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CONTROL FOR SWITCHING BETWEEN

PWM AND PFM OPERATION IN BUCK CONVERTER
[0001] This relates generally to switching voltage regulators and in particular to
control apparatus and methods for control of switching between PWM and PFM modes of
operation in  buck DC-DC converters.
BACKGROUND
[0002] Switching voltage regulators are commonly used to provide a regulated
voltage source derived from a power source such as a battery. One common type of
switching regulator operates as a step down regulator (buck converter) that provides a
voltage output which is smaller than the input voltage utilizing pulse width modulation
(PWM). FIG. 1 is a simplified diagram of a conventional buck converter, with the control
circuitry not being depicted. An inductor L is provided having one terminal connected to the
regulated output voltage Vout node. The other terminal of the inductor is connected to the
input voltage node Vin by way of a P type transistor switch 22, some times referred to as the
high side transistor. The same inductor terminal is connected to ground by way of an N type
transistor switch 24, sometimes referred to as the low side transistor. Switches 22 and 24 are
driven in opposite phases, with there being a small overlapping OFF period so that Vin in
never connected directly to ground through the two switches. The PWM operates at a fixed
frequency.
[0003] The control circuitry controls the states of P type transistor switch 22 and N
type transistors switch 24 to provide a regulated output voltage Vout. The inductor L current
is depicted in the timing diagram of FIG. 2. The average inductor current is the same as the
load current. As can be seen in the diagram, the load current is such that a DC current flows
in inductor L into the load. During an initial switching period TO to T1, P type transistor 22
is turned ON, while N type transistor 24 is held OFF. During this time period, the voltage
across the inductor L is relatively fixed at Vin — Vout. This will cause the inductor current to

increase, with the slope of the increasing current equal to (Vin — Vout)/L. This charging
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current is provided to the filter capacitor C1 and the load represented by RL. Assuming that
a voltage-mode architecture is being used, the inductor current will increase until it reaches a
peak maximum value Ipgak at time T1.

[0004] At this peak current point, a comparator in the control circuitry will trip
causing the P type transistor to turn OFF and, after a short overlap period, cause the N type
transistor 24 to turn ON. The voltage across the inductor L is now about Vout, with the
polarity being such that the inductor L current proceeds to decrease, with capacitor C1
providing the discharge current. The slope of the discharge current from T1 to T2 is —
Vout/L. At time T2, the end of one switching cycle, transistor 24 is turned OFF. Given that
the load current is assumed to remain relatively constant over a given switching period, the
inductor current at the end of a switching cycle T2 is the same as at the beginning of the
cycle at TO. This switching is repeated for each successive switching cycle.

[0005] The output voltage Vout is regulated by modulating the ON time of transistor
22 (TO to T2; T2 to T4, etc.) during each fixed duration switching cycle. Thus, if the output
voltage Vout should drop due to an increase in load current, the duration of the transistor 22
ON time is increased. Similarly, if Vout should increase due to a drop in load current, the
duty cycle of transistor 22 will be reduced.

[0006] The average load current is equal to the average inductor L current Ioyg. The

average inductor current oy can be expressed, based upon an inspection of FIG. 2, as

follows:
Iave = Ipc + (Ipeak — Inc)/2 . (1)
[0007] When the DC load current Ipc approaches zero, equation (1) is reduced to the
following:
Iave = Ippak/2 . (2)
[0008] Note that N type transistor 24 could be replaced with a simple diode, with the

diode becoming forward biased during the discharge of the inductor. However, transistor 24
is implemented using a relatively large device so that the transistor ON resistance is lower
than that of a forward biased diode. Thus, under most operating conductions, power
consumption is reduced.

[0009] Note that if the load current is further reduced from that represented by

equation (2), the inductor L will momentarily stop conducting current. In this event,
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operation switches from what is termed continuous mode operation to discontinuous mode
operation. For even lower load currents, it is possible that the inductor current flow will
actually reverse direction, with current being pulled from the filter capacitor/load. Since
discontinuous mode operation and reverse inductor current can be undesirable in some
circumstances, it is possible to avoid this conduction by proper selection of the size of the
inductor L and specifying a minimum load current. In order to avoid reverse inductor current
flow it is possible to employ a zero inductor current detector which turns transistor 24 OFF
just before current in the inductor begins to reverse. The transistor remains OFF during the
remainder of the switching cycle at which point transistor 22 is again turned ON.

[0010] The above described PWM is relatively efficient, particularly at high and mid-
range load current levels. For a typical buck synchronous converter, power loses that can
reduce efficiency can be grouped as AC and DC loses. DC loses are determined mainly by
the ON resistance of the switching transistor 22 and 24 and by the series resistance of the
inductor L. The AC loses, which are proportional to the regulator switching frequency, are
primarily due to switching loses and transistor 22 and 24 gate drive loses.

[0011] At heavy loads, DC loses predominate so lowering the transistor ON
resistances and the inductor resistances are effective in increasing efficiency. However, at
light loads, AC loses predominate so that decreasing the switching frequency improves
efficiency. As noted above, at low load currents there is a tendency for the inductor current
to reverse, which will decrease efficiency so that a zero inductor current detector may be
more useful that at high load currents.

[0012] It can be seen from the above, that a PWM converter optimized for mid and
high load current may not be very efficient at lower load currents. Thus, if a converter is to
operate efficiently over a relatively wide range of load currents, including low load currents,
some PWM converters utilize multiple operating modes including Pulse Frequency
Modulation (PFM). As will be described, PFM is inherently more efficient at low load
currents so that efficiency can be increased by switching between PWM and PFM depending
upon the load current.

[0013] Referring again to the regulator of FIG. 1, PFM is similar to PWM in the
sense that transistor 22 can be used to produce a series of inductor current pulses which are

applied to the filter capacitor C1 and load Rl. However, the frequency of the pulses in not
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fixed but rather is varied in order to maintain a regulated output voltage between and upper
regulated output voltage level 40A and a lower regulated output voltage 40B. The difference
between the two regulated voltages depends upon the required accuracy but it is typically less
than 1% of Vout. FIGS. 3A/B and FIG. 4 are timing diagrams that depict operation of what
is termed hysteretic PFM. As shown in FIG. 3B, the control circuit (not depicted) operates
based upon a maximum peak inductor current level 26 and a minimum (zero) inductor
current level 27. The PFM controller initially turns P type transistor 22 ON, with transistor
24 again being held OFF. This causes the inductor current, generally designated by the
numeral 27 to increase, starting at zero current with the slope at 27A again being fixed at
about (Vout — Vin)/L. At the point the regulated output voltage Vout is located intermediate
an upper threshold regulated voltage 40A (FIG. 3A) and a lower threshold regulated voltage
40B, in this case near the lower threshold. This current pulse will cause the output voltage
Vout to begin to increase after some delay due to various factors including filter capacitor
CI1. The magnitude of the voltage increase is related to the load current. This voltage
increase is represented by line 30A in FIG. 3A and line 30A in FIG. 4. At this point, the
output voltage has not year reached the upper regulated limit 40A.

[0014] The inductor current will increase over time dt1 to some predetermined upper
current limit as indicated by line 26 of FIG. 3B. After the current limit has been reached,
transistor 22 is turned OFF followed by transistor 24 turning ON. As indicated by FIG. 3B
this will cause the inductor current to drop, with the slope again being about - Vout/L. This
results in an eventual small drop in the regulated output voltage 31A as shown in FIG. 3A,
with the size of the drop being again determined by the size of the load current. A zero
inductor current detector will trigger when the inductor current reaches zero indicated by line
28 at the end of the dt2, with this causing transistor 24 to turn OFF followed by transistor 22
turning ON.

[0015] The inductor current will then again increase as indicated by 27C of FIG. 3B
until the maximum value 26 is reached. In the example of FIG. 3A, this additional current
pulse will cause the output voltage to increase to the upper output voltage Vout threshold
voltage 40A. In the example of FIG. 4, this additional current pulse is insufficient to increase
the output voltage Vout to the upper threshold 40A so that additional current pulses are

required which produce additional voltage increases 30C and 30D. At this point, the current
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pulses supplied by inductor L operate to increase Vout to the upper output voltage Vout
threshold. No further current pulses are applied, as indicated by FIG. 3B, since they would
cause Vout to go too high. At this point, both drive transistors 22 and 24 are held OFF so
that the load current is provided solely by the filter capacitor C1.

[0016] The output voltage Vout will begin to drop as capacitor C1 is discharged by
the load as indicated by region 42 of the waveform of FIG. 3A. Eventually the output
voltage Vout will drop to the lower threshold voltage 40B, at which time additional current
pulses are provided as indicated by FIG. 3B thereby causing Vout to increase to the upper
threshold voltage 40A. Note that for normal PFM operation at low load currents, inductor
current pulses are regularly skipped. A continuous production of inductor current pulses in
PFM operation indicates that converter is providing a maximum output current in that mode.
[0017] At low load currents, PFM can provide substantially increased efficiency as
compared to PWM for the same current output. That is particularly true of the PWM
operation has been optimized for efficient mid and high load current operation. By way of
example, in the case of PFM operation, no switching losses are present during the dead time
42 previously described. As a further example, because of the zero inductor current
detection, transistor 21 can be turned ON with no inductor current present thereby
eliminating turn-on losses. Further, the size of the rms ripple current for PWM can vary
considerably since it is related to the difference between Vin and Vout, with PFM operation
resulting in lower rms inductor currents and thus lower ac inductor losses.

[0018] In view of the foregoing, buck converters have been produced having the
capability of operating in a PWM mode for mid and high load currents and PFM for low load
currents. These converters include provisions for switching between modes based upon the
level of the load currents. In some cases the input voltage Vin is further taken in
consideration, since PWM efficiency generally decreases as input voltage decreases. Thus,
to maximize efficiency, for smaller input voltages it is usually desirable to switch from PWM
to PFM at lower load currents. In some applications, the size of the output voltage Vout is
taken into account with PFM being generally preferred for low output voltage operation.
[0019] One prior art approach for switching between PWM and PFM is to monitor
the inductor L current flow though P type switching transistor 22, along with monitoring the

input voltage Vin magnitude. Since the inductor current provides some indication of the load
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current, mode switching circuitry operates to switch to PFM operation at low load currents
and PWM operation at mid to high load currents. Typically, the maximum operating load
current for PFM operation is specified by setting the maximum inductor current Ipeak
indicated by line 26 of FIG. 3B. Since the average load current is equal to the average
inductor current, the maximum load current for PFM operation is Ipeak/2 assuming that no
current pulses are being skipped. If the PFM control circuit causes N number of consecutive
current pulses to be produced, where N is typically 32, the converter is considered operating
at the specified maximum output current for PFM operation. Thus, the mode control
circuitry will cause the converter to switch to PWM. Similarly, when in the mid and high
current PWM mode, should the load current drop below a value equal to Ipeak/2, the mode
control circuitry will switch to PFM. Thus, increased efficiency is achieved over a wide
range of load currents.

[0020] It has been found that the above-described approach sometimes results in
improper switching between operating modes. By way of example, sometimes the mode
control circuitry will detect what is perceived to be low load current conditions and switch
from the PWM mode to the PFM mode. While in the PFM mode, this same perceived load
current will indicate that the current is sufficiently high to warrant immediately switching
back to the PWM. This improper shifting between operating modes under certain operating
conditions is obviously undesirable. There is a need for mode control circuitry which is
capable of measuring load currents with sufficient accuracy in both the PWM and PFM
operation so that this inappropriate shifting between operating modes is either eliminated or
substantially reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a schematic diagram of a prior art inductor and related drive
transistors for use in a buck switching regulator.

[0022] FIG. 2 is a timing diagram of the inductor current of a prior art switching
regulator using pulse width modulation (PWM).

[0023] FIG. 3A and 3B are timing diagrams of the inductor current and output
voltage of a prior art switching regulator using pulse frequency modulation (PFM).

[0024] FIG. 4 is a timing diagram showing the output voltage of a prior art switching
regulator switching from PFM to PWM.
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[0025] FIGS. 5A and 5B are timing diagrams of a prior art switching regulator in the
respective PWM and PFM operating mode illustrating sources of error in conventional
average current measurements.

[0026] FIG. 6 is a schematic diagram of one embodiment of the subject mode control

circuit which includes inductor current sensing circuitry.

[0027] FIG. 7 is a timing diagram illustrating operation of the mode control circuitry
of FIG. 6.
[0028] FIG. 8 is a timing diagram illustrating the operation of the mode control

circuitry when in the PWM mode.

[0029] FIG. 9 is a timing diagram illustrating the operation of the mode control
circuitry when in the PFM mode.

[0030] FIGS. 10A and 10B are flow charts showing example sequences for switching
between PWM and PFM modes.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0031] Referring again to the drawings, FIGS. 5A and 5B further illustrate the
operation of prior art mode control circuitry based upon perceived measurements of the
average load current. As previously noted, the specified load current level for switching
from PFM to PWM operation is determined by selection of the peak inductor current 26
depicted in FIG. 3B. However, in either mode, a peak current detector current measurement
of Ipeak/2 does not reflect the actual average load current.

[0032] FIG. 5A shows an example inductor current waveform 46 during PWM
operation. Current level Ipeak, as previously noted, is specified in connection with PFM
operation, and is used by the mode control circuitry for switching between the two operating
modes. Ideally, when the average inductor current in the PFM mode has increased to
Ipeak/2, the mode will change to PWM and, conversely, when the average inductor current
has dropped to Ipeak/2 in PWM, the mode will change to PFM. Inspection of waveform 46
indicates that the actual average inductor current is Iavel, with this value being located
halfway between the peak-to-peak ripple current, and including any DC component.

[0033] In normal PWM operation lavel is greater than Ipeak/2, with switching from
PWM to PFM occurring when lavel has dropped down in value to Ipeak/2. Ideally, the

mode switching point when in the PWM mode, referred to as Imsl, is equal to Ipeak/2.
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However, the peak current sensor of the mode control circuitry is only capable of detecting
the peak current 46A of the inductor current, with the value differing substantially from the
actual average current lavel. By relying upon peak detection, there are two primary sources
of error. First, peak detection does not take into account the peak-to-peak ripple current
Iripple. Second, the peak detection circuit has an input offset and a finite response time.
Thus, assuming a worst case polarity in the input offset voltage, the comparator may not trip
until some time after the current has exceeded the peak current point represented, by way of
example, by peak 46A. This error is designated loffset]l. Taking these two errors into
account, the current waveforms depicted FIG. 5A show the mode switching point Ims1 in not
Ipeak/2 but rather is, as follows:

Ims1 (PWM=>PFM) = Ipeak/2 — loffsetl — Iripple/2 . 3)
Thus, the switching point is well below the ideal point of Ipeak/2, so that that the converter
will remain operating in the PWM at current levels that are too small. Since the PWM
circuitry is not optimized for operation at this low a current, efficiency suffers.
[0034] FIG. 5B shows the current waveforms when operating in the PFM mode. The
actual inductor current waveform 48 indicates that the average current is lave2, with value
falling midway between the current peaks 48A and 48B. As previously noted, when in the
PFM mode when the load current is well below the transition point to PWM, inductor current
pulses are regularly skipped. However, the PFM control circuitry, which includes zero
inductor current detection circuitry, may turn N type transistor 24 OFF too early or may turn
P type transistor 22 ON too carly. In that case, the negative current peak, such as peak 48A,
does not actually reach zero current but remains above zero. This error is designated as Izc.
Similarly, the peak current detector may turn P type transistor 22 OFF too carly or may turn
N type transistor 24 ON too carly so that the inductor current positive peak, such as peak
48B, never reaches the specified Ipeak value. This error is represented by value loffset2.
The depicted polarities of the 1zc and loffset2 are assumed to be in a worst case direction. In
any event, these errors operate to reduce or increase the current load capability in the PFM
mode from lave2, which should be Ipeak/2, to a smaller or bigger value. This results in the
average current mode switching point from PFM to PWM being less or greater than the ideal
value of Ipeak/2. Instead, the switching point value, Isme2, is as follows:

Ism2 (PFM=>PWM) = Ipeak/2 — loffset2 + Izc 4)
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[0035] Ideally, there should be a fixed controllable difference between Ism1 and Ism2
to provide some hysteresis in the switching between the PFM and PWM modes. By way of
example, if the value of Ism1 90mA and the value of Ism2 is 100mA, the converter will
switch to PFM at 90mA and will not switch back unless the current has increased slightly to
100mA. However, based upon equations (3) and (4), the actual difference between the two
switching points is than as follows:

Ism2 — Ism1 = -loffset2 + loffsetl +lzc +Iripple/2. (5)
[0036] None of the components of equation (5) are well defined and cannot be well
controlled. loffset] does not track loffset2. This is particularly true of the Iripple/2 term
which can vary widely depending upon the PWM switching frequency and the duty cycle. In
addition, variations in Izc can be large. Thus, there is no fixed and well controlled hysteresis
value so that inappropriate cycling between modes is very likely.
[0037] In order to provide a more reliable indicator of average inductor current for
purposes of mode switching, one aspect of the invention is to monitor the inductor discharge
current rather than the charge current. This is accomplished by sensing the inductor current
through low side transistor 24 (FIG. 1) rather than the high side transistor 22. Operation in
the PWM mode is first described.
[0038] Referring to FIG. 6, a simplified schematic circuit diagram of one
embodiment of the invention is depicted. Many details regarding the implementation of the
circuit would be well known to those skilled in the art and will not be provided so as to avoid
obscuring the nature of this embodiment of the invention in unnecessary detail. The low side
switching transistor 24 is shown connected between node SW (see FIG. 1) and the circuit
common. The FIG. 6 circuit is operative only during those periods of the switching cycle
where the low side transistor 24 is conducting and hence the high side transistor is OFF and
is thus not depicted. As previously described, when the high side transistor is turned OFF,
the inductor L current has reached a peak value as shown in FIG. 2 at time T1. Shortly after
the high side transistor is switched OFF, low side transistor 24 is turned ON. Since inductor
L will tend to continue conducting this peak current, the inductor terminal connected to node
SW will go negative in voltage, with the magnitude of this negative voltage being equal to
the product of the peak inductor current and the ON resistance of transistor 24 referred to as

Rdson.
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[0039] The voltage across the Rdson of transistor 24 is indicative of the inductor L
current during the period that transistor 24 is conductive. In that the voltage at node SW is
negative, voltage offset circuitry is provided which adds an offset voltage to node SW so that
circuitry utilizing only a positive supply voltage can be utilized to measure the inductor
current. That circuitry includes a transistor 24A and a fixed resistance Rls provided by a
resistor 52 and an associated current source 50 that provides a fixed current source Iref.
Transistor 24A is a P type device which is driven by the same signal driving the low side
transistor 24 and having an ON resistance that is larger than that of transistor 24 by a fixed
factor of K where K = lave/Iref. The constant K has a typical value of at least 1000 so that
Iref is only a small fraction of lave. One approach to providing this ratio of ON resistances is
to fabricate several N type related devices at the same time and to use only a few of those
devices to form transistor 24A and to connect several of the remaining devices in parallel to
form transistor 24, with the number of parallel devices being related to the value K. The
fixed current Iref value is determined by a specified current value lave based upon the target
current level at which the converter is to switch between the PWM and PFM operating
modes (ignoring a small fixed hysteresis current to be described later). Thus, if in the PWM
mode and the measured inductor current drops below lave, the mode switches to the PFM
mode. Conversely, if the current in the PFM mode is greater than lave for a given period of
time, the mode switches to PWM.

[0040] The actual value of Iref is set to lave/K as noted above, with K being the
previously noted ratio of the ON resistance of transistor 24A to low side transistor 24 ON
resistance. The Iref current flow through transistor 24A produces an offset voltage equal to
Rdson x Tave which is fixed for a given value of Rdson. This voltage translates the negative
voltage on node SW to a positive voltage on the drain of transistor 24A. The size of this
translating voltage is sufficient to translate the negative voltage on node SW to a positive
voltage but is not too large (thereby wasting voltage headroom) since the translating voltage
depends upon the ON resistance of transistor 24 and the average inductor current flow
through transistor 24.

[0041] In order to translate the voltage at the drain of transistor 24A even further so
as to provide a fixed increase in additional voltage headroom, a resistor Rls 52 is connected

in series with transistor 24A to provide a fixed translated voltage at node 51 which is added
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to the voltage at the drain of transistor 24A. The voltage at node 51 is related to the voltage
at node SW and differs by the fixed voltage drops across resistor 52 and transistor 24A. The
voltage at node 51 is converted back to a current value Isense by way of V/R converter 54.
V/R 54 can be a voltage to current converter implemented using a unity gain amplifier with a
resistive load. As will be explained later, current Isense is integrated over a period of time
starting when low side transistor 24 is first turned ON to provide an average inductor current
value. Should that average inductor current value drop to the specified mode switching value
of lave for more than a number of switching cycles, the converter switches to the PFM mode.
[0042] FIG. 7 shows is a timing diagram showing representations of the inductor
current when the low side transistor 24 is first turned ON at t = 0 seconds. The actual
inductor current starts at a peak value at t= 0 seconds at point 62A and drops linearly over
time as indicated by waveform section 62B as the inductor discharges. The measured
inductor current based upon the voltage at node 51 (FIG. 6) is shifted to a negative inductor
current from the actual current due to the offsetting voltages provided by resistor 52 and
transistor 24A. This measured current is represented by waveform 64 of FIG. 7, and includes
a peak value Ipeak at time t =0 at point 64A and drops linearly over time as indicated by
waveform section 64B. Thus, in order to arrive at the actual inductor current, it is necessary
to subtract the current values associated the two translating voltage drops, with this function
being carried out by the V/R converter 54. Since the voltage across transistor 24A is the
product of the specified average current lave and resistance Rdson, the current value
associated with this voltage is lave. The current value associated with the fixed voltage drop
across resistor 52 is referred to herein as Ils which stands for current level shift.
[0043] By definition, the average inductor current during the inductor discharge
period from time T1 (FIG. 2) to T2 for example, is equal to the difference between the peak
value at T1 and the minimum value at T2 divided by 2. Solving for the minimum value, this
can be expressed with reference to FIG. 7 as follows:

Ivalley(t) = 2lave — Ipeak; (6)
where Ivalley is the current value at time t; lave is the specified average current value for
mode switching and Ipeak it the peak current value at t =0.
[0044] Should the inductor current reach and then drop below the value of 2lave —

Ipeak per equation (6) during the low side transistor 24 ON period for each of some
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predetermined number of consecutive switching cycles, the current will have dropped below
the specified value of Tave in which case the operating mode should switch to PFM. If the
inductor current never reaches this value, then the converter should remain in the PWM
mode.

[0045] The voltage-to-current converter (V/R) 54 operates to convert the voltage
V51(t) at node 51 of FIG. 6 to an equivalent current Is(t) as follows:

Is(t) = V51(t)/R; (7)
where R is the conversion factor.

[0046] From inspection of FIG. 6, voltage V51(t) is as follows:

V51(t) = -V24(t) + V24A(t) + V52(t); )
where V24(t) = linductor(t)*Rdson (the voltage across transistor 24 produced by the
inductor current I inductor and ignoring the relatively small voltage drop due to current Iref.);
V24A(t) = (Jave/K)(K*Rdson) (the voltage drop across transistor 24A; and V52(t) =
(lave/K)Ris (the voltage across resistor 52.

[0047] Substituting the above values for V24(t), V24A(t) and V52(t) into equation
(8), the value of Is(t) of equation (7) is as follows:

Is(t) = [1(0) + I(1))/2; ©)
where 1(0) it the peak inductor current at the beginning of the discharge period indicated by
point 62A of FIG. 7; and I(t) is the drop in inductor current over time as the the inductor is
discharged.

[0048] The value of R used in connection with the voltage-to-current converter 54 is
set to Rdson/m, where m is a constant so that Rdson/R = m. Thus, in referring to the timing
diagram of FIG. 7, the peak inductor current 1(0) of equation (9) at the beginning of the
discharge period is as follows:

1(0) = - mlinductor(0) + Ils + mlave; or

I(0) = - (mlpeak - Ils - mlave); (10)
where Ipeak is the peak inductor current at t = 0 (point 64A of FIG. 7), lave is the specified
average current for mode switching (64A to 65 of FIG. 7) and Ils is the fixed offset current
(65 to 62A of FIG. 7).

[0049] Current I(t) of equation (9) can be expressed as follows, again in reference to

the FIG. 7 timing diagram:
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I(t) = - (mlvalley(t) — mlave — Ils); (11)
where Ivalley(t) is the inductor discharge current (64B of FIG. 7); and lave and Ils were
previously defined in connection with equation (10).

[0050] Current Is(t) of equation (9) is used to charge a capacitor Ca over time to
produce an integrated sense voltage Vsense. Voltage Vsense can be expressed as follows:

Vsense = (1/Cy) (t) [1(0) + 1(t)]/2. (12)
[0051] Substituting equations (8) and (9) into equation (12), the following results:

Vsense = (1/Ca) (t) (-mIpeak +mlave + Ils - mlvalley(t) + mlave + 1ls)/2. (13)
[0052] Replacing Ivalley(t) with 2lave — Ipeak per equation (6), equation (13)
reduces Vsense to the following:

Vsense = (1/Cy) (t) (Ils). (14)
Thus, should Vsense drop to the value shown in equation (14) at any point during the low
side transistor 24 conduction period, the average inductor current has dropped down to the
specified lave value and switching to the PFM mode is appropriate if this occurs for a
number of consecutive switching cycles.

[0053] Circuitry is provided to determine if the condition of equation (14) exists. The
same reference current value Iref 50 used in the inductor sensing circuit is also used in a
reference circuit, with this current being provided by current source 56. The current is
passed through a resistance 58 equal in magnitude to resistor 52 of the sense circuitry. A
voltage-to-current converter 60 produces a current Ir related to the voltage V61 at node 61.
Current Ir is equal to Ils, with Ils being the same as produced in connection with the sense

circuitry as described in connection with equation (14). Current Ir can be expressed as

follows:

Ir = V61/R; and substituting (lave/K)RIs for V61, this becomes

Ir = (IJave/K)(RIs)/R. (15)
[0054] Current Ir is connected to charge a capacitor Cy having a capacitance equal to

capacitor Ca. Thus, current Ir of equation (15) is integrated over time to produce the
following voltage Vref as follows:

Vref = (1/Cg) () (ls). (16)
[0055] A comparator 63 compares voltages Vref and Vsense of equations (16) and

(14) and, based upon the comparison, can produce a signal Vdet indicating a potential mode
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change. Comparator 63 can be implemented as a differential amplifier followed by a high
gain amplification stage. The output of comparator 63 is connected to a switch mode circuit
66 which, depending upon various factors including Vdet, will signal that a switch from
PWM to PFM is appropriate or a switch from PFM to PWM is appropriate. During the
beginning of the ON period for low side transistor 24 (see FIG. 6) at t = 0 sec, voltage Vref'is
greater than Vsense indicating that the average inductor current is greater than the specified
switching point lave. As time passes up to time t = t1, Vsense has dropped down to Vref in
magnitude so the comparator output Vdet changes to a high state indicating that average
inductor current is equal or less than lave so that a mode change may be appropriate. If
voltage Vsense never reaches Vref during the transistor 24 ON time, output Vdet is never
produced indicating that the inductor current is sufficiently high so that no mode change is
appropriate.

[0056] Operation in the PWM mode is further illustrated by the timing diagrams of
FIGS. 5A and FIG. 8. Each time Ivalley is equal to (2lave — Ipeak) per equation (6) above,
signal Vdet is produced.

[0057] Assuming that the converter is operating in the PFM mode, operation of the
FIG. 6 circuit is substantially the same. The converter is providing a maximum output current
if no current pulses are skipped, with this condition indicating that it is appropriate to switch
to PWM operation. The converter in the PFM mode is implemented to provide an average
inductor current equal to the specified average current lave when a current pulse is produced
as depicted in FIG. 3B. Thus, at the end of each current pulse, the value of the sense voltage
Vsense will slightly exceed Vref thereby producing an output Vdet. Thus, when the current
sensing circuit of FIG. 6 produces a consecutive number of Vdet pulses, it is appropriate to
switch to the PWM mode.

[0058] As previously noted, the average sensed current level for switching from
PWM to PFM should be slightly lower than the current level for switching from PFM back to
PWM. In that the subject inductor sensing circuitry provides a relatively precise
measurement of average inductor current, this hysteresis current can also well controlled so
that inappropriate switching between operating modes is avoided. A preferred approach to
providing this hysteresis is to utilize a slightly smaller value of K for PWM than for PFM.
This will require that the structure of transistor 24A be modified for PWM operation so that



10

15

20

25

30

WO 2012/161837 PCT/US2012/026862
15

the ON resistance of transistor 24A (K*Rdson) will be decreased. Transistor 24A can be
modified for PWM operation by electrically switching in one or more small parallel
transistor structures to a main structure and then, for PFM operation, switching the structures
back out.

[0059] Operation in the PFM mode is further illustrated in the timing diagram of FIG.
9. The inductor current is averaged (integrated) starting at the beginning of the inductor
discharge period until the average value matches lave. At that time, a Vdet output is
produced. The average measurement is relatively independent of the absolute value of Ipeak
which can vary due to comparator induced offsets. Once again, after a predetermined
number of Vdet outputs, as determined by the switch mode circuitry 66, the converter will
shift to PWM operation.

[0060] FIGS. 10A and 10B are flow charts showing further details regarding the
mode transitions between the PWM and PFM operating modes. As start up, the converter is
in the PWM mode (block 70). One indication of that the converter should probably switch to
the PFM mode is that the actual output voltage Vout is below some the output voltage target
value Vt. The output voltage target value is as follows:

Vt= Vcon (G); 17)
where Vcon is the value of a voltage reference internal to the converter and G is the gain of
the converter usually set by a resistive voltage divider.

[0061] If the output voltage Vout is below the target output voltage Vt, this is an
indication in this instance that the load current is too low. As indicated be element 72 of the
flow chart, if this low voltage condition exists, the PFM is preferred over PWM. Assuming
that the voltage is low, the inductor current sensing circuitry is turned ON. If the average
current is too low, a Vdet pulse is produced. If a predetermined number of consecutive
pulses are produced, the converter should begin to switch to PFM at the rising edge of the
high side P type transistor 22 (element 74). The switch mode circuitry 66 (FIG. 6) operates
to provide the switching mode signal PWM/PFM signal upon receipt of the requisite number
of Vdet pulses.

[0062] As indicated by block 78, entry into the PFM mode is shown in the diagram of
FIG. 10B. When entering the PFM, at least one current pulse is initially produced to
facilitate PFM operation. As indicated by block 80, upon the rising edge of the low side N
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type transistor 24, the current sensor is initialized for PFM by setting the peak current limit to
Ipeak. After the rising edge of the high side P transistor 22 is turned ON, the inductor current
will rise until it reaches Ipeak, ignoring comparator offset and finite response times (element
82). The average current in the PFM mode is measured and if it is greater than lave plus the
hysteresis current (due to high value of K being used), a determination (element 88) is then
made as to whether or not the output voltage Vout is exceeding Vmax (see upper limit 40A
of FIG. 4).

[0063] If Vmax has not been reached, an additional current pulse is applied to the
inductor by switching high side switch 22 ON and low side switch 24 OFF as indicated by
block 92. This switching will continue until it is determined than the output voltage Vout has
reached Vmax (clement 88). At that point indicated by block 90, both the high side P
transistor 22 and low side transistor 24 are turned OFF so that the load current is
momentarily provided by the filter capacitor C1. This time period is indicated by numeral 42
if FIGS. 3A and 4. Eventually Vout will drop to the lower threshold voltage 40B (FIG. 3A).
At that point, Vout will be driven back up to Vmax (element 88) by the application of
additional current pulses as indicated by block 92.

[0064] Returning back to the FIG. 10A, while in the PFM mode, certain states are
monitored to determine if the PFM mode is still appropriate. As indicated by element 76,
three conditions are monitored and if any one is not met, switching to PWM should be
carried out. First, if the output Voltage is too high, switching to PWM is appropriate.
Second, if a few consecutive Vdet pulses are produced, the load current is too high so that the
converter needs to switch to PWM. Finally, if the output voltage Vout differs from the target
voltage Vt (see equation (14) above) by = 25mV (or some other relatively small value), the
current drive capabilities in the PFM mode are generally not as suitable for bringing the
output voltage back in range as compared to PWM. If one or more of these conditions is
present in the PFM mode, the converter switches at the appropriate time to PWM as indicated
by block 77.

[0065] Those skilled in the art will appreciate that modifications may be made to the
described example embodiments, and that many other embodiments are possible, within the

scope of the claimed invention.



10

15

20

25

30

WO 2012/161837 PCT/US2012/026862
17

CLAIMS

What is claimed is:

1. Mode control circuitry for use in a buck switching voltage regulator capable
of operating in a pulse width modulation (PWM) mode and a pulse frequency modulation
(PFM) mode, with the regulator including an inductor having first and second opposite
inductor terminals, a first transistor switch connected between the first inductor terminal and
a power input terminal and a second transistor switch connected between the first inductor
terminal and a circuit common, said mode control circuitry including:

current sensing circuitry configured to sense inductor current through the second
switching transistor when the second switching transistor is switched to an ON state and to
produce a current sense signal;

a sense integrator configured to integrate the current sense signal over time starting
when the second switching transistor is switched to an ON state and to produce a sense
signal; and

mode switching circuitry configured to switch between the PWM and PFM modes in

response to the sense signal.

2. The circuitry of Claim 1, further including reference circuitry which produces
a reference signal and wherein the mode control is further configured to switch between

modes based upon a comparison between the sense signal and the reference signal.

3. The ,circuitry of Claim 2, wherein the reference circuitry includes a reference
integrator which integrates a reference current over time starting when the second transistor

is switched to an ON state to produce the reference signal.

4. The circuitry of Claim 3, wherein a sense voltage is developed across the
second switching transistor when the transistor in switched ON and wherein the current
sensing circuitry includes offset circuitry that provides an offset voltage added to the sense
voltage to produce an offset sense voltage, with the offset sense voltage being used to

produce the current sense signal.
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5. The circuitry of Claim 4, wherein the offset circuitry includes an offset
transistor connected in series with the second switching transistor, with the offset transistor

being switched ON when the second switching transistor is switched ON.

6. The ,circuitry of Claim 5, wherein the second switching transistor has an ON
resistance of Rdson and where the offset transistor has an ON resistance of K*Rdson where

K is a constant having a value of at least 5.

7. The circuitry of Claim 6, wherein the offset circuitry includes an offset
resistor connected in series with the offset transistor, with the offset sense voltage being

produced at a terminal of the offset resistor.

8. The circuitry of Claim 7, wherein the offset circuitry includes a first current
source connected to conduct current through the offset resistor and the offset transistor, with

the current flow through the offset resistor producing a resistor offset voltage.

9. The circuitry of Claim 8, wherein the reference circuitry produces a reference
voltage related to the resistor offset voltage, with the reference voltage being used to produce

the reference current.

10.  The circuitry of Claim 9, wherein the current sense signal is a current and
wherein the current sensing circuitry includes a first voltage-to-current converter which
converts the offset sense voltage to the current sense signal and wherein the reference
circuitry includes a second voltage-to-current converter that converts the reference voltage to

the reference current.

11.  The circuitry of Claim 10, wherein the reference circuitry includes a reference
resistor having a resistance which matches a resistance of the offset resistor and includes a

second current source that matches the first current source.
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12.  The circuitry of Claim 11, wherein the first and second current sources each
have a current output related to a target inductor current level for switching between the

PWM and PFM modes.

13. A method of controlling an operating mode of a buck switching voltage
regulator capable of operating in a pulse width modulation (PWM) mode and a pulse
frequency modulation (PFM) mode, with the regulator including an inductor having first and
second opposite inductor terminals, a first transistor switch connected between the first
inductor terminal and a power input terminal and a second transistor switch connected
between the first inductor terminal and a circuit common, said method comprising;:

sensing a voltage across the second transistor switch when the second transistor
switch in turned ON to produce a sense voltage;

integrating a first signal relating to the sense voltage over time starting when the
second transistor it turned ON to produce a sensed integrated signal; and

switching between the PWM and PFM operating modes in response to the sensed

integrated signal.

14. The method of Claim 13, further including the step of combining the sense
voltage with an offset voltage to produce an offset sense voltage and wherein the first signal

is related to the offset sense voltage.

15. The method of Claim 14, wherein the offset voltage includes a first voltage
component produced by passing a first current through a transistor switch having an ON

resistance related to an ON resistance of the second transistor switch.

16.  The method of Claim 15, wherein the offset voltage includes a second voltage

component produced by passing the first current through a first resistance.

17.  The method of Claim 16, further including the step of integrating a second

signal relating to the second voltage component to produce a reference integrated signal and
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wherein the switching between operating modes is in response to both the sensed integrated

signal and the reference integrated signal.



WO 2012/161837 PCT/US2012/026862

vy oF Vour
Zﬁ —/| \CI R,
FIG. 1
IpEAK PWM
INDUCTOR N
CURRENT T |
I
_
FIG. 2 |
|
|
To Ty T T3 Ty TIME —>
Vour UPPER
v THRESHOLD
out 40A
A
31A ya
—TT /S T
30Ai | 42
FIG. 34 N VR
30B | |VeippLE Vour LOWER
/ Y v/ THRESHOLD
+» - ~40B
> TIME
A 2,7'3 CURRENT LIMIT /
27TA
“7/\( /{\ LOAD CURRENT
/ N TN
A \/270 270 /
, < /1o TIME
FIG.3B || h | N N
27
> eip
! L’ ~—1p
‘/ =</ >

Q.
—
—_
o
—
N
—



PCT/US2012/026862

WO 2012/161837

| qgS DIH - EN VS ‘DIA o
ONHI/ -t / - | /
|\J
2INV] Ve 2 Addidy / /™~ /™~ \/w\ /
\ nasHop ¥ N/ N/ /m ~./
i ( Vap
« 18174
2MVAdY
2138440y~ .-
T ;
Y  J
Av3d INTFHHND HOLONANI N4d Av3d 1N3FHYND HOLONANI WMd
,% JNIL
1N0p Sav01 AAVIH
QT0HSIYHL WEINAE aT0HSIYHL
N4d N\%_u H« w/oox,_ »\s\m_ N4d ZMOT
(\l/ .
vVVY d10HSIYHL 7ol
a10HSIYL
SASVYIHONI INdd MOT I9V1T0A
dvOT INJHHNI / x WAd HOIH | 39VLT0A
40 ——~
dI0HSIHHL SISYION L
N4d LMOT
IN3HHND Vo 24 VOg
J —7
VOP aoe 908 g0¢
Q10HSIHHL
AL HOI avoT LHOI 1V 340N W4d—




WO 2012/161837 PCT/US2012/026862
3/6
TREF=T 5 ¢ /K TREF=T /¢ /K
50 +> <+ 56
TN 61 5
VR VR
Rls RlIs
52\{] lls H/ss lIR
YO o VDET [SWiTcH vam/
K*RDSON
—\[ 63 \
66
1_INDUCTOR—W —¢, L,
—/| FIG. 6
24
RDSON ' I :
INDUCTOR CURRENT
} 64A
~ 64B 64
IPEAK =
o
IREF=JAVE{—— ==
62A 6o T 1
REF=TAVETIs = 9% 2 643 = Tvaueven)
(2120 (S P —— S ~
6B T . .
t=0 t=ti t



WO 2012/161837 PCT/US2012/026862

4/6

A PWM INDUCTOR CURRENT

IpEak

NN NN o
VAN N N

N
[ I\/ \/ \ LvaLLEY
|
I

\J

I I

I I

I I

Vi | I I
DET | I I

\J

TIME
FIG. &

A PFM INDUCTOR CURRENT
Ipeak

ANANANE.
AVAT\ VAN
LT

VDET

—_— ]

\J




WO 2012/161837 PCT/US2012/026862

5/6

START UP AT RISE
EDGE OF OSC

ot ]

Y
70~/ PWM (SWITCHING
PFET&NFET)

Vour
TOO LOW

T (AVE_SENSE ON)
74

Iour <Iave
(VDET PULSES) FOR
64 CLKS

T (AT RISING
'EDGE OF P_ACT)

A

PFM (SEE FIG. 10B)

78~

1. Vgyp TOO HI

OR
2. THREE CONSECUTIVE
SWITCHING CYCLES
OR
3. Vigy NOT IN

RANGE

76

TURN ON 0SC
77" WAIT FOR 0SC CLOCK

FIG. 104



WO 2012/161837

6/6

ENTER
PRE_PFM@RISING
EDGE OF N_ACT

!

80~ SET PEAK CURRENT
ILIMIT = IPEAK

ENTER PFM@RISING
EDGE OF P-ACT

Y

82

INDUCTOR
CURRENT =
IPEAK

84~ SWITCH PMOS OFF
AND NMOS ON

PFM
AVERAGE OUTPUT

CURRENT = TAVE +
THYS

86
SWITCH F
PMOS ON
NMOS OFF
7 8 7
92

SWITCH PMOS
90-"1 AND NMOS OFF

FIG. 10B

PCT/US2012/026862



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings

