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11 Abstract: This paper introduces a new rotor design for the easy insertion and removal of the rotor
12 windings. The shape of the rotor is optimized based on surrogate method in order to achieve the
13 lowest power loss under the maximum power output. The performance of the new rotor is
14 examined in 2-D finite element software and validated by experiments. This rotor shows good
15 potentials for reducing the maintenance and repair costs of synchronous machines, making it
16 suitable for manufacturers within the mass production markets such as gen-sets, steam turbines,
17 wind power generators and hybrid electric vehicles.
18
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21  1.Introduction

22 Synchronous machines are common machine type with numerous industrial applications
23 especially in power generation. It is still considered as the universal machine for electric power
24 generation including diesel/gas/steam turbines in heat power plants [1], large hydro-machines in
25  hydro plants [2], and wind turbines in wind farms [3]. The wind turbine is typically assisted by
26  gearboxes or power converters to operate in variable-speed mode in contrast to its normal constant-
27  speed operation.

28 Even though Permanent magnet synchronous machines are becoming popular in recent decades
29  due to their high-power density, wound rotor synchronous machines are still irreplaceable due to
30  their high reliability in harsh operational environments. One major issue with the manufacture of
31  wound rotor synchronous machines is its rotor winding process, which is considered to be quite
32 laborious as the windings are not pre-designed and need to be wrapped around the rotor pole.

33 Two alternative methods have been proposed in industrial fields to simplify the manufacture
34 process; however, they both have their drawbacks. A pre-manufactured rotor winding that is
35  installed directly on the rotor tips separating it from the rotor pole. However, this would definitely
36  affect the subsequent integration of the rotor. On the other hand, introduction of extra winding
37  machines can simplify the winding process. The rotor will be placed on a winding machine and
38  automatically wound with the rotation of the winding machine; but the economic cost of the winding
39  machine would increase with the size of the rotor.

40 A new winding method is helpful for not only the new machines but also for rewound machines.
41  When synchronous machines fail in the field and a rewinding is generally required [4], broken
42  windings should be uninstalled in a way that is opposite to the installation [5]. A new rotor structure
43  is proposed in a previous article [6], which modifies the geometry shape of the rotor to accommodate
44 the excitation windings. The result shows that asymmetrical rotor design suffers from distributed
45  waveform and low efficiency. Therefore, the optimization plan of the rotor is shown in this paper
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50 Fig. 1. Changes in rotor geometry and their corresponding performance.

o1 (a)Enlarging the arc side, (b)Cutting the teeth side, (c) FFT analysis of induced emf

52 2.Original design analysis

53 The aim of this design is to change the shape of the rotor in a manner which allows the
54 excitation coils to be easily installed directly on to the rotor pole. Therefore, part of the rotor tip is cut
55 so that the excitation coil can be wound separately, and slid through the tip of the rotor onto the rotor
56  pole, which is then fixed in position by a non-magnetic shield to offset the centrifugal force.

S7 Two 4-pole machine numerical models are built in Magnet. The stator of both models come
58  from a standard 27.5kVA alternator in the previous work [6]. The new rotor is used as an alternative
59  to compare with the traditional design. As discussed in the previous work [6], the machine operation
60  is similar to a traditional synchronous machine as well as its induced EMF and flux linkage. One
61  unique feature of this machine is the unbalance flux distribution caused by the asymmetrical pole
62  shape. Due to the absence of the rotor tip, the flux path of the machine will be shifted away from the
63 geometrical center. This feature is further examined as an increase of the high order harmonics. Also,
64  due to the flux shift, the flux tends to concentrate on the salient side of the rotor, thus an asymmetrical
65  machine reaches saturation earlier than the symmetrical as the excitation MMF increase.

66  3.Rotor optimization

67 According to the FFT results of the initial asymmetrical rotor, there exists a distributed wave which
68 needs to be corrected. Therefore, the influence of both stator and rotor are examined as following:
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71 Fig. 2 Optimization designs.

72 3.1. Research on rotor shape

73 Asymmetrical rotor can be divided into two sides, the one with the teeth (teeth side) and the
74 one without teeth (arc side). Adjustment on teeth side will change the flow of the flux, shifting the
75  flux away from the center. On the other hand, changing arc side would guide the flux back to the
76 center; however, it will also weaken the air-gap flux density. These changes both have influence on
77  the harmonics as well as efficiency. Therefore, the shape of the rotor is a relative complex multi-input
78  multi-output (MIMO) optimization problem. Flux distributions of both changes are shown in Fig. 1.

79 3.2. Optimizaion plans

80 The rotor shape of the original design is for easy insertion of excitation coil. However, as shown
81 in the FEA as well as the experiment test, majority of the flux in the original rotor has been
82  concentrated on the tips of the rotor due to the edge effect: magnetic field causes magnetic flux to
83  follow along the path of least magnetic reluctance.

84 In this case, the tips of the rotor should be reshaped, avoiding rectangular edge (creating even
85  flux path) whilst creating even air-gap distance around the edge of the rotor. Two design plans have
86  been proposed and simulated as shown in Fig. 2.

87 Since the aim of this project is to develop a rotor structure for easy installation of the excitation
88  winding, one side of the rotor tip has to be removed in order to slide the excitation windings onto the
89  rotor pole. New rotor is optimized based on the rotor of one commercial synchronous machine.

90 Design 1 attempts to cut the right side of the rotor tip with an arc. This arc directly connects
91  the rotor pole with the outside arc, which allows a smooth path for the flux to pass. It will separate
92  the rotor into one side with rotor tip (refer as tip side) and one side without rotor tip (refer as arc
93  side). The flux of the rotor can be modified by changing the direction of the arc. Therefore, the edge
94  effect can be reduced.

95 4. Surrogate optimization method

96 Traditional rotor design includes both analytical and empirical methods. However, in this
97  optimization, complexity of the rotor geometry makes it very difficult to be deduced analytically. On
98  the other hand, empirical solution will be too simplified to reflect the effects of the change of rotor
99  geometry.
100 Numerical methods, such as finite element method (FEM) take into account the complex
101  topology of the electrical machine as well as its multi-physical characteristics [7]. It is proved to be
102  able to predict the machine performance very accurately. However, it is also considered to be time-
103  consuming and computationally expensive, due to the objective function needing to be evaluated for
104  each set of structural parameters. Overall, a new optimization solution is required in this process.
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105 The surrogate modelling technique is an effective tool for the analysis and optimization of
106  computationally expensive models [8]. It provides a compromised solution between the high-fidelity
107  low-speed calculations and high-speed low-accuracy simplified analytical methods.

108 Surrogate model is constructed by using the data obtained from high-fidelity models (in this
109  design, FEM models), and it provides rapid approximations of objectives and constraints at new
110  design points so that optimization studies are feasible [9].

111 The accuracy of surrogate models is evaluated by an error analysis. Once the surrogate model
112 is proved to be accurate to predict the output, search algorithm could be applied on the surrogate
113 model.

114 Since the aim of this project is to develop a rotor structure for easy installation of the excitation

115  winding, one side of the rotor tip has to be removed in order to slide the excitation windings onto the
116  rotor pole. New rotor is optimized based on the rotor of one commercial synchronous machine.

117 Design 1 attempts to cut the right side of the rotor tip with an arc. This arc directly connects
118  the rotor pole with the outside arc, which allows a smooth path for the flux to pass. It will separate
119  the rotor into one side with rotor tip (refer as tip side) and one side without rotor tip (refer as arc
120  side). The flux of the rotor can be modified by changing the direction of the arc. Therefore, the edge
121  effect can be reduced.

122
123 Fig. 3. Problem definition A of Design 1.

124 4.1. Problem definition

125 The first step of this optimization is to determine the shape with variables. Problem definition
126 A of Design 1 is shown in Fig.3. The principle of the Design is simple, since the joint point between
127  the rotor pole and rotor body (star marker in Fig.3.) is fixed, an arc can be easily defined by its arc
128  center (x,y) which connects the point with star mark to the outside arc. In this case, the optimization
129  isclearly a 2-variable optimization (x and y). The optimization plan is defined as:

130 Maximize: Power output

131 Minimize: Power Loss

132 Constraints: 0 <X=20 1)
0<y<20

133 This optimization is defined to locate the best performance of the machine which means

134  maximum torque should be achieved with minimum loss.
135  4.2. Simplified analytical method

136 Based on the problem definition, the air-gap flux density of this rotor is obviously altered due
137  to the variation of air-gap length. Therefore, the effect of this rotor shape is analytically computed
138 in this section.

139 For estimating the average airgap distance: main geometries should be transferred into polar
140  form as shown in Fig 4.

141 Stator and rotor: p=Rs; p=Rr

142 Arc:

(pcos(8) — x,)? + (psin(@) - y,)? =1}
143 when < p <6, 2
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Assume:

{g (6) = 2y,sin(8) + 2x, cos(6) 3

C,=-a’-b’+2ax,+2by,

The equation can be simplified into:

p:—g(e)i\/g(9)2—4C2 — £(0) @)

2

Air-gap distance could be calculated as

2 0.,<60<6,
(©)= JE@O)Y +RZ-2(OR, 6,<0<6,

©)

The average air-gap distance over one rotor pole pitch (one out of four in a four-pole rotor) is
calculated as:

1 Gl b,
Ly =——1[ 2d6+[ "1(6)d6] ©6)
s al
pole
when saturation and flux leakage are neglected, average flux density could be calculated as:
B
Boe =
avg
Ao Llavg
A m (7)
The peak-to-peak open-circuit flux linkage is given by:
®, =B, DL
=B g ®
Back EMF and torque can be expressed as:
2N,
Eavg = den 7 = 2den Npchwr (9)
2pe,
= KynN7B,,,DLa,
The torque is given by:
E,.l
TP Sl 7 Kgn7D?LB,,Q (10)
o, 1) 2

r

where a, b, X0, y0 and the expand angle of the arc

- B

‘ R94

Fig. 4. Analytical definition of Design 1.

According to the calculation, the average torque depends on the average air-gap flux density,
which is influenced by the corresponding constants. Since the coordinates a and b are fixed based on
the prototype, the two variables influencing the torque performance are x0 and y0, i.e. the coordinates
of the center.

However, this calculation is relatively low-accurate due to the high-level of saturation on rotor
and irregular flux path in this design. Therefore, surrogate method is applied in this design.
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170 4.3. Design of experiments

171 Design of experiment is aimed to collect the maximum information in the minimum sampling
172 points in the design spaces [11, 12, 13]. It is designed to reduce the random error and bias error in the
173  sampling process and to make the surrogate model more accurate.

174 Latin Hypercube sampling [15] is a typical type of modern DoE technology widely used in
175  computation. Two aspects of LHS show its advantage over the other methods. Firstly, LHS can
176  provide a more accurate estimation of the mean value. Secondly, it is not restricted by the size of the
177  sampling points. Therefore, it would allow the user to control the complexity and computation cost
178  of the sampling.

179 The design spaces of LHS are divided into several bins with the same probabilities. The
180  generation of sampling points are based on two principles: 1. The generation of each sampling points
181  isindependent and randomly selected. 2. Only one point is allowed in each bin.

182 A simple mathematical equation for generating LHS sampling points is:
() (i)
0 7" +U,
183 : k (11)
184 for 1<j<nand 1<i<k
185 where k is the number of samples, n is the number of design variables, U is a uniform value on

186  [1,0], w is an independent random permutation of the sequence of integer 0, 1..., k-1. Subscript j
187  donates the dimension number and superscript i donates the sample number.

188 As an improvement, over unrestricted stratified sampling method, LHS can be applied to
189  design variables that have abnormal probability distribution as well as correlations among the
190  variables [16]. Therefore, it is adopted as the preferred DoE technique in this work.

191  4.4. Construction of surrogate models

192 Following an appropriate generation of sampling points, a suitable approximation approach is
193  chosen in the next step. Kriging model has become the most popular surrogate model construction
194 method in recent years. Math function of Kriging model is composed of two components: one
195  polynomial model, and one isolated symmetrical component; representing either small scale, high
196  frequency variation of large scale, or low frequency variation, with the basic assumption that these
197  fluctuations are correlated only by the distance between the locations under consideration [17]-[18].
198  To be more specific, a zero-mean second-order stationary process is expressed by the following
199  equations:

200 y(H)=B+z(t) (12)
201 where {3 is a constant value, and fundamental function z(t) is Gaussian distribution with error.
202  The residual error is considered to either independent, identically distributed or normal random

203  variables with zero mean and variance. Similar to the previous model, the estimate model for y(t) can
204  be expressed by:

205 YEt)=/A3+ rTRil(y_&q) (13)

206 where R is the correlation matrix, r is the correlation vector, y is the ns observed data vector,
207  and q s unit vector. The correlation matrix and vector are:

R, t) = Expl-Y 0 1, —t*[']
i—1

208 (14)
209 where i and j are independent indices from No.1 to No. ns (number of samples)

210 r(® =[R(t, 1), RE), .., RE ™) (15)
211 The parameters 01 to On should be calculated as and solved by applying optimization

212 algorithm:
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214 Significant number of studies have been conducted to compare the precision of the estimated

215  models and Kriging method is considered to be more accurate in predicting non-linear and complex
216  real models. Therefore, Kriging model is employed in the surrogate modelling of this paper.

217  4.5. Heuristic search method

218 After the construction model, search method should be applied in order to locate the local best
219  performance. Compared to other computational intelligence-based techniques, Particle Swarm
220  Optimization has its advantages in easy implementation, more effective memory capability, and
221  more efficient in maintaining the diversity of the swarm [19]. Therefore, it is selected to be used in
222 the optimization.

223  5.Optimization Results
224 Two optimization plans with different problem definitions are shown in this section.

225  5.1. Results and Analysis of Preliminary Surrogate Models

226 This surrogate optimization uses 50 training points. After training, the surrogate model is
227  shown in Fig. 5. Surrogate model shows that the torque is distribute linearly. Higher torque is always
228  achieved in top right corner of the design region. However, the loss is quite non-linear and distribute
229  unequally around the whole design regions.

230 By using PSO search algorithm, the surrogate optimization gives their estimation. The optimal
231  pointis set at [15.55, 17.94], where the estimate torque is 173Nm and estimate loss is 374.99W.
232 To conclude, these simulation shows that by changing two variables, the performance will not

233 be improved significantly. The torque improvement is less than 1%, and loss is reduced by less than
234 10W. Thus, more variables should be used in order to design a rotor shape which has significant
235  influence on the machine performance.

Torque Distribution Loss Distribution
30 149.5 30
574
149
20 - 573
= 148.5 =
g B 572
f= 148 £ :
10 10 571
147.5
570
0 147 0
0 5 10 15 20 0 5 10 15 20
236 X(mm) X(mm)
237 a b
238 Fig. 5. Preliminary surrogate results

239 (a)Torque contour, (b)Loss contour

240  5.2. Results and Analysis of Advanced Surrogate Models

241 Problem definition B of Design 1 is shown in Fig.6(a). The principle of the design is an extended
242  version of problem definition A, which added two more variables into the design spaces.

243 These added variables are used to cut the tip-side of the rotor in order to balance the flux
244 distribution. The aim of the optimization stays the same:

245 Maximize: Power output

246 Minimize: Loss

247 Constrains: 0<x<20, 0<y<30, 2<R<10, 27<0<36
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Problem definition C of Design 2 is shown in Fig. 6(b). This version is a little more complex
compared to problem definition B. In order to balance the flux distribution, the arc side of the rotor
tip is not completely removed. In addition to that, the left side of the rotor is also cut with a circle.
Two additional round circles are added to guide the flux into the rotor to avoid rectangular contact.
As a result, this Design is a 4-variable optimization plan similar to Design B. The optimization goal
is shown:

Maximize: Power output

Minimize: Loss

Constrains:0<R1<6, 0<R2<4, 0<L1<6, 0<R4<4

Theta «

it

X \

Fig. 6. Advanced problem definition

(a)Design 1, (b)Design2

As shown in Fig.7, flux paths of both designs are shifted towards the tip side of the rotor due
to the absence of rotor tip. However, it is clear that Design 2 provide a better flux distribution. The
flux concentration on the rotor tip is reduced by providing extra flux path on the arc side. This has a
clear influence on the induced EMF of the two designs.

|| Shaded Plot

¥ Shaded Plot |B| smoothed
" | |B] smoothed I Oms
i 1.48154
1.52653 1.18523
e 0. 88893
915 g
0. 610619 g ;gégg?
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1. 26698e-05 1.64511e-05
a b

Fig. 7. Flux distribution of two optimized rotors

(a)Design 1, (b)Design2

According to the FFT results in Tab. 1 and Fig.8(a), it is noticed that induced EMF is
significantly distorted in design 1. This is a clear reflection of the unbalanced flux path. However, in
the second Design, since the flux is distributed evenly on both sides, total harmonic distortion is
remaining at an acceptable level.

Another interesting aspect of the two designs is the saturation level. As stated in the previous
design, saturation level should be carefully examined due to the high flux concentration on the rotor
tip. Fig. 8 shows a comparison of EMF among the two designs and the original rotor design.

No-load characteristic shows that both Design 1 and Design 2 are not easy to saturate. However,
it also shows they would have a relative low voltage in the given excitation level. This can be
expressed by the reduction of the flux paths due to the removal of the rotor tip. However, it is worthy
of note that both designs achieve higher voltage at the expense of higher excitation level.
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282 Fig. 8. Comparison of two optimized rotor
283 (a)Comparison of the induced EMF, (b)Comparison of no-load saturation characteristic
284 In general, the two designs operate similar to normal symmetrical rotor. The maximum power

285  generated by the two designs are higher than the traditional symmetrical rotor. An interesting factor
286  is the maximum power angle. As shown in Fig. 9, the maximum power angle is quite different in the
287  two designs. This is as a result of the unique shape of the rotor and its flux path.

288 As described above, both design plans show different characteristic and each should have its
289  own merits and drawbacks. Therefore, it is very hard to decide which one should be applied.
290  Optimization should be carried out in order to find the best performance of the two different designs.
291 Since the advanced optimization plans are 4-variable optimization, the results cannot be
292  visualized as the previous 2-D figure. Following the same pattern, details of optimization results are
293  shown in Table. 2.

200
150 Zan
/2
2 100 %%
z 50 2
g_ /
&
-100s, -50 50 100
N P2
\_ / ——P1
\_ “¥-150
500 Normal
294 Electrical Angle(deg)
295 Fig. 9. Comparison of torque-angle of the two designs.
296 The accuracy of the surrogate model is confirmed by the FEA simulation. According to the

297  results, both designs have similar iron losses. Both designs also perform better in reducing iron loss
298  compared to the original asymmetrical design. However, compared to the original design, the
299  torque provided by Design 1 has been decreased significantly. Therefore, it is not ideal for our
300  optimization goal. As a result, Design 2 is selected for the experiment prototype validation. Detail
301  simulation results with experimental validation are discussed in the next section.

302 TAB. 1. FFT results of the induced EMF

Harmonics P1(V) P2(V)
1 184.61 173.29
3 0.03 0.04
5 9.26 7.08
7 1.91 417
9 0.12 0.18
11 0.70 2.85
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13 4.26 1.87
15 0.05 0.05
17 34.78 7.92
19 0.5 16.13
THD 0.2 0.12
303
304 TAB. 2. Optimized results of two rotors
Item Design 1 Design 2 Preliminary Prototype
AL 21.65 4 /
X2 24.72 1.33
X3 2 2
X4 27 2
Torque (FEA) 154.68 Nm 163.54 Nm 162.5 Nm
Torque (Surrogate) 154.73 Nm 163.70 Nm
Loss (FEA) 4243 W 4625 W 5444 W
Loss (Surrogate) 4229 W 462.48 W
305  6.Experiment validations
306 After a round of optimizing the rotor design and analyzing the machine performance, the rotor

307  design is finalized and the rotors are prototyped, as shown in Fig. 10. Specifications of the prototype
308 is given by Tab. 3.

309

310 a b

311 Fig. 10. Photographs of the test rigs.

312 (a)Symmetrical and asymmetrical rotor lamination, (b)Test rigs

313 Stator of the machine is a duplicate of a standard Cummins PI-144F machine. In order to reduce

314  the major influence of the manufacture process, two rotors are made by the same manufacturer. For
315  stator windings, they are 2/3 short-pitched double-layer star connected windings with 144 mm?2 for
316  each layer. For rotor windings, 76 turns of copper coil (2.3 mm radius each) are used on rotor coils.).

317
318 TAB. 3. Specifications of the prototype
Rated Power (kVA) 27.5 Rated Speed (rpm) 1500
Rated Line Voltage (V) 380 Rated Frequency (Hz) 50
Rated Power Factor 0.8 Stack Length (mm) 200
Stator Slot Number 36 Pole Numbers 4
Stator OD (mm) 310 Stator ID (mm) 192
Rotor OD (mm) 188 Winding arrangement Double-layer Star

319  6.1. Constant speed-variable excitation test
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320 A constant speed-variable excitation test is conducted by coupling the test machine with a DC
321  drive motor. The machine is driven by the DC motor to the synchronous speed with open-circuit
322 connection under rated excitation. Results of both rotors are shown in Fig. 11.

323 When compared with the symmetrical rotor, it is clear that the prediction of the FEA is lower
324 than the experiment results by roughly 10%. Prediction of the asymmetrical rotor is quite close to the
325  experiment in lower excitation level but gets into saturation faster than predicated. However, both
326  no-load characteristic shows that asymmetrical rotor could perform similar to symmetrical rotor at

327  the expense of higher excitation level.
300

250 —
> 200
%
& 150
E Sym(FEA) Asym(FEA)
100
50 —4—Sym(exp) ==~ Asym(exp)
0
0 200 400 600 800 1000 1200 1400 1600
328 . MMF
329 Fig. 11. Comparison of the constant speed-variable excitation test.
330 6.2. Analysis of experiment results
331 As stated in [19], for each of the values of voltage 50 % or less from constant speed-variable

332  excitation test, a curve of constant losses against open circuit voltage U02 is developed and
333  extrapolated on a straight line up to zero voltage. The intercept with the zero-voltage axis is the
334  windage and friction losses Pfw. The iron loss of the machine can be obtained by taking off Pfw in
335  the constant power loss PK under rated open circuit voltage. The power curve is shown in Fig.12 and
336  calculation results are shown in Tab. 4.

1200
1000 1
< 800
% 600 o0
(=}
= 400
200 —e—Symmetrical Rotor
0 ——Asymmetrical rotor
0 0.5 1 1.5
337 : (UO/UN)?
338 Fig. 12. Power losses of the constant speed-variable excitation test.
339 It is noticed that experimental results are slightly lower than FEA anticipation. This is partly

340  due to the fact that material characteristic for the simulation is inaccurate compared to the actual
341  material used in experiment. However, it still confirmed that the loss of asymmetrical rotor can reach
342  the same level as in symmetrical rotor and it is significantly better than the initial design.

343 Attention should be paid to the friction and windage losses of the asymmetrical rotor, which is
344  larger than the symmetrical rotor. Unbalance shape of the asymmetrical rotor makes a larger
345  vibration, increasing the mechanical loss of the machine, similar to the studies on asymmetrical
346  PMSM in [22]. Therefore, the alignment of the shaft and the fixing of the frame should be specially
347  designed.

348

349
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350 TAB. 4. Specifications of the prototype
Symmetrical rotor Asymmetrical rotor Preliminary
asymmetrical
design
FE analysis 470 W 463 W 544 W
Experiment 408 W 407 W 493 W
351  6.3. Low-slip test
352 This saliency caused by rotor shape has its impact on the torque output of the alternator. Per
353  the equations in [20], the output torque at any speed can be derived as:
354 T=Xadlf|5C057/—%(Xd—xq)|255in2]/ (16)
355 where Xd and Xad are the per unit direct axis synchronous and magnetizing reactance at one

356  perunit speed, Xq is the per unit quadrature axis reactance at one per unit speed; and Is is defined as
357  the phase current.

358 In (16), the first component of the equation represents the torque generated by the round rotor
359  and the second part is the reluctance torque caused by the saliency of the rotor. Reluctance torque
360 isinfluenced by the asymmetrical rotor structure in the optimization and total power is increased.
361 The measurement of the direct-axis reactance and quadrant-axis reactance is carried by a low-
362  slip test following the standard method [19]. Comparison of the FEA simulation and experiment
363  results are presented in Tab. 5.

364 TAB. 5. Slow-slip results of two designs
Item Symmetrical Asymmetrical
X4(FEA) 19.24 16.34
Xa(Experiment) 18.75 154
Xq(FEA) 10.99 4.71
Xq(Experiment) 10.57 5.85

365  7.Conclusion

366 This paper has presented a new asymmetrical rotor topology which shifts the magnetic path
367  to increase the cross-sectional area of saliency. The machine assembly and repair process is
368  significantly simplified by this modification. The new rotor optimization focused on presenting the
369  critical curvature of the rotor geometry by varying parameters, investigating the influence of the rotor
370  shaping methods by surrogate models and optimizing the rotor pole shape for high-efficiency output.
371 Through the geometry boundary design, the machine is optimized to achieve a high-efficiency
372  power output and still keep the easy installation feature. The influence of rotor shaping is proved by
373  FEA simulations and experiment. Investigations indicate that the new rotor shape can achieve the
374  same performance as the traditional rotor after optimization, with the added ease of rotor installation.
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