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Analysis and Modeling of a New Coupled-Inductor
Buck—Boost DC-DC Converter for Renewable
Energy Applications

Sara Hasanpour

Abstract—A new coupled-inductor buck-boost converter
(CIBuBoC) is proposed in this article. In the proposed CIBuBoC,
an ultra-high step-up/step-down voltage conversion ratio and step-
up/step-down boundary adjustment are achieved compared to the
other related buck-boost converters using two power switches
with simultaneous operation along with a coupled inductor. This
circuit has a simple structure with two cascade semistage and some
features including ultra-extended output voltage, continuous input
current with low ripple, positive polarity of the output voltage, and
common ground. These features make the CIBuBoC more suitable
for many applications such as photovoltaic systems. Moreover, the
voltage stress across each power switch is much lower than the other
buck-boost converters, which led to power MOSFETS selection with
lower drain-source ON-resistance (Rgs). Therefore, the proposed
converter has also enough high efficiency. All steady-state and stress
analysis, and also, comparisons with other related converters in
continuous conduction mode are provided in detail. Also, using the
state-space averaging technique, the low-frequency behavior of the
proposed CIBuBoC is studied completely. Experimental results of
a 100-W step-up 30-200 V and a 35-W step-down 30-22 V confirm
the theoretical advantages of the proposed circuit.

Index  Terms—Coupled-inductor, buck-boost

converter, small-signal modeling.

quadratic

I. INTRODUCTION

C-DC buck-boost (step-up/step-down) converters that

have adjustable output voltage with a wide range of variety
are used as an important component for many power electronic
applications such as renewable sources, portable devices, car
electronic devices, mobile phones, LED products, and asymmet-
ric digital subscriber line (ADSL) modems [1]-[6]. The desired
features of these converters are noninverting wide high step-
up/step-down voltage gain with proper efficiency, continuous
input current with low ripple, low number of components, and
low cost. However, because of the simple structure along with
higher efficiency and cheaper implementation, the nonisolated
structures of dc—dc converters are often used in low-power
applications [7], [8].
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The conventional single-switch step-up/step-down converters
consisting of CUK, ZETA, single-ended primary inductance,
and the classic buck—boost converter are capable of converting
the input voltage to both higher and lower voltage levels in
the output. However, these conventional converters suffer from
strong limitations on voltage gain ratio and component stresses,
which limit their applications [9]-[11].

To improve the performance of the buck—boost converters,
many modified nonisolated buck—boost converters have been
introduced in recent years [10], [12]-[17]. In [10] and [12]-[14],
new types of single-switch buck—boost converters with high
voltage gain are introduced. Using a large number of components
and discontinuous input current are common constraints for
these topologies, which limits their applications. In [15] and
[16], continuous input current single switch buck—boost convert-
ers are suggested. In these converters, a high-voltage conversion
ratio using a large number of storage components has been
provided. In addition, the negative polarity of the output voltage
and lack of common ground between the input and output
voltages are the main disadvantages of the converter in [15].

The double-switch buck—boost topologies reduce component
stresses and increase the voltage gain simultaneously with a
lower number of storage components. Two types of the double-
switch buck-boost converter with low component stresses and
a few numbers of storage components are suggested in [17] and
[18]. However, the mentioned converters have demerits includ-
ing limited voltage gain, input current with high ripple, lack of
common ground, and nonsimultaneous switching process.

Recently, because of the importance of the step-up mode
operation, further extension of voltage conversion range in buck—
boost converters as a quadratic or semiquadratic coefficient has
been paid more attention. A group of single-switch buck—boost
structures with quadratic voltage gain ratios are introduced in
[19]. However, these converters act more in step-down mode due
to the use of clamp diode. To solve this problem, in [20], a new
transformer-less buck—boost converter with quadratic high volt-
age gain along with common ground is suggested. Discontinuous
input current with high ripple is the main disadvantage of this
converter, which limits its application. Moreover, novel single-
and double-switch buck—boost converters with semiquadratic
voltage gain are introduced in [9], and [21]-[23]. The output
voltage with negative polarity along with high voltage stress
across the switch and input current with high ripple are the
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main limitations of these mentioned converters. In [11], a new
type of single-switch quadratic buck—boost topology with low
input current ripple is proposed. This topology has been created
from the cascade connection of boost, buck—boost, and buck
converters. The negative polarity of output voltage and the use
of a large number of semiconductor components are demerits
of this converter. Furthermore, Fu et al. [24] and Mostaan et al.
[25] proposed a new buck—boost converter with a semiquadratic
voltage gain in low storage components. The lack of common
ground is the main disadvantage of this converter. Also, a novel
single switch semiquadratic buck—boost converter with contin-
uous input current, common ground, and positive polarity has
been recently suggested in [26].

Implementation of some efficient voltage boosting techniques
such as multiplier cells, magnetic components, and switched-
capacitors/inductors for buck—boost converters is limited since
these methods often lead to loss of the step-down area. There-
fore, the application of these methods for such converters with
maintaining step-down specification has not been addressed
adequately in the reported literature. In [27], an ultra-semi
quadratic voltage gain with continous input current has been
achieved using a switched-capacitor voltage boosting technique.
However, the lack of common ground limits the application
of this converter. Moreover, in [28] and [29], despite using a
switched-capacitor cell in the middle stage of converter, high
voltage gain has not been achieved.

Recently, coupled inductors (CL) have been more employed
in de—dc converters to achieve a wide range of voltage gain [2].
A great feature of using CL in buck—boost converters is a good
adjustment of the step-down or step-up boundary by the help of
the number of turns [30]-[34]. In [31], [32], and [34], high-gain
buck-boost converters are achieved using CL. However, highin-
put current ripple and usage of a large number of switches with
asynchronous gates are the main constraints for these converters.
Also, a quasi-Y source-based buck—boost dc—dc converter is
introduced in [33]. This converter has achieved a very high
voltage gain using two inductors and one three winding CL.
Nevertheless, the severe slope of the voltage gain ratio makes
controlling of the converter very difficult.

The aim of this article is to provide a new configuration of
a nonisolated double-switch buck—boost converter with CL as
two-cascade semistage (CIBuBoC). In this converter, high semi-
quadratic voltage gain along with step-up/step-down boundary
adjustment can be achieved with an appropriate turns ratio of
the CL. Then, the duty cycle can be reduced, which leads to the
decrease in the switching losses significantly. The other merits
of the proposed CIBuBoC are continuous input current with low
ripple, simple structure, output positive polarity, and common
ground between the input and output voltages. In addition, be-
cause of lower component stresses, power losses are decreased,
which leads to efficiency improvement.

The rest of this article organized as follows. Operational
principles of the proposed CIBuBoC is in Section II. Steady-
state analysis, efficiency analysis, and comparing with other
related converters are presented in Sections III-V. Section VI
describes modeling of the proposed converter. Key parame-
ter design guidance is discussed in Section VII. To validate
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Fig. 1.  Circuit diagram of the proposed CIBuBoC.

mathematical derivations, experimental results are given in
Section VIII. Finally, the conclusion is drawn in Section IX.

II. OPERATIONAL PRINCIPLES OF THE PROPOSED CIBUBOC

Fig. 1 shows the equivalent circuit of the proposed CIBuBoC.
This converter consists of two power switches (S; and S5), an
input inductor (L1), a CL, three diodes (D1, Dy1, and Dy2), and
three capacitors (C1, Co1, and Cp2). Two power switches of the
converter are operated simultaneously. Based on the equivalent
circuit, the conductivity of the diodes Dq, Dyi, and Dy is
opposite of the switches S and Ss. It is clear from this figure
that the proposed CIBuBoC has continuous input current, simple
structure, positive polarity in the output voltage, and common
ground between the input and output voltages. To simplify
the steady-state analysis, some assumptions are considered as
follows.

1) All semiconductor components are ideal.

2) All capacitors are large enough such that their voltages are
considered to be nearly constant values during a switching
cycle.

3) The CL is modeled as an ideal transformer including
magnetizing inductor (L,,) and merged leakage inductor
in the primary side (L) with coupling coefficient K =
Ly/(Ly + Ly).

4) Inputinductor and magnetizing inductor of CL are consid-
ered large enough, and therefore, the current ripples across
them are neglected.

There are only two operating modes in each switching cycle
of the proposed CIBuBoC. The current flow path of the proposed
converter for operating modes is shown in Fig. 2. Also, key wave-
forms of components voltages and currents of the CIBuBoC in
conduction mode (CCM) for one switching cycle are depicted
in Fig. 3.

First mode [to—t;]: At the beginning of this mode at = ¢,
the power switches S; and So are turned ON simultaneously,
whereas all diodes are reversely biased and turned OFF. As
shown in Fig. 2(a), the voltages of input source and capacitor
C, are applied to the input inductor (L) and the primary side
of CL (L,,, and L), respectively. Therefore, these inductors
receive energy and their current (41,1, 2 1,m, and iz ) is increased
linearly. In this time interval, the output capacitors Cy; and Cyo
supply the load in series. The following equations are written in
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CCM operation. (a) Mode 1. (b) Mode II.
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Second mode [t;—t,]: In this mode, as shown in Fig. 2(b), the
power switches S; and S are turned OFF. Therefore, all diodes
including Dy, Dy, and Dgy are turned ON, simultaneously.
During this time interval, the capacitor C; is charged by the
input inductor current. The energy of magnetizing inductor L,,
is transferred to the output through the output diodes Dy; and
Dgs. Then, the currents of these inductors (iz; and i7/) are
decreased. Since the magnetizing and leakage inductors’ current
are equal in the mode 7, the output diode Dgo current increases
under the zero-current condition. The capacitor C; clamps the
voltage across the power switch S;. The following equations are
expressed in this mode

Vi =Vin —Veu ®)
Vim + Vik = Vool (6)
Ip1 =1I1q (7
Ipoy = ILk. (3)

III. STEADY-STATE ANALYSIS OF THE PROPOSED CIBUBOC

A. Voltage Gain

To simplify the determination of steady-state capacitor volt-
ages and voltage gain of the proposed CIBuBoC, the leakage
inductor is ignored. By applying the volt—second balance princi-
ple on the inductors L; and L j; and using (1)—(8), the following
equations are given as

-DV;n + (1 - D)(V;n - VCl) =0
DVer —(1—=D)Vo1 =0
Vo2 = nVo1

where D is the duty cycle of power switches, and n = n;/n; is the

turns ratio of the CL. By the help of (9), the voltage of middle
capacitor C is achieved as

€))

Vi
Vo= ——.
C1=1-p
The voltage stresses across the output capacitors Vip; and
Vo2 in CCM are expressed as

(10)

D
VCOl = mun (11)
n.D
Vo2 = nVeoor = mvm (12)

The output voltage is obtained from the sum of the output
capacitors voltages as follows:

Vo = Veor + Veoe. (13)

Consequently, the static voltage conversion ratio of the pro-
posed CIBuBoC is achieved as

Vo 1 D
Mgey - g2 - LD

Vin  (1—D)?

The ideal voltage conversion ratio of the proposed CIBuBoC
isincreased exponentially versus the duty cycle as semiquadratic
form. Also, it is increased proportionally versus turns ratio of
CL, which results in an ultra-voltage gain ratio. Fig. 4 shows

Vin. (14)
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Fig. 4. Performance boundary between step-down and step-up of the
CIBuBoC versus turns ratio of CL.

the voltage gain curve of the proposed converter under various
turns ratio (n) of the CL and duty cycle. It is clearly obvious that
the performance boundary between the step-down and step-up
modes of converter depends directly on the turns ratio of CL.
Increasing the number of turns ratio of CL leads to reduced
step-down range and increased step-up range, which can be
considered as benefits of the CIBuBoC.

B. Voltage Stresses of Semiconductors

One of the most important factors in proper selection of the
circuit components is voltage stresses across the semiconductor
components. Given the assumption of ignoring ripples of the
circuit capacitors and using (1), (5), and (9), the maximal voltage
stresses on semiconductor components consisting of the power
switches §1 and S5 and diodes D1, Dy, and Dyz on their OFF-
state mode are obtained as follows:

Vin  Vo(1-D)

Var =Vor = 775 = 0 p (15)
YoV = e e 09
Vo1 = a ViD)Q -4 X(;)D (17)
Vioo = (11‘/;‘;)1). (18)

It is obvious from (15)—(18) that the maximal voltage stresses
depends inversely on the turns ratio of CL. Therefore, by increas-
ing the number of turns ratio, the voltage stresses are reduced
significantly, and the efficiency is improved.

C. Current Stresses of Semiconductors

Assuming a lossless system and neglecting the current ripples
of input and magnetizing inductors, the average value of the input

inductor current is obtained as follows:
M
Tinavg = Ir1 = MGSY - Io. (19)

Here, M is the static voltage conversion ratio expressed in (14),
and I, is the output load current. By applying the ampere—second
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balance on the output capacitors Cy; and Cpa, the maximal
current passing through the diodes D1, Do, and Doy is given
as follows:

Io

Ipoi(peak) = Ipo2(peak) = 1-D (20)

IDl(peak) = ILl(Average) = Mﬁgi\l/[ : IO' (21

Applying Kirchhoff’s current law in the primary side of CL,
the maximal current of the magnetizing inductor is calculated as
(14+n)lo

1-D
Using (3), (4), (18), and (22), the maximal current and the

root mean square (rms) values through the power switches are
obtained as follows:

ILM(pcak) = (22)

Iso(pear)y = I = % (23)
Is(ems) = %Jﬁ (24)
Isi(peary = o1+ Iom = m) (25)
Is1(tms) = m (26)

IV. EFFICIENCY ANALYSIS

Normally, the main power losses are caused by the parasitic
elements of each one of the converter components. In fact, the
power losses in dc—dc converters are divided into four groups
including power switch devices (MOSFETS), magnetic compo-
nents (inductors and CL), diodes, and capacitors. By assuming
CCM operation along with ignoring the current ripple across
the inductors (L; and Ljs) and the voltage ripple of capacitors
(C1, Co1, and Cpo), the total power dissipation of the proposed
CIBuBoC is obtained as follows:

Ploss = P + Pl + Py, + i

Cap. 27

A. Power Loss of MOSFETs

The power losses of MOSFETs are divided into two main
parts: conduction losses and ON-OFF-state losses. The MOSFETS
conduction losses are expressed as

Pé(\);ls(Cond.) = RdSl(Oll) : Igsl(rms) + RdSQ(OH) : ‘[352(rms)
28)
where Rggon) is the field-effect transistors ON-resistor, and
I4s1(rms) and Iqs2(rms) are the rms values of the power MOSFETs
S1 and S, ON-state current, respectively. By substituting (23) and
(25) into (28), the MOSFETs conduction losses are obtained as
the following:

Rdsl(on) ’ (1 + n)2PoD
R(1—D)*
+ Rds2(on) : (1 + n)2PoD
R(1—D)? '

loss o
PSW(COnd.) -

(29)
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Also, the turn-OFF/ON states losses of the power MOSFETS S
and Sy associated with their drain-source voltage stresses are
calculated as

0SS 1
Péw(on/off) = T [Tas1 Vasi (tagotr1) =+ tagon1))

+ Ias2Vasa (tagofr2) + tagon2))]  (30)

where 14(o) and £4(on) are turn-ON and turn-OFF times of the
MOSFETS. By substituting (15) and (16) in (30), the turn-OFF/ON
states losses are obtained as

1 I 1%,
loss _ O o]
Psw(on/oft) = e mf(td(om) + td(on1))

I
+ Ty Vot + tae) | - G1)

B. Power Loss of Magnetics Components

The magnetic components L; and CL losses are calculated
using the rms values of their currents as follows:

PI{/?;; =T Il%l(rms) +trLm II%]\I(rms) (32)
. (1 p2p, (1 ’p,
Py, = "0 rn LA g

R(1 - D)* R(1 - D)?

where r71 and rz »s are the parasitic resistors measured by using
RLC meters.

C. Power Loss of Diodes

Diodes of the proposed converter in the ON-state present a
forward resistance loss, and forward drop voltage losses are
expressed as

Plljoiifde(m) =TD1 'I%n(rms) + 7po1 'I%)omms)
+TDo2 - I%)gg(rms) (34
Pllgoiisdc(VF) = Vrilpiava) + VrorIpoiava)
+ Vro2Ipo2(ava)- (35)

By means of the rms and averaged values of diodes current,
(34) and (35) are calculated as

ploss _TD1- (14n)°D?*P,  rpo1-Po | Tpoz: Po
Diode(rp) R(1- D)® R(1—D) " R(1-D)
(36)

0ss (1 + n)DVO Vo Vo
P]IDiOde(VF) =Vp1- m + Vror - R + Vroz - R
(37)

D. Power Loss of Capacitors

The power losses in the capacitors are caused by the equivalent
series resistance (r.sr). The rms values of their currents can be
simply expressed as follows:

loss __ 2 . 2
PCap. = TesrC1* ICl(rms) + Tesrco1 - ICOl(rms)

+ TesrC02 - I%QQ(rms) (38)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 8, AUGUST 2020

———

80 -

40 -

Efficiency %

|

I
0.55 0.6

. | \ \
0.65 0.7 0.75 0.8
Duty Cycle

(@)

.
0.85 0.9

)
2]

100 B

-]
o
T

=——rL=0.05
= =rL=0.1
=—==rL=0.15

Efficiency %
[+2]
o

N
o
T

N
(=]
T

, ‘ , \ , , ‘ e
0.55 0.6 0.65 0.7 0.75 0.8
Duty Cycle
(b)

100 T T T T T

oo
@

= =rL=0.05
so- I rL=0.1
=—==rL=0.15
— |deal

=2
(=]
T

Votage Gain

......

0 1 1 1 1 1 1 1
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Duty Cycle
(©)

Fig. 5. CIBuBoC in nonideal conditions. (a) Efficiency versus the duty cycle
and turns ratio of CL. (b) Efficiency versus the duty cycle and parasitic element.
(c) Voltage gain versus the duty cycle and parasitic element.

Pploss _ TesrCl(]- + n)QDPO Tesrc01 PO Tesrc0270
cap R(1- D) R1-D)  R1-D)
(39)

Consequently, the efficiency of the proposed CIBuBoC is
defined as

Pout
Pout + Ploss

Moreover, the voltage conversion ratio by considering (40)
and the parasitic elements can be estimated as follow:
1 D
M=ndtnD @1)
(1-D)

The efficiency versus the duty cycle plot and the different
turns ratio of CL of the CIBuBoC are demonstrated in Fig. 5(a).
The values of parameters are selected as Vi, = 20 V, Rpoaa
= 500 Q, Tl =ILm = SOmQ, fs =45 kHZ, td(off) =35 ns,

n= (40)
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TABLE I
COMPARISON BETWEEN THE PROPOSED CIBUBOC AND OTHER RELATED CONVERTERS
Converter No. of components Voltage L.I.C.R C.G Voltage stress on Current stress of the Voltage stress on
S| D| C| Core | =T gain switches (Si, Sz) switches output diodes
topology
9] 1[3]2] 2 8 | —(2b - D?) NO YES v, 2-D)I, v,
(1-D)? 2D — D? (1-D)? 2D — D?
[10] 1[3]5] 3 12 | -3D NO YES Vo 31, Vo
1- 3D 1-D) 3D
[11] 1[5[3] 3 12 ( D 2 YES YES Vo (D2 =D + 1, A
1-D D? (1-D)? D
120] 21212 2 8 ( D 1 NO YES (1-D)Vo Vo D3I, DI, A
1-D D> D (1-D)*’ (1-D)3 D
[21] 21212 2 8 | —(2D-D? NO YES | A-D), V, I Iy Vo
(1-D)? 2D — D2 ’2D —D? (1-D)?’(1-D) 2D — D?
[22] 1[3]2] 2 8 | -@2D-D? NO YES Vo 21, a-Dy, W
(1-D) 2D—D? (1-D) 2D — D2 ’2D — D2
23] 20212 2 8 D NO NO | (1-D)V, (1-D?V, DI, Iy Vo
(1- D) D ' D-D? (1-D)*"(1-D) D
[24] 1[3]2] 2 8 D YES NO (1-D)Vo 2 -D)l, v,
(1-Dy* D (1-D)?
[25] 2212 2 8 ( D 2 NO NO (1-DYWVo (1-2DWo | (D2=D+1)I, DI, A
1-D p* D (1-D)? '(1-D) D
126] 2212 2 8 D YES YES (1-D)Vo y Io Io Yo
(1-DY D '’ (1-D)2"(1-D) D
[27] 21313 2 12 2D YES NO (1-DYVo (1+D)Vo a+D), I, Yo
(1-D)? 2D 2D (1-D)*"(1-D) D
[29] 1124 3 10 2D NO YES & 4DI, &
1-D 2D (1-D)? 2D
Proposed 213(3 2 10 | (1+n)D YES YES (1-D)yo V, (1+n)I, A+n), 1A nl,
CIBuBoC (1-Dy (+m)D (1+n) (1-D)?" (1-D) (1+mD’(1+m)D

S = Switch, D = Diode, C = Capacitor, T = Total device count, L.I.C.R = Low Input Current Ripple, C.G = Common ground between input and output voltage.

La(on) = 30ms, ras12(0on) = 10 m§2, rp1 = 7po1 = rpo2 =
7mg2, TestCl = 25 m(), TesrC01 = TesrC02 = 250 m(2, Ve =
VEo1 = Vrga = 0.7V, and n = 0.5. In addition, the calculated
efficiency and voltage gain curves versus the duty cycle of the
proposed CIBuBoC under some copper resistances of the input
inductor are shown in Fig. 5(b) and (c), respectively. It is worth
noting that the losses of the parasitic resistance of the input
inductor due to the high current level have a significant share
of the total losses. As shown in these figures, the converter
efficiency is decreased by increasing duty cycles, turns ratio of
CL, and parasitic resistance. Moreover, the significant increase
of the power losses in high duty cycles leads to a sudden drop
in converter efficiency.

V. COMPARING WITH OTHER RELATED
BUCK-B0OOST CONVERTERS

Table I shows the number of components, voltage conversion
ratio, input current ripple, common ground between input and

output voltages, and voltage stress on devices of the proposed
CIBuBoC in comparison with the recently reported converters
in [9]-[10], [11], [20]-[27], and [29].

According to Table I, only converters in [11], [24], [26],
[27], and the proposed CIBuBoC have low input current ripple.
Also, Fig. 6 shows the voltage gain versus the duty cycle of the
converters introduced in the Table I. As shown in the figure, the
voltage gain ratio of the CIBuBoC for n > 1 is higher than the
others significantly. This is due to the dependence of the voltage
gainratio of the proposed converter to the turns ratio of the CL ()
along with the duty cycle. Therefore, by increasing the number of
turns ratio, a higher voltage gain can occur in small duty cycles.
Although, the converter in [27] also has high voltage gain, more
storage components and the lack of common ground between
input and output voltage restrict applications of this converter.
Also,in [9],[21], and [22], despite the lower number of elements,
the converter cannot offer better performance because of its
negative polarity of the output voltage, high input current ripple,
and lower voltage gain.
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Moreover, Fig. 7 demonstrates the voltage stress across the
main power switch versus the duty cycle of the converters
introduced in Table I in the same output voltage. It can be seen
that the voltage stress in the proposed CIBuBoC is at the lowest
level compared to the other converters. On the other hand, by
increasing the turns ratio of CL, the voltage stress of the proposed
converter components can be reduced more. In addition, the
voltage stress across the second power switch Ss in the CIBuBoC
is much lower than the similar double-switch converters in [27]
and [26].

One of the main criteria for evaluating power density is
the ratio of voltage gain to the number of components of the
converter. For this purpose, a comparison curve between voltage
gain and the whole number of components as a function of
the duty cycle for converters listed in Table I is provided in
Fig. 8. As it is shown, by increasing the turns ratio of CL in
low value, the CIBuBoC exhibits a higher value of “Voltage
gain / No. of component (N)” than the others, which indicates a
higher power density. On the other hand, by means of a lower
number of components, the proposed converter provides higher
voltage gains compared to the high-gain converter [27]. Also,
Fig. 9 illustrates the maximum current and voltage rate across the
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Fig. 8. Voltage gain per the number of components comparison between the
proposed CIBuBoC and other related converters in Table I.
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Fig. 9. Power switch voltage and current stress comparison for S; of the

proposed CIBuBoC under Vot = 100 Volt and Rjoaq = 250 Q.

power switch S; of the CIBuBoC that has a dominant power loss.
According to this figure, the minimum stresses are accrued at the
duty cyclerange 0.5 < D < 0.8. Therefore, this reasonable range
of duty cycles should be considered in the converter parameter
design.

For further illustration of the current and voltage stresses of
the semiconductor components of the proposed converter against
the other converters, numerical analysis is performed and shown
in Table II. The value of parameters are selected as Vi, =20V,
Vout = 100V, Pyyy = 100 W, and n = 0.5. According to this
table, compared to converters [26] and [11] with similarities of
the performance indicators, the CIBuBoC has less voltage stress
across its power switches. In addition, according to this table, the
proposed converter demonstrates enough high efficiency against
other buck—boost converters because of its lower number of com-
ponents and lower voltage stress. These efficiencies are obtained
under the same conditions (input 20 V and output 100 V/100 W).
Parasitic resistors are selected based on related catalogs from
Aluminum Electrolytic for Capacitors (Vishay), Schottky barrier
rectifier (RECTORN) for diodes, IRFP4227 (international IOR
rectifier) for MOSFETS, and also EE Ferrite core and iron powder
toroidal core for CL and inductors, respectively.
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TABLE II
COMPARISON BETWEEN THE CURRENT AND VOLTAGE TENSIONS OF THE SWITCHES BETWEEN THE PROPOSED CIBUBOC AND OTHER RELATED CONVERTERS
Ref./ [9] [10] [ [20] [21] [22] [23] [24] [25] [26] [27] [29] Proposed
Duty Cycle | D=0. | D=0.63 | D=0.69 | D=0.69 | D=0.59 | D=0.59 | D=0.64 | D=0.64 | D=0.69 | D=0.64 | D=0.54 | D=0.72 | CIBuBoC
59 D=0.58
Current * * * * * * * * * * * * *
stress
S 8.4A 8.0A 8.2A 8.0A 5.9A 4.8A SA 10.6A 8.2A 7.8A 7.27A 7.6A 8.4A
S, - - - 4.1A 2.4A - 2.8A - 2.2A 2.8A | 2.17A - 3.57A
Current
S, 6.4A | 63A 6.8A | 6.55A | 45A 3.7A 4A 8.5A 6.8A | 624A | 537A 6A 6.3A
S - - - 2.83A | 1.8A - 2.2A - 1.8A | 224A | 1.6A 2.7A
Voltage * * * * * * * * * * * * *
Stress
S, 120 53 210 65 49 120 56 56 65 56 42 70 48
S> - - - 145 120 - 256 - 79.8 100 142 - 66
Efficiency | 923 | 93.5% [ 94.1% | 94.5% | 932% | 95.1% | 942% | 91.8% | 92% | 952% | 94.7% | 94.6% 95%
%
A higher voltage conversion ratio in the proposed converter Switch-OFF state (d1s <t < T5):
leads to a reduced turns ratio of the magnetic devices and the .
. - digy  Vin—vc1  TLI.
duty cycle. This improves the performance indicators of the T 7 — L—z 1
CIBuBoC, such as power dissipation, voltage stresses, power diga Ulcoz
density, costs and volume, and compact design in magnetic i . Tor
devices agains.t.other related step.—up/step—down converters in dick _ vcol Veo2
the same cor}dltlons..Therefore, this proposed convertelr cap be dt Lk n-Ly (a4)
a proper choice for high step-up/step-down voltage applications dver  ipt
such as renewables sources. a
dvoor _ ILK —(veoi+veon)
VI. SMALL-SIGNAL M P CIBUBOC TR
. SMALL-SIGNAL MODELING OF THE PROPOSED UBO dvcozr  1LM — ILK —(voortvoos)
Small signal derivation and analysis of low-frequency be- dt nCosz e

havior of the CIBuBoC are provided in this section. For this
purpose, the state-space averaging technique is used to model
the converter [35], [36]. For achieving the maximum practical
situation, the magnetizing and leakage inductances (L,, and
Ly.) of CL are considered as separate state variables. Also, for
the nonconservation of the model, the parasitic resistance rp,
is also considered for the input inductor because of the high
input current level of high step-up converters. With the above
considerations, the state vector of the proposed CIBuBoC is
defined as
x(t) = [iL1 iLnm ik Vo1 voor veoz | - 42)

The state equations are obtained from the proposed converter
equivalent circuits for switch-ON and switch-OFF states as given
in Fig. 2 as the following.

Switch-ON state (0 < t < dT5):

diey _ Vin _ To1,

at L, L
dipy - ver
d'dt Ly

iLK Vo1

=R 43)
d’UCl o _iLiM

a C
dvcor  dvcoz  —(vco1 + vcoz)

. dt RCo

where k is the coupling coefficient of the CL. The state-space
form using the weighting factors (d and (1-d)) of switch-ON/OFF
states is expressed as

T = Ax + Bu

45
y=Cx+ Du )

where x is the variable states, y is the converter output voltage,
and u is the input voltage source. Also, A, B, C, and D are the
state-space matrices obtained from (43) and (44) in the duty-
dependent form as

o0 0 L8 o o
dK —(1-d)K
0 0 0 T 0 T,
d(1-K —(1—-d 1-d
R I K -0 (-
T a=d) -(1-a)
L 0 0 0
(1-d) —1 -1
0 0 Co] O RCO] RCO]
0 W -Ga o 1 1
L Co2 Co2 RCo2 RCo2  J
(46)
T _ 1
BT =|4 000 0 0
C:[o 0000 1}
D = [0]. (47)
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Fig. 11. Small signal response comparison between model and circuit to a

step change 20% in input voltage, 8% in the duty cycle, and 20% in the output
load.

In order to linearize (45) and derive small-signal modeling,
small perturbations are superimposed to the duty cycle, input
voltage, and the converter variable states as

d=D+d
Vin = ‘/in + {)in (48)
r=X+z

where lowercase variables (") represent a small value of pa-
rameters and capital variables represent steady-state values that
are much bigger than the case variables. Substituting (48) into
(45), neglecting steady-state terms, and applying Laplace trans-
formation, the output-to-input voltage (Gyo,) and the output
voltage-to-duty ratio (G,.q) transfer functions are calculated as
follows:

C;1vov(s) = :j% = C(SI — A>_lB +D
Croa(o) = & = C(ST— A) (A — A3)X .
—(B1 — B2)U)

5

(49)

The averaged large signal response between the averaged
model and the detailed circuit of the proposed CIBuBoC is
presented in Fig. 10. Moreover, the ac small-signal response
for 20% increment in the input voltage from 10 to 12 V in
0.3 s, 8% increment in the duty cycle from 0.5 to 0.54 in
0.4 s, and 20% decrement in the output load from 25 to 20
) are shown in Fig. 11. The values of simulation parameters
are selected as Vi, = 10V, D =05 R=25Q, n =2, 1
=05mH, Lx =1le—6, L,, =1le—3, C; = 100 uF, Cn
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Fig. 12.  Root locus graph. (a) Position of left hand of graph under variable

output load. (b) Position of right hand of graph under variable output load.

= Coz = 220 uF, and rz; = 0.01 ). These figures show that
good agreement is achieved between the averaged model and
the detailed simulation of the converter.

The effect of output load resistance and input voltage on the
displacement of zeros and poles of the converter is investigated
and shown in Figs. 12 and 13. As it is shown, the CIBuBoC
represents a nonminimum phase (NMP) behavior because of
the right half-plane (RHP) zeros in their G4 transfer function
(also as shown in Fig. 11). This behavior is one of the prominent
features of most current-fed high step-up converters that led to
an inverse response, narrow bandwidth, low transient response,
and destabilization in higher voltage gain. Fig. 12 shows the
root locus of the Gyq for different output load resistance from
20 to 60 €2 under constant input voltage (Vi, = 10 V). Based
on this figure, increasing the output load resistance leads to an
extreme displacement in the system RHP zeros and dominant
conjugate poles. Therefore, the RHP moves away from the
origin, whereas the conjugate poles move toward the real axis.
Then, a higher output load leads to a reduced system damping
ratio, an improved NMP effect, and a higher overshoot of the
output voltage. Moreover, Fig. 13 represents the root locus for
several input voltages from 10 to 30 V under constant output load
R = 30 Q and output voltage Vo, = 80 V. With the increase
in the input voltage, the dominant conjugate poles move toward
the real axis slightly.

Also, the RHP zero moves away from the origin signifi-
cantly. This leads to decrease the system damping ratio, settling
time, and decrease the NMP effect. The frequency response of
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input-to-output G, and control-to-output G.q transfer func-
tions of the proposed converter are illustrated in Fig. 14.

VII. KEY PARAMETER DESIGN GUIDANCE OF THE CIBUBOC

The turns ratio of the CL that acts as an inductor is determined
by the static gain ratio (5) as

M(1 - D)?
D

Note that the value of the duty cycles and the number of turns
ratio of the CL are very effective in reducing the stress of circuit
components. According to Fig. 9, the best selection for the duty
cycle to have minimum stress on the MOSFETs is larger than 0.5.

Circuit design in CCM with low input current ripple is desired
to apply the proposed CIBuBoC for renewable dc low-voltage
sources with proper performance. Normally, the input current
ripple is considered 20% of the average input current (allowable
current ripple). Then, the minimum value of the input inductor
L, is designed as follows:

n = + 1.

(50)

‘/in -D ‘/in -D
Ly = — > 51
YT Aipy - fe T 20%I5 - fs Gb
where f; is the switching frequency of the power switches S;

and Ss.

In order to reduce the volume of the CL located in the middle
stage of the converter, the maximum allowable current ripple
can be selected larger than 20%. Using (10), (14), and (22), the
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minimum value of magnetizing inductor L, is given as

Ver D Vei D RD (1 - D)
L =

- AIL]y[fS a 50%/I:L]\/jfs - 50%M (1 +n) fs'

(52)

In the proposed converter, by considering the maximum tol-
erant voltage ripple as 1% of the steady-state output voltage,
appropriate value of the output capacitors Cy; and Cpy are
written as

COI — Pout > Pout
‘/out ' AVvC'Ol'fs Vout ' 1%VC701 . fs
(1 + n)Pout
—_—— 53
‘/out'l%VO'fs ( )
P, P,
Cro — out > out
02 ‘/out ' AVvC'OZ : fs Vout . 1%VC01 ' fs
(1+n)Pout (54)

V:)ut : 1%nVO : fs.

By means (10), (14), and (19) and also considering 1% al-
lowable tolerant voltage ripple, the relation for the selection of
middle capacitor Cj is given as follows:

_ I(1-D)

M?2(1 - D)?
C, =
AVvC'l : fs

1%R - fs

(55)
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Fig. 15.  Experimental setup of the proposed CIBuBoC.
TABLE III
SPECIFICATIONS OF THE IMPLEMENTED PROTOTYPE

Parameter Values

Step-Up | Step-Down
Output Power(P,..) 100W 35W
Input Voltage(V;,) 30V 30V
Output Voltage( Vo) 200V 22V
Load(Ryea) 400Q 14Q
Switching Frequency(f;) 45 KHZ

100uF/250V With ESR=0.2Q
IRFB4227PbF With Rpgony=19.7mQ,
taen=33n8, tyom=21ns

0.5mH with rU:O.lQ

Capacitors C;, Cyp;, Copz
Power Switches S; S,

Input Inductor L,

CL EE42/21/20 ni/n,=58/29

Magnetizing Inductor L, 2mH

Diode Dy, Dy and Dy, BYV 28-200 With Maximum V=0.89 in
5A

VIII. EXPERIMENTAL RESULTS OF THE CIBUBOC

To further verify the theoretical and simulation results, a pro-
totype is provided with output power Po = 100 W for step-up
and output power Pp = 35 W for step-down modes as shown in
Fig. 15. The detailed parameters of the implemented prototype
are summarized in Table III.

The duty cycle is selected D = 0.63 for step-up mode and
D = 0.26 for step-down modes. The converter diodes D1, Do,
and Dgs are selected as ultra-fast avalanche sinterglass diode
with low forward voltage drop and ultra-fast recovery time.
IRFB4227PbF MOSFET with insignificant ON state-resistance
Ron = 19.7 mQ is selected for power switches S; and So. In
addition, two isolated gate driving signals for low-side and high-
side MOSFETS are produced by means of a TL949CN along with
TLP250. Aniron powder toroidal core T157-52 and a ferrite core
EE42/21/20 with 0.2-mm air gap are selected for input inductor
and CL. In order to obtain the current waveforms with high
accuracy, a high-frequency current probe Pintek PA-667 1 MHZ
is used. Experimental results are recorded by an oscilloscope
GW INSTEK GDS-1104-B.

The experimental results for components voltage and cur-
rent of CIBuBoC prototype in CCM of step-up and step-down
modes are depicted in Figs. 16-23. Fig. 16 shows the driving
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Fig. 16. Measured MOSFETs gate voltage and input inductor current 7,1 in
step-up mode.

___Stop |

Fig. 17.  Experimental waveforms for switch S; in step-up mode.

w [ | e | Stop

“ A= W @= 1V

Fig. 18.  Experimental waveforms for switch Sz in step-up mode.

) v === _ Stop |
: VD1: 50 V/div

Fig. 19.

Experimental waveforms for switch D1 in step-up mode.
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Fig. 24.  Experimental comparison of the efficiency of the CIBuBoC against
converters in [11], [20], and [26].

signal applied to power switches, along with the input inductor
current waveform of the step-up mode in the time domain.
By considering circuit design conditions in CCM, the input
current is achieved in continuous form with Aip;, = 0.8 A
ripple, which closely agrees with the theoretical analysis. The
measured voltage and current stresses in step-up mode across
the power switches S; and Sy are illustrated in Figs. 17 and 18.
As it is shown, the maximum voltage stress across S; and So
is under 77 and 134 V, respectively, which is much lower than
the output voltage. The maximum voltage and current stress
values of the converter diodes D1, Dy, and Dy are depicted in
Figs. 19-21. Because of considering the minimum value of the
leakage inductance (L) of CL, which is caused by a small air
gap of 0.2 mm, the current shape of the output diodes and the
leakage inductor in the switch-OFF state offer a nonlinear form.
However, this current shape can be linearized in a larger air gap
(g >1 mm), which, in turn, leads to an increase in the leakage flux
and current ripple on magnetizing inductor that is not desirable.
The measured output voltage and the leakage inductance current
waveforms in the step-up mode in the time domain are displayed
in Fig. 22. Moreover, experimental waveforms including the
input current and output voltage in step-down mode of the
prototypein Vo =22V, Vi, =30V, Pyt = 35 W are illustrated
in Fig. 23.

Fig. 24 shows comparison of the experimental efficiency
results versus several output load currents of the CIBuBoC
against the converters [11], [20], and [26] at the same conditions
(Vin = 30, Vout = 120, Ryoaqa = 60-400 2, and f, = 45kHz).
From this figure, the CIBuBoC operates with an acceptable
efficiency characteristic under different load currents compared
to the other converters. It can be seen that the efficiency of the
proposed converter is very close to the converter [26] that has
eight components. However, the adjustment capability of the
step-down or step-up area, higher step-up and step-down voltage
conversion ratio, lower voltage stress, and a higher value of
“Voltage gain / No. of component (N)” are the advantages of the
CIBuBoC over the converter [26]. In addition, the experimental
efficiency curves of the prototype CIBuBoC at various output
voltage from 12 to 250 V in currents 0.5 and 1 A are presented in
Fig. 25. The maximum efficiency of the CIBuBoCinV, = 180V
and Vi, =20V in 0.5 A can be reached around 95.4%. According
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Fig.26. Break-down of powerlosses at Vo = 200V, Pyt = 100 W. a) Under
Vin = 20 V. b) Under V;,, =40 V.

to this figure, by increasing the output voltage, the efficiency is
slightly decreased.

The breakdown of power losses of the CIBuBoC components
with the output voltage 200 V and the input voltages of 20 and 40
V based on the mentioned method in Section IV are calculated
and illustrated in Fig. 26(a) and (b). As is evident from these
figures, due to the high current rate in the input section of the
converter, the input inductor parasitic resistor r7,; has dominant
dissipation loss than other components. Also, by increasing
the input voltage from 20 to 40 V, which leads to decreased
voltage gain, the input inductor loss is reduced in comparison
to the total losses. It is worth noting that this power loss can
be reduced by means of better-graded wires and core material
and also decreased the conversion current rate of the converter in
higher input voltages. Moreover, to verify the performance of the
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Fig. 27.  Verification plot of the measured voltage gain ratio and theoretical
relationship.

CIBuBoC in a wide range of the output voltage, the verification
plot of the measured and theoretical voltage gainratio is provided
in Fig. 27. The values of converter parameters are selected as
Vin =30V, I,y =1 A, and n = 0.5. According to this figure, the
experimental results are closely followed by theoretical results.

IX. CONCLUSION

This article introduced a new CIBuBoC. The proposed con-
verter can provide a semiquadratic high step-up and step-down
voltage gain, low input current ripple, output voltage with
positive polarity while low voltage stresses are applied across
components. After introducing the converter structure and its
steady-state analysis, advantages of the proposed CIBuBoC as
the performance indicators have been shown and compared
with the other related converters. Moreover, by the help of the
state-space averaging technique, small-signal modeling of the
proposed converter has been derived and verified, and then, its
low-frequency behavior is analyzed. Finally, the feasibility of the
proposed converter is verified by experimental results in step-up
and step-down modes at 100 and 35 W, respectively.
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