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means or limit by intentionally introducing a second nonlinearity into the system (10) to suppress the limit cycle effect in the digital

system (10).
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APPARATUS AND METHOD FOR DIGITAL CONTROL SYSTEMS

FIELD OF THE INVENTION

The present invention relates generally to an
apparatus and method for digital control systems. More
specifically, the invention relates to an apparatus and
method for digital control systems, used for example in
digitally controlled power amplifier systems, digitally
controlled motor control systems, and the like, to
minimise and suppress limit cycle behaviour in digital

control gystems.

BACKGROUND OF THE INVENTION

Digital control systems are used in a variety of
applications and systems such as power amplifier control
(PAC) systems, motor control systems and the like.
Digital control systems, unlike analogue control systems,
can suffer from various problems fundamentally arising
from the nonlinearity nature of digital dynamics. Such a
problem is limit cycles.

Limit cycling may be caused by the inherent
nonlinearity of the system typically introduced by
quantisation process performed in digital-to-analogue
converters (DAC). Another source of limit cycling in PAC
s?stems occurs when the resolution of the power reference
is greater than that of the analogue-to-digital (ADC)
resolution. DAC quantisation nonlinearities in closed
loop digital control systems used in, for example, radio
frequency power amplifier regulation, can result in a
periodic behaviour of the power level during the

modulation phase. The periodic or cyclic behaviour if
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unchecked may be so severe to cause the system to fail
power-time and the switching and modulation output radio-
frequency spectrum specifications, for example, European
Telecommunications Standardization Institute (ETSI) 11.10
and 05.05 for Global System for Mobile Telecommunications
(GSM) standard.

As greater precision control of digital control
systems is required, for example in the precision control
of transmitter power amplifier output to meet and comply
with Time Division Multiple Access (TDMA) systems such as
GSM, there is a need for an apparatus and method to
minimise and suppress limit cycle behaviour to meet

standard requirements in digital control systems.

STATEMENT OF THE INVENTION

In accordance with the invention there is provided
an apparatus for controlling an output of a digital
gystem as claimed in claim 1, and a method for
controlling an output of a digital system as claimed in

claim 8.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be more fully
described, by example, with reference to the drawings, of
which:

FIG. 1 shows a closed loop digital control system
and method according to an embodiment of the invention;

FIG. 2 shows a graph plot of the deviation in input
of the digital to analog converter in least significant
bits verses the effective gain in digital to analog
converter in accordance with an embodiment of the

invention;
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FIG. 3 shows a graph plot of the power amplifier
control gain limits according to an embodiment of the
invention; ‘

FIG. 4 shows a graph of an error deadzone
nonlinearity according to an embodiment of the invention;
and

FIG. 5 shows a graph of a response of the effective
gain of the error deadzone and digital to analog
converter over the input deviation of the error in least
significant bits according to an embodiment of the

invention

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Unlike analog control systems, digital control
systems can suffer from various problems, such as limit
cycling, which arise from the nonlinear nature of digital
dynamics. Limit cycles in digital systems such as
digital control systems are a self-sustained periodic
motion of an autonomous nonlinear system. The cyclic
behaviour of a limit cycle in a system such as a digital
control system , for example, power amplifier and multi-
mode power amplifier control can ultimately cause a
system to fail specification requirements. This
nonlinearity is introduced into digital systems from a
variety of sources, for instance, in digital control
systems the nonlinearity is introduced by the digital to
analog converter (DAC) quantisation process.

FIG. 1 depicts a closed loop diéital control system
10 and method according to an embodiment of the
invention. The closed loop digital control system 10 may
comprise a waveform generator 12 for supplying a

reference power value signal r(n) 40 with controller



WO 03/073183 PCT/EP02/13195

error e(n) to a controller 18. The controller may be for
example a two-term controller, i.e. proportional and
integral (PI) controller, whose proportional gain, kg, and
integral gain, ki, represent PROP-gain g, and ERR-gain gi,
respectively, by the equation (go+giz™?)/(1-z"'), where g, =
kp + ki and g1 = . kp. The controller 18 provides a control
or bias signal u(n) 46 at controller output to DAC 20
having linear action represented by (1-z™*)/s, which
introduces quantisation nonlinearities to the system 10
by gquantisation process represented by unfiltered control
or bias voltage signal @(t) 48 to power amplifier
gsubsystem 34. Power amplifier subsystém 34 provides a
power amplifier output power signal P, 50 that is feedback
and subtracted from negative feedback terminal 14. Power
detector 28 measures the power level 50. It will be
appreciated that although a power amplifier subsystem 34
is shown, other configurations may include any digital
loop for example and not limited to digital motor

control, digital process control including processes such
ags temperature, fluid level, fluid flow etc., and digital
engine management units such as advanced braking and
climate control.

In FIG. 1 the power amplifier subsystem 34 is shown
having a filtered control or bias voltage signal u(t) 49
from filter 22, which is supplied to power amplifier 24.
The power amplifier output power signal P, 50 is feedback
through directional coupler 26 having coupler gain k. and
providing directional coupler output power signal P, 52,
power detector 28 having effective detector gain kg
providing a voltage output signal va(t) 54, anti-aliasing
filter 30 providing a filtered voltage output signal wva(t)
56, and analog to digital converter (ADC) 32 providing
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resulting digital code signal vg(n) 58 that is subtracted
at negative feedback terminal 14 from the reference power
value signal 40. '

The digital control system 10 for controlling the
output of the power amplifier 24 shown in FIG. 1 also
comprises intentional nonlinearity means N(e) 16. As
discussed above, a limit cycle is always present in
digital systems, and in this embodiment the presence of a
limit cycle is treated as problematic. To counter the
limit cycle, a nonlinearity is intentionally introduced
into the system 10 to suppress the limit cycle. The
intentional nonlinearity is chosen to neutralises the
inverse gain effect of the DAC 20.

To further explain this inverse gain effect of the
DAC 20, a technique for nonlinear control theory known as
Describing Function Analysis is employed. The nonlinear
effect of DAC 20 introduces a code dependent gain. 1In
use, the DAC 20 has a small signal gain arising from a
quantisation or truncation process from, for example, 22
bits to 10 bits. This small signal gain is different
from its large signal gain and fundamentally, as the
input amplitude or input changing code received from
control or bias signal u(n) 46 reduces, the effective
gain of the DAC 20 increases. For example, in this
embodiment, in the limit the small signal gain tends to
infinity, while the large signal gain tends towards the
ratio of the maximum DAC output voltage to the maximum
input code. Consequently, as the loop settles and the
controller 18 output control or bias signal u(n) 46 tends
towards the steady state, the code changes applied to the
DAC 20 reduce causing the effective gain of DAC 20 to

increase. However, an infinite gain within the system
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loop 10 would ultimately lead to instability with the
controller 18 output control or bias signal u(n) 46
changes now increasing. Accordingly, the effective gain
of DAC 20 would reduce back towards its large signal
value. A reducing gain would return stability to the
loop and allow it to settle towards the steady state.
This cycle repeats in the system, such that neither the
stable nor unstable operation persists. Thus, a stable
steady oscillatory motion known as a limit cycle governs
the behaviour of the loop, with the amplitude of the DAC
20 input code cycle being, for example, 1 least
significant bit.

From FIG. 2 it can be shown that the effective gain
of the DAC 20 is equivalent to the linear gain, which
would make the loop marginally stable, i.e. the ultimate
gain ky 60. FIG. 2 shows a graph plot of the input
deviation of the DAC 20 in least significant bit (1lsb)
verses the effective gain of the DAC 20, where there is
an unstable region 64 above ultimate gain 60, and a
stable region 62 below ultimate gain 60. Where 60
interests the gain curve 63 the corresponding x-axis
around 0.125, for this particular example, determines the
amplitude of the DAC input code limit cycle. During
cycling, the input code 46 to the DAC 20 will be a
sinusoid having an amplitude as indicated on the x axis.
It should be noted that the actual numerical values are
examples and are shown for merely illustrative purposes.
The critical dynamic is that the effective gain of the
nonlinearity tends to infinity as the input deviation
reduces, exceeding the ultimate gain and thus producing a
range of unstable gains 64, an ulimate gain 60, and a

range of stable gains 62. The frequency of cycling is
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known as the ultimate frequency and is simply the
frequency at which the loop has a phase response of -
180°. It should be noted, however, the system
specifications may still be met even with the presence of
a limit cycle in the system 10. When the DAC 20 input
signal, i.e., controller 18 output control or bias
voltage signal u(t) 49, cycles with an amplitude, for
example, 1 lsb in the steady state, the amplitude of the
cycle at the power amplifier 24 output 50 will depend on
the gain between the bias or control voltage and the
power amplifier output voltage. If this gain is kept
sufficiently low, for example which depends on other loop
parameters, such as power settings, etc., then
specification requirements may still be met, for example,
European Telecommunications Standardization Institute
(ETSI) 05.05 and 11.10 for Global System for Mobile
Telecommunications (GSM) standard. That is, a limit
cycle may still be present at the power amplifier 24
output 50, the amplitude of the output signal may be
sufficiently low enough that its effect on the power-time
and the switching and modulation output radio frequency
spectrum is not problematic to the system 10 such that
the specification requirements are still met. FIG. 3
shows, for example, if the power level is 10dBm then the
gain must be less than 6. FIG. 3 is a plot of the
maximum power amplifier control gain such that limit
cycles may be present but not cause a problem, such as
failing to meet system specifications and requirements,
for a specific control loop, such as power time
specification 67 and modulation output radio frequency
spectrum 66. The nominal gain 65 is the power amplifier

control gain slope of controller output control or bias
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voltage signal u(t) 49 to the filtered voltage output
signal wva(t) 54. It will be appreciated that the results
plotted in FIG. 3 are results for the embodiment of the
control loop discussed, and any change in control loop
set up would have different results. Furthermore, in
addition to the specific example, the upper limits are
determined for the particular specification as prescribed
in ETSI 05.05 and 11.10. However, the graph of FIG. 3
expresses the general characteristics of constraining the
limit cycle within a set limit so as to meet specific
system specifications and requirements.

When the power amplifier’s 20 power amplifier
control gain cannot be constrained to be within a set
limit, for example as discussed above with the limit in
FIG. 3, then a nonlinearity is intentionally introduced
into the system 10 loop via nonlinearity means or limit
cycle suppressor 16. The nonlinearity introduced to the
system 10 is chosen to have a code dependent effective
gain that is the inverse of the code dependent small
signal effective gain of DAC 20. As a result, the gains
effectively and preferably neutralise or cancel each
other resulting in a constant or code independent
combined or composite gain, which is lower than the
ultimate gain overall input code deviations.

One example of a nonlinearity that is intentionally
introduced into the system is an error deadzone ey(n) .
The nonlinearity may be set at a predetermined value, or,
as in this embodiment may be made programmable to change
in view of conditions in the system 10, as shown by
program input signal 63. For example, to neutralize the
small gain effect only for small changes, for example in

the range of 1 1lsb or smaller in the DAC input code, the
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nonlinearity error deadzone of, for example, 1 lsb may be
introduced which should in many applications like this
suppress most limit cycles. In one example, if DAC 20 is
10 1lsb and controller word resolution is 22 1lsb, then the
13 or lower lsbs of the controller word are changing then
small code changes are observed. However, a programmable
range of, for example but not limited to, substantially 1
<= & <=4 provides additional protection from unusual
limit cycles. Of course, there are any number of
nonlinearaties that can be used. The choice of
nonlinearity introduced into the system 10 is based on
the specific application and specific requirements the
system is designed to meet, such that the range of
nonlinearities may vary from the ranges given above for a
specific application. Thus, any type of nonlinearity may
be used so long as the nonlinearity has an effective gain
which is the inversge of the source of the limit cycle’s,
for example in this embodiment DAC 20, small signal
effective gain.

FIG. 4 shows a graph of an error deadzone
nonlinearity for this embodiment. This is the
input/output characteristic for the error deadzone, where
the x-axis is the input error and the y-axis is the
deadzone output. When the magnitude of the error is less
then the deadzone width & | the output is zero (i.e.
dead) . Otherwise the output equals the error.

With reference to FIG. 5, the graph depicts the
effective gain for deadzone nonlinearity combined with
the DAC 20 nonlinearity, where the deadzone was applied,
for example, to the controller error signal e(n) 42 and
spanned 1 lsb. Although the nonlinearity error deadzone

is introduced prior to the controller 18 to the error
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signal 42, other types of nonlinearities may be
introduced elsewhere in the loop and still solve the
problem associated with suppressing limit cycles in the
system. The essential feature of the plot of FIG. 5
shows that the combined or composite gain diminishes as
the input code changes tend to zero. Conseqguently, as
the loop settles and the controller code changes tend to
zero, the combined gain also tends to zero and hence
allows the system loop to settle into a DC steady state.
It is also shown in FIG. 5 that the composite gain
reduces to zero as the code deviations diminish below
zero, which shows that the limit cycle is suppressed. In
general, it will be appreciated that it is only necessary
that the composite gain be reduced below the ultimate
gain and not necessarily to zero. In practice, though,
for the sake of simplicity it is much easier to reduce
the gain to zero. With reference to FIG. 2 and FIG. 5,
it can be shown the difference in gain for deviations
below 1 lgsb. For example, in FIG. 2 the gain tends to
infinity while in FIG. 5 the gain tends to zero.
Additionally, in FIG. 5 the large signal gain, for
example code deviations much larger than 1 lsb, remains
unchanged i.e. tends to unity.

It will be appreciated that although the particular
embodiments of the invention have been described above,
various other modifications and improvements may be made
by a person skilled in the art without departing from the

scope of the present invention.
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CLAIMS:

1. An apparatus for controlling an output (50) of a
digital system (10) comprising: ‘

a limit cycle source element (20) receiving an
input signal (42) of the digital system (10) and
introducing a first nonlinearity (48) into the system
with an error signal (42) having a first effective
gain, and a limit cycle suppressor (16) for introducing
a second nonlinearity into the system with limit
suppressor signal (44), said second nonlinearity having
a second effective gain which is the inverse of the
first effective gain to provide an output signal (48,
50) having a composite gain within a predetermined

range.

2. An apparatus as claimed in claim 1, wherein the
second nonlinearity introduced with the limit
suppressor signal (44) is selected from within a
predetermined range selected from a range of the

inverse gain of the first effective gain.

3. An apparatus as claimed in claim 1 or 2, wherein
the digital system (10) further comprises a power
amplifier (24,34) having an input (48) signal and
output (50) signal, wherein the output signal (50) of
the power amplifier has the composite gain within the

predetermined range.

4. An apparatus as claimed in any preceding claim,

wherein the composite gain is substantially zero.
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5. An apparatus as claimed in any preceding claim,
wherein the limit cycle source element (20) is a

digital to analog converter.

6. An apparatus as claimed in any preceding claim 1,
wherein the digital system (10) is a digital closed
loop.

7. An apparatus as claimed in any preceding claim

wherein the second nonlinearity is an error deadzone.

8. A method for controlling an output (50) of a
digital system (10) comprising the steps of:

receiving an input signal (42) of the digital
system (10) at a limit cycle source element (16)
introducing a first nonlinearity (48) into the system
with an error signal (42) having a first effective
gain; and

introducing a second nonlinearity into the system
from a limit cycle suppressor (16) with limit
suppressor signal (44), said second nonlinearity having
a second effective gain which is the inverse of the
first effective gain to provide an output signal (48,
50) having a composite gain within a predetermined

range.

9. A method as claimed in claim 8, wherein the step
of introducing the second nonlinearity further
comprises a step of selecting a second nonlinearity

with the limit suppressor signal (44) is selected from
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- 13 =

within a predetermined range dependant from a range of

the inverse gain of the first effective gain.

10. A method as claimed in claim 8 or 9, wherein the
digital system (10) further comprises a step of
controlling an output signal (50) of a power amplifier
(24,34) in the digital system (10) having an input (48)
signal and output (50) signal, wherein the output
signal (50) of the power amplifier has the composite

gain within the predetermined range.
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