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Abstract: This paper introduces a novel converter topology based on an independent controlled
double-boost configuration. The structure was achieved by combining two independent classic
boost converters connected in parallel at the input and in series at the output. Through proper
control of the two boost converters, an interleaved topology was obtained, which presents a low
ripple for the input current. Being connected in series at the output, a three-level structure was
attained with twice the voltage gain of classic boost and interleaved topologies. A significant feature
of the proposed converter is the possibility of independent operation of the two integrated boost
converters, in both symmetrical and asymmetrical modes. This feature may be particularly useful in
voltage balancing or interconnection with bipolar DC grids/applications. The operation principle,
simulations, mathematical analysis, and laboratory prototype experimental results are presented.

Keywords: double-boost converter; interleaved; three-level voltage; renewable energy; voltage gain

1. Introduction

The need for high-gain boost topology converters with a low ripple of the input current
can be justified in various applications, such as bidirectional chargers for electric vehicles
in smart homes [1], development of energy storage for renewable power systems [2—4],
and DC microgrid and mobility-related concepts [5-8]. The present work focuses on
the power conversion stage of low voltage DC renewable sources, such as photovoltaic
panels with power optimizers and/or micro-inverter applications in AC or DC distribution
microgrids [9].

The classic interleaved boost converter is recognized for its high efficiency and low
ripple input current. On the other hand, this type of converter exhibits a limited voltage
gain. High-gain interleaved DC-DC voltage converters in transformerless structures
have been explored in various studies [10-13]. A floating, high-gain voltage interleaved
converter widely employed in research studies was analyzed in [14,15]. This structure
is based on the principle of the intercalated operation of two classic boost converters.
However, the output circuit for this application does not have purely capacitive filtering,
thus it requires a more complex scheme for the output voltage control. Numerous studies
commonly use the three-level boost converter [16], but since the input source and inductor
currents are the same, there is no interleaved characteristic, and the voltage gain is limited.
The same limitations were found in the research of [17], where a three-level DC-DC boost
converter with dual output was presented. An interleaved step-up DC-DC converter
topology composed of two boost converters was introduced in [18]. During operation,
the converter stages are indirectly connected in a series, which ensures a high voltage
gain of the output. Since the output consists of two series capacitors, a three-level output
is achieved. The individual voltage drop across each capacitor is balanced according to
the operating state of the converter, but a fully independent control is not achieved for
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this approach, and the efficiency at a low input voltage is limited. The same limitation
regarding the independent voltage balancing of the output capacitors was found in [19].

High voltage gain non-isolated converters without coupled inductors exhibit a simpler
structure, being more suited for low power level applications [20-31]. In Ref. [20], high
conversion gain and efficiency were achieved using an interleaved topology. To acquire
high voltage gain with low voltage stress across the semiconductor devices, [21] proposed
the usage of an active—passive inductor cell configuration for a step-up DC-DC converter,
and [22] showed that the implementation of a switched capacitor topology allowed a
wide voltage gain range. In Refs. [23-26], multistage diode—capacitor (MSDC) networks
were implemented. Similarly, in Ref. [27], a switched inductor and switched capacitor
multilevel topology was involved, with the output voltage distributed among multiple
levels of output capacitors, subsequently reducing the voltage stress on the components.
Using two duty ratios to operate the switched states of the converter, Ref. [28] attained high
voltage gain without using extreme values of these duty ratios, thus the voltage conversion
proved to be more efficient. In addition, in Refs. [29-31], the converter topologies employed
an interleaved design, with the inductors switched in a parallel and series configuration
during the charging and discharging states. Despite the high voltage gain, in all the variants
mentioned above, there was high voltage stress across the power semiconductors. All
these converter topologies have good gain and efficiency, and some also have interleaved
properties, but none have a three-level output with fully controlled voltage operation.

The present work introduces a novel interleaved converter topology that integrates
two classic boost converters working independently, in parallel at the input and in series
at the output. The circuit has high voltage gain capabilities, and in comparison with the
work in [14,15], it exhibits pure capacitive filtering at the output, which enables a classical
PI voltage control method to be used. Additionally, with three voltage level characteristics
reached at the output in conjunction with the asymmetrical/independent operation of
the integrated boost structures, the proposed converter topology could also be used in
voltage balancing or interconnection with bipolar DC grids/applications [32]. Another
major contribution of the present work is the unique integration of a multitude of useful
features, such as interleaved, high-gain, good efficiency, low voltage stress, three-level
output with symmetric/asymmetric operation, and stable control method, into a single
electronic conversion solution.

Apart from the introduction, the paper is organized in the following structure. In
Section 2, a detailed representation of the proposed topology and switching states is
presented. Furthermore, an analysis of the converter in both the continuous conduction
mode and discontinuous conduction mode is discussed in detail. Section 3 presents
a study of the converter’s behavior, performed by software simulation and practical
measurements on a laboratory model. In addition, the main features of the proposed
topology in comparison with similar approaches are emphasized in this section. The
conclusions and further work are presented in Section 4.

2. Converter Topology Analysis
2.1. Converter Topology, Switching States, and Presumptive Waveforms

The proposed converter topology, named an independent double-boost interleaved
converter and henceforth referred to as IDBIC, is based on a patent application [33] devel-
oped especially for PV /wind energy harvesting and battery energy conversion systems.
The basic converter topology is represented in Figure 1, while the main operating stages of
the converter are presented in Figure 2, in which nine independent switching states (S1-59)
are underlined.
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S4—Charging Li; Charging Lo. S5—Discharging Li; Charging Lo. S6—Discharging La.
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Figure 2. Switching stages for the proposed IDBIC converter.
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The characteristic waveforms during operation are introduced in Figure 3, in which
the continuous conduction mode (CCM) and discontinuous conduction mode (DCM)
operations are exemplified in conjunction with the S1-59 switching states. These four
presumptive switching patterns are mainly triggered by the duty cycle values of the T1
and T2 transistor command signals. In view of this, for a duty cycle smaller than 0.5, the
inductor currents have steeper falling slopes during the 52 and S3 switching stages. For a
duty cycle larger than 0.5, inductor current waveforms and behavior similar to the regular
boost interleaved converter can be observed.
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Vast1, Vestz, Ves13, Vasa— gate-source voltage for Ti—Ts transistors; Vos-11, Vos-12, Vps-13, Vps-1a—drain-source voltage for
T1-Ts transistors; Ity, Irz—L1 and L2 inductor currents; D—duty cycle; CCM —continuous conduction mode;
DCM —discontinuous conduction mode; S1-58 —switching stages from Figure 2.

Figure 3. Presumptive functioning waveforms and switching stage correlations.

As documented in these switching stages and presumptive functioning patterns, the
two integrated boost converters work independently from each other, with the inputs
connected in parallel and the outputs in series. From this observation, one of the key
characteristics of the proposed double-boost converter is defined.

2.2. CCM Operation of the Proposed Converter

Considering the CCM operation, Figure 4 shows the steady-state waveforms for the
inductor voltage and current at a duty cycle D larger and smaller than 0.5. For a duty
cycle D larger than 0.5, the voltage ratio of the proposed converter can easily be deduced
by the classic boost converter analysis approach [34], where the average inductor voltage
equation is:

VinD + (Vin = Ve1)(1-D) =0 1
where the capacitors C; and C, voltages are:
V
Vo =Va = ;ut 2)
The deduced voltage gain is given as:

Vout 2
— _ 3
Vin (1 - D) ( )

Working at a duty cycle D smaller than 0.5, the average inductor voltage equation is:
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VinD + (Vin — V1)0.5 = V(1(0.5-D) =0 4)
Thus, for this condition, the voltage gain can be expressed as:
Vo.ut _ 2D+ 1 )
Vin (1-D)

Considering (3) and (5), Figure 5 shows the DC conversion ratio M(D), of the proposed
IDBIC converter for CCM operation in conjunction with the regular boost converter gain.

via(t) 4
vi(t) 4 Vi, 1(t) Vi,
DT DT
t
ia(t) 4 I VieVa iLa(t) 4
/é/\\/
v, | |
L i VinLVcl :
L ! t
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Figure 4. CCM inductor voltage and current waveforms.

20 i i i .
18
16
14

12

Classic boost

Figure 5. Classic boost converter (purple line) and IDBIC (for D < 0.5 the orange line and for D > 0.5
the blue line) DC conversion ratio M(D) in CCM.

2.3. DCM Operation of the Proposed Converter
2.3.1. Case 1

Figure 6 shows the steady-state waveforms of inductor voltage and current for DCM
operation in Case 1, where three different time intervals (D, D, and D) can be observed in
a switching period. These waveforms are specific to the regular DCM boost converter [34].

From the average inductor voltage equation, the time interval defined by the time D;
in Figure 6 can be expressed as:

2V, D

D=
! Vout - 2Vin

(6)

Considering the output C1 capacitor charge balance, the converter load resistance R,
the current area A from Figure 6, and the peak current iy, the diode D1 average current
equation can be described as:
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i = —A = — | =3 D T = = 7
(ip1) T T, | 2pkDiTs oL, R @)

By substituting the time interval D; into (7), the voltage gain in DCM Case 1 becomes:

24 /a+ SDZ)
Vout < K

1 1 (1 ) Vi, DD Ts 2V

V., 5 (8)
where: oL
K="

RT, )

Using (8) and different values of the parameter K, Figure 7 shows the DC conversion
ratio, M(D,K), of the IDBIC boost converter for DCM Case 1.

via(t) 4
Vin

r T
K=0.005
K=0.01
K=0.02
K=0.03
K=0.04

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
D

Figure 7. DC conversion ratio M (D, K) of the boost converter—DCM Case 1.

2.3.2. Case 2

This DCM working case is illustrated in Figure 8, in which the converter is working at
a duty cycle smaller than 0.5, where four different time intervals (D, Dy, Dy, and Dj3) can be
observed, and the inductor current has two falling slopes. For this operation mode, the
average current of the diode D1 can be expressed using the current represented by the area
A and the output capacitor C; charge balance.

Using the average inductor voltage equation, the expression of the time interval D,
defined in Figure 8 is obtained:

Vin

D, = &
Vi

(D+Dy) —Dy (10)
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Using the output C; capacitor charge balance, the converter load resistance R, and the
current area A from Figure 8, the diode D; average current equation can be expressed as:
2V 1

=_—A 11
R Ts (11)

(ip1) =

By substituting the time interval defined by D; into the capacitor C; charge balance
(11), the result is:
2KV, + V1 VinDf — Vin(D+Dy) =0 (12)

Knowing that the time interval Dy is 0.5, the voltage ratio of the converter becomes:

Vour —052+ \/ 0.5% + 8K(D +0.5)°
= < (13)
m

Using (13) and different values of the parameter K, Figure 9 shows the DC conversion
ratio, M(D, K), of the IDBIC boost converter for DCM Case 2.

via(t) 4

Figure 8. Inductor voltage and current steady-state waveforms—DCM Case 2.

8 T T T T
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K=0.01

7r K=0.02
K=0.03
K=0.04

1 Il 1 Il Il 1 Il Il Il Il
0 005 01 015 02 025 03 035 04 045 05

Figure 9. DC conversion ratio M (D, K) of the boost converter—DCM Case 2.
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2.4. DCM—-CCM Boudary Limit

In Figure 10, the DCM—-CCM boundary limit is presented. Using the voltage gain
Equations (3) and (8), the plot was obtained for D larger than 0.5, which complies with
(14). For D smaller than 0.5, Equations (5) and (13) were used, and the evolution of the
parameter K is defined by (15).

D(1—D)?

Kcrt (D> == 5

(14)

(1-D)(1+2D - 4D?)

Ket(D) = 42D +1)

(15)

0.25
0.225
02r 1
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Kerit

0.1

0.075 ¢

0.05

0.025 |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Duty Cycle D

Figure 10. CCM-DCM boundary limit plot for D < 0.5 (orange line) and for D > 0.5 (blue line).

3. Simulation and Practical Implementation

Figures 11 and 12 introduce the PLECS simulation and practical measurements for
the discontinuous conduction mode (DCM) and continuous conduction mode (CCM)
of the proposed IDBIC converter in the symmetrical operation of the two integrated
boost converters. The gate-source command voltages of the transistors (T1, Tp, T3, Ts)
are represented by Vgs.11, Vgs-12, Vis-13, and Vgs.t4. The drain-source voltages on all
transistors are shown as Vps.11, Vps-12, Vps-13, and Vps.t4. The inductors’ currents, I 1
and Iy, are illustrated as well. The command signals Vgs.11 and Vgs.17 are pulse width
modulation signals (PWM), normally used in the regular interleaved boost converter with
a 180° phase shift between the two signals. The logic 1 (high value) of the gate signal Vs 13
was obtained between the falling edges of the Vs 11 and Vs 12 signals. The gate signal
VGs-14 was obtained by inverting the signal Vgs.13. A compulsory deadtime is introduced
for the T3 and T4 transistor gate signals.

As one can notice, no significant difference can be observed between the simulated
and practical measurements. The main differences are obtained during the DCM modes
when the inductors’ currents are zero. Because of the parasitic components associated with
the switching devices and PCB layout, resonant and transient behavior can be observed
during the practical measurements. Despite this phenomenon, it is important to note that
no relevant negative effect was present in the working behavior of the converter.
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Figure 11. PLECS Simulation results in DCM and CCM operation modes.
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To operate the integrated boost converters in an independent manner, a three-voltage
level system with two loads is needed at the output, as one can notice in Figure 13, where
the generic voltage control loops and the PWM signal generator are highlighted. This
schematic is suitable for an asymmetric control of the converter in which the reference
voltages Vief1 and V> can have different values; thus, each integrated boost converter
needs to operate independently.

Vg1 VRr2
" VRef1 VRef 2
+ +
Error Error
Pl Pl
Controller Controller

PWM T1

A A

I\
j Comparator V V

PWM T4
Q s Edge Triangular
a R detection Wave
SR Flip-flop |_ _+_ B
Edge S| AN 180°
detection Comparator V Triangular
Wave

PWM T2

L

Figure 13. The generic output voltage control loop and PWM generator.

The most common usage of the asymmetrical control is related to the energy balanc-
ing /interconnections in bipolar DC grids/applications. Thus, in this case, the voltage
references Vyer1 and Vi, are equal. Considering different values for the R; and R; loads
in the asymmetric mode, indicating different inductor currents, the independent operation
of the two integrated boost converters is demonstrated. For an application in which the
overall output voltage Vout must be regulated, a symmetrical control loop approach is
sufficient, meaning that only one PI controller and one voltage reference V¢ are needed.

Figure 14 presents the practical measurements for the symmetric and asymmetric
control of the converter considering the control schematics presented in Figure 13. For
this situation, the output voltage Vo is set at 400 V, and the voltages Vr; and Vy are
equal to 200 V. During CCM operation, the command signals are almost identical, while
the inductor currents are equal for the symmetric control and have different values for the
asymmetrical control.

Moreover, based on an application with 50 V and 100 V input voltages and a 400 V
output DC voltage in symmetric operation mode, the efficiency measurements carried
out with the Tektronix PA3000 power analyzer are illustrated in Figure 15. The laboratory
test setup is presented in Figure 16. For the prototype, the components and some general
test specifications are presented in Table 1. In addition, Table 2 comprises the generalized
information regarding the main characteristics of the proposed converter, directly compared
with actual non-isolated topologies usually found targeting the same applications.
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Table 1. Prototype components and specifications.
Parameters Values
Input Voltage—V 1y 50 V=100 V
Output Voltage—Vour 400V
Switching frequency—f; 100 kHz
Max. Output Power—Poyt 480 W
Switches (T;-T,) C2M0280120D
Diodes (D1, D2) C3D02060A
Inductors (L1, Lp) 50 uH, RL =21 mQ)
Capacitors (Cq, Cp) 100 uF
Table 2. Converter characteristics comparison.
Normalized Voltage
Voltage Gain Stress across the Power Pout Effgciency CoTpgne?ts
Ref. . . [%] at S*/D*/L*/
M) Switches Diodes W] Vi [V C*/C.I*/T*
Vs/Vo Vb/Vo in :
1/M+0.5 9425@50 V 4/2/2/
IDBIC 2/(1—d) 1/M 0.5 240 gs5@00v 2/-/10
(L+d)/ 2/2/2/
[15] 0 M+1)/2M  (M+1)/2M 240 917@24V 475710
[17] 1/(1 - d) 05 05 300 959@60V ‘ééz// 2/
90.2@48V 2/3/2/
[18] 2/(1—d) 0.5 0.5 320 9% @80V 3/-/10
G+dl—d2)/  (M+1)/4M 934@20V 3/4/2/
[20] A-dl—d2) M-1)2m M+DM 50 g5es@30v  3/-/12
1 +5d)/ 6/9/6/
[21] a9 1+5M)/6M  (M+1)/M 200 959@30V g
91.3@50V 4/0/1/
[22] 2/(1—d) 05 - 300 943@100v  4/0/9
1/5/1/
[23] 3/(1—4d) 0.33 0.33 150 939 @30V 5/0/12
(3+d)/ 2/3/-/
[26] 1 —d) M +1)/4M M+1)/2M 200 9%6 @30V 3/1/9

S*: switch, D*: diode, L*: inductor, C*: capacitor, C.I*: coupled inductor, T*: total of components, Vg: output
voltage, Vg: switch voltage, Vp: diode voltage, Viy: input voltage, Poyt: output power, d: duty cycle.

For analyses in wide voltage range applications, the laboratory prototype testing
setup from Figure 16 was developed using high-voltage transistors, which exhibit quite
high internal resistances (0.23 (2). As one can see in Figure 15, at a 50 V input voltage,
the efficiency decreases at high powers because of the transistors’ conduction losses that
become predominant.

4. Conclusions

This work emphasizes the development and analysis of an interleaved converter
with independent operation of the two integrated boost converter stages, attaining at the
output a three-level voltage structure. The symmetric and asymmetric operations were
demonstrated, together with all possible CCM and DCM operations.

Although the prototype design is not fully optimized, the results are encouraging,
and future improvements can be aimed at the selection of the electronic switching devices,
analog components, and PCB design. The converter features good energy efficiency with
twice the voltage gain of regular boost and interleaved topologies.

The proposed converter has no specific feature with outstanding performance, and in
certain applications, a shortcoming of the converter could be that the output and input do
not share a common ground. Moreover, the complexity of the proposed structure can be
considered a drawback, but by increasing the number of power electronics applications
and particularities, alternative approaches will increase as well (Table 2). Compared with
these solutions, the general number of components in the proposed converter is not very
high. Nevertheless, considering all the combined characteristics, namely the interleaved
property, high gain, good efficiency, low voltage stress, output with three-voltage levels,
and especially the independent control of the integrated electronic structures, this converter
is an engaging solution for PV optimizers/microinverters and battery energy management
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systems. Hence, thorough analytical and experimental studies are foreseen in future work
to validate the proposed structure in DC grid interconnections and other applications by
finding the best performance and optimal command/control strategies.
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