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Abstract: In this paper, a dual-bridge DC/DC resonant converter with a generalized series
and parallel resonant tank is analyzed. A general approach based on Fundamental Harmonic
Approximation is used to find the universal steady-state solutions. The analysis results for
particular resonant tank configurations are exemplified with several typical resonant tank
configurations respectively. The corresponded soft-switching conditions are discussed too.
To illustrate the usefulness of the generalized approach, a dual-bridge (LC)(L)-type resonant
converter working in below resonance mode is designed based on the analysis results.
Finally, simulation and experimental plots of the design example are included to evaluate
the validity and the accuracy of the proposed analysis approach.
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1. Introduction

Since its introduction several decades ago, resonant DC/DC converters have drawn much attention
from both industrial engineers [1] and academic researchers [2—-9] and have been used in real applications
such as consumer electronics products and distribution generation. Different arrangements of resonant

tank have been examined to create nearly sinusoidal waveforms and soft switching operation, which in
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turn enable higher switching frequency and small converter size. Two main control methods, varying
frequency and fixed frequency phase-shift control, could be used to control power flow [1-7]. To realize
Zero-Voltage Switching (ZVS) in varying frequency control, above resonance or lagging mode operation
is preferred with the switching frequency higher than the resonance frequency. Naturally a wide spectrum
of voltage and current harmonics would be resulted, which may bring audible noise and high EMI.
Consequently the requirement for the design of all frequency-sensitive components including filters,
reactive components and magnetic devices would be strict and the total cost would rise. Fixed frequency
control of resonant converters, i.e., the so-called phase-shift control, which is limited to full-bridge type
resonant converter, suffers from asymmetric switching behavior in two switch legs. Half of the main
switches may lose ZVS at light load.

Another popular high-frequency (HF) isolated DC/DC converter reported in the literature is a
dual-active-bridge (DAB) converter [10,11], which is featured with simple phase-shift control, high
power density and bidirectional power flow. The bidirectional power transfer depends on the AC-link
inductor, which includes the leakage inductor of the HF transformer through fixed frequency phase-shift
control between two active bridges. Different switching strategies to limit output circulation current and
improve efficiency for DAB have been discussed extensively in the literature [12—18].

A dual-bridge resonant converter (DBRC) can be regarded as a DAB equipped with a resonant tank.
As seen in Figure 1, a DBRC includes the two active bridges across the HF transformer, which can be
implemented as either full bridge or half-bridge with different transformer structure types. Although
the inserted resonant tank has so many different configurations [3-5], the combination of a series Z
and a parallel Z, could represent most frequently discussed configurations in the literature. Both Z;
and Z, are interconnections of a number of inductors and capacitors. Through proper design and
arrangement, the leakage and magnetic inductance of the HF transformer might be integrated into the
resonant tank possibly. According to the hybrid structure, the DBRC inherits most features of both DAB
and conventional resonant converter. Similar to the DAB, the converter is able to provide bidirectional
power flow by simply varying the phase-shift between the two square-wave voltages generated by the
two active bridges. Due to the existence of resonant tank, most of the voltages and currents in the DBRC
have nearly sinusoidal forms. With many available options of the configurations of resonant tank, DBRC
would have more flexibilities to realize soft-switching operation.

Conventionally, two different approaches can be applied for the steady-state analysis of resonant
converters. (1) At the cost of complicated calculation, the differential equation or state-space approach
can give accurate results. When the number of reactive components is high, it would be quite difficult
to solve the resulted high-order differential equations and the close-form analytic solutions may be
impossible to obtain. (2) Compared with the first approach, frequency domain approach using Fourier
series analysis would be easier to implement. Based on the principle of superposition, a compromise
between the accuracy and the complexity can be manipulated by means of a proper selection of
the number of harmonics involved in the calculation. The so-called complex AC-circuit analysis
or fundamental harmonics analysis (FHA) can be regarded as a special case with only fundamental
component considered. In [19,20], a modified FHA is proposed for a dual-bridge series resonant
converter (DBSRC) with either resistive load or voltage source load. In this paper, the proposed modified
FHA approach would be applied for the steady-state analysis of a dual-bridge resonant converter with a



Energies 2014, 7 7917

generalized series-parallel resonant tank as show in Figure 1. The features that the paper tends to show
are listed as follows. The selected approach can be used for the steady-state analysis of a DBRC with a
generalized series-parallel tank. The obtained results could be used for the evaluation of soft-switching
conditions and a fast initial design. Furthermore, the general results can be applied for most of the
commonly used resonant tanks with minor modification.

Figure 1. A dual-bridge resonant converter (DBRC) with a generalized resonant tank
implemented in (a) full-bridge; (b) half bridge with split capacitor; (¢) half bridge with
both split capacitor and center-tapped transformer.
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This rest of the paper is organized as follows. The steady state in a DBRC with a series-parallel
resonant tank is analyzed by a modified FHA approach at first. Switch stresses and soft-switching
conditions are derived. Then the general analysis results are discussed for several particular
configurations of resonant tanks respectively. A design example using an (LC)(L)-type resonant tank
is given based on the analysis results. Verification is performed by means of both PSIM simulation and
actual experimental tests.
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2. Steady-State Analysis in Frequency Domain

In this section, the modified FHA approach would be used for the steady-state analysis of DBRC
with a series-parallel tank. Although the FHA is equivalent to the fundamental version of Fourier series
approach, it presents the results using a unique view angle from the load side to include the effects
of secondary active switching. FHA is also easy to calculate and suitable for quick estimations of

steady-state parameters and a fast initial converter design.

2.1. Assumption and Notation

To simplify the analysis process, all switches, diodes, inductors, capacitors and the HF transformer
in the converter are assumed to be ideal and lossless. Snubber circuit effects are neglected too. For
convenience, all quantities located on the secondary side of the HF transformer have been transferred
to the primary side, which are marked by the apostrophe. Additionally, all quantities presented are

normalized with the base values below:
Ve =V Zg = R{;; Iy = VB/ZB (1)

where R = n? x (V2/P,) = n? x Ry is the primary side reflected equivalent full load resistance, Rg
is the full load equivalent resistance (it may not exist physically if the load is another voltage source,
but it can represent the load level), n, is the HF transformer primary-to-secondary turns ratio. P, is the
rated full-load output power, V; is the input DC voltage. The normalized reactance of Z; and Z, in the

resonant tank are defined by:
sz,pu = sz/ZB§ jXp,pu = jXp/ZB 2)

where X and X, are the fundamental reactance of the series resonant tank and the parallel resonant tank
respectively. Although X, is inductive in most of published papers, both X ,, and X, ,, can be either

inductive or capacitive in this paper.

2.2. Modified Fundamental Harmonics Approximation

As a simplified version in frequency domain approach, only the fundamental components of all
voltages and currents are considered in FHA. The rationale originates from the nature resonance
phenomena, i.e., most voltages and current are nearly sinusoidal. Thus, to neglect the effects of
high-order harmonics would not reduce the accuracy too much. The typical steady-state waveforms
of several important voltages and currents are shown in Figure 2.
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Figure 2. Typical steady-state voltages and currents in a DBRC with phase-shift

modulation control.
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It is seen that both vsp and v, are square-wave with a controlled phase-shift ¢ between them, whose
amplitudes are V; and V] = n,V, respectively. The output current i, is obtained from the transformer
secondary current 7, by active rectification, whose average value is the load current /,. The key step in
FHA is to represent the load side including the HF transformer by an equivalent impedance Z,.. In the
conventional FHA used for regular resonant converters with capacitive output filter, this impedance is
purely resistive ( Z,. = 8Rj/7%) due to the HF diode rectifier. However, it could not always be resistive
in a DBRC since the secondary bridge is actively controlled now. According to the waveforms shown in

Figure 2, the normalized fundamental peak values of v, and 7. can be found as:

4]\/[' Mm

V}eclp,pu = T ) [reclp,pu - 2H COS(B - CI))

3)

where M = V!/V} is the converter DC voltage gain, {3 is the angle by which vap leads i..., H = R /Ry
is the normalized load resistance and H € [1, 00| as the load level decreases from full load to zero load.

Therefore, the equivalent impedance is given as:

‘/I'CC u e
Zoepn = Znopul® = 1220 g = 500y /g “)
reclp,pu s

where © = 3 — ¢ is the angle by which v, leads 7.

Thus, the fundamental equivalent circuit of the DBRC in phasor domain can be drawn like Figure 3.
In phasor domain, the fundamental phasor of the input square-wave voltage source vag shown in Figure 2
is given as:

4 o
VaBipu = 7_t4 —90 )
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Figure 3. The fundamental equivalent circuit of the dual-bridge resonant converter in

phasor domain.
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According to Figure 3, the resulted resonant current phasor could be calculated as:

VABl,pu
sz,pu + jXp,pu H Zac,pu

Isl,pu -

7920

(6)

After being converted into time domain, the corresponding fundamental resonant current i ,, (%) is

expressed as:

i51,PU(t> = [slp,pu Sin(wst — O()
where the resonant current peak value I, 5, and phase angle o are:

I 4 A
Hppe 7T|Xs,pu+Xp,pu’ Ay

A = chypu + Xg’pu + 273 puXppusSin ©
A, = ch,pu + Ag + 2A3 74 pusin 0
Ay = (Xs,puXp,pU)/(Xs,pu + XPaPU)
X = X — X + 90°
1 Xp.pu
®; = tan tan® + ——sec O
ac,pu

A
® = tan <tan9 + =2 sec 9)

ac,pu

Following the same principle, the fundamental primary current i,ec ,,(t) is expressed as:

Z.recl,pu(t) = Jreclp,pu SiIl((Ust - B)
where the primary current peak value Iiecipp, and its phase angle {3 are:

4| Xp ol

UsY% A2|Xs,pu + Xp,pu|
B = o+ (1—sgn[Xypl)-90°

I reclp,pu

The fundamental parallel branch current iy (%) is given as:

ip1pu(t) = Ipippu sin(wgt — )

where the parallel current peak value I, ,, and its phase angle y are:
7 _ AM
PR 7 Xp pul
Y = ¢+ sgn[Xpp - 90°

(7)

8)

9
(10)

(11)

(12)
(13)
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The complex voltage gain in Figure 3 is defined as:

Vrecl,pu _ MZ(—d)) (14)
VABl,pu

where ¢ is the phase angle by which vap(t) leads v (t). The converter gain M and phase angle ¢ can

be found by means of the principle of voltage division as:

Zac u X u
M = ‘ : P H J P’Pb (15)
JXspu + Zac,pu | JXp.pu
With the help of Equation (15), the expression of fundamental converter gain is shown to be:
8H |sin
_ o 16
| Xspu (16)

With the assumption of lossless power transfer, the complex fundamental output power is given as:

*
Vrecl,pu X Irecl,pu

Sl,pu = 9 (17)
The fundamental output active power P ,,, and reactive power ()1 ,, can be evaluated as:
8 sin ¢
Pipw = R{Spu} = MT[2Xs,pu (18)
8sin ¢ SH

The polarity of active power depends on both the reactance of series resonant tank X, and the
phase-shift ¢. With the assumption of an inductive series resonant tank (i.e., X;,, > 0), ¢ can be
controlled in either [0, 7t/2] or [7t/2, 7] to transfer a certain amount of positive active power. However,
when delivering the same amount of active power, the absolute value of reactive power generated in the
case of [71/2, 7 is definitely higher than that in the case of [0, 7t/2], which indicates high circulating
current. If X, ,, < 0, a negative phase-shift ¢ € [—7t/2, 0] can also result in a positive active power.

2.3. Soft-Switching Conditions

The soft-switching situation in the DBRC can be identified by the phase angles between some
particular phasors. The necessary ZVS condition in the primary bridge is that ¢5; lags vag;. The necessary
ZVS condition in the secondary bridge is that 7. leads vyec;.

With the assumption of an inductive X, ,,, the possible soft-switching situations with the
corresponding phasor diagrams are listed in Figure 4. The angle ¢ is assumed to be larger than zero
for positive power flow. On the primary side, if « > 0 for Figure 4a—f, then the primary side switches
can work in ZVS, otherwise the primary switches would work in ZCS for Figure 4g—i. On the secondary
side, as long as « < ¢, the switches on the secondary bridge can work in ZVS for either any inductive
parallel 7, (Figure 4a,g) or a small capacitive parallel ¢, (Figure 4b,h). A large capacitive ¢, would result
in ZCS on the secondary side (Figure 4c,i). If « > ¢, the switches on the secondary bridge will work
in ZCS for either any capacitive i, (Figure 4f) or a small inductive parallel i, (Figure 4¢). Only a large

inductive ¢, may enable ZVS on the secondary side (Figure 4d).
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Figure 4. Phasor diagrams for different soft-switching situations in a DBRC for X > 0.
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In the case of a capacitive series resonant tank, the resulted soft-switching conditions would show a
duality relationship compared with the above case. The detail can be understood easily with the help of
Figure 5. The angle ¢ is assumed to be negative for positive active power flow. On the primary side, if
« > 0 for Figure 5g—i, then the primary side switches can work in ZVS, otherwise the primary switches
would work in ZCS for Figure Sa—f. On the secondary side, if x < ¢, the switches on the secondary
bridge can work in ZVS for either any inductive parallel i, (Figure 5a) or a small capacitive parallel ¢,
(Figure 5¢). A large capacitive ¢, would result in ZCS on the secondary side (Figure 5b). If 0 > o« > ¢,

the switches on the secondary bridge will work in ZCS for either any capacitive ¢, (Figure 5d) or a
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small inductive parallel 7, (Figure 5f). Only a large inductive i, may enable ZVS on the secondary side

(Figure Se).

Figure 5. Phasor diagrams for different soft-switching situations in a DBRC for X < 0.
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Also, with the help of the analysis results, the necessary conditions of ZVS in the primary and
secondary bridges could be concluded as:

Gsipu(0) < 0=sina >0 (20)

irectpu(P/ws) > 0=sin(d—F) >0 20
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After simplifications, the two ZVS conditions can be rewritten as:

Mcosd — 1
vy - 0 22
Xope (22)
X,
— M1+ 2= 0 23
Xopu (COSd) 1+ Xp,pu)) = =

Normally the series resonant tank is composed of an inductor or a series connection of LC working
in above resonance condition so that X, is positive. Thus, to realize ZVS in both bridges, the ideal

necessary solution is concluded as:

1 X pu
cos ® < min {M, M1+ X:;u)} when X, >0 (24)

To satisfy Equation (24), it is desirable that both 1/A and M (1 + X ./ X, pu) are larger than 1 since
the maximum of cos ¢ is 1 at no load. It is noted that if M < 1 the ZVS operation of the primary bridge
can be maintained from full load to zero load (as shown in Figure 4a—f). Once M is fixed, the ratio
Xi.pu/ Xp,pu shall be chosen properly to make 1 < M (1 + X,/ Xppu) so that the ZVS in the secondary
bridge can be maintained for a wide range of load. It should be noted that the associated high circulation
current from a high X,/ X, ,u Would be a penalty.

Although hardly found in literature, the series resonant tank could be capacitive, for example, when
a series connection of LC is operated with a switching frequency below the resonance frequency. Thus,
the ZVS conditions in two bridges are:

1 Xspu
cos ¢ > max {M, M(1+ K’,p;m)} when X, <0 (25)

Apparently Equation (25) gives a solution opposite to Equation (24). It seems that the two schemes
will have mirrored operation with same power transfer capability theoretically. For actual application,
those two schemes may differ from each other in terms of the size of reactive components and
switch stress.

It can be concluded from the above analysis that the active power transfer and the soft-switching
condition in the primary bridge are affected by the series resonant tank. Without impact on the
power transfer, the parallel resonant tank contributes to the soft-switching operation of the secondary
bridge only.

3. Analysis Results for Particular Tanks

In this section, the analysis results for several particular configurations of resonant tank that were

studied frequently in the literature are discussed individually. The subscript “s” and “p” of L or C denotes
the component in the series tank Z; or the parallel tank Z, respectively. Two ratios are defined as:

K = Ly/L, Kc=C,/C, (26)

where K7 is the ratio of the parallel inductance L, to the series inductance L, and K¢ is the ratio of the

parallel capacitance C, to the series capacitance Cs .
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The base frequency is chosen the same as the series resonance frequency w:

1

W = W, = 27
B e (27)
The normalized switching frequency F and the quality factor Q are defined as:
w, L 1
= - = 28
© R, w,Cs R (28)
F = w,/w, (29)

Thus, the normalized reactance of inductors and capacitors in Z, and Z, can be expressed as:
XLs,pu = QF7 XCs,pu - _Q/F; XLp,pu - QFKL; XCp,pu - _Q/(KCF)

3.1. A Two-Element Tank: (LC) Type

The standard SRC (series resonant converter) has a series LC tank and has no parallel tank.
The transformer leakage inductance can be included into the series inductance and the transformer
magnetizing inductance should be made as large as possible. Since there is no parallel tank (X, ,, = 00),

the resonant current i, is equal to the transformer current i... The converter gain and peak resonant

current are:
8H | sind
M 30
Q| F — 1/F' 0
I  4/M?+1—-2Mcos 31)
T mQIF —1/F|

According to Equation (18), if F' > 1, the phase-shift ¢ should be positive to enable a power flow
from the primary to the secondary. If /' < 1, the phase-shift ¢ should be negative to enable a power flow

from the primary to the secondary. The necessary ZVS condition is given as:
1 1
cosd)<min{M, M} when F' > 1; Cosd)>max{M, M} when F <1 (32)

The ZVS range for /' > 1 is found the same as that of a DAB [10,11]. Only M = 1 can meet the
ZVS requirements of both bridges at the same time. When F' < 1, no value of M can let both sides work
in ZVS at the same time.

3.2. A Three-Element Tank: (LC)(L) Type

The (LC)(L) type series resonant converter has a series LC tank and a parallel inductor tank. The
transformer leakage inductance and magnetizing inductance can be utilized as part of the resonant tank.
The converter gain and resonant peak current have the same expression as those in the case of (LC) tank.
The other peak currents are shown as:

4M
plp.,pu QFKL (33)
A M Az cos ¢
;o 4\/M >+ (quym)’ — 2eFym a4
reclp,pu — 7T|A3|
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with: OFK (F2 )
—1
3= (35)
F2(14+ Kp)—1
The necessary ZVS conditions in both of bridges are given as:
¢ < mi L M(1+F2_1) hen F > 1 (36)
min e R —— n
COS e K whe
d > ! M(1 1_Fz) hen F <1 (37)
CoS max {4 — — en
M KoY

For F' > 1, it is possible to achieve ZVS operation in both bridges for any phase-shift ¢ € [0, 7}
the maximum of M is chosen not more than one for full ZVS operation on the primary side, and then
the inductor ratio K7 can be manipulated to keep ZVS when M is minimum to fulfill ZVS operation on
the secondary side.

For F' < 1, it is possible to achieve ZVS operation in both bridges for a range of phase-shifts
® € [Pmax, 0]: the minimum of M is chosen larger than one when ¢ = bp.x, so that ZVS operation
on the primary side is secured, and then the inductor ratio K can be manipulated to keep ZVS on
the secondary side when A is maximum. It can be concluded from Equations (36) and (37) that K7 is
preferred to be smaller for both cases to achieve a wide range of ZV'S operations. The side-effect brought

by a small K is a high current flowing in the parallel tank.

3.3. A Three-Element Tank: (LC)(C) Type

The series-parallel (LC)(C) type resonant converter has a series LC tank and a parallel capacitor tank.
The converter gain and resonant peak current have the same expression as those in the case of (LC) tank.
The parallel capacitor peak current is given as:

AMF K¢
[plp,pu = T (38)
The transformer current 7., has the same expression as Equation (34) with a different A; as:
1—F?
Az = Q ) 39)
F(F?K¢ — Kc—1)
The necessary ZVS conditions in both of the bridges are given as:
1
cosd < min {M’ M(1 — Kc(F? — 1))} when F > 1 (40)
1
cosp > max{ﬂ, M(1+KC(1—F2))} when F <1 41)

For F' > 1, it is possible to achieve ZVS operation in both bridges for a range of phase-shifts at heavy
load. At light load when ¢ is approaching zero, one of the two bridges will enter into ZCS definitely.
For F' < 1, it is impossible to achieve ZVS operation simultaneously in both bridges for any phase-shift
¢ evenif M = 1.

In conclusion, the parallel resonant tank is expected to provide an inductive current so that the ZVS

range of the secondary bridge can be extended. Also, the satisfaction of Equations (24) and (25) cannot
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guarantee ZVS in actual operation due to the existence of snubber circuit and parasitic components, thus
some margin should be given in actual design.

4. Validation Using an (LC)(L) DBRC with F' < 1

To examine the validity of the steady-state analysis above, the design, simulation and experimental test
of a full-bridge (LC)(L) dual-bridge resonant converter working in below resonance mode are presented
in this section.

4.1. Design

The converter to be designed is to be used as a battery charger between a DC bus and a battery stack.
The rated output power is assumed at F, = 200 1W. The input voltage V5 = 100 V' is assumed constant
and the output voltage has a deviation of 10% (V, = 43.2-48 V) i.e., Mpnin = 0.9 M. The switching
frequency is 100 kHz.

The designed converter is supposed to work in below resonance mode. According to discussions
in [19,21] for F' > 1, the resonant current is quite sensitive to the normalized switching frequency F'.
A value of ' near 1 is helpful to reduce the peak resonant current, which is also true for /* < 1. The value
of quality factor () has impact on both resonant current and the size of resonant tank. A small () can
result in small resonant tank. Finally, F' = 0.9, ) = 1 is chosen in this work.

The design objective is to achieve wide ZVS operation range as the load varies. As indicated
by Equation (37), the ZVS operation on the primary side relies on the converter gain M solely and
both M and K need to be manipulated for ZVS operation in the secondary bridge. According to
Equation (16), the maximum phase-shift ¢,.« happens at M y,. If My, is purposely selected to satisfy
€08 Grmar = 1/ M, then cos & > 1/M is always true for the whole range of output voltage and load and
ZVS on the primary is secured. After calculation, the converter gain are found to be M,;, = 1.064 and
Max = 1.183. The phase-shifts under those two conditions are ¢y, = —19.57° and e = —17.94°
(the phase-shift for rated power at M,,.x) respectively. The HF transformer turns ratio is calculated as:
Ny = Max - Vin/Vomax = 2.46. Thus the reflected full load resistance is R; = n2V?2 /P, = 69.97 Q.
Then, the resonant tank can be obtained as: Ly = 100.22 uH, C; = 20.47 nF'. The inductor ratio
K can be determined at M, with e = —17.94°. With the help of Equation (37), K is set to 1.2
and L, is 120 uH. The specifications of the (LC)(L)-type DBRC working in below resonance mode are
concluded in Table 1. With this design scheme, the converter is supposed to work as described in (vii)
of Figure 5.

Table 1. Converter specifications for illustration.

Input DC Voltage 100 vV Output DC Voltage 43.2-48 V
Output power 0-200 W Switching frequency 100 kHz
Series inductance Ly 100.22 uH Series capacitance Cs 20.47 nF

Parallel inductance L, 120 uH  Turns ratio of the transformer 2.46
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4.2. Simulation Results

Firstly the (LC)(L)-type dual-bridge converter is simulated in PSIM 9.0. In order to mimic actual
operation, more non-ideal parameters are included in simulation setup: the dead-band is set at 3° or
83.3 ns, on-state voltage-drop of switch is set at 1 V, turn-on voltage of anti-parallel diode is set at
0.7 V. The operation conditions with output voltage V, = 43.2 V and V, = 48 V are shown in
Figures 6 and 7 respectively. For each of two cases, both full load and 25% load operational conditions
are presented.

The two square waveform voltages vag, V. (On the secondary side) are shown with their bridge
currents g, i (On the secondary side) together, respectively. Soft-switching condition can be checked
by means of the switch currents in each of the two bridges (¢1ggr3 is one of switch currents on the primary,
11619 18 one of switch currents on the secondary). It can be found that ZVS operation could be held for
the full range of load. Although the waveforms of output current 7, show some circulation current for all
test conditions, the portion of circulation current is quite small even at light load.

Figure 6. Simulation results of a dual-bridge (LC)(L) converter at V, = 48 V: (a) full load;

(b) 25% load.
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Figure 7. Simulation results of a dual-bridge (LC)(L) converter at V, = 43.2 V: (a) full load;
(b) 25% load.
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4.3. Experimental Results

To verify the validity of the steady-state analysis further, a lab prototype of the (LC)(L)-type
dual-bridge resonant converter was built and tested. The core of the HF transformer is one pair of EPCOS
ETD39 core (material N97). The winding are made of multi-thread Litz wire with a transformer turns
ratio of 22:9. The magnetic inductance is measured at 1.8 mH. The primary reflected total equivalent
leakage inductance is measured at 4.85 pH. Thus an external series inductor of 96uH is added. Both the
series inductor and the parallel inductor are built with the toroidal core (material Ni—Fe permalloy). The
two shifted gating signals are generated from an eZdspF2812 DSP development board. The eight main
switches used in the two bridges are IRFR4620.

The experimental plots of 1, = 48 are presented in Figure 8, which consists of test situations for
full load and 25% load respectively. The experimental plots of V, = 43.2 V under the same conditions
are given in Figure 9. At heavy load, the parallel current 7, does not affect i, too much. However, the
effect of i, on i,.. becomes apparent at light load. The ZVS operation can be confirmed from Figure 10,
in which the gating signals and the switch voltages are shown together. The converter efficiency at full
load with V, = 48 V and V,, = 43.2 V are 94% and 93% respectively and the efficiency curve at different
load level are presented in Figure 11.
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Figure 8. Experimental results of a dual-bridge (LC)(L) converter at V, = 48 V. Time
scale: 5 ps/div. (a) output 200 W, from top to bottom, vag (200 V/div), v (100 V/div),
15 (5 A/div), ie. (10 A/div); (b) output 50 W, from top to bottom, vag (200 V/div),
Uree (100 V/div), 7 (2.5 A/div), iy (2.5 A/div).

(a) (b)

Figure 9. Experimental results of a dual-bridge (LC)(L) converter at V, = 43.2 V.
Time scale: 5 ps/div. (a) output 200 W, from top to bottom, vag (200 V/div), vy, (100 V/div),
s (5 A/div), i, (10 A/div); (b) output 50 W, from top to bottom, vag (200 V/div),
Uree (100 V/div), is (2.5 A/div), i (2.5 A/div).
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Figure 10. Experimental results of soft-switching conditions. (a) V, = 48 V, output
200 W; (b) V, = 48 V, output 50 W; (¢) V, = 43.2 V, output 200 W; (d) V, = 43.2 V, output
50 W. For each case, the primary switch voltage vq, (20 V/div) and its gating signal v
(5 V/div) are on the left, the secondary switch voltage vy (20 V/div) and its gating signal v
(5 V/div) are on the right.
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Figure 11. Efficiency curves from experimental test.
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The comparison of some parameters (phase-shift ¢, series resonant RMS current I and the
transformer RMS current on the secondary /..;) between the theoretical calculation (denoted by “+”),
simulation values (denoted by “x”’) and experimental results (denoted by “0”) are included in Figure 12.
Reasonable matches can be observed for most of values. According to the design, the variation range
of ¢ is relatively narrow for the whole operation range. Because sin ¢ ~ ¢, if ¢ is small, it can be
seen that the variation of ¢ with regards to load is almost linear. The dead-band of gating signals for
each complementary switch pair is neglected in theoretical calculation, but it does exist in simulation and
actual implementation. Besides, the dead-band cannot be set high in simulation since the switch model
in PSIM has no turn-on and turn-off delay. In addition, the switching transient in actual circuit due to
HF parasitic parameters is neglected in both calculation and simulation. The parallel inductor current
actually shows a triangular form instead of the assumed sinusoidal form, which is the main reason of the

mismatch of currents.

5. Conclusions

With the introduction of an equivalent impedance, a modified fundamental harmonics approach is
applied to a general dual-bridge resonant DC/DC converter. Although only fundamental components of
all voltages and currents are considered in the analysis, the operation condition can still be predicted
approximately with acceptable accuracy due to the resonance phenomenon. The ZVS conditions of
different resonant tanks are derived. A design example based on a dual-bridge (LC)(L) resonant
converter working under below resonance mode is presented. Simulation and experimental results are
included for the purpose of validation. It is shown that the modified fundamental harmonics analysis
approach for dual-bridge DC/DC resonant converter can provide satisfactory results for fast design with
uncomplicated calculation.
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