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(57) ABSTRACT

A switching voltage regulator achieves high efficiency by
automatically switching between a pulse frequency modu-
lation (PFM) mode and a pulse-width modulation (PWM)
mode. Switching between the modes of voltage regulation 1s
accomplished by monitoring the output voltage and the
output current, wherein the regulator operates in PFM mode
at small output currents and 1n PWM mode at moderate to
large output currents. PFM mode maintains a constant
output voltage by forcing the switching device to skip cycles
when the output voltage exceeds its nominal value. In PWM
mode, a PWM signal having a variable duty cycle controls
the switching device. A constant output voltage 1s main-
tained by feedback circuitry which alters the duty cycle of
the PWM signal according to fluctuations in the output
voltage.

9 Claims, 9 Drawing Sheets
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VOLTAGE REGULATOR THAT OPERATES
IN EITHER PWM OR PFM MODE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

FIELD OF THE INVENTION

The present invention relates to a voltage regulator. More
specifically, the present invention relates to a high efficiency
switching voltage regulator capable of operating in either
one of two modes.

BACKGROUND OF THE INVENTION

Typically, voltage regulator circuits provide a constant
output voltage of a predetermined value by monitoring the
output and using feedback to keep the output constant. In a
typical pulse width modulation (PWM) regulator circuit, a
square wave 1s provided to the control terminal of the
switching device to control its on and off states. Since
increasing the on time of the switching device increases the
output voltage, and vice versa, the output voltage may be
controlled by manipulating the duty cycle of the square
wave. This manipulation 1s accomplished by a control circuit
which continually compares the output voltage to a refer-
ence voltage and adjusts the duty cycle of the square wave
to maintain a constant output voltage.

When the switching device 1s an MOS ftransistor, a
significant amount of power 1s used to periodically charge
the gates of the switching transistors. As the switching
frequency increases, more power 1s lost. If the switching
frequency 1s too low and the output current of the regulator
1s high, the output voltage of the regulator will be difficult to
filter and convert to a DC voltage. Hence, the switching
frequency must be kept relatively high. When the output
current 1s low, the relatively high power loss due to con-
trolling the switching transistors results in a low efficiency
(output power/total power consumed) regulator.

A continuing challenge 1n the design of voltage regulators
1s to reduce the power loss in the regulator circuit and
thereby increase its efficiency. As such, the power [dissipate}
dissipated 1n the control circuitry and switching circuitry of
the PWM regulator 1s of great concern.

SUMMARY OF THE INVENTION

A switching voltage regulator 1s disclosed which 1s
capable of operating 1n either a pulse frequency modulation
(PEM) or pulse-width modulation (PWM) mode. The volt-
age regulator achieves high efficiency by automatically
choosing the more efficient mode of regulation based on a
continuous monitoring of the output current and the output
voltage. The regulator operates in PFM mode when the
regulator generates a small output current and switches to
PWM operation when the regulator generates a moderate to
large output current.

A PFM mode of voltage regulation provides better efli-
ciency at small output current levels than does a PWM
mode. First, a PFM mode requires [a] fewer turn-on transi-
fions to maintain a constant output voltage than does a PWM
mode of voltage regulation, thus resulting 1n a lower gate-
drive power dissipation for PFM mode. Second, since a
PFM mode can be achieved with a much simpler control
circuit having fewer components, the power dissipation in
the control loop of a PFM mode 1s less than that of the
control loop of a PWM mode.
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However, when the output current reaches a moderate
level, a PFM mode of voltage regulation becomes
impractical, since the maximum output current available
from a PFM mode 1s generally much less than that available
from a PWM mode. Thus, the present mnvention switches
from a PFM mode of operation to a PWM mode of operation
when the output current exceeds a predetermined level.

A novel technique to determine when to operate 1n PWM
or PFM mode 15 also described along with a novel PEM type
voltage regulator.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a simplified block diagram of one embodiment
of the present 1nvention;

FIG. 2A 15 a pictorial representation of the PWM control
signal;

FIG. 2B 1s a pictorial representation of the inductor
current during PWM mode of voltage regulation;

FIGS. 3A and 3B are pictorial representations of the
output switch voltage and the inductor current during PFM
mode of voltage regulation, respectively;

FIGS. 4A—4C are pictorial representations of the inductor
current, switching node voltage, and feedback voltage dur-
ing PFM mode of voltage regulation;

[F1G. S is] FIGS. 5A-5D illustrate a gate level schematic
of one embodiment of the present invention;

FIG. 6 A shows the inductor current during both PFM
mode and PWM mode; and

FIGS. 6B—6E are timing diagrams showing the logic
states of various components 1n the preferred embodiment.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

FIG. 1 1s a simplified block diagram of an embodiment of
the present invention. The voltage regulator of FIG. 1
includes a feedback circuit 2, output voltage sensing circuit
3, mmductor current sensing circuit 4, control logic circuit 5,
PWM control circuit 6, PFEM control circuit 7, high-side
switch driver 8, low-side switch driver 9, input terminal 10,
high-side switch 11, switching node 12, low-side switch 13,
schottky diode 14, inductor 15, capacitor 16, and output
terminal 17.

High-side switch 11 1s preferably a P-channel MOSFET
that has a first terminal connected to 1mnput terminal 10 and
a second terminal connected to a terminal (switching node
12) of inductor 15. The other terminal of inductor 15 is
connected to output terminal 17.

PWM control circuit 6, which includes a PWM signal
generator, has an output terminal connected to a first input
terminal of the high-side switch driver 8. The output termi-
nal of PWM control circuit 6 1s also connected to the
low-side switch driver 9. The output terminal of high-side
switch driver 8 1s connected to the control terminal of
high-side switch 11 for supplying a voltage to turn switch 11
on and off. Similarly, the output terminal of low-side switch
driver 9 1s connected to the control terminal of low-side
switch 13, which 1s preferably an N-channel MOSFET, for
supplying a voltage to turn switch 13 on and off. A schottky
diode 14 1s placed 1n parallel with low side switch 13 for
shunting current to ground when current discharging from

inductor 15 forces switching node 12 below approximately
—-0.4 volts.

Feedback circuit 2 1s coupled between output terminal 17
and a first mput terminal of PWM control circuit 6 for
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providing a feedback signal to PWM control circuit 6. This
feedback signal 1s also provided to a first mnput terminal of
PEFM control circuit 7. PFM control circuit 7 has a second
input terminal connected to switching node 12 for sensing
the voltage V_  at switching node 12 and has an output
terminal connected to a second mput terminal of high-side
switch driver 8 for controlling the on and off states of switch

11.

Output voltage sensing circuit 3 has an mnput terminal
connected to output terminal 17 and an output terminal
connected to a first input terminal of control logic circuit 5.

Inductor current sensing circuit 4 has an input terminal
connected to switching node 12 and an output terminal
connected to a second 1nput terminal of control logic circuit
5 and to a third 1nput terminal of PFM control circuit 7. An
output terminal of control logic circuit § 1s connected to a
second input terminal of PWM control circuit 6 and to a
fourth 1nput terminal of PFM control circuit 7. Control logic
circuit § enables/disables PWM control circuit 6 and PFM
control circuit 7, thus determining 1 which mode the
regulator will operate.

Capacitor 16 1s coupled between output terminal 17 and
oround and acts to smooth the voltage at output terminal 17.

The operation of the regulator 1s as follows. When an
input voltage V. to be regulated 1s supplied to the regulator
circuit via input terminal 10, the voltage at output terminal
17, V_,, 1s mitially below its nominal value, V_, . .
Output voltage sensing circuit 3 detects the low value ot V_ .
and sends a logic low signal to control logic circuit 5, which
in turn enables PWM control circuit 6 and disables PFM
control circuit 7. This state 1s denoted as PWM mode.

Once in PWM mode, PWM control circuit 6 generates
and transmits a fixed frequency square wave to the first
inputs of high-side switch driver 8 and low-side switch
driver 9 which, as mentioned previously, control the on and
off states of switches 11 and 13. A hich PWM signal turns
high-side switch 11 on and turns low-side switch 13 off.
Conversely, a low PWM signal turns high-side switch 11 off
and turns low-side switch on. Operating switches 11 and 13
in a push-pull fashion allows inductor 15 to store current
from 1nput terminal 10 when switch 11 i1s on and discharge
current to output terminal 17 when switch 11 turns off.

FIG. 2A 1illustrates a PWM square wave signal having a
period of T. This PWM signal has an on-time (representing
a logic high) from t=0 to t=DT and an off-time (representing
a logic low) from t=DT to t=T, where the duty cycle of the
signal 1s defined as the ratio of on-time to period T.

A feedback voltage Vg, corresponding to V. 1s coupled
to PWM control circuit 6 via feedback circuit 2. PWM
control circuit 6 compares Vg, to a reference voltage V, -and
adjusts the duty cycle of the PWM square wave 51gnal such
that Vi, 1s equal to V.

PWM control circuit 6 continues to control switches 11
and 13 until the peak current flowing through inductor 15,
denoted as I, ,,, drops below a predetermined level, Lot onin:
When I, . drops below I, .., inductor sensing circuit 4
sends a first enablmg signal to control logic circuit §. If
output voltage sensing circuit 3 detects that V_ . has not
dropped below the regulated output voltage value, output
voltage sensing circuit 3 sends a second enabling signal to
control circuit 5, which then simultaneously disables PWM
control circuit 6 and enables PFM control circuit 7. When
PWM contro circuit 6 1s disabled, low-side switch 13 1s
turned off and will remain off until PWM control circuit 6 1s

re-enabled. This state 1s known as PFM mode.

FIG. 2B 1illustrates the inductor current during PWM
mode. The relationship between L, .., and I 1s set by
the following equation:

O NI

[ =]

owt FRin~ Pk, mmin

~AlLal2 (1)
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It can be seen from the above equation that detecting 1, ...,
accurately corresponds to detecting a constant value of
I, min as long as the change 1n Al ; remains small relative

to ka min- 11 Al,; changes substantially compared to I, ;..

then I ple,min TUST change 1n equal proportion to changes 1n
AY P in order for I . . toremain constant.

Referring back to FIG. 1, when the regulator circuit
begins operating in PFM mode, PFM control circuit 7 sends
an activation signal to high-side switch driver 8, thus turning
on switch 11. As mentioned earlier, switch 13 remains 1n an
off state during PFM mode. Switch 11 will remain on until
the inductor current I, , Charges to an upper limit, I, . pras
When 1nductor current sensing circuit 4 detects that this
limit has been reached, inductor current sensing circuit 4
sends a de-activation signal to high-side switch driver 8,
thereby turning switch 11 off. The inductor current I.,_, then
discharges through schottky diode 14, causing the Voltage at
switching node 12, V__, to swing from approximately V. to
-0.4V. When I, , reaches a zero level, V_  changes abruptly
from —-0.4V to V_ .. PFM control circuit 7 detects this abrupt
increase 1n V__ and turns on switch 11. Thus, when operating
in PFM mode, the regulator circuit monitors the inductor
current and the voltage at switching node 12 to determine
when to turn on and off high-side switch 11. This PFM mode
of voltage regulation 1s advantageous over others since an
internal oscillator 1s not required.

PFM control circuit 7 regulates V__. by controlling the on
and off states of switch 11 and by preventing switch 11 from
turning on when V_ . exceeds 1ts predetermined nominal
value, V..o as follows. PEM control circuit 7 includes a
comparator which compares feedback signal Vg, which is
proportional to V_,,, to reference voltage V, 5 V, . has an
upper value V.- and a lower value V., . It V, 1s less than
V,.rrr PEM control circuit 7 will turn on switch 11 as
described m the previous paragraph. If, however, Vg,
exceeds V.5 (corresponding to V_,, exceeding V,,, ...);
V,will tallto V, _.;, causing PEM control circuit 7 to turn
switch 11 off. V, must then fall below V., before PFM
control circuit 7 again turns on switch 11. This method of
regulating the V_ by preventing switch 11 from turning on
when V_ ., exceeds its nominal value V..., 1s commonly
referred to as “skipping cycles”. The PFM characteristic of
the reterence voltage V, . prevents the regulator from spo-
radically skipping cycles.

FIGS. 3A and 3B illustrate the waveforms of the voltage
at switching node 12, V__, and the inductor 15 current, I .,
where t_, 1s the on time of switch 11, t_, 1s the off time of
switch 11, L. 00 18 the time average value ot I, ,, and td=the
delay time between I, . discharging to zero and high-side
switch 11 turning on. The above parameters are defined by

the following equations:

[  Liimprm(tor +togf)  ILim prM Eq.2
W AVE T T (o + Lo + 1) 2

o [imprv - L Eq.3
o Vi - Vnut

. IL]m PFM * L T+t Eq 4
o= Vo + 04V

It can be seen from FIG. 3B that the average value of the
inductor current waveform I, . 1s a tunction of only
L; ;. pras assuming that td 1s relatively small compared to
the switching period. The values of t, and t_, will vary as
function of V. , V_ ., and the inductance L of inductor 15.

When the regulator 1s supplying maximum current to
output terminal 17 in PFM mode, switch 11 turns on at every
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switching cycle. Therefore, the maximum output current the
regulator can supply when operating in PEM mode, I, . .
will always be equal to I, pra/2 1rTespective of the values
of V., V_ . and L. This circuit 1s thus advantageous over
previous methods of PFM mode regulation whose maximum
output currents are dependent upon input voltage, output
voltage, and inductance values.

The regulator circuit monitors V_ ., to determine when to
switch from PFM mode to PWM mode as follows. When the
output current exceeds the maximum current the regulator 1s

able to supply in PFM mode, 1.e., when I, exceeds I,
prm/2, V,,, falls below V...

Output voltage sensing
circuit 3 detects this change 1 V_  , and sends a logic low

signal to control logic circuit 5. In response to this low
signal, control logic circuit § sends a disable signal to PFM
control circuit 7 and an enable signal to PWM control circuit
6, thus switching the circuit from PFM mode to PWM mode.

In order to make a clean transition between PFM and
PWM modes of operation, the following conditions must be
met: (1) the output sensing circuit 3 has a slow enough
response time to ensure that brief negative transients at V_
do not trigger an erroncous change from PFM to PWM
mode, (2) when the regulator changes from PFM to PWM
mode, the control logic circuit 5 forces the regulator to
remain in PWM mode while the PWM control loop settles
out (otherwise, during this period control logic circuit § may
detect I, falling below 1, ., for brief transients, thereby
causing the regulator to oscillate between PWM and PFM
operation), and (3) the PFM current limit (I ;,, pgas) 1S
oreater than twice the value of the minimum output current
required for PWM operation (I,,,,, ,,.;,,) (this condition ensures
that the maximum output current for PFM mode (I, ;,,, pr/2)
is greater than I, ... It I, »pa/2 1s less than or equal to
I,.,.c min» the regulator will oscillate between PFM and PWM
modes).

The PFM mode of operation described above varies when
the difference between V, and V_  1s approximately 1 volt
or less and the output current 1s less than I, . oz, FIGS. 4A,
4B, and 4C illustrate the current of inductor 15 (I,,,), the
voltage at switching node 12 (Vsw), and the output of
feedback circuit 2, respectively, when the regulator 1s oper-
ating 1n PFM mode 1n this particular situation. Since under
these conditions I,,; never exceeds 1, pras Inductor cur-
rent sense circuit 4 does not cause PFM control circuit 7 to
turn switch 11 off. Thus, as described previously, switch 11
will remain on until Vg, exceeds V, ., at which point PFM
control circuit 7 causes switch 11 to turn off. Inductor 15
then discharges through schottky diode 14, causing V_ to
swing from approximately V. to -0.4V. When I, reaches
a zero level, V__ abruptly changes from -0.4V to V_ .
However, switch 11 remains off until Vi, falls below V., .
PEFM control circuit 7 then causes switch 11 to turn on. I,
will then increase, but 1t will never exceed I, ,, pras
T'heretore, switch 11 remains on until V, rises above V..

Thus, the present invention achieves high efficiency over
a wide range of output currents by automatically switching
between PFM mode operation (when the output current is
relatively small) and PWM mode operation (when the output
current exceeds a predetermined level).

[FI1G. 5 is] FIGS. 5A-5D illustrate a gate-level schematic
of one embodiment of the present invention. When power 1s
first applied to the regulator circuit at V. , V_  1s below its
nominal value, V_ . . 'This 1s detected by comparator 174
which sends a logic high signal to the gate of switch 178,
turning on switch 178. The drain of switch 178 then swings
low, forcing the output of SR latch 138 high which, in turn,

enables the PWM controller 140. [This] The high signal
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from latch 138 is received by invertor 164, and invertor 164
thus supplies a low signal to NOR gate 100. The high signal
from latch 138 is also supplied to NAND gate 142. The high
signal from latch 138 also disables the PFM control circuit
by forcing the output of NOR gate 202 low. Thus, the circuit
nitially operates in PWM mode and will remain in PWM
mode as long as the peak mductor current I, , , 1s equal to
or greater than the minimum current required for PWM
mode, I, ... When 1, , . dropsbelow L, .. the regulator
switches to PFM mode as previously described.

PWM controller 140 generates a fixed frequency square
wave PWM signal with a variable duty cycle. When the
PWM signal is high (rising edge), a logic low signal appears
at the output of invertor 170, turning off low-side switch 13.
This hich PWM signal also puts a logic high at the input of
pulse circuit 151, which turns on switch 150 long enough to
pull down the mput of invertor 156, thus turning on switch
11. Switch 150 1s used to turn on switch 11 during PWM
mode, while switch 152 1s used to turn on switch 11 during
PFM mode.

Positive feedback 1s applied to inverters 154 and 156 so
that the output of invertor 156 will remain low after switch
150 (PWM mode) or switch 152 (PFM mode) turns off. It is
important that switches 150 and 152 turn off as soon as
possible to ensure that switches 146, 148, and 200 can reset
the output of mvertor 156 to a logic low to turn off switch
11. Hence, switches 150 and 152 must be turned on with a
relatively narrow pulse at the beginning of the PWM and
PEFM switching cycles, respectively.

Pulse circuits 151 (PWM mode) and 153 (PFM mode)
detect a leading edge from the outputs of invertor 144 and
nor gate 160, respectively, and generate a positive pulse
approximately 200 nanoseconds long at the gates of
switches 150 and 152, respectively. This pulse turns on
switches 150 and 152 just long enough to set the output of
mvertor 156 high, thereby turning on high-side switch 11.

When the PWM signal is low (falling edge), switch 146
pulls down the 1nput of mvertor 154, turning off switch 11.
This low PWM signal also provides a logic high at the input
of NAND gate 168, allowing low-side switch 13 to turn on
when V__ swings low to -0.4V. Specifically, the low PWM
signal from PWM controller 140 and the high signal from
latch 138 are supplied to NAND gate 142, NAND gate 142
thus supplies a high signal to invertor 144, and invertor 144
thus supplies a low signal to NOR gate 166. The high signal
from latch 138 1s supplied to inventor 104, and inventor 164
thus supplies a low signal to NOR gate 166, and NOR gate
16 thus supplies said logic high at the input of NAND gate
168. This method of turning on switch 13 results in break-
before-make switching of switches 11 and 13. Switch 11
remains oif and switch 13 remains on until the beginning of
the next PWM cycle.

Error amplifier 176 monitors V_ ., during PWM operation
by measuring the difference between the Vg, and V. (V,_,,
appears across resistors 184, 186 which, acting as a voltage
divider, generate V,, at node 185). This voltage difference is
amplified and provided as mput to PWM controller 140.
PWM controller 140 uses this amplified voltage difference
to adjust the duty cycle of the PWM signal so that V,, equals
V,.» thereby regulating V.. PWM controller 140 can be
cither a voltage mode or current mode controller. In order to
achieve maximum efficiency when the regulator 1s operating
in PFM mode, PWM controller 140 and error amplifier 176
remain oif during PFM mode.

The regulator indirectly senses the current of inductor 15
by monitoring the drain to source voltage V ,_ of switch 11.
When switch 11 1s on, switch 102 connects the drain of




US RE37,609 E

7

switch 11 to the inputs of comparators 122 and 124. When
switch 11 1s off, switch 104 shorts the inputs of comparators
122 and 124 to the mput voltage V_ . In order to eliminate
the noise at the leading edge of the V , waveform when
switch 11 1s turned on, capacitor 108 and resistor 112 keep
switch 102 off and switch 104 on until switch 11 has been
on approximately 200 nanoseconds. When switch 11 turns

off, diode 114 allows switch 102 to turn off and switch 104
to turn on immediately.

Comparator 122 causes high-side switch 11 to turn off
when the peak inductor current I, , ., has exceeded the
current limit for PWM mode (I, wm) and PFM mode
(L ;. prag)- Comparator 122 monitors [;,0 2 DY comparing
the V,. of switch 11 to V. of SWltch 116. In one
embodiment, switch 11 1s a power MOSFET constructed of
thousands of small MOSFET cells connected 1n parallel.
Switch 116 1s one of those MOSFET cells with its drain
separated from the drain of switch 11. Switch 116 has an arca
factor of 1 (1 cell), while switch 11 has an area factor of K
(K cells).

When the regulator operates in PFM mode, switch 126 1s
oif, allowing only current source 132 to flow through switch
116. Current source 132 1s sct equal to I, ; pza,/K so that the
V .. of switch 116 equals the V,_ of switch 11 when I, .
equals I, pra In other words, when the regulator is
operating 1n PFM mode, the threshold voltage of comparator
122 corresponds to I, pras

When the regulator 1s operating in PWM mode, switch
126 turns on to allow both current sources 130 and 132 to
flow through switch 116. Current source 130 1s set to a value
so that the sum of current sources 130 and 132 equals
I; ;e /K. Thus, the threshold voltage of comparator 122
corresponds to ILLm?pwm when the regulator 1s operating 1n
PWM mode.

Comparator 124, monitoring the peak inductor current
I,z by comparing the V, of switch 11 with the V, of
switch 118. Determines when the regulator should switch
from PWM mode to PFM mode. Like switch 116, switch 118
is a single MOSFET cell (having an area factor of 1) with its
drain separated from the drain of switch 11. Current source
128 provides a current through switch 118 equalto 1, . /K,
so that the V,_of switch 11 equals the V ,_ of switch 118
when I , reaches the value | — The value of L, ..
adjusted by a multiplier circuit so that it changes 1n propor-
tion to changes 1n V, wY our This allows 1, ., to change in
proportion to Changes in Al , which, as shown 1n equation
1, results m I_,, ,.;,, rTemaining constant.

Accordingly, if the peak inductor current I, , . 1s greater
than L, .., the regulator remains in PWM mode. Referring
to FIG. 6A, this event corresponds to time period A. Com-
parator 124 outputs a logic low which 1n turn produces a
logic low at the output of SR latch 134. The output of latch
134 remains low until reset to logic high by the falling edge
of the PWM signal (see FIG. 6B). When switch 11 turns off,
the rising edge of the inverted PWM signal appears at the
clock input of master-slave D flip-flop 136 (see FIG. 6C).
The inverted PWM signal 1s inverted again and used as the
reset signal for latch 134. Due to the time delay of mvertor
163 and latch 134, the rnising edge of the clock input of
flip-flop 136 occurs before the output of latch 134 1s reset to
a logic high. Under the conditions of time period A, the
output of flip-flop 136 1s set to a logic high and remains high
so long as I, . exceeds I, .., (see FIG. 6D). The logic
high output from flip-flop 13p6 has no effect on the previously
set high output of SR latch 138 (see FIG. 6E).

The logic high signal at the output of latch 138 turns on
PWM controller 140 and error amplifier 176, as well as
allowing the PWM signal to propagate through NAND gate
142, thereby enabling PWM operation. The high signal from

the output of latch 138 also turns on switch 126, re-setting
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the threshold voltage of comparator 122 to a value corre-
sponding to I, . . Furthermore, the high signal from the
output of latch 138 prevents PEM control signals from
propagating through NOR gate 202. By setting the threshold
of comparator 122 to I,. and preventing PFM control
signals from propagating throt ough NOR gate 202, PFM mode
operation 1s thereby disabled.

It the mductor current I, ; 1s equal to or exceeds 1, ,..,.5
the output of comparator 122 transitions to a logic high,
turning on switch 148. Switch 148 pulls down the mput of
invertor 120. Which turns off switch 11. The positive feed-

back of weak mverters 154 and 156 keeps the output of 156
low after switch 148 turns off so that switch 11 will remain
off until the next rising edge of the PWM signal.

When L o is less than I, ... (corresponding to time
period B 1n G, 6A), the regulator enters PFM mode. The
output of comparator 124 and the output of latch 134 remain
at logic high when the PWM cycle ends (see FIG. 6B),
causing the output of flip-tlop 136 to transition to logic low
(see FIG. 6D). The logic low signal at the output of flip-flop
136 sets the output of latch 138 low (see FIG. 6E), which
will remain low until reset to logic high by switch 178. This
low signal from latch 138 turns off PWM controller 140 and
error amplifier 176, and 1t prevents the PWM signal from
propagating through NAND gate 142, thereby disabling the
PWM control circuit. The low signal from latch 138 also
enables PFM control signals to propagate through NOR gate
202. In addition, the low signal from the output of latch 138
turns off switch 126, resetting the threshold voltage of
comparator 122 to a value corresponding to I, ppy, In
other words, a low signal from the output of latch 138
switches the regulator from PWM mode to PFM mode.

Once 1n PFM mode, the on and off states of high-side
switch 11 are controlled as described previously. Assuming
that switch 11 1s imitially on, current flows through inductor
15 to output terminal 17. When the inductor current I, ,
exceeds I, ,,, prasp, comparator 122 turns oft switch 11. I,
then discharges through diode 14, causing V__  to drop to
—-0.4 volts. When I, , discharges to zero, causing V_  to
swing to V, . invertor 158 sends a logic low signal to NOR
cgate 160 which, in turn, puts a logic high at the mput of pulse
circuit 153. Pulse circuit 153, generating a brief turn on
pulse at the gate of switch 152, causes switch 11 to turn on
and thereby starts a new switching cycle.

The regulator will skip cycles when V
nominal value V., . Comparator 172 momnitors V_,,,
comparing Vg, to V, . When Vg, 1s greater than V g,
comparator 172 puts a loglc high at an mput of NOR gate
160, therecby preventing switch 11 from turning on 1n
response to the signal swing of V__  via mvertor 158. The
logic high signal from comparator 172 also propagates
through invertor 204 and NOR gate 202 so as to turn on
switch 200, which causes switch 11 to turn off. Thus,
high-side switch 11, turning off when the output voltage has
exceeded its nominal value, will turn back on (when I, _,
discharges to zero) only if the output voltage has dropped to
less than or equal to its nominal value. As explained earlier,
V., exhibits hysteresis to prevent the regulator from spo-
rad1cally skipping cycles. Preferably, comparator 172 exhib-
its hysteresis at its mnput terminals of approximately 10 mV.

As mentioned previously, a variation of PFM mode opera-
tion occurs when (1) the difference between V, and Vou 18
approximately 1 volt or less and (2) the output current is less
than I, pra,e Since under these conditions the inductor
current never exceeds I, ;. prap the output of comparator
122 will remain at logic low and thus never turn off switch
11. When V_,, exceeds V,,,, ,..,., the logic high output of
comparator 172 turns on switch 200 which, in turn, causes
switch 11 to turn off. The regulator then stops delivering
current to output node 17. The output of comparator 172 will
remain at logic high until V___ falls below V When
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the output of comparator 172 has transitioned to logic low,
and I. , has discharged to zero, invertor 158 sends a logic
low signal to NOR gate 160 which, in turn, causes pulse
circuit 153 to generate a brief output pulse that turns on
high-side switch 11. The regulator again supplies current to
output terminal 17. As a result, the regulator maintains a
constant output voltage by supplying current from V. to
output terminal 17 when V_ . 1s less than or equal to
V uinom: Accordingly, when V_,, 1s exceeds V..., the
regulator does not supply current from V, to output terminal
17. Thereby allowing this current to discharge through
capacitor 16 until V_  again falls below V.

The regulator switches from PFM mode back to PWM
mode when the output current exceeds I, pra/2, Which
causes V,,, to fall below V_,, . ... This drop mn V_,,, 1s
detected by comparator 174, whose threshold voltage 1s set
to a value about four percent below V. Thus, when V_
falls approximately four percent below V.. . the output
of comparator 174 transitions to a logic high, turning on
switch 182 and thereby resetting latch 138. The logic high at
the output of latch 138 re-enables the PWM control circuit
and disables the PFM control circuit, as described earlier.

The PWM signal, when re-enabled, may take one hundred
or more cycles to settle out. During this period, the inductor
current will fluctuate causing I, , . to dip below 1, . for
brief transients. To prevent the regulator from oscillating,
between PWM and PFM modes during these brief
transients, the regulator keeps the reset input of latch 138
low for a predetermined amount of time after PWM con-
troller 140 has been re-enabled, as follows. After the regu-
lator re-enters PWM mode, and the output of comparator
174 transitions to a logic low, current source 182 requires
several hundred microseconds to pull-up the reset input of
latch 138 to a logic high. Accordingly, this time delay forces
the regulator to remain in PWM mode for several hundred
microseconds after PWM mode 1s re-enabled.

While particular embodiments of the present invention
have been shown and described, it will be obvious to those
skilled 1n the art that changes and modifications may be
made without departing from this 1nvention 1n its broader
aspects and, therefore, the appended claims are to encom-
pass within their scope all such changes and modifications as
fall within the true spirit and scope of this invention.

What 1s claimed 1s:

1. A method performed by a switching regulator compris-
ing the steps of:

generating a regulated output voltage and an output
current at an output terminal of said regulator using a
switching device, said switching device having an on
state and an off state, said switching device providing
said output current;

comparing one or more signals corresponding to said
output current to one or more threshold current levels,
said one or more threshold current levels corresponding
to predetermined output current levels;

generating one or more first control signals 1n response to
said step of comparing;

controlling said switching device with a first control
circuit 1n response to said one or more {irst control
signals 1ndicating said output current 1s greater than a
first current level, wherein said first control circuit
COmprises:

a square wave generator outputting a square wave having
a first frequency and having a duty cycle corresponding
to said regulated output voltage at said output terminal,

said square wave generator controlling the on and off
states of said switching device; and
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a first feedback circuit for generating an error signal based
on a difference between a voltage corresponding to said
output voltage at said output terminal and a first refer-
ence voltage level and varying the duty cycle of said
square wave generator 1n response to said error signal
to cause said output voltage to be of a predetermined
voltage level; and

controlling said switching device with a second control
circuit 1n response to said one or more {irst control
signals 1ndicating said output current i1s less than said
first current level by a predetermined amount, wherein
said second control circuit comprises:

a signal generator outputting a switching signal having,
[afixed] a fixed duty cycle and having a second
frequency, said signal generator controlling the on
and off states of said switching device, wherein said
second frequency 1s less than said first frequencys;
and

a second feedback circuit for generating a disable
signal when said output voltage at said output ter-
minal exceeds a second reference voltage level, said
disable signal forcing said signal generator to skip
one or more cycles to cause said output voltage to be
of said predetermined voltage level.

2. The method of claim 1 wherein said predetermined
amount 1S Zero.

3. The method of claim 1 wherein said predetermined
amount 1s greater than zero.

4. The method of claim 1 further comprising the steps of:

comparing said output voltage at said output terminal with
a third reference voltage level;

generating a second control signal 1n response to said step
of comparing said output voltage; and

controlling said switching device with said first control
circuit 1n response to said second control signal 1ndi-
cating said output voltage at said output terminal 1s less
than said third reference voltage level.

5. The method of claim 1 wherein said switching device
comprises a first MOSFET device; said one or more signals
corresponding to said output current 1n said step of com-
paring being determined by comparing a voltage at a ter-
minal of said first MOSFET device to one or more threshold
voltage levels, said threshold voltage levels corresponding
to said predetermined output current levels.

6. The method of claim 5§ wherein said threshold voltage
levels include a voltage at a terminal of a second MOSFET
device having characteristics substantially 1dentical to said
first MOSFET device, said second MOSFET device con-
ducting a fixed reference current.

7. The method of claim 1, wherein the switching device
supplies the output current via an inductor; and wherein the
duty cycle of the switching signal is fixed at least in part by
an inductance of said inductor.

8. The method of claim 1, wherein the duty cycle of the
switching signal is fixed by at least one of an inductance of
said inductor through which the switching device supplies
the output current, an input voltage that receives regulation
by said method, and the regulated output voltage.

9. The method of claim 1, wherein the signal generator
controls duration of on and off states of the switching signal
responsive to at least one of an inductance of said inductor
through which the switching device supplies the ouitput
current, an input voltage that receives regulation by said
method, and the regulated output voltage.
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