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1. Introduction

The quantity of non-linear loads causes a significant reduction in the quality of the energy. As a
result, the development of harmonic components and reactive power has the potential to contaminate
the interconnection network. Authors in [1] used transformer-less SAPF with ANFIS supervised PID
controllers. They can lead to imbalances in three-phase systems by generating excessive currents in
the neutral. These excessive currents, the injected harmonics, the presence of reactive power, the
unbalances and other problems generated by this type of load lead to a weakening of the system’s
overall efficiency and of the power factor. They are also the cause of consumer disruptions and
interference in nearby communication networks [2][3].

Many active filter solutions for the electrical networks depollution have been suggested in the
literature. Those that best encounter today’s industrial coercions are active parallel [4][5] or series
filters [6][7] and active parallel-series combinations, also called Unified Power Quality Conditioners
(UPQCs) [8][9]. In the case where the network currents are nonlinear, the Shunt Active Power Filters
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(SAPFs) are regarded the optimal solution for the current harmonic reduction in low to medium power
applications [10]. In [11], a real-time implementation of SAPF with reduced sensors is presented.
Active filtering is more advantageous where a fast response is required in the presence of dynamic
loads. In addition, APF represents a powerful tool for general-purpose conditioning as it is able to
compensate for reactive power and load imbalance as well. Authors in [12] presents the modelling of
a PI-controlled SAPF for power quality improvement-based on P-() theory.

The basis of direct control has been developed in many appliances. The goal was to get rid of
the modulator block and the internal current loop by changing them with a switching table whose
inputs are the margins between the reference values and the measurements. The prime developed
application was aimed at controlling an electrical motor and the control structure is famous as Direct
Torque Control (DTC) [13][14]. In this situation, the motor torque and flux are regulated without any
modulation block. Thereafter, a direct power control (DPC) technique was suggested by Noguchi
for a grid-connected rectifier control application. In this situation, the regulated variables are the
instantaneous reactive and active powers [15].

With the DPC there is no inner current regulation or PWM block, since the inverter switching
states, for every sampling time period, are picked from a switching table, based on the instantaneous
margin between the reference values and those of the reactive and active powers, and the network
voltage vector angular position. With this control law, the DC-bus voltage is controlled for active
power control and unity power factor is achieved by clamping the reactive power to zero [16].

Many papers, on PWM rectifiers and a few on active power filters, straight operated the DPC
conventional switching table. Whereas, neatly looking at this switching table, it can be noted that
for all odd sectors, when the active power error varies, the switching vector stays unchanged which
is inconvenient. The same remark can be observed for reactive power and even sectors. Thus, this
proves the conventional switching table limitation. Many tests were carried out on the proposed
control method. Simulation results show the main advantages for the improvement of power quality
and its high performance getting a sinusoidal network current, unity power factor, and robust control
of the DC-bus voltage in steady state and transient [17].

The suggested switching table is based on the analysis of the impact of VSI voltage vectors and
their position on the variation of instantaneous power. The proposed research has many benefits in
power quality improvement, such as achieving a sinusoidal network current, unity power factor, and
robust control of the DC-bus voltage in steady-state and transient conditions.

This research aims to enhance the conventional DPC performance by replacing the classic switch-
ing table with a robust one. The suggested switching table is obtained by analysing the impact of the
VSI voltage vectors and their position on the instantaneous power change: (1) Amelioration of instan-
taneous power variation from the SAPF electrical model (2) Planning of a different switching table
based on the investigation of the reactive and active power variation behaviour for various voltage
vectors in the twelve sectors.

This paper is structured as follows: Section 1 introduces the topic and the literature review. Sec-
tion 2 details the classical and proposed PLL structure. Section 3 analyzes the proposed robust anti-
wind-up DC-bus voltage regulator. Section 4 illustrates the basic DPC for SAPF. Section 5 explains
the proposed switching table concept. Section 6 presents the simulation environment and the discus-
sion of the results. Finally, Section 7 concludes the paper.

2. Robust PLL Structure

2.1. Classical PLL

The Phase Lock Loop (PLL) is a key element in new control techniques in power electronics. It
is used as a way to retrieve phase and frequency information [18][19]. The fundamental PLL form is
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shown in Fig. 1, having a Phase Detector (PD), a Loop Filter (LF) which is generally a PI controller,
and a Voltage Controlled Oscillator (VCO). Several techniques of PLL have been developed, Fig. 2
represents the full block diagram of the classic PLL.

PI _95
controller » VCO >
Fig. 1. Synoptic of the Classic PLL
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Fig. 2. A Detailed Synopsis of the Classic PLL

The phase-to-neutral grid voltages Vs, are given by:

‘/:Sa \/5‘/57”7715 608(95)
Vo |=| V2Vi,,.cos(0s — 3F) (1)
‘/:Sc \/iVsrms 008(05 + 2%)

where 6s=w;t, wg, and V;, . are the phase angle, the fundamental voltage pulsation, and grid-voltage
rms value. The Concordia transformation that allows to pass from a 3-phase to the equivalent 2-phase

in a coordinate system (a-{3) is:

Vsar | __ g 1 _%
Vs N 310 3 —g

2

|
‘éwh—l

Via _[ V3V, sin(0,) }

“;;b B _\/gvsrms 008(93)

These quantities can be obtained in the synchronously rotating frame by applying the following
Park transformation:

A~

[ Vsd }:[ cos(0s) sin(gs) H Vsa ] 3)

Vsq —sin(fs) cos(0s)
When the phase error Qs—és is small, then (3) will be:
Vsq = _\/g‘/s

A~

rms (08 - 68) (4)

The PLL will be locked when the estimated angle 0, is equal to 6, then v,,=0. Basing on Fig. 1,
the estimated pulsation @y is given by:

s = FLF(s)(05 — 6,) (5)
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where FLF(s) is the filter loop (PI controller), which is formulated in this case by the next transfer

function:
K; 147
FLF(s) =Ky, Szp = Kpp( Tip®

) (6)

TipS

Tip=%, Ky, and K, are positive real parameters design. Afterward the angular position és at the
ip
VCO output becomes:

és = *a)s (7)

In goal to determine the parameters of the PI regulator, the synoptic of Fig. 2 can be oversimplified
to be identical to that of Fig. 1 as it appears on the diagram of Fig. 3.

1
P+ : = 1 =F T; S _
Bs—l_ﬂ. » 8)——>: I&;Jp( - .-I) ) > \@V"r'ms =95
i i

ipS s

Fig. 3. Simplified Diagram of the PLL

The system closed-loop transfer function is:

b, Ve Kp(FT0) )
Os 143V, Kpp(Slz) L

TipS

The found transfer function can be identified with the general system of the second order given

A~

2w s + w?
F(s)=-"= i I 9
() = 4, = 7% 2cwms + w2 ©)
FLF(s) parameters are expressed as follows:
Kpp = 2o
V3Vs
{ ) rms (10)
Tip = T

In goal to get a good compromise between stability and dynamic performance, the following
values are retained: (=0.707, K,,=1.07, K;,=237.7, and Tip=4.5.10_3 seconds.

2.2. The Proposed PLL Structure-Based BPMVF

There are several methods to overcome the identified problems, among them, we cite PLL based
on RST regulators [20], fuzzy logic [21][22], neural networks [23], or Adaline networks [24]. All
these methods respect a compromise between good dynamics and insensitivity to disturbances of the
network voltage. The solution adopted in our work lies in the use of a multi-variable filter ensuring
the decoupling between the sensitivity to load variations and the dynamic performances. To prove
the effectiveness of the new structure, we will first study the performance of the filter and then the
behavior of this new PLL structure by making a comparison with the classical structure evaluated
previously. Then, the robustness of the new PLL is validated. Hence, the ultimate expression of the
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structural form of the Band Pass Multi-Variable Filter (BPMVF) which is introduced in the PLL is
[25][26]:

ﬁsa = %[Usa - ﬁsa] - %@sﬁ 11
@sB - %[Usﬁ - @sﬁ] - %@sa

where w. and k. are tuning gains. The transcription is elaborated in the block diagram in Fig. 4.
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Fig. 4. Diagram of the New Structure of PLL with the BPMVF

3. DC-Bus Controller-Based Anti-Windup

In this section, we will synthesize the DC-bus voltage regulator in such a manner that the DC
voltage error as small as possible. The considered controller consists of an anti-windup PI developed
on the base of the DC-bus voltage transfer function. In this regard, let’s give the DC-bus voltage
model. The SAPF DC voltage with its current is given by:

dVye
dt

ige = Cyc (12)
The coupling filter and the inverter switches power losses are omitted, the power equilibrium
between DC and AC side is given by utilizing the instantaneous power theory:

. - 3 , _
Vdcldc = i(vsdlsd + 'Usqlsq) (13)
where v,q 4 and igq 4 are respectively the grid voltage and current in synchronous reference frame.
Substituting (12) into (13) yields the following equation:

dVie 3

chkc(cdc?) = i(vsdisd + Usqisq) (14)

Assuming that the grid voltages are balanced then v,y equals to zero when the synchronization
with network voltages is given through a PLL. As a consequence, equation (14) becomes:

dVie 3 vsq .
== s 15
it 2V5Ca ™ (55
Knowing that vyy=v/2V;,
Vdc(s) 3 ‘/:97‘777,5 (16)

isd(s) N Evd*ccdcs
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Let’s define K= isd‘i(s) from equation (16):

Vae(s)’
\/ic’clcvd>|<
K=—-—""7*%% 17
3 ‘/;rms ( )

To keep the SAPF DC-bus voltage at the desired value a PI-based anti-windup action is used in
accordance with the block diagram of the Fig. 5.

. kiv 1
Vic—» .Z\'p\f"f-: " s) Vi

(a) Classical PI

V:ic —>

> l"dc

(K5)

(b) PI Anti-Windup

Fig. 5. Diagram of DC-Bus Voltage Regulation

In goal to decrease the fluctuations of the DC-bus voltage and compensate for system losses, a PI
controller whose transfer function is symbolized by Gy, is retained as a corrector for the external
loop. Then, by eliminating the disturbance due to the load current [27].

In the DPC schema, to decrease the DC-link capacitor fluctuation voltages and balance for the
system loss, a PI-based anti-windup action is inserted in the DC-link voltage regulation loop [28].
From the oversimplified diagram, the closed-loop transfer function is written:

K v Kiv

Kps+Kiw KT ES)

KSQ—}-vas—l-Kiv 82+%S+%

(18)

Gvdc -

where K, and Kj, are the Vj. anti-windup controller gains. This transfer function represents a
second-order system. So, by equating the two characteristic equations:

K, K;
§% 4 2w + w2 = 52 + ( Igv)s+ K (19)
By identifying the terms of (19) we find:
Ky = 2Cwp, K
{ Kiy = Kw? (20)

It should be noted that the anti-windup of the integral term, coming from saturation, leads to the
operation of the servo-control in an open loop during a transient of large amplitude and consequently
to excessive integration of the error. To solve this problem, an anti-windup structure is introduced. As
long as the regulator output is not saturated, the difference, or offset between the calculated command
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and the command actually applied to the system, is zero. When saturation occurs, there is a counter-
reaction of this difference, multiplied by a gain T% (T,=1073), towards the input of the integrator
[29]1(30].

In goal to get a right compromise between stability and dynamic performance, the following
values are retained: (=0.707, K,=0.118, and K;,=6.41.

4. Direct Power Control Strategy

The DPC strategy carried out to the SAPF is elaborated in the synoptic of Fig. 6. It consists of
selecting the appropriate state from a switching table based on the margins, which are bordered by an
hysteresis band, present in the reactive and active power. Two aspects guarantee a viable operation of
the system [31][32]:

» Exact determination of switching states.

* An accurate estimate of the reactive and active power.

Vsnhc mLSRs L,-Rr NYY\_
Volta L
QY NN &courrS:t g 4 N :
measurement R
o) M NN L
PLL
based BPMVF .Vsabc‘ i, e
L¢R
[ [ ] o ap % § § f Ry
Vpabc * * * * C
ve .| [V & Ve Ve d—
tan™! o
P Qs
g
P, 0
~ A AP, dp,
—*| Proposed
X Q switching
P —y40;
£|:&. table
+ Vdc
Qs P: PI —
d anti-windup ‘_Q.*_
Vdc

Fig. 6. Synoptic of SAPF Control with the DPC Strategy

4.1. Calculation of Instantaneous Powers

Based on the measurement of the network voltages and currents, the instantaneous reactive and
active powers can be computed by the expressions:

Ps = Vsaisa + Vsbisb + Vscisc (2D

1
V3
However, the number of sensors required increases the cost and decreases the system reliability.

Thus, in goal to properly estimate the power and at the same time decrease the voltage sensors number,
Noguchi proposed the use of a voltage vector estimator [33]:

Qs = [(V:@a - Vsb)isc + (‘/sb - V:ec)isa + (V:@c - ‘/;a)isb] (22)
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* Nevertheless, the implementation of such an approach involves the calculation of the time
derivatives of the measured currents, which causes the increase in noise in the regulation loop,
therefore increasing the distortion level.

* In addition, Nogushi’s idea can only be applied to the SAPF with the addition of a third capture
of the filter currents (i z), which will not change anything in terms of the number of sensors.

4.2. Hysteresis Controllers

The principal idea of direct power control is to keep the instantaneous reactive and active powers
into a desired band. This control law is based on 2 hysteresis comparators which use as input the
margin signals between the reference and estimated values of the reactive and active power.

{ AP, = P! — P, 3

AQS = QZ - Qs

These 2 comparators are accountable for deciding at what point a new switching or/and inverter
output voltage vector is then applied. If the power margin (P;s or ()s) is growing and attains the upper
level, the hysteresis comparator changes its output to 1 (Fig. 7).

Power errors
I
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|
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Q.
>
|

I

I

I

1

|

I

I

|

I

|

—i
&
T
&

Hysteresis
controller output

Time

Fig. 7. Two-Level Hysteresis Power Comparator

Thus, the switching table receives the change of the input and switches the output to an suitable
vector which will allow the inverter to change the state of the reactive and active power. The hysteresis
comparator output level is held until the margin signal attains the lower band, where the output will
switch to zero. Despite the fact that the controller output is held until the margin attains the other
band, the switching table might switch to another output vector following a switchover of the second
hysteresis comparator or a change in the voltage vector position. The behavior of the hysteresis
controller with respect to power error limits can be summarized as follows [34]:

A(Py, Qs) > HB(Ps, Q)

_HB(PS7QS>gA(PS7QS)<HB(P87QS) 24

dAPLQs) _ g 24
dt

d(Ps,Qs) =1

A(Py, Qs) < —HB(P;,Qs)
_HB(P57QS) < A(P37Qs) < HB(PstS)
d(A(PS:Qs)) > 0

dt

( d(Ps,Qs) =0

(25)
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4.3. Sector Choice

The impact of every output vector resulting from the SAPF on the reactive and active powers is
much reliant on the actual position of the network voltage vector. Thus, in addition to the signals of
the 2 hysteresis comparators, the switching table functions according to the position of the network
voltage vector, which turns at pulsation wg, in the complex plane. Nevertheless, instead of feeding the
switching table the accurate voltage vector position, the sector picking block informs in which area
the current network voltage vector is located [35].

In order to increase the precision and also to avert the problems faced at the boundaries of every
control vector, the plane of the vector space is partitioned into 12 sectors of 30° each (Fig. 8), where
the first sector is allocated between -5 <6;<0. Consequential regions counterclockwise follow the
same criterion, which can be usually formulated as:

Fig. 8. Voltage Vector Representation in the Space Vector

(n—2) <9n<(n—1)% n=1,2,...,12 (26)

S

Depending on the network voltage vector angle referenced on the a-axis, the sector where the
vector is located will be chosen. The angle is computed using the reverse trigonometric function,
based on the voltage vector components in the a-/3 frame, given by equation (27):

§ = arctan( v—ﬁ) (27)

Vo

4.4. Conventional Switching Table

The switching table can be regarded the core of direct power control. It picks a suitable inverter
voltage vector to allow the instantaneous reactive and active power to move in the wished direction,
also based on the position of the network voltage vector and reactive and active power margins.
Depending to the vector space theorem, the instantaneous reactive and active power can be computed
from the imaginary and real parts of the multiplication of the voltage vector and the current vector
conjugate as it is shown in (28) [36].

(28)
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The representing of these powers in the rotating frame d-¢ makes it possible to obtain the follow-
ing new equations:
{ P, = Usdi.sd + Usqi.sq (29)
Qs = Usqlsd — VUsdlsq

However, by using a PLL the voltages obtained become purely sinusoidal and balanced which
allows the voltage vector to be aligned on the d-axis and the quadratic component will be zero v4,=0.
Therefore, equation (29) becomes:

P = Vsdlsd
: 30
{ Qs = —Vsdlsq 30

Based on this approach, Noguchi developed the following switching table (Table 1).

Table 1. Conventional switching table

AP, AQs 01 0 03 04 05 06 07 03 09 019 611 O12

1 0 V¢ VU7 V1 Vg V2 VU7 V3 Vg V4 U7 Vs Vo
1 vy U7 vy vy V7 V7 Uy Uy Uy Vr vy Vg
0 0 Vg VU1 V1 Vg V2 Vg Vg V4 V4 Vs Vs Vg
1 Vi V2 V2 Vg Vg Vg4 V4 Vs V5 Vg Ve (%]

5. The Proposed Switching Table for Robust DPC

A 2-level voltage inverter delivers 7 voltage vectors for 8 different combinations. Every voltage
vector is calculated based on a combination of the respective switches and the DC-bus voltage [37].

2 o dn
uk:gvdc(sakJerkeJ%JrSCkeﬂ%) k=0,1,...,7 (31)
As the time interval between 2 interrupt actions is relatively small, the change in inverter voltage

can be approached by:
Avy = v At (32)

The precedent equations allow to investigate the impact of each inverter output vector on reactive
and active power considering particular sectors.

Assume, at time t, a desired reference position in vector space, where the network current Zg 18 in
phase with its voltage ¥, (d-axis direction) which lies in the second sector, and the voltage of the filter
17'9 is such that the state of the inverter undergoes no change, that is to say, that the voltage vector of

the latter is either y or U.

From this position and for the case of Fig. 9(a), if the inverter applies at time ¢+1 the voltage
vector 7] for a certain time, this will introduce a displacement of the network current vector it™! by a
quantity corresponding to a constant hysteresis band (radius of the circle).

By projecting the current vector on the d-q axes, we notice that the component on the d-axis z_'igl

has increased and that of the g-axis Zgj;l becomes negative non-zero, compared to the previous state
at the moment ¢. So, assuming that the network voltage vector is in the second sector, the application
of the voltage vector ¥; by the inverter will increase the active and reactive power.

An analogous analysis can be carried out for the other inverter voltage five space vectors as shown
in Figs. 9(b) and (f). From the latter, we can see that if the network voltage vector is oriented
towards the direct axis d, the active power is straight proportional to the direct constituent of the
network current 744, and the reactive power is established by the quadratic component 74, (Table 2)
[38][39][40].
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Fig. 9. Effect of Inverter Output Vector on Reactive and Active Powers
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Table 2. Suggested switching table

AP; AQs 01 62 03 0,

05 0 07 03

Oy 610 On1

1 0 V4 V5 VU5 Vg Vg V1 V1 V2 V2 U3 V3 V4
1 V3 V4 Vg4 V5 V5 Vg Vg VU1 v U2 V9 V3
0 0 Vg V] V] Vg UV V3 V3 Vg Vg4 Vs Us Vg
1 V1 Vg WUy V3 V3 V4 V4 Vs Vs Vg Vg U1

6. Results and Discussion

6.1. Simulation Protocol

In goal to study the performance of the suggested DPC applied to the SAPF, a complete model is
developed under the MATLAB/Simulink utilizing the characteristics in Table 3.

Table 3. Network, Non-Linear Load, and SAPF Parameters

rms voltage 100 V
F H
Network parameters requency . S0 Hz
Internal resistance 0.1Q
Internal inductance 0.1 mH
Load resistance 30 Q
L i 1 mH
Nonlinear load an 1nduct%1nce m
Rectifier resistance  0.01
Rectifier inductance 0.566 mH
Bus capacitor 1100 pF'
Filter i 1 mH
Active filter (SAPF) ilter inductance m
Reference voltage 283V
Sampling time 1 ps
Simulation environment Step type Fixed step
Resolution method  Euler (odel)
Hysteresis band HB=0.2

First, a study of the quality of filtering will be carried out by spectral analysis of currents and with

a comparison of their distortion rates. Then the stability and the robustness of the control in the cases
of closure of the SAPF on the network and the change of the nonlinear load are evaluated. The filter
closer is established at t=0.1s and a load variation is applied at t=0.25s by varying the load resistor
value from 302 to 20€2. It’s important to notice that the DC-bus capacitor is initially charged with a
voltage of 241V.

The signals shown in Fig. 10 from top to bottom are the network voltage, the PLL voltage, the
network current, the load current, and the filter current. The signals shown in Fig. 11 from top to
bottom are the DC-bus voltage, the active power of the conventional DPC, the active power of the
proposed DPC, the reactive power of the conventional DPC, and the reactive power of the proposed
DPC. Fig. 12 highlights the network’s current THD values before and after the filter closer. The curves
shown in Fig. 13 are the network current and voltage, the DPC angle, the DPC sector selection, and
the evolution of the network voltage in the -/ reference frame.
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Fig. 13. The Proposed DPC High Performance

6.2. Results Analysis

Fig. 10(c) shows that before closing the SAPF (before ¢=0.1s), and due to the nonlinear load, the
network current was not sinusoidal. Fig. 11(c) shows the non-zero reactive power produced by the
network. After the closer of the SAPF at ¢=0.1s, the network current becomes quasi-sinusoidal. The
active power is constant and narrowly follows its reference (Fig. 11(c)). The reactive power is zero
on average (Fig. 11(e)), so ensuring operation with a unity power factor. The DC-bus voltage (Fig.
11(a)) attains its reference (V;,=283V") in 3-period cycles and keeps its stability during the steady
state. Fig. 12 represents the analysis of the network’s current spectrum before and after filtering.
Before filtering, the value of the harmonic distortion rate was THDi=27.98% (Fig. 12(a)) and after
filtering it becomes THDi=1.08% (Fig. 12(b)), which means conformity with the IEEE 519-1992
standard.

On the other hand, Fig. 13(a) demonstrates the synchronization of the network current and voltage
before and after filtering, which means a unity power factor. Fig. 13(b) illustrates the evolution of
the network voltage vector on the 2 axes « and 3 and its representation in the polar coordinates. Fig.
13(c) shows the angle 6, of the DPC. Fig. 13(d) highlights the sector selection of the DPC. Fig. 13(a)
proves again that the suggested PLL delivers a good estimate of the angle 6, and generates sinusoidal
voltages when the input voltages contain harmonics. The network voltage evolution is very quick. We
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can clearly notice that the voltage shape do not exceed the hysteresis boundaries. The sector selection
is uniform. Starting from sector 3, the upgrade continues until sector 1 then the choice moves to
sector twelve immediately.

Fig. 10(e) clearly shows that the current inrush following the load variation is almost instanta-
neous, undergoing no distortion with respect to its sinusoidal waveform. But thus causing a decrease
in the DC-bus voltage (Fig. 11(a)). The proposed DPC proves then its robustness by the excellent
tracking of the reactive and active powers to their references.

This control technique allows to obtain better energy quality compared to other techniques, this
can be confirmed by the appearance of the active and reactive powers that follow exactly their refer-
ences with the desired accuracy, and by presenting no disturbance.

The current call following the variation of the load is almost instantaneous, by not undergoing any
distortion towards its sinusoidal form and its quality. But thus causing a decrease in the continuous
bus voltage during a transitional of the active power. It very important to note that the necessary time
of the transient of active power is very short.

6.3. Comparative Study

Figs. 11(b) and (c) show the instantaneous active power of the conventional and the suggested
DPC respectively. The active power waveform in the suggested DPC shows fewer discontinuities.
Figs. 11(d) and (e) show the instantaneous reactive power of the conventional and the proposed
DPC respectively. The reactive power waveform in the proposed DPC is better than that of the
conventional DPC. There are no discontinuities or fluctuations. The proposed switching table proved
good performance characteristics in terms of precision and harmonic reduction.

In case of imbalance of the non-linear load due to the absence of a phase, considered as the
most unfavorable case (two currents in phase opposition), the SAPF with the proposed DPC control
technique, could not only balance the currents and voltages but also improve the quality of energy.

7. Conclusion

This research presents a detailed design and examination of a new switching table in order to over-
come the drawbacks and restrictions of the current DPC switching table. The following objectives are
the main focus (1) Improvement in the variation of SAPF instantaneous powers from the electrical
model in the stationary reference frame (2) Planning of a different switching table based on the in-
vestigation of the reactive and active power variation for different voltage vectors in the twelve sector
partition. Under MATLAB/Simulink, the validation of the proposed SAPF-DPC using the modified
switching table was carried out. In order to confirm the control strategy’s great performance, numer-
ous simulation experiments are conducted, demonstrating how the non-sinusoidal network current
(THDi=27.98%) will change to a quasi-sinusoidal current (THDi=1.08%) after the filter application.
Since the reactive power is typically zero and the active power closely follows its reference, a unity
power factor is assured. The transient regime demonstrates outstanding performance for either over-
shoot or stability, proving the control’s durability.
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