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ABSTRACT Ecxisting high step-up DC-DC converters suffer from various issues, including limited voltage
gain, high voltage stress on semiconductors, and high current ripple. To solve these issues, a step-up converter
with ultrahigh gain (40x at 50% duty cycle for a turn ratio of 2) composed of two boosting stages, a three-
winding coupled inductor, a charge pump and a switched capacitor is presented. The other positive structural
properties of the proposed converter are the low current ripple of its input source, the low voltage stress on
its switches and most of the diodes, and the existence of a common ground between the input and output
sides. The circuit configuration of the proposed converter requires a smaller series inductor due to its ability
to achieve the same voltage gain as similar converters with a smaller duty cycle. Additionally, the proposed
converter exhibits a low input current ripple, further distinguishing it from similar converters. The coupled
inductor is placed in a way to effectively decreases voltage stress on the switches. The converter is compared
with the other high step-up converters from different viewpoints demonstrating its superiorities including
power density and cost-effectiveness. An experimental prototype, rated at 240 W with 20 V input voltage
and 400 V output voltage, is reported to validate the theoretical analysis, performance quality, and dynamic
response of the converter.

INDEX TERMS Three windings coupled inductor, two boosting stages, ultrahigh step-up converter, and low

input current ripple.

I. INTRODUCTION

Renewable sources such as solar PV and fuel cells gener-
ate power with low DC voltages typically and require high
voltage conversion for practical applications. Thus, many
high-gain step-up DC-DC converters have been reported [1],
21, 31, [4], [5], [6], [7], [8], [9], [10]. DC-DC converters can
be categorized as isolated or non-isolated. Isolated converters
employ high-frequency transformers that can achieve high
voltage gain through large turn ratios. However, this approach
can introduce specific challenges, such as significant leak-
age inductance, which can decrease efficiency and increase
switch voltage stress. As a result, non-isolated voltage boost-
ing topologies based on the conventional boost converter are
commonly utilized to increase the voltage level of renewable
energy sources (RES). These topologies offer advantages such

as simple design, cost-effectiveness, and absence of isolation.
However, they are not suitable for high-power applications
due to inherent limitations such as low voltage gains and
reverse recovery issues [2], [5], [11]. Certain boosting tech-
niques have been proposed in to address this challenge such
as cascading [3], [11], interleaving [12], coupled inductor,
switched capacitors and multiplier cells [8], [13], [14]. The
cascading method, although well-known and widely used,
limits power density and reduces efficiency due to an in-
crease in the number of semiconductors [11]. The interleaving
method needs to be combined with other boosting methods to
achieve ultrahigh voltage gain [13]. Two other usually used
techniques are switched capacitors and multiplier cells [14],
[15], [16]. When combined with other techniques, these meth-
ods contribute to ultrahigh step-up converters and are typically
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placed close to the output side. They double or triple the
voltage gain with minimal additional components, and this is
the reason for their acceptance. Coupled inductors (CI) can be
integrated with other methods such as switched inductors (SI)
to increase voltage gain [2], [8], [13], and [17]. CIs have the
advantage of isolating certain parts of the configurations and
reducing the number of magnetic cores by twisting multiple
coils on a single core [15], [16]. Based on the coupled inductor
(CI), these converters can be classified into two categories:
two-winding (2WCI) and three-winding (3WCI) configura-
tions. In the proposed converter, three-coil coupled inductors
(3WClIs) have increased voltage gain and offered a promising
solution. However, using high turn ratios in some converters
can increase leakage inductance and conduction loss [18].
Therefore, the correct use of Cls requires appropriate place-
ment in a way to take part in boosting voltage effectively, as
is obvious in [9] and the proposed converter. Moreover, the
location of CIs affects the voltage stress on semiconductors,
which must be considered during converter design. While
some converters have shown negative impacts of turns ratios
on maximum voltage stress in their diodes [1], [2], [4], [8],
[9], and [19], other converters, including the proposed one and
those in [1], [8], [9], and [19], demonstrate that increasing
the turns ratio of the CI reduces the stress on the switches.
The quadratic boost converter (QBC) and the cascaded two
boosting stages converters (CBC) can be used due to their high
voltage gain, which has a relation with a quadratic function
of the duty cycle [12], [19], and [20]. However, the voltage
stress on the power switch of the conventional QBC is equal to
the output voltage. Recently developed CBCs offer improved
features compared to the conventional QBC, including lower
voltage stress on the switches. This is achieved by utilizing
two switches with distributed voltage stress and appropriate
location of them [14]. Due to the other advantages of CBCs
and modified QBCs such as continuity of input current and
their common grounded structure, they have been used in
various studies [21], [22].

This paper presents an ultrahigh voltage gain converter
composed of two boosting stages, along with a switched
capacitor unified with a three-winding coupled inductor. In
addition to the positive structural points of CBCs, the voltage
stress on their switches is low, which is the reason of being
selected as the base of the proposed converter. The proposed
converter has achieved the following outcomes by employing
an appropriate number of components while existing convert-
ers do not possess all of these advantages simultaneously: 1
high voltage gain 2 Having a continuous input current with
low input current ripple 3 Low voltage stress on switches
4 Common ground structure 5 Enhanced power density and
reduced cost. A section is provided to validate these achieve-
ments through various comparisons with similar high-step-up
converters. The paper provides a comprehensive description
of the presented structure, operation states of the converter,
and its main equations analysis in Sections II, III, and IV, re-
spectively. Moreover, Sections V and VI present a comparison
with other high step-up converters and experimental results,
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First Boost Stage

Combination of SC and CI

FIGURE 1. Structure of the proposed converter.
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FIGURE 2. Key waveforms of the proposed converter.
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highlighting the converter’s advantages and its high-quality
performance in practical applications.

Il. STRUCTURE OF THE PROPOSED CONVERTER

Fig. 1 illustrates different sections of the proposed configu-
ration. The CI's windings are utilized instead of the second
boosting stage’s inductors and incorporated into the SC unit
(Fig. 1). This arrangement enables the achievement of higher
voltage gain and reduction of used components. Additionally,
the voltage gain of the converter can be regulated at higher
levels by the turns ratio of the coupled inductor, providing an
additional degree of freedom.

The first boosting stage is composed of L, Dy, S and C;.
The primary coil of the inductor, along with Cy, C,, S, Sy,
and D,, forms the second boosting stage, where C; plus Cs
acts as a source during its discharge. The charge pump con-
sists of Dy and C; as shown in Fig. 1. A switched capacitor,
consisting of C3, C4, D3, and D4, is combined with the second
and third windings of the CI. Figs. 2 and 3 illustrate the
key waveforms and equivalent circuits of the converter for its
operation states.

The proposed converter performs power transferring with
five operation states during a switching cycle. The two
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FIGURE 3. Switching states of the proposed converter. (a) First switching state [to-t;]. (b) Second switching state [t;-t,]. (c) Third switching state [t,-ts].

(d) Fourth switching state[ts-t,]. (e) Fifth switching state [t;-ts] in CCM.

switches (S; and S;) are used in a way to operate syn-
chronously that needs easy control and distributes voltage
stress on them. To analyze the converter, it is assumed that
all components except CI are ideal, the capacitances of the
capacitors are high and the converter performance occurs in
continuous conduction mode (CCM). The magnetic induc-
tance (L,,) and leakage inductance (L) of the CI are shown
with L,, and Lg in Fig. 1.

1Il. OPERATION STATES
According to the time divisions of a cycle in Fig. 3, this
section provides an explanation of the five states.

State 1 (ty-t{): In this state, the switches (S; and S;) are
turned on by similar PWM pulses (as shown in Fig. 2). In
addition, D3 and Dg are the only forward-biased diodes. The
input source energizes the inductor L through Sy, resulting in
a linear increase of the inductor current. As illustrated by the
current loops in (Fig. 3(a)), the coupled inductor is charging
during this state via C; and C,. Additionally, C3 is energized
through the loop that includes Cy, S;, D3, the primary and sec-
ondary windings of CI. Moreover, a portion of the discharged
power from C; and C4 supplies the load and energizes Co in
the other loop, which consists of Do, C1, C4, and the windings
of CL.

State 2 (ti-t3): Continuing from the previous state, the
switches (S and S,) remain turned on. In this configuration,
there is no conducting diode, and all the diodes are reverse-
biased. The inductor L and the primary winding of CI continue
to charge similarly to the first state, as shown in (Fig. 3(b)).
Additionally, the output capacitor (Cp) supplies the load with
its stored energy.

State 3 (ty-t3): In this state (Fig. 3(c)), the two power
switches (S; and Sy) and D4 are the conducting semiconduc-
tors. The status of L and the primary winding of CI remains
the same as the previous states, as they continue to receive
energy from the input source and C;. However, in contrast to
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the first state, C4 is charged by C;, C3, and the windings of
CI through the loop that includes D4, S, and S;. The output
capacitor (Cp) supports the load like the second state.

State 4 (t3-t4): At the beginning of this state ( t = t3),
the switches’ status is varied from on to off. The conduct-
ing diodes are D, and D4, which result in the formation of
two current loops (Fig. 3(d)). Unlike the previous states, L
discharges its stored energy and charges C; in the loop that
includes D, and the input source. Additionally, C; and C4 are
energized by the first winding of CI. Furthermore, C3 releases
its energy in the loop comprising D4, C4, Cy, and the windings
of CI. Similar to the previous state, Co continues to supply the
output.

State 5 (t4-ts): The diodes Dy, Dj, D3, and Dg are the
forward-biased semiconductors in state 5. The inductor L dis-
charges its stored energy into the three current loops including
C;-Dj, C2-D», and C3-D3, which causes the charging of the
capacitors by L along with the input source. the conduction
of Do establishes a current pathway to supply the load and
charge Cp using the input source, C4, and the two windings
of CI.

IV. ANALYSIS OF THE PROPOSED CONVERTER

The third and the fifth states have the most influence on
the converter performance due to their higher time intervals
during a switching cycle. By considering the assumptions
mentioned in the previous section and the equivalent circuits
of these two states, the following equations can be derived.

A. VOLTAGE GAIN

Equations (1) to (3) result from the third state (Fig. 3(c)),
which can be referred to as the "switch-on" state due to
its longer duration compared to the other states, where the
switches are turned on.

Vin="VL 6]
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Vim = Ver + Ve ()
(n3 +n2) Ve = Vea — Vo2 — Ves (3)

Similarly, the fifth state (Fig. 3(e)) can be considered as the
"switch-off" state to write (4) to (8).

VL =Vin — Veu 4)
Ver = Ve 4)
VL =Vin = Vo2 (6)
mVin = ~Ver = Vim = =€ ™
(L +n3) Ve = Ver + Vea — Vo (3)

By utilizing (1) to (8) and applying the volt-second balance
theory of the inductors, the following equations can be formu-
lated:

DVin) + (1 = D) (Vin = Ve2) =0 (€))

—Vi
D(VC1+VC2)+(1—D)< n2C3>=0 (10)

Simplifying (9) gives the voltages of C; and C; as:
Vi
1-D
From (10) and (11), it can be concluded:
n22DV;,
~a-py
Replacing (11) and (12) into (3), voltage of C4 is extracted:
_ Vin(1=D)@2n3 + 1)+ 2n3Vi
- (1-D)
Substituting (13), (11), and (8) into (7), the output voltage

and the voltage gain are obtained such as written in (14) and
(15).

(1)

Ver =Ver =

3 (12)

Vs (13)

(2 4 2n3 + 2n3)Viy,

Vo =Vco = 14
0o ="Vco 1_D) (14)
Vi 2+2 2
:_OZLT (15)
Vi (1-D)

According to (15), a quadratic function of the duty cycle

ﬁ appears in the voltage gain equation due to the use
of the two boosting stages. Additionally, the combination of
the coupled inductor and SC unit has significantly increased
the voltage gain by adding incremental coefficients to the
numerator of the equation. Assuming that the turns ratio of
the CI’s windings is equal to one (np = n3 = 1), the numerator
of (15) becomes 6, which is a noteworthy coefficient for the
gain of a step-up converter. Based on the results, the converter
achieves a voltage boost with a gain of 20 when n = 1 and
D = 0.458, or when n = 2 and D = 0.3. This voltage gain
analysis confirms the converter’s ability to achieve extremely
high gains at low-duty cycles.
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B. VOLTAGE STRESS OF THE COMPONENTS

The selection of appropriate components is dependent on the
evaluation of voltage stress. One advantageous aspect is the
inverse relationship between the stress on switches and the
turns ratio of the coupled inductor (CI). The voltage stress on
capacitors can be determined by substituting (15) into (11),
(12), (13), and (14). This makes the possibility of the voltage
stress calculation for all capacitors. Furthermore, the voltage
stress of the semiconductors is determined by their turn-off
state. Using Fig. 3 and equations of Section IV, the voltage
stress of the components related to Vo can be extracted as
(16) to (22).

(1—=D)Vp
Vsi=Ver= ———— 16
S1 ©2 24 2ny + 2n3 (16)
(2D (n3 — ) + (1 + D))Vo
Voo = (17)
24 2ny + 2n3
Vi (I-D)Vo
Pr=YCY T TTD T 2 2mp + 2n (18)
Vin (1 _D)VO
=Y =T TD T 25 am + 2ns (19)
(2nz3 — 1) (1 = D)+ 2n2)Vp
Vpz = Vg — 2Ven = 20
D3 c4 c2 3+ 2 1 23 (20)
2nz +2n + 1)Viy,
Viu =Vy = 21
ps =Vo 1_DP (2D
Voo =Vo — V3 — Vima = Vo — Vies — 2V¢t
2 1—-D 2 2D)V,
_ ((2n2) ( ) +2n3 +2D)Vo 22)

2+ 2ny + 2n3

C. DESIGN CONSIDERATION OF COMPONENTS

There are two main approaches for designing inductors in
DC-DC converters. The first approach is regulating the induc-
tance to limit the current ripples on specific values to achieve
higher quality, and the second one is to ensure minimum in-
ductance to enable CCM operation. The suggested converter is
compared to other converters using the minimum inductance
approach, and the first method is chosen for designing and
constructing the converter in the experimental setting. The
following formula demonstrates the minimum inductance of
the inductors in the worst condition guarantees operation in
CCM. Hence, equations of L, for the inductors are extracted
in from the converter analysis as (23) to (24).

V4
Lmin = %R (23)
201 _ J4\2
d~(1—d) 24)

LN—min > —————
len_6f(1+d)

The components are designed for the nominal operation
point with properties as: Vi, = 20 V, Ij, = 12.5 A, Po =
240 W, Vo =400 V,n =1, Rp =670 2,d; =dp, =d =
0.458, and f = 50 kHz. As described, the minimum inductance
can be checked for the worst condition and CCM in different
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modes. The Ly, of the inductors for the nominal point and
desired output power range as 50 W< Pp < 200 W should
be Lmin > 20 wH and Ly,—min > 140 wH (the curves of Lyins
using (23) and (24) are checked to find the required largest
inductances for CCM). A 188 wH coupled inductor (L,,) is
prepared for the experiments that granites operation in CCM
and low current ripple in the nominal condition. The size of
the inductor series with the input source (L) has been selected
for the prototype in a way to limit the input current ripple at
nominal power and output voltage. Using the (25), the results
will show that the size of the inductor must be larger than
39 uH to keep current ripple lower or equal to 30% at the
nominal power (a 100 wH inductor was chosen during the
experiments).

d(1 —d)*
LRipple—30% = 0.3><—f><36R = LRipple—30% > 39 nH
(25)

The capacitors should be designed with considering maxi-
mum voltage drop and voltage stress. The following equations
are extracted to calculate capacity of Cy, Co, C3, C4 and Co.

24+d)V,
¢ > _@+d)Vo (26)
(1 —=d)AVerfsR
3V,
G>— 20 7)
(1 —d) AVea fsR
Vo
CG>—2 (28)
P = AVesfiR
Vo
Cyp > ——— 29
' AVea fsR 29)
dV,
9 (30)

Coz-—~—%
AVeofsR

Utilizing (26) to (30), the size of the capacitors are cal-
culated for nominal output power, AU—ZC =0.01, and V, =
400 V. Thus, Cq, C;, C3, C4, and Co must be larger than
35 uF 37 uF, 13 uF, 13 uF and 6 pF. respectively. Due
to component limitations, capacitors with higher capacitances
respecting lower ESRs (equivalent series resistance) were
used in the prototype. Furthermore, the selected capacitors
must withstand maximum voltage stress calculable by (11) to
(14), which was considered in the design procedure.

Selection of the semiconductors has relations with voltage
stress and current stress. Using (16) to (22) for the nominal
condition, Maximum voltage stress on S, Sy are 36.9 and
99.2 and for the diodes Dy, D,, D3, D4 and Dg is 36.9,
36.9, 173.06, 408.49, and 272.32 V, respectively. The calcu-
lations and datasheets of the selected MOSFET and diodes
in Table III can demonstrate the suitability of the used semi-
conductors in the prototype (Although the selected MOSFET
can carry higher currents, the other properties like the lower
drain-source resistance, nominal voltage, and quality of the
available MOSFET were preferred in the selections). Similar
to the procedure used for the switch, the other quality factors
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like the forward voltage of the diodes and their internal resis-
tance were considered during choosing them.

D. POWER LOSS ANALYSIS

The power loss analysis is performed in this section. The
calculations are done for Vi, = 20 V, I;;, = 12.5, P, = 240
W,V,=400V,R, =670 Q2,d; =d, =d =0.458 and f = 50
kHz. The other information like t;;, Vgp, Tr, Tf, Rp, Rps are
extracted from datasheets of the components. Diodes losses
include forward voltage loss (Pyrp), reverse recovery loss
(Pyp), and conduction loss (P.p). The following equations
can be used to calculate these losses.

5
Pyrp = Z VEDpilpi—ave 31)
i=1
5
Pp = Z rDilgi_RMs (32)

i=1
where Vrp and rp are the forward voltage and resistance of
the diode, respectively. The diodes’ average current, Irvs, and
voltage can be extracted from the circuit analysis. Reverse
recovery loss (P,,p) is the last part of the diodes losses that
can be calculated by (33).

5
F,
Pyp = ;Vm X Ipiave X trr X % (33)
Fgsw and ¢, are the switching frequency, and the diodes
reverse recovery time. The total loss of the diodes can be
calculated by:

Pp=Pyrp+ P+ Pyp (34)

According to the data from the datasheets and the results
extracted from the converter analysis, the diodes losses are
calculated, and the total loss of the diodes is 5.42W.

The inductor losses include core loss (P.,.), DC conduc-
tion loss (P;.z) and AC conduction loss (P,.;) that can be
calculated by the equations given in (35) to (38) and the
current analysis results.

PL=Pcore+Pch +PacL (35)
2
Peore = Z foByvei (36)
i=1
4
Pyer = ZIRMSiszci (37)
i=1
4
PacL = ZIRMSi2Raci (33)
i=1

where R;.; and R, are the dc and ac resistances of the in-
ductors, respectively. K, x, y are constant values that depend
on the material properties of the core and its type. Using the
equations, data of the cores, and current analysis, the total loss
of the inductors can be calculated as equal to 4.457 W.
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Total Loss of Components

Switch
26%

# Inductor ®Capacitor ®Switch = Diode

FIGURE 4. Power loss distribution on the components per V;, =20V,
V, =400V, and P, = 240 W.

The resistance of the capacitors (R;) causes conduction loss
(Pcap) and can be calculated by (39).

4

2
Peap = ZRCJC,RMS
i=1

(39)

Using the data and current analysis, the total loss of the
capacitors for the converter is obtained as 0.99W.

The switch imposes conduction loss (P.,,) and switching
loss to the converter. The switching loss is divided into turn
on loss (P,,) and turn off loss(P,y) which can be calculated
by (40).

Ir1 +151
2

fsw (40)

Pon,ofr—s = Vsilsi

In addition, the conduction loss of the switch can be ob-
tained using (41):

Peon = (Irms1)*Rpsi 4D
where Peon, Pou, off» Rps, fsw, tr and ty are conduction loss,
switching loss, resistance of MOSFET, switching frequency,
rise time, and fall time, respectively. Using datasheets of the
switch and the analysis of the converter, the total loss of the
switch is 4.14 W.

Based on the above calculations, the component’s power
loss distribution is shown in Fig. 4. According to the results,
the diodes impose the highest percentage of power loss into
the converter, especially D; and D,. The power loss of for-
ward voltage in the diodes has impressive values, which can
be reduced by replacing the diodes with the more qualified
ones. According to the loss distribution percentages, the con-
duction loss in the switches and the inductors imposes the
highest losses and the maximum loss percentage in the diodes
belongs to the forward voltage loss. Therefore, utilizing com-
ponents with higher quality can be more effective than the
soft-switching methods.
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E. SMALL SIGNAL ANALYSIS

The proposed converter has five capacitors, one inductors,
and one coupled inductor (CI). Therefore, the total number
of state variables is eight, as shown in below. In addition, the
introduced input and output matrixes are visible in (42).

X1 3

X2 Irni
X3 I
X4 I3

X=|xs5|=>| Vel |,
X6 Veo
X7 Ves
X8 Vea
| X9 | | Voo |

U= [Vin] , Y =1[V,] (42)

According to the perturbation theory, the small signal
model of the converter can be obtained. Generally, this model
consists of two transfer functions (TFs), namely, Gy, (out-
put voltage to input voltage TF), and Gyq (output voltage to
duty cycle TF). From the perturbation theory and small signal
model, state space models of the converter are:

d N
E}? =AL+Bii+ (A —A2)X + (B —B2) Viy)d
y=Ci + Di 43)

In which: A = dA; + (1-d)Az, B=dB; + (1-d) B2, C =
dC; + (1-d)C; and D =dDj + (1-d)D,. where Ay, By, C; and
D are the state equation matrices when the converter switches
are on for 0<t<DT and, Ay, B>, C; and D, are those when the
converter switches are off for the time period of DT<t<T. In
order to find Gyq, the perturbation on the input (Vj,) has to

be zero, i.e., din = 0 or Gu(s) = 3”((:)) im0 (the input

Vin

voltage is kept constant), therefore:

d R
Ei =Af+ (A1 —A2) X + (B — B2) Vi) d

y=CX +{(CI—C)X + (D —D)U}d  (44)
where X and Vj, are the DC values of the states and
the input voltage, respectively. Furthermore, the matrixes
(A; —A2)X + (By — B2)Vip and (C; — )X + (D1 — D)U
can be defined as B’and D', respectively. Similarly, in order to
find Gy, the perturbation on the duty cycle (d) has to be zero,

ie,d=0o0r Gugl(s) = ﬁ:f:((i)) dmiy =0 (the duty is constant),
so:

d
E)? = AX + Bil, andy = CX + Dii 45)

The final step is to obtain the corresponding TFs from the
state equations which is straightforward. A, By, Cy, Az, B,
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and C; can be calculated as: In the next step the control-to-output (G,;(s)) and the line-
_ _ to-output (G,g(s)) transfer functions can be obtained (using
660 0 0 0 0 00 0 Gug=C(SI —A)"'B+D, Gyg = C(SI —A)"'B'+ D' and
0 O 0 0 ﬁ ﬁ 00 O properties of the converter) (50) and (51) shown at the bottom
o 0 o o - L oo o of this page:
0 0 0 0 Lll*’ 2 Lll" 2 00 0 Utilizing bode plots of the calculated TFs, the compensator
Lys  Lys is designed to regulate phase margin (Pm) in the range of 40 °
A =|0 —Cil 6 0 0 0 00 O (46)  to 80°. The obtained compensator considering the properties
o -L o L o0 0 00 o0 is given here:
G G
0o 0 X 0o 0 0 00 O i ,
a7 6 =30 (1+5%)(1+ ) 5
6 0 0 -z 0 0 0O O c=—X 1 5 1 B (52)
¢ | s (14 gom) (1+ 7500)
0 0 0 0O 0 00 — R,

._
|

Fig. 5(a) and (b) illustrate bode diagrams of the open loop
functions (Gyg and Gyq) and the closed loop TFs (T = G.Gyq
and Gyg/1 + T). The results indicate suitable effects on T and
Gyg/1 + T functions based on the Pm values of the closed loop
functions set at 65 and 60. Also, the magnitudes of the con-
trolled variables in Fig. 5(a) and (b) depict their appropriate
gain margins (Gm). The magnitudes in switching frequency
of 50 kHz show suitable values to reduce variations and noises
for the case with the controller (they have negative values
<-70dB, which decreases the effect of changing parameters).
Bode diagrams confirm the stability of the converter, which is
verified by the experiments.

Ci=[0 0000000 1], and D;=0

=
|
cCocoocoo oo o

(47)

=

V. COMPARISON WITH OTHER CONVERTERS
In this section, quantitative and qualitative comparisons re-
lated to the converters’ configurations and their performances
are provided to verify the merits and drawbacks of the pro-
posed converter. Table I provides detailed information on the
factors considered for the compared converters. It should be
noted that increasing the voltage conversion ratio generally
requires a greater number of components, as seen in high step-
L up converters. Despite achieving a higher voltage gain, the

(48) proposed converter utilizes the same number of components
as the converters mentioned in [7], [8], [9], [23], [25]. On the
other hand, the converters discussed in [1], [2], [3], [4], [5],
[6], [24] have fewer components (along with lower voltage
gain), while the converter in [10] has a higher number of
components. It is noteworthy that all the compared converters
include a coupled inductor (CI), and they can boost voltage
with higher gain by either increasing the turns ratio (n) of the
coupling inductors or by raising the duty cycle.

To evaluate the voltage-gain of the converters, it is prefer-
able to compare them at an equal turns ratio. Thus, voltage

o O o O
oS o o O

_ 1 1
Ay= C1+C C1+C
1 1

Ci+C6 i +G

S O O O O O O
S O O O O O O O

o of~ o o o o o o
o-

S O O O o O o o <o
S O O O O O O O
SO O O O O O o o O

()

By C2 =Cl andD2= 0 (49)

Il
cCoococo oo o~

Gya=
(1.627¢04s*) — (1.499¢09s") +(1.151e125°) — (9.537¢155°) +(2.375¢185*) 4 (1.576065°) — (6.169¢10s) — (0.02727 5)+(9.805¢ — 13)

(5°)+(3.259¢—07s%) +(5.263¢0757) + (17.15s6) + (1.459¢14s%) + (4.756€07s*) — (4.168¢04s%) — (0.01359s2) + (2.396¢ — 15 5)
(50)

Guo=

(—1.277e145%)— (8.406e— 13s5*)+(7.694e — 125 ) +(6.277¢—365%)+(1.051e— 53 5)+(3.793e —77)

51
(°)+(3.259% — 075%)+(5.263¢0757)+ (17.1555) + (1.459¢ 1455+ (4.756€07s*) — (4.168¢04s3) — (0.01359s2) + (2.396¢ — 155) Gb
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1+7 Which is named closed loop G, on the figure) (b) open loop function Gy4 and
closed loop function (T = G.G,ywhich is named closed loop G4 on the figure).

TABLE 1. Comparison of the Proposed Converter With the Presented Ones
(Inductor), T = Total Device Count, 3w (3-Windings ClI), 2w (2-Windings Cl),

in the References. S (Switch), D (Diode), C (Capacitor), Cl (Coupled Inductor), L
T-R = Turns Ratio, L.I.S.P.C.R.W = Input Inductor Size With 30 Percent Current

Ripple in the Worst Condition, Eff = Efficiency

Ref Number of the | Voltage voltage stress of the main (LLS.P.C.R.W) Eff
used Gain(M) voltage stress of Switch(s) Switch voltage stress of Diodes (nH) (At nominal
components vy (Vsmax) Q&Vp) power-)
(S/D/C/CL/L/T) %
] 1/5/4/12%/1/12 2+n Vo Vo 2V, 136.5(Medium) 92.5(80W)
(1-D)? 2+n) 2+n)
12] 1/5/5/2V/0/13 1+n Vo Vo 2V, 242.7(High) 93(100W)
(1-D)? (1+n) (1+n)
[31 1/6/5/12%/1/12 2+n+Dn Vo Vo (4n+4)V, 114.3(Medium) 94.6(150w)
(1-D)? (2+n+Dn) (2+n+Dn) (2+n+Dn)
[4] 2/4/4/12V/1/12 1+D+2n(1-D) 2V, 1+ D)V, 4+ 2n)V, 116.8(Medium) 94(200w)
(1-D)? (1+D +2n(1 - D)) (1+D +2n(1 - D)) (1+D +2n(1 - D))
151 2/4/3/13%/2/12 2+n 2V, Vo @+ 2n)V, 246.9(High) 94.7(3000w)
(a-D) 2+n) 2+n) 2+n)
161 2/4/4/22%/0/12 T+n+D 2-D)V, Vo @+ 2n—-D)V, 214.6(High) 94.4(400w)
(1-D)? (1+n+D) (1+n+D) (1+n+D)
171 1/6/5/13%/1/14 1+n,+ng Vo Vo (3 + 2n, + 2n3)V, 87.4(Medium) 95.94(1014w)
(1-D)? (1+n, +n3) (1+n, +ny) (1+n,+n,)
18] 2/5/5/12V/1/14 2n+1+D 2V, T+ D)V, (4—2D + 4n)V, 81(Medium) 94.3(280w)
(1-D)? 2n+1+D 2n+1+D 2n+1+D
19] 2/5/5/12V /1/14 3+2n—-D(3+n-D) 2-DyV, Vo @2nZ—D) + (5-3D)V, 62.5(Low) 93.3(150W)
(1—-D)? 3+2n—D(B3+n-D) 3+2n—D(3+n-D) 3+2n—D(3+n-D)
[10] 2/6/5/37V/0/16 2N+ D) +n 2V, Vo (8N + 4n + 6)V, 61.7(Low) 96.9
(1-D) 2IN+ D +n 2(IN+1D)+n 2IN+ D +n
123] 2/5/5/1°% /1714 2+3n—2D 2V, Vo 4 +5n)V, 90(Medium) 95.2(250W)
(1-D)? 2 iy 3o = 721D 2+3n—-2D 2+3n—-2D
124] 2/4/4/13V /1712 3+2n—-D(1+n) 2-D)V, V, (7 +2(2n —nD — 2D))V, 150(Medium) 96.1(200W)
(1-D)? 3+2n—-D(1+n) 3+2n—D(1+n) 3+2n—D(1+n)
125] 2/5/4/13V 12/14 (1+2nD —nD? + D — D?) (2—D +nD —nD?)V, (1 +nD)V, (4 + 2n—3d — nD?)V, 267(High) 94.8(263W)
(1-D)* 1+2nD —nD?+D —D? 1+ 2nD —nD?+ D — D? 1+ 2nD —nD?+ D — D?
Proposed 2/5/5/13%/1/14 2+ 2n, +2ny (2D(n3 — n,) + 2)V, (2D(n3 —n,) + (L + D))V, ((n3 +ny)(6 —2D) + 3+ D)V, 21.8(Low) 94.4(240W)
(1-D)? (2 + 2n, + 2ny) (2 + 2n, + 2ny) (2 +2n, + 2ny)

gain curves for n = 2, based on the equations provided in
Table I, are plotted in Fig. 6(a).

Since the converters feature either one or two switches,
a fair comparison requires considering the sum of the nor-
malized voltage stress and the normalized maximum voltage
stress on the switches (Fig. 6(b) and (c)). Fig. 6(b) indicates
that the normalized values of X Vg in the proposed converter
are lower than that of the converters in [1], [2], [4], [5], [6],
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[8], [9], [10], [23], [24], [25], while it is equal to that of the
converter in [7]. Additionally, the converters in [3], [7], and
the proposed converter demonstrate similar values for the sum
of normalized voltage stress approximately.

Furthermore, Fig. 6(c) specifies that the voltage stress of
the main switch in the proposed converter is lower than all
converters presented in Table I except the converter in [10],
[23]. It should be noted that the superiority of the converter
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in [10], [23] is not significant when compared to the proposed
converter. Moreover, the converter in [10] has a low voltage
gain and experiences high voltage stress on its diodes. Also
the converter in [23] has lower voltage gain, higher input cur-
rent ripple, and higher normalized energy of the main inductor
compared to the proposed converter.

As shown in Fig. 6(d), the sum of the normalized voltage
stress of the diodes in the proposed converter is lower than
the converters in [3], [4], [5], [10]. Although the proposed
converter experiences higher voltage stress on its diodes com-
pared to the converters in [1], [2], [6], [7], [8], [9], [24], [25],
it exhibits lower voltage stress on its switches. Additionally,
the proposed converter requires a smaller inductor in series
with the input source and achieves a higher voltage gain.
The main reason of the requiring smaller inductor is higher
gain of the proposed converter. In the same voltage gain, the
converter operates with lower duty cycle that causes obtain-
ing lower inductance values for the converter. It has to be
noticed, the calculations can be validated for the conditions
close to the renewable sources features and properties, where
the output voltage is regulated and the input voltage may vary
during power production by the sources. The size of inductors
significantly influences the volume and efficiency of DC-DC
converters, particularly the inductor that is in series with the
input source due to the high magnitude current involved in the
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input side of high step-up converters. Consequently, the in-
ductance of the input inductor for 30 percent current ripple is
compared with other converters in Fig. 6(e). The inductances
are calculated under specific condition with equal frequency
(50 kHz), load resistance (400 2), and turns ratio (2). The
results indicate that even under the worst condition where the
inductor requires the largest inductance, the proposed con-
verter necessitates the smallest L. Furthermore, the energy
stored of L in the proposed converter exhibits low values
across various gains, indicating that the inductor requires a
small-sized core or a small area product (Ap) for the core.
The parameter Ap and energy are directly related in the design
equations, and they have been compared for the main induc-
tors of the converters in Fig. 6(f). The plotted curves depict the
inductor’s energy (per unit) versus different gains under the
worst operating conditions. Although the proposed converter
has higher inductor energy compared to the converters in [6],
[10], it features a smaller inductor size for a 30 percent current
ripple. In comparison to the other converters, the proposed
converter holds an advantage from this perspective.

Finally, the proposed converter has been compared with the
converters in [7], [8], [9], [23] and [25] from the points of
view of volume, cost, and power density, which all contain
14 elements in their structures. For a fair comparison, the
components of the converters are redesigned for the same
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TABLE 2. Comparison of Cost, Volume and Power Density of the
References With 14 Components

Volume | Power Density Cost
proposed 139.9cm? 178 2 $16.538
converter T om3

converter [7] | 150.05cm? 1662 $22.474
" cmd

converter [8] | 144.95cm? 172 Y $18.91
T om?

converter [9] | 141.63cm? 176 2 $18.975
" cm?

converter [23] | 145.14cm? 172 2 $18.44
T em?

converter [25] | 143.17cm? 174 2 $27.88
T ocm?

FIGURE 7. Prototype of the proposed converter.

conditions, including the following values: Vi, = 20 V, Vo
= 400 V, switching frequency = 50 kHz, n = 1, and 100 W
< Pp < 300 W. According to the results listed in Table II,
the superiority of the proposed converter can be seen due
to its lower volume, lower price, and higher power density
compared to the other three converters. It has to be noticed,
that the proposed converter presents more improved properties
in comparison to the converters in [7], [8], [9], [23], [25] as
discussed above.

VI. EXPERIMENTAL RESULTS

To validate the performance and theoretical analysis of the
proposed converter, a 240 W prototype has been constructed,
as illustrated in Fig. 7. Table III provides the properties and
details of the components used in the prototype. The voltage
stress on the power switches and diodes is calculated using
(16) to (22). The calculation results with consideration of
the semiconductors’ current in nominal power are utilized to
choose them. Fig. 8 illustrates the experimental results per D
= (0.458 and input voltage equals 20 V. The output voltage,
output power, and turns ratio (n) are 400 V, 240 W, and 1,
respectively. The waveforms in Fig. 8 depict the voltages and
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TABLE 3. Used Components in the Prototype

PARAMETERS Value
Input and Output Voltage 20V-400V
Output power 240W
inductor (L) 100puH

turn ratio of the coupled inductor | 1
(ns =N3/N; n=N,/N 1)

magnetic inductance of the | 188uH

coupled inductor (L)

leakage inductance of the coupled | 0.9 uH

inductor (Lk)

Cy, C;, C3,Cyand Co 100pF, 100pF, 120uF, 150pF and
220uF

Switching Frequency 50kHz

MOSFETs S; and S, IRF064N and IXTK90N15

Dy, D,, D3, D, and Do FEP30BP, FEP30BP, F30UP20DN,

MMG60F060PC, SBR10U300CT
6709

Resistive load

currents of the components and the dynamic responses of the
converter during changes. By utilizing the analysis (16), (17),
(22), and (14), the calculated voltage stress on S| and Sy, the
output diode, and the output capacitor should be 36.9, 99.26,
272.32, and 408.49V, respectively. Fig. 8(a) shows that the
voltage stress on S1, Sz, Do, and Co is equal to 39.5, 102, 269,
and 400V, respectively. Therefore, the experimental results
demonstrate low voltage stress on the switches, where their
values are 1/8 and 1/4 of V. According to the calculations,
the voltage stress values corresponding to Cy, C;, C3, C4, Dy,
D5, D3, and D4 should be 36.90, 36.90, 62.36, 246.89, 36.90,
36.90, 173.06 and 408.49V. The experimental results confirm
that the voltages in Fig. 8(b) and (c) closely match those
calculated, i.e., 38, 38, 62, 243, 36, 38, 174 and 399V. These
results cooperated in selecting suitable diodes and MOSFETs,
as detailed in Table III. Based on the analysis, the output
voltage should be 408.49 for D = 0.458 and n = 1 which
is in good accordance with the result in Fig. 8(d). As can
be seen, the current ripple of the input inductor is a little
higher than 30% which proves possibility of achieving low
current ripple with a small inductor. To investigate the quality
performance of the converter, dynamic and transient responses
were examined during sudden changes in input voltage and
output power. Fig. 8(e) illustrates the variation of input volt-
age from 20 V to 32 V and reverse, validating the dynamic
response of the converter. Additionally, Fig. 8(f) shows the
variation of output power from 120 W to 200 W and then
back to 120 W. Based on the results, it is evident that the
controller effectively regulates the output voltage during these
significant changes. The observed results confirm the stability
and good dynamic performance of the converter, indicating its
capability to handle variable conditions.

VOLUME 5, 2024



Pds IEEE Open Journal of
4k Power Electronics
GUINSTEK 1ok pts  10amsars [ GUINSTEK 1ok pte  z00msars [ GUINSTEK 1000 pts  2awsors [ e )
] ~ 25 Vidiv |
vco 500 V/div VDI S0V Vel /div
VDO 200 V/div | {
| ve2 25Vidiv |
] VD2 50 V/div | —
VDS1 50 Vidiv | ves SOVidiv_
mmm’_\_}i D3 250 V/div ved 100 Vidiv |
& ®
2 J/ @ ]
==VDS2__ & - - e 4 ® Vs 500 V/div - ]
| il el Euiminls |
(£ IeT— @ @
& ® = S0 = 100 20us @ 0.008 ) O v ™ { @~ %0 0§ 00 26us_ (@ 0.000s ) ) c ® = W 0§ = 100) 20 @B.008s) © / 60 )
©F-Fk 3950 OFTr 1020 ] [ CL=rsun (=T | Giioan 62,60 o 0 ]
(a (b) ()
GWINSTEK. 18N pts 258MSas. Vf\ - GWINSTEK 18k pts. GRINSTEK 18k pts. 1kSass. Vﬁ -
Vin 50 V/div
Vout =395V 500 V/div
Vout =395V s == 250 V/div i i
Iin 5 A/div - o i |
oo oo i HE
P oMinEnv : i f
Vin=20V PR Lo Vin=20V ; !
Vout 250 V/div e M Vo po=100w
[ il 25 V/div Po=95W | 500 mA/div
i |y
® | { - i 1
(- e @ @) @ @
( ® =z )(28us @ 8.608s ) ( ) 1= o.668s ) ( )(_ts_m 6.068s )
Gioun ] | l
(d) (e) ®
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of the proposed converter during sudden variations of the load.
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FIGURE 9. Comparison of experimental efficiency between the proposed
converter and the others per different output power.

The converter efficiency per the different output power
(100W < P, < 300 W) is compared with the references in
Fig. 9. To ensure a fair comparison, the efficiency of the
proposed converter was plotted for input voltages of both
20 and 30 volts. As it can be seen, the proposed converter
operates with high efficiency like the converters in [10] and
[25], especially in output power higher than 200 W and Vi,
= 30 for the proposed converter. It has to be noticed, the
input voltage of [10] is higher than the proposed converter,
which causes higher efficiency. Also, the voltage gain of the
proposed converter has the highest values in the compared
plots and its efficiency would be higher than most of them at
the voltage gains like the compared references or lower than
20. The efficiency of the proposed converter ranges from 92%
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to 95.7% for power levels between 100 W and 300 W for
different input voltages (20 V and 30 V), which is 94.4% at
the nominal power of 240 W and rated input voltage of 20 V,
confirming the high-efficiency performance of the proposed
converter.

VII. CONCLUSION

This paper presents a step-up converter with ultrahigh voltage
gain. As compared with existing converter topologies, the
proposed converter has across the board low input current
ripple and low voltage stress. It also uses a smaller input
inductor and achieves a higher power density than the rele-
vant topologies compared. To validate of the analysis of the
proposed converter, experiments were conducted at a voltage
gain of 20, while maintaining an efficiency of 94.4% at the
nominal output power. The analysis and experimental results
prove that the voltage stress on the switches is 0.125Vg and
0.25Vo, confirming the appropriate design of the converter
in this aspect. The dynamic responses of the converter during
the sudden changes ensure its high-quality performance under
unpredictable conditions.
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