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EFFECTIVE UTILIZATION OF PHOTOVOLTAIC ENERGY
USING MULTIPHASE BOOST CONVERTER IN COMPARISON
WITH SINGLE PHASE BOOST CONVERTER

The paper presents a novel concept of multiphase boost converter (MPBC) with high efficiency of energy conversion. The new topology of
MPBC is compared with conventional single-phase boost converter (SPBC). It is shown that almost whole input energy from photovoltaic
module entering to the proposed MPBC is utilized more effectively in comparison with conventional SPBC. This effective energy utilization is
ensured by suitable algorithm of switches control. Modeling, simulation and experimental results are given. Subsequently the laboratory
models of SPBC and MPBC were built and experimental results were obtained to confirm the simulation results. Also the control module of

MPBC was designed, simulated and built to ensure the correct operation of proposed converter.
Keywords: Multiphase boost converter, single phase boost converter, efficiency of energy conversion, photovoltaic.

1. Introduction

Photovoltaic is the direct conversion of light into electricity in
form of direct current electricity. Usually the DC/DC converters are
used to convert this direct electrical power from one level to another.

There are many types of materials which are used to make of
the PV modules. The main problem of these materials is low con-
version efficiency which is usually moving from 5% (a-Si) to 25%
- 30% (Gads) [1]. Nowadays, the efficiency of the soft switching
DC/DC converters is very high and it is moving around the 97%.
But, on the other hand, the efficiency of energy conversion is not
good in comparison with abovementioned converter efficiency.

This paper presents the novel concept of MPBC with high
efficiency of energy conversion. The high efficiency of energy con-
version is ensured by adding five more parallel legs to the conven-
tional SPBC. The suitable algorithm of switches control in particular
legs ensures that the almost whole PV output energy from the PV
module is effective utilized.

2. Efficiency of energy conversion

Figure 1 explains the problem of efficiency of energy conversion.
The impinging sun energy Py ,,, is converted by PV module direct
to the electric energy. According to the material from which PV’
modaule is built this conversion efficiency is moving from 5% (a-Si)

to 30% (GaAs) [1] and [2]. The output PV energy Pyyr py is equal
to the input energy to the converter Py .,

Let us assume that SPBC is used to adjustment of input energy
Py, from one level to another.
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Fig. 1 Overview at efficiency of energy conversion

The function principle of conventional SPBC is well known.
When the switch S is turned on the input energy starts to accu-
mulate in form of magnetic field in the inductor L. This accumu-
lated inductor energy with input energy (source energy) are delivered
to the output Z after switch S is turned off. The average value of
the output voltage Uy, in continuous conduction mode (CCM)
is:

* Jan Perdulak', Dobroslav Kovac', Irena Kovacova', Matus Ocilka', Andrii Gladyr?, Dmytro Mamchur?, Turii Zachepa®, Tibor Vince', Jan Molnar'
! Department of Theoretical Electrical Engineering and Electrical Measurement, Technical University of Kosice, Slovakia
? Department of Automatic Management and Electrical Drive, Kremenchuk Mykhailo Ostrohradskyi National University, Ukraine

E-mail: jan.perdulak@tuke.sk

32 ¢ COMMUNICATIONS 3/2013



Uin S

COMMINICIONS

us(t) *
fonts) | tofiis) X
0 2N | N
| t
NN
M S o

Fig. 2 Topology and theoretical waveforms of SPBC

UZ(AV) = ——Un (1)
where duty cycle “z” is ratio between time when the switch S is
turned on and the period 7, z = 1,,.,/T. The theoretical wave-
forms and topology of conventional SPBC are shown in Fig. 2.

It can be seen that there exists a time interval within the period
T when the energy delivered to the load Z is equal to zero. This is
the main problem of conventional SPBC - effective utilization of
input energy. We have to ensure that the input energy will be
delivered to the load Z over the whole period 7. We have to remove
the time interval within the period 7 where the energy delivered
to the load Z is zero. The another important fact is, that in case
of unfavorable operating conditions of PV module, the SPBC is
unable to obtain ist maximum power point (MPP)

It stands to reason that the efficiency of energy conversion is
very low because we are unable to utilize the whole potential of
input energy.

This is done by using the proposed MPBC, [3] and [4].

The three different efficiencies can be defined as:

The conversion efficiency of PV module 7,

o P, our_PVv (2)
T P
The converter efficiency 7.,
POUTcan
New = 5 (3)
PlNcun
The efficiency of energy conversion 7;:
Poureon
Ne= 5 (4)

P ouT_PV(MPP)

where Pyyr pyapp) 18 the instantaneous maximal output power of
PV module for its certain operating conditions.

3. The proposed concept of MPBC

The proposed topology of MPBC is in Fig. 3a. The MPBC has,
in comparison with the conventional SPBC, five more parallel legs

with five inductors (L, - L), five rectifier diodes (D, - Dg) and
five switches (5, - S).

This MPBC allows the effective utilization of energy delivered
form the PV module. Appropriate control algorithm of switches
allows converter to take the PV output energy by cooperation of
all six parallel legs in every moment.

4. Principle of operation

The principle of operation of SPBC was mentioned above. This
described process can be repeated six times because six parallel
legs are presented in proposed MPBC which allows effective uti-
lization of delivered energy from PV module.

The proposed MPBC has 6 operating cycles within each period.
The corresponding operation waveforms are shown in Fig. 3b.

Mode 1 (¢, - t,): The switch S, (leg A) is turned on at the time
7. The energy in form of magnetic field begins to accumulate in
inductor L,. The input current is closed in loop + U,y — L, — S,
— —U,y. In this mode the switches S (leg E) and S (leg F) are
in on-state. The input energy is delivered to the inductor Ls and Lj
in particular legs, too. The switches S, and S; (leg C) are in off-state.
The inductor energy W, and W, is delivered through diodes D,
and D; to the load Z. The equivalent equations are:

The inductor voltages u;,(¢), u;s(¢) and u(¢) are:

diyse(t)
uu(t) = uLS(t) = ML(:(t) =Uy= Ll(s,é)% (5)
The inductor voltage u;,(?), u;;(¢) and u; () are:
uLZ(t) = uLS(t) = uLA(t) =Uy—Uu=
i (1) (6)

=1L 2(3.4) T

The currents flow through inductors L;, Ls, L and switches
S, S5, S are

COMMUNICATIONS 3/2013 o 33



COMMVINICIONS

in(t)=i,s(t) =i, (t) =i (t) = ix(t) =

. 1 s

=i (1) = Ll(mf/o U (£)dt + L (8) = )
UIN
Ll(S.é)

(tl - to) + ILI(S,()) (tu)

The currents flow through inductors L,, L, L, and diodes D,,
D;, D, are:

in(t)=

. 1

=1 t =
D4( ) Lz(m) 0
Uy — U()UT

==t 1) F L ()
2(3.4)

iL3(t) = iL4(t) = iuz(t) = iD3(t) -

”uLz(m)(t)dt + IL2(3,4) (to) = (8)

The inductor current i;,(7) exponentially increases from the
initial value I;; to the maximum value /;,,,. (reached at the time
t;) with time constant 7; = L,/R.

Mode 2 (¢, - t,) and mode 3 (t, - t;) are the same as mode 1.
Only other switches S, (leg B, mode 2) and S; (leg C, mode 3) are
turned on, on-state S}, Ss (leg A and leg F, mode 2) and S, S, (legs A
and B, mode 3) and off-state S;, S, (leg D and leg C, mode 2) and
S,, Ss (legs D and E, mode 3). The corresponding equations are
the same. Only subscripts are changed.

Mode 4 (t; - ty): The switch S, is turned off and S, is turned
in the beginning of this mode at the time ;. The inductor energy
W, , begins to deliver through diode D, to the load Z. The output
current i,(¢) is enclosed in the loop L, - D, - Z - — U, - + U,
The switches S, (leg B) and S; (leg C) are on-state and the input
energy is delivered to the inductor L, and L. The switches S; (leg
E) and S (leg F) are in offsstate. The inductor energy W5 and
W6 is delivered through diodes Ds and Dg to the load Z. The
equivalent equations are:

The inductor voltages u;,(1), u;,(¢) and u;;(¢) are
divey (1)

uLA(t) = uLZ(t) = uL}(t) =Uy = L4(2‘3) di

&)

The inductor voltages u; (), u;s(¢) and u; (1) are

uLl(t) = uLS(t> = uLé(l) =Uy—U, =
diL1(5,6)(t) (10)
- 1(5‘6)7

The currents flow through inductors L,, L,, L; and switches
S,, S,, Sy are

in(t)=in(t) = in(t) = iu(t) = in(t) =

. 1 4
- lS3<t) - Loy ‘/:3 um(z,s)(t)dl + Lyaes) (to> =
Uy

= I (ts - t4) + 1L4(2-3) (13)
4(2.3)

(11)

The currents flow through inductors L1, L5, L6 and couple of
diodes D1, D5, D6 are

in(t) =i (t) = i (t) = in (1) = ins(t) =
. 1 ‘
= ip(t) = ﬁf;”mm(f)df + L () =

= _704 - l‘s) + Lise (tl)

(12)

The inductor current i, 4(¢) exponentially increases with time
constant 7, = Ly/R.

Mode 5 (t, - t5) and mode 6 (25 - t;) are the same as mode 4.
Only other switches S; (leg E, mode 5) and S, (leg F, mode 6) are
turned on, on-state S5, S, (leg C and leg D, mode 5) and S,, S5 (legs
D and E, mode 6) and off-state S|, S, (legs A and B, mode 6) and
S|, Sg (leg A and leg F, mode 5). The corresponding equations are
the same. Only subscripts are changed.
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Fig. 3 The proposed topology and theoretical waveforms of MPBC
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5. Simulation Results

The simulation models of MPBC and SPBC shown in Fig. 4
were created in simulation environment OrCAD Capture CSI to
verify its theoretical properties. The power MOSFET transistors
were used as switches. The two DC voltage sources were used to
simulate output photovoltaic voltage UPV and battery voltage U,,.
Parameters:

COMMINICIONS

switching frequency f; = 50 kHz,
output voltage Uy = 14V,
inductance L=L=L,=L,=L,=L;=L,=100uH

Three different levels of input voltage Uy, were set to compare
the properties of simulation models of MPBC and SPBC. The tested
values of input voltage were Up, = {2V, 6V, 12 V].
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Fig. 4 Simulation models of proposed MPBC a) and conventional SPBC b)
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Fig. 5 Simulation comparison of basic properties of SPBC (upper part) and MPBC (lower part)
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Fig. 6 Simulink models of control structure of SPBC (upper part) and conventional MPBC (lower part)

Figure 5 shows gate voltage U, inductor current i,(7), diode
current #,(#), and load current i,(¢) at the different value of input
voltage Upy. In can be seen that the MPBC works in comparison
with SPBC in CCM for whole range of input voltage Up, except the
minimum value Upy,,,, = 2 V. The load current i,(¢) is sum of cur-
rents in particular legs which delivers its energy to the load Z. The
waveforms of three legs of MPBC are displayed for lucidity.

Control structures created in Simulink environment are shown
in Fig. 6, [5]-[7]. For this purpose the PSpice SLPS (SimuLink
PSpice) simulation environment was used. This environment sup-
ports the substitution of an actual Simulink block with an equivalent
analog PSpice electrical circuit. The simulation models of SPBC
and MPBC are completely included to the simulink model control
design by means of SLPS block.

Figures 7a and 8a show overall view of load current i,(t), induc-
tor current #;(#), input voltage Uy, and duty cycle z of SPBC and

a)

MPBC. From the detailed analysis (Figs. 7b, 7c and 8b) it is clear
that the MPBC works in comparison with SPBC in CCM for the
whole range of input voltages Up, except the minimum value
Upppin = 2 V.

6. Experimental results

The laboratory models of SPBC and proposed MPBC were
built and tested to verify the theoretical assumptions and simulation
results. The laboratory model of control structure of MPBC was
built and connected to the converter to generate corresponding
gate signals for transistors in particular legs. Figure 9 shows the
overall view connection of converter with designed control.

The DC regulated voltage source was used to simulate differ-
ent operating conditions and thus different levels of output PV
voltage Upy. The battery was used as a load Z.
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Fig. 7 Waveforms of photovoltaic voltage UPV, duty cycle z, inductor current iL(t) and load current iZ(t) of SPBC

30 ¢ COMMUNICATIONS 3/2013



COMMINICIONS

7=0.86

a)

b)

Fig. 8 Waveforms of photovoltaic voltage Upy, duty cycle z, inductor current iy (t) (leg A) and load current i,(t) of MPBC
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Fig. 9 Laboratory model of MPBC with control

Figures 10 and 11 show input voltage U, gate voltage Uy,
input current I, and load current i,(7), of SPBC and MPBC. It is

clear that the load current i,(¢) is continually delivered to the load
Z. Even if input voltage Upy is set to the minimum value 4 V the
maximum input current /py, . is taken from the input voltage
source. This is another important fact in comparison with SPBC.
The laboratory model of proposed MPBC works in discontinuous
conduction mode at the Up, = 4V in comparison with simulation
model. This is because the real components were used in compari-
son with the simulation model where many of parasitic and physi-
cal properties cannot be taken into account.

7. Comparison of efficiency of energy conversion

Efficiency of energy conversion 7 can be defined as a ratio of
output converter energy Py, to the maximum output energy
Pour pyaery Of PV module which it is able to deliver under the given
operating conditions. It is evident, that the efficiency of energy
conversion 77 of MPBC is several times higher in comparison with
SPBC, Fig. 12, for the whole range of operating conditions. The low
efficiency of energy conversion 7, of SPBC results from its principle
of operation. The SPBC operates in pulse mode so only a portion
of its input energy is delivered to output. The PV module operates
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Fig. 10 Waveforms of photovoltaic voltage Upy; duty cycle z, photovoltaic current i,(t) and load current i,(t) of SPBC
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Fig. 11 Waveforms of photovoltaic voltage Upy, duty cycle z, photovoltaic current i,(t) and load current i,(t) of MPBC
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Fig. 12 Comparison of efficiency of energy conversion

in MPP point for whole range of operating conditions, or more pre-
cisely, for the whole range of input photovoltaic voltage U,, when
the MPBC is used.
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8. Conclusion

The most popular material used to make the solar cell is sili-
cium (Si). The Si is also one of major factors in long-term energy
recovery and high cost of PV modules. One way to reduce the long
-term energy and financial recovery is to use the proposed MPBC.
The MPBC works with high efficiency of energy conversion in
comparison with SPBC. The MPBC continually delivers the input
source energy to the load Z using six parallel phases. In this case,
the time interval when the output energy is equal to zero is removed.
The MPBC ensures that the PV module is operating in the maximum
power point for whole range of its operating conditions, so we can
effectively utilize the output PV energy.
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