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Design, Simulation, and Analog Circuit
Implementation of a Three-Phase Shunt
Active Filter Using the I cos� Algorithm

G. Bhuvaneswari, Senior Member, IEEE, and Manjula G. Nair

Abstract—A three-phase shunt active filtering algorithm based
on the real component of fundamental load current (I cos ) has
been proposed and implemented in a novel manner in this paper.
The complete simulation and hardware implementation of the ac-
tive filter (AF) with the proposed algorithm has been presented.
Simulations have been performed for various dynamic operating
conditions under balanced/unbalanced nonlinear reactive loads for
both balanced as well as unbalanced/distorted source conditions.
The AF has been realized by means of a hysteresis current-con-
trolled voltage-source inverter (VSI). The experimental setup is
controlled by making use of simple op-amp-based analog circuits
and digital signal processor ADMC401. Experimental results have
been obtained for different load and source conditions and dis-
cussed in detail. The response of the AF system in simulation as
well as in hardware proves the effectiveness of the proposed con-
trol technique.

Index Terms—Analog and digital implementation, control algo-
rithm, power quality (PQ), reactive nonlinear loads, shunt active
filter (SAF).

I. INTRODUCTION

STATIC power converters, such as rectifiers, inverters, and
other hard-switched power processing units are common

sources of harmonic currents due to the switching action. The
distorted current waveforms result in distorted voltages as well.
The remedies for power-quality (PQ) problems are available
in two forms: 1) passive filters and active filters for existing
systems (retrofit) and 2) establishing new improved PQ con-
verters. The discussion in this paper pertains to retrofit appli-
cations. Tuned passive filters are very effective for the elimina-
tion of specific harmonic components but are limited by draw-
backs, such as fixed compensation, resonance, and huge size.
Active filters [1], [2] overcome these drawbacks but are still lim-
ited by their rating and cost. Active filters are basically voltage-
source or current-source inverters that provide the necessary
compensation voltages/currents. A shunt active filter (SAF) gen-
erates a harmonic current spectrum that is opposite in phase
to the harmonic and/or reactive current it perceives at the load
end. Harmonic and reactive currents are thus cancelled at the
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Fig. 1. Three-phase system with shunt AF.

source end and the result is undistorted sinusoidal balanced cur-
rents. The hybrid filters [3]–[5] combine passive and active fil-
ters, reducing the overall cost of the compensating circuit. The
schematic diagram of an SAF installed in a three-phase system
feeding a nonlinear load is depicted in Fig. 1.

II. CONTROL ALGORITHMS

The control algorithm for an SAF computes the reference
compensation currents to be injected by the active filter (AF).
The choice of the control algorithm therefore decides the accu-
racy and response time of the filter. The calculation steps in-
volved in the control technique have to be minimal to make
the control circuit compact. Instantaneous PQ theory [6], syn-
chronous detection algorithm [7], dc-bus voltage algorithm [8],
and synchronous reference frame theory [9] are some of the
widely used three-phase shunt active filtering algorithms. There
have been several research papers [10]–[14] on improving the
aforementioned algorithms and hybrid filtering techniques, as
these filters play an important role in solving many of the PQ
problems in retrofit applications. The proposed control
algorithm is one such simple scheme for achieving effective har-
monic, reactive power and unbalance compensation. The au-
thors had earlier proposed a simple current compensation al-
gorithm for three-phase shunt active filters to provide only har-
monic compensation [15]. In cases where both reactive power
and harmonic compensation are provided, the source is sup-
posed to supply only the active portion of the load current (i.e.,

, where “I” is the amplitude of the fundamental load cur-
rent and is the displacement power factor of the load).
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So the proposed algorithm is named the “ ” algorithm.
It is capable of providing 1) harmonic, 2) reactive power, and
3) unbalance compensation in conjunction with achieving unity
power factor at the source end. The algorithm is designed to
work successfully for balanced as well as unbalanced and dis-
torted source voltages feeding balanced or unbalanced nonlinear
reactive loads. In this paper, the concept of the proposed
algorithm is described in detail. The simulation and hardware
implementation of the three-phase shunt AF using the proposed
control algorithm have been described subsequently. The results
are compared with two conventional control schemes in simu-
lation. In hardware, the reference compensation currents have
been derived using op-amp-based analog circuits due to their
simplicity. Further, ADMC 401 has been used to implement
the hysteresis current controller to generate triggering signals
for the devices in the AF. The digital hysteresis current con-
troller allows the hysteresis band to be adjusted appropriately
according to the requirement.

III. PROPOSED ALGORITHM

The shunt AF is expected to provide compensation for the har-
monic and reactive portion of the three-phase load current, and
for any imbalance in the three-phase load currents. This ensures
that the balanced current will be drawn from the mains which will
be purely sinusoidal and in phase with the mains voltage. So the
mains is required to supply only the active portion of the load cur-
rent. In the algorithm, the desired mains current is hence
assumed to be the product of the magnitude and a unit am-
plitude sine wave in phase with the mains voltage.

Assuming a balanced source, the three-phase instantaneous
voltages can be specified as

(1)

Let this balanced three-phase source supply a nonlinear re-
active load with some imbalance. For instance, let one of the
phases of the load draw a lower current than the other two. The
unbalanced, three-phase, reactive, harmonic-rich load currents
can be expressed as

(2)

where

phase angles of fundamental currents
in a, b, and c phases;

phase angles of the th harmonic
currents in a, b, and c phases;

three-phase fundamental current
amplitudes;

three-phase th harmonic current
amplitudes.

The magnitude of the real component of the fundamental load
current in each phase is given as

and

(3)

To ensure balanced, sinusoidal currents at a unity power
factor to be drawn from the source, the magnitude of the
desired source current can be expressed as the average of the
magnitudes of the real components of the fundamental load
currents in the three phases

(4)

Let , , and be the unit amplitude templates of the
phase-to-ground source voltages in the three phases, respec-
tively

and (5)

The desired (reference) source currents in the three phases are
therefore given as

(6)

The reference compensation currents for the shunt AF are
thereby deduced as the difference between the actual load cur-
rent and the desired source current in each phase

and

(7)

Equation (7) can be expanded as

(8)
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Fig. 2. Illustration of the I: cos� algorithm.

If the three-phase load currents are balanced, then the reference
compensation currents will essentially be the sum of the reac-
tive component of load current and the harmonic components in
each phase

(9)

The magnitude is the active portion of the funda-
mental load current. This is extracted as the amplitude of the
fundamental current, phase-shifted by , at the negative
going zero crossing of the phase voltage, as seen in Fig. 2. A
second-order lowpass filter (which has 50 Hz as its cutoff fre-
quency) is used to extract the fundamental load current with an
inherent phase shift of . This filter is actually a universal
filter that has three portions that act as lowpass, highpass, and
bandpass filters as explained in [16]. The lowpass filter is being
used here. A zero crossing detector (ZCD) is used to detect
the negative going zero crossing of the corresponding phase
voltage. The fundamental component of the phase voltage is
extracted using a lowpass filter before being fed to the ZCD
to make it immune to any distortions in the incoming voltage.
The ZCD has been designed with a tolerance of 5% to ensure
that any oscillations around the zero-crossing are taken care of.
The phase-shifted fundamental current goes as the “sample”
input and the ZCD output pulse goes as the “hold” input to
the “sample and hold” circuit whose output is the
magnitude. The average of these values in the three phases is
then derived using a summing amplifier with a gain of 1/3.
The block diagram of the control circuit for one of the three
phases is given in Fig. 3. It clearly depicts how the reference
compensation currents are generated by the op-amp-based
control circuit.

The three-phase mains voltages are used as templates to gen-
erate unit amplitude sine waves in phase with mains voltages.
In case the mains voltages are distorted, the fundamental com-

ponents of the mains voltages are extracted using second-order
lowpass and used as the templates. The voltage fluctuations at
the dc-bus capacitor of the AF are used to calculate the extra
power loss in the inverter and the interface transformer. The
corresponding phase current amplitude is calculated using a pro-
portional integral and derivative (PID) controller [17] as follows
and added to the active portion of the fundamental load current
in each phase.

Assumption 1: The three-phase voltages , and
at the point of common coupling (PCC) are sinusoidal and bal-
anced.

Assumption 2: The reference dc-link voltage is assumed to
be . The actual dc-link voltage is measured as .

Energy lost by the capacitor during the voltage discharge is

To keep constant, the energy drawn by the shunt AF from
the ac mains must be equal to .

That is, Px , where active power
drawn from mains , where
magnitude instantaneous phase voltage, , , or
and magnitude of active current component, , ,
or (corresponding to losses).

Therefore

(10)
where and is the sampling frequency.

This loss component is added to the magnitude of the ref-
erence compensation current in each phase. This ensures that
the losses in the AF are being taken care of by the three-phase
source and the dc-bus voltage of the AF becomes a self-sup-
porting one.

The reference compensation currents for the shunt AF are
thereafter computed as the difference between the actual load
currents and the desired mains currents for the three phases.
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Fig. 3. Block diagram of the op-amp-based control circuit.

Fig. 4. Simulation model of the three-phase system with a shunt AF.

IV. SIMULATION OF THE SHUNT ACTIVE FILTER

The system considered for simulation is a three-phase bal-
anced source supplying a thyristorized bridge rectifier feeding a
resistive load, operating at a triggering angle of 60 , as shown
in Fig. 4. This load draws a highly nonlinear current rich in har-
monics with a substantial reactive power requirement. A three-
phase, VSI-based shunt AF is connected to the system for reac-
tive power compensation and harmonics elimination.

The simulation is performed in the Simulink/MATLAB en-
vironment. The system parameters are phase voltage
and dc side . The interface reactor used is 1.5 mH
and the dc-link capacitor is 5000 F with the dc-link reference
voltage being 650 V.

V. HARDWARE IMPLEMENTATION

The three-phase shunt active filtering algorithm has been im-
plemented in hardware using analog circuits and an ADMC-401

digital signal processor as mentioned earlier. The three-phase
load for which the compensation is to be provided is a
thyristor-controlled converter feeding a resistive load. The
triggering angle of the converter is adjusted to 60 so
that the converter draws highly nonlinear reactive currents.
A three-phase voltage-source inverter with a suitable dc-link
capacitor having a self- supporting dc-bus voltage and an
interfacing three-phase reactor is made to act as the SAF to
generate compensation currents.

The compensation currents are generated using a simple con-
trol circuit made up of six operational amplifiers, a sample-and-
hold circuit and an analog multiplier as described in Section III.
The various components of this circuit are the biquad filter (a
second-order lowpass filter made up of three op-amps), sample-
and-hold circuit LF198, negative-going zero crossing detector
(ZCD) and monostable multivibrator, a summing amplifier with
a gain of 1/3, a noninverting amplifier (with an appropriate gain
to derive unit amplitude sine-wave templates from three-phase
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Fig. 5. Simulation results under balanced source-balanced load. 1) instantaneous PQ theory, 2) synchronous detection algorithm, 3) I: cos� algorithm source
voltage, load current, reference filter current, actual filter current (on the left side), source voltage and current after compensation, and dc-link voltage (on the right
side).

mains voltages), and an analog multiplier AD633 (to calculate
the magnitude of the desired source current as the product of the

average amplitude and the unit sine wave). A discrete
PID controller is used to calculate the current amplitude corre-
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Fig. 6. Simulation results under unbalanced source-balanced load. 1) instantaneous PQ theory; 2) synchronous detection algorithm; 3) I: cos� algorithm source
voltage, load current, reference compensation current, and filter output current (on the left side) source voltage and source current after compensation and dc-link
capacitor voltage, Vdc (on the right side).

sponding to losses in an inverter. To start with, the proportional
gain is arrived at based on (10). The controller parameters

have further been tuned on a trial-and-error basis to arrive at
, , and .
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Fig. 7. Simulation results under distorted source-balanced load. 1) instantaneous PQ theory; 2) synchronous detection algorithm; 3) I: cos� algorithm distorted
phase voltage, sinusoidal phase voltage, load current, reference compensation current, and filter output current (on the left side) phase voltage, source current after
compensation and dc-link capacitor voltage, Vdc (on the right side).

A hysteresis comparator routine developed in the digital
signal processor (DSP) ADMC401 is used to generate the

required triggering pulses to the devices in the filter. The
reference compensation currents generated using analog cir-
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Fig. 8. Simulation results under balanced source-unbalanced load: 1) instantaneous PQ theory, 2) synchronous detection algorithm, 3) I: cos� algorithm phase
voltage, load current, reference compensation current, and filter output current (on the left side). Phase voltage, source current after compensation, and dc-link
capacitor voltage, Vdc (on the right side).

cuits and the actual output currents of the SAF sensed using
Hall-effect current sensors are fed to the analog-to-digital

converter (ADC) ports of the DSP. The comparator routine
compares the two signals for each phase and generates trig-
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Fig. 9. Three-phase currents for a thyristor converter at � = 60 (a) source
voltage in a-phase (b) load currents in a-phase (c) in b-phase (d) in c-phase.

Fig. 10. Compensation currents. (a) Source voltage in a-phase (b), compensa-
tion current in a-phase, (c) in b-phase (d), and in c-phase.

gering pulses depending on the sampling rate and hysteresis
band. The hysteresis comparator has been implemented in
the DSP to facilitate appropriate adjustment of the hysteresis
band according to the requirement of the system. The sampling
frequency adopted is 10 kHz which ensures the elimination of
harmonics up to the 100th order. A driver circuit comprised
of optocouplers and amplifiers boosts the output pulses from
the DSP to the required voltage levels of the inverter devices.
The optocouplers isolate the control circuit from the power
circuit for preventing the interferences that could affect the
functioning of the control circuitry.

VI. RESULTS AND DISCUSSION

The results obtained from the simulation and experimental
setup are presented in this section. The simulations are
performed for two conventional control algorithms as well,
namely, instantaneous PQ theory and a synchronous detection
algorithm for the purpose of comparison with the proposed
algorithm. For the ideal case where the source voltages as
well as the loads in the three phases are balanced, the actual
compensation currents generated by the shunt AF for the
three phases are found to follow the respective reference

(a)

(b)

(c)

Fig. 11. (a) Reference compensation signals and the actual AF currents for
a-phase: 1) load current and 2) reference and actual compensation currents (su-
perimposed) A. (b) Reference compensation signals and the actual AF currents
for b-phase: 1) load current and 2) reference and actual compensation currents
(superimposed) A. (c) Reference compensation signals and the actual AF cur-
rents for c-phase: 1) load current and 2) reference and actual compensation cur-
rents (superimposed) A.

compensation currents exactly in simulation as given in Fig. 5
[18]. This is true for all three algorithms. The corresponding
experimental results are given in Figs. 9–11, respectively.
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Fig. 12. Waveforms for the AF in a-phase. (a) Source voltage. (b) Load current.
(c) Desired source current. (d) Reference compensation current.

Fig. 13. Waveforms of a-phase voltage and current signals. (a) Source voltage.
(b) Load current. (c) Fundamental component of load current with+90 phase-
shift. (d) Desired source current.

The three-phase balanced supply of 400 V is applied to
the fully controlled thyristor converter drawing a current of
about 7 A. The controlled rectifier operates at a triggering
angle of 60 so that the load currents drawn are at a power
factor that is much less than unity as shown in Fig. 9. The
compensation currents generated by the algorithm
for all of the three phases are shown in Fig. 10. The filter
output currents shown in Fig. 11 are found to match exactly
with the reference compensation currents in all three phases.
The desired source current takes care of only the real power
requirement of the load, losses in the AF and the interphase
reactor, and has a unity power factor as shown in Fig. 12. The
reference compensation current provides harmonic as well
as reactive power compensation as seen from Figs. 10 and
12. The fundamental component of the load current extracted
from the second-order LPF contains the reactive component
also. However, the desired source current after compensation
supplies only the active portion of the load current. This
difference is visible from the corresponding plots shown in
Fig. 13 for the a-phase.

The effectiveness of the control algorithm is evident
from the simulation results depicted in Fig. 5. The source cur-
rents in all three phases are pure sinusoids with a unity power
factor. The corresponding experimental results are shown in
Fig. 14. The source currents are found to be fairly sinusoidal,
in phase with the respective voltages (unity power factor), as
expected. Fig. 14(d) and (e) shows the harmonic spectrum of
the source current before and after compensation which shows
the effectiveness of the functioning of the AF.

The control algorithm is found to work satisfacto-
rily under unbalanced and/or distorted source voltage conditions
and also for unbalanced load conditions. This can be seen from
the simulation results obtained for the aforementioned operating
conditions, with the three control algorithms. Under unbalanced
source voltage conditions, a 30% amplitude unbalance is in-
troduced in the b and c phases so that the phase voltages are
230 V in phase a, 300 V in phase b, and 160 V in phase c, re-
spectively. The unbalance is reflected on the load currents in
the three phases too. However, the AF takes care of the source
currents to make them balanced. Fig. 6 shows the response of
the system for unbalanced source conditions for all three con-
trol algorithms. It is seen from the results that all three con-
trol algorithms give satisfactory results under unbalanced source
voltages.

When there is distortion in the supply voltages, the fun-
damental components of the distorted source voltages are
extracted using second-order lowpass filters whose cutoff
frequency is 50 Hz. The second-order lowpass filter realized in
analog circuit gives outputs almost instantaneously. Then, the
compensation currents are generated using the algo-
rithm. Fig. 7 shows the simulation results for distorted source
voltage conditions. The distorted voltages are applied to a
balanced linear load, which is a series RL load. A fifth har-
monic voltage of 10% of the fundamental added to the normal
50-Hz sinusoidal supply voltage gives the distorted voltage
in each phase. The conventional controllers give poor results
compared to the proposed controller. Figs. 15 and 16 show
the distorted voltages in the three phases and how the volt-
ages are filtered and balanced source voltages are generated
experimentally.

When an unbalanced nonlinear load is connected to a bal-
anced source, load currents in the three phases reflect the
unbalance. The source is, however, expected to supply bal-
anced three-phase currents, with the rest of the unbalanced
portion of the currents in the corresponding phases being sup-
plied by the SAF along with the harmonic and reactive power
components. In the control scheme, the magnitudes
of the active portions of the fundamental load currents in
the three phases , and are
detected using the sample–and-hold circuit LF198 for each
phase.

The average of these magnitudes is computed using a sum-
ming amplifier circuit with a proper gain and fed to the analog
multiplier AD633 chips in the three phases to be multiplied
with the unit amplitude sine waves. This makes sure that the
magnitudes of the desired source currents in all three phases
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(a) (b)

(c) (d)

(e)

Fig. 14. (a) Source voltages and currents for a-phase after compensation: 1) phase voltage and 2) sinusoidal source current at unity power factor. (b) Source
voltages and currents for b-phase after compensation: 1) phase voltage and 2) sinusoidal source current at unity power factor. (c) Source voltages and currents
for c-phase after compensation: 1) phase voltage and 2) sinusoidal source current at unity power factor. (d) Line voltage V and C phase load current and its
harmonic spectrum for a diode rectifier load before compensation at 100 V. (e) Voltage V and C phase source current and its harmonic spectrum for a diode
rectifier load after compensation at 100 V.

Fig. 15. Experimental results for the distorted/unbalanced source voltage con-
dition—three-phase distorted/unbalanced source voltages.

remain the same even in case of load unbalance. Fig. 8 shows
the simulation results under the unbalanced load conditions for

all the three control schemes. The corresponding experimental
results for the control scheme are given in Figs. 17–19.
Table I lists the %THD of the mains current before and after
shunt compensation based on the three control schemes, in
simulation. The %THD is found to be within the limits of 5%
as expected by IEEE standards, under all operating conditions
only with the control scheme. The dc-link capacitor
voltage of the AF settles at 650 V (reference value) in all
cases.

To prove the effectiveness of the algorithm, the dy-
namic response of the filter has also been tested by introducing
load variation. Figs. 20 and 21 show the simulation and experi-
mental results for the starting response time of the AF, which is
about 6.8 ms (i.e., approximately one-third of a cycle. Figs. 22
and 23 illustrate the response of the control circuit and the filter
for a sudden increase in load. The response time is less than
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(a)

(b)

(c)

Fig. 16. (a) Experimental results for the distorted/unbalanced source voltage
condition—distorted source voltage of a-phase and three-phase sinusoidal volt-
ages after filtering. (b) Distorted source voltage of b-phase and three-phase si-
nusoidal voltages after filtering. (c) Distorted source voltage of c-phase and
three-phase sinusoidal voltages after filtering.

100 s. The dc-link capacitor voltage of the AF is also
seen (Fig. 22) to settle after small disturbances near the tran-
sient point s), at the reference voltage of 650 V even
under load perturbations. This proves that the AF functions very
well under dynamic operating conditions.

Fig. 17. Experimental results for load unbalance condition—three-phase un-
balanced load currents.

Fig. 18. Experimental results for load unbalance condition—three-phase com-
pensation currents.

Fig. 19. Experimental results for load unbalance condition—desired source
currents in the three phases.

VII. CONCLUSION

This paper proposes the algorithm for SAF based
on the active portion of the fundamental load current. A
simple, efficient, and novel way of implementing this algo-
rithm by making use of some op-amp circuits and a digital
signal processor ADMC401 has also been proposed here. The
simplicity and ruggedness of the algorithm is evident from
its easy analog circuit implementation and its response in a
three-phase system drawing nonlinear reactive balanced/un-
balanced currents. The algorithm is applicable in all operating
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TABLE I
%THD IN THE MAINS CURRENTS AFTER COMPENSATION

Fig. 20. Starting response—simulation results: 1) phase voltage (V), 2) load
current, 3) desired source current, 4) reference filter current (A).

Fig. 21. Starting response time = 6:8 ms—experimental results: 1) phase
voltage (V), 2) load current, and 3) reference filter current (A).

conditions of the three-phase system, such as balanced, unbal-
anced, and distorted source voltages and nonreactive as well

Fig. 22. Response to load transient—simulation results. (a) Phase voltage.
(b) Load current. (c) Reference compensation current. (d) Actual filter current.
(e) DC-link capacitor voltage (Vdc). (f) Vdc expanded near load transient
(t = 0:06 s).

Fig. 23. Response to load transient—experimental results: 1) phase voltage, V
and load current (A) and 2) reference and actual filter currents (A).

as reactive, balanced/unbalanced, and nonlinear loads. The
results presented here prove the effectiveness of the algorithm
under all operating conditions. The algorithm is found to work
satisfactorily during starting conditions and load perturba-
tions. In all, this paper presents a simple and effective control
algorithm for SAFs for providing current compensation in a
three-phase balanced/unbalanced system feeding nonlinear
reactive loads.
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