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Ultrahigh Step-Down Converter With Wide Input
Voltage Range Based on Topology Exchange
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Abstract—To overcome the traditional buck converter, which
is difficult to achieve a high step-down gain with an appropriate
duty cycle, a coupled-inductor-based step-down converter, named
ultrahigh step-down converter, is proposed by Hwu et al. [11]. As
compared with the buck converter, the ultrahigh step-down con-
verter can achieve a much higher step-down gain, which can be
determined by not only the duty cycle but also the turns ratio of
the coupled inductor. However, the ultrahigh step-down converter
is designed at a fixed input voltage of 48 V. In the telecommunica-
tion applications, the high dc bus voltage varies in a wide range, not
kept at a fixed nominal voltage of 48 V. The experimental results
show that as the input voltage increases, the efficiency of the ultra-
high step-down converter decreases. Therefore, in this paper, an
improved ultrahigh step-down converter with a wide input voltage
range is presented. According to the topology exchange, the volt-
age gain can be changed to a suitable one when the input voltage
changes. By doing so, as compared with the ultrahigh step-down
converter [11], the duty cycle of the proposed converter can be ex-
tended, and hence the efficiencies of the proposed converter can be
improved. The proposed converter is verified by a wide input volt-
age (18-54 V), with an output voltage of 1.2V and a rated output
current of 10 A.

Index Terms—Buck converter, coupled inductor, topology
exchange, ultrahigh step-down converter, wide input voltage.

1. INTRODUCTION

P to now, the switching power has gotten attractive in the
U world [1], [2]. In today’s telecommunication applications,
the distributed power systems (DPSs) have been widely used
[2]- [5]. The general architecture for the DPS is shown in Fig. 1.
From Fig. 1, it can be seen that there are three stages. The first
stage is an ac—dc converter, which transfers the ac input to a 48-V
dc voltage bus; the second stage is a dc—dc converter, also called
bus converter, which converts 48V to 12V and provides galvanic
isolation; the third stage is a nonisolated dc—dc converter, called
point of load (POL), which steps down 12V to the low voltage
to meet the load requirements.
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Fig. 1. Architecture of the DSP for telecommunication.
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Fig. 2. Direct voltage-step-down from 48-V DC bus to load using the high
step-down converter.

Fig. 3. Tapped-inductor buck converter [9] with voltage gain equal to
DNQ/(Nl + No 7DN1).

The synchronously rectified (SR) buck converter is commonly
used for the POL converter due to its simple structure and con-
trol [6]- [8]. The voltage of 48 V is converted to the low required
voltage via two stages. Thus, the efficiency is the product of in-
dividual efficiencies of two stages. To improve the efficiency,
one stage is another solution as shown in Fig. 2. Moreover, since
the voltage gain of the buck converter is equal to its duty cycle,
it is difficult to obtain a high efficiency for high voltage step-
down applications due to its narrow duty cycle. Therefore, to
obtain a suitable duty cycle, the tapped-inductor buck converter
is an alternative solution for high voltage step-down applica-
tions [9], [10] as shown in Fig. 3. The tapped-inductor buck
converter has two freedoms: turns ratio and duty cycle. Thus, as
compared with the buck converter, the duty cycle of the tapped-
inductor buck converter can be extended. However, the tapped-
inductor buck converter still suffers from some problems. First,
the leakage inductance causes high voltage spikes across the
switches. Second, the high voltage spikes result in high switch-
ing loss. Third, high voltage rating switches are required due to
the high voltage spikes. To improve the above disadvantages,
a high step-down converter, named ultrahigh step-down con-
verter, is presented [11] as shown in Fig. 4. From Fig. 4, it can
be seen that the ultrahigh step-down converter is constructed by

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 4. Ultrahigh step-down converter [11] with voltage gain equal to
DNQ/(N1 + NQ).
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Fig. 5. Experimental results of the ultrahigh step-down converter [11] under

different input voltages with output voltage of 3.3V and Nj : No = 24 :8
and switching frequency of 100 kHz: (a) duty cycle versus input voltage and
(b) efficiency versus input voltage.

adding one additional switch and one additional capacitor to the
tapped-inductor buck converter. Therefore, the coupled inductor
in the ultrahigh step-down converter works in a different way
as compared with the tapped-inductor buck converter. In the ul-
trahigh step-down converter, when () is turned on, C'z and the
coupled inductor are storing energy, while when Q2 and Q3
are turned on, C'p resonates with the leakage inductor of the
coupled inductor. Therefore, the soft switching and low-voltage
spike can be achieved. Moreover, if (); is broken, a high volt-
age will not appear in the output terminal. This is because the
energy-transferring capacitor C'p is connected with the output
capacitor C, serially. If ()1 is broken, the input voltage will be
almost across C'g because Cp is usually chosen to be much
smaller than the output capacitor C,,.

In [11], the ultrahigh step-down converter is design at a fixed
input voltage. However, in telecommunication applications, the
high dc bus voltage varies in a wide range, not kept at a fixed
nominal voltage of 48V [4], [12]. In general, the high dc bus
voltage range ratio is 2:1. Fig. 5 shows the experimental results
under a wide input voltage range of 18-54V and an output
voltage of 1.2 V. From Fig. 5(a), it can be seen that the duty
cycle decreases with increasing the input voltage. When the
input voltage is increased to 54V, the corresponding duty cycle
is decreased to about 6.8%. Consequently, the small turn-on
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Fig.6. Proposed converter: (a) main structure and (b) equivalent circuit model.

period will cause high switching loss and make the control
difficult. Fig. 5(b) shows the efficiency curves with different
input voltages and output currents. From Fig. 5(b), it can be seen
that the efficiencies under half and rated loads can be maintained
at reasonable values; however, at light load, the efficiency drops
dramatically when the input voltage approaches to a high value
of 54 V. This is because at light load, the zero voltage switching
(ZVS) of ()1 will be lost; thus, the switching loss is more severe,
especially at high input voltage.

In this paper, the major objective focuses on the efficiency
improvement of the ultrahigh step-down converter with a wide
input voltage range. Therefore, an improved ultrahigh step-down
converter with a variable voltage gain is proposed. When the
input voltage of the proposed converter varies, the voltage gain
can be changed to a suitable one to make the high step-down
converter operate at higher efficiency. By the way, the pros and
cons of the existing POLs and the proposed converter are shown
in Appendix A.

II. PROPOSED CONVERTER

For the circuit shown in Fig. 4, most of the energy is trans-
ferred to the load during the turn-off period of ()1, but small
portion of the energy is transferred to the load during the turn-
on period of 1. The larger the duty cycle D is, the higher
the peak value of 79, thereby causing the conduction loss and
copper loss to be increased significantly. Accordingly, the duty
cycle is suggested not to be too large. In addition, if the duty
cycle is too small, the switching loss will be high and hence the
duty cycle cannot be too small. Therefore, the aforementioned
description is the reason why the topology exchange is used in
this paper. As the input voltage range is large, the duty cycle
should be controlled under a suitable range such that a better
efficiency will be obtained.

Fig. 6(a) shows the proposed converter, which contains four
switches @1, @2, @3, and ()4, one energy-transferring capac-
itor C'z, one coupled inductor having three windings Ny, No,
and N3, and one output capacitor C,. Moreover, the input volt-
age is denoted by Vj,, the output voltage is signified by V,,, and
the output resistor is represented by R, .

The equivalent circuit of the proposed converter is shown in
Fig. 6(b). The coupled inductor is modeled as an ideal trans-
former with three windings /Ny, N», and N3. The magnetizing
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Fig.7. Waveforms for the proposed converter in the low step-down gain mode.
inductor L,, is connected in parallel with N;, and a leakage
inductor Ly is connected in series with NVy.

The currents flowing through @, @2, Q3, Q4, Cp, Ny,
Ny, N3, L,,, L and R, are signified by 2451, 2ds2, %ds3, tdsd,
iCB, IN1, IN2, IN3, tLm, 4k and ¢,, respectively. Furthermore,
the voltage across L,, or the N; winding is signified by v,
the voltages across the No and N3 windings are represented by
vy and vyg, respectively. The voltage across Cp is indicated
by Vep. As to the control scheme for the proposed converter, it
can be seen in Appendix B.

III. BASIC ANALYSIS

In order to make the analysis of the proposed converter easier,
there are some assumptions to be made as follows: 1) all the
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Fig. 8.  Operating circuits over one switching period in the low step-down gain
mode: (a) state 1, (b) state 2, (c) state 3, (d) state 4, (e) state 5, (f) state 6, and
(g) state 7.

switches and components are assumed to be ideal except for the
coupled inductor as mentioned in Fig. 6(b); and 2) the voltages
across the capacitors are constant.

The basic operating principles of the proposed converter in-
clude: 1) the high step-down mode; and 2) the low step-down
mode. For the high step-down mode due to the high voltage
range, Q3 is always off and @), is used as a freewheeling recti-
fier. In this case, V| and Ns are regarded as connected in series,
and hence the turns ratio n is equal to N3 /(N7 + N» ), implying
that the voltage step-down gain is high and the duty cycle can be
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mode.

Waveforms for the proposed converter in the high step-down gain

increased. For the low step-down mode due to the low voltage
range, ()4 is always off and Q3 is used as a freewheeling recti-
fier. In this case, No and V3 are regarded as connected in series,
and hence the turns ratio n is equal to (Ny + N3)/Ny, imply-
ing that the voltage step-down gain is low and the duty cycle
can be decreased. Via the two methods, the duty cycle all over
the input voltage range can be controlled under a reasonable
range.
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Fig. 10.  Operating circuits over one switching period in the high step-down

gain mode: (a) state 1, (b) state 2, (c) state 3, (d) state 4, (e) state 5, (f) state 6,
and (g) state 7.

The following analyses contain:

1) operating principles (low step-down gain mode and high
step-down gain mode);

2) voltage gains (low step-down gain mode and high step-
down gain mode); and

3) boundary conditions of the magnetizing inductor (low step-
down gain mode and high step-down gain mode).
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Fig. 11.  Equivalent circuits from Fig. 10(a) and (c).

TABLE I
SYSTEM SPECIFICATIONS OF THE PROPOSED CONVERTER

System parameters Specifications
Input voltage (Viy, ) 18-54V
Output voltage (V) 1.2V
Rated output current (1, yated) 10A
Minimum output current (I, i) 1A
Switching frequency ( f;) 100 kHz
Mode switching point 36V
TABLE I

COMPONENTS USED IN THE PROPOSED CONVERTER

Components Product name
MOSFET switches Q1, Qs AONG6248
Q3 AONG6512 x 2 (cascaded)
Q4 BSCO14NE2LSI
Energy-transferring capacitor Cp 10 nF/50-V MLCC capacitor x 2
Output capacitor c, 1000-p.F OSCON capacitor x 1,
10 uF MLCC x 6
Coupled inductor Core: CH203125 x 2
Ny :Ny:Ng =18:3:6
L,, = 60uH, L)y = 9.39uH

A. Operating Principles for Low Step-Down Gain Mode

In the low step-down gain mode, the switch @4 is always
turned OFF. The gate driving signal for (J; has the duty cycle
of D, and the gate driving signals for ()o and Q3 have the duty
cycle of 1 — D. For the proposed converter operating in the
low step-down gain mode, there are seven operating states to be
described later. Fig. 7 shows the waveforms over one switching
period, and the equivalent circuit in each state is shown in Fig. 8.

1) State 1 [ty, t1]: As shown in Fig. 8(a), the switch Q) is

turned ON, and the switches ()5, Q3 and Q4 are turned
OFF. During this state, the three windings are serially con-
nected, which can be regarded as a single inductor whose
equivalent value is {[(N2 + N3)/Ny] + 1}% - L,,, + Lyy.
A positive voltage Vi, — Vep — V), is imposed on the
equivalent inductor. Thus, the currents 441, 1k, N1, N2
and i) 3 increase slowly. The magnetizing inductor L,,
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Fig. 12.  Experimental results of the proposed converter under different in-

put voltages with output voltage of 1.2V and Ny : Ny : N3 = 18 :3:6 and
switching frequency of 100 kHz: (a) efficiency versus input voltage and (b) duty
cycle versus input voltage.
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2)

is also magnetized, and hence the current i1,,,, increases.
This state ends when () is turned OFF att = ;.

State 2 [t1, t2]: As shown in Fig. 8(b), the switch Q)
becomes turned OFF, but the switches @y, 3 and Q4
still keep turned OFF. During this dead time period, the
body diodes of @)y and @3 are forward-biased due to
the coupled inductor freewheeling. Cz and Ly start to
resonate, and the resonating current %) or icp decreases.
Meanwhile, the negative voltage —V, - [N} /(No + N3)]
is imposed on L, . Thus, 71, starts to decline gradually.
This state ends when Q2 and Q3 are turned on att = 5.
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3)

4)

5)

State 3 [t2, t3]: Before the state 3 begins, the body diodes
of Q> and Q3 are conducted. Thus, J; and 3 are turned
ON withZVS as shown in Fig. 8(c).The resonating current
11k continually decreases, and i1y, still decreases. Once i
falls to zero, this state ends at ¢t = t3.

State 4 [t3, t4]: As shown in Fig. 8(d), the switches @,
and Q4 keep turned OFF, and the switches ()3 and Q3
keep turned ON. The resonating current ¢j; changes the
direction, and is increasing in the opposite direction. C'g
discharges the energy to the output via the coupled induc-
tor windings. Thus, 7,y and ¢35 continually increase. L,
is still demagnetized. This state ends when ()5 and Q3 are
turned OFF at t = t,.

State 5 [ty, t5]: As shown in Fig. 8(e), the switches ()1 and
@4 keep turned OFF, and the switches () and 3 become
turned OFF. During this dead time period, the body diode
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(3) vgs3 (10 V/ div); and (4) vgsq (10 V/ div).

6)

7

of @1 is forward biased by 1)y, and the body diode of Q3
is forward biased due to coupled inductor freewheeling.
Meanwhile, 7y, iy2 and 7y3 start to decrease, and L,,
is continually demagnetized. This state ends when
becomes turned ON att = 5.

State 6 [t5, ts]: Before state 6 begins, the body diode of
()1 is forward biased. Thus, @) is tuned ON with ZVS as
shown in Fig. 8(f). The resonating current 7j; continually
decreases, and L,, is continually demagnetized. This state
ends when 7 reaches zero att = .

State 7 [te, to + Ts|: As shown in Fig. 8(g), Q; still keeps
turned ON, and 5, Q3 and Q4 still keep turned OFF. Dur-
ing this state, Ly, and C'p form a series resonant circuit,
and 7). increases from zero. At the same time, 79 and iy 3
continually decrease. As soon as 7y is equal to 12, %43
falls to zero, and this state ends at t = to + 1.



YAU et al.: ULTRAHIGH STEP-DOWN CONVERTER WITH WIDE INPUT VOLTAGE RANGE BASED ON TOPOLOGY EXCHANGE 5347

UL ELEL LR B B L R BLALEL L R B B

2] URE) T TR o SRS g RS
L 1 1)CH1 20V Sus |
a 1 JCH2 2 A Sus ]
+ + NCHI 2 A Sus 4
[ AHCHL 2 A Sus ]
3>'.“A}.-.‘Aj..}., Agn-".' P IPITPITS | 2 PO PO .:F-;" + Allr.."rf

'l

4>

S N S (R W

R RS RS FREEE ENEEh SRS s s SR

3
i
-

aalia

Fig. 18. Waveforms in the low step-down gain mode at input voltage
of 18V and output current of 1A: (1) vgs1 (20 V/ div); (2) iy (2 A/ div);
(3)in2 (2 A/div);and (4) i3 (2 A/ div).

L B B s B R RS RS B IR I R
LY NN s . n PR i T
r 1 1NCH1 20V S5us ]
r 1 2)CH2 10 A Sus B
[ + NCHI DA Sus
[ HCHI 20 A Sus
:, -|' ) /":I ~] — -:
3 >'. i ;.'.-';",'.. - :1.-."‘/‘.: bt !-. '."-.-; bt :L-r' :: = ‘;:
m-;;;]-;;;!-;;;I.-.;I.-.; W FRWWE FRTEE FETEE FeTes

Fig. 19. Waveforms in the low step-down gain mode at input voltage of
18V and output current of 5A: (1) wgs1 (20 V/ div); (2) iy (10 A/ div);
(3)ino (10 A/div); and (4) i3 (20 A/ div).

B. Operating Principles for High Step-Down Gain Mode

In the high step-down gain mode, the switch ()3 is always
turned OFF. The gate driving signal for (J; has the duty cycle of
D, and the gate driving signals for ()» and ()4 have the duty cycle
of 1 — D. For the proposed converter operating in the high step-
down gain mode, there are seven operating states to be described
below. Fig. 9 shows the waveforms over one switching period,
and the equivalent circuit in each state is shown in Fig. 10.

1) State I [ty, t1]: As shown in Fig. 10(a), the switch @y is

turned ON, and the switches 02, (X3 and 4 are turned
OFF. During this state, the three windings are serially con-
nected, which can be regarded as a single inductor whose
equivalent value is {[(N2 + N3)/Ny] + 1}% - L,,, + Ly.
A positive voltage Vi, — Vep — V,, is imposed on the
equivalent inductor. Thus, the currents 441, 41k, IN1, N2
and 73 increase slowly. The magnetizing inductor L, is
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Fig. 21. Waveforms in the low step-down gain mode at input voltage
of 36V and output current of 1 A: (1) vgs1 (20V/div); (2) i (2 A/ div);
3)in2 (2 A/div);and (4) i3 (2 A/ div).

2)

3)

also magnetized and iy, increases. This state ends when
@, is turned off at t = ¢;.

State 2 [t1, t2]: As shown in Fig. 10(b), the switch Q)
becomes turned OFF, but the switches @y, @3 and Q4
still keep turned OFF. During this dead time period, the
body diodes of )y and @3 are forward-biased due to
the coupled inductor freewheeling. Cz and Ly start to
resonate, and the resonating current %) or icp decreases.
Meanwhile, the negative voltage —V, - [N} /(N2 + N3)]
is imposed on L, . Thus, 71, starts to decline gradually.
This state ends when Q5 and Q4 are turned ON at ¢ = 5.
State 3 [t9, t3]: Before the state 3 begins, the body diode
of () is conducted. Thus, )5 is turned ON with ZVS
as shown in Fig. 10(c). Meanwhile, (), becomes turned
ON. The resonating current 7, continually decreases,
and 71, still decreases. Once 7 falls to zero, this state
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Fig. 22.

Waveforms in the low step-down gain mode at input voltage of
36V and output current of SA: (1) vgs1 (20 V/div); (2) iy (10 A/ div);

(3)ino (10 A/ div); and (4) iy 3 (20 A/ div).
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Fig. 23.

Waveforms in the low step-down gain mode at input voltage of

36V and output current of 10A: (1) vgs1 (20 V/div); (2) iy (10 A/ div);

(3)ine

4)

(10 A/ div); and (4) iy 3 (20 A/ div).

ends at ¢ = t3. During this state, N; and N, are serially
connected and the equivalent magnetizing inductance is
[(N2/Ny) + 1]* - Ly, . It should be noted that during this
state, although the body diode of (5 has a positive voltage
drop between its anode and cathode, this diode must be
turned OFF. This is because the voltage drop is smaller
than the forward voltage of the body diode of Q3. If this
voltage drop is larger than the forward voltage of the body
diode of ()3, the coupled inductor will be short-circuited.
State 4 [t3, t4]: As shown in Fig. 10(d), the switches )y
and @3 keep turned OFF, and the switches (2 and Q4
keep turned ON. The resonating current ¢j; changes the
direction, and is increasing in the opposite direction. C'g
discharges the energy to the output via the coupled induc-
tor windings. Thus, i3 continually increases. L, is still
demagnetized. This state ends when (Q» and ()4 are turned
OFF att = t4.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 7, JULY 2017

-ltltIttt'T't'lIl‘ilT't't[t'tlT!lll]i't'l't‘t'flf'-

L )CH1 10 V 500 ns |

. I (2)CH2 10 V500 ns |

t 3HCH3 10 V 500ns 4

r ‘4)CHA 10 V 500 ns ]

3 \ Ao 3 e ]

L J-. U T \ Near ZVS ]

3.}:,.,,_,._,._,.__,__._‘ S e : L

4 d

E : . 1 ]
Sl bl i " L Bl L | 1

L I I ! 1 L} T L L) i

Ry ]

‘-}-—u---f-" saans -+ LI\M------—"

C i » o

- \ - F 5 Ly : 3

T T T : y L]

T S \.'w\__,, N S T

3} - - - . i P ". e, ——— ) S - - 1

aaaa e saales o byos ol s s Wonoalssnsdossalssaalas s’

Fig. 24.

Waveforms in the low step-down gain mode at input voltage of

18V and output current of 1A: (1) vgs3 (10 V/ div); (2) vqs3 (10 V/ div);
(3) vgsa (10 V/ div); and (4) vqs4 (10 V/ div).
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Waveforms in the low step-down gain mode at input voltage of

18V and output current of 5A: (1) vgs3 (10 V/div); (2) vqs3 (10 V/ div);
(3) vgsa (10 V/ div); and (4) vqs4 (10 V/ div).

5)

6)

7

State 5 [ty, t5]: As shown in Fig. 10(e), the switches @,
and Q3 keep turned OFF, and the switches ()3 and Q,
become turned OFF. During this dead time period, the
body diode of @), is forward biased by iy, and the body
diode of )4 is forward biased due to the coupled inductor
freewheeling. Meanwhile, i, ix2 and ix3 start to de-
crease, and L,, is continually demagnetized. This state
ends when (Q; becomes turned on at ¢ = t5.

State 6 [t5, ts]: Before state 6 begins, the body diode of
()1 is forward biased. Thus, () is tuned on with ZVS as
shown in Fig. 10(f). The resonating current ¢j;; continually
decreases, and L,, is continually demagnetized. This state
ends when 7 reaches zero att = .

State 7 [tg, to + Ts]: As shown in Fig. 10(g), @ still
keeps turned ON, but @2, Q3 and @, still keep turned
OFF. During this state, L, and Cg form a series res-
onant circuit, and 7;; increases from zero. 7yo and iy3
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Fig. 26. Waveforms in the low step-down gain mode at input voltage of
18V and output current of 10 A: (1) vgs3 (10 V/ div); (2) vqs3 (10 V/ div);
(3) vgsa (10 V/ div); and (4) vgs4 (10 V/ div).
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Fig. 27. Waveforms in the low step-down gain mode at input voltage of
36V and output current of 1A: (1) vgs3 (10 V/div): (2) vqs3 (10 V/ div);
(3) vgs4 (10 V/ div); and (4) vqsq (10 V/ div).

continually decrease. As soon as 4y is equal to ix3, tqs4
falls to zero and this state ends at t = to + 1.

C. Voltage Gain in Low Step-Down Gain Mode
In order to obtain the voltage gain and the voltage across Cp,
only states 1 and 3 are considered, and the dead times and the
leakage inductance Ly are ignored. From state 1 as shown in
Fig. 8(a), vr,, can be found to be
N
! > (D

U&)q = Vin — Ve = Vo) - (m

From state 3 as shown in Fig. 8(c), vr,,, can be found to be

M ) 2)

Uﬁ)l =—-Vep =V, - (m
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Fig. 28. Waveforms in the low step-down gain mode at input voltage of
36 V and output current of SA: (1) vgs3 (10V/div); (2) vqs3 (10 V/ div);
(3) vgs4 (10 V/ div); and (4) vqeq (10 V/ div).
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Fig. 29. Waveforms in the low step-down gain mode at input voltage of
36 V and output current of 10 A: (1) vgs3 (10 V/ div); (2) vqs3 (10 V/ div);
(3) vgs4 (10 V/ div); and (4) vgsq (10 V/ div).

By substituting Vep as shown in (2) into (1), 1}£1n)1

expressed to be
Ny
Vol |\ vV——~—+ |-
) <N1+N2 +N3>
3)

Based on (2) and (3), and by applying the voltage-second
balance principle to L,,, over one switching period, the following
equation can be obtained:

N1 Nl
D (Vp-V, —m -V, | [ —————
< Ny + N3 > (N1+N2 +N3)

— Nl
_(1_D).VO.(N2+N3>, 4)

can be

W _ (oM
'ULm (1 0N2+N3



5350

; 1)CH1 10 V' Sus ]

- ; ] - CH2 10 V' 5 us
5 HECPR [STRRL R (R . | VP RRSRLY dr <+ " (D]
3> b + : T S cH3 10 v Sus
4)CH4 10 V. Sus |

T T L

Fig. 30. Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 1 A: (1) vgs1 (10V/div); (2) vgs2 (10 V/ div);
(3) vgs3 (10 V/ div); and (4) vgs4 (10 V/ div).
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Fig. 31.  Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 10 A: (1) vgs1 (10 V/div); (2) vgs2 (10 V/ div);
(3) vgs3 (10 V/ div); and (4) vgs4 (10 V/ div).

By rearranging the aforesaid equation, the corresponding
voltage gain can be obtained as follows:
Vo Ny + N3 )
Vi Ny +No+ N3 )

D. Voltage Gain in High Step-Down Gain Mode

In order to obtain the voltage gain and the voltage across
Cp, only states 1 and 3 are considered, and the dead times
and the leakage inductance Ly are ignored. In Fig. 10(a) and
(c), the windings N; and N, can be combined and the
equivalent magnetizing inductance L7 = [1 4+ (Ny/Np))? -
L,,. Thus, the circuits can be redrawn as shown in
Fig. 11(a) and (b).
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Fig. 32.  Waveforms in the high step-down gain mode at input voltage of
54 V and output current of 1 A: (1) vgs1 (10V/ div); (2) vgs2 (10 V/ div);
(3) vgs3 (10 V/ div); and (4) vgsq (10 V/ div).

LA EE LA AR RS B RS SR A AL I B LR AL

"

-+

2 & i - [ -“":3
PRy T T R B ...:....:._'...i‘“..il. N H.:
i ] © HCHI 10V Sus]
S L | GO 1 i 21CH2 10 V| 5us]
» v e T T3 CHI 10 V" Sus)

HHCHL 10V Sus]

T FTETE FTET T FETTE FEET FEETE PR ST

I
—
—

.i....il +

-

'1||z|111|||

Fig. 33. Waveforms in the high step-down gain mode at input voltage of
54 V and output current of 10 A: (1) vgs1 (10 V/ div); (2) vgs2 (10 V/ div);
(3) vgs3 (10V/ div); and (4) vgs4 (10V/ div).

From state 1 as shown in Fig. 11(a), v](fT) can be found to be

N + N

UI(_,’II‘) =Vin = Ve = Vo) - (m) . (©

From state 3 as shown in Fig. 11(b), vS’T) can be found to be

N1+N2>

N )

é?=—wm:—%~(

By substituting Vep as shown in (7) into (6), vﬁlT)

expressed to be

N; + N
1@:<m_%_¢il_%><

can be

Ni + Ny + N3
3)

N; + N,
Nj '
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Fig. 34. Waveforms in the high step-down gain mode at input voltage

of 36 V and output current of 1 A: (1) vgs1 (20 V/div); (2) i1 (2 A/ div);
(3)in2 (2A/div); and (4) iy 3 (2A/ div).
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Fig. 35. Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 5 A: (1) vgs1 (20 V/ div); (2) 4y (10 A/ div);
(3)in2 (10A/div); and (4) iy 3 (20 A/ div).

Based on (7) and (8), and by applying the voltage-second
balance principle to Ly over one switching period, the following
equation can be obtained:

N3 ’ Ni + Ny + N3
:(1_D).VO.<T3

By rearranging the aforesaid equation, the corresponding
voltage gain can be obtained as follows:

D(Mn_‘/o

(C))

Vo N3
D (— . 10
V;n <N1+N2+N3> ( )
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Fig. 36.  Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 10 A: (1) vgs1 (20 V/ div); (2) 4 (10 A/ div);
(3)in2 (10A/div); and (4) iy 3 (20 A/ div).
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Fig. 37. Waveforms in the high step-down gain mode at input voltage
of 54 V and output current of 1 A: (1) vgs1 (20 V/div); (2) i1 (2 A/ div);
(3)in2 (2A/div); and (4) iy 3 (2A/ div).

E. Boundary Condition of Magnetizing Inductor in Low
Step-Down Gain Mode

The condition for the output inductor L,, operating in pos-
itive current region or negative current region is described as
follows:

2I1y, > Adpy,, positive_current_region

(11)

211, < Adpy, negative_current_region

where I1,,, and Aiy,, are the dc component and peak-to-peak
value of ac component of iy, , respectively.

In the low step-down gain mode, the magnetizing induc-
tance current of the coupled inductor can be derived as
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Fig. 38. Waveforms in the high step-down gain mode at input voltage of
54 V and output current of 5 A: (1) vgs1 (20V/ div); (2) i (10 A/ div);
(3)ino (10 A/ div); and (4) i x5 (20 A/ div).
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Fig. 39. Waveforms in the high step-down gain mode at input voltage of
54 V and output current of 10 A: (1) vgs1 (20 V/ div); (2) iy (10 A/ div);
(3)iy2 (10A/div); and (4) iy 3 (20 A/ div).

follows:

N> 4 N3

N 12)

iLm =1IN1 +icB = “in2 +icB-
According to the ampere-second balance, the average value
of the current in Cp is zero. Therefore,

) Ny + N3 . _
{iLm) = =5+ {iv2) + (ic) (13)
1
The above equation can be rewritten as
Ny + N
I = =252 Iy (14)
1

where (i, ) or I, and (icp) are the average values of iy,
and icp, respectively.
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Fig. 40. Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 1 A: (1) vgs3 (10V/ div); (2) vqs3 (10 V/ div);
(3) vgs4 (10 V/ div); and (4) vqe4 (10 V/ div).
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Fig. 41. Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 5 A: (1) vgs3 (10 V/ div); (2) vqs3 (10 V/ div);
(3) vgsa (10 V/ div); and (4) vgesa (10 V/ div).

Since I is equal to 1,,, (14) can be expressed to be

Ny + N.
[Lm:g._ro.

N, s)

Replacing I, with V, /R, yields the following equation:

Ny +N3 'V,
Ly = ———. 16
L N, R, (16)
Also, Air,, can be expressed in the following:
wnldt  wrw Ve 1- DT,
Biy = 2020 il (17
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Fig. 42.  Waveforms in the high step-down gain mode at input voltage of
36 V and output current of 10 A: (1) vgs3 (10 V/ div); (2) vqs3 (10 V/ div);
(3) vgs4 (10 V/ div); and (4) vgs4 (10 V/ div).
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Fig. 43.  Waveforms in the high step-down gain mode at input voltage of
54 V and output current of 1 A: (1) vgs3 (10V/div); (2) vqs3 (10 V/ div);
(3) vgs4 (10 V/ div); and (4) vqsq (10 V/ div).

Therefore, the condition for L,, operating in the positive
current region is shown as follows:

2ILm > AZ-Lm

N
:>2 N2+N3£ >N1+1N3‘/:)(]‘_D)TS
N R,) ~ Ly,
2L, N
> 1-D
- RDTs o <N2 +N3> ( )

= K1 > Kein (D).
(18)
That is to say, in (18), if K is larger than K1 (D), L,
operates in the positive current region; otherwise, L,, works in
the negative current region.
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(3) vgs4 (10 V/ div); and (4) vqs4 (10 V/ div).
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(3) vgs4 (10 V/ div); and (4) vqeq (10 V/ div).

F. Boundary Condition of Magnetizing Inductor in High
Step-Down Gain Mode

As shown in Fig. 11, the magnetizing inductance current of
the coupled inductor in the high step-down gain mode can be
derived as follows:

LT = IN1+N2 +icB = “in3 +icB. (19)

N3
N1+ N

According to the ampere-second balance, the average value
of the current in Cp is zero. Therefore,

(ivr) = Ak

= — 20
N1 + Ns 20)

“(ins) + (ic) -
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The aforesaid equation can be rewritten as follows:
_ N
N+ N,

where (ir,7) or Ir is the average values of iy 1.
Since I3 is equal to 1, (21) can be expressed by

Iir Ins (2D

N3
hr = ———-1,. 22
TSN, (22)
Replacing I, with V, /R, yields the following equation:
N3 Vo
hr= —"—  —. 23
TN ¥N, R, 9
Also, Aipr can be expressed in the following:
Ni+N,
A S V- (11— DT
Aigp = 212 _ TR ( T 24)

Ly Ly
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step-down gain at the input voltage of 36 V and output current of 1 A: (1) Enable
(5 V/div) and (2) v, (500 mV/div).

Therefore, the condition for Lt operating in the positive cur-
rent region is shown below:

21y > Adpr

Ny 4N
: NutNo Ly (1 - D)T,
:>2-< N VO)> & ( )

N +N. R, Ly

2Ly Ny + N\ 2
> - D).
= RT. ( N, > (1-D)

(25)
Besides, L can be expressed by L,, as shown below:

2{(1+%>2.Lm] N <N1+N2

2
BT > N )(I—D). (26)
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low step-down gain at the input voltage of 36 V and output current of 10 A:
(1) Enable (5 V/div) and (2) v, (500 mV/div).

Rearranging (26) yields the following equation:

2L, N ®
- > — ) (1-D)= Ky > Kui2(D). 27
ez () 0-D)= Koz Kua(D). @)
That is to say, in (27), if K is larger than K.it2(D), Ly,
operates in the positive current region; otherwise, L,, works in
the negative current region.

IV. DESIGN CONSIDERATIONS

To verify the effectiveness of the proposed converter, a proto-
type has been built up and tested. Table I shows the specifications
of the proposed converter, whereas Table II shows the compo-
nents used in the proposed converter. Moreover, the design pro-
cedures of the mode switching point, the coupled inductor, and
the active switches are shown as follows.

5355

N R B L I S I IR BN IR

L e i : : :].ﬁr:l!'l‘:i_". -

: : s ¥/ ]

] : 1

gl : d

e | : ]
2'>"“I““}"“i"]"l ’ + =+ t t -
M ] : E

i s e W AR e R . | k3 -
\: 3 ]

wf e
§ i : 1) CH1 10V 100 ns ]

i w3 . 2CH220V 100ns]
-3)CH3 10V 100 ns

Y i . I 4)CH4 20 V 100 ns ]

R PSPPI WPIPAPT [PUPIPIP UPRPIAPL JPUPUPIPR IPAPIPITY IPPUPIS PRI WP

Fig. 52. Waveforms in the low step-down gain mode under the input volt-

age of 18 V and 10% of rated load: (1) vgs1 (10 V/ div); (2) vqs1 (20 V/ div);
(3) vgs2 (10 V/ div); and (4) vqg2 (20 V/ div).

A. Determination of Mode Switching Point

Fig. 12 shows the experimental results of the proposed
converter under a wide input voltage range and the output
voltage of 1.2 V. From Fig. 12(a), it can be seen that at the
input voltage of 54 V and the output current of 10A, the
efficiency of the high step-down mode is higher than that of the
low step-down mode by about 1.15%; at the input voltage of
54V and the output current of 1 A, the efficiency of the high
step-down mode is higher than that of the low step-down mode
by about 8.6%. On the other hand, from Fig. 12(a), it can be
seen that when the input voltage is decreased to 24V, at the
output current of 10 A, the efficiency of the low step-down
mode is higher than that of the high step-down mode by
about 5.4%.

Fig. 12(b) shows the actual duty cycle under different in-
put voltages and output currents. In the low step-down gain
mode, at the input voltage of 18V, the duty cycle from 1
to 10 A locates between 20% and 35%. It is noted that
for the proposed converter, the most energy is transferred
to the output load during the off-state period. Hence, if the
duty cycle is too large, the proposed converter would tend to
be unstable.

From Fig. 12(a), it can be seen that a good mode switching
point would be located at the input voltage of about 34 V. For
design convenience, the mode switching point is set at 36 V.
That is, if the input voltage is larger than 36V, the proposed
converter is operated in the high step-down gain mode; if the
input voltage is lower than 36V, the proposed converter is
operated in the low step-down gain mode.

In this paper, two concerns are to be raised when the mode
switching point is set at 36 V. First, the conventional brick con-
verters have an input voltage range from 18 to 36 V or from
36 to 72V, which is a typical requirement of the dc bus in the
datacenter or telecom power system with input voltage range
ratio of 2:1. Second, even though 36 V is not the best efficiency
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point, using this voltage as mode switching point will make turns
designed easily for the proposed converter with input voltage
range from 18 to 54 V, namely input voltage range ratio of 3:1.
This is because 36 V is a multiple of 3 or 2 and, hence, the turns
ratio is integral.

B. Determination of Turns Ratio

In the proposed converter, the voltage gain contains the pa-
rameters of duty cycle and turns ratio. Therefore, in design, the
tradeoff between turns ratio and duty cycle should be taken into
consideration.

As seen in Table I, the input voltage is from 18 to 54 V. Also,
from Section IV-A, if the input voltage is located between 18
and 36V, the proposed converter is operated in the low step-
down gain mode; if the input voltage is located between 36 and
54V, the proposed converter is operated in the high step-down
gain mode. In addition, the actual duty cycle of the proposed
converter is desired to be higher than 10%. Therefore, in the
low step-down gain mode, when the input voltage is 36V, the
proposed converter has the smallest duty cycle. Thus, the turns
ratio can be obtained based on (5):

1.2 Ny + N3
— =01 —=—. 28
36 <N1+N2+N3> (28)
From (28), the turns ratio can be obtained:
Ny :(Ny+ N3)=2:1. (29)

In the high step-down gain mode, when the input voltage is
54V, the proposed converter has the smallest duty cycle. Thus,
the turns ratio can be obtained based on (10):

1.2 N;
— =01 ——. 30
From (30), the turns ratio can be obtained to be
(N1+N2) : N3 =35:1. 31

According to (29) and (31), the following relationship can be
obtained:

(32)

Ni = 2(Ny + N3)
Ny, + Ny =35N;

Based on (32), the turns ratio for the proposed converter can
be obtained to be

Ny :Ny:N3=6:1:2. (33)

C. Design of Coupled Inductor

To make sure that the magnetizing current iy, is always
located in the positive current region, the required magnetizing
inductance L,,, can be obtained as follows.
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In the low step-down gain mode, the minimum value of L,,
can be obtained:

(ﬁ) -V, (1 - D)T,

2. IL7r1,,n1111
N
(m) ' Vo ! (1 _D)Ts

2. |:(NZJ<ICINS ) ' Ioﬁmin:|

(L)Q.Vl).(l—D)Ts

N+ N3
2. Io,min

L. > ULmAt _
" A'L'Lm

(8)? x 1.2 x (1-0.1) x 10
2x1

= 21.6 uH (34)

Also, in the high step-down gain mode, the minimum value
of L,, can be obtained:

(&) -v.-a-Dm.

2 - Itm min
(3)ve-a-D,
(=

2
(§) -ve-a-D1,
2- Io,min

Up,m At
Lm > Ln.1 _
AZLm

(8)? x1.2x (1-0.1) x 10
2x1

= 48.6 pH. (35)

To make sure that 71y, is always located in the positive cur-
rent region, the value of L,, should be selected to be larger
than 48.6 uH as shown in (35). Finally, the value of L,, in the
proposed converter is designed and measured to be 60 pH. As
for the value of the leakage inductance Ly, it is obtained by
measurement, and this can be seen in Appendix C.

D. Selection of Switches

In the high step-down gain mode, states 3 and 4 shown in
Fig. 10(c) and (d), which are the turn-on period of @4, are
redrawn in Fig. 13(a); states 5, 6 and 7 shown in Fig. 10(e), (f)
and (g), which are the turn-on period of the body diode of @,
are redrawn in Fig. 13(b). In these states, the body diode of Q3
must not be forward-biased to prevent the coupled inductor from
being short-circuited. Accordingly, the voltage across (3, vgs3,
should be smaller than the forward voltage of the body diode of
@3, Vprs. Therefore, vqs3 in these two cases can be obtained
as follows.

In Fig. 13(a), v4s3 can be expressed:

N-
72(®ds4 — Vo) + vdsa

¥ (36)

Vas3 = — (VN2 + Vdsa) = —
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In the turn-on state of ()4, vgs4 can be expressed:

Vdsa = —tdsd - Rasa 37

where Rgs4 is the turn-on resistance of Q).
Substituting (37) into (36) yields the following equation:

Ny, )
Vds3 = — [FZ(—Z(M - Rasa — Vo) + (—iasa 'Rds4):| . (38)
By rearranging the aforesaid equation, the following equation

can be obtained:
. N Ny
ds3 — s4 ° s 1 ~ -~ " Vo- 3
Vds3 = (fdsa Rd4)< +N3)+N3 Vi (39

To prevent the body diode from being forward biased, the
following condition can be obtained:

(40)

Therefore, based on (39) and (40), the following criterion can
be obtained:

vas3 < Vprs.

. Ny Ny
s4 - Ras 14+ —= — .V, < Vprs. 41
(asa d‘4)( + N3> + N, <Vbss (41)
Similarly, in states 5, 6, and 7 in the high step-down gain
mode, the body diode of (), is forward biased as shown in
Fig. 13(b). Thus, the other inequality can be expressed to be

Ny Ny
Vb 1.4 (1 + N3> + ~, Vo < Vbys (42)

where Vp ¢ 4 is the body diode forward voltage of Q4.

From (41) and (42), it can be seen that one can choose a MOS-
FET with relatively small turn-on resistance of (), and relatively
low forward voltage of the body diode of ()4, and a MOSFET
with a relatively high forward voltage of the body diode of Q.
It is noted that the selection conditions of ()4 will be described
from (44) to (47). Therefore, a MOSFET with turn-on resistance
of 1.2 mf) and body diode forward voltage of 0.56 V is chosen
for Q)4. Since Vp 4 is usually much larger than ¢qg4 - Rasa, (42)
isused to choose the minimum forward voltage of the body diode
of Q 3.

Based on (42), and the values of Ny /N3, Vb4 and V,, the
following inequality can be obtained:

(0.56). <1 + %) + %.(1.2) =144 < Vprs.  (43)

Based on (43), two AON6512 MOSFETs, with body
diode forward voltage of 0.87V and turn-on resistance of
1.4 mSf), are serially connected for ()3. Thus, the total for-
ward voltage is 1.74V, which is higher than 1.44V as cal-
culated in (43), and the total turn-on resistance is 2.8 m{).
The body diode voltage usually possesses a negative tem-
perature coefficient. Thus, a high forward voltage of Q3 is
necessary.

In the low step-down gain mode, state 2 is the dead time
period, and vyo and vy 3 are negative values. The body diode
of Q4 must not be forward-biased. To prevent the body diode of
@, from being forward-biased, the required body diode voltage
of ()4 is calculated as follows:
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According to Fig. 8(b), the associated equations are
uve +ong = —(Vo +vass) = —(Vo + Vb r.s) (44)
Vasa = —(Ung 4+ vasz) = —vn2 — Vs
N,
= (Vo +Vpsrs3) X ———— - V] 45
( Df3) N+ N, P (45)

where Vp r3 is the forward voltage of the body diode of ()s.

Therefore, by substituting the values of V,, and turns, and the
specifications of Q3 into (45), the voltage on (D4, vq4s4, can be
obtained to be

N

Vy 4 Vi yg) x 2
( Df,3) Ny + N3

Vs = —Vbpya

1
(12+144) x o — 144 = 056V, (46)
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If the body diode of @ is not conducted, then based
on the specifications of (), the following criterion must
be hold:

Vds4 Z _VDf.A = —0.56V (47)

where Vp sy is the forward voltage of the body diode of ().

In the low step-down gain mode, the voltages across
the four switches @1, Y2, X3, and @, are calculated as
follows:

‘/dsl = ‘/dsQ = Mn =36V (48)
Ny + N3
V‘ = ‘/0"' Vvin_v -
ds3 ( CB ( +N2 +N3>
Ny +N3
= ‘/0"' Vvin_V'
{ ? (NQ"‘Nd) :| (N1+N2+N3)
142
= 1.2 —-1.2-
#3012 (55) 17 (5s)
=12V (49)
Vs - V;)+ Vin*V -
o ( P (N1+N2+N3)
N3
- V;)+ Virnfv;)' V;)
{ <N2+N3> } <N1+N2+N3)
=12+ (36—-1.2 2
- ' 6+1+2

= 84V. (50)
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In the high step-down gain mode, the voltages across the four
switches ()1, @2, Q3, and Q4 are calculated as following:

vt pnv(M+M

6+1
:1.2—1-[54—12 ( i

= 12 V.

vl ()
?1 \N1+Na+Nj3

1-(5i73)

(53)

Vast = Vasa = Vin =54V oD
Vass = Vo + (Vin = Ves = Vo) - (%)
v |:‘/;n V.. (N1+N2> } (fo;zfi:’,Ns)
1.2+{5412 (6+1> } (64112%)
= 174V (52)
Vasa = Vo + (Via = Ve (N1+N2+N3)
)-
)~

From (48) to (53), it can be seen that the voltage ratings of
the MOSFETs should be determined based on the calculated
values in the high step-down gain mode as shown in (51) to
(53). Accordingly, two AON6248 MOSFETSs with drain-source
voltage rating of 60V are selected for ()7 and 5. Obviously,
the switches Q3 and @, will be affected by the voltage spikes.
Therefore, based on the previous discussion and the voltage
stress calculation in (52), two AON6512 MOSFETSs with drain-
source voltage rating of 30V are selected for (5. Thus, @3 has
a voltage rating of 60 V (= 30V x 2). Also, based on the volt-
age stress calculation in (53), one BSCO14NE2LSI MOSFET
with drain-source voltage rating of 25 V is selected for Q4. The
forward voltages of the body diodes of )1 and )5 should be as
small as possible. However, the selection of the body diodes of
@3 and 4 should be based on (43) and (47), respectively. With
a high body diode forward voltage, the current passing through
the body diode will lead to a high loss. Thus, the dead time
should be well controlled. The dead time should be minimized

as short as possible to reduce the currents passing through body
diode.

V. EXPERIMENTAL RESULTS

In this section, the associated waveforms are measured to
verify the effectiveness of the proposed converter.

A. Measurements in Low Step-Down Gain Mode

Figs. 14-29 show the waveforms in the low step-down
gain mode. Figs. 14 and 15 show the gate driving signals
Ugs1, Vgs2, Vgs3 and vgeq at the input voltage of 18V under
the output currents of 1 and 10 A, respectively. Figs. 16 and
17 show the gate driving signals vgg1, Vgs2, Vgs3 and vggy at
the input voltage of 36 V under the output currents of 1 and
10 A, respectively. Figs. 18-20 show the winding currents
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Fig. 59. Waveforms related to ()2 in the low step-down gain mode un-

der the input voltage of 36 V and 50% of rated load: (1) vgs2 (10 V/div);
(2) vgs2 (20 V/ div); and (3) iy (2 A/ div).
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Fig. 60. Waveforms related to )7 in the high step-down gain mode un-
der the input voltage of 36 V and 50% of rated load: (1) vgs1 (10 V/div);
(2) vqs1 (20V/ div); and (3) 41 (2 A/ div).

ik, tnv2 and tyg at the input voltage of 18V under the out-
put currents of 1, 5, and 10 A, respectively. Figs. 21-23 show
the winding currents %1, ¢y and 7y3 at the input voltage of
36 V under the output currents of 1, 5, and 10 A, respectively.
Figs. 24-26 show the voltage stresses vqs3 and vqg4 at the input
voltage of 18 V under the output currents of 1, 5, and 10 A, re-
spectively. Figs. 27-29 show the voltage stresses v4s3 and vgs4
at the input voltage of 36 V under the output currents of 1, 5,
and 10 A, respectively. From Figs. 14 and 15, it can be seen that
the actual duty cycles for Q; under the output currents of 1 and
10 A are 0.22 and 0.33, respectively. The ideal duty cycle for
@1 is 0.2 so the higher the load current is, the more the actual
duty cycle deviates from the ideal duty cycle due to the output
voltage being controlled at 1.2 V. From Figs. 16 and 17, it can be
seen that the actual duty cycles for ()1 under the output currents
of 1 and 10 A are 0.12 and 0.14, respectively. The ideal duty
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Fig. 61. Waveforms related to Q2 in the high step-down gain mode un-
der the input voltage of 36 V and 60% of rated load: (1) vgs2 (10 V/ div);
(2) vqs2 (20 V/ div); and (3) 41y (2 A/ div).
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Fig. 63. Waveforms related to Q2 in the high step-down gain mode un-
der the input voltage of 54 V and 85% of rated load: (1) vgs2 (10 V/ div);
(2) vgs2 (20 V/ div); and (3) 41y (2 A/ div).

TRl FEEE.

| §
t
}
..
i
§
¢
{

vaaa s

| I

.5____‘__‘___—_.‘*”
. 1)CH1 10 V500 ns ]
2)CH2 20 V 500 ns
‘3)CH3 2 A 500ns ]

ITETE FRTTE PR FEEEE Fwees

i
|

"'.‘"F'?‘I‘r“r.“‘.——.-hrmjl....l....'

Fig. 62.  Waveforms related to ()1 in the high step-down gain mode un-
der the input voltage of 54 V and 85% of rated load: (1) vgs1 (10 V/div);
(2) vqs1 (20 V/ div); and (3) 4y (2 A/ div).

cycle for (; is 0.1. From Figs. 18 to 23, it can be seen that when
@1 is turned ON, the currents 7y, 7)y2 and i3 increase slowly
because the three windings Ni, No, and N3 are serially con-
nected, which can be regarded as a single inductor with a value
of {[(Ny + N3)/Ni] + 1} - L,, + Ly. Moreover, when Q) is
turned OFF, Q5 and ()3 are turned ON, and L, and Cp res-
onate together. In addition, without considering current spikes
and ringing, ¢y o is equal to 7y 3 in the low step-down gain mode.
From Figs. 24 to 26, one can see that the voltage stresses vqs3
and vgs4, at the input voltage of 18 V under the output currents
of 1,5, and 10 A, are about 6 and 4 V without considering volt-
age spikes and ringing. Similarly, From Figs. 27 to 29, one can
see that the voltage stresses v4s3 and vgs4, at the input voltage of
36 V under the output currents of 1, 5, and 10 A, are about 12 and
8 V without considering voltage spikes and ringing. It should be
noted that when the output current increases, the voltage stresses

100%
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Fig. 64.  Curves of efficiency versus output current.

will decrease a little. This is because when the output current
increases, the voltage across C'p will increase a little. From
Figs. 24 to 29, it can be seen that ()3 and Q)4 possess ZVS or
near ZVS turn-ON.

B. Measurements in High Step-Down Gain Mode

Figs. 30-45 show the waveforms in the high step-down
gain mode. Figs. 30 and 31 show the gate driving signals
Vgl Vgs2, Vgs3, and vggy at the input voltage of 36 V under
the output currents of 1 and 10 A, respectively. Figs. 32 and
33 show the gate driving signalS Vg1, Vgs2, Vgs3, and Vgss
at the input voltage of 54V under the output currents of 1
and 10 A, respectively. Figs. 34 to 36 show the winding cur-
rents 71k, tyo, and ¢y3 at the input voltage of 36 V under the
output currents of 1, 5, and 10 A, respectively. Figs. 37 to
39 show the winding currents 4y, ¢xy2, and iyg at the input
voltage of 54V under the output currents of 1, 5, and 10A,
respectively.

Figs. 40 to 42 show the voltage stresses vqs3 and vqg4 at the
input voltage of 36 V under the output currents of 1, 5, and 10 A,
respectively. Figs. 43 to 45 show the voltage stresses vqs3 and
vqs4 at the input voltage of 54 V under the output currents of 1,
5, and 10 A, respectively. From Figs. 30 and 31, it can be seen
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that the actual duty cycles for ()1 under the output currents of 1
and 10 A are 0.18 and 0.21, respectively. The ideal duty cycle for
(1 is 0.15. From Figs. 32 and 33, it can be seen that the actual
duty cycles for @; at 1 and 10 A are 0.11 and 0.13, respectively.
The ideal duty cycle for @); is 0.1. From Figs. 34 to 39, it can
be seen that when () is turned ON, the currents 7y, 72, and
i3 increase slowly because the three windings Ny, N, and N3
are serially connected, which can be regarded as a single induc-
tor with a value of {[(Ny + N3)/N;] + 1}% - L,, + Ly. More-
over, when @, is turned OFF, the body diode of Q)3 is forward
biased, which can be seen in Fig. 10(b). Thus, there is a small
current spike occurring in ¢y9 and ¢y3 when the body diode
of Q3 is forward biased because iyo = in3 = in + (—ids3)-
After that, Qo and ()4 are turned ON, and L, and C'p resonate
together. In addition, without considering current spikes and
ringing, 71 is equal to iy9 in the high step-down gain mode.
From Figs. 40 to 42, one can see that the voltage stresses v4s3
and vgs4, at the input voltage of 36 V under the output currents
of 1, 5, and 10 A, are about 11.6 and 8 V without considering
voltage spikes and ringing. Similarly, From Figs. 43 to 45, one
can see that the voltage stresses vqs3 and vqs4, at the input volt-
age of 54 V under the output currents of 1, 5, and 10 A, are about
17.5 and 10V without considering voltage spikes and ringing.
It should be noted that when the output current increases, the
voltage stresses will decrease a little. This is because when the
output current increases, the voltage across C'p will increase a
little. From Figs. 40 to 45, it can be seen that (3 and ()4 possess
ZVS or near ZVS turn-ON.

C. Mode Exchange Transient Responses

Figs. 46-48 show the mode exchange transient responses
from the low step-down gain mode to the high step-down
gain mode at the input voltage of 36 V under the output cur-
rents of 1, 5, and 10 A, respectively. Figs. 49-51 show the
mode exchange transient responses from the high step-down
gain mode to the low step-down gain mode at the input volt-
age of 36V under the output currents of 1, 5, and 10A,
respectively.

From Figs. 46 to 51, it can be seen that the over-
shoots/undershoots and recovery times of the output voltage
are all within 200 mV and 300 us, respectively.

D. Turn-On Features of Q1, Q2, Q3, and Q4

In the proposed converter, the switches (3 and ()4 function
as SR switches to do freewheeling. This behavior is similar to
the low-side switch of the SR buck converter, which inherently
possesses ZVS or near ZVS turn-ON. This has been verified in
Figs. 24-29 and Figs. 40-45.

On the other hand, the ZVS turn-ON of (); and )5 will be
discussed in the following. Since the components have been
chosen, the leakage inductance of the coupled inductor and
the output capacitance of the switch are fixed. In this paper,
an additional inductor and an additional capacitor are not used
to compensate the leakage inductance and the switch output
capacitance. Accordingly, at 10% of rated load, the dead times
between v,ys1 and v, are set to be 150 ns, so as to make sure that
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Fig. 65. Loss breakdown under the input voltage of 18 V and the load current
of 10 A.

the switches are turned on at the valley of the resonant period and
hence to obtain relatively optimal efficiency on this condition.
By doing so, the dead time is determined only by the leakage
inductance and switch output capacitance, independent of input
voltage and load current. This can be seen from Figs. 52 to 55,
and each figure shows the gate driving signal for Q;, vgs1, the
gate driving signal for @)z, v,s2, the voltage across Q1, vqsi,
and the voltage across ()2, vqs2. Afterward, as the load current
is increased, one can find the entry points of ZVS turn-ON of ()4
and (- under the input voltage of 18 V in the low step-down gain
mode in Figs. 56 and 57, respectively, 36 V in the low step-down
gain mode in Figs. 58 and 59, respectively, 36 V in the high step-
down gain mode in Figs. 60 and 61, respectively, and 54V in
the high step-down gain mode in Figs. 62 and 63, respectively.
It should be noticed that in Figs. 53 and 54, under the same
input voltage of 36 V and output current of 1 A, the voltage
v4s1 in the low step-down gain mode decreases faster than that
in the high step-down gain mode. This is because the current
used to discharge the output capacitance of (), in the low step-
down gain mode is larger than the current used to discharge the
output capacitance of () in the high step-down gain mode. The
currents (i1 ) used to discharge the output capacitance of () in
the low step-down gain mode and the high step-down gain mode
can be observed in Figs. 21 and 34, respectively. This is because
in the high step-down gain mode, the equivalent primary side is
composed of N; and Ns, butin the low step-down gain mode, the
equivalent primary side is V7. From Figs. 56 to 63, it can be seen
that the ZVS turn-ON of )1 and Qs is related to the input voltage
and output current.

E. Efficiency and Loss Breakdown

In this paper, at the input voltage below 36V, the con-
verter operates in the low step-down gain mode, whereas at
the input voltage above 36V, the converter operates in the
high step-down gain mode. Therefore, the efficiency curves
related to the input voltages of 18, 36, and 54V under
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Fig. 66. Photo of the experimental setup: (a) top view and (b) bottom view.

different output current levels are shown in Fig. 64. From
this figure, it can be seen that during the light load, the lower
the input voltage is, the higher the efficiency, whereas during
the heavy load, the higher the input voltage is, the higher the
efficiency.
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Since the proposed converter, operated under the input volt-
age of 18V and the load current of 10 A, has lowest effi-
ciency all over the input voltage and current range, only the
loss breakdown in this case is given. From Fig. 65, it can be
seen that the major power loss comes from the coupled in-
ductor. The loss of the coupled inductor contains the copper
loss and core loss. To further improve the efficiency, cores with
lower core loss can be used, and the wires should be carefully
designed.

E. Photo of Experimental Setup
Fig. 66 shows the photo of the experimental setup.

VI. CONCLUSION

In the telecommunication applications, the DPSs containing
three stages have been widely used. In general, the nominal
high DC bus voltage is 48 V, which is generated from the ac—
dc converter. Next, the second stage is an isolated converter,
which converts 48V to 12V. After that, the third stage is a
nonisolated dc—dc converter, called POL, steps down 12V to
the low voltage the load requires. However, to improve the
efficiency, a high step-down converter, named ultrahigh step-
down converter which can converts 48 V to the low voltage
required by the load, is presented [11]. Furthermore, in actual
applications, the high dc bus voltage has a wide range, and
the bus voltage range is usually 2:1. The experimental results
show that when the input voltage increases, the efficiency of
the ultrahigh step-down converter decreases. Particularly, the
experimental results show the efficiency of the ultrahigh step-
down converter decreases to 60% when it operates at the input
voltage of 54 V and output current of 1 A.

Therefore, in this paper, the major objective focuses on the ef-
ficiency improvement of the ultrahigh step-down converter [11],
with a wide input voltage range from 18 to 54 V and an output
voltage of 1.2 V. When the input voltage of the proposed con-
verter varies, the voltage gain can be changed to a suitable one
to make this converter operate at higher efficiency. As compared
with the ultrahigh step-down converter [11], the efficiencies of
the proposed converter operating at the input voltage of 54 V
and output current of 5 and 10 A are improved by about 1%.
Moreover, the efficiency of the proposed converter operating at
the input voltage of 54 V and output current of 1 A is improved
by about 8%.

Itis noted that a great difference between the proposed circuit
and the tapped inductor buck converter [9] is that using C'z and
@2 in the proposed circuit. These two components provide the
winding N a current path so as to achieve ZVS turn-on opera-
tion of high-voltage-side switches ()1 and ()-. In addition, the
capacitor C'p functions as a voltage source so as to reduce the
divided voltages across the windings N> and N3. By doing so,
the voltage across ()3 and @4 can be decreased. Accordingly,
although the switches )3 and Q)4 have turn-off rings, the cor-
responding voltage spikes are lower than the voltage ratings of
the used MOSFETs.
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APPENDIX A

Table III shows the pros and cons of the existing POLs and

TABLE III

PROS AND CONS OF THE EXISTING POLS AND THE PROPOSED CONVERTER

Pros Cons
Single * Low cost * Small duty cycle
stage « Small size « High switching loss
buck « 1 inductor « High-side switch
* Main switch voltage failure risk
rating = input voltage
« 1 half bridge driver
* 2 switches
[6]-[8] * No high-side switch « Low efficiency
failure risk « High cost
« Main switch voltage « Large size
rating = input voltage * More components: 3
bulk capacitors, 2
inductors, 2
controllers, 2 half-bridge
drivers, 4
switches
[9]-[10] * Less components « High switch voltage
« 1 coupled inductor rating
« 2 switches « Floating high-side
* 2 bulk capacitors driver
« Hard switching on
all switches
« 1 floating driver+ 1
channel low-side
driver
[11] « 1 controller « Narrow input range
« 1 half-bridge driver
* 3 switches
« 2 bulk capacitors
«ZVS turn-on
« No high voltage
appearing in the
output
[41,[12], « Isolated DC-DC « High cost
converter plus buck « Large size
converter * More than 3 bulk
« Very low main capacitors
switch failure risk * More than 4
from electrical switches
insulation
« Easy for multi-output
Proposed « Main switch voltage « Coupled inductor
converter rating = input voltage with 3 windings

*ZVS or near ZVS
turn-on for all
switches

« 1 coupled inductor

« 1 half-bridge driver
plus dual channel
channel low-side driver

4 switches

the proposed converter.

APPENDIX B

As for the controller shown in Fig. 67, it is implemented by

one-comparator sampling [13], [14], which is basically built
up by one voltage divider constructed by two resistors Iy
and R,, one constant current source of 1.5 mA, one compara-
tor, and one saw-toothed wave generator established by one
small-power MOSFET switch S;, two capacitors Clayp and
Cy, and one diode D, . It is noted that the ac component of the

Power stage

Vinsyp
. h
DPWM 1 (]
| L}
generalor 2 Pi==G,
PID controller -
Comparator

/ Vo' TVramp'
Feedback VFB
+]

———o Fref

counrer

FPGA Controller board

Fig. 67.  Control scheme for the proposed converter.

saw-toothed wave is obtained by the ac coupled capacitor Cj, via
one operational amplifier (abbreviated as OP) used as a buffer.
Afterward, this saw-toothed wave vy, is summed with the
sensed voltage v/, and the resultant signal is compared with the
voltage reference V¢, so as to generate the signal VFB, which
is sent to the field programmable gate array to create suitable
gate driving signals after the feedback counter, PID controller

and PWM generator.

APPENDIX C

The leakage inductance of the coupled inductor is calculated
based on the measurement values shown in Table IV, which is

TABLE IV
MEASUREMENTS OF THE COUPLED INDUCTOR

Inductance measured from N; with Ny and N3 opened: L x 1 open 38.57 uH
Inductance measured from N with Ny and N3 shorted: L x| _ghort 2.678 nH
Inductance measured from N with N3 and N1 opened: L x 2 open 2.251 nH
Inductance measured from Ny with N3 and N shorted: L y 9 _ghort 1.565 nH
Inductance measured from N3 with Ny and Ny opened: L x 3 open 4515 uH
Inductance measured from N3 with N; and N9 shorted: L v 3 _short 1.451 nH

referred to the literature [15], under the operating frequency of
100 kHz using an LCR meter.

According to Table IV, the coupling coefficient k; of Ny with
respect to Ny and N3 is

Lleshort 2678#
— = =4/l = —— =0.9647. (54
Lleopen 3857/,& ( )

Also, the coupling coefficient ko of Ny with respect to N

and NV, is
/ 1.5654
=4/1— ———— =0.5447. (55
2.251p 0.5447. (55)

k1 1

N LN27short

ko =41

L]\’?*Open
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And, the coupling coefficient k3 of N3 with respect to N; and

Ns is
ks = 1—%:,/1—%:0.8241. (56)
Therefore, the coupling coefficient k is
k= Vhkikoks
= 1/0.9647 x 0.5447 x 0.8241 = 0.7565  (57)
Lix = (1 —k)Ln1—open
= (1 —-0.7565) x 38.57u = 9.39uH. (58)

Therefore, the leakage inductance Ly is 9.39 pyH.
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