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Abstract—This paper describes an experimental procedure
for characterization of electromagnetic phenomena that occur
in the end regions of large turbo-generators. The test bench
contains a stack of steel laminations from a 900 MW turbo-
generator stator and two exciting circuits in order to combine a
transverse magnetic flux with the in-plane flux. The theoretical
and experimental results will be analyzed with a view to examine
the influence of transverse flux on losses.

Index Terms—Turbo-generator, real scale model, 3D finite
element method, transverse field, perpendicular flux, core end,
eddy currents, stray losses.

I. INTRODUCTION

Stator magnetic circuit of large power-generators in elec-
trical power-plants are subjected to electrical, thermal and
vibratory stresses which causes aging and deterioration. Es-
pecially, the stator front ends are severely stressed due to the
presence of the stray magnetic field induced by the current in
the end windings and in the rotating end connections of the
rotor. Indeed, this magnetic field has an axial component which
penetrates perpendicularly in the front parts laminations. This
transverse magnetic field induces in plane eddy currents in
the first laminations, leading to extra losses and overheating.
The thermal stress causes fast aging of insulation between
laminations at the end part of the stator, which can induce
breakdown of the insulation, possibly generating stator core
faults.

The electromagnetic field in these parts of the machine is
fully three-dimensional. Until now, finite element simulations
that compute that field are mainly based on simplified two-
dimensional models [1] or simplified 3D models (that does
not allow the analysis of eddy currents, or based on simplified
geometry) [2]. Moreover, experimental analysis is uneasy
because it requires an experimental bench that represents a
real stator, or at least a piece of real stator, what is rather
unusual.

This paper presents an analysis based on a device made of
stator laminations of a large turbo-generator. The particularity
of the device concerns the double excitation of the laminations
that bring the main flux density longitudinally but also a
transverse magnetic field. The both fields can be adjusted
separately in amplitude and in phase. In this way it is possible
to reproduce the behavior of the laminations versus the active
and reactive power delivered by the power generator.

The study will combine a finite element simulation and an
experimental analysis. The finite element analysis is based on

Figure 1.
generator as an example of a stepped core. Zoom on the first steps around the
teeth (only half a segment is drawn). It is a not-shielded stator, and its fingers
are drawn in red (A), the stator bars in yellow (B; and Bs), the stepped core
end in shaded blues (C'), the cooling ducts in green (D) and the full segments
in purple and pink (E) that comprise notches (circled in the figure).

Model of the end region of the stator core of a 125 MW turbo-

a 3D harmonic model that takes into account a homogenized
anisotropic conducting block for the stator laminations; this
method will be shortly explained and tested.

The effect of the transverse magnetic flux will be studied
in terms of additional iron losses at a given main in-plane
flux. Two results are presented in this paper: the influence of
a passive additional magnetic path equivalent to a strong air-
gap fringing, and the evolution of the losses in the tooth with
regard to the incoming transverse flux density.

II. OBJECTIVES AND DESIGN
A. Background and objectives

In the end region of large turbo-generators, the magnetic
field includes an axial component which comes mainly from
the air-gap fringing across the core end and from the stator and
rotor end-winding currents [3]. The effects of the axial-flux are
reduced by introducing a stepped core end (see in figure 1),
a core end flux shield or by slit cuts on the tooth. However,
it still induces eddy currents and inter-lamination voltages [4]
that might damage the stator core by breaking the insulation
between laminations and thus providing a path for a default
current.

Eddy currents from axial flux increase definitely the global
stray losses, but the heating is indeed localized in some
areas, e.g. the corners at the far end of stator slots [5]. Both
experiments and simulations are thus important to determinate



the critical areas. The operating conditions also have a major
influence on the magnitude of axial flux: it is well known
that during leading power factor operations, the heat may be
critical; and the worst case remains the pole-slip [6].

Experimental measurements were made on stator core end
of some large turbo-generator [7], [8], but instrumenting
a real turbo-generator generator remains complicated, and
monitoring at operating conditions is usually not possible.
These difficulties justify the use of simulations and simplified
devices.

The experimental device designed in the present paper aims
at studying the behavior of the magnetic flux in the end region
of the turbo-generator. This study focuses on the combination
of fluxes within the teeth, and the induced losses, function of
the phase shift between both fluxes and magnetic flux density
level.

B. Specifications

The scale model aims at simulating the behavior of the
fluxes in the end region of large turbo-generators; thus it
must combine two normal incoming fluxes. The first one is
the “main” flux of the turbo-generator, circulating within the
plane of lamination, and the second one is the leakage flux,
incoming across the sheets of the magnetic core.

The specifications of the scale model are therefore:

« Being a good approximation of the phenomena that occur
in the end region of large turbo-generators;

o Generating a high magnetic flux in the tooth (in order to
get the highest saturation as possible) within the plane of
lamination called hereafter “lengthwise flux”;

o Generating a magnetic flux perpendicular to the sheets
upon the tooth, called “transverse flux”;

« Controlling the phase difference between both fluxes in
order to reproduce the operating conditions (i.e. lag-
ging/leading mode);

o Measuring the flux penetration inside the stator sheets
stack, measuring losses function of phase shift between
incoming fluxes.

C. Design

The final design is depicted in the figure 2. Several choices
have been made in order to fulfill the specifications.

1) Test core sheets (C in figure 2): The chosen testing sam-
ple is an actual part of a 900 MW turbo-generator core (real
scale). On the 900 MW turbo-generator, the stator magnetic
core is made up of stacked laminations; each layer is divided
into 18 segments of 3 teeth (the stator has 54 slots). The butt
joins between laminations are staggered from layers to layers;
the shift angle between adjacent laminations is equivalent to
one tooth. That is why the angular aperture of one sample
sheet equates to one third of the actual segments (i.e. one
tooth only): a stack of full segments without staggering would
not be more accurate.

This design allows besides to focus the lengthwise flux into
one single tooth, increasing the flux density. Using a single
tooth on a full three-teeth segment would neither improve the

Figure 2. Final design of the scale model. (A): lengthwise exciter’s frame and
(A’): butt-lap (sketched with two layers of over-thick sheets); (B): lengthwise
exciter’s windings; (C): 900 MW sheet samples and (C’): stator tooth; (D):
transverse exciter’s winding; (E): transverse exciter’s frame.

accuracy since the two adjacent teeth would not carry any
magnetic flux (unlike what actually occurs).

Moreover, in the end region of turbo-generators the teeth
are shortened (in order to obtain a stepped core end as shown
in the figure 1), thus the notches used to maintain the wedges
in this area do not appear in the presented device. Finally,
some teeth are designed with slits cut in the radial direction,
but this is neglected in the current study. The samples may
include this in further studies.

The sample sheets are made of a grain oriented electrical
steel (thickness 0.35mm). The direction of lamination is
crosswise to the tooth.

2) Exciter frame (A in figure 2): The lengthwise flux,
which flows within the plane of laminations, is generated by
two windings on a symmetric exciter frame, as shown in the
figure 2. The two windings (B) work in phase, producing two
symmetric fluxes that move back through the tooth; however
an asymmetric mode would be easy to implement afterward.

The transverse flux is generated by a second frame in “U”
shape (E). It is mobile, so the incoming area may be adjusted
upon the tooth. The air-gaps between the exciter frame (A)
and the sample (C) may be widened or narrowed in order to
fine-tune the global reluctance of the exciter.

The frames themselves are made of a stack of 180 lam-
inations (M270-0.35). The lengthwise frame is divided in 3
parts with butt-lap to reduce the reluctance of the frame, the
transverse frame is made of one part.

3) Phase shift between fluxes: An asynchronous machine
with a wound rotor is used as transformer to feed the transverse
winding. This way, the phase angle between lengthwise and
transverse fluxes depends directly on the angular position of
the rotor (which is fixed and adjustable using a worm screw).

4) Windings sizing: The number of turns must be de-
termined beforehand: the required current to impose a flux
decreases when the number of turns increases, however the re-



quired voltage rises. Depending on the chosen power supply’s
characteristics, the best compromise voltage/current must be
evaluated: a model based on reluctance network will be used.

5) Reluctance network: A simple (linear) reluctance net-
work has been drawn, as shown in the figure 3. The two
branches ((«) and («')) modeling the lengthwise frame are
symmetric: they consist of one magnetomotive force n;%;
(M.M.F. that represents the winding) and one reluctance R;.
This reluctance R; includes the reluctances from the magnetic
frame, the butt-lap joint (which equates to an air gap of
~0.1mm [9]), the long air-gap and a part of the sample
(depending on the position of the transverse frame). The
branch () corresponds to the transverse frame: the M.M.F.
niy and one reluctance Rg that includes the two air-gaps
reluctances and the magnetic frame’s reluctance. Finally, the
branch (v) (reluctance Rs) represents one part of the sample
(complementary to the «’s part), the tooth air-gap and the
part of the lengthwise frame that faces the tooth (triangular-
shaped).
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Figure 3. Reluctance network. (c) and (o): lengthwise frame and windings;
(B): transverse frame and winding; (y): central branch including the tooth.

The saturation of the material is taken into account through
the adaptation of the magnetic permeability. In the areas where
the flux density is expected to be high (confirmed by FEM
simulation), such as the tooth, the permeability is lowered.
The relative permeability of the lengthwise frame is 4 000,
while the tooth’s one is only 500 (which is coherent with an
induction of ~1.7T).

The reluctance of a circuit [AB] is calculated using the
following formula (1), where [ is the curvilinear abscissa, .S
and p the current section and permeability:

Boa
R‘/A (D) - 50) M

Of course, in the case where the permeability and section
are constant, the formula becomes R = las/,.s.

This leads to the electrical equations that describes the
behavior of the system. The results are shown in the table
I which points out that the reluctance frame provides an
alternative path for the flux. Adjusting the air-gaps accordingly
(e.g. by increasing the transverse air-gaps) will allow to control
this path. Nevertheless, the reluctance network highlighted this
intrinsic restriction of the device.

Portion Value (H—1)
102
Tooth (.t otal) 10.6 1(31 Reluctance  Value (H 1)
Tooth air-gap 2.1-10 T
: o R 181-10

Long air-gap 2.1-10 I3 6.7 107
Transverse air-gap 3.2-10% R2 1i 6107
Transverse frame 4.2-10% 3 :
Lengthwise frame 2.2- 107

Table I

RELUCTANCES OF THE MAIN PARTS OF THE SCALE MODEL (c¢f. FIGURE 3).

The lengthwise windings are sized by shutting down the
transverse winding, and vice versa. For instance, the global
magnetic equation for the lengthwise case is:

Ry + Rs

@2 <R2 + 9Rs

R1> = nyi )

Where n; is the number of turns and ¢; the current in the
lengthwise windings. In order to gauge the number of turns,
a flux density set-point B,; in the tooth is chosen, leading to
the system (4).

e = fn% - ,nw 3)
ot ot
{il = 1629 By, @
€l =0.94 - ng - Bobj

Where e; is the voltage across the lengthwise winding ter-
minals and ¢; the magnetic flux through the winding section.

The flux density objective level B,y; is set to 1.77", and it
appears that e; = 240V and i; = 7 A (for each winding) are
enough with n; = 150 turns. The same analysis (with B,; =
1T) for the transverse exciter leads to the same number of
turns (n; = 150), but with much lower electric levels (i; = 5 A
and e; = 140V).

III. FEM SIMULATIONS

The finite element model of the experimental apparatus is
used to characterize the flux density distribution inside the
stator packets imposing different values of the currents through
the exciting circuits.

A. Code_Carmel3D

The FEM (Finite Elements Method) simulations are run
with code_Carmel3D. This software is based on Whitney’s
elements and is developed by the LAMEL (“Laboratoire
de Modélisation du Matériel Electrique”, common laboratory
between EDF R&D and L2EP).

B. Mesh of the experimental apparatus

The geometric model is based on the true geometric shape
of the scale model, including screw holes and all details in the
geometry. By using symmetry of the real scale model, only
one half of the structure appears in the mesh. In the critical
areas (i.e. the high-gradient areas), the mesh quality has to
be controlled, that is the aspect ratio of tetrahedrons should



be as close to 1 as possible in order to improve the FEM
simulation’s robustness. The mesh sizes near the air-gaps are
set to depend directly on the corresponding air-gap thickness
€, usually the characteristic length ranges from 0.5¢ to 1.5¢.
Since the tooth air-gap is really small compared to the global
size of the model (0.1 mm compared to 150 mm) the mesh size
is quite important: 8.8 - 10 tetrahedrons.

The mesh is obtained through the software Gmsh [10]
and Salome (Netgen algorithm). It can be noted that stator
packets are meshed as a homogeneous block (treated as an
anisotropic medium), allowing to greatly reduce the mesh size
(and thus the needed memory and time for the creation of the
stiffness matrix) at the cost of the resolution time (about 80h
of resolution).

C. Anisotropy validation

Using anisotropic domains is a good way of modeling the
stack of sheets. The anisotropy of the conductivity o over the
transverse direction of the stack in FEM simulations has been
explored by Yamazaki et al. [11], along with other methods;
but the relations involving the characteristics of the material
(isotropic and anisotropic) in regard to the stacking factor have
been given by Jackson [4] for example 35 years ago.

Magnetic flux path

Meshed area (FEM) )
Sample lz

Cutline 1

Ctlines ') 1 4

Figure 4. Basic apparatus used as simplified reference case.

The anisotropy on materials was investigated with
code_Carmel3D in previous works on a basic apparatus (see
in figure 4) where the flux incomes transversely to the sheets
and outcomes in the lamination direction. Experimental results
will not be presented in this paper. The sample is made of
15 sheets (dimensions 100 x 30 x 0.35mm) and the coating
thickness is assumed to equals 0.015 mm (the stacking factor
v is therefore 0.955). Three models have been considered:

1) Each sheet and coating meshed with “one layer” (i.e.
one layer of hexahedrons split into tetrahedrons: thus
the elements barycenters are spread on three layers);

2) Each sheet meshed with “three layers” and each coating
with “one layer” (please refer to the figure 5), 3 mesh
layers in the sheet thickness provides a good represen-
tation of skin depth effects, therefore this case is taken
as reference in this comparison;

3) The sheets and their coating meshed globally into an
homogenized block.

The model 1 leads to an average mesh of 4 millions elements,
the model 2 to 23 millions elements and the model 3 is much
lighter with 0.5 million elements. Defining “thin insulators”
(mesh surfaces where Jii= 0) to represent each sheet coating
was considered at first, but this method still requires the
permeability to be anisotropic and a finer mesh; thus it was
rejected.

Figure 5.

Mesh of the top end of the stack of sheets

Magnetic saturation is not considered. Both cases 1 and
2 are isotropic, and the model 3 uses anisotropic proper-
ties for the conductivity o and the relative permeability ;..
They are roughly estimated: o; = 200 Sm ™! (compared to
op = 2.08-10°Sm~1) and ey = 22 = ﬁ (compared
to p,; = 3000). The ratio between in plane and transverse
values is really high, therefore these transverse parameters do
not require an accurate gauging (their influence is low).

Finally, the results validate the use of anisotropy within
code_Carmel3D (see figure 6). The discretization introduces
a “step” effect on the flux density along the cut lines that is
particularly obvious in the case 3 since elements are much
bigger; however the overall evolution and values are good.
This simulation therefore confirms the modeling method of a
stack of sheets by a homogenized anisotropic block.

Position 1

Position 2

Flux Density (T)
Flux Density (T)
o
IS
[}

3 2 3
z(m) x107° z(m) X107
Position 3 Position 4

Case 1
Case 2
= = =Case3

0.6 06

IR &

Flux Density (T)
D
Flux Density (T)

0.2

z(m) x107° z(m) x10°

Figure 6. Flux density on cut-lines in the plane of symmetry (see figure
4). Cases 1 and 2 are really close (showing that one layer is enough), and 3
(dashed line) is a good approximation.



D. Losses analysis

1) Loss density distribution: Finite element analysis shows
the distribution of loss density. In a first simulation, the current
flowing through all the three windings are the same (phase and
amplitude) and are set to induce in-phase fluxes in the tooth
(therefore lengthwise and transverse excitation are in phase
opposition in the exciter frames). On the figure 7 the loss
density in drawn in this case.

Loss repartition (WW.m?) on the tooth. Only half of the device is
drawn (the other half is symmetric).

Figure 7.

The repartition of eddy current losses in tooth between the
two transverse arms is quite even, while a higher loss density
area appears “outside” (cf. figure 7). We can also notice that,
as expected, the losses near the slot corner are high. Other
plots (which are not drawn hereby) point out that losses are
localized at the top of the sheet stack. With no doubt, taking
into account the saturation phenomena would spread the losses
into a larger area (deeper in the stack).

2) Loss evolution with transverse flux amplitude: The in-
fluence of transverse magnetic flux has been investigated: the
lengthwise flux is fixed (5 A in both lengthwise windings) and
the transverse flux varies, the evolution is presented in the
figure 8. Positive values of current mean that transverse and
lengthwise currents tends to create an in-phase flux in the
tooth.

Since the transverse frame constitutes an acceptable path
for the flux (as shown in the table I), some of the flux
from lengthwise excitation is driven by the transverse frame.
Therefore it is seen as an offset value; and thus the effect
of positive transverse current is to counterbalance this flux:
5 A are needed to get an average flux density of OT in the
transverse frame (see both x-axes in the figure 8).

IV. LOSS MEASUREMENT
A. Protocol

Search coils have been implemented to measure the flux
actually flowing in the iron close to the (B), (D) and (C’) (end
of the tooth) markers of the figure 2. The loss are measured
with a precision wattmeter while fluxes are computed from
search coils voltage waveforms. The use of search coils allows
to subtract the losses from Joule’s effect in the windings.

B. Influence of the transverse frame (passive)

The first result deals about the effect of the exciter frame
itself. Both lengthwise windings (B) generate an in-phase flux

=4 -2 0 2 4 6 8 10
220 T T T T T T

Sample ohmic losses, exciter circuit excluded (W/m3)

160
-1

-0.5 0 05
Average incoming transverse flux density (T)

Figure 8. Influence of transverse flux amplitude: ohmic losses in the sample
with respect to the average incoming transverse flux density. Upper x-axis
shows the corresponding current set in the transverse winding.

in the tooth (up to 1.87'). In the first case, the transverse
frame is absent, and in the second case it is put in the position
described in the figure 2 with no excitation. The overall flux
path in the tooth is changed by the presence of the frame:
around 5-8% of the flux (depending on the tooth saturation)
flows through the transverse frame. This flux is therefore
normal to the sheet planes and induces additional losses that
are presented in the figure 9.

T T T T T T
120 —— With no transverse exciter frame |
—*— With the exciter frame

100

Iron losses (W)
(2]
o
T

3.5 4 4.5 5

2 25 3
Magnetic flux (Wb) %107

Figure 9. Iron losses seen from one lengthwise winding (B) function of the
magnetic flux in one lengthwise arm.

C. Evaluation of tooth losses

In order to evaluate the losses within the tooth due to the
transverse flux, several experiments are made:

1) The transverse frame is fully on the lengthwise exciter,
fitting with the (F) marks (figure 2); the (B) windings
are short-circuited whereas the (E) windings generates
a magnetic flux.

2) Same as 1, but the (B) windings induce a high flux
(3.8mWb in each arm) in-phase in the tooth. In this
case one arm of the transverse frame is upon a saturated
area (near the tooth), so its behavior is the same as the
basic case (shown in figure 2).

3) The transverse frame is absent, and the (B) windings
induce the same flux as in 2.

4) Same as 2, but the transverse frame is in the position
shown in the figure 2.



The losses within the tooth due to the transverse flux (1') in
the case 4 are therefore:

1
Ty=P—P3— (P, — §P1)

where P; are the total losses in the experiment ¢ excepted in
the case of P, where only the losses seen from the transverse
winding (D) are taken into account.

The additional losses losses due to the transverse field
are presented in the figure 10. The flux flowing through
the lengthwise arms remains constant, and the losses due to
this lengthwise flux in the whole magnetic circuit are 78 W.
Assuming that half of the losses are localized in the tooth, the
additional losses under a 0.257 transverse flux represents an
increase of 12% of the losses.

—Iron losses
- - — Flux density in the tooth|

20

Iron losses (W)

i
3
Average flux density in the tooth (T)

_10 o I I I I

I I I
0.3 0.35 0.4 0.45

0 0.05 0.1 0.15 . 0.
Average flux density in the transverse frame (T)
Figure 10. Additional losses in the tooth due to the transverse flux only.

V. CONCLUSION

The experimental apparatus has been carefully presented:
the methodology used for designing the device was explained
with respect to the background and objectives, in a way
intended to be systematic and pedagogic. A simple reluctance
network was used to anticipate the global flux behavior (in
regard to air-gaps notably) and to determine the windings
characteristics (number of turns, current, voltage).

Finite elements analysis (3D) gives a finer idea of flux
repartition, and in particular of ohmic losses. Moreover, as
soon it will be calibrated with the experimental results (which
are usually global or integrated physical quantities), it will
provide accurate and local results.

Some results have been presented regarding the effect of the
transverse flux on the tooth. First, a small part of the magnetic
flux flowing through the tooth have been passively deflected
by the transverse frame and lead to an important increase of
losses. In a real alternator, this deviation embodies the air gap
fringing for example. A second result deals with the localized
increased of losses in the tooth as a function of the amplitude
of the incoming transverse flux density. Based on the losses
of four experimental setups, we have deducted the losses due
to the axial flux only in the tooth.

In the future, more features could be added to the device,
such as teeth slits; asymmetric lengthwise excitations may
also be studied. Thin search coils will be added between
laminations, and thermal measurement will be made with

an infrared camera. The transverse flux incoming area could
be improved by covering a bigger area upon the tooth. Of
course, the consideration of saturation would also ameliorate
the accuracy of results, but at the cost of computing time
and complexity of anisotropy. Nevertheless, simulations are
ultimately meant to model the whole end region of a turbo-
generator.
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