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Because hydro power is a stable and CO2-free clean renewable energy re-
source, the market demands are increasing. The demands are for the renovation
of aged hydropower systems and re-powering them with a higher capacity when

Such demand is particularly strong for small and medium capacity hydro-
power systems since these systems can be qualified as a power source for the
Feed-in Tariff (FIT) system in Japan. We have been working on the development
of stator coil insulations for generators to realize a higher power output, com-

Our coil manufacturing technology is based on our thermal analysis tech-
nology and evaluation of high thermal conducting materials. We also established
an elementary technology for high thermal conducting coil insulation. It features
about twice the rate of thermal conductivity from conventional coil insulation

Abstract
the generator is replaced.
pact design, and higher efficiency.
and substantially reduced thermal resistance.
1 Preface

We supplied many hydropower systems during
the high economic growth period in Japan (1955-
1973) and these systems have been operating for
more than 50 years. Most of them are approaching
the end of their product life and reaching time for
renovation. There are increasing market demands
for renovation and re-powering for higher capacities
when the generator is replaced.

Generally, by increasing the current density of
the coil housed in the stator of the generator, and
when the output density is increased, it leads to an
increase in loss heat generation. Efficiently cooling
the stator is, therefore, an issue. Fig.1 shows a
schematic diagram of the coil cross-section in a sta-
tor slot. Stator coils are covered with insulation lay-
ers consisting of interlayer insulation, the main insu-
lation, and corona protection layer. The cooling
system for the Company’s water turbine generator is
air cooled. The heat generated by the coil conductor
is cooled (1) by heat dissipation (diffusion) of the
cooling air passing through the stator duct through
the insulating layer and (2) by heat transfer to the
stator core.

Since the thermal conductivity of the insulation
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Schematic Diagram of Coil Cross-Sectionin a
Stator Slot

A cross-section of coils inserted in a stator core slot is shown.
The coil insulation is mainly composed of interlayer insulation,
main insulation, and corona protection layer.

layer is not more than 1/1000 of the stator core, such
a physical condition, however, inhibits heat transfer
to the coil surface or the stator core. For this reason,
if the thermal conductivity of the insulation layer is
properly improved, the generated heat in the coil



conductors will be transferred to the coil surface or
the stator core efficiently.

As a result, the temperature of coil conductors
may be lowered. This paper introduces our research
program to achieve high thermal conductivity of the
generator stator coil insulation. The objectives of
this program are to increase output and increase
efficiency of water turbine generators.

2 Development of High Thermal
Conducting Coil Insulation

Fig. 2 shows a development workflow of high
thermal conducting insulation. According to the
result of the thermal conductivity measurement for
both conventional and new constituent materials,
the effect of the new constituent materials was
confirmed by using equivalent thermal conductivity
calculation and heat conduction analysis. We deter-
mined the insulation configuration and coil man-
ufacturing process. As the next step, the thermal
conductivity of the insulation layers was checked.

Next, an electrical evaluation was carried out
(1) by confirmating the thermal conductivity of the
insulating layer, (2) by a quantitative evaluation of
heat transfer into the stator iron core by conducting
thermal resistance measurement and (3) by the
long-term voltage endurance test (V-t test).

Thermal conductivity measurement
Equivalent thermal

conductivity calculation

Heat conduction
analysis

@

Decision of insulation constitution
and manufacturing system

T

Evaluation of heat conduction

Electrical evaluation

Thermal conductivity Thermal
measurement resistance V-t test
for insulation layers measurement

Development Workflow of High Thermal
Conducting Insulation

A development workflow is shown based on (1) the result of ther-
mal conductivity measurements of the materials that compose
the insulation layers and (2) the research of the manufacturing
method. The insulation configuration was determined by using
an equivalent thermal conductivity calculation and heat conduc-
tion analysis. Evaluation of heat conduction and electrical evalu-
ation were then carried out.

21 Thermal Conductivity and Coil Manufac-
turing Method
2.1.1 Thermal Conductivity of Constituent
Materials

Thermal conductivity was measured for the
insulation layer which consists of an interlayer insu-
lation layer, a main insulation (mainly consisting of
mica), a corona protection layer, and resin materials
used for the impregnation of all of the insulation lay-
ers. These data were required for the calculation of
the equivalent thermal conductivity and heat con-
duction analysis. Fig. 3 shows a configuration of the
insulation layers and thermal conductivity of resin
materials. Thermal conductivity of resin is the
lowest and it is only about 1/4 that of the main insu-
lation layer. Since resin is impregnated throughout
the insulation layers, we assume such a factor
greatly affects the thermal conductivity of the insu-
lation layers. Fig. 4 shows a relationship between
the compression ratio of the main insulation layer
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Configuration of Insulation Layers and Thermal
Conductivity of Resin Materials

This data indicates that the thermal conductivity of the resin is
lowest among constituent materials and respective layers that
compose the insulation layers.
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Relationship between Compression Ratio of
Main Insulation Layer and Thermal Conductivity

The higher the compression ratio (resin content low), the higher
the thermal conductivity.
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and the thermal conductivity. This diagram shows
the effect of resin quantity upon the thermal con-
ductivity of insulation layers. The higher the com-
pression ratio (smaller resin quantity), the higher the
thermal conductivity. When the compression ratio
was raised to 30%, thermal conductivity was
improved to approximately 1.5 times. We confirmed
that thermal conductivity was improved by reducing
the amount of resin contained in the insulation
layers.

2.1.2 Manufacturing Method for Generator
Stator Windings

The manufacturing method for the generator
stator windings is roughly classified into the follow-
ing two categories:

(1)  Full impregnation method

After the stator coils are inserted in the core
slots without containing resin, the stator core and
coil assembly is impregnated with resin under the
vacuum. The stator winding is then fabricated
through the processes of heating and hardening for
thermal curing.

(2) Press heating method

Each coil containing resin is pressed, heated,
and hardened by a press heating machine. The
processed coils are assembled to make up a stator
winding that is then inserted in the stator core slots.

In the full impregnation method, coils are
inserted in the stator core before resin impregnation
and hardening. If coils are inserted with high pres-
sure, their insulation layers may be damaged. For
this reason, the compression force is limited to a
few percent at the highest.

Conversely, the press heating method makes
the compression and thermosetting on the insula-
tion layers by using a press heating machine.
Compared with the full impregnation method, the
amount of resin impregnation is reduced because
the insulation layers can be highly compressed.
Based on the result of thermal conductivity meas-
urement, we decided to adopt the press heating
method in order to realize high thermal conductivity
for the insulation layers.

2.2 Examination of Insulation Configuration
by Equivalent Thermal Conductivity
Calculation

After the measurement of the thermal conduc-
tivity on constituent materials used for the press
heating system, we calculated thermal conductivity
of the mica tapes that can achieve two times the
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thermal conductivity ratio. We calculated by using
the equivalent thermal conductivity calculation
method.

As a result, it was revealed that more than 2.5
times of the thermal conductivity is needed. It is dif-
ficult for conventional mica tapes (conventional
mica) to realize this level. Accordingly, we came to
realize “high heat conduction mica tapes (high heat
conduction mica)” containing high heat conduction
inorganic fillers.

Fig. 5 shows a result of the thermal conductiv-
ity measurement for conventional mica and high
heat conduction mica. Fig. 6 shows a result of ther-
mal conductivity measurement for conventional
mica and high heat conduction mica used as insula-
tion layers. High heat conduction mice showed a
heat conductivity about twice that of conventional
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Result of Thermal Conductivity Measurement for
Conventional Mica and High Heat Conduction
Mica

This diagram indicates that the high thermal conductivity of the
developed material is almost twice the thermal conductivity of
conventional mica.
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Result of the Thermal Conductivity Measurement
for Conventional Mica and High Heat Conduction
Mica Used as Insulation Layers

Compared with insulation layers that employ conventional mica,
main insulation layers using high heat conduction mica have the
thermal conductivity that was about 1.6 times that of convention-
al one.
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Result of the Thermal Resistance Calculation for
Insulation Layers by the Equivalent Thermal
Conductivity Calculation

The change in thermal resistance with the main insulation thick-
ness is shown based on the result of the equivalent thermal con-
ductivity calculation.

mica when used for the main insulation layers.
For the insulation layers, thermal conductivity is
about 1.6 times that of conventional mica. Thermal
resistance attributable to insulation thickness was
obtained based on the thermal conductivity calcu-
lated for insulation layers.

Fig. 7 shows a result of the thermal resistance
calculation for insulation layers by the equivalent
thermal conductivity calculation. Compared with con-
ventional coil insulation, high heat conduction coil
insulation assures a 40% reduction of thermal resist-
ance with the same insulation thickness as a con-
ventional one. If the insulation thickness is further
reduced by 30%, thermal resistance will be reduced
by 50% or more. For conventional coil insulation in
comparison, thermal resistance is merely reduced
by 30% even though the insulation thickness is
reduced by 30%.

2.3 Effect of Coil Temperature Reduction by
Heat Conduction Analysis

By the thermal conductivity measurement, we
obtained the thermal conductivity of each insulation
material needed for heat conduction analysis.
Further, we conducted heat conduction analysis on
a partial model of the stator to confirm the effect of
coil temperature reduction when a high heat con-
duction coil insulation was applied. Fig. 8 shows a
heat conduction analytical model. At the time of
the heat conduction analysis, a single slot was put
into an analytical model and a heat conduction
coefficient was applied to the inner and outer diam-
eter surfaces of the stator core. Since the neighbor-
ing coils kept contact with each other in a radial

Heat conduction coefficient

Since neighboring coils
were entered on both sides
of core slot, such a part was
assumed as the state of
thermal insulation.

Model thickness
10 mm

—

Heat conduction coefficient

Heat Conduction Analytical Model

A single slot of the stator core was put into a model for analysis.

direction, we assumed that they were in the state of

thermal insulation. Analysis was carried out on the

following four models:

(1) Fully impregnated coils

(2) Conventional press-heated coil insulation

(3) High heat conduction press-heated coil insula-

tion

(4) High heat conduction press-heated coil thin

insulation (insulation thickness reduced by 30%)
Table 1 shows a result of heat conduction

analysis. Compared with conventional coil insula-

tions, high heat conduction coil insulation showed

about 10°K reduction, and high heat conduction

coil thin insulation showed about 12°K reduction.

Apparently, we expected sufficient effects.

2.4 Measurement of Insulation Layer Thermal
Conductivity

In order to compare thermal conductivity
between high heat conduction mica tapes and con-
ventional mica tapes, we measured the thermal
conductivity of the constitution of each coil insula-
tion.

For this thermal conductivity measurement,
thermal conductivity was evaluated in the state of
the generator in practical operation. As such, a sta-
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Result of Heat Conduction Analysis

The result of the heat conduction analysis on conventional coil insulation and high heat conduction coil insulation is shown.

Insulation

configuration Conventional coil insulation

High heat conduction coil
insulation

High heat conduction coil thin
insulation (30% reduction)

Contour diagram

Coil temperature 781 68.3 66.8

(C)

Coil temperature - 9.8 11.3

difference ('C)

2

el Rm — LR . (1)
N Y P [ E— KXA
2 Thermal resistance is classified into thermal resist-
B o ance inside the body and contact thermal resistance
Q . . .
= between the bodies. Contact thermal resistance is
S5 calculated by Tachibana’s equation, i.e. Expression
<
. (2) below, which is applicable to metallic materials.

Conventional coil insulation High heat conduction

coil insulation

Result of Thermal Conductivity Measurement
for Insulation Layers

This diagram shows that the high heat conduction coil insulation
has a thermal conductivity about 1.9 times that of the conven-
tional coil insulation.

tionary method was adopted. Fig. 9 shows a result
of thermal conductivity measurement for insulation
layers. The test piece simulated the actual layer
structure. As the result of the test measurement, we
confirmed that the high heat conduction coil insula-
tion has a thermal conductivity about 1.9 times that
of a conventional coil insulation.

2.5 Measurement of Thermal Resistance

Simulating the state of stator coils inserted in
the stator, a quantitative evaluation was carried out
on the cooling performance of the high heat con-
duction coil insulation by measuring the thermal
resistance between the coil's conductors and the
stator core. Thermal resistance is given by
Expression (1) below.
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Insulation materials are composed of high molecu-
lar resin and inorganic materials. Since we consid-
ered that the physical condition of contact is not so
different from that of metals, this equation was
adopted.

1.7x105 y 0.6xP
51+50+ 02+00 H
Ad Az

1 X 108X A¢
01+0>

K:

Where,

Ry (K/W): Thermal resistance

K (W/m2-K): Contact thermal conductance

&1, &2 (um): Surface roughness

&0 (um): Equivalent length of contact

A1, A2 (W/m-K): Thermal conductivity of respec-

tive materials

A+ (W/m-K): Thermal conductivity inside the gap

P (MPa): Contact pressure

H (HB): Brinell hardness of a softer material

Fig. 10 shows an outline diagram of a thermal
resistance measuring device. Fig. 11 shows a mimic
core (temperature measuring section). Fig. 12 shows
a schematic diagram of the inside of mimic core
interior. When a current is carried through strands,
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Outline Diagram of Thermal Resistance
Measuring Device

An outline diagram of a thermal resistance measuring device is
shown. A mimic iron core embedded with a thermocouple is set
in the coils and the coils are heated by a DC current. In this set-
ting, the temperature difference between coils and core can be
measured.
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Mimic Core (Temperature Measuring Section)

A mimic core is shown. The lower part of the mimic core is con-
nected with a cooler unit and thermocouples are embedded in
multiple positions.

heat is generated and dissipated in three directions:
left side plane, right side plane, and slot bottom
plane. Since the strands are covered with an adia-
batic material, dissipated heat is finally joined and
discharged to the cooling fins. The total thermal
resistance is a sum of thermal resistances on the
left-side, right-side, and slot-bottom planes. By
measuring these values, quantitative evaluation of
cooling performance can be achieved.

Fig. 13 shows a comparison of thermal resist-
ance between the actual measurement and analy-
sis calculation. Compared with conventional coils,
thermal resistance of high heat conduction coils
was reduced by approximately 40%. When thick-
ness of conventional coil insulation was reduced by
30%, thermal resistance was reduced by 30% as a

{ (Thermal insulation) \

Strands () To (Wire)
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Wi @@ W
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T_1 (Left T [:| :]] -~ T_z (Right
side plane) Al =3[ A, side plane)
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Coils / ~———— T (Slot bottom)
WaS/ A

Rth (3)
LT,
Mimic core | W =Wi+ W2+ W;
A -~ Ts
=— Cooling fin

Schematic Diagram of the Inside of Mimic Core
Interior

A schematic diagram of the mimic core cross-section is shown.
Thermocouples embedded in multiple positions of the coil interi-
or and mimic core are used to measure temperatures in order to
determine thermal resistance.
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Comparison of Thermal Resistance between
Actual Measurement and Analysis Calculation

Compared with conventional coil insulation, high heat conduc-
tion coil insulation lowered its thermal resistance by 40%. This
value was almost identical with the result of the calculation.

result. These measured results are almost identical
to the thermal resistance values from the calcula-
tion based on the equivalent thermal conductivity
method.

2.6 Voltage Endurance Test

In order to examine the dielectric strength of
high heat conduction coil insulation, a long-term
voltage endurance test was carried out. For the volt-
age endurance test, there are test methods recom-
mended by IEC60034-18-32 and IEEE1553. Table 2
shows the standards for the long-term voltage
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Standards for Long-Term Voltage Endurance Test

Standards for long-term voltage endurance test of stator coils
are shown.

Standard
IEC 60034-18-32

Testing specifications

Lifetime is estimated based on the result of

testing under the 3 conditions below.

(1) Insulation breakdown time: About 100
hours

(2) Insulation breakdown time: About 1000

hours
(3) Insulation breakdown time: About 5000
hours

IEEE 1553 Schedule A: 2.17Un - 400 hours or longer
Schedule B: 2.53Un - 250 hours or longer
Un: Rated voltage
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Result of Long-Term Voltage Endurance Test

Based on the presumed product life of 10 years for the insulation
of rated voltage 11kV, the presumed product life of high heat
conduction coil insulation is estimated to be 100 years against
the fact that the presumed product life of conventional coil insu-
lation is about 45 years.
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endurance test. Testing for this time conforms to an
international Standard IEEE1553-Schedule B.

Fig. 14 shows a result of a long-term voltage
endurance test. The insulation of the conventional
coils was destroyed within 600 hours. The minimum
value is 300 hours, while in the case of high heat
conduction coil insulation, no insulation was
destroyed even after the lapse of more than 1000
hours. Some items withstood for more than 2000
hours. Compared with conventional coil insulation,
the high heat conduction coil insulation has a poten-
tial of having a voltage endurance life for more than
two times of that of conventional coil insulation.

3 Postscript

When high heat conduction mica tapes were
used for main insulation layers and stator coils were
manufactured by the press heating method, we ver-
ified that the thermal conductivity was raised almost
twice that of the conventional stator coils and ther-
mal resistance could be reduced by about 40%.

In the future, similar testing will be carried out
on coils where insulation thickness is reduced by
30% in order to realize a higher performance. We
will conduct reliability tests and will promote further
development in order to commercialize new prod-
ucts with new coils.

+ All product and company names mentioned in this paper are
the trademarks and/or service marks of their respective owners.
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