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Abstract 

During the last decades, the power grid is getting rapidly digitalised in order to contribute to the 

establishment of Smart Grids and evaluate efficiently the extracted bidirectional data from the power 

system infrastructure. This thesis focuses on the MV grid, since its design and operation have changed 

mainly because of distributed generation installations and the increased demand of information from 

stakeholders. Thus, asset management constitutes a significant tool that can increase the reliability of 

the MV network’s operation and its level of control. Studies have shown that a maintenance plan 

based on condition monitoring of power system apparatuses would be more effective compared to the 

implemented time-based scheduled maintenance. 

This project focuses on MV remotely controlled disconnectors since studies have shown that their 

number of failures is double compared to manually operated ones. Since maneuverability and 

secondary function are the causes of a major failure with the highest occurrence rate, motor current 

monitoring is studied in this thesis. Some devices that have the capability to monitor disconnectors’ 

motor current, are presented. Additionally, the obtained max motor current measurements are 

evaluated through a parametric and a non-parametric statistical test. The main challenge of this thesis 

is to show whether the behaviour of motor current can be an indicator regarding to the disconnector’s 

condition status. 

Hence, the impact of different factors on the behaviour of motor current is investigated. It is concluded 

that disconnectors without a failure during the studied period are more likely to have max motor 

current measurements higher than 8A and especially in the interval [10-12]A. The difference in motor 

current of disconnectors with a work order and without failure is more significant in 2015/2016. It 

seems that under the aforementioned values of max motor current, a disconnector is more probable to 

have the capability to operate properly. It is also concluded that in case of malfunction “Mellanläge”, 

the value of max motor current is lower than 8A with higher probability and it maybe indicates a 

problem of the studied disconnector.  

Through the comparison in pairs, it could be concluded that the effect of the external environmental 

conditions is not so high on the behaviour of disconnectors’ max motor current measurements. In 

contrast, it seems that the implementation of a work order, the number of operations and if a 

disconnector is installed more northerly in Zone 3 play a more significant role on the behaviour of this 

disconnector’s max motor current measurements. Consequently, based on the aforementioned results it 

is shown that some of the investigated factors could constitute an indicator whether a disconnector is 

more or less probable to have the capability to operate properly. 

Finally, it is calculated the reduction in the interruption cost that could be achieved in case of 

implementation of motor current monitoring on Vattenfall’s remotely controlled distributed 

disconnectors. 
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Sammanfattning 

Under de senaste årtiondena har kraftnät blivit snabbt digitaliserad För att bidra till upprättandet hos 

Smart Grids och effektivt utvärdera de extraherade dubbelriktade data från kraftsystemets 

infrastruktur. Denna exjobbsrapport fokuserar på MV-nätet, eftersom dess design och drift har 

förändrats främst på grund av distribuerade produktionsanläggningar och ökad efterfrågan på 

information från intressenter. Därför utgör ”asset management’’ ett viktigt verktyg som kan öka elnäts 

tillförlitligheten och styrning. Studier har visat att  elnäts underhåll baserad på tillståndsövervakning 

på kraftsystemkomponenter skulle kunna vara effektivare jämfört med tidsbaserade schemalagda 

underhåll. 

Detta exjobb fokuserar på MV-fjärrstyrda frånskiljare eftersom studier har visat att deras felfrekvens 

är dubbelt högre jämfört med manuella. Eftersom problem i manövrerbarhet och sekundär funktion  

kan orsaka  allvarliga fel med hög frekvens, har studien fokuserats på motorströmövervakningen i 

detta exjobb. Vissa produkter som har förmåga att övervaka frånskiljares motorström, presenteras. 

Dessutom utvärderas de  maximala motorströmsmätningarna genom både parametriskt och icke-

parametriskt statistiskt test. Huvudutmaningen i denna avhandling är att utreda om motors strömmar   

kan vara en indikator för frånskiljares tillstånd. 

Olika faktorer hos motorströmmar har också undersökts. Det dras slutsatsen att frånskiljare utan 

misslyckande manövern under den studerade perioden är mer benägna att ha maximala 

motorströmmar  högre än 8A och speciellt i intervallet [10-12] A. Skillnaden i motors strömmar hos  

frånskiljare med arbetsorder och utan fel är mer signifikant under åren 2015/2016. Det verkar som att 

enligt ovan nämnda värden på max motorström, är en frånskiljare mer sannolikt att fungera korrekt. 

Det kommer också fram  till att i händelse av "Mellanläge" är värdet av max motorströmmar lägre än 

8A med högre sannolikhet,  detta kan kanske indikera ett problem hos frånskiljaren. 

Genom jämförelsen  kan man dra slutsatsen att effekten av de yttre miljöförhållandena inte är så hög 

på maximala motorströmmar  hos frånskiljare. Däremot verkar det som om genomförandet av en 

arbetsorder, antalet operationer och om en frånskiljare är installerad i zon 3 spelar en viktig roll för 

uppförandet av denna frånskiljares maximala motors  strömmen. På grundval av det ovan nämnda 

resultatet  framgår det att några av de undersökta faktorerna kan utgöra en indikator på att om en 

frånskiljare är mer eller mindre sannolikt att ha förmågan att fungera korrekt. 

Slutligen visar beräkningar  att minskningen av avbrottskostnaden kan uppnås vid genomförande av 

motorströmövervakning på Vattenfalls fjärrstyrda distribuerade frånskiljare. 
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1 Background 

1.1 Introduction 

During the last decades, the power grid is getting rapidly digitalised in order to 

contribute to the establishment of Smart Grids and evaluate efficiently the extracted 

bidirectional data from the power system infrastructure[1]. The transformation of the 

conventional power grid to the Smart Grid has to deal with challenges such as 

reliability, power quality and cost efficiency[2],[3].  

This thesis focuses on the Medium Voltage (MV) grid, since its design and operation 

has changed mainly because of the distributed generation installations and the 

increased demand of information from stakeholders. Thus, asset management 

constitutes a significant tool that can increase the reliability of the MV network’s 

operation and its level of control[4]. Reliability Centred Asset Management (RCAM) 

is an effective strategy that focuses on the maximisation of the power system’s 

reliability level in combination with the minimisation of its operation cost[5]. From 

the implementation of this methodology in a distribution network, it was concluded 

that a more efficient maintenance plan should be designed for the power system 

components. In [6] and [7] are described in detail the structure and the benefits of two 

monitoring systems that their design is focused on Smart Grids. 

In the past, the power system equipment was maintained according to a time-based 

scheduled maintenance and as it was described above, this was not the most effective 

way. In the future, some promising asset management tools will be used for 

maintenance planning such as Condition Based Maintenance (CBM) and Condition 

Based Risk Management (CBRM)[8]. Hence, the maintenance procedure for power 

system apparatuses would be postponed or accelerated according to each asset’s 

condition. In [9], it is presented a wide analysis regarding to the maintenance decision 

strategies and the motives of CBM for remotely controlled and manually operated 

disconnectors. Through Preventive Maintenance (PM), it can be achieved more 

reliable operation of a power component, reduction of its failure probability, increase 

of its lifetime and cost savings based on the more efficient scheduled 

maintenance[10].  

A disconnector constitutes a significant component for the power network, since it is 

used both for the distribution of electrical power and the selective isolation of loads. It 

is a power system equipment that its cost and potential monitoring benefit is less 

compared to other power system devices[11] and this is the reason that more condition 

monitoring studies are focused on other power system apparatuses. On the other hand, 

two major blackouts that occurred in Sweden in 1983[12] and in 2003[13] were 

caused because of overhead disconnectors’ malfunction. 
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In [14], it is concluded that the failures of remotely controlled disconnectors are twice 

as much as the failures of manually operated ones. It is also mentioned that  

maneuverability and secondary functions are the most common causes of a Major 

Failure (MaF) for disconnectors. Additionally, the results of [15] show that a 

disconnector’s remote control availability has a negative impact on its failure rate.  

Hence, this thesis project focuses on the study of the MV remotely controlled 

distributed disconnectors and the benefits of motor current monitoring. In terms of 

society aspects, it will be investigated the possibility of reduction of electricity 

interruption duration for households because of a disconnector’s operation failure. 

 

1.2 Motivation & Goals 

As it is described in Introduction, the motivation of this thesis implementation mainly 

came from the results of [9], [11], [14] and [15] regarding Vattenfall’s remotely 

controlled disconnectors. It is important for power network’s safe operation, the 

disconnectors to be kept in reliable and good condition. The disconnectors’ failures 

can be avoided through detecting initial problems and potential faults in an early stage. 

Thus, the preventive maintenance will optimally be scheduled based on the asset’s 

condition. 

The main purpose of this thesis project is to study the feasibility of motor current 

monitoring as a condition monitoring method for MV remotely controlled 

disconnectors. Hence, the main goals and objectives of this thesis project would be 

described as follows: 

 Is there the capability to use the already installed products in Vattenfall’s 

disconnectors, for motor current monitoring? 

 Proposal of new products and methods for motor current condition monitoring 

that are suitable for Vattenfall’s MV remotely controlled distributed 

disconnectors. 

 Which is the connection of disconnector’s motor current measurements to 

factors such as failure occurrence, number of operations and installation year?  

 Which is the impact of external conditions and installation location on the 

operation of the monitoring system? 

 Which would be the potential costs and benefits for Vattenfall in case of 

implementation of motor current condition monitoring for disconnectors.  
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1.3 Thesis outline & Contribution 

This report starts with Chapter 1 that introduce the reader to thesis’ background, 

motivation and goals. The thesis continues with Chapter 2 that focuses on the already 

implemented condition monitoring techniques for switchgears and those ones that can 

be used for motor current monitoring of disconnectors. Additionally, in the same 

chapter are studied the failure modes of Vattenfall’s MV remotely controlled 

distributed disconnectors and some new products for motor current monitoring are 

described as well. In Chapter 2, it is also presented the theoretical description of the 

statistical tools that are used in the thesis in order to be studied the motor current 

measurements that are obtained from the Vattenfall’s already installed motor current 

monitoring device. In Chapter 3, there is a focus on the analysis of the aforementioned 

motor current data in combination with other available information for the same 

disconnectors such as implemented work orders, failure of proper operation, number 

of operations, location, period of the year and year of installation. This analysis 

corresponds to a time period of three years between May of 2014 and April of 2017, 

since for this period it was feasible to be extracted the motor current measurements 

from Vattenfall’s database. In Chapter 4 are presented the investment costs for 

installation of a motor current monitoring system as well as the potential cost savings 

that this monitoring technique can provide to Vattenfall in the future. In Chapter 5 are 

summarised and discussed the main conclusions that were extracted from the previous 

chapters of this thesis. The report is finalised with Chapter 6 in which some next steps 

are proposed that could be implemented in the future based on the conclusions of the 

project and the potentially available data. 

In terms of this thesis’ contribution to the power system operation and Vattenfall, it 

would be achieved through the investigation of products in the market that are suitable 

for Vattenfall’s remotely controlled disconnectors and capable to monitor motor 

current. Through the data analysis and cost savings’ calculations, it would be 

investigated the factors that can be mainly connected to changes of motor current 

behaviour and the economic benefits for the company, respectively. It is worth 

mentioning that it is also studied the increase of reliability and power quality for the 

end customers through the reduction of electricity interruption duration. 

 

1.4 Disconnectors overview 

A disconnector constitutes a power system apparatus that is mainly used for the safe 

separation of a part of the power grid because of maintenance implementation or in 

case that a problem has occurred. Thus, disconnectors are used as extra security 

switches which guarantee that there is no current flow in the separated part of the 

network. It is common that there is an installed disconnector in both sides of a circuit 

breaker and in case of maintenance the breaker is used in order to break the current 

while the disconnectors open afterwards as a final safety feature.  
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A disconnector mainly consists of a conductive and insulating part, an operating and 

transmission mechanism, as well as a supporting switch base[16]. In [17] are 

analytically presented different types of disconnectors such as centre break, 

pantograph, vertical break, double side and knee-type disconnector. Centre break 

disconnectors constitute the most frequently used type of disconnectors and their 

current path consists of few components, consequently the number of contact 

resistances is minimized. In terms of pantograph disconnectors, their geometry ensures 

an optimal behaviour of operation and smoother switching operation. It is worth 

mentioning for this type of disconnectors that the rigidity of their scissors arm has as a 

consequence the prevention of opening in case of short circuit. In the vertical break 

disconnectors, the current path opens vertically and consequently makes small phase 

distances possible. In this type of disconnectors, the current path performs a vertical 

swinging movement and a rotary one around its own axis. Additionally, the long 

distance between rotating and supporting insulator guarantees dielectric strength of the 

parallel insulation even in cases with critical conditions. 

Another type of disconnectors are the double side break ones which have three 

supporting insulators[17]. More precisely, the centre supporting insulator carries the 

current path whereas the other two carry the fixed contacts. This type of disconnectors 

is mainly applied in substations with limited phase space and there is no possibility of 

installation of vertical break ones. Furthermore, there are the knee-type disconnectors 

which have the smallest space requirements in both horizontal and vertical direction. 

They are mainly applied in indoor substations and the knee joint in the current path 

reduces the space for vertical opening. 

In [18] is presented an error analysis for two types of ASEA disconnectors and is 

examined their reliability as well as their life expectancy. These disconnectors 

constitute older parts of the electrical system, thus this study tries to contribute to the 

optimisation of maintenance. In this report are described different methods for the 

analysis of disconnectors’ lifetime and the authors have concluded that the studied 

disconnectors have a life expectancy between 20 and 30 years. 

As it was mentioned in the first paragraph of this section, a disconnector is responsible 

for the isolation of a circuit breaker in case of maintenance implementation. In [19] is 

presented and analysed a hybrid configuration of a disconnecting circuit breaker in 

which a disconnecting function is integrated in the circuit breaker. One of the 

advantages of this configuration is that the disconnecting function is protected in the 

same contact as the breaker[19]. Thus, in this report is studied how frequent is the 

occurrence of a problem in a disconnecting circuit breaker and the possibility of 

predicting this problem in an earlier stage. Through this project is concluded that the 

breaker’s operating time and its need for corrective maintenance increases since the 

disconnector is getting older. 
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2 Overview of Condition Monitoring 

Chapter 2 is more focused on the MV remotely controlled distributed disconnectors 

and the motor current monitoring, since it was concluded in [14] that the failures of 

remotely controlled disconnectors are twice as much as the failures of manual 

operated ones. In [20], there is a detailed presentation of GEVEA disconnectors that 

are used from Vattenfall in MV level for overhead and cable networks, respectively. 

Additionally, some techniques for condition monitoring of CB and disconnectors are 

described as well as the benefits that they provide to the power system operation. 

Some products that can be used for motor current monitoring of disconnectors, are 

also presented in detail. Finally, the statistical tools that would be used in the next 

chapter for studying the motor current measurements, are described in the last section.   

 

2.1 Failure modes of MV remotely controlled disconnectors 

In this section, the failure modes of Vattenfall’s remotely controlled distributed 

disconnectors of a voltage range from 10kV to 40kV between 2007 and 2016 are 

analysed. As it is analytically described in [21] and [22], a switchgear’s failure is 

categorised into Major Failure (MaF) or Minor Failure (MiF). More precisely, a MaF 

can cause the cessation of a switchgear’s fundamental function, change the system 

operating conditions and it usually leads to an “A” priority work order. On the other 

hand, a MiF constitutes a failure that cannot be considered as MaF and it is usually 

referred to the repair of a secondary function of the switchgear with a work order of 

lower priority than a MaF.  

As it can be seen in Fig. 1, a MaF or a MiF can be caused by the disconnector’s 

incapability to one of the following functions[14]: 

 Man: Maneuverability (the capability to open/close under command) 

 CC: Current Carrying (the capability to carry current) 

 SF: Secondary Function (the capability to provide support to the main   

functions through control and auxiliary equipment) 

 Un: Unknown (Not defined in the work order) 

 

As it can be observed in Fig. 1, the maneuverability failure mode has the highest 

occurrence in MaF with a percentage of 22%. In MiF, the secondary function failure 

mode has the most frequent occurrence with 18% and it can be explained since there is 

a large amount of work orders because of a battery alarm, the replacement of a weak 

battery or communication problems. It is worth mentioning that the percentages of this 

graph are similar to those ones of the respective graph of [14] in which the range of 
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the voltage level is till to 220kV. In terms of a current currying failure can directly 

lead to an outage, whereas a maneuverability failure may not directly lead to an outage 

but increases SAIDI. 

 

Figure 1: Causes for MaF and MiF of MV remotely controlled disconnectors 

 

The high percentage of failure occurrences caused by maneuverability problems and 

malfunctions of the secondary functions constitutes an indicator that through the 

motor current monitoring some of these failures could be predicted in advance and 

repaired in an earlier stage. In the next section, various studies that have focused on 

the switchgear’s condition monitoring, are presented. 

 

2.2 Implemented condition monitoring techniques for switchgears 

[23] presents a wide overview of condition monitoring techniques which are divided 

into categories according to the power system equipment that they are capable to 

monitor. In [24], the authors focus more on the condition monitoring methods that are 

designed to monitor CBs or disconnectors. In this paper, the monitoring techniques are 

divided into categories based on the three main functions of a switchgear. It is 

mentioned that in cases of failures caused by incapability of the switchgear’s current 

carrying function, then the most suitable methods of monitoring are thermography or 

thermal sensors. On the other hand, in cases of mechanical operation failures then the 

monitoring of motor or coil currents during opening and closing operation constitutes 

a more direct monitoring technique. 

Since thermography shows low accuracy according to [25], in [26] is presented a 

condition monitoring method for the disconnector’s contacts based on the 

continuously measurement of contacts’ temperature by infrared sensors. Through this 

measuring system can be estimated the condition of the contacts and an improvement 

of the maintenance decisions’ accuracy could be achieved.  
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In [27], it is presented a condition assessment method for CBs that is based on the trip 

and close coil current signature. In this report, the changes of coil current waveform 

are studied in cases that different types of failures have occurred. In addition, a 

predictive method is described that can be used in order to prevent a failure through 

capturing a critical abnormality of the coil current curve in advance. 

[28] analytically describes a wireless condition monitoring system for switchgears that 

focuses on the temperature monitoring of switchgear’s components. The presented 

monitoring system except from the temperature monitoring, also includes historical 

data storage and various other sensors that enhance this method with higher accuracy. 

In [29], it is analysed another approach of condition monitoring based on the 

switchgear’s insulation characteristic and the bus-bar temperature rising. In [30], it is 

presented  an installation of a bay monitoring system that can evaluate the condition of 

various power system apparatuses and take the correct decision regarding the 

appropriate maintenance activity. This paper describes all the values of a CB and a 

disconnector that can be monitored through this implementation and it is highlighted 

the assistance that it can provide to a more effective maintenance scheduling. In the 

next section, studies that have mainly focused on the switchgear’s motor current 

behaviour, are presented. 

 

2.3 Motor current monitoring for switchgears 

As it is mentioned in [31], the continuous monitoring of a switchgear’s motor current 

measurements could constitute an effective monitoring method of its operational 

condition. Especially, if it is combined with the motor runtime monitoring it can be a 

reliable indicator of a potential failure in the future or the need of preventive 

maintenance for the switchgear. As it was described in the previous section and in 

[14], maneuverability and secondary functions are the most common causes of a MaF 

for disconnectors and consequently the monitoring of motor current could lead to the 

decrease or prevention of failure based on those causes.  

At the moment, the motor current monitoring method is mainly used in CBs which 

constitute a more expensive power system component compared to disconnectors. In 

[32], it is presented an installation of a monitoring system that combines the motor 

current monitoring with the coil current and temperature monitoring. As it is 

described, this monitoring system provides the identification of several failure modes 

and abnormal operation of the CB’s motor. Additionally, it was concluded that online 

monitoring can contribute to the definition of operating trends which have impact on 

the switchgear’s reliable operation and the power system subsequently.   

In [33], it is presented a monitoring technique that focuses on capturing the 

abnormalities of a CB’s operations through the evaluation of its motor and coil current 

waveforms. More precisely, the motor current is measured at the closing operation, 
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whereas the coil current is measured at the closing and tripping operation. In this 

report, the motor current waveform at closing operation is defined as the reference 

curve and some patterns of abnormal waveforms are presented in order to identify the 

causes of occurrence of these abnormalities. 

 

2.4 Products for motor current monitoring of disconnectors 

This section is referred to the products that can be used for the monitoring of motor 

current and this one that is already installed in some of the Vattenfall’s remotely 

controlled MV distributed disconnectors. The already installed product in 50 out of a 

total of 2300 MV remotely controlled disconnectors is ABB REC603 and it will be 

described more detailed in the next paragraphs. After a wide research, three more 

products are selected mainly based on the following criteria:   

 Monitored signals-functions (i.e.: possibility of obtaining the whole motor 

current curve during operation) 

 Communication interface 

 Price 

 Max number of connected disconnectors 

 Dimensions 

 

Table 1: Installed and proposed products for motor current monitoring 

Product 

name 

Motor current 

measurement 

Communication 

interface 

Dimensions 

(WxHxD, mm) 

Max connected 

disconnectors 

Price 

(kSEK) 

ABB REC603 Max motor current IEC 60870-5-104 150 x 177 x 135 3 20 

ELCON 

OLM2-Switch 

Monitor 

Motor current curve 

OLM server, 

compatible with 

IEC 61850 

210 x 220 x 50 3 23 

Končar 

Institute Bay 

Monitoring 

System 

Motor current curve 

BMS software, 

compatible with 

IEC 61850 8-1 

- 3 33 

SIEMENS 

Assetguard 

MVC 

Motor current curve IEC 60870-5-104 477 x 125 x 210 12 273 

 

In Table 1 some factors  about these four products are presented, but more detailed 

information are included in Appendix 1 and in the next paragraphs. More precisely, 
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the next paragraphs are focused on the analysis and comparison of these products and 

their compatibility to Vattenfall’s remotely controlled MV disconnectors. 

Additionally, in Appendix 1 there are all the additional functions that can be 

monitored by each one of these four devices. 

 

 ABB REC603 

As it is mentioned in [34], this product has the capability to measure the maximum 

motor current per hour by using a Hall-sensor. These measurements from 2014 to 

2017 are analysed in Chapter 3 and it is tried to be found a connection to the condition 

evaluation of a disconnector. Additionally, an invalid measurement command shows 

that there is a communication failure for the disconnector. A disadvantage of this 

product is that there is not the opportunity of obtaining the whole motor current curve 

which can provide more information about the behaviour of motor current. In terms of 

the communication interface, the standard IEC 60870-5-104 is used which defines the 

transport of IEC 60870-5 application messages over networks[35]. This device can 

control up to three disconnectors and has a battery backup supply (24V, 2 batteries of 

12V). The condition of the battery is monitored through the hourly measurement of its 

minimum voltage and in case of a lower value than a set level, an alarm event is 

generated. In [36], the parts and the operation of the control cabinet of a Vattenfall’s  

 

Figure 2: Control cabinet of a Vattenfall’s remotely controlled MV disconnector[36] 

 

remotely controlled MV disconnector including the ABB REC603 device, are more 

analytically described. Having as reference the price of this device, in the next 

sections three more products will be presented with approximately the same price, a 

slightly higher and a much higher one, respectively. 
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 ELCON OLM2-Switch Monitor 

As it is mentioned in [37], this product has the capability to capture the whole motor 

current curve during the disconnector’s open or close operation by using a shunt motor 

current sensor that is connected in series to the motor. Consequently, more 

information can be provided regarding the behaviour of motor current. It is worth 

mentioning that through this curve the duration time of a disconnector’s operation can 

be obtained as well. As it is described in [31] in case that this value shows a 

significant increase, then it can constitute a reliable indicator that a potential 

malfunction of the equipment may occurs. This device’s dimensions and price are 

similar to the installed ABB product and it can also control up to three disconnectors. 

At the moment this product is mainly used in CB installations, but it can efficiently be 

used for monitoring of MV disconnectors. In terms of the communication interface, 

the OLM software is provided with the device and through the OLM server it can be 

compatible to the standard IEC 61850 [38]. Additionally, ELCON International AB 

works on developing a new generation of OLM that can directly communicate with 

IEC 61850 and other common protocols. In [39] and [40] are analytically described 

the benefits and interoperability that the standard IEC 61850 provides to the whole 

electrical energy supply chain.   

 

Figure 3: Control cabinet including ELCON OLM2 at a CB installation[38] 

 

 Končar Institute On-line Bay Monitoring System 

As it is mentioned in [41], this Bay Monitoring System (BMS) has the capability to 

capture the whole motor current curve during the disconnector’s open or close 

operation and it is usually implemented in HV switchgears. The monitored motor 

current measurement is compared to the values of motor current that are obtained from 
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the diagnostic testing. Similarly to the previous product, through this curve the 

duration time of a disconnector’s operation can be obtained. 

As it can be observed in Fig. 4 the dimensions of this controller are significantly 

different compared to the two previous products, but it can control up to three 

disconnectors as well. Its price is slightly higher compared to the respective price of 

the aforementioned two devices and it provides a better graphical interface using 

LabVIEW program.  

 

Figure 4: Bay Monitoring System controller for switchgears’ on-line monitoring[41] 

 

In terms of the monitoring system’s communication interface, the BMS software is 

compatible to the standard IEC 61850-8-1 and the characteristics of this standard are 

described in detail at [42]. 

 

 Siemens Assetguard MVC 

As it is mentioned in [43], this product has also the capability to capture the whole 

motor current curve by using optional sensors for its extended configuration. Similarly 

to the products of the previous three sections, through this curve the duration time of a 

disconnector’s operation can be obtained as well. This device that is designed mainly 

for MV voltage level acts as a central component collecting and analysing the 

measurements from the installed sensors, and it can be integrated into the existing 

SCADA system. 

 

Figure 5: Assetguard MVC unit for MV switchgears’ on-line monitoring[43] 
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This device has lots of differences compared to the previous three ones regarding to 

the price, dimensions and the maximum number of disconnectors that it can control. In 

terms of its price that is mentioned in Table 1, it can be reduced since there is the 

option that a master unit can control up to 60 disconnectors through the usage of slave 

units which have a significantly lower price. The accuracy of this product’s 

monitoring capability is higher compared to the previous ones and this is the main 

reason of its higher price. In terms of the communication interface, the standard IEC 

60870-5-104 is used similarly to the installed ABB REC603 and it constitutes one of 

this device’s advantages.  

 

2.5 Statistical tools for analysis of motor current measurements 

The statistical tools that would be used in the next chapter for the analysis of motor 

current measurements, will be presented in this section. The first method would be the 

one-way Anova (analysis of variance) that constitutes a parametric statistical 

technique. The second method would be the Wilcoxon rank-sum test that is a non-

parametric statistical technique. It is worth mentioning that the main difference 

between a parametric and a non-parametric test refers to the distribution of the 

samples of each group of the measurement variable. More precisely, a parametric test 

has as an assumption that the samples of each group are normally distributed whereas 

a non-parametric test just has as a restriction for the samples to belong to a continuous 

distribution [44], [45]. In both methods for each section of the next chapter is defined 

a different nominal variable based on the respective factor that is studied in each case 

and the measurement variable is the obtained max motor current measurements 

between 2014 and 2017.  

 

 One-way Anova 

As it was described in the previous paragraph, the one-way Anova is a parametric 

statistical technique and it tests if the means of the measurement variable are the same 

for the different studied groups of each case[44]. It constitutes the most commonly 

used parametric method for the comparison of observations of a measurement variable 

for different values of the nominal variable. 

The main assumption of this statistical method is that the samples of each group are 

normally distributed. However, as it is mentioned in [44] the one-way Anova is not 

extremely sensitive to this assumption. This sensitivity would be also investigated in 

the next chapter, since the results of this method will be compared to the results of a 

non-parametric one. There are a lot of methods to check whether the samples of each 

studied group are normally distributed. In this thesis, the normal probability plot[46]  

will be used to check the normality assumption visually and the chi-square goodness-

of-fit test[47] to check it arithmetically. Another assumption of one-way Anova is that 
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the samples of each group are homoscedastic[44]. More precisely, it means that the 

standard deviations of the studied groups are approximately equal. As it is mentioned 

in [44], this method is more sensitive to this assumption in the cases that the studied 

groups have unbalanced design with unequal size of groups’ samples. Additionally, 

the accuracy of one-way Anova is decreased in cases that the unbalanced design is 

combined with significantly higher value of standard deviation for the group with the 

smaller size of samples. 

In terms of the null hypothesis, this method tests the hypothesis that the samples of the 

measurement variable in both studied groups comes from populations with the same 

mean. In contrast, the alternative hypothesis is that the studied groups have samples 

with different mean. 

In this statistical test, the main comparison of the groups’ populations is made based 

on the variance between these groups as well as the variance within each group. The 

formulation of this test is analytically presented in [48] and in this thesis the respective 

MATLAB function[49] will be used in the next chapter for the calculation of the 

results. This formulation of one-way Anova test will be described in detail in the next 

paragraphs of this section. 

Firstly, the following notions have to be defined: 

𝑛𝑗 is the population size of group j, 

𝑁 = ∑ 𝑛𝑗𝑗  is the total number of measurements of all groups, 

𝑦𝑖𝑗 is the i-th sample of group j,  

�̅�𝑗 is the sample mean of group j and 

�̅� is the sample mean for all the measurements of all groups. 

  

In the calculations for the next chapter, j would be equal to 𝑗 = 1, 2 and consequently 

the number of studied groups would be 𝑘 = 2 for each nominal variable. Secondly, it 

would be presented the formulas for calculation of the sum of squares based on the 

variance between groups (SSR) and the sum of squares based on the variance within 

each group (SSE). These formulas can be calculated based on the previously defined 

notions as follows: 

𝑆𝑆𝑅 =  ∑ 𝑛𝑗 ∙ (�̅�𝑗 − �̅�)2
𝑗                                               (1) 

     𝑆𝑆𝐸 =  ∑ ∑ (𝑦𝑖𝑗 − �̅�𝑗)2
𝑗𝑖                                               (2) 
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Thus, the total sum of squares (SST) would be the sum of the two aforementioned 

formulas: 

𝑆𝑆𝑇 = 𝑆𝑆𝑅 + 𝑆𝑆𝐸 = ∑ 𝑛𝑗 ∙ (�̅�𝑗 − �̅�)2
𝑗 +  ∑ ∑ (𝑦𝑖𝑗 − �̅�𝑗)2

𝑗𝑖                     (3) 

 

Since one-way Anova studies the variation between groups to the variation within 

groups, then the F-statistic would be calculated through the following formula: 

𝑀𝑆𝑅 = 𝑆𝑆𝑅
(𝑘 − 1)⁄           ,          𝑀𝑆𝐸 = 𝑆𝑆𝐸

(𝑁 − 𝑘)⁄                         (4) 

     𝐹 = 𝑀𝑆𝑅
𝑀𝑆𝐸⁄                                                        (5) 

 

In the above equations, 𝑀𝑆𝑅 is the mean squares between groups and 𝑀𝑆𝐸 is the 

mean squares within groups. The calculated p-value for the F-statistic has to be lower 

than the significance level that would be 0.01 for the calculations of this thesis. For the 

calculation of this probability, the calculated F is compared to the value of F-

distribution that corresponds to the groups’ degree of freedom (k-1, N-k). The higher is 

the value of calculated F the higher is the probability of group’s means to be 

significantly different. Consequently, there is higher probability to be rejected the null 

hypothesis. 

After the one-way Anova test, its results are presented through a table and a boxplot. 

As it can be seen more analytically in the next chapter, the table includes the values of 

𝑆𝑆𝑅, 𝑆𝑆𝐸, 𝑀𝑆𝑅, 𝑀𝑆𝐸, 𝐹 and  𝑝. In terms of the box plot[50], each studied group is 

represented through a box that includes the values that are more often taken from the 

measurement variable. Each box’s top and bottom line represent the 25
th
 and the 75

th
 

percentiles of each group’s measurements, whereas the line in the middle of each box 

corresponds to the sample median. Finally, the whiskers are lines that extend form the 

top line of the box to the highest extreme measurement and from the bottom line of the 

box to the lowest extreme measurement. 

 

 Wilcoxon rank-sum test 

As it was described in the introduction paragraph of this section, the Wilcoxon rank-

sum test is a non-parametric statistical technique and it tests if the medians of the 

measurement variable are the same for the different studied groups of each case[48]. 

Hence, the measurements of all groups are ranked based on their magnitude and the 

rank-sum of the groups are compared. It constitutes a popular non-parametric test that 

is used for the comparison of observations of a measurement variable for different 



 
    

   

 

 Page 25 (63)  

 

values of the nominal variable. This statistical test is superior to one-way Anova test 

for non-normal populations and the nominal variable can have only two values. 

Contrary to one-way Anova, this method does not include the assumption that the 

samples of each group have to be normally distributed [45]. The same methods that 

were mentioned in the description of one-way Anova will be used for checking 

whether the samples of each studied group are normally distributed. One assumption 

of this method is that the measurements of each group belong to continuous 

distribution. Another assumption of Wilcoxon rank-sum test is that the samples of the 

one studied group are independent of the measurement of the other studied group. It is 

worth mentioning that the size of the studied groups does not have to be the same, 

consequently this method is not sensitive to the unbalanced design of the groups like 

one-way Anova test. As it is mentioned in [44], this method is equivalent to Mann-

Whitney U-test.  

In terms of the null hypothesis, this method tests the hypothesis that the samples of the 

measurement variable in both studied groups comes from distributions with the same 

median[45]. In contrast, the alternative hypothesis is that the studied groups have 

samples with different median. 

In this statistical test, the main comparison of the groups’ populations is made based 

on the sum-rank of magnitudes of the groups’ measurements. After the ranking of 

magnitudes, in cases that a number of samples have the same magnitude then their 

ranking is calculated as the sum of their initial rankings divided by the total number of 

these samples. The formulation of this test is analytically presented in [45] and in this 

thesis the respective MATLAB function[51] will be used in the next chapter for the 

calculation of the results. This formulation will be described in detail in the next 

paragraphs of this section. 

Firstly, the following notions have to be defined: 

𝑛1 , 𝑛2  is the population size of group 1 and 2, respectively, 

𝑁 = 𝑛1 + 𝑛2  is the total number of measurements of all groups, 

𝑊1 , 𝑊2  is the rank-sum for group 1 and 2 respectively,  

𝑈1 , 𝑈2  is the Wilcoxon rank-sum statistic for group 1 and 2, respectively.  

  

In the calculations for the next chapter 𝑛1 would correspond to the group with the 

lower size in case that the groups’ sizes are different. Secondly, it would be presented 

the formulas for calculation of the rank-sum 𝑊1 and 𝑊2 as well as for the Wilcoxon 

rank-sum statistic 𝑈1 and 𝑈2 for group 1 and 2, respectively. These formulas can be 

calculated based on the previously defined notions as follows: 
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𝑊1 + 𝑊2 =  
𝑁 ∙ (𝑁 + 1)

2
⁄                                              (6) 

𝑊2 =  
𝑁 ∙ (𝑁 + 1)

2⁄ − 𝑊1                                             (7)                

𝑈1 = 𝑊1 − 
𝑛1 ∙ (𝑛1 + 1)

2
⁄                                              (8)                

𝑈2 = 𝑊2 −  
𝑛2 ∙ (𝑛2 + 1)

2
⁄                                              (9)                

 

The calculated p-value for the U-statistic has to be lower than the significance level 

that would be 0.01 for the calculations of this thesis. For the calculation of this 

probability, the calculated U that refers to the minimum value between 𝑈1 and 𝑈2, is 

compared to the critical value of U-distribution that corresponds to the groups’ sizes 

(𝑛1 , 𝑛2). The lower is the value of calculated U the higher is the probability of 

group’s medians to be significantly different. Consequently, the null hypothesis has 

higher probability to be rejected. 

In cases that the size of both group 𝑛1 and 𝑛2 is higher than 8 which is the case of the 

studied groups’ calculations in the next chapter, then the sampling distribution of 

𝑈1 (or 𝑈2) approaches the normal distribution[45]. Hence, the p-value of the test will 

be computed by mean and the variance of the population, through the following 

formulas of Z-statistic: 

𝜇𝑈1 =  
𝑛1 ∙ 𝑛2

2⁄                                                      (10) 

𝑉𝑎𝑟𝑈1 = 𝜎𝑈1
2 =

𝑛1 ∙ 𝑛2 ∙ (𝑁 + 1)
12⁄                                     (11)                

𝑍 =  
(𝑈1 − 𝜇𝑈1)

√𝑉𝑎𝑟𝑈1
⁄                                              (12) 

 

The calculated p-value for the Z-statistic has to be lower than the significance level 

that would be 0.01 for the calculations of this thesis. For the calculation of this 

probability, the calculated Z is compared to the critical value of Z-distribution in order 
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to reject or not the null hypothesis. Contrary to the U-statistic, in this case the higher is 

the positive value of calculated Z then the higher is the probability of group’s medians 

to be significantly different. Consequently, there is higher probability to be rejected 

the null hypothesis. 
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3 Analysis of motor current measurements 

In this chapter, the obtained max motor current measurements for the MV remotely 

controlled distributed disconnectors will be studied. The impact of different factors on 

the behaviour of these measurements will be investigated in order to conclude if a 

change of current’s behaviour could be an indicator for a potential malfunction or 

failure of a disconnector. For the analysis of these factors the parametric and non-

parametric statistical tool that were presented in the last section of the previous 

chapter, will be used. The results of calculations will be presented for each factor in 

the respective subsection section 3.2 and the results of those two methods will be 

compared in the last section of this chapter.   

 

3.1 Available data description 

In the next sections, a combination of obtained data and measurements are used in 

order to study the behaviour of motor current in case of different studied factors. 

Firstly, the max motor current measurements were obtained through the ABB REC603 

device that is installed in 50 out of a total of 2300 MV remotely controlled 

disconnectors. More precisely, the max motor current measurements refer to hourly 

measurements between May of 2014 and April of 2017 for the aforementioned 

disconnectors. In this analysis just 39 out of these 50 disconnector’s will be used, 

since 3 were in the HV level and for 8 of them the max motor current measurements 

were not saved and it was recorded the indication “tag not found”. Thus, 1001520 

values were totally recorded and the 102720 (10.3%) of them corresponds to 

disconnectors that had a work order (Arbetsorder, AO) during the study period 

whereas the 898800 (89.7%) of them to disconnectors without an AO. In terms of the 

distribution of the aforementioned motor current measurements, the 443663 (44.3%) 

are within the interval [0-10)A, the 427058 (42.6%) in the interval [10-12]A and the 

130799 (13.1%) corresponds to invalid measurements/communication failures. 

Secondly, the events of the same disconnectors were provided from April of 2015 to 

April of 2017 since they are saved just for the last two years of operation. Finally, the 

details of the implemented work orders for the same disconnectors were provided for 

the time period between 2007 and 2016. 

 

3.2 Investigated factors 

In this section, the impact of different factors on the behaviour of max motor current is 

investigated. For the calculations of the statistical tests, the respective studied factor of 

each subsection constitutes the nominal variable and the max motor current 

measurements refer to the measurement variable, respectively. In each subsection, the 

disconnectors are divided into groups according to the respective studied factor and 
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the measurements of these groups are compared. It is worth mentioning that in case of 

a communication failure of a disconnector there was a binary indication from the ABB 

REC603 device for invalid measurement and in these cases the value of the max motor 

current was set as -5 in order to be different from the measured current values.   

 

3.2.1 Failure occurrence 

In this subsection, the studied disconnectors are divided into two groups based on the 

criterion of the implementation of a work order on them between 2014 and 2017 or 

not. Hence, the one group consists of the max motor current measurements of these 

disconnectors that had a AO during the aforementioned period and the other group to 

those ones that they did not have an AO the same period. It is worth mentioning that 

work orders were implemented just in 4 disconnectors during this time period. Thus, 

the disconnectors with an AO are referred as disconnectors with a failure during this 

period and the rest are referred as disconnectors without failure. 

In Fig. 6, it is shown the variation of max motor current measurements for 

disconnectors with AO (red) and without failure (blue) during the time period from 

2014 to 2017. The horizontal axis of these histograms is divided into intervals of 2A 

for measurements from 0 to 12A and as it was mentioned in the introduction 

paragraph of this section the bar of -5 corresponds to invalid measurements/ 

communication failures of the disconnectors. It can be observed that in case of no 

failure, the measurements that are in the interval [10-12]A constitute the 45% of the 

total number of measurements for these disconnectors. In contrast, in case of 

disconnectors with AO this percentage is just 22% and consequently measurements 

that are lower than 8A have higher occurrence rate. Additionally, the percentage of 

invalid measurements is approximately 10% higher for population of disconnectors 

with AO compared to the respective percentage of those ones with no failure. 

In terms of the distribution of the motor current measurements for disconnectors 

without failure, the 386140 (43%) are within the interval [0-10)A, the 404460 (45%) 

in the interval [10-12]A and the 108200 (12%) corresponds to invalid measurements/ 

communication failures. In case of disconnectors with an AO, the 57523 (56%) are 

within the interval [0-10)A, the 22598 (22%) in the interval [10-12]A and the 22599 

(22%) corresponds to invalid measurements/communication failures. 

In terms of the total amount of measurements (for all the disconnectors, 427058 

values) that are within the interval [10-12]A, it is calculated that the 95% of them 

belongs to the disconnectors without failure while 5% belongs to those ones with AO.  

 

 



 
    

   

 

 Page 31 (63)  

 

 

Figure 6: Variation of max current values of disconnectors with AO and with no fail 

 

In Fig. 7 are plotted the max motor current measurements per hour, for the time period 

between 2014 and 2017 for disconnector’s with AO (red) and without failure (blue). 

Through Fig. 6 and Fig. 7, it can be observed that the group of disconnectors without 

failure has usually max current measurements higher than 8A and a high percentage of 

them is in the interval [10-12]A. Hence, it can be an indicator of disconnector’s 

normal condition that its max motor current measurements are higher than 8A and 

especially in the interval [10-12]A. More precisely, under the aforementioned values 

of max motor current it seems that a disconnector is more probable to have the 

capability to operate properly. 

 

  

Figure 7: Max current values of disconnectors with AO and with no fail (2014-2017) 

With AO (red) / No Fail (blue) 

With AO (red) / No Fail (blue) 
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As it is shown in Fig. 6, the populations of these two groups do not totally follow the 

normal distribution. On the other hand, the values of their standard deviations do not 

differ significantly. As it was described in the previous chapter, the one-way Anova is 

more sensitive to the homoscedastic assumption compared to the assumption of 

normality for the studied populations. Hence, both of the described statistical tools 

will be implemented and their results will be compared more analytically in the last 

section of this chapter. 

Through the one-way Anova test, Table 2 was created and it refers to the same 

populations as the two above figures. In this table, SS is the sum squares due to each 

source (SSR, SSE and SST) and df is the corresponding degree of freedom of each 

source (k-1, N-k and N-1). Additionally, MS is the mean squares due to each source 

(MSR and MSE) and F is the calculated F-statistic which corresponds to the ratio of 

mean squares. Finally p-value is the probability that the F-statistic can take a value 

higher that the calculated test-statistic value. 

In Table 2 , it can be seen that the variation between groups is much higher than the 

variation within each group. Consequently, the calculated F is also significantly high 

and it shows that the null hypothesis is rejected as well as that there is a significant 

difference between the groups’ means.  

Table 2: One-way Anova results for disconnectors with AO and with no fail 

Disconnectors with AO and with no failure (2014-2017) 

Source SS df MS F p (Prob>F) 

Between groups 820281.1 1 820281.1 26739.8 <0.01 

Within group 28682493.6 935002 30.7   

Total 29502774.7 935003    

 

In Fig. 8, it is shown the difference between the medians (red line) of the two studied 

populations and it can be observed that the median of the samples of disconnectors 

without a failure is significantly higher compared to the respective median of 

disconnectors with AO. This difference can also be seen in the results of Wilcoxon 

rank-sum test, since the respective null hypothesis of this method was also rejected 

and the value of Z-statistic was notably high and equal to 173.8. 

Subsequently, the measurements of these two groups are divided into three 

subcategories based on the year of observation. Thus, the max motor current 

measurements of disconnectors with AO and without failure are compared for each 

one of the three years of the total studied period (2014/2015, 2015/2016 and 

2016/2017). In Table 3, it can be seen that based on the p-value the null hypothesis is   
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Figure 8: Boxplot of disconnectors with AO and with no fail 

 

rejected in all the study cases and the respective means of the compared groups in 

each case are significantly different. From the same table, it can be concluded 

according to the calculated values of F-statistic that during 2015/2016 there is the 

highest probability of significant difference between the means of populations with 

and without failure. In contrast, during 2014/2015 there is the lowest probability of 

difference between the means of these two groups. Through the boxplots of Fig. 9, it is 

also extracted the same conclusion. 

Table 3: One-way Anova yearly results for disconnectors with AO and with no fail 

Disconnectors with AO and with no fail (2014/2015) 

Source SS df MS F p (Prob>F) 

Between groups 37823.4 1 37823.4 1138.7 <0.01 

Within group 10520537.2 316718 33.2   

Total 10558360.6 316719    

Disconnectors with AO and with no fail (2015/2016) 

Source SS df MS F p (Prob>F) 

Between groups 598923.3 1 598923.3 19717.4 <0.01 

Within group 9420063.4 310122 30.4   

Total 10018986.7 310123    

Disconnectors with AO and with no fail (2016/2017) 

Source SS df MS F p (Prob>F) 

Between groups 360766.9 1 360766.9 12985.4 <0.01 

Within group 8561412.0 308158 27.8   

Total 8922178.9 308159    
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In Fig. 9, it can be observed that the medians for the population of disconnectors 

without failure have close values, whereas for the group of disconnectors with AO the 

medians are significantly lower in 2015/2016 and 2016/2017. Additionally, it can be 

verified that during 2015/2016 there is the most notable difference between the 

populations of these two studied groups. From the results, it seems that during this  

  

Figure 9: Yearly boxplots of disconnectors with AO and with no fail 

 

period the number of invalid measurements/ communication failures is also higher 

compared to the other studied periods. 

In terms of the Wilcoxon rank-sum test, its results are presented in Table 4 and it can 

be seen that for all the studied cases the null hypothesis of the test is rejected. 

Moreover, it can be concluded according to the calculated values of Z-statistic that 

during 2015/2016 there is the highest probability of significant difference between the 

medians of populations with AO and without failure. 

Table 4: Wilcoxon rank-sum yearly results for disconnectors with AO and with no fail 

Disconnectors with AO and with no fail (2014-2017) 

Studied year Z p (Prob>Z) 

2014/2015 57.9 <0.01 

2015/2016 143.9 <0.01 

2016/2017 104.4 <0.01 

 

Hence, it can be seen that in both methods the probabilities for rejection of the 

respective null hypothesis are in the same order based on the calculated value of F-

statistic and Z-statistic, respectively. More precisely, the calculated statistic of each 

test has its highest value in 2015/2016 while its lowest value is shown in 2014/2015. 

The values of F-statistic are significantly higher than the values of Z-statistic, since 

one-way Anova tests the difference of current magnitudes from a mean value whereas 

Wilcoxon rank-sum tests the ranks of the magnitudes. 
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Despite the fact that the populations of the compared groups are not normally 

distributed, the similarity in results’ order can be explained based on the values of 

those groups’ standard deviations that are not significantly different. As it was 

described in the section 2.5, the one-way Anova test is more sensitive to the 

assumption that the compared groups are homoscedastic than the assumption of 

normality.  

It is worth mentioning that the most of the work orders were implemented in 2015 and 

2016, consequently this fact can be connected to the significant difference that it is 

shown between the studied groups during 2015/2016. 

 

3.2.2 “Mellanläge” position 

In this subsection are studied the disconnectors which had “Mellanläge” operations the 

time period between April of 2015 and May of 2017, since the event list is just saved 

for the last two years. In case that a disconnector’s event is saved in the system as 

“Mellanläge”, it is shown that the disconnector did not manage to operate properly 

during an open or close position command. Hence, it is considered as a fault state for a 

disconnector and in this subsection are studied the max motor current measurements 

of those disconnectors that had “Mellanläge” events. During the studied period, 59 

“Mellanläge” events were totally recorded for the studied disconnectors. 

In Fig. 10 are plotted the max motor current measurements of the aforementioned 59 

events, for the time period between 2014 and 2017. With red are the measurements 

that were recorded during the hour of “Mellanläge” operation for the respective 

disconnector. It can be observed that for the first one third of the horizontal axis there  

 

Figure 10: Max motor current values during hour of “Mellanläge” operation  
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are no recorded measurements, since for this time period the disconnectors’ events 

were not saved in the system. 

It is calculated that the 73% of these 59 measurements was lower than 8A (green line), 

the hour that the “Mellanläge” operation was recorded. In contrast, for the 10 

disconnectors that are studied in this subsection this percentage is just 46% if all their 

measurements for the whole study period are taken into account. This difference can 

also be seen in the boxplot of Fig.11 in which are presented the boxplot of all the 

measurements for these disconnectors as well as the boxplot of the max motor current 

values during the hour of operation. From this figure, it can be concluded that the 

median of the right boxplot is significantly lower compared to this one on the left. 

Thus, it can be concluded that if a “Mellanläge” event is combined with a max motor 

current measurement lower than 8A, then it likely indicates a problem of the studied 

 

Figure 11: Boxplots of disconnectors with “Mellanläge” event 

 

disconnector or a potential failure in the future. Consequently, it seems that in case of 

malfunction “Mellanläge”, the value of max motor current is lower than 8A with 

higher probability. 

 

3.2.3 Number of operations 

In this subsection, the studied disconnectors are divided into two groups based on the 

criterion of the number of operations that was recorded for each one of them. Hence, 

the one group consists of the max motor current measurements of these disconnectors 

that had less than 40 operations and the other group to those ones that had more than 
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40, respectively. Through the next figures and tables, it will be investigated if the 

number of operations of a disconnector can be connected to specific behaviour of its 

motor current measurements. 

In Fig. 12, it is shown the variation of max motor current measurements for 

disconnectors that had less (red) and more (blue) than 40 operations. The horizontal 

axis of these histograms is divided into intervals of 2A for measurements from 0 to 

12A and as it was mentioned in the introduction paragraph of this section the bar of -5 

corresponds to invalid measurements/ communication failures of the disconnectors. It 

can be observed that in case of disconnectors with more than 40 operations, the 

measurements that are in the intervals [8-10]A and [10-12]A show higher occurrence 

rate. Additionally, the percentage of communication failures is approximately 10% 

higher for the population of disconnectors with less than 40 operations compared to 

the respective percentage of those ones of the other group. 

 

 

Figure 12: Variation of max current according to disconnectors’ number of operations 

 

In Fig. 13 are plotted the max motor current measurements per hour, for the time 

period between 2014 and 2017 for disconnectors with less (red) and more (blue) than 

40 operations. Through Fig. 12 and Fig. 13, it can be observed that the group of 

disconnectors with more than 40 operations has more often current measurements 

higher than 8A. Hence, it seems that the value of a disconnector’s max motor current 

can be affected by its number of operations, since the disconnectors with lower 

number of operations have lower current values. According to [31], it is explicable 

that in cases of rare operation then a switchgear may have higher probability of drive 

problems. Thus, this may be an explanation of lower measurements for disconnectors 

with lower number of operations. 

<40 operations (red) / >40 operations (blue) 
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Figure 13: Max current according to disconnectors’ number of operations (2014-2017) 

 

As it is shown in Fig. 12, the populations of these two groups do not follow the normal 

distribution. On the other hand, the values of their standard deviations do not differ 

significantly. As it was described in the previous chapter, the one-way Anova is more 

sensitive to the homoscedastic assumption compared to the assumption of normality 

for the studied populations. Hence, both of the described statistical tools will be 

implemented and their results will be compared more analytically in the last section of 

this chapter. 

Through the one-way Anova test, Table 5 was created and it refers to the same 

populations as the two above figures. In this table, it can be seen that the variation 

between groups is much higher than the variation within each group. Consequently, 

the calculated F is also significantly high and it shows that the null hypothesis is 

rejected as well as that there is a significant difference between the groups’ means.  

Table 5: One-way Anova results according to disconnectors’ number of operations 

Disconnectors with less and more than 40 operations (2014-2017) 

Source SS df MS F p (Prob>F) 

Between groups 543187.7 1 543187.7 17716.3 <0.01 

Within group 28301949.4 923082 30.7   

Total 28845137.1 923083    

 

In Fig. 14, it is shown the difference between the medians (red line) of the two studied 

populations and it can be observed that the median of the samples of disconnectors 

with more than 40 operations is higher compared to the respective median of 

disconnectors of the other group. This difference can also be seen in the results of 

<40 operations (red) / >40 operations (blue) 
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Figure 14: Boxplot of disconnectors according to their number of operations 

 

Wilcoxon rank-sum test, since the respective null hypothesis of this method was also 

rejected and the value of Z-statistic was notably high and equal to 121.4.   

 

3.2.4 Location & period of the year 

In this subsection, two cases will be studied. In the first case is investigated if the 

location that a disconnector is installed has an effect on its motor current 

measurements. In terms of the second one, it is studied the difference in the current 

measurements between the warmest (July) and the coldest (January) month in Sweden. 

 

 Location 

In this case, the studied disconnectors are divided into three groups based on the 

criterion of the location that each one of them is installed in Sweden. Thus, each group 

of max motor current measurements corresponds to one of the three zones which are 

presented in Fig. 15 and the populations are going to be compared into pairs.  

In Fig. 16, it is shown the variation of max motor current measurements for 

disconnectors that are located in Zone 1 (green), Zone 2 (red) and Zone 3 (blue) 

during the time period from 2014 to 2017. The horizontal axis of these histograms is 

divided into intervals of 2A for measurements from 0 to 12A and as it was mentioned 

in the introduction paragraph of this section the bar of -5 corresponds to invalid 

measurements/ communication failures of the disconnectors. It can be observed that in 
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Figure 15: The disconnectors’ location of installation divided into three zones  

 

case of Zone 3, the percentage of measurements that are in the interval [10-12]A is 

significantly lower compared to the other two zones. Additionally, the percentage of 

communication failures is approximately the same for all the zones and this fact shows 

that it is not affected notably by the disconnectors’ location. 

 

 

 

Figure 16: Variation of disconnectors’ max motor current values for Zone 1, 2 and 3 

Zone 1 (green)  Zone 2 (red)  

Zone 3 (blue) 
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Through Fig. 16, it can be seen that the groups of disconnectors which are installed in 

Zone 1 and 2 have usually higher percentage of current measurements in the interval 

[10-12]A. Hence, it can be an indicator that disconnectors which are installed more 

northerly in Zone 3, have slightly lower max motor current measurements. In contrast, 

disconnectors installed in Zone 1 and 2 may is more probable to have the capability to 

operate properly. 

As it is shown in Fig. 16, the populations of these three groups do not follow the 

normal distribution. On the other hand, the values of their standard deviations do not 

differ significantly. As it was described in the previous chapter, the one-way Anova is 

more sensitive to the homoscedastic assumption compared to the assumption of 

normality for the studied populations. Hence, both of the described statistical tools 

will be implemented and their results will be compared more analytically in the last 

section of this chapter. 

Through the one-way Anova test, Table 6 was created and it refers to the same 

populations as the above figure which are studied in pairs. In Table 6 , it can be seen 

that the variation between groups is much higher than the variation within each group. 

Consequently, it can be concluded that based on the p-value the null hypothesis is 

rejected in all the studied cases and the respective means of the compared groups in 

each case are significantly different. 

Table 6: One-way Anova results in pairs for disconnectors in Zone 1, 2 and 3 

Disconnectors of Zone 1 and 2 (2014-2017) 

Source SS df MS F p (Prob>F) 

Between groups 6569.1 1 6569.1 208.9 <0.01 

Within group 16149194.4 513598 31.4   

Total 16155763.5 513599    

Disconnectors of Zone 1 and 3 (2014-2017) 

Source SS df MS F p (Prob>F) 

Between groups 227533.6 1 227533.6 7394.6 <0.01 

Within group 14223188.1 462238 30.8   

Total 14450721.7 462239    

Disconnectors of Zone 2 and 3 (2014-2017) 

Source SS df MS F p (Prob>F) 

Between groups 195397.4 1 195397.4 6442.9 <0.01 

Within group 17133703.8 564958 30.3   

Total 17329101.2 564959    

 

From the same table, it can be concluded according to the calculated values of F-

statistic that the cases of  Zones1/3 and Zones 2/3 show the highest probability of 

significant difference between the means of the studied populations. In contrast, the  
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Figure 17: Boxplot for disconnectors of Zone 1, 2 and 3 

 

comparison of Zones1/2 shows notably lower probability of difference between the 

means of the groups of these two zones. Through the boxplots of Fig. 17, it is also 

extracted the same conclusion. 

In Fig. 17, it is shown the difference between the medians (red line) of the three 

studied populations and it can be observed that the medians of the samples of 

disconnectors in Zone 1 and 2 are higher compared to the respective median of 

disconnectors in Zone 3. It can be seen that the shape of the boxplots does not differ 

significantly and it can be explained since all the zones are located in the north part of 

Sweden. 

In terms of the Wilcoxon rank-sum test, its results are presented in Table 7 and it can 

be seen that for all the studied cases the null hypothesis of the test is rejected. 

Moreover, it can be concluded according to the calculated values of Z-statistic that the 

cases of  Zones 1/3 and Zones 2/3 show the highest probability of significant 

difference between the medians of compared populations. 

Table 7: Wilcoxon rank-sum results in pairs for disconnectors in Zone 1, 2 and 3 

Disconnectors of Zone 1, 2 and 3 in pairs (2014-2017) 

Studied zones Z p (Prob>Z) 

Zones 1/2 21.9 <0.01 

Zones 1/3 124.5 <0.01 

Zones 2/3 115.1 <0.01 
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Hence, it can be seen that in both methods the probabilities for rejection of the 

respective null hypothesis are in the same order based on the calculated value of F-

statistic and Z-statistic, respectively. More precisely, the calculated statistic of each 

test has its highest value in cases of  Zones 1/3 while its lowest value is shown in case 

of  Zones 1/2. The values of F-statistic are again significantly higher than the values of 

Z-statistic, since one-way Anova tests the difference of current magnitudes from a 

mean value whereas Wilcoxon rank-sum tests the ranks of the magnitudes. 

Despite the fact that the populations of the compared groups are not normally 

distributed, the similarity in results’ order can be explained based on the values of 

those groups’ standard deviations that are not significantly different. As it was 

described in the section 2.5, the one-way Anova test is more sensitive to the 

assumption that the compared groups are homoscedastic than the assumption of 

normality.  

It is worth mentioning that the most of the work orders were implemented in the 

disconnectors of Zone 3, consequently this fact can be connected to the significant 

lower values of max motor current in this zone.  

 

 Period of the year 

In this case, the measurements of studied disconnectors are divided into two groups 

based on the criterion if a measurement was recorded in January or in July for the time 

period between 2014 and 2017. These two months were selected since they 

correspond to the month of the lowest and the highest temperatures in Sweden, 

respectively. Thus, the first group consists of the max motor current measurements of 

all disconnectors in January and the second one includes the measurements of the 

same disconnectors in July. Through the next figures and tables, it will be investigated 

if the period of the year that the disconnectors’ measurements are recorded can be 

connected to specific behaviour of their motor current. 

In Fig. 18, it is shown the variation of max motor current measurements that were 

recorded in January (red) and in July (blue). The horizontal axis of these histograms is 

divided into intervals of 2A for measurements from 0 to 12A and as it was mentioned 

in the introduction paragraph of this section the bar of -5 corresponds to invalid 

measurements/ communication failures of the disconnectors. It can be observed that in 

case of measurements in July, the percentage of values in the interval [10-12]A show 

slightly higher occurrence rate. Additionally, the percentage of communication 

failures is approximately the same for both studied populations.  

Since the max motor current measurements in July are slightly higher compared to the 

measurements of January, it seems that there is not so significant effect of the external 

conditions on current values. This observation may be explicable by the fact that the 

studied disconnectors are installed in the north part of Sweden and the temperatures 



 
    

   

 

 Page 44 (63)  

 

even during the summer is not so high compared to other countries that are located 

southerly in Europe.  

 

 

Figure 18: Variation of disconnectors’ measurements in January and July 

 

As it is shown in Fig. 18, the populations of these two groups do not follow the normal 

distribution. On the other hand, the values of their standard deviations do not differ 

significantly. As it was described in the previous chapter, the one-way Anova is more 

sensitive to the homoscedastic assumption compared to the assumption of normality 

for the studied populations. Hence, both of the described statistical tools will be 

implemented and their results will be compared more analytically in the last section of 

this chapter. 

Through the one-way Anova test, Table 8 was created and it refers to the same 

populations as the above figure. In this table, it can be seen that the variation between 

groups is higher than the variation within each group. Consequently, the calculated F 

is also high but significantly lower than the most of the studied cases in the previous 

subsections. Thus, the null hypothesis is rejected but there is not a so significant 

difference between the groups’ means compared to other previously studied cases. 

Table 8: One-way Anova results for max motor current values in January and July 

Disconnectors’ measurments in January and July (2014-2017) 

Source SS df MS F p (Prob>F) 

Between groups 31528.1 1 31528.1 1042.5 <0.01 

Within group 4724885.7 156238 30.2   

Total 4756413.7 156239    

 

January (red) / July (blue) 
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In Fig. 19, it is shown the difference between the medians (red line) of the two studied 

populations and it can be observed that the median of the samples recorded in July is 

slightly higher compared to the respective median of measurements of the other group.  

 

Figure 19: Boxplot of disconnectors’ max motor current values in January and July 

 

This difference can also be seen in the results of Wilcoxon rank-sum test, since the 

respective null hypothesis of this method was also rejected and the value of Z-statistic 

was lower than other studied cases and equal to 43.7.   

 

3.2.5 Installation year 

In this subsection, the studied disconnectors are divided into three groups based on 

their year of installation in the system. Hence, the first group consists of the max 

motor current measurements of these disconnectors that were installed less than 20 

years ago, the second group of those ones between 21 and 40 years ago and the third 

one of those that were installed between 41 and 60 years ago. The samples of these 

groups will be compared into pairs. In this case, the results may not be so accurate and 

representative since the year of installation was recorded in the system just for 11 of 

the studied disconnectors. It can also be seen from the results of the two statistical 

methods since the order of calculated values F-statistic and Z-statistic differ.  

Similarly to the studied cases in the previous subsections,  in this case the populations 

of these three groups do not follow the normal distribution. Contrary to the other 

cases, the values of standard deviations of these three groups differ significantly. As it 

was described in the section 2.5, the one-way Anova is more sensitive to the 

homoscedastic assumption compared to the assumption of normality for the studied 

populations. Consequently, it can be seen in Table 9 that in this case the probabilities 
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of the two methods for rejection of the respective null hypothesis are not in the same 

order based on the calculated value of F-statistic and Z-statistic, respectively.  

Table 9: One-way Anova and Wilcoxon rank-sum results based on installation year 

Disconnectors of ages 0-20, 21-40 and 41-60 in pairs (2014-2017) 

Studied ages F Rank of F Z Rank of Z 

0-20 and 21-40 4358.2 1 3.0 1 

0-20 and 41-60 12307.2 3 107.7 2 

21-40 and 41-60 4941.6 2 126.9 3 

 

For both methods, the null hypothesis was rejected in all the studied cases that are 

presented in Table 9. Additionally, it can be observed in the same table that the 

calculated F-statistic shows its highest probability of significant difference between 

the means for populations of 0-20 and 41-60 years old disconnectors. On the other 

hand, the calculated Z-statistic shows its highest probability of significant difference 

between the medians for populations of 21-40 and 41-60 years old. This dissimilarity 

in results’ order can be explained based on the significance difference of values of 

standard deviation for those groups, as it was explained in the previous paragraph.  

Moreover, the results of Wilcoxon rank-sum test seem more logical since all the 

disconnectors of the group 41-60 had the most of the work orders for repair and 

replacement (before being 40 years old) compared to the other groups. Thus, it seems 

more explicable that the populations of 21-40 and 41-60 have the highest probability 

of significant difference. It is also worth mentioning that the lifetime of the ABB 

device’s battery is usually 38 to 40 years. 

Similarly to the previous subsections, the values of F-statistic are significantly higher 

than the values of Z-statistic, since one-way Anova tests the difference of current 

magnitudes from a mean value whereas Wilcoxon rank-sum tests the ranks of the 

magnitudes. 

 

3.3 Synopsis & discussion 

In this section, it will be presented the comparison of the results of calculated F-

statistic and Z-statistic with all the different cases that were described in the previous 

subsections. Thus, the calculated values of F-statistic and Z-statistic will be ranked 

and compared in order to study the effect of each one of the studied factors on the max 

motor current measurements. More precisely, it would be studied if the probabilities’ 

values of the two methods for rejection of the respective null hypothesis are in the 

same order or not, based on the calculated value of F-statistic and Z-statistic, 

respectively.  
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The values of each method’s calculated statistics and their respective rank, are 

presented in Table 10. Through this table, it can be concluded which pair of compared 

groups shows the highest and the lowest probability of significant difference between 

the samples of their populations. The values are ranked in order to be compared, since 

the values of F-statistic are significantly higher than the values of Z-statistic as one-

way Anova tests the difference of current magnitudes from a mean value whereas 

Wilcoxon rank-sum tests the ranks of the magnitudes. 

Table 10: One-way Anova and Wilcoxon rank-sum results for all the studied factors 

Disconnectors studied cases for all the studied factors (2014-2017) 

Studied cases F Rank of F Z Rank of Z 

With AO/No fail in 2014/2015 1138.7 3 57.9 3 

With AO/No fail in 2015/2016 19717.4 8 143.9 8 

With AO/No fail in 2016/2017 12985.4 6 104.4 4 

More/Less than 40 operations 17716.3 7 121.4 6 

Zones 1/2 208.9 1 21.9 1 

Zones 1/3 7394.6 5 124.5 7 

Zones 2/3 6442.9 4 115.1 5 

January/July 1042.5 2 43.7 2 

 

As it was analytically described in the previous subsections, for both methods the 

respective null hypothesis is rejected in all the studied cases that are presented in 

Table 10. In this table are not included the cases that are referred to the ages of 

disconnectors for the reasons that were discussed in the previous subsection. 

Through Table 10, it can be observed that for both methods the compared pairs of 

Zones 1/2, January/July and Fail/No fail in 2014/2015 show the three lowest 

probabilities of significant difference between the means and medians of compared 

populations, respectively. Hence, it can be concluded that the effect of the external 

environmental conditions is not so high on the behaviour of disconnectors’ max motor 

current measurements.  

On the other hand, it can be seen that the compared pairs of Fail/No fail in 2015/2016, 

More/Less than 40 operations and Zones 1/3 show the highest probabilities of 

significant difference. Hence, it seems that the implementation of a work order 

because of a disconnector’s indication plays a significant role on the behaviour of this 

disconnector’s max motor current measurements, mainly before the work order. 

Additionally, it can be observed that the number of operations has a significant effect 

on the behaviour of this disconnector’s max motor current measurements since these 

disconnectors with more than 40 operations show higher measurements. Finally, it 

seems that the location where a disconnector is installed may plays a role on the 

behaviour of it max motor current measurements since Zone 3 is more northerly 

compared to Zone 1. 
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Despite the fact that the populations of the compared groups are not normally 

distributed, the similarity in results’ order can be explained based on the values of 

these groups’ standard deviations that are not significantly different, as it was 

described in the section 2.5.  

It would be interesting to be done a further study in the future, regarding the primary 

equipment that is connected to ABB REC603 in each case. The type of each of the 

studied disconnectors may plays a role on the recorded max motor current 

measurement and it would be reasonable to be investigated. During this thesis, the 

manufacturer was known just for the 13% of the studied disconnectors and 

consequently it was not feasible to do this analysis. 

Consequently, the results that were explained in Table 10 and in the previous 

paragraphs of this section show that some of the aforementioned factors could 

constitute an indicator whether a disconnector is more or less probable to have the 

capability to operate properly. 
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4 Costs & Benefits of Motor Current Monitoring 

In this chapter are presented the costs and benefits that are required and can be 

achieved respectively, in case of implementation of motor current monitoring in 

Vattenfall’s remotely controlled disconnectors. In the first section is described the 

investment cost for each one of the proposed products that were described in Chapter 

2 and these values are compared to the cost of the already installed ABB device. In the 

second section are presented the calculations of potential cost savings of the company 

in case that motor current monitoring was implemented the studied period. It is worth 

mentioning that in the second section the most of the calculations could not be made, 

since the cost of the recorded work orders could not be obtained because of 

confidentiality issues and shortage of time.   

 

4.1 Investment cost 

This section focuses on the investment cost that arises in case that a new device for 

motor current monitoring is installed in a remotely controlled disconnector. In Chapter 

2 was presented the ABB product that is already installed in some of these 

disconnectors as well as the three new products that were proposed. It has to be 

considered that the presented investment costs are prices that I obtained as an 

individual customer from each one of the manufacturers. Hence, these prices may be 

lower in case that Vattenfall want to install one of these products and it has to be taken 

into account that there would be a price reduction if a high amount of devices is 

purchased. In Table 1 of Chapter 2 and Appendix 1 are presented various 

characteristics of the aforementioned monitoring products. 

ABB REC603 is the device that is already installed in some of the remotely controlled 

disconnectors and it has the capability to monitor up to three disconnectors. The 

obtained price for this product is 20 kSEK and consequently 6.7 kSEK per 

disconnector.  

ELCON OLM2-Switch Monitor constitutes the first product that was proposed and its 

investment cost is slightly higher compared to the ABB device. Similarly to the 

product of ABB, it has the capability to monitor up to three disconnectors. The 

obtained price for this product is 23 kSEK and consequently 7.7 kSEK per 

disconnector. 

Končar Institute Bay Monitoring System constitutes the second product that was 

proposed and its investment cost is higher compared to both of the aforementioned 

devices. Similarly to the above mentioned products, it has the capability to monitor up 

to three disconnectors. The obtained price for this product is 33 kSEK and 

consequently 11 kSEK per disconnector. 
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The last product that was proposed is SIEMENS Assetguard MVC and its investment 

cost is significantly higher compared to all the aforementioned devices. Contrary to 

the above mentioned products, it has the capability to monitor from twelve up to sixty 

disconnectors. In terms of the case of monitoring twelve disconnectors, the obtained 

price for this product is 273 kSEK and consequently 22.8 kSEK per disconnector. 

However, this cost can be reduced if the number of monitored disconnectors is higher 

since there is the option that a master unit can control up to 60 disconnectors through 

the usage of slave units which have a significantly lower price. Hence, in the case of 

monitoring sixty disconnectors, the obtained price for this product is 1113 kSEK and 

consequently 18.6 kSEK per disconnector. 

It is worth mentioning that some other costs can be created based on the characteristics 

that are presented in Table 1. These costs refer to the modifications that there would 

be needed in terms of the dimensions of some products or their communication 

interface that differ compared to the ABB device. Additionally, it has to be 

highlighted that a significant difference between the installed product and the 

proposed ones constitutes the capability of the latter’s to record the whole motor 

current curve during a disconnector’s operation. 

  

4.2 Benefits & costs savings 

This section focuses on the potential benefits and cost reductions that could be 

achieved through the implementation of motor current monitoring in remotely 

controlled disconnectors. Hence, the next paragraphs are mainly referred to the 

reduction of interruption and repair cost as well as the implementation of a more 

efficient scheduled maintenance. In [11], it is presented a wide business case regarding 

the benefits that Vattenfall could obtain in case of condition monitoring 

implementation on all the components of a power station. In terms of disconnectors, 

this report focuses on the study of 3013 disconnectors that are installed in 550 stations 

in the voltage level between 40kV and 400kV. As it is mentioned in the previous 

chapters, in this thesis are studied the remotely controlled distributed disconnectors of 

voltage level between 10kV and 40kV.  

It is worth mentioning that in this section the most of the calculations could not be 

made, since the cost of the recorded work orders could not be obtained because of 

confidentiality issues and shortage of time. Hence, just the interruption cost for 

Vattenfall could be calculated, since the duration of customer interruption was 

obtained for the lines that the studied disconnectors are located between February of 

2014 and June of 2017. 
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 Reduction of interruption cost 

As it is mentioned in [11], the continuous monitoring of a power system component 

can give to Vattenfall’s engineers the opportunity to detect and correct the 

equipment’s malfunctions in an early stage. Thus, it will be avoided these errors to 

develop into more serious problems or a potential major failure that can lead to an 

outage. This outage could probably cause interruptions of electricity for numerous 

customers as well as an interruption cost for Vattenfall. The interruption fees that 

Vattenfall has to pay back to its customers in case of electricity outages can be divided 

into the following categories, according to the interruption duration[11]: 

 500 kr per customer, in case of interruption duration between 4 and 12 hours 

 900 kr per customer, in case of interruption duration between 12 and 24 hours 

 1800 kr per customer, in case of interruption duration for more than 24 hours 

 

It is worth mentioning that in case of customer’s interruption, there is an amount of 

undelivered energy from which the company could not receive the respective profit. 

According to [11], the profit from sold energy is assumed to be 0.5 kr/kWh but for this 

thesis it was not feasible to receive the data for the amount of undelivered energy 

caused by failures of the studied disconnectors. 

However, from the Darwin system were obtained data regarding to the customers’ 

interruptions caused by outages in the lines that the studied disconnectors are located 

in the system. Through the obtained data, it is observed that during the time period 

between February of 2014 and June of 2017 the outages in two lines with 

disconnectors that are studied in this thesis, led to customers’ interruption. Those two 

outages were caused because of disconnector’s incapability to operate properly. 

Consequently. it can be assumed that in case of motor current monitoring 

implementation in those disconnectors, these outages could be avoided since the 

condition status of the disconnectors would be continuously evaluated. 

The two aforementioned outages caused interruptions to 178 customers with duration 

of 292 minutes and to 113 customers with duration of 381 minutes, respectively. It can 

be seen in Appendix 5, that both of the interruptions correspond to the lowest of the 

three interruption fees that were presented above. Hence, the cost that could be saved 

for Vattenfall if this interruptions were prevented through disconnectors’ monitoring, 

it would be 44091 kr/year. 

   

 Reduction of repair cost 

The continuous monitoring of a disconnector can give to Vattenfall’s engineers the 

opportunity to detect and correct its malfunctions in an early stage. This is a way to be 
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avoided the work orders that refer to emergency cases and their cost is significantly 

higher compared to those ones that refer to minor failures or scheduled maintenance. 

Hence, Vattenfall would have an economic benefit by the cost difference between 

repair work orders for major failures with high cost and repair work orders for minor 

failures with lower cost. 

If it was provided the cost of the recorded work orders of the disconnectors that are 

studied in this thesis, then the same procedure that was used in [11] could be 

implemented. In this report, the work orders were divided into these ones that had a 

cost higher that 20 kSEK and those ones that had a cost lower than this level. 

Subsequently, it was calculated the average of the work orders with cost less than 20 

kSEK. Thus, the difference between each work order with cost higher than 20 kSEK 

and the aforementioned average, it was assumed that could be the potential cost saving 

for the company. Since motor current monitoring is studied in this thesis, just the work 

orders that refer to maneuverability problems or failure of a secondary function would 

be studied. 

It is worth mentioning that just the work orders that are caused by internal reasons of 

the disconnector would be taken into account and not those ones that are caused by 

external conditions (i.e.: thunder, snow, etc.).     

 

 Efficiently scheduled maintenance 

Through the motor current monitoring of a remotely controlled disconnector, it is 

obtained more in depth knowledge about the normal operation of the disconnector and 

there is a continuous evaluation of its condition. Additionally, continuous motor 

current monitoring increases the reliability of a disconnector since it is more probable 

to predict correctly if it has the capability to operate properly when is needed. 

The functional checks of scheduled maintenance cannot be removed, but as it is 

described in [11] if monitoring is implemented then every third scheduled check could 

be avoided in average. This can be achieved through continuous monitoring of 

disconnector’s motor current and performing remote maintenance maneuvers in order 

to test the disconnector’s capability to operate properly. 

Thus, the scheduled maintenance would be more efficient and less costly in the future 

having the opportunity to make a functional check remotely and to evaluate the 

condition status of a disconnector. 

 

 Other benefits of motor current monitoring 

Another benefit that motor current monitoring implementation can provide to 

Vattenfall’s engineers is the knowledge regarding to the need of replacement of a 
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disconnector and its expected lifetime. Thus, the company can have a more secure and 

accurate investment planning that can also reduce its maintenance cost. Consequently, 

it would be known if it is needed to accelerate or postpone the replacement of a 

disconnector based on its condition status. 

Additionally, through motor current monitoring it would be easier detected an error 

within the warranty period of the disconnector’s manufacturer. Thus, the cost of a late 

detection would be avoided as well as the probably shortened lifetime of the 

disconnector. The error detection would be made in an early stage and a problematic 

disconnector would be recorded within its warranty period. Additionally, in case of 

detecting an error during the first operations of the disconnector is more likely for 

Vattenfall to ask and achieve a longer warranty period from the manufacturer. 

Finally, the implementation of motor current monitoring can lead to increase of the 

life expectancy of a disconnector. Since disconnector’s motor current behaviour will 

be monitored, then the probability to correctly predict if it has the capability to operate 

properly depending on his current condition status, is higher. Consequently, the 

decision of replacement of a disconnector from the system will be taken based on its 

condition and not just according to its age. Hence, if the condition of a disconnector is 

satisfactory even having age higher than 40 years old (current expected life cycle[11]), 

then this disconnector will not be replaced and the investment cost for purchasing a 

new one will be postponed. 
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5 Conclusion 

In this section will be presented the conclusions that were extracted from the analysis 

and the calculations that were described in the previous chapters of this Master thesis. 

The main purpose of this thesis was to study the disconnectors’ motor current 

measurements and to investigate the effect of different factors on the behaviour of 

motor current. 

In section 2.1, it was concluded that the maneuverability and secondary function 

failure modes have the highest occurrence rate in case of a major failure of a 

disconnector in the studied group.  

In terms of the ABB REC603 device that is installed in the studied MV remotely 

controlled disconnectors, its main disadvantage is that has only the capability to record 

the max motor current measurement per hour and not the whole motor current curve of 

a disconnector. The other three products that were proposed and presented in detail in 

section 2.4, provide to the user the opportunity to monitor and study the whole motor 

current curve during the disconnector’s operation. Through the whole current curve, 

more information can be provided regarding the behaviour of motor current. 

Additionally, through this curve the duration time of a disconnector’s operation can be 

obtained as well. As it was described in the same section, a potential significant 

increase of this value can constitute a reliable indicator that a malfunction of the 

disconnector may occur in the future.   

In Chapter 3, the impact of different factors on the max motor current measurements 

of the disconnectors is analysed and compared. It was shown that in case of 

disconnectors that did not have a failure during the studied period, the measurements 

that are in the interval [10-12]A constitute the 45% of the total number of 

measurements for these disconnectors. In contrast, in case of disconnectors with a AO 

at the same period this percentage is just 22% and consequently measurements that are 

lower than 8A have higher occurrence rate. In terms of the total amount of 

measurements for all the disconnectors that are within the interval [10-12]A, it is 

calculated that the 95% of them belongs to the disconnectors without failure while 5% 

belongs to those ones with AO. Through the presented figures, it could be observed 

that the group of disconnectors without failure has usually current measurements 

higher than 8A and a high percentage of them is in the interval [10-12]A. Hence, it 

could be an indicator of disconnector’s normal condition that its max motor current 

measurements are higher than 8A and especially in the interval [10-12]A. More 

precisely, under the aforementioned values of max motor current it seems that a 

disconnector is more probable to have the capability to operate properly. 

Subsequently, it was studied the case that a disconnector’s operation was recorded as 

“Mellanläge” and the values of max motor current that were saved for these 

disconnectors within the hour of operation. It was calculated that the 73% out of a 
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total of 59 measurements was lower than 8A, the hour that the “Mellanläge” operation 

was recorded. In contrast, for the studied disconnectors with “Mellanläge” operation, 

this percentage is just 46% if all their measurements for the whole study period are 

taken into account. Thus, it could be concluded that if a “Mellanläge” event is 

combined with a max motor current measurement lower than 8A, then it likely 

indicates a problem of the studied disconnector or a potential failure in the future. 

Consequently, it seems that in case of malfunction “Mellanläge”, the value of max 

motor current is lower than 8A with higher probability. 

For the further analysis of these factors a parametric and a non-parametric statistical 

method were implemented. It was shown that the values of F-statistic are significantly 

higher than the values of Z-statistic since one-way Anova tests the difference of 

current magnitudes from a mean value whereas Wilcoxon rank-sum tests the ranks of 

the magnitudes. Subsequently, the calculated values of F-statistic and Z-statistic were 

ranked and compared in order to study the effect of each one of the studied factors on 

the max motor current measurements. More precisely, it was studied if the 

probabilities’ values of the two methods for rejection of the respective null hypothesis 

are in the same order or not, based on the calculated value of F-statistic and Z-statistic, 

respectively. Hence, it was concluded which pairs of compared groups showed the 

highest and the lowest probability of significant difference between the samples of 

their populations. 

It was observed that for both methods the compared pairs of Zones 1/2, January/July 

and Fail/No fail in 2014/2015 showed the three lowest probabilities of significant 

difference between the means and medians of compared populations, respectively. 

Hence, it could be concluded that the effect of the external environmental conditions is 

not so high on the behaviour of disconnectors’ max motor current measurements.  

On the other hand, it was seen that the compared pairs of Fail/No fail in 2015/2016, 

More/Less than 40 operations and Zones 1/3 show the highest probabilities of 

significant difference. Hence, it seems that the implementation of a work order, the 

number of operations and if a disconnector is installed more northerly in Zone 3 play a 

significant role on the behaviour of this disconnector’s max motor current 

measurements. In terms of the number of operations, higher current values are 

observed for disconnectors with more than 40 operations.  

Consequently, based on the aforementioned results it was shown that some of the 

described factors could constitute an indicator whether a disconnector is more or less 

probable to have the capability to operate properly. 

Finally, it was calculated the reduction in the interruption cost that could be achieved 

in case of implementation of motor current monitoring on Vattenfall’s remotely 

controlled distributed disconnectors. Through continuous motor current monitoring, a 

disconnector’s malfunction would have been detected and corrected in an earlier stage 

and consequently the payment of the respective interruption fee to the customers 
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would have been avoided, respectively. Moreover, it has been described the way that 

could be calculated the reduction in repair cost in case of motor current monitoring as 

well as other benefits that would be provided to Vattenfall through disconnector’s 

monitoring. 
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6 Future Work 

In this section will be presented some proposals for future studies that could be made 

based on the results of this thesis in order to provide a further analysis of motor 

current monitoring.  

Since the ABB REC603 device also records the min battery voltage measurements per 

hour, it would be interesting to study the behaviour of those measurements for the 

same factors as the max motor current values. Additionally, it would be useful to 

define a nominal value for max motor current and min battery voltage for each one of 

the disconnectors’ operation in order to create an indication of potential failure. 

Moreover, it could be obtained and analysed both of the aforementioned 

measurements for more disconnectors with ABB REC603, as well as for the time 

period after April 2017 that was the end study date of this thesis. This would be a way 

to increase the accuracy of the calculated results. 

It would also be helpful if it could be obtained through this device the runtime of each 

of disconnector’s operation (i.e.: through time stamps) and a significant change of this 

value may be an indicator of disconnectors’ condition status. Furthermore, it could be 

studied the correlation between the motor runtime and the time distance from the 

disconnector’s last operation. It would be also interesting to plot just the 

measurements recorded the hour of disconnectors’ operation and connect them to the 

total number of disconnectors’ operations. A side test in some of the disconnectors 

with ABB REC603 would be also supplementary to the calculations of this thesis. 

According to the results of this thesis and the implementation of some of the 

aforementioned proposals, a general prevention algorithm could be created based on 

the max motor current and min battery voltage measurements. 

Moreover, a more costly idea would be the installation of ELCON product which 

constitutes the cheapest choice of the proposed devices and contrary to the ABB 

product, it has the capability to record the whole motor current curve during 

disconnector’s operation. 

Finally, it would be useful to be calculated the reduction of the repair cost 

implementing the way that was described in section 4.2 through obtaining the 

respective costs of the work orders between 2007 and 2017. 

 

 

 

 



 
    

   

 

 Page 60 (63)  

 

 

 

 

  



 
    

   

 

 Page 61 (63)  

 

References 

[1] C. Donitzky, O. Roos, P. Peiravi, S. Sauty, “Digitizing Power Utilities”, Intel Corporation, 

2015 

[2] A. Jain, R. Mishra, “Changes and Challenges in Smart Grid towards Smarter Grid”, 

International Conference on Electrical Power and Energy Systems (ICEPES), 2016 

[3] F.B. Beidou, W.G. Morsi, C.P Diduch, L. Chang, “Smart Grid: Challenges, Research 

Directions and Possible Solutions”, 2nd IEEE International Symposium on Power 

Electronics for Distributed Generation Systems, 2010 

[4] M.J.C. Berende, J.G. Slootweg, J. Kuiper, J.C.F.M. Peters, “Asset Management 

Arguments for Smart Grids”, CIRED Seminar 2008, Frankfurt, 2008 

[5] E. Shayesteh, P. Hilber, “Reliability-Centred Asset Management Using Component 

Reliability Importance”, PMAPS 2016 

[6] M. Hanai, H. Kojima, N. Hayakawa, K. Shinoda, H. Okubo, “Integration of Asset 

Management and Smart Grid with Intelligent Grid Management System”, IEEE 

Transactions on Dielectrics and Electrical Insulation Vol. 20, No. 6, 2013 

[7] G.C. Montanari, A. Cavallini, M. Tozzi, “Global Monitoring: The Paradigm for Asset 

Management in the Smart Grid Framework”, International Conference on Electrical 

Engineering and Informatics, 2011 

[8] P. Blackmore, N. Leeprechanon, “Improving Network Reliability Through Effective Asset 

Management”, IEEE Innovative Smart Grid Technologies-Asia, 2015 

[9] A.L. Brodersson, A.P. Tellez, “Analysis of Motives Behind maintenance for high voltage 

disconnectors”, Vattenfall Eldistribution AB, 2016 

[10] M. Rausand, A. Hoyland, “System Reliability Theory: Models and Statistical Methods”, 

Chapter 9, 2004 

[11] V. Weidenmo, D. Björklöf, Y. He, M.V. Asseldonk, ”Affärsnytta för Övervakning och 

Bedömning av Objekttillstånd”, Vattenfall AB (Power Technology), 2016  

[12] R. Kearsley, “Restoration in Sweden and Experience Gained from the Blackout of 1983”, 

IEEE Transactions on Power Systems, 1987 

[13] G. Andersson, P. Donalek, R. Farmer, N. Hatziargyriou, I. Kamwa, P. Kundur, N. 

Martins, J. Paserba, P. Pourbeik, J. Sanchez-Gasca, R. Schulz, A. Stankovic, C. Taylor, 

V. Vittal, “Causes of the 2003 Major Grid Blackouts in North America and Europe, and 

Recommended Means to Improve System Dynamic Performance”, IEEE Transactions 

on Power Systems, 2005 

[14] A.L. Brodersson, J.H. Jürgensen, P. Hilber, “Towards Health Assessment: Failure 

Analysis and Recommendation of Condition Monitoring Techniques for Large 

Disconnector Populations”, Helsinki, 2016 

[15] J.H. Jürgensen, A.L. Brodersson, L. Nordström, “Impact Assessment of Remote Control 

and Preventive Maintenance on Failure Data of a Disconnector Population”, IEEE 

Transactions on Power Delivery, 2017 

[16] Y. Ding, Q. Zhang, X. Liu, M. Gao, Y. Li, Y. Zhao, H. Ma, “Study on Thermal Circuit 

Model of Typical Disconnector and Current Transformer”, 1
st
 International Conference on 



 
    

   

 

 Page 62 (63)  

 

Electrical Materials and Power Equipment, China, 2017 

[17] SIEMENS Power Transmission & Distribution, “Disconnectors & Earthing Switches 36kV 

up to 800 kV”, Germany, 2017 

[18] C. Korssell, A. Waernlund, “Error Analysis for Disconnectors of Type ASEA NUB 

420/2000 & ASEA NUB B 245/4000”, Sweden-KTH 

[19] K. Westerlund, S. Carneheim, “Analysis of Disconnection Circuit Breaker Reliability”, 

Sweden-KTH 

[20] GEVEA AB, “Frånskiljare 24-52 kV”, Norrköping, 2016 

[21] CIGRÉ WG A3.06, “Final report of the 2004 - 2007 International Enquiry on Reliability of 

High Voltage Equipment, Part 1 – Summary and General Matters”, Tech. Brochure 509, 

2012 

[22] CIGRÉ WG A3.06, “Final report of the 2004 - 2007 International Enquiry on Reliability of 

High Voltage Equipment, Part 3 – Disconnectors and Earthing Switches”, Tech. 

Brochure 511, 2012 

[23] S. Birlasekaran, S.S. Choi, A.C. Liew, “Overview of Diagnostic and Condition Monitoring 

Techniques for In-service Power Apparatus”, IEEE Catalogue No: 98EX137, 1998 

[24] P. Westerlund, T. Lindquist, “A Review of Methods for Condition Monitoring, Surveys 

and Statistical Analyses of Disconnectors and Circuit Breakers”, PMAPS 2014, United 

Kingdom 

[25] T. Lindquist, L. Bertling, “A Method for Calculating Disconnector Contact Availability as a 

Function of Thermography Inspection Intervals and Local Current”, Osaka, 2007 

[26] P. Westerlund, P. Hilber, T. Lindquist, “Condition Monitoring of disconnectors in the 

electric Power Transmission Grid with Temperature Sensors”, International Journal of 

Industrial and Systems Engineering, 2015 

[27] A.A. Razi-Kazemi, M. Vakilian, K. Niayesh, M. Lehtonen, “Circuit-Breaker Automated 

Failure Tracking Based on Coil Current Signature”, IEEE Transactions on Power 

Delivery, 2014 

[28] M. Budyn, H.M. Karandikar,M.G. Urmson “Switchgear Condition Monitoring”, CIGRÉ 

115, Canada, 2010 

[29] L.Shuxin, C. Yundong, H. Chunguang, L. Xiaoming, L. Jing, “Development of On-Line 

Monitoring System of Switchgear”, China, 2011 

[30] A. Mik, K. Meštrović, M. Dujmović, “Switchgear Monitoring System-Assistance in 

Maintenance and Calculation of the Costs”, CIGRÉ ŠK C1-05, 2013 

[31] CIGRÉ WG 13.09, “User Guide for the Application of Monitoring and Diagnostic 

Techniques for Switching Equipment for Rated Voltages of 72.5kV and above”, Tech. 

Brochure 167, 2000 

[32] M. Dragomir, “On-Line Condition Monitoring of a 230kV Minimum Oil Circuit Breaker”, 

Manitoba HVDC Research Centre Inc., Atlanta, 2004 

[33] T. Watanabe, T. Sugimoto, H. Imagawa, K.K. Chan, T.Y. Chew, S.Z. Qin, “Practical 

Application of Diagnostic Method of Circuit Breaker by Measuring Three Current 

Waveforms”, China, 2008 

  



 
    

   

 

 Page 63 (63)  

 

[34] ABB Oy Distribution Automation, ”Wireless Controller REC601/603 Technical Manual”, 

Finland, 2011 

[35] G. Clarke, D. Reynders, “Practical Modern SCADA Protocols”, 2004 

[36] ABB Oy MV Apparatus, “GAC Motormanöverdon, GAC Styrskåp”, 2013 

[37] H. Sapieha, “Presentation of On Line Monitoring OLM2”, 2013 

[38] ELCON International AB, ”On Line Monitoring system OLM”, 2011 

[39] K. Schwarz, ”IEC 61850 Also Outside the Substation for the Whole Electrical Power 

System”, Germany, 2005 

[40] ABB Substation Automation, “ABB Review Special Report IEC 61850”, 2010  

[41] Končar-Electrical Engineering Institute Switchgear and Control Department, “New 

Concept of High-Voltage Switchgear On-Line Monitoring System” 

[42] International Electrotechnical Commission, “Communication Networks and Systems in 

Substations - Part 8-1”, 2005  

[43] Energy Management Siemens AB,“MV Switchgears Monitoring: Assetguard MVC - 

Efficient Condition Monitoring”, 2017 

[44] J.H. McDonald, “Handbook of Biological Statistics - 3
rd

 Edition”, University of Delaware, 

Baltimore, 2014 

[45] R.E. Walpole, R.H. Myers, S.L. Myers, K. Ye, “Probability and Statistics for Engineers 

and Scientists – 9
th
 Edition”, 2012 

[46] MathWorks – R2017a, “Normal probability plot”,  

[Online]. Available: https://se.mathworks.com/help/stats/normplot.html. 

[Accessed July 31, 2017]. 

[47] MathWorks – R2017a, “Chi-square goodness-of-fit test”,  

[Online]. Available: https://se.mathworks.com/help/stats/chi2gof.html. 

[Accessed July 31, 2017]. 

[48] T.A. Reddy, “Applied Data Analysis and Modelling for Energy Engineers and Scientists”, 

New York, 2011 

[49] MathWorks – R2017a, “One-Way ANOVA”,  

[Online]. Available: https://se.mathworks.com/help/stats/one-way-anova.html. 

[Accessed July 31, 2017]. 

[50] MathWorks – R2017a, “Box Plots”,  

[Online]. Available: https://se.mathworks.com/help/stats/box-plots.html. 

[Accessed July 31, 2017]. 

[51] MathWorks – R2017a, “Wilcoxon Rank-Sum test”,  

[Online]. Available: https://se.mathworks.com/help/stats/ranksum.html. 

[Accessed August 1, 2017]. 

 

 

 

https://se.mathworks.com/help/stats/normplot.html
https://se.mathworks.com/help/stats/chi2gof.html
https://se.mathworks.com/help/stats/one-way-anova.html
https://se.mathworks.com/help/stats/box-plots.html
https://se.mathworks.com/help/stats/ranksum.html


www.kth.se

Sotos
Stamp


