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Abstract

By means of mathematical morphology (MM), power quality monitoring systems can detect disturbances very soon. However, the
signal under investigation is often corrupted by noises, and the performance of the MM would be greatly degraded. This paper proposed
a new fast approach to detection of transient disturbances in a noisy environment. In the proposed approach, the appropriate morpho-
logic structure element, new proper combination of the erosion and the dilation morphologic operators can enhance the MM’s capabil-
ity. Furthermore, the soft-threshold de-noising method based on the wavelet transform (WT) was used for reference. In this way, the
abilities of the MM can hence be restored. This method possesses the following advantages: high calculation speed, easy implementation
of hardware and better use value. Finally, the validity of the proposed method is verified by the results of the simulation and the actual
field tests.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The electrical power quality (PQ) of power system has
become an important issue for electric utilities and for their
customers. Customers, in particular, have become less tol-
erant with power quality disturbances because these distur-
bances degrade the performance and efficiency of customer
loads, especially power electronics loads. The common PQ
signals people care about include voltage sag, swell, outage,
flickers, frequency variation and so on. In order to deter-
mine the sources and causes of power quality, one must
be able to detect and localize those disturbances and then
classify their categories.

With the development of the WT technique, how to
detect the power quality signals tends to be easy [1–5].
But this algorithm is so complicated that it is hard to work
in many real-time field devices that are based on the com-
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mon and cheap microprogrammed control unit (MCU),
such as intelligent electrical apparatus. That is, calculation
speed and de-noise capability of the signal processing
method are all very important in the actual application.
At this time, it is also hard to process all these PQ signals
with the traditional tools or mathematical theories, such as
WT, FFT and so on. In this paper, a new fast processing
method (NFMM) based on the MM theory combined with
threshold theory is proposed to de-noise and locate the dis-
turbance of the power quality signals corrupted by noise.
Since the MM method is very simple, it can be processed
very fast, and the MM method is well fit for the non-linear
signal processing problems [6], and different than the linear
methods, such as FFT, WT and so on.

However, the MM still has its inherent disadvantage, like
the wavelet method has. From an application-oriented
point of view, the PQ signals under investigation are often
corrupted by noise, and these kind of signals would degrade
the effect of MM or WT method, or even lead to a wrong
judgement [8,9]. This will be discussed in Section 2.
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To enhance the de-noise capability and calculation
speed of NFMM, some points are discussed in this paper.
These points include the appropriate morphologic struc-
ture element, combination mode of the erosion and the
dilation morphologic operators.

Since Professor Donoho proposed the soft-threshold
algorithm [7] in 1994, the wavelet de-noising technique
based on the soft-threshold and other threshold algorithms
had been well used in signal processing [8–10]. Then the
combination of the MM and the threshold algorithm is dis-
cussed in this paper. In this way, the NFMM, which is dif-
ferent from the tradition processing method, can carry out
the de-noising and disturbance location task better.

Furthermore, the aim of this paper’s work is to form a
new, effective and fast method, which can be real-time exe-
cuted in the common and cheap MCU chip. So the com-
pact design of NFMM is very necessary. This is also
discussed in this paper.

At last, the theory analysis, calculation time and effi-
ciency are given, and the validity of the proposed method
is verified by the results of the simulation. The proposed
method is simple, fast, effective, and a practical way to
practice.

This paper is organized as follows. In Section 2, the the-
ory of MM and the point of its structure element are intro-
duced, the NFMM is mentioned in Section 3. The
calculation speed, hardware resource demand, the sam-
pling rate demand and the simulation and actual field data
results are all presented in Section 4, and the de-noise capa-
bility and results are presented in Section 5.

2. Theory of mathematical morphology

2.1. Basic theory

The theory of MM was proposed to deal with the image
[11–13]. With development, MM, which is based on the set
operations, provides an approach to the development of
non-linear signal processing operators that incorporate
shape information of a signal. In MM operations, the
result of a set transformed by other sets depends on the
shapes of the two sets involved. The shape of a signal is
determined by the values that the signal takes on. The
shape information of the signal is extracted by using a
structure element to operate on the signal.

The basic operators of MM are dilation and erosion,
and the other morphology operators, such as opening
and closing, can be derived from these two operators.
And the morphologic structure element is another kind
of set, with which the morphology operation can deal with
an object. Always, the structure element is small than the
object set, and is set up according to the figure character
of the object set.

Consider a binary image as a set A in 2-D Euclidean
space E2. Let the compact set B 2 E2 denote the structure
element, which usually has a simple shape, and
B
_
¼ f�b j b 2 Bg denotes the symmetric set of B with
respect to the origin, and Ø denotes the empty set. The
translation of A by a point z 2 E2 is denoted by Az and
defined as Az = {x + zjx 2 A}. Then, the basic binary can
be defined as follows [14]:

A� B ¼
[
b2B

Ab ¼ zjBz

_
\A 6¼ ;

� �
ð1Þ

AHB ¼
\
b2B

A�b ¼ fzjBz � Ag ð2Þ

where � denotes the dilation, and H denotes the erosion.
Since the signals of power system are 1-D. There are dif-

ferent changes with Eqs. (1) and (2). Let x be a 1-D signal,
and B be the structure element (a 1-D set). Where H and K

are their regions respectively H = {1,2, . . .,N},
K = {1,2, . . .,M}, and M < N. M and N are integers. Then
the dilation of the discrete signals x(n) (n 2 H) is

ðx� BÞðnÞ ¼ Max
p¼n�Mþ1;...;n

fxðpÞ þ Bðn� pÞg;

fn ¼ M � 1;M ; . . . ;N � 1g ð3Þ

where p is a integer.
And the erosion operation is

ðxHBÞðnÞ ¼ Min
v¼0;...;M�1

fxðnþ vÞ � BðvÞg;

fn ¼ 0; 1; . . . ;N �Mg ð4Þ

where v is a integer.
Opening and closing are two derived operations defined

in terms of erosion and dilation. According to Eqs. (3) and
(4), the opening and closing operations are defined as

x � B ¼ xHB� B ð5Þ
x � B ¼ x� BHB ð6Þ

where � denotes the opening operation, and • denotes the
closing operation.

The combination of the morphology operation can form
morphology filters with different modes, such as the com-
mon filters: open-closing and close-opening filters [6,11–
14]:

x� B ¼ x � B � B ð7Þ
x� B ¼ x � B � B ð8Þ

where s denotes the open-closing filter, and � denotes the
close-opening filter.
2.2. Structure element

Besides the combination mode of the morphology oper-
ators, the structure element is very important and can also
consumedly affect the processing result [6]. The common
structure element has many kinds of shapes, such as bee-
line, curve, triangle, circle and other polygons (such as dia-
mond-shaped, hexagonal and so on) [6,11–14]. Non-close
element is appropriate to the 1-D signals.

Moreover, the width or length of the structure element is
under consideration. The longer, and more complex the
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structure element, more the time taken to finish the mor-
phology process. Take the line structure element for exam-
ple, the longer the element, the better low-pass capability it
has. That means better de-noising capability in some cases.
According to the characteristic of the short-term PQ sig-
nals, a line element is chosen, which length is 3 and angle
is zero in this paper.

3. The proposed method

3.1. Traditional method

Let the sampled signal be f. And the morphology results
fD, fE, fOC and fCO can be obtained by using the dilation,
erosion, open-closing and close-opening operations,
respectively, according to Eqs. (3), (4), (7) and (8).

The traditional morphology de-noising scheme is usu-
ally defined in this way [6,15]:

fde-noise ¼ ðfOC þ fCOÞ=2 ð9Þ
Let fWT be the WT result of f. The comparison between

MM and WT can denote their time–frequency characteris-
tic, de-noising capability and so on. One voltage outage sig-
nal and its MM results and WT results are shown in Fig. 1.
Fig. 1. The WT and MM processing results of the voltage outage.
As in Fig. 1, fde-noise can de-noise the sampled signal
effectively, and retain the local characteristic at the same
time. Comparing with fde-noise, fE and fD have very little
capability. Any way, both the WT and MM results are
not so perfect, even MM method can work more perfectly.
And these results all need to be de-noised and processed
again. This is why the soft-threshold method [7] and other
threshold methods [8–10] are developed with WT
technology.

Since the soft-threshold algorithm first proposed by Pro-
fessor Donoho [7], more were recently reviewed and
enhanced by others [8–10]. The theory of soft-threshold is
based on the different characteristics between the continu-
ous signals and noises in the wavelet decompose process,
and the statistics characteristic of the noises. With this the-
ory, an alterable threshold can be designed to clear up most
of the noises. And the threshold method can work well, and
was adopted in this paper to enhance the capability of the
proposed method. The effect of the soft-threshold method
based WT can be found in Figs. 4–7 in this paper.
3.2. Design of the proposed algorithm

The destination of the de-noising method is to locate the
disturbance from the signals corrupted by noise very soon.
The proposed algorithm uses a simple combination of the
morphology operators – just the dilation and erosion oper-
ators, and this can help to predigest the whole algorithm
and reduce the calculation resource. Others, the soft-
threshold method was inducted to do the re-denoise job,
and this can help to detect the disturbance of the PQ
signals.

Let the sampled sequence be f(n), where n = 1,2, . . .,N, n

and N are integers. Then the length of f(n) is N. The new
algorithm includes the following steps:

1. First de-noise and locationAccording to Section 2, the
dilation result fD(n), and erosion results fE(n) can be
obtained according to Eqs. (3) and (4) respectively,
and let:

fLðnÞ ¼ fDðnÞ � fEðnÞ ð10Þ
where fL(n) is a temporary variable.

2. Noise intension calculation [7]

r ¼
XN

n¼1

jfLðnÞj=N

 !
=0:6745 ð11Þ

3. De-noise and location

fMðnÞ ¼
0 fLðnÞ 6 r

fLðnÞ � r fLðnÞ > r

�
ð12Þ

where fM(n) is the morphology processing results.

The disturbance can be detected according to the calcu-
lation result fM(n). Furthermore, other compact threshold
would be introduced in the following partition.
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3.3. Experience formula

To speed up step 2 of the proposed algorithm, let

rj ¼MaxðjfLðnÞjÞ ð13Þ
where rj is the experience threshold. And rj can use other
appropriate experiential threshold or calculation results.

Then let

r ¼ ð1� uÞ 	 rj ð14Þ
where u 2 [0, 1], and it was set to 0.9 in this paper. Here, ris
the de-noise threshold but not the noise intension.

If the signals under investigations are well known or
there are enough apriority information, Eqs. (13) and
(14) can work well. Otherwise Eq. (11) must be used.

3.4. Theory analyses of the proposed algorithm

According to the definition of the dilation, specially the
1-D definition, the dilation operation can shift and smooth
the signal, fill the valley, but the aiguille can be kept. More-
over, the erosion operation can smooth the signal, and
whittle the aiguille, but retain the valley of the signal. All
these are shown in Figs. 2 and 3.

The qualitative analysis of these results is mentioned as
follows. Let the signal be

f ðnÞ ¼ sþ dþ Np þ N m ð15Þ
Fig. 2. The erosion and dilation results of the signal without noise.

Fig. 3. The erosion and dilation results of the signal with noise.
where s is the signal without noise, d is all the impactive dis-
turbance signals, Np is the noise which shape is like the
wave aiguille, Nm is the noise which shape is like the wave
valley.

After the erosion operation (only the erosion operation),
the original signal f(n) would be translated to some extent
as in Fig. 2. And the valley part of the original signal can be
kept when the noise is smoothed. These can be found in
Figs. 1 and 3. Then

fE 
 ðs� zÞ þ dm þ N 0m ð16Þ
where dm is the valley part of d, z is the translation result
according to the structure element, N 0m is the trough noise
which was de-noised.

In the same way, after the dilation operation, original
signal f(n) can get

fD 
 ðsþ zÞ þ dp þ N 0p ð17Þ

where dp is the crest part of d, N 0p is crest noise which was
de-noised.

Then Eq. (10) can be turned into

fL ¼ fD � fE 
 2zþ dp � dm þ N 0p � N 0m ð18Þ

According to the above mentioned information, (dp–dm)
must be plus, keeping the aiguille part disturbance, and
turning the valley part disturbance over at the same time.
In this way, all the disturbance parts can be kept. In the
same way, the noise part gets the same result, except some
was eliminated (as in Fig. 1). Expression (18) denotes that
the calculation result can intensify the disturbance part,
and restrain the noise part. And the calculation result must
be plus and is translated up to some extent (according to
the 2z weight).

It must be pointed out that expressions (16)–(18) are
not tenable austerely. Because of the transform result
it has some local distortion except the translation after
the dilation and erosion operations. This is why
expressions (16)–(18) do not get the equal sign. But
these cannot change the theory analysis of above
mentioned.

Finally, de-noising the transform result according to
expression (18) can locate the disturbance. By this way,
the opening and closing operations can also get the same
or better results, but they will take more time.

4. Capability analysis and results

As a de-noise approach, what people care about
includes: the de-noise capability, efficiency (calculation
speed and the hardware resource demand), sampling rate
demand and so on. The de-noise capability of NFMM will
be discussed in Section 5, and the other capability of
NFMM will be discussed in this section.

Let the simulation signal be fs, and let f denote the result
of fs which is corrupted by noise. fWT is the WT operation
result of f, and fSTWT is the soft-threshold WT (STWT) [7]
operation result of f. According to Eqs. (10)–(12), fL and



Table 2
Actual calculation time of each method

Calculation time (ms)

DFT FFT NFMM

Device I 0.26 2.48 0.97
Device II 0.069 0.66 0.27
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fM are the morphology operation results of f. The compar-
ison of fM and fSTWT can indicate the capability of the pro-
posed method.

4.1. Theory and actual efficiency analysis

As a signal processing method, the very little hardware
resource demand and the faster calculation speed are more
satisfactory and when applied it can attain the same or bet-
ter results. As a comparison, the efficiency of the NFMM,
FFT and WT should be given in this section. Let the length
of the sampled data be N, and the length of the structure
element be K. In the erosion process, there would be
K(N � K) comparison operation process and K(N � K)
minus operation process. The time that the compare oper-
ation process takes is about double than that the minus or
plus operation process takes – it depends on the actual
MCU chip, such as MCS 196, MCS 51, DSP and so on.
Anyway, the erosion process will take (convert to the plus
operation times)

T M ¼ 3	 K 	 ðN � KÞ ð19Þ
As is well known the operation times of FFT are [17]

T FFT ¼ ðN log2NÞ=2 ð20Þ
Let the decompose layer of WT be M, and the length of the
wavelet filter be L. Then the operation times of wavelet
decompose is [18]

T WT ¼ 4ðLþ 1ÞðN þML� 2LþMÞ ð21Þ
From the theory analysis, it can be found that the calcula-
tion time of NFMM TM is the most small, and
TFFT < TWT.

All the above are the theory and part of the calcula-
tion times. The actual process has some difference. Let
M be 5, and the wavelet be Db4, which L = 8. The sim-
ulation environment is Matlab. Then the calculation
results can be obtained, and are shown in Table 1.
And the comparing results are the same with the theory
analysis.

Actually, even the evaluate operation (such as the
assemble program AX = 0 · 10, in MCS 196) will take a
half plus period, maybe there are some differences with
each kind of MCU chip. And large numbers of calculation
will lead to the frequent operation of the RAM and other
registers in MCU, and the time to read or write different
memory devices is totally different. Furthermore, the exec-
Table 1
Simulation calculation time of each method

N Calculation time (ms)

FFT NFMM WT

64 20 10 50
128 50 20 85
256 – – 135
512 – – 295
utive code and their executive efficiency are different
according to different software’s compilation and transla-
tion environments. All in all, the actual executive efficiency
is more complex than Eqs. (19)–(21).

There are two kinds of self-designed intelligent devices
to test the actual calculation speed of the algorithms,
including DFT, FFT and NFMM. Device I is a over-cur-
rent protection unit, which is based on the MSP430F149C
chip (work in 16 MHz). And device II is a PQ monitor
device, which is based on the DSPF2407 chip (work in
30MIPS). The DFT, FFT and NFMM are carried out in
these devices, and all are programmed based on ANSI C.
Let the sampling rate be 16 points/period, and the length
of the sampled data be 16, then the comparison can be
obtained as shown in Table 2. Then comparing with other
signal processing methods, the speed superiority of the
NFMM is validated by the simulation results in Table 1
and actual data results in Table 2.

4.2. Other capabilities

Except for the efficiency, the NFMM is effective with
low sampling rate. The WT method needs high sampling
Fig. 4. The processing results of the Blocks signal when the sampling rate
is 3.2 kHz.



Fig. 5. The processing results of the Blocks signal when the sampling rate
is 1.6 kHz.

Fig. 6. The processing results of the Blocks signal.
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rate or its capability would be weakened (STWT is based
on WT). And this is one of the reasons why WT needs so
many calculation resources. The WT method needs
6.4 kHz (128 points/period) or higher sampling rate, while
the NFMM only needs 1.6 kHz or 800 Hz (it is a common
and very low sampling rate). And this is helpful to speed up
the processing process. Also, a comparison is shown in
Figs. 4 and 5.

As in Fig. 4, both NFMM and STWT can all detect the
disturbance. But comparing with Fig. 5 (this figure will be
illustrated in Section 5), in the result of WT (Figs. 4(b) and
6(d)), some confusion is present. That is because of the
lower sampling rate. Moreover, the result of WT becomes
more promiscuous when the sampling rate was reduced to
1.6 kHz, as in Fig. 5(b). And this result is so unclear as to
lead to wrong judgements. At the same time, the results of
NFMM can at the time keep be clear as to distinguish all
the disturbances, even the sampling rate was reduced to
1.6 kHz. This speciality can be very helpful to the hardware
design.
5. De-noise capability and results

This section will give the de-noise results of the simula-
tion and actual data.

5.1. Simulation

The simulation signals include the Blocks, and voltage
sag, notch and so on. The sampling rate is 6.4 kHz (128
points per period). And some noises were added into these
signals to verify the proposed algorithm.

The signal Blocks are commonly used to test the capa-
bility of the de-noising method. The processing results of
the Blocks are showed in Fig. 6. As in Fig. 6, the morphol-
ogy results still retain some noise (as shown in Fig. 6(a)),
but the result according to Eq. (11) can exactly detect
and locate the disturbance, which de-noising and location
capability is more perfect than soft-threshold WT method.
And the comparison of Fig. 6(d) and 1(b) can tell that the
soft-threshold method can work.

By the way, fL has an up translation relative to fM. This
can be explained by expression (18).

And the processing results of the voltage notch are
shown in Fig. 7. And the same conclusion can be obtained.

5.2. Noise tolerance testing

To test the ability of the NFMM in tolerating the noise
on the input signals, different levels of noise with the signal
noise ratio (SNR) values ranging from 50 to 30 dB were
used. The value of the SNR is defined in:

QSNR ¼ 10 lnðP S=P NÞ ð22Þ
where PS is the variance (power) of the signal, and PN is
that of the noise.

The simulation signals include voltage sag, swell and
notch. And these signals accord with Standard IEEE
1159 [16]. The sampling rate is 6.4 kHz. The added noises
are white noise. Then the comparison of the detection



Table 3
Detection rate (%) of different disturbances and levels of noise added

SNR (dB) Sag Swell Notch

NFMM STWT NFMM STWT NFMM STWT

50 100 100 100 100 100 100
45 98 96 93 94 93 91
40 85 86 82 84 85 86
35 71 78 72 73 62 69
30 57 69 55 65 38 46

Fig. 7. The processing results of the voltage notch.
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rate between NFMM and STWT are shown in Table 3.
As in Table 3, the tolerance of the both the methods
declines as the SNR becomes smaller, but the proposed
method is more sensitive, and it cannot work so perfect
as the STWT do, specially in the very strong noise envi-
ronment. But when the SNR is greater than 35 dB, the
NFMM retains the essential capability, comparing with
STWT.
Fig. 8. The processing results of th
5.3. Actual field data results

To validate the capability of the NFMM more realisti-
cally, some field data were derived from a 220 V-level
power system (50 Hz) of a laboratory, where there are
many electrical and electronic devices working. And some
intelligent devices (self-design) are used to sample and cal-
culate the sampled data. All these devices are under a field
environment. Then, the sampled dates are send to a PC and
are calculated with WT or NFMM method, and all these
results are shown with the self-design software. And a spe-
cial PQ testing device ONLLY 6108G was used to carry
out the experiment at the same time. This device can create
some PQ signals (voltage and current), such as normal,
interruption, harmonic, sag, swell and so on. These are
helpful to validate the NFMM and to design the self-design
devices.

A transient sampled signal and its processing result are
shown in Fig. 8. As in Fig. 8, the upper part is the original
data of the sampled signal, the middle part is the sampled
signal’s waveform, and the bottom part is the processing
result using NFMM.
e field transient voltage signal.
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6. Conclusion

To enhance the capability of the PQ signal processing
method in a noisy environment, and to speed up the pro-
cess enough to be real-time executed by the common and
cheap MCU, a new fast morphology method has been pro-
posed and integrated with the soft-threshold theory in this
paper. By adopting the appropriate morphologic structure
element, and proper combination of the erosion and the
dilation morphologic operators, a simple morphology pro-
cessing is formed. Furthermore, the threshold theory can
help to enhance the whole method. Extensive tests using
diverse data for simulated signals and field dates show that
the NFMM can works effectively. Moreover, the fast capa-
bility of NFMM is validated by the actual devices based
the cheap MCU chip, including MSP430, DSPF2407 and
so on. Although the capability of NFMM is not so better
than that of WT in high sampling rate, this method can still
work in low sampling rate. All of the above prove that the
proposed method is simple, fast, effective, and a practical
way to practice.
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