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Abstract: Power electronic converters are used for integrating renewable energy sources such as
wind and photovoltaic into the grid. This integration gives rise to many challenges in power
systems, especially regarding power quality. Indeed, integrated systems generate a non-linear
current full of harmonics, which degrades power quality. Active power filters are usually used to
compensate for these harmonics at the point of common coupling. In the control of active power
filters, harmonics need to be extracted from the non-linear current. In this paper, the matrix pencil
method—a model-based technique for estimating parameters of exponentially damped or undamped
sinusoids in noise—is proposed to extract the reference signal in shunt active power filter applications.
The performance of the proposed matrix pencil method is studied for current harmonic compensation
and power factor correction under different modulation schemes and two DC links: an external
DC voltage source and a capacitor. Using a capacitor for the DC link requires not only including a
proportional-plus-integral controller to maintain a constant capacitor voltage, but also accounting for
the loss current in the formulation of the matrix pencil method. Compared with the instantaneous
reactive power theory and synchronous reference frame, results obtained from simulated data using
MATLAB/Simulink under different loading conditions show that the proposed method corrects the
power factor and affords a lower source current total harmonic distortion and fast response.

Keywords: integrated systems; power quality; shunt active power filter (SAPF); reference signal
extraction; instantaneous reactive power theory (IRPT); synchronous reference frame (SRF); power

factor correction

1. Introduction

With recent soaring energy prices and the urgency to act on combating climate change,
there is an unprecedented need to transition to environmentally friendly and cost-effective
energy solutions. Renewable energy systems generate clean, sustainable energy, and hence
can reduce global dependence on fossil fuels and greenhouse gas emissions as well as
lower energy costs [1]. Being intermittent, fluctuating, and non-dispatchable, renewable
sources such as solar and wind present certain challenges when integrated into the grid,
one of which is power quality. Their integration calls for the use of many power electronic
converters, which generate voltage and current harmonics, thus polluting the power system
and resulting in degraded power quality [2-5]. Poor power quality can lead to abnormal
operating conditions for many electrical and electronic devices and cause huge economic
loss in the power network and to the end customers [6]. This is compounded by the fact
that growth in the use of power electronic devices—such as variable frequency drives, arc
furnaces, variable-speed motor drives, and uninterruptable power supplies—also results
in power quality issues [7]. Such non-linear loads generate source voltage and current
harmonics, causing interference with communication lines as well as overheating and
failure of power-system equipment [8-11]. In addition to the issues caused by harmonics, a
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low power factor (PF) can also degrade power quality and compromise system stability,
as a low power factor can cause the load current to exceed the rated current and result in
higher power generation and line losses [12].

To overcome power quality issues caused by grid-integrated systems, a shunt active
power filter (SAPF) can be used to mitigate source current harmonics [13]. An APF extracts
non-linear load current harmonics and uses them to construct a reference signal that
modulates a voltage source inverter (VSI). As depicted in Figure 1, the compensation
current synthesized by the VSl is then injected at the point of common coupling (PCC),
resulting in lower source current harmonics.
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Figure 1. Shunt active power filter connection with the integrated system.

The accuracy of harmonic current extraction plays an important role in SAPF effec-
tiveness for suppressing the harmonic current and compensating for the power factor. The
instantaneous reactive power theory (IRPT) [14] and synchronous reference frame (SRF) [15]
are considered the most used time-domain-based methods for reference signal extraction in
SAPF [16,17]. Both methods rely on a low-pass filter in their implementation to extract a DC
component that represents the fundamental frequency. This filter is known to cause large
amplitude and phase errors, leading to inaccuracies in the extracted reference signal [18].
In [19], the low-pass filter was replaced with an average power detector, since in the a8
rotating frame the DC element of a signal is equal to its average value. The authors of [20]
dispensed with the filter by integrating the matrix pencil method (MPM)—a model-based
parameter estimation algorithm—into the SRF to extract the DC component in the dq frame.
In [21], the matrix pencil method (MPM) was proposed for reference signal extraction in the
abc frame. In contrast to [20], Ref. [21] completely replaced SRF, and not only the filter, with
MPM. This was achieved by using MPM to decompose the total load current in the abc into
its constituent frequency components before synthesizing the fundamental pure sine wave
and subtracting it from the load current to obtain the reference signal. MPM was shown to
achieve better performance regarding source current total harmonic distortion (THD) and
response time than the IRPT and SRF. However, Ref. [21] neither corrected the power factor
nor explained how the output of the DC link proportional-plus-integral controller could be
integrated into the formulation of MPM. Moreover, it studied the performance of MPM
using only the pulse width modulation (PWM).

This paper complements the previously published results in [21] by studying the
performance of MPM for current harmonic compensation and power factor correction
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under different modulation schemes and two DC links: an external DC voltage source and
a capacitor. Using a capacitor for the DC link requires not only including a PI controller
to maintain a constant capacitor voltage, but also accounting for the loss current in the
formulation of MPM.

The remainder of this paper is organized as follows: Section 2 outlines the structure
of the SAPF used for the simulation. Section 3 describes the functionality of the DC link.
Section 4 recalls the mathematical approach of MPM and explains the integration of the DC
link with the reference signal extraction. In Section 5, different simulations are discussed
and the performance of MPM is evaluated. Finally, Section 6 concludes this work.

2. Structure of SAPF

The active power filter has many topologies, such as shunt, series, and unified power
quality conditioner (UPQC)—which is the combination of shunt and series [22,23]. As
shown in Figure 2, the SAPF structure consists of a VSI, a modulation process, and a
reference signal extraction process. The integrated system generating the non-linear current
is represented by a non-linear load. The load current is measured by sensors and fed to
the extraction process, where the harmonics are extracted; then, this reference signal is
used in the modulation module to suppress the harmonics from the source current. The
modulation module is responsible for injecting the harmonic current at the PCC by means
of power electronic switches such as IGBTs, MOSFETs, and GTOs. This will enable the
DC-link voltage to inject mitigation current into the power circuit for harmonic suppression.
The most used modulation techniques are PWM, hysteresis control, and SVPWM. The
reference signal extraction, modulation process, and DC link control are the fields under
research in the SAPF considered to achieve an enhanced performance with lower %THD
and fast response that can form a more efficient and reliable filter [24].
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Figure 2. Structure and control modules of the three-phase three-wire active power filter.

The SAPF power circuit consists of a three-phase AC voltage source including source
impedance and a line impedance connected to a non-linear RL load. The SAPF is connected
at PCC via a filter inductance L¢, which is considered the coupling reactance of the SAPF.
The VSI DC link generally consists of an external battery or a capacitor C ., as shown in
Figure 3.
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Figure 3. VSI switches with the capacitor DC link.

The SAPF works by extracting the reference signal with a proper DC link control outer
loop, modulating this reference signal, and then injecting the harmonic current at PCC.
This operation enables compensating source harmonic current but draws a small amount
of source current to regulate switching losses when using a capacitor in the DC link [25].
This capacitor has the role of maintaining a DC with few ripples in the steady state and
operating as an energy storage component to deliver the power gap between the supply
source and load in the transient state [11]. A three-phase three-wire SAPF is considered in
this study.

3. The DC Link

The DC link provides the necessary power for the injected harmonic signal. It can be
achieved by using a constant external DC voltage source, such as a battery; or by using a
DC-link capacitor with a proper control strategy to maintain its voltage at a specific desired
value. In this study, both cases will be tested to compare the performance of MPM against
IRPT and SRE.

The DC-link capacitor behaves as an energy-storage element with a constant voltage
value for the VSI, which functions as a current-mode power converter voltage source to
generate the mitigation current injected into the power circuit. During the steady state,
the source power must be the same as the load-demand real power without real power
consumed by the VSI for a lossless system. By that, the DC-link capacitor average voltage
must be maintained at a desired constant value. To control the DC link at the desired
reference voltage, conventional methods, such as proportional-plus-integral (PI) controller
and fuzzy logic control (FLC) [25], are widely used for this purpose, which applies the
voltage difference between the DC-link voltage and the reference voltage to its control
strategy. Other methods were proposed for the DC-link voltage regulation control as
in [26,27]. Also, the authors in [28] dealt with energy equations for the control of DC-link
voltage with step-size error for proper regulation.

Based on IRPT and SRF theory, the current component in the d-axis represents the total
input of instantaneous active power in the grid synchronous rotating frame. By that, the DC
link PI controller output average voltage determines one of the d-axis current references.
Accordingly, if the DC link average voltage is higher than the reference voltage, positive
power will let a flow of energy from the inverter to the grid; and if the DC link average
voltage is lower than the reference, the negative power will let a flow of energy from the
grid to the inverter [29].

Figure 4 represents the adopted DC link control strategy using a PI controller, where
the V.t represents the DC voltage reference value and V. represents the capacitor instan-
taneous voltage value. The difference between these two values represents the error, which
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serves as the input to the PI controller. The active power exchange between the grid and the
DC link is caused by current Ijs5, which reflects the fundamental frequency of the active
current. The transfer function of this outer loop PI controller is presented in [30].

Vet /\ error I

Vdc

Figure 4. DC link controller.

The DC-link capacitance has an impact on the DC voltage variations in the transient
and steady states. The DC voltage must secure a safe operating range, with a minimum
reference value greater than the grid peak line voltage [31]. However, when the voltage
is too high, high current harmonics may damage the inverter’s power electronics devices,
especially switches; and when the voltage is too low, a switch’s freewheel diodes may not be
reverse-biased, to help the SAPF control current. The voltage variation of the capacitor’s DC
link is directly proportional to the integral of capacitor current and inversely proportional
to the capacitance value; hence the minimum value of capacitance can be defined according
to the equation:

t .
tq fol igcdt
Avdc,max

Cdc,min = @
where i;, denotes the capacitor current and Avg 4, represents the maximum variation of
the DC voltage over the response period from 0 to 1. Several papers expressed different
selection criteria for the DC-link capacitor size and coupling inductance value. These
approaches are discussed and compared in [32]. In case two, capacitors are used in the DC
link; a model predictive control strategy for voltage balance of the DC side can be used as
proposed in [33].

4. Integrating the loss current in MPM formulation

In this section, the mathematical formulation of MPM is recalled, and the integration
of the DC link PI controller output into this formulation is presented.

4.1. Signal Model

With the aid of Euler’s formula, it is possible to model the current flowing through a
non-linear load for a sinusoidal voltage source as a sum of n complex-valued sinusoidal
signals weighted by complex residues using the exponential signal model as follows [34]:

i(t) =Y reexp{j2mfit} 2)
P

where ry is the complex residue of the kth cisoid and f; is its frequency. After sampling, the
time variable, t, is replaced by t, = vt;, where f; is the sampling period and v is the sample
index. The discrete current signal becomes:

n
i(v) =) rezp v=1,2,...,N 3)
k=1

where z; = exp{j27fit;} is the kth complex pole and N is the number of samples. In matrix
form, the signal model is formulated by:

i=Ar 4)
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i=[i(1) i ... iN)]" ®)

A=l a ... a, (6)

ar= [z zZ+ ... ZIIQI]T (7)

r=[n n .. rn]T 8)

The T superscript represents the transpose operator.

Having the load current data sequence {i(v)}fy:l, the complex residues {ry};_; and
the frequencies {f;};_; are estimated. The fundamental component of the non-linear
load current, which is a pure sine wave, is constructed using the fundamental frequency
estimated parameters. This sine wave is subtracted from the load current to generate
the harmonics reference signal that needs to be injected at PCC to mitigate the source
current harmonics.

4.2. The Matrix Pencil Method

In this section, the steps of the matrix pencil method are outlined. MPM utilizes the
structure of the matrix pencil of the underlying signals for model parameter estimation. It
has been effectively applied to frequency-dependent multi-path resolving [35], extraction of
wave objects from scattering data [36], direction-of-arrival estimation [37], and parameter
estimation in dispersive media [38—40]. In this study, the frequencies and amplitudes
estimated by MPM from the non-linear load current will be used to construct the harmonic
reference signal of the SAPF that needs to be injected at PCC for harmonic compensation of
the source current.

The reference signal could be obtained by MPM by applying the following steps:

First, using the current data sequence {i(v)}szl, a Hankel data matrix is constructed:

i) 2 e i) L)
H 1(2) 1(3) z(L:i—l) z(L:i—2) ©)
(N=L) i(N=L+1) --- i(N=1) i(N)

where L is the selected pencil parameter thatn < L < N —n.
Then, H; and H; are formed and used to form a matrix pencil defined as Hy — AHj,
with A a scalar parameter. In the case of a noiseless exponential data model,

H, =H(,1:L)H, =H(;,2:L+1) (10)
i(1) i(2) e i(L)
R o
i(m.—L) i(m—.L—l—l) i(m.—l)_
i2) e WD) i(L41)T
H, - i(‘3) i(L + 1) i(L:+2) 12)
IN—L+1) o i(N-1) i(N) |

H; and H; admit the following Vandermonde decomposition [40]:
H; = Z;RZ, (13)

and
H, = Z,RZyZ, (14)
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where
EI 3
2 = 2:1 Z:2 | Z:n (15)
z{\]*L zé\];L . an"L

1 z; zifl
z-| 22 (16)

i z.n . zﬁ;l
Zy = diag{z1,2z2, ..., zZu} (17)
R = diag{ry,r2, ..., ™n} (18)

The decomposition of Vandermonde shows the shift-invariance property along the
column and row spaces, and results in writing the matrix pencil:

H; — AH, (19)

Z:R[Zy — M|Z, (20)

Finally, the complex poles {zy};_; are estimated as the generalized eigenvalues of
the matrix pair [Hy, H;|. The frequencies can then be estimated from the poles, and
then the amplitudes are estimated using a least-squares fit having the following solution:

-1
r= (AHA) AHj where the superscript H denotes the conjugate-transpose operator.

After the construction of the load current fundamental component, the harmonics are
determined by subtracting the constructed fundamental current from the load current. The
obtained harmonics represent the reference signal that needs to be sent to the modulation
module. However, when a capacitor is used in the DC link instead of an external DC voltage
source, the voltage value of the capacitor must be maintained at the desired reference.
There is a small amount of active real power used by SAPF due to VSI switching losses.
These losses caused by the PI outer loop controller must be added to MPM constructed
fundamental component in the abc frame. To this end, this value is transferred from the
dq frame to the abc frame to be added to the fundamental current; and the resultant value
needs to be subtracted from the load current to generate the harmonics reference signal.
This extracted reference signal is then sent to the modulation module, which is responsible
for the functionality of the VSI switches to form the injected current.

The role of MPM in active power filters is illustrated in the block diagram of Figure 5.
In the first step, MPM decomposes the measured load current into its constituent frequency
components, according to Equation (2). The second step synthesizes the fundamental
component using the fundamental frequency and its complex residue. The third step
adds the losses from the DC link control circuit to the fundamental component. Finally,
the resulting reference signal is subtracted from the load current to obtain the harmonic
reference signal used in the active power filter.
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Figure 5. Reference signal extraction block diagram using MPM.

5. Simulation Results and Discussion

In this section, MPM is tested and compared to IRPT and SRF. The models in
Figures 2 and 3 are simulated using MATLAB/Simulink, first with the DC link as a battery,
and then as a capacitor with a proper outer loop PI controller. In both cases, hysteresis,
PWM, and SVPWM modulation processes are used to check the performance of MPM,
IRPT, and SRF. The comparison is based on the value of the source current %THD and the
response time, which is defined as the time needed for the capacitor to reach its reference
voltage. For the capacitor DC link, three different loads are used: a non-linear load 1 for
static response check, a non-linear load 2 parallel to load 1 to check the SAPF dynamic
response, and a highly inductive load 3 parallel to load 1 to check the power factor com-
pensation capability of the proposed method. All simulations are performed in discrete
time with a time step of 1 x 107 s. For the PWM and SVPWM, the switching frequency
is set to 12.5 kHz, while for the hysteresis control, the hysteresis band is set to 0.1 A. The
circuit parameters used in the simulation scenarios are given in Table 1.

Table 1. Circuit parameters with load 1.

Circuit Parameters Parameter Value
Frequency 50 Hz
Supply phase voltage peak value 220V
Source impedance (R, L) 0.15 ), 0.03 mH
Line impedance (R, Ly) 10Q,1mH
Coupling reactance 3 mH
DC-link capacitance (Cgc) 3000 uF
DC-link voltage reference (Vf) 700 V
Load 1 impedance (R, L) 40 OO, 2 mH

Figure 6 shows the MATLAB Simulink model of the SAPE. All the equations in
Section 4 are written as MATLAB function block in the MPM subsystem, where the input
is the load current and source voltage measurement, and the output is the harmonics
reference signal. The remaining components of the model are the power circuit, the DC
link control, and the modulation control.
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Figure 6. MATLAB Simulink model of the SAPF using MPM.
5.1. Battery DC Link

In this scenario, nonlinear load 1 is used along with an external 700-V battery in the

DC link instead of a capacitor. As shown in Figure 7, the FFT analysis of the source current
without the SAPF gives a THD of 25.61%.

‘Waveform. FFT window (in red): 2 cycles Fundamental (50Hz) = 10.36 , THD= 25.60%
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Figure 7. FFT analyzer with no filter used. (a) Source current waveform. (b) FFT window.

To reduce these harmonic distortions, first the reference signal is extracted by IRPT,
SRF, and MPM, and then the resulting compensated current synthesized by the SAPF is
injected at the PCC. For each extraction approach, three modulation schemes are considered:

hysteresis control, PWM control, and SVPWM control. The obtained %THD results of the
source current are summarized in Table 2.

Table 2. Battery DC link with load 1 results.

% THD of Source Current
Extraction Technique

Hysteresis PWM SVPWM
IRPT 1.74% 1.24% 1.39%
SRF 1.46% 1.26% 1.41%
MPM 1.22% 0.83% 0.93%

The results in Table 2 reveal that MPM achieves a lower THD than IRPT and SRF for
all modulation approaches. Figure 8 shows the FFT analysis of the source current resulting
from the three extraction methods and PWM control. These results confirm the better
compensation of MPM across all harmonic orders.
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Figure 8. Battery DC link FFT analyzer for source current with PWM control using (a) IRPT extraction
technique, (b) SRF extraction technique, and (¢) MPM extraction technique.

o

It is worth noting that while the %THD of the source current in Table 2 is for all
harmonic orders under different extraction and modulation techniques, Figure 8 gives
more insight into how the percentage in Table 2 is distributed among the harmonic orders
under different extraction techniques and PWM control.

Figure 9 depicts the steady-state waveforms of the load current Ij , the compensation
current I, and the source current I, using the three extraction methods and PWM control.
The results reveal the effectiveness of MPM in compensating source current harmonics to
obtain a nearly sinusoidal source current. Figure 9¢, depicting the waveform when using
MPM, reveals a smoother source current waveform than that of the IRPT and SRF, which
agrees with the results in Table 2.

5.2. Capacitor DC Link

In this simulation scenario, a capacitor Cg. is used in the DC link with the value given
in Table 1. A PI controller is used for the outer control loop to set the capacitor voltage at
a specified reference value. IRPT, SRF, and MPM are tested using hysteresis, PWM, and
SVPWM to check the performance of these extraction methods in mitigating the source
current harmonics. The source current THDs are summarized in Table 3.

Table 3. Capacitor DC link with load 1 results.

% THD of Source Current
Extraction Technique

Hysteresis PWM SVPWM
IRPT 1.74% 1.21% 1.37%
SRF 1.61% 1.43% 1.54%
MPM 1.21% 0.85% 0.93%

MPM lowers the 25.6% THD of the source current to 1.21%, 0.85%, and 0.93% when
using hysteresis control, PWM control, and SVPWM control, respectively. On the other
hand, IRPT reduces the source current to 1.74%, 1.21%, and 1.37%, while SRF reduced
the THD to 1.61%, 1.43%, and 1.54% using hysteresis control, PWM control, and SVPWM
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control. The results confirm the effectiveness of MPM over IRPT and SRF with various
modulation controls. The FFT analyzer using SVPWM control for the IRPT, SRE, and MPM
is shown in Figure 10, where MPM successfully compensates the source current harmonics.

12 T T T T 12
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— 6 Phase b
5 0 Phase ¢
-~
—6F | 4

Phase a
Phase b
Phase ¢

A

—12 I { ) [
0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.14 0.15 0.16 0.17 0.18 0.19 0.2
Time (s) Time (s)
(a) (b)
12 T T
Phasea ™|
= 6 Phase b ml
$ 0 Phase ¢
__l
_6 L U
—-12 . '
6 T

(c)

Figure 9. Battery DC link waveforms of Iy, I},, and Is for SAPF with PWM control using (a) IRPT
extraction, (b) SRF extraction, and (c¢) MPM extraction.

The steady-state waveforms of the SAPF when using SVPWM control with IRPT, SRF,
and MPM are shown in Figure 11. The results again demonstrate the effectiveness of MPM
in restoring a nearly sinusoidal source current.

The response time of the SAPF can be defined as the time it takes the DC-link capacitor
to reach its reference value. Figure 12 shows that the system considered required approxi-
mately 0.8 s to attain its steady state when using IRPT and 0.2 s when implementing SRF.
Using MPM also resulted in a response time of approximately 0.2 s, which was faster than
the IRPT and very close to that of SRE. This confirms a fast response of MPM in eliminating
the source current harmonics in SAPF applications.
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Figure 10. Capacitor DC link FFT analyzer for SAPF with SVPWM control using (a) IRPT extraction
(b) SRF extraction (c) MPM extraction.
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Figure 11. Capacitor DC link Waveforms of I; , I, and Is for SAPF with SVPWM control using (a)
IRPT extraction, (b) SRF extraction, and (c¢) MPM extraction.
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Figure 12. DC-link capacitor’s voltage when using SVPWM control with (a) IRPT extraction, (b) SRF
extraction, and (c) MPM extraction.
5.3. Dynamic Response under Capacitor DC Link
This simulation scenario examines MPM’s dynamic response to load changes, where
a transient state is introduced by adding a non-linear load 2 (R, =20 (), Ly =1 mH) in
parallel to non-linear load 1. The waveform of the source current and its FFT analyzer with
no filter for this load condition are depicted in Figure 13 with a THD of 23.22%.
6 Waveform. FFT window (in red): 2 cycles 50 Fundamental (50Hz) = 26.86 , THD= 23.22%
B 40
S 13 5
© ' 30
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Figure 13. FFT analyzer with no filter with the addition of load 2. (a) Source current waveform.
(b) FFT window.

Harmonic order

To evaluate the performance of the SAPF, load 2 is added to load 1 at t = 0.4 s with
capacitor voltage initially set to 700 V. The FFT analyzer of the source current with hysteresis
control using the IRPT, SRF, and MPM at the new load condition is shown in Figure 14. The
results reveal the higher performance of MPM compared to IRPT and SRF under the new
load conditions by reducing the source current from 23.22% to 0.64% in a hysteresis control;
whereas the IRPT and SRF reduce the source current from 23.22% to 1.04% and 1.51%,
respectively, using the same modulation control. The other modulation control results are
summarized in Table 4.
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Figure 14. Capacitor DC link FFT analyzer for SAPF with hysteresis control while adding load 2 using
(a) IRPT extraction, (b) SRF extraction, and (c) MPM extraction.

Table 4. Capacitor DC link dynamic response results after load change.

% THD of Source Current

Extraction Technique
Hysteresis PWM SVPWM
IRPT 1.04% 0.85% 0.88%
SRF 1.51% 1.52% 1.61%
MPM 0.64% 0.52% 0.55%

The transient response of the SAPF in mitigating the source current harmonics under
load change for the different extraction techniques using hysteresis control is shown in
Figure 15. The results confirm the ability of MPM to compensate for the source current
harmonics under a transient condition of load change.

5.4. Power Factor Correction under Capacitor DC Link

In this simulation scenario, MPM is evaluated under a highly inductive load condition
to test its ability to correct the power factor. For this purpose, a highly inductive linear load
3 with (Rp =5, Ly, =20 mH) is added in parallel to the non-linear load 1. The waveform
of the source current and its FFT analyzer with no filter are reflected in Figure 16 with a
THD of 7.47%. This value is lower than that of load 1 and load 2 with no filter due to its
highly inductive property. The power factor of load 1 with no filter is 0.9961, whereas the
PF when load 3 is added to load 1 is 0.8147.

Before checking the PF correction property of MPM, the harmonic reduction perfor-
mance when adding load 3 must be assessed. For that, Figure 17 presents the FFT analyzer
of the SAPF with a PWM modulation when using the IRPT, SRE, and MPM. It is clear from
the results that MPM gives a better performance, reducing the source current harmonics
from 7.47% to 0.55%, as well as achieving a lower THD than IRPT (0.86%) and SRF (0.89%).
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Figure 15. Capacitor DC link waveforms of I, I}, Is, DC-link capacitor’s voltage value for SAPF
with hysteresis control while adding load 2 using (a) IRPT extraction, (b) SRF extraction, and
(c) MPM extraction.
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Figure 16. Capacitor DC link FFT analyzer with no filter with the addition of load 3. (a) Source
current waveform. (b) FFT window.
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Figure 17. Capacitor DC link FFT analyzer for SAPF with PWM control while adding load 3 using
(a) IRPT extraction, (b) SRF extraction, and (c) MPM extraction.

Both IRPT and SRF can compensate for the reactive power to reach a unity power
factor by using a low pass filter in their implementation. Although MPM does not use a
filter, it can correct the power factor by shifting the compensated current at PCC. This is
achieved by first calculating the required phase shift from the measured load power factor
and then using it to shift the reference signal generated by MPM. To illustrate this property,
Figure 18 shows two PF curves function of time. The blue curve is the power factor without
SAPF. It starts at 0.9961 when only load 1 is present, and then drops to 0.8147 when load 3 is
inserted at t = 0.3 s in parallel to load 1. The red curve is the PF but with SAPF using MPM
and PWM modulation. It can be seen that the PF is initially corrected to unity for load
1 and then undergoes a fast transient to reach unity again after the insertion of load 3 at
t = 0.3 s. This reveals the ability of MPM to compensate for reactive power.
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Figure 18. PF with SAPF (using MPM) in red and without SAPF in blue.

In summary, the results obtained in all simulation scenarios reveal the superior per-
formance of the shunt active filter when using MPM as an extraction technique rather
than IRPT and SRF. Indeed, MPM renders lower source current THD under different
modulation processes and different DC link sources, thus enhancing the power quality
of grid-connected renewable systems. Using the same hardware processor, IRPT or SRF
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algorithm can be straightforwardly replaced by the proposed MPM at no additional cost or
hardware circuit requirements. MPM has the potential to improve power system quality
and minimize the economic losses of both the power network operator and consumer.

6. Conclusions

Integrating renewable energy sources into the grid requires the use of power electronic
converters, which cause harmonics and degrade power quality, leading to economic loss
for both the network operator and the consumer. An APF can be used to compensate for
the source current and voltage harmonics. Reference signal extraction is considered the
first and main control module in the SAPF. In this paper, MPM was proposed for reference
signal extraction; and its performance was compared to IRPT and SRF in terms of THD,
dynamic response, and power factor correction. The comparison was carried out under
three modulation schemes: PWM, hysteresis, and SVPWM; and two DC links: a battery and
a capacitor. For the capacitor, it was shown how the loss current can be integrated into the
formulation of MPM for reference signal extraction. For both DC links and all modulation
schemes, MPM resulted in a lower source current THD compared with IRPT and SREF,
when tested for one load. When evaluated for two loads under capacitor DC link and
hysteresis, MPM again afforded a lower source current THD and showed a fast dynamic
response. Finally, testing MPM for power factor correction under capacitor DC link and
PWM modulation showed that MPM could achieve a unity power factor like the other two
methods, albeit at a lower source current THD. These results attest to the power quality
improvements of MPM for reference signal extraction in active power filter applications.
For future work, MPM can be modified to dispense with the phase locked loop needed
when adding the losses in the dq frame into the abc frame fundamental element. This
has the advantage of isolating the extraction technique from any source disturbances and
further enhancing the performance of the SAPF.
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