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SUMMARY

The loss and reliability of dry-type transformers are of great concern. At present, the mainstream
technology of dry-type transformers adopts epoxy resin as the primary insulation material. The epoxy
resin produces volatile toxic gas in the manufacturing process and seriously affects workers’ health. It
cannot meet the operational requirements of dry-type transformers with an insulation grade higher
than H due to the inherent low glass transition temperature of the material. There is also a risk of
explosion due to a sudden increase in winding temperature caused by a short-circuit current. Another
insulation technology is called an open ventilated distribution transformer. It mainly relies on air to
insulate between windings. The environment dramatically affects air insulation, especially in a humid,
dusty, or lower atmosphere pressure workspace, which can cause specific safety hazards.

Currently, a new type of primary insulation with silicone rubber material in a dry-type transformer
is safer than epoxy resin. The insulation system consists of two layers of solid dielectrics and air. This
fault-tolerant structure effectively improves the insulation reliability of the dry-type transformer and
reduces the unnecessary air distances between windings, and then significantly reduces the no-load
loss of the transformer. Tests and practical applications have proved its safety, reliability, and energy
efficiency.

This paper provides a new design concept, technology development and roadmap for dry-type
transformers, which is fully in line with the strategic goal of “achieving carbon peak by 2030 and
carbon neutrality by 2060” issued by the Chinese government.
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0 Preface

Dry-type transformers are key electrical equipment in power distribution networks and electric
power generation. Its safety, reliability, and energy consumption level are becomingincreasingly
important. It is estimated that by 2055, the electrification rate of China’s whole society will exceed
60%, and the carbon emissions of energy consumption will drop from 5 billion tons in 2028 to 640
million tons [1], and electricity will achieve nearly zero emissions. The implementation of the new
energy efficiency standards issued in 2021 and the proposed national dual carbon strategic goal will
promote the full application of safe, efficient and energy-saving transformers.

1. Main issues of traditional dry-type transformers

Traditional dry-type transformers ™ include two main insulation types: epoxy resin cast dry-type
transformer and open ventilated dry-type transformers with insulated paper-covered conductors.

The primary insulation of the cast resin dry-type transformer windings is composed of epoxy resin
and the external air gap. Under the combined action of the vast electromotive force caused by the
short-circuit current and the local high temperature in winding, it is easy to cause the primary
insulation failure.

The glass transition temperature of epoxy resin is too low to meet the operational requirements of
dry-type transformer with insulation grade higher than H insulation levels ™. When an internal fault
occurs in the transformer and the winding temperature rises too fast, the cast resin will crack or even
explode ™). 1t will endanger the personal safety of on-site staff and the safety of electric equipment
operating around them.

Insulating partitions are usually added in the air gap between the high and low voltage windings.
However, the insulation strength of the open structure partition depends not only on the insulation
performance of the partition body but also on the creeping distance of its surface and the degree of
contamination. Surface contamination will reduce the partition’s insulation strength ©!, so there are
risks in the insulation with this partition structure. Figure 1 is a photo of the insulation breakdown of
the partition between the high and low voltage windings of a 35kV cast resin dry-type transformer.

Fig. 1 Insulation broke down between the high and low-voltage winding with a partition in a 35kV cast resin dry-type
transformer.

Epoxy resin materials in the mixing, curing and mold cleaning process requires to the use of a
large number of organic solvents, including strong carcinogenic materials such as epichlorohydrin,
phthalic anhydride and tetrachloroaniline, which will seriously affect the health of production
personnel and cause serious pollution when discharged. When the transformer is decommissioned, the
cured cast resin will take about 3000 years to decompose naturally. At present, It can only be
landfilled or used for roadbed treatment by mixing with asphalt but it will still contaminate
groundwater and soil. In addition, the firm adhesion of epoxy resin makes the recycling of metallic
conductor materials very difficult. Therefore, the cast resin dry-type transformer is not eco-friendly
throughout its life cycle.



The high-voltage windings of open-ventilated dry-type transformers usually use high-performance
insulating paper to wrap the wires first, and then coat or impregnate the insulating varnish and then dry.
The primary insulation between the windings or layers is air. But the air pressure, humidity, and dust
pollution will affect the insulation performance of the air gap. During the long-term operation of the
transformer, dust and various impurities are embedded in the gaps and layers of the windings and are
difficult to remove. If the transformer is operated in a damp environment for a long time, breakdown
accidents may occur between the layers and phases of the transformer. Although solid insulating
partitions can also be installed in the interphase air passages of open ventilated dry-type transformers,
insulation degradation will occur when the partitions are contaminated. The insulation performance of
dry-type open ventilated transformers depends entirely on the used insulating paper, coated or
impregnated insulating varnish, which is more limited by the operating environment [4]. Figure 2
shows a phase partition plate broken down in a 10kV open ventilated dry-type distribution transformer.
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Fig. 2 Photo of partition plate broken down in a 10kV open ventilated dry-type distribution transformer (from the internet)
2. A new technology to solve the above problems

In the past 30 years, the technological innovation of dry-type transformers has mainly focused on
the steel core material and its manufacturing process .. It is highly expected to develop new insulating
materials and new-type insulating structure to improve the safety, reliability, energy conservation, and
environmental protection level of dry-type transformers. Silicone rubber for electrical engineering is a
green high-performance insulating material ', with a stiffness of 55-70, a dielectric strength of about
20kV/mm, a dielectric constant of 3-3.5, and it can withstand high temperatures above 220<C and
resistance below -50<C. It has significant advantages, including high elasticity, high mechanical
strength, high insulation strength, non-flammability, strong hydrophobicity ¥, no pollution, and
recyclability. It has been widely used in power systems ! and is very suitable as the main insulation
material of dry-type transformers.

By using these advantages of high-performance electrical silicon rubber % a new dry-type
transformer is developed, a new fault-tolerant primary insulation structure with triple-redundant
insulation based on two layers of solid dielectrics and air is designed, and a new casting and curing
process is developed. The transformer has the characteristics of strong short-circuit resistance, high
overload capacity, high climate adaptability, and low no-load loss. It can be used in extreme cold, high
altitude, high salt spray, high humidity and heat, environmental protection and other harsh
environments. The shortage of cast resin dry-type transformers and open ventilated dry-type
transformers is well overcome.

3. Analysis of performance, cost, and environmental protection of silicone rubber dry-type
transformer with a triple-redundant main insulation structure

3.1 Safety analysis of triple redundant insulation structure

Combined insulation ™% can be considered as the most basic dual-redundant insulation method.
However, if defects in solid dielectrics are invloved, a multiple redundant insulation structure should
be chosen, such as the triple redundancy insulation structure shown in Figure 3.
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Fig. 3 Schematic diagram of the triple-redundant structure of primary transformer insulation

In Figure 3, the high-voltage winding insulating cylinder €1, air €2, and the low-voltage winding
insulating wrapping €3 constitute a solid-gas-solid three-fold redundant insulation structure, in which
air also serves as the primary airway for heat dissipation. The dielectric strength of air is designed to
withstand the applied withstand voltage test voltage under standard conditions. The two solid
insulating layers are designed to have a much higher dielectric strength than air. If air insulation is
unstable, the two layers of solid dielectrics insulation strength will protect the conductors’ insulation
against breakdown. In tha case that a layer of solid dielectric is defective for some reason, the primary
insulation still has the characteristics of fault tolerance with one layer of air and one layer of solid
dielectric as primary insulation and backup insulation. Such insulation defect fault-tolerant structure
significantly reduces the failure rate of the primary insulation of dry-type transformers and
dramatically improves the reliability of the dry-type transformers.

3.2 Description on advantages of triple redundant insulation fault-tolerant structure of silicone
rubber dry-type transformer

3.2.1 Overall structure design of silicone rubber transformer

The high voltage winding of the silicone rubber cast dry-type transformer adopts a multi-cake
structure with an insulating inner cylinder and flange. The voltage between the cakes is actively
reduced to eliminate partial discharge, and it is filled and encapsulated by elastic silicon rubber. The
partial discharge amount is no more than 5pC. The low-voltage winding is co-wound with copper foil
and self-adhesive insulating filmand has an outer envelope with high insulation strength. The product
photo is shown in Figure 4.

Fig. 4 Silicone rubber dry-type transformer

The high-voltage primary insulation of silicone rubber dry-type transformer is composed of
insulation between the high and low-voltage windings, the high voltage winding phase to phase
insulation, and insulation of the high voltage windings to the ground (iron core and clamps). The
structure is shown in Figure 5.
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Fig. 5 Schematic diagram of transformer high-voltage main insulation structure

3.2.2 Design of triple redundant insulation structure between high and low voltage windings of
silicone rubber dry-type transformer

In Figure 5, a triple-redundant insulation structure between the high and low voltage windings is
composed of the high voltage winding inner insulating cylinder, the high and low voltage air passages,
and the low voltage winding outer envelope. Among them, the high-voltage winding inner insulating
cylinder is prefabricated with high-strength insulating materials. On the one hand, it needs to meet the
structural stability requirements of the high-voltage winding, especially to withstand the mechanical
stresses caused by sudden short circuits. On the other hand, it also serves as the dielectric between the
high- and low-voltage windings. Its design insulation strength Uy, is:

U, =K,U, e ()

In formula 1, Uy is the power frequency withstand voltage, Ky, is the safety factor, and K,,=1.5-2.
There is an air duct between the high and low voltage windings, and the design insulation strength
Ug should meet the following standard by atmospheric conditions:
U, =U, e (2)
Considering the process error, the design margin should be appropriately increased.
The external insulation of the low-voltage winding is wrapped by high-strength composite
insulating film winding or encapsulated by silicone rubber, and its design insulation strength U, is:

U, =K,U, e, (3)

In formula 3, Ky, is the safety factor, K,=1.5-3. Higher Ky is selected to improve lightning
protection.

3.2.3 Design of triple-redundant insulation structure between phases of high-voltage windings of
silicone rubber dry-type transformers

In Figure 5, the silicone rubber outsourcing sealing layer of one-phase high-voltage winding, the
interphase air gap, and the silicone rubber outsourcing sealing layer of the other-phase constitute a
triple-redundant insulation structure between the high-voltage windings. The design insulation
strength Uy, of the silicone rubber outer sealing layer is:

Uhp:KiUi . (4)



In formula 4, U; is the induced overvoltage withstand test voltage, K; is the safety factor, and
Ki=1.5-2.

The design insulation strength Ug, of the interphase air gap way should meet the following
requirements under standard atmospheric conditions:

Vo =Ui )

Considering the process error, the design margin should be appropriately increased.
3.2.4 High-voltage winding end-to-earth triple-redundant insulation structure design

In Figure 5, the flange of the insulating inner cylinder and the silicone rubber end filling layer form
a composite solid insulation, which forms a triple-redundant insulation structure at the end of the high-
voltage winding with the end air gap. The silicone rubber in the solid composite insulation is an elastic
solid. Therefore, there is no tremendous internal stress between it and the rigid inner cylinder flange,
so the solid composite insulation is safe and reliable. However, because of extreme electric field
distortion between the end of the high-voltage winding and the ground (iron core and clamp) and the
low-voltage lead wire, and more consideration should be given to lightning protection. Therefore, the
design insulation strength of each layer of solid dielectric is:
Uy = KU, . (6)
In formula 6, Ut is the lightning impulse withstand voltage; Kt is the safety factor, Kt=1.5-2;
The design insulation strength Ugt of the air gap at the upper and lower ends should meet the
following requirements under standard atmospheric conditions:
Ha =Y @
Considering the process error and the extreme distortion of the end electric field, it is advisable to
significantly increase the design margin.

3.3 Economic advantage analysis of triple redundant insulation structure silicone rubber dry-
type transformer

The silicone rubber dry-type transformer designed with this structure has an excellent performance
of dielectric fault tolerance to eliminate the primary insulation broken down against high voltage and
lightning during operation, and to appropriately reduce the insulation design margins of air gap
between high and low-voltage windings and between phases to minimize the-core yoke length and the
diameter of the high-voltage winding, and then to reduce the amount of core and wire of the dry-type
transformer. Due to the shortened magnetic circuit and the reducedwire length, both no-load loss and
load loss of the transformer are reduced, saving energy.

This triple-redundant main insulation structure makes full use of the insulation materials necessary
for the winding construction itself, and the cost increase is minimal. Moreover, after the transformer is
decommissioned, the total material recovery rate will reach 98% and above. As a result, the life cycle
cost will be more than 10% lower than cast resin dry-type transformer. On the premise of significantly
improving the reliability of the transformer, the real maintenance-free during the life span can reduce
the user’s operating cost, and the overall economy is outstanding.

3.4 Analysis of environmental protection advantages of silicone rubber dry-type transformers
with a triple-redundant insulation structure

A unique casting and curing process is used to produce the windings of the dry-type transformer
with this insulation structure. The high-performance silicone rubber is a dual-component high-
viscosity liquid. Before pouring, it does not require any solvents and only relies on catalysts. Curing at
a high temperature above 120 °C, the whole production process does not produce any toxic and
harmful substances. Pouring is performed in a mold in a vacuum box at room temperature. Deaeration
and pouring are completed at the same time under 100Pa air pressure. It takes 0.5-1 hour, according to
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the size of the winding. After pouring is completed, atmospheric pressure is used to pressurize, and
only the vacuum pump consumes electricity in the process; the curing process is carried out in a
convection oven. The temperature is set at 125<C, and the curing time is selected according to the
mold size. The heat is entirely conducted into the winding through the mold and maintained for about
30 minutes to complete curing. The total time is less than 2 hours. Thus, the energy consumption of
the production process is significantly reduced than that of cast resin casting process.

Silicone rubber is not sticky to most materials, so it is easily separated from winding conductors
and insulating parts. It is also easily cut and broken by manpower, and is very convenient for the
recovery of metal materials such as windings, silicon steel, and clamps. Silicone rubber can be used as
rubber filler after being crushed. After cracking by chemical method, it can be used as silicone rubber
raw material. Therefore, the triple-redundant insulation structure silicone rubber cast dry-type
transformer is very environmentally friendly.

4. Simulation analysis, test verification, and application
4.1 Digital simulation analysis

In order to thoroughly verify the feasibility of the technical scheme of the triple-redundant
insulation structure, we selecte a 10kV/630kVA dry-type transformer designed with this structure for
simulation analysis. The simulation results are shown in Figures 6 and 7.
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Fig. 6 Power frequency electric field distribution diagram at the upper end between the high-voltage coil and the low-voltage
coil
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Fig. 7 Power frequency electric field distribution diagram at the upper end of the high voltage coil phase

It can be seen from the simulation results that the main insulation electric field distribution of this
structure is very reasonable, which can meet the transformer operation requirements, and there is still a
certain insulation margin.

4.2 Type test verification

Figure 8 is the type test report of the H-class 10k\V//2000kVA triple-redundant insulation structure
silicone rubber dry-type transformer. All technical indicators fully meet the requirements of the “GB/T
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1094.11 Power Transformer Dry-type Transformer” " standard, and the product has passed
successfully. In the type test conducted by the National Electrical Product Quality Supervision and
Inspection Center, all test items witch include the sudden short circuit are qualified, the noise is only
46dB, and the no-load loss and load loss are better than the limited value of class | energy efficiency in
the “GB20052-2020 Power Transformer Minimum Energy Efficiency Performance sStandard” ™.

The energy-saving effect is pronounced.
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Fig. 8 Test report of H-class 10k\V//2000kV A triple-redundant insulation structure silicone rubber dry-type transformer

Figure 9 shows the comparison photos before and after the environmental combustion performance
test (particular test) of the H-class 500kVA triple-redundant insulation structure silicone rubber dry-
type transformer. It can be clearly seen from the photos that the silicone rubber of the winding and the
insulating materials enclosed inside is not ignited or broken. In addition, the measured mass loss of the
winding after burning is less than 1.5%, and it has excellent anti-combustion and explosion-proof
performance.
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Fig. 9 Comparison of before and after combustion

4.3 Practical application effect



Practice is the sole criterion for testing truth. Since the first triple-redundant insulation structure
silicone rubber dry-type transformer was put into operation in January 2017 to the end of 2020, more
than 50 transformers have been in serve across the country and exposed to various harsh environments,
including high temperatures, severe pollution, and long-term humidity, and other extreme conditions.
Operational transformers’ rating voltage are from 6 to 35kV, and their capacities are from 30 to
2500kVA. The end-users include the State Grid of China, China Southern Power Grid, and other users.
However, there has never been any failure in the past four years of operation, which completely solved
various problems existing in traditional dry-type transformers.

In January 2020, Shenzhen Longgang Power Supply Bureau replaced and implemented a
10kV/1000kVA triple-redundant insulation structure silicone rubber dry-type transformer. As a result,
compared with the traditional design, the no-load loss is reduced by 40%, the load loss is reduced by
10%, and the loss index is excellent. Furthermore, silicone rubber dry-type transformer loss is lower
than the Grade 1 of “GB20052-2020” ™. The noise of silicone rubber dry-type transformer is also
reduced from 72dB to 43dB, which completely solves transformer noise disturbing the people’s lives
and plays an essential role in eliminating urban public transformers’ noise and promoting the
realization of China’s dual carbon goal.

5 Conclusion

This paper proposes a new type of silicone rubber dry-type transformer based on silicone rubber
insulation material. Its primary insulation has a triple-redundant fault-tolerant structure and its design
method, which not only effectively solves many problems in traditional dry-type transformer, such as
environmental pollution, poor weather resistance and difficult recycling of winding materials, but also
greatly improves the insulation reliability and environmental protection performance of dry-type
transformer, and the no-load loss and load loss of transformers are greatly reduced. Various
verification and testing, including mathematical simulation, type test, particular test, and actual
operation shows that the dry-type transformer with this innovative technology has the advantages of
safety, reliability, fire safety, and explosion prevention, high efficiency, and energy saving, and
environmental protection. Therefore, this technology will contribute to the development of a green and
reliable power industry as a better choice in the future, and provide a new technical direction for the
development and application of dry-type transformer technology. It has also contributed to China’s
strategic goals of carbon peaking and carbon neutrality.
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