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Active Filters for Power Quality Improvement 
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This paper deals with problems related with harmonics in power system networks. Several international standards issued 
to control power quality problems are briefly described and some important methods to analyse electrical circuits with non-
sinusoidal waveforms are introduced and evaluated. One of these methods - the p-q theory - was used to implement the control 
algorithm of a shunt active filter, which is also described in this paper as an application example. The filter can compensate for 
harmonic currents, power factor and load unbalance. Both simulation and experimental results are presented, showing that 
good dynamic and steady-state response can be achieved with this approach.

ABSTRACT

I. Introduction 
 Due to the intensive use of power converters and other non-
linear loads in industry and by consumers in general, it can 
be observed an increasing deterioration of the power systems 
voltage and current waveforms. 

The presence of harmonics in power lines results in greater 
power losses in the distribution system, interference prob-
lems in communication systems and, sometimes, in operation 
failures of electronic equipments, which are more and more 
sensitive since they include microelectronic control systems, 
which work with very low energy levels. Because of these 
problems, the issue of the power quality delivered to the end 
consumers is, more than ever, an object of great concern.

International standards concerning electrical power quality 
(IEEE-519, IEC 61000, EN 50160, among others) impose 
that electrical equipments and facilities should not produce 
harmonic contents greater than specified values, and also 
specify distortion limits to the supply voltage. Meanwhile, it is 
mandatory to solve the harmonic problems caused by those 
equipments already installed.

These problems can be classified into two kinds: instantane-
ous effects and long-term effects.

The instantaneous effects problems are associated with inter-
ferences, malfunction or performance degradation of equip-
ments and devices.

Long-term effects are of thermal nature and are related, to 
additional losses and overheating, causing a reduction of the 
mean lifetime of capacitors, rotating machines and transform-
ers.

II. MODELING 
A.	 ACTIVE FILTERS
Active filters are special equipments that use power electronic 
converters to compensate for current and/or voltage harmon-
ics originated by non-linear loads, or to avoid that harmonic 
voltages might be applied to sensitive loads.

There are basically two types of active filters: the shunt type 
and the series type. It is possible to have active filters com-
bined with passive filters as well as active filters of both types 
acting together [6].

 Figure 1 presents the electrical scheme of a shunt active

filter for a three-phase power system with neutral wire, which, 
can both compensate for current harmonics and perform 
power factor correction. Furthermore, it allows load balanc-
ing, eliminating the current in the neutral wire. The power 
stage is, basically, a voltage-source inverter with only a single 
capacitor in the DC side (the active filter does not require any 
internal power supply), controlled in a way that it acts like a 
current-source. From the measured values of phase voltages 
(va, vb, vc) and load currents (ia, ib, ic), the controller calcu-
lates the reference currents (ica*, icb*, icc*, icn*) used by the 
inverter to produce the compensation currents (ica, icb, icc, 
icn). This solution requires 6 current sensors and 4 voltage 
sensors, and the inverter has 4 legs (8 power semiconductor 
switches). For balanced loads without 3rd order current har-
monics (three-phase motors, three-phase adjustable speed 
drives, three-phase controlled or non-controlled rectifiers, 
etc) there is no need to compensate for the current in neutral 
wire. These allow the use of a simpler inverter (with only three 
legs) and only 4 current sensors. It also eases the controller 
calculations.

Fig. 1- Shunt active filter in a three-phase power system

Figure 2 shows the scheme of a series active filter for a three-
phase power system. It is the dual of the shunt active filter, 
and is able to compensate for distortion in the power line 
voltages, making the voltages applied to the load sinusoidal 
(compensating for voltage harmonics). The filter consists of 
a voltage-source inverter (behaving as a controlled voltage 
source) and requires 3 single-phase transformers to interface 
with the power system. The series active filter does not com-
pensate for load current harmonics but it acts as high-imped-
ance to the current harmonics coming from the power source 
side. Therefore, it guarantees that passive filters eventually 
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placed at the load input will not drain harmonic currents from 
the rest of the power system.

Fig. 3 – Series-shunt active filter in a three-phase power sys-
tem.

Another solution to solve the load current harmonics is to use 
a shunt active filter together with the series active filter (Fig. 
3), so that both load voltages and the supplied currents be-
come sinusoidal waveforms.

Shunt active filters are already commercially available, al-
though much research is being done, yet. The series and 
series-shunt types of active filters are yet at prototype level.

 Fig. 2 - Series active filter in a three-phase power system

B.	 Control Strategy of FBD Method
The FBD (Frize-Buchholz-Depenbrock) method, proposed 
by Depenbrock et al. [7] decomposes the load currents into 
power components and powerless components. The goal is 
to compensate all the terms that do not produce power, but 
have the drawback of making the power factor less than one. 
With this purpose the method calculates an equivalent con-
ductance for the load, given by the ratio between the con-
sumed average power and the squared RMS collective volt-
age value :

 

 where VΣ is the collective rms voltage defined as follows:

 

and Va, Vb, Vc, are the RMS voltage values of phase a, b and 
c, respectively. P3 is the mean value of the instantaneous 
three-phase power, which corresponds to the active power.

The reference compensation currents for the shunt active fil-
ter are given by the following equation, from theinstantaneous 
values of load voltages and currents:

 

C.	  Control Strategy of Synchronous Reference Method
This method [8] uses the Park transform. The Park current 
components of a three-phase system can be found hrough 
the application of a Clarke transform, which causes the phase 
currents ia, ib e ic to be represented by two coordinates iα 
and iβ, and later, by rotation of the reference system of an 
angle θ, into the Park coordinates id and iq. In cases where 
exists zero sequence component (homopolar components), 
it will be represented by a third axis normal to the d-q plane. 
The values of the currents in 0-d-q coordinates, obtained from 
the load phase currents are: 

With this transformation the current fundamental order part 
will be found in the DC component of the transformed d-q cur-
rents, thus making possible its extraction through the use of 
low-pass filters, for example.

The instantaneous power is given by the expression :

 

In order to minimize line power loss a reactiveinstantaneous 
power that must be compensated is defined: 

 

The vectorial nature of implies that all the threeterms must 
become zero in order to compensate all reactive instantane-
ous power:

 

D.	 Control Strategy of p-q Theory
This theory, also known as “instantaneous power theory” was 
proposed to control active filters. It is based on instantaneous 
values in three-phase power systems with or without neutral 
wire, and is valid for steady-state or transitory operation, as 
well as for generic voltage and current waveforms. The p-q 
theory consists of an algebraic transformation (Clarke trans-
formation) of the three-phase voltages and currents in the a-
b-c coordinates to the α-β-0 coordinates, followed by the cal-
culation of the p-q theory instantaneous power components:
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The power components p and q are related to the sam α-β 
voltages and currents, and can be written together:

 

These quantities are illustrated in Fig 6 for an electrical sys-
tem represented in a-b-c coordinates and have the following 
physical meaning:

 = mean value of the instantaneous zero-sequence power 
– corresponds to the energy per time unity which is trans-
ferred from the power supply to the load through the zero-
sequence components of voltage and current.

 = alternated value of the instantaneous zerosequence 
power – it means the energy per time unity that is exchanged 
between the power supply and the load through the zero-se-
quence components. The zero-sequence power only exists in 
three-phase systems with neutral wire. Furthermore, the sys-
tems must have unbalanced voltages and currents and/or 3rd 
harmonics in both voltage and current of at least one phase.

 = mean value of the instantaneous real power – corre-
sponds to the energy per time unity which is transferred from 
the power supply to the load, through the a-b-c coordinates, 
in a balanced way (it is the desired power component).

= alternated value of the instantaneous real power – it is 
the energy per time unity that is exchanged between the pow-
er supply and the load, through the a-b-c coordinates.

= instantaneous imaginary power – corresponds to the 
power that is exchanged between the phases of the load. This 
component does not imply any transference or exchange of 
energy between the power supply and the load, but is respon-
sible for the existence of undesirable currents, which circulate 
between the system phases. In the case of a balanced sinu-
soidal voltage supply and a balanced load, with or without 
harmonics,  (the mean value of the instantaneous imagi-
nary power) is equal to the conventional reactive power (  = 
3⋅V ⋅ I1 ⋅ sinφ1 ).

 Fig. 4- Power components of the p-q theory.

The p-q theory presents some interesting features when ap-
plied to the control of active filters, namely:

- 	 It is inherently a three-phase system theory.
- 	 It can be applied to any three-phase system (balanced or 

unbalanced, with or without harmonics in both voltages 
and currents).

- 	 It is based in instantaneous values, allowing excellent dy-
namic response.

- 	 Its calculations are relatively simple (it only includes alge-
braic expressions that can be implemented using stand-
ard processors);

- 	 It allows two control strategies: constant instantaneous 
supply power and sinusoidal supply current.

As seen before,  is usually the only desirable p-q theory 
power component. The other quantities can be compensated 
using a shunt active filter (Fig. 7). As shown by Watanabe et 
al. [11, 12],  can be compensated without the need of any 

power supply in the shunt active filter. This quantity is deliv-
ered from the power supply to the load, through the active fil-
ter (see Fig. 5). This means that the energy previously trans-
ferred from the source to the load through the zero-sequence 
components of voltage and current, is now delivered in a bal-
anced way from the source phases.

 Fig. 5

 

It is also possible to conclude from Fig. 5 that the active 
filter capacitor is only necessary to compensate  and  
, since these quantities must be stored in this component at 
one moment to be later delivered to the load. The instanta-
neous imaginary power ( q ), which includes the conven-
tional reactive power, is compensated without the contribu-
tion of the capacitor. This means that, the size of the 
capacitor does not depend on the amount of reactive pow-
er to be compensated.

To calculate the reference compensation currents in the α-β 
coordinates, and the powers to be compensated (

 ) are used:

Since the zero-sequence current must be compensated, the 
reference compensation current in the 0 coordinate is i0 itself: 
ic0* = i0

In order to obtain the reference compensation currents in the 
a-b-c coordinates the inverse of the transformation given is 
applied:

The calculations of the p-q theory are synthesized in Fig.6and 
correspond to a shunt active filter control strategy for constant 
instantaneous supply power. This approach, when applied to 
a three-phase system with balanced sinusoidal voltages, pro-
duces de following results:

- 	 The phase supply currents become sinusoidal, balanced, 
and in phase with the voltages. (in other words, the power 
supply “sees” the load as a purely resistive symmetrical 
load);

- 	 The neutral current is made equal to zero (even 3rd order 
current harmonics are compensated);

- 	 The total instantaneous power supplied, is made con-
stant.
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Fig. 6 - Calculations of the p-q theory.

The p-q theory also permits a control strategy for the shunt 
active filter to be used when voltages are distorted and/
or unbalanced and sinusoidal supply currents are desired 
[13]. However with this strategy the total instantaneous 
power supplied will not be constant, since it is not physi-
cally possible to achieve both sinusoidal currents and con-
stant power in a system with unbalanced and/or distorted 
voltages.

III. SIMULATION RESULTS OF ACTIVE FILTER
Figure 7, presents simulation results using Matlab/Simulink 
[14, 15] for a three-phase power system with a shunt active 
filter with control based on the p-q theory. It includes the fol-
lowing waveforms, corresponding to two-cycles of steady-
state operation: phase voltages ( va, vb, vc ); load phase and 
neutral currents ( ia, ib, ic, in ); total instantaneous power at 
load ( p3 ) and source ( p3s ); and source phase and neutral 
currents ( isa, isb, isc, isn ).

Fig. 7 - Simulations results for a shunt active filter.

TABLE I. 	
Nominal Voltage
at PCC Un

Individual voltage 
distortion (%)

Total harmonic 
distortion (%)

 Un ≤ 69 kV  3.0  5.0
 69 kV < Un ≤ 161 kV  1.5  2.5
 Un > 161 kV  1.0  1.5
In the first case (Fig. 8) the power system operates with a 
linear and almost “pure” L load, (the phase supply current, 
isa , is almost 90º delayed regarding to the same phase volt-
age, va). The active filter controller calculates the reference 
compensation current (ica*), and as soon as its inverter is 
turned-on the compensation current (ica) produced by the in-
verter makes isa in phase with va. In other words, the shunt 
active filter compensates the load power factor and it does so 
almost instantaneously.

The second operating condition shows (Fig.9) the power 
system operating both with a non-linear load (three-phase 
rectifier) and a linear load (RL load). The source current is 
distorted, and delayed in relation to the voltage. After the ac-
tive filter inverter is turned-on, isa becomes sinusoidal and in 
phase with va Once again, the compensation is immediate.

In the third case (Fig. 10). the power system operates with 
only a non-linear load (three-phase rectifier with RL load at 
DC side). After turning-on the active filter inverter isa be-
comes sinusoidal.

Figure 11 shows, for this same case, the waveforms of phase volt-
age and supply current separately, for operation with active filter off 
and on. It is possible to see that the abrupt changes in load current 
produce notches in the system voltage. When the active filter com-
pensates the currents these notches disappear.

Figure 12 illustrates the response of the system to a load 
change. At the beginning it operates with a linear RL load and 
then a non-linear load (three-phase rectifier) is connected. 
When the active filter is on, the load changing is fully com-
pensated in a half cycle. The current increases in amplitude 
because the demanded energy becomes larger with the new 
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load, but the source current remains sinusoidal and in phase 
with the voltage. The figure also shows the compensation cur-
rent (ica) when the active filter is on.

It is important that, the ripple observed in the supply current 
waveform when the shunt active filter in operating occurs due 
to the inverter commutation. However, it only seems to be 
relevant because the loads used to obtain the experimental 
results were relatively small. Operating with larger loads the 
current ripple would be negligible. Besides, this is a high-fre-
quency ripple, which is easily filtered by the power system.

Fig. 8 - Operation with almost pure L load.

Fig. 9 - Operation with RL load and three-phase rectifier.

 Fig. 10 - Operation with three-phase rectifier.

 Fig. 11 - Operation with three-phase rectifier:
(a) Active filter off; 		  (b) Active filter on.

Fig. 12 - Response to load change, with shunt active filter off 
and on.

IV. CONCLUSIONS
This paper deals with problems related with harmonics in 
power system networks. Several international standards is-
sued to control power quality problems are briefly described 
and some important tools to analyse electrical circuits with 
non-sinusoidal waveforms are introduced and evaluated. 
Among other application, these tools are useful in the imple-
mentationof control algorithms for active filters . 

Active filters are an up-to-date solution to power quality prob-
lems.Shunt active filters allow the compensation of current 
harmonics and unbalance, together with power factor correc-
tion, and can be a much better solution than the conventional 
approach.

Simulations result show that the shuntactive filter presents 
good dynamic and steady-state response. It can perform har-
monic currents compensation, together with power factor cor-
rection. It can also compensate for load current unbalances, 
eliminating the current in the neutral wire. Therefore, it allows 
the power source to see an unbalanced reactive non-linear 
load, as a symmetrical resistive load.

Acknowledgment 
The authors gratefully acknowledge the L.D. College of Engi-
neering Department and Prof. T.B.Maniaar for providing data 
and kind support for this work.

REFERENCES

[1] CENELEC NE/EN 50160: Caractéristiques de la tension fournie par les réseaux publics de distribuition, Nov. 1994. | [2] CEI/IEC 61000-2-1: Description of the 
environment –Electromagnetic environment for low-frequency conducteddisturbances and signalling in public power sup-ply systems, 1st. Ed.1990-05. | [3] CEI/IEC 61000-
2-2: Compatibility levels for low-frequency conducted disturbances and signaling in public low-voltage power supply systems, 1st. Ed. 1990-05. | [4] CEI/IEC 61000-2-4: 
Compatibility levels in industrial plants for lowfrequency conducted disturbances, 1st. Ed. 1994-02. | [5] IEEE STANDARD 519-1992: IEEE Recommended Practices 
andRequirements f or Harmonic Control in Electrical Power Systems,1992. | [6] M. Aredes, “Active Power Line Conditioners”, Ph.D. dissertation,Technische Universitat 
Berlin, 1996. | [7] Depenbrock, M., Skudelny, H., Dynamic Compensation of Non-Active Power Using the FBD-Method – Basic Properts Demonstrated by Benchmark 
Examples, ETEP - Eur. Trans. Elect. Power Eng.,vol. 4, no. 5, Sept/Oct 1994, pp. 381-388. | [8] G. D. Marques, “A Comparison of Active Power Filter ControlMethods in 
Unbalanced and Non-sinusoidal Conditions”, IESC,IECON’98, Ago.- Set., pp. 444-449. | [9] H. Akagi, Y. Kanazawa, A. Nabae, Generalized Theory of theInstantaneous 
Reactive Power in Three-Phase Circuits, IPEC'83 - Int.Power Electronics Conf., Tokyo, Japan, 1983, pp. 1375-1386. | [10] H. Akagi, Y. Kanazawa, A. Nabae, Instanataneous 
Reactive PowerCompensator Comprising Switching Devices without Energy StorageCompenents”, IEEE Trans. Industry Applic., vol. 20, May/June 1984. | [11] E. H. 
Watanabe, R. M. Stephan, M. Aredes, New Concepts ofInstantaneous Active and Reactive Powers in Electrical Systems withGeneric Loads, IEEE Trans. Power Delivery, 
vol. 8, no. 2, April1993, pp. 697-703. | [12] M. Aredes, E. H. Watanabe, New Control Algorithms for Series andShunt Three-Phase Four-Wire Active Power Filters, IEEE 
Trans.Power Delivery, vol 10, no. 3, July 1995, pp. 1649-1656. | [13] J. Afonso, C. Couto and J. Martins, “Active Filters with ControlBased on the p-q Theory”, IEEE Industrial 
Electronics SocietyNewsletter, vol. 47, nº 3, Set. 2000, pp. 5-10. | [14] MATLAB: High-Performance Numeric Computation and Visualization Software – Reference Guide, The 
MathWorks Inc., April 1993. | [15] SIMULINK: The Dynamic System Simulation Software-User’sGuide, The MathWorks Inc., April 1993. | [16] J. Afonso, “Filtro Ativo Paralelo 
com Controlo Digital para aMelhoria da Qualidade de Energia Eléctrica”, Ph.D. dissertation,University of Minho, 2000. | [17] J. Afonso, M. Aredes, E. Watanabe e J. Martins, 
“Shunt Active Filter for Power Quality Improvement”, Conference UIE 2000, Lisboa, 2000, pp. 683- 691.



Volume : 1 | Issue : 9 | June 2012 ISSN - 2249-555X

INDIAN JOURNAL OF APPLIED RESEARCH  X 217 


