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ABSTRACT The use of renewable resources for low power generation has led to extensive research on
power converters for reliable and efficient power conversion. Though conventional boost converter (CBC)
remains the widely used topology, its operating range is limited due to constraints on voltage gain and
degree of freedom of control (DoFoC). This paper presents a two-switch boost converter (TSBC) which
improves the voltage gain and DoFoC by cascading an additional switch-diode pair to the CBC circuit. The
additional switch enhances the range of voltage gain without operating CBC at high duty ratios. Additionally,
TSBC offers more choices to adjust voltage gain, which enhances DoFoC. The switching interval selection is
detailed considering the voltage gain and constraints on circuit variables. The design formulations of TSBC
are examined to facilitate optimal choice of components. The features of TSBC are theoretically established
with mathematical derivations and are validated by simulations and experiments. The experimental results
indicate that for a duty ratio of 0.7 for the existing switch of CBC, an increase in voltage gain from 3.2 to
4.3 is achieved when the duty ratio of the additional switch in TSBC is varied from O to 0.1. Similarly,
improved DoFoC is demonstrated with inductor current control as well as with constant ripple ratios while
maintaining the required output voltage. The proposed converter can easily replace the commonly CBC to
improve the gain and DoFoC by simply cascading a switch-diode pair at the input-side of CBC.

INDEX TERMS Boost converter, cascaded topology, degree of freedom, voltage gain, ripple ratio.

I. INTRODUCTION

Renewable resources and energy storage systems such as
solar photo-voltaic (PV), wind turbines, fuel cells, and bat-
tery storage have steadily gained acceptance as dependable
and low-cost means of fulfilling the ever-increasing energy
demand. As a result, the number of non-conventional sources
integrated into the existing distribution system has exten-
sively increased over the past few decades. This escalat-
ing use of renewable resources along with the advancement
in the area of semiconductor devices and the competitive
energy market has influenced the research on power converter
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interfaces (PClIs) [1], [2]. PCIs are primarily ought to have
a simple structure with small size and high efficiency [3].
To achieve safe, stable, cost-effective, and reliable integra-
tion, developing converters that comply with updated stan-
dards and achieve increased efficiency is critical.

Several existing low-power renewable resources have high
power to voltage ratio and therefore require a voltage boosting
stage [4], [5]. The conventional boost converter (CBC) is
most commonly used for this purpose due to its simple circuit
and available comprehensive analysis [2]. However, CBC
exhibits several inadequacies in many applications, one of
which is the constraint on its practical voltage gain. Although
CBC theoretically yields significant voltage gains, it is prac-
tically unattainable due to parasitic resistances, stresses on
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switching devices, as well as stability and efficiency concerns
at high duty ratios. This limit on voltage gain can lead to
over-sizing of the sources [6], [7]. To this end, several step-up
converters have been proposed in the existing literature.

The topologies for step-up DC-DC converters can be cat-
egorized as isolated and non-isolated converters [8]. Isolated
converters use traditional or multi-winding transformers to
achieve the necessary voltage gain and maintain isolation
between input and output sides [9], [10], [11], [12]. The
existence of a transformer, on the other hand, necessitates
a high-frequency stage and increases the total loss. Due to
low cost, size, and efficiency, non-isolated converters are
frequently preferred in low-power systems [6]. Many exist-
ing non-isolated converters achieve high voltage gain ratios
by increasing the voltage multiplier cells [4], [5], using
coupled inductors with high turns ratios or with switched
capacitor [13], [14] or inductor modules [15], [16], [17].
Though transformer-based or coupled-inductor-based high-
gain converters have several advantages, the presence of
magnetic elements with strict design constraints degrades its
structural simplicity [10], [18]. The switched capacitor and
inductor converters, on the other hand, necessitate a large
number of high-frequency switching devices and suffer from
excessive current and voltage spikes during transients [13].
Another method to attain high voltage gain is with cascaded
converters [19], [20]. If integrated with careful design of
components, the cascading technique can be used to develop
converters with improved voltage gains.

Another restriction of CBC is the lack of diverse degrees
of freedom of control (DoFoC) under continuous conduc-
tion mode (CCM). This implies the duty ratio is varied to
control only one variable. Due to this, the CBC is designed
at the rated maximum operating conditions which results
in over-sizing of the converter. This initiated the develop-
ment of converters with higher DoFoC. High gain converters
based on coupled-inductor impedance sources depend on the
inductor turns ratio and coupling to increase DoFoC [21],
[22], [23], [24]. In [25], a boost converter with interleaved
inductor and switched capacitor voltage multiplier to elimi-
nate input current ripple at a pre-selected duty ratio is pre-
sented. However, pre-selection of duty ratio may not be fea-
sible in many applications. A soft-switching boost converter
with unidirectional cell to increase DoFoC and efficiency is
proposed in [18]. However, its voltage gain require further
analysis and comparison. Several high-gain converters in
literature achieve higher DoFoC with complex circuit or con-
trol strategies. Contrarily, cascaded converter configurations
resolve the constraint on DoFoC and attain increased voltage
gains.

Considering the above-mentioned factors as motivation,
atwo-switch boost converter (TSBC) is proposed in this paper
to improve the voltage gain of CBC by cascading a switch-
diode pair. The inclusion of extra switch increases the DoFoC
in comparison to CBC. The proposed TSBC circuit is easy
to implement by including a switch-diode pair to CBC in
case of an existing PCI or by using two half-bridges in a
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FIGURE 1. Circuit of the proposed TSBC.

new system. The significant contributions of the paper are as
follows.

« Anovel TSBC with improved voltage gain with minimal
circuit changes to CBC

« Analysis to apprehend the increased DoFoC due to the
inclusion of the additional switch

« A meticulous switching interval selection to provide
ease of control implementation

¢ A detailed formulation for component sizing of the pro-
posed TSBC to facilitate simple hardware development

The rest of the paper is organized as follows. Section II
discusses the proposed TSBC circuit and analyzes it during
different states of operation to derive Important formula-
tions including the voltage gain and current relations. The
increased DoFoC due to the availability of multiple switch-
ing combinations is explained in section III. In section IV,
the improvement in voltage gain of the proposed TSBC in
comparison to CBC is presented. The selection of duty ratios
considering constraints on different variables is discussed
in section V. Section VI contains formulations for optimal
component sizing, followed by a comparison of specifica-
tions for the proposed TSBC and CBC. The simulation and
experimental findings are reported in section VII to validate
the theoretical claims of improved voltage gain and DoFoC.
The conclusions from the theoretical analysis and results are
finally summarized in section VIII.

II. CIRCUIT ANALYSIS OF PROPOSED CONVERTER

The circuit of the proposed TSBC is shown in Fig. 1 with
an input voltage Vj, and output voltage V,, across a load R,,.
It consists of an input filter capacitor Cjy, a pair of switches
(81, 82), a pair of diodes (D1, D7), an inductor L, and output
capacitor C,. The average input, output and inductor currents
are denoted by i, I, and I, respectively. The switches can be
operated synchronously or independently. The circuit imple-
mentation of TSBC is considered to be simple as it comprises
of a switch and diode at the input side of CBC.

A. CIRCUIT ANALYSIS

Assuming CCM operation, diodes D; and D, conduct in
complement to switches S; and S> respectively. Hence, there
exist four states of operation based on switching conditions
of §1 and S> as shown in Table 1 and are discussed as
follows.
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TABLE 1. Switching states and corresponding variables.

State Sa,51 Interval VL, (o ic,
0 OFF,OFF to Vin—Vo Im—-I I.-1I
1 OFF,ON t1 0 Iin —1Is
2 ON,OFF to Vi Iy — I, —1Io
3 ON,ON ts3 Vo Iin —Iy, — I,
S T e A
D, 1 ‘0 N L b N
I; + v - I + v -
s i Lo Vo o i L7 == ™
Cin Cin
LT T '

(a) State 0 (b) State 1
f S .
D ll Ico 10 ! Il Ico I(,
_.._,.IWV\_I' + _ +
L s +ovp -l L , Iin . -l
+ [ ICin S, o Vo + [ ICin S, Vo
Vil - - VT : -
(c) State 2 (d) State 3

FIGURE 2. States of operation of the proposed TSBC.

1) STATEO

The circuit operates in state O for the time interval 7o when
both the switches are OFF. If the inductor current if, is non-
zero, the diodes D and D; conduct as shown in Fig. 2. The
input source along with the inductor supply power to the
load. The voltage and currents of energy storage elements are
determined by circuit analysis as shown in (1).

VL, icys icy,] = [(Vin = Vo), UL — Lo), (in — )]~ (1)

2) STATE 1

During state 1, the switch §7 is ON while S, is OFF as
shown in Fig. 2b. The time interval for this state is #;. The
input source supplies the input capacitor Cj, while the out-
put capacitor C, supplies the load. The inductor current i,
remains constant and circulates through S| and D5. The fol-
lowing equations are obtained by circuit analysis of Fig. 2b.

[V]_M iCQ7 iCjn] = [(0)7 (_IO)a (Ill’l)] (2)

State 2

The circuit operates in state 2 for #,, during which the switch
S1 OFF while switch S, is ON. The inductor is charged from
the input via the diode D1 and switch S>, while the load is
supplied solely by the output capacitor C,. The following
equations are obtained for this state.

[vL, icy, ici, 1 = [(Vin), (=1o), (in — IL)] 3)

State 3

Both switches S| and S, are ON for a interval of 73 in state 3.
The inductor L discharges to the output capacitor C, and
the load, while the capacitor Cj, is sourced from the input.
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The equations that characterize this state are as follows.

VL, ic,» ici,] = [(Vo), UL — 1), (in)] “)

From the circuit analysis, the operation of TSBC in state 0
and state 2 are noted to be identical to that of CBC. Hence, the
proposed TSBC operates as a CBC when switch S; remains
off throughout the circuit operation.

B. VOLTAGE AND CURRENT RATIOS

If the passive components are assumed to be loss-less, the
average energy dissipated across Cip, L and C, during one
switching period T (= Z?:o t;) can be equated to zero. From
vpin (1), (2), (3) and (4), the following relation can be derived
considering zero energy dissipation in the inductor.

(Vin - Vo)tO + Vinlz + Vot3 = 0 (5)

Therefore, the relation between the output and input voltages
can be derived in terms of the switching intervals as

o> 13 (6)

Similarly, by equating the average energy dissipated in the
capacitors Cip and C, to zero, we obtain (7) and (8).

(lin — IL)(0 + 12) + fin(t1 +13) =0 @)

(IL —1o)to — Io(t1 + ) + (=L — Lo)13 =0 3)

From (7) and (8), the relation between average currents in the
circuit is derived an in (9).

r o _, T
_mto+tz

&)

It is observed from (6) and (9), there exist multiple combi-
nations of time intervals #o_3 that yield the same voltage or
current relation. This enables control of additional variables.

Ill. DUTY RATIOS AND OVERLAP OF SWITCH PULSES
Based on (6), different combinations of time intervals #p_3
can be used to achieve a required voltage ratio. For ease
of control implementation, these time intervals are hereafter
expressed in terms of the duty ratios of switching pulses and
the ratio of their overlap. Let the duty ratios of the switching
pulses to 1 and S> be di and d respectively while their
ratio of overlap time to time period T be dor as shown in
Fig. 3. The duty ratios d; and d> and their overlap ratio can
be expressed in terms of the intervals 79_3 as in (10).

d 1| nt+n
dr | = T h+13 (10)
doL 13

It is observed from (10) that for the same set of duty ratios
(d1, d»), the time intervals #y_3 vary when overlap ratio do is
varied. From Fig. 3, doL, can be varied by introducing a phase
shift between the switching pulses S; and S». The phase shift

23829



IEEE Access

R. V. Damodaran et al.: TSBC With Improved Voltage Gain and Degree of Freedom of Control

M= 11 5l d— T —H— 11 I3 phpe— o —)
S d; 1-d, d; 1-d, |
S_a_ E_ dZ l-‘dg dz | H
E 11()1,3 g L’m g
i ) Left Shift 0, ' Right Shift 0y '
FIGURE 3. Switching pulses of S; and S, with overlap.
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FIGURE 4. Voltage gain ratios for CBC and proposed TSBC.

OoL of S w.r.t. St in seconds for an overlap ratio dor, can be
obtained using (11), provided 0 < dor < min(dy, d).

6L = (d1 —doL)T = tp; forright shift of S
Or = —(dy — doL)T = —t1; for left shift of S, (11)

Multiple control parameters of TSBC, namely d;, d and
doL,, provide higher DoFoC in comparison to CBC in which
d; is the only controllable parameter. The presence of the
additional S1-D; pair also help improve the voltage gain.

IV. IMPROVEMENT IN VOLTAGE GAIN

To demonstrate the improvement in voltage gain, the pro-
posed TSBC is compared with CBC. In (6), the voltage
relation of TSBC is presented as a function of the switching
intervals. However, a relation in terms of duty ratios provides
a more perceptive representation for the purpose of com-
parison. Substituting time intervals from (10) in the voltage
relation of (6), the voltage gain of TSBC is obtained as

1—d .
Cl—di—dy
The CBC has only one switch and operates in two states
which correspond to states 0 and 2 of TSBC. Hence, if S is
turned off throughout the operation of the converter, the pro-
posed TSBC performs identical to CBC. The time intervals
in CBC is obtained as t; = t3 = 0 and 7y + t, = T, and duty
ratio d; = 0. The voltage gain of CBC is as in (13).

Gy di+dy <1 (12)

T
Gy = 5; (o >0) = (d<1) (13

1—dp ;
The voltage gain ratios of CBC and TSBC, Gy and Gy,

for varying duty ratios are presented in Fig. 4. The duty ratio
d; is varied continuously while d; takes values from O to 0.8.
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Considering the constraint of di + d» < 1 from (12), the
operating and non-operating ranges of TSBC are indicated in
Fig. 4. When d;=0, the voltage gain of the TSBC is identical
to that of the CBC. On the other hand, if d; > 0, the TSBC
is capable of operating at higher voltage gains. For instance,
at d»=0.7, the voltage gain of CBC (d=0) is 3.33. If d; is
varied to 0.1 and 0.2 while d remains at 0.8, the voltage
gain of TSBC is increased to 4.5 (35% increase) and 8 (140%
increase) respectively. This improved voltage gain effectively
implies that the operating range of TSBC is improved.

From (12), the voltage gain ratio Gy is noticed to be inde-
pendent of the overlap ratio dor. As aresult, the phase shift on
the switching pulse S» w.r.t. §1 has no effect on the voltage
gain. The same voltage gain can be obtained with multiple
choices of duty ratios, thereby increasing the DoFoC which
is further explained in the following section.

V. INCREASE IN DoFoC AND CHOICE OF DUTY RATIOS

In CBC, the magnitude and ripples of the currents and volt-
ages vary with the gain ratio and cannot be controlled as it
has only one control variable d; i.e. one DoFoC. However,
the proposed TSBC has more than one combination of dj,
d> and dor, that yield the same voltage gain, which implies
multiple DoFoC. Duty ratios can be chosen in accordance
with multiple constraints in addition to voltage gain such
as magnitude and ripple of currents and voltages, switching
frequency, and/or switching losses. In this paper, the output
ripple voltage AV, and inductor current ripple Aly, are con-
sidered for the choice of duty ratios. Similar analysis can
be performed for other parameters, such as inductor current
magnitude, based on the application. The voltage gain Gy and
switching frequency fow = % are predefined. Additionally,
for the simplicity of analysis and implementation, complete
overlap case is assumed here. Therefore, the overlap ratio
between the two switching pulse is fixed based on the fol-
lowing conditions.

dOL = d1 , Ifd] < dz
dOL = d2 s Ifd] > d2
. doL = min(dy, d2) (14)

A. CASE 1: INDUCTOR CURRENT MAGNITUDE

The inductor is often a sizable component in converters.
Therefore, limiting the inductor current to an optimal value is
considered appropriate to reduce the weight, size and cost of
converter. Further, a control on the inductor current is useful
to control input/output currents based on the application.
If the inductor current is limited by the equation I}, = xI,,
the following relation is obtained from (9).

I 1

rXr=————-
I, (-di—d)

(15)

From (15), it can be observed that the inductor current ratio is
independent of the overlap ratio dor. Solving (15) using (19),
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we obtain the values of d| and d> as shown in(16).

(i da] = [1 - G, Gt (16)

=
Since the duty ratios are expected to be non-negative, the
above equation results in the constraint x > Gy. Based on
the duty ratios obtained from (16), switching pulses can be
generated to attain the desired voltage gain G, and inductor
current ratio x, and thereby control both output voltage V,
and inductor current [}

B. CASE 2: OUTPUT VOLTAGE RIPPLE RATIO
Many applications involve loads that require the output volt-
age V, to be stable with minimal ripple AV,. Using circuit
analysis, the ripple voltage can be expressed as in (17).

Vo (1 —di—dr+doL)d1+d>)

AVy = (17)
¢ RoCofsw (1 —dy —dy)

Let the output voltage ripple ratio be Ay = AV‘:" . Considering

this limit on ripple voltage, we obtain the following relation.
I (1—d —dy+doL)di +dy)

Ay = (18)
RoCofsw (I—d;—dy)
From voltage gain of (12), the duty ratio d; is expressed as
dy=1- &% (19)

Substituting dor, and d; from (14) and (19) in (18), the
following relation is obtained for output voltage ripple ratio.

1 [a-a (G -1)sita <

dy
Ay= ——
RoCofsw

(20)
Gy (1 - %) Cifdy > do

The duty ratio d> is obtained by solving (20) and d is
obtained by substituting this value of d» to (19). The values
of duty ratios and overlap ratio thus obtained will result in the
specified gain Gy and ripple ratio Ay of the output voltage.

C. CASE 3: INDUCTOR CURRENT RIPPLE RATIO

The inductor current ripple is one of the factors that define
the inductor value for CCM operation. Hence, operating the
converter at a predefined inductor current ripple can ensure
CCM operation. The ripple current Al is correlated to the
inductor L as per (21), where At is the interval during which
I1, changes by AL and vy, is the voltage across it during At.

My alt @1)

TR
Substituting Al and vy, during the switching state 7y from
Table 1 and using the voltage gain in (12), the inductor current
ripple AL can be expressed as (22).

Vo (1 —di —dy +doL)d»

Lfsw (1 —dp)
From the current relations in (9), the inductor current can be
defined in terms of duty ratios by (23).
Vo T W 1
Ro(to—13) Ro(1—dy —do)

Al = (22)

IL= (23)
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If the ripple current ratio is fixed to Ax, i.e. Al = Ax X I,
Ry (1 —dy —dr +doL)d>

Ax = (24)
Lfsw Gy
Substituting dor, and d; from (14) and (19),
[t < g
Lfsw sty ifdi > dy

Solving (25), (19) and (14) in order yields the values of d,
dy and do, respectively that results in the specified inductor
current ripple ratio Ax while retaining the voltage gain at G.

VI. OPTIMAL SELECTION OF COMPONENTS

The size and cost of a converter are determined by the ratings
of its constituent components. The design of components
used in TSBC is detailed as follows. The sizing of switches,
diodes, inductor, and capacitors are based on rated values of
parameters such as input voltage Vj,, switching frequency
fsw, rated output voltage VgRr, and rated power SR = VorIoR-
These parameters are assumed to be fixed prior to design.

A. INDUCTOR
The rating of the inductor is decided based on the maximum
of average and ripple currents through it. The ripple current
decides the inductor value while the average current deter-
mines the current rating of the inductor. The maximum ripple
current Afp . is required to be limited to Ax=(10 to 30)%
of the rated inductor current /; g. Since the inductor current
and output current can be related by (9), the maximum ripple
current at rated condition is expressed in terms of VR as (26).
AXSR

AlL—max = AxmaxILR (1 —d) —dy)Ver (26)
During all operating conditions, the inductor current is
expected to satisfy the condition All, < Al _max. Therefore,
from (22) and (26), the limit for inductance L is obtained as

Vor Vin
L>——(d(1 —dy —d d 27
> AxSRfsw( H( 1 — d2 + doL))max 27

Considering dor, from (14), (d2(1 —dy —d> +doL))max=0.25.
Therefore, the minimum value of inductor is
0.25Vor Vin

Linin = T ASRfar (28)

In addition to the inductor value, the component specifi-
cation of inductor includes the average current through it at
rated operating conditions of the converter. The rated inductor
current /1 r can be derived from (9) as

SR

VOR(l - dl - d2)max
The sum of duty ratios d; + d» is limited to 0.9 to enable
efficient operation of the converter. Therefore, the maximum
inductor current can be expressed as in

10Sr
VOR

The minimum inductor value from (28) and its current

rating from (30) are used for the choice of a suitable inductor.

ILir (29)

(30)

L—max =
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TABLE 2. Voltages and currents of the switching components.

TABLE 3. Comparison of component specification of TSBC and CBC.

Specification State 0 State 1 State 2 State 3 Components CBC TSBC
Diode D YDl IO IO Vin=Vo  Vin = Vo d2(1 = d2)VorVind2(1 — d1 — d2 + doL)Vor Vin
D, L L 0 0 L Lmin AzS f AzS
; Vg, Vo—Vin Vo—W 0 0 RJsw sw
Switch S I 0 0 I I T SR RGv
- T 0 —=ra 5 —r 2 "X (1= do)Vor (1—dy — do)Ver
Diode Do I 2 I 0 I 0 ] d2 SR (di +d2)(I —di —d2 +doL)Sr
Do L L g Chin 5 3
Switch 55 Vo2 Vo 0 1A 0 o o AyYyV i fsw (1 —d1 — d2)AyV s fsw
2 152 0 I, 0 I, 2 Vinax Vor Vor
Gj SZa Viax VOR VOR
SRGV SRGV
i s IO (1—dy —dy)V,
B. CAPACITORS TN — T T
’ X| 0. 1
The capacitors in a converter are chosen based on the ripple E Dil1 SrGv
1 : @ max B
and maximum values of voltages. The ripple voltage AVc 3 (I —di —dp)Vor

across a capacitor C can be related to its capacitance by (31).

AVe
jc =C—— 31
ic v (3D
Hence, from Table 1, the ripples of input and output voltages

of the proposed TSBC are obtained as (32) and (33).

. d1GySr
AV — (t2+lt3)1m — v (32)
" G CinfSWVOR
1—d; —d d d d»)S;
AV, = zo(ILC—IO) _ ( 1 —da +doL)(d1 + d?)Sr (33)
o (1 —dy — d2)CofswVor

The maximum ripple AV is often limited as Ay = (5to 10)%
of the rated capacitor voltage Vc. If Ay;, and Ay are the limits
of ripples in AVj, and AV, respectively, i.e. AVip—max =
AyinVin and AVo_max = AyV, the constraint on capacitor
ratings can be calculated using (34) and (35).

SR
Cin > ——
Ayin VORViIlfSW

SR d

> R (i +d (1 oL )) 35
°= AyVOZR o (( tHd) (1 I=di—d2 ] ] nax (33)
Assuming the range of duty ratios is limited by di + da <
0.9 to avoid low efficiency operation, the values of (d1 Gy )max
and ((d1 + dp) (1 + pfioﬁ are obtained as 2.5 and

4.95 respectively. Substituting these in (34) and (35), the
minimum value of capacitors are obtained as

(dl Gv)max (34)

2.55
Cinmin = ———% (36)
AYin Vor Vinfsw
4.955;
Comin = ———— (37)
AyVOR SW

The maximum voltages across the capacitors Cj, and C,
are Vi and VR respectively. These voltage ratings and the
corresponding capacitor values from (34) and (35) are used
for the selection of capacitors.

C. SWITCHES AND DIODES

The specification of switches and diodes are decided based
on the maximum voltage, current and switching frequency.
Assuming loss-less components, the voltages and currents
through the switching components are determined by circuit
analysis for four states of operation and listed in Table 2.
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for pulses

FIGURE 5. Hardware setup for experimental validation of proposed TSBC.

The current ratings of the switching devices in TSBC can
be calculated as (38).

10Sr
Vor

Similarly, the voltage rating of switch-diode pairs (S1,D1) and
(82,D7) are obtained as (39) and (40) respectively.

(38)

Islmax = Iszmax = IDlmax = IDzmax =

VSImax = VDlmax = VoR - Vin (39)
VSzmax = VDzmax = VoR (40)

The switching components of the proposed TSBC are thereby
determined using (38), (39) and (40).

D. COMPARISON OF SPECIFICATIONS WITH CBC
In an existing CBC based system, the voltage gain and DoFoC
can be improved by implementing TSBC by cascading the
CBC with an extra switch-diode pair. For this to be practically
feasible, the component specifications of the proposed TSBC
should be comparable to CBC. Hence, a comparison of the
component ratings in both converters is presented in Table 3
and discussed further to validate the viability of incorporating
TSBC into the conversion system with an existing CBC.
The ratings of components in CBC are considered to be
a function of d, while those of TSBC depend on di, d> and
doL. To avoid low efficiency operation of CBC, d is often
limited, to say 0.9. Similarly, in TSBC, the sum of duty
ratios d+d» is limited to 0.9 while doy is set to min(dy, dy).
Considering these limits, the specifications of the compo-
nents in Table 3 for CBC and TSBC are found to be iden-
tical. The additional components in TSBC, S; and D1, have
the same current ratings and reduced voltage ratings as the

VOLUME 11, 2023



R. V. Damodaran et al.: TSBC With Improved Voltage Gain and Degree of Freedom of Control

IEEE Access

Control of V, only Control of I; only

Control of V, only

Control of /; only

1 1 1
5.9 !
A £0.51 0.5 0.5:
0 0 OE
4 4 41
<=2 2 b 2]
0 r 0 - 0!
100 10 100,
= 50+_% s——=" 50!
% o1 02 03% o1 o2 03 % 02 0.4 0.6
time (s) time (s) _ time (s)
(i) Change in Vet (ii) Change in / rf (iii) Change in R,
(a) CBC
Control of V, and I,
2;3%01 Olc 015 —d
g2V : —" — ds
0 0 0
4 4 4
52 2 ] 2 g
0 0 o
100 10 10
2 s s —
0 0 0
0 01 02 03 01 02 0370 02 0.4 0.6
time (s) time (s) time (s)
(i) Change in Voger (ii) Change in /y ¢ (iii) Change in R,
(b) TSBC

FIGURE 6. Simulation results to show improvement in DoFoC of the proposed TSBC in comparison to CBC.

TABLE 4. Ratings used in simulation and hardware prototype.

Parameter Value
Rated Power Pr 170 W
Input voltage Vi, 30V
Rated output voltage Vg 180 V
Switching frequency fsw 10 kHz
Inductance L 4 mH
Input Capacitance Cjy, 50 uF
Output Capacitance C,, 7.5 uF

other switching components. The comparable ratings of all
constituent components support TSBC implementation by
cascading a switch-diode pair with an existing CBC.

VIl. RESULTS AND DISCUSSION

The theoretical analysis of the proposed TSBC is verified
using simulations on MATLAB/Simulink platform and hard-
ware prototype shown in Fig. 5. A constant input voltage of
30 V and resistive load 170 W are considered. The ratings of
the converter are specified in Table 4. The performance of the
TSBC is assessed using an open-loop control implemented
using dSPACE MicroLab Box with duty ratios values con-
sidering di 4+ d» < 0.85 and do1. = min(d;,d>). The results
of TSBC with d; = 0 are regarded similar to those of CBC.

A. VALIDATING IMPROVED DoFoC
To highlight the effect of improved DoFoC of the proposed
TSBC, open-loop controls are implemented and the duty
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TABLE 5. Output voltage and inductor current as functions of duty ratios.

Converter Vo Iy,
CBC Vin; Vin #
(17d2) Ro (17d2)2
1—d Vi 1—-d
TSBC Vi
(1—di —d2) Ro (1 —di —d2)

ratios are calculated for predefined variables such as Vi, Vo,
R, and I1.. The results of TSBC are compared with those of
CBC to highlight the improvement in DoFoC.

From (12), (13) and (16), the output voltage and inductor
current in CBC and TSBC can be expressed in terms of duty
ratios as shown in Table 5. Here, the input voltage Vi, and
output resistance R, are considered known variables. Based
on the equations for CBC in Table 5, if an output voltage
of Vo, = 60 V is to be obtained from an input voltage
Vin = 30 V, only one value of duty ratio, i.e. d» = 0.5, can be
used. The inductor current in CBC is as function of this duty
ratio and thus cannot be independently controlled. Similarly,
if I, is controlled using d3, V,, cannot be controlled to any
required value as it is dependent on and only on d5. Note that
here the input voltage Vi, and output resistance R, are not
used for control. On the contrary to CBC, there exists multiple
combinations of [dy, d>] for TSBC, that can be used to obtain
an output voltage of V, = 60 V from Vi, = 30 V. This
is because when only V,, is controlled, it results in only one
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TABLE 6. Comparison of control of Vo and /; in CBC and TSBC.

. Time Voref It ref Ro Vo Ir,
Converter  Fig. Control ) % (A Q) dq do ) (A)
. 0<t<015 | 60 05 | 60 128
CBC 6@ Voo | o15<t<030 | 45 - 100 - 633 | 45 09

) 0<t<015 | 60 008 046 | 60
TSBC 6®D Vo IL | gy5 o4 <030 | 45 13100 g 0173 | 45 13
; 0<t<0.15 125 051 | 60 124
CBC 6(a)(if) IL 0.15 < t < 0.30 . 1gs 100 | - 059 | 74 185
y 0<t<015 1.25 004 048 125
TSBC 6b)ED) Vo Ir | gi5cr<o30 | 0 185 100 935 03 | O g6
0<t<0.15 100 1.8
CBC e Vo 015 <t<030 | ©° o200 | 05 160 g4
P 030<t<0.45 - s 200 068 [ % | 5

L 0.45 < t < 0.60 : 100 055 | 68 :
0<t<0.15 100 | 020 040 | 60 152
0.15 < t < 0.30

TSBC 60 VoL | os0 <y cous | 60 15 200 | 059 020 | 60 153
0.45 < t < 0.60 100 | 020 040 | 60 152

equation with two variables [d], d»], thereby yielding multi-
ple solutions. To obtain unique solutions for [d], d>], another
non-redundant equation can be considered. This implies that
an additional variable can be controlled and thereby indicates
increased DoFoC. In this example, in addition to V,, the
inductor current /1, is considered to solve for [dy, d>]. The
results are presented in Fig 6a and the specific values are
mentioned in Table 6 for the purpose of comparison.

It is noticed from Fig. 6, for CBC, one variable, i.e. either
Vo or I, can be controlled using dp. On the other hand,
from Fig. 6b for TSBC, it is observed that both V, and
I1, can be controlled simultaneously using d; and d5. This
validates the increased DoFoC due to the switch-diode pair
in TSBC.

B. CONTROL OF RIPPLE RATIOS USING DoFoC

The increased DoFoC is further validated by operating the
TSBC at different voltage gain ratios while retaining constant
ripple ratios as shown in Fig. 7a. The duty ratios are chosen
based on (20) and (25) for constant output voltage ripple ratio
and inductor current ripple ratio respectively. For simplicity
of switching pulse generation, the overlap ratio between the
two switching pulse is fixed as min(dy, d»).

In Fig. 7a, the results for constant output voltage ripple
ratio of Ay = 0.06 are presented. The duty ratios calculated
based on (20) are [d), d2]=[(0.275, 0.242), (0.15, 0.425),
(0.09, 0.54), (0.01, 0.743)] for voltage gains of Gy = [4, 1.5,
2.25]. Output voltages of V,=[43.56, 58.43, 72.42, 116.5] V
and practical voltage gains of [1.45, 1.94, 2.41, 3.88] are
achieved with these duty ratios. The inductor current and
output voltage ripple increases with the voltage gain. Nev-
ertheless, the output voltage ripple ratio Ay = AV‘:" remains
approximately constant at 0.06, thereby validating the calcu-
lation based on (20).

Fig. 7b presents the results for a constant inductor cur-
rent ripple ratio of Ax = 0.3. For the voltage gains
Gy = [4, 1.5, 2, 2.5] the duty ratios are calculated
based on (25) as [d;, d>]=[(0.5, 0.167), (0.52, 0.24),
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FIGURE 7. Experimental results for different voltage gains and constant
ripple ratios to validate increased DoFoC.

(0.52, 0.288), (0.11, 0.667)]. From the results, the output
voltage is observed to increase from 43.56 Vto 58 V, 71.54 V
and 115.4 V as the duty ratios are varied, thereby yielding
practical voltage gains of 1.45, 1.93, 2.38 and 3.85. The
magnitude and ripple of inductor current, /1, and Al increase
with the gain, while the ripple ratio Ax:% remains at
approximately at the expected value of 0.3, thus validating

(25) and related theoretical analysis.

C. IMPROVED VOLTAGE GAIN DUE TO S,-D; PAIR
In addition to the increase in DoFoC, the additional
switch-diode pair (S1-D1) in TSBC provides improved volt-
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FIGURE 8. Simulation and experimental results showing effect of change in d; on the voltage gain Gy.

age gain in comparison to CBC. The effect of S1-Dj pair on
the voltage gain ratio is observed by varying d; for constant
values of d» = [0.3,0.5, 0.7]. The resulting waveforms in
simulation and experiment are presented in Fig. 8. The results
with d; = 0 are identical to those of CBC.

The results for d;=(0, 0.25, 0.5) and d»=0.3 is shown
in Fig. 8a. These duty ratios yield, in simulation, average
output voltages V, = (42.87, 48.41, 71.55) V with voltage
ripples AV, = (0.86, 2.46, 7.24) V and inductor current
I, = (0.33, 0.58,1.96) A with Al = (0.25, 0.38, 0.61) A.
For the same case, the average and ripple values obtained
using the experiment prototype are [V,, AV,] = [(42, 48,
70), (1, 3, 10)] V and [I, AlL]=[(0.33, 0.58, 1.83), (0.24,
0.35, 0.55)] A. From these values, the output voltage is
noticed to increase with d; while d, remains constant at 0.3,
indicating increase in voltage gain.

Similarly, Fig. 8b presents the results for d; = (0, 0.25, 0.5)
and d, = 0.5. In simulation, these duty ratios yield average
output voltages of V, =(58.62,70.97,101.47) Vwith AV, =
(2.15, 4.42, 14.02) V and inductor current of Iy = (0.65,
1.05,2.65) A with AL, = (0.42, 0.59, 1.03) A. The average
and ripple values obtained for the same case using the exper-
imental prototype are [V,, AV,] = [(58,71,98), (2,5,15)] V
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TABLE 7. Effect of change in d; on Gy, Ax and Ay.

Gy Ax Ay
Calc. Sim. Exp.| Calc. Sim. Exp.| Calc. Sim. Exp.
0 2 1.95 1.93| 0.59 0.60 0.61| 0.035 0.036 0.034
0.5 | 0.15] 2.43 2.37 2.37| 0.49 0.49 0.5 | 0.065 0.062 0.070
0.3 | 3.5 3.38 3.27| 0.34 0.34 0.34| 0.014 0.014 0.015
0 3.33 325 3.2 | 0.29 0.30 0.31| 0.049 0.051 0.052
0.7 | 0.05] 3.8 3.71 3.67| 0.26 0.26 0.27| 0.063 0.064 0.064
0.1 | 45 439 43 | 0.22 0.22 0.23| 0.084 0.084 0.085

dz | dq

and [/, AlL] = [(0.63,1.06,2.54), (0.39, 0.54, 0.88)] A.
From these values, V, is noticed to increase with d; while
d> remains constant at 0.5. Similar observations can be
made from the results of d» = 0.7 in Fig. 8c. This val-
idates the improvement of voltage gain using the control
of dj.

The voltage gain Gy, output voltage ripple ratio Ay, induc-
tor current ripple ratio Ax obtained by theoretical calculation
(Calc.), simulation (Sim.) and experiment (Exp.) are sum-
marized in Table 7 for the ease of comparison. For all the
duty ratios considered, the calculated voltage gain and ripple
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TABLE 8. Comparison of TSBC with existing improved DC-DC converter topologies.

Component Count System Rating Efficiency
Converter Topology Voltage Gain S D C L Vin Vo P fow n Claims
) N (W) (kHz) (%)
Soft-switching cascade ﬁ 2 5 4 3 30- 300 300 50 93.4 High-gain; wider turn-
boost converter [26] 50 off time
Quadratic boost ﬁ 1 3 2 2 50 200 67 70 96.2 Low buffer capacitor
converter [27] voltage stress
Dual-boost DC-DC con- W 1 3 2 2 48 150 100 20 94.0 High gain & efficiency;
verter [28] Low switch stress
Cascaded single-switch | E(DIn(d=b | 4 3 5 | 79 400 280 40 | 933 | High step-up;
gle-switc -2 . igh step-up;
DC-DC converter [29] Low switch stress
Cascaded boost 1 (Sim)350  (Sim)300 High boost with
converter [30] (1-d)2 3 2 2 24 (Exp)100  (Exp) 60 20 92.0 sin%gle switch
Cascaded synchronous &f’;;@ 2 3 2 3 24 200 200 50 93.0 High gain; Improved
converter with ZVS [31] efficiency
Soft-switching DC-DC ﬁ 301 1 2 48 100 500 100 97.6 Soft-switching;
converter [18] 2DoFoC
Proposed TSBC % 2 2 1 1 30 180 170 10 96.2 Improve gain & Do-
FoC with S-D leg cas-
caded to CBC
d, d1, do=duty ratio, n=coupled inductor turns ratio, k=coupling coefficient S- Switch, D- Diodes, C- Capactiors, L- Inductors
ratios are observed to be comparable with those obtained [d=107 06 04 03 02 0 1]
in simulation and experiment. This validates the theoreti- T N T
sL Calculated (ideal) fB%’, I/ /’ i

cal analysis presented in the paper. For a constant value of
d>, say 0.3, the calculated voltage gain G, increases from
1.43 to 1.67 and 2.5 with d;= 0, 0.25 and 0.5 respectively.
Both simulation and experimental results for voltage gain
are consistent with these theoretical values. The inductor
ripple current ratio is observed to reduce as d; increases.
Therefore, TSBC can restrain the inductor current ripple ratio
at higher voltage gains due to the additional switch-diode
pair. Although the output ripple voltage rises with dj, it can
be limited by utilizing the additional DoFoC feature of the
proposed converter which is detailed further in the subsequent
discussion of results. If Ayj, and Ay are the limits of ripples
in AV, and AV, respectively, i.e. AVip_max = AyinVin and
AVo_max = AyV, the constraint on capacitor ratings can be
calculated using (34) and (35).

The above results indicate that the addition of a
switch-diode leg at the CBC can aid to improve the voltage
gain ratio as well as the DoFoC. Hence, the proposed TSBC
can be used to control other circuit parameters, such as induc-
tor current or voltage/current ripple ratios in addition to the
evident control on voltage gain.

D. ANALYSIS OF EXPERIMENTAL EFFICIENCY

The experimental voltage gain and efficiency of the pro-
posed TSBC for different duty ratio values are presented
in Fig. 9a for the rated operating condition. In Fig. 9, the
theoretically calculated gain is validated using the experimen-
tally obtained voltage gain values. The duty ratios d; and
d, are limited by the inequalities d; < 0.85, dy < 0.85
and d; + d» < 0.85 to avoid converter operation at very
low efficiency. It is noted that the calculated and experimen-
tal gain values are comparable for most values of d; and
dy. However, as the sum d; + dp approaches 0.85, the
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FIGURE 9. Experimental gain and efficiency for different d; values.

experimental values of voltage gain varies from the calculated
ideal values. This is owing to losses incurred in the switches at
high duty ratios and output voltages as can be observed from
the efficiency plots in Fig. 9b. Fig. 9(i) and (ii) illustrate the
relation of experimental efficiency n with d> and Gy respec-
tively. The maximum efficiency is observed as 96.2% and
competent efficiency is observed for the range dy +d> < 0.7.
The experimental efficiency reduces with increase in dp
and Gy.
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The proposed TSBC can be considered as a derived topol-
ogy of the CBC by cascading a switch-diode pair to bring
about an improvement in voltage gain and DoFoC. There
exist several derived or cascaded topologies that achieve
improved variations its substituent converters. Among these,
the relevant converter topologies are compared with TSBC
to highlight its many advantages. Table 8 compares the
experimental efficiency of the proposed TSBC is compared
with other cascaded converter configurations alongside other
parameters such as voltage gain and component count. Since
the experimental efficiency are obtained at different system
ratings for different converters in the existing literature, the
voltage, power and frequency rating at which the converter
topology was tested is also listed in Table 8. In comparison,
the proposed TSBC has the least number of passive com-
ponents as well as the least overall component count. This
contributes to reduced size and initial cost of the converter.
Additionally, the efficiency of TSBC is on par with that of
existing converters, including those that use soft switching.
The proposed converter is also observed to be the most
comparable topology to CBC and hence can easily replace
CBC in existing systems without inclusion of additional pas-
sive components or complex changes in circuit and control.
Hence, the range of application for the proposed TSBC can be
considered as all power conversion systems that convention-
ally employ CBC, for example, within the power conversion
interface of a PV-based stand-alone or grid connected system.

VIil. CONCLUSION

In this paper, a two-switch boost converter is proposed to
enhance the voltage gain and increase the DoFoC in power
conversion interfaces. The circuit of TSBC is analysed for its
four states of operation based on which the voltage and cur-
rent ratios are derived. The combination of switching pulses
for different duty ratios and overlap ratio is detailed and the
improvement in voltage gain ratio is presented with a compar-
ison to CBC. The formulations related to the choice of duty
ratios based on the ripple ratios of output voltage and inductor
current are derived to demonstrate the improved DoFoC of
TSBC. The design of constituent components in TSBC are
discussed. The simulation and experimental results validate
the theoretical claims of TSBC presented in this paper. The
experimental results indicate that for a duty ratio of 0.7 for
the existing switch of CBC, an increase in voltage gain from
3.2 to 4.3 is achieved when the duty ratio of the additional
switch in TSBC is varied from 0 to 0.1. Similarly, improved
DoFoC is demonstrated with inductor current control as well
as with constant ripple ratios while maintaining the required
output voltage. The proposed converter can easily replace
the commonly CBC to improve the gain and DoFoC by
introducing only two additional components at the input side
of the circuit.
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