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ABSTRACT

This paper proposes a new method based on improved FastICA (fast independent component analysis)-
LSM (the least square method), in order to improve the accuracy and speed of harmonic detection in power
system. This work ameliorates the traditional FastICA algorithm by defining the initial value of demixing
matrix iteration, thus inducing the iteration times and eliminating the problem of higher-order convergence
FastICA sensitive to initial value, and harmonics and fundamental components are extracted from electric
signals using fifth-order convergence FastICA. Finally LSM is used to calculate the amplitude and phase
angle of separation components. Simulated and real signals are used to test the method. Results shows that
the proposed method has faster detection rate and higher accuracy compared with other methods available
in the literature.
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1.INTRODUCTION

Increasing use of nonlinear equipments cause a mass of harmonic in power system recently,
which is serious both for consumers and the efficiency of power supply and distribution in power
grid.

Many harmonic analysis methods have been developed presently, such as FFT (Fast Fourier
Transform), instantaneous reactive power, WT (wavelets transform), ICA (independent
component analysis) and neural network, etc[1,2] . Among them, method based on FFT is the
most widely used method because of its relatively stable performance, however spectrum leakage
and fence effect would exist to cause more error[3]. Method based on WT could overcome this
deficiency, however it is susceptible to the choice of wavelet basis[4]. Harmonic detection based
on instantaneous reactive power needs lots of hardware [5].

ICA have advantages of simple calculations, stable performance comparing with them,, what’s
more, it can extract components with few prior knowledge. Literature [6] applied ICA in
harmonic detection and using both simulated and real signals to test the method. In literature [7,
8] FastICA with third-order convergence was proposed to improve the speed of harmonic
detection, but it couldn’t estimate amplitudes and phases of harmonics accurately. Method based
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on FastICA combining with LSM (the least squares method) is proposed in Literature [9], the
LSM was used to determine amplitudes and phases of harmonic, however the main disadvantage
is that the method can’t meet a good real-time operation.

This paper uses fifth-order convergent FastICA to extract harmonic and fundamental components
from electric signals and iteration’s initial value of des-mixing matrix is defined when calculating
it. Finally LSM is used to calculate the amplitude and phase angle of separation components.

2. INDEPENDENT COMPONENT ANALYSIS

2.1 FUNDAMENTALS OF INDEPENDENT COMPONENT ANALYSIS

ICA is an algorithm developed on the basis of BBS (Blind Source Separation). The original
components to be separated are considered statistically independent and follow a non-Gaussian
distribution. It stated as a set of input independent signals S=[s,,s,,s,...s, ]” which represents

orginal signal in this work, where m denotes time or sample sequence. Thus observed matrix X
=[x,,x,.x,..x,]"s n>m is got, which denote electric signals in this work, through a nxm dimension

mixture matrix A. Relationship of observed matrix and source can use:
X=AS ()

The purpose of ICA is that when the source and mixture matrix are unknown, des-mixing matrix
W, an estimate of A-1 by optimization algorithm, is obtained using only the observed signals.
Thus S’s optimum estimate are obtained by

Y=WX=WAS )

FastICA, a fast optimization iteration algorithm based on fixed-point recursive, is a kind of ICA
often used. It has pretreatment of observation and independent components extraction, and there
are two parts in observed pretreatment: signal centralized and whiten.

Obtaining the separation matrix W by iterative algorithm is an indispensable part of independent
component extraction, and maximum negentropy is adopted as criterion to measure non-Gaussian
of separated components in this context. For y is a random variable, it’s probability density is
p(y), the negative entropy approximate expression can be described:

Ty [B{ G- E{G (3 o 1T (3

Where y is a Gaussian random vector which has the same covariance with y, G(-)is a function
both non-quadratic and non-linear, E(-) is algorithm that calculate mean [10,12].

Central-limit theorem shows that y is non-Gaussian distribution when formula (3) is maximum,
and the maximum of negative entropy can be acquired by Newton iteration method which is
quadratic convergent, thus getting iteration formula simplified of demixing

w' = E{xgw' x)} = E'{g' (W' x)}w “4)
This result is normalized by
®)

When the result of formula (4) is convergent, w" is the needed elements of W, thus demixing
matrix W is obtained [13,14].

"
w =W“/W“
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2.2 IMPROVED FASTICA

The initial value of iteration is selected randomly when solving demixing matrix in the traditional
FastICA, which is two order convergence and can’t meet the highly demanded real-time for
harmonic detection in power system. Amendatory iterative formula which is fifth-order
convergent is used here, however FastICA with higher-order convergence is sensitive to initial.
Non-convergent will be generated, if improper initial value is chosen. This work, initial value of
des-mixing matrix iteration is defined when calculating it, through hypothesizing the original
source signals’ components according to the characteristics of power system harmonics, thus
inducing the iteration times and eliminating the problem of higher-order convergence FastICA
sensitive to initial value.

2.2.1 FASTICA WITH FIFTH-ORDER CONVERGENCE

Newton iteration with quadratic convergence corrected to fifth-order convergent can be expressed
as follows:

.o fx,) fx), 1 1 _ f,,)
Koy =X, = 3oU =X, T 2 (f'(x )+ f'(x* ))v KXoyt = Uy — .
f (X") n n+l fv(5 (x:l‘+1 +u,, )j
It can be proved that formula (6) is fifth-order convergent. Then new FastICA formula with
relaxation factor obtained by formula (6) is shown as following:

=1L 2A (6

w! = Elxgw! )1 - ELg' 0w/ 01w, - B—a)ws ] =2ELxg(w! )]~ {ELg 0w 9]+ ELg' ! 1} w,
. 1 . . . ,.
w, = ELxgOn 01— E 1 070+ g 0l v, =1 ™

i

[15]

where g = E{w” xg(w'x)}> 18 relaxation factor ™. w; is the needed element of W when formula (7)

is convergent.
2.2.2 DEFINITION OF THE INITIAL VALUE

Electric signal containing harmonics is modeled as[16]:

s(t)=s,()+s,()=Y U,sin( hot+86,) h=1 3, 5A ®)
h

It is assume that s(7) is voltage signals, where U}, and g, are amplitude and phase angle of the & th

harmonic, wis the fundamental frequency in rad/s, s(¢) is fundamental voltage when & equaling 1.
The number of harmonic signal can be determined in consideration of noise by the following
way: First, autocorrelation function is estimated according to electric signals, then here construct
autocorrelation matrix and the Eigen values of matrix is decomposed to determine the number of
harmonic signal[17] Since low-order harmonics result more damage to power grid, it assume that
harmonics included in source signals obey the principle that from low order to high order. Such as
a observed signal is determined containing 4 harmonic components, thus it can assume that the
electric signal s(f) consists of fundamental signal and 3, 5, 7, 9 harmonics as source signal with
zero phases, that is to say & is 9 here. Then source matrix S obtained from s(¢) can be represented
by:
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U sin(ax)
U, sin(3ax)
§=|U,sin(5ar)
U, sin(7ax)
U, sin(9ax) ©)

Then demixing matrix W can be calculated by formula (2) when observed signal is constructed
and it is plugged into iterative formula as iterative value.

3. METHOD BASED ON IMPROVED FASTICA-LSM FOR HARMONIC
DETECTION

3.1 OBSERVATION SIGNALS CONSTRUCTION

Electric signal in power system as the observed signal is single channel, while fundamental signal
and the harmonics as source are multi-channel, so it is necessary to form a multi-channel
observed signal whose number is equal to the source signal. This work can be done by generating
vectors with time delays from observed signal x(¢) [18], observation matrix can use

x(1)

REG)
Xw="

Mr=hJ, (10)
3.2 HARMONIC COMPONENTS EXTRACTED BASED ON IMPROVED FASTICA
Steps of Harmonic components extraction based on improved FastICA as following:

Step 1 Centralize the observed signals;

Step 2 White centralized signals;

Step 3 Initializes the demixing matrix;

Step 4 Calculate initialization of demixing by the method presented at subsection 2.2.2.

Step 5 Obtain demixing matrix use formula (7);

Step 6 Orthogonalize the demixing matrix got from Step 5;

Step 7 Determine whether the row vector obtained by step 5 if convergence or not, if not, repeat
Step 3;

Step 8 Recover source signals from separated components obtained by demixing matrix.

3.3 AMPLITUDE AND PHASE OF THE SIGNAL CALCULATION BASED ON LSM

FastICA can’t ensure the amplitude and phase of signal exactly, LSM is used here to calculate
them like literature [9] expressed. Formula(8) can be decomposed as

x(t)=Y U, sin(hax +6,) =" A, sin(hax) + B, cos(hw,1)
p T 11)

where 4 = U, cos 6, B,=U,sing,

. Formula (11) can be expressed using another formula
X=HlI+e (12)

where X is observed signal,
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sin(wt,) cos(@t,)) A cos(Nwyt,)

sin(wt,) cos(@t,) A cos(Nwyt,) (13)
M M M

sin(@ty) cos(wty) A cos(Nayty)

I=14 B A A Byl ¢ s error vector. LSM is used to pre-estimate I by
I=H"H)'H'X (14)

where H is known from separated source component by FastICA, and then get coefficient matrix
I, thus amplitude and phase of the signals can be calculated by:

U,=+A}+B}
Ah
6, = arctan—-
B, (15)
4. EXPERIMENTAL RESULTS

Case 1

A source signal consisting of fundamental signal and third, fifth, seventh harmonics was
constructed and signal-to-noise ratio (SNR) of 20dB was considered according to the
characteristic of harmonics in power system, which is modeled as:

() = sin(10077) + 0.35 sin( 30072 + %) +0.18sin(5007 + %) +0.12sin(1007 + %) (16)

Fig.1 and Fig.2 show the source signals and mixed signal obtained from original source.
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The improved FastICA, fifth-order convergence FastICA but no defining initial value and
traditional FastICA are defined as method 1, method 2 and method 3 to process the obverted
signal. Results of separated components obtained by these three methods are shown in Fig. 3.
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(c) Separation signals by method 3

Fig.3 Separation signals by three methods for case 1

The results can be seen that separated signals based on method 1 and 2 are closer to the orginal
source signals. But it wouldn’t convergent sometimes and lead to test failure when method 2 was
used.

LSM was used to calculate amplitude and phase angle of separated components, which is got

based on method 1, 2, 3 for case 1 and using the same one platform to test through the three
methods for 1200 sample points. results are shown in Table. 1,

Table.1: Separetion results and run-time of the three methods

Meth Extractad Amplitude(V) | Amplitude’s Phase angle’s Mean | Run-time(s)
Base wave 0.9901
1 3rd  harmonic 0.3383 7 6% 3.8% 0.462
Sth  harmonic 0.1720 - h o
Tth  harmonic 0.1135
Base wave 0.9876
2 3rd harmonic 0.3407 . < 1o )
5thharmonic 0.1739 1% 1% 0478
Tth  harmonic 0.1308
Base wave 0.8876
3 3rd harmonic 0.3217 11.3% . 0.900
Sth harmonic 0.1979 = et :
7th  harmonic 0.1008
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Tab. 1 shows that the detection accuracy based on method 1 and 2 are better than method 3.
Case 2

To prove practicability of method, A real electric signal taken from the IEEE working group
P1159.3 dataset[18] were presented to test. The signal represent the current of a transformer at
some moment and the waveform of it is shown as Fig.4, Results of separated signals obtained
based on method 1 and method 3 are shown in Fig. 5, Fig. 6, and when method 2 was used it
wouldn’t convergent sometimes and lead to test failure.
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Fig.5 Separation components by method 1 Fig 6 Separation components by method 3

The results can be seen that nine separated signals were extracted from electric signal based on
the proposed method here, while five separated signals were extracted based on traditional
FastICA, and in the view of the fundamental waveform obtained by the two methods, the former
has litter distortion. Since harmonics extracted from electric are a periodic, it is difficult and
needless to use LSM calculating their amplitude and phase. The results of amplitude and phase of
fundamental signal obtained from electric signal based on the two methods and run-time are
shown in Table 2.

Table.2 Amplitude and phase of fundamental signal and run-time

Amplitude(A) | Phase(®) | Run-time(s)
Improved FastICA 901.348 24 861 0.289
FastICA 880.653 20.092 0.931

Table. 2 shows that the time used based on method 1 is less by 69.5% than method 3, which
proving the efficiency of the proposed method based on improved FastICA-LSM.
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5. CONCLUSION

This paper combine FastICA with LSM detect harmonics in power system, mitigating the
problems of speed and accuracy are contradictory in traditional power system harmonic detection
methods. Traditional FastICA initial value is chosen at random, so it have more iterations, and
higher order convergence algorithm are sensitive to initial. According to this problem, this work
The method uses fifth-order convergent FastICA algorithms to extract harmonic signals and
define fundamental signal from electrical signals.
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