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In this paper, a Total Loss Minimization (TLM) modulation strategy is proposed to enhance the 
conversion performance of the series-resonant dual-active-bridge DC–DC converters. Unlike 
conventional modulations, this optimal approach targets the reduction of reactive power and 
circulating current, which are recognized as major contributors to conduction loss. Additionally, it 
addresses the switching loss, which typically results from hard-switching operations. The proposed 
total loss minimization modulation are select triple phase-shift control and switching frequency as 
the focal point of investigation to minimize the reactive power and circulating current, and maintain 
soft-switching operation. The effectiveness of the TLM modulation is analyzed under both buck and 
boost modes, showcasing its versatility. A comprehensive validation has been successfully conducted 
through experimental testing on a 300W laboratory prototype converter. The enhancement in 
conversion efficiency, a key innovative outcome of this research, is further confirmed by a comparative 
analysis with existing literature, underscoring the advancement in technology that this study presents.
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To meet the demands of societal consensus, the architecture of power generation has gradually shifted from 
conventional sources to renewable ones. Power electronics systems also evolve from the conventional way 
toward smart and sustainable way to make this paradigm of energy generation shift possible1. Among modern 
power electronics systems, the high-frequency(HF) isolated dc–dc converter (IDC) has received wide attention 
and has been widely implemented in different applications. The dual-active-bridge (DAB) dc–dc converter is 
a typical topology of IDC, which is characterized by bidirectional power flow, soft-switching capability, low 
control complexity and high conversion efficiency2. However, with traditional modulation, a DAB converter 
would suffer from switching and conduction loss. Several topologies modifications of the DAB converter have 
been proposed to eliminate the voltage ripple, reduce the circulating current and extend soft-switching region. 
The series-resonant dual-active-bridge (SRDAB) dc–dc converter is a resonant variant of the DAB converter 
which is formed by simply replacing the ac-link inductor of DAB converter with a series LC type resonant tank. 
The similarity in topology means that it may retain most of favorable features of DAB converter, including soft-
switching capability, high power density, high efficiency and simple control. Also, the advantages offered by 
series-resonant tank include immunization to transformer saturation, nearly sinusoidal waveform and more 
flexibility of control. The phase-shifted modulation (PSM) is proposed to be controlled SRDAB converter solely 
on an outer phase-shift between primary and secondary inverter voltages for power regulation3. With possible 
arrangements of the outer phase-shifted, the SRDAB converter is able to achieve zero voltage switching (ZVS) 
for all switches in a wide range of load levels, which makes it suitable for photovoltaic application with medium 
to high output voltage. Small-signal model of a SRDAB converter is also developed for dynamic control based 
on the steady-state analysis of main power modes4. However, with conventional PSM or single phase-shift (SPS) 
control, SRDAB converter would face substantial conduction and switching loss problems, which arises from 
hard-switching operation, reactive power and circulating current respectively. To overcome conventional PSM 
apparently drawbacks, advanced phase-shifted modulation includes extended phase-shift (EPS) control5, dual-
phase-shift (DPS) control6 and triple-phase-shift (TPS) control7 are investigated step by step. These advanced 
modulations are utilized the one or more internal phase-shifts, which is the inherent features of the SRDAB 
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converter topology. However, the converter under EPS or DPS control still suffers from extra switching loss 
since the soft-switching operation can not maintained for secondary side switches at light load condition. With 
fundamental harmonics approximation (FHA) approach, the practical steady state of TPS control is analyzed to 
extend soft-switching range, but the resonant current is affected by higher order harmonics due to the limitations 
in fundamental component analysis.

Some modified resonant immittance network for DAB converters featuring switched-impedance-based tank 
were introduced in8,9. These topologies aim to minimize conduction losses by maintaining a unity power factor, 
thereby reducing reactive power. However, the ZVS operation is lose in most of the operating region, especially 
when far from the unity voltage gain. A resonant network topology with a y-type CLLC tank was discussed to 
ensure soft switching operation over whole load range, but it also results in a massive circulating current at lower 
load levels10. A interleaved connection resonant network was based on the LCLL tank was proposed to mitigate 
driving loss11, and a CLCLC type fifth-order resonant DAB converter was investigated to extend soft-switching 
region12. However, the pursuit of these high-order topologies improvements often involves increased in both 
control and computational complexity.

In the relevant literature, numerous optimized modulation have been proposed to overcome the aforementioned 
drawbacks, with most focusing on extending the range of soft-switching operation. Although the switching 
performance has been significantly enhanced, these optimizations cannot achieve optimal operating conditions 
for the converter which leads to a low power factor, high current stress, and substantial reactive power. Thus, 
The reactive power optimal control has gained considerable attention in recent year. The LLC type resonant DAB 
converter with discontinuous current modulation was proposed for hold-up applications to reduced reactive 
power13. But this method unable to maintain the whole range ZVS operation when the converter gain is varying. 
To eliminate circulating current, a boundary current modulation is proposed14. However, this modulation is 
inapplicable at the light load condition since a huge leakage inductance that reflected to the secondary side 
leads to the hard-switching operation. An advanced modulation based on the minimum current trajectory was 
proposed to minimize resonant current, but this method has low power factor at light load conditions15. A TPS-
based optimal modulation for DAB converter is proposed, with the objective function defined by the reactive 
power expression. This strategy significantly enhances the converter efficiency under light load conditions and 
over a wide gain range.

In addition to PSM, Frequency Modulation (FM) can also be utilized for a SRDAB converter to achieve soft-
switching operation across the entire load range16. However, this approach necessitates a significant variation 
in the switching frequency, which may be impractical for implementation. A complex frequency modulation 
scheme was proposed17, which not only ensures ZVS operation across the full range but also eliminates 
circulating current. Nevertheless, the effectiveness of this modulation under light load conditions has not 
been verified, and the output voltage may fail to track the reference value amidst substantial load variations. A 
comprehensive frequency-domain analysis of the conventional PSM was conducted18, suggesting an optimal 
design procedure for the SRDAB converter. Yet, this method does not guarantee ZVS across the entire range, 
and achieving minimum resonant current operation remains a challenge. To harness the advantages of both 
PSM and FM, a multi-mode control strategy with diverse control paths has been proposed, leveraging artificial 
intelligence-based methods19–22. While these methods can significantly enhance converter efficiency, they also 
present a notable drawback: the absence of straightforward analytical solutions.

According to the review, the reported solutions are either too complicated or exhibit weak performance 
under light load conditions. This work focuses on Total Loss Minimization (TLM) modulation for a series-
resonant dual-active-bridge DC–DC converter. The primary objectives of TLM modulation are to minimize 
reactive power, eliminate circulating current, and ensure soft-switching operation across a broad range of loads 
and converter gains. The main contributions of this work include: (1) An optimal modulation strategy with 
minimum reactive power, zero circulating current, and soft-switching features is proposed, which reduces both 
conduction loss and switching loss over a wide range of load and converter gains. (2) Although the proposed 
modulation is a multi-dimensional approach, it can be simplified, making the calculation of control parameters 
straightforward. (3) The typical steady-state operation of an SRDAB converter with TPS and FM is analyzed, 
providing guidance for the selection of specific control strategies. These contributions significantly lower 
economic costs and design complexity, leading to high-efficiency performance in a cost-efficient manner.

The paper is organized as follows: First, a steady-state analysis of TPS control using the FHA approach is 
conducted to reveal the control features. Then, under the proposed TLM modulation, minimum reactive power 
operation with zero circulating current is achieved, resulting in minimized reactive-power-induced conduction 
loss. Furthermore, switch behavior is evaluated through a comprehensive consideration of the dead-band interval, 
and the range of switching frequency is determined using an adaptable method. The detailed design procedure 
customized for TLM modulation is explained in Section “Total loss minimization modulation”. Verification 
based on a 300W prototype converter, extensive experimental tests are presented, along with a comparison 
with previous related works, including both simulation and experimental results. Finally, conclusions and 
contributions are summarized in the final section.

Operation of SRDAB converter with TPS control
The schematic diagram of a SRDAB converter is depicted in Fig. 1. The primary side and secondary side inverter 
adopts two full bridge topology with eight active switches S1 − S8. DS1 − DS8 are eight parasitic diodes of each 
switches. CS1 − CS8 are eight junction capacitors or snubber. Those parasitic diodes and junction capacitors are 
parallel connected with active switches. Vin is a DC source. Cin and Cout are high frequency filter capacitors. 
The series resonant tank includes an resonance inductor Lr  and a resonance capacitor Cr  which is connected to 
the primary side as the main energy transfer device. ir  and Vr  are resonant current and resonant voltage across 
the resonant tank. rk  is the sum value of the equivalent resistance of Lk  and the winding resistance of the HF 
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transformer. vp and vs are HF output voltages on the primary and the secondary side, respectively. The turn ratio 
of HF transformer is defined as nt : 1. The voltage gain of the SRDAB converter is defined as G = ntVout/Vin.

Two switches in one bridge leg are controlled complementarly with a 50% duty cycle and necessary dead band 
time. The fixed switching frequency fs with high frequency period is T = π. The SRDAB converter is regulated 
in TPS control with three independent phase-shifts for power delivery. An outer phase-shift φ exists between the 
gating signal of S1 and S5. And, two independent interval bridge phase-shift δ1, δ2 are defined as the turn on 
moment of S1 and S5 leads that of S4 and S8. In this work, all the optimization were performed in the forward 
power mode(power flowing from Vin to Vout). And, the reverse power mode(power flowing from Vout to Vin) 
can be concluded as similar method as forward power mode. The range of phase-shift are δ1, δ2, φ ∈ [0, π]. 
Hence, both vp and vs are became a quasi-square wave HF voltage where the pulse width of vp corresponds to 
δ1 and that of vs corresponds to δ2. Before detail performing the operation analysis, all assumptions regarding 
the switches, diodes, inductors, capacitors, and transformers are ideal.

In Fig. 2, the typical TPS control mode of SRDAB converter is presented, which has gained considerable 
attention due to soft-switching capability and conversion efficiency performance. This mode comprises ten 
distinctive time intervals in a HF switching period where the vp, vs and ir  of each time interval are different. 
Before a new HF period, the vp, vs and ir  are assumed to be negative. Then, the equivalent circuits with current 
flowing path of first five interval are shown as Fig. 3.

Interval 1 [0 ∼ t1] (as Fig. 3a): After S2 turn-off instant, the body diode d1 begin to conduct naturally since 
ir  is negative. Hence, S1 can turn-on with zero voltage once gating signal is applied. The primary side voltage vp 
changes to zero as both S1 and S3 are conducting. The current path in the secondary side flows through from 
S7 to S6 so that vs remains at Vout.

Interval 2 [t1 ∼ t2] (as Fig. 3b):The gating signal of S4 is applied at the initial of second interval. The negative 
ir  is instinctively tended to flow through d4 which ensure zero voltage turn-on of S4. With conduction between 

Fig.  2.  The typical steady state waveform of SRDAB converter.

 

Fig.  1.  The schematic diagram of series-resonant dual-active-bridge converter.
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S1 and S4, vp is clamped to Vin, and the secondary side current flow remains unchanged. Interval 2 ends when 
ir  reaches zero.

Interval 3 [t2 ∼ t3] (as Fig. 3c): This interval starts with the resonant current turns to zero. The ir  changes its 
polarity from negative to positive, where the conduction route of both side are no change.

Interval 4 [t3 ∼ t4] (as Fig. 3d): This interval begins with S5 turn-on instant. The S5 is turn-on with ZVS 
operation due to the similarly ir  flowing path. The secondary inverter voltage vs commutates to zero as both S5 
and S7 are conducting. Electric energy is stored in the resonant tank during this interval.

Interval 5 [t4 ∼ π] (as Fig. 3e): The fifth interval starts when S7 gating signal is removed. S8 can be turn-on 
with soft-switching easily. The primary inverter voltage vp maintains in Vin. The electric energy is delivered to 
load via the secondary side through S5 and S8, which the secondary side voltage vs clamps to Vout.

The subsequent five intervals (from π to 2π) are symmetric to the first five intervals with reversed polarities 
of vp, vs and ir , which can be easily obtained by regarding to Fig. 2.

Steady state analysis
In the following steady state analysis, normalized variables are used so that generalized results are obtained and 
applicable to all power levels. All quantities would be normalized by the following base values as shown in (1).

	
VB = Vin; ZB = RF ; IB = VB

ZB
; ωB = ωr = 1√

LrCr
� (1)

where RF  is the full-load output resistance and ωr  is the resonant frequency. Hence, the normalized voltage 
phasor expressions are obtained as (2) and (3).

	
vp(t) = vp,1(t) + vp,3(t) + · · · + vp,n(t) = 4Vin

π

∞∑
n=1,3,5···

sin nδ1
2 sin(nωst − nδ1

2 )
n

� (2)

	
vs(t) = vs,1(t) + vs,3(t) + · · · + vs,n(t) = 4Vout

π

∞∑
n=1,3,5···

sin nδ2
2 sin(nωst − nφ − nδ2

2 )
n

� (3)

where ωs is switching angular frequency. The per-unit impedance of the resonance tank is given as (4).

	
Xpu =

ωsLr − 1
ωsCr

ZB
= K

(
F − 1

F

)
� (4)

Where the normalized resonant tank impedance K and F are given as F = ωs
ωr

, K = ωrLr
RL

.

Fig.  3.  Equivalent circuit of steady-state intervals: (a) 0 ∼ t1, (b) t1 ∼ t2, (c) t2 ∼ t3, (d) t3 ∼ t4, (e) t4 ∼ π.
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Assuming that higher order voltage and current harmonics components are blocked by resonant tank, FHA 
approach is applied with acceptable accuracy.

The time domain equivalent circuit of SRDAB converter with fundamental harmonics components is 
presented as Fig. 4. The normalized inverter voltages vp and vs in first terms of fourier series are given as (5) 
and (6).

	
vp(ωst) = 4

π
sin

(
δ1

2

)
sin

(
ωst − π − δ1

2

)
� (5)

	
vs(ωst) = 4G

π
sin

(
δ2

2

)
sin

(
ωst − φ − π − δ2

2

)
� (6)

To obtain the complex power with phasor, the fundamental components of vp and vs are represented in phasor 
from as Up and Us which can be rewritten as (7) and (8).

	
Up = 2

√
2

π
sin

(
δ1

2

)
∠π − δ1

2 = 2
√

2
π

(1 − cos δ1 + j sin δ1)� (7)

	
Us = 2

√
2G

π
∠

(
φ + π − δ1

2

)
=

√
2G

π
(sin φ sin δ2 + cos φ(1 − cos δ2) + j cos φ sin δ2 − j sin φ(1 − cos δ2)) � (8)

Then the resonant current ir  can be presented in phasor from Ir  as (9).

	
Ir =

Up − Us

jXpu
� (9)

Regarding to (7) and (9), the complex power in primary HF inverter can be obtain as (10).

	 S = Up × Ir = Ppu + jQpu� (10)

The the normalized active power Ppu and reactive power Qpu can be expressed as (11) and (12).

	
Ppu = 8G

π2Xpu
sin δ1

2 sin δ2

2 sin
(

φ + δ2

2 − δ1

2

)
� (11)

	
Qpu = 8

π2Xpu

[
G

(
sin δ1

2 sin δ2

2 cos
(

φ + δ2

2 − δ1

2

))
+

(
1 − cos2 δ1

2

)]
� (12)

Referring to the (9) and (11), the rms resonant current Ir,rms can be solved as (13).

	
Ir,rms = 4

πXpu

√
G2(1 − cos δ2) + (1 − cos δ1)

4 − G sin δ1

2 sin δ2

2 cos
(

φ + δ2

2 − δ1

2

)
� (13)

The resonant tank capacitance rms voltage can be given as (14).

	
VCr,rms = 4

π(F 2 − 1)

√
G2(1 − cos δ2) + (1 − cos δ1)

4 − G sin δ1

2 sin δ2

2 cos
(

φ + δ2

2 − δ1

2

)
� (14)

With (11), the converter gain can represented as (15).

	
G = 8

π2LdXpu
sin δ1

2 sin δ2

2 sin
(

φ + δ2

2 − δ1

2

)
� (15)

Where Ppu = G2Ld. And, Ld is Load level, which Ld ∈ (0, 1].

Fig.  4.  Time domain equivalent circuit of SRDAB converter.
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Total loss minimization modulation
With the aforementioned steady state analysis, the total loss minimization (TLM) modulation is proposed which 
is expected to realize three objectives: minimum reactive power, zero circulating current, and soft-switching 
operation.

Reactive power minimization
The first objective of TLM modulation is to minimize the reactive power for conversion efficiency improvement. 
The relationship of the reactive power with the δ1, δ2 and converter gain G with fixed φ is shown in Fig. 5, which 
considers both buck mode (G < 1) and boost mode (G > 1). It illustrates that a large inner bridge phase-shift 
δ2 and converter gain G will lead to an increase in reactive power. As δ1 varies, a higher G causes a higher initial 
reactive power, indicating that reactive power exhibits a negative correlation with δ1. Therefore, the reactive 
power can reach minimum value by appropriate δ1, δ2 and G combination.

To minimize reactive power with required active power, the Lagrangian multiplier method is adopted to 
solve minimum relationship of δ1, δ2 and φ. The Lagrangian multiplier method is defined as (16).

	 Lδ1,δ2,φ = Qpu(δ1, δ2, φ) + λ(Ppu − P ∗
pu)� (16)

where λ is Lagrangian multiplier constraint and P ∗
pu is a specified power level. Mathematically, the expected 

minimum solution of Qpu demands to solve the first partial derivatives of Lδ1,δ2,φ to zero, with respect to 
δ1, δ2, φ, respectively. Thus, the required conditions of Lagrangian multiplier method can be given as (17).

	





∂Qpu(δ1, δ2, φ)
∂δ1

= 0

∂Qpu(δ1, δ2, φ)
∂δ2

= 0

∂Qpu(δ1, δ2, φ)
∂λ

= 0

δ1, δ2, φ ∈ (0, π]

� (17)

By solving (17), the relationship of minimum solution of Qpu are obtained as (18).

	




sin δ1

(
sin δ1

2 −
G sin δ2

2
cos φ

)
= 0

sin δ2

(
G2 sin δ2

2 −
G sin δ1

2
cos φ

)
= 0

� (18)

With complication of (18), there are two groups of possible solutions available. The required conditions for 
minimum Qpu are presented as (19)for buck mode (G ⩽ 1) and (20) for boost mode (G > 1).

	

{
G = sin δ1

2 cos φ

sin δ2 = 0
� (19)

Fig.  5.  Reactive power distribution with respect to δ1, δ2 and converter gain G.

 

Scientific Reports |         (2025) 15:5932 6| https://doi.org/10.1038/s41598-025-86964-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	

{ 1
G

= sin δ2

2 cos φ

sin δ1 = 0
� (20)

Circulating current minimization
High conduction loss always arises from circulating current. In the light blue region of Fig.  2, the resonant 
current ir  has an opposite polarity with vp, which results in a low power factor. The low power factor leads 
to substantial circulating current. Consequently, the conduction loss in the winding resistance of components 
are considerable. To improve the conversion efficiency, the circulating current should be minimized and soft-
switching operation should be maintained.

To completely operate without the circulating current, the turn-on instant of S4 and S5 should be aligned 
with zero-crossing point of resonant current ir , which can be described as (21) and (22).

	 π = φ + δ2� (21)

	
ir(π − δ1) = 4

πXpu
(1 − cos δ1 − G(cos(φ + δ2) + cos δ2)) = 0� (22)

Referring to the (21), the (22) can be reformatted as (23).

	
G = 1 − cos δ1

1 − cos δ2
� (23)

By substituting (23) into (19) and (20), two solutions can be found for buck and boost operation respectively 
through careful analysis.

The first solution is valid for the buck mode only (G ⩽ 1), which is shown as (24).

	




δ1 = arccos(1 − 2G)
δ2 = π

φ = 0
� (24)

The second solution is for applicable for the boost mode (G > 1), which is shown as (25).

	




δ1 = π

δ2 = arccos G − 2
G

φ = π − δ2

� (25)

Then, the TLM modulation waveform of SRDAB converter with minimum reactive power and circulating 
current are given as Fig. 6.

For a better explanation of this optimization, the fundamental phasor diagrams of the two optimal solutions 
are given in Fig. 7. In any case of phasor, Up leads the transformer voltage Us by φ as illustrated in Fig. 6. Due 
to zero circulating current, the resonant current phasor is always perpendicular to the phasor VCr . Hence, the 
current phasor should be aligned with either of the adjacent voltage phasors Up or Us.

Fig.  6.  Operating waveform of SRDAB converter with TLM modulation (a) Buck operation; (b) Boost 
operation.
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With minimized reactive power, the phasor form becomes a right-angle triangle for both solutions as shown 
in Fig. 7. When G < 1, the minimum reactive power Ir  is in phase with Us. Due to φ = 0, the magnitude of 
Us reaches its maximum which is perpendicular with VCr . When G > 1, the minimum reactive power Ir  is 
in phase with Up, which indicates the phase angle of Ir  is zero, i.e. δ1 = π. Consequently the magnitude of Up 
is its maximum. The phasor diagram will always be a right-angle triangle regardless of load level or gain. When 
the gain is fixed, the shape of the phasor triangle does not change under any condition. When the gain changes, 
a new right-angle triangle with different angles is formed.

A simulated comparison among the proposed TLM modulation and conventional phase-shift modulations 
with varying normalized reactive power and normalized active power is shown in Fig. 8. As active power level 
grows, the reactive power indicates growth trend. Furthermore, the phase-shift control with inner bridge phase-
shift δ1 or δ2 would result in a lower reactive power. Thus, the proposed modulation has apparent lower reactive 
power than other conventional PSM under all load regions.

Switching behavior evaluation
It can be concluded from operation analysis (as Fig. 3 and describe in Section “Operation of SRDAB converter 
with TPS control”) that to ensure soft-switching operation in the primary side inverter, ir  should be negative 
at the turn-on instances of S1 and S4. As for secondary side, it can be deduced that ir  should be positive at the 
turn-on instances S8 and negative for that of S7. The ir  can be evaluated when ωst = (0, π − δ1) at the buck 
mode and ωst = (0, φ) at the boost mode. So that the soft-switching necessary condition for the converter with 
TLM modulation can be concluded as (26) for G ⩽ 1 and (27) for G > 1.

	




ir(0) = 4
πXpu

(
G2 − G2

cos2 δ1
− G sin δ1

√
cos2 δ1 − G2

cos2 δ1

)
< 0

ir

(
π − δ1

ωs

)
= 0

� (26)

Fig.  8.  Normalized reactive power Qpu varied with normalized active power Ppu when voltage gain G = 0.9.

 

Fig.  7.  Phasor diagram of converter with TLM modulation.
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


ir(0) = 0

ir

(
φ

ωs

)
= 4

πXpu

(
1 − cos2 δ2

Gcos2δ2
+ sin δ2

√
G2cos2δ2 − 1

G2cos2δ2

)
> 0

� (27)

However, Eqs. (26) and (27) are not a sufficient condition for soft-switching operation. It is necessary to provide 
sufficient tank current and dead-band interval to charge/discharge the parasitic capacitances of the switches in 
same switch leg, which is displayed as Fig. 9. The required soft-switching operation to charge/discharge parasitic 
capacitances are list at (28).

	





∫ π−δ1

π−δ1−Tp

ir(t)dt ⩾ QC,max;
∫ π−δ1

π−δ1−Ts

ir(t)dt ⩾ QC,max for G ⩽ 1

∫ 0

−Tp

ir(t)dt ⩾ QC,max;
∫ 0

Ts

ir(t)dt ⩾ QC,max for G > 1
� (28)

Where QC,max =
∫ v

0 2Cmax(v)dv = 2vCmax(v) which is the required maximum charge for the parasitic 
capacitances of two complementary switches in the both side. QC,max are determined by the total switch output 
capacitance and the switch voltage. Assuming that Tp and Ts are the effective minimum dead-band phase-shift 
required for the switches to achieve complete soft-switching transitions. To maintain soft-switching on both 
side, the resonant current is expected to remain at zero when S4 turn-on and S6 turn-off. Hence, for both Tp 
and Ts has long enough duration to charge/discharge parasitic capacitances. However, if the dead-band is larger 
than the necessary value, the reactive power becomes large.

Based on (28), an appropriate compensated Tp and Ts can be selected to ensure the ZVS for all the switches in 
a wide power range. Meanwhile, an appropriated dead band should be added to prevent the occurrence of short 
circuit.

Range of switching frequency
By combining the required conditions for reactive power minimization, circulating current minimization and 
soft-switching operation, the δ1, δ2 and φ cannot be varied arbitrarily. By changing Xpu according to (11), 
the effects on active and reactive power are observed when G, δ1, δ2, and φ are fixed. Varying the switching 
frequency changes the resonant frequency fr , allowing the converter load level to be regulated. Thus, switching 
frequency modulation can overcome the limitation, as it allows fs to become a control variable.

With (11) and (12), the variation of converter gain G respect to Xpu with different Ppu and Qpu is given 
as Fig. 10. It is seen from Fig. 10a that increasing the Xpu will reduce the load level when the converter gain 
G is fixed. Besides, as shown in Fig. 10b, Qpu has minimal impact on Xpu due to optimization limitations on 
variables. Hence, the Ppu dominates the value of Xpu.

According to (11) and (12), the SRDAB converter cannot be regulated with G = 0 which cannot provide the 
sufficient condition of soft-switching operation. By analyzing (28), the most appropriate dead-band intervals Tp 
and Ts to ensure the soft-switching operation is determined. However, the parasitic capacitances of switches are 
unable to be completely discharged with the appropriate dead-band interval when Ppu is below 0.3. Hence, the 
Ppu is limited between 0.25 and 1. At the minimum Ppu, the converter is supposed to fix phase-shift and change 
switching frequency. According to (11), the switching frequency F can be calculated as (29).

	
F = N +

√
N2 + 4
2

� (29)

Fig.  9.  The soft-switching sufficient condition of switches on both sides.
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where the constant N =
sin δ1

2 sin δ2
2 sin

(
φ+ δ2

2 − δ1
2

)
2GK .

Implementation might be impractical with a wide range of switching frequency variations. It is assumed in 
frequency design that the maximum switching frequency Fmax is limited to twice of the normalized switching 
frequency, and Fmax occurs at light load of minimum voltage gain Gmin.

	
FMax

F
=

NMax +
√

N2
Max + 4

N +
√

N2 + 4
⩽ 2� (30)

Thus, the normalized switching frequency F is solved to be 1.21, and the rated power quality factor K is set to 
1.43.

Design procedure and experimental results
To validate the theoretical analysis above, the specifications for the prototype are designed. The detailed 
specifications of the prototype converter are listed at Table 1. The converter has a rated power Prated = 300 
W with a fixed switching frequency at fs = 50 kHz. The input voltage Vin changes from 90 V to 120 V with a 
unity gain at a rated input voltage of 100 V, an output voltage Vout is fixed at 100 V. Turn ratio of transformer is 
nt = 5 : 6. Then, with F = 1.21 and K = 1.43, the resonant tank specifications Lr  and Cr  are calculated as 
(31).

	





Lr = n2
t V 2

outkF

2πfsPrated
= 108.96 µ H

Cr = F Prated

2πfskn2
t V 2

out

= 133.89 nF
� (31)

Parameters

Input voltage 90 V ∼ 110 V

Output voltage 120 V

Turn ratio of transformer 5:6

Rated switching frequency 50 kHz

Lk 108.96 μH

Ca 133.89 nF

Table 1.  Detail specifications of the prototype.

 

Fig.  10.  The variation of converter gain G regards to Xpu (a) different normalized Ppu; (b) different 
normalized Qpu.
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Using the specifications provided in Table 1, simulation experiments were conducted in MATLAB Simulink, 
where TLM modulation was comparatively verified. Figure 11 shows the reactive power under different control 
schemes at the same output power level Po = 300 W. The comparison results of Figs. 8 and 11 indicate that TLM 
modulation has the lowest reactive power among all control schemes. Therefore, the TLM modulation proves 
that it can effectively reduce the reactive power both theoretically and in simulation.

A lab prototype of a SRDAB converter was built and tested for validation of the proposed TLM modulation 
as well. The Experimental prototype converter layout is setup as Fig. 12 shown. All the switches on H-Bridge are 
implemented with IPP320N20N (200V, 34A, Rds=32 mΩ, QC,max = 55 nC at Vds = 250 V) from Infineon. 
The dead-band Tp and Ts are determined with detail QC,max = 55 nC. An EA 8360-15T bench power supply is 
used as the input DC source, and the load is a BK 8510 programmable DC electronic load. The HF transformer 
is made from an ETD49 ferrite core with a material type of N97. The actual turn ratio of windings is 20:24 
(nt = 5 : 6) and the resulted magnetizing inductance is 4 mH. An EP4CE115F23I7N FPGA board from Altera 
is applied as the PWM generator to generate the gating signals of converter. The detail implementations of 
prototype are listed in Table 2.

The closed-loop control realization of the proposed TLM modulation is shown in Fig. 13. The secondary side 
voltage Vout is stabilized by a proportional-integral (PI) compensator. The switching frequency fs are determined 
by PI regulator from feedback loop, balancing input and output power of converter. Then, the voltages Vin and 
Vout are sampled online to calculate the converter gain G. This gain is fed to a PWM generator which generates 
appropriate gating signals for SRDAB converter.

The prototype converter is tested under TLM modulation for buck mode at input voltage Vin=110V 
(correspond to G = 0.9) and boost mode Vin=90V (correspond to G = 1.1) in which total of 28 operating 
points have been validated. For both buck mode and boost mode, the full load condition (Ppu = 300 W) and 
light load condition (Ppu = 100 W) are depicted in Fig. 14, which recording primary side voltage vp, secondary 
side voltage vs, resonant tank voltage Vcr  and resonant current ir  in each plot. All waveform of each load 
conditions match the predicted ones as Fig. 6. For the buck mode, the phase-shifts is δ1 = 144.9◦, δ2 = 180◦ 
and φ = 0◦. For the boost mode, the phase-shifts is δ1 = 180◦, δ2 = 143.3◦ and φ = 36.7◦. Varying frequency 
method is adopted for power regulation. So that, in same converter gain, the different load levels has similar 
waveform since it shares the phase-shifts δ1, δ2 and φ. The deference is that the case of full load condition 
use a rated switching frequency of fs = 50 kHz, and the light load obtains with a higher switching frequency 
fs = 70.8 kHz for buck mode and fs = 63.5 kHz for boost mode.Although, a small deviations exists at light 
load due to high order harmonics, the theoretical results and experimental results can be identified from the data 
for most of cases. Therefore, with TLM modulation, the reactive power is minimized and the circulating current 
is eliminated successfully.

As Fig. 15 illustrates the details of the behavior associated with the switches for buck mode and boost mode at 
light load conditions. ZVS operation of each switch is observed by comparing its gate-source voltage and drain-

Fig.  11.  Simulation result under different modulation. (a) Proposed TLM modulation; (b) TPS control; (c) 
SPS control.
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source voltage together. As predicted, all the switches are operates in under TLM modulation with sufficient 
margin. Due to waveform consistency for a fixed input voltage, the switching behavior with different load level 
are similar, therefore all switches have realized soft-switching operation in all design voltage gain range.

The comparative analysis of key parameters across various output power levels is systematically presented in 
Tables 3 and  4, corresponding to input voltages of Vin = 110 V and Vin = 90 V, respectively. A close correlation 
between the calculated and measured values is discernible from the data in the majority of the cases.

The transient experimental result for the load step response is evaluated too. To setup a feedback loop, a 
simple PI controller is applied with Kp = 2.29 and Ki = 66. The load step response is presented at Fig. 16 with 
load step changed from 150 W → 200W → 150 W. It can be seen that there is no obvious current and voltage 
overshoot. The transient performance demonstrates the stability of the proposed modulation in the converter.

An efficiency comparison between the proposed modulation and other two previous related modulations 
are given in Fig. 17a and b. It is seen that the efficiency of proposed modulation (square marks) outperforms 
the other two modulations. This maximum efficiency reaches 95.2% which is achieved at full load conditions of 

Fig.  13.  Closed-from implementation of proposed TLM modulation.

 

Components Implementation

MOSFET IPP320N20N, 200 V,34 A, Rds = 32mΩ, QC,max = 55 nC at Vds = 250 V

HF transformer Actual turns ratio 20:24, core : ETD49, Material: N97

Actual Lr 109 μH, core : RM14, Material: 3C95 , 12 turns

Actual Cr 134 nF, MKP

Ci  & Co 330 μF electrolytic, 1 µF MPP

Control Broad Altera EP4CE115F23I7N, FPGA

Table 2.  Implementations of the prototype converter.

 

Fig.  12.  Experimental prototype converter layout.
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buck mode, and even at light load the efficiency is kept over 92% in the experimental test. Thus, The efficiency 
result also shows that TLM modulation is the most effective method for the light-load condition. Figure 17c and 
d show the reactive power in both buck mode and boost mode. It can be seen that the measured reactive power 
with all these control methods is increasing along with the load level, while the proposed modulation has the 
lowest reactive power across the entire range. The proposed modulation indeed provides more efficient since the 
ZVS operation are maintained, and reactive power and circulating current are minimized. It can be concluded 
that both the reactive power and the conversion efficiency under the proposed modulation are improved and the 
overall improvement is valid for a variation of converter gain.

The total loss breakdown of the proposed TLM modulation is illustrated in Fig. 18 in which Vin = 110 V is 
selected as an example. For simplicity, the general expression for calculating the total loss can be given as follows 
(32):

	 Ploss = Pcond + Psw + Pcore� (32)

where Pcond, Psw , and Pcore are the conduction loss, switching loss, and core loss, respectively.

To perform loss analysis and modeling of the proposed converter, the conduction loss is calculated using (33):

	
Pcond = I2

r (RX + RT ) +
(

Ir√
2

)2

(Ron,p + Ron,s)� (33)

where RX , RT , Ron,p, and Ron,s are the parasitic resistances of the resonant tank Xpu, HF transformer 
winding, and primary-/secondary-side MOSFETs, respectively. The phasor from of Ir  is provided by (13).

Fig.  14.  Experimental waveform under TLM modulation for: (a) Buck mode Vin = 110 V, Ppu = 300 W; (b) 
Buck mode Vin = 110 V, Ppu = 100 W; (c) Boost mode Vin = 90 V, Ppu = 300 W; (d) Boost mode Vin = 90 V, 
Ppu = 100 W.
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With switching behavior, it can be concluded that the switching losses of S1, S2, S5, andS6 are negligible due to 
soft-switching operation. Thus, the switching loss is only considered for S3 or S4 in the soft-switching boundary 
cases, for which the switching loss is obtained as follows (34):

	 Psw = (ipVp + isVs)(Tr + Tf )fs� (34)

where Tr  and Tf  are the respective rise and fall times of the current and voltage of the MOSFETs on both sides. 
As Fig.  9 shows, the sufficient conditions (boundary case) of ZVS operation with our proposed strategy are 
Tr = Tf = TDB .

The core loss is usually related to the materials, and is provided by (35):

VCr  (V) Io  (A) fs(kHz) Q (Var) Efficiency (%)

300 W
Ther. 94.7 3.9 50 83

95.2
Exp. 110 4.1 52.1 97

200 W
Ther. 86.3 3.35 55.9 69

94.4
Exp. 95 3.2 59.2 82

100 W
Ther. 82.5 2.78 64.4 54

94.1
Exp. 90 2.9 67.5 63

50 W
Ther. 61.8 1.84 93.3 33

92.9
Exp. 68 2.0 98.6 45

Table 3.  Comparisons of buck mode parameters at Vin = 110 V.

 

Fig.  15.  Soft-switching at Ppu = 50 W: (a) buck mode primary side; (b) buck mode secondary side; (c) boost 
mode primary side; (d) boost mode secondary side.
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Pcore = Kf Alm

((
∆BT

nT

)b

+
(

∆BX

nX

)b
)

� (35)

where Kf  is the basic loss coefficient, Alm is the volume, b is the magnetic core loss exponent, and ∆BT  and 
∆BX  are the respective magnetic flux densities of the HF transformer magnetic core and resonant magnetic 
core with actual turns nt and nX .

Thus, it is clearly seen from the Fig. 18 that the loss is mainly contributed by transformer loss over the whole load 
range. Admittedly, there may be some measurement errors on loss breakdown, but this does not adversely affect 
the conclusion that the converter works efficiently.

Conclusions
In the presented work, a series-resonant dual-active-bridge converter with the total loss minimization modulation 
is investigated comprehensively to achieve complete soft switching operation, minimum reactive power, and 
zero circulating current operation. Firstly, the typical steady state of the SRDAB converter is discussed in detail, 
including operating waveform, switching intervals, resonant current characteristics and power characteristics. 
The TPS control is selected as target scheme to minimize reactive power. On the basis of minimum reactive 
power, the zero circulating current operation under TLM modulation for both buck and boost mode are 
identified. The switching frequency is manipulated to control the output power. To verify the feasibility and 
effectiveness of the proposed total loss minimization modulation, the simulation and experimental results are 
presented, comparing the proposed modulation with the conventional one. With a voltage feedback loop, the 
proposed topology and modulation is also demonstrated to have high control stability in experimental test. The 
conclusion can be drawn that the SRDAB converter with the proposed TLM modulation can effectively reduce 
the total losses and successfully enhances overall performance.

Fig.  16.  Transient experimental result for load step response.

 

VCr   (V) Io   (A) fs  (kHz) Q (Var) Efficiency (%)

300 W
Ther. 88.1 4.57 50 72

94.9
Exp. 105 4.8 53.9 86

200 W
Ther. 76.3 4.03 53.6 58

94.6
Exp. 85 4.25 56.4 66

100 W
Ther. 62.8 3.36 60.6 45

94.0
Exp. 72 3.5 65.8 52

50 W
Ther. 50.5 2.25 84.4 38

92.4
Exp. 55 2.5 86.6 42

Table 4.  Comparisons of boost mode parameters at Vin = 90 V.
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Fig.  17.  Measured results for (a) buck mode efficiency; (b) boost mode efficiency; (c) buck mode reactive 
power; (d) boost mode reactive power.
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the current study available from the corresponding author on reasonable request.
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