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Abstract: This paper describes a new configuration of Cuk and SEPIC (Single-Ended Primary Con-
verter) ZVS-QR (zero-voltage switching quasi-resonant) combination DC-DC converter for bipolar
output with a single switch. The proposed topology employs a single ground-referenced power
switch, which simplifies the gate drive design with a single L-C resonant network and provides a
bipolar output voltage with good regulation, acceptable efficiency and a step-down/up conversion
ratio. This configuration provides dual-output voltage by switching the power switch to zero voltage,
which is an interesting alternative for many applications where small size, light weight and high
power density are very important aspects. In order to verify its performance, a SEPIC-Cuk Combina-
tion ZVS-QR prototype with a cost-effective commercial resonant controller was designed and tested.
The experimental results show that the proposed combined topology is suitable for Single-Input
Dual-Output (SIDO) applications.
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1. Introduction

In recent decades, the trends in power electronics have been related to reliability and
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magnitude of the DC voltage obtained at the output and/or reverse its polarity. Their
function is similar to the one performed by a transformer in an AC-AC conversion.

A classification of the main switched DC-DC converters can be carried out according
to the switching technique used: hard switching (PWM converters) and soft switching
(resonant converters), with the resonant converters being the ones that have currently
contributed the most to the reduction in size and weight. Converters based on soft-
switching techniques use resonant L-C elements that cause the sinusoidal variation in
voltage and current waveforms in order to reduce switching losses. This feature of the
resonant DC-DC conversion techniques is used to shape the current and voltage waveforms
of the switches to achieve either zero-voltage turn-on or zero-current turn-off. In fact, they
were developed as an alternative to simple rectangular switching, and the power devices
switch at high frequency, allowing the converter to maintain an acceptable efficiency (for
light loads and full loads) by minimizing the significant switching losses associated with
hard switching. In these converters, the size and weight are reduced (mainly magnetic
and filtering components), and the power density is increased, with low stress on the
switching devices. In addition, the soft-switching technique uses Variable Frequency (VF)
for the regulation, with constant on-time or constant off-time. The L-C resonant elements
generate an oscillating waveform that allows power devices’ transitions to occur at zero
voltage (zero-voltage switching, ZVS) or at zero current (zero-current switching, ZCS),
eliminating or reducing switching losses in the converter and allowing higher-frequency
operation, thus reducing the size of the magnetic and filtering components. Both resonant
techniques (ZVS and ZCS) are widely used in many applications. Recent publications on
ZVS and ZCS soft-switching converters can be found in [1-3]. Resonant converters can
be classified from different points of view and topics: type of converter where they are
applied (DC-DC, AC-DC, DC-AC, or AC-AC), applications, efficiency, operating frequency,
conversion ratio, number of inputs and outputs, isolated and non-isolated versions, range
of voltages, currents and powers [4-10]. However, the most extended classification is the
one that considers the number of resonant circuits used and operation modes. In this sense,
the converters are classified as: Resonant Power Converters (RPCs), Resonant Transition
Converters (RTCs), Multi-Resonant Converters (MRCs) and Quasi-Resonant Converters
(QRCs). RPCs are based on resonant tank stages with several reactive components [11],
while RTCs consist of auxiliary switches as well as circuits with capacitors and inductors to
produce the resonant action [12]. MRCs [13] and QRCs [14] also use resonant elements (L
and C) to perform the resonant action, but with the following differences: In MRCs, the
resonant action is performed on the two elements of the switching cell (the main switch and
the freewheel diode); therefore, ZVS or ZCS conditions can be obtained over both devices.
In QRCs, the resonant action is only performed on the main switch.

Generally, for any PWM converter, ZCS-QRC and ZVS-QRC configurations can be
derived by adding a high-frequency L-C tank circuit to the main switching device. This
way, resonant switching converters are an extension of hard-switching converters, but
the switch is complemented with a high-frequency L-C tank circuit to provide resonant
operation on the main switch, facilitate zero-current or zero-voltage switching and avoid
simultaneous high current and high voltage in the switch device. This allows for quasi-
resonant techniques and zero-voltage or zero-current switching on the main switch of
DC-DC converters to be applied in traditional single-inductor converters, such as CSC
(Canonical Switching Cell), Boost, Buck and Buck-Boost single-inductor converters, as well
as in well-known two-inductor topologies such as Zeta, Cuk and SEPIC, in their different
versions L-type and M-type (depending on how the L-C tank and switch are interconnected)
and in half-wave and full-wave implementations (depending on whether the resonant
action is performed over half cycle or full cycle), in order to obtain ZVS or ZCS conditions.

These configurations and topologies are well established in the literature and were
developed several decades ago [15-17]. In the same way, the advantages and limitations
of quasi-resonant converters are also well established. QRCs provide reduced EMI (radi-
ated and conducted) due to the low dv/dt and di/dt produced (no higher peak currents),
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sinusoidal waveforms that facilitate the turn-off process and voltage control by chang-
ing the switching frequency and zero current and/or zero voltage across the switches
during switching transitions, thus substantially reducing switch losses. In addition, the
parasitic components L and C can be incorporated as parts of the resonant circuit. Their
main limitations are due to the fact that they require variable switching frequencies for
regulation, which is very often considered a drawback of resonant converters. On-state
currents and off-state voltages are higher than those found in non-resonant configurations
of the same power.

In general terms, ZVS-QRCs are more widely used than ZCS-QRCs, mainly because
of the parasitic junction capacitances associated with the semiconductor switch that can
be incorporated as part of the required resonant capacitor. Also, in ZCS-QRCs, the charge
stored in the parasitic capacitance associated with the semiconductor switch is dissipated
in the switch itself during the conduction state. L-type and M-type configurations have
similar behavior. The resonant capacitor in M-type configurations is exposed to a lower
peak voltage, although it is bipolar. The main advantage of the ZCS-QR L-type converters
is that, for some configurations, the resonant capacitor can be associated with the parasitic
junction capacitance of the freewheel diode. To regulate the output voltage against input
voltage and load variations, ZCS-QRCs require constant on-time control, while constant
off-time control needs to be employed for ZVS-QRCs. With respect to half-wave and
full-wave versions, for the same conditions, full-wave operation requires a lower switching
frequency (higher switching period) and provides better load regulation than half-wave
versions. ZCS-QRCs for half-wave operation mode require a unidirectional switch, while
for full-wave operation, a bidirectional switch is required. In the same way, ZVS-QRCs
require a bidirectional switch for half-wave operation and a unidirectional switch for full-
wave operation. This causes the implementation of full-wave versions of ZVS-QRCs with
MOSFET switches (and also ZCS-QRCs in half-wave versions) to require the use of an
additional diode in series with the MOSFET to make them unidirectional, which is not
very effective and increases the number of devices required. However, the advantages
and disadvantages of each configuration and topology must be analyzed and compared
individually for each specific case and application.

On the other hand, Single-Input Dual-Output (SIDO), bipolar symmetric outputs, dual
and bipolar output DC-DC converters are receiving renewed interest in a wide variety
of applications where two output voltages of the same magnitude but different signs are
required from a single input supply. Among other reasons, this interest is due to the
fact that SIDO converters can provide an additional higher supply voltage between both
positive and negative output voltages. In this sense, it is increasingly common to find
applications that require 24 V voltages from intermediate 12 V DC buses (Distributed Power
Architecture, DPA), which in turn supply the traditional 1.8 V, 3.3 V and 5 V voltages. In
this context, SIDO converters cover applications such as industrial, communications and
computing power supplies [18], Electric Vehicles [19], LED lighting [20], as well as medical
devices [21], photovoltaic systems [22], Low-voltage bipolar DC microgrids [23], advanced
driver assistance (ADA) systems for cars, vans, trucks and buses (12 V and 24 V supplies)
as emergency braking, detection systems (front and reverse cameras) for cyclists and
pedestrians and intelligent speed assistance, which make driving more comfortable, safer
and easier, and where small size and high power density are important aspects to account
for. Many of the communications systems installed in commercial vehicles are powered
by a 24 V battery and require up to 25 W of output power. A bipolar output is used to
plug in electric vehicle charging stations in both AC and DC types and in DC fast charging,
portable chargers, Grid-to-Vehicle (G2V) and Home-to-Vehicle (H2V), as well as Vehicle-to-
Home (V2H), Vehicle-to-Grid (V2G), Vehicle-to-Vehicle (V2V), Vehicle-to-Building (V2B)
and Vehicle-to-Everything (V2X) concepts.

In addition, the combination of basic converters can reduce the power density since
it allows for the combination of basic configurations to obtain dual-output voltages with
a single power switch and requires a smaller number of components. This converter
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combination methodology has been proposed as a solution in hard switching [24] and soft
switching [25], and it contemplates the combination of simple structures with the same
front end, sharing switching nodes and giving rise to combined structures with different
conversion ratios.

In this paper, a new combination of Cuk and SEPIC (Single-Ended Primary Con-
verter) ZVS-QR converter for bipolar output is presented. This combined configuration
produces a step-down/step-up-type converter that allows the development of dual-output
transformerless converters. Two main additional advantages of the proposed combined
configuration are highlighted: (i) simple structure, since the converter is designed with a
single switch and does not require synchronization among the switches, which increases
the power density; (ii) the control terminal of the switch is grounded, which simplifies the
implementation of the gate drive.

In order to verify the proposed configuration, an experimental prototype has been
developed with a cost-effective commercial resonant controller, and its performance has
been confirmed for different regulating conditions. The prototype provides a dual-output
voltage of £12 V from a single input in the range of 10-14 V, operating in step/up and
step/down modes. The results obtained show that the designed converter is suitable for
applications where SIDO voltage is required.

This work is organized as follows: In Section 2, the new topology is presented and
analyzed, along with the operation mode. Section 3 describes the simulation model and
the prototype developed, which have allowed, through experimental results, to verify the
behavior of the proposed combination converter for several loads and operating modes. In
Section 4, some conclusions are drawn.

2. Proposed Single-Switch SIDO ZVS-QRC Configuration Description

From conventional ZVS-QR M-type half-wave Cuk and SEPIC structures, shown,
respectively, in Figures 1 and 2, it can be observed that, from a conceptual and analytical
point of view, Cuk and SEPIC configurations are very similar and also present some of
the advantages and limitations of resonant configurations described above. Both provide
zero-voltage switching on the power switch (Q), use the same number of components,
namely two inductors (L; and L), a freewheel diode (D) and a link capacitor (C;) with the
same resonant tank (Lg and Cg); both also provide the same conversion ratio, but SEPIC is
a positive output converter, while Cuk is a negative output converter; and both also have a
single power switch connected to the negative terminal of the DC source (V).

C,

[
ml
VC

1
ICR

>

+

D, & Ve, =—Cx

Figure 1. ZVS-QR M-type half-wave Cuk converter.
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Figure 2. ZVS-QR M-type half-wave SEPIC converter.

If the configurations shown in Figures 1 and 2 are compared, it can be seen that
both converters have an identical front part that can be combined as a common node and
that it is possible to combine the two configurations to implement a SIDO converter, as
shown in Figure 3. The combined structure shows a common Lz-Cg tank, a common input
inductor (L) and a single power switch (Q) connected to the negative terminal of the DC
generator (Vy), and the resulting converter is able to provide a bipolar output voltage.
This can be an interesting solution for many applications requiring small size and high
power density. The main advantage of the proposed configuration is that it allows the
implementation of bipolar symmetric outputs with only one controllable power switch and
soft-switching techniques.

SEPIC Converter Side

C D : .
1 | |
| | N o S
I I » >
+ - | - + .y
Ve, l
LZ VL2 C::: Vo RLoad 1
. +
||_2 + -
V0 5 RLoad 3
+
D, A C,—/— |V, Load,
C . i
2 L3 i, _ l,
I I g7 7 ] OV
+ -+ V - i |
Lg 0, 0
Ve,
Cuk Converter Side

Figure 3. SIDO ZVS-QR SEPIC-Cuk combination converter.

2.1. Operation Mode

In a static way, the operation mode of the ZVS-QR SEPIC-Cuk combination converter
shown in Figure 3 can be analyzed by assuming that the inductors’ currents (L1, L, and
L3) and the capacitors’ voltages (Cq, Ca, Co* and C, ™) remain relatively constant during
a switching period (T5s), close to their average values. In these conditions, the operation
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mode can be divided into four time intervals during Ts. Therefore, it can be analyzed by
the four equivalent circuits shown in Figure 4, assuming half-wave operation with respect
to the resonant action (Dg conducts for a time interval and prevents the voltage across
the resonant capacitor from changing its sign). The analysis begins with the capacitor Cg
voltage being zero, the load currents I,; and I, circulating across the resonant inductor Lg
and the switch Q being on.

N N
. +
I o
Ci== V, SRuum,
+
VS R icas, VO$ Rioag,
<1
vV, Rioas,
- I,
I, I,
I, Iy
»- >
+
oyl
A Ricas,
+
Load, Vn<< R“’ads
<Y
A RLuadz
.

(d)

Figure 4. Equivalent circuits of the ZVS-QR SEPIC-Cuk combination converter during a switching
period. (a) Linear State. Interval [t; — tp]. (b) Resonant State. Interval [t, — f1]. (c¢) Inductor-
Discharging State. Interval [t3 — t,]. (d) Passive State. Interval [t; — f3].

Linear Interval [t; — ty]:

At ty, Q is turned off. The supply current is provided from V¢ through Lg and Cg. The
voltage across Cg (and across Q) grows linearly from zero (zero-voltage switching), and
this time interval ends when the voltage across Cg reaches V¢ + V,,/2 and the freewheel
diodes (D7 and D5) are directly biased (at time #7).

Resonant Interval [t, — #1]:

At 1, the freewheel diodes D; and D, are turned on and conduct the current of
the load, and that is due to Iy and i g (half for a balanced load). The voltage across Cg
varies sinusoidally, the inductor current Lr varies cosinusoidally and the capacitor Cg
and the inductor Ly are in resonance. The energy of the inductor is transferred to the
capacitor, which increases its voltage from V + V,,/2 to the resonant wave amplitude. This
time interval ends when the voltage across Cg returns to zero and Dy is directly biased
(at time £;).

Inductor-Discharging Interval [t3 — 5]

At ty, Dg turns on. The voltage across Cr attempts to reverse, but it is clamped to zero
by Dq, which is turned on. The inductor current grows linearly. Q should be turned on
before Dg is turned off. This time interval ends when Q starts supplying the load currents
(Io1 and Iyp) again and the freewheel diodes (D and D,) are reverse-biased (at time t3).
Thus, Q is turned on with zero-voltage switching.
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Passive State Interval [ty — t3]:

At t3, Q turns on and supplies the load currents (I,; and I,,) again, and the conditions
return to the initial ones. This time interval ends when Q is turned off again, starting a new
switching cycle. This time interval is also used to regulate the output voltages.

2.2. Steady-State Analysis

Assuming a ZVS-QR SEPIC-Cuk combination converter without losses (ideal compo-

nents), the following assumptions can be considered:

(1) The inductors Ly, Ly and L3 are considered current sources (currents are assumed to
be constant and without any ripple), with L;, L, and L3 >> Lg.

(2) The link and output capacitors are considered voltage sources (voltages are assumed
to be constant and without any ripple), with Cy, C;, C*y and C~,>>Ck.

(8) The Lg-Cg tank is undamped (oscillatory).

(4) The resonant wave amplitude is greater than Vg + V,,/2 (Vi > Vg + V,/2).

The following parameters are also used in the analysis:

Resonant angular frequency (rad/ sec): w, = 27 f, = \/%

TR Cx
Characteristic impedance (Q): Z, = é—ﬁ =wo-Lr = gice
Equivalent Loads (Q): 2 = —1— 2 1)
R;r RLﬂﬂdl RLaad3
1 1 2
Ry - RLoad2 + RLoad3
1 1 1 4

E - RLoudl + RLaadz + RLoad3

A switching period is divided into four intervals, as seen in Section 2.1. Consid-
ering the initial conditions of each interval, the differential equations can be solved

with the help of the corresponding equivalent circuit (Figure 4) and the duration of the
interval determined.

o g <t<t;;Q, Do, D;and D, off (Figure 4a).
The corresponding equations can be written as follows:

Initial Conditions:

iLR(tO) = Ig + Iol + 102, ULR(tO) =0, iCR(tO) = Ig + 101 + 102 and UCg (i’(]) =0

Differential Equations (1 — tp):

i (t) = icy(t) and Vg + % = v, (t) + 01, (t) @
. Io+1p, +1o
= v, (t) = CliR tf)l i (f) dt = (?Cile) (t—to) = Vg + %

Interval Duration:

o (Ve+%)
b —to=Cr (Ig+1oy +1o )

The freewheel diodes’ (D and D) voltages, which are related to the output voltages,
are given by

op, (1) = Vg + V" =0, (1) = (Vg + V") (1 - £=22)
®3)

op,(t) = Ve + V= —0vc,(t) = (Vg + VO*) (1 t—tg )
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o 1<t <ty Qand Dg off, D and D; on (Figure 4b).
Initial Conditions:

. di
ZLR(tl) = Ig + 101 + 102, ULR(tl) =0= #(tl) =0, UCR(tl) = Vg+ %

) do Io+1o, +1,
and ICR(tl) = Ig + Iol + Ioz = %(tl) = gcile

Differential Equations (t; — t1):

i, (t) = ic, (t) and Vg + % = vc, (t) + vp, (t)
4

v, dip i iLg (1) Pip,
évg“‘T:UCR(t)‘FLRT 0= Cr +LR Tl

= ip, () = (Ig 4 Ip, + Loy ) cosw, (t — t7)
and vc, (t) = Vg + % + (Ig + I, + 102) - Zosinw, (t — 1)
while: ip, () = (Ig — i (1)) (&%) + I

and i, (t) = (I = i (1)) (B2 ) + 1,

Interval Duration:

1 -1 (Ve +%)
b=t =g, (Sm ((1g+101+102)-za T

o ) <t<t3 QorDgon,D;and D, on (Figure 4c).
Initial Conditions:
iLR(tZ) = (Ig + I, + IOZ)COSCUO(tz — i’1)
VL (k) = Vg + %, iCR(tz) = 0and ZJCR(t2> =0
Differential Equations(ts — f;):

vr,(t) = Vg + % and vc, (f) =0

= iLR(t) = ﬁ tt; ULR(t) dt + iLR(tZ) 5)

ing (b — ) = & (Vg + V7) (t3 — t2) + (Ig + oy + Iy )cOswo (2 — 1)
while: ip, (t) = (I — iz (1)) (&2 ) + 17

and i, (t) = (I — i (1)) (B2 ) + 1,
Interval Duration:

(Ig+1oy +1oy )

Vet %) [1 — coswy(tr —t1)]

t3 —tr = Lg

o 13<t <ty Qon,Dq, D; and D, off (Figure 4d).

Conditions:
. , (6)
ZLR(t) = Ig + Iol + 102, UL (t) =0, Icg (t) =0and "UCR(t) =0
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The waveforms of the ZVS-QR SEPIC-Cuk combination converter during a switching
period and the four intervals analyzed are shown in Figure 5.

VGateA
t
-
t
¢ >
Pt
w -
: t
. >
: : ;
! i § i
. H ! ! .
ICR(I)A i ' E §
! ' H \
! i i
: ; t
" . [
| ' ; >
' ' .
| H |
1 H h
"

I

ot lo 1, Vo) i :
9 H !
, " : <« Qon t
Of= ' : >
: D, on '
i, (%) : N ' :
b ---------------------------------- : Q /D, on Qon
Qand D, off | : Q and D, off i D, and D, on D, D, and D, off
D, and D, off } | D, and D, on o !
(H’to)'bi (tz’t1) H (IS’tz) H (t4_t3) 1
TS ki

Figure 5. Main waveforms of the ZVS-QR SEPIC-Cuk combination converter during a switching period.
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The output voltages can be evaluated by considering the average voltage across the
freewheel diodes (D; and D) for a switching period (waveforms shown in Figure 5), since
these voltages are filtered by the output capacitors.

The current conversion relation can be expressed by

Iy = (Io, + 1oy) - (1_fs-(t3_%)> = (Io++1(7 +2Io)' (1_fs.(t3_%)) (7)

Fo(o-3) (o)

Conversion relations can also be expressed by defining the parameter m as:

vi=v-=v, . Ln oy, oy, n)

o m

1—m)
m

— (7 + 1, +21,) - m ®)

Ig = (101 "'102) -

Withm:fs-(t3—%);0<m<l

Output Voltages:
0 h<t<t
VDl(t) and VDz(t) =
0 by <t <lt3
(Vg+%) ts <t<ty

ty
W-Vo—_%ﬁf[(vnggﬂ)—W(t—tl)] dt+%§tf(vg+%)dt
3

R

vi=vo= (vt %) - £ (- Y)] A e G )

f(—%)
:>V0:2Vg. (1—f5-(t3_%)) )

f5'<3*%)

Table 1 summarizes the voltages and currents for the main components of the bipolar
output ZVS-QR SEPIC-Cuk combination converter in terms of input voltage (Vy), the
conversion parameter m and loads Ry a4, , Rroad, and Rygad, -

From the above analysis, the following characteristics of the bipolar output ZVS-QR
SEPIC—Cuk combination converter can be highlighted:

(1) Both outputs provide a step-down/step-up conversion ratio.

(2) The turn-on and turn-off transitions of the main power switch occur at zero voltage,
so switching losses are low.

(8) Output voltages depend on load currents.

(4) The Lr-Cg tank must be dimensioned so that the zero-switching condition is satisfied:

(Ve +%) < I+ Ioy + 1) - Zo).
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Table 1. Voltages and Currents for the Main Components of the ZVS-QR SEPIC-Cuk Converter.

Switch Q Dl D2
Peak Voltage on Semiconductors Yo (1 + w) Ve Yo
m R,-m m m
2
Average Current across the Semiconductors Ve (1—m)” Ve (1=m) Ve-(1=m)
R,-m? RS -m Ry -m
Vel Ve
Average Voltage across the Link Capacitors Ve Ve
m
Ip1,4ave Ips ave I3 avG
2
Average Current across the Filter Inductors Ve (1=m)” Ve (1-m) Ve (1—m)
R,-m2 RS -m R, -m
Average Peak
Voltage across the Resonant Capacitor (Cr) Ve % (1 + %)
Average Peak
2
Current across the Resonant Inductor (Lg) Vg (1—m)” Ve (1-m)
R,-m? R, m?
. 1 _ 1 2
Wlth : R;r - RLuudl + RLmd3
1 1 2
Ry Rioady ' Ruionds
1 _ 1 1 4
R, Rioad; ' Rioady ' Rioady

m:f5-<t3—%>;0<m<1

Nomenclature: V,: source voltage; m: conversion parameter; R,: equivalent load resistance; Z,: characteristic
impedance; t1: end of linear state interval; 5: end of inductor-discharging state interval; f;: switching frequency.

3. Model and Experimental Prototype

In order to verify the analysis of the SIDO ZVS-QR SEPIC-Cuk combined converter,
simulation and experimental results were carried out using a simulation model and an
experimental prototype for low-power but scalable for higher-power values. Therefore, the
circuit in Figure 3 has been implemented and developed as shown in Figure 6. The objective
is to provide results that will allow the validation of the newly developed configuration.

In a similar way as in the design of single-input single-output converters, in the ZVS-
QR SEPIC—Cuk combination converter, some basic rules must be considered. The values of
the inductances Lj, L, and L3 must be chosen in such a way that they can limit the ripple in

the input current (Air 1) and the output currents (Air, and Aij 3). In this sense, the following
inequalities must be satisfied:

. Vo
Aip, = fi (TS — tOff> << Ig

. vE
Aip, = T tofr << Lo, (10)

. 1%
AZL3 = L—‘;toff << 102

Similarly, for the selection of the output filtering capacitors, the maximum acceptable

ripple of the converter output voltage must be considered. In this sense, the voltage ripples
in C*, and C™, are given by:

+ o
= % for SEPIC side

AU; o toff .
v T RLC T , for Cuk side

(11)
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Figure 6. Experimental prototype.

In addition, the selection of the link capacitors is based on the assumption that the
voltage in those capacitors must be constant. Their values must be chosen so that the
resonant frequency, formed by inductor filters and link capacitors, is much lower than the
switching frequency. So, for Cuk and SEPIC, the resonance frequency is given by:

" = m]‘or SEPIC side

wy, = mfor Cuk side

furthermore: (12)

(Ts~togy)* (Ts~togy)”
C] > W and C2 > W

In this regard, the voltage ripple in C; and C; is given by:

tog — U2t for SEPIC side
07 0 "o (1 3)
AV% = &thf’—g;ﬁ,for Cuk side
while for the selection of Lg and Cg (resonant tanks), we have considered the conversion
ratio based on the parameter m defined in Table 1. For an input voltage range of 10 to 14 V,
m varies between 0.45 and 0.54. For m = 0.54, the switching frequency is established around
535 kHz, and the time instants ¢; and t3 are determined by (7)—(9). This allows the values
of Lg and Cg to also be determined, considering the power (7 W for each output) and
establishing a commercial standard starting value for the resonant inductor.
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The proposed converter components and specifications are given in Table 2.

Table 2. Specifications and Components Used for the SIDO ZVS-QR SEPIC-Cuk Combination Converter.

Input Voltage (V) 10-14V
Output Voltage (V,*, V™) +12V
Switching Frequency (fs) 550-180 kHz
Power 30 W
Switch (Q) IRFP1405 (65V, 95 A, 5.3 mQ))
Freewheel Diodes (D1, D5) MBR360 (60V,3 A,0.73Vat3 A, 25°C)
Filter Inductors (L, Ly, L3) 220 uH, 1.5 A
Link Capacitors (Cy1, Cp) 1uF 16 V
Output Capacitors (Co*, Co ™) 330 uF, 16 V
Resonant Inductor (Lg) 2.1 uH
Resonant Capacitor (Cg) 10nF 16 V

3.1. Simulation Results

The simulation conditions have been established to obtain two bipolar voltages of
+12V from an input voltage source (V) of 10 and 14 V. For the power switch, a MOSFET
model was used. The trigger pulses are generated through a pulse generator designed
to maintain the average value of the output voltage at 12 V. The switching frequency
is set to 411 kHz when Vg is 10 V and to 541 kHz when V, is 14 V, with Lg = 2.1 uH
and Cg = 12 nF, which establishes an off-time of 900 ns. The values chosen for the rest of
the passive components in the converter are: Ly = Ly = L3 =220 pH, C; =C; =1 pF and
C*y=C", =330 uE

The ZVS-QR SEPIC-Cuk combination converter has been analyzed using a simulation
model, first in step-down mode. The waveforms shown in Figure 7 correspond to a
simulation with R4, and Rp,g4,, first with 10 Q) and then with 20 Q) (where the resonant
action is maintained in both cases with V¢ =14 V). This has allowed us to check the intervals’
duration, the peak and average values of the resonant waveforms, the current and the
voltage, provided by (2)—(6), for the specified load range and the following variables:
voltage in the gate terminal (V) resonant inductor current (if,), resonant capacitor
voltage (vc,), resonant inductor voltage (v ), resonant capacitor current (ic, ), freewheel
diodes voltage (Vp, and Vp,) and current through the MOSFET (i).

In the same way, the results shown in Figure 8 correspond to V¢ =14V, R4, and
Rioaq, of 10 ), but with a change in the switching frequency from 411 kHz to 200 kHz
at 0.075 s. In this case, due to the change in frequency, the output voltages vary between
+11.8 and £22.7 V, and there is a change in the converter operation from step-down to
step-up mode. In addition, the results shown in Figure 9 also correspond to Vg = 14 V, with
a switching frequency of 411 kHz, but with a change in Ry,44, and R4, from 20 Q) to
10 Q) also at 0.075 s. As a result, the output voltages vary between +11.7 and +£17 V, and
the converter also changes operating mode (from step-up to step-down), but now due to
the change in the load.

In the same way, the simulation results shown in Figure 10 correspond to the behavior
of the combined converter in step-up mode, with Ry,44, and Ry 44, first of 10 () and then
20 Q) (where the resonant action is maintained in both cases) and V¢ = 10 V. These results
have made it possible to verify the performance of the ZVS-QR SEPIC-Cuk combination
converter shown in Table 1. As it can be seen, all the waveforms agree with the analytical
analysis, which has been shown in Figure 5. In addition, the conversion ratio is also satisfied
quite accurately. Each waveform is analyzed with the analytically obtained values in order
to verify the consistency of the proposed converter.
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Figure 7. Waveforms of the ZVS-QR SEPIC—-Cuk converter in step-down mode.
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Figure 8. Output voltage variation with Ry o4, and Rp,e4, 10 Q, Vg = 14 V, with a change in the
switching frequency from 411 kHz to 200 kHz at 0.075 s.
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Ry oad, and Rypgg, from 20 Q) to 10 Q) at 0.075 s.
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On the other hand, the results shown in Figure 11 correspond to Vg =10V, R4, and
Rioad, of 10 ), but with a change in the switching frequency from 200 kHz to 290 kHz
at 0.075 s. In this case, due to the change in frequency, the output voltages vary between
£11.9 and £16.2 V, and the converter remains in step-up mode. In addition, the results
shown in Figure 12 also correspond to Vg = 10 V, with a switching frequency of 290 kHz,
but with a change in Ry,44, and Rpggg, from 20 Q) to 10 Q) also at 0.075 s. In this case, the
output voltages vary between £12.1 and +16.4 V, and the converter does not change its
operating mode either, remaining in step-up.

15 - 1
V +
o

10 - o |

A5k \ 4

1 1
0.07 0.075 0.08 0.085
Time (Seconds)

Figure 11. Output voltage variation with Rp,44, and Rpg.4, of 10 Q, Vg = 10 V, with a change in
switching frequency from 200 kHz to 290 kHz at 0.075 s.
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Figure 12. Output voltage variation at switching frequency from 290 kHz, V¢ =10 V, with a change

in Rppqq, and Ry a4, from 20 O to 10 Q) at 0.075 s.

3.2. Experimental Results

The experimental prototype developed (Figure 6) allows the performance of the
converter to be verified under different test conditions and also in step-down and step-up
operation modes.

The block diagram of the laboratory experimental prototype converter is shown in
Figure 13. It consists mainly of a SIDO ZVS-QR SEPIC-Cuk combination converter, a
resonant controller and a gate-driver circuit.
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Figure 13. Block diagram of the developed prototype.

The control scheme is developed by a cost-effective commercial resonant-mode con-
troller (UC3863). This controller is optimized for zero-voltage switching quasi-resonant
converters. Mainly, it consists of an internal voltage-controlled oscillator (VCO) and an
error amplifier. It is used in this application to regulate the output voltages to £12 V from
an input voltage ranging from 10 V to 14 V. The UC3863 allows setting a minimum and
maximum frequency between 10 kHz and 1 MHz. The controller is configured to generate a
minimum of 380 kHz and a maximum of 540 kHz switching frequencies for ZVS operation
in step-up and step-down modes.

The control signal generated by the controller needs to be adapted to an adequate level
for the switching transistor gate. The gate-driver circuit must provide sufficient output
current to charge the gate capacity within the required time. In this sense, the UCC27423
commercial gate driver used ensures proper switching conditions.

The results shown in Figures 14 and 15 correspond to two different situations: when
V¢ is 10 V and when V, is 14 V, both step-up and step-down configurations, with two
balanced loads of 600 mA, one at the positive output and the other at the negative output
(Rpoad, and Rpgq4,, respectively). Some measurements were made with multimeters that, in
the range of 0-1 kV DC, have a maximum resolution of 0.1 mV and an accuracy of 0.15%.
The waveforms were acquired by an analog four-channel oscilloscope with an analog
bandwidth of 1 GHz and an analog sample rate of 5 GS/s. For voltage measurements, a
differential voltage probe was used; its bandwidth was 200 MHz, the input impedance
was 5 M() and the maximum common-mode voltage was £750 V. An AC/DC current
measurement probe, which provides a bandwidth greater than 120 MHz with selectable 5 A
and 30 A measurement ranges, was also used; it also provides low-current measurement
capability and accuracy to current levels as low as 1 mA, and it measures current pulses up
to 50 A.
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Figure 14. ZVS operation and step-up mode experimental results: Channel C1: 20 V/div, 0 V offset;
Channel C2: 15 V/div, 45 V offset; Channel C3: 25 V/div, —50 V offset.
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Figure 15. ZVS operation and step-down mode experimental results: Channel C1: 20 V/div, 0 V
offset; Channel C2: 15 V/div, 45 V offset; Channel C3: 25 V/div, —50 V offset.

In step-up mode, the input voltage is set to 10 V to obtain two dual outputs of £12 V.
For this, a switching frequency of 390 kHz with an off-time of 848 ns is obtained with a
load connected to the positive output and another equal load connected to the negative
output (two monopolar loads). While in step-down mode, the input voltage is set to 14 V
to obtain two dual outputs of £12 V; in this case, a switching frequency of 530 kHz with
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an off-time of 645 ns is obtained. Again, a load is connected to the positive output, and
another equal one is connected to the negative output (two monopolar loads). In the same
way, Figure 16 shows the input and output voltages for the input voltages of 10 V (on
the left) and 14 V (on the right). The load is composed of two resistors of 20 () connected
to the positive and negative outputs. It can be seen that the designed control allows for
an output voltage of 12 V with a small variation around 0.4 V. In these test conditions
(and power used), in both step-down and step-up modes, the measured and obtained
efficiency was 86%, which is a reasonable value for many applications. In this regard,
Table 3 compares the proposed converter with some recently developed bipolar output
DC-DC converters shown in References [18-22], taking into account characteristics such
as the number of switches, diodes, capacitors and inductors used in the converter with
bipolar output voltage capability, voltage stress, input/output conversion ability, use of an
isolation transformer, power and efficiency tested, switching frequency, floating switch/es
and soft-switching technique used.

Tek Run

Tek Run [ I 1

][800ns 1.256M/s ® / ] E‘ 10,0V ][xo()m 1.256M/s ® / ]
3

10k pts. 0.00V & sov

10k pts 0.00 vV

Figure 16. ZVS-QR SEPIC-Cuk converter in step-down and step-up modes for an input voltage of
10 V (on the left) and 14 V (on the right): SEPIC-side output voltage (Channel C1: 10 V/div, 0 V offset),
Cuk-side output voltage (Channel C2: 10 V/div, 0 V offset) and input voltage (Channel C3: 5 V/div,
0V offset).

Table 3. Comparison characteristics of the ZVS-QR SEPIC-Cuk converter with different converters
with bipolar output voltage capability.

Characteristics [18] [19] [20] [21] [22] Prop. Converter
Number of Switches 2 4 4 4 1 1
Number of Diodes 2 - 1 - 2 2
Capactors : i : ’ : °
Number of Inductors 2 2 1 1 3 3
Voltage Stress Ve Ve Vo Vo Ve + Vo >Vet+V,
Conversion Ratio Step-Down Step-Down Step-up Step-up S ti;—%ggvn S ti;e-llj)_ggm
Transformer No Yes No No No No
Floating Switch/es Yes Yes Yes Yes No No
Soft-Switching ZVs Yes No No No Yes
Power 60 W 3.3 kW 3.5W 200 mW, 1kW 30W
Efficiency 94.6% 95% 89.3% 83.4% 84.4% 86%
Switching Frequency 1 MHz 190 kHz 1 MHz 2.5 MHz 25 kHz 550 kHz
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As a result, although the proposed converter provides a lower efficiency and operates
at an acceptable frequency when compared to the other topologies in the literature, it
requires a single non-floating power switch and two freewheel diodes and provides a
bipolar output voltage with a step-down/step-up conversion ratio.

4. Conclusions

In this paper, a new configuration of the Cuk and SEPIC ZVS-QR combination DC-
DC converter for bipolar output with a single switch has been presented. The topology
proposed employs a single power switch with ground reference, which simplifies the design
of the gate drive with a single resonant L-C circuit and provides a bipolar output voltage
with good regulation, acceptable efficiency and a step-down/step-up conversion ratio. This
combined configuration is an interesting alternative in many applications where small size,
light weight and high power density are very important features. To verify its performance,
a SEPIC-Cuk Combination ZVS prototype with a cost-effective commercial resonant-mode
controller and gate driver was used. The prototype provides a dual-output voltage of 12 V
from a single input in the range 10-14 V, operating in step/up and step/down modes. The
experimental results show that this combination is suitable for applications where a Single-
Input Dual-Output (SIDO) voltage is required. Four aspects of the prototype proposed
can be highlighted: (i) simple structure, since it uses only one switch and fewer passive
elements; (ii) the driver and the control circuit are simpler structures, due to the existence
of only one power switch to be controlled; (iii) a bipolar output voltage is provided without
a transformer; and (iv) the turn-off and turn-on processes of the power switch occur at zero
voltage, which reduces the switching losses.
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