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Abstract: Now a day’s, power converters are very critical in low powered electronic devices like cell phone, tablet, laptop
computers and other handheld devices, due to its smaller size, light weight, high efficiency and high power density. In
this paper, a novel voltage lift technique based multiphase DC-DC' converter is proposed. There are many applications
required for transformer, coupled inductances and sequential connections in the proposed multiphase converter topology. In
this paper, the process of proposed multiphase DC-DC converter in continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) are discussed, and mathematical equations of current and voltage for the inductors and capacitors
are derived with details. So, the result of critical inductance and the operating of the proposed DC-DC' converter between
CCM and DCM are presented. Using simulation results, the performance of the proposed converter based on presented
technological issues is verified.

Keywords: DC-DC Converter, Multiphase, Voltage-Lift, Continuous Conduction Mode (CCM), Discontinuous Conduc-
tion Mode (DCM).

I Introduction

Power converters are required to convert one form of electric energy to another. This paper introduces fundamental
concepts of DC-DC conversions and applications. It can barely imagine the lifestyle without the conversion and processing
activities which use electrical energy, and its supply.

Power supply technology is an enabling technology that allows us to build and operate electronic circuits and systems.
All active electronic circuits, both digital and analog, require power supplies. Many electronic systems require several
DC supply voltages [11 [2]. Power supplies are widely used in computers, telecommunications, instrumentation equipment,
aerospace, medical, and defense electronics. A DC supply voltage is usually derived from a battery or an ac utility line
using a transformer, rectifier, and a filter. The resultant raw dc voltage is not constant enough and contains a high ac
ripple that is not appropriate for most applications. Voltage regulators are used to make the dc voltage more constant
and to attenuate the ac ripple [3] 4].

A power supply is a constant voltage source with a maximum current capability. There are two general classes of
power supplies: regulated and unregulated. The output voltage of a regulated power supply is automatically maintained
within a narrow range, e.g., 1 or 2% of the desired nominal value, in spite of line voltage, load current, and temperature
variations. Regulated dc power supplies are called dc voltage regulators. There are also DC current regulators, such as
battery chargers.

shows a classification of regulated power supply technologies. Two of the most popular categories of voltage
regulators are linear regulators and switching-mode power supplies (SMPS). There are two basic linear regulator topologies:
the series voltage regulator and the shunt voltage regulator. The switching-mode voltage regulators are divided into three
categories: pulse-width modulated (PWM) DC-DC converters, resonant DC-DC converters, and switched-capacitor (also
called charge-pump) voltage regulators. In linear voltage regulators, transistors are operated in the active region as
dependent current sources with relatively high voltage drops at high currents, dissipating a large amount of power and
resulting in low efficiency. Linear regulators are heavy and large, but they exhibit low noise level and are suitable for
audio applications [5].
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Figure 1: Categories of Power Supply technology

I-A Switching-Mode Converter and Regulator

In switching-mode converters, transistors are operated as switches, which inherently dissipate much less power than
transistors operated as dependent current sources [6l [7]. The voltage drop across the transistors is very low when they
conduct high current and the transistors conduct a nearly zero current when the voltage drop across them is high.
Therefore, the conduction losses are low and the efficiency of switching-mode converters is high, usually above 80% or
90%. However, switching losses reduce the efficiency at high frequencies. Switching losses increase proportionally to
switching frequency. Linear and switched-capacitor regulator circuits (except for large capacitors) can be fully integrated
and are used in low-power and low-voltage applications, usually below several watts and 50 V. PWM and resonant
regulators are used at high power and voltage levels. They are small in size, light in weight, and have high conversion
efficiency [8] @].
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Transformer Regulator

Figure 2: AC-DC Power Supply with a Linear Regulator

Figure 2| shows block diagrams of two typical AC-DC power supplies that convert the widely available AC power to
DC power. The power supply contains a DC linear voltage regulator, whereas the power supply of contains a
switching-mode voltage regulator. The power supply shown in [Figure 2| consists of a low-frequency step-down power line
transformer, a front-end rectifier, a low-pass filter, a linear voltage regulator, and a load. The nominal voltage of the ac
utility power line is 110 V rms in the United States and 230 V rms in Europe. However, the actual line voltage varies
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Figure 3: AC-DC Power Supply with a Switching-Mode Voltage Regulator

within a range of about £20 % of the nominal voltage. The frequency of the AC line voltage is very low (50 Hz in India and
Europe, 60 Hz in United States, 400 Hz in aircraft applications, and 20 kHz in space applications). The line transformer
provides dc isolation from the ac power line and reduces a relatively high line voltage to a lower voltage (ranging usually
from 5 to 28 V rms). Since the frequency of the AC line voltage is very low, the line transformer is heavy and bulky. The
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output voltage of the front-end rectifier/filter is unregulated and it varies because the peak voltage of the ac line varies.
Therefore, a voltage regulator is required between the rectifier/filter and the load. There still exists a need for universal
power supplies that can accept any utility line voltage in the world, ranging from 85 to 264 V rms.

The power supply shown in [Figure 3| consists of a front-end rectifier, a low-pass filter, an isolated DC-DC switching-
mode voltage regulator, and a load. It is run directly from the ac line. The AC voltage is rectified directly rom the ac
power line, which does not require a bulky low-frequency line transformer. Hence, such a circuit is called an off-line power
supply (plug into the wall). The switching-mode voltage regulator contains a high-frequency transformer to obtain dc
isolation for the entire power supply. Since the switching frequency is much higher than that of the ac line frequency, the
size and weight of a high-frequency transformer as well as inductors and capacitors is reduced. The switching frequency
usually ranges from 25 to 500 kHz. To avoid audio noise, the switching frequency should be above 20 kHz. A PWM
switching-mode voltage regulator generates a high-frequency rectangular voltage wave, which is rectified and filtered. The
duty cycle (or the pulse width) of the rectangular wave is varied to control the DC output voltage. Therefore, these
voltage regulators are called PWM DC-DC converters [T0HI2].

I Related Work

The Full Bridge high-power-factor converter presented by Mario Ponce-Silva et al. [I3] has the inherent capability to
become attractive power supplies for telecommunications energy systems. The full-bridge type circuit configuration can
be selected for the large-capacity power supplies. While power supplies for telecommunications energy systems normally
require the isolation between the input and the output sides, if one uses the circuit configurations in the input and output
isolation can be realized with a high frequency transformer link.

Gerry Moschopoulos et al. [I4] presented “Single-phase single-stage power-factor-corrected converter topologies”, these
are related to AC-DC and AC-AC converters that are classified on the basis of the frequency of the input ac source, the
presence of a dc-link capacitor, and the type of control used (resonant or pulse width modulation). Considering practical
design constraints, it is possible to effectively employ many single-stage converter topologies in a wide range of applications.

Tomokazu Mishima et al. [I5] presented a novel high frequency transformer linked full-bridge type soft-switching
phase-shift pulse width modulation (PWM) control scheme DC-DC power converter is presented. A tapped inductor filter
is implemented in the proposed soft-switching converter topology to achieve wide load variation range soft-switching pulse
width modulation (PWM) constant frequency operation of the DC-DC converter, to minimize circulating current .

Pubali Mitra et al. [16] presented research with ordinary PI controllers the dynamic response of the buck converter
output voltage caused by load change exhibits large dynamic deviations from the desired steady state output value, with
state space controller the dynamic response of the buck converter exhibits fast load response with small dynamic deviations
from the desired steady state output value. It exhibits steady state error. Therefore, an approach with outer PI controller
in addition to the internal state space controller and disturbance observer.

III Proposed Method

Voltage-lift modeling is one of the most important techniques in designing the multiphase DC-DC converters. In this
technique, by using the natural features of the energy storable elements (capacitor and inductance), the output voltage
gain is increased step by step, and also by using the simple topology, the circuit characteristics is improved. shows
the proposed boost dc—dc converter. As shown in the proposed converter consists of inductances Ly and Ls,
capacitors C7 and Cy and diodes Do, D3 and D4 in addition to the conventional DC-DC converter to increase transmission
voltage gain. In other word, the required elements for voltage-lift modeling technique include of these additional elements.
However, the proposed structure has some drawbacks. The proposed structure uses two switches and four diodes, most of
them experiencing a hard switching. In next sections, the voltage and current of each element in continuous conduction
mode (CCM) and discontinuous conduction mode (DCM) are calculated.

ITI-A  Analysis of Proposed Multiphase Converter in Continuous Conduction Mode (CCM)

In the time interval of T, that the switch S is turned on and the switch Sy is turned off, the inductance current of
L1 is linearly increased and as a result its storage energy is increased. In this time interval, the diodes of Di, D3 and
D, are connected reversely, and the diode of Ds is directly connected. In this condition, the load is connected in series
with inductances Lo and L3, and capacitors C; and Cs. In this condition, the currents of the load and capacitor C5 are
provided by the inductances Lo and Lz , and by discharging the capacitors C7 and Cs. Therefore, the voltage of capacitors
C7 and C5 are reduced. By reducing the current of inductances Lo and L3, the supplied energy in them are decreased.
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Figure 4: Structure of Proposed Multiphase DC-DC Converter

In the time interval of Tyg that the switch Sy is turned off and the switch Sy is turned on, the diodes of Dy, D3 and Dy
are directly connected and the diode of D5 is reversely connected. In this time interval, because of charging the capacitors
C7 and (5, the inductance current of L is reduced and so its storage energy is decreased. By increasing the storage
energy of capacitors Cy and C5, their voltage is also increased. In addition, the current of the inductances Lo and L3 are
increased because of increasing their storage energies. In this time interval, the load current is provided by discharging
the capacitor C3.

The voltage and current waveforms of the converter’s elements in a duty cycle by considering in continuous conduction
mode (CCM).

T =Ton+Tor (1)

Following, by assuming the high capacitance value for C7, Cy and Cs, the equations of the current and voltage of each
circuit’s element are calculated in steady state and for two time intervals of T,, and Tog.

ITI-A.1 Current and Voltage Equations of the Inductance L;

In this sub-section, the main aim is calculation the voltage and current equations of the inductance of Ly in a duty cycle.
In the time interval of Ty, that the switch S; is turned on and the switch S5 is turned off, the inductance of L is directly
connected to the voltage source of V;. In this condition, the current value of the inductance L; is linearly increased from
its minimum magnitude (Ipy,) to maximum value (I p, ), so, its storage energy is increased. In the time interval of T,g
that the switch S; is turned off and the switch S5 is turned on, the inductance of L is series connected to the combination
of parallel connection of the inductances Lo, L3 and capacitors C7; and C3. Because of discharging the capacitors C
and Cb, the current value of the inductance L, is reduced from it maximum value to its minimum one and its storage
energy is decreased. By applying KVL to the indicated circuit and considering the equation between voltage and current
inductance, the equation voltage of the inductance L;(vr, ,) in the time interval of T, is obtained as follows:

dig,
V.=1L _Znr 2
1 (2)
Aig,
"I, ¥
The above equation can be rewritten as follows:
Vi
iLl 1 —t+ ILVl (4)
, Ll

At the end of this operating mode, the above equation could be rewritten as follows:

iL, 4 |t=Ton = ILP, (5)
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In the time interval of T,g, by applying KVL and considering the equation between voltage and current inductance, the
voltage of the inductance Ly (v, ,) in the time interval of Tog is calculated as follows:

Vi vy, = In dl;;'Q (6)
Aip,
- I, Toﬁl (7)
From it is obtained that:
iDy, = —%_Lizf”t +1Ip, (8)
At the end of this operating mode, we have:
Ly 2 lt=Toe = LLV; 9)

ITI-A.2 Current and Voltage Equations of Capacitors C; and Co

In the time interval of T,,, the capacitor of C is discharged and so its storage energy is decreased. By reducing its storage
energy, its voltage is decreased from its maximum value (Vop,) to the minimum value (Voy, ). In the time interval of
Tom, the capacitor of C; is charged by using the current of the inductance Li, and as a result, its voltage is increased
from maximum value to the minimum one that leads to increase the storage energy in it. By using the relation of the
inductance voltage balancing rule in steady state for the inductance of L; and considering the equation between voltage
and current inductance and into it, and by determining Tog as a new time offset, we have:

Ton Tott
/ Vidt + / (Vi —ve,,)dt =0 (10)
0 0

By defining duty cycle (D), the average voltage value of the capacitor C is calculated as follows:

1
VCi,2 = mvi (11)

By considering the high enough value of the capacitor Cy, its average voltage value (ve,) is obtained as follows:
Ve, = Ve, (12)
In addition, the below equation is resulted as:

iCl,l = _Z.C2,1 = _iL2,1 = _iLa,l (13)

IV  Result

The simulation results are provided to demonstrate mathematical modeling of voltage-lift operation of the proposed
converter in continuous conduction mode (CCM). The specification of the implemented circuit is presented in
represents the simulation results of presented converter in continuous conduction mode (CCM). a)—(c)
illustrate the voltage waveforms of inductances, diodes and load, respectively. As it can be seen in the output
voltage is reached to 96 V by considering the presented values in As it mentioned, all simulation results agree
well with the theoretical analysis and simulation results.

Meanwhile, the efficiency (n) obtained operating with nominal load is equal to 90% by considering the presented values
ifTable 1] The comparison of theoretical and simulation voltage gain is done by various duty ratio.

As it can be seen, the voltage gain of proposed converter is decreased because of the non-ideal elements, but the high
voltage is achieved. The comparison of proposed converter efficiency for full load and light load is shown in
The resistances of full load and light load were considered R = 500 €2 and R = 10 2, respectively. As it can be seen in
the efficiency measured for full load is higher than light load for all D. The efficiency measured was reached to
96.5% with considering

In addition, the comparison of the experimental converter efficiency changes with the load and input voltage variations

can be discussed by [Figure 7] These comparison was done by considering at D = 0.5. As it can be seen in
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Table 1: Parasitic Parameters of Converter for Laboratory Prototype

Parameters Value

rr1 15 mQ2
T2 =TL3 20 m{?
ro1 = Trcs 15 mQ2
res 10 m$2
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Figure 5: Simulation Results of the Proposed Multiphase DC-DC Converter
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Figure 6: Comparison of Proposed Converter Efficiency for Full Load and Light Load

converter efficiency rises by increasing the load and input voltage. The maximum efficiency of proposed converter was
measured nearly to 95.7% when V; =24 V and R = 500 Q.
The dynamic response of proposed converter is analyzed with simulation results in continuous conduction mode (CCM)
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Figure 7: Comparison of Converter Efficiency Changes with the Load and Input Voltage Variations

= Vo [\V]
600 AN
450 )
300 f A
1504 N —
o —
0.250 0.300 0.350

Figure 8: Dynamic Response of Proposed Converter

and considering It is assumed that the load was increased to 100 Q form 10 Q at ¢ = 0.25 s. The result of this
analysis was shown in As it is obvious, the voltage of load was reached to steady state as well when the load
varied.

V Conclusion

This paper presents a voltage-lift technique for multiphase DC-DC converter that uses voltage-lift technique, adjusts the
turns ratio of the coupled inductor and achieve high step-up voltage gain. The proposed converter is highly efficient
because it recycles the energy stored in the leakage inductor of the coupled inductor. Moreover, the voltage across the
switch is clamped at the lower voltage level, enabling the converter to use the low rating switch to improve efficiency.
This paper also describes the operating principle and the steady-state analysis in detail. Finally, a prototype converter is
implemented to verify the performance of the proposed converter. In the circuit design, an simulation approach is presented
to determine the duty ratio and turns ratio for high efficiency of the proposed converter. The measured results verify that
this approach can assist to determine the duty ratio to achieve better efficiency performance. Additionally, the measured
waveforms agree with the steady-state analysis of the continuous conduction mode (CCM) and discontinuous conduction
mode (DCM) operation, and the voltage stress of switch is effectively clamped. Also, a current spike suppressing circuit is
proposed to alleviate the current raising rate for the proposed converter. The simulation results verify that the proposed
current spike suppressing circuit can not only reduce the current spike effectively, but also improve the conversion efficiency
for the proposed converter.
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