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Abstract

This article presents an energy system that enhances the quality of electrical energy by injecting photovoltaic (PV) renewable energy
into the electrical network in the presence of a polluting load. This system is based on a new control approach known as Zero Direct
Power Command (ZDPC). The innovative aspect of the proposed work is the addition of clean energy while simultaneously removing
the unsettling harmonics produced by the nonlinear loads provided by distorted voltages. This approach combines a traditional
Proportional Integrator (Pl) controller for regulating the DC bus voltage with a clever technique (fuzzy logic) for tracking the Maximum
Power Point Tracking (MPPT). The current has a harmonic distortion rate of about 1% with unity power factor due to the suppression
of undesirable harmonics from the source currents. A PV panel connected in series with a chopper and managed by fuzzy logic via
a two-state inverter ensures the injection of PV energy into the electrical network. Software called MATLAB/Simulink is used to model
this system. The outcomes demonstrate the reliability and viability of the ZDPC control, which concurrently ensures harmonic current

compensation, power factor correction, and the introduction of solar power into the electrical network despite distorted source voltages.
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1 Introduction
Photovoltaic (PV) systems seem to be well established as
a means of converting PV energy into electrical energy.
The extraction of the maximum system power called Maxi-
mum Power Point Tracking (MPPT) strategy allows an effi-
cient way to solve the optimization problem. The vector
Pulse-Width Modulation (PWM) control is used to synchro-
nize the output power of the inverter with that injected into
the network. Several MPPT algorithms, such as incremen-
tal conductance (IC), perturb and observe (PO), and escala-
tion (HC) have been proposed [1]. The tracking algorithm,
based on fuzzy logic, is considered one of the most efficient
algorithms [1-3]. In our research, the Maximum Power Point
(MPP) is reached intelligently regardless of the degree of vari-
ation in solar radiation due to the fuzzy MPPT technique [2].
Semiconductor-based loads are non-linear loads that
absorb non-sinusoidal currents, even if they are sup-
plied with a sinusoidal voltage, they therefore behave as
harmonic generators and also exchange reactive energy.

Clearly, this harmonic phenomenon deserves to be taken
into consideration and seriously given the many anomalies
that they can produce. To reduce or eliminate these dis-
turbances and thus improve the quality of the distributed
energy, several solutions exist [4-6], such as the proposed
method of the active power filter based on the new com-
mand called Zero Direct Power Command (ZDPC) [4].

This article is both the subject of studying the injection
of clean energy from the PV system to the electrical net-
work and the improvement of the energy polluted by the
non-linear loads connected to the networks.

This article is organized as follows; Section 2 presents
the principle of the photovoltaic generator (PVG) based
on a fuzzy control of the MPPT. Section 3 discusses the
detailed operating principle of the proposed ZDPC method.

The results of the simulation are taken under unfavor-
able conditions (distorted network voltage). At the end,
we conclude the article.
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2 Photovoltaic generator

PV solar energy results from the direct transformation of
sunlight into electrical energy by means of cells generally
based on crystalline silicon, which remains the most tech-
nologically and industrially advanced sector. Solar elec-
tricity is an important source of renewable energy which
could be an alternative to other conventional sources in
order to satisfy the large energy needs in the future [7, §].

2.1 The photovoltaic effect
The PV effect is a physical phenomenon specific to certain
materials called "semiconductors" which, when exposed
to light, produce electricity.

2.2 Operating principle

Fig. 1 illustrates a typical PV cell where its constitution is
detailed. A PV cell is made from two layers of silicon, one
P-doped (boron-doped) and the other N-doped (phospho-
rus-doped) thereby creating a PN junction with a barrier
of potential.

When the photons are absorbed by the semiconductor,
they transmit their energy to the atoms of the PN junction
in such a way that the electrons of these atoms are freed and
create electrons (N charges) and holes (P charges). This then
creates a difference in potential between the two layers. This
difference in potential is measurable between the connec-
tions of the positive and negative terminals of the cell.

2.3 Electrical characteristics of a photovoltaic cell

Fig. 2 shows the equivalent circuit of a PV cell under
illumination. It corresponds to an I, current generator
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Fig. 2 Electrical equivalent diagram of the PV cell
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mounted in parallel with a diode. Two parasitic resistors
are introduced in this diagram.

These resistors have some influence on the characteris-

tic I = f (V) of the cell [3]:

* the series resistor (R ) is the internal resistance of the
cell; it depends mainly on the resistance of the semi-
conductor used, on the contact resistor of the collec-
tor grids and on the resistivity of these grids;

* the shunt resistor (R, ) is due to a leakage current at
the junction; it depends on the way in which this was
carried out.

The mathematical model for the current-voltage charac-
teristic of a PV cell is given by Eq. (1):

qx(Vp‘,Jrlm,xRx) V +I XR'

Ipv = Iph _[xm € nKT _1 -z R z s (1)

shu

where [ is the saturation current, K is the Boltzmann con-
stant (1.381 x 1072 J/K), T'is the effective cell temperature in
Kelvin (K), g is the charge of the electron (g =1, 6 x 107 C),
n is the ideality factor of the junction (1 <n < 3), Ipv is the
current supplied by the cell when it operates as a generator,
Vv, is the voltage across the terminals of this same cell, 1, is
the photo-current of the cell depending on the illumination
and the temperature or else (short circuit) current, R , is the
shunt resistor characterizing the junction leakage currents,
R_ is the series resistor representing the various contact and
connection resistances [9, 10].

2.4 Maximum power point

The power supplied to the external circuit by a PV cell
under illumination depends on the load resistance (exter-
nal resistance placed at the terminals of the cell). This
power is maximum (denoted P __ ) for an operating point
P (I

max " max’

Vv ..) of the current-voltage curve [10].

This maximum power (P ) can be determined by
plotting on the same graph the characteristic IV and the
constant power hyperbolas. The optimal operating point
corresponds to the tangency point of the two curves as
shown in Fig. 3 The maximum power delivered to the load
is given by Eq. (2):

P =1 XV (@)

max

2.5 Fuzzy logic MPPT controller design
Fuzzy logic is a type of artificial intelligence technology
that replicates human reasoning. The researcher of [11] pio-
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Fig. 3 MPP of a cell

neered the essential concepts of this theory. This approach is
employed in our study for the MPPT of a PV module under
all-weather situations since it does not need knowledge of
mathematical models of linear and nonlinear controlled sys-
tems. The fuzzy logic approach is used to track the MPP of
a PV module in order to achieve excellent efficiency under
all-weather circumstances. The fuzzy logic technique is par-
ticularly efficient for both linear and nonlinear controlled
systems, and it does not require a formal model. For the
MPPT tracking method, the establishment of a fuzzy logic
controller (FLC) is realized in three essential steps: fuzzifi-
cation, inference with rule bases and defuzzification [2, 3,
11, 12], as shown in Fig. 4. During fuzzification, the numeri-
cal input quantities are converted into fuzzy variables, while
the inference stage determines the controller output deci-
sion via the maximum-minimum technique, developed by
Mamdani [12], according to the set belonging to the rule
bases. The defuzzification step provides in real quantity the
incremental duty cycle Aa. The search pattern is performed
by adjusting the duty cycle of the boost, depending on the
variation of the following two inputs e and Ae:

va (K)—va (K—l)
=5 )7, (k- ¥
Ae=e(K)—e(K-1), )

where P, (K), P,, (K-1), V,, (K), V,, (K-1) are respec-
tively: the power and the voltage PV, captured at two sam-
pling instants K and (K—1).

The output variable is the cyclic ratio Aa(K). The vari-
ables APPV(K) and AVW(K) are given by the Egs. (5) and
(©) [31:

AR, (K) = B, (K)~B, (K1), ®

pv pv

AV, (K)=V,, (K)=V,, (K~1), ©)

=V,

where, at the MPP of the PV generator, APP‘,(K) and
AV,W(K) are zero. The rule bases of the fuzzy MPPT
algorithm rely on the two input variables (AP (K),
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Fig. 4 Principal of fuzzy logic MPPT controller and membership functions

AVPV(K)) and on the output variable (Aa). The APPV(K)
and the Ava(K) are divided into five denoted fuzzy sets:
Negative Big (VB), Negative Small (NS), Zero (Z), Positive
Small (PS) and Positive Big (PB). The rule bases relate
the fuzzy inputs to the fuzzy output by the master syntax
rule: "If: A is ... and B is ..., Then: Cis ...". According to
Table 1 [3], grouping together all the possible relationships
between the inputs and the output of the developed con-
troller, we can give the following example: if: AP is PB
and AV, is NB then: Ao is NS. The choice of the shape of
the membership functions of the proposed controller is of
the triangular type. The center of gravity method for the
defuzzification step is used to calculate the incremental
duty cycle Aa Eq. (7) [2, 3, 10]. This method calculates the

Table 1 Example of a table

AP\AV NB NS V4 PS PB
NB PS PB PB NB NS
NS VA PS PS NS Zz
V4 V4 V4 zZ V4 V4
PS VA NS NS PS VA
PB NS NB NB PB PS




center of gravity of the final fuzzy space and gives a result
which is very related to all the elements of the same fuzzy
set. The net value of the control output Aa(K) is calcu-
lated by Eq. (7). This method provides a crisp value based
on the center of gravity of the fuzzy set. The total area
of the membership function distribution used to represent
the combined control action is divided into a number of
sub-areas. The area and the center of gravity or centroid of
each sub-area is calculated and then the summation of all
these sub-areas is taken to find the defuzzified value for
a discrete fuzzy set.

n
ijowj AO‘j

n
Zj:OWf

With » the maximum number of effective rules, w rep-

Aa = )

resents the weighting factor and Aa, the value correspond-
ing to Aa. Finally, the duty cycle is obtained by adding this
change to the previous value of the control duty cycle as
mentioned in Eq. (8) [2, 3, 10]:

a(K+1)=a(K)+Aa(K). (8)

3 The proposed ZDPC principle

Fig. 5 shows the structure of the proposed ZDPC. The prin-
ciple of ZDPC consists of selecting a sequence of switch-
ing orders (S, S,, ) of the semiconductors constituting the
inverter from a predefined switching table relative to power
errors (Sp and S,) between the instantaneous active and reac-
tive power reference values ( Py and qref.) and the actual val-
ues (p and g). Thus, the choice of the optimum switching
state is made so that the active power error can be limited
within a hysteresis band of width (2HBp) and similarly for
the reactive power error with a band of width (2HBq).

To improve performance, the a—f plane is divided
into twelve equal sectors of 30°, as illustrated in Fig. 6.
Each of the control sequences (S, S,, S) corresponds to
an input voltage vector at the inverter, v,, whose set is rep-
resented in Fig. 5. The DC bus voltage loop is adjusted with
a Proportional Integrator (PI) controller. Thus, the active
power reference P, is imposed equal to zero to compensate
for harmonics in the source current. While that of reactive
power ¢, comes from outside. It is imposed equal to zero
for absorption of sinusoidal currents under a source voltage
of assumed sinusoidal shape to ensure a unit power factor.

The highly selective filter (HSF) filter is used to separate
the fundamental and harmonic components of line currents
and voltages in order to perform power compensation [4].
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Fig. 6 Representation of the voltage vector in vector space (a, /)

divided into twelve (12) sectors

3.1 The choice of sector

The digitized variables d.d, and the position of the net-
work voltage vector (4), Eq. (10), form a digital word,
allowing access to the address of the switch table to select
the appropriate control voltage vector. The sector choice
block informs us in which domain the actual source volt-
age vector (v,,) is located. This position is defined by the
following relationship Fig. 6:
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The sectors can be expressed numerically as shown in
Eq. (10) [4]:

(n—Z)X%SQWS(n—I)x% n=12,...,12. (10)

The Table 2 is predefined, it was first presented by T.
Noguchi in 1998 [4]. From Table 2, the vector of voltages
to be applied to the input of the inverter is selected (v)
according to the different states of the logical outputs of
the established hysteresis comparators and according to
the number of the sector where the vector v, is located.

The voltage vector at the input of the MLI inverter, v,,
depends on the switching states S , S, and S, of the semi-
conductors. According to the different possible combi-
nations of these three states, eight voltage vectors can
be applied to the input of the rectifier: two zero vectors
named (v, and v_) and six non-zero vectors (v,, v,, v,, v,,
v, v,). These vectors are represented in the stationary axes
o—f as shown in Fig. 6. The six non-zero vectors divide
the a—p plane into six sectors each of which is divided into
two equal sectors in order to obtain precise control.

The selection of the optimum switching state is done
so that power errors can be limited within the hysteresis
bands [4, 13—15].

3.2 Hysteresis controller

The main idea of the ZDPC method is to maintain the
instantaneous active and reactive power within a desired
band. This control is based on two comparators with hys-
teresis whose input is the error between the reference and
estimated values of the active and reactive power [9, 11],
given respectively by the Egs. (11) and (12):

Ap, =P, — D, (1)
Ag, =9, —4,- (12)

Hysteresis comzparators are used to Provide two logic
Table 2 ZDPC switching table

dp d¢q 0 06, 0, 0, 0,60, 0, 0, 0, 0, 0, 0,

. L A A A A A A A 7 S A A

1 v v v v, v, v v v, v v v
0 0 we v v v, v, v, v, v, v, v, v v
1 v v Y v v v v 1% 1% 1% v v

v,(100), v,(110), v,(010), »,(011), »,(001), ,(101), »,(000), v.(111)

outputs dps et dqs. State "1" corresponds to an increase in
the controlled variable (p and ¢ ) while "0" corresponds to
a decrease, according to Egs. (13) and (14):

ifAp,2h, d, =1 if Ap, <-h, d, =0, (13)
if Ag,2h, d, =1 if Ag<-h, d, =0, (14)
where hp and hq are the hysteresis bands.

3.3 IP controller
The ZDPC method must provide DC bus regulation to
maintain the capacitor voltage, around the voltage refer-

ence (V). For this purpose, an IP controller is gener-

Cref
ally used [2, 4]. Fig. 7 shows the simulation model for the
controller.

The proportional and integral gain values, K, and K,

are given respectively by the Egs. (15) and (16):

(0]

= 15
"2xé (15
K,=2xCx&xa,, (16)
where:

» ¢: damping ratio (¢ = 0.707);
* o, : natural pulse.

3.4 The HSF 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 syn-
chronous frame without phase shift and amplitude errors.
The functional block diagram of HSF is shown in Fig. 8.
The transfer function of the filter can be expressed as fol-
lows [4, 15]:

del ¢

\ 4

Kp

Dle=ns

Fig. 7 Simulation model of IP controller
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H(s):xaﬁ (s):k(s+k)2+]a)v. (17)
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From the transfer function Eq. (17), we obtain:
K
£, ()= "L (5) =%, (s)}_“;c %, (s), (18)
. K . o,
£ (9= KL ()5, ()] %5, (), 19

where the magnitudes and x,, Tepresent the output and
the input of the filter respectively. They can be Y,y OF
It is noted that for the pulsation @ = w , the phase shift
introduced by the filter is zero and the gain is unity. We
also observe that the decrease in the K value improves the
selectivity of HSF. From the HSF output, the AC compo-
nent of the instantaneous active power can be obtained by

Eq. (20) [4, 15]:

P =V, Xy, +‘3,3 Xih[}’ (20)
with i, and Ly given respectively by Egs. (21) and (22):

- ;ainv ) ’ (2 1)

iha = (iad _l,:ad ) + (iainv
ihﬂ = (iﬂd - iﬁd ) + (iB[nv - i[}[nv )a (22)

where the terms i, and I, are the harmonic components

in the af axis. Whereas instantaneous reactive power is

defined by Eq. (23):

q, = ﬁﬁfa —fzafﬁ. (23)
Fig. 9 shows the calculation of the disturbing powers p

and g .

3.5 Generation of control vector

By adding the alternating component ( p) of the instanta-
neous active power, linked to both current and voltage dis-
turbances, to the active power p , necessary for the regula-
tion of the DC bus, we obtain the disturbing active power
r, which can be expressed through:
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P, =P+p. (24)

To compensate for active and reactive power distur-
bances ( P, and ¢g,), a comparison with their zero reference
is carried out. The results of the comparison pass through
a hysteresis block which generates dm and dqx. Depending
on the sector selected (¢ ) and (dps, dq_y), the appropriate
control vector (S, S,, §) is generated using the commuta-
tion table (Table 2) [4, 15].

4 Simulation results

Various simulations were performed using MATLAB/
Simulink [16] Figs. 10 to 25 evaluate the proposed
approaches. The parameters used for these tests are pre-
sented in Table 3.

The results of Shunt Active Power Filter (SAPF) simu-
lation controlled by the ZDPC, equipped with conventional
PI and fuzzy MPPT, operating under balanced power sup-
ply, are shown in Figs. 10 to 26.

Fig. 10 shows all the simulated cases together during the
time (0—1), in the first line we see the undistorted and dis-
torted three-phase source voltages (7, ); the second line
shows the change of irradiation with three levels (0, 600,
1000); the third line shows the load current in a single phase
({,) without any change; the fourth line shows the different
states of the filter currents before and after the activation
of the active filter for the different cases of the source volt-
age (V) and the different states of the irradiation (1 _,);
the last line shows the efficiency of the active filter which
compensates for the harmonics generated by the polluting
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activation of the APF and in absence of irradiation

load and makes the source current (/) sinusoidal; and the
increase in the value of the source current (/ ) ensured by
the PV system according to the value of the irradiation.
Fig. 11 zooms the signals in the time interval (0—0.2)
where the filter is not activated and in the absence of irra-
diation (absence of energy injection towards the network),
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in this case we note that the load current and the source
current are the same as shown in Fig. 11.

Figs. 12 to 13 show the source voltage before distortion
as well as the source current and their THDs.

Fig. 13 shows the source current and the load current
of phase (a) (1 ,, I ,) identical with a THD (27.87%) which
means that the source current is highly distorted.

Fig. 14 shows the signals after the activation of the APF
and still in the absence of irradiation during the time interval
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(0.2-0.4) with the undistorted source voltage, we notice the
source current is corrected and becomes sinusoidal.

Fig. 15 shows the source voltage before distortion it is
always sinusoidal.

We note that in Fig. 16 the source current resumes its
sinusoidal form with a THD = 1.14% and in phase with the
load current.

Fig. 17 shows the signals after APF activation and still
in the absence of irradiation for the time interval (0.4-0.6);
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Fig. 24 Source voltage with his THD after activation of the APF
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Fig. 25 Source current with his THD and the load current

Table 3 Simulation parameters

Parameters Values with dimensions
V,F. 80V, 50 Hz
F switching (DC/AC Active Power Filter
(APF) converter) 20KHz
LR, 0.1 mH, 0.1 Q
LR, 0.566 mH, 0.01 Q
L/, R,, Coe 2.5 mH, 0.01 Q, 2200 uF
L, R 10 mH, 40 Q
C L 20 pF, 3 mH

v’ Tpy
DC bus voltage reference (VW/) 235V
F switching (DC/DC boost converter) SkHz
N, 0, o, 2, 102 rad/s, 10% rad/s

we notice the source current is sinusoidal despite the source
voltage is distorted.

Fig. 18 shows the source voltage after distortion and its
frequency spectrum with 12.88% THD after APF activation.

Ps & Qs
o

0 0.1 02 03 0.4 05 06 07 08 09 1
time(s)

Fig. 26 Energy of the network in the different discussed cases

We see in Fig. 19 the source current is corrected and
resumes its sinusoidal shape different from that of the load
current, but they are in phase, the THD of the source cur-
rent is 1.18%.

Fig. 20 presents the simulation signals during the acti-
vation of the APF and the injection of energy on the net-
work, this in the time interval (0.6—0.8) where the source
voltage is distorted.

In this case, the source current changes direction
towards the network and becomes in phase opposition with
the load current, which illustrates that the network becomes
areceiver. The source current has a THD = 1.26% although
the source voltage is distorted with a THD = 12.98%.

Fig. 21 shows the source voltage after distortion and its
frequency spectrum with 12.88% THD after APF activation.

Fig. 22 clearly and simultaneously shows the role of the
APF in compensating for the harmonics of the source cur-
rent which becomes sinusoidal with a THD of 1.26% and
the role of the PV panel which injects energy into the elec-
trical network, this which explains the phase change of the
source current by 180°.

Fig. 23 presents the simulation signals during the acti-
vation of the APF and the injection of energy to the net-
work, this in the time interval (0.8—1) where the voltage
source is distorted, in this case the irradiation is maximum
(1000 w/m?) and we notice the increase in the source cur-
rent injected by the PV system.

Fig. 24 shows the distorted source voltage with a THD
of 12.98%.

We note in Fig. 25 the increase in the source current
which corresponds to a maximum value of the irradiation
with a THD of 3.00%.

Fig. 26 shows the evolution of the energy of the network
in the various cases discussed:

e Case 1: before activation of the APF and in the
absence of irradiation withe source voltage not dis-
torted in interval [0, 0.2].

» Case 2: after activation of the APF and in the absence
of irradiation with source voltage not distorted in
interval [0.2, 0.4].



Case 3: after activation of the APF and in the absence
of irradiation withe source voltage distorted in inter-
val [0.4, 0.6].

Case 4: after the activation of the APF and in the pres-
ence of the irradiation withe source voltage distorted in
interval [0.6, 0.8], we notice the active energy changes
its direction towards the network electric which
becomes receiver under the effect of the PV panel.
Case 5: when switching from irradiation to the max
(1000 w/m?), the increase in active energy correspond-
ing to this irradiation is noted in interval [0.8, 1].
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