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Abstract: The ultra-high voltage (UHV) AC/DC grid can provide a platform for sustainable power
worldwide. To improve the bus voltage quality of the UHV AC system, AC filters are frequently
switched into the UHV grid through circuit breakers with pre-insertion resistors. The pre-insertion
resistors suppress inrush currents and operate over-voltage during switching. In this paper, we establish
a macro and micro model of the pre-insertion resistor based on its temperature coefficient and micro-
morphology. We simulate and analyze its electric-thermal coupling characteristics under standard
closing and short-circuit faults. After the simulation model and physical comparison analysis, we find
that under a usual closing surge, the electric field distribution of the pre-insertion resistor is uniform
and undergoes a slight rise in temperature. However, under a short circuit fault, the temperature rise is
drastic and exceeds the maximum allowable temperature, causing glassy melt in some parts of the
resistor. Considering the volume ratio of each component of the resistor, a two-dimensional cross-
sectional simulation model of the resistor is established to simulate the electric-thermal characteristics
of the microstructure of the resistor, and insinuates that the current is concentrated in the carbon
channel. That is mainly due to the uneven distribution of carbon material and may lead the local
temperature to exceed the maximum allowable temperature and damage the resistor.

Keywords: AC filter circuit breaker; pre-insertion resistor; electrical-thermal coupling; ultra-high
voltage; smart grid
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1. Introduction

As clean and sustainable energy, large-scale wind and solar engergy areas are often far from load
centers and are integrated through long-distance UHV power grids [1,2]. To mitigate the variability of
renewable energy resources, global energy interconnection is proposed to construct an international
and intercontinental grid, which is a solid smart grid in a broader range. An ultra-high-voltage direct
current (UHV DC) technique is expected to play an important role in the creation of the backbone for
Global Energy Internet and in the performance of many functions for the long-range, high-capacity,
and high-voltage transmission of renewable energy [3,4]. To reduce the adverse effect of harmonic
currents on UHV AC systems and to ensure effective power information within high voltage direct
current (HVDC) transmission lines, AC filters must be installed on AC buses [5], and the control
strategy for AC filters switching must be optimized according to the actual situation [6,7]. Due to the
large capacity and frequent switching of filter banks, circuit breakers for AC filters in DC converter
stations must withstand the higher interrupter recovery voltage and break a higher capacitive current.
Equipping with a phase selection closing device or a pre-insertion resistor can effectively reduce the
closing inrush current and overvoltage, which is helpful to reduce the negative impact on the system,
frequent action of the arrester, DC commutation failure, and other adverse consequences [8,9].

At the same time, the digital grid is a new concept of smart grid construction and development
driven by technology evolution and demand upgrading, and is the only way for smart grid design and
development. At the form level of the digital power grid, it is necessary to use massive intelligent
sensors, digital twins, and other technologies to achieve the digital upgrading of the physical power
grid. Among them, the digitalization of power equipment is an important aspect and is the basis of its
networking and intellectualization. However, under current technical conditions, it is necessary to
further promote the integrity of condition assessment data of the power equipment. Therefore, for
digital power equipment, sensing technology is not the key, and comprehensive, accurate, and real-
time state evaluation of the internal state of power equipment is key. In this paper, the pre-insertion
resistor of the circuit breaker is taken as the research object. Through experiments and multi-physical
field coupling analysis, the electrical thermal coupling characteristics of the circuit breaker under
different working conditions are studied to provide essential support for the digitization of the ultra-
high-voltage circuit breaker.

The pre-insertion resistor can absorb part of the electric energy in the grid and convert it into heat
energy to weaken the electromagnetic oscillation and limit the overvoltage. Since these breakers must
operate automatically and frequently according to load changes, their performance decreases quickly
and pre-insertion resistor failures often occur [10,11]. This will seriously affect the smart grid, reduce
the quality of the power supply, and cause short circuits and power failures. Additionally, when the
long line without load is switched to the UHV grid, a large overvoltage is generated due to a sudden
change in the smart grid parameters. To limit this closing overvoltage, pre-insertion resistors are also
adopted in UHV line circuit breakers [12]. Although many studies on the pre-insertion resistors of
circuit breakers have been carried out from different aspects, the electrical-thermal coupling
characteristics of pre-insertion resistors used in AC filter circuit breakers are still unclear. Therefore,
to ensure the safe and stable operation of the smart grid for sustainable power, it is of great significance
to study the electrical-thermal coupling characteristics of the pre-insertion resistor.

The main contributions of this paper are twofold:

1) The temperature coefficient and microstructure of the resistor are obtained, which provide the

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12056-12075.



12058

basic parameters for the multi-physical field coupling analysis of the resistor.

2) The reasons for the destruction of the closing resistance under the action of electrothermal
coupling are analyzed. When the pre-insertion resistor only passes through the usual closing inrush
current, the temperature rise of the closing resistance is not enough to cause thermal shock damage.
However, when the pre-insertion resistor passes through the short circuit current, the temperature rise
will exceed its maximum allowable temperature. Specifically, the non-uniform distribution of
conductive carbon channels in the microscale will further aggravate this temperature rise.

In this paper, an in-depth study of the electrical-thermal coupling characteristics of a pre-insertion
resistors of AC filter circuit breakers is carried out. In Section 2, in light of the structure of the AC
filter circuit breaker, the relevant characteristics of the pre-insertion resistor are measured and the
microstructure of the pre-insertion resistor with and without discharge is observed. In Section 3, a 3D
single-phase AC filter circuit breaker model was established and simulated by using the finite element
method. In Section 4, the electric and thermal fields of the pre-insertion resistor are analyzed from
both the macro and micro aspects.

2. Materials and methods
2.1. Parameters of pre-insertion resistor

The pre-insertion resistor is a kind of ceramic carbon, high voltage, high energy, non-inductive
resistor, which is made of conductive carbon, bonded clay, and calcined aggregate by high-temperature
sintering. The resistor resistivity is usually 70-1000 Q-cm. There are two purposes for the circuit
breaker with the pre-insertion resistor: on the one hand, it can reduce the transient recovery voltage of
the main breaker; on the other hand, it can reduce the overvoltage generated by the system when the
circuit breaker is closed. The closing resistance of the circuit breaker is generally 400—1500 €, and the
insertion time is usually around 10 ms. Due to the different relationships between the pre-insertion
resistor and the main break, the circuit breaker with a pre-insertion resistor mainly includes a series
structure and a parallel structure. The corresponding pre-insertion resistor configuration is shown in
Figure 1. This study mainly analyzed the parallel structure.

r -5 e b ,)' Y reQlS ) )
auxiliary break  closing resistor closing resistor

—_ I |
- yd i
main brealk main break auxiliary break
(a) Parallel structure (b) Series structure

Figure 1. Pre-insertion resistor configuration diagram.

The auxiliary contact is comprised of three parts: moving contact, static contact, and porcelain
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bushing. The pre-insertion resistor and additional contact are connected in parallel with the
corresponding arc extinguishing chamber in the circuit. The additional contact needs to operate within
a few milliseconds before the closing of the primary contact (arc extinguishing chamber) and then
automatically switches off after passing through the tough closing time. K. Chen analyzed the working
mechanism of the pre-insertion resistor and gave the method of a pre-test on-site for 1000 kV gas
insulated switchgear (GIS) [13]. H. Heiermeier and R. B. Raysaha provided alternative test methods
for power testing of pre-insertion resistors without compromising their essential parameters [14]. R.
Sun developed a synchronous breaker switching with a pre-insertion resistor to mitigate cap bank
switching transients [15]. In recent years, the pre-insertion resistor technique is gradually being
replaced by controlled switching devices to suppress switching transients. K. A. Bhatt proposed a new
methodology using a controlled switching device with a pre-insertion resistor to further mitigate the
switching surge during energization/reenergization of uncompensated transmission lines and shunt
reactor compensated transmission lines [16]. R. Li proposed the combination of the vacuum circuit
breaker pre-insertion resistor and controlled switching technology, which maximizes the effect of
suppression of the inrush current [17]. K. A. Bhatt presented an evaluation of the application of the
controlled switching device for reducing the level of inrush current and transient voltage during the
energization of an unloaded power transformer using a circuit breaker with a pre-insertion resistor [18].
Although the technology of controlled switching devices has proven useful in switching transmission
lines, unloaded power transformers, shunt capacitors, and line reactors, it does not work well for
relevant UHV switching operations without a pre-insertion resistor due to the intensive electrical field
and lower insulation margin in UHV AC filter circuit breaker.

The pre-insertion resistor must withstand the impulse voltage and absorb the energy of the
oscillating wave. The resistance value and the overall dimension of the pre-insertion resistor are
required to be high in accuracy to prevent damage caused by uneven loads on the resistor. At the same
time, the resistor’s ceramic body is porous ceramic, which meets the requirements of resistance to
thermal shock. Some resistors may absorb too much energy to exceed their thermal capacity and
subsequently burst due to the deviation of the resistance values of different resistors. The performance
of the resistor insulation is easy to deteriorate at high temperatures and high voltages, which may lead
to the insulation breakdown or damage the coating on the resistor surface [19]. The UHV AC filter
circuit breaker can be operated hundreds of times per year. Mechanical vibration caused by frequent
operation of the AC filter circuit breaker can significantly increase the probability of either cracking
or edge breakage of the pre-insertion resistor, leading to many uncertain discharges. The electrical
conductivity and mechanical strength of the resistor body depends on the amounts and arrangement of
each phase present, including the conductive, insulators, and pores [20].

The pre-insertion resistor used in the UHV AC filter circuit breaker studied in this paper is
produced by HVR International Limited, a predecessor of what is now the British Morgan company.
The high-voltage, non-inductive, carbon ceramic linear resistors produced by the HVR Company are
made by thoroughly mixing clay, alumina, and carbon. Carbon ceramic resistors are durable, with good
flow performance and constant mechanical strength. At the same time, the anti-leakage coating added
around the resistor can improve its dielectric tolerance. The pre-insertion resistor is circular, with an
inner diameter of 3.4 cm, an outer diameter of 12.7 cm, and a height of 2.54 cm. The resistance of a
single piece of the resistor is around 2.6 Q. The relevant parameters of the pre-insertion resistors are
shown in Table 1.
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Table 1. Pre-insertion resistor related parameters.

Specific heat capacity

(J-em™-oC) Thermal conductivity (W-m™-K™)

Density (g/cm?) Volume (cm?)

2.25 298 2 470

2.2. Measurement of temperature coefficient

The temperature coefficient can directly affect the electrical-thermal coupling characteristics of
the pre-insertion resistor. This study sampled and tested the pre-insertion resistor used on site. The
specific steps are as follows. First, the model was fixed on the temperature coefficient test device and
the resistance value of the model was measured, designated as Ri. At the same time, a thermometer
was used to measure the temperature of the sample, designated as Ti. Second, the temperature
coefficient test device was placed in the oven and the desired temperature was set. After the sample
was uniformly heated, its resistance value was measured, denoted Rz, and the temperature of the
sample at the time of measurement was T2. The temperature coefficient was calculated as Eq (2.1).

R,—R
a, =—*——x100% (2.1)

RI(TZ_TI)

where ar is the temperature coefficient of the model, %/°C; R1 is the resistance value when the sample
temperature is Ti, Q; Rz is the resistance value when the sample temperature is T2, Q; Ti is the
temperature when the measurement resistance is Ri, °C; and T2 is the temperature of the resistance
measured after uniform heating, °C.

2.3. Microstructure observation

The microstructure of the broken section at the edge of the resistor was characterized by scanning
electron microscope (VE-9800S).

2.4. Modeling and simulation

The model used is a single-phase AC filter circuit breaker model. The internal model is a pre-
insertion resistor with six connected columns in series. The shell material is a metal conductor with a
radius of 80 cm and a height of 100 cm. The COMSOL software was used for simulation and the
physical field was selected as the current field. In addition to the three default conditions, the setting
of current and potential was added. The current flows in from the column with the least resistors and
out from the column with the most resistors. A voltage of 462 kV is applied to the terminal surface
where the current flows out, because this voltage is the voltage between phases to the ground. The AC
filter circuit breaker shell must be grounded, so the grounding option should also be set. The model is
established as shown in Figure 2.
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Figure 2. GIS model diagram with pre-insertion resistors.

3. Results and discussion

3.1. Temperature coefficient of resistors

The method above was used to measure the temperature coefficient of two pre-insertion resistors
sampled on-site. The test results are shown in Figure 3. As seen from the figure, when the temperature
is lower than 100 °C, the resistor has a negative temperature coefficient (NTC); when the temperature
exceeds 100 °C, the resistor has a positive temperature coefficient (PTC). On the whole, the
temperature coefficient of the resistor is relatively stable with temperature change.

Temperature coefficient (%o OC-])

0.00
-0.01
-0.02
-0.03
-0.04
-0.05
-0.06
-0.07
-0.08
-0.09
-0.10

—a— Sample 1
B —e— Sample 2

1 " 1 L 1 L 1 " 1 L 1 L | L 1 L 1 L |

100 120 140 160 180 200 220

Temperature (°C)

Figure 3. Resistivity-temperature characteristic of pre-insertion resistor.

3.2. Microstructure of the pre-insertion resistor

The pre-insertion resistor of the AC filter circuit breaker is pressed on the connecting plate by a
spring. According to the design requirements, the spring force is 4964 N. Under normal assembly
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conditions, the edge stress of the resistor near the upper part is significantly higher than that of the
resistor below. In addition, during the transportation and operation of the resistor, the vibration of the
resistor may cause the resistor stack to suffer from an abnormal force, causing the edge of the resistor
to be damaged and the discharge of the resistor to be pushed. Figure 4 shows the microstructure of the
broken section at the edge of the resistor.

(a) Side notch of the pre-insertion resistor (b) Sectional notch of the pre-insertion resistor

Figure 4. Edge chipping and section microstructure of the pre-insertion resistor.

After edge-chipping of the pre-insertion resistor, the electric field distribution around the pre-
insertion resistor stack may be distorted, leading to the failure of the surrounding SFs gas insulation
and the short-circuit release of the pre-insertion resistor to the shell. Figure 5 shows the crack of the
pre-insertion resistor with breakdown discharge and its microstructure after discharge.

(a) pre-insertion resistor discharge channel (b) Microstructure diagram of discharge channel of the
pre-insertion resistor

Figure 5. Discharge damage of the pre-insertion resistor and microstructure of discharge channel.

By comparing Figures 3 and 4, it can be seen that the edge section of the pre-insertion resistor
without discharge is a ceramic structure with an aggregate, sintered clay binder, and evenly distributed
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pores, and the surface crystallization is complete without an ablation trace. Therefore, it can be inferred
that the bottom and sides notches are all mechanical damages caused by external forces. After the
discharge channel appears on the pre-insertion resistor, it can be seen from its microscopic morphology
that the high-resistance glaze forms a continuous and smooth glassy state at the beginning of the
channel, and the discharge leads to the glaze layer to melt into a glass state.

3.3. Macro and micro simulation of resistors

The primary function of the digital power equipment is real-time digital mapping of its state.
However, under existing sensor technology, most of the physical quantities inside the power equipment
cannot be directly obtained in real time. For example, it is tough to measure the temperature
distribution of power equipment, such as transformers and GIS, in real time during either regular
operation or fault. Fortunately, the multi-physical field coupling simulation can provide an effective
means for the digitalization of power equipment in the development of the smart grid. Li Huang et al.
established a digital twin model of transformer windings and analyzed the heat distribution
characteristics based on transformer winding losses, which can provide support for internal
temperature monitoring and transformer analysis [21]. To replicate the loss density distribution and
thermal performance of high-frequency transformers, Wang et al. proposed a digital twin model of
power electronic high-frequency transformers (HFT) based on electromagnetic-thermal analysis [22].
Song et al. combined the streamer simulation at the micro level and the circuit simulation model at the
macro level to simulate the influence of temperature on the discharge signals of GIS insulation void
defects, which can provide a reference for the digital twin model of power equipment status [23].

For the pre-insertion resistor, the electrical-thermal field during operation and fault cannot be
directly obtained. Nonetheless, the mapping model of its operation state and electric thermal area can
be established through simulation analysis, which provides a reference for the digital twin of a pre-
insertion resistor. To simulate the electric field distribution and temperature distribution of the pre-
insertion resistor of the circuit breaker in the actual operation process, the electric field strength and
temperature of the resistor surface under the opening and closing action are usually studied using the
existing multi-physical field simulation software in modern design methods. Through simulation, not
only can specific values be obtained, but the relationships between different regions can also be
clarified so that the electrical-thermal coupling characteristics of the pre-insertion resistor are more
intuitive and easier to analyze, which would significantly improve the accuracy of the conclusion.

The multi-physical area simulation platform provides the function of simulating a single physical
field and coupling multiple physical fields, which makes the simulation test run more convenient. To
accurately simulate and analyze actual equipment, it is necessary to consider the interaction of multiple
physical fields. This study used simulation software to couple the electric field and the heat transfer
field to perform simulation analysis that was difficult to achieve using traditional methods.

3.3.1. Electric field simulation

The entire solution domain electric field control equation is given in the following equation:
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VJ=0,,
0
J:(a+gogr5)E+Je (3.1

E=-VI

where o is the conductivity; €0 and - are the vacuum permittivity and relative permittivity respectively;
J is the current density; Je is the external injection current density; O;.v is the current or voltage source;
E is the electric field strength; and V is the potential. The conductivity of a conductor usually becomes
progressively more prominent with increasing temperature. In contrast, the change in conductivity of
the material of the pre-insertion resistor sheet in this paper has a minimal effect on the Joule heat loss
in the temperature rise range studied, so it is set as a constant.

GIS is a coaxial cylindrical structure. The capacitance of a coaxial cylindrical system can be
calculated by using the relationship between the potential difference and the charge. For a coaxial
cylindrical system, we can assume that the inner and outer conductors have opposite charges Q, the
radius of the inner conductor is 71, the radius of the outer conductor is 72, and there is a medium between
them with a permittivity of &-. The capacitance per unit length of the coaxial cylindrical system is

c-2._2% (3.2)
U lnr—2

i

where Q is charges of inner and outer conductors, and U is the potential between the two conductors.

For a coaxial cylindrical system, we can choose a cylindrical Gaussian surface with radius » and
length / that is concentric with the system. The electric field has the same magnitude and direction at
every point on this surface, and is perpendicular to the surface. The net charge enclosed by the Gaussian
surface depends on whether 7 is smaller than, equal to, or larger than the radius of the inner cylinder 71
or the outer cylinder r2. If » < r1, then there is no charge enclosed and the electric field is zero. If 71 <
r < r2, then only the charge on the inner cylinder is enclosed and the electric field is given by

E- Al
2re &1

(3.3)

where 4 is the linear charge density of the inner cylinder.
According to Eqs (3.2) and (3.3), if r1 < r < r2, the electric field in a coaxial cylindrical system
can be calculated as follows:

E(r)=

(3.4)

.
rin-=%

Ul

If there is only one column of resistors in GIS with 462 kV applied, the electrical field of the
resistors’ surface is about 28.71 kV/cm according to Eq (3.4), where U =462 kV, r =r1=6.35 cm, 2
= 80 cm. In GIS, there are six column resistors that shield each other, and the equivalent radius of the
resistors will increase to around 3.5 times the diameter of a single resistor. Therefore, the electrical
field of the resistors’ surface decrease to 17.68 kV/cm. The relationship between the SF¢ breakdown
field strength and the absolute air pressure under power frequency voltage can be calculated by Eq (3.5):

E, =6510P"" (3.5)
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where Ep: is the breakdown field strength (kV/cm) and P is the total gas pressure (MPa). The absolute
pressure of SFe¢ in the UHV AC filter circuit breaker is 0.6 MPa, and the breakdown field strength is 240
kV/em. According to the coaxial cylindrical insulation structure, the analytical calculation shows that
the electric field strength on the surface of the resistor stack inside the GIS is smaller than the
breakdown field strength in the SFs gas. However, the analytical solution does not consider the voltage
drop and the shielding effect of the resistor stack base plate after the current flow.

With an applied 462 kV and 420 A closing inrush, the electric field simulation results are shown
in Figure 6, where the current inflow end is at the highest potential and the current outflow end is at
the lowest potential. When the current does not change, the voltage drop generated on each resistor is
consistent. Figure 7 shows a graph of the voltage drop across a single resistor, which does not change
over time. The cloud map of the electric field intensity distribution of the entire 3D simulation model
is shown in Figure 8. The AC filter circuit breaker with a pre-insertion resistor is filled with SF¢ gas to
ensure insulation strength. The electrical field strength on the outer surface of the resistor is 0.43 kV/cm,
which is less than the breakdown strength under the SF¢ power frequency. Therefore, no insulation
breakdown will occur inside the circuit breaker with a pre-insertion resistor after the closing operation.

The calculation of the maximum working electric field that the withstands capacity of the resistor
of in the SF¢ medium is shown in Eq (3.6).

0.335

RA
Vi =1.0x= (3.6)

where, Vi 1s the practical value (kV/cm) of the maximum working voltage of the resistor, R is the
resistance value (Q), 4 is the cross-sectional area (cm?) of the resistor, ¢ is the insertion time (ms), and
L is the height (cm) of the resistor. The maximum bearing capacity of the resistor with an insertion
time of 10 ms and an outer diameter of 12.7 cm is 2.3 kV/cm. The simulation results show that the
overall field strength of the resistor is 0.43 kV/cm, which does not exceed its maximum bearing
capacity, so the pre-insertion resistor cannot be broken down.

Electric potential distribution (kV)
460
440

400

360

Figure 6. The electric potential distribution of the GIS with pre-insertion resistors.
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Figure 7. Voltage drop on the resistor at both ends under 420A.

Electric field distribution (kV/cm)
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Figure 8. The electric field intensity of the GIS with pre-insertion resistors.

3.3.2. Electrical -thermal field simulation

During the closing operation of the circuit breaker, the energy injected into the pre-insertion
resistor is a function of the applied voltage, resistance value, and current duration. It is difficult to
accurately calculate the energy injected because the closing resistance value is slightly different from
the nominal value after manufacturing. For convenience, the resistance value is assumed to be equal
to its smaller value for a concise period of time during an operation. When the applied current is a sine
wave, the energy injected into the unit volume of the resistance can be calculated according to Eq (3.7).

UZ
@RV

[o(t,—1,) - sino(t, -t ) coso(t, -1,) ] (3.7)

where, U is the practical value of the applied voltage; ¢/ and . are the starting and end time of the
current, respectively; w is the angular frequency of the applied voltage; w = 314rad/s under power
frequency conditions; Vis the resistance volume; and R is the nominal value of the pre-insertion resistor.
If w (¢2- t1) = nx, that is, when the current time is » half-waves, there is
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w="Y (3.8)
100RV

The resistance is usually considered adiabatic in the process of energy injection due to the short
current flow time. The injection energy calculated per unit volume of the pre-insertion resistor with
nominal resistance of 2.6 Q is 7.7 J/cm?®.

From the data introduction, the thermodynamic parameters related to pre-insertion resistors are
as follows: for resistors < 11.2 ¢cm in diameter, the maximum injection energy < 600 J/cm?® (irregular
operation), and the recommended operating temperature < 300 °C (irregular operation); for
resistors > 11.2 ¢cm in diameter, the maximum injection energy < 500 J/cm? (irregular operation) and
the recommended operating temperature < 250 °C (infrequent operation); and for resistors of all
specifications, the recommended operating temperature < 150 °C (continuous operation).

Under normal operating conditions, the injection energy is below 400 J/cm?, which does not
exceed the maximum value. Therefore, the pre-insertion resistor has a large margin in the unit volume
energy injection.

According to the heat transfer theory, the controlling equation for the three-dimensional transient
heat transfer of the object of study is expressed as:

oT
PC, o T PCHUVT+V g =04, + 0. (3.9)

q=-kVT

where, p is the material density; Cp is the heat capacity of the material; T is the object temperature; VT
is the temperature gradient; u is the velocity vector; ¢ is the heat conduction rate; & is the thermal
conductivity of the material; Qrd is the increased heat source heat; go is the convective heat flux; g is
the heat generating power per unit volume and its value is the dot product of £ and J in the electric
field control equation.

The convective heat flux is expressed as:

q,=hT,, -T (3.10)
where, / is the convective heat transfer coefficient on the outer surface of the circuit breaker, indicating
the heat exchange capacity between the outer surface of the circuit breaker and the external atmosphere.
Its physical meaning is the convective heat transfer per unit area per unit time when the temperature
difference between different objects is 1 K. Its value is mainly related to the relevant flow rate; when
there is little or no air flow in the space, the convective heat transfer coefficient is between 5-10
(W/m?-K). Tex:is the outside temperature and 7 is the internal object temperature.

Similar to the boundary condition of the electric field, joule heat will be generated when current
flows through the series pre-insertion resistor. The temperature distribution of the pre-insertion resistor
at 10 ms is shown in Figure 9. The temperature rise occurs mainly in the pre-insertion resistor because
the conductivity of the pre-insertion resistor is less than that of other metal materials, that is, the pre-
insertion resistor has a greater resistance to the current, resulting in greater joule heat than metal
materials. The temperature distribution demonstrates that the power energy of switching transients can
effectively be absorbed by the pre-insertion resistors.
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Time=10 ms Temperature distribution (degC)

235
23
225
22
215
21
20.5
20

Figure 9. Pre-insertion resistor temperature distribution at 10 ms.

The temperature distribution on the surface of the current inflow end and the outflow end is shown
in Figure 10. The pre-insertion resistors are stacked in series, and the current flowing through them is
the same, so the temperature distribution of the two is similar: the temperature on the outside and inside
of the resistor is slightly lower than that in the middle.

Time=10ms  Temperature distribution (degC) Time=10 ms Temperature distribution (degC)

221 221
22 2

21.9 21.9
21.8 21.8
217 217
21.6 216
215 215
21.4 214
213 213
21.2 21.2

(a) Current inflow end surface (b) Current outflow end surface

N

-

-

Figure 10. Surface temperature distribution cloud map of current terminal.

To further study the temperature variation on the resistors, the outer edge of 24 columns were
selected as the research object to observe the temperature change. Temperature variation with time is
shown in Figure 11. Results show that at the same time, the temperature in the middle of the outer
surface of the resistor stack are constant, the temperature near the bottom and top metal plates will
decrease, and the temperature will close; the temperature will reach the maximum value of Smm near
the metal plate side. The cloud diagram of the temperature distribution of the intermediate resistance
surface is shown in Figure 12. Since the resistor chip is close to the resistor chip, the surface
temperature is stable at a fixed value, which corresponds to the moderate temperature of the curve
at 10 ms in Figure 12.
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Figure 11. Outer bus temperature distribution cloud map.
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Figure 12. Intermediate surface temperature distribution cloud map.

3.3.3. Calculation of the temperature rise of the pre-insertion resistor under fault condition

During the closing operation of the circuit breaker, the energy injected into the pre-insertion
resistor is a function of the applied current, resistance value, and the current passing time. According
to Joule’s law, when the applied current is given, the energy injected into the resistor can be calculated
according to Eq (3.11).

I*(¢)R(¢)dt (3.11)

when the applied current is a power frequency alternating current, Eq (3.9) can be changed to Eq (3.12).

Q:% RA (3.12)

where Q is the energy injected into the resistor; #7 and #2 are the starting and end times of the current
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flow, respectively; [ is the practical value of the applied current; i is the peak value of the applied
current; R is the closing resistance; and 4¢ is the current time.

The calculation equation for the temperature increase caused by the injection of energy is shown
in Eq (3.13).

__9Q
AT—C 7 (3.13)

m

where AT is the temperature increase of the resistor, °C; Q is the energy absorbed by the single resistor,
J; Cwm is the specific heat capacity of the resistor, J-cm™-°C™!; and V is the volume of the single
resistor, cm’.

The relationship between the current on the resistor and the temperature at 10 ms under theoretical
conditions can be calculated from Eqs (3.12) and (3.13), as shown in Figure 13. The temperature rise
of the resistor is 3.85 °C after 10 ms of current flow, which is in good agreement with the simulation
results. Under the application of tens of kA current, the temperature of the pre-insertion resistor can
rise to thousands of °C, which will cause the resistor to melt. This is consistent with the micro
morphological change of the resistor with the discharge fault mentioned above.

80
o
gi 60 |-
g
E
o 40
o,
=)
o
~
20
D =
1 L 1 I 1
0 1000 2000
Current (A)

Figure 13. Current-Temperature graph.

It can be seen from the above analysis that under normal switching conditions, the closing inrush
current of the pre-insertion resistor is small, and the temperature rise of the resistor is not severe, which
is far lower than the maximum operating temperature of the resistor. However, when the pre-insertion
resistor is in the fault operation state, the SFe¢ gas around the pre-insertion resistor may discharge,
resulting in a short-circuit discharge of the resistor. The maximum short-circuit discharge current can
reach tens of kA. Figure 14 shows the temperature distribution of the AC of 4 x 10*A under the fault
condition. The temperature rise is as high as 3.47 x 10* °C, which is far beyond the allowable
temperature rise of the resistor and is sufficient to ablate its surface.
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Figure 14. Cloud map of temperature distribution under fault current.

3.3.4. Micro simulation of resistors

It can be seen from the above results, under the regular closing operation, the temperature change
of the resistor has a specific rule. From the sintering characteristics, carbon and ceramics are evenly
distributed in the microstructure. After discharge ablation, the temperature increases to make the
ceramic glaze layer melt, showing a glassy state. To explore the electrical-thermal characteristics of
the internal micro structure of the resistor, a two-dimensional cross-sectional simulation model of the
resistor is established, as shown in Figure 15. A single grid represents a material molecule, and the
primary materials include carbon molecules, ceramic molecules, and air gaps.

3007
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) 00 h00 300

Figure 15. Cross-section 2D simulation diagram.

The cross-sectional material setting is similar to that in the microscopic observation figure. The
proportion of the three mass fractions is obtained by referring to the relevant literature. According to
the corresponding material density, the volume ratio of air gap: ceramic: carbon is 25:42:33. After
applying the boundary conditions to the model, the current density distribution of the two-dimensional
model is shown in Figure 16. As seen in the figure, the current in the pre-insertion resistor is
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concentrated in the carbon channel. The current distribution in the carbon channel is uneven due to the
influence of the channel direction. The current density at the interface of carbon particles is most
concentrated.

Module of current density (A/m?)

Figure 16. Current density distribution cloud map.

The relationship between current density and temperature after applying different currents to the
two-dimensional model above is shown in Figure 17.
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Figure 17. Current Density-Temperature graph.

When the short-circuit current is 4 x 10* A, the average current density on the surface of the
resistor is 3.40 x 10° A/m?. However, carbon only accounts for 33% of the volume of the resistor, and
the effective conductive area of the resistor surface will be smaller than the actual area, resulting in the
current density in the carbon channel being much larger than 3.40 x 10° A/m?. As seen in Figure 17,
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when the local average current density is greater than 3.37 x 10’A/m?, the short-term increase of the
average temperature can reach 250 °C, which exceeds the recommended working temperature of the
resistor. Consequently, the resistor is easily damaged under this condition. According to the analysis
above, when the carbon distribution inside the resistor is uneven, the local temperature inside the
resistor will exceed the maximum allowable temperature of the resistor, causing damage to the resistor.

With the electrical-thermal coupling analysis model of the resistor from the macro and micro
aspects, the digital twin model of the UHV pre-insertion resistor can be established by determining the
input and output parameters and by using model reduction methods. This will provide a device layer
sensing means for the digitalization of power equipment in the smart grid.

4. Conclusions

This paper analyzes the electrical-thermal characteristics of the pre-insertion resistor of UHV
AC filter circuit breaker using multiphysics field simulation software. The following conclusions
are obtained.

Under regular closing operation, the energy injected into the resistor is 2.29 kJ, and the
corresponding increase of the temperature in the resistor is 3.85 °C. Compared to the maximum
allowable temperature increase of the pre-insertion resistor of 250 °C, the thermal capacity of the pre-
insertion resistor has an extensive safety margin.

After a short-circuit fault occurs on the pre-insertion resistor, the relationship curve between the
local average current density and the average temperature is approximately a quadratic function.
Because the current density is concentrated on the carbon channel, the current density at the contact of
two adjacent carbon molecules under a single track reaches the maximum, causing the temperature to
rise inside the resistor that exceeds the allowable temperature, thus causing the resistor to melt locally.
From a micro-point of view, the local overheating inside the resistor often occurs in the place where
the carbon molecules gather.

Future work will focus on the experimental validation of the proposed model for the pre-insertion
resistor in the field. At the same time, in the future operation of the AC filter circuit breaker, the electric
field and temperature of a pre-insertion resistor may be monitored with the development of sensor
technology and compared with the digital twin model to form a differentiated evaluation result.
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