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ABSTRACT

In thispaper, a model-based predictive frameworkisused
to optimize the operation and maintenance actions of
power system equipment based on the predicted health
state of this equipment. In particular, this framework is
used to predict the health state of transformers based on
their usage and operating environment. The health state
of a transformer is hereby given by the hot-spot
temper ature of the paper insulation of thetransformer and
ispredicted using the planned loading of the transformer.
The actual loading of the transformer is subsequently
optimized using these predictions.

INTRODUCTION

Reliability of the electrical infrastructures isdoening an
important issue as a significant portion of theceleity
grid is reaching the end of its operating age wittuming

FRAMEWORK
OPTIMIZATION

A framework for model-based optimization considts o
predictive health model [2]. The framework alsoies$
the cost function for the optimization. Below the
components of this framework are outlined briefly.

Predictive health model

The predictive health model in the framework inés
dynamic stress model, a failure model and an estimef
cumulative stresses, as illustrated in Fig. 1. fudmment
ages, various stresses, such as electrical, thermal
mechanical and environmental stresses, weaken the
strength of the equipment. The cumulative stregbdse
equipment are affected by the usage pattern (tng.,
loading) and the maintenance actions (e.g., the
replacement of parts) performed on the equipmeme. T
health state of the equipment is represented by the

FOR MODEL-BASED

decades. Current asset management is based on th&mylative stresses. Their dynamics can be destribe

condition of the infrastructure. The condition bdesset
management uses this condition information of the
infrastructure to maintain and manage the eledtrica
equipment [1]. Ageing models of the equipment are
available or are being developed which can estirtiate
health state of the equipment based on the conditio
information. A model, which can be used to prethet
health state of the equipment based on the conditial
the usage of the equipment, is required in ordensure
optimal utilization of the equipment [2].

In [2], a framework was proposed for modellingliealth
state of power system equipment and used for nmindell
degradation of the paper insulation of transform&hss
framework can be used to predict the effects décdiht
maintenance actions and usage patterns. The poedict
can then be used for the optimization of mainteaanc
actions and the equipment usage. In this papense¢his
framework to optimize the loading of the transforme
using temperature predictions.

The hot-spot temperature of the transformer carsbd to
determine the loading limits [3, 4]. This hot-spot
temperature can be predicted using the load of the
transformer [3-7].
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using a dynamic stress model such as the following
discrete-time state-space model:

%(k+1) =f (%(k)u(k)), )

whereu (k) =[u, (k) ud(k)T. At discrete time stelg
the future cumulative stressiék +1) are predicted based
on the usage of the equipmeng (k) , the maintenance
actionsu, (k) and the current cumulative stressg) .

As the cumulative stresses increase over time, the
probability of failure of the equipment also incsea. The
relationship between the cumulative stresses amd th
failure rate of the equipment is described in dufai
model. The failure model uses the predicted curivalat
stresses to predict the failure rate of the equiiniene
failure model directly maps the cumulative stresedhe

failure rate (k) as follows:
9(k) =g(x(k)).

The cumulative stresses are indicated by condition
parameters of the equipment, such as the padictaige,
temperature measurements, etc. Different online and
offline monitoring systems can detect these cooliti

)
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Fig. 1. Predictive health model which predicts cumulag#esses ai
failure rate for the given usage and actions.

parameters. In practice, only a few condition paai@ns
(such as the electrical and thermal stresses) easumned
by monitoring systems. Estimates of the monitored

cumulative stressest,(k) can be made based on
measurements(k) of the monitoring systems as follows:

%, (k) =h, (c(k)). 3)

The estimated cumulative stressegk) can be used in

the dynamic stress model to update the correspgndin
cumulative stresse&(k). The remaining unmonitored

cumulative stresses are predicted by the dynamessst
model.

Optimization of maintenance and usage

Typically, maintenance improves the health stat¢hef
equipment, which, in turn, reduces its failure réam
optimal maintenance action balances the economcl
of the maintenance, the improvement of the heaitte s
and the reduction in the failure rate of the eqpmThe
usage indicates its utilization.

The total cost of the usage and the maintenandenact
consist of three sub-cost functions. The sub-agsttfon
of the planned usage and the maintenance actlpns
incorporates the economical cost of the maintenartoe
sub-cost function of the failure raletakes into account
the cost associated with the failure of the equipighe
sub-cost function of the cumulative stressés,
incorporates the cost of the deterioration of th@mment.
The summation of these three sub-cost functioresgive
total cost of a particular maintenance actionpawdicular
state.
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The optimization of the usage and the maintenactgas

is considered over a given predicted time frame steps

in the future, such that future usage and future
maintenance actions can be optimized. The totalones

the predicted time frame is considered in the dpétion.
Hence, the model-based optimization problem is
formulated as follows:

M | 22 (u(ke)

1=0
N-1
+ ZJf
=0

(k+1) )}

+3. (% (k+N)-%(K)) (4)
subject to
(k+1+1) =f (X(k+1),u(k+1))
(k+1)=g(x(k+1)) for 1=0,--,N-1.

The predictive health model is thus used to preifiet
cumulative stresses and the failure rates for thenged
usage and different future maintenance actions.ttiaé
cost is evaluated for different future usage and
maintenance actions over the predicted time frarhe.
optimal usage and maintenance actions minimizimg th
total cost over the time horizon is searched for.

PREDICTIVE
TRANSFORMER

The model-based optimization framework is impleragnt
on a case study of the loading of transformers. The
temperature rise, due to the loading, degradepdber
insulation of the transformer. This degradationcess
reduces the dielectric and mechanical strengthhef t
insulation paper and hence reduces its life timé,[g].

HEALTH MODEL OF

In order to determine the loading of the transfasnthe
hot-spot temperature is considered. The hot-spot
temperature is defined as the temperature of titedio
part of the windings of the transformer. It is this
temperature that is used for determining the lefe¢he
paper degradation.

Thermal model of a power transformer

The thermal models of a power transformer are based
the ambient temperature, the top-oil or bottom-oil
temperatures and the hot-spot temperature. The oil
temperatures are calculated based on the ambient
temperature and on the dynamics of the heat trafnefa

the oil to the environment through the radiatomilarly,

the hot-spot temperature is calculated based oroithe
temperatures and on the dynamics of the heat gansf
between the windings and the oil.

IEEE C57.91 [4] suggests a top-oil time constasedan
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the mass of different parts and on the cooling tyfiae
transformer. The winding time constant, which digss
the dynamics of the heat transfer between the ngsdind
the oil, is estimated based on the cooling expearime
Swift et al. [5] propose a thermal model based eath
transfer theory, which includes thermal capacitarared
non-linear thermal resistances. Their approackiéded
by Susa et al. [6, 7] by considering the oil vistyos
changes and the loss variation with the temperafimeir
thermal model consists of the top-oil model andtbe
spot model.

The top-oil model and the hot-spot model are caeddp

the dynamic stress model (1) of the model-based
optimization framework. The top-oil temperature ainel
hot-spot temperature are taken as cumulative egefbe
load factor is taken as the usage. The ambientaeatyre

is taken as the exogenous input. The differentjabéions

of the top-oil model and the hot-spot model arerdiized

by using the forward Euler approximation [9].

LOADING OF TRANSFORMER BASED ON
THE HOT-SPOT TEMPERATURE

The maximum allowable loading of a transformer ryain
depends on the thermal performance of the trangform
IEEE C57.91 [4] defines four types of loading based
maximum hot-spot temperature.

Under normal life expectancy loading, the maximuwt: h
spot temperature allowed is 120 °C. Planned loading
beyond nameplate (130 °C) is suggested for a pthnne
repetitive load, provided that the transformerdsloaded
continuously at the rated load. Long-time emergency
loading (140 °C) is suggested only for rare emergen
conditions. Short-time emergency loading (180 3@yily
suggested for a short time in a few abnormal enmenge
conditions. Normal life expectancy loading is caesed
risk free [4]. In the other three cases, the cakboh of the
loss of life due to the loading and the risk oflue
associated with this should be considered.

The type of loading and the allowed limits dependhe
preference of the utilities, the criticality of thansformer
and the situation (e.g., under emergency conditiorits
may be relaxed). The normal life expectancy loading
based on the hot-spot temperature prediction isidered

in this section.

The load of the transformer depends on the enengpadd
and production. A prediction of the load can be enad
based on the predicted generation, the predicidirig
and the network configuration. For the predicteatliog,
the hot-spot temperature should be below the maximu
value of 12C°C for the normal life expectancy loading. In
the case of thermal overloading of the transforrties,
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load should be reduced. The load can be variedyusin
different methods, such as network re-configuratjon

changing the generation and the load, using anggner
storage, etc.

In our framework, the required loading is consideas
reference loadingu,r. The actual loading of the
transformery, should follow the reference loading within
the given thermal limit of the transformer. Assugthe
loadinguy, to be controllable, the optimization problem is
specified as:

N-1
u,(k),-m.i(rll+N—1)|Z:.;|:u' (k) e (k):|2
subject to
1+Rm, (k)*
1+R

®)

Djpu (k)n uxgoil,raned

" oi k+1 B oil k
='up”(k) Ij-oil,ratt-:'dljxgy l( 2\ Xg I( )

il k)- 6,amb k "
(X9,0| (A)HU n( )) (6)

oil,rated

+

DF::u,pu (k) |j'lpu(k)rI mghs,rated

u (k)’
n J(k+1)=-x, (K
:/'Ipu(k) Ij-wdgj,rateti[,)(ah ( |,)1 G.h( )

" (Xe,hs (k) ~ X i (k))m1
AB . od

hs, rated
Xgps(K+1)£120°C for 1 =0,--,N-1,

whereXgoi andxgps are top-oil temperature and hot-spot
temperature, respectively. Equations (6) and @paren
by the top-oil model and the hot-spot model, retpely
[9]. The time step for discretization is given ty

(@)

The optimization problem (5) consists of non-linear
constraints. The optimization therefore is solved bon-
linear solver, SNOPT [10]. This solver is used tigiothe
Tomlab v6.1 [11] interface in Matlab v7.5.

Simulation of loading based on the hot-spot

temperature

The 250 MVA transformer mentioned in [3, 6, 9] is
considered for the case study. An initial hot-spot
temperature of 59.4C, an initial top-oil temperature of
49.8°C and ambient temperature of Z5are assumed for
the case studies.

Optimization of the load given in (5) has been agupfor

the transformer. A time steépof 1 minute is considered
for the discretization. A prediction horizoN of 15
minutes is considered for the optimization. At etinfe
step, the hot-spot temperature is predicted forgitien
prediction horizon. The optimal load profile is
recommended based on the prediction. The loadeof th
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the network. The reactive power control, the tapticd
> and the consumer load control will be considereth&n
optimal power flow computation.
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