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This paper proposes a new optimized control of photovoltaic two stages conversion
cascade composed by Three Levels Boost (TLB) and Three Levels Neutral Point Clamped
(TLNPC) inverter. In order to extract the maximum power from photovoltaic generator
and get a balanced DC bus voltage, the duty cycles of the two TLB switches are
determinate from a Fuzzy Logic Controller (FLC) for the first switch and by adding to the
first duty cycle an additional duty cycle obtained by integration of the error between the
two capacitors voltages of DC bus. Balancing the bus voltages by the TLB using a single
regulator avoid us to use a complex balancing algorithm by the redundant vectors of
TLNPC inverter. For the control of the inverter, we used a Proportional Integral (PI)
regulator optimized by PSO. This command allows us to have on one side a constant DC
bus voltage and a current injection in phase with the grid voltage. To have an efficient
follow-up of the TLNPC inverter reference voltages, the Space Vector Pulse Width
Modulation (SVPWM) is applied. The simulation is carried out in MATLAB/SIMULINK
platform. The results obtained from the application of the FLC command associated with
P1 PSO are better compared to the simulation without optimization in terms of sum of the
absolute values of the errors at the inputs of the three Pl regulators.
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1. INTRODUCTION

Power electronics have experienced a very significant boom
for a long time. At present, this discipline of electrical
engineering affects vast and very diverse fields of application
for powers covering a wide range (a few watts to several
hundred megawatts). The energy conversion structures, the
main players in this specialty, switch increasingly important
powers.

This growing demand has been motivated by technological
advances and the increase in voltage and current ratings of
controlled semiconductors. However, a high power level
implies either a high voltage of use or a high current of use, or
even both at the same time. In all three cases, the power
components used have larger ratings. Increasing the voltage is
often preferred to get a better yield, and the static and dynamic
performance of semiconductors often degrade under these
operating conditions. In addition, despite significant progress,
the evolution of the possibilities of semiconductors is slow at
present compared to the demand market, in particular in terms
of the voltage available. The emergence of multilevel
conversion structures since the 1980s provides solutions
through the serialization of power semiconductors [1, 2].
These structures ensure the distribution of the voltage stress on
different switches while improving the waveforms and the
harmonic spectrum of the output quantities.

The different structures can be classified into different
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categories such as the H-bridge serialization, serial or parallel
multicellular converters or even structures using the splitting
of the DC bus [3-5]. The difference between these structures
or any other multilevel converter is the number of components
used (switches, capacitor, dc sources). If only one voltage
source is available, then inverter structure types with only one
input source must be used. This type of converters has several
capacitors and presents a complex control. On the other hand,
if several DC sources are available, converters with several
sources are used.

All of these structures have different properties and
applications, although some structures have common
properties. It is also possible to create new structures by
mixing the different basic structures of the different families
of multilevel converters or by assembling the basic structures
of the static conversion.

Several conversion cascades using different types of
multilevel inverters has been applied in electrical energy
conversion chains. Also different DC/DC converters
topologies are applied as the first stage of these cascades.

Rosmadi et al. proposed in his work a conversion chain
consisting of a TLB and a five-level inverter [6]. Sahoo and
Keerthipati propose a conversion cascade where it brings an
improvement to the conventional three-level Z-source NPC
inverter [7]. Other works apply the T structure of multilevel
inverters with different DC/DC converters in the first stage
such as Quasi-Switched Boost [8] and Three-Level DC-Link
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Type Quasi-Switched Boost [9] or Three-Level boost [10]. Ge
et al. have proposed a new single-stage photovoltaic
conversion chain combining the buck boost and the TLNPC
inverter with two sources at the input [11]. Another work
presents the use of the three levels cascaded H-bridge inverter
powered by three independent photovoltaic sources via three
boost converters [12].

In this paper, we propose to work on the two-stage
conversion cascade composed of a three-level boost fed by a
photovoltaic generator and a three-level NPC inverter
interconnected to the grid (Figure 1).

Different controls have been applied to the two converters
of this conversion chain. Yaramasu et al. applied predictive
control in a wind energy conversion chain composed by three
stages: Diode rectifier, TLB and TLNPC inverter [13]. Kwon
et al. [14-16] use the simple Maximum Power Point Tracking
(MPPT) P&O method to TLB to extract the maximum power
from the photovoltaic generator, as well as simple PI

regulators to TLNPC inverter for the control of the output
inverter currents. Another control method of the TLB (Golden
Section Search) presented by Balakishan et al. [17] has been
applied to extract the maximum power from the photovoltaic
generator.

In this work, for the extraction of the maximum power from
the photovoltaic generator, a FLC is introduced. This FLC
output give the duty cycle to be applied to the first switch of
the TLB. The duty cycle of the second switch is determined so
as to have equal values of the two voltages at the output of the
TLB. The TLNPC inverter control, which constitutes the
second stage of the PV studied cascade, provides us the
interconnection to the distribution grid. The six gains of the PI
regulators used are optimized by Particle Swarm Optimization
(PSO). To have an efficient follow-up of the reference
voltages in the two-phase park reference, the SVPWM is
applied.
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Figure 1. Two-stage photovoltaic system using a three-level boost-Three-level inverter connected to the grid

2. THREE-LEVEL BOOST MODELING
2.1 Structure of the three-level boost

The structure of the three-level boost converter is shown in
Figure 2. The converter is the combination of two boosts
having the middle point of the transistors (Syi, Sp2) and
capacitors (Cq1, Ca2) connected. The controls of the transistors
are shifted by Ts/2.

Ipy
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PV
array

Dpz
Figure 2. Three-level boost
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The averaged model that describes the dynamic behavior of
the input voltage Vi, the inductance current i,y and the neutral
point current is given by:

di
Ly — == Voo = (1= Dy)Vaer = (1= D3)Vaez
AVpy . . (1)
Cfd—:v = lpy — lipy
iNP - (Dl - Dz)ilpv

where:
Di: Duty cycle of switch Sp1.
D»: Duty cycle of switch Spa.

2.2 Principle of operation

The principle of operation is shown in Figure 3. When the
duty cycle D (D=Dy) is less than 0.5, the three-level boost
converter waveforms are shown in Figure 3 (a). Before time to,
switches Sp1 and Sy, are open. At instant ty the switch Sy is
closed, current flows through L, Sy, Cq2 and Dy,. The current
of the PV generator I,y increases (2).

_ Vdc

Ipv(t) = Ipv(to) + % (t—ty) (2)
b



where,

Vac = Vaer + Vaez (3)

At time t;, switch Sp; is open, so both switches are open.
Current flows through Ly, D1, Cg1, Ca2 and Dy,. The current of
the PV generator I,y decreases (4).

Vdc - va
Ipv(t) = Ipv(tl) - T (t - tl) (4)

At time t, switch Sy» is closed and current flows through Ly,
Dy, Cq1 and Spo. The current of the PV generator I,y increases
(2). At time t3, switch Sy is open, so both switches are open.
Current flows through Ly, D1, Cq1, Ca2 and Dy,. The current of
the PV generator I,y decreases (4).

e

DT,

(®)

Figure 3. Theoretical waveforms of the three-level boost
converter, (a) D<0.5, (b). D>0.5

When the duty cycle is greater than 0.5, the waveforms of
the three-level boost converter are shown in Figure 3 (b).
Before time to, switch Sy is open and switch Sy is closed. At
the instant to the switch Sy, is closed, so the two switches are
conductive. The current of the PV generator I, increases (5).

Vov
Ipv(t) = Ipv(to) + E (t - to) (5)

At time t;, switch Sy is open, current flows through Ly, Sp1,
Cq and Dy, The current of the PV generator I,y decreases (6).
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Vv,
dc/z _ va
Ly

Ly (t) = Ipy(t1) — (t—1ty) (6)

At time tp, switch Sy, is closed so both switches are
conductive. The current of the PV generator I, increases (5).
At time t3, switch Sb1 is open, so current flows through Ly, Dy,
Cua1, and Syo. The current of the PV generator I, decreases (6).

2.3 Control by Fuzzy regulator of TLB converter and
balancing of DC bus

To extract the maximum power from the PV source and
balance between the two capacitors voltages, previous work
has proposed a double loop composed of a perturbation and
observation algorithm (MPPT) associated with three PI
regulators [18]. In this work, a fuzzy logic controller is
introduced into the regulation loop to determine the new value
of the duty cycle D;. Variations in photovoltaic power (dPpy)
and voltage (dVpy) are the two inputs of FLC. The output is the
variation of the duty cycle (dD) (Figure 4). For the two inputs
and the output, five membership functions were used. The
rules of the controller are given in the following Table 1.
Mamdani's fuzzy inference and center of gravity methods are
applied in this work [19].

de — db
L D1
de —b
Fuzzy Logic
controller D1p1

Figure 4. Structure of the FLC for MPPT

Table 1. FLC rules

dp

NB NS ZO PS PB
d
PB NB NB ZO PB PB
PS NB NS ZO PS PB
70 720 720 Z0 720 ZO
NS PB PS NS NS NB
NB PB PB NS NB NB

To ensure equal voltages of the two capacitors Vqci and Ve,
a voltage balancing controller is essential. Figure 5 shows the
three-level boost converter controller which provides equal
balancing of the DC bus voltages.
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Vier D,

+

Vaez D;

Figure 5. DC Bus voltages balancing controller

The duty cycle D; of the switch Sy is determined by the
FLC MPPT command and the duty cycle D; of the switch S
is determined by adding to D; an additional duty cycle ADy, for
balancing the voltages of the DC bus.
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where,
k;: Gain of the integrator controller.

3. FILTER MODELING

The connection between the TLNPC inverter and the grid is
carried out through an RL filter (Figure 6). The purpose of this
filter is to eliminate the harmonic frequencies resulting from
the switching operation of the electronic converter.
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Figure 6. Electrical connection of TLNPC inverter to the
electrical grid

The currents transited between the converter and the grid
are imposed by the coils and obtained by:

6© = [ wsde +5(6) ®)
The voltages across the resistors R are equal to:
Urs = Ryl ©))
The voltage across the coil L is:
Vis = UVp—Vrs (10)

The application of the Kirchhoff's voltage law makes it

possible to determine the voltages RL filter:

Vb = Um~—Vs (11)

From the previous equations, we can extract the relation

between the voltages of the TLNPC inverter vy, the grid vs and
the intermediate filter.

dig

S I (12)

Uy = Vs = Rgig + L

4. CONTROL OF GENERATED CURRENTS AND DC
BUS VOLTAGE

For the determination of the reference voltages of the
inverter, several methods are applied. The author [13] uses
predictive strategy. Unified control mode based on decoupling
control for the active and reactive powers is presented in the
Ref. [18]. In this article, we apply synchronous reference
frame control [20].
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From Eq. (5) we can write:

Vm1 Is1 is1 Us1
Umz| = R |is2| = LSE Is2| + |Vs2 (13)
VUms3 isS is3 Vs3

Applying Park's transformation, the previous equation
becomes:

Vg = Ralsa + Ls 2 = Lyl + vsg (14)
Umq = Rslsq + Ls % — Lywigq + g (15)
Considering the following coupling voltages:
VUma = Vpa — €q + Vsq (16)
Umq = Vpq — €q T Vsq 17)
with:

eq = Lswisg (18)
eq = L;wigy (19)

The differential Eqns. (14) and (15) can be simplified:
Voo = Rl + Ly 28 (20)
Vpg = Rsisq + LS% (21)

By applying the Laplace transform to Eqns. (20) and (21),
we obtain:

i5a(S) 1
Foy = = 22
) Ubd(.s) Rs + LSS ( )
isq(S) 1
Fig=—t== (23)

Vpq(S)  Rs+ LS

Finally, we obtain the reference voltages of the TLNPC
inverter Vmd ref and Vmg rer in the park reference frame (Figure
7). These references are obtained with a control device, which
combines three actions:

o A current decoupling action:

Umd_ref = Vbd_ref — €q + Usa (24)
Umares = Vbarey ~ €d + Usq (25)
Usq  Usq: measured values.
o Voltage compensation:
eq = Lswisq (26)
eq = L;wisg (27)

Tsq> Isq: measured values.
o A closed loop control of the currents:



Vpa res = Cla(isa rer — Isa) (28)

Upq_rer = Clg (isq_ref - isq) (29)

Figure 7. Control device

The control of the DC bus voltage (VacitVac2) is carried out
in this work by a PI regulator as presented by the Figure 8. The
regulator output gives us the reference current Lgrer.

Igref
Vdc _
Vdcref '4\ DCBus  ldref
egulator
+ z Regul

Figure 8. DC bus voltage control

5. PARTICLE SWARM OPTIMIZATION

Particle swarm optimization is characterized by a set of
originally random and homogeneous individuals, which we
will call particles, which move through the search space and
each one constitute a potential solution. Each particle has a
memory of its best visited solution as well as the ability to

communicate with the particles constituting his entourage.
From this information, the particle will follow, on the one hand,
its desire to return to its optimal solution, and on the other hand,
its mimicry in relation to the solutions found in its
neighborhood. From the local and empirical optima, the set of
particles will converge towards the global optimal solution of
the problem treated [21].

In a D dimensional search space, the particle i of the swarm
is modeled by its position vector x; = (x;1, X2, ... X;p) and by
its speed vector v, = (Vjy, Vip, - Vip) . The quality of its
position is determined by the value of the objective function at
that point. This particle keeps in memory the best position
through which it has ever passed, which we denote by
ﬁbesti = (pbest;;, pbest;,, ...pbest;;) . The best position
reached by the particles of the swarm is noted:

Gbest = (gbest,, gbest,, ... gbestp)

At the start of the algorithm, the particles of the swarm are
randomly/regularly initialized in the search space of the
problem. Then, at each iteration, each particle moves, linearly
combining the three components mentioned above. At
iteration ¢+, the velocity vector and the position vector are
calculated from Eq. (30) and Eq. (31), respectively.

virt = wvf; + clrfl.‘]. [pbestf,j - xifj]
+ CZTZti_]' [gbest} —x{;].) (30)
€ {12, ..,D}
xftt=xf +vfttje{12,..,D} (31)

where, w is a constant, called the coefficient of inertia; ¢; and
¢y are two constants, called acceleration coefficients; r; and r;
are two random numbers drawn uniformly in [0, 1], at each
iteration ¢ and for each dimension j.

6. RESULTS AND DISCUSSION
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Figure 9. Two-stage photovoltaic cascade using a three-level boost-three-level inverter connected to the grid
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The control diagram of the two-stage photovoltaic cascade
using a three-level boost-three-level inverter connected to the
grid (Figure 9) is composed by:

o A fuzzy MPPT controller and another integrator for the
three-level boost converter to extract the maximum
power and balance the DC bus voltages V. and Vic:.

o Block for determining the inverter reference voltages
Varer and V. These voltages allow us to regulate the
DC bus voltage (Va.: + Vac2) and inject currents in phase
with the grid voltages.

o SVPWM block for determine the control orders of the
switches.

Simulation results are presented for the following
parameters:

o Inverter switching frequency: f;=1.5 KHz.
o current [gr=0.

o Root mean square grid voltage: Vs = 220V.
o DC bus reference voltage Vierr= 600V.

The characteristics I(V) and P(V) of the photovoltaic
generator are presented in Figure 10. The maximum power
point that the photovoltaic generator can generate under
standard conditions is: P,,=5343W.
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Figure 10. I (V) and P (V) characteristics of the photovoltaic
generator

Now, we will test the performance of PI controllers
optimized by PSO. The optimization process is carried out
under variable climatic conditions (variable radiation). When
solving the optimization problem, the number of particles and
the maximum number of iterations are respectively fixed to
fifteen and twelve. Figure 11 shows the evolution of the cost
function. We can notice that there is a convergence towards an
optimal solution after the 9th iteration.

The solar radiation profile varies at t=1S from a value of
Irra=1000W/m? to 700W/m? then returns to 1000 W/m? as
shown in Figure 12.a. The temperature is fixed at T=25°C.
Figures 12.b present the power P,, (W) of the photovoltaic
generator. The three-level boost converter is controlled in
MPPT in order to extract the maximum power from the
photovoltaic generator. The power of this latter decreases then
increases following the variation of solar radiation.
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Figure 12. (a) Solar radiation profile, (b) power Ppy (W)

Figure 13 shows the output voltages of the three-level boost
converter. Their sum is equal to the reference value
Viere=600V imposed by the voltage control loop of inverter.
The input voltages Vqer and Vez of the three-level inverter are
equal after the application of the integrator regulator to the
three-level boost.
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Figure 13. DC bus voltages Vg1 (V), Va2 (V)

Figure 14.a shows the output voltage of the first inverter leg
Vam controlled with SVPWM. This voltage has the three
voltage levels Vci, 0, -Vac2. The voltage and current of the grid
of the first phase are shown in Figure 14.b. As shown in the
figure, the reactive power is zero.

To verify the efficiency of the introduction of the PSO to
our conversion cascade, we compared the sum of the absolute
values of the errors at the inputs of the three PI regulators in
the two simulation cases (with and without optimization)
(Figure 15). From Eqns. (32), (33), the sum of the absolute
values of the errors in the case of PSO optimization is twice
less than the result obtained without optimization.



Z|ep,| — 7.5975 * 10° (32)
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Figure 14. (a) Voltage of the first inverter leg, (b) Grid
voltage and the phase current injected
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Figure 15. Sum of absolute values of errors PI, P PSO

7. CONCLUSION

In this paper a two stages photovoltaic conversion cascade
composed by TLB - TLNPC inverter was presented. The
proposed conversion chain is able to extract the maximum
power from photovoltaic generator and equilibrate the DC bus
voltages. The application of two duty cycle to the switches of
TLB allowed us to balance the voltages of DC bus. In
comparison with the use of conventional boost, we avoided to
apply the SVPWM with redundant vectors algorithm to
TLNPC inverter. The results obtained from the application of
the FLC command associated with PI PSO are better compared
to the simulation without optimization in terms of sum of the
absolute values of the errors at the inputs of the three PI
regulators. The results also show that the current injected into
the grid is in phase with its voltage with also a constant DC
bus voltage and follows its reference.

We propose in future works the experimental validation of
the proposed control method using FPGA, DSP or Dspace
platform. To improve this work, we propose as perspectives
the application of other optimization methods, as well as, the
optimization of not only the gains of the PI regulators, but also
the membership functions of the FLC.
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