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ABSTRACT This paper deals with an active switched inductor network-based high gain boost converter.
By using less number of components in circuit topology, a higher gain in voltage can be attained at a small
duty cycle value by using the proposed converter, which helps in reducing the switch voltage stress and
conduction loss. In addition, it draws continuous input current, has lower diode voltage stress, and lower
passive component voltage ratings. The operating principles and key waveforms in Continuous Conduction
Mode (CCM) and Discontinuous Conduction Mode (DCM) are presented. Parameter design, power loss
calculation, characteristics, and comparative study with other non-isolated converters have been presented.
Finally, a 200W hardware prototype is constructed and the viability of the proposed converter is verified
through the experimentally obtained results.

INDEX TERMS Boost converter, active switched inductor, DC microgrid, high gain converter.

I. INTRODUCTION
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viable solution for the integration of PV generation systems
with the AC power grid and DC loads. Solar PV is one of
the most important sources of energy for the DC distributed
generation system [1], [2]. The operation of the microgrid is

FIGURE 1. Structure of DC microgrid.

possible in both grid-connected mode and islanding mode,
where the most important matters are the system consistency
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and sustainability [3]. High voltage gain DC-DC converters
are essential to step up and alleviate the low and variable
DC voltages (12V-128V) obtained from the solar PV in DC
microgrid system having the bus bar voltage up to 400 V
DC [4]-[7]. High voltage gain DC-DC converters mainly
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provide a large conversion ratio, and high efficiency, and they
are small in size [8].

Various topologies proposed for high step-up DC-DC con-
verter in the literature mainly aim to achieve a high voltage
gain for a reasonable duty ratio value with high converter
efficiency value and low voltage stress value across the com-
ponents [9]. The isolated and non-isolated converters are
the two types of DC-DC boost converter which have their
advantages and disadvantages depending on their application
and requirements [3]. A high gain in voltage can be achieved
by using the traditional boost DC-DC converter. However,
the voltage stress across the switch is equal to the output volt-
age and the gain in voltage is limited by the voltage/current
stress across/through the switch at large duty cycle values.
Therefore, the selection of a high rating switch to meet
the switch voltage stress requirement leads to high conduc-
tion loss [10]. To achieve high voltage gain, isolated con-
verter structures such as half/full-bridge, flyback, push/pull,
and forward converters have been suggested through the
literature by adjusting the transformer or coupled inductor
turn ratio [11]-[14]. However, there are some setbacks of
these converter structures such as bulky circuitry, high switch
voltage spikes, dissipation of power, transformer core satu-
ration, and the converter active switch suffers high voltage
stress because of the transformer leakage inductance. Fur-
thermore, the requirement of a high frequency transformer,
a non-dissipative snubber circuit, and an additional active
clamping circuit leads to an increase in cost and size of these
converters [15], [16].

The applications where galvanic insulation is not required,
DC-DC converters of the non-isolated type are incorporated
to attain a high voltage gain thereby reducing the overall
size, weight, and volume since a high frequency transformer
is not present and hence leading to an improved efficiency.
The different non-isolated converter topologies discussed in
the existing literature so far can be categorized as either
with or without broad conversion range converters [17].
Cascade boost, quadratic boost, traditional boost converter
combined with switched-capacitor technique, voltage lift, and
capacitor—diode voltage multiplier are a few most commonly
used non-isolated high gain converters [1], [2], [10]. How-
ever, the switched-inductor/capacitor stages incorporated in
these converter configurations increase the voltage stress
across the switches, the components count, cost, and com-
plexity of the circuit. Furthermore, the switch voltage stress
in the switched-inductor boost converter is relatively high
with a limited value of gain, and in quadratic converters
switch voltage stress value is the same as output voltage [18].
On the other hand, in the cascade boost converter, even
though the two switches can be combined to make one switch
to reduce circuit complexity, the voltage and current stress
across the switch are still high [19]. The major drawback of
the converter topologies based on switched capacitor cells
and voltage lift cells is high power switches and diodes
current stress due to the presence of capacitor networks,
hence leading to efficiency reduction. A high gain and high

68254

efficiency can be achieved by employing the interleaved con-
verter technique with a lesser number of control switches and
filter size reduction [20]. However, the parallel connection
of numerous converters leads to increased complexity and
drive circuitry. Furthermore, the other drawbacks associated
with this technique are complex switching control logic, high
voltage/current stress, and high loss in energy [2].

To achieve a high gain in voltage, this paper proposes a
novel converter topology with reduced current stress across
active switches to provide a stable constant dc voltage. The
proposed topology has the advantage of providing a high
voltage gain, low current stress, and low conduction loss on
the active switches, simplified control, and high efficiency.
The current is equally shared by both the switches and
thereby reducing the conduction loss. The proposed converter
topology is a transformer-less design. Both the switches are
connected in parallel and thereby reducing the switch current
stress. Therefore, the power circuit of the proposed con-
verter can be designed by using low current rating switches.
The solar PV panels can be integrated at 400-V bus of a dc
microgrid system by incorporating the proposed converter
because of the common ground connection of source and
load. The proposed converter is more appropriate and a better
option for PV application of 400V DC microgrid because of
its properties of achieving high voltage gain, operation in a
wide duty range, and unidirectional power flow. As required
for the PV applications, the proposed converter is able to draw
a continuous input current with low ripples from the input
source. To step-up the voltage, the stages of diode/capacitor
are cascaded together which in turn limits the switches,
diodes, and capacitors voltage stresses. The proposed con-
verter is a viable solution for the integration of solar PV
panels into a DC microgrid because of the above-mentioned
benefits where a high overall output voltage can be
obtained by incorporating the proposed converter with each
PV panel.

FIGURE 2. Power circuit of the proposed converter.

Il. PROPOSED TOPOLOGY

The power circuit of the proposed converter is displayed
in Fig. 2. It is consisting of two inductors L; and L, which
have the same inductance value and switch S| and switch S»
are both being turned ON and OFF at once. There are four
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diodes (Dg to D3) and four capacitors (Co to C3) in the circuit.
The working principles and the steady-state analysis of the
proposed converter in both CCM and DCM are discussed
below.

The analysis of the steady-state characteristics for the pro-
posed converter has been carried out on the basis of certain
assumptions. First of all, considering all the circuit com-
ponents to be ideal. Neglecting the ON-state resistance of
the active switches, the forward voltages drop of the diodes
and the effective series resistance (ESR) of the inductors
and capacitors. However, it is assumed that both the induc-
tors have equal inductance value and all the capacitors are
large enough, and the capacitor voltages are considered to be
constant.

A. WORKING PRINCIPLE IN CCM
The proposed converter consisting of two switches that are
operating at the same time with the same duty pulse and duty

ratio. Therefore, the proposed converter has two operating
modes in CCM as CCM; and CCM;.

D; ¥y
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FIGURE 3. Modes of operation of the proposed converter (a) CCM; and
(b) cCM,.

CCM;: The switch S| and switch S, both are kept ON dur-
ing mode I. The equivalent circuit of the proposed converter
for this mode is displayed in Fig. 3(a). The input supply Vi,
charges inductor L; via switch S, the capacitor Cy via diode
D and switch Sy, and inductor L, via diode D and switch
S>, respectively. Simultaneously, capacitor C3 is charged by
capacitor Cp via diode D3 and switch Sy, and the energy
stored in capacitor Cy is transferred to the load R. Therefore,
the voltages across the inductors L1 and L, and capacitors C;
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and C3 can be expressed as,

Vii=Vio=Vi
Ver = Vin (nH
Ves = Ve

where, V11 and V}, are the voltages across inductors L; and
Lo, respectively; the voltages across capacitors Cq and C3 are
V1 and Vi3, respectively. The characteristics waveform of
the proposed converter for each component in ideal condition
is displayed in Fig. 4.
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FIGURE 4. Characteristics waveform of the proposed converter in CCM.

CCM3;: During mode 2, switch S and switch S, are both
being turned OFF simultaneously. Mode 2 equivalent circuit
of the proposed converter is displayed in Fig. 3(b). In mode 2,
the input supply V;, charges the output capacitor Cp, induc-
tor L1, capacitor Cy, inductor Ly, and capacitor C3 via diode
Dy. At the same time, capacitor C, is charged by the input
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supply voltage Vj,, inductor L, capacitor Cq, and induc-
tor L, through diode D;. Therefore, the voltages across the
inductors L and L, can be calculated by using equations (2)
and (3),

Vit + Vo =Vin+Ver +Ves — Vo

2Vin + Vez — Vg 2
V=TS0
2
Vii+ Vo=V +Ver — Ve
2Vin — Vo 3
V=

where V1 = Vip = Vp; the value of capacitor voltage for the
output capacitor Cp is same as the output voltage V. From (1)
and (3),

y 2V, 4)
c2 = 1—5s
where § is the duty ratio. From (1) and (2),
2Vin + V. Vi
wm+< e °)a—&=a

2
WV, (5)

Vo=-—=+Ve2

0T 1=%

From (4) and (5), in the ideal condition, the output voltage
and output current are expressed as,

Vo = 4Vi,
=5 (©6)
Iy = TI,-

Therefore, by simplifying (6) the voltage gain is expressed
as,

G Yo _ 4 7
ceM =y =T (7N
B. WORKING PRINCIPLE IN DCM
The proposed converter work in DCM as soon as the inductor
current reaches zero level in CCy, of CCM. Therefore, there
are three different working modes in DCM for the proposed
converter: DCM, DCM,, and DCM3.
DCM;j: The working principle of DCM; is the same as that
of CCM. The peak values of currents through the inductors
L and L, can be calculated by using equation (8),

VindT:
IL)b = )k = LS ®)

DCM; : During mode 2, both the switches S; and S, are
kept OFF. The peak values of currents through the inductors

L1 and L, in this mode can be calculated by using equa-
tion (9),

2Vin — Vo — Vo) 82T

> ©))

DCM3: During mode 3, switch S; and switch §; are
both being turned OFF simultaneously. The power circuit in

IL)h = )8 =
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FIGURE 5. (a) Power circuitry in DCM3 and (b) Characteristics waveform
of the proposed converter in DCM.

DCM; for the proposed converter is displayed in Fig. 5(a) and
its respective characteristics waveform in ideal condition is
displayed in Fig. 5(b). Zero energy is stored in both the induc-
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FIGURE 6. (a) Gain in Voltage and (b) DCM boundary condition w.r.t. duty ratio for the proposed converter.

tors L1 and L. Hence, only the energy stored in the capaci-
tor Cy connected at the output is transferred to the load R.
The value of §; can be obtained by (8) and (9),
5y — 2Vinb (10)
(2Vip — Ve — Vo)
From the characteristics waveform, the average value of
the current through the output capacitor for one switching
period is expressed as,

38 TsUr)p —IoTs 1

Ico = = 552 I)p—1Io (11
Ty
From (8) & (10), under steady-state conditions
Vin)? T Vi
( in ) S 0 (12)

QVi—Ver—VoL R
After rearranging (12),

Gpow = —— +58 | —— 4 1

where the normalized time constant for the inductor (7z) is
L

defined as 77, = RT5" Fig. 6(a) shows the variation of the
voltage gain of the proposed converter in DCM with the
change in duty ratio.

Boundary conditions can be obtained by equating
Gcem = Gpewm. Thus, the normalized boundary time con-
stant for the inductor (77) can be obtained as,

(1—8)%6>
p=—— (14)

4—-26

Fig. 6(b) shows the boundary condition of CCM and DCM
of the proposed converter w.r.t. duty ratio. It is also observed
that, if 77 is greater than 7, the proposed converter works
in CCM.

(13)

lll. EFFECT OF INDUCTOR MISMATCHED

The operation of proposed converter depends on the values of
the inductors L1 and L,. Hence, the currents through inductors
Ly and L, depend on the values of inductors L; and Lj.
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A. WHEN VALUE OF Ly LARGER THAN VALUE OF L,

The characteristics waveform of the inductors L and L, cur-
rents are shown in Fig. 7(a) below. In this case the converter
operates in three modes as follows,

ir, ir2
iLZ, max IL2>1L]
iL], max

iLg /

1172, min
4
VGSI/Z
| 8Ts [ kTs |[(-3-0T|
(a)
Vps Dy
° o—— i +

FIGURE 7. When L; > L, (a) inductor currents, and (b) Mode II.

1) MODE I (5Ts)

In this mode, switches S and S, are turned ON and equivalent
circuitry is same as mode I of CCM. The input supply Vj,
charges inductor L; via switch Sy, the capacitor C via diode
Dy and switch S;, and inductor L, via diode D; and switch
S,, respectively. Simultaneously, capacitor C3 is charged by
capacitor C via diode D3 and switch S, and the energy
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stored in capacitor Cy is transferred to the load R. The input
current [;; is the sum of inductors currents i.e. I;;, = I; 1 +
112 + Ic1. The slope of the inductor L; and L, currents can
be obtained as follows,

dp)  Vin dUr2)  Vin

d LU dr L2

In this mode, the current through inductor L; is larger than
current through inductor L since Ly < L.

(15)

2) MODE II (kTs)

This mode occurs for small time duration of k7 as shown
in Fig. 7(a). When switches S1 and S are just turned OFF.
The equivalent circuitry is shown Fig. 7(b), where diode D; is
forward biased. During this mode, the current through induc-
tor L; increases with a positive slope and the current through
inductor L, decreases with large negative slope. The value
of current through inductor L, is larger than current through
inductor L;. Also, the input current /;,, is equal to inductor Ly
current i.e. I;;, = Ir» and the resultant current through diode
D is subtraction of inductors L, and L currents.i.e. I;o—11 1.
The slope of the inductors L; and L, currents are obtained as
follows,

dp) _Ver  Vin dUr2) _ Vin—Ve2
i LU LU dr L2
VintVe3 =V,
- L2
This mode ends as soon as the currents through inductor
La and Lb are equal, and circuitry operates in mode III.

(16)

3) MODE Il (1-k-5Ts)

In this mode, switches S and S5 are turned OFF and equiva-
lent circuitry is same as CCM mode II. In mode 2, the input
supply V;, charges the output capacitor Cy, inductor L,
capacitor C1, inductor L, and capacitor C3 via diode Dy.
At the same time, capacitor C, is charged by the input sup-
ply voltage Vj,, inductor L1, capacitor Cq, and inductor L,
through diode D». In this case, input current and the current
through inductor L, and L; are equal i.e. I;;, = Iy = I1>. The
voltage across inductor L and L, can be obtained as follows,

dUp)  2Vin—=Vo dlr) 2V -V,
dt Li+Ly’ dt L+ 1L,

Using small approximation and inductor volt second
balance,

)

2Vin+Vez =V,

For Ly = Vip(8) + Vip(k) + =22 T 23 = oy
or L1 = Viy(8) + Vin(k) + L+ L, 1
x(1—k—8=0 (18)
For Ly = Vip(8) + (Viy + V, V)k+—2vi"_V0L
or 1 1 -
2 in in C3 0 L1+L2 2
x(1—k—8=0 (19)

Solving (18)-(19), voltage gain of TBC is obtained as,
V, 4

Vinlp, oz, (1—19)

(20)
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IV. COMPARATIVE ANALYSIS

In this section, a comparative study of the proposed con-
verter with other similar high gain converter structures
is presented, such as the multilevel boost converter [26],
non-isolated DC-DC boost converter with voltage-lift tech-
nique [18], Traditional switched inductor based DC-DC boost
converter [21], converter-I in [22], modified SEPIC converter
in [23], ASL-SU2C-VO-configuration [24], and modified
SEPIC converter (MSC) [25]. The number of components,
normalized voltage stress across the switches, switch current
stress, efficiency at rated power, and the gain in voltage
for these converters are presented in Table 1. The proposed
converter achieves a higher voltage gain as compared to the
topologies presented in [18], [21]-[26] for the same duty
cycle range. Therefore, small voltage rating active switches
having small ON-state resistance can be used in the circuit,
which leads to the reduction of cost.

The converters presented in [21], [23], and [25] utilizes
only one power switch. However, high voltage stress has been
generated across the switch and the voltage gain is lower than
the topology proposed. The number of diodes used in the
converters [ 18] and [21] is the same as the proposed converter.
However, their voltage gain is lower and the switch voltage
stress is higher than the proposed converter.

A 25

yo| [DLELTF] (] [ 11

=

815

9]

an

£10

o

>

P05

V01 02 03 04 05 06 07 08
oeosessesseene s Duty Ratio (3) = >

FIGURE 8. A Comparative graphical representation of the proposed
converter with different converters for the voltage gain with respect to
duty ratio.

From Fig. 8, the proposed converter is observed to be
providing a higher gain in voltage in comparison with the
converters presented in [21]-[26]. Furthermore, the output
and input of the proposed converter and the converters
in [18], [21], [23], and [26] are at common ground, while
the rest of the other converters are suitable for floating load
conditions only. Table 1 indicates that the proposed converter
provides a lesser switch voltage stress as compared to the
converters in [18], [21]-[25]. The efficiency of the proposed
converter is observed to be higher than all the other convert-
ers. The efficiency of a converter depends on different factors
such as the components count, their types, and voltage/current
ratings. The comparison with regards to switch current stress
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TABLE 1. Comparative study of the proposed converter with other existing DC-DC converters.

Reactive components Semiconductor Total Ntz Stialh
Conv. count Components count compo CCIZIiI?/((l)\l/Elge Switch current Efficiency Ou(t)lr)tut
Inductor Capacitor Switches Diodes nents & voltage stress stress P
A 1 1 1 1 4 1/(1-9) 1 L - Grounded
0,
B 1 3 1 3 8 2(1-8) 12 j 9‘1"060<‘;vat Grounded
C 2 2 2 4 10 (1+9)/5(1-6) 1/(1- M 2L,/1+ & - Grounded
0,

D 2 1 1 4 8 (1+9)/(1-9) 1 L 355%)\/;\)/ Grounded
92.7% .

E 2 1 2 1 6 (1+8)/(1-9) (1+M)M /148 | Caow Floating
92.2%

F 2 3 1 2 8 (1+d9)/(1-6) (1+M)/2M Ly at 100W Grounded
94.4% .

G 3 4 1 4 12 3+9)/(1-9) M/(3+ ) L+l at 250W Floating

. 0,
H 3 3 1 3 10 S(1-8? 1 Twtlertle a? 115‘06\, Grounded
2
0,
I 2 4 2 4 12 4(1-8 172,12 '1 //22 92'050/\‘;\,“ Grounded

A: Traditional Boost Converter, B: multilevel boost converter [26], C: non-isolated DC-DC boost converter with voltage-lift technique [18], D:
Traditional switched inductor based DC-DC boost converter [21], E: converter-I in [22], F: modified SEPIC converter in [23], G: ¢ZS-BCVLSI-
configuration [24], H: modified SEPIC converter (MSC) [25], I: proposed converter.

among the different converters indicates that the proposed
converter has the lowest switch current stress through the
active switches and the value is half the value of input current.
Hence, active switches with low current rating are required as
the total input current is shared by these two active switches.
Generally, the increase in the rating of a device leads to
an increment in its ON-state resistance. The proposed con-
verter topology requires lower rating components and hence
it comes up with a low-cost design and generates higher
efficiency.

From the comparative analysis, the proposed converter is
observed to be providing a reduced value of switch voltage
and switch current stresses in comparison with the other con-
verters. Hence, small voltage rating active switches having
small ON-state resistance can be used in the circuit. The
proposed converter can attain a high voltage gain and an
improved efficiency as compared to the other converters.
Furthermore, the common ground connection of source and
load in the proposed converter circuit makes it highly suitable
for DC Microgrid integrated with solar PV.

V. EFFICIENCY ANALYSIS

The total power loss for the proposed converter comprises of
the loss in the inductors, loss in the switches, and loss in the
diodes. The power circuit of the proposed converter consid-
ering the non-ideality of different circuit components is dis-
played in Fig. 9. Where Equivalent Series Resistance (ESR)
for the inductor L and inductor L, are indicated by r;; and
rp2, respectively. Similarly, 7p1, rp2, rp3, and rpg are internal
resistance; the drops in forward voltages for the diodes D1,
D», D3, and Dy are Vry, Vra, Vps, and Vg, respectively.
Whereas, the forward ON state resistances of the control
switches 1 and S5, are indicated by Rg1 and Rg», respectively.
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FIGURE 9. The power circuit of the proposed converter considering the
non-ideality of different circuit components.

A. INDUCTOR LOSS
The power loss in the inductor includes the core loss and the
copper loss.

Py = Core Loss + Copper Loss 2D

For an MPP of 125 u, the inductor core loss is obtained as
follows:

Preore = 0.33B" 98710441, (22)

where, B is the half of the ac flux swing, f is the frequency,
Ac is the core cross-sectional area, and [, is the core mean
magnetic path length.
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The RMS value of inductor L; and L, is calculated as

= 11— 8
L1(RMS) > RV:, 23
Im V¢
in 0
ILarms) = - = RV,
m

Thus, total inductor copper loss is calculated as

_ 72 2
Prou = ILI(RMS) rer+ ILZ(RMS)rLz

32V, \? (24)
- (<1—8>2R> "

Thus, total inductor power loss is calculated as

Pr = 0.33B" 98716441, + (ﬂ>2r (25)
‘ mT\a=s2Rr) 't
B. SWITCH LOSS
The switching power losses of S; and S, are denoted by
Psw_s1 and Psw _gs2, respectively. Where Pgy _s denotes the
total switching loss during switching and can be expressed as,

Psw s = Z Psw —si
=12
1 {(1s1 x Vs1) (tr—s1 + tF—s1)

2T | + (Us2 x Vs2) (tr—s2 + tr—s2)

7 } (26)

where, the rising and falling times of S and S, are indicated
by tr_s1, tF—s1, and fr_s2, tr_s2, respectively; the value of
average switch current through S and S are indicated by Ig;
and Ig, and the switch voltages of S1 and S, are indicated by
Vs1, and Vg, respectively. The switch conduction losses of S;
and S are calculated by using equation (27)

_ 72 2
Peon = ISI(RMS)rDS] + Isz(RMS)rDSZ

32Vi8 \2 (27)
- ((1—5>2R> s

Thus, the total loss by the switches is calculated as

C. DIODE LOSS
The power loss contributed by the diode is the addition of loss
by internal forward voltage drop (V) and loss by internal
forward resistance (rp) which is calculated as

Pp1oss = Ppvr) + Ppip) (29)

The power loss by the diode due to the forward voltage
drop of VF is calculated as,

Ppwry = (IDl(avg) + Ip2(avg) + ID3(ave) + IDO(avg)) VF
8(1 — 8)Vin \ >
(1—8)2R

The diode power loss caused by the internal forward resis-
tance rp, is calculated as,

(30)

Ppip) = (IDI(RMS)+ID2(RMS)+ID3(RMS) + IDO(RMS))2 rp
(A4 =38V’
- ( (1—8°R ) P
(3D

Therefore, the efficiency of the proposed converter can be
calculated by using equations (25)-(31) as (32), shown at the
bottom of the page.

V1. DESIGN OF CIRCUIT COMPONENTS

The inductor and capacitor design is an essential element of
the converter design. The selection of inductors is done on the
basis of the inductor current, while the capacitor is selected
on the basis of the capacitor voltage.

A. INDUCTOR DESIGN
The equivalent voltage developed across both the inductors
Ly and L, are obtained as,
V V L di 33
L=V =L (33)

The inductor value is selected on the basis of the average
value of charging current, its ripples, duty ratio, and switching
frequency. The ripple current through each inductor in the
charging condition is obtained as follows,

VindT.
m75 — Aipy = Aira (34)
PS = PSW—S + Pcon (28) L
P, P,
7” = =
Pin+Ploss Pin+PL+PS+PD,loss
o

* Pin+ Prcore + Prcu + Psw—s + Peont PpvE) + Pp(rp)
B 2(1 — 8)*1;,RV2T 32)

(1 = 8)*R{ViuR 4 0.33B' 5814441, 1;, }
2T 2 2 2 2

+ 16V Lin {64 (r + 8%rps) +4(1 — 8)*V + (4 — 38)°rp}
+ Vinlin(1 — 8 R* {Is1 (tr—s1 + tr—s1) + 252 (tr—s2 + tF—52)}
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where, the values of ripple currents for the inductor L and
inductor L, are indicated by Ai;; and Airj, respectively.
Therefore, for the CCM operation of the proposed converter,
the critical values of each inductor can be calculated as,

VindTs _ Vind
Airiyp Aipiyfs
Thus, the value of both the inductors can be chosen based

on (29), where Aiy, is 20-40% of the average inductor current
value and f; is the switching frequency to control the switch.

LD cri = L2)cri =

(35)

B. CAPACITOR DESIGN
The capacitor value is controlled by its charging current,
the voltage ripple across it, duty ratio, and switching fre-
quency. During CCM the Capacitors C; and C3 are being
charged and being discharged during CCM; with a value of
current equal to Iz1. Thus, the capacitor voltage ripple for C;
and C3 can be obtained as follows,
AVey = i (1=9)Ts _ i (1-9)
Ci Cifs
Capacitors Cp is charged in Mode I and discharged in
Mode II with a value of current equal to /y. Thus, the capacitor
voltage ripple for Cp can be obtained as,
AVeo = io(1-8Ts _i(1=9) 37)
Co Cofs
Capacitors C3 is charged in Mode II with a value of current
equal to I7 1. Thus, the capacitor voltage ripple for C; can be
obtained as,

= AVcz  (36)

i (1 —68)T jin (1 — 6
AVey = lin ( ) Ts _ lin ( ) (38)

2C, 2C5fs
With the help of (36)-(38), the critical values of capac-
itors C;, Cp, C3, and Cp can be calculated by using

equations (36)-(41),

lin (1 —8)

Ci=0C3>———= 39
1 3> IAVerfs (39
Co > -9 (40)
AVeafs
(] —
C, > M (41)
2AVeofs

where, AVcy, AVca, and AVq are the voltage ripple con-
tents of the capacitors Cy, C3, and Cy respectively; ip is the
output current.

C. SELECTION OF DIODES

It is observed that diodes D1 and D3 are only conducting in
Mode I to charge the Capacitors C; and Cs, respectively. The
diodes D, and Dy are conducting in Mode 2 to charge the
Capacitors Cp and Cy, respectively. The maximum value of
voltage stress across all the diodes are expressed as follows,

0 O0<t<$

Diode D : ’V 42
! —70, § <t <d8Tg (42)
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DiodeD,: | ~ 2 0=1<9 43)
0, 6 <t <8Ts
0, O0<t<é
Diode D5 Vi 44
S A S 44
2
Yoo o-r<s
Diode Dy : 2’ == (45)
0, 6 <t <¥8Ts

Therefore, the diodes are selected to sustain the voltage
stress shown in (46).
Vo Vo

Vp1 = T Vp2 = Vp3 = Vpo > 5 (46)

D. SELECTION OF SWITCHES
The switches S| and S> have been selected on the basis of
their respective voltage stress values in the circuit. The switch
voltages across S7 and S; are observed to be zero in Mode 1.

The maximum voltage stress values of the switches S; and S»
is expressed as follows,

0, O0<t<$é
Switch S1 : 3 V, 47
YR s <<y “n
4
0, O<t<é
Switch Sy : 3V, 48
2 70, § <t <d8Ts (“8)

Therefore, the switches S| and S> have been selected to
sustain the voltage stress shown in (49).

Vo Vo

Vg1 > —, —

S1 = )

Ve >
4 S2 =

(49)

TABLE 2. Design considerations for the proposed converter.

Parameters Prototype
Power 200 W
Input Voltage (Vi) 30 V (Ideal)/32V (expt.)
Duty ratio 0.7
Output voltage (V) 400V
Load 800 Q
Switching freq. 100 kHz
Inductor L; and L, ~300 puH, 20A (shell type,)
Capacitor C; ~50 uF, 400 V

Vs=900 V, in=36 A,
Roy=65 mQ (C3M0065090)
Varni=400 V, =30 A,
Ro=0.01Q, ¥=0.8 V
(STTH30R04)

Switches S}, S,

Diodes (Dy-D3)

VII. EXPERIMENTAL ANALYSIS

A 200W laboratory prototype of the proposed converter is
develop to validate the theoretical analysis. A list of specifi-
cations for the different circuit components of the prototype
is presented in Table 2. Furthermore, the ultra-fast recov-
ery diode STTH30R04 is used for all the diodes Di, D>,
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FIGURE 10. Experimentally resulted waveforms for the proposed converter (a) input/output currents and voltages, and (b) inductor

currents, voltage across capacitor C; and diode D,.

D3, and Dy, and silicon carbide MOSFET C3MO0065090 is
used as the switches S1 and Sy for high switching operation
and better efficiency. The experimental results are presented
in Fig. 10 with the values of V;;, = 32V, Vo = 400V,
fs = 100 kHz, and Pp = 200W. The experimentally
obtained waveforms of input/output voltages and currents are
displayed in Fig. 10(a). The average values of output voltage
and output current are observed as 399V and 480mA, while
the input voltage with non-ideality and input current average
values are observed as 31.5V and 6.3A. The input current
is observed to be continuous and increasing with a constant
slope in the ON-state and decreasing in the OFF-state because
of charging and discharging of inductor L and inductor L,
respectively. The experimentally obtained waveforms of the
currents through inductor L; and inductor L, along with the
voltages across diode D; and capacitor C; are displayed
in Fig. 10(b). The average values of the inductor currents
for inductor L; and inductor L, are observed as 3A and
3.2A, respectively. The experimentally obtained results for
the inductor currents have an offset of 3.5A to show the
inductor current ripples. The diode D; is observed to be
forward-biased in the ON state and reversed biased in the OFF
state. The PIV across diode D is 50% of the output voltage
and its value is equal to (—200V). Fluctuations in voltage
waveform are observed for the diode D due to the practical
mismatch of inductance value (L and L,). The voltage across
capacitor C; is observed as 31V which is almost the same as
input voltage. In order to refer and validate the experimentally
obtained waveforms of the voltages across diodes D3, D3, and
Dy, the waveform of the output current Iy is also displayed
in Fig. 11(a). The PIV across all the diodes D>, D3, and
Dy is the same as output voltage i.e. —200V. The value of
average output current is observed as 480mA. Fig. 11(b)
displays the experimentally obtained waveforms of the volt-
ages across capacitors Cp, C3, and Cy and waveform of the
input current [;; in order to refer and validate. The voltages
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across capacitors Cy, C3, and Cy are observed as 199V, 198V,
and 398V respectively. Fig. 11(c) presents the experimentally
obtained waveforms of the currents through switches S and
S> and the voltage across switch S5, the output voltage is also
shown for reference and validation purposes. The maximum
value of switch voltage stress across 7 is observed as 200V in
CCM; which is 50% of the output voltage value. The currents
through the switches S; and S, are observed to be almost
same. Fig. 11(d) shows the dynamic behavior of the proposed
converter with a change in input voltage at the constant
duty ratio and load. It is observed from the experimentally
obtained results, that the proposed system giving stable out-
put voltage and current. A disturbance is initiated from the
load and source sides to analyze the proposed converter’s
performance in disturbed condition. The reference of output
voltage is set at 400V and the dynamic response of the system
is verified by varying the input voltage and the step change
in the load resistance as shown in Fig. 12(a) and Fig. 12(b)
respectively. As seen from Fig. 12(a), constant output voltage
400V is achieved even when the input voltage varies from
the 32V to 40V at the constant power (fixed load resistance).
It is observed that, there is no spike in input current during
the transition. Similarly, the load resistance is changed to
examine the stability of the proposed converter in closed
loop to achieve the constant output voltage 400.19V is shown
in Fig. 12(b). Here, the load current is varying from 0.03mA
to 0.48mA to 0.6mA and the change in the input current can
assure the power balance between the input and the output.
The theoretically and experimentally achieved voltage gain
of the proposed converter is shown in Fig. 13(a). The parasitic
internal resistance of different circuit components is the main
cause of the difference between theoretical and experimen-
tally achieved voltage gain values. It can observed from the
mathematical analysis, the drop in voltage gain is inversely
proportional to the input voltage. Hence with increase in the
input voltage, the drop in the output voltage is decreasing.
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FIGURE 11. Experimental waveform of (a) voltage across diode D,, Dy, D3 and output current (b) voltage across capacitor C,, C3, Cy and
input current, (c) switch voltage and switch current stress for S; and S, and (d) dynamic variation of input-output voltage and current with
change in duty ratio from 0.6 to 0.5 to 0.6.
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FIGURE 12. Dynamic variation of input-output voltage and current with change in (a) input voltage at constant load and (b) change in load
at constant input voltage.

The conduction loss in the proposed converter is depends
on the current through each of the components and most of
the current through each component directly depends on the

input current. Hence at a constant power, the input current is
decreasing with increase in the input voltage. Therefore, from
mathematical analysis at different input voltage with constant
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FIGURE 13. (a) Voltage gain comparison between theoretical and experimental value and (b) efficiency with respect to output

power for the proposed converter.

power, the proposed converter is experimentally verified and
the observed efficiency at different input voltages is plotted
in the Fig. 13(b). It can be observed that, the maximum
efficiency achieved by the proposed converter is 96.5% at the
200W power with 32V as input voltage.

VIil. CONCLUSION

The DC-DC high gain boost converter with active switched
inductor network for 400V DC microgrid has been presented
in the paper. The proposed converter has utilized two switches
to reduce the current stress. The active switched inductor
network and voltage multiplier structure have been effec-
tively arranged to boost the output voltage and for the equal
distribution of capacitor voltage stress. Furthermore, the pre-
sented topology drains a continuous current from the input
supply. Hence, high-voltage boost ability and continuous
input current make it suitable for PV and fuel cell applica-
tions. A detailed CCM and DCM analysis of the proposed
converter has been presented along with the discussion about
their boundary conditions. The theoretical and mathematical
analysis has been validated by the experimental results. The
converter has been regulated at different duty cycle values
to test and verify its performance and the peak efficiency
is achieved by the proposed converter at 200 W and its
value is 96.5%.
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