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Abstract: Dc-dc converters with a high gain, continuous input current, and common ground are usu-
ally employed in renewable energy applications to boost the generated output voltage of renewable
energy sources. In this paper, a high-gain de-dc converter comprising a voltage multiplier cell (VMC)
and a common ground with continuous input current and low-voltage stress across semiconductor
devices is proposed. The converter produces a voltage gain of about ten times compared to the
conventional boost converter at a duty ratio of 50% by utilizing switched capacitors and switched
inductors. The simultaneous operation of both the switches with the same gate pulse offers easy and
simple control of the proposed converter with a wide range of operations. The boundary operation
of the converter is analyzed and presented in both modes, i.e., continuous conduction mode (CCM)
and discontinuous conduction mode (DCM). Ideal and nonideal analysis of the converter is carried
out by integrating real models of passive elements and semiconductor devices by using PLECS
software. The simulation is also used to calculate the losses and hence the working efficiency of the
converter. The performance of the converter analyzed in the steady state is compared with various
similar converters based on the voltage boosting capability and switching stresses. A hardware
prototype is also developed to confirm and validate the theoretical analysis and simulation of the
proposed converter.

Keywords: dc—dc converter; high gain; low-voltage stress; voltage multiplier cell; nonisolated converter

1. Introduction

High-gain boost converters have gained prominence in recent times due to their
suitability in various applications such as solar PV systems [1], switch-mode power supplies
(SMPS), electric vehicles, and aerospace applications. A conventional boost converter has
certain shortcomings such as discontinuous input and output currents and increased losses
in the system at higher duty cycle operations, which leads to its limited solar PV and fuel
cell applications. The traditional quadratic boost converter (TQBC) shown in Figure 1 uses
a single switch of high voltage and a current rating which results in low efficiency at higher
duty ratios. In the literature, many high-gain dc—dc converters are being published [2,3]
to overcome the limitations of the conventional boost and quadratic boost converter. The
use of coupled inductors, Z-source converters, switched inductors, switched capacitors,
and voltage multiplier cells (VMCs) are popular methods to increase the gain of high-gain
dc—dc converters.
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Figure 1. A traditional quadratic boost converter (TQBC).

Isolated step-up quadratic boost converters are implemented in [4,5] with coupled
inductors that have a high-voltage gain and low switching stress. The converter in [4] has a
voltage doubler cell and produces a higher gain as compared to [5]. Soft switched dc—dc
converters eliminate the switching losses [6,7] however their hardware implementation
and operation are difficult. Various Z-source converters [8-11] have been proposed in the
literature that contains a unique impedance network. In [10], a quasi-Z source converter is
implemented using a switched capacitor and switched inductor configuration for achieving
a high-voltage gain along with low-voltage stress on capacitors and a continuous input
current, but the topology lacks a common ground. In [11], the hybrid quasi-Z source
converter is proposed by a combination of traditional Z source converters.

A set of nonisolated switched inductors and switched capacitor converters are dis-
cussed in [12-17]. The converter proposed in [12] has a switched capacitor and quadratic
gain with a common ground and low input current ripples. The converter is lightweight
due to the absence of a transformer and can be utilized for solar PV applications. In [13],
the authors have proposed a switched inductor boost converter that has low current stress
in inductors but suffers from a low-voltage gain and high-switch stresses. In [14], the twin
duty cycle and three switches configuration add to the complexity of the circuit [14,15] as
compared to [16] which has two switches following the same duty cycle. A non-isolated
converter is proposed in [17] and has a simple design as compared to [15,16] along with a
high gain and reduced voltage stresses on switches, diodes, and capacitors. It has a sym-
metrical structure that helps to ease the choice of the components and its design. In [18],
a single switch nonisolated topology is implemented with low switch stress. In [19], the
transformerless converter shown in Figure 2 is proposed. It consists of a VMC, with a gain
of six times that of a conventional boost converter with a single switch and two inductors.
The converter shown in Figure 2 has a single switch but the converter lacks a common
ground. Moreover, the input current pulsates. The converter proposed in this paper has a
common ground and continuous input current.
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Figure 2. Converter proposed in [19].
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In [20], a modified Cuk converter is proposed with switched capacitors. The authors
have proposed a buck-boost converter in [21] for renewable energy applications with
continuous input. The converter exhibits high efficiency above 95% around the 56.5% duty
cycle; however, the switching stress also increases drastically. In [22], an extendable boost
converter employing active-passive inductor cells (APIC) is proposed. The efficiency and
voltage gain at a lower duty ratio decrease drastically as the number of APICs is increased.
The authors in [23] have introduced an extended boost converter by implanting a cell
consisting of switched capacitors and inductors between a conventional boost converter.
The converter has the same voltage gain for the complementary duty ratio, which is nearly
constant, while the duty ratio is varied from 30% to 70%. A quadratic boost converter is
proposed in [24]. The gain of the converter is lower as compared to similar topologies.
A variety of quadratic boost converters are introduced in [25-30], each with its set of
advantages and disadvantages. The authors in [25] have proposed a simple quadratic boost
converter, but it lacks a common ground, whereas a modified quadratic boost converter
in [26] is implemented, resulting in twice the gain as compared to the quadratic boost
converter. The converter proposed in [27] has a common ground but a lower gain as
compared to the topology proposed in [28], which lacks a common ground. The quadratic
converter proposed by the authors in [29] has more components as compared to [30] but
has a higher gain at the cost of a decreased efficiency due to increased heat losses.

In this paper, a new transformerless high-gain dc—dc converter is implemented that
employs a VMC to boost the voltage. The attractive features of the proposed topology are

e  The converter achieves a high gain of 10 times the conventional boost and 5 times that
of the quadratic boost converter at a 50% duty ratio.
The converter has low voltage stress of 5% of the output voltage across switch Sy.
The converter uses the same gate signal for both switches, which leads to its
easy operation.

e  The topology has a continuous input current and a common ground, making it feasible
for PV applications.

The paper discusses the structure of the proposed topology and its detailed ideal
analysis in Section 2 followed by the nonideal analysis in Section 3. The comparison of
the proposed topology with various similar converters is carried out in Section 4. The
simulation and the experimental results are presented in Section 5 along with the efficiency
of the proposed converter at different input voltages and power.

2. Structure of Proposed High-Gain DC-DC Converter Topology

The components of the proposed nonisolated dc—dc converter topology depicted in
Figure 3 consist of a fixed DC input voltage source Vi,; two switches (MOSFETs) S; and Sy;
three inductors L1, Ly, and L3; seven diodes D, Dy, D3, Dy, Ds, Dg, and Do; five capacitors
C1, Gy, C3, C4, and Cp; and a resistive load Rp with an output voltage of Vp. The circuit
also consists of a VMC with elements L,, L3, C4, D5, and Dg. The nonisolated converter
does not include a high-frequency transformer and hence contributes to its low bulkiness,
size, and cost reduction. This further aids in easier control of the topology as compared to
isolated converters.

2.1. Operation of the Converter in Continuous Conduction Mode (CCM)

The proposed converter operates in two modes in each cycle while working in the
CCM state. Each mode is discussed in detail by providing the voltage and current equations
of each component in both modes.

Mode 1 (0 < t < tp): In mode 1, both switches S; and S, are turned ON simul-
taneously, as shown in Figure 4, by applying the appropriate gate pulse. In this mode,
diodes Dy, Dy, D5, and Dg are forward-biased, whereas the other diodes D1, D3, and Dg
are reverse-biased. The inductor L; is charged through the input voltage source and the
inductors Ly and L3 are charged through the capacitor Cz. The capacitor Cj is discharged,
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while the capacitor Cs is charged in this mode. The output capacitor Cp discharges and
feeds the load to maintain a constant voltage V5 across the output load resistor.
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Figure 3. Proposed high-gain dc—dc converter topology.
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Figure 4. Conduction diagram of the converter in ON-state (Mode 1).

The voltage and current equations across the inductors and capacitors during mode 1
when both switches are ON can be expressed as (1) and (2), respectively.

Vi1 = Vi
Veo = Vo (1)
Ves = Ver + Ve

Vi = Vi3 =Ves = Vs = =V

IL1 = Iin
Icy = Ic2 = Ip2 = Is1 — Iin

Is, = Iip +ic3 — Is1 = Ic3 — Icq @)
Ipy = Ics
Ico = Io
Icy = Ip2

Mode 2 (tp < t < T): In mode 2, both switches S; and S, are turned OFF simultane-
ously. In Figure 5, it can be seen that diodes D1, D3 and D¢ are forward-biased, whereas
the remainder of diodes D;, Dy, D5 and D are reverse-biased. In this mode capacitor, Cs is
charged through capacitors C; and Cy. Inductors Ly and L3 along with capacitor C4 transfer
power to load and charge, and capacitor Cp maintains a constant voltage V5 about the
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load. The voltage and current equations across the inductors and capacitors during Mode 2
when both switches are OFF can be expressed as (3) and (4), respectively.

Ver = Ve
Vit =Vin+ Vo1 — Vo3 = Vi — Vo
Veo=W 3)

Ves =Via+Vis+ Vea — Vs + Voo = Vie + Vi + Vs — Ves + Vo
Vio = Viz =33 Ve — Vo)

Iy = lco = Ipy = Ipp =
Icq = Ics = Ipo = Iin + Ic3 )
Ico =Io— Liy — Ic3
I1p = Iy

Figure 5. Conduction diagram of the proposed converter in OFF state (Mode 2).

The ideal voltage gain (M) can be calculated by using the volt-sec balance principle in
an inductor in CCM operation as per the following relation given in (5),

1 DT T
T /VLOth+/VLoppdt =0 5)
0 DT

Applying the volt-sec principle in the inductor L;

1 DT T
T f Vipdt + f (Vin = Ver)dt | =0
0 DT

(6)
VCl = VCZ = (1,”}:)) = %
Applying the volt-sec balance principle to L,
DT T
L [ Vesdt+ [ BYaYolg) — o
0 DT @)
Ves = 2Vey = U5E00
Equating Equations (6) and (7)
_ Y% _28-D)
Mcem = Vi~ (1_D) 8)

where ‘D’ denotes the duty cycle for switches S and S».
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The voltages across the capacitors and inductors (shown in Figure 6) are represented
in (9) and can be easily evaluated by applying KVL in respective loops as,

1-D)Vp
Ver =V = (2( )
1
Ves =2V = 1-2MVo DR
Vea=—-Vos = —Ves = —5=py D ©)
Veo = Vo
_ (-D)Viy _ —D(1-D)Vp
Vitor = (17D;n ~ 233D )
o _7(1+D)V- _7(1+DVO
Vi2orr = Visor = 2(3—-D) "= (1-D)2
Both Switches Both Switches

ON OFF

Vi & > I < I

DT (1-D)T |

Vi DV, |

a-n |

.
DTl I T ¢

VLg, VL3‘ 2 Vin 1

[ (a.Dn |

1+D) Vi |

23-D) |

DT‘ IT' t

Figure 6. Inductor voltages.

2.1.1. Calculation of Voltage Stress

The voltage stress across the switches as shown in Figure 7 and the diodes shown in
Figures 8 and 9 are evaluated at the instance when the switches are not conducting and are
in the OFF state. The voltage stress particularly refers to the peak inverse voltage across

the switch.
Both Switches Both Switches
ON I OFF
Vs § t——>
DT (1-D)1T 5
1-D)" Vo
______KL(S-D)
DT T Tt
I 2(1-D) Vo
Vi /
¥ s |

DT IT t

Figure 7. Switch voltages.
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Vor Vos oN__ | OFF |
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D(1-D) Vo |
N
|
|

Vbo
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I
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Figure 8. Diode voltages.
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I 2a-myve |
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/’ on
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Vs ,Vps
(3 - D)
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Figure 9. Diode voltages.

The voltage stresses across the switches in the OFF state are given as,

M2
Vsl == (1 _D)VCI = % (10)
Vsy = (1-D)(Ves — Vo) = 233

The voltage stress across different diodes when they are not conducting can be ex-

pressed as in (11):
VD1=VD3=DVC1=%
S
Vpy = (1-D)Vc1 = %
Vpa=(1-D)(Vez —Vo) = % (11)
Vps = Vpe = —‘%ﬁ%ﬁ“’

Vi — =2D V%

D0 = 73=D)
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2.1.2. Calculation of Average and RMS Currents

The average currents through the capacitors and switches can be easily determined by
applying the current-sec balance principle in capacitors.

1 DT T
K / Iy dt+ / Iy, dt | =0. (12)
0 DT

The average switch currents (in Figure 10) are given as,

(3=D)(1+D)io
D(1-D)* (13)
Is2,y = 2112 = (121‘}3)

Is1, = 11— ID1 =

Both Switches Both Switches

ON OFF 1
Is: DT (1-D)T
\/(3-[))(1+D)10|
7 D@y _
|
DT |T‘,
I, I G-D)lo |
\ /D(I_D)z |
| .
DT |T ¢

Figure 10. Switch currents.

The average inductor currents (in Figure 11) are given as,

2005 = HB3ag = (1-D)
IDOgg = D4gug = Lo

. _ . _ 2(3=D)iy
Wlggg = Lin = 1-D? (14)
. . Y ~ 2
ZDSavg - ZD6avg - 21L2nvg 7( (17?)
3—D)i,

!Dlag = D24y = 'D3ag = D(I-D)
The RMS values of the switch currents are given as,

1-51 _ (3=D)(1+D)i,
rms _D)?
o = ) )
S2pms \/5(17D)
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Both Switches Both Switches
ON I OFF
I, I
pr (1-p)T 23-D)Io
L — I_ — F_'_a-oy
T

Iy 113

DT IT t

Figure 11. Inductor currents.
The RMS values of the various currents through the components are given as,

io

1L2rms = 1L3rms = (17D)

iDOpe = i A

DOyms — *Dépms \/5
. _ . _ 2(3-Di
Wims = lin = J1-D)2

1D5rms = lDérms - 21L2rms - \/5(1_13)

IDlyms = 'D2yms = 'D3yus = D\/E(l—D) (16)

i =1 _ 3-D Qi
Clyms — 'C2rms — (1— )2 D ‘o
. . D -
lCOrms - @10
5—-D)

iCays = (1-D)+/D (1-D) fo
l .

lCSrms = lC4rms - D (17D) To

2.1.3. Design of Inductors and Capacitors
The ripple current in the inductor L can be found as in (17) and rearranged to obtain
the critical value of the inductor for CCM operation.

(Ai1)oy = 12DT
L — Vin — D(l_D)Z Vo
leri = imonfs ~ — 2B3-D)Aiifs

(17)

The ripple current and the critical value of the inductors Ly and L3 can be found as

(AiLZ)ON = ‘%3(1 - D)T
Ly — L, — pO-DIV (19
2¢ri Bcri (3=D)Airsfs

The peak-to-peak ripple voltages across the capacitors can be given as

o o (37D)V
AVa = AVe - (15)5)7%&
_ _ 0
AVc3 - (1*D)ROC3‘>7fs (19)
AVy = AV = 7Roé)4fs
DV,

AVeo = RoCofs
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2.2. Operation of Converter in Discontinuous Conduction Mode (DCM)

The proposed converter can also operate in DCM. This mode consists of three different
sub-modes of operation, as depicted in Figure 12.

Mode 1 Mode 2 I Mode 3 I
ILZ. 1L3
DT D)T | (I—D—D’)TI
| |
pT! Vo+pyr 't ¢
Il)() I I I
DT (D + DT T !
Ips, Ips
\l |
| |

@+pyT IT ¢

Figure 12. Typical waveforms during DCM.

(i) Mode 1: In this mode, both switches are turned ON for duty cycle D as in the case
of CCM.

(i) Mode 2: In this mode, both switches are turned OFF and the inductors start discharg-
ing. The inductors discharge through diodes D1, D3, and Dy for a duty cycle D’ and
the mode ends at D + D".

(iii) Mode 3: In this mode, none of the switches or diodes conduct, and the load is fed
entirely through the output capacitor Co. The mode is operated for a duration of
1-D-D.

The inductors are charged in Mode 1 (from t = 0 to t = DT) and are discharged in Mode

2 (from t = DT to t = D'T). Hence, by applying volt-sec balance across the inductors, we

obtain the voltage gain in DCM.

Applying volt-sec balance in inductor L, we obtain,
(D+ D")Vyy,

Vo = T (20)

Applying volt-sec in L), we obtain,

D'Vp

= 21
Ve 2(2D +3D’) @1

From Equating (20) and (21), we obtain,

Vo 2(D+D')(2D+3D")
Mpcm = V.~ D72 (22)
Rearranging Equation (22), we obtain,
2 _

D — v D?+4Mpcp — 5D 23)

6 — Mpcm
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Under DCM analysis for inductor Ly, we have,

Aiy, — _YoD'DT
L2 L,(2D+3D")
For DCM operation,
Aj
I = ZZLZ =Io (25)

From (24) and (25) we obtain,

4tf;D
D'=_—>"— 26
D —61fs (26)
where T is the time constant represented as 1% and fs is the switching frequency of
the switches.
Equating (25) and (26), we obtain,

Mpem = DD = 21f) (4D(T_ fSZ)Tzfs) (27)
Let K, = tf;; then,
Mpeym = D(f(;?) (28)

2.3. Converter Operation at Boundary Conditions

The boundary condition represents the critical conduction state of the converter on
the boundary of DCM and CCM. The relation for the boundary condition can be easily
formulated by equating the voltage gains in the CCM and DCM operations, respectively.
The boundary condition is determined by the boundary-normalized time constant of the
inductor Ly, is as shown in Figure 13. The variation in the time constant of the inductor as
a function of the duty cycle is represented as

Koo = 1;((31__5)) (D V258D — 1) (29)

0.06

0.05 / -—— \ CCM

0.04 7
g 0.03 / DCM \\
/

0.01 /
0

0 0.2 0.4 0.6 0.8 1

Duty Ratio (D)

Figure 13. Boundary normalized inductor time constant versus the duty ratio.

The maximum value of K, is 0.00516 obtained at D = 0.55. The converter operates in
DCM mode for a time constant less than K,. and in CCM mode for a time constant more
than K.
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3. Nonideal Analysis

The nonideal analysis of the converter accounts for the power loss analysis of the
circuit. Thus far, only the ideal lossless analysis of the converter is being considered in the
paper, ignoring the parasitic series resistances of the inductors, equivalent series resistance
(ESR) of the capacitors, barrier potential voltage and leakage resistances of the diode, and
the ON-state resistance of the switches (MOSFET), as shown in Figure 14. The loss analysis
is proceeded by the inclusion of the above-mentioned parameters in the ideal circuit of the
proposed topology. The nonidealities of the elements tend to decrease the voltage gain of
the converter and also result in an increase in power losses. The total power loss across all
the elements is given as,

2 6 5 3
Plosstotal = 21 PSiloss + ZO PDiloss + 20 PCiloss + 21 PLiloss (30)
1= 1= 1= 1=

Figure 14. Nonideal realization of the proposed topology.

3.1. Calculation of Losses across Switches

The losses across switches can be either conduction losses that are encountered when
the switch is ON and current flows through it, or they may be switching losses that are
encountered when the switch is in the transition from the ON state to OFF state or vice-versa.

S _ pS12 S1.2 (31)

Lossiotal 108 conduction lossswitching

For the conduction loss calculations, the resistance of both switches is assumed to be
the same, i.e., 75, =15, = 7.

lilsrszwnduction - iélrms r's1 + Z%Zrms r's2
S12 _ (3=D)3+D)in\? _ 2, )P
s 10SSconduction ( D\/E(l*D)Z ) s1 + (\/5(1,D)) rs2 (32)
, _ 1 2 2 2 2 s
Plolsszwndumon = m(@ —D)*(1+ D)*+(D)*(1 - D)*)Pogs
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For the calculation of switching losses for a switch operating at a switching frequency
of fs, the rise time (#,) and fall time (¢5) of the gate pulses are considered. Then, the
switching losses can be given as,

S t+t ) )
lols?sw,.mhmg = 2 f) X (151av8V51avg+zszangszavg)fs

S1,2 _ (bt (3-D)(1+D)i,  (1-D)V, 2i, 2V,
= (") x (CopoE < Gathr + iy X o) XS (49)

S1.2 (fr +tf) ( 3 +2D-D? )
¢ = X X
Plossswitching 2 ZD(l 7D) (37D) PO fS

3.2. Calculation of Losses across Diodes

lossswitching

For the calculation purpose, the cut-in voltage and resistance of all diodes are assumed
to be the same, i.e., VDO = VDl = VDZ = VD3 = VD4 = VDS = VD6 = VD and 'po =7"p1 =
YD2 =Tp3 = rpa=rp5 = ¥pe= p. The losses across different diodes are given as:

— 7 A
PDOloss - ZDorlvg VDO + ZDO,,zmerO

Ppo,., = VDo + (%) DO (34)
2
PDOloss = %Pg + (%) %PO

_ 2
Ppy,,,, = 1D1mVD1 +ipy,,. D1

_ (-D) _6-D) (35)
PDlloss - (1 D) Vo PO + (Dﬁ(],D)) Ro PO
PO, = D20 VD2 + b, T2 (36)
_ (3-D) v (3-D)
Ppoy,.. = papyvpte + (m) oo

_ 2
Pps,,.. = 1D3a,,g X Vps +ipg, X D3

_ (3-D) 3-D) \%r (37)
Pp3,... = By Vo oFo+ (D\@(l—D)) RoTo
Ppa,.. = D4y, VDa +ihy  TD4
C e (1 @)
Pos. = BP0+ (J5) #Po
PD51055 = iDS,wgVDS +ihs, TD5
Pps, . = 2P+ (o5t )ZLDP (39)
D5joss — (1 D) Vo 0 VD (1-D) Ro" O
Ppe,,.. = iD6m,gVD6 + i2D6m,er6 )

—_ 2 2 Ip
PDéloss - (1 D) Vo PO + (f (1_D)> Ro PO
= PDoloss + leloss + pDzloss + PD?’loss + PD4loss + PDSluss + PD6luss (41)

Dioss total

3.3. Calculation of Losses across Capacitors

For the calculation of conduction loss in capacitors, the parasitic resistances of the
capacitors rc1, *cp, 73, Yca, and rcs are assumed to be equal, while the resistance of the
capacitor Cp is assumed to be rco

_ 2 2 2 2
= ig0,,,7CO ity TC1 +ity, Teo +ity Tes +igy, Teatits, Tcs

2 2
Pclossmml - ( %) T PO +2 (( )2 1DD> = P +

2 2
(5—-D) rc 1 res
((1D) D(lD)) 3PO+< D (1- D)) RSPO

_ D rCOPo+ (44 24D+4D2)LCP

Pclosstotal — \(1-D) (1 D)

Closs oty

(42)
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- D1
B P A R R AR L)

3.4. Calculation of Losses across Inductors

The loss calculations for inductors are carried out by ignoring the ripple in the inductor
current through the leakage resistances ryj, 713, and r13. Inductors Ly and Lz have the
same design values; hence, their parasitic resistances are assumed to be equal.

_ 2 2 i2
PLI"SStotaI B ZLlr‘ms TL; + lerms "2+ lL?’rms L3
2(3—D) r r
P = P +2( kg ) n2p
Llosstotul (1—D)2 0 + ( D) Ro 0

3.5. Calculation of Efficiency of the Converter in Nonideal Mode

The efficiency of the converter is given as the ratio of the output power transferred to
the total input power fed to the circuit, which can be represented as the sum of the output
power and the total losses in the converter. The efficiency () is given as

(43)

n= .
PO+PSIass ﬁPDloss +Pcluss +PLlnss 1

17:

(44)

P
1+ Sloss

P P P =
+ Dla.«;s;r ClossJr Lipss 1+K
0

where K is a constant given simplified as,

+ "(2D+3)(3—D) Vb
D(A-D) Vo
+ 27—18D+13D%2—4D342D* rp.
D3(1-D)? 1220 (45)
#1888 + 255 i |

2 2
23-D) \ r
((lD)2> Ro +2( ) %Lé] }

After substituting the value of K obtained in (45) in (44), we obtain,

+

(46)

where,
a=(9+12D — D?> — 6D% +2D%)
b= (27 —18D +13D? — 4D + 2D%)
¢ =D?(1-D)*
d = D(1 - D)*(35— 18D + 3D?) (47)
e=2D(3—D)*
f= 2D(1 D)*
¢=D3(1-D)*(3-D)(2D +3)

3.6. Calculation of Nonideal Voltage Gain

For the derivation of nonideal voltage gain, all the lossy components of the elements
such as the ON-state resistance of diodes and switches, ESRs of the inductor, and capacitor
are considered for the analysis. Thus far, the input and output powers are equal due
to lossless analysis, whereas, considering the above assumptions, the modified relation
between the input and output power can be expressed as:

Input Power = Output Power + Losses across elements

3.7. Variation in Nonideal Voltage Gain

The nonideal gain (M,,1) of the proposed converter is derived as,
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Mactual =

Mactual = 1o (Mccm)idear = 1(Mccm) ideal
2D3(1-D)?(3—-D)

( D3(1—D)*+

2(5) +e(i6) +e (%) +a(i5) +e(i6) +/(i6) + (VD)})

From the voltage gain comparison of ideal and nonideal voltage gains of the proposed
topology in Figure 15, it is observed that both gains have similar values up to the duty
ratio of 0.4, and then the nonideal gain increases until D = 0.7 but deviate from the ideal
characteristics. Thereafter, it gradually decreases to zero at the unity duty ratio.

(48)

55
45 e=gy= MV (Ideal)
—_ #~M(Non-Ideal)
g 35
=
5
g 25 a
8
c
> 15
|
5 —
0.1 0.3 0.5 0.7 0.9

Duty Cycle (D)

Figure 15. Comparison of calculated ideal and simulated nonideal voltage gain of the proposed
converter.

The voltage gain of the converter can be affected by the parasitic resistances of different
elements of the converter such as the parasitic resistance of inductors, capacitors, and
switches. As the parasitic resistances of different elements increase, the voltage gain of the
converter decreases gradually.

From Figure 16, it can be observed that, when the parasitic resistance of the switch is
increased while other elements are kept ideal, the voltage gain of the converter decreases.
For the parasitic resistance of 0.2% of the load resistance, the maximum gain is at the duty
ratio of 0.7 with a gain of 24.18, while it decreases to 15.84 and 11.77 for 4% and 6% of the
parasitic resistance, respectively, at D = 0.7.

From Figure 17, it can be observed that, when the parasitic resistance of the inductor
is increased while other elements are kept ideal, the voltage gain of the converter decreases.
For a parasitic resistance of 0.2% of the load resistance, the maximum gain is at the duty
ratio of 0.75 with a gain close to 34, while it decreases to 24.88 and 19.80 for 4% and 6% of
the parasitic resistance, respectively, at D = 0.7.

From Figure 18, it can be observed that, when the parasitic resistance of the capacitor
is increased while other elements are kept ideal, the voltage gain of the converter decreases.
For the parasitic resistance of 0.2% of the load resistance, the maximum gain is at the duty
ratio of 0.8 with a gain of 63, while it decreases to around 41 and 21 for 4% and 6% of the
parasitic resistance, respectively, at a near-duty ratio of 0.8.
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Figure 16. Voltage gain variation as per parasitic resistance of the switch.
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Figure 17. Voltage gain variation as per parasitic resistance of the inductor.
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Figure 18. Voltage gain variation as per parasitic resistance of the capacitor.
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4. Comparison of the Proposed Topology

In this section, a comparison between the proposed topology with two traditional
topologies and recent topologies is discussed. The topologies are compared based on their
voltage gain (Mccym), number of inductors (Np,), number of capacitors (N¢) and number of
diodes (Np) in the converter. The voltage stress appearing across the switches (Vg / Vi) is
also compared along with the availability of common ground.

For the comparison of the topologies, the graph between the ideal voltage gain and
the duty cycle is plotted in Figure 19a. Figure 19b depicts the comparison of the nonideal
gain of the converter with the ideal gain of some selected topologies whose gain intersects
the nonideal gain plot of the proposed topology. The voltage stress across the switches in
the compared converters is shown in Figure 20.

2
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Figure 19. (a) Comparison of ideal voltage gain of various similar converters [4,5,16,22,24-30].
(b) Comparison of various topologies with the nonideal voltage gain of proposed topology [4,24,27,28].

It can be observed from Figure 19a that the proposed topology has the highest ideal
gain among all the high-gain boost converters compared to all converters. An ideal voltage
gain of above 14 is achieved by the proposed topology at a duty ratio of 40% and a gain of
20 is achieved at a duty ratio of 50%. The proposed converter also has a higher nonideal
gain, as shown in Figure 19b, as compared to the ideal gain of the similar topologies, as
presented in Table 1, until the duty ratio of 60%. The switching stress of the converter
is very low as compared to the traditional topologies. In converters [4,5], even with the
presence of an isolation transformer/coupled inductor operating at a transformation ratio
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of one, a lower gain than the proposed topology is produced, which works without a
transformer or coupled inductor, hence reducing the overall cost of the topology.

35
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Figure 20. Comparison of calculated switch stress versus voltage gain [4,5,16,22,24-29].

For n = 1, the ideal gain of the converter in [4] when compared with the gain of the
proposed converter is found to be half. Moreover, the voltage stress across the switch Sy
in [4] increases significantly as shown in Figure 20.

The topology proposed in [16] also has a VMC and two switches and produces a
high gain at lower duty ratios with a lower number of components as compared with the
proposed topology, but it decreases as the duty ratio is increased above 40%. The proposed
converter despite having fewer inductors, switches and diodes than the converter [22] is
capable of producing a much higher voltage gain. Although the switch stress across the
converter [22] is very low as compared to the proposed one, the converter lacks a common
ground that is available in the proposed topology. The converters in [24,25], despite having
2 and 3 inductors respectively and 2 switches which is the same as used in the proposed
topology, produce a lower gain than the proposed topology and, concurrently, the voltage
stress across the switch.

In the case of the topology shown in [25], the switch stress increases after a conversion
gain ratio of 14. The converters in [26,27] also have three inductors but suffer from a
low-voltage gain. The switch S; of [27] has high-voltage stress after a voltage gain of 8. The
quadratic boost converter in [29] has the same inductors as the proposed converter, but
the voltage gain is half as compared to the proposed converter, and it has a single switch
only. The topology in [29] exhibits high-voltage stress across switch S, amongst all the
compared topologies. The topology in [30] has the least voltage stress across its switches
but suffers from a low ideal voltage gain, which is much lower than the nonideal voltage
gain produced by the proposed converter.

From the comparison, it can be inferred that the topology has the highest voltage
gain and the switch voltage gain across S is very low. The switch voltage gain across
the switch S; is found to be high for low-voltage gains, but it does not increase further
as the voltage gain increases beyond 15. Hence, the proposed topology can be used at
a voltage gain higher than 14, which is easily achieved at any duty ratio beyond 40%.
Moreover, continuous input current and common ground are other advantages of the
proposed converter.
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Table 1. Comparison of proposed topology with certain similar topologies.
Common Vs,
TOpOlOgy N NC Nsw Np MCCM Mccp at D = 0.5 Ground SCCM = V,S:,
Boost
1 _ 1
Con- 1 1 1 =D 2 Yes S=17p
verter
Quadratic
Boost 1 1
Con- 2 2 1 3 Dy 4 Yes S = D)’
verter
1+1 S, =
2n41+D = 1-D
[4] F:oupled 2 5 (D)’ 14 Yes 5, = 1D
inductor (1-D)*
1+1
1+n—-D _ 2
[5] flfélfclf(i 1 5 (DY 6 Yes S=1p
S1= 12
[16] 3 2 5 5+D 11 No S 1T D
2 = (17D)2
S1=1
[22] 8 4 17 147D 9 No 5D
(1-D) S= 117D
_ 1
[24] 2 2 2 1 4 Yes 51= 1D
(1-D)* Sy =1
2 (1—D)2
1+D _ 1
[25] 3 1 4 (1-D)’ 6 Yes S= (1-D)?
2 __ 2
[26] 3 1 5 (1-D) 8 Yes S= (1-D)
S = 1
1+3D 1= 1D
[27] 3 2 4 (1t7D)2 10 Yes o _ 14D
2 (17D)2
2(2-D) _ 2-D
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S = 1-D
[30] 2 2 3 % 7 Yes Sl ~ D730
2~ D23D+3
?"P‘l’sed 2 7 2(3-D) 20 Yes S S1=1
opology (1-D) )

5. Results

In this section, we discuss the simulation results performed on the Piecewise Linear
Electrical Circuit Simulation (PLECS) and the experimental results obtained on hardware
set-upfor the proposed topology.

5.1. Simulation Results

In this section, the simulation results of the proposed converter are presented. The
simulation was carried out in PLECS software at an input voltage of 20 V and switching
frequency of 50 kHz. The duty ratio was maintained at 0.4. The value of the inductor was
330 pQ) and its parasitic resistance was maintained at 0.12 (2, while the value of capacitors
was 47 u() and its parasitic resistance was kept at 0.1 (). The ON-state resistance of the
switches was found to be 70 mQ). With the above parameters, the simulation was performed
and the output voltage was found to be V5 = 248.08 V at a 40% duty ratio with V;, =20V,
which can be seen in Figure 21.
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Figure 21. Simulated output voltage (V(), input voltage (V;,, ), and duty cycle (D).
In Figure 22, the inductor current through inductor L; was found to be I;; = 5.06 A

and Irp = I;3 = 0.58 A for inductor L. The ripple in the current through the inductor was
lower and, hence, the average and RMS values were found to be the same.
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Figure 22. Simulated inductor currents (I11, I15, and I13) and duty cycle (D).

From Figure 23, the peak voltage across switches S; and S; was found to be
Vs1(pear)y = 30.687 V and Viy(yeqr) = 15543 V, respectively, while the RMS voltage was
Vsi(rms) = 23.77 V. and Vs (,,5) = 120.40 V, respectively. From Figure 24, the average capac-
itor voltages in the simulation were found to be Vo1 = V-, = 27.5209 V and V-3 = 58.65 V,
while from Figure 25, the capacitor voltages were Vg = —56.58 V, V5 = 57.16 V, and
Vco = Vo = 248.08 V. The ripple in capacitor voltages was negligible and, hence, the RMS
and average voltages were found to be the same.
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Figure 23. Simulated switch voltages and duty cycle (D).

N3 - A -
|. Wl acrows £apeucilor €1 aod €2
=R
2
VeuVez §
CETI Y S U . N BN WY
2T
Wirlragne aaross € apariter €5
=4 - -
vV =
[ B
=
EE T
1.ap - P ——
. Vs 1o Switch S[ and 52
=
Vgs 2 ous
z
=

LERL)
T
EROEHN 0092 200994 2,946 = Te-1
Time ()

Figure 24. Simulated capacitor voltages and duty cycle (D).
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5.2. Experimental Results

The experimental analysis of the proposed converter was carried out on the same
parameters as the simulation procedure. To verify the overall voltage boosting, continuous
current, and capacitor voltage handling capability of the proposed converter, a hardware
prototype of the proposed converter was tested under standard laboratory conditions
with the parameters mentioned in Table 2. To demonstrate the working of the topology, a
converter with an output power of 200 W at a duty ratio of 40% was implemented with
a load resistance of 300 Q). For switches S; and S, Power MOSFET with part number
SPW52N50C3 provided with a duty cycle (D) of 0.4 operating at a switching frequency
(fs) of 50 kHz was used, whereas diodes (Do — Dg) with part number HER806 were used.
From Figure 26, a 20 V DC supply was used at the input side and an output of 240 V was
obtained for the same with Vg, as the gate drive signal.

Table 2. Hardware values of parameters.

Parameter Symbol Value
Input Voltage Vi 20V
Duty Cycle D 0.4
Output Power Po 67 W
Load Resistance Ro 850 ()
Ly 330 uH, ESR =0.12 ()
Inductors
Ly, L3 0.4mHESR =0.14 O
) C—-GCs 47 uF, ESR =0.1 O
Capacitors
Co 100 pF, ESR = 0.22 O
Diodes Do to Dg HERS806
Power MOSFETs S1, Sp SPW52N50C3
Driver TLP250H
Controller STMB32F334R8
Switching Frequency fs 50 kHz

[ ET— i — I

200 Vidiv 1 240V

20V .
20 Vdiv ; . 7 . : . Vin :

Figure 26. Top to bottom: experimental waveforms of output voltage (Vp), input voltage (V;,), and
Vs at D =04

From Figure 27, when the switches are ON, the inductors become charged and the
current through them increases. For inductor Ly, it increases from an initial value of 4.8 A
to a peak value of 5.2 A and it increases from an initial value of 0.7 A to a peak value of
1.0 A for inductors L, and L3. When the switches are OFF, the inductors release their stored
energy, and the currents through them decrease back to their initial values. During the
OFF state, the switches are reversed-biased and block a peak voltage of 30 V and 160V,
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respectively, in each cycle, which can be seen in Figure 28. The peak reverse blocking
voltage is about 30 V for the switch S; and 160 V for switch S, for the output voltage of
240 V. Capacitor C has a voltage of 30 V across it, while capacitors C3 and C, have a voltage
of 60 V with very-low-voltage ripples as in Figure 29. The experimental setup is shown in
Figure 30.

Figure 31 shows the variation in efficiency with the output power as the input voltage
is increased. It can be observed that as the input voltage increases, the efficiency of
the converter increases. This occurs because with the increase in voltage, the current
decreases to conserve the power; hence, the conduction losses across various elements
of the converter including switches, diodes, and parasitic resistances of the inductor and
capacitor are reduced.

The maximum efficiency of the converter is found as 97.85% at 30 V, 66 W followed
by 96.5% for operation at 20 V for the same power. From Figure 32, the majority of the
conduction losses i.e., around 39%, occur in the capacitors, out of which 58.5% of the losses
in capacitors are due to capacitor Cjz itself. The switches and diodes contribute 40% of
the total losses. The losses can be further reduced by using diodes and switches with low
parasitic resistance.

Tek Stop : [ ; {: - f — -
| 0.5 A/div

2 A/div 5.2A 0.7A I

20vidiv NS

Figure 27. Top to bottom: experimental waveforms of current of inductor Ly (i11), inductor L, (ir5),
and Vs at D =0.4.

elcston T I 1 |
E]SU s s S ; o
g e

STVINTT: (WU PR (A JUT DL (e

Figure 28. Top to bottom: experimental waveforms of output voltage (V), voltage across switch
Sy (Vs), voltage across switch S1(Vsy), and Vs at D = 0.4.
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Figure 29. Top to bottom: experimental waveforms of voltage across capacitor C3 (V3), the voltage
across capacitor Cy (V4), and the voltage across capacitor Cq (V1) at D = 0.4.

Figure 30. Experimental Set-up.
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Figure 31. Simulated efficiency vs. output power comparison of the proposed converter at different
input voltages.



Electronics 2022, 11, 2014

25 of 26

References

B Switch Losses

DO Diode Losses

B Inductor Losses

O Capacitor Losses

Figure 32. Distribution of losses across various elements of the converter.

6. Conclusions

The converter produces an ideal voltage gain of 11 times at a duty ratio of 30% with
an ideal voltage gain of 14.44 at a duty ratio of 40%. The nonideal gain of the proposed
converter at a D less than 60% is still found to be higher as compared to the ideal gains of
the compared converters. In addition, the voltage stress across the switches is found to be
lower than the output voltage and is also much lower than the compared topologies even
at higher duty ratios. The voltage stress across S; is 6.92% of the V, and across switch Sy,
it is 46.15% of V,, at the duty ratio of 40%. The maximum efficiency of 97.85% is obtained
at 66 W when the input voltage is 30 V, while it is 96.44% at a load of 38 W, keeping the
input voltage at 20 V. The efficiency of the prototype model decreases with the power
level due to the absence of galvanic isolation and parasitic resistances. The voltage and
current stresses across the elements are low, which can be observed from the analysis and
the hardware results. The converter has a common ground and operates at continuous
input current, making it feasible for low- and medium-power solar and renewable energy
PV applications.
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