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Abstract: This elaboration presents the concept of a unidirectional DC-DC switched-
capacitor converter operating as a voltage tripler. The system consists of two resonant
cells with switched capacitors and chokes. This proposed converter topology achieves
low voltages on semiconductor switches (diodes and transistors) compared to the classic
SC series-parallel converter or the boost topology. The output voltage on the capacitors is
reduced in the proposed converter because it is divided into two series-connected capacitors
with asymmetric distribution. The presented results describe the analytical description of
the system operation and the analytical equation for semiconductor currents. A simulation
and experimental results have been performed. The system efficiency and three voltage
gain values were measured in the experimental setup. The efficiency measured was also
compared with the analytical determination curve for loss analysis and further converter
optimization.
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1. Introduction

Switched-capacitor (SC) systems are often used as DC-DC boost topology [1,2]. The SC
converters are designed to reduce the number or inductance value of power choke. As a result, it
allows one to achieve a smaller size and lower weight of the converter system.

Works [3, 4] present the systems that allow obtaining the output voltage twice the value of
the input voltage (the voltage doubler), due to the use of series resonance effect, which allows
the reduction of losses of switching transistors. Zero current switching (ZCS) leads to noticeably
high efficiency (97.0-98.5%). Moreover, these circuits consist of a relatively small number of
elements, i.e. two transistors, two diodes, a resonant capacitor, resonant choke and an output
capacitor.
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Recently, many topologies of the Dickson family have been discussed in [5-8]. Interleaved
circuits with switched capacitors can achieve high gain values [5, 7, 8] or work as a voltage
lowering circuit [6].

An example of the SC converter allowing one to obtain various voltage gain is presented
in [9]. The value of the output voltage depends on the duty cycle of the control pulses. Voltage
stresses of the switches are lower than the output voltage [9].

The circuit described in [10] has three voltage outputs with maximum gains equal to two, four
and six, respectively. The voltage gain can be smoothly regulated by changing the activation time
of one of the transistors [10]. The converter uses four transistors and the maximum voltage of the
switches is limited to the input voltage value or twice its value.

The circuits described in [11] and [12] have a voltage gain equal to three. It uses two transistors,
the switching losses are limited by the phenomenon of series resonance, which results in soft
switching. An important feature of these converters is the common grounding of the input and
output voltages.

Boost DC-DC converters are used, among others, in hybrid cars to ensure the appropriate
level of input voltage for the motor inverter [13]. In addition, they are used in cars to power
lamps [14] and in systems powered by fuel cells or photovoltaic installations [9].

The DC-DC converters with the topology presented in [15—17] are similar to those presented
in [3—12], which can also be used as power factor improvement (PFC) circuits. Paper [15] describes
a three-level boost converter. The converter [15] operates in the discontinuous conduction mode
as a PFC converter with spread spectrum frequency modulation. The proposed control method
allows one to reduce electromagnetic interference and increase overall efficiency.

Article [16] describes the three-level DC—DC buck converter of the switched-inductor voltage-
lift type. This circuit includes three transistors. Two of them are switched complementary. When
the duty cycle of the control signal in the third transistor changes, the circuit voltage gain is
adjusted. It is possible to obtain enormous gain values greater than 10, while maintaining low
voltage stresses of the transistors. The circuit from [15, 16] also has a modification (replacing the
diodes with transistors), which allows two-way energy transfer as in the classic two-level boost
circuit [17]. The SC family of converters can control the output voltage [3, 10], similar to the
previous converter [15, 16].

The control can be carried out by changing the duty cycle, switching frequency or phase shift
of the PWM signals (in the case of systems with more switches).

The proposed converter has a topology close to the automatic interleaved Dickson switched
capacitor converter (AIDSCC) described in [5]. An important difference is the way the Coypo
capacitor is connected. In the proposed system, it is connected between the negative pole of the
output voltage and the negative pole of the input voltage (the grounding of the system). In the
AIDSCC, it is connected between the negative pole of the output voltage and the positive pole of
the input voltage. This topology change has significant implications.

The AIDSCC voltage Uyy is —2Uj,. Therefore, it is necessary to select a capacitor for
a voltage value twice as high as that of the considered system. Furthermore, for the AIDSCC
circuit, the output voltages Uyy and Ugy do not have common grounding, as is the case in
the proposed circuit. The proposed converter can be used in systems where the input and output
common grounding is not required. For this reason, it could be suitable in renewable systems
as the front-end DC-DC power conversion, auxiliary power supplies, battery equalizer, and
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in automotive applications, as well as in high-intensity discharge lamp supply units in vehicle
headlights [10,17, 18].

The paper is organized as follows. Section II presents the theoretical aspects of the proposed
DC-DC converter with an analytical description. Section III contains the results of the simulation
described in Section II. Section IV provides laboratory measurements of the proposed system.
The waveforms of the voltages and the current of the selected power elements are presented. An
efficiency test with voltage gain for a variable load is included in the chart.

2. Concept of the novel converter

2.1. Principle of operation

The proposed converter is shown in Fig. 1. The principle of its operation assumes that the
transistors are switched on alternately with a constant 50% duty cycle in the dead time. For
analytical considerations, the dead time has been omitted. The complementary switching of the
transistors causes the current to flow through the chokes (L; and L;) and the charging capacitors
C; and C; from the input source (Fig. 2). The topology in Fig. 1 can also be extended by many
cells, e.g. as in [3,5,7, 10-12]. This extension allows one to increase the voltage gain by adding
more diodes and capacitors [11] (or capacitors with extra chokes [3, 10]). The modification of the
converter assumes that the two chokes are replaced by one L choke.
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Fig. 1. The novel concept of unidirectional DC-DC high-voltage-gain converter
(voltage gain G = 3, G = 2 or G = —1 and the number of switches s = 2)

Overcharged capacitors will provide energy for the output capacitors Coy and Coy. The
circuit with the D and D, diodes together with the Coy capacitor forms a double voltage
(2 = Uyn), while the D3 and D4 diodes with the Co,yp capacitor are the circuit that ensures the
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input voltage inversion (—Uj,). Consequently, the output voltage can be described as:

Uout = Uout1 _UoutZ:z'Uin_(_Uin) =3-Up. (D
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Fig. 2. The operation state: charging (a); discharging (b)

2.2. Input current determination

Figure 3 shows the theoretical waveforms for the proposed control. It should be emphasized
that the value of the input current i;, indicates the current after the filter capacitor. Operation
with a frequency close to the resonant fy (L; and L, with C; and C, capacitors, respectively)
results in a sinusoidal current with the value /i, max. In the second half-period, when the transistor

1 T, control =]

T2 T 3TR2 2T 5T2 T T2

Fig. 3. Theoretical waveforms of the logic signals for transistors 77 and 7> with idealized input current
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Ty is turned on, the input voltage and the volt-age on the capacitors are applied to the output
capacitors. As a consequence, a current flows through the source with a maximum value twice as
low (Iin max/2)- The average value of the input current can be defined as:

T T/2 T
1 1 1 [
Linave = T/iin(t)dtz T/Iinmax sinwtdt+?/ %Sm(w—n)da (2)
0 0 T/2

The average value of the input current is:

Iinmax : Iinmax — ilinmax ) (3)
b 2r 2r

Iinavg =

The maximum value of the input current is:

2r
Linmax = ?Iinavg =21 lout - “4)

2.3. Determination of the current stresses of components

Assuming the ideal half-wave sinusoidal current for diodes and transistors, the RMS current
of the switches can be described as:

IT tms = 1T1 rms = ITZ rms - (5)

In addition, it can be calculated by:

T T/2

L[, 1 . 1 I

It tms = T / z% (t)dt = T / (27 Ly sin a)t)2 dr = 27r10m\/; =nloy = mémx . (6
0 0
There, the average diode currents for all diodes are equal:
IDavg = IDlavg = IDgan = ID3avg = ID4avg > @)
where the mean value is:

T T/2

IDaye = l / ip(t)ydt = l / mlgy sinwtdt = —l out(cosm —cos0) = Iy = fin max . (8
£ T 2 27
0 0

The sinusoidal shape of the inductor (and resonant capacitor) current means that the value of
the inductor RMS leads to:

V2 V2I;
It rms = Ictms = ﬂ'?Iout = % . 9

The output capacitor current equals:

Icoutrms = Tlout — Tout - (10)
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2.4. Voltage stresses of components

The maximum voltage values of the diodes and transistors are approximately equal to the
input voltage.
Up max = Ur max = Uin - (11)

The mean voltages on resonant capacitors have an approximately constant average value and
amount to:
UC1an=UC2an=Uin- (12)

The voltages for the output capacitors are approximately equal to:

Ucou = 2Uin , (13)
Ucou2 = —Uin , (14)
Ucout = 3Uin . (15)
2.5. Efficiency analysis
The converter efficiency equals:
. Pout Pin — APc — APsw — APQW APc + APsw + APQW
n= = =1- s (16)
PlI'l Pln PlI'l

where: AP represents the conduction losses, APgsw represents the switching losses. The turn-off
switching losses are practically equal to zero, due to the soft switching (ZCS). However, there is
a turn-on switching loss associated with charging and discharging the output capacitances of the
FETs [20]. The total switching power losses APgsw are equal only to the losses Eqy:

2
APon =" Eouifs. (17)
=1

The total conduction losses are the sum of the conduction loss APy in the transistors, the loss
APp in the diodes, and the loss AP in inductance:

2 4
APc = APy + APp + AP + APc = Z RDS(on)kI]%k + Z VFZIDlavg
k=1 =1
2 2 2
+ Z RL-ESRliZ + Z RC-ESRIiZ + Z Rcouksr (Icoutrms)? » (18)

z=1 z=1 z=1

where: Rpgs(on) i1s the MOSFET turn-on resistance, Vr; is the diode voltage drop, Rac is the
inductor equivalent resistance (measured by an impedance analyzer for an operating frequency of
100 kHz), R¢_gsr is the resonant capacitor equivalent resistance, Rcout.ESR 1S the output capacitor
equivalent resistance. The turn-off power loss generated by the switching diode APy, is:

4
APgrr = " fsVQri, (19)
=1
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where V is the diode blocking voltage and Q,., is the diode reverse recovery charge. The overall
efficiency equals:

[7% (RL-EsR + Re-gsR) Tout + 2RcouEsR (Tlout = Tour)’]

nroscvm = 1 —

Piy
_ 2% Rpsonklou + 4VEilow  2f5(2UinQyr + Eon) 20)
Pin Pin .

3. Simulation results

3.1. Steady state operation

The results in Fig. 4 show only the steady state operation simulation of the power converter
(simulation parameters are listed in Table 1). Key values for voltage or current have been defined
for chokes, capacitors, and semiconductor elements. The simulation results confirmed (Fig. 4)
that both transistors have a similar RMS current value, and the voltage across the transistors is
equal to the input voltage. The simulation results obtained are approximately consistent with the
theoretical runs. The current waveforms differ to some extent from the expected ones because of
the inconsistency of the elements (e.g. the conduction resistance of transistors and voltage drops
on the diodes).

Table 1. Parameters of the converter and input voltage for the simulation model

Parameter name Symbol Value Unit
Inductance L, Ly 1.7 pH
Capacitance Ci,Cy 1.1 pF
Resistance drain-source Rps(on) 80 mQ
Diodes 1-4 forward voltage \%a 0.5 v
Input voltage Uin 100 \Y%
Switching frequency fs 100 kHz

The system analysis shows that semiconductor elements have identical current loads and
voltage stresses, which is a great advantage of the system. Resonance capacitors also have the
same voltage with the same effective value.

For the same parameters (Table 1) of the simulation system, the gain values were tested at
different outputs of the system (Table 2).

The values of the load resistances from Table 2 have been selected, so that the output current
is approximately 1 A. The load of one of the outputs has a relatively small influence on the values
of the gains. In the case of no load, the voltages of the output capacitors increase significantly.
The values of these voltages are limited by losses in the system.
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Fig. 4. Waveforms of voltages (input, output and capacitors) and currents (input, output,
transistors and LC branches) of proposed converter operating. Matlab/Simulink results
for 400 W of output power (Uj, = 100 V and f = 100 kHz)
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Table 2. Simulation results (input voltage 100 V and frequency 100 kHz)

Ry =200 Ri = Ry =0 Ry =200 Ry =
Parameters R) =00 R, =100 Q Ry =00 R, =100 Ry =00
R=c R=o R =300 Q R =300 Q R=o

Gy 1.99 2.07 1.97 1.95 2.53

Gy -1.07 -0.99 -0.97 -0.95 -1.50
G=G -G, 3.06 3.06 2.94 291 4.03

4. Experimental results

4.1. Experimental setup

The proposed DC-DC converter was experimentally investigated to verify the operation
principle, switching concepts, voltage gain, voltage stresses on switches, power losses, efficiency,
and temperature field distribution. Table 3 sums up the major converter (Fig. 5) parameters and

Table 3. Parameters of the laboratory setup

Parameter

Value

Input voltage Uj,

100 V

Input capacitor

EPCOS electrolytic 50 pF £20% with MKP 4.7 pF £5%

and MKP 1 pF +5%

Output capacitor Cqy; and Coy

4.7 pF +5% (MKP capacitor) Rcoy—ESR = 5.8 mQ

SC capacitance C and Cp

1100 nF, RC»ESR =2.6 mQ

Inductor — L and Ly

1.7 pH

Inductors Rpc (DCR) and R4

Rpc = 1.4mQ Rac = 115.1 mQ for 100 kHz

Resonant frequency

fo ~ 116.4 kHz

Operating frequency

fs = 00 kHz

SiC MOSFET transistors

C3MO0060065D (Vps =650V, Ip =29 A,
Rps(on) =60 mQ)

Single-channel driver for high side and low
side

1EDI60H12AH — 6.0 A high-side isolated gate driver

Isolated DC-DC supply for driver

MGJ2D051505SC (P =2 W, Ujppy =5 V,
Uinput = +15 V/=5 V)

Diodes

VB60170G-E3 (IF =2 % 30 A, VrRrpm =170V,
VF =0.65V at5 A, 25°C)

PWM generator

External board DE10-lite Control Board

Dead time

50 ns
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laboratory setup for the experiment. The prototyping half bridge (Fig. 5(a)) was used to check
only the topology operation. The volume and efficiency optimization were not the main goals of

the article.

PWM input
connector

Heatsink .
Resonant capac1t0r

Diode

N Resonant inductor
SiC MOSFET
(a) (b)

Gate driver circuit

Fig. 5. Experimental board: half bridge (a); with resonant LC circuit diodes (b)

4.2. Operation of the converter

The subsection presents the results for the steady state. The Tektronix TCPOO30A current
probe with a 120 MHz band [21] was attached to the MDO3000 series oscilloscope [22], and
passive TPP1000 probes (CAT II up to 300 V) with a 1 GHz band were used to measure the
voltage in the components [23]. The results of the measurement of the input voltage and possible
output voltages are shown in Fig. 6.
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Fig. 6. Experimental waveforms of the converter for P;;, ~ 400 W and Uj, = 100 V — output voltage uout
(CH1), input voltage u;, (CH2), first output voltage with G = 2uqy; (CH3) and second output voltage with
G = —lugyp (CH4s)
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The results of the choke current measurement iy, (ir; +i72) and the voltages of the resonant
capacitor C; are shown in Fig. 7. The results are similar to the simulation results in Fig. 4.
The voltage waveforms for transistors (with resonant inductor current) and diodes are shown in
Fig. 8 and Fig. 9, respectively. In a steady state, the voltage value is close to the input voltage
(Uin = 100 V). The visible overshoot is the result of parasitic inductance in the power circuit.
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Fig. 7. Experimental waveforms of the converter for Pj, ~ 400 W and Uj, = 100 V — resonant inductor
(i =ip1 +irp) current (CH1) and voltages across resonant capacitor C; (CH2)
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Fig. 8. Experimental waveforms of the converter for Pj, ~ 400 W and Uj, = 100 V — resonant inductor
(i =ip1 +ipp) current (CH1) and voltages across transistors 77 (CH2) and 7, (CH4)

Figure 10 shows the result of the thermography of the converter operating at a power of
Pout = 375 W. These results show that the heat dissipation in switches and diodes is not significant.
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Fig. 9. Experimental waveforms of the converter for Pj, ~ 400 W and Uj, = 100 V — voltages across diodes
D, (CH1), D; (CH2), D3 (CH3) and D4 (CH4)

However, you can observe a concentration of heat near the resonance coil. The L; choke (+69.5°C)

is the hottest point in the power circuit. The high temperature is caused by the lack of an active
cooling system.

LEGEND:
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Fig. 10. An infrared photo of the converter during constant operation for 600 W — transistors
with heat-sink and no forced air flow

4.3. Efficiency and voltage gain

Figure 11 shows the graph of efficiency vs the output power function. A series of measurements
were performed at a constant switching frequency of fs = 110 kHz. Efficiency was measured
using a Yokogawa WT 1500 power analyzer [24]. The maximum efficiency of the converter was
equal to 77max = 97.29%.

The curve plotted on the basis of the results from Eq. (20) for the parameters in Table 3
was added to the results. The equivalent resistance value for a choke was determined by the
impedance analyzer R4qc = 115.1 m€ [25]. Other parameters are specified in the technical doc-
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Fig. 11. Efficiency vs output power (Uj, = 100 V and f5 ~ 100 kHz)

umentation [26,27]: the transistor resistance Rps(on) max = 80 m, Cy stored energy Eog5l pJ
for 100 V (marked with dashed line in Fig. 11) and the turn-on energy were calculated based on
the current value (Fig. 12) and diode forward voltage Vr = 0.65 V.
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Fig. 12. Turn-on losses vs drain current for 100 V and Vgg = -4 V/+5 V

The analytical curve describing the losses in the proposed converter allows one to determine
the percentage of loss for each of the components (Fig. 13). The losses are mainly caused by the
conduction resistances of the MOSFETS (37% for 350 W) and the diode forward losses (27%
for 350 W). Transistor conduction losses and inductor losses (Rac equivalent resistance) are
significant for high load (700 W). The summarized capacitors conduction losses have a slight
effect on overall efficiency (< 2%). Based on Fig. 13, the direction of optimization of the system
can be determined. The diode turn-off power losses AP, were assumed neglected because there
was not information on the Q. recovery charge in datasheet [25].

Figure 14 shows the measured voltage gains as a function of the output power (in the range

from 50 to 375 W) — the voltage variation (for all possible outputs) can be determined by a linear
relationship.
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4.4. Output voltage control

There is a possibility to control output voltages by changing the duty cycle of transistors
control signals. However, only for the value of a duty cycle near to 50%, operating with zero
current switching is possible. Different duty cycle values will result in the transistor turning-off
while charging or discharging switched capacitors. This will result in hard turn-off and increase
switching losses (no ZCS during turn-off transient process).

There are two ways of changing the duty cycle. The first is reducing the duty cycle value for
both transistors, maintaining a shift in time equal to half of the switching period. The second way
is reducing (or alternatively increasing) the duty cycle for transistor 77, and controlling transistor
T, is the negation of the former. In both options, the gain vs duty cycle characteristic is similar.

Figure 15 shows the relation between the voltage gains and duty cycle for the first way of
changing the duty cycle. For a duty cycle near to zero, G is close to 1, G, is close to zero
and as a consequence G is approximately equal to 1. The absolute values of gains are growing
nonlinearly with an increase in duty cycles.

. i | . | | i . |
0 5 10 15 20 25 30 35 40 45 50
duty cycle (%)

Fig. 15. Gain vs T duty cycle (7, control is a negation of 77 control) for 300 W for resistive load 220 2
(Ujn = 100 V and fs = 100 kHz)

5. Conclusions

This paper presents a general-concept topology and switching methods of the proposed DC—
DC converter. The research results presented in this paper confirm that the proposed converter
contains various superior qualities, such as the following:

— Three possible voltage gains. The theoretical maximum voltage gain of the converter can

reach three G = 3 but it can also provide G = 2/—1 with common grounding,

— Low number of switches. The converter requires only two switches and four diodes, which

is favorable compared to different SC converters such as in [10] or [17],
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— The principle of operation assumes the transfer of energy through the capacitors. A tiny
choke has been used to achieve a quasi-sinusoidal current in the circuits where the switched
capacitors are charged and discharged,

— Low voltage stresses on switches and diodes. All elements’ voltage stress is equal to input

voltage (beside voltage overshoot),
— The efficiency was greater than 96% in the range from 120 W to 500 W (with the highest

value nmax = 97.29%). Furthermore, the design can be improved with a focus on minimizing
resistances.
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