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(57) ABSTRACT

A self-oscillating amplifier system is disclosed. The system
comprises a pulse modulator, a switching power amplifica-
tion stage and a demodulation filter. Moreover, the system
comprises a compensator including a forward filter which is
a high order filter including a second order pole pair and a
second order zero pair. Hereby it is possible to decrease the
phase turn at low frequencies for better stability and increas-

Dec. 8, 2014 (DK) PA201400713 ing the gain of the control loop within the desired band-
Jun. 22, 2015 (DK) PA201500358 width.
1
15
A
G(s) ) T
/'Y
: 13
© s
~12
- H A5 e
s 11
O ALG)

N>

.................. Dot P 2
C g 9



Patent Application Publication  Nov. 9,2017 Sheet 1 of 3 US 2017/0324382 A1

40
e N\—20a
.
0 N
N\
N
-40
0d e
\ 7
\ /
-90d \ /
\ 7
\ 7
N A

80d
1.0KHz ~ 30KHz  10KHz  30KHz 100KHz ~ 300KHz ~ 1.0MHz  3.0MHz  10MHz

Frequency

Fig. 2



Patent Application Publication  Nov. 9,2017 Sheet 2 of 3 US 2017/0324382 A1

40
SR g N ¢ 4
N\
0 <
N
40
0d p—
\ 7
\ /
-90d \ /
\ /
\ V4
A
-180d 1. , . . . . , . ;
10KHz  3.0KHz  10KHz  30KHz  100KHz  300KHz 1.0MHz  30MHz  10MHz
Frequency Flg 3
40
413
et N 4
N
20 -
“'7\'*\_\\
423 X~
W
0
0d 1
\ ~A4
) ""\\ V “10
42 \‘v«\\
-100d e
\ Ty
G
-200d
1.0kHz 20KHz  30KHZ  40KHz 50KHz  T.0KHz O.0KHz 11KHz DkHz  S0KHz  40KH:

Frequency F I g 4



Patent Application Publication  Nov. 9,2017 Sheet 3 of 3 US 2017/0324382 A1

57b . Vout




US 2017/0324382 Al

SELF-OSCILLATING AMPLIFIER WITH
HIGH ORDER LOOP FILTER

FIELD OF THE INVENTION

[0001] This invention relates to the field of DC-DC and
DC-AC power conversion, with particular relevance for
high definition switching audio power amplification.

BACKGROUND OF THE INVENTION

[0002] Switching Class D audio amplifiers have found
increasing use in the industry in recent years, due to the
improvements in output stage switching devices and equally
in modulation and feedback control methods. The classical
switching power amplifier system consists of a pulse modu-
lator, for converting an analog or digital source into a
pulse-modulated signal, which is amplified by a switching
power stage. A passive demodulation filter reproduces the
power modulated power signal.

[0003] Most switching class D amplifiers are based on
variants of Pulse Width Modulation (PWM). The challenges
in switching amplifier design relates to the fact that PWM is
in effect a multiplication/mixing between the input and
power supply variable, this is equivalent to zero power
supply rejection.

[0004] The switching power stage causes distortion from
numerous contributions since power Metal-Oxide-Semicon-
ductor field-effect transistors (MOSFETs) have parasitics
and need to be driven by differentiated turn-off/turn-on
delays. The output filter is non-linear and contributes with
significant addition of frequency dependent output imped-
ance, which counters the desire for ideal voltage control of
the speaker load.

[0005] Further, electromagnetic interference (EMI) is an
important aspect to consider. The power stage, passive filter
and the connecting cables (although filtered) source EMI.
Perfect demodulation is not possible, leaving residuals in the
connecting cables.

[0006] Achieving Robust Stability & Excellent audio per-
formance is many times a very complicated task, given the
real world and test bench parameter space for load pertur-
bations, input stimuli and power supply range.

[0007] The published PCT-application WO 2007099442
Al discloses a general structure of an oscillating modulator
with particular relevance to class D amplifiers.

[0008] There is therefore still a need for an improved
system and method for high definition switching audio
amplifiers.

SUMMARY OF THE INVENTION

[0009] It is therefore an object of the present invention to
provide a self-oscillating amplifier system which alleviates
all or at least some of the above-discussed drawbacks of the
presently known systems.

[0010] This object is achieved by means of a self-oscil-
lating amplifier system as defined in the appended claims.
[0011] According to one aspect of the present invention,
there is provided a self-oscillating amplifier system having
an input and an output, said system comprising:

[0012] a pulse modulator for modulating an input signal to
form a pulse modulated signal;

[0013] a switching power amplification stage having
switching output for amplification of the pulse modulated
signal to form a switching output signal;
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[0014] a demodulation filter including a second order pole
pair, to demodulate the switching output signal;

[0015] characterized in that the system further comprises
a compensator including a forward filter which is a high
order filter including a second order pole pair and a second
order zero pair. Hereby a self-oscillating amplifier system
with decreased phase turn at low frequencies and increased
gain of the control loop within the bandwidth is presented.
[0016] The present invention is based on the realization
that currently available systems have limited loop gain at
high frequencies (e.g. 18-20 kHz) and that they also exhibit
stability issues, in the form of high phase turn at low
frequencies, in particular for systems which include a DC-
servo loop. Moreover, the inventors realized that the second
order demodulation filter, in particular the second order
poles of the demodulation filter need to be compensated for
in self-oscillating amplifier systems. Thus, by providing a
high order forward filter in the system, a forward filter which
includes a second order pole pair and second order zero pair,
one can construct a system with less phase turn at low
frequencies, steep cut-off after the desired bandwidth which
results in a high loop gain in the self-oscillating loop within
the audio band, and also compensate for the demodulation
filter poles.

[0017] In one exemplary embodiment the self-oscillating
amplifier system further comprises a DC-servo loop and a
switch to couple a gain into the DC-servo loop from an
output of the compensator. The DC-servo loop is used to
reduce DC-offset at the output of the system, and can
furthermore be used to minimize an audible pop at the output
during start-up of the system. The forward filter improves
the stability of the system when a DC-servo is used since
there is less phase turn at low frequencies. Low phase turn
is preferable for stability reasons when having a gain from
the compensator as input to the DC-servo included in the
DC-servo loop. Thus, the DC-servo receives input from the
output of the demodulation filter and from an output of the
compensator and then generates a DC-servo output to the
system input.

[0018] In another exemplary embodiment the self-oscil-
lating amplifier system further comprises a first feedback
path applied from the switching output to said compensator.
This first feedback path keeps the switch frequency within
the switching power amplification stage from locking on a
noise signal.

[0019] In another exemplary embodiment the compensa-
tor further includes a second forward filter which is a
low-pass filter. This second forward filter compensates for
the limited high frequency gain of the first forward filter.
[0020] In yet another exemplary embodiment the system
comprises at least three feedback loops.

[0021] According to another aspect of the invention there
is provided a self-oscillating amplifier system having an
input signal and an output signal, and where the system
further comprises:

[0022] a forward path between the input and the output of
the system, where the forward path includes a compensator,
a pulse modulator, a switching power amplification stage
and a demodulation filter to provide an amplified input
signal at the output of the system; and

[0023] wherein the compensator includes a forward filter
which is a high order filter including a second order pole pair
and a second order zero pair.
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[0024] With this aspect of the invention, similar advan-
tages and preferred features are present as in the previously
discussed aspect of the invention.

[0025] These and other features of the present invention
will in the following be further clarified with reference to the
embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] For exemplifying purposes, the invention will be
described in closer detail in the following with reference to
embodiments thereof illustrated in the attached drawings,
wherein:

[0027] FIG. 1 illustrates a block diagram representation of
a self-oscillating amplifier system in accordance with an
embodiment of the present invention.

[0028] FIG. 2 illustrates the frequency response of a
second order pole and second order zero filter in accordance
with an embodiment of the present invention.

[0029] FIG. 3 illustrates the frequency response of a
system using a second order pole and second order zero
filter, including a pole limited high frequency gain of OP-
amp 54 in FIG. 5 in accordance with yet another embodi-
ment of the present invention.

[0030] FIG. 4 illustrates a comparison of the frequency
responses of a system utilizing a second order filter in
accordance with an embodiment of the present invention and
two first order filters.

[0031] FIG. 5 illustrates a schematic drawing of a high
order filter in accordance with yet another embodiment of
the present invention.

DETAILED DESCRIPTION

[0032] In the following detailed description, preferred
embodiments of the present invention will be described.
However, it is to be understood that features of the different
embodiments are exchangeable between the embodiments
and may be combined in different ways, unless anything else
is specifically indicated. Even though in the following
description, numerous specific details are set forth to pro-
vide a more thorough understanding of the present inven-
tion, it will be apparent to one skilled in the art that the
present invention may be practiced without these specific
details. In other instances, well known constructions or
functions are not described in detail, so as not to obscure the
present invention.

[0033] FIG. 1 illustrates a block-diagram representation of
a self-oscillating amplifier system 1 in accordance with an
embodiment of the invention. The system 1 comprises a set
of compensator 18 forward blocks 4, 5, 6 and 7 each having
a transfer function E(s), F(s), D(s) and B(s) respectively. The
system further comprises a set of feedback blocks 11, 12,
and 13 each having a transfer function A1 (s), A2(s) and C(s)
respectively. The other blocks in the forward path (the path
from the amplifier input 2 to the amplifier output 3) are the
switching power stage 8, and the demodulation filter 9 as
known in the art. Continuingly, the system 1 further includes
a DC-servo 17, having a transfer function G(s) with an input
gain [, and also a switchable input gain H (switchable by
means of a switching unit 16). The DC-servo 17 together
with the switchable feedback from the compensator 18 can
be utilized to provide for a start-up minimization as
described in PCT Application No. PCT/EP2015/071938, by
the same applicant, incorporated herein by reference.

Nov. 9, 2017

[0034] One forward block 4 (high order filter) of the
compensator 18 includes a second order pole pair and a
second order zero pair:

Az-s*+Bz-s+Cz

F(s)= 2" T727° 7 2
O = A 1By st Ch

[0035] The second order poles can be used for shaping the
loop, and constructing a steep cut-off after the desired
bandwidth. The loop being the global feedback loop 13
which has a transfer function C(s) (or G(s) during start-up).
The steep cut-off is desired for having as high loop gain as
possible in the self-oscillating loop. Furthermore, the second
order poles can construct a filter with less phase turn at low
frequencies. Low phase turn is advantageous for stability
reasons in systems having a DC-servo 17 and switch 16, in
particular for those situations/moments when the switch 16
is on/conducting and the gain H is connected as input to the
DC-servo 17. Low phase turn can in this context be having
a phase turn of less than —180 degrees in a loop (i.e. between
0 and -180 degrees). Closing the switch 16 and thereby
enabling an input to the DC-servo 17 through the switch 16
and with the gain H before startup increases the gain in the
integrator within the DC-servo 17 and therefore it increases
the frequency of the DC-servo 17. This moves up the phase
turn (moves up to a higher frequency), and for stability
reasons this limits the low frequency phase turn allowed in
the forward block 4, 5, 6 and 7. Having a filter 4 with second
order poles allows us to construct a system 1 with less phase
turn at low frequencies.

[0036] The second order zeros may also be used to shape
the loop, and compensate for the demodulation filter’s 9
poles. The demodulation filter 9 may be simplified to a low
pass LCR filter, having a transfer function L(s), including an
inductor and a capacitor and a resistor. The demodulation
filter 9 is generally a second order demodulation filter so for
precise compensation for the demodulation filter 9, a filter 4
in the forward block having second order zeros should be
used. The demodulation filter 9 can be a passive filter.
Furthermore in one exemplary embodiment the compensator
18 forward block may include two second order filters (not
shown). In other words, in reference to FIG. 1 an additional
high order filter having second order poles and second order
zeros may be added in series with the first higher order filter
4. This can further increase the loop gain of the system
within the audible bandwidth.

[0037] The compensator further includes an extra low pass
filter 5, having a transfer function:

1
PO = 1 7ps

[0038] When implementing the second order pole and
second order zero filter 4 there will be limited high fre-
quency gain, so for some practical implementations an extra
low pass filter 5 can be included. An additional optional filter
6 can be included in the compensator 18, having a transfer
function D(s) including a pole and a zero for further increas-
ing the loop gain of the system. However, as mentioned it is
optional so the transfer function D(s) may simply, in some
exemplary embodiments, be considered to be D(s)=1. More-
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over, this additional filter 6, may also be positioned before
the high order filter 4, and have a transfer function D(s)
including only one pole, or just a gain. The transfer function
D(s) may then be chosen to include a low frequency pole and
the transfer function C(s) of the feedback filter 13 may
include a low frequency zero in order to design a system
having a closed loop transfer function that falls off at high
frequencies.

[0039] The feedback with gain I to the DC-servo 17 is
parallel to the outer feedback 13, having a transfer function
C(s), but separately implemented by an active circuit (which
can be integrated in the DC-servo block 17) to have high
gain at low frequencies to ensure low DC offset at the output
3 of the amplifier. The outer loop filter 13 is designed to be
dominant in the audio-band in order to compensate for errors
caused by the demodulation filter 9. The functions of the
feedback blocks 11, 12, 13 are readily understood by those
skilled in the art, and detailed discussions are for the sake of
brevity omitted in this description. However, in short, the
inner feedback filter 11, having a transfer function A1 (s), is
dominant at the switch frequency of the switching power
stage 8 and is less sensitive to noise that can impact the
switch frequency, e.g. causing the switch frequency to lock
on a noise signal. Therefore, the inner feedback filter is used
to correct power stage related errors locally. One of the outer
feedback filters 12, having a transfer function A2(s), is used
to increase the stability when the compensator 18 is satu-
rating.

[0040] An example of a transfer function of the higher
order filter (ref. 4 in FIG. 1) in the forward block, in this
example a second order pole and second order zero filter, is
shown in FIG. 2. As one can see, there is a sharp cut off after
the desired 20 kHz, indicated by 20a. Moreover, the gain
(y-axis in the top graph) up to 20 kHz is 20 dB whereas the
gain at high frequencies is —20 dB. And lastly, there is a
small phase turn below approximately 3 kHz and above
approximately 1 MHz.

[0041] Another example of a transfer function for a higher
order filter in the compensator forward block is shown in
FIG. 3. In this exemplary embodiment, the filter includes an
additional pole, in comparison to the transfer function illus-
trated in FIG. 2. In one embodiment this could be interpreted
as a transfer function of the two combined blocks 4 and 5 in
FIG. 1. This can be used (adding an extra pole), for example,
in order to compensate for the limited high frequency gain
of the first OP-Amp 54 in FIG. 5 if the high order forward
filter (4 in FIG. 1) would be realized with that topology,
which will be discussed further in reference to FIG. 5. The
top graph in FIG. 3 shows that the limited gain is effectively
compensated for by the addition of an extra pole.

[0042] FIG. 4 illustrates a comparison between the trans-
fer functions of a second order filter 41a, 415 and two first
order filters 42a, 42b. At low frequencies the two first order
filters 425 have more phase turn than the second order filter
415 (e.g. at 2 kHz it is 10 degrees versus 2 degrees). With
a DC-servo (17 in FIG. 1) connected through a switch (16
in FIG. 1) with a gain H, the extra phase turn can increase
stability problems. Across the 20 kHz bandwidth the second
order filter 414 has at least 20 dB gain while the two first
order filters 42a have about 6 dB lower gain. This makes less
loop gain of the control system (control loop). Further, at
high frequencies (above 30 kHz), the two first order filters
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42a have higher gain than the second order filter 41a, which
makes the low frequency loop gain lower in a self-oscillat-
ing amplifier.

[0043] An example of a practical realization of a high
order filter, intended for the compensator forward block, is
shown in FIG. 5. The filter 50 has biquad filter topology with
three cascaded OP amps 54, 55, 56. The filter 50 has a
voltage signal input V,,, (51) and a voltage signal output V_,,,
(52) taken from an output of the first OP amp 54. The filter
50 further has a transfer function having a second order pole
pair, second order zero pair. There is a parallel RC-circuit 57
provided between the filter input 51 and an inverting input
of the first OP amp 54.

[0044] Moreover, the filter 50 comprises an additional
resistor 53 connected in series with the capacitor 5756 of the
RC-circuit at the input, in order to control the high frequency
gain. For example, if the resistance R5 of the resistor 53
would be set to zero, the bandwidth of the first Operational
amplifier (OP amp) 54 will control the high frequency loop
gain of the filter. The pole which is a product of the first OP
amp 54 has high variation, thus by using well defined
passive components a pole may be introduced at a slightly
lower frequency in order to minimize the variation of the
“position” of the pole from the first OP amp 54. For
example, the resistor 53 can implement a precise pole
instead of the more non-precise pole from the OP amp 54.
The transter function E(s) of this particular filter with the
resistance R5 being zero:

Vou _ 55-(C3/C)+5-(1/(C-R3)+1/(C-C-R-R1)

Es = - 5s+5 1/(C RH+1/([C.CRR)

[0045] The filter circuit illustrated in FIG. 5 can be used
for implementation of the forward block 4 in FIG. 1 and
furthermore provides a flexible and robust solution. Flexible
in terms of pole pair and zero pair variation and robust in
terms of OP amp tolerances, i.e. the filter is not very
dependent on the performance of the OP amps 54, 55, 56.
The invention can be implemented in integrated circuits or
in implementations with discrete components. However, the
circuit illustrated in FIG. 5 is merely an exemplary embodi-
ment, the filter having a second order poles and a second
order zeros can be implemented with other types of filters,
such as e.g. twin T filters.

[0046] The invention is applicable in high definition
switching audio power amplification, such as e.g. switching
Class-D audio amplifiers including a self oscillating analog
control system, systems including DC-servo and low pop
from startup, etc.

[0047] The person skilled in the art realizes that the
present invention by no means is limited to the preferred
embodiments described above. On the contrary, many modi-
fications and variations are possible within the scope of the
appended claims. For example, other higher order filter
topologies than the ones described in the detailed description
are possible, such as e.g. multiple feedback topologies,
Sallen-key topologies, etc. Moreover, the higher order filter
could be realized as a passive filter.

[0048] In the claims, any reference signs placed between
parentheses shall not be construed as limiting to the claim.
The word “comprising” does not exclude the presence of
other elements or steps than those listed in the claim. The
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word “a” or “an” preceding an element does not exclude the
presence of a plurality of such elements.

1. A self-oscillating amplifier system having an input and

an output, said system comprising:

a pulse modulator for modulating an input signal to form
a pulse modulated signal;

a switching power amplification stage having switching
output for amplification of the pulse modulated signal
to form a switching output signal;

a demodulation filter including a second order pole pair,
to demodulate the switching output signal;

wherein the system further comprises a compensator
including a forward filter which is a high order filter
including a second order pole pair and a second order
zero pair thereby enabling a decrease of a phase turn at
low frequencies for better stability and increasing a
gain of a control loop within the bandwidth.

2. The self-oscillating amplifier system according to claim

1, further comprising a DC-servo loop and a switch to
couple a gain into the DC-servo loop from an output of the
compensator.

3. The self-oscillating amplifier system according to claim

1, further comprising a first feedback path applied from the
demodulating filter output to said input of the system.
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4. The self-oscillating system according to claim 3, fur-
ther comprising a second feedback path applied from the
switching output to said compensator.

5. The self-oscillating system according to claim 4, fur-
ther comprising a third feedback path applied from the
demodulating filter output to said compensator.

6. The seclf-oscillating system according to claim 1,
wherein said forward filter is an active filter.

7. The self-oscillating system according to claim 6,
wherein said forward filter comprises three cascaded opera-
tional amplifiers in a biquad filter topology.

8. The self-oscillating system according to claim 1,
wherein said forward filter is a first forward filter and
wherein said compensator further includes a second forward
filter which is a high order filter including a second order
pole pair and a second order zero pair connected in series
with the first forward filter.

9. The self-oscillating system according to claim 1,
wherein said wherein said compensator further includes a
low-pass filter.



