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Abstract

The depletion of natural resources and renewable energy sources, such as photovoltaic (PV) energy, has been highlighted for
global energy solution. The PV power control unit in the PV power-generation technology requires a high step-up DC-DC
converter. The conventional step-up DC-DC converter has low efficiency and limited step-up ratio. To overcome these problems,

a novel high step-up DC-DC converter using an isolated switched capacitor cell is proposed. The step-up converter uses the

proposed transformer and employs the switched-capacitor cell to enable integration with the boost inductor. The output of the
boost converter and isolated switched-capacitor cell are connected in series to obtain high step-up with low turn-on ratio. A
hardware prototype with 30 V to 40 V input voltage and 340 V output voltage is implemented to verify the performance of the
proposed converter. As an extended version, another novel high step-up isolated switched-capacitor single-ended DC-DC
converter integrated with a tapped-inductor (TI) boost converter is proposed. The TI boost converter and isolated-switched-
capacitor outputs are connected in series to achieve high step-up. All magnetic components are integrated in a single magnetic
core to lower costs. A prototype hardware with 20 V to 40 V input voltage, 340 V output voltage, and 100 W output power is
implemented to verify the performance of the proposed converter.

Key words: Boost converter, Isolated switched-capacitor cell, Single-ended, Tapped-inductor

. INTRODUCTION electromagnetic interference noise. Thus, additional circuits,
such as coupled inductors or voltage multipliers, are
necessary for the boost converter for applications in high
step-up conditions [9]-[24]. The coupled-inductor method is
a voltage-enhancement technique that uses core-sharing
magnetic devices that integrate the functions of auto-
transformers and inductors. This method is generally suitable
to high-current applications. The voltage multiplier method is
another enhancement technique that uses high-voltage
capacitors and diodes [4], [11]-[14], [22], [23]. This method
has a simple hardware; however, the output voltage of this

Low-voltage high-current renewable energy sources
require high voltage step-up to be integrated in commercial
power lines. The photovoltaic (PV) power generation
technology, which attracts great attention as a next-generation
energy source, essentially requires a high step-up DC-DC
converter [1]-[5]. The boost converter tends to restrict the
boosting ratio for applications with large gap between input
and output voltage because these applications require

t ly high dut le of th i itch for high step-
extremery meh du'y eycle o the matll SWItehl for gh step-up method has discrete levels because of the absence of voltage

regulation capability. We can realize an extreme voltage-gain
power conversion circuit by applying both techniques.

Some previous attempts at applying these engineering
techniques to high step-up converter topologies, particularly
for low-voltage power sources, have reported some

voltage [6]-[8]. This operation leads to the stress increase of
voltage or of current on the switches and diodes, as well as
the increase in diode-switching loss caused by reverse
recovery characteristics. Conversion efficiency is eventually
decreased by increasing the main switch loss, diode loss, and
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limitations. A previous article [10] mentioned that in a clamp-
mode couple-inductor buck—boost converter [16], the output
diode stress was similar to that of a traditional flyback
converter, i.e., the output diode stress was higher than the
output voltage even though the leakage energy from the
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coupled-inductor was recycled to reduce system losses.
Another drawback of the converter was the high input current
ripple that existed because no current path was present when
the metal-oxide—semiconductor field-effect transistor
(MOSFET) was off. Further improvements of the step-up
converter were accomplished by combining a boost converter
with a flyback converter [17], [18]. Compared with the
converter in [16], the boost ratio was improved as a result of
the outputs of the boost converter and flyback converter in
series. Nevertheless, the same problem in [16] remained. By
adding a switched-capacitor in series with the transformer, a
new high boost ratio DC-DC converter with coupled-
inductor and switched capacitor was introduced [19]. With
the switched-capacitor between the primary side and the
secondary side of the coupled-inductor, the boost ratio
increased and the output diode voltage stress was reduced.
However, the magnetic core is not fully utilized because the
operation includes only an inductor mode and not a
transformer mode. An improved version is presented in [10].
This version combines pulse-width modulation and resonant
power conversions to increase the total power delivered and
to decrease losses through simultaneous energy transfer in an
auxiliary inductor and a charge-pump capacitor. However,
this version needs more components for energy transfer. The
design complexity also needs to be enhanced, and the
material cost needs to be lowered.

This paper proposes a novel converter that couples a
new switch-capacitor cell to the inductor of the boost
converter through a high step-up isolation transformer. This
approach is made to enable high step-up with low turn-on
ratio by using the series connection of the output. The
magnetically integrating idea of switched capacitors and
boost converters, in which each of the magnetic energy
transfer modes is combined in an alternatively delivering
manner, is introduced in the proposed high boost ratio DC—
DC converter. The continuous energy transfer during the
switch-on and switch-off in every switching cycle can
increase the total power delivery and can decrease the losses
in the circuit. In this approach, energy is transferred through a
single-core integrated transformer, which combines the
modes and operates as an energy storage. As a result, the
magnetic core can be used more effectively, and smaller
magnetics can be employed [1], [10]. The continuous input
current of the converter causes smaller current ripple than
that of previous high boost ratio converter topologies
employing coupled-inductors. A lower input current ripple is
useful in decreasing input capacitance and in implementing
maximum power point tracking for PV modules. The
conduction losses in the primary side of the transformer are
greatly reduced because of the reduced input current root
mean square (RMS) through the primary side. Furthermore,
the proposed method significantly decreases the voltage
rating of the main switch or the diodes on the boost converter

by properly adjusting the turn ratio of the transformer as well
as by expanding the design criteria for component selection.
The single-ended circuit system of the new converter is
relatively simple and cost-effective. The converter is also
extremely efficient with low turn-on ratio.

As an extended topology from the isolated switched-
capacitor boost converter, another novel converter that uses a
tapped-inductor (TI) and an isolated voltage multiplier is
proposed. The topology has a step-up voltage with low turn-
on ratio by using the series connection of each output [9]. The
proposed method decreases the voltage rating of the diodes
and the turn-on ratio of the main switch in the non-isolated TI
boost converter by appropriately adjusting both turns ratios of
the transformer in the cell and of the TI. This adjustment
leads to a one-step further extension of the design criteria for
device component selection. The circuit configuration of the
proposed converter is single-ended and is highly efficient in a
wide input range.

The remainder of this study is organized as follows. Section
II proposes a new isolated switched-capacitor cell with
coaxial cable transformer. Section III presents the operating
analysis of the proposed series-output isolated switched-
capacitor boost converter scheme. In Section IV, the
experimental results of a 150W hardware prototype as a pre-
regulating stage of the multi-stage PV power conditioning
system are given for topology verification. Section V presents
the operating analysis of a new version of the extended step-
up converter that employs a TI. Section VI presents the
experimental results of a 100W hardware prototype. Lastly,
the conclusion is discussed in Section VII.

II. ISOLATED SWITCHED-CAPACITOR CELL
A.  Isolated Switched-Capacitor Cell

Switched-capacitor or charge-pump
generally applied for step-up converters [11]-[14]. However,

circuits are

the circuits have a limitation in terms of augmenting the
output voltage. Multiple-stage structures should be used in
spite of the power efficiency reduction. Aside from power
loss, poor output voltage regulation with discrete voltage gain
is also a drawback of step-up converters. To cope with these
problems, we introduce a new switched-capacitor circuit that
includes a transformer. The proposed circuit has isolation
capability and high step-up ratio through the use of a high
turn-ratio transformer. Given that the transformer is ideal, the
operating principle is quite similar to that of conventional
switched capacitors. In this paper, we named the proposed
cell isolated switched-capacitor cell. However, the secondary
winding coil of the transformer has parasitic resistance,
which results in various operating waveforms of the circuit.
The structure of the proposed switched-capacitor cell is
shown in Fig. 1. Regardless of the switching frequency or
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Fig. 1. Isolated switched-capacitor cell
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Fig. 2. Cross-section of a coaxial cable

duty ratio, the turns ratio of the winding of a transformer
determines the boost operation of a cell. The turns ratio can
be described as follows:

Vew =3 : )

The step-up ratio is independent of the magnetizing
inductance of the transformer.

A transformer generally involves leakage inductance
because of its imperfect coupling. If leakage inductance is
contained in the isolated charge pump cell, the waveform of
the current flowing on the secondary diode turns into LC
resonance. When the size of leakage inductance is negligible,
the peak point of the resonance curve occurs at every
switching turn-on time. The growth of the leakage inductance
moves the peak point far away from the turn-on time, i.e., the
peak point of the diode current of the charge pump cell
changes because of the leakage inductance size. Leakage
inductance also decreases the power efficiency of the
transformer. Considering that a good coupling transformer is
necessary to make highly efficient cells, we use a coaxial
cable transformer.

Coaxial cable winding is considered better than
sandwich winding in terms of magnetic flux-linkage [25].
The coaxial cable transformer is made of high-voltage side
coils and low-voltage side-winding coil that cover the high-
voltage coils. Fig. 2 provides a cross-section of a coaxial
cable. The coaxial cable transformer has a coupling constant
0f 0.9999418.
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Fig. 3. Circuit diagram of the proposed converter.
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Fig. 4. Equivalent circuit of the proposed converter with
separated outputs.
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A. Reset Circuit
In a normal operation of isolated charge pump, a reset

circuit is required to reset the magnetizing current similar to
that of typical forward converters. The output of the reset is
tied to the switched-capacitor output. Therefore, the reset
works as a boost converter to the entire load (see Fig. 3). The
poor output regulation of the switched-capacitor can be
relieved by the contribution of the boost regulation. Therefore,
the series-connected reset circuit is recommended not only
for the step-up but also for the control of the step-up output
voltage in a DC-DC converter of the PV power generation
system.

1I1. SERIES-CONNECTED ISOLATED SWITCHED-
CAPACITOR BOOST CONVERTER

A.  Structure of the Proposed Converter

The structure of the proposed DC-DC converter is
shown in Fig. 3. The primary side has a boost converter and
pulse-width  modulation (PWM) switching voltages
controlled by a single main switch. The secondary side has an
isolated charge pump. Both outputs are serially connected,
which can be called a stacked-output. The single-ended
structure of the proposed converter is suitable for small
power capacity. Compared with other bridge-type topologies,
a single-ended structure has discontinuous conduction mode
(DCM) with low current capacity over high output voltage.
The DCM can eliminate the reverse-recovery of the diode.

We analyze the steady-state input—output transfer gain
of the proposed converter. Fig. 4 shows that the charge pump
and boost converter can be analyzed by output separation by
using an equivalent circuit transformation. Both output
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Fig. 5. Equivalent circuits of each operation mode.

currents (Ip o) and (Ip_pg ) are the same because of the series
connection in a series-connected switched-capacitor boost
(SSCB) converter. Equation (2) indicates each of the load
resistances for the equivalent transformation.

_ Vo _Vobs (2)

T ’ bst — I}
Load Load

As aforementioned, the steady-state voltage gain of the
isolated switched capacitor cell is determined only by the
turns ratio of the winding of the transformer.

Yo« _ Ns 3)

M, = =
VDC_sc Vi, Np

The steady-state voltage gain of the DCM boost is
derived as follows:

1 2D2Rpg T
Mypcpse = ;(1 + /1 + TM) “4)

where T is the switching period, and D is the duty cycle. Each
parameter of the derivation is denoted in Fig. 4.

The final input—output transfer function of the SSCB
converter is derived from the equivalent transformation in
DCM. The final input-output transfer function can be
expressed as

Mypc = Mypcy, + Mype,,

_Ns 1 2D2Rpg T
=5, T+ /1+—Lm ). ®)

B.  Operating Principles

According to the switching state of the switching
circuits, the proposed converter has three operating modes
(see Fig. 5).

Mode 1: When the switch (Q) is turned on, the current
flows to the magnetizing inductance and the primary winding
(Np). The primary current is transferred to the secondary (N;)
coil of the isolated switched capacitor cell via the magnetic
linkage. Through the switched capacitor diode Dy , the
secondary current is rectified into DC as the load requires.
Given that the boost diode (D, ) is reverse-biased, the output
capacitor Cg discharges the load current.

Mode 2: When the switch Q is turned off, the switched
capacitor diode ( Dy ) is reverse-biased. The energy
magnetically stored at L,, is released to the load through
D,¢ of the boost converter. When the switched capacitor
diode (Dg ) is reverse biased, the output capacitor Cpg
discharges the load current.

Mode 3: The transformer of the charge pump-boost
converter is completely demagnetized. The output voltage is
also maintained by the discharge of the output
capacitors Cy., Cg - All rectifier diodes are reverse-biased.

The key waveforms of the operating voltage and current
are shown in Fig. 10.

IV. POWER LOSS ANALYSIS OF THE SSCB
CONVERTER
For the efficiency prediction, the key parameters such as
the input current and switch current of the SSCB converter
can be derived as follows:
The turn-ratio is expressed as

n=-— 6)

The input peak and average current are given by
_ nl,(1-D)T

Iy _pr = 57 +1nl, @)

Regr C(1—e 7))

I; I; D+I
Iﬁ g — VL — ( n,pk"' n,DZT) + Lm_m ax ) (8)
n
The magnetizing current is given by

Vi DT

Lymax= zm . )

The average input current is expressed as
2P nl,(1-D)T Vin T

In_DT:m m—nh)—: . (10)
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The on-time current is expressed as

, ~Uin pk—Iin DT
lp (t:0~DT) = %t + Iy i - (11)
The off-time current is given by
D D+D
, Vi (_D_l) n D11
L (&:DT~(D+D)T) = I t+ L

DT . (12)
The diode off-time current is expressed as

iq (t:DT~T) = 0. (13)
The RMS input current is expressed as

L Om s =

1 DT (D+D)T
?<f i (to~pm) dt + f In (t:DT~(D+D1)T)2dt> =
0 DT

( .4y

D
\/§ (I'n ,pkz + I prl prt+ 1 ,DTZ)

L2D2

A. MOSFET
The conduction loss is as follows:

Py on = Toslgm 52’ (15)
where,

1 DT
IQj'ms = ?f in (t:0~DT)2dt
0

D
= \/; (I pic” + I pilor + I pr”)- (16)

The conduction loss is given by

RoD

Po.am =2 (In pk” + In_pklor + In pr*)-  (17)

The switching loss is as follows:

fsCoVas”
Pyay = Td~ (18)
The total loss is given by

RoD fc Vas?
Py :%(Ih_pkz + Iy pilpr + I pr”) + =22 (19)

B.  Diode
The loss of Dy can be derived as follows:
The average and RMS current are given by

1 DT
Iy :Tf() ip s dt =1, (20)

1 DT.
IDsc_rm s= \/E fo lin (t:0~DT)2dt . 21)

The conduction loss can be derived from the forward
drop loss and the resistive loss. The conduction loss can be
expressed as

PDSC_VF = VFID_SC = Vrl,, (22)

and the resistive loss term can be expressed as

_ 2
Ppo rr = Relpy rms

RpD
= 3F_n(1n _pkz + In _kaDT + In _DTZ) . (23)
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Fig. 6. Simulation result of the SSCB converter according to the
variation of the input voltage.
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Fig. 7. Simulation result of the SSCB converter according to the
variation of the output power.

The total loss is

RpFD
Poe = (I p” + I _plor + In pr’) + Vil, (24)

The loss of D,y can be derived as follows.
The average and RMS current are

(D+D )T
Inpe =200 i e dt =1, (25)

(D+DL)T .
Ipyg ms= \/ iy (epT~(D+D)T) 2de . (26)

The conduction loss can be derived from the forward
drop loss and the resistive loss. The conduction loss can be
expressed as follows:

PDbg,VF =Vrlp ps = Vil,. 27
The resistive loss term is

_ 2 _ ReVi *D?T2
_RFIDbstjms - Lim 2D2

( - (28)

Ppyy rE

The total loss is
2 2
p,,, = teu b (Dl )+ Vel, 29)

2
Lm%Dq?
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C. Transformer
The primary winding loss of the transformer can be
expressed as follows:

p Tr_Np = RNpINp_rm S > (30)
where,

Ry, = 25010] (31)
prwie resity , mwte tums ,
M LT: M ean Lengt hper Tum , A,:wie se [an?]

and

Nprms n ()rm s

1/ (PT (D+D)T
T (f ll’l (tiO“‘DT)zdt + f ln (t:DT~(D+D1)T)2dt) —
0 DT

Vi, 2D2T2

D D43
L2 + Tl or + T or®) + 2222 25, 32)

Therefore, the primary winding loss can be re-written as
follows:

D
Prr vy = Ry (Ting? + lingylin s + Tinps) +
Vi 2D212 (D, (33
Lm?D,? (T)
The secondary winding loss of the transformer is
P Tr_Ng = RNSINs_rm sza (34)
where,
INSrm s IDE_rm s (35)
Therefore, the secondary winding loss of the

transformer can be re-written as follows:

RygD
Pry y, = 1;1_:[ (In p® + I pilor +In pr”). (36)

The energy loss of the transformer core is

Wrry e = fv(t)i(t)dt
dB(t)\ (H()Lm
= [ (nA. Z2) (") dt = ALy, [ HdB []].
The power loss is

Prryys = filleL [ HAB W] . (37)

D.  Simulation Results

The simulation results of the efficiency analysis for the
SSCB converter according to the output power variation and
input voltage are shown in Figures 6 and 7, respectively.
Results show that the efficiency is high and is even greater
than 96% in low-gain (high-input) conditions. The efficiency

Fig. 8. Photograph of the hardware prototype of the proposed
SSCB converter.

1 Function generator !
Pigital Oscilloscope

7 4 b ARl i E
Fig. 9. Photograph of the experimental setup.

TABLEI

KEY PARAMETER OF SERIES-OUTPUT ISOLATED-SWITCHED-
CAPACITOR BOOST CONVERTER HARDWARE

Parameter(part
Symbol Spec.
ymbo number) pec
30 Vpc to 40
Vi Input voltage oe to
Ve
Vout Output voltage 340 Vpc
Py Output power 30 Wto 150 W
fs Switching frequency 40 kHz
L Magnetizing inductance 440 uH
Q Main switch (IRFP260N) 200V, 50 A
N, Primary winding 13 turns
N Secondary winding 91 turns
Diode of switched
De capacitor (UF4006) 800V, 1A
Dyy Boost’s diode(UF4004) 400V, 1A

significantly drops when the voltage gain is out of the boost
boundary in the low input range.
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Fig. 10. Key waveforms of the hardware experiment.

V. EXPERIMENTAL VALIDATION
In this paper, a 150W hardware prototype of the
proposed SSCB PWM converter was implemented to verify
the operation principles and converter performance. The
implemented component data concerning the prototype are

(L Parasitic components

Fig. 11. Parasitic components of the SSCB converter.

Fig. 12. Simulation result of I, waveform with the parasitic
components in Fig. 11.

listed in Table I. The prototype pictures and experimental set
up are presented in Fig. 8 and 9.

Fig. 10(a) shows the waveforms of the PWM gate signal,
the drain-source voltage of the MOSFET, and the switch
current without a snubber. Fig. 10(b) shows the waveforms of
the current of Dy and D,g. The boost output operates in
DCM. The ringing of the current occurs due to the parasitic
capacitance of the MOSFET and the parasitic inductor of the
boost circuit. Fig. 10(c) and 10(d) show the voltage
waveforms of the diodes and transformer winding,

respectively. All the figures match well with the operating
principles presented in Section III. Fig. 11 shows the parasitic
components of the SSCB converter, which caused the ringing
of Ip, . current. A parasitic inductance existing on the wire
between the diode and the output capacitor resonates with a
parasitic capacitance of the MOSFET. The simulation
waveform of Iy, current is shown in Fig. 12. The parasitic
components caused the current ringing during the diode
conduction.
Fig. 13
measurement according to the input voltage and output power
variation. Experiment results show that the efficiency is high
and is even greater than 96% in low-gain (high-input)
conditions. The efficiency significantly drops when the
voltage gain is out of the boost boundary in the low input
range. Compared with the analysis results in Fig. 6 and 7, the

shows the efficiency of the efficiency
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Fig. 13. Power efficiency of the proposed SBSC converter
according to the variation of output power.
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Fig. 14. Circuit diagram of the proposed SCTI converter.
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Fig. 15. Equivalent circuit of the proposed converter with
separated outputs.

prototype hardware operates similarly to the theoretical
principles.

To improve more, another version is provided. Fig. 14
shows the structure of the proposed DC-DC converter,
named as ‘isolated switched-capacitor tapped-inductor (SCTI)
boost converter’. The proposed converter consists of two
parts. The primary side has a TI boost converter with a single
main switch controlled by a PWM compensator and a gate-
driver. The secondary side has an isolated charge pump.
From the inductor tapping, the main switch voltage stress is
reduced, and the voltage spike on the switch is significantly

attenuated. Given that low voltage stress exists on the active
switch, the circuits can use low voltage MOSFETs, which
generally have low Rds(on). MOSFETs decrease the
conduction loss dramatically [10], thus making this variable
one of the dominant factors of efficiency. The output of the
switched cell is connected with the boost output in series. The
stacked-output structure of the proposed converter is suitable
for high-voltage and low-current applications. Compared
with other multiple-module connected topologies, MOSFET
and diode are relieved from severe voltage stress. The DCM
is also employed to eliminate the reverse-recovery loss of the
diode.

VL ISOLATED SWITCHED-CAPACITOR TAPPED-
INDUCTOR BOOST CONVERTER

A.  Structure of the Proposed Converter
To analyze the input-output voltage gain of the
proposed converter in a steady-state condition, the TI boost
converter and charge-pump outputs are separated
equivalently (Figure 15). Both of the boost output current
(Io_rps ) and charge pump output current (I, o, ) are similar
because of the series-connected output. Equation (38)
indicates each of the load resistances for the equivalent
transformation.
Vsc

— _ Vrps
Ry = » Ry = (38)
ILoad ILoad

As shown in (39), the voltage gain of the isolated
switched capacitor is determined by the turn ratio of the

winding of the transformer in steady-state condition.
Vs Ny

Mypc & = Vi = Np (39)
The steady-state voltage gain of the DCM tapped-
inductor boost is derived as follows:

1 2D%Rrps T
Mypcrpe = ;<1 + /1 +#”) (40)

Thus, the input—output voltage gain of the proposed
converter is derived from the equivalent circuit in DCM. The
input—output voltage can be expressed as follows:

Mypc = MVDC,Tbs: + MVDc,sc 41)

2
Mype = :’—;+ %(1+ /1+% ) (42)

B. Operating Principle

The proposed converter has three operating modes. Fig.
16 shows the equivalent circuits to explain the circuit
operation.
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Fig. 16. Operating modes of the proposed converter.

Mode 1: When the main switch Q closes, the input
current flows to the magnetizing inductance (L,,,) and primary
winding (N, ). The primary current and voltage are transferred
as secondary (Ny) coil through flux linkage. The capacitor
diode (Dg ) is turned on. As a load requirement through the
switched capacitor diode (Dg, ) and output capacitor (Cg, ), the
secondary current is then rectified into DC. The TI boost
converter diode (Dppg ) is turned off when the main switch
turns on. In this mode, the TI output capacitor (Crpg )
discharges the load current to fix the output voltage.

Mode 2: The main switch Q turns off. The switched
capacitor diode (Dg. ) is reverse-biased and is turned off. The
tapped-inductor boost converter diode (Dr,e ) becomes

forward-biased when the main switch turns off. The magnetic
energy stored in L, is provided to the tapped boost output
capacitor (Crpg ) through Dppe of the TI boost converter.
The output capacitor (Cy ) discharges the load current to fix
the output voltage.

Mode 3: All magnetizing components in the transformer
and TI are completely de-magnetized. The output voltage is
fixed by both output capacitors Cy, Crpe discharge.

VII.  POWER LOSS ANALYSIS OF SCTI

CONVERTER

The key parameters of the SCTI converter are derived as
follows:
The turn-ratios are expressed as

_ Ng _ Np+N;
n= Ny’ nr = _Np . (43)
The turn-on time diode current is given by
Iy o =220 41, . (44)
Resr C(l_e_ T )

The average current is given by
le g = Ip = 2202 45)

The turn-off current is given by

I,(2-D) 1,(1-D)T

Iy pr = - (46)

DT
b Resr c(1—e'71>

Therefore, the turn-on time input current is given by

Iy o =nlg o . 47
The turn-off current is expressed as
Iy pr=nlg pr+ 11, max - (48)
where,
Vi DT
ILm max = :m (49)

The on-time current is given by

Ui (t:0~DT) = =Snprlno) D;Tln o) t+ 1 (50)
The off-time current is expressed as
D D+Dq
i _val), G 2pr (51
L (&:DT~(D+D)T) = B n_”Lm (€29)

Finally, the diode-off time current is given by
in (t:(D+D)T~T) = 0. (52)

The RMS input current is

li (Om s =
DT D+D1)T
1 i Zdr + o 24t | =
T n (£:0~DT) L (t:DT~(D+Dy)T) =
0 DT
D V3 D T2
\/g (In 0%+ I ol pr+1a pr”) + nT"L %, z( ) (53)

A. MOSFET



Journal of Power Electronics, Vol. 13, No. 5, September 2013 775

The conduction loss can be derived as follows:

Po cn = Toslgrm s (54)
where,
IQ_r'm s= \/% foDT Iy (t:O~DT)2dt
= \/2 (In % +In oIpr + I pr*) (55)

Then, the conduction loss is
RoD
PQ,mn = %(In,oz + 1 0 Ipr + I ,DTZ) (56)

The switching loss is as follows:

fsCoVas®
Pyg = Td' (57)

The total loss is
RoD fsCoVas®
Po=-(In o® +In olpr +In pr’) + =2 (58)
The switch on, off time loss can be ignored by the DCM
operation

B. Diode
The loss of Dy can be derived as follows:
The average and RMS current are

1 DT
le =2 ip g dt =1, (59)

1 (DT,
IDSC_rm s= \/E fo lin (t:0~DT)2dt- (60)

The conduction loss can be derived from the forward
drop loss and the resistive loss. The conduction loss can be
expressed as follows:

PDSC,VF =Velp o =V¢l, (61)

and the resistive loss term is
PDSC_RF = RFIDSC_rm s2
RpD
= :_n(ln ok 2+ T i Ior + In_pr). (62)

The total loss is

RFD
Pog === (In p > + I pi Ipr + In_pr°) + Vel
(63)
The loss of Dp,g can be derived as follows:
The average and RMS current are
(D+Dy)T .
IDT,,Sf = f ! Ip Thst dt =1, (64)

(D+D1)T .
Ipppgrms = \/f iy ep1~(p4pyyr) dE. (65)

The conduction loss can be derived from the forward
drop loss and the resistive loss. The conduction loss can be
expressed as follows:

Ppryg ve = Velp mpg = Vilo, (66)

and the resistive part of diode conduction loss is
2 _ RpVi 2D212

PDTbst_RF = RFIDTbSt_TmS = nTszZD 2 ( ) . (67)

Therefore, the total loss is

TABLE I
KEY PARAMETERS OF THE PROPOSED CONVERTER

Symbol Parameter(part number) Spec.

Vi Input voltage 20 —40 Vpc
Voue Output voltage 340 Vpc
Pyt Output power 40 - 100 W

fs Switching frequency 35kHz

Ly Magnetizing inductance 108 uH

Q Main switch (IRFP4468) 100 V, 195 A

N, Primary winding 14 turns

Secondary
Ns winding(Transformer) 70 turns
N, Third v&./inding(Tapped- 42 turns
inductor)
Switched capacitor
. 250V, 40 A

D diode(MBR40250)

Drps TI boost diode(UF4004) 400V, 1A

C

2 capacitance 100pF
Crost
eff.
99 output
98.5 RO
70[W]
98 //
97.5 /
97
-+SCT
96.5 //
96
95.5
*
95 ’ : : . —
20 2h 30 53] 40 Vin[v]

Fig. 17. Simulation result of the MATLAB Simulink according
to the variation of the input voltage.

2
= ReVi?D?T2 (D1 ) + Ve, (68)

P,
Dros ™ npiLm?p,?

C. Transformer
The primary winding loss of the transformer can be
expressed as follows:
PTr_Np = RNpINp_rm Sza (69)
where,

Iy

Drms B Orms

3

D
J; (I o> + I ol pr +In pr°) +

(D+Dy)T .

DT ,
fo iy (o~ dt +f liv (£:DT~(D+D1)T) dt)

Vi, 2D2T2
PriLm?DL? (—) (70)

Therefore, the primary winding loss can be rewritten as
follows:
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D
Prr n, = Ru (5 (Ting” + limglinpr + Tinp ) +
Vi 2D2T2 (D43
i ()

nriLm?De?
(71)
The secondary winding loss of the transformer is
PTr_NS = RNSINs_rm Sz’ (72)
where,
INs,-m s IDSC_rm s (73)

The secondary winding loss of the transformer can be
rewritten as follows:

Ry D
Pr n, = I:—n (Ih o+ 1y olpr + 1y _DTZ)- (74)

The tertiary winding loss of the transformer is

2
PTr_Nt = RNtINt_rms ’ (75)
where,
INSm s = IDTbst,rm s (76)
The tertiary winding loss of the transformer can be re-
written as follows:
_ R,V °D?T? (D_f)
PTr_Nt - nTILmZD12 3 ) (77)
The core loss of the transformer is derived the same as in

Section IV.

D. Simulation results

Fig. 17 shows a simulation analysis result of the
conversion efficiency for the proposed converter according to
the input voltage variation. As shown in Fig. 17, the
maximum efficiency is supposed to be higher than 98% at 40
V. However, the efficiency decreases as the input voltage
decreases.

VIII. EXPERIMENTAL RESULTS

In this paper, a 100W hardware prototype of the
proposed PWM converter was implemented to verify the
operation principles and the performance of the converter.
The implemented component data concerning the hardware
prototype are listed in Table II.

Fig. 18(a) shows the waveforms of the PWM gate signal,
the drain-source voltage of MOSFETSs without a snubber, and
the input current. Fig. 18(b) shows the waveforms of the
boost diode and the capacitor. The boost output operates in
DCM. Fig. 18(c) and 18(d) show the current and voltage
waveforms of the diodes, respectively. All figures match well
with the operating principles presented in Section VL.

Fig. 19 shows the hardware efficiency of the proposed
converter. The efficiency graph shows the measurement data
according to the input voltage and load power variation. As
shown in Fig. 19, the maximum efficiency is higher than 98%
at 40V. However, the efficiency is reduced as the input
voltage decreases or as the output power approaches full load.

PWM[20V/Div] |
' — — | |

| Y I " S U "M . .
lin[SA/Div;. |

f |
J ‘jh‘,‘:‘w» S ‘Ijl‘:‘,‘.u-,.»...» i I“F'I'.u.‘.“ ;
|
|
|
|

e
[

V4 [100V/Div] |
|

(a) Iy Input current, Vpg: MOSFET drain-source Voitage

PWM[20V/Div] }

«_'”“”*-- i"”"k W\___}"M\_J‘W:

L 1ipt[2A/DIV] }

1
¥, ipst|200V/Div) }
|
\
\

(b) I3 ps : Tapped-Inductor Boost Converter Diode
current, V. gg : Tapped-Inductor Boost Converter capacitor

voltage.

|
|
|
PWM20V/Div] |
|
] | ety at| |

1, <[2A/Div]
2 v, ..[200v/Div] |

(c) I ¢ :Switched capacitor rectifier’s current, V. o :
Switched capacitor voltage.

PWM{20V/Div]

|
|
|
|
|
|
|
|
|
|

Vi rins:[200V/Div]|
|
— (fr‘“'ﬁ

| \ '
-, L_L :
v, [200V/Div] |

L mh

1

(d) V4 s : Tapped-Inductor Boost Converter Diode
Voltage, V4 & : Switched capacitor Diode voltage

Fig. 18. Key waveforms of the hardware experiment.

Compared with the analysis results in Fig. 17, the prototype
hardware operates similarly to the theoretical principles. The
power efficiency of the SCTI converter is also compared with
a conventional series-connected forward-flyback converter
(SFFB) in Fig. 20. The power efficiency of the SCTI
converter is greater than that of the SFFB converter [1] in the
entire range.
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Fig. 19. Efficiency measurement graph of the proposed
converter.
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Fig. 20. Comparison of power efficiency.

IX. CONCLUSIONS

In this paper, we proposed a pre-regulating DC-DC
converter, specifically a series-connected isolated-switched-
capacitor boost converter, for multi-stage PV power
conditioning systems. The single-ended charge-pump-boost
operation, which contributes to the high-density power
delivery of the transformer, is beneficial to the enhancement
of the output voltage with low cost. The high-voltage and
low-current output have a filter inductor under DCM
operation. The filter conductor contributes to the better
performance of the DCM by eliminating reverse recovery of
the rectifying diodes. The operational principle of the boost-
isolated switched capacitor converter has been presented by
obtaining the equivalent transformation from load-sharing
ratio in series output. The experimental result of the 150W
hardware prototype is included to show that the proposed
converter has high efficiency, which is greater than 96% of
the middle range of 30 V to 40 V input to 340V output.

We also presented another novel high step-up series-
connected and isolated switched-capacitor boost converter
that employs a TI. The TI allows extreme step-up voltage
while maintaining a moderate duty ratio. The switching

component stresses decrease with the application of an
isolated switched capacitor cell. All sub-converters are
integrated with a single switch and a single magnetic device.
This integration results in the increase in converter efficiency
with minimum extra cost. The experimental results of a 100
W hardware prototype verify the performance and efficiency
of the proposed converter.
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