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A bstract--In this paper we examine dynamic models 
of transformer top oil temperature for use in an on-line 
monitoring and diagnostic system. Data taken from large 
transformers in the field indicate that the IEEE model of 
top oil temperature rise over ambient temperature does 
not adequately account for daily variations in ambient 
temperature. We propose a modification tha t  acciirately 
predicts top oil temperature and can be implemented in 
an on-line system. This model is verified using data from 
a large transformer in service. 

1 Introduction 
The transformer monitoring group at MIT is presently in- 
volved with the monitoring and diagnosis of several large 
transformers at a number of sponsoring utilities. Our goal 
is to  detect and diagnose fundamental changes in the op- 
erating characteristics of the transformer t,o warn of and 
avoid catast,rophic faihires. Our monitoring approach will 
also be useful for dynamic loading. 

To check for rapidly developing failures, certain mea- 
surable quant,it,ies, such as (mixed) top oil temperature 
and dissolved gas content, are compared to  predictions 
obtained from mat,hematical models. The model param- 
eters are determined to  best fit past measurements. Us- 
ing the models, one can identify instances when the mea- 
surements differ from previous measurements taken under 
similar operating conditions. Measurements deviating 
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significantly from predictions may indicate a problem with 
the transformer. To monitor long term behavior and al- 
low the models to “tune” to  each individual transformer, 
the model parameters are adaptive. Their values are pe- 
riodically estimated to  make the model best fit the ob- 
servations. By tracking the parameter values, slowly de- 
veloping problems and effects due to  t8he natural aging 
of t8he t#ransformer ran be monitored. The details of this 
approach and its implementation in the MIT pilot trans- 
former test facility are dociiment,ed in two graduate theses 
[l, 21, one undergraduate thesis [3], and [4, 51. 

For this approach to  be successful, the models must 
satisfy the following criteria: 

1. The models must be accurate. 

2. Their form should be transformer-independent. 

3.  For diagnostic purposes, the models must be 
physically-based. 

4. The measured states must be observable in the model. 

5. The parameters must be estimable from on-line mea- 
surements using easily placed sensors. 

As an on-line thermal model, one may expect the 
IEEE/ANSI top oil temperature rise over ambient tem- 
perature model to  be a reasonable starting point, and 
it is implemented in the MIT monitoring system. How- 
ever, data recently collected from large transformers in 
the field indicate that the IEEE/ANSI top oil tempera- 
ture rise over ambient temperature model is not as ac- 
curate as desired for an on-line monitoring system and 
fails to capture some basic thermal phenomenon. It is 
the goal of this paper to  explain the shortcomings of the 
IEEE/ANSI thermal model and propose modifications for 
use in on-line monitoring and diagnostic systems. 

2 Background 
In this section we review the IEEE/ANSI C57.115 model 
[6] and compare data collected from the field to  predic- 
tions obtained from use of the model. 
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2.1 The Model for Top Oil Temperature 
Rise Over Ambient Temperature 

where At is the sampling period, a corresponding differ- 
ence equation is derived: 

@,[le] = ____ To @,[le- 11 The model for top oil temperature rise over ambient tem- 

loading (current) of the transformer will result in an in- 
crease in the losses within the device and thus an increase 

pends upon the overall thermal time constant of the trans- 
former, which in turn depends upon the heat capacity of 
the transformer (i.e. the mass of the core, coils, and oil), 
and the rate of heat transfer out of the transformer. As a 
function of time, the temperature change is modeled as a 
first-order exponential response from the initial tempera- 
ture state to  the the final temperature state: 

perature captures the basic idea that an increase in the T o  + At 

+ -  
To + At in the overall temperature. This temperature change de- 

When the load current is near its rating, or, more pre- 
cisely, when R > 1 and K2R > 1, the following continu- 
ous and discrete approximations can be employed: 

(6) 

(7) 8, = (0, - 8,)  (1 - e-t/To) + di. (1) 

In (1) the initial and final (ultimate) temperature rises are 
denoted by 0, and 8, respectively, T, is the thermal time 
constant, t is time referenced to the time of the loading 
change, and 0, is the top oil temperature rise over ambient 
temperature variable. Equation (1) is the solution of the 
first-order differential equation 

This 
Model A: An approximation of the IEEE top oil temper- 

in A discussed 

rise Over ambient temperature 

T o  
T, + At 

@,[le] = _____ 

= I(1@,[k - 11 + I<2I[le]2". (8) 

In the IEEE model, the final (ultimate) temperature rise 
depends upon the loading and is approximated by 

( 3 )  

where B f l  is the full load top oil temperature rise over 
ambient temperature obtained from an off-line test, and 
R is the ratio of load loss at rated load to no-load loss. 
The variable K is the ratio of the specified load to rated 
load: 

(4) 
I I< r -. 

Irated 

The exponent n depends upon the cooling state. The 
loading guide recommends the use of n = 0.8 for natural 
convection and n = 0.9- 1.0 for forced cooling. As a quick 
check, one can easily verify that when I = Irated, 8, = O f { .  
Equations (1) and ( 3 )  form the IEEE top oil temperature 
rise over ambient temperature thermal model. 

2.2 The IEEE Model in Practice 

This is the model used in the MIT monitoring system, 
and has been shown to be accurate in the MIT pilot trans- 
former test facility. It has the significant advantage that 
the parameters K 1  and K 2 ,  and subsequently To and @ f l  , 
can be estimated from observed data using standard lin- 
ear least squares techniques since both parameters appear 
linearly in the model. The model given by (5) is slightly 
more general but lends itself to linear least squares es- 
timation only when n = 1. In the loading guide this 
corresponds to  a recommended value for a transformer in 
the forced cooling state. We note that there is some ques- 
tion concerning the accuracy of this recommendation (see 
[7]) ,  however, we employ this value as it facilitates the 
calculation of parameter values and appears to  be a rea- 
sonable number for the transformer under study. Using 
the value n = 1, the difference equation corresponding to  
(5) is given by Model B below. 
Model B: The IEEE top oil temperature rise over ambient 
temperature model with n = 1: 

m 

AtQfl 
(To + At)(R+ 1) 

+ For purposes of prediction and parameter estimation us- 
ing discrete data points, a discrete-time form of (2) and 
( 3 )  is required. Using a forward Euler approximation for 
the time derivative, d@,[k]/dt E (@,[le] - @,[le - l]) /At,  = K1@,[ le  - 11 + KaI[k]2  + K3. (9) 
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Using standard least-squares techniques [8], values for 
the coefficients K1, ICz, and Ks can be estimated from 
measured data. From these, the physical parameters To, 
O f l ,  and R can be estimated. 

2.3 Field Experience 
This technique has been applied to several large trans- 
formers in the field with less than satisfactory success. 
To identify where the problems occur, we examine typical 
data from one transformer in particular. This transformer 
is a single phase, FOA rated, 336 MVA, 60 Hz. core form 
autotransformer. It is part of a bank of 3 identical trans- 
formers. Data shown here is typical of all three. It is 
operating in a substation of a large electric utility. One 
week's worth of data from May 1993 are shown in Figs. 1 
- 3. In Fig. 1 the measured (mixed) top oil temperature is 
shown, and in Figs. 2 and 3, the measured ambient tem- 
perature and primary current are shown respectively. The 
transformer is operating in the FOA state (n  = 1) and the 
rated primary current is 1000A. The data was sampled at 
five minute intervals with integer value resolution. 

An initial heat run on this transformer measured the 
full-load top oil temperature rise over ambient tempera- 
ture to  be 36.2OC, with 8 fans and 4 pumps running in the 
cooling system. Since this transformer is being operated 
far below its rated load (Fig. 3))  only half of the cooling 
system is running at any given time. It has been noted 
that for this transformer the measured top oil tempera- 
ture varies by approximately 10°C depending on which 
half of the cooling system is in operation. We note that 
the data used in this paper comes from a week during 
which the cooling state remained constant. 

Using Model A, the parameters IC1 and IC2 are es- 
timated from the data using a least squares technique. 
These parameters are then used to  predict the (mixed) 
top oil temperature using 

d t o p  [IC] = IC1 (eto~[k-l]-eamb[k-l]) 

+KzI[kIZn + eamb[kI ,  (10) 

which is identical to  (8) except that etop is extracted from 
the definition of do ,  do = 4, - damb. The measured 
and predicted top oil temperatures are shown in Fig. 4; 
the solid line is the measured temperature and the dotted 
line is the predicted temperature. 

Qualitatively, it is clear from Fig. 4 that the prediction 
does not adequately represent the actual top oil temper- 
ature. This can be quantified in several ways. First we 
can check the error covariance related to the least squares 
approximation. In this case it is 4.91 x which is, 
and should be, a small number. We also compute the 
corresponding physical model parameters. These are 

To = 1042 min, d j l  = 268OC 

25' ' I '  ' 
3 4 5 6 7 

bme (days) 

Fig. 1. Measured top oil temperature 

2 3 4 5 6 7 
Ime (days) 

Fig. 2. Measured ambient temperature 

and are both too high to  make physical sense. From a 
diagnostic point of view these numbers give us no physical 
information. 

One obvious explanation is that the transformer is very 
lightly loaded and the approximation used to  justify (7) 
may not be valid. We estimate parameters using Model 
B given by (9) and plot the predicted and actual top oil 
temperatures in Fig. 5. Qualitatively, the prediction is 
somewhat improved and the corresponding parameters, 

To = 329 min, Ojl = 59OC, R = 4.17, 

are more realistic; however, the error is still significant. 
(It is not possible to  compare these numbers to  those ob- 
tained from the initial heat run test since that test was 
performed with all the fans and pumps in operation, while 
these parameters are calculated from data obtained when 
only half of the fans and pumps were in operation.) 

In the next section we discuss possible sources of error 
in the model and parameter estimation algorithms, and 
propose a slight modification to  improve the model. 



252 

t 1 

I 
2 3 4 5 6 7 

bme (days) 
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Bine (days) 

Fig. 4. Measured and predicted top oil temperature 
(Model A) 

3 An Improved Model 
There are three major components in the modeling and 
estimation process described in the previous section: 

1. The least-squares parameter estimation 

2. from collected data, 

3.  given a specified model. 

This suggests three possible sources of error. The least 
squares estimation technique is usually reliable and is un- 
likely to  be the source of significant error. Presently the 
data is measured to  integer precision Since the daily vari- 
ation in temperature is on the order of 5-20°C, the mea- 
sured resolution of l ° C  introduces 5 - 20% error in the 
useful time-varying temperature signal. This may be sig- 
nificant , but a proper analysis of the quantization noise in- 
troduced by this l 0 C  resolution and the five minute sam- 
pling period is a nontrivial problem. We do not pursue 
this further except to  note that the five minute sampling 

2o t -measured - - predicted 

151 ' I 

Fig. 5. Measured and predicted top oil temperature 

2 3 4 5 6 7 
bine (days) 

(Model B) 

-10 I 
2 3 4 5 6 7 

tune (days) 

Fig. 6. Error in the predicted top oil temperature 
(Model B) and measured ambient temperature 

period was chosen to enable the consistent estimation of 
parameters, and is based on the examination of data from 
several large transformers. Instead, we demonstrate and 
discuss problems due to  the modeling. 

The IEEE/ANSI thermal model is a simple model de- 
signed to  capture the basic thermal dynamics associated 
with transformer loadrng. Implicit in this model is the 
assumption that all changes in the top oil temperature 
rise are caused by changes in the current. This is seen 
in the model described by (1) and (3) .  If the current re- 
mains constant, the ultimate temperature rise 8, is equal 
to  the initial temperature rise 8,; the difference variable 8, 
remains constant indicating the top oil temperature rise 
over ambient temperature is constant. 

This first-order model captures the change in tempera- 
ture due to loading; indeed, the transformer temperature 
is different (warmer) than ambient temperature largely 
due to  the losses in the windings. However, this is not the 
only reason that the temperatures can vary. The ambient 
temperature varies naturally on a daily (24 hr.) and sea- 
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sonal basis. The thermal time constant of a large trans- 
former can be on the order of hours; thus, the transformer 
temperature will naturally lag behind the daily cycle of 
ambient temperature changes. Even if the loading were 
constant, the top oil temperature rise over ambient tem- 
perature would not be. This effect is not captured by 
the IEEE/ANSI model but is significant for a transformer 
placed in an environment subject to  daily variations in 
ambient temperature that are of the same order of mag- 
nitude as the top oil temperature rises due to  load loss. 
For moqitoring and diagnostic purposes it is essential to  
capture this phenomenon. 

In Fig. 6 we show that indeed the ambient temperature 
and the error in the prediction of the top oil temperature 
(predicted minus measured) are correlated. The solid line 
is the error, the dotted line is the ambient temperature. 
Elementary thermodynamics would suggest that a bet- 
ter first-order characterization of both loading and ambi- 
ent temperature variations can be accomplished through 
a slight modification of (2), 

where Qu is still defined by (3) but should be interpreted 
as the ultimate top oil temperature rise over ambient tem- 
perature for a given loading and constant ambient tem- 
perature. Following the same assumptions used in the 
previous section we obtain the corresponding first-order 
discrete model, Model C. 
Model C: A modified model that incorporates ambient 
temperature variations for the forced cooling state, n = 1. 

= I{i&~p[k-1] + (l-Kl)Bamb[k] 

+K21[kl2 + K3 (12) 

Using this model and the raw data shown in Figs. 1-3 
we obtain the parameters K1-Iir3 and predict the top oil 
temperature. The corresponding physical parameters are 
calculated to  be 

To = 150 min, Ojl = 48OC, R = 3.02 

The measured and predicted top oil temperatures are 
shown in Fig. 7. Compare this figure with Fig. 5. 

Fig. 7 indicates that the top oil temperature model 
given by (11) does capture some phenomenon that the 
IEEE/ANSI model does not. This can be quantified fur- 
ther. If a model is accurate then the error between the 

4 4  -I 

* O t  

-measured - - predicted 

2 3 4 5 6 7 
time (days) 

Fig. 7. Measured and predicted top oil temperature 
(Model C) 

prediction arid the measurements should essentially be 
noise. The mean and variance of the error in the pre- 
dictions using Models A, B, and C are given in Table 1. 

Table 1. Predicted top oil temperature error mean and 
variance 

I Model I mean I variance I 
I I I I 

I Model A 1 -1.51 I 15.0 I 
Model B -0.41 I Model C I -0.00 I 8:: I 

4 Conclusions 
We have argued that the IEEE/ANSI standard top oil 
temperature rise over ambient thermal model does not 
correctly account for ambient temperature variations. 
Model C, the discretized form of the continuous model 
described by (ll), gives improved performance and satis- 
fies the necessary criteria for an on-line monitoring sys- 
tem listed in the introduction. Through large deviations 
in the difference between measured top-oil temperature 
and predicted top-oil temperature using the model, we 
would expect to be able to  detect gross cooling system 
failures, such as failure of one or more pumps, or failure 
of 20% or more of the fans associated with any pump. 
Gradual degradation, such as sludge build-up in the radi- 
ators would be indicated by an upward trend in the model 
parameter 0fl over time. 

Our results are consistent with prior results pub- 
lished in the literature concerning the inadequacies of 
the IEEE/ANSI model [9]. In [9], a new model is pro- 
posed that accounts for ambient temperature variations, 
oil viscosity, winding dynamics, and various types of thsr- 
mal losses. The model is physically-based and could be 
useful for diagnostics if it could be implemented on-line. 
The model parameters in [9] are calculated from man- 



254 

ufacturer’s data and off-line tests. As the transformer 
characteristics change over time, it is unlikely that the 
many parameters could be estimated on-line from mea- 
surements obtained from easily placed sensors. In fact, it 
has been our experience that transformer thermal charac- 
teristics will change depending upon which combination 
of fans and pumps are operating during forced cooling. 

The data examined in this paper came from a trans- 
former operating in the FOA cooling state. Assuming 
n = 1 in this state enabled us to employ standard least 
squares techniques to  estimate and verify parameters. In 
practice it would be better to  estimate the value of the 
cooling exponent n along with the other parameters. This 
would require the use of a nonlinear least squares algo- 
rithm to estimate parameters. We will pursue this in our 
future work. 

Further research is required to address the issue 
of quantization noise introduced in the measurements. 
Heuristically, we have chosen a sampling period of five 
minutes because it appears to  consistently work well; how- 
ever, the relation between data resolution, precision, sam- 
pling rate, and post-processing has not been studied. 
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Measured 

DISCUSSION 

earn6 I 
0.778 0.143 

L. W. PIERCE (General Electric Company, Rome, Georgia) The 
authors have attempted to develop an improved model to correct a 
limitation in the referenced industry loading guide [6] to account 
for changes in ambient temperature. Practice in the industry has 
been to add the temperature rises predicted by the loading guide 
equations to the instantaneous ambient temperature. For short time 
overloads a constant ambient temperature is usually assumed. As 
noted by the authors, the first mathematical attempt to address 
ambient temperature variations is given in [9]. This approach, 
based on heat transfer and fluid flow theory, predicts loading 
capability for an anticipated 24 hour variable load and ambient 
temperature profile. The manufacturer's data supplied on the test 
report and outline drawing is used in the computer program. The 
authors have derived altemative equations and developed a system 
of monitoring temperatures and loads to determine the parameters 
to use in their equations. 

Monitoring changes in cooling parameters to detect failures of 
pumps or changes in heat exchanger performance is an interesting 
concept. Another use of the authors' monitoring system might be 
to determine loading capability more accurately since it relies on 
temperature and load measurements under actual field conditions. 
The authors approach, however, appears to lack experimental 
validity indicating more work is required. The field test data given 
in Figures 1 and 2 indicates that the top oil temperature rise over 
ambient is on the order of 10 'C. The transformer is lightly 
loaded since full load top oil temperature rises are on the order of 
35 to 65 ' C  depending on transformer type. If the errors shown 
in Fig. 6 are divided by this 10 "C than the per cent error is large. 
Do the authors have any additional test data since this paper was 
submitted? Does the large error indicate the authors' equations are 
in error? 

One limitation of the authors' monitoring system is that the 
winding hot spot temperature is not monitored or predicted. Do 
the authors have plans to incorporate winding hot spot temperature 
measurement or prediction into their system? 

Manuscript received February 20, 1996. 

LAMBERT PIERRAT (Senior Member), General Technical Division, 
Electricitt de France, 37 rue Diderot, 38040 Grenoble Cedex, France, M.J. 
RESENDE, J. SANTANA, Instituto Superior Tknico, AV. Rovisco Pais, 1096 
Lisboa Codex Portugal. We would like to felicitate the authors of the paper for 
their work. The chosen load profile (fig. 3) for analysis is a good one to 
reenforce the author's method since, comparing figures 1 and 2, transformer 
top-oil temperature variations look mainly due to ambient temperature ones. 
1-Are differences between models A, B and C as great, when analysing 
transformer top-oil temperature under a much severe load profile (load current 
closer to rated one)? 
2 -It would be interesting to present correlation coefficients between 6amb (fig. 1) 
and etOP (fig.2), I (fig.3) and the 3 models predicted etOP , as well as eamb and 
the top-oil temperature predicted with model C. 
3-Transformer physical parameters identified from the 3 models are quite 
different from each other. Did the authors estimated To, 0, and R with any other 
alternative method (IEC-354, p.e.) to check the validity of parameters identified 
from model C? 
4-Similar to represented on fig.6, error in the predicted top-oil temperature with 
moue1 C sllould also be represented. Table 1 (which lacks units!) by itself gives 
little information about errors; assuming that units are ["K] and considering that 
top-oil temperature ranges from 25 "C to 40 "C, even a mean error of -1.51 "C 
would be good and the reduction in variance values, correspond to the 
improvement on model dynamic behaviour. Would it result clearer represent the 
statistical distribution of errors from models A, B and specially C? Are they 
normally distributed? 

We would like to thank the authors for the answers to our questions as well as 
their opinion about our comments. 

Manuscript received February 22, 1996. 

Bernard C. Lesieutre, Wayne H. Hagman, and James 
L. Kirtley, Jr. Room 10-050, MIT, Cambridge, MA 
02139. We would like to thank the discussors for their 
interest in our paper, and their pertinent questions. 

First we address the specific questions of Mr. Pierrat, 
Resende, and Santana. 

1. The data in the paper comes from a transformer that 
is always lightly loaded. We can only speculate on 
how the models would react for this transformer at 
higher loadings. Based on the arguments presented 
in our paper, we would expect that the error would 
persist at higher loadings. Our results suggest that 
the error depends intimately on the overall thermal 
time constant of the transformer and not the loading. 
We do have data from several large transformers and 
the ambient temperature variations appear to affect 
the top oil temperature in all of them. 

2. We agree that the presentation of correlation coeffi- 
cients is informative and they are given in Table 1 be- 
low. For each of the top-oil temperatures used in this 
study, the correlation coefficients related to  the am- 
bient temperature and the load are computed. Those 
of Model C are very close to  the measured data. 

Table 1. Correlation Coefficients between measured and 
predicted etop and the inputs Bamb and I .  

et, 1 1  Correlation Coefficients I 

Model A 0.837 0.260 1 Model B /1 !:3;; I 0.027 
Model C 0.144 

3. The three sets of parameters are quite different. We 
did not calculate their values using any other method. 
We would have liked to  have compared these values 
to  those computed from data from the initial heat 
run test, however the transformer is being operated 
in a manner different than that of the test, prohibit- 
ing direct comparison. Furthermore, all measure- 
ments were taken while the transformer was in ser- 
vice. No out-of-service tests were performed on the 
transformer to  verify the accuracy of the parameter 
values. 
This does not prevent us from commenting on the 
values. The values for Model A are clearly nonsense. 
The full-load temperature rise over ambient temper- 
ature, B f l ,  is computed to  be 268OC. This is far out of 
the expected range of 35 to  65 'C. The values for B f l  

computed for Models B and C do appear within the 
expected range. The values of the time constant, To, 
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also appear reasonable (although for FOA the lower 
number is probably more reasonable). The value of 
the ratio of full-load to  no-load loss, R, in both Mod- 
els B and C seems small. This would indicate that 
the transformer with significant core losses. 

4. We agree with the discussors that a figure of the error 
in the prediction of top-oil temperature using Model 
C is appropriate. This is shown below in Fig. 1. 
There is still an error and it appears to be correlated 
to  ambient temperature. This might suggest that 
further refinement of the model could reduce the er- 
ror further, however the error is within the precision 
of our measurements (1OC resolution). We can’t re- 
alistically expect to  do much better with the sensors 
that are presently in place. 

-51 

error - 
- - ambient 

-10’ a I 
2 3 4 5 6 7 

bine (days) 

Fig. 1. Error in the predicted top oil temperature (Model 
C) and measured ambient temperature. 

We computed the higher order moments for the pre- 
diction error in Model C: The skewness is 0.032 and 
the kurtosis is 0.383. A histogram is shown below in 
Fig. 2. The distribution is not perfectly normal but 
is close. We don’t feel that  this alone serves to jus- 
tify the model because the distribution is dependent 
upon the choice of parameter estimation algorithm 
employed, and the disturbances in the system. We 
used a standard least-squares method. If the distri- 
bution was far from normal then we might examine 
other techniques. 

Now we would like to  address the questions of Mr. 
Pierce 

We agree with Mr. Pierce’s observation that the trans- 
former is lightly loaded and that the relative error of the 
prediction (Model B.) is large. Our equations and calcula- 
tions are not in error however. It was this large prediction 
error that  necessitated this research. Our initial detailed 
study involved a test transformer for which the loading 
guide model worked sufficiently well. We were somewhat 
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Fig. 2.  Histogram of error in the predicted top oil temper- 
ature (Model C).  

surprised to  encounter such large errors in the transform- 
ers in the field. The results in the paper help describe the 
variations that we observed; our test transformer is inside 
a building and is mostly insulated from ambient temper- 
ature variations while most large transformers are outside 
and subject to  ambient temperature variations. There are 
certainly other weather related effects that we see in some 
of our data including rainstorms. 

Our monitoring system does include a model for wind- 
ing hot-spot temperature prediction. We use the loading 
guide model for this prediction which is based on a temper- 
ature rise over top-oil temperature due to loading. Since 
we do not have a direct hot-spot temperature measure- 
ment, we can’t comment on the accuracy of that model. 
Our monitoring system also includes a model for dissolved 
combustible gas in oil which serves as a important indica- 
tor for imminent failures. 

We also agree with Mr. Pierce that an important appli- 
cation of an on-line monitoring system is that of estimating 
load capability. For such an application a detailed model, 
such as that of reference [9] in our paper, would be useful. 
In that model we don’t believe that all the parameters can 
be estimated, or all the states can be observed from the 
easily-placed sensors we are using now. Given that this 
is an important application, we should ask what sensors 
would be required and where should they be placed to  be 
able to  use such a model in an adaptive on-line monitoring 
system. This is research that we intend to pursue. 

In general it is desirable to  use the best information 
available, in our system we would use the manufacturer’s 
data as an initial estimate of parameters and then adap- 
tively update parameters based on observations made dur- 
ing operation. We feel that the ability to  adapt is essential; 
it allows us to  track long-term trends and differentiate be- 
tween slowly and quickly developing phenomenon. 

Manuscript received April 2, 1996. 


