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ABSTRACT

In this paper a method of controlling a single phase series active power filter is
proposed. In this method a total harmonic-current signal is detected, directly in veal
time, 28 a difference between the load curreni and its fundamental component.
Processing of this signa! is used in controlling the switching pattern of a compensating
voltage-fed PWM inverter. With this method, load harmonics can be compensated even
under frequency exeursions of the power system source. Theoretical analysis and
computed performance are corrcborated by experimental results of a laboratory
protetype.

KEYWORDS: Harmonic current compensation, Series active power filter, Single-phase
harmonic compensation. .

1- INTRODUCTION

The compensation for harmonic generated by power electronic equipment
becomes increasingly important as its use in industrial application is increasing.
Passive filter have been used for this purpose, however they have the
limitations of being subjected to detuning due to variations in the source
frequency, impedance and/or filter parameters. They also can be bulky, costly
and may fall into series or parallel resonance with the source impedance. Due
to these limitations of passive filters, along with the remarkable progress in the
speed and capacity of semiconductor switching devices such as GTO thyristors
and IGBT’s , active filters have been introduced. Their basic principle were
proposed in the beginning of the 1970s, since then attention has been paid to
active filters {1-9].

Active filter have been classified from system configuration point of view
to shunt series, hybrid active and passive, and combination of shunt active and
series active filter [10]. They have, also, been classified from power circuits
viewpoint to a voltage-fed PWM inverter and a current-fed PWM inverter.
Almost all active filters, which have been put into practical applications, have
adopted the voltage-fed PWM inverter asthe power circuit. This is because
the voltage-fed PWM inverter is higher in efficiency and lower in initial costs
than the current-fed PWM inverter [9]. The shunt active flter injects a
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compensating current into the supply to cancel current harmonics, however the
series active filter injects compensating voltage, that is it has a dual relationship
with the shunt active filter [10].

The comspensating cusrent or voltage command is decided depending on
the control strategy employed. There are mainly two kind of control strategies,
one is based on the Fast Fourier Transform (FFT) in the frequency domain [7]
and the other is based on the instantaneous active and reactive power theory, or
the so-called “p-q theory”, in the time domain [11]. In the FFT method, two
FFT trausformations are needed which take about 80mS to complete [12].
Also, a nonsynchronous sampling error will be caused by a distorted voltage
signal. However in the method which is based on the p-q theory sophisticated
analogue circunits are adopted to implement real time harmonic detection of
distorted current in a three-phase circuit. In addition, it is not applicable to
single phase circuits.

This paper is conceined with a single phase series active power filter.
Several single phase control algorithms have been developed, but the
performance of some still to be improved. The half-cycle integration algorithm
has the inherent problem that it produces a large error when the load currents
contains even-order harmeonics [13]. The current-sampling detection algorithm
cannot compensate effectively as the load current is seriously distorted [14].
The performance of these two algorithms will be degraded under distorted
mains voltage. An algorithma for power factor and harmonic compensation
based on calculation of real part of the fundamental load current, has
considered the effect of distorted mains voltage [15]. However, it employs the
full-cycle integration algorithm to extract the real part of fundamental load
current which is subjected to large compensation error under variations of
mains frequency.

In this paper a straightforward approach for controlling an active power
filter te improve harmonic compensation accuracy under distorted and/or
frequency excursive mains voltage is presented. It is applied to a series active
power filter. In this approach a phase locked reference input is processed by an
adaptive switched capacitor filter to produce an output which equals the
fundamental signal of the distorted current input in amphitude and phase. This
output is subtracted fom the primary input to cancel its fundamental
component, consequently the output will be the sum of all harmonic current
signal. The magnitude and sign of this signal are used to control a voltage
source PWM inverter. This inverter feeds a current transformer whose primary
is connected in series with the mains line. Simulated performance ofthe
proposed approach as applied to a single phase thyristor controller harmonic
compensation is verified by experimental results.

2- CONCEPT CF THE PROPOSED METHOD

A controlled voliage source V. isinjected in series with a line feeding a
nounlinear load to circulate harmonic currents equal in magnitude and opposite
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in phase to thai originally generated by the load. This V. is obtained across the
primary of a current transformer CT whose secondary is fed from a controlled
voltage source PWM inverter as shown in Fig. 1. The switching instant of the
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Fig, I Cireuit configuration of the power and control systems.

inverier is controlled by the polarity and magnitude of the total harmonic
current signal i(t) in conjunction with a PWM control. This ix(t) can be
obtained considering, generally, a nonlinear load current signal i (t) represented
as,

i ()= i!n sin(na)t + 9") (N

n=l

where: I, and 0, represent the amplitude and the phase of the nth -order
harmonic load current without the active filter being in action. This current can
be subdivided into findamental and harmonic components as,
i) =1 sinwt+ 2.1, sin{nwt +8,) 2)
n=2
where I; is the peak value ofthe fundamental current signal. A reference
signal i(t), equal in magaitude and phase to the fundamental current signal, can
be generated, usimg an adaptive bandpass digital filter, which can be
represented by,
i(f)=1, snat (3)
The total harmonic current signal ix(t) can be obtained by subtracting i(t) signal
from 1,,(t) signal as shown in Fig. 2 which yields,
i, () =i (1)~ (1) 4
This ix(t} is amplified by a gain G and is inputted to the PWM controller as a
voitage reference. This reference is compared with a triangle-wave carrier to
produce the switching pattern.
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A harmonic equivalent circuit of the proposed system is shown in Fig. 3.
It is asswmed that ihe active filter is represented by a controllable harmonic
voltage source V. and Z, is the source impedance. The nonlinear _Ioad can be
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Fig, 3 Harmonic equivelant circuit of the proposed system.

represented as given in reference [16] by an effective complex impedance Z; in
parallel with a harmounic current source I, The residual load harmonic current
Iy after compensation can be determined by superposition as,

Vn =V
h ™ m +15 (5)
if the source ';foitage VY, is sinusoidal i.e V4,=0, Then,
l,=1,-V.I{Z+Z,) (0)
Ideally [, should be equal to zero ie,
[,=V.I(Z,+Z,) (7)

Description of the control and power circuit of the prototype which is
used to examine the proposed controlling approach is given in the subsequent
sections.

3- POWER CIRCUIT

Representation of the power circuit of the prototype is as shown in Fig.
1. In which a PWM inverter is inserted in series with the mains or load through
a current transformer CT. A capacitor C; is connected across the de side of the
PWM inverter. The capacitor voltage V is kept constant at 15Volts by
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connecting a diode reciifier on the dc side. The energy corresponding to the
switching and conducting losses in the inverter is supplied from this rectifier.
An L-C passive filter is connected at the output of the PWM inverter to
suppress switching ripples of voltage and currents generated by the inverter.
The filtering characteristics of this passive filter is substantially affected by the
series combination of the source and load impedances. The effect of these
impedances will be more pronounced for low ratio CT and low switching
frequency. The practical range ofthe switching frequency is usually low 2-3
KHz [8]. Design of this L-C filter cousidering the load and source impedances
is as given below.

3. 1 Design of the L-C Passive Filter

The equivalent circuit seen from the PWM inverter can be represented as
shown in Figs 4a & b. Z.isthe sum of Zg, Z;, and Z., which are seen from
the secondary of the CT and can be expressed as, ‘

b
Z,= V(2 +2,42,)+ 2, (8)
r
where Zup, and Zo. are priumary and secondary coil impedances,

cp

7
-& O turss ratio.

?Zp

The total impedance Z; seen by the mverter output voltage Vi shown in Fig.
4b, can be writien as,

Z,=2.+2,Z, [(Z,+Z,) : (9)
The harmonic current Tr(n) flows through Z., can be expressed in terms of the
ripple voltage Vi(n) as,

L () =V . (m)¥{(n) (10)
where 1/ Y(m)=2.(m)(Z(n)}+Z,(n))/Z (n) (11)

The impedance given by Eq. (11) should be low for all the range of harmonic
frequencies to be compensated for. However, it should be high beyond this
range fo atlenuate the ripple frequencies which are produced due to switching
of the PWM.
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Fig. 42 Kquivalent cireuit seen Fig. 4b Equivalent circuit seen
from the PWM inverter from the PWM inverter referred

to the secondary side of CT.



The resonance frequency ©,, terminating this range, can be obtained in terms of
the system and filter parameters substituting from Eqs. {(8) and (9) into (11) and
equating the imaginary part to zero yields,

L+l |
0, = |— L (12)
LegL,C

This resonance frequency must lie between an upper limit which is the
switching frequency and a lower limit equals to the highest harmonic frequency
to be compensated. An accurate value of ©, can be determined which provide
the minimmum total harmonic distortion. The percentage total harmonic
distortion (THD) can be written as,

et}

T%H)%:%QJ‘Z (ILp(m) = (ng/n)pe ()2 (13)

n=2
where Iii{n) and In{n}are the RMS of the harmonic current produced by the
load and active filter respectively.
Ir. is given by Eq. (10), ILu(n) is obtained from Eq. (15) which is given for the
specified R-L load fed by a thyristor controller. For a given value of C, Eq.
{12) is solved for L,. Substitute with this value of L, into Eqs. (11) and (10) to
obtain Ir.(n). Then substitute in Eq. (13) to calculate the THD for the specified
load current. These calculations are repeated for different values of o, The
resulis of calculations reveals the value of ©, at which the minimum THD
occurs as is shown in Fig. 4c. This value of o, is 2 n(600) rad/Sec is
considered for the L-C filter design which yielded C= 6pF and L,=1.2mH. The
corresponding frequency response piot of 1/Y is shown in Fig. 4d.
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current versus ©, after compensation. at minimum THD of load current.
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4~ CONTROL CIRCUIT

The centrol circuit is made up of two parts. The first is concerned with
the detection of harmonic signal ix(t) which requires the fundamental frequency
signal to be detected and subtracted from the total current signal i.(t). The
second is concemed with the PWM and steering circuits. These are described
in the two subsequent sections.

4.1 Harmonic Signal Detector

A circuit diagram of the hanmonic signal ix{t) detector is shown in Fig. 5.
In this figure, the input current signal i (t) is fed to the findamental frequency
component detector and to the noninverted terminal of a differential amplifier
A;.  The output i){t) of the fundamental component detector is fed to the
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Fig. 5 Circuit diagram of harmonic current signal detector.

inverted terminal of A;. Since i/(t) is a pure sinusoidal, the output iy(t) will be
composed of the sum of all harmonic components exist in the i (t).

The fundamental component detector is a bandpass second order digital
(Sampled data) filter of the type MF10. The center frequency of which is being
locked to the supply fundamental frequency fs. This locking is achieved by
making the ratio of the clock frequency fery of the MF10 to the input signal
frequency f to be always constant. This is realised by obtaining the fc x from a
phase locked loop PLL. The employed PLL cousists of a digital phase detector
and a voltage controlled oscillator fabricated in an integrated circuit chip 4040
CMOS, a low pass filter and a divide by N of 100 binary-counter {(two
cascaded 4040). The PLL is-set to provide the MF10 with fox= Nfs of 5KHz.
Determination of the value of the parameters, shown in Fig. 4, C;, C3, Ry, R
and R; ofthe PLL and Ry, Rq, Ry and R of the MF10 is based on the approach
of tuning and locking of the MF10 reported in reference [17].
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Combination of the MF10 with the PLL in the described way, makes the
MF10 works as an adaptive bandpass digital filter, The filtering characteristics
of which will be fixed regardless of fs variations. This can be explained with
reference to Fig. 6. If fswas varied from 50 to 100Hz with f; x had been kept
constant at SKHz the attenuation characteristics would have been changed
from curve a2 to that given by curve b and the corresponding phase curves
changed from dtoe. It can be seen that at, for example, the second harmonic
corresponding to both cases (i.e [00 and 200Hz) the attenuations would vary
from -34 to -48dB and the phase angle vary from -2.8 to 3.1 rad. In order to
have the same characteristics (-34dB, -2.8rad), the filter must be redesigned at
the new center frequency (100Hz). However if fo x was varied from 5 to 10
KHz corresponding to variation of fs from 50 to 100Hz, as in the case with the
proposed adaptive bandpass filter, the characteristics would be as shown by
curves ¢ and £ In these curves filter parameters and hence the filtering
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Fig. 6 Frequency response of the bandpass digital filter:
- conventional filter (a to b), - adaptive filter (a to ¢).

characteristics, at the new adopted center frequency (f=100), will not be
changed from the case of curve a. Where the attenuation and phase are -34dB
and -2.8 rad respectively for the second harmeonic of both cases. This signifies
an adaptive fltering characteristics which is essential in detecting the
fundamental frequency signal under distorted and frequency excursive input
current signal.

4.2 PWM and Steering Circuit

In Fig. 7, the signal i,{t) is compared with a triangular carrier wave of 3.5
KHz (fixed frequency). Using an op. amp comparator A, The output of
A; which is a PWM signal is made available at the input of And gates G, and
G;. The positive and negative polarities of iy(t) are detected by Ay and A;
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respectively.  Ifiy{t} is positive G, will be enabled and releases the PWM signal
to be ampilified through pulse amplifier, fed via an optocoupler from a
darlington transistor array inverter ULN2003A, in order to trigger both
transistors Ty and T4 of the power inverter. However, if ii(t) i8 negative G, will
be enabled and releases the PWM signal to trigger trausistors T, and Ts.
Output of the inverter is injected to the load circuit and is effectively subtracted
from the originally existed harmonics. The level of harmonic compensation
achieved can be assessed via system simulation.

P AN 1 1K
-E::mpbz;wz -
ULN2003
2
AT i3
.. iaveter
J'\.'. iK vl
fem3.5 {2 W ——-—l}ﬁ
2c(t} Comparmtor
f-ﬂv
Fig,7 PWM and steering circuit,
5- SYSTEM SIMULATION

5.1 Load Simulatien

An R-L load of R= 600 and L= 64mH fed from a source of 150V, 50Hz
and mductance Ls= 0.023mH, through a full wave thyristor controller is
considered.  The firing angle o of the controller was set to 33° The
corresponding joad curremt can Dbe determined, wp to the 9th harmonic
component, by Fourier series as,

i, (£) = 3548 sin{wr — 18.85°) + 0.2908 sin(3eor ~ 1125°)
+0.198sin(5wf — 70.8°) + 0.125sin( 7wt - 127.5°)
+0.0743 sin{ 9wt — 5.5°) (14)

The thyristor controller together with the R-L load can be represented,
for a sinusoidal source voltage, based on the method reported in reference {161,
by an impedance £ = 59.92+ j2nf *0.064€2 in parallel with a current source
iy, where,
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i, (£) = 02908 sin{3wr — 1125°) + 0.198 sin(5et — 70.89°)
+0.125sin(Tat — 127.5° ) + 0.0743 sin(9wt — 5.5°) (15)

5.2 Contrel System Simulation

The trangular carrier wave ec(t) of the PWM can be expressed by
Fourier analysis as,
8k, & 1
ec{f)= cz Z —5 (-1 ? sinnw.t (16)
g mel3s.

(-1}

where Ec is the peak value of the triangular wave and «c is its angular
frequency. The signal iy(t) is given by the harmouic terms of Eq. (14) scaled by
transducer constant K and harmonic detector gain G, to yield the modulating
signal. The maximum value Es of this modulating signal is adjusted, via the
loop gain, to be equal to Ec. That is to have a modulation degree M= Eg/Ec=1.
Comparing ec(t) with i,(t) vields the switching pattern and inverter output vi{t)
as,

ve{t)y=+V, Jor e (1)<, (60
= Jor e (1} )i, (1) 0
==V Jor e (1) 21,(t) (0
=0 Jor  ent) (ip(1) {0 (17)

Generally, vi{t) will be a nonperiodic PWM function. It is injected into the
combination of the passive L-~C filter in parallel with equivalent impedance of
the system and load as shown by the equivalent circuit of Fig. 4b. The
equations describing the action of the active filter with the system and load can
be written in the state space form as,

A R yL, i, | [L/Lﬂ
5 i‘w‘f = 0 _Feq/Leq VL, {:’ﬁ J+l- 0 Jv,, (18)
Vel |y -yc 0

H
where iFe(t)mfim(z‘), 1= 3.50Q, L=0.012H, 1.,~241.8Q, L.;=0.396H, and

C=6pF.

In order to account for the inclusion of supply frequency variations, the
term ot in Eq. (14) is replaced by w(r—¢,)+05r(t—1,)*. Where tois the
instant on wave at which frequency start to increase, and r is the rate of change
of the angular frequency in rad/ Sec .

6-RESULTS

Equations (17), and (18) were solved for ir(t) using Runge Kutta routine.

The values of the parameters adopted were those used for the experimental

prototype, which are listed in the Appendix. At each sample ig(t) was obtained
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and subtracted from 3(t). The resulied current ipu(t) is plotted as shown in
Fig.8-a before and afier compensation. The corresponding frequency spectrum
is shown in Fig. 8-b. It can be observed from these figures that there is a
substantial effect of the series active filter in reducing the contents of the line
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Fig. & Simulation results before and after compensation:
a- current waveforms, b- frequency spectrum of load current.

cwrrent harmonics produced by load.  This result has been confirmed by the
resulis obtained experimentally from the prototype as shown by the wave
analyser traces of Figs. 9a, and b.

The response of the active filter for supply frequency variations was
examined by imposing a rate of increase in the angular frequency by
650rad/Sec *, in the supply current frequency. The result is shown in

50mS/div
(a) - (b}

. IR
fig. 9 Frequency spectrum and load curvent.waveform:
a- before compensation b- after compensation.

Fig.10, the frequency is increased from 50 to 62Hzin 0.225S, in which the
capability of the proposed controlling method to compensate the load
harmogics under frequency variation is therefore illustrated. :
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The transient response of the prototype was examined experimentally by
the application of a sudden increase of about 100% in load current. The result
is shown by the oscilloscope traces of Fig. 11. This shows the capability of the

8a/div | i

ﬂ/‘\f\(\ﬂ/\/\!\/\f\ﬁ{\ﬂ
\}V\)NU\AUUUEUV\

HUTHS \rﬂx“f A v‘.v'\j\ UWWMM

Fig. 10 Current waveforms before and Fig, 11 Current waveforms with and
after compensation for frequency increase © without compensation for sudden incr-

from 50 to 62Hz in 0.225 § { 650 rad/Sec’).  ease of the load current of about 100%.

proposed controlling method in providing a full harmonic compensation within
one cycle time. This response time is regarded as an improvement, as far as
single phase active filters are concerned over other algorithms which have been
reporied [15].

7. CONCLUSIONS

A straightforward method for controfling a single phase series active power filter
for:load current hiarmenjc compensation has been presented. In this method, total

harmenic eurrent signal . -has been detected by canceling the fundamental frequency

compenent using an mtegrated circuit band- -pass switched capaciior filter. The center
frequency of this filter has been locked to supply frequency via a phase locked loop.
The detector has performed effectively as an auto adaptive notch filter. The switching
ripple passive L-C filter parameters has been correlated with the system and foad
impedances based oh minimizing the net harmonic current distortion. The presented
approach can be applied to any active filter, series or paraliel with distorted and/or
frequency excursive supply voltage. = Simulation results and experimental tests
condiucted on  a prototype validate the principle of the proposed . approach. An
important application of preposed controlling technique using only a single phase series
activé.'power filter will be in canceling the common mode frequencies (zero sequence
currents) from the 3-phase lines by feeding the PWM with the sum of the 3-phase lne

currents.
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Appendix
Vatues of the parameters used for the simulation and experimental prototype are as

given below:

- Switching ripple passive filter : capacitor C= 6uF, inductance L= 0.012H and resistance
= 3.502,

- CT ! turns ratio = 2 | primary coil inductance Loy 0.014H and resistance rq,= 0.602.
secondary ceil inductance L.~ 0.007H and resistance .= 0.3

- Source inductance L~ .01 194H.

- PWM inverter : MOSFETs T, toT4 are IRF531 of rating 300VA.

- Capacitor C; =2200 uF.

- Diode rectifier bridge of rating 100VA.
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