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Abstract: This paper proposes a novel dual integrated LLC resonant converter (DI-LRC) with a wide
output voltage range using various switching patterns. The primary side of the proposed DI-LLC
converter consists of two resonant tanks and six switches, while the secondary side consists of a
six-pulse diode rectifier. Depending on the switching pattern of the primary switch, the DI-LRC
converter is performed by single full-bridge operation with a voltage gain of 1, series-connected
full-bridge operation with a voltage gain of 0.5, series-connected half bridge operation with a voltage
gain of 0.25, and parallel-connected full-bridge operation with a voltage gain of 2. Accordingly, the
proposed DI-LRC converter has four voltage gain curves with different variations and achieves a
wider output voltage range than the conventional single voltage gain curve in a given operating
frequency range. In this paper, the equivalent circuits derived for each switching pattern are proposed
to analyze the operating characteristics of the proposed converter according to each switching pattern,
and each Q factor and voltage gain are calculated based on the analyzed equivalent circuit. The
performance of the proposed converter and switching pattern is verified using the simulation and
experimental results of the prototype battery charger, which is designed to be 4-kW class.

Keywords: resonant converter; LLC converter; DI-LRC; battery charger

1. Introduction

Recently, the LLC resonant converter with high soft-switching performance, high efficiency,
and high power density has been widely researched as an attractive converter for battery chargers.
However, for conventional LLC resonant converters, a wide range of switching frequencies is required
to achieve a wide output voltage range, which makes the operating switching frequency deviate from
the LLC resonant frequency. If the operating switching frequency deviates from the LLC resonant
frequency, the zero current switching condition of the secondary diode rectifier is not satisfied or
produces a large circulating current associated with the magnetization inductance. This causes a sharp
reduction in the converter efficiency. Thereby, these LLC resonant converters always have a trade-off
relationship between output voltage and conversion efficiency and thus have limited potential for use
in applications requiring a wide output voltage [1-5].

In order to overcome the drawbacks of the LLC converter, research has been conducted on an
LLC resonant converter that can perform high efficiency operation with a wide input or output voltage
range [6-13]. Musavi et al. [6-9] has studied the optimal design of an LLC resonant converter for
a battery charger with a wide output voltage range. In addition, the works in [10,11] proposed a
technique for estimating the maximum efficiency point of the LLC resonant converter in battery charger
applications, However, this study [6-11] requires complex design methods for a wide range of output
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voltages. In addition, efficiency reduction is still inevitable when the converter is operated with the
switching frequency deviating from the LLC resonant frequency.

Studies have also been conducted on the new design of an LLC resonant converter to achieve a
wide range of input or output voltages while minimizing the range of motion switching frequencies of
the LLC resonant converter [12-14]. For example, in [13], an interleaved type of LLC resonant converter
with a hybrid rectifier was proposed. The primary side of this converter is connected in parallel with
two full-bridge-type LLC converters, while the secondary side of the transformer consists of series and
has a bridge rectifier or a central tab structure. In this case, switching frequency modulation techniques,
such as the conventional LLC resonant converter, can be used for boost operation, and fixed switching
frequency control and phase shift control for buck operation can be performed in order to achieve a
wide voltage gain within the variable, narrow switching frequency. However, the efficiency is still
reduced due to the increased primary circulation current during boost operation, and the phase shift
control method is additionally required during buck operation.

Wau, et al. [14] proposed an LLC resonant converter with a semi-active variable structure rectifier
(SA-VSR) through the modification of the secondary side of the conventional LLC resonant converter.
The LLC resonant converter with SA-VSR can achieve twice and four-times the output voltage of the
nominal voltage of the LLC resonant tank through duty control of the two auxiliary switches on the
secondary side. However, in this case, there is a restriction that the voltage gain of the LLC resonator
tank must be designed to be at least twice the voltage gain in order to have the ability to implement
a mode transition section between the two voltage gain curves and that the addition of the active
element on the secondary side makes control complicated.

This paper proposes a dual integrated LLC resonant converter (DI-LRC) with two LLC resonant
tanks on the primary side. The DI-LLC resonant converter can operate with single full-bridge operation,
series-connected full-bridge operation, series-connected half-bridge operation, and parallel-connected
full-bridge operation using six switches on the primary side. Thus, it can obtain output voltages of
0.25-, 0.5-, 1-, and 2-times the nominal voltage at the resonant frequency and also have four voltage
gain curves with different forms. Therefore, it is possible to achieve a wide output voltage range
with narrow switching frequency variations as compared to a single LLC resonant converter with
one voltage gain curve. In addition, simply changing the switching pattern does not require complex
control to achieve a wide output voltage, unlike the methods described by previous studies [6-14].

This paper is organized as follows. Section 2 describes the proposed primary and secondary
structure of the DI-LRC and introduces five switching patterns for a wide range of output voltages. In
addition, in order to analyze the operational characteristics of the DI-LRC according to each switching
pattern, an equivalent circuit is induced, and a Q factor and voltage gain are derived based on this
circuit. In Sections 3 and 4, simulations and experiments are conducted using a prototype 4-kW
battery charger to verify the performance of the proposed DI-LRC. Finally, Section 5 summarizes the
conclusions of the paper.

2. A Dual Integrated LLC Resonant Converter Using Various Switching Patterns

2.1. A Dual Integrated LLC Resonant Converter

The proposed DI-LRC consists of two single full-scale LLC converters sharing switches 53 and
S4, as shown in Figure 1. Switches S1~S4 configure the switch network for the first full-bridge LLC
converter, while switches S3~S¢ form another switch network for the second full-bridge LLC converter.
The second stage consists of rectifying diodes D1~D4 and D3~Dj for the first and second converter,
respectively. Diodes D3 and Dy are shared by these converters.
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Figure 1. The dual integrated LLC resonant converter circuit.

The proposed DI-LRC-converter can have various LLC resonant tank assemblies with two LLC
resonant structures and six switches. The various resonant tank assemblies, made from combinations of
different switching patterns, cause DI-LRC to have a wide voltage gain of 0.25, 0.5, 1, and 2, respectively,
at each resonant frequency point. These different switching patterns cause different voltage gain
curves, which can meet the required output voltage. For example, if a low output voltage is required,
the DI-LRC can be operated with a series-connected half-bridge converter with a voltage gain of 0.25,
while if a high output voltage is required, the DI-LRC is operated with a parallel-connected full-bridge
converter with a voltage gain of two. Therefore, DI-LRC can have a wide range of output voltages
with switching operating ranges in the vicinity of resonant frequencies and is thus considered to be
suitable for battery charger applications requiring a variety of battery charging voltage levels and high
efficiency operations [1-3,5].

2.2. The Switching Patterns of DI-LRC for a Wide Output Voltage Range

This paper introduces five different switching patterns of DI-LRC for a wide range of output
voltages. Switching Patterns 1 and 2 only use one resonant tank in the DI-LRC to obtain the same
voltage gain curve as the conventional single full-bridge LLC resonant converter. In Switching Pattern 3,
the voltage gain is 0.5-times the nominal voltage gain of the existing LLC resonant converter, since
DI-LRC is operated as a full-bridge connecting the two LLC resonant tanks in series. In Switching
Pattern 4, two resonant tanks are connected in series in a manner identical to Switching Pattern 3, but
they have a voltage gain of 0.25-times the nominal voltage gain, because of the half-bridge operation.
In contrast to Switching Patterns 3 and 4, Switching Pattern 5 has the highest voltage gain at twice the
nominal voltage, because it performs a full-bridge operation that connects the two LLC resonators in
parallel. Detailed mode analysis according to each switching pattern is as follows.

2.2.1. Switching Patterns 1 and 2: Single Full-Bridge Operation

Switching Patterns 1 and 2 perform the same operation as conventional single full-bridge LLC
converters, using only the resonance tanks of one of the two LLC resonance tanks, as shown in
Figure 2a,b. In Switching Pattern 1, switches S;, S5, and S¢ and switches Sy, S3, and S4 operate
complementarily at a 0.5 duty ratio to only operate the top full-bridge LLC converter. Conversely, in
Switching Pattern 2, switches Sq, Sy, and Sq and switches S3, S4, and S5 are operated complementarily
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to only operate the bottom full-bridge LLC converter. Therefore, Switching Patterns 1 and 2 operate on
the same principle, so this paper omits any analysis of the operation of Switching Pattern 2.
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(a) Switching Pattern 1 (b) Switching Pattern 2
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Figure 2. The current paths depending on the switching patterns (Patterns 1~4).

For Switching Pattern 1, +V, is applied to the upper LLC resonance tank when switches Sy, Ss,
and S¢ are turned on, while -V, is applied when switches Sy, S3, and Sy are turned on. Thus, for the
DI-LRC operating with Switching Pattern 1, it can be expressed as an equivalent circuit with a square
wave input voltage of V;,, as shown in Figure 3, and the input square wave v;,, ;. can be represented
using Fourier transform as follows.

4 .
Vi ge = ;Vm Z sin(nwt) 1)
n=1,3,5...

The response characteristics by the switching frequency of the LLC resonant tank affect only the
fundamental components of v;, ., and the fundamental component vin_acF is expressed as follows:

4 .
vin_acp = Evm sin(wt) )

The current flowing into the resonant tank is determined by the fundamental component vin_acp
of the input voltage and the characteristic impedance and can be expressed as follows:

ir(t) = Ly, peak sin(wt — ¢r) 3)

where I pe is the peak value of resonant current and ¢ represents the phase delay component of
resonant current. Meanwhile, since the input current i;, has the same waveform as the resonant current
i, before the half-cycle based on the switching half-cycle, the mean value of the input current i;, can be
calculated by integrating the resonant current during the switching half-cycle, as follows:

2 Ts/2 2
S
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Figure 3. Equivalent circuit for Switching Pattern 1.

As shown in Figure 4, an LLC resonant converter has a resonant current of a complete sine wave
when the switching frequency and resonant frequency are the same, with magnetizing current having a
triangular waveform. In (3), the peak value of resonant current is replaced by the RMS value as follows:

ir(t) = V21, pyys sin(wt — @r) @)

T, 37,2 27,
Figure 4. Resonant and magnetizing current waveforms at the resonant frequency.

For the current flowing through the magnetizing inductor, the switching half-cycle is subjected to
a positive voltage, and the negative voltage is applied for the remainder of the half-cycle, which can be
expressed as follows:

—In + 2, ifo<t<Z
im(t): (6)
In=P2(t=%), if 5 <t<T

where the peak value of magnetized inductor current I, must be continuous when t is Ts/2 at (6), so it

can be obtained as follows:
nV,Ts

4Ly,

@)

Iy =
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In practice, since the current supplied to the load is the current that passes from the primary to
the secondary side of the transformer, the relationship (8) can be obtained based on the mean of the
difference between the magnetizing current i,, and the resonant current ;.

In addition, since the resonant and magnetizing currents have the same value in times T,/2 and T,
they have the same relationship, as shown in (9).

1 (T2 nVoTs nV, v,
—_— 21, i t— - t|dt =

Ts/2f0 [\/_ rms SIN(@E = r) + Z7 = = ] 1R, ®

VT
\/Elr,rms Sin((Pr) = Trols (9)

4L,

Using (8) and (9), the effective value I ;s of resonant current can be obtained as follows:
Vo (42 + miR,2 1

Ir,rms = ~ (10)

4V2-n-R,

When the LLC resonant converter operates at resonant frequencies, the voltage and current
waveforms flowing to the secondary side of the transformer are as shown in Figure 5 and can be
obtained using Fourier series in the same way as on the primary side. The voltage and current peak
values on the secondary side of the transformer are as shown in (11) and (12), respectively.

1 . 4 1 .
Usec(t) = VE, Z Esm(na)t) = ;VU Z Esm(na)t) (11)

n=1.35... n=135...

Vo \/12714 + A8 4 R2T2

Isec = \/6 - (12)

241R,
¢ Vsec
- ‘.)sec
-2 e
Vvef'“:?’\\ I I 27N I I
Iy _7'._"'\\ ,."\\\ I
14 '§ i R\ '
‘r‘. Vi . /">
™ 7 W <1
=7/ =7 |
| "~ | =
T,/2 T; 3T,/2 27T,

Figure 5. Voltage and current waveforms at the secondary side.

When the output current is obtained using the secondary current as (13), the rectifier section and
load shown in Figure 3a can be modelled as shown in (14), using the secondary voltage and current of
the transformer.

s (T2 2
Io = T Lsec|sin wt|dt = —Igec (13)
sJ0 T
V. 8
Rac = Isec _ _ZRO (14)
sec TC

The final equivalent circuit of the DI-LRC, operated by Switching Patterns 1 and 2 through circuit
interpretation for the resonant tanks and rectifier section as shown above, can be represented as shown
in Figure 3b; where voltage gain M can be represented by the ratio of input voltage to output voltage,
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quality factor Q, the ratio of the magnetizing inductor to the return inductor m, and normalized
switching frequency F,.

M(Q,m, Fy) = |qo
_ F2m (15)
\/((m+l)-sz—1)2+Px2»(Px2—1)2-m2-Q2
VL, /Cy m — N, — — /5
where Q = Ra/cc,m:%,Rac—%'Niz Rmfr-#m/l:x—%

2.2.2. Switching Patterns 3: Series Full-Bridge Operation

The current pass of the DI-LRC operating with Switching Pattern 3 is shown in Figure 2c. Switches
51, 53, and S5 and switches Sy, S4, and Sg are operated complementarily at a 0.5 duty ratio, so that two
resonant tanks are connected in series to perform full-bridge operation. Therefore, input voltage is
applied to each LLC resonant tank by half. In contrast, at the output side of the DI-LRC, three diodes
turn on and have a parallel structure. Therefore, Switching Pattern 3 has an input-serial, output-parallel
structure, and the equivalent circuit for detailed analysis and for calculating voltage gain is presented
in Figure 6.

2C, L,/2
Fodfrn

vin_ac/ 2
e R RS Vou
[ & > ‘_

Figure 6. Equivalent circuit of Switching Pattern 3.

As shown in Figure 6, in an equivalent circuit, due to the series connection of two LLC resonance
tanks, the sizes of the magnetized inductor and resonant inductor are reduced by half, the resonant
capacitors have doubled, and the input voltage of V;,/2 is applied. Calculating the quality factor Qg3
and the voltage gain using the resonance components value of the equivalent resonance tank can be
achieved using (16) and (17), respectively.

(3-Lr)/(2-Cp) _1+L/C 1

Qsp3 = Roc ) Rac EQ (16)

F%-m
2\/{((m+1)1:;2;—1)2+F§-(F§_1)2.m2,(%Q)2}

The quality factor Qg3 of Switching Pattern 3 is halved as compared to the quality factor Q of
Switching Patterns 1 and 2, and under conditions of Fy = 1 with the same resonant frequency and
switching frequency, the voltage gain is also reduced to one-half. As the voltage gain decreases by half,
the resonant current and output current also decrease by half, as calculated by (18) and (19), respectively.

Msp3 =

(17)

2
I (%) Vo 4n? + 714R02 LT;ZZ (18)
ryms_sp3 —
4v2-n-R,

(3)- Vo (127t 4+ 5B iR 2T.2
24nR,

Isec_sp3 = \/3 (19)
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As a result, the output voltage and output current are halved, and the output power is eventually
reduced to 1/4 as compared to Switching Patterns 1 and 2. However, it is necessary to obtain a quality
factor and voltage gain under the same power condition considering that some applications require a
constant output current of a certain value, such as a battery charger. In order to operate at the same
power, taking into account the half-reduced voltage gain, the output current should be quadrupled;
as a result, the load resistance should be reduced to 1/4 as compared to Switching Patterns 1 and 2.
Therefore, the equivalent resistance R g3 ¢ and quality factor Qg3 ¢y, considering the same power,
can be expressed as follows:

8 Np? 1 1

Racfsp’jfcp = 7Z_ v (Z 'Ro) = ZRac (20)

1. VLG 1 VLG

= —- == =2- 21
QSP3_CP 2 Racﬁsp:ifcp 2 Ryc/4 Q ( )

In the equivalent circuit of Switching Pattern 3, the quality factor was reduced by half, but the
quality factor was doubled when the same power was taken into account. Therefore, the voltage gain
value was calculated again using (21) as shown in (22). At resonant frequencies, the converter has a
voltage gain of one-half the size of the voltage gain of Switching Patterns 1 and 2.

2
Fi-m

> v (o) e 20

Msp37cp = (22)

A comparison of the voltage gain curves of Switching Patterns 1 and 3 at the same power is
shown in Figure 7. When m is six and the quality factor is 0.4, the maximum voltage gain for Switching
Pattern 1 has a value of approximately 1.2, while that for Switching Pattern 3 is approximately 0.6.

1.4

Pattern 1

12 Pattern 3

Voltage Gain
s o 9
- (=} @ —

S
N

0
107! 10° 10
Normalized Switching Frequency

Figure 7. Voltage gain curves of Switching Patterns 1 and 3.

2.2.3. Switching Patterns 4: Series Half-Bridge Operation

As shown in Figure 2d, Switching Pattern 4 connects the LLC resonant tank in series, as described
previously in Switching Pattern 3; however, it always turns on switch S4 and turns on and off switches
S1 and S, complementarily as a half-bridge mode. Thus, for Switching Pattern 4, a quarter of the
input voltage is applied to each resonant tank. The secondary diode rectifier has a parallel structure in
which three diodes turn on, as shown in Switching Pattern 3. Therefore, DI-LRC has an input-serial
output-parallel structure and can be represented as an equivalent circuit, as shown in Figure 8.
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2C, L,j2

+ o (YYY\_, +—o
_I_

vin_ac/ 4
e g Reg Vo
@ & > ._

Figure 8. Equivalent circuit of Switching Pattern 4.

Switching Pattern 4 also requires an adjustment of the load to be analyzed based on the same
power as Switching Pattern 1. Switching Pattern 4 causes the series-connected LLC resonance tank to
enter half-bridge operation, so it has a 1/4 voltage gain less than Switching Pattern 1, thus reducing the
output voltage and current to one quarter. As a result, the output power is reduced to 1/16. For the
same power condition, the quality factor can be obtained as shown in (24) by reducing the resistance
by 16 times, as shown in (23).

Ruc_sp4_cp = ; ' N_S? ' (E ’ 0) = RRHC (23)
1 VLG
Qsp47cp ) Rac_sp4 =8-Q (24)

Under the same load condition, the quality factor in Switching Pattern 4 shows an eight-times
increase over that pf Switching Pattern 1, while the voltage gain shows a one-quarter reduction in

resonant frequency, as follows:
F2-m

4\/{((111 + D)2 =1 + B2 (B2 1) 2 (8- Q)Z}

(25)

Msp4_cp =

In Figure 9, the voltage gain curves of Switching Patterns 1 and 4 are compared when m is six and
the quality factor is 0.4. In Switching Pattern 4, the voltage gain is one-quarter at the resonant frequency.
The quality factor of Switching Pattern 4 has a value of 3.2 when that of Switching Pattern 1 is 0.4,
so it has a curve similar to that of the voltage gain curve of the series resonant converter. However,
as actual battery chargers charge the battery by fixing certain current values, the voltage gain curve
in Switching Pattern 4 may have a wider voltage gain than that shown in Figure 9 when charging
with an output current that is lower than 16-times the output current of Switching Pattern 1 (equal to

Switching Pattern 1).

1.4

Pattern 1
Pattern 4

—
~

Voltage Gain
[=J [=J [=J [=J
DR X o -

0
107 10° 10
Normalized Switching Frequency

Figure 9. Voltage gain curves of Switching Patterns 1 and 4.
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2.2.4. Switching Patterns 5: Parallel Full-Bridge Operation

The current pass for Switching Pattern 5 is shown in Figure 10. Switches S; and S5 are always
turned on, while switches S; and Sg and switches S3 and S4 are operated complementarily in order to
perform full-bridge operation connecting the two LLC resonance tanks in parallel. Therefore, each LLC
resonator tank has an input-parallel structure in which an input voltage V;, is applied, and the output
stage has an output serial structure in which only two diodes are turned on, making the secondary
side of the transformer and the load a series connection.

Lco[IRo AT loor,
™

3D, #Ds #Dg

Figure 10. Current path of Switching Pattern 5.

In the equivalent circuit of Switching Pattern 5, as shown in Figure 11, the magnetizing inductors
and resonant inductors in resonance tanks are twice the value of conventional single resonance tanks,
while resonant capacitors are half the value. In addition, an equivalent resonant tank is input with
twice the input voltage of a single resonant tank. Similar to Switching Patterns 3 and 4, which operate
the LLC resonator tanks in series, the Q factor is obtained using the resonance components’ value of
the resonant tank in Switching Pattern 5.

(2-Lr)/(3-Cr) VL/C,
Qsps = R =2 R,

2-Q (26)

C./2 2L,

+’_”_(Ym | '_|_

2vin ac
e Mg ReS Vo
@ & ® ._

Figure 11. Equivalent circuit of Switching Pattern 5.

In contrast to Switching Patterns 3 and 4, the quality factor of Switching Pattern 5 is doubled.
However, for Switching Pattern 5, as shown in Figure 12, the LLC resonance tank is connected in
parallel and performs a full-bridge operation, resulting in a voltage gain of twice that of the existing
single LLC full-bridge operation. This results in a four-times increase in power over a single LLC
full-bridge operation with twice the output voltage and output current. The load adjustment is required
to be analyzed under the same power condition as the previous switching pattern analysis.
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Pattern 1
Pattern 5
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107! ) 10°. 10!
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Figure 12. Voltage gain curves of Switching Patterns 1 and 5.

In Switching Pattern 5, load resistance R, _sps5_p and quality factor Qsps ¢, are as expressed in
(27) and (28), respectively, as the load must be reduced to 1/4 in order to compensate for a four-times
increase in power. In addition, the voltage gain of Switching Pattern 5 obtained under the same power
condition using (28) is equal to that using (29).

8 Np?
Rac_spS_cp = ; : _P2 : (4 : Ro) = 4Ry (27)
s
0 2 I/GC) ) VLG 1, (28)
PP Rﬂc_spS_cp B 4Rgc 2
2-F2-m

MspS_cp = (29)

\/{<(m + D)2 -1) + P2 (B2-1) - m2- (L Q)Z}

At resonant frequency points, it has twice the voltage gain of the existing single LLC full-bridge
operation, and at points other than the resonant frequency, it has another type of voltage gain curve,
because the Q factor is reduced by half. In Figure 9, the voltage gain curves of Switching Patterns 1
and 5 are compared when m is six and the quality factor has a value of 0.4. Operating the switching
frequency in an area below the resonant frequency with Switching Pattern 5 can result in a higher
voltage gain than twice the nominal voltage. Under conditions in which a high range of boost is
required, operating with Switching Pattern 5 can satisfy the high output voltage. However, under
conditions where voltage gains less than one are required, switching frequencies should be increased
to 10-times the resonant frequency, so Switching Pattern 1, 2, or 3 should be operated.

3. Simulation Results

The universal battery charger, which can apply the DI-LRC converter proposed in this paper,
had a wide voltage range from 12-96 V. Thus, the DI-LRC converter should operate near the resonant
frequency and be able to meet the wide range of output voltages required by the universal battery
charger. Since the universal battery charger had a nominal input voltage of 600 V when using a
power factor correction (PFC) rectifier with three-phase 380 V. as input, the input voltage range
was 575-600 V, and the nominal output power was 4 kW, so as to accommodate a charge current of
40 A from a 96-V battery, which required the highest charging voltage. Finally, the parameters of the
simulation and experiment carried out in this paper are presented in Table 1. In addition, simulations
were conducted so that the batteries were charged with an output voltage corresponding to each
switching pattern. For simulation purposes, the batteries used equivalent circuit models, R and C.
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Table 1. Simulation parameters.

Parameter Value Unit Parameter Value Unit
Input Voltage Range 575~600 \% Turn Ratio 14
Maximum Rated Power 4 kw Primary Turns 39 turns
Resonant Frequency 100 kHz Magnetizing Inductance 197 uH
Quality Factor 0.167 Inductance Ratio (m) 494
Resonant Capacitor 50 nF Dead Time 150 ns
Resonant Inductance 50 uH Switch Output Capacitance 115 pF

Figure 13 shows the simulation results of Switching Patterns 1 and 2 that charged the battery with
an output voltage of 48 V. (a), (b), and (c) of each simulated waveform represent the gate waveforms
G1, G4, Gy, Gs, and Gg3, Gg, respectively, of the switch. For Switching Pattern 1, as shown in Figure 13a,
switches 51, S5, and S¢ and switches Sy, S3, and S were switched complementarily, so the upper
LLC resonant tank operated as a single full-bridge. Similarly, for Switching Pattern 2, as shown in
Figure 13b, switches S1, S;, and Sg and switches S3, S4, and S5 were switched complementarily, so that
the lower LLC resonant tank acted as a single full-bridge operation and had an output voltage of 48 V.

a) Gate Signals G, G, (a) Gate Signals G}, G,

I TTTTITTITTTIITTT T T T e LG LT T T T T LT
) (b) Gate Signals G, G5 (b) Gate Signals G, G5
“-a-li”E”Zs”””””H” N R

(c) Gate Signals G, G4 (c) Gate Signals G3, G4

IIIIIIII‘\IGII‘I;,;IIIIIIIIIII S S e 6

(d) Input Voltage V;,

7!

¢

* i ] 3
(e) Voltage*0.05 and Current of S; Vin

) Resonant Current and Magnetizing Current of Resonant tank 1 @R t Current and Magnetizing Current of R t tank 2

i .
(h) Output Voltage Tm2

]
> -
12 () Output Current Y out
| !
* 60 | * ¥ |
" Tout i) P out
L [U) Power ou | 4»52 ’(J) ower . |
4K 3.5K
33K L 'TP'” . -] i | 0.00276 0.00278 \Pou! 0.0028 0.00282 ]
0.00274 0.00276 0.00278 Tize ‘S&).Cﬂlﬂ 0.00282 0.00284 Time (s)
(a) Switching Pattern 1 (b) Switching Pattern 2

Figure 13. Simulation waveforms of Switching Patterns 1 and 2.

At this point, the output current charging the battery was 80 A in both switching patterns, while
the output power was 4 kW.

Figure 14a shows the simulation results of Switching Pattern 3 with a half voltage gain of Switching
Patterns 1 and 2. As shown in the simulation results, switches Sq, S3, and Ss and switches Sy, S4, and Sg
were switched complementarily at a 0.5 duty ratio, and the two LLC resonance tanks were connected
in series to perform full-bridge operation. As a result, the output voltage was 24 V, with a voltage gain
of one-half as compared to the conventional single full-bridge operation. The charging current was
160 A while charging the battery at 4 kW, which was the same power as the previous switching pattern.

In the case of Figure 14b, S5 always turned on for one cycle, and only switches Sq, S3, and Sp
operated complementarily at a 0.5 duty ratio, so that the two LLC resonance tanks performed a
series-connected half-bridge operation. Accordingly, it had a quarter of the voltage gain of Switching
Patterns 1 and 2 and the lowest output voltage among the switching patterns at 12 V. In contrast to
the other switching patterns, in Switching Pattern 4, the output voltage was very low, and a large
current of more than 300 A flowed to the output stage under the same output power condition as
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other switching patterns. This increased the current stress and conduction loss of the secondary side
components. Therefore, for Switching Pattern 4, as shown in Figure 14b, the output current was limited
to 160 A and operated at 2 kW, half the existing power.
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Figure 14. Simulation waveforms of Switching Patterns 3 and 4.

Figure 15 shows the simulation results of Switching Pattern 5, which had the highest voltage gain
among any of the switching patterns. As shown in the simulation results, 5, and S5 always turned on

for one cycle, and Sy, Sg, S3 and S4 were switched complementarily at a 0.5 duty ratio so as to perform
full-bridge operation with two LLC resonance tanks in parallel. Accordingly, the DI-LRC had twice the
voltage gain of Switching Patterns 1 and 2, as well as an output voltage of 96 V. The output current was
about 40 A and operated with the same power as Switching Patterns 1, 2, and 3.
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Figure 15. Simulation waveforms of Switching Pattern 5.
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4. Experiment Results

In this paper, the characteristics of the voltage gain change according to the switching pattern of
the proposed converter were verified through an experiment on the 4-kW Class DI-LRC prototype
shown in Figure 16. The DI-LRC prototype was divided into the switching network, resonant tanks,
and diode rectifiers. Because the switching network had a wide switching frequency of 80-150 kHz,
the power switches, which were Microsemi Corporation’s APT405SM120], were used to operate at the
above frequency. The transformer had a turn ratio of 14:1, and the resonant inductor comprising the
resonant tank was composed using the leakage inductor of the transformer. The resonant capacitor
was used by connecting Icel’s film capacitor 100 nF in series to meet the design value of 50 nF. The
rectifier diode used Micro Commercial Corporation’s MF300C12F2, which had a short reverse recovery
time for high frequency switching. Finally, the controller used Texas Instruments’ TMS320F28335. The
DI-LRC received approximately 600 V with three-phase 380 V rectified and charges batteries with 12V,
24V, 48V, and 96 V using various switching patterns. The experimental parameters were the same as
the simulation parameters, and the output current charging the battery was limited to 40 A, accounting
for the current rating of the secondary diode, in order to perform constant current-constant voltage
(CC-CV) control.

Control Board SMPS
and Gate driver Input
600V
Switching Network
and Resonant
capacitor Batter:
y
(APT40M120J) (DC24)
Transformer Diode Rectifier
(MF300C12F2)

Figure 16. Configuration of the experiment system.

The experimental results of Switching Patterns 1 and 2 are shown in Figure 17. Figure 17a presents
the gate waveform on switch S, the current on the primary and secondary sides of the transformer,
and the secondary side voltage located in the upper resonant tank when operated with Switching
Pattern 1. Similarly, Figure 17b shows the gate waveform in Sy, the current waveform on the primary
and secondary sides of the transformer, and the secondary side voltage located in the bottom resonant
tank when operated by Switching Pattern 2. Comparing the two experimental waveforms yielded that
Switching Pattern 2 using the lower transformer further increased the circulation current through the
top switch, leading to increased conduction loss. As a result, it is preferable to use Switching Pattern 1
using the top transformer for 48-V battery charging.

Figures 18a,b each represent the experimental results of CC control and CV control in Switching
Pattern 1. In order to charge the 48-V battery, the DI-LRC started operating at approximately 190 kHz,
and a CC control of 40 A was performed at a switching frequency of 100 kHz. The input current at this
point was approximately 3.8 A. When the 48-V battery was charged to approximately 54 V, the results
indicated that it was reliably performed with CV control under CC control.



Electronics 2019, 8, 759 15 of 22

Primary side Current of A7 TELEDYNE LECROY
Trapsformer 1,iz;  SA/div Gate Signal , G; 1ov/ar¥l " Evarywiheryouiook

A 2 / v, 1
ca| [A M
T \\ \
s N~ N
Secondary side Current of Secondary side voltage of
Transformer 1, ir; s 20A/div Tiransformer Iy 20V/div

(a) Switching Pattern 1

Primary side Current of . . TELEDYNE LECROY
Transformer 2,7, , 5A/div Gate Signal , G, 10V/div ' Everywie W“‘““k
(< b /
S \y f;ir;\f;i\ [/
/ / i/
\ JN“ ‘ \ e
Secondary side Current of Secondary side voltage of
Transformer 25 it7 5 20A/div Fransformer2;vyy \ 20V+/div

ARARANARE
\/ e \/ i/ Tms\/m

(b) Switching Pattern 2

Figure 17. Experimental results of Switching Patterns 1 and 2.

Figure 19 shows the experimental result waveform of the DI-LRC operating with Switching
Pattern 3. Figure 19a shows the gate waveforms of switches S; and S, and the corresponding primary
side current of the transformer, while Figure 19b represents the secondary side voltage and current
waveforms of the top and bottom transformers.

As compared to Switching Patterns 1 and 2, the voltage and current ripple of the two transformers
was increased. This was caused by a fine parameter error between the two LLC resonant tanks, which
resulted in varying impedance to the resonance tank and a difference in applied voltage; this stemmed
from the difference in voltage applied to the primary side of the top and bottom transformers, with
varying impedance to the resonance tank due to a fine parameter error between the two LLC resonant
tanks. The energy exchange of the two resonant tanks due to this voltage difference caused ripple in
voltage and current. In Switching Pattern 3, the two LLC resonant tanks were connected in series, so
the current flowing to the upper and lower resonant tanks was inverted in phase. Figure 19¢,d shows
the CC-CV control results of a 24-V battery. The input current was about 1.5 A and charged the 24-V
battery at 40 A. When the battery voltage reached approximately 28 V, CV control was performed
reliably. Therefore, Switching Pattern 3 allowed the battery to be reliably charged with voltage gains
that were 1/2-times smaller than those of Switching Patterns 1 and 2 operating in a single full-bridge.
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Figure 18. CC-CV control experimental results of Switching Pattern 1.

16 of 22

Figure 20 shows the experimental results of the DI-LRC operating with Switching Pattern 4.
Figure 20a shows the gate waveforms of switches S; and Sy, as well as the resonant current waveforms
flowing to the top and bottom transformers. Figure 20b presents the secondary side voltage, as well
as the current waveforms of the top and bottom transformers, respectively. For Switching Pattern 4,
similar to Switching Pattern 3, DI-LRC operated two resonant tanks in series, resulting in fine parameter
errors between the two resonant tanks. Circulating current and current ripple occurred due to the
voltage difference on the secondary side of the transformer caused by parameter error. Figure 20c,d
respectively represent CC control and CV control waveforms when charging a 12-V battery. For
Switching Pattern 4, DI-LRC had an input current of approximately 1 A, and 12-V CC control was
performed with 40 A charging current. In addition, if the battery voltage is charged above a certain

voltage, a CV operation should be performed.
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Figure 19. Experimental results of Switching Pattern 3.
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Figure 20. Experimental results of Switching Pattern 4.
Figure 21 shows an experimental waveform when the DI-LRC operated in Switching Pattern 5.

Figure 21a represents the gate waveform of switches S; and S, and the transformer current accordingly.
Figure 21b represents the secondary voltage, as well as the current waveform of the upper and lower
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transformers. In Switching Pattern 5, because the two LLC resonance tanks operated in parallel, there
was no voltage imbalance between the two resonant tanks that occurred in the series structure, thus
reducing ripple phenomena. Figure 21c,d represent CC and CV control waveforms of 96-V batteries,
respectively, each with an input current of approximately 7 A and an output current of 40 A.
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Figure 21. Experimental results of Switching Pattern 5.
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Figure 22 shows efficiency graphs according to switching patterns and load condition. Aside from
Switching Pattern 4, the efficiency was measured based on 4 kW, while the efficiency was measured
by 2 kW in Switching Pattern 4. A single operating mode with Switching Pattern 1 had a maximum
efficiency of about 96.5% at a 1.2-kW load condition and tended to decrease with increasing load. By
contrast, Switching Pattern 3 had a maximum efficiency of about 93.5% at 40% load, while Switching
Pattern 4 had a maximum efficiency of about 93.5% at 60% load. In Switching Patterns 3 and 4, in
which two LLC resonant tanks were connected in series, the difference in voltage applied to the two
resonant tanks resulted in a circulating current between the resonant tanks. When the DI-LRC was
operated by Switching Pattern 5, a small current flowed into each LLC resonance tank, because the
resonance tank was connected in parallel. This indicated that DI-LRC operated with high efficiency
and had a maximum efficiency of about 96.5% for the 30% load condition.

98.00% 96.00%

96.00% 9a00% [
94.00%

92.00% |
92.00%
90.00% |
90.00%
88.00% |
$8.00%
86.00% |

86.00%

84.00% 84.00% ‘-

£2.00% : . . : . . . . : ! 82.00%
400W  200W  1200W 1600W 2000W 2400W 2300W  3200W  3600W  4000W 400W  B00W  1200W 1600W 2000W 2400W 2800W 3200W 3600W  4000W

(a) Switching Patterns 1 and 2 (b) Switching Pattern 3
56.00% 00%
94.00% 92.00%
92.00% s000% [
90.00%
88.00% |
88.00%
86.00%
86.00%
84.00% |
84.00%
s 8200 I AN SR (N A N SN N S
400W B00OW 1200W 1600W 2000W 2400W 2B00W 3200W 3600W 4000W 200W  400W  600W  800W 1000W 1200W 1400W 1600W 1800W 2000W
(c) Switching Pattern 4 (d) Switching Pattern 5

Figure 22. Efficiency depending on the switching patterns.
5. Conclusions

In this paper, a novel dual integrated LLC resonant converter (DI-LRC) with two LLC resonance
tanks was proposed. The proposed converter was a structure incorporating two LLC full-bridge
converters. Using the five switching patterns described, it could be operated on a total of four different
voltage gain curves, resulting in a wide output voltage range.

The equivalent circuits of DI-LRC were analyzed for each switching pattern, based on which
the quality factor and voltage transmission ratio were calculated according to each switching pattern.
In this paper, the simulation and experiment of a 4-kW battery charger were performed in order to
verify the performance of the proposed DI-LRC. When the DI-LRC was operated with a switching
pattern with a voltage gain of one at resonant frequencies, it had an output voltage of about 48 V and a
maximum efficiency of 96.5% in the 30% load condition.
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Meanwhile, Switching Patterns 3 and 4, with voltage gains of 0.5 and 0.25, respectively, at resonant
frequency had output voltages of 24 V and 12 V, respectively; Switching Pattern 3 had a maximum
efficiency of 93.5% at 40% load, while Switching Pattern 4 had a maximum efficiency of 93.5% at 60%
load. The DI-LRC had a comparatively low efficiency by the generation of circulating currents due to
the difference of impedance between two LLC resonance tanks connected in series when operated by
Switching Patterns 3 and 4. In contrast, when the DI-LRC operated in Switching Pattern 5, a relatively
low current flowed because the two LLC resonant tanks were connected in parallel.

As aresult, the DI-LRC showed a high efficiency overall and a maximum efficiency of 96.5% at 30%
load. When the DI-LRC operated with Switching Pattern 5, it had a voltage gain of two at a resonant
frequency and a 96-V output voltage. Based on these results, the proposed DI-LRC was verified as
suitable for the battery charger, which required high efficiency and a wide output voltage range.
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