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Abstract—The nonisolated multi-input topologies are restricted
to low voltage gain relative to single-input topologies. To achieve
high voltage gain, coupled inductor, and various voltage-boosting
techniques (such as switched inductors/capacitors) are used in
the literature. The voltage-boosting structures increase the total
component count, size, and cost of the converter. The operational
limitations are observed in coupled-inductor-based converters due
to peak current at a source side. This work proposes a nonisolated
integrated boost featured converter without using a coupled induc-
tor and voltage-boosting techniques. It achieves ultrahigh voltage
gain with three basic boost cells, over other reported converters
in a two-input category, with less component count and low aver-
age normalized voltage stress. It also facilitates flexible operating
possibilities such as single-input, multi-input, and energy transfer
capability among input ports. Furthermore, with equal duty cycle
control (D; = Dy = Dg3), the power management between the
energy storage systems is inherently provided by the proposed topo-
logical structure. The control complexity is minimized in a modified
control algorithm. Hence, the integration of various energy storage
systems is simplified. A hardware prototype is developed to validate
the functional capability of the proposed converter.

Index Terms—Bidirectional, high gain, hybrid energy storage,
inherent current sharing, multi-input, nonisolated.

I. INTRODUCTION

HE multi-input dc—dc converters have a vital role in var-
T ious applications such as dc/ac microgrid, hybrid electric
vehicles (EVs) for integrating the different renewable energy
storage resources (PV, wind, etc.), and hybrid energy stor-
age systems (battery, ultracapacitor, fuel cells, etc.). The main
advantages of the multi-input converter are less component
count, unified controllability, and cost-effectiveness. However,
multi-input topologies are restricted to low voltage gain rel-
ative to single-input topologies [1]. To achieve high voltage
gain, coupled inductor, and various voltage-boosting techniques
such as switched capacitor, voltage multiplier, and voltage lift
switched inductor are used in the literature [2], [3], [4], [5],
[6], [7], [8], [9]. The operational limitations are observed in
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coupled-inductor-based converters due to the high peak current
at a source side. The noncoupled-inductor-based converters
achieve high voltage gain by embedding boosting techniques
such as a switched capacitor/inductor, voltage multiplier, etc.,
into the basic dc—dc converter [5], [6], [7], [8], [9]. The cou-
pled inductor, voltage multiplier, and switched capacitor-based
high-gain topologies commonly encounter challenges related
to increased size or elevated cost. As a result, the nonisolated
multi-input converters with an integrated boost feature and with-
out using a coupled inductor (or advanced boosting techniques)
are reported in the literature with reduced component count and
size of the converter [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20].

In [10], two basic buck—boost converters are used to form a
two-input converter. In [11] and [12], two conventional convert-
ers, such as boost and buck—boost structures, are integrated to
form a multi-input topology. The reported structure facilitates
relatively low voltage gain with unidirectional capability. In [13],
a half-bridge buck—boost and boost cells are restructured to form
a multi-input topology. In [14], a bridge structure is formed with
two-input sources and a unidirectional control switch. In [15], an
extended version of the converter reported in [14] is formed by
adding an additional source across V; with relay connectors.
In [16], the source cell, along with a switch and diode, are
embedded into the two-port conventional buck—boost converter
to form a multi-input structure. In [17], a modular multi-input
converter with boost cells is reported.

The previously discussed noncoupled-inductor-based con-
verters are suffering from either low voltage gain [5], [6], [7],
[8], [11],[13], [17] or high voltage stress [7], [13], [18], [19]. As
a matter of fact, the main contribution of this work is to propose
a multi-input dc—dc converter with an integrated boost feature
having high voltage gain and low voltage stress. The proposed
converter is developed with three boost cells integrated together,
as shown in Fig. 1. It has ultrahigh voltage gain (14 at D = 0.5),
low average normalized voltage stress (ANVS), and less com-
ponent count than other reported converters in a two-input cate-
gory. Furthermore, it facilitates additional functionalities such as
single-input, multi-input, energy transfer capability among input
ports, inherent power sharing, and simplified control. Hence, the
proposed converter has well-suitable performance characteris-
tics for integrating various renewable energy resources (PV) and
hybrid energy storage systems (battery, ultracapacitor, and fuel
cell) with simplified control for dc/ac microgrid or hybrid EV
applications.
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Fig. 2. Topology formation process of the proposed converter.

The main contributions of the work are summarized as fol-

lows.

1) Achieving ultrahigh voltage gain by integrating inter-
leaved and semicascaded structures with three basic boost
cells.

2) Less component count and low average normalized volt-

age stress (ANVS).

Inherent power management between sources (i.e., during
dual-input operation, V; and V5 inherently deliver 65%
and 35% of required power at duty cycle (D) = 0.6 without
any controller requirement).

Current sensorless topology due to the nonexistence of a
current loop.

Simplified control algorithm to integrate different energy
storage systems.

3)

4)

5)

II. PROPOSED TOPOLOGY

The proposed converter consists of three main power switches
(S1, S2, S3), three complementary power switches (S}, S5,
S%), and one bidirectional power switch (BPS or Sy), three
inductors (L, Lo, L3), and four capacitors (Cy, C5, C3, and
C,). For simplicity, here onward, the BPS is shown in the circuit
diagram with a single switch S4. The topological formation of
the proposed converter is depicted in Fig. 2. It is an integration
of three conventional boost cells in a semicascaded manner.
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Furthermore, the components S, and C3 provide additional
boost during single-input and two-input operations of the pro-
posed converter. The BPS facilitates the three-input operation
and energy transfer among the sources. The various operating
possibilities of the proposed converter are described as follows:

1) single-input operation while V7 and V3 sources are unable
to deliver the power;
two-input operation while V3 source is unable to deliver
the power;
bidirectional operation of the proposed converter;
three-input operation when Vi, V5, and V3 sources are
available to deliver the power;
energy transfer between the input sources (V5 charging
from V3).

The operational possibilities of the proposed converter are di-
vided into Sections II-A and II-B. In Section II-A, the operation
of the proposed converter using S as a single switch for single-
input, two-input, and bidirectional operations is described. In
Section II-B, the operation of the proposed converter using Sy
as a BPS switch for three-input and battery charging operations
is included. Furthermore, the synchronous switching scheme is
implemented to all the operating possibilities of the proposed
converter.

2)

3)
4)

5)

A. Operation of Proposed Converter Without BPS Switch

1) Single-Input Operation of Proposed Converter: In single-
source operation, sources V7 and V3 are inactive. Hence, the
first boost cell (Sy, L1, Cy) is in the OFF state throughout the
operation. However, the third boost cell can be connected with
the second boost cell, which provides high voltage gain.

Mode-1: In this mode of operation, the main switches S5 and
Ss are in the ON state. The inductor Lo stores energy from input
source V5. Inductor L3 stores energy from capacitors Co, and C's
through switch S and Ss. On the load side, the output capacitor
C, alone supplies the load, as shown in Fig. 3(a).

Mode-2: In this mode, the main switches Sy and S5 are in
the OFF state and complementary switches (5%, S%, S4) are in
the ON state. The stored energy in the inductor Lo charges the
capacitors Co and C'5. The remaining energy in Lo and energy
stored in Lg transfer to the output capacitor C, and load through
output switch S%, as shown in Fig. 3(b).

2) Two-Input Operation of Proposed Converter: In two-
source operation, source V3 is inactive. However, all three boost
cells can be utilized together. Consequently, it provides higher
voltage gain than single-source operation.

Mode-1: In this mode of operation, the main switches S7, Sa,
and S3 are in the ON state. The inductor L; stores energy from
input source V. Inductor Ly stores energy from both output
capacitor C; and input source Vo. Inductor L3 stores energy
from capacitors C1, Cs, and C5. On the load side, the output
capacitor C', alone supplies the load, as shown in Fig. 4(a).

Mode-2:1tis apart of mode-1.Inthe Dy # D case, one of the
source inductors discharges, and other source inductor charges
through the path provided by the complementary switches. for
instance, if Dy > D1, as shownin Fig. 4(b), in that case, inductor
Ly stores energy from capacitor C; for Dy duration and from
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Fig. 3. Single-input operation of the proposed converter with synchronous
switching scheme. (a) Mode-1. (b) Mode-2.
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Fig. 4. Representation of the two-input operation of the proposed work with
synchronous switching. (a) Mode-1. (b) Mode-2. (c) Mode-3. (d) Switching
waveforms with mode-1, mode-2, and mode-3.

source V5 alone for Dy duration. Similarly, inductor L3 stores
energy from capacitor C for D; duration and from capacitors
C4 and C5 for Dy duration. In the inductor L case, it transfers
energy to C through switch S7.

Mode-3: In this mode, the main switches S7, So, and S35 are in
the OFF state, and the complementary switches (57, 5%, 5%, S4)
are in the ON state. The stored energy in the inductor L, charges
the capacitor C. Furthermore, inductor Lo gives energy to the
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Fig. 5. Representation of bidirectional capability of the proposed converter.
(a) Mode-1. (b) Mode-2. (c) Switching waveforms with mode-1 and mode-2.

capacitors Co and Cj3. In addition, the inductors Lo and Lg
transfer their energies to the capacitor C, and the load through
the output switch S%, as shown in Fig. 4(c). The steady-state
switching waveforms for the two-input operation are shown in
Fig. 4(d).

3) Bidirectional Operation of Proposed Converter: In two-
source operation, source V3 is inactive. However, all three boost
cells can be utilized together. In this operation, the power flows
from high-voltage side (load) to low-voltage side (source-1 and
source-2).

Mode-1: In this mode of operation, main switches S, So,
and S3 are in the OFF state and complementary switches S}, S5,
S%, and Sy are in the ON state. The inductor L; stores energy
from output capacitor C through source V. Inductor Lo stores
energy from both capacitor C5 and capacitor C's through input
source V5. Inductor L3 stores energy from the high side (V)
through inductor Ly and source V5, as shown in Fig. 5(a).

Mode-2: In this mode, the main switches S5, S, and S35 are in
the ON state, and the complementary switches (S}, S5, S5, S4)
are in the OFF state. The stored energy in the inductor L;
freewheels with the source V; through switch Sy. Similarly, Lo
freewheels with the source V5 through switch S5. At the same
time, it charges the output capacitor C;. Furthermore, inductor
L3 gives energy to the capacitors Cy, Co, and C'3, as shown in
Fig. 5(b). The switching waveforms of the proposed converter
in the bidirectional operation are depicted in Fig. 5(c).

B. Operation of Proposed Converter With BPS Switch

1) Three-Input Operation of Proposed Converter: In three-
source operation, a BPS switch is required as switch Sy to avoid
reverse power flow from V5 to V. So that, all three boost cells
can be effectively utilized. It provides higher voltage gain than
single-source operation and lower than two-source operation.

Mode-1: In this mode of operation, the main switches S1, So,
and S5 are in the ON state. The inductor L; stores energy from
input source V;. Inductor Lo stores energy from both output
capacitor C and input source V5. Inductor Lg stores energy
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Fig. 6. Three-input operation of the proposed converter with synchronous
switching. (a) Mode-1. (b) Mode-2.

from capacitors C7, C5, and V3. On the load side, the output
capacitors C, alone supply the load, as shown in Fig. 6(a).

Mode-2: In this mode, the main switches S, So, and S5 are
in the OFF state, and the complementary switches (S}, S5, S%)
are in the ON state. The stored energy in the inductor L, charges
the capacitor C'1. Furthermore, inductor Lo gives energy to the
capacitor Cy. Meanwhile, the inductor L transfers its energy to
the capacitor C,, and the load through the output switch S%, as
shown in Fig. 6(b).

2) Vo Source Charging From V3 Source Operation of Pro-
posed Converter. Mode-1: In this mode of operation, all main
switches are in the OFF state. Only, the BPS S in the ON state.
The inductor Ly stores energy from input source Vs. Energy is
delivered to the V5 ports, as shown in Fig. 7(a).

Mode-2 In this mode, the main switches S7, S2, and S3 are
in the OFF state, and the complementary switch .S} is in the ON
state. The stored energy in the inductor L; transfers into the V5
ports through switches S and Ss, as shown in Fig. 7(b).

In order to obtain the voltage gain (M) expression for each
operation of the proposed converter, a volt—second balance law is
applied to the inductors L1, Lo, and L3 in the following section.

III. STEADY-SATE ANALYSIS OF THE PROPOSED CONVERTER

A. Single-Input Operation

The volt—second balance applied to inductor L5 is given by

DyT. T,
/ Vi + / (Vi — Via) = 0
0 Dy T

Va
1-Dy

Voo =Veg = (D
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Fig.7. V3 source charging from V3 source operation of the proposed converter.
(a) Mode-1. (b) Mode-2.

The volt—second balance applied to inductor L3 is given by

DT, T,
/ (Vea + Ves) +/ (Ves = Veo) =0
0 DT,
VQ(]. -+ DQ)

co = T 1 N9 2
K (1= Dy)? @

Single-source voltage gain (M;) is given by

Va 1+ D,

M =—=—". 3
T D)’ (3)

Similar to the volt-second balance law, in order to get the
average inductor currents for the single-input operation, an
ampere-balance law is applied to the inductor L. Accordingly,
the following equation is obtained:

1,1+ D)

Iy, = ——Z.
k2= 1 D)2

“)

B. Two-Input Operation

The volt—second balance applied to inductor L; is given by

D\ Ts Ts
[ v [ mavy =0
0 DiT,
Vi
Ve = - 5
= 1D, (&)
The volt—second balance applied to inductor L is given by
D1 T, D2T Ts
/ Vcl-l-/ V2+/ (V2 =Vea) =0
0 0 D>Ts
Vo + Ve Dy
Vo=V =—"—7—. (6
2 3 - D, 6)
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The volt—second balance applied to inductor L3 is given by

DT, D>T, T,
/ 1@+/ (%+mg/ (Via = Vi) = 0
0 0 D> T

2 (1- D)?

Vo:‘/cozw

Vin; for D1 = Ds. (N

The voltage gain (M>) for equal voltage and duty ratio for the
two-input operation is given by

V, 2-(1-D)

My=-2="" """+~
TV (1- D)3

®)

Similar to the volt—second balance law, in order to get the average
inductor currents for the two-input operation, an ampere-balance
law is applied to the inductors L; and Lo. Accordingly, the
following equations are obtained:

, 2I,D
L= 0D
, _iu+b)- ®)
L= DR

C. Three-Input Operation of Proposed Converter

The volt—second balance applied to inductor L; is given by

DiT, T,
/ V1+/ (Vi—Va)=0
0 D\ T,

j— Vl
T 1-Dy

Ver (10)

The volt—second balance applied to inductor Lo is given by

DTy T
/ <w+mo+/
0 D>Ty

v — ViDa +Va(1 = Dy)
2T T 1=D)(1-Dy)

(Vo—Ve)=0

D

The volt—second balance applied to inductor L3 is obtained as

DsT, T,
/ (Vc1+Vc2+Vc3)—|—/
0 DT,

(Ves = Vep) =0

~ ViD3 +Vo(1 — D1)D3 + V3(1 — D1)(1 — Dy)
B (1 =D1)(1 = D3)(1 = Ds)

Veo
12)

Three-source voltage gain (M3) with the conditions V7 = V5 =
Vs and Dy = Dy = D3 is given by

Veo 1
\/j = = —\
TV - (1-Dp

13)
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Fig. 8. Analytical voltage gains of the proposed converter for single-input,
two-input, and three-input modes of operation.

Similarly to the volt—second balance law, in order to get the av-
erage inductor currents for the two-input operation, an ampere-
balance law is applied to the inductors L1, Lo, and L3. Accord-
ingly, the following equations are obtained:

I,D
I =0"pp
D
I, = i-Dp (14)
I,
s =175

The voltage gain of the proposed converter for single-input, two-
input, and three-input mode operations is shown in Fig. 8 with
(Vl = ‘/2 = VE),) and (Dl = DQ = Dg)

D. V5 Charging From V3 Operation of Proposed Converter

The volt—second balance applied to inductor L5 is obtained

as
DT, T,
/ (Vs — Vo) + /
0 D1T,

Vo = V3 Ds.

V5 =0 (15)

(16)

1V. Voltage and Current Stress Analysis

During the ON-time switching period, the complementary
switches are in the OFF state. Therefore, voltage stress across
1, 5%, 5%, and Sy are given by

Wi
e 1-D (2 - D)V
Vs’2 =Vs,=Va+Va= (1_71))21 (17)
(3- D)V
Vs, :VCl—’_VCQ—'_VCO:m

On the other hand, during the OFF-time switching period, the
main switches S, Sa, and S35 are in the OFF state. Therefore,
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voltage stresses across S1, So, and S5 are given by

Vi
Vsl_vcl—l_‘})
1
Vs, :%QZW 2 (18)
B _2—-(1-D)
VS3 *Vco* (1—D)3 Vl

a) Average normalized voltage stress (ANVS): It is the sum-
mation of the total voltage stress of all the switches divided by
the number of switches and output voltage

> Vsi

ANVS = .
nxV,

19)

The ANVS for different input modes of operations is given by

3—-D
ANVSl = m, for Single-input (20)
11+3D%? — 10D .
ANVSQ = m, for two-1nput (21)
D? — 11D
ANVS; — %; for three-input.  (22)

b) Current stress on the converter components: During the
ON-time switching period, the main switch S5 carries inductor
current (/13). Consequently, the maximum current stress on
switch S5 is calculated as follows:

A1
Is,, = Ips, = Ia + —5~ (23)
= I3+ (Vo1 + Voo + Vies) D /(2L fow ). (24)

Similarly, the maximum current stress on switches S and Ss
are given by

Is, =1Is, + 112, (25)
Is,, = Is,, + I, + (Vo1 + V2)D/(2L2few)  (26)
Is, =1Is, +1Ip, (27)
Is, =1Is, + I, +ViD/(2L1 fow). (28)

In addition, during the OFF-time switching period, switch S}
carries inductor L; peak current under the equal duty ratio con-
dition. Whereas, during the unsymmetrical duty ratio condition,
the switch Sy carries inductor current I, I7o, and I3 for
Dy — Dy duration. The maximum current stress on switch Ss
for both equal and unsymmetrical duty ratio conditions is given
by

Ig,, =11, = I, + ViD/(2L1 fow). (29)

Similarly, the maximum current stress on switches S5, S5, and
Sy are given by

IfS'QP - IS4P = (Isz - ILSP)/2

=1Ip,, =13+ (Vo1 + Voo + Ves)D/(2L3 fsw) (3D

(30)

I/
S3p

where Iy, I72, and I3 are the average inductor currents (9).
From the observations, it is clear that the switch S5 is having
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least current stress. Meanwhile, the switch S; is having high
current stress among all the power switches.

V. DESIGN OF THE PROPOSED CONVERTER

The critical design conditions of the proposed converter op-
erated in a continuous conduction mode (CCM) are obtained
in this section. When the average inductor current exceeds the
ripple current flowing through the inductor by more than 50%
(I, > Air/2), CCM operation is assured.

(1 — D)SRT,
iz s=3a—pye
(2 - D)(1 — D)*DRT,
2(1+D)(2— (1-D)?))
.~ (3= D)1 - D)?*DRT,
PS4 —201-D)?

Ly (32)

Similarly, the capacitor critical conditions are given by

- I11(1 — D)*T,

Z T o )
Ir3(1 — D)*DT;

(Cy = C3) > I13(1 = D)* DT

2V,
o o LDT,
0= "9y

Cq

(33)

The RMS currents of the proposed converter are derived as
follows:

4D
Icl =1, (1 — D)5
D
IC2 = ICs = IO (1 — D)S (34)
D
leo =1\ T

where R is the load resistance and T’ is the converter switching
period (Ts=1/fsy)-

VI. SMALL-SIGNAL ANALYSIS OF THE PROPOSED CONVERTER

PWM converters are not considered to be a type of linear,
time-invariant circuit. It is not possible to perform the dynamic
and stability analysis directly. Therefore, small-signal state-
space average modeling approach is performed to linearize the
nonlinearity of a converter [21]. The state-space representation
of a general PWM converter is given by

T =A;x+ Biu}

Yy = C,x + Eiu (35)

where x is the state variable, u is the input or control variable,
and y is the output variable. Furthermore, i=0 represents switch
S| OFF-state and i=1 for switch S; ON-state condition.

Moreover, it is important to note that all the energy storage
elements (L1, Lo, L3, Cq, Cy, C,) are considered as state
variables. Furthermore, the derivatives of the state variables for
ON-time and OFF-time switching periods are listed in Table I. By
using the earlier information, the state-space average model of
the proposed converter is derived as follows:
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TABLE I
DERIVATIVE OF STATE VARIABLES DURING ON STATE AND OFF STATE
Variable ON state OFF state
dir, v1 V1 — Vel
dt Lo L1
dir,, v2 + Vel V2 — Ve2
dt Lo Lo
diLg Vel + Ve2 + Ve3 Ve3 — Vo
dt L3 L3
dvei —ir2 — L3 ir1
dt Ch C1
dvea _ir3 tp2 — I3
dt Co 2C
dvea _iL3 ir2 — I3
dt Cs 2C3
dvco o ’LL_3 Vo
dt RC, Co RC,

A. STATE-SPACE SMALL SIGNAL MODELING

The state equation of the proposed converter for one complete

switching period is given by
i = d(A1z + Biu) + d(Apx + Bou). (36)

Equation (36) is nonlinear in nature. In a state-space average
modeling approach, perturbation and linearization are applied
around the steady-state average operating point for getting a
linear equation. Hence, the nonlinear equation will split into a
steady-state average value and a small signal variable.

dy=D1+4+dy ; di=Dy—dy ;do=Ds+ds

EQZﬁQ—dQ; a::Xi+§;d<<D; < X;. By,
applying perturbation and linearization, the small signal state

space average linear model of the proposed converter is obtained
as

T=A7 4+ Bd
: . 37
j=C% } 37

w=1[Ir1 Ira Itz Vo Veo Veo 1Ty =1[I01 It2 Veo |7,
A is the average system matrix, B is the average input matrix,
and C is the average output matrix

A =
*El T
0 0 0 0 0
L, _
Dy -D, -D,
0 0 0 —
Lo Lo Lo
D 1+D -D
0 O 0 71 ( + 2) 2
_ _ L3 Ls L3
D, -D, —D,
— 0 0 0
01 Ql Ol
Dy —(1+ Dy)
0 — 0 0 0
Cy [
0 0 Dz 0 0 !
L CYO RCO .
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TABLE II
CURRENT SHARING UNDER EQUAL DUTY CYCLE CONTROL FOR TWO-INPUT
OPERATION WITH LOAD CURRENT I, =1 A

2-0-D)I, _ 2I,D _(1+D)I,
Dl ="upp | "™ a-pp | a-pp
03 4402 A 174 A (39.52%) | 2.65 A (60.47%)
04 7592 A 3703 A (48.73%) | 3.89 A (51.26%)
0.5 14 A 8 A (57.14%) 6 A (42.85%)
0.6 2875 A 1875 A (6521%) | 10 A (34.78%)
-, ; i
Ly
Ve Veo
L L
Vo Vet Ve
_ | Ls L3
b= I —(Ip2+1I3)
o (o
—(Ip2+Ir3)
o —\r2 v Ar3)
Cs
0 —1Ir3
L C10 .
10 0 0 00 5 ST A1
T = —
C=101 0 0 0 0Of; _ =
J=1[SI - A"'BCd
000001
—Z.VLI Gll G12 d"
~ 1
y= lirz| = |Ga1 G2 [J} (38)
~ 2
Veo G31 G32

1) Unequal Duty Cycle Control

The unequal duty cycle is a conventional control approach, in
which a decoupling method [22] is adopted. It transforms cross-
coupled two-loop system into independent single-loop system
for each input with two control variable. Hence, the controller
complexity is increased.

2) Proposed Equal Duty Cycle Control

s
— = (31 + G3s.
d

(39)

In the equal duty cycle, duty cycles of two-input sources
are equal (D; = Dy = D). Furthermore, due to semicascaded
structure of the proposed converter, the current supplied by
the two sources are inherently supplied according to the
Table Il relation. As aresult, a single voltage loop is sufficient to
control the proposed converter. Hence, the controller complexity
is minimized. However, if required, the proposed converter can
also be operated in the current control mode. This will work
like a conventional control approach that uses the decoupling
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method. It requires current sensors as well as a design of the
current control loop along with the voltage loop.

VII. PERFORMANCE EVALUATION
A. Inherent Power Management

The inherent power sharing of the proposed converter can
be easily understandable in terms of charge balance of the
capacitors. According to the power balance principle, the total
source current requirement is given by

(2-(L- D)L,
(1- Dy

(40)

I source —

The amount of total source current (Isource) shared by each
source can be understood by the capacitor charge balance prin-
ciple. The charge balance of capacitor (C,) is given by

DT Ts
_/ Io"’/ (ILS_IO):O
0 DT,

Io
1-D°
The charge balance of capacitors (C3) and (C's) is given by

DT, T,
*/ IL3+/ (Ip2 —1Ir3) =0
0

Ips= (41)

DT
I,(1+ D)
Itg = ———%5. 42
L2 = A " pye (42)
The amount current shared by the source V5 is given by
I, (42  (1+D)(1-D) @)
Lowee (40)  2—(1-D)% °

Similarly, the charge balance of capacitor (C1) is given by

DTy Ts
/  (Tpa + Ing) + / (I1) = 0
0

DTy
2DI,
I = —=. 44
1= D) (44)
The amount current shared by the source V; is given by
1 44 2D
n _ (4 3 (45)
Isource (40) 2— (1 - D)

The current sharing between the sources (V7 and V3) for the
two-input operation is provided in Table II. It is noticed that, at D
=0.6, the V] source is supplying (65.21%) and V5 source supply-
ing (34.78%) of the required source current (/5ouce) inherently,
without any current control requirement. This current sharing
occurs inherently without the need for any specific current
control requirements. This is one of the main contributions of
the proposed topology. As a result, the control design for the
proposed converter is simplified. A single voltage loop control
is sufficient to regulate and control the converter’s operation. By
utilizing a single voltage loop control, the proposed converter
can effectively manage the current sharing between the two-
input sources (V7 and V5) at the specified duty cycle, facilitating
easier implementation and control of the system.
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Fig. 10. Comparison of average normalized voltage stress (ANVS) with
reported converters.

B. Comparative Analysis With Reported Converters

In order to evaluate the potential capabilities of the proposed
converter, a comparative analysis is performed with the reported
converters in the literature, as shown in Figs. 9, 10, and Tables III
and I'V. According to Fig. 9 and Table III, the proposed converter
achieved a high voltage gain (28 at D = 0.6) with less component
count, less cost, and relatively high efficiency than other reported
converters in the class of nonisolated integrated boost featured
(NIIBF) converters.

In the two-input operation with D = 0.5, it is observed that
each component of the proposed structure contributes one unit
gain, which is almost 45% higher than reported converters,
as shown in Fig. 9(b). Furthermore, a comparison is made
for average normalized voltage stress (ANVS=(>_ Vg, /nV,))
for voltage gain of 10-30 times with reported converters, as
shown in Fig. 10 and Table IV. It is noticed that the proposed
converter has less ANVS than other converters. Consequently,
the size and cost of the converter are eventually reduced. This
ultrahigh gain is useful for integrating low-voltage renewable
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TABLE III
COMPARISON OF PROPOSED CONVERTER WITH OTHER REPORTED CONVERTERS

Interpretations [Proposed] [5] [6] [7] [8] [11] [17]
Switch* count 7 7 10 8 8 8
Inductor count 3 2 4 2 2 4

Capacitor count 4 5 5 1 2 4
Total count (n) 14 14 19 17 11 12 16

2 2
Voltage gain 2 (1(1 d);l) : i - G Td) y _3d)2 [2d2(1 f)_+difl + dm)] 1(‘1‘5 d)2d (13_ ;)2
Cost (USD) 50.22 56.93 60.32 60.56 33.88 38.12 58.32
Efficiency (200 W) 91% 94% 97% 88% 89.5% 86% 88%

* Switch = diode + power switch

°

Effeciency (%)
°

Fig. 11.
TABLE IV
COMPARISON OF AVERAGE NORMALIZED VOLTAGE STRESS WITH REPORTED
CONVERTERS
Reference | Total Voltage stress ANVS
V;
Vg = 3 Vi ANVS = 22
nVo,
14 —-5D 14 —5D
(5] —_— —
( —4D) 21
[10] —_— 0.5
15D 2=,
[16] —_— _
(1-D)2 2(1+ D2 — D)
5
17 0.625
1-D
11 — 10D + 3D? 11 — 10D + 3D?
[Proposed] _ P P P —
(1-D)3 7(2=(1=D)?)

energy resources and hybrid energy storage systems. Further-
more, common ground and continuous input current features are
applicable for PV integration. The analytical efficiency curves
of the proposed converter with load and duty cycle variation are
depicted in Fig. 11. It is noticed that the proposed converter has
higher efficiency at higher duty cycle and load conditions for all
types of inputs. Comparatively, the single-input mode of opera-
tion has less efficiency due to the conduction of the switch (.S7)
for DT, switching period, which causes increased conduction
losses. The three-input operation has high efficiency because
of the absence of a switch (S4) throughout the operation. The
efficiency of the two-input operation lies in between single-input
and three-input operations. The experimental plots of efficiency

Analytical efficiency of the proposed converter with load and duty cycle variations for (a) single-input, (b two-input, and (c) three-input operation.

Single-input

Efficiency (%)
Efficiency (%)

100 150 T i 50 0 T i
Load (W) Load (W) Load (W)
(@ (®) (©)

Fig. 12.  Comparison of analytical and experimental efficiency of the proposed
converter for (a) single-input, (b) two-input, and (c) three-input operation.

curves at duty cycle (D) = 0.45 conditions are compared with
the analytical efficiency, as shown in Fig. 12 . There is a 2%—4%
deviation obtained in the efficiency plots due to approximated
analytical calculations and the additional circuitry conduction
losses in the developed hardware setup.

VIII. EXPERIMENTAL VALIDATION

The functional capabilities of the proposed converter have
been evaluated by using a 200-W hardware prototype, as shown
in Fig. 13. The rated input voltage of programmable sources
is considered 12 V. Furthermore, inductors L1, Lo, and L3 are
selected to limit the current ripple to less than 20% of the rated
input current. The selection of rating of all switches is made
by using their respective voltage and current stress expressions
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TABLE V
EXPERIMENTAL VALIDATION OF AVERAGE NORMALIZED VOLTAGE STRESS (ANVS) OF THE PROPOSED CONVERTER WITH TWO-INPUT (V] =V5 =12 V)
D Vo Vsi1 Vsa Vg3 Vsiq Vg3 Vgro and Vgy ANVS
| S | TR | I D
[ .I_ lr-{;- Vo -,-m- | : L Vé,z
14¥ 20V S 45V 14V Ves 80V Ve 3BV
0.3 47V =0.771
s 1 Vs Vs
Vi, V2 _f Vss Vs 3 312
wm [~ S »..ﬂ {
20V 46V ol % I 20v V.
: ‘ S4 55V
0.5 | 140V 138V 190V = 0.542
Vsi Vg2 j=== Ve Vs 1 Sy
e [ - E" . Ve !
,f | F— 270V & I \E}
{ E . Y. -
25V il 24v Vsa I 2y
0.6 | 275V 2Y _yI351V = 0.468
* Output voltage gain (M) = 3.75, 11.5, and 22.5 at D = 0.3, 0.5, and 0.6, respectively.
The bold values described in Section-VIII, subsection-A. They are required to calculate the experimental ANVS. So that the claimed low ANVS can be experimentally
validated.
30 )
st Single-input [Analytical]
25t == == Single-input [Experimental]|
o Two-input [Analytical] 4
% = =M=~=Two-input [Experimental] ,}
programmable g20F ~—@—Three-input [Analytical] /' 1
DC load 5 = ® =~ Three-input [Experimental| /7
[}
=)
S 1S5t
S
>
10+
Buffer and Gate
driver 5t

Fig. 13.

Hardware setup of the proposed converter.

(17)—(31). In this section, the experimental validation of various
functionalities of the proposed converter is evaluated.

A. Average Normalized Voltage Stress

The experimental validation of ANVS of the proposed con-
verter with the two-input operation is shown in Table V. The
analytical AVNS for D = 0.3, 0.5, and 0.6 are 0.782, 0.551,
and 0.472, respectively. The obtained experimental AVNS for
D =0.3,0.5, and 0.6 are 0.771, 0.542, and 0.468, respectively,
which are very close to the analytical values. It is noticed that,
nominally, each switch of the proposed converter has less than
50% of the output voltage stress at high voltage gain or at an
operating duty cycle (D) of more than 0.5.

B. Output Voltage Gain (M)

The ultrahigh voltage gain capability of the proposed con-
verter is validated with the experimental voltage gain values
depicted in Fig. 14. The obtained experimental curves follow
the analytical curves. However, there is an increased deviation
between analytical and experimental gain curves due to voltage

0.2

Duty Cycle

Fig. 14. Comparison of ideal and experimental voltage gain of the proposed
converter for different input operations.

drop across the internal resistance of inductors and additional
voltage drop in the developed hardware setup.

C. Steady-State and Dynamic Operation

The designed parameters and selected circuit components for
the steady-state and dynamic operation of the proposed converter
are listed in Table VI. The control strategy for a proposed
dual-input converter is designed with equal duty cycle control
(D1 = Dy = D3)-based single voltage loop PI compensator
(P = 0.006, I = 1) with the antiwindup feature, as shown in
Fig. 15. The functional capabilities of the proposed converter
are evaluated at 12 V input and 100 V output for single-, two-,
and three-input operations under both open-loop and closed-loop
working conditions. The obtained hardware results are classified
into various scenarios and they are provided in the following
subsequent section.
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TABLE VI
PROPOSED CONVERTER PARAMETERS

Parameter Value/Model number
Input (V1, Va, V3) 12V

Switching frequency (fgy,) 50kHz

Switch (51,57,52,55,53) IRFB4227PbF

Switch (S5,54) IRFP21N60LPbF

Inductor (L1, La, L3)
Capacitor (C1, C2,C3,Co)

0.25mH, 0.42mH, 1.1mH
22 uF, 56 uF, 56uF, 220 puF

[P | Digital P
z R with

anti- windup

| Symmetrical K
| Carrier

Fig. 15. Equal duty cycle control with single-loop control strategy of the
proposed converter.

Vo (25V/div) ¥ ¥ A‘;’Re;(l()i?’V)\y ~ Vo (ZVSV/div)\v
I, (2A/div) iz (SA/AIV)
L, QA/diV)~ , o : :
o : I iy 1 mSec
10p Sec : NIRRT TR
L = : : :
(@) (b)
Fig. 16. Experimental results of single-input operation for (a) open-loop

steady-state condition and (b) closed loop under dynamic step load condition
(V1 =12V).

a) Single-input source operation (V4 =0V, Vo =12V,
V3 =0V): The experimental results for single-input voltage
(Vo = 12 V) and equal duty cycle (0.62 for Sy and S3) are
depicted in Fig. 16. The currents flowing through inductor L,
and load are labeled as I;5 and I,. In the open-loop case,
single-input achieved 100 V output voltage with a duty ratio
of 0.62 at 0.8 A load current ({,), as shown in Fig. 16(a).
Furthermore, in the closed-loop case, an output voltage (V)
of 100 V is maintained for a given input voltage (12 V) under a
dynamic step load condition (0.5-1 A), as shown in Fig. 16(b).
It is observed that, during load current transition, the output
voltage has 4% overshoot and undershoot with a single-input
source condition.

b) Two-input source operation (Vi = 12V, Vo =12V, V3 =
0V): The two-input source (V3 = V5 = 12 V) working of the
proposed converter is evaluated with equal duty cycle control,
as shown in Fig. 17. The current flowing through inductor L,
is labeled as I1,1. The output voltage of 100 V is obtained with
a 0.42 duty cycle at a 0.8 A load current under an open-loop
condition, as shown in Fig. 17(a). As listed in Table II, under
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T o
Vo (25V/d Vris (100V 25V/div :
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«> ¥ . E
(a) (b)
Fig. 17. Experimental results of the two-input operation for (a) open-loop

steady-state condition and (b) closed loop under dynamic step load condition

with equal duty cycle control (D1 = D2) and equal input (V1 = Vo = 12 V).
v v
Gate pulse (Sy, Sz, S, B .
T QA/div) a N si( b k ) Vo (25Vidiv)—
w/‘\«, »/Q'N,r«'”\w, gl
I, (2A/d1v)\v
1«/ A“\j«/\t/\ L QA/diY)
I3 (2A/div)
L‘3. ‘ \v ‘ 10<u_S>ec
] 10p Sec
-«
(a) b
Fig. 18.  Experimental results for a steady-state open-loop condition for three-

input modes of operation (V3 = Vo = V3 =12 V).

equal duty cycle control, source V7 is supplying 53%, and source
V5 is supplying 47% of the total input current requirement.
Therefore, if the converter is designed at a desired current
ratio, the requirement of the inner current loop is minimized,
which reduces the controller complexity. Fig. 17(b), describes
the two-input closed-loop operation of the proposed converter
under a dynamic step load (0.5-1 A) condition. It is noticed
that the proposed converter achieved 100 V output voltage with
nominal voltage overshoot (4%) and undershoot (4%).

c) Three-input source operation (Vi =12V, Vo =12V,
V3 = 12V): Three-input mode of operation is depicted in
Fig. 18. The current flowing through inductor L3 is labeled as
I13. The 100 V output is obtained with a 0.53 duty cycle. The
dynamic step load condition is shown in Fig. 19. It is noticed
that the proposed converter has nominal voltage overshoot (5%)
and undershoot (5%) in maintaining 100 V output with three
inputs under step load variation (0.5-1 A). Hence, the proposed
converter has good transient performance during dynamic load
conditions.

d) Energy transfer between the input sources (Vo charging
with V3 source operation. V3 = 24V ): It is a special operating
mode of the proposed converter, in which the energy between
the sources is able to transfer/exchange (from source V3 to V53).
Its steady-state operating waveforms are depicted in Fig. 20.
In this mode, the proposed converter works in the buck-stage
operation using the switch S,. With a 0.53 duty cycle, 24 V of
V3 source input is stepped down to 12 V at the battery ports with
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5 me(loovi): : Vo (25V/div)~

Lo, (sl

) ILZ ('SA/le) \
§ Is (SA/di fl \9) ; 100m Sec

Fig. 19.  Experimental results for dynamic step load condition for a three-input
mode of operation with equal duty cycle control (D1 = D2 =D3) and equal
input (V1 = =V3=12V).

mmw Gate pulse ET,J_

Bevsads & oL
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Fig. 20. Experimental results for steady-state operation of energy transfer

between the input sources (V3 = 24 V).

Vier (100V) ¥ Vo (25V/div)>
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Fig.21. Experimental results for (a) single-source to dual-source and (b) dual-
source to single-source transition operation under dynamic step load with equal
duty cycle control (D1 = D3) and equal input (V1 = =12V).

aload current of 1 A. Therefore, it is validated that the proposed
structure is capable of transferring energy between the sources.

e) Input source transition operation: The source transition
capability of the proposed converter is evaluated with equal
duty cycle control under dynamic load step conditions (0.5—
1 A), as shown in Fig. 21. It is noticed that the proposed
converter has voltage overshoot (15%) and undershoot (12%) in
a single-source to dual-source and dual-source to single-source
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transition conditions, respectively. Therefore, it is evident that
the proposed converter has good transient performance during
source transition or change in the mode of operating conditions.

Finally, from the experimental validation and comparative
analysis, it is evident that the proposed converter has well-
suitable performance characteristics for integrating renewable
energy resources and energy storage systems.

IX. CONCLUSION

In this work, a multi-input nonisolated dc—dc converter
with three basic boost cells is proposed, without using a cou-
pled inductor or voltage-boosting techniques (switched capac-
itor/inductor). From the performance evaluation and hardware
results, it is validated that the proposed structure has unique
features such as ultrahigh gain, low ANVS, and inherent power
management. In the two-input operation with D=0.5, it is ob-
served that each component contributes one unit gain, which is
almost 45% higher than reported converters in the literature. Fur-
thermore, because of inherent power management, the current
loop (also current sensors) requirement is eliminated. As a result,
the integration and control of different energy storage systems
are simplified. Finally, experimental results for both open-loop
and closed-loop control validate the claimed functionalities of
the proposed converter.
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