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Abstract— The aim of the present work is to obtain a
perfect compensation by extracting accurate harmonic
currents. The objective is to avoid the consequences due to
the presence of disturbances in the power system. A
comparative study of harmeonic currents extraction by
simulation and implementation is carried out for two
different techniques. The first technique is based on the
instantaneous powers, taking advantage of the
relationship between current and the power
transformed from the supply source to the loads. The
second is based on ADALINE neural network. The
neural method can estimate the harmonic terms
individually and online, therefore, the APF can realise
a selective compensation. The developed architectures
are validated by computer simulation and
experimental tests. The algorithms are implemented
in the dSPACE Board in order to show the
effectiveness and capability of each technique. The
results have demonstrated that the speed and the
accuracy of the ADALINE can improve greatly the
performances of active power filters.

Keywords-- Active Power Filter, Harmonics Currents,
ADALINE Neural Network, p-¢g theory, Fourier Series.

1. INTRODUCTION

The intensive use of power converters as rectifiers
produces non sinusoidal current in the a.c. supply.
Therefore, the voltage in the point of common coupling will
contain harmonic components. Furthermore, harmonic
voltages and currents propagate into the supply system,
increase losses, generate measurement errors, interfere with
other consumers, and cause serious problems of
electromagnetic compatibility [1].

Currently, active power filters have been widely used,
studied and presented as a solution to cancel harmonics
from power network. These filters are classified into shunt
active power filter, series active power filter, hybrid filters
(parallel passive filter and series active power filter) and
finally, Unified Power Quality Conditioner UPQC (series
active power filter and shunt active power filter) [1], [2].

Shunt active filter [3], injects compensating harmonic
currents into the power system to mitigate harmonic
contained in the loads.

Actually, several control methods such as sliding mode
control [4], wavelet method [5], fuzzy control [6], [7],

adaptive neural network control [8], neuro-fuzzy control
[9], and fundamental magnetic flux compensation [10],
have been proposed and used to control harmonic currents
and dc voltage of power filters. These controllers are also
employed to improve active power filter performances and
replace the conventional PID controllers [11].

A perfect compensation is necessary to avoid the
consequences due to harmonics. The estimation of current
references constitutes an important part in the control of
active power filters (APFs) used in power systems.
Although many identification techniques and strategies
have been developed such as methods based on FFT (Fast
Fourier Transformation) in the frequency domain, and the
methods based on instantaneous power calculation in the
time -domain. Instantaneous active and reactive theory (p-q
theory) introduced by Akagi [1], is a well-known
compensating strategy. This method requires the
transformation of both supply and load currents/voltages
from the abc reference frame to the o-f reference frame.
This method operates very well for harmonics cancellation
and reactive power compensation, simultaneously, under
balanced source voltages.

However, researchers from many scientific disciplines
are developing and designing artificial neural networks
(ANNs) to solve problems in pattern recognition,
prediction, optimization, associative memory and control
[12]-[15]. Artificial neural networks are successfully
applied to power systems, especially for harmonic
extraction [16]-[19].

The ADALINE, which is a type of ANNs, and its new
application for analysis of power quality, has the
advantages of being simply built and easily implemented
through hardware. The results of frequency tracking, [20]-
[22] and especially harmonics detection, [8], [16]-[18]
demonstrate that the ADALINE and its algorithm can be
applied to the precise analysis for power quality. The
learning capacity of the ANNs enables online adaptation to
any change in electrical network parameters.

Many applications, such as harmonic monitoring, may
require the extraction of a limited number of individual
harmonics as the 5™ and the 7" harmonics which are the
most harmful. The ADALINE proposed by Widrow and
Hoff [23], can estimate the harmonic terms individually
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and online.

In this paper, two techniques for harmonic currents
extraction are developed and compared. The first
technique is based on the instantaneous powers theory (p-
q theory) and the second technique is based on
ADALINE neural method. Simulations and experimental
tests are carried out in order to show the effectiveness and
the capability of each technique. The results demonstrate
that the ADALINE neural method is more efficient and
easy to implement.

2. PRINCIPLE oF SHUNT APF

The APF is a voltage source inverter connected to the
three-phase line through the inductor L (Fig.l1). This
inverter injects an appropriate current into the system to
compensate harmonics currents that are responsible for
power network pollution.

Non-linear load

Inverter

Fig.1. Principle of APF

3. INSTANTANEOUS POWER THEORY (p-¢ theory)

The instantancous power method (p-¢ theory) [1], [2] is
defined on the basis of the instantaneous values of voltage
and current waveforms in a three phase power system (Fig.
2).
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Fig.2. the instantaneous space vectors

Using the Clarke transformation, these three-phase
vectors are transformed to the orthogonal a, /3,0
coordinate system.
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Since the load is balanced, and there is no neutral line,
the system does not have a zero-sequence, Vv, and i, are

equal to zero and the system equations are simplified as
shown below:
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The conventional instantaneous power in a three-phase
system p and ¢ is based on the following equation:

P =V,l, Vi 5)
q =V,lz =V, 6)

Equations (5) and (6) are written in matrix form as
shown in equation (7).

|:pj| l:va vﬁ :| |:ia :|
q Vs Ve iﬂ (7
The currents can be deduced by:

iy | 1| Vo —Vg { p}

ig| Al vy v, q )
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The active and reactive powers as calculated from

equation (7) can be split into DC and AC components as
illustrated below:

727

Where, pand ¢ are the DC active and reactive

(10)

powers and p and ¢ are the AC active and reactive
powers. Two low-pass filters are needed to extract f?

and qN . If the system is designed to compensate



harmonics and reactive power drawn by the load, it is
necessary to eliminate the two components of

instantaneous reactive power (¢ anda ) as well as the

AC component of the instantaneous real power ( ]3 ).

The & and [ reference currents that are needed to

achieve the required compensation are calculated by the
following equations:

ia:-e_[ _ l Vo Vs i
e | A Vg v, | ld+9

The obtained three-phase harmonic currents that the
inverter has to inject into the supply are given by:
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If the system is unbalanced it is necessary to calculate
the direct voltage components. This can be achieved by a
conventional PLL, or a neural PLL [20]-[22], [24].

4. DIPHASE CURRENTS NEURAL METHOD

Diphase currents neural method introduced in [8] is
simple with a linear approach based on the ADALINE
Neural Network. This method works in the DQ-space and
can be easily implemented.

A. ADALINE neural network algorithm

The ADALINE neural network [18], [19], is a linear
combiner that uses the LMS algorithm for its operation.

Figure 3 shows the structure of the ADALINE where X

is an input vector with n dimension and w is the weight
vector. The output of the ADALINE can be calculated for

any input X, as presented below:
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Fig.3. Basic architecture of ADALINE neural network

y= Zn:x(i)w(i) =x"w

(13)

B. Learning rules

Widrow proposed the LMS (least mean square)
algorithm, which has been extensively applied in adaptive
signal processing and adaptive control [23].

The g LMS algorithm is structured as follows:

1: Initialise weights and learning rate u

2: Present new inputs and desired output (d) of the
neuron.

3: Calculate the output (y) according to the equation (13)
4: Calculate the error: 5 =g — (14)

5: Update weights, at simple time k according to the
equation below:

Wk +1) = W (k) + pu(d, — y,)x(k) » (15)
Whered , the desired output, and p (0 < u<1)is

the learning rate.

The weights of the Adaline (w;) are enforced to converge
to the values representing real harmonics content in
power distribution network.

C. Diphase harmonics currents extraction

The Diphase Current Method works in the DQ-space
and provides an excellent dynamic response for the
online identification of fluctuating harmonics. If the
system is unbalanced, the direct angle 6, must be
calculated. This can be achieved by a conventional or a
neural PLL method.

According to Fourier series, the three-phase load currents
can be expressed as:

i cos(mt— al) N cos(nwt— a, )

a
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ire cos(wt— a1+277 cos(nwt—a +2%

This load current can be written in the DQ-space with
i, and i, by applying respectively the Clarke
transformation 777 and Park transformation with an
angle of (— rt ):
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Then, the diphase currents can be expressed in Fourier

series as:
3 cos((n Dot—a )]
211 sin((n-1)ot-c ) (20)

[cos(cr1 )
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These currents can be decomposed into two components:

- The continuous components
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- The alternative components
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Two ADALINE are used to learn the two linear
expression shown in equanon (20) and to estimate the DC

components, 1, D ande, of the instantaneous DQ -

currents.

The resulting diphase harmonics currents are given by
(23).

Z) =ip —ip (23)

o =1 — 1o

These currents are written in three-phase system by
applying successively transformation matrixes, P(wt) and
T;; .This enables computing reference currents to be
injected in the power system
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With space vector notation:
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in (1) =W, X () (26)

and
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The Currents decomposition and learning process are
represented in Figure 4.
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Fig.4. Diphase method current principle
5. COMPARATIVE RESULTS

A. Implementation consideration

In order to compare the p-g theory method with the
diphase currents method mentioned in sections 3 and 4
respectively, different implementation aspects have to be
considered.

Table 1 gives an idea of the capability and the complexity
associated to each method. It can be seen that the
instantaneous power method needs two low pass filters, a
PLL to compute the direct voltage component and

requires current and voltage af3 -space transformation.

The diphase current method needs two ADALINE for
harmonics currents extraction and a Park’s current
transformation. The objective can be harmonic currents
compensation, reactive power compensation and power
factor correction.

Table.1. RESULTS OF METHODS COMPARISON

Identification Direct components | Referential Harmonics Reactive  power | Valid for Harmonic extraction
Methods required required compensation compensation tri /single-phase method
system
P-Q Theor > Three phase Two LPF
Q Theory ‘a ap P.q 1 P
Diphase currents T . Three phase Two Adalines
P - dq 1 D> ZQ 1 0 P




B. Simulation results

Computer simulations with Matlab/Simulink are carried
out to validate the performance of the new approach
under industrial operating condition. We use the system
parameters given in table 2. The system is supplied from
a balanced three-phase voltage sources feeding a three-
phase diode bridge rectifier with inductive load.

Table.2. System parameters

Utility source Voltage (line -to-neutral) 45V
Frequency 50Hz
Source resistance 0.1Q
Source inductance 1 mH

Non-linear load Load inductance 100 mH
Load resistance 100 Q

Active Power filter ~ APF inductance 3mH
APF capacitance 400uF

The reference current extracted by the neural method
called the diphase current as shown in the Figure 7. It is
similar to that identified by the conventional p-¢g theory,
method based on the instantaneous powers with a time
response of 10 ms (Fig.6). The harmonic currents
considered on the inputs of the two ADALINE for
Diphase Current Method are the 5", 7, 11", 13th, 17",
and 19",

Figure 5.a and Figure 11.a show that the line current from
the load side has the classical quasi-square wave shape
before compensation. The THDI is reduced from 27.91%
(Fig.5.b) to 4.97% (Fig.8.b) for instantaneous power
extraction and to 4.48% (Fig.9.b) for diphase currents
method based on neural approach.
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C. Experimental results
In order to validate the simulated results, experimental
tests in real time with a dSPACE Board were carried out.
The system is supplied from a balanced three-phase
voltage sources feeding a controlled three-phase bridge
rectifier (0=0°) with inductive load. The system
parameters are illustrated in table 2; the two methods
have been implemented on a dSPACE Board (DS1104)
as shown in Figure 10. For fast response and in order to
obtain the convergence of the LMS algorithm, the
learning rate has been tested and chosen equal to 0.01.
This value is motivated by several tests and the input
types of the ADALINE witch are the cosine and sine
(they vary between -1 to +1). In this application, the
program of the neural networks is written in C*" code.
The Current and voltage sensors have a reduction factor
equal to 10. Therefore, real current and voltage
measurement are 10 times greater than the values taken
during simulation and experimentation.
The experimental results obtained by neural extraction
method presented in Figure 12.c shows a great efficiency
in harmonic identification compared to the results of p, g

theory method illustrated in Figure 11.e.

20



The waveforms of the estimate direct load current

(Fig.12.a (\)) and quadrate (Fig.12.b (_)) load current, are
similar to the real direct load current (Fig.12.a ( )) and
quadrature load current (Fig. 12.b ( )), from which it can
be deduced that the LMS algorithm converge.
It can be seen that it is possible to estimate the 7"
harmonic current, as shown in Figure 13, the 5™ harmonic
current Figure 14, and all harmonic currents considered in
the inputs of the two ADALINE.
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The waveform of the fundamental load current deduced
with p-q theory (Fig. 11.e ()) is affected by the bad wave
form of the voltage supply when the experience is carried
out. Then, it is necessary to calculate the direct voltage



components with a phase looked loop before calculate the
reference current.

6. CONCLUSION

The

results obtained by the two harmonic extraction

methods prove that accurate harmonic current extraction
is obtained when the diphase current neural method is
used. It can be also noted that the approach is different
and the following conclusions can be drawn:

If the system is unbalanced it is necessary to
calculate the direct voltage components for the p-g
theory.

The neural method can estimate the harmonic terms
individually, and realize a selective compensation.

In real time implementations, the neural method is
the most suitable technique because its algorithm can
be converted easily to another programming
language, such as C'" or JAVA. The convergence
can be obtained by testing the learning rate
algorithm.

The architecture of the ADALINE enables the

studied method to be easily implemented in real-time
applications.
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