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Abstract—This paper proposes a dual-bridge (DB) LLC reso-
nant converter for wide input applications. The topology is an in-
tegration of a half-bridge (HB) LLC circuit and a full-bridge (FB)
LLC circuit. The fixed-frequency pulsewidth-modulated (PWM)
control is employed and a range of twice the minimum input volt-
age can be covered. Compared with the traditional pulse frequency
modulation (PFM) controlled HB/FB LLC resonant converter, the
voltage gain range is independent of the quality factor, and the mag-
netizing inductor has little influence on the voltage gain, which can
simplify the parameter selection process and benefit the design of
magnetic components as well. Over the full load range, zero-voltage
switching (ZVS) and zero-current switching (ZCS) can be achieved
for primary switches and secondary rectifier diodes, respectively.
Detailed analysis on the modulation schedule and operating princi-
ple of the proposed converter is presented along with the converter
performance. Finally, all theoretical analysis and characteristics
are verified by experimental results from a 120-V to 240-V input
24 V/20 A output converter prototype.

Index Terms—Dual bridge (DB), fixed frequency, LLC, wide
input voltage range.

1. INTRODUCTION

N many applications, power conversion circuits are required
I to operate with a wide input-voltage range. For example, the
output-voltage range of plug-in and battery electric vehicle (EV)
on-board chargers is wide (e.g., 200-450 V), which means the
input-voltage range of on-board dc/dc converters that condition
power between the high- and low-voltage batteries is wide as
well [1]-[4]. Therefore, developing a dc/dc converter with high
efficiency over a wide voltage range is necessary.

LLC resonant converter, which is capable of realizing soft
switching from zero to full loads and achieving high efficiency
and high power density, has become a research hotspot in re-
cent years [5]-[12]. Normally, conventional half- and full-bridge
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LLC converters work with variable frequency control. The op-
erating frequency range has to be extended or the inductor ratio
has to be decreased in order to obtain a wide input voltage
range [13], [14], which is very challenging to design and opti-
mize magnetic components [15]. This may cause many unde-
sired problems such as low power density and high conduction
losses. Therefore, the conventional LLC converter is not suitable
for wide input applications [14].

Combining the three-level circuit with an LLC resonant tank,
many types of three-level LLC (TL LLC) resonant converters
capable of achieving a wide input range have been proposed in
[16]-[21]. A simple TL LLC resonant dc/dc converter with only
one magnetic component is proposed in [16], which can achieve
a wide input/output range within a narrow frequency range be-
cause of the two-stage resonance. Different from the TL LLC
resonant converters with one resonant tank, the topology dis-
cussed in [17] is a TL LLC resonant converter consisting of
two half-bridge (HB) LLC series resonant converters in series,
but sharing the same resonant inductor and transformer. As an
extension of [17], another TL LLC converter with one resonant
tank is proposed in [18], where the resonant frequency is twice
as high as the switching frequency, decreasing the size of res-
onant components and increasing the power density. However,
the frequency variations of these aforementioned converters are
still relatively large, e.g., 88—150 kHz in [16], which is chal-
lenging for the optimization of magnetic components. By using
the new modulation strategies, a TL isolated FB LLC converter
that can operate at a fixed frequency is presented in [19], which
can operate in entire two-level or three-level modes depending
on the voltage range. However, a number of switches have to be
employed and the structure is complex. Jin and Ruan [20] pro-
posed a hybrid FB TL LLC converter capable of operating under
both three-level and two-level modes. Although this converter
can realize a wide voltage gain range with the fixed-frequency
control, two operating modes imply more sophisticated control
and not all the switches endure half of the input voltage under
the three-level mode. A fixed-frequency TL LLC converter with
auxiliary switches and windings on the secondary side is pre-
sented in [21]. However, additional windings are added on the
secondary side of the transformer and the secondary auxiliary
switches cannot realize ZVS turn-on.

Furthermore, some other types of LLC resonant converter,
which are suitable for wide input voltage applications are also
proposed. Hu et al. [22] proposed an LLC resonant converter
with two transformers, by operating in four different modes, the
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normalized dc voltage gain range can be as wide as four times
the minimum input voltage, but the parameter design proce-
dure is too complicated. A cascaded two-stage LLC converter
consisting of an interleaved boost converter and an FB LLC
converter for plug-in electric vehicles is discussed in [23]. Sim-
ilarly, in [24], a cascaded two-stage LLC converter consisting
of a boost circuit and an HB LLC circuit is introduced for fuel
cell application, which can help the LLC converter to operate
at a nearly constant resonant frequency over a wide input volt-
age range. But the boost stage operates in the hard-switching
manner, which increases the switching loss and hinders the im-
provement of efficiency. In [14], by integrating a two-phase
interleaved boost converter with an FB LLC converter, an in-
terleaved boost-integrated LLC resonant converter with fixed-
frequency PWM control is proposed. Although the regulated
gain range and the input current ripple can be extended and
reduced, respectively, the number of magnetic components is
increased, and the two boost inductors may have the problem of
uneven currents.

The topology in [25] is a dual-bridge (DB) pulsewidth-
modulated (PWM) dc/dc converter with ZVS, which can op-
erate over a wide voltage range and have a smaller output filter
inductor. Unlike the phase-shift FB PWM converter, this con-
verter can achieve ZVS at a fixed switching frequency with no
need for phase-shift control. However, the ZVS is realized by
utilizing the leakage inductance of the transformer. Therefore,
the ZVS range is limited and depends on the load condition.
Although the ZVS load range can be widened by increasing the
leakage inductance of the transformer or adding an external in-
ductor in series with the transformer primary winding, it results
in high loss of volt-seconds, thereby requiring the transformer
turns ratio to be compromised [26]. Moreover, the secondary
diodes have the problem of reverse recovery.

This paper proposes a fixed-frequency DB LLC resonant con-
verter for wide input voltage range applications. The topology
can be seen as a combination of the HB LLC converter and
the FB LLC converter. The output voltage is regulated by con-
trolling the percentage of operating time of the FB and HB
during a switching circle. This converter employs the fixed-
frequency PWM control, and the switching frequency equals to
the resonant frequency, which facilitates the design of magnetic
elements. Unlike traditional PFM-controlled LLC resonant con-
verters, the voltage gain range is independent of the quality fac-
tor Q. Moreover, the magnetizing inductor has little influence on
the voltage gain, which means that the parameter design process
can be simplified, and the magnetizing inductor can be designed
as large as possible to reduce the conduction loss. In addition,
all main switches and rectifier diodes are softly switched over
the full load range, which significantly decreases the switching
loss and the reverse recovery loss.

This paper is thus organized with Section II introducing the
topology and modulation schedule of the proposed DB LLC
resonant converter and Section III concentrating on the operat-
ing modes in the converter. Performances of the converters are
then analyzed in Section IV, before experimental results are pre-
sented in Sections V. Conclusions drawn are finally presented in
Section VI.
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Fig. 1. (a) Proposed DB LLC resonant converter. (b) Equivalent circuit when
the proposed DB LLC resonant converter operates in the HB mode. (c) Equiv-
alent circuit when the proposed DB LLC resonant converter operates in the FB
mode.

II. TOPOLOGY AND MODULATION OF THE PROPOSED
DB LLC CONVERTER

A. Topology Description

Fig. 1(a) shows the circuit diagram of the proposed converter.
The divided capacitors Ci, 1, Ciy2 and output filter C, are as-
sumed to be large enough, and thus, they are regarded as three
constant-voltage sources. C; —Cg are the junction capacitors of
power switches, and we assume C; = Cy = C3 =Cy = C5 =
Cs = Cogs. The three-element resonant tank is composed of
L,,C,, and L,,. The center-tapped transformer with a turns ra-
tio of Ny : Ny : Ny = n:1: 1. Switches Q1, Q9, Os, and Qg and
capacitors Ci,1, Ciyo constitute an HB, as shown in Fig. 1(b),
whereas switches Q1, Qs, O3, and Q4 compose an FB, as shown
in Fig. 1(c). Therefore, this converter can be seen as a combi-
nation of the HB and FB circuits. When the converter operates
in the HB mode, switches Q5 and Qg are on and Q3 and Qq
are kept off all the time. When the converter enters into the FB
mode, switches Q5 and Qg are kept off always. The LC resonant
frequency is denoted as f, = 1/(27V/L,.C,.).

B. Modulation Schedule

Fixed-frequency PWM control is adopted for the DB LLC
resonant converter, and the switching frequency f, equals to the
resonant frequency f,. Fig. 2 shows the operating waveforms of
the proposed converter. Switches Q; and Q, are operated with
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Fig. 2. Key operating waveforms of the DB LLC resonant converter.

the fixed 50% duty ratio. Switches Q3 and Qs are turned on
alternatively, and switches Q4 and Qg are turned on alternatively.
The duty ratio of Q3 and Q4 is D and that of Q5 and Qg is
1 — D. The variation range of duty ratio D is 0-0.5. In this case,
the variation of the input voltage is Viax @ Vinin = 2 : 1. When
the input voltage is at its minimum value V,,,,, the duty ratio of
Q3 and Qy is 50% and that of Q5 and Qg is 50% as well. Then
the converter operates like an FB LLC converter with 50% duty
ratio. When the input voltage reaches its maximum value V.,
the duty ratio of Q3 and Qy is 0, whereas the duty ratio of Qs
and Qg is 1-0% = 100%. In this case, the proposed DB LLC
converter operates the same as an HB LLC converter with 50%
duty ratio. When the input voltage changes between V,;, and
Vinax, the duty ratio of Q3 and Q4 changes between 50% and
0% and the duty ratio of Q5 and Qg is from 50% to 100%.

According to Fig. 2, it can be seen that switches Q5 and Qg
together play the role of a bidirectional switch. Theoretically,
for control brevity, the modulation schedule can be chosen as
Fig. 3(a) where Q5 and Qg are driven synchronously. However,
the switching frequency of Q5 and Qg in this case is twice as
high as that of other devices, and this is not beneficial to the
ZVS realization of Q5 and Q. Meanwhile, the drain—source
voltages of switches Q3 and Q, are different in Fig. 3(a) and (b).
For example, a voltage spike appears when the drain—source
voltage of Qy, i.e., Vis, changes from 0 to Vi, /2 during the
time interval 71—t if Q5 and Qg are driven synchronously
[see Fig. 3(a)], whereas it is free of ringing if Qs and Qg
are driven 180° out of phase with each other, as shown
in Fig. 3(b).

The reason for this phenomenon is explained in the follow-
ing. During the time interval #;—f» in Fig. 3(b), switch Qs is
conducting, the resonant current 77, discharges Cg, and Vg
increases until the body diode of Qg turns on, at the same time
Vasa is clamped to Vi, /2. However, since both Q5 and Qg are

A
Vo || Ve || Ve | =
Ves |_‘ d
o 1
Ves Vs | || Ves Ves | | Ves Vs '
Vasd "
:O.SViu in \ -
tit2 tste fr
(a)
A
o [ Ve [ Ve [
f

Vea [ ]
r
Ves |
r
1
r
Vasa| | v \
I W Losvl |
tits tste {
(b)
Fig. 3.  Two different modulation schedules with Qs and Qg being driven

(a) synchronously and (b) 180° out of phase with each other.

turned off, Cg and C5 are always being discharged and charged,
respectively, during the whole interval ¢, —#, in Fig. 3(a). Corre-
spondingly, Vis4 keeps on increasing to the input voltage, until
the driving signal of switch Q5 comes and Vg4 is clamped to
Vin/2. Tt is also can be seen that when Q5 and Qg are driven
synchronous, Q3 and Q4 endure a larger dv/dt, and Q5 and Qg
operate in a hard-switching manner.

Besides, when employing the modulation schedule shown in
Fig. 3(b), ZVS for switches Q5 and Qg is realized automati-
cally. During the transition from Q, off to Qg on (t;—t2), the
drain—source voltage of Qg goes to approximately zero and the
body diode of Qg conducts. Though the gate control signal of
Qs may have already arrived before the body diode of Qg con-
ducts, Qg will not conduct until the drain—source voltage of Qg
decreases to zero, and ZVS is realized automatically. The switch
Qs experiences the similar processes.

III. OPERATING PRINCIPLE OF THE PROPOSED

DB LLC CONVERTER

As shown in Fig. 2, the operating process of the proposed
DB LLC resonant converter can be divided into two half-cycles:
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Fig.4. Operating modes of the DB LLC converter with fixed-frequency PWM
control. (a) Stage 1 [y, #1]. (b) Stage 2 [t;, r2]. (c) Stage 3 [#2, 3]. (d) Stage 4
[t3, t4]. (e) Stage 5 [t4, t5].

to—t5 and 15—1¢. And there are five operating steps during half
a switching cycle. Since two half-cycles are symmetric, only
to—t5 is introduced and the corresponding equivalent circuits are
shown in Fig. 4.

Stage 1 [y, 1] [see Fig. 4(a)]: Q5 has been conducting before
this stage, Q1 and Q4 are turned on at #;. During this time
interval, the converter operates in the FB mode, and the resonant
tank voltage Vjp equals the input voltage Vi,. The primary
resonant current ¢y, is sinusoidal due to the resonance between
L, and C).. Because the magnetizing inductor voltage V7, is
clamped at nV,, where n is the turn ratio and V,, is the output
voltage, the magnetizing current ¢z, is increasing linearly. The

m
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rectifier diode D4 is conducting, and the difference between
i1, and ¢z, is transferred to the output stage.

To simplify the analysis, normalized variables are used in
the equations and expressions throughout the paper. Define the
voltage, current, and frequency bases as

Vease = Vin
Ipase = Z* (1)
fease = [fr

where the characteristic impedance Z, = /L, /C,.
Therefore, the normalized currents 77, ,%r,, , and the voltage
across the resonant capacitor Vi, can be expressed as

iy (0) =i} (0)cost + kysind
Vi (0) =1— M — kicosf +ij,(0)sind
i (0) =15 (0)+M0/m

@)

where the voltage gain M = nV,, /V,, the inductor ratio m =
Ly/L.,0 =wt,w =1/VL.Cr kg =1—M — V¢ (0),and
00 = Wy t(] =0.

Stage 2 [t1, t5] [see Fig. 4(b)]: Atty, Qy is turned off. During
this time interval, the primary resonant current 7, begins to
charge C, and discharge C3 and Cs. The drain—source voltage
of Qs is zero because it is kept conducting during this period.
When the drain-source voltage of Q, increases to Vi, /2, the
drain—source voltage of Qs decreases to zero and ZVS turn-
ON of Qg can be achieved until the driving signal comes. The
resonant tank voltage Vap during this time changes from Vj, to
Vi /2.

Stage 3 [to, t3] [see Fig. 4(c)]: Qg is turned on under ZVS
at fo, and Q1, QOs, and Dy are still in on-state. During this time
interval, the converter operates in HB mode and the resonant
tank voltage Vp equals to Vi, /2. The magnetizing voltage
Vy,,, 1s still clamped to the output voltage, and the magnetizing
current 77, keeps on linearly increasing. And the operation of
this stage is similar to stage 1, only the amplitudes of voltage
across the resonant tank are different. The normalized currents
iL, .11, , and the voltage across the resonant capacitor V¢, can
be expressed as

i; () =i} (61)cos (6 —6:)
+(1/2 =M = V¢ (61))sin (6 — 61)

Ve (0)=1/2—M—(1/2—M =V (61))
cos (0 — 01) +i; (61)sin (0 —6y)

iy (0) =1y (61)+ M(0—61)/m

where 01 = w,t; = Dym and Dy = 2D.

Stage 4 [ts, t,] [see Fig. 4(d)]: During this stage, the converter
is still operating in HB mode and the resonant current 7, equals
to magnetizing current 77, and the magnetizing inductor L,
starts to resonate together with L, and C, instead of being
clamped. The rectifier diode D 4 is turned off, with ZCS avoiding
the reverse recovery. Since output is separated from primary, the
power to the load is only supplied by the output capacitor C,,.
And the resonant current 47, during this stage can be called
circulating current [15], which is not beneficial for efficiency

3
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Fig. 5. Steady-state trajectory.

improving. And voltages and currents during this mode can be
described as follows:

iy, (0) =17 (03)cos (ko (0 — 63))
+ (1/2V5 (03)) kosin (ko (0 — 63))

Ve (0) =1/2— (1/2 =V (05)) cos (k2 (0 — 03))  (4)
+ky 'y (63) sin (ko (0 — 05))

i, (0) =1ip, (0)

where ky = 1/\/ 14+ m, 03=w,t3, and 0,=w, t,=m.

Stage 5 [ty, t5] [see Fig. 4(e)]: At the moment of 5, O and
Qs are turned off. During this dead-time interval, Cy, Cy, and
C; are charged by the resonant current and their drain—source
voltages increase. Correspondingly, Co and Cs5 are discharged
until their body diodes conduct and ZVS turn on for switches
Q- and Q3 can be achieved subsequently.

Fig. 5 shows the trajectory loci when mapping the normalized
resonant current and the resonant voltage to the state plane.
Ignoring the dead time, the start time of each stage is shown
in Fig. 5 and the six different operating steps of the converter
are denoted by mode I through VI. The circle centers of mode I
through VI are (1 — M, 0), (0.5 — M, 0), (0.5, 0), (M — 1, 0), (M
— 0.5, 0), and (—0.5, 0). Modes I and IV represent the stages
when converter operating in the FB mode, and modes II and V
represent the stages when converter operating in the HB mode.
The two partial ellipse trajectories of modes III and VI represent
the stages when the magnetizing inductor L,,, participates in the
resonance.

IV. CONVERTER PERFORMANCE ANALYSIS
A. DC Voltage Gain

The proposed DB LLC converter adopts the fixed-frequency
PWM control and the switching frequency equals to the resonant
frequency. According to [27], the voltage gain of the converter
can be calculated by using the fundamental harmonic approxi-
mation (FHA).

Based on FHA, the ac-equivalent circuit for the converter is
derived, as shown in Fig. 6. The ac-equivalent load resistance

Vo)

A0) o——|
C

Fig. 6. AC-equivalent circuit for FHA analysis.

A

O_Sii::.%:t %H [
oo |

Fig. 7. Voltage waveforms across the resonant tank and
inductance.

Yy

magnetizing

R, can be obtained as

8 2R0
Ry, = o, (5)

T2

According to Fig. 2, Vi p is a periodical function, which can
be expressed as

1, 0<0<2rD
Ve 0.5, 2rD <0< ©)
AB T g T<0<m+2wD

7

—0.5, m+2nD <6 < 2.

Using the Fourier decomposition, the normalized fundamen-
tal component of V5 (#) is given by

V10 — 6 cos 2w D i

Vips(0) = - in (0 + )
7
_ arctan 3 —cos2w D
L sin 27D

V¢ (¢) denotes the fundamental component of the output volt-
age referred to the primary side, which is given in (8), and the
voltage gain M is given in (9)

4 M sing ®)
s

M =

Vo _ \/10=6cos2rD/A. ©)
‘/ill

However, FHA considers the current and voltage waveforms
as pure sinusoids at the fundamental frequency and neglects
high-order harmonics. Therefore, the accuracy drops when the
current/voltage waveforms become more nonsinusoidal [28].
Meanwhile, the voltage across the magnetizing inductance is
considered as a square wave, but in reality, the voltage of the
magnetizing inductance V;,  distorts significantly, as shown in
Fig. 7. Thus, it is difficult to obtain its fundamental component.
As a result, FHA cannot predict the gain characteristics of the
DB LLC converter accurately, which means (9) is inappropriate.
Therefore, time-domain analysis is conducted in order to get
more precise gain characteristics [14].
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On the basis of odd symmetry, the ending values of iy, , iz, ,
and V¢, should be opposite to their initial values in steady state
over a half cycle, i.e.,

Ve (60) = =V (04)
i1, (00) = =iy, (04)
i, (03) =17, (03).

Besides, the average value of the difference between resonant
current 77, and magnetizing current¢;, over half a cycle equals

m

the output current. Thus, the output current can be expressed as

(10)

1/ . , SMQ
— 1 0)—1dp (0)do=1I; = 11
e R N O A I}
where the quality factor Q is defined as
27,
= 12
Q SR 12)

Ignoring the dead time and combining (2)-(4), (10)—(12), we
can obtain the steady-state equation set

iy (0) + cos(ka (65 — 03)) [7 (0)cosbs + kisinds
—sin (63 — 61) /2] + kosin(ka (64 — 63)) [M
—cos(f3 — 601) /2 + kycosts — i} (0)sinfs] =0
1/2+ Vg (0) — cos(ka (64 — 03)) [M — cos (65 — 61) /2
+kicosby — iy (0)sinbs] + ky 'sin (ko (0 — 63))
[i7. (0)cosbs + kysinfy — sin (03 — 61) /2] =0
i7 (0)(cosfs —1) + kysinfs — sin (0 — 61) /2 =M6s/m
kr (1 — cosfl3) + (cos(03 — 01) —1)/2+1i; (0)

(sinfs — 03) = M (63 /2m + 8Q/).

13)

By numerically solving (13), the characteristics of dc voltage
gain M versus duty cycle Dy (Dy = 2D) can be depicted for
different parameters (including the quality factor Q and the
inductor ratio m), as shown in Fig. 8. Fig. 8(a) plots the curves
of dc voltage gain M versus duty cycle D for different Q at m
= 4 and different m at Q = 0.3. In order to verify the accuracy
of numerical calculation, the simulation results with the same
parameters are presented in Fig. 8(a) as well. A full circuit of
the DB LLC resonant converter with open-loop control is built
and simulated with PSIM 9.03. The input voltage of the circuit
is 200 V, and the transformer turns ratio is 5:1:1. The resonant
tank parameters are shown as follows: L, = 11.6 uH and C, =
218.3 nF. The switching frequency f; is 100 kHz, which is
equal to the LC resonant frequency f,. It can be seen that the
numerical calculation results show a good agreement with the
simulation results. The dc voltage gain M remains unchanged
when the duty cycle Dy is 0 and 1, which means the voltage gain
range of the DB LLC resonant converter is independent of the
quality factor Q. Unlike the traditional PFM-controlled LLC
resonant converter, there is no need to consider the influence
of quality factor Q on the voltage gain range. Meanwhile, the
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Fig. 8. Gain curves for the DB LLC resonant converter. (a) calculated and
simulated results with different quality factor Q; (b) calculated results with
different inductor ratio m.
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Normalized switching frequency f

Fig. 9. Gain curves for conventional PFM-controlled FB LLC resonant
converter with different inductor ratios.

inductor ratio m has little influence on the gain characteristics,
as illustrated in Fig. 8(b), which is also quite different from the
conventional LLC converter with PEM control.

Fig. 9 shows the curves of dc voltage gain M versus normal-
ized switching frequency f (f = fs/f,) with different m. It can
be seen that for the conventional PEM-controlled LLC converter,
the inductor ratio m has a significant impact on the voltage gain:
the voltage gain decreases as the inductor ratio m increases.
For a wide input voltage range, in order to achieve high gain,
the inductor ratio has to be set to a small value, which leads
to high magnetizing current and then increasing the conduction
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Fig. 10. Curves of 3 versus duty ratio Dy with different (a) quality factor Q
and (b) inductor ratio m.

loss [22]. It is very challenging to design parameters within a
wide input voltage range while maintaining high efficiency. For
the proposed DB fixed-frequency PWM-controlled LLC con-
verter, however, because m has little effect on the voltage gain,
the inductor ratio m can be chosen as large as possible, which is
beneficial to parameter design and efficiency improving.

B. Parameter Design and ZVS Analysis

By numerically solving (13), the curves for 63 versus duty
cycle Dy for different quality factor Q or different inductor ratio
m can be obtained, where 63 represents the moment that resonant
current 77, begins to equal the magnetizing current iz . As
seen from Fig. 10(b), m has little influence on 3. However, in
Fig. 10(a), 05 rises with the increase of Q, which means the time
interval of stage 4 can be shorter when Q is larger. This is good
for reducing the conduction loss and improving efficiency.

The maximum (peak) resonant capacitor voltage (V,,) is
reached when the resonant current equals zero. An expression
for Vi, , can be found by substituting 7. (¢) = 0 into (2)

1 — M — kycos(arctan(—i; (0) /k1))

i, (0) sin(arctan(—izr (0) /k1)) (14)

Ve, =

By substituting the known value of M, ky, i} (0) and Ve (0)
into (14), the peak capacitor voltage can be obtained. Fig. 11
shows that the curves of V{, , versus duty cycle Dy for a different
quality factor Q can be obtained. From Fig. 11, we can see that
the peak capacitor voltage of resonant capacitor V¢, = increases

Fig. 11. Curves of calculated VC*”) versus duty ratio Dy with a different
quality factor Q.

TABLE I
COMPARISON OF FOUR CONVERTER TOPOLOGIES

Topologies FB LLC Hybrid FB Three-Level Proposed DB
Converter [29]  Three-Level ~ Fixed-Frequency LLC Resonant
LLC [20] LLC Converter Converter
[21]

Number of 4 6 6 6

switches

Number of 2 4 6 2

diodes (with

center-tapped

rectifier)

Number of 2 2 4 2

transformer’s

secondary

windings

Flying capacitor No Yes Yes No

Modulation PFM PWM + Phase-shift PWM
Phase-shift

Gain range Narrow Wide Wide Wide

Input range 300-400 V 200-400 V 400-650 V 120-240 V

Full-load 95% 95.1% 87.23% 94.1%

efficiency

Output Power 48 V/12 A 360 V/4 A 60 V/44.5 A 24 V/20 A

as Q gets larger. In order to reduce the circulating current loss,
a larger Q should be selected. However, the resonant capacitor
withstands excessive voltage stress when the quality factor O
is overlarge. Thus, a tradeoff must be made when selecting the
quality factor Q. A moderate quality factor Q of 0.65 under
full-load conditions is selected in this paper.

Once Q is decided, the resonant capacitor C, and reso-
nant inductor L, can be calculated by the formula of resonant
frequency and (12). The magnetizing inductor L,, can be ob-
tained if the inductor ratio m is decided. Since the inductor ratio
m has little influence on the voltage gain, it can be chosen as
large as possible to reduce the conduction loss. The ZVS is
realized by discharging the junction capacitor of MOSFET dur-
ing the dead time interval. Therefore, the current cannot be too
small. Meanwhile, as the m increases, the magnetizing current
will get smaller, which does not contribute to the realization of
ZNS. Therefore, when selecting the value of m, ZVS should be
considered as well.

As aforementioned, switches Q5 and Qg can automatically
realize ZVS. Therefore, only switches Q;—Qy4 need to be taken
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TABLE I ’E
COMPONENT LIST s
Sl
=
=
Components Parameters % ——t
Primary switches (Q, -0 ) SPW20N60C3 3 § -;_
Secondary rectification switches (D4 — Dp) IPPO45N 10N =~ g v I
Transformer turns ratio (N :Ny :No) 10:2:2 = _} t i
Magnetizing inductance (L, ) 170 nH = 3 f
Resonant inductance (L, ) 253 uH 22w 3 o l | 4 \ ~|
Resonant capacitor (C. ) 100 nF N g — lu-i e ———— [
Input capacitor(Ciy 1, Cin2) 220 uF g’. ~ 8:=3 ’_-.,\Ch4;f|_?n ~
Output capacitor (C, ) 7 x 680 pF in parallel :f\‘ i W/ E o J / o '\‘ .r'f
Dead time 400 ns 58 i\ bl e/ ol ’Y ‘\ur X
Bl ol ST T T T S P aadaaad
Lk t (5 ps/div)
(b)
into account. During the commutation process, the drain—source = R — . S
voltage of Q1 or Q5 always equals to the input voltage, the drain— O §
source voltage of O3 or Q, is the input voltage or half of the § '
input voltage. It is already known that the charge of the junction = | Chl:Vey Ch2:Vasa
capacitor proportional to its capacitance and the withstanding ;g Loyl ise 0 e 1 i O owy oo i o
voltage, and the characteristics of the junction capacitor of Q;— ~om L U a - 1
.. . =y AT 5077- O 7/ SO PUUER SOU0U DUUDE POIUN TONON T/
Q, are the same. Thus, it is harder for the switches Q1 and Q» = i Iﬁ. - . e
to realize ZVS, which means only Q; and Q> need to be con- 2Bk ] l' o e | o
sidered. Since the dead time is short, it is justified to assume S o L‘—-' ¥ 0 M |
. . . . . o § = Fras -,
that the junction capacitors are charged/discharged with con- aQ | 3;2-5, \ / ‘Cj‘k-’u‘ N\
stant current during the ZVS commutation time interval. The BRSNS \NA NS N/
minimal commutation current during the dead time interval can = AR TOSASTI .-k . S T
. v t (5 ps/div)
be calculated with ©
2Css Vi
P = \_/(\_/\/\/\./
n the premi f satisfying Z he in r rati i : .
On the premise of satisfying ZVS, the inductor ratio m is E “Chl:vg _ OV

selected as 7 in this research.

S

Visa
(5A/div)(200V/div)(100V/div)(200V/div)
1

C. Comparison of Four Converter Topologies

....;......,..C]_EB:V;[.S.._._............4..--{.....{...4-
A comparison of four converter topologies is illustrated in ) == 1] ;

Table I. As mentioned earlier, the conventional FB LLC con-

Vag

- P — e -
verter employs PEM control and the inductor ratio m has a b ~ 0=~ »._Cpét:fun_ ~
considerable effect on voltage gain. The value of m has to be set oK ) N/ \ ¥ [ A

/ N A \ F
s T L Ly

fLr
A

small when the input voltage range is wide, and small m will . L TR, =T
lead to higher magnetizing current and higher conduction loss. 1(5 ps/div)

Therefore, it is difficult to design and optimize the magnetic (d)

cqmponents Whe.n the input voltage range is wide. Compared Fig. 13. Measured steady-state voltage and current waveforms at full load with
with the conventional PFM controlled FB LLC converter, the  gifferent input voltages. (a) Vin = 120 V; (b) Vin = 130 V; (¢) Vin = 190 V;
proposed DB LLC resonant converter adopts fixed-frequency (d) Vi, = 240 V.
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Fig. 14.  ZVS waveforms of switches Q; and Q2 with the converter operating

at (a) full load with 120 V input, (b) full load with 240 V input, (c) 10% load
with 120 V input, and (d) 10% load with 240 V input.

PWM control and the inductor ratio m has little influence on
the gain characteristics, which signifies that a larger m can be
selected, resulting in lower conduction loss. Therefore, the DB
LLC resonant converter is a good candidate for wide input volt-
age range applications and is very beneficial to parameter design.

Ascanbe seen in Table I, compared with the DB LLC resonant
converter, the hybrid FB three-level LLC converter has two

B R R R R R S S PR
N AR i T
3 T chly, ;
Cnv, :
= P R e Ch3: VA];
e

(10A/div)200V/div) 100V/divX 10V/div)

e
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532
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(b)
Fig. 15. Experimental results of the DB LLC resonant converter with closed-

loop control in response to ramp changes in the input voltage Vi, . (a) Ramp
increase of the input voltage V;,, from 130 to 190 V. (b) Ramp decrease of the
input voltage Vj,, from 190 to 130 V.

more diodes and an extra flying capacitor. Besides, in order to
make the converter suitable for wide input voltage applications,
PWM and phase-shift control strategies are employed resulting
in two operating modes, which is a little complex. Although
the converter can operate under three-level mode, not all the
switches endure half of the input voltage.

The three-level LLC converter proposed in [21] applies the
phase-shift control between the primary and secondary sides of
the transformer to operate at a fixed switching frequency. To
improve the performance when the converter is applied to wide
input voltage variations, additional windings are added on the
secondary side of the transformer, which makes the circuit and
the configuration of the transformer more complex. And the flux
in the transformer will increase, resulting in higher core losses.
In addition, the secondary auxiliary switches can not realize
ZVS turn-on, which increases the switching loss.

V. EXPERIMENTAL RESULTS

An experimental prototype was built in order to verify
the operating principle and performance of the converter,
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Fig. 16.  Experimental results of the DB LLC resonant converter with closed-

loop control in response to step changes in the load. (a) Step increase of load
from light load to full load. (b) Step increase of load from full load to 10% load.

as shown in Fig. 12. The specifications of the converter
prototype are as follows: input voltage Vi, = 120-240 YV,
output voltage V, = 24 V, rated output power P, = 480 W,
switching frequency fs; = 100 kHz, and resonant frequency
fr = 100 kHz. Key parameters are listed in Table II.

Fig. 13(a)—(d) shows the waveforms of the voltage of resonant
capacitor V(, , the drain—source voltage Vg4 of Qy, the resonant
tank voltage Vap, and the resonant current 77, at full load
with different input voltages. Meanwhile, the values of f3 under
different input voltages are also given. When the input voltage is
120V, the converter operates in the FB mode, and the resonant
tank voltage Vap is a square wave. When the input voltages
are 130 and 190 V, the converter operates in the DB mode,
the resonant tank voltage Vg is a multilevel step wave and the
operating time of the FB decreases as the input voltage increases.
When the input voltage is 240 V, the converter operates in the
HB mode.

The drain—source voltage and gate driving signal waveforms
of Q) and Q- with 120 and 240 V inputs at 10% load and full
load are shown in Fig. 14. The drain—source voltage decreases
to zero before the gate driving signal comes, which means that
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Fig. 17. Measured power stage efficiency of the converter prototype for
different input voltages.

ZVS can be realized under the entire input voltage range and
load range.

In order to verify the dynamic performance of the DB LLC
resonant converter, Figs. 15 and 16 show the experimental re-
sults of the DB resonant converter with closed-loop control in
response to ramp changes in the input voltage and step changes
in load, respectively. Fig. 15(a) and (b) shows the dynamic re-
sponses as input voltage changes. As can be seen, the output
voltage V,, can be regulated to 24 V quickly after the input volt-
age changes, and the overshoot and undershoot for the output
voltage V,, are small, which means it can achieve good dy-
namic performance with respect to input variations under the
closed-loop control. In a similar way, Fig. 16(a) and (b) demon-
strate that the converter has good performance of the transient
response under load changes.

The efficiency of the converter versus output power for dif-
ferent input voltages is shown in Fig. 17. As can be seen, the
efficiency is lower when the input voltage is 180 V. This is
because when the input voltage is 180 V, the time interval of
the resonant current being equal to the magnetizing current is
longer, thereby leading to increased conduction loss.

VI. CONCLUSION

A fixed-frequency-controlled DB LLC resonant converter
with a wide input range has been proposed in this paper. In the
proposed DB LLC resonant converter, two operating modes (HB
and FB modes) are identified and utilized to regulate the output
voltage within a wide input voltage range. The modulation
strategy, operating principle and characteristics are investigated
in depth. Compared with a conventional PFM-controlled LLC
converter, the proposed DB LLC resonant converter adopts the
fixed-frequency PWM control. The voltage gain range is inde-
pendent of the quality factor Q and the magnetizing inductance
has little impact on the dc voltage gain characteristics. Thus, the
process of parameter design can be simplified and also a larger
inductor ratio can be chosen to reduce the conduction loss. The
structure and control strategy of the DB LLC resonant converter
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are simpler compared with conventional fixed-frequency TL
LLC resonant converters. The performance of the proposed
DB LLC resonant converter is experimentally verified on a
120-240 V input 24 V/20 A output converter prototype. All
primary-side switches operate with ZVS and secondary-side
diodes turn off with ZCS within wide input voltage and
full-load ranges. Also, good dynamic performance with respect
to input variations and load changes can be achieved under the
closed-loop control. Therefore, the DB LLC resonant converter
is a good candidate for wide input voltage applications.
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