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Abstract

Electric energy passes through many stages from production to usage, and many electrical connections take place
at these stages. Electrical connections are quite important for system safety and electrical energy quality. In this
study, current-temperature relationship in the cable was investigated in cable joints made with screw connection
terminals, depending on torque applied to screw. In numerical solution of the problem, Comsol Multiphysics
program based on Finite Element Method was used first, the screw-conductor interface was investigated based on
applied torque, and then electrical-thermal analysis was performed on this geometry. Experimental studies were
carried out to demonstrate accuracy of digital model, and conductors and terminals used in household installations
were taken into account in these studies. Amount of deformation of conductors depending on torque applied to
screw and its effect to current carrying capacity of these terminals having screw connection were investigated. In
this study, the appropriate torque value is 0.4 Nm, and the maximum temperature value is 45 °C on contact surface.
Also, it has been shown that the optimum torque value to be applied in the copper conductor cable joint with 1.5
mm? cross section area is 0.4 Nm.

Keywords: Connector, COMSOL Multiphysics, Conductor junction, Electrical Analysis, Finite Element
Method, Screw-connection terminal strips, Thermal Analysis

1. Introduction

Today, development level of countries is measured by energy consumption [1]. Electricity consumption
in the world has increased day by day [2]. Cables used in transmission of electricity are connected by
different joints methods. Connection elements used in electrical energy transmission systems are very
important for these systems [3]. In addition, proper electrical connections are required to ensure both
systems safety and transmission of electrical energy with less loss [4]. In studies of building fires
occurred in Turkey was determined to be caused by electrical installations of 19% [5]. In electrical
installations, the riskiest parts of cables are cable joint points [6]. Some of faults in cable joints are due
to operators. At the beginning of these faults, screw-type joint method involves over-tightening or
loosening the screw.

Cable joints are among the most important factors affecting the maximum current carrying value of
cables [7]. In order to place transmission lines, which are used especially in high voltage, under ground
cable parameters [8] and environmental parameters are determined [9]. In addition, electrical field
control was made at connection points and ends of these cables [10, 11]. Finite element method is widely
used for static electrical field analysis in cable joints [11,12]. Shazly Jehan H. et al. [7] Have used
COMSOL Multiphysics software to evaluate three-phase underground cable, steady state and transient
thermal performance. Both analytical and numerical methods have been developed in cables to calculate
distribution of temperature caused by current. Analytical methods can be applied only in homogeneous
ambient conditions and in simple geometries. Therefore, various numerical models have been developed
to examine current carrying capacity of cables in various mounting situations [13,14,28]. COMSOL is
a suite of finite element modeling software with a predefined set of physics interfaces. This software
facilitates development of numerical models by solving partial differential equations [11,15].
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In this study, electrical-thermal analysis of cable joints made with screw connection terminal blocks
produced with COMSOL software for use in 220-volt voltage values in house electrical installations
with electrical and thermal-mechanical analysis was performed. In the first phase of the study, different
values of torque forces were applied to the screw by the experimental setup. The amount of crushing
(deformation) in the conductor due to the applied torque forces was measured. In order to examine
effects of deformation of the conductor on current carrying capacity of the conductor, temperature values
occurring on conductive surface depending on conductor flow were measured. In the second phase of
the study, screw connection terminal model is modeled by using COMSOL multiphysics software. Then,
electrical, thermal and mechanical analysis were performed on this model. In the mechanical analysis
of the designed model, the screw was tightened with forces determined in specified values and stress-
deformation analysis on the conductor surface in this contact area was performed. After contact was
formed, current density analysis and potential difference analysis were performed by applying 14
Amperes current to cable joint area for electrical analysis of the model. In the thermal analysis section,
temperature changes due to current and contact pressure were analyzed. As a result of the analyzes, the
optimum torque value for the copper conductor cable joint with a cross sectional area of 1.5 mm? was
found to be 0.4Nm.

2. Material and Method

Insulating parts of terminal blocks are made of plastic, porcelain or bakelite according to the purpose of
use. Rice, nickel and steel materials are mostly used in the conductor interior. Screw connection
terminals have insulation material, terminal and screw. The insulation material is made of polyethylene
(PE) material to prevent contact of conductive surfaces with each other and to prevent short circuit. The
tightening torque applied to the screw creates a torsional shear stress on the screw. The torque applied
to object is calculated by following Equation 1 [16].

6 = rF sinf (1)

Here 9; the angle r between R and F; The distance of the force from the axis of rotation (m) is F; The
applied force (N) is 8, Torque (SI): Nm. When a material is subjected to a tensile load along a single
axis, the relationship between stress and strain occurring in the material is determined by Hooke's Law
[17,18] which is given in Equation 2.

Coefficient = Stress/Strain 2
The coefficient constant for normal stress along the X axis is given in Equation 3.
E=ox/ & 3)

The relationship between tensile stress and axial stress in the linear elastic region of a material is
calculated by Equation 3. In the Equation 3, &, expresses proportional deformation while o, refers to
force per unit area. These two ratios allow to obtain Young's modulus (E). [19,20,21]. Conductivity is
one of the main characteristics that separates copper from other metals. Pure copper, aluminum and
silver are conductive materials commonly used in electricity production. Electrical conductivity of
materials is given in Equation 4 [22].

0=n.q.K 4)

Here, o is the electrical conductivity, the amount of load passing through the conductor, the charge
quantity g, and the p load bearing constant.

2.1. Experimental Measurement Board

In the experimental part of this study, the connection between current and temperature in the conductor
was investigated depending on the torque applied to the screw in the cable joints using screw connection
terminals. For this process, the experimental setup shown in Figure 1 was formed. In this board; torque
screwdriver, screw connection terminal block, HO7V (NYA) type used in electrical installations, PVC
insulated, without sheath, single-core 1,5 mm? copper conductor cable, arc welding machine with
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transformer as power supply, measuring the temperature in terminals and conductors with current
passing through the conductor, one multimeter pliers’ ammeter was used.

Figure 1 Image of the experiment setup

The screw connection terminal block used was made of special C-45 steel. Insulation part of
terminal block was made of Polyamide 6.6 that does not melt until 140 Celsius degrees.

In screw connection terminals, conductor-terminal connection was made with a torque-adjustable
screwdriver as shown in Figure 2.

Figure 2 Torque Screwdriver

Torque values of 0.3 Nm, 0.4 Nmand 0.5 Nm were applied to the screw with a screwdriver. Deformation
values of these forces applied on the cable conductor were then measured. Temperature values of cable
connections with 1,5 mm? cross-sectional area were measured by applying a constant current of 14 A to
cable connections formed by applying torque forces mentioned above.

2.2. Modeling with COMSOL Software

The finite element method is a method used to solve complex structural physical problems in
engineering analysis and design [23,24]. In this method, object to be modeled is divided into small and
simple finite elements [25] and mathematical solutions of each element are obtained Figure 3 [26,27].
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Figure 3 Shapes of elements of basic structure for finite element method [23]
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(b)
Figure 4 a) Finite element method process b) Finite element method conditions

Figure 4a shows the finite element analysis process. Physical problems (pre-processes -Modeling):

. Determination of problem type (electric-thermal-mechanical)
. Establishment of mesh structure
. Determination of material properties (hardness, conductivity, heat, Young’s Module etc.).

Mathematical model solution:
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. Apply loads and boundary conditions
. Let computer do numerical calculations
. Restart from pro-processing if error occurs

Improving Solution Parameters:

. Display Results in tables or graphs
. Review if result is reasonable
. If not, restart from pre-processing

Electrical analysis modeling equations are based on Maxwell's equations. AC/DC interfaces formulate
the differential equations of Maxwell's equations at initial and boundary conditions. The relevant load
and boundry conditions are presented in Figure 4b.

In this study, numerical modeling of screw-connection terminal blocks was used in COMSOL
Multiphysics program. The screw connection terminal dimensions used in the test were measured with
a digital caliper and modeled according to these measurements. The model with screw connection
terminals used for analysis is shown in Figure 5.

e ————
—t

- 15

13 6 -4 ) 0
Figure 5 Installation of 1,5 mm2 copper cable to the model

Mesh settings of Comsol Multiphysics program and the screw connection terminal model were divided
into small sections and the model's finite element network was formed. The wiring of the screw
connection strips model consisting of 37174 finite elements is shown in Figure 6. In the study, the mesh
structure was made by default in physics-controlled-mesh COMSOL program instead of user-controlled
mesh.

3. Analysis and Findings

3.1. Experimental Findings

In the experimental set-up shown in Figure 1, different torque was applied to screw connections.
The amount of change in diameter of the conductor depending on the torque applied to the
screw is given in Figure 7.
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Figure 7 a) The amount of change in the conductor diameter depending on the applied torque b) Deformation of
the cable on the comsol
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When constant 14 A current is applied to 1.5 mm? cable conductor insert, which is applied to
the screw connection terminal with 0.3 Nm, 0.4 Nm and 0.5 Nm torque, respectively,

temperature change values measured on the cable joint surface are shown graphically in Figure
8.

(0.3 N e 0.4 Nm 0.5Nm
60

\

Temperature (deg.)
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Figure 8 0.3 Nm, 0.4 Nm, 0.5 Nm Torque values applied to the cable joint surface temperature change

3.2. Mechanical Analysis and Findings

In the structural mechanical analysis module of COMSOL software, solid mechanics solutions were
realized depending on torque values applied to the screw with its solid mechanics. The terminal
connection consisting of a contact with a non-prestressed screw was subjected to a load group consisting
of an axial force and a torque. Effective stress values on the screw top surface and the cable joint is also
shown in Figure 9 when the torque force of 0.3 Nm is applied to the screw. The pressure change graph
applied to the cable conductor contact surface of 0.3 Nm torque force is shown in Figure 10a. Arc length

is the pressure that occurs between the screw axis and the contact point of the cable conductor and its
unit is meter as shown in Figure 10b.

Surface: von Mises stress (N/m?)
1

A 2,63x10°
*x10°
4
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3
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Figure 9 Effective stress at 0.3 Nm torque applied screw
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Figure 10 a) Pressure on screw axis and cable conductor contact surface, b) Change of contact pressure
according to arc length (meter)

3.3. Electrical Analysis and Findings

Results of electrical potential analysis for the model generated by the finite element method are
shown in Figure 11. Analysis of current densities for the model generated by the finite element
method are shown in Figure 12 and Figure 13 The cable current density-temperature
relationship of the contact zone is shown in Figure 14. The terminal strips upper zone current
density-temperature change graph is shown in Figure 15. The higher the temperature, the higher
the conductor's resistivity. Therefore, the current density, which increased to a certain degree,
fell after a certain temperature value [29]. This situation can be seen in Figure 15. The change
in current density along the conductive surface is given in Figure 16. This situation refers to the
current change of the conductor on the upper part of the conductor, which is screwed with a
screw on the surface of the conductor. It was observed that there was more current change in
the junction region.
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Figure 13 Analysis of the current density in the additional area of the model conductor
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Figure 14 The relationship between the cable current density and temperature in the contact zone
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Figure 16 Change of current density along the conductor surface
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3.4. Thermal Analysis and Findings

In the thermal analysis, electrical current applied to the model and temperature changes in the contact
surface were examined. The temperature changes of the contact surface, cable conductor and screw
surfaces at the 0.3Nm, 0.4Nm and 0.5Nm torque forces applied to the screw connection terminal at 14-
amp constant current are shown in Figure 17, Figure 18 and Figure 19, respectively.

2
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Figure 17 Temperature distribution for 0.3 Nm and 14 A status
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Figure 18 Temperature distribution for 0,4 Nm and 14 A status

4. Discussion and Conclusions

Unlike the electrical, thermal analysis studies performed in previous high voltage and current values
[6,7,11], electrical, thermal and mechanical analysis of the cable joints made with screw connection
terminals produced for use in 220-volt voltage values have been performed in this study. When the
results obtained from the numerical model and the experimental study are compared, the experimental
values of temperature changes in cable joints made with screws tightened by applying the 0.3 Nm, 0.4
Nm, 0.5 Nm force to copper conductor cable having 1.5 mm? cross-sectional area were same with the
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Figure 19 Temperature distribution for 0.5 Nm and 14 A status

temperature values obtained in the numerical values. A similar situation was observed in electrical and
mechanical analyses (Figure 8, Figure 17, Figure 18, Figure 19.)

In order to achieve the minimum cable section deformation and the minimum temperature increase with
the numerical model, the optimum torque value applied to the screw were found as 0.4 Nm. In the
connection made by applying the torque value of 0.3 Nm, the deformation was less but the contact
surface was small and the temperature increase value was higher than the torque value of 0.4Nm. In the
connection made by applying the torque value of 0.5Nm, the contact surface was large but since the
amount of deformation in the cable was large, the temperature increase was the highest due to shrinkage
of cable cross-section.

According to the results of the electrical potential analyses for the model generated by the Finite element
method shown in Figure 11, the difference in the electrical potential from the point where voltage source
is connected to soil decreased. In Figurel7 and Figurel8, it was found that the current was more intense
in the conductive cross-sectional area than in the additional region. These results were similar to those
results obtained by Ruan [6] and colleagues. Figure 12 shows that the current density increases on the
outer surface of the cable. Shazly Jehan H. et al. [7] studied three-phase, XLPE-insulated 220 kV, 340
MVA, single-core copper power underground cable components and the highest values of temperature
distributions in the surrounding environment occur with the highest temperature seen in the regions
where the work occurs. Zhou et al. [11] reported that the electric field concentration of the electric field
was higher than the cable joint but the electric field concentration was found tended to intensify in the
small cavities in the inserts.

In our study, it was shown that small cavities in the cable contact points at the copper cable ends in the
connection zone increased the current density concentration (Figure 13). In additional applications done
without the use of a Torque Screwdriver, different deformations may occur in the conductor cable
according to physical characteristics of apply personnel. In this study, the importance of the use of tools
that can apply standard forces to the screw such as torque screwdriver has implementation of
explanation, while cable joints are made. In this study, it was specified that electrical and thermal
analyzes of cable joints in high voltage transmission lines are important and it shows that it is important
to make these analyzes for inserts made at 220 Volt voltage values. In this study, a 1.5 mm? cross-
sectional copper cable was also analyzed. Analyzes will also be carried out for copper cable joints with
different cross sections, which are commonly used in residential electrical installations, in our future
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studies. In addition, same analysis can be performed for aluminum cables whose usage increases due
toincrease in copper conductor prices.
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