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(57) Abstract: A converter circuit (100) includes a power stage circuit (104) configured to convert an input voltage (Vin) to an output
voltage (Vout) provided at an output; a control circuit (110) configured to control the power stage circuit (104). The control circuit
(110) is configured to operate in one of a PFM mode and a PWM mode depending on a current supplied to the output relative to a
predefined threshold. The control circuit (110) comprises a multi-mode timer circuit (116) configured to provide a switching signal to
set an off time for each switching cycle of the power stage circuit (104).
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POWER CONVERTER WITH MULTI-MODE TIMING CONTROL

TECHNICAL FIELD
[001] This disclosure relates to integrated circuits and, more particularly, to a

power converter with multi-mode timing control.

BACKGROUND

[002} Switched-mode direct current to direct current (DC-DC) converters
represent a primary category for power supply design. For example, a swiiched-mode
DC-DC converter may exceed ninely percent power conversion efficiency and thus has
heen widely used o supply power in all types of electronic devices, such as computers,
celi phones, ielevisions, and so forth. In a switched-mode DC-DC converter, the conirol
loop design determines certain performance parameters of the converier, such as may
include switching operation between Pulse Width Modulation ("PWM") and Pulse

Frequency Modulation ("PFM”} modes.

SUMMARY
[603] in one example, a converter circuit includes a power stage circuit
configured to convert an input voltage {o an cutput voltage provided at an oulput, and a
control circuit configured to control the power stage circuit. The control circuit is
configured to operate in one of a pulse frequency modulation ("PFM”) mode and a puise
width modulation ("PWM") mode depending on a current supplied to the output relative
to a predefined threshold. The control circuit includes a multi-mode timer circuit
configured to provide a switching signal to set an off time for each switching cycle of the
power stage circuit, the multi-mode timer circuit configured to set the off time during the
PFM mode based on the input voltage, the output voltage and the current supplied to
the output when the current supplied to the output is below the predefined threshold and
configured to set the off time during the PWM mode based on the input voltage and the
cutput voltage when the current supplied to the cutput is above the predefined
threshold.
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[004] in another example, a converter circuit includes a power stage circuit
coupled between an input and an output of the converter circuit, the power stage circuit
inciuding a control input. The converter circuit further includes a driver circuit coupled o
the control input. The converter circuit further includes a feedback circuit. The
feedback circuit includes an error amplifier coupled to a feedback voltage and a
reference voltage. The feedback circuit further includes a voltage controlied current
source coupled to an cutput of the error amplifier. The feedback circuit further includes
a constant current source coupled in parallel {0 the voltage controlled current source.
The feedback circuit further includes a current comparator including a first comparator
input coupled to cutputs of the voltage controlled current source and the constant
current source and a second comparator input coupled to a sensed current. The
converter circuit further includes a multi-mode timer circuit coupled to the output of the
error amplifier and to each of the input and cutput of the converter circuit. The
converter circuit further includes a pulse circuit comprising inputs coupled to an output
of the muiti-mode timer circuit and coupled 10 an output of the current comparator, and
having an output coupled to an input of the driver circuit.

[005] in yet another example, an integrated circuit device includes a feedback
control circuit configured to generate an error signal based on the oulput voltage. The
integrated circuit device further includes a multi-mode timer circuit configured o provide
a switching signal to control a switching cycle based on the input voltage, the output
voltage and a current supplied to the output, the multi-mode timer circuit configured o
operate in a pulse frequency modulation (*PFM”) mode responsive o the current
supplied to the output being below a predefined threshold, and configured to operate in
a pulse width modulation ("FWM”) mode responsive to the current supplied {o the output
being above the predefined threshold. The integrated circuit device further includes a
pulse circuit configured to generate a series of pulses based on the error signal and the

switching signal.

BRIEF DESCRIPTION OF THE DRAWINGS
[0086] FIG. 1 lllustrates an example schematic block diagram of a multi-mode

converter circuit.
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f007] FIG. 2 fllustrates an example circuit diagram of a multi-mode DC-DC
converter circuit.

[0G8] FIG. 3 illustrates an example circuit diagram of a multi-mode timer circuit
of the multi-mode DC-DC converter circuit of FIG. 2.

(069 FIG. 4 fllustrates example {iming diagram for signals in the converter
circuit of FiG. 2 and the mulii-mode timer circuit of FIG. 3.

[0010% FIG. 5 illustrates an example diagram of signals from the converter circuit
of FIG. 2 and the multi-mode timer circuit of FIG. 3

[00113 FIG. 6 illustrates close-up view of a portion of the diagram of FIG. 5.

DETAILED DESCRIPTION
0012} This disclosure relates (o a power converter with multi-mode timing
control. The circuits and methods thus can provide a multi-mode DC-DC converter
circuit that is able {0 seamiessly transition between Pulse Width Modulation (*PWM")
and Pulse Frequency Modulation ("PFM”) modes.
0013} For example, a converter circuit includes a mulli-mode timer for controlling
a switching cycie. The mulli-mode timer is configured to perform a time-off calcuiation
to set an off time of sach swiiching cycle in PWM and PFM modes. In the PWM mode
the off time is based on an input voltage and an output voltage. The multi-mode timer is
configured to determine the off time for each switching cycle in PFM mode based on the
input voltage, output voitage and load current. Thus, as the load current decreases, the
converter can seamiessly transition from PWM mode to PFM mode according to the
switching cycle that is controlied by the multi-mode timer. Similarly, as load current
increases, the converter can seamiassly transition from PFM mode to PWM mode. As
a result, the multi-mode timer enables the converter to deliver a consistent DC voltage
while mitigating frequency jitter or voltage ripple at the output during transitions between
PWM and PFM modes.
[00143 FIG. 1 lllustrates an example schematic block diagram of a multi-mode
converter circuit (hereinafter “converter circuit”) 100. As used herein, for example, the
term circuit can include a collection of aclive and/or passive elements thai perform a
circuit function such as an analog circuit or control circuit. Additionally, or alternatively,



WO 2020/146970 PCT/CN2019/071565

the term circuit can include an integrated circuit (IC) where all and/or some of the circuit
elements are fabricated on a common substrate, such as a semiconductor device (e.g.,
IC chip). In the following examples, the converter circuit is described as a DC-DC
converter, however, in other examples it may be implemented in other converter
topologies.

0015} The converter circuit 100 includes an inductor circuit 102 configured to
receive an input voltage. In one example, the inductor circuit 102 can be provided
externally to the converter circuit 100, In other examples, the inductor circuit 102 can
be internal and integrated with the converter circuit 100. A power stage circuit 104 is
configured to convert the input voltage {e.g., a DC voltage) to provide an ouiput voltage
{e.g., another DC voltage) to an output to which a load 106 can be connected. For
example, the outpui voliage may be less than or greater than the input voitage
according o the type of converter. A driver circuit 108 is configured {o drive the power
stage circuit 104 in response o a control signal. For example, the conirol signal is
provided as a series of pulses, such as a pulse width modulated ("PWM”) signal or a
pulse frequency modulated (*PFM") signal.

(6016} A control circuit 110 is configured o generate the control signal (a pulsed
signal) to control the driver circuit 108 for driving the power stage circuit 104, which
supplies a corresponding regulated voltage {o the load. The control circuit 110 includes
a feedback conirol circuit 112 configured to generate a feedback signal based on the
output voltage. For example, the feedback control circuit 112 compares g feedback
voltage, corresponding to the current supplied to the output, with a reference voltage {o
produce an cutput signal. The control circuit 110 further includes a muiti-mode timer
circuit 116 configured to provide a switching control signal to control an off-time of each
switching cycle based on the input voliage, the oulput voltage, and based on current at
the load 108. The multi-mode timer circuit 116 is configured {0 operate the converter
circuit 100 in multiple modes, such as PFM and PWM modes, in response to the
magnitude of the load current. For example, the multi-mode timer circuit 116 is
configured to operate the circuit 100 in the PFM mode when the current at the load 108
is below a predefined threshold, and is configured to operate in the PWM mode when
the current at the load 108 is above the predefined threshold.
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00173 FWM and PFM both refer to types of digital pulse swilching methods used
to control the amount of power supplied to a load from a power source. The voliage
delivered {0 the load is determined by switching the power stage circuit 104 between on
and off states based on the conirol signal (from control circuit 110}, In a PWM mode,
the width of the pulses is varied at a constant frequency to vary the duly cycle. Ina
PFM mode, the width of the pulses is fixed while the frequency is varied over time. For
certain applications, such as with light loads, PFM mode is beneficial while for other
applications, such as with heavy loads, PWM mode is beneficial.

(0018} The control circuit 110 further includes a pulse circuit 114 configured to
generate the control signal {e.q., signal pulses) to control the driver circuit 108 based on
the output signal from the feadback control circuit 112 and based on the swilching
control signal. Thus, the input pulses to the driver circuit 108 have an off time that is
controlled according to which of the PWM and PFM mode is active (e.g., controlled by
the multi-mode timer circuit 116). For example, in the PWM mode, the multi-mode timer
circuit 116 sets the off time based on the input voltage and the output voliage. inthe
PFM mode, the multi-mode timer circuit 116 sels the off time for the input pulses based
on the input voliage, the output voltage and the current at the ouiput.

00197 Thus, by ulilizing the multi-mode timer circuit 116 o control the off time of
the input puises to the driver circuit 108, the converter circuit 100 is able to seamiessly
transition between PWM and PFM modes, depending on the load condition, while
mitigating frequency jitter or voltage ripple at the ocutput during the mode transitions.
[oG203 FIG. 2 fllustrates an example circuit diagram of a converter circuit 200
(e.g., corresponding to the converter circuit 100 of FIG. 1). An inductor circuit 202
inciudes an inductor L that is coupled to receive an input voltage V,, at a corresponding
inductor circuit input 204. A power stage circuit 208 converts the input voltage Vi, to
provide an cutpui vollage V,u at 8 power stage output 208 to which aload 210 is
connected. For example, the power stage circuit 206 and the inductor circuit 202 may
be configured as a DC-DC converter to buck or boost the input voltage Vi, o the output
voltage Veu. In the example iliustrated, the power stage circuit 206 and the inductor
circuit 202 are configured as a boost DC-DC converter.  In this example, an output

capacitor Coy 18 connected in parallel with the load 210. The power stage circuit 206
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inciudes one or more swilch devices (e.g., demonstrated as field effect transistor device
M1}, The power stage circuit 206 is configured to activate and deactivate M1 based on
drive signal. A driver circuit 212 (e.g. a gate driver) is connected {o drive the power
stage circuit 206 based on a swiiching control (e.q., PYWM signal or PFM signal) 214
generated by a feedback control circuit 218, The feedback control circuit 216 is
configured to generate the control signal at 232 based on the output voltage Vo and a
sensed current signal I through the inductor circuit 202.

00621} As an example, the feedback control circuit 216 includes an error amplifier
218 that compares a feedback voltage Vg at a first error ampilifier input 220 with a
reference voltage Veer received at ancther error amplifier input 222 to produce an error
amplifier output voltage V., at an error ampilifier cutput 224. The reference voliage can
be set to a desired DC voltage. For example, the feedback voltage Veg is generated by
a divider circuit connected in parallel with the load 210, such as a resistive-divider
formed by resistors Rfb1 and RibZ connected in series between the oulput voltage Vou
and ground.

(0022} The error amplifier output voltage Ve, at the error amplifier output 224
drives a voltage controlied current source |y, which is added to a constant current
source | to form a command current | (e.g., a variable DC current}). A compensation
network, including compensation resistor Reomg CONNected in series with compensation
capacitor Ceomp, helps to adjust and stabilize the error amplifier output voltage Ve,.
1006233 A current comparator circuit 226 compares a command current |, at a non-
inverting input 228 with a sensed current signal |5 provided to an inverting input 230.
The current comparator circuit 226 provides a pulsed signal at a current comparator
output 232 based on the sensed current signal I; relative to the command current |,
100243 A multi-mode timer circuit 234 is coupled {o receive the input voltage Vi,
the cutput voltage V., and the error amplifier output voltage V... The amplifier oulput
voltage Ve, 18 representative of the current at the output 208 that is supplied o the load
210. Based on these inputs, the multi-mode timer circuit 234 is configured o caiculate
an off time and {o provide a switching conirol signal at a timer circuit output 236. The
multi-mode timer circuit 234 is configured to supply the swilching control signal to the
pulse circuit 238 1o control the off time of the power stage circuit 206 for each switching
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cycle. The multi-mode timer circuit 234 is configured to operate the converter in
multiple modes. For example, the multi-mode timer circuit 234 is configured {o operate
the converter in a PFM mode when the current at the load 210 is below a predefined
threshold, and is configured {0 operate the converter in a PWM mode when the current
at the load 210 is above the predefined threshold. For example, the multi-mode timer
circuit 234 is configured to set the off time during the PFM mode based on the input
voltage Vi, the output voltage Vo, and the output current when the current supplied {o
the output is below the predefined threshold. The multi-mode timer circuit 234 is further
configured to set the off time during the PWM mode based on input voltage Vi, and the
output voltage V. when the current supplied {o the output is above the predefined
threshold.

(0025} A pulse circuit 238 is configured to generate input pulses to control the
driver circuit 212. The pulse circuit 238 is configured as a buffer circuit (.g., a set-resel
(SR) iatch) to generate a sequence of pulses having on and off times based on the
feedback signal at the current comparator output 232 received at the reset input R and
based on the switching signal at the fimer circuit output 236 received at the set input S.
The pulse circuit 238 thus provides the signal pulses at its Q output with an on time that
is based on the comparator signal that is latched in according to the swilching signal.
The off time of each signal pulse is based on the switching control signal at 236. inthis
way, the pulse circuit 238 controls the driver 212 o, in turn, control the on and off timing
of the transistor M, based on a measurement of the current though the inductor L
relative to the command current I, Since the drive pulse on and off times are
incrementally adjusted over each switching cycle based on the current at the load 210,
jitter and voltage ripple in the DC output voitage at the 208 are mitigated, including
during transitions between PWM and PFM modes. Thus, as disciosed herein, the
converter 200 is able to seamiessly transition between a PWM and PFM modes.

0026} The converter circuit 200 can be implemented as an IC semiconductor
chip device that interfaces with external components. For example, the converter circuit
200 may be implementied in an IC chip as including a subset of the components,
namely, the power stage circuit 204, the feedback conirol circuit 216, the pulse circuit
238 and the gate driver 238, as described herein. In another example, the IC chip
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containing the converter circuit 200 may also include the inductor circuit 202 and/or the
cutput capadcitor Cou.

[0G27} FIG. 3 illlustrates an example of a multi-mode timer circuit 300 (e.g., muilti-
mode timer circuit 116 of FIG. 1 and multi-mode timer circuit 234 of FIG. 2). The mulii-
mode timer circuit 300 includes a vollage comparator 304 includes an inverting input
308 coupled to receive a control voltage Vi at a first terminal of a voltage controlied
current source K;. The voltage comparator 304 also includes a non-inverting input 308
coupled to ancther terminal of the current source that is grounded in this example. The
current source K1 has a first input coupled to the oulput voltage Vo, via a resistor R,
The first input of current source K1 is also coupled to an ouiput of another voltage
controlled current source K2, The voltage controlied current source K2 thus supplies
{(e.g., sinks) current with respect {0 the first input of current source K1 based on an error
ampilifier output voltage Ve, (8.9, output of error amplifier 218 in FIG. 2), as disclosed
herein. The voltage comparator 304 provides a swiiching signal at a vollage
comparator output 310 based on the input vollage Vi, the ouiput voltage Vou and the
error amplifier cutput voltage Ve,

16028} As described, the output voltage of an error amplifier is used by the timer
circuit to control the operating mode of the converter. For example, in response {o the
feedback voltage being less than the reference voltage, the oulput signal of the error
amplifier 218 is greater than a predetermined threshold voltage such as zero (Vey > G}
and the current source is deactivated {e.g., I3=0). in this exampile, the timer circuit 300
operates the converter in the PWM mode. For example, the multi-mode mode timer
control circuit 300 calculates the switch-off time Ty of the control signal based on the
input voltage Vi, and the outpul voliage V., such as according to the following

equation:

Tort = (€ X Vin) £ (Kq X Vouw) (Eg. 1)

006291 in order to enable the mulli-mode timer circuit 300 to extend off time

during PFM mode and to transition automatically between PWM and PFM modes, the
current source K2 is activated if the cutput signal of the error amplifier 218 is less than a
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threshold voltage such as zero (Ve <0). For example, the comparator 304 produces
the switching signal at the voltage comparator output 310 {o be inversely proportional to
the error amplifier oulput voltage Ve, when the error amplifier output voltage Ve, is
below the threshold, corresponding to a light ioad condition. For example, in response
to the error ampilifier cutput voltage Ve, decreasing below the threshold {e.g., because
of a smaller load), the peak inductor current is also clamped. However, the switch-off
time T, of the duty cycle represented by the switching signal is prolonged. For
example, the switch-off time Ty Of the swilching signal is calculated by the multi-mode
timer circuit 300, such as according to the following eguation:

Torr = {C X Vin) / (K4 X (Vou — R X 13) (Eq. 2)

where:
I3 = 0 when Vg, > zero;
and
I3 = Kg X Vg when Ve, < zero;
100301 in other words, when the error amplifier oulput voliage V., is above zero,

the multi-mode timer circuit 300 operates in PWM mode and Eg. 2reducesto Eg. 1. iIn
situations, when a load current is low and therefore the error amplifier ocutput voltage Ve,
is below zero, the muiti-mode timer circuit 300 operates in the PFM mode. Moreover,
as the error amplifier voitage may transition through zero, the converter can seamiessly
transition between the PWM and FFM modes without separate circuitry. This means
that the mulli-mode timer circuit 300 is configured {o provide the swilching signal to
control the off time of the puise circuit, which in turn controls the driver circuit 212, both
when the pulse circuit is generating PWM control signals or PFM control signals. As a
resuli of the configuring the timer circuit in this way, jitter and output voltage ripple can
be mitigated. Additionally, since separate circuitry is not utilized for each of the PWM
and PFM modes, the converter can be manufactured with reduced cost compared to
designs that implement separate controls for each mode.

[00313 FIG. 4 illustrates example timing diagrams of the converter circuit 200 of
FIG. 2 and the multi-mode timer circuit 300 of FIG. 3. The timing diagrams include a
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toad current haag waveform 402, illustrated as decreasing over time 7. Also illustrated is
an inductor current waveform 404 decreasing over time T until the peak inductor currert
is clamped at a defined value. A constant current source |, waveform 406 and a voltage
controlled current source iy waveform 408 are also included. As illustrated, the voltage
controlled current source |y waveform 408, which is a function of an error ampilifier
output voltage Ve, decreases as the error amplifier oulput voltage Ve, approaches zero.
(0032} A command current | waveform 410, or a sum of the current source |,
waveform 406 and the voltage controlied current source | waveform 408, is aiso

shown. The waveforms further include a sensed current [ waveform 412,

0033} A current |5 generated by a current source controlied by the error ampilifier
output voliage V., that is included in a timer circuit, such as the multi-mode timer circuit
300 of FIG. 3, is illustrated as a current |3 waveform 414, As depicted by the current I;
waveform 414, the current |3 remains at zero while the load current liy.q, depicied by
load current lyag wavetform 402, remains high and the multi-mode timer circuit 300
continues to operate in 8 PWM mode. As further depicted by load current lisag
waveform 402, once the load current lyaq begins {o drop below a threshold amount, the
current i begins o increase, enabling the multi-mode timer circuit 300 to seamiessly
transition from the PWM mode to the PFM mode.

100341 The waveforms further included a switched input voltage V waveform 416
(e.g., supplied to input 308 of timer circuit 300). A control signal received at a reset
input R and a swilching signal received at a set input & of a latch {e.g., lalch 238} are
ilustrated as set input S waveform 418 and reset input R waveform 420, respectively. A
switching signal generated {e.g., by pulse circuit 238) based on reset input R and set
input S is illusirated as waveform 422

(0038} Since, as disclosed herein, the converter provides constant DC output
voltage while transitioning between operating in PFM and PWM modes and mitigating
voltage ripple and switching frequency jitter, the mode transitions are referred to as
seamiess transitions between PFM and PWM modes. Such a seamless transition
enables a converter circuit (i.e. the converier circuit 100 of FIG. 1 or the converier circuit

200 of FIG. 2) to function with high efficiency over a full load range.

10
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(06361 FIG. 5 demonstrates the transitioning between PWM and PFM mode. For
example, the simulation diagram includes an output voltage waveform 500
representative of a voltage output produced by an example converter circuit {i.e. the
converter circuit 100 of FIG. 1 or the converter circuit 200 of FIG. 2) having a multi-
mode timer circuit (i.e. the multi-mode timer circuit 300 of FIG. 3). The output voltage
waveform 500 includes a PWM portion 502 representing the multi-mode timer circuit
operating in a PWM mode and a PFM portion 504 representing the muiti-mode timer
circuit operating in a PFM mode separated by a boundary line 506 representing a
fransition between PYWM and PFM modes.

[06373 As illustrated, a PWM mode DC output voltage 508 remains constant
during transition across the boundary line 508 to a PFM mode DC output voltage 510
Moreover, a PWM mode AC output voltage ripple 512 remains low even as the
operation transitions across the boundary line 508 from PWM to a PFM mode AC output
voltage rippie 514. The simulation diagram further represents an inductor current
waveform 516 illustrating an inductor current decreasing as a load current 518
decreases. When a load current reaches a threshold level, indicated by the boundary
line 506, the inductor current is clamped in PFM mode, as illustrated by the inductor
current waveform 516 remaining constant over time after the boundary line 506.

(6038} FIG. 6 illustrates an enlarged view of the simulation diagrams illustrated in
FIG. & with particular focus around a boundary line 806. For example, the simulation
diagram includes close up views of an oulput voltage waveform 600, an inductor current
waveform 618, and a load current waveform 618, As illustrated, a switching frequency
620 remains constant during transition across the boundary line 606,

0039} What have been described above are examples. il is, of course, not
possible to describe every conceivable combination of components or methodologies,
but one of ordinary skill in the art will recognize that many further combinations and
permutations are possible. Accordingly, the disciosure is intended to embrace all such
alterations, modifications, and variations that fall within the scope of this application,
inciuding the appended claims. As used herein, the term “includes” means includes but
not limited to, the term “including” means including but not limited to. Additionally,
where the disclosure or claims recite "a," "an," "a first,” or "ancther” element, or the

11
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gquivalent thereof, it should be interpreted to include one or more than one such

element, neither requiring nor excluding two or more such elements.

12
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CLAIMS
What is claimed is:

1. A converter circuit, comprising:

a power stage circuit configured to convert an input voltage to an output voltage
provided at an output;

a control circuit configured {o control the power stage circuit, the control circuit
configured to operate in one of a pulse frequency modulation ("FFM”) mode and a puise
width modulation (“PWM") mode depending on a current supplied {o the cutput relative
to a predefined threshold, the control circuit comprising:

a multi-mode fimer circuit configured to provide a swiiching signal to set
an off time for each swilching cycle of the power stage circuil, the multi-mode timer
circuit configured to set the off time during the PFM mode based on the input voltage,
the output voltage and the current supplied o the output when the current supplied to
the output is below the predefined threshold and configured to set the off ime during the
PWM mode based on the input vollage and the oulput voltage when the current

supplied to the output is above the predefined threshold.

2. The converter circuit of claim 1, further comprising a pulse circuit configured to
generate a signal pulse for each switching cycle,

wherein the multi-mode timer circuit is configured (o determine the off time of the
signal pulse for each swilching cycle during the PFM mode as being inversely

proportional to the current supplied {o the ocutput.

3. The converter circuit of claim 2, wherein the control circuit further comprises g
feedback circuit comprising an error amplifier configured to compare a feedback
voltage, corresponding to the current supplied to the output, with a reference voltage to
produce an error amplifier output voltage; and

wherein the multi-mode timer circuit is configured {o provide the switching signal
to control the switching cycle during the PFM mode based on the error amplifier ocutput

voltage.

13
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4, The converter circuit of claim 3, wherein the multi-mode timer circuit comprises a
current source controlled in response to the error amplifier cutput voltage, the current
source configured to extend the off ime during the PFM mode based on the error
amplifier output voltage and enable the multi-mode timer circuit o transition between
PFM mode and PWM mode.

5. The converter circuit of claim 3, wherein the off time of the swilching signal is
inversely proportional to the error amplifier oulput voltage when the error amplifier
output voltage is below a threshold amount.

53 The converter circuit of claim 3, wherein the muiti-mode timer circuit is configured
o operate in the PWM mode when the error amplhifier output voltage is above a
predetermined threshold voitage, and configured to operate in PFM mode when the

error amplifier output voltage is below the predetermined threshold voltage.

7. The circuit of claim 1, wherein the multi-mode timer circuit is configured to
seamiassly transition between PFM mode and PWM mode by maintaining a consistent

DC output voltage at the output while mitigating jitter and voltage ripple at the oulput.

8. A converter circuit, comprising:
a power stage circuit coupled between an input and an output of the converter
circuit, the power stage circuit including a control input;
a driver circuit coupled to the control input;
a feedback circuit comprising:
an error amplifier coupled {o a feedback voltage and a reference voltage;
a voltage controlled current scurce coupled to an outpui of the error
amplifier;
a constant current source coupled in parallel to the vollage controlled
current source; and
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a current comparator including a first comparator input coupled to outputs
of the voltage controlled current scurce and the constant current source and a
second comparator input coupled to a sensed current;
a multi-mode timer circuit coupled o the ocutput of the error amplifier and to each
of the input and cutput of the converter circuit;, and
a pulse circuit comprising inputs coupled to an output of the multi-mode timer
circuit and coupled to an output of the current comparator, and having an output

coupled to an input of the driver circuit.

Q. The converter circuit of claim 8, wherein the multi-mode timer circuit is configured
o provide a swiiching signal to set an off time for each switching cycle of the power
stage circuii, the mulli-mode timer circuit configured to set the off time during a PFM
mode based on an input voitage and an output voltage when the current supplied to the
output is below a predefined threshold and configured {o set the off time during a PWM
mode based on the inpul vollage and the output voliage when the current supplied to
the output is above the predefined threshold.

1G.  The converter circuit of claim 8, wherein the mulli-mode timer circuit comprises:
a voltage comparator coupled to an output voltage controlied current

source at a first voltage comparator input, and coupled to an input voltage via a
capacitor in parallel with a swiich at a second voltage comparator input; and

an error amplifier output voltage controlled current source coupled to the
voitage comparator, and configured to extend an off time during PFM mode
based on the error amplifier oufput voltage and enable the muiti-mode timer

circuit to fransition between PFM mode and PYWM mode.

11.  The converter circuit of claim 8, wherein the feedback circuit is configured to
compare a feedback voltage, corresponding to a current supplied to the ouiput, with a
reference voltage o produce an error ampilifier cutput voltage, and wherein the multi-
mode timer circuit is configured to provide the switching signal to control the switching
cycle during PFM mode based on the error amplifier output voltage.

15
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12.  The converter circuit of claim 8, wherein the multi-mode timer circuit is configured
to operate in FWM mode when the error amplifier output voitage is above a
predetermined threshold voitage, and configured {0 operate in PFM mode when the

error amplifier output voltage is below the predetermined threshold voltage.

13.  The converter circuit of claim 9, wherein the mulli-mode timer circuit is configured
to seamlessly transition between PFM mode and PWM mode by maintaining a
consistent DC ouiput voltage at the output while mitigating jitter and voltage ripple at the

output.

14.  Anintegrated circuit device, comprising:

a feedback control circuit configured 10 generate an emror signal based on the
output voltage;

a multi-mode timer circuit configured to provide a switching signal to control a
switching cycle based on the input voltage, the output voltage and a current supplied to
the output, the multi-mode timer circuit configured to operate in a puise frequency
modulation (*PFM") mode responsive to the current supplied to the output being below a
predefined threshold, and configured {o operate in a pulse width modulation (*PWM"
mode responsive {0 the current supplied to the cutput being above the predefined
threshold: and

a pulse circuit configured {0 generate a series of pulses based on the error signal

and the switching signal.
15. The integrated circuit device of claim 14, wherein the multi-mode fimer circuit is
further configured o provide a switching signal to control a switching cycle by controlling

an off ime.

18. The integrated circuit device of claim 14, wherein the multi-mode timer circuit is

further configured o seamlessly transition between PFM and PWM mode, wherein a
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seamiass transition comprises a transition while maintaining a consistent output voltage,

a consistent switching frequency jitter, and a consistent output voltage ripple.

17. The integrated circuit device of claim 14, wherein the mulli-mode fimer circuit is
further configured 1o provide the switching signal {o control the switching cycle based on

an error amplifier cutput voltage of an error amplifier of a power circuit.

18. The integrated circuit device of claim 17, wherein the multi-mode timer circuit
comprises a current source controlied in response to the error amplifier cutput voltage,
the current source configured o extend the off time during the PFM mode based on the
error ampiifier output voltage and enabie the muilti-mode timer circuit {o transition
between PFM mode and PWM mode.

19, The integrated circuit device of claim 17, wherein the mulli-mode timer circuit is
configured o operate in PFM mode when the error amplifier output voltage is above
zero, and configured {o operate in PWM mode when the error amplifier output voliage is

balow zero.

20.  The integrated circuit device of claim 14, configured o control a power stage

circuit to convert an input voltage to an output voltage.
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