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Abstract—A novel discontinuous conduction mode (DCM) soft-
switched single ended primary inductor converter (SEPIC)-based
high-frequency converter is presented in this article with the advan-
tages of high voltage gain and low voltage stress. In order to achieve
higher voltage gain, it integrates a switched inductor with a coupled
inductor—based modified SEPIC converter, and a resonant cell is
built with integration of a resonant capacitor, which enables the
switches to work under zero voltage switching (ZVS). Therefore, the
working principle is changed and better performance is obtained.
The proposed converter can operate in both continuous conduction
mode (CCM) and DCM, but ZVS can only be achieved in the dis-
continuous mode; hence, DCM is more suitable for high-frequency
applications. Mode analysis, parameter design, and boundary of
the two working modes are all presented in detail. For higher
efficiency, a 500-kHz/54-W DCM prototype with 15 voltage gain
has been designed to demonstrate theoretical analysis. Obtained
efficiency was up to 93.4% at full load. Experimental results show
good accordance with theoretical analysis.

Index Terms—High frequency, high step up, SEPIC, soft
switching.

I. INTRODUCTION

N THE recent years, much attention has been paid to high
I step-up dc—dc converters because of the growing demand in
applications such as photovoltaic systems, micro-fuel cells, ve-
hicle power supply, and uninterruptable power supplies [1]-[5].
In practical applications, the former stages of photovoltaic (PV)
inverter and LEDs of automotive headlight both need high
output voltage. The most common step-up converter is boost
with a simple structure and grounded switch. Limited by duty
cycle, conventional boost converters are not available because
of large conduction loss and severe diode reverse recovery
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problems. Besides, the high voltage stress of the power switch
also limits its application for higher output voltages [6], [7].
Therefore, many new technologies, such as switched-capacitor
[8]-[11] and coupled-inductor [12]-[15], are proposed recent
years to achieve higher voltage gain with moderate duty cycle.
The switched-capacitor technique can achieve a high step-up
gain as well as high power density because of the absence
of magnetic components; however, the main switch suffers
high surge current and increased conduction loss, which may
decrease both power density and efficiency, limiting its ap-
plication to some extent. As for coupled inductors, one main
constraint is that the leakage inductance will cause a high
voltage spike across the switch. Accordingly, passive clamp
circuits are essential to suppress the switch voltage spikes and
recycle the leakage energy. This means that an extra active
switch is needed, and it results in high conduction losses, high
cost, and circuit complexity. Another common technique is the
cascading of boost converters for higher voltage gain at low duty
cycles; its voltage gain is multiplied by every stage. However,
as the number of stages increases, the control of converters
becomes complex. In addition, this converter still suffers from
high voltage stress [16]-[18]. Based on the aforementioned
analysis, satisfactory high-voltage-gain converters should have
advantages of simple structure, easy control, and low voltage
stress.

With the increasing requirements of power electronic con-
verters, high frequency has become a general trend with the
advantages of compact volume and high power density. As
for high-voltage-gain converters, high frequency is also an in-
evitable development direction. However, the increase of switch-
ing frequency will also lead to the increase of switching loss;
therefore, how to reduce switching loss becomes a vital problem
in the design of high-frequency converters. The soft-switching
characteristic has become one of the most important properties
to evaluate the performance of converters.

In recent years, single ended primary inductor converter
(SEPIC) and modified SEPIC converters are also widely used
in electronics and industrial applications. A modified SEPIC
circuitintegrated with a voltage multiplier, which was composed
of a diode and a capacitor, for obtaining high voltage gain
and low voltage stress with a simple structure was proposed
in [19] and [20]. But the switch worked in hard-switching mode
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Fig. 1. Proposed SEPIC-based circuit.

and the switching loss would be quite large when applied to
high-frequency applications. In order to solve this problem,
a modified zero voltage switching (ZVS) SEPIC circuit with
a resonant network, maintaining high voltage gain and low
voltage stress, was proposed in [21], and this converter achieved
93.1% efficiency under 1 MHz. A noncoupled inductor SEPIC
converter is proposed in [22]; compared with the converter in
[19], switched inductor technique is adopted to obtain higher
voltage gain. This also means one more power switch and
one more inductor are added [23]. CCM and DCM are both
analyzed in detail, and CCM experimental results are presented.
However, this converter works in hard-switching mode, which
contributes dramatically to high switching loss when applied to
high-frequency applications.

Therefore, based on the previous work, a novel soft-switched
SEPIC-based high-frequency high step-up converter is pre-
sented in this article, which is capable of meeting the require-
ments of high voltage gain, low voltage stress, and low system
loss. The proposed converter incorporated a switched inductor
with a modified SEPIC converter to achieve higher voltage gain.
Compared with the converter in [22], a coupled inductor is added
to further increase the voltage gain; besides, a resonant cell is
also built with the integration of a resonant capacitor, which
enables the switches to work under ZVS. Voltage gain of the
proposed converter depends on both duty cycle and windings
turns ratio, which helps to avoid duty cycle or windings turns
ratio becoming too large. However, the input current is sum
of the inductor current and the switch current; therefore, the
input current ripple is higher, and there is a tradeoff between the
voltage gain and the input current ripple. The working principle
and the voltage gain are both different from the previous work.
This converter is also able to operate under both CCM and DCM,
but ZVS can only be achieved in DCM. Mode analysis and
parameter design of both working modes are all presented in
detail, and voltage gain of both working modes and the boundary
of CCM and DCM are also derived.

This article is organized as follows. In Section II, the opera-
tional principles of the converter in CCM and DCM are described
briefly; the parameters design of different working modes are
introduced in detail in Section III, while Section IV shows
the experimental results of DCM prototype. Finally, Section V
concludes this article.

II. OPERATIONAL PRINCIPLE OF THE MODIFIED SEPIC

The novel SEPIC-based converter with ZVS characteristic
proposed in this article is illustrated in Fig. 1, where V;,, is the

10445

input voltage, V; is the output voltage, the load is represented by
aresistor R, and the output current is shown as I,,. The proposed
converter consists of three diodes Dy 2 and D,,; two switches
01 and Qy; four capacitors Cy1 2, Cas, and Cy; two inductors
Ly and Ly and a coupled inductor L3, and L3,; and the capacitor
Cq, which represents the sum of the parasitic capacitance of the
switch and the additional capacitance in parallel.

First, the proposed SEPIC-based converter achieves high
voltage gain by adding the auxiliary capacitor C'; and the diode
D1, which form a voltage multiplier. When the switches turn
OFF, Cj is charged through Dj;; and then the energy stored in
C is transferred to L3, when the switches turn ON. Therefore,
the energy stored in L3, is larger than traditional SEPIC and
higher voltage gain is obtained. Another set of inductor and
switch Lo and Q- are added to double the voltage gain. It is
noted that the inductances of L, and Ly are equal, and the drive
signals of O and Qs are synchronous. Finally, the coupled
inductor is designed to further increase the output voltage,
and the relationship between the inductance of its primary and
secondary sides is Lzs = n? - L3y, where n is the turns ratio of
the coupled inductor.

It is noted that the voltage stress of the proposed converter
is reduced to less than half of that of the classical SEPIC
converter, which is the sum of the input voltage and the output
voltage. Moreover, soft switching of the MOSFETSs in the circuit
significantly contributes to system loss saving.

The proposed SEPIC-based converter is able to operate under
both CCM and DCM, depending on whether the current flowing
through D, is already zero by the time the next driving signal
comes. Both of the working states are introduced in detail in the
following sections.

A. Continuous Conducting Mode

When operating under CCM, the three working modes in a
switching period are shown in Fig. 2. There is no resonant period
in the continuous mode, so under this circumstance, C is the
only parasitic capacitor of the switches Cogs, and therefore, the
charge and discharge periods of this small capacitor is very short,
which could be neglected. As a result, main waveforms in a
switching period are illustrated in Fig. 3, where v, is the drive
signal of the switches; v45 is the drain-source voltage; ipy1 and
ip, are the current flowing through the two diodes, while i7,1 2
is current flowing through L; and L»; and vy 2 is the voltage
stress of Lj ».

Mode 1 (ty—t1): Both switches are turned ON at 7y, and then
L; and Lo are charged in parallel by the input voltage, while
L, is charged through Vi, — Q2 — L3, — @1 — GND, and L3,
is discharged through L3y — Djso — Cso. In fact, the leakage
inductance of the coupled inductor limits the current, and the
energy transference occurs in a resonant way; therefore, the two
switches turn ON with ZCS.

Mode 2 (t1—t2): After the switches are turned OFF, D) is
turned ON since the voltage vqs rises rapidly. The current flowing
through the inductors declines as energy is transferred to the
output side. In this interval, current flowing through D, rises
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Fig. 3. Main voltage and current waveforms under CCM.

linearly while that of Dj;q declines linearly. When i p /1 finally
reaches zero at #3, mode 2 ends.

Mode 3 (t2—t3): As Dy is turned OFF, the value of ir3,
becomes equal to that of ¢7;. ip, drops linearly in this mode.
And when the next driving signal reaches, the switches are turned
ON simultaneously, which means that an entire switching period
ends.

B. Discontinuous Conducting Mode

However, in order to realize zero voltage turn ON of the
MOSFETS, the circuit is designed to operate under discontinu-
ous mode, which means that the current flows through D, is
supposed to be zero when the turn-ON signal v arrives.

While operating under DCM, there are seven working modes
in a whole switching period, which are shown in Fig. 4, and
correspondingly, the key waveforms are illustrated in Fig. 5.
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Fig. 4. Working modes of the proposed modified SEPIC circuit (DCM).

Mode 1 (ty—t1): Since the body diodes are turned ON before
1o, both switches can turn ON with zero voltage, and then the
working state of the three inductors in the circuit is the same as
that under CCM. Meanwhile, energy in the output capacitor C,,
is transferred to the load. The voltage relationship between each
component in this mode is written as

UL(model) = Vin (D
UL3p(model) = Vin + Voo, — Ve, (@)
VCsz = VL3s(model) = T " VL3p(model)- 3

Here, v (mode1) a0d V35 (mode1) Tepresent the voltage of Ly o
and L3, in this mode, while Vo and Vg o are the voltage
stress of the three capacitors.
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Fig. 5. Main voltage and current waveforms under DCM.

Mode 2 (t1—t2): The current flowing through L3 reaches zero
at 1, but the inductors are still charged and i3, keeps rising.
This mode ends when the turn-OFF signal comes at f5.

The sum of the interval of these two modes above is defined
asty =1ty —to = D - T, where D is the duty cycle and Ty is
time of a whole switching period. These two modes are defined
as conducting modes.

Mode 3 (to—t3): Both Q¢ and Qs are turned OFF at t, while
at the same time, the voltage of the switches begins to rise
because of the charging of its parallel capacitors Cg. Moreover,
the charging time is defined as t,1 = t3 — to = D, - T%; this
interval is very short as the capacitance of Cg is small. When
vdsQ1,2 finally reaches (Vio,, + VL (modes)) at t3, the charging
finishes and this mode ends.

Mode 4 (t3—t4): The increase of vy and the decrease of vy 3
provide the conduction condition for D1 and D,, and there-
fore, energy from L, and L is transferred to C'; through D ;.
Furthermore, energy from three capacitors is also transferred to
C, through D,. The voltage relationships in this mode are given
by (4)—(6), where vr,(modes) and V1 3p(moded) ar€, TESPECtively,
the voltage of L2 and L3, in mode 4. The current flowing
through D), rises linearly and that of D, shows an opposite
tendency. Mode 4 lasts for 757 and ends by the time ipy; reaches
zero. Therefore, the relationship between the current flowing
through the inductors at #4 can be written as (7)

VL (moded) = w 4)
UL3p(moded) = —VCs1 5

Vom +nVos1 + Vo2 =V, (6)
ir1,2 (ta) = —ips (ta). (N

The capacitance of C)y; and Cj; 5 is designed to be large
enough to maintain the voltage constant. The working state of
Ly and Lg), is the same during each mode, so their voltages
are also proportional, as shown in Fig. 5. Then according to the
voltage relationship of the input side in mode 1 and mode 4,
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respectively, we can get vy, = 2vr, where vr3, and v, are the
instantaneous voltage of L3, and L; », respectively.

As a result, the voltage of capacitors and the relationship
between voltage of L; and L3, in this interval can be obtained
according to (1)-(6), which is given by

V, —nV;
Veu = B €))
Vo —(2n + 1 ‘/in
Vo, == (n+1 ) ©)
Ve, =2n-V; (10)
2n + 1 ‘/in - Vo
VL3p(moded) = 2VL(moded) = ( ) ) (11)

n+1

Mode 5 (t4~t5): At ty, Dy is turned OFF, so the current of
L3, i3, is equal to ir, and accordingly, ip, declines linearly
from its peak value as well. Time of this mode is defined as #s2
and by the time ip, reaches zero, mode 5 ends.

The output diode D, is always working in modes 4 and 5, so
energy is delivered to the load during #3—t5, which is defined as
the energy deliver mode: t5 = t5 —t3 = Ds - T.

Mode 6 (t5—tg): All the diodes are turned OFF in this interval,
and the two parallel capacitors resonant with the inductors
respectively through the two loops in the circuit. According to
Fig. 4, the current flowing through Cq icq is sum of i, and
11,3p; therefore, each capacitor is considered to resonant with an
equivalent inductor, whose value is given by

 L-Lgy

L
Lea = 52N b= 5727
P

(12)
where L; = Ly = L. This interval ends when Cg is entirely
discharged; in other words, the drain-source voltage of both
switches is zero at the moment. The time interval is ¢, =
tg —ts = DTQ . TS.

Mode 7 (tg—t7): The inductor current is able to freewheel
through their body diodes before the switches are turned ON
again. This interval lasts for ¢, =ty — t¢ = Dy, - T, and it ends
when the drive signal of the next switching cycle is received.

III. PARAMETER DESIGN OF THE MODIFIED SEPIC

In the following sections, the design procedure of the con-
verter under both continuous and discontinuous operating modes
are analyzed in detail and the value of the boundary inductance
is presented as well.

A. Voltage Gain

1) Continuous Conducting Mode: As for CCM, the voltage
of inductor L; in modes 1 and 2 is, respectively, equal to that of
DCM in modes 1 and 4, which are shown in (1) and (11). So the
volt—second balance principle of L; can be expressed as

2n+1) Vi, =V,
2(n+1)
Then the voltage gain of CCM Mccm can be deduced by

V, 2n+1+ D
M, ==
cem = -D

V;n-D"_

(1-D)=0. (13)

(14)
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Generally, the entire switching cycle of CCM can only be
divided into two intervals, where mode 1 is defined as the
conducting interval, which lasts for ¢4, and modes 2 and 3 are
defined as the energy deliver interval, which lasts for 75 in total.
Thus, their relationship in CCM is written as

1
t§ == (D_1> td.

2) Discontinuous Conducting Mode: When operating under
discontinuous mode, as ¢,; and t,.5 are relatively short compared
to the other intervals, the inductor voltage is approximately lin-
earized during two resonant modes, so the volt—second balance
principle of L; » in a switching cycle can be expressed by (16)

5)

(2n ;(Z)_‘fi) Vo “ts + 0L - tra=0.

(16)

Here, U, = (VL (mode1) + VL(modes))/2 represents the aver-

age voltage of L; 5 in the resonant modes, and the total time

of resonant period can be obtained through the other intervals,

which is shown in (17). Therefore, the voltage gain of the DCM
converter Mpc is illustrated in (18)

Vin (t 4 ty) + 01, - tr1 +

trittre=Ts —tg—ts —tp

7Voi(4n+3)+(D+Db)fD5
MDCM*W* (Dt D)t Dy (18)

a7

According to Fig. 5, i11,2(to) is considered to be approxi-
mately equal to 77,1 2 (¢5); as aresult, the relationship of the time
between the conducting interval and the energy deliver interval
of DCM is given by

2(n+1)

ts =
J Mpcenv — (21’L =+ 1)

tq. (19)

As a result, if the design parameters are given, the energy
deliver time can be calculated by (19), and then, the total resonant
time is correspondingly obtained.

B. Inductor and Coupled Inductor Design

The inductance in the proposed converter is designed ac-
cording to the ampere—second balance principle of the output
capacitor C, whose current ic, = ip, — .

The output current I, = V,,/R. As ip, is always zero except
in modes 4 and 5 and it changes linearly in these two modes, the
expression can be written as

. {k:T~(t—t3), ts <t <ty
1D, =

(20)
kr~t51—k’f-(t—t4), ty <t <ts.

Here, k, and k are, respectively, the rising and falling rates of
ipo, both of which are to be determined, and respective analysis
of these two modes are given in the following sections.

1) Continuous Conducting Mode: First, the auxiliary diode
Dy only works during mode 2 when its current equals to the
sum of ¢z1 and iz3,. Thus, as shown in Fig. 3, since the sum of
i1 and ¢1,3, is considered to be zero at 7, the peak current of

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

%)
(=]

D
wn

)

T~ DCM
0.5 T~ —

0

Boundary Equivalent Inductance (uH)
)

Duty Cycle Turn Ratio

Fig.6. Boundary equivalent inductance of the circuit with different duty cycle
and turns ratio.

Dpr1 Ipmi_peak €an be rewritten as

Vvintd
Leq

Moreover, the average current of the three diodes in a whole

switching cycle is equal to I,, so the time of mode 2 is obtained
by

2

IDM1 peak =

2I()Leq 2MDCMLeq
ts1 = = .

VinD RD
Further, in terms of mode 3, the relationship of the current
and voltage of the coupled inductor is given by

(22)

di di
2L Ly, — M) L2 +M—2Z =
%__(Qn—i—l)Vin—Vo
dt 2(n+1)L

Here, the coupling coefficient of the coupled inductor is K,
and the mutual inductance of both primary and secondary sides
of TisM = K - \/L3, - L3s = K -n - L3,

As a result, the coefficient of ip, during its falling period is
given by

;= (22n+ ].) Vln Vo. (24)
n(n+1) Leq

According to the waveform of ip, in Fig. 3, its value at 73 is
presented as ip, (t3) = kyts1 + kstso, so its average value in a
whole switching cycle is given by

krtsi? + kptsa®
.,

Itis noted that the absolute value of k s lowers as L. increases,
which means that the value of ip, is relatively higher at 73. So
the boundary conduction mode happens when i p, is zero by the
end of the energy deliver mode. Considering ip,(t3) = 0, (24),
and (25), the boundary equivalent inductance is obtained by

R(1 — D)*DT,
2(2n+1+D)(Kn+1)
Fig. 6 is obtained following (26), which reveals the boundary

inductance with different D and n. It also means that when the
equivalent inductance of the circuit is higher than L., _BCM,

=1, (25)

Leq BoM = (26)
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the circuit is able to operate under CCM, while if the equivalent
inductance is lower than it, the circuit operates under DCM and
will have the potential to realize zero voltage switching.

2) Discontinuous Conducting Mode: AsshowninFig.5,ip,
reaches zero at t5; therefore, the relationship between the two
coefficients in (20) is

kpts1 = —kf (t(; - t(;l) . 27

Similar to its waveform in CCM, the peak current of ipyrq
is i1,(t3) + ir3p(t3), which is equal to the sum of the current
ripples of 77, and ir3, during mode 4. However, because the
value of C¢ is much larger than that in continuous mode, ¢,; in
discontinuous mode cannot be neglected in terms of #5,. To be
specific, the sum of the current ripples of 7,1 and i73, during
modes 1 and 2 is equal to that during modes 3 and 4, as compared
to (21), Ipari_peak in DCM is obtained by

Vinta t
IpM1 peak = ——— (1 - Tl) .

(28)
Leq ts1

Similarly, since the average current of D/ is equal to I, the
time of its conducting mode is given by

2]\4DCMLeq

RD 29)

ts1 —tr1 =

As the operating mode 5 of DCM is same as mode 3 in CCM,
the coefficient of ip, during its falling period is already given
by (24)

Finally, substituting (24), (25), (27), and (29), the equivalent
inductance of DCM is achieved by (29). Further, the specific
value of L » and L3 ;, can be designed by combining (12) and
(29)

(n+1) RD ’
d
Kn + %) My — (20 + 1) Mpem
51— brl
(30)

Apparently, the output voltage of DCM can be seen as a
function of many parameters, including the turns ratio, the duty
cycle, the frequency, the equivalent inductance, and the load,
which is given by

Leq Dom = (

(n + 1) RDT,

Mpey — (2n+ 1) Mpeum = - )
(Kn + téliltrl) Leq

€29

Fig. 7 illustrates the voltage gain Mpcy as a function of
inductors and the turns ratio of the coupled inductor in the
system. According to the figure, we can get that instead of the
specific value of each inductor, the voltage gain Mpcy is only
influenced by their equivalent value, and as a result, the specific
value of both L, » and L3, can correspondingly change. When
the equivalent inductance is smaller, the current ripple during its
charge or discharge period is relatively larger; consequently, the
final output voltage will be higher. The voltage gain also rises
with the turns ratio.
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C. Resonant Capacitor Design

The additional parallel capacitor C only exists in DCM, so
the analysis mentioned later is in terms of the discontinuous
operating mode.

First, as ¢,1 is very short, the inductor voltage is considered
to fall linearly in this period, which means that Cg is charged
by an approximately constant current, Icq, in this interval. As
aresult, the parallel capacitors’ charging time ¢,.1 is obtained by

Ve, (t3)
icQ

_ VCM + L (t3)

Co Vi DT,

= “Leq - Cq.  (32)
In terms of the energy deliver mode, the sum of vz, and vcg
is Viy. Therefore, according to the relationship between current

and voltage of the capacitor, we obtain

dvcg (1) t
o = /0

Vin — vog (7)

7 dr. (33)

eq
Here, t represents t5: t =7 —t5. And after simplifying,

(32) is written as

dvaQ (1)
dr?

After solving this differential equation, we obtain the voltage
across C, as a function of time

! C
VCq (t):\/mcos <LeqCQ+a> + Vi, tana:é

(35)

Leq - Co - +veg (1) = Vin. (34)

where C; and Cs are the coefficients to be determined.

According to the waveforms of current and voltage during
the resonant period in Fig. 8, the voltage of C¢ reaches its peak
when ¢ = 0. Moreover, in order to turn ON the body diodes D¢
in the next mode, voltage of Cg is considered to be 0.7 V by
the time this interval ends, so applying the voltage at = 0 and
t = t,o into (34), we obtain

UCq, (O)ZVL—FVCM, a=0
Vo= (2n+1) Vi t, (36)
e (1) = g L e ( VL;CQ)

+Vin = —0.7V
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TABLE I
SPECIFICATIONS AND PARAMETERS OF THE MODIFIED SEPIC CIRCUIT

Electrical specifications

Input Voltage 12v
Output Voltage 180V
Output Current 300mA
Switching frequency 500kHz

Parameters of main components

Li> 6.91uH

Lips 3.88uH / 8.73uH
Co 12.9nF

Cwm, Csi12 1uF

Co 10uF

D2, Do SS320

012 Si7454DDP

Here, T\ represents the time taken in a whole resonant period,
which is given by
Ty = 21/ LeqCo. (37
Therefore, substituting (18), (36), and (37), the value of the
required resonant capacitor Cg, is obtained by
9N — 127V A+ 4x? At

. 38
9(M+3)2 Leqg 8

Q

where A = 422 4 (34 M) - Lotertazts,

According to the aforementioned analysis, a DCM proto-
type is implemented to realize ZVS and, therefore, reduce the
switching loss under a high-frequency application. The design
indicators and specific parameters of the circuit are presented in
Table I.

If capacitances and inductances in the circuit have already
been designed, the time of each mode can be calculated, and as
a result, the freewheeling time ¢; is obtained by (17). In order to
realize soft switching, ¢; is required to meet the condition: 0 <
ty < tp_max> Where tp max 1 the maximum freewheeling time
for the circuit to realize soft switching and is equal to Ty — 2t,.5.

Based on the aforementioned analysis, the value of ¢;, and
t_max With changing duty cycle is shown in Fig. 9. In order
to achieve ZVS, ¢, and t; max should be larger than zero and
the red curve needs to be above the blue curve. When the other
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parameters are selected according to Table I, the available range
of duty cycle is supposed to be 0.445 < D < 0.615.

Actually, according to (31), the input voltage, the output
power, and the duty cycle are mutually conditioned. Based on
the parameters in Table I, when the input voltage varies from 9 to
15 V, the output power range of ZVS is shown in Fig. 10. ZVS
can be realized when the output power changes in the highlighted
area in the middle of the diagram. And the corresponding duty
cycle can also be calculated with a fixed output voltage, as shown
in Fig. 11.

D. Voltage Stress Analysis

The voltage relationship between each component in the
circuit is the same in both continuous and discontinuous modes.
When the switches are turned OFF, their voltage stress reaches
the peak in the energy deliver mode, as shown in Fig. 5, which
is expressed as

Lin"'_io
s = = — 39
Vas.o1 = Ve, + Vi TGRS (39)
Lin‘FLo
=V, -V, =21 "0 4
Vas.g2 =V VL 2t 1) (40)

It is noted that the switches’ voltage stress is much lower than
the output voltage, and it is significantly reduced compared to
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Duty Cycle

Fig. 11.  Duty cycle of ZVS with different input voltage and output power.

TABLE II
VOLTAGE STRESS OF DIFFERENT COMPONENTS

Voltage Stress proposed Ref[22]
Q0 (V,+V,)/2(n+1) (v, +37,)/4
Du Vo4V )/ (nel) (v, +37,))2
D, Do n(V, +V,)/(n+1) (V, +3V,)/2
Cu (Vo—nVin)/(n+1) (v, + in)/2
Csi [V, —(2n+1)1, Jf(n+1) (V,=V,)/2
Cs> Veo =2n-V,, B

that of the classical SEPIC converter, whose voltage stress is
sum of the input and output voltages.

Similarly, the values of C; and Cj; 2 are large enough to
maintain their voltage, so they are approximately constant in the
whole switching period, which is given by (8)—(10), respectively.
The voltage stress of the diodes Dy;1 2 and D, is presented as

1
VDMl = VCsl + VL3p(model) = n__H (Vo + V;n) 41
VD, = Vos2 — UL3s(moded) = p—— Vin+Vo) (42
n
Vo =Vo — Ve, = Y (Vo + Vin) - (43)

The peak voltage of D1 and D, is relatively higher, so the
higher reverse voltage diodes should be selected according to
their voltage stress. The voltage stress of all the components of
the proposed converter and the converter in [22] are shown in
Table II.

IV. EXPERIMENTAL RESULTS

The proposed SEPIC-based converter was implemented ac-
cording to the parameters in Table I, and the components used
in this system are also presented in the table. Fig. 12 shows
the prototype, the PCB area is 6 cm x 5.4 cm, and the power
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Fig. 12.
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Fig. 14.  Drive voltage and voltage stress and current of Qa.

density is 27.3 W/in®. The magnetic components adopt the 3F4
planar core of Ferroxcube, and the coupled inductor uses EQ20,
Ly and Lo use EI32. L; and Ly adopted integrated schemes,
which are physically coupled on the same core but magnetically
decoupled. The coupled inductor adopted a partly interleaved
structure, which can achieve lower parasitic capacitance and
leakage inductance at the same time. The integrated scheme and
the coupled inductor model are explained in detail in [21].

The voltage and current waveforms of both switches and their
driving signals are illustrated in Figs. 13 and 14. As shown in the
figure, both two switches achieved zero voltage turn ON since v
had already fallen to zero before the next driving signal came.

The input and output voltage and current waveforms are
shown in Fig. 15. According to this figure, the voltage gain
and the output power of the converter can be obtained, and
the efficiency can also be calculated with the measured aver-
age input current. The output power is 54 W, and the input
power is 57.8 W; therefore, the calculated efficiency is 93.4%.
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Fig. 16 shows the voltage stress of Cy; and Cyo as 52.8 and
36 V, respectively, and the value is consistent with the theoretical
calculations.

Waveforms of the voltage stress and the current flowing
through the inductors are presented in Fig. 17, which demon-
strates the five main working intervals in a switching period.

Moreover, Fig. 18 divides the energy deliver mode into two
parts: z51 when ip,, is rising, and fs5 when i p, is falling. Further,
by the time i p,, reaches zero, this interval ends and v, begins to
decline as the parallel capacitors C'g resonant with the inductor.

Fig. 19 shows the waveforms of the output voltage, the output
current, and the duty cycle. According to the former analysis,
voltage gain of the proposed converter is determined by the pa-
rameters of the converter and the duty cycle. Once the parameters
of the converter are determined, as given in Table I and according
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to (29) and (32), the voltage can be calculated according to (31).
With the designed parameters and 0.5 duty cycle, the voltage
gain is 15, which is in accordance with Fig. 19.

Fig. 20 shows the efficiency curve with different input voltage
and output power. As can be seen from the figure, when the
output power changes from 30 to 90 W, the efficiency of the
system increases gradually, it also increases with higher input
voltage, and the efficiency is up to 93.4% with normal input
voltage at rated power. Compared with the converter in [22], the
proposed converter achieves soft switching and increases the
efficiency with higher switching frequency.
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TABLE III
COMPARISON OF THE PROPOSED CONVERTER WITH CURRENT SOLUTIONS

Symbol Switching frequency ~ Power level  Efficiency
Proposed 500kHz 54 W 93.4%
CLCL [24] 1 MHz 25W 90.9%
Buck [25] 1MHz 375W 85%
SEPIC [26] 2 MHz 10w 88.2%
LLC [27] 5 MHz 100 W 91.28%

Table III compares the proposed converter with some current
solutions in terms of switching frequency, power level, and
efficiency. As shown in the table, the efficiency of the proposed
converter is also comparable among high-frequency converters.

V. CONCLUSION

In this article, a novel DCM soft-switched SEPIC-based high-
frequency converter is proposed with the advantages of high
voltage gain and low voltage stress. With the integration of some
components, the intrinsic characteristics of the classical SEPIC
converter are changed, and better properties are obtained. The
working principle and the design process of both CCM and DCM
are introduced, but DCM is more suitable for high-frequency
applications because of ZVS. The experimental results of the
proposed 500-kHz 54-W DCM converter corresponded well
with the theoretical analysis, and the voltage gain is 15 with
0.5 duty cycle. The system achieved a high efficiency (93.4%)
at full load.
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