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Abstract--Synchronous buck converter based photo voltaic (PV)
energy system for portable applications is presented in this
paper; especially to charge the batteries used in mobile phones.
The main advantage of using synchronous buck converter is to
reduce the switching loss in the main MOSFET over conventional
de-de buck converter. The switching loss is minimized by
applying soft switching techniques such as zero-voltage switching
(ZVS) and zero-current switching (ZCS) in the proposed
converter. Thus the cost effective solution is obtained; especially
in the design of heat sink in the dc-de converter circuit. The DC
power extracted from the PV energy system is synthesized and
modulated through synchronous buck converter in order to suit
the load requirements. The characteristic of PV array is studied
under different values of temperature and solar irradiation.
Further, the performance of such converter is analyzed and
compared with classical dc-dc buck converter in terms of
switching loss reduction and improved converter efficiency. The
whole system is studied in the MATLAB-Simulink environment.

Keywords-photovoltaic(PV)array,battery charging, synchronous
buck converter, MATLAB-Simulink.

L INTRODUCTION

For environmental concern and increase of peak power
demand PV solar cells has become an alternative energy source
for green and clean power generation [1]-[2]. Solar cells are
steadily gaining acceptance in our society. These are usually
adapted for either grid connected or standalone applications. It
is becoming a boon for the rural community for whom
electricity had become only an imaginary thing. Due to a
sudden up rise of mobile usage, and it’s cheaper availability, it
has become an affordable thing to have. But its recharging is
cause of concern for the rural counterparts for whom electricity
is not so abundant. These lesser electrical demand can be met
with these PV solar cells.

But these PV cells are not so popular due to their high
initial cost. But due to stiff competition among the
manufacturers these cost are also scaling down. After building
such an expensive renewable energy system, the user naturally
wants to operate the PV array at its highest energy conversion
output by continuously utilizing the solar power developed by
it at different time. For low voltage applications such as mobile
charging and laptop power supply etc, the output of the PV
array should be regulated in order to match the dynamic energy
requirement of the load [3]. In addition, the modulation process
should be very efficient so that the system losses can be
decreased considerably. For this efficient regulation of DC
voltage, synchronous buck converter is proposed in the paper.

Various converter topologies have been proposed in the
literature [4]-[6]. In the conventional buck converter usually

switching losses are higher due to high switching frequency of
operation of MOSFET and losses in the freewheeling diode is
more due to larger forward voltage drop (0.4V). Consequently,
it reduces the overall efficiency of the converter systems
(typically less than 90%). The possible solutions are to increase
the efficiency of the converter system is described as follows.
First solution is to replace the freewheeling diode by MOSFET
switch. Here MOSFET acts as a rectifier. So forward voltage
drop in the switch can be reduced. Second solution is to
incorporate the auxiliary MOSFET across the main MOSFET
along with resonant circuits (L& C,) [7].This combinations
constitute a soft switching technique, so that the switching loss
can be reduced in the main switch. The resultant dc-dc
converter topology is said to be synchronous buck converter.
Here main MOSFET “s” is switched on and off synchronously
with the operation of the MOSFET switch °s,’.

In this paper an attempt has been taken to analyze such
converter for PV energy system based low power applications:
especially to charge the batteries used in mobile phones. The
proposed converter topology enables to provide simple and
cost effective solution in the charging circuit. The schematic
diagram for proposed system is shown in fig.1, which
comprises PV array module, synchronous buck converter and
load. The studied system is tested on simulation models
developed in MATLAB Simulink environment.
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Figure 1. Schematic diagram for PV based converter system

The paper is organized as follows — PV array modeling and
simulation is given in Section II. The various operating modes
of proposed synchronous buck converter are explained in
Section III. The simulation results are presented in Section IV,
followed by conclusion in Section V.

II. PV ARRAY MODELING AND SIMULATION

The solar cell arrays or PV arrays are usually constructed
out of small identical building blocks of single solar cell units.
They determine the rated output voltage and current that can be
drawn for a given set of atmospheric data. The rated current is
given by the number of parallel paths of solar cells and the
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rated voltage of the array depends on the number of solar cells
connected in series in each of the parallel paths [8].

A single PV cell is a photodiode. The single cell equivalent
circuit model consists of a current source dependent on
irradiation and temperature, a diode that conducts reverse
saturation current, forward series resistance of the cell, which is
shown below in fig.2.

Figure 2. Simplified equivalent circuit of PV cell

The solar cell output voltage is a function of photocurrent
which depends on solar irradiation and junction temperature;
this depends also on current drawn by the load. It is given by,

AT, ln[l'thO -1,

o

Veerr =

Ca

J - Rslcell (1)

Where,

Vea:cell output voltage
A:curve fitting factor (=1)
k: Boltzmann’s constant (=1.38x107J/K)
T.: reference temperature (=293K)

e: electron charge (=1.602x10"°C)

Ry: series resistance of the cell (=0.001A)

I,: reverse saturation current of diode (=0.0002A)

Ly: photocurrent, which is a function of temperature and

irradiation.
Ley: load current drawn from a single cell.

The benchmark reference output photocurrent (I,,) of SA
obtained at a temperature (T.) of 200C and solar irradiation (S.)
of 100W/m’ is used.

The solar array operating point is determined by three
factors such as load current, ambient temperature and solar
irradiation. The following three operating conditions are
observed from the study. 1) When load current increases the
voltage drops in the PV array. 2) When the temperature
increases the output power reduces due to increased internal
resistance across the cell.3)When irradiation levels increases,
the output power increases as more photons knock out
electrons and more current flow causing greater recombination.
The variation of output power acts as a function of cell
voltage,and is affected by different operating conditions. Also,
output [-V characteristics of the single cell model is observed
under various conditions of temperature (Ty) and solar
irradiation (Sy).The concerned simulations results are obtained
under MATLAB-Simulink environment and are given in
results and discussion section.

III.  ANALYSIS OF SYNCHRONOUS BUCK CONVERTER

The operation of synchronous buck converter with ZVS and
ZCS technique for reducing the switching loss of main switch
is described as follows [9]:

A. Modes of Operation

Mode 1: Before starting of this mode diode of S, was
conducting and at time t,, mosfet S, is turned on through ZCT
which is caused by the current passing through L,.In this mode
L, and C, are resonance with each other and it ends when diode
of S, stops conducting and when current through L, reaches I,.

1 - Io Z
tor = 3]sin (22)]
'Vcr (t01) = Ve
i(ty —t)) = Iy
t01 = 0.00834 H.S

@)

Mode2:L, and C, continue to resonate. At t; the synchronous
switch S, is turned on under ZVS. This mode ends when S, is
switched of'and ir, reaches its maximum value.

1 ViV,
o e G

iLr(tlz) = Irmax
Ver (t12) = Vire
t12 = 0.306 ‘U.S
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Mode 3: At the starting of this mode, i, reaches its peak value
iLmax. Since i, is more than load current Iy, the capacitor Cq
will be charged and discharge through body diode of main
switch S, which leads to conduction of body diode. This mode
ends when resonant current i; falls to load current I,. So current
through body diode of main switch S becomes zero which
results turned off of body diode. At the same time the main
switch S is turned on under ZVS. The voltage and current
expressions for this mode are:
I =1To; Ver = Vs Ve 1s some voltage which can found basing
on other modes
try = =|tan™? (—‘”"/’::‘Z) — sin™'(U,)]
ir(t3) = Iy
Ver (t23) = Vers
t,; = 0.1973 us

4)

Mode 4: In this mode, the main switch is turned on under
ZVS. During this mode growth rate of is is determined by the
resonance between Liand C.. The resonance process continues
and ipstarts to decrease. This mode ends when i, falls to
zeroand S; is turned off through ZCS. The voltage and current
equations for this mode are given by
I, (=0

1 IoZ
ty, = tan™! ( ‘er ) (%)
Vcr(t4-) = Vermax
t;, = 0.7922 us

Mode 5: In the previous mode, S; is turned off. The body diode
of S; begins to conduct because of discharging of C,. The
resonant current iy, starts increasing in reverse direction and



finally becomes zero. The mode ends when body diode of S, is
turned off.

te= L

45 =

i, (t—t,) = (V"Zﬂ) sinw(t — t,)
iy (ts) =0
Vor(ts) = Vira
t,s = 0.628 us
Mode 6: Since in the previous mode, body diode of S; is
turned off, the MOSFET S alone carries the current now. There
is no resonance in this mode and circuit operation is same as
conventional PWM buck converter.
is = Iy
i (t) = I
Ver(te) = —Vira

(©)

™)

Mode 7: At starting of this mode, the main switch S is
turned off with ZVS. The schottky diode D starts conducting.
The resonant energy stored in the capacitor C, starts
discharging to the load through the high frequency schottky
diode Ds for a very short period of time, hence body — diode
conduction losses and drop in output voltage is too low. This
mode finishes when C, is fully discharged.

I
Ver(t —tg) = Vg + c_(; ®)
VCr(t7) =0
t — rVCr4
67 10

te; = 0.47816 us

Mode 8: Before starting of this mode, the body diode of
switch S, is conducting. But as soon as resonant capacitor C, is
fully discharged, the schottky diode is turned off under ZVS.
During this mode, the converter operates like a conventional
PWM buck converter until the switch S; is turned on in the
next switching cycle. The equation that defines this mode is
given byl =I,.
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Figure 3. Mode 1

Figure 6. Mode 4
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Figure 7. Mode 5

Figure 8. Mode 6



Figure 9. Mode 7
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Figure 10. Mode 8

IV. SIMULATION RESULTS AND DISCUSSION

This section reveals the simulation results of PV array and
proposed synchronous buck converter model. The parameters
have been taken for simulation study is given in the appendix.

A. Results for PV Array:

Thel-V characteristics of PV array are plotted for different
values of temperature and solar irradiation in the fig.11 &
fig.12. Standard design approach shows that an increased
number of cells can provide a nominal level of usable
charging currents for normal range of solar insolations. In
fig.8 the zero current indicates the condition of open circuit,
so the value of voltage at that point gives the value of open
circuit voltage of the PV array. Similarly a zero voltage
indicates a short circuit condition; the current at this point is
used to determine the optimum value of current drawn for
maximum power. The value of the maximum current
increases for increase in temperature.

Yariation of power output with solar irradiation ( Tx = 303K )
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Figure 11. Variation of I-V characteristics of PV cell with Temperature.
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Figure 12. Variation of I-V characteristics of PV cell with Solar Radiation.

Fig.13 and fig.14 depicts the relationship between PV array
and output power of PV module for different values of
temperatures and solar irradiation. From this curve it was
ascertained that the maximum power decreases for increase in

temperature.
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Figure 13. Variation of Power output with Voltage at Different Temperature
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B. Results for synchronous Buck Converter

As stated above, in the proposed synchronous buck
converter the switching loss can be minimized by applying soft
switching technique such as ZCS & ZVS. This can be

explained as follows.
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Figure 15. Response of diode Current.
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Figure 17. Response of current through main switch MOSFET ‘S’
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Figure 20. Voltage across Switch S2

Figure 21. Current through Auxiliary switch S2

The voltage and current waveforms of MOSFET ‘S’in fig.
16&17reveals the zero voltage switching (ZVS), which means

the MOSFET is switched on when the voltage across MOSFET

The current and voltage waveforms of MOSFET ‘S,’ shown
in fig. 21 and fig.20 respectively for ensuring zero voltage turn
on (ZVT). The switching on MOSFET S, is occurring when
the voltage across it is zero. Hence it is said to undergo ZVT.
We observed that, the MOSFET S, is turned on according to

is zero, thereby causing zero power loss across MOSFET S’.
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Figure 18. Current through Auxiliary switch S1

The MOSFET °S;’along with resonant capacitor (C,) and
resonant inductor (L,) is used as an auxiliary circuit for causing
ZVS for MOSFET ‘S’. The waveforms shown in fig.18 and
fig.19describe the current and voltage across MOSFET °S,’
indicates the zero current turn off of MOSFET S’ (ZCT). It is
turned off by ZCT because of resonant inductor.
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Figure 19. Voltage across Auxiliary switch S1

the voltage waveform becoming zero. The corresponding

response of output current is shown in fig.22.
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Figure 22. Response of Output Current

C. Converter Design and its efficiency

The following parameters are considered for design:
Vou = 3 volts
ljoaa = 1 amps
Fow =200 kHz
Dutyratio (D) = Vi, / Voue =0.25
Assume Iijppie = 0.3*Lo5q (typically 30%)
The switching frequency is selected at 200 kHz.
The current ripple will be limited to 30% of maximum load

i) Buck Converter Design:
Pu=3watts 3V @ 1 a)
Inductor loss= 50 mW

Output capacitor loss= 4.5 mW
Input capacitor loss= 10.8 mW



Diode loss= 300 mW

MOSFET loss=80 mW

Total losses= 445 mW

Converter efficiency = (Po,/Poyt+Total losses)*100= 87 %
Here 60 % of total losses are mainly due to diode forward
voltage drop (0.4 V).The converter efficiency can be raised if
the diode’s forward voltage drop will be lowered.

ii) Synchronous Buck Converter Design

Pu=3watts BV @1 a)

Select N-channel MOSFET with R (ony = 0.0044 Q2, Use same
formulas for loss calculation.

Conduction loss= [4*Ry, on*(1-D) =15 mW
Main MOSFET (S)) loss= 10 mW

Resonant capacitor (C,) loss = 10 mW
Resonant Inductor (L,) loss= 50 mW

Output capacitor loss (C,) =4.5 mW

MOSFET (S»)=75 mW

Diode (D) loss= 5 mW

Inductor (L;) loss=20 mW

Total Losses = 190 mW

Converter efficiency= (3/3+0.190)*100= 94 %

From the above design consideration of both conventional
buck and synchronous buck converter, we found that the
efficiency of synchronous buck converter is more than that of
conventional dc-dc buck converter for same output power
rating. The relevant graphical representation is shown in fig.23
below.
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Figure 23. Converter Efficiency

V. CONCLUSIONS

The paper presents the use of smart PV energy system for
portable applications; especially to charge the batteries used in
mobile phones. For that a dc-dc synchronous buck converter is
introduced between PV system and load to meet the dynamic
energy requirement of the load in an efficient way. From the
study we observed that, the synchronous buck converter largely
increases the system efficiency by reducing the switching
losses through soft switching techniques. Consequently, the
studied system makes the device portable and cost effective.
The experimental results will be validated with theoretical
study on the proposed converter system in the future.
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APPENDIX -DESIGN PARAMETERS:

1) PV Array Module:

PM 648, 18 V, 21 watts. http://www.celindia.co.in

2) Converter Parameters:

L, 200nH
C, 0.20F
Cs 0.05nF
L 16.60H
Co 500pF
Rioad 30
Vou 3V
lo 1amps.
Ropon 0.004Q

3) Device Specifications:

Main MOSFET S IRF1312
Auxiliary Switch IRF1010E

Syn. Switch IRF1010E
Schottky Diode 1N5820.






