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ABSTRACT In a DC microgrid, while integrating the low voltage sources such as Fuel cells and pho-
tovoltaics, an efficient DC-DC converter is crucially needed. Contributing to a high voltage whilst being
operated on a low duty ratio is among the demanded features of the converter. For high voltage applications,
the conventional converters are to be operated beyond the prescribed range of the duty ratio which may
result in various detrimental effects such as voltage spikes, increased current ripples, and reduced efficiency.
In this paper, a voltage lift switched inductor double leg converter (VLSIDL) has been proposed. This
novel converter has the feature of attaining a very high voltage without using any complex circuitry such
as transformer, multiple voltage lift circuits, cascaded or parallel structure, etc. This particular converter has
three switches that are operated in three modes with two different duty ratios. Double duty control offers
flexibility in the selection of duty ratio for a particular output voltage and a significantly high gain is easily
attained. The double duty ratio not only provides an extended range but also improves the efficiency and
performance of the converter. The steady-state analysis of the proposed converter is done analytically and
the same is verified through the hardware prototype.

INDEX TERMS DC-DC converter, voltage lift, switched inductor, double duty, high voltage gain, and wide

duty range.

I. INTRODUCTION

Increased population and environmental concerns have raised
the demand for clean energy sources. Enormous efforts have
been put down to explore renewable sources of energy, such
as photovoltaics, wind, and fuel cells. However, these gen-
erating units have low terminal voltage, which urgently calls
for high gain DC-DC converters for their proper integration
in DC microgrid as can be seen from Fig. 1 [1]. To achieve
such a high gain, a conventional boost or buck-boost con-
verter would have to be operated at an extremely large duty
ratio. However, as the duty ratio crosses the prescribed limit,
the effect of parasitic elements starts dominating and the con-
verter efficiency gets reduced [2], [3]. Moreover, switching
losses and current ripples are increased at a higher duty
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ratio in conventional boost converter [4]. Consequently, the
transient response is negatively affected and the output side
diode experiences a severe reverse recovery issue which ulti-
mately adds up to the loss and voltage/current stress on the
devices [5]-[7]. Therefore, coming up with some converter
topologies, which would be able to impart high voltage gain
at a lower duty ratio and having a wider control range of duty
ratio are the main concerns of this paper.

In literature, many boost converters with different features
have been reported. They are either with proper isolation
using transformers/coupled inductors or imply direct con-
nection if applications do not require a magnetic coupling
and involve only switching devices along with the passive
elements [8], [9]. This simplifies the structure and design of
the converter for low and medium-power applications [10].
These non-isolated types of converters rarely use a built-
in transformer for voltage boosting rather they involve one
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FIGURE 1. DC microgrid brief layout.

or more voltage boosting networks to achieve the required
voltage at the output. Sometimes to get the high voltage, they
are either cascaded or interleaved with another unit of the
same or different type of networks [11]. In addition, there
are few multi-level or multi-modular type of non-isolated
converters which are justified for some high voltage and high
power applications in industry or academia [12]. However,
involving multiple networks in cascade, parallel or modular
form not only increases the size and bulkiness but also drops
off the efficiency.

The most commonly reported non-isolated converters
available in the literature include the different design of
switched inductors, switched capacitors, coupled inductors,
or combined structure type of converters [13]. Switched-
capacitor based converters not only raise the voltage gain
but also possess more immunity against EMI owed to its
inductor-free structure [5]. However, these converters suf-
fer from input current ripples and weak voltage regulation
during large load variations. Topologies based on coupled
inductors can easily uplift the voltage gain in consort with
lowering voltage stress across switches but endure reduced
efficiency due to more losses in leakage inductance. More-
over, the leakage inductance of coupled inductor sometimes
resonates with the parasitic capacitance of the output diode
causing voltage ringing in the diode circuit [14]. Mitigation
of this resonance is achieved by a suitable snubber circuit
which increases the complexity and cost of the converter.
Combining different basic converters to get a modified one
is a simple approach to enhance the gain of the converter.
Cascaded converters presented in [15] own high voltage
gains but have limited practical applications owing to their
size and intricate control. To reduce the circuit complexity,
the two switches of the cascaded converter are integrated
into one, to form a quadratic boost converter. A straightfor-
ward shortcoming of the quadratic boost converter is that the
duty ratio of the two converters can no longer be indepen-
dently controlled [16]. Moreover, the voltage gain is highly
non-linear and switch voltage stress is significant. Further
to improve efficiency, a quasi-resonant quadratic boost con-
verter is presented in [17]. Since the input current level
in boost converters is higher than the output, interleaving
seems to be a promising solution for reducing input current
ripples and achieving high gain in these converters. Numer-
ous topologies are reported with different combinations of
interleaving.
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However, interleaved converters are slightly complex with
more active and passive elements, causing the converter
to be less efficient [18]. Moreover, the gain factor is not
sufficiently high in these converters owing to their limited
duty ratio (D<0.5). Voltage lifting can easily be achieved
by using the switched-inductor network in the circuit. The
plausible feature of charging in parallels and discharging in
series of a switched-inductor cell makes the converter easy
to accomplish high gain [4]. However, in these converters
too, the gain factor is limited, and balanced inductor circuit
design is problematic. In all the aforementioned converters,
there is single duty cycle control to manage the voltage gain.
In [19]-[21], the proposed converter can attain high gain
by operating the converter in three different modes. Further,
the extended version of the same is presented in [22] where
a diode-capacitor circuit is used additionally to enhance the
gain and efficiency of the converter. However, there is no
substantial improvement in the gain is observed even after
including one more switch and additional circuitry. In this
paper, a novel high gain Voltage Lift Switched-Inductor-
Double-Leg (VLSIDL) boost converter is proposed which
is highly suitable for high voltage applications owing to its
higher gain at low duty ratio. In particular, this converter
appears as a suitable interface to integrate low voltage solar
PV, battery, or fuel cell to high voltage DC bus in a DC micro-
grid as can be seen from Fig.1. Moreover, the double duty
control widens its application area for hybrid and multiport
outputs with suitable control in electric vehicles and similar
applications. In the last decade, 380-V dc distribution systems
have begun to supplant conventional 48-V dc distribution
systems. As a result, there is increasing demand for high
step-up dc—dc converters in network server and data center
applications. In addition, UPS and avionic standards also call
for such high gain converter.

Il. VOLTAGE LIFT SWITCHED-INDUCTOR-DOUBLE-LEG
BOOST CONVERTER

A. THE POWER CIRCUIT

The power circuit of the proposed converter is shown
in Fig. 2. The circuit is realized by using four identical
inductors Ly, L1z, L1, and Ly, diodes D-D7, switches Si-
S3, capacitors C1, C, C3, and C, across the load R. Inductors
L1 and L, together with diodes D1, D7, and capacitor Cy set
up the voltage lift switched inductor network in the first leg.
Similarly, inductors Lp; and Ly along with diodes D3, D,
and capacitor C; constitute the voltage lift switched inductor
network in another leg. Switches S; and S, are operated
simultaneously by the same gate pulse with duty cycle §,
while switch S5 is separately operated with another gate pulse
having a duty cycle 6, with a phase shift of 6,7, where T is
the period of one complete cycle. The generalized extended
version of the proposed topology is shown in Fig. 3 where the
proposed converter can be seen with its multiple voltage lift
cells in different legs. However, the converter characteristics
will resemble the parent converter as proposed and analyzed
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FIGURE 3. The generalized extended version of the proposed converter.

in the later sections. Few assumptions are made erstwhile to
the analysis of the proposed circuit in CCM and DCM: the
elements used in the circuit are presumed as ideal ones such
that the switches are supposed to be lossless with negligible
ON-state resistance, forward voltage drops across diodes are
insignificant enough to affect the performance of the circuit,
and trivial ESR of inductances and capacitances are assumed.
Moreover, all the inductors are chosen identical with equal
values.

B. CCM OPERATION AND ANALYSIS

The power circuitry of the proposed converter in CCM is
shown in Fig. 4. The CCM operation of the converter is
described in three modes.

1) MODE-I [ty TO t;]

During this interval, the switches S; and S, are turned on
while S3 is kept OFF. Current follows the path as shown by a
highlighted part of the equivalent power circuit in Fig. 4(a).
In this mode, all the inductors Lii, Li2, Ly;, and Ly are
being magnetized in parallel by the source voltage V. Mean-
while, all the capacitors are also charged by the input supply.
In the same duration, the stored energy in the capacitor Co is
released to the load R to maintain ripplesfree constant output.
Throughout this mode, diode D and D, remain forward
biased in leg-1. Fig. 5 represents the typical characteristics
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of inductors during CCM and it is observed that the current
through inductors remains continuous throughout the entire
cycle. The corresponding voltages across the inductors are
also depicted in the same figure.

4 4 1 4
Vin=Vin =V =Vin =V

Vi, =V, =vii=vii VL =V, (1
=1, +1,+1] 1+112+111+12+1

The superscript “I”° denotes that the converter is operating
in mode- I. It is noteworthy that the current in all the four
inductors Ly, L12, Lp1, and Ly are linearly increasing with
slopes tan (oz{l), tan (ab), tan (aél), and ran (aéz) respec-
tively as shown in Fig. 5. The characteristics waveform of
each components during this mode is shown in Fig. 6(a). The
magnetizing angles of the inductors are expressed as follows.

I _ —1[(;Max1) _ (Mm) 1]
@y = tan _(ILII I )(fS o)~

—1({7-1
= tan (L11 V,-)
1[(;(Max1) (Mm) 1]
(15 = 187y @i~
-1 (7-1
= tan (le Vi)

I 1 [(;Max1) _ (Mm) 1]
oy ==t (15" = 1) @17 )

=tan~! (L_1 )
_ 1 —1]
(e — 1) oy

U
= tan (L22 Vi)

I 0 0 0 _
QO =0y =0 =0y =0

I _ —
app) = tan

2) MODE-I [t; TO t,]

In Fig. 4(b), the power circuitry of the proposed converter
during mode II is shown. In this mode, switches S; and S»
are turned OFF while the third switch S3 is turned ON.
During this mode, the inductor of both VLSI networks is
magnetized in series by a combination of input voltage V;
and respective capacitors Cy 2. Diodes D1/, and D34 remain
reverse biased because of capacitor voltages. Throughout this
mode, the capacitor C, is discharged through load R. The
voltages across the inductors are given as,

11 11 11 11 iyl
Vin=Vin =V =Vin=025(Vi+ Ve, + Vi)
and, Vl, =Vl =vl =v; vZ =v,
therefore, VI{, =V, =Vl =V, =075V

3

The superscript “II”’ denotes that the converter is operating
in mode- IL. It is noteworthy that the current in all the four
inductors L1y, L12, L1, and Ly, are again increasing linearly
with slopes tan(oz{ll), tan(a{é), tan(ozé’l ), and tan(ozé’z) respec-
tively. The magnetizing angles of the inductors are the same
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FIGURE 4. power circuitry of proposed converter in CCM (a) mode-I, (b) mode-II and (c) mode III.
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FIGURE 5. Inductors current and voltage characteristics in CCM.

and expressed as
a“ =tan~ I(L]1 V,)
Max2 Max1
= tan”" (IE]IaX) 1(411ax ))(‘SZT) !

1
Ol12 = tan™ L12 V)

( )
(
= tan~! ((15‘142""” —Ii’;g““)) 62T)~ ‘)
a21 =tan~! (L ) 4)
= an! (157 = 140) 1))
aé’z tan™! (L22 V)
o (12 )
ol = 0‘{1 afh = oy = o)

3) MODE-III [t, TO ts]
Fig. 4(c) represents the equivalent power circuit of the con-
verter during mode IIT in which all the switches S, S, and S3
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are turned OFF. In this mode, the series connection of input
voltage V; all inductors and all the capacitors together supply
power to the load R and capacitor C. Throughout this mode,
diodes D1 /> and D34 remain reverse biased because of capac-
itor voltages. The voltages across the inductors and capacitors
are given as,

Vil =025 (Vi = Vo + VT + VE + V)
=0.254V; — Vo),
such that,
1l 1l 1l 1l 1l
Vi =V =Vio=Viun=Vin

)

The “III” is expressed as the superscript to represent the
mode III operation. It is noteworthy that the inductor cur-
rents are linearly decreasing with slopes tan(Bil), tan(BlY),
tan(,BI”) and tan(ﬁ”’)respectlvely ir11,i12, ir21, and iroo.
Moreover, the demagnetizing angles of L1, L2, L1, and Ly>
current are the same and expressed as follows,

I(Min) _ I(MaxZ)

ﬂ’” — tan~! 4vi =V, — tan~! L11 L11
H 4L 1 —61Ts — 6275

(Min) (Max?2)
ﬂ”’ — tan—! 4vi—=V, — tan~! Ilem 1L12ax
12 4L, 1—56Ty — 6T
(Min) (Max2)
B — tan 4vi—V, — tan~! Loy — 1
A ALy 1 — 81T — 8,7
(Min)  (Max2)
Bl — =t (HVi= Vo) _ -t I =1y
2 415, 1—6T; — 62T

we have L = L) = L1p = Ly = Ly,
and ﬂ”] — ﬂ{]ll — ﬂIH ,BHI /3[”

Q)

From Fig. 5, the area covered by the inductor L (i.e. L1y,
L1>, Lp1, and Ly;) voltage waveform in Mode I, II, III are
related as presented below,

81T 8T (1-81—82)Ts
/ vidr + / vitar + / vitar =0 (7
0 81T 8Ty
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FIGURE 6. Characteristics waveforms during (a) CCM and (b) DCM of the
converter.

By substituting (1), (3), and (5) in (7), the voltage gain for
CCM is obtained as follows,

Vo 4 —82)
G = —= — 8
{ cem v, 81— 5 (8)

C. DCM OPERATION AND ANALYSIS

The DCM operation of the proposed VLSIDL converter is
analyzed in four different modes of operation. Fig. 6(b) shows
the typical characteristics of the converter for DCM, where it
is assumed that the inductor currents reached zero levels at
time #3. Let’s consider ‘6’ as the magnetizing angle which
is having subscript and superscript to represent a particular
inductor and mode of operation respectively. Similarly, ‘y’
represents the demagnetizing angle of inductor current which
is also having subscript and superscript to represent certain
inductor and mode of operation as shown in Fig. 7. Since the
inductors behave identically, a single waveform for current
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and voltage for all the inductors is presented. The modes of
operation in DCM are explained below.

1) MODE-I [ty TO t;]

The equivalent power circuit during this mode is the same as
the Mode -1 of CCM operation. Switches S and S, are gated
by the same pulse for turning ON them simultaneously while
switch S3 is kept OFF. Diode D is forward biased and D> is
reverse biased. The maximum values of inductor currents are
expressed as follows,

17D = 118, Ty = 8, T, tan(6”)
Aswe have L = Ly = L1y = Ly; = Ly,
and ' = 0} = 01, = 0}, = 03,

IL(thxl) = ILl(maxl) = IL12(maxl) == IL21(mch) == IL22(maxl)

©))

2) MODE-I [t; TO t,]
The operation of the converter during this mode is similar to
that of mode -II of CCM and the equivalent power circuit is
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(31)-

shown in Fig. 4(b). Switches S| and S, are turned OFF and
S3 is put ON. The maximum values of inductor currents are
calculated as follows,

= 1D 4 (0.75L71V;) 82T

1M L = (L71V;) (0.758, + 81) Ts
= 8 Ts tan(8') + 8,Tg tan(¥') (10)
(Max1) (Max1) (Max1) (Max1) (Max1)
I - ILll - IL12 - ILZl - IL22
= 491 = 39!

3) MODE-III [t, TO ts]

Similar to mode III of CCM, all the switches S;, S; and S3
are turned OFF. The equivalent circuit for this mode is the
same as mode IIT of CCM. During this mode, all the inductors
L11, L12, Loy, and Ly are in series with input voltage source
Vi and the Capacitors C; C, and C; along with the load.
At the end of this mode, inductors completely demagnetize to
zero value at t = t3. For this mode, the maximum amplitude
of the current through inductors Ly, L13, La1, and Ly can
be expressed as follows. The current values are expressed in
terms of demagnetizing angles and duty ratio.

Max2) | =0.25(V, — V¢ Vi) L7187,

L =0.25(V, —4V)) L7187 = 83T,(y")
=y =yl =vli =vi =vi3
I(Max2) I(MaxZ) I(Max2) I(Max2) I(Max2)
— L11 — "L12 — "L21 — TL22

—Vea —Ves —

Y

4) MODE-IV [ts TO t,]

In this mode, all the switches Sy, S»>, and S3 are turned
OFF and inductor L;1, Li2, L»1, and Ly currents remain at
zero. The equivalent circuitry for this DCM mode is shown
in Fig. 8. Throughout this mode, the inductor Lij, Li2,
Loy, and Ly, energies are zero, and capacitor C, discharges
through the load. Using (10) and (11), the value of §3 can be
obtained as follows,

(46 36
55 = v;,(481 + 382) (12)
Vo — 4V;
(max2)8 T, — 21,7, I(max2)83
ICo = =L _10
) 2 (13)
I WD) (481 +352) T _ E
€= 8L (V, — 4V)) R
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Since, under steady-state conditions, the value of the cur-
rent Icp is zero.

(V> 481 +38)° T V,
8L(V,—4V)) R
Using (12)-(13), voltage gain in DCM is obtained as fol-
lows,

v, 481 + 38)%
Gpem = — = 2+ 4+u, x = Lfs/R
Vi 8x

(14)

where, x and fs is normalized inductor time constant and
switching frequency respectively. Fig. 9(a) and (b) show the
voltage gain curve of the proposed converter in CCM and
DCM mode w.r.t. duty ratio resp. From (8) and (14), the CCM
and DCM boundary normalized inductor time constant xip
is calculated as follows,
(1— 81 —8)° (48) +382)
XLB = 84— 8) (15)
The plot of x;p versus duty cycle duty ratio D and D; is
shown in Fig. 9(c) along with CCM and DCM boundaries.
It is noted that the CCM and DCM boundary dependent on
both duty ratios D and D;. The condition to operate SIDL
converter in DCM is given as follows,

2
(1 =681 —82)° (481 + 382) = Lf./R
24— 8)

Therefore, the VLSIDL converter operates in DCM when
the value x;p is higher than .

XLB > X =

D. EFFICIENCY ANALYSIS

Non-idealities are taken care of while investigating the effi-
ciency of the converter. Fig. 10 depicts the equivalent power
circuit of the converter with non-ideal components used to
develop the circuit model. However, few simple assumptions
are made before the analysis such as inductors being identical
in nature have the same inductive and inherent series resistive
values (i.e. Ljy = Lip = Ly = Ly = L and rp; =
rpi2 = rpo1 = rrpp = rp). Also, it is assumed that all the
diodes D1-D7 are identical and have forward voltage drop
Vep and forward resistance rgp. All the switches are identical
and have ON state resistance ry.
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1) MODE-I [t TO t4]
The average current through the capacitor C, and average
voltage across the inductors are given by,

1L, =~V,/R, V], =Vi—I(rL1 + rep + 2rs) —Vep

(16)

Similar equations can be written for other inductor voltages
which can be generalized with Vi, = V11 = V120 = Vo =
V122 owing to identical elements and symmetrical circuit.
Moreover, the average Inductor current is also assumed as
ir = ir11 = iL12 = irp1 = irpp. Therefore, a simplified
equation for the inductor voltage is written as follows,

VI =V, —I.(rp 4+ rep + 15) — Vip

2) MODE-II [t; TO t,]
The average current through the capacitor C, and average
voltage across the inductors are given by,

_VO 3Vi— 1y (4rp +rs +rgp) — VED

11 11

7)

3) MODE-IIl [t, TO ts]
The average current through the capacitor C, and average
voltage across the inductors are given by,

18, = =i — Io),
Vi — av, =V, -1 (472 +2rrp) — 2Vep (18)

Again, by volt-second balance principle,

51Ty 8Ty
/vgdwr f vitar +
0 (SITT BZTY

(1=81=85)T;
vilar =0

From (16)-(18), the voltage gain obtained as,

Vo 4-86)—A
Vi (1=81—8)+B+C+D
24281 —6 4
A=VFD( + 26 2)’ B L
Vi (1 =481 —2082)
45 é 24261 —6
C:rs( 1+ 2)7 D:rFD( + 281 — 62) (19)
(I—461—1982) (1—-481—2082)
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The total input and output power can be calculated as,

1 — (Vep/Vi)
n= ar rs(@81157) | ren(2128,—85) (20)
l_l_ L + S 1 2 _I_ FD 1 2
(1-81-82)%> ' (1-8;—82)° (1-81—82)?
Therefore,
1 — (Vep/Vi)
Ploss = (1 — Ar rg(481+8>) :p(2+2581—8 ))
1 + L + S 1 2 + 'FD 1 2
(1-81—-82)> ' (1-8;—82)° (1-81—682)?
X ViI,' (21)

The aforementioned equation gives the theoretical effi-
ciency of the VLSIDL converter. Moreover, it justifies the
inverse relation of parasitic elements in components and
duo duty cycles with efficiency. Therefore an optimized
duty cycle is chosen for low losses and enhanced converter
performance.

IIl. EFFECT OF UNBALANCED LEGS ON THE CONVERTER
A. IFL,] > L,z AND L2’ > L22

The unbalanced leg behavior can be realized with many
possible relative differences in the inductance values and con-
sequently, the modes of operation will vary. It is assumed that
in leg-1, the value of inductance L is larger than the value of
inductance L1, (therefore, L1; > L1»), and in leg-2, the value
of inductance L, is larger than the value of inductance Lj»
(therefore, Ly > Ly>). Predominantly, the inductor’s currents
depend on the inductance values. The typical waveforms of
current through inductors are shown in Fig. 11. Under this
condition, the converter operates in four modes as follows,

1) MODE [t, TO t4]

During this mode, the inductors are magnetized parallelly
and behave the same way as the mode I of CCM and DCM.
Its equivalent circuit model is shown in Fig. 4(a). S1 and S,
are ON while S3 is OFF in this mode and the output capac-
itor maintains a constant voltage across the load. However,
the current in different inductors is not the same owing to
its value difference. The slope of inductor current can be
calculated as:

Cdipn Vi dir12 Vi

Leg —1: = —, = —
dt L1 dt Lo 22)

Leg—2: dicy, Vi dipn Vi

dr Lo’ d Lo

During this mode, the current through inductor L7 and Ly»
is higher than the current through inductor L{; and L,; since
Li1 > Lip and Ly; > Ly, respectively. The magnitude of
current through inductors of leg-1 and leg-2 at #{ = §;Ts can
be obtained as follows,

Leg —1: Izr]nla“) = IE?]m) + L—lll(SlTs;

IS =+ ST
12
(23)

Leg —2: Iglla“) = Iglin) + L—21181Ts;

(max1) _ j(min) , Vi
Iy =1y +L_2251TS
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FIGURE 11. (a) Proposed converter structure when L;; > L, and

Ly; > Ly, (modified Mode I1), (b) respective inductor current waveforms
and (c) Current characteristics of the inductors when their values are
unequal.

At the end of this mode (t; = §;Ty),

(max 1) (max 1), (max 1) (max 1)
Iy 7 <Ipn s Iy <y 24

2) MODE Il [t; TO t,]

This mode of operation is an addition to the operation in
CCM with the same value inductance and this mode exists
for a short period say kTs. When S and S, are turned OFF
and putting S3 ON, Initially the converter attains the circuit
structure as shown in Fig. 4(b). Diode D is still forward
biased and provides a path for capacitor C; to charge inductor
Ly and a local path is created. This happens until the current
ir 11 reaches up to the current flowing through the inductor L{»
i.e. ir12 as can be seen from Fig. 10. Similar conditions will
rise for the currents in Leg-2. The mathematical governing
equations during this mode are:

VOLUME 9, 2021

The slopes of the inductor currents are given as:

dipyi _ Ver Vi din Vi

Leg—1: =~ =L
dt L1 Lt dt 2014 25)
dipyy Ve Vi diro Vi
Leg —2: = — >~ — = —
dt Loy Loy dt 2L

And the magnitude of current through the two legs are
given as:

V.
Leg —1: [ = pmaxh L—’kTS;
11

(max2) _ y(max1) Vi
I~ =1, +_2L]2kTS

., . Vi
Leg—2: 3 = 130+ Lot

I(max2) _ I(max 1) + ikTS

L2 L22 2
Leg—2: 102 = pmd . Vi
Ly
e S
At the end of this mode (t, = 81 Ts + kTys),
D S e ey )

3) MODE Il [t, TO ts]
This mode occurs for a period of 5, Ts. The converter behaves
the same way as Mode II of CCM and the circuit configura-
tion during this mode can be viewed in Fig. 4(b). The slope
of the currents will be:

dipnn  dipi 3V;
Leg —1: = =
dt dt 2(L11 + L12) (28)
dippy dipyn 3V;
Leg —2: = =
dt dt 2(Lo1 + L2o)

The current in the inductors will attain the following
values:

(max3) _ j(max2) 3V;

Leg—1:1 =1 — 5 Ty;
§ L L 2(L11 + L12) 208 (29)
I(max 3) _ 1(max2) i

1
—— 5Ty
L1z Liz 2(L11 + L12)
(max3) _ j(max2) 3V;
Leg—2: 1 -y + 20 5T
L2 L2 2(La1 + L22) (30)
(max 3) (max 2) i
I =1 + ———8T5
L2 L2 2(L21 + L22)

4) MODE IV [t5 TO tg]

The converter operation in this mode resembles the Mode I1I
of CCM with balanced legs. Fig. 4(C) illustrates its conduct-
ing path followed by the currents.

Cdipnn dip 4vi -V,
Leg —1: = =
dt dt 2(L11 + L12) 31)
Cdippy dipy v, -V,
Leg —2: = =
dt dt 2(Lo1 + Lao)
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Using voltage division rule, the voltage across inductor can
be obtained as follows,

4V; -V, 4V, — V,
Viln=————xL11,) VLo = ———F+— X L2
2(Ly1 + L12) 2(L11 + Ly2)
v 4v; -V, ItV 4v; -V, < L
£2l 2(Loy + Lao) 2 T2 2(Lay + Lao) 2
(32)

With the available voltage of inductors in different modes,
the volt-sec principle can be applied on them and the voltage
relation obtained is:

Geem = Vo _ B=0)
Vi 1—-61—62

Therefore, as a conclusion, it can be said that the converter
will be having the same voltage conversion ratio even when
the values of inductances are different. The behavior of the
current is altered with the different modes of operation, nev-
ertheless, the converter as a whole performs well for voltage
conversion which it has been designed for.

(33)

B. IfL;j; > L3 > Ly; > Ly, CONDITION

Extending the analysis made in above section, when all
the four inductors are having different values is considered.
Although there may rise many possible cases such as L] >
Lip > Lpy > Ly orLj; < Lip < Lpy < Lo and any
more similar to this. For the analysis with different inductors,
we have taken the case of Lj; > Lip > L1 > Ly such
that the earlier made discussion can be utilized and a suitable
analysis can be made. The above discussion can be extended
to the case of Lj» > Ly;. The current characteristics then will
acquire the shape as drawn in Fig. 11(c). As far as modes of
conduction are concerned, there will be an additional mode
before the current starts to decrease when the inductors are
coupled in series to supply the load in the last mode of
operation. So all the discussion can be summed up in five
modes of operation, the earlier discussed four mode with an
additional mode before mode II (CCM) of the inductors in
series. The duration of this additional mode can be assumed
as kpTys.

1) MODE I [t, TO t;]

During this mode, the inductors are magnetized parallelly and
behaves the same way as the mode I of CCM and DCM.
Its equivalent circuit model is shown in Fig. 4(a). S; and
S, are ON while S3 is OFF in this mode and the output
capacitor maintains a constant voltage across the load. How-
ever, the current in different inductors are not same owing
to its value difference. The slope of inductor current can be
calculated as:

dipnn Vi din Vi

Leg —1: = —, = —
dt L1 dt Lo (34)

dipp Vi dippy Vi

Leg — 2 : = —, -t

dt Lo dt Ly

During this mode, the current through inductor L and Lo
is higher than the current through inductor L1 and Ly since
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L1y > Lip and Ly; > Ly, respectively. The magnitude of
current through inductors of leg-1 and leg-2 at r; = 61T can
be obtained as follows,

(max1) _ (min) , Vi )
Iy =1 + L—“31Ts,
Leg —1: v
(max 1) __ y(min) i
Iy =1y + L—231Ts
I(max 1 _ I(min) i ST (35)
L21 =l + IZ LLS,
Leg —2: v
(max1) __ ;(min) i
Iy " =1 + IE‘;ITS
At the end of this mode (1 = §;Tys),
( 1] ( D. ( D ( D
ILI??X < ILTSX ; ILK;?X < ILI;SX (36)

2) MODE II [t; TO t,]

This mode of operation is an addition to the operation in CCM
with same value inductance and this mode exists for a short
period say kITs. Actually, when S and S are turned OFF
and S3 ON, initially the converter attains the circuit structure
as shown in the Fig. 4(b). Diode D; is still forward biased
and provides a path for capacitor C; to charge inductor L
and a local path is created. This happens until the current
ir11 reaches up to the current flowing through the inductor
Ly, i.e. ir12 as can be seen from Fig. 4(a). Similar condition
can be noticed for the currents in Leg-2. The mathematical
governing equations during this mode are:

The slopes of the inductor currents are given as:

dipnn Ver Vi dipn Vi
Leg —1: = — >~ —, = —
dt L1y Ly dt 2L 37)
dipp1 Vea Vi dip Vi
Leg -2 = — = —, = —
dt Ly Ly dt 215>

And the magnitude of current through the two legs are
given as:

(max2) _ ;(max1) Vi .

Iy =1 +L_11kTS»
Leg—1: V.

Y = 1+ STk

max2) _ p(max1) Vi KT

21 =l Tt L_21 S5
Leg — 2 : v
(max2) _ y(max1) i

Iy 7 =1y "+ _2L22 kTs

At the end of this mode (t, = 81 Ts + k1Ty),
(max2) _ y(max2) (max2) _ y(max?2)
ILll - IL12 ’ IL21 - IL22 (39)

3) MODE Il [t, TO ts]

This mode also occurs for short period k>Ts. In this mode,
switches Sp, S and switch S3 are still turned OFF. During
this mode, the currents through the inductors L and L, in leg-
1 increase with very small positive slope (approximately zero
slope) and the currents through inductors L3 and L4 decrease
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with a large negative slope in the leg-2 of the converter. The
current equations are,

. y(max3) ,_ y(max2), (max3) ,_ y(max?2)
Leg — 1t Iy 7 =1y s ‘I/le y =1

. y(max3) _ ;(max2) 0—Vi
Leg—2: I, 7 =115 +T21

X (81 + 82 + ki + k)Ts;

; : Vo — V;
15 =157 + L(81+ 82 + ki + k)T
2L
(40)
At the end of this mode (t3 = §1Ts +8,Ts + k1 Ts +kyTs),
(max 3) (max 3) (max 3) (max 3)
IL11X =IL12X = IL21X = IL22x 41

4) MODE IV [tz TO t,]

This mode occurs for a period of 6, Ts. The converter behaves
exactly the same way as Mode II of CCM and the circuit
configuration during this mode can be viewed in the Fig. 3(b).
The slope of the currents will be:

dipnn  dipi 3V
Leg —1: = =
dt dt 2(L11 + L12) (42)
Lew—2 - dippy  dipyn 3Vi
§75 T di 2Ly + L)

The current in the inductors will attain the following
values:

Y = Y 4 S
Leg—1: 11 ' 12

Y = g e
o | e

Y =1 s

(43)

5) MODE V [t; TO ts]

The converter operation in this mode resembles the Mode 111
of CCM with balanced legs. Fig. 3(C) illustrates its conduct-
ing path followed by the currents.

dipnn  dipi 4V, =V,
Leg —1: = =
dt dt 2(L11 + L12) (44)
Lew—2 - dipp1 dippp  4Vi—V,
g Codt dt 2(La1 + Lao)

Using voltage division rule, the voltage across inductor can
be obtained as follows,

y WViVo WVi-Vo
11=—————xLi1,Vin=———"—"—XxL12
2(L11 + L12) 2(L11 + L12)
y WiVo WVi-Vo
21 =————xD,Vin=———"—XxLpn
2(Ly1 + Lao) 2(La1 + Lao)
45)

With the available voltage of inductors in different modes,
the volt-sec principle can be applied on them and the voltage
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gain relation is obtained as:

Geem = Vo B=%)
Vi 1-61—6

Therefore, as a conclusion it can be said that the converter
will be having same voltage conversion ratio even when the
values of inductances are different. Obviously the behavior of
the current is altered with the different modes of operation but
the converter as a whole performs well for voltage conversion
which it has been designed for.

(46)

IV. CLOSED-LOOP CONTROL

Control objective in this converter is to control the output
voltage during perturbations in input voltage, output resis-
tance and duty ratio. Unlike other DC-DC converters con-
sisting of only one switch, the proposed converter consists
of three switches (S, S and S3). As, switches S; and S; are
switched simultaneously, the number of switches to be con-
trolled are reduced to two. Conditions governing the control
algorithm are given below:

a) Duty cycle of the two switches must follow the inequal-
ity (S12+S3 < 1.

As power stored in the charged inductors is supplied to the
load only when all the switches are open. Thus, the sum of
two duty cycles must never be greater than 1.0.

b) Depending upon the operating mode i.e., S12 < S3 or
S1/2 > S3 saturation limits of the two duty cycles must be
appropriately selected.

c) There are three states in a switching cycle operation.
Switch Sz must be turned ON just before switches S and
S» has been turned OFF.

Vo) > e(t) C’fv_» »" Saturation |Y1(Y) Look-up y2(1)
Vi) 6 Block table
P ,

Saturation Block

FIGURE 12. Closed controller logic of the proposed converter.

Considering these constraints, the two duty cycles are
dependent upon each other. Thus, only one control loop is
required to achieve closed-loop performance of the converter.
The other duty cycle can be determined by using the lookup
table based on the recorded steady state performance of the
converter. With the above discussed strategy, the control algo-
rithm is shown in Fig. 12. Error obtained by subtracting out-
put voltage reference with actual output voltage is represented
by e(t). This error is passed through PI controller block to
generate a y1(#) and which will passed through lookup table to
generate a signal of y,(#). Both the constant value signal y(¢)
and y1(¢) + y2(¢) are compared with carrier signal of 100 kHz
frequency to generate the duty cycles. The respective duty
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FIGURE 13. (a) Graph of voltage gain comparison and (b) plot for different converters having different numbers of energy storing elements.

pulse of both switches are obtained by doing the XOR logic
operation as shown in Fig. 12.

V. COMPARISON OF CONVERTERS

Table- 1 presents the packed in detail comparison of the pro-
posed converter with recently introduced high gain DC-DC
converters. In [14], the proposed topology contributes high
gain with reduced voltage spikes across the switches but
possesses a complex and bulky structure with too many
components particularly the coupled inductors in the con-
verter circuit. The converter in [23] has the voltage gain four
times the gain of the conventional boost converter. How-
ever, this converter has increased reverse recovery losses
and poor efficiency along with a bulky structure. In [24],
the converter has many important features, such as high
gain, low stress, and common ground. However, the con-
verter is very sensitive to ESR owing to the more number
of different value capacitors which ultimately needs a proper
voltage regulation. Asymmetrical switched inductor (A-SL)
and symmetrical SL-based converter have been proposed
in [4]. This converter has gained an increase in voltage ratio
on account of additional inductors and diodes. However,
a very high voltage appears across the output diode and an
accurate design is needed to make the leg of the inductor
balanced. The converter in [9] can be used for very high
voltage applications but it has an excessive number of passive
and active components making the circuit bulky and costlier.
In [25], a dc-dc converter with higher voltage gain is pre-
sented which has features of low input ripples, low losses,
and high efficiency. However, the converters mentioned so
far are single duty type which lacks a widened range of
duty ratio and can’t be operated beyond a certain level of
high duty ratio (around 0.8). An additional switch-diode pair
is used in [19], [22], [26] to operate the converter in three
modes of CCM to achieve the desired voltage at the output.
The converters in [19], [22] constitute a high voltage across
the diode and therefore a higher PIV rating diode is the
prime requirement. The converter in [20] has a generalized
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extension for triple mode operation. However, there has been
always a compromise of the performance with increasing
number of cells involving switches and inductors. The total
number count of the proposed converter and converter men-
tioned in [27] is same but the proposed converter operate with
only three controlled switches and providing the flexibility
in duty ratio selection which is not possible in the mentioned
converter. As compared to the converter [20], the total number
of the components is more and both converter providing the
flexibility in duty ratio selection. Nevertheless, the voltage
gain of the proposed converter is high and having lower
voltage stress on the diodes as compared to the converter
mentioned in [20]. The proposed converter has a double duty
characteristic being operated in three modes of CCM and
holds most of the aforementioned features including a precise
control over the output voltage and a wide range of duty ratio.
As far as voltage gain is concerned, the proposed converter
provides the highest gain when an appropriate combination
of duty ratio is chosen. Moreover, double duty feature of this
proposed converter can be utilized for different applications
e.g. controlling MPPT while being used with Photovoltaic.
Voltage gain comparison with different topologies has been
done and plotted in Fig. 13(a) and (b). In Fig. 13(a), flexible
duty converters involving three switches are compared for
their voltage gains at low duty ratio and Fig 13(b) shows
the plot for different converters having different numbers
of energy storing elements. It can be concluded in terms of
voltage gain that the proposed converter offers the highest
gain compared to all extended duty ratio converters on the
cost of the mere increase in passive elements in the circuit.

V1. DESIGN OF COMPONENTS
In order to achieve the desired performance of the converter,
it must be designed properly with suitable components.

A. INDUCTOR DESIGN

Same value identical inductors are chosen owing to their
similar behavior and current characteristics in the circuit. For
the required ripples in inductor current (Aly), the value of
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TABLE 1. Comparision of high gain converters.

Maximum Number of
Geem =Vo/V; stress on Switch voltage stress Normalized switch voltage
h Ns | Ne | Ni | Np
diodes
[3] 4/(1-6) for n=1 3V, /4 Si=8=V,/4 S;=8,=1/4 2 5 2 4
[23] 4/(1-9) V2 Si=8=V,/4 S =8=1/4 2 8 2 4
— : S1=S,=3BV+V,)/(4V,), S1=8:=(3+Gcem)/(4Geew),
9] (1+78)/(1-6)[n=2] Vot VIV, Ss=Si=(3V, A V)V S=S,=(1+3Geen)/(4Geony) 4 1| 8|17
[25] (2+0)/(1-6) (Vo +V)/3V, Vot V)/3V, (1+Geew/(3Geew) Ly s |24
S;= 8= (V,+V)/4V., S1=8:=(1+Gcew)/(4Gcen)
[22] (3+0,-02)/(1-01-65) V,+V)/2V, Ss=(V,- V)2V, Si=(GeerD/(2Geen) 3 3 2 4
(Geen-1)/(2Geew),
11 3-6,-20,)/(1-0,-0, V-V, Vo-Vi)/2V,, (V,-2V)/V, 3 3 2 4
[ ] ( 1 2) ( I 2) ( ) ( ) ( l) (GCCM‘ 2 ) /(GCCM )
[19] (1+3)/(1-6,-63) Vv, +V, S;=So= (V,+V)/2, S;=V, Si=S:=(Geerrt1)2Geen Ss= 1 301 2] 2
[26] (1+36,+6:)/(1-0,-6) Vi+V, 8= 8= (Vo+ V)12, S3=V, S=8:=(Gearvt1)2Geem, S3= 1 3 1 4 8
. N Si=8=V,/2, S1=8,=1/2,
[22] (2-0:)/(1-8,-63) Vv, +V, P Si= Gers -1 Gean 31210213
Si=83=V,/4, S;=S,=1/4,
[27] (50+3)/(1-9) V,+ V)2 S,=8, = (V,+4V)/8 S4= (Geew +4)/8Geen 4 3 4 7
[20] 3/(1-6,-02) for n=2 v, 51=8:=Vo/3, 5:=2V/3 §i=8:= 13, S,=173 413 |3 |4
S;=V, S;=1
Proposed S=8=V,/2 S=8,=1/2
Cony. (4-0)/(1-01-0)) Vo-Vi Sy=(ViVin)/2 Sy=(Geerr1)2G e SO0 B B
Ns: switches, N¢: capacitors, N;: inductors, Np: diodes.
inductance must satisfy the following constraint, calculated as follows,
Vi(61 + 0.756 _
L> (81 2) 7 =0 0
Alrfs Vpiy2s3/4 = 1= —0.25V) Vps = { = —0.5V;
B. CAPACITOR DESIGN = —0.25Vo, = —0.5Vp,
The capacitors Cj 2, C3, and Cp are used in the circuit which =V
alsoneeds a gareful de§1gn. Their values are chosen according Voo = { = —(V; = Vo) (50)
to the following equations, -0

(4 —8)°(1—68))
Cip= >
R(1 =61 — 82)°(AVci2/Ver2)fs

o2
Cs > 4—45) (48)
R(1 =81 = 82)(AVce3/Ves)fs
Co > 82+ 81)
~ R(AVco/Vco)fs
C. VOLTAGE STRESS ACROSS SWITCHES
Vg1 = Vgr = {=0.5V; Vegz ={=0 49)
= 0.5V, =Vo—-V)

Therefore, the voltage ratings of the switches must be
chosen appropriately so that they can bear the aforementioned
voltages across them

D. VOLTAGE STRESS ACROSS DIODES
Diode selection is done such that its voltage rating must
be higher than PIV across it. Voltage ratings of diodes are
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Therefore, the diodes ratings must be the following,

Vps = 0.5V,, Vpo = (Vo — Vi)
(5D

V127374 = 0.25V,,

VII. EXPERIMENTAL INVESTIGATION
The proposed converter functionality is validated by the pro-
totype model with specifications as tabulated in Table 2. The
two gate pulses are generated through Virtex-5 FPGA with
a 50% duty cycle (81) to control switches S; and S. Also,
the gate pulse with a 30% duty cycle (§2) is generated to
control switch §3 with a delay of ON period of switch S 5.
The experimental waveform of output voltage (Vp), output
current (i), input voltage (V;), and input current (i;), is shown
in Fig. 14 and Fig. 15 with §; = 0.5 and 6, = 0.3. It is
observed that the proposed converter developed the 400V at
the load from the 23V input supply. It is noted that the input
current is the addition of inductors (Lj; — Ljp) current and
capacitors (C; — C3) current and reaches its peak amplitude
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87 =0.6,55 =0.2.
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FIGURE 15. Waveform of (a) PIV of diode D (Vpq), PIV of diode D5 (Vps5), voltage across capacitor C5 (Vc3), input current
(iin); and (b) voltage across switch S; (Vpg), switch S, (Vpg,), voltage combination of switch S5 and diode Dg (V) and

input current (i;,) at §; = 0.5, 5, = 0.3.

in mode-I. Whereas, the input current is equal to the inductor
current in mode-II and with the same positive slope as in
mode-I. In mode-III, the input current starts decreasing with a
negative current slope as discussed in the working principle.
From Fig. 14(a) the observed that the average output voltage
is 400 V, the input voltage is 23 V, and the output current
is 0.48 A. From Fig. 14(a), it was noticed that the proposed
converter work with 94% efficiency at 200W power.

Fig. 14(b) depicts the waveform of voltage across the
capacitor C> (V¢2), peak inverse voltage of diode D3 (Vp3)
and D4 (Vpsg), and inductors L,; and Ljp current. It is
observed that the capacitor C; is charged up to an input volt-
age of 23V. Inductors Ly; and L are magnetizing in mode-
I, II, and demagnetize in mode-III with an average current
of 2.4 A. The diodes D3 and D4 having the PIV of 100V in
mode-III only. The voltage fluctuation was observed across
the diodes voltage waveform due to the inductor mismatch-
ing. Fig. 14(c) depicts the waveform of inductors L;; and
Ly, current, peak inverse voltage of diode D12 (Vp1,2), and
the voltage across the capacitor C (V¢1). It is observed that
in mode-I and II inductors L; and L, is magnetizing, and
demagnetize in mode-III with an average current of 2.3 A.
The capacitor Cy is charged up to an input voltage of 23V. The
diodes D1, having the PIV of 100V in mode-IIL Fig. 15(a)
depicts the waveform of PIV of diode Dy (Vpo) and D5 (Vps),
capacitor C3 (V¢3), and input current. In mode-I, the PIV
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across the diode Dg is 400V and 377V in mode-II as discussed
in section II. Whereas, PIV across diode D5 is 200V in
mode-III. The capacitor C3 is charged up to input voltage
(23V). Fig. 15(b) depicts the waveform of input current,
voltage across switch S; and S; (drain to source), and voltage
combination of switch S3 and diode Dg (V4p). It is observed
that the maximum voltage stress across switch Sy and S is
equal to half of the output voltage (200V) in mode-III only.
Whereas, maximum voltage stress across a combination of
switch S3 and diode D¢ (V4p) is 370V which is equal to
the voltage difference of output voltage and input voltage.
As far as efficiency is concerned it calculated for 200W
prototype and achieved 94% as this power range. However,
the efficiency in terms of power variation have also been
calculated for a certain range of power as shown in the Fig. 16.
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FIGURE 17. Experimental results of the proposed converter under (a) Change in §; and fixed 5, and (b) change in §, and fixed §;.
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FIGURE 18. Dynamic behaviour of the proposed converter under change in (a) resistive load in open loop and (b) change in input

voltage in closed-loop control.

The dynamic behavior of the proposed converter is experi-
mentally tested with change in the duty ratio at constant input
voltage and load resistance. The capacitor is connected at
the input terminal which is acting as an input filter. Firstly,
the proposed converter is experimented with fixed §, duty
ratio at 0.35 and variable §; duty ratio (0.47, 0.45, 0.4,
and 0.35) and the obtained results are shown in Fig. 17(a).
Fig. 17(b) shows the dynamic behavior of the proposed con-
verter with fixed &1 duty ratio at 0.5 and variable 8, duty ratio
(0.2, 0.25, 0.3 and 0.33). The highest peak voltage achieved
by the proposed converter is nearly 435V at combination of
(61 = 0.5 and 6, = 0.33) and (61 = 0.47 and 5, = 0.35).

VOLUME 9, 2021

From these results it can be conclude that the proposed con-
verter is working satisfactorily at the different combination of
the duty ratio.

The dynamic response of proposed converter under change
in input voltage (V;), and load resistance or power (Py) is
examined to validate its functionality.

Test I (Response Under Perturbation of Load Resistance or
Power in Open-Loop): Fig. 18(a) depicted the output voltage
(Vo), input voltage (V;), output current (ip) and input current
(i;) waveforms when load resistance or power (Pp) change. It
is observed that the constant output voltage 400 V is achieved
from constant 23 V even load resistance or power changed.
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TABLE 2. Designing parameters of the proposed converter.

Parameters Prototype
Power 200 W
Input Voltage (V) 23V
Duty ratio §,=0.5, 6,=0.3
Output voltage (V) 400 V
Load 800 Q
Switching freq. 100 kHz

Inductors (L;;-L;2)

Capacitor Cy 3

~1 mH, 20A (shell type,)

=220 pF, 100 V (film)

=220 pF, 450 V (film)

Vps=900 V, ip=36 A,

Roy=65 mQ (C3M0065090)
Vrew=600 V, i7=30 A, Roxy=0.01€Q2,
V=0.8 V (STTH30R04/6)

Capacitor Cy

Switches S, S5, Ss

Diode D/)

Also there is spike observed in the both current waveform
due to the hard manual changing the load resistance value
instead of electronics load. The input and output current
changed accordingly to satisfy the power balance at input and
output side.

Test II (Response Under Input Voltage (V;) Perturbation):
To observe the dynamic performance of proposed converter
with perturbation in input voltage, the input voltage with
perturbation of 20% increment in input voltage i.e. (23V
to 28V) is applied to system and reference output voltage
set to +400 V at constant power or fixed load resistance.
The experimental results obtained under test-II is shown
in Fig. 18(b) which shows the input voltage (V;), input current
(i;), output voltage (Vp) and output current (/p) waveform
with perturbed input voltage. It is observed that a constant
400 V is achieve at the output even though input voltage is
increased by 20%. Moreover, to support the investigation,
input current (i;) and output current (ip) is also shown. From
the input current waveform, it is noticed that, the mean value
of input current is decreased in corresponding to increase in
input voltage to maintain the power equality at input and
output side. To maintain the constant output voltage with
respective change in input voltage, the duty cycle (51 and 67)
need to be adjust by PI controller according to the error signal.

The experimental results under perturbation of two test
always match with theoretically analysis as expected and
support the theoretical background developed.

VIil. CONCLUSION

A novel high gain Voltage Lift Switched Inductor-Double-
Leg (VLSIDL) boost converter having extended duty range
has been proposed for 400 V DC microgrid application. With
the fine adjustment of two different duty ratio and three differ-
ent operating modes, the high voltage gain has been achieved
at a very reasonable duty ratio. The impact of varying the
duty ratios in different combinations is also discussed. The
double duty provides flexibility in choosing the best possi-
ble combination to attain a certain high voltage. The CCM,
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DCM characteristics waveform has been analyzed and CCM-
DCM boundary, efficiency analysis have been explained in
detail. It is observed from the mathematical analysis that,
the maximum voltage gain can be achieved with a low (6;)
duty pulse. From the experimental results, it concludes that
the proposed converter work with 94% efficiency at §; = 0.5
82 = 0.3 for power 200 W. The experimental results confirm
the theoretical analysis, feasibility, and performance of the
proposed converter.
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