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ABSTRACT Aimed at the problem that the existing calculation method of eddy current losses in stator
windings of large hydro-generators cannot consider the transposed structure and circulating current, the
equivalent circuit model considering the actual transposed structure and circulating current is established,
and the analytical calculation method for eddy current losses of stator winding is proposed in this paper,
which is suitable for different transposed structures. Then, eddy current losses of stator transposed winding in
an 180MW hydro-generator is analyzed by the proposed method and validated by the finite element method.
Finally, the influence of the transposed structure on eddy current losses of stator windings is analyzed
quantitatively and compared with the existing calculation method. The results show that the value and
distribution trend of eddy current losses in strands change a lot when considering the influence of circulating
current and the actual transposed structure, and the influence is different for different transposed structures,
which must be considered.

INDEX TERMS Analytical calculation method, eddy current losses, large hydro-generator, stator winding,
transposed structure.

I. INTRODUCTION
The accurate calculation of additional losses in stator wind-
ings of the large hydro-generator plays an important role in
the design of stator windings and is also the prerequisite for
the subsequent temperature calculation [1], [2]. Additional
losses in stator windings of the large hydro-generator mainly
consist of circulating current losses generated by circulating
current between strands in one stator bar and eddy current
losses generated by eddy current in one strand of the stator
bar, which are all caused by the leakage magnetic field.
In order to reduce circulating current losses, the transposed
structure is adopted by parallel strands in slot portion [3],
and then every transposed strand changes its position in
stator slot along the axial direction of generator, leading to
the leakage magnetic flux linked by one transposed strand
is different along the axial direction, which will affect the
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distribution of eddy current and eddy current losses in every
transposed strand.Moreover, the circulating current cannot be
eliminated completely by the transposed structure [4], and the
distribution of eddy current losses is also influenced by the
circulating current [5], [6]. Therefore, the actual transposed
structure and circulating current should be considered when
calculating eddy current losses in stator windings of large
hydro-generators.

There are mainly three kinds of calculation methods for
eddy current losses in copper conductors, including analytical
formula method, equivalent circuit method and finite element
method. The influence of eddy current is considered by the
litz-wire resistance in [7], [8] and the analytical formula for
resistance considering skin and proximity effects is derived.
However, the leakage magnetic flux linked by litz-wires is
very different from that linked by stator windings in large
hydro-generators. Therefore, the analytical formula cannot
be used in the calculation of eddy current losses in stator
windings. Eddy current losses in stator windings induced by
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the slot leakagemagnetic flux of tractionmotors, small power
induction motors and large converter-fed hydropower gener-
ators are obtained in [9]–[11] by analytical formulas, which
cannot consider the actual transposed structure. In equivalent
circuit method, every conductor is divided into many sub-
conductors according to the flow path of the eddy current,
and then eddy current losses can be obtained by solving the
equivalent circuit consisting of sub-conductors. A wideband
lumped circuit model of eddy current losses in a coaxially
insulated coil is presented in [12]. The equivalent circuit of
transformer winding is established in [13]–[15] to calculate
eddy current losses of windings in transformer considering
the skin effect. The equivalent circuit method is widely used
in losses analysis [16], [17], but little is used in windings
of large hydro-generators. In finite element method, eddy
current losses of every conductor can be obtained by estab-
lishing the finite element model. The eddy current of circu-
lar current-carrying conductors considering skin effect and
nonlinear permeability is obtained in [18] and eddy current
losses of litz wire considering different bundle structures and
pitch lengths is obtained in [19] by two-dimensional finite
element method. Eddy current losses of stator windings in
high speed permanent magnet ACmotors and switched reluc-
tance machines are obtained in [20]–[22] by two-dimensional
finite element method. Though the three-dimensional finite
element model for the calculation of circulating current losses
in stator windings considering the actual transposed structure
is established in [23], [24], however eddy currents in stator
strands are not considered. The computational accuracy of
eddy current losses depends on the layer number of subdi-
vision elements, and that of every transposed strand should
be divided into many layers along the changing direction of
magnetic field. Then, a huge number of subdivision elements
will be generated due to the great disparity of sizes between
strand gauge and strand length and the three-dimensional
finite element model is hard to solve.

In the existing method for eddy current losses in sta-
tor windings of large hydro-generators, it is assumed that
circulating currents between stator strands in a stator bar
are ignored and the distribution of leakage magnetic field
along the axial direction is the same in the stator slot, thus
eddy current losses can be obtained by solving the leakage
magnetic field in a two-dimensional stator slot section [25]
and the transposed structure and circulating current are not
considered. Aimed at that problem, the equivalent circuit
model considering actual transposed structure and circulating
current is established, and the analytical calculation method
for eddy current losses of stator windings with different trans-
posed structures is proposed in this paper. Eddy current loss of
stator windings in an 180MW hydro-generator is calculated
by the proposed analytical calculation method and validated
by the multi-section two-dimensional finite element method.
The influence of the transposed structure on the eddy current
loss of stator windings is analyzed and compared with the
existing calculation method.

FIGURE 1. The structure of stator windings in large hydro-generators.
(a) The structure of the stator bar. (b) The transposed structure in the slot
portion of stator bars. (c) The connection structure in the end portion of
stator bars.

II. ANALYTICAL CALCULATION METHOD OF THE EDDY
CURRENT LOSS IN STATOR TRANSPOSED WINDINGS
The stator winding of large hydro-generators consists of
many stator bars, which is shown in Fig.1(a). The stator bar
is made of many rectangle cross-sectional solid strands in
parallel, and the transposed structure is used in the slot portion
of the stator bar, which is shown in Fig.1(b). All transposed
strands are connected together in the end portion of one stator
bar and connected to the next stator bar by the copper clip,
which is shown in Fig.1(c).

A. CALCULATION PRINCIPLE
The eddy current exists in every stator strand, which is gener-
ated by the difference of the leakagemagnetic flux in different
position of one stator strand. For large hydro-generators, there
are many poles, leading to the small span for the end portion
of the stator bar, thus the contribution of the leakage magnetic
flux in end portion to the eddy current in every stator strand
is very small. Therefore, the eddy current in every stator
strand is almost generated by the leakage magnetic flux in
slot portion.

The leakage magnetic flux is almost transversal distributed
in slot portion, so the eddy current distribution in one strand
is almost along the strand height direction. The single trans-
posed strand is taken as an example, and the flow path of
eddy current is shown in Fig.2(a). When considering the
transposed structure, the slot leakage magnetic flux linked by
one transposed strand is different along the axial direction,
affecting the eddy current in one transposed strand, which
should be simulated by complex three-dimensional model.

In order to simplify the solution procedure, the equivalent
method of the eddy current in every transposed strand is
presented. The schematic figure of the equivalent method is
shown in Fig.2(b), in which the strand with 4 sub strands
and 3 transposed pitches are taken as examples. In the actual
calculation, the number of sub conductors is determined by
the calculation accuracy and the number of transposed pitch
is determined by the transposed structure.

The transposed path of strand is considered as straight line
in every transposed pitch. The distribution of slot leakage
magnetic flux is considered uniform in one transposed pitch
and is different between different transposed pitches because
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FIGURE 2. The eddy current in one stator transposed strand and its
equivalent method. (a) The flow path of eddy current. (b) Equivalent
method of the eddy current.

FIGURE 3. Equivalent circuit model of every stator transposed strand in
every transposed pitch for calculating the eddy current loss.

of the transposed structure. In every transposed pitch, every
strand is divided into many sub strands along the strand
height direction. The eddy current losses can be obtained
by calculating the current of sub strands in every transposed
pitch.

B. EQUIVALENT CIRCUIT MODEL
The source of the eddy current is the difference of the slot
leakage magnetic flux linked by different sub strands in
one stator transposed strand. The slot leakage magnetic flux
is represented by the slot leakage reactance, the equivalent
circuit model of every transposed strand in every transposed
pitch for calculating the eddy current loss can be established,
which is shown as Fig.3.

For the convenience of illustration, taking the top layer
#i strand as an example, the equivalent circuit model
in Figure 3 only includes the top layer #i strand, the top
layer #m strand and the bottom layer #n strand. If there are
N1 strands in the top layer bar, N2 strands in the bottom
layer bar and N sub strands in #i strand, Rp(p = 1 · · ·N )
represent the resistance of #p sub strand in one transposed
pitch, Xpq(p, q = 1 · · ·N ) represent the mutual leakage
reactance between #p sub strand and #q sub strand in one
transposed pitch, Xum,p(p = 1 · · ·N ,m = 1 · · ·N1) represent
the mutual leakage reactance between the top layer #m strand
and #p sub strand in one transposed pitch, Xdn,p(p = 1 · · ·N ,
n = 1 · · ·N2) represent the mutual leakage reactance between
the bottom layer #n strand and #p sub strand in one transposed
pitch, İp(p = 1 · · ·N ) represent the current of #p sub strand in

one transposed pitch, İum(m = 1 · · ·N1) represent the current
of the top layer #m strand, İdn(n = 1 · · ·N2) represent the
current of the bottom layer #n strand.

C. CALCULATION METHOD OF EDDY CURRENT LOSS
According to the equivalent circuit model, the equivalent cir-
cuit equation of every transposed strand in every transposed
pitch can be established as (1).(R+ jX) İ + j [Xu Xd]

[
İu
İd

]
= 0

[11 · · · 1] İ = İui

(1)

where R represent the resistance matrix of sub strands, X
represent the reactance matrix of sub strands, Xu represent
the reactance matrix between sub strands and the top layer
strand,Xd represent the reactance matrix between sub strands
and the bottom layer strand, İ represent the current matrix of
sub strands, İu represent the current matrix of the top layer
strands, İd represent the current matrix of the bottom layer
strands, which are shown as (2)-(6).

R

=



R1 −R2 0 · · · · · · 0
0 R2 −R3 0 · · · 0
... 0

. . .
. . .

. . .
...

...
...

. . .
. . .

. . . 0
0 0 · · · 0 R(N−1) −RN

 (2)

X

=


X11 − X21 X12 − X22 · · · X1N − X2N
X21 − X31 X22 − X32 · · · X2N − X3N

...
...

. . .
...

X(N−1)1 − XN1 X(N−1)2 − XN2 · · · X(N−1)N − XNN


(3)

Xu

=


Xu1,1−Xu1,2 Xu2,1−Xu2,2 · · · XuN1,1−XuN1,2
Xu1,2−Xu1,3 Xu2,2−Xu2,3 · · · XuN1,2−XuN1,3

...
...

. . .
...

Xu1,(N−1)−Xu1,N Xu2,(N−1)−Xu2,N · · · XuN1,(N−1)−XuN1,N


(4)

where Xui,p = 0(p = 1 · · ·N ) (5)-(6), as shown at the bottom
of the next page.

In (1), İ is unknown matrix, other matrixes are known
matrixes. İum and İdn can be obtained by [26], in which
circulating current between strands is considered.

The resistance Rp can be obtained by (7).

Rp = ρ
l
S

(7)

where ρ represent the resistivity of the sub strand, l represent
the length of the transposed pitch, S represent the area of the
sub strand.

The reactance Xpq can be obtained by (8).
The reactance Xum,p and Xdn,p can be obtained by the
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TABLE 1. Basic parameters of the 180-MW hydrogenerator.

same method.

Xpq =
ωµ0l
bs

min(hp, hq) (8)

where ω represent the angular frequency, µ0 represent the
permeability of vacuum, bs represent the width of the stator
slot, hp represent the distance between #p sub strand and the
slot opening, hq represent the distance between #q sub strand
and the slot opening.

The eddy current loss of #i strand in #α transposed pitch
can be obtained by (9).

Piα =
N∑
p=1

∣∣İp∣∣2 Rp − ∣∣İui∣∣2 RpN (9)

Then, the eddy current loss of #i strand can be obtained
by (10).

Pi =
Ns∑
α=1

Piα (10)

where Ns represent the number of transposed pitch.

III. RESULTS OF EDDY CURRENT LOSSES CONSIDERING
TRANSPOSED STRUCTURE AND VALIDATION
A. RESULTS OF EDDY CURRENT LOSSES
The stator transposed bar of a 180-MW hydro-generator is
taken as an example in this paper, the basic parameters of
which are shown in Table 1. The material of the strand is
copper.

The incomplete transposed structure is adopted in the slot
portion of the stator bar, the transposed path of which is
shown in Fig.4. In every transposed pitch, all strands in one
stator bar move the height of one strand according to the
transposed direction and the corresponding transposed angle

FIGURE 4. The transposed pitch number and strand number of the stator
bar in the 180-MW hydro-generator.

is 7.2◦. The transposed angles of the stator bar in the top and
bottom layer are both 345.6◦, and then the transposed strands
are divided into 48 transposed pitches and numbered #1 to
#48 from the transposed starting to the transposed ending.

The top layer #27 strand and #48 strand are taken as
examples to show the equivalent transposed path obtained by
the analytical calculation method, the actual and equivalent
transposed path is shown in Fig.5.

The transposed angle of the stator bar is 345.6◦, that is to
say, every strand is two transposed pitches short to occupy
all positions of strands in one stator bar. In every transposed
pitch, the actual transposed path of strand is slash, which is
equivalent to straight line. Every strand is divided into 16 sub
strands and numbered #1 to #16 from the slot opening to the
slot bottom.

The mutual-leakage reactance between 16 sub strands of
the top layer #1 strand in #1 transposed pitch is shown
in Fig.6(a). The mutual-leakage reactance between 16 sub
strands of the top layer #1 strand and the bottom layer strands
in #1 transposed pitch is shown in Fig.6(b), the value of which
is the same as the self-leakage reactance of 16 sub strands
of the top layer #1 strand. The mutual-leakage reactance
between 16 sub strands of the top layer #1 strand and other
top layer strands is the same as Fig.6(b).

The current RMS and current phase of the top and bottom
layer strands is calculated by the method in [21], which is
shown in Fig.7. The current RMS and current phase are dif-
ferent for different strands because of the circulating current

Xd =


Xd1,1 − Xd1,2 Xd2,1 − Xd2,2 · · · XdN2,1 − XdN2,2
Xd1,2 − Xd1,3 Xd2,2 − Xd2,3 · · · XdN2,2 − XdN2,3

...
...

. . .
...

Xd1,(N−1) − Xd1,N Xd2,(N−1) − Xd2,N · · · XdN2,(N−1) − XdN2,N

 (5)

İ =


İ1
İ2
...

İN

 , İu =


İu1
İu2
...

İuN1

 , İd =

İd1
İd2
...

İdN2

 (6)
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FIGURE 5. The equivalent transposed path of the top layer #27 strand
and #48 strand obtained by the analytical calculation method when the
transposed angle is 345.6◦. (a) The actual transposed path. (b) The
equivalent transposed path.

between different strands in the same stator bar. The current
RMS of #27 strand is the largest and that of #48 strand is
the smallest in the top layer, the current RMS of #27 strand
is the largest and that of #45 strand is the smallest in the
bottom layer. The circulating current is generated by both slot
and end leakage magnetic flux. When the transposed angle is
345.6◦, the offset effect of the slot leakage magnetic flux on
the end leakage magnetic flux is the strongest and circulating
current is the smallest, and the contribution of the end leakage
magnetic flux to circulating current is more prominent than
the slot leakage magnetic flux. The end portion length of
the top and bottom layer bar is different, leading to the end
leakage magnetic flux linked by the top and bottom layer bar
is different, therefore, where the minimum value appears is
different.

The current density of sub strands in the top layer
#27 strand, #48 strand, the bottom layer #27 strand and
#45 strand in #1, #25 and #36 transposed pitch are shown
in Fig.8. The current density distribution of sub strands is
different in different transposed pitches for the same strand,
the eddy current in one strand decreases from the slot opening
to the bottom because the value of slot leakage magnetic flux
density almost decreases from the slot opening to the bottom.
In one transposed pitch, the current density distribution of sub
strands in different strands is different. We can observe by
comparing Fig.8(b) and Fig.8(c) that in #1 transposed pitch,
the current density maximum of sub strands in the top layer

FIGURE 6. The leakage reactance of the top layer #1 strand in #1
transposed pitch. (a) The mutual leakage reactance between sub strands.
(b) The mutual leakage reactance between sub strands and the bottom
layer strands.

#48 strand is larger than that in the bottom layer #25 strand
though the current RMS of the bottom layer #25 strand
is larger, because in #1 transposed pitch, the value of slot
leakage magnetic flux density where the top layer #48 strand
locates is larger. Therefore, the current density maximum of
sub strands in one strand is not only related to the current
value of a strand, but also related to the value of slot leakage
magnetic flux density where the strand locates.

The eddy current losses of the top and bottom layer
strands obtained by the analytical calculation method when
the number of sub strands is 4, 8, 12, 16 and 20 are shown
in Fig.9. The distribution of eddy current losses in the top
layer strands is different from the bottom layer strands though
the same transposed structure is adopted by the top and
bottom layer strands. The value of eddy current losses in
the top layer strands is much larger than the bottom layer
strands because the slot leakage magnetic flux density of
the top layer strands is much larger than the bottom layer
strands. With the increase of the number of sub strands,
the eddy current losses of the top and bottom layer strands
will increase when the number of sub strands is less than
16 and that are almost not changed when the number of sub
strands is more than 16. Therefore, the strand is divided into
16 sub strands.
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FIGURE 7. The current RMS and current phase of the top and bottom
layer strands considering circulating current when the transposed angle is
345.6◦. (a) The top layer strands. (b) The bottom layer strands.

B. VALIDATION OF ANALYTICAL
CALCULATION METHOD
The multi-section two-dimensional finite element method is
used to validate the analytical calculation method, the solu-
tion model of which is shown in Fig.10(a) and the circuit
connection is shown in Fig.10(b).

The number of sections is 48 and numbered S1 to S48 from
the transposed starting to the transposed ending, which is the
same as the analytical calculation method. In every section,
the solution region consists of the strand region and the air
region. The strand region is considered as eddy-current region
and the air region is considered as non-eddy-current region.
In the circuit, the strands of different sections with the same
number are connected into one branch and the current of
strands are the same as Fig.7.

The two-dimensional eddy current field is used to solve
the solution region. The boundary value problem of the two-
dimensional linear eddy current field expressed by the z
component of the vector magnetic potential Ȧz is shown as
follows.

1
µ0

(
∂2Ȧz
∂x2
+
∂2Ȧz
∂y2

)
= −J̇s + jωσ Ȧz

∂Ȧz
∂n

∣∣∣∣
ghabcd

=
∂Ȧz
∂n

∣∣∣∣
fe
= 0

Ȧz
∣∣
fg = Ȧz

∣∣
ed = 0

(11)

FIGURE 8. The current density of sub strands in different transposed
pitches. (a) The top layer #27 strand. (b) The top layer #48 strand.
(c) The bottom layer #27 strand. (d) The bottom layer #45 strand.

where J̇s represent the source current density, σ repre-
sent the conductivity, n represent the normal direction of
boundaries.

The current density distribution of strands in S1, S25 and
S36 section calculated by multi-section two-dimensional
finite element method is shown in Fig.11. The current density
distribution of strands in different sections is different due
to the transposed structure. The current density value and
distribution of the top layer #27 strand, #48 strand, the bottom
layer #27 strand, #45 strand is the same as Fig. 8.

Eddy current losses of the top and bottom layer strands
in #1, #25 and #36 transposed pitch calculated by analyt-
ical calculation method and multi-section two-dimensional
finite element method are compared in Fig.12. Eddy current
losses of strands in different transposed pitches are differ-
ent because of different distribution of current and different
strand position in stator slot. The calculation results obtained
by analytical calculation method are near that obtained by
finite element method, and the maximum relative error is
less than 3%.

IV. INFLUENCE OF TRANSPOSED STRUCTURE ON EDDY
CURRENT LOSSES IN STATOR WINDINGS
In order to analyze the influence of transposed structure on
eddy current losses in stator windings, eddy current losses
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FIGURE 9. The eddy current losses of the top and bottom layer strands
when the number of sub strands is different. (a) The top layer strands.
(b) The bottom layer strands.

FIGURE 10. The calculation model of multi-section two-dimensional
finite element method. (a) Solution region. (b) Circuit connection.

of stator transposed strands in the 180-MW hydro-generator
is calculated by the proposed analytical calculation method
when the transposed angle of the top and bottom layer
bar are both 288◦. The transposed strands are divided into
40 transposed pitches, and the equivalent transposed path of
the top layer #27 strand and #48 strand is shown in Fig.13.

FIGURE 11. The current density distribution of strands in different
sections calculated by multi-section two-dimensional finite element
method.

FIGURE 12. Eddy current losses of strands in different transposed pitch
calculated by analytical calculation method and multi-section
two-dimensional finite element method. (a) The top layer strands. (b) The
bottom layer strands.

The current RMS and current phase of the top and bottom
layer strands when the transposed angle is 288◦ is shown
in Fig.14, which is different from Fig.7 because of the dif-
ferent transposed angle. When the transposed angle is 288◦,
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FIGURE 13. The equivalent transposed path of the top layer #27 strand
and #48 strand obtained by the analytical calculation method when the
transposed angle is 288◦.

FIGURE 14. The current RMS and current phase of strands considering
circulating current when the transposed angle is 288◦. (a) The top layer
strands. (b) The bottom layer strands.

the spare slot leakagemagnetic flux besides that offset the end
leakage magnetic flux will also generate circulating current.
Therefore, the current RMS and phase difference is larger
than that when the transposed angle is 345.6◦.
Eddy current losses of the top and bottom layer strands

in #1, #25 and #36 transposed pitch calculated by ana-
lytical calculation method when the transposed angle is
288◦ are shown in Fig.15. Though the strand position in
#1, #25 and #36 transposed pitch is the same as that
when the transposed angle is 345.6◦, eddy current losses of
strands are very different because of the different distribu-
tion of strand current, which directly affects the distribution
of slot magnetic flux density. Therefore, the distribution of
strand current has a great effect on the eddy current losses
in strands.

FIGURE 15. Eddy current losses of strands in different transposed pitch
calculated by analytical calculation method when the transposed angle is
288◦. (a) The top layer strands. (b) The bottom layer strands.

Eddy current losses of the top and bottom layer strands
obtained by the analytical calculation method when the trans-
posed angle is 288◦ are shown in Fig.16, which are different
from Fig.9.

The strand number with the largest eddy current loss
will change when different transposed structures are adopted
because of the different distribution of the slot leakage mag-
netic field and different transposed structure. The strand with
large current in Fig. 14 doesn’t have large eddy current losses
in Fig. 16, because eddy current losses are related to the slot
leakage magnetic flux linked by different sub strands in one
strand. Though the current of one strand is large, the value of
slot leakage magnetic flux density where that strand locates
is small, and then the eddy current losses of that strand will
be small.

In order to compare with the existing calculation method,
eddy current losses of the top and bottom layer strands in
the 180-MW hydro-generator are calculated by the existing
calculation method, in which the current of every strand in
one stator bar is considered the same and the transposed
structure is ignored, thus two-dimensional finite element
method is usually used. The calculation result obtained by
the existing calculation method is shown in Fig. 17 no matter
which transposed structure is adopted. We can observe by
comparing Fig. 17, Fig. 9 and Fig. 16 that the value and
distribution trend of eddy current losses in strands change a
lot when considering the influence of circulating current and
the actual transposed structure, and the influence is different
for different transposed structures.
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FIGURE 16. Eddy current losses of the top and bottom layer strands when
the transposed angle is 288◦. (a) The top layer strands. (b) The bottom
layer strands.

FIGURE 17. Eddy current losses of the top and bottom layer strands by
the existing calculation method.

V. COUCLUSION
A fast analytical calculation method for eddy current losses
of stator windings considering actual transposed structure
and the non-uniform distribution of strand current due to
circulating current is proposed and validated by the finite
element method. In the proposed method, the number of sub
strands has a great effect on the calculation results. With the
increase of the number of sub strands, eddy current losses
of strands will increase. For the 180-MW hydro-generator
analyzed in this paper, 16 sub strands canmeet the calculation
accuracy.

The leakage magnetic flux is almost transversal distributed
in slot portion, so the eddy current distribution in every strand

is almost along the strand height direction, leading that the
current density varies at different heights of every strand. The
current density distribution of the same strand is different for
different transposed pitches. In one transposed pitch, the cur-
rent density distribution of different strands is different. The
current density maximum of every strand is not only related
to the current value of strand, but also related to the value of
slot magnetic flux density where the strand locates.

The eddy current losses in strands is not related to a strand
current directly, but is related to the value of slot leakage
magnetic flux density where the strand locates, which is
determined by the current distribution of all strands and the
position of all strands in stator slot. The value and distri-
bution trend of eddy current losses in strands change a lot
when considering the influence of circulating current and
the actual transposed structure, and the influence is different
for different transposed structures, which must be considered
when calculating eddy current losses in stator transposed
windings.
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