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Abstract— this paper proposes a zero voltage switching 

(ZVS) technique for bidirectional dc/dc converters. The 

dc/dc unit considered consists of two distinct bidirectional 

dc/dc cells paralleled at both input and output and whose 

two input bridges are couple by means of passive inductive 

branches. A multiage phase-shift modulation method is 

proposed which simultaneously achieve bidirectional power 

control, power sharing, and ZVS of all the electronic devices 

over the full power range without the need for auxiliary 

switches. Simulation and experimental results are report for 

a 2.4 kW dc/dc unit consisting of two paralleled 1.2 kW 

bidirectional dual-bridge series resonant converter cells. 

Key words: Bidirectional DC/DC Converters, Resonant 

Conversion, Zero Voltage Switching (ZVS) 

I. INTRODUCTION 

In dc/dc converters expected for bidirectional power control 

[1]–[6], soft switching of all the active devices is mandatory 

to ensure high efficiency, high power density, and 

reliability. The task is especially challenging in the presence 

of wide I/O voltage variations or in applications requiring 

programmable output voltage levels, as soft switching must 

be ensured over an extended operating range. Topological 

modifications relying on auxiliary hardware [7]–[11] as well 

as modulation-based approaches [12]–[17] have been 

presented in the literature for soft-switching enhancement. 

Criticalities of power and thermal design are often reduced 

when multiple dc/dc sub cells are employed in power-

sharing mode to form the single dc/dc unit. In these cases, 

zero voltage switching (ZVS) operation on the input side 

can be achieved by coupling the cells in a two-by-two 

fashion through passive circuitry so that they mutually assist 

each other. In such scenarios, it becomes of strong practical 

interest to formulate advanced modulation strategies which, 

applied to the overall dc/dc unit, enable ZVS operation of 

the output devices as well, hence eliminating the need for 

additional semiconductor devices altogether. The switching 

devices in converters with PWM control synthesize the 

desired output however the devices are turned on and off at 

the load current with high current change are subjected to 

high voltage stress and switching power loss. The 

disadvantages of the PWM control can be eliminated when 

the switching devices are on and off when the voltage across 

a device or its turn off current become zero. The voltage and 

current are forced to pass through zero crossing by creating 

LC resonating circuit this is called resonating converter 

there are eight types series resonating, parallel resonating, 

class E resonating converter, class E resonating rectifier, 

ZVS resonating converters, ZCS resonating converters, Two 

quadrant ZVS resonant converters, Resonant dc link 

inverters. Zero voltage exchanging can best be characterized 

as ordinary square wave power transformation amid the 

switch's on-time with "full" exchanging moves. Generally, it 

can be considered as square wave force using a consistent 

off-time control which shifts the transformation recurrence, 

or on-time to keep up regulation of the yield voltage. For a 

given unit of time, this strategy is like altered recurrence 

change which utilizes a customizable obligation cycle Amid 

the ZVS switches off-time, the L-C tank circuit reverberates. 

This navigates the voltage over the change from zero to its 

crest, and withdraws again to zero. As of right now the 

switch can be reactivated and lossless zero voltage 

exchanging encouraged. Since the yield capacitance of the 

MOSFET switch (Co& has been released by the full tank, it 

doesn't add to power misfortune or scattering in the switch. 

In this way, the MOSFET move misfortunes go to zero - 

paying little mind to working recurrence and info voltage.  

This could represent a significant savings in power, 

and result in a substantial improvement in efficiency. 

Obviously, this attribute makes zero voltage switching a 

suitable candidate for high frequency, high voltage 

converter designs. Additionally, the gate drive requirements 

are somewhat reduced in a ZVS design due to the lack of the 

gate to drain (Miller) charge, which is deleted when V 

equals zero. The technique of zero voltage switching is 

applicable to all switching topologies; the buck regulator 

and its derivatives (forward, half and full bridge), the fly 

back, and boost converters, to name a few. This presentation 

will focus on the continuous output current, buck derived 

topologies, however a list of references describing the others 

has been included in the appendix. 

 
Fig. 1: DC/DC unit consisting of two paralleled DBSRC cells. 
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In [24], a three-port bidirectional converter based 

on the series resonant topology is presented, with each 

resonant cell employing a conventional phase-shift 

modulation for power flow control. However, simultaneous 

ZVS operation of the input and output bridges is only 

ensured at unity conversion ratios. 

In this paper, these concepts are implemented via a 

multi angle phase-shift modulation that simultaneously 

achieves bidirectional power control, power sharing among 

the cells, and ZVS of all the electronic devices through the 

entire power range [18]. The starting point of the proposed 

technique is the minimum current operation concept treated 

in[19], [20], here generalized into a method for controlling 

the amount of reactive power exchanged by the resonant 

tank with the output bridge. The approach is tested on the 

dc/dc unit detailed in Fig. 1, which consists of two 

bidirectional dual-bridge series and parallel resonant 

converter (DBSPRC)cells are parallel at both input and 

output and with the two input bridges coupled by means of 

passive inductive branches. The resonant topology [21] has 

been selected for this paper as an interesting example that 

benefits directly from the combination of the foregoing 

concepts for full ZVS operation of both input and output 

bridges, without requiring extra auxiliary switches. Existing 

works, in fact, either limit the investigation of multi angle 

modulation to the single DBSPRC cell [22], or focus on the 

coupled DBSPRC cell without exploiting the benefits of the 

additional control degrees of freedom provided by the multi 

angle modulation [23]. 

 
Fig. 2: Phase shift modulation and definition of control 

angles. 

II. PROPOSED ZVS TECHNIQUE 

Operation of the proposed technique can be summarized as 

follows. Each DBSRC cell in Fig. 1.1 is modulated using 

three-angle phase-shift modulation in which legs A, B, C 

and D are phase shifted one with respect to the other, as 

detailed in Fig.1. 2. Three independent angles exist per cell, 

namely ϕAB, ϕAD, and ϕDC, ϕXY denoting the phase lag 

between legs Y and X. Control vectors vϕ = (ϕAB, ϕAD, and 

ϕDC,) and v 
1
ϕ=(ϕA 

1 
B 

1
,  ϕD

1 
c

1
) are generated so as to 

achieve the desired power flow and to ensure ZVS operation 

of output devicesM5 . . . M8 andM5’. . . M8’, i.e., legs C/D 

and C’/D’ Power sharing between the cells is ensured by 

driving the two converters with the same control commands: 

ϕAB = ϕA 
1 

B 
1
, ϕAD = ϕA 

1 
D 

1
and ϕCD = ϕC 

1 
D 

1
 , whereas vϕ = v 

1
ϕ= (ϕAB, ϕAD, and ϕDC,) is selected so as to yield the desired 

amount of active and reactive power (P,Q) through the tank. 

Such trajectory control of vϕ for ZVS operation of legs C/D 

and C 
1
/D

1
 is treated in Section 2-2. Furthermore, as 

exemplified by the vA
1
 and vB 

1
waveforms sketched in 

Fig.1. 2, the two cells are phase-shifted one with respect to 

the other by a fourth independent control angle ϕAA 
1
 which 

serves the purpose of building an inductive current through 

the input auxiliary branches Laux and assist ZVS operation 

of input devicesM1 . . . M4 andM1_. . . M4_, i.e., legs A/B 

and A’/B’. Operation of the ZVS assistance circuitry for 

soft-switching operation of legs A/B and A’/B’ via 

modulation of ϕAA 
1 

is discussed in Section II-C. Prior to the 

description of the approach, a brief discussion of the 

relationship between ZVS and reactive power is in order. 

A. Trajectory Control for Output ZVS Operation 

Let us first consider the single DBSPRC cell as a standalone 

converter, ignoring, for the moment, the coupling between 

the two cells. In the conventional one-angle phase-shift 

modulation, the power flow of the DBSRC cell is controlled 

by means of angle ϕAD only, with ϕAB = ϕDC = 180◦. While 

such approach maximizes the overall cell ZVS range in the 

case of a unity conversion ratio, it is known to drive the 

input or output bridge into deep hard-switching condition in 

step-down or step-up mode [21].The proposed output ZVS 

technique here adopted starts from a different principle, 

based on constraining the control vector vϕ to move along 

specific trajectories in the 3-D control space (ϕAD, ϕAB, ϕDC). 

Along each of such trajectories the active power Po varies 

from the maximum reverse power (MRP) up to maximum 

forward power (MFP), whereas different trajectories 

correspond to different levels of reactive power exchanged 

by the tank. Through proper regulation of the amount of 

reactive power, enough turn-off current can be built to 

ensure ZVS operation of the output devices at any active 

power level. 

Definition of the foregoing trajectories starts from 

the analysis of the DBSPRC cell steady-state active and 

reactive power flows. By the use of the fundamental 

approximation [25], the active power Po can be expressed as 

a function of the generic control vϕ as [19] 

Po (Vϕ) = Po,max· sin(ϕAB /2).· sin(ϕDC/2)· sin(ϕAD + 

(ϕDC – ϕAB /2))   (1) 

With the maximum available power Po ,max given 

by [19], [21] 

Po,max=8/nπ2· Vg · Vout/Z0· H0 (r).   (2) 

In (2), Z0 is the tank characteristic impedance, 

whileH0(r) = r/(1−r2 ) represents the tank gain with r = ω0 

/ωs<1 ratio between the resonant and switching angular 

frequencies. Quantity Po ,max is the absolute maximum 

power the DBSRC cell is capable of delivering, achieved at 

ϕAD =+90◦, ϕAB = ϕDC = 180◦ in the forward direction, and at 

ϕAD =−90◦, ϕAB = ϕDC = 180◦ in the reverse direction. Any 

given active power level implicitly defines, through (2.2),a 

surface of control vectors. To restrict the investigation and 

define a starting point for the construction of the sought 

control trajectories, let us first locate the trajectory which, 

for a given active power level, minimizes the total reactive 

power exchanged by the tank or, in equivalent terms, the 

tank rms current. The possibility of exploiting a multi angle 

phase-shift modulation to eliminate the reactive power is not 

new to the literature; for instance, a simulation-based 

investigation is presented in [17] for a dual-active bridge 
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topology. For the series resonant topology, the general 

solution to the minimum current problem has been disclosed 

in [19]. The control vector Vϕ, MCT(Po )minimizing the 

tank current for any given active power level Po defines the 

so-called minimum current trajectory (MCT),and can be 

expressed in closed form by the use of the fundamental 

approximation [25]; properties of vϕ, MCT(Po ) are here 

summarized. 

(1) Having defined the voltage conversion ratio M as 

M ≡ 1/n· Vout/Vg    (3) 

 
Fig. 3: Schematic diagram of the 2.4-kW DBSRC converter prototype 

III. SIMULATION RESULTS 

Although the advantage of the series resonant converter is 

its simplicity and its high efficiency from full-to reduced 

load but due to the series resonance converter it loses the 

output voltage control at much reduced loads and no loads. 

Whereas due to the parallel resonance converter No-load to 

full-load possible but due to the parallel resonance converter 

some disadvantages are also there that is low efficiency at 

reduced loads by considering all these facts series and 

parallel resonance converter is proposed by this series and 

parallel resonance converter No-load to full-load possible 

and Good efficiency from full-load to reduced-load. Due to 

the series and parallel resonance converter current through 

M1 and M3 is also increases. Parameters of the 

experimental prototype 

 
Table 1: Parameters of the Experimental Prototype 

 
Fig. 4: Experimental results for efficiency of the dc/dc unit 

with the conventional one angle modulation and with the 

proposed ZVS technique. 

Fig. 4 reports relevant experimental waveforms at a 

Ptest =110 W power level, i.e., less than one-twentieth of 

the nominal rating of the dc/dc unit and about one-third of 

the maximum available power pertaining to the selected 

operating conditions. The control vector Vϕ = (ϕAD = 142◦, 

ϕAB = 312◦, ϕDC =180◦) was positioned for a 1-A output 

turn-off current, whileϕAA
1
= 170◦ was adjusted for 

approximately Iaux = 2.7 A, yielding an input turn-off 

current of about 2 A. All 16 devices in the dc/dc unit were 

found to operate in ZVS. 

 
Fig. 5.Experimental input and output turn-off currents along 

the selected ZVS trajectory 

A more extensive bidirectional power sweep was 

performed along the conventional one-angle trajectory and 

along a ZVS trajectory. In the latter case, angle ϕAA
1 

was 

manually adjusted so as to ensure a turn-off current of at 

least 1 A on the input side, while the control vectors vϕ = 

v
1
ϕ were swept along the analytical curves (6), evaluated at 

α = 0.6 and corresponding to IZVS ≈ 0.73 A theoretical 

output turn-off current. Efficiency plots of the tests, 

compared in Fig. 5.5, demonstrate a marked improvement 

over the conventional one-angle modulation due to the 

extended ZVS range. Peak efficiency at M= 0.5 is 

about96%, and remains above 90% for the majority of the 

power range along the ZVS trajectory.  

Along the one-angle trajectory, on the other hand, 

efficiency drops quickly as the converter departs from the 

heavy-load regions due to the trajectory entering hard 

switching regio RC. Extra hardware for assisted ZVS 

operation would be required in such case. The experimental 
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input and output turn-off currents along the ZVS trajectory 

are reported in Fig. 5.6 for one of the two DBSRC ells. All 

the four legs of the cell operate with positive turn-off 

currents as expected. The accuracy of the analytical 

trajectory in determining the output ZVS current is 

comparable with what observed in simulation, and similar 

considerations hold. It is important to stress that a closed-

loop control of the operating vector Vϕ would handle such 

residual error. Furthermore, the maximum available power 

at M = 0.5 is about 300 W, hence sufficiently low to enable 

a comparison between the conventional and proposed 

trajectories without physically harming the prototype due to 

hard switching-induced overheating. 

Here the capacitor is connected in a parallel due to 

this required output will be obtained for us, In the circuit 

diagram likes as the dual bridge series and parallel 

resonance converter both inductor and capacitor is 

connected in series and a capacitor is connected in parallel 

with this. At this point the switch can be reactivated, and 

lossless zero voltage switching facilitated. Since the output 

capacitance of the MOSFET switch (Co& has been 

discharged by the resonant tank, it does not contribute to 

power loss or dissipation in the switch. Therefore, the 

MOSFET transition losses go to zero - regardless of 

operating frequency and input voltage. The output a cutter 

across the bridges M1 and M3 is increased due to this 

efficiency is also will increase. The corresponding outputs 

for which is shown below as 

 
(a)                                               (b) 

Fig. 6: Simulated steady-state turn-off currents of the output 

devices for DBSRC (a) and input leg for DBSPRC (b) as the 

control vector is swept along an IZVS = 2 A trajectory. 

The disadvantages of the PWM control can be 

eliminated when the switching devices are on and forced to 

pass through zero crossing by creating LC resonating circuit 

this is called resonating converter there are eight types series 

resonating, parallel resonating, class E resonating converter, 

class E resonating rectifier, ZVS resonating converters, ZCS 

resonating converters, Two quadrant ZVS resonant 

converters, Resonant dc link inverters. Zero voltage 

switching can best be defined as conventional square wave 

power conversion during the switch’s on-time with 

―resonant‖ switching transitions. While such approach 

maximizes the overall cell ZVS range in the case of a unity 

conversion ratio, it is known to drive the input or output 

bridge into deep hard-switching condition in step-down or 

step-up mode [21].The proposed output ZVS technique here 

adopted starts from a different principle, based on 

constraining the control vector vϕ to move along specific 

trajectories in the 3-D control space (ϕAD, ϕAB, ϕDC). Along 

each of such trajectories the active power Po varies from the 

maximum reverse power (MRP) up to maximum forward 

power (MFP), whereas different trajectories correspond to 

different levels of reactive power exchanged. 

Let us first consider the single DBSRC cell as a 

standalone converter, ignoring, for the moment, the coupling 

between the two cells. In the conventional one-angle phase-

shift modulation, the power flow of the DBSRC cell is 

controlled by means of angle ϕAD only, with ϕAB = ϕDC = 

180◦. While such approach maximizes the overall cell ZVS 

range in the case of a unity conversion ratio, it is known to 

drive the input or output bridge into deep hard-switching 

condition in step-down or step-up mode [21].The proposed 

output ZVS technique here adopted starts from a different 

principle, based on constraining the control vector vϕ to 

move along specific trajectories in the 3-D control space 

(ϕAD, ϕAB, ϕDC). Along each of such trajectories the active 

power Po varies from the maximum reverse power (MRP) 

up to maximum forward power (MFP), whereas different 

trajectories correspond to different levels of reactive power 

exchanged by the tank. 

 
Fig. 7: Simulated Currents through M1 and M3 with ZVS 

Technique for DBSRC (a) and with DBSPRC (b) The 

Proposed Input ZVS 

Therefore by using the dual bridge series and 

parallel resonance converter no load to full load is possible 

and efficiency is also improved. Fig.5.3 (a) reports the 

simulated currents through input devicesM1 and M3 at a 

light-load operating point Po = 55 W on the same IZVS 

=2Atrajectory simulated in Section 5.1 and when no input 

ZVS correction provision is undertaken. As already 

suggested by Fig. 5.1(b), M3 turns off at a negative current 

iB↓≈−1 A, causing hard turn on of M4 .When the input ZVS 

provision discussed in Section II-B is adopted, auxiliary 

current Iaux,B can compensate for the negativeM3 turn-off 

current and bring it to a positive level, as exemplified in Fig. 

5.1(b). In the simulation, Laux = 220 μH and Caux = 20 μF, 

while ϕAA
1
is adjusted to ∼95◦ so as to inject an extra Iaux = 

3 A inductive current and bring the totalM3 turn-off current 

to 2 A.  

IV. CONCLUSION 

This paper shows a zero voltage switching (ZVS) technique 

for bidirectional dc/dc converters consisting of two or more 

modules operating in parallel. The technique employs a 

multi angle phase-shift modulation combined with passive 

inductive coupling between the two input bridges of the 

DBSRPC cells in order to enable full ZVS operation of all 

the electronic devices over the entire power range and 

without the need for additional semiconductor devices. The 

approach was evaluated experimentally on a 2.4-kW dc/dc 

unit consisting of two 1.2-kW paralleled dual-bridge series 

resonant converters, demonstrating marked efficiency 

improvement over a one-angle modulation strategy. 
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