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Abstract: Functional graded materials (FGMs) have been successfully applied in improving the insulation
performance of insulators, yet there is currently no relevant literature on their application in dry-type
transformers. Therefore, it is meaningful to study on the feasibility of using FGMs to improve the insulation
performance of dry-type transformers through research on electric field distribution. This paper sets FGMs in
the dry-type transformer spacer only or both spacer and winding end to change the relative permittivity values
in the corresponding areas. By comparing the electric field distribution characteristics on the inner and outer
surfaces of the high-voltage coil and the lower surface of the spacer of the dry-type transformer under each
control method with the case without setting FGMs, the study found that when FGMs were only set on the
spacer, the control methods set in this paper could not improve the electric field distribution of the transformer.
When FGMs are employed at the spacers and end windings, two modulation strategies can mitigate the electric
field intensity on the outer surface of high-voltage windings. Specifically, a continuous increase in relative
permittivity can reduce the electric field intensity by 34.02%, while an initial decrease followed by an increase
can result in a reduction of 13.58%. This paper provides theoretical guidance for insulation design of
transformers with high voltage levels of 66 kV and above, especially as transformers with high voltage levels
face greater challenges in regulating surface electric fields.

Keywords: dry-type transformer; functional graded material; finite element method; electric field calculation

1. Introduction

Transformers, as crucial components in power systems, have seen a surge in demand with the
rapid economic development [1-3]. Dry-type transformers, known for their strong short-circuit
resistance, high safety, simple maintenance, high operational efficiency, and compact size, are widely
applied and hold significant prospects for future applications [4-6]. Should insulating faults occur in
dry-type transformers, they can pose severe threats to critical loads and the entire power system,
leading to substantial economic losses. Therefore, enhancing the insulating performance of dry-type
transformers is of paramount importance [7,8].

Numerous scholars have analyzed the distribution of electric field strength in dry-type
transformers, either as a whole or in specific structures, drawing conclusions that are highly
significant for the insulation design of these transformers [9-12]. There are also studies on the
application of functional graded materials (FGMs) in various insulating devices, such as insulators,
to improve electric field distribution characteristics and elevate insulation levels. Dong conducted
research on the use of FGMs to regulate the electric field distribution around three-column insulators
in high-voltage direct current gas-insulated transmission lines [13]. Zhang verified the applicability
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of FGMs in enhancing the insulation performance of electric cable joints [14]. Bian proposed that the
use of FGM technology in the preparation of insulating partitions in high-voltage switchgear can
effectively reduce the maximum electric field strength on the surface [15].

However, there are no relevant papers on the treatment of functional graded materials in the
field of dry-type transformers, and its feasibility still needs to be demonstrated. Currently, it is still
in the stage of theoretical exploration.

This paper aims to identify the points of high electric field strength within dry-type
transformers, which are the weak points in insulation, by analyzing the characteristics of electric field
distribution. Building upon this, the paper incorporates FGMs, utilizing this material processing
technology that controls material composition and structure to form a gradual variation in
composition or structure within the material. This can alter the dielectric properties of the material,
thereby affecting the distribution of the electric field [16-18]. Applying this technology to dry-type
transformers can offer certain benefits to their insulation theoretically. Firstly, FGM treatment can
reduce the concentration of the electric field, allowing for a more uniform electric field distribution
within the material and reducing the risk of partial discharge. Secondly, an optimized electric field
distribution aids in enhancing the insulation performance of dry-type transformers.

Therefore, this paper introduces functional graded materials into a 66kV epoxy resin cast dry-
type transformer. The COMSOL software is employed to construct a model of the dry-type
transformer to investigate the impact of functional graded materials on the electric field distribution
within the transformer, thereby providing a reference for transformer design. Firstly, combining the
basic theory of electrostatic field and finite element calculation method, a 66kV epoxy resin cast dry-
type transformer model was established using the finite element software COMSOL, and the electric
field was calculated to study its distribution, with a focus on analyzing the electric field distribution
of the high-voltage winding. Subsequently, functional graded materials are set under two scenarios:
with spacers only and with both spacers and end windings. By altering the relative permittivity, the
electric field distribution under different conditions is obtained. Finally, the relative permittivity is
set to increase sequentially, decrease sequentially, and fluctuate, and the resulting electric field
distribution characteristics are compared and analyzed with the case where no functional graded
materials are used. This comparison offers valuable insights for the insulation design of epoxy-
encapsulated dry-type transformers.

2. Model Establishment and Functional Graded Material Setting
2.1. Establishment of Transformer Model

To simplify the study, the following assumptions are made regarding the dry-type transformer
model in this paper:
1. The influence of wire arrangement on the end electric field of the dry-type transformer, the inter-turn
insulation of the transformer windings, and the insulating sleeves in the main air duct are neglected;
2. The yoke is equivalent to an infinitely large flat plate perpendicular to the core;
The voltage applied to the conductors of the transformer winding is assumed to be constant;
4. The model is established only for the upper yoke and spacers.
Based on these assumptions, a model of an epoxy-encapsulated dry-type transformer is
constructed, as shown in Figure 1. The relative permittivity of the yoke and spacers in the transformer
is presented in Table 1.
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Figure 1. The model of transformer.

Table 1. The relative permittivity of materials in the transformer.

Material Relative Permittivity
yoke 8000
spacer 3.5

2.2. Electrode and Boundary Condition Settings

In the model, the ground portion represents a potential of zero. Since the core and yoke of the
transformer are grounded, the potentials on the surfaces of the core and yoke are also zero.

In the three phases of the dry-type transformer, the voltages are symmetrical; therefore, the
potentials of the high-voltage windings relative to the yoke must also be equal.

Figure 2. Voltage vector diagram.

As depicted in Figure 2, the high-voltage windings of the transformer are connected in a delta
configuration. Only when the potential of the yoke is at the geometric center of the three-phase
voltages (i.e., point O), do the three-phase high-voltage windings of the dry-type transformer have
equal potentials relative to the yoke. The research presented in this paper pertains to a 66kV dry-type
transformer, and through calculation, it can be deduced that

04| = [0B| = [0¢| = kv 1
0] = 08| = [oc| = 2 )
However, in practice, the yoke of the dry-type transformer is divided into upper and lower
sections. Taking phase A as an example, the upper end is point A, with a potential of 66/v3 kV
relative to the upper yoke; the lower end is point B, with a potential of 66/v3 kV relative to the lower
yoke. The potential difference between the upper and lower ends is 66 kV, which is equal to the phase
voltage of the transformer. For the winding voltage between the two ends, one can refer to point D
in the diagram; the winding at position D should have a voltage set to |ﬁ5|
To precisely set the voltage on each section of the winding is quite complex. Since the main focus
of this chapter is the electric field at the ends of the dry-type transformer, it is sufficient to ensure that
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the voltage values of the coils near the ends are essentially accurate. In the electrode setting section
of this chapter, the following simplifications were adopted:
5. The voltage of the coil closest to the upper end among the entire high-voltage windings is set to
66//3 kV, and the voltage for the remaining coils is set according to the number of turns in the coils;
6. The low-voltage winding of the transformer is not processed, and the conductor voltage is still set to
1.14 kV.

2.3. Functional Graded Material Setting

In the construction of dry-type transformers, the insulating performance at the high-voltage
winding terminal is particularly critical and also the most susceptible to damage. As one of the core
components of dry-type transformers, the importance of the spacer block is self-evident. Therefore,
this paper first considers the application of functional graded materials (FGMs) on the spacer, a
method that is highly feasible and cost-effective.

In this study, two approaches will be employed to incorporate FGM into a 66kV epoxy-
encapsulated dry-type transformer: one where FGM is applied only to the spacers, and another where
FGM is applied to both the spacers and the winding end turns. The relative permittivity will be set to
increase sequentially, decrease sequentially, and fluctuate in three distinct scenarios. The electric field
distribution characteristics on the inner and outer surfaces of the high-voltage windings and the
bottom surface of the spacers under these three conditions will be investigated.

2.3.1. Setting of Functional Graded Materials for Spacers

The spacers are uniformly divided into 20 regions to serve as the functional graded material
areas, as depicted in Figure 3(a). Calculations are conducted after setting the relative permittivity for
each region. The specific modulation methods for the relative permittivity that increases sequentially
(hereinafter referred to as Case 1), decreases sequentially (hereinafter referred to as Case 2), and first
increases then decreases (hereinafter referred to as Case 3) are illustrated in Figure 3(b). (Note: The
order of regions 1-20 is arranged downwards from the top of the spacer.)

2800 [mm
27507] —=— Case 1
270077 —o— Case 2
26507 10 A —A—Case 3
i - A EN e
2600 N /K \A\ /
. -
i .. / '
2550 £ s AN n
- = e
2500 £ y g
E e ‘/J’
24507 .
G « e,
- a e
2400 ° / .
23507 € / hs A
= Va - .
| S 44 P e
2300 = P .
- - .
2250 " h
i 2 /4 .
2200
21507
0 5 10 15 20
21007
area
20507
“a00 300 200 100 o “oo 200
(a) (b)

Figure 3. Setting of functional graded materials for spacers: (a) Functional graded material setting
diagram; (b) Functional graded material regulation method.

2.3.2. Setting of Functional Graded Materials for both Spacers and Winding Ends

In this study, the spacers and the end turns of the windings are uniformly divided into 20 regions
each, totaling 40 regions, as illustrated in Figure 4(a). The relative permittivity is modulated in three
distinct ways: incrementally increasing (hereinafter referred to as Method 1), incrementally
decreasing (hereinafter referred to as Method 2), and decreasing then increasing (hereinafter referred
to as Method 3). The electric field distribution characteristics on the inner and outer surfaces of the
high-voltage windings and the bottom surface of the spacers under these three conditions are
investigated. For Methods 1 and 2, the regions are grouped in pairs, and the relative permittivity is
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set for each group before calculations are performed. Method 3 groups the both end regions together,
for example, region 1 and region 40 are grouped together, and the relative permittivity values are set
progressively towards the central regions. The specific modulation methods are depicted in Figure
4(b). (Note: The order of regions 1-40 is arranged from the top of the spacer downwards, with 1-20
being the spacer region and 21-40 being the winding end region.)
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Figure 4. Setting of functional graded materials for both spacers and winding ends: (a) Functional
graded material setting diagram; (b) Functional graded material regulation method.

3. Results and Analysis of the Influence of Different Functional Graded Material Settings on the
Electric Field of Transformers

3.1. Distribution of Transformer Electric Field without Setting Functional Graded Materials

In order to contrast with the scenario involving the implementation of functional graded
materials, this paper first constructs a dry-type transformer model using COMSOL software.
Subsequently, calculations are directly performed within the software to obtain the computational
results in the absence of functionally graded materials. The resulting electric field cloud diagram is
depicted in Figure 5. (The cloud and contour plots depicted in the figure represent the magnitude of
the electric field strength, with the parameter name in COMSOL being es.normE, and the unit is
kV/cm. All subsequent electric field cloud diagrams adhere to this convention.)

Surface and contour line: magnitude of the electric field (kv/cm)

mm

Figure 5. Electric field cloud diagram without setting functional graded materials.

It can be observed from the figure that, in the absence of a functionally graded material, the
maximum value of the electric field in a 66kV dry-type transformer is distributed within the high-
voltage winding, and is located near the upper surface of the first winding section, with a maximum
electric field strength reaching 5.623 kV/cm. By extracting the data from the simulation calculations,
the maximum and average electric field intensities at each position can be determined. It is found that
the maximum value on the inner surface of the high-voltage winding can reach 3.043 kV/cm, with an
average value of 0.774 kV/cm; the maximum value on the outer surface of the high-voltage winding
can reach 2.584 kV/cm, with an average value of 0.328 kV/cm. Furthermore, the maximum electric
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field intensity at the lower surface of the spacer block is 2.629 kV/cm, with an average value of 1.072
kV/cm.

3.2. Distribution of Transformer Electric Field when only Setting Functional Graded Materials for Spacers

Following the control methods mentioned in Section 2.3.1 for Cases 1, 2, and 3, functional graded
materials are configured and calculations are performed to obtain the electric field distribution
diagrams on the inner and outer surfaces of the high-voltage winding and the lower surface of the
spacer block under different conditions. These results are compared with the situation where no
functionally graded materials are applied to analyze the impact of FGMs on the electric field
distribution under various conditions. The electric field cloud diagrams are shown in Figure 6.

Surface and contour line: magnitude of the electric field (kvV/cm)
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Figure 6. Electric field cloud diagram when setting functional graded materials on transformer
spacers under different conditions: (a) Case 1; (b) Case 2; (c) Case 3.
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Similarly, data extracted from the simulation calculations are used to compute the maximum
and average electric field intensities on the inner and outer surfaces of the high-voltage winding and
the lower surface of the spacer block under Cases 1, 2, and 3. These values are then compared with
the corresponding maximum and average electric field intensities when no functionally graded
materials are applied, as shown in Table 2. (Note: A "+" sign in the table indicates an increase, while

non

a"-" sign indicates a decrease.)
Table 2. Summary of the impact of setting functional graded materials only on spacers on the
electric field distribution.
. Outer surface of high-
Inner surface of high- 5 Bottom surface of
voltage coil voltage spacer
Regulation 8 coil P
method Maximum Average Maximum Average Maximum Average

electric field electric field electric field electric field electric field electric field
strength strength strength strength strength strength

Case 1 +16.07% 0% +20.05% +12.20% -27.16% -12.69%
Case 2 +22.41% -2.20% +0.81% +5.79% +41.69% +29.01%
Case 3 +27.64% -0.90% +7.28% +7.62% +47.74% +37.97%

From the above table, it can be observed that after setting functional graded materials on the
spacers of dry-type transformers, the maximum electric field strength on the inner and outer surfaces
of the high-voltage coil of the transformer increases compared to the absence of graded materials,
which is detrimental to the insulation performance of dry-type transformers. Therefore, it is
considered necessary to install functional graded materials in other components.

3.3. Distribution of Transformer Electric Field when Setting Functional Graded Materials for both Spacers
and End Windings

Following the investigation in the previous section, it was discovered that the application of
functional graded materials (FGMs) solely on the spacer blocks of a dry-type transformer results in
an increase in the maximum electric field intensity on the surface of the high-voltage windings, which
does not positively influence the insulation performance of the dry-type transformer. In this section,
FGMs will be selected for application at both the spacer blocks and the ends of the windings. The
FGMs will be configured in three different ways: with relative permittivity increasing sequentially,
decreasing sequentially, and first decreasing then increasing. The electric field distribution on the
inner and outer surfaces of the high-voltage windings and the lower surface of the spacer blocks will
be calculated for each method and compared with the situation without FGMs. Ultimately, the
influence of setting FGMs at the spacer blocks and the ends of the windings on the electric field
distribution characteristics will be determined.

According to the methods of control mentioned in Section 2.3.2 as Methods 1, 2, and 3, FGMs
were configured and calculations were performed to obtain the electric field distribution diagrams
for the inner and outer surfaces of the high-voltage windings and the lower surface of the spacer
blocks under these conditions. The electric field cloud diagrams are depicted in Figure 7.
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Surface and contour line: magnitude of the electric field (kV/cm)
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Figure 7. Electric field cloud diagram when setting functional graded materials on transformer
spacers and end windings under different conditions: (a) Method 1; (b) Method 2; (c¢) Method 3.

Similarly, data extracted from the simulation calculations are used to compute the maximum
and average electric field intensities on the inner and outer surfaces of the high-voltage winding and
the lower surface of the spacer block under Methods 1, 2, and 3. These values are then compared with
the corresponding maximum and average electric field intensities when no functionally graded
materials are applied, as shown in Table 3. (Note: A "+" sign in the table indicates an increase, while

"non

a "-" sign indicates a decrease.)

Table 3. Summary of the impact of setting functional graded materials on spacers and end windings
on the electric field distribution.

Regulation Inner surface of high- Outer surface of high- Bottom surface of
method voltage coil voltage spacer
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coil
Maximum Average Maximum Average Maximum Average
electric field electric field electric field electric field electric field electric field
strength strength strength strength strength strength

Method 1 +29.08% -2.20% -34.02% -2.13% +49.41% +13.71%
Method 2 +81.56% -0.65% +101.43% +13.11% +8.98% -7.28%
Method 3 +34.01% -1.81% -13.58% +2.44% +53.33% +77.52%

From the above table, it can be observed that when functional graded materials are installed on
the spacers and winding ends of dry-type transformers, the maximum electric field strength on the
outer surface of the high-voltage coil of dry-type transformers decreases under the control of
Methods 1 and 3.

It indicates that functional graded materials can be installed on the spacers and winding ends of
dry-type transformers, and corresponding control methods can be used to improve the electric field
distribution on the outer surface of the high-voltage coil of dry-type transformers and enhance the
corresponding insulation performance.

4. Conclusions

The research presented in this paper utilizes the finite element method (FEM) for electrostatic
field calculations to study the electric field distribution characteristics of a 66kV epoxy resin-
encapsulated dry-type transformer. The transformer model was established in the COMSOL
software, and simulations were conducted to analyze the electric field distribution.

In addition to the base model, functional graded materials (FGMs) were applied to two different
areas of the dry-type transformer: (1) spacer blocks only, and (2) both spacer blocks and winding
ends. Three distinct control methods were employed for the distribution of the relative permittivity
within the FGMs. The electric field distribution on the inner and outer surfaces of the high-voltage
windings and the lower surface of the spacer blocks was calculated for each configuration and
compared to the scenario without FGMs. The main findings are as follows:

1. Application of FGMs to Spacer Blocks only: Setting functional graded materials only on the spacer
blocks will increase the electric field strength on the inner and outer surfaces of the transformer high-
voltage coil, regardless of the control method used. When the relative dielectric constant increases
from top to bottom, the electric field strength on the inner surface of the transformer high-voltage coil
increases by 16.07%, the electric field strength on the outer surface increases by 20.05%, and the
electric field strength on the lower surface of the spacer decreases by 27.16%; When the relative
dielectric constant decreases from top to bottom, the electric field strength on the inner and outer
surfaces of the high-voltage coil and the lower surface of the pad increases by 22.41%, 0.81%, and
41.69%, respectively; When the relative dielectric constant first increases and then decreases, the
electric field strength increases by 27.64%, 7.28%, and 47.74%, respectively;

2. Application of FGMs to Spacer Blocks and Winding Ends: As the relative dielectric constant increases
from top to bottom, the electric field strength on the inner surface of the transformer high-voltage coil
and the lower surface of the spacer increases by 29.08% and 49.41% respectively, while the electric
field strength on the outer surface decreases by 34.02%; When the relative dielectric constant
decreases from top to bottom, the electric field strength on the inner and outer surfaces of the high-
voltage coil and the lower surface of the spacer increases by 81.56%, 101.43%, and 8.98%, respectively;
When the relative dielectric constant decreases from both ends to the middle, the electric field
strength on the inner surface of the high-voltage coil and the lower surface of the spacer increases by
34.01% and 53.33%, respectively, while the electric field strength on the outer surface decreases by
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13.58%. In general, only when the relative dielectric constant gradually increases and first decreases
and then increases, will the electric field strength on the outer surface of the high-voltage coil
decrease.

This paper demonstrates the feasibility of using functionally graded materials to improve the
electric field distribution and enhance the insulation performance of dry-type transformers. Although
the methods proposed in this paper effectively reduced the electric field intensity on the outer surface
of the high-voltage windings, they increased the electric field intensity at other locations, such as the
inner surface of the high-voltage windings and the lower surface of the spacer blocks. Therefore,
future research should focus on applying FGMs locally to areas with increased electric fields to
achieve an overall reduction in surface electric field intensity.
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