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Analysis of Eddy-Current Loss in End Shield and Frame
of a Large Induction Machine

Ranran Lin, Ari Haavisto, and Antero Arkkio

Department of Electrical Engineering, Faculty of Electronics, Communications and Automation,
School of Science and Technology, Aalto University, Espoo, Finland

This paper proposes an effective method of analyzing the eddy-current loss within the end shield and frame of an electric machine.
The standard impedance boundary condition is applied to the conducting surfaces of complete 3-D models, and the models are solved by
time-harmonic finite-element analyses. Measurement of the temperature rise is completed as a validation of the proposed method. The
effect of the distances between the conducting surfaces and coil ends is studied by computing the eddy-current loss for a series of 3-D
models having different distances. In addition, simplified 2-D models are used to study the influence of material nonlinearity. In brief,
the proposed method is feasible in computing the eddy-current loss. The eddy-current loss within the regions close to the coil ends is
larger than the other regions in the end shield and frame, but the total loss is quite small, compared, for instance, with the copper loss
within the stator winding. Furthermore, the farther the end shield and frame are from the coil ends, the smaller the eddy-current loss

is. Finally, it is found that the eddy-current loss is larger in the nonlinear case than in the linear case.

Index Terms—Eddy current, end shield, finite-element analysis, frame, measurement, standard impedance boundary condition.

I. INTRODUCTION

N a radial-flux rotating electric machine, the magnetic flux
I caused by the current flowing inside the stator end-winding
is referred to as stator end-winding leakage. Albeit small in com-
parison with the main flux, it may lead to harmful phenomena,
e.g., eddy current and mechanical vibration in the end region,
magnetic force on the end-winding, etc. For modern large tur-
bogenerators, to design them to minimize the effect of the stator
end-winding leakage is one of the requirements [1]. In addi-
tion, for an induction motor working in a field-weakening region
where there is a voltage constraint, the end-winding leakage re-
actance is an important parameter during the determination of
the torque-speed characteristic.

The main structures where the eddy current flows include the
frame and end shield as well as the clamping plates, clamping
fingers, and retaining rings in large turbogenerators. The eddy
current also occurs inside the laminations of the core ends.
The above-mentioned eddy current gives rise to additional
loss, which may affect the efficiency of the machine, and the
generation of heat, which goes further to cause certain hot spots
in the structures of the end region [2].

In the past two decades, some studies of the eddy current
induced by the end-winding leakage were completed and most
of them were focused on large turbogenerators [1]-[13].

References [1], [3]-[6] analyzed the eddy current induced
inside the laminations of the stator core end by the stator
end-winding. Moreover, [7]-[11] analyzed the eddy current in
other structures of the end region, e.g., the clamping plates,
clamping fingers, etc. On the other hand, the eddy current inside
the rotor core end was also studied in [12] and [13]. Because
of the complex structure of the end region, the finite-element
method (FEM) was applied to all the above studies.
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In fact, during the calculation of the eddy current by FEM, the
mesh division of a model is important. Because most structures
in the end region possess high conductivity, the eddy current
is mainly concentrated within a thin layer close to the surfaces
of the structures due to the skin effect. Therefore, dense mesh
division within the thin layer is required in order to model the
eddy current accurately. For example, the conductivity of the
steel frame of a machine is around 5 x 10® S/m, and the relative
permeability approximates 1000, so the skin depth is around 1
mm at 50 Hz. As a result, in finite-element analyses (FEAs),
large numbers of elements need generating so there is difficulty
in solving such a large equation system.

In general, two approaches can be applied to the calculation
of the eddy current in the end region by FEM. Firstly, the size of
the model is reduced by using suitable boundary conditions so
that dense mesh division becomes possible. For instance, in [5],
only one slot pitch of the core end was modeled, so under the
circumstances nonlinear time-stepping analyses can be carried
out. Secondly, when the skin depth is far less than the thickness
of the conducting structure, the standard impedance boundary
condition (SIBC) can be enforced on its surface to exclude it
from the model. Correspondingly, the eddy current is modeled
as surface current. Reference [4] enforced the SIBC on the con-
ducting surface, namely the stator end plate. Nevertheless, the
SIBC is usually used under time-harmonic analyses.

This paper aims at the study of the eddy current within the
frame and end shield so that the analysis can be used for op-
timum design of electric machines. Such a study has not been
carried out by other authors yet.

A proposed method based on the use of the SIBC was applied
to the study of the eddy current within the end shield and frame
of a 2.24-MW induction machine. 3-D time-harmonic FEAs
were completed, and the eddy-current loss was computed and
compared under different axial and radial distances between the
conducting surfaces and coil ends. In addition, by altering the
above two parameters, 2-D time-stepping FEAs based on sim-
plified 2-D axisymmetric linear and nonlinear models were car-
ried out to find the effect of the frame and end shield with a
nonlinear magnetization curve on the eddy-current loss.
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TABLE I
MAIN SPECIFICATIONS OF TEST MACHINE
Parameter Value
Rated power (MW) 2.24
Rated current (A) 830
Rated frequency (Hz) 50
Full length of stator core (mm) 1000
Outer diameter of stator core (mm) 980
Inner diameter of stator core (mm) 670
Number of pole pairs 2
Number of stator slots 72
Number of parallel branches of stator winding
Number of turns in series within stator coil 3
Coil span of stator coil (stator slot pitches) 16
Standard impedance \ Y N
boundary condition N
Sensor 4
Sensor 3
Sensor 2

l——“— Sensor 1

|
|

150 mm

460 mm

Fig. 1. The 3-D geometric model (without the air region) and the positions of
the temperature sensors placed on the test machine.

II. 3-D ANALYSES OF EDDY CURRENT

A. 3-D Geometric Model and Numerical Model

A three-phase squirrel-cage induction machine with a form-
wound two-layer diamond winding was studied. Table I lists its
main specifications. Since it was impossible to test the machine
at full load in the laboratory, the rotor parts were taken away and
the stator parts were tested at the rated current.

The end shield and frame of the machine is made of steel
whose skin depth is around 1 mm at the rated frequency. Though
it was possible to do dense mesh division within a thin layer
close to the inner surfaces of the end shield and frame, there
was great difficulty in solving such a large equation system by
a personal computer with a 2.66-GHz CPU and 8-GB RAM,
due to the limit of the memory. Therefore, the SIBC was used
to model the eddy current as surface current. Besides, to make
good mesh division in the end region, only the 150-mm-long
(axial direction) stator core end was included in the model ac-
cording to the conclusion in [14] that only the end part of the
active region is affected by the stator end-winding. Fig. 1 shows
the 3-D geometric model.

B. Time-Harmonic FEAs

In the time-harmonic FEAs, the stator winding was supplied
by three-phase current with the rms value NI ;S)ttf /a, where I Sﬁf

is the rms value of the stator phase current; N is the number of
turns in series within a stator coil; and a is the number of parallel
branches of the stator winding. The governing equation was

Vx[v-(V x A)] + jwo-A— J, =0 (1)

where A and J, are the complex vectors of magnetic vector po-
tential and source current density, respectively; v and o are the
tensors of reluctivity and conductivity, respectively; and w is
an angular frequency. The end shield and frame were made of
construction steel. In the 3-D time-harmonic analyses, its rela-
tive permeability was 1000. Electric scalar potential ¢ was not
solved because the source current within the stator winding was
known in the 3-D model which included the stator part only.
Besides, the inclusion of ¢ would make the calculation carried
out on the current computer not possible. As a separate study,
a simpler model was built, and the eddy-current loss under the
case with ¢ was a little smaller than without ¢.

On the inner surface of the frame as shown in Fig. 1, the
SIBC or the Leontovich boundary condition given by [15] was
enforced:

E - (nEn=ZnxH @)

where F and H are the complex vectors of electric field strength
and magnetic field strength, respectively; m is an outward-di-
rected normal unit vector on the surface; and Z, is a surface
impedance which is derived from

(UJ:JJ%Z)E) ~ V wiu(l +J) )

oS>we

where f denotes a frequency; 4, €, and o denote permeability,
permittivity, and conductivity, respectively. The principle of the
SIBC is based on the relations between the tangential compo-
nents of an electric field and a magnetic field on the surface of a
good conductor [16]. Detailed explanation for the SIBC can be
found in [17].

Galerkin’s method was used in the weak form of the method
of weighted residual in order to construct the finite-element
discretization.

C. Validation of 3-D Numerical Model

The validation of the 3-D model was carried out by two kinds
of measurement in terms of the magnetic field and eddy-current
loss, respectively.

1) Validation in Terms of Magnetic Field: A closed search
coil made of enamelled copper wire was fixed along a coil end.
The induced electromotive force (EMF) of the search coil was
measured. The magnetic induction was also measured at two
points. One point was in the end region, and the other in the
active region.

In the 3-D model, a loop C, which was exactly the same as
the search coil, was built. Under the time-harmonic analyses, the
phasor of magnetic flux @ passing through the loop was derived
from

Q:fédl @)

C
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TABLE II
RESULTS OF VALIDATION IN TERMS OF MAGNETIC FIELD
Region Quantity Calculation | Measurement
& V) 0.59 0.61
End region fjer (mT) 24.46 25.59
B, (mT) 26.77 28.68
B, (mT) 26.33 28.63
B, (mT) 48.37 49.36
Active region | By, (mT) 47.90 45.35
B, (mT) 3.63 6.53

Fig. 2. The 1-mm-thick steel sheet inside the frame of the machine.

where [ is an arc length vector. According to Faraday’s law, the
phasor of an induced EMF & was calculated as & = —jw®,
then its rms value was |& |/V/2.

Table II lists the calculation and measurement results at the
rated current. 552 means the rms value of the induced EMF, and
B, B,, and B. mean the rms values of the radial, circumfer-
ential, and axial components of magnetic induction in the cylin-
drical coordinate system. In Table II, the calculations are con-
sistent with the measurement results except B, at the point in
the active region. The reason comes from the fact that it was
difficult to make the probe of the meter exactly perpendicular to
the direction of the measured component.

2) Validation in Terms of Eddy-Current Loss: Measuring the
total loss within the machine was possible, but it was impossible
to separate the loss within the end shield and frame from the total
loss.

An approximate method of measuring the temperature rise
was used to estimate the loss. At first, a 1-mm-thick, 460-mm-
long (axial length) steel sheet was rolled up and put into the
frame, as shown in Fig. 2. Afterwards heat insulation filler was
put around it to reduce the heat transfer. In view of the small
temperature difference between the winding and steel sheet, the
thermal radiation was omitted. Therefore, the heat generated in
the steel sheet was attributed to the eddy-current loss only.

Four temperature sensors were fixed to the steel sheet. The
axial coordinate of one end of the steel sheet near the core was at
z(0) = 0 mm. The four sensors were placed at z(1) = 50 mm,
2(2) = 190 mm, z(3) = 290 mm, and z(4) = 410 mm, respec-
tively, as marked in Fig. 1. The other end of the steel sheet was
at z(5) = 460 mm. All the coordinates are marked in Fig. 4.
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Fig. 3. The measurement results of the temperature in the steel sheet. The min-
imum change in temperature is 0.1 K.
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Fig. 4. The illustration of determining the measured average eddy-current loss.

TABLE III

CALCULATIONS BASED ON MEASUREMENT OF TEMPERATURE
i Csteel Mgteel dTi/dt FFt,z

J/(kg-K) (kg) (K/s) (W)
1 0.047 261.8
2 500 11.05 0.050 273.7
3 0.016 90.2
4 0.007 41.2

The measurement lasted more than one minute, and Fig. 3
records the change in temperature. The four curves in Fig. 3
indicate that the distribution of the loss was not uniform in the
steel sheet. The eddy-current loss corresponding to each curve
was computed by

d7;

PFt,i = csteelmsteelﬁv 1= 17 27 3747 (5)
where Pry ; is the average loss corresponding to the curve mea-
sured by sensor ; cgteel 1S the specific heat capacity of steel;
Msteel 18 the mass of the steel sheet; 7 is the temperature mea-
sured by sensor 7; and ¢ is time. The value of d7;/d¢ corre-
sponding to each curve was calculated by the regression analysis
of the measured data obtained only during the first 25 s, because
the influence of heat transfer on d7; /d¢ was not distinct in the
first 25 s. Table III lists the corresponding calculations.

The total eddy-current loss within the steel sheet is de-
termined according to Fig. 4. The horizonal axis repre-
sents the axial coordinates of the steel sheet. The values of
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Fig. 5. Two locally defined variables ry and hq in the 3-D numerical models.

Pri1, Pre.2, Pre.3, and Prq 4 listed in Table 111 are marked in
Fig. 4 as points B, C, D, and E, respectively, where the sensors
were placed. At one end of the steel sheet, z(0), the loss is
determined by extrapolating from line CB to point A and is
calculated as Pry o = 257.6 W. At the other end, 2(5), the loss
is assumed to be zero, i.e., Ppt,g, = 0 W. The average total
eddy-current loss Ppt,tot is calculated based on the fact that
the area enclosed by line OMABCDEF and the horizontal axis
is equal to the area enclosed by line OMNF and the horizontal
axis in Fig. 4. Pptytot is actually the length of line OM and is

calculated by

1 =1

PFt,tot = (PFt,n + PFt,n+1)[Z(n+ 1)—z(n)] (6)

l 2
steel n=0

where [steel 1S the axial length of the steel sheet.

On the other hand, in the FEAs, the 1-mm-thick steel sheet
was modeled by the SIBC. This was an approximation because
the skin depth of the steel sheet was 0.8 mm, which was not
small by comparison with its thickness. However, since resistive
loss is proportional to the square of current density, the loss
calculated by the SIBC was considered as the eddy-current loss
within the steel sheet, which was computed by

_ 1
PFt,tot = 5 /Re{lsur'g*}ds (N
'y

where I'; is the surfaces where the SIBC was enforced; Re
means the real part of a complex number; J_ , and E are the
complex vectors of surface current density and electric field
strength, respectively; * denotes a complex conjugate; and .S is
a surface area.

According to (6), Pptytot =~ 165 W, and from (7), th7t0t =
178.2 W. The relative error is 8%, which is acceptable. The
reasons for the error might result from some aspects, e.g., the
accuracy of the mesh division, the accuracy of the temperature
sensors, the installation of the sensors, etc.

In short, the 3-D model was validated from the aspects of both
the magnetic field and eddy-current loss. As a result, the model
with the SIBC and the linear magnetization curve was able to
analyze the eddy current accurately.

D. Variation in Eddy-Current Loss

Two locally defined variables, the shortest axial distance h
between the nose part of a coil end and the surface of the end
shield, and the shortest radial distance r; between the nose part
and the surface of the frame, as marked in Fig. 5, were changed

350
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—&— Frame
—®&— End shield and frame |

300
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—@— End shield and frame |
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Fig. 6. The changes in the eddy-current loss within the surfaces of the end
shield, frame, and both, of one end: (a) 7 mm < r; < 40 mm, h; = 20 mm;
b)7mm < h; <40mm, r; = 20mm; (¢) 7mm < r; < 40mm, 7mm <
hy < 40 mm,r; = hy.

by shifting the surfaces, so a series of 3-D models were built.
A minimum of 7 mm was chosen from the electrical insulation
point of view. The eddy-current loss within the surfaces of the
end shield and frame was calculated by (7) based on the same
stator current.

1) 7mm < r; < 40 mm, by = 20 mm: Fig. 6(a) plots the
changes in the eddy-current loss within the surfaces of the
end shield, frame, and both. The loss within the surface
of the frame decreases obviously as r; increases, whereas
there is a slight rise in the loss within the surface of the
end shield. After adding up these two curves, the total loss
shows an obvious decline as r; increases.



946
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Fig. 7. The distribution of the time-average eddy-current loss density within
the surfaces of the end shield and frame of one end. (r; = h; = 20 mm).

2) 7mm < hy; < 40 mm, r; = 20 mm: The corresponding
changes in the eddy-current loss are illustrated in Fig. 6(b).
The three curves still represent the three cases mentioned
above. When h; increases, a decrease in the loss within the
surface of the end shield is evident whereas the loss within
the surface of the frame is almost fixed.

3) 7Tmm < ry < 40mm,7 mm < hy < 40 mm,r; =
hy: The effect of the simultaneous changes of these two
variables on the eddy-current loss is shown in Fig. 6(c). The
loss inside all the parts declines as both 71 and h; increase.
No matter how 71 and h; change, the eddy-current loss
within the surface of the frame is larger than that within the
surface of the end shield. Besides, the total eddy-current
loss within both surfaces of one end is small, compared,
for example, with the total copper loss within the stator
winding 5.4 kW at the rated current. Even if 71 and hq are
equal to the minimum 7 mm, the total loss in one end is
around 350 W, far smaller than 5.4 kW.

E. Distribution of Eddy Current and Its Loss Density

The distribution of the eddy-current loss within the end shield
and frame was studied, since hot spots may appear in the re-
gions where high loss density occurs. The distribution of the
time-average eddy-current loss density within the surfaces of
the end shield and frame of one end (1 = h; = 20 mm) is
illustrated in Fig. 7. Relatively high loss density occurs within
the surface of the frame that is near the connections between the
nose parts and involute parts of the coil ends. Within the sur-
face of the end shield around the center, there is almost no loss.
Moreover, due to 12 phase belts of the stator winding, there are
12 clear repetitions in the distribution along the circumferential
direction.

In addition, the distribution of the instantaneous eddy current
within the surfaces of the end shield and frame (r; = hy =
20 mm) is shown in Fig. 8. In Fig. 8(a), there are four main loops
of the eddy current relating to the four poles in the model. In
Fig. 8(b), there is one loop of the eddy current, since the surface
of the frame in Fig. 8(b) just corresponds to one pole pitch. The
distribution within the other surfaces is similar.
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(b)

Fig. 8. The distribution of the instantaneous eddy current: (The direction of
an arrow denotes the direction of the eddy current, and the length of an arrow
denotes the magnitude.) (a) within the surface of the end shield; (b) within the
surface of the frame corresponding to one pole pitch. (1 = h; = 20 mm).

l End shield

Frame

Circumferential
conductor

End ring of
squirrel-cage rotor

Fig. 9. The simplified 2-D axisymmetric numerical model with two locally
defined variables r> and h, marked.

III. 2-D ANALYSES OF EDDY CURRENT

A. Simplified 2-D Numerical Model

The magnetization curve of the steel of the end shield and
frame is nonlinear. Consequently, to study the changes in
the eddy-current loss in the nonlinear case, simplified 2-D
axisymmetric models were built. Time-stepping FEAs based
on a single-valued nonlinear magnetization curve were carried
out. For comparison, time-stepping FEAs based on a linear
magnetization curve were also completed.

Fig. 9 shows the 2-D axisymmetric model. In the model, the
end shield and frame as well as the end ring of the squirrel-cage
rotor were included. The 3-D stator end-winding was represented
by a 2-D circumferential conductor. The stator and rotor cores as
well as the shaft were not included. Instead, suitable boundary
conditions were enforced. Furthermore, to model the eddy cur-
rent accurately, a many-layered mesh was made within a thin
layer close to the inner boundaries of the end shield and frame.
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B. Time-Stepping FEAs

In the time-stepping FEAs, the governing equation was

Vx[v(V x A)] + O'%

5 Js=0 ®)

where v is reluctivity; and A and Jg are magnetic vector poten-
tial and source current density, respectively.

In the 2-D axisymmetric analyses, A and J only have cir-
cumferential components, A, and .J; . Two time-varying sinu-
soidal currents with the same rms values were applied to the cir-
cumferential conductor and end ring, respectively, but the cur-
rents were 180° out of phase. Inside the end shield and frame,
0(0A,/0t) was considered.

In both the nonlinear case and linear case, there were 100
time-steps in one time period 0.02 s, and five periods in total
were computed for each model.

C. Variation in Eddy-Current Loss

Like the situation in the 3-D FEAs, two locally defined vari-
ables, the shortest radial distance ro and shortest axial distance
ho, as marked in Fig. 9, were altered from 5 mm to 40 mm
by shifting the conductor. The arithmetic mean value of the
eddy-current loss per unit circumferential length P}’t, which is
adopted in Fig. 10, was computed by

T

_ 1 94, \ 2

Pg = ?//a(a—;’) ds dt )
0 I's

where T means a period; I'; means the surfaces of the end shield
and frame, as marked in light yellow in Fig. 9.

i) 5mm < 79 < 40 mm, ks = 50 mm: The changes in the
eddy-current loss per unit circumferential length within
the end shield and frame is plotted in Fig. 10(a). Whether
in the nonlinear case or the linear case, a smooth decline
in the loss per unit circumferential length within the frame
is much more evident than that within the end shield, as
r9 increases. Besides, whether within the end shield or
the frame, the loss per unit circumferential length in the
nonlinear case is larger than that in the linear case at the
same 72, but the difference between these two cases gets
smaller gradually as r, becomes larger.

ii) 5 mm < hy < 40 mm,ry = 30 mm: Fig. 10(b) shows
the changes in the eddy-current loss per unit circumferen-
tial length within the same parts as discussed above. All
the curves go down, when hy becomes large, but the two
curves corresponding to the end shield decline more evi-
dently than the other two curves. The difference between
the nonlinear case and linear case gets smaller gradually
as hs increases.

D. Distribution of Magnetic Induction Lines

Fig. 11 illustrates the distribution of the magnetic induction
lines at the instant when the current reaches the peak value. It
is clear that due to the skin effect, most of the magnetic induc-
tion lines are concentrated inside a thin layer close to the inner
boundaries of the end shield and frame. Correspondingly, the
eddy current is induced inside the thin layer.

—@— End shield, nonlinear
— O — End shield, linear
TF —#— Frame, nonlinear

— O — Frame, linear

Eddy-Current Loss per Unit Length (W/m)
(4]

Shortest Radial Distance (mm)
(@)
1" T

—@— End shield, nonlinear
— O — End shield, linear
—=#&— Frame, nonlinear
— O — Frame, linear

10

O- - - —

Eddy-Current Loss per Unit Length (W/m)
~

_D_——'}_‘D~—|:|__ﬂ

5 10 15 20 25 30 35 40
Shortest Axial Distance (mm)

(b)

Fig. 10. The changes in the eddy-current loss per unit circumferential length
within the end shield and frame of one end: (a) 5 mm < 7o < 40 mm, ho = 50
mm; (b) 5 mm < hy < 40 mm, ro = 30 mm.

Fig. 11. The distribution of the magnetic induction lines within the end region
of one end at the instant when the current reaches the peak value. (ro = hy =
30 mm).

IV. CONCLUSIONS AND DISCUSSION

In this paper, by proposing a method using the standard
impedance boundary condition (SIBC), analyzing the eddy
current within the end shield and frame of a large induction
machine by FEM becomes possible. The model was validated
by the measurement, so the proposed method as well as the
parameters of the model proves feasible and accurate in the
analysis of the eddy current. The eddy-current loss within the
end shield and frame is quite small, for instance, by comparison
with the total copper loss within the stator winding. High
eddy-current loss mainly distributes within the inner surfaces
of these structures that are close to the nose parts of the coil
ends. In addition, as the distance between the frame and coil
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ends (71 in Fig. 5) increases, there is a smooth decrease in the
loss. The same situation happens when the distance between
the end shield and coil ends (h; in Fig. 5) increases. Finally,
by using 2-D FEAs, under the same conditions, the loss within
the end shield and frame by using a single-valued nonlinear
magnetization curve is larger than a linear one equal to 1000.

During the quantitative determination of the loss within the
end shield and frame, the proposed measurement method proves
to be feasible and easy to operate in the measurement. Two main
points should be emphasized. Firstly, the temperature sensors
should be placed in such positions that large temperature gradi-
ents can be measured, so it, to some extent, needs a basic un-
derstanding of the distribution of temperature, which can be ob-
tained from 3-D FEAs. Secondly, the derivatives of temperature
with respect to time should be calculated according to the data
recorded at the beginning of the measurement, otherwise heat
transfer will make the calculated derivatives inaccurate.

In sum, the proposed method makes it possible to deal with
the eddy current flowing inside the thin layer close to the sur-
faces of the conducting structures in the end region. The main
limitations lie in that only the fundamental in time is taken into
account and other harmonics in time are all omitted. To ana-
lyze the effect of the harmonics on the eddy current in the end
region, 3-D time-stepping FEAs are needed, but they are quite
challenging at present, in particular, for the complex end region
of a large rotating electric machine.
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