Robert STALA, Adam KAWA, Adam PENCZEK, Zbigniew WARADZYN, Andrzej MONDZIK

AGH Akademia Gorniczo-Hutnicza, Katedra Energoelektroniki i Automatyki Systemoéw Przetwarzania Energii

doi:10.15199/48.2018.05.24

A Synchronous Resonant Switched-Capacitor DC-DC Boost
Converter - Experimental Results And Feasibility Model

Abstract. This paper presents results of experimental research of a resonant switched capacitor voltage multiplier (SCVM) in the synchronous
topology (SYSCVM). The classical SCVM utilizes diodes in the branches responsible for charging the switched capacitors. In the SYSCVM,
additional MOSFET switches are connected in parallel with the diodes. Therefore, an improvement of efficiency is achieved. The paper presents
experimental results of operation and efficiency of the SYSCVM. Furthermore, the issues related to the design of the converter with synchronous
switches and the problems of the supply of the gate drivers are discussed.

Streszczenie. W artykule przedstawiono wyniki badan eksperymentalnych rezonansowego przeksztattnika DC-DC o przetgczanych kondensatora
powielajgcego napiecie state w topologii synchronicznej (SYSCVM - Synchronous Switched Capacitor Voltage Multiplier). W klasycznym
rozwigzaniu analizowany przeksztaftnik o przetgczanych kondensatorach wykorzystuje diody w obwodach tadowania przetgczanych kondensatoréw.
W uktadzie SYSCVM diody potgczone sg réwnolegle z tranzystorami MOSFET dla uzyskania wiekszej sprawnosci uktadu. Artykut przedstawia
wyniki pomiaréw eksperymentalnych uktadu dotyczacych weryfikacji dziatania uktadu oraz jego sprawno$ci. Ponadto, problemy zwigzane z
praktyczng implementacjg koncepcji synchronicznego uktadu (SYSCVM) zostajg réwniez oméwione. (Ukfad powielacza napiecia w technice
przefgczanych kondensatoréw w topologii synchronicznej - badania eksperymentalne i studium wykonalnosci).

Stowa kluczowe: Przeksztaltnik wielopoziomowy, przeksztattnik DC-DC, przetagczane kondensatory, powielacz napiecia, pompa tadunku
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Introduction

The switched-capacitor (SC) converters have some
important advantages in comparison to other concepts,
such as high voltage gain, quasi inductiveless design, low
weight of the converter, high efficiency and very simple
control. The SC DC-DC converters represents a wide family
of topologies, with multiple representation in the scientific
literature [1]-[14].
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Fig.1. DC-DC converter in the topology of: (a) basic Resonant
Switched-Capacitor Voltage Multiplier (SCVM), (b) Synchronous
Resonant Switched-Capacitor Voltage Multiplier (SYSCVM) [9]

The SCVM converter (Fig. 1a) is an interesting and
attractive topology from the applications standpoint, owing
to its relatively simple and modular composition. This
converter can create a representative research model for
investigations of problems related to SC topologies. High
efficiency of the power SC converter is achieved by the
application of resonant circuits for charging and discharging
of the switched capacitors. However, one of the major

sources of losses is located in the diodes placed in the
charging circuits.

Thus, the concept of improvement of efficiency using the
multiplier SYSCVM (Fig. 1b) was introduced in [9]; however,
without an experimental confirmation. This paper presents
results of the analytical and experimental research of the
SYSCVM, demonstrating the operation, feasibility and
efficiency performance of the converter.

Basics of operation of the SYSCVM

The SYSCVM operates in a similar way as the basic
SCVM [9], by charging the switched capacitors from the
input source in parallel connection, and discharging them to
the output capacitor in a series connection (Fig. 2).
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Fig.2. Operating principle of the SYSCVM: (a) charging of the
capacitors through the lower and upper MOSFET transistors, (b)
charging of the capacitors through the lower transistors and upper
diodes, (c) discharging of the capacitors, (d) control of switches and
parameters of waveforms

The efficiency increase is achieved by synchronous
switching on the lower and upper charging MOSFET
transistors (S, Sku). When the upper transistor is switched-
off, the current can flow through the upper diode or the body
diode of the upper transistor (as in the basic SCVM). This
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can occur at the end of the charging half-period because
the upper transistor can be turned-off before the current
crosses zero; however, a negative current flow in the
charging circuit is possible.

A detailed analysis of efficiency of the basic SCVM (Fig.
1a), as well as of the SYSCVM, is presented in [9].
According to this reference, the efficiency of the SCVM is
the following:

n® Pufs Ts  AUpg AW, fg
4na) U2 Ty Uy, R

M n=1-

)

where n is the number of cells, Uin is the input voltage, P, is
the input power, fs = 1/Ts is the switching frequency, Tg is
the current pulse duration, rs is the total resistance of each
cell, including MOSFETS resistances, AUps is the voltage drop
across each diode, AW, is the energy lost at turn-on in all
the MOSFETS' resistances in a single switching cycle Ts.

In the model of efficiency (1), it is assumed that the values
of elements in each cell are the same, both in the circuits of
charging and discharging of the cell capacitors, pulse
durations Ts and Tg; are the same, dead-times Ty and T
(Fig. 2d) are the same, and the voltage drops across the
diodes remain constant in the conducting state.

In the SYSCVM, the conduction power losses in the
diodes in the branches of charging the cell capacitors are
eliminated, but the overall resistance of these circuits rises
k times where rs is the resistance of each of the MOSFETSs
paralleling the charging diodes:
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The efficiency of the SYSCVM is expressed by [9]
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An SYSCVM has a higher efficiency than an SCVM of
the same parameters if
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where AUps is the voltage drop across each of the diodes
(paralleled in SYSCVM by MOSFETS).

From (1) to (4), it follows that the synchronous converter
can achieve improvement of efficiency by elimination of
conduction power losses in the charging diodes. The
efficiency of SYSCVM is higher than that of SCVM for
sufficiently low rs and Pj,, which is shown in Figure 3. At
larger powers, MOSFET switches may not withstand the
condition (4), and the SCVM becomes more efficient.
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Fig.3. Efficiencies of SYSCVM and SCVM as a function of:
(@) rs at P, =200 W, (b) Pn at rs = 40 mQ. 1 - SYSCVM,
2 — SCVM. Common parameters: n = 3, U, = 30 V, Ts/Ts = 0.5
(zero dead-time), rs = 100 mQ, Ups = 1.1 V, f; = 109.8 kHz,
AWs,, = 10 pd. Calculations based on (1) and (3)
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Experimental setup and cost of the converter

To confirm the feasibility and the operation of the
converter, as well as its efficiency, an experimental setup of
a three-cell SYSCVM was designed (Fig. 4). The
parameters of the setup are presented in Table 1.

Fig.4. Experimental setup of the SYSCVM with an FPGA-based
pulse generator (DE zero board)

Table 1. Parameters of experimental setup of SCVM and SYSCVM

ltems Specification
Number of switching cells 3
Input voltage 30V/40V
Lower MOSFETs Skq 2xSIR872,
1xIRFS4229PbF

2xIRFS4229PbF
1xIRFS4321PbF

Upper MOSFETs Sky

Discharging MOSFETs 2xSIR872
1xIRFS4321PbF

Switched capacitors 2470nF

Resonant inductances 0.85uH

Output diode STTH3006

Upper diodes in SCVM configuration | STTH3006

The SYSCVM is more complex from the standpoint of
gate driver circuits design; however, it can be achieved in
an economic way. The lower MOSFETSs’ drivers have
common ground whilst the gate drivers of the discharging
MOSFETSs can be supplied in bootstrap circuits (Fig. 5). The
upper MOSFETs have also common sources; thus, their
gate driver system requires a single separated supply
voltage (VCC2 in Fig. 5).
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Fig.5. The proposed gate driver system in the SYSCVM

Experimental results

The operation of the SYSCVM is similar to that of the
SCVM described in [9] to [12]. In the SYSCVM, the diodes
in the charging branches are paralleled by MOSFET
transistors. Conduction of these MOSFETs should be
synchronized with the lower transistors and should be
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adjusted to the time of oscillation of the charging currents.
Figure 6 presents the experimental waveforms of the
control signals for the transistors in the SYSCVM. It is
visible in it that the control signals for the upper charging
transistors have a longer high state than the signals for the
lower charging transistors. This assures that the body diode

of the upper MOSFET does not conduct any current.
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Fig.6. Experimental results of the SYSCVM. Waveforms of the
input current (1) and control signals of groups of transistors: lower
charging transistors (2), upper charging transistors (3), discharging

transistors (4). Un=40V, Py,= 200 W

(a)

Tek Run Trig'd 42.0MHz_Hoise Filter
T T T T

180 774,368kHz]

T 20005
& ooy 500V [@Freq  1r.26MHz ? @@+Duty  S51A7T% 7 [12431%

(b)

Tek Run Trig'd 42.0MHz_Hoise Filter
T T T T

5004 ESE £16.568kH2]
® ooy S00Y  [@Freq  Tr.2etHz ¢ @BsDuty  Se2d% 7 [124320

(c)

Tek Run Trig'd
T

42.0mHz_Naise Filter
T T

180 G60.614kHz]

T 2000s
& ooy S00Y  [@BFreq  17.25MHz ? Duty  ST28% 7 [124328

Fig.7. Experimental results of the SYSCVM. Waveforms of the
input current (1) and voltage on the upper switch (4): the Sy, (a),
the Sy, (b), the Ss, (c). U, = 40V. Channel (2) displays control

signal of lower charging transistors

Figure 7 presents waveforms associated with the

problem of the selection of the upper transistors for

a

practical implementation. From these results, it follows that

the distribution of the voltage on the upper switches is not
equal. The highest voltage stress is visible on the switch
closest to the output whilst the lowest is on the first switch
from the input side.
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Fig.8. Experimental results of the SYSCVM. Results of
measurements of efficiency and the voltage ratio versus power of
the SYSCVM and SCVM converters. U, = 30V

The results presented in Fig. 8 concern the efficiency of
the converter. During the tests, two sets of measurements
were performed for the SYSCVM as well as for the SCVM
converter. From the results, a slight improvement of the
efficiency can be seen for higher loads. For load of about
150W, the efficiencies of both solutions are equal. For lower
load the SCVM has slightly better efficiency. This is due to
the power losses in the MOSFETSs’ capacitances, which are
charged and discharged in each switching cycle. Therefore,
the converter does not operate without switching losses (as
in ZCS). These power losses are almost independent on
the load of the converter; thus, they lower its overall
efficiency for low power operation. This issue is not
considered in the simplified analysis presented at the
beginning of the paper (3). To improve these results, a
detailed mathematical model and optimization technique
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are needed to find trade-off between switching and
conduction losses by careful selection of the frequency and
the type of the MOSFETSs. A lower voltage drop across the
MOSFETSs in comparison to that across the diodes results
in a slightly higher voltage ratio of the synchronous
converter (SYSCVM) against the SCVM for the whole range
of the measured power of the load. The benefits of
synchronous operation can be definitely bigger in the
voltage multipliers where the conduction losses of the
diodes dominate over the switching and resistive losses
(low frequency systems with low input voltage).
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Fig.9. A bi-directional buck-boost converter and
modes

its operation

Conclusions
The experimental results of the investigation of the

synchronous switched-capacitor ~ voltage multiplier
(SYSCVM) make it possible to draw the following
conclusions:

- The concept of SYSCVM is correct and feasible,

- The design with the additional MOSFET transistors
remains not very complicated and not expensive from
the gate driver system standpoint,

- Voltage stresses on the additional transistors in the
SYSCVM are not equal. The devices closer to the input
side have lower voltage stresses; therefore, MOSFET
transistors with very low Rgsen) and low cost can be
selected in some switching cells,

- In the demonstrated laboratory setup, the SYSCVM
achieved a slightly better efficiency and voltage ratio
versus the SCVM converter. More significant benefits of
the application of the synchronous multiplier are
supposed in the systems where conduction losses in the
diodes represent an important part of total losses (low
frequency systems) and the application of MOSFETSs
with very low Ruyson) can be possible.

Future works should focus on a detailed mathematical

model and on optimization of the SYSCVM's components

selection to achieve better performance improvement over
the SCVM design.

Future works — bi-directional buck-boost converter

In the future works, the synchronous multiplier
(SYSCVM) can be utilized in a bi-directional buck-boost
converter (Fig. 9). Apart from the upper MOSFETSs, the
converter utilizes an output MOSFET.
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