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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 ot 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 respornse, input current total harmonic distortion
(THD:i), and controller structure complexity. The simulation results have been oblained 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 cornitral solution for SAPFs.

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 aid
industry to further prevent and protect the future power sysiem from
harmonic contamination. Generally, harmonics generated by nonli:

ear loads have caused many power quality problems: Not only, they
cause power factor degradation, which impairs the performance ot a
power system, but they also cause other severe issues such as equip-

1y
T o

Non-linear load

ment overheating, measurement errors, failures of sensitive devices, l ttet
and capacitor blowing. Therefore, it is mentioned 1 tnhe different _ _ S
standards that the harmonics content should e below certain limits, [ DC-link capacitor ] s
and these limits can be defined based on (hic considered application. voltage regulation algorithm

Conventionally, passive harmonic filters «1e employed in the filter-

ing stages at the converter level or system icvel to deal directly with iLabe Vabe

the harmonic issues. Due to their major weaknesses either in bulk v

sizes or fixed/limited mitigation abilities, an efficient harmonic miti-

gation technique, as shown in Fig. 1, known as active power filter Fig. 1: General power circuit and current control structure of a
(APF) is developed to replace the passive filters. Various studies shunt active power filter (SAPF).

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 it 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. In [ 5], a detailed review 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

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 aresult, tuning the controller becomes an extra burden. Moreover,
the conventional deadbeat current control technique can provide a
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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 coritrol 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 convertc:
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 ciirents 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 {liat 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 uality. However,
most introduced methods focus on the control in the ideal/normal
conditions without considering the unbalince 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 2 modulator [20-23]. The prediction model is used to calculate
the inverter beiiaviour at every sampling instant. Then, the optimal
voltage veetor 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-

r(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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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 presented as
follows:

[0 The proposed current control provide a high control bandwidth,
allowing fast harmonics compensation. That also provides a hich

level of compatibility since the fundamental dq harmonic cxtrac
tion theory is slower than the instantaneous pq theory and that
introducing a better performance of a SAPF.

[0 For the dc-link voltage regulation, the proposet! control stricture
obtains the dc-link voltage based on the ac currents. Then use the
obtained value in regulating the dc voltage without the necd of the
PI regulator, allowing for a simplicity in the implementation and fast
dc voltage restoration.

U The proposed current controller is bascd 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

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 »fnmaz, Where frmaz 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 curreits and grid voltages, which are measured in
abc frame. Then, the phase angle (6) is calculated using a conven-
tional PLL circuit to transfoiin the nonlinear load currents into the
dg 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 dg components. The
oscillatory dg components are filtered and they are compared with
the actually mcasured filter currents i 7. As it can be seen from Fig.
2(a). a Pi controller is functioning in order to regulate the dc-link
Vollag
Furthermore, PI controllers are regulating the dg 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
>ctors 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 a8 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.

i R
-3

4  Proposed Control Structure and System
Description
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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



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 pg 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
14 and iq as follows:

ig=iq+iq o)

g = 1q + g

Where 44 are the average values and .44 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:

0] o] [o] [o] [1] [1] [1] 1
S(ky=< [of| |of [1] |1 |o] [o] 1] |1 )
o [1] |of [1] |o] |1] [o] |1

The shunt active filter currents equations can be expressed as:

dif, 1 Re) . 1
—Je — 1—- = — —N ) \
it I vsa(t) + ( Lf) iy, (t) 3L 1[S(D]vge (

dig, 1 Re o 1 .
3 :L—f’usﬁ(t)-‘r(l—ff) T (G Tt S(t)|vge (6)

where L ¢ and R are the filter inductor and cquivalent resistor and

isa(t) = ia(t) +ipalt) -

|
Vi sector2 §' \%

Sector 3 Sector 1

Vy

- e

Sector 4
Sector 6

S5(0,0,1)

Vs Sector5 Ve Se(1,0,1)

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

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

Ts

Re¢Ts . Ts

ih (k+1) = oo (k) — I if, (k) — 3L, Na[S(K)]vge
®

. Ts R¢Ts . Ts

i (k+1) = L e (k) - if ir, (k) — 3—LfN2[S(k)}vdc(9)

v, are the grid voltages, vq. is the dc-link voltage, N1 = [2 —
1 —1]and N2 = [-1 2 —1]

S(k) = [Sa(k) Sy(k) Se(k)]". (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 k' instant will be written as
follows:

Ts . Ts .
vh (k+1) = vge(k) + h1S(k)ifa(k) + 5—haS(k)ifg(k).
Cdc Cdc (11)

Where hy =[1 0 - 1], hg = [0 1 — 1] and Cy is the capacitor
value. As the measurcd filter currents are in the stationary refer-
ence frame, the dg compouents of the new reference currents are
transformed in the stationary reference frame. The predictive control
algorithim is using a single cost function (CF) in order to predict the
filter curients and cvaluate the error as follows:

9= (ifa — B, (k+ 1) + (5 — i 5(k + 1) (12)

Where 8 (K +1) and i are the predicted and reference cur-

nts, 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 (vq, vy, 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:



(va + avy + a2vc)
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(va + a’up + ave) (13)
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vp = g(Ua + vp + ve)

where vq, vp, ve are the voltage phasors at a specified frequency and
a = eU2™/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 Ly =5 mH and Ry =

I
N——————— |
| —_—

Fig. 5: Experimental setup.

0.4 Q. 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 Vs 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 us. 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 ps. Since the algorithm has a
synchronized sampling and switching procedure, the computational
delay of T 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% (o THD < 3.6% at 8 kW, where the
THD is calculited up to the 20" harmonics. The capacitor voltage
and load curient variations are realized by stepping up and down the
rectilier load from 33% to 53% of the full load and they are presented
in Fig: 10 and ['ig. 11 The waveforms of the reference and predicted
currents 11«3 frame during the transient are reported in Fig. 12. It

an be noticed that the SAPF takes about 15 ms time to reach steady-
tate condition, exhibiting very fast dynamics and accurate tracking
performaice. Also by looking in Fig. 10, the previous observation is
validated and the de-link voltage remains well regulated with a max-
imuni ripple to 0.14% of its nominal value. This result validates the
roposed 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
Vie 700 V
Grid frequency fq 50 Hz
Switching frequency fs., (SVM) 10 kHz
Switching frequency fs., (MPC) ~10 kHz
Lf 5mH

Non-linear load Diode rectifier and R = 60 Q

— g, — gy —

Current(A)

(a) MPC based.

Current (A)

(b) SVM based.

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.



R X e x oy

fﬁﬂll,iﬁ_‘” - ‘.JML,‘” }.JNL :
LU LU
lf s ALANN AAANN A4 A,

VV(VVVVVVV\I"VVV

L/J \

(10ms/div) (10A/div)
(a) Experimental result of the proposed FCS-

Phase a: iy, iy i

MPC structure, where iy, is the non-linear
load current measurements, i s is filter current,

and ¢, grid current measurement.

Jreey

ek 72700 R 100 B Vo0 TR0
R B ot

LI WY
ELANEEENY TRV
: VAT AN

JMTI,TML\,J/\/\/\J

(10n'.\s/div) : Phase a: i, i, i .

(10A/div)

(b) Experimental result of the conventional
SVPWM, where i, is the non-linear load cur-
rent measurements, i g is the filter current, and

15 is the grid current measurement.

Fig. 7: Harmonics compensation. (a) Using the proposed control
structure; and (b) using the conventional control structure.
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Fig. 8: Frequency analysis of the compensated current (is) 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

Magnitude (%)

10 f(H2) 10

(a) The proposed MPC Spectrum

N

=
al
T

Magnitude (%)
=

Time (Sec)
(b) SVPWM Spectrum

Fig. 9: Spectrum hatinonics content of supply current ¢s for both
control structures. (a) Speetrum of the proposed MPC, while the cal-
culated THDi = 3.6% .t s &V and up to 2 kHz; and (b) spectrum of
the classical SVPWI, while the calculated THDi = 4.3% at 8 kW
and up to 2 kHz.
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Voltage (V)

(b) Time response of the dc-link voltage using the conventional
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 v is obtained based on the ac converter
currents.
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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.
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Fig. 12: Dynamic response of the injected current (it) based on
the reference current which is sent to the proposed controller. (a)
Decoupled and injected current (i f,) to the grid for the compensa-
tion purposes; and (b) decoupled and injected current (ifg) 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 dg 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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Fig. 13: Voliage unbalance compensation using positive and nega-
tive scquence ¢ lier used for classical SVPWM.
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In order to compensate for the unbalanced grid voltage, supply cur-
rents (¢sapc) 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 0 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. THD; 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.
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Fig. 14: Simulation results: harmonics and unbalance ompensa-
tion using the proposed and classical control structure. (2) 3% grid
voltage unbalance; (b) compensation in case of grid voltage unbs
ance using FCS-MPC, and (c) compensation in case of grid voiiage
unbalance using classical SVPWM.

In the end, the purpose of this study » investigate the perfor-
mance of the FCS-MPC in SAPF applications. To the best of our
knowledge, the previous studies have addrcssed the performance of
the FCS-MPC using pg 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 dg reference frame. By looking into the cost
function in this work, which is using the filter current (i7), 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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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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Fig. 16: Simulation results: harmonics and unbalance compensation using the proposed and classical control structure. (a) 10% grid voltage
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classical SVPWM.
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Fig. 18: Case 2: frequency analysis of the current in case of 5% unbalanced grid voltage using the conventional and proposed control schemes.

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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Table 2 Characteristics of the conventional @nd proposed control structures.

Modulated MPC (M?PC)

Convetional MPC

SVPWM proposed in [26] 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 Pl PI Without PI
THDi, @6A up to 40*" harmonics (balanced voltages)*  6.4% N/A N/A 6.7%
THDi, @10A up to 40" harmonics (balanced voltages) 5.6% 6% 7% 5.1%
THDi, @15A up to 40" harmonics (balanced voltages) 4.3% N/A N/A 3.6%
Sampling frequency (f.) 20 kHz 20 kHz 50 kHz 50 kHz
Switching frequency (fs ) 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
N o . Transfornjatlons, Trans_fornjatlons, Trans_forn_'natlons, Transformations,
umerical implementation Filtering, Filtering, Filtering, Filtering
Tuning control Tuning control Tuning control
Number of transformations 3 3 3 4
Control bandwidth Low High High High
DC ripple 0.14% <0.7% <0.7% 0.08%
Vie 700 V 700 V 700 V 700 V
Ly 5mH 4.75 mH 4.75 mH 5mH
Rated power for steady-state test 5 kW 5 kW 5 kW 5 kW

Rated power for transient test
Rated power for transient test (%)
Transient response time

from 5 kW to 8 kW

From 33% to 53% of the

full load (FL)
Fast

from 2.5 kW to 5 kW
50% to 100% of the FL

Fast

from 2.5 kW to 5 kW
50% to 100% of the FL

Fast

from 5 kW to 8 kW
33% to 53% of the FL
Very fast

* THD; has been calculated from the experimental results.
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