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Abstract—Non-isolated DC-DC converters are widely used in 

renewable energy applications, such as the hybrid energy storage 

system (HESS), charging and discharging system of batteries and 

supercapacitors and the photovoltaic power generation. With the 

advantages of achieving zero-voltage-switching (ZVS), high 

efficiency and power density, low cost, and fast dynamic response, 

the converters operating in boundary current mode (BCM) have 

caught researchers’ eyes recently. Taking the synchronous buck 

converters as an example, this paper briefly introduces the 

working principle and advantages of BCM converter realize soft 

switching. Firstly, it is pointed out that the phenomenon of 

circulating energy exists in the BCM converter. Then, the 

relationship between circulating energy and negative current is 

analyzed, and an optimal control strategy of negative current 

minimization is proposed to reduce the circulating energy. In the 

condition of realizing ZVS, negative current minimization not 

only improves the efficiency of the converter, but also reduces the 

ripple of inductor current to a certain extent. Finally, the 

experimental platform of 100 W synchronous buck converter is 

built. Experimental results validate that the optimal control of 

minimum negative current has good effect on improving 

efficiency of converter and reducing the ripple of inductor 

current. 

 
Index Terms—Soft-switching, boundary current mode, 

circulating energy, minimum negative current optimization 

 

I. INTRODUCTION 

ON-ISOLATED DC-DC converters are widely used in the 

field of the hybrid energy storage system (HESS), 

charging and discharging system of batteries and 

supercapacitors and the photovoltaic power generation 

because of their simple structure and high efficiency [1]-[3]. 

In order to improve the efficiency and power density of 

converters, the implementation of soft-switching technology in 

DC-DC converter has become one of the research hotspots. 

At present, the soft-switching technology applied to DC-DC 

converter can be divided into two categories. The first is the 

soft-switching technology with auxiliary circuits [4]-[6]; The 

second is controlled soft-switching technology [7]-[9]. 

The soft-switching technology of adding auxiliary circuit is 

a way to realize soft switching by adding some additional 

auxiliary components, such as resonant inductors, resonant 

capacitors and auxiliary switch, etc. A new family of soft-

switching resonant dc-dc converters is presented in [4], the 

proposed topologies include only one switch, two diodes and 

one high-frequency resonant LC tank. Unlike quasi-resonant 

converters and soft-transition (ZVT/ZCT) converters, the 

proposed converter has only small resonant inductor and 

improves the power density of the converter. In [5], a new 

family of zero-voltage-transition (ZVT) bidirectional 

converters is proposed. The auxiliary circuit is composed of a 

coupled inductor with the converter main inductor and two 

auxiliary switches. The proposed converter provides soft-

switching condition for all semiconductor elements without 

any extra voltage and current stress on the main switches. A 

new lossless passive snubber for the bidirectional buck/boost 

converter is introduced in [6]. The proposed snubber 

comprises a low number of passive components which jointly 

contribute to achieve soft switching condition at both the buck 

and boost operations of the converter.  

Controlled soft-switching technology is a method to realize 

soft switching by controlling the electrical quantities in the 

topology, such as inductive current, and using the parasitic 

parameters of the topology. In [7], a mode of operation is 

proposed for PFC to control the inductor current to be the 

triangular-shaped, which is called triangular current mode 

(TCM). Furthermore, a simplified model of the nonlinear 

MOSFETs' output capacitances during working is also 

proposed. A high-frequency high-efficiency GaN device-

based interleaved critical current mode (CRM) bidirectional 

buck/boost converter with an inverse coupled inductor is 

proposed in [8]. It is analyzed in detail that the range of soft 

switching is expanded in the case of inverse coupled inductor.  

In [9], a soft switching technique for dc/ac inverters is 

proposed. ZVS is achieved through controlling the inductor 

current bidirectional in the set upper and lower current 

envelope in every switching cycle. This technique requires no 

additional resonant components and can be employed for 

various low power applications on conventional full-bridge 

and half-bridge inverter topologies. A high-frequency driver 

IC for gallium nitride (GaN) synchronous buck converter is 

proposed in [10], which minimizes dead-time at any load 

condition by means of adaptive bang-bang dead-time control. 

In [11], an accurate, uniform, and simple variable on-time 

(VOT) expression is presented for CRM PFC, and only an 

inverse signal of the rectified input voltage is additionally 

introduced to achieve accurate VOT control, which optimizes 

the THD of input current. 

Compared with the soft-switching technology with auxiliary 

circuit, the controlled soft switching technology has the 
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advantages of high-power density, low cost and fast dynamic 

response. Currently, BCM is mainly used in PFC and inverter 

[9], [12]-[14], and there is little research on BCM DC-DC 

converter. Therefore, taking synchronous buck converters as 

an example, this paper applies BCM to DC-DC converters. In 

Section II, the phenomenon of the circulating energy in BCM 

converter is indicated. Then, the relationship between negative 

current and circulating energy is discussed, and the 

optimization scheme of the circulating energy and the ripple of 

inductor current is proposed in Section III, which is entitled 

optimal control strategy of minimum negative current. The 

feasibility of BCM realizes soft switching and optimization 

effect of minimum negative current are verified by 

experimental results in Section IV. The conclusion is 

presented in the last section. 

II. THE PHENOMENON OF CIRCULATING ENERGY OF 

BCM CONVERTER 

Fig. 1 illustrates a BCM synchronous buck converters, 

taking into account the parasitic capacitors C1 and C2 and the 

body diodes D1 and D2 of the switches S1 and S2 in the 

synchronous buck converters. 
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Fig. 1.  The topology of BCM synchronous buck converters. 

Fig. 2 shows the working waveforms of BCM synchronous 

buck converters.  
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Fig. 2. The working waveforms of BCM synchronous buck converters 

(D<0.5). 

The two switches S1 and S2 in the BCM synchronous buck 

converters are turned on alternately. During the deadtime, the 

parasitic capacitors and the body diodes of the MOSFETs and 

the output linear inductor are combined together to form a 

resonant circuit. The inductor current is intentionally realized 

bidirectional flow by current closed-loop control within a 

switching cycle to generate ZVS conditions during 

commutations. 

The upper and lower limits of inductor current Iupper and 

Ilower can be calculated as follows: 

2upper o R

lower R

I I I

I I

= +


= −
 (1) 

where, Io is the output current, IR is the fixed reverse current 

for achieving ZVS. 

The current lower limit Ilower should be as large as possible 

to ensure the realization of soft switch. Therefore, IR must also 

be met: 
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The fixed reverse current IR is positively associated with the 

equivalent capacitance Coss and inversely correlated with the 

filter inductor Lf. The larger output capacitance Coss, the more 

obvious the buffering effect of turn-off, which is beneficial to 

reduce the loss of turn-off. The smaller the filter inductance, 

the higher the power density of the converter. Therefore, IR 

will be large, when Va = 200V, Coss = 462pF and Lf = 40 μH, it 

is calculated that IR is equal to 1A. 

Fig. 3 demonstrates the phenomenon of circulating energy 

in BCM converter. 
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Fig. 3. The comparison between waveforms of CRM and that of BCM 

for synchronous buck converter (D<0.5). (a) CRM operation. (b) BCM 

operation. 

Synchronous buck converter operating in CRM is presented 

in Fig. 3(a). When duty cycle D < 0.5, the switch S1 cannot 

realize ZVS, which is only turned on at the valley point. While, 

synchronous buck converter operating in BCM is shown in Fig. 

3(b). When duty cycle D < 0.5, the energy is stored in the 

filter inductor Lf by allowing inductor current to flow 

negatively, which is used to neutralize capacitive reactive 

power of the parasitic capacitor to achieve ZVS in dead zone. 

Therefore, compared with CRM converter, BCM converter 

can realize ZVS within the full range of the output voltage. 

However, synchronous buck converter operating in BCM 

exists the phenomenon of circulating energy due to inductor 

current flows negatively, as is illustrated in Fig. 3(b). After the 

time T1, the switch S1 (or the body diode D1) is turned on, and 

the energy of main circuit flows from the output side to the 

input side until the time T2, which generates reactive power 

loss in main circuit. In order to reduce reactive power loss, the 

relationship between the phenomenon of the circulating 

energy and control parameters of BCM is discussed, and the 

optimization scheme is proposed in this paper. Finally, the 

feasibility and effectiveness of the optimization scheme are 

verified by experimental results. 
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III. OPTIMAL CONTROL STRATEGY OF MINIMUM 

NEGATIVE CURRENT 

A. The Analysis of Key Mode of the Deadtime 

As shown in Fig.2, the zones [t1-t3] and [t5-t7] are the key 

modes for BCM converters to realize ZVS. In the two modes, 

all of the power switches are turned off, and the main circuit 

enters the dead zone. 
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Fig. 4. The circuit diagram of realizing soft-switching. (a) The circuit of 

key mode. (b) The simplified circuit of key mode. 

Take the zone [t5-t7] as an example since the analysis 

process of the two modes are similar, and the circuit diagram 

of the zone [t5-t7] is shown in Fig.4 (a). At this time, iL begins 

to discharge C1 of S1 and charge C2 of S2. Until t6, C1 

completely discharges. Assuming that C1 = C2 = Coss, Coss is 

the equivalent output capacitance of the power switches, and 

the simplified circuit is illustrated in Fig.4 (b). According to 

the simplified circuit, the mathematical derivation process of 

the drain-source voltage uC2 of the switch S2 as follows: 
2

C2

C22
2f oss b

d u
L C u V

dt
  + =  (3) 

where, Lf is the value of filter inductor, Vb is the output voltage 

of BCM converters. 

The initial condition (at the t5) can be obtained from the 

initial working state of the circuit and the non-sudden change 

of capacitor voltage and inductor current: 
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The expression of the drain-source voltage uC2 of the switch 

S2 can be obtained by bringing the initial conditions into the 

equation (3): 
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According to KVL, the drain-source voltage uC1 of switch 

S1 is: 
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where, Va is the input voltage of BCM converters. 

Among λ is: 
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(7) 

B. The Relationship Between Circulating Energy and 

Negative Current Ilower 

As shown in (a) zones [t6-t7] and (b) zones [t7-t8] of Fig. 5, 

the inductor current flows negatively. After the time t6, the 

body diode D1 or the switch S1 is turned on. However, at the 

time t6, inductor current iL remains negative and the energy of 

main circuit flows from the output side to the input side until 

the time t7, which is the phenomenon of the circulating energy. 

As can be seen from Fig. 5(c), there must be a certain 

relationship between the negative current and the circulating 

energy, which is discussed as follow: 
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Fig. 5. The phenomenon of circulating energy. (a) The zones [t6-t7]. (b) 

The zones [t7-t8]. (c) The area of the circulating energy. 

The expression of iL(t) in the zones [t5-t6] can be deduced 

from formula (5): 
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At the t6, uC1 drops to zero, and the inductor current iL(t6) is: 
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After the time t6, the value of inductor current iL(t) linearly 

changes from negative to positive, and the expression of 

inductor current iL(t) as follow: 
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Until the time t8, the energy of main circuit begins to flows 

from the input side to the output side, which means the 
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process of circulating energy is complete. Thus, the power of 

circulating energy is: 

( )
( )2

cir

2 21
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 − 
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According to equation (11), it can be found that the smaller 

the lower limit of inductor current Ilower is, the smaller the 

power of circulating energy is. However, according to 

equation (6), the prerequisite must also be met to ensuring the 

realization of soft switch: 
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According to equations (12), the greater the negative current 

Ilower is, the easier soft-switching is realized.  

C. Optimal Control of Minimum Negative Current 

Since the circulating energy increases the power loss of the 

converter and reduces the efficiency of the converter, 

especially for medium and small power converters, the 

reduction of circulating energy has become a key point to 

improve the efficiency of BCM converters. 

An optimal control strategy of minimum negative current is 

proposed in this paper. The basic principle of the optimal 

control strategy is to minimize the circulating energy in the 

condition of realizing ZVS. 

According to formula (12), when the following equation is 

satisfied, the negative current and circulating energy are 

minimized in the condition of realizing ZVS.  
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At this time, the absolute value of negative current Ilower 

reaches the minimum value Imin, that is: 
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Due to duty cycle D = Vb / Va, the absolute value of the 

minimum negative current is: 
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According to the obtained minimum negative current Imin, 

the dead time td can be calculated as: 
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When the equivalent output capacitance of the power 

switches Coss = 462 pF and the filter inductor Lf = 40 μF, 

Fig. 6 plots the relationship curve between the minimum 

negative current Imin and duty cycle D. When duty cycle D 

≥ 0.5, BCM converters can realize ZVS without negative 

current, which is similar to CRM converters. When duty 

cycle D < 0.5, the minimum negative current Imin increases 

with the decrease of the output voltage Vb. 
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Fig. 6. The relationship curve between Imin and duty cycle D. 

When BCM converters operating in fixed reverse 

current, at present, the value of IR is 1 A. 

When Ilower = -IR = -1 A, the power of circulating energy is: 
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However, when BCM converters operating in minimum 

negative current, the lower limit value of inductor current 

Ilower will depend on the working conditions, rather than a 

constant value, and its dead time will also change. 

When Ilower = -Imin, the power of circulating energy is: 
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When the negative current is minimized in the condition of 

realizing ZVS, the power of circulating energy is minimized to 

zero, namely, the phenomenon of circulating energy is 

eliminated. 

Furthermore, BCM converters operating in minimum 

negative current, the ripple of inductor current is reduced to a 

certain extent. 

When BCM converters operating in fixed reverse current, 

the expression of ripple of inductor current is as follow: 
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When BCM converters operating in minimum negative 

current, the expression of ripple of inductor current is as 

follow: 
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where, the output power Po = 100 W, the input voltage Va = 

200 V, the output capacitance Coss = 462 pF and the filter 

inductor Lf = 40 μF. 

According to formula (19) and (20), the relationship 

between inductance current ripple and duty cycle is plotted as 

shown in Fig. 7. In conclusion, compared with BCM 

converters operating in fixed reverse current, BCM converters 

operating in minimum negative current mode eliminates the 

circulating energy and reduces the ripple of inductor current of 

BCM converters.  
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Fig. 7. The relationship between inductance current ripple Δi and duty 

cycle D. 

To balance the cost of control circuit and control precision, 

a control scheme which combinates software prediction and 

hardware comparison is adopted in this paper. That is, the on-

time ton of S1 in one switching period is obtained by predictive 

calculation, and its calculation expression is as follows: 
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 (21) 

The time of S2 is turned off is obtained by hardware 

comparison, and S2 is turned off at the moment of current iL is 

less than Ilower. Then, S1 is turned on after a period of dead 

zone. Therefore, the scheme not only has the advantages of 

flexible control, but also eliminates error accumulation and 

facilitates multi-channel interleaving control. 

The optimal control diagram of BCM with minimum 

negative current is as shown in Fig. 8. 
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Fig. 8. The control diagram of BCM with minimum negative current. 

The inductor current iL, the input voltage Va, and the output 

voltage Vb are sampled, the output voltage outer loop is used 

as the reference for the output current inner loop by PID 

controller, and the conduction time ton of S1 and the minimum 

negative current Imin is calculated by the control law 

accelerator (CLA) of DSP. Then, the value of Ilower (= -Imin) is 

fed into the analog comparator for comparing with iL, and S2 is 

turned off at the moment of current iL is less than Ilower. S1 is 

turned on at the end of dead zone. 

IV. EXPERIMENTAL RESULTS 

The specifications and components of BCM synchronous 

buck converters are shown in Table I: 

TABLE I 

 SPECIFICATIONS AND COMPONENTS OF BCM SYNCHRONOUS BUCK 

CONVERTERS 

Specifications and Components Value 

Power rating Po 100 W 

Input voltage Va 200 V 

Output voltage Vb 60 V, 100 V 

Filter inductor Lf 40 μH 

Switches 

(STW75NF30) 

On-state resistance Rds(on) 45 mΩ 

Equivalent output capacitance Coss 462 pF 

Total gate charge Qg 164 nC 

filter capacitor Ca, Cb 47 μF 

Fixed reverse current IR 1 A 

In order to verify the corresponding theoretical analysis, as 

shown in Fig.9, a 100W BCM synchronous buck converters 

experimental platform is built. 
Main Circuit

Driver Circuit

Switch S1

Switch S2

Filter Inductor

Filter Capacitor

Redundant Circuit

DSP TMS320F28035 Simpling Circuit  
Fig. 9. Laboratory prototype of BCM synchronous buck converters. 

A. Experimental Waveforms 

As shown in Fig.10, when the BCM synchronous buck 

converters operating in fixed reverse current, Ilower is the fixed 

value, which is equal to -IR.  
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Fig. 10. Experimental waveforms of BCM synchronous buck converters 

with fixed reverse current. 

In the time of dead zone, the drain-source voltage uC1 of the 

S1 drops to zero and is clamped to zero by the body diode, 

waiting for the drive signal of turning on the switch S1 to 

realize ZVS. Therefore, synchronous buck converters 

operating in BCM, the feasibility of realizing ZVS is verified 

by the experimental results. 

However, at the moment of uC1 drops to zero, iL remains 

negative and the energy of main circuit flows from the output 
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side to the input side. Thus, BCM synchronous buck 

converters exists the phenomenon of circulating energy, which 

generates reactive power loss and reduces the efficiency of the 

converter. 

In order to eliminate the problem of circulating energy, the 

optimal control strategy of minimum negative current is 

proposed in this paper. As shown in Fig. 11, when the BCM 

synchronous buck converters operating in minimum negative 

current, Ilower is the variable, which changes with the output 

voltage.  
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Fig. 11. Experimental waveforms of BCM synchronous buck converters 

with minimum negative current. (a) Vb = 60 V. (b) Vb = 100 V. 

As shown in Fig. 11(a), when the output voltage Vb = 60V, 

Ilower is equal to -Imin = -0.6 A. At the moment of uC1 drops to 

zero, the inductor current iL is already zero, and the energy of 

main circuit does not flow from the output side to the input 

side after the body diode D1 or the switch S1 is turned on, and 

the phenomenon of circulating energy is eliminated. ZVS can 

be realized appropriately with the output voltage Vb = 60V.  

As shown in Fig. 11(b), when the output voltage Vb = 100V, 

Ilower is equal to -Imin = 0 A. At the moment of uC1 drops to zero, 

the inductor current iL has been zero. Therefore, the energy of 

main circuit doesn’t flow from the output side to the input side 

after D1 or S1 is turned on, and the phenomenon of circulating 

energy is eliminated. That is, ZVS can be realized 

appropriately without negative current, which is similar to 

CRM converters. The feasibility and effectiveness of the 

proposed scheme of minimum negative current is verified by 

the experimental results. 

Experimental waveforms of the load transition from half 

load to full load under the output voltage Vb=100V is 

presented in Fig. 12. It can be found that Vb recovers to the 

normal level within a dozen switching cycles after the sudden 

change of load, and the controller keeps the output voltage 

stable and has good dynamic performance. 
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100V/div
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Load Transition

500us/div
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Fig. 12. Experimental waveforms of the load transition from half load to 

full load under the output voltage Vb=100V. 

Fig. 13 shows the dynamic response of the inductor current 

when the output voltage is shift between 60 V and 100 V, and 

the controller has good dynamic performance and control 

effect. 
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Fig. 13. The dynamic response of the inductor current when the output 

voltage is shift between 60 V and 100 V. 

B. Optimization Analysis 

The efficiency of BCM synchronous buck converters under 

the control of different current modes is shown in Fig. 14.  
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Fig. 14. Efficiency of BCM synchronous buck converters with different 

current mode (Va = 200V, Vb= 100V). 

Compared with the fixed reverse current mode, minimum 

negative current mode improves the efficiency of BCM 
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converters. Especially, the optimization effect of the converter 

is more obvious in the condition of light load.  

Fig. 15 shows the theoretically calculated loss breakdown 

of BCM synchronous buck converters with the output voltage 

Vb = 100 V. Since BCM converters operating in minimum 

negative current reduces circulating energy, the conduction 

loss and turn-off loss of power switches and the copper losses 

and iron losses of inductor are reduced and the efficiency is 

improved.  
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Fig. 15. The theoretically calculated loss breakdown of the two current 

modes with the output voltage Vb = 100 V. 

Fig. 16 presents the comparison of efficiency of BCM 

synchronous buck converters with the different output voltage 

under full load. 
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Fig. 16. The comparison of efficiency of BCM synchronous buck 

converters under the different output voltage. 

V. CONCLUSION 

This paper mainly studies the optimization method of BCM 

converters. Taking synchronous buck converters as an 

example, the operating principle of BCM is briefly introduced. 

There is the phenomenon of circulating energy in BCM 

converters, which will reduce the efficiency of the converter. 

This paper analyzes the relationship between negative current 

and circulating energy and the optimization scheme of the 

circulating energy and the ripple of inductor current is 

proposed, namely, the minimum negative current optimization 

control scheme. The combination of software prediction and 

hardware comparison is adopted, and the corresponding 

control diagram is given, which improves the control 

flexibility and eliminates the error accumulation. Experiments 

validate the feasibility of realizing soft-switching in DC-DC 

converter under BCM, and the correctness of the optimal 

control scheme of the minimum negative current, which 

reduces circulating energy and the ripple of inductor current 

and improves the efficiency of the converter. 
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