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(57) Abstract: A method comprises generating a first ramp signal (S1) and a second ramp signal (S2) for controlling a buck convert-
er portion and a boost converter portion of a buck-boost converter (100) respectively, comparing the first ramp signal (S1) and the
second ramp signal (S2) to a control signal, controlling the buck converter portion using the comparing the first ramp signal (S1) to
the control signal and the boost converter portion using the comparing the second ramp signal (S2) to the control signal, comparing
a current flowing through the inductor (L1) to a current threshold (iLth2) and terminating a switching cycle based upon the compar -
ing the current flowing through the inductor (L1) to the current threshold (iLth2).
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Control Method for Buck-Boost Power Converters

[0001] This application claims priority to U.S. Application Serial No. 14/739,827, filed on
June 15, 2015 entitled “Control Method for Buck-Boost Power Converters” which is

incorporated herein by reference.

TECHNICAL FIELD

[0002] The present invention relates to a power converter, and, in particular embodiments, to

control mechanisms for buck-boost converters.

BACKGROUND

[0003] A power converter transforms an input voltage into a regulated output voltage and
supplies a current required by an external load such as integrated circuits and the like. Depending
on whether a transformer is incorporated into a power converter, switching power converters can
be divided into two categories, namely isolated power converters and non-isolated power
converters. Isolated power converters can be implemented by using different power topologies,
such as flyback converters, forward converters, half bridge converters, full bridge converters,
push-pull converters, inductor-inductor-capacitor (LLC) resonant converters and the like.
Likewise, non-isolated power converters can be implemented by using different power
topologies such as buck converters, boost converters, buck-boost converters, linear regulators,

any combinations thereof.

[0004] As the demand for battery based power applications has grown recently, there has
grown a need for developing a converter capable of generating a regulated output voltage from
an input voltage, which may be larger than, equal to, or smaller than the output voltage. For
example, in a battery based power application, when a battery is fresh, it may supply a voltage
higher than the output voltage of the converter. On the other hand, when the battery is depleted,

it may supply a voltage lower than the output voltage of the converter.

[0005] Buck-boost converters have emerged as an effective power conversion scheme to
deliver a tightly regulated output voltage from a wide range input voltage. A buck-boost

converter can produce an output voltage that is either greater than or less than an input voltage
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through using different operating modes such as buck and boost conversion modes. In particular,
the buck-boost converter operates in a buck mode when the input voltage is higher than the

output voltage, in a boost mode when the input voltage is lower than the output voltage.

SUMMARY OF THE INVENTION

[0006] These and other problems are generally solved or circumvented, and technical
advantages are generally achieved, by preferred embodiments of the present invention which

provide a method for achieving a high efficiency non-isolated power converter.

[0007] In accordance with an embodiment, a method comprises generating a first ramp
signal for controlling a buck converter portion of a buck-boost converter, wherein the buck-boost
converter comprises a first high-side switch and a first low-side switch connected in series across
an input capacitor, a second high-side switch and a second low-side switch connected in series
across an output capacitor and an inductor coupled between a common node of the first high-side
switch and the first low-side switch, and a common node of the second high-side switch and the

second low-side switch.

[0008] The method further comprises generating a second ramp signal for controlling a boost
converter portion of the buck-boost converter, comparing the first ramp signal and the second
ramp signal to a control signal, controlling a state of the first high-side switch using the
comparing the first ramp signal to the control signal and a state of the second low-side switch
using the comparing the second ramp signal to the control signal, comparing a current flowing
through the inductor to a current threshold and terminating a switching cycle based upon the

comparing the current flowing through the inductor to the current threshold.

[0009] In accordance with another embodiment, a method comprises providing a power
converter, wherein the power converter comprises a buck converter portion comprising a first
high-side switch and a first low-side switch connected in series across an input capacitor, a boost
converter portion comprising a second high-side switch and a second low-side switch connected
in series across an output capacitor and an inductor coupled between a common node of the first
high-side switch and the first low-side switch, and a common node of the second high-side

switch and the second low-side switch.
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[0010] The method further comprising detecting an input voltage and an output voltage of
the power converter, comparing a first ramp signal and a second ramp signal to a control signal,
controlling a state of the first high-side switch using the comparing the first ramp signal to the
control signal and a state of the second low-side switch using the comparing the second ramp
signal to the control signal, determining an operation mode transition based upon a ratio of the
input voltage to the output voltage, comparing a current flowing through the inductor to a current
threshold and terminating a switching cycle based upon the comparing the current flowing

through the inductor to the current threshold.

[0011] In accordance with yet another embodiment, a converter comprises a buck converter
portion comprising a first high-side switch and a first low-side switch connected in series across
an input capacitor, a boost converter portion comprising a second high-side switch and a second
low-side switch connected in series across an output capacitor, and an inductor coupled between

the buck converter portion and the boost converter portion.

[0012] The converter further comprises a controller configured to compare a current flowing
through the inductor to a current threshold and terminate a switching cycle based upon

comparing the current flowing through the inductor to the current threshold.

[0013] An advantage of a preferred embodiment of the present invention is the efficiency of

a buck-boost converter may be improved by employing multiple operating modes.

[0014] The foregoing has outlined rather broadly the features and technical advantages of
the present invention in order that the detailed description of the invention that follows may be
better understood. Additional features and advantages of the invention will be described
hereinafter which form the subject of the claims of the invention. It should be appreciated by
those skilled in the art that the conception and specific embodiment disclosed may be readily
utilized as a basis for modifying or designing other structures or processes for carrying out the
same purposes of the present invention. It should also be realized by those skilled in the art that
such equivalent constructions do not depart from the spirit and scope of the invention as set forth

in the appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] For a more complete understanding of the present invention, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

[0016] Figure 1 illustrates a schematic diagram of a buck-boost converter in accordance with

various embodiments of the present disclosure;

[0017] Figure 2 illustrates timing diagrams associated with a boost operating mode under the

first control mechanism in accordance with various embodiments of the present disclosure;

[0018] Figure 3 illustrates timing diagrams associated with a light-load boost operating
mode under the first control mechanism in accordance with various embodiments of the present

disclosure;

[0019] Figure 4 illustrates timing diagrams associated with a buck-boost operating mode
under the first control mechanism in accordance with various embodiments of the present

disclosure;

[0020] Figure 5 illustrates timing diagrams associated with a buck operating mode under the

first control mechanism in accordance with various embodiments of the present disclosure;

[0021] Figure 6 illustrate timing diagrams associated with a buck-boost operating mode
under the second control mechanism when the output voltage is greater than the input voltage in

accordance with various embodiments of the present disclosure;

[0022] Figure 7 illustrates timing diagrams associated with a light-load buck-boost
operating mode under the second control mechanism when the output voltage is greater than the

input voltage in accordance with various embodiments of the present disclosure;

[0023] Figure 8 illustrates timing diagrams associated with a buck-boost operating mode
under the second control mechanism when the output voltage is approximately equal to the input

voltage in accordance with various embodiments of the present disclosure;

[0024] Figure 9 illustrates timing diagrams associated with a buck-boost operating mode
under the second control mechanism when the input voltage is greater than the output voltage in
accordance with various embodiments of the present disclosure;
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[0025] Figure 10 illustrates timing diagrams associated with the third control mechanism in

accordance with various embodiments of the present disclosure;

[0026] Figure 11 illustrates timing diagrams associated with a buck operating mode under
the third control mechanism shown in Figure 10 in accordance with various embodiments of the

present disclosure;

[0027] Figure 12 illustrates timing diagrams associated with a buck-boost operating mode
under the third control mechanism shown in Figure 10 in accordance with various embodiments

of the present disclosure; and

[0028] Figure 13 illustrates timing diagrams associated with a boost operating mode under
the third control mechanism shown in Figure 10 in accordance with various embodiments of the

present disclosure.

[0029] Corresponding numerals and symbols in the different figures generally refer to
corresponding parts unless otherwise indicated. The figures are drawn to clearly illustrate the

relevant aspects of the various embodiments and are not necessarily drawn to scale.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0030] The making and using of the presently preferred embodiments are discussed in detail
below. It should be appreciated, however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of specific contexts. The specific
embodiments discussed are merely illustrative of specific ways to make and use the invention,

and do not limit the scope of the invention.

[0031] The present invention will be described with respect to preferred embodiments in a
specific context, namely control methods for a high efficiency buck-boost converter. Hereinafter,

various embodiments will be explained in detail with reference to the accompanying drawings.

[0032] Figure 1 illustrates a schematic diagram of a buck-boost converter in accordance
with various embodiments of the present disclosure. The buck-boost converter 100 comprises a
first high-side switch Q1, a first low-side switch Q2, a second high-side switch Q3, a second
low-side switch Q4 and an inductor L1. The first high-side switch Q1 and the first low-side
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switch Q2 are connected in series between the positive terminal and the negative terminal of an
input capacitor CIN. The second high-side switch Q3 and the second low-side switch Q4 are
connected in series between the positive terminal and the negative terminal of an output
capacitor Co. The inductor L1 is coupled between the common node of the first high-side switch
Q1 and the first low-side switch Q2, and the common node of the second high-side switch Q3

and the second low-side switch Q4.

[0033] The buck-boost converter 100 may further comprise a controller 110. As shown in
Figure 1, the controller 110 may detect the input voltage Vin and the output voltage Vo, and
generate a plurality of gate drive signals for driving switches Q1, Q2, Q3 and Q4 accordingly.
The controller 110 may be a PWM controller. Alternatively, the controller 110 may be
implemented as a digital controller such as a micro-controller, a digital signal processor and/or

the like.

[0034] It should be noted that while the example throughout the description is based upon a
buck-boost converter and a controller configured to generate gate drive signal for the buck-boost
converter (e.g., buck-boost converter shown in Figure 1), the buck-boost converter 100 as well as
the controller 110 shown in Figure 1 may have many variations, alternatives, and modifications.
For example, the controller 110 may detect other necessary signals such as the input and/or
output current of the buck-boost converter 100. Furthermore, there may be one dedicated driver
or multiple dedicated drivers coupled between the controller 110 and the switches Q1, Q2, Q3
and Q4. In sum, the buck-boost converter 100 and the controller 110 illustrated herein is limited
solely for the purpose of clearly illustrating the inventive aspects of the various embodiments.

The present invention is not limited to any particular power topology.

[0035] The buck-boost converter 100 may be divided into two portions, namely a buck
converter portion and a boost converter portion. The buck converter portion may comprise the
first high-side switch Q1 and the first low-side switch Q2. The buck converter portion and the
inductor L1 may function as a step-down converter. On the other hand, the boost converter
portion may comprise the second high-side switch Q3 and second low-side switch Q4. The boost
converter portion and the inductor L1 may function as a step-up converter. The buck converter
portion, the inductor L1 and the boost converter portion are connected in cascade between the

input capacitor CIN and the output capacitor Co.
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[0036] The switches (e.g., the first high-side switch Q1) shown in Figure 1 may be
implemented as n-type metal oxide semiconductor (NMOS) transistors. Alternatively, the
switches may be implemented as other suitable controllable devices such as metal oxide
semiconductor field effect transistor (MOSFET) devices, bipolar junction transistor (BJT)
devices, super junction transistor (SJT) devices, insulated gate bipolar transistor (IGBT) devices,

gallium nitride (GaN) based power devices and/or the like.

[0037] It should further be noted that while Figure 1 illustrates four switches Q1, Q2, Q3,
and Q4, various embodiments of the present disclosure may include other variations,
modifications and alternatives. For example, the low-side switch Q2 may be replaced by a
freewheeling diode and/or the like. The high-side switch Q3 may be replaced by a rectifier diode
and/or the like.

[0038] Based upon different design needs, three control mechanisms may be employed to
operate the buck-boost converter 100. In a first control mechanism, depending on different input
voltages, the buck-boost converter 100 is configured to operate in three different operating
modes, namely a buck operating mode, a boost operating mode and a buck-boost operating mode.
The detailed operating principles of the first control mechanism will be described below with

respect to Figures 2-5.

[0039] In a second control mechanism, the buck-boost converter 100 is configured to
operate in a buck-boost operating mode. The buck converter portion includes switches Q1 and
Q2. In the buck-boost operating mode under the second control mechanism, Q1 and Q2 are
controlled by complementary gate drive signals with appropriate switching dead times in the
same manner as in a convention buck converter. The boost converter portion includes switches
Q3 and Q4. In the buck-boost operating mode under the second control mechanism, Q3 and Q4
are controlled by complementary gate drive signals with appropriate switching dead times in the
same manner as in a convention boost converter. The detailed operating principles of the second

control mechanism will be described below with respect to Figures 6-9.

[0040] In a third control mechanism, the buck-boost converter 100 is configured to operate
in three different operating modes, namely a buck operating mode, a boost operating mode and a
buck-boost operating mode. The detailed operating principles of the third control mechanism

will be described below with respect to Figure 10-13.
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[0041] The three control mechanisms described above are based upon boundary current
mode (BCM) control. The BCM control technique may help the buck-boost converter 100
achieve zero voltage switching (ZVS) in different operating modes (e.g., buck operating modes,
boost operating modes and buck-boost operating modes). The ZVS operation of the buck-boost
converter 100 may reduce the switching losses and improve the efficiency of the buck-boost

converter 100.

[0042] Figure 2 illustrates timing diagrams associated with a boost operating mode under
the first control mechanism in accordance with various embodiments of the present disclosure.
The horizontal axis of Figure 2 represents intervals of time. There are five vertical axes. The first
vertical axis Y1 represents the ramps for controlling the buck-boost converter 100. The second
vertical axis Y2 represents the current flowing through the inductor L1 of the buck-boost
converter 100. The third vertical axis Y3 represents the gate drive signals of switches Q1 and Q2.
The fourth vertical axis Y4 represents the gate drive signals of switches Q3 and Q4. The fifth

vertical axis Y5 represents a corresponding control scheme in the digital domain.

[0043] The boost operating mode is employed when the output voltage (e.g., Vo =74 V) of
the buck-boost converter 100 is greater the input voltage (e.g., Vin = 36 V) of the buck-boost
converter 100. In operation, each new switching cycle starts at the time instant t0. At t0, both the
high-side switch Q1 of the buck converter portion and the low-side switch Q4 of the boost
converter portion are turned on. A first ramp S1 is employed to control the operation of the buck
converter portion and a second ramp S2 is employed to control the operation of the boost

converter portion.

[0044] As shown in Figure 2, at the beginning of a switching cycle, the first ramp S1 starts
from t0 and ramps up until at the end of the switching cycle. The first ramp S1 is reset at t3. In
some embodiments, t3 is the end of the switching cycle. The operation of the high-side switch
QL1 is controlled by the first ramp S1. In particular, the high-side switch QI is turned on at t0 and
remains on until the peak value of the first ramp S1 is equal to an error amplifier output voltage
Vec. In some embodiments, the error amplifier (not shown) has a first input coupled to the output

voltage Vo of the buck-boost converter 100 and a second input connected to a reference voltage.

[0045] In the boost operating mode, the output voltage Vo is greater than the input voltage
Vin. The intersection point (e.g., t2) of the first ramp S1 and Vc is far beyond the end of the

8-



WO 2016/202244 PCT/CN2016/085746

switching cycle determined by the inductor current. Since the first ramp S1 is reset to zero at t3
and never reaches Vc as indicated by the dashed line portion of S1, the high-side switch Q1 is

not turned off and stays always on during the boost operating mode.

[0046] The second ramp S2 includes an offset Vc0, which is a predetermined value. At the
beginning of each switching cycle, the second ramp S2 starts to ramp up from VcO and the low-
side switch Q4 of the boost converter portion is turned on. The low-side switch Q4 of the boost
converter portion remains on until the second ramp S2 crosses the error amplifier output voltage
Vc. As shown in Figure 2, at t1, the low-side switch Q4 is turned off and the second ramp S2 is

reset to Vc0.

[0047] From t0 to t1, since both Q1 and Q4 are turned on, the input voltage Vin of the buck-
boost converter 100 is applied to the inductor L1. As a result, the inductor current ramps up from
a negative value to a peak current from t0 to t1. The ramp-up slope of the inductor current is

equal to the input voltage Vin divided by the inductance of L1.

[0048] During the period from t1 to 3, Q4 is turned off and Q3 is turned on. Since both Q1
and Q3 are on, the voltage difference between Vo and Vin is applied to the inductor L1. Since
the buck-boost converter 100 operates in the boost operating mode during tl to t3, the output
voltage Vo is greater than the input voltage Vin. As a result, during the period from tl to 3, a
negative voltage is applied to the inductor L1 and the inductor current ramps down accordingly
as shown in Figure 2. The ramp-down slope of the inductor current is equal to the difference of
the input voltage Vin and the output voltage Vo divided by the inductance of L.1. At the time
instant t3, the inductor current drops to a current threshold ilL.th2. Q3 is turned off and Q4 is

turned on.

[0049] In some embodiments, the current threshold iL.th2 is a predetermined value.
Depending on different applications and design needs, iLth2 may vary. In some embodiments,
iLth2 is a negative value as shown in Figure 2. Furthermore, iLth2 may be set to a low enough
value to ensure the boost converter portion of the buck-boost converter 100 achieves ZVS at t3
and the buck converter portion of the buck-boost converter 100 achieves ZVS at the beginning of
the next switching cycle. It should be noted the ZVS operation shown in Figure 2 is merely an
example. There may be alternatives, variations and modifications. For example, by monitoring

the switching node voltage directly or indirectly (e.g., using an auxiliary voltage sense winding
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on L1) inside a short time window during which Q3 is turned off and Q4 is turned on around t3,
and Q2 is turned off and Q1 is turned on around the end of the switching cycle. Furthermore, by
varying the switching period, the ZVS operation can be achieved over different line and load

conditions.

[0050] In the digital control domain, as shown in Figure 2, the error amplifier output voltage
Vc is implemented as Yn. Yn is in a range from O to 1. The offset Vc0 is implemented as YnO;
S1 and S2 are PWM ramp slopes generated by a digital power controller. In some embodiments,
Ts is the switching period of the buck-boost converter 100; ta is equal to Yn divided by S1; the
ratio of Vo to Vin is equal to the ratio of ta to tb; tc is equal to the difference of Yn and Yn0

divided by S2.

[0051] As shown in Figure 2, when the buck-boost converter 100 operates in the boost
operating mode, Yn is greater than YnO; ta is equal to t2; tb is equal to the difference of t3 and tl;

ta is equal to T's; the sum of tb and tc is equal to Ts.

[0052] It should be noted that some feed-forward control mechanisms may be employed to
further improve the performance (e.g., transient response) of the boost operating mode. In
particular, the input voltage Vin and/or the output voltage Vo may be added into the slopes. For
example, S1 is equal to k1 divided by Vin where k1 is a first predetermined constant. S2 is equal

to k2 divided by Vin where k2 is a second predetermined constant.

[0053] Figure 3 illustrates timing diagrams associated with a light-load boost operating
mode under the first control mechanism in accordance with various embodiments of the present
disclosure. The timing diagrams shown in Figure 3 are similar to those shown in Figure 2 except
that the buck-boost converter 100 operates in a light load condition. In some embodiments, the
light load is defined as a load less than 10% of the full load of the buck-boost converter 100.
Since the ramp-up current slope and the ramp-down current slope shown in Figure 3 are the same
as those shown in Figure 2, the switching period under the light load condition shown in Figure 3
is shorter in comparison with that shown in Figure 2 in order to achieve a lower average current
flowing through the inductor L1. As a result, the effective switching frequency of the buck-boost

converter 100 may be relatively high for light load.

[0054] In order to control the range of the switching frequency of the buck-boost converter

100, a predetermined minimum switching period Tsmin may be implemented to limit the light

-10-
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load switching frequency. As shown in Figure 3, the second ramp S2 does not start to ramp until
Tsmin. During the period from t3 to Tsmin, it is a delay time td in which Q4 is on and remains
the on state until the second ramp S2 reaches the error amplifier output voltage Vc. During td,
Q2 and Q4 are both turned on and the inductor current freewheels in a loop formed by L.1, Q2
and Q4.

[0055] It should be noted the delay time td shown in Figure 3 is applicable to the operating
mode shown in Figure 2. For example, in order to have a fixed switching frequency, a delay time
may be added at t3. In other words, both the buck ramp and the boost ramp may not ramp up at

t3. A new switching period starts at the end of the delay time td.

[0056] In the digital control domain, the control mechanism shown in Figure 3 is similar to
that shown in Figure 2, and hence is not discussed in further detail herein to avoid unnecessary

repetition.

[0057] Figure 4 illustrates timing diagrams associated with a buck-boost operating mode
under the first control mechanism in accordance with various embodiments of the present
disclosure. The buck-boost operating mode is employed when the input voltage (e.g., Vin = 48 V)
of the buck-boost converter 100 is approximately equal to the output voltage (e.g., Vo =48 V) of
the buck-boost converter 100. In operation, each new switching cycle starts at the time instant t0.
At t0, both the high-side switch Q1 of the buck converter portion and the low-side switch Q4 of

the boost converter portion are turned on.

[0058] As shown in Figure 4, at the beginning of each switching cycle, the first ramp S1
starts from t0 and ramps up until the first ramp S1 reaches the error amplifier output voltage Vc
at t2. The first ramp S1 is reset at t2 and starts to ramp up at the beginning of the next cycle at t3.
The operation of the high-side switch Q1 is controlled by the first ramp S1. In particular, the
high-side switch Q1 is turned on at tO and remains on until the peak value of the first ramp S1 is
equal to the error amplifier output voltage Vc at t2. The low-side switch Q2 is turned on at t2 and

remains on until the end of the cycle at t3.

[0059] The second ramp S2 includes the offset Vc0. At the beginning of each switching
cycle, the second ramp S2 starts to ramp up and the low-side switch Q4 of the boost converter
portion is turned on. The low-side switch Q4 of the boost converter portion remains on until the

peak value of the second ramp S2 is equal to the error amplifier output voltage Vc. As shown in

-11-
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Figure 4, at t1, the low-side switch Q4 is turned off and the second ramp S2 is reset to Vc0. At tl,
the high-side switch Q3 is turned on and remains on until the end of the cycle at t3. It should be
noted that there is a dead time between the tum-off of Q4 and the turn-on of Q3.

[0060] From t0 to t1, since both Q1 and Q4 are turned on, the input voltage Vin is applied to
the inductor 1. As a result, the inductor current ramps up from a negative value to a peak
current from t0 to t1. The ramp-up slope of the inductor current is equal to the input voltage Vin
divided by the inductance of L1. During the period from tl to t2, Q4 is turned off and Q3 is
turned on. Since both Q1 and Q3 are on, the voltage difference between Vo and Vin is applied to
the inductor LL1. Since the input voltage of the buck-boost converter 100 is approximately equal
to the output voltage of the buck-boost converter 100, the inductor current remains relatively flat

during the period from tl to t2 as shown in Figure 4.

[0061] During the period from t2 to 3, Q1 is turned off and Q2 is turned on. Since both Q2
and Q3 are on, the voltage Vo is applied to the inductor L1. As a result, the inductor current
ramps down. The ramp-down slope of the inductor current is equal to the output voltage Vo

divided by the inductance of L1. At time instant t3, the inductor current drops to the current

threshold iL.th2. Q3 is turned off and Q4 is turned on.

[0062] It should be noted that the buck stage of the buck-boost converter 100 may not
achieve zero voltage switching if Q1 is turned off within the non-ZVS turn-off zone shown in
Figure 4. The range of the non-ZVS turn-off zone is determined by a current threshold iLthl,

which is a predetermined value.

[0063] It should be noted a delay time td may be added as shown in Figure 4. For example,
in order to have a fixed switching frequency, the delay time td may be added at t3. In other
words, both the buck ramp and the boost ramp may not ramp up at t3. Instead, the buck ramp and
the boost ramp may start at the end of the delay time td. Depending on different applications and
design needs, td may vary. For example, a variable td may help the buck-boost converter 100

achieve a fixed switching frequency.

[0064] In the digital control domain, the control mechanism shown in Figure 4 is similar to
that shown in Figure 2 except that T’ is greater than ta as shown in Figure 4. The detailed
operating principle of the buck-boost operating mode in the digital control domain is not

discussed herein to avoid repetition.
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[0065] Figure 5 illustrates timing diagrams associated with a buck operating mode under the
first control mechanism in accordance with various embodiments of the present disclosure. The
buck operating mode is employed when the input voltage (e.g., Vin = 60 V) of the buck-boost
converter 100 is greater than the output voltage (e.g., Vo = 8 V) of the buck-boost converter 100.
In operation, each new switching cycle starts at the time instant t0. At t0, the high-side switch Q1

of the buck converter portion is turned on.

[0066] A first ramp S1 is employed to control the operation of the buck converter portion
and a second ramp S2 is employed to control the operation of the boost converter portion. In the
buck operating mode, the second ramp S2 is a horizontal line with no slope since this ramp is
constantly being reset to Vc(. As shown in Figure 5, the Y1-axis value of the horizontal line is

equal to Vc0.

[0067] At the beginning of each switching cycle, the first ramp S1 starts from t0 and ramps
up until it is reset at t2. The operation of the high-side switch Q1 is controlled by the first ramp
S1. In particular, the high-side switch Q1 is turned on at tO and remains on until the peak value
of the first ramp S1 is equal to an error amplifier output voltage Vc. At t2, QI is turned off and

Q2 is turned on as shown in Figure 5.

[0068] As shown in Figure 5, in the buck operating mode, Vc0 is greater than Vc. In other
words, the second ramp S2 never reaches Vc during the buck operating mode. Since the second
ramp S2 never reaches Vc, the low side-switch Q4 of the boost converter portion is never on and
the high-side switch Q3 of the boost converter portion stays always on during the buck operating

mode.

[0069] From t0 to t2, since both Q1 and Q3 are turned on, the difference of the input voltage
Vin and the output voltage Vo is applied to the inductor L1. Since the input voltage Vin is
greater than the output voltage Vo during the buck operating mode, the inductor current ramps
up from a negative value to a peak current from t0 to t2. The ramp-up slope of the inductor
current is equal to the difference of the input voltage Vin and the output voltage Vo divided by

the inductance of L1.

[0070] During the period from t2 to 3, Q1 is turned off and Q2 is turned on. Since both Q2
and Q3 are on, the voltage Vo is applied to the inductor L1. As a result, the inductor current

ramps down. The ramp-down slope of the inductor current is equal to the output voltage Vo
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divided by the inductance of L1. At time instant t3, the inductor current drops to the current

threshold iL.th2. Q2 is turned off and Q1 is turned on.

[0071] It should be noted a delay time td may be added as shown in Figure 5. For example,
in order to have a fixed switching frequency, the delay time td may be added at t3. In other
words, the buck ramp may not ramp up at t3. Instead, the buck ramp may start at the end of the

delay time td.

[0072] In the digital control domain, the control mechanism shown in Figure 5 is similar to
that shown in Figure 2 except that YnO is greater than Yn; Ts is greater than ta; Ts is equal to tb;
tc is equal to zero. The detailed operating principle of the buck operating mode in the digital

control domain is not discussed herein to avoid repetition.

[0073] In Figures 3-5, the horizontal axis value of the intersection point of the inductor

current and iLth2 is t3. Depending on different operating modes, t3 can be the turn-off time of
the high-side switch Q3 of the boost converter portion and/or the turn-off time of the low-side
switch Q2 of the buck converter portion, or the turn-off time of the high-side switch Q1 of the

buck converter portion.

[0074] In some embodiments, the delay time td is inserted between t3 and the beginning of
the following switching cycle. When the switching period is greater than the minimum switching
period, td is set to zero. As a result, t3 is the end of the switching period. On the other hand,
when the buck-boost converter 100 operates under a light load condition, the minimum switching
period is greater than t3. td is employed to ensure the actual switching period is greater than the
minimum switching period. The minimum switching period is a predetermined value and may
vary depending on different applications and design needs. In addition, under BCM control, the
switching frequency of the buck-boost converter 100 may vary depending on different line and
load conditions. The delay time td may also be employed to achieve a fixed switching frequency

under different line and load conditions.

[0075] The transition between the buck operating mode and the buck-boost operating mode,
and the transition between the boost operating mode and the buck-boost operating mode, are
automatically controlled by the control loop which determines Vc, and a smooth transition can
be achieved by setting appropriate values for ramps S1, S2 and Vc0. In alternative embodiments,

the operating mode transitions can be determined by comparing the input voltage Vin and the
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output voltage Vo. For example, according to a predetermined lookup table, the buck-boost
converter 100 should enter a buck-boost operating mode when the ratio of the input voltage Vin
to the output voltage Vo is equal to a value in the lookup table. At the same time, the control
loop’s output indicates the buck-boost converter 100 should enter a buck operating mode. The
control scheme based upon the lookup table overrides the control scheme based upon the control

loop.

[0076] Figure 6 illustrates timing diagrams associated with a buck-boost operating mode
under the second control mechanism when the output voltage is greater than the input voltage in
accordance with various embodiments of the present disclosure. The horizontal axis of Figure 6
represents intervals of time. There are five vertical axes. The first vertical axis Y1 represents the
ramps for controlling the buck-boost converter 100. The second vertical axis Y2 represents the
current flowing through the inductor L1 of the buck-boost converter 100. The third vertical axis
Y3 represents the gate drive signals of switches Q1 and Q2. The fourth vertical axis Y4
represents the gate drive signals of switches Q3 and Q4. The fifth vertical axis Y5 represents a

corresponding control scheme in the digital domain.

[0077] In operation, each new switching cycle starts at the time instant t0. At t0, both the
high-side switch Q1 of the buck converter portion and the low-side switch Q4 of the boost
converter portion are turned on. A first ramp S1 is employed to control the operation of the buck
converter portion and a second ramp S2 is employed to control the operation of the boost

converter portion. The first ramp S1 includes an offset Vc0, which is a predetermined value.

[0078] As shown in Figure 6, at the beginning of each switching cycle, the first ramp S1
starts from t0 and ramps up until the first ramp S1 reaches the error amplifier output voltage Vc
at t2. The first ramp S1 is reset at t2 and starts to ramp up at the beginning of the next cycle. The
operation of the high-side switch Q1 is controlled by the first ramp S1. In particular, the high
side switch QI is turned on at t0 and remains on until the peak value of the first ramp S1 is equal
to the error amplifier output voltage Vc at t2. The low-side switch Q2 is turned on at t2 and

remains on until the end of the switching period at t3.

[0079] The second ramp S2 does not include an offset and starts from zero as shown in
figure 6. At the beginning of each switching cycle, the second ramp S2 starts to ramp up and the

low-side switch Q4 of the boost converter portion is turned on. The low-side switch Q4 of the
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boost converter portion remains on until the peak value of the second ramp S2 is equal to the
error amplifier output voltage Vc. As shown in Figure 6, at t1, the low-side switch Q4 is turned
off and the second ramp S2 is reset to zero. At tl, the high-side switch Q3 is turned on and

remains on until the end of the cycle at t3.

[0080] From t0 to t1, since both Q1 and Q4 are turned on, the input voltage Vin is applied to
the inductor 1. As a result, the inductor current ramps up from a negative value to a peak
current from t0 to t1. The slope of the inductor current is equal to the input voltage Vin divided

by the inductance of 1.

[0081] During the period from t1 to t2, Q4 is turned off and Q3 is turned on. Since both Q1
and Q3 are on, the voltage difference between Vo and Vin is applied to the inductor L1. Since
the output voltage of the buck-boost converter 100 is greater than the input voltage of the buck-
boost converter 100, the inductor current ramps down during the period from tl to t2 as shown in

Figure 6.

[0082] During the period from t2 to t3, Q1 is turned off and Q2 is turned on. Since both Q2
and Q3 are on, the output voltage Vo is applied to the inductor L1. As a result, the inductor
current ramps down. The ramp-down slope of the inductor current is equal to the output voltage

Vo divided by the inductance of L1. At time instant t3, the inductor current drops to the current

threshold iL.th2. Q3 is turned off and Q4 is turned on.

[0083] It should be noted a delay time td may be added as shown in Figure 6. For example,
in order to have a fixed switching frequency, the delay time td may be added at t3. In other
words, both the buck ramp and the boost ramp may not ramp up at t3. Instead, the buck ramp and

the boost ramp may start at the end of the delay time td.

[0084] In the digital control domain, the control mechanism shown in Figure 6 is similar to
that shown in Figure 4 except that tc is equal to Yn divided by S2 and ta is equal the difference
of Yn and YnO divided by S1.

[0085] It should be noted Figure 6 illustrates a non-ZVS turn-off zone for Q1. The non-ZVS
turn-off zone for Q1 shown in Figure 6 is similar to that shown in Figure 4, and hence is not

discussed herein to avoid repetition.
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[0086] Figure 7 illustrates timing diagrams associated with a light-load buck-boost
operating mode under the second control mechanism when the output voltage is greater than the
input voltage in accordance with various embodiments of the present disclosure. The timing
diagrams shown in Figure 7 are similar to those shown in Figure 6 except that the buck-boost
converter 100 operates in a light load condition. Since the inductor current ramp-up slope and the
inductor current ramp-down slope are the same as those shown in Figure 6, the switching period
under the light load condition is short in comparison with that shown in Figure 6 in order to
achieve a lower average current flowing through the inductor L1. As a result, the effective

switching frequency of the buck-boost converter 100 is relatively high.

[0087] In order to control the range of the switching frequency, a minimum switching
period Tsmin may be employed. As shown in Figure 7, the second ramp S2 does not start to
ramp until Tsmin. During the period from t3 to Tsmin, it is a delay time td in which Q2 and Q4

are on and remain the on state until the end of the switching cycle.

[0088] In the digital control domain, the control mechanism shown in Figure 7 is similar to
that shown in Figure 4, and hence is not discussed herein to avoid repetition. The non-ZVS turn-
off zone for Q1 shown in Figure 7 is similar to that shown in Figure 4, and hence is not discussed

herein to avoid repetition.

[0089] Figure 8 illustrates timing diagrams associated with a buck-boost operating mode
under the second control mechanism when the output voltage is approximately equal to the input
voltage in accordance with various embodiments of the present disclosure. In operation, each
new switching cycle starts at the time instant t0. At t0, both the high-side switch Q1 of the buck
converter portion and the low-side switch Q4 of the boost converter portion are turned on. As
shown in Figure 8, at the beginning of each switching cycle, the first ramp S1 ramps up from
VO until the first ramp S1 reaches the error amplifier output voltage Vc at t2. The first ramp S1

is reset at t2 and starts to ramp up at the beginning of the next cycle at t3.

[0090] The operation of the high-side switch Q1 is controlled by the first ramp S1. In
particular, the high-side switch Q1 is turned on at tO and remains on until the peak value of the
first ramp S1 is equal to an error amplifier output voltage Vc at t2. The low-side switch Q2 is

turned on at t2 and remains on until the end of the cycle at t3.
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[0091] The second ramp S2 does not include an offset and starts from zero as shown in
figure 8. At the beginning of each switching cycle, the second ramp S2 starts to ramp up and the
low-side switch Q4 of the boost converter portion is turned on. The low-side switch Q4 of the
boost converter portion remains on until the peak value of the second ramp S2 is equal to the
error amplifier output voltage Vc. As shown in Figure 8, at t1, the low-side switch Q4 is turned
off and the second ramp S2 is reset to zero. At tl, the high-side switch Q3 is turned on and

remains on until the end of the cycle at t3.

[0092] From t0 to t1, since both Q1 and Q4 are turned on, the input voltage Vin is applied to
the inductor 1. As a result, the inductor current ramps up from a negative value to a peak
current from t0 to t1. The slope of the inductor current is equal to the input voltage Vin divided

by the inductance of 1.

[0093] During the period from t1 to t2, Q4 is turned off and Q3 is turned on. Since both Q1
and Q3 are on, the voltage difference between Vo and Vin is applied to the inductor L1. Since

the input voltage of the buck-boost converter is approximately equal to the output voltage of the
buck-boost converter, the inductor current remains relatively flat during the period from tl to t2

as shown in Figure 8.

[0094] During the period from t2 to t3, Q1 is turned off and Q2 is turned on. Since both Q2
and Q3 are on, the voltage Vo is applied to the inductor L1. As a result, the inductor current
ramps down. The ramp-down slope of the inductor current is equal to the output voltage Vo

divided by the inductance of L1. At time instant t3, the inductor current drops to the current

threshold iL.th2. Q3 is turned off and Q4 is turned on.

[0095] It should be noted a delay time td may be added as shown in Figure 8. For example,
in order to have a fixed switching frequency, the delay time td may be added at t3. In other
words, both the buck ramp and the boost ramp may not ramp up at t3. Instead, the buck ramp and

the boost ramp may start at the end of the delay time td.

[0096] In the digital control domain, the control mechanism shown in Figure 8 is similar to
that shown in Figure 4, and hence is not discussed herein to avoid repetition. The non-ZVS turn-
off zone for Q1 shown in Figure 8 is similar to that shown in Figure 4, and hence is not discussed

herein to avoid repetition.
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[0097] Figure 9 illustrates timing diagrams associated with a buck-boost operating mode
under the second control mechanism when the input voltage is greater than the output voltage in
accordance with various embodiments of the present disclosure. In operation, each new
switching cycle starts at the time instant t0. At t0, both the high-side switch Q1 of the buck
converter portion and the low-side switch Q4 of the boost converter are turned on. As shown in
Figure 9, at the beginning of each switching cycle, the first ramp S1 ramps up from VcO until the
first ramp S1 reaches the error amplifier output voltage Vc at t2. The first ramp S1 is reset to VcO
at t2 and starts to ramp up at the beginning of the next cycle. The operation of the high-side
switch QI is controlled by the first ramp S1. In particular, the high-side switch Q1 is turned on at
t0 and remains on until the peak value of the first ramp S1 is equal to the error amplifier output
voltage Vc at t2. The low-side switch Q2 is turned on at t2 and remains on until the end of the

cycle at t3.

[0098] The second ramp S2 does not include an offset and starts from zero as shown in
Figure 9. At the beginning of each switching cycle, the second ramp S2 starts to ramp up and the
low-side switch Q4 of the boost converter portion is turned on. The low-side switch Q4 of the
boost converter remains on until the peak value of the second ramp S2 is equal to the error
amplifier output voltage Vc. As shown in Figure 9, at t1, the low-side switch Q4 is turned off
and the second ramp S2 is reset to zero. At tl, the high side switch Q3 is turned on and remains

on until the end of the cycle at t3.

[0099] From t0 to t1, since both Q1 and Q4 are turned on, the input voltage Vin is applied to
the inductor 1. As a result, the inductor current ramps up from a negative value to a peak
current from t0 to t1. The slope of the inductor current is equal to the input voltage Vin divided

by the inductance of 1.

[00100]  During the period from tl to t2, Q4 is turned off and Q3 is turned on. Since both Q1
and Q3 are on, the voltage difference between Vo and Vin is applied to the inductor L1. Since
the input voltage is greater than the output voltage of the buck-boost converter 100, the inductor
current keeps ramping up with a lower slope value during the period from t1 to t2 as shown in

Figure 9.

[0100] During the period from t2 to t3, Q1 is turned off and Q2 is turned on. Since both Q2

and Q3 are on, the voltage Vo is applied to the inductor L1. As a result, the inductor current
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ramps down. The ramp-down slope of the inductor current is equal to the output voltage Vo
divided by the inductance of L1. At time instant t3, the inductor current drops to the current

threshold iL.th2. Q3 is turned off and Q4 is turned on, and a new switching cycle begins.

[0101] It should be noted a delay time td may be added as shown in Figure 9. For example,
in order to have a fixed switching frequency, the delay time td may be added at t3. In other
words, both the buck ramp and the boost ramp may not ramp up at t3. Instead, the buck ramp and
the boost ramp may start at the end of the delay time td.

[0102] In the digital control domain, the control mechanism shown in Figure 9 is similar to
that shown in Figure 4, and hence is not discussed herein to avoid repetition. The non-ZVS turn-
off zone for Q1 shown in Figure 9 is similar to that shown in Figure 4, and hence is not discussed

herein to avoid repetition.

[0103] Figure 10 illustrates timing diagrams associated with the third control mechanism in
accordance with various embodiments of the present disclosure. There are three vertical axes.
The first vertical axis Y1 represents three operating phases of the buck-boost converter 100. The
second vertical axis Y2 represents the duty cycle of the buck converter portion of the buck-boost
converter 100. The third vertical axis Y3 represents the boost converter portion of the buck-boost

converter 100.

[0104] In the first phase P1, both the high-side switch Q1 of the buck converter portion and
the low-side switch Q4 of the boost converter portion are turned on. The slope of the inductor

current is equal to the input voltage Vin divided by the inductance of L1.

[0105] In the second phase P2, both the high-side switch Q1 of the buck converter portion
and the high-side switch Q3 of the boost converter portion are turned on. The slope of the
inductor current is equal to the difference of the input voltage Vin and output voltage Vo divided

by the inductance of LL1.

[0106] In the third phase P3, both the low-side switch Q2 of the buck converter portion and
the high-side switch Q3 of the boost converter portion are turned on. The slope of the inductor

current is equal to the output voltage Vo divided by the inductance of L1.

[0107] As shown in Figure 10, the turning point of the first phase P1 and the second phase
P2 is tl. The turning point of the second phase P2 and the third phase P3 is t2. The duty cycle of
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the buck converter portion is equal to t2 divided by T's where Ts is the switching period of the
buck-boost converter 100. The duty cycle of the boost converter portion is equal to t1 divided by

Ts. Ts is determined by the inductor current crossing a predetermined threshold (e.g., iLth2).

[0108] Figure 11 illustrates timing diagrams associated with a buck operating mode under
the third control mechanism shown in Figure 10 in accordance with various embodiments of the
present disclosure. During the buck operating mode, the boost converter portion operates in a
fixed duty cycle mode. The time of the first phase P1 is equal to the minimum on-time of the
low-side switch Q4 of the boost converter portion. In some embodiments, the minimum on-time

Tmin_on of the low-side switch Q4 is equal to 100 ns.

[0109] The duty cycle of the buck converter portion is determined by the intersection point
of a buck ramp S1 and an error amplifier output voltage Vc. As shown in Figure 11, when the
buck ramp S1 reaches Vc, the turn-on of Q1 of the buck converter portion terminates. The duty
cycle of the buck converter portion is adjustable through varying the error amplifier output

voltage Vc as shown in Figure 11.

[0110] Figure 12 illustrates timing diagrams associated with a buck-boost operating mode
under the third control mechanism shown in Figure 10 in accordance with various embodiments
of the present disclosure. During the buck-boost operating mode, the duty cycle of the boost
converter portion is determined by the intersection point of a boost ramp S2 and the error
amplifier output voltage Vc. As shown in Figure 12, when the boost ramp S2 reaches Vc, the
turn-on of the low-side switch Q4 of the boost converter portion terminates. The duty cycle of
the boost converter portion is adjustable through varying the error amplifier output voltage Vc as

shown in Figure 12.

[0111] The duty cycle of the buck converter portion is determined by a buck ramp S1 and
the error amplifier output voltage Vc. As shown in Figure 12, when the buck ramp S1 reaches Vc,

the turn-on of the high-side switch Q1 of the buck converter portion terminates.

[0112] Figure 13 illustrates timing diagrams associated with a boost operating mode under
the third control mechanism shown in Figure 10 in accordance with various embodiments of the
present disclosure. During the boost operating mode, the duty cycle of the boost converter
portion is determined by a boost ramp S2 and the error amplifier output voltage Vc. As shown in

Figure 13, when the boost ramp S2 reaches Vc, the turn-on of the low-side switch Q3 of the
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boost converter portion terminates. The duty cycle of the boost converter portion is adjustable

through varying the error amplifier output voltage Vc as shown in Figure 13.

[0113] The buck ramp S1 never reaches the error amplifier output voltage Vc before the
switching cycle ends. Therefore, as shown in Figure 13, the high-side switch Q1 of the buck

converter portion is always on.

[0114] In the digital control domain, the error amplifier output voltage Vc shown in Figures
11-13 is implemented as Yn. Yn is in a range from O to 1. Ts is the switching cycle of the buck-
boost converter 100. Depending on different applications and design needs, a mode selection
threshold Yth is predetermined. In some embodiments, the mode selection threshold Yth is set to

0.4.

[0115] In some embodiments, when Yn is in a range from O to Yth, the buck-boost
converter 100 operates in the buck operating mode as shown in Figure 11. The time of the first
phase P1 is equal to the minimum on-time Tmin_on of the low-side switch Q4 of the boost

converter portion. The time of the second phase P2 is determined by the following equation:
P2 =kl1-Yn- -Tsmax (1)

where k1 is a predetermined constant and Tsmax is the possible maximum switching period.
Tsmax is the maximum on time. Tsmax is a fixed value, which is large enough to cover all

operation conditions the buck-boost converter 100 may operate.

[0116] When Yn is in a range from Yth to 1, the buck-boost converter 100 operates in the
buck-boost operating mode shown in Figure 12. The total time of P1 and P2 is a fixed value. P1

and P2 is determined by the following equation:
Pl+ P2 =Ton _min+ k1 -Yth - Ts max )

where Ton_min is a minimum on-time of the low-side switch Q4 of the boost converter portion.

[0117] P1 is controlled by the following equation:
Pl=Ton_min+ k2 -(Yn —Yth) - Ts max 3)

where k2 is a predetermined constant and Ton_min is the minimum on-time of the low-side

switch Q4 of the boost converter portion.
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[0118] When Yn goes even higher in the range from Yth to 1, the buck-boost converter 100
will move into the boost operating mode shown in Figure 13. In particular, when the output
voltage Vo of the buck-boost converter 100 is much greater than the input voltage Vin of the
buck-boost converter 100, the current flowing through the inductor L1 drops much quicker to the
negative current threshold and a new switching cycle begins before the second phase P2 finishes.
As a result, the third phase P3 does not exist as shown in Figure 13. In other words, the buck-
boost converter 100 operates in the boost operating mode. On the other hand, when the output
voltage Vo of the buck-boost converter 100 is approximately equal to the input voltage Vin of
the buck-boost converter 100, the current flowing through the inductor L1 does not reach the
negative current threshold during the second phase P2. As a result, the third phase P3 exists as
shown in Figure 12. Thus, the buck-boost converter 100 operates in the buck-boost operating
mode. During the buck-boost operating mode, the buck converter portion operates at a duty

defined by Equation (2).

[0119] In one embodiment, a method is disclosed that includes means for generating a first
ramp signal for controlling a buck converter portion of a buck-boost converter. The buck-boost
converter includes a first high-side switch and a first low-side switch connected in series across
an input capacitor, a second high-side switch and a second low-side switch connected in series
across an output capacitor, and an inductor coupled between a common node of the first high-
side switch and the first low-side switch, and a common node of the second high-side switch and
the second low-side switch. The method also may include means for generating a second ramp
signal for controlling a boost converter portion of the buck-boost converter, comparing the first
ramp signal and the second ramp signal to a control signal, controlling a state of the first high-
side switch using the comparing the first ramp signal to the control signal and a state of the
second low-side switch using the comparing the second ramp signal to the control signal,
comparing a current flowing through the inductor to a current threshold, and terminating a
switching cycle based upon the comparing the current flowing through the inductor to the current

threshold.

[0120] Although embodiments of the present invention and its advantages have been
described in detail, it should be understood that various changes, substitutions and alterations can
be made herein without departing from the spirit and scope of the invention as defined by the
appended claims.
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[0121] Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will readily
appreciate from the disclosure of the present invention, processes, machines, manufacture,
compositions of matter, means, methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve substantially the same result as the
corresponding embodiments described herein may be utilized according to the present invention.
Accordingly, the appended claims are intended to include within their scope such processes,

machines, manufacture, compositions of matter, means, methods, or steps.
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WHAT IS CLAIMED IS:

L. A method comprising:
generating a first ramp signal for controlling a buck converter portion of a buck-boost
converter, wherein the buck-boost converter comprises:
a first high-side switch and a first low-side switch connected in series across an
input capacitor;
a second high-side switch and a second low-side switch connected in series across
an output capacitor; and
an inductor coupled between a common node of the first high-side switch and the
first low-side switch, and a common node of the second high-side switch and the second low-
side switch;
generating a second ramp signal for controlling a boost converter portion of the buck-
boost converter;
comparing the first ramp signal and the second ramp signal to a control signal;
controlling a state of the first high-side switch using the comparing the first ramp signal
to the control signal and a state of the second low-side switch using the comparing the second
ramp signal to the control signal;
comparing a current flowing through the inductor to a current threshold; and
terminating a switching cycle based upon the comparing the current flowing through the

inductor to the current threshold.

2. The method of claim 1, further comprising:

adding an offset into the second ramp signal;

in response to an output voltage greater than an input voltage of the buck-boost converter,
turning off the second low-side switch, turning on the second high-side switch and resetting the
second ramp signal when the second ramp signal is equal to the control signal; and

in response to the output voltage greater than the input voltage of the buck-boost
converter, turning off the second high-side switch and resetting the first ramp signal when the

current flowing through the inductor is equal to the current threshold.
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3. The method of claim 1 or 2, further comprising:

adding a delay time at an end of a switching cycle.

4. The method of any of claims 1-3, further comprising:
configuring the buck-boost converter to operate at a fixed switching frequency by

adjusting the delay time.

5. The method of claim 1, further comprising:

adding an offset into the second ramp signal;

in response to an output voltage approximately equal to an input voltage of the buck-
boost converter, turning off the second low-side switch, turning on the second high-side switch
and resetting the second ramp signal when the second ramp signal is equal to the control signal;

in response to the output voltage approximately equal to the input voltage of the buck-
boost converter, turning off the first high-side switch, turning on the first low-side switch and
resetting the first ramp signal when the first ramp signal is equal to the control signal; and

in response to the output voltage approximately equal to the input voltage of the buck-
boost converter, turning off the first low-side switch and the second high-side switch, and turning
on the first high-side switch and the second low-side switch when the current flowing through

the inductor is equal to the current threshold.

6. The method of claim 1, further comprising:

adding an offset into the second ramp signal;

in response to an input voltage greater than an output voltage of the buck-boost converter,
turning off the first high-side switch, turning on the first low-side switch and resetting the first
ramp signal when the first ramp signal is equal to the control signal; and

in response to the input voltage greater an output voltage of the buck-boost converter,
turning off the first low-side switch and turning on the first high-side switch when the current

flowing through the inductor is equal to the current threshold.

7. The method of any of claims 1-6, wherein:

the offset is greater the control signal.
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8. The method of claim 1, further comprising:

adding an offset into the first ramp signal;

in response to an output voltage greater than an input voltage of the buck-boost converter,
turning off the second low-side switch, turning on the second high-side switch and resetting the
second ramp signal when the second ramp signal is equal to the control signal;

in response to the output voltage greater than the input voltage of the buck-boost
converter, turning off the first high-side switch, turning on the first low-side switch and resetting
the first ramp signal when the first ramp signal is equal to the control signal; and

in response to the output voltage greater than the input voltage of the buck-boost
converter, turning off the second high-side switch and the first low-side switch, and turning on
the second low-side switch and the first high-side switch when the current flowing through the

inductor is equal to the current threshold.

9. The method of claim 1, further comprising:

adding an offset into the first ramp signal;

in response to an output voltage approximately equal to an input voltage of the buck-
boost converter, turning off the second low-side switch, turning on the second high-side switch
and resetting the second ramp signal when the second ramp signal is equal to the control signal;

in response to the output voltage approximately equal to the input voltage of the buck-
boost converter, turning off the first high-side switch, turning on the first low-side switch and
resetting the first ramp signal when the first ramp signal is equal to the control signal; and

in response to the output voltage approximately equal to the input voltage of the buck-
boost converter, turning off the first low-side switch and the second high-side switch, and turning
on the first high-side switch and the second low-side switch when the current flowing through

the inductor is equal to the current threshold.

10.  The method of claim 1, further comprising:

adding an offset into the first ramp signal;

in response to an input voltage greater than an output voltage of the buck-boost converter,
turning off the second low-side switch, turning on the second high-side switch and resetting the

second ramp signal when the second ramp signal is equal to the control signal;
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in response to the input voltage greater than the input voltage of the buck-boost converter,
turning off the first high-side switch, turning on the first low-side switch and resetting the first
ramp signal when the first ramp signal is equal to the control signal; and

in response to the input voltage greater than the input voltage of the buck-boost converter,
turning off the first low-side switch and the second high-side switch, and turning on the first
high-side switch and the second low-side switch when the current flowing through the inductor is

equal to the current threshold.

11. A method comprising:
providing a power converter, wherein the power converter comprises:
a buck converter portion comprising a first high-side switch and a first low-side
switch connected in series across an input capacitor;
a boost converter portion comprising a second high-side switch and a second low-
side switch connected in series across an output capacitor; and
an inductor coupled between a common node of the first high-side switch and the
first low-side switch, and a common node of the second high-side switch and the second low-
side switch;
detecting an input voltage and an output voltage of the power converter;
comparing a first ramp signal and a second ramp signal to a control signal;
controlling a state of the first high-side switch using the comparing the first ramp signal
to the control signal and a state of the second low-side switch using the comparing the second
ramp signal to the control signal;
determining an operation mode transition based upon a ratio of the input voltage to the
output voltage;
comparing a current flowing through the inductor to a current threshold; and
terminating a switching cycle based upon the comparing the current flowing through the

inductor to the current threshold.

12. The method of claim 11, further comprising:
adding an offset into the second ramp signal; and

configuring the power converter such that:
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the first high-side switch is always on when the output voltage is greater than the

input voltage.

13.  The method of claim 11, further comprising:
adding an offset into the second ramp signal; and
configuring the power converter such that:
the first high-side switch is turned off and the first low-side switch is turned on
when the first ramp signal is equal to the control signal; and
the second low-side switch is turned off and the second high-side switch is turned

on when the second ramp signal is equal to the control signal.

14.  The method of claim 11, further comprising:
adding an offset into the second ramp signal; and
configuring the power converter such that:
the second high-side switch is always on when the input voltage is greater than

the output voltage.

15. The method of any of claims 11-14, wherein:
adding an offset into the first ramp signal;
configuring the power converter such that:
the first high-side switch is turned off and the first low-side switch is turned on
when the first ramp signal is equal to the control signal; and
the second low-side switch is turned off and the second high-side switch is turned

on when the second ramp signal is equal to the control signal.

16.  The method of claim 15, further comprising:
turning off the first low-side switch and the second high-side switch, and turning on the
first high-side switch and the second low-side switch when the current flowing through the

inductor is equal to the current threshold.

17. The method of claim 15, further comprising:

under a light load operating condition, turning off the second high-side switch when the
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current flowing through the inductor is equal to the current threshold; and
turning off the first low-side switch after a delay time from the turning off the second

high-side switch.

18. The method of any of claims 11-17, wherein:

the current threshold is a negative value.

19. A converter comprising:
a buck converter portion comprising a first high-side switch and a first low-side switch
connected in series across an input capacitor;
a boost converter portion comprising a second high-side switch and a second low-side
switch connected in series across an output capacitor;
an inductor coupled between the buck converter portion and the boost converter portion;
and
a controller configured to:
compare a current flowing through the inductor to a current threshold; and
terminate a switching cycle based upon comparing the current flowing through

the inductor to the current threshold.

20.  The converter of claim 19, wherein the controller is configured to:

receive an output voltage of an error amplifier, wherein the error amplifier has a first
input coupled to an output voltage of the converter and a second input connected to a reference
voltage;

compare an error amplifier output voltage to a voltage threshold;

configure the converter to operate in a buck operating mode when the voltage threshold is
greater than the error amplifier output voltage, wherein the boost converter portion operates
under a minimum duty cycle;

configure the converter to operate in a boost operating mode when the error amplifier
output voltage is greater than the voltage threshold and the output voltage of the converter is
greater than an input voltage of the converter, wherein the high side switch of the buck converter
portion is always on; and

configure the converter to operate in a buck-boost operating mode when the error
amplifier output voltage is greater than the voltage threshold and the output voltage of the

converter is approximately equal to the input voltage of the converter.
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