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Abstract—This paper proposes a family of magnetic coupling non-isolated bidirectional dc-dc converters, which achieve soft-switching operation in both power flow directions with a simple auxiliary circuit. Compared with the conventional zero-voltage-transition (ZVT) converters, the additional resonant inductor is eliminated and magnetic core number is reduced. Therefore, both high efficiency and low cost are achieved. In the paper, a general zero-voltage-switching (ZVS) magnetic coupling structure is firstly proposed for bidirectional buck/boost converter, based on which 13 different ZVS topologies with different connections of auxiliary circuit are derived. It is very beneficial in practical industrial applications because engineers can choose an optimal one according to converter performance characteristics, and the topology derivation methodology can be easily extended to other bidirectional dc-dc converters. Secondly, operation principle and performance characteristics are simultaneously obtained for all proposed topologies based on the general structure, which can facilitate topologies comparison and selection. Finally, in order to verify the effectiveness of theoretical analysis, design considerations and experiment results of a 500W prototype circuit are demonstrated. 
[bookmark: PointTmp]Index Terms—Bidirectional dc-dc converters, coupled inductor, topology derivation, zero-voltage-switching (ZVS).
Introduction
N
on-isolated bidirectional dc-dc converters (BDCs) which are able to transfer power in both directions, have been widely employed in various industrial applications, such as uninterruptable power supplies, electric vehicles and so on [1-9]. BDCs can be simply derived from unidirectional dc-dc converters by replacing diodes with switches and thus in the hard-switching BDCs, high switching losses are similarly caused by hard-switching operation. Moreover, with increase of switching frequency, the losses further deteriorate. In order to effectively minimize switching losses, many soft-switching techniques including zero-voltage-switching (ZVS) converters with large inductor ripple current [10-12], active-clamping ZVS converters [13-16], zero-voltage-transition (ZVT) converters [17-24] and ZVS converters with coupled inductors [25-38], have been proposed. 
In [10-11], multiphase interleaved bidirectional converters with large inductor ripple current were proposed, which can achieve ZVS operation for switches without additional components. However, resulting from the large inductor ripple current, conduction losses significantly increase in each converter and the efficiency consequently decreases, especially at light load condition. Although adaptive frequency modulation was presented in [12] to reduce the conduction losses, penalty on control complexity is introduced. Moreover, the ZVS realization method is not suitable for non-interleaved applications with only single converter because large input/output filters are required.  
In order to achieve soft-switching operation and eliminate the stringent requirement of filters as well, an active-clamping converter was proposed in [13], in which both main switches and auxiliary switch are ZVS. As a result, low switching losses are obtained. Unfortunately, large current circulates in the auxiliary circuit and voltage stresses of switches increase, resulting in high conduction losses. In [14, 15], an auxiliary resonant circuit is employed to achieve low circulating current. But the auxiliary switch is nearly hard-switching.
Recently, ZVT bidirectional converters have been very attractive because of its soft-switching operation, low voltage stresses and high efficiency [17-23]. The auxiliary circuit is removed out of the main circuit and is only activated in a short interval, hence additional conduction losses are small. Besides, the auxiliary switches are zero-current turned on and zero-voltage turned off in [17-19], which are further improved in [20-23] with zero-current turn-on as well as turn-off. Nevertheless, additional magnetic cores are needed in ZVT converters to implement auxiliary resonant inductors, which result in increased cost. 
The additional magnetic cores are eliminated in the ZVS dc-dc converters with coupled inductors [25-38], which utilize the leakage inductor to function as the auxiliary resonant inductor. The operation is similar with that of ZVT converters, and thus soft-switching operation as well as improved efficiency are also attained. In [25], a family of magnetic coupling bidirectional dc-dc converters was derived, which can achieve ZVS operation in both power flow directions. Unfortunately, two extra diodes are required in series connection with two auxiliary switches to implement unidirectional switches. The extra diodes are eliminated in the ZVS magnetic coupling bidirectional converters presented in [26]. Meanwhile, advantages of soft-switching operation and reduced magnetic core remain. However, only one specific ZVS magnetic coupling topology has been proposed for different dc-dc converters in [26], while optional topologies should be provided for engineers to choose an optimum one according to the requirement in different practical applications. Therefore, this paper aims to explore and provide more alternative topologies. Based on the topology derivation methodology in [27], 13 different viable ZVS magnetic coupling bidirectional buck/boost topologies are firstly obtained in the paper, including the converter presented in [26]. With different auxiliary circuit connections, the converter performance characteristics are diverse and thus are preferred in different applications. In order to simplify the selection of an optimal topology for a specific application, generalized analysis is also provided in the paper, from which the performance characteristic of each converter can be easily obtained. 
The paper is organized as follows. A family of ZVS magnetic coupling bidirectional buck/boost converters are proposed in Section II. In section III and IV, operation principle and performance characteristics effective for all proposed converters are introduced in detail, based on the general structure. Then design considerations of a 500W prototype circuit and experimental verifications are presented in section V. Finally, conclusions are drawn in Section VI.
ZVS Magnetic Coupling Bidirectional Buck/Boost Converters
General structure of the proposed ZVS magnetic coupling bidirectional buck/boost converters is shown in Fig. 1(a). A simple auxiliary circuit comprised of an additional secondary winding and a pair of switches Sa1~Sa2 is added to achieve ZVS operation for switches S1~S2 in both buck and boost power flow directions. Moreover, the auxiliary switches Sa1~Sa2 are zero-current-switching (ZCS) and are only activated in a short interval. Therefore, high efficiency can be obtained. Furthermore, no extra resonant inductor is needed due to the exploitation of leakage inductor and thus lower cost is achieved in the proposed converters when compared with ZVT converters in [17~23]. It is noted that the auxiliary circuit in Fig. 1 (a) also can be easily employed to achieve ZVS operation for other non-isolated bidirectional converters besides the buck/boost converter, e.g. bidirectional buck-boost/buck-boost, Cuk/Cuk and zeta/sepic converters. Likewise, with different auxiliary circuit connections (p, q), different viable topologies also can be derived for each converter. 
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[bookmark: _Ref417412355]Fig. 1.  Proposed ZVS magnetic coupling bidirectional buck/boost converters: (a) general structure and (b) equivalent circuit.
From the general structure in Fig. 1 (a), 13 different ZVS magnetic coupling bidirectional buck/boost converters are obtained in Fig. 2 with different connections of (p, q) to any two nodes among {a, b, c, d}, including one already presented in [26] and other 12 topologies firstly proposed in the paper. With more optional topologies whose performance characteristics are different provided for engineers, an optimum one can be chosen for a specific application. 
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[bookmark: _Ref458624621]Fig. 2.  Proposed ZVS magnetic coupling bidirectional buck/boost converters with different connections of (p, q): (a) (a, b), (b) (a, c), (c) (a, d), (d) (b, a), (e) (b, c), (f) (b, d), (g) (c, a), (h) (c, b), (i) (c, d), (j) (d, a), (k) (d, b), (l) (d, c), and (m) (d, d)[26].
Operation Principle
Equivalent circuit of the proposed general ZVS magnetic coupling bidirectional buck/boost converter is shown in Fig. 1 (b). The coupled inductor T1 is modelled as a magnetizing inductor Lm, a leakage inductor Lr and an ideal transformer with turns ratio of Np:Ns=1:n1. Voltage across the auxiliary circuit vpq for different connections (p, q) in Fig. 2 is derived in , in terms of voltage V1, V2 and drain-to-source voltage vs2(t). Values of coefficients k1-k3 for different connections are determined in Table 1. Besides, the relationship between drain-to-source current is1~is2, auxiliary current ia, leakage inductor current iLr, magnetizing current ILm and port current i2 are obtained in ~.
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[bookmark: _Ref417636213]Table 1. Values of k1, k2 and k3 for different topologies in Fig. 2.
	Fig. 2
	a
	b
	c
	d
	e
	f
	g
	h
	i
	j
	k
	l
	m

	k1
	1
	1
	1
	-1
	0
	0
	-1
	0
	0
	-1
	0
	0
	0

	k2
	0
	-1
	0
	0
	-1
	0
	1
	1
	1
	0
	0
	-1
	0

	k3
	-1
	0
	0
	1
	1
	1
	0
	-1
	0
	0
	-1
	0
	0


To simplify the operation principle, several assumptions are made: 1) Lm is large and the magnetizing current ILm is assumed to be constant; 2) Lr is much less than Lm; 3) the sum of two switches parasitic capacitances are constant during the switching process, which is denoted as Cs.
Steady-state waveforms of the proposed general ZVS bidirectional buck/boost converters with different power flow directions are respectively shown in Fig. 3(a) and (b). It is noted that Fig. 3 is based on the converter Fig. 2(e), and the steady-state waveforms of other proposed converters in Fig. 2 are similar with Fig. 3. The drive signals vg1 and vg2 of switches S1 and S2 are complementary. In the buck mode, the auxiliary switch Sa1 is turned on φ1 in advance before the turn-off of switch S2 and auxiliary switch Sa2 is always off. The duty-cycle of Sa1 is equal to that of S1.  On the other hand, in the boost mode, auxiliary switch Sa1 is always off and auxiliary switch Sa2 is turned on φ2 in advance before the turn-off of switch S1. The duty-cycle of Sa2 is equal to that of S2. Owing to the similarity in buck and boost mode, only operation in the buck mode is detailed introduced in the paper. According to Fig. 3(a), the operation of buck mode in a switching period comprises 7 stages and corresponding equivalent circuits are illustrated in Fig. 4.
Prior to t0, as a result of the previous stage, S1 is on and the auxiliary circuit is active. The auxiliary current ia is decreasing while the leakage inductor current iLr is increasing. 
Stage 1 (t0-t1): At t0, ia decays to zero, thus the auxiliary circuit turns to be inactive and the auxiliary switch Sa1 is ZCS turned off in this stage. From , the leakage inductor current iLr reaches the magnetizing current ILm. Therefore, the leakage inductor Lr and magnetizing inductor Lm are connected in series and charged by V1-V2. The magnetizing inductor voltage is given in  with the assumption that leakage inductance Lr is much smaller than magnetizing inductance Lm. From , value of voltage vpq in this stage is derived in  with vs2(t)=V1. Then the turn-off voltage of auxiliary switch Vsa2 is obtained in  , which should be larger than zero.
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Stage 2 (t1-t2): At t1, S1 is turned off. The parasitic capacitor of S1 is charged by is1 and that of S2 is discharged by -is2, as shown in . Therefore, the drain-to-source voltage vs2 decreases linearly.
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Stage 3 (t2-t3): At t2, vs2 drops to zero and current is2 flows through the body diode of S2. In this stage, switch S2 is ZVS turned on. The series connection of leakage inductor Lr and magnetizing inductor Lm are discharged by -V2. From , value
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[bookmark: _Ref417458211]Fig. 3.  Steady-state waveforms of the proposed ZVS magnetic coupling bidirectional buck/boost converters: (a) buck mode and (b) boost mode.
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[bookmark: _Ref433887918]Fig. 4.  Equivalent circuits of the general ZVS topology in different stages: (a) stage 1(t0-t1), (b) stage 2(t1-t2), (c) stage 3(t2-t3), (d) stage 4(t3-t4), (e) stage 5(t4-t5), and (f) stage 6(t5-t6), 7(t6-t7).
of voltage vpq in this stage is derived in  with vs2(t)=0. Then the turn-off voltage of auxiliary switch Vsa1 is obtained in , which also should be larger than zero.
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From  and ,  is derived.
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Stage 4 (t3-t4): At t3, the auxiliary switch Sa1 is turned on and hence magnetizing voltage vLm is clamped to -Vpq2/n1. From Fig. 4(d), the leakage inductor current iLr is derived in . Combining with  and , the auxiliary current ia and the drain-to-source current is2 are obtained in  and , respectively. According to  and , iLr decreases while ia and is2 increase. In this stage, is2 turns from negative to positive.
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Stage 5 (t4-t5): At t4, the current is2 is larger than zero and switch S2 is turned off. In this stage, the leakage inductor Lr resonates with parasitic capacitors of switches. The drain-to-source voltage vs1 and leakage inductor current iLr are derived in  with parameters Vc, A, ω and θ in . Then the interval t5-t4 also can be obtained, as shown in .
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Stage 6 (t5-t6): At t5, vs1 drops to zero. The current is1 flows through the body diode of S1 and thus ZVS operation is achieved for S1. In this stage, the magnetizing voltage vLm is clamped to -Vpq1/n1. Similar with stage 4, the leakage inductor current iLr, the auxiliary current ia and the drain-to-source current is1 are obtained in ~. From  and , ia decreases while iLr and is1 increase. The interval t6-t5 is given in .
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Stage 7 (t6-t7): At t6, is1 reaches to zero. The operation in this stage is the same as that of stage 6 except that the drain-to-source current is1 is larger than zero. The switching period ends at t7 when the auxiliary current ia decays to zero.
According to Fig. 3(a) and (b), operation of the proposed ZVS magnetic coupling buck/boost converters in boost mode is similar with that of buck mode, and thus its detailed operation is not illustrated in this paper.
Performance Characteristics
In order to simultaneously obtain the performance characteristics of all proposed ZVS bidirectional buck/boost converters in Fig. 2, generalized analysis based on the general ZVS topology in Fig. 1(b) is performed, which is helpful in choosing the preferred converter according to practical requirement.
A. Voltage Transfer Ratio
Owing to the flux balance, the average primary voltage of coupled inductor T1 in a switching period is zero. Therefore, with the neglect of switching process, the relationship between V1 and V2 is derived in  from Fig. 3(a) and (b). According to , the voltage transfer ratio of all proposed converters is the same as the conventional buck/boost converter.

[bookmark: ZEqnNum924734]	 	
where D is the duty-cycle of switch S1.
B. Turns Ratio n1
From above analysis,  and  must be satisfied to guarantee normal operation of the proposed converters. From  and , constraint of turns ratio n1 is obtained in , whose minimum value is illustrated in Table 2 for all proposed converters in  Fig. 2 with k1~k3 in Table 1. From Table 2, the minimum values of n1 of converters in Fig. 2 (d)~(i), (h) are constant, while it vary with voltages V1 and V2 in the rest converters.
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C. Voltage Stress
The turn-off voltage of switches S1 and S2 in the proposed ZVS magnetic coupling bidirectional buck/boost converters are clamped by V1, which is the same as the conventional bidirectional buck/boost converter. According to , ,  and , voltage stresses of the auxiliary switches Sa1~Sa2 are obtained in , which are also illustrated in Table 2 for all proposed converters in  Fig. 2 with k1~k3 in Table 1. With different connections of (p, q), the voltage stresses of Sa1~Sa2 are different due to different values of k1~k3 and turns ratio n1.
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[bookmark: _Ref468031273]Table 2. Minimum n1 and voltage stress of Sa1~Sa2 of all proposed converters in Fig. 2.
	Fig. 2
	n1,min
	Vsa1
	Vsa2

	(a)
	V1/V2
	-V1+n1V2
	n1V2

	(b)
	(V1-V2) /V2
	-V1+(n1+1)V2
	(n1+1)(V1-V2)

	(c)
	V1/V2
	-V1+n1V2
	(n1+1)V1- n1V2

	(d)
	0
	V1+n1V2
	n1(V1-V2)

	(e)
	0
	(n1+1)V2
	(n1+1)(V1-V2)

	(f)
	0
	n1V2
	(n1+1)V1- n1V2

	(g)
	1
	V1+(n1-1)V2
	(n1-1)(V1-V2)

	(h)
	1
	(n1-1)V2
	(n1-1)(V1-V2)

	(i)
	1
	(n1-1)V2
	n1V1-(n1-1)V2

	(j)
	V1/(V1-V2)
	V1+n1V2
	(n1-1)V1- n1V2

	(k)
	V1/(V1-V2)
	n1V2
	(n1-1)V1- n1V2

	(l)
	V2/(V1-V2)
	(n1+1)V2
	n1V1-(n1+1)V2

	(m)
	0
	n1V2
	n1(V1-V2)



D. Average Auxiliary Current and Magnetizing Current
From Fig. 3(a), the average auxiliary current Ia,buck in the buck mode is derived in  , combining with  and . Then according to  and , the average magnetizing current ILm,buck is obtained in . Also, according to Fig. 1 (a), the circulation loss of auxiliary circuit in the buck mode is given in . 
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Where Vd is the diode forward voltage and Vigbt is the collector-emitter voltage of IGBT
Likewise, the average auxiliary current Ia,boost, average magnetizing current ILm,boost and auxiliary circuit circulation loss Ploss_aux_boost in the boost mode are respectively derived in ,  and .
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E. Soft-switching Characteristics
In the buck mode, the parasitic capacitor of switch S2 is discharged by magnetizing current in stage 2, thus ZVS turn-on is easily achieved. In order to eliminate the reverse recovery problem of S2 at turn-off, current is2 should turn from negative to positive at t4 and thus  should be satisfied. Meanwhile, according to , the value of Vc-A should be less than zero to achieve ZVS operation for switch S1 and the requirement is derived in . Moreover, as shown in , the dead-time td1 between switches S1 and S2 also must be larger than the maximum value of t5-t4 and the intrinsic turn-off time toff of switches, and must be smaller than the minimum value of  t6-t4, otherwise the ZVS operation of S1 would be lost.
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Likewise, in the boost mode, ,  and  should be satisfied to achieve soft-switching operation for switches S1~ S2.
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From above, soft-switching operation of switches S1 and S2 can be achieved if only ~ could be satisfied. Moreover, from Fig. 3(a) and (b), the auxiliary switches Sa1 and Sa2 are ZCS turned off in buck and boost mode because the auxiliary current ia has already decayed to zero before their turn-off. And the increasing ratio of auxiliary current ia is limited by the leakage inductor. Thus ZCS operation is achieved for Sa1~ Sa2.
F. Comparison  
In the proposed and other ZVS converters in [10, 13, 17, 20, 25], ZVS operation is achieved for the main circuit switches. The circuit in [10] is very simple since no extra components are required. However, the inductor ripple current and conduction losses are large. The filter requirement is lessened in the active-clamping converter [13], but with the penalty on increased voltage stresses. In addition, the conduction losses are still high in [13], which are reduced in the ZVT converters in [17] and [20] with the auxiliary circuit removing from the main circuit. Moreover, the auxiliary switches in [20] are ZCS. Similar with the ZVT converters, low conduction losses and desirable soft-switching characteristics of both main switches and auxiliary switches are obtained in the ZVS magnetic coupling converters proposed in [25] and in this paper. Besides, magnetic core number is also reduced in comparison with the ZVT converters in [17, 20] because the additional resonant inductor is eliminated. Furthermore, in comparison with [25], the proposed ZVS magnetic coupling bidirectional converters eliminate the two extra diodes and only needs two auxiliary switches, contributing to reduced cost. For ZVT converters in [17, 20] and ZVS magnetic coupling converters in [25] and this paper, comparison results in terms of efficiency, power density, cost and control difficulty are summarized in  Table 4. Their efficiency and control difficulty are similar because of the similar performance characteristics. The power density of ZVS magnetic coupling converters in [25] and this paper is higher than ZVT converters in [17, 20] because the number of magnetic core is reduced. Moreover, the cost is reduced in the proposed topologies when compared with the converter proposed in [25] since additional diodes are eliminated.
7


[bookmark: _Ref444090497]
Table 3. Comparison between the proposed and other ZVS converters. 
	Converters
	ZVS 
Realization
	Inductor Ripple
Current
	Conduction
Losses
	Magnetic
Component
	Auxiliary Switches and diodes

	
	
	
	
	
	number
	operation

	Large inductor
ripple current [10]
	Yes
	Large
	High
	1
	--------
	--------

	Active-clamping [13]
	Yes
	Small
	High
	2
	1
	ZVS

	ZVT [17]
	Yes
	Small
	Low
	2
	2
	ZCS turn-on,
ZVS turn-off

	ZVT [20]
	Yes
	Small
	Low
	2
	2
	ZCS

	Magnetic coupling [25]
	Yes
	Small
	Low
	1
	4
	ZCS

	Proposed
	Yes
	Small
	Low
	1
	2
	ZCS




[bookmark: _Ref469474200]Table 4. Comparison results among ZVS bidirectional converters in [17, 20, 25] and this paper. 
	Converters
	Efficiency
	Power Density
	Cost
	Control Difficulty

	ZVT [17]
	High
	Medium
	High
	Medium

	ZVT [20]
	High
	Medium
	High
	Medium

	Magnetic coupling [25]
	High
	High
	High
	Medium

	Proposed
	High
	High
	Medium
	Medium



[bookmark: _Ref469246998]Table 5. Comparison of different converters in Fig. 2 under experiment application.
	Fig. 2
	(a)
	(b)
	(c)
	(d)
	(e)
	(f)
	(g)
	(h)
	(i)
	(j)
	(k)
	(l)
	(m)

	n1
	>2.5
	>1.5
	>2.5
	>0
	>0
	>0
	>1
	>1
	>1
	>2.5
	>2.5
	>1.5
	>0

	Vsa1,sa2
	—
	—
	—
	>V1,max
	<V1,max
	>V1,max
	>V1,max
	<V1,max
	<V1,max
	—
	—
	—
	<V1,max

	Ia, ILm
	—
	—
	—
	—
	Small
	—
	—
	Large
	Large
	—
	—
	—
	Medium





Design Considerations and Experiment Verification
A. Design Considerations
In this section, a prototype circuit for the application with voltages V1=200~300V (V1,min=200V, V1,max=300V) and V2=120V, maximum output power Po,max=500W and switching period Ts=10μs is built. With different connections of auxiliary circuit, the performance characteristics of 13 proposed converters in Fig. 2 are different, which are preferred in different applications with different requirements.  In order to choose a preferred converter, performance comparison should be conducted. Thanks to the unified performance analysis in section IV which are suitable for all converters, comparison results can be easily obtained. Firstly, minimum turns ratio of different converters can be derived according to Table 2. Secondly, from ~, minimum phase shift φ1 and φ2 as a function of leakage inductance Lr and turns ratio n1 which ensure soft-switching operation over 10%-100% load range in buck and boost modes for different converters in Fig. 2, are derived (Fig. 5 shows the calculation results of converter Fig. 2(e) with V1=200V and 300V, as an example). Then, minimum average magnetizing current ILm and average auxiliary current Ia as a function of Lr and n1 at full load conditions in different converters can be obtained from ~. (Likewise, Fig. 6 and Fig. 7 respectively show the calculation result of minimum ILm and Ia in converter Fig. 2(e), as an example) After that, voltage stresses of auxiliary switches in different converters are calculated according to .  Finally, comparisons in terms of turns ratio n1, voltage stresses of auxiliary switches Vsa1,sa2 and current stresses Ia, ILm, are conducted between different converters to choose an optimal one for the application. The comparison results for the above application are shown in Table 5. From Table 5, turns ratio n1 of converter Fig. 2(a)~(c), (j)~(l) are large, which requires larger magnetic core and results in higher secondary coil resistances as well as conduction losses. Therefore, these six converters are not suitable for the application. Among the other seven converters, voltage stresses Vsa1,sa2 in Fig. 2(d), (f) and (g) are larger than maximum input voltage V1,max, which is not preferred. Finally, current stresses Ia, ILm are compared among the remaining four converters Fig. 2(e), (h), (i) and (m). The converter Fig. 2 (e) is finally chosen in this paper due to its relatively small current stresses.
[bookmark: _GoBack]For converter Fig. 2 (e), k1=0, k2=-1 and k3=1 can be obtained from Table 1. Then restrictions n1>0 is derived from , and voltage stresses of auxiliary switches are given in  according to . From  and , the average auxiliary current Ia as a function of the leakage inductance Lr and turns ratio n1 in the buck and boost modes is shown in . Likewise, the average magnetizing current ILm is also derived in  from  and . In order to achieve ZVS operation, minimum phase shift φ1 and φ2 as a function of Lr and n1 in the converter Fig. 2(e) are depicted in Fig. 5 from ~. And according to  and , Fig. 6 and Fig. 7 respectively give the minimum ILm and Ia as a function of Lr and n1 at full load condition. Combing with ILm in Fig. 6, Ia in Fig. 7, and voltage stresses Vsa1~ Vsa2 in , turns ratio and leakage inductance of coupled inductor is designed as 1:n1=1:0.55 and Lr=10μH, which can guarantee ZVS realization and small current/voltage stresses simultaneously. In order to achieve the desired design, ferrite EE42 is used as magnetic core, the turns of primary and secondary windings are respectively 49 and 27, and the air gap is 0.64mm. Primary/secondary windings enwind in five layers and in a sandwich type. Then φ1=1.8o, φ2=4.68o are decided for V1=200V and φ1=4.68o, φ2=1.8o are decided for V1=300V according to Fig. 5 to achieve soft-switching operation over 10% ~100% load range in both buck and boost modes. And current as well as voltage stresses are obtained from Fig. 6, Fig. 7 and  that Mosfet IPW60R190E6 is chosen as main switches while IGBT IKA15N65H5 is selected as auxiliary switches. The reason why auxiliary switches use IGBT instead of Mosfet is that auxiliary switches are ZCS and thus lower switching losses can be achieved. It is noted that IGBT suffers from tailing current process when it is turned off and thus it is not suitable for applications with very narrow duty-cycle as well as very high frequency.
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[bookmark: _Ref421543312]Fig. 5.  Minimum φ1 and φ2 as a function of leakage inductance Lr and turns ratio n1 to achieve soft-switching operation for buck and boost modes over 10%~100% load range: (a) φ1 and (b) φ2.
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[bookmark: _Ref458625215]Fig. 6.  Minimum average magnetizing current ILm as a function of the leakage inductance Lr and turns ratio n1 at full load conditions under different modes: (a) buck and (b) boost.
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                              (a)                                                         (b)
[bookmark: _Ref458623943]Fig. 7.  Minimum average auxiliary current Ia as a function of the leakage inductance Lr and turns ratio n1 at full load conditions under different modes: (a) buck and (b) boost.
The control diagram is also shown in Fig. 8. Average value of current i2 in Fig. 1(b) is sampled (denoted as I2,samp) and compared with reference current Iref to generate the duty-cycle D1 for switches S1 and S2. From Fig. 8, when I2,samp is smaller than Iref, D1 increases so as to enlarge current i2. According to the above analysis, the required phase shift φ1 in buck mode and φ2 in boost mode depend on the value of voltage V1. Therefore, a look-up table is provided for φ1 and φ2. Then according to the direction of current i2, drive signals of Sa1 and Sa2 can be obtained. When I2,samp is larger than zero, the converter works in buck mode. Then the auxiliary switch Sa1 is turned on φ1 in advance before the turn-off of switch S2 and auxiliary switch Sa2 is always off. The duty-cycle of Sa1 is equal to that of S1. When I2,samp is smaller than zero, the converter works in boost mode.  Then the auxiliary switch Sa1 is always off and auxiliary switch Sa2 is turned on φ2 in advance before the turn-off of switch S1. The duty-cycle of Sa2 is equal to that of S2.
[image: ]
[bookmark: _Ref469390312]Fig. 8.  Control diagram
B. Experiment Verification
The steady-state waveforms of drive signals, leakage inductor current and auxiliary switches current at buck and boost modes under full-load condition are shown in Fig. 9, which are in well coincidence with the theoretical analysis. Because the active interval of auxiliary circuit in both buck and boost mode is very short, additional conduction losses are low and thus high efficiency can be achieved. The soft-switching characteristics of switches are illustrated in Fig. 10 ~ Fig. 15. 
[image: ]   [image: ]
                           (a)                                                              (b)
[bookmark: _Ref457305781]Fig. 9.  Waveforms of drive signals, leakage inductor current and auxiliary switch current at full load condition for different mode: (a) buck and (b) boost.
As shown in Fig. 10, in the buck mode, S1 achieves ZVS operation under both 100% and 10% load conditions since the drain-to-source current is1 is negative and flows through its body diode when it is turned on. From Fig. 11, ZVS operation is also obtained for S2 over wide load conditions. According to Fig. 12, the auxiliary switch Sa1 is ZCS turned off as the current isa1 has already decayed to zero before its turn-off. Therefore, switching losses are significantly reduced over wide load range.
[image: ]   [image: ]
[bookmark: _Ref420955844]                           (a)                                                              (b)
[bookmark: _Ref433887370]Fig. 10.  Waveforms of S1 at buck mode under different load conditions: (a) Po,max and (b) 0.1 Po,max.
[image: ]   [image: ]
                              (a)                                                              (b)
[bookmark: _Ref457305951]Fig. 11.  Waveforms of S2 at buck mode under different load conditions: (a) Po,max and (b) 0.1 Po,max.
[image: ]   [image: ]
                           (a)                                                              (b)
[bookmark: _Ref457305957]Fig. 12.  Waveforms of Sa1 at buck mode under different load conditions: (a) Po,max and (b) 0.1 Po,max.

In the boost mode, ZVS operation and reverse-recovery problem elimination are similarly achieved for S1-S2 and ZCS turn-off is also obtained for the auxiliary switch Sa2 over wide load range as illustrated in Fig. 13 ~ Fig. 15, contributing to reduced switching losses and higher efficiency. 

[image: ]   [image: ]
                           (a)                                                              (b)
[bookmark: _Ref457306015]Fig. 13.  Waveforms of S1 at boost mode under different load conditions: (a) Po,max and (b) 0.1 Po,max.
[image: ]   [image: ]
                           (a)                                                              (b)
Fig. 14.  Waveforms of S2 at boost mode under different load conditions: (a) Po,max and (b) 0.1 Po,max.
[image: ]   [image: ]
                           (a)                                                              (b)
[bookmark: _Ref457305863]Fig. 15.  Waveforms of Sa2 at boost mode under different load conditions: (a) Po,max and (b) 0.1 Po,max.

The measured efficiency of the proposed ZVS magnetic coupling and conventional bidirectional buck/boost converter is shown in Fig. 16. In the conventional bidirectional buck/boost converter, switches also use Mosfet IPW60R190E6 and switching period remains 10μs. From Fig. 16, owing to the reduced switching losses, efficiency of the proposed ZVS converter is obviously higher than that of the conventional bidirectional buck/boost converter over the whole load range, which reaches a maximum value of 97.50% and 97.56% in the buck and boost modes, respectively. Photograph of the prototype circuit is shown in Fig. 17.  
[image: ]
[bookmark: _Ref421298176]Fig. 16.  Measured efficiency vs output power in both power directions.

[image: ]
[bookmark: _Ref450051958]Fig. 17.  Photograph of the prototype circuit.
Conclusion
With the utilization of leakage inductor to achieve soft-switching operation, reduced magnetic core and high efficiency can be obtained in the proposed ZVS magnetic coupling bidirectional dc-dc converters. With different auxiliary circuit connections, several different viable topologies were derived, among which an optimal one can be chosen according to the application requirements. In order to simplify characteristic comparison and topology selection, the theoretical analysis was performed based on the general structure, which is effective for all proposed converters. Finally, experimental results of an example ZVS magnetic coupling bidirectional buck/boost converter, were demonstrated to verify the favorable advantages. Soft-switching operation of switches were achieved in both buck and boost modes over wide load ranges, and maximum efficiency of 97.50% and 97.56% were respectively attained. 
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