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a b s t r a c t

Several instability events have occurred in the world in various commercial BWRs since the 80s. The
dynamics of these events has been studied for many years. Basically, the power in normal operating con-
ditions is a noisy signal with no significant frequencies. When instability takes place, oscillations around
0.5 Hz and 1 Hz become more relevant in the reactor dynamics behaviour due to the void fraction feed-
back. In the last years, time frequency analysis has been used by several authors to study instability
events so as to isolate certain harmonics. Among them, we can cite wavelets, Short Time Fourier
Transform (STFT), Hurst exponent, Hilbert Huang Transform (HHT), etc. The latter consists of decompos-
ing the original signal into a subseries (Empirical Mode Decomposition, EMD). The Hilbert transform is
then applied to each mode to obtain the instantaneous amplitude and frequency. However, when a fre-
quency component within the signal comes into existence or disappears from it entirely at a particular
time scale, the EMD does not work properly and one mode can present more than one frequency compo-
nent (mode mixing problem). In this work, a modification of the HHT methodology has been applied to
Local Power Range Monitors (LPRM) signals during an instability event. A different signal decomposition
method is used, the Ensemble Empirical Mode Decomposition (EEMD), and compared with the previous
EMD. The EEMD produce Intrinsic Mode Functions (IMF) with no frequency mixing problem. The fre-
quencies and modes extracted this way describe the instability dynamics more accurately.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The BWR instability is a possible event in a nuclear power plant,
typically in a BWR. (March-Leuba and Rey, 1993). In such a situa-
tion, significant core power oscillations may occur. The stability is
of primary interest from the point of view of BWR operation, since
the stability margin may be strongly reduced during plant maneu-
vering and transients (Gialdi et al., 1985). The average and local
power range monitor (APRM and LPRM) signals contain more
information than the natural frequency of the core, e.g., frequen-
cies due to the actuation from the plant control system. Therefore,
an accurate prediction for the onset of BWR instability is indis-
pensable for the safety of BWR core design and operation (Ikeda
et al., 2007). This is why in the last few decades a great effort
has been devoted to the development of accurate BWR stability
monitoring techniques (Blázquez and Ballestrín, 1995; Navarro-
Esbrı́ et al., 2003).

The event shown in Fig. 1 occurred at Cofrentes Nuclear Power
Plant in Valencia (Spain) on January 29th, 1991, during a normal
startup sequence, right before the transfer to high speed of the
recirculation pumps (Blázquez and Ballestrín, 1995). In that
moment, reactor power was 42% with a core flow of 30.72%. Heater
6B was being put into service and feedwater temperature was
increasing. Another operator was inserting control rods to adjust
rod pattern to the recirculation pump transfer speed. Once the
operator observed the oscillations, control rods were inserted to
cancel them out and restore reactor stability.

In order to analyse the instability event, the neutron flux time
series must be studied. Typically, the neutron flux time series that
are recorded in an unstable process are neither linear nor station-
ary. This non linearity and non stationarity gives the idea that the
Fourier Transform should be used carefully and with small sub-
series (Blázquez and Ruiz, 2000).

Another approach is a time-frequency analysis. In Gavilan-
Moreno et al. (2015), two frequencies were identified, 0.93 Hz
and 0.47 Hz for the Cofrentes case. Those frequencies confirmed
the out-of-phase instability. The method used to identify the
abovementioned frequencies is the Short Time Fourier Transform

http://dx.doi.org/10.1016/j.anucene.2016.11.038
0306-4549/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: cristina.montalvo@upm.es (C. Montalvo).

Annals of Nuclear Energy 101 (2017) 390–396

Contents lists available at ScienceDirect

Annals of Nuclear Energy

journal homepage: www.elsevier .com/locate /anucene

http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2016.11.038&domain=pdf
http://dx.doi.org/10.1016/j.anucene.2016.11.038
mailto:cristina.montalvo@upm.es
http://dx.doi.org/10.1016/j.anucene.2016.11.038
http://www.sciencedirect.com/science/journal/03064549
http://www.elsevier.com/locate/anucene


(STFT), using a rolling window technique which looks for short lin-
ear and stationary sub series, inside the nonlinear and non-
stationary neutron flux time series. As was mentioned, the APRM
and LPRM signals are very noisy signals, so an accurate instability
monitor or analysis needs to isolate those frequencies associated to
the instability and to eliminate the rest. One of the most used
instability indicators is the Decay Ratio (DR), but the accuracy of
its determination is rather noise dependent. So it is necessary to
isolate the frequencies related with the instability to calculate it
accurately.

For this purpose, the Hilbert-Huang Transform (HHT) is a very
efficient tool. This method implies dividing the original time series
into a set of IMFs by the so called Empirical Mode Decomposition,
EMD (Huang et al., 1998). Each mode has symmetrical amplitudes
and it is centred at a particular frequency or time scale. In the lit-
erature, one can find some researchers who have used the HHT as a
filter, and they have utilized some individual vibration modes
(Intrinsic Mode Function, IMF) to calculate the DR (Prieto-
Guerrero et al., 2015; Montesinos et al., 2003; Blázquez et al.,
2013). The problem with this methodology is that the IMFs do
not always present a unique frequency, and different time scale
components may appear in one mode. This is known as a mode
mixing problem and it could lead to a lack of accuracy in the DR
calculation.

Recently, EMD has been modified in order to avoid the fre-
quency mode mixing problem (Wu and Huang, 2009). The result
is the Ensemble Empirical Mode Decomposition based on adding
white noise to the original data. This modified methodology has
been applied in this work to LPRM signals during an instability
event in order to improve the dynamics analysis. Specifically, this
means that IMFs obtained by EEMD have a unique frequency and
it could result in a more accurate DR estimation. Comparisons with
previous methods are also included.

2. HHT, EMD and mode mixing problem

HHT was elaborated by Huang (Huang et al., 1998) to analyse
non-stationary signals. It is an adaptive and empirical method
which, prior to any frequency analysis, decomposes the signal in
a series of IMFs. The different modes obtained contain normally
one harmonic. The second part of the methodology consists on

the application of the Hilbert transform to each IMF so that the
instantaneous frequency and amplitude of the analytical signal
can be obtained. The strength of the HHT compared to other signal
processing techniques is the decomposition phase: the Hilbert
transform extracts better the different local harmonics in simpler
subseries.

The properties of IMFs are:

– They are centred at a frequency band which determines the
time scale of such IMF.

– Symmetrical amplitudes.
– Between consecutive maximum and minimum there is a single
zero.

The decomposition process is an iterative algorithm (sifting
process) (Huang, 2014) which checks if these properties are ful-
filled. The highest frequency IMF is the first mode; the last one cor-
responds to the lowest frequencymode. Once the decomposition of
the data into n empirical modes is achieved, a residual is obtained
which can be either the mean trend or a constant. Therefore the
original time series h(t) can be expressed as:

hðtÞ ¼
Xn

i¼1

IMFiðtÞ þ rðtÞ ð1Þ

where n is the number of IMFs obtained and r(t) is the residual.
As mentioned before, after the signal is divided into n modes,

the Hilbert transform is applied to each IMF. The Hilbert transform
is defined as follows:

H½hðtÞ� ¼ 1
p
P
Z 1

�1

hðsÞ
t � s

ds ð2Þ

where P indicates the Cauchy principal value. Practical applications
come from the analytical signal g(t) defined as the complex
function:

gðtÞ ¼ hðtÞ þ iH½hðtÞ� ð3Þ
The instantaneous amplitude and phase are defined as:

aðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ H2

q

/ðtÞ ¼ tan�1 H
h

� � ð4Þ

So that the instantaneous frequency is the time derivative of the
phase divided by 2p:

f ¼ 1
2p

d/
dt

ð5Þ

The instantaneous frequency and amplitude describe the fre-
quency and the energy content of the signal. The Hilbert spectrum
is a 3D colour map representation where the intensity of the colour
is the instantaneous amplitude and the x and y axes are the time
and instantaneous frequency respectively (Huang et al., 1999).
The marginal spectrum of each IMF is a widely used plot to see
the frequency content of each IMF (Huang, 2014).

The EMD algorithm does not work properly when certain har-
monics disappear along the time span considered. In signal pro-
cessing this phenomenon is known as intermittency (Huang
et al., 1999). If that was the case, the IMFs obtained in the EMD
contained more than one frequency, that is, modes of different
time scales. Consequently, the task of determining when certain
frequency content has appeared or disappeared becomes difficult.
This is referred as a mode mixing problem. Mode mixing is defined
as a single IMF including oscillations of dramatically disparate
scales, or a component of a similar scale residing in different IMFs.
It is a result of signal intermittency (Lei et al., 2009).

Fig. 1. LPRM signals at different core locations during the instability event at
Cofrentes Nuclear Power Plant.
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