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(7) ABSTRACT

A DC to DC converter includes a switch, a diode, and a
capacitor connected in series with an inductor. The capacitor
and inductor provide a resonant time period and are con-
nected in series with the switch and the diode. A control
circuit provides an on/off signal to the switch and has a
switching time period longer than half the resonant time
period.
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1
DC TO DC CONVERTER

BACKGROUND TO THE INVENTION

1. Field of the Invention

The invention relates to Direct Current (DC) power
supplies, and in particular to DC to DC converters.

2. Background Information

Very large scale integration (VLSI) has resulted in the
power consumption of integrated circuits increasing sub-
stantially. At the same time size and weight are vital con-
siderations and thus it is desirable to increase the output of
DC power supplies without increasing their size and weight.
Operating power supplies at high switching frequencies
allows the relative size of passive components such as
inductors and capacitors to be reduced. However, high
frequency switching of high converter currents can cause
Electromagnetic Interference (EMI).

Switched-capacitor converters have been developed for
fabrication in integrated circuits. This type of converter has
no magnetic component for filtering so its size and weight
are reduced. Energy is stored in the switched-capacitor.
However, it has a problem with current spikes when charg-
ing the switched-capacitor. Electromagnetic interference
(EMI) is produced by the current spikes.

When a semiconductor device such as a metal oxide
semiconductor field effect translator (MOSFET) or Insulated
gate bipolar transistor (IGBT) turns on or off in the presence
of a current flow power (I°R) is consumed. This results in
heating of the device and reduced efficiency. In a high
frequency high power converter this heating and switching
loss can become significant.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a DC to
DC converter that overcomes or at least ameliorates the
above problems.

It is another object of the present invention to provide a
DC to DC converter in which the switching devices turn on
and off under low or zero current conditions.

A further object of the present invention is to tender
bi-directional power flow of DC to DC converters that gives
double or halved voltage or inverted voltage according to the
power flow direction of the circuits.

According to a first aspect of the invention there is
provided a DC to DC converter including:

a switch,

a diode,

a capacitor in series with an inductor, the capacitor and
inductor having a resonant time period and connected
in series with the switch and the diode, and

a control circuit for providing on/off signals to the switch
and having a switching time period of longer than half
the resonant time period.

According to a second aspect of the invention there is

provided a DC to DC converter including:

a first positive node having a first voltage,

a second positive node having a second voltage,

a common node,

a first switch in series with a second switch, the first and
second switches connected between the first positive
node and the common node,

a third switch in series with a fourth switch, the third and
forth switches connected between the first positive
node and the second positive node,
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diodes provided across the switches,

a capacitor in series with an inductor, the capacitor and
inductor having a resonant time period and connected
across the first and third switches,

a control circuit for providing on/off signals to the
switches and having a switching time period longer
than half the resonant time period.

Preferably the converter includes a first filter capacitor
connected between the first positive node and the common
node, and a second filter capacitor connected between the
second positive node and the common node.

Preferably the inductor is a coil with an air core.

Preferably the second voltage is substantially double the
first voltage.

Preferably the control circuit provides the on/off signals to
the first switch and second switch for current flow in a first
direction, or provides the on/off signals to the third switch
and forth switch for current flow in a second direction.

Preferably the diodes are integral with the switches.

Preferably the switches are power semiconductor
switches.

Preferably the switches are metal oxide semiconductor
field effect transistors (MOSFETS) or insulated gate bipolar
transistors (IGBTS).

According to a third aspect of the invention there is
provided a DC to DC converter including:

a first positive voltage node,

a second positive voltage node,

a common voltage node,

a first filter capacitor connected between the first positive

voltage node and the common voltage node,

a second filter capacitor connected between the second
positive voltage node and the common voltage node,

four switches provided with diodes across their terminals,
the first and second switches in series and connected
between the first positive voltage node and the common
voltage node, the third and forth switches in series and
connected between the first positive voltage node and
the second positive voltage node, and

a capacitor and an inductor in series and connected across
the first and third switches.

According to a forth aspect of the invention there is

provided a DC to DC converter including:

a first node having a first voltage value,

a second node having a second voltage value,

a third node,

a first switch in series with a second switch, the first and
second switches connected between the first node and
the third node,

a third switch in series with a fourth switch, the third and
forth switches connected between the first node and the
second node,

diodes provided across the switches,

an energy storage means connected across the first and
third switches,

means for providing operating signals to the first and
second switches for current flow in a first direction, or
providing operating signals to the third and forth
switches for current flow in a second direction.

According to a fifth aspect of the invention there is

provided a DC to DC converter including:

a first node,
a second node coupled to the first node,
a third node,
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a first switch in series with a second switch, the first and
second switches connected between the first and third
nodes,

a third switch in series with a fourth switch, the third and
fourth switches connected between the third and second
nodes,

diodes provided across the switches,

a capacitor series with an inductor, the capacitor and
inductor having a resonant time period and connected
across the second and forth switches, and

a controller for providing on and off signals to the
switches and having a switching time period longer
than half the resonant time period.

Further aspects of the invention will become apparent

from the following description, which is given by way of
example only.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with
reference to the accompanying drawings in which:

FIG. 1 is a circuit diagram for a first embodiment of a DC
to DC converter according to the invention,

FIG. 2 is a circuit diagram for a second embodiment of a
DC to DC converter according to the invention,

FIGS. 3 and 4 illustrate operating stages for a first mode
of operation of the circuit of FIG. 1,

FIG. 5 illustrates gate and current waveforms for the first
mode of operation of the circuit of FIG. 1,

FIGS. 6 and 7 illustrate operating stages for a second
mode of operation of the circuit of FIG. 1, and

FIG. 8 illustrates gate and current waveforms for the
second mode of operation of the circuit of FIG. 1,

FIGS. 9 and 10 show observed gate and current wave-

forms for the first mode of operation of the circuit of FIG.
1.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring to FIG. 1, a first embodiment of a DC to DC
converter according to the invention has a low voltage side
V1 between a first voltage node 1 and a common ground or
negative line 3, and a second voltage side V2 between a
second voltage node 2 and the common ground or negative
line 3. The ground or negative line 3 may be at any potential
lower than the voltage nodes 1, 2. Two filter capacitors 12,
15 are connected across the first and second voltage sides
V1, V2 respectively.

The converter has four metal oxide semiconductor field
effect transistor (MOSFET) switches 4, 5, 6, 7. In other
embodiments insulated gate bipolar transistors (IGBTs) and
other suitable semiconductor switches are used. Each MOS-
FET is provided with a diode 8, 9, 10, 11 connected between
its Source and Drain. In the preferred embodiment the
diodes are anti-parallel diodes incorporated as part of the
MOSFET package. The first and second MOSFETs 4, § are
in series and connected between the first voltage node 1 and
the common line 3. The third and forth MOSFETs 6, 7 are
in series and connected between the first and second voltage
nodes 1, 2.

A series resonant capacitor 13 and an inductor 14 are
connected across the first and third MOSFETs 4, 6. The
capacitor 13 provides the main energy storage component in
the converter. The inductor 14 does not have a magnetic
component for filtering. It is a very small air-core inductor
used for obtaining resonance with the capacitor 13.
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A gate drive control circuit 16 provides on/off Gate
signals to the MOSFETs. The gate drive 16 provides
15-volts between the Gate and Source to turn on a MOSFET
and zero volts or preferably a slightly negative voltage to
turn off a MOSFET. FIGS. 5 and 8 and the later discussions
illustrate the state and thus voltage level required for each
MOSFET during the operation of the converter. The gate
driver 16 may be an integrated circuit or a high-speed
transistor to provide the necessary Gate Source voltage.

The DC to DC converter is bi-directional. In a first step-up
mode voltage V1 is the input side and voltage V2 is on the
load side. The first and second MOSFETs 4, 5 are switched
to obtain power flow in this first direction. In the second
step-down mode voltage V2 is the input side and Voltage V1
is on the load side. The third and forth MOSFETs 6, 7 arc
used to obtain power flow in this second direction. If there
are substantially no loss in the circuit voltage V2 is equal to
two times voltage V1 (i.e. V2=2xV1).

The converter works by charging and discharging the
capacitor 13. Capacitor 13 also acts as a resonant capacitor
for resonating with inductor 14 to obtain a zero-current
switching condition for the MOSFETs. When a first MOS-
FET is turned on a first diode is forward biased and turns on
and current flows through a series path comprising the
MOSFET, switched capacitor 13, inductor 14 and the diode.
Initially the current in an inductor is always zero, therefore
at turn on current in the series path is zero. Due to the series
capacitor 13 and inductor 14 the current in the series path is
sinusoidal with a period (time for one cycle) of:

2.nVL.C

were L is the inductance of inductor 14 and C is the
capacitance of capacitor 13. Assuming positive current flow
first, at the end of the first half cycle (¥4 a period) the diode
is reverse biased preventing current flow in the negative half
cycle. A zero current condition exists and the MOSFET is
turned off. The second MOSFET is turned on and a second
diode is forward biased. The current is initially zero and the
negative half cycle of resonant current flows. At the end of
the negative half cycle the second diode is reverse biased
and a zero current situation exists. By having a switching
time for the MOSFETs of longer than one half cycle (half a
period) of the LC resonant current zero current switching is
achieved.

Because the switched-capacitor 13 is charged and dis-
charged by the resonate sinusoidal current the circuit does
not have current spike problem.

FIGS. 3 and 4 show the two stages of one cycle of step-up
mode of operation. Current paths are shown in bold. FIG. §
shows MOSFET gate and current waveforms. The third and
forth MOSFETs 6, 7 remain off.

Referring to FIGS. 3 and 5, at time to second MOSFET
5 is switched on and first MOSFET 4 is switched off. Diode
10 is forward biased. Filter capacitor 15 discharges to the
load connected at voltage node 2. MOSFET 5 and diode 10
are in series with capacitor 13 and inductor 14. Switched
capacitor 13 resonates with inductor 14 resulting in a
sinusoid current through the series path. At the end of the
first resonant half cycle the series current (inductor 14
current) passes zero and diode 10 is reverse biased prevent-
ing current flow in the negative half cycle. The capacitor is
charged to a DC voltage equal to V1.

Referring to FIGS. 4 and §, at time t1 diode 10 is reverse
biased and the current is zero. First MOSFET 4 is switched
on and second MOSFET 5 is switched off. Diode 11 is
forward biased. First voltage V1 and switched capacitor 13
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are in series and ideally voltage V2 is equal to twice voltage
V1. The negative half cycle of the resonant current flows.
Filter capacitor 15 is recharged. At the end of the negative
half cycle diode 11 is reverse biased and current flow stops.
At time t2 second MOSFET 5 is switched on again and first
MOSFET 4 is switched off.

FIGS. 6 and 7 show the two stages of one cycle of
operation in Step-down mode. Current paths are shown in
bold. FIG. 8 shows MOSFET gate and current waveforms.
The first and second MOSFETs 4, 5 remain off. Resonant
waveforms are similar to that of step-up mode shown in FIG.
5. All switches are in zero-current switching condition.

Referring to FIGS. 6 and 8, at time t0 forth MOSFET 7
is switched on and third MOSFET 6 is switched off. Diode
8 is forward biased. Sinusoidal current flows through
switched capacitor 13 and inductor 14. At the end of the half
cycle diode 8 is reverse biased and current flow stops. Filter
capacitor 12 and switched capacitor 13 are charged in series
from input voltage V2. When charged, filter capacitor 12 and
switched capacitor 13 each to have a DC voltage component
equal to half of voltage V2 (i.e. 0.5xV2).

Referring to FIGS. 7 and 8, at time t1 diode 8 is reverse
biased and the current zero. The third MOSFET 6 is
switched on and forth MOSFET 7 is switched off. Diode 9
is forward biased. Sinusoidal current flows through switched
capacitor 13 and inductor 14. At the end of the half cycle
diode 9 is reverse biased and current flow stops. Filter
capacitor 12 and switched capacitor 13 discharge in parallel
to the load connected to voltage V1. Ideally, voltage V1 is
equal to half voltage V2 (i.e. V1=0.5xV2).

Specification and component values for a converter
according to the invention are:

Rated Power 50 Watts
Switching Frequency 125 kHz
Rated first voltage V1 35V
Rated second voltage V2 70 V
Switched-capacitor 13 0.5 uF
Resonant Inductor 14 1 uH
Filter capacitor 12 47 uF
Filter capacitor 15 47 uF

FIGS. 9 and 10 illustrate observed waveforms from a DC
to DC converter circuit with the above specification and
component values operating in step-up mode. First (input)
voltage V1 was measured at 35V and second (output)
voltage V2 was measured at 58.7V. Efficiency at rated power
was 81%. The plots of FIGS. 9 and 10 have a horizontal
resolution of 2 u-seconds per division. At a switching
frequency of 125 kHz the switching time for each MOSFET
is 4 u-seconds. The resonant time of the Capacitor 13 and
inductor 14 is about 6 u-seconds. Thus, half the resonant
time period is about 3 u-seconds.

In the step-down mode operation, and second (input)
voltage is V2 was measured at 70V and the first (output)
voltage V1 was measured at 30.4V. Efficiency in at rated
power was 83%.

FIG. 2 illustrates a second embodiment of the invention.
Abi-directional inverting switched-capacitor quasi-resonant
converter has a first voltage side V1 between the first voltage
node 1 and a common ground or negative line 3, and an
inverted voltage side V2 between a second voltage node 2
and the common ground or negative line 3. The first and
second voltage nodes 1, 2 are coupled by a path or line 17.

The embodiment has four MOSFET switches 4, 5, 6, 7
provided with diodes 8, 9, 10, 11 connected between their
Source and Drain. The first and second MOSFETs 4, 5 are
in series and connected between the first voltage node 1 and
the common line 3. The third and forth MOSFETs 6, 7 are
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in series and connected between the common line 3 and
second voltage node 2. The series resonant capacitor 13 and
inductor 14 are connected across the first and third MOS-
FETs 4, 6.

The operation of the circuit is as follows: when MOSFET
4 is turned on, diode 11 is forward biased and a sinusoidal
current flows from node 1 through MOSFET 4, switched
capacitor 13, inductor 14 and diode 11 to ground 3. Capaci-
tor 13 is charged with voltage equal to V1. After half of a
cycle of sinusoidal current diode 11 is reverse biased and
current flow stops. MOSFET 4 is turned off and MOSFET
5 is turned on. Diode 10 is forward biased and current flows.
The switched capacitor 13 is connected to V2 but with the
side that was connected to node 1 now connected to line 3.
Therefore, the second voltage V2 on the right hand side of
the circuit is the inverted voltage of V1. The Voltage at node
2 is minus V1 with reference to common line 3. Power flow
is from side V1 to side V2.

For power flow is from side V2 to side V1, MOSFET 7
is turned on and diode 8 is forward biased and a sinusoidal
current flows to charge Capacitor 13. After half of a cycle of
sinusoidal current diode 8 is reverse biased and current flow
stops. MOSFET 7 is turned off and MOSFET 6 is turned on.
Diode 9 is then forward biased and Capacitor 13 is con-
nected to side V1 but the switching operation changes the
connected polarity of Capacitor 13 and delivers an inverted
voltage to V1.

In the above circuits only one MOSFET is turned on at
one time. Because the presence of the inductor 14 the current
is zero at turn-on and hence zero-current turn-on is obtained.
Resonance between the Inductor 14 and Capacitor 13 occurs
every time any one of the MOSFETs is turned on. A diode
in series of the resonance path is reversed biased when the
sinusoidal resonant current crosses zero. Current flow stops
because the diode is reverse biased, therefore zero-current
turn-off is obtained.

The bi-directional switched-capacitor DC to DC con-
verter can convert electric power from either high voltage to
low voltage or low voltage to high voltage with
bi-directional power flow. All switching devices operate
under zero-current switching conditions. Switching loss and
current spike problems have been ameliorated.

The converter can be used for uninterruptible power
supplies, battery charging and discharging system and motor
drives. Furthermore, it can be fabricated in integrated circuit
chips.

Where in the foregoing description reference has been
made to integers or elements having known equivalents then
such are included as if individually set forth herein.

Embodiments of the invention have been described, how-
ever it is understood that variations, improvements or modi-
fications can take place without departure from the spirit of
the invention or scope of the appended claims.

What is claimed is:

1. ADC to DC converter including:

a switch,

a diode,

an inductor,

a capacitor connected in series with the inductor, the
capacitor and the inductor connected in series having a
resonant time period and being connected in series with
the switch and the diode, and

a control circuit for providing on/off signals to the switch
and having a switching time period shorter than the
resonant time period and longer than one-half the
resonant time period.

2. ADC to DC converter including:

a first positive node having a first voltage,

a second positive voltage node having a second voltage,
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a common node,

a first switch and a second switch, the first switch being
connected in series with the second switch, the first and
second switches connected in series being connected
between the first positive node and the common node,

a third switch and a fourth switch, the third switch being
connected in series with the fourth switch, the third and
fourth switches connected in series connecting the first
positive node to the second positive node,

respective diodes connected across the first, second, third,
and fourth switches,

an inductor,

a capacitor connected in series with the inductor, the
capacitor and the inductor connected in series having a
resonant time period and being connected across the
first and third switches, and

a control circuit for providing on/off signals to the first,
second, third, and fourth switches and having a switch-
ing time period longer than one-half the resonant time
period.

3. The converter of claim 2 including a first filter capacitor
connected between the first positive node and the common
node, and a second filter capacitor connected between the
second positive node and the common node.

4. The converter of claim 2 wherein the inductor is a coil
with an air core.

5. The converter of claim 2 wherein the second voltage is
substantially double the first voltage.

6. The converter of claim 2 wherein the control circuit
provides the on/off signals only to the first switch and the
second switch to produce current flow from the first positive
node to the second positive node, and provides the on/off
signals only to the third switch and the fourth switch to
produce current flow from the second positive node to the
first positive node.

7. The converter of claim 2 wherein the respective diodes
are integral with the first, second, third, and fourth switches.

8. The converter of claim 2 wherein the first, second,
third, and fourth switches are power semiconductor
switches.

9. The converter of claim 2 wherein the first, second,
third, and fourth switches are selected from the group
consisting of metal oxide semiconductor field effect transis-
tors and insulated gate bipolar transistors.

10. A DC to DC converter including:

a first positive node,

a second positive node,

a common node,

a first filter capacitor connected between the first positive

node and the common node,

a second filter capacitor connected between the second
positive node and the common node,

first, second, third, and fourth switches including respec-
tive diodes connected across terminals of the corre-
sponding first, second, third, and fourth switches, the
first and second switches being connected in series
between the first positive node and the common node,
the third and fourth switches being connected in series
between the first positive voltage node and the second
positive node,

an inductor, and

a capacitor connected in series with the inductor, the
capacitor and indicator connected in series being con-
nected across the first and third switches.

11. A DC to DC converter including:

a first node,

a second node,

a first switch and a second switch, the first switch being
connected in series with the second switch, the first and
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second switches connected in series being connected
between the first node and the second node,

a third switch and a fourth switch, the third switch being
connected in series with the fourth switch, the third and
fourth switches connected in series connecting the first
node to the second node,

respective diodes connected across the first, second, third,
and fourth switches,

energy storage means connected across the first and third
switches,

means for providing operating signals to the first and
second switches for producing an output voltage across
the first and second nodes at the third and fourth
switches and having a first polarity, in response to an
input voltage applied across the first and second nodes
at the first and second switches and having a second
polarity, opposite the first polarity, and providing oper-
ating signals to the third and fourth switches for in
producing an output voltage across the first and second
nodes at the first and second switches and having the
second polarity, in response to an input voltage applied
across the first and second nodes at the third and fourth
switches and having the first polarity.

12. A DC to DC converter including:

a first node,

a second node,

a first switch and a second switch, the first switch being
connected in series with the second switch, the first and
second switches connected in series being connected
between the first and second nodes,

a third switch and a fourth switch, the third switch being
connected in series with the fourth switch, the third and
fourth switches connected in series being connected
between the first and second nodes,

respective diodes connected across the first, second, third,
and fourth switches,

an inductor,

a capacitor connected in series with the inductor, the
capacitor and inductor connected in series having a
resonant time period and being connected across the
second and fourth switches, and

a controller for providing on and off signals to the first,
second, third, and fourth switches and having a switch-
ing time period shorter than the resonant time period
and longer than one-half the resonant time period.

13. The converter of claim 2 wherein the control circuit

provides on/off signals to the first, second, third, and fourth
switches, the on/off signals having a switching time period
shorter than the resonant time period.

14. The converter of claim 11 wherein

the diodes connected across the first and second switches
are connected in series, in the same direction, and with
a first diode polarity, across the first and second nodes,
and

the diodes connected across the third and fourth switches
are connected in series, in the same direction, and with
a second diode polarity, opposite the first diode
polarity, across the first and second nodes.

15. The converter of claim 12 wherein

the diodes connected across the first and second switches
are connected in series, in the same direction, and with
a first diode polarity, across the first and second nodes,
and

the diodes connected across the third and fourth switches
are connected in series, in the same direction, and with
a second diode polarity, opposite the first diode
polarity, across the first and second nodes.
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