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Abstract: In this paper, a novel mechanical flux-weakening design of a spoke-type permanent magnet
generator for a stand-alone power supply is proposed. By controlling the position of the adjustable
modulator ring mechanically, the total induced voltage, i.e., the amplitude of the back EMF vector sum
can be effectively adjusted accordingly by the modulation effect. Consequently, the variable-speed
constant-amplitude voltage control (VSCAVC) with a large speed range can be achieved. Compared
to the electrical flux-weakening method, the mechanical flux-weakening method is easier to operate
without the risk of PM demagnetization. The analytical model is presented, and the operation
principles are illustrated. To analyze the performance of different combinations of stator /rotor pole
pairs, four cases are optimized and analyzed using the finite element method for comparison. The
characteristics of VSCAVC are analyzed.

Keywords: flux modulation; mechanical flux weakening; permanent magnet; spoke type; wide
speed range

1. Introduction

Currently, more than 1.1 billion people are not accessible to the electrical grid. Most
of these people live in rural areas or offshore islands, and expanding the power grid to
these remote areas is neither economical nor effective [1]. A stand-alone wind energy
generating system is a perspective method of providing electricity to regional grids and
effectively solving the above-mentioned issues. Among all wind generators, the permanent
magnet (PM) generator, with its high torque density and efficiency, is the most favored
electrical generator. However, as the wind speed is not constant, the output voltage
would remain constant if no control is introduced. For conventional PM generator, a fully
rated matrix converter may be needed, which may be expensive and complex to control.
To effectively control the output voltage, flux-weakening control is widely used for PM
machines. Numerous methods of flux weakening have been proposed in the past 20 years,
which can mainly be classified into two categories: Electrical and mechanical techniques.

For electrical flux-weakening techniques, the most conventional method is to inject a
negative d-axis current, which produces a field that opposes the original PM field. This
technique is relatively suitable for machines with a high saliency ratio, i.e., the difference
between the d-axis and g-axis inductance is significant [2—4]. However, additional external
inductors are required for a machine with a small saliency ratio if the negative d-axis current
injection flux-weakening technique is used [5], which adds more complexity to the system.
In addition, over-injection of negative d-axis current may cause the demagnetization of the
PMs. Moreover, for the generating system, using this method requires two sets of windings,
and the coupling effect between two windings needs further consideration. Another
electrical flux-weakening technique uses the variable flux method, which can be further
categorized into hybrid excitation type and mnemonic material type. Hybrid excitation
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type machines generally need an extra set of DC excitation winding, which could enhance
or weaken the field by injecting positive or negative DC. Typically, the DC excitation flux
path is parallel to the PMs to prevent demagnetization of the PMs [6-9]. Nevertheless,
two sets of windings are needed for this type of machine. The mnemonic material type
machine, also known as a memory machine, uses the Alnico PM for parts or all excitations
of the machine. The Alnico PM has low coercivity; therefore, its magnetization direction
can be easily adjusted using excitation pulses in the d-axis direction of Alnico PMs [10-12].
Nevertheless, the structure of the memory machine needs to be specially designed to
prevent the interaction between the field generated by the armature and Alnico PMs, which
is relatively complex. Otherwise, the unwanted demagnetization of Alnico PMs may occur.

With the electrical methods, considerable amounts of current would have to be con-
sumed to weaken the strong flux from the PMs or maintain the excitation flux, which results
in an efficiency decrease, while also having the risk of PM demagnetization. Conversely,
mechanical methods adjust the linked flux by manipulating the position of certain machine
parts, which avoids the current consumption. Therefore, mechanical methods might be
more suitable for the application of a stand-alone generator, where a wide speed range
and constant working condition is required. Mechanical flux-weakening techniques can be
categorized into two categories: Self-actuated type and actively controlled type [13]. The
self-actuated type generally uses the rotating speed-related force and the spring system
to realize the movement of flux-adjusting elements by themselves. In [14], a spoke IPM
machine with movable ferromagnetic yokes connected with the spring system is proposed.
The yoke provides a leakage path that can move closer to the inner rotor rim when the
centrifugal force is large, thus achieving flux regulation by itself. In [15], a double-rotor
PM machine is proposed in which one rotor is directly connected to the shaft, and another
rotor rotates with displacement relative to the shaft by the spring system. Depending on
the rotational speed, two rotors will have a corresponding displacement angle. Therefore,
the total flux linkage, which is the vector sum of two flux linkages, is adjustable. However,
all the self-actuated mechanical flux-weakening methods cannot be controlled manually,
which may be problematic when emergencies occur. Moreover, the spring system is dif-
ficult to calibrate and requires regular maintenance. The actively controlled mechanical
flux-weakening method uses an external force to control the flux-adjusting elements. A
switched flux machine with movable iron pieces outside of the stator that is controlled
independently is introduced in [16]. When the iron piece is moved to the closed position,
the PM flux is short-circuited, reducing 60% of the flux linkage compared to the conven-
tional switched flux machine. An actively controlled version of the axial-flux PM machine
in [15] is proposed in [17], and a radial-flux version is presented in [18], which has the
minimum flux linkage in the equilibrium position and the maximum flux linkage in the
aligned position.

In [19], a dual-rotor PM machine based on bidirectional flux modulation is proposed
for the standalone DC power supply. This design requires a conventional winding whose
pole pair number is equal to the outer rotor, and a modulation winding. Two sets of
windings are connected in series as their frequencies are the same. The inner rotor is
connected to the servo motor. Therefore, the inner PM flux linkage vector is adjustable
and the sum of modulated vector and the outer PM vector, namely the total flux linkage, is
controllable. This active-controlled mechanical flux-weakening method suits the machine
with a small saliency ratio. Nevertheless, two sets of windings are needed, which have the
following shortcomings: First, two pairs of windings have different coil pitches, which are
relatively complex to manufacture; second, the turn numbers of two pairs of windings are
different for reaching the maximized flux controlling range.

This paper proposes a novel mechanical flux-weakening spoke-type PM generator. In
only one set of windings, all three working harmonics have the same frequency, which can
be added as vectors based on the flux modulation principle. By adjusting the modulator
ring within a certain angle, the flux can be effectively controlled without the risk of PM
demagnetization, and the variable-speed constant-amplitude voltage control (VSCAVC)
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can be achieved. A commercial servo system using the position control mode is sufficient
for dynamic performance, which is also cost-efficient, robust, and easy to control. The
principles of flux controlling and working harmonic selection are introduced. To investigate
the influence of the pole pair number and the performance of the novel design, four cases
with different rotor poles and winding configurations, i.e., 12/7,12/8,12/10, and 12/11
stator/rotor pole pair combinations, have been designed, optimized, and compared. Finally,
the 12/7 design is selected, and its VSCAVC characteristics are analyzed.

2. Machine Configuration and Operating Principle
2.1. Machine Configuration

The configuration of the proposed generating system is shown in Figure 1. The designed
model consists of a stator, an adjustable modulator ring, and a rotor. A three-phase seven-
pole-pair winding is placed inside twelve stator slots. A set of seven-pole-pair PMs is placed
on the rotor. The PMs on the rotor are tangentially magnetized for flux concentration. The
rotor is connected to the wind turbine through a gearbox. A twelve-pole-pair adjustable
modulator ring is placed between the stator and rotor. The modulator is connected to the
servo motor, which can be adjusted within a limited angle for flux weakening.

e 1 I
Adjustable\g& ﬂﬂh &
modulator ring\
Spoke type PMs -.“

Rotor

RSB L
Stator/ E = O

Figure 1. Configuration of the mechanical flux-weakening design of the PM generating system.

2.2. Flux Modulation Principles

The parameter definition of the analytical model is shown in Figure 2. Suppose that
the number of stator slots, the number of pole pair of the rotor, and the number of pole pair
of modulators are Z, p,, and py;.

onlom. 6y
Py Oy

Stator

Adjustable
modulator ring

hys

9o

i

Rotor

Figure 2. Parameter definition of the analytical model.

When neglecting the magnetic resistance of the iron core, the slotting effect of the stator
core, and the flux leakage, the magnetic circuit of one pole can be given in Figure 3 [20].
The magnetomotive force (MMEF) of one piece of PM can be expressed as follows:

Fym = Helpm (1)
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where H, is the coercivity of the PM, and hpm is the thickness of the PM, as shown in
Figure 2. The resistance of the PM airgap of one pole and the outer airgap of one pole can
be given as follows:

hypm
Ry, —=__ P )
o Hotpm Lpmlsx @)

2gi
R..— 3
& VOerglstk )

2

Rg 2 )

o~ ]/loerrglstk

where p is the magnetic permeability of the vacuum, i, is the relative magnetic perme-
ability of the PM material, g, and g; denote the length of the inner and outer airgap, 0, is
the thickness of the iron core of one pole, 7, is the radius of the airgap, and [ is the stack
length. The flux of one pole can be calculated as follows:

e ®
" Rpm +2Rgi +2Rg
Figure 3. Magnetic circuit of one pole.
The amplitude of one pole’s MMF in the airgap can be expressed as follows:
Fy = 2@ (Rgi + Rgo) (6)

The waveform of the rotor in the airgap is shown in Figure 4, which can be expressed
as follows:
F(6,t)= Y Fjcos(ip:(6+Qt)) @)
i=135...
where F,; is the magnitude of the i-th rotor PM MMF component, which can be further
derived as follows:

_ 4F, . ip,s0,
F; = - sin— (8)
A FOY
Fm &
T ki
-
2nlpy

Figure 4. MMF waveform of the rotor PMs.
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The permeance of the modulator is presented in Figure 5, which can be expressed as follows:

A, ¢) =NAo+ Y, Ajcos(jpm(0+¢)) ©)
=123...

where ¢ is the mechanical initial phase angle of the modulator, A is the magnitude of the
modulators’ average permeance component, and A; is the magnitude of the j-th permeance
component, which can be expressed as follows:

A= —2{\"1 sin [P

i= 5 (10)

A AO)

T UL Ly

Figure 5. Permeance waveform of the modulator.

The airgap flux density produced by the rotor PMs and the modulator teeth can be
deduced by multiplying (7) and (9) and is expressed as follows:

B/(0,t,¢) = F:(0,t)A(0,¢) = Bi1(0,t) + (Br2(0,t,¢) + By3(0,t,9)) (11)
where
Bﬂ(@, f) = F.i\g COS(iPr (9 + Qt)) (12)
i=135...

Fil\ . . ip,Q ,

B (0,t,¢) = ]COS< +i <9+ rt) + ) (13)
(0,0:9) i:1,23,5... j:LZZ,S... 2 Upm +ipr) JPm + 1pr JPmd

FriA' . . ] rQ ,

Bi3(0,t,¢) = Z > / cos<(]pm —ipy) <9 — Zpi&) —i—]pmc])) (14)
JPm — 1pr

i=1,35... j=123...

For convenience in further analysis, the coefficients of the components from (12) to
(14) are sorted and listed in Table 1. Harmonic components can be categorized into the
following three types:

1.  Type A components are unmodulated stationary components.

2. Type Bl components are modulated components that rotate in the same direction as
type A and can be adjusted mechanically.

3. Type B2 components are modulated components that rotate in the opposite direction
from type A and can be adjusted mechanically.

Table 1. Coefficients of the PM harmonic components in the airgap.

Type Components Order Speed Frequency Elec. Initial Phase Angle
A B Zpr Q 1PrQ 0
B1 By ipr + jpm Lt iprQ jpm¢
B2 By lipr = jpnl Rt iprQ jpmg

The flux linkage of one phase can be calculated as follows:

%y h
W (t,9) = relgNiky [

s
—ZYph

B (6,t,9)d0 = Ypna(t) + pup1(t, @) + Ppnp2(t,¢)  (15)
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Ippnpi(t, ¢)

l#)phB2 (tr 47)

where N; is the number of turns in one phase, k; is the corresponding distribution factor, and
Ypn is the corresponding coil pitch. By substituting (12)—(14) into (15), the ¥, components
of the three types can be expressed as follows:

Pona(t) = relNikaa [ 224 Ba(0,1)d6
- ¥ W’M sin(ipr%) cos(ip,Q2)
i=1,3,5... ’

(16)

= 1ol Nikap1 fzy'; B2 (6,t,¢)do
= X

rglstthkdBlpnA (17)
i—135... j=1,23..  UPwtipr)

L sin ((]pm + zpr)yB1 ) cos(ip, QU + jpme)

e
= r¢ls Nikgpo f_ZElBZ B3(0,t,¢)d0
VglbtthkdeFnA

. . . 18
Lsin ((jpum — ipr) 257 ) cos(=ip, Ot + jpug) (e

i=135... j=123..  UPm=iFr)

The back EMF of one phase can be calculated as follows:

d t,
Epn(t,¢) = *w = Epna(t) + Epn1(t, ) + Epnp2(t, @) 19)

By substituting (16)-(18) into (19), the E,; components of three types can be expressed
as follows:

Eppa(t) = )} Epagsin(ip,Qt) (20)
i=1,35...
Epnp1(t, ¢) = Y Eupi(i) sin(ipy Ot + jpmd) (21)
i=1,35... j=123...
Epnp2(t, @) = Y Eupaij) sin(ip Ot — jpmd) (22)
i=1,35... j=123...
where E;, (i), Enpi(ij), and Ey gy j) are the amplitudes of Epy,, Eppy,, and Epy,, respec-
tively. All E;; can be given as the following expression:
Em = kwrglstthme = kdkprglstthme (23)

where ky, is the winding factor, k), is the pitch factor, w is the corresponding angular speed,
and By, is the corresponding amplitude of the flux density. Therefore, E,; 4(;), Eyup1;,j), and
E,1Ba(i j) can be expressed as follows:

/. s
Enagiy = kaakparglsuNiwaBma = kga sin (lpi’yAT>rglstthQ(2FriA0) (24)

Enpi(ijy = kapikppi7glstkNtwp1Bupi

. . . 25
= k;pp sin ((]pm + zp,)%) rglstth]pm+lp (Fil\j) (25)

Eupa(ijy = kapakpporglstkNiwp2Bup2

. 26
= kgpp sin ((]Pm - 1Pr)y32 ) rglstth TP 7zp (PrlA) (26)

2.3. Working Harmonic Selection

The amplitude of the harmonics in type B is lower than type A with the same i under
the flux modulation effect. Therefore, to obtain higher back electromotive force (EMF)
and associated electromagnetic torque, the number of the pair of winding poles should be
designed according to the harmonic order of type A. According to (8), the highest value
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of F,; can be obtained when i = 1. Therefore, the pair number of the winding should be
designed as follows:

Pa = Pr (27)

Under the abovementioned winding design, all the harmonics in types A and B with
i = 1 are utilized as working harmonics. As all three types of working harmonics have the
same frequency, the back EMF of the three types of harmonics can be added together.

According to (10), the highest value of Aj can be obtained when j = 1. Therefore, the
harmonics with j = 1 in type B are used as the main working harmonics.

The slot angles of types A, B1, and B2 harmonics can be calculated as follows:

wn=0 (28)
xp1 = 727T(prz+ pm) (29)
g = 2200 (30)

To fully utilize all three types of working harmonics, the number of the modulation
segments should be as follows:

Pm =2 (31)

Under (31), the slot angle of type B harmonic components are as follows:

_ 27t(pr+pm) _ 27py

XB1 7 7

Fom=ay (32)

_ 27lpr — pm| _ 27tpy
=— 5 =27 -

From (28), (32), and (33), the following can be observed:

4.  First, a4 is equal to a1, which indicates that types A and Bl have the same winding
arrangement sequence.

5. The sum of a4 and apy is 277, which indicates that the winding arrangement sequence
for the flux density components of type B2 is identical to those of types A and B1, but
in the reverse direction.

[19:%) =2 — XA (33)

Since the back EMF frequency of types A, Bl, and B2 is the same, all three types of
harmonics can generate the back EMF in the same winding set.

Taking the proposed machine in Figure 1 as an example, a4 = ap; = 210°, app = 150°.
Their armature back EMF vectors with the rotating directions are shown in Figure 6. In
Figure 6b, we can observe that the back EMF vector sequence and the rotating direction of
type B2 are different from types A and B1, which can eventually become the same winding
arrangement as types A and B1 by vertical flipping. As the frequency of three types of
working harmonics is the same, all three types can produce a back EMF in the same set of
winding. We can conclude the following:

4
12 8 2 6 12 8
7 <2 1 7 “-1 Ty 1
@
2 6 12 8 2 6
9 1 5 3 9 11

@ (b)

Figure 6. Armature back EMF vectors of the proposed machine with the rotating direction.
(a) Xp = KBy = 2100; (b) &gy = 150°.
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6.  All three types of working harmonics have the same distribution factor and pitch
factor, i.e.,

{ kia = kap1 = kap2 = kg (34)
kpa = kpp1r = kpp2 = ky

7. The coil pitch of types A and B1 is opposite from type B2, i.e.,

{ Ya=Ypm =Y (35)
Y2 = —Y

a.  Flux controlling principle

Total back EMF can be derived as the vector sum of the back EMF of types A, Bl,
and B2. From (24)—(26), we can conclude the vector graph of the back EMF, as shown in
Figure 7a. Vector E, is fixed, whereas Ep; and Ep; can rotate in the opposite direction.
The total back EMF can change along the blue oval-shaped trajectory. When the electrical
initial phase angle of the modulator p,;¢ = 0°, the components of types A, Bl, and B2
have the same direction and the total back EMF reaches the maximum at this position, as
shown in Figure 7b. When p;,,¢ = 180°, both types B1 and B2 have the opposite direction
from type A, and the total back EMF reaches the minimum at this position, as shown in
Figure 7c. Therefore, although types B1 and B2 have different rotation directions, both type
B components positively contribute to the control of the back EMF.

A/

! Ea Ego 1/ | Ea /

(b) (c)

Figure 7. Back EMF vector graph. (a) Showing diagram; (b) maximum total back EMF position
(pm¢ = 0°); (¢) minimum total back EMF position (p,;¢ = 180° ).

By adjusting the electrical initial phase angle of the modulator p;,¢ from 0° to 180°, the
total back EMF can vary with the range from |E;; 4 — E;up1 — Emnpz| to (Ema + Emp1 + EnB2)-
Therefore, the total back EMF amplitude can be effectively controlled.
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From (25) and (26), it should be observed that the amplitude of Ep; is significantly

smaller than Egy. As the rotating speed of Ep; is (%) times higher than Ep,; therefore,
Eg; plays a major role in the control of the back EMF. To obtain the widest control range of
the back EMF, the amplitude of Egy should be close to Ej. From (24) and (26), we could
observe that By,p, is smaller than By, 4, as A is always smaller than 2. Therefore, wp

should be larger than w4, and the pole pair number of rotor should follow:

Z
pr> 5 (36)
3. Electromagnetic Performances Comparison and Analysis
3.1. Optimization Design

As mentioned in (36), four feasible stator/rotor pole pair combinations, i.e., the 12/7,
12/8,12/10, and 12/11 have been designed for comparison. Four models are optimized
independently by the nondominated sorted genetic algorithm-II (NSGA-II). The common
design parameters of all models are listed in Table 2 and the variables to be optimized are
listed in Table 3. The optimization goals are to maximize the output torque density Kr
and minimize the maximum torque ripple ratio T}, with the armature current density of
6 A/mm?2. K and Tip are defined as follows:

T
Ky = (37)
T) — min(T
Tyip = max(T) —min(T) 00, (38)

Tavg

where Ty, is the average torque of the outer rotor, and V is the volume of the electromag-
netic part of the machine.

Table 2. The common design parameters of the optimized models.

Item 12/7 12/8 12/10 12/11
Phase 3
Number of slots 12
Number of modulator segments 12
Pole pair number of armature windings 7 8 10 11
Coil pitch (Slot) 1 1 2 5
Pole pair number of the rotor PMs 7 8 10 11
Outer diameter of the stator (mm) 190
Axial length (mm) 50
Length of the inner airgap (mm) 0.7
Length of the outer airgap (mm) 0.5
Rated armature current density (A/ mm?) 6
Rated speed (rpm) 500
Table 3. The optimizing variables of models.
Item Notation Range
12/7 12/8 12/10 12/11
Width of the PMs (mm) Lom [10, 20] [10, 20] [10, 20] [10, 20]
Width of the modulator segments (°) O [7.5,22.5] [7.5,22.5] [7.5,22.5] [7.5,22.5]
Width of the stator teeth (mm) by [10, 20] [10, 20] [10, 20] [10, 20]
Thickness of the PMs (mm) Fpm [3,8] [3,7] [3, 5] [3,5]
Thickness of the(glc;d)ulator segments Hoy [5,10] [5, 10] [5,10] [5,10]
Height of stator slots (mm) hg [10, 18] [10,18] [10, 18] [10, 18]
Height of stator yoke (mm) hys [8, 20] [8, 20] [8, 20] [8, 20]
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The optimization process flow chart is shown in Figure 8. The optimization in this
paper has 20 generations, with 100 designs in each generation. The Pareto fronts of four
designs are presented in Figure 9. The designs indicated by the red arrow in Figure 9 are

the final optimized designs. All final designs have the highest torque density when the
torque ripple is below 10%.

Input new NSGA-II
.  ——
generation
T
FEA analyzing

Crossover
Selection

Converged or reached
maximum generations?

Figure 8. The optimization flowchart using FEA and NSGA-II.
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Figure 9. The Pareto fronts of the GA. (a) 12/7; (b) 12/8; (c) 12/10; (d) 12/11.
3.2. Torque Performance

The curve of torque production and torque density per volume with different current
densities under the rated speed is shown in Figure 10. At the rated current density, the
12/11 design has the highest torque density, which is 38.4 kNm/m3. The torque density
of the 12/7 design is 32.1 kNm/m?, which is 16% lower than the 12/11 design. However,
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it is worth mentioning that although the 12/7 design torque density is the lowest among
the four cases, its torque density is still considered high compared to conventional PM
machines, which are generally under 20 kNm/m?3.

100 70.5
_|
80+ 156.4 E
g s
< 60t 1423 &
W =}
= 2,
= -
- <
S 40r o7l 1282 =
— 12/8 z
ol 2
20+ 1141 3,

0 3 6 9 12 15 18

Current density (Af‘mmz)

Figure 10. The curve of current density vs. torque and torque density.

3.3. Harmonic Distribution

The calculated flux density distribution and the fast Fourier transform (FFT) analysis
in the airgap of four cases are shown in Figure 11. It can be observed that types A and B2
components are significantly higher than the other harmonics. To quantitatively analyze
the contribution of each type of harmonic component, the back EMF contribution of the
main working harmonics is calculated and shown in Table 4 using the analytical method
based on (23). The amplitudes of types A and B2 components are significantly higher than
type B1, which agrees with the FEM results. The amplitude of type B2 is significantly
higher than type B1, which also agrees with the operation principles.

=1 5" (B2,
< 1 rl‘.l ﬂ H 1 [ 0.6 (( ))
= (A
2o (WAL est I
E‘ ‘ ‘ J b l 0.2 19‘“(31)|
-1t U N I
(
0 90 180 270 360 lJ llJ 20 30 40 50
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(a)
e 0.54 Ao 0.3F, 2B
Py 107 (A)
= 0.2
=R i1y |l |l hu‘ ‘uﬂ\, I ﬂ i 4 d
= 22" (B1)
: I
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[
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-
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—
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Figure 11. The flux density distribution and their FFT analysis in the airgap of four cases. (a) 12/7;
(b) 12/8; () 12/10; (d) 12/11.

In Table 4, it can be observed that for 12/7 design, the amplitude of type A induced
voltage is almost equal to type B (i.e., the sum of the amplitude of types Bl and B2). For
12/8,12/10, and 12/11 designs, their type B amplitude is higher than type A.
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Table 4. Contribution of the harmonic components to back EMF by the analytical method.

Case Type Order Flux Density Winding Factor Angular Speed Induced Voltage

B, (T) kw w ExB kyw

A 7 0.7178 0.933 Q 0.6697C)

12/7 Bl 19 0.0221 0.933 0.386402 0.0076Q2

B2 5 0.4704 0.933 140 0.61440)

A 8 0.6679 0.866 Q 0.57840)

12/8 Bl 20 0.0560 0.866 0.40) 0.01940)

B2 4 0.4642 0.866 20) 0.804002

A 10 0.2203 0.866 Q 0.1907C2

12/10 Bl 22 0.0528 0.866 0.45450) 0.0208Q2
B2 2 0.2929 0.866 50) 1.2683()

A 11 0.1753 0.933 Q 0.163602

12/11 Bl 23 0.0220 0.933 0.47830) 0.009802
B2 1 0.1342 0.933 110 1.37700)

3.4. Voltage Regulation Ratio

The back EMF vector trajectory of four cases using FEM is shown in Figure 12, and the
curves of back EMF amplitude with the change in the initial phase angle are shown in Figure 13.

200

——12/11 | .
-200 -100 0 100 200
E (V)

Figure 12. Back EMF vector trajectory of four cases by FEM.

in
.

—— 127
—— 12/8

12/10
— 12/11

Amplitude of back EMF (V)

0 ! L \ 1 1
-180 -120 -60 0 60 120 180
Initial phase angle (Elec. deg)

Figure 13. The curves of back EMF amplitude vs. the initial phase angle.

In Figure 13, it can be observed that the 12/7 design has relatively the best flux
controlling ability, as its types A and B component’s amplitude are the closest among all
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four cases, as shown in Table 4. The 12/8 design is similar to the 12/7 configuration with
notable drawbacks: Its type B component’s amplitude is higher than the type A component,
which makes the vector trajectory have a specific portion on the left side of y-axis, as
shown in Figure 12. For the 12/10 and 12/11 designs, in Table 4, it can be observed that
the amplitude of the type B component is significantly higher than type A. As a result,
although the type B component vector can rotate, the variation of the total back EMF
amplitude is significantly smaller, which causes these two designs to have relatively weak
flux controllability, as shown in Figure 13.

To value the ability of flux control, the voltage regulation ratio (VRR) is introduced in
this paper. The voltage regulation ratio of the analytical method and FEM is summarized
and compared in Table 5, where E 4 and Eg denote the back EMF amplitude of types A and
B components, and E;;qx and E,;;;, denote the maximum and the minimum of the back EMF
amplitude. The voltage regulation ratio is defined as follows:

VRR — Emax — Emin

max

-100% (39)

Table 5. Analytical and FEM results of back EMF voltage regulation ratio.

Case Analytical Method FEM

E,in=|Ea—EB| Ejnax=Ea+Ep VRR Ein (V) Emax (V) VRR
12/7 0.0477 O 1.2917 Q) 96.3% 0.0644 1.6539 96.1%
12/8 |—0.24500| 1.4018 O 82.5% 0.2924 1.5781 81.5%
12/10 |—1.098402| 1.4799 Q) 25.8% 1.2410 1.6632 25.4%
12/11 |—1.2233Q| 1.5504 O 21.1% 1.3855 1.8090 23.4%

The larger the VRR, the better the flux controllability that the design has. In Table 5, it
can be found that the results of the analytical method agree with the results of the FEM, thus
proving the validity of the operating principles. The VRR of the 12/7 design is significantly
higher than its counterparts.

From the above analysis, a design guideline can be given: The best flux controllability
can be obtained when the rotor pole pair number is slightly higher than half of the stator
teeth number.

3.5. Overall Comparison

The overall comparison of four cases is listed in Table 6. The torque variation range
is signifcantly smaller than the flux voltage regulation ratio. In Table 6, the 12/7 design
has the best flux voltage regulation ratio, and has a torque density of over 20 kNm/m3.
Therefore, the 12/7 design is selected as the best design among the four cases.

Table 6. Overall comparison of the four cases.
Case Torque Density at the Rated Current Density (kNm/m?) Voltage Regulation Ratio
12/7 32.1 96.1%
12/8 34.1 81.5%
12/10 37.4 25.4%
12/11 38.4 23.4%

4. VSCAVC Characteristics of the Selected Design

The design parameters and dimensions of the selected optimized 12/7 model are
shown in Table 7.
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Table 7. Design parameters and dimensions of the selected model.

Item Value Item Value
Phase 3 Pole pair number of windings 7
Number of slots 12 Number of modulator blocks 12
Pole pair number of the rotor PMs 7 Outer diameter of the stator 190 mm
Inner diameter of the stator 122 mm Length of the outer airgap 0.5 mm
Length of the inner airgap 0.7 mm Length of the model 50 mm
Thickness of the modulator 4 mm Embrace of the modulator 0.63
Thickness of the spoke PM 10 mm Length of the spoke PM 20 mm
Number of turns 100 Rated speed 500 rpm

The VSCAVC steady-state characteristics of the 12/7 design are shown in Figure 14.
The generator operates at a speed of 500 rpm in the beginning, and the initial phase angle
of the modulator is fixed at 0°. The amplitude of the voltage is 91 V. When the generator
runs at 1000 and 1500 rpm to maintain amplitude, the modulator simultaneously adjusts to
108° and 120° in electrical degree. The simulation shows that the design model has good
control over the voltage amplitude. The current curve is sinusoidal, and the torque curve is
smooth, with a ripple under 5% of the average.
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Figure 14. VSCAVC steady-state characteristics of the selected 12/7 design with different rotor speeds
and initial phase angles (in electrical degree). (a) (2 = 500 rpm, ¢ = 0°; (b) O = 1000 rpm, ¢ = 108°;
(c) Q = 1500 rpm, ¢ = 120°.
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From (19), the back EMF can be pre-determined by the initial phase angle and rotating
speed of the rotor, as shown in Figure 15. A lookup table can be made, which can be used
for controlling. The dynamic model and the control performances of the selected model
will be discussed in the future.
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Figure 15. The relationship of back EMF, initial phase angle, and rotating speed of the rotor.

5. Conclusions

This paper presents a novel mechanical flux-weakening design of spoke-type perma-
nent magnet generator for a stand-alone power supply. The back EMF of all three working
harmonics can obtain the same frequency and can be summed as vectors. By controlling
the position of the adjustable modulator ring and using the modulation effect, the sum of
the back EMF vector can be regulated, and the flux weakening can be smoothly achieved.
With special pole pair selection, only one set of windings is needed, which simplifies
manufacturing. Compared to conventional PMSMs, the mechanical method can have a
wide range of flux weakening without the risk of PM demagnetization. VSCAVC can be
applied to this machine.

The analytical model and operating principles are illustrated in this paper, and four
optimized cases with different stator/rotor pole pairs are compared to show the advanta-
geous performance of the proposed design. The 12/7 design with a voltage regulation ratio
of 96.1% and a torque density of 32.1 kNm/m?3 is selected. The VSCAVC characteristics of
the 12/7 design are analyzed, showing the outstanding performance of the selected design.
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