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Derivation, Analysis, and Comparison of Nonisolated
Single-Switch High Step-up Converters With Low
Voltage Stress

Jae-Kuk Kim and Gun-Woo Moon

Abstract—This paper presents nonisolated single-switch high
step-up converters with low voltage stress. Based on the conven-
tional flyback converter, one single-switch high step-up converter
is derived. The voltage stresses on the switch and diodes are limited
by using a clamping diode and voltage doubler structure. Also, to
further reduce the voltage stresses of them, another single-switch
high step-up converter is proposed simply by using one additional
capacitor and rearranging the components. Thus, lower voltage-
rated switch and diodes can be used, which results in higher effi-
ciency. The operational principle, analysis and design considera-
tions of each converter are presented in this paper. The validity of
this study is confirmed by the experimental results from 24 V input
and 250 V/125 W output prototype.

Index Terms—High step-up converter, low voltage stress, non-
isolated, single switch.

I. INTRODUCTION

ONISOLATED high step-up dc—dc converters are widely
N used as the front-end stage for the renewable energy appli-
cations and dc back-up energy system such as the solar arrays,
fuel cells, uninterruptible power supply, and high-intensity-
discharge (HID) lamps for automobile headlamps [1]-[15]. The
high step-up converters have features of large input current and
high output voltage. The large input current results from the
low input voltage, so low-voltage-rated devices with low on-
resistance 4oy are required to reduce the conduction loss.
Furthermore, the severe reverse-recovery problem occurs in rec-
tifier diode due to the high output voltage. This can increase the
current stress on the switch and voltage stress on the diode.

In general, a conventional boost converter can be adopted to
provide a step-up voltage gain with a large duty ratio. How-
ever, the conversion efficiency and step-up voltage gain are
limited due to the losses of power switch and diode, equiva-
lent series resistance (ESR) of the inductor and capacitor, and
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reverse-recovery problem of the diode [16], [17]. Therefore, a
step-up converter with a reasonable duty ratio is required to
achieve high efficiency and high voltage gain.

The converters adopting the transformer, such as flyback,
forward, push—pull, half-bridge, and full-bridge types, can be
used to obtain high voltage gain by adjusting the turns ratio
of the transformer [18]-[31]. Among them, the flyback con-
verter is very widely used in low power applications due to the
simple structure which results from single switch, diode, and
transformer. However, the primary switch and secondary diode
suffer from high voltage stress due to the leakage inductance
of the transformer. This limits the use of flyback converter for
higher power application.

To relieve the aforementioned problem, one nonisolated
single-switch high step-up converter is derived using a clamping
diode and voltage doubler structure, based on the conventional
flyback converter. Also, to further reduce the voltage stresses of
semiconductors, another single-switch high step-up converter is
proposed, simply by using one additional capacitor. This paper
provides derivation and analysis, including operational princi-
ples, features, and design considerations. Finally, it is confirmed
that the proposed single-switch converter has higher efficiency
under entire load conditions due to the low voltage stress.

II. DERIVATION AND ANALYSIS OF NONISOLATED
SINGLE-SWITCH HIGH STEP-UP CONVERTER

A. Topology Derivation

To achieve high step-up voltage gain, the flyback converter
can be used among many transformer-adopted converters in
low-power application. Fig. 1 shows the topology derivation of
nonisolated single-switch high step-up converter with clamping
diode based on the flyback converter. As shown in Fig. 1(a), the
flyback converter has simple structure; however, the primary
switch and secondary diode can have the high voltage stresses
due to the resonance between the leakage inductance of the
transformer and the parasitic capacitance of the semiconductors.
To reduce the voltage stress on the diode, the voltage doubler
rectifier can be adopted as shown in Fig. 1(b). The voltage
stresses on the diodes is clamped to the output voltage Vj,. Also,
the voltage stress on the primary switch can be limited to Vp by
using the clamping diode Dp and connecting the primary and
secondary ground. Thus, a nonisolated single-switch high step-
up converter with low voltage stress can be derived as shown in
Fig. 1(c).



KIM AND MOON: DERIVATION, ANALYSIS, AND COMPARISON OF NONISOLATED SINGLE-SWITCH

>
Np Ns +
vs(}) §| |§ = |:|v°
L -
QTT1
[:'ﬁ COSS
(a)
T T T Doy |
g i
N Ns |
. e Doz | ik
vs(®) §| |§ A Core I:I Vo
| | _
= I I
=gl 1 =
mfoss - _CG_ - Doubler
(b)
>
Np Ns i Doy +
w© 4k & oz [w
L V, -
Q]TT Bl + | ?_
LY — Np os, =st N jﬂb DogHjﬂ’r’
. 1 I: Ly  Lig —Vpoz+
e I Doy| + Co M
vs(®) v T Evoor = I:| Vo
Q - fco? - l'oa:T - =

(c)

Fig. 1. Topology derivation. (a) Flyback converter. (b) Flyback converter
with voltage doubler. (c) Nonisolated single-switch high step-up converter with
clamping diode.

B. Operational Principle

Fig. 2 shows the key operating waveforms of the nonisolated
single-switch high step-up converter in Fig. 1(c). Each switching
period is subdivided into five modes and their operational modes
are shown in Fig. 3. The switch () is operated in a duty ratio of
D and in order to illustrate the steady-state operation, several
assumptions are made as follows:

1) all parasitic components except for those specified in

Fig. 1(c) are neglected;

2) the parasitic capacitance Cpgg of the switch @) is small

enough;

3) the output voltage Vp and capacitor voltage Vp are con-

stant during a switching cycle;

4) the transformer turns ratio n = Ng/Np.

Mode 1 [ty — t1]: In mode 1, the switch @ is turned on. The
leakage current iy, () decreases with the slope of (Vp — nVs —
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Fig.2. Key waveforms of the nonisolated single-switch high step-up converter
in Fig. 1(c).

Vo)/Lik, and the difference between the magnetizing current
ir,m (t) and the leakage current is reflected to the primary current
tin (t). kg (1), i0m (), and 4, () can be expressed as follows:

kg (1) = Vo _ZZS — Vo (t —to) + iy (to) (1)
g
Ve
im (1) = 25t —to) +irm (to) )
iin (t) = n (ipm () — ikg (1)) (3)

where ,

kg (to) = ipm (to) = (DLI([:V(ﬁjgg” —~ ”'ﬁfS) s

Mode 2 [t, — t2]: This mode begins when 3, (¢) reaches O
A. The diode Dy is turned on, and the leakage current flows
through it. The diode Dy, is turned off, and its voltage stress is
clamped to the output voltage V. The leakage current i, (¢)
charges the capacitor Cp and can be expressed as follows:

VD - nVS

—t). 4
Tirg (t—t1) 4

kg (t) =

Mode 3 [ty — t3]: This mode begins when the switch @) is
turned off. The clamping diode Dp is turned on, and the voltage
stress on the switch is clamped to Vp. The leakage current
increases, and the difference between the magnetizing current
im (t) and the leakage current is reflected to the primary side
through the diode Dp. i1, (t) and ir,, () can be expressed as
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Fig. 3. Operational modes of the nonisolated single-switch high step-up con-
verter in Fig. 1(c). (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e¢) Mode
5. (Gray line means nonconducting device.)

follows:
kg (1) o _Ll‘k/j) al (t—t2) +iig (t2)  (5)
i (£) == WSL; Y0) (6= 1) 4 i (12) ©)
where

Lm (t2) = %DTS + Z.lk'g (tO)

Mode 4 [t; — t4]: This mode begins when i, (¢) reaches 0
A. The diode Dg- is turned on, and the leakage current flows
through it. The diode Dy is turned off, and its voltage stress is
clamped to the output voltage Vp. The leakage current i, (t)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015

discharges the capacitor Cp and can be expressed as follows:

. n(VD—V5)+VD—VO
kg (t) = i
g

(t—t3). (N

Mode 5 [ty — t5]: Mode 5 begins when i, (¢) reaches the
magnetizing current iy, (¢), which flows through the diode
Doo. Thus, there is no current flowing in the primary side.
This mode ends when the switch is turned on.

C. Analysis and Characteristics

To simplify the following analysis, the ripple of the magne-
tizing inductor current iy, () and the time intervals ¢y — ¢; and
to-t4 are neglected.

The capacitor voltage Vp can be obtained by the voltage—
second balance on the secondary side of the transformer as
follows:

Vp =(1-D)Vo. ®)

The magnetizing offset current /7, can be derived by the
current—second balance on the capacitor Cp as follows:
D2T5 (TLVS - VD)

2Ly (1 - D)

ILm = (9)
Since the average current of Dgs is the same as that of the
load current I, this relation can be expressed as follows:

IO - ILm (1 - D)

_ D*T5 (nVs — Vp)
-5 —= ,

2L1kg

(10)

From (8) and (10), the voltage conversion ratio M can be
obtained as follows:

& - TLD2 - 2leg
Vs  Q+(1-D)D>’ - RoTs’

From (8) and (11), Vp is expressed as nVy, with @ = 0. At
given specifications, to reduce the voltage stress on the switch,
the turns ratio should be designed as small as possible. This
means that the duty ratio should be designed to be large enough.
However, the much larger duty ratio results in the larger input
root-mean-square (rms) current #;,, ., due to the high magne-
tizing offset current from (10), I,,=Ip/(1 — D). Also, it is
difficult to obtain the desired voltage stress, especially in high
step-up applications, because of the limited duty ratio less than
1. In the following section, a new nonisolated single-switch
high step-up converter is presented to further reduce the voltage
stresses on the switch and diodes.

M = Q an

III. DERIVATION AND ANALYSIS OF PROPOSED CONVERTER
A. Topology Derivation

Fig. 4 shows the topology derivation of the proposed converter
from the converter in Fig. 1(c). The doubler capacitor Cp, as
shown in Fig. 4(a), acts as clamping voltage source for the
switch and voltage doubler capacitor, simultaneously. Although
the Cp might be shown in boost output capacitor, the voltage of
Cp is not dependent on the boost converter gain, but the voltage
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Fig. 4. Topology derivation. (a) Converter in Figs. 1(c). (b) and (a) With an
additional voltage source V yx . (c) Proposed converter.

doubler value Vp=(1 — D)Vp, as analyzed in Section II. To
further reduce the voltage stresses on the semiconductors from
Fig. 4(a), an auxiliary voltage source Vyx is added, as shown
in Fig. 4(b). Vaoux can be connected with Dy simply to reduce
the voltage stresses on diodes V-V ux. Furthermore, if Vayx
is used for the boost output voltage, the switch can have lower
voltage stress, which results from the gain of boost converter.
That is, the leg 1 composing of Dp; and Vjyx is replaced with
the leg 2 composing of Ng and Cp, as shown in Fig. 4(c).
Therefore, the capacitor Cp acts as a boost capacitor with the
output voltage of the boost converter, Vg/(1 — D) to which
the switch is clamped. Also, the output diodes are clamped to
Vo — Vp in the proposed converter. Thus, low-voltage-rated
devices can be used to reduce the conduction loss. The voltage
stresses on the devices will be analyzed in more detail in the
following section.
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Fig. 5. Key waveforms of the proposed converter.

B. Operational Principle

Fig. 5 shows the key operating waveforms of the proposed
converter. Each switching period is subdivided into five modes
and their operational modes are shown in Fig. 6. The switch Q) is
operated in a duty ratio of D and in order to illustrate the steady-
state operation, several assumptions are made as follows:

1) all parasitic components except for those specified in

Fig. 4(c) are neglected;

2) the parasitic capacitance Cpgg of the switch () is small

enough;

3) the output voltage V» and capacitor voltages V5 and Vi g

are constant during a switching cycle;

4) the transformer turns ration = Ng/Np.

Mode 1 [ty — t1]: In mode 1, the switch () is turned on.
The leakage current 4;;, () decreases with the slope of (Vg —
nVs — Vo )/Lii, and the difference between the magnetizing
current iy, (¢) and the leakage current is reflected to the primary
current iy, (£). i15g(t),i0m (), and 4, (t) can be expressed as
follows:

Vos —nVst — Vo

kg (t) = T (t—to) + kg (to) (12)
lkg
. nV. .
Lm (t) - L_S (t - tO) + 1Lm (tO) (13)
Lin (t) =n (iLm (t) - ilkg (t)) (14)
where ,
itkg (t0) = inm (to) = (ZUptepyes) — nDVe ) Iy

Mode 2 [t; — t;]: This mode begins when i, (t) reaches
0 A. The diode Dp; is turned on and the leakage current
flows through it. The diode Dy, is turned off and its volt-
age stress is clamped to Vp — V. The leakage current i, (t)
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Fig. 6. Operational modes of the proposed converter. (a) Mode 1. (b) Mode 2.

v

(c) Mode 3. (d) Mode 4. (e) Mode 5. (Gray line means nonconducting device.)
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charges the capacitor C's and can be expressed as follows:

Qikg () = Yes LnVS Vs (t—t1). (15)
lkg

Mode 3 [ty — t3]: This mode begins when the switch @ is
turned off. The clamping diode Dp is turned on, and the voltage
stress on the switch is clamped to V. The leakage current
increases and the difference between the magnetizing current
irm (t), and the leakage current is reflected to the primary side
through the diode Dp. i, (t) and i, (t) can be expressed as

follows:

n(Vp —Vs)+Ves —Vp

ilhg (t) = i (t —t2) + g (t2)(16)
v g
Vg — V]
i ) ="V ) iy () a7
m
where

irm (t2) = %DTS + diig (to)-

Mode 4 [t; — t4]: This mode begins when i, (t) reaches 0
A. The diode Dy, is turned on and the leakage current flows
through it. The diode Do is turned off, and its voltage stress
is clamped to Vo — V. The leakage current i, (t) discharges
the capacitor C's and increases more slowly unlike the converter
in Fig. 1(c). This is because the voltage stress on the capacitor
C'p is lower than that on the capacitor Cp in Fig. 1(c). iz, (%)
can be expressed as follows:

ing (1) = VSL) tVes = Vo _y). s
lkg

Mode 5 [ty — t5]: Mode 5 begins when 4., (t) reaches the
magnetizing current iy, (¢), which flows through the diode
Do3o. Thus, there is no current flowing in the primary side.
This mode ends when the switch is turned on.

C. Analysis and Characteristics

To simplify the following analysis, the ripple of the magne-
tizing inductor current iy, (¢) and the time intervals to — ¢; and
ty — t4 are neglected.

1) Voltage Conversion Ratio: In the proposed converter, by
inserting the capacitor C'z, V can have the boost output voltage
Vs/(1 - D). This is because the capacitor C's serves as a doubler
capacitor instead of Cp. The capacitor voltage Vg can be
obtained by the voltage—second balance on the secondary side
of the transformer as follows:

Ves :(1—D)V0+DVB. (19)

The capacitor voltage Vg is larger than V3 in the converter
in Fig. 1(c). The difference is DVg/(1 — D).

The magnetizing offset current I, can be derived by the
current—second balance on the capacitor C'g as follows:
_ DT (nVs + Vg — Vo)

2Ly, (1— D) '

Since the average current of Do+ is same as the load current
1o, this relation can be expressed as follows:

_ D2T5 (nVs + VB - Vcs)
2leg ’

(20)

ILm

Ip=-% =1, (1-D) 2D
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From (19) and (21), the voltage conversion ratio M can be
obtained as follows:

v Yo _ D?* (n+1)

__Dbntl) _ 2Ly
Vs Q+(1-D)D?’

Q_ROTS'

(22)

Fig. 7 shows the voltage conversion ratios with a function of
the damping factor  and the duty ratio D in the converter in
Fig. 1(c) and proposed converter, assuming n = 1. As shown in
Fig. 7, @ provides a damping effect to the gain curve. As @ is
increased, which means L;,, fs,and load current are increased,
the voltage gain is reduced. Also, it is seen that the proposed
converter has higher voltage gain with the same conditions. To
have same conversion ratio, the turns ratio of the converter in
Fig. 1(c) should be designed as n.=n,, + 1 from (11) and (22),
where n. and n,, is turns ratio of the converter in Fig. 1(c) and
proposed converter, respectively.

2) Voltage Stress on the Devices: With the assumption of )
=0, n, = 6, and n, = 5, the voltage stresses on the switch
and diodes normalized by Vg are shown in Fig. 8. As shown
in Fig. 8(a), the voltage stress on the switch of the converter in
Fig. 1(c) is same with the turns ratio n., and that of the proposed
converter is same with the boost gain 1/(1 — D).
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converter in Fig. 1(c).

TABLE I
COMPONENTS LIST

Components .Cor!verter Proposed
in Fig. 1(c) Converter
Switching frequency (£) 80kHz
Switch (Q) FQA44N30 IRFP150N
Clamping Diode (Dp) STTH40P03S | STPS40M100C
Doubler Diode (Dp;, Doz BYV29-400 BYV29-300
Transformer PQ3230
Leakage inductance (Lxg) 32.14pH 28.15pH
Magnetizing inductance (L, 2.16mH 1.31mH
Transformer turns (NVp: Ns) 5:35 8:45
Capacitors (Cp Cg C9) 2.2uF
Output capacitor (Cp) 82uF
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(b)

Fig. 11. Prototype photograph of (a) the converter in Figs. 1(c) and (b) the
proposed converter.

In the region of D < 0.83, the switch in the proposed converter
has lower voltage stress and the difference will be larger when
D is getting small, especially in high step-up applications that
requires very high turns ratio. Also, as shown in Fig. 8(b), the
diodes in the proposed converter have lower voltage stress and
as the duty ratio increases, the difference is larger.

IV. EXPERIMENTAL RESULTS
A. Design Guideline

In high step-up applications, the switch and primary winding
of the transformer is the dominant factor of the conduction loss
due to the high input current.

Fig. 9 shows the simplified waveforms of i, () and 4, (¢).
By using the current—second balance on C's, the peak values are
acquired as shown in Fig. 9. Thus, the rms value of the primary
current 4;, s can be obtained as follows:

nlp |D[/2-D 1\* 3
=—— .= —=—+z °L e
1-D 3{( D +2> +4} 23)

where n=n. =n, + 1.

Yin_rms
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Fig. 13. (a) Key experimental waveforms and (b) dynamic response of the
proposed converter.

Fig. 10 shows the voltage conversion ratio at () = 0 and rms
value of the primary current normalized by the load current /o,
according to the duty ratio D and turns ratio n. As shown in
Fig. 10, the low rms values exist in the duty ratio range about
from 0.3 to 0.4. In view of the conduction loss, the duty ratio D
can be designed as small as possible to reduce the voltage stress
on the switch. However, the switch has the small difference of
the voltage stress about 34.2-40 V with the specification of a
24V input and 250 V/125 W output. Also, the turns ratio should
be increased with the smaller duty ratio. Thus, to utilize a 100 V
switch with a sufficient margin, the duty ratio can be selected
as about 0.4. The voltage gain M is about 10.42, so the turns
ratios n, and n,, of the transformers can be obtained as 6.252
and 5.252 from (11) and (22), respectively, assuming @ = 0.

B. Experimental Results

A 24 V input and 250 V/125 W output prototype has been
built and tested to verify the operational principle, using the
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components as shown in Table I. Fig. 11 shows the prototype
photograph of the converter in Fig. 1(c) and the proposed con-
verter. Figs. 12 and 13 show the key experimental waveforms
at full load condition and dynamic response between 100%
and 40% load condition of the converter in Fig. 1(c) and the
proposed converter, respectively. As shown in Fig. 12(a), the
voltage stresses on the switches and diode D, are about 140
V8x:x and those of the diodes D1 and Dg- are the output volt-
age 250 V. On the other hand, in the proposed converter, the
voltage stresses on the switches and diode D, are about 40 V
and those of the diodes D1 and D+ are about 210V, as shown
in Fig. 13(a). Figs. 12(b) and 13(b) show that the output voltage
is regulated between 240 and 260 V under dynamic load con-
ditions. Fig. 14 shows the measured efficiency of the converter
in Fig. 1(c), the proposed converter, and the flyback converter.
The proposed converter has higher efficiency under entire load
conditions. This is mainly because the conduction loss can be
reduced by using the low-voltage-rated devices.

V. CONCLUSION

Nonisolated single-switch high step-up converters with low
voltage stress are presented. The derivation and analysis are
illustrated in this paper. The validity of the basic operational
principle is verified by the experiment with 24 V input and
250 V/125 W output prototype. The proposed converter features
that the switch and diodes have the low voltage stress, so the low-
voltage-rated devices is used. From the experimental results, the
proposed converter shows higher efficiency under entire load
conditions due to the low conduction loss.
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