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Abstract—The electrical resistance, and in particular, the electrical contact resistance (ECR), plays a
critical role in the electrical and thermal behaviors of substation connectors. Despite its impact, there are very
few research works analyzing the temperature dependence of the ECR and its terms, the constriction and film
resistances. It is very important to understand the contribution of the ECR to the total resistance, and its
dependence on temperature. This work studies these dependences in detail by analyzing two types of
connectors, i.e., connectors intended to join tubular bus bars, and connectors for stranded conductors. Due to
the specific features of bus bars and stranded conductors, the ECR of both conductors has a different impact
on the total resistance. The experimental approach presented in this work can be applied to better understand
the role of the contact resistance, allowing the design of improved and more reliable substation connectors
and similar devices.

Index Terms—Contact resistance, substation connectors, predictive maintenance, remaining useful life,
fault diagnosis.

INTRODUCTION

Power connectors are critical elements of power systems, since they must ensure stable electrical
connections between conductors or bus bars. Therefore, it is of utmost importance to guarantee their
performance and reliable operation, since the failure of such components can lead to significant power
outages, with catastrophic and costly consequences [1]. Power system operators work hard to provide a
stable, reliable, continuous and safe power delivery to their customers, while trying to minimize service
outages [2].

The electrical resistance is probably the best indicator of their health condition of power connectors. An
increase in its value over time is a sign of connector degradation. Thus, the electrical resistance is often used
as a fault indicator or signature of the connector health status. Any increase in connector resistance is
manifested as an increase of the operating temperature, which in turn rises the electrical resistance, thus
worsening the operation condition while decreasing the expected life of the connector [3]. Due to degradation
mechanisms, prolonged operation of the connector will inevitably increase its electrical resistance, negatively
impacting its thermal and electrical performances. Due to this thermally induced ageing process, once a
threshold value of the electrical resistance is exceeded, the connector must be replaced.

The total resistance of the connector has two components, i.e., the intrinsic or bulk resistance and the
contact resistance [4]. The bulk resistance term is defined as the part of the resistance that results only from
the shape and dimensions of the connector and its electrical conductivity. The contact resistance of a
connector is the part of the total resistance of the connector that is attributed to the contact interfaces. The
contact resistance depends on the nominal contact area [3] and the distribution and morphology of the
conducting spots existing across the contact interfaces [5]. Factors such as surface roughness, applied
pressure [6], the presence of dirt, debris or oxides formed at the contact interfaces have a profound impact
on the contact resistance [3]. The contact resistance comprises two terms, i.e., the constriction and film



resistances [7].

The development of fault diagnosis methods reduces maintenance costs and enhancing the service life of
the connectors [8]. To design more reliable power connectors that exhibit improved electrical and thermal
behavior, and to develop effective condition monitoring and remaining useful life (RUL) strategies to
minimize unscheduled downtime and maintenance costs during the useful life [9], a deep understanding of
the behavior of the electrical resistance, and in particular, of the contact resistance is required, this work
contributing in this area. Due to the key role that power connectors play in power systems, the developments
made in this work can be very valuable because connector-related faults can have catastrophic consequences
with the associated economic effects.

In [10] the temperature dependence of the contact resistance of carbon nanotubes was reported. In [11] the
pressure and temperature dependences of the contact resistance of different metals was analyzed in order to
develop process models for resistance spot welding. In [12] the effect of heat cycles on the electrical
resistance of bolted aluminum connectors of high ampacity was studied by applying accelerated heat cycles.
In [13], the temperature dependence of the contact resistance between a between a substation connector and
a stranded conductor was studied. However, none of the abovementioned works analyzes the temperature
dependence of the film and constriction resistance components of the electrical resistance.

Regardless of the key role that contact resistance plays in power systems, to the best of the authors'
knowledge, there are practically no studies focused on the analysis of the temperature evolution of contact
resistance and their main components, the constriction and film resistances, and there are even less works
applied to substation connectors. This is of fundamental importance because due to the daily and seasonal
load patterns, the temperature of the connectors is not constant, undergoing significant changes, which affect
the electrical resistance and its components. Since the electrical resistance largely determines the electrical
and thermal behavior of the connectors, a good understanding of the temperature evolution of the contact
resistance and its contribution to the total electrical resistance is of utmost importance. This work contributes
in this area by performing a deep analysis of these dependences from an experimental basis. To this end, two
types of substation connectors are analyzed, i.e., substation connectors intended to join tubular aluminum bus
bars and substation connectors designed to join stranded aluminum conductors. These two types of
connectors are analyzed because due to the specific characteristics of tubular bus bars and stranded
conductors, in both types of conductors, the contact resistance contributes differently to the total resistance.
It is worth noting that the knowledge developed in this work can be very useful to design substation
connectors and similar devices with improve electrical and thermal features.

I. THE ANALYZED CONNECTORS AND THE HEATING TESTS

A. The connectors

The bolted substation connectors analyzed in this work are made of A356 cast aluminum alloy with T6
thermal treatment. These connectors are designed to provide stable and reliable connections between two
tubular bus bars or two stranded conductors, thus minimizing the electrical resistance and voltage drop
between the terminal points, and reducing the associated power losses [14,15]. Bolted connections enable
compact and reliable contacts [16]. When increasing the torque applied to the bolting elements, the contact
area tends to increase [17], so the contact resistance tends to decrease. Therefore, in bolted connectors, the
bolt torque is a key factor to ensure adequate electrical resistance, which is specified by the manufacturer [7].
During installation of the connectors, the torque applied to the bolting elements was measured using a
calibrated dynamometric wrench (TAWM 12340 from Bahco, Sweden). The bolting elements consist of M10
stainless steel bolts and nuts.

This work analyzes three models of substation connectors, i.e., two models designed to join two tubular
aluminum bus bars of 50 and 40 mm outer and inner diameters, respectively (straight-type SSSNS and T-
type SSTNS models) and a connector designed to join two 32 mm diameter stranded aluminum conductors



(straight-type S330SLS), which are shown in Fig. 1. It is noted that two samples of each conductor are
studied, so that 6 samples are analyzed.

S V)

S5TNS conector

S5SNS connector S330SLS connector
a) b) c)

Fig.1. Substation connectors dealt with in this work from SBI Connectors catalogue. a) SSTNS T-type
connector for tubular bus bars. b) SSSNS straight connector for tubular bus bars. ¢) S330SLS straight
connector for stranded conductors.

Table I summarizes the connectors analyzed in this work.

TABLE I
Analyzed aluminum substation connectors
Connector model Co-nnect'or Connector type Connector material Associated
designation conductor
S5SNS Cl1,C2 Straight A356 Bus bar
S5TNS C3,C4 T-type A356 Bus bar
S330SLS C5,C6 Straight A356 Stranded

B. Wire brushing versus chemical cleaning

As already explained, the contact resistance has two terms, the constriction and film resistances. The
constriction resistance is directly related to the number and the real area of the contact points established at
the contact interface. It greatly determines the long-term performance of substation connectors, as the current
is restricted to flow through these few contact points. In the case of bolted connectors, this term can be
minimized by applying a suitable torque and by ensuring proper condition and cleanliness of the interface.
The film resistance term is mainly attributed to the alumina (Al,Os3) layer formed naturally at the interface.
Aluminum tends to react quickly with atmospheric oxygen, thus generating a very thin alumina film. Since
alumina is a very good electrical insulator, it makes it difficult for current to flow through the interface. In
the case of aluminum contacts, the alumina film must be ruptured or eliminated to establish a good electrical
contact [18].

Conventionally, to remove the alumina film, i.e., to reduce the film resistance term, the contact interfaces
between the conductor and the connector are brushed just before assembly. The inner surface of the connector
and the outer surface of the conductors or bus bars are brushed using a wire brush. Immediately after brushing,
the contact interfaces are coated with a conductive grease (Penetrox™ A electrical joint compound from
Burndy), which also acts as an oxide inhibiting compound. The conductive grease inhibits the development
of the alumina layer [19] while ensuring a good contact, improving the electrical performance of the
connection [20] and enhancing its useful life. Since this procedure does not completely remove the alumina
layer, a more innovative procedure is required. In this work a chemical cleaning is applied because it has
shown improved results [18]. It involves applying a chemical solution (30% phosphoric acid) to the matting
surfaces for 20 minutes to almost completely remove the alumina layer. The interface is then cleaned,
ensuring it is free of the chemical solution, using an absorbent cloth and next covered with the same oxide
inhibitor used in the conventional installation procedure.

C. The temperature rise tests

To evaluate the temperature evolution of the electrical resistance, experimental temperature rise tests were
carried out in three independent electrical loops which. These loops were installed in the AMBER high-



current laboratory of the Universitat Politécnica de Catalunya. The first and second loops included,
respectively, two SSTNS T-type connectors and two SSSNS straight connectors joined by means of tubular
aluminum bus bars (50 mm outer diameter, 5 mm thickness, 6063-T5 Al alloy). The third electrical loop
included four S330SLS straight connectors joined with 32 mm diameter Hawthorn AAC stranded conductors.
During the temperature rise tests, the rated current of the bus bar or stranded conductor was applied to the
loop to increase the temperature of the connectors.

To run the temperature rise tests, the connectors were installed on tubular bus bars or stranded aluminum
conductors following the procedure detailed in the ANSI/NEMA CC1-2009 standard [21], as shown in Fig.
2. Since during the tests, the electrical resistance between the terminal points of the connectors was measured,
as well as the temperature of the connector, wire equalizers were placed on the bus bar or conductor side,
very close to the connector, to ensure an equipotential point to measure the voltage drop. The test consists of
a heating phase, in which the rated current of the stranded conductor or the bus bar is applied, thus heating
the connectors and conductors. The test ends when thermal equilibrium is reached. To this end 1015 Arwms
(stranded conductor rated current) or 1050 Arms (tubular bus bar rated current) were applied to reach the
thermal equilibrium, and then the electrical loop was disconnected from the high-current output of
transformer s. During the heating phase, the temperature, current and voltage drop across the connectors were
acquired every 45 seconds, and these values were used to determine the temperature evolution of the electrical
resistance.

S5SNS connector S5TNS connector » S330SLS connector

Fig. 2. The connectors dealt with in this work installed in the loop.

II. THE ELECTRICAL RESISTANCE COMPONENTS

This paper focuses on determining the temperature evolution of the electrical contact resistance (ECR) of
the connector, Recr. To this end, the Rgcg must be measured.
The total electrical resistance is determined from direct measurements, as shown in (1).

Rtotal,AC,T = Rbulk,AC,T + RECR,T (1)
Ryuik,ac, being the intrinsic or bulk resistance term, which mainly depends on the physical dimensions and
shape of the connector, as well as on the electrical conductivity and the effect of eddy currents. However, the
bulk resistance, as defined in Fig. 3, is also influenced by the portion of the conductor inserted into the
connector.

Although the ECR is considerably lower compared to the total resistance of the connector, changes in the
contact resistance can cause significant alterations of the connector behavior because such changes are
attributed to alterations in the contact area. According to [20,22], the electrical contact resistance of a joint
consists of the constriction resistance (Rconswicion) and the resistance of the film layer (Ryim),

RECR,T = Rconstrictt’on,T +R film,T (2

Whereas the constriction resistance depends on the mechanical and electrical properties of the connector

[23], the resistance of the film is influenced by the conducting and real contact areas. However, after applying
a chemical cleaning, the Rz term is almost completely removed, so that,

RECR,T = Rconslriction,T (3)

It is not possible to measure directly the bulk resistance term, but it can be obtained from FEM simulations.
Fig. 3c summarizes the resistances of the conductor-connector assembly, where Recr is the contact resistance,



Reonducior,4-0 and Reonducror,0-1 are the resistance contributions of the conductor between points 4-0 and 0-1,
respectively, and Rcomnecior 1 the resistance of one half of the connector. It is a recognized fact that suitable
physical and mathematical descriptions of the system under analysis allow determining the relation between
unknown and measurable parameters [24,25].

Rconductor,A-0  RECR

Rconductor/A-dI
|
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Rconductor,8-0
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Fig. 3. a) Connector and bus bar assembly. b) FEM simulation of the electrical current passing through the
connector. ¢) Equivalent electrical resistance of the conductor-connector assembly.

From Fig. 3c it is deduced that the total resistance between points 4 and B, Riowi4-8 and Recr are related as,

RECR = Rtoml,A—B,T - 2‘Rconductor,A—0,T - Rbulk,AC,T =

Rconnector,T ' Rconductor,O—l,T
2R — (@)
conductor,A—0,T R + R

connector,T conductor ,0-1,T

=R

total A-B,T

Rbulk,AC

where subscript 7 in (4) refers to the temperature at which the resistances have been measured.

The values of Rioal4-8,7, Reonducior,4-0,7 and Reonducior,0-1,7 are directly measurable or calculable, whereas the
values of Recrr and Reonnecior,7 are unknown, so they must be calculated. Reonnecror,7 can be calculated from
FEM simulations if the electrical resistivity of the A356-T6 alloy is known, whereas Recr 1 is obtained by
solving (4) once Reonnector, 1S known.

The resistivity of the conductor was previously obtained by measuring its electrical resistance at 20 °C as,

L

Rconductor,ZO"C = pconductor,ZO"C ' E (5)

where pronaucior,20°c 18 the electrical resistivity of the conductor measured at 20 °C, L is its length and S is the
cross sectional area.
Since,

Rtotal,A—B,T = Rotal,A—B,20°C [1+ Xioral (T'-20)] (6)
by measuring the temperature evolution of Rwi4-8, the temperature coefficient azow can be determined.
Since it is not possible to directly measure the resistance of the connector Reomnecror, in this work it is
calculated from multiphysics finite element method (FEM) simulations using the COMSOL® software. The
evolution of this resistance with temperature under AC supply can be expressed as,
R R cll+ea, (T -20)] (7)

connector,T — * “connector,20° onnector



To determine the temperature coefficient of the conductors (tubular bus bar and stranded conductor), a
sample of the tubular bus bar with a length of 0.64 m and a sample of the stranded conductor with a length
of 0.73 m were heated using a programmable electric muffle, and their resistances were measured at different
temperatures. In both cases, the temperature coefficient of the conductor aconducror can be obtained from,

R oniictorr = Reonaueror 200¢ "N Coniucror (T -20)] (®)

Fig. 4 shows the flowchart summarizing the steps carried out to characterize the temperature dependence
of the ECR. This process was repeated twice. First, it was carried out using the connectors installed by means
of the standard procedure (brushing and applying conductive grease) so that the film and constriction terms
are included in the Recr and arcr. The same procedure was then applied to the connectors which were
installed after a chemical cleaning followed by the application of conductive grease, so in this case only the
constriction term is included in Recr and azcr, since the chemical cleaning almost completely removes the
film layer.

Experimental measurement of the temperature
evolution of Rroaa-8and determination of aroral

by applying (6)

s

FEM simulation of the temperature evolution of
Reomectorand determination of aconnector by applying (7)

s

Experimental measurement of the temperature
evolution of Reonductorand determination of qconductor by

applying (8)

s

Determine the temperature evolution of the ECR
and axcr by applying

2 Rcunnectur,T ) Rc'unductur ,0-1,7

R

ECR —

R

total ,A-B,T

2R

conductor,A-0,T -

s

Determine Rcoustriction y Rﬁlm, Qonstriction and Qfilm by
analyzing connectors installed after applying wire
brushing or chemical cleaning (Recr = Reonstriction + Ryitm

connector,T + Rcunductur,()—l,T

Fig. 4. Flowchart summarizing the steps applied to characterize the temperature dependence of the ECR and
its components, the constriction and film resistances. All measurements were performed under 50 Hz AC

supply.

III. THE EXPERIMENTAL SETUP

A. The experimental setup
A high-current transformer (variable input voltage 0 - 400 Vrums, output voltage 0 - 10 Vrws, output current
0 - 10 kArms) was used to generate the high current levels required during the experiments. The output current

of the transformer, i.e., the current circulating in the electrical loop to heat the connectors was measured using
a wide-bandwidth calibrated Rogowski probe (CWTS00LFxB 0.06 mV/A from PEM, Nottingham, UK). The



temperature of the connectors, bus bars and stranded conductors was measured using T-type thermocouples,
which were connected to an 8-channel thermocouple data logger (USB TC-08, Omega, Egham, Surrey, UK),
obtaining an accuracy better than 1 °C. The voltage drop across the connectors was measured using a 8-
channel data acquisition device providing an absolute resolution of 88 uV (NI USB-6210, National
Instruments, Austin, Texas, USA). The Rogowski coil was also connected to one of the inputs of the NI USB-
6210 data acquisition device, so that the voltage drop and current waveforms were acquired synchronously
and sampled at 50 kSamples/s for 0.2 seconds (10 electrical periods). This setup allows measuring the
electrical resistance of the connectors with an accuracy better than 0.2 micro-Ohm.

Fig. 5 shows the electrical loops analyzed in this work, which include the connectors, stranded conductors
and tubular bus bars.
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Fig. 5. Electrical loops under test. a) Loops #1 and #2. b) Loop #3. (W.B. and C.S. stand for wire brushing
and chemical solution, respectively).

The electrical resistivity and temperature coefficient of the A356-T6 connector material were measured
using a programmable electric muffle (Digitheat-TFT, 200 °C, from JP SELECTA, Abrera, Barcelona, Spain)
and an A356-T6 test specimen (4 mm x 4 mm square cross section, 150 mm length). To this end a precision
DC power supply (BK Precision 9205, 0.1%+10 mA, Yorba Linda, California, USA) was used to generate 5
Amps, jointly with a digital multimeter (4461A Keysight Technologies, = 0.01% accuracy, Santa Rosa,
California, USA) that was used to measure the voltage drop.

B. Measurement of the electrical resistance

Substation connectors offer a very low resistance to the flow of an electric current, this resistance being in
the order of several micro-Ohms. Due to this low value, its on-line measurement is a challenging task. For
an on-line measurement of the total electrical resistance of the connector under power frequency supply, the
voltage drop waveform AV across the connector terminals, the current waveform 7 flowing through the
connector, and the phase shift ¢ between both waveforms must be acquired. It is well known that under
alternating current supply, the resistance is the real part of the impedance [26], so from the instantaneous
values of AV, I and ¢, the total resistance of the connector R7owi4-3 , 7 measured at an arbitrary temperature 7
can be obtained by applying (9) [27],

AV
Rtotal,A—B,T = toml,A—B,T‘COS(/) = T'COS % (9)

Since the resistance depends on the resistivity of the material of the connector/conductor, and the resistivity
also depends on the temperature, the AC resistance will also depend on the temperature. Under AC supply,
the skin effect alters the value of the resistance and its temperature dependence, because the resistivity of the



connector/conductor material increases with temperature, thus reducing the impact of the skin effect.
Due to the impact of the temperature on the value of the electrical resistance, it is a common practice to
refer the resistance to 20 °C by applying (10),

Rtatal,A—B,T (10)
1+ atotal,A—B (T - 20)

Qotal 4-8 being the temperature coefficient expressed in °C-!, which accounts for both the temperature and skin
effects. It is noted that while any increase in temperature tends to raise the effective resistivity and thus the
electrical resistance, the intensity of the skin effect tends to decrease when the temperature increases, thus
reducing the increase of the electrical resistance. Due to the relatively low impact of the skin effect on the
AC resistance of the connector, the resistance increase with temperature due to the rise of the electrical
resistivity has more impact than the reduction of the intensity of the skin effect with temperature.

Fig. 6 shows how the total electrical resistance of the connectors was measured.

Rtotal,A—B,ZO"C =
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Fig. 6. Measurement of the electrical resistance between points 4 and B. a) SSSNS connector. b) S330SLS
connector.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation results to determine the temperature evolution of the connector resistance

This section describes the results attained to determine the temperature evolution of Reonnecror,7. AS
explained in Section II1, Reonnecror, T 1 calculated from FEM simulations assuming that the conductivity of the
A356-T6 alloy is known. FEM simulations also allow determining ocomecior under AC supply by applying (7),
since it is not directly measurable. It is worth noting that FEM simulations performed under AC supply
already consider the skin effect generated by the eddy currents.

Figs. 6 show, respectively, the meshes of the FEM simulations of connectors SSSNS, SSTNS and S330SLS
performed under power frequency AC supply. These simulations are used to determine the resistance of the
connector by applying a 50 Hz electric current of 100 Arms and the voltage drop across the terminal points
of the connector. To determine only the resistance due to the connector, i.e., to disregard the resistance of the
conductors, simulations assume that the conductors have infinite conductivity.




c)
Fig. 6. Voltage drop obtained by means of FEM simulations to determine the connector resistance and the
temperature coefficient under AC supply when applying a current of 100 A. Simulations assume infinite
conductivity of the conductor material in order to only determine the resistance due to the connector. a)
S5SNS connector. b) SSTSNS connector. ¢) S330SLS connector.

Tables II and III show, respectively, the values of the connectors resistance and temperature coefficient
obtained from FEM simulations, Rconnector, 20°c and Gconnecior. FEM simulations assume an initial electrical
resistivity of the aluminum alloy of p4356-76pc200c = 5.26-10® Q'm, and a temperature coefficient of c3ss.
repc = 0.0025 °C"!. Both values were measured as explained in Section IV.A by using a test specimen of the
connector material, a programmable electrical muffle, a precision DC power supply and a precision digital
multimeter. In the simulations carried out under power frequency supply, the temperature was changed, so
that both the connector resistance and the temperature coefficient were altered due to the skin effect.

TABLE II
Connector resistance obtained at 20°C obtained from FEM simulations

Connector model Connector designation  Connector resistance R onnecror,20°c [micro-Ohm]

S5SNS ClL,C2 1.95
S5TNS C3,C4 1.80
S330SLS Cs5,C6 2.60

Table III shows the values of the temperature coefficients aconnecror Obtained from FEM simulations.

TABLE III
Connector temperature coefficient obtained from FEM simulations
Connector model Aconnector [°C™] R’
S5SNS 0.0012 0.999
S5SNS 0.0014 0.999
S330SLS 0.0013 0.999

It is noted that R? is the coefficient of determination. It measures the closeness between the experimental
data and the fitted regression line. As shown in Table III, due to the skin effect, the effective temperature
coefficient of the connector under power frequency supply, dconnecior, 1S lower than the temperature coefficient
of its material, the A356-T6 alloy, measured under DC supply. This is because, as explained, the resistivity
of the A356-T6 alloy increases with the temperature, thus reducing the intensity of the skin effect.

B. Results attained to determine the temperature dependences of the total resistance and stranded conductor
and tubular bus bar resistances

This section describes the experimental results carried out to determine the temperature evolution of the
total resistance Riuwia-7, Of all the connector/conductor assemblies, stranded conductor resistance
Ritranded_conductor,r @nd tubular bus bar conductor Rpus par,conducror,7.. For this purpose, experimental data collected
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by performing temperature rise tests on twelve substation connectors, a sample of stranded conductor and a
sample of tubular bus bar are presented. Substation connectors and conductors were assembled in three
electrical loops. Loop #1 consisted of a tubular bus bar conductor circuit, which was assembled with two
S5SNS connectors and two SSTNS connectors after applying chemical cleaning. Loop #2 was then assembled
by joining tubular bus bar conductors with two SSSNS connectors and two SSTNS connectors by applying
wire brushing. Finally, loop #3 was installed by using stranded conductors, which were assembled by using
two S330SLS connectors after applying chemical cleaning, and also by means of two S330SLS connectors
after applying wire brushing.

Figs. 7 show the temperature evolution of the total resistance of connector #1, the resistances of the stranded
conductor and the tubular bus bar, respectively. To heat the connectors, temperature rise tests were performed
until reaching thermal equilibrium. To determine the ECR contribution to the total resistance and its
temperature evolution, the temperature coefficients of all connector-conductor sets were estimated by
measuring the total resistance Rywi4-5 and the temperature of the components on real time under AC supply.
The temperature coefficients displayed in Figs. 7 were calculated by applying (6) and (8).
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The values presented in Table IV are derived from the results shown in Figs. 7, which are required in (4)
to determine the resistance of the ECR term.

TABLE IV
Bus bar and stranded conductor resistances measured at 20°C
Conductor type Ra020°c[micro-Ohm]  Ry.1,20°c [micro-Ohm]
Tubular bus bar 2.3 4.1
Stranded conductor 2.7 4.8

Table V shows that the values of the total resistance at 20°C of all connectors-conductor sets after applying
chemical cleaning are below the values of the total resistance of the connectors treated with wire brushing.
This is because the chemical solution removes the alumina film formed at the interface, thus reducing the
film resistance and consequently the ECR.

TABLE V
Total resistance measured at 20°C when applying wire brushing or chemical cleaning
Connector Connector Wire brushing Chemical cleaning
model designation Riotai4-,20°c [micro-Ohm] Riotai4-,20°c [micro-Ohm]
Cl 11.9 10.8
%
SSNS C2 11.7 10.4
C3 12.7 12.2
*
SSTNS C4 13.0 12.4
Cs 18.6 16.3
L k3k
53305LS Cé 19.2 16.4

* Associated with bus bars
** Associated with stranded conductors

Results from Table V show that the connectors associated with stranded conductors exhibit larger values
of the total resistance than the connectors assembled with tubular bus bars. This is because compared to
stranded conductors, tubular bus bars offer a much smoother and more uniform contact surface with
connectors, thus maximizing the contact area and minimizing the constriction resistance term. In addition,
the smoother and more uniform contact surface offered by the tubular bus bars allows reducing the interstitial
air voids, thus minimizing the formation of the alumina layer, therefore reducing the film resistance term.

Results from Table VI show that the value of the temperature coefficient aorai4-8 0f connector S330SLS is
higher than that of the other connectors. This is because connector S330SLS is associated with stranded
conductors, which have temperature coefficients higher than those of the bus bars, to which the SSSNS and
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S5TNS connectors are associated. Results presented in Table VI also show high values of the coefficients of
determination R?, thus proving the suitability of the equations dealt with in this work.

TABLE VI
Total temperature coefficient calculated when applying chemical cleaning or wire brushing
Wire brushing Chemical cleaning
Connector
Connector model desienation Ototal, A-B R? Ototal,A-B R?
g [oc-I] [oc-ll
S5SNS* Cl 0.0030 0.998 0.0029 0.997
C2 0.0029 0.998 0.0028 0.999
C3 0.0030 0.995 0.0029 0.999
*
SSTNS C4 0.0030 0.997 0.0029 0.999
Cs 0.0042 0.996 0.0039 0.996
ok
5330SLS Cé6 0.0040 0.990 0.0038 0.992

* Associated with bus bars ** Associated with stranded conductors

C. Determination of the temperature evolution and temperature coefficients of the ECR

This section describes the tests carried out to determine the temperature evolution of the ECR, i.e., Rerc T
and its components, the constriction Reonsiriciion,r and film resistance Ry, 7, as well as the experimental results
obtained.

The experimental results presented in sections V.A and V.B and (4) were used to determine the temperature
evolution of the ECR. This is possible because Riowai4-87, Reonducior,0-1,7 and Reonductor,4-0,r Were measured,
whereas Rcomnector, 7 Was obtained from FEM simulations.

By applying the chemical cleaning treatment the oxide film is almost completely removed, so in this case
the ECR value is mainly attributed to the constriction resistance term Rconswiciion, 7. HOWever, in case of
applying the wire brushing treatment, the ECR value is due to both the film and constriction resistance terms.
In this case, the film resistance can be calculated by subtracting the constriction resistance term from the
ECR, as easily deduced from (2), i.e., by applying Rjim = Recr 1 — Reonstriction, T

Table VII shows the ECR (Rgcr 20°c), constriction (Reonsriciion,20°c) and film resistance (Rjum,20°c) values at
20°C of all connectors/conductor sets. It can be observed that the ECR values of the S3330SLS connectors
are greater than those of connectors SSSNS and S5TNS, because connector S3330SLS is associated with a
stranded conductor instead of being associated with a tubular bus bars, being this the case of connectors
S5SNS and SSTNS. Air gaps between strands produce poorer contact between conductor and connector
compared to the contact between bus bar and connector, increasing the risk of oxide film build-up.

TABLE VII
Contact, constriction and film resistances of the substation connectors
Connector type  Connector designation  Rgcr20oc  Rconstiction,20°c  Rfitm,20°c
[micro-Ohm]

Cl 16 35 11
S5SN8 C2 45 32 13
C3 5.6 5.1 0.5

SSTNS c4 5.9 53 0.6
Cs 9.7 75 22

S330SLS C6 102 7.4 2.6

Table VIII shows the temperature coefficients ogcr, Oconswicion and ogim of the analyzed substation
connectors. Table VIII also summarizes the values of the coefficients of determination R? of the obtained
temperature dependences, their high values proving the accuracy of the fittings.

TABLE VIII
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Contact, constriction and film temperature coefficients of the substation connectors

Connector  agcr [°C™'] R? aw['f,sgcltion R*  aim[°C'] R?
Cl 0.0045 0.992 0.0045 0.986 0.0044 0.821
C2 0.0045 0.992 0.0045 0.996 0.0046 0.924
C3 0.0041 0.998 0.0041 0.998 0.0044 0.899
C4 0.0041 0.998 0.0040 0.998 0.0044 0.948
C5 0.0049 0.987 0.0049 0.965 0.0049 0.926
C6 0.0053 0.982 0.0053 0.997 0.0052 0.900

Results summarized in Table VIII show that the temperature coefficients of ECR (arcr), constriction
(0constriciion) and film (ayum) of all analyzed connectors are similar but quite different from those of a0 and

OQconnector-

V. CONCLUSIONS

Substation connectors must withstand daily and seasonal load cycle profiles, which alter their temperature
and thus, their electrical resistance. This research work has analyzed in detail the temperature dependence of
the contact resistance of aluminum substation connectors. The results presented in this work are based on
experimental data. To this end, electrical loops that include several connectors were installed and analyzed.
The total electrical resistance of the analyzed connectors was measured on-line by monitoring the current
flowing in the loops, the voltage drop between the terminal points of the connectors and their temperature.

All terms of the total electrical resistance have been analyzed, i.e., the bulk or intrinsic resistance and the
electrical contact resistance, which in turn includes the constriction and film resistance terms. Regardless of
its impact, there is a lack of works analyzing in detail the temperature dependence of the contact resistance,
and the effect of temperature on the constriction and film resistance terms. The influence of the conductor
resistance, be it a tubular bus bar or stranded conductor, was also analyzed. The influence of conductor
resistance has also been analyzed, be it a tubular bus bar or stranded conductor. Results also prove that the
contact resistance increases linearly with temperature at a faster rate than the increase of the bulk resistance
under AC supply. The findings of this work allow a better understanding of the impact of the contact
resistance on the total resistance of power connectors, thus providing valuable data and knowledge to design
substation connectors and similar devices with improved electrical and thermal behaviors.
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