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conductivity on stator coil temperature rise is studied to
assess both designs.  The stator coil temperature could be
decreased by more than 10K when the thermal conductivity
of the insulation is assumed to be double, while maintaining
the usual electrical stress level.  A similar effect can never
be achieved when electrical stress is increased by 20% while
maintaining the same thermal conductivity as the
conventional one.

  Considering the high risk to the voltage endurance life and
corona discharge characteristics due to electrical stress
elevated by 20% above the usual level, adoption of HTC
insulation design seems the most reasonable solution from
various aspects.

III. BASIC CONCEPT OF HTC INSULATION SYSTEM

  The development concept of this new insulation system is
approximately double the thermal conductivity compared
with the conventional system while maintaining the same
insulation characteristics as the conventional one as shown in
Fig.3.

  Among the major components of the conventional
insulation system, epoxy resin has the lowest thermal
conductivity compared with mica paper and glass cloth as
shown in Table 1.

  This means that replacing a part of the epoxy resin in the
insulation layer with a high thermal conducting filler will
improve the thermal conductivity of insulation.
  From a study of prospective fillers, we learned that a
specific filler will remarkably degrade a principal insulation
characteristic, particularly voltage endurance life.  Thus, in
order to develop HTC mica tape, the first priority is to decide
the most suitable type and grain profile of the filler, and the
region to be filled up.  Fig.4 shows the impact of doubling
the thermal conductivity of the stator coil insulation on the
power density of an indirect hydrogen-cooled generator rated
600MVA class.

Assuming the same coil temperature level as usual generators,
the power density will be improved by 10% through 20%
with the same frame size.
  Alternatively, when unit capacity remains the same, less
electrical losses in the stator coil can reduce the required
cooling gas quantity and associated windage loss, resulting in
higher efficiency.

IV. CONCEPTUAL DESIGN OF HTC INSULATION
SYSTEM

  Unlike stator coils that are directly cooled with water or
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Fig.2 Temperature rise vs. electrical stress characteristics
as changing thermal conductivity
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Table1 Thermal conductivity of tape components

Mica 0.3 - 0.6 W/m·K

Glass 0.8 - 1.2 W/m·K

Epoxy resin 0.2  W/m·K
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Fig.3 Basic concept of HTC insulation system development
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Fig.4 Impact of HTC insulation system on generator design
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gas, the features of indirect-cooled coils are that all losses
generated in the conductors are transferred through the
insulation wall and finally to the cooling gas.  Due to the
elevated coil working temperature of the indirect-cooled
generator compared with the water-cooled one, resistance to
thermal cycling is required to be higher, especially for large
indirect-cooled generators with longer coils.
  From this viewpoint, HTC insulation system for medium
and large units is applied using the VPI process for half-turn
coils.  This decision has been made on the basis of long term
reliability of indirect-cooled generators, because stator bars
will be subject to relative movement in slots due to adjustable
load operations and have difficulty in maintaining stable and
good contact between coil and slot wall for whole life.
  Therefore, HTC coil manufacturing process including
impregnating resin is quite the same as for conventional
generators.  The impregnating resin has been confirmed to
have an excellent resistance to high temperature and thermal
cycling, compatibility with the filler, and a high
impregnability not affected by the filler added.  The
impregnating epoxy resin with a low viscosity of 30 - 50
mPa·s at room temperature contains a heat-activated catalyst
of the molecular capsule type.  The catalyst is characterized
by a short curing time and a long-term storage stability [1].
Little difference is found between the impregnability of the
two systems by capacitance measurements during
impregnation.  Fig.5 shows only a small effect on resin
impregnability of the HTC insulation.

  The design concept for HTC insulation system is to
improve thermal conductivity without affecting the usual
electrical and mechanical characteristics.  Application of
filler results in a reduced quantity of adhesive and mica while
maintaining the same tape thickness.  This requires an
optimization of filler quantity and manufacturing process
without changing other characteristics.  In practice, an
optimized tape manufacturing process could avoid loss of

filler during taping, poor impregnability, and flowing out of
filler during molding.
  As well as the preliminary study using a coil model in the
laboratory, a comprehensive evaluation program was
scheduled on Roebel-bars manufactured on a production line.
  To evaluate the tape compatibility in the conventional coil
manufacturing procedure, successful taping was carried out
with the six axis numerically controlled high-speed taping
robot as shown in Fig.6.

V. EVALUATION TESTS ON HTC COILS

  The thermal conductivity of coils made in production
varies depending on the composition of the mica tape, taping
tension, molding procedure and final dimensions.
Measurement results of thermal conductivity of these coils
distribute in the area of around double or more, and above the
lower side limit as shown in Fig.7.

  Excessive electromagnetic forces act on the coils,
particularly on the coil ends, at the instance of sudden short-

Fig.5 Capacitance measurements during impregnation
(Wall thickness: 6mm, impregnating temperature: 25°C)
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Fig.6 High speed taping of HTC tape on the taping robot

Fig.7 Thermal conductivity of HTC insulation
(p.u.:based on conventional)
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circuit or abnormal operation.  If the ductility of insulation
should decrease as a result of filler use, the winding
insulation would be damaged by electromagnetic forces result
in degradation of insulation characteristics.
  The surface strain of HTC insulation at bending rupture is
in no way inferior to that of much experienced conventional
insulation.  As shown in Fig.8, no brittleness of HTC
insulation occurs if the filler material and quantity added are
correctly determined.

  In general, indirect-cooled stator coils are designed with
higher temperature than water-cooled and other directly
cooled coils.  For this reason, longer coils of large capacity
indirect-cooled generators are subject to repetition of high
thermal stress as start and stop operations.  HTC insulation
coils were assembled in a 600MVA class unit model slot and
heated by AC current to conduct thermal cycling from 40 to
155°C as shown in Fig. 9.

The change in tanδ characteristics of HTC insulation coils
measured before and after 1,000 thermal cycles is shown in
Fig.10.  This test results, showing only a small change in
tanδ values, verifies the high reliability of HTC insulation
under thermal cycling.

  With HTC insulation system, a type and quality of filler
added, and filling method will seriously affect other
insulation characteristics besides thermal conductivity.
Among them, breakdown voltage and voltage endurance
characteristics are much interested.
  Fig.11 shows the breakdown voltage of coils made in
production with HTC insulation after 1,000 thermal cycles.

  Production-quality HTC insulation coils have similar
breakdown voltage characteristics to that of conventional
insulation coils over a wide range of wall thicknesses.
Furthermore, no apparent change of breakdown voltage is
observed on the coils after 1,000 thermal cycles.
  To verify the effect of the filler added, voltage endurance
life tests were conducted on HTC insulation coils.  The
voltage endurance characteristics of the model bars and

Fig.8 Surface strain at bending rupture
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Fig.9 Thermal cycling test of HTC insulation coils

Fig.10 Tanδ change due to thermal cycling
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Fig.11 Breakdown voltage of full-size coils
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production quality coils including those subject to 1,000
thermal cycles are shown in Fig.12.

  The tests were conducted at commercial frequency voltage
and also at 1,500 Hz high frequency voltage.  HTC
insulation coils show voltage endurance characteristics over a
wide electrical stress range that are similar to those of
conventional insulation coils manufactured with the same
impregnating resin and manufacturing process as HTC
insulation coils.  These tests can conclude that voltage
endurance life is not affected.

VI. EVALUATION TESTS ON COMMERCIAL USE
TURBO GENERATORS WITH HTC INSULATION

  Thermal conductivity measurements were performed on
specimens sampled from production-quality coils and
temperature measurements were also performed on the
cooling model.  A final evaluation test was then conducted
to measure the reduced temperature rise on a 350MVA class
hydrogen indirect-cooled turbo generator with HTC
insulation.

  Comparison with measurement results from another
350MVA class generator with the same frame size and

conventional insulation showed remarkable temperature
reduction in the generator with HTC insulation coils, as
shown in Fig.13.
  Furthermore, to verify the reliability related to excessive
electromagnetic force working on HTC insulation coil ends, a
three phase sudden short circuit test was conducted on the
generator shown in Fig.14.

  No cracks, flaking or deformation were observed from
detailed visual inspections, and electrical tests did not show
any degradation.

VII. SUMMARY

  A special technology has been successfully established for
a stator insulation system with high thermal conductivity.
Superior characteristics and reliability have been confirmed
through a comprehensive evaluation program including tests
on industrial generators.  The enhanced coil cooling effect
achieved by the use of HTC insulation system manufactured
with the same procedure as much experienced the
conventional insulation system will expand the range of
indirect-cooled turbo generators, providing excellent total
cost performance from the view-points of design, production,
auxiliary equipment, operation and maintenance.
  Indirect-cooled generators are produced in a shorter lead-
time than direct water or gas cooled generators.  Reliability
and maintainability are enhanced because there is no
necessity for cooling passages in coils and auxiliary
equipment related.  With the application of this HTC
insulation system, a generator unit capacity is increased for
the same frame size, insulation wall thickness and coil design.
For the same capacity, generator efficiency can be enhanced
through a reduced quantity of coolant, in addition to
reduction in electrical losses.   These advantages are not
limited only to new units but also operating units in their
rewinding.   Site rewinding of stator coils can be easily

Fig.14 Coil end of a 350MVA class generator with HTC
insulation

Fig.12 Voltage endurance test
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Fig.13 Stator coil temperature tests
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conducted because of the same coil design and assembling
procedure as the conventional.
  We have much confidence that the newly developed HTC
insulation system will meet various kind of requirements
from the customers and provide many advantages to
customers.
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