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Abstract 
This paper established a transient electric field model of 
a high-voltage high-frequency (HVHF) transformer 
based on circuit-field coupling analysis. As the key 
component of power electronic transformers (PETs), the 
operating conditions of the HVHF transformer are 
determined by the converter circuit containing it. To find 
out the electrical stress withstood by the solid insulation, 
it is essential to model the transient electric field while 
considering the circuit model of the converter. The circuit 
model of the converter and the 3-D transient electric field 
model based on the finite element method (FEM) are 
built in ANSYS. The voltage and current waveforms on 
both primary and secondary sides of the HVHF 
transformer obtained from the converter model are 
coupled to the transient electric model as the excitations. 
Based on the established model, a case study of a 60 kHz 
HVHF transformer used for the dual active bridge (DAB) 
converter is investigated, and the electric field 
characteristics of the insulation are analyzed. The electric 
field distribution inside and on the surfaces of the 
insulation is present, and magnitude values of the highest 
electrical stress inside and on the surfaces of the 
insulation are identified. The theoretical verification is 
carried out based on the grid convergence index (GCI) 
method and it verifies the accuracy of the proposed 
model. This model could be used to calculate the 
overvoltage capacity of the HVHF transformers in 
various power electronics applications and it is an 
essential step in building the digital twin model of the 
HVHF transformer. 

1. Introduction

Power electric transformers (PETs) or solid-state 
transformers (SSTs) provide an efficient and flexible 
solution for increasing the penetration of large-scale 
renewable energy such as solar power and wind power, 
due to their key roles in voltage conversion, electrical 
isolation, power transmission and control, and 
bidirectional energy flow [1-2]. As the component of the 
PET, the high-voltage high-frequency (HVHF) 
transformer has the advantages of compact size, high 
power density, and environmental friendliness with less 
material compared to traditional transformers. The 
reliability of the HVHF transformer is directly related to 
PETs safe and stable operation. The HVHF transformer 
normally operates with a non-sinusoidal wave voltage at 
high frequencies, which is determined by the topology of 

the converter. The insulation of the HVHF transformer 
suffers from high electrical stress for a long term, which 
has become one of the main contributors to its aging, 
failure, and breakdown [3-4]. However, the electrical 
stresses applied to the insulation are difficult to measure 
experimentally [5]. Studying the electric field 
distribution and insulation performance of the HVHF 
transformer is of great significance to its optimal design, 
condition monitoring, and lifetime prediction. 
In recent decades, the finite element method (FEM) has 
been widely used to calculate the electric field of 
electrical equipment. Ref. [6] carried out the insulation 
design of the new printed-circuit board (PCB) technology 
medium voltage combined transformer using electric 
field analysis. The 3-D FEM numerical method is applied 
to compute the electric field distributions of the 
transformer to make sure that the permissible electric 
field strength for used materials was not exceeded in any 
part of the insulation system. Ref. [7] established the 
electric field model of a ±400 kV dry-type SF6 gas 
insulated converter transformer bushing using the finite 
element analysis method. The electric field intensity 
distribution of the converter transformer bushing in SF6 
gas under different voltages is analyzed. Ref. [8] 
simulated the electric field distribution of the converter 
transformer valve sidewinding in a practical ±800 kV 
converter transformer under polarity reversal test 
voltage. The simulations are carried out with different 
polarity reversal durations to analyze the influence of 
polarity reversal duration on the electric field 
distribution. Ref. [9] simulated the electric field of a 500 
kV high voltage isolated energy supply transformer 
(HIET) for its insulation structure design. The electric 
field characteristics of the overall shielding structure are 
analyzed, and the results show that the electric field 
decreases with an increase in thickness of the insulation 
within a certain range, and the electric field reduction 
effect is weakened significantly when the thickness 
exceeds a threshold value. Ref. [10] established an 
electrothermal coupling model of an 800 kV converter 
transformer valve-side bushing using FEM. The electric 
field distribution of the valve-side bushing is investigated 
considering the influence of temperature, and the 
location of the maximum electric field strength is 
identified. However, the characteristics of electric field 
distribution and the electrical stress applied to the 
insulation for the HVHF transformer considering its 
actual working conditions are unclear, and further 
research is needed. This paper investigates the electrical 
stress withstood by the HVHF transformer from the 
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aspect of the converter and proposed a transient electric 
model based on the circuit-field coupling analysis. 
In this paper, a geometrical model of a 60 kHz HVHF 
transformer is established first, and the parameters of it 
are given. Then, the converter model containing the 
HVHF transformer is introduced. Next, the theory of 
transient electric field analysis is described and the 
transient electric field model of the HVHF transformer is 
established. Finally, the electric field distribution 
characteristics of the insulation are present, and the 
electrical stress withstood by the insulation is 
investigated. 
 
2. Geometrical model 
The 3-D geometry of a 60 kHz HVHF transformer is 
built, as shown in Fig. 1, and its specifications are present 
in Table 1. To investigate the electrical stresses applied 
to the insulation, the solid insulation material is 
considered in the geometry model. For this model, the 
Nomex paper is used as the solid insulation between the 
layers of the windings. The physical properties of the 
materials used for the HVHF transformer are present in 
Table 2. To simplify the geometry model, the 
components that have little effect on the transient electric 
field analysis including base, tube, and bobbin are 
ignored. 
Table. 1 The specifications of the HVHF transformer 

Specification Value 
Vpri/Vsec 3.3 kV/3.3 kV 

Frequency 60 kHz 
Turn ratio 1:1 

Cooling type Dry type 

Table. 2 Material properties of the HVHF transformer 

Material 
Relative 

permittivity 
Bulk conductivity 

(S/m) 
Ferrite LP3 12 0.01 

Copper 1 145000 
Nomex paper 2.4 1.67×10-15 

Air 1.000536 3×10-15 

Magnetic core

Windings

Nomex paper

Layer 1

Layer 6

 
Fig. 1 The 3-D geometrical model of the HVHF transformer 
 
3. Converter model 
 
As the key component of PETs, HVHF transformers are 
often used to achieve voltage conversion and galvanic 
isolation. In fact, the voltage and current waveforms 
applied to the HVHF transformer are determined by the 
topology, parameters, and control method of the 

converter. To accurately investigate the electrical stresses 
applied to the insulation, it is essential to build the circuit 
model of the converter first to solve for the electrical 
parameters applied to the HVHF transformer. 
The topology of a dual active bridge (DAB) DC-DC 
converter containing the HVHF transformer is given in 
Fig. 2. The DAB DC-DC converter is usually used for the 
PETs applications due to its wide voltage regulation and 
ability to achieve soft switching over a wide range of 
loading [11]. The application of the HVHF transformer 
could significantly increase the power density and 
modularity of the converter. 

HVHFT

C2V1 C1
Lr

V2

S1 S3

S2 S4

Q1 Q3

Q2 Q4

 
Fig. 2 The topology of the DAB converter model 

The AC sides of the two full-bridge converters are 
connected by an inductor and a HVHF transformer. Each 
full-bridge converter generates a high-frequency square 
wave voltage on the AC side. The magnitude and 
direction of power flow can be adjusted by changing the 
phase shift between the two AC sources.  
In this case, the phase shift control method is applied for 
the DAB converter. The switching frequency of the full-
bridge circuits on both sides is 60 kHz. The conduction 
angle of switches is set to 180° to generate a square wave 
voltage with a duty cycle (the percentage of the ratio of 
pulse duration to the total period of the waveform) of 50 
%. The minimum and maximum time step of the 
simulation is set to 0.1 µs and 1 µs respectively. The 
simulation time is set to 150 µs. 
In this research, the ANSYS Simplorer is employed to 
solve the DAB converter model. 
 
4 Transient electric field model 
 
The transient electromagnetic field of the HVHF 
transformer is governed by Maxwell's equations, which 
are shown as (1)-(4) 
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where E is the electric field strength vector, B is magnetic 
flux density vector, J is the current density vector, ρ is the 
charge density, Ɛ0 is the permittivity of the vacuum, and 
µ0 is the permeability of the vacuum. 
To solve the transient electromagnetic field using FEM, 
the electrical voltage V ie introduced, which ie defined by 
(5) 
 E V   (5) 
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The transient electric field equations could be derived 
with the boundary condition as (6) and (7) 
 

 0V
t

       
 (6) 

  
D

V u t   (7) 

Where Ɛ is the permittivity, σ is electrical conductivity.  
Considering both the accuracy and time cost of the 
simulation model, the tetrahedral meshing method is 
applied to divide the computational domain. The grid 
length is set to 4.5 mm, 0.6 mm, 0.6 mm, and 35 mm for 
the magnetic core, windings, Nomex paper, and air 
region respectively. The mesh results are shown in Fig. 
3. The grid convergence index (GCI) method is used to 
make sure the mesh is divided sufficiently. The mesh 
validation process and results will be present in section 
6. The time step is set to 1 µs, and the simulation is set to 
150 µs. 
The ANSYS Maxwell based on FEM is applied to solve 
the transient electric field model of the HVHF 
transformer. 
 

5. Simulation results 
 
5.1 Converter model 
According to the established model, the voltage and 
current waveforms applied to both sides of the HVHF 
transformer in the DAB converter under the rated 
condition are present in Fig. 4. The simulation results are 
coupled to the primary and secondary windings in the 
transient electric model as the excitation to evaluate the 
electrical characteristics of the insulation. 
 
5.2 Transient electric field model 
The layout of the windings and the core affects the 
electric field distribution of the insulation. For the HVHF 
transformer model studied in this paper, the simulation 

 
a. The maximum electric field strength in the x-direction 

 
b. The maximum electric field strength in the y-direction 

 
c. The maximum electric field strength in the z-direction 

 
d. The maximum magnitude of the electric field strength 
Fig. 5 The maximum electric field strength in the 6 layers 
of the insulation 
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Fig. 3 Meshing results 

 
a. Primary windings 

 
b. Secondary windings 
Fig. 4 Voltage and current waveforms applied to the 
HVHF transformer 
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results show that the insulation for the primary and 
secondary windings withstands the same electrical 
stresses due to its structure being symmetrical about the 
yz-plane. Therefore, only the electric field results of the 
insulation for the primary windings are analyzed in this 
section. 
Fig. 5 represents the curves of the maximum electric field 
strength in the 6 layers of the insulation with the time. It 
is indicated that, each layer of the insulation is subjected 
to different electric stresses in x, y, and z directions (the 
directions are given in Fig. 1). The 1st, 5th, and 4th layers 
of the insulation withstand the maximum electric field 
strength in the x, y, and z directions respectively. The 1st 
layer of the insulation withstands the highest electric 
field strength with a magnitude value is 1.65 kV/mm. The 
dielectric strength of the Nomex paper considered in this 
model is 33.5 kV/mm, which means there is no threat of 
insulation breakdown for the HVHF transformer under 
the current working condition. 
To investigate the electric field distribution 
characteristics on the surfaces of the insulation at 
different moments, the simulation results at different 
moments of t1, t2, and t3 are present in Fig. 6. The electric 
field distribution shows a similar characteristic at 
different moments in a period. It is found that the electric 
field on the surfaces of the insulation is concentrated at 
both ends of the windings. The magnitude of the 
maximum electric field on the insulation surfaces is 1.25 
kV/mm, which is lower than the electric field strength 
that partial discharges (PD) start to occur (2.66 kV/mm) 
[12]. It means that there is no threat of PD occurring on 
the insulation under the current operating condition. 
However, the surfaces of the insulation are assumed to be 
ideally smooth in the simulation. The insulation’s level 
of pollution will influence the threshold electric field 
strength, which needs to be considered in reality. 

 
a. The diagram of different moments             b. t=t1 

 
b. t=t2                                           c. t=t3 

Fig. 6 The electric field distribution on the surfaces of the 
insulation at different moments 

The electric field distribution for each layer of the 
insulation at t3 is shown in Fig. 7. It is found that at the 
same moment, the electric field distribution shows 

similar characteristics for each layer. The electric field 
strength near the end of the winding is high, resulting in 
each layer of the insulation withstanding large electric 
field stress near the end of the winding. The maximum 
electric field strength appears on the 1st layer of the 
insulation. The maximum electric field strength values 
for each layer on the surfaces of the insulation at t3 are 
shown in Table 3. It can be seen in Table 3 that, the 
maximum electric field decrease from layer 1 to layer 2, 
and then increase from layer 2 to layer 6. The maximum 
electric field strength from layer 1 to layer 6 does not 
vary linearly because of the structure of the windings. 
The difference in the lengths of each layer of the 
windings result in a significantly uneven distribution of 
the electric field in the insulation near the ends of the 
windings, as shown in Fig. 8. To find out the position that 
withstands the highest electrical stress, the electric field 
distribution was calculated and plotted along 6 lines on 
the surfaces of the insulation, as shown in Fig. 10. The 
diagram of the lines is present in Fig. 9. The results show 
that the magnitude value of the electric field strength for 
each layer decreases from the position near the ends of 
the windings towards the ends of the insulation and 
reaches a maximum near the ends of the windings. 
Table. 3 The maximum electric field strength for each layer  

Layer 1 2 3 
E field (kV/mm) 1.25 0.63 0.65 

Layer 4 5 6 
E field (kV/mm) 0.65 1.12 1.13 

 
a. 1st layer                         b.  2nd layer 

 
c. 3rd layer                          d. 4th layer 

 
e. 5th layer                          f. 6th layer 

Fig. 7 The electric field distribution for each layer 

Similarly, the electric field strength along 4 lines on the 
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section of the insulation is also investigated and shown in 
Fig. 11. It is found that near the ends of the windings, the 
electric field strength of each layer varies considerably, 
and the electric field strengths of the 1st, the 3rd, and the 
4th layers are significantly greater than that of the other 
layers along line 1. The further away from the end of the 
windings, the smaller the difference in the electric field 
strength for each layer of insulation. This is because the 
electric field distribution near the end of the windings is 
significantly affected by the structure of the windings. As 
the distance between the insulation and the end of the 
windings increases, the effect of the windings structure 
on the electric field distribution decreases, and the 
electric field distribution in the insulation tends to 
become more uniform. 
In summary, each layer of the insulation withstands 
greater electrical stress near the ends of the windings. The 
1st layer of the insulation withstands the highest electrical 
stress near the end of the windings, which means that it 
is more prone to degradation and breakdown, and 
requires extra attention when designing the insulation 
system of the HVHF transformer. 
 
6 Theoretical verifications  
 
To verify the accuracy of the proposed model, the grid 
convergence index (GCI) method is employed in this 
research. The GCI method could evaluate the 

discretization error and check if the developed mesh is 
sufficiently refined in an objective way, which is popular 
in computational fluid dynamics (CFD) [13]. The 
theoretical study is conducted based on three meshes 
(coarse, medium, and fine). The GCI is defined as (8)-
(11) [14] 
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where Ɛ is the quantity that defines the relative difference 
between sequent solutions, f is the quantity that 
represents the calculation result that characterizes the 
response of the system, in this research, it is the 
maximum electric field strength for the insulation of the 
HVHF transformer. r is the effective grid refinement 
ratio, Ni is the total number of grid points used for the i-
th grid; D is the dimension of the domain, P is the order 
of convergence, Fs is a safety factor. 

Table. 4 The meshing results for three meshes 
Mesh Ni fi (Emax) 

1 (fine) 5549647 1.65 kV/mm 
2(medium) 3593328 1.73 kV/mm 
3 (coarse) 2415781 2.17 kV/mm 

 
Fig. 8 The electric field distribution in the section of the 
insulation  
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Fig. 9 The diagram of the lines 

Table. 5 Theoretical verification results 

GCI1,2(%) GCI2,3(%) 12 23
pr GCI GCI

 
1.37 7.14 1.05 

 
Fig. 10 The electric field strength distribution along the 
lines on the surfaces  

Layer 6 Layer 5 Layer 4 Layer 3 Layer 2 Layer 1  
Fig. 11 The electric field strength distribution along the 
lines on the section  
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The meshing results for three meshes are shown in Table. 
4. To ensure that all calculations fi within the asymptotic 
convergence range, it needs to be checked by comparing 
whether GCIs calculated from three meshes satisfy 
rpGCI12=GCI23. The theoretical verification results of the 
proposed model using the GCI method are shown in 
Table. 5. The results show that all calculations within the 
asymptotic convergence range and the numerical error of 
the model based on the fine mesh is 1.37%, which 
verified the accuracy of the simulation. 
 

7. Conclusion 
 
In this paper, the transient electric field for a 60 kHz 
HVHF transformer in a DAB DC-DC converter is 
established with the circuit-field coupling method. The 3-
D FEM analysis of the HVHF transformer is carried out 
to evaluate the electrical stress suffered from the solid 
insulation considering the converter containing it. The 
electric field inside and along the surfaces of the 
insulation is analyzed in detail. The GCI method is 
applied to verify the accuracy of the proposed model. The 
results show that the 1st layer of the insulation withstands 
the highest electrical stress, with the maximum 
magnitude values of 1.65 kV/mm and 1.25 kV/mm inside 
and on the surfaces of the insulation respectively. The 
maximum magnetic field strength appears at the location 
close to the ends of the windings. At different moments 
in a period, each layer of the insulation presents a similar 
distribution characteristic. The electric field strength 
decreases from the position near the ends of the windings 
towards the ends of the insulation, and the difference 
between the 6 layers of the insulation decreases as the 
distance between the insulation and the windings 
increases. The structure of the windings has a 
considerable influence on the electric field distribution of 
the insulation. This paper proposed a feasible method for 
the HVHF transformer to evaluate electrical 
characteristics and identify the electrical stresses 
withstood by the insulation considering the converter 
containing it. This method could be further used to 
calculate the overvoltage capacity of the HVHF 
transformer for various power electronics applications. 
This model also serves as the key step for building the 
digital twin model of the HVHF transformer for 
monitoring the aging period of the insulation. Future 
research will focus on embedding the transient electric 
field model with the magnetic-thermal model into the DT 
model of the HVHF transformer to monitor the electro-
thermal stresses withstood by the insulation. 
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