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Abstract—A signal processing system for extraction of har-
monic and reactive current components is introduced and its
performance is evaluated. The extraction system is adopted as
part of the control system of a single-phase active power filter
(APF) to provide the required signals for harmonic filtering and
reactive power compensation. Performance of the overall system
is evaluated based on digital time-domain simulation studies. The
APF control system including the signal processing algorithms
are implemented in Matlab/Simulink Fixed-Point Blockset to
accommodate bit-length limitation which is a crucial factor in
digital implementation. The power system including the APF, load
and the supply system are simulated with the PSCAD/EMTDC
software to which the Matlab-based control model is interfaced.
The simulation results indicate that the signal processing unit can
provide the required signals for APF to perform filtering/compen-
sation within the transient period of 2 to 3 cycles.

Index Terms—APF, FACTS, harmonics, power factor adjust-
ment, reactive current, STATCOM.

I. INTRODUCTION

ACTIVE compensation of harmonics, reactive power and
unbalance is required for improving power quality, con-

trol and protection [1]–[3]. An integral part of an active com-
pensation device is the detection unit which generates the refer-
ence signals. Various methods, e.g. Discrete Fourier Transform
(DFT), Phase-Locked Loop (PLL), notch filtering and theory of
instantaneous reactive power have been presented in the litera-
ture for this purpose [4]–[9].

This paper introduces a single-phase signal processing
system for extraction of harmonic and reactive current com-
ponents for use in FACTS and Custom Power Controllers, e.g.
Active Power Filters (APFs), Unified Power Flow Controllers
(UPFCs) and STATic Var COMpensators (STATCOMs). The
system is based on an enhanced phase-locked loop (EPLL)
system and its features with respect to other methods are as
follows.

• It simultaneously extracts harmonic and reactive current
components independently.
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• Its structure is adaptive with respect to frequency.
• Its structure is robust with respect to the setting of the

internal parameters.
• Its performance is immune to noise and external distor-

tions.
• Accuracy and speed of its response are controllable.
• Its structural simplicity provides major advantage for its

implementation within embedded controllers.
This paper is also to evaluate the performance of the

EPLL-based system for a single-phase APF application
for harmonic filtering and reactive power compensation.
The EPLL-based system is implemented in the Fixed-Point
Blockset of Matlab [10]. This takes into account the impact
of bit-length which is important for digital implementation
of the algorithm. The power system of the APF is simu-
lated in the PSCAD/EMTDC [11] environment to which the
Matlab/Simulink model of the EPLL-based system is interfaced
through a software link.

The paper is organized as follows. The structure of the EPLL-
based system for extraction of harmonic and reactive current
components is described in Section II. Section III establishes
the criteria to derive the required reference signals for achieving
the desired level of harmonic elimination and power factor cor-
rection. Independent performance of the proposed EPLL-based
system is studied in Section IV. Performance of the EPLL-based
system when adopted for a single-phase APF system is studied
and discussed in detail in Section V. Section VI concludes the
paper.

II. EPLL-BASED SYSTEM

A. EPPL

A block diagram of the EPLL is shown in Fig. 1 [12]. As
conventional PLL, EPLL is comprised of three blocks of phase
detector (PD), loop filter (LF) and voltage-controlled oscillator
(VCO). The EPLL receives the input signal and provides
an on-line estimate of the following signals:

• The synchronized fundamental component, .
• The amplitude, , of .
• The phase angle, , of .
• The frequency deviation, .
• Time-derivatives of the amplitude, phase and frequency.

The error signal, , is the total distortion
signal of the input. Stability of the EPLL system is analyzed
in [13] and shown that the speed of response is determined by
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Fig. 1. Block diagram of the EPLL.

parameters , and . These parameters control transient
as well as steady-state behavior of the response.

The EPLL is inherently adaptive and follows variations in
amplitude, phase angle and frequency of the input signal. The
EPLL is capable of accurately estimating the fundamental com-
ponent of a polluted signal. The structure of the EPLL is simple
and this makes it suitable for real-time embedded applications
for software or hardware implementation.

Another feature of the EPLL is its ease of tuning which is ac-
complished by assignment of the parameters. A range of values
for these parameters are valid for any particular application at
hand; i.e. the structure is insensitive with respect to variations in
the internal parameters. This insensitivity to internal parameters
and its insensitivity with regard to characteristics of the external
input signal and noise constitutes the robustness of the EPLL.

B. Single-Phase Harmonic/Reactive-Current Extraction

This section explains the structure of a single-phase harmonic
and reactive-current extractor unit based on the EPLL described
in the preceding section. The proposed unit, although is intended
for extracting harmonic and reactive current components, also
extracts other pieces of information such as peak value, phase
angle and frequency of the fundamental component, Total Har-
monic Distortion (THD), and power factor.

Assume is the distorted load voltage
and

(1)

is its fundamental component extracted by employing an EPLL.
Thus, the total harmonic content and the amplitude, phase angle
and frequency of the fundamental component are also extracted
and made available.

Let denote the distorted load current
where

(2)

represents its fundamental component which is extracted by an-
other EPLL unit. Signal represents the total distortions of
the current signal. The amplitude and phase angle of the funda-
mental component of the current signal are also made available
at the outputs of the unit.

The fundamental component of the current signal
can be written as

(3)

Fig. 2. Block diagram of the proposed single-phase harmonic/reactive-current
extraction unit employing two units of the EPLL.

where and represent active and reactive components
of and expressed as

(4)

(5)

It is noteworthy that , , , , and are all
made available by the two EPLLs and the additional calculations
needed are: a subtraction to produce , a sine function and
two multiplications.

Fig. 2 shows a block diagram of the single-phase har-
monic/reactive-current component extractor. Two identical
EPLL units are used for voltage and current signals. The top
portion of the unit is used for voltage and the bottom portion is
used for current signal processing. The link between the two
parts is to calculate the fundamental reactive current compo-
nent. This structure also provides harmonic content of voltage,

, peak values of both voltage and current fundamental
components, and , their phase angles and , and the
phase angle between voltage and current signals.

C. THD Calculation

The THD calculation of the input signal (being voltage or cur-
rent) can be computed using the outputs of the corresponding
EPLL. Let be the input signal to the EPLL and , ,

, and be the outputs of the EPLL corresponding to the fun-
damental component, harmonic content, amplitude and phase
angle. By definition, the THD of is

(6)

in which the numerator is the square root of the dc value of
which can be provided by a Low-Pass Filter (LPF), and

is the input center frequency.
Fig. 3 shows the structure to implement the THD calculating

unit based on (6). The LPF is of first-order with the transfer
function . The gain 2 is to implement
the in the denominator of (6). The smaller the value of

is chosen, the smoother and more precise the THD is
computed, but in a longer duration of time. A suggested value
is .
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Fig. 3. Block diagram of the THD calculating unit.

D. Setting of the Parameters

Parameters , and determine the speed of conver-
gence of the EPLL toward its solution in terms of amplitude,
phase and frequency. The dynamics of the variables are coupled
and they mutually effect each other. The convergence rate in-
creases with the increase in the values of the parameters. How-
ever, an increase in a parameter value results in a larger steady-
state error or a misadjustment in the estimated values in the
presence of noise and distortions. This effect, which is an in-
herent feature of an adaptive algorithm, necessitates trade-off
according to the desired dynamic and steady-state responses.

Theoretical studies in [12] show that the time-constants of
the linearized system are and cor-
responding to the amplitude and phase angle, respectively. For
a one p.u., 50 Hz, input signal, the values of
would result in a convergence rate of around two to three cycles
which is appropriate for most power system applications. Larger
values for these parameters result in a larger steady-state error,
specially in cases where the input has a high pollution content.
With a small input pollution content, one can increase these pa-
rameters and yield faster convergence without introducing sig-
nificant steady-state errors.

E. Performance Improvement

As mentioned before, increasing a parameter value increases
the rate of convergence of the corresponding variable, Fig. 1,
nevertheless a higher level of steady-state error is introduced.
This error manifests itself as a small oscillations around the
value of the corresponding variable. It is possible to reduce the
error by low-pass filters (LPFs). These filters should be placed
one after the integration unit in the PD, which estimates the am-
plitude, and the other in the LF, which estimates the phase angle,
Fig. 1. Our observations indicate that a first-order LPF, with a
cut-off frequency of about 30 Hz, suppresses the error consider-
ably and permits the parameters to be increased to obtain a speed
of response twice as high as the original structure with the same
level of error. These LPFs also increase robustness with respect
to high frequency disturbances and noise since the amplitude,
phase angle and frequency of the fundamental component are
more smoothly estimated.

Fig. 4 shows an alternative system for extraction of harmonic
and reactive current components using one single unit of EPLL.
The limitation of the system of Fig. 4, compared to that of Fig. 2,
is that it extracts the sum of harmonic and reactive current com-
ponents rather than extracting them separately. Moreover, this
structure does not provide some of the helpful information, e.g.
amplitudes and phase angles, which are provided by the struc-
ture of Fig. 2. This structure is included here for the sake of com-
pleteness and to provide comparison with an analogous method
presented in [6]. Principles of operation of the system of Fig. 4
are briefly explained as follows.

Fig. 4. Extracting sum of harmonic and reactive current components.

The current signal is comprised of an active component,
, a reactive component, , and distortion component
. is in-phase with the voltage fundamental compo-

nent. An EPLL unit is employed to extract a normalized sinu-
soid which is in-phase with the voltage fundamental component,
Fig. 4. This signal is then used in a feedback control loop to es-
timate the amplitude of the active current component, . Mul-
tiplication of this amplitude with the sinusoid yields . Sub-
traction of from the current signal results in the sum of har-
monic and reactive current components .

The feedback loop is the standard loop of adaptive al-
gorithms. The LPF is a first-order, low-pass filter with a
bandwidth of about 20 Hz for an integrating gain of .
Larger values of the bandwidth and increase the estimation
speed while introduce higher level of steady-state error.

The system of Fig. 4 is analogous to the frequency-indepen-
dent method of [6] in which a conventional PLL system is em-
ployed. Performance of the method of [6] for a wide range of
frequencies without extra tuning stages is reported in [6]. Com-
pared to that of [6], the system of Fig. 4 provides the same level
of performance for even a wider range of frequencies without
any readjustment of the parameters. An additional feature of the
system of Fig. 4 as compared to the system of [6] is its ability to
estimate the voltage fundamental component, amplitude, phase
angle and frequency.

III. REFERENCE SIGNALS

In this section, the appropriate reference signals to achieve
a desired level of harmonic elimination and power factor cor-
rection by a single-phase active filter are specified. Assume that

and represent the single-phase load voltage and current
signals. Both and in general are nonideal and distorted.

A. Harmonic Elimination

If is fed to the EPLL system, the fundamental component
and the total sum of all harmonics are extracted. To

eliminate of this harmonic signal from the load current, an
APF must inject

(7)

where the subscript is for compensation. Note that this will
eliminate of the total harmonic signal with no specific
levels of compensation for individual harmonic components.
The THD of the signals is also computed by the EPLL-based
system and provides an index to judge the level of harmonic
compensation by an APF. The relation between the initial THD
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(before filtering), the obtained (after filtering )
and is .

B. Power Factor Correction

Suppose the power factor of the system, calculated by the de-
tection unit, is which corresponds to a fundamental reactive
current component of . To compensate of this reac-
tive component and correct the power factor to the new value

, a total current of

(8)

should be injected. The relationship between and is
expressed by

(9)

As varies from zero to 100, varies from its old value,
i.e. , to unity.

The proposed system of Fig. 2 provides separate extraction of
harmonic and reactive current components and an APF system
that is based on this method is furnished with independent com-
pensation of harmonic and reactive current components. The
system of Fig. 4 and also the method of [6] provide sum of har-
monic and reactive current components and, thus, independent
compensation of these two components is not possible.

IV. STAND-ALONE PERFORMANCE OF THE

EPLL-BASED SYSTEM

Simulated performance of the detection unit is presented in
this section. MATLAB and SIMULINK software tools are used
for the simulation studies.

A. Harmonics

1) Dynamic Initiatory Performance: An input signal com-
prising 1 p.u. of the fundamental component, 1/3 p.u. of the third
harmonic and 0.2 p.u. of the fifth harmonic is considered for the
simulation. The outputs of the single-phase EPLL-based extrac-
tion system are presented in Fig. 5. The extracted fundamental
component including its amplitude, extracted harmonics, and
error are shown in parts (a), (b), and (c), respectively. The error
signal shown in part (c) is the error in the harmonic signal (or
equivalently in the fundamental component). It is observed that
the transient stage (initialized at zero values) is completed in
about two cycles.

2) Steady-State Performance: Fig. 6 shows continuation of
Fig. 5 from 100 ms to 200 ms to illustrate the steady-state re-
sponse. A maximum steady-state error of 1% is observed for the
highly polluted input signal .

B. Reactive Current Component

Performance of the EPLL-based system in extracting the re-
active current component is shown in Fig. 7. The ideal input
voltage and current signals are in phase up to and
hence no reactive component exists. At , the voltage
signal is shifted by . Fig. 7(a) shows the extracted re-
active current component. Fig. 7(b) shows the detected phase
difference between the voltage and current signals. The reactive

Fig. 5. Dynamic performance of the EPLL-based system for an input signal
comprising of 1 p.u. of the fundamental component, 1/3 p.u. of the third
harmonic and 0.2 p.u. of the fifth harmonic (THD = 39%): (a) extracted
fundamental component and its amplitude, (b) extracted harmonic signal, and
(c) error.

Fig. 6. Steady-state performance of the EPLL-based system: continuation of
the graph of Fig. 5 over the period of 0.1 to 0.2 seconds.

current component has been accurately detected within almost
one cycle.

Performance of the alternative system of Fig. 4 is also eval-
uated by the following example. The current signal is a square
wave signal whose amplitude and phase angle undergo a 50%
jump and a 45 degrees shift at and respec-
tively, as shown in Fig. 8(a). The voltage signal is comprised of
the fundamental component and 10% of the seventh harmonic.
The extracted active current component and the sum of har-
monic and reactive current components are shown in Fig. 8(b)
and (c), respectively. The accuracy and the transient response
time are the same as that of the method presented in [6].

V. PERFORMANCE OF THE EPLL-BASED SIGNAL EXTRACTION

SYSTEM IN AN APF SYSTEM

In this section, the EPLL-based system is employed as part
of the control system of a single-phase APF and performance
of the overall system, in the context of harmonic and reactive
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Fig. 7. Reactive current detection by the EPLL-based system for a step change
of �=2 (rad) in the phase angle: (a) reactive current component and its peak
value (b) phase difference.

Fig. 8. Performance of the structure of Fig. 4(a) current signal whose
amplitude and phase angle undergo a 50% jump and a 45 degrees shift at
t = 0:04 and t = 0:12 sec, respectively (b) extracted active component of the
current and its amplitude (c) extracted sum of harmonic and reactive current
components.

power compensation, is evaluated. The EPLL-based system is
simulated using MATLAB Fixed-Point Blockset [10] to accom-
modate word-length limitation effects. This represents a dig-
ital fixed-point implementation platform such as an Field Pro-
grammable Gate Arrays (FPGA). The APF power system is sim-
ulated using the EMTDC/PSCAD [11] software package. The
MATLAB Fixed-Point Blockset and the EMTDC/PSCAD are
interfaced [11] to provide dynamic simulation of the power cir-
cuitry and the detection/control of the overall APF system.

A. Active Power Filter

The structure of the APF is shown in Fig. 9 [15]. The APF is
designed to compensate harmonic and reactive current compo-
nents in the single-phase line that connects the supply system to
the load, Fig. 9. The power system consists of:

Fig. 9. Power circuit of the active power filter.

• AC power source with the following parameters:
— rated voltage: 115 V
— rated frequency: 60 Hz
— internal inductance: 80
• load is composed of:

— a linear with and
— a single-phase full-bridge rectifier with the dc-side

load of: and , (ideal switches
assumed)

• a full bridge voltage-source converter (VSC) APF with the
following parameters:

— DC capacitance : 4800
— filter inductance : 2.5 mH
— switching frequency: 8192 Hz
— average DC Voltage: 220 V
— (ideal switches assumed).

The load current (Fig. 9) contains a fundamental compo-
nent which lags the fundamental of the input voltage by
angle . It also contains harmonic components . The func-
tion of the APF is to provide a current, i.e. , which compen-
sates for the load current harmonics and reactive current com-
ponent. Therefore, the source current will be harmonic free
and in-phase with the load voltage . In practice, the objec-
tive is to keep the THD of the source current within the recom-
mended limit [14] and increase power factor to unity at the point
of common coupling (PCC) by the APF.

1) Control System: The control system of the APF provides
a switching pattern for the VSC such that the converter current
can compensate for the prespecified levels of harmonics and
reactive power. The control system is composed of a detection
block, current control and voltage control units. Fig. 10 shows
a block diagram of the control system [15].

2) Detection Block: The detection block, as a complemen-
tary part of the control system, extracts the harmonic and reac-
tive current components to create a reference signal. This part
of the control logic is performed by the EPLL-based system.

3) Current Control: The current control logic is based on the
fact that the PCC voltage plus the voltage drops along the path
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Fig. 10. Block diagram of the APF control system.

from PCC to the VSC is equal to the converter voltage. There-
fore, calculating the PCC voltage and the desired converter cur-
rent, the converter voltage can be computed. The Pulse Width
Modulation (PWM) pattern is generated such that the converter
output voltage follows its reference. In summary, the current
controller is composed of a voltage drop calculator plus a feed
forward signal. Details of the current control logic are given in
[15].

4) DC Voltage Control: The DC voltage control unit is to
keep the DC voltage of the VSC constant at a predefined value.
Thus, a fundamental frequency current reference is generated
which is composed of two terms.

1) The first term of the current reference is due to the loss
in the APF. To find the loss term, the mean square value
of the load compensation current is obtained. An estima-
tion of the APF loss is deduced based on the current and
the estimated APF resistance. One can then calculate the
current needed for loss compensation.

2) The second term of the current reference is due to the
difference between the DC voltage and its reference. In
this section, the mean square of DC voltage is compared
to the mean square of the DC reference. The result, which
is proportional to the difference between the desired and
the actual energy of the capacitor, is divided by half of
the peak fundamental voltage after passing through a gain
controller [15].

The fundamental frequency current reference is then com-
pared to a prespecified limit to prevent over current conditions.
The current is synchronized with the input voltage prior to the
PWM generator unit.

5) PWM Pattern Generator: Unipolar switching pattern has
been used for the PWM generator of the VSC. In this mode of

Fig. 11. APF performance with a pure resistive linear load: (a) PCC voltage
(v ), its extracted fundamental component (v ) and amplitude (V ) (b) source
current (c) load current (i ), its extracted fundamental component (i ) and
amplitude (I)(d) extracted phase angles of the voltage (� ) and current (� )
(e) their difference (� � � ) (f) extracted harmonics i and reactive current
i .

switching, the switches in each leg of the VSC are controlled
independently.

B. Study Results

This section presents the simulation results of the APF system
in which the detection part of the control logic is represented
by the EPLL-based system. The results show both transient and
steady-state behaviors of the overall system.

1) Resistive Load: All initial conditions of the detection al-
gorithm are set to zero and the combination of the load and APF
is energized at . The load is assumed to be the pure re-
sistive load , Fig. 9. Fig. 11(a) shows the PCC voltage ,
its extracted fundamental component and amplitude .
The transient behavior in the source current, Fig. 11(b), is due
to (1) the charging current of the VSC capacitor and (2) the
transient stage in the detection of the harmonic content of the
load current. The transient behavior is over when both the ca-
pacitor is fully charged and the detection algorithm reaches its
steady state. Fig. 11(c) shows the load current , its extracted
fundamental component and amplitude . Parts (d), (e)
and (f) of Fig. 11 show the phase angles, their difference, har-
monic content of the current and reactive current component,
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Fig. 12. APF performance when the pure resistive load is changed to an RL
load at t = 0:024 s: (a)–(f) as described in Fig. 11.

respectively. Detected harmonics and reactive currents compo-
nents approach zero in the steady state. The transient time is
about 3 cycles which is slower than the FFT-based method [15].
However, frequency-adaptivity and structural-simplicity and ro-
bustness are the features of the proposed method compared with
the FFT-based methods.

2) Resistive+Inductive Load: This case studies closed-loop
performance of the system when the resistive load is changed
to a resistive plus inductive load. The system is initially in a
steady-state with the resistive load is in service, when the
inductive load , Fig. 9, is switched in at . PCC
voltage , its extracted fundamental component and am-
plitude are depicted in Fig. 12(a). Source current is shown
in Fig. 12(b) which settles to a sinusoidal form in-phase with
the PCC voltage through proper reactive power injection by the
APF. Load current , its extracted fundamental component

and amplitude are shown in Fig. 12(c). Estimated phase
angles of the voltage and current and their difference
are shown in Fig. 12(d) and (e), respectively. The phase differ-
ence approaches a value of about one radian in the steady-state.
Part (f) shows the harmonics and reactive current components
extracted by the detection unit and compensated by the APF.
No harmonic component exists in the steady state but a reactive
current component with the amplitude of about 20 A exists due
to the inductive part of the load. Transient time in the reactive

Fig. 13. APF performance when a nonlinear load is added to the RL load at
t = 0:004 sec: (a) to (f) as described in Fig. 12.

current compensation is less than two cycles. The transient time
is due to the (1) transient in the load and (2) transient response
of the detection unit. The overall transient time is longer than
the FFT method [15] but shorter than that of [6].

3) Nonlinear Load: Initially the RL load of previous sec-
tion is in service under a steady-state condition. At
the rectifier load is connected to the system. Fig. 13(a) shows
the PCC voltage. The source current remains sinusoidal and
in-phase with the PCC voltage due to the harmonic filtering and
reactive power compensation of the APF [Fig. 13(b)]. The load
current, its extracted fundamental component and amplitude are
shown in Fig. 13(c). Estimated phase angles and their difference
are shown in Fig. 13(d)–(e). This difference approaches a value
of about 0.4 radians from its original value of one radian. The
extracted harmonic and reactive current components are shown
in Fig. 13(f). Compensation of the harmonic and the reactive
current components is achieved within three cycles. Note that
this transient time is partly due to the detection and partly due
to the transient introduced by the rectifier energization.

VI. CONCLUSION

A signal processing system for extracting harmonic and reac-
tive current components is presented and its performance when
employed in a single-phase active power filter is evaluated. The
signal processing system is implemented in Matlab Fixed-Point
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Blockset to accommodate the bit-length limitation effects, and
interfaced to the power system, which is simulated in PSCAD
environment. Investigations show that the proposed method can
achieve its steady-state response in about two cycles. Structural
robustness of the system allows its implementation with A/D
units with as low as 8 bits. Salient features of the system are (1)
performance robustness with respect to noise and distortions,
(2) insensitivity to the uncertainties of the parameters, (3) fre-
quency-adaptivity and (4) simplicity of the structure.
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