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Abstract: The sustainability of new-generation energy sources has become one of the most critical
challenges in recent years as renewable energy sources (RESs) rapidly replace old fossil sources.
Integration between RESs and the grid should be completed through power electronics converters
and optimized control techniques. RESs have many advantages, such as having increased reliability
and sustainability, being environmentally friendly, and having cheaper maintenance costs and more
reasonable energy prices. Photovoltaic (PV) panels are among the most popular RESs. A PV array’s
generated voltage level is unsuitable for direct load or grid connection and has to be enhanced via a
DC-DC boost converter. After that, an inverter should be used to change the generated DC voltage
to AC voltage for the grid or loads. In order to reach higher voltage gains, different structures have
been proposed in the literature, such as cascaded converters, non-isolated converters (including
transformers), and positive- and negative-voltage-lift Luo converters. These converters have some
disadvantages, such as including a large number of semiconductor devices and inductors, heavy and
bulky structures, and the need for intermediate converters to convert DC to AC voltage and vice versa.
Besides the efficiency and high DC voltage gain feature, to achieve more reliability and sustainability
and a longer lifetime of the PV source, the current drawn from these sources should be as ripple-free
as possible. This study considers all these details by presenting a novel DC-DC power boost converter.
The steady-state analysis, simulation, and test results are presented. The most important features
of the proposed converter include the lack of need for a transformer, intermediate inverter, rectifier
converters, and bulky and heavy components, while still ensuring that high voltage gains and high
efficiencies are possible. Simulation results showed that for duty ratios from D = 0.05 to D = 0.15
for the switch S3, the gain of the converter was 22, 35, and 70 times greater than the input voltage,
respectively. The desired 200 VDC and 400 VDC voltages for the output nodes were obtained using
12 VDC as the input voltage with and without the switched-capacitor cell, respectively. A limited
number of the voltages between —47 and 12 V dropped across the inductors, and a reversed voltage
from —12 to —48 V was reported for the power diodes. Additionally, an efficiency close to 96.88%
was obtained for the proposed converter. According to the experimental results, a voltage close to 198
VDC was obtained with a 12 VDC input voltage source without using the switched-capacitor cell. A
current with a maximum of 7 A was reported for the output diode, and more than 96% efficiency was
reported. The results showed that the primary source of the power losses was the semiconductors,
and the switching losses made up around 69% and 88% of the total losses for the switches and diodes,
respectively. The present topology has three power switches. Two of the switches are activated and
deactivated simultaneously. The third switch is activated or deactivated in reverse with the other
switches. The results showed that for short-duty ratios such as 0.5 for switches S1 and S2 and 0.35 for
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switch S3, DC voltage gains close to 35 were obtained theoretically. The generated voltage could be
doubled by applying fourth and fifth power switches by making a switched-capacitor-based topology.
All of these details are illustrated in this study in detail. The proposed circuit was set up and tested in
a laboratory environment. The test results confirm the simulation and theoretical analysis.

Keywords: sustainability; renewable energy sources; high-gain DC-DC converters; input current
stress; voltage stress; efficiency analysis; dynamic losses; continuous conduction mode (CCM);
boundary conduction mode (BCM); discontinuous conduction modes (DCM)

1. Research Gap and Introduction

DC microgrids need higher DC voltages than the generated voltages from photovoltaic
(PV) arrays or fuel cells (FCs). Therefore, these sources need an intermediate circuit to
enhance the voltage to meet load requirements [1-3]. Besides grid integrations, many other
applications—such as electric vehicles (EVs), including charging stations or on-board and
off-board charging circuits; lighting; the medical sector; and industrial applications—need
DC-DC power converters to produce a fixed and accurate DC voltage for their loads [4-6].
Considering these needs, different topologies for power converters have been presented,
especially in recent years. There are some critical and indispensable parameters that should
be considered to design a boost converter. Higher voltage gains with the least number
of elements, higher efficiency, cheaper topologies, minimum complexity for the control
circuit, lighter electrical board, and lower current and voltage stresses for the semiconductor
elements are among the most essential features of a good boost converter [7-10]. Besides
the gain of the converter, efficiency is also important to present the maximum possible
generated power of the input source, especially when PV is the issue. For this, different
types of power losses should be considered and calculated to show that a proposed con-
verter is efficient. Generally, two switching and dynamic losses are investigated for these
converters [11-14].

According to different studies and practical experiences, the most important source
of the losses is the switching loss. This loss occurs when the semiconductor devices are
activated or deactivated. For the on- and off-times, ideally, one of the current or voltage
signals is considered to be equal to zero, and from this point of view, the switching loss is
considered to be equal to zero; however, in practice, at the switching time, a cross-point
between the current and voltage signals generates some amount of loss. For converters
with a greater switching frequency, this loss value is larger since there is an increase in the
number of on- and off-states of the semiconductors. This type of loss should be minimized
by snubber circuits that are normally designed under high-frequency switching conditions,
although that is not the subject of this study. The second type of loss is dynamic loss.
For the converters with longer duty ratios, the dynamic loss is determined by the time
durations activated by the switches. This type of loss can simply be modeled by an internal
resistance for all devices in a circuit, and to find the loss value, it is enough to multiply the
internal resistance value with the root mean square (RMS) value of the passing current, all
to the power of two. Then, the losses for all components are added to determine the total
dynamic loss of the converter. A virtual synchronous generator implementation in a dual
two-level voltage source inverter controller was proposed in [15]. In this study, the inverter
topology was changed, and the virtual inertia concept was applied using conventional PI
current controllers to attain better frequency regulation during uncertainties.

As can be seen, there are too many indispensable parameters when a good design is
an issue. It can be estimated that a designed converter cannot include all these features
simultaneously, and a tradeoff should be made according to the load requirements. Based
on these limitations, and in order to achieve more features, isolated and non-isolated DC-
DC boost converters [16-18], bidirectional and unidirectional step-up topologies [19-21],
hard switching and soft switching DC-AC converter structures [22,23], and voltage- or
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current-fed converter topologies [24-26] have been presented by researchers. Isolated
converters normally use a transformer in their internal structure, and DC-to-AC and then
AC-to-DC conversions should be done in these converters. Although the gain of these
converters is normally considerable and they can transfer higher power amounts, they are
not normally among the first choices because of their ground problems, weight, and cost,
as well as the need to use intermediate DC-AC and AC-DC converter circuits. Instead,
non-isolated converters with common ground and floated output topologies are preferred.
The main disadvantage of the non-isolated converters is their problems in transferring
the higher power generated by the source. As a solution, interleaved converters are used.
These converters include a number of DC-DC converter blocks that share the same input
source and output load and, per block, can transfer a part of the input source power. For
this, intelligent control techniques and load-sharing configurations are added to the system
to transfer different amounts of power by these blocks. However, this can increase the
complexity of the control circuit. Unidirectional converters include the buck, boost, or
buck-boost converts and can generate a fixed DC voltage for the load. The unidirectional
converters are more flexible, and the location of the input and output sides can be changed.
For that, the conventional method is to change all power diodes with the power switches,
and by this technique, the power transferring issue can be done vice versa. This is an
important capability that makes these converters suitable for vehicle-to-grid (V2G), grid-
to-vehicle (G2V), or vehicle-to-vehicle (V2V) utilizations. The control of these converters
can be a serious challenge, and sometimes, for the complex converter topologies, it can
create serious control problems for the designers. The pulse width modulation (PWM)
techniques are normally presented for conventional converters and are known as the hard
switching techniques. This type of switching cannot prevent switching power losses and
decreases efficiency. Different models, including zero voltage switching (ZVS) and zero
current switching (ZCS), have been presented in recent years to decrease these types of the
losses. These techniques cause the power semiconductor to be activated or deactivated
shortly before or after the due time; this way, at the switching time, only one of the
voltage or current signals will exist, and this generates switching losses close to zero.
High switching frequency, complex calculation, difficult analytical techniques, and more
component numbers are among the disadvantages of these techniques.

Increasing the input voltage via charge pump (CP) topologies is possible [14,27-29].
This technique is known as the switched-capacitors-based charging technique. For this,
a group of capacitors enhances the input voltage through a monolithic configuration by
integration with the diodes and switches. Sometimes, for simple structures, capacitors
and diodes work to present high gains, and transistors are not applied. The application of
the transistors in the body of the CP makes the circuit capable and flexible for series and
parallel connections for the capacitors, and this can help for the charging process of the
capacitors and the increment in output voltage. In addition, double-lift, triple-lift, and more
lift configurations are possible. Decreasing the voltage stress across the power switches
in the boost converter is the most important feature of the CP cells since these structures
divide the output voltages between the switches in the CP cell and smaller voltage drops
across the switches in the converter topology.

Another technique to reduce the current stress for the input source is applying a
switched-inductor (SL) or coupled inductor cell [30,31]. The configuration of the SL makes
the cell capable of being charged in parallel and discharged in series, and by this method,
the current of the input source is divided between two inductors that can directly help to
present current signals with smaller ripples.

The features of the proposed converter can be summarized below:

e  This study presents a novel switched-capacitor- and switched-inductor-based DC-DC
boost converter.

e The proposed converter is suitable for high-gain PV-based grid applications, with
two SL cells at the input side and a voltage-doubler CP cell at the output side in
its topology.
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e At the same time, the SL blocks make the converter capable of decreasing the input
current ripples and increasing the input voltage.

e  The SC-cell simply doubles the generated voltage by the boost converter. At the same
time, this cell mitigates the voltage stress across the switches in boost configuration.

e A simple control technique is applied to converter switches. On the input side, both
switches are derived synchronously, and the boost switch is activated for the time
intervals that the input switches are deactivated.

Sections 2 and 3 present the theoretical investigation of the proposed converter and
working conditions with non-ideal components. Section 4 presents the comparison analysis,
critical equations to calculate the value of components, simulation, and practical test results.
The conclusion is presented in Section 5.

2. Description of the Proposed Circuit

Figure 1 shows the proposed SL-SC-based boost converter. The structure of the
converter can be analyzed in three sides: input, middle, and output. On the input side,
two SL cells with the integration of the two switches can be seen. For the middle side, a
conventional boost converter is selected. For the output side, an SC cell is used to double
the generated voltage. The main idea for the SL cells has been taken from [31]. One of
the most important features of a good converter is input currents with minimum ripples.
The proposed SL configuration contains a pair of the same inductors that can be parallel
or series through the power diodes. The main idea in the proposed circuit is that, for the
time durations that the switches S1 and S2 are connected, these inductors with be parallel,
which means four inductors are connected with the input voltage source in parallel and
will be slowly charged, and they will be in series when the switches are disconnected. This
means that the total amount of inductors per branch will be doubled, and this reduces the
speed of the discharging process. All these details help the converter in minimizing the
input current ripples. The details of this SL cell can be found in [31], and the state of the
cell is reported in Figures 1-3. In the body of the SL cells, two equal inductors and three
diodes with the same specifications are used. Since both inductors are the same, they can be
generated by using a core, which can easily decrease the cost and weight of the inductors.
Both switches S1 and S2 are activated and deactivated simultaneously. This helps to easily
investigate the equations for the input side.

When the switches are in on-state, the inductors L1 and L2 from branch 1 and inductors
L3 and L4 from the second branch are magnetized by the input voltage through the switches.
In this state, the switch S3 is deactivated.

As can be seen, the same four inductors will act, and this helps to minimize the ripple
for the input current in this state. When switches S1 and S2 are deactivated, switch S3 on
the middle side will conduct. Under this condition, it is predictable that the diode D8 is
in off-mode. In this operational mode, the current of the input side will pass through the
inductors L1 and L2 in series and the diode D3, and after passing through the switch S3, it
will complete the current loop through the inductors L3 and L4 and diode Dé. In addition,
a third mode is possible, which can happen when all switches in the input and middle sides
are in the off-state. In this condition, the current form of the input source, after passing
through the inductors L1 and L2 and diode D3, will receive diode D8, and as a result of
this process, the capacitor C1 is charged. The voltage across the capacitor C1 will double by
the output side, which can be followed in the yellow rectangular box. The circuit in this
box acts separately and independently of the input and middle sides. This circuit is an
SC-cell-based voltage lifter circuit and doubles the voltage across the capacitors C1. When
the switch 54 is activated, a current from this switch passes through the capacitor C3 and
diode D10, and a voltage equal to the VC1 drops across the capacitor C3. The same reaction
can be seen when the switch S5 is activated. In the same working mode, the current of the
diode D9 charges the capacitor C2. Finally, a doubled voltage of capacitor C1 is transferred
to the load. Therefore, the reaction of the proposed converter can be analyzed in three
different modes. All these states are presented in detail in Section 2.1.
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Figure 2. The state of the converter for 0 < t < DqT.
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Figure 3. The state of the converter for D1T < t < D,T.

2.1. Working Modes of the Converter and Gain Calculations

Mode I. The first possible working condition happens when both switches S1 and S2
are in the on-state. The time duration for this state is considered as 0 < ¢t < D1 T. For this
mode, diodes D1 and D2 in the upper SL cell and diodes D4 and D5 in the downer SL cell
will be on, and the current of the input side will magnetize four inductors simultaneously.
Therefore, one can write: i

Ix
" M

In this equation, Ly are the inductance values of all inductors L; to L4 and are the
same. In addition, V; _ is the voltage across the inductors and is equal for all inductors,
while i, presents the current for the inductors.

Vi, = Lx

Ly=Li=Ly=L3=Ly=1L )
Vi, =V, =V,=V,=V4=1V, 3)
Therefore: i i
g Wix o 9L
Vi, = Ly o =V =V Ldt 4)
diL _ Vin
@ L ©)

The state of the converter for this operational mode is shown in Figure 2.

Mode II. In the second mode, switches S1 and S2 are in off-mode, and switch S3 is
activated. As can be seen in Figure 3, for this state, the input current follows through
the inductor L1, diode D3, inductor L2, diode D7, switch S3, inductor L3, diode D6, and
inductor L4. Since the voltage across the capacitor C1 is more than the voltage of the anode
pins of the diodes D7 and D8, the diode D8 acts in off-state. The current and voltages for
the inductors in this mode can be summarized as below:

ip, =i, =i, =iy = ijy (6)
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Vi di
Vi, =V, =V, =Vi= =L )
dip V;
dt 4L ®)

The time duration for this mode can be considered as DT < t < D,T. Dy and D, are
the time intervals that the switches S1-52 and S3 are activated, respectively.

Mode III. This mode happens for the times that all switches S1, S2, and S3 are in off-
state. The configuration of the proposed converter under this working mode is illustrated in
Figure 4, which shows that the input voltage can be transferred across the capacitor C1 with
a voltage gain. The input and middle sides of the proposed circuit are parts of an improved
and optimized boost converter, and the gain of this converter should be calculated.

D9

C2

Vin e
|C1 ==
L3 M | | _@ .
D6 1 1 C3
| S5 T

A |
| L4

| D10

pro]

Figure 4. The state of the converter for D,T <t < T.

The current and voltages of the inductors for this mode can be written as follows:

i, =L, =iy =14 = ijy )
Vi, + VL, + Vi, +Va = Vi — Vou (10)

Therefore: i Vv

L in — VO1
2L Tm 701 11
dt 4L (1)
Vo1 indicates the voltage crosses the capacitor C;. These equations are valid for
DT <t<T.

Equation (5) shows that for D1 T, the current derivation for the inductors is equal to
‘%L = %. Equation (8) shows that this value for the D, T time is equal to %L = %.
In addition, for D,T < t < T, as can be seen in Equation (11), this value is dstL = %.
By considering that the average voltage across an inductor is equal to zero, and paying

attention to Equations (5), (8) and (11), one can write:

Vin Vin Vin — Vo
T (D1T) + -+ (D2)T + "

i (1-D;—Dy)T=0 (12)
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Vo1

C1

-+ —

By a simple replacement in Equation (12), we can find the gain of the converter
just across the capacitor C; and before the output voltage-doubler block (configurations
between the capacitor C; and load) as follows:
Voi 3D; +1

= :2
Vi 1*D1*D2_>G (

3D1+1

1-D,—D, Dz) (13)

Mcem-vor =

Mccm-vo1 shows the gain of the converter for the continuous conduction mode
(CCM). This equation shows that for D; = 0.5 and D, = 0.35, the gain of the converter is
equal to 16.66, and a voltage at the input side equal to 12 V will convert to 200 V across the
capacitor Cj. This voltage will be gained to 400 VDC across the load. For longer D, duty
ratios, greater gain values can be obtained. For example, with D; = 0.5 and D, = 0.45, the
proposed converter presents a voltage 50 and 100 times greater than the input voltage for
SL and SL-SC-based converters, respectively. G indicates the total gain of the converter by
considering the SC cell.

Figure 5 shows the integrated SC cell in the proposed converter. This circuit is a
voltage-doubler configuration and transfers the voltage across the capacitor C1 to across
the capacitors C2 and C3 by activating the switches 54 and S5, respectively. Therefore,
a voltage equal to V» + V3 appears on the load. This simple topology can work with
different duty ratios and different switching frequencies. To obtain a simple control circuit,
the same switching frequency and the same deriving signal for switches S1 and S2 can be
used for switches 54 and S5, respectively. The predicted voltage and current waveforms for
the proposed converter can be seen in Figure 6. The voltage across the gate-source pins of
the power switches, the voltage across the anode-cathode pins of the power diodes, and
the current of the inductors and output capacitor can be followed in this figure. Accurate
values of these voltages and currents will be calculated in the next subsections.

r———

c2

VO VO

pvoq
pvoy]

(b)

Figure 5. (a,b) The SC-based voltage lift circuit and state of the switches and diodes.
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2.2. Voltage Stresses across the Semiconductor Devices
The voltage stress for the switches S1, S2, and S3 can be presented as follows:
Vin + Vo1
Vbsi = Vps1 = ——5—— (14)
Vbs3 = Vo (15)

For solving these equations, the state of the switches should be considered for time
intervals in which the same switches are in the off-state as in modes II and III. Then, the
voltage at the drain and source pins should be considered.

By a similar model, the voltage stress across the diodes on the input side can be found:

Vp1 = Vp2 = Vpa = Vp2 = Vi (16)
Vps = Vpe = Vin (17)

These voltages for the middle-side elements Vpy and Vpg are equal to:
Vb7 = Vin (18)

Vpg = Vin + Vo1 (19)

For semiconductor elements at the output side, the voltage stress across the diodes D9
and D10 and the switches 54 and S5 can be obtained by the following;:

Vi

Vpo = Vs = Ver = 7 (20)
V

Vpio = Vss = Vz = 70 (21)

2.3. Current Stresses of the Inductors

For working under the CCM, the currents of the inductors can be written as below:

V., Dy . ViyD1
L = l' — Al = m 22
x,bcm AlLfs L Lx,bcmfs ( )

In this equation, L j.,, is the minimum value of the inductor for working at the
boundary (BCM) between the continuous and discontinuous conduction modes. In practice,
to work under CCM, an inductor greater than the calculated value in this equation should
be considered. The coefficient for the L, ., is close to 1.25. This equation shows that the
inductor value is dependent on the input voltage value, the duty ratio for the switches S1
and S2, the ripple of this current, and the switching frequency. This means that for fewer
ripples and smaller inductor values, an increment in the switching frequency can be a good
idea. In addition, in this way, the size, volume, and cost of the inductor will decrease.

2.4. Capacitor Design

The voltage ripple across the capacitor C1 depends on the value of this capacitor, the
duty ratio of the switch D3, the switching frequency, and the output load. Therefore, this
ripple can be modeled as follows:

(AV01> Dz DZ

Vou RCo1 fs 1" R(AVor/Vou) fs *)
3. Working with Non-Ideal Components (Real Condition)

This subsection aims to present the efficiency equation for the proposed converter. For
this, the current for the capacitor C1 and the voltage across the input inductors should be
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obtained for all three possible modes. These calculations will be done by considering the
internal resistances of the inductors, diodes, and switches, and the forward voltage of the
power diodes. Figure 7 shows the state of the converter for efficiency calculations.

rD2
L1
VD9 L
rD3T VD2 T
g D9 S
o1 oSt £ ‘
Vpi 7L2 = 2
rD8 VD8 rDS4 % +
— |_
Vin rD7 g
211Vo
Vb7 C1 = SN
D5 L
DS1 rL3 rDS3 rDS5 S
D6~ VD5 | = C3 -
rD4 VD10
VD4 rL4 rD10

Figure 7. Internal parameters of the diodes and switches for efficiency calculation.

Since the SC-cell doubles the voltage on capacitor C1, to simplify the equations, the
SL and boost cells of the converter are considered, and then the effect of the voltage lifter
side is investigated. A simplified configuration of the proposed converter can be seen in
Figure 8. In both Figures 7 and 8, the 111,712, 713, and r14 indicate the internal resistance
of the inductors L1, Ly, L3, and Ly, respectively. The internal resistance of the diodes D,
to Dy is shown by rp;1 to rpjp, and the forward biasing voltage of these diodes is shown
by Vp1 to Vpyg. Finally, the drain-source internal resistances are shown with rpg; to 7pgs,
respectively, for switches S to Ss. By considering the same diodes and switches, we obtain

the following:
rL =T =T33 =T =1L (24)
rp1="Trpy="'-+=Tplp="1p (25)
rDS1 = DS2 = 'DS3 = 'Dsa = PS5 = I'Ds (26)

For mode I, as can be followed, the switches S1 and S2 are in the on-state and S3 is in
the off-state. In this state, the capacitor’s current and inductor’s voltage equations are:

Vo1
Icop = — 20t 27
col Ro (27)
Vi1 = Viy —ipi(rps + 1) (28)

For the second working mode, these equations can be found by:

Ico1 = _E (29)

Vin —3Vp — Vps
4

Vip = ir1(4r, +3rp +rpg) = Vi1 = (30)
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rD2
rL1
rD3T VD2
D1 rDS1 2
VD1 YL2 "
rDs VD8
e rD7
Vin i — | Vo
Vb7 = S
C1 S
D5 [
+DS1 rL3 rDS3 -
rD6T VD5 |
rD4
VD4 rid
Figure 8. Internal parameters of the diodes and switches of the input and booster sides.
For the third operational mode, they can be found by:
Vo1
leor =11 — %~ 31)
0]
) Vin — Vo1 — 3V
Vin = in1(4ry +3rp) + Vor — Vig = —— 11— (32)

4

The current-second balance rule for a capacitor is written to show that the average
current of the capacitor is equal to zero for a time period. By considering Equations (27),
(29), and (31), the following can be written:

D1 v, D V

/ Prony Ly [ Oldt+/ <1L1 )dtO (33)
0 Ro

The current I;; can be obtained as follows:

Vo1

I} = 34
M7 Ro(1- Dy —Dy) (34)

In addition, the voltage-second balance rule indicates that the average voltage across
an inductor is zero for a time period. Therefore, by using Equations (28), (30) and (32), one

can write: b o
Jo ' (Vin —ira(rps + rp))dt + [ 2 (F==P=L5 )dt

T ( Viy—Vo1-3V, _
0 (=0 Yar —

By replacing V11 = rrip1 and Vpg = rpgirg in Equation (35) and simplifying, one obtains:

(35)

Dy(Vi1 + Vpsi) — Viy (T+5D1) +3Vp(2 1)

D, T (36)

Vo1 =4

To obtain the input power for the proposed converter, one can write:

Py, = 4111V D1 + 111 Vi Do + 111 Vi (1 — D1 — Dy) (37)
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By replacing Equation (34) into (36), one obtains:

P VinV01( 4D, n D,
" Ro "(1-D1—Dy) (1-D1—Dy)

+1) (38)

In addition, the output power can easily be obtained as follows:

V&1
Po1 = Ro (39)
Therefore, the efficiency equation theoretically can be obtained by:
Por Vo1
=== 1D D — Pswy (40)
Pin Vi”((l—DliDz) + (1—D12—D2) +1)

Besides the dynamic losses, the switching losses should also be considered for the
semiconductor devices. This parameter is shown by Psy in Equation (40). For the switches,
this loss can be presented as:

Vin + Vor .2
) (41)

Psw-ps = fsCpsVE = fsCps(
where fs and Cpg are the switching frequency and parasitic capacitor for the drain-source
pins of the switch, and Vs shows the voltage drops across the switch when it is deactivated.
The switching losses for the diodes can be presented by:

Psw_p = VcQrfs (42)

In this equation, V¢, Q;, and fs show the forward voltage for the diodes to activate,
electrical charge across the parasitic capacitor between anode-cathode pins, and switching
frequency, respectively. The total power losses for the switching states can be obtained
as follows:

2 10
Psw =) Psi+ ) Pp; (43)
i1 =1

4. Analysis, Simulation, and Experimental Results
4.1. Comparison with Similar Converters and Performance Investigation

For a safe comparison, Table 1 presents several DC-DC boost converters including
switched-capacitor or switched-inductor cells. This table presents some of the features of
the proposed converters. For example, the number of power switches, diodes, inductors,
and capacitors; the voltage stress on the main power switch; and the voltage gain are
compared. From this table, it can be seen that the number of switches for the proposed
converter and the structures proposed in [32] and [33] is the same, and the number of
switches in the proposed converter is higher than the number of switches for the converters
in [29,34,35]. While the proposed converter in this study includes the highest number of
inductors and diodes, it also includes the lowest number of capacitors and presents the
greatest voltage gains. The gain value by the proposed converter is perceptibly higher
than other converters. This is possible thanks to the higher number of elements. Some of
the elements in this converter can be integrated. For example, since all of the inductors
have the same specifications, they can be wrapped with a common core. This means that
instead of four separate inductors, two pairs of coupled inductors for the L1-L2 and L3-L4
inductors can be used. This integration will lighten the converter, and the cost of inductors
will be almost halved. Under this condition, the proposed converter will have the same
number of inductors as the converters in [29,32-35], the same number of switches as the
converters in [32], and the same number or fewer capacitors than all these converters. Only
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the number of diodes will be higher than the other compared converters, which can be
ignored by considering the gain of the converter.

Table 1. Feature comparison between the proposed and other SL-SC-based converters.

No. of No. of No. of Voltage Stress . Gain at
Converter Switches No. of Inductors Diodes Capacitors  across the Switch Voltage Gain D=0.5
6-5D 3+D
[29] 1 2 5 4 638 34D 7
Vot-Viy 1+D
[32] 3 2 2 1 s =2 5
Vot-Viy 1+D
[33] 3 2 0 1 s 14D 3
_ 1+ 1 coupled 1-D 2D
[34In=1 1 inductor 5 3 2(3=p)Vo (1-D)? 6
1 14D
[35] 1 3 4 4 o7 0Dy 6
4 or 2 coupled Vit Vi 30,41 16.66
Proposed 3 inductor 8 1 p T-Di-D; D, =035

In order to present the results of Table 1 visually, some figures, curves, and diagrams
are presented. Figures 9 and 10 illustrate the gain of the suggested converters in Table 1.
Figure 9 presents the gain for the shorter duty ratios, and Figure 10 shows the results of
the gain comparison for the longer duty ratios. Since the converters in [32] and those in
this study have two different duty ratios, the second duty ratio is considered equal to
D, = 0.416 for Figure 9 and D, = 0.15 for Figure 10. Both these figures have been drawn
without considering the SC-cell. By adding the SC block, the presented voltage gains

will double.
Voltage gain
30
25
20
R=

8 15
10

. I Merged Quadratic-SL Boost

. " " ' l SL Boost —

<]

0 =

02 o3 SL-SC Boost =

: 0.4 05 &

o wn

. g

Duty ratio 5

>

g

3]
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Figure 9. Voltage gain comparison for shorter duty ratios.
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Dual-SL Boost
SL Boost
Quadpratic-SL Boost
B Merged Quadratic-SL Boost

Converters in Table 1

Figure 10. Voltage gain comparison for longer duty ratios.

As can be seen for the smaller duty ratios, the gain of the proposed converter is
higher. As is known, an appropriate converter is expected to work under shorter duty
ratios. The reason for this is to obtain fewer power losses. Longer duty ratios mean
longer activation time intervals for the semiconductor devices, which directly decreases
the efficiency. Therefore, for a logical value of the duty ratio close to D = 0.5, the proposed
converter, by presenting a voltage for the load that is 30 times greater than the input voltage,
presents the best performance.

In addition, to show the reaction of the converters to longer duty ratios, Figure 10 is
presented. Among all other converters, the circuit in [34] has a comparable performance
in comparison with the converter suggested in this study. To draw these figures, the duty
ratio of switch S3 is chosen as D2 = 0.416.

Figure 11 illustrates the gain of the proposed converter for different duty ratios of
D1 and D2 for switches S1-52 and S3. Figure 11a—c presents the gain curves for the duty
ratios D2 = 0.05, 0.1, and 0.15, respectively. For all these curves, D1 changes from 0.2 to 0.8,
and the gain of the converter is investigated. According to the results, for longer D2 time
intervals, larger gains are obtained. All these figures have been drawn without considering
the switched-capacitor cell.

Figure 12a—c shows the gain of the converter considering the effect of the SC-cell. As
mentioned, this block is considered to simply double the voltage across the capacitor C1
and is advised for the low-voltage working condition. With this cell, a greater voltage can
be reached by the load.



Sustainability 2022, 14, 16698

16 of 32

4.2. Simulation Results

A group of simulation results is presented in this section. For the simulation, and
based on the presented equations in Section 2, the values of the components are chosen as
shown in Table 2.

Table 2. Parameters values.

Parameter Name Value
Rated power (Pp) 200 W
Input voltage (V;;,) 12V
Output voltage (Vo) 200 V (without SC-cell), 400 V (with SC-cell)
Dy 0.5
D, 0.35
Switching frequency (fs) 50 kHz
Inductors (L1 — Ly) 400 uH
Capacitors (C; — C3) 100 uF
Power MOSFETs (S — S3) TP65H035G4WS
Power Diodes (D — Dyg) DSEP30-06

Gain for different duty ratios (D1)

0.2
25

20
0.8 15 0.3

10

0.7 0.4

0.6 0.5

Gain under D2=0.05

(a)

Figure 11. Cont.
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Gain for different duty ratios (D1)

0.2
40

0.8 39 0.3

20

0.7 0.4

0.6 0.5

Gain under D2=0.1

(b)
Gain for different duty ratios (D1)

0.2

80

0.8 5 0.3
40
0.7 0.4
0.6 0.5

Gain under D2=0.15

(c)

Figure 11. Voltage gain for the proposed converter with (a) D, = 0.05, (b) D, = 0.1, and
(c): Dy = 0.15, without considering the SC-cell effect.
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Gain for different duty ratios (D1)
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Figure 12. Cont.
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Gain for different duty ratios (D1)

0.2
150
100 0.3
0
0.8 0.4
0.7 0.5
0.6

Gain under D2=0.15

(c)

Figure 12. Voltage gain for the proposed converter with (a) D, = 0.05, (b) Do = 0.1, and (c) D, = 0.15,
considering the SC-cell effect.

Simulation results are presented in Figure 13. The input and output voltages are
shown in Figure 13a. The input voltage value is adjusted to 12 VDC, and a voltage close to
200 VDC across the capacitor C1 is obtained. This voltage can be considered as the input
voltage for the SC-cell, and in total, a gain equal to 33.33 and 16.66 is obtained with and
without the SC-cell, respectively.

For this figure, the duty ratios for D1 and D2 are considered as D1 = 0.5 and D2 = 0.416.
Figure 13a presents the output voltage of the capacitor C1 without application of the SC-cell.
The effect of the SC-cell can be seen in Figure 13b. Figure 13c presents the input and output
currents. Since the experimental test results are considered for a 200 W prototype circuit,
the simulation analysis is done for this rated power for a fair comparison. For this power
value, a current close to 1 A at the load side and an average value close to 16.66 A for the
input source are expected. Figure 13c shows that the circuit reflects these values thoroughly.

The voltage across the inductors is shown in Figure 13d. Since the same reaction is
expected for the inductors L3 and L4, the voltage for the inductors L1 and L2 is reported.
This figure thoroughly shows that both inductors are magnetized and demagnetized syn-
chronously. According to the second-balance voltage rule for an inductor in a switching
circuit, the average voltage across the inductor is zero in a switching period. This fig-
ure shows that this rule has been obtained for the inductors correctly in the proposed
converter topology.

Another expected voltage waveform is reflected in Figure 13e. The voltages across the
diodes D1 and D2 are zero and negative synchronously, and the diode D3 is activated for
the time intervals that the diodes D1 and D2 are deactivated and vice versa. This figure
shows that the SL cell is working correctly.
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Voltages across diodes D1, D2 and D3
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Figure 13. Input-output voltages (a) without and (b) with SC-cell, (c¢) input-output currents,
(d) voltages across the inductors, (e) voltage of diodes D1 to D3, and (f) switching signals for
the switches.
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The voltage across the gate-source pins for switches S1 to S3 can be seen in Figure 13f.
This figure shows that the switches S1 and S2 are in on- and off-states simultaneously, and
switch S3 only is activated for a short time when these switches are in the off-state.

The efficiency of the converter is presented for different values of D1 and D2 theo-
retically for the proposed converter in Figure 14. For this, a group of curves is presented
without considering the effect of the SC-cell for D; = 0.15, 0.25, and D = 0.35, and then in
Figure 15, the effect of the SC block is considered, and the curves are redrawn.

Figure 14. Efficiency diagram for D; = 0.15, 0.25, and 0.35, and different D, values, without
considering the SC-cell effect.

By comparing Figures 14 and 15, it can be seen that the efficiency of the converter
without the SC-cell is higher than the converter state with the SC-cell, and this is reasonable
since the number of components used is lower.

4.3. Experimental Results

To verify the simulation and theoretical results, a group of hardware tests has been
performed, and the results are presented in this subsection. According to the simulation
results, for a fair comparison, a 200 W prototype converter circuit was established in the
laboratory, and different voltages and currents were measured. The elements have been
selected based on the values in Table 1. The input voltage is adjusted on 12 VDC, and
the output voltage is measured with and without considering the SC-cell. The switching
frequency for all switches is adjusted to 50 kHz. A TP65H035G4WS type of the Super GaN,
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n-channel power MOSFET, with maximum 41 m() internal resistance and ability to bear
650 V across the drain-source pins, is selected for the power switches.

Figure 15. Efficiency diagram for D; = 0.1 and different D, values, considering the SC-cell effect.

For the diodes, the DSEP30-06 super barrier rectifier power diode, with 1.25 V as the
maximum forward biasing voltage and 30 A as the forward current, is selected for fewer
power losses and higher performance. The duty ratio for switches S1 and 52 is D1 = 0.5
and for the switch S3 is D1 = 0.35, according to Table 2, to obtain a voltage equal to 200 V
for the load without considering the SC-cell effect. All of the inductors and capacitors have
the same value, which is equal to 400 uH and 100 uFE respectively. Figure 16a presents the
prototype hardware circuit.

Figure 16b,c present the input and output currents, respectively, for the states where
the SC cell does not exist. A current with average values close to 16.66 A is expected at the
input source. As can be seen in Figure 16b, the average current of the input source is close
to 17 A, and the output current is equal to 1 A. Since the load is a 200 ) resistance, for 200 V
and 200 W, the output current is presented correctly. For 12 V as the input voltage, a voltage
close to the 198 VDC across the capacitor C1 is obtained, which has a proper overlap with
the expected voltage according to the simulation results. The simulation result is illustrated
in Figure 16¢ to make a comparison with the experimental result. The state of the input
and output voltages are shown in Figure 16d,e.

The derived switching voltage waveforms for the power switches S1 to S3 are shown
in Figure 16f. The state of the switches can be seen. A switching period is formed by the
time durations that the switches S1 and S2 are in on-state and S3 is in off-state; then, the
switch S3 is activated, and the switches S1 and S2 are deactivated; and finally, in the third
state, all switches are deactivated. All these states are presented for the switches’ states
based on the theoretical facts presented in Figures 2—4 and Figure 6 and the analysis around
the working modes I, II, and III in Section 2. The simulation results for switching PWM
signals can be seen in Figure 16g. The current waveform for the output diode D8 is seen in
Figure 16h, based on the experimental results, and in Figure 16i, according to simulation
results. According to the switching conditions, this diode is activated for a short time
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duration and in working mode III, when all the switches are in the off-state to charge the
capacitor C1.
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Figure 16. Cont.
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Figure 16. (a) Input-output currents in (b) experiment and (c) simulation; input and output voltages
in (d) experiment and (e) simulation; gate-source voltages for the switches in (f) experiment and
(g) simulation; and current for the diode D8 in (h) experiment and (i) simulation.

The presented waveforms can experimentally confirm the results of the simulation
and the presented theoretical investigations in Section 2. The efficiency of the converter
under different load values for powers below 200 W is illustrated in Figure 17. An ap-
propriate overlap can be seen for the implemented and simulation test results. The small
differences between the theoretical and experimental results can be interpreted by the

parasitic components of the used elements and the working conditions for the laboratory
tests or measurement tolerances.
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Figure 17. Efficiency comparison for experimental and simulation under 200 W working conditions.

As mentioned, dynamic and switching losses are the main sources of power losses.
Briefly, the dynamic losses are related to the internal resistances of the passive elements
and semiconductor devices. The dynamic losses can be decreased by applying fast or
ultra-fast semiconductor devices with smaller internal resistances and smaller forward
biasing voltages or smaller inductor values. Instead, the switching losses are in connection
with the semiconductor devices and their operational conditions in practice. This loss will
occur at the switching times and can be obtained simply by multiplying the voltage and
current values.

Therefore, it can be found that for the greater switching frequencies, the switching
losses are more. In addition, it can be proven that the switching losses are more than the
dynamic losses in theory or in practice. Soft switching techniques are normally considered
to decrease this type of loss. These techniques are divided into four categories: zero voltage
switching (ZVS), zero current switching (ZCS), zero voltage transition (ZVT), and zero
current transition (ZCT) techniques. Thanks to these techniques, the total losses of the
converter can be decreased.

For the proposed topology with 200 W as the output power, as can be seen in Figure 18,
theoretical and experimental power losses of 7.6 W and 12 W are reported. Figure 18a,b
present the devices” power loss values based on the accurate theoretical calculation and
measured losses in the laboratory, respectively.
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Figure 18. Total power losses for the devices in (a) theory and (b) practice.

This figure shows that the main source of the power losses is the diodes, and then the
switches. The source causing the least loss is the capacitors. In addition, Figure 19 presents
the percentage of the dynamic and switching power losses for the switches and diodes.
Figure 19a shows the loss distribution for the switches, and Figure 19b presents the losses
for the power diodes. According to these figures, 69% of the power losses for the switches
are for the switching losses, and 31% are for the dynamic losses. These values are equal to
88% and 12% for the switching and dynamic losses for the diodes, respectively.



Sustainability 2022, 14, 16698 29 of 32

Power losses for switches

=

69%]

m Dynamic losses ~ m Switching losses

(a)

Power losses for diodes

—

88%
m Dynamic losses ~ m Switching losses

(b)

Figure 19. Total power losses for the semiconductor devices’ (a) switches and (b) diodes.

5. Conclusions

A novel double-switched-inductor and single-switched-capacitor-based DC-DC boost
converter is presented in this study. The proposed configuration minimizes the input
current stresses at the input side thanks to the series and parallel connections of the
inductors under switching modes. The proposed SC cell decreases the voltage stresses
across the switches and divides the output voltage in half for the switch S3 and the input
switches. The switching pattern for the power MOSFETs is easy since two power switches
are activated and deactivated simultaneously, and the third switch is in the on-state for
the time intervals that the other switches are in off-mode and vice versa. Under any
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request for higher voltages, the SC-cell can easily double the voltage, and the switches in
this block work asynchronously, leading to an easy switching template. The number of
elements used in comparison with similar topologies is acceptable considering the gain of
the converter. In addition, by using the coupled-inductor configuration, two inductors can
be wrapped on a common core, and this directly decreases the weight, cost, and volume of
the converter; however, this is not essential and can only be considered for cheaper and
lighter configurations.

In addition, by considering the high voltage gain of the converter, the proposed circuit
can be applied to grid connections and renewable energy source integrations. Using more
SC cells will obtain higher voltage gains. The proposed converter reaches gain up to
68 times higher theoretically for the short duty ratios (D = 0.05-0.15) for switch S3, which is
interesting. For a fixed 200 and 400 VDC, an input voltage equal to 24 VDC is used, and
these fixed voltages without and with the proposed SC-cell, respectively, are obtained by
a simple controller. The voltage stresses across the diodes are limited to a maximum of
two times the input voltage (Vmax = 48 VDC). Since high-gain applications are the subject
of this study, the proposed configuration contains more elements in comparison with the
conventional DC-DC converters, which is an issue in terms of the tradeoff between high-
gain and high-efficiency applications. In addition, generating the switching signals for three
switches is more difficult than for configurations with only one power switch. Wrapping
on a common core has some consequences and limitations. Using the standard inductors
and testing before their application are advised. To test the correction and reliability of
the values of the inductors, for L1 and L2, a single wrapped core, and for L3 and L4, two
independent inductors with separate cores are used, as can be seen in Figure 16a. The
results show that no serious problem is reported. The tolerance between the inductor’s
values is small and ignorable.
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Nomenclature

RESs Renewable energy sources
PV Photovoltaic

FCs Fuel cells

CcCM Continuous conduction mode
DCM Discontinuous conduction mode
BCM Boundary conduction mode
V2G Vehicle to grid

G2v Grid to vehicle

V2v Vehicle to vehicle

PWM Pulse width modulation

ZVS Zero voltage switching

ZCS Zero current switching

CP Charge pump

SL Switched-inductor

SC Switched-capacitor



Sustainability 2022, 14, 16698 31 of 32

L, Inductance of all inductors Lj to Ly

iy Current for the inductors Ly to Ly

Dy Duty cycle for the switches S1-S

D, Duty cycle for the switch S3

Vo1 voltage across the capacitor C;

VDsx Voltage across the drain-source pins of MOSFETs
\ Voltage across the diodes

Ly bem Minimum value of the inductors to work at the BCM
TLx Internal resistance of the inductors

Dy Internal resistance of the diodes

p;, Input power

Pgw Switching losses

Psw_psy  Switching losses of the switches
Psw_py  Switching losses of the diodes

fs Switching frequency

Cps Parasitic capacitor for the drain-source pins of the switches
Ve Forward voltage for the diodes

Q. Electrical charge across the parasitic capacitor of the diodes
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