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High-Step-Down DC-DC Converter With
Continuous Output Current Using
Coupled-Inductors

Marziyeh Hajiheidari *“, Hosein Farzanehfard

Abstract—This paper proposes a high-step-down dc—dc con-
verter with continuous output current which utilizes coupled-
inductors. Another main feature of this converter is applying the
same number of switches as the synchronous buck converter. The
introduced converter is suitable for non-isolated low-voltage high-
current applications, especially voltage regulator modules (VRMs)
with 12-V-input. Owing to extension of the duty cycle, the main
MOSFET current stress and the synchronous rectifier switch voltage
stress are significantly reduced. However, the discharge of the leak-
age inductance energy increases the main MOSFET voltage stress.
By employing a simple lossless clamp/snubber circuit the leakage
inductance energy is recovered, the voltage spike across the main
MOSFET is clamped, and the turn-OFF switching losses are reduced.
There is at least one inductor in all current paths which creates
an intrinsic protection against current shoot-through and provides
zero-current-switching (ZCS) turn-ON for the main MOSFET. High
efficiency is attained by the proposed converter due to extended
duty cycle, low number of switches, and soft switching operation
while the converter driver is just like the conventional buck con-
verter. Due to the single-phase structure of the proposed converter,
this converter is a viable alternative to the buck VRM. Similar
to the other converters using coupled-inductors, the complexity
of coupled-inductors design and the space occupied by coupled-
inductors can be considered as drawbacks. A prototype of the pro-
posed converter is implemented to verify the converter operation
and the theoretical analysis.

Index Terms—Coupled-inductor, extended duty cycle,
synchronous rectifier (SR), voltage regulator module (VRM).

I. INTRODUCTION

OMPUTER microprocessors (4p) are being ever more ex-
C tensively used in household and industry, and their power
consumption increases every day by increment of their comput-
ing power. They are also regularly switching between the sleep
mode and wake-up mode. Therefore, improving the efficiency of
up power supply is valuable. Due to the low supply voltage and
high load current, increasing challenges exist in designing volt-
age regulator modules (VRMs) [1], [2]. The maturity in design
techniques and low cost of the multi-phase synchronous buck
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converter have made it the most popular topology for VRMs
in low-voltage high-current applications. Furthermore, owing
to the simple structure of the buck VRM, control methods like
phase shedding and variable-frequency control are used to en-
hance the light load efficiency without compromising the full
load efficiency [2]-[5]. However, the conventional buck duty
cycle is extremely low for high-step-down voltage applications
which leads to output filter over-design, poor current-ripple can-
cellation, and increment of switching and conduction losses [6]—
[9]. Therefore, duty cycle extension techniques are applied to
improve the synchronous buck converter.

The two-phase converters proposed in [10]-[12] use series
capacitors to extend the duty cycle and provide automatic cur-
rent balancing. Nevertheless, all the input power is processed
through a single switch which is connected to the input source.
Additionally, in the voltage conversion relation of these convert-
ers, the only adjustable variable is the duty cycle, and in order
to improve the step-down voltage ratio, the structure should be
changed, and at least one phase should be added to the con-
verter. A pulsewidth modulation switched capacitor converter
is also introduced in [13] which has adjustable step-down gain,
but the existence of at least two semiconductor components in
each current path reduces the efficiency in high-current applica-
tions. The converter offered in [14] also suffers from the same
problem.

Another way to extend the duty cycle is by applying coupled-
inductors to the converter. The converters introduced in [15],
[16] use coupled-inductors to extend the duty cycle. Besides,
zero-voltage-switching (ZVS) turn-ON of the top switches and
using the self-driven synchronous rectifiers (SRs), have further
improved the efficiency of these converters. However, there is a
tradeoff between the soft switching range and the freewheeling
losses, and complex isolated gate drivers are also required to
drive floating switches. Non-isolated asymmetrical buck con-
verters [17]-[19] achieve ZV'S turn-ON for main MOSFETs with-
out applying any extra switch, but the maximum duty cycle
of these topologies is limited, and in duty cycles less than the
maximum value the average current of phases is not equal. Two
double phase high-step-down converters with coupled-inductors
are proposed in [8] and [20], but they are essentially multi-phase,
and therefore, their light load efficiency is considerably lower
than the buck VRM.

The tapped-inductor hard switched buck converter is a simple
single-phase topology which extends the duty cycle [21], [22].

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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However, due to the leakage inductance, a voltage spike occurs
on the switch. Thus, a lossless passive circuit is applied to re-
cover the leakage energy and to clamp the voltage spike [9]. Ac-
tive clamp single-phase topologies [23]-[26] achieve ZVS turn-
ON for the top switches and provides linear voltage conversion
ratio by adding an additional switch and a capacitor to the buck
converter. The proposed converter in [23] employs an SR self-
driven method, but the top switches have floating grounds which
results in complexity of gate drive circuit. The output current
of all topologies introduced in [9], [23]-[26] is pulsating which
increases the output voltage ripple and decreases the output
capacitor’s reliability [20].

Active and passive clamp forward converters with
non-pulsating output currents are proposed and developed in
[27]-[29], but they have an extra SR switch. A non-isolated
coupled-inductors-based converter with zero dc magnetizing
inductance current and non-pulsating output current is in-
troduced in [30]. By using an extra switch the high-side
MOSFET achieves ZVS during turn-ON transition. The elimi-
nation of the dc magnetizing inductance current reduces the
core losses. However, the rms and the peak current stress of
the SR are considerably high which increases the SR and the
body diode conduction losses. Although the topology proposed
in [31] has further reduced the core size by adding a switch
and a capacitor to the previous converter, it suffers the same
problem.

The main purpose of this paper is to present a coupled-
inductor high-step-down dc—dc converter with extended duty
cycle and continuous output current. The proposed converter
improves the step-down voltage gain while maintains the con-
ventional buck converter advantages. Since no additional switch
is used and the location of MOSFETS is just the same as the SR
buck, the conventional bootstrap-gate drivers can be applied to
the MOSFETs. Besides, the single-phase structure of this con-
verter increases its flexibility in VRMs. Due to extension of
the duty cycle, the voltage stress of the SR switch and the cur-
rent stress of the main switch are dramatically reduced which
lead to reduction of the SR switch reverse-recovery losses and
the main switch conduction and switching losses. A simple
new lossless clamp circuit is also proposed which recovers the
leakage energy and clamps the high-side MOSFET turn-OFF volt-
age spike. Moreover, this circuit has three more advantages as
follows: 1) depending on the design, it can reduce the volt-
age stress of the high-side MOSFET in clamp mode or reduce
the turn-OFF loss of the high-side MOSFET in snubber mode;
2) there is at least one inductor in all current paths that cre-
ates an intrinsic protection against the shoot-through problem,
when both switches are triggered simultaneously, and decreases
the reverse-recovery loss; and 3) this auxiliary circuit provides
zero-current-switching (ZCS) turn-ON for the main switch.

The converter principles of operation and the steady state
analysis are presented in Section II. The design considerations
are described in Sections III, and Section IV contains the loss
analysis and the loss comparison. Section V presents the ex-
perimental results and discussion, and finally, conclusions are
provided in Section VI.
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Fig. 1. (a) Proposed coupled-inductor buck converter with auxiliary
clamp/snubber circuit, and (b) equivalent circuit.

II. PROPOSED COUPLED-INDUCTOR HIGH-STEP-DOWN
DC-DC CONVERTER

Fig. 1(a) shows the proposed coupled-inductor buck con-
verter, which includes a high-side MOSFET )1, an SR switch
(22, a pair of coupled-inductors composed of a primary winding
n1 and a secondary winding 7, an output inductor L, a capac-
itor C, and the output capacitor C,. In the introduced converter
the step-down voltage gain is improved by using the coupled-
inductors. A simple lossless clamp circuit with two diodes D,
and D5, one capacitor C,., and one winding n3, coupled with
windings n; and ng, is applied to the proposed converter in or-
der to absorb the energy of the leakage inductance and to control
the voltage stress of Q5.

The equivalent circuit of the proposed converter is shown in
Fig. 1(b). The coupled-inductors are modeled as an ideal trans-
former with turns ration; : no : ng, a magnetizing inductor L,,, ,
and two leakage inductors L;; and L. In addition, n and n’ are
defined as n = ny /ny andn’ = n3/ny, respectively. For analyt-
ical convenience, the following assumptions are considered: all
semiconductor devices are ideal except for Dy and D,, which
their forward voltage drop is defined as V,, =V,, =V,;2) (),
and C, are supposed large enough so that their voltages can
be considered constant. Before #y, ()1 is ON and ()5 is OFF,
and thus, the input source energy is being delivered to the load.
Figs. 2 and 3 show the current paths in each operating mode and
the proposed converter key waveforms respectively.

Mode 1 [y, t1] [see Fig. 2(a)]: This mode begins by turning
(1 OFF. Thus, L;;, resonates with C). through D, and its energy
transfers to C, by the end of this mode. Related equations are
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Fig. 2. Operating modes of the proposed converter. (a) Mode 1. (b) Mode 2.
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Fig. 3. Key waveforms of the proposed converter.
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expressed as

ve, (t) = — [nVe, — Ve, (to) — V5] coswi (t — o)

+ ZIp,, (to) sinwy (t —to) + nVe, =V, (D)
[TLV(}b - VC,» (tO) — V’Y]
A
+Ile (t())coswl(t—to) (2)

I, (t) =

sinw1 (t — to)

where w1 :1/\/leCr, Zl = \/le/CT, ILM (t()):
[L()Jnax/[n(l — D)+ 1], Ve, (to) =V (t4), and Vg, is
the voltage of Cy. In this mode the body diode of ()2 conducts
to provide the current difference between I, and I,,,. There-
fore, (> can be turned ON under ZVS. The negative voltages
applied across L,, and L, reduce their currents.

Mode 2 [t1, to] [see Fig. 2(b)]: Atty, I, becomes zero and
D, turns OFF, while @), is ON and L,,, charges Cj,. The voltage
stress of @y is equal to Vi, (¢1) + Vi,. Similar to the previous
mode, 1, and I;, continue to decrease linearly.

Mode 3 [ty, t3] [see Fig. 2(c)]: At ty, Q9 is turned OFF and
Q1 is turned ON simultaneously, and I, flows through its body
diode. Due to the short time of this mode, the voltage across
C, is considered approximately constant. The positive voltage
nVe, + Vin 1s applied across Ly, and Ir,,, rises linearly while
Dy conducts, and I, increases almost linearly. Due to the
existence of L, and L;;, @1 turns ON under ZCS, and the body
diode reverse-recovery loss of (), is considerably reduced. At
t3, I, rises up to I, — I, , and the SR body diode current
reaches zero. Important equations of this mode are

dIL])\» nVC) + ‘/;Il
= d 3
dt le. ( )

Iy, _ Ve, (t1> — n’Vc,) -V,

dt L, @)

Mode 4 [ts, t4] [see Fig. 2(d)]: Energy is being transferred
from the input source to the output. Positive voltages are applied
across L,, and L,, and their currents increase linearly. Related
equations are expressed as

dIL n Vgn - VC,,

it ntl T L, 3)
dly, V= [n/(n+D](Via = Ve,) = Vo ©)
dt L, :

A resonance starts between C, and L. (=L, +
(n3/n2)?Lix), and C, is discharged. At the end of this mode I,
reaches zero and D, turns OFF. Related equations are expressed
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Fig. 4. Comparison of voltage gain versus duty cycle for five types of
converters.

as follows:

n+n'

ve. () == Vo =337

|:‘/in - (‘/in - VCb) + Vy - VC;» (t3):|

X COSUJQ(t — tg) — ILr (tg)ZQ sinwg(t — tg)

n+n
n+1

- %(Vzn - VC,)) + VC,. (tS) - Vvin - V\/
I, (t) = Z

+ Vin — (Vin = Ve,) + V5 (N

XSiHWQ(t—tg)-i-ILT (tg)COSWQ(t—tg) (8)
where Wy = 1/\/[/,»0,», Z2 = \/L/T/O,-, VC,_ (tg) = VC,_ (tl),

and I, (t3) is the current of L, at t3. According to (8), the
increment of L, reduces the peak and rms values of I, and
Ig:.

Mode 5 [y, t5 ] [see Fig. 2(e)]: At the beginning of this mode,
I, reaches zero, and D5 turns OFF while () is on and ()5 is OFF.
According to (5) and (6), I;, and I;  continue to increase
respectively, and C}, is discharged by I,,,. At ¢5, (1 is turned
OFF and the switching period ends.

Steady state analysis: The voltage gain is derived by writing
the volt-second balance for L, and L,,

n Vvin - V
Vi =V, — % DTy = Vo (1 — Do) T (9)
n
m(vzn - VC;, )DeffT9 = nVCl, (]- - Deff)Ts (10)

where D, is the effective duty cycle, and T is the switching pe-
riod. From (9) and (10) V;, is obtained as V,,, and the converter
voltage gain is expressed as

‘/o Deff

SO 4 LI
Vi n(l — Degr) + 1’ @ ’

1D
Fig. 4 shows the voltage gain of the proposed converter ver-
sus duty cycle in comparison with the conventional buck con-
verter and the topologies introduced in [11], [19], [25], and [30].
Among all of these converters, the structure proposed in [19] has
the lowest voltage gain and can extend the duty cycle up to four
times more than the conventional buck duty cycle; however, the
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Fig. 5. (a) Differentiated converter elements losses versus turns ratio

n(= n3/n1),and (b) peak voltage stress of Q1 versus turnsration’(=ns /n1).

maximum duty cycle of this converter is limited to 0.55 which
adversely affects its control circuit. The series capacitor con-
verter in [11] extends the duty cycle by two times, but in order
to change this converter voltage gain from D/2 to D/4, two other
new phases should be added to the structure. The introduced
coupled-inductors converter and those in [25] and [30] not only
extend the duty cycle but also have an adjustable voltage gain.

The duty cycle obtained from (11) cannot be used directly
as the gate signal of the main switch (Q1). Although ) is ON
during the third operation mode, mode 3 [t, ¢3], the body diode
of (3 conducts and no energy is transferred from the input to the
load. In fact, L, and L;;, limit the rising slope of I and cause a
part of the duty cycle to be lost. Thus, the duty cycle in practice
is obtained from D = Deg + Dy o, and Dy is calculated by
using (3) and (4) as

b dswLwlo +0Ip, )/[(L+n)(nVe, + V)]
Loss — 1 (L=n")Li (Vo, (t1)—n'Ve, =V,)
+ (1+n)L, (nVe, +Vin)

12)

where fow and I, (= Degel, /[n (1 — Degr) + 1]) are the switch-
ing frequency and the average current of L,,, respectively. In
(12) the current ripples of L,, and L, are ignored for simplicity.

III. DESIGN CONSIDERATIONS

The converter is designed for V;,, =12V +5%/ —8%, V, =1
V, I, =15 A, and fs,, =200 kHz. By using the voltage—current
equations of L, and L,, , their values are obtained respectively as

Vo(1— Deir) 1V x (1 —0.21)
L, = = ~ 04 uH 13
INE 10 A x 200 kHz p (13)
Lo nVe, (1= Der) _ 21V x (1-021) 10t
ALy, fsw 0.8 A x 200 kHz
(14)

where A, and Al, are the current ripples of L, and L,,,
respectively.

According to (11), the duty cycle can be extended by incre-
ment of n. By extending D.g, the switching and conduction
losses of (01 and the reverse-recovery losses of (), decrease, but
the (5 conduction losses and the Cj, equivalent-series-resistance
(ESR) loss increase. As shown in Fig. 5(a), the optimum value of
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n for minimizing the total mentioned losses is between 1.5 and
2.5, and therefore, n is chosen 2. Existence of the third winding
of the coupled-inductors gives more freedom for selecting the
(21 voltage stress. The approximation of the ()1 voltage stress
versus n' (= ng/ny) for C,. = 2 F is shown in Fig. 5(b). The
peak value of n' is limited to (Vi, — n%V,)/(Vi, — V,), and n’
is consequently selected 0.66.

In order to have the core loss lower than 100 mW/cm?®, Bax
should be chosen lower than 0.08 T. For the core EE 25/10/7 n»
is obtained from

LyIpm max  10pH x (1.240.8/2)A

> = ~ 6
= AeBmax 39.5 mmZ x 0.07T

5)

where i max 1S the maximum value of the magnetic induc-
tance current and Ae is the effective cross-sectiona area of core.
Accordingly, ny and n3 are equal to three and two respectively.
Diodes D; and D, turn OFF under ZCS provided that ¢; —
to < tofr.g, andty —t3 < ton_q, - Since for high-step-down ap-
plications, generally, the duty cycle of the main switch is less
than 50%, t,n—q1 is lower than ¢,,,_q2, and also as in this con-
verter Ly is lower than L., thus, Ty (=27 /wy ) < To (=27 /ws).
As aresult, the determining condition is t4 — t3 < ton(min)- Ac-
cordingly
T3
ty —t3 < ? < ton(min) = Ty L.C, < ton(min) (16)
where £, (in) is the minimum on time of ()1 . Hence, by making
sure that /L, C,. <ty (min)» the diodes Dy and D are both
turned OFF under ZCS. C}, is obtained as follows:

_ I, At _ nDegr(1 — Derr) Lo
AVCI/ [n(l - Deff) + I}AVCb fsw

Cy (17)
where AV, is the capacitor voltage ripple.

Fig. 6 illustrates the PSPICE simulation waveforms of )y
turn-OFF transition for two different values of C., where other
design parameters are considered unchanged. By comparing
Fig. 6(a) and (b), it is observed that by reducing C,, the ¢);
drain-to-source voltage during the turn-OFF transition is de-
creased which reduces the ) turn-OFF loss. In other words,
this capacitor is discharged during ), turn-ON and acts as a
turn-OFF snubber. On the other hand, the reduction of C, in-
creases the peak value of vo, (=V¢,(t1)) and the peak voltage
stress of (1. Moreover, in order to be sure that D; remains
reverse biased during [¢, ¢5], the following relation should be
established:

Ve, (ta) > Vin ( (18)
n

1

(1 = Detr) + 1 >
From the above relation, the minimum value of V¢, (t4) is ac-
quired and consequently from (7), the minimum value of C, is
obtained. Besides, reducing C, increases the peak value of v,
(= Ve, (t1)) and the peak voltage stress of Q. Fig. 7 shows
the tradeoff between turn-OFF losses and the peak voltage stress
of ;. For the possibility of using high-quality 25 V MOSFETS,
the voltage stress should be under 20 V. Therefore, C, value is
chosen larger than 0.4 F.
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IV. L0OSS ANALYSIS AND LOSS COMPARISON

In this section a detailed loss analysis of the proposed con-
verter is presented, and based on this analysis the proposed
converter is compared with the converters introduced in [29],
[30]. Due to ZCS turn-ON of (J1, turn-ON losses are significantly
reduced and only the turn-ON capacitive loss remains. Turn-OFF
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losses are calculated by using the switching power loss equations
expressed in [32]. Therefore, the switching losses equations of
()1 are as follows:

1 1 n
Ps’w,off = § (mlomax + mILm me)

+ Qoo > (19)

Iyo off

X fow (Vin + Vo, (19)) <ngs2Q1
g1 off

1
PCOSS,QI = iQoss,Ql (Vvin + n‘/o)fsw (20)

where Qg2 0, @gdg,» and Qoss @, are (1 parameters which
can be obtained from MOSFETs datasheets. I o and o o are
calculated by (24)—(28) in [32]. As observed, due to reduction
of the main switch turn-OFF current, the turn-OFF loss of the
high-side MOSFET is considerably reduced in comparison to the
conventional buck converter.

Assuming a conventional driver for the proposed converter,
gate drive losses are expressed as

Piive = 1'5(Qg,Q| + Qg,Qg )vasfsw 2D

where V,, is the driving voltage, Q, o, and @), ¢, are the total
gate charges of )1 and ()5, respectively [33]. Due to utilization
of the same number of switches as the synchronous buck con-
verter, the converter gate drive losses are just the same as the
synchronous buck converter.

The reverse-recovery loss of the SR body diode is

v,
Prr = Qr?" fsw VB = Q’!"I‘ fstiff (22)

where Vi and @), are the blocking voltage over the body diode
and the SR body diode reverse-recovery charge, respectively
[15]. Obviously, the reverse-recovery loss is reduced by extend-
ing the duty cycle, and ()., decreases because of the existence of
Ly, and L, which reduce the current slope (di/dt) of the body
diode during its turn-OFF transient time. The SR body diode
conduction loss is The SR conduction loss is

Ia TLIL

— |t sw‘/;
n+1 n—|—1> a1 fowVia

F cond-BD — (

Dross Tsw
bt (e 2255 vy o)

where V;, is the body diode forward voltage drop, t;41 and 49
are the gate signals dead-times of (); and ()>. By considering
(12) and (23), it is evident that the increment of L;; results in
higher body diode conduction loss. Therefore, it is important to
achieve minimum leakage inductance in the coupled-inductors
design.

By neglecting the effect of L;; and L, , the approximation of
the rms currents flowing through ()1, @2, and the ESR of C},
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are obtained from

1,\/ Desr

L, ® —/— 7 24
s-Q n(l—Deff)—l—l ( )
I - (n + 1)]0\/ 1 — Dt 25)
ms-Q2 n(l — Deff) +1
n
Ims BSRe, ~ iV Degt +nlp,, /1 — Deg. (26)

The conductionlosses of MOSFETSs and the ESR loss of ), are
obtained from Poona g, , = Rdszl_ZIfmsin‘z and PESRcb =
ESRe, IerS,ESRCb , where Rjs g, and Ry, g, are the ON-
resistances of ()1 and (). Due to the charge balance of C,,
the average current flowing through D; is equal to that of Ds.
Thus, the conduction losses of D; and D, are obtained as

Pcond,Dl,g = 2‘/:, Iang (27)

where I,y p is the average current of Dy or Dj.

After the selection of L, its losses are calculated by using core
and winding losses power tool in [34]. The coupled-inductor
losses include the core and the wire losses. The core loss can be
calculated by using the core loss versus the flux density diagrams
presented in [35]. The winding loss is expressed as

Pwire = Rdclgc + RacIHQ‘; (28)

where Rgc, Rac, l4c, and I,. are the dc-resistance, the ac-
resistance, the average current, and the ac rms current of the
winding, respectively [36].

Loss Comparison: Fig. 8 illustrates the loss breakdown com-
parison between the proposed converter and the converters of
[29], [30]. The parameters considered for the loss analysis are
high side MOSFETs: IRF7811av; SRs: RIK0O301DPB; diodes:
SS34; transformer/coupled-inductors: turns ratio 3:6:2 for the
proposed converter and 4:2 for [29] and [30]; cores: EE 25/10/7.
As shown in Fig. 8, the frequency related losses of the proposed
converter including reverse recovery, gate drive, and switch-
ing losses are dramatically reduced. Furthermore, although the
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clamp/snubber circuit diodes cause additional conduction loss,
the total conduction loss of the proposed converter are less than
the converters presented in [29], [30].

V. EXPERIMENTAL RESULTS AND DISCUSSION

In order to verify the operational principles and demonstrate
the advantages of the proposed topology, a prototype is realized.
The specifications are as follows: V;,, = 11.04 — 12.6 V; V, =
1 V;1,=2-15 A; fow =200 kHz; Q1: IRF7811AV; Q>:
RIKO0301DPB; D, Ds: SS34; Cy = 3+ 33 uF MLCC/TDK;
C, = 0.47 uF MLCC; L, = 0.4 H; and the coupled-inductors
with turns ratio 3:6:2 (nq : ng :n3), L, =10 pH, Lj =
0.14 pH, L, = 0.18 uH, and core: EE 25/10/7. Owing to the
simplicity of implementation, the coupled-inductors have been
over-designed.

Fig. 9 illustrates the experimental waveforms of the imple-
mented prototype and the picture of the implemented prototype.
Fig. 9(a)—(c) illustrate the ZCS turn-ON of (), and its low voltage
stress, which is under 25 V at different operating loads. Besides,
in comparison with the buck converter, the reduction of )1 turn-
OFF current decreases the turn-OFF loss significantly. The input
and output voltage waveforms at different operating loads are
shown in Fig. 9(d)—(e). The output inductor current waveform
is also shown in Fig. 9(d)—(e). This non-pulsating current de-
creases the output voltage steady-state ripple and increases the
reliability of the output capacitors. As seen in Fig. 9(h)—(g), the
resonance between L, and C, ends before () is turned OFF.
As shown in Fig. 9(h), V. is less than 10 V, and thus, lower
voltage rating MOSFETs with lower Ry (,,) and @, can be used
which reduces the @ losses. According to Fig. 9(i), due to
33%-100% step-load, the output voltage changes only 90 mV.

Table I provides comparison between the proposed converter,
the SR buck converter, and the converters introduced in [12],
[14],[19], and [25]. Among the high-step-down converters with
non-pulsating output current, the proposed converter has the
minimum number of switches, equal to the SR buck converter,
which results in lower switch and gate drive cost. Moreover, the
proposed converter has an intrinsic shoot-through protection
because of the existence of at least one inductor in all of the cur-
rent paths. Besides, the single-phase structure of the proposed
converter provides the possibility of phase-shedding in the in-
terleaved topologies which increases the light load efficiency
without affecting the full load efficiency.

Fig. 10 shows the introduced converter efficiency versus the
load current in comparison with the SR buck and the converter
proposed in [30]. Owing to the reduction of frequency related
losses, both the proposed converter and the converter introduced
in [30] reach a higher efficiency. Due to lower conduction losses
of the proposed converter, its efficiency is improved and as
observed, the maximum efficiency of the introduced converter
18 89.2% at I, = 10 A while the maximum efficiency of [30] is
88.1% at I, = 7.5 A. The converter light load efficiency is also
increased because of having the same number of switches as
the synchronous buck converter and therefore, lower gate drive
losses.
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Fig. 9. Experimental waveforms and picture of the experimental prototype,
(a) gate signal, drain-to-source voltage, and current of Q1 at I, = 15 A,
(b) I, =10 A, (¢c) I, =5 A, (d) gate signal of ()2, output inductor current,
output voltage, and input voltage at I, = 15 A, (e) I, = 10 A, (f) I, =5
A, (g) voltage across C, and current of L, at [, = 15 A, (h) drain-to-source
voltage and gate signal of Q2 at I, = 15 A, (i) transient response due to step
load change from 33% to 100% load, and (j) picture of the proposed converter
prototype.

VI. CONCLUSION

In this paper, a new single switch (without considering SR
switch) coupled-inductor high-step-down dc—dc converter with
an extended duty cycle and non-pulsating output current is pre-
sented. In order to recover the leakage energy, a simple lossless
clamp circuit is also proposed. The advantages are as follows:
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TABLE I
PERFORMANCE COMPARISON BETWEEN THE PROPOSED TOPOLOGY
AND OTHER CONVERTERS

Fig. 10.

SR buck  [25] [12] [14] [19] Proposed
Volt: i D D D(1-D) D
oltage gain D Py 5 D 55 A= DYTT
MOSFET
count 2 3 5 8 4 2
Diode count 0 0 0 0 0 2
Magnetic core
count 1 1 2 2 2 2
Continuous
output current v X v v v v
Shoot-through
protection X X X X X v
Cost Low Medium High High High  Medium
Single phase
operation v v X X v v
Switching
condition Hard ZVS-on Hard Hard ZVS-on ZCS-on
09—
7> 0.88F
% 0.86 o ;
5 : : : : : :
'3 0.84 e —e—Proposed Conv. |..
& o)
08 —e—SR Buck
6 7

8 9 10 11 12 13 14 15
I (A)

0.8

Efficiency of the proposed converter and that of [30].

1) duty cycle extension; 2) continuous output current; 3) MOS-
FET counts equal to the buck converter and possibility of using
conventional SR buck drivers; 4) ZCS turn-ON of the high-side
MOSFET; 5) low voltage stress and reverse-recovery loss of the

SR;

and 6) intrinsic shoot-through protection. The experimen-

tal results based on a 12 V to 1 V/15 A prototype verify the
theoretical analysis.
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