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ABSTRACT The toroidal windings can shorten the axial length of the machine, so it is widely used in
high-speed permanent magnet machine. However, under high-frequency operation, the magnetic 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.

INDEX TERMS High-speed permanent magnet generator, analytical calculation, eddy current loss, 3-D
temperature field, optimization design.

I. INTRODUCTION

In recent years, high-speed permanent magnet generator
(HSPMG) has been widely used in gas turbines, distributed
power generations and flywheels, because of its advantages
of high efficiency, high power density and dynamic response
capability [1], [2], [3]. The toroidal windings can shorten
the axial length of the HSPMG, so the toroidal windings are
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frequently used in HSPMG, but the magnetic flux leakage
generated by the toroidal windings can cause a lot of eddy
current loss on the shell [4], [5], [6], [7], [8]. In addition,
the shell is an important path of external heat dissipation, the
shell eddy current loss has a negative impact on the overall
heat dissipation of the generator. Since the HSPMG has high
power density, its loss density is also large [9], [10], [11].
The generator overheating problem is serious that limits the
growth in power density while also affecting the reliability of
power supply [12], [13], [14].
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TABLE 1. Comparative statements of reference papers.

In this paper the

Analytical Loss Method I,
problem is solved
Rotor FEM[2-5] A quickly analytical
and Shell calculation model of
Subdomain model[15-19] loss is established
Segmented .
SFru_ctur_e structure[20][21] The op t_1mal shell
optimization Low harmonic structure is obtained.
windings[23]
Thermal Improve the temperature
influence Temperature field[26-28] distribution of generator

As for the HSPMG, the eddy current loss occupies a higher
percentage of the total loss, so the eddy current loss is a
key issue in the investigation. To improve the calculation
accuracy, the subdomain model is proposed to calculate the
PM loss [15], [16], [17], [18]. In [19], an improved rotor
eddy current loss analysis model for PM machine is proposed,
which the influences of time harmonics and space harmonics
on the rotor eddy current loss are analyzed. Some researches
concentrate on mitigating the rotor eddy current losses by
the use of different rotor structures, including the segmented
rotor, the surface slotted rotor, the segmented PM, and the
axially segmented sleeve structure [20], [21]. In addition,
there are some universal technologies that can be applied to
mitigate the rotor eddy current losses in HSPMGs, such as
rotor skewed slot and low harmonic stator windings [22],
[23]. However, there is little research on the shell eddy current
loss caused by magnetic flux leakage in toroidal windings.
The shell can generate a lot of eddy current loss which is
caused by the fundamental and harmonic magnetic motive
force (MMF) generated by the back windings. The shell eddy
current loss will influence the heat exchange of the HSPMGs
[24], [25]. Overheating have directly affected the generators
performance and even damages the generators [26], [27],
[28]. Therefore, it is critical for HSPMGs to compute the shell
eddy current loss and reduce the shell eddy current loss during
the design stage. The comparative statements of reference
papers are shown in Table 1.

In this article, aiming at the problem of high eddy current
loss in HSPMG, the factors affecting the eddy current loss
are studied. Based on Laplace and Poisson equations for
calculating the shell eddy current loss for HSPMG with the
toroidal windings, an analytical model has been proposed
in Sections II. The factors affecting the eddy current loss
are studied in Section III. In Section IV, the temperature
distributions of these 3-D temperature models with various
shells are compared. In Section V, one HSPMG with toroidal
windings is manufactured and tested to validate the finite
element results.

Il. ANALYTICAL CALCULATION OF SHELL EDDY
CURRENT LOSSES IN HSPMG

The toroidal windings, which have one side immersed in the
stator core groove and the other side on the back of the stator
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FIGURE 2. General-purpose model for shell eddy current loss calculation.

yoke, can effectively shorten the length of the end of the
stator winding and thus greatly reduce the length of the rotor,
thus ensuring the mechanical strength of the HSPMG. The
structure of HSPMG with the toroidal windings is shown in
Fig. 1.

The solution region of model is divided into four regions:
the stator, the yoke air, the shell and the outer region accord-
ing to the structure of the HSPMG. To derive an analytical
solution of the shell eddy current loss, the following assump-
tions are made:

1) The MMF of the toroidal windings located between the
stator and the shell is equivalent to the current sheet.

2) The permeability of the stator core is infinite.

3) Approximating that the stator and the shell are flat
surface.

4) The saturation and hysteresis effects of the core are
ignored.

For the HSPMG, the flux distribution variation along the
axial is small in the machine and the magnetic field could be
considered as a series of parallel plane field perpendicular to
the axial direction. The calculation of the shell eddy currents
loss is simplified to a two-dimensional electromagnetic field.
In this article, the model used for the analytical derivation of
the shell of HSPMG with the toroidal windings is shown in
Fig. 2.

The current is sinusoidal distribution in both space and time
which can be described by the expression:

Jo = k;Jom cos <a)t — zx) = k,Re I:Jomei(w_%x)il (1)
T

332Nk 1
Jom = ——12wlD )
pot
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where Jj is the electrical load, k;, is the unit vector of z-axis
direction, Jo,, is the amplitude of electrical load, generated by
the symmetrical three-phase current in the toroidal windings,
Ny is the number of turns per phase, k1 is the fundamental
windings factor, pg is the number of pole pairs, and 7 is the
pole pitch and 7 is the RMS value of the phase current.

Due to electrical load Jy,, in the z-direction, the vector
magnetic potentials in each region are z-directional.

A(x,y, 1) = kA; 3)
A; = Az (y) cos (wt — %x — <p)
= Re [l 0)] @

Based on the analytical calculation model, the vector mag-
netic potential equations for each region are determined:

VA, =0 (—g<y=<0)

V2 — jouusopAy =0 (=c <y < —g) (5)
V2A, =0 (y < —c)

A, 0%A

— =0 (—e<v<O0

P oy (=g =y=0)

PAy Ay

e . ayZ =jovropAy (—c <y < —g) (6

2A..  9%A..

Tpt =0 < —

PISe 5y =)

where A.,, Azf and A.. are the vector magnetic potentials
of the yoke air region, the shell region and the outer region
respectively, uy is the magnetic permeability of the shell
region, oy is the electrical conductivity of the shell region.
Considering the sinusoidal electromagnetic fielzd at steady-

] . 3 : 924, . p
state 57 = jwy, 5 = —]%, St = (—]%) A,q, where
wy, and 1, are changed with harmonic order v. The above set
of equations is simplified to be obtained as:

92A 2.

Iy 2 —<1> Aa=0
ay Ty
32Azf T 2 R .

I 5 (T_v> + joypgor |Ay =0 @)
%A %A

I3: =0

3 Tax2 + 0y2

The magnetic potential vector for each region can be
obtained, and the magnetic potential vector for each region
is

A = clsh y + czch y
Ay =¢, shﬂy +d ch,By ®)
zy

Az =cien” +c3ew

where the coefficients ¢, c5, c’; , c’;, ¢§ and ¢ can be deter-
mined by the boundary conditions.

A. The permeability of the stator core is infinite, so the
magnetic field intensity in stator core is 0A/m. The tangential
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component of the magnetic field intensity on the surface of
the stator core is equal to the value of electric load, and the
boundary condition between the stator yoke and the yoke air
can be obtained as:

Hxa -0 — = Jom (9)

where Jo,; is the current sheet amplitude. Since ¢{ =
022 Jom, this means that:

Aza = l‘LO JOmSh y + CZC/’Z y (10)

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

shell region, the magnetic flux density is continuous in the

normal direction, the magnetic field intensity is continuous

in the tangential direction. The boundary condition between
the yoke air region and the shell is

0A.q dA
Buly=—g == ox | _ . ox
R == (11)
” 1 94z 1 Ay
tHy=—eg = — = ——
SR MV P
Since % = —j%, this means that:

Azl Agfle_, (12)

C. The boundary condition between the shell and the outer
region is

y__g

Azf|y=,c = Azz y=—c (13)
1 A 1 9A

Hlpo= ——2| = —2% (14)
mr 9y mo Ay ly——¢

D. When y tends to infinity of the negative plane in the
outside shell region,A; is finite and thus ¢5 = 0, this means
that:

Ag = e’ (15)

Based on the magnetic vector equations and boundary
conditions for each region, the group of equations can be
listed as follows:

T T b4
— o~ Jomsh—g + cich—g = —c|shfg
T T Ty
+ céch Bg

v

1 T T 1 ¢
— (quo,nch—g - cg—g) = — BchBg
1o T Ty M
] (16)
— —d,BshBg
1273

—Jsh,Bc + cfch,Bc =cle ¢
1

(cf,Bch,Bc — c"ﬂsh,Bc) = [L_Cl‘[ze e
0

v

It can be seen that the unique solution can be
obtained by solving the set of equations shown in
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(16). These equations can be represented in matrix
form as (17):

Ax =B a7
ch g shﬁg —chﬂg 0 ]
1 o
-—— 8 ——ﬂchﬂg —ﬁshﬂg 0
A = IU/O 7:V N
0 —shﬂc chﬂc —e u°
1 1w _x,.
0 —ﬂch,Bc ——,Bsh,Bc ———e W
L 2% Mno Ty _
(18)
A T 1 F14
B = | po—Jomsh—g; ——noJomch—g; 0; 0 (19)
| Ty 0 Ty
X = cg,c{,cé,cf] (20)

By solving the above matrix, the coefficient in the vector
magnetic potentials of each region can be determined. The
expression for the eddy current in the shell of the HSPMG is

b = —jonaghy = ~jonor (c\shBy + dhehpy) 1)

The eddy current loss in the solid conductors is determined
from the joule loss:

P = L / L | 22)
2 g or

where L is the equivalent length of the circumference of the

shell in Cartesian coordinates, & is the axial length of the

HSPMG.

According to the formula (22), the shell eddy current loss is
affected by the value and distribution of eddy current density
on the shell. The eddy current density is closely related to
the vector magnetic potential in the region of eddy current,
and the vector magnetic potential in the eddy current region
is affected by the equivalent boundary condition of the MMF
and the size of the model, so there are complex factors affect-
ing the eddy current loss. In order to verify the accuracy of
the analytical formula, the FEM (Ansys) is used for detailed
analysis below.

Ill. FEM MODEL ESTABLISH AND ANALYZE

In this paper, the 40kW, 20,000rpm HSPMG with the toroidal
windings is taken as an example. The basic parameters of
the HSPMG are shown in Table 2. The field-circuit cou-
pling method is used to study the shell eddy current loss of
the HSPMG, using a 2-D transient electromagnetic model.
Fig. 3 shows the winding connection of HSPMG.

The finite element model is shown in Fig. 4. At high
frequency, the skin effect will be considered. In order to
accurately calculate the shell eddy current loss, the number
of elements in the model subdivision of shell is increased.

A. INFLUENCE OF THE SHELL STRUCTURE ON THE SHELL
EDDY CURRENT LOSS

Fig. 5 shows the variation in eddy current loss at various
HSPMG rotational speeds, the eddy current loss increases
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TABLE 2. The parameters of the HSPMG.

Basic parameters Value
Rated power (kW) 40
Number of turns per slot 5
Pole number 2
Rotor type PM(NdFe35)
Frequency (Hz) 333.33
Slot number 36
Stator outer diameter (mm) 135
Stator inner diameter (mm) 72
Rotor outer diameter (mm) 66
Shell outer diameter (mm) 168
Shell inner diameter (mm) 160
Shell materials aluminium
Conductivity of shell (S/m) 3.8E7
Permeability of shell (u0) 1

84

Total number of <
elements:35273

FIGURE 4. Finite element model.

with the operating frequency. When the HSPMG is operating
at 20,000r/min, the shell eddy current loss, the PM eddy
current loss and the rotor sleeve eddy current loss is 70.3W,
13.4W and 9.2W. For the HSPMG with the toroidal windings,
the eddy current is mainly concentrated on the rotor and
the shell. The shell is influenced by the fundamental and
harmonic MMF generated by the toroidal windings due to
the fixed structure that the shell is relatively stationary to the
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FIGURE 5. The eddy current losses of the generator with different speed.
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FIGURE 6. The shell eddy current losses of different distance(d).

stator. So the shell loss is greater than the PM loss and the
sleeve loss. In addition, comparing the results of FEM and
the analytical method, both results are in good agreement.

The variation of the shell eddy current loss with the dis-
tance (d) between the shell and the back windings is shown
in Fig. 6. When the distance increases from Omm to 11mm,
the magnetic resistance of the yoke air region is increased.
The influence of the magnetic flux leakage on the shell loss is
reduced, so the shell eddy current loss decreases from 82.6W
to 66.4W.

According to the formula (22), the eddy current loss is also
affected by the shell thickness. As can be seen from Fig. 7,
when the shell thickness is increased from 1mm to 3mm, the
shell eddy current loss drops dramatically from 263.9W to
89.8W. When the shell thickness is increased from 3mm to
10mm, the loss first decreases and then increases slightly with
a minimum of 55.9W at 7mm.

By using the FEM, the influence of the value and dis-
tribution of current density on the shell eddy current loss
is determined. As shown in Fig. 8, since the eddy current
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FIGURE 8. The eddy current density distribution of the shell with
different thicknesses shell.

distribution is affected by skin effect, the eddy current is
mainly distributed on the inner surface of the shell. When
the shell thickness is 2mm, the maximum current density of
the shell is 7.11x6 A/m?2. Therefore, the shell eddy current
loss with a thickness of 2mm is large. When the shell thick-
ness is 6mm, 7mm, 8mm and 10mm, the current density is
observable decreased, and the current density is the smallest
at the thickness of 7mm, so the shell eddy current loss is the
smallest.

It has been determined that a shell with too thin thickness
will result in the significant increase of the shell eddy current
loss, and a thick shell leads to the slight increase of the loss.
Therefore, the optimal shell thickness has the minimization
of the shell eddy current loss, improving the heat dissipation
of the generator.

Metal is commonly used as the shell material. The FEM is
used to study the effect of different materials on the shell eddy
current loss, and the calculated results are shown in Fig. 9.

As shown in Fig. 9, the loss in the shell with high con-
ductivity and low permeability material is little. While the
loss in the shell with low conductivity and high permeability
material is great. When the loss is 70W, the material has the
conductivity of 3.8E47 (S/m) and permeability of 1 (uo).
When the loss is 2080W, the material has the conductiv-
ity of 2.0E+6 (S/m) and permeability of 1000 (o). When
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FIGURE 9. The shell eddy current loss of different materials.

the shell material is aluminum, cast iron, low carbon steel,
stainless steel, and aluminum alloy, the corresponding shell
eddy current losses are 70W, 1430W, 2080W, 258W, and
295W, respectively. Therefore, the shell should be made of
the material with high conductivity and low permeability,
which can reduce the eddy current loss.

B. INFLUENCE OF DIFFERENT LOAD CONDITIONS ON THE
SHELL EDDY CURRENT LOSS

HSMPG is a importance equipment in distributed energy
supply system. When the load fluctuation or fault occurred,
the current unbalance would appear in the generator stator
windings. The performance of generator will be influenced
by the unbalance current.

In order to measure the unbalance degree of generator
load, the current unbalance coefficient (CUF) is adopted as
the measuring standard. The calculation formula of CUF is
shown in (23).

CUF = MAX [|Ia — Ia"g} |Ib _ Iavg| |IC - Iavgu

Iavg (23)
where 1, I, and I are the RMS of the three-phase current
and I, is the average of I, Ip, and /...

In this section, the output power of the generator is the
rated power. The influences of different CUFs (0%, 5%,
10%, 15%,20%, and 25%) on the eddy current losses of the
generator are studied quantitatively.

The eddy current losses are shown in Fig. 10, it can be
seen that with the increase of the unbalance rate, the shell
eddy current loss does not change, but the rotor eddy current
loss increases. When CUF is 25%, the rotor eddy current loss
is 223.8 W, which is ten times of that when CUF is 0%.
Therefore, the current unbalance has no effect on the shell
eddy current loss, but has a significant effect on the rotor eddy
current loss.

A power converter is very necessary in the system of
HSPMG, since the frequency of the output electrical energy
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FIGURE 10. The eddy current losses of the generator under different CUFs.

TABLE 3. The shell eddy current loss.

Harmonic order 1 5 7 11

Loss for analytic calculation (W) 76.7 284 43 1.1
Total loss for analytic calculation (W) 110.7
Total loss for FEM (W) 105.4

is generally hundreds of Hertz. However, the converter is
a nonlinear load, which generates a large number of har-
monic components in the generator, the harmonic will affect
the performance of the generator. Therefore, the shell eddy
current loss of generator with the rated power is analyzed
by combining Fourier theory. The current sheet equation is
calculated for time and space harmonic MMF and the total
losses are calculated by summing the harmonic loss. The
harmonic losses are shown in Table 3.

It can be seen that the shell eddy current loss increases
under the condition of the nonlinear load, which is 49.9%
higher than that under the condition of linear load. The loss
caused by the fundamental magnetic field accounts for 69.4%
of the total loss, and the loss caused by the fifth harmonic
magnetic field accounts for 25.7% of the total loss. The
results show that the fundamental magnetic field and the fifth
harmonic magnetic field are the main factors affecting the
shell eddy current loss.

IV. 3-D TEMPERATURE FIELD MODEL ESTABLISH AND
ANALYZE

HSPMG is small size and high power density, so the temper-
ature rise of HSPMG is higher than the traditional machinery.
Excessive temperature will affect the reliability of the genera-
tor. Therefore, it is important for the generator operating at the
safe temperature. The generator adopts the closed oil cooling
method, and the schematic diagram of the cooling system
is shown in Fig.11. The cooling medium flows through the
stator slot and yoke back room along the axial direction,
by which stator windings and core are directly cooled. There
is an oil separator (epoxy resin board) in the air gap adjacent

VOLUME 10, 2022



H. Qiu et al.: Influence of Eddy Current Loss on Electromagnetic Field and Temperature Field of HSPMG With the Toroidal Windings

IEEE Access

Oil inlet

FIGURE 11. Cooling system of the generator.

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

Thermal
Components Materials Loss(W)  conductivity
(W/(m-K))
Aluminum shell Aluminum 70.3 202.4
Steel shell Cast iron 1430.1 35
Stator core Silicon lamination 837.9 4.5,42.5
Winding Copper 170.9 387.6
Sleeve Austenite 13.4 12.2
PM NdFe35 9.2 8
Insulation Epoxy resin board 0 0.015
Cooling medium Oil 0 0.12974

96.41
92.66
88.90
85.15
81.39
77.64
73.89
70.13
66.38
62.63
58.87
55.12
51.36
47.61

|||||mi||||
i uuu

[C]

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

to the stator core inner surface and end closures to ensure that
the oil cooling system is completely closed in the stator side.

Based on the analysis in Sections II and III, the loss of each
part are obtained, as shown in Table 4. The oil flow rate is
S5L/min, and the inlet temperature is 38°C.
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FIGURE 13. Temperature distribution of the generator (a) aluminum shell
(b) steel shell.
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FIGURE 14. Temperature with the different of the shell eddy current loss.

Fig.12. shows the temperature distribution of the aluminum
and steel shell. The highest temperature of the aluminum shell
is 66.3°C, the steel shell temperature reaches 96.4°C.

Due to the different temperatures of the aluminum shell
and the steel shell, the influences on the heat exchange of
the generator is also different. Fig. 13 shows the temperature
distribution of the two generators. It is clear that the generator
of the steel shell has a higher temperature than the generator
of the aluminum shell. The maximum temperature at the
windings of the two generators is 76.3 °C for aluminum
shell generator and 100.3 °C for steel shell generator, with
a difference of 24 °C. The PM temperature of the aluminum
shell generator is 66.7°C, while the PM temperature of the
steel shell generator is 81.1°C, with a difference of 14.4°C.
The overall temperature of the generator with the steel shell
is 20.2% higher than that of the generator with the aluminum
shell. This is due to the high temperature of the steel shell,
which negatively affects the heat dissipation of generator.

Fig. 14 shows the PM temperature and windings tempera-
ture with the different of the shell eddy current loss. With the
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FIGURE 15. Test rig for the measurement of HSPMG.(a) Stator with
toroidal windings. (b) Stator assembly. (c) Rotor.

RMS: 1586V

: H H
90 180 270 360
Rotor Position (elec.deg.)

(b)

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 windings
temperature is also reduced.

The above analysis shows that the overheating of the shell
has an adverse effect on the heat dissipation of the generator.
Therefore, reducing the shell eddy current loss can effectively
reduce the temperature of the generator, which is beneficial
to the operation of the generator.

V. EXPERIMENTAL VALIDATION

In this section, a HSPMG is manufactured and tested.
Fig. 15 shows a test rig for the measurement. The no-load
back-EMF of the prototype is measured, which is shown in
Fig. 16. It can be seen that the RMS of the 6000 rpm no-load
back-EMF of the experimental test (161.3 V) agrees well with
that of the FEM (158.6 V), with an error of 1.7%.

During the experimental of temperature field, the oil flow
rate is kept as 1.8 L/min. The temperature rise of the gener-
ator is stable after 140 minutes. Meanwhile, temperatures at
HSPMG different positions are also measured.

The temperature rise experiment of the prototype is carried
out, and the results are shown in Fig. 17. The temperature
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FIGURE 17. Temperature distribution of the generator. (a) Measurement.
(b) simulation.

of prototype winding is 57.3°C, while the temperature of
3-D model winding is 60.3°C. The temperature of prototype
shell is 49.8°C, while the temperature of 3-D model shell is
52.8°C with an error of 6%, which validates the feasibility
of the proposed machine and the correctness of the analysis
mentioned above.

VI. CONCLUSION

In this paper, the 40kW, 20,000rpm HSPMG with the toroidal
windings is taken as an example. The additional loss of shell
is studied by analytical calculation method and FEM. The
research conclusions are as follows:

1) An accurate analytical method for calculating the shell
eddy current loss is proposed. The analytical formula can
quick calculate the loss, which reduces the calculation time
compared with the FEM. The influence of the shell structure
and the shell material on the shell eddy current loss is con-
firmed, the nonlinear variation mechanism of shell thickness
on loss is revealed. The optimal shell thickness with minimum
shell eddy current loss is obtained.

2) The eddy current loss will be increased by the current
unbalance. When CUF is 25%, the rotor eddy current loss is
223.8 W, which is ten times of that when CUF is 0%. But the
shell eddy current loss is unchanged. Therefore, the current
unbalance has no effect on the shell eddy current loss.

3) The shell eddy current loss increases under the condition
of the nonlinear load, which is 49.9% higher than that under
the condition of linear load. The loss caused by the fundamen-
tal magnetic field accounts for 69.4% of the total loss, and
the loss caused by the fifth harmonic magnetic field accounts
for 25.7% of the total loss. The fundamental magnetic field
and the fifth harmonic magnetic field are the main factors
affecting the shell eddy current losses.

4) The eddy current loss of shell has a great influence on
the heat dissipation of the HSPMG. The overall temperature
of the generator with the steel shell is 20.2% higher than that
of the generator with the aluminum shell. Therefore, reducing
the eddy current loss can obvious improve the temperature
distribution of the generator.
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