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Preface

This Preface describes the background and motivation of the thesis. The contents of
each Chapter are briefly summarized. Finally, a list of publications during the Ph.D.
period is reported.

Background

As one of the oldest machine topologies, the concept of synchronous reluctance (REL)
machine can be traced back as early as 1900s. During the last century, remarkable
progress had been made in the development of REL machines. In the last 20 years, par-
ticularly, the REL machines have attracted more and more attention in both academic
and industrial fields. Without permanent magnets and rotor bars, the rotor construc-
tion of the REL machine is more robust than either permanent magnet (PM) machines
or induction machines (IMs). In addition, it achieves the merits of low cost, low mainte-
nance, and high reliability. All these features reveal the REL machine to be an attractive
alternative to the widely used machine topologies. Therefore, the investigation of REL
machines is essential, and specific applications will be of great interest.

In particular, the design of the REL machine will be focused on electric vehicle (EV)
applications. It is remarkable that the popularity of EVs and hybrid electric vehicles
(HEVs) is expanding significantly in the last decade. The electric motor, being one of the
key devices, determines the main performance of the electrical mobility. Among various
machine topologies, the interior permanent magnet (IPM) motor has been recognized
as the most promising candidate. It accounts for over 80 % of EV and HEV markets at
present, and even a higher percentage is expected in the near future. On the other hand,
some challenges are related to IPM motors, i.e., high production cost, vulnerability to
short-circuit fault, high back electromagnetic force (EMF) at high speed and high risk
of irreversible demagnetization. Most importantly, a worldwide concern about the price
volatility and availability of rare-earth magnets is growing. Therefore, many researchers
are focused on investigating alternative non-rare-earth traction drives, and the REL
machine is considered to be the substitute.

The second application is related to the self-excited synchronous reluctance gener-
ator (SERG) for isolated wind applications. In the last decades, wind energy is in-
creasingly utilized around the world, and the demand of wind power systems grows
rapidly. Among wind power generators, in particular, low power installations arouse
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special interests recently, especially for applications in urban and remote areas. As
is well known, PM generators and double-fed induction generators have been widely
used as wind turbine generators. On the other hand, they are either too expensive or
complicated, so that they are not suitable for small wind turbine generation systems.
The squirrel-cage induction generator with capacitor excitation, known as self-excited
induction generator (SEIG) seems very promising. It offers certain advantages, such as
low cost, robustness, reduced size, absence of DC source for excitation and low main-
tenance requirements. However, the variable frequency affected by load and excitation
capacitors makes the performance prediction quite difficult. Fortunately, the SERG has
been demonstrated to provide an alternative solution. It has almost all the advantages
of the SEIG and, in addition, the frequency is directly proportional to the rotor speed.
In addition, it achieves very low rotor loss due to the absence of rotor bars. Therefore,
further investigations on SERG are required from scientific point of view.

Aim of the research

The aim of this study will firstly discuss the design methodology of the REL machine.
Detailed geometry analysis of the rotor structure will be provided, which aims to sug-
gest an automatic drawing procedure. Such a procedure will be used to rapidly analyze
the impact of some rotor parameters on the machine performance, in order to provide a
guideline for the preliminary design of the REL machine. After that, as a practical ex-
ample, a REL motor according to the dimension of a commercial motor will be designed.
Certain design procedures will be followed, and optimization will also be carried out.
The performance comparison between the optimized REL motor and the commercial
product will be given. Merits and defects of the REL machine for EV application will
be highlighted.

The study on SERG will start with the recognition of the steady-state performance,
both analytically and experimentally. Then the conditions for the initial self-excitation
process of SERG will be investigated. The possibility to adopt self-excited PM-assisted
reluctance generator will also be dealt with, and the performance comparison with
SERG will be made. Referring to wind applications, the method to maintain the gener-
ated voltage constant at variable speeds will be proposed. Finally, the prediction of the
“optimal capacitor and resistor combination” that achieves the maximum utilization of
the mechanical power produced by the wind turbine will be presented.

Outline of the thesis

Hereafter, the contents of each Chapter are briefly described:

Chapter 1 illustrates the development history, basic concepts, definitions and perfor-
mance characteristics of the REL machines. In particular, the reason to choose
TLA type REL machine with multiple flux-barriers is explained. The basic con-
cept and equations of the PM-assisted reluctance (PMAREL) machine are also
introduced, and the commonly adopted current control strategies are presented.
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Chapter 2 provides a detailed parametric analysis of the rotor geometry for both
REL and PMAREL machines, suggesting an automatic modeling and simulating
procedure. Some useful equations are given, and the tuning steps are suggested in
order to achieve the high performance design. The effects of some rotor parameters
on the machine performance are also analyzed.

Chapter 3 proposes a design procedure to optimize the REL motor according to the
dimension of Lexus LS 600h motor. An analytical calculation of slot area is inno-
vatively derived to obtain the optimal split ratio, and differential evolution (DE)
algorithm is used for rotor optimization. The performance comparison between
the optimized REL motor and the interior permanent magnet (IPM) motor is
then carried out. The performance improvements with PMs into the optimized
REL rotor are also investigated.

Chapter 4 develops an analytical model for the steady-state operation of the SERG,
considering no-load and resistive load conditions. Some experiments are carried
out to verify the analytical results. Conditions to ensure a stable self-excitation
process in SERG are investigated. The assisting of the PMs on the performance
improvement of SERG is also discussed.

Chapter 5 proposes the method of active and reactive power (PQ) balances to predict
the operating point of SERG, which considers the cross-saturation effect. The
procedure to determine the values of capacitors for voltage regulation at vari-
able speeds is presented. The prediction of the “optimal capacitor and resistor
combination” that achieves the highest usage of wind power is also discussed.

List of publications

Several parts of this Ph.D. thesis have been presented by the author during his Ph.D.
period in international conferences and journals. Hereafter the publications are listed
in a chronological order:

¢ Yawei Wang, Giacomo Bacco, and Nicola Bianchi, “Geometry analysis and op-
timization of PM-assisted reluctance motors,” in 2016 XXII International Con-
ference on FElectrical Machines (ICEM), Lausanne, Switzerland, Sept. 2016, pp.
1756-1762, DOIL: 10.1109/ ICELMACH.2016.7732761.

e Yawei Wang and Nicola Bianchi, “Investigation of self-excitation in reluctance
generators,” in 2017 IEEE International FElectric Machines Drives Conference
(IEMDC), Miami, FL, USA, May 2017, DOI: 10.1109/IEMDC.2017.8002303.

¢ Yawei Wang, Nicola Bianchi, Silverio Bolognani, and Luigi Alberti, “Synchronous
motors for traction applications,” in 2017 International Conference of Electri-
cal and FElectronic Technologies for Automotive, Turin, Italy, Jun. 2017, DOI:
10.23919/EETA.2017.7993210.

e Yawei Wang, Giacomo Bacco, and Nicola Bianchi, “Geometry analysis and op-
timization of PM-assisted reluctance motors,” IEFE Transactions on Industry
Applications, vol. 53, no. 5, pp. 4338-4347, Sept. 2017, DOIL: 10.1109/TIA.2017.
2702111.



Preface

Yawei Wang and Nicola Bianchi, “Investigation of self-excited synchronous re-
luctance generators,” IEEE Transactions on Industry Applications, vol. 54, no. 2,
pp. 1360-1369, Mar. 2018, DOIL: 10.1109/TIA.2017.2781645.

Yawei Wang and Nicola Bianchi, “Analysis of self-excited PM-assisted reluctance
generators,” IEEE Transactions on Energy Conversion, vol. 33, no. 2, pp. 877-
885, Mar. 2018, DOI: 10.1109/TEC.2017.2779044.

Yawei Wang, Mattia Filippini, Giacomo Bacco, and Nicola Bianchi, “Parametric
design and optimization of magnetic gears with differential evolution method,”
in 2018 IEEE XXIII International Conference on Electrical Machines (ICEM),
Alexandroupoli, Greece, Sept. 2018, DOI: 10.1109/ICELMACH.2018.8507160.

Yawei Wang, Mattia Filippini, Nicola Bianchi, and Piergiorgio Alotto, “A re-
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in 2018 IEEE XXIII International Conference on Electrical Machines (ICEM),
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Chapter

Overview of REL Machines

Recently, the synchronous reluctance (REL) machines have attracted more and more at-
tention in both academic and industrial fields. The purpose of this Chapter is to make an
overview on REL machines, in terms of development history, basic concepts, definitions
and performance characteristics. After that, a comparison among the classical REL ro-
tor structures, namely salient-pole (SP) type, azially-laminated anisotropy (ALA) type
and transversely-laminated anisotropy (TLA) type are carried out, highlighting the ad-
vantages of the TLA type with multiple fluz-barriers. Finally, the basic concept and
equations of the PM-assisted reluctance (PMAREL) machine are introduced, and the
commonly adopted current control strategies are presented.

1.1. History of REL machines

HE concept of synchronous reluctance (REL) machine can be traced back as early

as 20th century. Among the others, the REL motor with salient-pole (SP) rotor
is one of the oldest types of electric machines, in which the wounded excitation coils
are removed. Unlike the switched reluctance machines, SP type rotor operates syn-
chronously with the stator frequency. Besides, rotating field exists in the SP type REL
machine, which permits smooth torque and low noise.

During the last century, remarkable progress had been made in the development of
REL machines. In 1923 [1], Kostko introduced a reluctance rotor construction, named
reaction synchronous motor, with separated sections roughly along the lines of the direct
field, which is shown in Fig. 1.1(a). This divided rotor conception substantially became
the basis for the following rotor designs, and attracted the efforts of a considerable
number of researches.

Latter on in 1966 |2], the axially-laminated anisotropy (ALA) rotor construction was
proposed by Cruickshank, as shown in Fig. 1.1(b). In this case, the magnetic laminations
are bent to produce high permeability paths in the direction of the laminations and low
permeability paths normal to the laminations. [t is verified to improve the REL machine
performance by dramatically increasing the saliency ratio. The following investigations
revealed that REL motors with the highest saliency ratio are obtained with the ALA
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quadrature-
oxis flux
axis flux

(¢) Lawrenson’s rotor in 1967 [7]. (d) Marongiu’s rotor in 1991 [8].

Figure 1.1: Key development steps of REL machines.

designs [3 5]. The experimentally obtained saliency ratios are in the range of 10 to
21 [5.6].

Almost at the same period, the segmental rotor, which is also called transversely-
laminated anisotropy (TLA) rotor, was described by Lawrenson [7]. As shown in
Fig. 1.1(c), the segments are made by magnetic laminations, providing the low re-
luctance paths. On the contrary, the high reluctance paths are blocked by the air part
between segments. A single flux-barrier REL motor was designed by Miller [9], while
the torque capability is quite low due to the poor anisotropy. In [8§], it is suggested that
“best” REL machine is a segmented one, with a limited number of segments per pole for
the perspective of rotor iron losses. The resultant multiple-segment (or alternatively,
multiple flux-barrier) rotor is shown in Fig. 1.1(d). This type of REL machines have been
intensively studied in literature, and different flux-barrier shapes were proposed [10,11].

With the development of REL technologies, the comparisons with induction ma-
chines (IMs) and permanent magnet (PM) machines are always of great interest [3,12,
13]. Lipo [12] and Vagati [3] demonstrated, by means of analysis, that the REL ma-
chine may be capable of better torque production than the IM. It is concluded that the
efficiency and power density of the REL machine are higher than that of IM, but the
power factor is lower [10,14]. For a precise performance comparison, each machine has
to be separately designed, since the ratio of stator inner diameter to the outer diameter
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Figure 1.2: Main structures of the REL rotor.

can be quite different.

Vagati [8,15] and Kamper [14,16] made important contributions to the design aspects
of REL machines. A mathematical modeling of a distributed anisotropy REL machine
was proposed in [8], considering the slot effect. Simple mathematical equations were
derived in [15], so as to introduce a general design approach. Effect of rotor dimensions
and cross magnetization on Ly and Lg inductances of REL machines were investigated
in [16]. The finite element analysis (FEA) method was used directly with optimization
algorithms to achieve a multiple objective optimization of REL machine [14].

Some researchers are focused on the torque behavior of REL machines. An analytical
model to predict torque behavior was proposed in [17], considering stator slotting and
skewing effect. It is proved that skewing or using selected rotor steps can be adopted
to reduce ripple but not completely. The selection of n,., which refers to the equivalent
distributed separation points along the rotor surface, has significant effect on torque
ripple [18]. The n, value to achieve the minimum torque ripple must be properly related
to the ng value, that is, to the number of stator slots per pole pair. Other methods to
reduce the torque ripple, such as shifting the magnetic pole center of each pole [19], or
using asymmetrical flux-barrier design [20], are also proposed.

During the last decade, some commercial productions of REL machines have been
emerged. One of the most notable of these comes from ABB, initially in 2012. REL
machines ratings ranging from 5.5 to 315 kW are now available for industrial appli-
cations [21]. Therefore, the investigation of REL machines is essential, and particular
applications will be of great interest.

1.2. Basic concepts and definitions of REL machines

1.2.1. Machine structure

The stator of the REL machine is basically the same as that of IM or PM machines,
which consists of iron laminations and phase windings. The windings are generally

three-phase, properly distributed in order to produce a sinusoidal magneto motive force
(MMF) in the airgap.

As aforementioned, the reluctance rotor can be classified into three types, namely
SP type, ALA type and TLA type. The simplest one is the SP type, as shown in
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(a) d-axis flux lines. (b) g-axis flux lines.

Figure 1.3: Flux lines in d- and g-axis paths.

Fig. 1.2(a). This construction can be easily manufactured, while it is not suitable for
high torque density. Detailed explanations will be given in Section 1.4.1. In addition,
the SP type is related to the challenges of high torque ripple, high acoustic noise and
vibration, due to the local saturation effect.

A typical ALA rotor construction is described in Fig. 1.2(b), where the silicon steel
sheets are bent to be laminated in the axial direction. The iron laminations are separated
by thin layers of insulating material. The pole holders are generally used to maintain
the laminations. This type of rotor creates really high anisotropy. Unfortunately, this
construction is vulnerable to elevate the iron losses in the rotor, limiting its efficiency
advantages. More importantly, the significant manufacture complexity and difficulty in
rotor skewing have seriously hindered its commercialization opportunities [22].

The TLA rotor (shown in Fig. 1.2(c)) is preferable, in practice, since it is suitable
for industrial manufacturing. In this case, the rotor laminations can be punched as
a whole, which is the same as the other traditional machines. In addition, the rotor
can be easily skewed to reduce torque ripple. The flux-barrier shapes can be specially
designed suitable for different applications. Therefore, only TLA type of REL machine
is considered in this thesis.

1.2.2. Equivalent circuit model

Generally speaking, two distinct reference axes exist in most motors, the direct axis
(d-axis) and the quadrature axis (g-axis). They are perpendicular in terms of electric
degrees. In REL machines, particularly, the d-axis corresponds to the high permeability
path, while the g-axis corresponds to the low permeability path. As an example, the d-
and g-axis flux lines in different paths of a four-pole REL machine are shown in Fig. 1.3.
The two axes are also identified in this figure.

According to the d-q reference frame, equations of the REL machine in the transient
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(a) d-axis circuit. (b) g-axis circuit.

Figure 1.4: Equivalent circuits of the REL machine in d-q reference frame.

state, neglecting iron losses, are given as

dA

dff\t (1.1)
/\d = Ldid (1 2)
)‘q = Lq"q .

where vg, vg. Ag. Ag and ig4. ig represent the d- and g-axis voltages, flux linkages and

currents, respectively. Rg is the phase stator resistance, w is the electrical angular speed.

Lg and Lg represent the d- and g-axis apparent inductances. In REL machines, Lq and

Ly vary with phase current due to different levels of saturation. Equations (1.1) are
derived as )

vg = Rgig + Ldiﬂ — wlLyqiq

d; (1.3)

vg = Rgiq —+ qu—f + wLgig

This model is represented by the equivalent circuit shown in Fig. 1.4. The steady-
state versions of these voltage equations can be easily extracted from (1.3) by setting
time derivative terms to zero. Therefore, equations in (1.3) become

Vi= Relg — wL,I,
* e (1.4)

where Vg, Vy and I4. I represent the d- and g-axis voltages and currents in steady-state
conditions.

The phasor diagram representative of the REL machine, neglecting stator resistance,
isindicated in Fig. 1.5. @ represents the angle between the terminal voltage and current,
of refers to as phase angle between the current and the d-axis (i.e., current phase angle),
and § is the phase angle between the flux linkage and the d-axis. The d-axis current I
is also called the “magnetizing” current, while the g-axis current I is called the “torque”
current. The voltage vector leads the current vector of a quite large angle ¢, which
causes a low power factor in the REL motor, as will be discussed in the following.
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A q axis

'ng Iq

d axis

Figure 1.5: Phasor diagram representative of the REL machine.

1.3. REL machine performance analysis

1.3.1. Torque behavior

The d-q representation leads to the following general expression for the average torque
developed in a REL machine:

3 3
Tem = §P(Ld — Lg)iaiq = §PLQ(§ — 1)iaiq (L.5)

where p is the number of pole-pairs. £ is known as the “saliency ratio”, which is one of
the most important parameters in REL machines. It is defined as follows:

_La

qu

(1.6)

Since Lq is higher than L, in REL machines, the saliency ratio is always higher than
1. Besides, g and ig must have the same polarity to contribute a positive torque. It
is also noticed that only the reluctance torque is available in REL machines, causing
possible lower torque density than PM machines.

The REL motor is commonly current controlled, where the d- and g-axis currents
are combined to get the desirable torque. In order to have a direct insight into the
torque production characteristics of the REL machine, it is helpful to use the dg current
plain in which 4q is plotted along the horizontal axis and 44 is plotted along the vertical
axis. As an example shown in Fig. 1.6, different current circles are recognized. From the
torque equation in (1.5), it is easy to calculate the optimal current phase angle (which
is 45°), in absence of magnetic saturation, at which the torque per Ampere becomes
the maximum. The maximum torque per Ampere (MTPA) trajectory is a straight line
described by the dashed line in Fig. 1.6. When magnetic saturation is considered, the
constant-torque loci differ from the symmetric hyperbolic shapes and become the curves
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Figure 1.6: Torque map in the i4-i4 plane, together with the MTPA trajectories without
and including the effect of magnetic saturation, which are represented in dashed straight
line and bold solid line, respectively.

shown in Fig. 1.6. In this case, af tends to increase and the MTPA trajectory becomes
the bold solid line in the figure.

1.3.2. Power factor

The power factor (PF) is defined as

WL em

%mVI

cosp = (1.7)

where wy, is the mechanical angular speed, m is the number of phase, V and I are peak
phase voltage and current, as shown in Fig. 1.5. If the stator resistance is neglected,
this equation can be derived, by using (1.4)  (1.6), as [4]

cosp = (£ — 1)\/2( sin 207 (1.8)

&2 cot af +tanaf)

Supposing tan af = t, then

2
cosp = (£ — U\/(t? @1 (1.9)

Taking the derivative with respect to ¢, the maximum PF is obtained

£-1

COS P(maz) = m

(1.10)
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08 f o

PF

Saliency

Figure 1.7: Power factor versus the saliency ratio &, without considering magnetic
saturation.

with ¢ = /€. It is noticed that the PF is a function of saliency ratio £&. The larger the
saliency ratio, the higher the maximum PF.

Alternatively, if the MTPA trajectory is followed, the PF becomes

1

IS (1.11)

cosp = (¢ 1)

where the iron saturation is neglected, and af = 45°.

Fig. 1.7 shows the PF versus the saliency ratio curve neglecting magnetic saturation.
The lower curve reports the PF when the current vector is operated along the MTPA
trajectory, while the upper curve refers to the operating conditions along the maximum
PF trajectory. The operation along the MTPA trajectory exhibits lower PF. It is also
evident that the PF of the REL machine is quite low. More specifically, the maximum
achievable PF is slightly higher than 0.8 referring to a saliency ratio of 10. The low PF
leads to a high volt-ampere rating of the inverter.

1.4. Comparison of different rotor topologies

As aforementioned, the performance of the REL machine highly depends on the d- and
g-axis inductances. The torque capability is proportional to (Lg — Lg), while the PF is
determined by the saliency ratio £&. The machine performance would be quite poor in
terms of torque and PF unless the rotor is properly designed. From the development
history of REL machines, considerable attention has been paid to improving rotor de-
sign. In this section, the existed rotor structures are theoretically analyzed, in order to
explain the trend of REL rotors.
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Figure 1.9: Stator magnetic potential and flux density distributions of SP type REL
machine due to d-axis currents.

1.4.1. Salient-pole rotor

The sketch of a two-pole SP type REL rotor is shown in Fig. 1.8. For simplicity, the
flux is assumed to be existed only in correspondence of arc £, which is the polar arc in
Fig. 1.8. The iron losses are neglected and only the fundamental harmonic of MMF is
considered.

If only the magnetic field due to the stator d-axis current is considered, the corre-
sponding stator magnetic potential distribution is plotted as Fig. 1.9(a), which can be
expressed by 23]

Usa(0r) = _%Ks cos(pby) (1.12)
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for a 2p-pole machine, where K is the amplitude of linear current density, expressed as

7. 3ky NI

- 1.13
s= 5 (1.13)

where ky, is the winding factor of the fundamental harmonic, Ngis the number of series
conductors per phase. I is phase current peak value, D is stator inner diameter, and 8,
indicates the mechanical angle in the rotor reference frame (see Fig. 1.8).

The radial flux density distribution in the airgap, produced by the d-axis current,
results

Bya(6y) = % U2 (0,) — Usa(6)] = %%K cos(pbr) (1.14)

where po is the permeability constant, g is the mechanical air gap length. The rotor
magnetic potential Up(6r) equals to zero for the SP type. The flux density distribution is
highlighted by the blue area in Fig. 1.9(b). The fundamental component of the Fourier
series expansion of this distribution is

8
. 4p [2 D
Boar = = ] Bya(6y) cos(pf,)db, = 20 K [B+ —sm(pﬁ)} (1.15)
T Jo m g 2p
The corresponding flux is
DL =
By = — = Byay (1.16)

where Lgy is active stack length. The flux linkage is
kng

Ag = g (1.17)

Finally, the d-axis inductance is computed by dividing the flux linkage by the stator
d-axis current. which becomes

Lg— iﬁﬂo (kt;ﬂrs) DLy [64——5111(}),8)] (1.18)

When only g-axis current is considered, the corresponding stator magnetic potential
distribution is plotted in Fig. 1.10(a), which can be expressed as

Usg(6r) = —%KS sin(p6,) (1.19)

The radial flux density distribution in the airgap, produced by the g-axis current,
results

Bya(6r) = "2 [U1(67) ~ Uua(6)] = D o Kosin(o9) (1.20)

The flux density distribution is again highlighted by the blue area in Fig. 1.10(b).
Of course, the distribution is different from Fig. 1.9(b). The fundamental component is
derived as

5]
4 z D . 1
By == L Byq(6y) sin(pbr)dy, = g%%m [ﬁ - sin(pﬁ)} (1.21)



1.4 Comparison of different rotor topologies 15

S{ /, . Usqg
\ \
/ ! 4
q | i1 ',. '
- .
Iu | |
\ /
\\\ § \ // ) S
\"“\._ L L L
R s
g 0 p/2 T &
(a) Stator magnetic potential distribution. (b) Flux density distribution.

Figure 1.10: Stator magnetic potential and flux density distribution of SP type REL
machine due to g-axis currents.

Similarly, the g-axis inductance results

;3 (kuNe\* DLa
q— ,ﬂ,2lu’0 zp q

P—}mwﬂ (1.22)

Therefore, the difference between the d- and g-axis inductances are obtained by
subtracting (1.22) from (1.18)

6 k,N.\2 DL
(L~ L) = Sy (P20t} 2Lt i) (123

It is found that the inductance difference is proportional to sin(pB). Referring
to (1.5), the output torque reaches the maximum when the inductance difference is
maximized. As a consequence, the SP type REL machine achieves the maximum torque
with 8 = n/(2p), which implies that the salient-pole occupies 50 % of the pole pitch.

The saliency ratio can be derived by the ratio of (1.18) and (1.22)

Ly B+ %Sin(pﬁ)
_ La _ PTpspP) 1.24
‘ Ly, p- %Siﬂ(iﬂﬁ) (1.24)

where £ &~ 4.5 with § = 7/(2p). From the point of view of saliency ratio, it would
be dramatical large with very small value of B, as plotted in Fig. 1.11 for a two-pole
SP type REL machine. However, this incredible saliency ratio exists only under the
previous assumptions. In addition, low 8 will cause reduction in torque capability, as
demonstrated by (1.23).
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Figure 1.11: Variation of saliency ratio £ with 8 for a two-pole SP type REL machine.

1.4.2. Multiple flux-barrier rotor

The REL machine with multiple flux-barrier rotor has been proposed several years ago,
but only in recent years it is becoming more and more attractive. From the number
of segments point of view, the ALA rotor structure can also be regarded as multiple
flux-barrier rotor when the barrier number is greatly increased. In the following, the
analysis is carried out on a generalized multiple flux-barrier rotor.

Similar to the previous analysis, some hypotheses are made:
1. The stator is slot-less and only the fundamental harmonic MMF is considered.
2. Iron loss and magnetic saturation is neglected.

3. Leakage inductances are disregarded.

Referring to the d-axis inductance, the same calculation procedure as the SP type
machine can be carried out. The main difference is that the flux exists along almost the
whole rotor surface, as shown in Fig. 1.12. The calculated Lg can be represented as

13 (KkuNe 2 DLo
d = ;;UD % g

It is the same expression as the magnetizing inductance (L) of the IM. Generally
speaking, it is very difficult to increase this inductance within the mechanical and
thermal limitations. Therefore, the design goal to obtain high machine performance is
to reduce Lg, in other words, to block the g-axis flux as much as possible.

Obviously, the ideal situation is that a non-magnetic rotor is assumed. The calcu-
lated g-axis inductance is [5]:

3 (kwNy)?

Lqmin = ;ﬂo 2 Lsﬂc (1-26)
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Figure 1.12: Stator magnetic potential and flux density distributions of multiple flux-
barrier REL machine due to d-axis currents.

which is independent of the rotor diameter. It is also noticed that Lgpg, is inversely
proportional to pole-pair number, in contrast, Lg is inversely proportional to p?. Then.,
the ideal saliency ratio is defined as:

&ideal = (1.27)

D
2pg
which clearly shows that the ideal saliency ratio decreases with the increase of p. (1.27)
gives the theoretical upper limit of the achievable saliency ratio with a given rotor
geometry. [t should be noted that the actual saliency ratio is always lower than &geai,
due to iron saturation, stator leakage inductances and so on.

A more precise method to calculate Ly is proposed by Vagati [15,23]. Theoretically,
Ly is split into two components Lge and Lgf. corresponding to “circulating” flux and
“fowing through” flux (shown in Fig. 1.13(a)), respectively. The generic k-th segment
is evidenced, as defined by the electrical angles 6 and 0. Using (1.19), the average
value Uy of stator magnetic potential over the angular interval Af is calculated as

U DK 1 9k+1 . d DK 1.28
Sk__Z_p SA—Qk./Gk sin(pfy)d(pfr) = 2_p sfx (1.28)

where
cos(0r41) — cos(Or)

1.29
A ( )

fr=

When a g-axis MMF is applied, the k-th segment will have a constant value of
magnetic potential U,p. This value is slightly lower than Ug, as shown in Fig. 1.13(b).
Referring to Uy, it is supposed to be

Upp = 2£I€8rk (1.30)
p
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Figure 1.13: Stator and rotor magnetic potential distribution of multiple flux-barrier
REL machine due to g-axis currents.

where 7 is a constant value, which can be computed from the magnetic equivalent
circuit [23].

The radial flux density in the airgap, produced by the “circulating” flux, results

D
Byae(6r) = [Usk = Usa(Br)] = £ 05 K [fi + sin(h,)] (1.31)
Then
. 4p _fPpo Dy [ 2
ngc] = ?/ ngc(ﬁr) sin p@r)dﬂr = ??2—? 4_p — 5 Z kagk (132)
3 [kwNs\? DL 4 )
Lye=— 1—— A 3
qc ﬂ_ﬂo ( 2% ) g p Ek:fk O (1 T})
By dividing (1.25), it is obtained that
ch 4 2
L—dzl—;%:fk‘ﬁgk (1.34)

The ratio Lge/Lg does not related to pole-pair, but it rapidly decreases as the number
of flux-barrier is increased. In other words, the multiple flux-barrier design, instead of
one or two barriers per pole, is preferable to achieve high saliency ratio.

Regarding to the flowing through contribution, the resulted radial flux density in
the airgap is

D
Bgqy(6r) = (Um— Ug) = 22K, (i — fi) (1.35)
Then qu is derived as
3 (kwNs\* DLy 4
Lys = — - —rp) A :
af Wﬂﬂ( Qp) - [fr (fke — i) A0] (1.36)

k
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(a) Multiple flux-barrier rotor in [24]. (b) SP type rotor structure.

Figure 1.14: Comparison of different rotor structures.
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Figure 1.15: Torque variation with 8 for an SP type REL machine.

Finally, the ratio of Lss to Lg is

L 4 8
o _ ;%j[fk (fic — i) AGx] = ;%Xk:ﬁc% (1.37)

where ¢y is the per-unit flux, which is proportional to (fr —rx) [23]. This ratio depends
on the flux-barrier shape and, more importantly, the pole-pair p. Since Lg./Lq does
not depend on p, it is easy to find that the lower the p number, the higher the saliency
ratio will be. But in the practice design, the choice of pole-pair number is a trade-off
among stator yoke design, the saliency ratio and the mechanical reliability.

In order to compare the two rotor topologies, the multiple flux-barrier rotor in [24] is
replaced by an SP type rotor, as shown in Fig. 1.14. The SP type machine is simulated
by FEA, considering different rotor shapes with variable polar arc 8. Fig. 1.15 shows
the average torque variation with 8. The average torque reaches the maximum where
B is around 40°. Actually, if saturation is neglected, 8 is 45° to achieve the maximum
torque for a four-pole machine. By using the same current amplitude (the current angle
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Figure 1.16: Cross-section of PMAREL motor.

is different), the achievable maximum torque of the SP type REL machine is about
8.1 Nm, while the reported torque in [24] is 11.3 Nm. This confirms the low torque
density of the SP type REL machine. Besides, it is noticed in the simulation that the
torque ripple of the SP one is dramatical higher than that of the multiple flux-barrier
one.

1.5. PM-assisted synchronous reluctance machines

As mentioned before, the PF of the REL machine is fairly low. Usually, this drawback
can be compensated by insetting PMs into rotor flux-barriers. This configuration is
called P M-assisted synchronous reluctance (PMAREL) machine, as shown in Fig. 1.16.
The high anisotropic rotor allows cost-effective ferrite magnets instead of rare-earth PMs
to be used, so as to reduce the machine cost. Unlike the regular interior PM (IPM)
machine, the torque of the PMAREL machine is mainly dominated by the reluctance
torque component due to the high rotor saliency.

The PMs are introduced to increase the PF of the REL machine. According to the
reference frame, the PMs produce a flux linkage along the negative g-axis to compensate
the flux linkage Lgl,. as depicted in Fig. 1.17. Since the voltage vector is rotated towards
the current vector, the PF increases. Therefore, the flux linkages of the PMAREL
machine are computed as:

Ad = Lgi
4= did (1.38)
Ag = Lgig — Ay
where Ay, is the flux linkage due to PMs. The average torque is calculated as:
3 . y
Tem = 5P [Amia + (La — Lo) idid] (1.39)

Despite of the same reluctance torque as (1.5), a PM torque component is added in
the PMAREL motor. The machine torque density is improved only if the two torque
components have the same sign, which is obtained when the g-axis current component
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Figure 1.17: Phasor diagram representative of the PMAREL machine.

is positive. The d- and g-axis currents can be freely controlled to obtain the desirable
torque. Actually, the performance of the PMAREL machine strongly depends on the
current vector control strategy.

1.5.1. MTPA control

Within the current limit (Ijmee), the current vector is controlled to achieve MTPA. In
theory, the MTPA trajectory is obtained from the derivative of torque equation (1.39)
with respect to the current phase angle. Making the derivative equals to 0, the optimal
current vector angle of MTPA trajectory satisfies the following relationship:

e . 1 VA2, +8(Lg — Ly)2I%2 — Ay, '
aj = sin ( HLa— o)1 (1.40)

When A,, equals to 0, the PMAREL machine becomes a pure REL machine, and
af keeps constant (45°). Same result is obtained in Section 1.3.1.

In case of iron saturation, FEA simulations are required. Similarly, the optimal
current vector angle is chosen when the torque achieves the maximum under given
current amplitude. As an example, the MTPA trajectory is shown from point O to
point B in Fig. 1.18.
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Figure 1.18: Circle diagram of a PMAREL motor drive.

1.5.2. FW control

From (1.38), the flux linkage of the PMAREL machine under steady-state condition is
given by

A=/ (Lalo)? + (Loly — Am)? (1.41)

When the stator resistance is ignored, the phase voltage is calculated as

V = wh = w\/(LdId}i’ + (Lol — A)? (1.42)

It is described by ellipses in the i4-74 plane, as shown in Fig. 1.18. When the stator
flux is kept constant, the locus described by the current vector in the i4-iq plane is an
ellipse with center (0, Am/Lg). When the speed increases (but is less than the rated
value), the voltage increases proportionally to guarantee the same stator flux, till the
voltage limit (Vipae) is reached. So the constant-flux locus is also the limit-voltage
locus. When the operating speed exceeds its rated value, the stator flux has to be
reduced to keep constant the voltage at its limit value, and consequently the weakened-
flux locus and the voltage-limit locus shrink. The d-axis current, which is the main flux
in the machine, is decreased by increasing the current phase angle af. This technique
is called the “flux weakening (FW)”. The current amplitude remains the same, so that
the current vector moves along the current limit circle, as shown from point B to point
P in Fig. 1.18. The d- and g-axis currents are derived as the following equations, under
the limits of both voltage and current (Vipar and Imaz):

AmLg — \/ (AmLq)® = (L3 — L3) (A2 — Yiig= + 12,,L3)
12 (1.43)

I, =

Ig= /T2, — I?
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1.5.3. MTPV control

Referring to the phasor diagram of the PMAREL machine in Fig. 1.17, the flux linkage
can be represented as

Ag = Acosd = Lyl
4T e = e (1.44)
Substituting to the torque equation, (1.39) becomes
3 ApAcosd 3 Acosd (Asind + A
Tem = 5p = + _p(£ - 1) ( m) (1'45)
2 Ly 2 Ly

The maximum torque per flux linkage control, which is the equivalent to the max-
imum torque per Voltage (MTPV) control, can be achieved by setting % = 0, ob-
taining

@Asin%ﬂxmsma—g—;lzx:o (1.46)

it is solved as

—Am+\;f\%1+2(12 (147)
2a

where a = 2(€§ — 1)A /€. After that, the d- and g-axis currents can be obtained from (1.44).

sind =

The MTPV trajectory shows the tangent points of torque loci and voltage ellipses.
Following the FW trajectory, when the current limit circle, the voltage limit ellipse and
the MTPYV trajectory intersect, as shown by point P in Fig. 1.18, the operation of the
machine moves to MTPV control. In this region, the current vector angle af increases,
while the current amplitude decreases with the increasing speed. Finally, the machine
can be operated at infinite speed theoretically.

Actually, the MTPV operation happens only if Ay < Lglmaz [21]. When the PM
flux linkage is quite high, i.e.., Ay, > Lglpae. the center of the ellipses is outside the
current limit, and no crossing point exists between MTPV trajectory and the current
limit circle.

1.6. Conclusion

This Chapter mainly reviews the development history, basic equations and performance
characteristics of REL machines. It is noticed that the REL machine performance
is highly depended on saliency ratio. Looking back the development history of REL
machines, the improvement of saliency ratio is of vital importance. Comparing with
the SP and ALA rotor types, the TLA rotor type with multiple flux-barriers achieves
relatively high saliency ratio, low rotor loss and low torque ripple. Therefore, it is chosen
to be designed and analyzed in the next Chapters.

The inset PMs in the rotor flux-barrier help to improve the power factor and torque
density of the REL machine. The methodologies of current vector control, in terms of
MTPA control, FW control and MTPV control, are also introduced for the following
use.






Chapter

Design Methodology of REL Machines

The REL machines have been more and more attractive in recent years. Since the stator
can be made of conventional laminations of IMs or PM machines, the most challengeable
part of REL machine design lies on the rotor structure. This Chapter provides a detailed
parametric analysis of the rotor geometry for both REL and PMAREL machines, in
order to suggest an automatic design. The shape of fluz-barriers is selected to achieve
both high d-azis inductance and low q-azis inductance, so as to obtain high output torque
and high power factor. Methods to properly design the geometry of barrier ends and PMs
are adopted. Some tuning steps are suggested in order to achieve the high performance
design. After that, such a procedure is used to rapidly analyze the impact of some
parameters on the machine performance so as to give a design guideline. At last, the
demagnetization limit of a PMAREL machine under overload operation is analyzed.

2.1. Suitable shape of flux-barriers

ROM the torque expression of the REL machine in (1.5), it is observed that the
Foutput torque is proportional to the difference between the d-axis inductance (Lg)
and the g-axis inductance (Lg). Therefore, it is extremely important to design the rotor
geometry so as to increase such a difference. In the following part, the design objective is
to maximize the d-axis inductance, and simultaneously, minimize the g-axis inductance.

In the TLA type REL machine with multiple flux-barriers, the d-axis flux passes
through the whole iron paths while the g-axis flux is blocked by flux-barriers. To achieve
the design goal, the d-axis flux should flow the iron parts smoothly, while the g-axis
flux should be blocked as much as possible. This requires the flux-barrier shape to
be parallel to the d-axis flux lines, and perpendicular to the g-axis flux lines. When
cross-coupling effect is ignored, the d-axis flux lines are completely perpendicular to the
g-axis flux lines. As a result, the aim is to design the flux-barrier lines approximately
along d-axis flux lines.

Without considering iron saturation, the behavior of the d-axis flux in a two-pole
rotor can be regarded as an inviscid, incompressible fluid flow around a circular cylinder.
This is described analytically by a simple mathematical equation, which is called stream
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Figure 2.1: Parameter definitions on the rotor and d-axis flux density distribution.

function [25]:
2
b(p,€) = (p - "—5) siné (2.1)

where pg is the radius of the cylinder, p and £ are radial coordinate and angular co-
ordinate in the polar coordinate system, respectively. The streamlines, who represent
the d-axis flux lines, are obtained by the contour of different values of ¥. For a given
streamline, the stream function ¥(p,£) is constant. By using conformal mapping tech-
nique, the following stream function is derived to describe the d-axis flux distribution

in a 2p-pole rotor [26]:
2r \ %
sin -1
(v9) [( ) ]

()
Dm'

where r is the radius, 8 is the mechanical angle from the d-axis, Dy; is the rotor inner
diameter. W is called potential factor in the following text. Since different streamlines
have different values of W, only these streamlines with their potential factors known are
visualized. Therefore, the flux-barrier boundaries can be obtained.

U(r,0) = (2.2)

According to (2.2), the potential factor is computed once the radial and angular
coordinates (r, #) of one point on the streamline is determined. Obviously, the angular
coordinates of the points on the g-axis, as highlighted in Fig. 2.1, are easily obtained.
Therefore, they are chosen as the “main points” to calculate the potential factors. The
remaining problem is to determine the radial coordinates of these points, which are
related to the width of flux-barriers and iron paths. To this purpose. the insulation
ratio kg 1s firstly defined (as shown in Fig. 2.1):

Ny Ny
> thi > thi
| - i=1 _ i=1
air — -
(Dpe — Dyi) /2 N Np+1
re ri / thi‘l‘ Z Wies
i=1 i=1

(2.3)
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where #p; is the width of the i-th flux-barrier, wye; is the width of the ¢-th iron path,
Ny is the number of barriers, Dy, is the rotor outer diameter. Detailed definition of the
parameters are shown in Fig. 2.1. The insulation ratio assumes an important role to
limit the saturation of the iron paths, as will be described in Section 2.6. Once kg is
defined, the total widths of the flux-barriers and iron paths are determined, respectively.

The next step is to calculate the width of each iron path and flux-barrier individually.
The width of each iron path is computed according to the flux density distribution of
the d-axis flux. This allows to select the iron path widths to be proportional to the
amount of d-axis flux flowing through them. Assuming a sinusoidal waveform of the flux
density in the airgap, as shown in Fig. 2.1, the flux passing through each iron channel

is represented as:
4

Op,1
B, :/ By sin (pf)df
0

Op2
B> :/ By sin (pf)df
2]

b1
9 i (2.4)
B; = / By sin (pf)df
Op,i—1
7 .
BNb+1 = Bd sin (p@)d@
\ eb’Nb

where B’d is the amplitude of the flux density, and 6p; is the barrier end angle of the
i-th flux-barrier. The average flux density in the i-th iron channel Bgyg; is given by:

Obi
Obi — Ob,i—1 Joy ;4
with 1 <7 < Np. and
Bm:g Np+1 — # ’ Bd sin (pﬂ)d@ (2-6)
’ T — 20y N, Ov.,

The width of each iron path is proportional to its corresponding average flux density,
and therefore
Whei = (DreN: Dri) (1 - km’f‘) Bm:g,z’ (2.7)
2 Z Ba'vg,?‘, + Ba.vg,Nb—f—l

i=1

The width of each flux-barrier should be designed to minimize the g-axis flux as much
as possible, by means of the total insulation. The stator magnetic potential distribution
due to g-axis currents is shown in Fig. 2.2(a). Similar to the flux density, the average
value of stator magnetic potential in front of each flux-barrier is:

1 Obi
Obi — Ob,i—1 Jo,;_,
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(a) Stator magnetic potential distribution. (b) Magnetic circuit.

Figure 2.2: Stator magnetic potential distribution due to g-axis currents and the corre-
sponding magnetic circuit.

with 1 € 7 € N, and D}q is the amplitude of magnetic potential. From (2.8) the
difference of average stator magnetic potential between consecutive flux-barriers can be
expressed as

AUyg i = Ugvg,i — Uavg,it1 (2.9)

with 1 <7< Ny —1, and
AUy N, = Ugwg.N, (2.10)
Referring to Fig. 2.2(b), AUy ; represents the magnetic voltage drop across the i-th

flux-barrier once the air-gap magnetic voltage drop is disregarded. From the derivations
given in [15], the following relationship is found for the flux-barrier width that achieves

the lowest Lg:
te  AUgr [l AUk |Obk
Wk _ 2Pk Ik o DUk [Tk g, 2.11
th  AUgn\ b AUgn\ Obn 7 (211)

where [y 1 is the length of the k-th flux-barrier, with the approximation of Iy = 6p g Dye.
Therefore. the width of each flux-barrier is

tp1 = th1

tpo =1
b2 = tp1 AUy \ 0o
$ . AU,; Obi (2.12)
AU, /0
ton, = tbl—A{,?:\ib ;:\;’b
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Figure 2.3: Shape comparison of different barrier ends (parabolic shape on the upper
left and circular shape on the bottom right [27]) and definition of PM geometry.

The superposition of these equations results to the total flux-barrier length. Thus
the value of ) can be obtained, which is

tpy =
' Ny AUgi [Op: (2-13)
2,21 AUg1'\ Ob1
i=

After that, the width of the i-the flux-barrier is calculated from (2.12) by substitut-
ing (2.13).

After obtaining wye; from (2.7) and tp from (2.12), the radial coordinates of the
“main points” on the g-axis are obtained geometrically. Then the potential factors are
calculated from (2.2). In order to draw the whole flux-barrier line, the coordinates of
other points on the streamline need to be determined. The radial coordinate of any
point on a certain streamline is expressed as

Dmv) {/KI' + /U2 + 4sin? (ph) (2.14)

r(6,¥) = (7 2sin (pf)

It is noticed that the angular coordinate is essential to determine the radial coordi-
nate. Starting from the “main points” on the g-axis, the angular coordinate reduces with
the increasing radius. To obtain the minimum angle, the limit point of each streamline
(that is, when the streamline ends and the barrier end starts, i.e., point D in Fig. 2.3)
needs to be determined. This point is posed to be the intersection between the stream-
line and the limit circle, whose radius is Ry for inner barrier boundary or Rep for outer
barrier boundary.
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Figure 2.4: Comparison of d-axis flux lines and streamlined flux-barriers.

Rjpis calculated according to the following steps. Firstly, the point on the streamline
with the radius of Rpp is determined (whose radius equals to rotor radius minus rib
thickness, as shown by D’ in Fig. 2.3). Then, the streamline which flows through the
barrier end point B is obtained, together with the slope of the streamline at point B.
The angle v between this slope and the line OB is computed geometrically. Therefore,
Ry is experientially given by:

Rijp = Rysp — BD' cosy (2.15)

By using Ry, the angular coordinate of point D on the streamline is obtained. Then
the coordinates of other points on the streamline are determined from (2.14). Finally,
the flux-barrier lines can be drawn. Fig. 2.4 shows the flux lines (in thin curves) of
a machine excited by d-axis current only, without any flux-barriers in the rotor. In
comparison, the streamline flux-barrier shape is highlighted by the bold curves. It is
verified that the flux-barrier shape approaches the d-axis flux lines, as expected.

2.2. Selection of the barrier ends

The iron ribs have a strong influence on the performance of REL machines. At the same
time, the shape of barrier ends has to be carefully designed, to avoid stress concentration
on the ribs.

Parabolic line can be used to draw the flux-barrier ends (shown in the upper left
half of Fig. 2.3), and its equation is easily assumed as:

y=az’+br+c (2.16)

Substituting the coordinate of points B and D in Fig. 2.3, and the slope of point D.
coefficients a. b and ¢ are calculated. Then the parabolic line can be drawn. However,
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Table 2.1: Performance Comparison of the Machines with Three Different Barrier Ends

Tavg (Nm) Torque ripple

Parabolic line 327 27.6%
Circle arc 330 23.2%
Mixed 330 21.7%

this kind of barrier ends contain some sharp points (shown in the upper left half of Fig.
2.3), which are harmful especially for machines operated at high speed.

The ideal shape of barrier ends would be circular arc, from mechanical point of view
(shown in the bottom right half of Fig. 2.3) [27]. With the coordinate of point B and
D, the angle between line BD and OB can be calculated, together with the central
angle 8 (shown in Fig. 2.3). In this way, the circular arc between point B and D can
be drawn easily. However, some factors may limit to use the circular arc, such as the
distance of BD' and the central angle 3, and it is not always possible to draw such a
barrier-end. In this case, parabolic lines are still used when the circular arcs are not
well suited.

In order to compare the electromagnetic performance of different barrier ends, three
rotors are designed with hyperbola, circle and mixed approach, respectively. Table 2.1
shows the performance of three machines. It is observed that all the considered solutions
produce almost the same output torque. Considering the sharp points in parabolic lines,
it is better to use circular or mixed barrier ends.

2.3. Drawing of the PMs

In PMAREL machine, the shape of PMs is commonly rectangular for simple manu-
facture. When PMs are introduced, the starting points to draw the streamlines are
no longer on the g-axis. Referring to Fig. 2.3, the starting points become M and N,
which are determined by PM width wpm,. rib thickness ribyy and the stream function.
The center point P of the flux-barrier is determined by using point M, point N and
its symmetrical point N’. Supposing the PM is placed with the same center point as
the flux-barrier, it is easy to draw the shape of PM by using wp,, and PM thickness
tpm. Besides, when the width of PM equals zero, the PMAREL rotor is automatically
reduced to a pure REL rotor.
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Da/2 D.2 D./2 Dy/2 D./2

(a) Inner rotor diameter without control. (b) Inner rotor diameter with limit (2.17).

Figure 2.5: Comparison of machine models without and with inner rotor diameter

control.
(a) Rotor model without (b) Rotor model with chang- ) Rotor model with chang-
modification. ing wye only. 111{., wre and Dy;.

Figure 2.6: Comparison of rotor shapes without and with modifications.

2.4. Modification procedures (suggested tricks)

As said above, the selection of the geometry of the flux-barrier and its ends are key
points in the REL machine design. In order to draw a rotor with proper shape, some
geometric tricks can be carried out.

At the beginning, the inner rotor diameter (for drawing) is adjusted, especially in
case of high number of poles. Fig. 2.5 shows the comparison between machine models
without and with inner rotor diameter limit. To get a proper rotor design, a limit value
of the inner rotor diameter should be provided. Equation (2.17) gives the condition used
for the inner rotor diameter, fixing the total rotor length to be lower than 1.2 times of
the half pole pitch:

T Dye
2p
The total rotor length is (Dpe — Dy;i)/2 and the half pole pitch is (wDye)/(4p) in
Fig. 2.5(a). Using (2.17), it is possible to avoid too small inner rotor diameter, with a
consequent improper drawing.

The second tricky action deals with the flux-barrier end point B. Generally speaking,
the position of point B should be located between the upper and lower streamlines of its
corresponding flux-barrier, as shown in Fig. 2.3. In some situations, point B could be
outside of these two lines, causing sharp points in the rotor laminations. Thus, actions
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Figure 2.7: Modification procedure for changing wyge and Dy;.

should be taken to check the position of point B. It is calculated that the outer the
streamline, the larger the potential factor. Therefore, it is a good way to check the
position of the point B by comparing the potential factors with the upper and lower
barrier lines.

If point B is outside of these two barrier lines (as shown in Fig. 2.6(a), the first
and the second flux-barrier end points are outside of their corresponding barrier lines),
firstly, the width of each iron path (wy.) between flux-barriers is modified in order to
obtain a proper barrier shape. The step of change Dy, is calculated by the distance of
BD', as shown in Fig. 2.3. If wge at H-th iron path is increased by Dy, then wye at
(H+1)-th iron path needs to be reduced by Dy, (as described in Fig. 2.7). The obtained
rotor model is plotted in Fig. 2.6(b).

Unfortunately, this change does not always work properly, because the width of each
iron path cannot be too small so as to avoid saturation of the iron path. If wye reaches
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Table 2.2: Main Dimensions of the Designed Motor

Design parameters Value  Unit

Stator outer diameter 270 min

Stator inner diameter 148.5 mm

Tooth width 8.3 mm
Back iron thickness 289 mm
Airgap thickness 0.5 mm
Active stack length 308 mm

its limit value, then the rotor inner diameter Dy; is changed (as shown in Fig. 2.6(c)).
The sign symbol of Dy, determines whether to increase or decrease Dy;. After changing
D,;. the widths of each iron and barrier part need to be recalculated iteratively. After
a fixed number of steps, if point B is still outside the flux-barrier lines, the angle of
the flux-barrier is forced to be within the flux-barrier lines. Detailed procedure of this
modification is illustrated in Fig. 2.7.

According to the rotor geometry analysis above, codes have been written to draw
the REL machine model automatically. After that, FEA simulations are carried out to
calculate the machine performance. Referring to the stator lamination of a standard
induction machine, a REL machine is designed with @z = 36 slots and 2p = 4 poles.
The main dimensions are given in Table 2.2. The total length of the stator laminations
is 314 mm, and the stacking factor is 0.98. The stator slot fill factor is fixed to be 0.4.
Thanks to the automatic model drawing procedure, some analyses are carried out on
the key parameters of the rotor structure. The results are reported hereafter as a design
guideline.

2.5. Number of flux-barriers

Since the number of flux-barriers has a significant effect on the output torque of the
REL machine, the number of flux-barriers is investigated first. During this optimization
process, the insulation ratio is kept constant. For simplicity, the barrier end angles for
different barrier numbers are calculated in the following steps. As analyzed in [18], to
reduce the torque ripple in the REL machine, the number of separation points per pole
pair (n,) is deduced by:

np=mng+t4 (2.18)

where ng = Qg/p is the number of stator slots per pole pair. The separation points
are equal-space distributed along the rotor periphery. In this case, with 36 slots and 4
poles, ng = 18, and thus, n, is calculated to be 14 or 22. According to these separation
points, barrier end angles can be easily obtained. For n, = 14, the barrier end angles
are 25.71°, 51.43° and 77.14°, while for n, = 22, the barrier end angles are 16.36°,
32.73°,49.09°, 65.45° and 81.82°. Fig. 2.8 represents reference symbols for the barriers
with different barrier end angles. With A, B, C for the barriers in the configuration on
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Figure 2.8: Reference symbols for the barriers with different barrier end angles.

Table 2.3: Comparison of REL Motors with Three Barriers per Pole for Possible Barrier
Angle Combinations

Selection of barriers  Tgyg (Nm) Torque ripple

D, F. H 321 21%
D.G. H 312 62%
E F.G 320 73%
E,F H 329 21%
E G, H 325 1%
F,G, H 324 14%
A. B, C 330 22%

the left (n, = 14) and D, E, F, G, H for the barriers in the configuration on the right

For a given number of flux-barriers, it is possible to select different barrier end angles.
For example, referring to three barriers per pole, there are 10 combinations. It is difficult
to draw some of them according to the limits imposed to the geometry. Table 2.3 shows
the comparison of REL machine with three barriers per pole for feasible barrier end
angle combinations. For the same number of barriers, the torque ripple significantly
changes according to the barrier end angles, while the average torque remains almost
the same. The last two combinations in Table 2.3 seem to be proper choices when
three barriers per pole are used, according to rotor model shown in Fig. 2.9. It is
worth noticing that, even if the angles are selected by means of (2.18), the results are
completely different if some flux-barriers are removed.

Considering manufacturing and mechanical limits, only a number of flux-barriers up
to four is considered. Proper choices of barrier end angles for one, two and four barriers
is represented in Table 2.4. Comparing Table 2.3 and Table 2.4, it can be seen that
with the increase of the number of barriers, the average torque yields an increase, but
this increment becomes lower and lower with the number of flux-barriers. Therefore, a
solution with three or four barrier layers per pole is recommended in practical design,
which is also verified in [28,29].
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Figure 2.9: Rotor models of proper barrier end angles with three barriers per pole (ABC
on the left and FGH on the right).

Table 2.4: Proper Choices of Barrier End Angles for One, Two and Four Flux-Barriers
per Pole

Ny Selection of barriers Tgyg (Nm) Torque ripple

1 B 265 16%
1 G 273 28%
2 B, C 318 14%
2 F.H 314 24%
4 D.F .G H 333 12%
4 E F G H 336 40%

2.6. Insulation ratio

The aim of this section is to analyze the impact of kg, which is defined in (2.3).
Generally speaking, it plays an important role to limit the saturation of the rotor iron
paths [30]. Fig. 2.10 shows the rotor geometry corresponding to two different values of
kair (0.35 and 0.6, respectively). It is seen that the higher kg, the thinner the iron
paths are, and also the higher saturation in the rotor is.

Under the rated operating condition, Fig. 2.11 shows the behaviors of L4, Lg. torque,
power factor, efficiency and stator core losses of the REL machine as a function of kgir.
With the increase of kg the main variation is the decrease of Lg. while only a slight
decrease of Ly is observed. Since the value of L, is relatively small, the torque mainly
varies according to Lg. Hence, there is not an actual benefit in increasing the flux-
barrier width. When kg increases, the rotor iron paths become thinner, so that the
flux density in the stator is reduced, and thus, the iron losses are reduced as well. On
the contrary, both efficiency and power factor do not present considerable variations
with kg Similar results are also obtained and confirmed in [30].

On the other hand, kg is also suggested to be chosen according to the stator slot
width to slot pitch ratio, so as to get the machine equally saturated in both stator and
rotor.
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Figure 2.11: Behaviors of Lg, Lg. torque, power factor, efficiency and stator core losses
of REL machines versus different kg;,.

2.7. PM width

As mentioned in the Section 1.5, PMs can be introduced to improve the performance
of the REL machine. The PM used here is ferrite magnet, which has a low residual
magnetic flux density but with significant low price (the residual magnetic flux density
is 0.3147T). The PM thickness in each barrier is considered to be the same as the cor-
responding flux-barrier width. Table 2.5 shows the comparison of PMAREL machines
with different PM widths. The width of PMs is represented as the percentage of the
corresponding barrier length. As expected, PMs not only contribute to the average
torque, but also increase the power factor. In general, the higher the PM width, the
higher the torque and power factor. 1t is verified in [24] that after inserting PMs into the
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Table 2.5: Comparison of PMAREL Motors with Different Widths of PMs

PMs Am Teog Tavg Torque ¥ PF
Width (mVs) (mNm) (Nm) ripple (deg)

25% 6.9 245 340 19.3% 67  0.792
50% 18.1 174.2 351 20.4% 65  0.835
75% 29.6 450.0 363 20.2% 63  0.874
100% 42.2 694.4 386 20.4% 61 0.914
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Figure 2.12: Comparison of PMAREL machines with different widths of PMs for flux
weakening operation.

REL machine, the average torque increases around 7%, and the power factor increases
from 0.83 to 0.88 when the output torque is 10 Nm. Besides, the current angle ()
corresponding to the MTPA operating point slightly reduces with the increase of PMs,
which is also verified by the experimental results in [24].

The effect of the PM width on flux weakening capability is shown in Fig. 2.12.
The current phasor angle is varied when the machine speed is higher than the rated
speed, so that the terminal voltage could be kept at the limit value. Torque, power and
speed are represented in p.u.. Dealing with high speed, the output power of the REL
machine drops quickly while the PMAREL machine with all barriers filled by PMs shows
no significant drop even operated at 6 times of the rated speed. More specifically, the
wider the PM width, the better the flux weakening capability. PMAREL machines with
other PM widths are also investigated, and the same trend is obtained. This conclusion
was verified in [24] by experimental results. The REL and PMAREL machines are with
the same geometry, but the PMAREL one shows wider constant power speed range
(about 2 times of the REL one), exhibiting better flux-weakening capability.

In the following, the PM width equal to 25% of the corresponding barrier length is
selected as an example. To investigate the effect of the inset PMs on the flux lines, the
flux lines of the REL and PMAREL machines under different operating conditions are
reported in Fig. 2.13. Fig. 2.13(a) and Fig. 2.13(b) show the flux lines due to d-axis
current only, while Fig. 2.13(¢) and Fig. 2.13(d) show the flux lines with rated current
in the maximum torque angle. Due to the low residual flux density of ferrite magnets,
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(b) PMAREL machine, d-axis current

(a) REL machine, d-axis current only.
only.

(¢) REL machine, rated current in the (d) PMAREL machine, rated current in
maximum torgue angle, the maximum torque angle.

Figure 2.13: Flux lines in the REL and PMAREL machines under different operating
conditions.

the effect of the PMs is low.

2.8. PM demagnetization

For the PMAREL machine, the flux density of PM operating point has to be computed
to check the possibility of PM demagnetization. This computation is based on the
worst operation condition, which means that all the stator current produces a flux
totally against the PM flux (namely demagnetizing current). Firstly, the no-load flux
density of the PMAREL motor is simulated, as shown in Fig. 2.14(a). After that, the
flux density of the REL motor (with PMs removed) is computed with the demagnetizing
current, as shown in Fig. 2.14(b). Then the PM operating points are obtained by adding
these two situations together.

In the specific case under study, it is verified that at the rated current, the minimum
flux density of PMs in the three flux-barriers are 0.0717T, 0.172T and 0.1337T, respec-
tively. This means that all the operating points of the PMs are above the knee point
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Figure 2.14: Flux density map at different operating conditions.
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Figure 2.15: Overload capability comparison of the PMAREL and REL motors.

(0.020 T at 100 °C), and no irreversible PM demagnetization occurs. It is notable that
the PMs in the most external barrier are the most stressed, as confirmed in [31,32],

special attention should be paid on them.

It is also verified that the maximum demagnetizing current is only 1.2 times over
the rated current (by following the upper steps to calculate the minimum flux density in
PMs), which obviously limits the overload capability of the PMAREL motor. Fig. 2.15
shows the comparison of the overload capability of the REL and PMAREL motors.
Torque and current are compared with the rated values of the REL motor. Due to the
absence of PMs, the REL machine is expected to achieve very high overload capabil-
ity. When the PMAREL machine is used for high overload conditions, it is suggested
to properly increase the PM thickness in order to reduce the risk of irreversible PM

demagnetization.
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2.9. Conclusion

This Chapter firstly deals with the analysis of the rotor geometry of both REL and
PMAREL machines. An automatic procedure to properly draw the rotor structure is
described, according to past research on this kind of machine. Smooth barrier ends are
introduced and useful equations are given for use. Some tricks are also suggested in
order to overcome some geometric issues. All steps are described in detail so as to allow
an easy implementation by the interested readers.

After that, as an applicative example, such a drawing procedure is used to rapidly
analyze the impact of some rotor parameters on the machine performance. The results
obtained with the proposed rapid procedure form a practical design guideline for this
kind of motors. Among the others, it is pointed out that some results agree with those
found in literature, but others have to be carefully considered. Useful suggestions are
given all over the Chapter.






Chapter

REL Motors for EV Applications

This Chapter proposes a design procedure to develop a high-torque-density, low-torque-
ripple and high-efficiency REL motor. The objective is to design a REL motor according
to the dimension of commercial Lexus LS 600h motor, so as to achieve a detailed per-
formance comparison between the two motor topologies. The preliminary design of the
REL motor is carried out keeping the same stator, while the rotor is replaced by an
optimized reluctance one. By combing the automatic design procedure with differential
evolution (DE) algorithm, reluctance rotors with three and four fluz-barriers per pole are
optimized. After that, the stator is redesigned, and the optimization procedure is carried
out in terms of split ratio, slot-pole combination and rotor optimization. An analyti-
cal calculation of slot area is innovatively derived. Finite element analysis simulations
are then combined to obtain the optimal split ratio. Some design parameters are kept
constant in order to make a fair comparison. The performance comparison between the
optimized REL motor and an IPM motor (similar to LS 600h motor) is then carried
out. Finally, performance improvements with PMs inset into the optimized REL rotor
are investigated, exhibiting some attractive features with the PMAREL motor.

3.1. Introduction

ITH the growing of energy crisis, air pollution and global warming, the electrical
Wtraction system is gaining more and more interest in both academic and indus-
trial fields. It is remarkable that the popularity of electric vehicles (EVs) and hybrid
electric vehicles (HEVs) is expanding significantly in the last decade. The electric motor,
being one of the key devices, determines the main performance of the electrical mobil-
ity. Compared to conventional industrial machines, traction electrical motors require
the merits of cost saving, high efficiency, high torque density, high overload capability,
wide constant power speed range, high reliability, low noise and vibration, etc.

Among various machine topologies, the IPM motor has been recognized as the most
promising candidate [33 35]. It accounts for over 80% of EV and HEV market at
present. and even a higher percentage is expected in the near future. On the other hand,
some challenges are related to IPM motors, i.e., high production cost, vulnerability to
short-circuit fault, high back electromagnetic force (EMF) at high speed and high risk

43
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Table 3.1: Power Density Comparison of Several Hybrid/Electric Vehicle Motors [41]

Peak power Power density Specific power

(kW) (kW/L) (kW /kg)
2004 Prius 50 3.3 1.1
2006 Honda Accord 12 1.5 0.5
2007 Camry 70 5.9 1.7
2008 Lexus LS 600h 110 6.6 2.5
2010 Prius 60 4.8 1.6
2011 Sonata 30 3.0 1.1
2012 Sonata HSG 8.5 2.7 0.7
2012 Leaf 80 4.2 1.4
2020 DOE targets 55 5.7 1.6

of irreversible PM demagnetization. Most importantly, a worldwide concern about
the price volatility and availability of rare-earth magnets is growing. Therefore, many
researchers are focused on investigating alternative non-rare-earth traction drives.

IM firstly comes up the researches’ mind, mainly due to its low cost, robust struc-
ture and well established manufacturing techniques [36,37]. Besides, the wide flux-
weakening range makes it very suitable for EV application. Nevertheless, the low power
density and inferior efficiency are potential challenges of IMs. The switched reluctance
machine (SRM) is also a candidate in terms of simple and robust rotor structure, pos-
sible operation with high temperatures or high rotational speeds [38,39]. The major
disadvantage of SRM is acoustic noise and vibration, which becomes very significant at
high speeds and heavy loads [40].

On the other hand, the REL motor attracts more and more attention in recent years,
even though it has not been widely used in traction drive field. Without magnets and
rotor bars, the rotor construction is more robust than either PM or IM machines. With
the development of over 30 years. it achieves the merits of low cost, high efficiency, low
maintenance, and high reliability. In addition, it is also characterized by no back EMF,
leading to a inherent fault tolerance capability. All these features reveal the REL motor
to be an attractive candidate for electrical mobilities.

As a consequence, this Chapter aims to investigate the performance characteristics
of the REL motor for EV applications. The REL motor is designed according to one
commercial [PM motor (Lexus LS 600h motor). Some design parameters and inverter
limitations are kept constant. in order to make a fair performance comparison. Detailed
procedures are given in the following.

3.2. The Lexus LS 600h motor

The 2008 Lexus LS 600h is the third hybrid car in the Toyota luxury vehicle division
Lexus. Its motor performance was deeply evaluated and tested in [42]. Comparing
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(a) Picture of the stator. (b) Rotor laminations.

Figure 3.1: Lexus LS 600h motor [42].

Table 3.2: Main Dimensions of the Lexus LS 600h Motor

Design parameters Symbol  Value  Unit
Number of stator slots Q. 48

Number of pole pairs P 4

Stator outer diameter D, 200 min
Stator inner diameter D 130.86 mm
Shaft diameter Dgp, 53 min
Active stack length Lt 1354 mm
Airgap thickness g 0.89 mm
Tooth width wy 6 mm
Back iron height hpi 13.32  mm
Slot opening Wao 1.88 min
Rib thickness trib 1.45 mm
Magnet Width Wpm 18.67 mm
Magnet thickness hpm 3.0 mm

to the other commercial traction motors (as shown in Table 3.1), the Lexus LS 600h
motor exhibits quite high power density and specific power. Therefore, it is selected as
the reference for the REL motor design.

The stator assembly of the Lexus LS 600h motor is shown in Fig. 3.1(a), while the
rotor lamination is shown in Fig. 3.1(b). One of the most notable features of this motor
is the rotor geometry, with an additional magnet to the previous “V” configuration of
the Prius. This triangular-shape of magnets create a more uniform flux distribution in
the airgap.

As measured in [42], the main dimension of the Lexus LS 600h motor is listed in
Table 3.2. These dimensions are the starting points of the REL motor design in the
following. It is noticed that the Lexus LS 600h motor achieves 110 kW within the stator
temperature limit of 150 °C for a transient time of 18 s (with current of 330 Apeqr and
speed of 4500 rpm) [42]. As a consequence, the current limit is set to be 330 Apeqr, and
the corresponding current density is 25 A/mm?. The calculated stator slot fill factor
ki is 0.4247. The DC bus voltage of the inverter is 650 V. The experimental efficiency
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Figure 3.2: The experimental LS 600h motor efficiency map [42].

map is shown in Fig. 3.2 [42]. It is observed that the maximum achievable efficiency
is 95 % and a large portion of the operation region achieves the efficiency above 90 %.
Since the motor exhibited about 110 kW within the stator temperature limit of 150 °C
in 18 s, the blue curve is recognized as the peak torque behavior.

3.3. REL rotor optimization with DE algorithm

In order to make a fair comparison with the IPM motor, the REL motor is constrained
to satisfy some dimension limits of the Lexus LS 600h motor. For the design of REL
machines, the most challenging and creative aspect lies on the rotor design, by increas-
ing dramatically the rotor anisotropy to improve the torque density and selecting proper
barrier end angles for torque ripple suppression. Key efforts to achieve these objectives
include parametric machine modeling and optimization strategy. In Chapter 2, an auto-
matic drawing and simulation procedure has been developed. Hereafter, it is combined
with differential evolution (DE) algorithm to achieve the optimal REL rotor design.

3.3.1. DE algorithm

As is well-known, DE algorithm is a population-based stochastic searching method,
suitable for combinatorial optimization problems [43 45]. It is firstly proposed in the

mid-1990s, and has been applied for machine optimization problems in recent years
[46 48].

The algorithm includes the processes of initialization, mutation, crossover and se-
lection. At the beginning, the initial parameter vectors of the individuals are randomly
generated, which should cover the entire parameter space; After evaluating the fitness of
each member, parameter vectors of a new generation are created through the operators
of mutation and crossover; Then, an explicit one-to-one survivor selection is carried out;
Once the new population is generated, the process of mutation, crossover and selection
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Figure 3.3: Optimization procedure using FEA and DE algorithm.

is repeated till the convergence of the algorithm or a specified number of generations is
reached. Detailed explanation of this algorithm is referred to [43,44].

The process of mutation expands the search space by using a scale factor F' (i.e.
mutation ratio) to recombine random vector differential with the base individual. High
value of F helps to avoid the local optimum, while it sacrifices the speed of convergence.
Therefore, the value of F is seldom greater than 1.0.

The process of crossover, which is performed with a probability of CR (i.e. crossover
ratio), mixes successful solutions from the previous generation with current donors. In
the extreme circumstance, CR = 1 means a fully consideration of the current donors,
which certainly increases the population diversity but makes the difference between the
donor vector and the previous vector large.

The rule of thumb values of the mutation and crossover ratios is recommended as
F €[0.5,1.0] and CR € [0.5,1.0] [44]. In this problem. they are set to be F' = 0.9 and
CR = 0.7, respectively.
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Figure 3.4: Optimization results with different numbers of rotor flux-barriers.

3.3.2. Rotor optimization with three and four flux-barriers per pole

The preliminary design of the REL motor is carried out by fixing the same stator as
the Lexus motor. DE algorithm is utilized for the rotor optimization, which makes it
easy to obtain a low-torque-ripple high-torque design. Detailed optimization procedure
is illustrated in Fig. 3.3.

For the optimization of the REL rotor, key design parameters are flux-barrier num-
bers, barrier end angles and insulation ratio kg, as indicated in Chapter 2. The design
objectives are focused on average torque and torque ripple. The torque ripple is defined
as the ratio of peak-to-peak value to the average torque.

Based on the results in Section 2.5, three and four flux-barriers per pole are investi-
gated, respectively. As far as three-barrier rotor is considered, the optimization result is
plotted in Fig. 3.4(a). Meanwhile, the corresponding result of four-barrier rotor is shown
in Fig. 3.4(b). The black diamond points form the Pareto front. Once the Pareto front
is obtained, the designer can select the preferred compromise solution among the ones
on the front, with a clear view of how each objective is penalized by the improvement
of the other ones.

The results show that the torque ripple of REL machine can be significantly reduced
by using optimization algorithm. The maximum torque of the four-barrier machine is
very close to the three-barrier machine, which is around 166 Nm (about 70% of the
Lexus LS 600h motor). In the following parts, only three-barrier rotor is considered. In
order to fully inspire the potential of the REL machine. the stator is redesigned in the
next Section.
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Figure 3.5: Simplified drawing of the REL machine.

4. Redesign of the REL machine

To improve the performance of the REL machine, the stator is redesigned with respect
that of the LS 600h motor. The design has several degrees of freedom, but still with
some constrains. In particular, the stator outer diameter, stack length, slot fill factor,
voltage limit, and current limit are taken directly from the LS 600h motor. Hereafter,
the design procedure is discussed.

3.4.1. Split ratio optimization

The split ratio (x) is defined as the ratio between stator inner and outer diameter, i.e.,
x=D/De. The torque of an electric machine can be expressed as

1 PN
= _kasncsIBgLstkDeX (31)

where ky, is the winding factor, Qg is the number of stator slots, ngs is the number of
series conductors per slot, I is the phase current peak value, Bg is the amplitude of the
fundamental harmonic of airgap flux density, Lgyp is the stack length, and D, is the
stator outer diameter. From (3.1), it is observed that the output torque is affected by
the split ratio. The focus of this optimization lies on finding the optimal split ratio that
achieves the highest torque.

In this analysis, the rotor parameters (barrier number, barrier end angles and kg
are kept constant. The stator slot is considered trapezoidal shape, as shown in Fig. 3.5.
The slot opening is determined by the stator tooth width, while the slot wedge height
is neglected.

The flux density ratio 8 is defined as the ratio of airgap flux density Bg and stator
teeth flux density B; (8 = Bg/Bt). Then, the stator teeth width w; is computed as

D,
wy = 3.2
t =D Q. X (3.2)
The stator back iron height hy; can be calculated as
hy; = L1Q@:B 10 aw; (3.3)

ZWmet 27rp



50 REL MoTORS FOR EV APPLICATIONS

150 . . —

130+ am

Slot area (mm 2)

?0 1 1
05 06 07 0.8

Split ratio

Figure 3.6: Variation of slot cross-area section with split ratio for a 48-slot 8-pole REL
machine (ngg is assumed to be 3.5, 4, and 4.5, respectively).

where By; is the flux density of the stator back iron. Here, another parameter a =
Bi/Bp; is introduced. Considering the knee point of the iron laminations, this ratio is
assumed to be constant and equal to 1.16. Finally, the slot area Sy is represented as

D2
Sutor = 35 (ol + o + 1) (34)

fazz_a (g—l-l) X2
p \2p
fo=2 [x2 — (E + 1) x] (35)

fczl_X2

where fg. fp and f. are

Therefore, S is found to be related to a. 8, x. @Qs. p and De. The next step is
to determine the variation of slot area Sg,; with split ratio x, which is based on the
assumption of constant copper loss.

The copper loss can be represented as:

3 . 3 Leond A0 Q)
Py = —RI? = Zpoy—=22 (neel)? =2 = const 3.6
T2 g Peu Sslotkft?u( esl) m (36)
where pgy, is the copper resistivity, Legng 1S the copper conductor length and m is the
number of phases. Lgopg is considered to include the stack length and the end-turn
length, which is also related to the split ratio:

Dex

Leong = Lt + 2.5 (37)

From (3.6), all the parameters are constant except nes, x and Sgot. Therefore,
the variation of slot area Sgo¢ with x can be directly obtained once ngg is given. The
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Figure 3.7: Variations of torque and current density with split ratio for a 48-slot 8-pole
REL machine (ngg is assumed to be 3.5, 4, and 4.5, respectively).

relationship of Sgt, nes and x for a 48-slot 8-pole REL machine is plotted in Fig. 3.6.
The results show that slot cross-area increases with both split ratio x and 7.,.

After determining Sgot, (3.4) and (3.5) are combined together to calculate 8, which

results in
ﬁ: _fb_ \ffg_4fafé (38)

2fa

where
4Qs

T rD2?
w D2

fé = fc Sslot (39)

After that, wy and hy; are computed from (3.2) and (3.3), respectively. Finally, the
stator geometry is obtained, and the torque is computed through FEA simulation. By

using the automatic drawing and analyzing procedure, it is very fast to investigate the
torque behavior for different split ratios.

The variation of torque with split ratio is shown in the upper plot of Fig. 3.7, while
the corresponding current density in the windings is plotted below. Evidently, there
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Table 3.3: The Selected Slot-pole Combinations

Qs p q winding factor nes,,; Xopt Tmazx
24 2 2 0.966 75 054 1545
36 2 3 0.960 5] 0.54 161.9
48 2 4 0.958 35 056 1589
36 3 2 0.966 5] 0.61 171.5
4 3 3 0.960 35  0.60 179.0
72 3 4 0.958 25 0.62 176.3
48 4 2 0.966 4 0.65 170.9
72 4 3 0.960 25 0.66 1775
9% 4 4 0.958 2 0.65 176.8

Torque (Nm)

—>54s3p N
——-—T2s4p N

05 06 07 08
Split ratio x

Figure 3.8: Variations of torque with split ratio for slot-pole combinations with ¢ = 3.

exists an optimal split ratio to achieve the highest torque, and this optimal split ratio
changes with ng. On the other hand, the split ratio is constrained by the current
density limit (shown by the dotted line in the lower plot of Fig. 3.7), which is fixed
to 22.8 A/mm? (reduced from 25 A/mm? due to the trapezoidal slot shape). With
the decrease of n.g, the current density tends to overcome this limit. Consequently,
the calculation of current density is required during the optimization process, and the
candidates with current density beyond the limit are discarded. The maximum torque
obtained from Fig. 3.7 is 170.9 Nm, with ne = 4 and x = 0.65.

3.4.2. Slot-pole combinations

In this analysis, different slot-pole combinations are taken into consideration, as listed
in Table 3.3. They are selected when the number of slots per pole per phase q is 2, 3
and 4, in addition, the pole-pair is 2, 3 and 4, respectively.
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Figure 3.9: Torque versus split ratio comparison between the ideal “trapezoidal-shape”
slot and the “actual-shape” slot.

For each slot-pole combination, the split ratio optimization is carried out with the
aforementioned procedure. After plenty of calculations, the maximum torque for each
slot-pole combination is reported in Table 3.3. and the optimal 7., and x are also shown.
It is interesting to find that the optimal split ratio is almost constant corresponding to
the same pole-pair, while the optimal n¢s is inversely proportional to the slot number.
The results also show that the slot-pole combinations with ¢ = 3 exhibit the highest
torque capability. The torque variations versus split ratio with the optimal n.g of these
combinations are plotted in Fig. 3.8. The optimal split ratio increases with the number
of pole-pairs. The maximum torque of the 54s-3p combination, though not significantly
different from the 72s-4p combination, is the highest. Besides, low number of pole-pair
reduces the operating frequency, leading to low iron losses in the stator. Overall, the
54s-3p combination is chosen as the optimal competitor in this case.

Since this optimization process is based on a trapezoidal slot shape, the slot opening
and wedge are then added to the stator geometry (the same values as the LS 600h
motor). The slot area is no longer the same, and § has also to be changed to achieve
the same copper loss. Fig. 3.9 shows the torque versus split ratio comparison between
the ideal “trapezoidal-shape” slot and the “actual-shape” slot (including wedge and slot
opening). As expected, the trend of torque variation is almost the same. Finally, the
optimal split ratio is selected to be 0.6.

3.4.3. Rotor optimization

The rotor optimization process is the same as that described in Section 3.3. Additionally,
efficiency is considered as the third objective, which is obtained from the loss calculation.
The copper loss is always the same, since it is kept constant. For simplicity, the iron
losses are calculated as follows

Pre = kmagg:Psp, Gt + kmaggy; Pspy: Gbi (3.10)

where kmagg, and Kmagg,, are manufacturing loss increase factor in teeth and back iron,
respectively. Gy and Gp; are weight of teeth and back iron, and the specific losses (in
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Table 3.4: Values of the Optimal REL Rotor Parameters

Parameters ‘ kaoir O Op2 Ov3
Values ‘ 0.44 15.0° 21.5° 27.2°
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Figure 3.10: Optimization results with 54s-3p combination.

teeth and back iron, respectively) are computed as

B, \2 2
oo (s7) P (1) (55
By \ 2 2
o= (515) [ (757) 1< () |

where the specific iron loss of iron laminations pgp,, is the value at reference flux density
Byes and reference frequency frep. kpy and kec are iron hysteresis loss coefficient and
eddy current loss coefficient. f is the operating frequency, which is 225 Hz at the speed
of 4500 rpm. B; and Bp; are maximum flux density of teeth and back iron, which are

obtained from the FEA simulations. The stray loss is considered as 10 % of the total

losses (Pey + Pre).

Finally, a three-dimensional view of the results is plotted in Fig. 3.10. The black
diamond points form the Pareto front. Since the average torque and efficiency variations
on the Pareto front are not as significant as torque ripple, the optimal point is selected
to achieve the minimum torque ripple. The projections of this optimal point on each
plane are drawn by the black points in Fig. 3.10. The optimal REL rotor parameter
values are shown in Table 3.4.
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3.5 Performance comparison between REL and IPM motors

Table 3.5: Comparison of Main Design Characteristics

IPM motor REL motor Unit

Number of stator slots 48 54

Number of pole pairs 4 3

Stator outer diameter 200 200 mm
Stator inner diameter 130.86 120 mm
Airgap thickness 0.89 0.89 mm
Shaft diameter 53 44 mm
Active stack length 135.4 135.4 mm
Tooth width 6 4.45 mm
Back iron thickness 13.32 14.81 mm
Slot opening 1.88 1.88 mm
Active volume 4.25 4.25 dm?
Stator core mass 14.90 15.69 kg

Copper mass 3.03 4.51 kg

Rotor mass 9.67 5.93 kg

Magnet mass 1.35 0 kg

Total mass 28.95 26.13 kg

Material cost 184 58 €

3.5. Performance comparison between REL and IPM motors

Following the previous steps, the optimal REL machine has been determined. The IPM
motor, on the other hand, is built according to the Lexus LS 600h motor dimension [42].
The remanent flux density of the rare-earth magnets is obtained from the back EMF
test [42], which is 1.068 T. Hereafter, a detailed performance comparison between the
REL and IPM motors is presented.

3.5.1. Design features

Table 3.5 summarizes the main design characteristics of the two motors. Despite of the
same external dimensions, the machine geometries are totally different. as sketched in
Fig. 3.11. It should be stated that the IPM rotor is a little bit different from Lexus LS
600h rotor, mainly on the shape of air slot in the rotor.

The copper consumed in the REL motor is considerably higher than that of the
IPM motor, which is attributed to the higher slot area and longer end winding due to
the lower pole-pair number. The mass of IPM rotor is higher, whereas it can be further
reduced by introducing some holes.

The unit prices for iron lamination, copper, and NdFeB magnet are assumed to be
1, 8 and 100 €/kg, respectively. Comparing the total cost, the IPM machine is over
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(a) The IPM motor. (b) The REL motor.

Figure 3.11: Cross-sections of the IPM and REL motors.

Table 3.6: Performance Comparison at Certain Condition

IPM motor REL motor Unit

Current 330 330 Apeak
Operating speed 4500 4500 rpm
Current density 25.05 20.55 A /mm?
Torque 241.5 176.0 Nm
Torque ripple 25% 4.1%

Power 113.8 82.9 kW
Torque density 56.8 41.4 Nm/L
Power density 26.8 19.5 kW /L
Specific power 3.9 3.2 kW /kg
Power factor 0.78 0.57

Efficiency 94.7% 93.6%

3 times of the REL one, which is mainly due to the high price of rare-earth magnets.
More precisely, the rare-earth magnets contribute over 70% of the total cost, while they
account for only small fraction of the total mass (less than 5%). As a consequence, the
REL motor achieves a very low cost electric drive technology.

3.5.2. Torque and power capabilities

Generally speaking, the maximum torque and power capabilities of a motor is limited
by both inverter maximum Volt-Amps rating and machine temperature rise. According
to [42], the phase current peak value is set to be 330 A, and the maximum speed of
constant torque operation is 4500 rpm. Table 3.6 shows the performance comparisons
of the IPM and REL motors at this condition. The torque and power are regarded as
the maximum torque and power of the motors. The corresponding torque waveform
comparison is shown in Fig. 3.12. The REL motor exhibits quite low torque compared



3.5 Performance comparison between REL and IPM motors Y1

300 T T T T T

250

200 -

Torque (Nm)
o
=

100 -
50+
— |PM
0 1 1 1 1 1
0 10 20 30 40 50 60

Angle (mech. deg.)

Figure 3.12: Comparison of torque waveform at maximum current.
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to the IPM motor, which accounts for only 73%. Consequently, the power density and
specific power of the REL motor are lower. The torque ripple of the IPM motor is
quite high, which is due to the improper shape of air slots in the rotor. Thanks to the
optimization process, the peak-to-peak torque ripple of the REL motor is considerable
low even without rotor or stator skewing. One of the key problems with REL machine
is the low power factor. As reported in Table 3.6, the power factor of the REL motor
is only 0.57, while the IPM counterpart is 0.78. The low power factor will increase the
inverter power rating.

It is worth noticing that the REL motor achieves comparable efficiency as the [PM
motor. For a detailed inspection, loss components, including copper loss, stator core loss,
rotor core loss and magnet loss are computed. The calculation method [49] considers a
number of harmonics in the motor. It is achieved by a series of simulations with different
rotor positions. When the PM loss is calculated, the reaction field of the induced eddy
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(a) The IPM motor. (b) The REL motor.

Figure 3.14: Comparison of loss density (W /m?) distribution at the speed of 4500 rpm
and maximum current.

currents is neglected [50].

A brief comparison of loss components is displayed in Fig. 3.13. The REL motor
has lower iron losses both in the stator and rotor, and also has no magnet losses. As a
consequence, the total produced losses in the REL motor is less, and a lower machine
temperature rise is expected. Therefore, the output torque of REL motor can be further
improved by using higher current within the same temperature rise. The loss density
distribution of these two motors is plotted in Fig. 3.14. Low or no loss is represented
by a dark color, while high loss is displayed in white. Overall, the REL motor shows a
lower loss density distribution.

3.5.3. High speed flux-weakening capabilities

As far as the high speed FW capability is considered, the voltage rating of the inverter is
quite important. The higher the voltage limit, the higher the operation speed. However,
the DC bus voltage of the EVs is usually limited, and some control methodologies have
to be adopted at high speed. The optimal current vector trajectory is achieved by means
of FW control and MTPV control. Detailed explanations of these control algorithms are
referred to Section 1.5. The obtained current vector trajectory is plotted in Fig. 3.15.
Within the speed limit of 10000 rpm, the IPM motor follows only FW operation, while
the operation of the REL motor covers both FW and MTPV.

The comparison of torque and power capabilities at different speeds of the two
motors are plotted in Fig. 3.16. For high speed operations (over 4500 rpm), the constant
power speed range (CPSR) of the IPM motor is wide, while the REL motor is quite
limited. The results show that the power of the REL motor drops considerably and the
power difference between the two motors increases with the speed. More specifically, the
IPM motor delivers more than 130 kW at 10000 rpm. whereas the REL motor outputs
only 45 kW. Therefore, the REL motor is not suitable for applications that require a
wide CPSR.
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Figure 3.15: Comparison of current vector trajectory of the two motors.
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Figure 3.16: Comparison of torque and power variations versus speed of the two motors
(the IPM motor: solid lines; the REL motor: dashed lines).

3.5.4. Efficiency

The efficiency maps of the two motors are compared in Fig. 3.17. They are obtained
by considering copper loss, iron loss and also stray loss. The effect of temperature rise
on the stator resistance is neglected. From the plots, some useful conclusions can be
drawn.

Firstly, the maximum achievable efficiency is comparable between the two motors,
which is 95% in the IPM motor and 94% in the REL motor. In addition, a large
portion of the operating region achieves the efficiency above 90% in the REL motor.
It is also worth noticing that the efficiency of the REL motor is higher than the IPM
counterpart at high-speed low-torque conditions, which is highlighted by the dashed
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Figure 3.17: Comparison of efficiency maps of the two motors.
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Figure 3.18: Flux density distribution of the IPM motor fed by d-axis current only
(Ig=—500 A).

ellipses in Fig. 3.17. This is mainly due to the lower flux density of the REL motor at
this condition.

3.5.5. PM demagnetization

Generally speaking, the PMs of the IPM machine has the risk to be demagnetized,
which requires careful design. As reported in [42], the magnets used in the Lexus LS
600h is likely NMX-S41EH. The knee point of irreversible demagnetization is around
0.3 T at 150 °C. Fig. 3.18 shows the flux density distribution of the IPM motor fed
by a demagnetizing current of 500 A. It is noticed that partial demagnetization occurs
at this condition. Since this current is really high, it is demonstrated that the Lexus
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) The REL motor. ) The PMAREL motor.

Figure 3.19: Cross-sections of the REL and PMAREL motors.

Table 3.7: Comparison of Main Design Characteristics

IPM motor REL motor PMAREL motor Unit

Number of stator slots 48 54 54

Number of pole pairs 4 3 3

Stator outer diameter 200 200 200 mm
Stator inner diameter 130.86 120 120 mm
Airgap thickness 0.89 0.89 0.89 mm
Shaft diameter 53 44 44 mm
Active volume 4.25 4.25 4.25 dm?3
Stator core mass 14.90 15.69 15.69 kg

Copper mass 3.03 451 451 kg

Rotor mass 9.67 5.93 6.20 kg

Magnet mass 1.35 0 1.39 kg

Total mass 28.95 26.13 27.79 kg

Material cost 184 58 79 €

motor is well designed. Anyway, the risk of irreversible demagnetization brings some
challenges to the IPM machine.

3.6. Performance improvement with inset PMs

From the above analysis, it is concluded that the efficiency, torque density, power factor,
and CPSR of REL motors are poorer than well-designed IPM motors. Referring to the
analysis in Section 2.7, the added P Ms in rotor flux-barriers not only increases the torque
and power factor, but also improves the flux weakening capability of the REL machine.
Therefore, ferrite magnets are used to improve the performance of the designed REL
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Table 3.8: Performance Comparison at Certain Condition

IPM motor REL motor PMAREL motor Unit

Current 330 330 330 Apeak
Operating speed 4500 4500 4500 rpm
Current density 25.0 20.6 20.6 A/mm?
Torque 241.5 176.0 192.8 Nm
Torque ripple 25% 4.1% 7.7%
Power 113.8 82.9 90.9 kW
Torque density 56.8 41.4 45.4 Nm/L
Power density 26.8 19.5 21.4 kW /L
Specific power 3.9 3.2 3.3 kW /kg
Power factor 0.78 0.57 0.67
Efficiency 94.7% 93.6% 94.3%

machine.

The residual magnetic flux density of the used ferrite magnet is 0.4 T, and the
relative permeability is 1.05. The unit price of the ferrite magnet is assumed to be 15
€/kg. For manufacture simplicity, the PM thickness in each flux-barrier is designed
to be the same. which is 5 mm. The PM widths are 12, 24 and 30 mm. from outer
to inner flux-barriers. Finally, the cross-section of the PMAREL motor is shown in
Fig. 3.19. As a comparison, the designed REL motor is again shown in Fig. 3.19. Due
to the rectangular shape of the magnet, the iron channels are different between the two
motors.

Similar to Table 3.5, the design characteristics of the PMAREL motor are compared
with the IPM and REL motors in Table 3.7. Since the PMAREL motor is obtained from
the REL motor, the stator keeps exactly the same. The main difference is the introduced
PMs in the rotor. This increases the total rotor weight, and also the material cost of
the machine. Comparing to the IPM motor, however, the total price of the PMAREL
motor accounts for a proportion of only 43 %, which means a significant price advantage
of the PMAREL machine.

The performance comparison at the peak current condition is shown in Table 3.8.
Obviously, the torque of the PMAREL machine is higher than the REL one, with an
improvement of around 10 %. Although this torque is still lower than the well-designed
IPM motor employing rare-earth magnets, it can be further improved by enlarging the
flux-barrier and insetting more ferrite magnets. Since this will lead to a new optimized
PMAREL motor, it is skipped in this analysis. The added PMs may create some new
harmonics interacting with the stator MMF, which causes a higher torque ripple in the
PMAREL motor (from 4.1 % to 7.7 %). Anyway, the torque ripple can be even reduced
by rotor step skewing or redesigned rotor flux-barriers. Regarding to the power factor,
it is improved form 0.57 to 0.67. It is interesting to notice that the efficiency of the
PMAREL is also improved, which is only slightly lower than the IPM motor. This
implies a high efficiency alternative with the PMAREL topology.
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Figure 3.20: Comparison of torque and power variations with speed.
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Figure 3.21: Flux density distribution of the PMAREL motor fed by g-axis current only
(i.e., a demagnetizing current).

The comparison of the high speed flux-weakening capability is shown in Fig. 3.20. As
expected, the CPSR of the REL motor is extended by insetting PMs. achieving better
high speed flux weakening capability. On the other hand, the CPSR of the PMAREL
motor is still not comparable with that of a well-designed IPM motor.

Due to the low coercivity of the ferrite magnets, the PMAREL machine may expe-
rience irreversible PM demagnetization problem at heavy load conditions. In any case,
the risk of PM demagnetization should be carefully considered in the design. The flux
density distribution of the PMAREL motor fed by fully g-axis current (330 Apeqr) is
plotted in Fig. 3.21. Since the knee point of the ferrite magnetic curve is 0.02 T at
100 °C, no irreversible PM demagnetization occurs in this design.
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3.7. Conclusion

In this Chapter, a design procedure of the REL motor is proposed, based on the dimen-
sion and performance of Lexus LS 600h motor. An analytical calculation is innovatively
derived, and combined with FEA simulations to determine the optimal split ratio. The
performance of the optimal REL design is also compared with the IPM motor.

The results of these comparisons show that the REL motor achieves the characteris-
tics of significant cost saving (30 % of IPM), excellent efficiency (maximum 94 %), low
torque ripple (4.1 %) and considerable power density (73 % of IPM). Despite of the low
power factor, the REL motor has the potential to operate at higher temperature, due
to the absence of magnets in the rotor and low rotor losses. Although the CPSR is very
limited, it is capable of operating at high speed. It achieves reduced power instead of
constant power, but with high efficiency.

To improve the performance of the REL design, ferrite magnets are inset into the
rotor flux-barriers. With added PMs in the PMAREL motor, the torque density, effi-
ciency and power factor are improved. Most importantly, it achieves better high speed
flux weakening capability. The ferrite magnets may have the risk of demagnetization,
but such a problem can be solved by improving the design of flux-barriers and PM
thickness.

In conclusion, the PM motors will continue to dominate the traction market in the
near future, while the REL and PMAREL motors show some attractive features. The
REL motor can be possibly used for low-cost light-weight vehicle applications, and the
potential competitive performance as rare-earth PM machines makes the PMAREL
motors very promising.



Chapter

Investigation of Self-Excited Reluctance
Generators

From this Chapter, attention will be paid on self-excited synchronous reluctance gener-
ators (SERGs). First of all, an analytical model in the d-q reference frame is developed
to recognize the steady-state of SERG, considering no-load and resistive load conditions.
Ezperiments are carried out to verify the analytical results. After that, some condi-
tions which ensure a stable self-excitation in SERG, including required capacitance, rotor
residual magnetism, rotor acceleration and pre-charging capacitors, are discussed. In ad-
dition, the effect of PM assisting on the SERG, i.e. self-excited PM-assisted reluctance
(PMAREL) generator, is investigated. The characteristics of the self-excited PMAREL
generator are presented analytically and ezperimentally. The effects of some design
parameters (including stator resistances, d- and q-azis inductances) on the generator
performance are also studied. Finally, the performance comparison of the self-ezcited
PMAREL generator with SERG is carried out, highlighting the improvements of SERG
by introducing PMs.

4.1. Introduction

N recent years, the consecutive increase of energy demand and growing concern over
Iair pollution have aroused great interest in renewable energy sources, such as wind,
solar, tidal and hydroelectric. This has also led to extensive researches on suitable
energy conversion devices in such generation schemes. For remote areas, in particular,
an isolated stand-alone generating scheme is required. The conventional isolated power
supply is the synchronous generator equipped with an external excitation system [51,52],
which is not convenient for remote area applications.

The feasibility of using IMs as stand-alone generators by means of self-excitation
was investigated and demonstrated in [53 55]. Self-excitation can be achieved with the
capacitors, which are connected across the stator terminals [53]. When the machine
is driven by a prime motor or other energy sources, a relatively insignificant voltage
will be induced due to the rotor residual magnetism. The magnetizing current is then
supplied by the capacitors and flows in the stator windings. This current helps to
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increase the flux, and induces more voltages [56]. If this process continuously occurs,
the machine will be saturated gradually. Then the machine will be operated at a
stable condition. Comparing to the conventional synchronous generator system, the
self-excited induction generator (SEIG) exhibits certain advantages, such as robustness,
low cost, reduced size, high reliability, absence of DC source for excitation, and low
maintenance requirements [57,58].

Although the SEIG has been increasingly investigated for isolated applications, the
frequency of terminal voltage is not fixed, which makes the prediction of its performance
characteristics much more difficult [55]. The self-excited reluctance generator (SERG)
has been demonstrated to be an alternative solution [59 62]. It achieves almost all the
advantages of SEIG and, in addition, it owns the merits of fixed frequency at constant
rotational speed and lower losses in the rotor [62].

According to the studies in the existing literature, some analytical models were
built to analyze the performance of SERG. An approximate analysis was presented by
Abdel-Kader [59]. He attempted to develop an equivalent circuit for the REL generator
in the same manner as SEIG, without considering the effect of saliency ratio. Therefore,
considerable error was resulted at load conditions. In [63], a two-axis theory was used
to model and analyze a three-phase SERG which supplied an isolated R-L load. This
theory was employed to account for the saliency effect and core losses. Mohamadien et
al. [60,62,64,65] developed a model based on Park’s dg axes transformation and demon-
strated its validity both theoretically and experimentally. The predicted results show
good agreement with experiments at open-circuit conditions, while visible discrepancy
occurs at load conditions. A dg axes equivalent-circuit model based on eigen techniques
was proposed in [66,67], which was used to derive the dynamic equations of SERG. A
simplified mathematical model was presented in [68].

In the following section, a simplified analytical model in the dq reference frame is
developed to predict the steady-state performance of the SERG, considering no-load
and resistive load conditions, respectively. Experiments by using a laboratory REL
machine are also carried out to verify the analytical results.

4.2. Steady-state performance predictions of SERG

4.2.1. Analytical model of the SERG system

Referring to the motoring mode of the REL machine, the voltage equations are the
same as (1.1). The flux linkage equations, on the other hand, are written as

{ )‘d = Ldid + Air'es

4.1
)‘q = Lq"q (.1

where A represents the rotor residual flux linkage.

Usually, REL machines are used as motors. They convert electric active power
into mechanical power, and require reactive power for their magnetization. When they
work as generators, they convert mechanical power into electric active power, but again
require reactive power to magnetize their magnetic paths. Motoring operations are
carried out when i4 and i4 exhibit the same sign. while generating operations when
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Figure 4.1: The test bench of SERG experiment.
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they exhibit opposite sign. Referring to the (ig, 7q) plane, motoring operations are in
the first and third quadrant, conversely, generating operations are in the second and
fourth quadrant.

Combining (1.1) with (4.1), the voltage equations of the REL generator are

di
4.2
di
Vg = Rsiq + qu—f + W(Ldéd + Ares)

At resistive load conditions, both excitation capacitors and load resistors are con-
nected to the generator terminals. After abe to dg transformation, dynamic equations
of the capacitors and resistors are represented as:

d
ig = _c%d _ Y + wCuy
dt Ry,
(4.3)
ig = — dvg v _ wCly,
a dt R ¢

4.2.2. Experimental implementation

In order to investigate the SERG features, a test bench is set up in the laboratory, as
shown in Fig. 4.1. The scheme of the test bench is described in Fig. 4.2. The generator
is driven by a prime synchronous PM motor which is controlled by an inverter. The
speed of the PM motor can be smoothly adjusted and measured. In order to provide
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Table 4.1: Main Parameters of the Tested Reluctance Generator

Parameters Symbol  Value Unit
Stator outer diameter D, 200 mm
Stator inner diameter D 125 mm
Airgap thickness g 0.35 mm
Active stack length L. 40 mm
Pole pairs number p 2
Number of slots Qs 36
Number of barriers Ny 3
Number of series conductors per phase Ny 804
Base speed n 1000 rpm
Rated current I 6 A
Resistance per phase R, 4.6 Q
Unsaturated d-axis inductance Lao 0.48 H
Saturated g-axis inductance Lgs 0.04 H
15
g | A
g-axis gns_
5 A
g .

_..~Stator

central bndges®

5 [ T 8 9 10
Current (A)

(a) Cross-section of the REL machine. (b) d- and g-axis magnetizing curve.

Figure 4.3: Cross-section of the experimental REL machine and its d- and g-axis mag-
netizing curves (solid lines: simulations, dashed lines: experiments).

the REL generator with sufficient reactive power, a bank of three phase capacitors (C)
are connected to the terminals of the stator windings, as shown in Fig. 4.2. Resistive
loads are prepared to be connected through switches for load conditions. The capacitors
and resistors can be either star or delta connected. In this test, all the capacitors and
resistors are star connected.

The stator winding of the REL generator is also star connected. Main parameters
of the generator are given in Table 4.1, with the cross-section shown in Fig. 4.3(a).
Fig. 4.3(b) plots the d- and g-axis flux linkages and apparent inductances versus the d-
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Figure 4.4: The experimental starting process of self-excitation in the REL generator
with C = 70 pF at 915 rpm (capacitors are connected at ¢t = 1.0 s).

and g-axis currents (peak phase value), respectively. The solid lines are obtained from
two-dimensional (2D) FEA simulations, while the dashed lines are achieved by experi-
ments. Lg keeps constant at low current while it decreases gradually when the current
is higher than 1.2 Ampere (because of the iron saturation). Due to the existence of the
bridges in the rotor, Lg is of high value at very low current (which is completely differ-
ent from the conventional salient-pole REL machine), and then, it reduces significantly
after the saturation of the bridges. It keeps almost constant when the phase current is
higher than 2.0 A.

By using this test bench, experiments at no-load and resistive load conditions of
the SERG have been carried out. Fig. 4.4 shows the experimental starting process of
self-excitation in the REL generator with C' = 70 pF at the speed of 915 rpm. Before
t = 1.0 s, the bank of capacitors are disconnected. It is notable that a really negligible
voltage is induced, due to the low residual magnetism in the rotor. At ¢ = 1.0 s, the
capacitors are suddenly connected to the stator terminals. The generated voltage rises
rapidly, until certain saturation condition of the generator is reached. The process of
self-excitation is achieved in a very short time.

4.2.3. Steady-state performance analysis

Under steady-state conditions, the time derivative terms in (4.2) and (4.3) are set to
zero. Since the residual magnetism in the rotor is really low, it is neglected in the steady-
state analysis. For simplicity, only the d-axis inductance is assumed to be affected by
magnetic saturation in this analysis, while the g-axis inductance is considered to be
constant. The saturated value of Lg is given in Table 4.1.
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Figure 4.5: The no-load generated voltage against speed for different capacitors (70 uF,
140 pF and 210 pkF, respectively).

A. No-Load Condition

At no-load condition, the terminals of the REL generator are connected to a bank of
capacitors. The steady-state voltage equations are resulted as:

(4.4)

I/q = Rgfq +Xglg= X 14

where X4, X4 and X, are the d-, g-axis inductive reactances and capacitive reactance,

with Xq = wLq4, Xq = wLg, and X, = 1/(wC).

When self-excitation of the SERG occurs with given capacitors, the main concern
is the computation of the generated voltage. It starts from the calculation of the d-axis
reactance, which can be directly derived from (4.4):

R2

Xg=—5_—+X 4.5
d Xc—Xq+ c ( ))

Under the assumption of constant g-axis inductance, Xg is obtained for given capaci-
tive reactance X .. Then the d-axis inductance is calculated by Lg = X4/w. According to
the d-axis magnetizing curve (shown in Fig. 4.3(b)), the d-axis current can be obtained
by interpolation. After that, the d- and g-axis voltages are calculated again from (4.4),
and the generated voltage is computed. It should be noticed that this calculation is
carried out at given operating speed. Actually, different speeds drive the generator into
different saturation conditions, and thus the generated voltage are different.

Fig. 4.5 shows the comparison of the voltages versus speed curves between the ana-
lytical and experimental results. Different capacitances are considered, which are 70 pF,
140 pF and 210 pkF. respectively. Vpp refers to the peak value of phase voltage. The
solid lines represent the analytical results, while the star points indicate the experimen-
tal results. Although the analytical values are slightly higher than the experimental
ones, the differences are acceptable.
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Figure 4.6: The experimental no-load generated voltage and current at constant speed
1000 rpm with different capacitors.

It is also observed from Fig. 4.5 that with the increase of the speed under constant
capacitor, the output voltage increases accordingly. Besides, larger excitation capaci-
tance also leads to higher output voltage at the same speed. More specifically, Fig. 4.6
shows the experimental no-load voltage and current at 1000 rpm with C' = 70, 105,
140, 175 and 210 pF, respectively. Sinusoidal waveforms are verified for both voltages
and currents. It is worth noticing that their amplitudes increase with the capacitances.
From the electromagnetic resonance point of view, the d-axis inductance reduces with
the increase of capacitance at given speed, in order to achieve a stable resonance con-
dition. Referring to Fig. 4.3(b), lower Lg means a higher amplitude of d-axis flux, and
thus, a higher g-axis voltage. Since Vj is dominant in the output voltage. a higher
terminal voltage is obtained with the higher capacitance.

This provides a method to maintain the generated voltage for varied speeds in wind
power applications. When the driven speed is reduced, a corresponding reduction in the
generated voltage occurs. However, it is possible to recover the voltage by increasing
capacitances. Therefore, a stepwise-switched variable capacitor will be useful for the
voltage regulation. Detailed discussion on determining the capacitance with variable
speeds will be given in Section 5.3.

B. Resistive Load Condition

For resistive load condition, the capacitor C and the load Ry, are parallel connected to
the stator terminals, as shown in Fig. 4.7. Therefore, the impedance of C and Ry, are
represented as:

. —JXcRL XZRy jXRj
7= 9B X HL . (4.6)

Posing,
TEaex o
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Figure 4.8: The generated voltage against speed with C = 140 pF, Ry = 250  and

50 €, respectively.

then Z = AX,— jARy. Combining (4.2) with (4.3), the steady-state voltage equations
are deduced to be:

Similar to the no-load condition analysis, the d-axis inductive reactance is expressed as:

2
Xqg= % + ARy, (4.9)

Therefore, the d-axis inductance at different speeds can be calculated according to
the circuit parameters, and then obtained the d-axis current through interpolation of
the magnetizing curve in Fig. 4.3(b). After that, the generated voltage can be computed
again by using (4.8).

The comparisons of the generated voltage versus speed between analytical and ex-
perimental results are shown in both Fig. 4.8 and Fig. 4.9, considering C' = 140 pF and
C = 210 pF. respectively. Different load conditions, including Ry, = 250 Q and 50 €2,
are investigated. Actually, when the SERG is connected with load, it is really diffi-
cult to be self-excited. Due to the division of the stator current, the capacitor current
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Figure 4.9: The generated voltage against speed with C = 210 pF, R = 250 Q and
50 2, respectively.
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Figure 4.10: Comparison of experimental output voltage with different loads at the
speed of 1000 rpm (C = 140 uF).

is decreased, and then the induced voltage is reduced, either. Therefore, the genera-
tor is usually operated at no-load condition for initial start-up. Once self-excitation is
achieved, the loads are connected to the generator terminals.

It is indicated from the figures that the analytical results are in good accordance
with the experimental results at light-load conditions (that is 250 ), while significant
discrepancy is noticed at heavy-load conditions (that is 50 €2). This is mainly due to the
effect of cross-saturation between d- and g-axis inductances. which will be dealt with in
Chapter 5.

Besides, at the same speed, the output voltage of the REL generator connected with
the same capacitor varies with load, as highlighted in Fig. 4.10. Apparent reduction is
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noticed when the resistance is changed from 150 € to 50 Q. This voltage drop can be
attributed to the following reason. At no-load condition, the current phasor is almost
along the d-axis. With the increase of load, the current phasor moves towards the g-
axis. Therefore, the amplitude |I| is reduced, while |I;| is increased. Referring to the
left parts of (4.8), the amplitude |Vg| is increased, while |V4]| is reduced. Since Vg is
dominant in the output voltage, the voltage decreases with the increase of load.

In conclusion, the amplitude of the generated voltage of SERG changes with rotor
speed, capacitance and also load. It goes up significantly with increasing speed or
capacitance, whereas drops with load. This simplified analytical model is useful to
recognize the steady-state performance of SERG, and good agreement is obtained with
experimental results.

4.3. Conditions for self-excitation in SERG

Undoubtedly, self-excitation is essential for REL generator to build up the voltage.
Without self-excitation, the induced voltage of the REL generator is really insignificant
even operated at extra-high speed. Hereafter, the conditions for initial self-excitation
of SERG will be discussed.

4.3.1. Minimum required capacitance

Generally speaking, the process of initial self-excitation in SERG is achieved by elec-
tromagnetic resonance between capacitor and inductor. Therefore, the required capaci-
tance is one of the most important factors for self-excitation. From (4.4), the capacitive
reactance is expressed as follows:

| (Xg+ Xg) £/ (Xa + X — 4(X4X, + RY) (4.10)
=
2

which indicates that there are two resonant points in SERG. Since X4, X4 and R are
parameters of the generator which can be known from simulations or experiments, it is
convenient to obtain the minimum capacitance requirements at different speeds.

As a particular case, if Rg is neglected, (4.10) is deduced as:

Simply speaking, two resonance conditions are found: the first between the d-axis
inductance and the capacitance, while the second between the g-axis inductance and
the capacitance. Therefore, the required minimum capacitances at different speeds can
be easily obtained as:

1 1
Crmin = —— or Cmin = w2—Lq

2L (4.12)

Due to the existence of flux-barriers in the rotor, Lg is always higher than L, in
the REL machine. Consequently, the required minimum capacitance is calculated from
d-axis inductance only.
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Figure 4.11: Minimum value of the capacitor for self-excitation versus speed, both
analytical and experimental results.

For an analytical estimation of the resonance condition, Lg can be computed from
the analytical expression, which is shown in (1.25). In this case, the required minimum
capacitances are estimated from (4.12) and (1.25), even though the inductances of the
generator are not measured or simulated.

Fig. 4.11 shows the comparison of the minimum capacitance obtained from the
analytical model and experiments. The analytical model is used both considering and
neglecting stator resistances, separately. Since the SERG has to be operated in the
saturated region to guarantee self-excitation, the unsaturated d-axis inductance can not
be selected. Here, Lgis chosen 0.41 H. The g-axis inductance is assumed to be constant,
and equal to the saturated value (Lge = 0.04 H). There is no significant difference of
Cmin considering or neglecting the stator resistances. The analytical results are verified
by the experimental results. Fig. 4.11 also shows the calculated minimum capacitance
through the estimation of Lg. Although this method obtains visible lower values of Cyyn.,
it is possible to achieve a fast estimation of the suitable capacitance for resonance.

4.3.2. Minimum rotor residual magnetism

Once the capacitor is properly selected, the circuit reaches resonance at a certain speed.
However, only resonance cannot guarantee that the voltage of the REL generator in-
creases up to the proper value. From the experimental tests, it is observed that if the
residual magnetism in the rotor iron core is not high enough, the REL generator fails to
reach high output voltage. Therefore, the residual flux linkage (Ayes) in the rotor iron
core is another key factor to assure self-excitation in SERG.

The airgap flux linkage due to residual magnetism can be calculated as:
Ares = E/w (“113)

where E is the back EMF at electric speed. The residual magnetism can then be
represented by the back EMF at given speed.
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Figure 4.13: Variation of Back EMF waveforms and amplitude of the REL machine
with different magnetizing DC currents at 1000 rpm.

Some experimental tests are carried out to obtain different magnetizations of the
rotor paths. It is achieved by applying different amplitudes of DC current, as is shown
in Fig. 4.12. For each time, the rotor is firstly demagnetized completely, and then the
DC current is imported to the stator terminals. The demagnetizing process follows the
property of the magnetic hysteresis loop, i.e., with positive and negative current flowing
through the stator winding alternately. The current value is reduced step by step until
it is closed to zero.

The back EMF waveforms measured at 1000 rpm corresponding to different mag-
netizing DC currents are shown in Fig. 4.13(a). Their amplitudes are reported in
Fig. 4.13(b) as a function of the DC current imposed during the magnetizing pro-
cess. Even though the back EMF is quite low, it increases with the DC current. As
a consequence, different levels of residual rotor magnetism are achieved by using dif-
ferent magnetizing DC currents. When the DC current is higher than 1.2 A, almost
no variations are found between back EMFs. which implies that the maximum residual
magnetism has been reached.

After that, the capability of SERG with different rotor residual magnetisms can be
investigated. A bank of 140 pF capacitors are connected to the terminals of the SERG.
Different DC currents are used to produce different residual magnetisms. The rotor
speed is slowly changed during the experiments. The tested phase current versus speed
are shown by the circles in Fig. 4.14. For low residual magnetism, the phase current
has the maximum value at the resonance point; while for high residual magnetism, the
phase current goes up rapidly until the process of self-excitation is finished and the
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Figure 4.14: Variation of phase current versus speed after different DC magnetization
(C = 140 pkF).

generator reaches high voltages. Based on these results, a simplified analytical model
is proposed to compute the phase current:

WAres

= R T (e —X0) (4.14)

Ipp

With this model, the behavior of phase current versus speed can be described, as
shown by the solid line in Fig. 4.14. As far as the model is concerned, it is possible to
observe that there is a satisfactory agreement between the predicted and experimental
results. Only for phase current higher than 40 mA there is a discrepancy, since the
measured currents result to be higher than the predicted ones. The reason is that the
SERG starts to saturate. This model shows a rough approximation of the phase current
before self-excitation.

It should be noticed that with 0.3 A magnetizing DC current, the REL generator
connected with C' = 140 pF can be self-excited, as shown in Fig. 4.14(d). For C = 70 ukF,
with lower residual magnetism (corresponding to the magnetizing DC current equals to
0.2 A) the generator starts to reach high voltages. While for C = 210 uF, the minimum
DC current is increased to 0.5 A, as shown in Table 4.2. Based on (4.14), an indicative
value of the phase current is defined as:

A'l“ (=43

Tip — ——7&8
" RAILC

(4.15)

This value can be used to determine whether the REL generator with certain residual
magnetism can be self-excited or not. Generally speaking, there is a minimum value of
current, which is called Iy, to produce the minimum airgap flux linkage required for
self-excitation [56]. In this case, Iy, refers to the current when L, changes rapidly, as
is highlighted by point “A” in Fig. 4.15. When [ is higher than I, it means the
REL generator can be self-excited. According to Equation (4.15), higher capacitances
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Table 4.2: Variation of Maximum Phase Current According to Different Magnetizing
DC Current (C = 210 pukF)

Magnetizing DC Current (A) Ipp, (mA)  Statement

0.1 29.3 X
0.2 43.5 X
0.3 H6.4 X
0.4 79.3 X
0.5 Self-excited
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Figure 4.15: d- and g-axis inductances of the REL generator at low currents.

will cause lower I, with the same residual magnetism, which means the capability of
self-excitation of REL generator is decreased. This accounts for the reason that higher
magnetizing DC current is required for generator with C' = 210 pF to be self-excited.

4.3.3. Rotor acceleration

During the experiment, it is also noticed that the self-excitation can be affected by the
rotor acceleration. Several experiments are carried out on condition that the rotor is
with the maximum residual magnetism. Rapid and slow rotor accelerations are achieved
by controlling the master PM motor. The experimental results with two different rotor
accelerations are shown in Fig. 4.16. The upper figures show the variation of speed,
while the bottom figures refer to the variation of the generated voltage. With a rotor
acceleration of 41.9 rad/s? (or 200 rpm/s). this generator is able to be fully self-excited.
On the other hand, if the rotor acceleration is too high (doubled in this case), the
REL generator fails to achieve self-excitation. It is advisable to provide a sufficient
rotor residual magnetism and a low rotor acceleration in order to achieve a stable self-
excitation process in the REL generator.
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Figure 4.16: Variation of self-excitation process with different rotor accelerations (ex-
perimental results).

Table 4.3: Line-Line Voltage with Different Charged Voltages in Capacitors (C = 70 puF
at the Speed of 951 rpm)

without C  with C  with charged C charged voltage

0.24V 0.38V 300V (+25V, 0V, -25V)
0.24V 0.38V 300V (+20V, 0OV, -20V)
0.24V 0.34V 300V (+15V, 0V, -15V)
0.32V 0.64V 3V (+10V, 0V, -10V)
0.24V 0.38V 0.38V (+20V, +20V, +20V)

4.3.4. Pre-charging capacitors

An alternative method exists to trigger the self-excitation when there is no residual
magnetism in the rotor, i.e., pre-charging capacitors. Obviously, a DC voltage source
or battery is required to pre-charge the capacitors. At the beginning, each capacitor is
charged by the DC voltage source or battery. Then, when the generator is driven at a
given speed, the charged capacitors are suddenly connected to the generator terminals.
The voltage difference among each phase creates a transient current in the circuit. This
current induces an initial flux in the generator, which is similar to the rotor residual
magnetism. Once the induced flux is high enough, the self-excitation process will be
achieved in the same manner.

The experiments are carried out with C = 70 pF and results are shown in Table 4.3.
When the charged voltages are different, the generator can be self-excited only if the
voltages are high enough. As expected, if the charged voltages of the three capacitors
are the same, no self-excitation will occur in the generator. This method is verified
to provide a way to make the REL generator self-excite even with no rotor residual
magnetism.
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Figure 4.17: Cross-section of the experimental PMAREL machine and its d- and g-axis
magnetizing curve (solid lines: simulated results, dashed lines: experimental results,
dash-dotted lines: experimental results, almost superimposed).

4.4. Analysis of self-excited PM-assisted reluctance generators

As mentioned above, SERG has the difficulty to ensure a stable initial self-excitation
process unless some conditions are satisfied. This drawback can be overcome by in-
troducing PMs in the rotor flux-barriers of the REL machine, which is the same as
PMAREL machine. In this section, the performance of self-excited PMAREL genera-
tor is investigated analytically and experimentally.

The test bench is the one shown in Fig. 4.1. The experimental PMAREL machine
has the same geometry as the REL one, while the central barrier parts are inset with
ferrite magnets as shown in Fig. 4.17(a). The remanent flux density of PM is 0.34 T,
and the relative recoil permeability is 1.05. Fig. 4.17(b) shows the d- and g-axis flux
linkages and apparent inductances versus the d- and g-axis currents (peak phase value),
respectively. The solid lines are obtained from 2D FEA simulations, while the dashed
lines are achieved by experiments. The dash-dotted lines report the cross-saturation
effect between the d- and g-axis, which is found to be negligible in this machine. As
expected, Ag is negative when iq = 0 A, since the PM flux linkage is along the negative
g-axis. Lq keeps the same trend as the REL machine, while Ly is always with low value
since the iron bridges are saturated by the PMs in flux-barriers.

The back EMF versus speed curve of the PMAREL machine is plotted in Fig. 4.18.
The solid line is obtained from simulation, while the crossing points are experimental
results. The calculated PMs flux linkage Ay, is 0.1123 Vs.

Fig. 4.19 shows the experimental starting process of the self-excited PMAREL gen-
erator with C' = 140 pkF at the speed of 1000 rpm. vpp, represents the generated phase
voltage. At the beginning, the PMAREL generator is driven to 1000 rpm, and then
at t = 1 s, the capacitors are suddenly connected to the stator terminals. The output
voltage rose to a high value rapidly, and the process of self-excitation is achieved.
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Figure 4.18: Back EMF versus speed of the PMAREL machine.
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Figure 4.19: The experimental starting process of the self-excited PMAREL generator
with C' = 140 pF at the speed of 1000 rpm.

4.4.1. Steady-state performance predictions
A. No-Load Condition

The no-load voltage equations of the self-excited PMAREL generator at steady-state
are:

RSIq + Xglg = X 1y
which is very similar with (4.4).

At no-load condition, the operation of the PMAREL generator can be divided into
two stages. They are distinguished by the minimum resonance speed (ng), which is
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Figure 4.20: Procedure to calculate the generated voltage of the self-excited PMAREL
generator.

defined as:
30

- 7py/ LaoC
When the generator is driven at a speed lower than ng, i.e., the first stage, no

resonance exists. The phase current is so low that the d-axis inductance can be assumed
to be constant, according to Fig. 4.17(b). Equation (4.16) is solved as:

no (4.17)

RS

R A

), = wAm (4.18)

Now. only Iy and X4 are unknown, which can be obtained from the interpolation of
the g-axis magnetizing curve in Fig. 4.17(b). After that, current Iz and output voltage
are calculated from (4.16).

At the second stage, the operating speed is higher than ng, resonance happens and
high output voltage can be achieved. The procedure to calculate the output voltage of
the PMAREL generator is shown in Fig. 4.20. In this calculation, the g-axis inductance
is not constant any more, but refers to the curve in Fig. 4.17(b). At the beginning,
Xg is assumed to be equal to X, then Ly is calculated. Iy is obtained by using the
interpolation of the d-axis magnetizing curve. With the first equation of (4.16), an
equation is obtained with I; and X4 unknown. Then, they are obtained by using the
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Figure 4.21: The no-load generated voltage versus speed for different capacitors (70 pk,
140 pF and 210 pF, respectively).

interpolation of the g-axis magnetizing curve. After that, V; and Vg are computed to
be:

Vo = Rely + Xala

{ e (4.19)

ch = XcId

The difference between V; and V. is used to achieve a more accurate prediction of
I; and I;. For PMAREL machines, generating operations are in the second quadrant,
which means that Iz is negative. If the difference between Vy and Vg is higher than
0.5 V (the threshold value), the amplitude |I4| is reduced. Then, Lg, Lg and I are
recalculated. After several loops, the output voltage can be obtained until the difference
between V, and V. is lower than this threshold value.

Fig. 4.21 shows the no-load generated voltage versus speed for different capacitors.
The solid lines represent the analytical results, while the circles indicate the experimen-
tal results. The dotted lines refer to the minimum resonance speed for each capacitor.
It is verified that analytical values have no significant differences with the experimental
results at the second stage. For the first stage, the analytical results are in accordance
with the experimental results at low speed. When the operating speed approaches the
minimum resonance speed, the difference between the two results is apparent. this may
be due to the variation of the d-axis inductance at this condition.
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Figure 4.22: The generated voltage versus speed at resistive load conditions (Ry =
250 Q, capacitances are 70 pF, 140 pF and 210 pF, respectively).

B. Resistive Load Condition

Similar to (4.8), the voltage equations of the self-excited PMAREL generator at resistive
load condition are:
Rsfq + Xglg=A(Rp1; — XCIq) .

Like the no-load condition, two stages are also identified to recognize the operation
of the PMAREL generator at load condition. When the operating speed is lower than
the minimum resonance speed, no resonance exists. The d-axis inductance is assumed
to be constant. Equation (4.20) is modified as follows:

_ Rt AXe ),

ARp — X4 (4.21)

(Xq —AX:k— ARy, — Rsk)I; = whAy,

Iy

Then, I; and Ly can be calculated by interpolation, and the output voltage is ob-
tained.

When the operating speed is higher than ng, resonance happens and the same pro-
cedure can be used as the no-load condition to calculate the output voltage (as shown
in Fig. 4.20). At resistive condition, Vg becomes:

Ve = ARLI; — AXI, (4.22)

After several steps, the voltage can be obtained. Fig. 4.22 shows the comparison of
the output voltages between experimental and analytical results. Since no significant
differences exist, the analytical model can be used to predict the performance of the
self-excited PMAREL generator.
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Figure 4.23: Comparison of experimental output voltage with different loads at the
speed of 1000 rpm (C = 140 puF).

4.4.2. Characteristics of the self-excited PMAREL generator

By using the test bench, a series of experiments are carried out on the self-excited
PMAREL generator. A bank of three phase sliding resistors is used to change the load
during the experiment, as shown in Fig. 4.1(b). The characteristics of the PMAREL
generator are investigated as follows.

A. Von Versus n, C and Ry,

As mentioned before, Fig. 4.21 and Fig. 4.22 show the generated voltage versus speed
at no-load and resistive load (R = 250 ) conditions, respectively. It is observed that
the output voltage increases with speed and capacitance, which is the same as SERG.
Referring to the load, Fig. 4.23 shows the output voltage of the PMAREL generator
with C = 140 pF, n = 1000 rpm under different loads. The voltage waveform is very
sinusoidal, and the voltage amplitude decreases with the load resistance, i.e., when the
load increases.

B. Vpn Versus Py

Fig. 4.24 describes the load characteristics of the PMAREL generator, i.e., the variations
of the generated voltage with output power (Ppy) at the speed of 1000 rpm. The voltage
variation is shown according to three values of capacitances, 70 pF, 140 pF and 210 pkF,
respectively.

As expected, the terminal voltage reduces continuously with load, while the output
power experiences an increase first, and then decreases. Therefore, a maximum output
power exists for a given capacitor. According to (4.6), with the increase of load, i.e.,
when the load resistance decreases, the imaginary part of the impedance Z is reduced.
Then the required d-axis inductance for resonance increases, which means lower d-axis
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Figure 4.24: Variations of the generated voltage with output power for different capac-
itors at given speed (1000 rpm, experimental results).

flux and g-axis voltage. As can be seen in Fig. 4.17(b), the d-axis flux amplitude reduces
slowly with increasing Lg when the current amplitude is high. This will cause a small
reduction of the generated voltage, but an increase of output power (mainly due to the
increase of load). When the current amplitude is small (less than 2 A for example),
the d-axis flux reduces rapidly with increasing Lg, leading to a significant reduction of
the generated voltage. Thus, the output power reduces. Therefore, the shape of d-axis
flux limits the peak power that the REL generator can achieve with a given capacitor.
Meanwhile, increasing the capacitance not only improves the output voltage, but also
achieves a higher active power.

C. PF Versus P,y

Variations of PF with output power for different capacitors (70 uF, 140 pF and 210 pF,
respectively) at the speed of 1000 rpm are shown in Fig. 4.25. It is observed that for
low capacitances, the PMAREL generator is capable of achieving high power factor, but
the output power is very limited. Conversely, for high capacitances, e.g., C = 210 pF,
the PMAREL generator exhibits 1301 W output power but with PF = 0.67.

D. PF Versus n

At constant resistive load condition (R = 25 ), the variations of output power and
power factor with speed for constant capacitors are shown in Fig. 4.26. With the increase
of speed, the output power increases while the power factor decreases. Therefore. it is
difficult to achieve both high active power and high power factor.

To conclude, the self-excited PMAREL generator is capable of achieving almost
sinusoidal voltage and relative high active power, which is suitable for isolated power
supply applications. At given speed, the terminal voltage decreases continuously with
the increase of load, while the output power is limited. High value of the capacitor helps
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Figure 4.25: Variations of power factor with output power for different capacitors at
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Figure 4.26: Variations of output power (solid line) and power factor (dashed line) with
speed for C' = 210 pF (experimental results).

to increase the generated voltage and active power, on the other hand, the power factor
is decreased. A trade off should always be made according to the operating conditions.
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Figure 4.27: Effect of stator resistances on the generated voltage for C = 140 pF' and
Ry, = 250 Q (analytical results).

4.4.3. Effect of design parameters on the PMAREL generator performance

In this part, the analytical model is used to investigate the effect of various design
parameters on the performance of the self-excited PMAREL generator. The results
may provide guidelines for the appropriate design of the PMAREL generator.

A. Effect of R,

Fig. 4.27 shows the output voltages according to different stator resistances, which equal
to knRs. The results are provided for k. = 0.5, 1.0 (the actual stator resistance) and
1.5, respectively. It can be noticed that the higher the stator resistances, the lower the
generated voltage, and thus, the output power. Therefore, it is desirable to minimize
the value of stator resistances, even though the effect of Ry is quite limited.

B. Effect of Ly

The effect of the d-axis inductance on the PMAREL generator performance is reported
in Fig. 4.28. The behavior of the d-axis inductance is the same as in Fig. 4.17(b), but
multiplied by a factor krg, which is 0.8, 1.0 and 1.2, respectively. It is worth notic-
ing that Lq has a significant influence on the generated voltage. At given speed, the
generated voltage goes higher with increasing Lg, achieving a higher output power.
Furthermore, the minimum resonance speed decreases with Lg, which can also be rec-
ognized from Equation (4.17). This means that the PMAREL generating system can be
self-excited at lower speed with the same capacitor. As a consequence, in designing the
PMAREL generator, high d-axis inductance is required to realize a super characteristic.
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Figure 4.28: Effect of d-axis inductance on the generated voltage for C' = 140 pF and
Ry, = 250  (analytical results).
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Figure 4.29: Effect of g-axis inductance on the generated voltage for €' = 140 pF and
Ry, = 250  (analytical results).

C. Effect of Lq

Fig. 4.29 shows the effect of the g-axis inductance on the performance of the PMAREL
generator. A factor kpq is also used as before. Although kr, changes from 0.5 to 1.5,
no variation is observed on the output voltage. As a result, no special consideration is
required on the g-axis inductance when design the PMAREL generator.

In summary. it is shown that Rs and Lg contribute slightly to the generator perfor-
mance, while Ly affects it significantly. The main idea for a PMAREL generator design
is to increase Lg as much as possible, instead of increasing (Lg — Lg) for a PMAREL
motor design.
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Figure 4.30: Comparison of the experimental no-load generated voltage at different
speeds (C' = 140 pkF).

4.5. Experimental comparison of the REL and PMAREL generators

As mentioned before, the only difference between the REL and PMAREL generators is
the existence of PMs in the rotor flux-barriers. In this section, performance comparisons
between the self-excited REL and PMAREL generators are presented, to highlight the
improvements of the SERG system by introducing PMs.

4.5.1. No-load condition

The comparison of the no-load generated voltage of the REL and PMAREL generators
is shown in Fig. 4.30. The dashed line represents the back EMF of the PMAREL
generator, and the dotted line refers to the minimum resonance speed. As mentioned
above, the operation of the PMAREL generator is divided into two stages by ng. The
minimum resonance speed of the REL generator should be the same as the PMAREL
generator, since Lgg and C' are the same. However, self-excitation of the REL generator
occurs at a speed higher than ng, which is mainly due to the low residual magnetism
in the rotor. It is also demonstrated that if the residual magnetism is not high enough,
the REL generator will fail to excite. From this point of view, the operation of the REL
generator is critical and limited. On the contrary, the PMAREL generator can work
at a speed around or even lower than the resonance speed, achieving a wider operating
range than the REL generator.

During the transition between these two stages, the output voltage of the PMAREL
generator increases slowly, while the REL one rises rapidly. For the second stage, the
generated voltage of the PMAREL generator is higher when operated at the same speed.
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Figure 4.31: Performance comparison of the REL and PMAREL generators at load
conditions (C = 140 pF, experimental results).

4.5.2. Load condition

Fig. 4.31 shows the performance comparison of the REL and PMAREL generators at
load conditions. Similar to the no-load condition, the PMAREL generator exhibits
higher voltage, and thus, higher output power at given speed. Considering the same
power factor, the PMAREL generator outputs more active power.

To sum up, the PMAREL generator shows the improvement of voltage, active power
and power factor over the REL generator. Besides, a stable self-excitation process is
inherently achieved by the inset PMs.

4.6. Conclusion

In this Chapter, the performance of self-excited REL generator, and then self-excited
PMAREL generator, is investigated analytically and experimentally. It is verified that
the generated voltage changes with rotor speed, capacitor and load. It goes up sig-
nificantly with increasing speed or capacitor, while decreases with load. The existing
problems related to successful self-excitation in SERG, such as minimum required ca-
pacitance, rotor residual magnetism, rotor acceleration and pre-charging capacitors, are
also addressed. An appropriate capacitance is essential not only for self-excitation, but
also for providing reactive power to the REL generator. It is also advisable to have a
sufficient rotor residual magnetism and a low rotor acceleration in order to achieve a
stable initial self-excitation process in the REL generator. In addition, the pre-charging
capacitors provide a way to make the REL generator self-excite even with no rotor
residual magnetism.

By using the analytical model, the effects of some design parameters (including
R;. Lg and L) on the generator performance are investigated, providing guidelines
for a proper design of the PMAREL generator. Whereas small changes in the stator
resistance and g-axis inductance do not affect its performance, the d-axis inductance is
found to be very sensitive to determine the generated voltage.
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Finally, the performance comparisons between the self-excited REL and PMAREL
generators are carried out. It is highlighted that the self-excited PMAREL generator not
only exhibits the improvement in terminal voltage, output power and power factor, but
also achieves a stable self-excitation process. All the results are helpful for applications
where REL or PMAREL machines are used as stand-alone generators.



Chapter

Self-Excited Reluctance Generators for
Wind Applications

The SERGs have been found to be potential candidates as isolated generators. In this
Chapter, the characteristics of SERG for wind turbine generation system will be fo-
cused on. The active and reactive power (PQ) balances are innovatively proposed, which
helps to predict the performance of the SERG system. The FEA simulation results are
employed to account for both saturation and cross magnetizing effect of d- and q-azis
inductances. The procedure to determine the operating point according to P(Q) balances
1s proposed, and the influence of generator parameters, including stator resistance and
inductances, is also investigated. After that, suitable capacitances for voltage regulation
at variable speeds are determined by using the P(Q) balances. By considering a given wind
turbine, the P() balances are also used to determine the “optimal capacitor and resistor
combination” that achieves the highest usage of wind power.

5.1. Active and reactive power balances

S described in Chapter 4, the existed models provide valuable information about

SERG. on the other hand. saturation on the g-axis inductance and cross-saturation
effect are ignored. This leads to a significant discrepancy for the voltage prediction at
heavy-load conditions. The importance of including magnetic saturation and cross
magnetization in the analysis of REL machine was emphasized in [69 72|. Therefore,
consideration should be taken upon them in order to achieve an accurate prediction
of the REL generator performance. Guha et al. [73,74] presented a linearized model
of synchronous REL generator considering the effect of saturation in both d- and ¢-
axis. It is demonstrated that the inclusion of g-axis saturation affects the generator
performance at some operating conditions. However, no work by far involve the cross-
saturation effect into the analysis of SERG. In the following parts, the prediction of
SERG performance is achieved by using active and reactive power (PQ) balances, with
the cross-saturation effect considered.

93
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Figure 5.1: Active power (kW) map with C = 140 puF and Ry = 250 § at the speed
of 806 rpm. Solid lines represent the electromagnetic power Pep. Dashed lines refer to
the right part of (5.1). Red bold line highlights the active power balance points.

5.1.1. Active power balance

Since the generator is driven by a prime mover or wind turbine, the active power is
achieved through the shaft. Subtracting mechanical and iron losses, the electromagnetic
power Pep, is produced. When the generator is connected to a resistive load, a part of
active power is lost as Joule losses in the machine winding (Pj). The remanent is
transferred to the load (Pjpeq). Therefore, an active power balance is achieved among
the electromagnetic power, the Joule losses and the output power:

—Pem = Py + Poaa (5-1)
The electromagnetic power of the generator is calculated as:
3
The copper Joule losses of the stator winding are easily obtained by I and Ig:
Pr= 2124+ )R (5.3)
J = 2( d —|— q) 8 (3.

From (4.8), the output power is also computed by Ij and I, as:

RpX?

3 3
Pog=——(Vil; +V,I,) = =(I%2+]%)—_="¢_

q

Since all the active powers are represented according to d- and g-axis currents, a
current vector plane can be used to identify constant-power contours of the produced
electromagnetic power and the consumed power ( Py + Pioad).

As a particular case, Fig. 5.1 shows the constant-active-power contours of a REL
generating system with C' = 140 pF, R = 250 Q at the speed of 806 rpm. The
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Figure 5.2: Reactive power (kvar) map with C = 140 pF and Rp = 250 § at the
speed of 806 rpm. Solid lines represent the generator reactive power Qem. Dashed lines
refer to the reactive power provided by the capacitors Q.. Blue bold line highlights the
reactive power balance points.

black solid lines represent Pe,,, while the green dashed lines refer to the right part
of (5.1). As mentioned before, the generating system works under a balanced active
power condition, which means that it works at the crossing points between the power
contours. The active power balance curve is highlighted by the red bold line in Fig. 5.1.

5.1.2. Reactive power balance

In the SERG system, the capacitors are used to provide reactive power. Therefore, the
reactive power balance is expressed as:

Qem = _Qc (5.5)

where Qem and Q. are the reactive power of the generator and capacitor, respectively.
They are expressed as follows:

3
Qem = Ew(LdIE +L,I3) (5.6)

3 3 RiX
= SV Ig— Vyl,) = —=(I2 + I?) L=<
Qc Z(Qd dq) 2((1} q)R%+X§
Fig. 5.2 describes the constant-reactive-power contours of the REL generating sys-
tem mentioned before. The black solid lines represent the generator reactive power Qem,
while the green dashed lines represent the reactive power provided by the capacitors.
Similar to the active power balance, the crossing points represent the reactive power

balance. The resulted reactive power balance curve is denoted by the blue bold line in
Fig. 5.2.
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Figure 5.3: Operating points according to active and reactive power balance curves with
C =140 pF, Ry, = 250 Q at the speed of 806 rpm.

5.1.3. Operating point based on active and reactive power balances

When the generating system is operated at a steady-state condition, both active and
reactive power balances have to be satisfied. The active and reactive power balance
curves are redrawn in the same current plane, as shown in Fig. 5.3. The crossing points
refer to the operating points of the generating system.

Fig. 5.3 shows that two crossing points, which satisfy the total power balances, exist
(point A and B). However, only point A is the actual operating point. It is known that
the operation of SERG is based on saturation effect, more specifically, the saturation
in d-axis inductance. From Fig. 4.3(b), it is observed that if the d-axis current is lower
than 1.2 Ampere, no saturation occurs. For point B in Fig. 5.3, the d-axis current is
too low to saturate the generator, so the generator cannot work normally, exhibiting
low voltage and low power. On the other hand, point A achieves high current, working
in the saturation region. Therefore, the generating system has to work on point A once
it is self-excited.

With the obtained Iz and I of point A, the performance of the generating system
can be analyzed by (4.8). It should be noted that the determination of Lg and L4 comes
from the interpolation of a function of 2D gridded data (I and I, as shown in Fig. 5.4),
which assures that the cross-saturation effect is again considered in the calculation of
the generated voltage. The results in Fig. 5.4 are obtained from 2D FEA simulations.
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Figure 5.4: d- and g-axis flux linkages and inductances of the REL generator, considering
cross-saturation effect.
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Figure 5.5: Active power (kW) map with C = 140 pF, Ry, = 250 Q at the speed of 806
rpm (with an additional stator resistance considered).

5.1.4. Impact of stator resistance and inductance on the operating point

It is noticed from (5.3) that the copper losses depends on the stator resistance. If the
stator resistance varies, due to temperature rise for example, the active power balance
curve changes, as shown in Fig. 5.5. In this case, the stator resistance varies from 4.55 2
to 5.55 (2, the active power balance curve changes from the bold solid line to the bold
dashed line. From Fig. 5.7, it is seen that the operating point is moved from A to Al.
Obviously, the generated voltage will be changed accordingly.

Similarly, the operating point could be different when the d- and g-axis inductances
are changed. In Fig. 5.6, an additional inductance (10 mH, almost 20 % of the saturated
g-axis inductance) is considered compared to Fig. 5.2. The corresponding reactive power
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Figure 5.6: Reactive power (kvar) map with C = 140 uF, Ry = 250 Q at the speed of
806 rpm (with an additional inductance considered).
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Figure 5.7: Operating points according to active and reactive power balance curves with
C = 140 pF, Ry = 250 Q at the speed of 806 rpm (with varied stator resistance and

inductance).

balance curve is represented by the dashed line. The constant-reactive-power contours
of the capacitor keeps the same, while the constant-reactive-power contours of the gen-
erator changes. As a consequence, the reactive power balance curve is varied. The
operating point changes from point A to point A2 in Fig. 5.7.

Therefore, the accuracy of the stator resistance and inductance are of particular
importance to obtain a precise result by using P(Q balances.
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Figure 5.9: Current vectors with C' = 140 pF at the speed of 660 rpm, 900 rpm and
1200 rpm, respectively.

5.2. Experimental verifications

5.2.1. No-load condition

The no-load condition can be regarded as a special case of the load condition, with
infinite resistance connected. Therefore, the same procedure can be carried out to
predict the SERG performance by using PQ balances. Fig. 5.8 shows the results of the
generated voltage with the capacitance of C' = 70 pF, 140 pF, and 210 pF, respectively.
The results obtained from the PQ balances are shown by the solid lines, while the
results from the interpolation of Ly in Chapter 4 are represented by dotted lines. The
experimental results are again represented by the stars. It is evidenced that both
methods predict very close results to the experiments, and the effect of considering
cross-saturation is not significant at no-load conditions.

As the next step, it is helpful to investigate the variation of current vector with
speed of the generator, as illustrated in Fig. 5.9. It is noticed that the current vector
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Figure 5.10: The reactive power balance between REL generator and capacitors at 1000
rpm (circles represent the experimental results).

is almost aligned with d-axis when the speed is low. With the increase of speed, the
current vector moves toward the g-axis.

Since the stator resistances are quite low, the active power is negligible compared
to the reactive power at no-load condition. Furthermore, if the stator resistance is
neglected, no active power is generated by the generator, so that the currents vector is
forced along the d-axis.

Fig. 5.10 shows the reactive power variation versus current of the REL generating
system at 1000 rpm. The solid line represents the reactive power of the generator, while
the dashed lines refer to the provided reactive power by the capacitor. Different values of
capacitor are considered. The crossing points indicate the reactive balance, that is, the
operating points. The experimental results are expressed by circles. It is observed that
the analytical results match properly with the experimental results when the current
is low. With the increase of current, a slight discrepancy rises. It is also noticed that
with the increase of capacitances at same speed, the reactive power required for the
operation of the generator increases.

5.2.2. Resistive load condition

As mentioned before, it is convenient to determine the operating point by using PQ
balances at load conditions. Comparisons of the voltage versus speed curve with C' =
140 pF for different loads (250 © and 50 §2) are shown in Fig. 5.11. It is observed that
the results obtained from different methods are almost superposed under light-load
conditions, while they are away from each other at heavy-load conditions. The results
obtained from the P(Q) balances are more precise, especially at heavy-load conditions.
This conclusion is also verified in Fig. 5.12, with C' = 210 pF, Ry = 250 € and 50 €2,
respectively. The discrepancy under Ry, = 50 €2 condition between the new analytical
results and experiments mainly attributes to the constant stator resistance used in the
active power balance (without considering temperature effect).
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Figure 5.12: The generated voltage against speed with C' = 210 pF., Rr, = 250 Q and
50 2, respectively.

It is also noticed from Fig. 5.11 that the output voltage of the REL generator starts
from the speed around 850 rpm. If the speed is lower than 850 rpm, the generated
voltage collapses. This phenomenon can also be described by the active and reactive
power balance curves. Fig. 5.13 shows these curves with C' = 140 pF, Ry = 50 Q at
the speed of 750 rpm and 850 rpm, respectively. The dashed lines represent the PQ
balance curves when operated at 750 rpm, while the solid lines are at 850 rpm. Since
no crossing point exists between the dashed curves, the generator cannot work in this
condition. Similar phenomenon is observed when the load is increased (Rp, = 25 ), as
shown in Fig. 5.14. It is shown that increasing the load with resistance below certain
critical value, the generated voltage collapses. These PQ balance curves provide a quiet
easy way to verify whether the generating system works at certain conditions.
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Figure 5.13: Active and reactive power balance curves with C = 140 pF, Ry, = 50  at
the speed of 750 rpm and 850 rpm, respectively.

0

Active power
Reactive power |~

-1

-2

q-axis current (A)

d-axis current (A)

Figure 5.14: Active and reactive power balance curves with C = 140 uF, R, = 25 Q at
the speed of 1000 rpm.

Fig. 5.15 shows the current vectors with C = 140 pF at the speed of 1000 rpm
under no-load, Ry, = 250 , 150 Q and 50 € conditions, respectively. These current
vectors are obtained from active and reactive power balances, and the differences among
the power balance curves under different load conditions are significant. It is noticing
that the variation of the resistance has effect not only on the active power but also
on the reactive power. It is also observed that with the increase of load, the current
vector moves towards the g-axis. This is reasonable since, generally speaking, the g-axis
current is the “torque current component”. In addition. it accounts for the reason that
cross-saturation effect should be considered under heavy load conditions.

Table 5.1 shows the load characteristics of SERG with €' = 140 pF. The left two
columns refer to the operating conditions of resistance and speed, the middle three

columns are the experimental results, including peak value of line to line voltage (Viine),
peak phase current (Ipp) and the shaft torque transmitted from the master motor (71).
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Figure 5.15: Current vectors with C' = 140 puF at the speed of 1000 rpm at no-load,
Ry, = 250 Q, 150 € and 50 €2 conditions, respectively.

Table 5.1: Load Characteristics of SERG with C' = 140 pF (Experimental Tests)

RL n Wt‘ne fph Tl JPload PF n
() (@pm) | (V) (A) (Nm) | (W) %

250 660 190 2.0 1.58 72 0.20 66
250 800 270 3.7 319 146  0.17 55
250 1000 | 380 64 6.28 289  0.14 44
150 660 170 1.9  2.05 9%  0.33 68
150 800 260 3.7 439 225 0.27 61
150 1000 | 370 6.4  8.00 456  0.22 54
50 850 210 3.8 640 441 0.63 77
50 1000 | 310 6.2 1230 | 961 0.56 75
50 1200 | 400 9.0 19.30 | 1600 0.49 66

The last three columns show the output power (Pload), power factor and efficiency of
the generating system (n). It is seen that lower Rp, which means heavier load, leads
to lower output voltage when operated at given speed. However, the output power and
power factor increase. For constant capacitance and resistance, power factor decreases
with the speed going up. These trends can be explained by dividing (5.4) by (5.7),

which is:
R!oad . 30

Q.  mpmRLC
Therefore, the combination of Ry, C and n determines the power factor of the generating
system. It is also noticed that the maximum efficiency in Table 5.1 is 77%.

(5.8)
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Figure 5.16: Active power (kW) map with C = 140 uF and Ry = 250 Q at the speed
of 806 rpm. Solid lines represent the generated power (—Pem — Py), while dashed lines
refer to Plpgd.

5.3. Voltage regulation with variable capacitances at different speeds

As mentioned in [75], the variable capacitance bank is very useful to keep the gener-
ated voltage constant in SERG system. The values of capacitor at different speeds to
maintain the generated voltage can be determined by using the PQ balances.

Once the output voltage is given, the output power Pjyqq is easily calculated under
certain load condition. Equation (5.1) is changed as:

Hoa,d = _Pem - PJ (5.9)

Then the new active power map is plotted in Fig. 5.16, where solid lines represent
the generated power (—Pe, — Pj), while dashed lines refer to Pjpqq. Since Pgeq is
determined, only one dashed line is drawn in the new active power map. Then the
operating point is directly obtained by the crossing of the dashed line and solid contour
with the same value. After that, the value of capacitor can be calculated by the reactive
power balance, which is (5.5).

Thanks to the PQ balances method. some further considerations can be carried out.
Fig. 5.17(a) shows how the capacitance varies in order to maintain the generated voltage
within the limit of Vph =202 V. The load is Ry, = 100 €2. and hence the output power
is kept Ploqqg = 613 W. The variation of phase current and electromagnetic power are
plotted in Fig. 5.17(b) and Fig. 5.17(c), respectively. The same trend is noticed for C,
Ipp and Per with the variation of speed. The decrease of phase current with increasing
speed indicates reduced Joule losses. Therefore, the efficiency of the system increases
with speed, as shown in Fig. 5.17(d).

Combining (1.3) and (4.3), the dynamic model of the SERG system with resistive
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Figure 5.17: Variation of capacitance, phase current, electromagnetic power and effi-
ciency with speed under constant generated voltage.

load can be written as:

( dig R . Lg. 1
gt = —L—dzd + wL—dzq + L—d'vd
% — —wﬁid— &3 4 iv _ WAres
dt Lg L, 1 Lq a L,
< (5.10)
dvg 1. 1
gt = —Ezd — EU@ + wuy
% = —iz' — wug — L'u
| “dt c? 4T RC?
These equations are then expressed in a compact matrix form, as
x=Ax(t)+ B (5.11)

where

X = [id: iqa Ud, Uq]Ta

1
B A
d s
A= Lq Lq Lq
_1 0 1 w ’
C R.C
0o -4 —w -3
L c R.C
0
_ﬁd-’Ares
B= Lq
0
0
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Figure 5.18: Variation of generated voltage without and with changed capacitors.

Using the backward Euler formula to discretize the model, (5.11) becomes as follows:

where T, denotes the sampling time.

With this discrete-time model, the performance of SERG system can be simulated. It
should be mentioned that Lz and Lg at each current are interpolated from the simulated
d- and g-axis magnetizing curves, as shown in Fig. 5.4.

The effectiveness of the variable capacitance in maintaining constant the output
voltage at different speeds is verified by this transient simulation. The results are
shown in Fig. 5.18. The SERG is connected with C = 168 pF operated at the speed
of 580 rpm for self-excitation. At ¢t = 1 s, the load is connected and speed is increased
to 950 rpm. After that, the operating speed is changed step by step (1100 rpm at 1.5
s, 1000 rpm at 2.0 s, 1200 rpm at 2.5 s and 950 rpm at 3.5 s), as displayed in the first
figure of Fig. 5.18. The voltage variation with constant capacitor is shown in the second
figure. On the contrary, the voltage variation with variable capacitors (after ¢ = 1 s)
is plotted in the third figure. A constant generated voltage is demonstrated in spite of
the varying speeds.
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Figure 5.19: Scheme of the SERG system with wind turbine.

5.4. Optimal C and R} to achieve the maximum power utilization

Taking advantage of the PQ balances, analysis of the capacitance and load resistance
are carried out when SERG is joint with wind turbine. The scheme of wind system
with SERG is shown in Fig. 5.19. The objective of this analysis is to find the “opti-
mal capacitor and resistor combination” that achieving the maximum utilization of the
mechanical power produced by wind turbine.

5.4.1. Wind turbine characteristics
The power producing capability (Py) of a practical wind turbine has been previously
developed [76], which is
1 3
Prn = 5 pPSmed (5-13)
where Cp is a “coefficient of power” depending on the type of wind turbine, p is the air

density in kg/m3, S is the cross section area of the turbine in m2.. and vyind 1s the wind
speed in m/s.

As far as horizontal-axis turbine is concerned, the coefficient Cjp is calculated based
on the tip speed ratio A and the pitch angle 5 [77]:

Cp(M, B) = c1(cadi* — c3B — ca)e™ N + o (5.14)
where
A= (A+0.083) " +0.035(8% + 1) (5.15)
the tip speed ratio is given by
A= R—m (5.16)
Vwind

where Ry is the turbine radius, wy, is the turbine angular speed.

Referring to (5.13), the peak power of the turbine at a given wind speed occurs where
Cp is maximum. According to Betz’s Law, the maximum wind power coefficient results
in 0.593. The relationship between the output power and turbine speed for various wind
speeds is described in Fig. 5.20. As the variation of turbine speed at a given wind speed,
there exists an optimal turbine speed that produces the maximum output power. This
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Figure 5.20: Turbine output power versus speed for various wind speeds.
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Figure 5.21: Determination of mechanical power characteristic in wind system (cut-in
and cut-off wind speed of the turbine are 4 m/s and 13 m/s, respectively).

optimal turbine speed changes with wind speed. These optimal turbine speed points at

each wind speed form the maximum power point tracking (MPPT) curve, highlighted
by the dashed line in Fig. 5.20.

The REL generator used here is the same as the one in Chapter 4, with the main
parameters shown in Table 4.1. To maximize the power utilization, it is desirable for the
generator to follow MPPT trajectory. Meanwhile, the transferred power at each speed
should be limited by the generator power capability, which is due to thermal limitation
of the generator. Therefore, the power characteristic of the whole system is determined
by the lower power limitation at each speed, as shown in Fig. 5.21. The power follows
MPPT at low speed, while at high speed it is limited by generator maximum power.
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Figure 5.22: Performance map of the REL generator.

5.4.2. Methods to determine the “optimal C and R; combination”

From the mechanical power characteristic curve in Fig. 5.21, constant power and torque
are determined at given rotor speed. Considering the active power balance in (5.9),
the achievable maximum output power is the value when Joule loss is minimum. This
means the minimum phase current at given torque, i.e., the maximum torque per current
(MTPA). The operating point of the SERG system follows MTPA trajectory, plotted
by the red solid line in Fig. 5.22, to achieve the maximum output power. Consequently,
the operating point at given speed is exactly the crossing point of MTPA curve and
constant torque locus. After that, the optimal load resistance and capacitance can be
calculated from PQ balances, respectively.

The variation of “optimal capacitor and resistor combination” at different speed is
shown in Fig. 5.23(a), while the corresponding efficiency and power factor are figured
in Fig. 5.23(b). The results show that the optimal capacitor varies significantly with
the speed. On the contrary, the optimal resistance varies slightly. If the resistor and
capacitor are properly selected, the SERG system is capable of transmitting the power
with an efficiency over 80 %, as verified in Fig. 5.23(b).

For instance, one “optimal capacitor and resistor combination” (109 puF and 46 )
at the speed of 1000 rpm is selected for simulation. The generated voltage behavior
is plotted in Fig. 5.24. The system is self-excited at 740 rpm with only capacitors
connected. At £ = 1 s, the operating speed is increased up to 1000 rpm, and then the
load Rj, = 46 € is connected at t = 2 5. The phase voltage is 168.5 Vpeqr. with an
output power of 926 W. Since the acquired mechanical power is 1105 W at the speed
of 1000 rpm, the system achieves a conversion efficiency of 83.8 %.
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Figure 5.23: Variations of optimal resistance and capacitance, efficiency and power
factor at different rotor speeds.

5.4.3. Experimental verifications

By using the test bench shown in Fig. 4.1, some experiments are carried out to verify the
calculated “optimal capacitor and resistor combination”. Since the available resistance
and capacitance in the laboratory are 50 Q and 35 pF, respectively, the experiments
are designed with different combinations of these resistors and capacitors.

Table 5.2 shows the experimental results of SERG at the speed around 1000 rpm.
The left three columns refer to the operating conditions (rotating speed mn, connected
C and Ryp). The middle two columns are the measured results, including peak phase
voltage (Vph) and peak phase current (fph). The last three columns show the calculated
output power (Pjoaq), copper Joule losses ( Py, neglecting temperature rise) and energy

conversion efficiency (7).

During the experiment, the minimum speed to generate high voltage with C =
105 pF and Ry = 50 © is 1043 rpm, below which the voltage collapses. The top five
rows in Table 5.2 refer to the condition with the same capacitor but different load
resistors. The generated voltage is slightly reduced with partial load, while a significant
reduction is noticed when Ry = 50 Q. This is probably attributed to the high cross-
saturation effect between d- and g-axis inductances. The SERG system is preferable to
work with heavy-load in terms of efficiency. However, the generated voltage collapses
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Figure 5.24: Simulated output voltage behavior of SERG with C' = 109 pF.

Table 5.2: Experimental Load Characteristics of SERG at the Speed around 1000 rpm.

n C  Rp | Vo Iph | Posa P; 7
(rpm)  (pF) () | (V) @A) (W) (W) %
1000 105 250 | 208 4.6 | 259 144 64.3
1005 105 200 | 208 4.6 | 324 144 69.2
1004 105 150 | 202 4.6 | 408 144 739
1002 105 100 | 191 4.6 | 545 144  79.1
1043 105 50 | 144 4.2 | 625 120 83.9
1002 140 50 | 179 6.2 | 961 262 78.6
1006 175 50 | 196 8.0 | 1156 437 72.6
1000 210 50 | 202 9.0 | 1225 553 68.9

when R; = 25  is connected even at 1200 rpm. The last three rows consider the
condition with the same load resistor but different capacitors. Although the generated
voltage and output power increase with the capacitance, the conversion efficiency is
decreasing. Overall, the “optimal capacitor and resistor combination” to achieve the
highest energy conversion efficiency are 105 pF and 50 €2, which are quite close to the
predictions in the last subsection (109 pF and 46 €2, respectively).
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5.5. Conclusion

This Chapter proposes the method of P(Q) balances to describe the SERG performance,
considering the cross-saturation effect. Comparing to the method in the last Chapter,
the predicted results are more precise especially under heavy-load conditions. Besides,
it is possible to verify whether the generating system works at certain conditions by
using the PQ balance curves. This is quite useful for heavy-load conditions of the REL
generator.

With the help of PQ balances, the values of capacitor to maintain constant gen-
erated voltage at different speeds are determined. The capacitance decreases with the
increasing speed, while the system efficiency improves. In addition, the prediction of
“optimal capacitor and resistor combination” to achieve the highest energy conversion
efficiency is addressed by the mechanical power characteristic and PQ balances. It
is demonstrated that the SERG system is capable of transmitting the power with an
efficiency around 80 %.

With all these characteristics presented above, the SERG exhibits an effective and
low-cost solution for wind applications, especially in remote and low power systems.



Conclusions

In this work, the design and analysis of high performance REL machines have been de-
veloped and discussed. Furthermore, two particular applications have been investigated:
REL motors for EV applications and SERG for isolated wind applications. Hereafter,
the main conclusions of the work are reported.

To start with, the transversely-laminated anisotropy rotor type with multiple flux-
barriers is chosen to be designed and analyzed, which is found to achieve relatively
high saliency ratio, low rotor loss and low torque ripple. More specifically, a detailed
parametric analysis of the rotor geometry has been carried out, suggesting an automatic
drawing and simulation procedure. The Joukowski airfoil potential formulation and
conformal mapping technique are used to describe the streamlined flux-barrier. The
width of each iron part is computed according to the flux density distribution of the
d-axis flux, while the width of each flux-barrier is designed according to the magnetic
voltage drop across the corresponding flux-barrier. The circular arc is used to replace
the parabolic line for the barrier end, so as to avoid the stress concentration points.
Some tricks are also suggested in order to overcome some geometric issues.

By using the automatic design procedure, it is very fast to investigate the impact of
some rotor parameters on the machine performance. The barrier end angle is noticed
to have a significant effect on torque ripple, while the average torque is related to the
number of flux-barriers. It is recommended to have three or four barrier layers per pole
in practical design. From the point of view of torque, there is not an actual benefit
in increasing the flux-barrier width. The insulation ratio is suggested to be chosen
according to the stator slot width to slot pitch ratio. The inset PM contributes to the
average torque, power factor and flux-weakening capability of the REL machine, while
the risk of PM demagnetization should be carefully considered in design. The PMs in
the most external barrier are noticed to be the most stressed. These results provide a
practical guideline for the REL machine design.

The design of REL motors for EV applications is based on the dimension of the
commercial Lexus LS 600h motor. The preliminary design is carried out keeping the
same stator, while the rotor is replaced by a REL one. The rotor is optimized by
using DE algorithm, with the objectives of high average torque and low torque ripple.
The three-barrier motor is found to have similar performance with the four-barrier
motor. After that, the stator is redesigned, and the optimization procedure is carried
out in terms of split ratio, slot-pole combination and rotor optimization. An analytical

113



114 Conclusions

calculation of slot area is innovatively derived, in order to optimize the split ratio and
slot-pole combination under the assumption of constant copper loss. The 54-slot 3-pole-
pair combination is selected, and the optimal split ratio is 0.6.

The comparison between the REL and IPM motors shows that the REL motor
achieves the characteristics of significant cost saving (30 % of IPM), excellent efficiency
(maximum 94 %), low torque ripple (4.1 %) and considerable power density (73 % of
IPM). Despite of the low power factor, the REL motor has the potential to operate
at very high temperature, due to the absence of PMs and negligible rotor losses. In
addition, it is capable of operating at high speed, with reduced power but high efficiency.
Overall, the REL machine can be used for electric mobilities, especially for low-cost
light-weight vehicle applications. The ferrite magnets can be inset into the rotor flux-
barriers to improve the REL motor performance, making it a potential competitor with
the IPM machine for EV applications.

Regarding to SERG, the performance predictions under steady-state conditions are
firstly investigated. It is mainly based on two methods, which are interpolation of Ly
(only a function of I;) and PQ balances. In the latter method, the cross-saturation
effect is considered. At no-load condition, both methods achieve almost the same re-
sults. Under resistive load condition, on the contrary, the predicted voltage are slightly
different within the two methods. The results obtained from PQ balances are closer to
the experimental results, and the significance of considering cross-saturation effect is
obvious at heavy-load conditions. It is also verified that the generated voltage goes up
significantly with increasing speed or capacitor, while decreases with increasing load.

The conditions related to successful self-excitation in SERG, such as required ca-
pacitance, rotor residual magnetism, rotor acceleration and pre-charging capacitors, are
investigated. An appropriate capacitance is essential not only for self-excitation, but
also for providing reactive power to the REL generator. It is also advisable to have
a sufficient rotor residual magnetism and a low rotor acceleration in order to achieve
a stable initial self-excitation process in the REL generator. Besides, the pre-charging
capacitors provide a way to make the REL generator self-excite even with no rotor resid-
ual magnetism. Alternatively, the unstable self-excitation process of REL generator can
be overcome by introducing PMs in the rotor flux-barriers, which is named self-excited
PMAREL generator. Performance characteristics of the self-excited PMAREL genera-
tor are also investigated. The analysis of some design parameters provides guidelines for
a proper design of the PMAREL generator. The main idea is to increase Ly as much as
possible, instead of increasing (Lq — Ly) for a PMAREL motor design. In addition, the
self-excited PMAREL generator exhibits the improvement in terminal voltage, output
power and power factor comparing to SERG.

The PQ balances also help to verify feasible operating conditions, determine capac-
itances for voltage regulation at different speeds, and calculate “optimal capacitor and
resistor combination”. Although capacitors are necessary for self-excitation, the SERG
system is quite cheap and requires no power electronics. It is also capable of providing
quite high power with an efficiency over 80 %. All the results are helpful for applica-
tions where SERG is used as stand-alone generators, especially in remote and low power
systems.

In conclusion, the following most important contributions can be stated from this
doctoral study:
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e provide in details the drawing steps required for high performance REL design,
suggesting an automatic modeling and simulating procedure,

e analyze the impact of some rotor parameters on the machine performance, pro-
viding a practical guideline for the REL or PMAREL machine design,

e develop an analytical calculation for the split ratio optimization,

e carry out a performance comparison between the optimized REL motor and the
commercial product, highlighting the merits and defects of the REL motor for EV
applications,

e propose two methods to predict the operating points of SERG, and verify with
experiments under various operating conditions,

e investigate different conditions for initial self-excitation in SERG, including re-
quired capacitance, rotor residual magnetism, rotor acceleration and pre-charging
capacitors,

e study the effect of some design parameters, providing guidelines for a proper design
of PMAREL generator,

e investigate the PM assisting on the performance improvement of SERG,

e verify feasible operating conditions, determine capacitance for voltage regulation,
and calculate the “optimal capacitor and resistor combination” of the SERG sys-
tem.

Future prospects

Hereafter there are some suggestions for the future research:

e For the REL or PMAREL motor, the mechanical analysis of rotor structure is
required, and the prototype validation is also considered in the near future.

e The future work of SERG may focus on the system installation, combined with a
wind turbine. Another interesting work is to compare the performance of SERG
with SEIG under the same power rating.
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2D two-dimensional

ALA axially-laminated anisotropy
CPSR constant power speed range
DE differential evolution

EMF electromagnetic force

EV electric vehicle

FEA finite element analysis

FW flux weakening

HEV hybrid electric vehicle

IM induction machine

IPM interior permanent magnet
MMF magneto motive force

MPPT maximum power point tracking
MTPA maximum torque-per—Ampere

MTPV maximum torque—per—Voltage

PF power factor

PM permanent magnet

PMAREL PM-assisted reluctance

PQ active and reactive power

REL synchronous reluctance

SEIG self-excited induction generator

SERG self-excited synchronous reluctance generators
SP salient-pole

SRM switched reluctance machine

TLA transversely-laminated anisotropy
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