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Abstract—Photovoltaic power conditioning systems
(PCSs) requires a high-boost ratio over wide-input-range
along with the isolation. This paper presents a hybrid
resonant half-bridge dc/dc converter for photovoltaic
power applications. This converter operates in a resonant
half-bridge converter (RHBC) mode when the input
voltage is higher than nominal input voltage. When the
input voltage is lower than the nominal input voltage,
the converter operates in a resonant boost (RB) mode in
which the resonant half-bridge circuit on the secondary
side boosts the secondary side resonant inductor current
to achieve high boost-ratio. As a result, the proposed
converter achieves high boost-ratio over wide-input-range
with simple circuit structures. Detailed analysis of the
converter operation is discussed along with the experiment
using 600-W prototype to confirm the theoretical analysis
and validity of the proposed converter.

Index Terms—Photovoltaic, resonant half-bridge circuit,
high step-up, wide input voltage range

I. INTRODUCTION

Global interest toward renewable energy is steadily
increasing. Among several renewable energy sources,
photovoltaic (PV) source holds the biggest portion of
the entire renewable energy due to its unlimited energy
source, no polluting factors, and both high power density
and efficiency [1-4]. In PV power systems, electrical
energy generated from PV panel is modified and collected
by PV modules. Grid-connected inverter then takes over
the energy and delivers it to the utility grid. Nowadays,
a module integrated converter (MIC) is setting the trend
since it enables each PV module to only handle individual
PV panel, which eventually weakens the mismatch prob-
lem caused by shadow effect [5—11].

Each PV module operates at both low and wide input
voltage range. Thus, the MIC is required to not only have
a high conversion ratio, but also have to handle the wide
input voltage range to support effective maximum power
point (MPP) tracking [12-14].

A resonant half-bridge converter (RHBC) [15-17] re-
ceived considerable attention among the single-phase
MIC topologies available for PV power systems due to
its small number of components, and its potential for
high efficiency. However, achieving high conversion ratio
for RHBC is difficult because it basically operates as
buck converter. Recently, a bridgeless structure based the
hybrid resonant converter has been introduced [18, 19].
It achieves high conversion ratio by operating PWM
resonant boost (RB) mode whenever the input voltage is
lower than the nominal input. However, it requires four

active power components on the secondary side.

In this paper, we propose a hybrid resonant half-bridge
dc/dc converter. Proposed converter operates in RHBC
mode when the input voltage is higher than the nominal
input voltage. Soft switching technique is applied to the
primary side switches to achieve high efficiency at this
mode. Otherwise, it operates in RB mode which boosts
the resonant inductor current by using the secondary side
resonant half-bridge circuit. Thus, the proposed converter
achieves the high boost ratio and high efficiency over
a wide input voltage range. Experimental prototype was
fabricated to validate the proposed converter.

The remainder of this study is organized as follows. The
mode analysis of the proposed converter is described in
Section II. Experimental results are presented in Section
III, and the conclusions are drawn in Section IV.

II. TOPOLOGY AND SYSTEM DESCRIPTION
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Fig. 1.

Circuit diagram of the proposed converter.

The proposing converter of this paper is shown in Fig.
1. This converter consists of a primary side half-bridge
circuit and a secondary side resonant half-bridge circuit,
which operates in two classified modes: RHBC mode and
RB mode.

Several assumptions are made to analyze the steady-
state operation of the proposed converter:
1) the input capacitors Cy, Cs, and the output capacitor
C, are large enough, so the input/output voltages have no
ripple voltage; Vo, = Ve, = Vé” because (' is set equal
to Coy;
2) both primary and secondary switches S1—S5, are con-
sidered as ideal switches parallel with their body diodes
and output capacitors;
3) the transformer 7" is an ideal transformer with primary
winding turns NN,, secondary winding turns N, and
magnetizing inductance L.
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A. RHBC mode analysis

When the input voltage is higher than the nominal input
voltage, the proposed converter operates in RHBC mode.
Primary side switches operate in duty-control mode with
constant phase of ¢ = 180°, including a short dead-time.
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Fig. 2. Equivalent circuits during half switching period in RHBC mode.
(a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.
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Mode 1 [tg, t1]: At time to, the voltage across S7 is
zero and the primary side current i,,; flows through Dg.
S is then turned on with zero-voltage-switching (ZVS).
During this mode, the secondary side voltage is nV;,, and
11, begins to flow through body diode Dgs. In this mode,
the state equation of the circuit can be written as

diLT (t) o an
LT‘T - 9 —‘/()-F’UCT(t), (1)
; 4 due, (1)
UL, (t) - CT dt ’ (2)

with iz, (to) = 0 and v, (to) = V,/2 + AV,,, where
AV, is the voltage ripple of the resonant capacitor.
Solving (1) and (2) then yields

iz, (£) = - sin [oo, (¢~ to)), 3

T

nVin
ve, (t) = Vo — 5 + 7y cosw,(t —to)], (4

where 71 = M + AV,, is the radius of the circular
path with the center at (Vo — 2%z, 0) as in Fig. 4. The
operating point moves along the trajectory curve from
Ay to B; as shown in Fig. 4, and the resonant angular
frequency w, and the characteristic impedance Z, are
given by

1
r = ) 5
w T C (5)
Ly
L =\ —=. 6
C, (0)

Mode 2 [tq, t2]: At time t1, Sy is turned off and the
current flows through both Cs; and Cgs, charging Csy
and discharging Cgo. After C'ss is fully discharged at time
ta, Dgo is conducted and the primary side current only
flows throuhg Dgs. The primary side voltage vj,; drops
from V2 to "2/1'" between t1 and t5. At this time, the
trajectory path approximately stays at point B; as shown
in Fig. 4.

Mode 3 [to, t3]: From time t5 to ts3, 75, which flows
through Dgs, continously drops to zero. When i, reaches
zero at time t3, vp,; becomes zero and v, reaches its
minimum value. During this interval, the primary current
only flows through Dgs, and the state equation of the
circuit can be written as

diL‘(t) ’IIVm

L,/ = —_ 1), 7
i 5 Vo +ve, (1) @)

. d’Uc.(t)
t) = —-C,——~=, 8
ir, (t) 7 (®)
with iy, (t1) =~ ir,(t2) = Zsine and v, () =~
ve,(t2) = Vo + % — rocosa, where a =

sinfl(% sin(m —w,(t1 —to))). Solving (7) and (8) yields

i, (t) = 2—2 sin [a — w, (£ — t2)], ©)
ve, (t) = Vo + nVin _ rocos [a — w,(t —ta)], (10)

where ro = % + AV, is the radius of the circular
path with center at (V, + nV;,, 0) as in Fig. 4. The
operating point moves along the trajectory curve from 5B
to Ay as shown in Fig. 4.

Mode 4 [t3, t4]: During this mode, both primary
side voltage and secondary side current are zero. The
magnetizing current from L,, is reflected to the primary
side, which holds the primary side current to have small
non-zero value. This current flows through Dgs, therefore
Sy is turned on ZVS at time ¢4. The trajectory path stays
at point Ao during this interval.

During the next half switching period, waveforms in
the circuit are similar to Mode 1—4.

B. RB mode analysis

When the input voltage is lower than the nominal input
voltage, the proposed converter operates in resonant boost
mode. Primary side switches operate with constant phase
of ¢ = 180° with constant duty-ratio D = 0.5 including
short dead-time.

Mode 1 [tg, t1]: At time tg, the voltages across Sy
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Fig. 3. Waveforms of the proposed converter in RHBC mode. G'1, G2,
G'3, and G4 represents the gate signals of Sy, Sa, S3, and S4
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Fig. 4. State-plane trajectory in RHBC mode.

is zero, and the current begins to flow through Dg;.
Thus, 57 is turned on with ZVS. On the other hand,
Dg, is conducted and S, is turned on with ZVS. Res-
onant inductor current iz, begins to flow from zero
and vc, begins to decrease from its maximum value.
During this interval, the input voltage source, the resonant
inductor, and the resonant capacitor form an equivalent
closed circuit which boosts the resonant inductor current
following the sinusoidal waveform. The state equation

(@

Fig. 5. Equivalent circuits during half switching period in RB mode.
(a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

corresponding to this equivalent circuit can be written as

diLr (t) B nVin
Lridt =~ + v, (1), (11)
. dvc, (t)
=—C,—=2 12
ir, (t) C i (12)

with iy, (to) = 0 and V¢ (tg) = V,/2 + AV,,.. Solving
(11) and (12) yields

i () = ;i sin [wy (t — to)], (13)
ve (t) = =T

+ 73 cos [wy(t — to)], (14)

where r3 = % + AV, is the radius of the circular
path with center at (—% 0) as in Fig. 7. Here the
operating point moves along the trajectory curve from A;
to B; as in Fig. 7.

Mode 2 [ty, t2]: At time ty, Sy is turned off. The
current on the secondary side then flows through Dgs.
During this interval, the input voltage source, the resonant
inductor, and the resonant capacitor form an equivalent
closed circuit, and the resonant inductor current goes
to zero following the sinusoidal waveform. The state
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equation corresponding to this equivalent circuit can be
written as

dip, (t
L/,‘ZLdiTt() =nVin — Vo +ve,, 5)
. dvc (t)
t) = —C, ) 1
ir, (t) = -G — (16)
with iz, (t1) = Z-sinf and ve, (1) = Vo — —"‘;"

r4cos 3, where 8 = sin_l(:—i sinfw, (t; — to)]). Solving
(15) and (16) yields

i, (8) = 2 sin [8 + w, (t =), a7)
nV;

VG, (t) = ‘/0 - 2m + 74 COS [ﬁ + wT(t - tl)]a (18)

where r4 = % — AV, is the radius of the circular

path center at (Vo — "V%, 0) as in Fig. 7. The operating
point moves along the trajectory curve from B; to As as
shown in Fig. 7.

Mode 3 [to, t3]: At time to, iz, = 0 and vc, is at
its minimum. During this interval, the current that flows
through S is i, reflected on the primary side, which is
almost zero. Thus, at time t3, switch S7 gets turned off
with nearly ZCS. Here, the trajectory path stays at point
Ao as shown in Fig. 7.

Mode 4 [t3, t4]: At time t3, Sp is turned off with
almost ZCS and enters the dead-time zone. During this
time, 71, appears as a current source to the primary side,
which charges Cgq while discharging C'go. After Cgo is
fully discharged, Dg- is conducted, therefore, S is turned
on with ZVS at time t4. The trajectory path still stays at
point A, during this interval.

During the next half switching period, waveforms in
the circuit are similar as with Mode 1—4.

III. EXPERIMENTAL RESULTS

Experiment using a 600-W prototype has been con-
ducted to evaluate the feasibility of the proposed con-
verter. The prototype was designed to operate within
input voltage range of V;,, = 45 — 75 V, output voltage
V, = 360 V, and rated output power P, = 600 W. At
the nominal input voltage Vjy, nom = 60 V, a full duty-
ratio is utilized in RHBC mode to maximize the power
conversion efficiency.

When V;,, = 75V, the converter operates in the RHBC
mode (Fig. 8). As S} is turned on, iy, begins to increase.
When S is turned off and Ss is turned on, iz, goes to 0
rapidly. When V;,, = 45 V, the converter operates in the
resonant boost mode (Fig. 9). While S, is turned on, the
circuit boosts the resonant inductor current following the
uphill part of the sinusoidal waveform. Then, the resonant
inductor current decreases following the downhill part of
the sinusoidal waveform.

The power conversion efficiency of the proposed con-
verter was measured for a range of input/load conditions
as shown in Fig. 10. The resonant boost mode efficiency is
measured by Yokogawa WT330 digital power meter and
the maximum value of the measured maximum efficiency
is 95.5 % while the CEC weighted efficiency is 94.7 %.
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Fig. 6. Waveforms of the proposed converter in RB mode.
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Fig. 7. State-plane trajectory in the resonant boost mode.

IV. CONCLUSION

In this paper, we propose a hybrid resonant half-bridge
dc/dc converter for wide-input-range PV systems. When
the input voltage is higher than the nominal input voltage,
the proposed converter operates in RHBC mode which
achieves a high efficiency by providing soft-switching
technique to all the switches. Otherwise, it operates in
RB mode that provides the step-up function by using a
resonant half-bridge circuit at the secondary side. It can
considerably extend the operating range of the converter
as well as reduce the development cost and product size.
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TABLE I
PARAMETERS AND COMPONENTS OF THE PROTOTYPE.

Parameters Symbols Value
Input voltage Vin 4575V
Nominal voltage Vin_nom 60 V
Output voltage Vo 360 V
Output power P, 600 W
Switching frequency fs 100 kHz
Resonant frequency fr 88.6 kHz
Transformer turns ratio Np:Ng 11:69
Magnetizing inductance Lm 2.33 mH
Resonant inductance L, 56.6 uH
Resonant capacitance C 57 nF
Primary side capacitance C1,Cs 1000 pF
Filter inductance Ly 200 pH
Filter capacitance Cy 10 uH
Components Symbols  Part number
Primary-side MOSFETSs S1 — Sa BSCO026N
Secondary-side MOSFETs S3, Sy UJC06505K
Transformer core T PQ3535
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Fig. 8. Experimental waveforms of the RHBC mode when the input
voltage is 75 V. (a) At half load. (b) At full load.

To confirm the validity of the proposed converter, 600-W
prototype was built and tested.
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