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ABSTRACT In order to analyze the temperature distribution of circuit breaker tulip contact, a thermal field
simulation model for tulip contact is built combined with the electromagnetic-stress-thermal coupled finite
element simulation and virtual material method which models the contact resistance characteristics of tulip
contact. The temperature rise characteristic of tulip contacts under rated current conditions and short-circuit
conditions is analyzed with the model. Results show that the virtual material method can describe the
contraction resistance and additional resistance at the end of the contact finger simultaneously, so as to
simulate the partial high temperature of the contact interface. Then, the influence of spring pressure and
pressure uniformity on the thermal field of tulip contact is analyzed. Results show that the decrease of spring
pressure and the imbalance of contact finger pressure may lead to an increase in the temperature rise of the
tulip contact. The proposed method can be used as a reference for the design and the overheating analysis
of tulip contact.

INDEX TERMS Electromagnetic-stress-thermal, finite element, tulip contact, thermal field, virtual material

method.

I. INTRODUCTION

The tulip contact of the circuit breaker is a common location
of thermal defects and faults. The micro-deformation of the
shell, the inadequate propulsion of the handcart, and the posi-
tion deviation of the contact will lead to an increase in contact
resistance and the increase in contact temperature rise. When
the circuit breaker has a high load rate or is subjected to short-
circuit current, it may cause local overheating of the tulip
contact, which may develop into an insulation fault in severe
cases [1].

The electrical contact between the tulip contact and the
static contact involves the coupling effect of electromagnetic,
stress, and temperature. With the improvement of computer
computing performance and numerical calculation theory,
multi-physics numerical calculation provides an effective
means for the analysis of the above-mentioned problems.
And establishing the contact resistance model is a key link
in the numerical simulation of the tulip contact temperature
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rise. The contact resistance model can simulate some physical
phenomena such as interface current contraction, local heat-
ing, and electric repulsion. In recent years, a variety of contact
resistance models have been proposed. In References [2],
the contact resistance was equivalent to the contact thermal
resistance by establishing a thin layer of contact interface
(conductive bridge). Combined with temperature-fluid cou-
pling simulation, the temperature rise differences between
common spring tulip contact and memory alloy spring tulip
contact were compared. Reference [4] also analyzed the tem-
perature rise of the overlapping point of the gas-insulated
busbar by building a conductive bridge model. Reference [5]
simulated the current constriction of contacts by the coupled-
area method. In [6], W-M fractal characteristic parameters
were used to describe the combination of rough surfaces. The
three-dimensional (3D) reconstruction of rough surfaces was
carried out by fractal dimension and fractal roughness G,
and the contact process of micro bulges was analyzed by
electromagnetic-stress-temperature coupling numerical cal-
culation. Among the above methods, the application of the
conductive bridge method needs to determine the size of the

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

53538

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0001-8256-718X
https://orcid.org/0000-0001-9463-604X
https://orcid.org/0000-0002-2507-5776

Y. Wu et al.: Thermal Field Simulation and Analysis of Tulip Contact Based on Virtual Material Method

IEEE Access

conductive bridge according to the actual contact area. How-
ever, the actual contact area is often unknown for complex
contact structures, and the model requires to be modified
frequently in conjunction with the stress field calculation
results. The coupling area method can be used to calculate the
contraction resistance, but the additional resistance caused by
the surface protrusion of the material is ignored [7]. Even
though the 3D reconstruction method of rough surfaces can
realistically restore the microscopic contact behavior of con-
tacts, it is difficult to apply it to multi-physics simulation of
electric devices. It may cost a large number of computing
resources to restore each contact. In [8], a contact resistance
model based on the virtual material method is presented and
the thermal stability of the copper lap joint is analyzed. The
model not only describes the contact characteristics of the
overlapping part but also makes it possible to solve the elec-
tromagnetic field, thermal field, and stress field in the same
geometric model by giving the nonlinear elastic modulus. Itis
not necessary to adjust the node coupling mode of discrete
elements according to the interface contact condition, which
is suitable for application in the numerical simulation of
electrical contact.

In this paper, the virtual material method is further applied
to the temperature rise calculation of the tulip contact of the
circuit breaker. And the heating characteristics and influenc-
ing factors of the tulip contact under rated load and short
circuit conditions are analyzed by the electromagnetic-stress-
temperature coupling calculation. The research can provide a
reference for the design of circuit breaker tulip contact and
the analysis of overheating defects.

Il. THERMAL FIELD CALCULATION MODEL OF CIRCUIT
BREAKER TULIP CONTACT

A. BASIC STRUCTURE OF CIRCUIT BREAKER TULIP
CONTACT

This paper takes GC5-1250/12 kV bundled tulip contact as
an example for modeling and calculation, whose 3D structure
and top view are shown in Fig.1. The rated current of the tulip
contact is 1250 A, and the rated short-time withstand current
of 4 sis 31.5 kA. The tulip tulip contact is formed by copper
and plated with silver to prevent oxidation, which contains
30 contact fingers. In the calculation of the stress field, the
effect of the spring has been applied to the contact finger
as an equivalent pressure boundary, and the grid plate does
not exert force on the contact finger during normal operation.
Therefore, the spring and the grid plate are omitted from the
model. For the calculation of the current field and thermal
field, the conductivity and thermal conductivity of the spring
and grid plate are much lower than that of copper, so the
above simplification has little effect on current and tem-
perature distribution. In addition, since the groove between
the moving contact and the contact finger is described by
setting different initial distances D, in the virtual mate-
rial method, the moving contact is simplified as a cylinder
here.
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FIGURE 1. Structure of tulip contact.

B. ELECTRICAL CONTACT CALCULATION MODEL OF
CONTACT FINGER BASED ON VIRTUAL MATERIAL METHOD
The virtual material method is applied by first creating a thin
layer of virtual material that does not actually exist at the con-
tact interface. In contrast to the conductive bridge method, the
virtual material method assigns the nonlinear resistivity and
elastic modulus to a thin layer, thereby describing both the
contact mechanical properties and resistance characteristics
of the interface. When the contact surface is partially sepa-
rated, the equivalent elastic modulus of the virtual material
at the separation decreases, so that no negligible additional
stress is generated on the metal surface. Thus the interface
separation is simulated while ensuring that the model and
the node coupling mode remain unchanged. The equivalent
resistivity of the virtual material is a function of temperature
and pressure, which describes the contact resistance of the
interface as a resistance network formed by the non-uniform
resistance R., (n = 1,2,3...) as shown in Fig.2, reflecting
the effect of non-uniform stress and temperature. In the
electromagnetic-stress-temperature coupling calculation, the
resistivity distribution of virtual material is determined by the
calculation results of the stress field and thermal field.

The partial model of the contact finger processed by the
virtual material is displayed in Fig.2. In reference [8], the
equivalent resistivity peq fitting formula of copper material
with roughness R, =0.710 um was obtained by uniform
pressure test and parameter fitting:

Peq=0.5623P x (1 +0.0308 x (T —25))/H (1)

Spring

Resistance network

Contact
Fingers

" Virtual Contact
material Arm

FIGURE 2. Partial model of tulip contact with virtual material.
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where peq is the virtual material resistivity (1078Q-m); P is
compressive stress (Mpa); T is the temperature (°C); H is the
virtual material thickness (m).

Since the equivalent resistivity of the virtual material is
derived from the resistance network of the interface perpen-
dicular to the current density, in order to make the model
meet the above assumptions, according to the current field
distribution law at the interface of the medium, the current
vector direction and the interface normal direction meet the
following conditions:

tan o1 02

2
tan ap P£1

where p; and p; are the resistivity of medium 1 and medium

2 respectively; a1 and «p are the angles between the current

vector and the normal direction of the interface in medium

1 and medium 2, respectively.

In order to make the current perpendicular to the inter-
face in the virtual material, the virtual material resistivity
2 should be increased, and combined with (2), it is known
that the virtual material thickness should be reduced at this
time. Since the incident angle of the current is unknown
and different everywhere, the maximum incident angle of the
current is estimated to be oy =45°. If the maximum incident
angle in the current field is larger than 45°, the virtual material
parameters should be readjusted. Due to the inability to take
the resistivity as infinity in numerical calculations, we take
ap =2°instead. Comparative simulation proves that the value
still meets the accuracy requirements. According to the above
parameters, when the medium 1 is copper and the resistivity
Peu =1.81x% 10~8Q2-m, the equivalent resistivity of the virtual
material should meet the condition: peq >28pcy =5.07 x
10~7Q-m. Together with the calculation results of the stress
field below, the results of H <5.8 mm can be obtained by
setting P = 0.53 Mpa and T = 25 °C. Therefore, this paper
takes H = 5 mm.

As in Fig.3, when the normal displacement of a point on
the surface along the plane is greater than the initial value
of spacing, the point contacts the plane. In order to ensure the
continuous displacement on both sides of the virtual material,
the equivalent elastic modulus should be infinite, which is
replaced by 1 x 10'! Pa. On the contrary, the contact does
not occur when the displacement is less than the initial value.
The equivalent elastic modulus should be 0 to eliminate the
additional stress on the metal surface. It is taken 1 x 10! Pa
instead in numerical simulation.

The equivalent elastic modulus of the virtual material is
shown in (3).

1 x 10”PaUn < Dy

— 3
e 1 x 10'Pal, > D, (%)

where U, is the displacement of each point on the con-
tact surface; D, is the initial distance between the con-
tact and the target contact surface at the corresponding
point.
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FIGURE 3. Stress distribution of the tulip contact.

C. MULTIPHYSICS COUPLING MODEL

Combined with the virtual material method and the
electromagnetic-stress-temperature finite element calcula-
tion, the temperature rise characteristics under rated current
and short-circuit current of the circuit breaker tulip contact
are analyzed.

The stress distribution generated by the spring pressure
on the contact finger can be obtained with the steady-state
stress field whose control equation are as in (4)~(7) [9].
As the influence of thermal stress is much less than the stress
generated by the spring, thermal stress is ignored to simplify
the simulation.

(Am + G)VO + GV*U + pF =0 4)
0=V-U 5)
Envm
= T 0 o
Em
= 2(1+ vm) @

where G is the shear modulus; A, is the Lame constant; U is
the displacement vector;
vy, 1s the Poisson’s ratio; F is the load vector; Em is the elastic
modulus.

Calculated with the spring equivalent pressure as the load,
according to the energy balance, the relationship between the
total force F; on the contact piece and the elongation [ is [1]:

1
FodR = d(zklz) = kldl 8)

where k is the spring rigidity coefficient.

Furthermore, according to the relationship between the
spring elongation and the spring radius R, the spring radial
force F; is 2 times the force F; in the length direction.

| =27 (R — Ro) ®

Fy = 4kn* (R — Ry) = 27 Fy (10)

where R is the actual radius of the spring; Ry is the initial
radius of the spring.

The thermal power of each component is calculated by the
eddy current field. And the governing equations of the eddy
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current field are as follows [10]:

VxH=Je+Js=J

B
VXxE=——— (11)
ot
V.-B=0
J = peE
’ Pe (12)
B=uH

where H is the magnetic field strength; J, is vortex cur-
rent; Jg is the source current; p, is the resistivity; . is the
permeability. According to the heat conduction theory, the
steady-state form of the thermal field control equation is
shown in (13) [11]:

kAT +0 =0 (13)

where T is temperature; k is thermal conductivity; Q is the
internal heat source.

In the coupling calculation, the total contact area and
stress distribution of the virtual material are obtained by
stress calculation first. The virtual material resistivity is then
determined from the stress distribution and the thermal power
distribution of the tulip contact is further analyzed using the
eddy current field. Considering that the temperature is related
to the resistivity of the virtual material, the resistivity of
each point of the virtual material is corrected by the iterative
calculation of the thermal field and the eddy current field
until the convergence and obtaining the final temperature
distribution.

The finite element method is used to solve the
electromagnetic-stress-temperature  coupling calculation.
And the solution process is realized by ANSYS 15.0, which
processes the nonlinear parameters by an iterative method.
The simulation flowchart and the mesh generation are shown
in Fig.4. and Fig.5 respectively. And the total number of
elements and nodes are 4084397and 739731, respectively.

Resistivity of virtual
™| material elements
Geometric model
Eddy current field
m Thermal load

Stress of virtual
material elements

Y
Converge

Thermal Field

Converge?

FIGURE 4. Flowchart for thermal field simulation of tulip contact.
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FIGURE 5. Mesh generation of tulip contact.

Ill. CALCULATION AND ANALYSIS

A. STRESS FIELD CALCULATION RESULTS

The original spring length and the installed spring length are
25 mm and 276 mm respectively. The original length of the
spring is 25 mm, and the length of the spring after installation
is 276 mm, and the elastic coefficient is 1.4 N/mm. From
this, the total force of a single spring on the contact finger
is 352 N, which is converted into the equivalent pressure
on the pressure surface of the contact finger. The stress
distribution of the tulip contact is shown in Fig.6, in which
the negative value indicates the compressive stress and the
positive value indicates the tensile stress. The calculation
results show that the stress concentration area appears at the
end of each contact finger, and the maximum compressive
stress on the static contact side is 0.53 Mpa. From the stress
state of the virtual material, the total contact area between
the contact finger and the static contact is 102 mm?2, and the
contact area of the single contact finger is 3.4 mm?. Due to
the small curvature radius of the contact finger, the contact
area between the contact finger and the static contact is also
small.

RIOCCRT0EN &

FIGURE 6. Stress distribution of the tulip contact (Pa).

Further observing the displacement distribution of the con-
tact finger in Fig.7, it is found that the maximum deformation
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FIGURE 7. Displacement distribution of the contact finger (m).

of the contact finger under the action of spring pressure
is 0.25um.

B. EDDY CURRENT FIELD CALCULATION RESULTS

The current density distribution under the rated current
of 1250 A in tulip contact obtained with the eddy current field
is shown in Fig.8.

Static C(-)ntact side
contact finger

Circuit breaker
side contact finger

FIGURE 8. Current density distribution of the contact finger (m/A2).

According to the current vector, the maximum incident
angle at the interface is less than 45°, which indicates that the
above-mentioned hypothesis is reasonable. The calculation
results show that the current density shrinks obviously at the
contact finger end, and the maximum current density reaches
6.27 x 107 A/m?2, which is greater than the current density of
1.88 x 107 A/m? at the contact finger end.

Fig.9 compares the heat generation rate distribution calcu-
lated by the coupling area method and the virtual material
method. The results manifest that the heat generation rate
at the end of the contact finger calculated by the virtual
material method reaches 2.46 x 10° W/m?, whereas the heat
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generation rate calculated by the coupling area method is only
8.20 x 10* W/m>. It can be seen that the additional resistance
formed by the microscopic bulge of the contact surface is
much larger than the contraction resistance formed by the cur-
rent con-traction. The influence of contraction resistance and
additional resistance should be considered simultaneously in
the calculation of thermal field.
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Virtual material method  Coupling area method

FIGURE 9. Heat generation under different contact resistance (W/m3).

C. THERMAL FIELD CALCULATION RESULTS

1) THERMAL FIELD UNDER 1250 A RATED CURRENT

Taking the heat generation rate obtained with the eddy current
field as the heat load, the temperature distribution of the tulip
contact under the 1250 A rated current is shown in Fig.10. The
convective heat transfer coefficient at tulip contact surface
is taken 10 W/(m?-°C) [12], and the initial temperature and
ambient temperature are both 25 °C. Results show that the
temperature difference between the contact finger and the
contact body is small under steady state in which the heat
transfer is fully developed. Besides, the temperature of the
contact finger ends on the static contact side is slightly lower
than that on the circuit breaker side. Because the equivalent
section of the current flow at the contact finger on the circuit
breaker side is slightly smaller according to the current path.

IMEYS 1500
o BN g
o sy
- L% W T
| REYETE
Eﬂ S1.TaR4
B - i
I:'ll si.peaL
51,9330
| RS
E B2 Da1Z
. -

FIGURE 10. Thermal field under rated current 1250A(°C).

2) THERMAL FIELD UNDER 30 KA/4 S SHORT-CIRCUIT
CURRENT

When the short-circuit current of 30 kA/4 s is taken into
consideration, the final temperature distribution of the tulip
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contact after short circuit is shown in Fig 11. Results show
that the temperature difference between the contact finger
ends and the tulip contact body increases significantly. The
maximum temperature of the static contact side and the cir-
cuit breaker side are 225.2 °C and 257.5 °C respectively,
which are much higher than 96.0 °C of the body. The local
overheat suffered by the contact finger end may significant
damage and affect the contact performance of the contact
fingers. Fig.12. further shows the temperature rise process of
the contact finger end and the tulip contact body.

FIGURE 11. Thermal field under short-circuit current 30kA/4s(°C).

2501 Temperature at the circuit breaker side
Temperature at the steady contact side L1
Tulip contact bod;
ulip y P A |
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FIGURE 12. Short-circuit temperature rise process(°C).

IV. THE FACTORS INFLUENCING THE TEMPERATURE RISE
OF TULIP CONTACT

In practical engineering, the fatigue and failure of tulip con-
tact springs are main reasons for the increase of contact
resistance and the formation of overheating. Therefore, the
effect of spring pressure variation on the temperature rise of
tulip contact is further analyzed.

A. SPRING PRESSURE

Applying different pressure on the equivalent pressure sur-
face of the tulip contact, the relationship between the
maximum temperature of the tulip contact and the spring
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pressure can be obtained under the rated current and 30 kA/4
s short circuit condition, as shown in Fig.13. When the total
pressure of the spring is reduced from 352 N to 150 N, the
maximum temperature under the rated current condition and
that under short circuit condition increases 33 °C and 160 °C
respectively. Therefore, ensuring sufficient pressure on the
tulip contact spring is the primary factor to reduce the contact
resistance and reduce the temperature rise.

90 T T T T T T T T T 450
—&— Temperature rise underrated current 7,

—8&— Temperature rise undershort-circuit current 773 8
S \ z
= 2
g 80 400 3
2 5
g \ bt
8
_g 70 350 =
5 5
2 K|
)
g 60 300 £
B

S
= l\ %
N S
\ =

]
50 250
100 150 200 250 300 350 400

Total pressure of spring/N

FIGURE 13. Relationship between temperature and spring pressure.

FIGURE 14. Thermal field under rated current 1250A(°C) Contact.

B. THE UNIFORMITY OF CONTACT FINGER PRESSURE
When the handcart is not in place, it may cause the pressure
distribution of the contact finger to the static contact to be
uneven. The total pressure of the spring is kept at 352 N,
and some of the contact fingers acting as pressure load are
removed, as shown in FIGURE 14. and FIGURE 15. The
spring pressure is uniformly loaded on the remaining contacts
to simulate the uneven pressure of the contacts caused by the
misalignment of the static contacts.

When the pressure load is not uniform, the contact
resistance of the tulip contact increases from 26.7 u to
42.44 u<2. The temperature distribution of the contact under
the rated current of 1250 A and the short-circuit current of
30 kA/4 s is shown in Fig.14 and Fig.15, respectively. The
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FIGURE 15. Thermal field under short-circuit current 30kA/4s(°C).

maximum steady-state temperature of tulip contact increased
from 52.1 °C to 60.20 °C, and the maximum short-circuit
temperature increased from 257.5 °C to 364.2 °C. It can be
seen that the uneven stress distribution of the contact will also
lead to an increase in the overall contact resistance of the
tulip contact and an increase in temperature rise. Therefore,
the operation personnel should ensure that the circuit breaker
handcart is in place to guarantee good contact between each
contact finger and the contact.

V. CONCLUSION

In this paper, the thermal field calculation model of tulip con-
tact is established by combining the virtual material method
with the electromagnetic-stress-temperature finite element
coupling calculation. The virtual material method can simul-
taneously simulate the contraction resistance and additional
resistance of the interface under different external loads,
which fully reflects the temperature rise characteristics of
the interface under different working conditions. Using the
above model, the temperature distribution of tulip contacts
under rated current and short-circuit current conditions is
obtained, and the influence of spring pressure and contact
finger pressure uniformity on the temperature rise of tulip
contacts is further analyzed. The method proposed in this
paper can provide a valuable reference for the thermal field
calculation and design of electrical equipment components.
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