
CIRED Workshop   -  Lyon, 7>8 June 2010 
  Paper 0102 

  
  

 

Paper No  0102     Page 1 / 1 

PPRROOBBAABBIILLIISSTTIICC  RREELLAATTIIOONNAALL  MMOODDEELLSS  FFOORR  RREELLIIAABBIILLIITTYY  CCEENNTTEERREEDD  AASSSSEETT  
MMAANNAAGGEEMMEENNTT  OOFF  AACCTTIIVVEE  DDIISSTTRRIIBBUUTTIIOONN  MMAANNAAGGEEMMEENNTT  SSYYSSTTEEMMSS 

 
 Johan KÖNIG David HÖÖK Lars NORDSTRÖM 
 KTH – Sweden KTH – Sweden KTH – Sweden 
 johank@ics.kth.se davidh@ics.kth.se larsn@ics.kth.se 
 

ABSTRACT 
This paper presents an approach for reliability centred 
asset management of active distribution management 
systems. The application of Probabilistic Relational 
Models (PRMs) together with a set of defined 
components and their attribute allows both the ability to 
capture system configurations in architectural models 
and the ability of probabilistic reasoning offered by 
Bayesian networks. The approach is based on two key 
concepts; first, it addresses both the reliability of 
primary system components and the supporting 
secondary, ICT-based systems. Secondly, it enables 
representation of architecture of the ICT systems, 
including for instance redundancy of hardware and 
allocation of software functions to several hardware 
devices. The increasing number of software dependent 
systems for controlling and supervising the power grid 
enhances the risk of software-caused failures. Thus, for 
reliable operation it is of high importance to not only 
concern primary component, but also the software and 
hardware of the secondary systems controlling it. The 
approach is demonstrated using an example composing 
both primary equipment and secondary systems. 

INTRODUCTION 
The traditionally stable Electricity Distribution Networks 
are facing new requirements to accommodate new types 
of generation, such as distributed generation and 
household level production, and new consumption 
patterns caused e.g. by charging of PHEV/EV. The 
development towards”Smartgrids” that can handle these 
requirements includes upgrading of both the primary 
equipment as well as implementation of advanced, 
automation and control systems. 
 
The growth of complexity by an increased integration of 
control and automation systems, together with a closer 
interaction with grid operation, affects the prior 
understanding of the power grid’s behavior. As a result 
the operators must to a greater extent rely on the control 
and automation systems and their ability to provide 
correct functionality. The focus has until recently mainly 
stressed the importance of reliable power system 
equipment (e.g. breakers, transformers). However, closer 
interaction with control and supervisory system calls for 
a more holistic focus. This calls for strategic asset 
management with focus not only on primary equipment, 
but also on hardware and software components of control 
and automation systems. 
 

Asset management is an activity that combines technical, 
administrative and managerial actions during the life 
cycle of an item with the intention to retain it, or restore 
it to a state in which it can perform its required function. 
The definition of item in this paper follows the definition 
from EN 13306:2001 [1] Maintenance terminology - any 
part, component, device subsystem, functional unit, 
equipment or system that can be individually considered. 
Maintenance management is also concerned with 
management activities such as determining maintenance 
objectives, priorities and strategies, both from a technical 
as well as from an economical perspective [1]. A domain 
in which cost efficient operation of maintenance is 
crucial is the one of asset dense geographically 
distributed processes, such as distribution of electric 
power. Electric power utilities invest a lot of monetary 
resources in maintenance without having a clear any 
method for how to optimize its management.  
 
By having a method for how to understand the reliability 
of the items composing the assets in the distribution grid 
and how they relate to each other, asset management can 
be facilitated to a great extent. 

PROBABILISTIC RELATIONAL MODELS 

Probabilistic Relational Models (PRM) extend Bayesian 
networks with the concept of objects, their properties, 
and relations between them [2], see Fig 1. A PRM 
specifies a template for a probability distribution over an 
architecture model. The template describes the 
metamodel for the architecture model, and the 
probabilistic dependencies between attributes of the 
architecture’s objects. A PRM, together with an 
instantiated architecture model of specific objects and 
relations defines a probability distribution over the 
attributes of the objects.  

 
Figure 1. Simplified description of a Probabilistic 
Relational Model 
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Relational language basics 
An architectural metamodel defines a set of classes 
where each class is associated with a set of descriptive 
attributes and a set of reference slots. A reference slot 
denotes a relation similar to Entity-Relationship 
diagrams. Using the PRM presented in Fig 1., we have a 
class Function with reference slot AssignedTo to the 
class Device.  
 
A PRM specifies a probability distribution over all 
instantiations of the metamodel. This probability 
distribution is specified as a Bayesian network [3], which 
consists of a qualitative dependency structure and 
associated quantitative parameters.  
 
The qualitative dependency structure is defined by 
associating with each attribute a set of parents. For 
example, the attribute reliability of class Function may 
have as parent Function.AssignedTo.reliability, thus 
indicating that the reliability of the class function 
depends on the reliability of the class which it is assigned 
to. Using the example in Fig 1. and the prior defined 
parental relation, we have defined that the function’s 
reliability will depend on the reliability of the device.     
 
Considering the quantitative part of the PRM, given a set 
of parents for an attribute, we can define a local 
probability model by associating a conditional 
probability distribution (CPD) with the attribute.  
 
A PRM thus constitutes formal machinery for calculating 
the probabilities of various architecture instantiations. 
This allows us to infer the probability that a certain 
attribute, e.g. reliability, assumes a specific value, given 
some (possibly incomplete) evidence of the rest of the 
architecture instantiation. 

PROBABILISTIC RELATIONAL MODEL 
FOR RELIABILITY ANALYSIS 
The benefit of using PRMs for strategic asset 
management is the ability to both apply the probabilistic 
reasoning offered by Bayesian networks together with 
architecture models. Strategic asset management of 
actively managed power grids will require focus not only 
on the primary components but also the ICT systems. 
The presented PRM both takes primary equipment and 
the supporting ICT systems into consideration together 
with their interaction for functional execution.  
 
We use the definition of reliability as the ability of an 
item to perform a required function, under given 
environmental and operational conditions and for a stated 
period of time [4]. As remarked in [5] this can also be 
denoted as a probability. 
 

Probabilistic Relational Model 
The presented PRM is similar to what is presented in [6]. 
In total, seven classes are defined:  Function, Equipment, 
Application component, Communication function, 
Device, Network and Data Object. In the PRM the last 
five classes are strictly related to ICT systems, while the 
class Equipment represents primary system components. 
The class Function however may either be assigned to 
primary components (e.g. circuit breaker trip) or 
software dependent systems (e.g. control switch) or both. 
Both equipment’s and application component’s 
reliability are parents to the reliability of the class 
Function. Moreover, a Function has an interrelation to 
itself which represents the ability for functions to be 
reliant on each other’s execution.  
 
Another class is Communication function which 
represents the logical functionality provided by the ICT 
infrastructure, e.g. receiving measurements or sending 
control signals. The Communication function is the only 
class, in addition to Function, that only holds the 
attribute of reliability. A Communication function is 
realized by class Device connected via class Network to 
other Devices.  
 
Data Objects (DOs) are part of the objects of interest for 
reliable functional execution. In contrast to the other 
defined classes DOs do not hold the attribute of 
reliability. Instead they are defined with data quality 
attributes [7], such as accuracy, precision, completeness 
etc., which must comply with the quality requirements of 
the relating functions.  It is important when, for example, 
maintaining systems and their components to assess the 
quality of DOs, e.g. voltage measurements or status 
updates, to validate their compliance with functional 
requirements. 
 
The structure related classes have, in addition to the 
logical classes (functions) with reliability as the only 
attribute, other attributes, in Fig 2. represented as 
attribute n, n = 2,…,m (n =1 being reliability). These are 
attributes that causally influence the reliability of its own 
class. A selection of typical attributes of interest for 
reliability centered asset management of ICT relating 
components are status of device circuits, versions and 
changes of application components, existence of 
automatic alarm generation, equipment material wear, 
battery status, backups, etc. For primary equipment we 
may have temperature, oil level, status of anticorrosion, 
number of performed functional executions, pressure etc. 
Depending on the values of these attributes, the 
probability of reliable functional execution will differ.  
 
Fig 2. presents the complete PRM including classes, 
reference slots between classes, the attributes of each 
class, and the attribute relations. 
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Figure 2. A PRM for reliability centered asset 
management 
 
For each attribute in the PRM a CPD is defined. A 
simple example is presented in Table I, representing the 
reliability of the class Equipment.   
 

Table I Example CPD for reliability of equipment 
Equipment.attributek Y1 Y2  

Equipment. 
reliability 

X1 P(Eq.rel=X1 | Eq.attrk=Y1) …

X2 P(Eq.rel=X2 | Eq. Attrk=Y1) …

 

The probability in bold font in the CPD presents the 
probability of the Equipment’s reliability having the 
value X1 if the value of attributek is Y1. For example, if 
we define the influencing attribute as oil temperature 
with values Y1 = High and Y2 = low, then the CPD 
defines the probability of the reliability attaining state X1 
and X2, e.g. true and false, with certain probability. 

APPLYING THE PRM TO AN ACTIVE 
MANAGEMENT SYSTEM  
This section provides a demonstration of the analysis 
framework applied to a generic active distribution 
network. The scenario is based on an example presented 
in [8] for managing an increased penetration of 
Distributed Generation (DG) by controlling a variable 
transformer. The transformer holds an on-load tap 
changer (OLTC) controlling the demand side of a feeder. 
The system is presented in Fig 3. As seen in the figure 
the system is composed of both primary equipment and 
secondary systems. Hence, for reliability assessment we 
need to take both parts into consideration. 
 

 
Figure 3. Active distribution management system 
 

Instantiation of the PRM 
The active management system is composed of two 
devices: IED and microcomputer, where only the latter 
has an associated application component. The application 
component, DMS, assigns two functions: state estimation 
and control scheduling.  The state estimation function 
receives voltage measurements from a communication 
function realized by the IED together with the network, 
WAN, connecting it to the microcomputer. Furthermore, 
the OLTC transformer assigns the function of voltage 
control which together with the control scheduling 
function is realizing the function AVC (automatic 
voltage control). It is the AVC function that is the 
primary target for the reliability analysis and hence its 
reliability is not parent to any other attribute. For a more 
comprehensive description on how the framework is 
applied, see [6]. The complete instantiation is presented 
in Fig 4.  
 
Depending on the values of the attributes and the CPDs 
defined to each of them, it is possible to estimate the 
reliability of the AVC function. To give a short example, 
the oil temperature of the OLTC transformer is defined 
with value {high, low}, the number of executions with 
value {>5000, <5000}, and reliability with value {true, 
false}. The values defined for reliability represent the 
probability that the object is in a true or a false state, i.e. 
if it is working or not. In Table II the CPD for the 
reliability of the equipment is presented, in our case the 
OLTC transformer.  

TABLE II CPD FOR RELIABILITY OF EQUIPMENT 

Equipment.NoExecutions >5000 >5000 <5000 

Equipment.oilTemp High Low High 

Equipment. 
reliability 

True 0.991 0.998 …

False 0.009 0.002 …

 
The number in bold writing is read as the probability of 

DG

DMS

Micro-
computer

IED
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the equipment’s reliability being true if the number of 
executions exceed 5000 and the oil temperature being 
high, which for the example is 99,1%. For a complete 
analysis for the AVC function we need to define a CPD 
for each attribute in the model. However, this is outside 
the scope of this paper.  
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