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Computations of Losses and Temperatures in the Core Ends
of a High Voltage Turbo-generator

Yujing Liu" and Stig Hjirne*

Abstract - The work described in this paper is to investigate the additional iron losses and consequent
temperatures in core ends of a turbo-generator wound with high voltage cables. Electromagnetic
calculations are made with 3D FE models, which include the lamination material with anisotropic
properties both in magnetic permeability and electric conductivity. The models also include the
geometry of the stator teeth and eventually the axial steps designated to reduce the core end losses. The
3D model of the rotor consists of field windings with straight in-slot parts and end windings. The
thermal models are simplified into two dimensions and include the heat sources dumped from the 3D
electromagnetic solutions. The influences of power factor on additional iron losses are studied for this
cable wound machine and conventional machines. The calculation results show that the additional iron

losses can be reduced to about 15% by introducing some small steps around the airgap corner of core
ends.
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1. Introduction
1.1 Background

The tolerance to high voltage provides Powerformer, ca-
ble wound generators, the possibility to be directly con-
nected to high voltage power network without step-up
transformers. The thick insulation around the copper core
in the cables is the key part.

On the other hand, however, the cable insulation that is
made from plastic material PEX cannot stand the similar
temperature as the insulation materials in conventional
machines. As the temperature in PEX rises to higher than
90°C, the property of the insulation of PEX is getting
worse. The material will be ageing quickly.

The criterion of temperature in the available cables for
design practice is 70°C. The temperature rise in the stator
due to all the losses is not allowed to be higher than 40°C.
While in conventional generators, the stator temperature
rise in principle can be 120°C with high-class insulation. It
is very clear that the limitation of temperature in a cable
wound generator is extremely strict.

The first turbo-generator made by ABB Generation (now
Alstom Power) is installed at Eskilstuna, Sweden. The rotor
structure is almost the same as conventional two-pole
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turbo-generators.

In order to get low temperature rise in the stator, water-
cooling is applied in the stator core by arranging a number
of water tubes axially through the stator core. The heat
from the copper losses in the cables (stator windings) is
transferred to the stator core through the PEX and then to
the cooling water through the plastic water tubes.

1.2 Risk of overheating and design limitations

To avoid locally overheating in the end-region caused by
a small amount of additional iron losses is critical in design
this type of machines. Concerning heat transfer, the exist-
ing structure has some clear drawbacks.

1. Temperature tolerance of the cable insulation: around
70 °C is very strong limitation for design of a large-
scale generator.

2. The designed air gap flux density is 1.05T, which is
10 ~ 15 % higher than a conventional machine. This
higher flux density will lead to higher losses in the
end region by 20 ~ 30 %.

3. No air convection on the end surface of the stator
lamination: the supporting bodies for the water tubes
are attached on the stator core end. There exists only
heat conduction from the core ends. Furthermore, the
composite material for the supporting body has very
low heat conductivity.

4. Low heat conductivity of the water tubes: This leads
to a big temperature gradient in the water tubes and
the filling material. It acts as a heat isolation layer.
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1.3 Tasks for 3D FE analysis

The tasks described in the paper include:

1. to investigate the additional iron losses due to the end
effects (axial flux);

2. to calculate temperatures for stator tooth;

3. to propose approaches to reduce the losses down to an
acceptable level if they are too high in the original de-

sign.
1.4 Machine data

The machine is a 2-pole, 3-phase, cable wound turbo-
generator. The rotor has the same structure as conventional
machines. Rated data: apparent power = 42 MVA,; rated
stator voltage = 136 kV; rated stator phase current = 178 A;
frequency =50 Hz; rated power factor = 0.93; rated rotor
current = 1100 A.

2. Electromagnetic Model
2.1 Definition of the physical problem

In this paper all the calculations of the additional losses
are made for steady state operations of the generator. It is
time harmonic application for electromagnetic problem.
All the electromagnetic values vary sinusoidally with time.

Only the fundamentals of the stator currents are taken
into account. It means that other time harmonic compo-
nents in the currents are ignored.

The sinusoidally time varying currents create the varying
magnetic field and induces eddy currents and causes addi-
tional iron losses in conducting materials. In the stator
laminations, the insulation of sheets breaks down the axial
path of the eddy currents. But the axial component of the
flux induces eddy currents in radial-circumferential plane,
in which the electric conductivity is in the same level as
normal iron.

Especially in the end region of the machine, the axial
component of the flux density may be very high (in some
cases up to 1.0T) locally. In consequence, the induced eddy
currents cause high losses and overheating.

2.2 Eddy current fields and magnetic vector potential

In conducting materials of the 3D electromagnetic model,

magnetic vector potential 4 and electric scalar potential ¥
are used. The following potential equation is applied in
those materials.

Vxlvx2=_ga_A_oVV 4y
7 ot

In the air, where excitation currents exist, the reduced
magnetic scalar potential is used. In the magnetic materials
without eddy currents and excitation currents, the total
magnetic scalar potential is used.

Using this combination of the magnetic potentials gives
better accuracy and fewer unknowns of the FE problem.

2.3 3D FEM and software

It is clear that in this problem the most important values
are distributed in three dimensions. In order to understand
and solve the problem, a 3D model is required. It is inter-
esting to discuss a little about the cases to choose between
2D and 3D models. In a 3D model we describe the physical
model as it is because most of the real applications are
geometrically in three dimensions. But in a 2D model we
must firstly simplify the real application to a 2D model.

This simplification process very much depends on our
experience and our primary understanding about the physi-
cal phenomena of the applications [1].

When the application is a little more complicated, we
must introduce some kind of correction factors or equiva-
lent coefficients to consider the simplifications. These fac-
tors are very often case-dependent. Theoretically the three
dimensionally distributed physical quantities cannot be
expressed correctly by those collective factors if the ge-
ometry is complicated.

Furthermore, the complexity of the three dimensional
application often make it difficult or even impossible to
check those factors are reasonably chosen. Therefore the
progress from a 2D model to a 3D model is not only a mat-
ter of accuracy, but also the matter of correctness.

Based on this point of view, it will not be so surprise that
we often take hours to understand a new 3D result because
it is so different from our earlier understanding (imagina-
tion) on the phenomenon.

In order to solve the 3D problem, a commercial program
OPERA-3D, which includes pre-processor, post-processor
and solver ELEKTRA for eddy current tasks.

The modeling is parameterized with the help of user sub-
routines in the Built-in Command Language. Changing
model becomes very easy by changing the value of related
parameters in the input file or in case of necessary modify-
ing concerned subroutines.

Several dozen of subroutines in the built-in command
language are used to create the model and analyze results.
Directly creating such a complicated model in an interac-
tive way with the menu functions of the program is almost
impossible. Even though the software vendor does not di-
rectly recommend this approach, it has been used in ABB
for many applications in several years. The practice shows
that the approach is very important for us to be able to solve
our tasks - complicated geometry in the electrical machines.
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2.4 Model creating

Considering the limitations from both the speed and the
memory of the computer, only a quarter of the machine is
included in the model (shown in Fig. 1). Using this simpli-
fication makes it possible to include the more detailed ge-
ometry in the model.

The current density both in the stator windings and the
rotor windings is assumed to be uniform in the conductors
and calculated from the total current, number of turns and
overall area of the cross section of a coil.

For the stator winding (cables) only the straight parts are
included because of the assumption that the contributions
from the curve (circumferential) parts are relatively small.
In the rotor winding, the straight parts and the curve parts
of a coil are included. Two out of the fourteen coils have
less cross sections but same current density as other coils.

2.5 Geometry of the model

A limited length of the machine is modeled because the
fields after this length are almost two dimensional except
the radial cooling ducts. This length is chosen as 250 mm
from the rotor core end.

Straight tooth edges are used in the model because of the
complexity of the curved tooth edges in the real machine
due to the round surface of cables. The holes for water-

cooling are not included in the electromagnetic model ei-
ther.

In the pre-processor of the used program, the geometry
is described as layers (in extrusion direction) and domains
(in base plane). Each layer may have its own domains. The
detailed handling is not the topic of the paper and not in-
cluded here.

The model can be also created with solid objects and
their combinations in the latest version of the software.

3. Electromagnetic Results
3.1 Eddy currents and iron losses

Eddy currents distributions on the stator tooth where the
eddy currents reach their maximum at that time moment
are shown in Fig. 2. It is the modified design with ten small
steps at the core ends. The small steps close to the airgap
are approximated with a sloped line in the calculation.

The color shading indicates the magnitude of the eddy
current density. The sizes of cones indicate as well the
magnitude of the eddy current density at certain locations.
The directions of the cones indicate the direction of the
eddy currents.

Every stator tooth will experience the similar distribu-
tions of the eddy currents but at different time moments

Fig. 1 Electromagnetic model with field winding
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because of the rotating fields in the machine.

The total additional losses for this design are only 15%
of those for another design without steps (almost rectangu-
lar core ends). This shows how important to use 3D FEM
to improve the machine design, especially for new concept
large-scale generators.

3.2 Influence of power factors

The turbo-generator may operate at different power fac-
tors depending on network requirements. Even though the
stator currents of the machine are kept constant, with dif-
ferent power factors, the generator has different excitation
currents and different load angles. Consequently, the addi-
tional iron losses will be different. In a conventional turbo-
generator, with massive press plates, the additional iron
losses in the end region change much with different power
factors [2].

The reason is that in the over-excitation mode the can-
cellation between the magnetic fields from the stator cur-
rents and the magnetic fields from the rotor currents in the
end parts of the stator core leads to lower additional losses
compared with those in the under-excitation mode.

This cable wound machine has a special stator structure
and much lower stator currents and deeper stator slot. The
stator core in the end region has been modified to reduce
the additional iron losses.

In order to compare the difference between this machine
and a conventional machine, the influence of current sheet
density is investigated. Two factors are introduced first:

k= ZmE and j _ A @)

fE An,E

.

Where J on.g a0d J £ 8TC eddy current densities induced

by the rated stator currents and the rated field currents in
machine Eskilstuna, respectively. A and 4, ¢ are the current
sheet densities for a given stator currents and rated stator
currents for machine Eskilstuna, respectively.

The iron loss density in the core can be expressed as

p=p-J’ 3
Where p is the resistivity and J is the eddy current density.
Because the eddy currents are induced by both of the stator
currents and the rotor currents, J can be expressed as the
phasor addition of two current densities:

JE=Jl 4T +20,J  cosy “)

Where angle i is the phase shift between the eddy current
density by stator currents, J;, and the eddy current density

Fig. 2 Eddy current vectors and density induced by rotor currents
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by rotor currents J;. The eddy current density by the rotor
currents is expressed as:

If
J,=Jp 7
Fo.E %)
I, -1
= Jfo,{1 +k, f’EI SoE } =J ;05S
fO.E
And
I —
S=1+k,LEL0E Lyos (6)
fO.E

Where, f.E is the field current for this machine; / FO.E is
the no-load value of I, ;1 is the corresponding field

current to a given stator current; and J FO.E is the eddy cur-

rent density induced by the no-load field current for this
machine.

The eddy currents by the stator currents:

J, = kAan,E = kAkJan,E

I 0
= kAkJ‘]fO,E Iﬁl_E = JfO,ET
F0.E
Where
I E
T=kk,—— 3
FO.E

The loss density of the eddy currents for the no-load op-
eration of is

Po=p- JfO,E2 (9)

The relative loss density of the additional iron losses for
given stator currents:

p*=£=S2+T2+2STCOSl// (10)

Dy

In the above formulas in this section, all the materials
have linear properties. The phase shift between the eddy
currents is assumed to be same as that between the field
current and the stator currents.

For different k,, the relative additional iron loss density
p* is calculated and shown in Fig. 4, where k=1 is the
curve for this machine (Eskilstuna). It shows the influence

of cosg on the additional iron losses for this machine is
small.

Factor k,~ 2 or 3 means that the current sheet density or
the stator currents increase 2 or 3 times from the values for
this machine. The output power of the generator increases
2 or 3 times at the same time. The load angles for different
cos( are assumed to be same as those for this machine.

Relative additional iron losses (refer to no-load)
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Fig.3 Relative additional iron losses with different
power factors for different stator current loads

The curve with k,= 3 shows the loss variation for a ma-
chine with higher current sheet density, which is the case
for a conventional generator. The curve has similar pattern
as those in the paper [2].

4. Thermal Model And Results

4.1 Thermal FE models

iron
Ellg

. PEX
plastics
semi-cond

silicon

Water tube

Fig. 4 Materials for the thermal model
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As described in the earlier section, the different insula-
tion materials in cables, water tubes and other mechanical
supporting insertions play important role in the heat trans-
fer, especially in the slot parts.

All these detailed parts must be included in the thermal
model in order to get correct temperature distributions. It is
impossible to include all these details in a 3D model as the
electromagnetic one used in the above section.

Because the temperature distribute symmetrically with
tooth pitch, one slot is enough in the thermal model for this
investigation (see Fig. 4). Ace-thermal, ABB made FE
analysis program, is used to make the temperature calcula-
tions. It is a static thermal application.

4.2 Boundary conditions

The copper core in the cables has very high heat conduc-
tivity. The temperature change in axial direction in the cop-
per is very little, approximately 0.5 °C. Therefore in the
thermal model, the outer surface of copper is defined as a
boundary instead of assigning material in the regions.

Considering the convective cooling on the inner surface
of the stator, the boundary conditions (heat transfer coeffi-
cients and ambient temperature) used in the calculations
are listed in Table 1.

Table 1 Boundary Conditions For Thermal Model

Boundary Heat msfer c;)- Ambient tem-
efficient(W/m®) perature (°C)
Airgap 200 38
Water tubes 10000 30
Copper surface 10000 65
Other surface 0 (isolation) -

4.3 Loss (source) density

The loss density in the thermal calculations comes from
two kinds of previous electromagnetic computations: addi-
tional iron losses dumped from 3D results discussed in this
paper and common iron losses calculated from the flux
density distributions obtained in other 2D FE analysis (not
discussed in this paper).

The 3D results include only the additional iron losses in-
duced by the axial component of the flux density. The 2D
results are used to determine the density of the common
iron losses, which mainly depends on the square of flux
density in the lamination. Even though the common iron
losses consist of hysteresis losses, in-sheet eddy losses and
access iron losses, a simplification is used here for calculat-
ing the density of the common losses in the lamination by:

=2.22B* (11)

p common

This formula is fitted out from the data table of the used
electric sheets.

The density of the additional losses and the density of
the common losses are locally added together to get the
density of the total iron losses in the lamination. The den-
sity distribution of the total losses is used as source density
in the thermal model.

4.4 Thermal results

Temperature calculations are made for different designs.
For the designs with 4 steps and 10 steps in core ends, the
temperature distributions are shown in Fig. 5 and Fig. 6.
The cross section is axially located at 1 mm from the rotor
ends.

Red: 92 degree

Fig. 5 Temperature distributions for 4-steps design in
cross section at 1 mm axially from the rotor end

Red: B7 degree
Fig. 6 Temperature distributions for 10-steps design in
cross section at 1 mm axially from the rotor end
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The influence of axial heat conduction in the core is
taken into account by calculating the problem in another
plane, axial-circumferential (x-z) plane. The assumption in
this case is no heat transfer in radial direction. It is roughly
true at a special cross section. The maximum temperature
in Fig. 6 may decrease from 67 °C to 63 °C due to this con-
sideration.

5. Conclusions

3D FE analysis has been used to investigate the eddy
currents and additional iron losses in stator core ends of a
cable wound high voltage turbo-generator. The calculated
detailed loss distributions allow us to improve the design.
The final design with 10 small steps at core ends has only
15% additional losses in core ends compared with a rec-
tangular core end design.

This improvement guarantees that the hotspot tempera-
ture is reduced to 63 °C, which is lower than 70 °C as de-
sign requirement for a cable wound machine.

The armature reaction of stator magnetic fields at load is
relative low in the cable wound machine. That makes the
machine to be different in two aspects from conventional
machines. The first is the losses from the stator currents are
much less than those from the rotor currents. The second is
that the influence of cos ¢ on the additional iron losses is
relatively small.
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