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This study introduces a non-isolated semi-quadratic DC/DC buck-boost converter
designed to enhance performance. Derived from a conventional CUK converter, the
proposed topology operates in two distinct modes: one providing a semi-quadratic
voltage gain of D(2-D)/(1-D)? and the other offering a gain of D/(1-D). In addition, the
proposed structure features constant input and output currents due to the presence of
inductive filters at the input and output ports, which reduces the current stress on the
capacitors at the output port and lowers the voltage ripple. Under steady-state conditions,
the continuous conduction mode efficiency of the converter and small-signal modeling
were analyzed by considering the effects of parasitic resistance. The results demonstrated
lower total switching device power and a reduced component count than other buck-
boost converters in dual-mode operation. The proposed converter was simulated using
PLECS software. The experimental results were consistent with theoretical predictions
due to their high efficiency and applications, particularly in photovoltaic systems and

dual mode operation,
parasitic conditions,
photo-voltaic application,
switching power device.

fuel cells.
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I. Introduction

Fuel cells and photovoltaic (PV) systems are two examples of
renewable energy (RE) sources that have recently received much
attention as cost-effective solutions for electrical energy in
domestic and industrial settings. The range of suitable energy
transmission systems is constrained because these RE sources
produce power with varying current and voltage magnitudes. For
instance, their voltage needs to be raised when these sources are
integrated into the grid to regulate energy flow. Similarly, it is
crucial to lower the converter output voltage when using it as an
energy source for particular appliances to prevent overvoltage
damage [1]- [4]. Due to their intermittent nature and lower output
voltage, PV panels must be equipped with an effective and reliable
step-up DC-DC converter to ensure their output voltage meets the
minimum requirements of power grid consumers. Studies
presented various high-gain DC/DC converters to satisfy these
requirements [5], [6]. Also, non-isolated traditional DC-DC
converters were investigated [7], [8]. These sources also

recognized the limitations imposed by traditional DC/DC
converters and examined their efficiency in RE systems. Many
buck-boost DC-DC converter designs have been presented based
on conventional DC-DC converters, including boost, buck-boost,
buck, SEPIC, ZETA, and CUK converters [9], [10]. Among the
applications of a high-voltage gain converters is as a solar power
optimizer (SPO) [11]-[13], a high-gain step-up/down converter to
enhance the power delivery of a PV system to the grid. At the same
time, it can be used as a buck-boost converter to charge DC
batteries and sensitive DC loads. Among various types of
converters used as SPO, the non-isolated converter topology has
no isolation between the output and input sides. Thus, changes on
the input side can directly affect the output. However, it has a
lower component count than the isolated converter topology [14].
Other issues associated with this type of converter include poor
voltage gain, high duty ratio, and more circuitry for optimal
operations. In a study, a comprehensive analysis of various
converter configurations was conducted through mathematical
modeling to achieve a complete understanding of the dynamic
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behavior of the converters [15]. Related research provided a
unique step-up/down DC converter by considering the KY design
[16] to accomplish a steady output current across two power
switches. It is crucial to note that this converter has a relatively low
voltage gain ratio. The SEPIC converters were designed with
various components to enhance voltage gain and reduce voltage
stress on the primary switch [17]. However, a multi-output system
that requires such a converter necessitates complex control. To
increase the voltage gain, a unique quadratic buck-boost converter
with two power switches, each requiring a separate gate driver,
was suggested [18]. Moreover, the drawback of having
discontinuous input and output currents makes the control system
more complicated [18, 19]. To overcome these challenges,
quadratic buck-boost converters with continuous input current and
lower voltage gain have been introduced [20, 21]. A ZETA
converter with double the voltage gain is shown in [22] to attain
better voltage gains with the constant input current. A single
switch converter with continuous input/output current, and an odd
ground between the input and output is provided in [23] for the
same purpose. Similar to the previous study, a new step-up buck-
boost converter was recommended [24, 25] to increase gain while
reducing stress across the primary switch. However, this converter
increases the voltage strains across the diodes. To improve
performance, a unique buck-boost converter with inductive filters
at the input/output ports and lower switching stress was introduced
[26]. Nevertheless, this converter has more semiconductor
components than other comparable architectures. The
discontinuity problem is addressed in [27] by a quadratic DC/DC
buck-boost topology with a low component count and constant
input/output current, but at the expense of the voltage gain ratio.
In various studies, novel quadratic transformerless DC/DC
converters with negative output have been introduced [28, 29]. The
structure had constant input and output currents due to
employment of inductive filters at the input and output ports. A
new high-gain SEPIC-based converter is proposed for renewable
energy applications. The circuit is developed by merging a
standard SEPIC topology with a boosting unit to increase voltage
gain [30]. Similar topologies were described in [31] and [32],
where the output current is discontinuous, despite improved
performance in both boosting and bucking modes. In a similar
study [33], researchers described a DC-DC converter with a
positive output and lower overall switching device power
throughout two modes of operation. Two operating modes are a
step-up mode and a step-up/down mode with a high gain ratio. To
achieve this, several boosting approaches were investigated, such
as including the use of voltage multipliers, switched inductors,
magnetic coupling switched capacitors, and multistage techniques
[34]. These techniques are used in several high-gain DC-DC
converters.

The CUK and buck-boost converters are traditional negative
output (NO) converters. However, due to their limitations, a new
NO buck-boost converter was proposed using a combination of
buck-boost and conventional boost converters [35]. However, the
negative and discontinuous output voltage causes high stress
across one of the switches. Another NO converter with a wide
conversion ratio is suggested in [36]. Nonetheless, it suffered from
sporadic input/output current. The NO polarity is key in industrial
applications, including data transfer interfaces and wind and solar

power generation. In the dual-mode converters category, a new
transformer-less inverter was also presented and prototyped [37].
In this single-phase inverter, various voltage gain ratios can be
obtained to solve the deficiencies of modern dual-mode inverters.
The dual-mode time-sharing approach effectively reduces
unwanted high-frequency switching losses by determining when
to apply the DC or the inverter stage during each grid voltage
period [10]. Based on this technique, the converter’s step-up mode
operates only when the level of PV voltage is lower than the
instantaneous level of the grid voltage, and the step-down mode
operates when the PV voltage level is higher than the instantaneous
level of the grid voltage. As a result, the dual-mode converters are
even more effective than the classical two-stage grid-tied
transformerless converters.

Fig. 1 represents the application of solar PV systems in dual-
mode buck-boost converters. A novel coupled-inductor buck-
boost converter with a simple design and two cascading semi-
stages is presented in a related work [38]. This converter's key
features include a constant input current with minimal ripple,
adjustable output voltage, ultra-extended output voltage, and a
positive polarity of the common ground. The converter's quadratic
gain enables it to outperform traditional buck-boost converters in
terms of step-down and step-up characteristics whenever the duty
cycle is greater or less than 50%, respectively [39]. The proposed
converter's unique current consistency between input and output
decreases the current stress on the input and filtration capacitors,
making it an attractive choice for renewable energy applications.
In the event of a power switch open-circuit malfunction, three
different quadratic buck DC-DC converter schemes were
presented, each with the ability to flip to a semi-quadratic buck-
boost configuration. A topological structure was established to
ensure a secure transition from one switch to another while
preserving the functional contribution of all other components to
achieve efficient power conversion [40]. A new fifth-order boost
converter was proposed for dual operating modes, utilizing
different control methods. This converter’s dual modes also show
lower switch voltage stress [41]. The design of two cascaded buck-
boost nature converters is completed; the first converter can
produce high step-up gains, while the second can provide high
step-down gains. Applications such as LED systems, which are
voltage-sensitive, can benefit from this feature [42]. A new
transformerless DC-DC converter with continuous input current
for photovoltaic applications is presented. By optimizing the turns
ratio of the coupled inductor, the converter enhances voltage gain
and minimizes its overall size. This design also helps lower voltage
stress on switching components. Furthermore, using one power
switch simplifies control circuitry and reduces costs [43]. A new
transformerless high step-up DC/DC converter with low input
current ripple for renewable energy systems is proposed. The
topology is built upon a conventional quadratic boost converter
integrated with a CUK circuit, preserving key advantages such as
continuous input and output currents. To achieve enhanced voltage
gain, the design incorporates switched capacitors and switched-
inductor techniques [44]. This paper presents a comprehensive
study and analysis of a novel non-isolated high step-up DC-DC
converter based on a SEPIC topology for photovoltaic
applications. Derived from the conventional SEPIC converter, the
proposed structure incorporates a two-winding coupled inductor



and an enhanced voltage multiplier cell to achieve an elevated
voltage conversion ratio. This design approach enables the use of
switches with lower on-state resistance, improving overall
efficiency [45]. A novel high step-up DC-DC switched-mode
converter featuring a shared ground connection between the input
and output ports is introduced. Additionally, the converter
prolongs the input source's service life by ensuring continuous
current injection. The design also provides a fast dynamic
response, achieved through its minimum-phase characteristics
[46].

The CUK converter is the only common converter that achieves
continuous output and input current with a smaller number of
elements and flexible output, as mentioned before. Therefore, it is
widely used for various applications. Studies showed that larger
inductors with higher switching frequencies can minimize the
input current ripple problem. However, bulky filters result in
higher costs, larger sizes, and increased switching losses. To
overcome these drawbacks, a novel DC/DC converter topology
with low input current ripple and reduced filtering is developed in
this study. This topology is based on a typical CUK converter. The
proposed converter duty ratio provides a solution for controlling
input current ripple in PV applications, achieving maximum
overall efficiency without the need for a coupling inductor. The
suggested converter features a wide range of conversion ratios, a
buck-boost technique with two operating modes, and continuous
input and output current in both buck and boost modes. Continuous
input current (CIC) and continuous output current (COC) can be
discussed in terms of their applications. For instance, CIC is an
essential element in both PV and FC applications.

Regarding PV, CIC will increase energy extraction by reducing
ripple power losses [44]; alternatively, in terms of FC, CIC will
extend the lifetime of the FC stack by operating at nominal
operating points. The COC feature, on the other hand, can reduce
the size of the output capacitor while extending the battery's
lifetime when used in charging applications. Due to its benefits,
RE applications can significantly benefit from it.
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Fig. 1. Grid connected PV system through dual mode DC-DC converter.

The remainder of the paper is structured as follows. The
suggested converter is introduced in Section 2 after theoretical
analysis and steady-state validation. The evaluation of the small-
signal modeling is presented in Section 3. The advantages of the
suggested topology in comparison to other comparable
conventional converters are covered in Section 4. The outcomes of
the PLECS simulation are shown in Section 5. To support the
theoretical arguments, Section 6 also offers the outcomes of the
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experimental prototype of the recommended converter. Lastly,
Section 7 concludes.

I1. Proposed Topology, Operation Principles, And
Steady-State Evaluation

A. Proposed Topology

Constant input/output current port, cost-effectiveness, high
efficiency, low noise and low input/output ripple currents are the
most important characteristics of DC/DC semi quadratic buck-boost
converter used in photovoltaic applications. Fig. 2 depicts the
proposed semi-quadratic DC/DC buck-boost converter. The high-
voltage gain proposed topology is made up of three inductors (L.,
Lo, Ls), three capacitors (Cy, Cz, Co), two switches (S1, S,), two diodes
(D1, Dy), and a resistive load (R,). The steady-state analysis of the
suggested topology can be simplified by first considering the ideal
components and then assuming all large enough capacitors to keep
voltages virtually constant. As a result, their current and voltage
were assumed to be constant across the whole duration. Fig. 3
depicts the proposed structure's distinctive waveforms.
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Fig. 2. The suggested converter’s structure.
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B. Operation Principles of Proposed Topology
The steady-state conditions and continuous conduction mode
(CCM) are taken into account while determining the features of the
suggested converter. Thus, the consistent current and voltage are
considered over a complete switching duration. As seen in Figs. 4
and 5, two major operating modes for the converter in the CCM are
assumed.

o

cocccscsas?’
ceccccewy
ehccccccss
'

R
TFTL
Cp]

g
<

(@]
O
1l
1]
pu)
AAA
<<
o

‘==
Phauiad | it

Fig. 4. The proposed converter's operational states for step-up mode
(Mode I). (a) State 1; (b) State 2.
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Fig. 5. The proposed converter's operational states for step-down mode
(Mode II). (a) State 1; (b) State 2.

1) MODE | OPERATION

State 1 (0 <¢<DT): The circuit is in this condition makes the power
MOSFETSs S; and S; are turned on and two diodes D, and D, are in
reverse-biased mode as shown in Fig.4a. The inductors L;, Lo, and
Ls are powered by the capacitor C; and the input source Vi,. The
capacitors C; and C; are discharged in this condition, and the current
of the inductors (i1, iL2, iL3) rises. The output capacitor C, supplies
power to the output load R, as seen in Fig.4a. The following
relationships may be found using the KCL and KVL.:

Vi =Vin Via=—Ver + Ve, Vig ==V =V, O
. . S A 1
leg = Uz Tl ez = o leo = U3 ( /Ro)

State 2 (DTs < t < Ts): Both power MOSFETS are switched off in
this state. The diodes D1 and D2 are forward biased, and the
inductors L1, L2, and L3 are de-energized as shown in Fig.4b. Here,
the capacitor C1 and the capacitor C2 are charged. Moreover,
inductor L3 feeds the output load Ro and also charges Co. Energy is
discharged from capacitor C1 via the current paths of diodes D1 and
D2. In this condition, the current and voltage equations are expressed
as:

Ve =Vin +Ver = Voo, Viz =Veo, Viz==Vea =1
ler = —lay ez = U — Uz t Uz leo = Uz — ( 0/Ro)
)

2) MODE Il OPERATION

State 1 (0 <t < DTs): The power MOSFETSs S; and S, are turned on
and off during this period. Yet, diodes D; and D, are reverse-biased
and forward-biased. The inductor L, is energized here by the input
source, whereas L, is de-energized. The output capacitor C, supplies
power to the output load R,. The equations relating to this period are
calculated using the circuit depicted in Fig. 5a:

Vit =V, Vi =0,Vi3 = =V — 1,
3)

. . : : . |
— — — —_ o
ler = i3, Iz = —lp =0, igo = i3 — ( /Ro)

State 2 (DTs < ¢ < Ts): In this condition, the power MOSFETS are
switched off while diode D is reverse-biased whereas diode D- is
conducting. At this time frame, the capacitors C; and C, are charged
by releasing the stored energy in inductors L, and Ls, whereas L; is
de-energized. Moreover, C, is charged, and inductor Ls supplies the
output load R,. As illustrated in Fig. 5b, the energy from all
capacitors is discharged through the current route of the diode D,
raising the current of each inductor. The voltage and current
equations for this state, as represented by the KCL and KVL, are as
follows:

Ve =Vin +Ver, Vi =0, Viz ==,
L S . (W (@)
lcx = —lpg, Iz = —i2 =0, o = ip3 ( /Ro)

C. Steady-State Evaluation
This section derives the gain ratios and voltage and current
relationships of the introduced converter shown in Figs. 4 and 5
(Mode I and I1). Using the volt-second balance principle of inductors
L, Lo, and Ls, the mean voltage value of all capacitors throughout
the charge-discharge period can be calculated. Using D as the duty



cycle, the average voltages of capacitors C; and C, may thus be
represented as:
D

1_D 2
( ) ®)
Vin, Ve2 =0

Mode Il : Vg = Vin, Vo =

1
(1-D)?

Ve = 1
a=71C

Mode Il :
oae D

Therefore, the voltage gains are expressed as,

V,\ D@2-D
{Model : Meey = <ﬁ> = ﬁ
Vo . ®)
Mode Il : MCCM = (V_) = m

Assuming negligible circuit losses, it is possible to consider the
input power along with output power as follows:

Pin = Po - Vinlin = V()Io (7)

The relationship between DC output current and DC input current
can be expressed by, using the voltage gain calculated in (6) as
follows:

( Io (1 -D)?

Mode I : =—

Mode II : I" _a _D)
ode .= D

Using the ampere-second balancing concept of capacitors C, Co,
and C,, the average magnitude for every inductor current can be
provided as:

(Moder: 1, =2%=2) 1y = Mol oy )
{ oae [ : Ll_mlolv 12 =7_p 13 = ]
| Modell: 1u=mllo|. I, =0, I3 =Ll

)

Then the current and voltage stress of the two diodes and two
power MOSFETS can be calculated as follows:

1 D
Mode I : Vg, = mVin, Vs, = mVin
(10)
Mode Il : Vg1, = mVin
D(2 - D) D
Model : I _g5 = mUoL Is2—qvg = ﬁ“"'
Mode Il : Is;_qpg = muoL Isz—avg = L]
(11)
Model : Vp; = Vi, Vpo = ! V
oael : Dl_l_D in» D2_(1_D)2 in (12)
Mode Il : Vpy = =5 Vin) Vb2 = 0
Mode I : Ip1—gvg = mllol, Ipz-avg = 11,1 (13)
Mode II : 1D1—avg =0, IDZ—avg = ||

D. Efficiency Inspection
The power loss in the proposed converter circuit is affected by
several parameters, including the internal resistances of the
converter's elements, the forward voltage drops of the diode, and
the switching frequency. The circuit shown in Fig. 6 is utilized to
compute the amount of loss in each circuit element.

Running Title/First Author, et al

Fig. 6. The analogous circuit with parasitic components.

Currents flowing through switches and diodes are approximated
using the following RMS values as follows:

_(2-D)WD VD

S1-RMS ~ ( D)2 |I | ISZ RMS — m”ol (14)

0
Ipi_rus = \/ﬁ'h)z—}ws = \/ﬁ (15)
Moreover, the following equations are used to calculate the
estimated RMS values of currents flowing between the inductors
and capacitors:
D(2 —D)I, I,

I1-rus = (1— D)z ’'L2-Rms ~ m:lLB—RMS = I,

(16)
D(2-D)
Ici-rus = (1-D)3 3 1o Ic2a-rus = (1 — )3
Icz—pus = 0
A7)

Power switch total power loss (Psiz-tor) IS defined as the
switching losses (Ps..) and sum of conducting power dissipations
(Prs). Using the Rs value as the power switch's conduction
resistance, one may derive:

Ps12-totar = Ps— + Pr—s (18)
(2-D)* ,
Pr_s1 = R51Is1 _rms = Rs1 (1- D)4I
D 2
Pr_sz = Rs21é-pus = Rs2 Wlo (19)
1
Py = fsCs1VS1 fscmmvii
2
Pg, | = fsC52V522 = fsCs2 mvii

Additionally, diode forward conduction resistance (Rep) and
forward bias voltage (Vep) are used to calculate total diode losses
(Pep + Per), where Pgp signifies forward bias losses and Per denotes
reverse bias losses, respectively.
21(RepIBi—rus) + Xi=1(Vepilp)

(20)

Using the equivalent series resistance (ESR) values (R. and Rc¢)
of inductors and capacitors, as well as their power losses, may be
computed as:

Pp_rotar = Ppp + Ppr =

P _rotal = Zi3:1(PLi) = 3=1(RLiIL2i—RMS) (21)

Pe_rotar = Pe1 + Pea + Peo (22)
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The proposed converter's overall power losses are the sum of the
power losses of capacitors, inductors, diodes, and power MOSFETS,
as shown below:

Ploss—Total = Ps—Total + PD—Total + PL—Total + PC—Total

(23)
Eventually, the proposed converter's efficiency may be derived as:
P, 1
= Ploss—Total + PO B Ploss—Total +1 (24)
2
RI;

1) Circuit Simplification with Parasitic Parameters

Fig.6 depicts a simplified circuit with parasitic components,
including parasitic parameters of inductors (L1, L2, and Ls), diodes
(D1 and D), and MOSFETs (S1 and S;). Vep1 and Vep, are the
threshold voltages of diodes. Then, as shown below, the inductor
voltage equations with parasitic parameters (Rs1, Rs2, Ro1, Roz, Ri1,
Ri2, Ris) can be determined.
For the two operation states (Mode 1), the voltages across the
inductors with parasitic parameters are determined as follows:

Vi1 = Vin = Rpalpy — Rsilsy = Vi —

o DP@=DYViy . D2-D)Vi
L7 —p)* R, s (1 - D)4 R,
Vio = =Rpal1; — Rilsy — Replsy — Ve + Vi
__p D@-D)Vy  D*@-D)V,
= L2 (1 —D)3 Ro s1 (1 _D)4 Ro

R DDV
Ss2 (1 _ D)3 Ro
Viz = —Ryzlizs = Rsilsy = Ve = Vo =
R D@=D)Vin . D*2=D)Vin
L3 (1 _ D)2 RO s1 (1 — D)4 Ro
Ver = Vo

State 1: <
— Ve + Ve

(25)
Vi1 =Vin = Rl = Rpidpy + Vg = Vip —
D*(2 — D)*V,

— RLli__

VFDl = Vin (1 _ D)4 Ro
D2 - D)V,
D1 WR;: + Ver = Vea = Vepa
Viz = =Rp2l1; — Rpalpz + Ve — Vep2
D(2—-D) Vi, D(2—-D) Vi,
=Ry —F35 R rm vz
(1-D)* R, (1-D)* R,
Ve2 = Vipa

State 2: <

VL3 = _RL31L3 - RD11D1 - VCZ - VFDl -
D(Z_D)Vin D(Z_D)Vin

_RLS 1 _nP\2 p D1 73_ -
(1-D)* R, (1-D)* R,

\ Vez = Vep1 = Vo

Vo=

(26)

Using the voltage-second balancing concept of inductors one
can yield the voltage gain with parasitic elements. As a
consequence, the average capacitor voltages C; and C; and the
voltage gain ratio with parasitic characteristics can be expressed
as:

V.
- _(1 - D)4R0Vin + D2(2 - D)ZRlein +
D(2 = D)(1 = D)°Ry5Vin +
D*(2 = D)?*Rs1Vin + D*(2 = D)(1 — D)*Rs3Vin +
D(2 = D)(1 = D)?Rp1Vin + D(2 = D)(1 = D)*RpyVin +
(1 = D)*R,Vep1 — (1 = D)°R,Vipy
(1-D)°R,

27)

Vez
—-D(1 - D)*R,V,, + D3(2 — D)?R, Vi, +
D(2 = D)(1 = D)*Ry,Vin + D*(2 = D)?Rs1 Vi +
D*(2 — D)(1 — D)?*RszVin + D*(2 — D)(1 — D)*Rp1Vin
+D(2 —D)(1 — D)*Rp,Vi, + D(1 — D)°R,Vip, +
(1 - D)éROVFDZ
(1 - D)6R0

(28)
Vo
Vin
D(2 — D)(1 - D)*R, — D3(2 — D)*R;; — D(2 — D)(1 — D)3R;,
—D(2 - D)(1 — D)*Ry3 + D3(2 — D)?*Rs; — D3(2 — D)(1 — D)?Rs,
—D(2 — D)(1 — D)2Rp; — D(2 — D)(1 — D)*Rp, —

(1 - D)5R, ZERL — (1 — DR, Vb2
Vin Vin

M=

(1 - D)6R0
29

Likewise, by employing the volt-second balance principle of
inductors, the mean output voltage can be determined while taking
into consideration the presence of parasitic elements:

4
_ D(2=D)(1 = D)*Viy — (1 = D)Vip, — (1 = D)*Vip,
- R R R R R R
—_ D)6 LA [i97] FAV] fs1 Nz by
(1-D)e + a4 R, +a, R, +as R, +a, R, +as R, +a, R,
RDZ
+a
7 RD

a, =D*(2—D)*(1- D)%, = (1 - D), a5 = (1 - D)®,a, = D2(2 = D)
(1= D)2 a5 = D*(1 = D)% as = (1 - D)*,a; = (1 - D)°
(30)

The plots presented in Fig.7 demonstrate that the voltage gain
ratio [Mcewm| is influenced by parasitic resistance R, along with the
forward drop in voltage of diode Vep.

14
12
c L || =——— RL/Ro=1%
= C
T @ 10} RL/Ro=2%
O & RL/R0=0.2%
O =
oW gt
£ o
o X
=
E © -
O A -~ .
(2-) < 4 ,o, \‘
— =
2 -
0 ‘memmset =T . . :
0 0.2 0.4 0.6 0.8 1
Duty Cycle,D

Fig. 7. IMCCM] with the parasitic resistance versus
duty cycle (Mode I).



These points out those parasitic components have an effect on
the voltage gain ratio. Hence, Vin=15V, Vp1,=0.8V and Rii23
=A%XRo, where A=1%, 2%, 0.2%.

2) Proportion of Power Losses

Fig.8 illustrates the power loss distribution in Mode I, aiding in
the understanding of the power losses of individual element
sections. The step-down state exhibits lower efficiency compared
to the step-up state. The converter operates in step-up mode
whereby the input current is greater than the expected output
current of the converter. In the step-down mode of operation, it is
observed that the current flowing through the input port is lesser
than the current flowing through the output port. As a result, as
compared to the step-up mode, the step-down mode has a lower
overall efficiency. In step-up/down mode, the power losses of
inductors (L), capacitors (C), power MOSFETs (S), and diodes
(D), and are given in (21), (22), (18), and (20).

Step-up Mode

Step-down Mode

(@ (b)
Fig. 8. Power loss distribution for mode I. (a) Step-up mode, (b) Step-
down mode.

E. Analysis and Design of Inductor
This section describes the detail design requirements of inductors
used in the converter.

1) Inductor Ripples
The value of ripple of inductor currents L1, iz, and i3 can be
calculated using circuit diagram shown in Fig. 4(a) as expressed

below [9].
DV,
Ai, = —= (31)
Lfs

Current ripples are taken into account when designing the
inductors in the proposed converter. In relation to the peak-to-peak
current displayed in Fig.4a, and assuming that current ripples
inductors of (31), the needed inductances and ripples inductor
currents as expressed below:

DV,

L=——, Ai; < a%i; a < 309 32
P i, < a%i, a % (32)

Substituting 1.1, 2, 3 from (9) to (32), the following relation can be
obtained:

Running Title/First Author, et al

1-D)* R
(1-D) VL

- D(1-D) R,
1= a%D2-D)2" f,

2 —-D) " f,
(33)

2) Boundary Calculation

The inductor current minimum value zero marks the border
between CCM and DCM (discontinuous conduction mode). It is
critical to build the discrete inductors in such a way that the given
converter can operate in continuous conduction mode. Taking this
into consideration, the CCM condition is found using the circuit
shown in Figs.4a and 5a for inductors L3, L,, and L,as follows:

1-D)* R
Do 7
. - s
Mode I: (1-D)? R,
Lys 25— X =

U= @-0) " f »

(, .A-D) R, B9
Lyz——F—x=
Mode II: Rfs
Ly >(1—-D) x>
fs

The boundary conditions (z.g) for Ls, L2, and Ly in Mode | and Il
are provided in the (35). The CCM is shown by the area above each
curve in Fig.9, while the DCM is represented by the area below.

(1-D)*
1B = 550 — )z
Mode I: 21)((12_ Dl;)z )
T @)
(1-D)?
TLiB = 51
Mode II: a Z_DD)
Tr3p = 2
0.5
—B— U1
0al —A— 12813
™
(q\]
—
-
N

0 0.2 0.4 0.6 0.8 1
Duty Cycle,D
(®
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Fig. 9. Boundary conditions of Input and output current ripple versus
duty cycle. (a) Mode I; (b) Mode II.

F. Capacitor Design and Analysis

The voltage ripples across capacitors C;, C; and C, may be
represented as [9]:

Dicy 2 _ Dic,

Wiy =2, MV = —=2
C1,2 Cllzfg Cco Cof:;

(36)

Also, based on the following conditions, the capacitances of each
capacitor can be obtained as:

Ave,, < B%Verz B <2% 37
fve, < 8%V, 8 < 0.5% 37
Dlcy,
2 = BVt
Dr (38)

C =
° 8%V, fs

II1. Small Signal Modeling

The equations required for small signal modelling for the dual
states can be obtained from Figs. 4and 5, Following is a
straightforward derivation of the state-average model using the
averaging method and equations (39) and (40) for mode | and (41)
and (42) for mode 11 [47], as below:

MODE | OPERATION

Ll dt Vin
L, dt Ve1 + Ve
Ly dt —Vc1 — Veo
Statel: d )
Uer ,
(o dt =13+
dv
G, dcz =i
t
dv v,
Co e =13 ﬂ
dt R,

di
ld_il =V + Ve1 — V2
27~ Ve
3—— = —Vcy — Vgo
State 2: dtdvm
17 4; ="l
dv
C, dfz ip1 =i + i3
deO l vCo
o dt L3 Ro
(39)
Statel
dfig)
Ly T Ad((vin)) + (1 = D Vi) + (V1) — (Ve2))
d(izz)
L, P d(—(ver) +(vez2)) — (1 — d){vez)
d(ipz)
\La—g;— = —4(ver) + (veo)) = (1 = ) ({vez) + (vco))
State2

d(vey . . .
G % =d((iyz) + (i2)) — (1 — d)(izq)

d
i@<$”=dwu»+u—dxmo—um+um»

d(”Co) Vco Veo
C =d((i /N -1 -d){ Lo
(Co—ge ™ = dlia) + (2N = (1 = ) (Gis) + ()
(40)
MODE Il OPERATION
digy
1T g = Vin
di
Ikl
Ly dt = V1~ Veo
Statel: dve ,
17 =113
dve, ,
Cz dt _lLZ 0
dve ] Ve
Co dto lL3 R:
(41)
di
L1 d;l = Vin + Vc1
L,—=0
Z dt
L3F VUco
State 2: dv
(o = —lr1
dt
dve ]
c, dtz i =0
dvc . Ve
Co dto — s R:



Statel
Ly 8 = d () + (1 = D (i) + (ver)
Lt =0

Ly % = —=d((ve1) + (Vo)) — (1 — A)(—(veo))
State2 (42)

( €2 = d((iys)) — (1 — d)isa)

c, 2 = o
c, d<ZcD> d((igs) + ("CD)) — (1= d)({ig) + (VCO))

Where (v, (iLs), (ir2), (ina), (Vez), (veq) and {vgo)are the
average values of Vi, , i3, L2, iL1, Ve, Vei, and Vo, and respectively.
Small AC values of the aforementioned elements are specified in
order to produce the small-signal model
as: U, (13, (13,001, Uess Uo1,Ueg, and d. Besides, the associations
among mean AC, and DC values can be expressed as:

A
vin < |V1n|
A
(Vin) = Vin + vin, & |V
A c1
Ve1) =Ver + v
e “ /C\1 |vc | K Vel
N | vo| < Vool
A 1%
(Veo) = Vo + Vo CAO ” 43
3 A < s
(i) =L, +ijy i1 < |4l (43)
, A A
(i2) = I, + liz ip2| < 5|
ii2Y=16.+1 A
(i) L /\L3 i3] < 3]
(&)=D+d ;
d| < |D|

By substituting (43) into (42) and (40), one may get AC and DC
values while omitting the high-order small signal components as:

Kx =Ax + Bu,y =Cx+ Eu (44)
with

x=[07 Uz s Ya Vo Volu=I[d ;] (45)

L, 0 0 0 0 0
0 L, 0 0 0 0
1o 0 1; 0o 0 o0
K=lo o 0 ¢, o o (46)
0 0 0 0 C 0
0 0 0 0 0 C
AModeI—
F0 0 0 (1-D) —(1-D) 0 ]
0 0 0 ) 1 0
0 0 0 D -(1-D) -1
—(1-D) D D 0 0 0
(1-D) -1 -(1-D) 0 0 0
1
0 0 1 0 ——
RO_

Running Title/First Author, et al

0 0 0 0 (1-D 0
0 0 0 O 0 0
4 _ 0 0 0 -D 0 0
Modell ™1_(1-D) 0 D 0 0 0
0 0 0 O 0 0
0 0 1 0 0 —-1/R,
(47)
_VC1 + VCZ 1 _VCl 1
Ve 0 0 0
B - VertVez 0] p _| Ve O
Mode I ILl +IL2 +IL3 0 yPMode Il ILl +IL3 0
_[Ll - IL3 0 0 0
0 0 0 0
(48)
And the V, metrics can be obtained as below:
— ./\ -
lp1
./\
L2
A A
V,=[0 0 0 0 0 1]]"3]+]0 0][‘1] (49)
Ve Vin
A
VUc2
A
_UCO_

The extracted bode plots from the calculation procedure and
simulations are displayed in Fig 10. It is used to generate the output
transfer function to test the model. The parameters listed in Table 111
are used to draw the bode diagrams. As can be seen, the estimated
model and simulation results are in good agreement. As a result, the
suggested model may be used to exact controller design as well as
dynamic behavior of the circuit. Fig.11 illustrates the control system
parameters using SISOTOOL in MATLAB, which are determined
according to the gain and phase margin. The PI controller's step-
up/step-down functionality allows for an output voltage range of
15V to 60V. However, modifying the load in an open-loop control
system results in alterations to the output voltage ripples.
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40

20
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_20 1 1
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% Simulation

o
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N
o
o

10! 102 103 10*
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Fig. 10. Comparison of bode diagrams comparison the theoretical and

simulation results.
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Fig. 11. PI controller system for the proposed

IV. Comparison with Existing Converters

The characteristics of modes | and 11 of the suggested converter in
step-up/down modes is shown in Table I. Fig.12 depicts the buck
and boost zones of modes | and Il. To compare the suggested
converter to similar dual-mode converters, converters in [36] and
[37] are explored independently in Table I. The number of
semiconductor components and voltage gain ratio of mode | are
lower and greater, respectively, than in [37]. The SDP of the
suggested topology is lower than [37], as shown in Table I, and the
elements are fewer. While having eight elements, the converter in
[36] has discontinuous output and input currents, unlike the
proposed converter. Moreover, in step-up/down mode, the
suggested converter has a lower switching device power (SDP) than
[37]. As a result, the proposed converter has more advantage. Table
Il summarizes the characteristics of the suggested DC/DC buck-
boost topology and existing converters.

Mode I /Buck and Boost Zone

10 T T T T T T
€ Buck Zone Boost Zor/
9 5« P <t 3>
> /
0 " T 1 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
5 Mode II /Buck and Boost Zone
T T T T T T T
Buck Zone Boost Zone
" e e
(8}
> /
0 . 1 1 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Duty Cycle

Fig. 12. Buck and Boost mode zone of modes I and II.

As shown in Table I, the number of semiconductor components,
as well as the voltage stress of switches, voltage gain ratio, SDPay
/P,, output polarity, diode voltage stress, and continuous
input/output current, were analyzed for the given converter and
existing converters. Despite the suggested converter's continuous
input current and correspondingly fewer semiconductor
components, it may be a good solution for PV inverters. The
suggested structure includes continuous input/output current. The
subsequent section showcases the preeminence of the converter that
has been recommended, with regard to voltage gain, effectiveness
index, and SDP.

A. Voltage Gain Ratio Differences
Fig. 13 compares voltage gain ratios, and Table Il contains
statistics on the proposed and other competing converters. If D > 0.5,

the investigated converter has a higher voltage gain than comparable
converters. The horizontal axis, as displayed, represents the duty
cycle (0 to 100%). Additionally, the vertical axis displays the output
voltage in the 0-20V range. The higher the duty cycle, the higher the
output voltage, but with more power loss.

Voltage Gain Comparison

20 T
[22],[23] !
[241,[25] !
[26],(27],[28] ]
c 15 [29],137],142] L.
© | =——— Proposed(Step-down)&CUK !
g = = = Proposed(Step-up)&[36],[21] .'
) !
g 10 ll -
> /
S5 ’
=
=]
O 5 1
0
01 02 03 04 05 06 07 08 09

Duty Cycle

Fig. 13. Voltage gain ratios vs duty cycle comparison

B. Effectiveness Index

In this section, the performance of the provided converter is
compared to that of other similar buck-boost converters in order to
validate the aforementioned qualities. The complete comparative
findings are shown in Table II based on the maximum voltage stress
across diodes, common ground -characteristics, voltage gain,
input/output current ripple, voltage stress on switches, and total
number of parts. In addition, an efficiency index (EI) is offered for
measuring the ratio between the total number of elements used and
the voltage gain value [32, 38]. The El is calculated as:

D(2-D)
Bl = (1-D)* (50)
Total Number of Utilized Elements

This coefficient accurately represents the best usage of circuit
parts and power density in the proposed converter. Fig. 14 depicts
the El vs duty cycle for the recommended converter as well as other
comparable converters.

0.8 T T T !
[22],[23]
07t [24] -
[25]
06 [26] y
[27],[28]
05 [29],[37]
— —&— Proposed Conv.
wo4r
0.1
03r
0.05
02r

015 0.2

025 0.

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Duty Cycle

Fig. 14. Effectiveness index.
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TABLE I Comparison of Modes (1, I1)

MODES
Mode | Mode I
Topology Vv vV
cl/ Vs Norm. c.l/ s Norm.
D[ S| Mcem | &' | CG va SDPwy/Po | O S| Meew | 75 | CG va SDPar /P,
1-D+D* | No/ 1+D 1 D(2-D) | No/ 2-D 2
IN [36] 2|2 D(l—D) No Yes D(L-D) (D-DY)(-D+DY) 2|2 1-DY? No Yes 1-D)’ | DI-D)2-D)
2 No/
D Yes/ 02-D+1 | 2D°-D*+1 2 ! 2(D*-D +1)
INBSTY 14120 oy | No | N | o | oaoy |31 (ﬁ j No 1 No oy | ooy
D(2-D) | Yes/ 1 2 Yes/ 1 1
Proposed | 21 21 175y | ves | YOS | woy | peoen) | 1| 1| o | ves | Y | iCp | De-D)
C.1/0= Continuous Input/output, C.G= Common Ground, SDP= Switching Device Power.
TABLE Il Comparison of the Buck-Boost Converter and Suggested Converter
Item Vol Number of \ i
oltage Elements* . : orm. * *
Gain VS /Vm VD /Vln SDPan /PO O.P C|/O M =1
CUK D 1 1 N
Converter 1-D 111212 6 1-D 1i-p | T ) | v/ | D05
1D
D(z-D) 1 1-D (1-D)2 4D2—4D+2 ~
IN [21] a- D)Z 1| 3} 2|2 8 (1—D)2 1 m (*) X/X D=0.29
(1-D)2
2D 1 1 1 2
IN [22] —5 | 1]3|3]3] 10 s 315 5D) (+) | xv/ | D=033
2D 1 1 1 5
IN [23] 1D 1| 2| 4| 3| 10 Py Toio | T +) VIV D=0.33
1 2D
3D 1 1-D1-D 2 -
IN [24] -5 1] 3] 5| 3| 12 5 Y D(1-D) ) x/x | D=0.25
1-D
3D 1 1 01 1 i
IN [25] =D 1) 3| 6| 4| 14 b Topibpiop | T +) VIx D=0.25
1 0
1-D (1-D)?
D \? 1 11 6D%—8D+4 N
IN [26] (ﬁ) 1| 5| 3| 3| 12 T G0 1D DAY () | v/v | D=05
D
(1-D)?
IN [27 D\ 2023310 | ——2r| =2 2 " D=05
[27] (ﬁ) (1-D)2 (1-D)2| 1-D (1-D)? D(1-D) *) | vV e
IN [28 DY 1223310 | =2 — 2 e ¥ D=05
(28] (1—0) 1-D (1-D)? 1-D (1-D)2 D(1-D) +) | v/v | D=0
D 11 1 D 14D JIV ~
INRIL | G5 1223310 | Thasor | Tz aoy >a-D) @) D=0.38
D(2-D) 11 11 2 ~
IN [36] m 20 2] 2| 2| 8 1-D (1-D)? 1-D (1-D)? D(1-D)(2-D) (—) XIX D=0.29
D
D 1 (1-D)2 2D3-D?%+1 _
IN [37] a7 | 2422 w0 oy (D )2 R Dapy | | x| =0z
1-D/ 1-D
D 1 _ 1 t 1 14D
IN [42] G-y |2|2/2/28 |1-pA-Dy | 1-D(A-DY D-D) () | VIx | D=038
D(2-D) 1D 1 D 2 ~
Proposed a-Dye 2|1 2| 3310 1D (1-D)2 1-D (1-D)? D(1-D)(2-D) - | v/V | D=029

* S=Switch, D= Diode, C= Capacitor, L= Inductor, O.P= Output Polarity, C.I/O= Continuous Input/output,
D=Duty cycle.




International Journal of Industrial Electronics, Control and Optimization (IECO). yyyy, *(*) 12

As shown in the figure, the suggested converter has a greater EI
than the converters in [22-29] and [37] over the whole range of
feasible duty ratio values. When the duty ratio is smaller than 0.4,
the suggested converter and the converters in [24] and [25] have
equivalent El. However, at larger duty ratios, the El of the suggested
buck-boost converter is significantly better than that of current
converters. This shows that the suggested converter has a higher
power density.

C. Comparison Input Ripple Current
The comparison of input current ripple of the suggested converter
with other competitor converters is shown in Fig.15. Fig.15 shows
that the input current value of the suggested converter is lower than
other buck-boost converters.

Comparison Input Current Ripple

1
Proposed Conv
[26],[27],[28]
08 F [29]
Qo [23]
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2
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~e
N.~.
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Fig. 15. Comparison the ripple input as a function of duty cycle with
other converters.

D. Total Switching Device Power (SDP)
SDP is a useful index for evaluating various switching device
aspects such as cooling system requirements, possible expenses, and
losses [48, 49]. It is worth noting that the voltage stress and current
of the converter's diodes and switches are taken into account when
calculating power loss and the overall cost of implementation. The
total average switching device power (SDPay) is expressed as:

SDPavg = Z?:l VS_L'ISavg_L' (51)

In which, lsag i and Vs signify the average current and peak
voltage of the i semiconductor of the power converter during a
switching period. Fig. 16 depicts the overall average SDPs for
various converters. As can be shown, the suggested converter
achieves lower SDP in comparison to previous buck-boost
converters by D > 0.5, which directly translates to lower
semiconductor cost and power loss. The total average SDP in step-
up/down mode is represented as:

2

Mode I':S DPoyy(step - up) = IR
1

Mode Il : S DPyyg(step —down) = D(2-D) B
(52)
0 — -
' e [26] !
35| |4 [27],[241,122] ! -
v\ | s /
30+ -‘ sennnnn [37](step-down) I" 1
“ ----- [37](step-up) N
o5t “‘ === Proposed(step-down) | /* i

Normalized Average SDP, SDPavg/Po
N
o

151 1

10 1

d \.~.~.~- ]

0 | | ! ----I—-—---

0 0.2 04 0.6 0.8 1
Duty Cycle,D

Fig. 16. Comparison of normalized SDPavg.

V. Experimental Verification

To confirm the theoretical claims for both modes of operation, the
proposed DC/DC buck-boost converter was experimentally tested
and inspected. Table 111 shows the components used in simulation
and experimentation on the suggested converter. The values of these
parameters were obtained through the mathematical solution of
equations (36) -(38) and (31)- (33). The current ripples of inductors
were set at a rate of 30%, whereas the voltage ripples through
capacitors C,, C, and C; were modified to 0.2, 5 and 5 percent,
respectively. The capacitance values of C,, C, and Ci have been
computed utilizing equations (36) -(38). The selection of the
inductances of Ls, L,, and L, based on the inductor current ripples as
described in equations (31) -(33). In the step-up mode, the desired
converter's input voltage level is varied between 15V DC and 60V
DC with negative polarity. In the CCM mode, the waveforms of the
Ls, Ly, and L; inductor currents are examined, together with the
converter's input continuous current flow. In addition, with a 15V
input voltage source and a duty cycle of 0.553, the mean current of
inductors Ls, L,, and Ly are 1A, 2.24A, and 4.05A, respectively. The
voltages of capacitors C,, C; and C; are about -60.05V, -41.54V, and
-75.09V, respectively, according to (5) and (6). The power
MOSFETSs S; and Sy, as well as the diodes D, and, D, were selected
based on the components' current stress and voltage. After
determining the rating of power MOSFETSs and diodes, the mean
voltage stress for these four elements is 41.51V, 18.54V, 18.56V,
and 14.99V. The average current of inductors L4, Lo, and L3 is 0.6A,
0A, and 1A, in step-down mode, when the input voltage is 15V and
the duty cycle is 0.375.

In addition, the voltage stress given to capacitors C,, C, and C; is
8.099V, 0V, and -23.99V, respectively. Moreover, the voltage



13

stresses delivered to power MOSFETs and diodes are 8.99V,
14.99V, 0V, and 8.99V, respectively, based on the analytic
formulae.

TABLE III Experimental Setup Parameters

Mode I Mode I1
Parameters
Step-up Mode Step-down Mode
Vin 15V 15V
Vo 60V A%
Duty Cycle 0.553 0.375
Output power 60W ow
fs 50KHz
Ly, Lo, Ls 138uH, 512uH, 512pH
Ri1, Rz ,Rus 0.064€Q, 0.137€2, 0.143Q
Ci, C2, Co 33uF, 33uF, 160 uF
Rci, Rca,Rco 0.0642, 0.064Q2, 0.022Q
IRFP4668PBF (Rps= 8mL2)
S1,S2
ton = 41ns, to= 4ns,Coss=810PF
D.,D; MBR10100 (Vrp ~ 0.85V)

The simulation plots of the investigated converter in the two
modes (step-up/down) simulation are shown in Fig.17 while
operating in CCM mode through the PLECS software. It represents
the current and output voltage, gate-source voltage, diodes voltage,
and switch voltage of the MOSFETs. Fig. 17(a) shows the
simulation waveforms in PLECS software in the boost mode and
Fig. 17(b) shows the simulation waveform in the buck mode.
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Fig. 17. Simulation waveforms in PLECS. (a) Boost mode; (b) Buck
mode.

VI. Hardware Setup and Experimental Evaluation

Here, to verify the aforesaid properties of the suggested converter,
an experimental prototype is used. The prototype was run and
examined with 9W (buck mode) and 60W (boost mode) output
powers. Figs. 18 and 19 show the experimental prototype and the
driving circuit. The circuit elements corresponding to the
experimental converter are presented in Table Ill. According to
Table Ill, MOSFETs (IRFP4668PBF). MBR10100 diodes were
selected for realizing the circuit.

The photocoupler TLP250 was utilized to drive the power
MOSFETS S; and S,. The experimental plots of the experimental
prototype are shown in Figs. 20 and 21, which were recorded and
measured viaa GW INSTEK GDS-2102A oscilloscope and a Pintek
PA- 667 1MHz current probes. The plots of the anticipated
converter's currents and voltages exhibited in Figs. 20 and 21dual
modes indicate a very slight variation between the experimental and
PLECS simulation results. Fig. 20(a) depicts the recorded
waveforms of the input and output voltage, Fig. 20(b) shows the
measured currents of the inductors (L1, L2). Fig. 20(c) and Fig. 20(d)
illustrate the voltage waveforms of the diodes and power switches in
step-down mode, respectively. Fig. 21 shows the same values in
step-up mode. Lastly, the test results showed that the proposed
converter operation entirely follows the operation principles and
characteristics mentioned in the theoretical claims. Fig 22 (a) and (b)
show the theoretical and experimental efficiency curves of the
proposed converter for varied output power in step-up and step-
down modes, respectively.
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Semi-quadrratic buck-boost converter with continuous 1/0 current
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Fig. 19. MOSFET driver circuit
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Fig. 20. Waveforms in the step-down mode; (a) Vin, Vo;
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Fig. 22. Efficiency plot of experimental and theoretical result of the
suggested converter. (a) Step-down mode (Mode II); (b) Step-up
mode (Mode I).

VII. Conclusion

This paper presents a new semi-quadratic DC-DC converter
featuring (a) continuous input and output current for reduced ripple
and EMI suppression, (b) negative output polarity, (c) wide voltage
range operation with minimal duty cycle variation, and (d) dual
operating modes offering two distinct buck-boost voltage gain
ratios. The working principle was analyzed in both operational
modes, with steady-state analysis establishing the relationships
between voltage and current. A comprehensive efficiency analysis
incorporating component parasitic elements was presented, along
with an estimation of power loss. The passive components were
designed to meet the requirements for ripple voltage and current.
The comparative evaluation demonstrates the converter's superior
performance, achieving higher voltage gain, improved efficiency
(92.6% in Mode | and 87.6% in Mode Il), and lower switching
device power (SDP) compared to existing quadratic converters.
Experimental validation confirmed the converter's practical
performance. With its continuous current characteristics and
negative output capability, the proposed topology is particularly
suitable for multifunction power supplies, photovoltaic systems,
signal generators, audio amplifiers, and data transmission interfaces
requiring negative voltage supplies.
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