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Majid Hosseinpour™, Elham Seifi’, Ali Seifi* & Mahdi Shahparasti?

In this paper, an interleaved DC-DC step-up converter with improved characteristics based on a
voltage multiplier rectifier is presented. The proposed converter is presented and analyzed for two
different operating duty regions including operating region 1 (0 <D <0.5), and operating region 2
(0.5=D<1).This converter can be used in various applications such as energy storage, electric vehicles,
and renewable energy systems. This converter is composed of two stages: an interleaved boost stage
and a voltage multiplier rectifier stage, which collectively forms its general structure. The interleaved
boost stage is a type of two-phase boost converter that transforms the input DC voltage into a high-
frequency AC square waveform. This waveform can be readily filtered using smaller capacitors. The
square-shaped voltage waveform from the interleaved boost stage is rectified and converted to a high
DC voltage by the Voltage Multiplier Rectifier (VMR) stage. The operating regions, the evaluation of
the steady-state condition, the voltage gain of the proposed converter’s parasitic and ideal models as
well as its losses and efficiency analysis have been evaluated. The proposed converter has an efficiency
of 97% at the output power of 150 W. The proposed converter is simulated to convert a voltage of
25-159.5V and to validate the mathematical relationships and simulation results, a laboratory
prototype has been developed. The simulation and experimental results show the precision of the
performance of the proposed interleaved boost converter.
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In recent years, one of the considerable problems is global warming and its environmental effects. The pollution
produced by fossil fuels such as gas and oil is the most significant reason for these problems. Thus, there has been
an increased focus on renewable energy resources such as solar energy, fuel cells, and wind power. Renewable
energy sources, including fuel cells and photovoltaic arrays, produce low amplitude output voltages. As a result,
the need for power electronics converters is felt to increase their voltage and bring it to the appropriate range
for use by the load or connecting to the network!. For this purpose, DC-DC converters with high voltage gain
are a suitable choice®”.

In the conventional step-up DC-DC converter, the switch voltage stress is substantial and is equivalent to
the output voltage*. Therefore, the traditional step-up converter needs switches with higher ratings to withstand
higher voltage stress. Furthermore, choosing higher duty cycles is necessary to attain high voltage gain, which
results in diode reverse recovery issues, conduction losses, and voltage spikes®. Depending on the requirements
of the application, a variety of DC-DC converters with high voltage gain capability are now available. Isolated
and non-isolated converters are the two main types of DC-DC converters with high voltage gain. Isolated con-
verters have higher hardware costs and larger volumes. They also have to deal with significant obstacles such as
the thermal effect, high price, leakage inductance, core saturation, and high voltage stress on power switches®”.
Non-isolated DC-DC converters with high voltage gain are considered due to their boost capability, high effi-
ciency, and proper voltage regulation. These converters are widely employed in many different applications,
including DC nano grids®, electric vehicles’, photovoltaic (PV) systems!?, and fuel cells (FC)''. The primary types
of non-isolated DC-DC converters are cascaded converters, coupled inductor converters, switched capacitor
converters, and interleaved converters.

!Department of Electrical Engineering, University of Mohaghegh Ardabili, Ardabil, Iran. 2School of Technology and
Innovations, University of Vaasa, Vaasa, Finland. “'email: hoseinpour.majid@uma.ac.ir

Scientific Reports|  (2024) 14:14413 | https://doi.org/10.1038/s41598-024-65171-5 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-65171-5&domain=pdf

www.nature.com/scientificreports/

The interleaved technique is an internal connection of multiple switching cells that increases the effective
pulse frequency by synchronizing several smaller sources and operating them with a suitable phase shift. In
medium/high power applications, the interleaved structure can be used to reduce input current ripple, enhance
dynamic response, reduce magnetic component sizes, and improve thermal distribution. The interleaved struc-
ture decreases input current ripple and increases converter ripple frequency without increasing switching losses
or switching device stresses. Therefore, it can reduce the need for filtering and energy storage, thereby sig-
nificantly improving the power conversion density without compromising the efficiency of the converter. The
popularity of interleaved boost DC-DC converters in applications such as energy storage'?, electric vehicles?,
and renewable energy systems'* can be attributed to these advantages.

Various structures have been proposed for interleaved converters. A DC-DC converter utilizing a modified
triple-boosting architecture (MTB) interleaved with modified switched inductor capacitors (MSIC) is presented
in'® to attain high voltage gain in photovoltaic applications. A large number of devices and a relatively high
switching frequency result in high losses, which are the problems with this structure. An n-phase Interleaved
Complementary Current-fed Topology (n-phase ICCFT) with two pulse-width-modulation (PWM) schemes is
introduced in'® to implement the interleaving of the n-phases. This converter has three power switches, which
results in a considerable switching loss for this structure and its voltage gain is not a value corresponding to the
structure containing three power switches. An interleaved step-up DC-DC converter for high-voltage applica-
tions based on a quasi-Z-source is discussed in'’. All power devices in this converter employ hard switching,
which is unsuitable for increasing the switching frequency and reducing switching losses. In'8, another type of
multiphase interleaved step-up converter with soft switching and using an additional resonant circuit is pre-
sented. This converter works at a specific frequency which results in low power density. Also, high voltage gain
is not properly met in high-duty cycles. The interleaved multilevel boost converter is described in" for high-
voltage DC microgrid applications. As a result of the increased number of components and voltage gain achieved
through the use of multiple stages in this converter, intricate power and control circuits have been developed.
In?, an interleaved structure along with the multiplier cell is introduced to boost the voltage gain but, because
there are so many components in the converter, its efficiency is not impressive. The interleaved boost converter
presented in®! can operate in different regions with different duty cycle values. However, the maximum voltage
gain is limited and does not work properly at high powers. In??, a symmetrical three-winding coupled inductor
(TW-CI) based interleaved step-up converter is introduced. The main issue related to leakage inductance is the
occurrence of voltage spikes in the MOSFET switch, leading to considerable power loss and potentially damaging
the power switch. An interleaved Luo converter, which combines the advantages of both switched capacitors and
interleaved topologies, is utilized in®. Also, an Interleaved High-Gain Modified SEPIC (IHGM-SEPIC) DC-DC
converter has been presented in** for PV applications. In both of these structures, the number of elements used,
particularly in?, is crucial because it impacts the volume and efficiency of the converter.

The converter’s capability for high voltage and high power applications is increased when voltage multipliers
(VM) are used in interleaved converters?®—2 An interleaved step-up converter with a bi-fold Dickson voltage
multiplier is reported in?® and can be used to link medium-voltage distribution buses with low-voltage renew-
able energy sources. To obtain high voltage gain, this converter employs a switched capacitor technique. Large
instantaneous currents passing through the capacitors cause additional power losses, electromagnetic noises, and
switch current stress, which is the fundamental drawback of converters based on switched capacitors. Also, the
limited range of duty cycle values and a large number of elements are limitations of this structure. The converter
described in* has a modified Dickson Charge Pump Voltage Multiplier on the output side and a two-phase inter-
leaved step-up converter on the input side which leads to reduced magnetic storage requirements and smoother
input current. To rectify or regulate the output voltage, the converter requires an LC filter or output diode. Also,
this converter has lower efficiency. This converter needs a capacitor with a high nominal voltage at the output
and does not offer a way to lessen the voltage stress on the diode. An interleaved DC-DC step-up converter
with an input-parallel output series is introduced in?. This converter has two duty regions with different input
current ripples and the same voltage gain. However, it has a reverse polarity output. Only in high-duty cycles,
this converter can produce a high voltage gain; in lower-duty cycles, the voltage gain is significantly decreased.

An interleaved boost converter with a fixed frequency sliding mode control strategy is provided in®® to guar-
antee the system’s steady operation. Relatively low voltage gain and complexity in controller design are disadvan-
tages of this converter. In addition, it requires additional current sensors, which increases the hardware cost as
aresult. In%, a tri-state interleaved boost converter is presented. This converter uses a diode and an extra switch
to provide a freewheeling time, which keeps the output capacitor’s charging time fixed. The dynamic response is
enhanced by the tri-state interleaved converter, but the circuit has the same gain as a traditional boost converter
and requires more complex control. A multi-input step-up DC-DC converter that is based on the Cockeroft-
Walton (CW) multiplier is shown in®. In this converter, the current of the input inductors must be controlled
by a current balancer. The power density is further limited by the large volume of the required capacitors. Every
capacitor in the Cockcroft-Walton voltage multiplier cell experiences the same voltage stress. Increasing the
number of the stages of multiplier cells leads to an increase in the output impedance of this cell. Consequently,
the converter’s efficiency declines. A Greinacher voltage multiplier-based interleaved boost converter is described
in*!. This converter operates properly just for limited duty cycle values. In*?, an active clamp circuit and a voltage
multiplier (VM) are combined for high-voltage applications to introduce and investigate a family of interleaved
current-fed step-up DC-DC converters. Because a large number of power devices are used in this converter, the
efficiency of the converter is affected by this issue.

In this paper, an interleaved DC-DC step-up converter with improved characteristics such as higher efficiency
and relatively higher real voltage gain based on a voltage multiplier rectifier is presented. The power switches
experience significantly less voltage stress compared to the output voltage. To reduce conduction losses, power
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switches with lower on-state resistances are employed. The interleaved structure significantly reduces the input
current ripple, extending the useful life of renewable energy systems.

This article is structured as follows: section “Proposed converter and operation principles” provides an
overview of the structure and operation principles of the proposed converter in continuous conduction mode
(CCM). Section “Steady-state analysis” presents the steady-state analysis of the proposed converter, which
includes the calculation of the ideal and actual gain coefficient, the design of parameters in different operational
areas, and finally, the loss and efficiency of the proposed converter. Section “Steady-state analysis” presents the
steady-state analysis of the proposed converter, which includes determining the ideal and real voltage gain,
designing the parameters in various operating regions, and calculating the converter’s efficiency and loss. In
section “Comparison of interleaved converters”, the proposed converter is compared to similar converters
to analyze the converter’s feasibility. Section “Simulation and experimental results” also provides a detailed
discussion of the simulation and laboratory results. In section “Conclusion”, the paper is finally ended.

Proposed converter and operation principles

In this part, the steady-state analysis and operation principles of the proposed converter are explained. The
proposed converter is shown in Fig. 1. To analyze the converter, the elements are thought to be ideal, and the
capacitor’s values are thought to be large enough to overlook voltage ripple. An interleaved step-up stage and a
voltage multiplier rectifier (VMR) make up the general structure of the proposed converter. The proposed con-
verter includes two power MOSFETSs S,, S,, two inductors L,, L,, three capacitors C,, C,, C;, and three diodes D,
D,, D;. In the continuous conduction mode (CCM), the proposed converter has been analyzed. A switching logic
has been developed for the operation of the proposed converter in two operating regions including operating
region 1 (0 <D<0.5) and operating region 2 (0.5< D < 1) which leads to different voltage gains. D is the proposed
converter’s duty cycle, or the ON time of switches to the switching period. The following subsections provide a
comprehensive analysis of the converter’s mathematical modeling.

Operating Region 1 (0<D<0.5)

Figure 2 displays the fundamental operating waveforms of the proposed converter for region 1 (0<D<0.5). In
this region, S, and S, are switched in a complementary manner. The proposed converter includes two switching
modes (mode 1 and mode 2) during the switching period (TY), as shown in Fig. 2.

Mode 1 (S; off and S, on)

The equivalent circuit of the proposed converter when S, is off and S, is on is shown in Fig. 3a. In this mode,
diodes D, and D, are forward-biased and diode D; is reverse-biased. Inductor L, discharges its energy into
capacitors C; and C,. Therefore, its current slope is negative according to Fig. 2. The inductor L, is charged
through the input voltage V,,. In Fig. 2, the current slope of inductor L, is positive. The energy stored in the
capacitor C; is discharged into the output load R. The resulting equations in mode 1 are according to relations

(1), (2).
{h% =vi1 = Vin— Ve2 (1)
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ic) = icy = fn7iL2 @)
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Figure 1. Proposed converter.
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Figure 2. Essential operating waveforms of the proposed converter for 0 <D<0.5.

Mode 2 (S, on and S, off)

The equivalent circuit of the proposed converter when S, is on and S, is off is shown in Fig. 3b. In this mode,
diodes D, and D, are reverse biased and diode Dj is forward biased. The stored energy is delivered to the output
load and output capacitor C; by inductor L, and capacitors C, and C,. Therefore, according to Fig. 2, the current
slope of the inductor L, and the voltage slope of the capacitors C, and C, are negative in this mode. The inductor
L, is charged through the input voltage V,,. Also, according to the positive slope of the inductor L,’s current in
Fig. 2, it can be concluded that the inductor L, is charging. The resulting equations in mode 2 are according to
relations (3), (4).

{ Ll% =1 = Vi 3)
Ly% =vip = Vi + Vo1 + Vea — Ves
ic1 = ic2 = i1 — lin = —iL2
{ ics = itz — io @

Operating region 2 (0.5=D<1)

The essential operating waveforms of the proposed converter for region 2 (0.5<D<1) are shown in Fig. 4. In this
region, there is a 180" phase difference between S, and S,. From Fig. 4, it can be seen that the proposed converter
has three switching modes (mode 1, mode 2, and mode 3) in the switching period (Ts).

Mode 1 (S; on and S, on)

The equivalent circuit of the proposed converter when S, and S, are on is shown in Fig. 5a. In this mode, the
inductors are charged through the input source, and the diodes are reverse-biased. The energy stored in the
capacitor C; is discharged into the output load R. Capacitors C;, C,, and C; is neither charged nor discharged.
As seen in Fig. 4, the inductors’ current slope is positive, indicating that they are charged in this mode. Also, the
voltage slope of capacitors C;, C,, and C; remains constant. The resulting equations in mode 1 are in the form
of relations (5), (6).
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Figure 3. Equivalent circuit of different switching modes of the proposed converter in operating region 1: (a) S,
offand S, on (b) S, on and S, off.
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Mode 2 (S, off and S, on)

The equivalent circuit of the proposed converter when S, is off and S, is on is shown in Fig. 5b. In this mode,
diodes D, and D, are forward-biased biased, and diode Dj; is reverse-biased. L, discharges its energy into
capacitors C; and C,. Therefore, its current slope is negative according to Fig. 4. The inductor L, is charged
through the input voltage V,,. In Fig. 4, the current slope of inductor L, is positive. The energy stored in the
capacitor C; is discharged into the output load R. The resulting equations in mode 1 are according to relations

(7). (8).

{h‘h%l =vi1=Vin—Vc1=Vin — V2

- )
Ly =vp =V
. . Li,—i
Ic1 =1c2 = mzle (8)
1c3 = —1lo

Mode 3 (S, on and S, off)

The equivalent circuit of the proposed converter when S, is on and S, is off is shown in Fig. 5c. In this mode,
diodes D, and D, are reverse biased and diode D; is forward biased. The stored energy is delivered to the output
load and output capacitor C; by inductor L, and capacitors C, and C,. Therefore, according to Fig. 4, the current
slope of the inductor L, and the voltage slope of the capacitors C, and C, are negative in this mode. The inductor
L, is charged through the input voltage V,,. Also, according to the positive slope of the inductor L,’s current in
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Figure 4. Operating waveforms of the proposed converter for 0.5<D<1.

Fig. 4, it can be concluded that the inductor L, is charging. The resulting equations in mode 3 are according to
relations (9), (10).

{Ll% =vn =V )
Ly%2 =vipy = Vi + Vo1 + Ve — Ves
ict =ica =i — Iin = —ip2
{ ic3 = ipa — o (10)

Steady-state analysis

This part includes a detailed analysis of the proposed converter’s ideal and real voltage gains, parameters design,
voltage stress on the diodes and switches, and, lastly, the calculations of losses and efficiency in the continuous
conduction mode (CCM). Since the proposed converter has two types of switching logic for duty cycles less than
and greater than 0.5, the ideal and real voltage gain, as well as the design of the parameters for the two operating
regions, are presented.

Ideal voltage gain in operating region 1 (0<D=<0.5)

By applying the volt-second balance principle on the inductors in a switching period in the operation region
1 according to Egs. (11) and (12), the voltage of the capacitors is obtained according to Eq. (13), which can be
used to achieve the ideal voltage gain.

DTs Ts
(vi1) = / (Vin — V)t +/ Vindt =0 (11)
0 DTs
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Figure 5. Equivalent circuit of different switching modes of the proposed converter in operating region 2: (a) S,
onand S, on (b) S, offand S, on (¢) S, on and S, off.

DTs Ts
(vi2) = / Vindt +/ (Vin + V2 + Ve — Vo)dt =0 (12)
0 DTy
Vi
Ver=Ver = ) (13)

Therefore, by substituting Eq. (13) into Egs. (11) and (12), the ideal voltage gain of the proposed converter
is obtained as follows.
Vo 2-D)

~ Vv, D(1-D (14)
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As it is known, the voltage of capacitor C, is equal to the voltage of capacitor C,. It is also worth mentioning
that the ideal voltage gain calculated for the duty cycle is valid in the range (0 <D <0.5).

Ideal voltage gain in operating region 2 (0.5<D <1)

By applying the volt-second balance principle on the inductors in a switching period in the operation region 2
according to Egs. (15) and (16), the voltage of the capacitors is obtained according to Eq. (17), and by using these
equations, the ideal voltage gain of the proposed converter can be obtained.

DTs Ts
{vL1) =/ Vindt +/ (Vin — Ve)dt =0 (15)
0 DT
DTg Ts
(vi2) = / Vindt +/ (Vin +Ve2 + Ve = Vez)dt =0 (16)
0 DTs
Ver = Vey = 2 17
a=Va=q_p (17)

Therefore, by substituting Eq. (17) into Egs. (15) and (16), the ideal voltage gain of the proposed converter
is obtained as follows.

Vo 3

Vin  (1—D) (18)

As it is known, the voltage of capacitor C, is equal to the voltage of capacitor C,. It is also worth mentioning
that the ideal voltage gain calculated for the duty cycle is valid in the range (0.5<D<1).

Real voltage gain

This section presents an analysis of the impact of parasitic elements on the output voltage and efficiency. Figure 6
illustrates the proposed converter circuit with parasitic elements. The inductors” equivalent series resistance (ESR)
includes r;; and r,. rg;, g, represent the switches’ on-state resistances, while rp,, 7, and rp; are the internal resist-
ances of the diodes and V), Vp, and Vp; are their forward bias voltage drops. r¢;, 7, and r¢; are the equivalent
series resistance (ESR) of capacitors C;, C, and Cs.

The operation principles of the proposed converter in real conditions are similar to the operation principles
in the ideal state, and the parasitic elements are also considered in the equivalent circuit and the governing
equations of the circuit. Similar to ideal voltage gain calculations, by applying the volt-second balance principle
to the inductors and taking into account the parasitic parameters, the real voltage gain of the proposed converter
is calculated in operating region 1 (0<D<0.5) according to Eq. (19) and in operating region 2 (0.5<D<1)
according to Eq. (20).

+ +
L
! L. Ds y%_j’m
I 12 Cz +T= rvv
= D2
i i e V2 C; =
Vi © D, raf RYY,
CI:J_
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r'pi Vbi D, %
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Figure 6. Effect of parasitic elements in the proposed converter’s structure.
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— 8=7D) ¢ _ 1
TR I
— _ 4
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(20)

(1-D)

In the following, the process of parameter design for the proposed converter has been examined. The
parameter design has been checked once for the operating region 1, which has a duty cycle of less than 0.5, and
repeated for the operating region 2, which has a duty cycle of more than 0.5.

Parameter design in operating region 1 (0<D<0.5)

Inductor selection

When the switches S, and S, are on, the inductors L, and L, have a positive current slope, and the voltage of
capacitors and relations (1) and (3) can be used to determine the current ripple of inductors, which yields
relations (21) and (22).

V(1 —D)
Aipy = MT (21)
N
Ai VinD 2
iy =
Lofe (22)

Hence, the values of inductors L, and L, operating under continuous conduction mode (CCM) are obtained
according to relations (23) and (24).

Vin(1 — D)
Li=—/—75-— 23
! AiL]fs ( )
VinD
Ly=— 24
Airofs (24)
The average current passing through inductors L, and L, is as follows:
2I;,(1 — D)
Iy = ——
Ll,avg (2 — D) (25)
. _ _IuD
L2,avg = (2 — D) (26)
The peak passing current of inductors L, and L, can be calculated according to relations (27) and (28).
Iy o = 2liy(1 —=D) | Viu(1 —D) 27)
Lok =
d 2 -D) 2Lyf,
I;nD VinD
I =
L2,pk 2-D) + Lo, (28)
The RMS current passing through inductors L, and L, can be expressed by relations (29) and (30).
21 -D)\*> [ Vi(1—D)\*
ILl,rms - (M) + (M) (29)
2-D) 23Lfs
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IinD )2 < VinD )2
L2,rms \/((Z—D) 2«/§L2f5
Active switches selection

The voltage stress across switches S, and S, can be obtained using the relations (31) and (32).

V:
Voi = o (31)
Vin
Voo =
2=1_p) (32)
The average current passing through switches S, and S, is as follows:
ISl,uvg = (1 — D)l (33)
Is2,avg = DIy (34)
The peak current passing through switches S, and S, is obtained according to (35).
Isipk = Is2pk = Iin (35)

The root mean square (RMS) values of the switch’s current can be obtained using the relations (31) and (32).
Isims = \/ (1 = D)(Iin)? (36)

I3, rms = \/ D(Iin)* (37)

Diode selection
The voltage stress across the diodes in the proposed structure can be calculated using the following equation:

vp= Vi
D=5 1-D) (38)
The average current passing through all the diodes is as follows:
ID,qu =1 (39)
The RMS current passing through diodes D), D,, and D; can be expressed by relation (40).
IDl,rms = IDZ,rms = Io %2
(40)

ID3,rms - Io FID)

Capacitor selection
An important factor in choosing a capacitor is its permissible voltage ripple. Using Eq. (2) and the values of the
average current of the inductor, the voltage ripple of the capacitors can be obtained as follows.

AVer = g
AVer = ¢ (41)
AVes = ¢y

Allowable voltage ripple of capacitors is considered to achieve proper performance and low power loss. Using
Eq. (41), the capacitor capacity can be derived as follows:

Io
C = A‘§C1f5
©2 = 3ar (42)
Cy = LD
3= Avesf:
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Parameter design in operating region 2 (0.5<D<1)

Inductor selection

In this operating region, considering that the converter has three operating modes, depending on which of
the operating modes is selected and according to the equations governing the considered mode and voltage of
capacitors, the current ripple of inductors can be expressed according to relations (43) and (44).

Ai VinD (43)
L1 =
Lifs
Aipy = P (44)
5 =
Lofs

Hence, the values of inductors L, and L, operating under continuous conduction mode (CCM) are obtained
according to relations (45) and (46).

L _ VD
1= = 45
AlLlfs ( )
VinD
Ly=— 46
AIszS (46)
The average current through the inductors L, and L, in operation region 2 is as follows:
21
ILl,avg = (47)
3
I
ILZ,avg = (48)
3
The peak current of inductors L, and L, can be calculated according to the relations (49) and (50).
2Ly, VinD
gk = =2 +
L1,pk 3 LS (49)
lin VinD
Topk = 2 +
L2,pk 3 2Lofe (50)

The RMS current of inductors L, and L, can be expressed by relations (51) and (52).

2L\ 2 VieD \?
I = 51
L1,rms \/( 3 ) + (Zx/ngfS) (51)
In\? VieD \?
I = L 52
L2,rms \/( 3 ) + (2\/§szs ( )
Active switches selection

The voltage stress of switches §; and S, can be obtained using the following relation:

&in
Ve = Ve, =
S1 = Vs2 = (1-D) (53)

The average current passing through switches S, and S, can be expressed according to Eq. (54) and their peak
current can be expressed according to Eq. (55).

Istag = 22(1+D
{ Sl,avg 3 ( ) (54)
ISZ,avg = T(Z - D)

ISl,pk = ISZ,pk =Iin (55)

Diode selection
The voltage stress of the diodes can be obtained using the Eq. (56) below.

o — 2V
D= 1-D) (56)
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The average current passing through diodes can be expressed according to Eq. (57) and the RMS current
passing through diodes D, D,, and D; can be expressed by Eq. (58).

ID,avg =1, (57)

[ 1
IDl,rms - IDZ,rms - ID3,rms - Io m (58)
Capacitor selection

An important factor in choosing a capacitor is its permissible voltage ripple. Equation (59) can be used to
determine the voltage ripple of the capacitors based on the average current values of the inductors and the
equations governing each of the three considered modes. Equation (60) can be used to calculate the capacitor
capacity of the proposed converter for operating region 2.

Aver = &]fs
Aver = g (59)
Aves = CI;SD
Io

Cl = Aveifs
Cr = x0

2 Alvczfs (60)
G = Avgast

Analysis of power loss and efficiency
As previously mentioned, parasitic resistances cause power losses and affect the performance and efficiency of
converters. Different power losses in a converter must be considered and calculated. The power loss of a converter
includes switch losses, which include conduction and switching losses, diode losses, inductor losses, and capacitor
losses. The total power loss is obtained by summing all the described losses. In the following, each of the above
losses is examined and how to calculate them is explained.

The switch losses are classified into two groups conductive and switching losses, which are calculated as
relations (61) and (62), respectively.

Switch __ pSwitch Switch
PLOSS - PConductian + PSWitching (61)

Switch 2 2
Pliiction = (RDS, (om 15, yms) + (RDS,(om) I8, yms)

; 1 1 (62)
ng;;g,’jmg = (EVDSI(O”)ISI»Wg(tTI + 1 )ff) + <5VD52(0”)152Wg(tT2 + tfz)fs)

where Vg is the switch’s standing voltage and I ,,, is the average current flowing through the switch. The switch's
rise and fall times are described as (%, t,). The Switching frequency is f; and finally I, indicate the effective
current passing through the switch. The power losses of diodes can be calculated from the following equation,

where 7, is the diode conduction resistance, I ., is the effective current that flows through the diode, V}, is the
diode’s forward voltage drop, and I, ,,, is the average current that flows through the diode.

iod
P?olgs ‘= (rDl Ilz)l,rms + VD1ID1,an) + (rDzllz)z,rms + VDZIDz,ﬂVg> + (rD3112)3)rms + VDSID&“"g) (63)

Similarly, relations (64) and (65) can be used to calculate the power losses of inductors and capacitors,
respectively.

Pf:){sjsudw =T Ifl IS + 11, Ifz,rms + 115 I%g,rms (64)
Parasitic parameter Values
Switches’ on-state resistance rps=0.04 Q
Diodes’ on-state resistance rg=0.17 Q
Diodes’ forward voltage drop Vip=07V
Equivalent resistance of the capacitors | rc=10 mQ
Equivalent resistance of the inductors rp =100 mQ

Table 1. The parasitic values of the proposed converter for loss analysis and real gain factor.
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Figure 7. Analysis of efficiency and power losses of the proposed converter. (a) Efficiency according to duty
cycle at constant power of 200 W and different input voltage. (b) Power loss distribution.

Capacitor
p Loss

=T1c I(zjl,rms + rCZIéz,rms + rC3Ié3,rms + rC4Ié4,rms (65)
where 7; is the equivalent series resistance or ESR of the inductor, I; ,,,, is the effective current that passes through
the inductor, r is the equivalent series resistance or ESR of the capacitor, and I, is the effective current that
passes through the capacitor.

With all of the aforementioned losses taken into account, relations (66) and (67) yield the total power losses
and converter efficiency, respectively.

A , o
potal — pjitch | ppiode y plnductor 4 pyhecttor (66)
n Po _ 100% 67

= (]
P, + PLE (67)

To analyze the losses and obtain the efficiency of the proposed converter, the parasitic values are considered
according to Table 1. Figure 7 shows the efficiency and power loss analysis of the proposed converter in differ-
ent duty cycles. The efficiency according to the duty cycle at a constant power of 200 W for input voltages of
25V and 40V is represented in Fig. 7a. According to this figure, for a higher input voltage and at a given power,
the current passing through the elements is lower, and better efficiency is obtained. According to this figure,
the efficiency of the proposed converter in a wide range of duty cycles and different input voltages is suitable
and acceptable and provides values of 93%-98%. Furthermore, Fig. 7b displays the power loss distribution of
the proposed converter at D=0.55 and V;,=25 V. The power loss distribution is determined by the proposed
converter in MATLAB software using equations described in relations (61)-(67) for an output power of 200
W. According to Eq. (61), the losses caused by switches are equal to 2.2934 W. Diode losses using Eq. (63) are
obtained at 1.658 W. The losses resulting from inductors and capacitors are 2.3915 W and 0.07657 W, respectively,

Converter in* Converter in*' Converter in* Converter in*® Proposed converter

Number of switches 2 2 2 2 2
Number of inductors 2 2 2 2 2
Number of capacitors 3 2 3 3 3
Number of diodes 3 2 4 2 3
Total number of components 10 8 11 9 10
M= Lo -3 2 2-D) 2 N

Vi (1-D) (1-D) (a-D) (1-D) (1-D)
V51,2 max 1 1 1 1 1

Vin (1-D) (1-D) (1-D) (1-D) (1-D)

VDimax _ 1
Vbimax _ _ 2 Vin — (1-D) VDimax _ _ 2
Vie — (1-D) VDimax _ _ 2 Vboymax _ 1 VDimax _ _ 2 Vie — (1-D)

VDmax Voamex _ 2 Vi . (-D) Vie . (-D) Vie — (-D) Voomax _ _ 2
Vo Vie — (1-D) Vozmax _ 1 Vp3max _ 1 Voomax _ 2 Vin — (I-D)

" VD3,max 2 Vie — (I-D) Vie  (I=D) Vie — (1-D) VDsmax _ 2

Vi . (-D) VDimax _ 1 Vie . (-D)
Vie = (1-D)

Reported efficienc 93.56% 91.24% 98.6% 93.76% 96.89%

P Y (P, =300 W) (P,=62 W) (P, =900 W) (P, =200 W) (P, =200 W)
Continuous input current Yes Yes Yes Yes Yes
Common ground No Yes Yes No No

Table 2. Comparison of the characteristics of the proposed converter and some references.
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Figure 8. Voltage gain according to the duty cycle (D).
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Figure 9. Switch’s voltage stress according to the duty cycle (D).

according to Eqs. (64) and (65). Finally, the converter efficiency is 96.89% and the total losses, including the sum
of the aforementioned losses, are 6.419 W.

Comparison of interleaved converters

A comparison with some similar converters described in , and?® under the same conditions has been con-
ducted to validate the proposed converter. and for the duty cycle of 0.5< D < 1. Table 2 presents the results of
the comparison of these converters with the proposed converter according to the number of elements, voltage
gain, maximum voltage stress of switches, maximum voltage stress of diodes, efficiency, continuous input cur-
rent, and common ground. According to the total number of elements, the conditions for the structures under
comparison are close to each other and the total number of elements in the structures of***, and* is 8, 11, and

20,21,23

[3®)
(=}

[20], D1 in [21], [26], proposed converter
D2 in [21], [23]

—_

W
T
L

W
T
L

Diode Voltage Stress (VDmax/Vin)
=

0.6 0.7 0.8 0.9 1
Duty Cycle (D)

_OO
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Figure 10. Voltage stress on the diodes according to the duty cycle (D).
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Figure 12. Efficiency of the proposed converter and structures® and®.

9 elements, respectively, and it is equal to 10 in the proposed converter and other structure. The relationship of
voltage gain (M) according to duty cycle (D) for different structures is presented in Table 2 and Fig. 8 shows the
structures’ voltage gain. According to this figure, the proposed converter’s voltage gain for the same duty cycle
is better than the structures under comparison. Also, the voltage gain of the proposed converter is even better
than the structure?’, which has more elements. Table 2 presents the maximum voltage stress relationship on the
switches according to the duty cycle (D), and Fig. 9 illustrates the maximum voltage stress of the switches in the
comparison structures. This figure illustrates that, although the proposed converter has a higher ideal voltage
gain, the voltage stress on the switches is consistent across all compared structures, and they are all positioned
similarly. In Fig. 10, the maximum voltage stress on the diodes is also displayed according to the duty cycle (D).
Considering that the voltage gain of the proposed converter is greater than that of other structures, it is natural
that the maximum voltage stress of the diodes in the proposed converter is higher than some comparative struc-
tures. In addition, according to Fig. 10, in the structure of*>*, and diode D, of*', the voltage stress governing the
diodes is the same as the proposed converter. In Table 2, the efficiency of the compared and proposed structures
is presented. It is worth noting that the proposed converter demonstrates higher efficiency compared to the
other structures. While the structure® is reported to have an efficiency of 98.6% at a power of 900 W, this value
is reported without considering the same conditions as the proposed converter. Based on Fig. 12, when the same
conditions as those in Table 1 for the proposed converter are applied to this structure within the same power
range, it is evident that the proposed converter outperforms it and exhibits superior efficiency.

The real voltage gain of the proposed converter and the structure® are plotted in Fig. 11 for the same parasitic
values for both converters and according to the duty cycle (D). Although the number of components, ideal volt-
age gain, voltage stress of the switch and diode, and other parameters of the structure®® are identical to those of
the proposed structure, in practical conditions and terms of parasitic resistances, its real voltage gain is lower
than the proposed converter for duty cycle in the range of 0.8 <D <0.95. This shows the relative superiority of
the proposed converter over this structure. Also, the polarity of the output voltage in this structure is reversed,
which causes a limitation in its performance, which does not exist in the proposed converter.

Figure 12 shows the efficiency of the proposed converter and structures® and* considering the same para-
sitic values. According to this figure, the efficiency of the proposed converter is better than these two structures.
The structure* has more elements with a lower voltage gain factor, which causes higher losses and affects the
efficiency of this converter. Finally, the proposed converter can be considered a better option compared to the
mentioned references, considering that it has relative superiority in comparison.
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Parameter Values
Input voltage (V) 25V
Output voltage (V,) 159.5V
Switching frequency (f;) | 50 kHz
Output Load 157 Q
Duty Cycle (D) 0.55
Inductor L, 200 pH
Inductor L, 500 uH
Capacitor C, 47 uF
Capacitor C, 47 uF
Capacitor C, 10 uF
MOSFETS (81, 82) IRFP260N
Diodes (D,, Dy, Dy) MBR20B200

Table 3. Parameters of the proposed converter.

Vesi Output Voltage (V,)
1 200
0 150
Vis2 100
! 50
0 0
0.0999 0.09992 0.09994 0.09996 0.09998 0.1 0.0999 0.09992 0.09?94 0.09996 0.09998 0.1
Time (s) Time (s)
(a) (b)
Output Current (I,) Vei Veu
2 60
40
1
20
0
0.0999 0.09992 0.09994 0.09996 0.09998 0.1 0
Time (s) 0.0999 0.09992 0.09994 0.09996 0.09998 0.1
© Time (s)
(d)

Figure 13. Results of the simulation: (a) switch gate signals (Vig;, V,s,), (b) output voltage (V,), (c) output
current (,), (d) voltage of capacitors C, and C,.

Simulation and experimental results

Simulation results

The MATLAB software simulations have been done with the parameters listed in Table 3 to verify the proposed
converter’s operation. The results of the simulation are displayed in Figs. 13, 14, 15 and 16. It is worth noting
that to simulate the real conditions, the simulation has been done considering the parasitic parameters and for
the operating region 2 (0.5< D <1). The values of the parasitic parameters have been applied in the simulation
according to the information in Table 1.

The gate signals of switches S; and S, are shown in Fig. 13a, which work with a duty cycle of 0.55 and are
switched at a 180° phase difference from each other. According to Fig. 13b, the output voltage is equal to 159.5 V.
Considering the ideal and real voltage gain of the proposed converter in Egs. (18) and (20) respectively, the output
voltage of the converter is 166 V in the ideal state and 159.88 V in the real state, which confirms the results of
the simulation. It should be noted that if a switch and diodes with lower on-state resistance are used, the differ-
ence between the ideal and real conditions is reduced. Figure 13c shows the output current of the converter; the
average value of the output current is about 0.95 A. The voltage of capacitors C, and C, is shown in Fig. 13d, the
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Figure 14. Results of the simulation: (a) voltage of diodes D, and D,, (b) current of diodes D, and D,, (c)
voltage of diode D;, (d) current of diode D.
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Figure 15. Results of the simulation: (a) voltage of switch S}, (b) current of switch S, (c) voltage of switch S,,
(d) current of switch S,.
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Figure 16. Results of the simulation: (a) input voltage and current, (b) input current, current of inductor L, and
current of inductor L,.

average of which is 53.04 V. According to Eq. (17), the voltage of capacitors C, and C, is equal to 55.55 V, which
is very close to the theoretical value.

Figure 14 shows the voltages and currents passing through diodes D,, D,, and D;. Because diodes D, and
D, turn on and off in the same modes, they have the same voltage and current waveforms. Also, according to
Eq. (56), all three diodes experience the same voltage. In Fig. 14a and c, this value is 108.5 V, which is close to
the theoretical value of 111.1 V. In Fig. 14b and d the current of the diodes is shown, according to the Eq. (57),
its average value is almost equal to the output current and about 0.95 A.

Figure 15 shows the voltage and current of switches S, and S,, respectively. The voltage stress of the switches
is 54.51 V, which is consistent with Eq. (53). Also, the voltage stress of the switches is much lower than the out-
put voltage and about one-third of the output voltage, which is a good advantage for the converter. The current
passing through switches S, and S, are shown in Fig. 15b and d, respectively. The peak current passing through
the switches is 6.871 A.

In Fig. 16a the input voltage and current can be seen. As mentioned in Table 3, the input voltage is 25 V. The
average value of the input current is equal to 6.728 A, which can be seen in Fig. 16b. Also, the average current of
inductors L, and L, are 4.378 A and 2.350 A, respectively. It is worth mentioning that the input current ripple is
less than the current ripple of inductors, which is the result of using the interleaved technique in the proposed
converter.

Experimental results

A laboratory prototype designed to verify the proposed converter’s specifications, theoretical calculations, and
simulation results is depicted in Fig. 17. The parameters in Table 3 have been used to set up the laboratory
sample along with the IRFP260N MOSFET and MBR20B200 diode. The results and waveforms of the proposed
converter in continuous conduction mode (CCM) and at a switching frequency of 50 kHz with D=0.55 are
shown in Figs. 18, 19, 20 and 21.

The gate signal of the switches is shown in Fig. 18a. As mentioned before, these signals have a phase difference
of 180°. Figure 18b shows the output voltage and current. According to the simulation results, the output voltage
at a duty cycle of 55% and an input voltage of 25 V is approximately 159 V. Also, the average value of the output
current is 0.94 A, which confirms the results of the simulation. The voltage of capacitors C, and C, is shown in
Fig. 18c. Theoretically, the voltage of capacitors is calculated as 55.55 V according to Eq. (17), which is nearly
the same as the experimental result. It is worth noting that the difference between simulation and experimental
values is due to losses in laboratory conditions.

According to Fig. 19a, the voltage and average current of diodes D, and D, are equal to 111 V and 0.94
A, respectively. Also, according to Fig. 19b, the voltage across diode D, is equal to 108 V, and the average
current passing through diode D, is about 0.94 A, and these values are consistent with the simulation results and
theoretical calculations. Also, according to Fig. 19, the maximum current passing through the diodes is 2 A which

Figure 17. Experimental prototype.
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Figure 18. Experimental results: (a) gate signals of switches (Vys;, Visy), (b) output voltage and output current
(Vo 1), (c) voltage of capacitors C, and C,.
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Figure 19. Experimental results: (a) voltage and current of diodes D, and D,, (b) voltage and current of diode
D..

[Time: 2.5us/di]

(a) (b)

Figure 20. Experimental results: (a) voltage and current of switch S, (b) voltage and current of switch S,.
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Figure 21. Experimental results: (a) current of inductor L, (b) current of inductor L,, (c) input voltage and
current.

is consistent with the simulation results. Figures 20a and b show the voltage and current stress on the switches.
According to this figure, the voltage stress on the switches is about 54 V and the peak current passing through the
switches is about 6.8 A, which does not contradict the results of the simulation and the resulting relationships.
Figure 21 also shows the input voltage and current and the current of the inductors, which according to Fig. 16,
the experimental results and the simulation results match.

Conclusion

In this paper, an interleaved DC-DC step-up converter with improved voltage gain based on a voltage multiplier
rectifier is presented. The proposed interleaved DC-DC step-up converter has two operating regions (0<D<0.5,
0.5<D<1). The configuration of the proposed converter has been investigated and its operating modes have been
carried out under continuous conduction mode (CCM). Ideal and real voltage gain have been calculated and
compared with similar structures. The proposed converter has been compared to similar converters in terms of
component count, voltage gain, and voltage stress on switches and diodes. The results that have been presented
indicate that, for the same duty cycle, the voltage gain of the proposed converter is higher and, in some situa-
tions, equal to that of similar converters. The voltage stress of the switches is much lower than the output voltage.
Taking into account the proposed converter’s continuous input current and easy control circuit, the proposed
converter seems like a good choice for DC microgrid systems. The proposed converter’s input current ripple
is lower than the current ripple of the inductors due to the use of the interleaved technique, which reduces the
need for filters. By taking into account the parasitic parameters, the efficiency, and real voltage gain have been
measured accurately, and at 150 W power, the efficiency is 97%. The comparisons show that the proposed con-
verter has suitable conditions in terms of voltage gain in both ideal and parasitic conditions. Simulation analysis
is provided by MATLAB software to validate the mathematical calculations. Also, the experimental results of the
laboratory prototype show full agreement with the simulation results.

Data availability
All data generated and analyzed during the current study are available from the corresponding author upon
reasonable request.
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