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ABSTRACT The toroidal windings can shorten the axial length of the machine, so it is widely used in
high-speed permanentmagnetmachine. However, under high-frequency operation, themagnetic flux leakage
generated by the toroidal windings can cause a lot of eddy current loss on the shell, which will negatively
influence the heat dissipation of the machine, resulting to overheating and the machine being unable to
function. In this paper, the 40kW,20000rpm high-speed permanent magnet generator (HSPMG) with the
toroidal windings is taken as an example to analysis the shell eddy current loss. Based on Laplace and Poisson
equations, a quickly analytical calculation model of the shell eddy current loss is established, the influencing
factors of the shell eddy current loss are elucidated. By using the finite element method (FEM), the influence
of the shell structure and the shell material on the shell eddy current loss is studied, the mechanism of
nonlinear variation of eddy current loss is revealed. In addition, the influence of load on the eddy current
loss is studied. Furthermore, the 3-D temperature field calculation model of the generator is established,
the influence of the shell eddy current loss on the generator temperature is studied, and the temperature
distribution is obtained. Finally, the electromagnetic test and temperature rise experiment of the generator
are carried out, while the experimental and finite element results are compared to verify the correctness of
the model.
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INDEX TERMS High-speed permanent magnet generator, analytical calculation, eddy current loss, 3-D
temperature field, optimization design.

I. INTRODUCTION18

In recent years, high-speed permanent magnet generator19

(HSPMG) has been widely used in gas turbines, distributed20

power generations and flywheels, because of its advantages21

of high efficiency, high power density and dynamic response22

capability [1], [2], [3]. The toroidal windings can shorten23

the axial length of the HSPMG, so the toroidal windings are24

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaodong Liang .

frequently used in HSPMG, but the magnetic flux leakage 25

generated by the toroidal windings can cause a lot of eddy 26

current loss on the shell [4], [5], [6], [7], [8]. In addition, 27

the shell is an important path of external heat dissipation, the 28

shell eddy current loss has a negative impact on the overall 29

heat dissipation of the generator. Since the HSPMG has high 30

power density, its loss density is also large [9], [10], [11]. 31

The generator overheating problem is serious that limits the 32

growth in power density while also affecting the reliability of 33

power supply [12], [13], [14]. 34
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TABLE 1. Comparative statements of reference papers.

As for the HSPMG, the eddy current loss occupies a higher35

percentage of the total loss, so the eddy current loss is a36

key issue in the investigation. To improve the calculation37

accuracy, the subdomain model is proposed to calculate the38

PM loss [15], [16], [17], [18]. In [19], an improved rotor39

eddy current loss analysis model for PMmachine is proposed,40

which the influences of time harmonics and space harmonics41

on the rotor eddy current loss are analyzed. Some researches42

concentrate on mitigating the rotor eddy current losses by43

the use of different rotor structures, including the segmented44

rotor, the surface slotted rotor, the segmented PM, and the45

axially segmented sleeve structure [20], [21]. In addition,46

there are some universal technologies that can be applied to47

mitigate the rotor eddy current losses in HSPMGs, such as48

rotor skewed slot and low harmonic stator windings [22],49

[23]. However, there is little research on the shell eddy current50

loss caused by magnetic flux leakage in toroidal windings.51

The shell can generate a lot of eddy current loss which is52

caused by the fundamental and harmonic magnetic motive53

force (MMF) generated by the back windings. The shell eddy54

current loss will influence the heat exchange of the HSPMGs55

[24], [25]. Overheating have directly affected the generators56

performance and even damages the generators [26], [27],57

[28]. Therefore, it is critical for HSPMGs to compute the shell58

eddy current loss and reduce the shell eddy current loss during59

the design stage. The comparative statements of reference60

papers are shown in Table 1.61

In this article, aiming at the problem of high eddy current62

loss in HSPMG, the factors affecting the eddy current loss63

are studied. Based on Laplace and Poisson equations for64

calculating the shell eddy current loss for HSPMG with the65

toroidal windings, an analytical model has been proposed66

in Sections II. The factors affecting the eddy current loss67

are studied in Section III. In Section IV, the temperature68

distributions of these 3-D temperature models with various69

shells are compared. In Section V, one HSPMGwith toroidal70

windings is manufactured and tested to validate the finite71

element results.72

II. ANALYTICAL CALCULATION OF SHELL EDDY73

CURRENT LOSSES IN HSPMG74

The toroidal windings, which have one side immersed in the75

stator core groove and the other side on the back of the stator76

FIGURE 1. Structure of the HSPMG.

FIGURE 2. General-purpose model for shell eddy current loss calculation.

yoke, can effectively shorten the length of the end of the 77

stator winding and thus greatly reduce the length of the rotor, 78

thus ensuring the mechanical strength of the HSPMG. The 79

structure of HSPMG with the toroidal windings is shown in 80

Fig. 1. 81

The solution region of model is divided into four regions: 82

the stator, the yoke air, the shell and the outer region accord- 83

ing to the structure of the HSPMG. To derive an analytical 84

solution of the shell eddy current loss, the following assump- 85

tions are made: 86

1) The MMF of the toroidal windings located between the 87

stator and the shell is equivalent to the current sheet. 88

2) The permeability of the stator core is infinite. 89

3) Approximating that the stator and the shell are flat 90

surface. 91

4) The saturation and hysteresis effects of the core are 92

ignored. 93

For the HSPMG, the flux distribution variation along the 94

axial is small in the machine and the magnetic field could be 95

considered as a series of parallel plane field perpendicular to 96

the axial direction. The calculation of the shell eddy currents 97

loss is simplified to a two-dimensional electromagnetic field. 98

In this article, the model used for the analytical derivation of 99

the shell of HSPMG with the toroidal windings is shown in 100

Fig. 2. 101

The current is sinusoidal distribution in both space and time 102

which can be described by the expression: 103

J0 = kzJ0m cos
(
ωt −

π

τ
x
)
= kzRe

[
J0mei(ω−

π
r x)
]

(1) 104

J0m =
3
√
2N1kw1I
p0τ

(2) 105
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where J0 is the electrical load, kz is the unit vector of z-axis106

direction, J0m is the amplitude of electrical load, generated by107

the symmetrical three-phase current in the toroidal windings,108

N1 is the number of turns per phase, kw1 is the fundamental109

windings factor, p0 is the number of pole pairs, and τ is the110

pole pitch and I is the RMS value of the phase current.111

Due to electrical load J0m in the z-direction, the vector112

magnetic potentials in each region are z-directional.113

A (x, y, t) = kzAz (3)114

Az = Az (y) cos
(
ωt −

π

τ
x − ϕ

)
115

= Re
[
Ȧzej(ωt−

x
τ
x)
]

(4)116

Based on the analytical calculation model, the vector mag-117

netic potential equations for each region are determined:118 
∇

2Ȧza = 0 (−g ≤ y ≤ 0)
∇

2Ȧzf − jωvµf σf Ȧzf = 0 (−c ≤ y ≤ −g)
∇

2Ȧzz = 0 (y ≤ −c)

(5)119



∂2Ȧza
∂x2

+
∂2Ȧza
∂y2

= 0 (−g ≤ y ≤ 0)

∂2Ȧzf
∂x2

+
∂2Ȧzf
∂y2

= jωvµf σf Ȧzf (−c ≤ y ≤ −g)

7pt]
∂2Ȧzz
∂x2
+
∂2Ȧzz
∂y2

= 0 (y ≤ −c)

(6)120

where Ȧza, Ȧzf and Ȧzz are the vector magnetic potentials121

of the yoke air region, the shell region and the outer region122

respectively, µf is the magnetic permeability of the shell123

region, σf is the electrical conductivity of the shell region.124

Considering the sinusoidal electromagnetic field at steady-125

state ∂
∂t = jωv, ∂

∂x = −j
π
τv
, then ∂2Ȧza

∂x2
=

(
−j π

τv

)2
Ȧza, where126

ωv and τv are changed with harmonic order v. The above set127

of equations is simplified to be obtained as:128 

01 :
∂2Ȧza
∂y2

−

(
π

τv

)2

Ȧza = 0

02 :
∂2Ȧzf
∂y2
−

[(
π

τv

)2

+ jωvµf σf

]
Ȧzf = 0

03 :
∂2Ȧzz
∂x2
+
∂2Ȧzz
∂y2

= 0

(7)129

The magnetic potential vector for each region can be130

obtained, and the magnetic potential vector for each region131

is132 
Ȧza = ca1sh

π

τv
y+ ca2ch

π

τv
y

Ȧzf = cf1shβy+ c
f
2chβy

Ȧzz = cz1e
π
τv
y
+ cz2e

−
π
τv
y

(8)133

where the coefficients ca1, c
a
2, c

f
1, c

f
2, c

z
1 and cz2 can be deter-134

mined by the boundary conditions.135

A. The permeability of the stator core is infinite, so the136

magnetic field intensity in stator core is 0A/m. The tangential137

component of the magnetic field intensity on the surface of 138

the stator core is equal to the value of electric load, and the 139

boundary condition between the stator yoke and the yoke air 140

can be obtained as: 141

Ḣxa
∣∣
y=0 =

1
µ0

∂Ȧza
∂y
= J0m (9) 142

where J0m is the current sheet amplitude. Since ca1 = 143

µ0
τv
π
J0m, this means that: 144

Ȧza = µ0
τv

π
J0msh

π

τv
y+ ca2ch

π

τv
y (10) 145

B. At the boundary between the yoke air region and the 146

shell region, the magnetic flux density is continuous in the 147

normal direction, the magnetic field intensity is continuous 148

in the tangential direction. The boundary condition between 149

the yoke air region and the shell is 150
Bn|y=−g = −

∂Ȧza
∂x

∣∣∣∣
y=−g

= −
∂Ȧzf
∂x

∣∣∣∣∣
y=−g

Ht |y=−g =
1
µ0

∂Ȧza
∂y

∣∣∣∣
y=−g

=
1
µf

∂Ȧzf
∂y

∣∣∣∣∣
y=−g

(11) 151

Since ∂
∂x = −j

π
τv
, this means that: 152

Ȧza
∣∣
y=−g = Ȧzf

∣∣
y=−g (12) 153

C. The boundary condition between the shell and the outer 154

region is 155

Ȧzf
∣∣
y=−c = Ȧzz

∣∣
y=−c (13) 156

Ht |y=−c =
1
µf

∂Ȧzf
∂y

∣∣∣∣∣
y=−c

=
1
µ0

∂Ȧzz
∂y

∣∣∣∣
y=−c

(14) 157

D. When y tends to infinity of the negative plane in the 158

outside shell region,Ȧzz is finite and thus cz2 = 0, this means 159

that: 160

Ȧzz = cz1e
π
τv
y (15) 161

Based on the magnetic vector equations and boundary 162

conditions for each region, the group of equations can be 163

listed as follows: 164

−µ0
τv

π
J0msh

π

τv
g+ ca2ch

π

τv
g = −cf1shβg

+ cf2chβg

1
µ0

(
µ0J0mch

π

τv
g− ca2

π

τv
g
)
=

1
µf

cf1βchβg

−
1
µf

cf2βshβg

−cf1shβc+ c
f
2chβc = cz1e

−
π
τv
c

1
µf

(
cf1βchβc− c

f
2βshβc

)
=

1
µ0

cz1
π

τv
e−

x
τv
c

(16) 165

It can be seen that the unique solution can be 166

obtained by solving the set of equations shown in 167
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(16). These equations can be represented in matrix168

form as (17):169

Ax = B (17)170

A =



ch
π

τv
g shβg −chβg 0

−
1
µ0

π

τv
g −

1
µf
βchβg

1
µf
βshβg 0

0 −shβc chβc −e−
x
τv
c

0
1
µf
βchβc −

1
µf
βshβc −

1
µ0

π

τv
e−

x
τv
c


171

(18)172

B =
[
µ0
τv

π
J0msh

π

τv
g;−

1
µ0
µ0J0mch

π

τv
g; 0; 0

]
(19)173

x =
[
ca2, c

f
1, c

f
2, c

z
1

]
(20)174

By solving the above matrix, the coefficient in the vector175

magnetic potentials of each region can be determined. The176

expression for the eddy current in the shell of the HSPMG is177

J̇zf = −jωvσf Ȧzf = −jωvσf
(
cf1shβy+ c

f
2chβy ) (21)178

The eddy current loss in the solid conductors is determined179

from the joule loss:180

Pf =
1
2
Lh
∫ c

g

∣∣J̇zf ∣∣2
σf

dy (22)181

where L is the equivalent length of the circumference of the182

shell in Cartesian coordinates, h is the axial length of the183

HSPMG.184

According to the formula (22), the shell eddy current loss is185

affected by the value and distribution of eddy current density186

on the shell. The eddy current density is closely related to187

the vector magnetic potential in the region of eddy current,188

and the vector magnetic potential in the eddy current region189

is affected by the equivalent boundary condition of the MMF190

and the size of the model, so there are complex factors affect-191

ing the eddy current loss. In order to verify the accuracy of192

the analytical formula, the FEM (Ansys) is used for detailed193

analysis below.194

III. FEM MODEL ESTABLISH AND ANALYZE195

In this paper, the 40kW, 20,000rpmHSPMGwith the toroidal196

windings is taken as an example. The basic parameters of197

the HSPMG are shown in Table 2. The field-circuit cou-198

pling method is used to study the shell eddy current loss of199

the HSPMG, using a 2-D transient electromagnetic model.200

Fig. 3 shows the winding connection of HSPMG.201

The finite element model is shown in Fig. 4. At high202

frequency, the skin effect will be considered. In order to203

accurately calculate the shell eddy current loss, the number204

of elements in the model subdivision of shell is increased.205

A. INFLUENCE OF THE SHELL STRUCTURE ON THE SHELL206

EDDY CURRENT LOSS207

Fig. 5 shows the variation in eddy current loss at various208

HSPMG rotational speeds, the eddy current loss increases209

TABLE 2. The parameters of the HSPMG.

FIGURE 3. The winding connection of HSPMG.

FIGURE 4. Finite element model.

with the operating frequency. When the HSPMG is operating 210

at 20,000r/min, the shell eddy current loss, the PM eddy 211

current loss and the rotor sleeve eddy current loss is 70.3W, 212

13.4W and 9.2W. For the HSPMGwith the toroidal windings, 213

the eddy current is mainly concentrated on the rotor and 214

the shell. The shell is influenced by the fundamental and 215

harmonic MMF generated by the toroidal windings due to 216

the fixed structure that the shell is relatively stationary to the 217
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FIGURE 5. The eddy current losses of the generator with different speed.

FIGURE 6. The shell eddy current losses of different distance(d).

stator. So the shell loss is greater than the PM loss and the218

sleeve loss. In addition, comparing the results of FEM and219

the analytical method, both results are in good agreement.220

The variation of the shell eddy current loss with the dis-221

tance (d) between the shell and the back windings is shown222

in Fig. 6. When the distance increases from 0mm to 11mm,223

the magnetic resistance of the yoke air region is increased.224

The influence of the magnetic flux leakage on the shell loss is225

reduced, so the shell eddy current loss decreases from 82.6W226

to 66.4W.227

According to the formula (22), the eddy current loss is also228

affected by the shell thickness. As can be seen from Fig. 7,229

when the shell thickness is increased from 1mm to 3mm, the230

shell eddy current loss drops dramatically from 263.9W to231

89.8W. When the shell thickness is increased from 3mm to232

10mm, the loss first decreases and then increases slightly with233

a minimum of 55.9W at 7mm.234

By using the FEM, the influence of the value and dis-235

tribution of current density on the shell eddy current loss236

is determined. As shown in Fig. 8, since the eddy current237

FIGURE 7. The shell eddy current losses with different thicknesses shell.

FIGURE 8. The eddy current density distribution of the shell with
different thicknesses shell.

distribution is affected by skin effect, the eddy current is 238

mainly distributed on the inner surface of the shell. When 239

the shell thickness is 2mm, the maximum current density of 240

the shell is 7.11×6 A/m2. Therefore, the shell eddy current 241

loss with a thickness of 2mm is large. When the shell thick- 242

ness is 6mm, 7mm, 8mm and 10mm, the current density is 243

observable decreased, and the current density is the smallest 244

at the thickness of 7mm, so the shell eddy current loss is the 245

smallest. 246

It has been determined that a shell with too thin thickness 247

will result in the significant increase of the shell eddy current 248

loss, and a thick shell leads to the slight increase of the loss. 249

Therefore, the optimal shell thickness has the minimization 250

of the shell eddy current loss, improving the heat dissipation 251

of the generator. 252

Metal is commonly used as the shell material. The FEM is 253

used to study the effect of different materials on the shell eddy 254

current loss, and the calculated results are shown in Fig. 9. 255

As shown in Fig. 9, the loss in the shell with high con- 256

ductivity and low permeability material is little. While the 257

loss in the shell with low conductivity and high permeability 258

material is great. When the loss is 70W, the material has the 259

conductivity of 3.8E+7 (S/m) and permeability of 1 (µ0). 260

When the loss is 2080W, the material has the conductiv- 261

ity of 2.0E+6 (S/m) and permeability of 1000 (µ0). When 262
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FIGURE 9. The shell eddy current loss of different materials.

the shell material is aluminum, cast iron, low carbon steel,263

stainless steel, and aluminum alloy, the corresponding shell264

eddy current losses are 70W, 1430W, 2080W, 258W, and265

295W, respectively. Therefore, the shell should be made of266

the material with high conductivity and low permeability,267

which can reduce the eddy current loss.268

B. INFLUENCE OF DIFFERENT LOAD CONDITIONS ON THE269

SHELL EDDY CURRENT LOSS270

HSMPG is a importance equipment in distributed energy271

supply system. When the load fluctuation or fault occurred,272

the current unbalance would appear in the generator stator273

windings. The performance of generator will be influenced274

by the unbalance current.275

In order to measure the unbalance degree of generator276

load, the current unbalance coefficient (CUF) is adopted as277

the measuring standard. The calculation formula of CUF is278

shown in (23).279

CUF =
MAX

[∣∣Ia − Iavg∣∣ ∣∣Ib − Iavg∣∣ ∣∣Ic − Iavg∣∣]
Iavg

(23)280

where Ia, Ib, and Ic are the RMS of the three-phase current281

and Iavg is the average of Ia, Ib, and Ic.282

In this section, the output power of the generator is the283

rated power. The influences of different CUFs (0%, 5%,284

10%, 15%,20%, and 25%) on the eddy current losses of the285

generator are studied quantitatively.286

The eddy current losses are shown in Fig. 10, it can be287

seen that with the increase of the unbalance rate, the shell288

eddy current loss does not change, but the rotor eddy current289

loss increases. When CUF is 25%, the rotor eddy current loss290

is 223.8 W, which is ten times of that when CUF is 0%.291

Therefore, the current unbalance has no effect on the shell292

eddy current loss, but has a significant effect on the rotor eddy293

current loss.294

A power converter is very necessary in the system of295

HSPMG, since the frequency of the output electrical energy296

FIGURE 10. The eddy current losses of the generator under different CUFs.

TABLE 3. The shell eddy current loss.

is generally hundreds of Hertz. However, the converter is 297

a nonlinear load, which generates a large number of har- 298

monic components in the generator, the harmonic will affect 299

the performance of the generator. Therefore, the shell eddy 300

current loss of generator with the rated power is analyzed 301

by combining Fourier theory. The current sheet equation is 302

calculated for time and space harmonic MMF and the total 303

losses are calculated by summing the harmonic loss. The 304

harmonic losses are shown in Table 3. 305

It can be seen that the shell eddy current loss increases 306

under the condition of the nonlinear load, which is 49.9% 307

higher than that under the condition of linear load. The loss 308

caused by the fundamental magnetic field accounts for 69.4% 309

of the total loss, and the loss caused by the fifth harmonic 310

magnetic field accounts for 25.7% of the total loss. The 311

results show that the fundamental magnetic field and the fifth 312

harmonic magnetic field are the main factors affecting the 313

shell eddy current loss. 314

IV. 3-D TEMPERATURE FIELD MODEL ESTABLISH AND 315

ANALYZE 316

HSPMG is small size and high power density, so the temper- 317

ature rise of HSPMG is higher than the traditional machinery. 318

Excessive temperature will affect the reliability of the genera- 319

tor. Therefore, it is important for the generator operating at the 320

safe temperature. The generator adopts the closed oil cooling 321

method, and the schematic diagram of the cooling system 322

is shown in Fig.11. The cooling medium flows through the 323

stator slot and yoke back room along the axial direction, 324

by which stator windings and core are directly cooled. There 325

is an oil separator (epoxy resin board) in the air gap adjacent 326
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FIGURE 11. Cooling system of the generator.

TABLE 4. Values of heat source and thermal parameters of the main
components.

FIGURE 12. Temperature distribution of the shell (a) aluminum shell
(b) steel shell.

to the stator core inner surface and end closures to ensure that327

the oil cooling system is completely closed in the stator side.328

Based on the analysis in Sections II and III, the loss of each329

part are obtained, as shown in Table 4. The oil flow rate is330

5L/min, and the inlet temperature is 38◦C.331

FIGURE 13. Temperature distribution of the generator (a) aluminum shell
(b) steel shell.

FIGURE 14. Temperature with the different of the shell eddy current loss.

Fig.12. shows the temperature distribution of the aluminum 332

and steel shell. The highest temperature of the aluminum shell 333

is 66.3◦C, the steel shell temperature reaches 96.4◦C. 334

Due to the different temperatures of the aluminum shell 335

and the steel shell, the influences on the heat exchange of 336

the generator is also different. Fig. 13 shows the temperature 337

distribution of the two generators. It is clear that the generator 338

of the steel shell has a higher temperature than the generator 339

of the aluminum shell. The maximum temperature at the 340

windings of the two generators is 76.3 ◦C for aluminum 341

shell generator and 100.3 ◦C for steel shell generator, with 342

a difference of 24 ◦C. The PM temperature of the aluminum 343

shell generator is 66.7◦C, while the PM temperature of the 344

steel shell generator is 81.1◦C, with a difference of 14.4◦C. 345

The overall temperature of the generator with the steel shell 346

is 20.2% higher than that of the generator with the aluminum 347

shell. This is due to the high temperature of the steel shell, 348

which negatively affects the heat dissipation of generator. 349

Fig. 14 shows the PM temperature and windings tempera- 350

ture with the different of the shell eddy current loss. With the 351
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FIGURE 15. Test rig for the measurement of HSPMG.(a) Stator with
toroidal windings. (b) Stator assembly. (c) Rotor.

FIGURE 16. Comparison of no-load back-EMF waveforms.
(a) Experimental test waveforms. (b) FEM waveforms.

decrease of the shell eddy current loss, the PM and windings352

temperature is also reduced.353

The above analysis shows that the overheating of the shell354

has an adverse effect on the heat dissipation of the generator.355

Therefore, reducing the shell eddy current loss can effectively356

reduce the temperature of the generator, which is beneficial357

to the operation of the generator.358

V. EXPERIMENTAL VALIDATION359

In this section, a HSPMG is manufactured and tested.360

Fig. 15 shows a test rig for the measurement. The no-load361

back-EMF of the prototype is measured, which is shown in362

Fig. 16. It can be seen that the RMS of the 6000 rpm no-load363

back-EMF of the experimental test (161.3 V) agrees well with364

that of the FEM (158.6 V), with an error of 1.7%.365

During the experimental of temperature field, the oil flow366

rate is kept as 1.8 L/min. The temperature rise of the gener-367

ator is stable after 140 minutes. Meanwhile, temperatures at368

HSPMG different positions are also measured.369

The temperature rise experiment of the prototype is carried370

out, and the results are shown in Fig. 17. The temperature371

FIGURE 17. Temperature distribution of the generator. (a) Measurement.
(b) simulation.

of prototype winding is 57.3◦C, while the temperature of 372

3-D model winding is 60.3◦C. The temperature of prototype 373

shell is 49.8◦C, while the temperature of 3-D model shell is 374

52.8◦C with an error of 6%, which validates the feasibility 375

of the proposed machine and the correctness of the analysis 376

mentioned above. 377

VI. CONCLUSION 378

In this paper, the 40kW, 20,000rpmHSPMGwith the toroidal 379

windings is taken as an example. The additional loss of shell 380

is studied by analytical calculation method and FEM. The 381

research conclusions are as follows: 382

1) An accurate analytical method for calculating the shell 383

eddy current loss is proposed. The analytical formula can 384

quick calculate the loss, which reduces the calculation time 385

compared with the FEM. The influence of the shell structure 386

and the shell material on the shell eddy current loss is con- 387

firmed, the nonlinear variation mechanism of shell thickness 388

on loss is revealed. The optimal shell thicknesswithminimum 389

shell eddy current loss is obtained. 390

2) The eddy current loss will be increased by the current 391

unbalance. When CUF is 25%, the rotor eddy current loss is 392

223.8 W, which is ten times of that when CUF is 0%. But the 393

shell eddy current loss is unchanged. Therefore, the current 394

unbalance has no effect on the shell eddy current loss. 395

3) The shell eddy current loss increases under the condition 396

of the nonlinear load, which is 49.9% higher than that under 397

the condition of linear load. The loss caused by the fundamen- 398

tal magnetic field accounts for 69.4% of the total loss, and 399

the loss caused by the fifth harmonic magnetic field accounts 400

for 25.7% of the total loss. The fundamental magnetic field 401

and the fifth harmonic magnetic field are the main factors 402

affecting the shell eddy current losses. 403

4) The eddy current loss of shell has a great influence on 404

the heat dissipation of the HSPMG. The overall temperature 405

of the generator with the steel shell is 20.2% higher than that 406

of the generator with the aluminum shell. Therefore, reducing 407

the eddy current loss can obvious improve the temperature 408

distribution of the generator. 409
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