
Aalborg Universitet

Harmonics Mitigation and Non-Ideal Voltage Compensation Utilizing Active Power
Filter Based On Predictive Current Control

Alhasheem, Mohammed Adel Mohammed Zaki Youssef; Mattavelli, Paolo; Davari, Pooya

Published in:
IET Power Electronics

DOI (link to publication from Publisher):
10.1049/iet-pel.2019.0985

Publication date:
2020

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Alhasheem, M. A. M. Z. Y., Mattavelli, P., & Davari, P. (2020). Harmonics Mitigation and Non-Ideal Voltage
Compensation Utilizing Active Power Filter Based On Predictive Current Control. IET Power Electronics, 13(13),
2782 – 2793. https://doi.org/10.1049/iet-pel.2019.0985

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: May 02, 2026

https://doi.org/10.1049/iet-pel.2019.0985
https://vbn.aau.dk/en/publications/6248a60d-d754-444c-9bc9-4b544380dc7b
https://doi.org/10.1049/iet-pel.2019.0985
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Based On Predictive Current Control
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2Energy Department, Aalborg university, Pontoppidanstraede 111, DK-9220 Aalborg East , Denmark
3Management and Engineering Department, University of Padua,Vicenza, Italy
* E-mail: m.a.hasheem@gmail.com

Abstract: It is well-known that the presence of nonlinear loads in the distribution system can impair the power quality. Furthermore,
the problem becomes worse in microgrids (MGs) and power electronic-based power systems as the increasing penetration of
single-phase distributed generation may result in more unbalanced grid voltage. Shunt active power filters (SAPFs) are used for
improving the power quality and compensating the unbalance grid voltage. This paper presents a modification of the classical
control structure based on the finite control set model predictive control (FCS-MPC). The proposed control structure can retain
all the advantages of finite control set MPC, while improving the input current quality. Furthermore, a computationally efficient
cost function based on only a single objective is introduced, and its effect on reducing the current ripple is demonstrated. The
presented solution provides a fast response to the transients and as well as it compensates for the unbalanced grid voltage
conditions. A straightforward single loop controller is compared to the conventional way of realizing the APFs, which is based on
space vector pulse width modulation (SVPWM). Moreover, the proposed control solution is compared with some of the control
structures in the literature. The comparison has been done in terms of dynamic response, input current total harmonic distortion
(THDi), and controller structure complexity. The simulation results have been obtained from MATLAB/SIMULINK environment,
while the obtained experimental results, utilizing a 15 kVA power converter, highlight the effective performance of the proposed
control scheme and verifies the introduced MPC based method as a viable control solution for SAPFs.
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Fig. 1: General power circuit and current control structure of a
shunt active power filter (SAPF).

as improving the total power factor performance by reducing the
reactive power burden on the power system [11].

However, the control of an active filter requires fast dynamic
responses, and that represents a challenging control issue. Moreover,
as a high control bandwidth is required, this leads to high sampling
frequency requirement as well. On top of that, using the classical
PI controllers may be hard to suppress the necessary supply dis-
turbances [11]. In fact, proportional integrator (PI) controllers in a
stationary reference frame failed to eliminate the steady-state error
and to achieve satisfactory tracking performance of the desired ref-
erence [3]. PI and also proportional resonant (PR) controllers are
sensitive to disturbances and need quite an effort, particularly in the
case of the unbalanced grid, often by adding more controller blocks.
As a result, tuning the controller becomes an extra burden. Moreover,
the conventional deadbeat current control technique can provide a

1 Introduction

The proliferation of nonlinear loads in the power electronic-based 
power system field h as a ttracted t he a ttention o f r esearchers and 
industry to further prevent and protect the future power system from 
harmonic contamination. Generally, harmonics generated by nonlin-
ear loads have caused many power quality problems. Not only, they 
cause power factor degradation, which impairs the performance of a 
power system, but they also cause other severe issues such as equip-
ment overheating, measurement errors, failures of sensitive devices, 
and capacitor blowing. Therefore, it is mentioned in the different 
standards that the harmonics content should be below certain limits, 
and these limits can be defined based on the considered application. 
Conventionally, passive harmonic filters are employed in the filter-
ing stages at the converter level or system level to deal directly with 
the harmonic issues. Due to their major weaknesses either in bulk 
sizes or fixed/limited mitigation abilities, an efficient harmonic miti-
gation technique, as shown in Fig. 1, known as active power filter 
(APF) is developed to replace the passive filters. Various studies 
have surveyed and reviewed APFs from different perspectives [1–
5]. Some review studies categorized the APF operation based on the 
mitigation approaches, and some of them classified i t based on the 
converter type, applied topology, control algorithms, and designed 
applications. In the same context, other studies have shown differ-
ent configurations and all possible combinations of the basic power 
filters. I n [ 5], a  d etailed r eview o f d ifferent c ontrol a lgorithms of 
APFs is presented, where the current reference following techniques, 
dc-link voltage regulation, and instantaneous power are examined
and discussed. While some control algorithms have more advantages
over the others, they provide approximately the same performance in
steady-state operations if the source voltage is ideal (not distorted
or unbalanced). It is worth to notice that in [1, 6, 7] it is shown
that not all the control algorithms are working appropriately in the
presence of a non-ideal voltage. As discussed in [8–10], SAPFs are
the most suitable to deal with harmonic current distortion as well
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Fig. 2: Control structure showing the dc-link voltage regulation, harmonic extraction stage, PLL circuit, and current control strategy for the
SAPF used in this work. (a) The conventional SVPWM; and (b) the proposed FCS-MPC control algorithm.

quite satisfactory dynamic performance when the converter load is
exactly identified. Therefore, in [12] the analysis procedure reveals
the stability and robustness margins of the algorithm considering its
typical implementation. However, its dynamic performance has not
been significantly promoted.

On the other hand, the unbalanced ac voltages have been consid-
ered to be one of the most significant challenges for the converters
control to keep them normally operating and connected to the ac
source [13, 14]. Several control algorithms have been proposed in
order to regulate the negative and positive sequence currents and
handle the unbalance problems [15, 16]. Some approaches have
achieved low switching frequency, whereas some other methods
obtain lower power ripples [17]. It is known that the unbalanced
grid voltage causes an unacceptable percentage of oscillation in the
power quantities [18, 19]. Hence, fundamentally, sequence extrac-
tion methods are required to improve power quality. However,
most introduced methods focus on the control in the ideal/normal
conditions without considering the unbalance grid or the severely
unbalanced voltage. As a result, it is important to introduce a new
control structure of the SAPF, which can compensate for the har-
monics and unbalanced conditions. Besides, the proposed structure
should be less sensitive to parameter variations and external distur-
bances. Therefore, FCS-MPC, as an intuitive control strategy, has

good adaptability and robustness without inner current control loops
and a modulator [20–23]. The prediction model is used to calculate
the inverter behaviour at every sampling instant. Then, the optimal
voltage vector is selected by a pre-programmed cost function (CF)
and applied during the next sampling period [24, 25].

In this paper, a new control structure of a shunt active power fil-
ter (SAPF) based on FCS-MPC scheme is introduced to control a
SAPF in MGs operations, as shown in Fig. 3, for compensating the
harmonics and unbalanced grid voltages. In order to classify the pro-
posed control performance, a conventional control structure has been
implemented for the sake of comparison. The reference current of the
SAPF is calculated using dq theory. The phase-locked loop (PLL) is
adopted for generating the reference value of the compensation cur-
rents. A single-objective model predictive control method that deals
with three main control targets is introduced. The control targets are
to compensate unbalanced grid voltage, to compensate the reactive
power and current harmonics, and to balance the dc capacitor volt-
age by using predefined ac currents. These targets are accomplished
without spending tuning control efforts leading to avoid multiob-
jective optimization or empirical procedures for weighting factors
determination. Thereby, the method is easy to implement and rapidly
selects the optimal switching states to improve the dynamic-state
performance of the SAPF. Also, the proposed control structure is
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the power converter to synthesize it as accurately as possible. Har-
monics extraction stage separates the fundamental and oscillation
components in order to inject the opposition of the currents exactly
in phase with those are drawn by the non-linear load. By compen-
sating the harmonics in this way, SAPFs can compensate for the
harmonic current of a selected nonlinear load and continuously track
the change in its harmonic contents. In this paper, the compensation
of the selected harmonic loads current will be taken into consider-
ation as it is assumed that the distortion level of the voltage supply
is low. A proper actuation is given to the power converter based on
the tracked reference and it should be switched at the highest pos-
sible frequencies with a minimum dissipation of power. Normally
fsw »fhmax, where fhmax represents the frequency of the highest
order of harmonics current. That is provided by the current control
algorithm which is a vital part to obtain fast and high filtering ability.
On the dc side, the active filter is connected to a capacitor in order
to ensure a storage capability. It is required to maintain the dc-link
voltage at its initial value continuously in order to provide reactive
power compensation.

3 Shunt Active Power Filter Based on SVPWM

Conventionally, the control structure of a SAPF is based on measur-
ing the nonlinear currents and grid voltages, which are measured in
abc frame. Then, the phase angle (θ) is calculated using a conven-
tional PLL circuit to transform the nonlinear load currents into the
dq components, as calculated in (1) and (2). A high pass filter (HPF),
which is implemented by the mean of HPF= 1-LPF, is used in this
stage to separate the average and oscillatory dq components. The
oscillatory d̃q components are filtered and they are compared with
the actually measured filter currents if . As it can be seen from Fig.
2(a), a PI controller is functioning in order to regulate the dc-link
voltage.

Furthermore, PI controllers are regulating the dq voltage compo-
nents. SVPWM control strategy is based on the fact that the VSC
possible switching states are finite. The two-level three-phase VSC
has six active and two zero space (or voltage) vectors. The six active
vectors produce a nonzero output voltage, and the two zero vectors
produce zero output voltage. Space vector of the three-phase quanti-
ties is represented as vectors in a two-dimensional αβ plan, as shown
in Fig. 4. So, the concept of SVPWM technique is to use the refer-
ence voltage vector to identify the sector and calculate the switching
time of the pulses. Firstly, it calculates the magnitude and the angle
of the reference voltage vector. Then the switching time duration
of each sector is calculated. Subsequently, the switching signals are
calculated in order to compare them with the carrier. A comparison
between the signals and the carrier is used to generate the IGBTs
pulses. On the other hand, the unbalanced grid voltage compensation
is achieved by a conventional positive and negative control strategy,
which will be shown in Section 6.[
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4 Proposed Control Structure and System
Description

SAPF can produce any set of balanced currents to compensate the
reactive power and current harmonics drawn by the nonlinear load.
The power rating of the converter should be selected appropriately,
as well as the controller bandwidth. Single-phase connectivity of the
renewable sources results in unbalanced source voltage conditions
(UbSVC). Furthermore, interfacing power electronic devices also
inject the harmonics into the PCC voltage. Therefore, the presence
of voltage unbalances, and harmonics can adversely affect the DGs

Fig. 3: The studied microgrid structure.

compared to some of the reported control structures in [26] and 
they have almost similar parameters to the proposal in this work. 
Contributions and novelty of this research are briefly p resented as 
follows:

� The proposed current control provide a high control bandwidth, 
allowing fast harmonics compensation. That also provides a high 
level of compatibility since the fundamental dq harmonic extrac-
tion theory is slower than the instantaneous pq theory and that 
introducing a better performance of a SAPF.
� For the dc-link voltage regulation, the proposed control structure 
obtains the dc-link voltage based on the ac currents. Then use the 
obtained value in regulating the dc voltage without the need of the 
PI regulator, allowing for a simplicity in the implementation and fast 
dc voltage restoration.
� The proposed current controller is based on a single objective 
cost function resulting in avoiding the tuning control effort.

The remainder of the paper is structured as follows: the control 
structure of a shunt active power filter is described in Section 2. In 
Section 3, a conventional control structure method is explained and 
discussed. The system description and the proposed controller are 
described in Section 4. In Section 5, the obtained results and remarks 
are given. Finally, a summary of the work is presented in Section 6.

2 Control Structure of a Shunt Active Power 
Filter

In Fig.1, the overall circuit configuration of a SAPF is shown. It illus-
trates the main control stages. Generally, a shunt active power filter 
is connected to a harmonic producing power system at the point of 
common coupling (PCC), which is located between the harmonics 
producer load and the voltage supply. The basic active power filter 
system structure consists of four control stages, namely, harmonics 
extraction, dc-link voltage regulation, power converter control, and 
a synchronizer. In [5, 11], detailed explanation of the basic forms 
of the four control stages is provided. a SAPF controller deter-
mines in real-time the compensating current reference and forces
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as well as the power system in the MG applications. Compensator
devices [4, 8], such as APF [27], can compensate for these abnor-
mal conditions and enhance the power quality in order to meet the
grid requirements. Many control structures and algorithms are pro-
posed and evaluated as in [11, 28]. Some methods, like discussed in
[10, 29], introduced a dq control frame. Other ways, as described
in [2, 30], are proposing the pq theory for the harmonics extrac-
tion mechanism. Each method has its pros and cons, as presented in
[11, 29, 31]. Moreover, several works have discussed the power con-
verter controller, as presented in [2–4, 9, 20, 32]. The new control
structure in this paper is utilizing the predictive control and compare
it with a similar structure using the space vector control as explained
in the previous section. As shown in Fig. 2(b), the harmonic extrac-
tion stage has a PLL circuit, which is used to calculate the phase
angle of the grid voltage. The calculated phase angle is used to obtain
the dq components of the non-linear load current. A low pass filter is
designed to separate the average and oscillatory components of the
id and iq as follows:

id = īd + ĩd

iq = īq + ĩq
(3)

Where ¯idq are the average values and ĩdq are the oscillatory parts.
The utilized LPF is designed with a cut-off frequency of 25 Hz and
quality factor [(Q) = 0.707]. The filter parameters selection is based
on a compromise between fast dynamic response and acceptable fil-
tering performance. Due to the absence of a modulator, the only
possible control actions are the ones generated by the eight possible
inverter switching states:

S(k) =


0

0
0

0
0
1

0
1
0

0
1
1

1
0
0
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0
1

1
1
0

1
1
1

 (4)

The shunt active filter currents equations can be expressed as:

difα
dt

=
1

Lf
vsα(t) +

(
1 − Rf

Lf

)
ifα(t) − 1

3Lf
N1[S(t)]vdc (5)

difβ
dt

=
1

Lf
vsβ(t) +

(
1 − Rf

Lf

)
ifβ (t) − 1

3Lf
N2[S(t)]vdc (6)

where Lf and Rf are the filter inductor and equivalent resistor and

isα(t) = ilα(t) + ifα(t)
isβ(t) = ilβ(t) + if β(t)

(7)
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Fig. 4: Space vector diagram and the voltage vectors generated by
the inverter (Vi).

At the kth time instant the controller uses (8, 9) to predict the future
system state value for each possible control action in (10).

ipα
(
k + 1

)
=

Ts

Lf
vsα(k) − RfTs

Lf
ifα(k) − Ts

3Lf
N2[S(k)]vdc

(8)

ipβ
(
k + 1

)
=

Ts

Lf
vsβ (k) − RfTs

Lf
ifβ (k) − Ts

3Lf
N2[S(k)]vdc

(9)
vαβ are the grid voltages, vdc is the dc-link voltage, N1 = [2 −
1 − 1] and N2 = [−1 2 − 1]

S(k) =
[
Sa(k) Sb(k) Sc(k)

]T
. (10)

Conventionally, in order to maintain the dc-link at the desired volt-
age, a PI controller is embedded in the control structure for dc-link
voltage regulation. In this work, the dc-link voltage is predicted
based on the ac currents and at the kth instant will be written as
follows:

vpdc
(
k + 1

)
= vdc(k) +

Ts

Cdc
h1S(k)ifα(k) +

Ts

Cdc
h2S(k)if β(k).

(11)

Where h1 = [1 0 − 1], h2 = [0 1 − 1] and Cdc is the capacitor
value. As the measured filter currents are in the stationary refer-
ence frame, the dq components of the new reference currents are
transformed in the stationary reference frame. The predictive control
algorithm is using a single cost function (CF) in order to predict the
filter currents and evaluate the error as follows:

g = (i∗fα − ipfα(k + 1))2 + (i∗fβ − ipfβ(k + 1))2. (12)

Where ipfαβ(k + 1) and i∗fαβ are the predicted and reference cur-
rents, respectively. Model predictive control strategies take advan-
tage of the fact that finite number of possible switching states are
associated with voltage source converter (VSC). These states are dis-
crete, and the model of the system can be used in association with a
discrete-time model of the load to predict the behaviour of the VSC.
A selection criterion, the objective function, is defined as a selection
of the optimal future variables corresponding to the optimal future
switching state that minimizes the objective function, which is the
filter current in this case. For each predicted sampling period, the
output variables are measured and compared with the reference vari-
ables to minimize the error. Usually, the sampling period is chosen as
a period in which the reference current does not change significantly.
Therefore, the reference variable can be considered as a constant for
that period.

In general, model predictive control can include several objec-
tives in a single CF without embedding hierarichal control loops,
which are introducing a filtering behaviour in the system. Take
into consideration that the desired objectives should be controlled
with weighting factors to determine the objective importance. These
weightings require tuning process, and the controller performance
will be based on the points of operation but the FCS-MPC is consid-
ered as a robust control against parameter variations. One of the main
ideas in this work is to achieve similar and even better compensation
performance without using so many objectives in the CF. In that way,
the controller structure is distinguished by having simplicity, relia-
bility, and flexibility. On the other hand, reference current generation
under unbalanced grid voltage is a crucial issue. The proposed solu-
tion uses a positive and negative sequence detection strategy with
the MPC control unit. The positive and negative detection strategy
is based on Fourier theory. A Fourier analysis is first applied to
the three input signals (va, vb, vc) and for a specified fundamental
frequency, it evaluates the phasor values of the voltages. Then the
transformation is applied to obtain the positive sequence, negative
sequence, and zero sequences given as:
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vP =
1

3
(va + avb + a2vc)

vN =
1

3
(va + a2vb + avc)

v0 =
1

3
(va + vb + vc)

(13)

where va, vb, vc are the voltage phasors at a specified frequency and
a = e(j2π/3). The measured grid voltages are decomposed into a
positive and negative sequence. Then, the positive sequence volt-
age is controlled and given to the harmonics extraction unit. In that
way, the supply current is balanced and with less harmonic distor-
tion. Therefore, in order to validate the performance of the proposed
control algorithm, up to 10% voltage unbalance has been considered
[13].

5 Results and Discussion

The conventional and proposed control structures have been verified
experimentally, where a 15 kVA rated power system has been built
and connected to the grid for that purpose as it can be seen in Fig.
5. The power system has been used experimentally to investigate
the actual performance of the proposed control strategy compared to
the SVPWM strategy. The ac side is connected to the mains point
at the common coupling (PCC) using a three-phase inductive filter,
which has an equivalent series parameters of Lf = 5 mH and Rf =

Fig. 5: Experimental setup.

0.4 Ω. A three-phase diode bridge rectifier connected to a resistive
load has been used as a nonlinear load in order to create a distorted
grid current using a standard three-phase 230 Vrms and 50 Hz grid
frequency. Table 1 illustrates all the parameters used in the experi-
mental test. The control system is composed of a dSpace (DS 1007)
power dual-core 2 GHz processor board. The maximum achieved
turn around time was around 16 µs. The dSpace A/D converter sam-
ples at a rate of 1 MS/s. Hence, the time required for a sampling
of one channel is approximately 1 µs. Since the algorithm has a
synchronized sampling and switching procedure, the computational
delay of Ts is needed to be compensated [33]. In order to validate
the effectiveness of the proposed structure, the algorithm has been
tested and compared against the standard SVPWM. A sampling fre-
quency of 50 kHz and 20 kHz have been used for the FCS-MPC
and the SVPWM, respectively. A steady-state test under 53% of the
full load and a transient test for a 33% to 53% load variation are
shown in Fig. 6. As it can be seen from the simulation result in Fig.
6, experimental result in Fig. 7 and the spectrum analysis in Fig. 8,
the current harmonic distortion caused by the presence of the non-
linear load is actively compensated using the filtering system. For
MPC, the main current does not present particular harmonics con-
centration but it shows an average of 10 kHz switching frequency,
which is not the case for SVPWM as shown in Fig. 9. That explains
the high-frequency ripple, which is related to the variable switching
frequency due to the absence of a PWM modulator.

Moreover, the results show a reduction of total harmonic distor-
tion (THDi) from THD > 28% to THD < 3.6% at 8 kW, where the
THD is calculated up to the 40th harmonics. The capacitor voltage
and load current variations are realized by stepping up and down the
rectifier load from 33% to 53% of the full load and they are presented
in Fig. 10 and Fig. 11. The waveforms of the reference and predicted
currents in αβ frame during the transient are reported in Fig. 12. It
can be noticed that the SAPF takes about 15 ms time to reach steady-
state condition, exhibiting very fast dynamics and accurate tracking
performance. Also by looking in Fig. 10, the previous observation is
validated and the dc-link voltage remains well regulated with a max-
imum ripple to 0.14% of its nominal value. This result validates the
proposed solution and shows the viability of the FCS-MPC for SAPF
control by employing a single compact control loop that regulates
all system relevant quantities. On the other hand, similar tests were

Table 1 System Parameters for the Simulation and Experimental Setup.

Parameter Quantity

S 15 kVA
Vo 400 V
Vdc 700 V
Grid frequency fg 50 Hz
Switching frequency fsw (SVM) 10 kHz
Switching frequency fsw (MPC) ≈10 kHz
Lf 5 mH
Non-linear load Diode rectifier and R = 60 Ω
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Fig. 6: Simulated three-phase supply currents for both control algorithms, where the figures show the steady-state and transient operation from
33% to 53% step load and vice versa. (a) Supply currents using the proposed control structure; (b) supply currents using SVPWM.
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structure; and (b) using the conventional control structure.
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structure.

Fig. 8: Frequency analysis of the compensated current (isa) in case
of balanced grid voltage.

performed for the SVPWM to compare its performance with the pro-
posed solution. Fig. 10 shows that the dynamic performance of the
SVPWM during sudden load changes are qualitatively slower than
the proposed MPC structure showing a 3.5 ms difference. Compared
with the SVPWM, the proposed control technique presents a similar
harmonic content (up to the 40th harmonic) for the mains current in
the case of balanced grid voltage, as shown in Fig. 8. However, it
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Fig. 9: Spectrum harmonics content of supply current is for both
control structures. (a) Spectrum of the proposed MPC, while the cal-
culated THDi = 3.6% at 8 kW and up to 2 kHz; and (b) spectrum of
the classical SVPWM, while the calculated THDi = 4.3% at 8 kW
and up to 2 kHz.
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(a) Time response of the dc-link voltage using the proposed control

structure for step up load change and similar step down load change.
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SVPWM structure for step up load change and similar step down

load change.

Fig. 10: Capacitor voltage during the steady-state and transient
operation for both controllers.

should be noticed that the sampling frequencies are different for the
two controllers 20 kHz for the SVPWM and 50 kHz for the MPC,
respectively. MPC requires a higher sampling frequency compared
to the fixed switching frequency modulated approaches. Moreover,
by increasing the MPC sampling frequency, a further mains current
THD reduction is achievable. For dc-link voltage regulation, the PI
controller for the dc-link voltage regulation is eliminated in the pro-
posed MPC structure, and vdc is obtained based on the ac converter
currents.
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Fig. 11: Dynamic response of the dc-link voltage from 4 kW till 8
kW for the proposed control structure, where (a) dc-link voltage at a
step up power from 4 kW to 8 kW; and (b) dc-link voltage at a step
down power from 8 kW to 4 kW.

0.295 0.3050.3
Time (Sec)

-10

-5

0

5

10

C
ur

re
nt

 (
A

)

iref if

Load Change 50%

(a) Reference and injected currents (α currents)

0.295 0.3050.3
Time (Sec)

-10

-5

0

5

10

C
ur

re
nt

 (
A

)

iref if

Load Change 50%

+_

PI

ɷ1L

ɷ1L

+
_

+

id
*-

+

PI

_
+

++
_

iq
*- _de-coupling

PLLvabc θ 

abc 
dq

vabc

θ 
vs,dq

abc 
dq

iabc

θ 
idq

+_

PI

ɷ1L

ɷ1L

+
_

+

vs,q

id
*+

+

PI

_
+

++
_

iq
*+ _de-coupling

id
+

iq
+

iq
-

id
-

+

+

vmod,d
+

vmod,q
+

vs
+
,d

+

vs
-
,d

vs,
-
q

vmod,q
-

vmod,q
-

vmod,d
-

vmod,d
-

vmod,q
+

+

vmod,d
vmod,d

vmod,q

Fig. 13: Voltage unbalance compensation using positive and nega-
tive sequence controller used for classical SVPWM.

system as:

vunbalanced(%) =

√
6 × (v2

ab + vb
2
c + vc2a)

(vab + vbc + vca)2
− 2 (14)

In order to compensate for the unbalanced grid voltage, supply cur-
rents (isabc) should be balanced. In the proposed control structure,
the positive and negative sequence voltages are detected using the
frequency-domain method, which is based on Fourier and the pos-
itive sequence voltage is controlled. In that way, the angle θ is
correctly obtained and proceeded to the harmonics detection stage.
Figs. 17, 18, and 19 show the spectrum of the proposed control
structure and the conventional in case of 3%, 5% and 10% unbal-
anced grid voltages. The unbalance grid voltage compensation in
the conventional control strategy, as mentioned before, is based on
the positive control method, which is shown in Fig. 13. It can be
seen easily which harmonic orders are suppressed compared to the
spectrum in Fig. 20, which shows the spectrum of the load current
while the SAPF is deactivated. Specifically, fifth and seventh har-
monics show how the currents are distorted due to the presence of
the non-linear load. Also, third harmonics are clearly observed due to
the unbalanced grid voltage. The proposed control structure has the
ability to suppress the third harmonics compared to the conventional
controller. Both controllers were able to suppress the low harmonic
components starting from the fifth order. As future work, selective
harmonics order can be further suppressed by using other harmonic
detection techniques such as the harmonics dq frame method. Fig.
21 shows and validates the performance of the proposed solution in
compensating for the unbalanced grid voltage. THDi of each case at
6 A rated current is reported in Table 2. It also shows a comparison
between the proposed control structure and other reported control
methods in [26]. The conducted tests and parameters in that work
are almost matching the conducted tests and parameters in this work.
Thereby, it was interesting to show the performance of those meth-
ods with respect to the methods investigated in this work allowing to
do a fair comparison.

(b) Reference and injected currents (β currents)

Fig. 12: Dynamic response of the injected current (if ) based on 
the reference current which is sent to the proposed controller. (a)
Decoupled and injected current (ifα) to the grid for the compensa-
tion purposes; and (b) decoupled and injected current (if β ) to the 
grid for compensation purposes.

Finally, using the proposed MPC control structure and the fre-
quency domain sequence components detection allows the com-
pensation of the unbalanced grid voltage. The proposed control 
structure does not use the conventional positive and negative con-
trol loop to decouple the dq components, as it can be seen in Fig. 13. 
The dq components are naturally decoupled by using the proposed 
FCS-MPC control structure after the transformation to a station-
ary reference frame and Fig. 12 presents this phenomenon. In Figs. 
14, 15 and 16, comparative simulation results for voltage unbalance 
compensation are illustrated, where the amount of voltage unbal-
ances has been calculated following IEC61000-2-2 in a three-phase
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(a) 3% grid voltage unbalance (vsa) following IEC 61000-2-2.
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Fig. 14: Simulation results: harmonics and unbalance compensa-
tion using the proposed and classical control structure. (a) 3% grid
voltage unbalance; (b) compensation in case of grid voltage unbal-
ance using FCS-MPC, and (c) compensation in case of grid voltage
unbalance using classical SVPWM.

In the end, the purpose of this study is to investigate the perfor-
mance of the FCS-MPC in SAPF applications. To the best of our
knowledge, the previous studies have addressed the performance of
the FCS-MPC using pq method as in [26], where the system was
controlled by several constraints in the cost function. As a result, a
high computational burden was obtained. None of the previous stud-
ies has investigated the unbalance conditions up to 10% based on
FCS-MPC and using dq reference frame. By looking into the cost
function in this work, which is using the filter current (if ), as the
only constraint, to generate the optimum switching signals, it is clear
that no need to weighting factor design stage and that ensures sim-
plicity and robust design. It is worth to mention that the proposed
controller in this work was intentionally subjected to the same oper-
ating conditions using the conventional SVM controller. The reason
behind that is to show the effectiveness of the FCS-MPC in case of
employing it instead of the existing conventional controllers. As it
can be seen from Table 2, the proposed controller showed a slight
improvement in terms of THDi compared to classical methods. The
proposed FCS-MPC scheme has shown very fast restoration time
when a step load of around 3 kW has been considered. Besides,
the DC voltage has shown ripple less than the other schemes. The
switching frequency has been concentrated around 10 kHz for SVM
and approximately 10 kHz average for the proposed FCS-MPC con-
troller. This condition is helpful in case of considering the losses
evaluation.
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(a) 5% grid voltage unbalance (vsa) following IEC 61000-2-2.
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(b) Calculated THDi for phase a = 5.7%.
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Fig. 15: Simulation results: harmonics and unbalance compensa-
tion using the proposed and classical control structure. (a) 5% grid
voltage unbalance; (b) compensation in case of grid voltage unbal-
ance using FCS-MPC, and (c) compensation in case of grid voltage
unbalance using classical SVPWM.

6 Conclusion

Unbalances and reduced power quality are relevant topics in mod-
ern electrical networks. Therefore, the use of active filters becomes
important for the reduction of harmonic distortions and unbalance
voltage compensation in the power grids. In this paper, the develop-
ment and the implementation of a SAPF regulated by a predictive
controller for harmonic distortion reduction and unbalance com-
pensation are presented. Based on the system model, the controller
predicts dynamically the values of the variable of interest in order
to obtain a control target optimization by minimizing a pre-defined
cost function. Furthermore, the current ripples of the proposed MPC
structure are meeting the grid requirements with fast dynamic per-
formance. The proposed control structure eliminated the dc-link
regulation loop by predicting the dc voltage based on the ac con-
verter currents. The suggested method gave simplicity to the overall
control structure. On top of that, the proposed control structure
showed excellent results in compensating the unbalanced grid volt-
age. The experimental and simulation results showed the validity and
effectiveness of the proposed control structure compared to the con-
ventional SVPWM strategy. Also, it showed that the power filter,
MPC based, can achieve comparable results using a single cost func-
tion with a sole objective and without any tuning process. In future
work, obtaining a fixed switching frequency will be investigated by
redesigning the cost function and its simplicity will be maintained.
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(a) 10% grid voltage unbalance (vsa) following IEC 61000-2-2.
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(b) Calculated THDi for phase a = 6.11%.
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Fig. 16: Simulation results: harmonics and unbalance compensation using the proposed and classical control structure. (a) 10% grid voltage
unbalance; (b) compensation in case of grid voltage unbalance using FCS-MPC, and (c) compensation in case of grid voltage unbalance using
classical SVPWM.
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(a) Measured spectrum of (isa) using the proposed

control structure.
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(b) Measured spectrum of (isa) using the conventional

control structure.

Fig. 17: Case 1: frequency analysis of the current in case of 3% unbalanced grid voltage using the conventional and proposed control schemes.

0 500 1000 1500 2000
Frequency (Hz)

0

2

4

6

M
ag

ni
tu

de
 

(%
 o

f 
fu

nd
am

en
ta

l)

13th
7th

3rd 5th

(a) Measured spectrum of (isa) using the proposed

control structure.
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(b) Measured spectrum of (isa) using the conventional

control structure.

Fig. 18: Case 2: frequency analysis of the current in case of 5% unbalanced grid voltage using the conventional and proposed control schemes.
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(a) Measured spectrum of (isa) using the proposed

control structure.
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(b) Measured spectrum of (isa) using the conventional

control structure.

Fig. 19: Case 3: frequency analysis of the current in case of 10% unbalanced grid voltage using the conventional and proposed control schemes.
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(a) Measured spectrum of (isa) in the case

of 3% unbalance voltage.
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(b) Measured spectrum of (isa) in the case

of 5% unbalance voltage.
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Fig. 20: Frequency analysis of the current in case of 3%, 5%, and 10% unbalanced grid voltages where the SAPF is deactivated.

(a) 3% grid voltage unbalance (b) 5% grid voltage unbalance (c) 10% grid voltage unbalance

Fig. 21: Experimental results: harmonics and unbalance compensation for the proposed control structure in three different cases. (a) compen-
sation in case of 3 % grid voltage unbalance; (b) compensation in case of 5 % grid voltage unbalance; and (c) compensation in case of 10 %
grid voltage unbalance.

Table 2 Characteristics of the conventional and proposed control structures.

SVPWM Modulated MPC (M2PC)
proposed in [26]

Convetional MPC
introduced in [26] Proposed FCS-MPC

Harmonic extraction method (HEM) DQ PQ PQ DQ
Number of sensors needed by HEM 6 6 6 6
DC-link voltage regulator PI PI PI Without PI
THDis @6A up to 40th harmonics (balanced voltages)∗ 6.4% N/A N/A 6.7%
THDis @10A up to 40th harmonics (balanced voltages) 5.6% 6% 7% 5.1%
THDis @15A up to 40th harmonics (balanced voltages) 4.3% N/A N/A 3.6%
Sampling frequency (fs) 20 kHz 20 kHz 50 kHz 50 kHz
Switching frequency (fsw) 10 kHz N/A N/A Average = 10 kHz
Delay compansation (experemiental) Yes Yes Yes Yes
Cost Function Three objectives Three objectives Three objectives One objective

Numerical implementation
Transformations,

Filtering,
Tuning control

Transformations,
Filtering,

Tuning control

Transformations,
Filtering,

Tuning control

Transformations,
Filtering

Number of transformations 3 3 3 4
Control bandwidth Low High High High
DC ripple 0.14% <0.7% <0.7% 0.08%
Vdc 700 V 700 V 700 V 700 V
Lf 5 mH 4.75 mH 4.75 mH 5 mH
Rated power for steady-state test 5 kW 5 kW 5 kW 5 kW
Rated power for transient test from 5 kW to 8 kW from 2.5 kW to 5 kW from 2.5 kW to 5 kW from 5 kW to 8 kW

Rated power for transient test (%) From 33% to 53% of the
full load (FL) 50% to 100% of the FL 50% to 100% of the FL 33% to 53% of the FL

Transient response time Fast Fast Fast Very fast

∗ THDi has been calculated from the experimental results.
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