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ABSTRACT

An advanced active power filter for the compensation of nstantancous harmonic current components 1 nonlimear

current load 1s presented i this paper A novel signal processing technique using an adaptive neural network algonthm 1s

applied for the detection of harmonic components generated by three-phase nonlinear current loads and this method can

efficiently determine the mstantaneous harmonic components m real time The control strategy of the switching signals to

compensate current harmonies of the three-phase inverter s also discussed and 1ts switching signals are generated with the

space voltage vector modulation scheme. The validity of this active filtering processing system to compensate current

harmonics 18 substantiated on the basis of stmulation results
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1. Introduction

Current harmonics generated by nonlinear loads such as
switching power factor correction converter, converter for
varlable speed AC motot drives and HVDC systems arc
causing widespread concern to the power system
engieers and have attracted special mterest. These
harmontes interfere with sensitive electronic devices and
cause undesired power losses m electrical equipment.
Harmonics cause an array of problems such as equipment
overheating, machine vibration, motor faillures, capacitor
fuse blowmg, excessive neutral currents and maccurate
power metering and so forth To obtam clean power and
avoud unwanted power losses, 1t 1s a prerequisite to
compensate the harmonic current components and active
power filters (APFs)™Y have been an effective way for

Manuseript recerved August 20, 2001, revised November 27,

2001

Corresponding Author zaman@pe-news| eee yamaguchi-

w.ac,)p, Tel. +81-836-85-9472, Fax: +81-836-85-9472

Copyright (C) 2003 NuriMedia Co., Ltd.

compensating harmonic current components m nonlinear
loads.

Actrve power filters have been widely used due to the
recent advancement 1 power semiconductor device
technology that makes high-speed, high-power switching
devices such as power MOSFETs, MCTs, 1GBTs, IGCTs,
IEGTs etec avalable for the harmonic current
compensation Active power filters basically work by
detecting the harmonic components from the distorted
signals and mjecting these harmonic current components
with a current of the same magmtude but opposite phase
n the power system to eliminate these current harmonics
In the active power filter depicted 1n Fig 1, the load
current, ¢, drawn by the nonlmear current source diode
rectifier load is sensed by the current transformer (CT) and
18 sent to the harmonic separator. After detecting the
mverse of the total harmonic current component 7., a
current controlled three-phase voltage source mverter 1s
used to generate the compensating current 7, and 18
mjected mto the utility power source grid This cancels the
harmonic components drawn by the nonlinear load and
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Fig. 1. Schematic representation of active power filter

keeps the utility Ime current, i; smusoidal. A variety of
methods are used for wstantaneous current harmonics
detection m an active power filter such as the FFT (Fast
Fourier Transform)®, instantaneous p-q theory
synchronous d-q reference frame theory ™ or by using
suitable analog or digital electromc filters * separating
successive harmonic components. In the FFT technique,
the harmonic current determination is delayed by more
than two cycles of the operating waveform, one cycle for
the data and another cycle for analysis of the data, mn order
to determine the harmonic components. In the case of
harmonic current determination by digital filter, a cascade
structure of the bi-quadratic notch filters 1s necessary
method
implementation difficalt, Other harmome current detection

which makes the complicated and 1ts
methods mentioned above have thewr own downsides and
upsides. The disadvantage of synchronous reference frame
theory 1s that 1t can not compensate for the reactive power
Instantaneous p-q theory can determine the harmonic
current components under balanced load conditions only.
In this paper, the harmonic current separation done by
the adaptive ncural network method ! is presented which
can determine magnitude and phase of fundamental and
each of the harmonic current compenents from which the
resultant of harmonic components can be separated. It 15
noted that harmoenic current detection is done in one ¢ycle
of the fundamental period. The role of the estimating
system is contmuously to track the harmonics of the load
to the
compensatg devices The adaptive neural network based

curtent and to transfer this formation
signal processing technique is applied for the estimation of
harmonic current components 1n real time m a typical

nonlinear three-phase diode bridge rectifier inductive load.
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The compensating current generation is achieved with a
space vector modulated three-phase current controlled
filter
implementation is verified through computer aided

voltage sourcc mverter The active power
simulations. The DC side voltage of the inverter should be
kept controlled for perfect generation of the compensating
current and the method to control the DC side voltage of

the inverter 1s also discussed 1n this paper

2. Principle of harmonic estimation by
adaptive neural network

A three-phase six-pulse diode bridge rectifier generates
harmonic currents 1n the order which is given by

n=6r+l (1)

where, # is the order of the current harmome and # 1s an

mteger [, 2, 3, ., R In general, the load current mn a

current source three-phase bridge-rectifier can be
expressed as '
N

)= N xscosim—y,) 2)

1=1,5,7.11

where, X, is the magnitude and y; 1s the phase of the Ith
harmomic component (/=1, 3, 7, 1/, .., N) and @ 15 the
fundamental angular frequency.

Equation (2) can be written as,

N
b (A, coslof +B,sin lcot) 3)
1,57,

«t)=

where, A=Xcosy; and B=Xsiny; Magnmitude and phase
of cach harmonic can be determined as follows:

X = 4i+ B} ©
Wy = arctan(l%l) (5)

The eqn. (3) can be rewritten as:

x(t)= 4 coswr + B sinwt

g A(6jil)cos(6ji‘l)a)t

6
7=1 +B(6ji1)sm(6ji1)a)t ©
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where,j=1, 2, 3, .., R and N=6R+l.

In generic neural network, there are two mam process
mvolved- traming and testing. In the tramning process, the
network 1s tramed with sutable inputs and output patterns
so that the outputs of the neural network approximate the
target values for vanous input traming patierns 1n the
traiming set In the testing process, the performance of the
nctwork 18 verified by using the input data outside the
traming set. However, mn this paper, nstead of training the
network, we use the basic principle of neural networks,
that 15 the objective function, to determine adaptively the
fundamental and the harmonic components of the distorted
load current

In an adaptive estimation of harmonic current
components by neural networks, the load current 1s
sampled uniformly and one sample 1s taken at a time. The
sampled values are used to determine the magnitude and
phase of the fundamental
components through the adaptive neural circuit. The

and harmonic current
objective function of the neural network is used to
minimize the error that 1s the difference between the
measured samples of the load current ), at time #, (as
shown in Fig. 2 and output of the neural circuit generated
mn an adaptive way. In this method, one sample 1s taken
and the
components are determined through the neural circuit and

corresponding harmonic and fundamental

then sent back. These values are used for calculation when
the next sample 1s taken In this fashion, the harmonic
current components can be determmed within one time
period of the fundamental component., The instantancous
mean squared error at the kth iteration 18 then described on

the basis of the objective function '

&, =050, ) - au] (7)
or
A coswt,
= cos(6j+1)wt
‘-‘E" 05 +8, sma)tk+i A ( j_ ) f -d.
|+ B, S (67 L),

(8

Since @ is known and the time instant # 15 fixed, the

terms cos{(6i£1) wt, and sin(ty£! }ot, form the coefficients
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Fig. 2. Sampling of the distorted load current for harmonic
current determiation

of unknown variables 4 +) and B;.;) and can be denoted
by vector notation at the kth iteration as:

i1

Xk:[Al!Bl’AssBssATsB?’ sANsBN] )]

And the mput pattern denoted by ¥;1s given by~

[ cosar, |
smar,
cosdart,
s St
cos Tax,,
Yi =| sin 7wt (10)

cos Nt

| sm Nat, |
Eq (7) can be represented m quadratic form by [12]:
£, :o.s(d,‘i—zde;XH)(;YkY;Xk) (11}

Accordmmg to the neural network principle U ™ the
optimum pomt of the objective function eq. (7)
corresponds to the steady state solution of the differential
equation,

dx,

o =—-KA¢&, (12)

where, K denotes the constant of mtegration and

AL, :[é'éfk 85, 88, 8¢,

O 0% ] (13)
S 468 O As O Bs

O An O By
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A coswt, + B sinowf,

)
5ik = +i A(ﬁm)cos(@il)wtk d, COS(M)H)
! +B s,y St (67 1) 01,

J=1

(14)
A cosawt, + Bsinwi,
) ,
%: L& A(sjil)COS(ﬁjﬂ)wﬁ sin(ley, )
5=l +B(6Ji1)sm(6jil)fol‘k
(15)

From Egs. (9), (12} and (14)

Al cos a)rk + B1 sin wtk

A4=—K| L& {A(@il)cos(wil)wtk }_ cos(lmy, )t
k

so1| 7B(6;+nsm{6] L),

(16)
From Egs (9), (12) and (15)

4 cosar, + B st
B =K L2 A(6 +1ycos(67 £1)wr, 4 sm(lay, )di
= +B(6Jﬂ)sm (6] il)a)kl‘ k

)

The neural circuit implementation for the determination
of the values of 4, and B, (I=1, 5, 7, 11,13, , N}
according to eqns (16) and (17) 1s represented m Fig 3
Then, the magnitude and the phase of the fundamental and
harmonic current components can be obtamned by applying
eqn {4)and (5)

In short, the adaptive neural network methods of
harmonic detection can be summarized as

a Setting the value of constant of integration, K
b Setting all 4; and B, values 1o zero

c. Sampling of the load current uniformly and getting
sample value 4}, at time 7

d Determnation of the values of 4; and B, according to
Eqgs. (16) and {17)

¢ Takimng the next sampled value

f. Contimuation of steps d and e for one complete cycle
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Fig 3 Neural circuit for adaptive estimation of 4; and B, (I=1, 5,
7, 14,13, ,N)

3. Complete APF operation

3.1 System Description

The complete active power filter operation 15 illustrated
in Fig 4 with the DC side voltage control of the 3-phase
current controlled voltage source type mverter and the
generation of compensating current with space voltage
vector modulation technique In Fig. 4, the adaptive neural
nelwork method determines the fundamental components
(14 13, and 1) of the nonlinear load currents (1, 1, and ¢)
and the fundamental componenis are subtracted from the
load currents to get the harmonic components (1., iy, and
ey The total harmonic current present in the load 1s
computed by subtiacting the fundamental component from
the load current and not from the summation of the
harmonie current components The reason for this 1s that
not all harmonics present in the load current are computed
by the adaptive neural network method and only up to 25"
harmonic current components are computed by this
mcthod The harmonic current components are converted
to the dq axis components (i, and z;) through abe-dg
phase transformation And these d-q axis components
(with modified direct axis component for keeping the
mverter DC side voltage constant) together with the vatues
of the dq transformed supply voltages and dq transformed
mverter phase voltages are applied for the calculation of
the command wvoltage vector digitally From these
command voltages through Space vector modulation
technique, the gating signals of the three-phase voltage
source mverter for generating compensating currents are
determined and appled to the inverter through 1ts gate
drive circunt.
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Fig 4 Control circurt for reference voltage with harmonic detection process

3.2 DC side voltage control

The DC side voltage of the space voltage vector
modulated voltage source mverter should be controlled
and kept at a constant value to mamntamn the normal
operation of the mverter Because there 1s an energy loss
due to conduction and switching power losses associated
with the diodes and IGBTs of the inverter in APF which
tend to reduce the value of Vdc across capacitor Cde A
feedback voltage control circuit needs to be mcorporated
mto the inverter for this reason The difference between
the reference value, Vref and the feedback value, Vdc first
passes a PI (Proportional Integral) controller and the
output of the PI controller 1s subtracted from the direct
axis value of the harmonic current components Therefore,
additional fundamental components are added to the load
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harmonic currents Eventually when the three-phase
voltage source mverter 1s producimg the required harmonic
current, additional fundamental current component 1s
provided. The fundamental current mteracts with the
fundamental source current and can then control the
energy flow of the inverter to maintain the value of the DC

side voltage of inverter constant.

3.3 Generation of space vector modulation
{SVM) signal
The switching signals for the voltage source mverter are
generated by applymng space voltage vector modulation
scheme to produce the total compensating currents The
switching signals are used to control the gating of the
voltage-fed three-phase mverter that n turn produces a
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Fig 5 (a) Voltage space vectors m a complex d-q plane, (b)
Gating signals durimg one samplhing pertod 1n sector [

three-phase voltage output The voltage 15 apphed across

the njection inductor, which through the use of
differential equation determunes the current flowmg
through the mductor

Any set of three-phase quantities that add up to zero in

the a-b-¢ coordnate ([x]abc=[xaxbxr,]’) can be

represented by two-dimensional complex spacel'™. The

resulting vector 1 complex notation [X =[x]dq) 18
presented by:

xﬂ
b (18)

[

x| [1 =12 -1/2
= X
x| |0 V32 -\B3f2 .
The switching states 1n a three-phase voltage source
type mverter results m s1x non-zero space voltage vectors
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(Vy, =1, 2,..., 6) formmg an hexagon centered at the
origin of the d-q coordinate plane, and the remaning two
zero voltage space vectors (Vp, V7 are located at the
ongin of the d-g plane. The cight space voltage vectors
and the corresponding hexagon are iltustrated m Fig 5 (a).

When the reference vector 1s in region I, two non-zero
vectors ¥y, ¥, and erther ¥ or V7 are applied. The duty
cycles T, and T, of two space vectors and 7 of the

zero vector are specified by %),

T,=Msmn(60—g,)T (19)
Tr=M sm( ,)T 20
To=T-Ta Tp (2D

where, T1s the cycle period, M 1s the modulation mdex
and @, 1s the angle between reference vector and the

nearest clockwise state vector The voltage wvector
distribution used n this paper 1s by far the most prevalent
because of 1ts harmomc advantage and low switching loss
production and 15 depicted in Fig. 5(b)} during one

sampling pertod n the sector 1

4. Simulation Results and Discussions

The harmonic current compensation by the active power
filtering 18 implemented mn a three-phase power system
with the utility power supply voltage of 200 V and current
source lype three-phase diode-brnidge rectifier with
inductive load as the harmonic current compensation
object. The network

implemented using a programmung language but n

adaptive neural cireut 1§
practical case it can be implemented through digital signal
processing

Since the method for the fundamental and harmonic
current component detection 15 adaptive and sampled
values arc used, the samphng frequency is an important
factor in determiming the harmomic current components.
As mentioned earler, the harmonic current components
can be determined in one fundamental period and that 1s
illustrated in Fig. 6. This figure shows the adaptive
determination of magmtude of the fundamental and the
7th order harmome current components
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Fig 6 Adaptive estimation of (a) the magmtude and (b) 7
harmomc component of the load current 1n phase a when the

sampling frequency 1s 9 kHz.

The values of the fundamental and the harmonic current
components arc constant after one cycle which
substantiates our supposition that harmonic currents can
be determuned m one cycle of the fundamental period and
whatever the mitial values of the harmonic current
components are assigned, the adaptive method can
determuine the magnitude and the phase of harmomc
current components as well as the total compensating
current accurately and in an adaptive fashion. In this case,
the sampling frequency used was 9 kHz and the value of
the constant of mtegration, K was 0.0125 m the simulation
The sampling frequency that i1s the total number of
samples, plays an important role m determining the
harmonic current components in a nonlinear load and this
effect is shown in Fig. 7 where the sampling frequency 1s
6 kHz In this case, the 7" harmonic component magmtude
fluctuate slightly even after one cycle period and the Total
Harmonic Distortion (THD) after harmonic compensation
1 the load current is approximately one percent more than
when the frequency 18 9 kHz Sampling frequencies are
varied to observe the performance of adaptive neural
network on determiming the harmonic components and the
sampling frequency that provides mimmum THD 1s
chosen m this paper. Therefore, the sampling frequency
should be chosen such that it can perfectly estimate the

compensating current.

The design specifications and the circuit parameters

wsed in the simulation are indicated m Table 1
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Fig 7 Adaptive eshmation of (a) the magnitude and (b) 7"

harmomic component of the load current 1 phase a. when the
sampling frequency 15 6 kHz

Table | Design specifications and circuit parameters

Sampling frequency 9 kHz
Switching frequency 12 kHz
Fundamental frequency 60 Hz
AC supply voltage 200 V [RMS]
Inverter DC voltage, V. 350V
Rectifier load inductance, L, 15 uH
Rectifier load resistance, Ry, 130
Rectifier side inductance, L 1 84 mH
Inverter side imjection inductance, L, { 0.01 H
Partial gain of PI controller, Kp 4.9
Integral gain of PI controller, K| 0.9
Inverter DC side capacitance, Cy, 5000 pF

The distorted load current waveform wn phase a 1s
shown in Fig. 8(b) The compensating current waveform
estimated by the proposed adaptive neural network n
phase a 1s illustrated 1n Fig. 8(c) and demonstrates that the
adaptive neural network method can exactly keep track of
the harmonic current components The compensating
current generated by three-phase current conirolled
voltage source mverter is also llustrated m Fig. 8(d) The
utility power soutce current after the harmonic
compensation 18 illustrated m Fig. 8(e). From the
waveform of the source current after the compensation 1t
can be stated that the source current 1s sinusoidal and
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Fig 8 Operating waveforms of (a) Supply voltage, (b) Load
and (c) Compensating (d) Generated
compensating current and (e) supply current after harmonic

current current,

compensation 1n phase a

mstantaneous harmonic currents are compensated quite
accurately The THD (Total Harmonic Distortion) 18 also
computed 1n load current as well as in supply current The
THD 1s 23 34% before harmonic compensation in load
current and 5.64% 1n supply current after harmonic current
compensation that 1s within the specified limit of the
harmonic standard regulated by IEEE. The DC side
voltage of the inverter 1s represented in Fig 9 and 1s
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almost constant with a little deviation This 1s due to the
fact that extra dc component 1s required to overcome the
losses associated with APF swiiches

The average switching frequency of the mverter 1s
12 kHz and thus theoretically it can
compensate up to 200th harmonic current components. A

selected as

delay of 2 us 1s added n the switching signal to ensure
that both the active power switches 1n each inverter bridge
leg are not switched on simultaneously

Invatersade
DCvoliage ()

H
}
I

L L
00z 004 006
e (seu)

Fig 9 Inverter side DC voltage ac10ss Cy,

5. Transient Response of APF

In order to obtamn the best performance from the APF,
the system 1s iested m the steady state as well as n the
transient conditions. For this reason, the parameters of the
nonlinear load are changed from one value to another Fig.
10 1llustrates the transient response of the nonhnear load
when the load 1s changed to the value of R=26.5 ) and
L=4 5mH and from this figure 1t 18 seen that the supply
current changes with the change in load current The
transition of the load current at time 0 0667 sec 18 smooth
between two consecutive time nstants and the adaptive
neural network method can effectively keep track of this
change m the load current as can be seen from the
waveform of the compensating current shown i Fig
10{(b) The generation of compensating current by the
SVM controlled three-phase voltage source mverter 1s
shown 1 Fig 10(c} and 1t illustrates the performance of
the voltage source mverter. The supply current as shown
in Fig 10(d) 1s also smusoidal after the change in load
current that means that the active power filter system’s
performance 1s up to the mark mn transient condition But
there 13 one drawback of this method with the transient
response, that 1s, we have to wart for one fundamental
cycle as the adaptive neural network method requires one
cycle of the fundamental period to detcrmine the harmonic

current
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Fig 11 DC voltage across Cy. during stcady-state and transient
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The DC side voltage waveform across the capacrtor of
the mverter m the transient as well as steady state
condition 1s also shown i Fig 11 and 1s fairly constant
around 350 V.
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6. Conclusions

The advanced APF with adaptive neural network
scheme presented in this paper for the compensation of
harmonic current components in non-lmear load was
effective for harmomc 1solation and keeping the utility
supply line current sinusoidal The method used to control
the DC side voltage of the three-phase mverter was
capable of mantaining the voltage constant The adaptive
neural network current detecting scheme could determine
the current harmonic components effectively and
accurately and could compensate the harmonic currents 1n
real time, The validity of this parallel active filtering
techmque m order to compensate current harmonic
components was proved on the basis of simulation results

Because of the magnitude and phase determmation by
this adaptive neural network method, 1t can also be

uplemented for power factor correction 1n nonlinear load
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