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This article suggests a non-isolated high step-up interleaved DC-DC topology for renew-
able energy applications. Two three-winding coupled-inductors along with two voltage
multiplier cells are used to enhance the voltage gain significantly. One interesting aspect of
this new topology is that high duty cycles atre not required to achieve high voltage gains; this
is done by adjusting the turn ratio of the coupled inductors. Moreover, the presented intet-
leaved converter enjoys not only having less current stress due to the interleaving structure,
but also showing 16% increase in voltage gain compared to the best similar boost topolo-
gies. Additional elements are designed for the purpose of soft switching and gain increase,
which have little effect on the cost, weight and size of the proposed converter. Interest-
ingly, the voltage stresses both on the switching devices and passive elements are much less
than the output voltage. Furthermore, the coupled inductor’s leakage inductance energy
is recovered by employing a passive clamp circuit to minimize stresses across the semi-
conductors; therefore, efficiency is improved. The suggested converter is analyzed in the
steady state, and a 400 W experimental setup was implemented; the outcomes verify the

1 | INTRODUCTION

Sustainable DC resoutces, such as fuel cells and solar panels,
typically provide low and variable output voltages; connection
of these resources to the grid-tied inverters needs intermediate
DC adjustment. Hence, DC-DC topologies with higher volt-
age gains are needed [1, 2]. The utilization of low duty cycles
to retain highly efficient converters is one of the attractive char-
acteristics of such converters, which is not practically feasible
with conventional converters. High efficiency, low complexity,
reduced cost, and low input ripple current are the most essen-
tial characteristics needed for high gain DC-DC topologies used
in PV systems [3]. Excessive quadratic voltage gain could be
achieved by cascading boost topologies, which eliminate apply-
ing extreme duty cycle values. Nevertheless, the active switch
and diode in the second cell could suffer an excessive voltage
stress. Furthermore, the first-stage switch could be switched at a
high frequency, whereas the second-stage switch must be driven
at a lower frequency to avoid significant switching losses. This

practicality of the proposed boost converter in accordance with the analysis.

sort of multi-stage power conversion could reduce efficiency
significantly [4].

The proposed converter in [5] can enhance the output volt-
age gain without utilizing any magnetic equipment including a
transformer; however, its design is complex due to the large
number of MOSFETs used to improve the voltage level. In
practice, high duty cycles for DC-DC topologies are ineffi-
cient when converting a large voltage gain. In fact, high duty
cycles make long conduction times for the convertet’s switch-
ing devices; hence, switching component conduction losses will
grow, resulting in significant power losses in practical systems.

Numerous high step-up coupled-inductor (CI) based topolo-
gies have been suggested with features of low voltage stress,
high voltage gain, and low total losses [6—14]. Lately, CI method
with the performance of recycling energy of leakage inductance
has been widened to enhance voltage conversion coefficient.
Owing to their secondary leakage inductance, these kinds of
topologies exhibit minimal reverse recovery ringing and provide
soft switching of the output diode. However, employing a larger
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turn ratio and a very high duty cycle to obtain a better voltage
gain results in increased EMI noise and power losses. In [6—14],
several three-winding CI topologies are discussed, allowing for
more adjustable voltage stress and voltage gain control. Never-
theless, owing to one active power switch, the nominal output
power of these converters is restricted, and the voltage gain is
still insufficient to be connected directly to the grid-tied inverter.

Switched inductor and switched capacitor DC-DC topolo-
gies are also among choices for increasing voltage gain [15-17].
Nevertheless, getting exceptionally high voltage gain requires
additional elements, leading to higher costs and more com-
plicated circuits. In addition, voltage stresses on transistors or
other components are high in switched-inductor circuits, while
the current stress on devices is high in switched-capacitor cir-
cuits, resulting in significant conduction losses. In practice,
certain passive or active clamp circuit is needed to absorb
switching spikes which are caused by leakage inductances and
recover the linked inductot’s leakage energy to the circuit,
leading to a rise in total efficiency [18].

This paper proposes an interleaved high step-up DC-DC
converter with two switches and two three-winding Cls. To
reach a greater voltage gain, the suggested converter combines
voltage multiplier cells with two Cls, where the Cls contribute
static gain, and the voltage multiplier cell can add further voltage
gain. Also, using a CI with three windings in the described topol-
ogy results in more adjustable voltage gain and voltage stress
control on every semiconductor device. In this topology, a pas-
sive voltage clamp module is used to recover the CI’s remaining
energy. The suggested boost topology is analyzed in six modes
of operation per cycle, where a 400 W laboratory prototype pro-
vides experimental outcomes that verify operation of converter
according to the discussed operating principles and performed
analysis. This article is arranged in the following manner. The
suggested converter’s topology and principle of operation are
illustrated in Section 2. The main patameters of the proposed
topology like voltage gain and voltage stress on semiconductors
are calculated in Section 3. The design steps of components and
efficiency analyzes are mentioned in Section 4. The control of
this converter is briefly checked in Section 5. The sixth section
includes a comparison of this converter with similar topolo-
gies. Section 6 discusses the experimental outcomes as well as
the analysis performed in six steps per cycle. Eventually, Section
7 brings this paper to a conclusion.

2 | PROPOSED CONVERTER:
OPERATION MODES AND ANALYSIS

Figure 1 depicts the power circuit of the suggested high step-
up DC-DC converter with two switches and two three-winding
Cls. The converter is made up of two active power switches
(S1, Sy), six capacitors (Cy, Cy, Cs, Cy, Cs, Cy), two resonance
capacitors (Cr, Cr,), six diodes (D, D,, D3, Dy, Ds, D),
two input inductors (L;,1, L,,5) and two three-winding Cls.
The three-winding CI is represented by an ideal transformer
with turn ratios (IV,:N;:N7), a leakage inductance, /. 4, and a
magnetizing inductance Z,. Thus, turn ratios of the first CI
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FIGURE 1 Suggested interleaved boost converter topology
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13y = for the second CI (in green).

Operz{tzion principles of the proposed three-winding CI DC—
DC topology in CCM can be divided into six-time intervals.
Figure 2 illustrates the conducting circuits of the suggested
design in six different operation modes. Also, Figure 3 shows
typical waveforms of six CCM operation modes in accordance
with conducting circuits of Figure 2. The following subsec-
tions explain analysis of the converter (see Figure 1) in order
to describe high gain build-up achievement.

2.1 | Model

The switch S; is turned on; 7, is charged through the source,
capacitor Cy is charged through 7, and diode Dy, capacitor C;
is charged through capacitor C, and diode D3, and capacitor C5
is charged through Nty and diode Ds. The Cls contribute to the
charging process of mentioned capacitors. Due to the presence
of input inductor Z;,;, the current through S, increases slowly,
turning on in the ZCS situation. In this mode, diode Ds5 turns
on with a low current slope due to the presence of the CI. This
mode ends when diode Dy turns off. The voltage over Cls and
input inductor can be given as shown in as below (see Figure 2a):

D _
T/}jnl =V, M
L
D 1
1= Vo1 = &Veu @
Lot |:Lm1 + L/,égl] ¢

Ly
Vo = | 1= =R 3
Lkgl [Lml +L/égl Crl ( ) Crl ( )

/
Ve =V = Ve “)

VD’ _ [ ]‘/7/2

—_ — !
(275 s ]‘/@2] Voo = Vo) =& (Voo — Ver)
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FIGURE 2 The CCM operation of the proposed boost converter during a full switching period in six steps; equivalent circuits of the suggested topology. (a)

Mode 1, (b) mode 2, (¢) mode 3, (d) mode 4, (¢) mode 5, and (f) mode 6

2.2 | Mode2

While statuses of active switches remain unchanged, diode
D, turning off under a ZCS condition (current through D,
approached zero during the C, charge-up, almost no minority
carriers for reverse recovery process). This second interval con-
tinues until the resonance between the capacitor C,y and the
leakage inductance 74,1 ends (7)) = 274/Ly,1C,y); the cur-
rent of the S decreases slightly from its maximum state and the
diodes D5 and D5 turn off under a ZCS situation. The voltage
over secondary and tertiary of CI and capacitors are obtained as

below (see Figure 2b):
Vg = 21 Vi ©
Vg = m2 Vi, o
Vart =71 Vi, ®)

174

— 724
N2 =72 Vi ©)

_ D D
Ves=Ver = VNJ‘Z + VM‘l — Ve (10)
/
Ves = T/Ajl)Tl - VA]/)TZ 1n

23 | Mode3

During this short time, all the diodes are off and this mode con-
tinues until switch S; is turned off (hard switching) when the
total time D7 is completed.

24 | Mode4

This interval starts when S; is turned off (hard switching) and
the second switch S, is turned on under a ZCS condition while
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FIGURE 3  Voltage and current waveforms of two active switches (S, S;)
and six diodes (D4, Dy, D3, Dy, D5, D) for a switching period divided in six
modes

current through the inductance 7., is charged from zero. In
this case, diode D, turns on to act as a clamping diode to sup-
press voltage spike on switch Sy by redirecting the stored energy
of the leakage inductance 7., towards the capacitor C;. Also,
Dy is on and its current is like that of diode D5 in the first mode.
The voltage over L,,, and input inductor are derived as below
(see Figure 2d):

v, =1, (12)

Voo =F Vi 13)

Lyp
Vi, = [m] Voo= 1=K)16e (19
“. ~) (g

V=V 4 Ve = Ve (15)
/
VP = k(V + Ve — Vi) (16)
2.5 | Mode5

While S, is on (and S; is off), diode D, turning off under a
Z.CS condition (current through D, approached zero during the
C, charge-up, almost no minority carriers for reverse recovery
process). This interval continues until the resonance between

the capacitor C, and the leakage inductor ;7 ,, ends ( 7); =
27t/ L;15C,); the current through S slightly decreases from its

maximum state, both diodes D, and Dy are turned off under
a ZCS situation. The voltage over secondary and tertiary of CI
and capacitors can be given as below (see Figure 2¢):

Vi\]/?l = T/L[;f,l 17)
V\]f)fz = 2 VL[;Q (18)
T/J\]/’)]il = 31 I/Liilll 19)
Vs =3 Vi (20)

D D 124
Vea=Vos + V= Vit = VitV @21)

_ 1D D
Vee = VNT2 - VNN (22)

2.6 | Mode6

During this time interval all diodes are off, similar to those of
Mode 3, where the switch S, is turned off (hard switching) at
the end of the full period 7.

It is important to note that diodes Dy and Dy, are in the
power transmission path; but the current through Dy is very
low because it is located at the output stage of the suggested
converter. This can be clearly seen from experimental outcomes
in Figure 10 that the current of this diode is much lower than the
current of the input stage components. Thus, the power losses
of Dy is considerably low in practice. Regarding Dy, this diode
is in on-state only for a short time (during the mode I) and it is
off for the other five modes, imposing low power losses to the
converter.

3 | STEADY-STATE ANALYSIS OF THE
PROPOSED TOPOLOGY
3.1 | Voltage gain calculations

By applying the volt-second equilibrium rule to both inductors
L;y and L, (see (4), (12), (1) and (15)) (D' = 1 — D):

DW,)+D (V+ Ve = V) =0 23)
V;
Ver = 37
(24)
2V
Vo=
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ABBASIAN ET AL. 5
Substituting (24) in the volt-second rule both for L, (see (2)
and (16)) and L, (see (5) and (13)) results in:
Ven =D Vo1 =1, 3
(25)
Vor =D Ver= Vo) =V, ’
Also, considering (25), (2), (6) and (8) gives:
I/]\?ﬂ = ’é”21 T/z'n
(26)
T/;\[;"l = kny 1, FIGURE 4 Voltage gain changes versus secondary and tertiary turn ratio
Similarly, combination of (25), (13), (18) and (20) gives:
Cl specifications are the same, i.e. £ = £ ):
Vise = knnV, , v
27 j +
s @7 Vey = k(mg + m) ﬁ t— Vi
Vs = #132Vi
_ D
By substituting (24) and (25) in (16), also (28) in (17) and (18): ) Ves = k| ma+ mpms |V, 32)
D
(  » _ D Voo = & <”31ﬁ + ”32) Vi
V= ke, \
e D Finally, the nominal gain of the suggested boost topology can
Vg = —Fkm o Vi (28) be derived by substitution of (32) in (23) as below:
¥04 _ D VO _ /é(ﬂﬂ + V%) + 731 + ﬂ32) + 2
| Vary = —#m1 55 Vi T 1+ ol 33)

Similatly, by substituting (24) and (25) in (5), also (35) into (7)
and (9):

( D _ y D
I/LMZ = —k ET/;”
/ D
Vi = =& m, o Vi (29)
/
T/;\Z?—)TZ = _/é/”323 T/;n

Substituting (24), (26) and (29) in (10) results in:

D
Ves = <1 + & <”21 + ”223)) V (30)

By substituting (24) in (15):

/ D
D _
Lim = 7 HVM 31
By substituting (24), (27), (28), (30) and (31) in (21), also (20)
and (29) in (11) together with (27) and (28) in (22), we get (both

Hence, for a given D, maximum gain of the converter is
achieved, if under ideal condition the coupling coefficient £ is
equal to 1. Figure 4 shows the voltage gain versus secondaty
and tertiary turn ratios. Also, it is assumed that the secondary
and tertiary turn ratios are identical for both Cls (#3; = #3, and

m1 = ).

3.2 | Voltage stresses on semiconductor
devices

Considering Figure 2a—f as well as the performed analysis in
Section 3.1, the voltage stresses across the power MOSFET and
diodes could be worked out as follows:

-

Vo= Ve =1y = Y
51= Vs » =7
2V
Vpr = D;”
3 (34)
Vps = Vpy = (1 + n2) ﬁ + 1V
Vps = Vps = (n31 + n32) Fﬂf
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4 | DESIGN PROCEDURE AND
EFFICIENCY

The following subsections describes how to design different
parameters of the suggested topology as well as obtaining
efficiency of the converter.

4.1 |

Input inductances

Inductances of the input inductors are obtained as below:

VinD
Lin =Lip > £ 1_7 7 (35)
4.2 | Capacitors

Assume average current, voltage and power of each capacitor is
equal to 7, 1 and Pp; then, the minimum capacitance can be
worked out as follows (the ESR of the capacitors are ignored
due to their small sizes):

o

c> ———
VoAV f,

(36)

4.3 | Magnetizing inductance of the CIs
The magnetic inductances are obtained from the following rela-
tionship, where their equivalent series resistors are ignored due
to their small sizes:

V,D

Lml = L///Z = L//// = ﬁ (37)

4.4 | Resonant circuits

As mentioned eatlier, the diode D, turns off in the ZCS con-
dition due to the resonance tank. To calculate the resonant
capacitor C;q and the leakage inductance of the CI (Z,), these
elements are designed according to [20] to operate in boundary-
resonance mode to reduce output diode switching losses and
improve the reverse recovery problems. Also, the amount of
Ly, depends on how the CI winding is wound and thus the
following equation is obtained:

DZ
[ LypgCry DI = € £ — (38)
T2 Ly f;

Assuming Ly = Ly, ,then Cp = Gy,

4.5 | Power losses and efficiency

In order to accurately evaluate the performance of the con-
verter, it would be better to analyze the converter losses by
dividing into five groups as follows.

451 |
52)

Losses of one switch is divided into two categories; switch-

Switching and conduction losses (S; and

ing losses and conduction losses. Due to the soft turn on of
the two active switches, the switching losses only include turn-
ing off losses. Hence, switching and conduction losses can be
computed as below:

-

1
Bss—turn 0FF = <ET/2)S']DJ¢/W;7—O[‘P> Js

1
Pmm = z * fJ * Qm * Vds2

(39)

— 2
P/a.rx—mndmﬁan - RDS(W) X7 DS(RMS)

L P/a.rx—;ﬁ'l = P/m‘&—j'Z = P/m‘—t/{rﬂ OFF + P/a;f—mndam'm

whete B¢ of the MOSFET is typically about 6.3 mQ.

452 | Diodes

The suggested topology operation shows that both the con-
ductive losses and the reverse recovery losses (due to very low
minority carriers) of the diodes are ignorable; the main losses of
the diodes are related to their forward voltage drops times the
average current through diodes as below:

P}oﬁ—diodf - V[‘m‘u/wd—d/ade X I[)—m»emge (40)

It should be noted that diodes D;_, have a ZCS operation in
turning off and do not have reverse recovery losses. Also, the
reverse recovery losses of the diodes D5 4 can be ignored.

453 | ESRlossof C,

All capacitors are of non-electrolyte MKT (neatly ideal) except
electrolyte capacitors C, that its non-ideal internal resistive loss
is wotked out as below (ESR = 100 mQ):

P/zm(c4) = ESRX (41)

]2
COUT (RMS)

454 |

inductors

Conductive and magnetic losses of

Core loss of the two inductors is obtained from their core
datasheet (T131-52 iron powder), which is 125 mW /cm’.
Hence, adding the conduction loss to cote loss will result in total
losses of inductors as below:

]—-)/o‘r.r(/,z'nl) = ]:)/o‘r.r(/ in2) = Bo.r.r(mre) + Bﬂﬂ(mﬂdhﬂﬂ(}ﬂ) (42)
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TABLE 1 Designed boundary parameters of the suggested converter according to (35)—(38) for a 400 prototype
Designed Boundary Designed Boundary
parameters AVe capacitance parameters Al inductance
C 5% 9.52uF Ly 15% 130uH
C, 4% 6.09uF Lip 15% 130puH
Cs 2% 9.75uF L, 15% 68.96uH
Cy 1% 75.05uF L,» 15% 68.96uH
Cs 3% 8.13uF Ly - ~1uH
Cs 3% 8.13uF Ly - ~ 1uH
C, Cp - 10.14uF
TABLE 2  Calculated losses and efficiency of the suggested converter according to (39)—(42) for a 400 prototype
Dissipative element Power losses (W)
Active switches (Sq, S,) Turn-off Conduction
Rpy = 6.3 mQ
2%0.15 2%0.63

Diodes (Dy, Dy, D3, Dy, Ds, Dg): worst case 5% (1x0.78) + 1 X 0.58
ESR of electrolyte capacitor Cj 0.1
Inductors (L1, L;,2) Core Conduction
Core datasheet T131-52 iron powder

2% 1.71 2% 1.65
Cls Core Conduction
Corte datasheet ETD49/25/16

2X3.38 -
Total losses 19.62
Efficiency (Po/(Po+Total losses)) 95.32%
455 | Losses of Cls s ok m Capacitors loss

6/72W 22/83% B Switch loss

4/48 W M Diodes conduction loss

Corte loss of the two Cls is obtained from their core datasheet
(ETD49,/25/16), which is 139 mW/cm?®. The conductive loss
is negligible due to the large number of primary shunted
wires.

4.5.6 | Power losses and Efficiency of the
suggested converter

Assume the suggested topology is going to be designed for a
400 W prototype. Applying (35)—(38) will result in parameters
listed in Table 1, if duty cycle is limited to 0.5, input voltage is
20 V with a gain of 20.5 at D = 0.5 and input current ripple is
15%. Furthermore, power losses of all elements are calculated
according to (39)—(42), where Table 2 details the power losses as
well as efficiency of the designed converter. Also, Figure 5 illus-
trates distribution of power losses in a pie-chart diagram under
the stated operating conditions, showing in total power losses
of 19.62 (W) and efficiency of 95.32%.

M Coupled inductor loss
M Input inductor loss

FIGURE 5 Power losses of the 400 (W) suggested boost topology in
pie-chart under the operating point 20 (V)/ 410 (V) and D = 0.5.

5 | COMPARISONS AND DISCUSSIONS

A detailed literature survey has been performed on simi-
lar high-gain three-winding CI-based DC to DC topologies
recently appeared under the same condition as the suggested
topology. Here it is compared several critical specifications
of available converters presented in [6—14, 21-25] with those
of the suggested converter. Table 3 describes these compat-
isons on the key properties, introducing number of involved
switches, diodes, capacitors, inductors and Cls as well as con-
version ratios, voltage stresses on switches and diodes. Figure 6
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8 ABBASIAN ET AL.
TABLE 3 A comparison of the proposed DC to DC converter with some other comparable converters
Continuous
Number of input Common Voltage stress on Voltage stress on output
Converters S/D/C/CI+L current ground Voltage gain switches diode
. _ o (@_1)(1_0)_”M
2018 [()] 1/3/3/13\,‘1_‘_0 _ v m+ny+D(m—1) m=1 (1-D) 177
(1=D)(m3—1) m+n3+D(m3—1) nmy+m+D(n3—1)
2015 [7) 1/4/4/1%+0 v v =2t S N— — W
‘ 1-D 2—D+iny(1=D)+n3 2=D+ny(1=D)+n3
2019 [8] 1/4/4/13 40 v v Lorntl DL o
(1=-D)(m—1) m+2m—1 (1=D)(m—1)
. 3w B _ 1+n3+D 1 3 .
2016 9] 2/4/4/17+0 1-D T+n3+D n3+1+DL0
; 2mp+n3—1 m—1 mtns
2018 [10 1/3/3/13% - = e
0 8[ ] /3/ / +0 v (1=D)(mp—1) 2mp+n3—1 2m+nz—1
3w B _ 2+m3 D+ 1 1+my+n3
2018 [1 1] 1/3/3/1 +0 1-D 2+m3 D+ 2+m3 D+
1+/I|+/12 i
3w _ " n n m o
2017 112) 1/3/3/1740 v T " T tmAm(-D) ate .
(m +”2)(#—i><0— 1
"
2020 [1 3] 1/3/%/13“,_‘_1 4 v/ 24m—n3(1+D) —3n3+m+3 14y
’ T (1=D)(1=13) (2+m) (2+ny—n3 (14D)) 2+my—n3(14D)
. 342my+n 1 142y +n-
2020 [1 1/5/5/13% - RAL L) - L2t
0 O[ 4] /5/3/ +0 v 1-D 3+2my+m3 342m+un3
2019 [21] 2/4/4/229 40 v v e L 15 Not stated in [21]
1-D 24+2my
2+D 1 2
4 1 1
2019 [23 2 2 - —_— -1% -1%
[23] /4/4/0+ v = g 2[(1
2019 2 2/10/6/239 412 = _— o
0 9[ 4] / (/6/ + v v 1-D 143n ’ 1432
2018 [2%] 2/6/5/13W+22W v/ v/ 2(m+1)+n 1 2m+1+m
N 1-D 2(n3+1)+ny 2(n3+1)+ny
Proposed 2/6/8/25+2 v v 1+ L (e tsp) Vo
Converter E(mi+ mptmy+ n3p)+2 1+ mptnsy+ nyp+3—D m1+ oty + mp+3—D

1-D

illustrates conversion ratio (voltage gain) of different CI-based
high step up topologies with that of the suggested topology
according to the relationships given in the fourth column of
Table 3, assuming ny; = n3; = nyy = n3, = 2 for converters of
[6-12, 14, 25]. However, the parameter #3 cannot be equal to 2
for the suggested converter in [13], designed to be 0.175 accord-
ing to [13]. It can be seen that the proposed converter produces
the highest voltage gains at all duty cycles (blue colour) com-
pared to [6—14, 21-25]. Interestingly, the high gains bigger than
20 can be achieved in duty cycles smaller than 0.5.

Moreover, another advantage of the suggested boost topol-
ogy can be found in Figure 7 in which the normalized voltage
stresses on active switches are compared; the suggested topol-
ogy imposes the lowest voltage stresses on the active switches
at all duty cycles (blue colour). It is noticeable that the not-
malized voltage stress of the active switches does not change
much with duty cycle variations. This is significantly benefi-
cial when using MOSFETs both with smaller on-resistances
and breaking voltages, enhancing efficiency as well as lowering
cost of the active power switches. Further, normalized maxi-
mum voltage stresses of output diodes for all available designs

are compared with that of the proposed converter (Dy) as illus-
trated by Figure 8. While the proposed converter shows neatly
fixed normalized voltage stress on output diode for all duty
cycles, posing considerably low stress that is smaller than those
of [0, 8—11, 13—14, 22-25]; it is bigger than those of [7] and [12]
though.

It is noticeable to mention two additional features: Continu-
ous input current and non-isolated common ground connection
(see Table 3). Continuous input current makes it ideal for clean
energy applications. Nevertheless, the input currents in the
recommended designs in [9-12, 14] are discontinuous. Com-
mon ground connection is a critical feature for a front-end
boost DC-DC topology that is connecting to a grid-connected
transformer less inverter.

Meanwhile, the suggested topology includes two switches
along with two Cls (in conjunction with resonant capacitots)
that is due to the interleaved configuration that reduces the
input current ripples considerably. The number of capacitors
and diodes are increased in the suggested topology in order to
get higher gains, lower voltage and current stresses on switches
and diodes as well as high efficiency.
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FIGURE 6 Voltage gains of CI- based boost topologies listed in Table 3
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FIGURE 7 Normalized voltage stresses of active power switches of
Cl-based boost topologies listed in Table 3
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FIGURE 8 Normalized voltage stresses of output diodes of Cl-based
boost topologies listed in Table 3

(b)

FIGURE 9 (a) Implemented power circuit, and (b) the presented
high-step-up converter’s experimental platform

In terms of cost comparison, it is important to note that usu-
ally in high-efficiency topologies, output diodes and switches
can make up a large portion of the converter price. Also, these
components are more sensitive to failure due to voltage spikes
and the life of the converter is highly dependent on these com-
ponents. Therefore, by carefully examining Figures 7 and 8, it is
obvious that we can use a lower cost power switch(s) and output
diode for the proposed converter.

6 | LABORATORY PROTOTYPE AND
EXPERIMENTS

The suggested interleaved boost topology (see Figure 1) was
implemented by developing a 400 W laboratory prototype to
verify the performance and theoretical analysis of the circuit.
Figure 9a—b illustrates pictures of the experimental setup, where
Table 4 shows the specifications of elements. The source volt-
age is 20 V, the load voltage is 410 V (voltage gain of 20.50), and
the switching frequency of the device is set at 50 kHz to lower
the size of the passive elements. Figure 10a—e illustrates experi-
mental waveforms of the implemented topology in CCM (time
scale is 5 s per division), showing both breaking voltages and
conducting currents across the diodes. The measured breaking
voltages on diodes ranges from 84 V to about 200 V. Since the
capacitor Cy is charged through diode Dy, Figure 10a illustrates
how the stored energy of inductances Z;,, and leakage 2, of
the Cl is transferred to capacitor C; via diode Dy (7).

Also, Figure 10f provides voltage and current of Z,,; and
Figure 10g describes primary of the first CI; voltages and cur-
rents of the primary, secondary and tertiary windings of the
second CI are shown by Figures 10h, 10i and Figure 10j, con-
tributing to the boosting process by exchanging energy between
their magnetic field and capacitors electrical fields. Current and
voltage of the active power switches (S; and S,) are shown in
Figure 10k,l. It can be seen that the highest voltage stress on
the power switch is 54 V, much smaller than the output voltage
(about13 percent). Hence, a low on-resistance MOSFET can be
used. Since part of the leakage inductance enetrgy is absorbed
by the clamping capacitor and the remaining energy appears as
a small spike on the switch, designing proper snubbers lowers
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FIGURE 10 Experimental results of the proposed topology; voltages and currents across diodes ((a) Dy, (b) D3, (c) Dy, (d) Ds, and (e) Dy), (f) voltage and
current of inductance 7,1, (g) primary voltage and current of the first Cl, voltage and current of the second CI ((h) primary, (i) secondary, and (j) tertiary) voltage

and current of active switches ((k) Sy and (I) S,), (m) input voltage and current, and (n) output voltage and current
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TABLE 4 Developed prototype circuit parameters

Parameters Description/value

Switches: HY3912 MOSFET,

N 6.3 mQ on-resistance

Diodes: Dy STPS40H100CW Schottky diode, 7z = 0.58 V

D,, D, Dy, Ds, Dg MBR20200CT Schottky diode, 1/ = 0.78 V

Magnetic coupled
Inductor 1 & 2

Turns ratio: 2 (IV;:IN, = 20:40)
2 (IN1:IN5 = 20:40)

Core: ETD 49/25/16

Ferrite core

Magnetizing inductance: 130uH
With PSTPST winding

Leakage inductance :1 pH

Inductors: 100 wH, 22 turns wrapped on double T131-52
iron powder core
Lits Linz
Capacitors:
Cy,Cy 10 uF, 250 V (MKT)
C, 6.8 uE, 250 V (MKT)
Cy 470 uF, 400 V
C,1,Cp, Cs, Cq 10 uF (MKT)
Switching frequency 50 KHz
Output power 400 W
Input voltage 20V
Nominal gain 20.5
98
=& Experimental
—&— Teoretical
Converter in [24]
97 ¢ —&— Converter in [25]
9%

Efficiency (%)
©
o

®

9aBr

9 . . . . . . .
50 100 150 200 250 300 350 400 450

Output Power (W)

FIGURE 11 The suggested converter’s efficiency curve for various load
circumstances

the spikes further on the switches or diodes. Input voltage and
current are shown in Figure 10m in comparison with those of
measured output voltage and current in Figure 10n. Experi-
mental outcomes confirm the analytical waveforms depicted in
Figure 3 according to the different modes of operation.

The suggested converter’s efficiency is evaluated at various
power levels, as illustrated in Figure 11. At half load, the max-
imum converter efficiency is around 94.51%, and at full load,

1 oM

SRR RN RN RN RN RN RN AR RN E RN RNE

NEEEIERNE (XTI

FIGURE 12  Output voltage and current in step load change

it is approximately 95.1%. Finally, based on the data presented
above, it is clear that the suggested converter is capable of
obtaining a high voltage gain without the requirement to work
at high duty values. Although the efficiency of the converter
suggested in [25] is slightly higher than the efficiency of the pro-
posed converter, its voltage gain is lower and the normalized
voltage stress is higher on its components.

Figure 12 shows the output voltage and current when the
output load changes from 100% to 50% of its nominal value
(i.e. from 400 to 200 W; as a step change). It can be seen from
Figure 12 that the output voltage is 410 V with an 8 V over-
shoot (totally about 418 V), where the output current changes
from about 1 to 0.5 A.

7 | CONCLUSION

This paper suggests a high step-up DC-DC converter with a
significantly high voltage conversion ratio. By using low size and
small resonance capacitors, we have an excellent soft switching
operation for the active power switches. Two three-windings CI
with voltage multiplier cells are used to achieve an ultra-high
voltage gain. The DC-DC topology is based on a two-phase
intetleaved architectute that includes one CI per phase, a voltage
boost capacitor Cy, and two voltage multiplier networks linked
throughout the secondary and tertiary windings. A laboratory
400 W prototype has been implemented to verify analytical
descriptions of the suggested design with those of experimental
outcomes, confirming the proposed converter operates with an
efficiency of 95.32% under full load condition. Significantly, this
DC-DC converter is capable of producing a voltage gain of 20.5
at a duty cycle of D = 0.5 and turn ratios #y = n3; = my = 113
= 2 for both ClIs. The current ripples amplitude at the input side
decreases considerably since the suggested topology employs an
interleaved structure with the ability of phase-shift between the
interleaved legs. Moreover, the MOSFETSs were only exposed
to voltage stress of about 13% of the output voltage, intro-
ducing low on-resistance low conduction losses for the two
switches.
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