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ABSTRACT. This study simulates a high step-down gain DC-DC converter that integrates
a buck-type converter and isolated transformer. Isolated transformer turn ratio and main
power switch duty cycle are used to adjust the output voltage. This paper integrates
coupled inductor and switch capacitor to achieve a high step-down voltage gain without
extreme duty cycle. Coupled inductor has a clamp diode and clamp capacitor can recover
energy by leakage inductor. Therefore, the voltage stress on the main power switch can be
reduced and low voltage stresses components were selected. In this proposed system, the
converter is composed of one main switch, one isolated transformer, two capacitors, and
two diodes. Continuous conduction mode operation and formula derivation are discussed.
Finally, Simplis software is used to simulate an input voltage of 24 V to output voltage
of 5 V and correction magnet power converter of 50 W. Detailed current and voltage
waveforms are provided and verified by the simulation result.

Keywords: High step-down, Photovoltaic system, Light source, Correction magnet
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1. Introduction. In the 21st century, synchrotron radiation can analyze many unsolved
mysteries of science, such as protein, DNA, and semiconductor molecular structures. Ex-
periments using synchrotron radiation attempt to analyze electrons, photons, and other
particles that are emitted when synchrotron radiation strikes matter. The resulting data
are used to deduce the chemistry, geometry, electronic structure, or magnetic properties of
matter. On radiology, proton therapy machines are widely used in the treatment of cancer
cases, and high-precision proton knife is used to remove tumor from patients. Compared
with conventional X-ray radiotherapy or Gamma Knife, proton knife treatment causes
less damage to surrounding normal cells and fewer side effects; thus, proton knife therapy
is currently the world’s most advanced radiation oncology technology [1,2].

Synchrotron radiation or proton therapy machines are required to have a storage ring
power supply to ensure electronic operation at the speed of light. After reaching the target
energy, the electrons are transferred from the booster ring to the storage ring through a
transport line. A series of magnets situated around the ring steers the electrons along
circular arcs, and synchrotron radiation is continuously emitted tangentially from the
arcs. Storage ring correction magnet power supply provides energy to the storage ring
corrector magnets to ensure optimal trajectory of the electron beam with the speed of
light in a vacuum. Currently, storage ring correction power supply mainly uses AC-
DC inverter architecture technology and phase-shift full-bridge converter with current
doubling technology to transfer energy to the magnet. This circuit must use multiple
switches and generates a high voltage stress caused by high switching losses in the switch;
this storage ring power supply enables a technical efficiency of more than 90% [3].
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F1GURE 1. Proposed converter equivalent circuit

The output voltage of the solar module is a DC voltage; the energy conversion to the
corrector magnet occurs through a DC-DC step-down converter. Early scholars focused
on high step-down voltage gain circuit, such as coupled inductor [4-7] and interleaved
technology [8-11]. Coupled inductor technology is often used by high step-down con-
verter; the transformer can easily achieve high step-down ratio and is not limited by duty
cycle. Nevertheless, the leakage inductor of the coupled inductor will cause a high volt-
age spike when the switch is turned off. Many snubber circuits have been proposed to
solve the voltage spike problem, but these circuits increase the number of components
and reduce the efficiency of the power converter. The interleaved buck converter requires
no transformer, but needs to increase the switch and passive components to achieve high
step-down ratio. In this study, a novel switched capacitor buck converter is proposed.
The novel switched capacitor buck converter equivalent circuit is shown in Figure 1. The
PV system is the input source; vy, and i;, are the current and voltage of PV respectively,
and the voltage of the PV system is based on the brightness of sunlight. The power switch
is a high-frequency NMOSFET, and i45 and v4s are the flowing current and voltage, re-
spectively. N,: Ny is the proportion of step-down isolated transformer primary winding
and secondary winding, and the turn ratio is IV, : Ny = 1: 3. L,, and Ly, are the magne-
tizing and leakage inductors, respectively; switch capacitor (Cy) is the small volume that
can easily obtain step-down voltage conversion ratio, and v, is the stress voltage of the
switch capacitor. Switch capacitor releases energy via diode (D;) and the flow current of
D is called iq;. Freewheel diode (Dy) and secondary winding are serially connected with
output correction magnet load; is and i, are the current flow of the secondary winding
and correction magnet, respectively. Continuous conduction mode (CCM) operation will
be discussed in Section 2 and steady-state analysis will be presented in Section 3. Simplis
simulation software experimental result of the proposed converter will be presented in
Section 4 and the conclusion will be provided in Section 5.

2. CCM Operation. This proposed circuit has five modes of operation in period switch-
ing. Figure 2 shows each operation mode current flow with equivalent circuit of the pro-
posed converter. Before the analysis of the operation mode, conditions are assumed to
simplify the analysis of the proposed circuit. (1) The main switch is ideal, but the par-
asitic capacitor of the switch is not neglected. (2) All diodes are ideal. (3) The switch
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capacitor (Cs) and output capacitor (C,) are large. Therefore, v.s and v, are defined as
the constant voltage in an operation mode. (4) Turn ration is defined as that n is equal
to ny,/ns.

Mode 1 [ty — t1]: At this interval, the power switch is turned on. The PV system
and inductor L; supply energy to capacitor Cs and inductors Lo and L,,. The current
of leakage inductor 7y, and capacitor voltage V., is linearly increased and the current of
magnetizing inductor iy, is linearly decreased. This mode ends when the inductor current
iy = 0. Dy and Dy show reverse bias. Current flow of this mode is shown in Figure 2(a).

Mode 2 [t; — t2]: At this interval, the power switch is turned on. Capacitor C; releases
energy to inductor Ly and PV system via diodes D; and D;. Magnetizing inductor L;
supplies energy to capacitor C,; the current of leakage inductor i, and magnetizing
inductor iy, is linearly increased. This mode ends at ¢ = t5 when the power switch S is
turned off. Current flow of this mode is shown in Figure 2(b).

Mode 3 [ty — t3]: At this interval, the power switch is turned off. Capacitor C; releases
energy to inductor Ly, PV system and switch parasitic capacitor C, via diodes D; and Dy.
Magnetizing inductor L; supplies energy to capacitor C,; the current of leakage inductor
iz and magnetizing inductor iy, is linearly increased. This mode ends at t = t3 when
the switch parasitic capacitor Ve is fully charged with energy by capacitor Cs. Current
flow of this mode is shown in Figure 2(c).
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FIGURE 2. Operating modes during a switching period: (a) mode 1, (b)
mode 2, (¢) mode 3, (d) mode 4, and (e) mode 5
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Mode 4 [t3 — t4]: At this interval, the power switch is turned off, and the parasitic
capacitor is fully charging. Capacitor Cy releases energy to inductor L, via diode D,
magnetizing inductor L, supplies energy to capacitor C, via diode Dy and the current of
leakage inductor iy, and magnetizing inductor iy, is linearly decreased. This mode ends
at t = t, when capacitor C is an empty energy. Current flow of this mode is shown in
Figure 2(d).

Mode 5 [ty —t5]: At this interval, the power switch is turned off. Inductors Lo, Ly, Ly,
and switch parasitic capacitor C, release energy to capacitors Cs and C,. The current of
leakage inductor iy, and magnetizing inductor iy, is linearly decreased. This mode ends
at t = t; when the power switch is turned on. Current flow of this mode is shown in
Figure 2(e).

3. Steady-State Analysis. Modes 1, 3, and 4 are ignored to simplify the analysis pro-
cess. These operation modes present a short switching period. Modes 2 and 5 will be
conceded in this section.

Before the analysis of modes 2 and 5, the turn ratio n and coupling coefficient k of the
coupled inductor is defined as follows:

N,
== 1
=5 (1)
L
k=—"—. 2
T 2)

From Kirchhoft’s voltage law, the equations for voltage of inductors Ly, and Ly at mode
2 and input voltage can be derived as follows:

Vikprn) = Vipan (1 — kp) /Ky, (3)
Visan = _VLp/nv (4)
Vin = Vo2 + Vipan (1 = kp) [kp + Vipan + Visan + Vo (5)

Substituting Equations (3) and (4) into Equation (5), voltage of L; equation can be
written as follows:

n(kp)(‘/; —Va—-V,)

V) = 6
Lp(IT) — (6)

Voltage of inductor L; at mode 5 equation can be derived as follows:
Vipv) = —Vea. (7)

The smaller Ly than L,, is neglected and the coupling coefficient k is equal to 1 to sim-
plify the steady-state analysis. Modes 1, 3, and 4 are short and ignored by one switching
cycle. The time intervals of modes 2 and 5 are considered. From the inductor volt-second
balance principle, the inductor voltage must be zero in the steady-state operation in a
period of an inductor:

DTy s
/ Viide +/ Vidt = 0. (8)
0 DT
Therefore, substituting Equations (6) and (7) into Equation (8), the inductor of L; equa-
tion can be obtained as follows:
n(Vin = Va = Vo)

n—1

D+ (=Ver)(1 - D) = 0. (9)

The voltage gain GG, of the proposed step-down converter can be represented as follows:
D
n+2D -1

Figure 3 presents the duty cycle against voltage gain under different turn ratios of
the proposed converter: turn ratio n = 2-5 and duty cycle D = 0-1. For this proposed

Gy =Vo/Vin = (10)
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FiGURE 3. Duty cycle against voltage gain of the proposed converter

converter, the isolated transformer turn ratio is 3, the input voltage is 24 V, the output
voltage is 5 V, and the step-down gain is appropriate 0.2. In the figure, the solid line
denotes that GG, = 0.2 against a duty cycle that is appropriate D = 0.7.

4. Simulation Result of the Proposed Converter. A 50 W proposed converter is
simulated, and its specifications are as follows:

1. Input DC voltage V;,,: 24 V;

Output DC voltage V,: 5 V;

Maximum output power: 50 W;

Switch frequency: 50 kHz;

Main switch: Ideal;

Diodes (D and Dy): Ideal;

Capacitors: Cy: 20 puF/10 V, C,1: 470 pF /10 V aluminum capacitors;
Transformer: N,: Ny =1:3, L,, =100 pH, Ly, = 0.3 pH, & = 0.997.

The experimental voltage and current waveforms are presented in this section. The
proposed converter has an input voltage of 24 V and output power of 50 W. The primary
and secondary current against the gate-to-source voltage of the power switch is shown in
Figure 4. The gate-to-source voltage is at a high level when the power switch is turned on;
at this time, the primary and secondary inductor currents are increased to the maximum
value. Otherwise, when V,; = 0, the power switch is turned off, the primary inductor
current becomes a negative current, and the secondary inductor current is decreased to
release energy to output loading. Figure 5 shows the measured waveform of the capacitor
voltage and output current at measurement capacitors C5 and C, voltage that can satisfy
Equations (7) and (10) and output current of 10 A at full-load testing.

NS WD

5. Conclusion. This study successfully simulated a high step-down gain DC-DC con-
verter. The input source is a solar cell and the output loading is a correction magnet.
The input voltage of 24 V decreases to the output voltage of 5 V, and the maximum
output power is 50 W. This proposed converter uses an isolated transformer and coupled
inductor to obtain a high step-down voltage gain. The proposed converter step-down gain
can achieve a high step-down gain for the traditional buck converter. Coupled inductor
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FIGURE 4. Simulation waveform of vy, ir1, and ¢ under full-load P, = 50 W
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FIGURE 5. Simulation waveform of v.o, v,, and i, under full-load P, =50 W

has a clamp diode and clamp capacitor can recover energy by leakage inductor. There-
fore, the voltage stress on the main power switch can be reduced and low voltage stresses
components were selected. Finally, Simplis simulation software is used to demonstrate a
converter circuit to prove that this proposed converter can be used as corrector magnet
power supply of accelerator machine. Future work is to design a hardware 50 W proto-
type circuit with 24 V input voltage down to 5 V output voltages which is implemented
in laboratory.
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