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An Instantaneous Active and Reactive Current
Component Method for Active Filters
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Abstract—A shunt active filter based on the instantaneous active
and reactive current component - method is proposed. This
new control method aims to compensate harmonics and first har-
monic unbalance. To evaluate its relative performance it is com-
pared with the instantaneous active and reactive power- method
under various mains voltage conditions and for different harmonic
injection high-pass filters. Both methods are completely frequency-
independent, however under distorted mains voltages the proposed
method presents a better harmonic compensation performance.
The system synthesis and implementation are performed. Simula-
tion and experimental results are presented.

Index Terms—Active Filters, id-iq method, p-q method.

I. INTRODUCTION

STATIC power converters such as single-phase and three-
phase rectifiers, thyristor converters and a large number of

low-power electronic-based appliances, are nonlinear loads that
generate considerable disturbance in the ac mains. Current har-
monics, which may also be asymmetric, cause voltage drops
across the supply network impedance as well as other undesir-
able phenomena (e.g. shunt and series resonance, flicker) re-
sulting in distorted supply voltages, and hence a reduction in
the supply voltage quality. These problems can be ever worse in
small power networks where impedance may be significant re-
sulting in increasing voltage distortion at the point of common
coupling (PCC). In general, the supply harmonic current content
is constantly changing due to load current needs and the random
nature of network topology. Many kinds of nonlinear loads such
as welding equipment, arc furnaces and motor drives with fast
dynamics generate a random harmonic current content. As a re-
sult, conventional solutions that rely on passive filters to perform
a harmonic reduction are ineffective. Under these conditions it
has been proved that the most effective solutions are active fil-
ters (AF’s) which are able to compensate not only harmonics but
also asymmetric currents caused by nonlinear and unbalanced
loads. Due to the remarkable progress in the last two decades in
the field of power electronics devices with forced commutation,
AF’s have been extensively studied and a large number of works
have been published [1]–[9]. One type of AF widely used is the
shunt type AF that relies on a three-leg voltage source converter
(VSC) (Fig. 1).

AF behavior under sinusoidal and balanced conditions has
already been analyzed. However the mains voltages at the PCC
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Fig. 1. Basic structure of a shunt AF with a three-leg VSC.

may be unbalanced and even nonsinusoidal. It is therefore very
important to study the behavior of AF’s under such voltage
conditions, and ascertain the most advisable control strategy to
achieve the current compensation. This can be realized by simu-
lation of the AF with different control strategies and considering
different voltage conditions in order to study their influence.

In this paper an AF control method is presented. This con-
trol method has been named the “Instantaneous active and reac-
tive current component - method” [6]. The AF performance
for the well-known instantaneous active and reactive power-
method [1] and the proposed- control method is evalu-
ated with respect to the mains harmonic current content, and
high-pass filter effectiveness under various mains voltage condi-
tions. Both methods are compared under distorted mains voltage
conditions and it is shown that the- control method achieves
a superior harmonic compensation performance. The- con-
trol method is based on a synchronous rotating frame derived
from the mains voltages without the use of a phase-locked loop
(PLL). A large number of AF’s are implemented with a PLL
[5], [9], so using the - control method many synchronization
problems are avoided and a truly frequency-independent filter is
achieved.

II. CONTROL METHODS ANDIDEAL STEADY STATE ANALYSIS

In this section two control methods are described as well as
their ideal analysis in steady state conditions. In this analysis it
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is assumed that the VSC is a zero-order system with a unitary
transfer function, so the converter currents, where stands for
the phase number, instantaneously follow the reference currents

. In Section II-A, the well-known instantaneous active and
reactive power - method is briefly explained. In Section II-B
the proposed instantaneous active and reactive current compo-
nent - method is presented. A comparison between the two
control methods is given in Section II-C. Finally, a steady state
analysis using fast Fourier transform (FFT) which allows the
performance of these control methods to be evaluated under dif-
ferent voltage conditions is presented in Section II-D.

A. Instantaneous Active and Reactive Power- Method

The active filter currents are obtained from the instanta-
neous active and reactive powersand of the nonlinear load.
This is achieved by previous calculation of the mains voltages

and the nonlinear load currents in a stationary reference
frame, i.e., in components by (1) and (2). A null value for
the zero voltage component is assumed. The zero current com-
ponent is also null since the absence of neutral wire is consid-
ered

(1)

(2)

The instantaneous active and reactive load powersand
are defined by [1] as

(3)

which can be decomposed into oscillatory and average terms
, and . Under balanced and sinu-

soidal mains voltage conditions the average power components
are related to the first harmonic current of positive sequence,

, and the oscillatory components represent all higher order
current harmonics including the first harmonic current of nega-
tive sequence, . Thus, the AF should compensate the
oscillatory power components so that the average power com-
ponents remain in the mains. In this way the power rating of the
AF is minimum. After eliminating the average power compo-
nents by high-pass filters (HPF) the powers to be compensated
are and . The compensation currents are
obtained by inverting the matrix in (3). These currents may be
calculated by (4) and (5)

(4)

(5)

B. Instantaneous Active and Reactive Current Component
- Method

In this method the currents are obtained from the instan-
taneous active and reactive current componentsand of
the nonlinear load. In the same way, the mains voltagesand

Fig. 2. Voltage and current space vectors in the stationary and synchronous
reference frames.

the polluted currents in components must be calculated
as in the previous method by (1) and (2). However, theload
current components are derived from a synchronous reference
frame based on the Park transformation, whererepresents the
instantaneous voltage vector angle (6)

(6)

Fig. 2 depicts the voltage and current space vectors in the
stationary and rotating frames . Under balanced and
sinusoidal mains voltage conditions angleis a uniformly in-
creasing function of time. This transformation angle is sensitive
to voltage harmonics and unbalance, therefore may not
be constant over a mains period.

With transformation (6) the direct voltage component is
and the quadrature voltage com-

ponent is always null, , so due to geometric relations (6)
becomes

(7)

Instantaneous active and reactive load currentsand can
also be decomposed into oscillatory and average terms

, and . The first harmonic current of pos-
itive sequence is transformed to dc quantities, , i.e., this
constitutes the average current components. All higher order
current harmonics including the first harmonic current of nega-
tive sequence, , are transformed to non-dc quanti-
ties and undergo a frequency shift in the spectra, and so, consti-
tute the oscillatory current components. These assumptions are
valid under balanced and sinusoidal mains voltage conditions.
Eliminating the average current components by HPF’s the cur-
rents that should be compensated are obtained, and

. Finally, (8) and (5) calculate the converter currents
in the system coordinates

(8)

One of the characteristics of both methods is that the
compensating currents are calculated directly from the mains
voltages, enabling the methods to be frequency-independent.
Avoiding the use of a PLL a large frequency operating range
can be achieved limited chiefly by the cutoff frequency of
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the current control system (VSC and current controller). Fur-
thermore, under unbalanced and nonsinusoidal mains voltage
conditions, a large number of synchronization problems are
avoided especially if a PLL is synthesized with a fast dynamic
response.

C. Comparison Between the Control Methods

The active and reactive powers defined in (3) can be given by
the inner and external product of the voltage and current space
vectors. Because Park’s transformation (6) is a simple rotation
of angle , and is applied to both voltage and current space vec-
tors, the powers and are invariant under this transforma-
tion. This result is not valid for all definitions of reactive power
but it is valid for the definition adopted in this paper. As the
Park transformation guarantees power invariance a comparison
between the two control methods can be performed. This is real-
ized by means of the active and reactive load powers. Therefore,
as the reference frame is chosen in such a way that , the
load powers can be established as

(9)

which can be decomposed in (10), whereand are the av-
erage and oscillatory terms of the mains voltages, respectively.
The average voltage component is representative of the first har-
monic voltage of positive sequence, . All higher order har-
monic voltages as well as unbalance, , are represented
by the oscillatory components

(10)

In the - control method the product of the average values
in voltage and currents shown in (10) results in average power
components that are eliminated by the HPF’s. For the- con-
trol method the filtering action is performed over the load cur-
rent components.

Under balanced and sinusoidal mains voltage conditions the
oscillatory voltage component is null, so through relation
(10), the equivalent compensation powers for the- control
method, and , are equal to the equivalent compensation
powers derived from the - control method, and (11)

(11)

For unbalanced and nonsinusoidal mains voltage conditions,
where should be considered, the equivalent compensation
powers are now defined by (12) and (13)

(12)

(13)

Therefore, the difference between (12) and (13), which rep-
resents the difference between the two control methods, can be
expressed by

(14)

This relation (14) enables the difference in the performance
of the AF’s under nonideal mains voltage conditions to be un-

derstood. The powers shown in (14) constitute additional dis-
turbances compared with the- method, and their contri-
bution is significant due to the product of voltage oscillations
by the average current components. Also, another performance
decrease factor may arise for the- method if the oscillatory
values in voltage and currents shown in (12) contain harmonics
of the same order, resulting in additional average power com-
ponents. In conclusion, it can be stated that under balanced and
sinusoidal voltage conditions both methods have the same per-
formance. Under any other voltage conditions the average and
oscillatory powers are disturbed by voltage harmonics and un-
balanced voltage conditions, so neither method achieves total
harmonic elimination. However, in spite of the error introduced
in the determination of power components, the- method
performance is always superior compared with the- method
under unbalanced and nonsinusoidal voltage conditions. Com-
parative results will be shown in further sections.

D. Steady State Analysis

The performance of the AF in steady state conditions is evalu-
ated by simulation using the FFT algorithm, considering voltage
and current variables as discrete sequences. A detailed descrip-
tion is presented in [8]. Applying the transformations given in
Sections II-A and II-B new voltage, current and power variables
are obtained. Since they now represent periodic sequences the
FFT can be applied. Ideal and real filtering are used. In ideal
filtering the average power and current components are elimi-
nated. In real filtering, a Butterworth type filter is chosen, which
is in accordance with the experimental prototype. This partic-
ular filter type was chosen, in order to obtain magnitude and
phase characteristics as close as possible to an ideal filter since
its magnitude response is maximally flat in the passband and is
monotonic in both passband and stopbands. The filter consid-
ered is a fourth-order filter with a cutoff frequency
( Hz) which assures the elimination of dc components in
the nonlinear load powers and currents.

The transfer function, , for an analog -order Butter-
worth type HPF is

(15)

To minimize the influence of the HPF’s phase responses,
an alternative HPF (AHPF) is obtained by mean of a low-pass
filter (LPF) of the same order and cutoff frequency, simply by
the difference between the input signal and the filtered one,
which is equivalent to performing .
The transfer function of the LPF can be derived by (15) ex-
changing the and variables. Applying a discrete Fourier
transform (DFT) of the filter impulse response to power and
current spectra and calculating the inverse FFT (IFFT) the com-
pensation currents are obtained. The performance of both con-
trol methods and filter effectiveness is evaluated again using the
FFT over the source line currents. The performance criterion is
measured by means of the average of Total Harmonic Distortion
(THD) over the source currents, , (16)

(16)
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Fig. 3. AF performance under unbalanced and sinusoidal voltage conditions. (a) Mains voltages. (b) Source currents and (c) spectra for thep-q control method,
THD = 10:0%. (d) Source currents and (e) spectra for thei -i control method,THD = 5:0%. AF performance under balanced and nonsinusoidal voltage
conditions. (f) Mains voltages. (g) Source currents and (h) spectra for thep-q control method,THD = 12:4%. (i) Source currents and (j) spectra for thei -i
control method,THD = 2:0%.

For simulation purposes the nonlinear load is a three-phase
full converter. It is assumed that the thyristor rectifier ac currents
are independent of the mains voltages and is operating under
continuous dc current mode with a small ripple on its dc side.
Considering a maximum harmonic order of 25 and a firing angle
of 60 the rectifier currents present a THD value of 29.0%. The

AF performance is analyzed under various mains voltage condi-
tions. Under balanced sinusoidal voltage conditions a first har-
monic system of positive sequence is considered. In the case of
unbalanced sinusoidal voltage conditions a 10% first harmonic
system of negative sequence related to the first harmonic is as-
sumed. Finally, for the balanced nonsinusoidal voltage case the
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Fig. 4. Source current THD values. (a)p-q control method. (b)i -i control method.

systems considered are: a first harmonic of positive sequence, a
fifth harmonic of negative sequence and a seventh harmonic of
positive sequence with, respectively, and amplitude
also related to the first harmonic.

Fig. 3(a)–(j) show the steady state behavior of the AF based
on the - and - control methods for ideal filtering under
nonideal mains voltages.

The bar graphs shown in Fig. 4(a) and (b) summarize the
THD values for the two control methods as a function of mains
voltage conditions and filter types.

The results presented in Fig. 4(a) and (b) confirm that for an
ideal HPF the instantaneous active and reactive current com-
ponent - method and the instantaneous active and reactive
power - method attain a total harmonic compensation under
balanced and sinusoidal voltage conditions. For the- con-
trol method a mains current balanced system is always obtained
[Fig. 3(c)]. Under unbalanced voltage conditions the- con-
trol method generates a small unbalance in the mains currents
[Fig. 3(e)]. In the two control methods the most severe cases are
different. For the - control method the worst case is verified
under nonsinusoidal mains voltages since the harmonic voltage
content contributes to the average power values. By contrast,
the worst case for the - control method is seen under unbal-
anced voltage conditions. It can therefore be concluded that low
frequency oscillations in the direct voltage component caused
by voltage unbalance may have a high impact on the decrease
of AF performance. Under nonideal voltage conditions this last
case is worse than the high frequency oscillations caused by
voltage harmonics. Nevertheless, under unbalanced or nonsinu-
soidal voltage conditions the- control method always gives
better results by presenting small values of THD. Among the
filters used, it can also be verified that the best performance is
achieved with a fourth-order AHPF [Fig. 4(a) and (b)].

III. SYSTEM CONTROL AND MODELING

The AF proposed in Fig. 5(a) is based on the instantaneous
active and reactive current component- method. The exper-
imental prototype is a 2-kVA IGBT rated VSC. For the sake
of simplicity, robustness, and good dynamics, in spite of some

well-known disadvantages, the current controller used is com-
posed of three independent two-level hysteresis comparators op-
erating on a 3-leg VSC. This current controller enables the injec-
tion of the reference currents or through the direct Park
transformation. The converter currents and are obtained
from the dc voltage regulation and harmonic current generation
system presented in Fig. 5(b).

The system rating values considered in the AF are: mains
(rms) voltage V, inductance mH, current
hysteresis band, A, dc bus voltage V.
These parameters were chosen to give a compromise between a
good transient response of the AF and low switching frequency.
The maximum switching frequency verified experimentally was
18 kHz.

A. Harmonic Current Generation

By the inverse Park transformation the first harmonic load
current of positive sequence is transformed to dc quantities,

. These represent the harmonic current system that must be
preserved in the mains. The ac components of the load current
must be injected by the AF. These ac quantities are , which
derive from the load currents through the AHPF presented
in Fig. 5(b). Low-pass Butterworth fourth-order switched-ca-
pacitor filters are used. The cutoff frequency chosen is

. This assures a small phase shift in harmonics and a suf-
ficiently fast transient response in the AF harmonic compensa-
tion.

As stated in Section II-D the fourth-order AHPF gives the best
performance. Fig. 5(c) clearly shows that, although the AHPF
presents four times less slope in the rejection band than the HPF
(80 dB/dec), its phase response is very close to zero in the har-
monic load current spectra. This is very important especially
in the compensation of low frequency current components (e.g.
second order harmonic current of negative sequence).

B. dc Voltage Regulation

A proportional-integral (PI) controller with anti-windup per-
forms the voltage regulation on the VSC dc side. Its input is the
capacitor voltage error . Through regulation of the first
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(a)

Fig. 5. (a) AF control system based on the instantaneous active and reactive current componenti -i method. (b) dc voltage regulation and harmonic current
generation system. (c) Magnitude and phase responses of an HPF and fourth-order AHPF.

harmonic direct current of positive sequence it is possible
to control the active power flow in the VSC and thus the capac-
itor voltage . The reactive power flow may be controlled by
the first harmonic quadrature current of positive sequence.
However, considering that the primary end of the AF is simply
the elimination of current harmonics caused by nonlinear loads,
the current is set to zero.

As described above, the direct voltage componentis al-
ways equal to the amplitude of the voltage space vector. Under
balanced sinusoidal voltage conditions , where is
the mains RMS voltage. Assuming that the active power flow
between mains and the VSC is equal to the active power on the
dc side, i.e., ignoring the losses in the inductance and switching
devices, then , where the variable is the
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Fig. 6. Block diagram of the dc voltage regulation system.

current in the capacitor . Thus, the state equation for the ca-
pacitor voltage is

(17)

The current is an extra load on the dc side of the VSC.
Equation (17) is nonlinear, so, after performing a linearization
about the operating point defined by and , the voltage
regulation system is obtained (Fig. 6). Blocks and are
the transfer functions (TF’s) of the PI controller and the current
control system, respectively. A filter is used to eliminate
the influence of the zero introduced by the PI controller in the
forward-path TF, and consequently in the dc voltage regulation
system closed-loop TF.

Based on Fig. 6 the dc voltage regulator is synthesized
assuming a unitary transfer function for since its dynamics
is far exceeded by the current control system dynamic. It is also
assumed that there is no disturbance, i.e., the absence of an extra
load at the capacitor. Under these conditions and considering the
variables and as the proportional and integral gains of the
PI controller, and as a first-order low-pass filter with a gain
of and pole at , the closed-loop TF is

(18)

With a null active power flow in the converter, , the
closed-loop TF (18) is simplified. The design of the PI con-
troller is realized by verifying that the simplification of (18)
is a prototype second-order system. The variable values con-
sidered are: damping ratio , natural undamped fre-
quency; , dc bus capacitor mF, dc
voltage operating point V. The magnitude and
phase responses of the simplified closed-loop TF, and also the
pole-zero map for a large variation in the current operating point
( A A) in (18), are shown in Fig. 7.

The validity of the simplified model assumed (18) and the
PI controller synthesis is valid due to the small variations in the
pole locations even under a large variation in. As all the roots
lie in the left-half -plane the asymptotic stability is guaranteed.
An experimental result is shown in Fig. 8(a) that also confirms
the system stability through the system response to a step change

A.
From Fig. 8(a) it is clear that the steady-state error obtained

is null. The absence of steady-state error relative to a large dis-
turbance is due to the introduction of a pole at in the
system forward-path TF by the PI controller, making a type 1
system. As a consequence there is also a null steady-state error

Fig. 7. Diagrams of the closed-loop TF�E =�E . Magnitude response,
phase response and pole-zero map for a variation in the current operating point
ic .

with respect to the disturbance variable on the VSC dc side. In
conclusion, the results shown in Figs. 7 and 8(a) establish the
validity of the system models used as well as the system sta-
bility considerations.

Fig. 8(b) presents an experimental result of the AF operating
as a reactive compensator with reference currents A
and a step change A. These results show an almost
perfect decoupling between theand axes, since after a small
perturbation the dc voltage remains constant. It should be noted
that the current control system operates in closed-loop and its
equivalent natural frequency is very high. All the experimental
results shown in Fig. 8 are based on the AF topology presented
in Fig. 5.

C. Park Transformation

A Park current calculator [10] performs the direct and inverse
transformations described previously. In the experimental pro-
totype the angle is calculated by (6), however and are
derived form the mains line-to-line voltages and (19)

(19)

The zero current components are null, therefore the inverse
and direct Park transformations are obtained from (20) and (21),
respectively

(20)

(21)

In Fig. 9 a block diagram of the inverse Park current cal-
culation and the Park current calculator implementation is
presented. The measured voltages and pass through
anti-aliasing filters and voltage limiters before digital conver-
sion. Using two 8-bit semi-flash analog-to-digital converters
(ADC’s) a high conversion rate is achieved (sampling fre-
quency kHz). An address bus is established from the
seven most significant bits of each ADC. The loss of 1 bit in
the conversion is irrelevant since it represents noise and ADC
error. The bus will address two 32 kb erasable programmable
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Fig. 8. (a) Experimental result of a step changei = 2:5 A. (b) Experimental result of a step changeic = 10 A.

Fig. 9. (a) Inverse Park current calculation block diagram. (b) Laboratory implementation of the Park current calculator.

read-only memories (EPROM’s) where the sinusoidal functions
presented in (20) are stored. The outputs of the EPROM’s
are converted by two dual 8-bit 4-quadrant multiplying dig-
ital-to-analog converters (DAC’s). The measured current values

and are limited and multiplied by the DAC’s. The sum
of these signals gives the load currentsand . The direct
Park current calculation operates in a similar way, however the
sinusoidal functions stored in the EPROM’s are based on (21).
In this case the result will be the VSC reference currents
and .

Synchronization signals are obtained by a master clock built
with a voltage-controlled oscillator and a D type flip-flop. These
signals enable the sampling frequency to be established as well
as the selection of the sinusoidal functions in the EPROM’s
since they are multiplexed. It also enables the proper selection
of the ‘read’ and ‘write’ inputs in both ADC’s and DAC’s.

Although the Park current calculator circuit has been imple-
mented using mixed analog-digital circuits, multiplications, di-
visions and square root operations are avoided which should
be necessary if (7) and (8) were implemented. Moreover, using

EPROM’s as lookup tables all the trigonometric functions pre-
sented in (20) and (21) do not really need to be calculated. Sig-
nificant computational time delays are overcome.

Low cost high speed operational amplifiers and DAC’s
enables to obtain a Park current calculator bandwidth of about
200 kHz with respect to the analog inputs. Another possible
approach for the experimental implementation is the use of a
digital signal processor (DSP). However, high-speed boards
equipped with fast input/outputs and low execution time
DSP’s would be required in order to achieve a similar overall
performance.

IV. SYSTEM PERFORMANCE

The AF steady state responses are presented in Fig. 10(a)–(i).
The nonlinear loads considered are two type of thyristor recti-
fiers, being a three-phase full converter with firing angles

and , and a three-phase semiconverter with firing
angle . All the rectifiers have a dc current of 10 A.
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Fig. 10. Experimental results with a three-phase full converter with� = 0 . (a) Voltage and current waveforms. (b) Load current spectra. (c) Source current
spectra. Experimental results with a three-phase full converter with� = 60 . (d) Voltage and current waveforms. (e) Load current spectra. (f) Source current
spectra. Experimental results with a three-phase semiconverter with� = 60 . (g) Voltage and current waveforms. (h) Load current spectra. (i) Source current
spectra.

For balanced sinusoidal voltage conditions the experimental
results show a significant decrease in THD of the mains cur-
rent upon the injection of the compensation current. The
mains current spikes shown in Fig. 10(d) and (g) are caused
by fast transitions in load currents which cannot be compen-

sated due to the limited bandwidth of the AF current control
system. This situation occurs only with the three-phase full con-
verter with and with the three-phase semiconverter
with , because the commutation effect appears near
the peak voltage waveform where the is higher. Hence,
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significant values of THD are obtained in these situations, as
can be seen in Fig. 10(f) and (i). The situation presented in
Fig. 10(g)–(i) is very demanding on the AF especially from the
harmonic current generation system. The load current exhibits
even and odd harmonics. There is also a second harmonic cur-
rent of negative sequence, which is close to the cutoff frequency
of the AHPF’s. Overall, an average decrease in THD of a factor
of six is achieved, corresponding to a high performance in har-
monic current compensation.

V. CONCLUSION

An active filter based on the instantaneous active and reac-
tive current component - method is proposed in this paper.
Current harmonics of positive and negative sequence including
the fundamental current of negative sequence can be compen-
sated. The system therefore acts as a harmonic and unbalanced
current compensator. A comparison between the instantaneous
active and reactive current component- method and the in-
stantaneous active and reactive power- method is realized.
Under balanced and sinusoidal voltage conditions the control
method proposed is identical to the instantaneous active and re-
active power - method. Neither of the two control methods en-
ables the current harmonics to be accurately compensated under
unbalanced and nonsinusoidal conditions, nevertheless the-
control method always leads to better results. The active filter
compensation currents are generated by a three-leg VSC with
hysteresis current control. A control system that enables cur-
rent harmonics to be generated and the dc voltage to be regu-
lated is implemented in Park coordinates. Expressions for the
synthesis of the dc voltage regulator are derived and a stable
and steady-state error free system is obtained. Experimental re-
sults from a 2-kVA IGBT prototype showing the transient and
steady-state system performance are presented, where a high
performance is achieved. The- control method proposed al-
lows the operation of the AF in variable frequency conditions
without adjustments. The compensation system can therefore
work properly in a large frequency range covering both 50 Hz
and 60 Hz three-phase distribution systems.
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