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Design and Analysis of a Developed Multiport High
Step-Up DC-DC Converter With Reduced Device
Count and Normalized Peak Inverse Voltage on
the Switches/Diodes

Kazem Varesi
Ebrahim Babaei

Abstract—In this paper, a developed structure is proposed for
high step-up nonisolated noncoupled inductor based multiport
dc—dc converters. The voltage gain per number of devices of the
proposed topology is higher than that of similar topologies. This
means that, by using the same number of devices, the proposed
topology can generate higher gains than other structures. In other
words, the proposed topology utilizes less number of devices for
producing the same voltage gain, which leads to less total cost, size,
weight, and complexity. Despite high voltage gain, the normal-
ized peak inverse voltage (NPIV) on switches/diodes is low. Higher
number of input ports leads to higher gains and lower NPIVs on
devices. The load energy can be absorbed and stored in first input
unit. Modularity, simple structure, continuous input currents, and
low input current ripple are the other profits of proposed topology.
Low/medium power applications are suggested for the proposed
structure. Proposed topology has been explained and operational
modes along with steady-state analysis have been discussed. For
better verification, the proposed topology has been compared with
several multiport high gain converters. Comparison results con-
firm the advantages of the proposed topology. Finally, the proper
performance of the proposed topology has been validated by ex-
perimental results.

Index Terms—DC-DC converter, multiport, nonisolated, num-
ber of devices, step-up, voltage gain, normalized peak inverse volt-
age (NPIV).

I. INTRODUCTION

HE multi-input (MI) dc—dc converters play an important
I role in hybrid energy systems [1]. These converters are
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categorized to isolated or nonisolated ones [2]-[4]. Each
category can be further classified to coupled-inductor or
noncoupled-inductor-based types [5]-[7]. This paper inves-
tigates the high step-up nonisolated noncoupled-inductor
(HSNINCI)-based topologies. In recent years, numerous struc-
tures have been presented for HSNINCI-based dc—dc convert-
ers. Two unidirectional high step-up structures based on charge
pump concept and bootstrap capacitors have been presented
in [8] and [9]. The peak inverse voltage (PIV) that the output
switches/diodes experience, is equal to output voltage (V). Two
bidirectional topologies with high step-up/down capability have
been presented in [10] and [11], in which the PIV on the out-
put switches are considerable. The gain of topologies presented
in [10] and [11] are higher than that of [8] and [9]. The work
in [12] presents another bidirectional high step-up/down struc-
ture, with reduced PIVs on the switches/diodes. The voltage
gain of [12] is higher than the gain of [8]-[11]. The work in
[13] presents a simple unidirectional structure based on volt-
age lifting techniques, whose voltage gain is less than that of
topologies presented in [8]-[12]. Also, the work in [14] presents
a simple but efficient methodology that leads to production of
numerous new high voltage gain topologies. Unlike numerous
number of presented single-input single-output HSNINCI-based
dc—dc converters, the number of structures presented for multi-
port HSNINCI (MPHSNINCI)-based dc—dc converters is lim-
ited. A unidirectional MIHSNINCI-based structure has been
presented in [15], which has considerable gain, but the extra
high voltage stress on the output switches/diodes makes it im-
practical. The discontinuous current of some of input sources,
is another shortcoming of presented topology. Two simple uni-
directional MIHSNINCTI structures based on traditional boost
converters have been presented in [16] and [17], whose input
currents are all continuous. The PIV on all switches/diodes of
[17] is less than V,. The output voltage is the sum of output
voltage of input units. Another MIHSNINCI-based topology
has been presented in [18], which utilizes high number of de-
vices (capacitors and diodes) to reach high voltage gains. Also,
the energy management capability between the input sources
has not been provided. A dual-input HSNINCI-based topol-
ogy based on diode-capacitor voltage multiplier cells has been
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Proposed basic (dual-input) topology.

Fig. 1.

presented in [19] that benefits from continuous input currents.
The presented topology is unidirectional and uses high number
of capacitors and diodes for achieving higher voltage gains. An-
other MIHSNINCI-based structure applying conventional boost
converters has been presented in [20], in which the input currents
are continuous and the energy management capability between
the input sources has been provided. In this paper, a modular
MPHSNINCI-based topology is proposed in which the input
currents are continuous. The energy of higher order input units
can be transferred and stored in lower order input units. If the
first input source be energy storable one, the bidirectional energy
flow capability can be provided for the proposed topology. In
such condition, the energy of load can be absorbed and stored
in first input source. The voltage gain per number of devices
of the proposed topology is higher than that of other similar
topologies. Therefore, using the same number of devices, the
proposed topology can produce higher gains than other topolo-
gies. In other words, the proposed topology utilizes less number
of devices for producing the same voltage gain, in comparison
with other references. Reduced normalized peak inverse volt-
age (NPIV) on switches/diodes is another profit of the proposed
topology. Aforementioned features make the proposed topology
a good candidate for hybrid energy systems and applications.

In the following section, the proposed basic topology is in-
troduced and its operational modes are discussed in Section III.
The results of steady-state analysis are presented in Section I'V.
Extended (MI) form of the proposed topology is introduced in
Section V. The proposed topology is compared with some novel
structures presented in literature and the results are given in
Section VI. Section VII contains the simulation and experimen-
tal results. Finally, the paper is concluded in Section VIIIL.

II. PROPOSED BASIC TOPOLOGY

The basic (dual-input) form of the proposed topology (see
Fig. 1) is composed of four inductors (L4, L1y, Loy, Lop),
four capacitors (C, Cy, Cp1, C,), six switches (17 1, 17 2,
Ty 3,151, T2, Q), and two diodes (D, 1, D2). The first input
source (V7) can be either storable or nonstorable one. If the V;
be an energy storable source, it can absorb and store the energy
coming from output or second input unit. Otherwise, the T} 3
can be replaced by a diode (D). In unidirectional power flow
applications, the switch Q can be replaced by a diode (D, ). The
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Fig. 2.

All possible operational modes of proposed basic topology.

device count of the proposed basic topology (sum of number of
inductors, capacitors, switches, and diodes) is 16. The C,,; has
been applied to enhance the output voltage and consequently the
voltage gain of converter. Also, the interleaved nature of first
input unit limits the conduction losses of converter.

III. OPERATIONAL MODES OF THE PROPOSED
BASIC TOPOLOGY

The adoption of various switching schemes can lead to six
different operational modes in the proposed basic topology (see
Fig. 2). As mentioned before, the proposed topology is not
bidirectional, but it can transfer the energy of output [like re-
generative braking energy in hybrid electric vehicles (HEVs)]
to first input unit and V; through 7' ; and Q (see Fig. 2(a)). As
illustrated in Fig. 2(b), the inductors (Li,, Li;) can be charged
by the input sources (V) and/or capacitors (Cj), through 7; ; and
T o switches. As shown in Fig. 2(c), the energy of second input
unit can be delivered to first input unit, through D,, . Accord-
ing to Fig. 2(d), if the V] is energy storable one and its state of
charge (SoC) is low, the energy of second input unit can charge
the V] and increase its SoC. Based on Fig. 2(e), the energy of
first input unit can be delivered to the load. Also, the energy of
both input units can simultaneously flow to the load, as depicted
in Fig. 2(f).

According to applied switching scheme [shown in
Fig. 3(a)], the switching pattern of T;; and T; 4 (i = 1, 2)
are the same. Also, Q and T 3 switches have the same switch-
ing pattern, which is in complementary manner with 7' ; and
T 2 switches. So, each input unit of the proposed topology has
only two operating modes, first, (1} 1, 7; 2): ON and, second,
(T;,1, T; 2): OFF [see Fig. 3(a)]. The duty cycle of switches are
DT;_l = DT,-_z = dz (l = 1, 2) and DTI,3 = DQ = (1 — dl)
The same switching pattern and consequently the same duty
cycle of (151, T 2), and (Q, T} 3) switches leads to simplified
control of the proposed topology. The applied switching pat-
tern on the proposed basic topology leads to three operational
modes, which are as follows:
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Fig. 3. (a) Applied switching pattern. (b) Voltage waveform of capacitors.
(c¢) Current waveform of inductors.

D [0-#l;

2) [t1 —ta]s

3) [t —T),wheret; =(dy +dy — 1) Tand 1, = d; T.

Sincet; > 0,s0d; + dy > 1 should be satisfied. The resulted
key waveforms have been presented in Fig. 3(b) and (c).

Mode I-[ 0 — t,] [Fig. 2(b)]: In this mode, the (T} 1, 71 2,
T5 1, Ty 2) conduct, but the (T3 3, @, D2, D,,1) stay noncon-
ducting. So, Ly, is charged by V; and L, is charged by (V},
C1). Also, Ly, and Ly, are charged, respectively, from V5 and
C5. Due to the constant positive voltage on inductors, the cur-
rent waveforms of (Lo, , L9y ) increase linearly [see Fig. 3(b)]. In
this mode, the output capacitor (C, ) discharges and provides the
load power. Thus, its voltage waveform decreases [see Fig. 3(c)
and (1)]

UL, = Vi, ULy, = Vi T e, ULy, = Va, ULy, = V0,
Vi Vi +wve

. . o

Ly, = t+IL1anina Ly, = t+IleJnin
Ly, Ly
Vo Ve

. / . 2 /

1Lyy = t+ 15y, in, = t+1I,,. ey
Ly, Loy

Mode 1I-[ t| — to] [Fig. 2(c)]: In this mode, (15 1, T5 ») are
turned OFF and (D5, D, ) start to conduct. Consequently, Cs is
charged by (V5, Lo,) and its voltage waveform increases. Also,
(Va, Loy, Loy) charge C),1 and increase its voltage. Similar to
first mode, L1, is charged by V; and Ly, is charged by (V7, CY).
Due to negative constant voltages on Lo, and Ly, their current
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waveforms decrease linearly from peak to minimum value [see
Fig. 3(b) and (c)]. Similar to the previous mode, C, is discharged
to provide the load power. The equations of this mode have been
presented in (2)

vr,, = Vi, v, = Vi +ve,, v, =Va —ve,, i,

= UCI + UCZ - Ucm 1

. 1% . ) Vi +wve .
Ly, = t+7/Lla (t1)7 Ly, = 1t+ZL1h (tl)
Lla le
. Vo —we .
1Ly = ~t+ IL‘le.mﬂx » ULy,
L2a
ve, +vo, —

Cina

= Tor t+1r,, 0. 2)
Mode III-[ t; — T] [Fig. 2(e)]: In this mode, the (T} 1, 17 o,
D, D,,1) are turned OFF and the (151, T2, T1 3, Q) start
to conduct. The energy transfer process in second input unit
is exactly the same as first mode. But in first input unit, the
energy of (V1, Ly, Cy1) is delivered to the load and output
capacitor (C,) through Q. Also, C is charged by (V1, L1,)
through 77 3. During this mode, the voltage on the L;, and
Ly, are negative, so their current waveforms decrease linearly
from peak to minimum value. On the other hand, the positive
voltage on Lo, and Lo, lead to linear increase in their current

waveforms [see Fig. 3(b) and (c)]

v, =Vi —vey, v, = Vi +oe,, — Vo, vL,,
=Va,vL,, = ve,
Vi — e
. B ol .
ZLla - Ll t+ILlaAma\" Zle
a
— ‘/1 +val B ‘/Ot I
- le + Liy max
Vs Ve
. . 2
1Ly, = tATryy s ULoy = [ b AT )
Ly, Loy

IV. STEADY-STATE ANALYSIS OF THE PROPOSED
BAsIC TOPOLOGY

It is of interest to keep the operation of the proposed topology
in continuous conduction mode (CCM). So, the steady-state
analysis are presented only for CCM operation.

A. Relationship Between Output and Input Voltages

The relationship between output and input voltages can be
achieved by applying the volt-second principle on the inductors.
This principle says that the average voltage on the inductor
during steady-state condition is zero. So,

(vi,,) =0 = ve, =[1/(1 —di)W1
(vp,,) =0 = V, =[1/(1 —d)]Vs
+[di/(1 = di)]ve, +ve,, 4)
(r,,) =0 = ve, =[1/(1 —d)]Va
(vr,,) =0 = v, , =ve, +[1/(1 = dy)]ve, -
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TABLE I
NPIV ON SWITCHES/DIODES OF PROPOSED BASIC TOPOLOGY

v 14 Vo —ve 1 v
NPIVT“:NPIVTnzﬁ{_I }_1 NP1VTL2=M=L72} 1

Vo I—=dy v, Vo l—dl) Vo
v Ve  =ve, =V d \%
NPy, =NPIV) =-C2-| 1 V2 NIV, =—Sm G @ | @ |72
21 27y, 1-d, |V, : v, (I—dz)z Vo
Vo, +ve, —v —
NPIV 1=V_0=1 NP1V = o Ve, Ve |2 d12 148
" Ve Vo (l—dl) Vo

NPIV g, i
ANPIV = Z switch /diode =l 7 —4d12 V_1+ 3—d22 V_2
Niwiteh +N diode 8 (1-dy) Vo (1-d3) Vo

The output voltage (V,) can be accomplished by simplifying
(4), as (5). The G'v1,ccm and Gy com denoted the voltage
gain of first and second input units, during CCM. For identical
sources and duty cycles (V| = Vo =V, d; = dy = d), the (5)
can be rewritten as (6)

2—d; } [ 1 }
V= |—3 v+ |— |
|:(1—d1)2 ' (1_d2)2 ’
= (Gv, ccm) Vi + (Gv, com) Va )

Vo= [B-d)/0- 0|V = Grean)V.  ©

B. Normalized Peak Inverse Voltage on Switches/Diodes

The PIV is an important factor that affects the size, cost, and
loss of switches/diodes. On the other hand, as the voltage gain
of converter increases, the PIV on its switches/diodes increases,
too. To make a tradeoff between these two conflicting parameters
(voltage gain and PIV), another quantity called NPIV is consid-
ered, which is defined mathematically as NPIV = [(PIV)/(V},)].
The NPIV on the switches/diodes and also the average of NPIV
(ANPIV) of the proposed basic topology have been presented in
Table I.

The NPIV across semiconductors and also the ANPIV of
the proposed basic topology have been plotted for different
(dy, d2) and the results have been shown in Fig. 4. According
to Fig. 4, for different values of (d;, dy) and V; = 10, Vo, = 15,
the NPIV on (Tl,l’ T173), TLQ, (Tgﬁl, Tg_rg), DQ, and Q is
less than 20%, 80%, 25%, 85%, and 95%, respectively. The
NPIV on D,,; is always 1. Also, the ANPIV on semicon-
ductors of the proposed basic topology is always less than
38%.

C. Calculation of Current Ripple of Inductors

According to Fig. 3(b) and (1)—(3), the current ripple of
inductors can be found as (7). It is observed that the ripple
on the inductor current is directly proportional to input volt-
age and inversely proportional to inductance and switching

5467

(8)

Fig. 4. NPIV on (a) 71,1, T1 3; (b) T1,2; (¢) T2,1, T .35 (d) D23 (€) D1
(f) Q; and (g) ANPIV; versus dg, do (V] = 10, Vo = 15).

frequency.
. d1V;
AZLla = ILlﬂ_u];LX - ILla,min = Ll }’
la
- (2 — d1) %
Aig,, = Inyy e — Ile,min = m
. do Vs
AZLza = ILQu‘mux - ILZa,min = L2 jt’
2a
. dy Vs
T >y )

D. Calculation of Current Stress Across the Switches/Diodes

The inductor average current can be obtained by applying the
ampere-second balance principle on the capacitors. This prin-
ciple states that the average current of capacitor during steady-
state operation is zero. So,

<7:Cn> =0= 1, = [IO/(l - dl)]7
(ic,,) =0 = I, = [L,/(1—d)]

= [L/a-ay?].
= L/a-ar]. ®

<lcl > = O = ILla
<i02 > =0 = IL2a
The peak current value of each inductor can be com-

puted through (9). Using (8) and (9), the current stress
of switches/diodes of the proposed basic topology can be
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TABLE II
CURRENT STRESS OF SWITCHES/DIODES OF PROPOSED TOPOLOGY

Lstress Ty ) =1 Lig mmax ¥ Lip max T Lop min Istmss,T1,3 =IL1[,,max

1 1

StreSS’Tl,Z = IL]b,max + ILZb,min stress ’TZ,I = ILZa,max

L stress Tan = ILZb,max Istress,D2 = ILZa,max

1 1

stress,D,, = 1 Lop max stress O =1 Lip max

computed as Table II

In,, wee =11, +(Aig,, /2)

= [L/(1 = di)*] + [ Vi /2010 flIL,, 0,

=1Ir,, +(Aig,, /2)

[Lo/(1 = d)] 4+ [(2 = di)di V1 /(2(1 = dy) L1y f)]

Iy e = Iy, + (Aip,, /2)
[1,/(1 = d2)?] + [d2V2 /22 f]
I,y wue =11, + (Aig,, /2)

= [I,/(1 = d2)] + [daV2/2 (1 — d2) Loy f].

€))

Based on (7) and Table II, the current ripple of inductors and
current stress of semiconductors can be limited by proper design
and selection of inductors and switching frequency.

V. DESIGN GUIDELINES OF INDUCTORS/CAPACITORS
A. Inductor Design

In this study, the operation in CCM mode is the main objective
of inductors design. If the average of inductor current be higher
than half of its current ripple (I, > (Aiy/2)), CCM operation
can be accomplished. So,

(1-d,)*d, Vi R

T s

Rf > (1*d21‘)/20d1V1

= Ly, > &Nt

- > g
2

= Ly, > LU LI TR

LQRaf > d2(1;$j>2V2

d2 Vo R Loy f da Vo
= Loy > T A i

AiLl(l
2

ILm > = Li, >

= Lla

Nig
2

Ile >

(10)

AiL?(],
2

ILM >

=

Ip,, > Aizﬂ

According to (10), the critical inductance which leads to
boundary conduction mode, is directly proportional to resis-
tive load (R) and inversely proportional to switching frequency
(f). Fig. 5 presents the DCM/CCM boundary condition of L,
Ly, Lo, and Loy, for different d; and d».

B. Capacitor Design

Reaching to limited voltage ripple is the base of design of
C; (i =1, 2, my, o) capacitors. Assuming Avap and xg =
(Avgl Jue, ), respectively, as peak—peak and percentage of
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x10°
AN 0.025
112:().65
4 d,=0.7 0.02
& =0.75 &
=3 2 N
P 3\\{\ 4208 S 0015
3 % =
Shp) \\ cem SE
[ N 0008
0 DCM
05 06 0.7 038 09
dl
(a)
0.02
d =0.6
0.015
~ d3:0.65
é d,=0.7
s 001 d =0.75
N 2
S d2:0.8
0.005 CcCM
DCM
0 0
0.5 0.6 0.7 0.8 09 045 05 055 06 065 07 075 08 085
d d,
2
(c) (d)
Fig. 5. DCM/CCM boundary condition for (a) Li,, (b) Ly, (¢) Lag,

(d) Loy, versus dy, do (V1 = 10, Vo = 15).

i BPF UPF .

n™ Input Unit (n-1)"

Fig. 6. Proposed extended multi-input topology.

voltage ripple on Cj, the C; are designed as follows:

c > v -
Rf(L—di) Aol RfVi(ag,)’
G2 77 fb;f) ATT Rfffz‘(/;?&)
Cmi 2 3 fX25fl - Rf(x?fx 0 )’
Co 2 RfVAChPP - Rf?olc?nf "

The load transient requirement should also be considered in
C, design, as (12). The A, yransient and AV, yransient, respectively,
denotes the load current and voltage variations, during transient
response. fpw represents the unity-gain bandwidth of control
loop

Co Z (Ajo,transicnt/QWfBWA‘/o,transicnt)- (12)

VI. PROPOSED EXTENDED MULTI-INPUT TOPOLOGY

The extended version of the proposed basic topology has
been shown in Fig. 6. According to Table III, the proposed
n-input topology utilizes totally 8n devices, including switches,
diodes, inductors, and capacitors. If an energy storable source
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TABLE III
NUMBER OF COMPONENTS OF PROPOSED EXTENDED TOPOLOGY
number of inputs n  |number of capacitorsl 2n
. UPF| BPF
number of sources n number of switches
2n |2n+2
number of inductors | 2n number of diodes |UPF| BPF
2n |2n-2
Total number of devices 8n
(switches+diodes+inductors+capacitors)

TABLE IV
SWITCHING PATTERN AND OPERATIONAL MODES OF PROPOSED
n-INPUT (EXTENDED) TOPOLOGY

Mode Description

T:1,Tiz (i=1,2,+-,n): on — Other switches/diodes: off
1 Ly, is charged by V. Ly, is charged by (V;,C)). L;, is charged by V;.
Ly, is charged by C; (i=2,--,n). The load is supplied by C,.

T:1,T;2,Dyy Dy n1), (i#n): on — Other switches/diodes: off

L,, is charged by V;. L, is charged by (V;,C)). L, is charged by V..
2 L;, is charged by C; (i#1,n).The energy of (V,,,Lia,Lny) is delivered
to (n-l)"' unit through D, ,.1). C, is charged by (V,,L,).). The load is
supplied by C,,.

T:1,Ti2,Dn-1y Dyynea), (i#n-1): on — Other switches/diodes: off

L,, is charged by V;. L, is charged by (V;,C)). L, is charged by V..
3 Ly, is charged by C; (i#1,n-1).The energy of (Vi.i,Lu-1jasLin-1p) 18
delivered to (n-2)"’ unit through D,, ,.2). C,.; is charged by (V ,.1,L-
1)a)- The load is supplied by C,.

T;1.Ti2.Dyjs2, Dinjir), (i#n-j+2): on — Other switches/diodes: off

L,, is charged by Vi. L, is charged by (V;,C)). L, is charged by V.
5 Li is charged by C; (i#1,n-j+2).

J The energy of (V ,js2,Lujsaiaskinjsop) is delivered to (n-j+1)" unit
through D, ujs1). Cujuz is charged by (V ,.js2,Luju2i). The load is
supplied by C,.

T:1,Ti2,D2, Dy (i#2): on — Other switches/diodes: off

Ly, is charged by V. Ly, is charged by (V;,C)). L;, is charged by V.
n L;, is charged by C; (i#1,2).The energy of (V»,L,4,L2p) is delivered to
1™ unit through D,,,. C; is charged by (V»,L,,). The load is supplied
by C,.

T:1,Ti2,T1 3, O (i#1): on — Other switches/diodes: off
n+l L, is charged by V.. L; is charged by C; (i#1,2). Energy of

(Vi,Ly,,Ly) is delivered to load through Q. C, is charged by (Vi,L,).

be applied as V}, it can absorb energy of load or higher order
input units. Also, the higher order units can deliver energy to
lower order ones.

A. Switching Pattern and Operational Modes

By extending the switching pattern to n-input version, (n+1)
operational modes can be achieved, which have been explained
in Table IV. In this study, it has been assumed that the V; sources
are nonstorable and the power flow is unidirectional.

B. Relationship Between Output and Input Voltages

By applying volt-second balance principle on inductors, the
output voltage relation can be achieved as follows:

Q-d)Vi ~~ Vi il
Vo= > .
1-d) S 0-d)
V{):(n—i-l—cj)v. (13)
(1-d)
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C. Calculation of Output Voltage, Voltage Across the
Capacitors, and PIV on the Switches/Diodes

The output and capacitor voltages and the PIV on
switches/diodes of the proposed topology for 2-, 3-, and 4-input
versions have been presented in Table V. Based on Table V,
as the number of input units increases, the output voltage (and
consequently the gain) of the proposed topology raises too, but
the PIV on switches/diodes remain constant. As a result, as the
number of inputs increases, not only the voltage gain increases,
but also the NPIV on switches/diodes decreases. This feature is
considered as one of important merits of proposed MI topology.

The NPIV on switches/diodes of the proposed topology for
2-, 3-, and 4-input versions have been shown in Fig. 7.

Fig. 7 confirms that the NPIV on switches/diodes decreases
by increment of number of inputs. For example, the NPIV on
T in 2, 3, and 4-input versions of the proposed topology is
12%, 7% and 4%, respectively.

VII. COMPARISON WITH OTHER HIGH STEP-UP
MULTI-INPUT TOPOLOGIES

In this section, the proposed topology is compared with novel
HSNINCI-based topologies presented in [15]-[20]. The num-
ber of devices, voltage boosting capability (voltage gain), and
stress on the devices are selected as the comparison factors.
General specifications of 2-input and n-input versions of above-
mentioned topologies have been presented in Table VI.

The voltage gain of proposed and [15]-[20] topologies
(2-input) has been plotted versus different d;, dy (see Fig. 8).
Fig. 8 shows that for the same duty cycles, the proposed topology
can produce higher voltage gains than other topologies. Accord-
ing to Table VI, the proposed topology has the highest and the
topologies in [16] and [18] have the lowest step-up capability
among the selected topologies.

Number of devices is an effective parameter on the gain of
converter. Table VII and Fig. 9 present the gain of proposed and
[16]-[20] topologies in terms of number of devices, where the
input sources and duty cycles have been assumed to be identical.

Since [19] presents a double-input topology (not MI one),
it has not been considered in Fig. 9. In Fig. 9, the duty cycle
has been selected d = 0.75, but for any other values, the same
results can be obtained, too. Fig. 9(a) shows that for achieving
a desirable gain, the proposed topology uses less switches than
other references, which can lead to less gate driver circuits and
consequently less size, cost, loss, and complexity of converter.

It is seen that the topologies in [16] and [18] use higher num-
ber of switches than other topologies. Fig. 9(b) presents the gain
versus diode count. Similar to Fig. 9(a), the proposed topology
produces higher voltage gain per number of diodes than other
topologies. Lower diode count can result in less conduction loss.
Fig. 9(c) and (d), respectively, shows the gain versus inductor
and capacitor counts.

According to Fig. 9(c) and (d), the proposed topology utilizes
less number of inductors and capacitors for generating a desired
voltage gain, in comparison with other references. Fig. 9(e)
illustrates the gain of proposed and other topologies, in terms of
component count. It is observed from Fig. 9(e) that the proposed
topology can produce higher gains per number of components
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TABLE V

OUTPUT/CAPACITOR VOLTAGES, PIV ON SWITCHES/DIODE OF 2, 3, AND 4-INPUT VERSIONS OF PROPOSED TOPOLOGY

Number of Input units n=2 n=3 n=4
Ver Vil(l-dy) Vil(l-dy) Vil(l-dy)
- ver Vo/(1-ds) Vo/(1-ds) Vo/(1-ds)
g g ves - Vi/(1-d3) Vs/(1-d3)
T o - - 2 Vii-d)
3 > Vi/(1-d)]+[Va/(1-do) "]+ Vi/(1-d)]+[Va/(1-d>) "]+
£z Yo [Vi/-dol+{ Vi1 <) ] Vi/(1-dy)’ [Vo/(1-dy)" [+{Val(1-d)]
> Vem - [V/(1-d3)] [Va/(1-ds) 1+[Val(1-ds)’]
Voms - - [Va/(1-ds)"]
T,,=T; or D, va=Vi/(1-d) va=Vi/(1-d) va=Vi/(1-d)
T1,2 VO-VCm1=[V1/(1-d1)2] VO-VCm1=[V1/(1-d1)2] VO-VCm1=[V1/(1-d1)2]
" T5,=D, ver=Val(1-d>) ver=Val(1-dy) ver=Val(1-dy)
= T vomvarve=ld/(1-d,’1Vs Vem-ververvem=ld/(1-d2)'1Va | vem-ver-vervem=ldd/(1-d)'1Vs
;g T3,1=Ds - ves=Val(1-d3) ves=Val(1-d3)
2 T3, - Venves=ldsl(1-ds)’ 1V VemVes-Ven=lda/(1-d5)'1Vs
:§ T41=Dy - - ves=Val(1-ds)
= Tiz - - Vemvea=[dl(1-ds) Vs
3 D V,= Vo-vem= Vo-vem=
> " [-d)/(-di ) IVi+[1/(1-do)*IVa | [Q-d)(1-d)’IVi+[1/(A-do)'1Va | [2-d)I(1-d)’ IVi+[1/(1-do)*]Vs
= D - Yemver= vomvervens=
" [1/(A-dx)"1Vo+[1/(1-d3) ] V5 [1/(A-dx)"1Vo+[1/(1-d3) ] V3
Dy - - veu=[1/(1-d3y 1Vs+[1/(1-ds)*1Va
0 V,vem+vai=[(2-d)/(1-d)) Vi V, Ve +vai=[(2-d)/(1-d)) Vi V,vem+vai=[(2-d)/(1-d)) Vi
s % > > > >
2 2 > [2-d)/(A1-d) WVi+[1/(1-da) Vot | [(2-d))/(1-d ) IVi+[1/(1-d2) Vot
g .‘g 4 [2-d)/(1-d)) IVi+[1/(1-d2) V2 [1/(1-ds)]Vs (11 =ds) Vit [ 1/(1-da) Vi

T, 21 Tz..("" b
21

T1276% T1,=3% Q9%

T, 3% b,,2%

D ,=25%

D, ,=16%

Dlav D 20%

(b) ©

Fig. 7.
(b) 3-input. (c) 4-input; versions.

NPIV on switches/diodes of proposed topology. (a) 2-input.

than other references. This means that, for reaching a desirable
voltage gain, the proposed topology utilizes less components
than the other references, which leads to less size, weight, and
cost. It can be concluded from Fig. 9(a)—(e) that the proposed
topology uses less number of components (switches, diodes,
inductors, or capacitors) for generating a desired voltage gain
in comparison with other topologies. In other words, using
the same number of components, the proposed topology can
produce higher voltage gains than other references. Fig. 9
confirms that the voltage gain per number of switches, diodes,
inductors, capacitors, and total number of components in the
proposed topology is higher than other topologies. In other
words, the portion of each component of the proposed topology
on producing the voltage gain is higher than other structures.
These features can reduce the size, weight, cost, loss, and
complexity of the proposed topology. Table VI indicates that
the input currents of proposed and [16]-[20] topologies are
continuous, but this property has not been provided in [15]. The
converters with pulsating input currents are not suitable choices

for maximum power point tracking (MPPT)-based applications,
like photovoltaic. Also, the bidirectional energy flow capability
is an important feature that has been provided only in the
proposed topology and the topology in [20]. This property gains
more importance, especially in HEVs, where the regenerative
braking energy can be absorbed and stored in input sources
(battery). The NPIV on switches/diodes and also ANPIV of
proposed and [15]-[20] topologies (2-input version and identi-
cal input sources and duty cycles) have been investigated and
plotted in Table VIII and Fig. 10.

It is observed that for any identical values of duty cycle,
the ANPIV of [16]-[20] is constant. The ANPIV for [19] is
31.4%, for [17], [18], and [20] is 50% and for [16] is 62.5% [see
Fig. 10(a)]. Also, it seen that the ANPIV on proposed and [15]
decrease by increment of duty cycle. Fig. 10(a) shows that the
proposed topology has the second least ANPIV on its switching
devices (little higher than that of [19]). Fig. 10(b) illustrates the
ANPIV against voltage gain of the proposed topology and other
references. According to Fig. 10(b), the ANPIV on proposed
and [15] topologies decreases, as the gain of converter increases.
So, at higher voltage gains, lower ANPIVs will be achieved. For
other references [ 16]—[20], this amount is constant for all voltage
gains. Fig. 10(c) presents the ratio of voltage gain to ANPIV for
different duty cycle values. According to Fig. 10(c), the ratio
of voltage gain to ANPIV of proposed and other references
increase by increment of duty cycle. For d < 0.58, the proposed
topology has the second highest ratio of gain to ANPIV, but for
d > 0.58, the ratio of gain to ANPIV of the proposed topology
is higher than that of other references. This means that, for
producing a desired voltage gain, the ANPIV on the proposed
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TABLE VI
DESCRIPTION OF 2-INPUT AND n-INPUT VERSIONS OF PROPOSED AND [15]-[20] TOPOLOGIES

Parameters Topology
[15] [16] [17] [18] [19] [20] Proposed
Switches 2 2 3 2 2 5 6
£ Diodes 2 2 3 3 5 1 2
£ Inductors 2 2 3 2 2 3 4
> Capacitors 2 2 3 4 5 3 4
E. Components 8 8 12 11 14 12 16
: v ddy, +A-dyV,| ¥, Vs " 4 Vs Yy + Vs y 4 v, |@-4y, + v, Q@-dy, + v,
° (-d)-dy) |1-d, 1-d,|(1-d)* 1-d,|l-d, 1-d,|l-d] 1-d,| (1-d))* 1-d,| (-d)* (1-d,)
g Switches n n n+l n - n+3 3n
£ Diodes n n n+1 2n-1 - n-1 n
> Inductors n n n+l n - n+l 2n
E. Capacitors n n n+l 2n - n+l 2n
'L | Components 4n 4n dn+4 6n-1 - dn+d4 8n
Input currents Pulsating Continuous | Continuous | Continuous | Continuous Continuous Continuous
|Bidirectional energy flow No No No No No Yes Yes
I Step_up capability sksk * sksksk * sksk sksksk skskskok
W Froposed] 300 300
Progessd 0 Proposed 0 Proposed

Gain (V,)V,)
Gain (V,/V,)

Fig. 8. Voltage gain of proposed and [15]-[20] topologies (2-input) versus
different dy , do (from different views).

TABLE VII
'VOLTAGE GAIN IN TERMS OF NUMBER OF DEVICES

Gain in Topology
terms of | [16] [17] [18] [20] Proposed
N
e Mo | 4010, -D0=d) Nuicn L Wi =30=d) (i —d)
swiech | (1-d) 1-d (1-d)y (1-dy
N Nowie | 45V =00=d) | Wi #) | 1+ WV g, =31 =d) (N"#“"*Z*'i )
Diode —=e TS - —d)? T aar
io T_d (-dY 2(1-d) (1=d)y (1-d)
N Nor | 9 W nios D0 | Ny | 14 W iy =300 | iy
Inductor I—d (1-d)* 1-d (a-dy? Ta-a?
N ,
Newo | Mawair | 4+ ecamior=D0=D) | Neguior | 1+ Napinr =50 =) | (e 1 —g)
Capacior | — 22 (-d)? 2Al-d) (1-d)? (1—ay
N N, N
N Neommen | d + =22 1)(1~d) | Nempomen *1) | 14221 ~d) | (FL2 41 ~d)
el TN 4 6(1-d) 4 3
(1-d) (1-ay (1-dy

topology will be less than the others, which can lead to less cost,
size, and losses.

VIII. EXPERIMENTAL RESULTS

The laboratory-scale 2-input version of the proposed topology
has been experimentally implemented to confirm its appropriate
performance (see Fig. 11). The specification of implemented
prototype has been presented in Table IX.

According to (10), Lya,cri = 17.82 uH, L1y, ori = 257.4 pH,
Loa i = 15.01 pH, and Loy, ri = 122.57 pH are the critical
inductances of implemented prototype. In order to guarantee

2
H

171

Voltage Gain
g
Voltage Gain
@

g

1161,118] 116l

(18]

6 L] 12 15 18 21 24 27 30 33 36 -] 6 9 12 15 18 21 24 27 30 33 36
Number of Switches (Ng . ) Number of Diodes (N, )
(@ (b)
250
200
= =
S 'g
E 100 §
50 [16],[18]
0 0
3 9 15 21 27 33 4 10 16 22 28 34
Number of Inductors (Nln dmor) Number of Capacitors (N Capmm)
© (d)
120
100
£ 80
3
o
& 60
g
°
> a0
20
0
] 16 2 2 N 8 56
Number of Components (N, Cm“w"m)
(e)
Fig. 9. Gain of proposed and [16]—-[18], [20] topologies in terms of number

of (a) switches, (b) diodes, (c) inductors, (d) capacitors, and (e) components.
(d = 0.75).

the CCM operation of converter and also to limit inductor peak
current and current ripple, which leads to reduction of current
stress of switching devices, the ferrite core type inductors with
inductances of Ly, = Ly, = 150 puH and Ly}, = Loy, = 500 pH
have been selected.
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TABLE VIII
NORMALIZED PEAK INVERSE VOLTAGE (NPIV) ON SWITCHES/DIODES OF
PROPOSED AND [15]-[20] TOPOLOGIES (2-INPUT VERSION AND IDENTICAL
INPUT SOURCES AND DUTY CYCLES)

Topology [15]
1-d
d*—d +1
1-d
2
NPIV d“—d +1
PIV
Vo
1
d*—d +1
_r
d*—d +1
Total 4-2d
NPIV | g2 g 41
Average 4-2d
————_0.625 0.5 0.5 §0.314 0.5
NPIV | 4d? —d +1) 8(3-d)
1 0.9
0.8
i \
0.7 [16]
: B : J
% 0.6 1, is’ 20) 5 0.6 18,581 % 5] |
0. +
Proposed
ﬂ.‘\L
T M. [19] Prognsed
0'20-5 06 n_.’[lg] 08 09 1 03 50 100 150 200 250 300 350 400 450 500
Duty Cycle (d) Voltage Gain (VolVin)
(a) (b)
Euo Proposed
z
<
£ 80
<
0
05 0.6 0.7 0.8 0.9 1
Duty Cycle (d)
()
Fig. 10. (a) ANPIV versus duty cycle. (b) ANPIV versus voltage gain. (¢
g y ¢y ge g

[Voltage gain/ANPIV] versus duty cycle; for proposed and [15]-[20] topologies
(assuming 2-input version and identical inputs and duty cycles).

Based on (11) and assuming the maximum voltage ripple on
the capacitors to be xc = 1.5%, the capacitances are achieved
as Cy > 73.65 uF, Cy > 71.81 pF, and C),; > 8.41 pF. Con-
sidering the stresses on the capacitors [presented in (4)], the
capacitors are selected as: C; = Cy = 100 pF (100 pF, 50 V,
Radial Electrolytic Capacitor Nichicon UPW1H101MPD), C,,,;

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 6, JUNE 2019

Isolation Auto Transformers

Transformers |

(Y.

Controller »
Board & y N -

N
Prototyp

13
NS

Fig. 11.  Laboratory-scale implemented prototype.

TABLE IX
SPECIFICATION OF IMPLEMENTED PROTOTYPE

Parameter Value Parameter Value
Vi 15[V] L 500 [uH]
Vs 10 [V] L2 150 [uH]
d 0.7 Lz 500 [uH]
d, 0.65 C 100 [uF)
f 40 [kHz] C: 100 [uF]
R 450 [Q] Cni1 47 [uF)
Lia 150 [uH] Co 220 [uF)
Theoretical 298.299[V]
% Experimental 293[V]
Stop - & S ,_f ) - Stop & L3 ‘_f‘ 3, -]
: 10 07 25 (uSoclahv 1 310 7ain) 25 (uSectdv)
Hindn ssag i i Wi i
(a) (b)
vc:. & ¢ % ) o stop @ L "f d o9
$s0 07wy s %o @y 2o G
gt T ——e =500 CEL o L
©) (d)
Fig. 12.  Voltage waveform on (a) C';; (b) Ca; (c) C)y, 15 (d) C, ;5 capacitors.

=47 pF (47 pF, 200 V, Radial Electrolytic Capacitor Nichicon
UVZ2D470MHH) and C, = 220 pF (220 pF, 350 V, Radial
Electrolytic Capacitor Nichicon UVY2V221MRD).

Based on current stress and PIV on switches/diodes, the (77 1,
T1,3,T5,1,Th 9, T 3) switches have been realized by IRF3710
MOSFETs and (77 2, ) switches have been realized by IRF740
MOSFETs. The D,,; diode has been realized by NXP BYV34-
400. The switching pulses have been produced by ATmega32
AVR Microcontroller. The LA-55P 715191 has been used as
current sensor with sensing ratio of 0.264. The capacitors’ volt-
age waveform has been shown in Fig. 12.

According to Fig. 12, the voltage on C4, Cs, C,,1, and C,
capacitors are about 48, 26, 129, and 293 V, respectively. Since
the load and output capacitor have the same voltages. So, V, =
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Fig. 13.  Current waveform of (a) (L1, L1); (b) (L2,, Loy ); inductors.

293 V. The output voltage (V,) is about 19 times higher than
V1 = 15V and 29 times higher than V5 = 10 V, which confirms
the high step-up capability of the proposed topology. These
values are validated by (4) and (5). The capacitances have been
selected in a way that the voltage ripple on them be limited to less
than 1%. The inductor currents have been presented in Fig. 13.
It is observed that the proper selection of inductances have led
to low current ripple of Ly, L1j, Lo, and Lo inductors, which
are, respectively, about 1.3, 1.2, 0.8, and 0.46 A [confirmed by
(7)]- Also, Fig. 13 shows that peak current values of Ly, L1,
L., and Ly, inductors are, respectively, about 8.2, 3.34, 6, and
2.4 A [confirmed by (9)]. These low peak values lead to lower
current stress of switches/diodes and consequently lower losses.

The current of first and second input sources (¢;, i) are,
respectively, equal to (i1, + i1,11) and ¢z9;. Fig. 13 confirms
that the current of both input sources are continuous, which is
necessary, especially for MPPT-based applications. The average
current values of first and second input sources are I; = 8.7 A and
I, = 4.6 A, respectively. The total input power of the proposed
topology (Pi, = Pin1 + Pin2) is about Py, = 176.9 W (Pj,;
= 130.6 W, Pj,» = 46.3 W). The output power of converter is
about P, = 161.48 W, which leads to an efficiency of 91.2%.
ACCOI'dil’lg to Flg 14, the PIV on T171, TLQ, T173, Tgﬁl, TQ,Q,
D, Q, and D,, are, respectively, about 49, 165, 49, 27, 54, 27,
215, and 293 V, which are confirmed by Table 1.

As seen, the D,,; diode has the highest PIV, which is equal
to Vo, = 293 V. The other switches or diodes withstand less
voltage than V,, during their OFF mode. The current waveform
of switches/diodes have also been presented in Fig. 15.

The T} ; has highest current stress (which is about 14 A). The
current stress of 1 1, 11 2, T 3, 15,1, T2 2, D2, O, and D,,, 1 are,
respectively, about 14, 5,9, 9, 2.5, 6.4, 3.3, and 2.2 A. It is ob-
served that all the switches/diodes (except 17 1) have low current
stresses. The results shown in Fig. 15 are validated by Table II.
The efficiency of the proposed topology and the structures pre-
sented in [16] and [20] have been plotted and compared across
[30-350 W] range of output power in Fig. 16. Fig. 16 shows
that the efficiency of the proposed topology remains higher than
85% across the aforementioned range. The efficiency of the pro-
posed topology can be further improved by applying high-tech
switches/diodes with less ON-state resistances and forward volt-
age drops and shorter turn-ON/OFF times. In (ultra) high step-up
dc—dc topologies, as the output power increases, the current of
low voltage side (input side) increases too, which usually leads
to high losses and low efficiencies. This fact can easily be ob-
served in Fig. 16, where the efficiency of the proposed topology
and topologies presented in [16] and [20] decreases as the output
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power increases. Therefore, the proposed topology is suggested
for low/medium power applications.

IX. CONCLUSION

In this study, a basic double input high step-up dc—dc topol-
ogy is proposed and then is extended to n-input version. The
input currents are continuous. Increment of number of inputs,
not only increases the gain of topology, but also decreases the
NPIV on switches/diodes. The operational modes of the pro-
posed topology are explained and then steady-state analysis as
well as design considerations are presented. For better verifi-
cation, the proposed topology has been compared with other
similar structures. Comparison results show that despite the
high voltage gain, the NPIV on switches/diodes of the proposed
topology is less than that of other references. For achieving a
specified voltage gain, the proposed topology uses less number
of devices than other topologies. In other words, application of
same number of devices leads to higher voltage gains in the pro-
posed topology than other topologies. So, the portion of each
component of the proposed topology on producing the voltage
gain is higher than other structures. The double-input version of
the proposed topology has been experimentally implemented.
ForV; =15V, V, =10V, d, = 0.7, d> = 0.65, the output volt-
age and efficiency of the proposed topology are, respectively,
about V,, = 293 Vand n = 91%. Obtained experimental results
confirm the validity and effectiveness of the proposed topology.
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