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KEYWORDS Abstract The paper introduces a step-up multiple-input multi-stage dc-dc converter with a soft-
Step up dc/dc converter; switching for Photovoltaic (PV) applications. The proposed topology is constructed from series
Photovoltaic system; connection of switched capacitor circuits to minimize the effects of partial shading and mismatch
Zero current switching between PV modules. A soft switching is achieved for the entire switches in the converter with
(ZCS); no need for additional components. The applied technique utilizes the stray inductance of PCB
And wide bandgap devices traces to create a LC circuit so that the zero current switching is achieved for all switches. More-

over, the converter will take advantage of the superior features of Wideband gap devices in order
to operate at high switching frequency. As a result, bulky capacitors in switched-capacitor circuits
are significantly reduced, hence, small size multilayers ceramic capacitors with high temperature
capability will be employed. Furthermore, with the lower losses and the higher temperature capa-
bility of Wideband gap devices, the thermal requirements will be reduced and with fast reverse
recovery time, the snubber circuit are not required. Simulation results are presented, laboratory
prototype is constructed, and experimental results are given at rated power to validate the feasibility

of proposed dc-dc converter under soft switching operation.
© 2020 THE AUTHOR. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction PV modules have a significant impact on output power of ser-
ies connected PV systems [3-5]. The step up dc-dc converters

Non-conventional energy sources such as photovoltaics (PV) are essential part in PV energy systems [6—7]. Transformerless
and wind energy become very attractive around the world based dc—dc converters are widely employed to achieve high
due to the environmental pollution, depletion of fossil fuels, voltage gain with small size, light weight and volume resulting
and the increase demand of electrical energy [1]. However, in system with higher efficiency and higher power density. The
these sources are not continuously available in nature, and conventional boost dc-dc converter has several drawbacks.
for better utilization, a power electronics interface is required Due to the parasitic components of power MOSFET, diode,
inductor and capacitors, the voltage gain is limited to 5 times
and the system efficiency is significantly reduced [8-10].

In applications where high gain dc-dc converters are
needed, isolation based dc/dc converters [11-20] will be
employed. However, these converters require large transformer

[2]. For instance, the partial shading and mismatches between
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turns ratio in order to achieve high voltage gain. In [13], a
boost-type input inductor is proposed to overcome the draw-
backs of traditional isolated converter. This type provide high
voltage gain with no need for large transformer turns ratio.
However, the additional inductor together with the trans-
former will increase the size and weight of these converters.
Furthermore, due to the associated leakage inductance, active
snubber circuits are required to suppress the voltage spikes.

The dc/dc converter-based voltage multiplier cell is pro-
posed in [21]. The topology runs with relatively small duty
ratio and multiple cells need to be connected together to
achieve high voltage gain. Two types are recognized in litera-
ture, in [21-23] switched capacitor and switched inductor cir-
cuits are proposed. However, these converters require large
number of switched capacitor cells and switched inductor cells
to perform the energy transfer tasks and it can be considered
the main drawback of these converter.

Nowadays, with the development of multiple-input con-
verters, PV systems are gaining more attention. The multiple
input voltage sources converters are proposed to fully utilize
the advantages of PV modules [24-25]. A basic circuit of mul-
tiple DC source with modular structure is shown in Fig. 1. A
single dc-dc converter is assigned for each module to regulate
the output voltage. The modules are connected in cascaded
manner to increase the output voltage gain. Comparing to
the conventional centralized and multistring structure, the
multiple-input converters systems are more efficient. Advan-
tages of multiple-input converters to PV modules are, 1) mod-
ular and flexible structure 2) independent control, 3) better
maximum power point tracking, 4) less partial shading effect
and mismatch losses and 5) higher reliability, safety, and pro-
tection 6) lower maintenance and cost.

In this paper, a numerous effort has been made to develop a
step up, multi-stage dc-dc converter based switched capacitor
with reduced voltage stress on all power devices. The semicon-
ductor devices and capacitors are the only components in the
circuit. The soft switching operation for all switching devices
at both turning on and turning off time is the main advantage
of the proposed converter resulting in converter with low elec-
tromagnetic interference (EMI) and low switching loss. Fur-
thermore, the soft switching operation enable the converter
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Fig. 1  General circuit structure of the proposed multi-input
multi-sage dc/dc converter.

to operate with high switching frequency and thus lead to
smaller size passive components and higher power density.
Additionally, the superior feature of high switching frequency
operation of GaN devices provide several advantages to the
proposed converter. Smaller size multilayers ceramic capaci-
tors with high temperature capability can be employed instead
of large electrolytic capacitors, and with the lower losses and
the higher temperature capability, the thermal requirement will
be significantly reduced, and with fast reverse recovery, the
snubber circuit are not needed.

2. The proposed multi-input converter

The diagram of the proposed converter is shown in Fig. 1. The
converter provides boost functionality and has multistage cir-
cuit structure which make the system more flexible to integrate
different voltage sources and to increase the overall system’s
power generating capacity [26]. These stages are connected in
series to build up a string of dc/dc converters, therefore, the
output voltage of all stages is added up and the total output
voltage Vr,, equal to the sum of the output voltages for N
number of stages. The output voltage for N number of stages
is described in the following equation:

N
Viw =Y Voi=1273,..N (1)

2.1. Circuit overview

The proposed multi-input converter extracted from general
structure is shown in Fig. 2. The soft-switching realization
and the high switching frequency operation is the most distin-
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Fig. 2 The proposed two-stage step-up dc/dc converter.
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guished feature of the proposed converter. As can be seen in
Fig. 2, two separate switched capacitor circuits, circuit A
and circuit B, with two input sources, V;,; and V,,,, are con-
nected in parallel to increase the transferred power to the load
and can generate four times voltage gain. The first input volt-
age source (V;,;) is connected to circuit A. Circuit A consists of
four power switching devices (S;a ~ S4a), two capacitors (Cja,
C,a) and two intentionally created stray inductances Lg; for
charging loop of C;a and Lg, for charging loop of C,a. Simi-
larly, the second power source (V,2) is connected to circuit B
that consists of four power switching devices (S1g ~ S4g), tWwo
capacitors (Cp, Cp) and the stray inductance Lg; and Lg,. By
connecting these two circuits in series, the total output voltage
across the output load is the sum of voltages across the output
capacitors C,5 and C,p. In Fig. 2, the passive components in
circuit A (C;4, C24) and in circuit B (C;p, C,p) become a seri-
ous problem to further reduce size, weight, and cost of the con-
verter. However, by using the wide bandgap devices and the
small size multilayer ceramic capacitors, the switched capacitor
circuit can be a good option in low power and high switching
frequency applications.

2.2. Circuit operating principle

Since the converter has an identical structure, the following
analysis will be only for the circuit A. Circuit B can have the
same circuit analysis. The schematic of circuit A is shown in
Fig. 3. It has four power switches and two capacitors. The
Lg; represents the stray inductance of PCB traces when the
capacitor Cj4 is being charged with input voltage V;,;. How-
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ever, Lg, represents the stray inductance loop of PCB circuit
traces as the capacitors C,p is being charged when C;, and
Vi, are connected in series. Also, S;4 and S;4 are the switch-
ing devices in charging loop of capacitor C;4 and controlled in
complementary with switches S, and Sy in charging loop of
capacitor C,. Both stray inductances Lg; and Lg, represent
the the package inductance of the MOSFETSs, capacitor, and
the stray inductance of the PCB traces. For the sake of analy-
sis, one assumes that the stray inductance in both charging
loops are equal, and that is Ly = L = Lg. Circuit A in
Fig. 3 has two operating switching states. The first switching
states is shown in Fig. 4(a), when switches S;5 and S;5 are
turned ON simultaneously, the voltage source V;,; charges
the intermediate capacitor Cy5 through S;p and Ssa, energy
is transferred to the intermediate capacitor (C;a) and in this
time the output capacitor C,4 is being discharged to the load
and provide the required load current I,,. In the second
switching state as shown in Fig. 4(b), switches S;5 and Ssp
are turned OFF, S, and S4s are turned ON, the voltage
source V;,; and capacitor C;o are connected in series and
capacitor Cy4 is charged through S,5 and S4a. The total cur-
rent through S;, and S45 equals the sum of both I, and
Ia. And in order to achieve ZCS for the switches Sia, S>a,
S3a, and Sya, the stray inductance of charging loop Lg; and
Ly, are utilized to create a resonant LC circuit with a sinu-
soidal shape charging current. The details of ZCS operation
principle will be studied in Section 3.

3. Realization of soft-switching in the proposed DC/DC
converter

3.1. Soft switching

By analyzing the operating principle of circuit A, the switching
state 1 as shown in Fig. 4(a) and switching state 2 as shown in
Fig. 4(b) has two differences in their circuit structure. The first
difference, during switching state 1, only capacitor C; res-
onates with the stray inductance Lg;. However, during the
switching state 2, the intermediate capacitor C;5 and output
capacitor C,5 resonate with the stray inductance Lg,. There-
fore, the total capacitance of the switching state 2 is a result
of two capacitors Cy 4 and C,4 connected in series, which cause
a larger oscillation frequency than that of switching state 1.
The second difference, during switching state 2, input dc
source V;,; and capacitor C;, are connected in series to charge
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capacitor C, and in the same time provide load current I,.
Therefore, if switches S,o and Sya is required to to realize
ZCS, the conduction angle of switching state I must be larger
than the conduction angle of switching szate 2.

Fig. 5 shows the ideal waveforms of the proposed dc-dc
converter under steady-state condition. Vg4 and Vgg3a are
the gate signals of switches Sj5 and S s34 with duty cycle D,
and Vgsoa and Vgsua are the gate signals of switches S5 and
S4A with duty Cycle Dz. VDSlAa VDS3A and VDSzA, VDS4A are
the drain source voltage of the switches S;a, Sza and S,a,
Ssaa, respectively. Igia, Is;a and Is»a, Issa are the drain-
source currents of the switches S;5, S35 and Sy, Sgsa. When
the switches S;a and Sz, in the first switching state are turned
on, the current through the switches starts to resonate from
zero with sinusoidal shape, and when the switching frequency
matches the resonant frequency, the switches will be turned
OFF at zero current. Therefore, ZCS for switches S;5 and
S3a are realized. Similar current waveforms and ZCS opera-
tion will occur for switches S,5 and Sy during switching state
2. In Fig. 5, Ic1a and Icpa are the current through capacitor
Cia and C,4. Capacitor C 4 is charged with sinusoidal current
shape waveform whereas capacitor C,4 is charged with linear
current waveform. Vcia, Veaa are the voltage across the
capacitor C;5 and C,5 with a dc offset equal to the input volt-
age for capacitor C;, and twice the input voltage for capacitor
C2A.
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Fig. 5 Ideal voltage/current waveforms of proposed dc/dc
converter.

3.2. Duty ratio calculation for the purpose of soft switching

The circuit parameters in Fig. 5(b) and the predicted current
waveforms of switching states in Fig. 5(c) are utilized to find
the exact value of the duty ratio in order to realize soft switch-
ing in the proposed circuit. In this analysis, the stray induc-
tance in the charging loop of the switching state 2 is defined
as Lg». So, if Soo and Sys are turned on, Eq. (2) can be
established:

d.
Vin + Veia(t) = Veaa (t) = Lss alszA(t) (2)
get the derivative of Eq. (2)
d d* .
@ (Vin + Veia(t) = Veou (1) = Ls @ISZA(';) (3)

Where, Ls = Ls] = Ls2

During switching state 2, the current through switch S;a
will provide the current to load and at the same time charges
the capacitor C,x, so,

iSZA (t) = iCZA(t) + Iout (4)
another current expression can be derived for switch S,a,

. d

isoa(t) = —CanA(t) (5)

Where C = Cyp = C,a. The current in the output capacitor
C,a can be derived as,

. d

1C2A(t) = CachA(t) (6)
Eqgs. (5) and (6) are substituted into (3), and Eq. (7) can be

derived:

2

el ity & 7

C
If the output current has always constant value, the follow-
ing expression can be obtained,
d’ d’

@iSZA(t) :@ iCZA(t) (8)

From (7) and (8), the currents sum of switch S, and output
capacitor C, can be rewritten as
d2
de?
The expected output result from Eq. (9) is sinusoidal cur-

rent shape and each of is4(f) and ic4(f) has the following
expression

icoa (t)+His2a(t) ZECLSZ (icoa(t) +is2a (1)) 9)

ioa (1) = Asin (030 + ¢) + 15 (10)
icoa(t) = Assin (wat + ¢p) —

Where w, is the oscillation frequency and can be calculated
using the circuit starry inductance Lg and the capacitor C, so

V2
VvLsC
Eq. (10) shows that both current flow with a sinusoidal

shape, hence, the current is starting/ending the charging pro-
cess with zero value, therefore,

(11)

Wy =
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1 Lout
.Asm () =—"% ] (12)
Asin (0, T, 4 ¢) = —=3

It can be concluded from Eq. (12) that, the phase angle ¢
has negative value (¢ < 0), and the switching turn on time
T, of second switching state for switches S;4 and Syp is
bounded by

gﬁszer(ﬁSﬂ (13)
Thus, the two equation in (12) can be solved if
nTh+¢=n—¢ (14)
Using Eqgs. (11) and (14), the turn on time of second switch-
ing state is calculated as (let ¢ = —¢)
1 VLsC
T,=(n+2¢p)—=(n+2 16
2= (4 20) o= (1 +20) ¥ 2 (16)

The switching turn-on time T; for the first switching state
can be calculated by:

Tl = T/ Lsc (]5)

From (15) and (16), the total switching time T is derived
as,

1
V2
the duty ratio of switching state 1 (D) and switching state 2
(D) in order to realize ZCS operation for all switches can be
calculated by

_ T _ 2n
Di=1= 2n/2(n129)
. (1)
Dz _ T, 2(n+2¢)

T Ts T 2n4V2(n+29)

To find the exact value of ¢, the current second balance of
output capacitor C,4 is applied, therefore,

D2 420 . Ioul
A 0
5o [ (s e+

)de = Lou (19)

Solving Eq. (19), and substituting the result in Eq. (10),
noticing that (¢ = —¢), the value of amplitude A and phase
angle ¢ is obtained as

A = 3.1281, (20)
@ =9.20" =0.161rad

Substitute theses values in Eq. (18), the duty ratio D; and
D, of the two switching states becomes
D, =0.562

‘ (21)
D, =0.438

Based on (21), the conduction angle of switches S;5 and S35
in the switching state 1 and the switches S,5 and S4a in the
switching state 2 can be estimated as
y, = 1.124xn

1 (22)
7, = 0.876m

The current flow in switches S,4, S4a and output capacitor
C,a is described as follow:

isoa (1) = issa (t) = 3.6251y sin (ot —9.20") (23)

So, the peak current amplitude of switches S, and Sya,

3.625P,

24
4Vi, (24)

ISZA_peak = IS4A_peak = 3~62510m =

However, to find the peak amplitude of switches S;5 and
S,a, the current second balance of capacitor C,4 is applied,

1.124xn ) 6
/0 (B sin (—1.124) > d0 = 2nloy (25)

And this will result in the peak current amplitude of
switches S;4 and S;a, B = 2.7951out, therefore,
2.795P,

4Vin

ISlA,pcak = IS3A,pcak = 2795w = (26)

4. Efficiency analysis

Because the soft switching operation of the circuit, the switch-
ing losses on switches S;a ~ S4a and S;p ~ S4p of the proposed
converter are not considered. Therefore, the power loss analy-
sis includes three parts: conduction losses in the power devices,
and losses in the capacitors.

4.1. Conduction losses in semiconductor devices

The conduction loss in semiconductor devices can be estimated
from their RMS current value calculated in previous section.
Fig. 6 shows the current profiles of the switches in the circuit
A. Sia. S34 together only conduct in the first switching state,
and S;a, S4a conduct in the second switching state. S;5 and
S,a carry only the charging current of capacitor C;,. How-
ever, in the second switching state, switches S,5 and Sy carry
the charging current for output capacitor C, and provide the
load current I,,, The current of the switches S;5 and S,5 can
be expressed using:

e e [ Bsin ()0 < 0 < 1124n
StA TS T 01.1247 < 0 < 2

So, the RMS current value of switches S;4 and S;4 can be
calculated as

Isia_rms = Is3a_rms = 1.4821 0y

The power conduction losses in switches S5 and S35 can be
estimated as

Pcon_SlA = Pcon_S3A = 2~196Iou12Rds_on

The current flow in the switches S,4 and Sya of circuit A
can be expressed using
| | 00<6<1.124n
SA TSR Asin (54) + Low 11241 < 0 < 21

0.876

The RMS current value of switches S, and S4a can be cal-
culated from the following equation

Isoapms = Isaagus = 1.69610y

And the power conduction losses in switches S;o and Sya
can then be calculated as

Pcon,S2A = Pcon,S4A = 2~876Iou121{d570n

The four switching devices Sig ~ S4p of circuit B in Fig. 3
can experience the same current profile and power conduction
losses.
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Fig. 6 Simulation Results of 300 W ZCS of Power Switch Waveforms.

4.2. Conduction losses in the main capacitors

The two main capacitors C;5 and C,, can experience different
current stress, as the current shown in Fig. 6, the current of
capacitor Cy, is the currents sum of S;4 and S,4. The current
on the capacitor C;5 can be expressed using

Bsin (L)O <0<1.124n

I — 1.124
an {Asin (542) + Lo 1.124n < 0 < 21
So, the RMS current on the capacitor C;, can be calculated
as in (34)
Icia_rms = 2.25310y

Then, the power losses in the capacitor C;o can be esti-
mated as

Pcon_ClA = 5'076]0u12RESR

As for capacitor C,4, the current flow is the sum of switch
S,a and load I,y The current on the capacitor C;5 can be
expressed as follow,

—Io0 <0< 1.1247
Ieoa = oy
Asin (;) — lowl.124n < 0 < 2=

So, The RMS current of the capacitor C;5 can be obtain
from the following

IC2ARM5 = 1.3631 oy

Then, conduction power losses in the capacitor C,5 can be
estimated as

Pcon,CZA =1 ~85810u12RESR

4.3. Conduction losses in the input capacitor

For the first switching state, the value of input current I;,; is
the total sum of of switches current Ig; o and Ig>a and its aver-
age value is 2 I, The ac components of the input current
flows into the input capacitor and generates loss. The current
on the input capacitor C,; can be expressed using:

1.124

Asin (L)1.124n <0<2n

Bsin (15;) — Low0 < 0 < 1.124=
ICinl =
0.876

The RMS value of ac ripple in the input current is
Icini_rms = 1~014Ioul
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The power losses in the input capacitor Cj,; can be
obtained as

P = 1.028Tou  REsr

€ONCinA

Table 1 lists the converter design parameters. The parame-
ters are used to estimate the converter’s efficiency during nor-
mal conditions. GaN-FET (TP65H035WSQA) is used for all
power devices and five 100-V 1-pF ceramic capacitors
(C3225X7R2A105K200AE) are connected in parallel as the
main circuit capacitors. Rys on represents the on-state resis-
tance of the switch, and Rggpg is the equivalent series resistance
of the main capacitors.

Table 2 illustrates the power losses comparison between the
proposed voltage multiplier and the conventional voltage mul-
tiplier proposed in [27] with soft-switching operation.
Pioss_switeh aNd Piogs_capacitor Fepresent the total conduction loss
on switches and main capacitors. The proposed topology
shows a fewer number of power switching devices and capac-
itors compared with traditional converter. Furthermore, the
proposed voltage multiplier experiences a much smaller power
conduction loss when compared to the traditional voltage
multiplier.

5. Simulation and experiment results

5.1. Simulation results

Simulation has been performed using MATLAB to validate
the operating principle of the proposed high step up dc/dc con-
verter with four times conversion ratio. Table 3 shows the sim-
ulation parameters. The simulated circuits have a common
output voltage (120 V) with two-input voltage each with
30 V and output power 300 W. Since the circuit A and B are
identical, therefore, the presented simulation waveforms will
be only for circuit A.

Fig. 6 illustrate the gate control signals, currents and volt-
age waveforms of switches and capacitor for circuit A. Circuit
B can have similar waveforms. Gg; 4 534 are the gate drive sig-
nals of switches S;, ans S35 with duty cycle D = 0.562 and
whereas G, 4,534 1s gate drive signals of switches S,,4 ans Sya
with duty CyClC D = 0.438. VDSIA,S3A and VD52A354A are
the drain source voltage of switches with dc voltage stress
equal to the input voltage 30 V. The output load current I,
is equal to 2.5 A. IS| 5 s34 are the switches drain-source current
of switches Sy 5 and S35 whereas IS, 44 are the switches drain-
source current of switches S,o and Sya. When the power
switches S;5 and S; are turned on, the current through capac-
itors and switches starts from zero. And because the switching
frequency is set equal to resonance frequency, the current will

Table 1 Parameters used in converter design.

Items Values
Vin 30V
Ve 2V

Qs 24 nC
Coss 196 pF
Rdsion 35 mQ
RESR 15 mQ
f 350 kHz

Table 2 Comparison between the proposed voltage multiplier
and the conventional Voltage multiplier.

Conduction Loss Proposed Conventional
Multiplier Multiplier

PlossfSwitch 20-29IR2Rds,on 29.46IR2Rd570n

Ploss_Capacitor 13.86IR2RESR 19-6IR2RESR

No of power 8 10

devices

No of Capacitors 2 4

Table 3 Simulation parameters.

Description Items Values

Output Power P, 300 W

Input voltage Vin 30V

Output Voltage Vout 120 V

Resonant capacitor Cia> Coa, Ci, Cop S5 pF

Resonant Inductor Lg 52 nH

Resistor Load Rioad 48 Q

Switching frequency fs 350 kHz

decrease to zero when switches are turned off. Therefore, the
ZCS of switches S;5 and S;4 are realized in turn on and turn
off. However, in the second switching state, when switches S5
and S, are turned on, ZCS is also realized in both turn on and
turn off. Fig. 7 also illustrates the current and voltage wave-
forms of capacitors C;, and C,,4. ICy5 and IC,, are the cur-
rent through capacitor C;p, and C,s respectively. The
capacitors C;a is charged in the first switching state with the
sinusoidal current waveform and discharged in series with
input voltages Vj,; in the second switching state. VC;, and
VC,4 are the voltage across the capacitor Cj5 and Csyp. Vin
is the input voltage for circuit A and set to be 30 V. V, is
the output load voltage. Switching frequency is 350 kHz.
Capacitance C;p and C,5 are 5 pF and stray inductance Lg
is 52 nH. The simulation results verify the theoretical analysis
presented in Section 3.

5.2. Experimental results

A 300-W, 4 times voltage gain ratio dc/dc converter prototype
has been built to validate the theoretical analysis experimen-
tally using two switched-capacitor testing boards. The proto-
type is shown in Fig. 7. The figure shows two general test
boards each contains six switches and two capacitors. Only
four switches are used in this experiment. The converter run
at a high switching frequency (f; = 350 KHz), hence, very
small value of multilayer ceramic capacitors are used for Cjp
and C,a (as shown in Fig. 2). The resonant capacitor is five
100 V 1 uF from TDK connected in parallel. Therefore, C;a
and C,5 have an equivalent of about 5 F. thus, the utilization
of a fast switching speed GaN device is very important to the
proposed converter.
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Fig. 7 Prototype of the proposed dc/dc converter.

The experimental results for the 300 W test are shown in
Fig. 8 and Fig. 9. Fig. 8 shows the input voltage, output volt-
age and current through switch S; in circuit A and S;p in cir-
cuit B and a load current. It can be seen from the figure that
the input voltage is set at 30 V and output voltage is 120 V
which is four times the input voltage. Also the figure shows
that switch S; in circuit A as well as switch S;p in circuit B
turn on and turn off at zero, thereby realizing ZCS. It can
be noticed that the charging currents of two two switches are
not exactly equal in their peak values since the test setup are
built from two different circuit boards, also, the wires between
the two circuit boards are not identical in length, which results
in different values for the inductances. Furthermore, these
wires can add more resistance which cause the system to be less
efficient, so the results can be improved if the converter is inte-
grated onto one single PCB layout. Fig. 9 shows the zoomed in
drain— source voltage waveforms of switch S; 4, the input volt-
age of circuit A Vi, , the input voltage of circuit B V;,» and the
output voltage V.. It shows that the voltage stress over the
device S;4 is the same as the input voltage 30 V and all the
power switching devices in the converter can experience the
same voltage stress.

Tekstop —_————

Fig. 8 Experimental result of switches current s, and s;, output
current and output voltage.
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Fig. 9 Experimental result of zoomed in drain source-voltage
waveforms of switch sy, input voltage and output voltage.

Fig. 10 shows the experimental results of the output voltage
of the proposed converter. the output capacitor voltage of cir-
cuit A V¢ oa. The waveform in the top is the total output volt-
age with a voltage ripple less than 1 V.

And the two waveforms in the bottom illustrate the output
capacitor voltage of the top stage (V¢ ,a) and bottom stage
(V¢ op) as shown in Fig. 2, respectively , and they have a max-
imum voltage ripple of 4.5 V.

Fig. 11 shows the measured efficiency curve from 30 W to
300 W with 30-V fixed input voltage for each circuit board.
The test shows maximum efficiency was obtained for an output
of 120 W at 98.3%. The overall measured efficiency is above
97% for the whole test range. The difference between mea-
sured and calculated efficiency curves because the two testing
boards are connected with two different cables, adding more
resistance to the circuit. Furthermore, the stray inductance
loops are not optimized and cause oscillation with soft switch-
ing operation, and this add more switching loses (not consid-
ered in calculated curve) and hence lead lower measure
efficiency curve. And this is more obvious in Fig. 9 when the
current in the switches are having different peak current val-
ues. An integrated design circuit can help to increase the total
efficiency of the proposed converter.

Tk

Time : 1 us

Vout
25V/div

\i( 2A
10V/div

\.( 2B
10V/div

Fig. 10  Experimental result of output of capacitor ve,, Ve, and

output voltage vy
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Fig.11 Measured and calculated efficiency Efficiency curve of

the proposed dc/dc converter curve.
6. Conclusion

A high step up dc/dc converter based switched capacitor cir-
cuit is proposed in this paper to achieve higher efficiency and
smaller size circuit structure with ZCS operation. A multi
input dc-dc converter is introduced instead of conventional
dc/dc converter for PV applications. The proposed converter
can help to increase the extracted PV power when partial shad-
ing or mismatch is considered. Utilization of fast switching
speed of WBG devices enable the converter to use small size
multilayer ceramic capacitor instead of large electrolytic
capacitors to achieve high power density. Although the dc/dc
converter operates at higher switching frequency (fs = 350 k
Hz), ZCS can be achieved for all the switching devices, which
eliminates the switching loss. In order to design the dc/dc con-
verter for ZCS operation, layout stray inductance is used,
hence, the system design targets, high efficiency and small size
are achieved. A 300-W prototype with ZCS operation has been
built and tested, a peak efficiency of 98.3% have been
obtained.
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