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Analysis and Design of a Single-Switch High
Step-Up Coupled-Inductor Boost Converter

Yifei Zheng

Abstract—Analysis and design of a single-switch high step-up
coupled-inductor boost converter are presented in this paper. With
the aid of the coupled inductor, the proposed converter can achieve
high-voltage gain without extreme duty cycle. Also, low switch
voltage stress can be achieved, thus low-voltage-rating MOSFET is
allowed to lower the conduction loss. Moreover, the proposed con-
verter features continuous input current, which is desirable and
friendly to the battery, fuel cell, and photovoltaic applications. In
addition, the reverse recovery problem of the diodes can be allevi-
ated and leakage energy can be recycled. The operation principles
and characteristics of the proposed converter are discussed. Exper-
imental results are provided to verify the theoretical analysis.

Index Terms—Boost converter, continuous input current, cou-
pled inductor, high step-up converter.

1. INTRODUCTION

N RECENT years, high step-up dc—dc conversion has at-
I tracted substantial attentions in many application areas. For
example, in renewable energy systems, the renewable sources,
such as fuel cells and photovoltaic (PV) modules, generate a low
voltage. The low-level voltage has to be boosted to a high bus
voltage in order to satisfy the requirement of the grid-connected
inverters [1]. Also, in uninterrupted power supplies and high-
intensity-discharge lamp ballast for automobiles, high step-up
converters are required to convert the low voltage of the battery
to a high dc link voltage [2]. The conventional boost converter
is not suitable for high step-up applications because extreme
duty cycle has to be used, which results in high power losses.
Therefore, high step-up converters with high efficiency are
needed.

Various boosting techniques have been proposed to achieve
high step-up conversion [3]. Switched capacitor, switched in-
ductor, voltage multipliers, and voltage lift techniques have been
reported to extend the voltage gain [4]—[8]. Unfortunately, under
very high gain applications, a large number of diodes and capac-
itors may be needed, which increases the cost and degrades the
efficiency. Also, these topologies may suffer from diode reverse
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recovery and electromagnetic interference problems, thus addi-
tional snubbers may be needed [8]. Utilizing magnetic coupling
is an attractive approach for high conversion ratio applications.
With the aid of coupled inductor, large voltage gain can be
achieved without extreme duty cycle. However, the leakage
inductance may result in large voltage spike across the switch,
which causes high-voltage stress and decreased efficiency. In
order to handle the leakage problem, coupled-inductor convert-
ers with passive or active clamp circuit were proposed [9]-[14].
Converters integrating coupled inductor with switched-capacitor
or voltage-multiplier cells were also proposed in the literature
[15]-[18] to recover the leakage energy and further increase the
voltage gain. These coupled-inductor topologies feature a pul-
sating input current. The peak-to-peak current ripple depends
on the current level and the turns ratio. If the current level is in-
creased or the turns ratio is increased for higher voltage gain, the
input current ripple becomes even larger. The large current ripple
results in high rms current stress, causing high conduction losses.
Moreover, the pulsating input current is detrimental to the life-
time of the low-voltage sources like batteries and fuel cells [19]-
[20]. Also, in PV applications, the pulsating input current makes
it hard to precisely track the true maximum power point (MPP),
which can cause a severe drop in energy extraction [21]. There-
fore, in practice, additional LC (or C) input filter is required.
Due to the high current stress at the input side, large electrolytic
capacitor has to be employed, which is not only bulky and costly,
but also has a short lifetime, hampering the reliability of the
system [22]-[24].

Converters with continuous input current are advantageous
for battery, fuel cell, and PV applications [25], [26]. The fea-
ture of continuous input current can significantly reduce the
input capacitor or even save the input filter, which increases
the power density and reliability. Interleaving technique has
been employed in coupled-inductor converters to achieve low
input current ripple [27]-[30]. They are more suitable for high
power and ultra-high gain applications. Sepic derived con-
verter have been proposed in [31] and [32] to obtain contin-
uous input current. In [33] and [34], two-switch high step-up
converters were proposed. Zero-voltage-switching of the
switches are achieved. But the additional switch and gate driver
lead to increased cost and complexity. In [35] and [36], boost
converter integrated with voltage multiplier cells were pro-
posed. In [37] and [38], quadratic boost based coupled-inductor
converters were proposed. These topologies achieve high-
voltage gain and continuous input current with high component
count.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Equivalent circuit.

This paper proposes a single-switch high step-up coupled-
inductor boost converter. The analysis and design are presented.
The proposed converter has the following features.

1) Turns ratio of the coupled inductor is employed as an extra

degree of freedom to achieve high-voltage gain.

2) Low switch voltage stress is achieved, thus low-voltage-
rating MOSFET with small ON-resistance is allowed to
lower the conduction loss.

3) With a discrete inductor at the input side, continuous input
current can be obtained, which is desirable and friendly to
the battery, fuel cell, and PV applications.

4) Reverse recovery problem of the diodes is alleviated and
leakage energy can be recycled.

The rest of this paper is organized as follows. The proposed
converter and its operation principles are described in Section II.
Characteristics are analyzed in Section III. Design considera-
tions are discussed in Section I'V. Experimental results are pre-
sented in Section V. Conclusions are given in Section VI.

II. PROPOSED CONVERTER AND OPERATION PRINCIPLES

The proposed single-switch high step-up coupled-inductor
boost converter is shown in Fig. 1. It is composed of one input
inductor, one coupled inductor, one switch, two diodes, two en-
ergy transfer capacitors, and one output capacitor. Fig. 2 shows
the equivalent circuit. The coupled inductor is modeled as an
ideal transformer with magnetizing inductance (L,,,) and leak-
age inductance (Ly) [43].

In order to simplify the analysis, the following assumptions
are made: first, all semiconductor devices are considered ideal;
second, all the capacitors are large enough so that the voltages
across them are constant without ripples.

When the input inductor current (i, ) is above zero throughout
the switching cycle and the output diode current (ip2) is above
zero throughout the switch OFF time, the converter is operating in
continuous conduction mode (CCM). Discontinuous conduction
mode (DCM) occurs when the input current ripple is large so that
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Fig. 3. Key waveforms of the proposed converter in CCM.

11, reaches zero, or the magnetizing current ripple is large, which
makes diode D reverse-biased before the end of the switching
period. As one main feature of the proposed converter is contin-
uous input current, DCM operation with ¢, reaching zero is not
desired. Only DCM operation with D5 reverse-biased before the
end of the switching period is discussed in this paper.

A. CCM Operation

Fig. 3 shows the key waveforms of the proposed converter in
CCM. Four modes are observed during one switching period.
The corresponding circuits of each mode are shown in Fig. 4.

Mode I [ty — t1]: The switch is ON, and all diodes are reverse-
biased, as shown in Fig. 4(a). The input inductor is charged lin-
early by the input source. The capacitor C is delivering energy
to the coupled inductor and capacitor C5. The primary voltage
of the coupled inductor is V1 — Vioa, and the coupled inductor
is magnetized. The output capacitor supports the load. As the
leakage inductance is negligible compared to the magnetizing
inductance, the following equations are obtained:

v = Vi (1)
Vm = Vo1 — Voo 2
ico= —1, 3)
—ic1 =tc2 = ipri = m . 4)

Mode?2 [ty — ts]: Atty,the switchis turned OFF, which makes
diodes D1 and D5 turned ON, as shown in Fig. 4(b). The input in-
ductor starts releasing energy. The capacitor C' is being charged.
The primary voltage of the coupled inductor is clamped to — Vo,
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Fig. 4. Operation modes of the proposed converter in CCM. (a) Mode 1

[to - tl]- (b) Mode 2 [tl - tg]. (c) Mode 3 [tg — t3}. (d) Mode 4 [t3 - t4].

and thus the coupled inductor is demagnetized. The secondary
current of the coupled inductor g is increasing linearly, and
the current through D; is decreasing linearly. The equations in
this mode are obtained as follows:

vm = — Vo2 &)
Vin=vr — Vo2 —vm + Ve (6)
Ver= (n+1) v+ Vo (N
ipri = Im — Nisec )
o2 = o = PTG PRESR (1t O
iCo = fsec — Lo (10)
P02 = lpri — fsec = Im — (N4 1) isec (1D
ip1 =ir + ic2 =ir +im — (4 1) dsec (12)
1C1 = 1p1 — lpri = Il — %sec- (13)

Solving (6) and (7), the following can be obtained:

1
VCl - Vo

vy = Vin + Voo — I

n
n+1 (14
1

Um = m (VCI - Vo) .

Mode 3 [ta — t3]: At to, the current through D, decreases to

zero and D is naturally turned OFF. Therefore, D¢ has no reverse

recovery problem. As shown in Fig. 4(c), the inductor current i ,

discharges (', and the primary current of the coupled inductor

ipei charges C. The difference of i1, and 7, is delivered to the

load. Equation (6)—(8) and (14)—(15) still hold in this mode, and
the following equations are obtained:

15)

icg = — 1L (16)
i+ ipri = Z'sec . (17)
Substituting (8) to (17), isec is evaluated as
Z.sec = m (iL + Z"rn) . (18)
Then
] - ] -m 19
ipz =~ 1 (i + im) (19)
. imi n . 1 (20)
101 = —ly + N lgee = —— I, — ———1pm,
o n+1 S +1
Z.Co = isec - Io = (ZL + Zm) - Io~ (21)

T n+1

Mode 4 [t — t4]: At ts, the switch is turned ON, as shown in
Fig. 4(d). As the leakage inductance limits the current changing
rate, the switch current is increasing gradually after the switch
is turned ON, which helps reduce the switching loss. The current
of diode D5 is decreasing, and the falling rate is determined by
the leakage inductance. Thus, the reverse recovery problem of
D is alleviated. This mode ends when the current through Dy
becomes zero and then turned OFF. The falling rate of Dy is

given by
dips 7V0 +nVer —(n+1) Voo

dt ’I12L;C

(22)

B. DCM Operation

Fig. 5 shows the key waveforms of the proposed converter in
DCM. Four modes are observed during one switching period.

Mode 1 [tg — t1]: The switch is ON, and all diodes are reverse-
biased. The corresponding circuit is the same as in Fig. 4(a).
The input current is increasing linearly. The primary voltage
of the coupled inductor is clamped at Vo1 — Voo, and thus the
magnetizing current is increasing linearly.

Mode 2 [t — t2]: The switch is turned OFF, and diodes D7 and
D, are forward-biased. The corresponding circuit is the same as
in Fig. 4(b). The input current is decreasing linearly. The primary
voltage of the coupled inductor is clamped to —V(2, and thus
the magnetizing current is decreasing linearly. The secondary
current is increasing, and the current through D1 is decreasing.

Mode 3 [ta — t3]: At to, the current through D; decreases to
zero and D is naturally turned OFF. The corresponding circuit
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Fig. 5. Key waveforms of the proposed converter in DCM.
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Fig. 6.  Mode 4 of the proposed converter in DCM.

is the same as in Fig. 4(c). The input current and the magnetizing
current keep decreasing. The current through D5 in this mode
can be expressed as in (19). It is a fraction of the sum of the input
current and magnetizing current. As the magnetizing inductance
is small under DCM, the magnetizing current has large ripple.
Small ripple assumption cannot be applied. Thus, the current
through D5 is decreasing as well.

Mode 4 [t — t4]: At t3, the current through Dy decreases to
zero and Dy is naturally turned OFF. The corresponding circuit in
this mode is shown in Fig. 6. All the switch and diodes are in the
OFF state. The input current becomes equal to the magnetizing
current in magnitude but opposite in direction. At ¢4, the switch
is turned ON, and mode 1 starts again.

Similar to flyback converter, the voltage gain of the proposed
converter in DCM is dependent to the load, and the peak and rms
currents in the windings and switches become higher compared
to the CCM operation. This is not favorable for high-current ap-
plications. In this paper, only analysis and design of the proposed
converter in CCM will be discussed.
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Fig. 7. Voltage gain versus duty cycle under different turns ratios.
III. PERFORMANCE ANALYSIS

A. Voltage Gain

By applying the voltage-second balance principle to L and
L,,, the following equations are obtained:

n
n+1

1
‘/inD ‘/in V - V - V 1—D - O
+( + Veo | o) ( )

(23)

1
(Vo1 = Vez) D + Y (Ver—V,) (1=D)= 0. (24)

Solving (5) to (7), the following relationship is derived:
Ver+(n+1) Vee =V, . (25)

Solving (23)—(25), the voltage gain of the proposed converter
is derived as

V, 1+(m+1)D

M = v 1D (26)
The voltages of C'y and C5 are derived as
Vi Vo
Ve = = 27
“CT1-D  1+4m+1)D @7)
DV, DV,
fr— fr— . 28
Ve =775 1+(n+1)D (28)

Fig. 7 shows the curves of the voltage gain versus duty cycle
under different turns ratios. It can be seen that the proposed
converter can achieve a high-voltage gain by adjusting the duty
cycle and turns ratio.

B. Voltage Stress

The voltage stresses of the capacitors are given by (27) and
(28). The voltage stress of the switch can be derived as

1
1+ @m+1)D

It can be seen that the switch voltage stress is much lower than
the output voltage. It decreases as the voltage gain is extended by
either increasing the duty cycle or the turns ratio. Therefore, low-
voltage-rating MOSFETs with small ON-resistance can be adopted
to reduce the conduction loss.

Vs Vo. (29)
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Fig. 8.  Simplified current waveforms of the capacitors.

The voltage stresses of the diodes are obtained as

1
e " G0

n+1
=——V,. 1
Vo 1+(n+1)DV" G

By applying small-ripple approximation, the input inductor
current is assumed to be I, and the magnetizing current of the
coupled inductor is assumed to be I,,. Let to — t; = D, Ty,
andthents — to = (1 — D — D,)Ts. Ignoring the transitional
mode, the simplified current waveforms of the capacitors is
shown in Fig. 8.

According to the charge balance of C, Cs, and C,, the fol-
lowing equations are obtained:

TLIL Im Da
n+1 n+1

1
ImD+2(IL+

nIL Im
— 1-D-D,) = 32
<n+1 n—i—l)( )=0 (32)
1
Iy, D+ 5 (Im *IL) D, *IL)(I - D - Da) = 0) (33)
LD+ i(cp 4 It 1 p,
2 n+1
Im+IL
——1,]1-D-D,) =0. 34
(2 1) ) 0
Solving (32)—(34), the following is derived:
1+ (m+1)D
I = ———5— 1L (35)
(n+1)(1-D)
I, =~—"-— "’ ] = 11,
1+(n+1)D (n+1) (36)
2
o= 1-D). 37
=5 0-D) G

Since the average currents of capacitors in one switching pe-
riod are zero, according to the operation principles, the average
current of the diodes can be evaluated as

(38)
(39)

IDQ_avg = ICo_avg + I, =1,

Ileavg = ICLavg + IC27avg + IDZ?avg =1.

The rms current stress of the switch can be expressed as
(n+2)vVD
1-D

The rms current of the primary winding of the coupled induc-
tor is given by

Is vme = (I +I,) VD = I,. (40)

(1-D)

by st (D10 T

<§Im (n+2)

n+ 2
Iy —nlp) + ni—i—i(lm - nIL)2>) : (41)

The rms current of the secondary winding of the coupled in-
ductor is given by

n+ %
(n+2)(1-D)

n+2
n-+1

I, (42)

I sec_rms —

The current stresses of the capacitors are given by

1-D (2 on+1
It yms =sqrt ( DI,2+ —— (21, | ——1, — 1,
o= (1122 (2 (201

+ 2
2 n 2
V(1 -1, 43
w0 3) - 10') @)
1-D 2
I rms — S DI'rrL2 a5 7Im Im_I
C2_rms bqrt( + o (3 ( L)
2 2
+ n+§ Iy, (44)

1-D (/2 Iy
I o_rms — t DIO2 a5 7-[0 Io_
Co-rms =S¥ < e (3 ( n+1>

(0+2) 1,
* (n+1)° ))

C. Input Current Ripple

(45)

Due to the presence of a discrete inductor at the input side,
the input current of the proposed converter is continuous. The
current ripple can be evaluated as

n _VeD __ VD(1-D)
LT T L.+t 1)D)"

The continuous input current makes the proposed converter
beneficial to extend the lifetime of the low-voltage sources like
batteries and fuel cells. Also in PV applications, the feature of
the continuous input current can significantly reduce the input
capacitor, which helps increase the power density and reliability.

(46)

D. Influence of the Leakage Inductance

As can be seen from the operation principles, the current of
the leakage inductance partly goes through the capacitor C'y and
partly goes to the load when the switch is turned OFF. Thus, the
leakage energy can be recycled and no additional components
are needed.
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Fig. 9. Voltage gain considering the effect of the leakage inductance.

During mode 2, due to the presence of the leakage inductance,
the current of the diode D decreases linearly and then naturally
turns OFF. Thus, D; has no reverse recovery problem. During
mode 4, the current falling rate of the diode D> is limited by the
leakage inductance, which can significantly alleviate the reverse
recovery of Ds. Also, with the aid of the leakage inductance,
the switch current rises gradually when the switch is turned ON,
which helps reduce the switching loss.

The leakage inductance can also have an effect on the voltage
gain. Considering the rising slope of the secondary current iy,
the following equation can be written:

Ve +(n+1)VCQ -V, .
TLQLk

Z‘L +Zm
 (n+1)DT, "

47)
Substituting (35)—(37) to (47), the following equation is ob-
tained:

n%(n +2)°
2(n+1)(1-D)

VC1+(n+1) VCZZ ( 2Q+1>Vo

(48)
where Q = Ly /(RTs).
As the average voltages of the inductances are zero during

steady state, the following equation can be obtained according

to KVL:
Vin = —Ve2 + Ver. (49)

Due to the voltage-second principle of the input inductor, the
following equation can be written:

VCI_VO
n+1

(50)

VinD + (Vin — V1) Do + (Vin + Voo —Ver +

(1-D— D,) =0.

Solving (48)—(50), the voltage gain with the effect of the leak-
age inductance is expressed as

v, 1 1)D
M=t = +(n +n2()n+2)2 . (6D
v 0D (1 Q)

The voltage gain with the effect of the leakage inductance is
plotted in Fig. 9. It can be seen that the voltage gain is not very
sensitive to the leakage inductance. If the leakage inductance is
ignored, (51) will be equal to (26).
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E. Boundary Condition

The aforementioned analysis is under CCM condition. In or-
der to ensure CCM condition, the input inductor current must be
above zero throughout the switching cycle and the diode current
of D must be above zero throughout the switch OFF time, which
yields

Vin D

Aip, B 1+(n+1)D
B 2Lfs

2 1-D

Z.L.min = IL - L) >0

(52)
Air, JAY
I, —
7 " 2 >
1 /m+2 VD (Vo1 —Veo)D 0
_n+1 1-D ° 2Lf9 ZLMf‘? .

1
] min — T o I
D2. ntl <

(33)

Define k;, = 2Lfs/R and kp,, = 2L,,fs/R. By solving
(52) and (53), the CCM criteria are obtained as follows:

D(1- D)’
k Kpoit= ——————— *
L > IS L .crit (14 (n+1)D)? o
o D(1 - D)?
krm > Kim.crit = (1+(n+1)D)(n+1)(1-D) "
(55)

The dependence of K it and K., crit on the duty cycle
and turns ratio are plotted in Fig. 10. It can be seen that when
the turns ratio increases, it is easier to achieve CCM condition.

FE. Voltage Gain Considering Parasitic Elements

Similar to the conventional boost converter, the voltage gain
of the proposed converter would deviate from the ideal value
if parasitic elements are considered, especially under extreme
duty cycles. The equivalent circuit including parasitic elements
is illustrated in Fig. 11, where o, is the ON-resistance of the
switch, r, is the resistance of the input inductor, r},,; and g are
the resistances of the primary winding and secondary winding of
the coupled inductor, respectively, and V; is the forward voltage
drop of all diodes. The leakage inductance and the equivalent
series resistance of the capacitors are ignored in order to simplify
calculation.
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Fig. 12. Voltage gain with parasitic elements (ron, =7.5mQ, rp =

20mE, Tpri =20 M, Feee = 100mQ, Vg = 0.7V, n =2, Viy = 20 V).

TABLE I
COMPARISON OF THE PROPOSED CONVERTER WITH [31]

Topologies [31] Proposed
Sw1tch{D1ode/Core/Wmdmg V22/3)3 V2303
/Capacitor
Voltage gain ﬂ L+®m+ 1D
1-D 1-D
+ M)V, +1+ M)V,
Switch voltage stress (n+ MV, (nt+1+ MV
(n+ 1M (n+2)M
+ M)V, +1(n+1+ M)V,
Output diode voltage stress n(n o nt+ D@ Wo
(n+ 1M (n+2)M

By using KVL and voltage-second balance of the input induc-
tance and magnetizing inductance, the voltage gain considering
parasitic elements can be derived as

1+(m+1)D 5V
Vo 1-D 2ve

= 1 Ton r Tpri Tsec
Vin 145 (A + B+ O + 5)

where A=(n +2)(n+1+1/(1 - D)),B=(1+ (n+1)D)?
/(1=D),and C = (n+2) (n+1)(1— D).

The voltage gain considering parasitic elements at different
loads is shown in Fig. 12. Under given parasitic parameters, the
voltage gain would decrease as the load increases. Also the volt-
age gain with parasitic elements would collapse under extreme
duty cycles.

(56)

G. Comparison

In this section, the proposed converter is compared with the
converter in [31]. The component count, voltage gain, switch
voltage stress, and maximum diode voltage stress are listed in
Table I. The comparison curves are illustrated in Fig. 13. It can

Proposed V;

[=)}
T

)

|

]

Converter in [31] P4

Voltage gain

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Duty cycle
(2)

0.8

Proposed
Converter in [31]

-
—_————

Switch voltage stress/Output voltage

041
n=1
03 | | | | |
2 4 6 8 10 12 14 16
Voltage gain M
(b)

Fig. 13. Comparison. (a) Voltage gain. (b) Normalized switch voltage stress.

be seen that the proposed converter achieves higher voltage gain
under the same duty cycle and turns ratio. Also the proposed con-
verter has lower switch voltage stress, thus low-voltage-rating
MOSFET with small ON-resistance can be used to lower conduc-
tion loss.

IV. DESIGN CONSIDERATIONS

In this section, design considerations of the key components
will be discussed. As a design example, a 200 W 20 V-input
200 V-output converter is to be considered. The switching fre-
quency is set to 100 kHz.

A. Coupled-Inductor Design

The voltage gain is determined by the duty cycle and the
turns ratio. A larger duty cycle would result in larger current
ripple and increased switch voltage stress. A smaller duty cycle
leads to high turns ratio, which increases the size of the cou-
pled inductor. Hence, a compromise should be considered. In
this design example, D = 0.693 and n = 2 are selected based
on (26).

The magnetizing inductance of the coupled inductor can be
designed based on the ripple (9,,%) of the magnetizing cur-
rent. The average magnetizing current I, is calculated as 3 A
according to (36). Considering a peak-to-peak magnetizing cur-
rent ripple to be less than 50% of the magnetizing current, the
magnetizing inductance can be calculated as

_ VD
B 5m%lm fS

Finally, the value of the magnetizing inductance is selected
as 100 uH.

Lo > 92 yH. (57)
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The peak magnetizing current is calculated by

I ok = I + % Sm%I,, = 4.5 A. (58)

The leakage inductance of the coupled inductor helps limit the
current falling rate and thus alleviate the diode reverse recov-
ery problem. In order to effectively reduce the reverse recovery,
di/dt of the diode should be less than 100 A/us [39]. Therefore,
the minimum leakage inductance for alleviating the reverse re-
covery is given by

(n+1)V,
(1+ (n+1) D)n2%ip2

On the other hand, if the leakage inductance is too large, the
voltage gain becomes lower, hence the duty cycle has to be in-
creased for compensation, which increases conduction losses.
Therefore, a compromise should be considered when choosing
the leakage inductance.

The design procedure of the coupled inductor follows the fly-
back transformer design method [40]-[42], as they both have
a two-winding structure and store dc energy. Powder cores are
made of materials with evenly distributed air gap, which offers
advantages of soft saturation, better temperature stability, and
lower fringing losses compared to ferrite cores with discrete air
gap [40]. Therefore, powder cores are used in the design. MPP
core CO55089A2 is chosen. The primary number of turns is se-
lected as 25 and the secondary number of turns is 50.

Ly = > 049 uH.  (59)

B. Input Inductor Design

The input inductor is designed based on the required input
current ripple (d;,%). Considering the peak-to-peak input cur-
rent ripple to be less than 15% of the input current, the input
inductor can be calculated by

VinD
Oin%olin fs
Finally, the value of the input inductance is selected as 100 «H.

L = > 92 uH. (60)

C. Semiconductor Selection

The switches and diodes are selected according to their volt-
age and current stresses. The voltage stresses of the switch and
diodes can be calculated from (29)—(31). The current stresses
of the switch and diodes are given by (38)—(40). Considering
the voltage overshoot and ringing in real applications, the volt-
age ratings of the selected devices should be higher than the
calculated values.
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TABLE II
KEY PARAMETERS OF THE PROTOTYPE

Parameters Value/Description
Switch IPAO75N15N3
Diodes Dy STPS20200CT
Diodes D, STTH20L03C

Turns ratio = 25:50
Magnetizing inductance = 100 uH
Leakage inductance = 2.2 uH
100 uH
22 uF Film capacitor
56 uF electrolytic capacitor

Coupled inductors

Input inductor
Capacitor Cy, C,
Capacitor C,

D. Capacitor Design

The capacitors can be designed based on the voltage ripple
(6.%) and the output power P,. Considering the voltage ripple
to be less than 3% of the capacitor voltage. The calculations of
the capacitors are given by (eq. 61, 62, 63) shown at the bottom
of this page.

The voltage stresses of the energy transfer capacitors (C7 —
() can be calculated by (27)—(28), which are 65 and 45 V, re-
spectively. The voltage stress of the output capacitor is equal
to the output voltage. The ripple currents of the capacitors
can be calculated by (43)—(45), which are 4.5, 5.0, and 1.6 A,
respectively.

Finally, 22 uF film capacitors are selected for the energy trans-
fer capacitors C7 and C. In practice, considering the voltage
overshoot during the load transient, larger output capacitor may
be needed. In this design example, 56 uF electrolytic capacitor
is selected for the output capacitor Cl,.

V. EXPERIMENTAL RESULTS

In order to verify the performance of the proposed converter,
a 200 W 20 V-input 200 V-output prototype is built and tested.
The switching frequency is set to 100 kHz. The duty cycle of
the switch is around 0.69. The key parameters of the prototype
are listed as in Table II. A picture of the prototype is shown in
Fig. 14.

Fig. 15 shows the driving signal and the drain-to-source volt-
age of the switch. It can be seen that extreme duty cycle is
avoided. The voltage stress of the switch is at around 68 V, which
matches the calculation from (29). Fig. 16 shows the voltages of
the diodes. As can be seen, the blocking voltages of Dy and D-
are around 68 and 200 V, respectively, which match the calcu-
lations from (30) and (31). Fig. 17 shows that the input voltage

(1+(n+1)D)(n+1)DP,

Cy = AR > 10.7 uF 61)
1+ (n+1)D)(n+1) ((n+2)2D+(n+1)(1—D)2) P,
Cy = — > 17.4 uF (62)
0:.%(n +2)° DV, fs
(n +2)? ((n +2°D+ (n+1)(1— D)2> P,
c, = > 1.3 uF (63)

5TV 2 £
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Fig. 14.  Picture of the prototype.
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Fig. 15. Driving signal and drain-to-source voltage of the switch.
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Fig. 16.  Voltages across the diodes.
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Fig. 17.  Input and output voltages and the capacitor voltages.

is 20 V and the output voltage is 200 V. The capacitor volt-
ages V1 and Voo are around 68 and 48 V, respectively, which
are consistent with the calculations from (27) and (28). Fig. 18
shows the input current. It can be seen that continuous input
current is achieved. Fig. 19 shows the switch current and the
primary current of the coupled inductor, which are consistent
with the theoretical analysis. Fig. 20 shows the currents through
the diodes. It can be seen that reverse recovery problems of the
diodes are alleviated.

A theoretical loss analysis is performed based on the selected
components of the hardware prototype. The loss breakdown of

Prevu
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Fig. 18. Input current.
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Fig. 19.  Switch current and the primary current of the coupled inductor.
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Fig. 20. Diode currents.

the proposed converter at full load is shown in Fig. 21. It can be
seen that the loss of the input inductor accounts for the highest
percentage as it carries high current. Better-graded wires can be
used in the inductor to further improve the efficiency.

The calculated efficiency and the measured efficiency under
different output power are shown in Fig. 22(a). The discrep-
ancy is caused by ignoring the leakage inductance, small-ripple
assumption, and measurement error. The measured peak effi-
ciency is 94.1%, which is achieved at 125 W. At the full load,
the measured efficiency is 93.8%.

The efficiency of the proposed converter is compared to that
of the sepic-integrated boost (SIB) converter in [31]. The com-
parison is made under the same specifications, as given in
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Fig. 21.  Loss breakdown.
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Fig. 22.  Efficiency versus output power. (a) Calculated and measured effi-

ciency. (b) Efficiency comparison of the proposed converter and the converter
in [31].

Table II. The duty cycles of the two converters are selected to
be the same, and then the same switch and the same diodes can
be employed in the two implementations. In order to achieve
the same voltage gain, the turns ratio of the coupled inductor
in the SIB converter is 25:75. The measured efficiency curves
are provided in Fig. 22(b). As can be seen, the proposed con-
verter achieves higher efficiency than the SIB converter. This is
because the coupled inductor in the proposed converter carries
lower current, leading to lower winding loss. Also, due to the
higher step-up capability of the proposed converter, the turns ra-
tiois lower. Hence, less copper is used, which further reduces the
winding loss. Besides, lower turns ratio of the coupled inductor
results in smaller leakage inductance, which also contributes to
lower conduction loss.

The power density of the converters largely depends on the
size of the magnetic components, as they contribute to a sig-
nificant portion of the total volume. The input inductors in the
two converters have the same size under the same specifications.
The coupled inductor in the proposed converter has lower current
stress and lower number of turns under given conditions, lead-
ing to a smaller core geometrical constant K, [42]. Hence, the
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proposed converter has a smaller coupled-inductor size com-
pared to the SIB converter, leading to higher power density.

VI. CONCLUSION

A single-switch high step-up coupled-inductor boost con-
verter has been proposed. The proposed converter has advan-
tages such as high-voltage gain, low switch voltage stress, and
continuous input current, which makes it suitable in battery, fuel
cell, and PV applications. The performance analysis and design
considerations have been presented. Experimental results have
verified the theoretical analysis.
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