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Abstract- This paper presents a simplified control method {or three-phase active
power filier by calculating the required reactive and harmonics current of the load. The
active power filter needs this current to correct the power factor and climinate the
generated harmonics by nonlinear loads. This method has the advantages of using only
one current sensor and effectiveness in achieving the required compensation

. characteristics. The proposed circuit may be operate al frequencies ranging from 4G lo
60 Hz and it also sesponds very fast under sudden changes in the load conditions. The
considered system is analyzed and a prototype is also developed and tesled o
‘demonsiraie the performance of the implemented active power filter in the power
factor improvement and harmonics elimination. Finally, predicted resulls are verified
experimentally.

Index Terms: Reactive power, harmonics, active power filters, pulse-width modulation.
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i Introduction

L L e

APF  Active pawer filler Nonlinear power electronic devices are
V&l Voliage source myerier exiensively used In recemt years, these loads
CSI Cugrent source inverter act as several problems SOUTCE. One of these
PLL  Phase i-:::cked loop problems s the low power factor, and the
PWM  Pulse width rodulatton another problem is caused by the harmonics in
Wt} Load current the load currenl, which pollute the mains
14 De component of the 1oad curtent aupply 111
L, Active currem amplitude A conventional solution o reactive
) . powet compensation  and harmonic
b Reactive orrert amplitude cancellation 1s the us¢ of passive filter.
e Even harmonics current amplitude However, this kind of filter is not adequate due
) ) to their Inability to compensate random
Ipq 040 IrATmONIES current amplitude frequency variations in the comrent and alse
P Phase angle of the even harmonics can produce series and paralle] resonance with
component ) source impedance. Thereby, this problem is
o+ E;]:I‘l[a:: ::]ﬁle of the odd harmOoRLES partially solved with help of LC passive
14(1) Acti]:; component of the load fitrers
current P This paper presents one of the major
() Reactive component of the load development recently applied, namely, the
current active power filter. This filter has been
o Mains frequency proposed and  developed 10 QVETCOITE
o Seating factor of the analogue problems of traditional tethods. Whercas the
multiplier active power filter (AFF) generates  the
Ky Proportional parameier of the F' - roquired  reactive and harmonic current,
L controtler therefore, the mains anly needs 1o supply the
Ky Integra!  parameter of the P —1 ' g )
contraller fundamenial current. This filter is voltage
Ty Time consiant of the low pass SOUTCE 1MVETIET controiled as a current SQUICE
filter by meansofa pulse-width modulation (PWM}
T Width of the generated puises signat P 1.
T, Time peried of the carrier signal The APF uses an inverter and a de
. o source 1o generaie (he required voltage of
Ae Amplitude of the carrier signal curtent waveform. This APF can be operated
Vo) Cutput of the pawer inverter with two general types of inverter; voltage
Ve do value of the Sulses in the source inverter (V{'ISi) t?r cuTent souTcE in'T'erter
output of the power snverter (CS1y as shown in Figs. | and 2 respectively.
15| Modulation index Generally,  the voltage source jmverter is
) L . preferred far the active power filter hecause of
ip(i) The m;;ected compensaling eurrent i1s Jower 10s5Cs MLTE
to ac lime
Li Qutput inductance of the power This filter can compensae for a leading
jnverter or lapging DOWET factor without sensing and
V(1)  Mains vollage computing  the associated reactive power

component. Alse, it atteniuates the amplitude
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two types of de side of the inverler; SI0rage de
capagitor or an independently conirolled de
supply. Also, 1© teduce the current ripple and
+o limit drawn current from the filter, inductors
are connected in filer branch

The general block diagram of three-
phase active power fillers is shown in Fig. 3.

IV. The Controi Strategy
{a) Basic principle:

The block dizgram of the proposed
comiro! cireuit for active power filter (one
phase) is shown in Fig4 Multiplying the
giver lpad current in equation (1) by (cosmt)
results in equation (3):

e 5

cos{2ot)+ Izi sin(20t)+

3 hzi feos((2n + Dot + D5, )

n=]

+cos{{Zn— Yot + @, N+

=1
zﬂgﬂ [cus{{zm + 2]({:1 + @yl ]+

m=1

cos{(2m — 2)ot + @ 3 )] (3

In equation {3), the only 1, /2 term is
proportional with the magnitude of the active
gomponent and it can be extracted by using the
control cireuit as shown in Fig. 4. In this
cireuit, the cut-off frequency ofthe low pass
filter is chosen helow the lowest frequency
component of the lme carrent. Therefore, the
complete attenuation from (&) to up gives a
good  estimation of the active current
amplitude (L), Then, the estimated amplitude
(I} is muliplied by a vnity sinusoid in-phase
with line voltage to obtain an excellent
estimation of the active current i, (). Being

eatimnted—it—rfot—with—the-mremmred— oS
current to summing node to generate the
required reactive and harmonic CuIrenis.

To analyze the circuil shown in Fig. 4,
aesume it has reached a steady state condition,
ie. the output of the summing node wall be as
stated in egquation (2). Then, by definition and
agreement  indb) should not have an active
cotmponent because it is sublracted from the
load cumrent 0. After multiplication with
{coswt), no de component will be present, as
can be observed in equation (3} by letting 1=0.
This means that the Aly (as shownin Fig. 4)
will be zero, which will keep constant the
output of the P-1 controller, i.e, 1, Finalty, the
out put of the P-I controller will exactly
correspond  to the  magpitude of the active
current i,(1) if the load current is not changed.

Also, a PLL circuit is used to implement
the line voltage in-phase sinusoid gencrator
block, {(shown in Fig4). The P1.L technique
has two features; on is the phase tracking of
the line voltage over operating frequency
range  {40-603 Hz, and the another is that this
circuit bincks etficiently the digtoriion in the
line valage to generaie a clean sinusoid wave.

{b) Sysiem modei:

The citeuit in section(a) can be
represented in s-domain as shown n Fig. 5
The open loop transfer gain of this circuit:

o’ (K,8+K 1)
S(T,5+1)

G(S)= {4)

Also, the closed loop transfer function of
(he control circuit can be drive as follows:

I (51 = H{8)- L {S) (3}
and
L8)=0G{(8) In(8) ---(6)
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by nonlinear loads.

This paper pressols a4 new control
technique of the APF, which has three unique
features. One is using simple and accurate

circuits such as only one load cutrent sensot
and PLI The sanother
advantage it is very fast under sudden change
in load condition and the third feature, this
method can operale successfully in wide range
of frequencies. These advantages contribute to

estimation  circuil,

achieve the unity power factor and give a
minimum acceptable level of the harmonic
distortion.

In this -work, theorctical analysis and
experimental investigations of  the
characteristics of the system are presented and
feasibility of the
verified

proposed technique is

1. General Description of the Sysiem
The formed foad current by the power
factor and harmonics is made up of the

following four terms:
ty=1I3+ ]ams[mt]+ 1 sm(mt] +

ol
3" Ly cOS(2N0t + o) +
=]

@
> Iamss cos{(2m + Lot + ¢ 1)
m=I
A
The frst term in equation (1), which
represents the dc component, is usually smatl
or it does not exist at al). The only compenent
that the mains should supply is the active
eucient (I, cosmt), which is really the sscond
term whereas the third term (L sinat) stands
for the reactive current. The other two final
terms comprise the cven and odd harmonic
components in the load current respectively. IF
the active power filter supplies the de, reactive
and harmonic cumrents to the load, so the
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This can be easily accc:-mphshed by subtracting
the active current ig(t) from the measured load
current 1.(1) as follows:

i ()= 1, (0= 1o {t)

i, (1)1, cos(ot) (D)

Where i4(t) clearly enough represents all
the components in the load current except the
active compenent, From equation (2}, it can be
noficed that I, is the magniude of in-phase
current (which needs ta be estimated) and
{coswt) is the sinuseid in-phase with respect to
line voltage. To achieve the experimental
realization of equation (2), twe sensors ane
needed, the first one is to detect the load
current and the other 0 sense the mains
voltage. '

IIL. The proposed three-phose APE
The performance of the proposed APF
depends on (he fallowing three basic circuiis:

- The cantrod circuit,
2- The drive circuil.
3- The power cirouil,

The contrel circuil of this filter splits the
load current into two components; the active
component it} and the reactive and harmonic
compenent ip{t). The reference current Ln(th1s
extracted from the load current by subtracling
the estimaled active component i,(1) from the
Joad current.

In the contral circuit, the obtained
reference current is directly compared witl a
triangular carrier signal  to penerate the
switching patlerns for the injected current.
This can be easily performed by the drive
circuit. The power circuit is opetated
according to the required switching patterns
and converts a de voltage of the voltage source
inverter into P'WM current that is injected inte
the ac lines to cancel the harmonic and
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V. The ouiput voltage and current of
the APF

To study a three-phase sysiem, it is
converted to the equivalent single phase circuit
and will be analyzed in the same method
unless it is unbalance.

The output voltage of the APF that uses
the PWM technigue can be related to the
modulating reference cutTent as follows:
Pecanse of the triangles similarity shown in
Fig. 6, we can write

T - (t)
T A -{8)

5 [

On the other hand, the dovalueof the
puise in the output of the power inverter is
directly proportional to the value of its duty
cycles, 50,

Vimr.(t): Vd:'Tih A9

Using cquation (8) into equation (9)
yields,

Y () ia(t)

v de ) A B +410)
Then,
Vinv.(t): % ’ irh (t)
=M.im(t) (D)

(80)

e —r= ¥ i, ]rj.r:'!.c Lo S
modulation index.

1t can be noticed from equation (11), that
the desired vaiue of the APF output voltage
can be controlled by adjusting the modulation
index.

Using the circuit of the single phase
active power filter shown n Fig. 7. the
equation that relates the proposed filter current
and voltages {output voltage of the APF and
the line voltage) can be expressed as:

digt) T}_—(Vm (t)-v ) a2

dt

Ry integrating both sides of the equation (12),
the owtput current of the APT will be:

i ()= El:](viw O-vs()  .o®

Substituting for  vine{t) from equation
{11}y into equarion (13) vields:

NOBER (VENOSN QIR

This cumrent represents the injecied
compensating current (0 &¢ line.

V1. Simulation Resulis

(o) Flection of paramelers.

The parameters of the low pass filter, P-
controlier and analog multiplier were selected
to give a geod compromise between output
overshoot and settiing time, Choosing the
scaling factor of the analog multiplier {at) as
1V/V and time constant of the low-pass filter
{Ta) as(L.094 scc. (i.e. the cut-off frequency of
10 Hz} gives a good attenuation  for
frequcncies equal or greater than the mains
frequency. The filtering  characteristics of the
low pass filter is shown in Fig.8.
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the proportional parameter Kp and integral
parameter K; of the P-1 controller are
illustrated in the curves of Fips. 9 and 10
respectively. From Fig. 9, it is clear that
optimal  respense of the system is obtained
with Ky = 35. Also, the effect of the another
coefficient (imtepral parameter Kj) on the
response is investipated using Fig. 10, where
good stability of the system is obtained with K;
= 400 for the considered specifications.

Finally, the consequence of electing the
optimal values for Kp and K is shown in
Fig.il. Where the response of the P-I
controller teaches its steady-state value in
about two cycles without any overshoot in the
currenl armplitude.

(b} The stability tesé:

' Using the selected valucs for &, To, Kp
and K;in equation (73 yields equation {15):
1,(8) 3729785 +425532
[(S) S? 3829785+ 425532

{15}

The Routh and Flerwitz crileria has begn
used 10 investigate stability of the analyzed
system. Where for stability reasons, the Routh
table for stability of characteristic equation and
also this oquation has only positive
coefficients, then it is always stable 18]

fot Load tesis:

Fig. 12 shows the response of the control
circuit for a change in the magnitude of the
load current with unity power facior. A change
in the magnitude will produce momentary
harmonic current and distorticn in the active
current  as illustrated in this figure, Fig. 13
illustrates  the key waveforms for a2 load
curent with displacement of 90° lagging
14 shows the 90° leading. A
simulation of load cument with hiph order of
harmonics is illustrated in Fig. 15,

whereas Fig.

control scheme in operating at other frequency
and giving the same characteristics as when it
is working at 50 Hz, simulations have been
carried out to operate the control eircuit at 40
Iz and 60 Hz mains frequency. Figs. 16 and
17 have Hlustrated this ability.

To subject the control circuit to a worst
case, the magnitude and frequency of the oad

" current have been changed at the same time.

(81)

Figs. 18 and 19 show that the conirol circuut
can perform its job efficiently.
VII. Experimental Resulis

- Te the characteristics
performance of the designed active power
filter, a prototype system has been constructed
tested. Several tesis have Tbeen
implemenied in  order 1o confirm  the
cifectiveness of the active power filter. These
tests inchade:
a) Inductive lod (et

The active power filter has been used to

compensate the reactive power for different
lagging load power factor and the results of

verify and

and

such compensate are summarized i Table ).
these results shows that approximaicly unity
power  [actor at the mains can be obtained

using the designed APF
Tablel:Inductive load test
MATNY LoAD
Phase Power Phose Power
gl Jfacror angle facior
fdeg.) feosg) {deg) _ (feosd)
b 1.000 0 1.000
2 0954 19 0.984
25 0.999 20 0.939
5 0.998 it 0666
3.5 0.948 40 0.766
{.996 50 0.642
0.996 60 .500
T .992 70 0.342

The practical wavelormn of load voltape,
load current, mains veltage and mains current
are as in the Fig. 20a.
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a) Capacitive load test

The results of the compensalion for a
capacitive load with different values of power
factor as summarized in Table 2. These results
also, confirm the effectiveness of the filter in
compensating the capacitive reactive power.

Table 2: Capacitive foad test

MAINS E¢AD
Phase Fower Piase  Power
angle Jactor angle Jactor
{deg)  {cosg) (deg.) {eosg)

L 1.000 0 1.000
25 0.509 10 0.984
25 0.39% y.il 0.838
25 0998 30 0.866

3 p.598 4 0.766

3 0,998 50 0.642

4 0.957 60 0.506

E 0.294 i} 0.342

Figure.20b illusirates the experimental
waveform of Joad voltage, load current, mains
voltage and mains current.

at The harmonic concellation

The second objective of the active power
filter has been verified with the bridge rectifier
used as anonlinear load. The result is that the
mains curent has been made sinusoidal wave
and the mains power factor has become unity.

Figs.2la and 21b show the load voliage,
load current, mains veltage and mains current
for two cases; the first when the de load of the
bridge rectifier has inductive filtering and the
second when the output filter is a capacitive.

VII. Conclusions

In this paper, a three — phase active
power filter have been studied and
implemented. The proposed scheme employs a
pulse-width  modulation voltage source
inverter to compensate thc rcactive power
requirement of the load current and eliminate
the harmenic contamination caused by the
nontinear loads. Hence, the supply carrent will
be a pure sinusoidal and in-phase with the

supply voltage whatever is the type of the
load.

The electronic circuits  used in
implementation of the gontrol circuil (such a8
PLL and multiplier circuits) are simple,
accurate and have a fast response making an
overall lime response of about two cyeles of
the fundamental. Hence, simplicity, low cost
and fast response ate the main features of the
implemented controf citeuii.

The tests carried out on  the

: implemented APF have shown thal i3 output

current is effective in compensating the
reactive and harmonic content of the load
current for all the considered types of load
{linear and nonlinear with differemt power
factor). Almost unity power faclor and
sinusoidal mains current has been obtained for
the different types of loads used in these tests.

The close agreement  between
analytical and experimental results proves the
validity of the analysis and the feasibility of
the proposed system.
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20k Reacfrve power compensation  performance.
{1) Curvent and voltage ol the boud,
{2) Cuyrent and voltage of the imatis supply.
() Cupucitive load rest,

Fig.

{a) lnduetive load test.
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{a)

(2} {1
Lvs(t), vt 20V7div. () |.[|:_15(_t} i () iA.f’div. _\

21:  Harmanics  canceliation perfarmange. {17 e Adiv
(1} current and voltage of the load.
(2} eurrent and voltage of the mains sunply.

(a} full wave diode rectifier with R-1L load in de side.

(1) full wave diode rectifier with R-Cload in de side.

Fig.
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