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T—Iigh Step-Up Reverse Coupled-Inductor Dual-
Switch DC-DC Converter with Low Turn Ratio

Yuliang Ji, Lina Geng, Hongchen Liu, Senior Member, IEEE and Pat wheeler, Fellow, IEEE

Abstractdn this paper, a high step-up reverse coupled-
inductor dual-switch (HS-RCLDS) DC-DC converter is
presented. Through one reverse coupled-inductor cell,
one capacitor and one diode to form voltage-double circuit
when two switches are on at the same time, the proposed
converter can produce the higher voltage gain, and turn
ratio range varies only between 1 and 2, which is
beneficial to coupled-inductor design with low leakage
inductance. This voltage gain has the proportional
relations with turn ratios and switch duty ratios. Also, the
proposed converter owns continuous input current.
Operation principles, derivation of voltage gain,
component voltage stresses, parameter design, efficiency
analysis and performance comparison of the proposed
converter are described in detail. Finally, the experimental
results are given out to verify the feasibility of the
theoretical analysis.

Index Terms—DC-DC converters, reverse coupled-
inductor, dual-switch, high gain, continuous input current.

|. INTRODUCTION
ITH the widespread application of low-voltage dc power
s as fuel cell supply system and PV micro converter

system, DC-DC converters obtains great attention to boost low
input voltage to high output voltage [1, 2].

‘When isolated DC-DC converters output h voltage
gain, higher turn ratio will be needed. This will increase the
leakage inductance and design difficulty of transformer, and
then influence the system performance. Therefore, nonisolated
DC-DC converters can become a more attractive solution for
high voltage gain [3-5].

Traditional boost converter has low boost ability, the
high@# voltage gain will accompany extreme switch duty ratio
[6]. In 2002, Z-source network was reported to achieve the
single-stage voltage-boost inverter, subsequently used to DC-
DC converters [7]. But its discontinuous input current and
large startup impulse current constrict its application [8].
Through embedding the input source into Z-source network,
embedded Z-source converter realizes continuous input
current and lowers two capacitor stresses by introducing two
input sources [9]. Quasi-Z-source converters [10] can lower
voltage stresses across two capacitors when only using one
input source. Based on impedance networks above, some
improved structures are presented through introducing
switched-inductor [11, 12], cascading structure [ 13], switched-
capacitor [14-18], and coupled-inductor technology [19-26].
But DC-DC converters based on Z-source/Quasi-Z-source
networks have higher variation relations between voltage gain

and switch duty ratio, namely smaller range of switch duty
ratio will result in higher range of voltage gain. This leads the
larger current of circuit components in the high voltage gain,
which will increase the losses and rating values of circuit
components.

Switched-inductor, cascading structure and switched-
capacitor technology largely improves the converter
performance such as boost ability, input current state and
lower voltage stresses of components, but introducing massive
components. And yet coupled-inductor technology can form
high-performance topology with lower component couflls,
which can be considered to achieve high boost ability. So,
integrating coupled-inductor technology, some high-gain DC-
DC converters [27, 28] are reported by moving the switches
forward to make low-resistance MOSFET available and
produce the higher boost ability. To further optimize the
conversion performance, some dual-switch DC-DC converters
with single inductors are presented in [29-31], but without
higher voltage gain.

In this paper, a reverse coupled-inductor dual-switch DC-
DC converter is presented. Through introducing coupled-
induct@ cell, proposed topology produces high boost ability in
using smaller switch duty ratio, and own continuous input
current. Turn ratio range of proposed converter varies only
between 1 and 2, which is beneficial to coupled-inductor
design with low leakage inducBince. Theoretical analysis and
experimental verification for proposed HS-RCLDS DC-DC

converter is operated in detail as follows
[l. PROPOSED HS-RCLDS:!ONVEFITEH

Fig.l gives out topology structure of proposed HS-
RCLDS DC-DC converter, which is constituted by two
switches, two capacitors, one coupled-inductor cell and three
diodes. Through simultaneously controlling two switches on
or off to form voltage-double circuit, proposed HS-RCLDS
obtains high boost ability and continuous input current.
Because of the reverse coupled-inductor connection, this
coupled-inductor turn ratio range is between 1 and 2, which is
beneficial to coupled-inductor design with low leakage
inductance. The following parts will give out operation principle,
derivation of voltage gain, component stresses of voltage and current,
parameter design, efficiency, design process and experimental
verification.
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Fig.1 Proposed HS-RCLDS converter.

[1l. THEORETICAL ANALYSIS
A. Operation principles

In this p’, we assume that coupled-inductor cell can be
replaced for one magnetizing inductance Ly, one leakage
inductance Ly and one 1deal transformer.
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Fig.2 Theoretical waveforms.

In CCMgm operation stages of proposed converter can
be described . Theoretical waveforms such as coupled-inductor
cell, diodes and capacitors are plotted in Fig.2. Fig.3 gives out
equivalent circuits of operation states above.

Stage I [ri-12], equivalent circuit with conductive two
switches is described in Fig.3 (a). It can be seen that power V,,,,
capa.()r C; and coupled-inductor cell form the conduction
path by two switches. Based on magnetic coupled theory, the
windings (N, and N;), i-ll. the leakage inductance L, charge
capacitor Cy by diode D,. Diodes (D>, Ds and D,,) with reverse
voltage are not conductive, and capacitor C, independently
supplies the power for the load R.

AWy

i~V

Fig.3 Equivalent circuits of operation stages (a) Stage | (b) Stage Il (c)
Stage Il {d) Stage IV.

Stage II [r>-13], at time 1, two switches are turned off.
g3 gives out equivalent circuit in this stage. power Vi,
leakage inductor L, magnetizing inductance Ly; and capacitor
C, charge the parasitic capacitors of two switches. Alitime f5,
operation states of two switches are not ungated, and then
diodes (D>, D5 and D,) are conductive. This interval 1s fimshed.
Stage III [15-14] , two switches are off. Equivalent circuit is
described in Fig.3 (c¢). Based on the volt-second balance
principle, the voltage polarity of windings when two switches
are off is contrary to that when switches are on. So, the input
source V,,, winding N>, and capacitor C; charge the capacitors
(C, and C,) and load R through didoes (D, D; and D,), and
then the diode D, is reversed. The current of winding N, drops
to zero. Since current balance principle of coupled-inductor
cell, current of winding N produces a sudden drop.
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Stage IV [tyoyts)l. at ime tyq, two switches are turned
'1. Fig.3 (d) gives out equivalent circuit in this operation state.
The energy of the parasitic capacitor discharges by two
switches. From Fig.3 (d), it can be seen that power V;, and
.)upled-inducl()r cell form conduction path by two switches.
Till to time #5,, the energy of the parasitic capacitor is run out.
This interval is finished.

B. Derivation of voltage gain and voltage stresses

The operation states (stage II and stage IV) are very
transient to be ignored. According to equivalent circuit of
stage I, we have

VatVer =Vig =Vyu =0 (1
Ve, =(N =DV =V, 2
Voo =Vo2 =Vps =Ve = V0, (3)

Where V,, isfinput voltage. Vy; is voltage of coupled-inductor
winding N, mn stage 1. V¢, Ve, Vi, express the voltages of
capacitors (Cy, Ca, C,). Vi expresses voltage of leakage
inductance in stage 1. Vp,, Vpa, Vp, express the voltages of
diod' (D5, D5, D). N is turn ratio expressed by N=N»/N,.

For convenience of analysis, the relation between the
leakage inductance L, and magnetizing inductance L, are
defined by the equation (':

1L
L.+L
Where k expresses coupling coefficient of coupled-inductor
cell. Therefore, the following equations can be obtained.
Vi = kV, +kV, (3

1-k
Ve Z(N_I_T]VNH (6)

k=

@

According to equivalent circuit of stage 111, the following
equations can be obtained.
VatVer = NVyim =Veo (@

1-k
Ver + A+ —==N)WVyua =V, ®)

Where V. Viam express voltages of windings (N, and N;) in
stage III. Vp, expresses the voltage of diode D,.

In charging and discharging stages, inductor has the same
volt second value, 88 follows.

T (o
_L o2l 4r J-m: Viudt =0 9

By submitting the equations (5-8) to the equation (9),
output voltage and voltage gain are obtained.
VC:J = va =.RNV7M (10)
2-kNRR2D
As listed in the equation (10), turn ratio of proposed
converter can range from 1 to 2, this lower turn ratio is
beneficial to coupled-inductor design with low leakage
inductances.
In k=1, voltage gain and device voltage stresses can be
obtained by the equation (11).

N
=

__ o
2-N-2D
2AN-1)(1-D)V,, NV,
ncre————— " Vo mre——
2-N-2D 2-N-2D (11
2(N -1V . NV,
Vo = ( A v Vi =V = =
2-N-2D - © 2-N-2D
A @2-NY,
Va5 5 V=550
2-N-2D 2-N-2D
ga“ —ValVa
. g Vb N=15
g :
) &
3 3 N=12
E|
0N 1 1 g
T 0.1 02 03 = 0.1 02 03
Shoot-trough duty ratio, Shoot-trough duty ratio, ¥
(@) (b)
g =V, S
'—% ={(Vpa)VpalV: —E
3 4 34
7 7
1] 0.1 02 03 i 0 0.1 02 03
Shoot-trough duty ratio, D Shoot-trough duty ratio, D
(c) (d)

Fig.4 Voltage gains and normalized device voltage stresses (a) voltage
gain with various coupling coefficient (b) capacitor stresses (c) diode
stresses (d) switch stresses.

Fig. 4 (a) gives out voltage gains under the various
coupling cg@fficients and switch duty ratios. As shown in
Fig4 (a), voltage gain increases as coupling coefficient
increases. Also, it can known that voltage gain has the
positive relation with switch duty ratio and turn ratio.
Normalized device voltage stresses under various turn ratios
and switch duty ratios are descriled in Fig. 4 (b, ¢, d). From
Fig4 (b, ), it can be seen that voltage stresses of capacitors
and di increases as switch duty ratio and turn ratio
increase. As shown in Fig.4 (d), the voltage of switch §, has
inversely proportional relation with turn ratios, and then the
voltage of switch 8, has proportional relation with turn ratios.

C. Derivation of current stisses

According to power balance principle of capacitors,
average currents through diodes (D,, Dy, D> and Ds) are
obtained in one cycle.

V. N
Iaop“;j]: - (12)
: (2-N-2D)R
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L
[ ipdt _ V,(2=2D)N+1)DT,

I - = 13
e 2NL,,2-N-2D) -
L
[ insdt v (N-ND)DT,
Iozu 51 = (14)
T, L,,2-N-2D)
i __V,a-D)DT, (15)
sl NL, (22— N-2D)

Where R is the load, Ly, and Ly, are the inductor values of
windings (N, and N,), and then iy, ipp, ips. ip, express the
transient current of diodes (D,. D, D, D;).

'ccording to operation states when two switches are on
and off, average currents of switches (§;, and ;) can be
calculated as follows.

V (1- D)D'T,
Sl = - (16)
v L, (2—=N-2D)
V,(2-2D)D°T,
$2.] § (17)

2L,,(2-N-2D)

So, according to the current equations above, the average
currents of windings (N; and N,) are expressed by the
following equations.

V., (1-D)N +1)DT,

. _ 18
Nl NL, (2—-N-2D) "

_ V. (2-2D)(N+1)D'T, (19
~ NL,(2-N-2D)

‘ N2[hy.t5]

IV. PARAMETER DESIGN AND PERFORMANCE COMPARISON
A.‘esr’gn of capacitors and inductors

Design of coupled-inductor cell and capacitors at the
boundary between CCM and DCM will be given out as
follows. Transient process is neglected, and Fig.5 gives out
relevant theoretical weweforms.

y k L T.‘
DT, (1-D)T,

bilsey .
. Y
Lin .

Y >

¥l L'v |d!-.~ 15
i A .
Vi Loty
dt
! Iy Iy Tyof -
g.5 Theoretical waveforms in one cycle.

When two switches are conductive, the current and
voltage of windings (N, and N5) has the following relations.
L.di, .
Vis = i =V, +V., (20)
NS ar -3

So, the current and voltage of windings (N, and N;) are
obtained by the equation (21).
__ ND@-D) _N'Ldiy,
‘“|_(2—N Dy1-D) dr
Since input currents are formed by current of winding N,
under conductive switches and current of winding N> under off
switches, therefore average input current is obtained through
combing equations (20-21).
V. (1-D)N +1)D°T,
NL,, (2-N-2D)
The output current is calculated by the following equation.
VN
" 2_N-2D)R
In theory, input power is equal to output power.
Therefore, the inductor values of windings (N, and N,) at the

V

NN

=NV,

(21)

]',I =

(22)

(23)

boundary between M and DCM are obtained as follows.
(1-D)(N+1)(2—N—-2D)RD’T,
Ly = 3 ' (24)
N
L, - (1—}_'))(N+1)(2N—N—2}_'))RD‘J’_'r 25)

If the designed inductor values of windings (N, and N;)
are higher than those calculated by the equations (24) and (25),
the inductor current will be continuous, otherwise be
discontinuous.

According to equation (26), it can be kwon that the
voltage fluctuation of capacitors mainly is produced by the
charging or discharging currents of capacitors.

i=CdV/dt (26)
Where C expresses capacitor value, and i expresses capacitor
current. Therefore, maximum voltage fluctuation of capacitors
origins from the maximum value between charging current
and discharging currents of capacitors. So, capacitors (Cy, Cs,
C,) can be selected through following equations (27-29),
respectively.
V, (2-2D)D°T}
NLy, (2—N-2D)AV,,
V. (2-2D)D°T?
L, (2-N-2D)AV_,
VgPL.e—2D) Vilw (29)
L, (2—N-2D)AV_ °
Where AVe, AV and AVe, express voltage fluctuation of
corresponding capacitors.

C (27)

<c, (28)

B. Feature comparisags

To prove feature advantages of proposed converter, two
converters [21, 29] are made the comparison with proposed
converter. The voltage gains G, capacitor voltages except
output capacitor (Vg and Vi), diode voltages (Vpy, Vi, Vi)
except output diode, switch voltages (Vg and V), and
component counts C of three converters above are given in
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Table I.

Table I Parameter comparisons

Topology  Converter [21]  Converter [29] Proposed converter
G | 1+ (2N +1)D N
1-KD 1-D 2-N-2D
If"sl V’n Vi'n Nv;n
1-KD 1-D 2-N-2D
Vi (2-NW,
= - 1-D 2-N-2D
Vo (1-D)W, W 2AN-1)(1- D)V,
1-KD 1-D 2-N-2D
- (K-DDV, v, NV,
1-KD 1-D 2-N-2D
Vin (K-1)V_ 2NV, AN -V,
1-KD 1-D 2-N-2D
I
! - e e
7 10 10

From Table I, it can be seen that proposed converter uses
same component count with converter [29], and is higher than
the other converter [27].

% : —Proposed converter N=K=l1
. % |—Converter [29]
9 78— Converter [21]
;« % 3 Vey'Va |
o 3 VerlVa
2 g,
E
Z
L L ) = L
% — o1 10z w03 0402 ] g
Shoot-trough duty ratio, D Voltage gain, G
(a) (b)
g N — Proposed converter N=K=1 {"g. “—Pmpmcdumvmcr N=K=12
5 |—Converter [29] F |—Converter [29]
S fr— Converter [21] 2 O— Converter [21]
U =
Z ' = Val V.
B -~ al
=4 VolVmlVa | % 4 }
E Vi Va "‘g VeV
4 2 _E 2
5 £
3 , i & 5 3 7 ¢
oltage gain, G Voltage gain, G

(c) (d)
Fig.6 Parameter comparisons (a) Voltage gains (b) capacitor voltage (c)
diode voltage (d) switch voltage.

The parameter comparisons among converters [21, 29]
and proposed converter have been made and 1.'611 in Fig.6.
Voltage gain comparison is given in Fig.6 (a). The proposed
converter owns the highest voltage gain, compared with
converters [21,29].

Fig.6 (b) gives out comparison of n@#malized capacitor
voltage stresses. As shown in Fig6 (b), proposed converter
produces the highest voltage stress across capacitor C,, and
owns the lowest voltage stress across capacitor C;, compared
with converters [21, 29].

The comparison of normalized diode voltage stresses is
made. A shown in Fig 6 (c), the voltage stress on diode D, of

proposed converter is lower than that of converter [29], and
then higher than that of converter [21]. Also, it can be found
that the voltage stresses on diode D, ; of proposed converter
are lower than that of converter [29], when voltage gain is
lower than 4. And then the voltage stresses on diode D, 5 of
proposed converter are highest in other voltage gain range.

The comparison of normalized switch voltage stresses is
shown in Fig.6 (d). It can be found that The voltage stress on
switch §) of proposed converter is equal to that of converter
[21], and higher than that of converter [29]. The voltage stress
on switch 5, of proposed converter is lowest compared to
converters [21,29].

According to the parameter comparisons above, it can be
found l.l proposed converter owns high boost ability, and
realizes lower voltage stress on partial circuit components.

inn b

AR
Vi

Fig.7 Equivalent circuits of efficiency analysis (a) when switch is on (b)
when switch is off.

V. EFFICIENCY ANALYSIS

In this efficiency analysis, the equivalent resistances of
windings (N, and N;) and capacitors (Cy, C; and C,) are
expressed by Rwi, Ryv2, Rer, Rea, Reo. The equivalent voltage
drop of diodes (D, D>, D; and D,) and switches (§; and §;) is
uniformly expressed by Vsp. Neglecting the transient operation
states (stage II and stage IV) and leakage inductance influence,
equivalent circuits of stage I and stage III are shown in Fig.7.

According to the aforementioned current stress
calculation of circuit components, the losses of capacitors,
switches, diodes, and coupled-inductor cell are expressed by
the equation (30-33).

P = 2(1-DY DT [R*(N+1 R + RR ) +4V.N'L R,
Gl L,(2-N-2D)°R*
_2V,(-D)D'TVy,
Few L (2=N=2D)

(30)

(3D
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_ V,[(1-D)(N +2)RD’T, + N°Ly, Vg,

Botoss = (32)
NL, (2-N-2D)R
V:(1-D)'(N +1)’D’T (R, +4R
Pt o = ol )2( 5] i o NI2+ = (33)
I N°L,(2-N-2D)
The input power is calculated as follows.
V2(2-2D)(N +1)D°T,
n = ' (34)
2NL, (2-N-2D)
So, the efficiency can be expressed as follows.
_ Pi'n —F C-foss F."i-.l’m.v - B D-loss ‘?C‘L-.l’m.v (35)
5
Start

According to design indicators, determine V,, .V, , Pu . G,
D, fi Ver20,Yionae,Vsi2 by equation (11)

Caleulate 2,0, Is12, Iv12 by equations (12-19)

Determine Ly, Lyz, Ci 24, D254, 512 by equations
(24,25,2729)

Select the circuit components and design coupled-
inductor cell

v

| Measure Ry, Run. B Rea, Reo Vi |

v

| Calculate the efficiency by equations (30-35) |

| Built hardware protype l

Fig.8 Design process of proposed converter

VI. DESIGN PROGESS OF CONVERTER

Aiming to the specific application circumstance, through
the known parameters and performance indicators, design
process of proposed converter has been given in Fig.8.

VII. EXPERIMENT RESULTS

To prove performances and operation feasibility of
proposed converter, the experimental protype is built
according to the parameters in Table II. This hardware picture
is shown in Fig.9.

Fig.10 gives out experimental results when V=40V and
N=1.2. Fig.10 (a) gives out experimental waveforms of input
voltage and output voltage, whose values are about 40V and
228V. Fig.10 (b) gives out experimental waveforms of

capacitors (C, and C;). The corresponding experimental values
are about 51V and 227V, Fig.10 (¢) gives out experimental
waveforms of diodes (D) and D,), whose peak values are
about 73V and 227V. Fig.10 (d) gives out experimental
waveforms of diodes (D5 and D,), whose peak va.&s are close
about 226V and 228V. Fig.10 (e) gives out experime.il
waveforms of coupled-inductor windings (N; and N,), the
current ranges of windings (N, and N,) respectively vary from
0 to 16A and -9A to 6A to 1.5A. Fig.10 (f) give'out the
experimental waveforms of switch voltages, and the
experimental p'lk values are about 153V and 227V.

able II Experiment device specifications

Parameter/Description Parameter/Value
Input Voltage Vi, 40V and 50V
Output Voltage V, 240V and 300V
Switch frequency f, 50kHz
Output power 200W
Capacitor C, 220uF
Capacitor C 470uF
Capacitor C, 470uF
Magetic core material PC40
Turn ratio (M) N=12
Diode (D, ;. D5, D) 60EPUO6
Switch (5. 55) W6SRO19CT

:Input
o Out(+, -):Output

Fig.9 Hardware protype

The experimental results of proposed converter when
input voltage V=50V and turn ratio N=1.2 are shown in
Fig.11. Fig.11 (a) gives out the experimental waveforms of
input voltage and output voltage, whose values are about 50V
and 289V, respectively. Fig.11 (b) gives out the experimental
waveforms of capacitors (C, and C:). The corresponding
experimental values are about 65V and 288V. Fig.11 (c)
shows the experimental waveforms of diodes (D, and D,),
whose peak wvalues are about 93V and 287V, respectively.
Fig.11 (d) shows the experimental waveforms of diodes (Ds
and D), whose peak values are close about 288V and 229V.
The experimental waveforms of coupled-inductor windings
(N, and N,) are shown in Fig.11 (e), it can be seen that the
current ranges of windings (N; and N:) respectively varies
from 0 to 15A and -8.5A to 5A to 1A, Fig.11 (f) gives out the
experimental waveforms of switch voltages. As shown in
Fig.11 (f), the experimental peak values are about 195V and
288V, respectively.
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Fig.10 Experimental results of proposed converter when V.=40V (a)
input voltage and output voltage (b) voltages of capacitors (C, and Cs)
(c) voltages of diodes (D and Ds) (d) voltages of diodes (D:and Do) (e)
cumrents of windings (N; and N.) (f) voltages of switches (S, and Sz).
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Fig.11 Experimental results of proposed converter when V.=50V (a)
input voltage and output voltage (b) voltages of capacitors (Cyand Cs)
(c) voltages of diodes (D and D:) (d) voltages of diodes (D;and D) (e)
cumrents of windings (N, and Ns) [f) voltages of switches (S, and S).

The experiment results above are very close to theoretical
values, and can wverify the high boost ability of proposed
converter when using the low turn ratio N=12. Also,
according to currents of windings, it can be obtained that the
proposed converter realizes the continuous input current.
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(a) (b)
Fig.12 Efficiency analysis (a) when input voltage V., = 40V (b) when
input voltage V,=50V.
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Fig.13 Loss distribution when input voltage Vi,=40V and V,=50V.

The efficiency analysis of proposed converter is operated
when turn ratio n=1.2, input voltage V=40V and V,=50V.
The efficiency is tested by each S0W when the output range of
converter power vaills from 50W to 350W. Fig.12 gives out
the corresponding theoretical "‘ﬁciency and experimental
efficiency. As shown in Fig.12, exferimental efficiency value
is higher to 94.6% in V=40V and higher to 95.3% in V=50V
when output power is'OOW, and very close to theoretical
efficiency value. Also, the efficiency when V=50V is higher
than that when V=40V, especially when output power is
greater than 100W. The loss distribution for experiment results
above is analyzed and shown in Fig.13.

CONCLUSION

This paper proposes a high step-up reverse coupled-inductor
dual-switch DC-DC converter. The high voltage gain can be
produced by using the coupled-inductor cell with low turn
ratio, which is beneficial to design of coupled-inductor cell.
Through analyzing the operation states, voltage gain, voltage
stresses of components, design of capacitors and inductors,
efficiency analysis and making the comparisons with other
converters, the following conclusion can be obtained. The
proposed converter can realize the continuous input current,
and produce the higher voltage gain when turn ratio N=1.2.
The partial diode voltage and switch voltage are lower, and
then other diode voltage and switch voltage is same with
output voltage. The experimental protype is built by given
design process, and the corresponding experimental results
verify the feasibility of the theoretical analysis. Finally, the
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efficiency analysis is operated, it can be seen that the
efficiency in different input voltages is different. This
efficiency can be increased by increasing the input voltage in
the same output power.
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