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Single-Inductor Continuous Input-Current
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Abstract—This paper presents an analysis of a buck-boost
converter with continuous input current that is useful for wide
conversion range applications. Some of these applications include
(i) power supply for portable devices where the battery is
discharging, (ii) voltage regulated rectifiers with widely varying
voltage, (iii) PV panels, in particular for obtaining the I-V curve,
and (iv) burn-in test for power supplies.

This paper analyzes the CSC converter. This is the a dc-dc
converter with only one switch and one inductor with that is able
of of bucking or boosting the input voltage and providing a
continuous input current. A detailed analysis along with
simulation and experimental results are provided.

Index Terms— DC-DC power conversion, Power conversion,
Pulse width modulated power converters, boost converter.

I. INTRODUCTION

OR voltage regulators in portable applications fed with a

battery is highly desirable to work with a wide voltage
range to optimize the battery charge. In some cases, it is also
desirable to provide either a higher or a lower output voltage
with respect to the voltage supply. For example to produce a
fixed 3.3 V output as the battery voltage varies between 2.5 V
and 5.5V [1-5].

In other applications, for example a voltage-regulated
rectifier with unity power factor (PFC) and uninterruptible
power supply (UPS), one source is widely varying its voltage
while the other is a constant dc battery or bus. Thus, a
converter with buck and boost capability can be used for this
purpose as well [10-18]. This feature can be performed by a
traditional buck-boost converter. On the other hand, for
minimizing EMI problems it is desirable for the converter to
have continuous input current [6-9] which also optimizes the
battery life. However, it is well-known that the traditional
buck-boost converter has discontinuous input current.

Since a converter with buck and boost capability and
continuous input current is highly desirable [8-9], the Cuk and
SEPIC converters were developed. These converters can
achieve those features with the draw-back of the use of an
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extra-inductor in comparison with traditional DC-DC
converters topologies which use only one inductor. In
addition, several solutions such as cascading converters have
been employed [3-5].

An emerging but also important application for converters
with buck-boost capability is the measuring of the the I-V
curve of PV panels [16] for this purpose, the continuous input
current is required along with the capability of bucking and
boosting the input voltage.

After a deep review of the topological literature [6, 8-9, 16-
241, only one topology with buck-boost voltage capability and
continuous input current that employs only the basic
components such as one voltage source, one inductor, one
capacitor, one transistor and one diode (two transistor and
diodes if bidirectional power flow is required) was found.
However, it has been apparently hidden in literature for more
than 20 years [25] even in modern literature where the
topology appears [18]. In other words, their benefits,
applications, design-oriented analysis and modeling have not
been fully explored and reported.

The purpose of this paper is to analyze and model this
converter that is called CSC converter. This converter has the
advantage of providing a continuous input current and a
simple structure which has the basic components of the
traditional buck-boost converter components. A detailed
analysis along with simulation and experimental results are
provided.

I. THE CSC CONVERTER

The CSC converter is shown in Fig. 1 along with the
traditional buck-boost converter. As mentioned before, after a
deep review of the literature authors has found the topology in
Fig. 1(b) in [25], [18]. However a deep analysis of this
converter is still missing. In this paper, some of the features
such as waveforms, modeling and design analysis for this
converter are explored.

o
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(a) (b}
Fig. 1. (a) Traditional buck-boost converter, (b) CSC converter.
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As seen in Fig. 1, the CSC topology is similar to the
traditional buck-boost converter, the topological difference is
the capacitor’s connection which is connected from the diode
to the positive side of input voltage instead of been connected
from the diode to the negative side if the input voltage.

A. Steady state operation in CCM

Fig. 2 shows the equivalent circuit according with the
switching state, and some important waveforms in continuous
conduction mode CCM.

Defining d as the duty cycle, the time when the switch is on
over the total switching period Ts and by using the small
ripple approximation [6], the average voltage across the
inductor in steady state can be expressed as:

<V|_ (t)> =DV, +(@-D)(V;, -V¢) 1

Note than the DC-component of variables d, vc and v; are
written as D, and V¢ and V; respectively, during the steady
state, this average voltage as the average current in the
capacitor are equal zero, and then the voltage in the capacitor
can be expressed as:

DV, + (1—-D)(V, V) =0
(2)

fc) R
Fig. 2. Equivalent circuits for the switching states in CCM when (a) the
switch is on (b) the switch is off (c) some important waveforms.

The voltage in the capacitor is the same as in a traditional
boost converter, but in this case the output voltage is not given
only by the capacitors voltage but also by the input voltage,
because the input voltage is in series with the capacitor
voltage, and then, considering the polarity signs defined in
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Fig. 1 and Fig. 2, the output voltage can be expressed as:

V, =V, -V, =V, i—Vi =V, D 3)
1-D 1-D

The CSC converter has the same conversion ratio than the
traditional buck-boost converter. The main advantage of the
proposed converter can be seen in Fig. 1 and Fig. 2, the input
voltage is connected to the reference node with the inductor
and the load, both the inductor and the load drain a continuous
current and then the input voltage becomes continuous.

Now lets to derive the DC-current in the inductor. By using
the small ripple approximation, the average current in the
capacitor can be expressed as:

P VC_Vi _ _VC_Vi .
ie0-0{- ey, Ve )

Vc _Vi
R

(ic)=- +@-D)I, 4)

During the steady state, this average current is equal zero,
and then the current in the inductor can be expressed as:
_ Vc _Vi
" (@1-D)R

By substituting (2) in (5) the DC-current in the inductor is
expressed as:

(®)

JREE T S I O
@1-D)R{ '1-D (1-D)R\1-D

vV, D

L= 85 71 2 Q)
R (1-D)

The switch and diode voltage and current stress can be
calculated with a similar procedure.

When the switch is open it blocks the capacitors voltage
given by (2) this is actually the same voltage rating for a
switch in a traditional buck-boost converter and in the Cuk
converter, the current in the switch can be averaged from the
switching states (Fig. 2) and expressed as:

. Vi( DY
(i, () = DI, :R(l_ Dj ™

As the inductor current in the input-series buck-boost
converter is the same as in the traditional buck-boost converter
for converters rated to the same voltage and output power, the
current in the switch is the same and we can say the switch is
identical in the proposed topology than in the traditional buck-
boost converter.

When the diode is open it blocks the voltage in the capacitor
expressed in (2) and the same as in the traditional buck-boost
converter, the average current can be expressed as:

V, D _V, D

(io®) =@-D)I\ =0-D)prr =

(8)
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This is also the same as in the traditional buck-boost
converter. The steady state analysis is then resumed in
equations (2), (3), (6), (7) and (8), it can be seen the proposed
converter has the same inductor, transistor and diode than the
traditional buck-boost converter.

From those equations, the main disadvantage of the
proposed topology can be seen; the capacitor has the same
voltage as the traditional boost converter, which is higher than
in the traditional buck-boost converter, so far in the authors
understanding this is the only disadvantage of the discussed
topology, this disadvantage is also presented in one of the
capacitors of the Cuk and in the SEPIC converter which are
the other buck-boost converters with continuous input current.

Il. DESIGN ORIENTED ANALYSIS

For selecting the inductance and capacitance, the equations
for the voltage-ripple in the capacitor and current ripple in the
inductor can be derived by using the small ripple
approximation [6]. From Fig. 2, the inductor current can be
expressed during the time when the switch is on as:

Ai, = %Vi DT, ©)

The input current I; is the sum of the inductor current I, plus
the load current I,, the output current is decreasing during the
on-time when the input current is increasing because the
capacitor is discharging during this time, that means the output
current ripple 4,, cancels part of the inductor current ripple 4,,
and then the input current ripple 4, is smaller than the
inductor current ripple 4,., but since the load current ripple is
expected to be pretty small by selecting a correct capacitor
value, the load current ripple may be neglected for calculating
the input current ripple and the input current ripple can be
approximated to the inductor current ripple.

During the same time (when the switch is off) the capacitor
voltage ripple (see Fig. 2) can be expressed as:

(10)

Similar to the input current-tipple, neglecting an input
voltage ripple, the output voltage ripple is the same as the
capacitors voltage ripple.

A. Design example

A CSC converter will be feed with a voltage between 50V
to 100V it is desired to have a constant output voltage of 75V,
the load is a 20Q resistor, the desired input current ripple is
20% of the input current (which ensures operation in CCM)
and the output voltage ripple 1% of the rated output voltage,
the switching frequency is 25 kHz.

Note: since the oversize-percentage of all components is up
to the designer, the components variables will be provided
from the described equations (without oversize), security
considerations for operating the converter under different
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Since the input voltage may vary from 50V-to-100V the
converters gain would vary from 1.5-t0-0.75 and the duty
cycle D will vary from 0.6-t0-0.42. Two extreme operating
points will be defined, A is when the input voltage is 50V, and
B is when the input voltage is 100V, see Fig. 3.

c=240uF L o
Ve=125v ] 1s=3.6254 ¥ | [p=3.7.54

—
573 . -
D=06 %L—? H =< R=20Q
| - Z y=r5v

T l11=93"5;'1 +
+— —
[=5.6254 1,=3.754
{a)
c=240uF 1 —
; B s
Ve=1757 4] 1s=2.81284 ¥ |Ip=3.754
T3r N -
-0 L R=200
l D=042 %L—?JFEH < v
V=100V = y.275y
I :=6.56284 |+
— —
1=2.81284 1,=3.754
(b)

Fig. 3. Design example with both extreme operation points.

B. Capacitor selection

The minimum voltage stress would be when the input is
50V; the capacitor would have 125V DC according with (2),
the maximum one would be when the input is 100V and the
capacitor would have 175V DC. The maximum output voltage
ripple needs to be 0.75V (1% of 75V), from (10) it can be seen
that the ripple will vary with the duty cycle, and the maximum
would be when the duty cycle is the higher (0.6) and then:

1 1
AV, =—1| DT. =0.75=—-7.5-0.6-40
cTo oS C H

(11)
And from (11) and the above explanation, a capacitor of
240uF is selected with a voltage rating of 175V.

C. Inductor selection

The minimum current stress would be when the input is
100V; according with (6) the inductor-current would be
6.5628A in point B (100V input), the maximum inductor
current would be 9.375A in point A. The input current ripple
is the same as the inductor current ripple which is given by
(9). In point B the input current is higher and then the input
current would be set to 20% of 2.8128A.

A, = %vi DT, =0.5625 = %100 .0.42-40u

(12)

And from (12) and the above explanation, an inductor of
3mH is selected with a current rating of 9.57A (9.37A +
200mA), this is because according with (6) the current ripple
in point A is equal to (13):

conditions and losses won’t be considered in this design Al = i50.0_6 - 40 = 400mA (13)
example. The solution is shown in Fig. 3. 3m
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And the maximum current in the inductor would be the DC
current in point A plus a half of its current-ripple at that point.

1. SMALL SIGNAL MODELING AND EQUIVALENT CIRCUITS

This section presents the small signal model along their
equivalent circuit models. First of all the average dynamic
equations should be writhen from the equivalent circuits
according with the switching state. From Fig. 2 the state
equation for the inductor can be written as:

dfi,)
L praiall @L—d)v, (14)

All variables are writhen in lower case for indicated they
are not constant. In an analog way, the state equation for the
capacitor can be written as (15).

dv .

C—S=(@1-d)i, -

g~ LD

The next step is to consider that all variables: the duty cycle
d, the input voltage v;, the capacitor voltage vc and the
inductor current i, are composed by a large constant value plus
a small ac component;

Ve -V, (15)

Ve =Vo+Ve . i =1+
d=D+d v =V, o+ (16)

By substituting (16) in (14) one gets:
L%(IL i )=, +9,)-(- (D +d v, +9.)

a9y g oy, v,
at ot

L
+ DV, + DV, +dV, +d0, 7)

From (17) the derivative of I_ is zero since that is the dc
component of the inductance current, and since V; is equal to
(1-D)V¢ the constant components of (17) cancel each other,
and then (17) becomes:

di o

LE =V, —(1- D)V, +dV, +dV, (18)

The linearization of small signal modeling is based on
considering the multiplication of ac components is negligible
small since they are small signals and the product of two small
signal is a signal too small, and then from (18) the small signal
equation becomes:

di o

L—- =V, - (- D)V, +dV, (19)

dt

This may be represented by a circuit model, see Fig. 4(a). In
the other hand, by substituting (16) in (15) and following the
same procedure one gets:
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dV dA & Il ~ N
- +C%= | +i,—DI_—Di, —dI,_+di.

Ve Ve + Vi Y (20)
R R R R

From (20) the derivative of V¢ is zero since that is the dc
component, from (5), the constant components in (20) cancel
each other; and then (20) becomes:

Ve —V

v o
¢ = +di, (21)

dt
By neglecting the multiplication of two ac signals, as

explained because of the small signal linearization (21)
becomes:

= (1-D)i, —dI, -

ave P A/ 22)
dt R

This may be represented by a circuit model, see Fig. 4(b).
Both circuit model combined are shown in Fig. 4(c) and a full
circuit model with an ideal transformer is shown in Fig. 4(d).

(c)

Fig. 4. Small signal ac circuit models (a) equivalent to equation (19) (b)
equivalent to equation (27) (c) equivalent circuit model (d) equivalent circuit
model with the ideal transformer.

IVV. DISCONTINUOUS CONDUCTION MODE

The CSC converter can be designed with parameters to
ensure the current in the inductor is continuous as in the
design example, but it can be designed for operate in
discontinuous conduction mode.

The current ripple during the time interval DTs is still
expressed as (9), the current in the inductor would be
continuous if the DC component (6) is higher than a half of
the current ripple expressed in (9) and then:

V. D Aip 1

- = 5 V.DT (23)
" R@-D)? 2 2L '
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From (28) it can be seen that:

2L a-py

(24)
RT,

Equation (24) express the relation between constant
parameters and the duty cycle which may change during the
operation, traditionally 2L/RTs is defined as K and the function
of D as a Kcgir the converter would operate in continuous
conduction mode CCM if K>Kcgir. Otherwise the converter
operates in DCM. This condition is the same for the traditional
buck-boost converter. For calculating the boost-factor during
the DCM equations for the volts-per-second for the inductor
and amps-per-second in the capacitor should be analyzed,
since the output capacitor should be calculated to maintain a
constant voltage, the small ripple approach can be considered
for the capacitor voltage but not for the inductor current which
would seems such as shown in Fig. 5. In the DCM there are
three switching states, instead of two, an extra switching state
is when both diode and transistors are open, remember the
diode is closed by inductor current when the switch is off, and
then when the inductor current reaches zero, the diode opens,
before the switch closes, the equivalent circuits and important
waveforms are shown in Fig. 5, instead of dividing the
switching period in two time-periods this would be divided
into three time periods, D;Ts, D,Ts and D3Ts, see Fig. 5, the
inductor voltage can be expressed as:

Ldi = D1Vi + Dz(Vi _Vc)+ D3(0)

25
m (25)

MMM
Y
=

o p

(d)
Fig. 5. Equivalent circuits for the switching states in CCM when (a) the
switch is on and the diode is off (b) the switch is off and the diode is on (c)
both diode and switch are off (d) important waveforms.

In steady state this voltage along with the capacitor current
should be zero and then:
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DV, +D,(V,-V.)+D,;(0)=0..

Vi (26)
V. -V,

D, =D,

From Fig. 5 the capacitor is discharge by the load current
while is charged with the inductor current during D,, see gray
areas in the capacitors current in Fig. 5, in steady state, the
sum of both should be zero, the amps-per-second that charges
the capacitor can be calculated as the area of i during D,
shown in gray color in Fig. 5, and this should be equal to the
load current which discharges the capacitor all the time;

1 A4
2 DA = 27)
The current ripple is still expressed as (9) and then:
V.-V
%DZ%Vi DT = CR L
1
—V;D,D, =V, -V, (28)
K
Where K=2L/RTs, by substituting (26) in (28):
iVi D, DlL =V, -V, ..
K V. -V,
1 D
Vo =—=V,D,+V, =V,| = +1 (29)
CJk T (\/E J
And then, the output voltage can be derived as (30):
1
V, =V, -V, =—=V,D, +V, -V, ..
C \/K 1
Vo _ Dy (30)
vV, VK

This is the same gain as the traditional buck-boost converter
in DCM. And By substituting (29) in (26) the time-period D,
can be expressed as:

V, V.
D, =D, ' =

V,D, +vij—vi

(1

JK

D, = VK i _ /K
DV,

1%

(31)

V. EXPERIMENTAL RESULTS

A prototype was developed to provide experimental results,
the schematic is the same as Fig. 1(b) with C=220uF,
L=312uH, R=55Q, duty cycled=0.6, switching frequency 20
KHz, the prototype is shown in Fig. 6 along with experimental
results. Figure 14 show the steady state experimental traces of
the input current and the output voltage.
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VI. CONCLUSION

This paper discusses an outstanding buck-boost dc-dc
converter topology with the advantage of providing a
continuous input current and a simple structure; it has the
basic components of the traditional buck-boost converter.

The CSC converter may be used for voltage regulation in
portable devices where the battery is discharging and the
voltage regulator need to work with a wide voltage range.
Another possible application are voltage-regulated rectifiers
with unity power factor PFC and uninterruptible power supply
UPS where one of the source, or load, is a widely varying
voltage while the other is a constant dc battery or bus. And
finally an emerging application for converter with buck-boost
capability is the measuring the 1-V curve of PV panels where
the continuous input current along with the capability of
bucking and boosting the input voltage is required. More
information will be published in future work for space
reasons.

A detailed analysis along with simulation and experimental
results are provided.

capacitor inductor

Output

Input
voltage

Fig. 6. Experimental prototype.

-
el i in
V |
1247 NN\ NN\ 244
451 Sy
| ¥

=19.9996KHz

Fig. 7. Experimental results of the input current and the output voltage.
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