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ABSTRACT Many of the High Gain Step-Up DC/DC converters proposed in the literature do not share
common ground and have a pulsating or discontinuous input current, making the converter unsuitable for
solar photovoltaic applications. In this article, a non-pulsating input current (NPIC) with a high-gain DC/DC
step-up converter is proposed and analyzed in detail. The converter shares a common ground structure and
a voltage conversion ratio more than twice that of the Traditional quadratic boost converter (TQBC). The
converter has two switches that operate in phase, which makes it easy to control. Also, the voltage stress
across all semiconductor devices is lower than the output voltage, which enhances the efficiency of the
converter. The loss analysis is carried out with the PLECS software, integrating the real models of switches
and diodes from the technical datasheet. To confirm and validate the functionality of the proposed converter,
a 200 W hardware prototype is being developed in the laboratory. It was observed that the maximum
efficiency was 94.5% with an input voltage of 16V. The converter achieves high gain at low duty cycles
and has been shown to perform well in open loop conditions.

INDEX TERMS Boost converter, non-pulsating input current (NPIC), quadratic gain, voltage stress.

I. INTRODUCTION

The voltage produced at the output of many distributed gener-
ation (DG) sources such as solar photovoltaic (PV) systems,
batteries, and fuel cells is low and needs to be increased to
higher levels for practical applications. The high-gain DC/DC
converter plays an important role in DC Microgrid and EV.
These converters can generate controllable high DC voltage at
the output. There are numerous applications for these convert-
ers. These converters are used in EV, solar PV, robotics, and
aerospace applications [1]. High-gain converters are advanta-
geous over traditional boost converters (TBC) and their vari-
ants [1] because they are operated at much lower duty ratios to
achieve the same voltage gain. This leads to better efficiency.
These converters are broadly classified into isolated and
non-isolated structures [2]-[8]. The requirement of electrical
isolation between input and load to prevent flow of direct flow
of current is fulfilled by isolated converters. The high fre-
quency transformer is used to achieve isolation, but increases
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cost [3]-[7] and size. High step-up converters [8]-[13] with
switched capacitor (SC) voltage multiplier perform better
than in semiconductors voltage stress and power density. The
capacitor in the SC circuit is charged by the input source when
the switch is ON, and the stored energy is discharged when the
switch is OFF, so the voltage conversion ratio is significantly
improved. The converter proposed in the literature [14]-[15]
do not operate in wide range of duty cycles. Such converters
fall in the category of quazi-z-source or z-source converters
where the inductor is replaced by an impedance network.
In [16], a transformerless active switched inductance (ASL)
with a simple structure with a low voltage load on the active
switch is presented. To further increase the voltage gain and
reduce the voltage load of hybrid switching reactors, convert-
ers are presented in [17]. An active LC network is used to
overcome the disadvantage of the ASL network, as shown
in [18]. These converters use two switches similar to the
converter proposed in this article, but the converter in [18]
lacks a common ground structure.

The common ground between input and output can be used
to increase system performance, eg, photovoltaic systems
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FIGURE 1. Application of a step-up DC/DC converter in grid-tied
photovoltaic system.

connected to the grid without a transformer [2]. The general
diagram of the photovoltaic system connected to the grid
showing the application of the proposed converter is shown in
Figure 1. The proposed converter has a common connection
between the input source and the output loads. A voltage
doubler is a very common method of multiplying the voltage
conversion ratio [19]. In [19] a new impedance network is
presented and the converter has the function of expanding
the impedance network in n stages, but this deteriorates the
efficiency of the converter.

A continuous input current of the step-up converter
makes it suitable for renewable energy applications. This
non-pulsating input current (NPIC) and the continuous cur-
rent are included in the proposed converter. In the publica-
tion [20] a modified SEPIC converter with high gain with
continuous input current is described. In [21] a buck-boost
converter with a continuous input and output port with a
higher conversion rate is proposed. In [22] another buck-
boost topology, but it has a discontinuous input current that
limits some applications. A switched inductor voltage mul-
tiplier with a capacitor is used in a traditional quadratic
boost converter (TQBC) (Figure 2) in [23] to achieve twice
of quadratic gain but the converter utilizes three inductors,
unlike the proposed converter. The voltage stress of the con-
verter reported in [23] is the same as the output voltage which
is a major demerit of the converter.

Interleaving of the boost converter reduces the input ripple,
but the switches operate with a phase shift of 180 degrees
if a two-phase interleaved boost converter is proposed.
A clamped structure is proposed in [24] which is used with
an interleaved converter to enhance the voltage conversion
ratio but the common connection between output and input is
lost. In [25] a quadratic gain converter is proposed that has a
conversion ratio of exactly half that of the proposed converter.
However, the above converters only take into account the
voltage stress on the switch in the off state. No voltage stress
on semiconductor components should be neglected. The out-
put diodes in the converters discussed above have a voltage
stress equal to the output voltage, so a high-rated power
diode should be used at the output. The proposed converter
is advantageous over these converters with low voltage stress
on the output power diode.

The above discussion considers the voltage conversion
ratio and voltage stress of semiconductor devices without
considering the nonpulsating nature of the input current.
A pulsating input current can shorten the life of the electrodes
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in energy storage applications [26]. An LC filter can be
used to reduce the ripple in the input current, but the circuit
becomes bulky and degrades the efficiency of the converter
and the dynamic response of the converter [26]. Interleaving
seems promising to reduce the input ripples, but the control
of the switches is very complex, and extra circuitry will be
required which makes the circuit bulky, unlike the proposed
converter.

Knowledge of the need for a higher voltage gain, a low
voltage stress on semiconductor components, a non-pulsating
nature of the input current, and a common ground structure.
This article proposes a high-gain DC / DC converter with the
attractive properties mentioned above. The proposed topol-
ogy has a simple structure and is easy to implement and can
also be used for industrial use.

The remainder of the literature is as follows. Section II
presents the operating principle of the proposed NPIC
converter. Steady-state analysis of the NPIC converter
in both continuous conduction mode (CCM) and dis-
continuous conduction mode (DCM) in detail. Section III
presents the parameter guidelines of the NPIC converter
and section IV covers the non-ideal analysis of the NPIC
converter. Comparative analysis among the recent similar
converters is done in Section V. To determine the efficacy of
the converter hardware, results are presented in Section VI.
Finally, the literature is concluded in Section VII.
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FIGURE 2. Traditional quadratic boost converter (TQBC).

Il. OPERATING PRINCIPLE OF THE PROPOSED
CONVERTER (NPIC)

A. CIRCUIT DESCRIPTION

The proposed topology (NPIC) consists of two power
switches (Sjand Sj), five diodes (D, Dy, D3, Dy4, and Ds),
two inductors (L and L), five capacitors (Cop, Cy, Ca, Cs,
and C4) as shown in Figure 3. The load R is taken as purely
resistive. The inductor L; is always attached to the input
source Vj,, which contributes to the NPIC nature of the pro-
posed converter. This is useful in reducing the current stress
on the input dc source. The operation of the NPIC converter
is explained in Continuous Conduction Mode (CCM) and
Discontinuous Conduction Mode (DCM).

In the following analysis, some logical assumptions are
considered: a) All the semiconductor power devices and pas-
sive elements are Ideal and non-dissipative. b) Capacitance of
all the capacitors is high enough to hold the voltage constant.
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FIGURE 3. Proposed Step-Up NPIC Converter.

c) All the inductors, capacitors and resistors are linear, time-
invariant, and independent of frequency.

B. CIRCUIT ANALYSIS IN CCM MODE

The converter operation in CCM mode can be divided into

two modes: a) Mode 1 and b) Mode 2. Some characteristic

waveform in this mode of operation is depicted in Figure 4.
MODE 1 (1 to t1): Both the switches are turned ON. In this

mode, the equivalent circuit is depicted in Figure 5(a). Diodes
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D, and D4 are forward biased. Diodes Dy, D>, and D5 are
reverse biased. Inductor L1 is charged through input dc source
and L, is charged through capacitor voltage Cs. The voltage
and current relations can be obtained as

Vi1 = Vin

Vi = Ves M
Ves =Ver + Vez

Vo="Ve3 + Vs

iin =1L1

iClon = Ip2 = is1 — is2 —iL]

l‘CZ,on = l.Cl,on . . )
IC3,0n = ID4 =152 — 112

iC4,on = Is1 — L1

ico,on = ip +is1 — iL1

where iz | and if; are ripple-free inductor currents, i;, is input
current, ig; and ig; is on state current through the switches S
and S,.
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FIGURE 4. Key waveforms in CCM Mode: Current Waveforms (Red Line) and Voltage Waveforms (Blue line).
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FIGURE 5. (a). Mode 1 of proposed NPIC converter. (b). Mode 2 of
proposed NPIC converter.

MODE 2 (#; to t;): Both switches are turned OFF at the
beginning of this Mode 2. Diodes Dy, D;, and D5 are forward
biased. Diodes D; and D4 are reverse biased. Inductor L is
discharged and L; is discharged to supply energy load R.
In this mode, the equivalent circuit diagram is depicted in
Figure 5(b). The voltage and current relations can be obtained
as

Vit =Vin+Vea+Vea — Vo

Vio =Vez — Ves 3)
Veir=Ve
lin =i

iCloff =1Ip3 =1IL1 —Ip]
iC2,0ff = IDI
IC3,0ff = ID5 = IL2

“

iC4,0ff = IL1 —IL2

iCO0ff = i1 — o

C. VOLTAGE GAIN CALCULATION
Applying voltage second balance on inductor L, during one

switching period T.

T
/ Vip.dt =0

o0
d(Ves) + (1 —d) (Ves — Vea) =0 ®)

Ves=(0—d)Vea

The following relation between capacitor voltages can be
obtained by equations (1), (3) and (5)
Ves  (I—d)Ves  Vo(l —d)

Veir =V = — = 6
c1 2 > 5 20— d) (6)
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Applying voltage second balance on inductor L; during
one switching period T.

T
/ Viidt =0
o

d(Vi)+ A —=d)(Vin+Vea+Vea — Vo) =0

| CVol—d) Vo \_
Vi 1-a) (Vi 2= 4 L0 vp) =0
_20=d,
0= (l—d)2 in
™

The voltage conversion ratio of the NPIC converter can be
expressed using equation (7) where d is the duty cycle.

Vo 2Q-d)

Vi (1 —d)? ®

Geem =
D. VOLTAGE STRESS CALCULATION

According to the above analysis, the voltages stress of capac-
itors can be expressed using equation (6).

Vol —d) _ Vy

220—d) (1 —4d)
Vol —d) 2V

Q-d) (-d)

Vo 2Vin

Vs =G = a_ay

Veir=Ver =

Ves = 9)

The voltage stress on the power switches S| and S; in the
proposed converter is Vg1, and Vs can be calculated as

1-d)Vo Vi
20—d)  (1—4d)
I+d)Vo (A+d)Vi
2Q-d)  (1—-d)?

Vsi=Vo—Vc1 —Vea =

Vso =Ve1+ Vea — Vez =
(10)

The voltage stress on the power diodes D; to Ds in the
proposed converter is Vpi, and Vps can be calculated as

(I-d)Vo Vi
2Q2—d)  (1—-d)

vo _(+adw, 1D
2-d)  (1-4a)?

Vb1 = Vo =Vp3=Vc1=

Vps = Vps = Vg =

E. CALCULATION OF CURRENT STRESS
Since the circuit is loss free. On applying energy conservation
i.e. IoVo = I;,Vin, where I is average output current equal
to Vo / R

The average input current [;;, or average inductor current
L, is given by the below equation
Vo / 22 —d)

Ly=1I1 =ip1 = —

= 12
v 1o (l—d)zlo (12)
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The ampere second balance on capacitor Cqy gives the
following relation

T

/ ico(®).dt =0
0ar T

/ (ip1 — is1 — ip) dt —/ (i1 —ip).dt =0 (13)
) ar

dig1 = i1 —ip =

The average current through switch S;(/g1) is given using
the result obtained in equation (13)
3-d? /
—5lo
(1—dy

Ampere second balance on capacitor C4 gives the follow-
ing relation

T
/ ica(t).dt =0
0

dT T
/0 (ip1 —is1) dt — /dT (ip1 —ip2).dt =0 (15)
. . ) 2(2—4d)
disi+ (1 —d)ip, =111 = mlo
(I—=d)ipx=1p

The average current through the inductor L, is obtained by
equation (15)

Is1 = dig1 = (14)

Io
(I-d)
Ampere second balance on capacitor C3 gives the follow-
ing relation

I =i = (16)

T
ic3(@).dt =0
0dT T
f (is2 — iro) dt —/ ip2.dt =0 (17)
o0 I dr
. . o
d = =
152 2 (1 —d)

The average current through switch S>(Zs2) is given using
the result obtained in Equation (17)

> = diss = —2_ (18)
(I—-4d)
In Mode 1,
.. . . 2=dlo
Ip2 =151 —1§2 — lLOI = m (19)
ipg =isy —ir2 = —
In Mode 2,
. 2 —d)lo
ip] = A—ap
. . . 2 —d)lo
ip3y =i —ip1 = A—a? (20)
. Io
Ip5 = —(1 —d)
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The average values of currents (Ip, ) through all the diodes
D; to D5 can be expressed as

2 —-dlo
Ipi=Ipp =1Ipy = ————
D1 D2 D3 (1 —d) (21)
Ips =1Ips =1Ip
o dar_  QA-dT
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FIGURE 6. Key waveforms in DCM mode.

F. VOLTAGE GAIN ANALYSIS IN DCM MODE
The characteristic waveform is shown in Figure 6. The anal-
ysis is done in three modes.

MODE 1 (1y to t1): The switch is turned ON at t=0. This
mode is the same as Mode 1 in CCM. Both the inductor
current start increasing from zero and reaches to peak value
at instant 7=dT. The peak value of currents through inductors
L and L, expressed as

. Vi

IL1,peak = L_tlndT -
. Ves 22)
L2, peak = EdT

MODE 2 (] to tp): The switch is turned OFF at the end
of the dT interval similar to Mode 2 of CCM. Currents start
to decrease with a constant slope, and the current of Lp
reaches zero at the end of the do4T interval. The current of
the Ljinductor continues to fall further as depicted in the
figure. The inductor L, peak current in terms of dyxT can be
expressed as

Vea — Ves

iLZ,peak = L—2d2xT (23)

VOLUME 9, 2021



S. Khan et al.: NPIC Step-Up DC/DC Converter With Common Ground Structure for PV Applications

IEEE Access

MODE 3 (1, to 13): Both the switches are still OFF. The cur-
rent in the inductor L; is zero. Therefore, the voltage across
the inductor L, is zero. By using equations (22) and (23) the
parameter do, can be expressed as

Ves d— Ves
Vea — Vs Vo —2Ve3

During the OFF state of both switches. The average current
through the capacitor Cs, Ic3 can be expressed as

d 24)

de =

1
Ics = Ede-iLZ,peak —1Io (25)

When substituting (22) into (25), I¢3 can be derived as

I, Ves Vo
Icz = —dr, —dT — — 26
€3 = 5dnp R (26)

Since the average capacitor current is zero, therefore
using (26)

2VoBra Vol —d)fL
Vesd Vind

doy = 27)

where B = %

A
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FIGURE 7. Voltage gain of the NPIC converter versus duty cycle.
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cycle.
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FIGURE 9. External characteristic of the NPIC converter.

When substituting the value of dp, from (27) into
equation (24)

Vo) (Y d?
(—0> - = _ =0 (28
Vi I-d)Vin 20-d) B
On solving the quadratic equation (28) the voltage gain in
DCM mode can be expressed as

Vo 1 242
LA S O )
Vi (I-d) BL

Gpem =
The curve of voltage gain in this mode is presented
in Figure 7.

G. BOUNDARY CONTINUOUS MODE OPERATION
In this mode of operation, the voltage gain of CCM is equal
to the voltage gain in DCM mode.

Gceem = Gpem

The boundary normalized inductor time constant can be
derived using (8) and (29)
B — d* (1 —d)? 30)
=0 —a)
Figure 7 shows the boundary normalized inductor time
constant versus duty ratio (d). The boundary between the
CCM and DCM is depicted in Figure 8.

H. EXTERNAL CHARACTERISTIC OF NPIC CONVERTER
On combining the equation (29) with (30) the external char-
acteristic of the NPIC converter can be depicted in Figure 8.

It is to be noted from Figure 8 and Figure 9 the maximum
value of Brp is 0.02113 at d=0.5428.

I. INPUT CURRENT RIPPLE
The difference between the maximum (ir.1 ;mqx) and minimum
(ir1,min) of the inductor, current L; is the input current ripple
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of the NPIC converter. Aij, is the input current ripple. The
following equations can be obtained.
Vind

iL1,max — IL1,min = Lifs (3D

The input current ripple can be expressed as

Aiin = iLl,max - iLl,min
Vied — Vod(1 — d)?
Lifs  2Lifs2—d)
The relationship between the duty cycle of the NPIC con-
verter and traditional boost converter (TBC) can be expressed
as (33) under the same conditions of inductor current, output,
and input voltage.

d =dr —+/(dr — D(dr —3) (33)

The reduction in the input current ripple of the proposed
NPIC converter in comparison to TBC can be expressed
as (34)

(32)

. . Vindc ~ Vind
Air — Aijy = -
Lifs  Lifs
_ Vidc Vi [dr — Vdr =D (dr =3)]
T Lifs Lifs
in\/f
_v (dr — D(dr —3) (34)
Lifs

where Air is the input ripple of the TBC and dr is the duty
of the TBC.

IIl. PARAMTER DESIGN GUIDELINES
A. INDUCTOR SELECTION
The ON state of the current ripple in an inductor can be

expressed as

V4
Aipy = —=dT (35)
Ly
2V;
Aijp = ———dT 36
irn L —d) (36)
Hence the inductance value of L and L, is calculated using
equations (37) and (38)
Vi Vi
L = —2dr = " dar (37)
Aip rp1%lpy
2V; 2V;
Lh=—"" gqr=——""___4ar (3%)
Airp(1 —d) rpa%lio(1 — d)

where rp1% and rp>% is percentage ripple allowed in the
inductor currents L; and L.

To operate the inductors in CCM mode, the following
equation in (40) and (41) must be valid.

N
I — L1 >0
) (39)
A
Ir, — 12 >0
d(1 —d)*R
4(2_d) fS (40)
. d>(1 —d)*R
> —
22 —d)fs
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TABLE 1. Voltage and current stress of Semiconductors.

Parameter Voltage Stress Current Stress
S a—-ayv, 3—d? !
2(2—d) 1-d2"
S, 1+ adyv, Ilo
22—d) 1-d)
D, (1- d)Vo 2-adl
22-d) (1-d)
D, (1- d)Vo 2-adl
22—-d) (1-4d)
D; 1-a)V, 2-d)y
22—-4d) (1-4d)
D, Vo I,
2-d)
Ds Vo Iy
2-d

o)

v ——

ol |

FIGURE 10. Non-ldeal Model of the NPIC Converter.

B. CAPACITOR SELECTION
The capacitor selection can be made by equation (41)

c Q-dlop _  Q-dlo
'S =d) Aveifs . A —d)rai%Velfs
s =Dl C-dlo
- (1I—d) Avczfsl (1 —=d) rc2%Veafs
0] 0]
Cr > =
I = Aveafs  re3%Veafs @1
c G-dlo _  GB-dlo
YT U —d) Aveafs | (A —d) rea%Veafs
s B-d*)lo G-d)Io
0= U =d) Aveafs  (I—d) res%Veafs

where rc1%, rca%, rc3%, rca% and rco% is percentage
ripple allowed in capacitor voltages.

C. SEMICONDUCTOR SELECTION

The parameter selection of power switch and diodes are based
on their current and voltage stresses respectively, as tabulated
in Table 1 as calculated in section II.
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IV. NON IDEAL ANALYSIS OF NPIC CONVERTER

The actual real-world model of the NPIC will have some
non-idealities. The non-ideal model of the NPIC converter is
presented in Figure 10. The inductors (L and L;) equivalent
series resistance (ESR) 71 and ry is considered. MOSFETS
S1 and S; have on resistance equal to rg1 and rg>. The diodes
D; to D5 forward voltage drop is V¢ and on-resistance equal
to rp. The ESR of capacitors Cy to Cy is rc.

A. POWER LOSS IN INDUCTORS
The ohmic losses in the inductor depend on the current
through the inductors L; and L. Pr1 and Py are the ohmic

losses in the inductor L; and L and Iy 1,,,, and I 5, are root
mean square value of inductor currents.
k=2 2 2 2
PL,total = Zk:l (ILkrms) rLk:]LlrmsrL1+IL2,erL2 (42)
22 —d)
ILlrms = (]I—d)zlo
I = I
L2rms (1 _d) 0
22-d) \? 1 2
Pr ioral = WIO re+ mlo rr2 (43)
Ifitis assumed rp; = rpo = 1,
42-d)’n 1
P =—F—Pp+ ——-—P
L,total (1 — d)4 R (1 — d)2 R 0
5d* — 18d + 17
_ <—f> "L py (44)
(I —d) R

B. POWER LOSS IN SWITCHES
The two types of losses that occur in the MOSFET are ohmic
loss and switching loss. Ohmic loss occurs due to the ON
resistance of the MOSFET.

I§1,,55 152, 15 the Toot mean square value of current pass-

ing through switch S| and S;. The total ohmic losses, Pgh{(’]’;gl

occurring in both the switches is the summation of individual
ohmic losses that occur in both switches.

ohmic __ 2 _ 72 2
Pttt = Dy Uskon) sk =15y, rs1+15y, 752 (45)

I —( 3o )1
Slyms = \/21(1 _ d)2 0

I =—]
S2ms \/3(1 —d) 0
. 3—d?)? 1
Pohmtc — ( 12)‘ +( )121’ 46
S, total (d(l —d)4 07s1 d(l—d)2 ars2  (46)
Ifitis assumed rp| = rpp = rp

d*—5d* — 24 +10
( - ) Spy @)
d(l —d)

R
Total switching loss in the MOSFET is denoted by
k=21 ( Veilsk
SW
PS,total = Zk:l 5 <T @ +15)
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ohmic __
P S, total —

=2 )m+m (48)

pw _ GHd—d) (6 +1)fs
S, total 4d(1 —d)2 —d)

1 (Vs1151 + Vsalso
T

Py 49)

where,?, and fg are rise and fall time of switches respectively
and fs is switching frequency.

Total loss in the switches is the summation of ohmic loss
and switching loss.

PS,total — Pohmtcl +PSW

S, tota S, total
d* —5d* —2d + 10\ rg
= 4 _PO
d(1 —d) R

4d(1 — d)2 — d) (50)

<@+d—ﬂxn+wﬁ)P
C. POWER LOSS IN DIODES
Switching loss is neglected in power diodes. Losses occurring
due to the on-resistance of the diode and the forward voltage
drop are only considered in the calculation. On the basis of
the calculation in Section II, the average and RMS values of
current through diodes can be calculated as

2 —-dlo
IDl,avg = ID2,avg = ID3,avg = m
1D4,avg = IDS,avg = IO
2-d)lo (51)
D1, = D20 = D3y = —5
Vd (1 —d)
I I lo
D4y = ID5ys = — 1=
Vd

The power loss associated with the forward voltage drop
VF in power diodes can be calculated as

k=5
PVF,total = Zk*l IDk,avg-VF
= IDl,avg-VF + IDZ,an-VF +ID3,avg~VF

+ID4,avg~VF + IDS,avg-VF
(8 =5d)IopVF _ 8 —=5d) Vg
1-d  (1-d)Vp

PVF,total = PO (52)

The ohmic loss occurring in power diodes due to internal
resistance rp can be calculated as

k=5
Pip total = Zk:l ngrms-rD
= 1[2)1rm.r'rD + Igzrms'rD + IgSI’mS'rD
+]34rms'rD + [[Z)S,ms"'D
_ (5d* —10d +14) rp

—P 53
J0-d° R o (53)

ohmic
P rD,total —

The total power loss in the diodes is the sum of the loss due
to forward voltage drop and ohmic loss.

Pp.total = P%’fﬁfml + PVvF total
5d* —10d + 14) r 8—5d)V,
= ! D, DY, sy
d(—d) R (1—d) Vo
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D. POWER LOSS IN CAPACITORS
The RMS value of the current through the capacitors can be
expressed as
2 —d)lop
(1 —d)/d(1 —d)
2—-d)lop
a —Id)«/m
0

Jad —ad)
B —dlo

(1 —d)ad=a
B —=dlo

(1—-d)vd(1 —d)
The total losses in the capacitors due to ESR of the capac-
itor r¢ can be expressed as

k=4 2
= Zk OIDkrma

rc +IC1

IClrms =

Ica,,, =

Ics,,, = (55)

lca,,, =

1 COpms =

P rC ,total

= ICO)‘mS rc + Igz)‘ms.rc
+1¢5, re 12y, rC
(5d* —24d +29)3rc
d(1 —da)?
5d? — 24d + 29
= ! 2, (56)
d(1 —d) R

Thus, the efficiency (1) of the proposed NPIC converter
can be calculated as

PC,total =

Po

PO + PL,total + PS,total + PD,total + PC,total

1
n= (57)
1+A1% + Ay +A3R +AL§ +A5 =+ As

r]:

where,

—5d%—2d + 10

5d% — 184 + 17 d*

—47A2 = 4
(1—d) d(l1—d)

54 —10d +14 (5d* — 24d +29)
d (1 —d)? T d(1-d)?

g B=5d) @G+d—d* @ +1)fs

T U= T T dd—de—a

Therefore non-ideal gain in CCM mode can be expressed
as

A =

3=

GCCMnon—ideal
Vo
= —7
Vin
GCCMnon—ideal
_202-d)

1
- (1-ay <1+A1 E+Ar S +A3

+A4 +A5 +A6 )
(58)

The curve of ideal voltage gain and non-ideal voltage gain
with rg1 = reo = 0.07Q2,r1 = rip = 02Q,r¢ =
0.12,rp = 0.0422, Vg = 0.4V with duty ratio is shown in
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FIGURE 11. Ideal and Non-Ideal Voltage Gain versus duty ratio.

Figure 11. The deviation is due to the presence of parasitic
elements.

V. COMPARISION AMONG SIMILAR DC/DC NON
ISOLATED CONVERTER

In this section the comparative analysis of the NPIC converter
with other previous topologies is carried out. The comparison
is made based on the number of active and passive elements,
the voltage gain and the voltage across the switch when the
switch is off, the type of input current, and the availability of
a common ground between the source and the load., as shown
in Table 2. The comparison of the boosting capability of the
proposed converter is shown in Figure 12 (a). It should be
noted that the NPIC converter has the highest voltage in all
duty cycles. According to Table 2, the converter indicated
in [C] has the maximum number of components equal to
16, while the NPIC converter has a total of 14 components,
which is the same as the converter indicated in [A]. The NPIC
converter utilizes two switches equal to converters reported in
[F] and [H] while all the converters reported in Table 2 utilizes
asingle switch. The NPIC converter, TQBC, [B], [F], [H], and
[1] utilizes two inductors, whereas the converter reported in
[C], [D], [E], and [G] uses three inductors and the converter in
[A] utilizes four inductors. The converter reported in [3] has
the maximum number of diodes, while the NPIC converter
uses five diodes which is less than the converter in [A].
The NPIC converter has the maximum number of capaci-
tors. Since voltage gain is not a sufficient metric to evaluate
the performance of the converter, several devices have been
involved in the comparison of the converter. The voltage
gains per inductor, voltage gain per switch, voltage gain per
diode and voltage gain per capacitor count is presented in
Figure 12(b) to Figure 12(e) respectively.

It can be observed that the proposed converter has the
highest voltage gain per inductor as depicted in Figure 12(b).
The voltage gain per switch count is depicted in Figure 12(c)
since the converter reported in [G] consists of a single switch,
so it has the highest voltage gain per switch. The voltage gain
per switch of the NPIC converter is highest except converter
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FIGURE 12. (a). Comparison curve of voltage gain versus duty cycle. (b). Comparison curve of voltage gain per inductor
count versus duty cycle. (c). Comparison curve of voltage gain per switch count versus duty cycle. (d). Comparison curve
of voltage gain per diode count versus duty cycle. (e). Comparison curve of voltage gain per capacitor count versus duty
cycle. (f). Comparison curve of Normalized voltage stress versus Voltage gain. (g): Comparison curve of output voltage
stress versus voltage gain.

presented in [G] but the overall gain of the converter [G] consists of five diodes, the voltage gain per diode count is
is less than the proposed converter. The proposed converter depicted in Figure 12(d), the converter presented in [B] is
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TABLE 2. Comparison among similar DC/DC converters.

Topology Reactive Semiconductor | Voltage Voltage stress Output Input current | Common
Components Components Gain Vs/Vo) diode Type ](;round
etween
NL | Nc | Ns | Np Vo/Vin) (;tr/e‘s/s ) load and
b/=o Source
Proposed 2 5 2 5 2(2-4d) o 1 1 Non-Pulsating v
(1 - d)? "6 -d) 2—d Continuous
1+4a
Syi————
G(1 —d)?
TQBC 2 2 1 3 1 1 1 Non-Pulsating v
(1 - d)? Continuous
[A] 4 1 2 7 1+ 3d 1 1 Pulsating x
1—-d G Continuous
[B] 2 2 2 2 1+d-—d? s,: 21+6) 1 Pulsating x
W G +V5G +4G*? Continuous
.. 2(1 + G)?
36 +26% +V/56 + 4G?
[C] 3 3 1 9 2(1+ 2d) 1 1 Pulsating x
T 1-4 2 continuous
[D] 3 3 1 3 d 1 1 Non-Pulsating 4
(1-d)? Continuous
[E] 3 3 1 5 d? o 1 1 Non-Pulsating v
m \JG d Continuous
[F] 2 2 2 2 d? 11 1 Pulsating v
1-d)? Sa: G i \/_E d Discontinuous
1
S: 1+ N
[G] 3 3 1 5 2 1 1 Non-Pulsating v
(1-4a)3 Continuous
[H] 2 3 2 3 3 1 2 Pulsating x
1—d 3 3 Continuous
m 2 3 1 4 (2-4a) 1 1 Pulsating v
m (1—d)? Continuous
Ng: Switch Count; Ny : Inductor Count; Np: Diode Count; Ne: Inductor Count, ¥': Yes, *: No
[A]: L. S. Yang et. al.[17] [B]: Y. Tang et al. [18] [C]: T. Shanthi et. al.[19] [D]: P. K. Maroti et al. [20][E]: N. Zhang et al. [21] [F]: S. Miao et al. [22]
[G]:Rezaie et. al[23] [H]: Y. Zeng et. al [24] [1]: G. G. Kumar et. al [25]

advantageous of all converters in this term due to the low
count of diodes, but the NPIC converter the has also highest
share of the diode in achieving gain except [B]. The voltage
gain per capacitor count is depicted in Figure 12(e). It is
observed that the NPIC converter has a lower voltage gain
per capacitor count than [A], [B] and [G].

The voltage stress of the switch is an important criterion for
evaluating DC / DC topologies. A diagram of the normalized
voltage stress of the switch is shown in Figure 12 (f). The
topology specified in [F] has the highest voltage stress of
both switches, but is not shown in this figure. The NPIC
converter has a lower voltage load than TQBC, [B]. The
switch S of the NPIC converter has the lowest stress of all the
listed converters except [A]. The voltage stress on the output
diode is equal to the output voltage on the converters [A],
[B], [C], [D], [G], and [I], as shown in Figure 12 (g). This
disadvantage is overcome in the proposed NPIC converter,
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in which the voltage load on the output diode is less than
the output voltage. The converter specified in [E] / [F] has
a voltage stress that is greater than the output voltage. Low
voltage stress on semiconductor components leads to lower
costs and higher efficiency.

The NPIC converter has an inductor at the input side
which makes the converter input current continuous and
non-pulsating unlike converters in [A], [B], [C], [F], [G]
and [I] which has pulsating input current which makes them
applicable for photovoltaic applications. The converter in [F]
has a discontinuous input current which restricts its operation.

Application for MPPT applications. A common ground
connection between the load and the source makes the con-
verter suitable for various applications. There is more safety,
fewer protection problems and reduced electromagnetic inter-
ference (EMI). Moreover, there is no extra dv/dt between
the input and output grounds. NPIC converter, TQBC and
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FIGURE 13. (a). Bottom to Top: Output Voltage, Input Voltage at d=0.4 and fs = 20 KHz. (b). Bottom to Top: MOSFET (S, ) Voltage, MOSFET (S;)
Voltage at d=0.4 and fs=20 KHz. (c). Bottom to Top: Inductor current L, and Inductor current L, at d=0.4 and fs =20 KHz. (d). Bottom to Top:
Inductor current L, and Inductor current L, at d=0.3 and fs =20 KHz. (e). Bottom to Top: Capacitor voltage (C;) and Capacitor (C3) Voltage
waveforms. (f). Bottom to Top: Diode voltage (D;) and Output Diode voltage (Ds) at d=0.3. (). Bottom to Top: Diode voltage (D;) and Output
Diode voltage (D,) at d=0.3. (h). Change in output voltage by a dynamic change in input voltage. (i). Effect of Dynamic change in the duty cycle on

the output voltage.

converters reported in [D], [E], [F], and [G] and [I] have a
common ground between source and load which is advanta-
geous for all the other converters listed in Table 2. Therefore,
it can be concluded that the NPIC converter has many advan-
tages over the other listed converters.
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VI. HARDWARE RESULTS OF THE NPIC CONVERTER

To validate the performance of the NPIC converter, a 200W
hardware model is built with the specifications defined in
Table 3. The input voltage waveforms and output voltage are
shown in Figure 13(a). In the same figure, the input voltage
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FIGURE 13. (Continued.) (a). Bottom to Top: Output Voltage, Input Voltage at d=0.4 and fs = 20 KHz. (b). Bottom to Top: MOSFET (S, ) Voltage,
MOSFET (S ) Voltage at d=0.4 and fs=20 KHz. (c). Bottom to Top: Inductor current L, and Inductor current L; at d=0.4 and fs =20 KHz. (d).
Bottom to Top: Inductor current L, and Inductor current L; at d=0.3 and fs =20 KHz. (e). Bottom to Top: Capacitor voltage (C;) and Capacitor (Cz)
Voltage waveforms. (f). Bottom to Top: Diode voltage (D4) and Output Diode voltage (D5) at d=0.3. (g). Bottom to Top: Diode voltage (D) and
Output Diode voltage (D,) at d=0.3. (h). Change in output voltage by a dynamic change in input voltage. (i). Effect of Dynamic change in the duty

cycle on the output voltage.

is observed to be 12V and 102V at a duty ratio of 40%. The
blocking voltage waveforms of both MOSFETS S; and S are
shown in Figure 13(b). The blocking voltages Vs; and Vg3
of the switch Sy are 20V and the switch S, is 46 V, which is
19.6% and 45% of the output voltage (Vo). The open-loop
operation of the NPIC Converter is done in CCM mode.
The inductor currents (I ; and I ») waveform associated with
CCM Mode is shown in Figure 13(c, d) at a duty percentage
of 40% and 30% at a constant resistive load of 450 ohms.
As the duty ratio is decreased from 40% to 30%, the mean
value of the currents of inductors L; and L, will decrease.
From the same Figure 13(c) it can be seen that the mean value
of the inductor currents L; and L, is 1.56A and 0.375A at a
duty cycle of 40%. The ripple values of the inductor current
are nearly equal to 25% in Ljand L,. When the duty cycle is
reduced to 30% the mean values of the inductor currents L
and L, are 1.5A and 0.362A, respectively.

The input current of the converter is equal to ir 1, hence the
converter naturally has a continuous input current. In most
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of the switched capacitor topologies, a high ripple in input
current is observed due to the large current drawn by the
capacitors for charging. The voltages of the capacitors are
depicted in Figure 13(e). The capacitor voltages C; and C3
are found to be 17V and 34V, respectively. When both the
switches are ON, the output diode Ds is OFF and diode
D4 is ON. The standing voltages of diodes Ds and D4 are
equal to 48V at a duty of 30% which is almost 57% of
Voas depicted in Figure 13(f). When the diode D; is ON,
diode D; is OFF as shown in Figure 13(g) the blocking
voltages of both the diodes are equal to 17 V which is equal
to 20% of the V,. Low voltage stress across the semicon-
ductors (switches and diodes) allows the use of low volt-
age rating devices with low on-resistance, to improve the
efficiency. The converter performance in dynamic conditions
from Figure 13(h-i). In Figure 13(h) as the input voltage
increases from 12V to 16V, the output voltage increases from
90V to 120V at a fixed duty of 0.34. In the next Figure 13(i)
as the duty cycle is decreased from 0.34 to 0.3 with a fixed
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TABLE 3. Hardware Specifications of the converter.

Elements Specification
Maximum Power 200W
Input Voltage 12V/16V
Output Voltage 100 V
Switching Frequency(fs) 20kHz
Duty Ratio 30% to 40%
Load Resistance R=400-600 Q
Inductors Li=L,=500pH
Capacitors Cr=100uF/63V, C;=Cs=
Cq= Cs=47pF/200V &
Co=68uF/350V
Power MOSFET SPW52N50C3
Diodes SF8L60USM
Gate Drivers IC TLP250H
100
—¥—Vin=12V
97 —4— Vin=16V

Ne)
e

Effciency(%)
o0 O
[oze] —

ee]
(9]

82

50 100 150 200
Output Power (Watts)

FIGURE 14. Efficiency of the NPIC Converter for different output power.

Switch
19%

Inductors
20%

FIGURE 15. Losses in different components in the proposed converter.

input voltage of 12V, the output voltage is decreased from
90V to 82V.

The efficiency versus output power of the converter is
presented in Figure 14, as the output power is increased the
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efficiency decreases as the current in the converter increases
which results in more power loss in the converter. As the
input voltage has increased the efficiency of the converter
increases as seen from Figure 14. The loss bifurcation among
the components is presented in Figure 15. The losses in the
system are determined using PLECS software. The maximum
power loss occurs in the diodes (47%) as concluded from the
same figure. The losses in the switches (S; and S») is close
to 19%. The total losses in inductors and capacitors are 20%
and 14% respectively.

VII. CONCLUSION

In this study, a non-pulsating continuous input current step-up
DC/DC converter is NPIC. The operating principle and the-
oretical analysis in both CCM and DCM are discussed in
detail. A shared connection between the input source and the
load, non-pulsating nature of the input current of the NPIC
converter makes it suitable for PV applications and energy
storage systems. The converter can achieve a boosting factor
of 8.88 at a gate pulse of 40%. From experimental results,
it is verified that the voltage stress on the semiconductor
devices is less than V,. The efficiency of the converter is
high but decreases at high power output. This converter can be
easily employed for applications up to 500 W. Based upon the
comparative analysis of the voltage gain per devices count,
the converter has a significant voltage gain(G) per device (N,
Ns, Np and N¢) count over similar structures. The proposed
converter is suitable for low and medium power applications.
In the absence of galvanic isolation, the efficiency reduces at
high power levels. The targeted power level is up to 500 W
without cascading the converter or using the multilevel struc-
ture. The hardware prototype of a maximum power rating of
200W was tested for power ratings for efficiency analysis and
the maximum efficiency was observed to be 94.5%. It was
also observed as the input voltage is decreased the efficiency
gets lower at the same power rating due to more conduction
losses. The converter performance under dynamic conditions
was found to be good and the experimental results fit well
with the theoretical results. According to the performance of
the converter, the converter can be a suitable candidature for
high voltage renewable energy applications and grid-tied PV
systems.
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