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A Structure-Reconfigurable Series Resonant
DC-DC Converter With Wide-Input and
Configurable-Output Voltages

Yanfeng Shen, Member, IEEE, Huai Wang, Senior Member, IEEE, Ahmed Al Durra, Senior Member, IEEE,
Zian Qin, Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—This paper proposes a new series resonant DC-DC
converter with four configurable operation states depending on
the input voltage and output voltage levels. It suits well for the DC-
DC stage of grid-connected photovoltaic (PV) systems with a wide-
input voltage range and different grid voltage levels, i.e., 110/120
V and 220/230/240 V. The proposed converter consists of a dual-
bridge structure on the primary side and a configurable half- or
full-bridge rectifier on the secondary side. The root-mean-square
(RMS) currents are kept low over a fourfold voltage-gain range;
The primary-side MOSFETs and secondary-side diodes can
achieve zero-voltage switching (ZVS) on and zero-current
switching (ZCS) off, respectively. Therefore, the converter can
maintain high efficiencies over a wide voltage gain range. A fixed-
frequency pulse width modulated (PWM) control scheme is
applied to the proposed converter, which makes the gain
characteristics independent of the magnetizing inductance and
thereby simplifies the design optimization of the resonant tank.
The converter topology and operation principle are first described.
Then the characteristics, i.e., the dc voltage gain, soft-switching,
and RMS currents, are detailed before a performance comparison
with conventional resonant topologies is carried out. Furthermore,
the design guidelines of the proposed converter are also presented.
Finally, the experimental results from a 500-W converter
prototype verify feasibility of the proposed converter.

Index terms—DC-DC converter, series resonant converter,
reconfigurable structure, wide input voltage range, configurable
output voltage.

l. INTRODUCTION

The deployment of renewable energies, e.g., photovoltaic
(PV) and fuel cell, are becoming increasingly popular around
the worldwide. For instance, in 2016, the growth in solar PV
capacity was larger than any other form of generation; since
2010, costs of new solar PV have come down by 70% [1].
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Fig. 1. Structure of a two-stage grid-connected renewable energy
system [2]-[5].

In the literature, many different power conversion structures
can be found for the grid-connected renewable system, e.g., the
single-stage conversion, the two-stage conversion with a
pseudo dc-link, and the two-stage conversion [2]-[5]. Fig. 1
shows the typical structure of a two-stage grid-connected
renewable energy system [2]-[5]. Conventionally, the galvanic
isolation between the renewable energy source and the grid is
achieved by placing a bulky line-frequency transformer at the
output of the inverter. In medium and low power applications,
it has become a trend to include the isolation transformer in the
high-frequency dc-dc stage or inverter stage. Thus, the isolation
transformer volume can be shrunk significantly, and it can also
help to eliminate the leakage current of PV panels [3], [4].

Renewable energy sources, e.g., PV and fuel cell, feature a
wide range of output voltage. Thus, the interface dc-dc
converter should be capable of maintaining high efficiency over
a wide input voltage range [6]-[7]. Meanwhile, there are two
different mains voltage levels, e.g., 110 V/120 V and 220 V/
230 V/240 V, in different countries [8]. When connecting to a
220/230/240-V grid, the inverter typically has a dc-link voltage
of 340-400 V. However, for a 110/120-V grid, it is preferable
that the dc-link voltage is halved, i.e., 170-200 V; this way, the
reduced voltage and increased modulation index could help to
minimize the switching loss and output current harmonics of the
inverter [9], [10]. Therefore, the dc-dc converter should also be
able to configure its output voltage flexibly, e.g., either 340-400
V or 170-200 V.

Traditional forward/flyback converters with snubbers are
simple in topology, but the voltage stress of the primary
switches is high and thus low-voltage MOSFETSs with low on-
resistances cannot be used [6], [11], [12]. In the phase-shift full-
bridge dc-dc converter, the primary switches can achieve zero-
voltage-switching (ZVS); however, it suffers from great
challenges when operating in a wide voltage gain range, e.g.,
the narrow ZVS range for the lagging leg switches, duty cycle
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Fig. 2. Schematic of the proposed series resonant dc-dc converter.
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Fig. 3. Four structures in the proposed converter: (a) full-bridge inverter unit on
the primary side; (b) symmetrical half-bridge inverter unit on the primary side;
(c) full-bridge rectifier unit on the secondary side; (d) asymmetrical half-bridge
rectifier (voltage doubler) unit on the secondary side.

loss, large circulating current, and voltage spikes across the
output diodes [13], [14].

The LLC resonant converter has been widely adopted by
industries due to its excellent performance in efficiency and
power density [15]-[17]. Nevertheless, it is not able to handle a
wide range of input voltage; otherwise, the switching frequency
variation will be considerably large, and the transformer size
and the conduction loss will increase significantly [18], [19]. In
order to extend the input voltage range, many hybrid control
schemes and resonant circuit topologies have been proposed
[20]-[24]. In [20], a hybrid control combining the pulse-
frequency modulation (PFM) and phase-shift pulse-width
modulation (PS-PWM) is employed to the full-bridge LLC
resonant converter; the efficiency performance is improved
over a wide input range, but the control complexity is increased
significantly as well. In [21], the bidirectional switch is added
to the secondary resonant tank of a full-bridge series resonant
dc-dc converter, whereas in [22], a bidirectional switch is
placed on the primary side to form a dual-bridge LLC resonant
converter. The full-bridge diode rectifier of resonant converters
is replaced with a semi-active rectifier in [23]-[24]. All the
modified topologies can deal with a wide range of input voltage
while maintaining high efficiency; however, it is still difficult
to configure their output voltage over a wide range.

Thanks to the electric vehicle industry boom, an increasing
number of wide-output dc-dc converters emerge for battery
chargers [25]-[30]. Most of the topologies are modified LLC
resonant converter by altering the structures of the resonant tank
[27], [28] or the output rectifier [29], [30]. This way, high
efficiencies can be maintained over a wide output voltage range.
However, the input voltages in [25]-[30] are fixed, and these

topologies may not maintain high efficiencies when dealing
with both wide-input and wide-output voltages.

The main contribution of this paper is that a structure-
reconfigurable series resonant dc-dc converter which enables
wide-input and configurable-output voltages, is proposed [31].
Both the primary-side inverter unit and secondary-side rectifier
unit have two structures, and thus four structure combinations
can be obtained. The reconfigurability enables the proposed
converter with a fixed-frequency pulse-width modulation
(PWM) scheme to achieve low conduction losses over a
fourfold voltage gain range (from 0.5 to 2). Moreover, the
primary switches and secondary switches/diodes can achieve
ZV'S-on and zero-current-switching (ZCS) off, respectively. As
a result, this converter is able to maintain high efficiencies over
a wide input voltage range and at two configurable output
voltages. The proposed structure-reconfigurable SRC can be a
good candidate for both 110/120-V and 220/230/240-V grid-
connected renewable energy systems.

Il.  OPERATION PRINCIPLE OF THE PROPOSED CONVERTER

A. Topology and Operation Modes

The proposed universal series resonant dc-dc converter is
shown in Fig. 2 [31]. Compared with the conventional full-
bridge series resonant converter, two low-voltage switches Ss
and Se are inserted between the midpoints N and b, and the
rectifier diode D, is replaced with a low-frequency switch Se.
The voltage stress of Ss and Sg is only half of the input voltage,
i.e., Vin/2.

There are four configurable structures in the proposed
converter, as illustrated in Fig. 3. When Ss and Sg are turned off,
the primary-side switches S1—S4 form a full-bridge inverter unit;
when Ss and Sg are kept on and Sz and S are turned off, the two
switches S1—S; and the input capacitor Cini—Cinz constitute a
symmetric half-bridge inverter unit on the primary side. Thus,
the amplitude of the voltage across the primary transformer
winding, Uap, can be multi-level, i.e., #Vin, £Vin/2 and 0. For the
proposed converter, the magnetizing current is used to
charge/discharge the parasitic capacitances of primary-side
MOSFETSs such that a complete ZVS-on can be achieved. To
avoid an over-low peak magnetizing current and an incomplete
ZV'S-on, the voltage level of ua, being 0 is not preferable. Thus,
a two-level (£Vin and £Vin/2) resonant tank voltage Ua i
generated by adopting a fixed-frequency PWM scheme, as
illustrated in Fig. 4. With this modulation, both the full-bridge
inverter state and the symmetrical half-bridge inverter state
occur on the primary side during each half switching cycle (see
Fig. 4).

With regard to the secondary-side structures, when Sy is
turned off, a full-bridge rectifier occurs and the output voltage
Vo is equal to the amplitude of ucq; however, when S is kept in
the on state, an asymmetrical half-bridge rectifier, i.e., a voltage
doubler, can be formed and thus, the output voltage V, is double
of the AC amplitude of ucq. This implies that a low-voltage (LV)
or high-voltage (HV) output can be configured flexibly by
turning off or turning on Sy2. Therefore, the two operation states
are termed as the LV output mode and HV output mode,
respectively.
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Fig. 4. Key waveforms of the converter operating in (a) the low-voltage (LV) output mode and (b) high-voltage (HV) output mode, where the output rectifier unit is
configured as a full-bridge rectifier and an asymmetrical half-bridge rectifier (voltage doubler), respectively.

The key waveforms of the proposed converter in the two
operation modes are shown in Fig. 4. It can be noticed that the
main difference between the two operation modes lies in the two
voltage waveforms ug and ucr. In comparison with the LV
output mode, there is a voltage offset of V/2 for ucr and u, in the
HV output mode. The output voltage in the HV output mode is
double of that in the LV mode. Furthermore, both the current
ripple frequency and amplitude of the output capacitor C, are
halved in the HV output mode, leading to an equal output voltage
ripple in both modes.

B. Operation Principle

To simplify the analysis, the voltages and currents are
normalized based on

‘/I)CLSC = n‘/in (l)
Ibase = nv;n /Zr

where the characteristic impedance Z, = ,/LT /C. .
The quality factor @) is defined as

Z PZ
L ==L LV output mode
R, V2
Q= ¥ )
47 AP 7
L = —T HV output mode
R, V2

The voltage gain G is defined as

G=V,/(nV,) ©)

1) Low-Voltage Output Mode

In the LV output mode, the secondary-side switch S is kept
off, but its anti-parallel diode Do is used to form a full-bridge
rectifier with other three output diodes Do, Dos, Dos. The
voltage ripple across the resonant capacitor in this mode can be
obtain by applying the ampere-second balance principle

AV, =7GQ 4)
The initial resonant voltage equals to the valley voltage, i.e.,
Voo = AV, /2 =-7GQ /2 5)

Neglecting the deadtime, six stages can be identified over a
switching cycle. Due to the symmetry of operation, only the
first three stages over the first half switching cycle [0, #] are
detailed.

Stage 1 6<[0, ¢] (see Figs. 4(a) and 5(a)): Se has been
conducting before S, and Ss are turned off at #= 0. The negative
magnetizing current iLm begins to charge/discharge the output
parasitic capacitors of S1-Ss, i.e., Coss1-Cosss, SUCh that S; and Ss
can achieve ZVS-on. At this stage, the voltage across the
transformer, uas, equals to the input voltage Vin, and the inductor
current iy, rises sinusoidally from 0. The output diodes Do and
Dos are conducting, and the resonant tank voltage ucqs equals to
V. Thus, the normalized mathematic equations for the resonant
tank can be expressed as
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Fig. 5. Equivalent circuit of each switching state in the LV output mode: (a)
Stage I [0, 4]; (b) stage Il [¢, «]; (c) stage Il [, =]; (d) stage IV [=, +d]; (€)
stage V [n+¢, n+a]; (f) stage VI [n+e, 27].

iy, (0) = r;sin6
U, (0) =1—G — 1, cos® (6)
iLm(9> = [LmO +0 / m

where n, =1-G-V,, , and the inductors ratio

m=1L /L.

Stage Il f<[¢, ] (see Figs. 4(a) and 5(b)): At 6 = ¢, the
switch Sy is turned off, and thus the positive transformer current
ip charges/discharges Cosss-Cosss Such that Ss achieves ZVS.

During this stage, the transformer voltage ua, equals to half of
the input voltage, i.e., Uap = Vin/2. Thus, the inductor current i,

Fig. 6. Equivalent circuit of each switching state in the HV output mode: (a)
Stage | [0, 4]; (b) stage Il [#, a]; (c) stage Ill [e, =]; (d) stage IV [r, n+d]; (€)
stage V [n+¢, n+a]; () stage VI [n+e, 2n];

decreases sinusoidally. The output diodes Do1 and Do are still
conducting, and the voltage uc still equals to V,. The
normalized mathematic equations for the resonant tank can be
expressed as

i, (0) = i, (¢)cos(0 — @) + n,sin(0 — @)
U, (0) = i, ()sin(0 — 6) —rycos(6 —6) +1/2 -G (7)
i (0) = i, () + 6 / (2m)

where r, =1/2 -G — V().

Stage Il O<[«, 7] (see Figs. 4(a) and 5(c)): The inductor
current i.r decreases to 0 at & = «, and the rectifier diodes Do

0093-9994 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2018.2883263, IEEE

Transactions on Industry Applications

and Dos turn off with ZCS. Due to the unidirectionality of
diodes, reverse resonance is not possible. Thus, both the
resonant inductor current and the resonant capacitor voltage are
kept unchanged. However, the magnetizing inductor is excited
by uan, and therefore iLm increases linearly, i.e.,

i, (0) = ip, ()
ue, (0) = g, () (8)
I (0) = i, (@) + 0/ (2m)
During all the operation stages, the primary transformer
current ip can be always expressed as

ip = iLr‘ + iLm (9)

2) High-Voltage Output Mode

In the HV output mode, the secondary-side switch Sy is kept
in the on state. The voltage ripple across the resonant capacitor
can be calculated as

AV, =7GQ /2 (10)

The voltage offset for the capacitor Vcr gc is half of the

output voltage. Thus, its normalized initial resonant voltage is
VC7‘0 = VC’!‘ de — AVC’/‘ / 2=aG / 2— ﬂ-GQ / 4 (11)
Similarly, six stages are included during each switching
cycle by neglecting the deadtime. Due to the symmetry of
operation, only the first three stages over the first half switching
cycle [0, 7] are described. The primary-side switches operate in
the same way as in the LV output mode; the only difference
occurs on the secondary side which will be elaborated.
Stage | 6<[0, ¢] (see Figs. 4(b) and 6(a)): At this stage, Uap
equals to Vi, So2 and Dos are conducting, and the voltage Ucq
equals to zero. Thus, the normalized mathematic equations for
the resonant tank can be expressed as
iy, (0) = X\ sin@
g, (0) = 1— X cosf (12)
Z‘Lm(g) = ILmO + 0 / m

where A, =1 V,,.

Stage 1l O<[¢, o] (see Figs. 4(b) and 6(b)): After = @, Uap
equals to Vin/2, So2 and Dos are still conducting, and the voltage

Uca Still equals to zero. The normalized mathematic equations
for the resonant tank can be expressed as

i, (0) = i, () cos(f — @) + X, sin(6 — @)
Ue, (0) = iy, (¢)sin(0 — ) — A cos(0 — @) +1/2 (13)
i (0) = i (0) + 6/ (2m)

where A, =1 /2 -V, ().

Stage Il f<[e, 7] (see Figs. 4(b) and 6(c)): At €= ¢, the
inductor current i r decreases to 0, and Do4 turns off with ZCS.
It results in

Q) (14)

2 r
0=0.03 High-voltage
output mode
15 /é 0.64
o
=
< |
O] |
1=y — —
9 L@’ " Low-voltage
/ output mode
| Q=0.64
|
0.5 L
0 0.5 1.0 15 25

. 2.0
Duty ratio angle ¢ (rad)

Fig. 7. Characteristics of the voltage gain with respect to the duty ratio angle ¢
and the quality factor Q in the LV and HV output modes.

Ill.  CHARACTERISTICS OF THE PROPOSED CONVERTER

A. DC Voltage Gain

The initial magnetizing current in both the HV and LV
modes can be derived as
T4 ¢
4m
By applying the odd symmetry of the resonant voltage and

current to (6) — (14), the voltage gain G can be obtained for both
modes

31Q — 2+ (2 71Q)cosp + K y 1, LV output mode
8mQ) 2,HV output mode
(16)

where K = \jISWQ sin? ¢ + [37Q + 2 — (7Q + 2)cos ¢ .

The curves of the voltage gain with respect to the duty ratio
angle ¢ for different quality factors are shown in Fig. 7. As can
be seen, the voltage gain range is from 0.5 to 2 regardless of the
quality factor Q. In addition, it is seen that the dc voltage gain
of the proposed converter is independent of the inductors ratio
m, which is different from the conventional LLC resonant
converter. Thus, the magnetizing inductance can be designed
solely based on the ZVS conditions of MOSFETS.

In order to ensure the normal operation of the proposed
converter, the peak voltage across the resonant capacitor, Verpk,
cannot be higher than the output voltage V,. Then the boundary
conditions of normal operation can be obtained for both
operation modes

Ty = —

(15)

G:

Z. <2V? /(wP,)), LV output mode
Z < Vf / (27P)), HV output mode

Since the output voltage in the HV output mode is double of
that in the LV output mode, the boundary conditions in (17) are
the same for both modes.

0<2. (17)

B. Root-Mean-Square Currents

The root-mean-square (RMS) currents flowing through
S3/Ss and Ss/Se in both the LV and HV output mode are
calculated by
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factor Q. (a) Secondary transformer RMS current; (b) Primary transformer
RMS current.

_ Lo
— /ﬂfo 2 (0)do

6mi,, olmol,, o + 2mr(l — cos@) + ¢*] + 2¢°
+ 3mr(mre — [sing(mrcos ¢ — 4) + 4¢ cos @])

15347 rms

(18)

127m?

’1 T,
[S567r‘ms = 7‘/; lzp(e)de

™

Io[4Am(1 — cos 8) — 6*] + 61, o(2mI ., + 8)
+2mébI2, 5 + A28 cos§ — sin§(Amcos 6 + 2) + Amd)

3

m

2
67mm”

where I, , =i, (a), § = a—¢,and A = 2 (¢)+ 2.

Then the RMS currents flowing through the primary
transformer winding and Ss/S4 can be derived by

ILp7m5 = \/2[.2'3477‘%9 + 1356777%
(19)
ISlZ_Tms = [Lp_rms /\/5
With regard to the resonant RMS current, it is obtained as

5 7226 — cos 2[26 — cos
o /% [0 = \/azo 20+ 8 2]

However, the mathematical expressions of the RMS currents
flowing through Do1 and S, are different in the two modes:

I _ [ILI"V"HLS /57 LV Output mode
Dol _rms — 07 HV output mode
; B [ Iy, s /i3 LV output mode
So2 _rms I HV output mode

Lr _rms’
Both modes

(21)

ID034_7"ms = ILT_Tms /ﬁ?

o
o

45!

w

o

\
Y

Primary RMS current I, ms/n (A)

35! G=06 G=075&G=15
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>
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w
o
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w
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Fig. 9. Full-load RMS currents with respect to the characteristic impedance Z;.

Based on (19) and (20), the curves of the primary and
secondary transformer RMS currents Iy rus and lir rvs are
plotted in Fig. 8. It can be seen that the variations of the two
RMS currents with respect to the voltage gain G are small. This
means that the converter can achieve low conduction losses
over the entire voltage gain range of [0.5, 2].

When the load is fixed, the relationship between the primary
and secondary RMS currents and the characteristic impedance
Z, can be obtained, as shown in Fig. 9 (at full load 500 W). The
RMS currents drops with respect to the increase of Z; except for
the three special cases G = 0.5, 1, and 2 in Fig. 9(b). In order to
decrease the conduction losses, the characteristic impedance Z;
should be designed possibly large under the premise of the
boundary conditions in (17).

C. Soft-Switching

As aforementioned, the primary-side switches S;-Sg can
achieve ZVS-on. In practice, however, the realization of ZVS-
on requires sufficient charges to completely charge/discharge
the parasitic output capacitances of power MOSFETS Si-Se.
Since the operation of the primary-side inverter unit remains the
same for both the LV and HV output modes, the ZVS
characteristics in the LV output mode will be analyzed. Also,
due to the symmetry of circuit and modulation, only the
commutations during the half switching cycle 6 < [0, =] are
analyzed, as shown in Fig. 10. In order to quantify the required
amount of charges for each commutation mode, detailed state
analysis for the half switching cycle 6 < [0, «] is presented in
Table I, where Coss14 denotes the output capacitance of Si-Sp,
and Cossse represents the output capacitance of Ss-Se.
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TABLE |

REQUIRED MINIMUM CHARGE TO ACHIEVE ZVS FOR DIFFERENT SWITCH LEGS

Current | Charged/dis- Final Absolute charge Charge variation | Minimum charge
Commutation mode to achieve charged Initial voltage variation of a of a HB/T-type Qreq fOr ZVS-ON of
! voltage . .
ZVS capacitor capacitor leg all switches
HB Cossl Vin O VinC05514
Ieg Coss2 0 Vin VinCossi4 Vi Comss Qreql =
ZVS-on of S; and Sy | Coss3 0.5Vin Vin 0.5VinCoss14 max{ZVianssM,
(see Figs. 4 and 11(a)) Lno o ot 0.5Vin 0 0.5VinCossts Vin(Cosste Vin(Cossua+
}’e%e Coss 0 0.5Vin 0.5VinCossso +0.5Cass0) 0.5Cosss)}
Cossﬁ O O O
HB | Cosst 0 0 0 0
|eg Coss2 Vin Vin 0
Z\/S-on of Ss i (¢) T Coss3 Vin 0.5Vin 0.5VinCoss14 Qregtt = Vin(Coss1a+
(See FIQS 4 and 11(b)) P tyoe Cosst 0 0.5Vin 0.5VinCoss14 Vin(cossl4 O-5C05556)
?’epg Coss 0.5Vin 0 0.5VinCossss +0.5Cosss5)
CDSSG 0 0 0
9f 2 T L 0.6
vV /2 LL)C’;I LSgI Vi / o L?I LSl
n COSS5 in C 0 5
.| .
N P
Vinl2() ? 04
& 0.3
(@ (b) Z
Fig. 10. ZVS mechanism of primary-side switches. (a) ZVS-on of S; and S, at 302
t=0 (see Fig.4), (b) ZVS-on of Ssat t = ¢/ o, (i.e., €= ¢, see Fig. 4). Hard-Switching
0.1 Area
The ZVS-on of S1/S4 and Ss depends on the currents ILmo and u\
in(¢), respectively. The inductors ratio m has a direct impact on 0B :
.. 0.5 075 1 1.25 1.5 1.75 2
the peak magnetizing current Iimo (15), and therefore Gain G

determines the ZVS realizations of S1-S4. The current I mo can
be assumed to be constant during the deadtime interval tg which
is short compared to the switching period.

In order to achieve the ZVS-on of S;-Ss4, sufficient charge
should be provided during the deadtime interval, i.e.,

‘nlb(chLm() ‘ td = 7n1b(weILm0td > qr(qu (22)

Combining (15), (22) and Table | yields the selection criterion
for the magnetizing inductance L

V(w4 9)

tdn2 in
Sﬂ-qreqHIfr
GmQB — 4G) — 2] + 2
G(rQ —2)+2
As illustrated in Table I, the ZVS realization of Ss and Sg
relies on the currents ix(¢#) which can be expressed as

(23)

where ¢ = arccos

n’V,
Z'p(qﬁ) = I o+ @/ m4rsing (24)
The ZVS condit7ion of Ss and Se can be derived as
Z.p((b)td > Greqit
AMZ, Georr + thde(w —3¢) 21-G) (25)

=Q >
2rGmn*t,V, sin¢ G

Based on (25), the soft- and hard-switching areas of Ss and Sg
can be obtained, as shown in Fig. 11. It’s seen that the hard-

switching area is small compared with the soft-switching area.
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Fig. 11. Soft- and hard-switching areas of Ss and Se. The filled area represents
the hard-switching range, whereas the rest represents the soft-switching area.

D. Performance Comparison

The voltage gain characteristics of the conventional full-
bridge SRC and LLC resonant converter are shown in Fig. 12.
For the pulse-frequency-modulated (PFM) SRC, the light-load
gain range is narrow even within a wide normalized switching
frequency range f, € [1, 5], as indicated in Fig. 12(a). The PFM
LLC resonant converter has an improved gain characteristics.
However, the heavy-load gain range is still narrow (see Fig.
12(b)). In order to have a high full-load voltage gain peak, the
characteristic impedance has to be decreased, thereby resulting
in a wide frequency range and/or high magnetizing current and
conduction losses [18], [19], [28]-[30].

With the fixed-frequency PWM or phase-shift modulation
(PSM) control, the gain ranges of the conventional SRC and
LLC resonant converter are extended, as shown in Figs. 12(c)
and (d). However, the main issue is that the duty cycle variation
is wide. When the duty cycle D is small, the conduction losses
will rise and the soft-switching condition will be lost because
the magnetizing current is reduced significantly in this case, as
illustrated in Fig. 13. By contrast, both the RMS current and the
magnetizing current of the proposed resonant converter do not
vary significantly with respect to the gain G, as illustrated in
Figs. 8 and 13. Thus, the ZVS-on of MOSFETS can be achieved
and the conduction losses can be maintained low within a wide
voltage gain range [0.5, 2]. Furthermore, the voltage gain range
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Fig. 12. Voltage gain characteristics of the conventional full-bridge SRC and
LLC resonant converter. (a) SRC with PFM control; (b) LLC resonant converter
with PFM control; (c) SRC with PWM or PSM control; (d) LLC resonant
converter with PWM or PSM control.
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Fig. 13. Peak magnetizing currents with respect to the voltage gain G for the
proposed converter and the conventional full-bridge series resonant converter.

TABLE Il
CONVERTER PARAMETERS
Description Symbol Parameter
Input voltage Vin 30-60 V
Output voltage Vo 200/400 V
Switching frequency  f; 100 kHz
Rated power o 500 W
Primary switches S1-S4 IPPO23N10N5, TO220
S5—Se IPPO20NO6N, TO220
Secondary Do1, Do, Dos STTH3R06, DO201
diodes/switch So2 IPW65R110CFD, TO247
Transformer T Turns ratio: 4 : 27
Magnetizing inductance L,
=450 pH.
Resonant Inductor Lr 38.4 pH
Resonant capacitor C, 66 nF

of the proposed converter is independent of the inductors ratio
m, i.e., the magnetizing inductance L, does not affect the voltage
tage gain G. Hence, the design of L, and the resonant tank (L.
and C;) can be carried out separately, which is easier than the
conventional LLC resonant converter.

E. Design Guideline

Considering the voltage gain range of [0.5, 2] (see Fig. 7)
and the specified input and output voltage ranges (e.g., Vin €
[30 V, 60 V] and V, = 200/400 V), the transformer turns ratio
can be determined by

n=N_:N = Yo
’ ! G‘/in
In practice, n = 27 : 4 = 6.75 is designed for the transformer.
Unlike the conventional LLC resonant converters, the
voltage gain of the proposed converter is independent of the
inductors ratio m, and thus, the design of the resonant tank (L,
and C,) and the magnetizing inductance L, can be performed
separately. As analyzed in Section 111-B, the transformer RMS
currents decreases with respect to the increase of the
characteristic impedance Z; at a specific load. In order to reduce
the conduction losses, Z: should be designed possibly large on
the premise of (17). On the other hand, it is seen from Fig. 9
that the RMS current curves become flat when Z, exceeds a
certain value. However, a large Z, will lead to a high voltage
ripple for the resonant capacitor. Therefore, a trade off should
be considered in practice. Nevertheless, the design of L, and C;
should follow

= 6.67 (26)

==
QW‘fLrCT
2v2 V2 (27)
7 — |2 <m o, LV 0,HV
' r a 7TR),max ’ 2ﬂ—R),max

where Pomax iS the maximum output power, Vo v and Vopy
represent the output voltages in the LV and HV output modes.
In this paper, the switching frequency fs = 100 kHz, Po max = 500
W, Vorv = 200 V and Vonv = 400 V. Substituting the
specifications to (27) and considering the availability of
discrete resonant capacitors yield L, = 38.4 uH and C, = 66 nF.

As aforementioned, the magnetizing inductance affects the
ZVS conditions of primary-side switches. A smaller
magnetizing inductance facilitates the ZVS realization of S;-Sa,
but it also results in a larger magnetizing (circuiting) current,
and higher conduction losses. Therefore, the magnetizing
inductance should be designed possibly large under the
condition of satisfying the ZVS condition (23).

IV. EXPERIMENTAL VERIFICATIONS

A 500-W converter prototype has been built and its
specifications and key parameters are listed in Table Il. The
full-load (500-W) experimental waveforms of the proposed
converter in the LV (Vo = 200 V) and HV (V, = 400 V) output
modes are shown in Figs. 14 and 15, respectively. As can be
seen, the steady-state operation matches well with the analysis.
The proposed converter can deal with a wide input voltage
range (from 30 V to 60 V) in both LV and HV output modes by
changing the duty ratio angle ¢. When the input voltage is
between the range of (30 V, 60 V), e.g., Vin =40 V in Figs. 14(b)
and 15(b) and Vi, =50 V in Figs. 14(c) and 15(c), both the full-
bridge and half-bridge states appear on the primary-side
inverter unit. In both the LV and HV output modes, the primary-
side switches operate in the same way, leading to the same
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Fig. 14. Full-load experimental waveforms when operating in the LV output ~ F19- 15. Full-load experimental waveforms when operating in the HV output
mode, i.e., Vo = 200 V. (a) Vin = 30 V: (b) Vin = 40 V: () Vin =50 V; (d) Vip=  Mode, i.e., Vo =400 V. (@) Vin =30 V; (b) Vin = 40 V; (€) Vin = 50 V; (d) Vin =
e, ; ; ; B0V,

60 V.

current waveforms. However, the resonant voltage waveforms discontinuous mode. The ringing is caused by the resonance
are different in both modes: ucr has a dc offset of 200 V inthe  between the resonant inductor L, and the resonant capacitor C,
HV output mode, whereas the offset in the LV output mode is  in series with the parasitic capacitors (e.g., the intra-winding
zero. In addition, it can be noticed that there are high-frequency  capacitance of transformer, output capacitance of rectifier
oscillations in ucq when the resonant current i.r is in the  diodes, and stray capacitance of printed circuit board traces).
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Fig. 18. Efficiency with respect to the output power for different input and
output voltages (a) V, =200 V; (b) V, =400 V.

The measured transformer RMS currents at different input
and output voltages are shown in Fig. 16. As can be seen, the
RMS currents do not vary significantly with respect to the input
voltage. Thus, the conduction loss can be kept low over the
entire voltage gain range.

The soft-switching waveforms are shown in Fig. 17. Due to
the symmetry of topology and operation, the drain-source and
gate driver voltages of Sy, Ss and Se are given. As can be seen,
the drain-source voltage has decreased to zero before the
corresponding gate driver voltage applies, implying the ZVS-
on is achieved for MOSFETS.

The efficiency performance of the proposed converter is
measured under different conditions, as shown in Fig. 18. It
indicates that a high-efficiency power conversion can be
achieved over the wide voltage gain range from 0.5 to 2.
Depending on the input voltage Vin, the measured full-load
efficiency varies between 92.8 % and 95.4 % for the two output-
voltage cases Vo = 200 V and V, = 400 V. Notably, the
efficiency performance at Vin = 40 V and Vi, = 50 V is
deteriorated compared with that at Vi, =30 V and Vi, =60 V.

A power loss breakdown of the proposed converter is
performed at different input and output voltages, as shown in
Fig. 19. It is seen that the power semiconductor devices and
magnetic components are the main power loss sources. The
power loss distribution in the two cases Vo, = 200 V and V, =
400 V are almost the same except for Do1 and Sep. Therefore,
the measured full-load efficiencies at V, = 200 V and V, = 400
V are close in Figs. 18(a) and (b). However, as the change of
the input voltage Vin, €.9., Vin deviates from 30 V and 60 V, the
conduction losses of components become higher. Notably, the

0093-9994 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2018.2883263, IEEE

Transactions on Industry Applications

Vo =200 V
5 -
[
.
-V =40V
Al g
—~ V. =50V
3 in
3
w
O
w
wn
2
e
o
z
o
o

O T T NS T W SR SR N SRR S O
TN SR\ o O N NP RO
NN e S IR
(@)
Vo =400 V
5,
., -V
y -, -0
~
Z
33
172}
wv
2
52
2
o
a
1
0
o 3\\ Ry g;\y,\ S T ) & ;\\\ & s
R T o”;) & ARV
(b)

Fig. 19. Power loss breakdown at different input and output voltages (a) Vo =
200 V; (b) Vo =400 V.

off-switching losses of Sz and S4 are significantly increased
at Vin = 40 V and Vi, = 50 V, which results in the measured
efficiency drop in Figs. 18(a) and (b).

The issue of high off-switching losses can be alleviated by
taking the following precautions:

1) minimize the loop inductance by introducing the
capacitive layout [32] and/or replacing the in-line packages
(e.g., TO220 with lead inductance of 10-20 nH [32]) with low-
inductance packages (e.g., DPAK with a parasitic inductance of
2.5 nH, LGA with a parasitic inductance of 0.2 nH, GaN/px
with a parasitic inductance of 0.2 nH [33]) for the primary-side
switches;

2) reduce the turn-off gate resistance, increase the current
capability of gate driver and/or use wide-bandgap (WBG)
switches (e.g., GaN eFET [34] and GaN eHEMT [35]) to enable
faster turn-off and lower off-switching losses.

V. CONCLUSION

In this paper, a new fixed-frequency PWM controlled
structure-reconfigurable SRC is proposed for renewable energy
systems. The operation principle and characteristics are
analyzed in detail. The experimental results from a 500-W
converter prototype are presented to verify the theoretical
analysis. The proposed converter is able to deal with a wide
input voltage range and to configure its output voltage to be
compatible with both the 110/120-V and 220/230/240-V grid
voltage levels. The primary switches can achieve ZVS-on and

the secondary diodes turn off under ZCS. In addition, the
conductions losses do not vary significantly despite the fourfold
(from 0.5 to 2) voltage gain range. Therefore, the proposed
converter can maintain high efficiencies over a wide voltage
gain range.

Nevertheless, the primary switches Sz-S4 suffer from a high
turn-off current when the converter operates in the middle area
of the gain range. Therefore, the precautions of lowering the
switching loop inductance and enabling fast turn-off of switches
should be taken to reduce the turn-off losses.
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