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ABSTRACT In this paper, the performance of a shunt active power filter using direct power control based
on the hysteresis method and model predictive control is discussed. Furthermore, an optimized vector
selection is presented for model predictive control. This paper’s objective is to evaluate the processing
time, reduction of harmonic components that would be injected into the electrical grid by a non-linear
load, power semiconductor losses, average switching frequency and root mean square error for the control
variables. The comparison uses the same system model and parameters for both strategies. Simulation and
experimental results are presented. Using the strategy discussed in this paper, it was possible to reduce
harmonic components in the electrical grid, with reduced time for vector selection.

KEYWORDS Active power filter, harmonic components, predictive control, hysteresis control, power

quality.

I. INTRODUCTION

Problems related to power quality have gained attention
in recent years, especially when it comes to the use of non-
linear and/or unbalanced loads, leading to the presence of
harmonic components in the currents and voltages of the
electrical grid [1]. In industry, some examples of non-linear
loads are uninterruptible power supplies, variable frequency
drives and diode bridge rectifiers, see [2] for more exam-
ples. Harmonics cause various issues, including overheating
of electrical equipment, blown capacitor fuses, distorted
voltage waveforms, low power factor, eddy current losses
in transformers, oscillating torque in electrical machines,
and decreased system efficiency [3]. Shunt Active Power
Filters (SAPF) can mitigate these harmonics and are easily
integrated into existing industrial power systems, making
them a widely used solution [4].

Reducing current ripple in active power filters is essential
to ensure the efficiency, reliability, and safety of electrical
and electronic systems, in addition to improving the quality
of the energy supplied and protecting system components.
Therefore, when it comes to active filters, one of the elements
that is essential for reducing current ripple is the inductor.
In [5], the calculation is presented for inductance for the use
of a control strategy with Pulse Width Modulation (PWM).
However, the relation obtained in [5] cannot be applied for
the Predictive Power Control (PPC) because this control
method does not have fixed switching frequency. In this way,
the present paper will show the solution for this case.

One of the techniques used to compensate for harmonics
using an SAPF is Direct Power Control (DPC). DPC, when
compared with PWM [6f, shows superior performance in
terms of dynamic response and the absence of current control
loops in the control structure. Predictive Power Control
(PPC), uses the Finite Control Set - Model Predictive Control
(FCS-MPC) strategy with power being the control variable,
where the optimal voltage vector is determined by a control
scheme that minimizes a cost function. According to [7]],
control systems using FCS-MPC allow ease of implemen-
tation, fast dynamic response and flexibility in defining the
control objective.

On the other hand, according to [8]], FCS-MPC exhibits
high computational cost, posing a significant challenge for
its implementation in power electronics applications. Despite
technological advancements in processors processing power
over the years, high computational cost remains a critical
challenge for FCS-MPC utilization, as evidenced by studies
presented in [9]. Thus, in [10]], a Four-Wire Shunt Active
Power Filter (FW-SAPF) is presented with a significant
reduction in the number of tests required in FCS-MPC by
implementing a novel vector optimization strategy. In [11],
a parallel single-phase to three-phase drive system with two
single-phase rectifiers using Modulated Model Predictive
Control with reduction of tests based on the vector plan is
presented.

In this context, this article presents DPC and PPC strate-
gies for a SAPF using a three-phase inverter. This article is
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an expanded version of [[12], which presents a method to
reduce processing time for identifying the optimal vector.
The comparison between the strategies is carried out for
a system containing a SAPF connected to the electrical
grid with the presence of a non-linear load. The reduction
of harmonic components that would be injected into the
electrical grid by a non-linear load, power semiconductor
losses, average switching frequency and root mean square
error for the control variables are evaluated. To validate the
strategies, simulation and experimental results are presented.
In summary, the main improvements of this paper compared
with [12]] are as follows:

I) Proposing a new strategy using the PPC based on the

SAPF reference voltage;

II) Reduction in processing time of approximately 20%
when compared with the strategy presented in [12];

III) Calculation of the reference voltage based on the refer-
ence active and reactive power;

IV) Comparison between the strategies presented in [12]
with the one proposed in this article;

V) Total Harmonic Distortion (THD);

VI) Addition of simulation and experimental results for load
transient.

This paper is organized as follows. In Section II, the Sys-
tem Model is presented, detailing the mathematical formula-
tions for the system in continuous and discrete time. Section
IIT discusses the control strategy for Direct Power Control
and Section IV for Predictive Power Control with optimized
vector selection. Section V focuses on simulation results,
where the control strategies are validated. In section VI, a
comparison between DPC and PPC is performed with results
obtained by simulation. Section VII focuses on experimental
results for practical validation. Finally, Section VIII presents
the Conclusion, summarizing the main contributions of the
work.

Il. SYSTEM MODEL

The shunt active power filter configuration is shown in Fig.
m Connected to the grid, there is a non-linear load. In this
way, the SAPF is responsible for minimizing the harmonics
injected into the electrical grid. According to Fig. [I] the
SAPF system equations are:

: di
€gu = —T.flfu—lf%—‘rvfu (D)
Vfu = Uy + Vog (2)
where u = {1, 2, 3}, ey, is the voltage in the electrical grid,
ry and [y are, respectively, the resistance and inductance of
the RL-filter, vy, is the voltage of SAPF, v, is the inverter

pole voltage, v is the homopolar voltage. The instantaneous
active (F,) and reactive (Q),) power of the grid are:

P, =P —P 3)
Qg =Q—Qy “4)

where P, and (Q; are the instantaneous active and reactive
power of the non-linear load and Py and )y are the
instantaneous active and reactive power of the SAPF.
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FIGURE 1. Shunt active power filter.

The grid voltage equation presented in () can be referred
to the of axes in a stationary reference frame to facilitate
the strategy control. Applying the change to the stationary
reference o3, it is verified that:

. difo

€ga = —Tflfa — lf d]:f =+ Vfa (®)]
: difp

€gp = —Tyifp —lp—p =+ Uss (6)

The voltages vy, and vyg are dependent on the inverter
switching state and the DC-link voltage F, i.e.:

2
vra=E\[5 (0-%-%) (7
E
vfg = ﬁ(% —q3) 8)

where ¢, represents the switching states of the inverter.
According to Table [I| the SAPF af voltage components
have five and three levels, respectively.

TABLE 1. Switching states for SAPF voltages in the stationary frame

o) qQ ) q3 Vs Vg
Vo 0 0 0 0 0
141 0 0 1 ~E/V6 ~E/V2
Va 0 1 0 —E/V6 E/V2
Vs 0 1 1 —E\/2/3 0
Vi 1 0 0 E+/2/3 0
Vs 1 0 1 E/V6 —E/V2
Vs 1 1 0 E/V6 E/V?2
Vi 1 1 1 0 0
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A. DISCRETE MODEL
The SAPF instantaneous active and reactive power can be
obtained through the components of the voltage and current
in the stationary reference frame, that is:
Py = egaifa +egpisp ©)
Qf = egpifa — €galsp (10)
Deriving (9) and (TI0) and substituting the differential terms
of () and (6) there is:

dP r Coalfa + €ogvrg — V3

J:**fpf*nger gaVf gBYfB M (11

d r €y8Vfa — €gal

B —ypy Ty 4 oo Canis (12)
f f

where wy, is the angular frequency of the grid and V7 =
€l + ef] 5 In [13], different discretization methods are
presented for use in predictive control. Among the analyzed
methods, Euler was selected for use in this paper due to its
easy implementation and good response. Therefore, using the
forward Euler method in (TI) and (12), the discrete model
of SAPF for the second horizon and sampling time 75 is:

Pf[k2] == ngsQf[kl] + Pf[kl] (1 — r—fT > +

i (13)
egalki|vialki] + egplki]vsslki] — V]\24T
lf s
Qulial =y Tyl + Qslin] (1- 727, ) +
/ (14)

egplkr]vialki] — egalkr]vss(ki]
Ly
where k1 = k + 1 and k; = k + 2, indicating the first
and second horizons. The second horizon is necessary to
compensate for computational delays, and by using this
method the current ripple is considerably reduced without
affecting the dynamics of the control.
Thus, the discrete model for instantaneous power of the
electrical grid is obtained as:

Pylko] = Pilka] — Pylk] (15)
Qqlka] = Qulka] — Q[k2] (16)

The instantaneous active and reactive power of the non-
linear load in the second horizon, due to the use of a small
sampling period 7T, can be obtained by approximation to the
values at the discrete instant k, that is, P;[k] ~ P,[k+2] and
Qilk] = Qi[k + 2]. Another option is to use the Lagrange
Extrapolation presented in [[I14]. The same can be used for
grid voltages.

T

B. FILTER INDUCTOR DESIGN
According to [5], the resistance has no impact on the
current ripple, then to obtain the inductance calculation it is
possible to neglect the resistance in (I]), then the reference
of the grid voltage can be considered as:
di},
dt

eou = —ly + v}, (17)

Consider that the current and voltage in the SAPF are equal
to a reference value with the presence of a ripple, i.e.:

(18)
Vpy =V, + Avpy (19)
Thus, using (I8) and (I9) and making the difference between

and (I) (without r¢) and as the grid voltage is fixed,

that is, egy, = ezu, then:

’qu = Z;u —+ Aifu

20
7t (20)
Solving (20) for Iy, the inductance used in the RL filter can

be calculated as:
1 to+Ts
ly = Aifu /to A’Ufu dt
where t is any instant of time and 75 is the sampling period.
In the FCS-MPC, the SAPF voltage changes once every T,
and as Avy, = E/3 (for changing a voltage level) for three-
phase inverter, then it is found that:
E
YN
sl
where Aly = Aly, is the ripple to the current of SAPF and
fs is the sampling frequency. From [I5]] and [16], Aly is
calculated considering the following:
1) The SAPF power (Psapr) is equal to 125% of the load;

2) The current ripple is equal to 10% of the SAPF current;
3) SAPF current is Iy = Psapr(VA)/E.

2y

(22)

lll. DIRECT POWER CONTROL

For benchmarking purposes, this paper uses the Direct
Power Control (DPC) proposed by [17]]. This type of control
uses active and reactive power as control variables. The
instantaneous active power reference (P;) is generated from
the existing instantaneous load active power and the power
processed by the shunt active power filter obtained by DC-
link control. As shown in Fig. 2| the starting point is to
calculate the load’s instantaneous active power (F;). This is
followed by the instantaneous active power ripple obtained
from the difference between the instantaneous active power
and the average active power (signal resulting from the low-
pass filter). Finally, the injected reference active power is
obtained from the difference between the load’s alternating
instantaneous active power and the power resulting from the
DC-link control.

The instantaneous reactive power reference (Q;Z) is also
generated by the instantaneous reactive power resulting from
the non-linear load. The reference for reactive power corre-
sponds directly to the instantaneous reactive power (); as
illustrated in Fig. 2} Furthermore, there is no contribution of
reactive power from the DC-link.

In this way, the integration between the power control
repetition loop and the switching function for the DPC was
developed, as shown in Fig. P} For DPC, two hysteresis
comparators, one for active power and the other for reactive
power, associated with the Phase-Locked Loop (PLL), send

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202507, 2025. 3


https://creativecommons.org/licenses/by/4.0/

Ferreira et al.: Comparison Between Hysteresis and Predictive Control with Optimized Vector Selection for Direct Power Control to a Shunt Active Power Filter

)
2
=
SICCIARILS
SuIPIMG

Qy

FIGURE 2. DPC control diagram.

gating signals the inverter transistors (q1, q2, g3, 1, G2
and @3). The differences between the instantaneous powers
injected by the active power filter and the instantaneous
powers of the non-linear load (¢, and v,) are limited within
a hysteresis band. The PLL model proposed by [ 18] provides
information about the phase 0 of the power grid.

B

FIGURE 3. Method of division into twelve sectors in the a3 plane.

The o plane is divided into twelve equidistant sectors as
illustrated in Fig. 3] The appropriate voltage vector selection
was the vector that, after its application, leads 1, and 1), to
towards zero. When v, < 0 and v, < 0, it was necessary to
apply a voltage vector that would cause the inverter to act
with an inductive effect and as a load (consuming power). So
the possible application was the vector V5 (001). When 1), <
0 and 1, > 0, it was necessary to apply a voltage vector that
would make the inverter act with a capacitive effect and as a
load (consuming power). Thus, the application possibilities
were the vectors Vs (100) and Vs (101). When 1, > 0 and
g < 0, it was necessary to apply a voltage vector that
would make the inverter act with an inductive effect and as
a power source. Thus, the application possibilities were the
vectors V3 (010) and V, (011). When 1, > 0 and 3, >
0, it was necessary to apply a voltage vector that would
make the inverter act with a capacitive effect and as a power

source. The possible application was therefore the vector V
(110). Table [2] shows the switching functions determined by
instantaneous power comparison for a sinusoidal electrical
grid.

TABLE 2. Switchings determined by instantaneous power comparison

S1 So 53 S4 55 56

0
Yp < 001 001 101 101 100 100
g <0
¥p <0 100 100 110 110 010 010
Pg >0

>
¥p 20 010 011 011 00l 001 101
g < 0

>0
Yp 2 110 010 010 011 011 001
Pq >0

Sr  Sgs  S9 S0 S11 Si2

¥p <0 110 110 010 010 011 011
e <0
¥p <0 011 011 001 001 101 101
g >0

>
¥p 20 101 100 100 110 110 010
g < 0

>
¥p 20 001 101 101 100 100 110
Pg >0

IV. PREDICTIVE POWER CONTROL

Fig. @ shows the control diagram for the predictive power
control. The processes described in the diagram are used
for DC-link control, decrease of harmonic distortion and
correction of the power factor in the electrical grid.

According to [19], when a PI controller regulates the
DC-link, the predictive control has a loss in the dynamic
response, due to the PI controller having a lower speed
response than the predictive control. Because of that, the
control strategy does not use a PI controller to regulate the
DC-link. To obtain the active power reference, the relations
presented in [19] are used:

P; k) = P}'[ks] — Ppc (23)
Ppc = % (E2Iki] - °2) (24)

where Pj'[ko] is the reference active power of the load in
the second horizon, obtained using a digital low-pass filter
with a cut-off frequency equal to the fundamental of the
grid, Ppe is the required change in the active power flow to
regulate the voltage at the desired value, C' is the equivalent
capacitance in DC-link, E* is the reference voltage of the
DC-link and, according to [19], N denotes the number of
time steps required for reaching the target.

Eletrénica de Poténcia, Rio de Janeiro, v. 30, 6202507, 2025.
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FIGURE 4. PPC control diagram.

The reference reactive power in the electrical grid is equal
to 0, to ensure a unity power factor of the system. Thus, for
each selected switching state, the discrete active and reactive
powers are compared with their respective reference powers.
The best vector is the one that minimizes:

g; = | Pylka) — Pilka]| + |Q;[ka) — Qi [k2]|

where g; is the cost function and j = {1,2,--- , 8} indicate
the vector test.

Fig. 5| shows flowchart for the PPC with optimized vector
selection applied to the SAPF. The general control procedure
can be described as:

(25)

1) Grid voltage measurements (e41 and eg42), SAPF cur-
rents (i1 and is2), load currents (4;; and 7;2) and DC-
link voltage (F);

2) Change to the stationary reference frame o3 and ad-
vance one step into the first horizon;

3) Predicting Pylki1], Qqlk1], Dilkz] and Q[k2];

4) Calculation of P/*[ks] and Pp¢ to be used in (23);

5) Calculation of the reference active power in the electri-
cal grid for the second horizon;

6) Calculation of v;}l, U;ZQ and v;ig;

7) Preselected voltage vectors;

8) Initial value for gmin;

9) Structure in the for:

a) Calculation of the components o and 3 of vyag, for
the second horizon, using and (8], based on Table
[1] for each iteration;

b) Calculation of active and reactive power in the elec-
trical grid using (13) and (14);

¢) Cost function calculation with @]);

d) Checking and storing the smallest value of the cost
function and the vector j at which minimizes (23).

10) Applying the switching state obtained by PPC.

A. OPTIMIZED VECTOR SELECTION

According to [20], it is possible to reduce the amount of
vectors tested in a three-phase rectifier based on the reference
voltages of the legs. Thus, obtaining the reference voltages

6912[]{3], iflg[k], illg[k] and E[k} measures

egaplki], igaplki], tiaplk1] and Elk]

|

Pylki], Qqlki], Pilks) and Qifko]

I

Py[ky] and Ppe

Preselected voltage vectors

I

Gmin = inf

9min = gj
jmin = ]
[
No Yes

FIGURE 5. PPC flowchart.

for the SAPF is possible to identify the clamping region to
reduce the amount of tests in the PPC.

Fig. [6] shows three regions that are obtained for three-
phase balanced voltages. Therefore, using these regions it
is possible to reduce the number of tests in the PPC. For
instance, in the case of Region 1, where the reference voltage
v}y is the largest of all, leg 1 of SAPF is clamping at
a high level, meaning that ¢; remains closed (g7 = 1).
Then, based on Table [T} the vectors Vy, Vs, Vg, and V5 are
chosen. Additionally, the regions can be divided into two

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202507, 2025. 5
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subregions, A and B, requiring only 3 tests in each subregion.
For Subregion A, the vector possibilities are Vj, V5, and
V-, while for Subregion B, the vectors are Vy, Vg, and V.
Similarly, the highest voltages in regions 2 and 3 are vy
and v 3, respectively. This means that switches g in Region
2 and g3 in Region 3 will not change state and will remain
high. Consequently, the number of tested vectors is reduced
to 3, as summarized in Table

T T T
Region 2
1

Region 1 Region 3

FIGURE 6. Clamping regions.

The active and reactive powers are used as a reference by
the PPC. However, to optimize the vector selection of the
SAPEF, it is necessary to obtain the reference voltages using
(@) and (6) and in the steady state, it is known that:

difa .
Jao _ _ 26
dt ‘o (26)

difs _ .

2B 27
ar 7

then:
Vo = €galka] + 11 (lialka] —ig,) 4+ 1 (iplke] —iy5) (28)
vig = egplka] +1y(iplke] —iyg) + lf(ita[ke] —i5,) (29)

where the currents ig,, and i7 4 are obtained from the active
and reactive reference power applied to the PPC, that is:

v Pgega[kﬂ + Qgeq (k2]

30
T gl eyl o
= _Q;ega[kﬂ — Plegs (k2] 31)
" qalkal Fegalhal?

In addition, the reference voltages v;l, v;ﬁz and v}'ZS are
obtained from «f voltages, i.e.:

Ui = vl (32)
* /U* \/g *

Wiy = —% + 5 s 33)
* U*OL \/g *

Vs == = 5 v (34

This analysis could be done for the opposite case to the
regions presented in Fig. [6] that is, instead of considering the
regions for when a reference voltage remains 120° greater
than the others, consider the regions where the reference

voltage remains 120° lower than the others, so instead of
Region 1 being for when ¢; is at a high level, it would be
for ¢; at a low level, ¢; = 0.

The SAPF leg can be clamped at a low level. When the
voltage vy is at its minimum, the vectors are selected so
that the switch ¢; remains open (q; = 0). Likewise, when
vyg 18 at its minimum, the switch g3 is kept in the zero state
(g2 = 0); and when vz is at its minimum, the switch g3
remains in the zero state (q3 = 0).

TABLE 3. Preselected voltage vectors

Region Subregion Preselected voltage vectors
1 U;l > ’U;Q A 1}3?3 > U}Q Vo=V — V7
vh, > v «
f1 f3 B Vi3 S UGy Vio—Ve—V7
5 U;Q > v;l A v;‘pl > v;‘,g Vo -V — V7
v, > VY.
12 f3 B vh Sy Vo—-Vs—Vr
3 Vig >vh A iy > Vi—-Vs—-Vg
Ur3 %2 B un, <oh Vi-Vs- Vg

V. SIMULATION RESULTS

The simulation results with the DPC and PPC (with
optimized vector selection) control strategy applied to the
SAPF are shown in this section. The studied system was
simulated in PSIM® software. The same parameters are used
for both strategies.

The parameters used to obtain the results are: voltage in
the electrical grid equal to 127 V' (RMS) and 60 Hz funda-
mental frequency, resistance and inductance for RL filter are,
respectively, 0.5 €2 and 13 mH, resistance and inductance
for RL load are, respectively, 0.3 2 and 6 mH, DC-link
reference voltage equal to 400 V, DC-link capacitance is
equal to 2200 pF and the sampling period is equal to 50 ps.
For the non-linear load, a full-bridge diode rectifier with a
resistance of 50 2 was used. The inductor filter design was
realized using the conditions shown in Subsection [B]

The gains proportional and integral of the PI controller for
DC-link control are, respectively, k, = 0.2 and k; = 3. The
parameter N used in (24) is equal to 100. Due to the similar
behavior of switching between DPC and PPC strategies the
same inductance can be used for both.

The waveforms of the grid voltage (e4q) and the grid
current (i41) are shown in Figs. (for DPC) and
(for PPC). It is observed that, for both strategies, the current
appears with a good sinusoidal shape and it is in phase with
the grid voltage, that is, the power factor is unity, meaning
that the correction of the power factor was performed prop-
erly. Figs. (DPC) and[7(d)] (PPC) show the grid currents,
with approximately 6 A peak. Figs. 8(a)] (DPC) and [8(b)|
(PPC) show the non-linear load currents with approximately
the same peak current of the grid. Figs. (DPC) and [8(d)|
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(PPC) show the SAPF currents, in which it is possible to see
that there is harmonic components in the SAPF currents.

200

100

-100

Voltage (V) and Current (A)
Voltage (V) and Current (A)
o

00 -200
0.25 0.26 027 028 029 0.3 025 0.26 027 028 029 0.3

Time (s) Time (s)
(a) (b)
12 12
/, /.
g’ 7 ﬂ"% g’ ¢
;EJ 0 é 0 \y \y l‘ \y
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© 6y © 6 e, o
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Time (s) Time (s)
© (d

FIGURE 7. Simulation results. (a) Grid voltage and current for first phase,
DPC. (b) Grid voltage and current for first phase, PPC. (c) Grid currents,
DPC. (d) Grid currents, PPC.
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FIGURE 8. Simulation results. (a) Load currents, DPC. (b) Load currents,
PPC. (c) SAPF currents, DPC. (d) SAPF currents, PPC.

Fig. shows the SAPF voltage for the first phase using
DPC strategy. Fig. shows all voltage levels presented in
Table [1] Figs. (DPC) and (PPC) show the control
of the DC-link, in which it is possible to observe that the
reference value E* corresponds to the measured voltage.

Figs. and show, respectively, the active and
reactive power for the SAPF using the DPC strategy, in
which it is possible to observe that the reference values
Pf and Q} correspond to the measured powers and they

400

200

0

Voltage (V)

-200

-400
0.25 0.26 0.27 0.28
Time (s) Time (s)
(@ (b)
420 420
_ 410 & E 410 E B
= e =
%400 / . $400 / .
G G
= 300 = 390
380 380
025 026 027 028 0.29 0.3 025 026 027 028 0.29 0.3
Time (s) Time (s)
(© (d

FIGURE 9. Simulation results. (a) SAPF voltage for first phase, DPC. (b)
SAPF voltage for first phase, PPC. (c) DC-link voltage and reference, DPC.
(d) DC-link voltage and reference, PPC.

are oscillating to compensate the harmonics in the grid,
as also the instantaneous powers are correctly adjusted to
reference values. Figs. [T0(b)] and [T0(d)] show, respectively,
the active and reactive power in the electrical grid using
the PPC strategy, in which it is possible to observe that the
reference values Py and @ correspond to the average mea-
sured powers, as also the instantaneous powers are correctly
adjusted to reference values. To facilitate the visualization
of the powers of SAPF and grid, an offset was intentionally
inserted in Fig. [I0]
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FIGURE 10. Simulation results. (a) Active power of grid, SAPF and
reference P;, DPC. (b) Active power of SAPF, grid and reference Pg*, PPC.
(c) Reactive power of grid, SAPF and reference Q}, DPC. (d) Reactive
power SAPF, grid and reference Q;, PPC.
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FIGURE 11. Simulation results. (a) v, pole voltage, DPC. (b) v, pole
voltage and v}, reference voltage, PPC.

Fig. [[1] shows v1o pole voltage using DPC and PPC, so
it can be seen that Fig. [[I(a)|is switching at high frequency
and Fig. [[1(b)] during 120° is switching at low frequency.
Furthermore, Fig. [I1(b)] the pole voltage vy is fixed when
v}, is the highest reference voltage, i.e., switch ¢, is at high
level, situation presented for Region 1 in Table [3]

Fig. [I2] shows the behavior of the DC-link voltage and the
grid current (¢41) in a load transient from 75 € to 50 €2, that
is, an increase of 33% in charge. Therefore, it is noted that
the two control strategies presented similar behavior, since
both presented a small undershoot in the DC-link voltage
and the current 74, presented a smooth transition to the new
current magnitude.

1) sampling frequency equal to 20 kHz for both strategies
and 2) approximately the same harmonic distortion for grid
current, equal to 5,8%. For the same sampling frequency, the
THD of PPC is smaller than that of DPC. The difference is
close to 33%. On the other hand, for the same THD, the
sampling frequency had to be increased to 32 kHz, which is
an augmentation of 60% of sampling frequency, representing
an increase in power loss.

Fig. shows the reduction of harmonic components
in the electrical grid for the strategies DPC and PPC,
considering the sampling frequency is equal to 20 kHz.
According to Fig. the DPC strategy reduces the 5" and
7™ harmonics of the grid current to 1.08% and 1.62%. Fig.
shows the harmonic components using PPC strategy,
in which the SAPF reduced the 5" and 7" harmonics of the
grid current to 1.6% and 1.15%. Therefore, both strategies
were able to reduce the presence of 5" and 7" harmonics.
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FIGURE 12. Simulation results for load transient. (a) DPC. (b) PPC.

VI. COMPARATIVE ANALYSIS

This section will present the comparison between strate-
gies DPC and PPC. The parameters of analysis are: reduction
of harmonic components, power semiconductor losses, root
mean square error and average frequency switching. The
analysis is based on results obtained from simulations.

TABLE 4. Total Harmonic Distortion for simulation results

FIGURE 13. Simulation results for frequency spectra. (a) DPC. (b) PCC.

Table[5|shows the power semiconductor losses and average
switching frequency (fs,) for both strategies. The power
losses for each configuration were simulated using the IGBT-
Module FS50R07N2E4 as a model, with the thermal module
feature of the PSIM® software. The fsw is obtained using
the method presented in [21]], that is:

fouw = 3T
where n1, ny and ng are the number of state changes of the
switches for phases 1, 2 and 3 of the three-phase inverter
and T is the period in which fsw is evaluated. Thus, when
comparing the PPC and DPC (for 20 and 32 kHz) note that
for the conduction loss (P.4) the results are similar. However,
PPC provides smaller switching losses (Ps,) than DPC.
Therefore, the PPC strategy presented lower total power
losses (P;) than DPC.

n1 + no + ns (35)

fs igl ig2 igs TABLE 5. Power semiconductor losses
DPC 20 kHz 8.77% 8.62% 8.62% fs Ssw P, P, P
32 kHz 5.70% 5.68% 5.68%
PPC 20 kHz 501% 6.08% 5.95% DPC 20 kHz  7060.32 Hz 289 W 751 W 1040 W
PPC [12) 20 kHz 5.83% 5.70% 5.70% 32kHz 1114639 Hz 283 W 1095 W 1379 W
PPC 20kHz 683354Hz 292W 689 W 981 W
PPC [12] 20kHz 640584 Hz 291 W 642 W 933 W

Table [] shows the Total Harmonic Distortion (THD) for
strategies DPC and PPC. Two scenarios were considered:
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TABLE 6. Root Mean Square Error

fs E P Q
pe 20kHz 031V 19339 W  106.72 var
RKHz 029V 12174 W 67.40 var
PPC 0kHz 030V 7247 W 83.00 var
PPC 20kHz 032V 7254 W 84.70 var

Table [6] shows the Root Mean Square Error (RMSE) for
both strategies. For DPC, the columns P and @) are related,
respectively, with Py and )y and for PPC they are related,
respectively, with Py and Q. Thus, it is possible to notice
than for both strategies the DC-link RMSE is similar. For
active power the PPC presented less RMSE than DPC (with
the two f5) . For reactive power, DPC presented lower RMSE
than PPC for the sampling frequency of 32 kHz. Therefore,
the PPC strategy demonstrates lower error than DPC.

Comparing the results of the present paper and [12], in
Tables [ [5] and [] it is noted that there was no significant
difference between PPC with or without vector selection
optimization. This shows that the proposed PPC is able
to provide virtually the same steady-state performance than
PPC method discussed in , but with lower computational
burden.

Using the profiler function of MATLAB®, it is possi-
ble to compare the processing time between the codes used
in [12]] and of this paper. The profiler functionisa
performance analysis that measures the processing time of
code segments, providing detailed time information for each
part of the code. Thus, comparing time values, it was noted
that proposed PPC obtained a reduction in processing time
of approximately 20% in relation to that discussed in [12].

VIl. EXPERIMENTAL RESULTS

In order to validate the DPC and PPC strategies, experi-
mental results were obtained in the laboratory. The experi-
mental setup is based on a Digital Signal Processor (DSP)
based on the Texas Instruments TMS320F28335 with a
microcomputer equipped with appropriate plugin boards and
sensors. The results were obtained by oscilloscope Agilent
DSO-X 3014A 100 MHz. The sampling frequency is equal
to 20 kHz, the DC-link voltage is equal to 400 V' and the
equivalent capacitance is equal to 1100 pF'. The non-linear
load is equal to that used in the simulations, but RL load
was not used. The RL filter has the following parameters:
resistance 7y = 0.32 € and inductance [y = 9.5 mH. The
voltage in the three-phase grid is equal to 127 V' (RMS) and
60 Hz fundamental frequency. The parameter N used in (24)
is equal to 350. The other parameters were the same used in
the simulation results.

Fig. [[4] shows the experimental results for voltage and
current in the electrical grid and DC-link voltage for DPC
and PPC DC-link voltage equal to 400 V' and a high power
factor were obtained for both methods.. In addition, the grid

voltage has harmonic components in high frequency but is
more visible in DPC than in PPC. Fig. [T5]shows the currents
in the grid, in which it is possible to notice that the current
in the grid is sinusoidal for both strategies. Figs. [I6] and
show, respectively, the currents in the non-linear load and
SAPF. In Fig.[I8]it is possible to note that the grid current is
sinusoidal because the SAPF compensates for the harmonic
components of the load.
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FIGURE 14. Experimental results grid for first-phase voltage and current,
and DC-link voltage. (a) DPC. (b) PCC.
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FIGURE 15. Experimental results for grid currents. (a) DPC. (b) PCC.
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FIGURE 16. Experimental results for load currents. (a) DPC. (b) PCC.
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FIGURE 17. Experimental results for SAPF currents. (a) DPC. (b) PCC.
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Fig. [I9] shows the behavior of the voltage on the DC-link
and the current in the electrical grid (i41) in a load transient
from 75 Q to 50 €, that is, an increase of 33% charge.
Different from the result obtained in the simulation, see Fig.
[12] the DPC presented a better response during the load
transient, since the system converged with less oscillation
in both DC-link voltage and current in the electrical grid
(ig1), in addition to presenting lower undershoot for DC-
link voltage. This behavior is due to a higher value of IV,
as N has an impact on the response time to obtain the new
reference active power, that is, the higher N, the longer the
time for the system to converge.
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FIGURE 18. Experimental results for first phase of the grid, load and
SAPF currents. (a) DPC. (b) PCC.
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FIGURE 19. Experimental results for load transient. (a) DPC. (b) PCC.

Table [/| shows the THD of the phase currents in the
electrical grid. It is possible to see that PPC presented a better
performance than DPC, with a difference of approximately
50% between them.

TABLE 7. Total Harmonic Distortion for experimental results

fs igl ig? igS
DPC 20 kHz 17.04% 15.32% 15.08%
PPC 20 kHz 6.30% 6.29% 5.96%

VIIl. CONCLUSION

This article presented a comparison between two strategies
for direct power control, in which one is based on hys-
teresis control and the other is based on FCS-MPC. Theses
strategies are applied in a system composed of a three-phase
electrical grid, one shunt active power filter and a non-linear
load.

10

Based on the simulation results, both strategies provided
grid currents with good sinusoidal shape, correction of power
factor and proper regulation of DC-link voltage with a RMSE
less than 0.35 V. Considering harmonic distortion, grid
current THD obtained with PPC was lower than that of DPC.
In addition, PPC presents lower switching frequency than
DPC. At last, regulation of active and reactive power was
performed by PPC, providing a lower RMSE value. Using
optimization to select the optimal vector, it was possible to
reduce processing time by approximately 20% compared to
the strategy presented in [12].

Thus, the performance of the system using the PPC
strategy was better than the DPC strategy, according to the
simulation and experimental results presented in this article.
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