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Abstract— This paper presents and investigates a high step-up non-isolated DC-DC converter with an integrated transformer for
photovoltaic applications. Unlike most non-isolated DC-DC converters that rely on coupled inductors, the proposed converter uses an
integrated transformer combined with a modified voltage multiplier cell to achieve a high voltage conversion ratio. Additionally, a passive
voltage clamp is employed to reduce voltage stress across the switch and recycle energy stored in the leakage inductance of the integrated
transformer. This approach allows for the use of a switch with low on-resistance (RDS-ON). Other notable advantages of the proposed
structure include continuous input current with low ripple and a shared common ground between the input source, switch, and load, making
it an attractive solution for photovoltaic-based systems. The relatively low voltage across the diodes also mitigates reverse recovery issues.
The proposed topology is derived from the SEPIC converter and is studied in detail. Furthermore, the proposed configuration is compared
to various previously presented DC-DC converters to demonstrate its advantages. Finally, a 250-W laboratory prototype is developed,
and experimental results are presented. These results validate the theoretical analysis and confirm the functionality and feasibility of the

proposed converter.

Keywords—Continuous input current, built-in transformer, high gain, non-isolated converter, SEPIC-based DC-DC converter.

1. INTRODUCTION

Fossil fuels are easily accessible, cost-effective, and have a high
energy density. However, they are non-renewable resources, and
the greenhouse gas emissions produced by burning fossil fuels are
a primary contributor to global warming. As a result, the global
shift towards renewable energy sources (RES) and a reduction
in fossil fuel dependence are steadily increasing. Among all
RES, the photovoltaic (PV) industry is witnessing unprecedented
growth, driven by advances in PV technology and a decrease
in installation costs. The unique characteristics of PV systems,
such as their long lifespan, high reliability, low maintenance
costs, minimal noise pollution, environmental friendliness, and
zero carbon emissions, position them as a promising alternative
to fossil fuels. However, the initial installation cost remains high,
and the output voltage of PV panels is relatively low, requiring
boosting before it can be connected to grid-tied inverters and loads
[1], [2]. The literature addresses the technical design criteria of
DC-DC structures for PV applications [3], [4]. High voltage gain
and continuous input current with minimum ripple from the PV
source are the most imperative ones. Moreover, higher efficiency
and lower cost, size, and weight are the other required standards
to be considered when drafting DC-DC topologies for PV systems
[5], [6]. Compared to isolated DC-DC structures, non-isolated
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DC-DC converters are preferred in high-voltage applications and
where galvanic isolation is unnecessary due to their low cost,
size, and voltage stresses on semiconductors [7], [8]. Non-isolated
structures are derived from either conventional structures such as
buck, boost, and buck-boost converters or two-stage topologies like
single-ended primary-inductor converter (SEPIC), Cuk, and Zeta
converters [9], [10]. Researchers have employed various methods,
including switched capacitors and inductors, Z-source, voltage lift,
and voltage multiplier (VM), to increase the voltage conversion
ratios of DC-DC structures to an acceptable level [11, 12]. Another
technique that has been widely used to increase voltage gain in
DC-DC structures is utilizing a coupled inductor (CI) along with
the mentioned methods [13—15]. In [16], [17], and [18], three
different high step-up Cl-based structures have been presented.
Designed converters have utilized the switched capacitor technique
and different VM cells to raise the output voltage level. However,
they all suffer from high input current ripples and are unsuitable
for PV-based systems. From [19-22], authors have developed
different DC-DC converters based on Z-source and quasi Z-source.
In all of them, the duty ratio could not exceed 0.5. Hence, they
suffer from duty ratio limitation. Furthermore, in [19], the input
current of the presented structure is discontinuous and could not be
suitable for PV applications. Meanwhile, the input current ripple
is high in the structure presented in [20]. Converters studied in
[23], [24], and [25], have employed VM cells along with CI to
achieve high voltage conversion ratios. Proposed structures have
reached high efficiency by utilizing zero voltage switching (ZVS)
and zero current switching (ZCS). Continuous input current with
low ripple are other merits of presented converters. However,
considering the number of utilized components, the achieved
voltage gain is not satisfying. Another method to increase voltage
gain and efficiency of high step-up DC-DC converters is utilizing
a built-in transformer (BIT) [26], [27]. As the average current
value flowing through windings of BIT is zero, core magnetic
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flux is balanced and its saturation capability is improved [28].
Moreover, in comparison with Cl-based structures, core size, and
conduction losses are reduced in BIT-based structures. In [29],
another high step-up non-isolated DC-DC converter has been
presented. The converter is based on the voltage-switching cell and
has a continuous input current. However, regarding the number of
components, voltage gain is still low and needs to be boosted for
PV applications. Authors have designed another structure in [30].
The converter is based on the VM cell and the CI. The structure
has a simple structure. However, the voltage conversion ratio is
low and the input current ripple is high for PV-based systems. This
paper presents and studies a novel non-isolated BIT-based DC-DC
converter for PV applications. The proposed topology is drafted
from the SEPIC structure and benefits from various features,
including continuous input current with very low ripple and high
voltage conversion ratio, making the designed structure desirable
for PV-based systems. Draining continuous and low-ripple input
current is achieved by utilizing an input inductor in series with
the voltage source. Unlike most Cl-based DC-DC structures, the
designed converter utilizes a BIT and an improved VM cell to
gain high voltage. Compared to conventional VM cells in which
capacitors are charged only by the secondary side of CI, capacitors
of the proposed VM module are charged by both sides of the BIT.
Meanwhile, a passive voltage clamp is utilized to recycle energy
stored in the leakage inductance of the BIT and clamp voltage
stress on the switch. Hence, a low on-resistance switch can be used
that reduces cost and conduction losses and increases efficiency.
Meanwhile, shared common ground between input, output, and
switch results in reduced common noise, improved gate driving,
and enhanced overall stability and performance of the converter.
Thanks to the relatively low voltage across diodes, their reverse
recovery problems are alleviated. In the following, the operating
principles of the proposed structure along with relative analysis
are described.
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Fig. 1. Equivalent power circuit of the proposed DC-DC converter.

2. OPERATING PRINCIPLES AND STEADY
STATE ANALYSIS OF THE PROPOSED
CONVERTER

The equivalent circuit of the proposed high step-up DC-DC
converter is depicted in Fig. 1. Unlike most high step-up DC-DC
structures based on the CI, the presented structure is based on
BIT which provides lower core volume and conduction losses. As
illustrated in this Fig., the structure comprises a switch S, an
input inductor L;n, a two-winding BIT with winding turn ratios
of n, five diodes D1-Ds, and six capacitors including C1-C5 and
output capacitor C'o. The diode D; and the capacitor C'> form a
passive voltage clamp to reduce the voltage stress on switch S
and recycle the stored energy in the leakage inductance of the
BIT. Furthermore, in this Fig., Ly and L,, represent leakage and

magnetizing inductances of the BIT, respectively. Meanwhile, N,
and N> are the primary and the secondary winding turn numbers
of the BIT.

The following assumptions are taken into account to simplify
the steady-state analysis of the proposed converter.

1) All inductors and capacitors are large enough. Hence, there
is no ripple in their currents and voltages, respectively.

2) Semiconductors are ideal without parasitic elements and
non-ideal components.

A) CCM operation

The continuous conduction mode (CCM) operation of the
presented DC-DC converter includes five time intervals in one
switching cycle. Moreover, the current flow paths and main
waveforms of operating modes are depicted in Fig. 2 and Fig. 3,
respectively. These modes are described in the following.

Mode I [to—t1]: The first mode begins by turning switch S on
at t = to. The leakage inductance of the BIT (L) decreases the
slope of the current flowing through the switch S (dis/d¢) at the
turn-on instant. During this mode, diodes D3 and Ds are remained
on. While, diodes D1, D2, and D4 are reverse-biased. The input
voltage source charges the input inductor L;,,. The energies of the
BIT and capacitors are transferred to the output capacitor Co and
the load. Thanks to the low value of the leakage inductance of
the BIT and the high voltage across it, the duration of this mode
is too short. This mode ends when the current flowing through
the leakage inductance of the BIT reaches the current flowing
through magnetizing inductance of the BIT (ip, =ir,,) att = t1.
Fig. 2-(a) shows the relative current-flow path of this mode.

Mode II [t1-t2]: At t = t1, the current flowing through the
secondary side of the BIT reaches zero. Hence, diodes Ds and
Ds turn off and D> and D, are forward-biased. Switch S is
still conducting. However, diode D; remains off during this mode.
Like Mode I, input inductor L;, is charged by the input voltage
source through the switch S. Capacitor C's is charged by both the
primary and secondary sides of the BIT. Meanwhile, energy stored
in capacitor C4 along with both primary and secondary sides of the
BIT charges the capacitor Cs. In this mode, the output capacitor
Co supplies the load. Fig. 2-(b) shows the relative current-flow
path of this mode. The following equations could be obtained for
currents of capacitors in this mode.

ic1 = —ic2 =irm + (n+ 1) (ip2 +ip4) (D
103 = D2 2)
ics = —ic4 =1ip4 3)

Applying KVL and KCL laws in the circuit yields to:

i1l =Lk — iLm = nirz = n(ip2 +ipa) 4
VLin = Vin (&)

Vpm = Vea — Vo1 — Vi (0)

Ves = Ves + Vea (N

Ves = (n+1) (Voo — Ver) — nVii ®)

where Vilk represents the voltage of the leakage inductance Ly
in Mode II and could be given by:
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TLk(t2) — $Lk(t1)

Vi = =t g 9
Lk DT, k ©)
Lk =1iLm +n(ip2 +ipa) (10)

Mode III [tz — t3]: This mode starts when switch S is turned
off at ¢t = ¢5. Clamp diode D; is forward-biased at the turn-off
instant of switch S. Therefore, the stored energy in input inductor
L, and the voltage source charge capacitor Cy through clamp
diode D;. Meanwhile, the voltage across switch S is clamped to
the voltage of capacitor C>. During this mode, diodes D2 and D4
are still on. However, diodes D3 and Ds remain off. Like the
previous mode, capacitor C3 is charged by both the primary and
secondary sides of the BIT. Meanwhile, energy stored in capacitor
Cy and both primary and secondary sides of the BIT charge the
capacitor Cs. Moreover, the output capacitor supplies the load.
The voltage across the secondary side of the BIT is negative.
Hence, leakage inductance Lj is demagnetized. As the leakage
inductance of the BIT has a low value, like the first mode, the
duration of this mode is too short. Fig. 2-(c) shows the relative
current-flow path of this mode. Currents flowing through diodes
can be obtained as follows:

D1 = tin +iLk + 112 an

ip2 +1p4 =12 (12)

where i1, is the current flowing through the secondary side of
the BIT and could be formulated as follows:

inp = LMLk (13)
n

Mode 1V [t3 — t4]: At t = t3, the current flowing through the
secondary side of the BIT reaches zero. As a consequence, diodes
D5 and Dy turn off, and diodes D3 and Ds turn on. During this
mode, clamp diode D remains on, while switch S is still off. Like
the previous mode, recycling of the energy stored in the leakage
inductance of the BIT continues. Meanwhile, the input voltage
source and inductor L;, charge capacitor C>. Capacitor C'3, along
with the primary and secondary sides of the BIT, charges capacitor
C4. Meanwhile, energy stored in capacitor C1 is transferred to the
BIT via clamp diode D;. Fig. 2-(d) shows the relative current-flow
path of this mode. The following equations could be given for

currents of capacitors.

101 = D1 — bin 14
ica = —ic3 =1ip3 (15)
ics = —ips = — (ico + o) = ic2 — iin (16)

Applying KCL law in the circuit yields:
ip1 =%in +iLm — (n+ 1) (iDp3 +iD5) an

By applying KVL law in the circuit, the following equations
could be obtained.

Viin = Vin — Vo2 (18)

Vim = —Ve1 — ViR (19)
Vos = Ves 4+ (n+1) Vor +nVEY (20)
Vo =Ves + Vos — Ves + Vo 2D

Where VLI\; represents voltage across leakage inductance of the
BIT in mode IV. This voltage could be calculated from:

ILk(t) — CLk(t3) I
daTs *

Where dy4 and i are the duration of mode IV and current
flowing through the leakage inductance of the BIT during this
mode, respectively. This current could be obtained as follows:

Viy = (22)

ik =iLm —n(ip3 +iDs) (23)

Mode V [ts — t5]: The last mode begins when clamp diode D;
turns off under the ZCS condition. Switch S and diodes D> and
D, are in the off-state as well. However, diodes D3 and D5 are
forward-biased. Capacitor Cy is charged by both the primary and
secondary sides of the BIT and capacitor C3. Meanwhile, energy
stored in input inductor L;, and the BIT, along with the voltage
source, supply the output capacitor Co and the load. Fig. 2-(e)
shows the relative current-flow path of this mode. Assuming that
currents flowing through input inductor L;, and the magnetizing
inductance of the BIT are ripple-free, the slopes of the currents
flowing through the leakage inductance of the BIT along with
diodes D3 and Ds are almost zero. Hence, during this mode, the
voltage across the leakage inductance of the BIT is zero. Applying
KVL in the circuit yields:

Viin = Vin — V2 (24)
_ ~_ Veos — Ve
Vim = —=Vo1 = p—— (25)

Assuming that capacitors are large enough and their currents
are ripple-free, currents flowing through diodes Ds and Ds are
equal and could be formulated as:

ipa = ips = 5 (26)
Where ir2 is the current flowing through the secondary side of

the BIT and could be obtained as follows:

n-+1
Short time intervals (modes I and III) could be ignored

to simplify the steady-state analysis of the presented topology.
Applying volt-second balance principles on inductors yields to:

27

ir2 =

D
(vim) = 0= Vor = =5 Vin — DVik —daViik  (28)
Vin
(Vpin) = 0= Voo = D (29)
v D 17
(o) =0= Vi = ——Vig (30

da



M. Elmi et al.: Study on a High Step-Up DC-DC Converter Based on Built-in Transformer for Photovoltaic Applications 4

Supposing that the BIT is ideal and its leakage inductance Ly
is ignorable, by substituting Egs. (7), (8), (20), (28), and (29) into
Eq. (21), the ideal voltage gain of the proposed BIT-based DC-DC
converter could be formulated as:

Vo _ Lin . 3+ 2n
Vin Io 1-D

To achieve the real voltage conversion ratio of the proposed
structure, the duration of the fourth mode D4, along with voltages
across the leakage inductance of the BIT in modes II and
IV, should be calculated. By applying capacitor-charge balance
principles on capacitors, it can be proved that the average currents
flowing through all diodes are equal to the output current Io.
Assuming that input and output currents and the current flowing
through the magnetizing inductance of the BIT are ripple-free, the
maximum current flowing through diodes D2 and D4 could be
formulated as follows:

M =

(€2Y)

200
D

Hence, the voltage across the leakage inductance of the BIT in
mode II could be formulated as follows:

<7:D2> - <iD4> =Io = iDQ,peak = 7;D4,peak = (32)

4TLQ fSLk
D? Rr

Where fs and Ry, are the switching frequency of switch S and
the load, respectively. Applying amp-second balance principals on
capacitor C, the average current flowing through the magnetizing
inductance of the BIT could be calculated as:

Vi = Vo,Q = (33)

<ic1> =0= 2(n+1)]o+
DiIpm +1Io—(1—D)MIo =0 (34)
= Irm =0

Since the average current of the magnetizing inductance of BIT
is zero, the core size of BIT will be reduced significantly. Hence,
core losses will be decreased as well. This is one of the major
advantages of the proposed structure. Utilizing the average current
of diode D1, the duration of mode IV could be given by:

(ip1) = Io = % (Iin + Im) da = Io 39)
Mgl = Jo = ds = & = %150

Substituting Egs. (33) and (35) into Eq. (30), yields to:

2MnQ 2(3 4 2n)nQ
Vo =—
D D(1- D)
Substituting Egs. (33), (35), and (36) into Eq. (28), the voltage
of capacitor C'y could be achieved as follows:

Viy =— Vo (36)

D
Vel = mvm 37
Substituting Egs. (29), (33), (36) and (37) into Egs. (7), (8), and
(20), voltages of capacitors C'3, C4, and Cs could be given by:

2
Vos = (n +1- ‘*’”‘Di]‘f‘?) Vin (38)
Voa =
1-D D D v
Ves =

—D)(n n> 40
(e=pgen - ziye (g g))v;, GO

The real voltage conversion ratio of the presented BIT-based
DC-DC converter could be achieved by substituting Egs. (29),
(38), (39) and (40) into Eq. (21).

Geem =
n—4-< n2 M (41)
t — #0031 + )

Where Gcor is the real voltage gain of the proposed converter.
If the leakage inductance of the BIT is ignorable, the values of Ly
and @ will be zero, and Eqgs. (31) and (40) will be equal.

B) DCM operation

To simplify the discontinuous conduction mode (DCM) analysis
of the presented structure, leakage inductance of the BIT is
neglected. Hence, three different modes happen during one
complete switching cycle. Fig. 4 shows the typical current flow
paths of the operating modes.

Mode I [0<t<DTs]: This mode begins when switch S is
turned on. During this mode, input inductor L;,, and magnetizing
inductance of the BIT are charged through the switch S. Following
equations could be formulated based on Fig. 4-(a).

VLin = ‘/;,n (42)

Vim = Vo2 — Vou (43)

Furthermore, voltages across capacitors C3 and C5 could be
given by:

Ves = (n+1) (Vo2 — Ver) (44)

Ves = Ves + Vea (45)

Mode II [DTs<t<D;Ts]: The second mode begins when
switch S is turned off. In this time interval, following equations
could be obtained based on Fig. 4-(b).

VLin = Vin — Vo2 (46)

vLm = —Ve1 47)

Moreover, voltage of capacitor C4 could be formulated as
follows:

Vea=Ves+ (n+1) Ve (48)

Mode III [(D + Dy )Ts<t<Ts]: The last mode begins when
the current flowing through Diode Ds reaches zero. During this
mode, the current of inductors L;, and L,, are equal. This mode
ends when switch S is turned on. Following equations could be
formulated based on Fig. 4-(c).

VLin = VLm =0 (49)

By applying volt-second balance principles on inductors,
voltages of capacitors C1 and C could be achieved as follows:

D
<ULm> = 0 = VCI = EMH (50)
(Win) = 0= Ve = D%LDLVM 51)
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Fig. 2. Current-flow path of operating modes during one switching period at CCM operation. (a) Mode 1. (b) Mode II. (c) Mode III. (d) Mode IV. (e) Mode

V.

Where Dy, is the duty cycle of mode II. Substituting Egs. (50)
and (51) into Eqs. (44), (45) and (48), voltages across capacitors
C'3 to C5 could be obtained.

Vos = (n+1) Vin (52)

D+ Dyp)(n+1)

Veu = & L) v, (53)

Ves = (D+2DL)(n+1)V} (54)
Dy
Substituting Eqgs. (51) to (54) into Eq. (21), output voltage Vo
could be formulated as follows:

D+ Dp)(2
VO:( + L)(’f'b"v‘?))‘/i 55)
Dy,
According to Eq. (55), the duty cycle Dy, could be obtained as
follows:

Vo —-(2n+3)Vin
Applying KCL in different modes of the DCM operation of the

structure and amp-second balance principals on capacitors, current
of output capacitor Co could be achieved as follows:

D (56)

Ico = 57
DDV, T
s (o + o) T
By substituting Eq. (56) into Eq. (57) and regarding that average
currents of capacitors are equal to zero under steady state, Eq.
(57) could be rewritten as follows:

Vo
R

L
D2V2 (3+2n)Ts LI
4(n+1)[Vo —(3+2n)Vin] \ Lin L

m

) (58)

Then, the normalized input inductor and magnetizing inductor
time constants are defined as:

L'Ln LinfS

T RiTs T R ©9)
_ Lm _ meS

Tim = pore = TRy (60)

Substituting Egs. (59) and (60) into Eq. (58), voltage gain of the
converter under DCM operation could be formulated as follows:

\% 342
Mpom = 72 = tan

(B+2n)2 | D?(3+2n) (1 1 6D
\/ 4” + 4(n+1;l (TLin + 7'Lm,)

3. DESIGN OF THE PROPOSED CONVERTER

Slow dynamic response, high current stress of semiconductors,
the dependence of the converter on frequency, output power, and
the value of inductors are the main drawbacks of operating the
converter in discontinuous conduction mode [15]. The current
ripples of input inductor L;, and magnetizing inductance of the
BIT could be formulated as:

_ (Vga—=Vc1)D _ Vi D (62)
- Lo fs ~ Lmfs

Airm

To operate the converter in CCM, average current values of
inductors L;, and L., have to be more than half of their ripples.
Ignoring voltage across the leakage inductance of the BIT, the
following inequality could be achieved for the value of input
inductor L;y,.

. DR
n Z 2 M2 fS

Supposing boundary conduction mode (BCM) operation of
the structure, currents flowing through the input inductor and

L

(63)
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Fig. 3. Typical current waveforms of the proposed converter at CCM mode.

magnetizing inductance of the BIT will be equal at the end of one
complete switching period [15]. It yields to:

T, T (64
Lm — T 9o T T3 T f4in

To ensure CCM operation of the designed structure, the
following condition has to be satisfied as well.

I m > - [in 65
L 5 2 (65)
The average current value of the magnetizing inductance of the

BIT is zero. Hence, substituting Eq. (62) into Eq. (65) yields to:

DRy Lin

Ly > SMZLy f. — DRL (66)
The designed structure will operate in CCM mode by satisfying
the conditions of Egs. (63) and (66). Ignoring Mode I, diode Dy is
reverse-biased when switch S is turned on. Hence, the current of
output capacitor C'o is equal to the output current /o until switch
S is conducting. Neglecting output current ripple and the ESR of

the output capacitor yields:

_ ColAVeol
o= o, ©7)
Co = 20

o [AVool|RL fs

Output capacitor value could be calculated from Eq. (67)
by selecting the desirable output voltage ripple and switching
frequency. The voltage and current stresses on switch S and diodes
D1-Ds can be attained as:

Vin
1-D

Vbs =Vp1 = Veoz = (68)

Vb2 =Vp3z =Vpy =
Vs = Voa = 32V,

1-D

(69)

Regarding Eq. (69), the voltage stress on output diode Ds
is much less than the output voltage value. Hence, its reverse
recovery problem is eliminated thoroughly. This is one of the
major characteristics of the presented topology. Peak currents of
diodes D3 and D4 are given by Eq. (34). The peak currents of the
switch and the other three diodes can be formulated as:

7:S,pea,k - iDl,pea,k - Zzn + iLk(tQ)“F

. n+1)—D(2n 70
21D2,peak = (%) IO ( )

. . 34+ 2n
cak = iDspeat = [ =Ny (71
1D3,peak = D5, peak (2 (4n) (1= D)) o (71)

4. THE CSF ANALYSIS AND COMPARISON
STUDY

In Table 1, the presented converter is compared with some other
structures presented recently in terms of the number of components,
soft switching performance of semiconductors, continuity of input
current, voltage gain, and voltage stresses on semiconductors.
Moreover, voltage conversion ratios of some of the topologies
mentioned in Table 1 are compared in Fig. 5 and Fig. 6.

According to Fig. 5, the designed converter has the highest
voltage gain in comparison with other structures for duty ratios of
more than 0.5. According to Fig. 6, compared to other structures,
the proposed converter has higher voltage gain for turns ratios less
than 3 at duty cycles of 0.6 and 0.7. However, for turns ratios of
more than 3, converters in [17] and [26] have higher voltage gains.
It is worth noting that voltage gains of the designed structure are
about 22 and 32 for duty cycles 0.6 and 0.7 at n=3, respectively.
The voltage gain of 16 is enough for single-phase PV applications.
Hence, the presented converter is a suitable and feasible solution
for PV applications.

To evaluate voltage stresses on semiconductors of structures
mentioned in Table 1, component stress factor (CSF) analysis is
utilized. This method considers maximum voltage and root mean
square (RMS) values of currents flowing through components of
the structure in a specific set of conditions and output power.
Consequently, it gives a quantitative measure of the converter
performance [31]. This procedure is similar to component load
factor (CLF) analysis. However, they differ in how total and
individual component factors are calculated.

To apply the CSF analysis, it is supposed that structures under
study have the same resources of silicon, magnetic winding area,
and capacitor volume. Hence, CSF analysis consists of three
different parts: Semiconductor component stress factor (SCSF),
winding component stress factor (WCSF), and capacitor component
stress factor (CCSF). These parameters could be formulated as
follows [32]:

SCSF; = W, P2

(72)
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Fig. 4. Current-flow path of operating modes during one switching period at DCM operation. (a) Mode 1. (b) Mode II. (c) Mode III.

Table 1. Comparison of presented converter with some step-up DC-DC structures.

Number of components

Ref. S D C MC T LICR SS Voltage gain Voltage stress > Vp

PC 1 5 6 2 14 YES YES . Tran Vi ST MV,

6] 1 8 8 19 No No  HnC-D)ZD Mon=ly, MLt n 2y,
(17717 1 5 5 1 12 NO YES 2tn3-0) % n va
(g 1 7 7 1 16 NO  NO Stnle=D) Y-ny, MGy,
(91 1 5 7 3 16 NO  YES ii2n_D MLy, G DUy,
200 1 5 6 1 13 NO  YES 2rnle=D) 2Mony, CM-n)B5n) y,
202 5 5 2 14 YBS N0 yhER  Girriict spmriiea
221 2 3 6 3 14 YES YES 2 Hiny; sy,

23 2 6 6 2 16 YES YES S 32 Vin St MViy,

24 2 4 6 2 14 YES No 20ED)dEn(-D) 2EM—2ny; MM —2nZ Y,
251 2 7 5 3 17 YES  YES 2r20ol) LEnMony, SMtdn—dinMy,
260 1 6 6 2 15 YES YES FhmdZmaomD  ___Ahn Ci2natng) Vs
271 2 4 5 3 14 NO  YES 2ten 3z Vin s MV,

D: Diode, S: Switch, C: Capacitor, M.C: Magnet Core,
T: Total, S.S: Soft Switching, L.L.C.R: Low Input Current Ripple, A = \/5M2 + (6 + 4n) M + 1;

0 —P.C & Converter in [23]
Converter in [20]
25 |---Converter in [24]
—Converter in [25]
20 Converter in [17] & [26]
Converter in [27]

Voltage Gain
o

0 0.1 0.2 0.3

0.4

Duty Ratio

0.5

0.6

0.7

0.8

Fig. 5. Voltage gains of presented converter and structures in [17], [20],

[23-27], n=2.

WCSF; = E]’WJ}

CCSF; =

2 2
Vmax'Irms

Wi

W;

73

S Wi Vi Loms
5

component ¢ and the sum of weights assigned to components of
the same type, respectively. The total CSF of each component of
the same type could be calculated as follows:

1 SCSF =Y SCSF; (79)
] Ng
‘ WCSF =Y WCSF, (76)
0.9 NW

CCSF =) _ CCSF, 77

N¢

Where Ng, Nw, and N¢ symbolize numbers of semiconductors,
inductors, and capacitors, respectively. To reduce the complexity
of the analysis, it is assumed that: 1) capacitors and inductors are

(73) large enough without any ripples in their voltages and currents,
respectively and 2) there is no power dissipation in components of
the converter.

This analysis could also be used to find the best operating point

(74) of the converter in terms of lower stresses. Fig. 7 shows the SCSF

where SCSF;, WCSF;, and CCSF; are the CSF values
of each semiconductor, inductor, and capacitor, respectively.
Coefficients W, and > ; W; represent the weight assigned to

as a function of duty ratio for n=2. As shown in this Fig., the
SCSF has its lowest value at D=0.5. In other words, to minimize
stresses on semiconductors, the converter has to operate at a 50%
duty cycle.



M. Elmi et al.: Study on a High Step-Up DC-DC Converter Based on Built-in Transformer for Photovoltaic Applications 8

=

S
]

J

—P.C -
Converter in [18] -

—Converterinf24y | -7 =T
Converter in [25]

— -Converters in [17] and [26]

---Converterin|27] | - T

o

S

\
\

2

s
S

Voltage Gain

1 2 3 4 5 6 7 8 9 10
Turns Ratio
(a) D=0.6
100 - 1
—P.C 4
80 Converter in [18] -

—Converterinf24) | -7 T
Converterinf25) | el e

60 |- -Convertersin [17] &[26)] o= =TT

—--Converterin27] | o

Voltage Gain

oL J
1 2 3 4 5 6 7 8 9 10
Turns Ratio

(b) D=0.7

Fig. 6. Voltage gains of presented converter and structures in [17], [18],
[24-27].
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Fig. 7. Semiconductors CSF of proposed structure versus duty ratio, n=2.
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Fig. 8. Semiconductors CSF of presented topology and structures in [16],
[19] and [21], n=2.

In Fig. 8, the SCSF of the proposed converter and some of
the structures mentioned in Table 1 are compared. The SCSF
of each structure is calculated with the same weighting factor.
For simplicity, the weighting coefficient j W is assumed to be
unity and distributed equally among the semiconductors of each
converter. As illustrated in this figure, the designed topology has a
lower SCSF for voltage gains greater than 17.

5. EFFICIENCY ANALYSIS

The power losses of a converter are due to parasitic parameters
of the circuit components. The equivalent circuit of the proposed
converter considering parasitic parameters is depicted in Fig. 9.
The efficiency of the proposed topology can be formulated by:

- PO +-F)loss

Where PO is the output power and Ploss is the total power
losses of the presented structure and includes power dissipations
in semiconductor and passive components of the converter. Total
power losses could be calculated by the sum of individual power
dissipations in each component. It yields to:

n (78)

Pioss = P + Pp™ + PC* + P° (79)

To simplify efficiency analysis, it is assumed that currents
flowing through inductors are ripple-free. Hence, the RMS values
of inductor currents will be equal to their average currents.
Moreover, short transition modes I and III are neglected as well.
The switch losses include switching and conduction losses and
could be obtained by:

PY** = Psw + Pos (80)

Where PSW and PC,S are switching and conduction losses of
switch S, respectively and could be formulated as follows:

Psw = fsCsVa (81)

Po,s = I .msRps on (82)

Where VS and IS,rms are the maximum voltage across switch
S and the current RMS value of switch S, respectively. Neglecting
mode I, switch current could be formulated as:

D5 Ves ros
R
< I'pa
H Ve
o Y o
{F—wv
S ror 2 e
- Ve +‘ 5
=cC, o +
Lo Tun D, e REVo
0= g -
D, Ve o
Vin R
Ros.on $ 2.
+
Sﬁ ==C

Fig. 9. Circuit diagram of the proposed converter considering parasitic
parameters.

is = Sreak o < ¢ < DT (83)
s
Where TS is the time length of one switching cycle. The current

RMS value of switch S could be obtained as follows:

D (4(n+1)—D(2n+1)

Isrms =4[5 D(1—D)

Hence, switch power losses could be calculated by substituting
Eqgs. (68) and (84) into Eqs. (81) and (82) and utilizing the

) Io (84)
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characteristics of the chosen switch. Since all diodes turn off under
ZCS conditions, they have only conduction losses. Assuming that
all diodes are the same, power dissipations in each diode could be
formulated as:

Pp =1} rms™p + Vel avg (85)

Where Ip,rms and Ip q.g represent the RMS and average
current values of currents flowing through each diode, respectively.
Meanwhile, 7p and Vr symbolize the conduction resistance and
voltage drop of each diode, respectively. Currents flowing through
diodes could be achieved as follows:

t
b1 = ip1oear (1 — <t < daT 86
ip1 = iD1,p k( d4Ts)0_ < d4Ts (86)

t
ip2 = 1p4 = D2 peak (7) 0<t<DTs 87)

DTs
i1D3 = iD5 = .
. 0<t<dsTs (88)
daqT.
4D3,peak { 1dsTs <t < (1— D)Ts

The average currents of all diodes are equal to the output
current /. Utilizing Eqgs. (86) to (88), RMS values of diodes
could be calculated as follows:

Ca;if;g/lto rs Diodes
BIT E 23%
il

Switch
41%

Fig. 10. Contribution of structures’ components in total power losses.
Pp=250W, V=400V, fs=50kHz, n=2

1= Po=50W

— -Po=100W
-+ Po=150W
—--Po=200W
—P0o=200W
0.95 -

Efficiency

0.9

: |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Duty Ratio

Fig. 11. Efficiency of presented structure as a function of duty ratio, n=2.

7 _ % 4(n+1)—D(2n+1)
D1l,rms — 3 D(l 7D)

) Io (89

21
ID2,7‘ms = ID4,rms = \/3%

(90)

IDB,Tms = ID5,rms =

2d 3+2n
1-D—-= (2(1+n)(1—D)) Io

on

Power dissipation in each diode is obtained by substituting
Egs. (89) to (91) into Eq. (85) and utilizing characteristics of
the selected diode. The total power losses of diodes could be
calculated by:

5
PE* =" Ppy 92)
k=1

Capacitor and inductor losses are caused by their ESR (r¢) and
DC resistance, respectively. Their relative power losses could be
formulated as follows:

6
PES =10 T rms, 93)
k=1
loss __ 2 2
PI - rLinILin,'rms +rral (94)

Lk,rms

where Ic rms is the RMS value of the capacitor current. 71, and
rr, symbolize the DC resistances of the input inductor L;, and the
BIT, respectively. Meanwhile, Ir,, rms and Ir, rms represent the
RMS values of the input inductor and BIT currents, respectively.
The RMS values of currents flowing through capacitors and
inductors are as follows:

ICl,rms -
16(n+1)2 (3+2n)2 dy ((4(n+1)—D(2n+1) 2
Io <\/§D + 55+ \/?4( = D(l—D)n ) )
95)
ICQ,rms =

/16(n+1)2 (3+2n)2 2d. n 2 (96)
Io ( ;71:) + 1717:3 + \/(1 -D- 74) (2(145:3%1713)) >

IC’S,rms = [C4,rms = ICS,rms =

2
4 2d. 34+2n
IO\/E + (1 -D - 34) (2(1+$(1—D))

()

ICO,T’ms =
2
2d. 3+2n
IO\/l + (1 -D - 74) (2(1+n)(17D))

The power losses of capacitors could be calculated by
substituting Egs. (65) to (98) into Eq. (93). The RMS values of
currents flowing through input inductor L;, and BIT can be given
by:

(98)

ILin,rms = MlIo (99)

Inkrms =
2 2
dy ((4(n+1)—D(2n+1) (3+2n)2 16n2 2d. 342
Io (\/%( D(1-D) ) + (i-D) + \/ 3p T (1 -D- 34) (2(1%,)(?70))

(100)

The contribution of components of the designed topology in
total power losses at the output power of 250 W is depicted in Fig.
10. According to this Fig., major losses of the structure are caused
by switch losses. Meanwhile, BIT has the lowest portion in losses.
The total power loss value of the presented structure could be
achieved by substituting Eqgs. (80), and (92) to (94) into Eq. (79).
Finally, the converter efficiency could be calculated by Eq. (78).
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n= {31,
(A‘WZ+1)Tc+(5§TF+1)RL+A1+fsCs(3i§7!)2+/42+31t’12(1 ~D)rit 55 (rp+(4(nt1)2+1)rc)

(101)

Where Ry, is the output load, and Ay and A, are as follows:

A =
r T r n)— n 2 102
(DRDS;ON + 2( D+Mc+ L)) (4(1+3D)(1€(D1;r2 )) (102)
A =
n n 103
(2rp + 5rc + 1) (41;?335)((5;&))2) (103)

According to Eq. (101), the converter efficiency decreases by
increasing the switching frequency and BIT turns ratio. In case
the output voltage remains constant, the efficiency will rise by
increasing the input voltage. Furthermore, the efficiency of the
studied structure at different output powers is depicted in Fig. 11.
As shown in this Fig., by increasing the duty ratio, efficiency
increases until it reaches D=0.8. For duty ratios of more than 0.85,
there is a sharp fall in efficiency. Hence, in practice, the duty cycle
of the structure is limited to 0.85.

The theoretical and measured efficiencies of the proposed
converter are also depicted in Fig. 12. As illustrated in this Fig.,
by raising output power, efficiency lowers slightly. According to
this Fig., efficiency reaches a peak of 95.2% at the output power
of 125 W.

6. EXPERIMENTAL RESULTS

To confirm the theoretical analysis and practicability of the
designed structure, a 250-W prototype topology operating at the
frequency of 50 kHz is implemented and examined. Fig. 13 shows
the experimental prototype of the proposed converter. Different
components are named in this Fig. as well.

0.96

Efficiency
=
o
wn

Measured Eff

|
50 100 150 200 250 300
Output Power (W)

Fig. 12. Theoretical and measured efficiency of presented structure as
a function of output power. n=2, rc=rp=10mS, rr;,=rr1=20m,
Rps on=40m$2, Cs=600pF, V=1V, fs=50kHz.

The components are designed to boost an input voltage of 25
V to an output voltage of 400 V at the output power of 250 W.
Hence, the ideal voltage gain, the output current, and load value
could be calculated as follows:

Vo
M = =1 104
Vi 6 (104)
Io =22 _ 6254 (105)
Vo
2
Re = Y2 _ 400 (106)
Po

Cl

Fig. 13. Experimental prototype of the proposed converter.

Table 2. Circuit parameters of the implemented prototype.

Parameter Value
Input voltage (Vi) 25V
Output voltage (Vo) 400V
Output power (Pp) 250W
Output load (Rr,) 64082
Capacitors (C1 — C's) 4TuH
Output capacitor (Cp) 180pH
Input inductor (L;y,,) 320uH
Magnetizing inductance of BIT (L) 100uH
Turns ratio of BIT (n) n=2
Switching frequency (fs) 50kHz
Power switch (.S) IRFP260n
Diodes (D1 — Ds) MURI1560

Fig. 5 shows the variation of the voltage gain vs. the duty ratio
for n=2. According to this Fig., for M=16 and n=2, duty ratio D is
close to 0.6. As this value is desirable, the turns ratio of the BIT
is selected to be 2. Hence, the ideal duty ratio could be calculated
by Eq. (31).

M —3—2n
D=——+—"~057 107
A7 (107)
Semiconductors: According to Egs. (32), and (68) to Eq. (71),
the voltage and the current stresses of the switch and diodes could
be calculated as follows:

Vbs = Vb1 =~ 58.5V (108)
Vb2 = Vps = Vpa = Vps >~ 175.5V (109)
18, peak = D1,peak =~ 23.5A (110)
iD2,peak = iD4,peak =~ 2.2A (111)
1D3,peak = D5, peak ~= 1.TA (112)

Hence, suitable semiconductor components could be selected by
utilizing the aforementioned equations.
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Fig. 14. Experimental result of the prototype converter (Time/Div=10us). (a) voltages of capacitors C1, C2, C4, and output voltage, (b) voltage of capacitor
Cs and voltages across diodes D> to Ds, (c) voltage of capacitor C3, voltages across switch S and diode D1, (d) Input current and currents flowing
through diodes D1 and Ds, (e) currents flowing through switch S, BIT and diode D3, (f) dynamic performance to step change of output voltage.

Capacitors: To have a voltage with the lowest possible ripple,
the voltage ripple of 0.05% of the voltage on the capacitor is
selected. Therefore, the minimum suitable value for capacitors is
calculated as follows:

C ~ 35.5uF (113)

Hence, values of capacitors C; to Cs are selected to be 47
pF and the output capacitor value is selected to be 180 uF to
guarantee the lowest ripple for output voltage.

Inductors: Utilizing Eq. (63), the minimum value of the input
inductor could be given by:

Lin > 14.25uH (114)

To reduce the input ripple current, the value of the input
inductor L;, is selected to be 320 pH. The minimum value of
magnetizing inductance of the BIT could be achieved as follows:

Lo > 14.95p,H (115)

Like the procedure of selecting the input inductor value, the
value of magnetizing inductance of the BIT is selected to be 100
1H. Specifications of the constructed converter are listed in Table
2. At the end, steady-state waveforms of components are depicted
in Fig. 14.

Fig. 14-(a) shows the voltages of capacitors Cy, C2, C4 and
the output voltage Vo. In Fig. 14-(b), the voltage of capacitor
Cs and voltages across diodes D2, to Ds are depicted. This Fig.
shows that diodes D3 and Ds voltages are equal. Meanwhile, the
voltages of diodes Dy and D, are the same. The voltage stress of
output diode D5 is about 170 V, much lower than output voltage.
Fig. 14-(c) represents the voltage of capacitor C's and voltages
across switch S and clamp diode D;. Currents flowing through
diodes Dy and Ds along with input current are depicted in Fig.
14-(d). As shown in this Fig., the input current ripple is less than
1 A. Moreover, according to this Fig., diode D; turn off under
ZCS conditions. In Fig. 14-(e), currents of switch S, diode D3,
and BIT are illustrated. According to this Fig., the mean value of

BIT current is zero. Fig. 14-(f) depicts the dynamic performance
of the presented structure to a step change of output voltage. As
shown in this Fig., output voltage is decreased by about 50 V and
raised again to 400 V. As it is seen, it takes a short time (about
30ms) for the converter to follow the output change.

7. CONCLUSION

This paper presents and thoroughly analyzes a non-isolated
high-gain BIT-based DC-DC converter for PV applications. Unlike
most DC-DC converters that use coupled inductors (CIs), the
proposed structure employs a BIT and an improved voltage
multiplier (VM) cell to enhance voltage gain. Compared to
Cl-based DC-DC converters, BIT-based converters offer several
advantages, including balanced core magnetic flux, improved
saturation capability, reduced core size, and lower conduction
losses. Additionally, a passive voltage clamp is used to recycle
energy stored in the leakage inductance of the BIT, reducing
voltage stress on the switch. As a result, a switch with low
on-resistance is chosen for the implementation of the structure.
The converter also provides continuous input current with minimal
ripple and a shared common ground between the input, switch, and
load—further improving the design. The use of BIT enhances the
converter’s efficiency while reducing core size. Since the voltage
stress on the output diode is relatively low and it turns off under
zero-current switching (ZCS) conditions, the reverse recovery
problem is eliminated. A detailed steady-state analysis of the
structure is provided, with design considerations for components,
such as semiconductors, inductors, and capacitors, discussed in
detail. Additionally, a CSF analysis of the proposed converter
is conducted, and the structure is compared with other recent
topologies. The results of the comparison highlight the advantages
of the proposed configuration over other converters. Finally, a
250-W laboratory prototype is built, and experimental results are
presented to validate the theoretical analysis and demonstrate the
practical viability of the structure. The results confirm the accuracy
of the analysis and affirm the converter’s potential for use in PV
systems.
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