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This paper proposes a non-isolated quadratic high-step-up DC-DC converter. A coupled inductor and

a switched capacitor cell are implemented in its structure to increase voltage gain. Balancing the
capacitor and the coupled inductor plays the role of the resonant tank, which solves the problem of
reverse recovery losses of its diodes. In this structure, soft switching conditions are established for
some diodes and MOSFET, which reduces the switching losses of the converter. With a low number of
components, the proposed converter achieves a high voltage gain. The diode-capacitor clamp circuit is
utilized to reduce the negative effects caused by the leakage inductance and recover the energy stored
in it. The performance of the proposed converter is analyzed in the continuous and discontinuous
conduction modes. An analysis of design considerations, including inductors and capacitors, is
presented. In addition, an analysis of the efficiency of the proposed topology is provided. The
proposed topology is compared in terms of voltage gain, voltage/current stress across semiconductor
components, and converter efficiency with related topologies. Finally, a 210 W (20 V/420 V) laboratory
prototype is presented to verify the proposed converter's mathematical analysis and performance.

The issue of energy conversion has been one of the main challenges in the last decade, and engineers are always
looking for new ways to provide the required energy. The most important sources are fossil fuels and renewable
energy sources. Unlike renewable energy sources, fossil fuels are limited and produce much pollution!. As the
output voltage of renewable energy systems is limited, power electronic converters are needed to provide high
voltage gain. In the design of these converters, the output voltage gain, the voltage stress across the semiconductor
elements, the number of elements, and the efficiency are considered®=. In order to increase the output voltage
gain, a switched capacitor cell and a coupled inductor can be used. In these types of converters, the capacitors
of switched capacitor cells are charged in parallel and discharged in series, which increases the voltage gain
of the converter. Of course, in this case, the coupled inductor can be used in the mentioned cell structure to
improve the diode reverse recovery problem®”. Also, the coupled inductor gives the converter higher degrees of
freedom to increase output voltage gain and reduce voltage stress across the semiconductor elements®. In®!}, a
transformer has been used as an isolation technique in those structures. The presence of voltage spikes across
semiconductor elements is the main disadvantage of these converters, which is caused by the leakage inductance
of the transformer. The number of components used in the structure of the converter is another significant issue
for DC-DC converters. The presence of a substantial quantity of components increases the circuit's volume and
the construction cost. In addition, each of the elements also includes losses!2.

In'>, two symmetrical switched capacitor cells are implemented in order to increase the output voltage
gain. In addition, a passive clamp circuit was used to recover the leakage energy and improve the voltage spike
across the switch. In'®, a SEPIC DC-DC converter is presented. The structure of this converter includes voltage
multiplier cells to increase the output voltage gain. Besides, the passive clamp structure has been used to recover
the leakage energy of the coupled inductor. High diode counts and hard switching conditions have reduced
converter efficiency.

In'®17, a diode-capacitor cell and two coupled inductors have been used to increase the output voltage gain.
Also, in order to have soft switching conditions, the snubber capacitor is placed parallel to the main power
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switches. A large number of switches and the presence of a snubber capacitor and two coupled inductors increase
the size of the structure of these converters. The DC-DC converter suggested in'® is based on the conventional
boost converter. A switched capacitor cell has been used to increase its voltage gain in this structure; however,
it has a low voltage gain. One of the methods to improve the efficiency is the quasi-resonant operation, which is
utilized by the converters presented in'*?°. Also, two passive clamp circuits are used in their structure. In?!-%4,
the voltage lift technique was utilized to increase voltage gain. In this technique, energy storage elements such
as capacitors and inductors are implemented in order to increase the output voltage gain and overcome the
parasitic effects of the components. In*>-%’, the input source and the output terminal do not have a common
ground. This method makes these converters unsuitable for PV applications. In some converters, a three-coil
coupled inductor has been used to increase the output voltage gain, which has a sizeable magnetic core?’~?. In
the interleaved DC-DC converter presented in?’, two pairs of three-coil inductors and a voltage multiplier cell
are utilized to increase the output voltage gain in a cascade structure. Despite the hard switching conditions,
the large number of semiconductor elements in this converter has caused an increase in losses and, as a result, a
decrease in the converter efficiency.

In this paper, a non-isolated high-step-up DC-DC converter is presented. In order to increase the voltage
gain, a coupled inductor and the switched capacitor cell are used in its structure. Due to the presence of the
clamp circuit, there is a low voltage stress across the semiconductor components, which increases efficiency
and reduces construction costs. The clamp circuit in the proposed structure recovers the leakage energy of the
coupled inductor and increases the voltage gain. Additionally, soft switching conditions are established, and
the current waveforms flowing through some diodes and MOSFETSs are quasi-resonant, which leads to reduced
switching losses.

Proposed converter operation principles

Figure 1 shows the structure of the suggested converter. In order to increase the output voltage gain, the coupled
inductor and the switched capacitor technique are used. This structure contains two power switches (S, S,), an
inductor (Ll), a coupled inductor, four diodes (Dl, D,, D, and DO) and four capacitors (Cl, C, C, and CO). The
input source is V, , and the output port is V.. To simplify the steady-state analysis calculations, the following
assumptions are considered:

1) All components of the converter are considered ideal.
2) The coupled inductor is modeled as a leakage inductor (L) and a magnetizing inductor (L, ) at the primary
side with a coupling coefficient k=L, /(L, +L,) and its turn ratio is n=n,/n,.

The key waveform of the suggested converter in Continues Conduction Mode (CCM) is shown in Fig. 2. In the
CCM condition, the proposed converter has four operation modes, as shown in Fig. 3a-d. Both power switches
are turned on and off simultaneously. So, the control structure of the proposed converter is simple.

Mode I (t,<t<t): Regarding Fig. 3a, at the beginning of this time interval, switches S, and S, are
simultaneously turned on, such that the power switch S, is turned on under ZCS (Zero Current Switching)
conditions. In this transient mode, the output diode D, is forward bias. Because of the influence of the reflected
leakage inductance on the secondary side of the coupled inductor, the current passing through diode D, drops
to zero at the end of this time interval, resulting in a low reverse recovery issue.
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Fig. 1. Power circuit schematic of the proposed converter.
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Fig. 2. Key waveform of the proposed converter in CCM.
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Fig. 3. The equivalent circuits of the operation modes. (a) mode I. (b) mode II. (¢) mode III. (d) mode IV. (e)
mode V. (CCM operation includes Figures (a-d) and DCM operation includes Figures (a—e)).

Mode II (t,<t<t,): In this operation mode, MOSFETs S, and S, remain in on state from the previous
operating mode. Diodes D,, and D, are turned on at ZCS conditions and D, and D, are reversed bias in this
mode. The input source charges L, and its current level increases linearly. Also, the current of L, is energized
by the input source and C|, and its current increases. C, and C, are charged through the secondary side of the
coupled inductor. This operation mode ends when D, and D, are turned off at ZCS conditions. A schematic of
the converter in this operational mode is illustrated in Fig. 3b. In this operation mode, the following equations

are obtained:

Vim
k

1
NVim = Vo2 = Vos

= ‘/;.n +VC1

I = Iny = I +nlp1o

1
It =185 = —=57
Ito = 1Io

(1)
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In order to eliminate the reverse recovery loss of D, and D, as well as reduce the switch turn-off loss, it is
mandatory that the resonant time (T}) be shorter than the turn-on time of the switching period (T, <D xT;) as
illustrated in Fig. 2.

Mode III (t,<t<t,): In this transient operation mode, the power switches are in the on state, and all the
diodes are reversed bias. Similar to operation mode II, L, is charged by V, ,and L, is charged by V, and C,. In
addition, the voltages of C, and C, remain constant. This operation mode ends when the power switches turn off.
A schematic of the converter in this operational mode is shown in Fig. 3c. In this operation mode, the following
equations are expressed:

VI = Vin (8)
IIT
Vim — v 4 Vo ©)
I =TIk =1Im (10)
156 =1Io (11)

Mode IV (t3 <t<t 4): Regarding Fig. 3d, in this operation mode, D,, D, and the power switches are in off state,
and D, and Dy, are forward biased. C, is charged by V, and L,. L, C,, and C, are discharged, and the current
passing through L, decreases. In addition, the input source, L, C,, and C, charge C, and supply the power to
the output load. In this operation mode, the following equations are obtained:

VY = Vin = Veu (12)

_ v 1
Vo=Vin+Vea+Ves — Vi [0+ T (13)
15 = -1, (14)

I

[IV _ IIV _ m 15
o2 =los = =5 (15)
1K =10 — 154 (16)

Mode V (t, <t<t,): This operation mode corresponds to the DCM condition as shows in Figs. 3e and 4. In this
case, D, is forward bias, and the rest of the semiconductor elements are in off state. C, is charged through the
input source and L,. C, supplies the output load power. For this operation mode, the following equations are
expressed:

Vi = Vin — Veu (17)

Ilo =1o (18)

Steady state analysis
Voltage gain in CCM
By applying the volt-second balance principle for L, and substituting (1) and (13) into it, the following equation
is expressed:
1

VCl - ﬁ%n (19)

According to (2) and (19), the following equation is achieved for the voltage across L_ in operation mode II:

k(2 — D)

VI’I —
Lm 1-D

Vi (20)

Using (3) and (20), the following equation is obtained:

nk(2 — D)

Voo = Vos =nViL = 1D

Vin (21)

By applying the volt-second balance low for L, and according to (20), the voltage across L, in operation mode
IV is obtained as follows:

kD(2 — D)
VI,Z =7V 22
;i o—Dp (22)
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Fig. 4. Key waveforms of the proposed converter in DCM.

By substituting (21) and (22) into (12), the following equation for the voltage gain of the converter in CCM
condition is calculated:

Vo _ 1+nk(2—D)?

M, = 23
com = 3 Dy (23)
In the ideal case, assuming k=1, the output voltage gain of the converter is expressed as follows:
Vo 1+n(2-D)?
M, = = — 24
com = - L (29)
According to (24), the output current can be derived as:
(1-D)
Io=——F——1In 25
° T 1+n2-D)? (@5)
Voltage stress across power semiconductors
Using mode II, the following equations are obtained:
Vb1 = Ve (26)
Vpo = Vo + V1 — Ves (27)
According to operation mode IV, the following equations are expressed:
Vs1 = Ve (28)
v
Vsa = Vi — L 29)
k
Vb2 = Vs = Vo2 — nViy, (30)

According to (19), (22), (26), (28), and (29), the following equations are achieved:
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1
Vb1 =Vs1 = ﬁvm (31)

1

Vsa = mvm (32)

According to (19), (21), (22), (27), and (30), the following equations can be derived:

Vos = Vs = "EE 20 (33
Vpo = E= D)1 nk) _(1D 2%; nk)y, (34)

Current stress of power semiconductors
By applying the ampere-second balance low for C,, the following equation for the current passing through C, in
operation mode IV is achieved:

1

It = ——1,
cs =1_plo (35)

Using (15) and (35), the following equation can be written:

(1+mn)
Ipm = I 36
im = o (36)
According to (4) and (5), the current passing through C, in operation mode IT is as follows:
II
1t = Tom = Igy (37)
2n

By applying the ampere-second balance low for C, and according to (35) and (37), the following equation for the
current passing through the capacitor C| in operation mode II can be obtained as:

2
Ih = Iim + o (38)
D
Now, by substituting (36) into (38), the current passing through capacitor C, in operation mode II is achieved
as follows:
1+n  2n
It = ( —) I 39
c1 —ptp)l (39)

Using (39), the current of C| in operation mode IV can be derived as follows:

v 1+n 2n
Icn =—-D ((1—D)2 + D(l—D)) Io (40)

According to (36), (37), and (39), the current passing through C, in operation mode II is obtained as follows:

1
J S — 41
2 plo (41)

Using (14) and (40), inductor current L, is expressed as:

_ 1+n 2n
ILI_D((I—D)2+D(1—D)>[O (42)

According to operation mode I, it can be written:

Isi =11+ [éﬁ (43)
Iso =I5, (44)
Ips = Ips = —Ith (45)

According to operation mode IV, it can be written:

Ipy = —I5Y (46)
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Ipo = ILY (47)

Using (39) and (42) into (43), the current stress of S, can be obtained as follows:

_ 1+n 2n
Is1 = <(1D)2+D(1D))IO (48)
Using (39) and (44), current stress of S, can be obtained as:
14+n 2n
Isa= (12 + 3 ) To (49)

According to (35), (40), (41), (45-47), the following equations are obtained for the current stress of the diodes:

1+n 2n
ID1D<(1_D)2 +D(1—D)>IO (50)
Ip: =1 —il (51)
p2 =Ips = plo
Ipo = ! I (52)
po=1_—plo

Voltage gain in DCM

Discontinuous Conduction Mode (DCM) analysis is considered for the condition where the coupled inductor
enters the DCM condition. The converter has five operation modes in DCM condition. These operation modes
are shown in Fig. 3a-e. Figure 4 shows the key waveform of the suggested converter in DCM condition. According
to this figure, by applying the volt-second balance low for L , the following equation is achieved:

VimD + Vi AL =0 (53)
According to (13), (20) and (53), the voltage gain in DCM condition is obtained as:
2nk(2 — D) n D(2—-D)(1+n)

M =1
peM t—V-p A(I=D) (54)
According to Fig. 4, the average value of the current passing through L, is expressed as:
Ipm = AILm (55)
2
According to (20) and (55), the average current passing through L is achieved as follows:
kD(2 — D)
Itm = 77— Vin
L = S L1 = D) (56)
By applying the ampere-second balance low for C,,, the following equation is obtained:
IEoD + 1E0A + 1X0(1—D — A1) =0 (57)
According to (6), (16), (18) and (57), the following equation can be written for C, in operating mode IV:
1
It = —1
cs = 7 lo (58)
According to (15) and (58), the following equation for the average current through L, is achieved:
1+n
Itm = I
L A, lo (59)
By substituting (56) into (59), the following equation for A can be obtained:
2fsLm(14+n)(1— D)
Ay = M
1 DE—D)R DCM (60)
According to (54) and (60), the output voltage gain of the converter in DCM condition is achieved as:
2—-D D?R
— 212 61
Mpcoum (1—D) <nk+ n?k +2fSLm> (61)
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Using (23), (61), and assuming that the normalized input inductor time constant equals T=fL, /R, where R
represents the load resistance, the boundary conditions between CCM and DCM are as follows:

TDCM = D2/ (2 (%) —8) (62)

According to this equation, the boundary conduction mode (BCM), CCM, and DCM regions for n=2 can be
plotted as shown in Fig. 5.

Non-ideal voltage gain in CCM

The deviation of the non-ideal voltage gain of the proposed converter is influenced by parasitic parameters and
leakage inductance. In this analysis, the resistances of the components are considered as follows: inductor and
coupled inductor (r,, 1y, 17 ,,); capacitors (v, 7'y Ty Too)s SWitches (rpg oyt TDs On)2); diodes (rp5 75 T35
’po)» 2long with their forward voltage drops (Vy,, V.., Vi, Vo). By applying KVL in the loops containing L, and
L, the following equations are derived in the operating mode II:

VI = Vin —rpadpn — Ras1(I1 + 1511) (63)

VL = kVin 4+ kVeor — kIE, (re11 +re1 + Ras1 + Ras2) — kRas1Ira (64)
I Vo

Vo2 +Voz = 2nVi,, — Vr2 — VEs — DR (re2 +res + rp2 + rps) (65)

By substituting (65) into (64), it can be written:

Ve
Voo + Veos = 2n [ka + kVor — kIS (o 4 rer + Rast + Rasz) — deslle] — Vpa — Vs — Di% (rez2 +res +rp2 +rp3) (66)

By applying KVL in the loops including inductors L, and L_, the following equations are obtained in the
operating mode IV:

VY = Vin —Ver = Ver — Ina(roi + 1ot +rp1) (67)

k rrL11 +7TLi2 +ree +res3 + rpo
VIV:—{VM Voo + Vos — Vieo — Vo — Im 68
Lm = + Voo + Vosz — Vro — Vo — Inm( T ) (68)

By applying the volt-second balance for L , the following equation for the voltage across the capacitor C, is
obtained:
Vi

Ver = 1_nD —1Ir1 (

rr1 + DRas1
1-D

DRgs1
1-D

+rc1 + TD1> - I = Vi (69)

By applying the volt-second balance for L_, the following equation is obtained:

knD +1 D(kn+1) ;1 D(kn+1)(rei1 +ro1 + Rast + Ras2)
Vin | ——) + Veu —Ic
1-D 1-D 1-D (70)
D (kn+1) Ras rr11 +rei2 +ree2 +rez 4+
I ( ) Ras1 " Ves + Ves — Vio — Lim ( Li1 £12 +rc2 +1e3 DO) -V
1—-D n+1
= x10°
5
4
_ 3
i
=
2
1
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
D(duty cycle)
Fig. 5. The proposed converter CCM and DCM regions.
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By substituting (66) into (70), it can be written:

Az

{DR—%— (roa +TDC]?%+TD2 +TD3)] Vo = Vin (LILD El +2n k) + Vi [D (kn + 1) + 2nk:|

1-D
D(kn+1 + + Ras1 + Ras
—I% [ (kn )(TLHI jg del ds2) +2nk (rp11 + re1 + Rast + Rds2):|

(71)

Ax
D (k 1 s
I D (kn +1) Ras1 4 9mkRuet | — Iim |:7"L11 +rri2 +ree +ros + ’I"DO:|
1-D n+1

—Vr2 — Vrz — Vro
By substituting (69) into (71), the following equation is obtained

Az

AoVo = Vi {knD+1+2nk’+ (kn + )+2 k}

1-D (1-D)?
Ay

D (kn+1) Ras D (kn+1 + DRgs
—Ir1 {7( T;_D) 2l 4 onkRast + (7(1 :LD ) +2nk> (7“11 _Dd L brer +7'D1):|
(72)
D(kn+1 +7rc1 + Ras1 + Ras D? (kn +1) Ris1 | 2nkDRys
*Iéll { (kn )(TLHI _TCDI dol ds2) +2nk (rp11 +re1 + Ras1 + Rasz) ((1n_ D;Q o nl_Dd l}
Ag

D (kn+1
—Ailpm — Vi {% + 27ij| —Vr2 — Vs — Vo

By simplifying Eq. (72), it can be written:

Vo — ﬁvm Ay As 11 A1

Ag
- [ _71 - [ m
A, A M T AT A

1
EVFl 4 (Vr2 + Vrs + Vro) (73)

According to (36), (39), and (42), the following equations are expressed

_ 14+n 2n E
IL1D<(1—D)2 +D(1—D)> R

(74)
1 (1+n j) Vo
I = ( DpVtD) R 75)
(I1+n)Vo
= Yo 76
I = RN (76)
By substituting (74-76) into (73), it can be written:
V. _&V' _A4D 1+n I 2n E_é{l+n 2&}70
7 A" A |1-D? "DOA-D)| R A l1-D " DIR o)
Ai [1+n7 Vo As 1
A, [1 — D} e 7VF1 4L (Vr2 + Vs + Vro)
By simplifying (77), the following equation is obtained:
Az
A4D 1+n 2n As 1+n A, 1+n
Yo [1+A2R[(1—D)2+D(1—D)}+A2R{1—D+D}+A2R{ H (78)

A [A3Vin — AsVF1 — (Vr2 + Vrs + VFo))
2

By simplifying (78), the non-ideal output voltage of the proposed converter with the influence of leakage
inductance and parasitic resistances of the elements is obtained as follows

Vo = A A [A3Vin — AsVF1 — (Vr2 + Vrs + Vro)]

(79)
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operation mode II and substituting (1) and (20) into (80), the minimum inductor inductance of L, and L, are
obtained from the following equation:

Considering (79) and according to Table 2, the non-ideal voltage gain versus duty cycle D is illustrated in Fig. 6.
This figure shows how voltage gain changes with the duty cycle (D) for both an ideal and a non-ideal power
converter. The solid red line represents the ideal theoretical case, while the blue dashed line accounts for non-
ideal model, assuming an output power of 210 W. Figure 6 is plotted in k=0.985 and R=840 Q). As can be seen,

the effect of leakage inductance and parasitic resistances is less at lower duty cycles leading to a comparatively
higher efficiency.

The small inset zooms in on a specific range (around D = 0.5) to highlight the gap between the two models. As
expected, the non-ideal case results in a lower voltage gain due to practical factors like parasitic resistances and
switching losses. Interestingly, the non-ideal gain peaks sharply at high duty cycles before dropping, indicating
potential instability or inefficiency in that region.

Design considerations
Inductor design

The voltage across the inductor is proportional to the current that passes through the inductor per unit of time
So, it can be written as:

Alp

Vi=L-xp

(80)
By considering the maximum acceptable current ripple of 20% for inductors L, and L

and according to
m

s DVin _ DVin D(1—-D)*’R (81)
YT AILfs  20%Irifs  20%M [D(1+n) +2n(1 — D)] fs
"7 Alpm(1 —D)fs ~ 20%Ipm(1 —D)fs  20%M(1 +n)fs
Capacitor design

time. So, it can be written as:

The current passing through the capacitor is proportional to the voltage changes across the capacitor per unit of

By considering the maximum acceptable ripple of voltage for capacitors usually 1% of the voltage across capacitor
C,) and according to operation mode II and using (39) and (83), the following equation is obtained:

Accordingto (5), the current passing through C, and C, is equal in operation mode II. By taking into consideration

the maximum acceptable voltage ripple for capacitors (usually 1% of the voltage across capacitor C,, C,, and C
And by substituting (6) and (41) into (83), the following equations can be written:

I = AV

Al (83)

D +2n—nD)I
Cl>(+n nD)Io

(D +2n—nD)Pou:
AVei(1 = D)fs — 1%Vei(1— D)Vofs

(84)

o)
Io

P out
Ca > = (85)
AVeafs  1%Ve2Vofs
120 + |=Ideal theoretical
===Non-ideal theoretical [Pout=210 W] '/'\‘
4
100 | ;o
\
g .
£ J 1
3 80 / i
& ,' 5
& 4 \
F 60+ 4 A—
= /e [
2 /7 \
~ 40| ¢ \
.
1
20| \
.
\
.
0 L L | L 1 L
02 03 04 05 06 07 08 09

(2025) 15:9487

D (duty cycle)

1

Fig. 6. Effect of the leakage inductance and parasitic components on the output voltage gain.

| https://doi.org/10.1038/541598-025-94214-8

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

RMS Valuesat V, =20V, P, =210 W, f,=50 kHz, n=2,and D=0.5
RMS _ 14n 2n VovD _ [RMsS _ _ Vo  _ 74
Isi7" = ((1,13)2 + D(liD)) 7 = 9.784 | {po R/1-D 0.7
1509 = (L 4 2) Yo D _ 4 g9 18YS = Y2 /1P = 0.494
RMS _ yRMS __ Vo _ RMS _ Vo 1-3D
Iee” =lcs™ = R\/D(1-D) 1A secondary = 1 \/ Da-py — 1584
RMS _ DVo 1+ 2 _ RMS _ yRMS _ Vo _
1RMS — BY (“7];)2 + pisy) =74 IEMS = IEMS = Yoo —0.74
RMS _ Yo D+4n24n2D244nD—2nD2—-4n2D _ 5A
primary — R D(1-D)2 -
RMS _ D244n24n2D244nD—-2nD2—-4n2D __
TEMS — Io\/ oSS =6.914
RMS _ 14 2 Vov1i-D _
IED _D<(1_$)2 + DOQD)) 2D _ 4894
Table 1. RMS current values of the components.
Percentage (%) | P, [W] | Parameters
28.86% 1.98 Power loss of inductor/coupled inductor
14.14% 0.97 Power loss of MOSFETs
49.56% 3.4 Power loss of diodes
7.44% 0.51 Power loss of capacitors
- 6.86 Total power loss
96.8% - Efficiency
V, =20V, P, =210 W, f,=50 kHz, D=0.5
;= 10 mQ, = 10 mQ, rL12:22 mQ
7(:1=0'01 Q, r(:2=r(:3=0.015 Q, rw=0.0250
S18,: SE150180GTS R =4.8mQ, 1, 20 ns, £, 37 ns
D,,D,,D;: SBR1I0U300CT rD:ZOmé with maximum V,=0.64 V in
5A
D: STTH12R06 r,,=17mQ with maximum Vpy=14in5A
Table 2. Power losses distribution.
[O Pout
Cs > = (86)
AVesfs  1%VesVofs
DIo DP,t
Co - (87)

> =
AVeofs 1%VeoVofs

Efficiency analysis
In this section, the converter efficiency is investigated by considering the presence of parasitic resistances of
the elements. Table 1 shows the RMS values of the current passing through the elements by considering n=2,
D=0.5, and output resistance R=2840 . Table 2 displays the power loss breakdown across different proposed
converter components. In this table, V. denotes the forward voltage drop of the diode. R, and r,, are the on-
state resistance of the switch and the diode, respectively. Internal resistances of the capacitor and the inductor
are represented by . and r;, respectively. In addition, the power semiconductors specification and their part
numbers are provided. Figure 7 shows the power loss distributions of the constituent elements of the suggested
converter. According to this figure, the highest share of power losses is related to diode losses, and the lowest is
related to capacitor losses. The efficiency and voltage gain curves of the converter versus the duty cycle and for
n=2 are shown in Fig. 8. As shown in this figure, although the voltage gain of the converter increases with the
increase of the duty cycle, the efficiency of the converter is acceptable up to a certain range and then decreases.
As can be seen, at high-duty cycle ranges, conduction losses increase, and efficiency is reduced.

Inductor losses: The conduction losses of the inductor and coupled inductor are calculated as following
equations:

loss _ IR]VIS 2
PL.Cond = TL( L )

P ona = 0.01 x (7)% = 0.49W

loss 2 (88)
PL_ Primary, Cond = 0.01 x (5) = 0.25W
PE S econdary, Cona = 0.022 x (1.58)* = 0.05W
Péfsc'sond_total = Il/ols,SCond + Pio_sérima'ry,Cond + P[lzo_sgecondary,c'ond =0.79W (89)

Scientific Reports | (2025) 15:9487

| https://doi.org/10.1038/541598-025-94214-8 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/
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7.44%

Fig. 7. Power loss distributions of the proposed topology at 210 W output power.
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Fig. 8. Efficiency and voltage gain curves versus duty cycle.

The core power losses related to the inductors is calculated as®’:
Po = kf{ By, (90)

The power loss (P.) is expressed in unit W/kg. The parameters «, 8 and k known as the Steinmetz coefficients,
are typically specified by manufacturers for various core materials. For ferrite materials, the values of « can vary
from 1 to 2, (1<a<2). Based on Faraday's Law, it can be written:

V- nde® _ v dBO)

91
dt dt G

The parameter A_represents the core area as specified by manufacturers for various types of magnetic cores. N is
the turns of inductor's windings. Hence, the peak flux density of AB for the inductor and the coupled inductor,
can be determined as follows:

DT,
AB 1 Virdt Vi DT, ViaD
L= L1dt = =
NpiAc_ 11 NpiAc_ i NoiAc_nifs
0
DT,
1 VL_Primary DT VL_PrimaryD
ABL primary = ————————— [ VL Primarydt = = (92)
- Ni_primaryAc_cr - Ni_primaryAc_cr  Ni_primaryAc_crLfs
0
DTy
1 VL secondaryDTs VL secondaryD
ABL_secondary = w7 [ VL_Seccondarydt = =
- NL SecondaryAc_cL - Ni_ secondaryAc_cr NL_SecondaryAc_crLfs
0

The core loss in both inductor and coupled inductor can be expressed as P, ,=P.M, where M represents the
mass of the core. Therefore, considering B, = AB/2, the core loss of inductor and coupled inductor is calculated
as:
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PSS, = kfOB2 Miy + kfeB Mcr + kfsB Mcor

m_ Primary m_ Secondary

= kf: [ mlJ\IL1 + <Bm Primary + Bm Seum.dzny) A{CL]

B B8 B
e VLlD VL Primar’yD VL Secondam;D (93)
=kfo || =—22— ) Mo+ = ‘ + = - M,
f |:(2NL1AC_L1fs> = ((QNL_PTimaTyAC_CLfs 2NL75€condaryAC_CLfs oL
=5.597 x 107" x (50 x 10°)"** x [(0.05618)**" x 0.089 + ((0.08498)**" + (0.08498)*"°) x 0.215]
= 2934.15 x [0.000025 4 0.00019 + 0.00019] = 1.19 W

The parameters utilized for the calculation of the core losses are as:
k=5.597x10"%, a=143, f=2.85, M;, =0.089 kg, M, =0.215, A |, =178mm?, A_ , =353mm? fs =50 kHz.
The total power loss of inductors is obtained as follows: h B

Pll‘o_sfotu.l = PL,Cond_total + PCore =0.79 + 1.19 = 1.98W (94)
Switch losses: The power losses of the switches are determined as:

Pé(;;/s - Rd?(lgjws) + 5 Ids(on)vdst(on) + Ids off)vdet(off)}

2T [
loss __ 3 -9 =971 _ (95)
Pgiy = 0.0048 x (9.78)% + 25 x 10% [5.5 x 23 x 20 x 107° 4+ 6 x 17 x 37 x 10~°] = 0.62W

P§i% = 0.0048 x (4.89)% + 25 x 10° [2.5 x 35 x 20 x 10" + 2.5 x 35 x 37 x 10~°] = 0.25W

Coygs is the parasitic capacitor of the switch. P, is obtained as follows™":

(O
1 2
Pcoss = §fSCOSSVDS

20
1-0.5

P, _lic Vi ¥ _ 1 50000 x 476 x 1072 ‘L 0.02W
Coss,S1 = §fs 0ss,51 ( ) =5 X X X ( ) =0. (96)

1-D

2 2
1 Vin _1 -12 20 —
Pcoss,s2 = 2fsCoss,sz ((1 — D)2> =3 x 50000 x 476 x 10 <(1 — 0-5)2> = 0.08W

The total power loss of the switches is obtained from the following equation:

PS totar = PSS + P§i2 + Pooss,s1 + Pooss,s2 = 0.62 + 0.25 + 0.02 4+ 0.08 = 0.97TW  (97)

Diode losses: The power losses of the diodes are determined as:

PR = VFIDp avg + (]ISMS)

PR = 0.6 x 3.45 4 (4.89)% x 0.02 = 2.55W

PE5* = 0.5 x 0.49 + (0.7)% x 0.02 = 0.25W (98)
PES® = 0.5 % 0.49 + (0.7)% x 0.02 = 0.25W

P2 = 0.7 x 0.49 + (0.7)? x 0.017 = 0.35W

The total power loss of the diodes is obtained from the following equation:

PESotar = PBT" + PB5" + Po5" + Pp," = 3AW (99)

Capacitor losses: Losses of the capacitors are determined as follows:

PEs = (IEM°)? x ESR
PEE = (6.91)% x 0.01 = 0.48W
P& = (1)* x 0.015 = 0.015W (100)
P& = (1)? x 0.015 = 0.015W
(

loss

PYS = (0.49)% x 0.025 = 0.006W

The total power loss of the capacitors is obtained as the following equation:

P& orar = PET + PO3*" + P& + PES" = 0.51W (101)

Therefore, the total power losses P, . is written as:
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loss

loss loss loss loss
Ptotal = PLitotal + PSWftotal + PDitotal + PCitotal = 6.86W

Consequently, the total efficiency of the proposed converter can be calculated as:

P,
Po + Ploss

total

x 100% =

TNConverter =

Dynamic model and control method

210 +6.86

210 x 100% = 96.8%

(102)

(103)

The proposed topology consists of six storage elements, where the voltage and current of the components can

be derived as follows:
First stage:

ditn Vi
VI — v _
L1 T a L
ditm  k(Vin + Vo)
Vi =k (Vin 4+ Ver) = =
L (Vin + Ven) = = Lm
I . 2n dvct iLm 2n
=i+ 2 = mo Mg
tc1 =1L +Do:> a C1+DC1O
g1 lo _dve2 o
‘C2TTD T T T DG
jgr — _fo  dves _ Io
o3 D dt DCs
g1 dvco _ Io
=1o = = —
co o i Co
Second stage:
dir1  Vin — Vou
VY — v v _ Vin=Ve1
L1 c1 = i I
ViV _ kE (Vo — Vin — Voo — Vios) N dipm _ k(Vo = Vin — Vo2 — Ves)
L n+1 dt (n+1)Lm
gV dvec1r i
=TT Ty T T
AV _ 1Lm dvca _ iLm
2Tyl dt (n+1)Cs
vV ILm dvcs iLm
ZC?’_nJrli dt ~ (n+1)Cs
dv P I
IV IV co Lm o
S I - Lo
‘oo tos tlo= dt (n+1)Co * Co

To derived state space vectors, these equations can be rewritten as follows:

dm_ I v
dt_X D+ X (

Therefore, the achieved equations can be stated as follows:

1- D)

ditn _ Vin  (1-D)Ver
dt L, Ly
dirm k [14+nD 1-D
- in D — - o
7 I n+1V + Ve +n+1(ch+Vc.3 Veo)
deI—Bi +2nVCO_17DZ,
a ¢ " T RoCr M
dl)cz _ VO (1 — D) i dvcg _ VO (1 — D) i
dt ~ DRoC: m+1)Cy "™~ "dt ~ RoCa (m+1)Cy ™
dves Vo (1 — D) . dves Vo (1 — D) i
= - 1Lm = = - 1Lm
dt DRoCs (n + 1) Cs dt RoCjs (TL + 1) Cs

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)
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dvco Veo i Lm Ve dvco Veo 1-D) |
L Yo (e o Ve, 0-D)

= 1—D =
dt RoCo n + 1) Co RoCo> ( ) = dt RoCo + (’I’L-‘r 1) C,

Dynamic modeling of the proposed converter

For dynamic response analysis, independent storage elements are considered as state variables vector (x). Given
that the voltage equations for capacitors C, and Cs are identical, one of them can be excluded to simplify the
analysis. In this converter, L,L, C,C, and Co are selected as state variables. The state variables vector (x),
input vector (u), and output vector (y) are considered as follows:

T iL1 iLm  VC1  UC2  UCo |
u = [Vin] (123)
Y

The average state space of the overall system can be displayed as follows

= Az + Bu (124)
y=Cz+ Du
Equation (124) can be expressed as:
0 0 ~4zD) 0 0 , )
kD k(1—D) k(1—D) L1 1
‘ 10 - g Lim Lo(ndl) 7 Loy (e ) iLm E(L%?
T = - 51 C1 0 0 Roncl 501 + M(élJr ) Vin (125)
(1-D) __1 C2
i S R 0
(n4+1)C,o 0 0 R,C,
ir1
Z.Lrn
y=[0 0 0 0 1]| Ver | +1[0]Vin (126)
Vea
VCO
In this case, A, B, C, and D can be written as:
0 0 e 0 0
0 0 kD k(1-D) _ k(1—D)
D b Lm Lo (n+1) L7V2L("+1)
A= | = o 0 RoCh (127)
0 — 0 0 —
<7(L1+712)C)‘2 RloC2
0 n+1)C, 0 0 RoCo
1
Ly
k(14+nD)
B=| "Gt (128)
0
0
C=[0 0 0 0 1] (129)
D = 0] (130)

According to the small signal modeling method, state variables, duty cycles, input and output voltages consist of

two segments,aDC (X, Y, U, D) partand an AC(Z, ¢, @, d) part.

= X +%
=Y +y
y=rm (131)
u= U +u
d=TD +d

It is supposed that the AC values are significantly smaller than the DC values
(X >>%, Y >> ¢, U >> 14, D >> d) and do not change considerably during one period. Therefore,
the small signal model can be displayed as follows:
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S als !~ /7
x=AX+Bu+ED (132)
Q:C/~

Z+Da+F'D

In the small signal analysis, input voltage is short circuited. In (132), z, 1 and Y are the state variables vector,
control signals, and output signals, respectively. The new state space vector based on these definitions can be
rewrite as follows:

1-D) -

0 o -4 0 0 Toy
1 _ — z 1 Ly
o o p  *B) D) | [ im 7 T k70
) _ v L Ln(itD) L (nfl) irm k(14nD) | Im " Im(iD) T Tn(ntD) |
U 10117 CEL 0 0 Réncl Ver |+ LM(SH) Vin + % + Iél”’ D(133)
0 (1-D) 0 0 1 Vea 0 Iy
n¥1)Cs T RoCs Veo 0 (n+1)C2
0 (1’D) 0 0 1 _ Lin
D0, R.C, (n+1)Co
i
iLm N i
y=[0 0 0 0 1]| Ver | +[0]Vin+[0] D (134)
Ve
VCO

0 o -2 0 0
0 0 D +0-D)  _ k(-D)
_ _ Lm L (n+1) Lm (n+1)
! — n
A = _lch CQL 0 0 Ricl (135)
o =D g 0 -
(u+1)£)‘z RoCa
1-D 1
L 0 oo 0 0 rerii
1
7
k(1+n5)
B = Lm<5+1> (136)
0
0
Iy
Ly
kal o kVCg kVCn
Im Zm(mt+D) T Lpm(ntD)
E = %JFIC% (137)
7LnL
(n4+1)C2
ILm,
(n+1)Co
C'=[0 0 0 0 1] (138)

Transfer function of this state-space vector can be expressed as:

Gls) = Veo(s) _ 8.409e04s” 4+ 1.989e — 07s* + 1.044e14s + 42.65 (139)
T D(s) 85 —361.85% —2.164e08s3 + 7.794e10s2 — 6.994e15s + 2.531el8

For this system, by using parameters' values from Table 3, the step response can be modeled in MATLAB.
The step-response is shown in Fig. 9. The step response shown in the figure indicates that the system is highly
unstable. Initially, the output remains close to zero, but as time progresses, it exhibits an exponential divergence,
rapidly growing to an extremely large value (on the order of 10%). This behavior suggests that the system has
at least one unstable pole with a positive real part, leading to an unbounded response. Such instability can arise
from inherently unstable open-loop system. To address this issue, a stability analysis should be conducted by
examining the system's poles and adjusting the controller parameters potentially through modifying the pole
placement strategy to ensure all poles have negative real parts, leading to a stable response.

Pole placement control description

Since the proposed topology is unstable it is required to apply pole-placement strategy, in this case, control
diagram is illustrated in Fig. 10. This block diagram represents a state-space control system designed to regulate
the output voltage V.. The reference input V, is processed through an integrator to eliminate steady-state
error, with feedback gains k_and kx adjusting the control input. Matrices A', C, D, and E’ define the system
dynamics, ensuring stability and desired performance. The control law combines integral and state feedback
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Components Values

Input voltages | V; =20V

Output voltages | V. =420V

out

Duty cycles D=0.5

Turn ratio n=2

Output power | 300 W
Inductors L,=300 uH and L _ = 150uH
Capacitor C,=C,=C,=4.7 yF and C, =220 yF

Table 3. Components' values.

Step Response

x 107
= I I I I
Step response of G(s)=V (s)/D(s)

Amplitude

0 0.5 1 1.5 2 2:5 3 3.5 4
Time (seconds) %103

Fig. 9. Step-response of the proposed topology before pole placement strategy.

Fig. 10. Schematic of the close-loop control method.

to achieve accurate voltage regulation. This structure suggests a pole placement control approach for enhanced
system response.
Based on Fig. 10, the following equations can be written:

d = —ky& — kqq (140)
j=r—y=r—C'% (141)

where q is the integrator output and r is the reference signals vector for the output variable. The vector r can be
expressed as:

r(t)T = [VCO,ref} (142)
It can be simplified as follows:

?(t) = VCo,ref - VCo(t) (143)

In this method, if the control system is complete state controllable, it can be located the closed-loop poles to any
suitable location with proper design of the state feedback gain matrix. The controllability matrix of this system
is defined as follows:

O, = [E'| A'E'| A%E'| .. |A"T'E' | = [E'|A'E] (144)
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For this system, if the rank of the controllability matrix @, is complete, then the system is completely controllable.

rank(®.) =n=2 (145)

Using Fig. 10 and Egs. (135), (136), and (137), the open-loop state matrixes change to the matrixes A’ and E’

as follows:
G 1=Te S ][ [+ 18 o+ [ 7]

5 (146)
EERE)
yt)=[C" 0] q(t)
i A0 = !
A’:[_C, 0},E:[%} (147)
Now, the new controllability matrix @, is assumed as follows:
B = [B| AB| A2E| . |AmE] = [B) A B (148)
Then, the ®, can be written as follows:
I — [ E A } [ I 0 }
c — /
0o -C 0 & (149)
S ——
M
If the following matrix rank is equal to 7 + m, the defined system will be completely state controlled.
rank(M)=n+m=7 (150)

The fourth eigenvalues of the matrix A’ are obtained as follows:

0.0000 + 0.00007
15651 + 0.0000
—~1.5650 + 0.0000i

10e 0449 _0.0001 + 053431 (15)
~0.0001 — 0.5343;

0.0002 + 0.0000

>)
I

eig(A’) =

As can be seen, two eigenvalues have positive real part. These eigenvalues should be sufficiently shifted to the
left side of the jw axis in order to reach the desired location of the converter closed-loop eigenvalues and achieve
desired phase margin (PM 2 80) and gain margin (GM 2> 10). The new eigenvalues are determined as follows:

0.0000 + 0.0000%

—0.1435 + 0.0000:
—0.4565 + 0.0000z
—0.0330 + 0.0534:
—0.0330 — 0.0534:
—8.8000 + 0.0000

eig(A’) =X = 1.0e + 05 x (152)

Using the formula in MATLAB for placing the eigenvalues by importing the matrixes (A' and E'), and
considering the designed places for the closed-loop eigenvalues, this relation can be written:

k = [ks, kq] = place (A, E', X)) (153)

The control coefficients matrixes k and kq are obtained as follows:
k, =] —2.7238 1.1290 0.2140 0.0665 381.1460 | (154)
kq = [—1.6225e + 06] (155)

Also, after this control method, the transfer functions are obtained as follows:

Gls) = Veoo(s) —1.054€09s" + 1.201el4s® + 5.733e17s” + 2.274e22s — 4.807¢10 (156)
T D(s) 8%+ 9.466€05s° + 5.97e10s% 4 9.664e1453 4 5.914e1852 + 2.274€22s — 2.232¢09

By importing (21) and (22) in (28), the state equations of the control system are written as follows
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Fig. 11. Bode plot comparison of the system before and after control implementation. The phase margin (PM)
and gain margin (GM) improvements indicate enhanced stability and robustness after applying the control
strategy.
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Fig. 12. Step response of the controlled system, showing a smooth transient with minimal overshoot and a fast
settling time, demonstrating effective voltage regulation.

=1 A= ke Bk, e8]+ 1] (157)

The bode diagram illustrates the frequency response of the system before and after applying the control strategy
in Fig. 11. The magnitude plot (top) shows how the system gain varies with frequency, while the phase plot
(bottom) depicts the phase shift across different frequencies. Before control (blue line), the phase response
and the phase margin was negative (-4.99°), confirming that the system was unstable. The gain margin was
infinite, suggesting no gain crossover point, further emphasizing instability. After applying control (red line),
the magnitude response was significantly improved, leading to a more stable frequency response. The phase
response also became smoother, reducing abrupt shifts. The phase margin increased to 122.92°, and the gain
margin became 33.21 dB, ensuring system stability and robustness. Overall, the applied control strategy
effectively stabilizes the system by improving margins, leading to a well-conditioned and reliable design.
Furthermore, the step response of the utilized control strategy is depicted at Fig. 12. This figure shows the
step response of the system, which represents how the system's output V,(s) responds to a step input in D(s).
The output starts at zero and rises quickly, indicating a fast transient response. The system overshoots above the
final steady-state value (around 1.2 before settling back to 1). Overshoot occurs due to the system's dynamics
and can indicate underdamping. The system stabilizes at around 1.5 ms. This suggests a fast response time, which
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is ideal in many control applications. After the transient response, the output remains close to 1, indicating no
steady-state error.

Comprehensive comparison

In this section, the proposed converter is compared with some other converters. In Table 4, the voltage gain, the
number of elements, normalized voltage stress (NVS) across the main power switch, input and output common
ground feature, and the efficiency of the converters at 210 W are gathered and tabulated. In order to make a fair
comparison, the value of n=2 is considered for the turn ratio of all converters. Figure 13a shows the curves of
the output voltage gain versus the duty cycle of the suggested structure and other compared converters. Based
on this figure, the voltage gain of the suggested converter is higher than the voltage gain of other compared
converters for all duty cycle values. Therefore, it can be said that the suggested topology is an high-step-up
converter. Figure 13b shows the output voltage gain per the number of elements (Gain/TCC) versus the duty
cycle. According to this figure, the output voltage gain of the proposed converter is higher than other converters.
Therefore, it can be said that the proposed converter provides a high output voltage gain for a low number of
components compared to other references. On the other hand, it can be concluded that the proposed topology
components are structured better than the other topologies to provide higher voltage gains. Figure 13c shows the
normalized voltage stress across the main power switch. As shown in this figure, the normalized voltage stress
across the main power switch of the proposed converter has the lowest value compared to other structures for
all duty cycle values.

Furthermore, with an increase in the duty cycle, the normalized voltage stress across the main power switch of
the suggested converter decreases. This highlights the superiority of the proposed converter, as the reduction in
voltage stress is evident when the duty cycle is raised in relation to the output voltage. As a result, a power switch
with low power specifications and low R, ., can be used, which reduces the cost and increases the efficiency.
The total normalized voltage stress across the semiconductor elements is shown in Fig. 13d. According to this
figure, the total normalized voltage stress of the proposed converter is lower than the structures in!416:17:19:27.28
for all duty cycle values. Furthermore, for D <0.65, the total normalized voltage stress of the proposed converter
is lower than the structures in*»%. It should be noted that when D >0.65, conduction losses increase. Moreover,
the converter presented in'® has the lowest total normalized voltage stress compared to the other converters.
According to {R2-6} Table 4, the number of components of the proposed converter is equal to the number of
components of the structures presented in'>!%1°, Other compared structures have more components than the
proposed converter. Another notable advantage of the proposed topology is the establishment of a common
ground for both input and output, resulting in reduced electromagnetic interference (EMI) issues. Furthermore,
the experimental efficiency of the proposed converter in the output power of 210 W is lower than the efficiency
of?> and higher than the efficiency of all other compared converters.

Experimental Results

In this section, to verify the theoretical analysis, the experimental results of the prototype of the suggested
converter are presented. The prototype of the proposed converter is shown in Fig. 14. The specifications of
the prototype are listed in Table 2. The goal is to convert the input voltage V, =20 V to the output voltage
V=440 V until the converter delivers 210 W output power. For this purpose, by setting n=2 and according

ou,

No. of elements Eff(%)
Ref Voltage gain (M) | S [ D | C | L+CL | NVS across main switch | Gain/TCC | Total NVS across components | Common ground | 210W
13 2nis 1[5 |5 [0+12 | 5y Meom | g242 v 962
= 26 |3 [0 | i Nogu | 5P / o
" g 116 |6 |0+1 | smmmn TEEM | srgiD v 2
7 RE=DILOEDY gl |5 042 | compnly | Mogn | o tinele 7 o
18 f’f}; 115 |5 |os12v 3_*_% MclgM :712 v 96.1
1 71+DJE’];()127D) 2|4 |4 |11 1+D4}277L?1—D) ‘McigM % v/ 937
25 % 216 |6 | 0+22v 2+12n Mc;é‘)CM ;Zig X 96.8
7 Zntd 306 4 |0+2V | 5ty Mogm | aiD x 96.2
2 2ni2 al6 |7 |2+2% | o Moo | Snis v 96
29 3n+241rf’1(32"*12 209 [8 |0+2%™ 73,,,+2+é(2ﬂ,_1> LCQ?M 2+3n,3-n(;v?—1)D / %
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Table 4. Comparison of the proposed converter with different relevant step-Up DC-DC converters.
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Fig. 13. Comparison of the proposed converter with converters mentioned in {R2-6} Table 4 in terms of (a)
output voltage gain, (b) Gain/TCC, (c) normalized voltage stress (NVS) across the main power switch, (d)
normalized total voltage standing (NTVS).

Fig. 14. Laboratory prototype of the proposed converter.

to (24), the converter's duty cycle should be considered equal to D=0.5. The switching frequency is considered
equal to f=50 kHz. An 840 Q load is placed on the output port. By considering AI, ;=1 A and AI;, =4.25 A
and according to (81) and (82), the minimum inductance values of L, and L, are equal to 200 uH and 140
puH, respectively. Therefore, the inductance values of L, and L, in the prototype are considered equal to 300
pH and 150 pH, respectively. By considering AV, =8 V, AV,=AV_,=3V, and AV,=0.03 V and according
to (84)-(87), the minimum capacity values of C,, C,, C,, and C_, are equal to 4.3 uE 3.3 uE 3.3 uF and 166 pE
respectively. So, the capacity values of C,, C,, and C, are considered equal to 4.7 uE, and the capacitance value of
C,, is considered equal to 220 pE. Figure 15a shows the output current and voltage waveforms obtained from the
laboratory prototype. It is shown in this figure that the output voltage is equal to 420 V, which proves the statement
(24), and the current passing through the output load is equal to 0.5 A. 10 (b) shows the current waveform of
L,. According to this figure, the average current value of L, equals 6.96 A, which corresponds to (42). Figure 16
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Fig. 15. Experimental results: (a) Voltage and current waveforms of the output load. (b) waveform of the
current passing through L,.
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Fig. 16. Voltage and current experimental waveforms of. (a) S,. (b) S,.

shows the current and voltage waveforms of S, and S,. According to Fig. 16a, the voltage stress of S| is equal to
38.5 V. In addition, the waveform of the current passing through it is quasi-resonant. Also, according to Fig. 16b,
the voltage stress of S, equals 78 V. In addition, as can be seen in this figure, S, turns on under ZCS conditions,
and the waveform of the current passing through this power switch is also quasi-resonant.

Figure 17 shows the voltage and current waveforms of D}, D,, D,, and D;. According to Fig. 17a, the voltage
stress of D, is equal to 38 V. As shown in Fig. 17b and c, the voltage stress of D, and D, is equal to 230 V. As
evident from the observation, the current waveforms of these diodes reach zero before experiencing reversed
or forward biases. This observation substantiates these diodes' ZCS condition. Figure 17d illustrates voltage and
current stress across D, which is 348 V, and proves the provided mathematical analysis. Figure 18 shows the
voltage waveforms of C1; C, and C,. As shown in this figure, the voltage across C,C, and C, are equalto 39V,
117 V, and 117 V, respectively.

The control strategy was successfully implemented in an experimental setup to evaluate its performance
under varying conditions. Figure 19a illustrates the system's response to input voltage variations, demonstrating
a rapid transient response with minimal overshoot. This confirms the controller's effectiveness in maintaining
stability.

Figure 19b presents the system's dynamic response to a load variation. Initially, the load resistance is set
at 840(), and at a certain instant, it is increased to 1000 Q). The transient region, highlighted in the middle of
the figure, shows the system's reaction to this change. The output current (i,,) decreases as expected due to the
reduced load current demand, while the output voltage (Vo) remains stable with minimal deviation, confirming
the effectiveness of the applied control strategy. The system successfully regulates the voltage despite the load
variation, demonstrating the robustness of the proposed control method.

The experimental and theoretical efficiency curves of the proposed converter versus output power are shown
in Fig. 20. As depicted, the prototype's efficiency in Vin=20 V and Pout=210 W is about 96.3%. Consequently,
the proposed converter provides higher efficiency than 95.25% for different output power ranges.
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Fig. 18. Experimental results: Voltage waveforms of. (a) C, (b) C, (c) C,.
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Fig. 19. Experimental validation of the control strategy under. (a) input voltage variation. (b) load variation.
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Fig. 20. Experimental and theoretical efficiency of the proposed converter versus output power.

Conclusion

In this paper, a non-isolated quadratic high-step-up DC-DC converter is presented. A coupled inductor and the
switched capacitor cell are utilized in this structure to increase the voltage gain. The proposed converter provides
high voltage gain with a low number of elements. Low voltage stress across power switches is another advantage
of the presented topology, which leads to the selection of MOSFETs with low internal resistance R, .. A diode-
capacitor clamp circuit is utilized to reduce the negative effects of leakage inductance and recover stored energy,
leading to soft switching conditions for half of the diodes. The combination of these features provides a new
topology with a high efficiency of 96.3%, which is recorded at 210W. Steady-state analysis, design consideration,
and efficiency analysis are presented in detail. The proposed converter is compared with related structures, and
it is observed that the proposed topology has higher efficiency and voltage gain compared to other structures.
Finally, to verify the converter's performance qualification and mathematical analysis, a 210 W laboratory
prototype is built, and its outcomes are thoroughly examined.
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