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Abstract: Estimating the remaining useful life (RUL) or the state of health (SoH) of electrical com-10 

ponents such as power connectors is still a challenging and complex task. Power connectors play a 11 

critical role in medium- and high-voltage power networks, their failure leading to important conse-12 

quences such as power outages, unscheduled downtimes, safety hazards or important economic 13 

losses. On-line condition monitoring strategies allow developing improved predictive maintenance 14 

plans. Due to the development of low-cost sensors and electronic communication systems compat-15 

ible with Internet of Things (IoT) applications, several methods for on-line and off-line SoH deter-16 

mination of diverse power devices are emerging. This paper presents, analyzes and compares the 17 

performance of three simple and effective methods for on-line determination of the SoH of power 18 

connectors with low computational requirements. The proposed approaches are based on monitor-19 

ing the evolution of the connectors electrical resistance, which defines the degradation trajectory, 20 

because the electrical resistance is a reliable indicator or signature of the SoH of the connectors. The 21 

methods analyzed in this paper are validated by means of experimental ageing tests emulating real 22 

degradation conditions. Laboratory results prove the suitability and feasibility of the proposed ap-23 

proach, which could be applied to other power products and apparatus. 24 

Keywords: electrical connectors; state of health; condition monitoring; parameter identification; 25 

predictive maintenance 26 

 27 

1. Introduction 28 

Power connectors installed in medium- and high-voltage power lines are usually 29 

placed in critical points of the power grid, being critical elements to ensure a reliable 30 

power dispatch. Probably because of their abundance, low-cost and simplicity, they often 31 

are not being paid the attention they deserve, despite their key role in the reliability and 32 

availability of the power grid. Sudden power connectors failure could induce important 33 

power outages with expensive and damaging consequences [1]. Operators of power sys-34 

tems work hard for offering a continuous, safe and reliable power delivery to their cus-35 

tomers, thus trying to minimize the number and the effects of service outages [2]. The 36 

application of predictive maintenance strategies based on the prediction or diagnosis of 37 

the state of health (SoH) allows achieving this goal.  38 

The electrical resistance has been effectively used as an indicator of the SoH of elec-39 

trical connectors [3,4]. It is known that the natural ageing process of the connector in-40 

creases the electrical resistance along its lifetime [5], thus increasing its operating temper-41 

ature and tending to overheat the connector. This temperature increment in turn rises the 42 

electrical resistance, thus affecting the electrical and thermal behaviors of the connector 43 

[6].  44 
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It is known that the electrical resistance is characterized by two components, i.e., the 45 

contact and bulk resistances [7]. The bulk resistance component is almost defined by the 46 

geometry of the connector and the electrical resistivity of the constitutive materials. The 47 

contact resistance component includes two terms, the film and constriction resistances [8]. 48 

The contact resistance depends upon several inner factors (structure, connection material 49 

or surface topology), environment conditions (temperature, humidity or vibration), and 50 

working load (supply frequency or current) [9]. Two predominant ageing processes affect 51 

the long-term performance of power connectors, i.e., contact pressure and chemical reac-52 

tions generated at the matting interfaces. The contact resistance tends to increase with the 53 

cyclic pressure variations due to the daily peak and off-peak load patterns, as well as due 54 

to poor installation practices. Chemical reactions at the contact interface generate non-55 

conductive compounds which affect negatively the contact resistance [10]. Due to its com-56 

plexity, an exhaustive analysis of the time evolution of the contact resistance is a difficult 57 

task [11].  58 

Diagnosis of electrical and electronic systems has received much attention over the 59 

last few decades [12]. Power lines and electrical substations are inspected periodically to 60 

determine their condition. However, due to the lack of on-line data, at present the most 61 

applied inspection systems include manual, robot and unmanned aerial vehicle inspection 62 

[13]. 63 

Condition monitoring is directly related to different methods for identifying changes 64 

occurring in a system due to the development of faults or the degradation of its SoH, thus 65 

generating an alarm to indicate a possible failure or degradation of the SoH [14]. On-line 66 

condition monitoring is an active field of research in power systems [15–18]. To apply 67 

effective predictive maintenance strategies and to reduce maintenance and unexpected 68 

outages and shutdown costs, there is an imperious need to detect anomalous or degraded 69 

behavior modes in the early stage, when the degraded behavior is still developing. How-70 

ever, detecting abnormal behaviors at the early stage is not an easy subject, as slight 71 

changes are often difficult to diagnose, so great care has to be taken to minimize false 72 

alarm events [19].  73 

Real-time data acquisition and the associated deployment of distributed sensors is a 74 

key point for the expansion of intelligent power systems. Such systems allow a more stable 75 

and controllable power delivery since real-time data allow applying different condition 76 

monitoring strategies [20]. Therefore, the on-line measurement of the electrical resistance 77 

using electronic devices is a key point for a continuous monitoring of the electrical re-78 

sistance of the connectors in order to develop effective SoH prediction tools. Different 79 

sensors, including voltage, current and temperature sensors can be used for a nondestruc-80 

tive detection, location and diagnosis of faults in power systems. Traditionally, these sen-81 

sors have been applied to diagnose the faults after their occurrence. Despite improve-82 

ments in system’s robustness, failures cannot be completely eliminated and they are some-83 

what unpredictable, so maintenance operations are required before failure [21]. There is a 84 

growing demand to develop prognostic methods to predict the faults in advance, i.e., 85 

when the system is fully operational, before major faults occurrence. This strategy allows 86 

operators to estimate the residual lifetime and to schedule predictive maintenance opera-87 

tions [21]. In addition, suitable real-time analysis algorithms are key elements for this pur-88 

pose [22]. 89 

Although statistical methods have been widely used, they are not the best choice to 90 

tackle fault diagnosis problems, because such methods estimate probability distributions 91 

based on a large numbers of training samples [23] which often are not available, thus this 92 

strategy is costly and time consuming. Different strategies can be applied to determine the 93 

SoH, including approaches based on physical-mathematical models, data-driven algo-94 

rithms or hybrid approaches combining mathematical models and data-driven methods 95 

[24,25]. These last methods can perform better since they potentially combine the benefits 96 

of the two other approaches [4]. Physical-mathematical models rely on a mathematical 97 
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description of the physics or phenomena determining the degradation process, thus re-98 

quiring few historical data. Contrarily, data-driven approaches predict the behavior of the 99 

system under analysis from historical data [25] collected using different sensors and ap-100 

plying appropriate signal processing algorithms [19]. Data-driven methods include dif-101 

ferent strategies, which can be based on statistics, time-series or artificial intelligence al-102 

gorithms. 103 

There is an imperious need to develop effective SoH strategies. However, there is a 104 

lack of research works dealing with this topic for power connectors. It could be attributed 105 

to the fact that power connectors are considered simple elements, despite the critical role 106 

they play in power applications, and because they are still not instrumented, i.e., there is 107 

no electrical data available to monitor connectors’ performance. 108 

This paper proposes predicting the SoH of power connectors by studying the degra-109 

dation trajectory of the electrical resistance, because it is assumed it is a reliable indicator 110 

of power connectors performance. Approaches based on the study of the degradation tra-111 

jectory are gaining consideration [26] but much work remains to be done in this area. 112 

There is a scarcity of works related to the on-line SoH diagnosis of power connectors, 113 

this work presenting and assessing three simple alternatives with a reduced computa-114 

tional burden. The first method (linear fitting SoH or LF-SoH) predicts the SoH of each 115 

individual connector by comparing the last measured values of the resistance against the 116 

predictions done by a least squares linear regression model. The remaining two methods 117 

evaluated in this work are based on a non-linear model of the degradation trajectory of 118 

the contact resistance based on the Braunovic equation [27] instead of assuming a linear 119 

degradation model. Whereas the second method (non-linear fitting SoH or NLF-SoH) di-120 

rectly determines the SoH by comparing the last measured values of the resistance against 121 

the predictions done by a least squares fitting of the Braunovic model [27], the third one 122 

applies the Markov chain Monte Carlo (MCMC) method [28] for this purpose, so it is 123 

called MCMC-NLF-SoH. It is worth noting that the three methods compared in this work 124 

focus on each specific connector, being adapted to the particular characteristics of each 125 

power device, only requiring the past and current values of the electrical resistance to 126 

determine its SoH. The behavior of the analyzed methods is assessed by means of experi-127 

mental data obtained from accelerated degradation tests (ADTs), since they are designed 128 

to analyze the long-term performance of power connectors by minimizing the testing time 129 

[29], because due to their long lifetimes, it is not practical to acquire degradation data in 130 

an acceptable time. By measuring the voltage drop between the connectors’ terminals, the 131 

electrical current and the operating temperature, the degradation trajectory of the electri-132 

cal resistance is continuously monitored, which is the base to predict the SoH. 133 

The contributions of this paper are as follows. First, it contributes to develop and test 134 

methods with low computational requirements for an on-line SoH prediction of electrical 135 

connectors from experimental data. This is an area with a clear lack of research works. 136 

Second, the methods here analyzed are appealing because of their simplicity and fast re-137 

sponse, thus being compatible with low-cost microcontrollers that soon will integrate the 138 

new generations of smart connectors. Third, the solution proposed in this paper is in line 139 

with the development of the smart grids, digital substations and the Internet of Things 140 

(IoT), where predictive maintenance, prediction of the remaining useful life and the SoH 141 

are trending topics. However, installed power connectors do not include these develop-142 

ments, this paper making a clear development in this field. Fourth, the strategy exposed 143 

in this work adapts to the particular behavior and evolution of each connector, since its 144 

known that there is a huge variability among connectors. This approach is able to antici-145 

pate severe faults, thus allowing to control and limit connectors degradation process, 146 

while enabling to apply predictive maintenance plans. Finally, the methods described in 147 

this paper present reduced computational requirements, being possible to be applied in 148 

real-time and can be easily adapted to determine the SoH of many other power devices. 149 

 150 
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2. The analyzed connectors 151 

This work analyzes ICAU120 medium voltage compression connectors (SBI Connect-152 

ors, Sant Esteve Sesrovires, Spain). Compression connectors are usually applied in me-153 

dium voltage systems because they offer reduced electrical resistance and a stable connec-154 

tion. These bimetallic connectors are made of copper are aluminum, the aluminum and 155 

copper parts being connected by friction welding. The connectors are connected to 120 156 

mm2 aluminum conductors by compression, using a hexagonal crimping machine and 157 

applying conductive grease that is able to operate up to 140°C. 158 

This work analyzes medium voltage connectors, although the final goal is to extend 159 

the results of this study to substation connectors. Medium voltage connectors are ana-160 

lyzed because they have shorter lifetime and lower current and power ratings compared 161 

to that of substation connectors, thus simplifying the requirements of the tests, testing 162 

time, and associated costs. 163 

3. The electrical resistance of the connectors 164 

As the connector resistance increases, more power losses and heat are generated, ac-165 

celerating the degradation of the interface between the conductor and the connector and 166 

thus increasing its overall electrical resistance. This is why the SoH is focused on the deg-167 

radation trajectory of the electrical resistance with time. SoH strategies require an easy-to-168 

apply end-of-life (EOL) criterion, which is set to 1.4·R0 [4], where R0 is the initial value of 169 

the connector resistance, i.e., the value measured during installation of the connector. 170 

However, there are no methods for a direct on-line measurement of the electrical re-171 

sistance, so an indirect measurement is required. It is important to note that the expected 172 

value of the electrical resistance is of some micro-Ohms, so the measurement of the elec-173 

trical resistance under alternating current supply is a challenging task. 174 

Due to the temperature dependence of the connector resistance, it is usually referred 175 

to 20 °C. The instantaneous value of the resistance of the connector referred to 20 °C is 176 

calculated from the acquisitions of the voltage drop V, the current I and  as in (1), where 177 

 is the phase shift between the voltage drop and the current and  is the temperature 178 

coefficient of the resistance, which value is 0.004 °C-1 for aluminum.  179 
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4. The applied heat cycle tests (HCTs) and the equipment involved 181 

As explained, ADTs are commonly applied to obtain degradation data defining the 182 

behaviour of the studied system in a fast manner. To this end, HCTs were performed in 183 

the high-current laboratory of the Universitat Politècnica de Catalunya according to the 184 

requirements of the IEC 61238-1-3:2018 standard [10]. It is noted that data acquired from 185 

the HCTs are used to simulate the on-line acquired data from a real application.   186 

HCTs were performed using an electrical loop consisting of seven ICAU120 bimetal-187 

lic connectors joined to a 120 mm2 aluminium conductor. Figure 1a shows the experi-188 

mental loop and the connectors. The voltage drop across the terminal points of the seven 189 

connectors using wire equalizers (see Figure 1b), the current in the loop and the tempera-190 

ture of each connector were measured to determine the electrical resistance of all connect-191 

ors. 192 

To accelerate the natural ageing of the connectors, around 140 HCTs were run for 193 

about 92 h. Heat cycles consists of two phases, namely heating and cooling phases. The 194 

consecutive heating and cooling cycles induce thermal expansion and contraction cycles, 195 

which affect the contact interface and thus the contact resistance of the connectors, which 196 

in turn alter their electrical and thermal performances.  197 

During the heating phase, an alternating electrical current is injected to the loop until 198 

the reference aluminium conductor reaches the thermal equilibrium at a temperature of 199 
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120 °C, condition attained when injecting an electrical current of about 370 ARMS. This tem-200 

perature is superior to 90 °C, the temperature recommended by the conductor manufac-201 

turer, thus accelerating the thermal degradation process.  202 

According to the IEC 61238-1-3:2018 [10], after attaining the thermal equilibrium, this 203 

electrical current must be maintained for 15 minutes and after this time the current is 204 

switched off, so that it cools down to ambient temperature with the help of forced venti-205 

lation fans, and next a new heat cycle can start.  206 

HCTs were performed using a high-current 400 V/6 V variable transformer supply-207 

ing the electrical loop, as shown in Figure 1a. The rated output of this transformer is 6 208 

VRMS and 2.5 kARMS. A Rogowski coil with a sensitivity of 0.06 mV/A (500LFxB from PEM, 209 

Nottingham, UK) was used to measure the electrical current flowing in the loop. The volt-210 

age drops between the external terminals of the connectors were acquired using a USB-211 

6210 DAQ instrument (National Instruments, Austin, Texas, USA), which includes 8 dif-212 

ferential inputs. To correct the resistance of the connectors to 20 °C, T-type thermocouples 213 

were used jointly with a USB TC-08 thermocouple data acquisition module (Omega, 214 

Bienne, Switzerland).  215 

Connector 
#1 and #2

Connector 
#3 and #4

Connector 
#5 and #6

Connector 
#7 

High-current transformer

 216 
(a) 217 

 218 

Wire equalizers

Temperature measurement

Electrical resistance 
measurement

 219 
(b) 220 

Figure 1. a) Electrical loop used in heat cycle tests. b) Contact resistance measurement of the ICAU120 bimetallic connectors. 221 

5. The Braunovic degradation resistance model  222 

This section describes the model used in this paper to describe the degradation of the 223 

contact resistance. This model is used in two of the three SoH methods compared in this 224 

work. By modelling the degradation of the contact resistance, it is possible to forecast the 225 

time evolution of the resistance and thus, to develop SoH methods. 226 
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It is known that the resistance of the connectors tends to increase with time, mainly 227 

due to the evolution of the contact resistance term. The resistance degradation model an-228 

alyzed in this paper is based on the increase of the contact resistance with time. As de-229 

scribed in the IEC 61238-1-1 standard for medium voltage power connectors [30] the re-230 

sistance of the connectors evolves with time according to three phases. In the initial phase, 231 

or formation phase, after their installation, the resistance of the connectors changes due to 232 

the creation of stable constriction surfaces. Next phase is characterized by relative stabi-233 

lized values of the resistance. The last phase or accelerated degradation phase, the re-234 

sistance changes abruptly because the connector is approaching to the end-of-life.  235 

According to Braunovic et al. [27], the temporal evolution of the electrical resistance 236 

can be described by a two-parameter degradation model as, 237 

0
0 2

1/2
( , , )

1 · 1

R
R t R

t t



 


    
          

           (2) 238 

where in this paper R0 is the initial value of the connector resistance, i.e. the value meas-239 

ured during its installation, t the actual time measured from the instant of the installation 240 

and  is the maximal life time, corresponding to a vertical asymptote of (2). It is noted that 241 

(2) corresponds to a two-parameter (R0,) model, these parameter being determined from 242 

experimental data. 243 

6. The proposed SoH approach 244 

This section describes the methods applied to predict the SoH of the power connect-245 

ors. As explained, three methods are compared to determine the SoH of the connector. 246 

They are named linear fitting model (LF-SoH), non-linear fitting model (NLF-SoH) and 247 

Markov chain Monte Carlo non-linear model (MCMC-NLF-SoH). These methods are de-248 

scribed in the following subsections. The three methods predict the value of the resistance 249 

based on measured past values, as shown in Figure 2. 250 

R
e

si
st

a
n

ce

Time
t-4    t-3    t-2    t-1    t0 

Present time

Fitting interval
(data used to generate the 

current model)

Healthy state

Prediction interval

Health state 

 251 

Figure 2. Proposed on-line SoH prediction strategy showing the 50%, 90%, 95% and 99% confidence intervals plotted as 252 

area bands. 253 

As shown in Figure 2, the algorithm predicts the SoH of the connector at the present 254 

time t0, based on the model generated considering the degradation path of the resistance 255 

within some pre-established time interval (fitting interval; blue area in Figure 2). Centered 256 

at the present time t0, the algorithm takes the past values of the resistance (blue area in 257 

Figure 2) and fits the measured values of the resistance to a given equation, which corre-258 

sponds to a straight line in the LF-SoH approach or to equation (2) in the NLF-SoH and 259 

MCMC-NLF-SoH approaches. Next the confidence intervals of the regression coefficients 260 
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are determined and the resulting regressions are plotted (gray areas in Figure 2). The dif-261 

ference between the NLF-SoH and MCMC-NLF-SoH lies in how the regression coeffi-262 

cients and their confidence intervals are determined. This is detailed in the next subsec-263 

tions. Next based on the predictions of the model at points t0, t-1, t-2, t-3 and t-4 the SoH is 264 

predicted according to the strategy proposed in Figure 3.  265 

Figure 3 summarizes the steps of the proposed approach. The first step consists in 266 

measuring the present value of the electrical resistance. This is done by measuring on-line 267 

the temperature of the connector and the current and voltage drop and determine the 268 

resistance by applying (1). Next the best fitting of the linear degradation model (LF-SoH) 269 

or non-linear degradation model given by (2) (NLF-SoH and MCMC-NLF-SoH) are found 270 

based on the least-squares algorithm (LF-SoH and NLF-SoH) or the Markov chain Monte 271 

Carlo (MCMC) algorithm (MCMC-NLF-SoH), respectively. At this stage the coefficients 272 

of the linear and non-linear models as well as their confidence intervals are estimated. 273 

Next, a short-term extrapolation based on the obtained regression curves (see the brown 274 

curve and the gray areas in Figure 2) is made at points t0, t-1, t-2, t-3 and t-4. The measured 275 

values of the resistance at points t0, t-1, t-2, t-3 and t-4 and those predicted by the regression 276 

models are compared to determine the SoH of the connector as detailed in the next sub-277 

section.  278 

 

Yes

On-line measurement of the 
electrical resistance

Data fitting and confidence 
intervals                                              

(Blue area in Figure 2) 

Short-term extrapolation of 
confidence intervals (t-4 to t0)  

Faulty state scoreHealthy state score Warning state score

Start 
diagnosis

Yes

Healthy state Warning state Faulty state

wcount >fcount & wcount>hcount 

hcont=hcount+1 wcont=wcount+1 fcont=fcount+1

tp = -4

Start resistance comparison with 
confidence intervals (t0 to t-4) 

i = 1;  hcount = wcount = fcount = 0

No

No

Yes

tp = i - 1

Yes No
Yes

Start decision based on
hcount, wcount and fcount

Resistance 
comparison

SoH prediction

R > lb 
& 

R < nEOL & R < EOL
&

R < ub

 R < lb 
or 

(R > ub & R < EOL & R < nEOL)

No

hcount >fcount & hcount>=wcount 

No

 279 

Figure 3. Proposed SoH prediction approach. 280 
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 281 

6.1 Resistance comparison to determine the SoH 282 

Figure 3 summarizes the method proposed in this paper to predict the SoH of the 283 

connectors. The LF, NLF and MCMC-NF models are fitted using the measurements done 284 

during the last 10 hours (fitting interval; blue area in Figure 2) and the mean values of the 285 

resistance at points t0, t-1, t-2, t-3 and t-4 and the lower and upper bounds, lb and ub respec-286 

tively, are extrapolated by the regression models based on the least-squares values of the 287 

model coefficients and their confidence intervals. These are compared against the meas-288 

ured values. The SoH of the connector is predicted from this comparison, which is based 289 

on the end-of-life (EOL) and near-EOL (nEOL) of each specific connector.  290 

The EOL is defined as 1.4R0 [4] whereas the nEOL is taken as 1.3R0. The nEOL condi-291 

tion is used to define a warning condition before reaching the EOL condition, since at this 292 

point the connector must be replaced by a new one to prevent sudden failures and system 293 

malfunctioning. This approach allows predicting the SoH of the connectors according to 294 

three states, namely healthy, warning and faulty condition, thus facilitating the applica-295 

tion of predictive maintenance plans and allowing to schedule maintenance actions. 296 

To categorize the current state of the connector as healthy, warning or faulty, a score 297 

is given to each state (hcount, wcount, fcount are the healthy, warning and faulty state coun-298 

ters that provide the final scores) based on the current value of the measured resistance R, 299 

as detailed in Figure 3, so that the predicted SoH of the connector is attributed to the most 300 

scored state (healthy, warning or faulty).  301 

6.2 SoH prediction according to the LF-SoH, NLF-SoH and MCMC-NLF-SoH methods 302 

The LF-SoH method predicts the values of the resistance by linearly fitting the past 303 

measured values to a straight line. It assumes that the resistance degradation trajectory 304 

follows a straight line. By applying the least squares algorithm, both the coefficients of the 305 

linear regression and the confidence intervals of such coefficients are found. The confi-306 

dence intervals allow confining the predicted values of the resistance within the lower 307 

and upper boundaries they define. 308 

Similarly, the NLF-SoH method predicts the values of the resistance by fitting the 309 

past measured values to equation (2) describing the degradation trajectory of the re-310 

sistance according to Braunovic’s model. Also, the coefficients of (2) and their confidence 311 

intervals are found by applying the least squares algorithm. 312 

The MCMC-NLF-SoH applies the Markov chain Monte Carlo (MCMC) method [28] 313 

to find both the values of the coefficients R0 and τ in equation (2) and their confidence 314 

intervals based on the past experimental data. MCMC generates n random samples (3000 315 

samples in this paper) of the coefficients R0 and τ for each simulated time t (t correspond 316 

to time points of the last 10 h) thus obtaining a matrix of resistances with n rows and t 317 

columns. Next, each column is sorted from highest to lowest resistance and the 99.5th and 318 

0.5th percentiles are calculated (99% confidence interval). Finally, these values are plotted 319 

versus time as shown in Figure 2. More information about this process can be found in 320 

[28]. 321 

All codes were programmed by the authors of this work in the MATLAB® environ-322 

ment. 323 

7. Results 324 

This section describes the results attained by means of the three methods analyzed in 325 

this paper, i.e., the LF-SoH, NLF-SoH and MCMC-NLF-SoH algorithms from the experi-326 

mental data obtained through the heat cycle tests applied to seven medium-voltage con-327 

nectors. 328 

7.1 Results attained by applying the LF-SoH method 329 
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Table 1 summarizes the results attained with the seven connectors by applying the 330 

LF-SoH method every 5 hours. It is noted that the green color indicates a healthy state, the 331 

orange color a warning or pre-fault state and the red color that the connector has reached 332 

the faulty state. Results show that according to the LF algorithm and the rules described 333 

in Figure 3, connector #2 at hour 80, connector #3 at hour 75, connector #4 at hour 65, 334 

connector #5 at hour 50 and connector #6 at hour 25 have reached the fault condition by 335 

these time points, so they must be replaced to ensure a safe operation. On the other hand, 336 

connectors #1 and #7 still do not reach the faulty state at the end of the tests. 337 

Table 1. State of health of the 7 connectors every 5 hours by using the LF-SoH method. 338 

  Connector’s resistance (micro-Ohms) 

Time used to fit (h) Present time, t0 (h) #1 #2 #3 #4 #5 #6 #7 

1 to 10 15  24.3 38.5 36.0 1 29.3 34.3 38.7 28.9 

6 to 15 20  24.3 1 39.2 36.7 29.9 34.9 40.8 29.1 2 

11 to 20 25  24.4 39.5 1 37.3 2 30.5 2 35.6 2 42.5* 29.2 2 

16 to 25 30  24.4 39.8 2 38 31 36.7  29.3 

21 to 30 35  24.5 40.1 38.6 31.6 2 37.5  29.4 2 

26 to 35 40  24.6 40.5 39.2 2 32.1 38.4 2  29.5 

31 to 40 45  24.7 40.9 1 39.7 32.6 39.2  29.5 

36 to 45 50  25 41.1 39.8 2 32.7 47.1*  29.7 1 

41 to 50 55  25.2 41.8 41.9 32.9   29.6 

46 to 55 60  26.1 1 42 42.5 1 37.32   29.8 

51 to 60 65  26.1 42.2 2 42.8 2 37.7*   29.8 

56 to 65 70  26.0 2 42.0 43.2 2    29.7 2 

61 to 70 75  26.1 42.3 43.8*    29.8 

66 to 75 80  26.8 1 44.1*   29.6 2 

71 to 80 85  26.9      29.7 1 

76 to 85 90 27.0 2      29.7 

1 Resistance increase before the nEOL condition. 

2 Stabilization of resistance. 

* Connector’s resistance reached the faulty state at the present time t0. 

Figures 4 and 5 show the evolution with time of the SoH prediction of connectors #4 339 

and #5. SoH prediction requires 0.006 seconds in average using an Intel® Core (TM) i7-340 

8750H CPU @2.20 GHz. 341 
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Figure 4. SoH of connector #4 predicted by the LF-SoH method at different times. (a) Present time, t0 =15 h; (b) Present 343 

time, t0 = 30 h. (c) Present time, t0 = 35 h; (d) Present time, t0 = 60 h.  344 
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Figure 5. SoH of connector #5 predicted by the LF-SoH method at different times. (a) Present time, t0 = 15 h; (b) Present 346 

time, t0 = 30 h. (c) Present time, t0 = 40 h; d) Present time, t0 = 49 h.  347 

7.2 Results attained by applying the NLF-SoH method 348 

Table 2 shows the results obtained with the seven connectors by applying the NLF-349 

SoH method every 5 hours. These results show that according to the NLF algorithm and 350 

the rules described in Figure 3, connector #2 at hour 80, connector #3 at hour 70, connector 351 

#4 at hour 60, connector #5 at hour 50 and connector #6 at hour 25 have reached the faulty 352 

condition by these time points, so they must be replaced. Like the predictions of the LF-353 

SoH method, connectors #1 and #7 still do not reach the faulty state at the end of the tests.  354 

Table 2. State of health of the 7 connectors every 5 hours by using the NLF-SoH method. 355 

  Connector’s resistance (micro-Ohms) 

Time used to fit (h) Present time, t0 (h) #1 #2 #3 #4 #5 #6 #7 

1 to 10 15  24.3 1 38.5 36.0 1 29.3 1 34.3 1 38.7 2 28.9 1 

6 to 15 20  24.3 1 39.2 1 36.7 29.9 1 34.9 40.8 29.1 2 

11 to 20 25  24.4 39.5 2 37.3 2 30.5 2 35.6 2 42.7* 29.2 2 

16 to 25 30  24.4 39.8 2 38.0 31.0 36.7  29.3 

21 to 30 35  24.5 40.1 38.6 31.6 2 37.5  29.4 2 

26 to 35 40  24.6 40.5 39.2 32.1 38.4 2  29.5 

31 to 40 45  24.7 40.9  39.7 32.6 39.2  29.5 

36 to 45 50  25.0 41.1 39.8 32.7 47.1*  29.7 

41 to 50 55  25.2 41.8 41.9 32.9   29.6 

46 to 55 60  26.1  42.0 42.5 37.3*   29.8 

51 to 60 65  26.1 42.2 2 42.8    29.8 

56 to 65 70  26.0  42.0 2 43.2*    29.7 

61 to 70 75  26.1 42.3     29.8 

66 to 75 80  26.8 1 44.1*   29.6  

71 to 80 85  26.9      29.7 

76 to 85 90 27.0 2      29.7 

1 Resistance increase before the nEOL condition. 

2 Stabilization of resistance. 

* Connector’s resistance reached the faulty state at the present time t0. 

Figures 6 and 7 show the evolution with time of the SoH prediction of connectors #4 356 

and #5. In this case SoH prediction requires 0.05 seconds in average using an Intel® Core 357 

(TM) i7-8750H CPU @2.20 GHz. 358 



Electronics 2021, 10, x FOR PEER REVIEW 11 of 15 
 

 

R
es

is
ta

n
ce

 [
m

ic
ro

-O
h

m
s ]

(a) (b) (c) (d)

Faulty state

 359 

Figure 6. SoH of connector #4 predicted by the NLF-SoH method at different times. (a) Present time, t0 = 15 h; (b) Present 360 

time, t0 = 30 h. (c) Present time, t0 = 35 h; (d) Present time, t0 = 60 h.  361 
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Figure 7. SoH of connector #5 predicted by the NLF-SoH method at different times. (a) Present time, t0 = 15 h; (b) Present 363 

time, t0 = 30 h. (c) Present time, t0 = 40 h; (d) Present time, t0 = 49 h.  364 

7.3 Results attained by applying the MCMC-NLF-SoH method 365 

Table 3 summarizes the results obtained with the seven connectors by applying the 366 

MCMC-NLF-SoH method every 5 hours. These results show that according to this algo-367 

rithm and the rules described in Figure 3, connector #2 at hour 80, connector #3 at hour 368 

70, connector #4 at hour 65, connector #5 at hour 50 and connector #6 at hour 25 have 369 

reached the fault condition by these time points. Like the predictions of the LF-SoH and 370 

NLF-SoH methods, connectors #1 and #7 still do not reach the faulty state at the end of the 371 

tests.  372 

Table 3. State of health of the 7 connectors every 5 hours by using the MCMC-NLF-SoH method 373 

  Connector’s resistance (micro-Ohms) 

Time used to fit (h) Present time, t0 (h) #1 #2 #3 #4 #5 #6 #7 

1 to 10 15  24.3 2 38.5 36.0 2 29.3 34.3 38.7 28.9 

6 to 15 20  24.3 39.2 36.7 29.9 34.9 40.8 29.1 2 

11 to 20 25  24.4 39.5 2 37.3 2 30.52  35.6 42.7* 29.2 2 

16 to 25 30  24.4 39.8 2 38.0 31.0 36.7  29.3 

21 to 30 35  24.5 40.1 38.6 31.6 2 37.5  29.4 2 

26 to 35 40  24.6 40.5 39.2 32.1 38.4  29.5 

31 to 40 45  24.7 40.9 39.7 32.6 39.2  29.5 

36 to 45 50  25.0 41.1 39.8 2 32.7 47.1*  29.7 

41 to 50 55  25.2 41.8 41.9 32.9   29.6 

46 to 55 60  26.1 1 42.0 42.5 1 37.3 2   29.8 

51 to 60 65  26.1 42.2 2 42.8 2 37.7*   29.8 

56 to 65 70  26.0 2 42.0 2 43.2 *    29.7 2 

61 to 70 75  26.1 42.3 2     29.8 2 
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66 to 75 80  26.8 1 44.1*   29.6 2   

71 to 80 85  26.9      29.7 

76 to 85 90 27.0 2      29.7 

1 Resistance increase before the nEOL condition. 

2 Stabilization of resistance. 

* Connector’s resistance reached the faulty state at the present time t0. 

 374 

Figures 8 and 9 show the evolution with time of the SoH prediction of connectors #4 375 

and #5. In this case SoH prediction requires 1.2 seconds in average using an Intel® Core 376 

(TM) i7-8750H CPU @2.20 GHz. 377 
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Figure 8. Health state of connector #4 by using MCMC: (a) Present time, t0=15 h; (b) Present time, t0=30h. (c) Present time, 379 

t0=35 h; d) Present time, t0=60h.  380 
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Figure 9. Health state of connector #5 by using non-lineal fitting: (a) Present time, t0=15 h; (b) Present time, t0=30 h. (c) 382 

Present time, t0=40 h; (d) Present time, t0=49 h. 383 

7.4 Results comparison 384 

This subsection compares the results attained with the three analyzed SoH prediction 385 

methods. These results are summarized in Table 4. 386 

Table 4. State of health of the 7 connectors every 5 hours according to the LF/NLF/MCMC-NLF –SoH methods 387 

 Connector’s resistance (micro-Ohms) 

Present time, t0 (h) #1 #2 #3 #4 #5 #6 #7 

15  H/W/W H/H/H W/W/W H/W/H H/W/H H/W/H H/W/H 

20  W/W/H H/W/H H/H/H H/W/H H/H/H H/H/H W/W/W 

25  H/H/H W/W/W W/W/W W/W/H  W/W/H F/F/F W/W/W 

30  H/H/H W/W/W H/H/H H/H/H H/H/H  H/H/H 

35  H/H/H H/H/H H/H/H W/W/W H/H/H  W/W/W 

40  H/H/H H/H/H W/H/H H/H/H W/W/H  H/H/H 

45  H/H/H W/H/H H/H/H H/H/H H/H/H  H/H/H 
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50  H/H/H H/H/H W/H/W H/H/H F/F/F  W/H/H 

55  H/H/H H/H/H H/H/H H/H/H   H/H/H 

60  W/W/W H/H/H W/H/W H/F/W   H/H/H 

65  H/H/H W/W/W W/H/W F/F/F   H/H/H 

70  W/H/W W/W/W W/F/F    W/H/W 

75  H/H/H H/H/W F/F/F    H/H/W 

80  W/W/W F/F/F   W/H/W   

85  H/H/H      W/H/H 

90 W/W/W      H/H/H 

Results presented in Table 4 show a similar performance of the three methods. Re-388 

sults show that predictions of the warning state among the three methods sometimes 389 

changes, which is attributed to the sudden changes in the resistance of the connectors and 390 

how the different methods model the degradation trajectory of the electrical resistance. It 391 

is worth noting that the three methods predict the faulty condition of connectors #2, #5 392 

and #6 at the same time and also predict similar failure times for connectors #3 and #4. 393 

From these results it can be concluded that the three methods exhibit comparable results 394 

and that the LF-SoH method, due to its simplicity, is the one requiring lower computa-395 

tional requirements with a performance comparable to that of the NLF-SoH and MCMC- 396 

NLF-SoH methods. 397 

8. Conclusions 398 

This paper has proposed and analyzed three methods to estimate the state of health 399 

(SoH) of power connectors. Power connectors are critical elements in power lines and net-400 

works, so their unscheduled failure can lead to important consequences including power 401 

outages, safety-related issues and economic losses. So there is an increasing need of a con-402 

tinuous monitoring of their performance in order to ensure high reliability by anticipating 403 

the fault condition before occurrence. With the development of low-cost sensors and wire-404 

less communications systems compatible with the Internet of Things, this topic is receiv-405 

ing much attention and interest since these developments facilitate the application of pre-406 

dictive maintenance approaches. Despite the enormous implications of future develop-407 

ments in this area, there is a scarcity of works dealing with this topic applied to power 408 

connectors, this paper contributing in this field.  409 

This work has presented, analyzed and compared the behavior of three methods for 410 

on-line determination of the SoH of power connectors. These methods were selected based 411 

on simplicity, low computational requirements and adaptation to the particular charac-412 

teristics and behavior of each connector. They rely on monitoring the degradation trajec-413 

tory or time evolution of the electrical resistance of the connectors. The resistance is used 414 

as an indicator of their SoH because it is known that degradation of the connectors thermal 415 

end electrical behavior is associated to changes of this magnitude. To obtain reliable and 416 

realistic data seven medium voltage connectors were exposed to accelerated heat cycle 417 

tests. The electrical resistance of the seven connectors was monitored by measuring the 418 

temperature, electrical current and voltage drop across the terminal points of the connect-419 

ors. 420 

The first method (linear fitting SoH or LF-SoH) predicts the SoH of a particular con-421 

nector by comparing the last measured values of the resistance against the predictions 422 

done by a least squares linear regression model. The other two methods (NLF-SoH and 423 

MCMC-NLF-SoH) apply a non-linear model of the degradation trajectory of the contact 424 

resistance instead of using a linear degradation model. Whereas NLF-SoH determines the 425 

SoH by comparing the last measured values of the resistance against the predictions done 426 

by a least squares fitting of the Braunovic model, MCMC-NLF-SoH applies the Markov 427 
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chain Monte Carlo (MCMC) method for this purpose. Results presented show the fast and 428 

accurate response and reduced computational burden of the three methods assessed and 429 

their potential for an on-line prediction of the of the SoH of power connectors, although 430 

this approach can be applied to many other power devices and components. 431 
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