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Improving the quality of energy using an active power filter with zero direct power command
control related to a photovoltaic system connected to a network

Introduction. This article’s subject is a dual function energy system that improves the quality of the electric energy with help of an
active power filter and uses a new technique of command named ZDPC (Zero Direct Power Command) on one hand, and on the
other hand it injects the photovoltaic (PV) renewable energy to the electrical networks in the presence of non-linear charges. The
novelty of the work consists in the subtraction of disturbances resulting from the non-linear charges is provided by an active power
filter based on a new ZDPC method. Methods. This strategy combines a classic PI controller for DC bus voltage regulation with a
smart method to maximum power point tracking (MPPT) of power based on fuzzy logic. Purpose. The elimination of the undesirable
harmonics from the source currents makes the current almost sinusoidal with a harmonic distortion rate close to 1 %. The injection
of PV energy into the electrical grid is provided by a PV panel in series with a chopper through a two-state inverter. Results. This
system is simulated using MATLAB/Simulink software. The results prove the robustness and feasibility of the ZDPC control which
simultaneously guarantees the compensation of harmonic currents, the correction of the power factor and the injection of the solar
power into the electrical grid. References 16, table 3, figures 20.

Key words: active power filter, zero direct power command, photovoltaic array, fuzzy logic maximum power point tracking
controller.

Bcemyn. [Ipeomemonm yiei cmammi € enepeocucmema noositiHo20 NPUSHAYEHHs, W0 NOKPAWYE AKICMb eleKmpoerepeii 3a 00noMo2010
Ginempa axmueHoi NOmMysHcHOCmi ma BUKOPUCMOBYE, 3 0OHO20 DOKY, HO8Y MeXHIKY ynpasninna nio Hazeow ZDPC (Zero Direct Power
Command), a 3 iHwozo 60Ky, omoenrekmpuyni i0HOBMIOBaAHI OJicepena eHepeii 8 eleKmpudHi Mepedici 3a HAA6HOCMI HeNHIIHUX
sapsoie. Hoeusna pobomu noaseac ¢ momy, wo GiOHIMAHHA Nepewkood, Wo SUHUKAIOMb 6I0 HeniHilHUX 3apsaoie, 3a6e3newyemvbcs
Ginempom axmuenoi nomysicnocmi na ocnogi Hoeozo memody ZDPC. Memoou. L[s cmpamezis noeonye knacuunuil I1l-pezyisimop ons
Decynoants Hanpyau Ha WUHI NOCMILIHO20 CIMPYMY 3 IHMENeKMYalbHUM MEMOOOM GIOCMENCEHHS MOUKU MAKCUMATLHOT NOMYHCHOCHI
(MPPT) Hna ocHogi Heuimkoi nociku. Mema. Ycynmenus HeOaxdCaHUX 2apMOHIK i3 cmpymie Oocepera pobumv cmpym maiidxce
CUHYCOIOANbHUM 3 Koeiyienmom 2apMoHiuHux cnomeopeny, Onuzokum 00 1 %. ITodava pomoenexmpuunoi enepeii 6 erekmpuymy
Mepedicy 3a0e3neuycmucs QomoeneKmpuutoIO NAHewN0, NOCIIO06HO 3 €OHAHOT 3 NEPEePUBHUKOM Yepe3 THBepMop 3 080MA CIMAHAMU.
Pesynomamu. L[n cucmema mooemocmvcst 3a 00nomo2oio npoepamuozo 3abesnevenns MATLAB/Simulink. Peszynomamu 00600simo
Haoiinicmby ma 30iicHennicmy  ynpaeninka ZDPC, ske 0OHOYACHO 2apanmye KOMNEHCAYilo 2apMOHIYHUX CIPYMIs, KOPEeKyiio
KoeghiyieHma nomyscHocmi ma nooayvy COHAYHOI enepeii 8 enekmpuyny mepecy. biomn. 16, tadmn. 3, puc. 20.

Kniouosi cnoea: ¢iabTp aKTHBHOI IOTY)KHOCTi, KOMaHAa NpPsAMOI HYJLOBOI MNOTY:KHOCTi, (oTorajbBaHiuHa OaTapes,

KOHTPOJIEP BiICTe:KeHHSI TOYKH MAKCHMAJIbHOI MOTYKHOCTI 3 HEYiTKOIO JIOTiKOI0.

Introduction. Harmonic pollution affects all
domestic and industrial networks. No modern
environment can escape this pollution from equipment,
such as computers, servers, air conditioners, variable
speed drives, etc... all these charges are called «non-
linear». These equipments generate harmonic currents,
which cause reactive power consumption and a
degradation of the power factor of the electrical network
[1, 2]. The quality of the current and the voltage of the
network are seriously degraded [3-5].

The combination of a shunt active power filter
(SAPF) and a photovoltaic (PV) source, which is not only
a renewable source, but also clean, unlimited and at a very
low level of risk; the purpose of the photovoltaic
generator (GPV) is to inject the active power into the
electrical grid. This combination gives us a clean source
of energy and efficiently enhances the quality of energy
[2, 6]. SAPF injects a current that opposes the harmonic
current emitted by the non-linear charge to mitigate the
effect of the harmonic currents and the reactive power.
Thus, the current delivery by the power source remains
sinusoidal.

Researchers have suggested new methods, such as
direct power control (DPC) introduced by Noguchi [8],
which was developed from direct torque control (DTC)
intended for electric machine drives [3, 7].

DPC was essentially to remove both the pulse width
modulation modulator and the internal regulation loops by
through replacing them by a predetermined switching
table [3]. This switching table, based on the correction of

the active and reactive power and on the sector indicating
the position angle of the source voltage vector, is intended
to select the switching states of the converter [8].

The standard DPC requires a zero reactive power
reference, whereas the active power reference is
calculated from the DC bus controller output [3, 9]. This
article proposes a DPC technique, which as opposed to
the standard implementation, requires zero active and
reactive power disturbance references to reject all
disturbances due to harmonics. This is why we call it zero
DPC or ZDPC (Zero Direct Power Command).

Given that the solar insulation is variable, several
maximum power point tracking (MPPT) algorithms, such
as incremental conductance, perturb and observe, and
escalation have been proposed [2]. The tracking algorithm
based on fuzzy logic, is considered to be on of the most
efficient algorithms [10]. In our research the maximum
power point (MMP) is reached smartly regardless of the
degree of variation of the solar radiation due to the fuzzy
MPPT technique [2].

Description of the studied model. The model
studied in Fig. 1 consists of a solar GPV connected to the
DC bus of a three-phase voltage inverter through a
chopper circuit, coupled in parallel to the network through
an inductance. This electrical network supplies a non-
linear receiver constituted by a rectifier PD3 whose
charge is a resistor in series with an inductance. The
synoptic of Fig. 1 illustrates this configuration with ideal
flow of powers. The analysis of these flows is therefore
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examined in various regimes imposed by the fluctuation
of the level of irradiation during the day and the
alternation with the night part where only the functions of
the active filter are activated. During the day, depending
on the levels of irradiation and the consumption of the
charge, it is possible to distinguish several regimes (P,, is
the PV active power; P4 is the load active power):

® P, <P g the network power remains positive;

® P,,> P, the network receives an active power, it
becomes a receiver.

These power flow management phases are coupled
with the active filter functionalities. The voltage inverter
control algorithm is adapted to simultaneously ensure the
compensation of the harmonic pollution and of the
reactive power, and also the injection of the power
supplied by the PV panels into the electrical network.

PV. Array]

Boost coverter

Fig. 1. Synoptic studied model

The proposed ZDPC principle. Figure 2 shows the
structure of the proposed ZDPC. In this control strategy,
the active and reactive power disturbance references are
set to zero. We note that in this structure the phase locked
loop is not necessary [3]. The high selective filter (HSF)
is used to separate the fundamental and harmonic
components of the line currents and voltages in order to
perform power compensation [3].
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Fig. 2. Synoptic of the ZDPC

Choice of sector. The signal d,,, d,, and the position
(0) of the source voltage vector (1), from a digital word,
allowing access to the address of the switch table to select
the appropriate voltage vector:

H:arctg(va/vﬂ). (1)
For this reason, the stationary coordinates are

divided into 12 sectors (Fig. 3), and the sectors can be
expressed numerically as [3]:

(n—2).%£t9,,£(n—1).% n=12,..12. (2

Fig. 3. (0, p) sectors

The signals d,,, dy and the sector n of the source
voltage are the inputs of the commutation table (Table 1),
whereas the output represents the switching state of the
inverter (S,, S5 S.). By using this switching table, the
optimal state of the inverter can be uniquely selected
during each time interval depending on the combination
of the table entries. The selection of the optimal switching
state is made so that power errors can be reduced in the

hysteresis bands.

Table 1
ZDPC switching table
dy | dy | 010,03 |04]05|0s)|67[0]0] 010|611 | 01>
1 0 Ve | VI | Vi | Vo | Va | V7| V3| Vo| V4 \ 4 Vs Vo
1 Vi Vi | Vol Vol Vi | V7| Vo]| Vo | Vs \ 4 Vo Vo
0 O f(vs|vi|vi|va|va|wvs|vs|valva| vs | vs | vs
Tivi|va|va|vs|wvs|valvalvs|vs| ve | v | W
v1(100), v»(110), v3(010), v4(011), vs(001), v6(101), vo(000), v;(111)

Hysteresis controller. The main idea of the ZDPC
method is to keep the instantaneous active and reactive
power within a desired band. This command is based on
two comparators with hysteresis whose input is the error
between the reference values and the estimate of the
active and reactive power [11], given respectively as:

Apg = Pref —Ps > 3)

Aq = Qref —9s - (4)
where p,., ¢, are the instantaneous active and reactive
power reference; p;, ¢, are the instantaneous active and
reactive power source.

The hysteresis comparators are used to provide 2
logic outputs d,, and d,. State «I» corresponds to an
increase in the controlled variable (ps and gs), whereas
«0» corresponds to a decrease according to (5), (6)

if Apg2h, d,g=0if Apy<-h, d,;=0; (5)

if Aqg2h, dyo=1if Aqg<—h, dsg=0. (6)

PI controller. The ZDPC method must ensure DC
bus regulation to maintain the capacitor voltage, around
the voltage reference (V). For this purpose, a PI

controller is usually used [11]. Figure 4 shows the
controller simulation model.

dcret

Fig. 4. Simulation model of PI controller

The values of proportional and integral gain (K, and
K;) are given respectively as:
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.

i :Z; (7)
K, =2Clw,, (3)

where & is the damping coefficient (¢ = 0.707); w, is the
nominal pulse.

High selective filter. To improve the performance
of the classical instantaneous power method, HSF has
been implemented, to extract the fundamental component
of current and voltage in the synchronous frame without
any phase shift or amplitude errors. The functional
diagram of HSF is shown in Fig. 5. The transfer function
can be expressed as [11]:

H(s):x”‘ﬁ(s)=k(”k)+ja’c . )
Xap (s + k)2 + a)c2
From (9), we obtain:

al8) =l ls) - 50 )]- L35 00):

i) =S lp0)- 20l %50l )

where Xj,, x5 are respectively the output and the input of the
filter, which can be V4 or 1,5 We note that for the pulsation
@ = ., the phase shift introduced by the filter is zero and the
gain is equal to 1. We also observe that the decrease in the
value K improves the selectivity of the HSF.

(10)

Fig. 5. Block diagram of HSF

From the HSF output, the AC component of the
instantaneous active power can be obtained by (12) [3]:

P =Vaing +Vping (12)

where iy, iz given respectively by (13) and (14):
Iha =\iad _fad +\giny _fainv ) (13)
i =lipa ~ig ) Ggim —igin ). (19)

where iy, i3 are the harmonic components in the axis af,
whereas the instantaneous reactive power is defined as:

qsz‘;ﬂia_‘safﬂ' (15)
Figure 6 shows the calculation of the disturbing
powers p and g,.

io

l:iabc

—>| abc/af I:
g

Vabe Ve Dy +
—>{abe /o s ] >
Vg g =i

Fig. 6. Computation of v,, vs, p and g, with HSF

Generation of control vector. By adding the
alternating component ( p ) of the instantaneous active

power which is linked to both current and voltage
disturbances, to the active power p. necessary for the
regulation of the DC bus, we obtain the disturbing active
power p)

pp:ﬁ"'pC' (16)

To compensate for active and reactive power
disturbances (p, and g;), a comparison with their zero
reference is carried out. The results of the comparison
pass through a hysteresis block which generates output
hysteresis controller (dps and dqs). Depending on the
sector selected (6,) and (d,, d,), the appropriate
command vector (S,, S;, S.) is produced using the
commutation table (Table 1).

Advanced MPPT controller. The extraction of the
maximum power is an essential step in the field of energy
conversion of the PV solar system. To increase the
efficiency of the GPV, a MPPT search algorithm is
applied to the DC/DC converter (local MPPT) in the case
of a double power stage. In this article the algorithm
based on fuzzy logic is studied. This method is used here
for finding the MPPT of a PV module under all weather
conditions, because it does not require knowledge of
mathematical models of linear and nonlinear controlled
systems [12, 13].

Generally, the fuzzy logic controller comprises 3
essential blocks: fuzzification, inference rules and
defuzzification [14]. The fuzzification stage is the process
of transforming numerical input variables into linguistic
variables using membership functions. The inference
rules step gives the output of the fuzzy logic controller by
the Mamdani method with a max-min technique
depending on the set belonging to the rule base. The
defuzzification step converts the linguistic variables into a
net value, which determines the duty cycle increment AD.
The fuzzy MPPT values are represented by an E error and
an AE error variation as inputs. The error and its variation
are given by the following equations [13]:

GG =
AE=E(K)-E(K -1), (18)

where P(k), P(k-1), V(k) and V(k—1) are the power and the
voltage of the GPV for 2 sampling times £ and (k1)
respectively. The proposed algorithm has 2 input
variables: AP(k) and AV(k). The output variable is the
duty cycle AD(k). The variables AP(k) and AV(k) are
given as [13, 14]:
4P(K )= P(K)- P(K ~1); (19)
AV(K)=V(K)-V(K-1). (20)
where AP(k) and AV(k) are zero at the MPP of the GPV.
The basic rules of the fuzzy MPPT algorithm are
based on the 2 input variables (AP(k), AV(k)) and on the
output variable (AD). AP(k) and AV(k) are divided into 5
denoted fuzzy sets: Negative Big (NB), Negative Small
(NS), Zero (Z), Positive Small (PS) and Positive Big (PB).
The rule base relates the fuzzy inputs to the fuzzy output
by the master syntax rule: «If: 4 is... and B is..., Then: C
is...». According to Table 2 [13, 14], that groups together
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all the possible connections between the inputs and the
output of the developed controller, the following example
can be given: If: AP is PB and AV is NB Then: AD is NS.
The choice of the shape of the membership functions of
the proposed controller is of a triangular type. The center
of gravity method for the defuzzification step is used to
calculate the incremental duty cycle AD [10, 14-16]:

n
2. @;AD;

j=0
AD =——,
Z“’j
j=0

where 7 is the maximum number of effective rules, w is the
weighting factor, AD; is the value corresponding to AD.
Table 2

21

Decision table
AP\AV NB | NS V4 PS PB
NB PS PB PB | NB | NS

NS Y4 PS | PS | NS Z
Z Z Z Z Z Z

PS Y4 NS | NS | PS Y4

PB NS [NB [ NB | PB | PS

Finally, the duty cycle is obtained by adding this
change to the previous value of the control duty cycle as
mentioned in (22) [10, 14, 15]:

D(K +1)=D(K )+ AD(K). (22)

Discussion of the simulation results. Various
simulations were performed using MATLAB/Simulink
model (Fig. 1) to evaluate the proposed approaches. The
parameters used for these tests are represented in Table 3.

Table 3
Simulation parameters
Parameters Value | Parameters | Value
V, V 80 Cye, UF 2200
f;, Hz 50 L, mH 10
fswitching (DC/AC
APF converter), kHz 20 R, Q 40
f'switching (DC/DC
boost converter), kHz > Com 1 20
L, mH 0.1 L,,, mH 3
R, Q 0.1 Verey V 235
L, mH 0.566 N 2
R, Q 0.01 wp, rad/s | 0,01
L, mH 2.5 wy, rad/s 100
R, Q 0.01

SAPF simulation results controlled by the ZDPC,
equipped with conventional PI and fuzzy MPPT, operating
under a balanced network, are shown in the following
figures. Figure 7 shows all simulated cases together during
time (0 — 1.4) s. Figure 8 zooms the signals in the time
interval (0 — 0.2) s, where the filter is not activated and in
the absence of irradiation (absence of the injection of energy
to the network), in this case we notice the load current and
the source current are identical as shown in Fig. 9.

The charge current and the source current are
superimposed and have a total harmonic distortion (THD)
27.87 % (Fig. 10).

Figure 11 shows the signals after the activation of
the APF and in the absence of irradiation during the time
interval (0.2-0.5) s.

o o ey 110111111 s
7200 0‘1 0.2 0‘3 0.4 0‘5 0.6 ‘()(;7) 0.8 0,‘9 1 1‘1 1‘2 1‘3 1.4
Fig. 7. Simulation signals in the different cases
2 b A /Y\ \ /Y\
g ° /X\u(/ NN {w DO \5@7\/@/ XA
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0 0.1 02
t(s)
Fig. 8. Simulation signals in the absence of the filter and of

irradiation
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Fig. 9. The charge current and the source current are superimposed

FFT analysis
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Fig. 10. THD of source current
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Fig. 11. Simulation signals after the activation of the APF and in
absence of irradiation

It is noted in Fig. 12 that the source current resumes
its sinusoidal form in phase with the charge current and
with a THD = 1.14 % as shown in Fig. 13.
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FFT analysis
1 T T T T

Fundamental (50Hz) = 7.157 , THD= 1.09%

Mag (% of Fundamental)
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Fig. 12. The source current is in phase with the charge current . 150/)@ /X\ o />A @C\% %\ % /\C\ % ‘/X\ ST @C G\“
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Fundamental (50Hz) = 5.18 , THD= 1.14% B sook ]

Mag (% of Fundamental)
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Fig. 13. THD of source current Fig. 17. Simulation during the increase in irradiation

Figure 14 represents the simulation signals during
the activation of the APF and the injection of energy to
the network, this is in the time interval (0.5-0.8) s, in this
case the source current changes direction towards the
network and becomes in phase opposition with the charge
current, which means that the network becomes a
receiver. The source current has a THD = 1.09 %

150

VG T~ = -
VAN AA / \ / 1 101 1.02 103 104
T T

| .
-150 s)

Vsabc

0] 8
goor ] Fig. 18. Crossing of the source current with the irradiation
) : 1 =R current
150: - - s , : : rn analysis ‘
£ o0
40 “MNWW\J l Fundamental (50Hz) = 12.01 , THD= 1.29%
g ‘ ‘ ¥ E)
8of p G
0.5 0.6 07 08 ug_
((S) E 04 -
Fig. 14. Simulation signals after the activation of the APF and 5
with the presence of irradiation =ozf 1
Figure 15 shows the transition from the network to a ! ? ¢ ° e B

receiver. The source current retains its sinusoidal shape Fig. 19. THD of source current

with a THD = 1.09 % (Fig. 16).
Figure 20 shows the evolution of the energy of the

network in the various cases discussed:
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Fig. 15. The source current is in phase opposition with the
C}larg;e CllrreIlt 0.1 02 03 0.4 0.5 0.6 3; 08 0.9 1 11 12 13 14
Fig. 20. Energy of the network in the different discussed cases

-3000
0

Figures 17, 18 show the crossing of the source current
with that of the irradiation while keeping the sinusoidal form e Case 1: before activation of the APF and in the
of the source current with a THD = 1.29 % (Fig. 19). absence of irradiation.
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e Case 2: after activation of the APF and in the
absence of irradiation.
e Case 3: after the activation of the APF and in the
presence of the irradiation.
e Case 4: during the change of irradiation.
Conclusions. In this article, a new direct power control
technique called zero direct power control, suitable for
harmonic and reactive power compensation, has been
proposed; high selectivity filters are used to separate
harmonic currents and voltages causing a degradation in the
quality of power on the network. The shunt active power
filter based on the zero direct power control command
assembled with a photovoltaic system driven by a fuzzy
command to inject energy into the network and improve the
quality of energy. The simulation shows the good
performance of the proposed approach.
Conflict of interest. The authors declare that they
have no conflicts of interest.
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