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High Step-Up DC-DC Converter by Integration
of Active Switched Inductors, Built in
Transformer, and Multipliers

Rezvan Fani"”, Zahra Akhlaghi

Abstract—This article presents a novel high step-up dc¢/dc con-
verter by integrating active switched inductors, built-in transform-
ers (BITs), and multipliers. The turn ratio of the BIT provides an
extra degree of freedom. Hence, ultrahigh voltage gain is achievable
by proper duty cycle and adjusting turn ratio. Multipliers are
used to reach high voltage gain even with the unity turn ratio
of the transformer. This feature is an effective factor to improve
the efficiency. Further, the voltage stress of switches is reduced.
It causes the reduction of conduction losses of switches due to
the lower resistance of low voltage power MOSFETs. An efficient
passive clamp circuit is used to cancel the voltage oscillation of
the switches caused by the mismatch of inductors. Regarding these
specifications, power losses decrease, and the efficiency is improved.
The proposed converter is analyzed theoretically, and the validity
of theoretical analysis is verified by constructing a 40-400 V, 200 W
prototype.

Index Terms—Built in transformer (BIT), de—dc converter, high
step up, multiplier cell, switched inductor (SL).

I. INTRODUCTION

ODAYS, there is a public concern about environmental

pollution and global warming created by fossil fuels.
Therefore, much research has been focused on the development
of renewable energy systems such as photovoltaic systems, fuel
cells, etc. High step-up dc—dc converter is one of the unavoidable
parts of these systems, which increases the low dc voltage level
of renewable energy sources (about 20-50 V) to the desirable
dc voltage level (about 400-750 V). Practically, the conven-
tional dc—dc boost converter cannot realize this high conversion
ratio. The required duty cycle for this conversion ratio is too
large, which causes significant conduction losses and control
problems. Further, it suffers from enormous voltage stress of
semiconductor devices and reverse recovery problems of diodes.
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Therefore, presenting new topologies with high conversion ratio,
low voltage stress, high efficiency, and low reverse recovery of
diodes is noticed [1], [2], [3].

Employing switched capacitors (SC) or switched inductors
(SL), coupled inductors (CL)/built-in transformers (BIT), and
their combinations are some techniques to increase voltage gain
[4]. In [5], an SC cell with two capacitors and three diodes has
been introduced and combined with basic step-up converters to
increase the voltage gain. In [6], SC cells have been employed to
lift the voltage gain by charging and discharging capacitors. In
[71, SCs have been used as voltage multiplier cells and integrated
with traditional de—dc boost converter to increase the conversion
ratio. However, in order to reach high voltage gain by these
converters, several SC cells are required, which increases the
number of elements and losses. Using CLs is the other technique
to increase voltage gain. In [8], CLs have been integrated with
traditional boost converter, and a passive clamp circuit has been
used to limit the voltage spikes of switches. A high voltage ratio
is achievable at a large turn ratio of the CLs. However, a high
turn ratio results in large leakage inductance and low efficiency.
In [9], [10], [11], [12], [13], [14], [15], and [16], CL/BIT and
SC techniques have been employed. So, high voltage gain with
a low turn ratio of CLs has been achieved.

In [17], [18], and [19], SL cells have been used to increase
the voltage gain of traditional boost converter. However, a large
number of SL cells must be employed to reach the required
voltage gain. In [20], an active switched inductor (ASL) has
been used to increase the voltage gain with the low number of
elements. However, the achieved voltage gain is not sufficient
for the mentioned application. Further, voltage oscillation has
appeared on the switches due to the inductors mismatch. The
other drawback is that the load is floating and the control circuit
is complicated. In [21], the ASL has been integrated with the
passive SC network, and the voltage gain has been increased.
Nevertheless, the control circuit is complicated. In addition,
there is still voltage oscillation on switches. In [22], SC cells
and an efficient clamp circuit have been applied to the ASL
converter, which has increased the voltage gain and canceled
the voltage oscillation of switches. However, this converter has
floating ground like [20], [21] and needs a complicated control
circuit. In [23], a quasi-active switched inductor (QASL) has
been presented, which uses CLs to increase the voltage gain.
The drawbacks are as follows.
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1) Efficiency is reduced due to the more inductor losses.

2) Load is floating, and the control unit is complicated.

In [24] and [25], SC cells are applied to QASL. So, higher
voltage gain has been achieved with lower duty cycles and turn
ratios. However, they still suffer from complicated control units,
larger inductor losses, and voltage oscillation on switches. As
a result, the main drawbacks of previous ASL-based converters
can be organized as follows.

1) Voltage oscillation on switches due to the mismatch of

inductors.

2) Floating load.

3) Large inductor loss in CL-based ASL converters.

In order to solve these problems, a new high step-up converter
is proposed, which integrates SC multipliers and BIT with
the conventional ASL-based converter. The proposed converter
possessed grounded load. For this reason, the control circuit
is not complicated. This new configuration provides a high
voltage gain with a unity turn ratio of the transformer and
proper duty cycle. Further, the voltage stress of switches is
reduced. In addition, two efficient passive clamp circuits are
employed to omit the voltage oscillation of switches caused
by inductor mismatches. The BIT is placed at the low current
side of the converter. Therefore, the transformer core size and
copper length decrease efficiently, which reduces total circuit
size, cost, and loss. The leakage inductance of the BIT reduces
the reverse recovery losses of diodes, and improves efficiency.
The advantages of the proposed converter are summarized as
follows.

1) No voltage oscillation on switches.

2) Grounded load.

3) Low inductor loss despite the use of a transformer.

4) High voltage gain with low turn ratio and proper duty

cycle.

5) Low reverse recovery of diodes.

6) High efficiency.

7) Low voltage stress.

The rest of this article is organized as follows. In Section II,
the proposed converter is introduced, and its operation modes
are studied. In Section III, the steady-state operation is an-
alyzed theoretically. Section IV is related to the comparison
of the proposed converter with other ASL-based high step-up
converters. A 200 W laboratory prototype converting 40V to
400V is implemented, and the experimental results are studied
in Section V. Finally, Section VI concludes this article.

II. OPERATING PRINCIPLE OF THE PROPOSED CONVERTER

Fig. 1(a) indicates the schematic of the main idea of the
proposed converter. An ASL cell is integrated with a BIT. This
integration increases the voltage gain of the proposed converter
by an additional degree of freedom, i.e., the turn ratio of the
BIT. However, because of the absence of a proper clamp circuit,
voltage oscillation appears on the switches due to the mismatch
of the inductors, which increases the real voltage stress of the
switches. Hence, a proper clamp circuit is employed, and the
main idea is developed. Then, a multiplier cell is added to the
proposed converter, and the voltage ratio is improved. Fig. 1(b)
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Fig. 1. Proposed converter schematic (a) Main Idea: Integration of BIT and
conventional ASL converter. (b) Developed Idea: Integration of the main idea
with multiplier cell and clamp circuit.

demonstrates the final circuit of the proposed converter. The
ASL cell contains two inductors L 5 and two switches S; o with
synchronous switching. When the switches are ON, the inductors
are placed in parallel. While at the OFF state, they are connected
in series, and the current of L flows to Lo through the clamp
circuit and built in transformer. The BIT is modeled by a leakage
inductance Ly, and an ideal transformer with two windings: Ly
introduces the primary winding and Ly denotes the secondary
one.

In order to provide volt-second balance for the BIT, its primary
side is placed in series with the capacitor C5 in a resonant tank.
A clamp circuit including two diodes D; 5 and two capacitors
C'1 2 helps to absorb the energy of inductors and limit the voltage
spikes of switches. The secondary winding of the BIT Ly, diode
D3, and capacitor C's provide a multiplier cell to increase the
voltage gain. The output diode D, makes a route for storing
energy into the output capacitor C}.

In order to study the circuit operation of proposed converter,
continues-conduction-mode (CCM) analysis is investigated.
The operation of the proposed converter in one switching cycle
is divided into six time intervals. Fig. 2 demonstrates the key
waveforms of the proposed converter. Fig. 3 shows the equivalent
circuit of this converter in each time interval. For simplification,
all components are assumed ideal, and the inductors’ currents
and capacitors’ voltages are considered constant during each
switching period.

1) Mode I [ty, t;]: At this mode, both switches S 5 are
just turned ON, and all diodes except D3 are OFF. The parasitic
capacitor of each switch discharges, and the voltage polarity of
each inductor and BIT is changed. The inductors L o, start to
store energy. Meanwhile, the leakage inductance of the BIT Ly,
releases its energy into C's, and its current is reduced linearly. At
t1, this current reaches zero, and D3 turns OFF under zero cur-
rent situation. Hence, the reverse recovery problem is reduced.
See Fig. 3(a).
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Fig. 2. Key waveforms of the proposed converter.

2) Mode II [t;, to]: During this mode, S 2 are at ON-state,
and the inductors L1 o, keep storing energy. The winding current
direction of the built in transformer is reversed and makes
Dy to conduct. Therefore, Cs and C'5 transfer their energy to
the load through the secondary winding of BIT L;o, and their
currents decrease. At 1o, the winding current reaches zero, and
the conduction of D, is stopped under zero current situation.
See Fig. 3(b).

The resonance period of the resonance tank, including Ly
and C'5, determines the time range of this mode. In order to
realize zero turn OFF situation for D, the half of the resonance
period, ¢, should be adjusted to lower than DTy, and it is better
to have a proper margin to this boundary time. However, a lower
resonance period results in a higher resonance peak current. So,
the proper choice for ¢,. can be considered about T /2.

3) Mode III [ty, tg]: During this interval, S; o are ON, the
inductors still store energy while all diodes are OFF, and the
power transfer through the BIT is stopped. Simultanusely, Cy
transfers its energy to the load. At t3, Sy 2 are turned OFF and
this mode ends. See Fig. 3(c).

4) Mode 1V [tg, t;]: This mode starts when the switches are
turned OFF. The parasitic capacitors of switches are charged
rapidly, and their drain-source voltages increase to their steady-
state amount. See Fig. 3(d).

5) Mode V [ty, t5]: Now, switches S o are at OFF-state, and
the clamp diodes D; » conduct to limit the voltage spikes ON
S1,2. The inductors are placed in series, and their currents flow
through D 5. So, Cy is charged by the currents of inductors. The
voltage polarity of the primary winding of the BIT is changed,
and its current increases linearly in the reverse direction. The
current direction of the secondary winding of the BIT leads
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Fig. 3. Equivalent circuit of each operating mode. (a) Mode 1. (b) Mode II.
(c) Mode III. (d) Mode IV. (e) Mode V. (f) Mode VI.

D3 to conduct, and C'5 is charged. While the clamp capacitors
absorb the energy of leakage inductance, the currents of D1 o
are reduced. At t5, their currents reach zero, and the mentioned
diodes turn OFF at zero current situation. Simultaneousely, Cy
transfers its energy to the load. See Fig. 3(e).
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6) Mode VI [t5, tg]: During this mode, switches are still OFF.
Likewise, D 2 and D, are OFF. The input current goes through
the primary winding of the BIT. It is transferred to the secondary
winding and charges C's. At tg, switches are turned ON, and this
mode ends. See Fig. 3(f).

III. STEADY-STATE ANALYSIS
A. Voltage Gain Analysis

In this section, the CCM operation of the proposed circuit is
analyzed in steady-state condition. The inductors store energy
when the switches are on, i.e., in modes I, II, and III, which
is determined by indices (" in the following equations. Their
energy release occurs when the switches are OFF, i.e., during
mode IV, which is determined by indices @ in the following
equations. According to the volt-second balance principle for
the inductors and BIT, the following equations are obtained:

DTy 1 Ty 5
/ vV dt+ / VP dt=0 (1)
0 ' DT, ’

DT, T,
/ vilat+ / ViZat =0 2)
0 DT,

where VL(?Q = Vin . So, VL(f)z is computed as following:

2 _  DW

D, = - 3)

By applying the KVL rule to the resonant tank, the following
equations are obtained:

Vi =V —Ves + VD vV =0 “)
Vi = V2 —Ves + V2 v =o. )
By solving (2), (4), and (5), it yields

Ves = Vi (6)
Vi, =2V (M)
2) _ —2DVi
Lbl - (1 _ D)' (8)

According to Fig. 3(d) and (3) and (8), the voltage across
C_3 is derived as follows:

Vin
Vor = 125 ©)
_ (1+D) Vi
Vea = W (10)
2nDVi,
Ves= G an

where 7 is the turn ratio of the BIT.
Finally, the output voltage is obtained from (7)—(11) and
Fig. 3(b) and (c)

(2n + 2) Viy

VoZVin+VC2+VC3+VL(2= 1-D)

(12)
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Therefore, the voltage gain is
Vs, 2n + 2
M=-2= ) 13
Vo (1-D) -

B. Voltage and Current Stress Analysis

Considering the previous equations and Fig. 3, the voltage
stress of semiconductor devices can be computed as follows:

1 v,
Vsi2=Vpi2 = (1—D> Vin = ST (14)
2n nV,
VD3 (1—D) in n+1 ( 5)
2n +1 2n+1)V,
= = — . 1
Vb4 (1—D) Vi 2n + 2 (16)

Due to the ampere-second balance principle for capacitors,
the average current of diodes is equal to the output current 7,

(ip1-a) = I . (17)
According to Fig. 3(b)—(d), it yields
. ) _ 21,
iD3(peak) = TLp ) = (1=D) (18)
. ) ~2LTs
tD4(peak) = ILb2(peak) - t, =4l, (19)

where ¢, determines the time interval of mode II, which is
considered T /2, here.
The switches’ peak currents can be written as follows:

is1(pe) = [1 +11) 20)
isage) = T2 + 1) ) +10) 0 @0

From Fig. 3, I1 and I}5 can be expressed as follows:
Iy + 1o + (lo2) + (Ics) = Iin (22)

where 11,1 » and I;, denote the average of the inductors and input
currents, respectively. So,

Ii _(n—l—l)[o
2 (1-D) - 23

Substituting (18), (19), and (23) into (20) and (21), gives the
switches’ peak currents
[n+1+4n(1— D)|I,
(1-D)
m+1+(4n+4)(1-D)]I,
(1-D) '

Ipy =110 =

Z.S'l(peak) = (24)

iSl,Q(peak) = (25)

C. Design Procedure of Converter Elements

In this section, converter elements are designed for CCM
operation. So, following equation should be realized:

Aipg

It > (26)
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where
DV,
Liofs

Combining (23), (26) and (27), and some simplification gives
the minimum value of inductors

Aipio = (27)

D(1 — D)?Rysewmy
(2n + 2)*f,

Lio > (28)

where Rz, scwm ) denotes the boundary condition mode (BCM)
load.

The primary winding turns of BIT, N, is computed as
follows:

2VinD

Ny — — 7
"L T ACABY,

(29)

where Ac denotes the core area and A B is the flux density.
The minimum value of capacitors is derived from the current-
second balance of capacitors

DV,

>__ ~"°
2 RRAVG, G0
Vo
Ci 3> ———— 31
= leSAVCl 3 G
V.
Cy>—2 32
° = RifAVes 2)

On the other hand, From Fig. 3(d), the capacitors C5 and Cy
and the leakage inductance of the BIT Ly, make a resonant tank
with the resonant frequency f;., which is expressed as

£ = i Cs + Cy
" 2T Lkb~ (C5CQ)

As explained in Section II, the proper choice for the resonance
period is about T /2. So, the value of Ly, must fulfill

(33)

T? (C5 + Cs)
Ly~ 2s &5 T 22) 4
kb 172050, (34)

D. Control Module

This converter benefits from common ground between input
and output. For this reason, the control module is not complex
and does not need an optocoupler to provide isolation. On the
other hand, although there are two switches, they both oper-
ate synchronously. Therefore, its control unit is as simple as
the control circuit of common ground single switch converters.
The output voltage is regulated by a simple voltage mode PWM
control technique. The system block diagram is demonstrated
in Fig. 4. The output voltage V,, is compared with the reference
voltage V. by an error amplifier. Then the differential voltage
is compared with a sawtooth waveform by a pulsewidth modu-
lation generator to provide the pulse signal for the gate drivers.
As a result, the pulse width of gate signal is determined by the
help of the control unit to regulate the output voltage V.
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Fig. 4. Block diagram of control strategy.

IV. PERFORMANCE COMPARISON

The specification of the proposed converter and the converters
of [20] and [22], [23], [24], [25] are compared in Table I.
All compared circuits, [20] and [22], [23], [24], [25], use the
ASL technique. The terms of voltage gain, voltage stress of
semiconductors, number of elements, core loss, winding loss,
output ground, and the ability of voltage oscillation cancelation
are given in Table I.

In order to have a better adjudication of the proposed converter
performance, the voltage gain and voltage stress of the proposed
converter and its counterparts are plotted in Figs. 5 and 6,
respectively. As can be seen, the proposed coverter has higher
voltage gain and lower voltage stress in comparison to [20] and
[22], [23] but lower voltage gain and higher voltage stress than
[24] and [25]. However, Luo et al. [24] and Liang et al. [25]
employ two CL, and each CL has significant loss, which reduces
their efficiency. The proposed converter employs two inductors
and one BIT. The inductor core loss is slight because of its low
current ripple, and its winding loss is lower than CL due to its
shorter winding length.

On the other hand, the BIT is placed at the low current
side. As a result, it requires a smaller core volume and smaller
winding length in comparison with the CLs of [24] and [25].
So, the proposed converter’s total inductor loss is improved.
Hence, using BIT is a more efficient approach to increase the
voltage gain against employing CLs instead of the inductors
in ASL-based converters. In addition, although [24] and [25],
have achieved a higher gain, they suffer from oscillation on
their switches. Therefore, they require some extra diodes and
capacitors for switch oscillation cancelling, which increases the
number of their elements, whereas the proposed converter pro-
vides switch oscillation cancelling without extra components.
On the other hand, in [24] and [25], the common ground feature
is sacrificed for higher voltage gain, which makes the control
module complicated, while the proposed converter shares the
input and output grounds and its control is capable by a simple
structure.

V. DISCUSSION ON SIMULATION AND EXPERIMENTAL RESULTS

A 200 W, 40 to 400 V prototype circuit is simulated by
ORCAD PSPICE and fabricated to verify the truth of theoretical
analysis. In order to reach this conversion ratio, the BIT is
implemented by unity turn ratio, and the duty ratio of switches is
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TABLE I
COMPARISON OF THE PROPOSED CONVERTER WITH PERVIOUS NONISOLATED CONVERTERS
Yangetal. | Cuietal Liu and Li Luo et al. Liang et al.
Non-isolated topologies [20] [22] [23] [24] [25] Proposed converter
Technique ASL ASL + SC ASL + CI ASL +CI+SC ASL+CI+ SC ASL + BIT + SC
. 1+D 3+D 1+D2n+1)| 1+42n+3D 3+n+D 2+2n
Voltage gain 1-D “1-D
1-D 1-D 1-D 1-D 1-D
Voltage stress A A |4 A /A Vs
of switch 1+D 3+D 1+D(@2n+1) 1+2n+3D 3+n+D 2+2n
Maximum Voltage 2V, A 2n, 2+ 2n)V, 2+n)Y, (1+2n)V,
stress of diodes 1+D 3+D 1+D(@2n+1) 1+2n+3D 34+n+D 2+2n
Number of elements
Switches/diodes/ 2/1/1/2/0/0|  2/4//4/2/0/0 2/3/3/0/0/2 2/3/4/0/0/2 2/3/3/0/0/2 2/4/5/2/1/0
capacitors/Inductors/BIT/CIL
Core loss small small large large large moderate
Winding loss small small large large large moderate
Common ground No No No No No Yes
Voltage oscillation on switches Yes No No Yes Yes No
25 25
20 20
= =
.- .-
- 5
o 15 o 15
o0 on
g S —— proposed converter 3 g proposed converter
p—
2 10 —— 28] S 10 —— [25]
[24] [24]
5f . . |7¢ 23] 5t . . |7 23]
22 = [22]
0 —4— [20] 0 —4— [20]
1 1.5 2 25 3 1 1.5 2 25 3
turn ratio (n) turn ratio (n)
(a) (a)
40 —— proposed converter 5 0.7
o— [25] % proposed converter
[24] > 0.6 —o—[25]
= 30 N [24]
E | 23] 2 Y
:" - [22] % $ 05 = 23]
S0 5 ||~ [20] % ==
> L —<— [20
= o 0.4> [20]
o]
s —" S 03
10% S v -
S ot t—t—t—t——
=00 ;
0 :
06 0.7 0.8 0.6 0.7 0.8
duty cycle (D) duty cycle (D)
(b) (b)

Fig. 6. Voltage stress of switches normalized by V,,. (a) Versus turn ratio at

Voltage gain. (a) Versus turn ratio at D = 0.6. (b) Versus duty cycle at
D = 0.6. (b) Versus duty cycle atn = 1.

Fig. 5.
n=1.
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Fig. 7.

Laboratory prototype of the proposed converter.

TABLE II
SPECIFICATIONS OF THE IMPLEMENTED PROTOTYPE CIRCUIT

symbol Parameter value

Vi Input DC voltage 40V
v, Output DC voltage 400 V
P, Maximum output power 200 W
£ Switching frequency 50 kHz

Ciz Capacitors 2.2 pF
Cs 6.8 uF
C, Output capacitor 22 uF
Cs Resonant capacitor 10 uF

Dis Clamp diodes SR5200

Dsy Output diodes MUR460
S Power switch IREP260

inductor
Core type EI33/29
L Inductors 2 mH
Built-in transformer

Core type EI33/29
n Turn ratio 1

L Leakage inductance 2 uH

about 0.6. Fig. 7 demonstrates the photograph of the fabricated
prototype circuit. In order to design inductors, (28) is used, and
the BIT is designed by (29) and (34). The maximum ripple of
the output capacitor is considered 0.1%, and other capacitors
are designed for 2-3% voltage ripple. The specification of the
prototype circuit is given in Table II.

Fig. 8 shows the simulated current and voltage waveforms
of switches and diodes, which confirm theoretical analysis.
The voltage and current waveforms of the switches are in-
dicated in Fig. 9(a)-(b) and realize (14), (24), and (25).
The voltage and current waveforms of diodes are shown
in Fig. 9(c)-(f). These waveforms confirm (14)—(19) and
zero current turn-OFF of diodes. So, the reverse recovery of
diodes is alleviated. As can be seen, experimental results are
matched with the simulation results, which were shown in
Fig. 8.
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Current waveforms of the inductors and BIT are shown in
Fig. 10. As expected, the inductor current is half of the input
current. The inductor current has a ripple value of 0.5 A. From
this figure, it is evident that the BIT RMS current is lower than
the inductor’s current, which verifies core cost and volume re-
duction compared to CL-based converters. Because, with similar
design criteria, CL-based ASL converters require more winding
windows and so a larger core volume and cost to provide enough
space for their two winding in comparison to the input inductors
of the proposed converter. On the other hand, since the BIT
RMS current is lower than the input inductor current, its winding
window requirement is not as large as CLS winding window
requirement in the CL-based ASL converters.

VI. LosS ANALYSIS

To assess the effectiveness of the proposed converter, the
power loss of each component must be calculated. This section
analyzes the different types of losses in the converter, including
conduction, switching, capacitive turn-ON, diode, capacitor, and
inductor losses.

A. Conduction Loss of Switches

Conduction losses formula of each switch is given as

Peonds = Ras  Tamms (35)

where [ g s represents the RMS switch current, and its value for
Sp and S is 2.53 and 3.67A, respectively. The ON resistances of
switches are 68 mS2 at an operating temperature denoted by R .
From (35), the total conduction losses of switches are calculated
as follows:

Pcond s = Pcond s1 + Pcona 52 = 1.369 W.  (36)
B. Switching Loss
The switching losses of each switch are computed using
PSl(sw) = 05fs (VSofflIS'offltffs + VSonllSonltrfs)
Psaswy) = 0.5fs (VsomeIsomi2t s £s + Vson2Ison2trys) . (37)

Here, Vgos1,2 and Vson1 2 represent the voltages across S 2
during turn-OFF and turn-ON, respectively, and they are equal
to 100 V. Igofr1,2 is the corresponding current during turn-OFF,
which is 2.7 A, while Ison1 and Igon2 are the currents during
turn-ON, and their values are 4.5 and 6.5 A, respectively. ¢y and
t,ts denote the fall and rise times for switches and are derived
from the switch datasheet. From (37), total switching losses yield
as follows:

Psyitching = Ps1(sw) T Psa(sw) = 2.298 W. (38)

C. Capacitive Turn-On Loss of Switches

The capacitive turn-ON losses of each switch can be calculated
as follows:

PCap Turn—on — 0~5CossV§onfs- (39)
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Fig. 8.  Simulation current and voltage waveforms of (a) S1, (b) S2, (c) D1, (d) D2, (e) D3, and (f) Dy,
isz (SA/div) is2 (5A/div) k—\——-!\_ ips (6A/div)
;“‘L..J\““‘M’\‘“‘L_J\“ 2 B \t-—-—J \*.........J \—T-.——-.J ™~
Vsi (50V/div) Vs2 (5QV/div Vi (100V/div)
[ ! . M
“4pus 4us 4ps
(@) (b) (c)
ip2 (6A/div) ips (6A/div) ips (6A/div)
wa 3 ,.-1[ . f-L e ‘l A s f\_ \__ . M
Vo2 (100V/div) A Vo (100V/div
nmm D
“4us “dps _)4!1_5(_
(d) (e) ®
Fig.9. Experimental current and voltage waveforms of (a) S1, (b) S2, (c) D1, (d) D2, (e) D3, and (f) D4,
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et

Fig. 10.

In (39), Cy represents the output capacitances of switches
and are derived from the switch datasheet. Vs, is the switch volt-
age during turn-ON, which is equal to 100 V for both switches,
and f; represents the switching frequency.

So from (39), the total capacitive turn-on losses of switches
are computed as follows:

PCap Turn—on — -PCap Turn—onl + PCap Turn—on2 = 0.3W.
(40

D. Conduction Loss of Diodes

According to the datasheets, the assumed forward voltages for
diodes Dy_4 are V1 = V3 = 0.47 and V3 = V4 = 0.9. The
average currents flowing through D;_4 are denoted as Ip, (ayg)»
and each with a value of 0.5 A. So, the conduction losses of the
diodes can be calculated as follows:

4 4
Peoap = ZPCondDi = Z Vi X Ip,(avg) = 1.37T W.
=1 =1
41)
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E. Capacitor Loss

By measuring (ESR1) = 0.004, (ESR2) = 0.004, (ESR3)
= 0.05, (ESR4) = 0.06, and (ESR5) = 0.01, the ESR losses
of the capacitors yield as follows:

5 5
Posk =Y Pesp, = » ESRiIZ, =013TW. (42)
i=1 i=1
In (40), I¢ 1ms denote the RMS currents flowing through the
capacitor and Icj yms = 26 mA, 102 rms = 1.35A, 1¢3 5 rms

=13 Aa IC4 rms = 0.7 A.

F. Inductor Loss

The inductor losses consist of conduction losses and core
losses.
The conduction losses formula is given as

Poona 1 = R - I7 s (43)

where Ry is the parasitic resistance of inductors and I, ;s
is the RMS currents flowing through inductors. By measuring
Rri2= 75mQand I 2 yms = 2.5 A which denote Ry, and
I1, rms Of Ly o, respectively, and measuring Rrp1,2 = 119 m§2
and I7p12 rms = 1.25A that are related to Ly 2, and substi-
tuting in (43) total conduction losses is calculated as follows:

Pcond Ltotal) = Pcond L1 + Pcond 2 + Pry1 + Prez
= 1315 W. (44)

The core loss is determined using the following formulas:
FPoore 1 = Pev - Ve. 45)

In (45), Pcore represents the core loss, and P, and V represent
the core loss volume density and the effective core volume,
respectively. From (45), total core losses are computed as

PCore(total) = Pcore L1 + Pcore L2 + Poore BT = 0.584 W.

(46)

To evaluate the overall efficiency of the converter, each com-

ponent’s losses are added together. So using (36), (38), (40)—

(42), (44), and (46), the total losses of the proposed converter
yield

PTotal Loss — PCond s+ PSwitching + PCap Turn—on + PCond D

+Prsr ¢ +Pcond . + PCore(total) =7373W.
47)

According to the total losses computed in (47), the efficiency
(n) of the proposed converter is calculated as follows:

n = 96.44\%. (48)

Fig. 11 indicates the efficiency curve of the proposed converter
at various loads and the power distribution at full load, respec-
tively. It can be seen that the full load efficiency is 96.4%, and the
maximum efficiency yields at 150 and 200 W, which is 96.4%. In
addition, the power loss distribution pie diagram shows that BIT
loss has a small portion in comparison to inductors. So, a high
voltage gain with three degrees of freedom is achieved, while
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Fig. 11. Power loss analysis. (a) Efficiency curve versus output power.
(b) Power loss distribution.

BIT does not affect the loss increment as much as inductors. It
proves the authors’ claim about moderate loss of magnetizing
elements.

VII. CONCLUSION

This article proposes a high step-up dc—dc converter based on
ASLs. It uses a BIT to increase the voltage gain. This converter
achieves a high voltage gain even with the unity turn ratio of the
transformer, while does not require a large duty cycle either. By
this new topology, the voltage stress of switches decreases, and
the use of the low-voltage switch with low conduction resistance
is feasible. The leakage inductance of the BIT reduces the reverse
recovery of diodes. An efficient passive clamp circuit with two
diodes and two capacitors is used to cancel the voltage oscillation
of switches caused by the mismatch of inductors. This clamp
circuit not only limits the voltage spikes of switches, but also
increases the voltage gain. From this article, it was found that
using BIT is a more efficient way to raise the voltage ratio of
ASL-based converters against employing CLs. The low number
of elements and high efficiency are the other merits of the
proposed converter. A 200 W prototype circuit was implemented
and tested to convert 40 to 400 V. The experimental results
verified the validity of the theoretical analysis. The maximum
efficiency of 96.4% was achieved at full load condition, which
is a good record in hard-switching converters.
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