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FIG. 1
(57) Abstract: A power supply system has an inductive device, a plurality of switching devices for providing connection of the in
ductive device to input and output nodes and a ground node, and a switch driver circuit for driving the switching devices so as to
enable the power supply to operate in a boost mode to increase the input voltage, in a buck mode to decrease the input voltage,
and in a solid-state flyback mode to transfer between the boost mode and the buck mode. In the solid-state flyback mode, the
switching devices are controlled to provide switching of the inductive device between an input state in which the inductive device
is connected between the input node and the ground node, and an output state in which the inductive device is connected between
the ground node and the output node.



SWITCH MODE POWER SUPPLY WITH
DYNAMIC TOPOLOGY

Technical Field

[0001] This disclosure relates to power supply systems, and more particularly, to

circuitry and methodology for controlling switching topology of a switch mode power

supply in accordance with a mode of operation.

Background Art

[0002] A switch mode power supply (SMPS) is an electronic power supply unit (PSU)

that incorporates a switching regulator. In particular, a SMPS may include a buck-boost

voltage regulator capable of converting from input voltages above, below, or equal to the

controlled output voltage, respectively performing buck mode regulation, boost mode

regulation, or buck-boost mode regulation. Buck-boost regulator architecture typically is

provided for power supplies used for automotive applications, lap-top computers, telecom

equipment and distributed power systems. For example, the LTC3440 buck-boost

converter manufactured by Linear Technology Corporation, assignee of the present

application, includes four switches, two of which are connected to the input side of an

inductor, and the other two are connected 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 plurality of operation states in which the switches are

sequentially activated or deactivated, to connect the inductor to the input, the output,

and/or a common ground connection.

[0003] Another example is the LTC3780 four-switch buck-boost switching regulator

manufactured by Linear Technology Corporation. This is a current mode regulator that

provides an output voltage above, below or equal to the input voltage. The operating

mode of the controller is determined through the voltage applied to the Forced Continued

Control Input pin. The power switches are controlled so as to provide continuous transfers

between modes of operation.



[0004] However, implementation of known buck-boost switching regulators requires a

complex circuit arrangement. Also, typical buck-boost regulator architecture does not

allow peak current mode control and Burst Mode® operation.

[0005] Hence, there is a need for simpler circuitry and methodology for enabling a

voltage regulator to switch between buck and boost modes while allowing peak current

mode control and Burst Mode operation.

Summary of the Disclosure

[0006] The present disclosure offers novel circuitry and methodology for producing a

regulated output voltage at an output node in response to an input voltage at an input

node.

[0007] In accordance with one aspect of the disclosure, a power supply system has an

inductive device, a plurality of switching devices for providing connection of the

inductive device to the input and output nodes and a ground node, and a switch driver

circuit for driving the switching devices so as to enable the power supply to operate in a

boost mode to increase the input voltage, in a buck mode to decrease the input voltage,

and in a solid-state flyback mode to transfer between the boost mode and the buck mode.

In the solid-state flyback mode, the switching devices are configured to provide switching

of the inductive device between an input state in which the inductive device is connected

between the input node and the ground node, and an output state in which the inductive

device is connected between the ground node and the output node.

[0008] Control circuitry may be provided for controlling the switch driver circuit in

response to a current in the inductive device. In particular, the control circuitry may be

configured for controlling the switch driver circuit in the solid-state flyback mode based

on a value of a peak current in the inductive device.

[0009] In accordance with an embodiment of the disclosure, the switching devices may

include:

- a first switching device for providing connection of the inductive device to the input

node,

-a second switching device for providing a connection of the inductive device to the

ground node,



-a third switching device for providing a connection of the inductive device to the ground

node, and

-a fourth switching device for providing a connection of the inductive device to the output

node.

[0010] For example, the first to fourth switching devices may be transistor devices.

Alternatively, the first and third switching devices may be transistor devices, and the

second and fourth switching devices may be diode devices.

[0011] In the input state of the solid-state flyback mode, the first and third switching

devices may be in a closed state, and the second and fourth switching devices may be in

an open state. In the output state of the solid-state flyback mode, the first and third

switching devices may be in an open state, and the second and fourth switching devices

may be in a closed state.

[0012] The switch driver circuit may set the input state of the solid-state flyback mode in

response to a clock signal. The output state of the solid-state flyback mode may be set

based on a value of a peak current in the inductive device.

[0013] In accordance with one exemplary embodiment, a voltage detection circuit may

be provided for supplying the switch driver circuit with a mode control signal based on

relationship between the input and output voltages.

[0014] The voltage detection circuit may provide a buck mode signal requesting the

switch driver circuit to operate in the buck mode when the input voltage is above the

output voltage by a first threshold value.

[0015] The voltage detection circuit may provide a boost mode signal requesting the

switch driver circuit to operate in the buck mode when the input voltage is below the

output voltage by a second threshold value.

[0016] The voltage detection circuit may provide a solid-state flyback mode signal

requesting the switch driver circuit to operate in the solid-state flyback mode when a

difference between the input voltage and the output voltage is less than a third threshold

value.

[0017] In accordance with another exemplary embodiment, a duty cycle detection circuit

may be provided for supplying the switch driver circuit with a mode control signal based

on a duty cycle D of a signal that controls switching of the switching devices.



[0018] The duty cycle detection circuit may compare the duty cycle D with first, second,

third and fourth threshold levels Dthl, Dth2, Dth3 and Dth4, respectively, where

Dthl>Dth2>Dth3>Dth4.

[0019] The duty cycle detection circuit may provide a solid-state flyback mode signal

requesting the switch driver circuit to operate in the solid-state flyback mode when the

duty cycle D is above the first threshold level Dthl or below the fourth threshold level

Dth4.

[0020] The duty cycle detection circuit may assert a buck mode signal requesting the

switch driver circuit to operate in the buck mode when the duty cycle D is below the third

threshold level Dth3.

[0021] The duty cycle detection circuit may provide a boost mode signal requesting the

switch driver circuit to operate in the boost mode when the duty cycle D is above the

second threshold level Dth2.

[0022] In accordance with a further exemplary embodiment, the power supply system

may operate in the Burst Mode®, in which the clock signal may be disabled in response

to a signal indicating that a light load is connected to the output node.

[0023] For example, the clock signal may be disabled based on the output voltage. In

accordance with an alternative embodiment, the clock signal may be disabled based on an

output of an error amplifier that compares the output voltage with a reference voltage.

[0024] Further, a limiter may be provided to limit the minimum peak value of the current

in the inductive device.

[0025] In the Burst Mode, the switching devices may be configured to prevent a current

from flowing from the output node through the inductive device to the ground node.

[0026] In accordance with a method of the present disclosure, the following steps are

carried out to regulate an output voltage in response to an input voltage in a voltage

regulator comprising an inductive element:

-operating the voltage regulator in a buck mode to reduce the input voltage if the input

voltage is above the output voltage,

-operating the voltage regulator in a boost mode to increase the input voltage if the input

voltage is below the output voltage, and

-operating the voltage regulator in a solid-state flyback mode during a transition between

the buck mode and the boost mode.



[0027] In the solid-state flyback mode, the inductive device is switched between an input

state in which the inductive element is connected between an input of the voltage

regulator and a common node, and an output state in which the inductive element is

connected between the common node and an output of the voltage regulator.

[0028] The inductive element may be switched between the input state and the output

state based on a value of the peak current.

[0029] In accordance with a further aspect of the disclosure, a switching regulator for

producing a regulated output voltage at an output node in response to an input voltage at

an input node comprises:

-an inductive device,

-a plurality of switching devices for providing connection of the inductive device to the

input and output nodes and a common node, and

-a switch driver circuit for driving the switching devices so as to enable the power supply

to operate in a solid-state flyback mode.

[0030] In the solid-state flyback mode, the switching devices may be configured to

provide switching of the inductive device between an input state in which the inductive

device is connected between the input node and the common node, and an output state in

which the inductive device is connected between the common node and the output node.

The inductive device may be switched based on a value of the peak current.

[0031] In accordance with another aspect of the invention, a power supply system

operating in a buck mode and in a boost mode for producing a regulated output voltage at

an output node in response to an input voltage at an input node, comprises an inductive

device, a switching circuitry configured for providing connection of the inductive device

to support operation in a required mode of operation, an error amplifier for comparing the

output voltage with a reference voltage to produce an error signal, a comparator

responsive to the error signal and a peak current in the inductor to control the output

voltage, and a transconductance control loop for controlling a relation between the peak

current and an output signal of the error amplifier in accordance with the mode of

operation.

[0032] The switching circuitry may be configured to enable the system to operate in an

intermediate mode of operation between the buck mode and the boost mode, and the

transconductance control loop may be configured for adjusting the relation between the



peak current and the output signal of the error amplifier when the system switches

between the intermediate mode and the buck or boost mode.

[0033] In the intermediate mode, the switching circuitry may be configured to provide

switching of the inductive device between an input state in which the inductive device is

connected between the input node and the ground node, and an output state in which the

inductive device is connected between the ground node and the output node.

[0034] In accordance with an exemplary embodiment, a current sensor may be coupled

to the inductive device for sensing the peak current in the inductive device. The

transconductance control loop may include a variable-gain amplifier coupled between the

current sensor and the comparator, and having a gain adjusted when the system switches

between the intermediate mode and the buck or boost mode.

[0035] In accordance with another exemplary embodiment, the switching circuitry may

include an input switching circuit coupled to connect the input node and the inductive

device, and configured to produce a value representing a current flowing through the

input switching circuit. The transconductance control loop may include a variable-gain

amplifier coupled between the input switching circuit and the comparator, and having a

gain adjusted when the system switches between the intermediate mode and the buck or

boost mode.

[0036] In accordance with a further exemplary embodiment, a controlled current sensor

may be coupled to the inductive element for sensing the peak current in the inductive

element. The sensor may be configured to supply the comparator with an output value

representing the peak current. The output value may be adjusted when the system

switches between the intermediate mode and the buck or boost mode.

[0037] In accordance with another exemplary embodiment, the switching circuitry may

include an input switching circuit coupled to connect the input node to the inductive

element. The input switching circuit may be configured to supply the comparator with an

output value representing a current in the input switching circuit. The output value may

be adjusted when the system switches between the intermediate mode and the buck or

boost mode.

[0038] The transconductance control loop may be configured so as to reduce a value of a

peak inductor current signal supplied to the comparator in the intermediate mode

compared to the peak inductor current signal supplied in the buck or boost mode.



[0039] In accordance with a further aspect of the disclosure, the following steps are

carried out to regulate an output voltage in response to an input voltage in a voltage

regulator comprising an inductive element and an error amplifier for comparing the

output voltage with a reference voltage:

-operating the voltage regulator in a buck mode to reduce the input voltage if the input

voltage is above the output voltage,

-operating the voltage regulator in a boost mode to increase the input voltage if the input

voltage is below the output voltage,

-operating the voltage regulator in an intermediate mode during switching between the

buck mode and the boost mode, and

-adjusting a relation between a peak current in the inductive element and an output signal

of the error amplifier when the voltage regulator switches between the intermediate mode

and the buck or boost mode.

[0040] In the intermediate mode, the inductive element may be switched between an

input state in which the inductive element is connected between an input of the voltage

regulator and a common node, and an output state in which the inductive element is

connected between the common node and an output of the voltage regulator.

[0041] For example, the adjusting step may include adjusting a gain of an amplifier that

amplifies a signal representing the peak current in the inductive element.

[0042] Alternatively, the adjusting step may include adjusting a gain of an amplifier that

amplifies a signal representing a current in a switching circuit that connects an input of

the voltage regulator to the inductive element.

[0043] Also, the adjusting step may include adjusting a value of a signal representing the

peak current in the inductive element.

[0044] Further, the adjusting step may include adjusting a value of a signal representing

a current in a switching circuit that connects an input of the voltage regulator to the

inductive element.

[0045] The adjusting step may be carried out so as to reduce a value of a signal

representing the peak current in the inductive element, when the voltage regulator

switches from the buck or boost mode into the intermediate mode.

[0046] Additional advantages and aspects of the disclosure will become readily apparent

to those skilled in the art from the following detailed description, wherein embodiments



of the present disclosure are shown and described, simply by way of illustration of the

best mode contemplated for practicing the present disclosure. As will be described, the

disclosure is capable of other and different embodiments, and its several details are

susceptible of modification in various obvious respects, all without departing from the

spirit of the disclosure. Accordingly, the drawings and description are to be regarded as

illustrative in nature, and not as limitative.

Brief Description of the Drawings

[0047] The drawing figures depict concepts by way of example, not by way of

limitations. In the figures, like reference numerals refer to the same or similar elements.

[0048] FIG. 1 is a diagram illustrating an example of a solid-state flyback topology of

the present disclosure.

[0049] FIG. 2 illustrates another example of a solid-state flyback topology of the present

disclosure.

[0050] FIG. 3 is a diagram illustrating a first exemplary embodiment of a peak current

control switching regulator of the present disclosure.

[0051] FIG. 4 is a diagram illustrating a second exemplary embodiment of a peak

current control switching regulator of the present disclosure.

[0052] FIG. 5 is a diagram illustrating a third exemplary embodiment of a peak current

control switching regulator of the present disclosure.

[0053] FIG. 6 is a diagram illustrating a fourth exemplary embodiment of a peak current

control switching regulator of the present disclosure.

[0054] FIG. 7 is a diagram illustrating an exemplary transconductance control loop in

the peak current control switching regulator shown in FIG. 3.

[0055] FIG. 8 is a diagram illustrating another exemplary embodiment of a

transconductance control loop in the peak current control switching regulator shown in

FIG. 3.

[0056] FIG. 9 is a diagram illustrating a further exemplary embodiment of a

transconductance control loop in the peak current control switching regulator shown in

FIG. 3.



[0057] FIG. 10 is a diagram illustrating another exemplary embodiment of a

transconductance control loop in the peak current control switching regulator shown in

FIG. 3.

[0058] FIG. 1 1 is a diagram illustrating an exemplary transconductance control loop in

the peak current control switching regulator shown in FIG. 4 .

[0059] FIG. 12 is a diagram illustrating an exemplary transconductance control loop in

the peak current control switching regulator shown in FIG. 5.

[0060] FIG. 13 is a diagram illustrating an exemplary transconductance control loop in

the peak current control switching regulator shown in FIG. 6.

Detailed Disclosure of the Embodiments

[0061] The present disclosure will be made with examples of specific switching

regulator arrangements. It will become apparent, however, that the concepts described

herein are applicable to any switching regulator for providing an output voltage or current

above, below or equal to the input voltage or current.

[0062] FIG. 1 illustrates a concept of a solid-state flyback mode of operation in a buck-

boost switching regulator 10 in accordance with the present disclosure. The buck-boost

switching regulator 10 may be a peak current mode controller that regulates a voltage

Vout at its output by comparing the output voltage Vout with a voltage Vin provided at its

input. In particular, when the input voltage Vin is above the output voltage Vout, the

switching regulator 10 operates in a buck mode to reduce the input voltage to a level of

the regulated output voltage. When the input voltage Vin is below the output voltage

Vout, the regulator 10 operates in a boost mode to increase the input voltage Vin to the

output level. When in the buck mode, the input voltage Vin drops to a level close to the

output voltage Vout, or in the boost mode, the input voltage Vin increases to a level close

to the output voltage Vout, the buck-boost switching regulator 10 operates in a solid-state

flyback mode that provides a simple way of switching between the buck mode and the

boost mode.

[0063] More specifically, the buck-boost switching regulator 10 may include a clock

oscillator A l producing a series of clock pulses CLK supplied to a set input S of a flip-

flop A2 that controls switching of switches A3, A4, A5 and A6. In particular, control

terminals of switches A3 and A5 are responsive to output Q of the flip-flop A2, and



control terminals of switches A4 and A6 are responsive to output Q/ of the flip-flop A2.

The switches A3, A4, A5 and A6 provide switching of an inductor Ll between input and

output nodes of the regulator 10 in a desired manner.

[0064] In particular, switch A3 is coupled to an input node of the inductor L l to connect

the inductor L l to the input of the regulator 10. Switch A4 is coupled to the input node of

the inductor Ll to connect the inductor L l to a ground node. Switch A5 is coupled to an

output node of the inductor Ll to connect the inductor Ll to the output of the regulator

10. Switch A6 is coupled to the output node of the inductor L l to connect the inductor Ll

to a ground node. A current sensor A7 is coupled in series with the inductor Ll to

determine the current flowing through the inductor Ll.

[0065] When the flip-flop A2 is set by a clock pulse CLK, the Q output goes to a TRUE

state to close switches A3 and A5, and the Q/ output goes to a FALSE state to open

switches A4 and A6. As a result, the inductor L l is connected between the input of the

regulator 10 and the ground.

[0066] When the flip-flop A2 is reset by a signal at its reset input R, the Q output goes to

a FALSE state to open switches A3 and A5, and the Q/ output goes to a TRUE state to

close switches A4 and A6. In this case, the inductor L l is connected between the output

of the regulator 10 and the ground.

[0067] The current sensor A7 may produce a voltage representing a peak current in the

inductor Ll. This voltage is supplied to a non-inverting input of a voltage comparator A8

having an output connected to the reset input R of the flip-flop A2. An inverting input of

the voltage comparator A8 is connected to an output of an error amplifier A9 that

compares the voltage Vout at the output of the regulator 10 with a reference voltage Vref

provided by a reference voltage source AlO. One skilled in the art would realize that

instead of comparing the voltage Vout with the reference voltage Vref, the error amplifier

A9 may compare any signal representing the output voltage Vout with any reference

signal.

[0068] Hence, the comparator A8 compares a peak current signal representing the peak

current in the inductor Ll with an error signal corresponding to a difference between the

output voltage Vout and the reference voltage Vref. When the peak current signal is

ramped up to a level of the error signal, the output of the comparator A8 goes to a TRUE

state resetting the flip-flop A2. In response to the reset signal, the input Q/ of the flip-flop



A2 becomes TRUE closing switches A4 and A6, and the input Q becomes FALSE

opening switches A3 and A5.

[0069] Thus, in response to the ramped up peak current, the inductor Ll is connected

between the output of the regulator 10 and the ground. This state is maintained until the

next clock signal CLK sets the flip-flop A2 to control the switches A3, A4, A5 and A6 so

as to connect the inductor Ll between the input of the regulator 10 and the ground.

Thereafter, the peak current in the inductor is monitored to reset the flip-flop A2 when the

peak up current is ramped up to a pre-determined level.

[0070] Accordingly, the solid-state flyback topology illustrated in FIG. 1 supports

switching of the inductor L l between an input state in which the inductor L l is connected

between the input of the regulator 10 and the ground, and an output state in which the

inductor Ll is connected between the output of the regulator 10 and the ground. As

discussed above, the switching of the inductor Ll is carried out in response to the peak

current.

[0071] Switches A3 to A6 may be implemented by a controlled switching devices such

as transistors. Alternatively, as shown in FIG. 2 that illustrates another embodiment of the

solid-state flyback topology of the present disclosure, diodes A40 and A60 may be

connected instead of the switches A4 and A6. The circuit in FIG. 2 operates in a manner

similar to operation of the circuit in FIG. 1. However, the diodes A40 and A60 are

arranged so as to connect the inductor Ll between the output of the regulator 10 and the

ground when the flip-flop A2 is reset by the output signal of the voltage comparator A8.

When the flip-flop A2 is set by the CLK signal, the TRUE signal at the output Q closes

the switches A3 and A5 to connect the inductor L l between the input of the regulator 10

and the ground. When the flip-flop A2 is reset, the FALSE signal at the output Q opens

the switches A3 and A5. As a result, the inductor current will flow from the diode A40

via the inductor Ll, current sensor A7 and the diode A60 to the output of the regulator 10.

[0072] In general, the topology in FIG. 1 using transistors A4 and A6 are more efficient

than the topology in FIG.2 using diodes A40 and A60 because the voltage drop across the

transistors is smaller than the voltage drop across the diodes. However, at light loads at

the output of the regulator 10, the solid-state flyback topology in FIG. 2 using diodes A40

and A60 may become more efficient that the transistor-based topology in FIG. 1.



[0073] FIG. 3 illustrates an exemplary embodiment of a peak current control switching

regulator 100 of the present disclosure, in which input and output voltages are monitored

to provide switching between a buck mode and a boost mode. The switching regulator

100 comprises the inductor L l and the elements A l to AlO of the solid-state flyback

topology described above in connection with FIG. 1.

[0074] Further, the switching regulator 100 includes a voltage detection circuit A 12 that

monitors voltages Vin and Vout at the input and output of the regulator 100. The voltage

detection circuit A12 may detect the following three conditions: 1) when the input voltage

Vin is well above the output voltage Vout, 2) when the input voltage Vin is well below

the output voltage Vout, and 3) when the input voltage Vin is close to the output voltage

Vout.

[0075] The voltage detection circuit A12 may determine a difference between the input

voltage Vin and output voltage Vout, and compare this difference with various pre¬

determined threshold voltages to produce mode signals at its Mode output. When the Vin

is above the Vout by more than a first threshold level Vthl, the voltage detection circuit

A12 may produce a buck mode signal indicating that the Vin is well above the Vout. For

example, the buck mode signal may be issued when the Vin is above the Vout by more

than 0.5V. When the Vin is below the Vout by more than a second threshold level Vth2,

the voltage detection circuit A12 may produce a boost mode signal indicating that the Vin

is well below the Vout. For example, the boost mode signal may be issued when the Vin

is below the Vout by more than 0.5V. Finally, when a difference between the Vin and

Vout is less than a third threshold level Vth3, the voltage detection circuit A12 may

produce a solid-state flyback mode signal indicating that the Vin is close to Vout. For

example, the solid-state flyback mode signal may be issued when the Vin is within 0.5V

with respect to Vout.

[0076] The output signal produced by the voltage detection circuit A12 is supplied to

input X of a switch driver A l 1 having outputs A, B, C and D respectively connected to

control terminals of switches A3, A4, A5 and A6. Also, the switch driver A l l is

controlled by the output signal produced at the output Q of the flip-flop A2 and

transferred to input Y of the switch driver All. The switch driver A l 1 controls switching

of the switches A3, A4, A5 and A6 in accordance with a mode signal received from the

voltage detection circuit A12 and a control signal asserted at the output Q.



[0077] When the voltage detection circuit A12 produces a buck mode signal indicating

that the Vin is well above the Vout, the switch driver Al l controls the switches A3-A6 so

as to set the regulator 100 into a buck mode of operation. In particular, when the buck

mode signal is asserted, the switch A6 is closed and the switch A5 is open. Further, when

the buck mode signal is asserted and the flip-flop A2 is set by the clock signal CLK (i.e.

output Q is in a TRUE state), the switch A3 is closed and the switch A4 is open. When

the peak current in the inductor is ramped up to a predetermined level defined by the

output of the error amplifier A9, the output of the voltage comparator A8 becomes TRUE

resetting the flip-flop A2. In response, the switch A3 opens and the switch A4 closes.

Hence, in response to a buck mode signal from the voltage detection circuit A12, the

switching regulator 100 operates in a buck mode to reduce the input voltage Vin.

[0078] When the voltage detection circuit Al 2 produces a boost mode signal indicating

that the Vin is well below the Vout, the switch driver All controls the switches A3-A6 so

as to set the regulator 100 into a boost mode of operation. In particular, when the boost

mode signal is asserted, the switch A3 is closed and the switch A4 is open. Further, when

the boost mode signal is asserted and the flip-flop A2 is set by the clock signal CLK (i.e.

output Q is in a TRUE state), the switch A5 is closed and the switch A6 is open. When

the peak current in the inductor is ramped up to a predetermined level defined by the

output of the error amplifier A9, the output of the voltage comparator A8 becomes TRUE

resetting the flip-flop A2. In response, the switch A5 opens and the switch A6 closes.

Hence, in response to a boost mode signal from the voltage detection circuit A 12, the

switching regulator 100 operates in a boost mode to increase the input voltage Vin.

[0079] When the voltage detection circuit A 12 produces a solid-state flyback mode

signal indicating that the Vin is close to the Vout, the switch driver A l l controls the

switches A3-A6 so as to set the regulator 100 into a solid-state flyback mode of operation

described above in connection with FIG. 1. In particular, when the flip-flop A2 is set by a

clock pulse CLK, switches A3 and A5 are closed, and switches A4 and A6 are open. As a

result, the inductor L l is connected between the input of the regulator 100 and the

ground. When the peak current in the inductor is ramped up to a level that causes the flip-

flop A2 to reset, switches A3 and A5 open, and switches A4 and A6 close. In this case,

the inductor L l is connected between the output of the regulator 100 and the ground.



Hence, the solid-state flyback mode enables switching between the buck mode and the

boost mode in the peak current control regulator 100.

[0080] FIG. 4 illustrates another exemplary embodiment of the present disclosure, in

which a peak current control switching regulator 200 switches between buck and boost

modes using duty cycle control. The switching regulator 200 comprises the inductor Ll

and the elements A l to AlO of the solid-state flyback topology described above in

connection with FIG. 1.

[0081] Further, the switching regulator 200 includes a duty cycle detector A13 that

determines the duty cycle of the signal at the output Q of the flip-flop A2. A switch driver

A l 1 has inputs X and Y, and outputs A, B, C and D for respectively controlling switches

A3, A4, A5 and A6 so as to support operations of the switching regulator 200 in a buck,

boost and solid-state flyback modes. The switch driver Al 1 is controlled based on a mode

control signal supplied by the duty cycle detector Al 3 to the input X and based on the

output signal of the flip-flop A2 provided at the input Y.

[0082] In particular, the duty cycle detector A13 may compare the duty cycle D received

at its input IN from the output Q of the flip-flop A2 with four pre-determined threshold

values Dthl, Dth2, Dth3 and Dth4, where Dthl>Dth2>Dth3>Dth4. For example,

Dthl=90%, Dth2=55%, Dth3=45% and Dth4 =10%. When the duty cycle D is above the

Dthl (in a buck mode) or below the Dth4 (in a boost mode), the duty cycle detector A l 3

asserts at its output OUT a solid-state flyback mode signal requesting the switch driver

A l l to control switches A3 to A6 so as to set the switching regulator 200 into a solid-

state flyback mode. In this mode, when the flip-flop A2 is set by a clock pulse CLK,

switches A3 and A5 are closed, and switches A4 and A6 are open to connect the inductor

L l between the input of the regulator 200 and the ground. When the peak current in the

inductor is ramped up to a level that causes the flip-flop A2 to reset, switches A3 and A5

open, and switches A4 and A6 close to connect the inductor L l between the output of the

regulator 100 and the ground.

[0083] When the duty cycle D in the solid-state flyback mode is below the Dth3, the

duty cycle detector A l 3 asserts a buck mode signal requesting the switch driver A l l to

control switches A3 to A6 so as to set the switching regulator 200 into a buck mode. In

this mode, the switch A6 is closed and the switch A5 is open. Further, when the buck

mode signal is asserted and the flip-flop A2 is set by the clock signal CLK (i.e. output Q



is in a TRUE state), the switch A3 is closed and the switch A4 is open. When the peak

current in the inductor is ramped up to a predetermined level defined by the output of the

error amplifier A9, the output of the voltage comparator A8 becomes TRUE resetting the

flip-flop A2. In response, the switch A3 opens and the switch A4 closes.

[0084] When the duty cycle D in the solid-state flyback mode is above the Dth2, the

duty cycle detector Al 3 asserts a boost mode signal requesting the switch driver All to

control switches A3 to A6 so as to set the switching regulator 200 into a boost mode. In

this mode, the switch A3 is closed and the switch A4 is open. Further, when the boost

mode signal is asserted and the flip-flop A2 is set by the clock signal CLK, the switch A5

is closed and the switch A6 is open. When the peak current in the inductor is ramped up

to a predetermined level, the output of the voltage comparator A8 becomes TRUE

resetting the flip-flop A2. In response, the switch A5 opens and the switch A6 closes.

[0085] Hence, the solid-state flyback topology of the present disclosure may provide

transitions between the boost and buck modes based on the duty cycle of the switching

control signal.

[0086] A typical switching regulator operates by repeatedly turning a power switch on

and off. Due to the switching nature of the power transistor drive, the efficiency of a

typical switch-mode circuit falls off as the load decreases, since a fixed amount of power

is wasted in the drive circuitry regardless of load. One method used to avoid this

efficiency loss at light loads is to omit switching cycles when the load is light. This mode

of operation is referred to as Burst Mode®. For example, the Burst Mode is described in

US patent numbers 5,481,178, 6,307,356, and 6,580,258 issued to Linear Technology, the

assignee of the present application.

[0087] FIGS. 5 and 6 illustrate that the solid-state flyback topology of the present

disclosure enables a buck-boost switching regulator to operate in the Burst Mode. In

particular, FIG. 5 shows an exemplary embodiment of a Burst Mode current peak control

buck-boost switching regulator 300 of the present disclosure that comprises the inductor

Ll and the elements A l to AlO of the solid-state flyback topology described above in

connection with FIG. 1. For example, the switching regulator 300 may switch between a

buck mode and a boost mode by monitoring the input voltage Vin and the output voltage

Vout. The switching regulator 300 may include a voltage detection circuit A12 and a



switch driver All that operate in a manner similar to operation of the voltage detection

circuit A12 and the switch driver Al 1 in FIG. 3.

[0088] The error amplifier A9 compares the voltage Vout at the output of the regulator

300 with a reference voltage Vref provided by the reference voltage source AlO. To

provide the Burst Mode operation, the non-inverting input of the error amplifier A9 is

connected to the clock A l to disable or enable supplying the clock signal CLK to the S

input of the flip-flop A2. In particular, the clock Al may be disabled when the output

voltage Vout is higher than a pre-set level selected to indicate that a light load is

connected to the output of the switching regulator 300. The clock Al may be enabled to

resume supplying clock signals CLK to the S input of the flip-flop A2 when the output

voltage Vout reduces to a pre-determined level that may differ from the level used to

disable the clock A l .

[0089] Further, the switching regulator 300 may include a voltage limiter A14 connected

between the output of the error amplifier A9 and the inverting input of the voltage

comparator A8. The non-inverting input of the voltage comparator A8 is supplied by the

current sensor A7 with a voltage corresponding to the peak current in the inductor Ll.

The voltage limiter A14 limits the voltage at the inverting input of A8 to a pre-selected

level so as to prevent the peak current in the inductor Ll from being too low.

[0090] The voltage detection circuit A12 may determine a difference between the input

and output voltages, and compare this difference with various pre-determined threshold

voltages. When the Vin is above the Vout by more than a first threshold level Vthl, the

voltage detection circuit A12 may produce a buck mode signal indicating that the Vin is

well above the Vout. When the Vin is below the Vout by more than a second threshold

level Vth2, the voltage detection circuit A12 may produce a boost mode signal indicating

that the Vin is well below the Vout. Finally, when a difference between the Vin and Vout

is less than a third threshold level Vth3, the voltage detection circuit Al 2 may produce a

solid-state flyback mode signal indicating that the Vin is close to Vout.

[0091] The output signal produced by the voltage detection circuit A12 is supplied to the

switch driver A l l having outputs A, B, C and D respectively connected to control

terminals of switches A3, A4, A5 and A6. Also, the switch driver Al 1 is controlled by the

output signal produced at the output Q of the flip-flop A2. The switch driver Al 1 controls



switching of the switches A3, A4, A5 and A6 in accordance with a mode signal received

from the voltage detection circuit A12 and a control signal asserted at the output Q.

[0092] When the voltage detection circuit Al 2 produces a buck mode signal indicating

that the Vin is well above the Vout, the switch driver All closes the switch A6 and opens

the switch A5. Further, when the buck mode signal is asserted and the flip-flop A2 is set

by the clock signal CLK (i.e. output Q is in a TRUE state), the switch A3 is closed and

the switch A4 is open. When the peak current in the inductor is ramped up to a

predetermined level, the output of the voltage comparator A8 becomes TRUE resetting

the flip-flop A2. In response, the switch A3 opens and the switch A4 closes.

[0093] When the voltage detection circuit A12 produces a boost mode signal indicating

that the Vin is well below the Vout, the switch driver All closes the switch A3 and opens

the switch A4. Further, when the boost mode signal is asserted and the flip-flop A2 is set

by the clock signal CLK (i.e. output Q is in a TRUE state), the switch A5 is closed and

the switch A6 is open. When the peak current in the inductor is ramped up to a

predetermined level, the output of the voltage comparator A8 becomes TRUE resetting

the flip-flop A2. In response, the switch A5 opens and the switch A6 closes.

[0094] When the voltage detection circuit Al 2 produces a solid-state flyback mode

signal indicating that the Vin is close to the Vout, the switch driver All controls the

switches A3-A6 so as to set the regulator 300 into a solid-state flyback mode of operation

described above in connection with FIG. 1. In particular, when the flip-flop A2 is set by a

clock pulse CLK, switches A3 and A5 are closed, and switches A4 and A6 are open to

connect the inductor L l between the input of the regulator 300 and the ground. When the

peak current in the inductor is ramped up to a level that causes the flip-flop A2 to reset,

switches A3 and A5 open, and switches A4 and A6 close to connect the inductor Ll

between the output of the regulator 300 and the ground.

[0095] In all modes of operation, the switches A4 and A6 should be controlled to

prevent the current from flowing from the output of the switching regulator 300 through

the inductor Ll to the ground. For example, the switch driver Al l may control the

switches A4 and A6 so as to open them when the current flowing to the output of the

regulator 300 is about to reverse its direction. Alternatively, the switches A4 and A6 may

be implemented using unidirectional devices, such as diodes, that prevent the current



from passing from the output of the regulator 300 to the inductor Ll, and from the

inductor Ll to the ground.

[0096] FIG. 6 illustrates another exemplary embodiment of a Burst Mode current peak

control buck-boost switching regulator 400 of the present disclosure. By contrast, with the

regulator 300 described above in connection with FIG. 5, the regulator 400 provides the

Burst Mode operation based on the output of the error amplifier A9 that compares the

output voltage Vout with the reference voltage Vref. The output of the error amplifier A9

is connected to the clock A l to disable or enable supplying the clock signal CLK to the S

input of the flip-flop A2. In particular, when the output signal of the error amplifier A9

exceeds a predetermined value selected to indicate that a light load is connected to the

output of the switching regulator 400, the clock Al is disabled. The clock Al may be

enabled to resume supplying clock signals CLK to the S input of the flip-flop A2 when

the output signal of the error amplifier A9 reduces to a pre-set value that may differ from

the value used to disable the clock Al.

[0097] FIGS. 7-13 illustrate exemplary embodiments of the present disclosure, in which

a peak current control switching regulator incorporates a transconductance control loop

that adjusts a relation between the peak inductor current and the output voltage of the

error amplifier in accordance with a mode of operation. In particular, when a peak current

control switching regulator switches between a solid-state flyback mode and a buck or

boost mode, a transient response at the output of the regulator may occur because the

output signal of the error amplifier has to slew to a new value to keep the same regulation

point. A transconductance control loop of the present disclosure adjusts a relation

between the peak inductor current and the output voltage of the error amplifier in a solid-

state flyback mode with respect to this relation in a buck or boost mode. As a result, the

output signal of the error amplifier does not have to slew when the regulator switches

between a solid-state flyback mode and a buck or boost mode. Therefore, during a

transition of the regulator between a solid-state flyback mode and a buck or boost mode, a

transient response at its output is substantially reduced or eliminated. Hence, the

transconductance control loop of the present disclosure enables the regulator to provide

better voltage regulation during transitions between a solid-state flyback mode and a buck

or boost mode.



[0098] FIG. 7 illustrates an exemplary transconductance control loop in the peak current

control switching regulator 100 shown in FIG. 3. The transconductance control loop

includes a variable-gain amplifier A l 5 connected between the current sensor A7 and a

non-inverting input of the voltage comparator A8. As discussed above, the current sensor

A7 may produce a voltage representing a peak current in the inductor Ll. An inverting

input of the voltage comparator A8 is connected to an output of the error amplifier A9

that compares the voltage Vout at the output of the regulator 100 with a reference voltage

Vref provided by the reference voltage source AlO. Hence, the comparator A8 compares

a signal representing the peak current in the inductor L l with an error signal

corresponding to a difference between the output voltage Vout and the reference voltage

Vref.

[0099] A gain control input of the variable-gain amplifier Al 5 may be supplied with a

mode signal produced at the Mode output of the voltage detection circuit A12. As

discussed above, the voltage detection circuit A 12 may determine a difference between

the input voltage Vin and the output voltage Vout, and compare this difference with

various pre-determined threshold voltages to produce mode signals at its Mode output.

When the Vin is above the Vout by more than a first threshold level Vthl, the voltage

detection circuit A12 may produce a buck mode signal indicating that the Vin is well

above the Vout. For example, the buck mode signal at the Mode output may be issued

when the Vin is above the Vout by more than 0.5V. When the Vin is below the Vout by

more than a second threshold level Vth2, the voltage detection circuit A12 may produce a

boost mode signal at the Mode output indicating that the Vin is well below the Vout. For

example, the boost mode signal may be issued when the Vin is below the Vout by more

than 0.5V. Finally, when a difference between the Vin and Vout is less than a third

threshold level Vth3, the voltage detection circuit A12 may produce a solid-state flyback

mode signal at the Mode output indicating that the Vin is close to Vout. For example, the

solid-state flyback mode signal may be issued when the Vin is within 0.5V with respect to

Vout.

[00100] The variable-gain amplifier A l 5 may be a voltage-controlled amplifier that varies

its gain depending on a mode signal produced at the Mode output of the voltage detection

circuit A12. In particular, when the solid-state flyback signal is produced at the Mode

output, the gain of the amplifier A l 5 may be reduced approximately by a fraction of 2



with respect to the gain provided when a buck mode signal or a boost mode signal is

supplied. For example, when a buck mode signal or a boost mode signal is provided to the

gain control input of the amplifier Al 5, i.e. in a buck or boost mode, the gain of the

amplifier Al 5 may be selected in the range between 6 and 8. When a solid-state flyback

mode signal is produced at the Mode output of the voltage detection circuit A12, i.e. in a

solid-state flyback mode of operation, the gain of the amplifier Al 5 may be reduced to a

value in the range between 3 and 4.

[00101] Hence, in a solid-state flyback mode, the transconductance control loop in FIG. 7

may reduce the voltage at the non-inverting input of the voltage comparator A8 with

respect to a buck or boost mode, so as to prevent the output voltage of the error amplifier

A9 from needing to slew as much to keep the output in regulation. As a result, during a

transition of the regulator 100 between a solid-state flyback mode and a buck or boost

mode, a transient response at its output is substantially reduced or eliminated.

[00102] FIG. 8 illustrates another exemplary embodiment of a transconductance control

loop in the peak current control switching regulator 100 shown in FIG. 3. Instead of

sensing the inductor current using current sensor A7 coupled in series with the inductor

Ll, the regulator in FIG. 8 senses the current flowing through the input switch when the

input switch is closed. Hence, the embodiment in FIG. 8 does not need the current sensor

for determining the inductor current.

[00103] Further, instead of the input switch A3, the peak current control switching

regulator in FIG. 8 contains a switch A16 coupled to connect the Vin input of the

regulator to the inductor Ll, and configured to produce at its output terminal, a value

representing the current flowing through the switch A16. A variable-gain amplifier A15 is

connected between the output terminal of the switch A l 6 and the non-inverting input of

the voltage comparator A8.

[00104] The switch A l 6 is controlled by the switch driver Al 1 in the same manner as the

switch driver A l l controls the input switch A3 in FIG. 3. In particular, switch A16, as

well as the switches A4, A5 and A6 are controlled in accordance with a mode signal

received from the voltage detection circuit Al 2 and a control signal asserted at the output

Q of the flip-flop A2.

[00105] When the voltage detection circuit A12 produces a buck mode signal, the switch

A6 is closed and the switch A5 is open. Further, when the buck mode signal is asserted



and the flip-flop A2 is set by the clock signal CLK (i.e. output Q is in a TRUE state), the

switch A16 is closed and the switch A4 is open. When the peak current in the inductor is

ramped up to a predetermined level defined by the output of the error amplifier A9, the

output of the voltage comparator A8 becomes TRUE resetting the flip-flop A2. In

response, the switch Al 6 opens and the switch A4 closes. Hence, in response to a buck

mode signal from the voltage detection circuit A12, the switching regulator in FIG. 8

operates in a buck mode to reduce the input voltage Vin.

[00106] When the voltage detection circuit Al 2 produces a boost mode signal, the switch

Al 6 is closed and the switch A4 is open. Further, when the boost mode signal is asserted

and the flip-flop A2 is set by the clock signal CLK (i.e. output Q is in a TRUE state), the

switch A5 is closed and the switch A6 is open. When the peak current in the inductor is

ramped up to a predetermined level defined by the output of the error amplifier A9, the

output of the voltage comparator A8 becomes TRUE resetting the flip-flop A2. In

response, the switch A5 opens and the switch A6 closes.

[00107] When the voltage detection circuit A12 produces a solid-state flyback mode

signal, the switch driver A l 1 controls the switches A4, A5, A6 and A16 so as to set the

regulator into a solid-state flyback mode of operation. In particular, when the flip-flop A2

is set by a clock pulse CLK, switches Al 6 and A5 are closed, and switches A4 and A6 are

open. As a result, the inductor L l is connected between the input of the regulator and the

ground. When the peak current in the inductor is ramped up to a level that causes the flip-

flop A2 to reset, switches A16 and A5 open, and switches A4 and A6 close. In this case,

the inductor L l is connected between the output of the regulator and the ground.

[00108] The switch A l 6 may be implemented by any circuit capable of supplying a signal

representing the current flowing through the switch. For example, the switch A16 may be

a circuit composed of a switch and a resistor connected in series to the switch. The

voltage developed across the resistor when the switch is closed represents the current

flowing through the switch. This voltage may be supplied via the variable-gain amplifier

Al 5 to the non-inverting input of the voltage comparator A8.

[00109] Alternatively, the switch A16 may be implemented as a switching circuit with

current mirror circuitry at its output. The current mirror circuitry may be configured to

produce a signal representing the current flowing through the switch. In this case, the



variable-gain amplifier A15 may be connected between the output of the current mirror

circuitry and the non-inverting input of the voltage comparator A8.

[001 10] The gain of the variable-gain amplifier A l 5 is controlled by the mode signal

produced at the Mode output of the voltage detection circuit A l 2 to reduce the gain

approximately by a factor of 2 when the solid-state flyback signal is produced at the

Mode output compared to the gain provided when a buck mode signal or a boost mode

signal is produced. For example, when a buck mode signal or a boost mode signal is

supplied to the gain control input of the amplifier A l 5, i.e. in a buck or boost mode, the

gain of the amplifier A l 5 may be selected in the range between 6 and 8. When a solid-

state flyback mode signal is produced at the Mode output of the voltage detection circuit

A 12, i.e. in a solid-state flyback mode of operation, the gain of the amplifier A l 5 may be

reduced to a value in the range between 3 and 4.

[00111] FIG. 9 illustrates a further exemplary embodiment of a transconductance control

loop in the peak current control switching regulator 100 shown in FIG. 3. Instead of the

current sensor A7, the peak current control switching regulator in FIG. 9 contains a

controlled current sensor A l 7 coupled to the inductor Ll. The controlled current sensor

A l 7 is configured to determine the current in the inductor L l and produce an output

signal representing the inductor current. The transfer function between the determined

current value and the output signal of the sensor A l 7 may be controlled by the mode

signal from the voltage detection circuit A l 2 to produce the output signal that varies

depending on the mode of operation. The variable output signal of the controlled sensor

A l 7 may be supplied to the non-inverting input of the voltage comparator A8. In

particular, the value of the output signal in a solid-state flyback mode may be reduced

approximately by a factor of 2 compared to the value of the output signal in a buck or

boost mode.

[001 12] For example, the controlled sensor A l 7 may be implemented using a circuit

including a current sensor and a controlled switch that couples the sensor to one or more

of resistors connected in parallel. The controlled switch may be controlled by the mode

signal from the voltage detection circuit A8 to connect the current sensor to a resistor

value selected for the corresponding mode of operation. The voltages developed across

the resistors may be transferred to the non-inverting input of the voltage comparator A8.

Values of the resistors may be selected so as to provide desired voltage values at the non-



inverting input of the voltage comparator A8 in buck, boost and solid-state flyback modes

of operation.

[001 13] FIG. 10 illustrates another exemplary embodiment of a transconductance control

loop in the peak current control switching regulator 100 shown in FIG. 3. Instead of

sensing the inductor current using current sensor A7 coupled in series with the inductor

Ll, the regulator in FIG. 10 senses the current flowing through the input switch when the

input switch is closed. Further, instead of the input switch A3, the peak current control

switching regulator in FIG. 10 contains a switch A l 8 that connects the Vin input of the

regulator to the inductor Ll, and is configured to produce an output signal representing

the current flowing through the switch A l 8.

[001 14] Moreover, the switch A l 8 is configured so as to provide a controlled transfer

function between the value of the current flowing through the switch A l 8, and the output

signal of the switch A 18. This transfer function may be controlled by the mode signal

from the voltage detection circuit A l 2 to produce the output signal of the switch A l 8 that

varies depending on the mode of operation. The variable output signal of the switch A l 8

may be supplied to the non-inverting input of the voltage comparator A8. In particular,

the value of the output signal of the switch A l 8 in a solid-state flyback mode may be

reduced approximately by a factor of 2 compared to the value of the output signal of the

switch Al 8 in a buck or boost mode.

[001 15] Switching of the switch Al 8 is controlled by the switch driver A l l in the same

manner as the switch driver A l l controls the input switch A3 in FIG. 3. In particular,

switching of the switch A l 8 is controlled in accordance with a mode signal received from

the voltage detection circuit A12 and a control signal asserted at the output Q of the flip-

flop A2.

[00116] When the voltage detection circuit A12 produces a buck mode signal, the switch

A6 is closed and the switch A5 is open. Further, when the buck mode signal is asserted

and the flip-flop A2 is set by the clock signal CLK, the switch A l 8 is closed and the

switch A4 is open. When the peak current in the inductor is ramped up to a predetermined

level defined by the output of the error amplifier A9, the output of the voltage comparator

A8 becomes TRUE resetting the flip-flop A2. In response, the switch A l 8 opens and the

switch A4 closes.



[001 17] When the voltage detection circuit Al 2 produces a boost mode signal, the switch

A l 8 is closed and the switch A4 is open. Further, when the boost mode signal is asserted

and the flip-flop A2 is set by the clock signal CLK, the switch A5 is closed and the switch

A6 is open. When the peak current in the inductor is ramped up to a predetermined level

defined by the output of the error amplifier A9, the output of the voltage comparator A8

becomes TRUE resetting the flip-flop A2. In response, the switch A5 opens and the

switch A6 closes.

[00118] When the voltage detection circuit A12 produces a solid-state flyback mode

signal, the switch driver All controls the switches A4, A5, A6 and A l 8 so as to set the

regulator into a solid-state flyback mode of operation. In particular, when the flip-flop A2

is set by a clock pulse CLK, switches A l 8 and A5 are closed, and switches A4 and A6 are

open. As a result, the inductor L l is connected between the input of the regulator and the

ground. When the peak current in the inductor is ramped up to a level that causes the flip-

flop A2 to reset, switches A l 8 and A5 open, and switches A4 and A6 close. In this case,

the inductor L l is connected between the output of the regulator and the ground.

[00119] The switch A18 may be implemented by any switching circuit capable of

providing a controlled value of an output signal representing the current in the switch. For

example, the switch A l 8 may be a switching circuit having a switch connectable to

multiple current mirrors provided at the output of the switching circuit. The connection

between the switch and the current mirrors may be controlled so as to connect the switch

to a predetermined number of current mirrors in a particular mode of operation. For

example, in the buck or boost mode, the switch may be connected to a pair of current

mirrors, whereas in a solid-state flyback mode, the switch may be connected to a single

current mirror.

[0012O] FIG. 11 illustrates an exemplary transconductance control loop in the peak

current control switching regulator 200 shown in FIG. 4 . The transconductance control

loop includes a variable-gain amplifier A l 5 connected between the current sensor A7 and

a non-inverting input of the voltage comparator A8. As discussed above, the current

sensor A7 may produce a voltage representing a peak current in the inductor Ll. An

inverting input of the voltage comparator A8 is connected to an output of the error

amplifier A9 that compares the voltage Vout at the output of the regulator 200 with a

reference voltage Vref provided by the reference voltage source AlO. Hence, the



comparator A8 compares a signal representing the peak current in the inductor Ll with an

error signal corresponding to a difference between the output voltage Vout and the

reference voltage Vref. The output of the comparator A8 is used to reset the flip-flop A2,

which is set by the clock signal CLK produced by the clock oscillator Al.

[00121] A gain control input of the variable-gain amplifier A15 may be supplied with a

mode signal produced by the duty cycle detector A l 3 based on the duty cycle of the

signal at the output Q of the flip-flop A2. In particular, as discussed above, the duty cycle

detector A13 may compare the duty cycle D received at its input IN from the output Q of

the flip-flop A2 with four pre-determined threshold values Dthl, Dth2, Dth3 and Dth4,

where Dthl>Dth2>Dth3>Dth4. For example, Dthl=90%, Dth2=55%, Dth3=45% and

Dth4 =10%. When the duty cycle D is above the Dthl (in a buck mode) or below the

Dth4 (in a boost mode), the duty cycle detector Al 3 asserts at its output OUT a solid-state

flyback mode signal. When the duty cycle D in the solid-state flyback mode is below the

Dth3, the duty cycle detector A l 3 asserts a buck mode signal. When the duty cycle D in

the solid-state flyback mode is above the Dth2, the duty cycle detector Al 3 asserts a

boost mode signal.

[00122] The variable-gain amplifier A15 may be a voltage-controlled amplifier that

varies its gain depending on a mode signal produced at the output of the duty cycle

detector Al 3. In particular, when the solid-state flyback signal is asserted at the output of

the duty cycle detector A13, the gain of the amplifier A15 may be reduced approximately

by a fraction of 2 with respect to the gain provided when a buck mode signal or a boost

mode signal is asserted. For example, when a buck mode signal or a boost mode signal is

provided to the gain control input of the amplifier A15, i.e. in a buck or boost mode, the

gain of the amplifier A15 may be selected in the range between 6 and 8. When a solid-

state flyback mode signal is produced at the Mode output of the voltage detection circuit

A12, i.e. in a solid-state flyback mode of operation, the gain of the amplifier A l 5 may be

reduced to a value in the range between 3 and 4 .

[00123] As one skilled in the art would realize, a transconductance control loop in the

peak current control switching regulator 200 shown in FIG. 4 may also be configured in

the manner similar to the transconductance control loops illustrated in FIGS. 8, 9 and 10.

However, a mode signal for providing the transconductance control would be supplied

from the duty cycle detector A 13, instead of the voltage detection circuit A 12.



[00124] FIG. 12 illustrates an exemplary transconductance control loop in the Burst Mode

peak current control switching regulator 300 shown in FIG. 5. The transconductance

control loop includes a variable-gain amplifier A l 5 connected between the current sensor

A7 and a non-inverting input of the voltage comparator A8. The current sensor A7 may

produce a voltage representing a peak current in the inductor Ll. The inverting input of

the voltage comparator A8 is connected to the output of the error amplifier A9 via the

voltage limiter A14 that limits the voltage at the inverting input of A8 to a pre-selected

level so as to prevent the peak current in the inductor L l from being too low.

[00125] The error amplifier A9 compares the output voltage Vout with a reference

voltage Vref supplied by the reference voltage source AlO. To provide the Burst Mode

operation, the non-inverting input of the error amplifier A9 is connected to the clock A l

to disable or enable supplying the clock signal CLK to the S input of the flip-flop A2. In

particular, the clock A l may be disabled when the output voltage Vout is higher than a

pre-set level selected to indicate that a light load is connected to the output of the

switching regulator 300. The clock A l may be enabled to resume supplying clock signals

CLK to the S input of the flip-flop A2 when the output voltage Vout reduces to a pre¬

determined level that may differ from the level used to disable the clock Al.

[00126] A gain control input of the variable-gain amplifier A15 may be supplied with a

mode signal produced at the Mode output of the voltage detection circuit A12 that

determines a difference between the input voltage Vin and the output voltage Vout, and

compares this difference with various pre-determined threshold voltages to produce mode

signals at its Mode output. When the Vin is above the Vout by more than a first threshold

level Vthl, the voltage detection circuit A12 may produce a buck mode signal indicating

that the Vin is well above the Vout. For example, the buck mode signal at the Mode

output may be issued when the Vin is above the Vout by more than 0.5V. When the Vin

is below the Vout by more than a second threshold level Vth2, the voltage detection

circuit A12 may produce a boost mode signal at the Mode output indicating that the Vin

is well below the Vout. For example, the boost mode signal may be issued when the Vin

is below the Vout by more than 0.5V. Finally, when a difference between the Vin and

Vout is less than a third threshold level Vth3, the voltage detection circuit A12 may

produce a solid-state flyback mode signal at the Mode output indicating that the Vin is



close to Vout. For example, the solid-state flyback mode signal may be issued when the

Vin is within 0.5V with respect to Vout.

[00127] The variable-gain amplifier A l 5 may be a voltage-controlled amplifier that varies

its gain depending on a mode signal produced at the Mode output of the voltage detection

circuit Al 2 . In particular, when the solid-state flyback signal is produced at the Mode

output, the gain of the amplifier A l 5 may be reduced approximately by a fraction of 2

with respect to the gain provided when a buck mode signal or a boost mode signal is

supplied. For example, when a buck mode signal or a boost mode signal is provided to the

gain control input of the amplifier A 15, i.e. in a buck or boost mode, the gain of the

amplifier A l 5 may be selected in the range between 6 and 8. When a solid-state flyback

mode signal is produced at the Mode output of the voltage detection circuit A12, i.e. in a

solid-state flyback mode of operation, the gain of the amplifier Al 5 may be reduced to a

value in the range between 3 and 4.

[00128] As one skilled in the art would realize, a transconductance control loop in the

Burst Mode peak current control switching regulator 300 shown in FIG. 5 may also be

configured in the manner similar to the transconductance control loops illustrated in

FIGS. 8, 9 and 10.

[00129] FIG. 13 illustrates an exemplary transconductance control loop in the Burst Mode

peak current control switching regulator 400 shown in FIG. 6 that provides the Burst

Mode operation based on the output of the error amplifier A9 that compares the output

voltage Vout with the reference voltage Vref. The transconductance control loop includes

a variable-gain amplifier A l 5 connected between the current sensor A7 and a non-

inverting input of the voltage comparator A8. The current sensor A7 may produce a

voltage representing a peak current in the inductor Ll. The inverting input of the voltage

comparator A8 is connected to the output of the error amplifier A9 via the voltage limiter

A14 that limits the voltage at the inverting input of A8 to a pre-selected level so as to

prevent the peak current in the inductor Ll from being too low.

[00130] A gain control input of the variable-gain amplifier A15 may be supplied with a

mode signal produced at the Mode output of the voltage detection circuit A12 that

determines a difference between the input voltage Vin and the output voltage Vout, and

compares this difference with various pre-determined threshold voltages to produce buck

mode, burst mode or solid-state flyback mode signals. The variable-gain amplifier Al 5



may be a voltage-controlled amplifier that varies its gain depending on a mode signal

produced at the Mode output of the voltage detection circuit A 12. In particular, when the

solid-state flyback signal is produced at the Mode output, the gain of the amplifier A l 5

may be reduced approximately by a fraction of 2 with respect to the gain provided when a

buck mode signal or a boost mode signal is supplied. For example, when a buck mode

signal or a boost mode signal is provided to the gain control input of the amplifier Al 5,

i.e. in a buck or boost mode, the gain of the amplifier A l 5 may be selected in the range

between 6 and 8. When a solid-state flyback mode signal is produced at the Mode output

of the voltage detection circuit A 12, i.e. in a solid-state flyback mode of operation, the

gain of the amplifier A15 may be reduced to a value in the range between 3 and 4.

[00131] As one skilled in the art would realize, a transconductance control loop in the

Burst Mode peak current control switching regulator 400 shown in FIG. 6 may also be

configured in the manner similar to the transconductance control loops illustrated in

FIGS. 8, 9 and 10.

[00132] The foregoing description illustrates and describes aspects of the present

invention. Additionally, the disclosure shows and describes only preferred embodiments,

but as aforementioned, it is to be understood that the invention is capable of use in

various other combinations, modifications, and environments and is capable of changes or

modifications within the scope of the inventive concept as expressed herein,

commensurate with the above teachings, and/or the skill or knowledge of the relevant art.

[00133] The embodiments described hereinabove are further intended to explain best

modes known of practicing the invention and to enable others skilled in the art to utilize

the invention in such, or other, embodiments and with the various modifications required

by the particular applications or uses of the invention.

[00134] Accordingly, the description is not intended to limit the invention to the form

disclosed herein. Also, it is intended that the appended claims be construed to include

alternative embodiments.



What is Claimed Is:

1. A power supply system for producing a regulated output voltage at an output

node in response to an input voltage at an input node, comprising:

an inductive device,

a plurality of switching devices for providing connection of the inductive device

to the input and output nodes and a ground node, and

a switch driver circuit for driving the switching devices so as to enable the power

supply to operate in a boost mode to increase the input voltage, in a buck mode to

decrease the input voltage, and in a solid-state flyback mode to transfer between the boost

mode and the buck mode,

in the solid-state flyback mode, the switching devices being configured to provide

switching of the inductive device between an input state in which the inductive device is

connected between the input node and the ground node, and an output state in which the

inductive device is connected between the ground node and the output node.

2. The system of claim 1, further comprising control circuitry responsive to a

current in the inductive device for controlling the switch driver circuit.

3. The system of claim 2, wherein the control circuitry is configured for

controlling the switch driver circuit in the solid-state flyback mode based on a value of a

peak current in the inductive device.

4. The system of claim 1, wherein the switching devices include:

a first switching device for providing connection of the inductive device to the

input node,

a second switching device for providing a connection of the inductive device to

the ground node,



a third switching device for providing a connection of the inductive device to the

ground node, and

a fourth switching device for providing a connection of the inductive device to the

output node.

5. The system of claim 4, wherein the first and third switching devices are

transistor devices, and the second and fourth switching devices are diode devices.

6. The system of claim 4, wherein in the input state of the solid-state flyback

mode, the first and third switching devices are in a closed state, and the second and fourth

switching devices are in an open state.

7. The system of claim 6, wherein in the output state of the solid-state flyback

mode, the first and third switching devices are in an open state, and the second and fourth

switching devices are in a closed state.

8. The system of claim 2, wherein the switch driver circuit is configured for

setting the input state of the solid-state flyback mode in response to a clock signal.

9. The system of claim 8, wherein the switch driver circuit is configured for

setting the output state of the solid-state flyback mode based on a value of a peak current

in the inductive device.

10. The system of claim 1, further comprising a signal detection circuit for

providing the switch driver circuit with a mode control signal based on relationship

between the input and output voltages.

11. The system of claim 10, wherein the voltage detection circuit is configured to

provide a buck mode signal requesting the switch driver circuit to operate in the buck

mode when the input voltage is above the output voltage by a first threshold value.



12. The system of claim 11, wherein the signal detection circuit is configured to

provide a boost mode signal requesting the switch driver circuit to operate in the buck

mode when the input voltage is below the output voltage by a second threshold value.

13. The system of claim 12, wherein the voltage detection circuit is configured to

provide a solid-state flyback mode signal requesting the switch driver circuit to operate in

the solid-state flyback mode when a difference between the input voltage and the output

voltage is less than a third threshold value.

14. The system of claim 1, further comprising a duty cycle detection circuit for

providing the switch driver circuit with a mode control signal based on a duty cycle of a

signal for controlling switching of the switching devices.

15. The system of claim 14, wherein the duty cycle detection circuit is configured

for comparing the duty cycle with first, second, third and fourth threshold levels Dthl,

Dth2, Dth3 and Dth4, respectively, where Dthl>Dth2>Dth3>Dth4.

16. The system of claim 15, wherein the duty cycle detection circuit provides a

solid-state flyback mode signal requesting the switch driver circuit to operate in the solid-

state flyback mode when the duty cycle is above the first threshold level or below the

fourth threshold level.

17. The system of claim 16, wherein the duty cycle detection circuit provides a

buck mode signal requesting the switch driver circuit to operate in the buck mode when

the duty cycle is below the third threshold level.

18. The system of claim 17, wherein the duty cycle detection circuit provides a

boost mode signal requesting the switch driver circuit to operate in the boost mode when

the duty cycle is above the second threshold level.

19. The system of claim 8, wherein providing of the clock signal is disabled in

response to a signal indicating that a light load is connected to the output node.



20. The system of claim 19, wherein providing of the clock signal is disabled

based on the output voltage.

21. The system of claim 19, wherein providing of the clock signal is disabled

based on an output of an error amplifier that compares the output voltage with a reference

voltage.

22. The system of claim 19, further comprising a limiter configured to limit the

minimum peak value of the current in the inductive device

23. The system of claim 19, wherein the switching devices prevent a current from

flowing from the output node through the inductive device to the ground node.

24. A method of regulating an output voltage in response to an input voltage in a

voltage regulator comprising an inductive element, comprising the steps of:

operating the voltage regulator in a buck mode to reduce the input voltage if the

input voltage is above the output voltage,

operating the voltage regulator in a boost mode to increase the input voltage if

the input voltage is below the output voltage, and

operating the voltage regulator in a solid-state flyback mode during switching

between the buck mode and the boost mode,

in the solid-state flyback mode, the inductive element being switched between an

input state in which the inductive device is connected between an input of the voltage

regulator and a common node, and an output state in which the inductive element is

connected between the common node and an output of the voltage regulator.

25. The method of claim 24, in which the inductive element is switched between

the input state and the output state based on a value of a peak current in the inductive

element.



26. A switching regulator for producing a regulated output voltage at an output

node in response to an input voltage at an input node, comprising:

an inductive device,

a plurality of switching devices for providing connection of the inductive device

to the input and output nodes and a common node, and

a switch driver circuit for driving the switching devices so as to enable the power

supply to operate in a solid-state flyback mode, in which the switching devices are

configured to provide switching of the inductive device between an input state in which

the inductive device is connected between the input node and the common node, and an

output state in which the inductive device is connected between the common node and the

output node.

27. The switching regulator of claim 26, wherein the inductive device is switched

between the input state and the output state based on a value of a peak current in the

inductive device.

28. A power supply system operating in a buck mode and in a boost mode for

producing a regulated output signal at an output node in response to an input signal at an

input node, comprising:

an inductive device,

a switching circuitry configured for providing connection of the inductive device

to support operation in the buck mode and in the boost mode,

an error amplifier for comparing the output voltage with a reference voltage to

produce an error signal,

a comparator responsive to the error signal and a peak current in the inductor to

control the output signal, and

a transconductance control loop for controlling a relation between the peak current

and an output signal of the error amplifier in accordance with a mode of operation.

29. The system of claim 28, wherein the switching circuitry is configured to

enable the system to operate in an intermediate mode of operation between the buck mode

and the boost mode, and the transconductance control loop is configured for adjusting the



relation between the peak current and the output signal of the error amplifier when the

system switches between the intermediate mode and the buck or boost mode.

30. The system of claim 29, wherein in the intermediate mode, the switching

circuitry is configured to provide switching of the inductive device between an input state

in which the inductive device is connected between the input node and the ground node,

and an output state in which the inductive device is connected between the ground node

and the output node.

31. The system of claim 30, further comprising a current sensor coupled to the

inductive device for sensing the peak current in the inductive device, wherein the

transconductance control loop includes a variable-gain amplifier coupled between the

current sensor and the comparator, and having a gain adjusted when the system switches

between the intermediate mode and the buck or boost mode.

32. The system of claim 30, wherein the switching circuitry includes an input

switching circuit coupled to connect the input node and the inductive device, and

configured to produce a value representing a current flowing through the input switching

circuit, and the transconductance control loop includes a variable-gain amplifier coupled

between the input switching circuit and the comparator, and having a gain adjusted when

the system switches between the intermediate mode and the buck or boost mode.

33. The system of claim 30 further comprising a controlled current sensor coupled

to the inductive element for sensing the peak current in the inductive element, and

configured to supply the comparator with an output value representing the peak current,

the output value being adjusted when the system switches between the intermediate mode

and the buck or boost mode.

34. The system of claim 30, wherein the switching circuitry includes an input

switching circuit coupled to connect the input node to the inductive element, and

configured to supply the comparator with an output value representing a current in the



input switching circuit, the output value being adjusted when the system switches

between the intermediate mode and the buck or boost mode.

35. The system of claim 30, wherein the transconductance control loop is

configured so as to reduce a value of a peak inductor current signal supplied to the

comparator in the intermediate mode compared to the peak inductor current signal

supplied in the buck or boost mode.

36. A method of regulating an output voltage in response to an input voltage in a

voltage regulator comprising an inductive element and an error amplifier for comparing

the voltage signal with a reference voltage, comprising the steps of:

operating the voltage regulator in a buck mode to reduce the input voltage if the

input voltage is above the output voltage,

operating the voltage regulator in a boost mode to increase the input voltage if

the input voltage is below the output voltage,

operating the voltage regulator in an intermediate mode during switching between

the buck mode and the boost mode, and

adjusting a relation between a peak current in the inductive element and an output

signal of the error amplifier when the voltage regulator switches between the intermediate

mode and the buck or boost mode.

37. The method of claim 36, wherein in the intermediate mode, the inductive

element is switched between an input state in which the inductive element is connected

between an input of the voltage regulator and a common node, and an output state in

which the inductive element is connected between the common node and an output of the

switching regulator.

38. The method of claim 36, wherein the adjusting step includes adjusting a gain

of an amplifier that amplifies a signal representing the peak current in the inductive

element.



39. The method of claim 36, wherein the adjusting step includes adjusting a gain

of an amplifier that amplifies a signal representing a current in a switching circuit that

connects an input of the voltage regulator to the inductive element.

40. The method of claim 36, wherein the adjusting step includes adjusting a value

of a signal representing the peak current in the inductive element.

41. The method of claim 36, wherein the adjusting step includes adjusting a value

of a signal representing a current in a switching circuit that connects an input of the

voltage regulator to the inductive element.

42. The method of claim 36, wherein the adjusting step is carried out so as to

reduce a value of a peak current signal representing the peak current in the inductive

element, when the voltage regulator switches from the buck or boost mode into the

intermediate mode.
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