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Abstract—This paper presents a high voltage gain single stage
DC-DC converter based on the three-state commutation cell.
The presented converter operates with soft-switching ZVS mode
for all switches. The operation principle, project specifications,
and experimental results from a S00W prototype are presented
in order to validate the proposed structure. The results show de
soft switch commutation, reduced stress and high efficiency
(over 94%).

1. INTRODUCTION

Several applications, as UPS and motor drives, commonly
need to step and input voltage up, normally between 12V and
125V, provided from batteries and PV panels, to produce a
DC bus of 200V~400V, to feed the inverters [1]. In this
aspect, the conventional boost converter is not suitable, as the
high duty cycle used would lead it to instability. An alternative
is to use cascaded boost converters, but this solution leads to
low efficiency due to the high number of energy processing
stages [2]. Thus, in order to overcome these disadvantages,
some high voltage gain boost converters were developed, as in
[3-5].

Looking for a better efficiency and simplicity, some recent
structures focus the reduction of conversion stages, as can be
observed in [6-9]. Thus, this paper presents the study and the
physical implementation of a high voltage gain boost
converter, based on the three-state commutation cell, for
battery charging and to produce a 200V DC bus in a single
conversion stage, using PV panels. The system presents the
following specifications: input voltage of 24V, switching
frequency of 50kHz, output voltage of 200V, and load power
of 500W. On figure 1, it can be observed the circuit schematic
of the proposed topology.

This paper presents a new high voltage gain DC/DC
converter, as can be seen in Figure 1. The main advantage of
the proposed structure is the low voltage stress across the
switches, which is naturally achieved by the converter
characteristic, without the need of inserting an extra auxiliary
circuit for achieving ZVS operation. A single-stage converter
with high step-up gain then results, while an integrated system
with battery charging from a photovoltaic panel is also
obtained. The duty cycle allows the MPPT control and the
battery absorbs or delivery energy automatically according to
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the load condition and maintaining acceptable output voltage
regulation.

II. CONCEPTION OF TOPOLOGY

The bidirectional characteristic of the topology allows
either charging the battery from the PV array or feeding
VDC3. Besides, the use of resonant capacitors in the full-
bridge capacitors allows soft switching (ZVS) of the switches.
The integrated topology resulting from the boost full bridge
and three state switching cell is shown in Fig. 1. The main
advantage of this topology is the low voltage stress across the
active switches, low input current ripple and simplicity, what
results in higher efficiency [10-12].

Some high voltage gain topologies have three dc links as
shown in Fig. 2, where VDC3 feeds the inverter with a higher
voltage than that of the remaining ones. According to the
proposal, the battery bank and the photovoltaic panel can be
connected to the low voltage VDC1 or VDC2, depending on
the available voltage levels. Considering typical applications
under 2kW, battery banks voltage levels can be 12V, 24V or
48V (in order to avoid the connection of many units in series)
and photovoltaic panels can be arranged to establish a dc link
with voltage level equal to about twice that of the former link.

III. OPERATION PRINCIPLE

The presented converter has two operation regions, which
work both similarly. The duty cycle is applied on the lower
switches of each leg (S2 and S4), which operate in opposite
phase. The converter behavior and the operation region are
defined by the applied duty cycle. If the duty cycle is higher
than 50%, the lower switches work in superposition, and if the
duty cycle is lower than 50%, then only the upper switches are
superposed.

The converter presents six operation stages. The proposed
topology is formed by the an input inductor Ly, four
controlled power switches S1-S4, two rectifier diodes D1 and
D2, two three-state commutation cells T1 and T2, two
transformers Trl and Tr2, and four output capacitors C1-C4.
Figure 2 presents the theoretical waveforms. On the final
version, it will also be presented the detailed description of
each operation stage and characteristic equations.
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Figure 1. Proposed topology using a PV system.
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Figure 2. a) Conventional Architecture b) Proposed Architecture

As can be observed, the current through the input inductor
has a frequency two times higher than the switching
frequency, which characterizes the three-state commutation
cell behavior. This current is then equally divided between the
cell autotransformers, which leads to reduced current stresses.
The windings T3 and TS5 correspond to the transformer
primary side, which are responsible for both step the voltage
up, and to allow the switches to operate in ZVS conduction
mode, increasing the system efficiency.

First Stage [t, — t;] - This stage begins when S1 turns-off,
causing a current flow through the anti-parallel diode of
switch S2, allowing its turning-on in ZVS. At this moment, S3
was turned-off, and S4 turned-on. The current flowing through
the input inductor ‘I’ increases linearly and is equally
divided between the two switching cells, reducing the
associated stresses of the active semiconductors. The current
on the primary side T3 decreases linearly, while the current
through TS5 increases linearly. This stage ends when the
currents in T3 and TS5 reach zero, and the current through S2 is
equal to the one through S4.
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Figure 3. Main theoretical waveforms.

Figure 4. First Stage.

Second Stage [t; — t,] — At this stage, ‘I;\’ is still linearly
increasing and is equally divided through the commutation
cells. Also, all the rectifier diodes are reversely polarized. The
current through T3 and T5 remain null. This stage ends when
S4 turns-off.

Third Stage [t, — t;] — This stage begins when S4 turns-
off, causing a current flow through the anti-parallel diode of
S3, allowing its turn-on in ZVS mode. At this moment, S2 was
already turned-off. The current flowing through the input
inductor ‘Iy’ decreases linearly, while the current through T1
remains increasing linearly, and decreasing linearly in T2. The
current on the primary side T3 increases linearly, while the
current through T5 decreases linearly. This stage ends when
S2 is turned-on.
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Fourth Stage [t; — t;] — This stage begins when S3 turns-
off. As S2 is turned-on, the input current ‘Iy’, and
consequently through T1 and T2, increases linearly. Also, the
current through S3 increases and has its direction inverted.
The current through T3 linearly increases, while the one
through T5 decreases. This stage ends when theses currents in
T3 and T5 reach zero, and the current through S2 is equal to
the one in S4.

Fifth Stage [ty — ts] — This stage is similar to the second
one. At this stage, ‘I’ is still linearly increasing and is
equally divided through the commutation cells. Also, all the
rectifier diodes are reversely polarized. The current through

T3 and T5 remain null. This stage ends when S2 turns-off.

Figure 6. Third Stage.

STATIC GAIN

This section presents the graphics used to obtain the
converter static gain for two operation regions, as the
correspondent equations. From these equations, it can be
Figure 7. Fourth Stage. inferred that the duty cycle depends exclusively on the duty
cycle ‘D’, the transformer voltage relation ‘n’, and the
parameterized load current ‘a’. The static gain equations for
D>50% and D<50% are presented as follows.

2.n

G = +
PP (1-D) [(1-D)+a]
21D’

Gy, = .
P (1-D)| D* +a.(1-D)

4.nl,.L
g =Mloks

:

Sixth Stage [t; — tg] — This stage begins when S2 turns-off,
causing a current flow through the anti-parallel diode of S1,
allowing its turn-on in ZVS mode. At this moment, S3 was
already turned-off, and S4 turned-on. The current flowing
through the input inductor ‘I;\’ decreases linearly. The current
on the primary side T3 increases linearly, while the current
through T5 decreases linearly. This stage ends when these
currents through T3 and T5 become null, and the current
through S2 is equal to the one through S4. After this stage,
there is a new switching cycle, reinitiating from the first stage.

- The parameterized load current ‘@’ depends on the battery
voltage, the load current, the switching period, the transformer
Figure 8. Fifth Stage. relationship, and on the transformer leakage inductance ‘LS’.
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Figure 10 presents the curves relating the static gain (G) with
the duty cycle (D) for different values of (n).
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D=0.4 VI. EXPERIMENTAL RESULTS
D=0.3 . . . .
ar D=0.2 This section presents the experimental results obtained
from the converter operating in nominal power condition.
0 040 0.60 0.5a o Table I shows the prototype project specifications.
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Figure 11. Relation G x o for different values of ‘D’. Switching frequency Fs — 50kHz
Input voltage Vi =24V
Output volt Vou =200V
V.  SOFT-SWITCHING CONDITION R =
Load power Py =500W

This section presents the graphics with the minimum and Input inductance Liy = 100uH
maximum dead times necessary to obtain soft-switching Output capacitors €1, €2, C3 and C4 = 100uF
operation on the switches. Figure 12 shows the upper and | Transformer relationship on the (1:1)

. 1 .- . . three-state commutation cell
lower switches soft-switching condition varying with the —

. . Transformer relationship of Trl .
parameterized load current for different values of duty cycle. and Tr2 (1:14)

From this figure, it can be observed that the duty cycle
variation plays a small role on the commutation condition, in
comparison with the commutation duration.

Figure 13 presents the voltage waveform across the output
capacitors, where it can be noticed that the sum of each of
these voltages results in the output voltage.
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Figure 14 presents the voltage across the diodes D1 and : e e
D2 respectively, where it can be noticed that they both operate S S R
complementally, with no overvoltage and clamped in : : S

approximately 150V.

Figure 15 presents the current behavior from the input
current and through the switching cells, where it can be
observed the correct distribution of the current through T1 and
T2. In this way, the stresses on the active devices are reduced.

Figure 16 presents the voltage and the current through S1,
where it can be noticed the operation in ZVS mode. The
switch S3 presents the same behavior, though shifted from
180°. Figure 17 shows the detail from the commutation

operation over S1.

Figure 18 presents the voltage and the current through S2, AP N S
which is complementary to S1. The commutation detail can be S R E
observed in Figure 19. a T R & E
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Figure 14. Voltage across D1 and D2.
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Figure 15. Input current, and through the switching cells.

Figure 16. Voltage and current through S1.
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Figure 17. S1 soft-switching detail.
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Figure 18. Voltage and current through S2.

Figure 20 presents the efficiency curve relative to the
proposed converter, where it can be observed the high
efficiency achieved, approximately 94% for nominal load.

Ve T o
—“-'-*"-I"—“"*"*"""j’“““’"* 3o R
p
. r
e l : fere e

[ S .
o

- : i 1)Vs52 20 Vv 200ns. ]
2)1S2 2 A 200ns

. 3)GS2 5V 200ns

1 1 1 1 I 1 I

Figure 19. S2 soft-switching detail.
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Figure 20. Efficiency curve.

VII. CONCLUSION

A boost converter with high voltage gain was presented,
and its equations, operation principle, and main theoretical
waveforms were all detailed. The topology presents, as main
feature, a large voltage step-up with reduced voltage stress
across the main switches, important when employed in grid-
connected systems based on battery storage, like renewable
energies systems.

Experimental results obtained from a 500W prototype
validate the concept, with high efficiency along a wide load
range (>94%), and confirming the satisfactory performance
of the structures. Thus, the idea of integrating converters in a
single stage seems to be promising on the path to obtain
additional topologies feasible to photovoltaic and fuel cell
applications.

REFERENCES

Qun Zhao, Fengfeng Tao, Yougxaun Hu, and Fred C. Lee. “DC/DC
Converters Using Magnetic Switches”, in IEEE Applied Power
Electronics Conference and Exposition, 2001, APEC2001, Vol.2, pp.
946-952, March 2001.

[1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(]

[10

[12

2887

]

—

—

Qun Zhao and Fred C. Lee. “High-Efficiency, High Step-Up DC-DC
Converters”, in IEEE Transactions on Power Electronics, vol. 18, no. 1,
pp. 65-73, January 2003.

Yungtaek Jang and Milan M. Jovanovic. “A New Two-Inductor Boost
Converter with Auxiliary Transformer”, in IEEE Transactions on
Power Electronics, vol. 19, no. 1, pp. 169-175, January 2004.

P.J. Wolfs, “A Current-Sourced DC-DC Converter Derived via the
Duality Principle from the Half-Bridge Converter” IEEE Transactions
on Industrial Electronics, Vol. 40, No. 1, pp. 139-144, February 1993.

Roger Gules, L. Lopes Pfitscher, and L. Claudio Franco. “An
Interleaved Boost DC-DC Converter with Large Conversion Ratio”, in
IEEE International Symposium on Power Electronics, 2003. ISIE'03,
Vol.1, 9-12 June 2003, pp. 411-416.

K. C. Tseng and T. J. Liang, “Novel high-efficiency step-up converter”,
in IEE Proc. Electr. Power Appl., Vol. 151, No.2, March 2004, pp. 182-
190.

R. J. Wai and R. Y. Duan, ‘High-efficiency DC/DC converter with high
voltage gain”, in IEE Proc. Electr. Power Appl., Vol. 152, No.4, July
2005, pp. 793-802.

J. W. Baek. M. H. Ryoo, T. J. Kim, D. W. Yoo, and J. S. Kim, “High
Boost Converter Using Voltage Multiplier” , in IEEE Industrial
Electronics Conference, 2005, pp.567-572.

SILVA, R.N. A. L. E. ; HENN, G. A. L. ; PRACA. P. P. ; BARRETO,
L. H. S. C. ; OLIVEIRA JR, D. S. ; ANTUNES, F. L. M. . Soft-
switching interleaved boost converter with high voltage gain.. In:
Power Electronics Specialists Conference 2008, 2008, Island of
Rhodes. Power Electronics Specialists Conference, 2008. PESC 2008.
IEEE, 2008. v. V.1. p. 4157-4161.

Barreto, L. H. S.; Praga, P. P.; Oliveira Jr, D. S.; Bascopé, R.P. T;
"Single-Stage Topologies Integrating Battery Charging, High Voltage
Step-Up and Photovoltaic Energy Extraction Capabilities". Electronics
Letters (IET), v. 47, pp.49, 2011.

Barreto, L.H.S.C.; Praga, P.P.; Henn, G.A.L.; Camara, R.A.; Ranoyca,
N.A.L.S.; Oliveira, D.S.: High voltage gain boost converter battery
charger applied to PV systems. Applied Power Electronics Conference
and Exposition (APEC), Twenty-Sixth Annual IEEE, vol.,, no.,
pp.1526-1531, March 2011.

Barreto, L.H.S.C.; Praca, P.P.; Henn, G.A.L.; Silva, RN.A.L.; Oliveira,
D.S.: Single stage high voltage gain boost converter with voltage
Multiplier Cells for battery charging using photovoltaic panels. Applied
Power Electronics Conference and Exposition (APEC), Twenty-
Seventh Annual IEEE, vol., no., pp.364-368, Feb. 2012.



