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1. INTRODUCTION

The rapid growth of daily industrial applications and the enormous exploitation and utilization of
fossil energy production have led to increased greenhouse gas emissions, environmental pollution, and other
environmental damages [1-4]. Therefore, renewable sources of energy, such as photovoltaic energy, energy
harvester, wind energy, fuel cell energy, etc, can be employed to simultaneously deliver continuous power to
loads [5-8]. Renewable energy resources are becoming attractive to obtain efficient and clean energy sources.
Although renewable energy resources have low output voltage, during the last few decades, the researchers
and scientists have shown great deal of interest to utilize maximum energy from multiple renewable energy
resources [9, 10]. It is possible to select a feasible topology, depending upon the application by considering
many features like cost, reliability, and flexibility. Multiple input DC-DC converter has the advantages of a
high system efficiency, light weight, small size, and high power density [11-13]. These advantages have led
to an increasing demand in many areas for multiple inputs, and high voltage gain DC-DC converters [14].
The demand for the DC-DC converters have increased rapidly and attractively in many power electronic
application and renewable energy sources. Generally, the output voltage of the renewable energy sources
have a low output generated voltage [15, 16]. The general concept involves utilizing a multiple inputs
DC-DC converter to generate a desired DC level by using a specific level of DC input voltage. DC-DC
converters are basically made up of a power semiconductor switches, diodes, inductors, capacitors and DC
power supplies [17]. The boost converter is a non-isolated DC-DC converter topology, which is commonly
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utilized for voltage step-up [18, 19]. For the high output voltage, the duty ratio should be around 1.
In general, the duty ratio will be limited, because of the parasitic parameters of each component [20-22].
Threrefore, Multiple input DC-DC converters grabs the attention of researcher to carry out research on
multiple input multilevel output DC-DC converters [23-27].

The proposed multiple input multilevel output DC-DC converters are widely used in the modern
power electronics applications. Theoretical results of this study were compared with simulations to validate the
proposed topology model. This paper is organized as follows: Section 2 is destined for the development of the
topology introduction and modes of operation. Section 3 introduced simulation results, as well as discussions
and the benefits of the proposed model. Finally, Section 4 includes conclusions and summarization.

2. TOPOLOGIES AND MODES OF OPERATION

The basic structure of the proposed multiple input multi level output DC-DC converter is introduced
in Figure 1. The proposed topology is a hybrid separated into two parts. The first part is named DC input
voltage level generation, which is responsible for level generating in a positive polarity. The advantage of the
first part is to supply the demand with the desired output voltage levels through a range of input sources
depending on utilization. Also, the energy input sources can power the load independently from
the availability of the rest of input sources. The basic cell of the proposed multiple inputs structure consists of
two switches and a DC source. The switches are separated from each other. A series switch is connected with
a DC source, which is termed voltage adder. A parallel switch is connected with the same DC source,
which is termed subtracter. Therefore, the related switches must be controlled in a way that prevents
occurring short circuit. However, the proposed cell is symmetric, so, the number of cells should be connected
in series for high voltage output.

The second part is named multilevel boost DC-DC converter. This part requires high frequency
switches to generate the required DC output voltage. In this paper we will design, analyze, and discuss Three
Inputs Multilevel Output (TIMLO) DC-DC converter as presented in Figure 2. A multi level output boost
DC DC converter (MLOBC) is a DC-DC converter achieves a wider step-up voltage compare with the
conventional boost DC-DC converter. A TIMLO DC-DC converter is composed of eight active
semiconductor unidirectional switches (S1, S2, S3, S4, S5, S6, S7 and S8), two diodes (D1and D2), inductor
(L), two capacitors (C1 and C2), and a load resistance R. The DC voltage input level for the first-generation
part of TIMLO DC-DC converter can operate in seven different operation states as presented in Table 1.

D1
J =
S7 — C1
§R
S8 —_—C2
=
D2

Figure 1. Proposed multiple input multi level output DC-DC converter

To simplify the analysis of the DC-DC converter circuit, ideal active semiconductor switches
were used. The inductor is large enough to meet the high voltage requirement and low input current ripple.
The capacitors ¢1 and ¢2 are equal in values. The resistor used in the circuit is assumed to be linear,
time-invariant, and frequency independent. The operating principle of the MLOBC converter is similar to that
of the conventional boost converter with a larger power capacity and the capacitors votage equal to half of the
output voltage. The MLOBC has four operational modes, their sequence control relys on the voltage balance
between the output capacitors [20].
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Table 1. The various switches test

State  S1 S2 S3 S4 S5 S6 Vin
1 1 0 0 1 0 1 Vpst
2 0 1 1 0 0 1 Vps2
3 0 1 0 1 1 0 Vps3
4 1 0 1 0 0 1 Vpsi+ Vps2
5 1 0 0 1 1 0 Vbsi+ Vbss
6 0 1 1 0 1 0 Vbsat Vbss
7 1 0 1 0 1 0  Vbsit Vpsat Vbss

2.1. Operation modes

By considering the proposed modulation strategy, there are four statuses for "S7 & S8" in their
periodic switching, described as follows: S7 & S8 = {11, 10, 01, and 00}. Logic 1 represents the active
switches S7, S8 in their "ON" state, and logic O represents S7, S8 in their "OFF" state.

Mode 1:

In this operation mode of MLOBC with in the time interval 0 <t < 38Ts, both switching transistors
S7 and S8 are in conduction mode. Whereas both diodes D1 and D2, are reverse biased. The inductor current
increases as the load current is supplied by Cl1 and C2. Figure 2(a) shows the equivalent circuit
corresponding to this state. The inductor L is charged in parallel by the DC supply Vin. However,
the inductor L will be storing energy from the DC supply.

Mode 2:

In this time interval, the switch S7 is turned ON whereas switch S8 is turned OFF. The diode D1 is
in OFF state, while D2 is in ON condition. In this mode of operation, the stored energy in the inductor L is
delivered to the load, since diode D2 is in the forward bias condition. The current flows from DC input
source Vin to the load through inductors L, capacitor C2, diode D2, and the output capacitor Vc,=Vo/2.
The current path during this period is depicted in Figure 2(b).

Mode 3:

The switch S7 is turned OFF and switch S8 is turned ON. The diode D1 is in ON state, while D2 is
in OFF condition. The voltage of the inductor has a negative value. The stored energy in L is pumped to C1
to charge while energy of C2 discharges to the load. The equivalent circuit and current path during this
period are depicted in Figure 2(c).

Mode 4:

In this mode, both switches, S7 and S8, are turned OFF. The diodes, D1 and D2, are turned ON
state. The voltage of inductor has a negative value and the energy is pumped to C1 and C2. The equivalent
circuit and current path during this period is depicted in Figure 2(d).
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Figure 2. Equivalent circuit corresponding to mode operation states

2.2. Static gain
The static gain of the MLOBC can be obtained by applying the inductor voltage balanced law.
The average inductor voltage value is zero at the steady-state. From the above equations, it is clear that mode
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1 and mode 4 corresponds to the conventional boost converter operation. However, when combined with
mode2 and mode 3, MLOBC exhibits a superior output performance. The MLOBC has two distinct regions
of operation, and that relies on the input voltage whether it is lower or higher than half of the output voltage.
The first control region is considered and the duty cycle becomes greater than 0.5 when the input voltage is
less than the output voltage of each capacitor (Vin < Vo/2). The two switches, S7 and S8, must not be “OFF”
at the same time.

The sequence of the switching is "01-11-10-11-01" appears with duty cycle (0.5<d1 <1, 0.5<62 <,
where 67/=62). When the converter operates in Mode 1, Mode 2, Mode 1, Mode 3 and Mode 1
simultaneously, the balanced output voltage can be satisfied. The second control region is considered and the
duty cycle (Dy, D,) becomes less than 0.5 when the input voltage is higher than each capacitor output voltage
(Vin > Vo/2). The sequence of the switching is "01-00-10-00-01" appears with duty cycle (0<d1 <0.5, 0<42
<0.5, where 6/=062). The balanced output voltage can be achieved by operating the converter in Mode 2,
Mode 4, Mode 2, Mode 3, and Mode 2 simultaneously.

Regionl where (§; =6, =6,05<8 <1)

Vo 2
Yo _ 1
Vin  (1-8) 1)

Region 2 where (6, =6, =8,0< 6§ < 0.5):

& _ 1
Vin  (1-8/2) 2

2.3. Voltage stress
According to the analysis of operating principle in region 1 operation in Section 2, the voltage stress
of Vp; and Vp, on the diodes D1and D2 is given in (3) and as presented in Figure 2(a).

1

Vo1 = Vo2 = 75

Vin @)

The voltage stress of Vs; and Vsg on the swtiches S;and Sg when the swtiches are off, are given
in (4) as introduced in Figure 2(a).

1

Vs7 =Vss = 5,

Vin (4)

The capacitors voltage stresses are given in (5).

1

Ver =Ve2 = 75,

Vin (®)

2.4. Current stress

The average output current is l,. Ampere-second balance is applied to the capacitor C1, C2.
The average current value of the capacitors in steady state is zero. With the assumption that the inductors are
large enough, and there current change linearly in each operating mode, the average inductor current can be
stated as:

2
IL = ﬁ Io (6)

When switch S7 is turned ON, the currents of S7 and the diode D2 are:

2 2
e =l=g5ls=5k (7

When switch S8 is turned ON, the currents of S8 and the diode D1 are:

2 2
bi=L=g5l =5k (€)

Figure 3 illustrated four modes operation for different switching period.
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Figure 3. Effects of selecting different switching under dynamic condition

3. RESULTS AND ANALYSIS

The feasibility and effectiveness of the non-isolated multiple input and multi level output DC-DC
converter for hybrid power system will be discussed. Simulations were carried out using the Matlab\Simulink
software to examine the performance of the three input multi level output DC-DC converter. The initial
element’s values of the TIMLO DC-DC are the inductor L=1.13 mH, the capacitors C1=C2 =60 puF, the load
resistor is R=550 Q and the switching frequency is fs=5 kHz. The ripples on the capacitors’ voltage were
limited to 1% of the mean voltage. It can be noticed that TIMLO converter has similar topology of the two
conventional boost converters. Figure 4(a) shows the static gain of the TIMLO DC-DC converter and
conventional boost converters. The simulation results obtained at 0o and1800 phase shift between the control
switches S7 and S8 shown in Figure 4(b), demonstrate the dynamical changing voltage stresses on the
switches (S7 & S8) and diodes (D1 & D2) as well. The voltage stress on the switches (S7 & S8) and diodes
(D1 & D2) reach half of the output voltage value. Figure 4(b) shows the voltage stress on the switches
(S7 & S8) and diodes (D1 & D2).
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Figure 4. The steady-state behavior of the MIMOL converter and conventional boost converter:
(a) Voltage-gain via duty cycles D, (b) Voltage stress on the switches (S7 & S8) and diodes (D1 & D2)

It is shown in Figure 5(a) that the voltage stress on the capacitor C1 and C2 is an intermediate
voltage which is almost 262 V. Also, it is observed that the ripple frequency of the capacitor voltages is
doubled the switching frequency. The inductor current has been simulated as it is shown in
Figure 5(b) as well.
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Figure 5. (a)Voltage stress on the capacitor C1 and C2, (b) Inductor current

For a wide range of operation for the input-voltage, the TIMLO converter with variable input
voltages (30V, 40V, 60V, 70V, & 100V), output powers (550 W, 1100 W), and the constant output voltage
(525 V) are simulated as illustrated in Figure 6. It is interesting to notice the rise time, peak time and duty
cycle are reduced as the input voltage increased. The overshoot and slew rate are increased with the increase
in the input voltage as depicted in Table 2. It can be easily observed that the input voltage is increased by 70
%, the rise time reduced by 80%, the peak time reduced by 73.33%, the overshoot increased by58.5%, and
the peak to peak voltage increased by 25.44 %. By analyzing the results depicted in Table 3, the output
voltage is proportionally increased as the input voltage increase with in a constant duty cycle. The simulation
results favor the usage of multi input voltage, rather than a single input voltage.

In order to simplify the efficiency analysis of the TIMOL converter, the switching losses are
neglected. The resistance of the inductor is addressed in the efficiency analysis. The range of efficiencies of
the TIMOL converter was simulated as shown in Figure 7 with delimited minimum and maximum duty cycle
and various input voltages. However, the curve of the efficiency of TIMOL converter, as a function of output
voltage, gains its maximum value at an input voltage of 100V and at a duty cycle of 0.5. The efficiency value
will decrease as the duty cycle increase too.

Output Voltage
1.06+3

9.0E+2

8.0E+2

7.0E+2 / \\“

0 0.05 0.1 0.15 0.2 0.25 0.3

Time (Sec)

Figure 6. Output voltage of wide range of input-voltage

Table 2. Performance of the TIMLO converter

Vin (V) Vout (V) tr (msec) Slew Rate ts (msec) P-P Voltage (V) tp (Msec) Overshot D
30 524.6 24.602 16.934 0.278 685.2 60 30.94% 0.9
40 525.8 16.205 25.73 0.625 755.3 42 44.203% 0.858
60 526.5 9.801 42.579 0.250 841.3 27 60.484% 0.77
70 525.7 8.112 51.172 0.235 864.5 23 65.833% 0.76

100 5284 5.501 76.196 0.226 919.1 16 74.561% 0.628
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Table 3. Output voltage with variable input voltages and different duty cycle

Vout (V)

VoM p=06  D=07 D=08  D=09
30 147.5 196.5 288.9 525.1
40 197.2 262.5 385.6 700.5
60 296.5 394.4 579.1 1051
70 346.1 460.4 675.8 1227
100 495 658.3 966.1 1753

Efficiency of Multilevel Boost Converter

Figure 7. Efficiency with variable input voltages and different duty cycles

4. CONCLUSION

In this paper, a three input multi-level output DC-DC converter for a hybrid power system has been
presented. To investigate the principle of operation of the generated structures, the multilevel output boost
converter chosen has been simulated with various modes of operation using Matlab\Simulink software.
The high static gain between the input and output voltages are generated. This proposition is suitable for
several applications such as fuel cell systems, wind energy systems, and photovoltaic systems. Moreover,
one of the main advantages of the TIMOL converter is the reduction of voltage stress across the switches,
S7 and S8. Another advantage is to reduce the reverse biased voltage or stress voltage on the diodes D1 and
D2. A worth mentioning characteristic that can be noticed in the simulation results is that the efficiency
improvement with the low rating switch. Also, high-efficiency of the converter topology can be achieved by
various input sources related to renewable energy applications. Also, it can be easily moved from one power
conversion system to another to satisfy high-voltage demands. The carried out work demonstrates the benefit
of using multi input voltage over than single input voltage of DC-DC converter.
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