EMF of the motor is 15.59V after demagnetization. The
back EMF value is reduced because of demagnetization. The decrease rate of back

[1559-15.69 100

EMF is calculated as , yielding a value of 0.64%.

15.69 100

@ @7
Fig. 6.34 Comparison: gf
(a) before de_magné

=
£ [ = Zh
- 1

The measured back EMF of PM pg motpr before and after demagnetization is
shown in Fig. 6.35. The back EMF of the motor is 14.23V before demagnetization.
The back EMF value is reduced because of demagnetization. The back EMF of the

motor is 14.05V after demagnetization. The decrease rate of back EMF is calculated as

[14.23-14.05 100
X
1423 100

, yielding a value of 1.3%.
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1esssiece sestesssieersienne

(a) (b)
Fig. 6.35 Comparison of the measured back EMF of PM DC motor
(a) before demagnetization and (b) after demagnetization

The results of measured back EMF is listed in Table 6.2 for comparative study.

Because the decrease rates of baﬂk EMF of qu,x sﬁ'unft DC motor is lower than PM DC

motor, it indicates that flux shuWr has antage.ln anti-demagnetization.
..... u,;

TaB1e 6.2 The c akison ack EMF value
’ o DC moto PM DC moto
Before demagnetﬁa_tiorlh 69 T 1a23v
After demagnetizé"f'i'gnff:":?'fi_i_: ‘&Ui .,H:‘ 14.05V
Decrease rates of back E‘I‘(/IF(—:I S 0.64% @ 1.3%
""" I Sl oy [ g i

160



Chapter 7

Conclusions

7.1 Conclusions

The conceptual design of a flux shunt DC motor with anti-demagnetization
mechanism is developed in this thesis to resolve the disadvantages of permanent
magnet machines. The design r;rocess, analytical magnetic circuit model, sensitivity
analysis, optimal design, finite element--éﬁaly-sis, fabricatioﬁ, and experimental study
of the prototype have been_presented. Th-é_zrégjesign parameters of the machine and the
criteria for material selectio'ﬁ;ére demonstrated.in the design process. The analytical
magnetic circuit model for the flux shunt DC motor was constructed as a function of
the armature shift that was defined as the relative angle between the armature and the
stator. A multi-functional optimization tool is applied in the optimal design process.
The concept of flux shunt has been validated by a finite element electromagnetic
analysis tool. Finite element thermal analysis has been carried out to confirm any

irreversible demagnetization problems of the permanent magnet. A temperature test

suggests that the highest temperature of the motor should not exceed 70°C under the
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maximum field winding excitation current kept for 30 minutes. It can be concluded
that an irreversible demagnetization problem does not rise from the field winding.
Experimental results in a motor performance test indicate that the torque performance
and efficiency of the proposed machine can be increased by the use of auxiliary field
windings in the accumulative excitation mode, while the armature voltage is
maintained at a constant value. The maximum speed of the machine can be extended
by the auxiliary field windings in the subtractive excitation mode at constant armature
voltage. This control techniqueiof speed extension can be referred to as the flux
weakening control techniqure us.ed in permanent magnet synchronous machines. The
field flux control ability in a permaner-lli:ma-ghet DC maéhine can be implemented
without complex electronic-power eIemeEtg Therefore, the designed flux shunt DC

motor is an interesting alternative for the Situations that demand high speed variations,

such as wind generators, electric vehicles;orelectric tools.
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7.2 Contributions

The main contribution of the research is the development of a novel class of DC
motors and a method to design and optimize this type of motor. Specifically, the
contributions can be summarized as follows:

1. The conceptual design of the flux shunt DC motor is presented.

2. The design parameters of the flux shunt DC motor topology are defined.

3. The operating principle, field flux distribution, and motor performances are
investigated in this study.

4. The magnetic circuit madel for the-flux shupt-DC metor is constructed.

1 o
-

5. The sensitivity analysis is executed to-investigate the.design parameters.
6. An optimization process of-the proposed motor is demonstrated in this studly.

7. The prototype of the flux shunt DC motor isifabricated.

8. The performance test of the prototype is evaluated by experimental measurements.
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7.3 Future Work

Although the prototype of a flux shunt DC motor has been designed, fabricated
and tested, there are several suggestions provided for the future work and further
investigation.

1. Because of the limitations of available experimental devices, the measurement of
the stator flux density distribution could not be executed. If a flux measurement
device is available, the relationship between the stator flux distribution and the field
winding current could be further investigaterd-.'

2. According to the performance results, the armature, speed is varied with different

1 o
-

field winding currents, While the arma{[’]"r‘é'\'/oltage is kept constant. Therefore, the
armature speed can chang__e_ con_tinuouéI:;/ by proper corntrol of the field winding
current. The flux shunt"DC “motor: may ther(;fore have applications to those
situations that demand high speed variations or continuously variable transmission.
The measured motor parameters are provided in Appendix D for control utilization.
3. The commutator and carbon brush unit equipped in this prototype is selected from
those commercially available. There is little literature that has investigated the

design of commutators and carbon brushes. It is suggested that the design of

commutators and carbon brushes can be further studied.
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Appendix A

motorparameter.m

clear

V_d =48; % driving voltage

la = 10; % armature current

i_f=10; % field current

0 =0.65 * 0.001; % slot opening

g =0.5*0.001; % air gap length

w_b1 =0.8 *0.001; % front permeable material width
w_b2 =2 *0.001; % lateral permeable material width
|_b=5*0.001; % front permeable material length
wss = 20*0.001; % half of the stator slot width

R_a =50 *0.001; % armature outer radius

L =100 * 0.001; % motor Iength[. gl TLEEE A5t
I=L; % motor length y ¢ 2 B %
tau_m =50 * 0.001; % magnetdﬁrd : i
| m=4%*0.001; % maqpéHen
N = 64; % number of tqrn?pe armature
N_s =20; % number q'_F,SIQts
N_m = 4; % number o’ﬁ'_'poles
N_s_min = 10; % numziiesfﬁ?s i
N_m _min=2; % numbet’-of\@ie ir
omega = 3000; % motor spegd *i-» P a3 o
B_r = 1.065; % remanence of fﬁa;gn i *11"'
H_c = 12800; % coercive force of mag“ e

Nf = 30; % number of turns per field slot

N_i_f=Nf*i_f; % MMF per field slot

mu_0 = 4*pi*10"-7; % permeability coefficient of air gap
mu_rm = 1.1; % relative permeability of magnet

mu_r = 5000; % relative permeability of permeable material
tau s=2*pi *R_a/N_s; % slot pitch

tau p=2*pi*R_a/N_m; % pole pitch

w_t =tau_s - 0; % tooth top width

tau_f=tau p-tau_m-2*1_b; % magnet slot width
np=N_m*N_s*5; % divided into np point

Ip =N_s_min *tau_s/ np; % arc length of each point
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permeance.m

motorparameter % load file

% calculation of effective air gap

u = (0/(2*g))+sart(1+(o/(2*9))"2);

beta = (1-u)"2/(2*(1+u”2));

gamma = (4/pi)*((o/(2*g))*atan(o/(2*g))-log(sart(1+(0/(2*9))"2)));

0_prime = (gamma/beta)*g;

X = 0:lp:o_prime;

g_eff = g./(1-beta.*(1-cos(2.*pi.*x./o_prime)));

w_t_eff =tau_s-o0_prime;

N_w_t eff = round(w_t_eff/Ip);

N_g_eff = length(g_eff);

N_tau s=N_w_t eff+N_g_eff;

N_up = round(N_g_eff/2);

N_down = (N_g_eff-N_up);

|_temp(1:N_down) = g_eff(N-up+1:N_g_eff);

|_temp(N_down+1:N_down+Nw _t.eff) = g: :

|_temp(N_down+N_w_t eff+1:N _tau = A eff(l N.up);

|_g_eff=repmat(l_temp,1,N 's/min); '_ f ;

N_tau_m = round(tau_m/Ip); :;,

N_tau_p = round(length(l_g_eff)/(N_m mm))

N_tau_f =N_tau pNtaum

% calculation of permeaRge «:;

P_mm=(mu_0*I*log(1+pi*(g/2*Wss)))/pt;

Phi_r=B_r*I*tau_m; '

P_m=mu_0*mu_rm*tau_m*1/l_m;

Pb_1=mu_0*mu_r*tau_m*l/w_b1,;

Pb_2=mu_0*mu_r*w_b2*1/l _b;

P_eq=2*Pb_2+2+P_m;

gap_mat(1,:)=Il_g_eff;

for i=1:(N_m_min-1)
gap_mat(2,(i-1)*N_tau_p+1:(i-1)*N_tau_p+N_tau_m)=(-1)"(i+1);
gap_mat(2,(i-1)*N_tau_p+N_tau_m+1:i*N_tau_p)=0;

end

i=i+1;

gap_mat(2,(i-1)*N_tau_p+1:(i-1)*N_tau_p+N_tau_m)=(-1)"(i+1);

gap_mat(2,(i-1)*N_tau_p+N_tau_m+1:length(l_g_eff))=0;
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% calculation of overlapping area
for i=1:N_s_min
air_g(i,(i-1)*N_tau_s+1:i*N_tau_s)=1;
end
N_gap_mat=length(gap_mat);
for j=1:N_s_min
for i=1:(N_m_min-1)
P_g(i+(j-1)*N_m_min,1)=sum(mu_0*(I*abs(gap_mat(2,(i-1)*N_tau_p+1:i*
N_tau_p)).*air_g(j,(i-1)*N_tau_p+1:i*N_tau_p))./(gap_mat(1,(i-1)*N_tau_p
+1:1*N_tau_p)))*Ip;
end
i=i+1;
P_g(i+(-1)*N_m_min,1)=sum(mu_0*(I*abs(gap_mat(2,(i-1)*N_tau_p+1:N_gap
_mat)).*air_g(j,(i-1)*N_tau_p+1:N_gap_mat))./(gap_mat(1,(i-1)*N_tau_p+1:N_
gap_mat)))*Ip;
end
for Ns=1:(N_gap_mat-1)
gap_move(1:N_gap_mat-Ns)= =gap_ mat(1, Ns+1 N. gap: mat);
gap_move(N_gap_mat-Ns+1:N gap mat) gap mat(1;1:Ns);
for j=1:N_s_min ,_.:____
air_g_move(j,1:N_gap_mat* Ns) a=tr . 9(J,Ns+1:N L gap_| mat);
air_g_move(j,N_gap_mat-Ns+1:Nigap_mat)= alr_g(J 1:Ns);
for i=1:N_m_min=1 " :
P_g(i+(j-1)*N_m_min,Ns+T)=sum(mu:0*(I*abs(gap_mat(2,(i-1)*N_ta
u_p+1:i*N_tau_p))*air g_move(j.(i-1)*N_tau_p+1:i*N_tau_p))./(gap_
move(1,(i-1)*N_tau_p+1:i*N tau_p)))*Ip;
end
i=i+1;
P_g(i+(j-1)*N_m_min,Ns+1)=sum(mu_0*(I*abs(gap_mat(2,(i-1)*N_tau_p
+1:N_gap_mat)).*air_g_move(j,(i-1)*N_tau_p+1:N_gap_mat))./(gap_move
(1,(i-1)*N_tau_p+1:N_gap_mat)))*Ip;
end
end
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flux.m

clear

permeance % load file

for i=1:N_s_min
P_gl temp(i,:)=P_g(1+(i-1)*N_m_min,:);
P_g2_temp(i,:)=P_g(2+(i-1)*N_m_min,:);

end

for j=1:Ns
P_g1(j)=sum(P_g1_temp(: j));
P_g2(j)=sum(P_g2_temp(:,j));

end

% calculation of permeance matrix

for i=1:Ns
A(1,)=[-2*P_eqP_eqP_eq000O0];
A(2,))=[P_eq-(Pb_1+P_eq) 0 P.eq 000];
A(3,:)=[P_eq 0 -(Pb_1+P.eq) 0 Pb-1 0 0]; .
A(4,))=[0 Pb_1 0 -Pb_1 0 -(P-gd(i)+P_mm)R._mm];
A(5,))=[00Pb_10 -Pb-1 P mm (P mm-+P g2(|))]
A(6,:))=[000-1010]; =
A(7,)=[000010-1]; ' ,:f,'f;
B(:,1)=[0 -Phi_r Phi_r 0 0 N.i fN i_fl;
V=inv(A)*B; : | =
Phi_g(1,i))=V(6)*P_g(1, |)+V(7)‘*P a(2;i);
Phi_g(2,1)=V(6)*P_g(3.1)+V(7)*P_g(4.1);
Phi_g(3,i)=V(6)*P_g(5,i))+*V(7)*P “g(6,));
Phi_g(4,)=V(6)*P_g(7,))+V(7)*P_g(8,i);
Phi_g(5,i)=V(6)*P_g(9,i)+V(7)*P_g(10,i);
Phi_g(6,))=V(6)*P_g(11,)+V(7)*P_g(12,i);
Phi_g(7,)=V(6)*P_g(13,)+V(7)*P_g(14,i);
Phi_g(8,i)=V(6)*P_g(15,))+V(7)*P_g(16,i);
Phi_g(9,i))=V(6)*P_g(17,))+V(7)*P_g(18,i);
Phi_g(10,i)=V(6)*P_g(19,)+V(7)*P_g(20,i);
clear V

end

% calculation of flux

for i=1:N_s_min
subplot(N_s_min,1,i)
plot(0:1/0.999:(Ns-1)/0.999,Phi_g(i,:),' LineWidth',2)
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ylabel(num2str(i))
AXis=axis;
axis([0 360 -0.002 0.002])
set(gca, 'xtick',[0 90 180 270 360],'ytick',[ ])
ifi==1
title('Flux to Rotor Shift Diagram’);
elseif i==N_s_min
xlabel('Rotor Shift (electrical degrees)’)
end
end
% calculation of flux difference
for i=1:Ns-1
dPhi_g(:,i)=Phi_g(:,i+1)-Phi_g(:,i);
dPhi_g(:,Ns)=Phi_g(:,1)-Phi_g(:,Ns);
Phi_g_d=dPhi_g./Ip; el ST S

end
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torque.m

clear

flux % load file

commutator=(N_m/2)*360/N_s; % one commutator perid

w=(omega/60)*(N_m/2); % one electrical perid

T=0:(N_m_min/2)/w/Ns:(N_m_min/2)/w-(N_m_min/2)/w/Ns; % a perid of minimum

magnet circuit

% calculation of current

for i=1:N_s_min
I(i,:)=1a*sin(2*pi*w*T-((i-1)*commutator)*pi/180);

end

% calculation of torque

for i=1:N_s_min
T_q(i,:)=-N_s_min*N*(I(i,:).*dPhi_g(i,)));

Torque(1,:)=sum(T_q(:,1: Ns}}:p:' Ts;; _g e N
figure P {:—::'e:}“
plot(0:Ns-1,Torque,’ Llné'i‘/\Hdth f"{-
xlabel('Rotor Shift (eleejn'é‘é} degr H‘PT'E_.
ylabel('Output Touques{N -m) . B
axis([0 360 0 0.9]) “*1 ! i :
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inductance.m
motorparameter % load file
% calculation of inductance
u = (0/(2*g))+sqrt(1+(0/(2*9))"2);
beta = (1-u)"2/(2*(1+u”2));
gamma = (4/pi)*((o/(2*g))*atan(o/(2*g))-log(sart(1+(0/(2*9))"2)));
0_prime = (gamma/beta)*g;
X = 0:Ip/N_s_min:N_s_min*o_prime;
theta = 0:(2*pi/(length(x)-1)):2*pi;
degree = theta*180/pi;
g_eff = g./(1-beta.*(1-cos(2.*pi.*x./o_prime)));
% calculation of armature inductance
for k=1:3
N_aa(k,:) = (4*N/pi)*(sin((k*pi*x)./tau_s))."2;
L_aa(k,:) = mu_0*I*R_a*N_aa(k;:)./g_eff;
end © kg
L_armature = sum(L_aa(L:3,))/1—
figure —
plot(degree,L _ armature LlneWIdth :
xlabel('Rotor Shift (eleetrical § degre
ylabel('Inductance (H)) | ' |
axis([0 360 0 0.0025]) N - |
% calculation of field mdructance ]l
for k=1:4
N_ff(k,:) = (4*Nf/p|)*(sm((k*p|*x) /(ta’u p/5))) "2
L_ff(k,)) = mu_0*I*R_a*N_ff(k,:)./q_eff;
end
L_field = sum(L_ff(1:4,:));
figure
plot(degree,L_field, LineWidth',2)
xlabel('Rotor Shift (electrical degrees)’)
ylabel(‘Inductance (H)")
axis([0 360 0 0.0012])
% calculation of mutual inductance
for k=1:3
N_af(k,:) = (4*N/pi)*(4*Nf/pi)*(sin((k*pi*x)./tau_p)).*(sin((k*pi*x)./tau_s));
L_af(k,:) = mu_O0*I*R_a*N_af(k,:)./g_eff;
end

= o

N
s |
1 == ||

' 1

o
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L_mutual = sum(L_af(1:3,));

figure
plot(degree,L_mutual,'LineWidth',2)
xlabel('Rotor Shift (electrical degrees)’)
ylabel(‘Inductance (H)")

axis([0 360 -0.03 0.03])
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Appendix B

#include <iostream.h>
#include <stdio.h>
#include <math.h>
#include "parameter.h™

int main(void)

{

double var[9];
inti,j,k;
FILE *inout; -
el Loy
. :.-1-; S,
AT iy iy g
g = T N
inout = fopen("dcm.i*,"r"); |3 % L
A -
for (i=0; i<9; i++) ' | fr\ (= =
g <)
fscanf(inout, "%If", &va
T e
=
fclose(inout); -- Sy

double -"; ! ’ . OF '_{1...1;_;.—*"';3
Ry N 1 g
0 = var[0] / 1000, J1sTot 6pening
|_m =var[1] / 1000, //Magnet length
tau_m =var[2] /1000, //Magnet width

R_a =var[3] /1000, //Armature outer radius
g = var[4] / 1000, //Air gap length

L = var[5] / 1000, //Motor axial length

N_a = var[6], /INumber of turns per slot
ia = var[7], /[Armature current

d_w = var[8]/1000; //Winding diameter

double
w_tb = double(w_tb_temp) / 1000,
R_ri = double(R_ri_temp) / 1000,
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d_a = double(d_a_temp) / 1000,
d1 = double(d1_temp) / 1000,
d3 = double(d3_temp) / 1000;

const int
va = 48,
N_s =20,
N m=4,
N_ph=1,
N u=2,
N_s_min =10,
N._m_min=2,
np=N_s*N_m *15/20, /Inumber of points

np360 =np/(N_m_min/2), //number of points in one electrical degree

npslot =np/ N_s_min‘;I gt F'ﬂnifmﬁe@ffpoints per slot

@ g B O

.. 1= __K o
const double & T ol Y
pi=3.14159, - P\
H_c=890000, '/ A |
| \ iy
mu_0 =4 * pi * pow(10,-7), “==_rx -

mu_rm=1.1,
omega = 3000/ 60
e

O NI_g &
const double W Y o 2

R=R_a W< *
- ) "'"IJ" ey ST LG

tau s=2*pi*R/N.s, "

tau p=2*pi*R/N_m,

w_t=tau_s- o,

tau_f=tau_p - (tau_m + (2 * tau_m * cos(10 * pi / 180))),

As=02*pi*R)*L/N_s;

const double
lbp=2*pi *R)/N_u/np; //length between point
/lcalculation of effective air gap//
double
p=0/(2*9),
u=p +sqrt(1 + pow(p,2)),
beta = pow((1-u),2) / (2 * (1 + pow(u,2))),
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gamma = (4 / pi) * (p * atan(p) - log(sqrt(1 + pow(p,2)))),
0_prime = (gamma / beta) * g;

double
X[np],
g_eff[np],
X_temp;

for (i=0; i<np; i++)
X[i] = (i + 0.5) * lbp;

for (i=0; i<np; i++)
{
x_temp = x[i];
while (X_temp > tau_s)
X_temp = x_temp=tau_s;
if (x_temp >= 0.&& X\ temp< 0.5 *'0 prlme)
g eff[i]=0 /7(1 - beta (1 - cos(2 =Pl (x_temp +0.5*0_prime) /
0_prime))); =
else if (x_temp>=05*0 prlmqa&& X temp <= (tau_s - 0.5 * 0_prime))
g_eff[i] = g; [ F
else if (x_temp > '(tau_s - 0. 5 *.0_prime) && x temp < tau_s)
g_eff[i] =g/ - beta * (1 -.cos(21* p| # (x temp - (tau_s-0.5*
0_prime)) / o_prime)));
else
cout << "An error occured incounting the " << i << "th g_eff.\n";

double
mag_g_eff[np],
mag_temp;

for (i=0; i<np; i++)

{
mag_g_eff[i] = _m;
¥
/[calculation of magnet MMF//
double
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F_m([np],
F_m_temp,
pole_inverse;

for (i=0; i<np; i++)

{

}

//calculation of maghet :I.éakagé//f

F_m_temp = x[i];
pole_inverse = 0;
while (F_m_temp > tau_p)

{
F_m_temp = F_m_temp - tau_p;
pole_inverse = pole_inverse + 1;

¥

if (F_m_temp >=0 && F_m_temp < 0.5 * tau_f)

F m[i]=0;

else if (F_m_temp >=0.5 *tau_f && F m temp <= (tau_p - tau_f))
F_m[i] = pow(-1;pole.inverse) *Huc* I- m:

else if (F_m_temp> (tau”p - tau_f) &&F m_temp <= tau_p)
F m[i]=0; oy =

else j— |
o

cout << "An error ocqured:'i’i,ltéounting the " <<i<<"th F_m.\n":
1 ,\__'_7 [

double mag_leakage =1.0;

if (tau_f<gq)

mag_leakage =1 - (g / tau_p);

/Icalculation of armature MMF//
double

commutation = 108,
|_phase[np360][N_ph],
mag_g_eff_move_temp,
F_m_move_temp,
g_eff_360deg[np][np360],
F_m_360deg[np][np360],
g_eff_tot,

H_tot,

F_ 0,
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B_temp,

B[np],
B_360deg[np][np360],
B_slot[N_s_min],
Phi[np360][N_s_min];

for (j=0; j<np360; j++)

{

|_phase[j][0] =ia*1.414 *sin((N_m /2 * j * Ibp / R) - (commutation * 0) * pi
/180);

|_phase[j][1] = ia* 1.414 * sin((N_m /2 * j * Ibp / R) - (commutation * 1) * pi
/ 180);

|_phase[j][2] =1a* 1.414 *sin((N_m /2 * j * Ibp / R) - (commutation * 2) * pi
/ 180);

if (j!'=0)

{

mag_g_eff_move-temp.='mag_g eff[np-1];
F_m_move_temp =F-m[np - 1];

for (i=npL; >0, i~) [\ /.

{ s
mag_g_eff[i] =imag_g_eff[i-1];

F_ml[i] = F_m[i-1]; ™

} ,

mag_g_eff[0] =mag.g_eff move_temp;
F_m[0] = F_m_move_temp; *

for (i=0; i<np; i++)

{
g_eff_360deg[i][j] = g_eff[i] + mag_g_eff[i];
F_m_360deg[i][j] = F_m[i];

}

g_eff tot =0;

H_tot=0;

F_0=0;

for (i=0; i<np; i++)
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g_eff_tot = g_eff_tot + 1/ (g_eff[i] + mag_g_eff[i]);
H_tot = H_tot + F_m([i] / (g_eff[i] + mag_g_eff[i]);
¥

F 0=(-1/g_eff tot) * H_tot;

for (i=0; i<np; i++)

{
B[i] = (F_m[i] + F_0) / (g_eff[i] + mag_g_eff[i]) * mu_O0;
B_360deg[i][j] = BIil;

for (i=1; i<=N_s_min; i++)
{
B_temp = 0; , :
for (k=(i-1)*npslot; k<i*npslot-1; Ke=t) . -
B_temp = B temp+ B[K];
B_slot[i-1] = B temp / nbfsgl_c'it_;
¥ =y
for (i=0; i<N_s_min; i++) | |
Phi[j][i] = B_slotfi} *Als * mag_leakage; “
} 2 e
//calculation of flux differenge//
double
d_Phi[np360][N_s_min],
E_b[np360][N_s_min],
E_b_phase[np360][N_ph];

for (i=0; i<N_s_min; i++)

{
for (j=0; j<np360; j++)
{
k=j+1;
if (k ==np360)
k=0;
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d_Phi[j][i] = Phi[K][i] - Phi[j][il;
E_b[j][i] = -1 * (d_Phi[j][i] / (Ibp / R)) * N_a * omega;

}

for (j=0; j<np360; j++)
{
E_b_phase[j][0] = E_b[j][1] + E_b[jI[2] + E_b[j1[3] + E_b[j1[4] + E_b[j1[5] -
(E_b[I[7] + E_b[jI[8] + E_b[iI[9] + E_b[j][10] + E_b[j][11]);
E_b_phase[j][1] = E_Db[j]1[5] + E_bI[j]1[6] + E_b[j][7] + E_b[j1[8] + E_b[j]1[9] -
(E_b[jI[11] + E_b[jI[12] + E_B[j][1] + E_b[jI[2] + E_b[j]I3]);
E_b_phase[j][2] = E_b[j][9] + E_b[j]1[10] + E_b[j][11] + E_b[jI[12] + E_b[jI[1] -
(E_b[]I3] + E_b[jI[4] + E_b[iI[5] + E_b[i1[6] + E_b[][7]);
¥
/[calculation of torque//
double
T_ph[np360][N_ph], -
Torque[np360];
for (j=0; j<np360; j++) g
for (i=0; i<N_ph; i+) LS :
T_ph[j][i] = E_b_phase[j][i] * |_phase[j][i}/ omega;
Torque[j] = (T_ph[j]0] +T_ph{I[TT= T. ph{I[2]) * 2 * N_u;
y :

double
T avg,
Torque_temp = 0;

for (i=0; i<np360; i++)
{

Torque_temp = Torque_temp + Torque[i];

¥
T _avg = Torque_temp / np360/ N_s _min ;

//calculation of speed//
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const double
ra=9.41* pow(10,-1),
phi_f=9.2 * pow(10,-3),
k_m =0.05,
keb =0.67 * pow(10,-4),
eb=N_a*ia*va™keb,
phi_m =5 * pow(10,-2),
speed = ((va-(ia*ra)-eb)/(phi_f+(k_m*phi_m)));
/[calculation of weight//
double
V_m,
V_ry,
V_sy,
V _teeth,
V_shoe,
| w,
A w,
V_w,
W_stator,
W _rotor,
weight;

L T‘.E‘H“‘ I

const double
D_mg = 7450,
D_st = 7640,
D_cu = 7820,
D_fe = 7950;

V_shoe = ((pow((R_a+1_m+ g +d1),2) *pi - pow((R_a+1_m+g),2) *pi)-(0*
dl) * N_s) * L;

V teeth=w th*d3*L* N_s;

V_sy=(pow((R_a+I_m+g+dl+d3+d_a),2) *pi-pow((R_.a+l_m+g+dl+
d3),2) * pi) * L;

|l w=((Ra+g+d1l+(d3/2)*2*pi/N_s*2+L*2)*N_a*N_s;

A_w =pow((d_w/ 2),2) * pi;

Vw=lw*A w;

W _rotor = (V_shoe +V _teeth +V_sy) *D_st+V_w * D_cu;

V.m=taum*IL.m*L*N_m;
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V_ry = (pow(R_a,2) * pi - pow(R_ri,2) *pi) *L-V_m;
W _stator=V_m*D_mg +V_ry * D_fe;
weight = (W _stator + W_rotor);

/[calculation of efficiency//

double
|_w_ph,
R_ph,
CopperLossPerPoint[np360][N_ph],
CopperLoss_templ, CopperLoss_temp2, CopperLoss_temp3,
CopperLoss_ph[N_ph],
CopperLoss_tot,
CorelLoss,
output_power,
eff;

const double
Rho_cu = 1.574 * pow(10,-8),
D_CoreLoss =1.5; :
|_w_ph = |_w//N_ph B

R_ph =Rho_cu * |_w_ph/ A_w;r % =

for (i=0; i<np360; i++) ="

{
for (j=0; j<N_ph; j++)
{
CopperLossPerPoint[i][j] = I_phase[i][j] * |_phase[i][j] * R_ph;
}
}

CopperLoss_templ = 0;
CopperLoss_temp2 = 0;
CopperLoss_temp3 = 0;

for (i=0; i<np360; i++)

{
CopperLoss_templ = CopperLoss_templ + CopperLossPerPoint[i][0];
CopperLoss_temp2 = CopperLoss_temp2 + CopperLossPerPoint[i][1];
CopperLoss_temp3 = CopperLoss_temp3 + CopperLossPerPoint[i][2];
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}
CopperLoss_ph[0] = CopperLoss_templ / np360;

CopperLoss_ph[1] = CopperLoss_temp2 / np360;
CopperLoss_ph[2] = CopperLoss_temp3 / np360;
CopperLoss_tot = CopperLoss_ph[0] + CopperLoss_ph[1] + CopperLoss_ph[2];
CoreLoss = D_CoreLoss * W _rotor;
output_power = T_avg * omega;
eff = output_power / (CopperLoss_tot + CoreLoss);
//Export Objective functions//
inout = fopen("dcm.o","w");
fprintf(inout, "%If\n", -T_avQ);
fprintf(inout, "%If\n", speed);
fprintf(inout, "%If\n", -eff);
fprintf(inout, "%If\n", weight);
fclose(inout);

return O;
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Appendix C

Table C.1 Materials of each component

Component Material

Armature AISI M19
Armature winding Copper 0.75 mm dia.
Field winding Copper 1.5mm dia.
Permanent magnet Ferrite magnet C3440
Stator
- Carbon steel S15C
Permeable material

i LSl iE)
.‘, 5 i ,_f o
@ w2 B S
—B/H , .
1.0 1.5 2.0 4-].Iu 45
-20¢ |
= =T 4
A1 20°C / /
T kot
A T00C 3

B(kG)

//// |
. / / _ 0
5 _45 —4 —35 -3 —25 -2 —15 —1

H (kOe)

Fig. C.1 The B-H curve of ferrite magnet C3440 [29]
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Table C.2 American Wire Gauge (AWG)

e Diameter Diameter = Ohms per  Ohms per
gauge Inches mm 1000 ft km Max. amps

1 0.2893 7.34822 0.1239 | 0.406392 211
2 0.2576 6.54304 0.1563 | 0.512664 181
3 0.2294 5.82676 0.197 0.64616 158
4 0.2043 5.18922 0.2485 0.81508 135
5 0.1819 4.62026 03133 | 1.027624 118
6 0.162 41148 0.3951 | 1.295928 101
7 0.1443 3.66522 0.4982 | 1.634096 89
8 0.1285 3.2639 0.6282 | 2.060496 73
9 0.1144 2.90576 2.598088 64
10 0.1019 Jggséé‘g& 3.276392 55
11 0.0907 | 23 | 41328 47
12 0.0808 15,0864 41
13 0.072 “If, - 6.56984 35
14 0.0641 || 8282 32
15 0.0571 1044352 28
16 0.0508 1113.17248 22
17 0.0453 + 41! " 16.60992 19
18 0.0403 - " 4209428 16
19 0.0359 | | 26.40728 14
20 0.032 33.292 11
21 0.0285 41.984

22 0.0254 0.64516 16.14 52.9392

23 0.0226 0.57404 20.36 66.7808 4.7
24 0.0201 0.51054 25.67 84.1976 35
25 0.0179 0.45466 32.37 106.1736 2.7
26 0.0159 0.40386 40.81 133.8568 2.2
27 0.0142 0.36068 51.47 168.8216 1.7
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Appendix D

Table D.1 Motor parameters

Parameter Value

Armature winding resistance () 12.66
Field winding resistance (€2) 0.812
Armature winding inductance (mH) 0.646
Field winding inductance (mH) 0.131
Back EMF constant (mV/rpm) 5.23
Torque constant (N-m/A) 0.045
Rated power (W) 600

Rated voltage (V) 48
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