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A digital control unit generates a control signal to control a
duty cycle of a switched mode power supply such that a faster
response to an input voltage transient is achieved. The digital
control unit comprises a feedback compensator, a feed for-
ward compensator, a transient detector, and a controller. The
transient detector receives a signal indicative of the input
voltage of the switched mode power supply and detects tran-
sients on the received signal. The feedback compensator
receives a signal indicative of the output voltage of the
switched mode power supply and adjusts the control signal.
The feed forward compensator receives a signal indicative of
the input voltage of the switched mode power supply, per-
forms a relatively fast, but coarse, adjustment of the control
signal, and then performs a more accurate, but relatively slow,
adjustment of the control signal.
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VOLTAGE FEED-FORWARD
COMPENSATION AND VOLTAGE FEEDBACK
COMPENSATION FOR SWITCHED MODE
POWER SUPPLIES

TECHNICAL FIELD

[0001] The present inventionrelates generally to the field of
switched mode power supplies (sometimes referred to as
switch mode power supplies or switching mode power sup-
plies) and more specifically to a digital control unit for a
switched mode power supply, the digital control unit provid-
ing an improved response to an input voltage transient.

BACKGROUND

[0002] The switched mode power supply (SMPS) is a well-
known type of power converter having a diverse range of
applications by virtue of its small size and weight and high
efficiency. For example, SMPSs are widely used in personal
computers and portable electronic devices such as cell
phones. An SMPS achieves these advantages by switching a
switching element such as a power MOSFET at a high fre-
quency (usually tens to hundreds of kHz), with the frequency
or duty cycle of the switching being adjusted using a feedback
signal to convert an input voltage to a desired output voltage.
[0003] An SMPS may take the form of a rectifier (AC/DC
converter), a DC/DC converter, a frequency changer (AC/
AQ) or an inverter (DC/AC).

[0004] In most SMPS topologies, the voltage of the output
signal, V_,,. is directly proportional to the voltage of the input
signal, V,,:

v

[0005] In Equation 1 above, D is the duty cycle of the
switching.

[0006] To minimise the difference between the actual out-
put voltage and the desired output voltage, the duty cycle is
usually controlled in dependence upon a feedback signal,
wherein the feedback signal is an error signal between a
measured output voltage and a desired output voltage. The
error signal is fed back to a feedback compensator that con-
trols the duty cycle so that the measured output voltage is
adjusted to the desired output voltage.

[0007] It is preferable for the output signal of the SMPS to
remain at its desired voltage level under all conditions. How-
ever, it is difficult to maintain the desired output voltage level
due to transients on the input signal.

[0008] A transient is a change in the input signal to the
SMPS. Transients on the input signal can cause the output
voltage level to change almost immediately.

[0009] Inknown SMPS designs, only the inertia in an out-
put filter of the SMPS will decrease this effect. In addition, the
error signal fed back to the feedback compensator is often too
slow in changing the duty cycle and so a large transient is
introduced on the output voltage.

[0010] A known solution to the problems caused by input
transients is to cascade a feed forward compensator 102 with
a feedback compensator 101 as shown in FIG. 1.

[0011] Inthecascade, or series, arrangement shown in FIG.
1, the feedback compensator 101 calculates a duty cycle for
an SMPS (not shown in FIG. 1). The feed forward compen-
sator 102, which is separate from the feedback compensator,
calculates and applies feed forward compensation to adjust
the duty cycle that has already been calculated by the feed-
back unit 101.

DV, Equation 1
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[0012] Known feed forward systems based on the arrange-

ment of FIG. 1 are disclosed in:

[0013] Calderone, L. Pinola, V. Varoli, “Optimal feed-for-
ward compensation for PWM DC/DC converters with “lin-
ear” and “quadratic” conversion ratio, [EEE trans, Power
Electron., vol. 7, No. 2, pp 349-355, April 1992.

[0014] B. Arbetter and D. Marksimovic, “Feedforward
Pulse Width Modulators for Switching Power Converters,”
IEEE trans, Power Electron., vol. 12, no. 2, pp 361-368,
March 1997.

[0015] M. K. Kazimierczuk, A. J. Edstron, “Open-loop
peak voltage feedforward control of PWM Buck con-
verter” IEEFE trans. Circuits and Systems 1, vol. 47, No. 5,
pp. 740-746, May 2000.

[0016] J.-P. Sjoroos, T. Suntio, J. Kyyra, K. Kostov,
“Dynamic performance of buck converter with input volt-
age feedforward control,” European Conference on Power
Electronics and Applications, 2005.

[0017] An SMPS 100 controlled by a digital control unit

200 is shown in FIG. 2.

[0018] The voltages of the input and output signals of the

SMPS 100 are sampled and converted to digital samples by

analogue-to-digital converters (ADCs) 202 and 203.

[0019] Logic units 204 and 205 are used for transforming

the samples into a form suitable for processing by the digital

control unit and for noise filtering.

[0020] The output voltage samples from logic unit 205 are

fed to the feedback compensator 206, which applies a control

law such as a proportional-integral-difterence (PID), also
referred to as proportional-integral-differential or propor-
tional-integral-derivative, control law.

[0021] TItwill be appreciated that the PID control law is just

one example of a suitable control law for determining the duty

cycle of a SMPS. Many alternative control laws are also
possible, such as PL, PD, P, I and FIR for example.

[0022] Referring again to FIG. 2, the output from the feed-

back compensator 206 is adjusted by the feed forward com-

pensator 207, in dependence upon the input voltage samples
from the logic unit 204, to produce a compensated duty cycle
control signal.

[0023] The feed forward compensation reduces the effects

that transients on the input voltage have on the output voltage

of the SMPS 100.

[0024] The compensated duty cycle control signal D is

output from the digital control unit 200 and is fed to a digital

pulse width modulator 208. The digital pulse width modula-
tor 208 translates the duty cycle control signal from a digital
format to a pulse width modulated (PWM) duty cycle signal.

The PWM signal is then output to control the switching

elements of the SMPS 100.

[0025] SMPS control units that use a feedback compensa-

tor and a feed forward compensator, such as those described

above, suffer from a number of problems.

[0026] For example, the calculation of the compensated

duty cycle control signal by the control unit results in long

computation times and increased power consumption.

[0027] Moreover, a complex and time-consuming division

operation with an additional multiplication has to be per-

formed every switch period even when the input voltage is
stable.

[0028] An additional problem with known digital feed for-

ward compensators is that, when the voltage of the input

signal is located near a quantization level of the ADC for
measuring the input signal, noise can cause the quantized
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version of the input signal to change. The feed forward com-
pensation will then introduce transients on the output signal
even when the input signal is nearly constant.

[0029] A further problem is experienced when the input
signal is changing slowly and feedback is compensating for
the changes. When the voltage of the input signal then
changes from one quantization level to the next, the feed
forward compensation will add additional compensation
which introduces transients on the output signal.

[0030] Yet a further problem with known SMPS control
units is that, at light load, energy can be transferred back and
forth in isolated DC/DC converters and this makes the input
voltage rise. This also triggers the feed forward compensation
and introduces output voltage noise.

[0031] Moreover, the inherent delay that results from tak-
ing a measurement of the input voltage V,, to performing the
corrective action on the duty cycle will, in itself, cause a
transient, which must be compensated for.

SUMMARY

[0032] The present inventors have realised that one reason
for the long computation times to calculate the compensated
duty cycle control signal lies in the calculation of a feed
forward compensated duty cycle control signal.

[0033] The present invention is therefore designed to
include a course, very low computation feed forward com-
pensation process which allows a longer computation time for
a more accurate and more computation-expensive feed for-
ward computation process. As a result, action to a detected
voltage transient may be performed more rapidly. This results
in an improved robustness against input voltage transients.
[0034] According to the present invention, there is provided
a method of generating a digital control signal for controlling
the duty cycle of a switched mode power supply. The method
comprises receiving a signal indicative of the input voltage of
the switched mode power supply, receiving a signal indicative
of'the output voltage of the switched mode power supply and
detecting a transient on the received signal indicative of the
input voltage of the switched mode power supply. Further-
more, in response to the detection of a said transient, the
method comprises performing a voltage feedback adjustment
of the control signal for controlling the duty cycle of the
switched mode power supply by adjusting the control signal
in dependence upon the signal indicative of the output volt-
age, performing a coarse voltage feed forward adjustment of
the control signal for controlling the duty cycle of the
switched mode power supply by setting the value of the
control signal to a valve derived by performing at least one
arithmetic shift operation on the value of the control signal,
and performing a more accurate voltage feed forward adjust-
ment of the control signal for controlling the duty cycle of the
switched mode power supply by setting the value of the
control signal to a value calculated in dependence upon the
signal indicative of the input voltage of the switched mode
power supply.

[0035] The present invention also provides a digital control
unit operable to control the duty cycle of a switched mode
power supply. The digital control unit comprises a feedback
compensator, a feed forward compensator, a transient detec-
tor and a controller. The feedback compensator is arranged to
receive a signal indicative of the output voltage of the
switched mode power supply and is operable to adjust a
control signal for controlling the duty cycle of the switched
mode power supply in dependence upon the signal indicative
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of'the output voltage. The feed forward compensator is oper-
able to receive a signal indicative of the input voltage of the
switched mode power supply and is operable to perform a
coarse adjustment of a control signal for controlling the duty
cycle of the switched mode power supply by setting the value
of'the control signal to a valve derived by performing at least
one arithmetic shift operation on a value of the control signal
and operable to perform a more accurate adjustment of the
control signal for controlling the duty cycle of the switched
mode power supply by setting the value of the control signal
to a value calculated in dependence upon the signal indicative
of the input voltage. The transient detector is operable to
receive a signal indicative of the input voltage of the switched
mode power supply and is operable to detect transients on the
received signal. The controller is operable to control the
operation of the feedback compensator and the feed forward
compensator in dependence upon the detection of a transient
by the transient detector, such that, in response to the detec-
tion of a transient by the transient detector: in a feedback duty
cycle control process, the feedback compensator adjusts the
control signal for controlling the duty cycle of the switched
mode power supply in dependence upon the signal indicative
of the output voltage; in a coarse voltage feed forward duty
cycle control process, the feed forward compensator adjusts
the control signal to a valve derived by performing at least one
arithmetic shift operation on the value of the control signal;
and in a more accurate voltage feed forward cycle control
process, the feed forward compensator adjusts the control
signal to a value calculated in dependence upon the signal
indicative of the input voltage of the switched mode power

supply.
LIST OF FIGURES

[0036] Embodiments of the present invention will now be
described, by way of example only, with reference to the
accompanying drawings, in which like reference numbers are
used for like elements, and in which:

[0037] FIG. 1 is a block diagram of a known design of a
control unit comprising a feedback compensator in cascade
with a feed forward compensator;

[0038] FIG. 2 is a schematic diagram showing a known
design of a digital control unit arranged to control a digital
pulse width modulator that generates switching pulses to
control an SMPS;

[0039] FIG. 3 is a schematic diagram showing a design ofa
digital control unit according to one embodiment of the
present invention;

[0040] FIG. 4 is a state diagram showing the processes that
are performed by the digital control unit of FIG. 3;

[0041] FIGS. 5a and 56 comprise a flow chart showing the
processes of the state diagram in FIG. 4 that are performed by
the digital control unit of FIG. 3;

[0042] FIG. 6 shows a switched mode power supply that
was used during testing of an embodiment of the present
invention;

[0043] FIG. 7 shows experimental results demonstrating
the performance of an SMPS controlled using a digital con-
trol unit according to an embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0044] FIG. 3 depicts an SMPS controlled by a digital
control unit 300 according to a first embodiment of the
present invention.
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[0045] Referring to FIG. 3, the digital control unit 300 is
arranged to receive signals indicative of the input voltage V,,
and the output voltage V_,, of the SMPS 100. The input
signals may compromise analogue signals of the voltages
themselves or digital signals containing information defining
voltage values measured by measurement equipment (not
shown). In this embodiment, however, analogue signals are
employed, and the analogue signals are passed to ADCs 202
and 203. The ADCs 202, 203, the logic units 204, 205 and the
DPWM 208 perform the same operations as those described
above with reference to FIG. 2, and accordingly will not be
described again here.

[0046] The digital control unit 300 comprises a feedback
compensator 3014, a feed forward compensator 3013, a tran-
sient detector 3012 and a controller 3011.

[0047] The feedback compensator 3014 and feed forward
compensator 3013 may be arranged in a cascaded series
arrangement or in an integrated arrangement. Examples of
integrated arrangements are disclosed in international patent
applications PCT/EP2010/052468 and PCT/EP2011/
051476, the full contents of which are incorporated herein by
cross-reference.

[0048] Transient detector 3012 is operable to receive a sig-
nal indicative of the input voltage V,,, of the switched mode
power supply 100 and is operable to detect transients on the
received signal.

[0049] The feedback compensator 3014 is arranged to
receive a signal indicative of the output voltage V_,, of the
switched mode power supply 100 and is operable to perform
feedback compensation by adjusting the control signal D for
controlling the duty cycle of the switched mode power supply
100 in dependence upon the signal indicative of the output
voltage V,,, and a reference voltage. The value of the refer-
ence voltage may be fixed or variable. The use of a fixed
reference voltage is well known. Variable reference voltages
are disclosed in co-pending PCT Application PCT/EP2011/
053177 and co-pending PCT Application PCT/EP2012/
051429, the full contents of both of these applications being
incorporated herein by cross-reference.

[0050] The feed forward compensator 3013 is operable to
receive a signal indicative of the input voltage V,, of the
switched mode power supply 100 and is operable to perform
feed forward compensation in two stages, namely a first stage
in which relatively fast, but coarse feed forward compensa-
tion is performed, and a second stage in which a slower, but
more accurate feed forward compensation is performed.
More particularly, the feed forward compensator 3013 is
operable in a first mode to perform a coarse adjustment of the
control signal D for controlling the duty cycle of the switched
mode power supply 100 by performing at least one arithmetic
shift operation on a value of the control signal D. The feed
forward compensation in this first mode therefore exploits the
fact that an arithmetic shift operation can be performed very
quickly to adjust the control signal D by a predetermined
amount.

[0051] The operation of the feed forward compensator
3013 permits a fast response to an input voltage transient
since it utilises the easiest and fastest mathematical operation
in many CPU or similar, which is the arithmetic shift opera-
tion. That is a multiplication with a factor
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{ D2V lefishift Equation 1
Dyery =

Dow2™N rightshift

where N is the number of bitshifts. Bitshifts can therefore be
used in order to provide an improved response when an input
voltage transient occurs. As a result, a new value of the duty
cycle control signal D can be calculated very quickly, thereby
reducing the effects of the input voltage transient whilst cre-
ating time to compute a more accurate compensation. It can
also compensate for the delay in system. By performing the
first stage of feed forward compensation in this way and by
overcompensating the first duty cycle control signal pulse, the
overall output voltage transient can be reduced quickly.
[0052] The feed forward computer 3013 is further operable
in a second mode to perform a more accurate adjustment of
the control signal D for controlling the duty cycle of the
switched mode power supply 100 by setting the value of the
control signal D to a value calculated in dependence upon the
signal indicative of the input voltage V,,. The time to carry out
the calculation for the accurate adjustment is provided by
carrying out the coarse adjustment first so that the effect of an
input voltage transient is reduced quickly, albeit in a coarse
way. Example equations for calculating the more accurate
value of the duty cycle control signal are provided later in the
description.

[0053] In summary therefore, the feed forward compensa-
tor 3013 initially calculates a coarse value for the duty cycle
control signal. This calculation is performed using computa-
tionally inexpensive bitshift operations which permit the
rapid calculation. In this embodiment the coarse duty cycle
control signal is calculated to be 50% of the current duty cycle
control signal D, although other percentages could be used
instead, such as 25% or 37.5%.

[0054] After causing a rapid response to the input voltage
transient by performing the coarse adjustment, then the feed
forward compensator 3013 can start and complete calculation
of'a more accurate value for the duty cycle control signal D
based on the value of the input Voltage V.

[0055] Referring again to FIG. 3, the controller 3011 is
operable to control the operation of the feedback compensa-
tor 3014 and the feed forward compensator 3013, as will be
explained below.

[0056] FIG. 4 shows a state machine diagram of the com-
pensation processing operations performed by the digital
control unit 300, with a flowchart of the operations in each
state. FIGS. 5a and 55 depict the processing operations in a
conventional flowchart format. The same reference numbers
for the processes have therefore been used in FIGS. 4, 5a and
5b. It should be noted that, although the figures depict only
positive input voltage changes (transients), the present inven-
tion also extends to include negative input voltage changes
(transients) as well.

[0057] Each of the states in FIG. 4, namely Idle, Cut Pulse
and Feed Forward in Progress, take one duty switch cycle to
execute. If no voltage feed forward compensation is per-
formed then the duty cycle control signal is set to the normal
operation duty cycle control signal D,,, ..., which is calcu-
lated purely by the feedback compensator 3014.

[0058] Referring to FIGS. 4, S5a and 55, in the Idle State,
firstly in process S401 the current, normal operation duty
cycle control signal D, ,.,..; 1s applied.
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[0059] The transient detector 3012 then checks in process
S402 whether a transient has occurred by measuring whether
a change in the input voltage V,,, is larger than a predeter-
mined threshold TH1. In this embodiment TH1 is set to 3Q,
where Q is the quantization step in the ADC 202, and Q=0.6V.
It will be appreciated, however, that the present invention is
not limited to these values and any appropriate value of TH1
and Q may be chosen.

[0060] If no transient is detected in process S402, then
feedback compensation is performed in process S403 by the
feedback compensator 3014 on the basis of the signal indica-
tive of the output voltage V,,,,, of the SMPS and a reference
voltage V.

[0061] On the other hand, if a transient is detected in pro-
cess S402, then in process S404 feed forward compensator
3013 calculates and stores a first, coarse value, D, for the
duty cycle control signal. Since D, is calculated using the
above-described bitshift operation(s), then its value can be
calculated and stored quickly. More particularly, as D,,,, is
calculated as 50% of the current duty cycle value in the
present embodiment, a right shift of 1 bit is performed. It
should be noted that the calculated value D,,,, is not actually
applied to adjust the duty cycle control signal at this time, but
instead is stored for subsequent application.

[0062] In process S405, feed forward compensator 3013
starts calculating a more accurate, value, D, , for the duty
cycle control signal using a suitable compensation formula
and taking into account the input voltage V,,, as described
below. As noted above, this calculation is slower than calcu-
lating D_,,, and therefore the calculation is unlikely to be
completed in process S405.

[0063] In process S406, feedback compensation is per-
formed by the feedback compensator 3004 based on the sig-
nal indicative of the output voltage V. and a reference volt-
age.

[0064] Inthenextswitch cycle, operation passes to the Cut
Pulse State. In this state, firstly, in process S407, feed forward
compensator 3013 applies the previously calculated value
D, to adjust the duty cycle control signal. As a result, action
is taken by the digital control unit 300 to correct the input
voltage transient by applying this value D, , instead of wait-
ing for D, to be calculated. Consequently, the digital con-
trol circuit 300 responds quickly to an input voltage transient
to reduce its effect on the output voltage V,,, of the SMPS

100.

[0065] In process S408 feed forward compensator 3013
completes the calculation of the accurate value D, ,,, for the
duty cycle control signal. Once the calculation has been com-
pleted, the result is stored for subsequent application.
[0066] In process S409, feedback compensator 3014 per-
forms feedback compensation based on the signal indicative
of the output voltage V,,,, of the SMPS 100 and a reference
voltage.

[0067] It should be noted that processes S407 and S409
may be performed in sequence or in parallel. Furthermore, if
the feedback compensator 3014 and feed forward compensa-
tor 3013 are arranged in an integrated manner (for example as
described in PCT/EP2010/052468 or PCT/EP2011/051476),
then processes S407 and S409 may be performed in an inte-
grated way to generate only one value of the control signal.
[0068] In the next switch cycle, operation passes to the
Feed Forward in Progress State. In this state, feed forward
compensator 3013 firstly applies the previously stored value
D,,.,. to adjust the duty cycle control signal in process S410.
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[0069] In process S411, transient detector 3012 detects
whether a transient is still occurring on the input voltage V,,,
of'the SMPS 100 by detecting whether a change in the input
voltage V,, of the SMPS 100 is greater than a predetermined
second threshold, TH2. In this embodiment the second
threshold is set equal to the first threshold TH1 used in pro-
cess S402. That is, the second threshold TH2 is set equal to
3Q, where Q is the quantization step in the ADC 202, and
Q=0.6V. It will be appreciated, however, that the second
threshold TH2 need not be the same as the first threshold TH1,
and that any appropriate value of TH2 may be set.

[0070] If no transient is detected in process S411, then
feedback compensation is performed by the feedback com-
pensator 3014 in process S412 on the basis of the signal
indicative of the output voltage V_,,, of the SMPS 100 and a
reference voltage. Following this process, the digital control
unit 301 returns to the Idle State after a timeout.

[0071] On the other hand, if a transient is detected in pro-
cess S411, then a further coarse value D, for the duty cycle
control signal is calculated and stored in process S413 by the
feed forward compensator 3013.

[0072] Although D, could be calculated in process S413
as 50% of the duty cycle control signal’s current value, irre-
spective of the nature of the input voltage transient (as in
process S404), in this embodiment feed forward compensator
3013 calculates a predetermined percentage of the duty cycle
control signal’s current value where the predetermined per-
centage is selected depending upon the size of the input
voltage transient. More particularly, feed forward compensa-
tor 3013 determines which of three levels the input voltage
transient falls into (although a different number of levels
could be used instead), namely large, medium and small,
where

Large>4Q+threshold
M>2Q+threshold
S>threshold

[0073] Inthis embodiment, if a large input voltage transient
is detected, then feed forward compensator 3013 calculates a
coarse value equal to 50% of the current duty cycle control
signal value. If a medium transient is detected, then feed
forward compensator 3013 calculates a coarse value equal to
75% of the current duty cycle control signal value. If a small
transient is detected then, feed forward compensator 3013
calculates a coarse value equal to 87.5% of the current duty
cycle control signal value. This gives a graded response to the
input voltage transient depending upon its size.

[0074] It should be noted that these percentage values are
calculated by feed forward compensator 3013 by applying a
plurality of bit shift operations and combining the results. For
example a value of 75% is calculated by a shift and add
strategy, for example:

0.75=2"14272=0.5+0.25

This bit shift and combine way of calculation is much more
computationally effective than a pure multiplication.

[0075] At process S414, feed forward compensator 3013
starts calculation of a further and more accurate value D,

new

for the duty cycle control signal. As with process S405, the
calculation of the more accurate value D, is unlikely to be

new

completed in the time allocated for process S414.
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[0076] At process S415, feedback compensator 3014 per-
forms feedback compensation based on the signal indicative
of the output voltage V,,,, of the SMPS 100 and a reference
voltage.

[0077] It should be noted that processes S410 and S415
may be performed in sequence or in parallel. Furthermore, if
the feedback compensator 3014 and feed forward compensa-
tor 3013 are arranged in an integrated manner (for example as
described in PCT/EP2010/052468 or PCT/EP2011/051476)
then processes S407 and S409 may be performed in an inte-
grated way to generate only one value of the control signal.

[0078]
the next switch cycle) to apply D
calculation of D, _,, S408.

[0079] It will therefore be understood from the description
above that consecutive duty cycle control signals are applied
by the feed forward compensator 3013 as follows:

The process then returns to the Cut Pulse State (on
S407 and complete the

out

[0080] Dout(SO%)5 Dnew’ Dout’ Dnew’ Dout’ Dnew’ M Dnew’
Dnormal s

Experimental Results
[0081] The inventors have performed simulation experi-

ments to examine the performance of an SMPS 100 con-
trolled using a digital control unit 300 according to an
embodiment of the present invention. Specific attention was
paid to the output voltage V_,, of the SMPS 100 when the
input voltage V,, was disturbed with a transient.

[0082] More particularly, FIG. 6 depicts a known SMPS
100 that was used during testing of the digital control unit 300
according to an embodiment of the present invention. The
various switching elements Q1-Q6 were controlled using
switching signals from DPWM 208 that were based on the
output duty cycle control signal D of the digital control unit
300.

[0083] FIG. 7 depicts the results of the inventors’ experi-
ments. In the depicted graph, the top line is the input voltage
V,,,» which is disturbed with a voltage transient. The middle
line depicts the voltage present across the centre-tap of the
transformer T1 on the secondary side of the transformer T1.

The bottom line depicts the output voltage V, , of the SMPS
100.
[0084] As is clear from FIG. 7, even a large voltage tran-

sient produces only a minor ripple in the output voltage V..

[0085] Since symmetrical duty cycles are used, then each
pulse will appear twice at the switch node. The pulses of
voltage across the secondary of the transformer T1 can also be
explained by the numbering. The pulse-pairs 1,3, 5, 7are D
pulses. The pulse-pairs 2, 4, 6, 8 are D
pair 9is D

[0086] As shown in FIG. 7, the pulse-pairs conform to the
processes of FIGS. 4, 5a and 54, with the first pulse being an
initial setting of the duty cycle control signal D to D, at
process S407. The second numbered pulseisthe D, pulseas
shown in process S410. Since the voltage transient is still
occurring, then the third numbered pulse is a further D_,,
pulse followed by a further D, ,, pulse. This process will
occur in a loop until the transient has ended. Consequently,
the final numbered pulse is the D pulse indicating that
the voltage transient has ended.

out
pulses and pulse-

new

normal*

normal

Jan. 29, 2015

Equations for Calculating D,,..,,

[0087] As described above, more accurate, but processor
intensive, equations are used in the calculation of a each more
accurate value of the duty cycle control signal D,,,,, at pro-
cesses S405, S408 and S414.

[0088] There are many different equations that can be used
to calculate the more accurate value D,,, and the theory

new

behind some examples is described below.

[0089] In a buck converter, the ideal duty cycle, D, is equal
to:
Do Vour Equation 2
Vin
[0090] When the input voltage changes, from V,, ,, to
Vinews the old duty cycle, D,,,, should be scaled to a new

duty cycle, D, _, . so the output voltage remains constant.

new?

Vour = Dot Vin—ota Equation 3

= DyewVin-new

[0091] Solving Equation 3 for the new duty cycle D,,,,,
yields,
Dy = Vin—otd Dot Equation 4
Vin-new
[0092] The computations for the compensation condition

described above consist of a division followed by a multipli-
cation. Since the division is a more complex operation than a
multiplication, in many cases it is preferable to perform the
division by a look-up-table operation followed by an addi-
tional multiplication, as shown in Equation 5.

1 Equation 5

Dyew = * Vin-otd " Dota

Vin-new

[0093] U.S. Pat. No. 7,239,257 B1 discloses the use of a
look-up-table for performing such a division.

[0094] In addition, U.S. Pat. No. 7,239,257 B1 discloses
that when using a feedback unit with an integrator one of the
multiplications can be avoided by using a nominal value of
Vineotd=Vimmins Where V.~ is the minimum measured
input voltage. The look up table is then scaled with V,,,_,,...,.
[0095] The calculation of a compensated duty cycle there-
fore becomes:

Vinemin Equation 6
Dy = 57— Do
Vin-new
[0096] Another way of solving the divisions is to make the

delay in the DPWM proportional against the reciprocal of the
input voltage, i.e., a mixed signal solution. This is disclosed
by X. Zhang, and D. Maksimovic in “Digital PWM/PFM
Controller with Input Voltage Feed-Forward for Synchronous
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Buck Converters”, in Proc. IEEE Appl. Power Electron. Conf.
Expo., February 2008, pp. 523-528.

[0097] A second set of equations which avoid problems
associated with performing a division operation will now be
described.

[0098]

Vinnew™ Vin-ota= AV

Defining the change in input voltage AV as:

Equation 7

[0099] An approximate feed forward compensation signal
can be obtained using the updated duty cycle:

Doy = Do (1 + AVG) Equation 8
= Dpig + DoigAVG
[0100] Inequation 8, the new duty cycle, D,,,,, is changed

with a factor (1+AVGQ). The change in the input voltage AV is
scaled with a factor G. The output voltage becomes:

Vour = Vin-newDrew Equation 9
= (Vinota = AV)Dpia(1 + AVG)

= Dot Vin-otd — Dot AV + Dotg AVGViy_ oty — Doy GAV )

[0101] Assuming that the gradient in the input voltage is
small, the term D_,,G(AV)? can be neglected.

[0102] The two middle terms of the above equation are
eliminated and the output voltage becomes almost unchanged
if G is chosen as:

1 Equation 10

[0103] Thereby the division need not be applied for every
sample if it is approximated to a constant gain factor. By
choosing a constant G based upon a fixed value of V,,__,,in
the range V., ,.in=Vin-01d=<Vin-mae Where V. is the mini-
mum measured input voltage and V. is the maximum
measured input voltage, yields a good approximation in prac-
tice.

[0104] In a third set of equations, the duty cycle may be
updated with a gain factor, C.

Dy = Dog(1 + AVG)
=Dyyu.C
‘Where,

C=1+4+AVG Equation 11

[0105] The gain G is calculated as shown in Equation 10
and can be approximated to a constant.

[0106]

D, .,=D i +AVK

A fourth set of equations is shown below:

Equation 12
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[0107] The output voltage becomes:
Vour = Drew Vin-new Equation 13
= (Dot + AVEK) Vit — AV)
= Dot Vin-ota = Dot AV + AVK Vi o — K(AV
[0108] If the gradient of the input signal is small, the term

K(AV)? can be neglected. The two middle terms of Equation
13 are eliminated and the output voltage becomes almost
unchanged if:

Ko Do Equation 14
Vin-otd
[0109] By replacing the old duty cycle with the ideal duty

cycle gives:

Ko Vour-old Equation 15
Vi%rold
 Vourorom
T Vi
[0110] V... 1stypically the desired output voltage of the
SMPS but it could alternatively be a previous measured out-
put voltage.
[0111] In order to avoid the division, a constant factor K is

preferable. In practice, the inventors have found that choosing
a constant V,,,_ ;. in the range V,, .=V, 0:15=Vinmax Will
yield a good approximation. The factor K assumes that the
duty cycle is in the range [0, 1]. If another number range is
used then scaling will need to be applied.

[0112] A multiplierless realization is obtained by imple-
menting the scale factor K as an arithmetic shift.

K=2",
where,
Vour— Equation 16
N = logz( ouzr nom] q!
in—old

[0113] An improved approximation to the ideal factor K
can be obtained by using several shifts and additions/subtrac-
tions using Canonic Sign Digit Code of the constant K. The
calculation, that is performed by a multiplierless shift opera-
tion unit, minimizes the number of add/sub operations.
Operations with Canonic Sign Digit Code are described for
example in U.S. Pat. No. 7,239,257 B1.

Modifications and Variations

[0114] Many modifications and variations can be made to
the embodiments described above.

[0115] For example the values described above relating to
thresholds and multiplication factors can all be adjusted
depending on the circumstances in which the present inven-
tion is applied. For example, the first coarse value D, for the
duty cycle control signal could be 25% or 37.5% of the initial
value, instead of 50%, to produce a system with a more
aggressive compensation.
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[0116] The foregoing description of embodiments of the
invention has been presented for the purpose of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise form disclosed. Alternations,
modifications and variations can be made without departing
from the spirit and scope of the present invention.

1. A method of generating a digital control signal for con-
trolling a duty cycle of a switched mode power supply, the
method comprising:

receiving a signal indicative of an input voltage of the

switched mode power supply;

receiving a signal indicative of an output voltage of the

switched mode power supply;

detecting a transient on the received signal indicative of the

input voltage of the switched mode power supply; and
in response to the detection of a said transient:
performing a voltage feedback adjustment of a control
signal for controlling the duty cycle of the switched
mode power supply by adjusting the control signal in
dependence upon the signal indicative of the output volt-
age;
in a first stage of feed forward compensation, performing a
coarse voltage feed forward adjustment of the control
signal for controlling the duty cycle of the switched
mode power supply by setting a value of the control
signal to a first value derived by performing at least one
bit shift operation on the value of the control signal; and

in a second stage of feed forward compensation, perform-
ing a more accurate voltage feed forward adjustment of
the control signal for controlling the duty cycle of the
switched mode power supply by setting the value of the
control signal to a second value calculated in depen-
dence upon the signal indicative of the input voltage of
the switched mode power supply;

wherein the first and second stages of the feed forward

compensation are performed such that the control signal
is set to the first value derived in the first stage before the
control signal is set to the second value calculated in the
second stage.

2. The method according to claim 1, wherein the coarse and
more accurate voltage feed forward adjustments of the con-
trol signal are performed such that:

in a first switch cycle of the switch mode power supply:

the first value for the control signal is derived by per-
forming at least one bit shift operation on the value of
the control signal, and the first value is stored for
subsequent application; and

calculation is started for the second value of the control
signal in dependence upon the signal indicative of the
input voltage of the switched mode power supply;

in a second switch cycle of the switch mode power supply,

the second switch cycle being a next switch cycle after

the first switch cycle:

the control signal is adjusted by applying the first value
for the control signal stored during the first switch
cycle; and

calculation of the second value of the control signal is
completed and the calculated second value is stored
for subsequent application; and

in athird switch cycle of the switch mode power supply, the

third switch cycle being a next switch cycle after the
second switch cycle:
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the control signal is adjusted by applying the second value
for the control signal stored during the second switch
cycle.

3. The method according to claim 2, wherein, the voltage
feedback adjustment of the control signal is performed in at
least one of the first switch cycle and the second switch cycle.

4. The method according to claim 2, wherein the first
switch cycle comprises a switch cycle during which the tran-
sient is detected.

5. The method according to claim 2, further comprising:

detecting if a transient is present on the signal indicative of

the input voltage of the switched mode power supply
after the voltage feedback adjustment of the control
signal, the coarse voltage feed forward adjustment ofthe
control signal, and the more accurate voltage feed for-
ward adjustment of the control signal have been per-
formed; and

inresponse to the detection of the transient after the voltage

feedback adjustment, the coarse voltage feed forward

adjustment, and the more accurate voltage feed forward

adjustment have been performed:

performing a further coarse voltage feed forward adjust-
ment of the control signal by adjusting the control
signal to a third value derived by performing at least
one bit shift operation on the value of the control
signal so as to change the value by a predetermined
amount selected in dependence upon a size of the
detected transient; and

performing a further more accurate voltage feed forward
adjustment of the control signal by setting the control
signal to a fourth value calculated in dependence upon
the signal indicative of the input voltage of the
switched mode power supply.

6. The method according to claim 5, wherein the further
coarse and further more accurate voltage feed forward adjust-
ments of the control signal are performed such that:

in the third switch cycle of the switch mode power supply:

the third value for the control signal is derived by per-
forming at least one bit shift operation on the value of
the control signal to derive the third value for the
control signal adjusted by the predetermined amount
selected in dependence upon the size of the detected
transient, and the derived third value is stored for
subsequent application; and

calculation is started for the fourth value of the control
signal in dependence upon the signal indicative of the
input voltage of the switched mode power supply;

in a fourth switch cycle of the switch mode power supply,

the fourth switch cycle being a next switch cycle after the

third switch cycle:

the control signal is adjusted by applying the third value
for the control signal stored during the third switch
cycle; and

calculation of the fourth value of the control signal is
completed and the calculated fourth value is stored for
subsequent application; and

in a fifth switch cycle of the switch mode power supply, the

fifth switch cycle being a next switch cycle after the
fourth switch cycle:

the control signal is adjusted by applying the fourth value

stored during the fourth switch cycle.

7. The method according to claim 6, wherein voltage feed-
back adjustment of the control signal is performed in at least
one of the third switch cycle and the fourth switch cycle.
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8. The method according to claim 1, wherein the first value
for the coarse voltage feed forward adjustment of the control
signal is calculated by performing a plurality of bit shift
operations on the value of the control signal and combining a
result of each shift.
9. A digital control unit operable to control a duty cycle of
a switched mode power supply, the digital control unit com-
prising:
a feedback compensator arranged to receive a signal
indicative of an output voltage of the switched mode
power supply and operable to adjust a control signal for
controlling the duty cycle of the switched mode power
supply in dependence upon the signal indicative of the
output voltage;
a feed forward compensator operable to receive a signal
indicative of the input voltage of the switched mode
power supply and operable to perform a coarse adjust-
ment of a control signal for controlling the duty cycle of
the switched mode power supply by setting a value of the
control signal to a first value derived by performing at
least one bit shift operation on the value of the control
signal and operable to perform a more accurate adjust-
ment of the control signal for controlling the duty cycle
of the switched mode power supply by setting the value
of the control signal to a second value calculated in
dependence upon the signal indicative of the input volt-
age;
a transient detector operable to receive a signal indicative
of' the input voltage of the switched mode power supply
and operable to detect transients on the received signal;
and
a controller operable to control the operation of the feed-
back compensator and the feed forward compensator in
dependence upon the detection of the transient by the
transient detector, such that, in response to the detection
of' the transient by the transient detector:
in a feedback duty cycle control process, the feedback
compensator adjusts the control signal for controlling
the duty cycle of the switched mode power supply in
dependence upon the signal indicative of the output volt-
age;
in a first stage of feed forward compensation comprising
a coarse voltage feed forward duty cycle control pro-
cess, the feed forward compensator adjusts the con-
trol signal to the first value derived by performing at
least one bit shift operation on the value of the control
signal; and

in a second state of feed forward compensation compris-
ing a more accurate voltage feed forward cycle con-
trol process, the feed forward compensator adjusts the
control signal to a second value calculated in depen-
dence upon the signal indicative of the input voltage
of the switched mode power supply;

wherein the feed forward compensator performs the first
and second stages of the feed forward compensation
such that the control signal is set to the first value derived
in the first stage before the control signal is set to the
second value calculated in the second stage.

10. The digital control unit according to claim 9, wherein
the controller is arranged to control the operation of the feed
forward compensator such that:

in a first switch cycle of the switch mode power supply:

the feed forward compensator derives the first value for the
control signal by performing at least one bit shift opera-

Jan. 29, 2015

tion on the value of the control signal, and stores the
derived first value for subsequent application; and

the feed forward compensator starts calculating a second

value ofthe control signal in dependence upon the signal
indicative of the input voltage of the switched mode
power supply;

in a second switch cycle of the switch mode power supply,

the second switch cycle being a next switch cycle after

the first switch cycle:

the feed forward compensator adjusts the control signal
by applying the first value for the control signal stored
during the first switch cycle; and

the feed forward compensator completes calculation of
the second value of the control signal and stores the
calculated second value for subsequent application;
and

ina third switch cycle of the switch mode power supply, the

third switch cycle being a next switch cycle after the
second switch cycle:

the feed forward compensator adjusts the control signal by

applying the second value for the control signal stored
during the second switch cycle.

11. The digital control unit according to claim 10, wherein
the controller is arranged to control the operation of the feed-
back compensator such that, in at least one of the first switch
cycle and the second switch cycle, the feedback compensator
performs the feedback duty cycle control process by adjust-
ing the control signal for controlling the duty cycle of the
switched mode power supply in dependence upon the signal
indicative of the output voltage.

12. The digital control unit according to claim 10, wherein
the first switch cycle comprises the switch cycle during which
the transient is detected by the transient detector.

13. The digital control unit according to claim 10, wherein:

the transient detector is further arranged to detect if a

transient is present on the signal indicative of the input
voltage of the switched mode power supply after the
feedback duty cycle control process, the coarse voltage
feed forward duty cycle control process, and the more
accurate voltage feed forward duty cycle control process
have been performed; and

the controller is further arranged to control the operation of

the feed forward compensator such that, in response to

the detection of the transient by the transient detector

after the feedback duty cycle control process, the coarse

voltage feed forward duty cycle control process, and the

more accurate voltage feed forward duty cycle control

process have been performed:

in a further coarse voltage feed forward duty cycle con-
trol process, the feed forward compensator further
adjusts the control signal to a third value derived by
performing at least one bit shift operation on the value
of the control signal so as to change the value by a
predetermined amount selected in dependence upon a
size of the detected transient; and

in a further more accurate voltage feed forward duty
cycle control process, the feed forward compensator
adjusts the control signal to a fourth value calculated
in dependence upon the signal indicative of the input
voltage of the switched mode power supply.

14. The digital control unit according to claim 13, wherein
the controller is arranged to control the operation of the feed
forward compensator such that:
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in the third switch cycle of the switch mode power supply:

the feed forward compensator performs at least one bit
shift operation on the value of the control signal to
derive the third value for the control signal adjusted by
the predetermined amount selected in dependence
upon the size of the detected transient, and stores the
derived third value for subsequent application; and

the feed forward compensator starts calculating the
fourth value of the control signal in dependence upon
the signal indicative of the input voltage of the
switched mode power supply;

in a fourth switch cycle of the switch mode power supply,

the fourth switch cycle being a next switch cycle after the

third switch cycle:

the feed forward compensator adjusts the control signal
by applying the third value for the control signal
stored during the third switch cycle; and

the feed forward compensator completes calculation of
the fourth value of the control signal and stores the
calculated fourth value for subsequent application;
and
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in a fifth switch cycle of the switch mode power supply, the
fifth switch cycle being a next switch cycle after the
fourth switch cycle:
the feed forward compensator adjusts the control signal
by applying the fourth value stored during the fourth
switch cycle.

15. The digital control unit according to claim 14, wherein
the controller is arranged to control the operation of the feed-
back compensator such that, in at least one of the third switch
cycle and the fourth switch cycle, the feedback compensator
performs the feedback duty cycle control process by adjust-
ing the control signal for controlling the duty cycle of the
switched mode power supply in dependence upon the signal
indicative of the output voltage.

16. The digital control unit according to claim 9, wherein
the feed forward compensator is operable to derive the first
value of the control signal for controlling the duty cycle of the
switched mode power supply by performing a plurality of bit
shift operations on the value of the control signal and com-
bining a result of each shift.

#* #* #* #* #*



