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  Abstract—This paper proposes a new bidirectional resonant dc-

dc converter suitable for wide voltage gain range applications (e.g., 

energy storage systems). The proposed converter overcomes the 

narrow voltage gain range of conventional resonant DC-DC 

converters, and meanwhile achieves high efficiency throughout the 

wide range of operation voltage. It is achieved by configuring a 

full-bridge mode and a half-bridge mode operation during each 

switching cycle. A fixed-frequency phase-shift control scheme is 

proposed and the normalized voltage gain can be always from 0.5 

to 1, regardless of the load. The transformer root-mean-square 

(RMS) currents in both the forward and reverse power flow 

directions have a small variation with respect to the voltage gain, 

which is beneficial to the conduction losses reduction throughout 

a wide voltage range. Moreover, the power devices are soft-

switched for minimum switching losses. The operation principles 

and characteristics of the proposed converter are firstly analyzed 

in this paper. Then the analytical solutions for the voltage gain, 

soft-switching and RMS currents are derived, which facilitates the 

parameters design and optimization. Finally, the proposed 

topology and analysis are verified with experimental results 

obtained from a 1-kW converter prototype. 

 

  Index Terms—Bidirectional dc-dc converter, resonant converter, 

wide voltage gain. 

 

I. INTRODUCTION 

Recently, bidirectional dc-dc converters (BDCs) have gained 

much popularity because of their applications in energy storage 

systems [1]-[2], electric vehicles (EVs) [3]-[5], vehicle-to-grid 

(V2G) [6]-[7], and microgrids [9]-[10]. Normally, BDCs are 

connected with energy storage devices, e.g., the battery and 

supercapcitor, whose voltage usually varies over a wide range 

during operation [11]. Therefore, how to keep high efficiency 

over a wide voltage range becomes a challenge to BDCs. 

  Bidirectional dc-dc converters can be divided into non-

isolated [2], [7]-[9] and isolated [1], [3]-[7], [10]-[39] 

topologies. Compared to non-isolated circuits, isolated 

bidirectional dc-dc converters (IBDCs) are more advantageous 

in terms of safety, soft-switching and step-up/-down ratio [13]. 

For the IBDC topologies, two basic categories, i.e., the current-

fed [14]-[20] and voltage-fed [21]-[39] IBDCs, can be found in 

literature. Current-fed IBDCs feature a smaller input/output 

current ripple, smaller input/output capacitor size and a wider 

voltage gain range [15], but the voltage stress of switches is 

high, a large dc inductor is usually required, and in general, the 

reported experimental efficiency is inferior to voltage-fed 

IBDCs. For example, the peak efficiencies of 92.2% at 1.6 kW 

[14], 96.4% at 2.35 kW [15], 95.2% at 200 W [16], 93%-95% 

at 200W [17], 96% at 200 W [18], 95.4% at 3.2 kW [19] and 

92 % at 600 W [20] can be found in the literature of current-fed 

IBDCs. However, higher peak efficiencies, e.g., 98% at 2.5 kW 

in [7], 97.7% at 4 kW in [21], 97.2% at 600 W in [22], 96.7 % 

at 700 W in [23] and 98% at 5 kW in [24], have been achieved 

for voltage-fed IBDCs. Therefore, the voltage-fed IBDCs seem 

more promising in terms of achieving high efficiency. 

  Among various voltage-fed IBDC topologies, the dual active 

bridge (DAB) converter [25] has been attracting many research 

interests for its excellent performance in efficiency, power 

density, buck/boost operation, reliability and modularity [26]-

[30]. However, when the normalized voltage conversion ratio 

deviates from unity, the soft-switching range becomes narrow 

and the circulating current inside the DAB converter increases 

remarkably [27]-[28]. Thus, it is challenging for the DAB 

converter to maintain high efficiency over a wide gain range. 

Although many improved modulation strategies, e.g., the 

extended phase-shift [29], dual phase-shift [27], triple phase-

shift (TPS) [31], have been proposed, the reported efficiency 

performance of DAB converter is still inferior to resonant-type 

IBDCs [21]-[24], [32]-[39] where the direct power transfer 

from the source to the load is possible, switches are soft-

switched and the circulating current is relatively smaller [40]. 

  The series resonant DAB (SR-DAB) [32]-[35] can operate 

with a variable-frequency control or with a fixed-frequency 

control. In [32], a fixed-frequency phase-shift controlled 1-MW 

SR-DAB is designed and evaluated, resulting in a theoretical 

peak efficiency of 98.6%. In addition to the single-angle phase-

shift control in [32]-[34], more degrees of freedom can be 

achieved by applying the triple-phase-shift modulation to the 

SR-DAB [35], resulting in a marked efficiency improvement 

due to the root-mean-square (RMS) current minimization; but 

the soft-switching may not be realized when the voltage gain or 

the load changes. 

  By changing the structure of the resonant network, several 

resonant-type IBDCs are proposed in [21]-[22], [36]-[39] for 

performance improvement. Particularly, the CLLC- and 

CLLLC-type resonant IBDCs gain much attention due to their 

symmetrical characteristics in both the forward and reverse 

power flow directions [7], [21], [37]-[39]. In [21] and [39], the 

variable-frequency controlled bidirectional CLLLC resonant 
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dc-dc converter is studied, but the normalized voltage gain is 

fixed at unity. In order to maintain high efficiency over a wide 

gain range, a design method for the bidirectional CLLC and 

CLLLC resonant converters is proposed in [7]. Nevertheless, 

the charging efficiency degrades dramatically when the battery 

voltage changes and the frequency varies over a wide range in 

the discharging operation. 

  LLC resonant converters feature high efficiency, high power 

density and low cost, and therefore have been widely applied in 

industry [11]. However, when used for the reverse power 

transfer, the LLC resonant converter operates as a conventional 

series resonant converter whose gain range is very narrow [7]. 

In [22], an extra inductor is added to the LLC resonant converter 

such that the circuit becomes symmetric for both the forward 

and reverse operation. A fixed-frequency modulated 

bidirectional three-level LLC resonant converter is proposed in 

[23], and a wide gain range can be achieved; however, the 

accurate analytical gain model is not derived, and also twelve 

switches are used. 

  This paper proposes a new bidirectional resonant dc-dc 

converter which can achieve high efficiency over a wide 

voltage gain range. Instead of the conventional variable-

frequency modulation, a fixed-frequency phase-shift 

modulation is proposed, and thus both the half-bridge mode and 

the full-bridge mode occur on the secondary side over each 

switching cycle. By adjusting the duration of half-bridge mode, 

a wide normalized gain range from 0.5 to 1 can be achieved in 

both power transfer directions regardless of the load. Instead of 

the widely used first harmonic approximation (FHA) method, 

the time-domain analysis is conducted in this research; as 

results, the analytical models for the voltage gain, power 

transfer, soft-switching, and RMS currents are derived and 

verified with simulations and experimental results. It is found 

that the inductors ratio has no impact on the voltage gain range; 

thus, on the premise of achieving ZVS, the magnetizing 

inductance can be designed possibly large to reduce conduction 

losses. Furthermore, the variation of conduction losses with 

respect to the voltage gain is small. As a result, high efficiency 

can be achieved over a wide gain range. The paper is organized 

with Section II presenting the operating principles in both the 

forward and reverse power flow directions. The key operating 

characteristics including the voltage gain, power transfer, soft-

switching, RMS currents, and performance comparison are 

studied in Section III, before experimental results are presented 

in Section IV. Finally, conclusions are drawn in Section V. 

II. OPERATING PRINCIPLES 

A. Topology Description 

  The proposed bidirectional resonant dc-dc converter is shown 

in Fig. 1(a). There are two switching modes for the secondary 

circuit, i.e., the full-bridge (FB) mode and the half-bridge (HB) 

mode, as shown in Fig. 1(b) and (c), respectively. When 

operated in the FB mode, the voltage across the secondary 

transformer winding, ucd, is equal to Vs; whereas in the HB 

mode ucd = Vs/2, as illustrated in Fig. 2 It should be noted that 

both the FB and HB modes can exist during each switching 

cycle, but the time interval ratio of the two operation modes can 

be controlled to regulate the power transfer between the primary 

and secondary sides. The major benefit of the dual-bridge 

configuration is that it can adapt to a wide voltage variation on 

the secondary source Vs, i.e., the conduction losses can be kept 

low and the soft-switching can be realized over a wide gain 

range, which will be detailed in Section III. 

  The bidirectional power transfer capability is enabled for the 

proposed converter. In the reverse power flow direction, the 

magnetizing inductor Lm is always clamped by the secondary ac 

voltage ucd, and the proposed circuit is an LC series resonant 

converter. However, in the forward power transfer mode, the 

magnetizing inductor Lm takes part in the resonance, and the 

proposed circuit is actually an LLC resonant converter. The LC 

series resonant frequency fr is determined by the resonant 

inductor Lr and resonant capacitors Cr1 and Cr2, i.e., 

 

1 2

1

2 ( )
r

r r r

f
L C C

  (1) 

B. Operation Principle 

  In this research, the switching frequency is fixed at the LC 

resonant frequency, i.e., fs = fr. Fig. 2(a) and (b) depicts the 

fixed-frequency phase-shift modulation schemes for the 

forward and reverser power flow directions, respectively. In the 

forward operation, the gate signals of S3-S6 are blocked; 

neglecting the deadtime, the primary switches S1 and S2 are 

operated complementarily with a constant duty cycle of 0.5, 

whereas S7 and S8 have a variable duty cycle but they are phase 

shifted with a constant . At the turn-on moment, S1 and S2 are 

synchronized with S8 and S7, respectively; but for the turn-off, 

S1 and S2 are leading S8 and S7, respectively, by a phase angle  

which is also the time duration of the HB mode (cf. Fig.2). The 

switching pattern in the reverser operation, however, is 

different from that in the forward operation. Specifically, the 

primary switches S1 and S2 are blocked; S3 and S4 are operated 

complementarily with a constant duty cycle of 0.5, whereas S7 

and S8 have a variable duty cycle but they are phase shifted with 

a constant . In the reverse operation, S8 and S7 are 

synchronized with S3 and S4, respectively, at turn-off; but S8 and 

S7 are leading S3 and S4, respectively, by a phase angle  at turn-

on; For the gate signals of S5 and S6, when neglecting the 

deadtime, they are complementary with those of S8 and S7, 

respectively. In both power flow directions, the duty cycle of S8 

and S7, DS78, can be always expressed by DS78 = 0.5 +  / (2). 
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Fig. 1. (a) Schematic of the proposed bidirectional resonant dc-dc converter; (b) 

full-bridge mode and (c) half-bridge mode on the secondary side. 
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Fig. 2. Modulation scheme and steady-state operating waveforms of the proposed converter in (a) forward and (b) reverse power flow directions. 

  The phase shift angle  is used to regulate the power transfer 

for both power flow directions. The key operating waveforms 

are shown in Fig. 2 as well. The yellow areas of is in the forward 

operation and of iLr in the reverse operation are the current 

directly transferred to the secondary and primary sources, 

respectively. The duration of the two areas is defined as phase 

angle α. In addition, it can be seen that in the forward operation, 

the driven switches S1–S2 and S7–S8 achieve ZVS-on, and the 

anti-parallel diodes of switches S3–S6 turn off with ZCS; in the 

reverse operation, all secondary-side switches S3–S8 can 

achieve ZVS-on, and the anti-parallel diodes of S1–S2 operate 

under ZCS. 

  In order to simplify the analysis on the converter, assumptions 

and definitions are made in the following: 

1) Cr1 and Cr2 are assumed to be equivalent in 

capacitance, and this value is represented as Cr; 

2) the inductors ratio of Lm to Lr is denoted as m, i.e., m = 

Lm / Lr; 

3) all voltages and currents are referred to the primary 

side and are normalized based on base pV V  and 

/base p rI V Z  where the characteristic impedance 

/ (2 )r r rZ L C ; 

4) the voltage gain is defined as /s pG nV V , where n 

denotes the transformer turns ratio; 

5) the quality factor Q is defined as 
24 / 4 /r p r pQ Z R Z P V , where P is the 

transferred power. For the forward and reverse power 

flow directions, the polarity of P is positive and 

negative, respectively. 

  The normalized initial voltage across the resonant capacitor 

Cr1, i.e., VCr10 (cf. Fig. 2), can be obtained as 

 10 1 / 2 / 4CrV d Q   (2) 
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Fig. 3. Operation stages of the proposed converter in the forward power flow direction. 
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Fig. 4. Equivalent circuits of the proposed converter in the forward power transfer mode. 

where d is the sign function of the power flow direction, i.e., d 

= 1 for the forward operation, and d = -1 for the reverse 

operation. 

  During all stages, the secondary current is can be always obtain 

by s Lr Lmi i i . 

1) Forward Operation 

  Neglecting the deadtime, six stages can be identified over one 

switching cycle. Due to the symmetry of operation, only stages 

1-3 over the first half switching cycle [0, ] are described in this 

paper. 

  Stage 1 (q Î [0, ], see Fig. 2(a), Fig. 3 and Fig. 4): Before 

the time instant 0, S2 and S7 are conducting. At q = 0, S2 is turned 

off, the negative magnetizing current ILm0 begins to 

charge/discharge the output parasitic capacitors Coss1-Coss2, such 

that S1 can achieve ZVS-on. During this stage, Lr and the 

parallel combination of Cr1 and Cr2 resonate, and the 

magnetizing inductor Lm is clamped to half of the output voltage 

because S7 is triggered on. Thus, the magnetizing current iLm 

increases linearly. This stage corresponds to the half-bridge 

operation. For the secondary current is, it rises from 0 and 

begins to discharge the output capacitance of S8, i.e., Coss8. 

When Coss8 is fully discharged, the antiparallel diode of S8 

conducts. Thus, ZVS-on of S8 can be achieved subsequently by 

applying a drive signal. The equivalent circuit at this stage is 

shown in Fig. 4. Since S1 is conducting, Cr2 in series with the 

primary source Vp is connected in parallel with the resonant 

capacitor Cr1. The equivalent resonant capacitance is 2Cr, and 

the resonant tank voltage uab equals to the resonant capacitor 

voltage uCr1.  Thus the normalized equations for the resonant 

tank can be expressed as 

 

1 0

1 1 0

0

( ) sin cos

( ) cos sin / 2

( ) / (2 )

Lr Lm

Cr Lm

Lm Lm

i I

u I G

i G m I

  (3) 

where 1 10 / 2CrV G . 

  Stage 2 (q Î [, a], see Fig. 2(a), Fig. 3 and Fig. 4): At q = 

, S7 is turned off, and secondary current is diverted from S7-S8 

to the antiparallel diode of S6. Thus, the secondary ac voltage 

ucd is equal to the secondary output voltage nVs which causes 

the magnetizing current to linearly increase with a sharper slope. 

In this stage, the converter operates in the full-bridge mode. The 

capacitor voltage uCr1 at this stage is lower than nVs, and 

therefore iLr decreases. The equivalent circuit can be found in 

Fig. 4, and the normalized equations are expressed as 
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Fig. 5. Operation stages of the proposed converter in the reverse power flow direction. 
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Fig. 6. Equivalent circuits of the proposed converter in the reverse power transfer mode.
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  (4) 

where 2 1( )Cru G . 

  Stage 3 (qÎ[a, ], see Fig. 2(a), Fig. 3 and Fig. 4): When the 

resonant current iLr decreases to be equal to the magnetizing 

current iLm, the secondary ac current is falls to 0. Thus, the 

antiparallel diodes of S5 and S6 turn off with ZCS. At this stage, 

the magnetizing inductor Lm takes part in the resonance, and the 

equivalent circuit is shown in Fig. 4. The mathematic 

expressions of the resonant tank can be derived as 

 

1

1 1

1

( ) ( ) ( )sin[ ( )]

( )cos[ ( )]

( ) ( )cos[ ( )]

( )sin[ ( )]

Lr Lm Cr

Lr

Cr Cr

Lr

i i ku k

i k

u u k

k i k

  (5) 

where 1/2(1 )k m . 

  At q = , S2 starts to conduct; thus Cr1 in series with the 

primary source Vp is connected in parallel with the resonant 

capacitor Cr2. The equivalent resonant capacitance is still 2Cr, 

but the resonant tank voltage uab is equal to uCr1  Vp, as shown 

in Figs. 3 and 4. 

2) Reverse Operation 

  Similarly to the forward operation, six stages can also be 

identified over one switching cycle if the deadtime is neglected. 

Due to the symmetry of operation, only the first three stages are 

detailed. Different from the forward operation, the magnetizing 

inductor in the reverse operation is always clamped by the 

secondary voltage ucd. 

  Stage 1 (q Î [0, ], see Fig. 2(b), Fig. 5 and Fig. 6): Before 

time instant 0, S8 has been turned on. At q = 0, S4 and S7 are 

turned off, the negative magnetizing current begins to 

charge/discharge the output parasitic capacitors Coss3-Coss7, such 

that S3 and S6 can achieve ZVS-on subsequently. During this 

stage, the secondary resonant tank voltage ucd equals to the 

secondary voltage nVs; the converter operates in the full-bridge 

mode. Inductor Lr resonates with the parallel combination of Cr1 

and Cr2, which causes the antiparallel diode of S1 to conduct. As 

a result, Cr2 in series with the primary source Vp is connected in 

parallel with the resonant capacitor Cr1. The equivalent resonant 

capacitance is 2Cr, and the resonant tank voltage uab equals to 

the resonant capacitor voltage uCr1. The normalized mathematic 

equations for the resonant tank can be expressed as 



TPEL-Reg-2016-12-2366.R2 6 

m = 7, numerical

m = 15, numerical

m = 30, numerical

m ® ¥, analytical

m = 7, numerical

m = 15, numerical

m = 30, numerical

m ® ¥, analytical

Q=0.6

Q=0.1

Q=0.6

Q=0.1

Dot: numerical; Line: analytical

m = 7
m = 15

Dot: numerical; Line: analytical

m = 30

m = 7m = 15

m = 30

Q=0.1

Q=0.6

(a)                                                                                        (b)                                                                                       (c)

 
 

 

Fig. 7. Numerical and analytical results of (a) the voltage gain G, (b) angle a, and (c) initial magnetizing current ILm0 for the forward operation. 
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Fig. 8. Simulated and analytical curves of (a) the voltage gain G, (b) angle a (c), and the initial magnetizing current iLm0 for the reverse operation. 
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where 1 10Crr G V . 

  Stage 2 (q Î [, a], see Fig. 2(b), Fig. 5 and Fig. 6): At q 

= , the switch S6 is turned off, and thus the negative current 

is charges/discharges Coss5-Coss7 such that S7 achieves ZVS-on 

subsequently. During this stage, the secondary resonant tank 

voltage ucd equals to half of the secondary port voltage, i.e., ucd 

= nVs/2; this stage corresponds to the half-bridge mode. Thus, 

the inductor current iLr decreases sinusoidally. The normalized 

mathematic equations for the resonant tank can be expressed as 

2

1 2

( ) ( )cos( sin(

( ) ( )sin( cos( / 2

( ) ( / (2

)

)

)

)

)

)

) (

Lr Lr

Cr Lr

Lm Lm

i i r

u i r G

i G m i

 

 (7) 

where 2 1/ 2 ( )Crr G u . 

  Stage 3 (qÎ[a, ], see Fig. 2(b), Fig. 5 and Fig. 6):  The 

inductor current iLr decreases to 0 at q = a, and the antiparallel 

diode of S1 turns off with ZCS. Due to the unidirectionality of 

diodes, reverse resonance is not possible. Thus, both the 

resonant inductor current iLr and the resonant capacitor voltage 

uCr are prevented from changing. However, the magnetizing 

inductor is excited by uab, and therefore iLm increases linearly, 

i.e., 

 1 1

( ) ( )

( ) ( )

( ) ( ) / (2 ) ( )

Lr Lr

Cr Cr

Lm Lm

i i

u u

i G m i

  (8) 

During this stage, the secondary resonant tank voltage ucd is 

still equal to half of the secondary port voltage, i.e., ucd = 

nVs/2. Therefore, the converter is still operating in the half-

bridge mode. 

  From q = , the second half-cycle begins and the antiparallel 

diode of S2 starts to conduct; thus Cr1 in series with the primary 

source Vp is connected in parallel with the resonant capacitor 

Cr2. The equivalent resonant capacitance is still 2Cr, but the 

resonant tank voltage uab = uCr1  Vp, as shown in Figs. 5 and 6. 

III. CHARACTERISTICS 

A. Voltage Gain 

1) Forward Operation 

  In the forward mode, the proposed topology operates as an 

LLC resonant converter. It is impossible to directly derive the 

analytical solutions. Therefore, numerical analysis is first used 

to find the solutions, as shown in Fig. 7. It can be observed that 

the voltage gain range is always from 0.5 to 1 regardless of the 

quality factor Q and the inductances ratio m. Furthermore, the 

influence of m on both the gain G and the angle a is negligible, 

especially at heavy loads (high Q). Therefore, it is justified to 

let m tend to infinity so that the analytical solutions for G and a 

can be obtained, i.e., 
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where 2
1 [3 2 ( 2)cos ]K Q Q . 

  The analytical results for G and a are also shown in Fig. 7(a) 

and (b). One can see that the error between the analytical and 

numerical results is negligible. Substituting (9) into (3)-(5) 

yields the analytical expression for the initial magnetizing 

current 

0

2 [2 sin( )]

(2 2)sin4 (1 cos

1

)Lm

M m

m M
I

Qm
(10) 

  Then, the numerical and analytical results for ILm0 in different 

cases are plotted in Fig. 7(c). As can be seen, (10) can be used 

to predict ILm0 with insignificant relative errors. In addition, one 

can also see that the variations of ILm0 with respect to the phase 

shift  (or gain G) and the quality factor Q (or power level) are 

small. The inductances ratio m is the dominant factor which 

determines ILm0. 
2) Reverse Operation 

  In the reverse mode, the proposed topology operates as a series 

resonant converter. Thus, we can directly derive the analytical 

solutions 

 

2
2

2 2 2

2
2

0

4

8 sin (2 )cos 3 2

(4 sin [3 2 ( 2)

cos ] 8 sin
arccos

( 2)(3 2)cos
2

(5 8) 4

2

4

)

Lm

Q
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K Q Q Q

Q Q Q

K Q

Q Q

Q Q

I G
m

 (11) 

where 2
2 [3 2 ( 2)cos ]K Q Q . 

  The curves for G and a in the reverse operation can be plotted 

with (11), as shown in Fig. 8. Similarly to the characteristics in 

the forward operation, the gain range in the reverse operation is 

also from 0.5 to 1, regardless of the power quality Q (or power 

P). The difference from the forward operation is that the gain 

curves in the reverse operation are completely independent of 

the inductors ratio m. In addition, it can be seen from Fig. 8 that 

the variation of current ILm0 is also very small when the phase 

shift  (gain G) or the quality factor Q (power P) changes. The 

current ILm0 is mainly affected by the inductors ratio m. 

  The comparison between Fig. 7(c) and Fig. 8(c) shows that the 

difference of current ILm0 in the forward and reverse operation 

conditions is small as well. This is beneficial to the selection of 

m for achieving ZVS in both power flow directions. 
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Fig. 9. Characteristics of the transferred power with respect to the phase shift 

angle  for the forward and reverse power flow directions. 

B. Power and Control Scheme 

  From (9) and (11), the normalized power can be derived for 

both power flow directions: 

(1 )(1 cos ), Forward2

(1 2 )(1 cos ), Reverse[ (3 cos ) 2]n

GG
P

GG
 

 (12) 

  Then the characteristics of the power Pn versus the phase shift 

angle  can be plotted, as shown in Fig. 9. It can be seen that 

the power is monotonically increasing with respect to the phase 

shift angle  for both the forward (Pn > 0) and reverse (Pn < 0) 

power flow directions. For the voltage gain G in both power 

flow directions, it is also monotonically increasing with respect 

to , as illustrated in Fig. 7 and Fig. 8. Thus, it is possible to use 

only one PI controller to regulate the power flow in two 

directions. In the meanwhile, it can be seen from Fig. 9 that the 

power curves become sharp when the voltage gain G is close to 

0.5 or 1. In order to achieve precise power flow control for the 

bidirectional converter, high performance DSP is required. In 

this research, the DSP TMS320F28075 with a system clock of 

120 MHz is used to implement the control of the proposed 

converter. The switching frequency fs is fixed at 100 kHz. The 

gate signals are generated from the ePWM module operating in 

the up-and-down count mode. Thus, the period value of the 

ePWM counter is TBPRD = 120MHz/100kHz/2 = 600. The 

sharpest power curve occurs when G is closed to 1 or 0.5, as 

shown in Fig. 9. The normalized full power Pn = 0.385; in the 

case of G = 0.99 and operating in the reverse mode, the phase 

shift range for full power range is from 0.94 to , which 

corresponds to 600  (  0.94) /  = 36 steps. Therefore, the 

power control resolution in the worst scenario is 1000 W/ 36 

steps= 27.8 W per step. It represents 27.8 W / 1000 W= 2.78% 

of the full power. It is acceptable in this research. However, if 

higher power control resolution is needed, then the HRPWM 

module in DSP could be used. For example, if a micro edge 

positioner (MEP) step size of 150 ps is chosen, then an 

equivalent system clock of 6.7GHz can be achieved. Thus, the 

power resolution in the worst scenario can be 100 MHz/6.7GHz 

 27.8 W/step = 0.42 W/step, which represents 0.42 W/ 1000 

W = 0.042% of the full power. 



TPEL-Reg-2016-12-2366.R2 8 

Ip

Proposed  

Converter
Vs










 Vp


Vp_ex

Rp_ex

Rp Vs_exRs

Is
Ip_ex Is_ex

IRp

VP
*

Vp

PI

Forward 

PWM pattern

Reverse  

PWM pattern

  

E
n

ab
le

E
n

ab
le    

PWM signals

DSP



Vp

(a)                                   

PRp

Pp_ex

Vp

VpUHB

VpLHB

Mode selection

signal
1

0

VP
*

t0 t1 t2 t3

Ip

Proposed

Converter
Vs










 Vp


Vp_ex Rp Vs_exRs

Is

Ip_ex

Is_exIRpPp_ex

PRp

Pc Pc

PRs

Ps_ex

(b)                                   

 

Fig. 10. (a) Experimental setup and control block diagram; (b) theoretical 

primary-side voltage waveform at operation mode transitions. 

  The experimental setup and control block diagram are shown 

in Fig. 10(a). Both the primary and secondary terminals are 

connected in parallel with a voltage source and a load such that 

bidirectional power flow operation can be enabled for the 

proposed converter. By controlling the phase shift angle , the 

primary bus voltage can be regulated to its reference Vp
* if the 

system’s power flow direction and the converter’s power 
conversion direction (i.e., forward or reverse mode) are the 

same. 

  For the proposed dc-dc converter, the switching patterns in 

two power flow directions are different. Therefore, a decision 

algorithm of power flow direction is required to select the 

power conversion mode (i.e., either forward mode or reverse 

mode) of the bidirectional dc-dc converter. In this paper, a 

digital hysteresis comparator based on the primary-side voltage 

Vp is adopted to determine the forward or reverse operation of 

the converter. The theoretical waveforms of the experimental 

setup are shown in Fig. 10(b). Normally, the primary side 

voltage Vp is regulated to its reference Vp
* when the steady state 

is reached. Thus, the primary-side external voltage source Vp_ex 

in series with the resistor Rp_ex can be seen as a constant power 

source: Pp_ex = Vp
*(Vp_ex  Vp

*)/Rp_ex. Before t0, the power PRp is 

greater than Pp_ex, and the converter operates in the reverse 

mode (Pc < 0). At t0, the resistor Rp is increased and PRp 

becomes smaller than Pp_ex, but the converter still operates in 

the reverse mode; thus the primary-side voltage Vp drastically 

increases because power is transferred to the primary-side 

capacitor from two sides: the converter side and the primary 

side. At t1, Vp reaches the upper hysteresis band VpUHB. Then the 

forward PWM pattern is enabled and the converter begins to 

operate in the forward mode with the closed-loop control. 

Subsequently, the primary-side voltage Vp can be regulated to 

the reference Vp
*. For the transition from the forward mode to 

the reverse mode within [t2, t3], the operation principle is similar 

and therefore is not repeated. 

C. Soft-Switching 

  As mentioned in Section II, in the forward mode, S1–S2 and 

S7–S8 can achieve ZVS-on, and the anti-parallel diodes of S3–S6 

turn off with ZCS; in the reverse mode, S3–S8 can achieve ZVS-

on, and the anti-parallel diodes of S1–S2 operate under ZCS. In 

practice, however, the realization of ZVS requires enough 

charges to fully charge/discharge the output capacitances of 

power MOSFETs. Due to the symmetry of circuit and 

modulation, only the commutations during the half switching 

cycle q Î [0, ] are analyzed in this paper. For the proposed 

converter operating in both power flow directions, there are 

four ZVS mechanisms, as shown in Fig. 11. In order to quantify 

the required amount of charges for each commutation mode, 

detailed state analysis for the half switching cycle q Î [0, ] is 

presented in Table I, where Coss12 denotes the output 

capacitance of S1 and S2, Coss3-6 represents the output 

capacitance of S3–S6, and Coss78 is the output capacitance of S7 

and S8. The value of ucd at q = 0 is denoted as Vcd0, and in the 

forward operation it can be obtained by 

 0 10

( 2)
( )
1 4( 1)

p

cd Cr p

mV Qm
V V V

m m
  (13) 

  In the forward operation, the ZVS-on of S1 depends on the 

current ILm0, whereas the ZVS-on of S8 is determined by is 

during the deadtime interval between S2 and S8, which can be 

designed long enough. This implies that that the ZVS condition 

of S1 is more strict. In the reverse operation, the ZVS-on of S3 

and S7 depends on the currents ILm0 and is(-), respectively. 

The inductors ratio m has a direct impact on the peak 

magnetizing current ILm0, and therefore determines the ZVS 

realizations of S1–S2 (in the forward operation) and S3–S6 (in the 

reverse operation). In the meanwhile, it can be seen from Table 

I that the required minimum charges for S1–S2 (in the forward 

operation) and S3–S6 (in the reverse operation) are 

12

3-6 3-6 7

I

III 8

2

max{2 , ( 0.5 )}

, Forward

, Reverse
p oss

s oss

req

re s ossq oss

q

q

V C

VC V C C

, (14) 

respectively. 

  The current ILm0 can be assumed to be constant during the 

deadtime interval td which is short compared to the switching 

period. 

  In order to achieve ZVS, the conditions in (15) should be 

satisfied 
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Fig. 11. Mechanisms of ZVS in both power flow directions (cf. Fig. 2). (a) Commutation I: ZVS-on of S1 in the forward operation; (b) Commutation II: ZVS-on 

of S8 in the forward operation; (c) Commutation III: ZVS-on of S3 and S6 in the reverse operation; (d) Commutation IV: ZVS-on of S7 in the reverse operation. 

TABLE I 

REQUIRED MINIMUM CHARGE TO ACHIEVE ZVS FOR DIFFERENT SWITCH LEGS 

Operation 

mode 

Commutation 

mode 

Current 

to achieve 

ZVS 

Charged/dis-

charged 

capacitor 

Initial voltage 
Final 
voltage 

Absolute charge 

variation of a 

capacitor 

Charge variation 

of a HB/T-type 

leg 

Minimum charge 

qreq for ZVS-ON of 

all switches 

Forward 

I 

(cf. Fig. 11(a)) 
ILm0 

HB 

leg 

Coss1 Vp 0 VpCoss12 
2VpCoss12 qreqI = 2VpCoss12 

Coss2 0 Vp VpCoss12 

II 

(cf. Fig. 11(b)) 
is 

HB 

leg 

Coss3 0.5Vs – 0.6Vcd0 0 (0.5Vs–0.6Vcd0)Coss3-6 
(Vs–1.2Vcd0)Coss3-6 qreqII =  

max{(Vs–
1.2Vcd0)Coss3-6, – 

Vcd0(0.8Coss3-6 

+0.4Coss78)} 

Coss4 0.5Vs + 0.6Vcd0 Vs (0.5Vs–0.6Vcd0)Coss3-6 

T-

type 

leg 

Coss5 0.5Vs + 0.4Vcd0 0.5Vs – 0.4Vcd0Coss3-6 

– Vcd0 (0.8Coss3-6+ 

0.4Coss78) 

Coss6 0.5Vs – 0.4Vcd0 0.5Vs – 0.4Vcd0Coss3-6 

Coss7 0 0 0 

Coss8 0.4Vcd0 0 – 0.4Vcd0Coss78 

Reverse 

III 

(cf. Fig. 11(c)) 
ILm0 

HB 

leg 

Coss3 Vs 0 VsCoss3-6 
2VsCoss3-6 

qreqIII =  

max{2VsCoss3-6, 

Vs(Coss3-6+ 

0.5Coss78)} 

Coss4 0 Vs VsCoss3-6 

T-

type 

leg 

Coss5 0.5Vs Vs 0.5VsCoss3-6 

Vs(Coss3-6 

+0.5Coss78) 

Coss6 0.5Vs 0 0.5VsCoss3-6 

Coss7 0 0.5Vs 0.5VsCoss78 

Coss8 0 0 0 

IV 

(cf. Fig. 11(d)) 
is(-) 

HB 

leg 

Coss3 0 0 0 
0 

qreqIV = Vs(Coss3-6+ 

0.5Coss78) 

Coss4 Vs Vs 0 

T-

type 

leg 

Coss5 Vs 0.5Vs 0.5VsCoss3-6 

Vs(Coss3-6 

+0.5Coss78) 

Coss6 0 0.5Vs 0.5VsCoss3-6 

Coss7 0.5Vs 0 0.5VsCoss78 

Coss8 0 0 0 
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Fig. 12. Hard-switching and incomplete ZVS areas of S7 and S8 in the reverse 

operation. 
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  (15) 

  Then, from (10), (11), (14) and (15), the selection criterion for 

the inductors ratio m can be obtained, i.e., 

 
II

I

I

2( 2 ) /
,

(2 2)sin
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 (16) 

where a can be derived by (10) and (11). 

  As illustrated in Table I, the ZVS realization of S7 and S8 in 

the reverse operation relies on the currents is(-) which can be 

expressed as 

 0 1( ) [ ( ) / sin ]
p

s Lm
r

V
i I G m r

Z
  (17) 

  From the analysis on commutation mode IV in Table I, the 

required charge to achieve a complete ZVS for S7 is 

 IV 3-6 780 )( .5req s oss ossq V C C   (18) 

  Then, the ZVS condition for S7 and S8 can be derived  

 IV( ) ( )s d s d reqi t i t q   (19) 

  Assume that all output capacitors have the same value Coss, 

and then (18) can be rewritten as 

 IV 1.5req s ossq VC   (20) 

  Based on (17), (19) and (20), the hard-switching (–is(-) < 0) 

and incomplete ZVS (0 < –is(-) < qreqIV/td) regions for S7 and 

S8 can be derived at m = 7, as shown in Fig. 12. As can be seen, 

the hard-switching and incomplete ZVS regions are small 

compared to the complete ZVS area. It is worth noting that the 

voltage stress of S7 and S8 is only 0.5Vs. Therefore, the 

capacitive switching-on energy loss is 0.5Coss(0.5Vs)
2 = 

0.125CossVs
2, which is relatively small even when operating in 

the hard-switching region. 
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Fig. 13. Analytical and simulated RMS currents with respect to the voltage gain for different quality factors (power levels) (a) RMS characteristics of the resonant 

current in the forward operation; (b) RMS characteristics of the secondary transformer current (referred to the primary side) in the forward operation; (c) RMS 

characteristics of the resonant current in the reverse operation; (d) RMS characteristics of the secondary transformer current (referred to the primary side) in the 

reverse operation. 

F
u

ll
-l

o
ad

 R
M

S
 c

u
rr

en
t 

I L
r_

rm
s 

(A
)

Characteristic impedance Zr (W)  Characteristic impedance Zr  (W)

F
u

ll
-l

o
ad

 R
M

S
 c

u
rr

en
t 

I s
_
rm

s 
(A

)

F
u

ll
-l

o
ad

 R
M

S
 c

u
rr

en
t 

I L
r_

rm
s 

(A
)

F
u

ll
-l

o
ad

 R
M

S
 c

u
rr

en
t 

I s
_
rm

s 
(A

)

                    (a)                                                                 (b)                                                                (c)                                                                (d)

Characteristic impedance Zr  (W) Characteristic impedance Zr  (W)

 

Fig. 14. Full-load RMS current curves with respect to the characteristic impedance Zr in different gain cases. (a) RMS characteristics of the resonant current in the 

forward operation; (b) RMS characteristics of the secondary transformer current (referred to the primary side) in the forward operation; (c) RMS characteristics of 

the resonant current in the reverse operation; (d) RMS characteristics of the secondary transformer current (referred to the primary side) in the reverse operation. 

D. Root-Mean-Square Currents 

  The analytical and simulated RMS current curves with respect 

to the voltage gain for different quality factors are plotted in Fig. 

13. As can be seen, the analytical results coincide pretty well 

with the simulations. In addition, the obtained results show that 

both the primary and the secondary transformer RMS currents 

do not significantly vary with respect to the voltage gain G. This 

means that the conduction losses can be always kept relatively 

low over a wide voltage gain range. 

  When the transferred power is specified, the characteristic 

impedance Zr has a significant impact on the RMS current 

characteristics. The full-load (1 kW) case is considered herein, 

and Fig. 14 shows the full-load RMS current curves. As can be 

observed, the full-load RMS currents decrease with respect to 

the increase of the characteristic impedance Zr except for some 

special cases, i.e., G = 0.5 and G = 1 in Fig. 14(b) and (c). 

Therefore, from the point of view of minimizing conduction 

losses, the characteristic impedance Zr should be designed as 

large as possible. Also, when the resonant frequency is 

specified, a larger Zr means a larger Lr, which is beneficial to 

the ZVS realization and the short-circuit current suppression. 

However, on the other hand, a larger Zr also leads to a larger ac 

voltage ripple and a higher voltage peak for the resonant 

capacitor. Therefore, a trade-off should be made in practice. 

E. Topology Comparison 

  Table II presents a comparison among the proposed 

bidirectional resonant dc-dc converter, the dual-magnetizing-

inductor (DMI) bidirectional LLC topology [22], and the 

bidirectional CLLLC topology [7], [21]. As can be noticed, the 

proposed topology uses the same number of switches as the 
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TABLE II 

COMPARISON AMONG THREE BIDIRECTIONAL RESONANT DC-DC CONVERTER TOPOLOGIES 

 Proposed topology DMI bidirectional LLC topology in [22] Bidirectional CLLLC topology in [7], [21] 

Number of 

switches 
8 8 8 

Number of 

capacitors 
2 1 2 

Number of 

transformer 
1 1 1 

Number of 

inductors 

Resonant inductor ×1 

Magnetizing inductor (transformer) ×1  

Resonant inductor ×1 

Magnetizing inductor (transformer) ×1  

Additional magnetizing inductor ×1 

Resonant inductor ×2 

Magnetizing inductor (transformer) × 1 

Voltage stress of 

switches 

6 switches: input/output bus voltage 

2 switches: half of the bus voltage 
8 switches: input/output bus voltage 8 switches: input/output bus voltage 

Normalized RMS 

current flowing 

through 

transformer at 

different 

operating 

conditions 

  

Gain limit

 

Frequency 

variation range 
Fixed-frequency Moderate Wide 

ZVS 

range 

Forward 
S1-S2, S7-S8: full-range ZVS-on; 

S3-S6: full-range ZCS-off; 

G ≥ 1 
S1-S4: full-range ZVS-on; 

S5-S8: full-range ZCS-off; 
S1-S4: full-range ZVS-on; 

S5-S8: full-range ZCS-off; G < 1 

 

 

S1-S4: partially ZCS-on and 

partially hard-switching; 

S5-S8: full-range ZVS-on 

Reverse 

S1-S2, full-range ZCS-off; 

S3-S6: full-range ZVS-on; 

S7-S8: almost full-range ZVS except a 

small range (cf. Fig. 12). 

G ≥ 1 

 

S1-S4: full-range ZVS-on; 

S5-S8: partially ZCS-on and 

partially hard-switching; S1-S4: full-range ZCS-off; 

S5-S8: full-range ZVS-on; 
G < 1  

 

S1-S4: full-range ZCS-off; 

S5-S8: full-range ZVS-on; 

 

 other two topologies. But the numbers of inductors are 

different: the topologies in [22] and [21] requires an external 

magnetizing inductor and an additional resonant inductor, 

respectively. For the voltage stress of switches, two of the eight 

switches in the proposed topology withstand only half of the 

input/output bus voltage. This is different from other two 

topologies where all the eight switches have to withstand the 

full input/output bus voltage.  
  Since all the three topologies in Table II have multiple 

resonant elements, and their primary and secondary switches do 

not share the same current stress, the RMS current flowing 

through the transformer is used as the comparison criteria. It 

should be noted that the parameters in [22] and [7] are used to 

derive the normalized RMS currents for the DMI bidirectional 

LLC converter and the CLLLC topology, respectively. In order 

to have a relatively wide operating voltage gain in both the 

forward and reverse power flow directions, the parameters of 

the CLLLC topology have to be designed asymmetrically in [7]. 

Therefore, there is a significant difference between forward and 

reverse RMS currents. As can be seen from the three figures in 

Table II, the proposed topology has the smallest RMS current 

variation with respect to the voltage gain G. Particularly, when 

the load becomes light, the RMS current of the proposed 

topology proportionally decreases in the whole gain range; 

whereas the light-load RMS currents of the other two topologies 

are still kept high because of the high circulating current. In 

order to have a wide gain range, the two bidirectional topologies 

in [22] and [7] have to use a small magnetizing inductance 

which in turn causes a high circulating current (reactive power) 

inside the converter. The impact of circulating current on the 

RMS current and efficiency is particularly high at light loads. 

Therefore, the measured light-load efficiency performance in [7] 

is poor. However, for the proposed converter, the switching 

frequency is fixed and the magnetizing inductance has no 

impact on the gain range. Therefore, the magnetizing 

inductance can be designed possibly large on the premise of 

achieving ZVS. It should be noted that both the RMS current 

and the conduction losses of primary switches in the proposed 

topology can be halved if the half-bridge is replaced with a full-

bridge on the primary side. 

  Another disadvantage of the bidirectional CLLLC converter is 

that the switching frequency range is wide (e.g., 40kHz to 200 

kHz) when a wide gain range is needed. Thus, the optimal 

design of passive components becomes a challenge. The 

proposed converter can achieve full-range ZVS except a small 

range for S7-S8 in the reverse operation. However, for the DMI 

bidirectional LLC converter, its soft-switching range is 

relatively narrow, as illustrated in Table II. Theoretically the 

bidirectional CLLLC resonant converter can achieve full-range 

soft-switching; in practice, however, when the switching 
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frequency becomes high, the peak magnetizing current will be 

decreased which may be unable to fully charge/discharge the 

output capacitors of MOSFETs and causes incomplete ZVS 

transitions. 

IV. EXPERIMENTAL VERIFICATIONS 

  A 1-kW converter prototype has been built, as shown in Fig. 

15. The detailed prototype parameters are listed in Table III. For 

the reverse diode characteristics SiC MOSFETs, the diode 

forward voltage is high when the gate-source voltage ugs is zero. 

In order to reduce the conductions losses, the synchronous 

rectification is adopted in both power flow directions. 

 

Fig. 15. Photo of the built converter prototype. 

(a) Vp = 500 V, Vs = 500 V, P = 0.3 kW.                                                            (b)   Vp = 500 V, Vs = 500 V, P = 1 kW.

Vs
uab

iLr

uCr2uCr1

ucd

Vs
uab

iLr

uCr2uCr1

ucd

(c) Vp = 500 V, Vs = 380 V, P = 0.3 kW.                                                            (d)   Vp = 500 V, Vs = 380 V, P = 1 kW.

(e) Vp = 500 V, Vs = 250 V, P = 0.3 kW.                                                            (f)   Vp = 500 V, Vs = 250 V, P = 1 kW.

Vs
uab

iLr

uCr2uCr1

ucd

Vs
uab

iLr

uCr2uCr1

ucd

is is

is

is

Vs
uab

iLr
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uCr2uCr1

ucd

is

 

Fig. 16. Steady-state operating waveform in the forward power flow direction. 
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TABLE III 

CONVERTER PARAMETER 

Description Symbol Parameter 

Primary voltage Vp 500 V 

Secondary voltage Vs 250-500 V 

Rated power P 1 kW 

Switching frequency  fs 100 kHz 

Resonant frequency fr 100 kHz 

Power switches S1–S8 C3M0120090D 

Transformer turns ratio n 1 

Magnetizing inductance Lm 270 H 

Resonant Inductor Lr 38.4 H 

Resonant capacitors Cr1, Cr2 33 nF, film capacitor  

 

 

  The forward steady-state operation of the proposed 

converter is tested for different secondary voltages and different 

power levels, as shown in Fig. 16. As can be seen, all the 

waveforms coincide with the theoretical analysis in Section II 

except for the high-frequency oscillations during the idle time, 

which is caused by the parasitic intrawinding capacitance of the 

transformer and the output capacitance of MOSFETs. At the 

two boundaries of the secondary voltage range, i.e., Vs = 250 V 

and Vs = 500 V, the secondary switches form a half-bridge and 

a full-bridge rectifier, respectively. Thus, the resonant voltages 

and current are pure sinusoidal waveforms. When the secondary 

voltage Vs is between the two boundaries, the phase shift  is  

(a) Vp = 500 V, Vs = 500 V, P = 0.3 kW.                                                            (b)   Vp = 500 V, Vs = 500 V, P = 1 kW.

Vp ucd

iLr

uCr2uCr1

uab

Vp

ucd

is

uCr2uCr1

uab

Vp
ucd

iLr

uCr2uCr1

uab

Vp
uab

iLr

uCr2uCr1

ucd

(c) Vp = 500 V, Vs = 380 V, P = 0.3 kW.                                                            (d)   Vp = 500 V, Vs = 380 V, P = 1 kW.

(e) Vp = 500 V, Vs = 250 V, P = 0.3 kW.                                                            (f)   Vp = 500 V, Vs = 250 V, P = 1 kW.

Vp

ucd

iLr

uCr2uCr1

uab

Vp
ucd

iLr

uCr2uCr1

uabis

iLr
is

is

is is

 

Fig. 17. Steady-state operating waveform in the reverse power flow direction. 
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Fig. 18. Dynamic experimental waveforms for both power flow directions. 

(a) Forward mode to reverse mode                                               (b) Zoomed-in transition waveforms from forward mode to reverse mode

Vp

Ip

iLr

ucd

Vp

Ip

iLr

ucd

Reverse mode

(-500W)

Forward mode 

(500W)

Vp

Ip

iLr

ucd

Vp iLr

ucd

Ip

(c) Reverse mode to forward mode                                               (d) Zoomed-in transition waveforms from reverse mode to forward mode

Reverse modeForward mode

Reverse mode

(-500W)

Forward mode 

(500W)

Reverse mode Forward mode 

 

Fig. 19. Mode transition between forward and reverse modes. 

between 0 and , and the secondary switches constitute a 

hybrid-bridge rectifier. In this case, the resonant capacitor 

voltages (uCr1 and uCr2) and the resonant current (iLr) are 

piecewise. One can also see that for the same transferred power, 

the peak values of the resonant current iLr and the secondary 

current is do not remarkably vary with respect to the change of 

the secondary voltage. Therefore, the conduction losses can 

also be kept relatively low in spite of a wide voltage gain range. 

  The steady-state operating waveforms of the proposed 

converter in the reverse operation are measured for different 

voltages and power levels, as shown in Fig. 17. It can be seen 

that the experimental results show a good agreement with the 

theoretical analysis. The secondary switches can form a hybrid-

bridge inverter to cope with the secondary voltage variation 

such that the RMS currents can be kept relatively low. 
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(c) Forward operation: Vp = 500 V, Vs = 250 V, P = 200 W.                                     (d) Forward operation: Vp = 500 V, Vs = 250 V, P = 1 kW.
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(a) Forward operation: Vp = 500 V, Vs = 380 V, P = 200 W.                                     (b) Forward operation: Vp = 500 V, Vs = 380 V, P = 1 kW.
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(g) Reverser operation: Vp = 500 V, Vs = 250 V, P = 200 W.                                    (h) Reverse operation: Vp = 500 V, Vs = 250 V, P = 1 kW.

(e) Reverse operation: Vp = 500 V, Vs = 380 V, P = 200 W.                                      (f) Reverse operation: Vp = 500 V, Vs = 380 V, P = 1 kW.
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Fig. 20. Soft-switching waveforms.

  In order to verify the converter dynamic performance with the 

control scheme in Fig. 10, both the primary and secondary bus 

terminals are connected in parallel with a resistor (load) and a 

nonideal unidirectional dc voltage source (i.e., a voltage source 

in series with a resistor and a diode). Thus, both the primary and 

secondary port can release (by the voltage source) and absorb 

(by the resistor) power. With the closed-loop control, the 

dynamic experimental waveforms for both power flow 

directions are shown in Fig. 18. The given voltage reference Vp
* 

is equal to 500 V. As can be seen, the primary voltage Vp can 

be regulated to its reference when the load changes. Also, the 

observed maximum voltage overshoot is around 10 V which is 

2% of the primary voltage Vp = 500 V. For the AC voltage ripple 

of Vp, i.e., Vp_ac, the measured maximum value is approximately 

0.7 V which represents 0.14% of 500 V. 

  The mode transition performance is tested under Vp
* = 500 V, 

Vs = 380 V and P = ± 500 W, as shown in Fig. 19. It can be 

observed that automatic and fast mode switch can be achieved 

for the proposed converter with the hysteresis control. When Vp 

increases to the upper limit VpH (520 V) or decreases to the 

lower limit VpL (480 V), the indictor of power flow direction is 

changed. Then, the switching pattern and the resonant-tank 
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(a)                                                                                           (b)

 

Fig. 21. Comparison between the experimental and analytical gain characteristic: (a) in the forward operation; (b) in the reverse operation. 

(a)                                                                                            (b)

(c)                                                                                            (d)

 

Fig. 22. Comparison between the experimental and analytical rms currents: (a) RMS current ILr_rms in the forward operation; (b) RMS current Is_rms in the forward 

operation; (c) RMS current ILr_rms in the reverse operation; (d) RMS current Is_rms in the reverse operation. 

waveforms are switched between the two operating modes, as 

shown in Fig. 19(b) and (d). As results, the primary-side voltage 

Vp can be subsequently regulated to the reference Vp* = 500 V 

and the primary-side current Ip switches between +1A and -1A, 

indicating that the transferred power Pc transits between +500 

W and -500 W. 

  Fig. 20 presents the soft-switching waveforms in different 

power and voltage conditions. Due to the symmetry of topology 

and modulation, only the ZVS waveforms of S2 and S8 in the 

forward operation (Fig. 20 (a)-(d)) and those of S3, S5 and S7 in 

the reverse operation (Fig. 20 (e)-(h)) are shown in this paper. 

As one can observed, before the gate driving voltage applies, 

the corresponding drain-strain voltage have been fallen to zero 

which implies that ZVS is achieved. Thus, the switching loss is 

significantly minimized. 

  The measured gain characteristics in both the forward and 

reverse power flow directions are compared with the analytical 

results, as shown in Fig. 21. It can be observed that a good 

agreement is achieved between the theoretical analysis and 

experimental results. In addition, one can also see that 

regardless of the power transfer direction and the power level, 

a wide gain range of [0.5, 1] can be achieved. 
  The measured RMS currents in different operating conditions 

are presented in Fig. 22 to verify the correctness of the derived 

RMS equations in Table IV. It can be seen that the experimental 

data matches pretty well with the analytical results. Moreover, 

Fig. 22 also demonstrates that the variations of RMS currents 

in the proposed converter are small with respect to a wide 

secondary voltage range. 
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(a)                                                                                             (b)

(c)                                                                                             (d)

 

Fig. 23. Measured efficiency curves. (a) forward efficiency with respect to the transferred power at different secondary voltages; (b) forward efficiency with respect 

to the secondary voltage at different power levels; (c) reverse-mode efficiency with respect to the transferred power at different secondary voltages; (d) reverse-

mode efficiency with respect to the secondary voltage at different power levels. 

  Fig. 23 shows the measured efficiency curves in different 

operating conditions. As can be seen, high efficiency can be 

achieved from light loads to the full load, and the peak 

efficiency reaches 98.3% and 98.2% in the forward and reverse 

power flow directions, respectively. As analyzed in Section III-

C, the proposed bidirectional dc-dc converter can achieve soft-

switching. Also, SiC MOSFETs are used to build the converter 

prototype. Thus, the switching losses are negligible. It is the 

conduction loss that dominates the total power losses. From 

Figs. 13 and 22, it can be seen that the RMS currents firstly rise 

and then fall with respect to the increase of the voltage gain. 

Thus, the converter has the highest conduction loss and the 

lowest efficiency in the middle area of the operating voltage 

range. However, it can be also noticed from Figs. 13 and 22 that 

the variation of the RMS currents with respect to the voltage 

gain is small. Therefore, the efficiency performance is kept 

good in the whole voltage range (efficiency difference is less 

than 1%, cf. Fig. 23(b) and (d)). 

V. CONCLUSION 

  In this paper, a new bidirectional resonant dc-dc converter 

with fixed-frequency phase-shift control is proposed and 

explored. The operation principles and key characteristics, i.e., 

the voltage gain, power flow, soft-switching and RMS currents, 

are detailed. The feasibility of all proposals and the correctness 

of the theoretical analyses are validated with simulations and 

experimental results obtained from the built 1-kW converter 

prototype. A wide gain range from 0.5 to 1 can be achieved for 

both power flow directions. A significant feature of the 

proposed converter is that both the forward and reverse RMS 

currents are kept low in spite of the voltage gain variation. In 

addition, soft-switching can be achieved for switches, which 

minimizes the switching losses. Therefore, high-efficiency 

power conversion can be achieved in the whole operating range. 

REFERENCES 

[1] N. M. L. Tan, T. Abe, and H. Akagi, “Design and performance of a 
bidirectional isolated DC-DC converter for a battery energy storage 

system,” IEEE Trans. Power Electron., vol. 27, no. 3, pp. 1237–1248, 

Mar. 2012. 

[2] M. Uno and A. Kukita, “Bidirectional PWM converter integrating cell 
voltage equalizer using series-resonant voltage multiplier for series-

connected energy storage cells,” IEEE Trans. Power Electron., vol. 30, 

no. 6, pp. 3077–3090, Jun. 2015. 

[3] J. M. Choi, B. J. Byen, Y. J. Lee, D. H. Han, H. S. Kho, and G. H. Choe, 

“Design of leakage inductance in resonant dc-dc converter for electric 

vehicle charger,” IEEE Trans. Magn., vol. 48, no. 11, pp. 4417–4420, Nov. 

2012. 

[4] J. Park and S. Choi, “Design and control of a bidirectional resonant dc–
dc converter for automotive engine/battery hybrid power generators,” 

IEEE Trans. Power Electron., vol. 29, no. 7, pp. 3748–3757, Jun. 2014. 

[5] L. Xue, Z. Shen, D. Boroyevich, P. Mattavelli, and D. Diaz, “Dual active 
bridge-based battery charger for plug-in hybrid electric vehicle with 

charging current containing low frequency ripple,” IEEE Trans. Power 

Electron., vol. 30, no. 12, pp. 7299–7307, Dec. 2015. 

[6] U. K. Madawala and D. J. Thrimawithana, “A bidirectional inductive 

power interface for electric vehicles in V2G systems,” IEEE Trans. Ind. 

Electron., vol. 58, no. 10, pp. 4789–4796, Oct. 2011. 



TPEL-Reg-2016-12-2366.R2 18 

[7] Z. U. Zahid, Z. M. Dalala, R. Chen, B. Chen, and J.-S. Lai, “Design of 
bidirectional dc–dc resonant converter for vehicle-to-grid (V2G) 

applications,” IEEE Trans. Transp. Electrif., vol. 1, no. 3, pp. 232–244, 

Oct. 2015. 

[8] M. C. Kisacikoglu, M. Kesler, and L. M. Tolbert, “Single-phase on-board 

bidirectional PEV charger for V2G reactive power operation,” IEEE 

Trans. Smart Grid, vol. 6, no. 2, pp. 767–775, Mar. 2015. 

[9] A. Rathore, D. Patil, and D. Srinivasan, “A Non-Isolated Bidirectional 

Soft Switching Current fed LCL Resonant DC/DC Converter to Interface 

Energy Storage in DC Microgrid,” IEEE Trans. Ind. Appl., vol. 52, no. 2, 

pp. 1711–1722, Mar./Apr., 2016. 

[10] B. Zhao, Q. Song, and W. Liu, “A practical solution of high-frequency 

link bidirectional solid-state transformer based on advanced components 

in hybrid microgrid,” IEEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4587–
4597, Jul. 2015. 

[11] F. Musavi, M. Craciun, D. S. Gautam,W. Eberle, and W. G. Dunford, “An 
LLC resonant DC-DC converter for wide output voltage range battery 

charging applications,” IEEE Trans. Power Electron., vol. 28, no. 12, pp. 

5437–5445, Dec. 2013. 

[12] F. Z. Peng, H. Li, G.-J. Su, and J. S. Lawler, “A new ZVS bi-directional 

dc–dc converter for fuel cell and battery applications,” IEEE Trans. 

Power Electron., vol. 19, no. 1, pp. 54–65, Jan. 2004. 

[13] C. Zhao, S. Round, and J. Kolar, “An isolated three-port bidirectional DC-

DC converter with decoupled power flow management,” IEEE Trans. 

Power Electron., vol. 23, no. 5, pp. 2443–2453, Sep. 2008. 

[14] S. Jalbrzykowski, A. Bogdan, and T. Citko, “A dual full-bridge resonant 

class-E bidirectional dc-dc converter,” IEEE Trans. Ind. Electron., vol. 

58, no. 9, pp. 3879–3883, Sep. 2011. 

[15] Z. Wang and H. Li, “A soft switching three-phase current-fed 

bidirectional dc–dc converter with high efficiency over a wide input 

voltage range,” IEEE Trans. Power Electron., vol. 27, no. 2, pp. 669–684, 

Feb. 2012. 

[16] U. R. Prasanna, A. K. Rathore, S. Member, S. K. Mazumder, S. Member, 

and A. A. Zcs, “Novel Zero-Current-Switching Current-Fed Half-Bridge 

Isolated DC / DC Converter for Fuel-Cell-Based Applications,” vol. 49, 
no. 4, pp. 1658–1668, 2013. 

[17] P. Xuewei, A. K. Rathore, and P. Rajagopal, “Novel soft-switching 

snubberless naturally clamped current-fed full-bridge front-end converter 

based bidirectional inverter for renewables, microgrid and UPS 

applications,” IEEE Trans. Ind. Appl., vol. 50, no. 6, pp. 4132–4141, 

Nov./Dec. 2014. 

[18] T.-J. Liang and J.-H. Lee, “Novel High-Conversion-Ratio High-

Efficiency Isolated Bidirectional DC–DC Converter,” IEEE Trans. Ind. 

Electron., vol. 62, no. 7, pp. 4492–4503, 2015. 

[19] D. Sha, J. Zhang, X. Wang, and W. Yuan, “Dynamic Response 
Improvements of Parallel Connected Bidirectional DC-DC Converters for 

Electrical Drive Powered by Low Voltage Battery Employing Optimized 

Feed-forward Control,” IEEE Trans. Power Electron., vol. PP, no. 99, pp. 

1–1, 2017. 

[20] X. Sun, X. Wu, Y. Shen, X. Li, and Z. Lu, “A Current-Fed Isolated 

Bidirectional DC-DC Converter,” IEEE Trans. Power Electron., vol. PP, 

no. 99, pp. 1–1, 2017. 

[21] J. H. Jung, H. S. Kim, M. H. Ryu, and J. W. Baek, “Design methodology 
of bidirectional CLLC resonant converter for high-frequency isolation of 

dc distribution systems,” IEEE Trans. Power Electron., vol. 28, no. 4, pp. 

1741–1755, Apr. 2013. 

[22] T. Jiang, J. Zhang, X. Wu, K. Sheng, and Y. Wang, “A bidirectional LLC 
resonant converter with automatic forward and backward mode transition,” 
IEEE Trans. Power Electron., vol. 30, no. 2, pp. 757–770, Aug. 2014. 

[23] T. Jiang, J. Zhang, X. Wu, K. Sheng, and Y. Wang, “A bidirectional three-

level LLC resonant converter with PWAM control,” IEEE Trans. Power 

Electron., vol. 31, no. 3, pp. 2213–2225, Mar. 2016.  

[24] R. M. Burkart, S. Member, and J. W. Kolar, “SiC Multilevel Dual-Active-

Bridge Topologies With Wide Input Voltage Range,” vol. 32, no. 7, pp. 
5258–5270, Jul. 2017. 

[25] R. W. De Doncker, D. M. Divan, and M. H. Kheraluwala, “A three phase 
soft-switched high power density dc/dc converter for high power 

applications,” in IEEE Ind. Appl. Soc. Annual Meeting, vol. 1, Oct. 1988, 

pp. 796–805. 

[26] B. Zhao, Q. Song, W. Liu, and Y. Sun, “Overview of dual-active-bridge 

isolated bidirectional dc–dc converter for high-frequency-link power-

conversion system",  IEEE Trans. Power Electron., vol. 29, no. 8, pp. 

4091–4106, Aug. 2014. 

[27] H. Bai and C. Mi, “Eliminate reactive power and increase system 
efficiency of isolated bidirectional dual-active-bridge dc–dc converters 

using novel dual-phase-shift control,” IEEE Trans. Power Electron., vol. 

23, no. 6, pp. 2905–2914, Nov. 2008. 

[28] H. Wen, W. Xiao, and B. Su, “Nonactive power loss minimization in a 
bidirectional isolated DC–DC converter for distributed power systems,” 
IEEE Trans. Ind. Electron., vol. 61, no. 12, pp. 6822–6831, Dec. 2014. 

[29] B. Zhao, Q. Yu, and W. Sun, “Extended-phase-shift control of isolated 

bidirectional dc-dc converter for power distribution in microgrid,” IEEE 

Trans. Power Electronics., vol. 27, no. 11, pp. 4667–4680, Nov. 2012. 

[30] Z. Zhang, Y. Cai, Y. Zhang, D. Gu, and Y. Liu, “A distributed architecture 
based on micro-bank modules with self-reconfiguration control to 

improve the energy efficiency in the battery energy storage system,” IEEE 

Trans. Power Electron., vol. 31, no. 1, pp. 304–317, Jan. 2016. 

[31] K. Wu, C. W. De Silva, and W. G. Dunford, “Stability analysis of isolated 
bidirectional dual active full-bridge DC-DC converter with triple phase 

shift control,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 2007–2017, 

Apr. 2012. 

[32] G. Ortiz, J. Biela, D. Bortis, and J. W. Kolar, “1 Megawatt, 20 kHz, 
isolated, bidirectional 12 kV to 1.2 kV DC–DC converter for renewable 

energy pplications,” in Proc. Int. Power Electron. Conf., 2010, pp. 3212–
3219. 

[33] X. Li and A. K. S. Bhat, “Analysis and design of high-frequency isolated 

dual-bridge series resonant DC/DC converter,” IEEE Trans. Power 

Electron., vol. 25, no. 4, pp. 850–862, Apr. 2010. 

[34] J. Huber, G. Ortiz, F. Krismer, N. Widmer, and J. W. Kolar, “η-ρ Pareto 
optimization of bidirectional half-cycle discontinuous-conduction-mode 

series-resonant DC/DC converter with fixed voltage transfer ratio,” in 

Proc. 28th Annu. IEEE Appl. Power Electron. Conf. Expo., Long Beach, 

CA, USA, Mar. 17–21, 2013, pp. 1413–1420. 

[35] L. Corradini, D. Seltzer, D. Bloomquist, R. Zane, and D. Maksimovic, B. 

Jacobson, “Minimum current operation of bidirectional dual-bridge series 

resonant DC/DC converters,” IEEE Trans. Power Electron., vol. 27, no. 

7, pp. 3266-3276, Jul. 2012. 

[36] J. Kan, S. Xie, Y. Tang, and Y. Wu, “Voltage-fed dual active bridge 

bidirectional DC/DC converter with an immittance network,” IEEE Trans. 

Power Electron., vol. 29, no. 7, pp. 3582–3590, Jul. 2014. 

[37] W. Chen, P. Rong, and Z. Lu, “Snubberless bidirectional DC–DC 

converter with new CLLC resonant tank featuring minimized switching 

loss,” IEEE Trans. Ind. Electron., vol. 57, no.9, pp. 3075-3086, Sep. 2010. 

[38] W. L. Malan, D. M. Vilathgamuwa, and G. R. Walker. “Modeling and 
control of a resonant dual active bridge with a tuned CLLC network,” 
IEEE Trans. Power Electron., vol. 31, no. 10, pp. 7297–7310, Oct. 2016. 

[39] M.-H. Ryu, H.-S. Kim, J.-W. Baek, H.-G. Kim, and J.-H. Jung, “Effective 
test bed of 380-V DC distribution system using isolated power converters,” 
IEEE Trans. Ind. Electron., vol. 62, no. 7, pp. 4525–4536, Jul. 2015. 

[40] T. LaBella, W. Yu, J.-S. Lai, M. Senesky, and D. Anderson, “A 
bidirectional-switch-based wide-input range high-efficiency isolated 

resonant converter for photovoltaic applications,” IEEE Trans. Power 

Electron., vol. 29, no. 7, pp. 3473–3484, Jul. 2014. 

 

 

 

 

 

 

 

Yanfeng Shen (S’16) received the B.S. and M.S. 

degrees in electrical engineering and power 

electronics from Yanshan University, Qinhuangdao, 

China, in 2012 and 2015, respectively. He is currently 

working toward the Ph.D. degree in power electronics 

at Aalborg University, Aalborg, Den   mark. 

  He worked as an Intern at ABB Corporate Research 

Center, Beijing, China, from Aug. to Oct., 2015. His 

research interests include multi-objective life-cycle 

optimization of dc-dc converters and PV inverters. 

 

 



TPEL-Reg-2016-12-2366.R2 19 

Huai Wang (M’12) received the B.E. degree in 

electrical engineering, from Huazhong University of 

Science and Technology, Wuhan, China, in 2007 and 

the Ph.D. degree in power electronics, from the City 

University of Hong Kong, Hong Kong, in 2012. 

  He is currently an Associate Professor and a 

Research Thrust Leader in the Center of Reliable 

Power Electronics (CORPE), Aalborg University, 

Aalborg, Denmark. He was a Visiting Scientist with 

the ETH Zurich, Switzerland, from Aug. to Sep. 2014, 

and with the Massachusetts Institute of Technology 

(MIT), USA, from Sep. to Nov. 2013. He was with the ABB Corporate 

Research Center, Switzerland, in 2009. His research addresses the fundamental 

challenges in modelling and validation of power electronic component failure 

mechanisms, and application issues in system-level predictability, condition 

monitoring, circuit architecture, and robustness design. He has contributed a 

few concept papers in the area of power electronics reliability, filed four patents 

on capacitive DC-link inventions, and co-edited a book.   

  Dr. Wang received the Richard M. Bass Outstanding Young Power 

Electronics Engineer Award from the IEEE Power Electronics Society in 2016, 

and the Green Talents Award from the German Federal Ministry of Education 

and Research in 2014. He is currently the Award Chair of the Technical 

Committee of the High Performance and Emerging Technologies, IEEE Power 

Electronics Society. He serves as an Associate Editor of IEEE JOURNAL OF 

EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS and 

IEEE TRANSACTIONS ON POWER ELECTRONICS. 

 

 

 

 

Ahmed Al-Durra (S’07-M’10-SM’14) received the B.S., 

M.S., and PhD in Electrical and Computer Engineering 

from the Ohio State University (OSU) in 2005, 2007, 

and 2010, respectively. He conducted his PhD research 

at the Center for Automotive Research in OSU on the 

applications of modern estimation and control theories 

to automotive propulsion systems. He joined the 

Electrical Engineering Department at the Petroleum 

Institute, Abu Dhabi, UAE as an Assistant Professor in 

2010. At the present, he is an Associate Professor in the 

Electrical & Computer Engineering Department at 

Khalifa University of Science & Technology, PI Campus, Abu Dhabi, UAE. 

He obtained the PI Research & Scholarship Award for Junior Faculty in 2014. 

His research interests are application of estimation and control theory in power 

system stability, Micro and Smart Grids, renewable energy, and process control. 

He has published over 100 scientific articles in Journals, International 

Conferences, and book chapters. He has successfully accomplished several 

research projects at international and national levels. He has supervised/co-

supervised over 20 PhD/Master students. He is the head of Energy Systems, 

Control & Optimization Lab at ADNOC Research & Innovation Center. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Zian Qin (S’13-M’15) received the B.Eng. degree 
in Automation from Beihang University, Beijing, 

China, in 2009, M.Eng. degree in Control Science and 

Engineering from Beijing Institute of Technology, 

Beijing, China, in 2012, and Ph.D. degree from 

Aalborg University, Aalborg, Denmark, in 2015.  

  In 2014, he was a Visiting Scientist with the Institute 

for Power Generation and Storage Systems (PGS), 

Aachen University, Aachen, Germany. From 2015 to 

2017, he was a Postdoctoral Research Fellow in 

Aalborg University. Since July 2017, he has been with 

Delft University of Technology, Delft, Netherlands as an Assistant Professor. 

 

 

 

 

 

Frede Blaabjerg (S’86–M’88–SM’97–F’03) was 
with ABB-Scandia, Randers, Denmark, from 1987 to 

1988. From 1988 to 1992, he got the PhD degree in 

Electrical Engineering at Aalborg University in 1995. 

He became an Assistant Professor in 1992, an 

Associate Professor in 1996, and a Full Professor of 

power electronics and drives in 1998. From 2017 he 

became a Villum Investigator. 

  His current research interests include power 

electronics and its applications such as in wind 

turbines, PV systems, reliability, harmonics and adjustable speed drives. He has 

published more than 450 journal papers in the fields of power electronics and 

its applications. He is the co-author of two monographs and editor of 6 books 

in power electronics and its applications. 

  He has received 18 IEEE Prize Paper Awards, the IEEE PELS Distinguished 

Service Award in 2009, the EPE-PEMC Council Award in 2010, the IEEE 

William E. Newell Power Electronics Award 2014 and the Villum Kann 

Rasmussen Research Award 2014. He was the Editor-in-Chief of the IEEE 

TRANSACTIONS ON POWER ELECTRONICS from 2006 to 2012. He has 

been  Distinguished Lecturer for the IEEE Power Electronics Society from 2005 

to 2007 and for the IEEE Industry Applications Society from 2010 to 2011 as 

well as 2017 to 2018. 

  He is nominated in 2014, 2015 and 2016 by Thomson Reuters to be between 

the most 250 cited researchers in Engineering in the world. In 2017 he became 

Honoris Causa at University Politehnica Timisoara (UPT), Romania. 

 
 


