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An Expandable ZVZCS High Step-Down
Interleaved DC-DC Converter

Amin Asghari

Abstract—This article introduces a new expandable multiphase
interleaved converter. The presented idea can be applied to K
phases, where K is an even number (2, 4, 6,...). In this converter,
zero voltage zero current switching (ZVZCS) and zero voltage
switching (ZVS) conditions are achieved for the main switches
at turn-ON and turn-OFF instants, respectively. The synchronous
rectifiers (SRs) and auxiliary switches operate under ZVS con-
ditions. Moreover, the body diodes of SRs turn OFF under zero
current switching (ZCS) conditions. This topology employs the
series capacitors to improve the voltage gain and clamp the voltage
stress of switches. Furthermore, ultrahigh step-down conversions
can be achieved by adjusting the turns ratio of coupled windings.
In the proposed converter, by utilizing one auxiliary four-quadrant
switch for each pair of phases and a new switching algorithm, ZVS
and phase interleaving are simultaneously provided, regardless of
the number of phases. Although the leakage energy of coupled
inductors is used to provide soft switching, the current ripple of the
leakage inductor is not reflected in the output current, and uniform
current sharing between modules is fully automatic. In addition,
by increasing the number of phases, the duty cycle range in which
the current sharing is uniform does not shrink. Continuous output
current with low ripple and common input and output ground are
other important strengths of this converter. The above-mentioned
merits are achieved all together without using any extra magnetic
core or current sharing control circuit. Also, the number of blocking
capacitors is low and equal to the number of phases minus one. The
operation principles of the introduced topology are presented and
the theoretical analysis is confirmed by two laboratory prototypes.

Index Terms—Automatic uniform current sharing, extended
duty cycle, interleaved converters, zero current switching (ZCS),
zero voltage switching (ZVS).

1. INTRODUCTION

VER the last couple of decades, the demand for high
O step-down converters with large output current has grown
in various applications [1]. Some of these industrial applications
are telecommunication power systems, electric vehicles, light-
emitting diode drivers, and unidirectional chargers. Increasing
the switching frequency is one of the main objectives in the
design of dc—dc converters. This is a suitable method to achieve
high power density and to improve the dynamic response.
However, high switching frequency causes high switching loss
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and electromagnetic interference (EMI). Soft switching is an
attractive solution to overcome the mentioned conflicts. Among
the soft switching techniques, zero voltage switching (ZVS)
is more efficient for metal-oxide—semiconductor field-effect
transistors (MOSFETs). By providing zero voltage zero current
switching (ZVZCS) condition at turn-ON instants, the voltage of
the element decreases to zero just before its current increases.
Furthermore, the rate of current change is restricted, and the cur-
rent of the element gradually increases. As a result, the turn-ON
switching loss and the capacitive turn-ON loss are eliminated.
In addition, EMI decreases owing to the reduction of switching
dv/dt and di/dt. In the LLC resonant converters, soft switching
conditions can be achieved for the semiconductor elements.
Nonetheless, a large turns ratio of the transformer is usually
required to provide a high step-down conversion ratio. A higher
peak and root-mean-square (RMS) value of sinusoidal current
compared with square wave current is another difficulty with
resonant converters [2], [3], [4], [5], [6], [7], [8], [9], [10].
The multiphase interleaved converters with extended duty cycle
are appropriate candidates for step-down conversions. These
converters can provide relatively high currents with low ripples
as well as high step-down conversion ratios. The multiphase
topologies proposed in [11], [12], and [13] employ the switched
capacitor technique to increase the operating duty cycle. A
two-phase series capacitor dual-path hybrid dc—dc converter
with a step-down ratio of less than 1/6 is presented in [14].
Nevertheless, the switches of the mentioned topologies operate
under hard switching conditions. In the converters introduced
in [15] and [16], the step-down conversion ratio is improved,
but the input and output grounds are separated. Moreover, the
hard switching difficulty still remains. Two high step-down
converters with soft switching are presented in [17] and [18].
In these converters, the voltage gain is a function of both duty
cycle and the number of cells. Therefore, the number of cells
must be increased in the ultrahigh step-down applications. A soft
switching topology with dual coupled inductors is proposed in
[19]. This converter provides high step-up conversions. Combin-
ing coupled inductor and series capacitor techniques is a viable
option for improving the voltage gain [20], [21], [22], [23], [24],
[25]. In [20] and [21], Two ultrahigh step-down converters are
introduced. The switches of the mentioned topologies turn ON
under zero current switching (ZCS) and turn OFF under hard
switching conditions. The topologies introduced in [26] and
[27] utilize energy-transferring capacitors and coupled inductors
simultaneously. In [22], [23], [24], [25], [26], and [27], the ZVS
condition is provided for the switches. However, in [22], [23],


https://orcid.org/0000-0003-1364-4879
mailto:a.asghari@semnan.ac.ir
mailto:a.asghari@semnan.ac.ir
https://doi.org/10.1109/TPEL.2023.3313187

15590

and [26], the currents of phases can be unbalanced owing to
using the complementary pulses for the switches. The two-phase
topology proposed in [25] requires four capacitors and five
magnetic cores. An ultrahigh step-down converter based on
coupled inductor and switched-capacitor methods is presented
in [28]. Nonetheless, in [24] and [28], the output current ripple is
medium. Two new converters with improved voltage conversion
ratios are introduced in [29]. Hard switching and separated input
and output grounds are the main drawbacks of these converters.

In this article, a new soft switching converter with ultrahigh
step-down conversion ratio is presented. The proposed topology
along with the applied switching algorithm overcomes all the
aforementioned difficulties. In the proposed converter, coupled
inductors and series capacitors are simultaneously employed
to extend the operating duty cycle. The leakage energy of the
coupled inductors is absorbed without imposing extra voltage
stress on the switches. Owing to the charge balance principle of
capacitors, uniform current sharing between interleaved mod-
ules is provided without an extra current sharing control circuit.
The main switches are turned ON under ZVZCS condition and
turned OFF under ZVS. Also, the ZVS condition is provided for
the auxiliary switches and SRs. In addition, the body diodes
of SRs turn OFF under ZCS condition. In this topology, the
impact of each phase current ripple on the output current ripple
is significantly reduced by the other phases. The input shares
the ground with the output, and the number of phases can be
changed. The duty cycle is extremely extended without us-
ing any extra magnetic core. The point is that the introduced
converter provides above-mentioned merits all together. The
operation of the proposed converter is explained in Section II.
Section III focuses on the small-signal modeling. Section IV
offers the design considerations and converter characteristics.
The performance comparison and loss analysis are presented in
Section V. Section VI focuses on the control scheme. Finally,
the experimental results and drawn conclusions of this article
are respectively provided in Sections VII and VIII.

II. TOPOLOGY DESCRIPTION AND PRINCIPLES OF OPERATION

The multiphase converter proposed in this article is shown
in Fig. 1. The number of phases can be any even number (2,
4, 6, ...). The proposed K-phase converter consists of main
switches S1, So, ..., Sk.1 and Sk, synchronous rectifiers SRy,
SR, ..., SRk.1 and SRy, auxiliary four-quadrant switches
Sat, ..., Sak/2, blocking capacitors Cy, Ca, ..., Ck.1, snubber
capacitors Csi, ..., Csk/2, output capacitor C,, and output
inductors Ly, Lo, ..., Lx.1 and Lg. Inductors L,i, Lao, ...,
La(k-1) and L, ¢ are, respectively, coupled with Lj, L, ..., Lx-1
and L. As shown in Fig. 1(b), each pair of coupled inductors can
be modeled as an ideal transformer, a magnetizing inductance
Ly, and a leakage inductance Ly;. The turns ratio of coupled
windings is equal to n. This converter operates in the continuous
conduction mode. In order to simplify the analysis, the following
assumptions are considered.

1) All the semiconductor and passive elements are ideal.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

== o s
" -> ->
=S C i La2 L. L
i\ I . C] e Su‘ L Vsal ' ! Vsri SRIQ I L
Vsi - L _ "~

ST . =T
; . C . , Lo, ;
Is2 2+ Vs - B . 1Lk(K-1) Vs SRa “’\ : Vo
Vs2 - C(K-1) -> N N /Lm(K-1)~
T Vi LE’: It 2 _)”NW'\_ ‘==
i_‘)‘SKrl Ck-1 Lak La-1) i ‘LK,l Co| R
Sk Vsk Vo, SR& o
isk ¥ Cski Sy Vi
. -
SRk (L v, San o ] Ve Ik
Isrk N |¢i\,m* T dseaen| Isr2 | s
(a)
) Lini 1o
Loi
. -->
LLiki
2~
Liki n
(b)
Fig. 1. Proposed K-phase dc—dc converter. (a) Circuit diagram. (b) Equivalent

circuit of the coupled inductors in each phase.
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Fig.2. Key theoretical waveforms over one switching period.

2) The drain—source capacitors of switches are ignored due
to their negligible values compared with the values of
snubber capacitors.

3) The input and output voltages are constant in a switching
cycle.

4) The blocking capacitors are large enough and their volt-
ages are almost constant.

5) The current ripple of magnetizing inductances is ignored.

In the proposed converter, the main switches are driven in

the following order: Sy, Ss, ..., Sk.1, S2, S4, ..., Sk. If the
drive signals of the main switches do not overlap, the maximum
duty cycle is equal to 1/K. In the applied switching algorithm,
the drive signals of Sy, S3, ..., Sk.1 can overlap. The drive
signals of So, S4, ..., Sk can overlap too. In this case, the
maximum duty cycle is 0.5. In this section, the operation of
the first couple of phases is analyzed. The other phases operate
in the similar way due to the symmetry between the phases. The
theoretical waveforms are depicted in Fig. 2. Before the first
interval, the main switches are OFF, and the other ones are ON.
In this situation, the current of Ly, and the voltage of S; are

o It
n+1’
Interval 1 (typ < t < t1) [see Fig. 3(a)]: The first interval

begins by turning S,; OFF. The capacitor Cg; charges through

ilel (t) = Us, (t) =Vin — VCl- (1)
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(® [0 + 172 — 16]. (8) [t6 — t7]. (h) [17 — 18] (D) [t8 — 19]. (j) [19 — 10 + T1.

a resonance with Ly; and Ljo, and its voltage increases to
Vin-Vo. Simultaneously, the voltage of S; decreases to zero
and the voltage across S,1 increases to Vi,-V 1. Consequently,
the auxiliary switch S, is turned OFF under ZVS. In this interval,
the Ly current and S; voltage expressions are obtained as

. I 1
ULy (t) = ﬁcoswo (t to)’ 0 (Ll 1 L k2) CS]. (2)
+ k 1

wolr,,, (Liki + Li2)
n+1

Us, (t) = Vin — Vcl — sinwo(t — to). (3)

Based on (3), the duration of this interval is

t1 —to = isin_1 (n+1) (Vin — Vo) .
wo wolr,,, (L1 + Likz)
Interval 2 (t; < t < tp) [see Fig. 3(b)]: The body diode of S;
is turned ON at the beginning of the second interval. As a result,
the ZVS condition is provided for turning S; ON. Also, SR; is
turned OFF under ZVS because its body diode conducts after the
turn-OFF instant. During this interval, the current of Ly is

“)

) Vin — Ve, G
)= TG gy 5
24 (8 Ly + Lo v +1 ©)
where
D2(Ve — 2
G=yfrz - 0D Wa Vo)
m2 Ly + Lo

The second interval ends when the current of Lj,; reaches
I1,m1/(n + 1). From (5), the duration of this interval is

(L + Lixe) (Ir,,, + G)
(n+1) (Via—Ve,)

Interval 3 (tp < t < t3) [see Fig. 3(c)]: At s, the body diode of
SR is turned OFF under ZCS. During the third interval, S; is ON,
L,,; and C; are charged, and the power is delivered to the load.
From Fig. 3(c), by applying the KVL principle, the following

to — 11 =

)

Equivalent circuit of the proposed dc—dc converter during each operating interval. (a) [fg — t1]. (b) [11 — t2]. (¢) [t2 — 13]. (d) [t3 — t4]. (e) [t4 — to + T/2].

voltage expressions are derived:

ng(t):[in_[C27 USal(t):iin_[Cp vng(t):_[O
in— VC in— VC
pYn—Vor = Yn—Vo, 8
L, (1) 1 UsR, (t) ) ()

Interval 4 (t3 < t < t4) [see Fig. 3(d)]: The switch S; is
turned OFF under ZVS at the beginning of the fourth interval.
Cg; is discharged, and the voltages across SRy and S,; decrease
to zero. In this interval, the voltages of S; and S,; are

Iy,
)= ——2L _ (t—t 9
US1( ) (n+1) CSI ( 3) ( )
Iy,
t)=Va— Vo, — ——2— (t —t3). 10
USa1( ) in Cy (TLJF 1) CSl ( 3) ( )
Based on (10), the duration of this interval is
1) Cs1 (Vin — V&

It

Interval 5 (t; <t <ty + T/2) [see Fig. 3(e)]: The voltages
across SRy and S,; reach zero at r4. As a result, the ZVS
condition is provided for turning ON SR; and S,;. In the fifth
interval, S; and S are OFF, while S,1, SRy, and SRy are ON.
The current of Ly is equal to I1,,,,1/(n + 1). From Fig. 3(e), by
applying the KVL principle, the following voltage expressions
are derived:

ml

vs, (t) = Vin — Vi, vs,(t) = Ve, — Ve,
VL1 (t) = VLo (t) = _VO'

Interval 6 (1o + T/2 < t < 1) [see Fig. 3(f)]: The sixth interval
begins by turning S,; OFF. The capacitor Cs; is discharged, and
the voltages across S1, So, and S,; reach Vi,-Vo, 0 and Vo-
Vi, respectively. In this interval, Ly current and So voltage
expressions are obtained as

I T
nLi_C'llCOSWO (t — t() — 2)

12)

ilel (t) = (13)
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wolr,,, (L1 +Lik2)
n+1

x sinwg (t—to— %) (14)

U3, (t) = VCI _VCZ -

From (14), the duration of this interval is

te — to — r_ L gint (n+1) Vo, — Ve,) . (15)
2 wo wolr,,, (L + Lik2)

Interval 7 (ts < t < t7) [see Fig. 3(g)]: The body diode of
S is turned ON at the beginning of the seventh interval. As a
result, the ZVS condition is provided for turning So ON. Also,
SR, is turned OFF under ZVS because its body diode conducts
after turn-OFF instants. During this interval, the current of Ly,
is

. Ve, — Ve H
)= ——"2—2(t—t — 16
Zlel( ) lel + L1k2 ( 6) + n+ 1 ( )
where
H = 12 _ (7’L—|— 1)2(‘/01 — VCz)2081 (17)
Lma Ly + Lo '

The seventh interval ends when the current of Ly, reaches
-I1,m2/(n 4+ 1). Based on (16), the duration of this interval is

(Lya + Lie) (Ig,,, + H)
(n+ 1) (Vo, — Vo)
Interval 8 (t7 < t < tg) [see Fig. 3(h)]: At 7, the body diode

of SRy is turned OFF under ZCS. During the eighth interval, S,

is ON, (1 is discharged, L,,2 and C5 are charged, and the power

is delivered to the load. From Fig. 3(h), by applying the KVL
principle, the following voltage expressions are derived:

t7 —te = (18)

Ve, — Vi Ve, -V
vs, (1) = Vin = Vo, = =2 w5, (1) = —nSig
Ve, — Vo Ve, — Vo
UL, (1) = W — Vo, wsr,(t) = W (19)

Interval 9 (tg < t < t9) [see Fig. 3(i)]: The switch S, is turned
OFF under ZVS at the beginning of the ninth interval. Cg; is
charged, and the voltage across S,; decreases to zero. In this
interval, the voltage expressions of Sy and S,; are obtained as

Iz
vg, () = —=22 (-t 20
82() (n+1)CSI( 8) ( )
VC - VC nIL
v, (t) = n——2 L+ w2 t—1g). 21
Sal( ) n -+ 1 (n+ 1)2081 ( 8) ( )
From (21), the duration of this interval is
1) Cs1 (Ve, — V4
b — 4y = (Mt D Cs1 (Vo, — Vo) 22)

15, .,

Interval 10 (tg <t <typ+ T)[see Fig.3(j)]: The voltages across
SR, and S, reach zero at f9. As a result, the ZVS condition is
provided for turning ON SR, and S,;. In the tenth interval, S;
and S, are OFF, while S,1, SRy, and SRy are ON. The current of
Ly is equal to -I1,,,2/(n + 1). From Fig. 3(j), by applying the
KVL principle, the following voltage expressions are derived:

Us, (t) = Vin — VCU Us, (t) = VCl - VC27

ULmi (t) = VLo (t) = —Vo. (23)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

III. SMALL-SIGNAL MODELING

In this section, the state-space averaging technique is em-
ployed to model the proposed converter. All components are
assumed ideal, and the leakage inductances are ignored. The
currents of inductors L,,z, L2, ..., L,k and the voltages of
capacitors Cy, Ca, ..., Cx.1 and C,, are the state variables of the
proposed converter. Therefore, the state vector x, input vector u,
and output vector y are defined as follows:

Lk VG

T
ve, Vo, VC,]

(24)

Tr= I:ZLnLl ZLNLQ

u=[vin], ¥ = [vo]

where (H)T denotes transpose. The state equations are ob-
tained from the equivalent circuits of operating intervals. By
averaging the state equations over a switching cycle, the av-
erage state-space equations of the proposed converter can be
expressed as

(25)

&= Ax + Bu
y=Fx+ Fu

In the above equations, matrix A is (26), as shown at the bottom
of the next page. Also, matrices B, E, and F are

0 O}T,

0 1], F=I0]

d
B= |: (n+1) L1 000

E:[OO...OOO 27)

where d is the duty cycle of the main switches, and the di-
mensions of A, B, and E are 2K x 2K, 2K x 1, and 1 x 2K,
respectively. In order to derive the small-signal model, small
perturbations are superimposed onto the state variables, input
voltage, output voltage, and duty cycle as follows: z = X + 2,
Uin = Vin + Oin, Vo = V,, + 0o, and d = D + d, where &, 01y, 3,
and d are the corresponding small-signal values. Also, X, Vi,
V,, and D are the steady-state values. By substituting these into
(25), and ignoring the steady-state terms and second-order small-
signal terms, the small-signal state equations of the proposed
converter are obtained as

t=At+Bu+Qd
{g) — Fi+ F (28)
where (29), shown at the bottom of the next page.
The dimension of Q is 2K x 1. Also, by replacing variable d
with D in matrices A and B, matrices A’ and B’ are obtained.
Finally, by applying the Laplace transformation to (28), the
control-to-output transfer function is calculated as

0,(3)

d(S)

= E(SI-A)'Q (30)

a(s)=o

where [ is the 2K x 2K identity matrix.

According to the specifications of 48-to-1.2 V laboratory
prototype presented in Section VII, the control-to-output transfer
function is obtained as follows:

6
C146.67Tx10°S+2x 107982

(€29
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IV. DESIGN CONSIDERATIONS AND CONVERTER
CHARACTERISTICS

A. Converter Voltage Gain

According to Section II, the main switch S; is turned ON at
the beginning of interval 2, and turned OFF at the end of interval
3. Therefore, the duty cycle of S is

ts —t1
p==_"
T

(32)
where T is the switching period. By ignoring the change of Ljy
current in the first interval due to its negligible value, based on
(7) and (32), the duration of the third interval is

D I, (Lua + L)  Ip,, (Lia + Lie)
froo ) (Va=Ve,)  (n+1) (Vi —Ve,)

(33)
where fis the switching frequency. In the third interval, from (8),
the voltage across L,,; is equal to (Vi, — Vo )/(n + 1) — V.
The fourth interval is ignored due to its very small duration. The
voltage of L,,; during other intervals is —V,. As a result, by
applying the principle of inductor volt-second balance to L, ,
the following equation is derived:

p_ S Lt Lue) Uny, )\ (Via=Va Yy,
(n+1) (Vin—Ve,) n+1 o

ty — by =

(34)
Similarly, the following equations are obtained by applying
the principle of volt-second balance to L,y,;.

<D— f(le(H)-i-le) (ILm(H)+1LW¢) > (chi—l_VCi) Vv, =0,

(n+1)(Ve, Ve, ) n+l
i=24,... K —2 (35)
(D_ f<L‘“*§;:$g>v§fj'";f3m“*“)) (o) - v =0,
i=35,...,K—-1 (36)

F(Lngi—1)+Lus) (IL'm,(i—l)JrILm,i) Ve,
N (n+1)Ve, ( ) V=0
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In the two-phase structure of the proposed topology, K is 2,
and thus, (37) is rewritten as

p_ St L) Tppy +12,0) \ (Ve )y
(n+1) Vg, n+1 o

According to (34) and (38), the voltage of Cy is

Ve = Vi f UL, +10,,) (T + Lie) + (n + 1)%V,
a2 (n+1)D :

(39
By substituting /,/2 for I1,,,,; and I1,,,,2 (Which is discussed in
Section IV-B), the above equation is rewritten as

2L, f (Lya + Li2) +2(n + 1)2VO
B (n+1)D

Vin

$v<_2%fUm1+Lm)+%n+1me
" (n+1)DR

where R is the output impedance. Consequently, based on (40),
the voltage gain of the two-phase structure of the proposed
topology is
Vs 1)DR
AL (n+1) . (41)
Vi 2f (lel +L]k2) +2(n—|— 1) R
If the values of leakage inductances are negligible, the voltage
gain of the proposed two-phase converter can be expressed as
V5 D
2 =__- 42
Vi 2(n+1) (42)
Likewise, from (34) to (37), the voltage gain of the K-phase
converter proposed in this article is obtained as
Vo D

Ve KTl )

(40)

B. Analysis of Uniform Current Sharing

The current waveform of the blocking capacitor C; is il-
lustrated in Fig. 4(a). According to Fig. 3, in the fifth and
tenth intervals, the Cy current is 0. During other intervals,
the current of C; is equal to the Ly current. Therefore,
based on (2), (4), (5), (7), (11), (13), (15), (16), (18), and

i =K. (37) (22), the area under the C; current waveform is computed as
— —d 1 -
0 0 0 0 G od 0 T
0 0 0 0 G Emz D Lmg 0 Tz
: : : : : B
2 Od 0 T 0 0 0 (n+1) Ly, i Lk
A= Do ey 70d 0 0 0 0 0 (26)
O wEnT;  GEhes 0 0 0 0 0
: : : : B :
0 0 0 "F1DCr_1 (FDCr_1 0 0 0
1 e 1 o - 0 0 0 -1
= Co Co Co Co Co RCo, -~
V-V, Ve, -V, V. I 1 Iy -1 Ip ~Ip T
Q = in—VOy C1—VCy Cr-1 L1 "Ly Lo 1Lyg m(K-1) mK ol . (29)
(n+1)L77L1 (n“!‘l)LrnZ (n“!‘l)LmK (71/“1‘1)01 (n+1)02 (’YL+1)C'K,1
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Fig. 4. (a) Current waveform of C7. (b) Voltage waveform of L, ;.
follows:
/t“T o (1)t (Lua + Lue) (17, — G?) n I, . DT
7 =
W 2(n+1)* (Vin — V) n+1
(Lua + L2) (I7, | + Gly,,)
(n+1)° (Vm Vey)
(Lua + L) (H? = 17 )
( ) (VCI - VC2)
(L + Le) (I +HIp,,)
(n + 1) (V01 ch)
IL DT (ad)
n+1

By applying the principle of capacitor charge balance to Cy,
according to (44), the following equation is derived:

I, DT (Lua + Lue) (I3, +17  +2HI, )
ntl 2(n+1)* (Vo, — Vi)
2
_ Ip,,DT | (Lua + Lie) (13  + 7 .+ 2GIy,.,)
Cs1 (Ve, — Vi
. w 45)

Based on (6), (17), (34), and (35), the above equation can be
rewritten as

DT (ILml - ILmz)

n (L1 +Likz) (IL,,,Lz \/I%ml —Z=Ir,,, \/I%m

2_2) _
(n+1)(Vaerl) =0 @5

where
(n+1)*(Va — Ve,)’Car
Lixi + Lk '

Equation (46) is not valid unless I1,,,,; = I 2. Similarly, by
applying the principle of charge balance to Cyp, Cs, ..., Ck.1,
it is derived that I1,,2 = Irms Inms = ILm4) ey ILm(K—l)
= ILmk. As it is explained in Section IV-F, the sum of the
magnetizing inductances currents’ is equal to the output current.
Consequently, the current of magnetizing inductances is

7 —

(47)

_ L
mK N
(48)

As it is explained in Section II, in the proposed converter,
the main switches are driven in the following order: Sy, Ss, ...,

I =I, =1y ,=I; ,=...=1I =1

m1 m(K-1)
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Sk.1,S2,S4, ..., Sk. By utilizing this switching algorithm, the
length of time between turning ON the switches of each pair of
phases is equal to 0.57. Therefore, the above analysis holds for
D<0.5. As a result, the current sharing is uniform for D<0.5,
regardless of the number of phases.

C. Calculation of Voltage Stresses

The values of Ly + Lixo, Lixs + Lix4, ---» Lix(k-1) + Likk
are equal in the symmetrical design of the proposed converter.
Therefore, based on (34)—(37) and (48), the voltages of blocking
capacitors are

LK 1. (49)

As shown in Fig. 2, the value of Vg during the seventh interval
is the maximum. From Fig. 3(g), by applying the KVL principle,
the maximum voltage across Sy is

2V,
Vo = Vin = Vo, = 7= (50)
Likewise, the maximum voltage across So, S3, ..., Sk is
obtained as
2Vin
VSZmax = VSSmax = = VSKmax = K . (51)

From Fig. 3(c), (g), and (h), by applying the KVL principle,
the maximum voltages across SR;, SRy, and S,; are
Vin Vi

S CLEN VA"
K(n+1) Som K

Similarly, the maximum voltages of the other switches are
obtained as

VSRipy = VSRap, = (52)

Vi
VSR‘3max: : ':VSkaax:K (n:— 1) ) Vsa2max ':VSaK/2max
Vin
= £+ —. 53
% (53)

From Fig. 3(e) and (j), by applying the KVL principle, the
voltage across S; and Sy before turn-ON instants and after turn-
OFF instants is V;,/K. Likewise, the voltage across Ss, Sy, ...,
S k before or after switching instants equals V;,,/K.

D. Calculation of Magnetizing Inductances

The voltage waveform of L,,; is illustrated in Fig. 4(b). The
area under the L,,; voltage waveform from 1, to T + t2 is
computed as follows:

Tt Vin— Ve
t)dt= -
[ = [ (Tt

_ ILml (t_t?))) dt

p P ’ (n+1)2031
T—+ts T+to
- / Vydt = or,, ()dt
ta tp
(n + 1) V,Cs1 (V;n — Vcl)
I,
(4121 va-p)
217, f
Vo(L1k1+L1k2)(1L +G)

B (TL+1)( in VCI) : (54)



ASGHARI: EXPANDABLE ZVZCS HIGH STEP-DOWN INTERLEAVED DC-DC CONVERTER

According to [30], to maintain continuous mode operation
over the entire load range, L,,; can be calculated as

Lo 1 V,(1—=D) (n+1)*V2Cg
= 2ILml,min f 21Lm17"
Vo (L1 + Lik2) (I, .0 + G)

(n + 1) (VIH - VCI)

(n+1) VoCsi (Vin - Vcl>

(55)
ILml,TL

where 1,1, is the nominal current of L, ;. The values of L, 2,
L3, ..., L,k are computed in a similar way. In the symmetrical
design, Ly + Like, Liks + Lix4, ..., Lik(k-1) + Lic i are the
same. Also, the values of Cs, ..., Csk 2 are equal. Accord-
ingly, based on (48) and (49), the magnetizing inductances are
designed as

Vo (L1 +Lix2) (I n + KG)

. o K (V.(-D)
= 2Io,min f (TL+1) ‘/in
(n+1)V,Cs1 (K (n+1)V, — 2Vin)>
+ )
21,5
i=1,2.. K (56)

where I, ;, is the nominal output current.

E. Blocking Capacitors

Based on Fig. 4(a), which is explained in Section I'V-B, and
(5), (11), (13), (15), (16), (34), and (35), the area under the C;
current waveform from ¢, to ¢,, is computed as

t
" Ir,..D 3Cs1 (Vin — Voy)
t)dt = L !
/t e, (*) n+1)f 2
_ GIp,, (Lia + Lie)
(n+1)* (Vi = Ve,)

From the above equation, capacitor C; can be calculated as

m

(57)

1 ILmlD 3Cs1 (V;n - VCl)
C >
AVCI (n + 1) f 2
_GI,, (2L1k1 + L1k2)> . 58)
(n+1)" (Via — Ve,)
The values of Cs, ..., Ck.1 are computed likewise. In the sym-

metrical design, Ly + Like, Lik3 + Lia, ..., Li(x-1) + Likk
are the same. Also, the values of Csi, ..., Csk/2 are equal.
Therefore, according to (48) and (49), the blocking capacitors
are designed as

o> 1 ( I,D 3Cs1Vin  Glo (Lia + L1k2)>
"TAVe, \K(n+1)f T 2K (n+ 1)V, J

i=1,2...,K-1

(59)
where AV, is the voltage ripple of C;.
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FE. Output Current Ripple

From Fig. 1, by applying the KCL principle, the following
equations are derived:

iO (t) = iSol (t) + ’L’LP2 (t) .t iSoK—l (t) + iSDK (t) (60)
Z’SD'i (t) = iLnLi(t) - niszi (t)v 1=1,3,..., K -1
i, (t) = ip,, (t) +nig,, (1), i=24,..., K. (6]

By substituting (61) into (60), the output current is

io(t) =1L, (t) + L, (t) +..o.t Z.Lm(K—l) (t) + L, (t)
(62)
According to [30], and based on (48) and (62), the output
current ripple of the proposed converter can be calculated as
follows:

|Ai0‘ = ‘AiLm,l +Aig,, +...+ AiLm,(K—l) + AianK|

. 2Io.min 2(K - 1) -DIo min
< ) . s
éml"'—‘ K K(1-D)
. |2(1-KD)
< |—= in| -
= Ai, < ‘ K (1 — D) Io,mm (63)

G. ZVS Criteria for Switches

As itis explained in Section II, the ZVS condition is provided
for the SRs owing to the conduction of their body diodes before
turn-ON instants and after turn-OFF instants. Csi, ..., Csk/2
restrict the rate of voltage change at turn-OFF instant. As a
result, the ZVS condition is achieved for the main and auxiliary
switches. According to (10) and (21), the voltage of S,; certainly
reaches zero at the end of intervals 4 and 9. Therefore, the
auxiliary switch S, ; canbe turned ON under the ZV S condition at
the beginning of intervals 5 and 10. Similarly, the other auxiliary
switches can be turned ON under ZVS conditions. To provide the
ZVS condition for turning ON S; and So, the voltages of S; and
So must reach zero at the end of the first and sixth intervals,
respectively. Consequently, based on (3) and (14), the following
inequalities must be satisfied:

wolr,,, (Lia + Lik2)

Vin - V 1 S
= n+1
wolr,,, (L1 + Lik2)
Ve, < 20Lm . 4
VCl VCQ = n+1 (64)

By substituting (2), (48), and (49), the above inequalities can
be rewritten as

(Lyx + L) 12

Cq <
TS )P

(65)

Likewise, to provide the ZVS condition for turning ON S3, S4,
.., Sk.1 and S, the following inequalities must be satisfied:

Lioi1) + Lias) I2 K
Csi < (La2in) + L) 0 i=2,3,..., —.

66
T ()2 ©0
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TABLE I
PERFORMANCE COMPARISON BETWEEN THE PROPOSED TWO-PHASE CONVERTER AND ITS RECENT COUNTERPARTS
Lgr Proposed
Characteristics converter [28] [27] [25] [26] [24] 23] [11] [12] 29] [13]
Semiconductor element count 6 7 4 6 6 6 5 5 5 6 8
No. of capacitors 2 S 4 4 4 5 3 4 3 4
No. of mag. cores 2 2 2 5 3 2 3 3 2 2 2
No. of windings 4 4 3 6 4 4 7 3 2 3 2
Voltage gain _D_ D D D D(-D) D ba-D) | D D LA L
2(1+n) B 1+n 2(1+n) 2(1+n) | 2(1+n) o 2-D 3 T 5
V"“ageai‘z“nzge“ b=02 0.025 0019 | 0.05 0.025 002 | 0025 | 0036 | 0.112 | 0067 | 0.097 0.04
Vin(V), fu(KHz) 48,100 48,400 48,50 400,100 | 400,100 | 48,400 | 310,100 | 20,50 | 48,500 |155,100 300, 100
Voul(V), Lou(A) 1.2,40 1,30 33,10 12,37.5 12,20 | 3.3,20 | 24,834 | 5,1.5 |1.8,33.34/24,8.34 12,8.34
Efficiency (%) 933 814 93.6 94.9 93.1 95.2 93.6 96.15 85 94.7 91.5
Inductors (uH) - - 24 250, 20 100 - 80 180 0.32 300 100
Magnetizing inductances 3uH 6.6 uH | 176 uH 1500 uH 100uH | 6.6 uH | 150 uH - - 150 uH -
Output capacitor (uF) 1000 40 1410 250 220 - 100 330 88 100 -
Blocking capacitors (uF) 100 18.8 60,40 22 100,10 20 100, 10 220 4 2 11
Voltage stress on switches (V)| 48,24,6 [32,16,9,8| 48,12 200 200 |48,24,16|212,155| 12.5 32,16 | 135,68 [240,180,120,60
Voltage stress on diodes (V) - - - 100 32 - 90, 33 12.5 - 118, 68 120
Common ground Yes Yes Yes Yes Yes Yes No No No No Yes
Automatic um.form current Yes - - Yes No Yes No Yes No - No
sharing
Output current ripple Very low | Medium Low Very low | Very low | Medium |Very low|Very low|Very low| Low Very low
Soft switching, turn-on/off |ZVZCS/ZVS| ZVS/No |ZVS/ZVS|ZVNZCS/ZVS|ZVS/ZVS| ZVS/No | ZVS/No | No/No | No/No | No/No No/No

* Two MOSFETSs are required to implement the four-quadrant switch. ** f=D(2-D)(2n+1)+2(n+1). ***a=n(D+1)+D(D-1)+1. ****y=p(2-D)+1-D

Si Ci
S2 Csi

Vin
SR> E Sa1 |

Fig. 5.

1
A
M

."Y'W\
Li
SR
. c = 3
L. °

Circuit diagram of the proposed two-phase dc—dc converter.

By considering the drain—source capacitors of switches, and
recalculating the voltages of the main switches, the ZVS condi-
tion is provided for the main switches when

(Lu2i-1) + Lik2i) 12

CSi < (n I 1)2‘/3 - Cds(?ifl) - Cds?i - Cdsaiz
K
i=12...5 (67)

where Cs; is the drain—source capacitor of S;.

V. PERFORMANCE COMPARISON AND LOSS ANALYSIS
A. Performance Comparison

To show the features of the two-phase structure of the pro-
posed topology, its circuit configuration is depicted in Fig. 5.
A comparison between the proposed two-phase converter and
its recent counterparts is presented in Table I. The converters
presentedin [11], [12], and [13] suffer from hard switching prob-
lems. In addition, the voltage gains of the mentioned converters
depend only on the duty cycle. Therefore, the duty cycles of
switches would be narrow in the extreme step-down conversions.
Inthe topologies introducedin [11],[12],[23], and [29], there are
separated grounds between the input and output ports. Moreover,
in [12], [13], and [23], the currents of phases can be unbalanced.
In [26], to handle the leakage energy and to provide the ZVS
condition, complementary pulses must be applied to the main
switches. The duty cycle of S; and S is D, and the duty cycle

of Sy and Sy is 1-D. The switches S; and Sg are turned ON and
turned OFF at the same time. The switches S, and S, are also
driven simultaneously. In this topology, the currents of phases
can be unbalanced owing to the complementary operation of
the main switches. In [24] and [28], the output current ripple is
high. The converter proposed in this article provides ZVZCS and
ZVS conditions for the main switches at turn-ON and turn-OFF
instants, respectively. Also, the auxiliary switches and SRs oper-
ate under ZVS conditions. Consequently, the turn-ON switching
loss and the capacitive turn-ON loss are eliminated. Owing to
ZVS, low voltage, and low current stresses, the turn-OFF switch-
ing loss is very low. In addition, the body diodes of SRs turn OFF
under ZCS, and the reverse recovery losses are eliminated. In this
converter, an ultrahigh step-down conversion can be achieved by
a relatively low turns ratio of coupled windings. Therefore, the
size and loss of coupled inductors are reduced. In the proposed
topology, uniform current sharing between modules is fully
automatic, and the output current ripple is low. Furthermore,
the number of elements in the proposed two-phase converter
is lower than the other ZVS ultrahigh step-down converters
with automatic uniform current sharing and low output current
ripple. A comparison of voltage gains in the proposed two-phase
converter and its recent counterparts, when n = 3, is shown in
Fig. 6.

By increasing the number of phases, the output current han-
dling capability increases, and the output current ripple de-
creases. Compared to the conventional multiphase synchronous
buck converter (SBC), the topology proposed in this article
uses one auxiliary four-quadrant switch, one extra capacitor,
and two extra windings for each couple of phases. Therefore,
the proposed converter requires only one extra control signal
for each pair of phases. Also, this topology does not utilize
any extra magnetic core. As a result, the power density and
cost of each phase are improved compared with the other ZVS
ultrahigh step-down converters with automatic uniform current
sharing. In many soft switching interleaved converters, it is not
possible to increase the number of phases while maintaining
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Fig. 6. Comparison of voltage gains in the proposed two-phase converter and

its recent counterparts.

the soft switching and the phase interleaving. For instance, in
the four-phase structure of the topologies presented in [1], [22],
[25], and [26], either soft switching or phase interleaving will
be missed. In the mentioned four-phase structures, to achieve
the ZVS condition, two phases must simultaneously be in the
power transfer mode. In comparison, in the multiphase converter
proposed in this article, ZVS and phase interleaving are simul-
taneously provided, regardless of the number of phases. In this
converter, each phase can be in the power transfer mode alone.

In the LLC resonant converters, a large turns ratio of the
transformer is usually required to provide a high step-down
conversion ratio. A higher peak and RMS value of sinusoidal
current compared with square wave current is another diffi-
culty with resonant converters. The pulse frequency modulation
control is commonly employed in the LLC resonant convert-
ers [2], [3]. In [4], an LLC converter with frequency-adaptive
phase-shift modulation control is presented. In [5], the fixed-
frequency pulsewidth modulation (PWM) control is employed
in a dual-bridge LLC resonant converter. The output voltage of
the dual-transformer-based LLC converter introduced in [6] is
regulated through a fixed-frequency phase-shift PWM control
scheme. In order to increase the power rating and decrease the
elements current stress, two input-parallel output-parallel LLC
resonant converters are presented in [7] and [8]. Nevertheless,
in high step-down applications, the topologies introduced in [2],
[31, [4], [5], [6], [7], and [8] suffer from high output current
ripple and large transformer turns ratio. In [9], a three-level LLC
converter with pulsewidth and amplitude modulation control
is presented. This topology can achieve a wide voltage gain
range, but it has the output current ripple problem. A multiphase
LLC converter with partial energy processing is introduced in
[10]. It uses the phase interleaving technique to reduce current
stress and current ripple on the secondary side. In this topology,
even though the step-down conversion ratio is improved, a
large transformer turns ratio is still required for high step-down
applications. In comparison, the converter proposed in this arti-
cle can provide high step-down conversions, although the turns
ratio of coupled windings is low. In this converter, the PWM con-
trol strategy is employed, and the switching frequency is fixed.
The output current is continuous, and the output current ripple
is low. Moreover, the number of components in the two-phase
structure of the proposed topology is lower than the converters
presented in [2], [3], [4], [5], [6], and [9]. Also, the element
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count in the four-phase structure of the proposed topology is
lower than the converters introduced in [7], [8], and [10].

B. Loss Analysis

In the converter proposed in this article, as discussed in
Section V-A, the capacitive turn-ON loss and the switching loss
are approximately eliminated. The core losses of inductors are
negligible compared with the other losses. The conduction losses

of blocking capacitors are computed as
ILmig) ’
m (s 63
n+1 ) (68)

I \?
Py = Re D | [ 2Eme
oo ()

where R ; is the equivalent series resistance (ESR) of C;. The
conduction losses of inductors are obtained as

RL' IL . 2 TLILm(H_l) 2
Py, = L o Iy, +—ometn
b 2 <<n+1> T et n+1 '
i=1,3,...,K -1 (69)
RL- IL ; 2 nILnl(i—l) ?
P = ki e I
D) <<n+1> L ’
i=24,.. . K (70)
2 2
PLu.i _ RLa.i ILmi + ILM(iJrl) ,
2 n+1 n+1
i=1,3,...,K—1 71)
2 2
PLa,i — RLai IL"”(ifl) + ILm,i ,
2 n+1 n+1
i=24,.. K (72)

where R,; is the winding resistance of L;. The conduction losses
of switches are calculated as follows:

Ps = Ry, D Tims i (73)
1 IL i 2 IL . 2
P.:RS. __D m(2i-1) m2i
Sas d“<2 )((n+1 M
(74)

Psgr, =

i

i=1,3,...,K—1

(75)
2
+ IL,,,,,;)

2 )

D) <<n1Lm<i1)
n+1
IL'm'i ?
* (n + 1) )

nIL'm,(i—l)
n+1

1
PSRl = RdSSRi <2 -

2
+ IL'NL(i+1)
n+1 ’

(76)

+ RdsSRi D ( L

i=24,...,K—2
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Fig. 7. Results of loss analysis at full load.
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where R 4, is the drain—source resistance of the switches.

The result of loss analysis at full load, according to the
specifications of the two-phase laboratory prototype presented
in Section VII, is shown in Fig. 7.

As the number of phases increases, based on (50)—(53), the
voltage stress of switches decreases. Also, from (43), the turns
ratio of coupled windings can be reduced. In addition, according
to (48), the currents of phases decrease. Since the conduction
loss is related to the square of the current, the conduction loss
is significantly reduced when the current decreases. Further-
more, semiconductor devices with lower ratings are required.
Consequently, the loss of each element is considerably reduced.
According to the aforementioned, based on the voltage gain,
output current, and desirable output current ripple, the number
of phases can be selected in such a way that the proper efficiency
is achieved.

(77

VI. CONTROL SCHEME

The block diagram of the control system for the proposed
converter is presented in Fig. 8. According to the specifications
of the two-phase laboratory prototype presented in Section VII,
the compensator can be designed as follows. To optimize the
design of the feedback loop in order to achieve stable over-
all operation of the system, the first step is to determine the
control-to-output transfer function [see (31)]. The second step
is to choose the crossover frequency (F.,) where the gain is
unity. Theoretical limits set the crossover frequency at half of
the switching frequency, but from practical experience, less than
one-fifth of the switching frequency is used. For this analysis,
we choose a crossover frequency of 20 kHz, which is one-fifth
the switching frequency. Based on (31), at the chosen crossover
frequency of 20 kHz, the loop gain without a compensator is
—30.024 dB. Therefore, for an overall loop gain of zero, the
compensator gain must be made +30.024 dB at 20 kHz. The
switching power supply will be stable if the overall loop gain
crosses over the 0-dB line at a —1 slope. Since the control-
to-output gain of the converter is falling at a —2 slope, the
compensator must supply a +1 slope at this point for a resulting
slope of —1 (—20 dB per decade). The compensator must have
sufficient gain at lower frequencies to reject line frequency input
ripple. Thus, below the zero frequency (F,), the compensator
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Block diagram of the closed-loop system for the proposed converter.
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gain curve slope must be —1. This is done by providing two
zeros at the same frequency (F,) in the compensator transfer
function. Below F,, the gain falls at a —1 slope because of a
pole at the origin which will be provided. At F,, the first zero
turns the gain slope horizontally; the second one turns it to a
+1 slope. The gain cannot be permitted to continue upward at
a +1 slope much beyond F,. If it did, the gain would be high
at high frequencies, and noise spikes would get through to the
output. Thus, two poles are provided at frequency F',. The first
pole turns the +1 gain slope horizontally; the second pole turns
it to a —1 slope. Locating F', at too low, a frequency reduces
low-frequency gain and prevents sufficient degeneration of line
ripple. Placing F,, at too high, a frequency increases gain at high
frequencies and permits high-frequency noise spikes to come
through at greater amplitude. A K factor is introduced to define
the locations of F, and F,,. This factor is aratio set to K = Fo/F,
= Fp/F¢,. According to [30], a K factor of 4 yields the desired
phase margin. For F., = 20 kHz and K = 4, F, is 5 kHz, and
F,, is 80 kHz. As aresult, the transfer function of the employed
compensator is

Ge(9)
— (1433 x107%5) (1+33.79 x 107°5)

T 496 x 1095 (1+ 1.84 x 10795) (1+ 1.75 x 105)
(78)

Based on (31) and (78), the compensated closed-loop transfer
function is obtained as

L(S)

1
T 146.67x107°5+2x 107952

—(1433x10795)(1433.79x107¢3)
4.96x10795(1+1.84x10705) (1+1.75x1070S) ’

(79)

The frequency response of the compensated closed-loop
transfer function is shown in Fig. 9. In the proposed two-phase
converter, S; and S are the main switches, and SRy and SR,
are the synchronous rectifiers. There are the mentioned switches
in the conventional two-phase SBC too. The proposed topology
utilizes one extra four-quadrant switch. As it is discussed in
Section VII and shown in Fig. 11, each four-quadrant switch is
controlled by one signal. Consequently, the proposed converter
requires only one extra control signal. All the required pulses
can be generated from the output pulses of one regular PWM
controller.

According to Section I1, the charging voltages of L,,,; and L, 2
are, respectively, equal to (Vi,-Vo1)/(n+ 1)-V,and Vo /(n+ 1)-
V,. The discharging voltage of both magnetizing inductances
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Fig.9. Frequency response of the compensated closed-loop transfer function.

is —V,. Moreover, the duty cycles of the main switches are equal.
If the output voltage or duty cycle changes, the charging and
discharging voltages or the charging and discharging durations
of both magnetizing inductances change the same. Therefore,
the currents of both phases change in the same way and remain
balanced. On the other hand, if the phase’s currents become
unbalanced due to the input voltage change or any other reasons,
the voltage of the series capacitor changes in order to balance
these currents. For example, based on Fig. 4(a), if 1,,,,; becomes
larger than I,,,,2, the voltage of C; increases because its charging
energy is larger than the discharging energy. In this situation, the
charging voltage of L,,; decreases, but the charging voltage of
L,,» increases. As a result, the imbalance between the currents
of phases is removed automatically.

VII. EXPERIMENTAL RESULTS

A 48-to-1.2 V laboratory prototype of the two-phase converter
proposed in this article is implemented at 100 kHz operating
frequency and 40 A output current. The design procedure is as
follows. Based on the voltage gain equation and (63), to have a
low output current ripple and low turns ratio, the duty cycle is
set to 0.2 and n is calculated as 3. If the leakage inductances
are ignored due to their negligible values, the magnetizing
inductances are obtained from (56) as L,,; > 2.4 yH. Therefore,
the values of magnetizing inductances and coupling coefficients
are, respectively, selected as 3 H and 0.98. The ferrite cores of
coupled inductors are E 42/21/20 (Series/Type: TDK B66329).
The turns ratio of coupled windings is 3, and the turn number
of the first winding is set to 3. According to (67), the snubber
capacitor is designed as Cg; = 11.2 nF. Based on (49), the
voltage across C; is equal to 24 V. By considering AV =
0.24 'V, the blocking capacitor is calculated from (59) as C;
> 44 uF. Consequently, a 100 uF low ESR capacitor (radial
lead type, series: FR, Type: A) is used as C;. According to
(50)—(52), the maximum voltages across the switches are equal
to 48, 24, and 6 V. As a result, IRFP3206PbF with Rpg(on) =
2.4 m() is used for all the switches. The PWM control IC is
UC3825, the data type flip-flop is CD4013BM, and the power
MOSFET driver is TC4424. As shown in Fig. 10, each auxiliary
four-quadrant switch is realized by connecting two MOSFETs.
This four-quadrant switch is controlled by one signal. When
this switch is ON, one of the MOSFETS operates in synchronous
rectification mode. The specifications of the laboratory proto-
type are presented in Table II. A photograph of the two-phase
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Implementation of a four-quadrant switch.

Fig. 10.

TABLE II
SPECIFICATIONS OF THE LABORATORY PROTOTYPE

Components Symbol Specifications
Input voltage Vin 48V
Output voltage V, 12V
Output current I, 40 A
Number of phases K 2
Switching frequency f 100 KHz
Blocking capacitor Ci 100 uF
Magnetizing Inductances Lt Lo 3uH
Coupling Coefficients Ki, Ko 0.98
Turns ratio n 3
Snubber capacitor Csi 2*5.6 nF
Output capacitor C, 1000 uF

Fig. 11.  Laboratory prototype of the proposed two-phase converter.

laboratory prototype is shown in Fig. 11. In this prototype, the
auxiliary four-quadrant switch (S,;) is implemented by S,11
and S,12. The experimental results are depicted in Fig. 12.
As it can be observed, the maximum voltages across the main
switches, auxiliary switch, and SRs are, respectively, equal to
48V, 24V, and 6V. The maximum current of all main and
auxiliary switches is about 5 A. When the current of SR, reaches
zero, the body diode of SR; turns OFF under ZCS. A resonance
happens between Ljx1, Like and the drain—source capacitor of
SR;. Consequently, as it can be seen in Fig. 12(b), the waveform
of Vggr1 has oscillations, which are damped to 6 V. When the
current of SRy reaches zero, the body diode of SRy turns OFF
under ZCS. A resonance happens between Ly, Lo and the
drain—source capacitors of S;, SRo, and S,;. As a result, the
waveforms of Vg1, Vsra, and Vg, have oscillations, which are,
respectively, damped to 42, 6, and —18 V. From Fig. 12(d),
the input voltage is 48 V, and the output voltage measures
1.2 V. The waveforms of ii,, iout, ip1, and i 2 are shown in
Fig. 12(e). Fig 12(f) illustrates the load-disturbance transition
performance from light load (10% of full load) to full load and
vice versa. The currents of phases during load transition are
shown in Fig. 12(g). As can be observed, the currents of both
phases change in the same way and remain balanced. The current
and voltage waveforms of switches around switching instants
are illustrated in Fig. 12(h)—(1). Fig. 12(h) and (i) shows that
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Fig. 12.

Experimental waveforms of the implemented two-phase converter. (a) Currents and voltages of S; and Sa. (b) Currents and voltages of SRy and

SR2. (c) Current and voltage of S,1. (d) Input voltage, output voltage, and voltage of C;. (e) Input and output currents, and currents of phase 1 and phase 2.
(f) Load-disturbance transition performance from light load (10% of full load) to full load and vice versa. (g) Currents of phase 1 and phase 2 during Load transition
from light load to full load and vice versa. (h) Current and voltage of S; around switching instants. (i) Current and voltage of S around switching instants.
(j) Current and voltage of S;1 around switching instants. (k) Current and voltage of SR around switching instants. (1) Current and voltage of SR2 around switching

instants.

the voltages of the main switches decrease to zero just before
their currents increase. Furthermore, the rate of current change
is restricted, and the currents of switches gradually increase.
In the laboratory prototype, an external snubber capacitor is
utilized. Cg; can adequately restrict the rate of voltage change at
turn-OFF instant. Therefore, at turn-OFF instants, the voltages of
switches rise slightly when their currents decrease significantly.
As a result, the main switches are turned ON under ZVZCS and
turned OFF under ZVS. Also, the auxiliary switch operates under
ZVS. Fig. 12(k) and (1) shows that the currents of SRs decrease
to zero just before their voltages increase. Moreover, the rate
of current change is restricted, and the currents of switches
gradually decrease. Consequently, the ZCS condition is provided
for SRs. The efficiency of the two-phase converter proposed in
this article versus the output current is depicted in Fig. 13. The
efficiency has been measured for various loads when the input
and output voltages are constant. The efficiency can be expressed
as

n= % x 100%

K2

(80)

where P, is the output power and P; is the input power. The
efficiency has been measured for the output currents of 4, 12,
16,20,24,32,and 40 A, when V;,, and V,, are, respectively, fixed
at48 and 1.2 V. Then, the efficiency curve is drawn based on the
measured efficiencies.

To show that the features of the introduced converter do not
change by increasing the number of phases, and the proposed

96 -
= 934
S
'
g 90 -
()
)
=
o 87 -
84 . . : : :
0 10 20 30 40 50
Output Current (A)
Fig. 13.  Efficiency curve of the proposed two-phase dc—dc converter versus

the output current.

topology can be expanded while retaining all the merits, a 400-W
four-phase laboratory prototype of the introduced topology is
implemented at 400 V input, 10 V output, and 100 kHz operating
frequency. Based on the voltage gain equation and (63), to
have a low output current ripple and low turns ratio, the duty
cycle is set to 0.2 and n is calculated as 1. According to (56),
the value of selected magnetizing inductances is 100 pH. The
coupling coefficients are equal to 0.98, and two 5 nF capacitors
are used as the snubber capacitances. The value of the output
capacitor is equal to 220 pF. In addition, based on (59), three
10 uF capacitors are used as C;, Cz, and C3. The maximum
voltages across the main switches, auxiliary switches, and SRs
are, respectively, equal to 200 V, 100 V, and 80 V. Also, the
maximum currents of the main switches, auxiliary switches,
and SRs are, respectively, equal to 6 A, 6 A, and 20 A. As a
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Experimental waveforms of the implemented four-phase converter. (a) Currents and voltages of S1 and S2. (b) Currents and voltages of S3 and Sy.

(c) Currents and voltages of SRz and SR4. (d) Currents and voltages of SR and SR». (e) Currents and voltages of S;1 and S;2. (f) Input voltage and output

voltage. (g) Currents of phase 1, phase 2, phase 3, and phase 4.

result, IRF634 with Vpgg =250 V and Ip = 8 A is used for the
main switches. 2SK3152 with Vpgg =120 Vand Ip = 10 A is
used for the auxiliary switches. 25N 10 with Vpgg = 100 V and
Ip =25 A is used for the SRs. The experimental waveforms of
the implemented four-phase converter are depicted in Fig. 14.
The current and voltage waveforms of switches show that the
main switches are turned ON under ZVZCS and turned OFF
under ZVS. The auxiliary switches operate under ZVS. As can
be seen in Fig. 14, the maximum voltages across the main
switches, auxiliary switches, and SRs are, respectively, equal
to 200V, 100 V, and 80 V. The maximum current of all main and
auxiliary switches is about 6 A. When the current of SR reaches
zero, the body diode of SRy turns OFF under ZCS. A resonance
happens between Ljx1, Lix2, and the drain—source capacitor of
SR;. Consequently, the waveform of Vgr; has oscillations that
are damped to 50 V. When the current of SRy, reaches zero, the
body diode of SR, turns OFF under ZCS. A resonance happens
between L1, Liks, and the drain—source capacitors of Sq, Ss,
SR5, and S, ;. As aresult, the waveforms of Vg1, Vg3, Vsra, and
Vsa1 have oscillations, which are, respectively, damped to 150V,
150V, 50V, and —50 V. Likewise, some oscillations happen after
turning OFF the body diodes of SR3 and SRy. From Fig. 14(f),
the input voltage is 400 V, and the output voltage measures 10 V.
The waveforms of i, ¢, i,2, i3, and i, 4 are shown in Fig. 14(g).

VIII. CONCLUSION

A new ZVZCS multiphase topology is proposed and analyzed
in this article. In the K-phase structure, the voltage stresses
across the main switches, auxiliary switches, and SRs are,
respectively, equal to 2V;, /K, Vi /K, and Vi, /K(n + 1). Also,
the number of blocking capacitors is equal to K-1. The pro-
posed converter does not utilize any extra magnetic core. As
discussed in Section IV, the duty cycle is extremely extended
and the output current is continuous. In order to confirm the
theoretical analysis, two laboratory prototypes are fabricated.
The experimental waveforms show that the ZVS condition is
achieved for all switches, and thus, the turn-ON switching loss

and the capacitive turn-ON loss are eliminated. Also, the pro-
vided ZCS condition for the body diodes of SRs eliminates
the reverse recovery losses of diodes. The proposed converter
can be used for various applications, where ultrahigh step-down
conversions and large output currents are required. Some of these
industrial applications are telecommunication power systems,
electric vehicles, light-emitting diode drivers, and unidirec-
tional chargers. According to the application, input voltage,
output voltage, output current, and desirable output current
ripple, the number of phases is selected and the elements are
designed.
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