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Abstract

Electrical energy is one of the most essential resources of the modern world.
Electrical energy systems usually have distributed structures with redundant
and reconfigurable elements, which grant the safe and reliable operation of the
system. The diagnosis of such a system is important because the failure of a
component has effect on the fault tolerance of the whole system. Effective di-
agnosis methods may reduce the number of equipments and save maintenance
costs of a complex system. In this work different kinds of model based di-
agnostic solutions are presented focused on energetic application areas, where
the electrical energy system is modelled and analyzed at different levels of
hierarchy.

First a parameter estimation method of batteries is presented, that can be
a basis of a diagnostic method. A simple parametric temperature dependent
battery model is used for this purpose. A two-step method is used that includes
a parameter estimation step of the key parameters at different temperatures
followed by a static optimization step that determines the temperature coeffi-
cients of the corresponding parameters. The proposed method can be used as
a computationally effective way of determining the key battery parameters at
a given temperature, that can be used for battery health diagnosis.

Next, a diagnostic method is proposed for detecting and isolating non-
technical losses (illegal loads) in low voltage electrical grids. The proposed
method uses a simple static linear model of the network and it is based on
analyzing the differences between the measured and model-predicted voltages.
As a preliminary step of the diagnosis, the decomposition of the network is
proposed to make the computation efficient. The uncertainty in the model
parameters and measurements are also taken into account to make the ap-
proach applicable in real-world cases. The proposed method is able to localize
multiple illegal loads in the network.

At last a new on-line fault identification method of technological processes
is proposed that uses a qualitative dynamic model of the system and its colored
Petri net model. The diagnosis is based on searching the deviations between
the traces of the normal and the actual operation on the occurrence graph
of the model. In case of composite systems the occurrence graph can be ex-
tremely large, therefore a structural decomposition method is applied which
can manage increased computational effort and searching-time.

The presented methods can be applied in different areas of electrical sys-
tem diagnosis. The battery parameter estimation method can be used for
estimating battery age and remaining life, the available capacity and state of
charge at different temperatures. The decomposition based methods can be
used for diagnosing both static and dynamic systems. Using decomposition,
multiple fault diagnosis is possible. In addition it may has a positive effect on
the computational effort.



Kivonat

A villamos energia napjaink egyik meghataroz6 energiaforrasa. A fogyasz-
tok biztonsagos és folyamatos ellatasa érdekében, a villamos energetikai rend-
szerek altalaban elosztott struktiraji, szamos redundans illetve rekonfigural-
hato elemet tartalmazo rendszerek. A diagnosztika egy ilyen rendszerben nagy
szerepet kap, mivel az egyes komponensek meghibidsodéasa a teljes rendszer
hibatlirs képességét is befolyasolja. Hatékony diagnosztikai modszerek segit-
ségével a berendezések szama és a karbantartasi koltségek optimalizalhatok.
Jelen értekezésben kiilonb6z6 modell alapu diagnosztikai modszerek keriilnek
bemutatasra, amelyek villamos energetikai rendszerek kiilénb6z6 szinti vizs-
galatahoz kapcsolodnak.

El6szor egy akkumulatorok paraméterbecslésére szolgaldo modszer keriil be-
mutatasra, ahol az akkumuldtor miikddését egy egyszeri parametrikus, hé-
mérsékletfiiggé modell irja le. A javasolt kétlépéses paraméterbecslési mod-
szer segitségével az akkumuldtor paraméterei és paraméterek hémeérséklet-
fligg6 karakterisztikai hatékonya megbecsiilhet6k. A modszer felhasznéalhato
akkumulator-diagnosztikai alkalmazasokban, ahol az akkumulator elhasznalo-
dottsagara, élettartaméara kell kévetkeztetni.

Ezutan egy, a villamos héalozatokban jelen 1év6 nem meért vételezés diag-
nosztikajara szolgaldé modszer keriil bemutatasra. A modszer segitségével de-
tektalni és azonositani lehet a halozatban jelen 1évé illegalis fogyasztokat. A
javasolt diagnosztikai modszer pedig a mért és a halozat statikus linearis mo-
dellje altal josolt fesziiltségek és dramok Gsszehasonlitasan alapul. A kifejlesz-
tett modszer egyszerre tobb illegalis fogyasztd azonositasara is képes, valamint
figyelembe veszi a halozat paramétereinek bizonytalansigat, és a mérési hi-
bakat is. A modszer hatékonysaganak novelése érdekében a halozat elGzetes
dekompozicidja javasolt.

Végiil technologiai rendszerek kvalitativ modell alapt diagnosztikija kertil
ismertetésre. A diagnosztikai mddszer a technolbgiai rendszer normal és hibas
miikodéseit leiré eseménysorai kozotti eltérések vizsgalatan alapszik, felhasz-
nalva a rendszer szinezett Petri halo modelljének elérhetdségi grafjat. Osszetett
rendszerek diagnosztikaja esetében a rendszer el6zetes strukturalis dekompozi-
cidja javasolt, a kiilonb6z6 egységekben eléforduld hibak konnyebb azonositésa
érdekében.

A bemutatott modszerek kiilonb6z6 teriileteken alkalmazhatoak. Az ak-
kumulator paramétereinek becslése felhasznalhaté az aktualis és a hatralévs
élettartam, az elérhet6 kapacitas és toltottségi szint becslésére kiilonb6zé ho-
mérsékleteken. A dekompozicié alapi modszerek statikus és dinamikus mo-
dellek esetében is alkalmazhatoak. Ezen kiviil a dekompozicio lehetévé teszi,
hogy tobbszords hibak is konnyen azonosithatoak legyenek, valamint a szami-
tasi igényt is kedvezGen befolyasolja.



AHHOTAINA

DJIEKTPUYECKAsT YHEPTUST — OJNH U3 CAMBIX BaYKHBIX PECYPCOB COBPEMEH-
HOrO Mupa. CHCTEMBI JTEKTPUIECKON SHEPTUU OOBITHO UMEIOT PACIPE/IeTeH-
Hble CTPYKTYPBI C MHOTUMHU H30BITOYHBIME dJI€MEHTaMU, KOTOpble obecredn-
BaIOT 6e30MACHYIO W HAJIEXKHYIO PabOTy cucTeMbl. JlnarHocTuka TakKux CUCTEM
OYeHb BazKHAasl, HOTOMY YTO IOBPEXK/JEHUE OJIHOI'O JIEMEHTA BJIMLAET Ha OTKa-
30yCTOWYMBOCTEL BCeil cucrembl. JhOEKTUBHBIE METOMBI JIUATHOCTUKHA MOTYT
YMEHBIUTH KOJUYECTBO 0DOPYAOBAaHUIT ¥ PACXOIbl HA TEXHUYECKOE OOC/TYZKU-
BaHUe CJIOXKHBIX cucTeM. B 3T0i Auccepranuu mpeicTaBasgioTCs Pa3Hble BUIbI
JIMATHOCTHKH HA OCHOBE MOJIETN IHEPIeTHYECKUX CUCTEM.

Cuagajia mpeJICTaBIsIeTCsd METO/T OIEHKH MMapaMeTpoB aKKyMYIITOpa, KOTO-
pBIit MOKeT OBITh OCHOBA METO/1a JTHArHOCTUKH. /151 3TOM e ucro/ib30BaHa
npocTasi MOJETb aKKYMYJISTOPa, 3aBUCUMast OT TeMiepaTypbl. Pazpaborannblii
METOJI COCTOHUT U3 JABYX 3TanoB. Ha mepBom sTare oneHUBaOTCA KJIIOUEBBIE MMa-
paMeTphl aKKyMYJIsSTOpa MPH Pa3HbIX TeMiepaTypax. Ha Bropom 3Tare ore-
HUBAIOTCS TeMIepaTypHble KOI(hDMOUINEHTH TapaMeTPOB € MOMOTIBIO CTATHIe-
ckoil onruMu3anuu. [IpeioxKennblii MeToJI MOZKHO UCIOJIH30BATH KAK BbIYUC-
JIUTETHHO (P PEeKTUBHBINH CIOCOD, YTOOBI ONEHUTH MapaMeTPhbl AKKYMYJISATOPA.

[Tocne sToro, mpeacTaBIsgeTCd TUATHOCTHIECKUANR METOM, s JeTeKTHPOBa-
HUS W U30JISINH HeTEXHUIEeCKUX TIOTePh B 9IeKTPUIecKuX ceTax. s aroit me-
JIM UCTIOJb30BAaHA CTATHIeCKas JUHeapHas MOJIEb daeKTpudeckoit cetu. [1pes-
JIO?KEHHBIF METOJ OCHOBBIBAETCH HA AaHAJU3€ U3MEDEHHBIX U IPEJICKA3AHHbBIX
nanpskenuii. /I Toro 4Tobbl cuesiaTh METOJ, BBIYHUCIUTETLHO 3(DPeKTuB-
HBIM, TIepej] JUarHOCTUKOW TpejaraeTcs JeKoMIo3uiusa cetu. Paszpadboran-
HBI{l TUATHOCTUIECKUI MeTO/ MOYKET JIOKAJIU30BaTh HECKOJIBKO HeJleraJbHBIX
noTpebuTesiell, YIUThIBas MOTPENTHOCTH H3MepPEeHNs .

Hakouer, npejjiaraercs HOBbI OHJIARH MeTOJ[ JUAIHOCTHUKYU TEXHOJIOIUYe-
CKUX IPOIECCOB KOTOPBIil UCIOJIb3YyeT KAYeCTBEHHYIO JMHAMHYECKYIO MOIETb
cucrtembl B popme 1BetTHOI cetu [lerpu. B sTom ciydae amarmoctuka OCHO-
BBIBaeTCSA Ha TIOUCKe PA3HUI MKy CJieJ]aMi HOPMAaJbHON U peasbHON omepa-
U Ha rpade JoCTHKUMOCTH. ['padbl TOCTHKUMOCTH CIOKHBIX CUCTEM MOTYT
OBITH OTPOMHBIMHE, TTOITOMY TPETATACTCS METOJ CTPYKTYPHON JeKOMIIO3UIINH,
KOTOPBII MOYKET YIPaBALITh HOBBLIIIEHHBIMHA BbIYUCIUTE/ILHBIMA YCUJAUIMHA U
BpEMeHEM Ha TOUCK.

[IpencTaBieHHBIE METOMBI MOTYT IPUMEHATHCA B PA3JTMIHBIX 0OJIACTAX JIH-
ATHOCTUKH 3JTEKTPUUIECKUX cucTeM. MeToJ OleHKH MmapaMeTpoB aKKyMyJIsTO-
pa MOKET HCIOIB30BATHCA JIJIsT ONEHKH CPOKA CJIYKOBI, eMKOCTH WJIH YDPOB-
He 3aps/ia aKKyMyJIATOpa MPH Pas3HbiXx Temieparypax. Merojbl, ocHOBaHHbIE
Ha JIEKOMIO3UINHT, MOTYT UCIOJAb30BATHCS /I8 JIUArHOCTUKHA U CTATHYECKUX U
JMUHAMIYECKUX cHCcTeM. [[eKoMIo3uIus mo3BoJIgeT JUArHOCTHPOBATH MHOYKe-
CTBEHHBIE HEHCIIPABHOCTH, U, KPOMe TOTr0, HOJOXKHUTETHHO BJIWSAET HA BBIUUC-
JINTEJIbHOE YCUJIHE.



Chapter 1

Introduction

1.1 Background and motivation

Electrical energy plays a fundamental role in our everyday life. Industrial
processes, communication, household tasks, entertainment or transportation in
modern days would be inconceivable without electrical energy. The transmis-
sion of the electrical energy from the place of generation to the consumption
requires complex and extensive transmission and distribution networks, which
may even go beyond country borders. Therefore, research done in the area
of these transmission and distribution networks and their elements (electrical
machines, consumption equipments, batteries, power sources etc.), called as
electrical energy systems, are of great importance.

Electrical energy systems are usually distributed systems with high degree
of redundancy and reconfigurability. To grant the continuous operability of the
system and the availability of the energy, electrical energy systems are usually
equipped with backup systems therefore a single fault should not significantly
affect the operation of the system. The diagnosis of the system components
is important because it affects the fault tolerance of the whole system. An
effective diagnostic method may reduce the number of necessary redundant
components and additional costs of (e.g. maintenance). Therefore the diag-
nosis of electrical energy systems is crucial for the maintainers, operators and
customers of the system.

The diagnosis of the electrical energy systems can be performed at different
levels with different capabilities. Sometimes it is only enough to detect the
presence of the fault, but usually the type and the location of the occurred
fault should be identified. The situation may become even more complicated
if there are multiple faults in the system. Moreover an other advantage of the
model based diagnosis is that the model used for the diagnosis can be utilized
in other areas of the investigation of the system (e.g. verification).

Electrical energy systems can be modelled and analyzed at different levels
of hierarchy. At the top level network model a simple static linear model
may be enough to describe the main operation of the network [1]. Going
down to lower levels, such as distribution networks, local low-voltage networks,
consumers and devices, the models of the components become more complex
and detailed and offer higher resolution in space and time [2|. For example a
local network can be modelled as a discrete event system [3]; or a low level
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component, like a battery can be modelled by a nonlinear state space model
[4]. When modelling a certain part of the network one selects the appropriate
model type according e.g. to the modelling goal, the targeted application area
and the available computational resource.

In this work various model based fault diagnostic methods applied to elec-
trical energy systems are presented with different approaches of the diagnostic
task. The presented methods vary in the applied method, the used system
model and the application area.

1.2 Model based diagnosis in dynamic systems

Each system has an expected way of operation that satisfies the purpose
for which it was created. However it can sometimes occur that the system op-
erates incorrectly because of different reasons. The malfunction of the system
can be caused by a fault. The sign of the fault is the deviation between the ac-
tual (measured, observed or computed) and the nominal variables/parameters,
that is called error. If the error remains unnoticed and the fault is not handled
properly, then the situation may lead to the failure of the system. A failure
occurs when the system can no longer satisfy its original function, or its per-
formance is degraded [5|. Faults may change the structure, variables or the
parameters of the system model [6]. Model based diagnosis is one of the most
popular group of diagnostic methods [7].

The general diagnostic task can be described in the following way [§].
Given a set of faults F (where fy, € F refers to the faultless mode), a dy-
namic system model including the possible fault models and the measured
input-output data: U = (u(0),u(1),...,u(k)), Y = (y(0),y(1),...,y(k)). The
diagnostic task is to find the fault f for a given input-output pair (U,Y).

Different levels of the diagnosis can be distinguished based on the depth
of resolution. The task of fault detection is to decide whether any fault has
occurred in the system or not. Fault isolation aims to determine the location
of the fault within the system. Fault identification is used to determine exactly
which fault in F has occurred and estimate its magnitude.

In the following a short review of model based diagnostic methods that are
used in this thesis is given.

1.2.1 Diagnosis based on parameter estimation

The basic principle of the method is that the occurrence of a fault makes
changes in the variables or parameters of the system. Given the set of faults,
the parametrized system model, the measured input-output data, and a loss
function depending on the parameters, the task is to find those parameters
corresponding to a given fault that minimizes the loss function such that the
model output is as close as possible to the measured output [9).

6
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Several methods of parameter estimation can be used to solve this task.
One of the most popular methods is the least squares estimation and its vari-
ations because of their simplicity.

The parameter estimation based diagnosis is usually applied at component
level because of the complexity of the model and the number of parameters.
In [10] a parameter estimation based fault detection method was developed for
a DC motor where both electrical and mechanical parameters were estimated.
Recursive least squares are often used for real-time diagnosis exploiting the
reduced computational effort [11]. Nonlinear weighted least squares was used
to predict the degradation of a gas turbine [12|. Parameter estimation can also
be a part of a hybrid diagnoser as it was applied in [13], [14].

The parameter estimation methods can be applied with high reliability
only if the input is properly excited. Experiment design aims to create op-
timal conditions for parameter estimation. The papers [15] and [16] propose
an experiment design solution that is optimal from the parameter identifica-
tion point of view, where solution space is a sinusoidal signal family applied
as charging/discharging current. On the other hand, experiment design [17]
can also be used in order to maximize the information content of the battery
charging-discharging related measurement dataset in order to estimate battery
parameters more precisely.

Parameter estimation of nonlinear models can be computationally complex
since the loss function should be minimized numerically. Paper [18] overcomes
this problem by a parallel Java algorithm implemented on GPU (CUDA) archi-
tecture. The authors of [19] developed and compared three different solutions
for the internal resistance estimation of lithium-ion batteries (direct resistance
estimation, Extended Kalman Filter (EKF), recursive Least Squares) and con-
cluded that EKF approach performed the best in terms of computational effi-
ciency.

The advantage of the parameter estimation based diagnosis is that all fault
diagnosis tasks (detection, isolation, identification) can be realized with this
method. Besides that, with on-line parameter estimation methods faults can
be recognized at an early stage and the detection of multiple faults is also
possible.

1.2.2 Diagnosis based on analytical redundancy

Analytical redundancy based diagnosis methods use the idea that the actual
measured variables should be consistent with the model calculated variables
[20]. Analytical redundancy relations (ARR) are equations representing the
deviations between the measured and model variables that are zero in case of
normal operation and nonzero in case of at least one fault.

7
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Analytical redundancy based diagnosers usually have two components. The
restdual generator computes the the difference between measured and model
variables (residuals). Usually three different approaches are used for residual
generation: the parity space, the observer and the Kalman filter methods. The
decision system analyzes the residuals and complete the fault detection and
isolation tasks [21].

The fault detection task is relatively simple with analytical redundancy.
However the residuals being zero in/during normal operation is typically not
true in real world applications because of the presence of measurement noise.
Therefore the residuals are usually compared to a given threshold to detect
faults in the system[22]. When the measurement noise is significant then in-
formation about the noise should be included in the model. Using a properly
designed filter the effect of noise can be attenuated.

For fault isolation more than one residual is needed. The two main isola-
tion techniques that can be used are the method of structured residuals and
the fixed direction residuals [23]. In the first case the residuals can be divided
into subsets that are nonzero only if a specific fault has occurred. The pattern
of zero and nonzero elements of the residuals, which is called signature, char-
acterizes the fault. In the second case the direction of the residual vector can
be associated with the given fault.

Analytical redundancy is often used to diagnose sensor or actuator faults.
Application areas range from simple benchmark systems like the three tank
system in |24] to complex engineering systems and safety critical systems such
as nuclear power plants [25], jet engines [26|, satellites [27] or aerospace [28].

The advantage of analytical redundancy based diagnosis in contrast to
hardware redundancy is that no duplication of sensors or physical components
is needed to realize a diagnostic method. This reduces the cost and weight
of the equipment. An other feature is that a variety of models can be served
as the basis of the diagnosis (e.g.ordinary differential equations, data-driven
models, expert systems) [29].

1.2.3 Diagnosis of discrete event systems

Discrete event systems are special kinds of dynamic systems with discrete
time and discrete valued variables. Events are the changes between the discrete
values of the variables. Typical models of discrete event systems are automata
models and their extensions, Petri nets or state machines.

Fault diagnosis of discrete event systems is usually based on the assumption
that faults are unobservable events, therefore only the effects of faults can be
noticed [30]. Since events related to faults are unobservable by assumption,
the detection and isolation problem must be solved based on the available
information of the observed non-faulty events. The diagnosability of discrete
event systems has been originally investigated in [31] using the methods of
automata theory.



1.3. THESIS STRUCTURE

If the discrete event system is modelled by an automaton then the most
common solution of the diagnostic problem is the creation of the diagnoser au-
tomaton by eliminating the unobservable events. Although the diagnoser can
be constructed algorithmically, the issues of state explosion and high compu-
tational complexity are present. A solution to reduce the computational effort
was presented in [32].

Another way of diagnosis is performed by checking the consistency of the
observed input-output sequences and the state transition relations of the au-
tomaton model [33]. The method can be applied to quantised systems repre-
sented by discrete event models, too [34].

Discrete event systems can be represented by different kinds of Petri nets,
too. A simple fault detection method based on the measurement of token
quantity in conservative Petri nets is given in |35]. In case of more complex
models more sophisticated diagnostic methods are needed. The construction
of a diagnoser Petri net, which is the copy of the original model without the
faulty transitions, is proposed in [36], [37]. Comparing the original model
output and the diagnoser output the difference between them indicates that
a fault has occurred. Besides that, the reachability or the coverability graph
of the Petri net is often used for diagnostic purposes, because it contains all
possible system states [38]. Other methods use the mathematical model of the
Petri net and the diagnostic problem is traced back to the solution of a set
of linear equations [39], [40]. Qualitative discrete event systems, which is in
the focus of Chapter [4] can be also modelled by ordinary or colored Petri nets
[41], [42]. The trace of the qualitative variables can be used for detecting and
identifying faults in the system, using a specially constructed colored Petri net
diagnoser [43].

The problems of the Petri net based diagnostic methods are similar to the
ones mentioned at the automata based methods.

1.3 Thesis structure

This thesis is divided into the following main chapters.

In Chapter 2] the parameter estimation method developed for the diagnosis
of batteries is presented. First the basic notions related to the battery op-
eration are introduced then the used temperature dependent battery model
is introduced. After that the experiment design process that is a necessary
prerequisite of the parameter estimation is described. The developed two-step
parameter estimation method is explained hereinafter. Finally, simulation re-
sults are presented and the achieved results are summarized.

In Chapter |3 the model based diagnosis of electrical networks is described
which is based on the comparison of nominal and measured current/voltage
values. First the model of the network and the basic concepts are introduced.
Then the decomposition of different network structures is presented which is
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the key element of the diagnostic method. After that the proposed diagnos-
tic algorithms for non-technical loss diagnosis utilizing the network structures
are presented. The decomposition and diagnostic methods are illustrated on
simple examples. The results are summarized at the end of the chapter.

In Chapter [4] the colored Petri net based diagnostic method for process
systems is presented. At first the basic notions of ordinary and colored Petri
nets are introduced. The general colored Petri net model and its operation
is explained in the next section. After that the basic unit-wise diagnostic
algorithm is presented which uses the occurrence graph of the colored Petri
net model of the technological unit. The diagnosis of composite systems based
on structural decomposition is introduced in the next section. Finally, the
results of this work are summarized.

In Chapter o the main results of this research are summarized in three
thesis points. The relevant publications can also be found here.

Two detailed case studies illustrating the diagnostic methods presented in
Chapter [3] and Chapter [4] can be found in the Appendix.
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Chapter 2

Diagnosis of batteries using
parameter estimation

Lithium-ion batteries are popular energy sources of our everyday life be-
cause of their high energy density, low self-discharge and light weight. Portable
electronic devices (mobile phones, laptops), home electronics, electronic tools
and electric vehicles (EVs) all run on some type of lithium-ion battery. In ap-
plications like electrical vehicles, batteries are connected in parallel and series
in order to meet the power needs.

The optimal performance and safe operation of the set of battery cells are
managed by the battery management system (BMS). Another essential role of
the BMS is the state of charge (SOC) and state of health (SOH) estimation.
The former quantity informs the user on the remaining charge of the battery
bank (i.e. the remaining mileage that can be travelled with the electrical
vehicle), while the latter shows the ratio between the capacity of a new battery
in relation to the actual capacity of the battery. Just like any other battery,
the performance of the lithium-ion battery is not constant but slowly degrades
during the operation and strongly depends on the ambient temperature. The
battery health conditions cannot be measured directly therefore it should be
estimated based on measurable quantities.

The temperature does not only affect the aging process of a battery but its
short term performance, too. Therefore the thermal effects taking place in the
battery should also be taken into account when creating a battery model.

Thermal modelling and the analysis of lithium-ion batteries under different
temperatures has been addressed by several authors. The thermal modelling
of batteries as well as the modelling without temperature dependency can be
classified based on the scientific background (e.g. equivalent circuit models,
electrochemical models). The review [44] gives a thorough analysis not only
of the different electrochemical models but also of the parameter identification
methods.

In such applications where the computational complexity (i.e. time) is
crucial e.g. in BMSs, equivalent circuit models are widely used [45]. In our
previous work [46] we proposed a parameter estimation for lithium ion batteries
based on their first order equivalent circuit model. The results showed that
there is a linear dependency between some model parameters because of the
insufficient excitation.

11



2. DIAGNOSIS OF BATTERIES USING PARAMETER ESTIMATION

The aim of the work presented here is to diagnose the failure of the battery
related to the aging. Because the aging process affects the battery parameters
(e.g. decreased capacity), the condition of the battery can be estimated by
comparing the actual battery parameters with the parameters of a new bat-
tery. To do this the actual battery parameters should be determined. In the
following sections I propose a parameter estimation method which takes into
account the temperature dependency of the parameters, too. The tempera-
ture dependent battery operation is critical in automotive applications (e.g.
the available charge in a battery at 0 °C' is less than at 25 °C).

In this chapter I generalize my previous work to the case when the tem-
perature dependence of the parameters are also taken into account. The way
of estimation of the temperature dependent parameters is important from the
viewpoint of applicability a simple parameter estimation is needed for primarily
the actual capacity for implementation in future BMSs. In this work a dif-
ferent equivalent circuit model is used instead of the one in [46], with physical
meanings of the parameters. The novelty of this work is the two-step param-
eter estimation method of the temperature dependent parameters. Before the
estimation of the parameters, proper experiment design was carried out to
ensure sufficient excitation and maximize the available information about the
parameters. The proposed method can be used as a basis of a battery health
diagnosis system.

2.1 Battery basic notions

In this section the basic notions related to the operation of Li-ion batteries
are summarized according to [47].

The battery is an electrochemical energy source that is composed of recharge-
able cells. The battery delivers voltage that depends on the cell chemistry. The
components of an electrochemical cell are the positive electrode , the negative
electrode and the electrolyte. In case of Li-ion battery the positive electrode
(cathode) is made from metal oxide, the negative electrode (anode) is made
from carbon (graphite) and the electrolyte is a liquid solvent with lithium salt.
The schematic structure of a Li-ion battery can be seen in Figure 2.1}

Batteries have two operation modes based on the direction of the current:
discharge and charge. During discharge the positive Li-ions move from the
negative electrode to the positive electrode through an external load. During
charge an external electrical power source is connected to the electrodes that
causes over-voltage. This forces the positive ions to move from the positive
electrode to the negative electrode.

The capacity of a battery is the amount of electric charge that a fully
charged battery can deliver during discharge. The capacity is defined as the
product of the constant discharge current and the time, and it is measured in
ampere-hours (Ah). For example a battery with 20 Ah capacity provides 20
A current for 1 hour.

The nominal capacity is the capacity of the battery when it is discharged
with the nominal current provided by the manufacturer.

12
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Figure 2.1: The schematic structure of a Li-ion battery

The charge/discharge current is often expressed with the C rate instead of
the actual magnitude. The C rate is a relative quantity that is defined as the
charge/discharge current related to the nominal capacity of the battery. For
example a 20 Ah battery can be discharged with 1 C (20 A) in 1 hour, or with
0.1 C (2 A) in 10 hours.

The State of Charge (SOC) is the actual available charge in the battery. It
is usually expressed as a percentage of the nominal capacity.

SOC(t) = g(t) -100

The SOC is 100 % for a fully charged battery and 0 % for a fully discharged
battery. The SOC is a crucial information of the battery therefore accurate
SOC estimation is a major object in battery related researches [48]-[52].

The open circuit voltage (OCV) of the battery is the voltage between the
battery terminals when there is no current flow, i.e. the battery is neither
charged or discharged. The open circuit voltage is affected by several factors,
for example state of charge, temperature and polarization.

Polarization is a side effect in batteries that occurs when the electrode
potential is displaced from the equilibrium potential due to a passage of current
through the cell. This effect is slowly developing over time and affects the open
circuit voltage.

The terminal voltage of the battery is the potential difference between
the battery terminals (denoted by + and - signs in Figure [2.1). The battery
terminal voltage is smaller than the OCV during discharge and greater than
the OCV during charge. This phenomenon is caused by the internal resistance.

13
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All materials have some electrical resistance including the components of
the battery cells. The internal resistance of a battery comes from the resistivity
of the electrodes and the electrolyte.

The battery capacity degradation during usage is usually characterized by
the State of Health (SOH). The SOH of a battery is measured as the battery
capacity related to the initial nominal capacity in percentages:

som() = Lm0

B Qnom (t(])

The battery reaches its end of life and considered degraded when the SOH
drops below 80 %. Different methods of SOH estimation are presented in the
literature [48], [49], [53], [54].

2.2 Battery model

The parametric lithium-ion battery model that is the basis of the methods
to be proposed later is presented here. This is a modified version of our model
used in [46]. The list of notations used in the battery model is given in Table

2.2

2.2.1 Modelling assumptions

The following assumptions were made for the battery model |55] with tem-
perature dependency:

e The capacity of the battery does not change respective to amplitude of
the current (no Peukert effect).

e The self-discharge of the battery is not represented.

e The memory effect is less important from the viewpoint of ageing than
discharge /recharge strategy /policy.

e The voltage and the current can be influenced.
e The capacity depends on the ambient temperature.

e The electrode potential, the polarization coefficient, the polarization re-
sistance and the internal resistance depend on the internal (cell) temper-
ature of the battery.

2.2.2 Temperature dependent battery model

From the potential modelling methodologies the equivalent electrical circuit
type was selected to create the basic battery model. The selected model is
originally developed in [55], in our previous work we described that model
without temperature effect [56].

The structure of the model can be seen in Figure [2.2]

14
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Figure 2.2: Equivalent electrical circuit model of the battery. Voltage v,.(t) of
the controlled voltage source is different in the case of charge and discharge.

The input of the model is the battery current (i) and the output is the bat-
tery terminal voltage (vp). The open circuit voltage (v,.) is represented by a
controlled voltage source, and it is different during charge and discharge. The
model was extended with temperature effects as it can be found in the Mat-
lab Simulink Battery block (Simulink/Simscape/Electrical/Specialized Power
Systems/Electric Drives/Extra Sources) [57]. The difference with respect to
the basic model [56] is that some of the parameters depend on the ambient or
cell temperature. As a result, the temperature dependent state space model
of the battery is obtained in the form of Egs.(2.142.6) following [58] with the
notations collected in Table 211

State equations:

T4(t) = gesi(t) (2.1)
Cir(t) = () + i) (2:2)

The state variables have the following meaning:

e ¢ is the actual extracted capacity of the battery. The initial values are
q(to) = 0, if the battery is fully charged and ¢(ty) = @, if the battery is
fully discharged.

e ¥ is the polarization current. It can be computed by applying a low-pass
filter to the battery current ¢, where 7 is the time constant of the filter

(see Eq. (2.2)).

Output equations:

e Charge model

Q(Tw)
(t) +0.1Q(T,)

vt T, T,) =Eo(T) — K, (T)q i (t)—

Q(T,)
— Kz(T)mq(t) + Aexp(=Bq(t)) — Cq(t)
(2.3)
vf(t, T) = v (t,T,T,) — R(T)i(t) (2.4)
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e Discharge model

dch _ o Q(T(l> Z* .
voc (t7T7 Ta) _EO(T) Kl(T)Q(Ta) _ q<t> (t)
Q(T.)
— Kz(T)mW) + Aexp(—Bq(t)) — Cq(t)
(2.5)
v (¢, T) = v®"(t, T, T,) — R(T)i(t) (2.6)

The output of the model is the battery terminal voltage v;* that is com-
posed of the open circuit voltage (vX) and the voltage drop across the internal
resistance (R(T)i(t)). X = {ch,dch} denotes the charge/discharge mode of
the battery.

The charge and discharge model differs in the open circuit voltage equation.
The open circuit voltage is composed of five main parts. Ej is the electrode po-
tential of the battery, The term K (T)%i*(t) and K, (T)%Z*(t)
represents the polarization phenomenon in case of charge and discharge respec-
tively, where K is the polarization resistance and () is the battery capacity.
The term K5 (T) %q(ﬂ describes the nonlinear variation of the OCV with
the SOC, where K, is a polarization constant. The fourth term A exp(—Bq(t))
represents the rapid increase of the battery voltage when the battery is nearly
fully charged. Finally C'q(t) represents linear component of the discharge curve
of the battery.

The variables and parameters of the model with their meaning and units

can be seen in Table

The indirect temperature dependency of the model defined by Eqs. (2.142.6))
is realized through a static temperature dependence of the model parameters.
The temperature dependency of the parameters can be described with the fol-
lowing equations [58]:

e The change of polarization coefficient, polarization resistance and inter-
nal resistance with the battery temperature T can be derived from the
Arrhenius law:

Ky(T) = Kilg,; exp (041 (% - Tjef)) (2.7)

() = Kk ow o (- 7)) 2.3

RT) = B, e (5 1 - Tjef)) (29)

e The temperature dependency of the capacity and the constant potential
can be written in the following form:

A
Q(Ta> = Q|Tref + A_g(Ta - 717'ef) (210)
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oFE
EO(T) = EO|Tref + _(T - TT@f)

o7 (2.11)

Table 2.1: Variables and parameters of the examined Samsung INR18650-20Q
Li-ion battery

Name Type Meaning ‘ Unit ‘ Value ‘
1 input variable battery current A -
7" state variable polarization current A -
q state variable extracted capacity Ah -
t independent variable time S -
Ve variable open circuit voltage A% -
Uy output variable battery voltage \Y -
T external variable battery cell K -
temperature
T, external variable ambient temperature K -
. parameter time constant of the < 0.003
filter
constant potential of
Eo parameter the elé)ctrodes v )
reversible voltage
OFE /0T parameter temperature coefficient V/K | 0.002
R parameter internal resistance Q -
Arrhenius rate
15} parameter constant for the K 3839.8
internal resistance
K parameter polarization resistance Q -
Arrhenius rate
aq parameter constant for the K 8415.3
polarization coefficient
Ky parameter polarization constant | V/Ah -
Arrhenius rate
Q9 parameter constant for the K 8415.3
polarization resistance
Q parameter battery capacity Ah -
maximum capacity
AQ/AT parameter temperature coefficient Ah/K | 0.016
A parameter exponential voltage \Y% 0.1589
B parameter exponential capacity | (Ah)™' | 15.0
C parameter nominal discharge V/Ah | 0.2362
curve slope
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2. DIAGNOSIS OF BATTERIES USING PARAMETER ESTIMATION

The parameters of the temperature dependent battery model with their
meaning and nominal values can be also found in Table Our examined
battery is a Samsung INR18650-20Q type battery with 2000 mAh nominal ca-
pacity and 3.6 V nominal voltage. The nominal parameters of the battery were
extracted from the datasheet and the Matlab Simulink model [59]. The nomi-
nal values of the temperature dependent parameters at reference temperature
can be found in Table 2.2l

Table 2.2: Parameters of the examined Samsung INR18650-20Q) Li-ion battery
at reference temperature.

’ Name \ Type \ Meaning \ Unit \ Value ‘

Tref | parameter nominal ambient temperature K 298.15
7, Constant.potentiahl of the electrodes v 3.9388
at nominal ambient temperature

internal resistance at nominal
R‘T”f parameter ambient temperature Z 0.005

polarization resistance at nominal

T,.; | parameter

K . Q .001
tlz,., | parameter ambient temperature 0.0018
polarization constant at nominal
K . Ah | 0.001
2|T”f parameter ambient temperature v/ 0.0018
batt ity at inal
Qlr.., | parameter attery capacity at nomina, Al 50

ambient temperature

Remark on the battery cell temperature

In order to obtain a simple model for parameter estimation, we have omitted
the energy balance and considered the battery cell temperature 1" as an external
variable. Simulation results showed that the cell temperature changed about
+2 °C with respect to the ambient temperature during a charge or discharge
operation.

2.3 Experiment design

The quality of the estimated parameters depends on the quality of the
available measurement data. With the help of experiment design the available
information about the parameters that can be extracted from the measure-
ments can be influenced. Techniques of experiment design include choosing
the proper input variables, the parameters to be estimated, creating input
signals to ensure sufficient excitation, fixing experimental conditions etc. In
this section two steps of experiment design are executed. In Section the
parameters to be estimated are chosen based on the sensitivity analysis of
the model. Then the input signals used in the experiments are introduced in
Section The simulation setup is described in Section [2.3.3]
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2.3.1 Parameter sensitivity analysis

As a first step of the parameter estimation, the parameter sensitivity of the
charge and discharge model of the battery has been analyzed. It is important to
note, that the temperature has an indirect effect on the model output through
the parameters which directly depend on the temperature. Instead of applying
the classical methods of sensitivity analysis involving sensitivity equations, the
method described in our previous work [46] was used for the sensitivity analysis.
In this method the parameter values were changed one by one with +£10% with
respect to the nominal values, then the difference between the nominal and
the perturbed model was evaluated using a quadratic loss function:

. N . 2

W.(0) = %kzg (06 %) — (6 1) (212)
where 0 denotes the parameter vector, and 6 is the perturbed parameter vec-
tor. At first the step response of the model was simulated to get the time
constant of the system (75). The sample time of the PRBS signal (T5) was
chosen to be Ty = 7,/5. The sensitivity analysis was repeated at 6 different
temperatures: 0°C, 10°C, 20°C, 30°C, 40°C' and 50°C. The battery was
charged /discharged between 0 — 100% state of charge with PRBS current in-
put (amplitude: charge {-2 A, -0.5 A}, discharge {0.5 A, 2 A}, sample time:
160 s). Both the charge and the discharge models were analyzed. The nominal
model was the charge/discharge model at the nominal ambient temperature
Trey = 25°C.

The models were simulated in Matlab using the model equations Eqgs.
. At each temperatures the nominal parameters were perturbed one-by-one
and the value of the loss function was computed. The result of the sensitivity
analysis of the charge and the discharge model can be seen in Table and
Table[2.4] The graphical representation of the results is depicted in Figure [2.3

Table 2.3: Values of the loss function in case of the parameter sensitivity
analysis of the charge model.

Parameter | Change | 0°C 10°C 20°C' 30°C 40°C  50°C
o -10% | 0.1100 0.0710 0.0728 0.0837 0.0922 0.0999
+10% | 0.1342 0.0939 0.0830 0.0721 0.0652 0.0592

K, -10% | 0.0437 0.0047 0.0003 0.0003 0.0011 0.0020
+10% | 0.0455 0.0051 0.0004 0.0003 0.0011 0.0020

K, -10% | 0.0365 0.0041 0.0003 0.0003 0.0011 0.0020
+10% | 0.0537 0.0059 0.0004 0.0003 0.0011 0.0020

-10% | 0.0376 0.0069 0.0028 0.0013 0.0005 0.0007

¢ +10% | 0.0562 0.0054 0.0016 0.0025 0.0039 0.0055
R -10% | 0.0446 0.0049 0.0003 0.0003 0.0011 0.0020
+10% | 0.0446 0.0049 0.0004 0.0003 0.0011 0.0020
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Table 2.4: Values of the loss function in case of the parameter sensitivity
analysis of the discharge model.

Parameter | Change | 0°C 10°C" 20°C 30°C  40°C'  50°C
-10% | 0.3795 0.1374 0.0912 0.0687 0.0591 0.0517

Eo +10% | 0.1305 0.0581 0.0680 0.088¢ 0.1013 0.1119
K, -10% | 0.1641 0.0184 0.0018 0.0011 0.0026 0.0042

+10% | 0.1913 0.0220 0.0022 0.0011 0.0026 0.0042
) -10% | 0.1578 0.0182 0.0017 0.0011 0.0026 0.0042

+10% | 0.1982 0.0223 0.0023 0.0010 0.0026 0.0042
-10% | 0.1362 0.0408 0.0020 0.0002 0.0023 0.0042
@ +10% | 0.1852 0.0346 0.0004 0.0015 0.0027 0.0042
-10% | 0.1769 0.0200 0.0200 0.0011 0.0026 0.0042
+10% | 0.1780 0.0203 0.0020 0.0011 0.0026 0.0042

—— [y — 10% = Ey + 10% —o K; — 10% —— K, + 10% —+— K, — 10%
o Ko+ 10%-%-Q —10% -o- Q +10% -~- R—10% -+- R+ 10%

0.4 0.4
0.3 . 0.3 8
T 02} 1= 02 .
= =
011 w 10 |
0 = B——f——a 0r :
| | | | | |
0 20 40 0 20 40
Temperature [°C] Temperature [°C]
(a) Sensitivity of the charge model (b) Sensitivity of the discharge model

Figure 2.3: Results of the parameter sensitivity analysis of the charge and the
discharge model

It can be seen that the discharge model is a bit more sensitive to the change
of the parameters as the magnitude of the error is greater in that case. Both
the charge and the discharge models have similar characteristics with respect
to the parameter sensitivity:

e The models are highly sensitive to the constant potential Ej.
e The models are less sensitive to K1, K> and Q.

e The rate of sensitivity is similar in case of K, Ky and Q.
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e The sensitivity of the models increases as the temperature decreases.

e At ambient temperatures greater than the nominal temperature, the ef-
fect of changing the parameters is really small (except for Ejy), especially
in case of the discharge model.

e The change of the internal resistance R at different temperatures has no
effect on the models, as the errors related to the £10% change are almost
the same. In these cases only the temperature affects the models.

Based on these statements the parameters Ey, K1, Ky and () will be estimated
while R is fized to its nominal value.

2.3.2 Input signal

The pseudo-random binary sequence (PRBS) is chosen as the input signal
for the parameter estimation. It is a widely used signal in the field of parameter
estimation [60] because it is easy to generate and provides sufficient excitation.
The PRBS has only two values in between the signal changes randomly. The
two parameters of the PRBS are the range (the upper and lower level of the
signal) and the frequency of the change that should be chosen considering the
system dynamics. In our case the clock frequency of the PRBS was chosen to
be 5 times the time constant of the system, the latter can be approximately
determined from the step response of system (see in Section [2.3.1).

An other important factor of our parameter estimation method is the am-
bient temperature. The experiments were carried out at different ambient
temperatures that were hold constant during an experiment.

The minimum and maximum ambient temperatures of the experiments
were chosen according to the recommended operating temperatures of the ex-
amined battery. Then this range was evenly divided to get the list of ambient
temperatures at which the experiments were carried out. For example if the
operating temperature range of the battery is [0°C, 50°C] then the experimen-
tal ambient temperatures can be 0°C, 5°C, 10°C, ..., 50°C.

A method for optimal design of experiments was developed in our previ-
ous work [56]. In that paper two different input signals (CCCV (Constant
Current Constant Voltage) and PRBS charge/discharge profiles) were investi-
gated in order to maximize the available information about the parameters to
be estimated.

2.3.3 Simulation setup

The parameter estimation methods were implemented and tested by sim-
ulation experiments in Matlab. To simulate the heat dissipation of the bat-
tery during charge/discharge, the battery model in Simulink/Simscape/ Elec-
trical/Specialized Power Systems/Electric Drives/FExtra Sources (an extended
model) was used[57]. This model contains additional energy balance equations
that describe the temperature effects of the battery |[61]. This means that the
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cell temperature and the heating/cooling effects of the battery (including self-
heating) during the operation can be simulated. It is important to note that
the model used for parameter estimation Eq. is much more simple,
as it does not contain the internal energy balance equation. The advantage
of the Simulink model is that the battery cell temperature can be directly ex-
tracted from the model, which can be used as measurement data for the cell
temperature.

The simulated battery was a Samsung INR18650Q-20Q battery with 2000
mAh capacity whose nominal parameters can be seen in Table and Table
2.2l The operating temperature range of the battery from the datasheet is
[0°C, 50°C] for charge and [—20°C, 75°C for discharge. Based on these values,
the ambient temperature was set to be between 0 — 50°C' for the simulation.
The charge and the discharge of the battery was simulated at 11 different
ambient temperatures with PRBS input signal between 1-99% state of charge.
The simulation setup in case of charge and discharge can be seen below.

Simulation setup for charge:

e PRBS input: I,,;, = —2A, L. = —0.5A, T, = 160s;

e initial values: ¢(to) = 0.99Q), i*(to) =0, T' = Ty;

e ambient temperatures: T, = 0,5, 10, 15, 20, 25, 30, 35, 40, 45, 50°C';
e stopping criterion: ¢(t) = 0.

Simulation setup for discharge:

e PRBS input: I,,;, = 0.5A, I,,.. = 2A, Ty = 160s;

e initial values: ¢(to) = 0.01Q, i*(to) =0, T = Ty;

e ambient temperatures: T, = 0,5, 10, 15, 20, 25, 30, 35, 40, 45, 50°C';
e stopping criterion: ¢(t) = 0.990Q).

All the simulations were performed on a PC (Intel i5 CPU with 4 GB RAM).

2.4 Methods for parameter estimation

The proposed parameter estimation method consists of two steps. At first
the battery is charged or discharged at different constant ambient tempera-
tures. At each temperature the parameters FEy, K1, K5 and @) of the battery
are estimated. In the second step the temperature coefficients of these param-
eters are estimated using the estimated values of the parameters at different
temperatures.
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2.4.1 Estimation of the battery parameters

The first step of the proposed method is the estimation of the battery pa-
rameters at different constant ambient temperatures to see how these parame-
ters change with the temperature. The inputs of the parameter estimation are
the battery current and voltage at different temperatures during a full charge
or discharge process. The result of the estimation is a set of battery parameters
at different temperatures.

It can be seen from Egs. that the battery model has a nonlinear
output equation and four parameters to be estimated. The internal resistance
R was fixed to its nominal value because the sensitivity analysis (Section
showed that the model is not sensitive to the parameter R. To estimate the
parameters of the model a suitable nonlinear parameter estimation method
should be chosen. In this work the nonlinear least-squares method was used
for parameter estimation.

Nonlinear parameter estimation problems are usually solved as nonlinear
optimization problems where a suitable cost function should be minimized. In
our case the cost function is the sum of squared deviation between the model
and the measurement data at every time instance (see Eq. below).

WO) =Y (5 (k) — vl (6:k))° (2.13)

k=1

X € {ch;dch}

where 03X (k) = 9;X(kT,) is the measured value of the battery voltage at the

k-th sample, v;X(0; k) is the output of the model (Eq. or Eq. (2.6))
with the parameter vector § = [Ey, K1, K5, @], and N is the total number of
samples.

As all of the parameters to be estimated have physical meaning, the range
and scale of the parameter values are usually known in advance. Therefore
upper and lower bounds for the parameters can be defined that is useful to limit
the searching space of the optimization. As a result, a constrained nonlinear
optimization problem should be solved. From the potential algorithms the
Trust Region Reflective algorithm [62] was chosen in our work.

2.4.2 Estimation of the temperature dependency of the
parameters

The second step of the parameter estimation method is the estimation of the
reference values and the temperature dependency coefficients of the parameters.
The inputs of this parameter estimation problem are the estimated parameters
at different temperatures from the previous step (Section . It can be seen
from the temperature dependent battery model, that the parameters can be
divided into two groups based on the type of their temperature dependency:

e Parameters with linear temperature dependency: Ey, Q;
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e Parameters with nonlinear (exponential) temperature dependency: K7,
K.

Moreover it can be seen from Eqs. (2.742.11) that some of the parameters
(Q) depend on the ambient temperature and others (Ey, K1, Ks) depend on
the battery cell temperature. The problem is that the cell temperature is
not always measurable. In that case when the temperature is measured, the
temperature sensor is usually placed on the surface of the battery. In addi-
tion the charge/discharge current affects the heat generation of the battery,
too. Charging/discharging the battery at low C rates (0.5 C - 1 C rates) we
found, that the battery temperature does not increase significantly (2°C). The
rapid increase in the battery cell temperature can be experienced when charg-
ing/disharging the battery with high C rates (5-25 C) [63]. To overcome these
issues the following additional assumptions were made:

e The charge/discharge current of the battery is maximum 1 C (2 A), there-
fore the cell temperature does not change a lot during charge/discharge
(maximum +2°C).

e The cell temperature is substituted by the average surface temperature
during charge/discharge.

e Initially the cell temperature and the ambient temperature are equal
(T(0) =To).

e The surface temperature of the battery is measured.

With the above assumptions the temperature coefficients of the parameters
can be estimated. The coefficients to be estimated are:

e Fylr,,, and OF/OT for the temperature dependency of Ej;
e Q|r,., and AQ/AT for the temperature dependency of Q;
® Kilr,., and a; for the temperature dependency of Ki;

o Ks|r, . and a for the temperature dependency of K.

ef

The coefficients of Eo(T") and Q(T,) can be estimated with the simple linear
least squares method because equations Eq. and are linear.

The coefficients of K;(7T) and K5(T') can also be estimated by the least
squares method by transforming the equations and their dependent variables.

2.5 Simulation results

In this section the results of the simulation based experiments are intro-
duced and analyzed. In Section [2.5.1the results of the estimation of the battery
parameters at 11 different temperatures are presented. Then in Section
the results of the estimation of the temperature dependency of the battery
parameters are described.
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2.5.1 Estimated battery parameters

The battery parameters at different temperatures were estimated using
the Isgnonlin function from Matlab Optimization Toolbox [64]. This function
needs at least two input arguments: a function to minimize and the vector of
initial parameter values. Additional input arguments such as lower and upper
bounds of the parameters and other options can be also defined. In our case
the following bounds were defined for the parameters:

0 S EO S 57
0 < @ < 3
0 < Ky < 01,
0 < Ky < 0.1.

The function to minimize is the cost function in Eq. and the parameters
to be estimated are 6 = [Ey, Q, K1, KQ]T. The initial values of the parameters
were set to the nominal parameter values (see in Table 2.1)).

The results of the parameter estimation can be seen in Table [2.5/and Table
2.6l The results are also depicted in Figures with black dots. It can be
noticed in Figure that above 35 °C' (T' — T,y = 10) the battery reached

its maximum capacity during charge.

Table 2.5: Estimated battery parameters at different temperatures during
charge.

T, [°C] 0 5 10 15 20 25 30 35 40 45 50

Ey[V] 3.9175 3.9154 3.9190 3.9259 3.9343 3.9436 3.9532 3.9631 3.9651 3.9783 3.9893
Q [Ah] 1.6001 1.6800 1.7599 1.8399 1.9201 2.0004 2.0811 2.1623 2.1576 2.1579 2.1582
K9] 0.0169 0.0099 0.0059 0.0036 0.0023 0.0015 0.0010 0.0007 0.0012 0.0008 0.0007
K, [V/AR] | 0.0246 0.0140 0.0082 0.0049 0.0030 0.0019 0.0012 0.0008 0.0000 0.0000 0.0000

Table 2.6: Estimated battery parameters at different temperatures during dis-

charge.

T, [°C] 0 5 10 15 20 25 30 35 40 145 50
Ey [V] 3.8377 3.8930 3.9083 3.9185 3.9286 3.9388 3.9490 3.9591 3.9693 3.9795 3.9884
Q[Ah] 16010 1.6801 1.7599 1.8393 1.9188 1.9980 2.0764 2.1540 2.2300 2.3035 2.1583
K, [Q)] 0.0239 0.0138 0.0081 0.0048 0.0029 0.0018 0.0011 0.0007 0.0004 0.0003 0.0000
Ky [V/Ah] | 0.0243 0.0139 0.0081 0.0048 0.0029 0.0018 0.0011 0.0007 0.0005 0.0003 0.0000
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Figure 2.4: Estimation of the temperature dependency of Ej
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Figure 2.5: Estimation of the temperature dependency of @)
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Figure 2.6: Estimation of the temperature dependency of K;
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Figure 2.7: Estimation of the temperature dependency of K,

It can be seen from the estimated values that they are in good agree-
ment with the nominal parameters of the investigated battery type, and co-
incide well with the parameters in the detailed dynamic battery model in
Simulink/Simscape/Electrical /Specialized Power Systems/FElectric Drives/Extra
Sources.

The accuracy of the parameter estimation can be characterized by the co-
variance matriz of the estimation. In our results the elements of the covariance
matrices are really small (with orders between 107 and 107'2) in both charge
and discharge cases. This means that the parameter estimation is very accu-
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rate. Note, that the experimental data were obtained from the simulation of
the model equations of the extended model with energy balance equation and
not from real measurements, therefore no external noise or modelling errors
are included.

The uncertainty of the parameters can be characterized by the confidence
region of the estimation. The confidence region of the estimated parameters
can be approximated by the 1.05 - W,,;, contour line of the cost function W.
In order to analyze and illustrate the confidence regions, the parameters were
analyzed in pairs in such a way that two of the parameters were fixed to
their estimated values then the value of the cost function was computed while
changing the other two parameter values around their estimated value. The
parameter pairs were chosen to be Fy, @) and K;, K5. Some examples of the
confidence regions in case of charge and discharge at different temperatures are
illustrated on Figure 2.8 and Figure 2.9, The order of magnitude on the X and
Y axes are the same in Figures [2.8a and Figures respectively.
In Figure the axes are magnified for better visibility. Comparing the
confidence regions at different temperatures and operating modes the following
conclusions can be drawn:

e In case of both charge-discharge, the confidence of () increases while
Ey decreases as the temperature rises (see Figure [2.8) and Figure

2.392.80).

e [y and () are uncorrelated because the axes of the ellipse are almost
parallel with the X and Y axes.

e In case of charge, the confidence region of K;, K5 becomes smaller as
the temperature rises (see Figure and Figure [2.9b)).

e A linear relationship between K; and K5 can be assumed in case of

discharge (see Figure and Figure [2.9d)).

Looking at Figures[2.442.5|it is apparent that the estimated values of Ey and
(2 are more uncertain in case of charge. This phenomenon can be explained by
the confidence regions depicted in Figure[2.8] It can be seen that the confidence
region is wider in case of charge, hence the uncertainty of the parameters are
greater. It can be also noticed that the shape of the confidence region changes
with temperature. At low temperatures the confidence of the estimated ()
is smaller than the confidence of Ey. On the contrary, at high temperatures
the confidence of () becomes greater while the confidence of Ej decreases.
That is why we can better estimate () at low temperatures and FEj at high
temperatures. Additionally the estimates are results of nonlinear optimization
which is affected by the initial values, stopping criteria, and the shape of the
cost function.
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Figure 2.8: Confidence regions of the estimated parameters FEj, () during
charge/discharge at different temperatures. X axis: Fy, Y axis: @, X axis
range: 1-1073, Y axis range: 3.5- 1074, —: confidence region, x: estimated
parameter value.
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Figure 2.9: Confidence regions of the estimated parameters K, Ky during
charge/discharge at different temperatures. X axis: Kj, Y axis: Ky, X axis
range: 1.25- 1074, Y axis range: 7-107°, —: confidence region, x: estimated
parameter value.
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2.5.2 Estimated temperature dependent parameters

Having estimated the battery parameters at different ambient tempera-
tures, the temperature dependency of the parameters was estimated with the
help of the Matlab Curve Fitting Toolbox [65]. Each parameter has two co-
efficients that describe the temperature dependency: the parameter value at
the reference temperature and the temperature coefficient. The independent
variables of the four different parameter estimation tasks are the following:

o I'—T,.s, in case of Ey(T);

o T, — T..r, in case of Q(1,);

— — in case of K{(T) and Ky(T).

[ ]
Tr'ef

Si=

As it was mentioned in Section [2.4.2] the cell temperature 7" was substituted
by the average surface temperature of the battery. The dependent variables
are the estimated parameter values of the previous step that can be seen in

Table and Table

The coefficients of the temperature dependency were estimated during both
charge and discharge. The results of the estimation can be seen in Tables
and Table The 95% confidence bounds shows the uncertainty of the
estimated coefficients.

It can be seen that the estimated temperature dependency of Ey and @ is
close to the nominal values in both charge and discharge cases. The estimation
of Qlr,,, and AQ/AT is better in case of charge because the differences between
the nominal and estimated parameter are smaller. However the estimation of
the other parameters is better in case of discharge.

Table 2.7: Estimated parameters of the temperature dependency of the battery
parameters during charge.

Parameter | Nominal value | Estimated value | 95% confidence bounds Unit
Eolr,,, 3.9388 3.943 (3.94, 3.946) A%
OE/OT 2.0-1073 1.518-107% | (1.314 -107%, 1.723 -1073) | V/K
Q|Tr€f 2.0 2.001 (2.0, 2.001) Ah
AQ/AT 1.6-1072 1.605-10"2 | (1.601 -1072, 1.610-1072) | Ah/K
Kllef 1.8-1073 2.735-1073 (1.866-1073, 3.604-1073) Q

oy 8415 5989 (4684, 7294) K
Kslr,., 1.8-1073 1.545- 1073 (1.866-1073, 1.987-107%) | V/Ah
9 8415 9785 (8706, 10860) K
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Table 2.8: Estimated parameters of the temperature dependency of the battery
parameters during discharge.

Parameter | Nominal value | Estimated value | 95% confidence bounds Unit
Eolr,., 3.9388 3.939 (3.938, 3.939) \Y
OE /0T 2.0-1073 2.025- 1073 (2.009-1073, 2.041-1073) | V/K
Ql1,.; 2.0 1.995 (1.993, 1.997) Ah
AQ/AT 1.6-1072 1.568 - 1072 (1.554-1072, 1.581 -1072) | Ah/K
Kilr,, 1.8-1073 1.588-1073 | (1.418-1073, 1.757-1073) | Q

oy 8415 8908 (8528, 9289) K
K|z, 1.8-1073 1.661-1073 | (1.542-1073, 1.781.103) | V/Ah
Qo 8415 8793 (8538, 9048) K

The fitted curves of the temperature dependency can be seen in Figures
4127 with red line.

The goodness of the fit was characterized by the 72 value that is computed
by:
Zz@z - yz’)2
> (0 —y)?
where ¢ is the measured data, y is the model predicted value, and ¥ is the

mean of the measured data. The results can be seen in Table 2.9l It can be
seen that the curve fitting is a bit more accurate in case of discharge, except

for Q.

r?=1-

Table 2.9: Goodness of curve fitting characterized by the r? value.

Parameter Ey Q K K,
r? (charge) | 0.9691 1 0.9656 0.9925
r? (discharge) | 0.9999 0.9999 0.9995 0.9988

2.6 Discussion and future work

In practice the presented method can be used in battery management sys-
tems for example in automotive applications. The estimation of battery age
and remaining life, the available capacity and state of charge at different tem-
peratures are possible fields of use.

Further research directions include the use of this parameter estimation
method for determining the state of health of the battery, and to estimate the
temperature dependent state of charge during its life cycle. This is possible
through a suitable experiment policy that estimates the battery capacity from
well chosen charging operations under different thermal conditions. Therefore,
extensive climate chamber experiments will be performed to validate the results
the presented work.
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Simulations will also be carried out to analyze the effect of temperature on
the aging of the battery. Matlab Simulink provides a battery model with both
temperature and aging effects, which can help to develop a proper diagnostic
method. Simulations with different battery parameters can also be used to
demonstrate the capabilities of the diagnostic method.

The effect of rapid charge/discharge can also be part of further research.
In that case the temperature of the battery increases significantly, therefore
the assumptions about the battery temperature are no longer valid. The high
variation of the cell temperature may affect the estimated values of the pa-
rameters, therefore the results will not be reliable. In that case the parameter
estimation method should be modified.

2.7 Summary

An optimization based lithium-ion battery parameter estimation method
has been proposed in this chapter that is capable of describing the thermal
behaviour of batteries. The base of the method is a nonlinear charge and
discharge model which describes the temperature dependency as a parametric
function of temperature as an external variable.

Parameter sensitivity analysis has been carried out on the model to find
the parameters to be estimated, that are the electrode potential, the battery
capacity, and two polarization constants. The model output was found to be
non-sensitive to the internal resistance, thus it was not estimated.

The proposed parameter estimation method contains two steps. At first
the parameters Ey, (), K1, Ky are estimated from measured data of charg-
ing/discharging at different constant ambient temperatures. In the second
step the temperature coefficients of these parameters are estimated.

The proposed parameter estimation method is verified by a set of simu-
lation experiments on an electro-thermal battery model capable of describing
the energy balance (i.e. the thermal behaviour) of the battery. The temper-
ature dependent parameter characteristics obtained by the proposed method
can be used as a way of determining the key battery parameters at a given
temperature. The novelty of the method is that the temperature dependent
parameter characteristics can be estimated from charging profiles by the pro-
posed method, that enables to use it in practice for determining the key battery
parameters at a given temperature.
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Chapter 3

Model based diagnosis of electrical
networks

The demand of electrical energy is continuously increasing all over the
world. Electrical energy is generated by power plants or renewable energy
sources and is transmitted to the consumers through distribution stations and
power lines. During the transmission there are technical losses, which reduce
the efficiency of the power delivery. They come from dissipation in the conduc-
tors, transmission lines, substation transformers and magnetic losses in trans-
formers. The amount of technical losses is about 20% of the total transmitted
energy.

Besides the technical losses there may be non-technical losses (NTLs) too.
These are unnecessary losses which are not expected and cannot be planned
ahead. The N'TLs are usually related to energy theft and fraudulent consumer
behaviour. Electricity theft has been a widespread and major issue for many
years and various techniques of energy theft are present from unregistered users
to hacking the metering device [66]. NTLs caused by companies in the US were
estimated between 0.5% and 3.5% of annual gross revenues. The NTLs may
be more than 15% of the generated power in some other countries [67].

Following this unwanted phenomena, several methods for non-technical loss
detection appeared in the literature. It can be stated that there is no golden
rule for detecting electricity theft but there are several different approaches
[68]. The papers [69] and [70] give very good review of the most frequently
used methods in the field.

The majority of the solutions available in the literature are based on the
analysis of consumption data using some statistical or machine learning meth-
ods. For example, the authors of [71] use a linear regression based procedure
that not only detects electricity theft but the defects of the smart meters can
also be detected. A probabilistic neural network based classification approach
is presented in [72|, where the Levenberg-Marquardt method is used for train-
ing the network. A support vector machine based solution is given in the work
[73], where a parallel computing architecture was proposed in order to enhance
computation.

Another direction of non-technical loss detection is based on the network
topology, such network-oriented methods use measurement data from grid sen-
sors and smart meters [74]. In [75] authors proposed a Kalman filter state
estimator to find currents and biases in a microgrid network. The currents
and biases are estimated separately with two different filters. If the estimated
bias of a customer is larger than the predefined threshold then this user com-
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mitted fraud. The authors of 76| suggest a probabilistic power flow approach
for NTL detection. The output of the algorithm is a probability distribution
of NTLs in the subnetwork. A combination of the above mentioned statistical
and network oriented approaches has appeared in a recent paper [77], where
the past consumption data were used as nominal data.

Almost all of the above mentioned approaches of non-technical loss de-
tection and localization belong to the class of model-based fault detection and
isolation, see e.g. in |§]. In this case the model of electrical networks are needed,
where both of their dynamic and steady-state models are used for diagnostic
purposes of different kind.

In practical cases, however, one needs to consider the effect of uncertainties
and to cope with the situation when relatively rare measurements are avail-
able with possible measurement errors, and the available measurements are
not uniformly placed over the network. The uncertainties can be handled ei-
ther by using stochastic models or by considering interval-valued variables in
the model. In my previous work a Colored Petri Net model, that is a dy-
namic discrete event model, of electrical networks was developed [78]|. Here
interval-valued variables turned out to be good for modelling the parameter
uncertainties. Moreover it was found, that a static model may be enough for
diagnosing non-technical losses based on measured data in the simplest case.

Decomposition offers the potential to reduce the complexity of model-based
optimization, prediction, control and diagnosis by accounting for the structure
and sparsity of the describing model. Motivated by the fact that the energy
systems, including electrical networks, are most often large scale complicated
systems, a rich and powerful collection of decomposition methods are avail-
able for different purposes. The recent paper [79] proposes a decomposition of
electric power network based on its algebraic model for planning purposes. In-
telligent partitioning methods, that use heuristics besides of traditional math-
ematical methods are also available for smart grids [80]. Powerful graph-based

decomposition methods for model structures are also reported recently, see e.g.
[81], [82].

The aim of the work described in this Chapter was to develop a diagnos-
tic method for non-technical loss detection and localization. The conclusion
of our previous work, is that a static linear model is enough for the diagno-
sis. It was used in this work too, but in a different representation form. The
approach followed belongs to the network-oriented class and it is based on an-
alyzing the differences between the measured and model-predicted "nominal"
voltages, i.e. an analytical redundancy based method is used for utilizing the
capabilities of smart meters. The novelty of the proposed method is that struc-
tural decomposition of the network is performed before the diagnosis. Utilizing
the network structure, the diagnosis can be performed in parallel on smaller
subnetworks. A novel fault isolation method is proposed that computes the
illegal currents of successive nodes and analyzes the change in their value. The
proposed diagnostic algorithm takes into account the uncertainty in the model
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parameters together with the measurement uncertainties to make the approach
applicable in real-world cases. Another advantage of the diagnostic method is
that, it is able to localize multiple faults in one step and approximate the fault
magnitude.

3.1 Electrical network models, basic assumptions

Electrical networks are composed of several electrical components that are
connected to each other. They can be modelled by each of the general model
types (static/dynamic, linear/nonlinear, discrete/continuous, deterministic/
non-deterministic) with different capabilities. The classical models of electri-
cal networks are in the form of linear and/or nonlinear ordinary differential
equations in the dynamic, and of linear and/or nonlinear algebraic equations
in the static case (see e.g. in [83]-[85]). The effect of the model type on the
performance of the fault detection and isolation methods is also thoroughly
analyzed in the literature, see e.g. [86]-[89].

As the electrical network is a set of connected elements, graph theory can
be also used to create electrical network models. Graph models have the
advantage that they provide a graphical representation of the network structure
and graph algorithms can be applied to them [90]. In this thesis a simple static
linear model of the electrical network with directed graph representation is
used. The basic notions and assumptions about the model applied for detection
and isolation of non-technical losses are described in this section.

3.1.1 The model of the electrical network

The modelling approach of the electrical network used for model-based
diagnosis is described in this section by giving the modelling assumptions to-
gether with the model elements and their connections. The applied notations

are collected in Section [B.1.4l

Modelling assumptions

The role of electrical grids is to transfer the generated energy to the con-
sumers. The transmission is done in several stages: from power supplies to
distribution stations and then to customers. In this work the low voltage grid
of one transformer area is considered with a radius of 1-1.5 km. A typical ex-
ample of such transformer area is a transformer station, which supplies energy
to the customers in a few streets of a town.

During the work the following basic assumptions are made:

1. The model covers one transformer area that is composed of transformers,
loads (customers) and transmission lines.

2. A simple static linear model of the electrical network is used. The known
model parameters are the resistances of the transmission lines.
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3. The current and the voltage of the transformer is measured.

4. Smart meters are installed at every load to measure the current, voltage
and the consumed power.

5. There may be one or more loads in the network that have fraud meters
(for more information about fraud meters see Section [3.1.2]).

6. The resistances of the wires between the loads and the junction points are
usually much smaller than the resistance of the main transmission line.
Therefore resistances of the wires between the loads and the junction
points are neglected.

7. The model uncertainties come from the resistances of the wires in the
main transmission lines.

8. The investigated grid is one point grounded.

Model elements and their connections

The investigated electrical networks are composed of the following basic
elements:

e Feeders represent the transformers in the network.
e Loads represent the registered users (consumers) in the network.
e Wires represent the transmission lines between the feeders and the loads.

The network is represented by a directed graph. The nodes of the graph are
the feeders, loads and the junction points of the wires. The edges between the
nodes represent the wires of the network. The edges are always between loads
and junction points, junction points and loads or between two junction points.
There are no direct edges between two loads or between loads and feeders. The
direction of the edges represent the direction of the current flow.

The nodes and edges have different attributes attached to them:

e Feeder: measured current and voltage of the feeder (I, Ur);
e Load: measured current and voltage of the load (I;, U;);
e Junction point: computed voltage of the node (U;);

e Wire: resistance of the wire, computed current of the wire (R,,, [, )-

The minimal required data for computing all of the current and wvoltage
values of the network are the currents and voltages of the feeders, the currents
of loads and the resistances of the wires. The resistances of the wires are
not measured but they can be computed knowing the diameter, length and
resistivity, which are given by the utility provider. The problem is that these
values are temperature dependent:
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R = Reep(1+ (T — Tyey)), (3.1)

where R is the resistance of the wire at temperature T, R, is the resistance
of the wire at reference temperature 7,.; and « is the temperature coefficient
for the transmission line material. The temperature coefficient for copper is
0.004041, for aluminium is 0.004308 at 20 °C, see e.g. [91]. Because the tem-
perature of the transmission line is varying the computed resistance depends
on the temperature, too. To handle this uncertainty caused by the tempera-
ture dependency, a percentage based parameter uncertainty of the resistances
was introduced. The typical value of this parameter uncertainty is about =+ 2
% if the error of temperature estimation of the transmission line is £5°C.

3.1.2 Technical and non-technical losses

There are several types of non-technical losses that usually originated from
improper usage. According to |70|, the non-technical losses can be classified
as follows.

e Before meter: tapping of the transmission lines;

e Meter: manipulating the meter in order to lower the registered consump-
tion (e.g. the meter is bypassed, disconnected or reversed);

e Billing: losses due to the inaccurate operation of the billing system,
unpaid bills, etc.

In this work it is assumed that the examined non-technical losses belong to
the second category (i.e. the loss is at the meter) including the following three
types of NTLs:

e fraud with the meter (reversing or hacking the meter hardware, software
or calibration);

e bypassing the meter;

e inaccurate measurement.

The users in the network may have a trusty or a fraud meter. In this paper
the terminology of legal and illegal loads are used to distinguish them.

e The legal loads have a registered and certified meter. This meter shows
the real energy consumption of the user.

e The illegal loads have a fraud meter, i.e. the meter is reversed, bypassed,
or manipulated in such a way that the measured energy consumption is
less than the real consumption. The non-technical losses in the network
are resulted by the illegal loads.

e The illegal current is the extra current of the load that is not measured.

Note that all users are registered ones and unregistered users are not considered
in this work.

38



3.1. ELECTRICAL NETWORK MODELS, BASIC ASSUMPTIONS

3.1.3 Measurements

Measurement data is essential for the diagnosis of the network. In this
work the measured points are located at the loads and the feeders of the net-
work. The conventional electricity meters measure only the electrical energy
consumption. However, nowadays the smart meters become more common
both in residential and industrial environment. Smart meters can measure
real-time consumption data, active and reactive power and the average volt-
age and current of the customers over the measurement time intervals. The
data are recorded at every 15 minutes and can be sent automatically to the
electricity supplier. This sampling time is much greater than the time period
of the transient events, which are in the milliseconds range. Therefore a static
model is sufficient enough to compute the network variables. In the proposed
diagnostic method it is assumed that every load and feeder is equipped with a
smart meter, which measures the current and voltage of the load.

Any measurement always has a measurement error, which cannot be ig-
nored in real applications. The measurement error of smart meters usually
falls between + 0.2% and + 2%. Typical values of the measurement error of a
smart meter are:

e Voltage: + 0.2% (50-830 VAC)

e Current: = 0.2 % (0.1-1.1 I nominal)

e Power: + 0.5% Full Scale

For more details about smart meter accuracy see standard EN 62053:2003.

3.1.4 Notations

Variables and parameters: Indices:

U  nominal voltage F, ith feeder

U measured voltage i 1th load

AU voltage difference w;  1th wire

I nominal current ki Kkth branch ith load
I measured current wy; kth branch ith wire
R resistance a1, ith illegal load

g7  current measurement error
ey voltage measurement error
€r  uncertainty of resistance
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3.2 Decomposition of electrical networks

In this section the different structural layouts of electrical networks and
their structural decompositions are introduced.

The decomposition of the network is a crucial part of the proposed diagnosis
method. The objective is to decompose the network into subnetworks with
basic one feeder layouts. During the decomposition it is determined which
loads belong to the same subnetwork then the NTLs are detected and localized
within these subnetworks. The advantage of the decomposition is that the
diagnosis can be performed in parallel on the subnetworks, that increase the
efficiency of the method.

The four basic layouts are introduced in Section [3.2.1] Then the decom-
position algorithms for one and two feeder networks are introduced in Section
3.2.2] Finally the decomposition methods are illustrated on simple examples
in Section B.2.3l The notations summarized in Section [3.1.4] are used in the
description.

3.2.1 Basic structures of electrical networks

There are four basic structural layouts of low voltage electrical networks
that are presented below.

One feeder layout

The simplest structure is the one feeder layout. It is composed of one feeder
and several loads connected to the feeder with one common transmission line.
The loads are supplied with electrical energy from the feeder through that
common transmission line. The structure of the network can be seen in Figure
B.Il The resistances and the currents of the ith wire of the transmission line
are denoted by RR,, and I,,,, while the jth load is characterized by its current
I;. The voltage and current of the feeder is denoted by Up and I.

IF7 UF Iw1 Iwg Iw?, IwN
] —
Ry | Ru | Ru | Ruy

Figure 3.1: One feeder layout

Radial feeder layout

The radial feeder layout is a bit more difficult than the one feeder layout. It
has one feeding point too, but there are branches on the main transmission line
with one or more loads on the branches. The loads are placed in a line similarly
to the one feeder layout. The directions of the edges are clearly defined as the
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current flows from the feeder to the loads. The schematic drawing of a radial
feeder network can be seen in Figure [3.2] where the branches are indexed
starting from the feeder, and the ith wire of the transmission line of branch &
has the index identifier wy;, e.g. its resistance is R,,,.

I>n, Iun,,
IszQ Rw2N2 IwMNm RwMNm

I Inn
IF[,]UF Ly, I, 2Iw21 E;m[m fwlﬁ“”“ Ele

Rwlle 1 Tﬁqil‘lRwQ RwS[w?,l Tf'lf?)l Rwl\/j
I I3
Iw1N1 EwlNl [w3N3 EIUBN:;
Iin, I3n,

Figure 3.2: Radial feeder layout

Two feeder layout

Sometimes one feeder is not enough to provide enough energy to a given
area or the energy supplier would like to build one transmission line with
redundant feeder point. In that case a new feeder can be added to the network
to provide the required energy. This structure is called the two feeder layout.
In this layout there are loads that are fed by either the first or the second
feeder and there may be one load that is fed by both feeders. The directions
of the edges are not clearly defined because the current direction depends on
the magnitude of the load currents. Therefore the directions of the edges can
be determined in parallel with the computation of the network variables. The
simplest form of this layout is the extension of the one feeder layout that can
be seen in Figure[3.3] Two feeders give safety service for the customers because
there is no dropout with one cut-off point. Of course the radial network can
also be extended into a two feeder layout form by placing a second feeder to
the other end of the main transmission line resulting in a two feeder radial
layout.

Loop feeder layout

The last basic type of network structures is the loop feeder layout. In this
layout the two ends of the transmission line are connected to the same feeder.
This kind of network can be seen as a two feeder network where the two feeders
are identical. The simplest structure of the loop feeder layout can be seen in
Figure There may be branches in the loop feeder layout too.
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IF17 UF1 I'wl Iwg I’wg I’u)N I’LUN-H IFQ; UFQ

k. | Ru | Ru | Ruy | Run
I I I In

Figure 3.3: Two feeder layout

I I I3
IFyUF Iun T Iwz T ]ws T
Ry, Ry, Ry,
RwN+1 IwN+1 IwN IwN_1
l Ry l Ryy 4
Iy In_q

Figure 3.4: Loop feeder layout

3.2.2 The decomposition method

The diagnosis of a complex system is always a difficult problem. The faults
can be in different parts of the system and the faults may have effects on other
subsystems too. Therefore it is always profitable to perform the diagnosis in
a distributed way using smaller and simpler subsystems.

Fortunately, the electrical networks with all of the layouts introduced in
Section [3.2.1] can be decomposed into smaller subsystems, with the structure
of one feeder layout.

Decomposition of the one feeder radial network

The radial network is different from the one feeder network in that there
are branches in the transmission line. The branches have one or more loads
connected to them or even new branches may be present. The decomposition
of a radial network is based on cutting off the branches of the network until
there are no branches in the subsystems. The resulted subsystems are all
networks with one feeder layout. In the directed graph representation of a
radial network there are three types of nodes:

e The node with in-degree of 0 is the feeder.

e The nodes with out-degree of 0 are the loads.

e The nodes with out-degree more than 1 are the junction points.
The decomposed network has two types of subnetworks:

o Multiple load subnetworks where more than one loads belong to a sub-
network.
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e Single load subnetworks where only one load belongs to a subnetwork.

Algorithm 1 Decomposition of the radial network

1. G= (V, A)
2: function DECOMPRADIAL(G)

3: L={veV:degt(v)=0} // load nodes
4: X ={veV:deg (v) >1} // junction nodes
5: J=10 // junctions whose successors are also junctions
6: Js =10 // successors of nodes in J
T for all j € J do

8: N = suc(yj) // suc(j): successors of j in G
9: if N C X then

10: J=JuU{j}

11: Js=JgUN

12: end if

13: end for

14: A=A\ (J x Jg) // remove edges between J and Jg
15: G =(V,A) // preliminary decomposed graph
16: C:{Cl = (Vcl,Acl),...7Cn: (VC’naACn)}

17: // set of connected components of G’
18: 1=1

19: for k=1tondo

20: if 3l € Vo, N L then // components with at least one load
21: if dx € Vo, N J then // components with at least one node in J
22: for Vi € Vo, N L do // separating single load subnetworks
23: Vi, = {l, pred(l)} // pred(l): predecessors of [
24: Ay, = (pred(l),1)

25: Si = (Vi, Ag) // subgraph of G’ with nodes [ and p
26: t=1+1

27: end for

28: else // multiple load subnetworks
29: S; = C}, // subgraph of G’ with nodes in Cj
30: t=1+1
31: end if
32: end if
33: end for

34: return S
35: end function

The decomposition method is composed of two main steps:

1. Cut the graph along junction points, whose successors are also junction
points to get a preliminary decomposition. Determine the connected

components of the graph.

43



3. MODEL BASED DIAGNOSIS OF ELECTRICAL NETWORKS

2. Analyze the connected components and select the ones that have loads
in them. These components are either real subnetworks or can be de-
composed into single load subnetworks.

The decomposition algorithm of the networks with radial layout can be seen
in Algorithm [1}

At first the nodes of the graph are classified as loads (L) or junctions (X).
(Feeders are not considered because they are irrelevant from the decomposition
point of view.) Then two sets are initialized as empty:

e J is the vector of those junction nodes, whose successors are also junc-
tions.

e Jg is the vector of successors of J.

Having initiated these sets the appropriate junction nodes are added to the
J and Jg. The preliminary decomposition step is based on the idea that the
edges between nodes in J and Jg can be deleted from the graph because they
are connecting different subnetworks. After this step the graph falls apart into
disconnected subgraphs, which are connected in themselves. The set of these
components are denoted by C' and the connected components are denoted by
Cr = Vo, Ac,).

In the second part of the decomposition the C, components are categorized
according to their nodes. At first, the subgraphs that have loads between
their nodes are selected. Then these subgraphs are further analyzed: if the
subgraph has at least one node in the set J, it means that this subgraph
is not fully decomposed. However it may occur only in that case when the
subgraph is composed of single load subnetworks. Therefore this subgraph is
decomposed in such a way that the loads (/) and their predecessors (pred(l))
are added to the ith subnetwork S;. In the other case, when the component
does not contain any nodes in J, then it is already a complete subnetwork and
no further decomposition is needed.

Decomposition of the two feeder network

The decomposition of the two feeder network is different from the one
feeder case, because the directions of the edges are initially not known. The
two feeder network operates in such a way, that half of the network is fed by
the first feeder and the other half is fed by the second feeder. The point where
the two parts of the network meet can be determined during the computation
of the wire currents. Therefore the computation of the network variables,
the determination of the edge directions and the decomposition are done in
parallel in case of the two feeder network. Knowing the directions of the edges
the decomposition is quite straightforward. The steps of the decomposition
are the following.

44
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Algorithm 2 Decomposition of the basic two feeder network

1. G= (V, A)
2: function DECOMPTWOFEEDER(G)

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:

F={veV:idegw)=1AN1=0}={F,F} // feeder nodes
X={veV:deg(v)>1} ={Xq,..., XN, } // junction nodes
L={veV:deg(v)=1ANT#0} ={Li,...,Ln,} // load nodes

Vi={F},A =0
Vo={F}, Ay =10

]F1 = ]wl = Zi]\gl I; — (Zz‘]\gl (Il Z;‘:I ij)) /Zj\f:v‘i ij

// current of the first wire

1=1,Xy=F

while 7,,, > 0 do
Vi=ViUuX, L,
A=A U{(Xio1, X0), (X5, Ly) }
Ly, = 1w, — I
1=1+1

end while

if I,,, = 0 then
V,=V\ Vi
Ay = (A\ A\ (X1, X5)
Sy = (V1, 41)
Sy = (Va, Ag)

elsel,, <0

I =L+ 1y, I = =1,

Vi=W\{Lia}) U{Li_ i}, A=A U{(Xi1, Liy)}
Vo= (VA\VI\{Li1}) U{Xiy, L]},

A2 - {(F27 XNL>7 (XNL7 XNL—1)7 (XNL7 LNL)7 R

(Xi, Xica),, (Ximo, L) }

Sl = (myAl)
SQ = (‘/27142)
end if

31: return S;, S5
32: end function

1. The feeders are those nodes in the graph whose degree is 1 but the current

of the node is not known. The currents of the feeders can be computed
knowing the currents of the loads and the resistances of the wires using
the equations:

Np,
I +1Ip, =) 1 (3.2)
=1
Nw Ny, 7
I, Ry, =Y (L)Y Ru) (3.3)
j=1 i=1  j=1

where Np, is the number of loads and Ny = Ny + 1 is the number of
wires in the network.
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2. Starting from one of the feeders, the currents of the loads are subtracted
one by one from the current of the transmission line. The current of the
1th wire is computed with the equation below.

Iwi - -[u)q;_l - Ii—l

3. At some point a load (L;) is reached where the current becomes less or
equal to zero. If the current is equal to zero than it means that the feeder
cannot fed more loads after this load. Therefore the network should be
cut in half exactly after the load L;.

4. If the load current at L; is less than zero than it means that this load
is fed by both feeders, and the remaining (negative) current is supplied
by the other feeder. In that case the load is also divided into two loads
L’ and LY with proper parts of the feeder currents. Then the network is
cut in half in such a way that L) belongs to the first subnetwork and L?
belongs to the second subnetwork.

5. The two resulting subnetworks are composed of one feeder and the loads
that are fed by that feeder.

If the two feeder network has radial layout then first it needed to be con-
verted into a basic two feeder layout network (such as in Figure by cutting
out its branches. To do this the loads that are in a branch of the transmission
line are merged together.

In order to determine which branches should be merged the shortest path
between the two feeders need to be found. Then the loads of the branches
whose start node is in the path can be merged together. This merged load
substitutes the whole branch. The current of this load is the sum of the current
of the loads in the branch. The resulting network is a basic two feeder layout
but the loads are the merged loads of the branches. After that the currents
of the feeders can be computed and the two subnetworks can be created using
the method described above.

The algorithm of decomposing basic two feeder networks are given in Al-
gorithm 2|

3.2.3 Simple examples

In this section the decomposition methods of one and two feeder networks
are illustrated on simple examples.

Radial one feeder network

The first example is the decomposition of a radial one feeder network. The
directed graph of the example network can be seen in Figure[3.5a] The network
has 10 loads with node labels L1,...,L10. Node with label F'1 is the feeder.
Nodes labelled by X are the junction points.

Algorithm [T} is used in the following steps.
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1. The algorithm first determines the vector of loads and junction points.
In this case L = [L1, L2, L3, L4, L5, L6, L7, L8, L9, L10] and
X =[X1,X2,X3, X4, X5 X6, X7, X8 X9.

2. Then the J and Jg sets are created with J = {X1, X2, X6} and Jg =
{X2,X9, X3, X5, X7, X8} The nodes in J are denoted by squares in
Figure |3.5b| and the nodes in Jg are denoted by big blue circles. Note
that X2 is in both sets that is why it is denoted by a blue square.

3. In the next step the edges that start in in J and end Jg are removed
from the graph, namely the edges between nodes (X1, X2),(X1,X9),
(X2,X3),(X2,X5),(X6,X7) and (X6,X8). The removed edges are
denoted by dashed lines in Figure [3.5b]

4. By removing the dashed edges the new G’ graph falls apart into some
connected graphs. The ith element of the set C' contains the nodes of
one connected component of G'. In this example there are 7 components
after removing the specified edges:

Cr = Ve, Acy), Ve, = {F1, X1}, Aq, = {(F1,X1)}

Cy = (V027A02)v Ve, = {X2}7 AC2 =0

Cs = (Vey, Acy), Ve, = {X3, L3, X4, L2, L3},

Ac, = {(X3,L1),(X3,X4), (X4, L2),(X4,L3)}

Cy = (VC47AC4)7 VC4 = {X57L47X6}7 AC4 = {(X57L4)7 (X57X6>}
Cs = (VCsaACs)v Ve = {X7> L57L6}7 Acy = {<X77L5)7 <X77L6)}
Cs = (Vey, Acy, Vo, = X8, L7,L8), Ay = {(X8,L7),(X8,L8)}

Cr = Ve, Acy), Vo, = {X9, L9, L10}, Ao, = {(X9, L9), (X9, L10)}

5. Then we go through these components and examine whether they contain
any loads. The components that do not contain any load, i.e. C7 and
(s, are not considered in the final decomposition.

6. The other components are examined whether they can be divided into
smaller components. Cj is already a good one feeder layout network, so
the first subnetwork S; is equal to (5. (4 contains an extra junction
node (X6) that needs to be eliminated from the network to get a one
feeder layout. After that the second subnetwork is Sy = (V3, As), where
Vo = {X5,L4} and Ay = {(X5,L4)}. The components Cs, Cy and C
are similar to C5 therefore the further subnetworks are S3 = C5, Sy = Cg
and 55 = C7.

In conclusion we get the following subnetworks:
e Multiple load subnetworks: Si, 53,54, S5
e Single load subnetwork: S5

The decomposed network with its subnetworks is displayed in Figure |3.5¢
The single load subnetwork is framed by dotted line and the multiple load
subnetworks are framed by solid line.
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’
L5 Le &4 Lg

(a) The graph of the simple example net-  (b) The preliminary decomposition of the
work. The transmission lines with nonzero  network. The edges with dashed lines are

resistance are highlighted with thick lines.  removed.

.
. H
e o
RS

L9 g
"rany
VRN
L5 le 154 Lg

(¢) The final decomposition of the network. The multiple load and single load sub-
networks are framed with solid and dotted lines respectively.

Figure 3.5: The radial network of the simple example and its structural de-
composition.

48



3.2. DECOMPOSITION OF ELECTRICAL NETWORKS

Two feeder networks

The decomposition of the two feeder layout is illustrated on two examples.

Basic two feeder network The first example is a basic two feeder network
without any branches in the transmission line. The network of this example
can be seen in Iigure Note that the directions of the edges can also be
determined during the decomposition. The nodes with labels L1, L2, L3, L4
and L5 are the loads and their nominal currents are I; = 3A, I, = 7TA, I3 =
bA, I, = 4A,I5; = 8A respectively. The resistances of the wires are R, =
0.1Q, R, = 0.0582, R,,, = 0.07Q, R,,, = 0.0392, R,,, = 0.08Q2, R,,, = 0.07€2.

As the first step of Algorithm [2] the currents of the feeders are computed
using Equations (3.2)-(3.3): I, = 11.77 A and I, = 15.23 A,

After that, the load where the network should be cut in half can be de-
termined in the second step. Then in every iteration the first subnetwork is
complemented with new nodes and edges and the current of the next wire is
computed:

1. initialization: V3 = {1}, A1 =0, I, =11.77A, i=1, Xqg = F}

2. Vi ={F, X1, L1}, Ay ={(F1,X1), (X1, L1)},
Ty, = Loy — I, = 8.77TA, i =2

3. ‘/1 == {F17X1;L17X27L2}7 Al = {(F17X1>7 <X17L1)7 <X17X2)7 <X27L2)}7
Ly = Iy, — I = 1.T7A, i =3

4. ‘/1 = {F17X17L17X2>L27X37L3}a
Al = {(Fla Xl)a (Xla Ll); <X1>X2)7 <X2> L2)7 (X27X3>7 (X37 L3)}7
oy =l — I = —3.23A 7 = 4

It can be seen that I,, is less than 0, which means the network should be
cut in half at the third load. This load is fed by both feeders therefore Lj is
substituted by two new nodes Lj and Lj. The current of L} is I} = I3+ I, =
1.77A and the current of L% is [j = —I,, = 3.23A. The nodes and the
connecting arcs are added to the corresponding subnetworks. The result of
the decomposition are two subnetworks:

L4 Sl = (‘/17141)7
‘/1 == {F17X17L17X27L27X37Lg}7
Al = {(Flqu)u (Xla L1)7 (X17X2)7 (X27 LQ)? (X27X3)7 (Xg,L%)}

L4 SZ = (‘/27142)7
‘/2 = {X37Lg7X47 L47X57 L57F2}7
A2 = {<F27 X5)7 (X57 L5)7 <X57 X4)7 <X47 X3)7 <X37 Lg)}

The two resulting subnetworks are displayed in Figure and
Note that the point of the cut depends on the network parameters (load
currents and wire resistances).
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L1 L2 L3 L4 L5

(a) The structure of the simple two feeder network

F1 X1 X2 X3 X3 x4

LE. L2 £ LE L4

(b) The first subnetwork of the example (¢) The second subnetwork of the example
Figure 3.6: The simple two feeder network and its decomposition

F1 X1 _ X2 X3 _ X4 _ X5 _F2

L1 L2 X6 L5 L6

Figure 3.7: The two feeder radial network example.

Two feeder network with radial layout The second example is a two
feeder network with radial layout that can be seen in Figure[3.7] The difference
from the previous example is that there is a branch in the transmission line
at node X6. Two loads (nodes L3 and L4) are connected to this branch with
currents of 2 A and 3 A.

The decomposition in this case means the reduction of the network to a
basic two feeder layout. To do this at first the loads L3 and L4 on a branch
should be merged into one load. The current of the merged load is the sum
of the loads, which is 2+ 3 = 5 A in this case. So the loads L3 and L4 are
substituted with a merged load at node X6. The converted network has the
same structure as the two feeder network in the previous example in Figure
After that the decomposition into two one feeder networks can be done
in the same way as in the previous example.
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3.3 Diagnosis of electrical networks

In this section the method of detection and isolation of the illegal users in
the network is presented. The fault diagnosis of a system is usually composed
of two tasks [8]. In the detection task the occurrence of a fault is investigated.
If the presence of a faulty behaviour is detected the type of the occurred fault is
determined in the fault isolation task. In the context of diagnosis of electrical
networks with respect to non-technical losses, fault detection and fault isolation
has the following meaning:

e Fault detection means that the presence of non-technical losses is noticed.

e Fault isolation aims to determine the location and the magnitude of the
non-technical losses. If there are more than one non-technical losses then
each location and magnitude should be determined, if possible.

The fault isolation is usually more difficult than the fault detection. The
presence of multiple faults adds additional difficulties, as one wants to clearly
isolate them. The novelty of the proposed diagnostic method lies in the fact
that structural decomposition of the network is used to locate non-technical
losses. This enables to isolate multiple NTLs in most of the cases.

The proposed fault detection and isolation method is presented as follows.
In Section the principle of fault detection and fault isolation method is
presented. Because of its special theoretical and practical importance, the
multiple fault case is discussed in a separate section together with the effect
of measurement errors.

The fault diagnosis method is slightly different in case of one feeder and
two feeder networks therefore they are presented separately in Section [3.3.2]
and Section respectively. The diagnosis method is illustrated on simple
case studies in both cases.

3.3.1 The principle of the method

It is important that it is assumed that the structure and the model of
the network is known, and the network is decomposed into simple one feeder
structures as introduced in Section This implies that a preliminary
off-line step of the diagnosis, a powerful electrical decomposition method is
assumed to be performed, which breaks down the overall network to subsystems
with one feeder layout.

Then the proposed fault diagnosis method is based on comparing the mea-
sured and the nominal values of the network at a given time. The nominal
values of the variables at the current time are either known or can be com-
puted using Kirchoff’s laws and Ohm’s law. The equations used to compute
the nominal values are collected here:

e Current of the feeder (one feeder network):
N
Ip=> 1 (3.4)
i=1

o1



3. MODEL BASED DIAGNOSIS OF ELECTRICAL NETWORKS

e Current of the feeders (two feeder network, from Section [3.2.2)):

Np
Ip + Ik, = Z[i
i1

Nw Ny, 7
Ip, ) R, =) (1) Ru)
j=1 i=1  j=1
e Current of the wire:
Iwi = ]wi_l - Ii—l (35)
e Voltage of the node:
Ui = Ui—l — ]iRia (36)

where 7 is the current node, and 7 — 1 is its predecessor, I; and R; is the
current and the resistance of the wire between nodes i — 1 and 1.

The measured values come from the smart meters installed at each load of
the network. The proposed fault detection and isolation methods are valid at
the current time of the measurement.

The inputs of the diagnosis are:

e Nominal values: currents of the loads and the feeder(s), voltage of the
feeder, computed voltages of the loads with a given uncertainty.

e Measured values: currents and voltages of the loads and the feeder(s)
with measurement error.

Fault detection

The first part of the diagnosis is the fault detection. The fault detection
method works on the whole (not decomposed) network. The measured currents
of the loads and the transformer are used to detect the non-technical losses
in the network. The measured currents of the loads are denoted by I, i =
1... Ny and the measured current of the feeder by I . The error of the current
measurement, is given in percentages and denoted by ;. Then the criterion of
detection is that the difference between the sum of the measured currents of
the loads and the measured current of the feeder is greater than the maximum
measurement error.

It was assumed in Section that the fraud meter shows less current than
the real one, while the current of the feeder is equal to the sum of the real
currents of the loads. Therefore the current of the feeder should be greater
than the currents of the loads in that case if a non-technical loss is present.
The maximum measurement error is computed as the sum of the measurement
errors of each meter.
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Liy l Liy l Ly l l j,
AU, AU, AU; AUii AUy,
iy

Figure 3.8: One illegal load in the network

Fault isolation: Voltage difference method

The more difficult part of the diagnosis is the fault isolation. The proposed
fault isolation method works on the decomposed subnetworks. The proposed
method is based on analyzing the difference between the measured and the
nominal voltages of successive loads in the decomposed subnetworks.

The principle of the fault isolation method is that the increased current
of the illegal loads increases the voltage drop of all loads in the network with
respect to the nominal voltages. A similar approach was presented in [77],
where the voltage drop of successive nodes was analyzed by statistical methods
with respect to previous measurement data. The novelty of my proposed
fault isolation method is that the estimated magnitude of the illegal current
can be computed knowing the voltage differences and the resistances of the
wires. Instead of analyzing the voltage drop, the change in the computed
illegal current is taken into account.

Let the measured and the nominal voltages of the loads be denoted by
0}, it =1...Npand U;,i = 1...Np. Then the difference between the mea-
sured and the nominal voltages at each load can be computed as

AU =U; —U;,i=1...Ny.

If there is any non-technical loss in the network the voltage difference has
negative value at each load.

The method is introduced with the help of a general example, which can
be seen in Figure [3.8

Let us assume that there are Ny, loads in the same transmission line, and
let the ith user be an illegal user. Let the extra current of the illegal user be
denoted by I;;;, so the real current of the illegal user is I; + I;;. The voltage
differences at the loads are caused by the [;; current. The voltage differences
before the illegal load can be expressed using the illegal current:

AU, = —IyR,,
AUy = —Liy(Ry, + Ru,)

AUZ - _Iill(Ruu + e —|— sz)
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The voltage differences of the successive loads after the illegal load are
equal, because I;;; = 0 on that section of the transmission line.

AU; = AUy = ... = AUy, (3.8)

The voltage differences can be expressed using the voltage difference of the
previous load:

AU; = AUy — Iiy Ry,
AU, = AU,y — IR,

It can be seen that the magnitude of the illegal current can be computed
at every load:

AUy
Iz' - —
i Rw1
AU - AU
il — Rw2
I — AUi_l — AUZ
il — Rwi

The voltage differences of the successive loads after the ith load are equal,
therefore the computed illegal current is 0 at these loads. It can be seen that
the computed illegal currents at the loads are equal before the illegal load, and
0 after it. From the above equations the localization of the illegal load looks
simple: the load after that the illegal current is 0 need to be found.

Measurement errors, multiple faults

Measurement errors In practice the effect of measurement errors should
be taken into account during the diagnosis. The current measurement error
has been already taken into account during the fault detection (see Section
B.3.1). However there are other measurement errors and parameter uncertain-
ties that affects the diagnosis. First of all, the nominal voltages are computed
by Equation have a lower and an upper bound, which comes from the
uncertainty of the resistances.

Umin; = Ui—1 — Li(1 + €g) Ry,
Umaxi — Uj—1 — Iz<]- - gR)me

where e is the uncertainty of the resistances (in fractions). During the di-
agnosis it should be checked first, whether the measured voltages are in the
range of (Upin,, Unaz, )- If the measured voltage is between the lower and upper
limits, it cannot be decided that the voltage deviation is the result of illegal
consumption or the parameter uncertainty.
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Rw1 Rwi ka ka+1 RWNL
D >
Ly, + Ly, ljz‘lli + Ly, l Ly, l l j'
AU, AU; AU, AUwy AUy,
L, L,

Figure 3.9: Two illegal loads in the network

The other effect of the measurement errors appears in the fault isolation
phase. Because of the measurement errors, the computed illegal currents are
not the exact values only approximations of the real illegal currents. There-
fore a reasonable threshold should be applied, when comparing the computed
illegal currents. An evident candidate for the error threshold could be the
computational error of the illegal current. It can be determined based on the
error of the voltage differences, because the illegal current is computed from
these values. The difference between the voltage differences can be written as

AU; — AUy = Uz - U, — Ui+1 + Uit
The voltage measurement errors on the right side of the previous formula are
EUUZ‘ —0- 5U0i+l + O,

therefore the error threshold can be chosen to 5U((~Ji — Uiﬂ).

The fault isolation method in that case need to be modified in such a way,
that the difference between the successive computed illegal currents should be
larger than the error threshold.

Multiple faults If there is only one illegal load in the transmission line,
then the location of the illegal load could be determined only by analyzing
the voltage differences. The illegal load is that load, from that the voltage
differences are equal. But if there are more than one illegal load, only the last
one could be localized with that method. Iterating this step, the other illegal
loads in the branch can be discovered. The disadvantage of this method is that
the network should be simulated after each identified illegal load. Therefore I
propose an alternative solution to localize multiple illegal loads.

The fault isolation method introduced in Section can be used to lo-
calize more than one illegal loads in one step in a transmission line. The case
of multiple faults is introduced through the example of two illegal loads. The
example network with two illegal loads can be seen in Figure |3.9|
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Let us assume that the ¢th and the kth are illegal loads. The illegal current
of them is denoted by I;;, and I, , respectively. The voltage differences of the
loads can be written as:

AUy = —(Liy, + L, ) R,

AU; = — (L, + L, ) (R, + - - + Ry,) = AUi—y — (L, + L, ) Ru,

Wi+41
AU, = =Ly, + Ly, ) (R, + ... + Ru,) — Ly, (R + -+ Ryy)

= AUy — Liy, R,
AU, = AUpyy = ... = AUy,

The computed illegal currents at the loads are the following:

AU
Ly, + Ly, = — R !
w1
AU, — AU
Ly, + Ly, = %
AU;_1 — AU;
Ly, + Ly, = }12—
I AU; — AU
iy = %
sz‘+1
AU,_1 — AU,
Ly, = R
W,
0= AUk—AUk_H _ _ AUNL—I_AUNL
ka+1 RwNL

To localize the illegal loads the place where the computed illegal current
changes its value need to be found. In the example above, there are two such
places in the sequence of the illegal currents. The first one is at the ith load:
up to this load the illegal current is Iy, 4+ 1;;;, and I;;;, beyond that. The second
one is at the kth load: up to that the illegal current is I;;;, and 0 beyond that.
The magnitude of the illegal currents can be determined knowing I;;, and
Ly, + Ly,

The method of two illegal users can be generalized for more illegal users
too. In this case the computation algorithm of the illegal loads consists of the
following steps.

1. Compute the difference between the measured and nominal voltages of
the loads.
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2. Compute the illegal current at each load.
3. Find the places where the magnitude of the illegal current changes.

4. The magnitude of the illegal currents can be computed in reversed order.

3.3.2 Fault detection and isolation for the one feeder ra-
dial layout

In this case the fault isolation part of the diagnosis is based on the voltage
difference principle introduced in Section The structural decomposition
of the network is also utilized during the diagnosis. Different cases of the di-
agnosis (for multiple and single load subnetworks) are distinguished according
to the number and locations of the illegal loads. The notation of single and
multiple load subnetworks introduced in Section [3.2.2) are used here.

The fault detection method is the same as it is described in Section

Fault isolation in multiple load subnetworks

The first case is when there are one or more illegal loads and they are
located in multiple load subnetworks. Then the fault isolation method can
be applied separately to each multiple load subnetwork. The advantage of
the decomposition is that the fault isolation method can be applied to the
subnetworks in parallel and the complex problem can be traced back to a
simpler one.

There is only one minor modification in the computation of the voltage
differences and the illegal currents in this case. After the decomposition there
is no feeder at the start of the subnetwork but the junction node of the branch
acts as a pseudo-feeder. Therefore, the voltage of the feeder is substituted by
the voltage of the junction node at the start of the branch. Let it be denoted
by Ug. If the illegal load is the first one, then the voltage difference of the first
load can be computed by:

AU, = AU — Ijy Ry,

The problem is that the measurement points are at the loads. Therefore the
voltage of the junction node (Up) is not measured therefore AUp cannot be
computed. Without knowing the value of AUp the illegal current at the first
load cannot be computed. Therefore it is impossible to localize the illegal load
with this method if it is the first load of the subnetwork. In this case the method
presented in the next section can be applied to that load.

Fault isolation in single load subnetworks

It might happen that the illegal load is in a single load subnetwork. The
problem is that the single load subnetworks contain only one load therefore the
voltage difference cannot be compared to another load in the same subnetwork.
In this case the decomposition based method cannot be applied. Instead, the
original network is used in the diagnosis.
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In this case the voltage difference of the single load is compared to the
nearest load in both directions in the network. (It is assumed that these loads
are not illegal loads). The steps of the fault isolation method in this case are
the following:

1. The single load is denoted by L and the voltage difference at this load
is AUYL5 .

2. Go back to the previous junction from the single load. This node is the
predecessor of the single load in the directed graph.

3. Find the nearest load from that node backwards in the graph. This load
is denoted by L; and the voltage difference at this load is AUp,.

4. Find the nearest load from that load forward in the graph. This load is
denoted by Ly and the voltage difference at this load is AUL,.

5. If AU, > AUy, < AULf then L, is considered as an illegal load.

The exact value of the illegal current can be computed in this case if there are

no additional illegal loads in the network. The magnitude of the illegal current
AUL, —AUL,

Ry,
branch of the Ly load and the single load. If there are more illegal loads, then

the computed current may not be accurate because it may be affected by the
currents of the other illegal loads.

, where IR, is the resistance of the wire between the start of the

Diagnostic algorithm for one feeder radial networks

The diagnostic algorithm of a one feeder radial network combines the de-
tection of the illegal loads and the localization of them whether they are in
multiple or single load subnetworks. There are two main parts of the diagnosis
method.

e First the illegal loads in multiple load subnetworks are localized using the
method described in Section Then the currents of the found illegal
loads are updated with the currents of the illegal loads, and the network
is simulated with the updated currents. In these steps all illegal loads in
the multiple load subnetworks are discovered.

e If the criterion of the detection is still satisfied after the simulation then
there are remaining illegal loads in the network. They should be in the
single load subnetworks. These illegal loads are localized in the second
part of the algorithm using the method described in Section [3.3.2]

The steps of the complete diagnostic method are the following.

1. Decompose the radial feeder network into single and multiple load sub-
networks.

2. Compute the nominal voltages and the minimal/maximal bounds of the
voltages using the measured currents and the resistances.
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Figure 3.10: A simple one feeder radial network and its decomposition.

3. Detect the illegal loads using Equation (3.7). If the inequality is true
then continue with analyzing the voltage differences.

4. Compute the difference between the measured and the nominal voltages.

5. If the difference is outside of the minimum/maximum bounds then con-
tinue with the localization of the illegal loads.

6. Find illegal loads in multiple load subnetworks.

7. Update the currents of the found illegal users with the computed illegal
current.

8. Compute the nominal voltages and the minimum/maximum bounds us-
ing the updated currents. Attach the computed values to the subnet-
works. The network does not need to be decomposed again.

9. Repeat Steps 3-5.

10. Find the illegal loads in single load subnetworks.

A simple one feeder radial network example

The diagnostic method is illustrated on a simple example. The network
can be seen in Figure [3.10a] It is the same network as in Section The
decomposition of the network can be seen in Figure The resistances
of the wires can be seen on the edges of the graph. The uncertainty of the
resistances is 2%, the current and voltage measurement error is 0.2%. The
measured currents and voltages of the feeder and the loads are in Table in
the rows I and U.
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Table 3.1: Current and voltage values of the example.

F1 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
I1A] 63 5 4 8 8 2 5 5 7 8 8
U[\] 250 244.44 243.04 242.56 243.99 242.53 242.08 242.02 241.60 246.99 246.83
U[V] | 250 244.78 243.58 243.10 244.34 242.85 24240 242.34 241.92 247.08 246.92

AU[V] | © -034  -054 -054 -035 -032 -032 -032 -032 -0.09 -0.09

The steps of the diagnostic algorithm, the used and computed data and
the results of the steps in case of the example can be seen in Table [3.2] It can
be seen, that after the first part of the diagnosis (Steps 1-6) one illegal load
(L2) is found in a multiple load subnetwork with illegal current of 2A. After
that the network is updated and simulated with this current (Steps 7-8). The
computed voltages after Step 8 can be seen in Table In the second part of
the diagnosis (Steps 9-10) an other illegal load (L4) is found in a single load
subnetwork with illegal current of 1A. In conclusion our diagnostic method
successfully detected and localized these loads, and determined the magnitude
of the illegal currents too.

A more complex case study can be found in Appendix [A] where the di-
agnostic method is demonstrated on a benchmark example. The case study
shows the application of the decomposition and diagnostic algorithms in an
almost real-world case, with simulated measurement errors.

3.3.3 Fault detection and isolation for the two feeder lay-
out

Diagnostic algorithm for two feeder networks

The principle of the diagnosis can be applied to networks with two feeder
layout, too. In this case the network should be first simplified to a basic two
feeder layout (see Section [3.2.2). The measured current of a merged branch is
the sum of the measured currents in the branch. The measured voltage of a
branch is substituted by the measured voltage of the first load in the branch.
It is assumed that the resistance of the wire connecting the merged load and
the network can be neglected.

To detect the illegal loads the condition in Equation should be modified
to use the currents of both feeders:

NL NL
IF1+IF2_ZIi>5I(IF1+IF2+ZIi) (39)
=1 =1

Then the voltage differences and the illegal currents can be computed starting
from one of the feeders.

In case of the two feeder network the illegal current changes its sign at
some point. This is the place of the illegal load.
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Table 3.3: Current and voltage values after the simulation.

F1 L1 L2 L3 L4 L5 L6 L7 I8 L9  L10
IA] [ 63 5 6 8 8 2 5 5 7 8 8

U[V] | 250 244.44 243.04 24256 243.99 242.53 242.08 242.02 241.60 246.99 246.83
U[V] | 250 244.54 24314 242.66 244.14 242.65 24220 242.14 241.72 247.02 246.86
AUNVI| 0 -01 01 -01 -015 -012 -012 -0.12 -0.12 -0.03 -0.03

If there are more than one illegal loads then this is the place of the largest
illegal load. The other illegal loads can be found where the illegal current
changes its value. If the result of the fault isolation step is a merged branch
then the illegal load is in that branch. The exact location of it can be de-
termined by applying the diagnostic algorithm of the radial network to the
merged branch.

In summary, the diagnostic method consists of the following steps.

1. Convert the two feeder network into a basic two feeder layout.

2. Simulate the converted network with the measured currents and compute
the nominal voltages.

3. Use Equation (3.9) to detect the presence of illegal loads.

4. Compute the difference between the measured and the nominal voltages.

AUi*AUijq

5. Compute the sequence of the illegal currents I;;, = o L=

1,...,N,— 1.

6. Find the places where the illegal current changes its value, e.g. Iy, #
1; The illegal load is the i 4+ 1th load.

liqq-

7. Compute the value of the illegal currents of the found loads: Iy,,, =
Ly, — I;

Wigr-

8. If the illegal load is a merged branch, then apply the diagnostic method
of the one feeder radial network to this branch to find the exact location
of the illegal loads.

Simple example

The diagnostic method is illustrated on the simple example used at the
decomposition in Section The network with the edge weights can be
seen in Figure[3.11] This is not a basic two feeder layout therefore a conversion
is needed first to obtain a simple two feeder network layout. The converted
network has the same structure as shown in Figure [3.6]

The measured currents and voltages of the converted network can be seen
in the first two rows of Table[3.4] The steps of the diagnosis of the example can
be seen in Table [3.5] It can be seen that the computed illegal currents change
value at two loads: L2 and X6 (Step 5-6). Therefore they are both illegal
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o F1 0.1 a X1 0.05 a X2 0.07 _ X3 0.03 o X4 0.08 o X5 0.07 . F2
o o o o o
=
L1 L2 X6 L5 L6
Q %
L3 L4

Figure 3.11: The two feeder network of the example.

loads with illegal currents 1A and 2A respectively. It can be seen that X6 is
a substitution of a branch, therefore the illegal load is in that branch. The
measured and nominal voltages of this subnetwork can be found in Table [3.6
The illegal load in this subnetwork is localized in Step 8. In conclusion two
illegal loads are successfully detected and localized in the two feeder network.

Table 3.4: Measured and nominal values of the two feeder example.

F1 L1 L2 X6 L5 L6 F2

IA] | 133 3.0 7.0 5.0 4.0 8.0  16.7
U[V] | 250.0 248.67 248.16 247.99 248.14 248.83 250.0
U[V| | 250.0 248.82 248.38 248.26 248.36 248.93 250.0
AUV]| 0  -015 -022 -027 -022 -0.1 0

Table 3.5: Diagnosis steps of the two feeder example.

Step Action Data Result

(1) Network conversion graph of the network basic two feeder

(2) Simulation Iev, Ipg, IRy, e = 2% U

(3) Detection Ip, = 13.3A, Ip, = 16.7A, TRUE

SO L=27A, 1 =02%

(4) |Compute voltage difference U;, U AU;

(5) | Compute illegal currents L1| L2 | X6| L5 | L6 sequence of
LulA]| - [1.53]0.53|-1.47|-1.47] illegal currents

(6) Localization I. X | X NTL=L2, X6

(7) | Compute illegal currents 1.53A, 0.53A Liupe = 1A

of L2 and X6 0.53A, —1.53A Liuxe = 2A

(8) Localization II. L3| L4 NTL=L4

LylAl|l - | 2 Liya = 2A
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Table 3.6: Measured and nominal values of the subnetwork

L3 14
U[V] [247.99 247.63
U[V] |248.26 248.08
AU[V]| -0.27 -0.45

3.4 Discussion and future work

As it was mentioned earlier, the proposed diagnostic method is similar to
the power theft localization method described in [77], which is called normal-
ized voltage double difference technique (NVDD). Both methods are based on
the analysis of the voltage differences. However there are main differences
between the two methods:

e The NVDD method uses phasor values (i.e. complex voltage, current and
impedance values). However the phase angel between successive nodes
is usually really small, therefore the voltage drop can be approximated
by the real part of the impedance drop. In my method I use real valued
variables.

e The NVDD method uses measurements from reference days as nominal
voltage values, and detects the outliers compared to these data. In my
method a static model of the network is used to obtain the nominal
values of the network instead of historical data.

e In the NVDD method the voltage differences are normalized by the vari-
ations of the voltage differences. In my method the illegal currents of
successive loads are computed and analyzed to determine the location of
the illegal load.

The advantages of my presented method are:

e The disadvantage of the NVDD method is that it requires sufficient ref-
erence days, which may be hard to obtain (e.g. consumers with PV
plants may cause a variation in the load profiles). The advantage of us-
ing a static network model is that it always gives the current state of the
network. Therefore variations in the load profiles has no effect on the
efficiency of the method. Repeating the simulation and the diagnosis at
consecutive time instances, the dynamic behaviour of the loads can be
inferred.

e In contrast to the NVDD method, the illegal loads that appear after the
beginning of the operation of the diagnostic system can be localized with
my method.

e Reference day measurements are not needed, because the nominal values
are computed by the network model.
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e The presence of multiple illegal loads and networks with two feeders are
not discussed in [77]. My proposed method is able to localize multiple
illegal loads and can be applied to two feeder networks, too.

e Multiple loads can be localized in one step.
The limitation of my method are:

o If the illegal load is in the single load subnetwork, and its neighbours are
also illegal loads, then it cannot be localized.

e Both methods depend on the measurement error. With the increase of
the measurement errors, one obtains more false illegal loads, but the real
illegal loads can still be detected and localized.

e The diagnostic accuracy is also influenced by the error threshold limit for
the computed illegal load current and the computed voltage differences.
With too low thresholds one obtains spurious illegal loads, while the
illegal loads cannot be localized using too loose limits.

Future work In the future work the effect of measurement error and param-
eter uncertainties on the diagnostic accuracy should be analyzed. Moreover in
the presented method it was assumed, that the voltage measurements are cor-
rect, and the current measurements can be manipulated. However there exist
such power theft methods, where the current measurements are not manipu-
lated. An interesting question is that how the basic principles of the method
could be applied to that case (e.g. using Kirchoff’s voltage law for the detection
and computing the nominal currents for the localization).

Moreover, the effect of domestic power plants can also be investigated.
Nowadays PV plants become more common in low voltage networks, that can
be considered as either loads with negative consumption or generators (i.e.
feeders). These power plants may change the network structure (more than
two feeders are present) and the diagnostic method should be adapted to this
case. The application to three-phase network can also be a possible further
research direction.
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3.5 Summary

In this chapter the detection and localization of non-technical losses in
electrical networks were introduced. The electrical network is composed of
feeders, loads and transmission lines that is represented by a directed graph.
A simple static linear model of the network was used to compute the network
variables, knowing the measured currents of the loads and feeders, and the
resistances of the transmission lines (with parameter uncertainties). The mea-
sured values come from the smart meters that are located at every load and
provide consumption data with measurement errors. The illegal loads, which
we want to detect and localize, have fraud meters that show less than the real
consumption.

The aim of the work was to create a model-based diagnostic method to
detect and localize one ore more illegal loads in the electrical network. The
illegal loads are located in different parts of the network. The diagnostic
method should estimate the magnitude of the illegal consumption too. The
measurement errors and parameter uncertainties were also taken into account.

To avoid the development of a complex global diagnostic algorithm, the
decomposition of the network was utilized in the proposed method. With the
help of the decomposition the illegal loads can be isolated locally in the decom-
posed subnetworks and the diagnosis can be performed on them in parallel. In
Section [B.2] different kinds of network structures were introduced and two al-
gorithms were developed that successfully decompose the networks with radial
or two feeder layouts into smaller subnetworks with basic one feeder layouts.

The decomposition of the radial network can be done with Algorithm
that results in single or multiple load subnetworks that contain one or more
loads respectively. The decomposition of the two feeder network described
in Algorithm [2] is different from that point of view, that the decomposition
process is done in parallel with the computation of the network variables.

The diagnostic method is based on analyzing the deviations between the
measured and the nominal values of the network. Two kinds of diagnostic
methods were introduced that apply to the radial or the two feeder networks.
Both methods use the measured and nominal currents for detection and the
voltages for fault isolation.

In the diagnostic algorithm for a network with one feeder radial layout
the illegal loads were localized in two stages: at first in the multiple load
subnetworks then in the single load subnetworks. In the diagnostic method
for two feeder networks the localization was also done in two stages: at first
in the (converted) basic two feeder network, then in the potential merged
subnetworks (in case of a radial two feeder network).

The proposed decomposition and the diagnostic algorithms were illustrated
on simple examples. A more complex case study with the IEEE 2015 Low
Voltage Test Feeder (that can be found in Appendix was also presented to
demonstrate the practical application of the diagnostic method.
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Chapter 4

Colored Petri net based diagnosis
of process systems

In this Chapter a diagnostic method is introduced that uses a qualitative
dynamic model of the system and its colored Petri net model. The diagnosis
is based on the deviations between normal and faulty operations and the oc-
currence graph of the colored Petri net model. In case of composite systems
structural decomposition is used to reduce the increasing computational effort
caused by the growing size of the model.

In many cases the normal or faulty operations of technological processes
can be characterized by a series of events having discrete or qualitative valued
variables. The occurring deviations can be generated by the comparison of
the normal and the actual events. The occurring faults can be detected and
identified based on the observed deviations [92], [93].

In order to formally describe the events for diagnosis, the methods and tools
for discrete event dynamic systems are used [3], [8]. Technological systems can
often be represented as discrete event systems (DES). The solution (i.e. the
state space) of DES is usually generated by discrete event simulation. The
problem is that the state space of DES models can be extremely large even if
the system is relatively simple. Since the diagnosis of DES is usually based on
the exploration of the state space, it can be computationally hard task due to
the rapid increase of the state space. The decomposition of the system and
applying distributed diagnosis can help to solve this problem [94]-[96].

Different kinds of Petri nets are popular tools for representing discrete
event systems. The structural and mathematical representation of Petri nets
both can be used for diagnostic purposes. Various techniques can be used for
diagnosis with Petri nets, for example the analysis of the occurrence graph,
marking estimation, linear algebra, integer linear programming, diagnoser nets
and reverse nets. The most frequently used methods are based on the idea of
unobservable transitions and use labeled Petri net models. Besides the observ-
ability of transitions, the set of places may have observable and unobservable
subsets, too. In [97] sufficient conditions of diagnosability are given and an
on-line fault detection algorithm is developed based on ILP and checking the
fault diagnosability conditions. To take into account the firing times of the
transitions, the ILP based diagnoser algorithm was extended with timing con-
straints in [98]. The faults may affect the firing times of transitions, too. In
[99] an observer scheme was designed to generate the residuals that can be
used for fault detection and isolation. In [100] the unobservable events may
correspond to the normal behaviour, too. The diagnosis is performed on a
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so called basis reachability graph that contains the markings reachable with
the observed transitions and the necessary unobservable ones. Colored Petri
nets were used to model and diagnose embedded systems in [101]. The inverse
CPN model with backward reachability was used to determine the source of
the occurred faults in the system.

In this Chapter a novel colored Petri net (CPN) based diagnostic method of
technological systems is presented. The novelty of the method is that a general
CPN model was constructed that is able to simulate the technological system
and simultaneously generate deviations between traces. An on-line diagnostic
method is proposed that is based on searching nodes with specific attributes on
the occurrence graph of the CPN model. Moreover, structural decomposition
of composite systems is proposed, which traces back the diagnosis of composite
systems to unit-wise diagnosis.

The structure of this Chapter is the following. At first the basic notions on
ordinary and colored Petri nets are given in the next section. Thereafter the
colored Petri net model used for diagnosis is introduced in Section [£.2] then
the diagnostic methods for single technological units and composite systems
are presented in Section and Section A case study illustrating the
proposed diagnostic method can be found in Appendix

4.1 Basic notions

A brief introduction of the basic concepts used in this Chapter is given
here. At first the concepts of qualitative discrete event models are presented
followed by the introduction of the basics of ordinary and colored Petri nets.

4.1.1 Qualitative range sets, events, traces and devia-
tions

In many cases it is not necessary to know the exact value of a variable, it is
enough to know whether a measured value is in a range specified in advance.
For example, for a continuous sensor S the following basic range values can be
defined if the rough resolution is enough:

Qs = {e",05,Lg, Ng, Hg, ", error} (4.1)

where Og, Lg, Ng, Hg refer to zero, low, normal and high value measured by
the sensor S, respectively, while e~ and e™ may refer to outlier values caused
by a bias failure and error denotes the error signal provided by the sensor
when it is not working. During qualitative simulation it may occur that the
range of a variable cannot be decided exactly due to the growing uncertainty
caused by the interval arithmetic operations. Therefore in some cases we allow
the qualitative variables to be in the union of two neighbouring ranges, too.
For example the range value covering Lg and Ng is denoted by LNg.
The qualitative range value set of binary state actuators is as follows:

Qp = {op,cl,?} (4.2)
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where op and cl refers to the opened or closed state while 7 denotes the un-
known state of the actuator.

Traces The dynamic evolution of a course of a process system with n inputs
and m outputs can be characterized by time dependent variables called signals.
Input variables (vary,) are the actions performed by the operators and output
variables (vary,:) are the measured values. An event occurring at time 7 is
an ordered list of a time stamp and the values of input and output variables
belonging to this time instance:

event” = (T,var,, (T), ..., 04T, (T), Va7 out, (T), . . ., VAT oz, (T)).

In this work, the time stamp denotes the order of the events instead of the
real occurrence time of the event. The real occurrence times can be unevenly
spaced values. The event list or operational procedure contains the possible
events during a course of a process system. The set of consecutive events is
called trace.

trace = (event', event?, ... event”)

The traces can be categorized into three main groups:

e the nominal trace describes the normal (fault-free) operation of the sys-
tem;

e the characteristic traces are specific to each different faulty operational
mode of the system;

e the measured trace is the actual recorded trace from the process.

Fault diagnosis methods are often based on the comparison of a nominal
trace and a measured trace. If there is a deviation between these traces then
the system works probably in a faulty mode. The deviations can be temporal
or quantitative types. The deviations occurring during the process are listed in
the form of keyword(event™ ). Assuming that the events in a trace are ordered
by the time stamps, the most important deviation types (and their keywords)
are the following:

e never-happened (NH)- if the coherent input-output values of the event
do not occur in the characteristic trace at any time stamp;

e chronological deviations: later (LAT) or earlier (EAR) - if the coherent
input-output values of the event are in the characteristic trace but with
a later or earlier time stamp than in the nominal trace;

e quantitative deviations: greater (GRE) or smaller (SML) - if the value of

an output variable is greater or smaller in the characteristic trace than
in the nominal trace at a given time instant.
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4.1.2 Petri nets

Petri nets are graphical and mathematical modelling tools that are often
used for modelling discrete event and discrete time systems. The advantage of
Petri nets is that they not only represent the structure of the system, but allows
us to simulate and analyze its behaviour too [102]. Petri nets are often used to
model such kinds of systems where parallel and concurrent events may occur.
Petri nets are represented with directed, weighted, bipartite graphs where two
types of nodes are used: places and transitions. Transitions represented by
rectangles refer to the events occurring in the system. Places represented by
circles refer to precondition and consequences of the events. To follow the
changes in the system, tokens (represented by black dots) can be assigned
to each place by a marking function. A token in a place means that the
precondition or consequence represented by the place is "true". The state of
the Petri net can be represented by the marking vector, that is composed of
the markings of the places. When a transition fires the tokens from its input
places disappear and the conditions become false. Meanwhile tokens appear
on the output places of the transition and the consequences become true. The
formal definition of a Petri net (PN) is the following [102].

PN ={P,T,F,W, 1’}
where
o P={po,p1,...,pm} is the finite set of places;

o T = {to,l1,...,t,} is the finite set of transitions;

F C(PxT)U(T x P) is the set of arcs;

W = F — Z% is the weight function that assigns a positive integer to
the arcs;

o 10 = [y, o, - .. ,,um]T is the initial marking vector, where yu; € N is the

number of tokens in the ith place;

PNT=0and PUT # (.

Firing of transitions The dynamic operation of a Petri net can be described
by the firing sequence of the transitions that move tokens between the places.
A transition ¢; is enabled and may fire when there are at least W (p;,t;) tokens
on all of its input places (i.e. all preconditions of the event are true):

pi > W(ps, t;), Vi where p; is the input of ¢;.

The firing of a transition removes tokens from its input places and put tokens in
its output places according to the weight function that leads to a new marking
vector. The firing step of ¢; that changes the marking vector u’ to p'™' is
denoted by [t; > p'*'. The firing sequence of more transitions is denoted
by plltjo > p'ltjs > ... [tje—1 > pF. If there exist such a firing sequence that

leads from p° to p* then we say that p* is reachable from p°.
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O
1t() P2

1 to D2
D1 D1
(a) The initial state of the Petri net  (b) The state of the Petri net after firing
to
MO - [17 17 O]T
pt =10,0,2]"

(c¢) The reachability graph of the Petri net

Figure 4.1: A simple Petri net and its reachability graph

Reachability graph The state of the Petri net is characterized by its current
marking vector. The possible system states that may occur in the system
can be represented on a graph. The reachability graph of a Petri net is a
directed graph whose nodes are marking vectors and the edges are firings of
transitions. There is a directed edge between p* and p' if p*[t; > pl. pl is
called reachable from Hk7 if there exists a firing sequence that transforms ﬁk to
pt. The reachability graph contains all of the marking vectors (system states)
that are reachable from a given initial marking vector.

Simple example A simple example showing the operation of a Petri net
can be seen in Figure [4.1] This simple Petri net is composed of three places
(P = {po, p1, p2}) and one transition (T = {tp}). The set of arcs is F' =
{(po, to), (p1,t0), (to,p2)}. The value of the weight function is W(pg,to) =
W(p1,to) = 1 and W (to, p2) = 2. The initial marking of the Petri net, which
is u° = [1,1,0]7, can be seen in Figure @ There is one token in py and p;
therefore t, is enabled and can fire. The firing of ¢, removes one tokens from
po and p; and puts two tokens into p,. The current state of the Petri net after
firing ¢y can be seen in Figure [{.Tb] At this state ¢, is not enabled any more
because there are no tokens in places py and p;. The reachability graph of this
simple Petri net contains only two nodes, that can be seen in Figure [4.1c|
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4.1.3 Colored Petri nets

Colored Petri nets (CPN) are the extensions of the ordinary Petri nets.
The advantage of CPNs that complex systems can be represented in a compact
form, which leads to the reduced size of the model. In contrast to the ordi-
nary Petri nets, where all tokens are the same, in CPNs the tokens may have
different types and attributes, that is described by so called colors. Besides
that, functions can be attached to arcs and transitions that execute different
operations on tokens. Another option is to fire the transitions with predefined
probability that makes the system operation stochastic.

Before giving the formal definition of a CPN some preliminary definitions
about multisets and variables are needed.

Multisets A multiset is the extension of an ordinary set in such a way that
multiple occurrences of the elements are allowed. It can be defined over a set
S as a function that attaches the number of appearances to the elements of S:
m : S — N. The multiset can be represented by a formal sum :)___om(s)‘s,
where ¢ is an explicit operator between the coefficients and the elements. The
set of all multisets over S is denoted by Sys and m(s), s € S is the coefficient
of element s.

Different operations can be defined over multisets that are in fact operations
on functions:

e addition: my +my = Y _o(mi(s) +ma(s))'s;

e scalar multiplication: n-m = ) _s(n-m(s))‘s;

e comparison:m; # mg = 3s € S : my(s) # ma(s)

my < (>,=)mg =Vs €S :my(s) < (>,=)ma(s
) —

)

s, if my > my;

4

s
(
e subtraction: my —my = > __o(ma(s) —my(s))

Formal definition As it was mentioned before, different expressions and
functions can be assigned to the transitions and arcs of colored Petri nets.
The expressions can be defined using variables and different operations (logical,
arithmetical). Some basic notations corresponding to variables and expressions
are given here:

e T'N is a type name;

e Type(v) is the type of the variable v;

e Type(expr) is the type of the expression expr;

e Var(expr) is the set of variables in expression expr;

e bis a binding that is a function mapping each variable v € V into a value
b(v) € Type(v). Bindings usually denoted by < vy = ¢q,...,v, = ¢, >
where v; and ¢;,7 = 1,...,n are the variables and the corresponding
values.
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e cxpr < b > is a value, obtained by evaluating the expression expr in a
binding b

Now the formal definition of a CPN can be given in the following form first
introduced by Kurt Jensen [103|. The CPN is a tuple

CPN = (X,P,T,A,N,C,G,E,I)
with the following meaning:
e ) is a finite non-empty set of color sets;
e P is the finite set of places;

e T is the finite set of transitions;

A is the finite set of arcs, such that PNT =PNA=TNA=0;

N is the node function, N : A — (P x T) U (T x P) that assigns arcs
into place-transition or transition-place pairs;

e (' is the color function, C': P — 3 that assigns a color set to each place;

e (G is the guard function that assigns a boolean expression (Expr) to each
transition, such that the variables in the guard must belong to a color
set in X,

G : T — Ezpr, such that Type(G(t)) = bool and Type(Var(G(t))) C ¥;

e F is the arc expression function that assigns expressions (Ezpr) to each
arc, £ : A — FExpr, such that Ya € A : Type(E(a)) = C(p(a))ms and
Type(Var(E(a))) C 3, where p(a) is the place of N(a);

e [ is the initialization function that defines number and color of initial
tokens in the places: [ : P — Expr such that Vp € P : Type(I(p)) =

C(p)ums-

Firing of transitions The enabling and the firing of the transitions in a
CPN is more difficult than in ordinary Petri nets. The difference is that the
colors of tokens in the places should be taken into account. A transition in a
CPN is enabled, if there are tokens on its input places with the proper colors
such that binding the variables in the arc expressions to the available token
colors, the arc expression can be evaluated. Besides that, the arc expression of
the output arc should be evaluated to a multiset that is compatible with the
color set of the output place. Moreover the guard function must be evaluated
true with this binding of variables. Consequently the enabling of a transition
is always interpreted with respect to a specific binding.

The marking M in a CPN is interpreted as the number of colored tokens in
the places that is a multiset over the set of all (p, ¢) pairs, where p € P and ¢ €
C(p). A marking vector M can be written as M = [M(pgy), M (p1), ..., M(p,)]",
where M(p;) denotes the token distribution in place p;. In contrast to the
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ordinary Petri nets, a firing of a transition in a CPN may lead to different
markings according to the binding of the variables in the arc expressions. This
means that the transition with its current binding identifies the firing step.
A firing step is defined as a non-empty and finite multiset over the set of all
(t,b) pairs, where ¢ is a transition and b is a binding of variables in ¢. A fir-
ing step is usually denoted by Y. The sequence of firing steps is denoted by
MOD/O > Ml[ifl > .. [Yk—l > M.

Timing Colored Petri nets can be extended with the timing of the transi-
tions. Time delays can be assigned to the transitions that affect the execution
time of the transition. In timed CPNs the tokens have time stamps too, which
denotes the time when the token becomes available. For example if a token has
time stamp 77 it is not available until the simulation time is less than 7. The
firing of a transition increments the time stamp of the tokens in the current
binding with the execution time of the transition.

Occurrence graph The behavioural analysis of a CPN can be done with
the help of the occurrence graph [103]. The occurrence graph contains all of
the reachable markings (system states) from the given initial marking in a
form of a directed graph. The nodes of the graph refer to the colored token
distribution of the places at the current state of the CPN model. The edges of
the occurrence graph refer to a (transition, binding) pair that takes the given
marking to the next marking, i.e. there is an edge between two nodes with
markings M, and M;, if there exists a firing step Y such that M;[Y" > M;.

The occurrence graph of a CPN can be constructed similarly to the ordinary
Petri nets. The difference is that the nodes are colored markings and the edge
labels are (¢,b) transition-binding pairs.

Simple example The operation of colored Petri nets is illustrated on a
simple example that can be seen in Figure [4.2l The modelled process is the
emptying of a water tank that has the following steps. If the water level in
the tank is not empty then it may be emptied. To open the output valve (V)
of the tank a button need to pressed to start the process. The places of the
CPN model are level, button and valve. The corresponding color sets that are
shown above the places are the following:

e (), = {0,L, N, H} represents the level of the water in the tank (zero,
low, normal, high);

e Qp = {0,1} represents the state of the button (0 - not pressed, 1 -
pressed);

e Qv = {op, cl} represents the state of the valve (open, close).

The transition t, represents the opening of the output valve. The guard
function of the transition is

true, ifl#0ANb==
g(l,b) = :
false, otherwise
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where [ and b are two variables with T'ype(l) = Qp and Type(b) = Qp. The arc

QL

Qr
[,b) Qv
gk 1 op g(l,b) L Qv
| level 14

T (o)
O/lbto valve %/

1Dty valve
button
o] o] eOD button
(a) The initial state of the CPN (b) The state of the CPN after firing ¢¢

My = [1°‘H, 1‘1, empty] T
‘/(to,<l:H,b:1 >)

M, = [empty, empty, 1‘op]”
(¢) The occurrence graph of the CPN

Figure 4.2: A simple colored Petri net and its occurrence graph

expressions are like edge weights in this case: 1°/ means that one token with
the color from )1, should be moved from level. 1‘0p means that one token
with color op is moved to valve.

Initially there is one token on level with the color H and a tokens on button
with color 1, as can be seen in Figure [d.2al It can be seen that the binding
<l = H,b =1 > makes the guard function true, therefore the transition is
enabled in this case. During the firing of ¢y one token with color H is removed
from level and one token with color 1 is removed from button. The transition
puts one token with color op in place valve. The resulted state of the CPN
can be seen in Figure The occurrence graph of this simple example can
be seen in Figure The markings are represented by the list of places and
the tokens on them.

4.2 Colored Petri net model of process systems

In this section the modelling methodology that can be used for creating
CPN models of process systems is given. The system to be modelled is given
with the set of traces that describes the different operational modes.

The role of the CPN model is twofold. First of all, it is able to simulate
the normal and the different faulty operational modes of the system. On the
other hand, the model also generates the deviations between the nominal and
characteristic traces, which is the basis of our diagnostic method.
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The inputs of the model are the nominal and characteristic traces. The
outputs of the model are the qualitative values of the variables and the gen-
erated deviations between the nominal and the simulated characteristic trace
at a given time. The diagnosis of the model can be done by the occurrence
graph, that can be automatically generated from the initial state.

4.2.1 Modelling assumptions

The basic modelling assumptions are the following.

The nominal and the characteristic traces describing the nominal and
different faulty operations of the process need to be known in advance.

The faults possibly occurring in the process are known in advance. Only
these kinds of faults are included in the CPN model.

In the simplest case only one fault occurs in the process.
The occurring fault is present from the start of the process.

The fault does not change during the process.

4.2.2 The structure of the CPN model

The CPN model that can be used for diagnosis of technological systems is
introduced here. The general structure of the model can be seen in Figure [4.3

In order to use the CPN model for diagnostic purposes the following mod-
elling principles were used.

The model simulates the operation of the technological system based on
the known nominal and characteristic traces.

The input and output variables, the operational mode, the deviations
and the events of the nominal trace are assigned to places. The places
are represented by ellipses in Figure 4.3

Colors represent qualitative values of the variables, the type of the fault
and the emergent deviation from the nominal trace.

A token with a given color at a place represents the actual qualitative
value of the variable.

The transitions execute the timing of the system. The transitions are
represented by rectangles in Figure The execution time of each
transition is equal to 1.

The enabling of the transitions is controlled by the simulation time.

The fault generation function is attached to the arc pointing from t; to
fault, and it is evaluated when the transition fires.
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Figure 4.3: The structure of the CPN model

e The arc functions describe the change of qualitative values of the vari-
ables.

The declarations of color sets used in the model are the following:

e Qr = {norm, faulty, ..., fault;} is the color set of the possible opera-
tional modes, where norm is the normal operation and faulti, ..., faults
are the possible known faults;

Qi = {¢, - - ,qf,’;} is the color set of the kth input variable with the
qualitative values ¢}, ..., qF, k=1,...,n;

Qo = {qY,...,q"} is the color set of the [th output variable with the
qualitative values ¢}, ..., ¢, [ =1,...,m;

INT is the color set of integers;

E=INT xQy X...xXQinXQu X...XQun is the color set of events;
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KW ={NH,LAT, EAR,SM L, GRE} is the color set of keywords used
in the deviations;

DEV = KW x E is the color set of deviations;

EL = list E is the color set of event lists (traces).

The declarations of variables that are used in the arc expressions are the

following;:
* € Qr;
o ing € Qik, k=1,...,n;
e out; €Qu, l=1,...,m;
e cc E;
e yc IL;
o " INT.
The nominal and the characteristic traces are declared as constants:
o try = [eventl, event?, ..., eventk] is the nominal trace of the process;
o try, = [eventy,, eventy,, ..., eventﬁ] is the characteristic trace of the 7th
faulty operational mode, 1 =1,..., f.

The descriptions of the used arc functions are the following:

fault _gen() = { let mode=discrete(0,f:INT);
case mode = 0 — norm;
mode = 1 — faulty;

mode = f — faults}
is the fault generation function that randomly generates the operational
modes with discrete uniform distribution;

ing_tr(x : Qp) is the function that determines the value of the kth
input variable (k = 1,...,n) at the current time step from the trace of
the corresponding operational mode x;

out; tr(x : Qp) is the function that determines the value of the [th
output variable (I = 1,...,m) at the current time step from the trace of
the corresponding operational mode x;

remove(e : B,y : EL) removes the event e from the list of events y;

dev(e: E,y : FL) generates the EAR, LAT, GRE, SM L type deviations
between the current event e and the trace y;

never(y : EL) generates the N H type deviations by attaching the NH
keyword to the event is in the list y;

tr_length(z : Q) determines the length of the trace corresponding to
the operational mode.

78



4.2. COLORED PETRI NET MODEL OF PROCESS SYSTEMS

4.2.3 The operation of the CPN model

The aim of the CPN model is to simulate the technological process and
generate the deviations between the nominal and the characteristic trace at
the same time.

The operation of the previously introduced general CPN model can be
divided into three sections based on the simulation time. The simulation time
is denoted by T} in Figure {4.3|

At the beginning of the simulation ( (T = 0) the current operational mode
is generated and the variables are updated according to it. The only transition
that is enabled at Ty = 0 is ¢;. The firing of ¢; has the following effects:

e The operational mode () is generated using the function fault gen and
the token with the color of the operational mode is put in place fault.

e The end time of the simulation is determined as the length of the char-
acteristic trace of the operational mode: T' = tr_length(z).

e According to the operational mode, the values of the input and out-
put variables at the first time step are put in places var,,,...,vary,,,
VAT gty s - - -, VAT e, Using the functions ing _tr and out; tr.

e If there is a deviation between the nominal trace and the first event
e = (Lvary,, (1),...,vary,, (1), vary, (1), ..., varyy,, (1)) then token(s)
with the deviation(s) are put in place deviation. The nominal trace is
declared as a constant (see Section [£.2.2).

e The event is removed from the nominal trace (if possible) and the re-
maining part of the nominal trace is put in place never by the function
remove.

e The simulation time is increased by 1.

The next time section interval lasts until the simulation time reaches the
end time: T, < T,,4. During this time the steps of technological process are
simulated. In this interval only ¢, is enabled and fires several times in a row.
The effects of this transition are:

e The operational mode does not change in place fault.

e The values of the input and output variables are updated according to
the operational mode and the current time.

e The deviations between the current event and the nominal trace are
generated at each time step and the tokens with the proper colors are
put in place deviation.

e The events that occurred in the nominal trace are removed from it and
the remaining trace are put in place never.

e The simulation time is increased by 1 after each firing of t,.
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At the end of the process (T = T.,q) the events that never happened
remained in the place never. At this time the never happened type deviations
can be generated by t3. If there is any token in place never then t3 can fire
and attaches the N H keyword to the events in never and put these deviations
in place deviation.
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Figure 4.4: The tank and its CPN model of during the simulation (T = 2)

Simple example In order to better understand the operation of the CPN
model a simple example is introduced. The modelled system is a tank with an
input and output valve (VA and V B) and a level sensor (LA) (see in Figure
[f.4a). The qualitative range values of the level sensor and the valves are Qg
and @ p that were introduced in Section [4.1.1] The technological process is the
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filling of the tank. The nominal trace of the process is

[(1,0p,cl,0),(2,0p,cl, L), (3,0p,op, N)|. It is assumed that only one fault may
occur in the system that is the leakage of the tank. The characteristic trace of
the leakage is [(1, op, cl,0), (2, 0p, l,0), (3, op, op, 0)].

The CPN model of the tank can be seen in Figure [4.4b|

The model operates in the following way. At T = 0 the current operational
mode (normal or leak) is generated by ¢; and the result is put in place fault.
Figure represents that case when the tank has a leak. It can be seen that
there is a token with color leak in place fault. The end time of the simulation
(the length of the characteristic trace) is 7' = 3. The values of the valves and
the level sensor are also set to op, ¢l and 0 at Ty, = 0. At this time there is no
deviation between the nominal and the characteristic trace.

In the next step tramsition t2 fires while 7y < T.,q. During this time
the values of the valves and the level sensor are updated according to the
characteristic trace of leakage. Besides that the deviations are generated at
every time step. The current state of the CPN model at Ty = 2 can be seen
in Figure It can be seen that place VA, VB and LA has tokens with
color op, cl and 0. The deviations generated at Ty = 2 are LAT(1,0p, cl,0)
(because the current measured event is a later occurrence of the first nominal
event) and SML(2,0p,cl, L) (because the current level is smaller than in the
second nominal event). The deviations can be found in place dev.. The never
happened events are (2, 0p, ¢l, L) and (3, op, op, N).

The process ends when the simulation time reaches Ty = 3. A new quan-
titative deviation is generated, which is SML(3,0p,op, N). At this time the
never happened type deviations are generated too, which are NH (2, op,cl, L)
and NH(3,0p,op, N).

4.2.4 Generating the occurrence graph

The CPN Tools software was used for the modelling, simulation and anal-
ysis of colored Petri nets [104]. To generate the occurrence graph of the model
that contains all possible states of the system in case of the known operational
modes, the nominal and the characteristic traces of different faults are need
to be known. The nodes of the graph contain the colored token distribution
(i.e. the number and color of tokens) in the places of the CPN model. From
diagnostic point of view the following attributes of the nodes are important:

e Token in place fawlt. This is the operation mode of the process.

e Tokens on input and output variable places. These are the qualitative
values of the variables at the current state.

e Tokens in place deviation. This is the deviation list between the nominal
and the characteristic trace of a known fault at the current time of the
process.
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In the general case the occurrence graph of a colored Petri net may contain
cycles and multiple directed paths between two nodes. Fortunately in our
case the occurrence graph has tree structure, which follows from the special
construction of the CPN model. The root of the tree is the initial state and
each branch of the tree belongs to one operational mode.

4.2.5 Multiple faults, faults on the fly

In a real process system faults can occur at any time and not only one fault
can influence the course of the system. To fulfil these requirements the basic
model can be modified in the following way.

For the management of the effect of two or more faults at the same time
new fault types were introduced. These new types were added to the list of
possible faults, so the adequate faulty operational mode can be generated at
the initialization of the system. The characteristic traces of these faulty modes
also need to be known and added to the set of traces.

To model the fault occurring at any time it is assumed that the system
works in normal way until this point of time. It is assumed that the fault
does not change until the end of course of the system. Using this assumption
the faulty operational mode has to be modelled from this point of time. For
the diagnosis the traces describing the events from this step should be gener-
ated and added to the model. The additional modelling assumptions are the
following.

e The fault occurs at a known time 7.
e The system operates in normal mode until 7.

e The course of the system is modelled from 7.

4.3 Unit-wise diagnosis

In this section the basic diagnostic method of one technological unit is
presented. The basic principles introduced here can be later adapted to the
case of diagnosis of composite systems.

4.3.1 Diagnosis using the occurrence graph

The basic idea of the diagnosis is that if a fault occurred in the system, then
there are deviations between the nominal and the measured trace. In case of
known faults, the deviations between the nominal and the characteristic traces
are also known, and the occurred fault can be identified from the deviations.
If a measured trace from the system is available, then the deviations from the
nominal trace can be generated. These deviations can be compared to the
known deviations between the nominal and characteristic traces. If the two
deviations match then the occurred fault is that one whose characteristic trace
caused that deviations.

82



4.3. UNIT-WISE DIAGNOSIS

In the proposed diagnostic method the occurrence graph of the CPN model
is used to store the deviations between the nominal and the known character-
istic traces. The diagnostic method can be realized as a searching on the
occurrence graph.

Let us assume that all the fault modes and the corresponding characteristic
traces of the modelled technological system are known and a measured trace
is available from the process. The steps of the diagnosis using the occurrence
graph are the following.

1. Generate the occurrence graph of the CPN model of the system. The
resulted occurrence graph contains all of the possible system states reach-
able from the initial state. This step can be done off-line.

2. Generate the deviation list between the nominal and the measured trace.

3. Find the node having the same deviation list in the place deviation as it
was generated in the previous step. After finding that node, the occurred
fault can be determined based on the token color on place fault at this
node. There may be three cases:

e There is only one node with the same deviations as the generated
deviation list. Then the occurred fault is clearly identified.

e There are more than one node with the same deviations as the
generated deviation list. Then only the set of possible faults can be
identified.

e If no token distribution refers to the generated deviation list then
an unknown fault occurred in the system. In this case the set of
diagnosed faults is empty, but the deviation list is not empty. This
combination indicates the presence of an unknown fault, which can
be detected but not identified.

The diagnosis can be done on-line or off-line. In case of on-line diagnosis
the full measured trace is not known, but a new event occurs at each time step.
In this case steps 2-3 are repeated at every time step. This means that the
deviations between the nominal and measured traces are updated after each
new event, and the resulted deviations are searched on the occurrence graph.

In case of off-line diagnosis, the full measured trace is known. Therefore
the deviations need to be generated once and they can be searched between
the terminal nodes of the occurrence graph.

4.3.2 The diagnostic algorithm

The formal description of the steps of the diagnosis of one technological unit
are presented here. At first the algorithm that generates the deviations be-
tween two traces is introduced. Deviations between traces are used in HAZID
based methodologies [105]. In Algorithm [3|a different version of the algorithm
generating deviations is presented using the notations of colored Petri nets.
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Algorithm 3 Generating deviations between two traces

O W W W W W W W W N NN DN DNDDNDNDN NN e e e e e e e e e

39:
40:
41:

Input:
try = [eventk;, event?;, . .., event])] // nominal trace
evently = (t,var}) (t),...,var) (t),varl, (t),...,varl, (t))

// event at time ¢ in the nominal trace
trc = [eventl, event?, . .., eventgc] // measured /characteristic trace
eventl, = (t,var§, (t),...,var§ (t),varS, (t),...,varS, (t))

// event at time ¢ in the measured/characteristic trace

function DEVGEN(tre, try, T)
D=1 // multiset of deviations (initially empty)
neverlist = try // list of never happened events

Tc:length(trc)
TN:length(tTN)
fort=1to T do
if eventl, == event’, then
remove(neverlist, event;)
//quantitative deviations:
else if (varf, (t) ==var) ,i=1,....n)A(F1<j<m:

(varg;tj(t) < Uaré\itj) then
D = D + 1'SM L;(event)
else if (varf, (t) ==var) ,i=1,....n)A(F1<j<m:
(var&tj () > Uaré\itj) then
D = D + 1‘GRE;(eventl))
/ /chronological deviations:
else if 37 <t : (var, (t) == varf, (1)) A(varg,, (t) == vary, (1))
1=1,...,n, 7=1,...,m then
D = D + 1'LAT (event'))
remove(neverlist, eventl)
else if 37 > t : (varf, (t) == var), (7)) /\(v@rgnj (t) == UCLT'(])\Ltj<T)>
t1=1,...,n, 7=1,...,m then
D = D + 1'EAR(eventk))
remove(neverlist, event;)
end if
end for
if T'== max(Tn,Tc) and neverlist # [ ] then

//never happened type deviations:

for i = 1 to length(neverlist) do
D = D + 1‘NH (neverlist(i)))
end for
end if
return D

end function
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Algorithm [3|describes the process of generating the deviations between two
traces: the measured or the characteristic trace (tr¢) and the nominal trace
(try) up to time T for on-line diagnosis. The inputs of the DEVGEN function
are the measured /characteristic and the nominal traces and the time 7" up to
that the deviations are generated. The output is the multiset of deviations D.

The algorithm goes through the events of the measured /characteristic trace
and compare them with the events of the nominal trace. At first the quanti-
tative deviations (SM L, GRE) are generated and added to the multiset D.
After that the chronological deviations (FAR, LAT) are generated and added
to D. The events that implied chronological deviations are removed from the
list of never happened events. At the end of the algorithm the never happened
type deviations are created.

The diagnosis of a technological unit is done by searching the nodes of
the occurrence graph, whose marking in place deviation matches the devia-
tions between the measured and nominal traces. Algorithm [4] describes this
diagnostic process.

The inputs of the DIAGUNIT function are the deviations to be found (D),
the occurrence graph (G = (V, A)) of the CPN model and the current time 7.
The output of the model is the multiset of occurred faults F'.

During the diagnosis it is enough to perform the search between the nodes
with the time stamp 7', which are in the set N. In the algorithm we go through
the nodes in NV and compare the marking in place deviation with the current
deviations D. The marking in place deviation at the ith node is denoted by
M;(deviation). If the two deviations are equal then the marking in place fault
of the ith node M;(fault) is added to the set of faults F.

Algorithm 4 Diagnosis of a technological unit

1: Input:

2: D = DevGen(tr.,try,T) // multiset of deviations
3 G=(V,A) // occurrence graph
4: function DIAGUNIT(D, G, T)

5 F=10 // multiset of occurred faults (initially empty)
6 N ={v eV :time(v)==T}

7: // node with time stamp 7" of the occurrence graph
8 for i =1 to |N| do

9 if M;(deviation) == D then

10 F = F+ M;(fault)

11: end if

12: end for

13: return F
14: end function
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Simple example The unit-wise diagnostic method is illustrated on a simple
example. The examined system is the tank with a possible leak that was intro-
duced in Section[4.2.3] The occurrence graph of the CPN model can be seen in
Figure[d.5] It has two branches referring to the normal operation or the leakage.
Let us assume that the measured trace is [(1, op, cl, 0), (2, op, cl, 0), (3, op, op, 0)]
and the process has ended, i.e. the current time is 7" = 3. At first the de-
viations (D) between the nominal and the measured trace until 7' = 3 are
generated. The deviations can be seen below.

D = LAT(1,0p,cl,0), SML(2,0p,cl, L), SML(3,op,op, N ),
NH(2,0p,cl, L), NH(3,0p,op, N)

Then this deviation list is searched among the nodes of the occurrence
graph. Node No. 8 was found to have the same deviations in place dev (i.e.
the marking of this place is Mg(dev) = D). The token distribution of node
No. 8 can be seen on the right of Figure [£.5] It can be seen that this node has
a token with color leak in place fault (i.e. Ms(fault) = leak), therefore the
occurred fault in the system is F' = {leak}.

B@ 3

TAWA 1: 17 op@3

TAWE 1: 17 op@3

TALA 1: 17 null@3

Ta'dev 1: 17 (NH,(2,0p,cl,L))++

17 (NH,(3,0p,0p,N))++
[ D%'? 13.1 H 15':1 H 1?0 ] 17 (LAT,(1,0p,cl,null))++
= ' ' ' 17 (SML,(2,0p,cl,L))++

17 (SML,(3,0p,0p,N))
2 4 5] B Tafault 1: 17 leak
1:1 1:1 1:1 1:0 | | TA'never 1: empty

Figure 4.5: Occurrence graph of the tank

4.4 Diagnosis with structural decomposition

The disadvantage of occurrence graph based method is the increasing size
of the graph with the increase of the size (i.e. number of places) of the CPN
model. Even in case of a simpler technological system, which contains three
or four units the occurrence graph of its CPN model can contain hundreds
of nodes depending on the number of sensors and actuators. The refinement
of the qualitative measuring range of sensors or the application of control
valves instead of two-state actuators may also cause the growing of occurrence
graphs because their branches will be longer. With the growth of the size of the
graph, the computational effort and searching-time also increases. This is the
reason why the structural decomposition has crucial impact on the practical
application of the diagnostic process.
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4.4.1 Composite systems

A composite system is composed of more than one process units, which
are connected to each other. The structure of the system and the connections
between the individual units are usually known from technology diagrams. In a
composite system the units may connect to each other in parallel or sequential
structures. A unit may have one or more direct preceding or subsequent units.
In a composite system the number of possible faults can be much larger than
in an individual unit, and diagnosing them is a challenging task. The concepts
of faults in composite systems and their modelling are presented below.

Faults in composite systems

The main problem with the diagnosis of composite systems is that faults
may occur in each individual unit simultaneously and there may be faults that
affect the operation of other units. Each unit has its own fault types that
contributes the fault of the whole system. The global fault of the composite
system is originated from one or more of its units. However there may be
faults that exclude each other the number of possible combinations of faults
occurring in the units may be extremely large. To simulate all possible faults
and create the occurrence graph of the CPN model of the system, all traces
describing the effect of possible faults should be known in advance. During the
diagnosis of a composite system, both the location and the type of the fault
should be determined.

CPN model of composite systems

Instead of creating a global CPN model of the composite system, the system
was cut along the connection points of its units and the units of the system
are modelled one by one with individual CPNs. The CPN model of each unit
has the same structure as it was introduced in Section [4.2]

To take into account the effect of faults occurred in previous units, the
color set of faults was modified. Let us assume that the composite system has
U number of units and each unit has j; number of faults. The new color set
contains both the faults and the identifier of the unit where the fault occurred.
Formally this color set is the product of faults and unit identifiers:

Qr, = {norm, fault', fault, ..., faulté-i}, i=1,...,U
ID = {idy, idy, . . . ,idy)
Qrp = {(fault')id;)| fault’ € Qp,,id; € ID,i=1,...,U}

where ()p, is the set of fault in the ith unit, /D is the set of unit identifiers,
and Qprp is the set of faults with unit identifiers.

Let us consider one technological unit. If a fault has occurred in a preceding
unit with identifier ¢d; then this fault with the identifier of that unit is added
to the place fault in the CPN model of the actual unit, as an initial condition.
For example if the unit with id; is the preceding unit of the actual unit and a
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fault’ has occurred in it, then the token with color 1°(fault},id;) is added to
place fault. After that the actual fault in the unit can be generated and the
unit can be simulated taking into account the traces referring to the operation

mode of the faults in the current and previous units in the system.

4.4.2 Structural decomposition

As it was already mentioned, in a composite process system the structure
and the connections of components are usually known. Knowing the structure
of the system it seems evident to diagnose the system using structural decom-
position. Diagnosis with structural decomposition means that the composite
system is partitioned into basic individual units along the connection points
and then the diagnosis is performed on them separately. The final global di-
agnostic result can be concluded from the results of the unit-wise diagnosis.
Knowing the technological sequence of the units the diagnosis should be started
with the first unit and its result has to be taken into account when diagnosing
the connected units.

The advantage of the decomposition is that the diagnosis of the units is
usually simpler and faster than a global diagnostic procedure. Moreover the
previously introduced unit-wise diagnostic method (see Section can be
easily adapted to the decomposed system.

Decomposition of traces

The events in the global trace contain all variables of the system. However
the operation of a unit can be described with only the variables corresponding
to the given unit. For the structural decomposition based diagnostic method
the full trace of the system should be decomposed too by selecting the variables
and time instances that describe the operation of single units. The input and
output variables of a unit can be determined from the technology diagram.
Moreover it may occur that a unit does not operate during the whole process
(e.g. in case of a sequential process). Therefore the starting and finishing
time in between the unit operates also need to be determined. In the subtrace
of the unit relative time is used in such a way that the real time is shifted
back to 1. So in each subtrace belonging to a given unit, the operation of
the given unit starts at time step 1. The decomposition of the global trace
is presented in Algorithm [5 Let us assume that the composite system has U
number of units. The function UNITTRACE extracts one subtrace of a unit
tr, with variables in Var,,; and with start time 7° and finish time T'F. This
function is called for all units of the composite system with the corresponding
set of variables Var,,;, and times T/, TF. The result of the algorithm is all
subtraces corresponding to separate units.
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Algorithm 5 Decomposition of the global trace

1: tr = (event!, event?, ... event!)

2: Varynic = {VaTin;, ;- - s VT iy, VAT out s - - - VT out  §

3: // set of variables corresponding to the unit
4: function UNITTRACE(tr, Var ., T°,TF)

5: try, = H

6: t=1

7: for i =T7° to TF do

8: event, = (t,varin, (i), ..., 007, (1), VaTout; (1), . . ., VaTout,, (1))
9: try, = [try, event!]

10: t=t+1

11: end for

12: return tr,

13: end function

14: for i =1 to U do

15: try, = UNITTRACE(tr, Varun,, T2, TF)

16: end for

Diagnostic algorithm

The diagnosis of the composite system is carried out in the technological
order of the units. The units are diagnosed one by one and the diagnosed
faults of a unit are taking into account at the following units.

To generate deviations corresponding to the examined unit, the nominal
and the measured trace should be decomposed first. Then the deviations
between the nominal and measured subtraces can be computed.

The diagnostic algorithm of a unit is similar to the unit-wise diagnosis
(Algorithm [4] in Section [4.3.2). The difference is that the faults occurred in
previous units can be taken into account at the generation of the occurrence
graph. As it was introduced in Section the previously occurred faults
can be added as initial conditions to the CPN model. If a unit has more
preceding units (e.g. in a parallel structure), then the initial condition contains
the diagnosed faults in all previous units. Considering the initial conditions,
the occurrence graph of the unit can be generated that contains all reachable
states assuming the occurred faults in previous units. The deviation lists of
the nodes are the deviations between the nominal and characteristic subtraces.
To generate the deviations, the characteristic subtraces of the possible fault
combinations need to be known, too.

The diagnostic algorithm of composite systems is presented in Algorithm [6]
It is assumed that the units are ordered according to the technological order,
i.e. unit; precedes unit;,; in the technological order. The parallel units can
be processed simultaneously in one diagnostic step.

The function DIAGCOMP contains the diagnostic algorithm that uses the
previously introduced UNITTRACE, DEVGEN and DIAGUNIT functions, too.
The diagnosed faults are collected in set F' as (fault, unit) pairs, which repre-
sent the diagnosed fault and the unit where is occurred.
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Algorithm 6 Diagnosis of a composite system

1: try = (eventl, event?, . .., eventk) // nominal trace
2: try = (eventl,, eventy,, ... event ) // measured trace
3. Var = {Varuit,, .., Varu, } // set of variable sets of the units
4: TS =[T?,...,T5) // start times of the operation of the units
5: TV =(TF, ..., TF // finish times of the operation of the units
6: function DIAGCOMP(try, tras, Var, T, TF,T)

7: F=10 // set of diagnosed faults
8: for i =1to U do

9: if T —T° >0 then
10: F, =10 // set of diagnosed faults in unit;
11: try=UNITTRACE(try, Varyn,, T\, TF)
12: triyi=UNITTRACE(tras, Varn,, T2, TF)
13: if 7" < T then

14: TP =T - T7°

15: elseT” =length(try;)

16: end if

17: D;=DEVGEN(trys, try, TP)

18: for all pf € F} x ... x F;_1 do // previous fault combinations
19: in the CPN model of unit; add pf to place fault
20: Gi=(V,A) // occurrence graph of unit;
21: f=(DIAGUNIT(D;, G;, T?),unit;)
22: FE=FUf
23: end for
24: end if
25: F=FUF,

26: end for
27: return F
28: end function

The main advantage of the described method is the smaller size of the
occurrence graphs of subsystems therefore the searching requires less time than
in case of the investigation of the whole technological system.

The structural decomposition based diagnostic method is explained on a
simple case study that can be found in Appendix The examined techno-
logical system is composed of three tanks in serial connection. However the
example is relatively simple the key features of the decomposition and the
diagnostic algorithm can be well observed.

4.5 Discussion and future work
Diagnosis based on event sequences and deviations are used in this chapter
for process system diagnosis. In this section two similar methods are compared

with the method presented here. The first method is called P-HAZID (Pro-
cedure HAZard IDentification) and it uses backward reasoning in a P-HAZID
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table to find the root causes of the failures [105]. One row of a P-HAZID table
contains the deviations with their causes and consequences. The second one
is a clustering diagnoser that uses the distance of the nominal and character-
istic traces to identify the occurred faults [106]. In this method the traces are
converted into coordinate vectors, and the distance of the transformed traces
is used to compare traces instead of deviations. The traces having similar dis-
tances are collected in clusters, as they most likely belong to the same fault.
The similarities of these works and my diagnostic methods are the following:

Qualitative event sequences are used to describe the processes.

All methods are based on the comparison of nominal and characteristic
traces.

The same basic assumptions are made for the faults: the faults are per-
manent and present at the beginning of the diagnosis.

All methods have similar diagnostic capabilities. The problem with un-
known faults and not clearly identified faults are the same at the three
methods.

Faults that are dependent cannot be identified.

The clustering diagnoser has an off-line training phase and an on-line
diagnoser phase, similarly to my proposed method.

The main differences between the methods are:

The P-HAZID method can be applied off-line, while my method is able
to identify faults on-line.

The P-HAZID method uses a recursive backward reasoning algorithm to
obtain the root cause of the failure. In my method the fault mode is
present in the node of the occurrence graph, therefore there is no need
for reasoning.

In the clustering diagnoser more slightly different traces may belong to
the same fault. Therefore the disturbances have less effect on the effi-
ciency of the clustering diagnoser. My method can diagnose faults in
case of exact matching of the traces.

Advantages of my method:

The nodes of the occurrence graph contains all important information
about the current state of the process: values of variables, deviations
and fault name.

In contrast to the P-HAZID method, the occurred fault can be immedi-
ately identified from the found node with the proper deviation list.
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e In the clustering diagnoser different faults (with different characteristic
traces) may have the same distance from the nominal trace (e.g. opposite
effects), which affects the diagnostic accuracy. In my method faults with
different characteristic traces are always distinguished.

Future work In the presented work the examined technological processes
were simple serial processes. In real technological systems the technological
processes often contain loops or recirculation of materials (e.g. in chemical
processes). The problem is that the traces of such processes can be slightly
different, which makes the nominal/characteristic traces uncertain. Therefore
the application of the developed diagnostic method in the present form could
be problematic. The extension of the method will be investigated in case of
such processes during the future work.

Another drawback of my approach is that the assumptions about the faults
are very strict. In reality faults are not necessarily present at the beginning of
the process but may occur at any time, which is usually not known in advance.
A possible solution of this problem and that of the uncertainty in the traces
could be the application of temporal logic [107],[108]. Using temporal logic the
occurrence of events at some point of the process, and their consequences can
be analyzed. With this approach the problem of time shifting of the events
could be handled.

4.6 Summary

In this chapter a colored Petri net based modelling and diagnostic method
of technological systems were presented. A general CPN modelling methodol-
ogy was developed to represent the technological units of the system. In the
CPN model qualitative range spaces were used for the characterization of the
values of the variables. The model is able to simulate the normal and different
faulty operational modes of the technological unit. The different operational
modes are represented with their traces. The CPN model also generates the
deviations between the nominal and the characteristic traces, which is essential
from the diagnostic point of view.

The presented on-line diagnostic method is based on the occurrence graph
of the CPN model. The basic idea of the diagnosis is that if a fault occurs
then there are deviations between the nominal and the characteristic trace.
The occurrence graph of the CPN model contains all possible reachable states
of the system together with the deviations between the normal and the given
faulty operational modes. Therefore the deviations can be searched on the
graph and the fault can be identified from the token colors of the found node.
The diagnostic algorithm applicable to a single technological unit is given in
Algorithm
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In case of composite systems the diagnosis can be performed using struc-
tural decomposition. The units of the technological system are diagnosed one
by one and the effects of faults in previous units are taken into account. As
a result of the structural decomposition the diagnosis has to be performed on
much smaller occurrence graphs. The diagnostic algorithm of composite sys-
tems is presented in Algorithm [6] This method could reduce the demand on
computational effort and searching time.

An illustrative case study of the proposed method can be found in Appendix
This simple case study illustrates the advantage of decomposition while the
effect of faults on the diagnostic accuracy can also be observed.
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Chapter 5

Theses

In this work different kinds of model based diagnostic methods with ener-
getic applications were presented. The achieved new results are summarized
in the following thesis points.

5.1 Thesis 1 - Parameter estimation method for
temperature dependent battery parameters
(Chapter 2)

Relevant publications: [T1 17|, [T1 18], [T1 19|

The aim of this work was the estimation of the battery parameters relevant
for the battery aging, especially the battery capacity. A special parameter esti-
mation method for diagnostic purposes was developed which uses the simplest
EECM model extended with temperature dependency [58§].

T1.1 The temperature dependent battery model was analysed with respect to
parameter sensitivity. The parameter sensitivity analysis showed that
the model output is insensitive to the internal resistance while sensitive
to the electrode potential, battery capacity and the two polarization
constants. It was also shown that the battery capacity can be estimated
from charging/discharging profiles.

T1.2 It was also found that the parameters can be estimated from the charging
profiles only, which is essential from the application point of view as the
charging profile of the battery can be influenced by the user.

T1.3 A two-step parameter estimation method was developed to estimate the
temperature dependent parameters. In the first step of the method the
parameters at different ambient temperatures are estimated. In the sec-
ond step the characteristics of the temperature dependency are estimated
using the results of the first step.
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5.2. THESIS 2 - NON-TECHNICAL LOSS DIAGNOSIS IN ELECTRICAL

NETWORKS (CHAPTER 3)

5.2 Thesis 2 - Non-technical loss diagnosis in
electrical networks (Chapter 3)

Relevant publications: T2 18a|, [T2 18b|, [T2 19|

In this work non-technical loss diagnosis in low-voltage electrical networks
was investigated. The network was modelled by a simple static linear model.
The structure of the network was represented by a directed graph. The pro-
posed diagnostic method of electrical networks with complex structures is com-
posed of two steps: decomposition and diagnosis of the network.

T2.1 A decomposition algorithm of complex networks was developed that de-
composes the networks into a set of smaller basic one feeder subnetworks.

T2.1.a

T2.1.b

The decomposition of a radial one feeder network is based on cut-
ting off the branches of the network. The resulted subnetworks
may be single load subnetworks with only one load or multiple load
subnetworks.

The decomposition of a two feeder network is done in parallel with
the computation of the network variables. The result of the de-
composition is two one feeder network. If the resulted network has
radial layout then it can be further decomposed with the method
in T2.1.a.

T2.2 A diagnostic algorithm that is able to detect and localize multiple illegal
loads in electrical networks with different layouts was developed. The
method takes into account the parameter uncertainties and the measure-
ment errors in the network and also approximates the magnitude of the
illegal current. The principle of the method is the analysis of the dif-
ferences between the measured and the nominal values of the network.
The measured and nominal currents are used for fault detection while
the measured and nominal voltages are used for fault isolation.

T2.2.a

T2.2.b

The diagnosis of the radial one feeder network is performed on the
decomposed network. If illegal loads are detected then the localiza-
tion of them is done in two steps. At first illegal loads are localized
in multiple load subnetworks and then in single load subnetworks.
The localization within the subnetworks can be done in parallel.

The diagnosis of the two feeder network can be done with the con-
verted basic two feeder network. The localization of the illegal loads
is done by analyzing the computed illegal currents. If the illegal load
is in a merged branch then the diagnostic method in T2.2.a can be
applied to this branch.
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5.3 Thesis 3 - Colored Petri net based diagnosis
of technological systems (Chapter 4)

Relevant publications: |T3 14|, [T3_16a|, [T3_16b|

In this work a prediction based diagnostic method for technological systems
was developed. The principle of the method is that the faults can be char-
acterized by the deviations between the characteristic traces and the nominal
trace if the traces of known faults are known. The technological units were
modelled by colored Petri nets which is a dynamic discrete event model.

T3.1 A special colored Petri net (CPN) model was constructed that is able
to simulate the nominal and different known faulty operations of the
technological unit. The model also generates the deviations between the
nominal and the characteristic traces. The occurrence graph of the CPN
model is used for the diagnosis and it can be generated offline.

T3.2 The on-line diagnostic method is based on searching the deviations be-
tween the nominal and the measured trace on the occurrence graph of
the CPN model. The occurred fault can be identified from the token
colors of the found node. In case of composite systems the diagnosis is
done by structural decomposition. The units of the system are diagnosed
one by one taking into account the faults occurred in previous units.

5.4 Related publications
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Appendix

A Case study of model based diagnosis of elec-
trical networks

The whole decomposition and diagnostic method is illustrated on a case
study. The test network is the IEEE 2015 European Low Voltage Test Feeder
[109], that has a radial structure. The simulation, decomposition and the
diagnostic algorithm of the network were implemented in MATLAB [110].

A.1 Electrical network and its decomposition
The IEEE test network

The network is a three-phase network with one feeder and 55 loads. Phase
A,B and C has 21, 19 and 15 loads respectively. The consumed power of each
load is given with a load profile with one minute resolution. There are 905
transmission line segments and 906 buses in the network specification. The
coordinates of the buses, the length, resistances of the lines and the specifi-
cation of the transformer are given in separate csv files. The structure of the
network can be seen in Figure [A.T]
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Figure A.1: The IEEE 2015 Low Voltage European Test Feeder network

98



A. CASE STUDY OF MODEL BASED DIAGNOSIS OF ELECTRICAL
NETWORKS

""""

}‘v\'&?
/ . \
RN
P f’
""""".
/X .**3@ e oo, N
; 7
/’3{336 N@sg //’CVW — /%!{786 \

NE ‘2%/4’% ‘.f:?f’. / X>” / o \\L46 YA ‘954\ .

/ / \> / /— ‘>§ \L52 _bL\ \LS bL5<1\ \L48 bL<;19 ’

\ . . N . . \
\L25 130\ \_L29 L3y,

— — — —_—

Figure A.2: The Phase A network of the IEEE 2015 Low Voltage European
Test Feeder and its decomposition

To test the proposed diagnostic algorithm only one phase (Phase A) of
the network was used. Moreover, the original network contains a lot of lines
and buses, therefore it needs to be simplified so that the decomposition and
diagnostic algorithms can be applied. The following steps are needed to convert
the original network into a tree-graph:

e The loads that are not in Phase A are deleted.

e There are end nodes in the network that are not loads and they have no
consumption data. These nodes are also deleted.

e The transmission lines are composed of several consecutive line segments
defined by the connecting buses. Therefore a transmission line between
two nodes is represented by consecutive edges in the original network.
The line segments between two real nodes (load or junction point) need
to be merged to get only one edge between two nodes. The resistance of
the merged edge is the sum of the resistances of the line segments.

e The resistance between the loads and the junction points are omitted.

The graph of the simplified network can be seen in Figure This network
contains only 42 nodes and 41 edges.
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Decomposition of the network

At first the decomposition algorithm is applied to the simplified graph
model of the network. The result of the decomposition is 12 subnetworks. The
subnetworks and the loads belonging to them can be seen in Table and in

Figure [A.2]

Table A.1: Subnetworks and the contained loads

Subnetwork |S1|52|S3| S4 | S5 | S6 | S7 | S8 |59 |S10[511{S12
L1|L4\L9|L14|L21|L20|L34|L25|L29| L46| L52| L51
Loads |L3|L5 L22 L30|L31|LA48| L55| L54
L49

It can be seen that there are 4 single load subnetworks (53,54, S5, S7) and
8 multiple load subnetworks (51, .52, 56,58, .59, 510,511, S12) in the network.

A.2 Diagnosis of the illegal users

In this section the diagnostic algorithm is illustrated on the IEEE test
network. The measured values are generated by simulation of the network in
MATLAB. To simulate the presence of illegal users, the current of some loads
are increased with respect to their nominal values. Measurement errors with
zero mean (Gaussian distribution are added to the simulated values to model
the real measurements. The current and voltage measurement error limits
are set to e; = ey = 0.2% of their nominal values. The uncertainty of the
resistances is 2% of their nominal values.

For performing the diagnosis, let us consider the case, when the measured
currents (I) and voltages (U) of the feeder and the loads are known and they
are collected are in Table The nominal voltages (U) of the loads are

computed using the measured currents of the loads.

lllegal load detection - 1 The sum of the measured currents of the loads is
30.217 A. The measurement error limit is 0.002(35.565 + 30.217) = 0.132 A.
The difference between the current of the transformer and the loads is 5.348 A,
therefore illegal loads are detected in the network.

Then the difference between the measured and the nominal voltages are
computed. The voltage differences of the loads can be seen in Figure with
circle markers. The voltage differences are greater (in absolute value) than
the acceptable deviation caused by the resistance uncertainties in the model.
Therefore the voltage differences are caused by the illegal loads.

Localization of the illegal loads - 1 The diagnosis starts with the searching
for illegal loads in the multiple load subnetworks. The illegal currents are
calculated at the loads of the given multiple load subnetwork. Because the
illegal currents are calculated based on the voltage differences of subsequent
loads, the threshold of the illegal currents are set to EU(Ui — Uiﬂ) between
two loads. This means that only those currents are considered as the result of
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Figure A.3: The difference between the measured and the nominal voltages of
the loads during the diagnosis.

illegal consumption that are greater than the given threshold. The result of
this part of the diagnosis is that there is an illegal load at L48 and the illegal
current is 2.656 A. The current of L48 is updated with the this illegal current
so the current of L48 is 3.772 A. After that the network is simulated assuming
the updated currents of the loads. The new nominal voltages can be seen in

Table [A3

lllegal load detection - 2 The detection criterion is still true: 35.565 —
32.873 > 0.002(35.565 + 32.873) therefore there are more illegal loads in the
single load subnetworks. The difference between the measured and the new
nominal voltages can be seen in Figure with diamond markers.

Localization of the illegal loads - 2 To find the illegal load(s) in the single
load subnetworks, the voltage difference of the load is compared to the voltage
difference of its two nearest neighbours. The nearest neighbours are determined
using the length of the path (sum of the edge weights) between two nodes. If
the voltage difference of the single load is smaller than its two neighbours then
it is an illegal load. To take into account the effect of voltage measurement
error a threshold is determined, too. Here the threshold is set to 5U(Ui — Uiﬂ),
because during the localization the voltage differences of neighbouring nodes
are compared. The single loads and their neighbours are:

o 19: L4, L14

o L14: L4, 20
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o 121: L14, L20
o L34: 125, L20

The result of this part of the diagnostic algorithm is an illegal load at L14.
The estimated magnitude of the illegal current 0.068V//0.0352 = 1.9A.

After correcting the current of L14 and simulating the network with the
updated currents we get new nominal voltages. The difference between the
measured and the nominal voltages can be seen in Figure with square
markers. However the detection criterion based on comparing the currents is
still true, the diagnostic algorithm cannot find any new illegal loads. In case
of the multiple load subnetworks the computed illegal currents do not exceed
the error threshold limit. In case of the single load subnetworks there is no
local minimum between the voltage difference of the single loads and their
neighbours. The missing current may come from two sources. It may happen
that there are still illegal loads in the network but their current is too small.
Besides that the computed illegal currents of L48 and L14 are not the accurate
values but the approximations of the real values because of the measurement
errors. Therefore the missing current may come from the approximation error
too.

In conclusion two illegal loads are localized in the network. One of them
is in a multiple load subnetwork and the other is in a single load subnetwork.
The magnitude of the illegal currents are also estimated.
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B Case study of colored Petri net based diagno-
sis of process systems

The system consists of three tanks in serial connection. The tanks are
connected to each other with valves and pipes. Each tank has an input valve,
an output valve and a level sensor. The technological system can be seen in
Figure The variables belonging to each unit are listed below.

o TA: VA, VB, LA
e TB: VB,VC,LB
e TC: VC,VD,LC

VA LA

v

TA

VB LB

T8

Vi
& Lc

TC

VD

v
Figure B.1: The technological example

The qualitative range spaces used for the valves and the sensors are the
following;:

e valves: Qv = {op, cl} with the meaning of op = ’open’ and ¢l = ’close’;

e level sensors: @ = {e7,0,L, N, H,e"}, where the meaning of 0, L, N, H
are zero, low, normal, high and e, e™ refer to the outlier values (below
zero or above high).

The possible faults that can occur in each tank are the following:
e positive bias error of the level sensor;

e negative bias error of the level sensor;

e leak of the tank;

e the output valve only half opened when opened;
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e the output valve stays closed when opened.

The examined technological process is the filling of the three tanks in a row.
Initially all valves except V' A are closed and the tanks are empty. The process
starts with the filling of the first tank T'A. After two time steps the water in
T A reaches the normal level and the output valve V B is opened. Then the
second tank T'B starts filling up similarly. At time step 5 the output valve VC
of the second tank is opened and the liquid flows into the third tank. Then
the third tank is filled and finally its output valve VD is opened.

The nominal trace of the process can be seen in Table where each row
refers to an event. It can be seen that the start and finish times of the units
are the following:

e TA: start:1, finish: 3;
e T'B: start:3, finish: 5;
e T'C: start:5, finish: 7.
The nominal subtraces of the units after the decomposition are the following:
e TA: [(1,0p,cl,0),(2,0p,cl, L), (3,0p,op, N);
e TB: [(1,0p,cl,0),(2,0p,cl, L), (3,0p,op, N)];
e T'C: [(1,0p,cl,0),(2,0p,cl, L), (3,0p,op, N)|.

Note, that the start time of each unit is shifted back to 1 to get the subtraces.

The decomposition of the trace (with the original time instances) can be
also seen in Table where the subtraces of TA, T'B and T'C' are framed with
solid, dashed and dotted lines respectively.

Table B.1: The full nominal trace of the system and its decomposition.

] Input variables Output variables
time \ VA VB VC VD LA LB LC
1 op cl cl cl 0 0 0
2 op cl cl cl L 0 0
3 . op 1 op | 1 d N | 0 1 0
4 ' op , op | d N L | 0
5 op ' op op ' «c N ' N JO 77777777777
6  op  op | op cl N N L
7 op op op op N N N

Let us assume that the measured trace that can be seen in Table is
observed during the operation of the system. The measured trace can be
decomposed similarly to the nominal one:

o TA: [(1,0p,¢cl,L),(2,0p,cl,N), (3, 0p,op, H)],
e T'B: [(1,0p,cl,0),(2,0p,cl,0),(3,0p,op,0)],
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Table B.2: The full measured trace of the system and its decomposition.

\ Input variables Output variables
time ] VA VB VC VD LA LB LC

1 op cl cl cl L 0 0

2 op cl cl cl N 0 0
3 . op 1 op | 1 d H [ 0 1 0
4 " op | op c | d H 0 , 0
P 5 op ' op op. ' d H 1+ 0 JO 77777777777
6 i op  op op cl H 0 0

7 op op op op H 0 0

e T'C: [(1,0p,cl,0),(2,0p,cl0),(3,0p,op,0)].

Now the diagnosis of the three tanks can be performed. Let us assume that
we apply the diagnostic algorithm to the system at time 7 when all three tanks
have finished their operation.

The diagnostic algorithm starts with the first tank (T'A). The deviations
between the nominal and the measured subtrace of this unit are the following:

EAR(2,0pn,cl, L), GRE(1,o0pn,cl,null), GRE(2,0pn,cl, L),
GRE(3,0pn,opn, N), NH(1,opn, cl,null), NH(3, opn,opn, N)

The occurrence graph of the first tank can be seen in Figure The
deviations are searched on the nodes of the occurrence graph and the node
No. 21 is found with the same deviation list. The marking of this node is
displayed in Figure too. It can be seen that the place fault has a token

with color 1‘(pos_bias, T'A) therefore the positive bias error of the level sensor
is identified in this unit.

21 @ 3

TankModelin 1 1" op@3
TankModel'out 1; 1" op@3
TankModellavel 11 1" H@3
TankModel'dey 1: 17 (NH,(1,0p clnull))++
17 (NH,(3,0p,0p,N))++

1’ (EAR,(2,0p,cl,L))++

1" (GRE,(1,0p,cl,null))++

1" (GRE,(2,0p,cl,L))++

1" (GRE,(3,0p,0p,N))
TankModelfault 1; 17 (pos_bias, TA)
TankModel'never 1: empty

Figure B.2: Occurrence graph of the first tank

Then the diagnosis is continued with the second tank (7'B). The deviations
between the nominal and measured subtraces of T'B are the following:

LAT(1,0pn,cl,null), SML(2,0pn,cl, L), SM L(3, opn, opn, N),
NH(2,0pn,cl, L), NH(3,o0pn,opn, N)
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The positive bias error diagnosed in T'A is added to place fault in the CPN
model of T'B before the generation of the occurrence graph. The generated
occurrence graph can be seen in Figure In this graph the node No. 24
has the same deviations list. The marking of place fault at this node is
1‘(pos_bias, TA) + +1‘(leak, T B) therefore a leakage in the second tank has
occurred.

24 @ 3

TankMaodel'in 1 17 op@3
TankModel'out 1; 17 op@3
TankModel'lavel 1: 1" null@3
TankMaodel'dev 1. 17 (NH,(2,0p,cl,L))++
17 (NH,(3,0p,0p,M))++

17 (LAaT,(1,0p,c null))++

17 (SML,(2,0p,cl,L))++
17(5ML,(3,0p,0p,N))
TankModelfault 1: 17 (leak, TB J++
1 (pos_bias, TA)
TankModel'never 1 empty

Figure B.3: Occurrence graph of the second tank

The last unit to be diagnosed is T'C'. The deviations at this tank are the
following:

LAT(1,0pn,cl,null), SML(2,0pn,cl, L), SM L(3, opn, opn, N),
NH(2,0pn,cl, L), NH(3,opn,opn, N)

In this case the previously occurred faults 1‘(pos _bias, TA)++1‘(leak, T B)
are added as initial tokens to the place fault in the CPN model of T'C'. Then
the occurrence graph is generated with these initial conditions. The occurrence
graph can be seen in Figure [B.4] After searching the deviations on the graph
four nodes have found with the given deviations: nodes No. 21, 22, 23 and
24. The corresponding faults are (norm,TC), (leak,TC'), (valve half, TC),
(valve cl, TC) which means that only a set of possible operation modes can
be diagnosed. The actual operational mode cannot be clearly determined, the
four possible operation modes are normal operation, leakage and two kinds of
output valve errors.
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24 @ 3

TankModel'in 1: 1" op@3
TankModel'out 1: 17 op@3
TankModel'lavel 1; 1" null@3
TankModel'dev 1: 17 (NH,(2,0p,cl,L))++
17 (MH,[Z,0p,0p,N)1++

17 (LAT,(1,0p,cl,null))++

17 (SML,(2,0p,cl,L))++

17 (SML,(3,0p,0p,M))
TankModel'fault 1: 17 (leak, TB)++
1" (pos_bias, TA)++

1" (valve_d,TC)
TankModel'never 1: empty

S

Figure B.4: Occurrence graph of the third tank

In conclusion the following faults are diagnosed in the system:
e T'A: positive bias sensor error;

e T'B: leak;

e T'C': operational mode is not clear: normal operation, leak, half opened
output valve or closed output valve are all possible.
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