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An Analysis Of Overload Conditions In Mosfet-Based Power
Resonant DC-DC Step-Up Converters In Switched Capacitor
Voltage Multiplier Topology

Abstract. This paper presents an analysis of operation of resonant DC-DC converter in topology of Switched Capacitor Voltage Multiplier (SCVM)
under overload conditions. The SCVM operates as a charge pump, thus the energy transfer rate is limited and depends on the switched capacitance
and the switching frequency. However an overload of the converter introduces specific operation conditions that can require a special control. The
presented research results have an important significance for selection of components of SCVM as well as switching strategy, because the overload
can occur as a result of load decrease as well as during the start of the converter. In the paper analytical, simulation and experimental results are
presented for the Mosfet-based 200 Watt SCVM.

Streszczenie. W artykule przedstawiono analize mozliwo$ci pracy w stanie przecigzenia uktadu rezonansowego przeksztattnika mocy DC-DC
podwyzszajgcego napiecie w topologii powielacza napigcie (SCVM — Switched Capacitor Voltage Multiplier). Uktad o przetagczanych kondensatorach
dziatajgcy na zasadzie pompy fadunku ma ograniczang moc zdeterminowang pojemno$cig przetgczanych kondensatoréw oraz czestotliwoscig
przetgczen. Jednak przecigzenie przeksztattnika wywotuje specyficzny stan pracy, ktéry moze wymagacé specjalnego sterowania. Badania maja
istotny wplyw na dob6r sterowania w uktadzie SCVM, poniewaz przecigzenie moze wystepowac jako skutek wptywu odbiornika, ale réwniez przy
starcie ukfadu. W artykule przedstawiono badania analityczne, symulacyjne oraz eksperymentalne przeksztattnika tranzystorowego SCVM z
tranzystorami Mosfet, w zakresie mocy do 200 watéw. (Analiza stanu przecigzenia przeksztaftnikéw rezonansowych DC-DC o przelgczanych
kondensatorach podwyzszajacych napiecie zrealizowanych w technice Mosfet w topologii powielacza napiecia).

Stowa kluczowe: Przeksztaltnik wielopoziomowy, przeksztattnik DC-DC, przetgczane kondensatory, pompa fadunku
Keywords: Multilevel converter, DC-DC converter, switched-capacitor, voltage multiplier, charge pump

Introduction voltage multiplier (SCVM), and the current flow in stages of
DC-DC power electronic converters in a switched- charging and discharging of switched capacitors.
capacitor technology can be implemented in systems with In order to achieve ZCS conditions and sufficient quality

high voltage gain required as well as high power switching factor resonant circuits need to be created in the circuits
mode converters achieved with the use the thyristor-based where a switched capacitor is recharging. When the
technology. A charge pump concept is well established in low  converter operates as thyristor-based it is favorable to
power circuits but can also be adopted into power electronic  install a central choke on the input [11], [12]. The Mosfet-
area in dedicated topologies and design [1]-[12]. In this type ~ based converter can operate with high frequency with the
of a power electronic converter the high efficiency, reliability ~ use of parasitic or air inductances. In this case the major
and low cost can be achieved by the utilization of a proper ~ inductance can be placed in series with the switched

topology [2]-[12], dedicated switches, and in the vast majority capacitor to be utilized both in the charg'ing and discharging
of instances in resonant circuits to achieve limitation of %tgs\g/?\/l Th,; ﬁﬁpe.rcfjomtjses onl SUCQ solution of .It\illosfet-ﬁaﬁeg
currents, zero current switching operation and sufficient with the inductance placed in series with a switche

quality factor and high effciency. capacitorand diode in the output switch branch (Do), 2 i
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Fig.2. A Mosfet-based SCVM converter with chokes in ZCS circuits
and output diode.

Operation of the SCVM and Limit of load
The converter operates in two stages:
- Stage of charging of switched capacitor enabled by switch
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Fig.1. DC-DC converter in the Switched Capacitor Voltage Stas.)and Qiodes (Fig.1 b). . . .
Multiplied topology (a), and stages of charging (b) and discharging | Stage of discharging of switched capacitor and charging

of switched capacitors (c). the output capacitor enabled by switch Sza, s ..y (Fig. 1c).
In order to achieve low losses in recharging cycle of a
The switched capacitor multipliers concept differs from  Switched capacitor an oscillatory circuit can be created by
the well-established flying capacitor multi-cell converters [13]-  the application of inductance. The inductance can originate
[15]. Fig.1 presents a topology of a switched-capacitor from parasitic parameters of circuits, in low power
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converters, or can be designed as an air choke or typical
choke, in high power converters. The switching frequency
(fs) is designed below the resonant frequency of LC circuits:

1
(1) fg<fo=
S 0%mte
where C and L indicates a switched capacitor value and
inductance of a cell

The energy is transferred to the output in the discharge
stage from the charged switched capacitors and the source.
The energy stored in the switched capacitors:

1
) AWc =5Cn(UémaX _U(ZZmin)
Where: n is the number of cells (n=1 in the analyzed case)

A voltage and current in the switched capacitor circuits
are the following, for the zero initial current:

3) uc =(Ucmin—Yin kosagt+Ujn

(4) ic _YinYcmin sinwgt

Where: |, is an initial current, U, is an initial voltage, ay=2nf,,
and p is a characteristic impedance of the switched
capacitor’s charging circuit.

A charging process ends for ayt=n, and then the
capacitor voltage reaches maximum. Thus from (3) it
follows that:

(5) UCmax'UCminZZUin
Using (5) the equation (2) can be presented as follows:
(6) AW =2CnUjp, (UCmax_Uin)

The energy transferred to the output in the discharge stage
(Fig. 1) is the same as stored in a single capacitor:

7) Win ¢=2CUjn (Ucmax—Yin)
The power of source is the following (using (3) and (4)):
(8) Pin=f (AWC +Wip ¢ )=2CUin fs (n+1)(UCmax—Uin)

The energy transfer rate in the SCVM depends on the
switched capacitance and the switching frequency. For the
rated power the switched capacitor can operate with nearly
full discharging to optimize its volume, thus Ucmin=0, Ucmax-
2Uin. It determines the minimum capacitance as a function
of power, voltage and frequency:

(9) Cmin:Pin/[ZUiHQfS(n+l)]
Then, the limit of power of the SCVM is the following:

(10) Rinmax =2CUjn fs (n+1)

When the SCVM reaches the limit of power the switched
capacitor can be fully discharged. For higher load power
(lower output resistances) or lower switching frequency the
operation of the converter varies and the converter goes
into specific overload conditions.

An overload conditions in a Mosfet-based SCVM

A Mosfet-based SCVM creates specific conditions in
overload mode due to bi-directional conduction of switches.
The Mosfet-based SCVM will be analyzed in a case of a
single cell converter (Fig. 3). Most of the demonstrated
phenomenon are scalable to a n-level converter.

According to the idea presented in Fig. 1 the converter
operates be charging and discharging the switched
capacitors which is demonstrated in Fig. 4 and Fig. 5 on

steady state waveforms in a case of rated load as well as in
the overload conditions. When the converter is overloaded
the voltage on the switched capacitor reaches zero before
the oscillation ends, i.e. during the inductor current flow. As
a consequence the switched capacitor is recharging to a
negative value. This voltage makes it possible to switch-on
the diodes D;i and diode of S, Mosfet (Ds2). As a
consequence the oscillation of current does not stop in a
zero crossing point but starts in a reverse direction in the
next half-period. During the charging of the switched
capacitor its voltage becomes bigger than the output
capacitor before the charging is completed which also
triggers oscillation in reverse direction. Fig. 6 presents the
stages of oscillation in an overload mode of the Mosfet-
based SCVM. The overload can also occur at the start of
the converter. Such a case is demonstrated in Fig. 7.
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Fig.3. The analyzed case — the single-cell switched-capacitor DC-
DC step-up converter.
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Fig.4. The steady state waveforms in the Mosfet-based SCVM
under the rated load conditions. C;=260nF, L,=2uH, dead-
time=1500ns, Rou=26.5Q, Pou=200W, lcsms=7.6A, losmax=13.3,
,inrms=7-6Ay lS1rms=5~6A‘ ISZrms=5~2A‘ UCsmax=73Vy UCsmin=‘1Vy
Uou=72.6V, Ts=7.0us. ICAP/4 simulation results.
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In the operation with too low output resistance the swi-
tched capacitor recharges to negative value via the switch
S, diode. The phenomenon is not dangerous but can have
some negative impact on the operation of the converter:

- The peak to peak value of the voltage of the switched
capacitors is significantly increased,

- The rms value of currents of the switched capacitors,
switches and the input current is slightly decreased,

- The output voltage and power are decreased,

- The converter operates in a hard switching mode which
can cause failure or needs increased volume of heatsink.
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Fig.5. The steady state waveforms in the Mosfet-based SCVM
under the overload conditions: C=260nF, L,=2uH, dead-
time=1500ns, Rou=20Q, Pou=184W, lcsms=7.3A, lcsmax=12.6,
,inrms=7-3Ay IS1rms=5-4A| lSZrms=5-4A‘ UCsmax=71-2Vy UCsmin='1O-7Vy
Uou=60.6V, T=7.0us. ICAP/4 simulation results.

Detection of the overload

The overload can be detected on the basis of the
following parameters of currents and voltages in the
converters:

- A voltage on switched capacitor reaches negative values.
This is the most explicit symptom of the overload however
it is necessary to measure the voltage of switched
capacitor to use this function.

- A negative current flow through switches.

- If the SCVM is used as a converter with constant voltage
ratio, the voltage drop below the rated range can alert
against overload.

The special switching pattern in the overload mode
The purpose of control of the overload is the following:

- An increase of power and voltage (approaching the rated
values),

- Hard switching avoiding,

- Hard switching impact decrease by commutation in lower
current.
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Fig.6. The possible stages of oscillation under the overload
operation of the Mosfet-based single-cell SCVM when the current
of switched capacitor is continuous.

To manage the overload the following modulation and
control strategies can be proposed:
1. The switch S, can be turned off during the stage 4 or 5
(Fig. 6, Fig, 8). Switching off the S, terminates the current
flow from the source and turns on the diode in S;.
Recharging of the switched capacitor to negative values is
avoided and the switching frequency is increased which can
increase the output voltage and approach to the rated
value. The converter operates in hard switching mode.
2. The switch S; is switching on during the stage 3 (Fig. 6,
Fig. 5) and switch S; during the stage 6. This action turns
off the conducting diodes. The converter operates in hard
switching mode but the moment of switching of
corresponding switches determines additional power losses
and the losses can be relatively slow if the switching occurs
at the beginning or the end of the parasitic oscillation. The
converter can operate in this mode in a natural way when
the overload occurs.
3. The switch S, is not switched on until the stage 3 is
finished and the switch S is not switched on until the stage
6 is finished (Fig. 6, Fig. 9). This pattern protects against
hard switching. The switching frequency is fairly low to
enable that all the seven stages occurs (Fig. 6). this type of
control may cause a decrease of switching frequency, a
decrease of rated power and a deeper overload.
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Fig.7. Waveforms during the start of the Mosfet-based single-cell
SCVM. C1=260nF, L1=2uH, Rou=27.5Q, Pout ratea=200W, Ts=7.0us,
dead-time=1.5us. ICAP/4 simulation results.
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Fig.8 The steady state waveforms under the overload conditions.
The idea of the special control by discharging impulse shorting.
Hard switching operation of S2 switch. C;=230nF, L,=2uH, dead-
time=1500ns, Rou=20Q, Pou=196W, lcems=7.9A, lcsmax=12.9,
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Uou=62.7V, Ts=6.0us. ICAP/4 simulation results.
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Fig.9. The steady state waveforms under the overload conditions.
Special control by an increase of switching period. Soft switching
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Multi-cell converter

In the multi-cell SCVM converter the majority of the
problems will be similar to the single cell case. However
some important differences can occurs during the overload:
- The more cells in SCVM that are implemented the bigger
the difference between the input voltage (initial output
voltage) and the rated output voltage. The start of the
converter from the conditions where the output capacitor is
discharged (Uou=Uin) (the charging process of the output
capacitor) can be longer and more extensive. Furthermore,
in the input current pulses of charging capacitor dominate.
These pulses increase and have a very sharp rising slope
when the charging process starts from nonzero and positive
current conditions (Fig. 10).
- The current reverse during charging of the switched
capacitor, presented in Fig. 6 (case 2), will occur when the
voltage of the switched capacitor in the last cell (higher
index) exceeds the output voltage. It can happen in a much
bigger overload than in the case of a single cell converter.
In the multi-cell converter the special control, presented in
Fig. 8, where the positive current of discharging switches is
hard terminated, should be avoided. In such a case, in the
multi-cell converter, the current of inductors is terminated by
the discharging switch (even) of the next cell (closer to the
output). Only the inductor in the last cell can be
deenergized to the output, via the output diode, when the
discharging switches are turned-off.

Experimental results

The experimental tests were carried out to confirm the
operation of the converter in the ZCS conditions but also in
the overload states. The results were achieved in the
Mosfet-based the single-cell switched-capacitor DC-DC
boost converter (Fig. 3) converter.
Fig.11 - Fig.13 present waveforms of the voltage on
switched capacitor (uci) and its current (ic1). The case
presented in Fig. 11 demonstrates the ZCS conditions when
the converter was not overloaded.

Tek stop

Hoise Filter Off
T T

EnGE N

S0.0Y SEY
S10Y Tit:231

§Bean T2y
Fig.11. The steady state waveforms in the Mosfet-based SCVM
under the ZCS conditions (underload). Experimental results of the
single cell SCVM.
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Fig. 12. The steady state waveforms in the Mosfet-based SCVM
under the overload conditions. Experimental results of the single
cell SCVM.

Tek stwop

Moise Filter Off
T T

AT 152.433kHz] |
@lean 454V Jiaesa )

1[2.uujJs

& 1004
| T

500
5004

Fig.13. The steady state waveforms in the Mosfet-based SCVM
under the overload conditions. Experimental results of the single
cell SCVM.

The next results, presented in Fig. 12, regard the case
when the converter is slightly overloaded. The voltage on
switched capacitor becomes negative in the end of the
discharging stage and its current does not stop crossing
zero and flows in the opposite direction as in Fig. 6 case 6.
Fig. 13 presents waveforms under the overload of the
SCVM where the switching frequency was fairly low to
observe the second oscillation of the current of the switched
capacitor after its zero crossing. This is the case where all
the stages of the overload operation is reached (Fig. 6).The
experimental results presented in Fig. 11 — Fig. 13 confirm
that the SCVM can operate under the overload but the
operation differs from the rated case

Conclusions

The overload, in the meaning of too low load resistance
may not be destructive but can cause a rise of temperature
of devices due to hard switching mode. It also causes an
increase in voltage on switched capacitor, a charge to the
capacitor to negative value, a decrease in output voltage
and the output power.

The overload can be managed by special controls that
can reduce effect of hard switching or overload of the
switched capacitor.

The overload can occur during the start of the converter
as well as a consequence of too low resistance and then
some of the proposed method can be used.

Very deep overload can cause the output voltage drop
below the input voltage and shorting the source via the
diode D1 and Doyt
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