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DIGITAL POWER SUPPLY CONTROL

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to control ofpower

supplies and voltage regulators/power converters and, more

particularly, to high-resolution control of voltage regulation

with digital pulse width modulation arrangements ofreduced

resolution and consequent reduced complexity and cost.

2. Description of the Prior Art

Many types of electrical and electronic devices require

power at a substantially constant voltage, although the toler-

ance for voltage variation of the power supply can vary

widely. However, in general, voltage regulation within a rela-

tively small tolerance over a wide range of current loads is

highly desirable even though the current load can cause varia-

tion in the voltage supplied. Efficiency of the power supply

and voltage regulation arrangement is also of high impor-

tance, along with cost and complexity of the voltage regula-

tion arrangement.

For these reasons, switching power supplies are commonly

the basic design of choice over analog voltage regulators

which often rely upon a significant voltage drop across the

regulator at significant currents and thus generally consume

significant power, whereas switching voltage regulators con-

trol the output voltage over a wide range of current loads by

variation of the duty cycle during which input power is con-

nected to the regulator circuit. Analog pulse widthmodulators

have provided good performance but are generally more

expensive, subject to noise and often require designs to be

specific to particular applications. More recently, digital con-

trol has been employed in switching voltage regulators which

overcome many of the drawbacks of analog controls and

provide more functions more conveniently and at generally

reduced cost to improve overall system performance, such as

passive component reduction, noise immunity, re-program-

mability, communication and the like.

However, an analog power stage (e. g. a switching regulator

having analog components) with a digital control loop makes

system control more complicated since two quantizers, a

digital pulse width modulator (DPWM) 10 and an analog to

digital (A/D) converter 20 are introduced into the control loop

as shown in FIG. 1. Further, the duty cycle established by the

DPWM can only assume discrete values which may or may

not coincide with a desired output voltage at a particular load

while the resolution of the discrete duty cycle values (AD)

ultimately determines the resolution of the regulated output

voltage (AVG, depicted by the difference/space between dot-

ted lines in FIGS. 2 and 3). That is, if the resolution of the

DPWM is not sufficiently high for the desired output voltage

to fall within a “zero error” value ofA/D converter ofresolu-

tion AVADC, depicted as a difference between solid lines,

limit cycle oscillations will occur as shown in FIG. 2, as

contrasted with a high resolution DPWM; the response of

which is shown in FIG. 3. Such limit cycle oscillations and

their amplitude and waveform, in particular, are difficult to

predict but are significantly more likely to occur using a low

resolution DPWMthanwhenusing a high resolution DPWM.

If limit cycle oscillations occur, the amplitude of the limit

cycle oscillations will exceed the resolution of the A/D con-

verter. Thus it is clearly seen that there is a significant trade-

offbetween cost ofthe A/D converter and DPWM to obtain a

given degree of duty cycle resolution and the ability to reli-

ably regulate voltage within a given voltage tolerance.
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2

As a result of such a trade-off, many DPWM arrangements

have been proposed to obtain high duty cycle resolution. For

example, in a counter basedDPWM, the duty cycle resolution

(AD) is given by

AD:fsu/fclock (1)

where f5W is the switching frequency of the power stage (e.g.

Q1 and Q2 ofFIG. 1) and fdock is the controller system clock.

Taking the buck converter arrangement of FIG. 1 as an

example, the output voltage resolution (AVO) is given by

A V0: VIN-AD (2)

where VIN is the input voltage. Accordingly, it is seen from

FIG. 4 that the system clock (fdock) requirement to achieve a

3 mV output voltage resolution (notwithstanding limit cycle

oscillations as shown in FIG. 5) under different switching

frequency (fsw) conditions generally exceed 1 GHZ for com-

mon or increased f5W which is not feasible for practical imple-

mentations.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide

a practical digital pulse width modulation (DPWM) arrange-

ment in a switching voltage regulator which can hold the

amplitude of limit cycle oscillations to low and predictable

levels.

In order to accomplish these and other objects ofthe inven-

tion, a power converter including a digital pulse width modu-

lator oflow resolution such that limit cycle oscillations occur

is provided including a feedback control arrangement for

controlling the digital pulse width modulator wherein the

feedback control arrangement includes a sampling arrange-

ment and analog to digital converter, an outer control loop for

comparing an output voltage of the power converter with a

reference voltage and providing an output corresponding to

an average difference between the output voltage and the

reference voltage, and an inner control loop including an

arrangement for providing a signal corresponding to a differ-

ence between the output voltage and the output of the outer

control loop.

In accordance with another aspect of the invention, a

method of voltage regulation using a switched voltage regu-

lator controlled by a digital pulse width modulator of low

resolution such that limit cycle oscillations occur responsive

to an output voltage of the voltage regulator wherein the

method comprises steps of providing a average of the output

voltage of the voltage regulator in an outer feedback loop to

the digital pulse width modulator, providing a signal corre-

sponding to a difference between an output voltage of the

voltage regulator and the average of said output voltage ofthe

voltage regulator in an inner feedback loop to the digital pulse

width modulator.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages

will be better understood from the following detailed descrip-

tion of a preferred embodiment of the invention with refer-

ence to the drawings, in which:

FIG. 1 is a schematic diagram of an exemplary switching

voltage regulator/power converter arrangement including a

digital pulse width modulator (DWPM),

FIG. 2 graphically illustrates limit cycle oscillation using a

low resolution DPWM,
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FIG. 3 graphically illustrates avoidance oflimit cycle oscil-

lations using a high resolution DPWM,

FIG. 4 illustrates graphical determination of fdock require-

ments for different voltage regulator system switching fre-

quencies,

FIG. 5 illustrates an exemplary waveform of limit cycle

oscillations,

FIGS. 6A, 6B and 6C are schematic diagrams ofexemplary

hysteretic, constant on-time and constant off-time duty cycle

control arrangements, respectively,

FIG. 7 is a schematic diagram and graph ofsampled output

voltage for a digitalization of the arrangement of FIG. 6B, as

an example ofan implementation ofthe present invention for

the particular case where the digital ramp slope S01:0 in accor-

dance with its most basic principles,

FIG. 8 is a graph of simulated limit cycle oscillations ofthe

arrangement of FIG. 7,

FIG. 9 is a schematic diagram illustrating reduction of the

amplitude of the limit cycle oscillations of FIG. 8 in accor-

dance with the invention,

FIGS. 10A and 10B graphically illustrate a comparison of

simulation of limit cycle oscillations without and with use of

a digital ramp as illustrated in FIG. 9,

FIGS. 11A and 11B show a graphic comparison similar to

that of FIGS. 10A and 10B using a reduced sampling rate

through design of the digital ramp,

FIGS. 12A and 12B show a graphical comparison of tran-

sient response without and with the digital ramp of FIG. 9,

FIG. 13 illustrates a perfecting feature of the invention

including a ramp design to improve transient response,

FIGS. 14A and 14B illustrate a comparison of transient

response using the digital ramp design of FIG. 13, and

FIG. 15 is a schematic diagram illustrating an exemplary

application of the invention to a multi-phase voltage regula-

tor/power converter.

DETAILED DESCRIPTION OF A PREFERRED

EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to

FIGS. 1-4, as discussed above, it is clearly seen that high

clock rates are not practical for achieving adequately high

voltage resolution while using a relatively low resolution

digital pulse width modulator (DPWM). As an alternative to

such high system clock frequencies, use of delay lines has

been proposed but requires an impractical amount of chip

space. Dithering techniques have also been proposed to

increase the effective resolution ofthe DPWM but additional

voltage ripple is caused by the dithered duty cycle which

limits the potential benefits of such techniques. As can be

readily appreciated from the waveforms of limit cycle oscil-

lations as illustrated in FIG. 5, not only does the voltage

oscillate at a high frequency but, under load, the high-fre-

quency voltage oscillations are effectively superimposed on a

lower frequency near-sinusoidal ripple having a magnitude

which is, by itself, comparable to the maximum amplitude of

the voltage regulation tolerance acceptable in many applica-

tions and unacceptable in many others. Moreover, the ampli-

tude of the voltage variation is largely unpredictable since it

results from uncontrolled and unavoidable oscillations due to

insufficient resolution at the DPWM.

Previous studies of this problem have been based on volt-

age-mode digital control structures as illustrated in FIG. 1, as

discussed above. Ifa low resolutionDPWM is used in such an

arrangement, limit cycle oscillations are virtually unavoid-

able because a voltage-mode digital control arrangement can

only control the average value of the output voltage. The
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4

actual amplitude of the limit cycle oscillations, although

greater than the resolution of the A/D converter, are very

difficult to predict for the same reason and it is impossible to

meet tight voltage regulation specifications where the possi-

bility of unpredictable limit cycle oscillations exists.

The invention exploits the proposition that different con-

trol structures have different characteristics and if there are

bands inside the control loop to limit instantaneous output

voltage, it may be possible to control or limit the amplitude of

limit cycle oscillations. A number of control structures are

known such as the hysteretic, constant on-time and constant

off-time control structures of FIGS. 6A-6C, respectively,

assuming that the output ripple is dominatedby the equivalent

series resistance (ESR) of the output capacitor or other filter

arrangement.

While the invention will be described in terms of the con-

stant on-time arrangement of FIG. 6B, it should be under-

stood that any of these and other arrangements may be used

for practice of the invention. It should also be appreciated

from a comparison ofany ofFIGS. 6A-6C with the exemplary

configuration of FIG. 1 (no part of which is admitted to be

prior art in regard to the present invention) that the control/

feedback loop ofeach ofFIGS. 6A-6C includes a comparator

Hv for comparing an output voltage with a reference voltage

Vrefand providing an output voltage V6 to a further amplifier

arrangement (e.g. a hysteresis or difference amplifier) which

also receives a substantially triangular waveform that con-

tains the ripple voltage of the output.

FIG. 7 is identical to FIG. 6B except that digitalization at

the constant on-time control is illustrated by the generally

triangular ripple waveform being sampled for digital configu-

ration and thus having a “stepped” configuration, labeled

VOSampk, FIG. 8 shows a simulation of the output voltage of

the arrangement ofFIG. 7 using a fixed control voltageVG but

including VOSMPZe. As predicted, although there are limit

cycle oscillations at the output voltage, the amplitude ofthose

oscillations is limited by theV6 band, which is determined by:

AVomnanon:1/fmmpze'ESR'(Vo/L) (3)

where L is the value of the power stage inductor. In this

simulation, the oscillation amplitude is only 3 mV with a

sampling frequency ofthe output voltage of 1.2 MHZ, which

is about four times the switching frequency but several orders

of magnitude less than the clock frequency suggested to be

required as discussed above with reference to FIG. 4. There-

fore even without a high resolution DPWM (which is thus

seen to be unneeded), the otherwise unpredictable limit cycle

oscillation amplitude is well-controlled by use ofVommpk in

the control loop and is a principal meritorious effect of the

invention in accordance with its most basic principles

although a somewhat higher sampling frequency (but much

reduced from the system clock requirements as discussed

above in connection with FIG. 4) is required.

Nevertheless, use of an increased sampling frequency

increases overall cost ofA/D converter (ADC) and thus the

cost of the controller and, in turn, overall voltage regulator/

power converter cost while some oscillation remains,

although well-controlled as noted above. In order to further

reduce the oscillation amplitude without increasing the cost

of the ADC, an additional digital ramp may be added in the

control loop signal by any suitable device such as an adder,

mixer or difference amplifier 90 as illustrated in FIG. 9, where

Sd is the ramp slope and Sfis the output voltage ripple falling

slope and Sdis preferably larger than Sf. Thus, ifAVADC/Sdis

smaller than the sampling period, l/fmmpk, the oscillation

amplitude is determined by:
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AVomllanon:(AVADc/Sd)'ESR'(Va/L)- (4)

Thus, as Sd is increased, the more the amplitude of the limit

cycle oscillation is reduced for a given sampling frequency

and, accordingly, the sampling frequency and consequent

system cost of theADC can be reduced. A comparison of the

limit cycle oscillations without and with the ramp ofFIG. 9 is

illustrated in FIGS. 10A and 10B.

It should be noted that while propagation delay in the inner

loop will reduce the transient response of the inner loop, the

propagation delay has little influence on the limit cycle oscil-

lation amplitude reduction. As shown in FIGS. 11A and 11B,

even when the sampling frequency is reduced to equal the

switching frequency, fsw, ofthe power sage, oscillation ampli-

tude can be further reduced through proper ramp design. That

is, Equation (4), above, provides the oscillation amplitude

calculation and a suitable ramp slope may be determined by

how much oscillation can be tolerated. The ramp slope can

also be determined empirically or in other ways, as well.

Thus, in summary, the arrangement of FIG. 9, in accor-

dance with a preferred form of the invention, with the buck

converter arrangement ofFIG. 1, provides (at a switching and

sampling frequencies of fsamphng:fsw:300 KHZ) a reduction

of the necessary clock rate, fdock, form 1.2 GHz to 1.2 MHZ

while holding limit cycle oscillation amplitude to under 1 mV

whereas the limit cycle oscillation amplitude of the arrange-

ment of FIG. 1, without benefit of the invention is largely

unpredictable and uncontrollable.

However, it has been found that transient response is some-

what compromised in the arrangement ofFIG. 9 including the

additional ramp in the control loop. A comparison of the

transient response of the arrangement of FIG. 9 without and

with the additional ramp waveform in the control loop is

illustrated in FIGS. 12A and 12B for fmmp19:4f5W and where,

in the digital ramp, Sd:4Sf This compromise of transient

response may be attributed to the fact that the outer control

loop compensator is principally designed for compensating

the DC error of the output voltage and not for transient

response. The transient response is thus principally deter-

mined by the gain of the pulse width modulator PWM (e.g.

whether or not digital, although digital PWMs will also

exhibit quantization effects) in the inner loop which is pro-

portional to l/Sf. In the control structure of FIG. 9 the gain of

the PWM is proportional to l/(Sf+Sd) (e.g. necessarily

smaller than 1/Sd) which results in reduced gain and compro-

mised transient response. (The terminology “inner loop” and

“outer loop” as used herein are to be understood as used

herein only for identification corresponding to the depiction

in the drawings and differentiation of these portions of the

control loop from each other and does not imply any particu-

lar circuit topology, layout or other electrical or mechanical

characteristics thereof.)

However, to solve this compromise oftransient response, a

further digital ramp may be added based on the ramp design

of FIG. 9 in a small range which can only cover the steady

state operation range as shown in FIG. 13, allowing nonlinear

modular gain to be realized such that at steady state, the PWM

gain is l/(Sf+Sd) which is good for oscillation amplitude

reduction/control while at a load transient, the gain is sub-

stantial equal to l/Sf. Thus, as shown in the graphical com-

parison of FIGS. 14A and 14B, the transient response on of

FIG. 14B approximates the transient response of FIG. 12A,

representing the transient response of the arrangement of

FIG. 7, without the digital ramp of FIG. 9.

In view of the foregoing, it is seen that the invention pro-

vides for good voltage regulation with good control and limi-

tation of amplitude of limit cycle oscillations which are
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unavoidable when a low resolutionDPWM is used to simplify

voltage regulator/power converter designs without requiring

additional chip space or other design trade-offs to provide

increased effective DPWM resolution and reduce voltage

regulator/power converter costs. The invention may be

embodied simply as shown in FIG. 7 to provide control of

limit cycle oscillation amplitude or enhanced in accordance

with the embodiments respectively illustrated in FIG. 9 and/

or 13 to provide additional oscillation amplitude reduction as

well as reduction in sampling frequency with or without

limitation or substantial avoidance of compromise of tran-

sient response. The invention can be applied to other duty

cycle modulation arrangements such as those of FIGS. 6A

and 6C as well as other arrangements as will be evident to

those skilled in the art as well as other converter topologies

other than the exemplary buck converter topology illustrated.

Moreover, any of those arrangements and or topologies may

be implemented using as many phases as may be desired for

a particular application or power requirement specification as

illustrated, for example, in FIG. 15, in which the output ofthe

control loop is distributed to each phase of the voltage regu-

lator/power converter.

While the invention has been described in terms ofa single

preferred embodiment, those skilled in the art will recognize

that the invention can be practiced with modification within

the spirit and scope of the appended claims.

Having thus described my invention, what we claim as new

and desire to secure by Letters Patent is as follows:

1. A power converter including digital pulse width modu-

lator of low resolution such that limit cycle oscillation occur,

said power converter including:

a feedback control arrangement for controlling said digital

pulse width modulator including:

a sampling arrangement and analog to digital converter,

an outer control loop for comparing a sampled output

voltage of said power converter with a reference volt-

age andproviding a digital output corresponding to an

average difference between said sampled output volt-

age and said reference voltage, and

an inner control loop including an arrangement for pro-

viding a signal corresponding to a difference between

said output voltage and said output of said outer con-

trol loop.

2. The power converter as recited in claim 1, wherein said

digital pulse width modulator provides hysteretic control.

3. The power converter as recited in claim 1, wherein said

digital pulse width modulator provides constant on time con-

trol.

4. The power converter as recited in claim 1, wherein said

digital pulse width modulator provides constant offtime con-

trol.

5. The power converter as recited in claim 1, wherein said

signal provided by said inner loop is a digitized ripple wave-

form.

6. The power converter as recited in claim 5, wherein said

digitized ripple waveform is a stepped triangular waveform.

7.A power converter as recited in claim 1, further including

means for adding a ramp signal to a signal in said inner

feedback loop.

8. The power converter as recited in claim 7, wherein said

digital pulse width modulator provides hysteretic control.

9. The power converter as recited in claim 7, wherein said

digital pulse width modulator provides constant on time con-

trol.

10. The power converter as recited in claim 7, wherein said

digital pulse width modulator provides constant offtime con-

trol.
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11. The power converter as recited in claim 7, wherein said

signal provided by said inner loop is a digitized ripple wave-

form.

12. A power converter as recited in claim 7, wherein said

ramp signal is added in a small range which corresponds to

steady-state operation but not transients.

13. The power converter as recited in claim 12, wherein

said digital pulse width modulator provides hysteretic con-

trol.

14. The power converter as recited in claim 12, wherein

said digital pulse width modulator provides constant on time

control.

15. The power converter as recited in claim 12, wherein

said digital pulse width modulator provides constant offtime

control.

16. The power converter as recited in claim 12, wherein

said signal provided by said inner loop is a digitized ripple

waveform.

17. A method of voltage regulation using a switched volt-

age regulator controlled by a digital pulse width modulator of

10

15

8

low resolution such that limit cycle oscillations occur respon-

sive to an output voltage of said voltage regulator, said

method comprising steps of

providing a digital signal corresponding to a comparison of

a sampled average of the output voltage of said voltage

regulator with a reference voltage in an outer feedback

loop to said digital pulse width modulator,

providing a signal corresponding to a difference between a

sampled output voltage of said voltage regulator and

said average of said sampled output voltage of said volt-

age regulator in an inner feedback loop to said digital

pulse width modulator.

18. The method as recited in claim 17, comprising the

further step of

adding a ramp signal to said signal in said inner feedback

loop.

19. The method as recited in claim 18, wherein said ramp

signal is added in a small range which corresponds to steady-

state operation but not transients.

* * * * *


