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1
DIGITAL CONTROL OF POWER
CONVERTERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to a method of digitally
controlling power converters and particularly to a control
strategy for reducing output voltage spikes during transients
by incorporating intermediate combination modes in place of
direct transitions from one mode to another mode. This inven-
tion also can improve the efficiency of power converters by
replacing higher loss modes with combination modes.

2. Discussion of Related Art

A common power handling problem, especially for por-
table applications powered by batteries, such as cellular
phones, PDAs, digital cameras, wireless modems and DSL
modems, is a need to provide a regulated non-inverting output
voltage from a variable input voltage source.

Voltage sources, such as batteries, that power these devices
generally vary from a fully-charged voltage to a discharged
voltage. Often the device will have a voltage requirement that
is between the fully-charged voltage and the discharged volt-
age. Thus the voltage source must be regulated, e.g., stepped-
up or stepped-down as required, to provide an output voltage
that meets the voltage requirement of the device.

Regulation of variable voltage sources from one voltage
level to another voltage level is generally accomplished by
means of a DC-DC power converter. Known power converter
topologies that can provide a constant voltage output from a
variable voltage input include: Single-Ended Primary Induc-
tance Converters (SEPIC); Cuk converters; isolated buck-
boost converters; and cascaded buck and boost converters.

Known methods of controlling these power converter
topologies include bucking (i.e., stepping-down the voltage
level) the input voltage when it is greater than the voltage
requirement of the device, boosting (i.e., stepping-up the
voltage level) the input voltage when it is less than the voltage
requirement and buck-boosting when the input voltage is
nearly equal to the voltage requirement. Each of these
changes, from buck to buck-boost, and from buck-boost to
boost, are referred to as transients. Each of these transients
will inevitably cause a voltage spike/voltage ripple of the
output voltage. Voltage spikes can cause the converter to lose
efficiency and can damage electrical devices.

FIG. 1 is a representative graph illustrating voltage versus
time for an exemplary device with a variable input voltage
source, a battery, and a regulated voltage output requirement.
As shown, the battery has an input voltage (V,,) that varies
from a fully-charged voltage of 6 V (V) to a discharged
voltage of 3.6 V (V,,,;). This application needs to provide a
steady output voltage of 5V (V). Using a positive buck-
boost converter with a prior art control technique, the positive
buck-boost converter operates in a buck mode for a timeframe
‘T, followed by operation in a buck-boost mode for a time-
frame “T5’, and finally operation in a boost mode for a time-
frame ‘T .

Each transition from one mode to another mode results in
a sudden change in a duty cycle ratio, as well as a change in
the switching of switching devices. In the buck mode, when
the input voltage (V,,) is nearly equal to the output voltage
(V,..0), a buck duty cycle,
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will approach 1. In the boost mode, when the input voltage
(V,,,) approaches the output voltage (V_,,.), a boost duty cycle,

Vin
)
Vour

Dipoost = 1 =

moves toward zero. In the buck-boost mode, when the input
voltage (V,,) equal to the output voltage (V,,,) a buck-boost
duty cycle,

Vour

Dpuck—boost = o>
Vin + Vou

becomes 0.5. As the fully-charged voltage (V) decreases
towards the discharged voltage (V,,,;), the duty cycle should
follow the pattern of 1 for the buck mode to 0.5 for the
buck-boost mode and then to O in the boost mode. Output
voltage spikes are associated with these sudden changes in the
duty cycle.

SUMMARY OF THE INVENTION

A general object of the invention is to provide a method of
controlling a DC-DC converter to provide a desired output
voltage from an input voltage that varies from a voltage
greater than the desired output voltage to less than the desired
output voltage and while reducing voltage spikes/voltage
ripple during transients.

The general object of the invention can be attained, at least
in part, through a control strategy based on digital control of
power converters. The control strategy improves a dynamic
response of converters during transients by switching
between different converter topologies to spread out voltage
spikes.

A controller can be used to control the converter. The
controller is in electrical connection with the converter to
provide a drive signal and a switching frequency to the con-
verter. In one embodiment of this invention, the controller is
apulse width modulation (PWM) controller. Those skilled in
the art will appreciate that while a PWM controller may
provide the drive signal, the use of other control circuits are
also within the broad scope of this invention. In one embodi-
ment of this invention, the controller includes a pulse circuit,
which may be a monostable multivibrator. The monostable
multivibrator, also commonly known as a “one-shot,” is trig-
gered, in one embodiment, by a rising edge of the drive signal
to generate a pulse of fixed duration. Alternatively, the
monostable vibrator may be triggered by a trailing edge of the
drive signal.

The control strategy of this invention desirably operates the
converter in a first converting mode, such as a buck mode,
when the voltage of the battery is in a range from fully-
charged to a first predetermined voltage level. The first con-
verting mode comprises a first duty cycle pulse which is
repeated for each period of the switching frequency.

When the voltage of the battery is less than a second pre-
determined voltage level, the controller operates the con-
verter in a second converting mode, suchas a boostmode. The
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second converting mode comprises a second duty cycle pulse
which is repeated for each period of the switching frequency.

When the voltage of the battery is in a range between the
first predetermined voltage level and the second predeter-
mined voltage level, the controller operates the converter in a
third converting mode. The third converting mode switches
between the first converting mode and the second converting
mode to spread out voltage spikes which occur during tran-
sients. The third converting mode is a combination configu-
ration of the first duty cycle pulse and the second duty cycle
pulse. The third converting mode replaces the prior art
method of instantaneous transition from the first converting
mode to the second converting mode.

In one embodiment of the third converting mode, for a
plurality of switching cycles the converter operates with the
first duty cycle pulse and for at least one switching cycle the
converter operates with the second duty cycle pulse. Opera-
tion in the third converting mode can be repeated for a plu-
rality of times or until the voltage of the battery is equal to or
less than the second predetermined voltage level.

In another embodiment, the third converting mode is a
sequential pattern of switching cycles according to the first
converting mode and a sequential pattern of switching cycles
according to the second converting mode. Specifically, the
sequential pattern starts with a plurality of switching cycles
with the first duty cycle pulse and at least one switching cycle
with the second duty cycle pulse. Then, the controller
decreases the number of switching cycles with the first duty
cycle pulse and increases the number of switching cycles with
the second duty cycle pulse. This pattern repeats until the
controller decreases the number of switching cycles with the
first duty cycle pulse to zero. For example, if the third con-
verting mode is starts with five switching cycles with the first
duty cycle pulse and one switching cycle with the second duty
cycle pulse and each sequence decreases the number of
switching cycles with the first duty cycle pulse by one and
increases the number of switching cycles with the second
duty cycle pulse by one. Then the sequential pattern of
switching cycles is: five with the first duty cycle pulse and one
with the second duty cycle pulse; then four with the first duty
cycle pulse and two with the second duty cycle pulse; then
three with the first duty cycle pulse and three with the second
duty cycle pulse; then two with the first duty cycle pulse and
four with the second duty cycle pulse; and then one with the
first duty cycle pulse and five with the second duty cycle
pulse.

Alternatively, when the voltage of the battery is in a range
between the first predetermined voltage level and the second
predetermined voltage level, the controller operates the con-
verter in the third converting mode (a first combination
mode), then in a fifth converting mode (such as a buck-boost
mode) and then in a fourth converting mode (a second com-
bination mode). In the third converting mode, for a plurality
of switching cycles the converter operates according to the
first converting mode and for at least one switching cycle the
converter operates according to the second converting mode.
The controller will then operate the converter according to the
fifth converting mode for at least one switching cycle. Then in
the fourth converting mode, the controller operates the con-
verter for a plurality of switching cycles according to the
second converting mode and for at least one switching cycle
the converter operates according to the first converting mode.
Operation in the third converting mode, the fifth converting
mode and the fourth converting mode can each repeat a plu-
rality of times before switching to the next converting mode.
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Alternatively, the fifth converting mode can be eliminated and
the third converting mode can transition to the fourth convert-
ing mode.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of this invention will
be better understood from the following detailed description
taken in conjunction with the drawings, wherein:

FIG. 1 is a representative graph of voltage versus time for
a device with a variable input voltage source illustrating a
prior art method of controlling a DC-DC converter;

FIG. 2 is a schematic diagram of a DC-DC converter and a
controller according to one embodiment of this invention;

FIG. 3 shows a block diagram of a control approach of one
embodiment of this invention;

FIG. 4 is a graph of voltage versus time for a device with a
variable input voltage source illustrating the control approach
of FIG. 3;

FIG. 5 shows a block diagram of a control approach of one
embodiment of this invention;

FIG. 6 is a graph of voltage versus time for a device with a
variable input voltage source illustrating the control approach
of FIG. 5;

FIG. 7 shows a schematic diagram of a positive buck-boost
DC-DC converter and a controller according to one embodi-
ment of this invention;

FIG. 8 presents an input voltage waveform, an output volt-
age waveform, buck pulses and boost pulses for a simulation
of a direct transition from buck mode to boost mode accord-
ing to a known method of controlling;

FIG. 9 presents an input voltage waveform, an output volt-
age waveform, buck pulses and boost pulses of a simulation
of a transition from buck mode to buck-boost mode to boost
mode according to a known method of controlling;

FIG. 10 presents an input voltage waveform, an output
voltage waveform, buck pulses and boost pulses of a simula-
tion of transitions from buck mode to first combination mode
to buck-boost mode to second combination mode to boost
mode according to one embodiment of this invention;

FIG. 11 presents an input voltage waveform, an output
voltage waveform, buck pulses and boost pulses of a simula-
tion of transitions from buck mode to first combination mode
to buck-boost mode to second combination mode to boost
mode according to one embodiment of this invention;

FIG. 12 presents the output voltage waveforms from the
simulations of FIGS. 8-11;

FIGS. 13a-b show experimental results of an output volt-
age, buck pulses and boost pulses in a direct transition from
buck mode to boost mode;

FIGS. 14a-b show experimental results of an output volt-
age, buck pulses and boost pulses in direct transition from
buck mode to buck-boost mode;

FIGS. 15a-b show experimental results of an output volt-
age, buck pulses and boost pulses in direct transition from
buck-boost mode to boost mode;

FIG. 16 shows an input voltage and an output voltage for
the transition from buck to boost mode according to one
embodiment of this invention;

FIGS. 17a-f show experimental results for transitions from
buck mode to a first combination mode to buck-boost mode to
a second combination mode to boost mode according to one
embodiment of this invention;

FIG. 18 shows experimental results for a transition from a
first combination mode to a second combination mode for one
embodiment of this invention; and
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FIGS. 19a-c shows three graphs of efficiency versus input
voltage for three methods of operating the converter.

DESCRIPTION OF PRESENTLY PREFERRED
EMBODIMENTS

This invention provides a method of controlling a converter
to provide an output voltage from a variable input voltage.
The invention reduces output voltage spikes during transi-
tions from one mode to another mode by incorporating inter-
mediate combination modes in place of direct transitions
from one mode to another mode.

As shown in FIG. 2, converter 10 is provided with input
voltage 12 and provides output voltage 14. Input voltage 12 is
a variable voltage source, such as a battery, that has a fully-
charged voltage that drains to a drained voltage. Converter 10
functions to regulate input voltage 12 to a desired output
voltage 14. Converter 10 can be any type of converter includ-
ing, but not limited to a positive buck-boost converter, an
inverting buck-boost converter, a cascaded buck and boost
converter, a Cuk converter, a SEPIC converter or a fly-back
converter. Ideally, converter 10 should have the capability of
operating in various converter topologies through controlled
switching of components of the circuit.

Referring to FIG. 2, converter 10 is electrically connected
to controller 16. Controller 16 implements a control strategy
of'this invention. Controller 16 includes a converter topology
control (CTC) 18 and at least one transition control (TC) unit
20. The CTC 18 controls operating topologies of the con-
verter 10. The TC unit 20 controls transitions between various
topologies. The controller 16 provides a drive signal and a
switching frequency to the converter 10.

In one embodiment of this invention, controller 16 com-
prises a pulse width modulation (PWM) controller. Those
skilled in the art should appreciate that other control circuits
are also within the broad scope of this invention.

In one embodiment ofthis invention, controller 16 includes
apulse circuit, which can be a monostable multivibrator. The
monostable multivibrator, also commonly known as a “one-
shot,” is triggered, in one embodiment, by a rising edge of the
drive signal to generate a pulse of fixed duration. Alterna-
tively, the monostable vibrator may be triggered by a trailing
edge of the drive signal.

FIG. 3 shows a block diagram of one embodiment of the
control strategy of this invention. The control strategy
includes implementing first converting mode 22, second con-
verting mode 24, third converting mode 26, fourth converting
mode 28 and fifth converting mode 30. In an alternative
embodiment, the control strategy can comprise any number
or combination of converting modes according to this inven-
tion.

FIG. 4 is a graph of voltage versus time illustrating the
control strategy of FIG. 3 for a device with a variable input
voltage 32 and a regulated output voltage 34. As shown in
FIG. 4, when input voltage 32 is higher than first predeter-
mined voltage level 36, converter 10 operates in first convert-
ing mode 22. First converting mode 22 repeats a first duty
cycle pulse for each period. When input voltage 32 is less than
second predetermined voltage level 38, converter 10 operates
in second converting mode 24. Second converting mode 24
repeats a second duty cycle pulse for each period.

When input voltage 32 has a value that is between first
predetermined voltage level 36 and second predetermined
voltage level 38 the converter operates in one or more com-
bination modes. In FIG. 4, two combination modes are
shown, third converting mode 26 and fourth converting mode
28. Third converting mode 26 operates between first prede-
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termined voltage level 36 and third predetermined voltage
level 40. Fourth converting mode 28 operates between fourth
predetermined voltage level 42 and second predetermined
voltage level 38. Additionally, in FIG. 4, fifth converting
mode 30 operates between third predetermined voltage level
40 and fourth predetermined voltage level 42.

Converter 10 operates in third converting mode when input
voltage 32 is equal to or less than first predetermined voltage
level 36 and greater than third predetermined voltage level 40.
Third converting mode 26 comprises a combination configu-
ration of the first duty cycle pulse for a, periods and the
second duty pulse for {3, periods, where «, and 3, are positive
integers. In one embodiment, the combination configuration
is repeated until input voltage 32 equals third predetermined
voltage level 40. Alternatively, the combination configuration
can repeat a predetermined number of times (y,) and then
controller 16 changes the operation of converter 10 to another
converting mode.

As input voltage 32 drains to equal to or less than third
predetermined voltage level 40 and greater than fourth pre-
determined voltage level 42, controller 16 operates converter
10 in fifth converting mode 30. In this embodiment, fifth
converting mode 30 is not a combination mode, as it does not
include a combination of the first duty cycle pulse and the
second duty cycle pulse. Fifth converting mode 30 comprises
a third duty cycle pulse which is different from the first duty
cycle pulse and the second duty cycle pulse. Fifth converting
mode 30 can be a buck-boost mode.

After input voltage 32 drains to equal to or less than fourth
predetermined voltage level 42 and greater than second pre-
determined voltage level 38, controller 16 operates converter
10 in fourth converting mode 28. Fourth converting mode 28
comprises a second combination configuration of the second
duty pulse for 3, periods and the first duty cycle pulse for ct,,
periods, where o, and {3, are positive integers. In one embodi-
ment, the second combination configuration repeats until
input voltage 12 equals second predetermined voltage level
38. Alternatively, the second combination configuration can
repeat a predetermined number of times (y,,) and then con-
troller 16 changes the operation of converter 10 to another
converting mode.

In an alternative embodiment, the control strategy includes
first converting mode 22, second converting mode 24, third
converting mode 26 and fourth converting mode 28. In this
embodiment, fifth converting mode 30 can be eliminated
because implementing fifth converting mode 30 often leads to
an undesirable higher loss that decreases the efficiency of
converter 10.

FIG. 5 shows an alternative control strategy of this inven-
tion, including three modes. The control strategy of FIG. 5§
includes first converting mode 52, second converting mode 54
and third converting mode 56.

FIG. 6 is a graph of voltage versus time for a device with a
variable input voltage 62 and a regulated output voltage 64
and illustrating the control strategy of FIG. 5. As shown in
FIG. 6, when input voltage 62 is higher than first predeter-
mined voltage level 66, converter 10 operates in first convert-
ing mode 52. First converting mode 52 repeats the first duty
cycle pulse for each period. Also when input voltage 62 is less
than second predetermined voltage level 68, converter 10
operates in second converting mode 54. Second converting
mode 54 repeats the second duty cycle pulse for each period.

Third converting mode 56 comes into operation when input
voltage 62 is equal to or less than first predetermined voltage
level 66 and greater than second predetermined voltage level
68. Third converting mode 56 comprises a plurality of
sequential combination configurations of the first duty cycle
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pulse and the second duty cycle pulse. In one embodiment, a
first sequential combination comprises a plurality of the first
duty cycle pulse (o first duty cycle pulses) followed by at least
one second duty cycle pulse (p second duty cycle pulses). A
second sequential combination comprises a lesser amount (x)
than the plurality of the first duty cycle pulse (a—x) and an
increased amount of the second duty cycle pulse (f+x). The
sequential combination configuration can continue until only
a set number of the first duty cycle pulses, generally one,
remain. For example, if the first sequential combination com-
prises six first duty cycles and one second duty cycle and each
subsequent sequential combination is changed by one, the
pattern would be: 6,1; 5,2; 4,3; 3,4; 2,5; 1,6. Alternatives
include changing each sequential combination by two or
another integer less than a. Another alternative includes
repeating a subset a plurality of times (y) before moving to a
next subset, for example, if y=3, then: 6,1; 6,1; 6,1; 5,2; 5,2;
5,2; 4,3, and so on.

These methods of controlling a converter can be applied to
a positive buck-boost converter. In FIG. 7, positive buck-
boost converter 70 comprises input voltage 72, first switching
device 74, first diode 76, inductive device 78, second switch-
ing device 80, second diode 82, capacitor 84 and output
voltage 86. Positive buck-boost converter 70 is connected to
controller 88, first gate driver 90 and second gate driver 92.

When applying the control strategy of FIGS. 3-4 to positive
buck-boost converter 70, first converting mode 22 can be a
buck mode, second converting mode 24 can be a boost mode
and fifth converting mode 30 can be a buck-boost mode.
While third converting mode 26 and fourth converting mode
28 are combination modes.

Positive buck-boost converter 70 can operate in the buck-
boost mode by switching on, i.e., conducting, first switching
device 74 and second switching device 80 for the buck-boost
duty cycle and then off, i.e., not conducting, for the remainder
of a period. Converter 70 can operate in the buck mode by
keeping second switching device 80 off and switching first
switching device 74 on for a buck duty cycle and off for the
remainder of the period. Converter 70 can operate in the boost
mode by keeping first switching device 74 on and switching
second switching device 80 on for a boost duty cycle and off
for the remainder of the period.

To operate positive buck-boost converter 70 in third con-
verting mode 26, the number of first duty cycle pulses (c;) and
the number of second duty cycle pulses (f3,) must be deter-
mined. An analytical approach can be used to calculate the ¢,
first duty cycle pulses and the B, second duty cycle pulses,
where the first duty cycle pulses are buck pulses and the
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second duty cycle pulses are boost pulses. In third converting
mode 26, combining o, buck pulses and {3, boost pulses, the
output voltage variation can be expressed as:
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mode and the boost mode, respectively. Equation (4) can be
represented as:
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Since the desired output voltage variation, i.e. voltage ripple/
voltage spike, is minimum or zero,
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Similarly, for fourth converting mode 28, the ratio of boost
and buck pulses can be defined in terms of circuit parameters.
Alternatively, a trial and error approach can be used to deter-
mine the « first duty cycle pulse and the f§ second duty cycle
pulse in third converting mode 26 and/or fourth converting
mode 28.

FIGS. 8-12, are graphs of simulation results for four meth-
ods of controlling positive buck-boost converter 70, two prior
art methods and two methods according to this invention.
FIGS. 13-18 are graphs of experimental results, which con-
firm the simulations. All simulations and experimental results
are based the parameters provided in Table 1.

TABLE 1
Variable Parameter Value
L inductance 100 pH
C Output filter capacitance 330 uF
Vi Input voltage 3.6V-6V
Voer Output voltage 5V
f Switching frequency 100 kHz
R Output resistance 20Q

Simulation Results of the Prior Art, Direct Transition
Method:

FIG. 8 presents an input voltage waveform, an output volt-
age waveform, buck pulses and boost pulses for a direct
transition from buck mode to boost mode. The simulation
results indicate the presence of a 12% to 14% voltage spike in
the output voltage during direct transition from buck mode to
boost mode.

FIG. 9 presents an output voltage waveform, an input volt-
age, and buck and boost pulses for a transition from buck
mode to buck-boost mode to boost mode. In this method, the
converter initially works in buck mode, when the input volt-
age is greater than the output voltage, followed by buck-boost
mode when the voltages are almost equal. Finally the con-
verter works in boost mode when the input voltage is lower
than the output voltage. The simulation results indicate about
a 6% voltage spike in the output voltage during transitions.



US 8,089,254 B2

9

Simulation Results of Two Embodiments of This Invention:

In these simulations, the first combination mode and the
second combination mode comprise an embodiment of this
invention with a repeating (not sequential) combination of
buck and boost pulses.

Using Equation (6), just before v,,~v_ ., to calculate o,/
for the first combination mode provides a ratio of 3:1. Just
after v, ~v,,,, calculating a.,/p}, for the second combination
mode provides a ratio of 1:2. Thus, the simulation uses three
buck pulses and one boost pulse for the first combination
mode and one buck pulse and two boost pulses for the second
combination mode.

In FIGS. 10-12 and 17-19, the references to Comb. A or
Comb. mode

A refer to the first combination mode, while the references
to Comb. B or Comb. mode B refer to the second combination
mode.

1) The Method of the Invention with Buck-Boost Mode:

FIG. 10 presents an output voltage waveform, an input
voltage waveform, buck pulses and boost pulses for transi-
tions from buck mode to the first combination mode to buck-
boost mode to the second combination mode to boost mode.
The simulation results indicate about a 4% voltage spike in
the output voltage during transitions through the different
modes. This method thus improves the ripple in the output
voltage of the converter during transients.

II) The Method of the Invention without Buck-Boost
Mode:

FIG. 11 presents an output voltage waveform, an input
voltage waveform, buck pulses and boost pulses for transi-
tions from buck mode to the first combination mode to the
second combination mode to boost mode. The simulation
results indicate about a 4% voltage spike in the output voltage
during transitions through the different modes. This result is
roughly the same as the method with the buck-boost mode in
the middle (FIG. 10). However, operating the converter in the
buck-boost mode decreases the efficiency of the converter,
eliminating the buck-boost mode significantly improves the
efficiency of the converter.

FIG. 12 presents the output voltages from the simulations
of all four transition methods for comparison.

Positive buck-boost converter 70 was tested experimen-
tally to verify the simulation results. The experimental test
was conducted with the following elements. First switching
device 74 and second switching device 80 were N-type MOS-
FET switches, model number IRF540. First diode 76 and
second diode 82 were Schottky barrier diodes, model number
IN5817. Controller 88 included a Texas Instrument Digital
Signal Processor (DSP), model number 320F2812. Two high-
side gate drivers 90, 92 and dedicated gating logic configure
converter 70 into buck mode, buck-boost mode and boost
mode. High-side gate drivers 90, 92 were dependent on mode
selection signals from the DSP.

Experimental Results of the Prior Art, Direct Transition
Method:

FIG. 13a shows the experimental results of the waveforms
for output voltage, buck mode pulses and boost mode pulses
in direct transition from buck mode to boost mode. FIG. 135
shows a closer view of the waveforms. FIGS. 134-b show a
voltage spike in the output voltage during the transition from
buck mode to boost mode.

FIGS. 14a-b and 15a-b show the experimental results of
the waveforms for output voltage, buck mode pulses, boost
mode pulses, and buck-boost mode pulses for a direct transi-
tion from buck to buck-boost mode and from buck-boost
mode to boost mode, also with closer views of the waveforms
for each transition.

5

20

25

30

35

40

45

50

55

60

65

10

Experimental Results of Embodiments of this Invention:

In these experiments, the first combination mode and the
second combination mode comprise an embodiment of this
invention with a repeating (not sequential) combination of
buck and boost pulses.

FIG. 16 presents the input voltage and the output voltage
for the transition from buck to the first combination mode to
the second combination mode to boost mode. The input volt-
age decreases from 6 V to 3.6 V while the output voltage is
tightly regulated at 5 V.

The experimental result for the transition from buck mode
to the first combination mode to buck-boost mode to buck-
boost mode to the second combination mode to boost mode is
shown in detail in FIGS. 17a-f. FIG. 17a shows the output
voltage variation as well as buck and boost pulses in transition
from the buck mode to the first combination mode. FIG. 175
shows buck and boost pulses in the first combination mode,
where three buck pulses are associated with one boost pulse.
FIG. 17¢ shows buck, boost, and buck-boost pulses in the
transition from the first combination mode to the buck-boost
mode. FIG. 17d shows buck, boost, and buck-boost pulses in
the transition from the buck-boost mode to the second com-
bination mode. FIG. 17e shows buck and boost pulses in the
second combination mode, before transition to the boost
mode. In the second combination mode, each buck pulse is
associated with two boost pulses. FIG. 17/ shows the output
voltage, the buck pulses and the boost pulses in the transition
from the second combination mode to the boost mode.

In order to improve the efficiency of the converter in addi-
tion to improving the output voltage transients, dynamic
behavior of the system for a direct transition from the first
combination mode to the second combination mode is inves-
tigated. FIG. 18 shows the experimental results for the output
voltage, buck pulses, and boost pulses in a direct transition
from the first combination mode to the second combination
mode for an embodiment of this invention where the buck-
boost mode is omitted.

Table 2 summarizes experimental results of the output
voltage ripple during transitions from different modes of
operation.

TABLE 2

Output voltage

Transition ripple (%)

Direct buck to boost

Buck to buck-boost

Buck-boost to boost

Buck to first combination mode

First combination mode to buck-boost

Buck-boost to second combination mode

Second combination mode to boost

First combination mode to second combination mode

12%
4%
6%

<3%

<2%
<2%
<3%
<2%

The voltage ripple is defined as the peak-peak ripple as a
percentage of the output voltage of the converter. Direct tran-
sition from buck to boost has a voltage ripple of about 12%
(FIG. 13). The addition of the buck-boost mode improves the
voltage ripple to about 4% in transition from buck to buck-
boost (FIG. 14) and improves the voltage ripple of transition
from buck-boost to boost to about 6% (FIG. 15); however,
staying in the buck-boost mode for a long time sacrifices the
efficiency of the converter. Adding the first combination
mode and the second combination mode between buck and
boost modes, significantly improves the voltage ripple to less
than 2-3% (FIGS. 16-18).

FIGS. 19a-c present efficiency (P,,/P;,) versus the input
voltage for three methods of operating the converter for three
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loads (R) at the output voltage. Efficiency is a function of a
load profile. Increasing the load power decreases the effi-
ciency because of increases of ohmic and switching losses.
FIG. 19a presents the efficiency of the converter in the tran-
sition from buck mode to buck-boost mode to boost mode.
Efficiency of the converter, where the input voltage is
approximately equal to the output voltage and R=5.1€2,
descends to 73% due to the operation of the converter in
buck-boost mode. FIG. 196 presents the efficiency of the
converter in the transition from buck mode to first combina-
tion mode to buck-boost mode. Similar to the results of FIG.
19a, the efficiency is sacrificed, when input voltage is about
5.4 V. However, eliminating the buck-boost mode, as shown
in FIG. 19¢, improves the efficiency by about 17% and 20%,
respectively, in the case of R=5.1Q2 and R=19.08Q.

Comparing the voltage regulation plots of FIGS. 15-18 and
the efficiency plots of FIG. 19, demonstrates that the pro-
posed methodology improves the efficiency and output volt-
age regulation during transition from one operating mode to
another.

Thus, the invention provides a method for controlling a
DC/DC converter with a variable power supply. The method
introduced improves the dynamic response of the converter
during transients by switching between different converter
topologies to spread out voltage spikes, which are an inevi-
table result of transients. The invention also can improve the
efficiency of the DC/DC converter by replacing higher loss
modes with combination modes.

It will be appreciated that details of the foregoing embodi-
ments, given for purposes of illustration, are not to be con-
strued as limiting the scope of this invention. Although only a
few exemplary embodiments of this invention have been
described in detail above, those skilled in the art will readily
appreciate that many modifications are possible in the exem-
plary embodiments without materially departing from the
novel teachings and advantages of this invention. Accord-
ingly, all such modifications are intended to be included
within the scope of this invention, which is defined in the
following claims and all equivalents thereto. Further, it is
recognized that many embodiments may be conceived that do
not achieve all of the advantages of some embodiments, par-
ticularly of the preferred embodiments, yet the absence of a
particular advantage shall not be construed to necessarily
mean that such an embodiment is outside the scope of the
present invention.

What is claimed is:
1. A method of controlling a DC-DC converter to provide a
desired output voltage from an input voltage which is differ-
ent than the desired output voltage comprising:
providing a switching frequency having a period to the
DC-DC converter;

operating the DC-DC converter in a first converting mode
for each period the input voltage is greater than a first
predetermined voltage level, wherein the first converting
mode comprises a repeating of a first duty cycle pulse;

operating the DC-DC converter in a second converting
mode for each period the input voltage is less than a
second predetermined voltage level, wherein the second
voltage is less than the first voltage, wherein the second
converting mode comprises a repeating of a second duty
cycle pulse;

operating the DC-DC converter in a third converting mode

when the input voltage is less than the first predeter-
mined voltage level and greater than the second prede-
termined voltage level, wherein the third converting
mode comprises a plurality of sequential combination
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configurations of the first duty cycle pulse and the sec-
ond duty cycle pulse, wherein each subsequent combi-
nation configuration of the first duty cycle pulse and the
second duty cycle pulse comprises a lesser amount of the
first duty cycle pulse and an increased amount of the
second duty cycle pulse.
2. The method of controlling the DC-DC converter of claim
1, further comprising switching a switching device, wherein
the first duty cycle pulse comprises switching the switching
device in a first manner and the second duty cycle pulse
comprises switching the switching device in a second man-
ner.
3. The method of controlling the DC-DC converter of claim
1, wherein the DC-DC converter is a positive buck-boost
converter, an inverting buck-boost converter, a cascaded buck
and boost converter, a Cuk converter, a SEPIC converter or a
fly-back converter.
4. The method of controlling the DC-DC converter of claim
1, wherein an output voltage ripple is less than a predeter-
mined percentage range of the desired output voltage.
5. The method of controlling the DC-DC converter of claim
4, wherein the predetermined percentage range is less than 2
percent of the desired output voltage.
6. The method of controlling the DC-DC converter of claim
1, wherein the first converting mode comprises a buck mode
and the first duty cycle pulse comprises a buck duty cycle
equal to the desired output voltage divided by the input volt-
age.
7. The method of controlling the DC-DC converter of claim
6, wherein the second converting mode comprises a boost
mode and the second duty cycle pulse comprises a boost duty
cycle equal to one minus the input voltage divided by the
desired output voltage.
8. The method of controlling the DC-DC converter of claim
7, wherein the combination configuration of the third con-
verting mode comprises the buck duty cycle for a, periods
and the boost duty cycle for 8, periods, wherein a ratio of o,
to B, is:

(1 = dooost? 22 o T B + o
1% - = Qpoost) —x7 CQboost £ — 10,boost - Vout
L _ 2L R ,and

5=

- Vout

v,
(1 _dbuck)%T"' 1o puck = 7

wherein d,,., comprises the boost duty cycle, v,_,, is the
desired output voltage, [ comprises a magnetizing
inductance of an inductor, 1, ,,,,, comprises an initial
current of the inductor in the boost mode, T comprises
the period, R comprises an output resistance, d,,, ., com-
prises the buck duty cycle and I, ;,,., comprises an initial
current of the inductor in the buck mode.
9. The method of controlling the DC-DC converter of claim
1, wherein the DC-DC converter comprises a first switch
coupled between the input voltage and a first terminal of an
inductor, a first diode coupled between the first terminal of the
input voltage and ground, a second switch coupled between a
second terminal of the inductor and ground, and a second
diode coupled between the second terminal of the inductor
and the output voltage in parallel with a capacitor.
10. The method of controlling the DC-DC converter of
claim 9, wherein the first converting mode comprises a buck



US 8,089,254 B2

13

mode and the first duty cycle pulse comprises a buck duty
cycle equal to the desired output voltage divided by the input
voltage and during the buck mode the second switch is oftand
the first switch switches on for the buck duty cycle and off for
a remainder of the period.

11. The method of controlling the DC-DC converter of
claim 9, wherein the second converting mode comprises a
boost mode and the second duty cycle pulse comprises a boost
duty cycle equal to one minus the input voltage divided by the
desired output voltage and during the boost mode the first
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switch is on and the second switch switches on for the boost
duty cycle and off for a remainder of the period.

12. The method of controlling the DC-DC converter of
claim 9, wherein the first switch comprises a first N-type
MOSFET, the second switch comprises a second N-type
MOSFET, the first diode comprises a first Schottky barrier
diode and the second diode comprises a second Schottky
barrier diode.



