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(54) Variable frequency current-mode control for switched step up-step down regulators

(57) A switched regulator circuit provides step-up
and step-down operation in which the level of the input
voltage (Vin) can be greater, equal to, or less than a pre-
set controlled output voltage (Vout). A four switch ar-

rangement (22,33,34,27) or two switch arrangement pro-
vides buck, boost, and buck-boost regulation under var-
iable frequency valley-peak current mode control. A sin-
gle sense resistor (38) may be utilized for sensing induc-
tor (24) current during each duty cycle.
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Description

Technical Field

[0001] The present disclosure relates to control of reg-
ulators, more particularly to switched regulators that can
be operated in boost mode, buck mode and buck-boost
mode.

Background

[0002] Voltage regulators are known that can convert
from input voltages above, below, or equal to the con-
trolled output voltage, respectively performing buck
mode regulation, boost mode regulation, or buck-boost
mode regulation. Regulator architecture typically is pro-
vided for power supplies for automotive applications, lap-
top computers, telecom equipment and distributed power
systems. A known "four-switch" buck-boost converter is
described in an October 2001 datasheet for the LTC3440
"Micro-power Synchronous Buck-Boost DC/DC Convert-
er" integrated circuit manufactured by Linear Technology
Corporation. Two of the four switches are connected to
the input side of an inductor, the other switches connect-
ed to the output side. In accordance with the level of
voltage output to be controlled and the level of voltage
input, the regulator has the capability of assuming a plu-
rality of operation states in which the switches variously
are sequentially activated or deactivated, to connect the
inductor to the input, the output, and/or a common ground
connection. The voltage mode control technique used
presents difficulty in compensating for boost and buck-
boost mode closed loop operation.
[0003] Other known arrangements are simplifications
of the "four-switch" configuration in which two of the
switches are replaced by diodes. With such arrange-
ments, control flexibility is lessened as fewer different
switch operation states are available. Another known al-
ternative is current mode control, wherein a sense resis-
tor is placed permanently in series with the circuit inductor
or two sense resistors are used, one at the input and
another at the output. Conduction loss is increased sig-
nificantly by these provisions, as inductor current travers-
es a sense resistor at all times. A need thus exists for a
buck-boost regulator that avoids the aforementioned dis-
advantages.

Summary of the Disclosure

[0004] The subject matter described herein fulfills the
above-described needs of the prior art. In one aspect, a
regulator circuit provides step-up and step-down opera-
tion in which the level of the input voltage can be greater,
equal to, or less than a preset controlled output voltage.
A first switch is connected between a first inductor termi-
nal and an input terminal. A second switch is connected
between a second inductor terminal and a node. A first
rectifying device is connected between the first inductor

terminal and the node. A second rectifying device is con-
nected between the second inductor terminal and an out-
put terminal. A sensing element for sensing inductor cur-
rent is connected between the common connection and
the node joining the second switch and the first rectifying
device. A control circuit is responsive to sensed inductor
current and a voltage proportional to the output for con-
trolling activation and deactivation of the switches to reg-
ulate voltage at the output to a preset voltage.
[0005] The control circuit preferably includes compa-
rator circuitry, logic circuits connected to receive input
from the comparator circuitry, and switch driver circuitry
responsive to the logic circuit for controlling the states of
the switches. In the comparator circuitry, an error ampli-
fier has a first input for receiving a voltage proportional
to the voltage at the output terminal and a second input
for receiving a reference potential to produce a difference
signal. A differential circuit is responsive to the difference
signal, and the sensed inductor current sensing element
and produces an output to the logic circuits. A first circuit
section of the differential circuit receives a signal output
from the current sensing element of a first polarity and a
second circuit section receives the signal output from the
current sensing element with inverted polarity.
[0006] When the preset output voltage is greater than
the input voltage the control circuit operates in a voltage
boost mode. The first switch is maintained in an ideally
closed state and the second inductor terminal is connect-
ed in succession alternately between a common poten-
tial, via the second switch in a closed state, and the output
terminal, via the second rectifying device. The second
switch may be controlled to be off for a fixed time period
during each cycle. The second switch is in an on state
at the beginning of each cycle, is turned off in response
to the sensed current rising to a reference threshold level,
and remains off for a fixed time period thereafter to com-
plete the cycle. The terms "variable frequency" and "non-
constant frequency" as used throughout are intended to
signify that switching is implemented irrespective of a
clock signal and that a switch is maintained in either an
open state or a closed state for a fixed period of time.
[0007] When the preset output voltage is less than the
input voltage the control circuit operates in buck mode.
The second switch is maintained in an open state and
the first inductor terminal is connected in succession al-
ternately between a common potential, via the first rec-
tifying device, and the input terminal, via the first switch
in a closed state. The first switch is in an off state at the
beginning of each cycle of operation, is turned on in re-
sponse to the sensed current falling to a reference thresh-
old level, and remains on for a fixed time period thereafter
to complete the cycle.
[0008] When the input voltage is approximately the
same as the preset output voltage the control circuit op-
erates in voltage buck-boost mode in which both switches
are in an off state at a beginning portion of each cycle.
In response to the sensed current falling to a first thresh-
old level, the first switch is turned on and maintained on
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for a fixed time period thereafter. At the expiration of the
fixed time period, the second switch is turned on. In re-
sponse to the sensed current rising to a second threshold
level thereafter, the second switch is turned off and main-
tained off for the remainder of the cycle. The first switch
is turned off at the end of the cycle.
[0009] When the input voltage is slightly less than or
the same as the preset output voltage, both switches are
in an on state at a beginning portion of each cycle. In
response to the sensed current rising to a first threshold
level, the second switch is turned off and maintained off
for a fixed time period thereafter. At the expiration of the
fixed time period, the first switch is turned off. In response
to the sensed current falling to a second threshold level
thereafter, the first switch is turned on and maintained
on for the remainder of the cycle. The second switch is
turned on at the end of the cycle.
[0010] In another aspect of the disclosure, a first switch
of the regulator is connected between the first inductor
terminal and the input terminal, a second switch is con-
nected between the first inductor terminal and the com-
mon connection, a third switch is connected between the
second inductor terminal and the common connection,
and a fourth switch is connected between the second
inductor terminal and the output terminal. Activation and
deactivation of the switches are controlled by a control
circuit to regulate voltage at the output to a preset voltage.
A logic circuit receives input from comparator circuitry to
produce signals to switch driver circuitry for controlling
the states of the switches. An error amplifier receives at
one input a voltage proportional to the voltage at the out-
put terminal and at a second input a reference potential
to produce a difference signal. A differential circuit, re-
sponsive to the difference signal and the inductor current
sensing element, is connected to the logic circuit. A first
circuit section of the differential circuit receives a signal
output from the current sensing element and a second
circuit section of the differential circuit receives the signal
output from the current sensing element with inverted
polarity. The four switches are controlled in response to
the sensed inductor current and a voltage proportional
to the output voltage.
[0011] When the preset output voltage is greater than
the input voltage the control circuit operates in voltage
boost mode. The first switch is maintained in an ideally
closed state and the second switch is maintained in an
ideally open state. The inductor is connected in succes-
sion alternately between a common potential, via the third
switch in a closed state, and the output terminal, via the
fourth switch in a closed state. The third switch may be
controlled to be off for a fixed time period during each
cycle. The third switch is in an on state at the beginning
of each cycle, is turned off in response to the sensed
current rising to a reference threshold level, and remains
off for a fixed time period thereafter to complete the cycle.
[0012] When the preset output voltage is less than the
input voltage the control circuit operates in a voltage buck
mode. The third switch is maintained in an open state

and the fourth switch is maintained in an ideally closed
state. The inductor is connected in succession alternately
between a common potential, via the second switch in a
closed state, and the input terminal, via the first switch
in a closed state. The first switch is in an off state at the
beginning of each cycle of operation, is turned on in re-
sponse to the sensed current falling to a reference thresh-
old level, and remains on for a fixed time period thereafter
to complete the cycle.
[0013] When the input voltage is approximately the
same as the preset output voltage the control circuit op-
erates in voltage buck-boost mode. The first switch and
the second switch are controlled to be in reciprocal con-
ductive states with respect to each other and the third
switch and the fourth switch are controlled to be in recip-
rocal conductive states with respect to each other. When
the input voltage is slightly greater than or the same as
the preset output voltage, at the beginning portion of each
cycle the first and third switches are set to an off state
and the second and fourth switches are set to an on state.
In response to the sensed current falling to a first thresh-
old level, the first switch is turned on and the second
switch is turned off, the switches maintained at these
states for a first (buck mode) fixed time period thereafter.
At the expiration of the fixed time period, the third switch
is turned on and the fourth switch is turned off. In re-
sponse to the sensed current rising to a second threshold
level, the third switch is turned off and the fourth switch
turned on for a second (boost mode) fixed time period to
the end of the cycle.
[0014] When the input voltage is slightly less than or
the same as the preset output voltage, at the beginning
portion of each cycle the first and third switches are set
to an on state and the second and fourth switches are
set to an off state. In response to the sensed current
rising to a first threshold level, the third switch is turned
off and the fourth switch is turned on, the switches main-
tained at these states for a first (boost mode) fixed time
period thereafter. At the expiration of the fixed time pe-
riod, the first switch is turned off and the second switch
is turned on. In response to the sensed current falling to
a second threshold level, the first switch is turned on and
the second switch turned off for a second (buck mode)
fixed time period to the end of the cycle. An advantage
of the disclosed arrangements is that switch over be-
tween buck and boost modes can be made automatically
with very short transition time.
[0015] In another aspect of the disclosure, current
mode regulation is carried out with the use of a single
current sensing element. The element may be connected
in series with the inductor between the first and fourth
switches in the four switch implementation or between
the first switch and the second switch in the two switch
implementation. Alternatively, the single current sensing
element may connected directly between the common
node and a junction of the second and third switches in
the four switch implementation or a junction of the first
rectifying device and the second switch in the two switch
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implementation. In these latter implementations, the cur-
rent sensing element conducts current only during a por-
tion of the control cycle, thereby conserving power.
[0016] Additional advantages will become readily ap-
parent to those skilled in this art from the following de-
tailed description, wherein only the preferred embodi-
ments are shown and described, simply by way of illus-
tration of the best mode contemplated of carrying out the
invention. As will be realized, the invention is capable of
other and different embodiments, and its several details
are capable of modifications in various obvious respects,
all without departing from the invention. Accordingly, the
drawings and description are to be regarded as illustra-
tive in nature, and not as restrictive.

Brief Description of the Drawings

[0017] Implementations of the present invention are
illustrated by way of example, and not by way of limitation,
in the figures of the accompanying drawings and in which
like reference numerals refer to similar elements.
[0018] Fig. 1 is a schematic block diagram of a switch-
ing regulator in accordance with one embodiment of the
present invention.
[0019] Fig. 2 is a schematic block diagram of a switch-
ing regulator in accordance with another embodiment of
the present invention.
[0020] Figs. 3a and 3b are block diagrams of the cur-
rent mode control circuits corresponding, respectively,
to Figs. 1 and 2.
[0021] Fig. 4a is a waveform diagram for constant on-
time/constant off-time buck mode operation of the regu-
lator of Fig. 1. Fig. 4b is a waveform diagram for constant
on-time/constant off-time buck mode operation of the
regulator of Fig. 2.
[0022] Fig. 5a is a waveform diagram for constant on-
time/constant off-time boost mode operation of the reg-
ulator of Fig. 1. Fig. 5b is a waveform diagram for constant
on-time/constant off-time boost mode operation of the
regulator of Fig. 2.
[0023] Fig. 6a is a waveform diagram for constant on-
time/constant off-time buck/boost mode operation of the
regulator of Fig. 1 when voltage input is equal to or slightly
greater than the controlled output voltage. Fig. 6b is a
waveform diagram for constant on-time/constant off-time
buck/boost mode operation of the regulator of Fig. 2 when
voltage input is equal to or slightly greater than the con-
trolled output voltage.
[0024] Fig. 7a is a waveform diagram for constant on-
time/constant off-time buck/boost mode operation of the
regulator of Fig. 1 during conditions in which the voltage
input is equal to or slightly less than the controlled output
voltage. Fig. 7b is a waveform diagram for constant on-
time/constant off-time buck/boost mode operation of the
regulator of Fig. 2 during conditions in which the voltage
input is equal to or slightly less than the controlled output
voltage.
[0025] Fig. 8 is a flow chart illustrative of constant fre-

quency switching control for the various operations of
regulator of Fig. 2.

Detailed Description

[0026] A switching regulator is represented in the sche-
matic block diagram of Fig. 1. An input voltage from a
power supply is applied to input terminal Vin. A preset
output voltage is regulated at the Vout terminal. Connect-
ed in series between the input and output terminals are
a first switch 22, inductor 24, and rectifier 26. Rectifier
26 is connected to conduct current in the direction of the
output terminal. Switch 22 preferably is a MOSFET, al-
though any controlled switching device may be utilized.
[0027] An input capacitor 28 is connected between the
input terminal and the common ground. An output capac-
itor 30 is connected between the output terminal and the
common ground. Rectifier 32 and a second switch 34 are
connected across inductor 24 and joined at node 36. Rec-
tifier 32 is connected to conduct current in the direction
of the inductor 24. Current sense resistor 38 is connected
between node 36 and the common ground. Voltage di-
vider resistors 40 and 42 are connected in series between
the output terminal and the common ground.
[0028] Control circuit 44 has a first input connected to
the junction between resistors 40 and 42, thereby to re-
ceive an output feedback voltage at resistor 42. The volt-
age at resistor 42 is proportional to the output voltage. A
second input to control circuit 44 receives the voltage
across resistor 38, which represents sensed inductor cur-
rent. In response to these inputs, the control circuit 44
outputs signals for activation and deactivation of switches
22 and 34 for the various modes of operation.
[0029] The switching regulator of Fig. 2 differs from the
regulator of Fig. 1 in that switch 27 is connected in place
of rectifier 26 and switch 33 is connected in place of rec-
tifier 32. Switches 22 and 33 are controlled to be in re-
ciprocal conductive states with respect to each other and
switches 27 and 34 are controlled to be in reciprocal con-
ductive states with respect to each other.
[0030] Each of the switching regulators of Figs. 1 and
2 is capable of providing efficient operation in buck mode,
wherein the input voltage is greater than a preset output
voltage, boost mode, wherein the input voltage is less
than a preset output voltage, and buck-boost mode,
wherein the input voltage and preset output voltage are
of substantially the same level.
[0031] Fig. 3a is a block diagram of the control circuit
44 of Fig. 1. An output of buck logic circuit 46 is connected
to switch driver 48, which applies gate driving signals to
controlled switch 22. An output of boost logic circuit 50
is connected to switch driver 52, which applies gate driv-
ing signals to controlled switch 34. An output of buck
comparator 54 is connected to an input of buck logic cir-
cuit 46 and an input of boost logic 50. An output of boost
comparator 56 is connected to an input of buck logic cir-
cuit 46 and an input of boost logic 50. Error amplifier 58
outputs a signal corresponding to the difference between
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the output feedback voltage, taken at the junction be-
tween resistors 40 and 42, and a reference voltage. This
difference signal is applied as an input to buck compa-
rator 54 and boost comparator 56. Compensation circuit
60, shown connected to the error amplifier output, gen-
erates a compensation signal superimposed on the error
signal. The compensation circuit may comprise a well-
known resistive capacitive arrangement for this purpose,
as described, for example, in an article entitled Modelling,
Analysis and Compensation of the Current-Mode Con-
verter, published in the 1997 edition of Applications
Handbook. The compensation signal and difference sig-
nal are superimposed and compared by the comparators
with the sensed current signal SNS+ SNS-, taken across
current sense resistor 38 and applied as additional inputs
to the comparators.
[0032] Fig. 3b is a block diagram of the control circuit
44 of Fig. 2. The buck logic circuit 46 outputs signals to
switch drivers 48 and 49 that apply driving signals, re-
spectively, to switches 22 and 33. The boost logic circuit
50 outputs signals to switch drivers 52 and 53 that apply
driving signals, respectively, to switches 34 and 27. Op-
eration of the control circuit is explained more fully below
with respect to the waveforms and flow chart that follow.
[0033] Switch controlled operation in buck mode is il-
lustrated by the waveform diagrams of Figs. 4a and 4b.
In the buck mode, the output voltage is regulated to a
preset level that is lower than the input voltage. To main-
tain the preset output voltage, current is applied by the
regulator to the output capacitor COUT at a rate that is
controlled in dependence upon the sensed conditions.
Buck logic circuit 46 outputs signals for turning on and
off switch 22 in response to the output of buck comparator
54, while boost logic circuit 50 maintains switch 34 off
throughout the boost mode operation. Boost comparator
56 is disabled at this time.
[0034] Fig. 4a illustrates such operation for the regu-
lator of Fig. 1. Switch 34 is maintained in the off state,
while switch 22 is switched between the off state and the
on state. At to, switch 22 is turned off. The decreasing
inductor current in the path between the common ground
and the output terminal is sensed by resistor 38. At time
t1, the current has fallen to the valley threshold and con-
trol circuit 44 turns on switch 22 to connect the inductor
between the input terminal and the output terminal.
Switch 22 remains on for a fixed time thereafter. The end
of the fixed time terminates the cycle and switch 22 is
then again turned off. Operation continues in this manner.
The time period for each individual cycle is the sum of
the sensing period in which the switch 22 is off and the
fixed period in which the switch 22 is on. As the sensing
period may be variable, the switching frequency may also
be variable. The on-time of switch 22 may also be ad-
justed according to input and output voltages to maintain
a relatively constant switching frequency.
[0035] The regulator of Fig. 2 may be similarly control-
led. As shown in Fig. 4b, switch 34 is maintained in an
open state and switch 27 is maintained in a closed state

throughout buck control operation. At to, switch 22 is
turned off and switch 33 is turned on. The decreasing
inductor current in the path between the common ground
and the output terminal is sensed by resistor 38. At time
t1, the current has fallen to the valley threshold and con-
trol circuit 44 turns on switch 22 and turns off switch 33
to connect the inductor between the input terminal and
the output terminal. Switch 22 remains on and switch 33
remains off for a fixed time period thereafter. The end of
the fixed time period terminates the cycle and switch 22
is then again turned off and switch 33 turned on. The on-
time of switch 22 may also be adjusted according to input
and output voltages to maintain a relatively constant
switching frequency.
[0036] Variable frequency switching control for boost
mode operation of the regulators of Fig. 1 and Fig. 2 is
illustrated in Fig. 5a and Fig. 5b, respectively. In each
regulator, switch 22 is maintained in an on state through-
out the boost mode operation. In the regulator of Fig. 2,
switch 33 is maintained in an off state throughout the
boost mode operation. At t0, both regulators are control-
led to connect the inductor between the input terminal
and the common ground terminal to draw current from
the power source. This configuration is obtained in the
regulator of Fig. 1 by turning on switch 34 and in the
regulator of Fig. 2 by turning on switch 34 and turning off
switch 27. The rising inductor current is sensed by resis-
tor 38 and reaches a peak threshold value at time t1. In
each regulator, switch 34 is then turned off, and switch
27 in the regulator of Fig. 2 is turned on, thereby to con-
nect the inductor between the input terminal and the out-
put terminal. Switch 34 is kept off for a fixed time. The
inductor remains so connected for a fixed time period.
The end of the fixed time terminates the cycle. The switch
34 off-time may also be adjusted according to input and
output voltages to maintain a relatively constant switch-
ing frequency.
[0037] When the input voltage is approximately the
same as the preset output voltage the regulators of Fig.
1 and Fig. 2 operate, in buck-boost current control mode.
Figs. 6a and 6b show typical waveforms for this mode,
wherein the input voltage is slightly higher than, or equal
to, the output voltage. At to, switches 22 and 34 of each
regulator are both in the off state. Switches 33 and 27
are both in the on state. The inductor is now connected
between the common ground and the output terminal,
the decreasing inductor current being sensed by resistor
38. At time t1, the current has fallen to the valley threshold
and control circuit 44 sets switches 22 and 27 on and
switches 33 and 34 off. The inductor is now connected
between the input terminal and the output terminal. The
switches remain in this configuration for a fixed time pe-
riod until t2. The control circuit then sets switches 22 and
34 on and switches 33 and 27 off. The inductor is now
connected between the voltage input terminal and the
common ground, causing the inductor current to in-
crease. At t3, the current has risen to a second threshold
level and the control circuit again sets switches 22 and
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27 on and switches 33 and 34 off. These settings are
maintained for a fixed time period to complete the control
cycle. During the fixed time periods between t1 and t2
and between t3 and the end of the cycle, the level of
inductor current does not vary significantly.
[0038] Figs. 7a and 7b are waveforms for buck-boost
mode operations for the two switch regulator of Fig. 1
and the four switch regulator of Fig. 2, respectively, when
the input voltage is slightly lower than, or equal to, the
output voltage. At t0, both regulators are controlled to
connect the inductor between the input terminal and the
common ground. Switches 22 and 34 of each regulator
are both set to the on state. Switches 33 and 27 are both
in the off state. The increasing inductor current in the
path between the input terminal and ground is sensed
by resistor 38. At time t1, the current has risen to a peak
threshold and control circuit 44 sets switches 22 and 27
on and sets switches 33 and 34 off. The inductor is now
connected between the input terminal and the output ter-
minal. The switches remain in this configuration for a fixed
time period. At t2, switches 27 and 33 are set on and
switches 22 and 34 are set off. The inductor is now con-
nected between ground and the output terminal. When
the inductor current has fallen to a second threshold level
at t3, the control circuit sets switches 22 and 27 on, and
switches 33 and 34 off. The switches remain in this con-
figuration for a fixed period to end the control cycle.
[0039] As evident from the waveforms of Figs. 6a and
6b, at the beginning of each cycle buck mode current
valley sensing operation takes place, followed by boost
mode peak current sensing operation occurs. Operation
for the waveforms of Figs. 7a and 7b starts with boost
mode peak current sensing, followed by buck mode val-
ley current sensing in each cycle. Whether buck-boost
operation starts each cycle in buck mode or boost mode
can be determined from the sensed current in the pre-
ceding cycle.
[0040] Taking the current waveform of Fig. 5a as an
example, if within a minimum on-time of switch 34 the
sensed inductor current stays lower than a reference lev-
el, at the next cycle the regulator will start buck-boost
operation from boost mode in the manner exemplified by
Fig. 5a. If within the minimum on-time of switch 34, the
sensed inductor current is already higher than the refer-
ence level, at the next cycle the regulator will start buck-
boost operation from buck mode in the manner exempli-
fied in Fig. 6a. In the latter case, if, within a minimum off-
time of switch 22 the sensed inductor current remains
higher than a reference level, the regulator will start buck-
boost operation in the next cycle from buck mode. If, how-
ever, within the minimum on-time of switch 33 the sensed
inductor current is already lower than the reference level,
the regulator will start buck-boost operation in the next
cycle from boost mode, as exemplified in Fig. 7a. Similar
determinations can be made for the four switch regulator
and during variable frequency operation.
[0041] Fig. 8 is a flow chart by which the control circuit
performs the constant on-time/constant off-time opera-

tions described above for the four switch configuration
of Fig. 2. Step S100 begins each cycle. At step S102,
determination is made of whether operation is to be in
buck mode or boost mode at the beginning of the cycle.
If the determination in this step is buck mode, the buck
comparator is enabled and the boost comparator is dis-
abled and operation proceeds to step S 104. In this step
switches 33 and 27 are on and switches 22 and 34 are
off until a buck interrupt signal is output by buck compa-
rator 54. This signal is indicative that the inductor current
has fallen to the valley threshold level and that a change
in switch states is to occur.
[0042] At step S 106, determination is made as to
whether the buck interrupt signal is generated within a
minimum on time of switch 33. If not, at step S108 buck
enable and boost disable conditions are maintained with
switches 22 and 27 maintained on and switches 33 and
34 maintained off from the occurrence of the buck inter-
rupt signal for a fixed time to complete the cycle. The
operation flow returns to step S 100 for continued oper-
ation in buck mode.
[0043] If determination is made at step S106 that the
buck interrupt signal is generated within the minimum on
time of switch 33, a buck-boost transition is indicated. At
step S110, the boost comparator is enabled and the buck
comparator disabled, switches 22 and 27 are turned on
and switches 33 and 34 turned off for a fixed time to
complete the cycle. Operation flow returns to step S 100
for operation in boost mode, as determined in step 102.
At step S 112, the cycle starts with switches 22 and 34
on and 33 and 27 off until a boost interrupt signal is output
by boost comparator 56.
[0044] At step S 114, determination is made whether
the boost interrupt signal is generated within the mini-
mum on time of switch 34. If not, at step S116 boost
enable and buck disable conditions are maintained with
switches 22 and 27 maintained on and switches 33 and
34 maintained off from the occurrence of the boost inter-
rupt signal for a fixed time to complete the cycle. The
operation flow returns to step S 100 for continued oper-
ation in boost mode.
[0045] If determination is made at step S 114 that the
boost interrupt signal is generated within the minimum
on time of switch 34, a buck-boost transition is indicated.
At step S 118, the boost comparator is disabled and the
buck comparator enabled, switches 22 and 27 are turned
on and switches 33 and 34 turned off for a fixed time to
complete the cycle. Operation flow returns to step S 100
for operation in buck mode.
[0046] In this disclosure there are shown and de-
scribed only preferred embodiments of the invention and
but a few examples of its versatility. It is to be understood
that the invention is capable of use in various other com-
binations and environments and is capable of changes
or modifications within the scope of the inventive concept
as expressed herein.
Further features and advantages of the invention are dis-
closed in the following with respect to items.
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Item 1 is related to a regulator circuit for step-up and
step-down operation having an input connectable to
a power source and an output connectable to a load,
the regulator circuit comprising:

an inductor having first and second terminals;
a first switch connected between the first induc-
tor terminal and an input terminal;
a second switch connected between the second
inductor terminal and a node;
a first rectifying device connected between the
first inductor terminal and the node;
a second rectifying device connected between
the second inductor terminal and an output ter-
minal;
a sensing element for sensing inductor current
connected between the common connection
and a node joining the second switch and the
first rectifying device; and
a control circuit responsive to sensed inductor
current for controlling activation and deactiva-
tion of at least one of the switches for a constant
time to regulate voltage at the output to a preset
voltage.

Item 2 is related to item 1, wherein the constant time
of switch activation and deactivation can be adjusted
according to input and output voltage to maintain a
relatively constant switching frequency.

Item 3 is related to item 1, wherein the control circuit
comprises:

comparator circuitry;
a logic circuit connected to the comparator cir-
cuitry to receive input therefrom; and
switch driver circuitry responsive to the logic cir-
cuit for controlling the states of the switches.

Item 4 is related to item 3, wherein the comparator
circuitry comprises:

an error amplifier having a first input for receiving
a voltage proportional to the voltage at the output
terminal and a second input for receiving a ref-
erence potential to produce a difference signal
representing the difference therebetween; and
a differential circuit responsive to the difference
signal and the inductor current sensing element,
the differential circuit connected to the logic cir-
cuit.

Item 5 is related to item 4, wherein the differential
circuit comprises a first circuit section for receiving
a signal output from the current sensing element and
a second circuit section for receiving the signal out-
put from the current sensing element with inverted
polarity.

Item 6 is related to item 1, wherein the level of the
input voltage can be greater, equal to, or less than
the preset voltage.

Item 7 is related to item 6, wherein the preset voltage
is greater than the input voltage and the control circuit
operates in boost mode wherein:

the first switch is maintained in an ideally closed
state and the second inductor terminal is con-
nected in succession alternately between a
common potential, via the second switch in a
closed state, and the output terminal, via the
second rectifying device.

Item 8 is related to item 7, wherein the second switch
is in an on state at the beginning of each cycle of
operation, is turned off in response to the sensed
current rising to a reference threshold level, and re-
mains off for a fixed time period thereafter to com-
plete the cycle.

Item 9 is related to item 8, wherein the fixed time
period that the second switch is off can be adjusted
according to input and output voltage to maintain a
relatively constant switching frequency.

Item 10 is related to item 6, wherein the preset volt-
age is less than the input voltage and the control
circuit operates in buck mode wherein:

the second switch is maintained in an open state
and the first inductor terminal is connected in
succession alternately between a common po-
tential, via the first rectifying device, and the in-
put terminal, via the first switch in a closed state.

Item 11 is related to item 10, wherein the first switch
is in an off state at the beginning of each cycle of
operation, is turned on in response to the sensed
current falling to a reference threshold level, and re-
mains on for a fixed time period thereafter to com-
plete the cycle.

Item 12 is related to item 11, wherein the fixed time
period that the first switch is on can be adjusted ac-
cording to input and output voltage to maintain a rel-
atively constant switching frequency.

Item 13 is related to item 1, wherein the input voltage
is approximately the same as the preset output volt-
age and the control circuit operates in buck-boost
mode wherein:

the first switch and second switch are individu-
ally controlled and the first switch is in a closed
state a majority of the time during cycled oper-
ation.
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Item 14 is related to item 13, wherein the first and
second switches are controlled in response to the
sensed inductor current and a voltage proportional
to the output voltage.

Item 15 is related to item 14, wherein, the control
circuit operates in a buck mode in one portion of an
operating cycle and operates in a boost mode in an-
other portion of the operating cycle.

Item 16 is related to item 15, wherein boost mode
operation follows buck mode operation during an op-
erating cycle.

Item 17 is related to item 15, wherein buck mode
operation follows boost mode operation during an
operating cycle.

Item 18 is related to item 14, wherein the input volt-
age is approximately the same as the preset output
voltage, and, at the beginning of each cycle, the first
switch is turned off followed by a brief turn on of the
second switch.

Item 19 is related to item 14, wherein the input volt-
age is approximately the same as the preset output
voltage, and at the beginning of each cycle, the sec-
ond switch is turned on followed by a brief turn off of
the first switch.

Item 20 is related to a regulator circuit for step-up
and step down operation having an input connecta-
ble to a power source and an output connectable to
a load, the regulator circuit comprising:

an inductor;
a first switch connected between a first inductor
terminal and an input terminal;
a second switch connected between the first in-
ductor terminal and a common connection;
a third switch connected between the second
inductor terminal and the common connection;
a fourth switch connected between the second
inductor terminal and an output terminal; and
a control circuit responsive to current in the in-
ductor for controlling activation and deactivation
of at least one of the switches for a constant time
to regulate voltage at the output to a preset volt-
age.

Item 21 is related to item 20, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Item 22 is related to item 20, wherein the control
circuit comprises:

comparator circuitry;
a logic circuit connected to the comparator cir-
cuitry to receive input therefrom; and switch driv-
er circuitry responsive to the logic circuit for con-
trolling the states of the switches.

Item 23 is related to item 22, wherein the comparator
circuitry comprises:

an error amplifier having a first input for receiving
a voltage proportional to the voltage at the output
terminal and a second input for receiving a ref-
erence potential to produce a difference signal
representing the difference therebetween; and
a differential circuit responsive to the difference
signal and the inductor current sensing element,
the differential circuit connected to the logic cir-
cuit.

Item 24 is related to item 23, wherein the differential
circuit comprises a first circuit section for receiving
a signal output from the current sensing element and
a second circuit section for receiving the signal out-
put from the current sensing element with inverted
polarity.

Item 25 is related to item 20, wherein the level of the
input voltage can be greater, equal to, or less than
the preset voltage.

Item 26 is related to item 25, wherein the preset volt-
age is greater than the input voltage and the control
circuit operates in boost mode wherein:

the first switch is maintained in an ideally closed
state and the second switch is maintained in an
ideally open state;
the inductor is connected in succession alter-
nately between a common potential, via the third
switch in a closed state, and the output terminal,
via the fourth switch in a closed state.

Item 27 is related to item 26, wherein the third switch
is in an on state at the beginning of each cycle of
operation, is turned off in response to the sensed
current rising to a reference threshold level, and re-
mains off for a fixed time period thereafter to com-
plete the cycle.

Item 28 is related to item 27, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Item 29 is related to item 25, wherein the preset volt-
age is less than the input voltage and the control
circuit operates in buck mode wherein:
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the third switch is maintained in an open state
and the fourth switch is maintained in an ideally
closed state;
the inductor is connected in succession alter-
nately between a common potential, via the sec-
ond switch in a closed state, and the input ter-
minal, via the first switch in a closed state.

Item 30 is related to item 29, the first switch is in an
off state at the beginning of each cycle of operation,
is turned on in response to the sensed current falling
to a reference threshold level, and remains on for a
fixed time period thereafter to complete the cycle.

Item 31 is related to item 30, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Item 32 is related to item 20, wherein the input volt-
age is approximately the same as the preset output
voltage and the control circuit operates in buck-boost
mode wherein:

the first switch and the second switch are con-
trolled to be in reciprocal conductive states to
one another;
the third switch and the fourth switch are con-
trolled to be in reciprocal conductive states to
one another; and
the first switch and the fourth switch are in an
ideally closed state a majority of the time during
cycled operation.

Item 33 is related to item 32, wherein, the control
circuit operates in a buck mode in one portion of an
operating cycle and operates in a boost mode in an-
other portion of the operating cycle.

Item 34 is related to item 33, wherein boost mode
operation follows buck mode operation during an op-
erating cycle.

Item 35 is related to item 33, wherein buck mode
operation follows boost mode operation during an
operating cycle.

Item 36 is related to item 35, wherein the four switch-
es are controlled in response to the sensed inductor
current and a voltage proportional to the output volt-
age.

Item 37 is related to a circuit comprising an inductor
having first and second terminals, a first switch con-
nected between the first inductor terminal and an
input terminal, a second switch connected between
the second inductor terminal and a common connec-

tion, a first rectifying device connected between the
first inductor terminal and the common connection,
and a second rectifying device connected between
the second inductor terminal and an output terminal,
a method for regulating the voltage at the output ter-
minal approximately the same as, the voltage at the
input terminal, the method comprising the steps of:

sensing current in the inductor;
with both switches in an off state at a beginning
portion of each cycle, in response to the sensed
current falling to a first threshold level, turning
the first switch on;
maintaining the first switch on for a fixed time
period thereafter;
turning the second switch on at the expiration of
the fixed time period;
in response to the sensed current rising to a sec-
ond threshold level thereafter, turning the sec-
ond switch off;
maintaining the second switch off a fixed time
to the end of the cycle; and turning the first switch
off at the end of the cycle.

Item 38 is related to item 37, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Item 39 is related to a circuit comprising an inductor
having first and second terminals, a first switch con-
nected between the first inductor terminal and an
input terminal, a second switch connected between
the second inductor terminal and a common connec-
tion, a first rectifying device connected between the
first inductor terminal and the common connection,
and a second rectifying device connected between
the second inductor terminal and an output terminal,
a method for regulating the voltage at the output ter-
minal approximately the same as, the voltage at the
input terminal, the method comprising the steps of:

sensing current in the inductor;
with both switches in an on state at a beginning
portion of each cycle, in response to the sensed
current falling to a first threshold level, turning
the second switch off;
maintaining the second switch off for a fixed time
period thereafter;
turning the first switch off at the expiration of the
fixed time period;
in response to the sensed current falling to a
second threshold level thereafter, turning the
first switch on;
maintaining the first switch on for a fixed time to
the end of the cycle; and turning the second
switch on at the end of the cycle.
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Item 40 is related to item 39, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Item 41 is related to a circuit comprising an inductor
having first and second terminals, a first switch con-
nected between the first inductor terminal and an
input terminal, a second switch connected between
the first inductor terminal and a common connection,
a third switch connected between the second induc-
tor terminal and the common connection, and a
fourth switch connected between the second induc-
tor terminal and an output terminal, a method for reg-
ulating the voltage at the output terminal at a level
approximately the same as, the voltage at the input
terminal, the method comprising the steps of:

sensing current in the inductor;
setting the first and third switches to an off state
and the second and fourth switches to an on
state at the beginning portion of each cycle;
in response to the sensed current falling to a first
threshold level, setting the first and fourth
switches on and the second and third switches
off;
maintaining the first switch on for a first fixed
time period thereafter;
setting the third switch on and the fourth switch
off at the expiration of the fixed time period;
in response to the sensed current rising to a sec-
ond threshold level, turning the third switch off
and the fourth switch on for a second fixed time
period to the end of the cycle.

Item 42 is related to item 41, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Item 43 is related to a circuit comprising an inductor
having first and second terminals, a first switch con-
nected between the first inductor terminal and an
input terminal, a second switch connected between
the first inductor terminal and a common connection,
a third switch connected between the second induc-
tor terminal and the common connection, and a
fourth switch connected between the second induc-
tor terminal and an output terminal, a method for reg-
ulating the voltage at the output terminal approxi-
mately the same as, the voltage at the input terminal,
the method comprising the steps of:

sensing current in the inductor;
setting the first and third switches to an on state
and the second and fourth switches to an off

state at the beginning portion of each cycle;
in response to the sensed current rising to a first
threshold level, turning the third switch off and
the fourth switch on;
maintaining the third switch off for a first fixed
time period thereafter;
turning the first switch off and the second switch
on at the expiration of the fixed time period;
in response to the sensed current falling to a
second threshold level, turning the first switch
on and the second switch off for a second fixed
time period to the end of the cycle.

Item 44 is related to item35, wherein activated on
time of the first switch and deactivated off time of the
third switch can be adjusted according to input and
output voltage to maintain a relatively constant
switching frequency.

Claims

1. A regulator circuit for step-up and step-down oper-
ation having an input connectable to a power source
and an output connectable to a load, the regulator
circuit comprising:

an inductor having first and second terminals;
a first switch connected between the first induc-
tor terminal and an input terminal;
a second switch connected between the second
inductor terminal and a node;
a first rectifying device connected between the
first inductor terminal and the node;
a second rectifying device connected between
the second inductor terminal and an output ter-
minal;
a sensing element for sensing inductor current
connected between the common connection
and a node joining the second switch and the
first rectifying device; and
a control circuit responsive to sensed inductor
current for controlling activation and deactiva-
tion of at least one of the switches for a constant
time to regulate voltage at the output to a preset
voltage.

2. A regulator circuit as recited in claim 1, wherein the
constant time of switch activation and deactivation
can be adjusted according to input and output volt-
age to maintain a relatively constant switching fre-
quency.

3. A regulator circuit as recited in claim 1, wherein the
control circuit comprises:

a comparator circuitry;
a logic circuit connected to the comparator cir-
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cuitry to receive input therefrom; and
a switch driver circuitry responsive to the logic
circuit for controlling the states of the switches.

4. A regulator circuit as recited in claim 3, wherein the
comparator circuitry comprises:

an error amplifier having a first input for receiving
a voltage proportional to the voltage at the output
terminal and a second input for receiving a ref-
erence potential to produce a difference signal
representing the difference therebetween; a dif-
ferential circuit responsive to the difference sig-
nal and the inductor current sensing element,
the differential circuit connected to the logic cir-
cuit; and
wherein the differential circuit exemplarily com-
prises a first circuit section for receiving a signal
output from the current sensing element and a
second circuit section for receiving the signal
output from the current sensing element with in-
verted polarity.

5. A regulator circuit as recited in claim 1, wherein the
level of the input voltage can be greater, equal to, or
less than the preset voltage.

6. A voltage regulator circuit as recited in claim 5,
wherein the preset voltage is greater than the input
voltage and the control circuit operates in boost
mode wherein:

the first switch is maintained in an ideally closed
state and the second inductor terminal is con-
nected in succession alternately between a
common potential,
via the second switch in a closed state, and the
output terminal, via the second rectifying device;
wherein the second switch is exemplarily in an
on state at the beginning of each cycle of oper-
ation, is turned off in response to the sensed
current rising to a reference threshold level, and
remains off for a fixed time period thereafter to
complete the cycle; and
wherein exemplarily the fixed time period that
the second switch is off can be adjusted accord-
ing to input and output voltage to maintain a rel-
atively constant switching frequency.

7. A regulator circuit as recited in claim 5, wherein the
preset voltage is less than the input voltage and the
control circuit operates in buck mode wherein:

the second switch is maintained in an open state
and the first inductor terminal is connected in
succession alternately between a common po-
tential, via the first rectifying device, and the in-
put terminal, via the first switch in a closed state;

wherein the first switch is exemplarily in an off
state at the beginning of each cycle of operation,
is turned on in response to the sensed current
falling to a reference threshold level, and re-
mains on for a fixed time period thereafter to
complete the cycle; and
wherein exemplarily the fixed time period that
the first switch is on can be adjusted according
to input and output voltage to maintain a rela-
tively constant switching frequency.

8. A regulator circuit as recited in claim 1, wherein the
input voltage is approximately the same as the preset
output voltage and the control circuit operates in
buck-boost mode wherein:

the first switch and second switch are individu-
ally controlled and the first switch is in a closed
state a majority of the time during cycled oper-
ation.

9. A regulator circuit as recited in claim 8, wherein the
first and second switches are controlled in response
to the sensed inductor current and a voltage propor-
tional to the output voltage.

10. A regulator circuit as recited in claim 9, wherein, the
control circuit operates in a buck mode in one portion
of an operating cycle and operates in a boost mode
in another portion of the operating cycle; and
wherein exemplarily boost mode operation follows
buck mode operation during an operating cycle
or
wherein exemplarily buck mode operation follows
boost mode operation during an operating cycle.

11. A regulator circuit as recited in claim 9, wherein the
input voltage is approximately the same as the preset
output voltage, and
wherein at the beginning of each cycle, the first
switch is turned off followed by a brief turn on of the
second switch
or
wherein at the beginning of each cycle, the second
switch is turned on followed by a brief turn off of the
first switch.

12. A method for regulating the voltage at an output ter-
minal approximately the same as, the voltage at an
input terminal for a circuit comprising an inductor
having first and second terminals, a first switch con-
nected between the first inductor terminal and the
input terminal, a second switch connected between
the second inductor terminal and a common connec-
tion, a first rectifying device connected between the
first inductor terminal and the common connection,
and a second rectifying device connected between
the second inductor terminal and the output terminal,
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the method comprising the steps of:

sensing current in the inductor;
with both switches in an off state at a beginning
portion of each cycle, in response to the sensed
current falling to a first threshold level, turning
the first switch on;
maintaining the first switch on for a fixed time
period thereafter;
turning the second switch on at the expiration of
the fixed time period;
in response to the sensed current rising to a sec-
ond threshold level thereafter, turning the sec-
ond switch off;
maintaining the second switch off a fixed time
to the end of the cycle; and
turning the first switch off at the end of the cycle.

13. The method of claim 12, wherein activated on time
of the first switch and deactivated off time of the third
switch can be adjusted according to input and output
voltage to maintain a relatively constant switching
frequency.

14. A method for regulating the voltage at an output ter-
minal approximately the same as, the voltage at an
input terminal for a circuit comprising an inductor
having first and second terminals, a first switch con-
nected between the first inductor terminal and the
input terminal, a second switch connected between
the second inductor terminal and a common connec-
tion, a first rectifying device connected between the
first inductor terminal and the common connection,
and a second rectifying device connected between
the second inductor terminal and the output terminal,
the method comprising the steps of:

sensing current in the inductor;
with both switches in an on state at a beginning
portion of each cycle, in response to the sensed
current falling to a first threshold level, turning
the second switch off;
maintaining the second switch off for a fixed time
period thereafter;
turning the first switch off at the expiration of the
fixed time period;
in response to the sensed current falling to a
second threshold level thereafter, turning the
first switch on;
maintaining the first switch on for a fixed time to
the end of the cycle; and
turning the second switch on at the end of the
cycle.

15. The method of claim 14, wherein activated on time
of the first switch and deactivated off time of the third
switch can be adjusted according to input and output
voltage to maintain a relatively constant switching

frequency.
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