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Improved Step down Conversion in Interleaved Buck Converter
and Low Switching Losses
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ABSTRACT— This project is presented by a soft-switching techniques interleaved buck converter. And it’s
having order to guarantee small switching losses and, consequently, a high efficiency, a non-dissipative soft-
switching cell with auxiliary commutation circuit is used. But in this topology we expected a large step up
voltage, low switching stress, small switching losses, and high efficiency.

Because of that we proposed IBC that since the voltage stress across all the active switches is half of
the input voltage before turn-on or after turn-off when the operating duty is below 50%, the capacitive
discharging and switching losses can be reduced considerably. This allows the proposed IBC to have higher
efficiency and operate with higher switching frequency. In that additionally, the proposed IBC has a higher
step-down conversion ratio and a smaller output current ripple compared with a conventional IBC. The
features, operation principles, and relevant analysis results of the proposed IBC are presented in this project.
The validity of this study is confirmed by the experimental results of prototype converters with 150-200 V input,
24 V/10 A output.
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l. INTRODUCTION

A basic buck converter converts a DC voltage to a step down DC voltage. Interleaving adds additional benefits
such as reduced ripple currents in both the input and output circuits. Higher efficiency is realized by splitting the output
current into two paths, substantially reducing losses and inductor AC losses In the field of power electronics, application of
interleaving technique can be traced back to very early days, especially in high power applications. In high power
applications, the voltage and current stress can easily go beyond the range that one power device can handle. Multiple power
devices connected in parallel and/or series could be one solution. However, voltage sharing and/or current sharing are still
the concerns. Instead of paralleling power devices, paralleling power converters is another solution which could be more
beneficial. Benefits like harmonic cancellation, better efficiency, better thermal performance, and high power density.

An interleaved buck converter usually combines more than two conventional topologies, and the current in the
element of the interleaved buck converter is half of the conventional topology in the same power condition. The single buck
converter can use the zero-voltage switching (ZVS) and/or zero-current switching (ZCS) to reduce the switching loss of the
high-frequency switching. However, they are considered for the single topology.
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Fig (1) conventional IBC

In Applications where nonisolation, step-down conversion ratio, and high output current with low ripple are re-
quired, an interleaved buck converter (IBC) has received a lot of attention due to its simple structure and low control com-
plexity. However, in the conventional IBC shown in Fig. 1, all semiconductor devices suffer from the input voltage, and
hence, high-voltage devices rated above the input voltage should be used. High-voltage-rated devices have generally poor
characteristics such as high cost, high on-resistance, high for-ward voltage drop, severe reverse recovery, etc. In addition, the
converter operates under hard switching condition. Thus, the cost becomes high and the efficiency becomes poor. And, for
higher power density and better dynamics, it is required that the converter operates at higher switching frequencies .
However, higher switching frequencies increase the switching losses associated with turn-on, turn-off, and reverse recovery.
Consequently, the efficiency is further deteriorated. Also, it experiences an extremely short duty cycle in the case of high-
input and low-output voltage applications.
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In previous applications, the PWM control is used in the converter circuits to get the desired shape of the
output voltage or current. By using this technique the following disadvantages are occurs:
1. The devices are turned on and off at the load current with a high di/dt value
2. The switches are subjected to a high-voltage stress.
3. The switching power loss also increases with the switching frequency.
4. The turn on and turn off loss could be a significant portion of the total power loss.
5. The electromagnetic interference is also produced due to high di/dt and du/dt in the converter waveforms.
The above disadvantages can be eliminated (or) minimized if the devices are turned ‘ON’ and ‘OFF’ by using
soft switching technique. These are Zero Voltage Switching and Zero Current Switching.

o1

Fig (2) proposed IBC

The new IBC, which is suitable for the applications where the input voltage is high and the operating
duty is below 50%, is proposed. It is similar to the conventional IBC, but two active switches are connected in
series and a coupling capacitor is employed in the power path. The two active switches are driven with the phase
shift angle of 180" and the output voltage is regulated by adjusting the duty cycle at a fixed switching frequency.
The features of the proposed IBC are similar to those of the IBC in [14]. Since the proposed IBC also operates at
CCM, the current stress is low. During the steady state, the voltage stress across all active switches before turn-
on or after turn-off is half of the input voltage. Thus, the capacitive discharging and switching losses can be
reduced considerably. The voltage stress of the freewheeling diodes is also lower than that of the conventional
IBC so that the reverse-recovery and conduction losses on the freewheeling diodes can be improved by
employing schottky diodes that have generally low breakdown voltages, typically below 200 V. The conversion
ratio and output current ripple are lower than those of the conventional I1BC.

1. CIRCUIT OPERATIONS
Fig. 2 shows the circuit configuration of the proposed IBC. The structure is similar to a conventional
IBC except two active switches in series and a coupling capacitor employed in the power path. Figs. 3 and 6
show the key operating waveforms of the proposed IBC in the steady state. Referring to the figures, it can be
seen that switches Q; and Q, are driven with the phase shift angle of 180°. This is the same as that for a
conventional IBC. Each switching period is divided into four modes, whose operating circuits are shown in Figs.
4 and 5. In order to illustrate the operation of the proposed IBC, some assumptions are made as follows:

1) the output capacitor Co is large enough to be considered as a voltage source;
2) the two inductors L; and L, have the same inductance L;

3) all power semiconductors are ideal;

4) the coupling capacitor Cg is large enough to be considered as a voltage source.
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Fig. 4. Operating circuits of the proposed IBC when D <0.5. (a) Mode 1. (b) Mode 2 or 4. (c) Mode 3.

A. Steady-State Operation when D < 0.5

Mode 1 [to —t; ]: Mode 1 begins when Qg is turned ON at t, . Then, the current of L, , i ; (t), flows through Q; , Cg
, and L, and the voltage of the coupling capacitor V¢ g is charged. The cur-rent of L, , i, , (t), freewheels through D, . During
this mode, the voltage across L; , V| 1 (t), is the difference of the input voltage Vs , the voltage of the coupling capacitor V¢
s , and the output voltage Vo , and its level is positive. Hence, i, ; (t) increases lin-early from the initial value. The voltage
across L, , Vi (1), is the negative output voltage, and hence, i, , (t) decreases linearly from the initial value. The voltage
across Q; , Vg 2 (t), becomes the input voltage and the voltage across D, , Vp 1 (1), is equal to the difference of VS and VCB.
The voltages and currents can be expressed as follows:

VL1(t)=Vs-V CB-Vo 1)
VL2(t)= -Vo @)
ILL(t)=Vs-VCB-Vo/L(t-t0)+iL1(t0)
=1Q1(t)=iCB(t) ®3)
iL2(t)=-VO/L(t-10)+iL2(t0)=iD2(t) (@)
VQ2=Vs (5)
VD1=Vs-VCB (6)
\V/CB-VCB(t0)+10/2ch(t-t0) @

Mode 2 [t1 —t2 ]: Mode 2 begins when Q1 is turned OFF at t1 . Then, iL 1 (t) and iL 2 (t) freewheel through D1
and D2 , respectively. Both VL 1 (t) and VL 2 (t) become the negative VO , and hence, iL 1 (t) and iL 2 (t)
decrease linearly. During this mode, the voltage across Q1 , VQL1 (t), is equal to the difference of VS and VCB
and VQ2 (t) becomes VCB. The voltages and currents can be expressed as follows:

VL1 (t) = VL2 (t) = —VO ®)
iL1 () =Ll (t1)— (VO/L)(t—tl)=iD1 ()  (9)
iL2 () =iL2 (t1) - (VO/L)(t—tl)=iD2 ()  (10)
VOQL (t) = VS - VCB (11)
VQ2 (t) = VCB. (12)

Mode 3 [t2 -t3 ]: Mode 3 begins when Q2 is turned ON at t2 . At the same time, D2 is turned OFF. Then, iL 1
(t) freewheels through D1 and iL 2 (t) flows through D1, CB, Q2 , and L2 . Thus, VCB is discharged. During
this mode, VL 2 (t) is equal to the difference of VCB and VO and its level is positive. Hence, iL 2 (t) increases
linearly. VL 1 (t) is the negative VO , and hence, iL 1 (t) decreases linearly. The voltages and currents can be

expressed

as follows:

VL1 (t) =-VO (13)
VL2 (t) = VCB -VO (14)
iL1 (t) =(-VO/L)(t—t2) +iL1(t2) (15)
iL2 (t) =( (VCB - VO)/L)(t —t2) +iL2 (t2)

=iQ2 (t) = —iCB(t) (16)
iDL (t) =iL1 (t) +iL2 (t) @an
VQ1=VS-VCB (18)
VD2 =VCB (19)
VCB _ VCB(t2 ) —( 10/2CB)(t — t2). (20)

Mode 4 [t3 -t4 ]: Mode 4 begins when Q2 is turned OFF at t3 , and its operation is the same with that of mode 2.
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The steady-state operation of the proposed IBC operating with the duty cycle of D < 0.5 has been
described. From the operation principles, it is known that the voltage stress of all semiconductor devices except
Q2 is not the input voltage, but is determined by the voltage of coupling capacitor VCB. The maximum voltage
of Q2 is the input voltage, but the voltage before turn-on or after turn-off is equal to VCB. As these results, the
capacitive discharging and switching losses on Q1 and Q2 can be reduced considerably. In addition, since
diodes with good characteristics such as schottky can be used for D1 and D2, the reverse-recovery and
conduction losses can be also improved. The loss analysis will be discussed in detail in the next section.

B. Steady-State Operation When D > 0.5

Mode 1 [t0 -t1 ]: Mode 1 begins when Q2 is in on-state and Q1 is turned ON at t0 . Then, iL 1 (t) flows through
Q1,CB, and L1 and VCB(t) is charged. iL 2 (t) flows through Q1 , Q2 , and L2 . VL 1 (t) is equal to the difference of VS,
VCB, and VO and its level is positive. Thus, iL 1 (t) increases linearly from the initial value. VL 2 (t) is equal to the
difference of VS and VO and iL 2 (t) also increases linearly from the initial value. The voltages and currents can be
expressed as follows:

VL1 (t) = VS — VCB - VO 1)
VL2 (t) = VS - VO (22)
VD1 =VS-VCB (23)
VD2 = VS (24)
iQ1 =iL1 (t) +iL2 (t) (25)
iQ2 =iL2 (t). (26)

Mode 2 [t1 —t2 ]: Mode 2 begins when Q2 is turned OFF at t1 . Then, iL 1 (t) flows through Q1 , CB, and L1 and iL 2 (t)
freewheels through D2 . The operation during this mode is the same with mode 1 in the case of D < 0.5.

Mode 3 [t2 -t3 ]: Mode 3 begins when Q2 is turned ON at t2 , and the operation is the same with mode 1.

Mode 4 [t3 -t4 ]: Mode 4 begins when Q1 is turned OFF at t3 . Then, iL 1 (t) freewheels through D1 and iL 2 (t)
flows through D1, CB, Q2 , and L2 . Thus, VCB is discharged. The operation during this mode is the same
with mode 3 in the case of D <0.5.

The steady-state operation of the proposed IBC operating with D > 0.5 has been described. Under this operating
condition, the voltage stress of Q1 and D1 is determined by VCB, but the voltage stress of Q2 and D2 is determined by the
input voltage. In addition, since VL 2 (t) is much larger than VL 1 (t) during mode 1 or mode 3, the unbalance between iL 1
(t) and iL 2 (t) occurs, as shown in Fig. 6. The current of Q1 , iQ1 (t), is the sum of iL 1 (t) and iL 2 (t) and the current of Q2
,1Q2 (t), is equal to iL 2 (t) in mode 1 or mode 3. Therefore, it can be said that switches Q1 and Q2 experience high current
stress in the case of D > 0.5. Until now, the steady-state operation of the proposed IBC has been described in detail.
Consequently, it can be known that the proposed IBC has advantages in terms of efficiency and component stress in the case
of onlyD<0.5. Thus, the proposed IBC is recommended for the applications where the operating duty cycle is smaller than or
equal to 0.5.

1. RELEVANT ANALYSIS RESULTS
The proposed IBC will be only employed in the applications where the operating duty cycle is below
0.5, but the following relevant analyses are conducted over the entire duty cycle range for a detail design guide.
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DC Conversion Ratio

The dc conversion ratio of the proposed IBC can be derived using the principle of inductor volt-second-
balance (VSB) .In the case ofD<0.5, the following equations can be obtained from the VSB of L1 and L2 ,
respectively

(VS —~VCB- VO )DTS = VO (1 - D)TS @7)
(VCB - VO)DTS = VO (1 - D)TS. (28)

The voltage of the coupling capacitor can be obtained by substituting (28) into (27) and is equal to half of the
input voltage as follows:

VCB=VS/2. (29)
Then, the dc conversion ratio M can be obtained from (27) and (29) or (28) and (29) as follows:

M = VO/VS=D/2 . (30)

In the case of D > 0.5, the voltage of the coupling capacitor and the dc conversion ratio can be obtained by the
same procedure and are expressed as follows, respectively

VCB=VS (1-D) (31)

The proposed IBC has a higher step-down conversion

As a result, the proposed IBC can overcome the extremely short duty cycle, which appears in the
conventional IBC. ratio than the conventional IBC
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Fig. 5. Operating circuits of the proposed IBC when D > 0.5 (a) Model or 3.(b)Mode2.(c) Mode4.
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Fig. 6. Key operating waveforms of the proposed IBC when D >0.5.
EXPERIMENTAL RESULTS

The proposed and conventional IBCs are realized with the specifications shown next.

1) Input voltage: Vs = 150-200 V.

2) Output voltage: Vo =24 V.

3) Output current: /o =10 A.

4) Switching frequency: fs = 65 kHz or 300 kHz.

5) Inductor ripple current: below 3 A.

6) Ripple voltage of a coupling capacitor: below 4 V.

7) Output voltage ripple: below 250 mV.

The prototypes for the experiment, which are the conventional IBC and proposed IBCs, have been built and
tested to verify the operational principle, advantages, and performances of the proposed IBC, using the
components as shown in Table III. In order to alleviate the ringing caused by parasitic elements, two simple RC

snubbers are used across diodes D1 and D2 , respectively. Their values are as follows:

R =100hW, C =w0onFl630 V.
For the experiment of the proposed IBC2, which is the proposed IBC with lower voltage rated freewheeling
diodes, the auxiliary circuit described in Section III is added.
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I11. Simulation circuits and outputs of the proposed IBC from D<50%
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Fig: (7) Simulink Model of R Load Proposed diagram from D<50%

Fig(8). Triggering pulses for R-load
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Fig(9). Output voltage for proposed R-load

Fig(10). Cupling capacitor voltage wave & Diode 1 voltage& Diode 2 voltage output waveforms
For R-Load
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Fig: (11) Simulink Model of RL Load Proposed diagram from D<50% For RL-Load
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Fig(12). Output voltage for proposed RL-load

Fig(13). Cupling capacitor voltage wave & Diode 1 voltage& Diode 2 voltage output waveforms
For RL-Load

IV. CONCLUSION

A new IBC is proposed in this project. While keeping the good characteristics of the IBC introduced in [14], it has
a more simple structure. The main advantage of the proposed IBC is that since the voltage stress across active switches is
half of the input voltage before turn-on or after turn-off when the operating duty is below 50%, the capacitive discharging
and switching losses can be reduced considerably. In addition, since the voltage stress of the freewheeling diodes is half of
the input voltage in the steady state and can be quickly reduced below the input voltage during the cold startup, the use of
lower voltage-rated diodes is allowed. Thus, the losses related to the diodes can be improved by employing schottky diodes
that have generally low breakdown voltages, typically below 200V. From these results, the efficiency of the proposed IBC is
higher than that of the conventional IBC and the improvement gets larger as the switching frequency increases. These are
verified with the experimental results. Moreover, it is confirmed that the proposed IBC has a higher step-down conversion
ratio and a smaller inductor current ripple than the conventional IBC. Therefore, the proposed IBC becomes attractive in
applications where non isolation, step-down conversion ratio with high input voltage, high output current with low ripple,
higher power density, and low cost are required.
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