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Abstract: In this study, a novel high step-up DC-DC converter was successfully integrated using
coupled inductor and switched capacitor techniques. High step-up DC-DC gain was achieved using
a coupled inductor when capacitors charged and discharged energy, respectively. In addition, energy
was recovered from the leakage inductance of the coupled inductor by using a passive clamp circuit.
Therefore, the voltage stress of the main power switch was almost reduced to 1/7 V,, (output voltage).
Moreover, the coupled inductor alleviated the reverse-recovery problem of the diode. The proposed
circuit efficiency can be further improved and high voltage gain can be achieved. The operation
principle and steady-state analysis of the proposed converter were discussed. Finally, a hardware
prototype circuit with input voltage of 24 V, output voltage of up to 400 V, and maximum power of
150 W was constructed in a laboratory; the maximum efficiency was almost 96.2%.
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1. Introduction

In recent years, air pollution and energy shortage have become major national concerns. When
the global temperature increases by 1 °C, the sea level will increase by 2.3 m [1]. This phenomenon
will considerably affect human life and safety. Therefore, previous studies have attempted to find
a solution, hoping to solve the problems of air pollution, global warming, and energy shortage by
using highly efficient renewable energy systems. The current more mature and widely used renewable
energy sources include solar, wind, and tidal energy sources [2-4]. Often these renewable energy
sources have low-voltage output and must pass through a set of high boost converter circuits to
increase the voltage, and then through a DC-AC inverter to convert AC voltage from the main supply
in parallel. Therefore, a DC-DC high boost ratio circuit affects the overall efficiency of the system [5-8].

The conventional DC-DC boost circuit is not applied in high boost ratio applications. In an
ideal scenario, when the duty cycle in a conventional boost circuit increases to 1 (unity), the boost
conversion ratio reaches infinity. However, high step-up gain is limited by the capacitor, inductor main
power switch, and resistance, because electromagnetic interference and reverse-recovery issues are
encountered at extreme duty cycles. Moreover, the leakage inductance of the transformer will cause
high power dissipation and high voltage spikes on the main power switch. Therefore, a main power
switch with high stress voltage must be selected because of excessive cost and space issues. Therefore,
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many studies have developed a new architecture to overcome the shortcomings of a conventional
boost circuit. In particular, switch capacitor [9-13], coupled inductor [14-21], and voltage lift [22,23]
techniques have been proposed. A coupled inductor step-up circuit with a simple inductive winding
structure was used to achieve low voltage stress of the main switch and a high voltage conversion ratio.
Therefore, this architecture is commonly used. However, the main drawback of this architecture is
that the coupled inductor has a considerable leakage inductance; this leakage inductance and parasitic
capacitance on the switch will resonate and cause voltage spikes. To solve the problems caused
by leakage inductance, capacitors, resistors, and diodes comprising a snubber circuit can be used;
however, the energy is consumed in the resistance, thus reducing circuit efficiency. Switched capacitor
and voltage lift technology can achieve a high boost ratio function but the main switch suffers a
high transient current, and the conduction loss is increased. A switched-clamp capacitor can store
energy when the switch is turned on. When the power is switched off afterwards, the energy in the
capacitor is delivered to the output loading. However, the electric system prevents current flow and
no direct conduction path is permitted. The voltage lift technique is similar the Cuk converter or the
single-ended primary inductor converter (SEPIC) converter, the energy transfer from one inductor
via the intermediate capacitor and then to the other inductor. Therefore, the transferred energy is
mainly determined by the capacitance, thus causing the current stress on the capacitor to be serious.
The coupled-inductor technique can achieve high step-up gain by adjusting the turn ratio. However,
the inductor leakage issue relates to the voltage spike on the power switch. Therefore, this study used a
coupled inductor step-up circuit with a clamp circuit, which absorbed energy from the leakage inductor
of the coupled inductor and supply the energy back to the output terminal of the capacitor during
the next period [24,25]. Using a clamp circuit prevents spikes on the switch, and the main switch
voltage stress is clamped at a voltage of 1/7 V,,. Moreover, the booster-circuit integrates a boost-flyback
converter with switched capacitor architecture to achieve a high step-up ratio. This circuit has boost
and flyback type features. When the switch is turned on, the first boost stage is similar to a boost
converter combined with a switched capacitor converter. Conversely, when the switch is turned off,
the second boost stage is similar to the flyback and switched capacitor converters [26-34]. The new
proposed converter architecture can achieve a high step-up ratio by adjusting the duty cycle; a clamp
circuit is used for energy recovery by the leakage inductor of the coupled inductor to achieve high
efficiency and step-up ratio.

2. Operation Principle of the Proposed Converter

Figure 1 illustrates the proposed converter circuit topology, where the DC input voltage is Vj,,
main switch is S, and coupled inductors are Ny and Nj.
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Figure 1. Circuit configuration of the proposed converter.
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The clamp circuit has two diodes D; and D, and a capacitor C;. The step-up circuit has two diodes
D3 and D4 and two capacitors C; and C3. The equivalent circuit of the coupled inductor comprises the
leakage inductor L, magnetizing inductor Ly, and an ideal transformer with turn numbers N, and N;
of the primary and secondary windings, respectively. To simplify the analysis of the circuit operation
principles, the following conditions were assumed:

e Capacitors C;—C3 and C,1—C, are sufficiently large. Therefore, V.1—V.3 and Viy1—Veo are
considered constant during an operation.

e Power devices are ideal components, and the parasitic capacitors of power devices are
not neglected.

e  The magnetizing inductance is L, and leakage inductance is Ly; the coupling coefficient of the
coupled inductor is k and is equal to Ly, /(Ly+Lg).
e  The turn ratio n is equal to Ns/Nj.

e  The proposed converter operation can be divided into the continuous conduction mode (CCM)
and discontinuous conduction mode (DCM). The detail analysis is as follows:

2.1. CCM Operation

Figure 2 shows the main component current and voltage waveforms of the proposed converter
during CCM operation.
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Figure 2. Key components current and voltage waveforms of the proposed converter at CCM.
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This CCM operation can be divided into five operating modes as follows:

Mode I [ty, t1]: During this time interval, the power switch S is turned on, and D;, Dy, Dj,,
and D, are forward-biased. The equivalent circuit is shown in Figure 3a. The primary-side leakage
magnetizing current iy increases linearly, and the DC source V;, supplies energy to the magnetizing
inductor L;,. The secondary-side leakage inductor current is supplies energy to the capacitor Cs, and
V3 is approximately equal to nVp 1. The clamp capacitor C; supplies energy to the high voltage output
capacitor C,y. When i; equals zero at f = {1, this operation mode is terminated.

Mode 1I [t1, £5]: The switch S is still turned on, and D3 is forward-biased. The equivalent
circuit is shown in Figure 3b. The DC source V;, supplies energy to the magnetizing inductor
L. The secondary-side capacitor C; is charged by the coupled inductor and capacitor C3. V.3 is
approximately equal to V., — nVp 1. The output capacitors C,1 and C,, provide energy to the output
load. This operating mode is terminated when the switch S is turned off at t = .

R R |

(b)

Figure 3. Operating modes at CCM during a switching period (Switch turn on). (a) Modes I;
(b) Modes II.
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Mode III [t,, t3]: Att = t;, the switch S is turned off, and D3 is forward-biased. The equivalent
circuit is shown in Figure 4a. The parasitic capacitor Cy; of the main power switch S is charged rapidly
by the leakage inductor Ly and magnetizing inductor L. The secondary-side capacitor C, is charged by
the coupled inductor and capacitor C3. The output capacitors C,; and Cyp provide energy to the load.

Mode 1V [t3, t4]: At t = t3, the switch S is turned off, and D; and D3 are forward-biased.
The equivalent circuit is shown in Figure 4b. The passive clamp capacitor C; is charged by the leakage
inductor Ly and magnetizing inductor L;,; the leakage inductor Ly is recovered and i;; decreases rapidly.
The capacitor C; is charged continuously by the coupled inductor and capacitor C3. This mode is
terminated at t = t4 until the secondary-side current is; equals zero. Therefore, D3 is turned off and Dy,
D;,, and D, are turned on.

Mode V [t4, ts]: Att = t4, the switch S is turned off, and D4, Dy, D;,,, and D, are forward-biased.
The equivalent circuit is shown in Figure 4c. The coupled inductor, DC source V;,, and capacitor C,
are connected to supply energy to the high-output voltage side capacitor C,1 and load. This mode is
terminated at f = t5, and the power switch S is turned on again during the next mode.
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Figure 4. Operating modes at CCM during a switching period (Switch turn off).

(b) Modes IV; and (c) Modes V.

2.2. DCM Operation
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Figure 5 shows the major component current and voltage waveforms of the proposed converter
during the DCM operation. To simplify the analysis, the leakage inductor Ly of the coupled inductor is

neglected during the DCM operation.
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Figure 5. Key components current and voltage waveforms of the proposed converter at DCM operation.
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Figure 6 shows the modes I-1III operating stages. The operating modes are explained as follows:

Mode I [t¢, t1]: During this time interval, the power switch S is turned on, and D; and Dj3 are
forward-biased. The equivalent circuit is shown in Figure 6a. The primary current ir,, increases linearly,
and the DC source V;, supplies energy to the magnetizing inductor L,,. The secondary-side coupled
inductor in series with the capacitor C3 supplies energy to the capacitor C,. The output capacitors Cyq
and Cy, provide energy to the output load. The main switch S is turned off at t = t;, and this operation
mode is terminated.

Mode II [#1, tp]: During this time interval, the main switch S is turned off, and D;, D4, D, and D,
are forward-biased. The equivalent circuit is shown in Figure 6b. The magnetizing inductor L,,, DC
source V;,, and capacitor C, are charged by D;, and D, and supply energy to the output capacitor Cy1.
The magnetizing energy of Ly, is transferred to capacitor C3 by coupled inductor. This operating mode
is terminated when the energy stored in L;, is depleted at t = 5.

Mode III [, t3]: During this time interval, the main switch S is turned off. The equivalent circuit
is shown in Figure 6¢. The output capacitors C,1 and C, provide energy to the output load. This mode
is terminated at ¢ = 3, and the main switch S is turned on again during the next mode.

(b)

Figure 6. Cont.
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Figure 6. Operating modes at DCM during a switching period. (a) Modes I; (b) Modes II; and (c)
Modes III.

3. Steady-State Analysis of the Proposed Converter

3.1. CCM Operation

The turn ratio is defined as:

N
- 1
s M
The coupling coefficient k of the coupled inductor is defined as:
Lo
k pr— 2
Lm + Lk ( )

Modes I, I1I, and IV, which have considerably short time durations, are ignored to simplify the
steady state analysis; only modes Il and V of the CCM operation are considered.
The voltage stresses of Vi, V1, and V; at mode II can be derived on the basis of Figure 3b.

L
vii— =K oo 1V
Lk Lm + Lkl n ( ) 1 (3)
vil= Lt vy, 4)
L+ Lin
Vi =nVH = nkv, (5)

According to the volt-second balance principle and Ly, Ny, and Nj, the following equations
are obtained:

/DTS vilde+ [ S Ve —o ©)
0 DT;
/ ERRZIE T / " yvdi—o @)
0 DT;

DTs 11 4 Ts Vi
% t+/ vVdt =0 8
/o 2 b, V12 8)
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By substituting (3)—(5) into (6)—(8), the voltage stresses of Vi, V11, V12, and V, at mode V can be
expressed as:

—D(1—k
R ©)
Dk
Vi =—1—pVin (10)
nDk
Vih=—1—pVin (11)
Vo=2Vaq+Va—VY (12)

The capacitor C, is charged in mode II, and the capacitors C; and C3 are charged in mode V. The
voltage stress across capacitors Cq, Cp, and C3 can be represented on the basis of Figures 3b and 4c.

nDk

T Vin (13)

V=V =

Vo =V + Vs (14)

By substituting (5) and (13) into (14), the voltage stresses of the capacitors C; and C, are
expressed as:

nk
Voo = mvin (15)
Vo=V -V —VY
B Dk D(1—k) (16)
“tap tap "

By substituting (11), (15), and (16) into (12), the voltage gain is developed as:

Vo 2 +nk +nDk
M, == 17
cCM 7 1-D (17)

Assume k is equal to 1 and neglect the leakage inductor of the coupled inductor. Atk =1, the ideal

voltage gain can be derived as:
24+n+nD

1-D

Table 1 and Figure 7 are shows the voltage gain of the proposed converter and those of previous
converters during the CCM operation under coupling coefficient equal to 1. According to this Figure 7,
the voltage gain of the proposed converter is higher than those of the previous converters with
the same duty cycle. Proposed converter has achieved high step—up ratio and the efficiency of
proposed converter is higher than those of the previous converter, except that the converters [9,29].
The converter [9] has high efficiency but voltage stress of the switch is high, the peak voltage of
Vs is appropriately 71V during the switch-off period and large coupled inductor size is ETD-59.
The low efficiency in converter [29] under 150w and maximum output voltage is 200 V lesser than
proposed converter.

Mcem = (18)

Table 1. Comparison of the proposed converter compared with some of the previous converters. NA:
Not showing efficiency in reference paper.

Converters No. of Components Efficiency Vinl Vout Voltage Gain Mccm = Vo/Viy)
6 diodes, . Vip=24YV, ~ 24n+nD
proposed converter 5 capacitors 96.20% V, =400V Mcem = <455
3 diodes, Vi, =48V,  14n
(6] 3 capacitors NA V,=380V Meem = 17
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Figure 7. Duty ratio versus voltage gain of the proposed converter compared with previous converters,
condition is CCM operation under k = 1and n = 3.

3.2. DCM Operation

The DCM operation can be divided into three modes. Figure 5 shows the main component
current and voltage waveforms. Figure 6 shows the proposed converter during different modes of the
DCM operation. The mode I operation is shown in Figure 6a; the main power switch S is turned on.
Therefore, the voltage stresses V11 and V1, can be expressed as:

VLll = Vin

I
Vip = nViy

The magnetizing inductor peak current can be expressed as:

Vin
Lm

Ime = —DT;

(19)

(20)

(21)

Therefore, the voltage stresses of the capacitors Cy, Cp1, and Cpp can be expressed as:

Vo =Vl + Vs

(22)
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ch2 = Vcl (23)
Vcol =V, - Vcl (24)

Figure 6D illustrates the mode II operation; the main power switch S is turned off. Therefore,
the voltage stresses during mode II can be expressed as:

Vi =V, Va (25)
VA =2V i+ Vo -V, (26)
Vii=-Vas (27)

Figure 6c illustrates the mode III operation; the main power switch S is turned off. The capacitors
Co1 and Cyp supply energy to the load, and the voltage stresses of V1 and V|, are expressed as:

V= Vil =0 2

By applying the volt-second balance principle to the coupled inductor, the following equations
can be obtained:

/ PRyl ary / DEPIE g / " viligr =0 (29)
0 DT (D+DL)TS
/ PRyl ary / o vidt + / " vHldr =0 (30)
0 DT (D+Dp)Ts

By substituting (20), (27), and (28) into (30), the voltage across capacitor C3 can be expressed as:
7Vin (31)

Similarly, by substituting (19), (25), and (28) into (29) and (22), (27), and (28) into (30), the stress
voltages of capacitors C; and C; can be expressed as:

D+DL

Vo = Dy Vin (32)
nD

Vo = (n+ Df)Vi (33)
L

By substituting (20), (26), (28), (32), and (33) into (30), the voltage gain of the proposed converter
during the DCM can be expressed as:

2D
Vo = [D—(1+n) + (n+2)] Vi, (34)
L
2D(1+4n)Vy,
Dj=———t 35
L Vo - (2 + n)Vin ( )
On the basis of Figure 5, the average current value i1, can be expressed as:
) 1 I
leol = EDL 5 +m2pn — 1o (36)

In the steady state, isy; is equal to zero and (21), (35), and i.,; = 0 can be substituted into (36).
Therefore, (37) can be obtained as:
D?(n +1)V;, % Ts Vo

Vo~ 2Vl n+2)Im R 57)
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The time constant of the magnetizing inductance is defined as:

def Lm
TLm = RT, (38)
By substituting (38) into (37), the voltage gain can be obtained as follows:
V, 2n+2 (2n+2)*>  D2(n+1)
M =—= 9
beM = v 2 \/ 4 (21 +2) T 39)

3.3. Boundary Operating Condition between the CCM and the DCM

While operating the proposed converter in boundary-condition mode the voltage gain is equal for
CCM and DCM operations. Based on (18) and (39), the time constant T ,,,p of the boundary normalized
magnetizing inductor can be expressed as:

D?(n+1)
2n+2
T = (40)
kb [(2mtnD) _ 2n+2]2 _ (@nt2)?
1-D 2 7

Figure 8 shows the curve of 1. The proposed converter is operated in the CCM when 7 is higher
than ij,,p. Otherwise, the proposed converter is operated in the DCM.

T LmB
0.008 T
CCM
0.006 T
0.004 T
0.002 T DCM
+ D

0 01 02 03 04 05 06 07 08 09 1
Figure 8. Duty ratio versus tr,,p at boundary condition of the proposed converter under n = 3.

4. Design and Experiment of the Proposed Converter

To test and measure the proposed converter performance, a prototype circuit of the proposed
converter at 150 W was constructed in the laboratory. The main specifications are as follows:

Input DC voltage Vj,,: 24 V.

Output DC voltage V, : 400 V.

Maximum output power: 150 W.

Switch frequency: 50 kHz.

Switch: IXTH130N10T.

Diodes: D1-Ds, D,: DSEI 30-10A; D;,, and Dg4: 25JPE40.

Capacitors: C; and Cepp: 100 1/100 V, Cp: 100 1/250 V, Cs: 100 n/100 V, and Cpq: 220 /400 V
aluminium capacitors.

Transformer: ETD-49 core PC-32, Nj:Ns = 1:3, L, = 32 uH and L; = 0.22 uH; k = 0.993.
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Figure 9a illustrates the secondary current is, primary-side leakage magnetizing current iy, and
drain to source voltage of the main power switch at full load P, = 150 W and V};, = 24 V. The waveform
of the secondary current is of the coupled inductor shows that the proposed circuit does not have zero
current when the switch is turned on in the CCM. Figure 9b shows the waveforms of ij; and iz;.
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(a)
Vis : 40V/div
¢ .
a1+ 3A/iv 4
“ - -
L - T—_
ig  1A/div ]

'é
5

L i L L L I L

Time: Sus/div

LA S S S e s S s s s LN s By s s e s B s s e

Vas - 40V/div

ig3 : 1A/div

igs : 1A/iv

et et e ]

Time: Sus/div

(9

Figure 9. Cont.
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Figure 9. Experiment waveform under full-load P, = 150 W. (a) Measured waveforms of Vg, i;y and
is; (b) Measured waveforms of Vg, iy1 and i;p; (¢) Measured waveforms of Vi, i3 and iy4; and (d)

Measured waveforms of Vi, iz, and ig,.

The current of the capacitor C; flows to D, and energy is transferred to the capacitor C,» when
the switch is turned on. The capacitor C; absorbs energy from V;,, and parasitic capacitor on the switch
when the switch is turned off. Figure 9c shows the waveforms of iz3 and iy4; C and Cj3 are charged by
the DC source Vj;,, and secondary-side coupled inductor. Figure 9d shows the waveforms of i, and iy,.
The energy of V;, though C;, transfers to the step up circuit and current flow to D, and is released to
output capacitors.

Figure 10a shows that V1, V¢, and V.3 satisfy (14), (15), and (17). Figure 10b shows the input and
output voltages of capacitors Cp1 and Cop. Figure 11 illustrates the efficiency of the proposed converter
at 20-150 W loads, and the maximum efficiency is 96.2% at 60 W.
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Figure 10. Experiment waveform under full-load P, = 150 W. (a) Measured waveforms of v1, v and vs;
(b) Measured waveforms of V1, Vo and V.
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Figure 11. Efficiency of proposed converter.

5. Conclusions

This study successfully integrated the proposed converter by using the coupled inductor and high
step-up circuit. High voltage gain was achieved using the coupled inductor when the capacitor charged
and discharged energy. For this paper is integrated coupled inductor and switch capacitor to achieve
a high step-up voltage gain without extreme duty cycle. In addition, energy was recovered from
the leakage inductor of the coupled inductor by using a passive clamp circuit. The primary-leakage
inductor recovered the energy function, and the switch clamp capacitor reduced the voltage spike of



Energies 2017, 10, 378 16 of 17

the switch. Therefore, when low conducting resistance R s, and low voltage stresses component
were selected, the main power switch loss was reduced. Finally, a prototype circuit of the proposed
converter with an input voltage of 24 V converted to an output voltage of 400 V and maximum power
150 W was constructed in the laboratory. The experimental results proved the high efficiency and
voltage gain of the proposed converter. Moreover, it was proved that the main switch stress voltage is
clamped by the capacitor C;.
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