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Abstract- This paper deals with the control of a three-phase voltage source inverter (VSI) for a grid-connected photovoltaic
(PV) system. The direct power control (DPC) is combined with a predictive approach for selecting the optimal inverter
switching states. This optimal selection is carried out by minimizing a suitable cost function. Moreover, in order to extract the
maximum available power from the PV generator, a fuzzy logic maximum power point tracking (MPPT) controller is applied
to a DC-DC quadratic boost converter acting as an interface between the PV generator and the inverter. Modelling and
simulation of the system were performed by using Matlab/Simulink software
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1. Introduction

Solar energy is one of the most promising sources of
renewable energies that can be used as an alternative to fossil
energy. Among its applications, electricity generation using
photovoltaic (PV) panels has been widely considered during
the last years due to several advantages [1]. Namely, PV
systems are easy to install and require low maintenance
efforts [2]. Generally, there are two types of electrical energy
generation PV systems namely, autonomous and grid
connected systems. The grid connected PV systems consist
of PV generators, two power converters and the electrical
grid. The first converter is a DC-DC structure connected to
the output of the PV generator and it is responsible for
maximum power point tracking (MPPT). The second one is a
DC-AC inverter which has the role of injecting the harvested
energy from the PV generator into the electrical grid.

The voltage and power of a PV generator vary with
temperature and irradiance. The maximum output voltage of
a PV generator ranges from 15 V to 40 V, which is much
smaller compared to the input voltage of the three-phase VSI
ranging from 380 V to 400 V, and therefore a high voltage
gain converter must be used as a power interface, hence
implying the operation of a high duty-cycle value, which is
not practical due to the non-ability of reaching high values of
voltage gains in the presence of losses. One of the solutions
to avoid the use of high duty-cycle values is the serial
interconnection of several PV generators to a central power
converter with the disadvantages of high sensitivity to
mismatch because of the use of a centralized MPPT. As a

remedy, the conventional boost converter may be substituted
with a high voltage gain converter that could work with
relatively low values of duty-cycle. Several topologies have
been developed for PV systems with high voltage gain to
ensure sustainable, reliable and efficient use of solar energy
in either grid-connected or stand-alone applications. Among
others, we can quote switched capacitor and switched
inductor converters [3, 4], voltage multipliers and coupled
inductor converters [5, 6], cascaded boost converters where
each could operate with relatively low values of duty-ratio
[7-9]. However, all these high voltage gain converters suffer
from complex control strategies and high cost due to the
increased number of components. The quadratic boost
converter is an interesting topology which uses a single
active switch where the voltage ratio is given as a quadratic
function of the duty ratio and it can be considered as a low
cost and efficient solution for achieving a high voltage gain
in PV applications with simple and conventional control
strategies [10 —12]. For the monitor the quadratic boost
converter, there is several MPPT control method. In
generally, an MPPT fuzzy logic controller has better tracking
performances compared with other algorithms [13, 14] such
as the perturb and observer (P&O).

On the other hand, in order to achieve a good
performance grid-connected photovoltaic (PV) system with
low total harmonic distortion (THD), an adequate control of
the voltage source inverter (VSI) is necessary. In high-power
grid connected applications, three-phase inverters are
preferred due to several advantages such as low current stress
and higher efficiency. There are several control methods that
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have been proposed in recent years for this type of inverters.
The voltage oriented control (VOC) is a well-known method
of controlling the three-phase VSI and it is based on current
vector orientation with respect to the line voltage vector [15].
The VOC guarantees good static and dynamic performances
via internal current control loops [15, 16]. However, this
method presents some disadvantages such as coordinate
transformation and a decoupling between active and reactive
components is required [17]. The direct power control (DPC)
is another control technique inspired from the principle of
direct torque control (DTC) of AC machines [16]. In this
control strategy, there are no internal current control loops,
no PWM modulator block and the converter switching states
are appropriately selected by a switching table based on the
instantaneous errors between the commanded and estimated
values of active and reactive power [15, 16]. The main
disadvantage of the DPC is the high sampling frequency
required to obtain satisfactory performance and the variable
switching frequency, which generates an undesired harmonic
components [18].

In this study, a predictive DPC (P-DPC) is performed by
replacing the switching table and the hysteresis controllers in
the conventional DPC by a predictive controller. The
principle of the P-DPC control is based on the selection of
the optimum control vector from the possible vectors to be
applied during the sampling period. The selection is carried
out by optimizing a suitable cost function in order to get a
sinusoidal current and to ensure a good convergence of the
active and reactive power to their references. The reminder
of this paper is organized as follows. Section II presents the
system description and the predictive DPC. Section III
presents the model of the quadratic boost converter used as
an interface between the PV generator and the VSI. Its
control strategy based on a fuzzy logic approach to operate
the system at its MPP is presented in Section IV. Numerical
simulations are presented and discussed in Section V. Finally
some concluding remarks are drawn in the last section.

2. System description and predictive direct power
control

The system considered in this study is depicted in Fig. 1.
It consists of a PV source connected to a DC-DC quadratic
boost converter performing a fuzzy logic maximum power
point tracking (MPPT), and feeding a three-phase VSI. With
the aim of controlling the active and the reactive powers to
their desired values, a suitable control strategy must be used
for the inverter. In this paper, a predictive direct power
control (P-DPC) will be used. Fig. 2 shows the block
diagram of the proposed predictive DPC together with a
conventional DPC using a hysteresis loop and a switching
table. As can be seen, the main difference is that, in the
predictive version, the hysteresis loop and the switching table
are replaced by an optimization block to minimize a cost
function. The latter is evaluated, at each sampling time, for
all possible voltage vectors, over a finite prediction horizon,
to select the optimal control vector that results in the lowest
cost function value [19-21]. In this work, only one-step
prediction horizon is considered to avoid difficulties that
may arise in experimental implementation.
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Fig 1. Schematic circuit diagram of a three-phase grid
connected inverter supplied by a PV source through a
quadratic boost converter performing the MPPT control.

However, the proposed control scheme can be easily
expended to two-step prediction horizon using the cost
function adopted in [22], which allows reducing the
switching frequency and the power ripples. The sector,
defined by the line voltage vector position 0 , is also replaced
by a block that calculates the active and reactive power
difference.

Two sensors are usually required for this kind of control,
one for the line voltage, and another one for the line current
allowing the estimation of the instantaneous reactive and
active powers Q and P according to the following equation:

P=i.a‘ea+%[3‘e[3 )
Q =10"eﬁ —1B.ea

By using Concordia transformation, the voltages (ea,eﬁ)
and the currents (i a,iﬁ) in the (aB) frame are given by the

following equations:

e €, i i,
. o .

eotB “le =C0 b ’l(xB ~ i =C0 1o @)
p e p i

where the matrix C, denotes Concordia transformation,
and is given by
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The desired value Q¢ of the reactive power is given
directly as null reference, and the active power reference Pt
is usually provided by a dc-bus voltage PI control block. In
the conventional DPC, shown in Fig. 2(a), the errors between
these references and their corresponding estimated values P
and Q are applied to the hysteresis comparators whose
outputs provide the signals u, and uq, which can be equal to
0 or 1, depending on the tracking error. The voltage
commands e, cand Cprerare selected based on a predefined

table that uses the controller hysteresis outputs, and the line
voltage vector position en , given by
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Fig 2. Block diagram of direct power control. (a)
Conventional (b) predictive.

The switching states of the high side and the low side
switches of the three-phase VSI can be readily determined
based on the selected voltage commands. A look at the
literature reveals that there are many tables that have been
proposed with the aim of reducing the current ripples caused
by the band-band controller, e.g., [18].

As mentioned before, in this paper, a minimization of a
cost function is adopted to derive the predictive controller, as
it was depicted in Fig. 2(b). It is noted that, unlike the
existing predictive direct power control [19-22], the cost
function is based on the change of active and reactive powers
as follows

Fi = min

(AP*(k) - AP, (k))2 + (AQ*(k) - AQ; (k))2

)
i=0,.7

where i = [0,....,7] to consider all possible voltage
vectors for a three-phase two-level VSI. The change in active
and reactive power commands, P_;(k)and Q,.,(k)are

determined as follows
Apref (k) _ [ pref(k +1)-P(k)

6
AQ, ¢ ()| T | Qpep(k+1) - Q(K) ©

where the references of the active and reactive powers at
k+1 instant are given as follows

pref(k+1)
Qref(k +1)

ZPref(k)—Pref(k—l)] ™

Qrer®

The actual active and reactive powers, P(k) and Q(k), are
estimated as a function of the measured voltage and the
current of the electrical grid using (1)—(3).

The predictive DPC requires a mathematical model to
predict the actual change in active and reactive powers,
AP, (k)and AQ, (k)at k + 1 instant, so as minimize the cost

function F. This can be obtained by following the same
procedures, as in [16], developed for a three-phase PWM
rectifier.

That is,

_ {P(k+1)—P(k)

P (k) )
Qk+1) - Q(k)]v. V.
i "if

Q; (k)

(®)
ea(k)— Via(k)
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L
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The above equality is based on the assumption that the
grid voltage is constant over the sampling period. It is noted
that v;, and Vip are determined by

2 j(i—l)g, L6
Vit jvg = V3V DI ©

0,i=0,7
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3. Modelling of the quadratic boost converter

Although, many converter topologies can be used to
connect the PV source to the input of the three-phase VSI
and for performing the MPPT [23, 24], in applications where
the PV voltage source is much lower than the intermediate
DC link voltage, a quadratic boost constitutes a low cost and
efficient solution for achieving a high voltage gain. Fig. 3
shows the circuit diagram of a quadratic boost converter. The
model is obtained from differential equations following [25].

- v
dip; _Ypv Vau (i-u)
dt L, L
dlL2 _ VCI _ VCO (l-u) (10)
dt L, 5
dv i i
—CL_L2 ' Ll(1y)
dt ¢, ¢
dv V, i i
—Co_ QL L2(y). 0 (11)
dt RC, C, C,

where u is the command signal applied to the main
switch of the converter. All the remaining variables and
parameters that appear in (10)—(11) can be identified in Fig.
3. In steady state regime, the control variable u can be
represented by the duty cycle D, which represents its average
value. Such a manipulation yields the relation

Yor _Vew _ 1 (12)

Which leads to the ideal static transfer function of the
converter M (D) [23]

M(D) = | ~C1 .VCdC]= ! (13)
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Fig 3. Schematic block diagram of a quadratic boost
converter.

4. Fuzzy logic MPPT controller

MPPT control plays a critical role in PV systems. The
idea behind MPPT is to adjust the PV output power to it
maximum value, which is mainly related to the changes in
atmospheric conditions. A look at the literature reveals that
there are different types of MPPT algorithms that can be
used [26].

For instance, the perturb and observer (P&O) algorithm
is the most commonly used MPPT controller because of the

design simplicity. However, it is well-known that such a
method suffers from the low convergence speed and the
oscillation around the MPP, which raises concern about the
choice of the step-size. To overcome these drawbacks,
methods based on artificial intelligence such as fuzzy logic
control [26] and artificial neural networks (ANN) techniques
[27] have been recently proposed. Compared with other
algorithms, the fuzzy logic control has better tracking
performances [13, 14].

Namely, they have the advantage to be robust and
relatively simple to design. The basic structure of a fuzzy
controller is shown in Fig. 4.

‘ Defuzzification %
|

dE

—

B Fuzzification ——| Interference
E—

Fig .4. Basic structure of a fuzzy logic controller.

First, the two input variables, namely, the sampled
values of the error E and change of error dE are calculated as
follows:

Py (=P (k=1)
Voy (0 -vy (k=1)

dE(k) = E(k)- E(k-1) (15)

where P, (k) and v, (k) are, respectively, the power and
the voltage of PV panel at sampling instants (kT;). The input
variable E(k) is used for determining if the estimated power
at the instant kT is located on the left (E(k) > 0) or on the
right (E(k) < 0) of the MPP of the PV characteristic [28],
while the input variable dE(k) is used for determining the
sign of the fuzzy logic perturbation [28]. Five linguistic
variables are adopted for each of the input/output variables.

These are: NB (Negative Big), and NS (Negative Small),
Z (Zero), PS (Positive Small) and PB (Positive Big). The five
basic fuzzy subsets for the input and the output variables are
presented in Fig. 5. Table. 1 presents the rule table of the
fuzzy logic controller. In this paper, we use Mamdani fuzzy
inference method for computing a fuzzy output value. The
defuzzification transforms this fuzzy output into a numeric
value. The most used defuzzification method is the centre of
gravity method [29].

E(k) = (14)

Table 1. Table of fuzzy rules.

E|NB |NS |Z PS | PB
E
NB | Z Z PB | PB | PB
NS | Z Z PS PS | PS
Z PS | Z Z Z | NS
PS NS [NS|NS |Z |Z
PB |[NB|NB|NB |Z |Z
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Accordingly, the change of the duty cycle is determined
by following equation

dD = E?= 1H(D_]')_Dj
E?=1M(Dj)

(15)

Finally, the duty cycle is determined by:
D(k) = D(k - 1) + dD(k)

(a)

(b)

Fig .5. Definitions and membership functions of (a) the
first input variable (E), (b) the second input variable (dE) and
(c) the output variable (dD).

5. Simulation results

Matlab Simulink with Simpower toolbox has been used
for simulating the grid-connected PV system under the
PDPC and supplied by a PV panel through a quadratic boost
converter performing a fuzzy logic MPPT control described
previously. The parameter values of the complete developed
system are summarized in Table 2, 3, 4.

Table 2. Parameter of PV panel stp80

Rated Maximum Power P ,,(W) 80
Maximum Power Voltage V,,,(V) | 17.6
Maximum Power Current I, (A) 4.55
Open Circuit Voltage V. (V) 22.1
Short Circuit Current I, (A) 4.8
Table 3. Quadratic boost converter
Input Voltage (V) 17.6
Output Voltage (V) 400
Inductor L; (mH) 33
Inductor L, (mH) 33
Capacitor C, (uF) 100
Table 4. Parameters of electrical grid
Switching Period T; (ps) 65
Resistance of Reactor r (QQ) 0.56
Inductance of Reactors L (mH) 19.5
DC-bus capacitor Cy. (1F) 1100
Source Voltage Frequency f (Hz) | 50
DC-bus Voltage V4. (UF) 400
Line to Line AC Voltage (V) 220

2.1. Static Performances

Fig. 6 shows the simulation results of the system under
constant and nominal atmospheric conditions (temperature
25 C and irradiance 1000 W/m?).

The DC-bus voltage (V)
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Fig .6. Simulation results with constant of irradiance.
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The DC bus voltage steady state value is reached in a
relatively short time with negligible ripple oscillation in
steady state, as is depicted in Fig. 6(a). The grid current and
voltage are shown in Fig. 6.b and 6.c respectively, where it
can be observed that both variables are synchronized and the
power factor is close to unity. The grid phase current,
waveforms are sinusoidal with a total harmonic distortion
(THD) around 1.93%. The active and reactive powers of the
grid are decoupled and are perfectly tracking their desired
references. Note that the reactive power tends toward zero.

2.2. Dynamic Performances

In order to test the performance of this system under
atmospheric condition changes, the system is simulated and
the response of the system to step changes in the solar
irradiation is obtained. It can be observed that the DC bus
voltage tracks its reference with good accuracy as depicted in
Fig. 7.a. Figs. 7.b and 7.c shows that the grid currents present
very good tracking performances with a short transient time
small harmonic distortion and that are in phase with the grid
voltages.
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Fig .7. Simulation results with changes of irradiance. The
change of irradiance at 0.5 s from 1000 W/m” to 800 W/m*
with temperature at 25 C).

Finally, it can be observed in Fig 7.d that the active
power properly follows their new references after a short
transient, which confirms the robustness of the proposed
solution. In addition, one can clearly see that the active and
the reactive powers controls are decoupled of each other
witch is one of the advantages of the used P-DPC.

6. Conclusion

In this study, we presented a predictive direct power
control method for a two-stage grid-connected photovoltaic
system. A quadratic boost converter is used as an interface
performing an MPPT control and providing a high voltage
gain which is suitable for PV applications. An artificial
intelligence fuzzy logic based MPPT control was used giving
a fast response in front of climatic changes and loading
conditions. The good performances obtained by numerical
simulations show the efficacy of predictive direct power
control in PV systems.
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