
INVENTION TITLE METHOD AND APPARATUS FOR IMPLEMENTING SOFT SWITCHING IN A
CLASS  D AMPLIFIER DESCRIPTION  Heading CROSS REFERENCE TO RELATED
APPLICATIONS [Para 1 ] This application claims priority of U.S. Provisional
Application No.  60/704,241 filed on July 28, 2005, entitled "Method and
Apparatus for Implementing Soft  Switching in a Class D Amplifier "; and a
Continuation-In-Part of U.S. Application No.  10/908,063 filed on April 26,
2005, entitled "Method and Apparatus for Reducing Ripple in  Class D
Amplifiers", specifications of which are herein incorporated by reference.
Heading FIELD OF THE INVENTION [Para 2] The present invention relates to
Class D amplifiers. More specifically, it  relates to reduction of
switching losses in Class D amplifier circuits. Heading  BACKGROUND OF THE
INVENTION [Para 3] High quality audio power amplifiers are traditionally
large, heavy, and  inefficient. Typically these equipments are capable of
high power audio output with very low  total harmonic distortion (THD).
However, these equipments achieve only approximately  25% efficiency under
normal audio operating conditions because they typically use  inefficient
linear or quasi-linear amplifiers (e.g. Class A, B, G, and H). [Para 4] In
recent years, the demand for more efficient audio power amplifiers has
increased. Thus the shift from Class B to Class D amplifiers for sound
reproduction.  [Para S] Class D amplifiers provide high efficiency, but
typically have limited  bandwidths, resulting in high THD at high audio
frequencies. 1 [Para 6] A Class D amplifier is basically a switch-mode
power supply modified to  operate in four quadrants at high frequencies
(e.g. audio frequencies). A switch-mode power  supply uses pulse-width
modulation (PWM) to control the ON/OFF duty cycle of power  



switching transistor(s) that provide power to a load. The efficiency is
high because the  switches are not operated in their linear region. [Para
7] Figure 1 is an illustration of a simplified Class D topology. As
illustrated, a  comparator circuit (not shown) inside the Pulse-Width
Modulator 110 compares the  amplitude of incoming analog audio signal 101
to the amplitude of a reference triangular  waveform operating at an
intended switching frequency. The comparator circuit switches its  output
high or low by comparing the incoming audio's amplitude against the
amplitude of the  triangular waveform. When audio signal 101 is above the
amplitude of the triangular  waveform, the comparator switches output D+ of
the PWM 110 to the ON state. Output D+  remains ON for the duration of time
while the input audio signal exceeds the amplitude of the  triangular
waveform. Conversely, while the input audio signal is below the amplitude
of the  triangular waveform, the output D+ of the PWM is at the OFF state.
Output D- is the inverse,  i.e., complementary of output D+. [Para 81 The
relationship between the input audio amplitude and the pulse-width
modulator outputs D+, and D- is linear to a first order. The outputs D+ and
D- of the  comparator drive "totem-poled" transistor switches Ql and Q2.
Each transistor switch is a  MOSFET device, with a diode device 131 coupled
across its terminals to enable four  quadrant switching. The topology shown
in Figure 1 is an example embodiment of a class D  amplifier where the same
type MOSFETs is used for both switches. Alternate embodiments  include
using complementary transistors, e.g. one p-type and one n-type MOSFET. For
this  reason the MOSFET symbol used shows no polarity. [Para 9] Output
filter 140 is typically a second order low-pass, e.g., LC configuration
filter. The output filter 140 is essential for low pass filtering, or
integrating, the carrier's  varying pulse width duty cycle for reproduction
of the original audio content while  attenuating the switching carrier
frequency. [Para 10] For high fidelity audio reproduction, the operating
(i.e. switching) frequency  of the Class D power amplifier must be
significantly higher than the bandwidth of the audio  being reproduced.
Thus, to reproduce higher bandwidth audio with higher fidelity requires  2
relatively high switching frequency. However, the higher the switching
frequency, the more  



the switching losses (i.e. reduced efficiency). Some causes of switching
losses are discussed  using the illustration in Figure 2. [Para 11 ] Figure
2 is an illustration of a conventional Half Bridge Class D Amplifier  with
salient parasitic elements. As illustrated, voltage source VgSQI drives the
gate of  transistor Q1 and voltage source VgSQ2 drives the gate of
transistor Q2. The illustration is a  standard half-bridge showing
parasitic elements CQI, which is the intrinsic capacitance of  transistor
1; and C 2, which is the intrinsic capacitance of transistor Q Q Q2.
Element D 1 is  either Q's intrinsic diode or an external diode with lower
drop; and element D2 is either Q2's  intrinsic diode or an external diode
with lower drop. The currents and direction of flow (i.e.  drain to source)
are shown with the double arrows. [Para 12] In this illustration,
transistors QI and Q2 supply a quasi-square wave to the  filter formed by
output inductor L1 and output capacitor C1. Node 201, shared commonly by
transistors Q1, Q2, and inductor L1 is referred herein as the switching
node. During operation,  the voltage at switching node 201 is a square wave
represented by waveform 310, as shown  in Figure 3. This voltage is
low-pass filtered by the output LC filter comprised of inductor Li  and
capacitor C1 to produce a relatively low frequency output voltage across
capacitor C1.  [Para 13] The inductor current (ILI) at idle, that is, at
zero output voltage, is represented  by the triangular waveform 320 of
Figure 3. Triangular waveform 320 is a ripple current  which produces a
quasi-sinusoidal ripple voltage, i.e. waveform 330 of Figure 3, on output
capacitor C1. This output ripple voltage, i.e. 330, must be limited in
magnitude or there can  be problems with radiated emissions. For this
reason the value of the output inductor L1 is  kept high enough to limit
the ripple current to some small fraction of the full power output
current, typically 20% as a rule of thumb. Figure 4 is an illustration of
the relationship  between ripple current and load current. [Para 14] As
illustrated in Figure 4, the current at idle is shown by waveform 410 while
the current at 1/8 power is shown by waveform 420. As shown in both
waveforms 410 and  420, the ripple characteristic causes a non-steady
disturbance in the output current about the  steady state value. At idle,
the average current is zero and the ripple characteristic of the  Class D
results in the non-steady negative and positive current oscillations. Since
the  



amplitude of the oscillation (i.e. ripple) is controlled by the size of
inductor LI, similar ripple s 3 amplitude exists at other load values. For
instance, as illustrated in waveform. 420, the steady  state current at 1/8
power is represented by the current value ILlDC and the ripple current
superimposes thereon with ripple amplitude of approximately 20% peak to
peak around the  1/8 power load current value ILlDC. [Para 15] Thus,
although there are no intentionally dissipative elements in the circuit
shown in Figure 2, the practical circuit will not be 100% efficient because
of a variety of  finite loss mechanisms therein. For instance, there are
inherent losses in the output LC filter  and in the switching transistors.
Losses in the filter section are well understood and chosen  as a cost
tradeoff, but losses in the transistors (FETs) have more constraints.
Firstly, FETs Qi  and Q2 will have a finite ON resistance, leading to
conduction loss. Secondly, Qi and Q2 will  experience some loss at
switching transitions, leading to switching losses. It is these  switching
losses that primarily limit the switching frequency. Thus, even though a
higher  switching frequency (audio bandwidth) would be generally beneficial
to audio performance,  it also results in lower efficiency; therefore,
prior art systems tradeoff bandwidth for  efficiency. [Para 161 With the
approximately 20% current ripple of the prior art conventional Class  D
amplifier, a lossy (or hard) switching transition exists when output
current is high. This  lossy switching transition of the conventional Class
D amplifier is illustrated using the  waveforms of Figure 14. [Para 17] As
illustrated, starting with Q2 in the ON state (i.e. the gate supply voltage
VgsQ2 1402 is greater than the threshold value) and a large positive
current, ILi 1403, flowing  through inductor Ll. The inductor current ILi
1403 flows through Q2's ON resistance from  source to drain, which is a
negative value represented by IdSQ2 1404. [Para 18] At time tl, Q2 is
turned OFF and the inductor current ILI moves from Q2's ON  resistance to
D2, which is either Q2's intrinsic diode or an external diode with lower
drop.  The voltage across Q2, i.e. Vd8Q2 1406, cannot rise until time t2,
when Qi turns ON, but this  will cause a large reverse recovery current
(ID2 1405) to flow through D2 and Qi, since D2 has  a finite turn off time
represented by the period between t2 and G. Thus, the reverse recovery  



period lasts until time t3. Therefore, from t2 to t3, transistor Qi sees
high current (ID2 1405)  and high voltage (VaSQ2 1406) simultaneously, the
product of which will be high switching  loss (i.e. dissipated power). 4
[Para 1 9] Thus, improvement in efficiency can be realized with reduction
in switching  losses. Alternately, the switching frequency could be raised
to realize improved performance  without reducing efficiency. But this
could not be done in conventional Class D amplifiers  without increasing
high frequency ripple. [Para 20] Although the high frequency ripple is
generally inaudible to the human ear, its  presence is still undesirable
for several reasons: (1) it is an emissions problem, for instance, it
appears as artifacts in the AM radio band and other places; (2) it
influences audio measurements; (3) provides a limitation on how clean the
output signal looks to the end user;  and (4) puts unwanted artifacts on a
feedback signal fed to the control circuit, limiting the  performance.
Thus, any solution to reduce switching losses must also address high
frequency  ripple. [Para 211 As discussed above, waveform 330 clearly shows
the ripple phenomenon. In  practice the voltage ripple on a full bandwidth
class D amplifier can be on the order of one  volt peak-to-peak with a
fundamental of several hundred kHz, making it extremely prone to
interfering with other electronic equipment, especially AM radio receivers.
Modulation  schemes in which the switching frequency is variable are
particularly troublesome. fi [Para 22] Prior art methods to reduce ripple
includes using an LC series trap circuit  across the output capacitor C1.
This approach has several disadvantages. First, the Q (quality  factor) of
the LC trap must be extremely high ap in order to effectively shunt current
away from C1, whose impedance at the switching frequency is already well
below an Ohm. Second, the  trap is only effective at a single frequency.
The higher the Q, the less effective the trap will  be if the switching
frequency is variable. The trap is also not very effective at attenuating
harmonics of the switching frequency; although these are usually 20dB down
from the  fundamental in relative terms, they can still present problems if
their magnitude is too large in  absolute terms. 



[Para 2 3] Another prior art method of reducing ripple would be to add
another second  order filter to the output, creating a fourth order filter.
Some of the disadvantages of this  method include that the inductor must be
sized to handle the full output current, and the filter  may add distortion
due to nonlinearity in the devices used, and the filtered output is outside
of the control of any feedback loop. 5 [Para 24] Another prior art method
to handling the ripple problem is to add a second LC  low-pass filter in
the output thus effectively increasing the order of the output filter from
two  to four. However, fourth order filters pose controllability and
linearity problems. In addition,  the higher order filter increases the
total harmonic distortion (THD). [Para 2 5] The present invention teaches
reduction of switching losses while reducing the  effect of ripple to
acceptable levels. Heading SUlV11VIARY QF THE INVENTION [Para 26] The
invention is a method and apparatus for reducing switching losses in class
D amplifiers. A Class D amplifier is basically a switch mode power supply
driven by a high  frequency modulator (e.g. a pulse width modulator). Thus,
high frequency switching ripple  (e.g. high frequency switching noise) is
commonplace in conventional class D amplifiers.  Because of the negative
effects of high frequency ripple, including degradation in the audio
reproduction, prior art Class D designs trade power loss (i.e. accept
higher power loss) for  reduced ripple by sizing the output inductor large
enough to limit ripple to no more than 20%  of the load current. [Para 2 7]
The high power loss (therefore reduced efficiency) is due to the
transistors  switching when the voltage and current are simultaneously at
peak positive values resulting  in power which must be dissipated. The high
positive current is a product of the relatively  large inductor value,
which also limits the switching frequency bandwidth. Thus,  embodiments of
the present invention take advantage of the ripple at the switching
transistors  to significantly reduce the power loss thus allowing either an
improvement in efficiency or  increase in switching frequency, or both.
[Para 2 81 Furthermore, embodiments of the present invention apply coupled
inductor  



methods to steer ripple away from the output of the class D amplifier thus
eliminating any  undesirable artifacts of the increased ripple in audio
performance. Heading  BRIEF DESCRIPTION OF THE DRAWINGS  6 [Para 291 Figure
1 is an illustration of a simplified Class D topology. [Para 301 Figure 2
is an illustration of a typical half bridge class D amplifier
configuration with salient parasitic elements. [Para 311 Figure 3 is an
illustration of the waveforms of a prior art class D amplifier  showing
output ripple. fi [Para 321 Figure 4 is an illustration of the current
waveforms at the output inductor of a  typical class D amplifier
configuration. [Para 331 Figure 5 is an illustration of a coupled inductor
circuit as an ideal transformer  with lumped parasitic elements being shown
with two AC voltage sources connected. [Para 34] Figure 6 is an
illustration of the coupled inductor circuit redrawn to reflect LM  to the
secondary side for better visualization of the voltage divider. [Para 3 5]
Figure 7 is an illustration of the coupled inductor approach to ripple
steering in  the half-bridge configuration. [Para 361 Figure 8 is an
illustration of the full bridge configuration of the coupled  inductor
embodiment to ripple steering. [Para 37] Figure 9 is an illustration of a
zero ripple half bridge configuration using a  tapped inductor approach.
[Para 381 Figure 10 is an illustration of the full bridge version of the
tapped inductor  embodiment to ripple steering. [Para 391 Figure 11 is an
illustration of a zero ripple half bridge class D amplifier using
back-wound coupled inductor configuration. [Para 40] Figure 12 is an
illustration of the full bridge version of the alternate coupled  inductor
embodiment to ripple steering. [Para 411 Figure 13 is an illustration of
sample waveforms of a zero ripple class D  



amplifier in accordance with an embodiment of the present invention. 7
[Para 42] Figure 14 is an illustration of the lossy switching
characteristics of the  conventional class D amplifier. [Para 431 Figure 15
is an illustration of the current waveforms at the output inductor of a
class D amplifier of the present invention prior to ripple steering. [Para
44] Figure 16 is an illustration of the soft switching characteristics of
the class D  amplifier of an embodiment of the present invention. ppf
Heading  DETAILED DESCRIPTION OF THE INVENTION [Para 45] The invention
comprises a method and apparatus for reducing switching losses  in Class D
amplifiers. In the following description, numerous specific details are set
forth in  order to provide a more thorough description of the present
invention. It will be apparent,  however, to one skilled in the art, that
the present invention may be practiced without these  specific details. In
other instances, well-known features have not been described in detail so
as not to obscure the invention. [Para 461 In general, embodiments of the
present invention provide lossless switching  class D amplifiers without
the negative effects of ripple. Switching losses of prior art class D
amplifiers (described with respect to Q1 turning on against diode D2) are
only substantial due  to the inductor current being positive at the time of
transition (see waveform ILI 1403 in  Figure 14). Thus, if the inductor
current were negative during this switching transition, Q2  turn off would
let the inductor current charge CQ1 and CQ2 causing the switching node
voltage  to resonantly increase until D1 conducts. Thus, Ql would turn on
without incurring reverse  recovery loss, and without discharging the
energy in CQ1 and CQ2 into Q1. As illustrated in  Figure 4, negative
current conditions for the conventional class D amplifiers only occur at,
or  very near, idle power conditions (i.e. waveform 410) and not during
most load conditions  (e.g. waveform 420). [Para 47] The range of output
load current over which soft switching, that is, nearly  lossless
switching, can be obtained, may be increased by reducing inductor L1
thereby 



8 increasing the inductor ripple current to a higher fraction of the load
current, as illustrated in  Figure 15. [Para 48] Figure 15 is'a waveform
diagram illustration relationship between ripple and  steady state current
with reduced output inductance. The current at idle is represented by
waveform 1510 while the current at full load is represented by waveform
1520. As  illustrated, the ripple or peak-to-peak amplitude of the current
oscillation is greater than the  magnitude of the load current, which is
represented by ILIDC, resulting in instances of  negative current at load.
Thus, if switching occurs at instances of small negative inductor  current,
the dissipated power will be very minimal. [Para 49] There is a significant
difference in power dissipation between conventional  class D amplifiers
and embodiments of the present invention because of the characteristic of
the present invention which forces switching to occur with a small negative
inductor current  thus resulting in what is termed herein as "soft"
switching over an extended range of output  current as compared to the
conventional class D amplifier. In the conventional class D amplifier, the
switching is "hard" when output current exceeds a small value because of
the  large positive inductor current which occurs coincidentally with a
large positive voltage  across the transistor thus resulting in large power
that must be dissipated. The soft switching  operation of embodiments of
the present invention is further illustrated using the waveforms  of Figure
16 and the class D configuration of Figure 2. [Para 501 Just as in the hard
switched case, this illustration starts with transistor Q2 in  the ON
state. That is, similar voltage waveforms VgSQ2 1402 and VgsQI 1401 are
applied at  the gates of transistors Q2 and Q1, respectively, to illustrate
the benefit of methods of the  present invention over the prior art. As
illustrated, the inductor current ILI 1603 in  embodiments of the present
invention is now a small negative value compared to inductor  current ILI
1403 in the hard-switched case. This makes the drain to source current on
transistor Q2, i.e. IdsQ2 1604, a small positive current. [Para 51 ] When
transistor Q2 is switched OFF at time tl, diode D2 turns ON. Thus, the
current is diverted to intrinsic capacitance CQ2 (and CQI) where it is in
the proper direction to  charge these capacitances positively until DI
conducts at time t2. At time t3, transistor QI is  



turned ON and current is diverted from D 1 to Q Thus, the interval of
simultaneous high 9 current and voltage across transistor Q1 shown in the
prior art example (see Figure 5) does  not exist. Therefore, switching loss
is greatly reduced. [Para 52] Thus, embodiments of the present invention
provide a first order improvement  in efficiency at the same switching
frequency. Alternately, the switching frequency may be  increased without
an efficiency degradation using embodiments of the present invention.
[Para 53] However, increasing the ripple current by an order of magnitude
results in  corresponding increase in the ripple voltage on the output
capacitor C1. Since this ripple is in  the order of magnitude of one volt
for a conventional class D design, an increase in ripple fi voltage using
embodiments of the present invention which may be in the order of magnitude
of ten volts may be unacceptable for a variety of reasons, including
radiated emissions and li performance in the audio system. Thus,
embodiments of the present invention control the  increased ripple using
the ripple steering techniques discussed herein. [Para 54] Zero ripple is
essentially achieved by adding an auxiliary output to the  conventional
class D amplifier. It is not necessary that the auxiliary output serve any
other  useful function except to remove the ripple from the main output.
The half-bridge class D  configuration has one auxiliary output while the
full bridge circuit may have two auxiliary  outputs, which may be combined
into one in some embodiments. In the full-bridge zero  ripple
configuration, the second auxiliary output may be configured as a floating
output.  [Para 5 51 In one or more embodiments of the present invention, a
coupled inductor  circuit is used to steer ripple away from the main output
of the class D amplifier. To  visualize how a coupled inductor circuit
steers ripple away from a primary output, the  coupled inductor is
represented as an ideal transformer as shown in Figure 5. [Para 56] As
illustrated, the principles of a coupled inductor 501 may be represented as
an ideal transformer with turns ratio NP:Ns. Where NP is the number of
turns on the primary  side winding and Ns is the number of turns on the
secondary side winding. The transformer  has a finite magnetizing
inductance LM; a finite uncoupled inductance LP on the primary side  510;
and a finite uncoupled inductance Ls on the secondary side 520. [Para 57]
In practice, uncoupled inductance Ls may be characterized as the
combination  



of the coupled inductor leakage inductance and a larger discrete inductor.
The two sides of  10 the coupled inductor are driven with AC voltage
sources, Vp and Vs, where Vs may be  constrained to be a scalar multiple
("a") of Vp, e.g., Vs = aVp. No other constraints need be  imposed on Vs
and Vp, thus they may have any waveform and spectrum. These voltage
sources create currents, Ip and Is, that flow into the coupled inductor
501. When the voltage  across winding Np is equal to the primary source
voltage Vp, then there is no voltage drop  across uncoupled inductance Lp,
and the primary side current Ip is therefore equal zero.  [Para 581 When
the secondary voltage source Vs is scaled down by the voltage divider
created by uncoupled inductance Ls and the reflected magnetizing inductance
LM, then scaled  up by the turns ratio Np:Ns, it imposes a voltage on the
primary winding Np that can be made  equal to Vp, thus satisfying the zero
ripple condition. Figure 6 is an illustration of the  coupled inductor
circuit redrawn to reflect the magnetizing inductance LM to the secondary
side 520 for better visualization of the voltage divider. Zero ripple
condition will exist on the  primary windings when the primary side voltage
Vp and secondary side voltage Vs are equal  so long as there is no voltage
drop across the primary windings Np, i.e., voltage on Np equals  to primary
side voltage Vp. The zero ripple condition is further illustrated below.
[Para 59] As shown in Figure 6, the magnetizing inductance may be reflected
to the  secondary side 520 by a transformation equaling the square of the
turns ratio. The voltage on  the secondary winding Ns, denoted VNs, may be
calculated with the resulting voltage divider  as: Lm Ns 2  VNs = a Vp Np 2
Ls+LmNs Np  [Para 60] The voltage across the primary winding Np, denoted
VNp, is calculated by  transforming VNs by the turns ratio. Ns 2  Lm _ NP
Np 



P Ns a F.P NS)2  Ls + Lm NP  [Para 611 Since the voltage across Np must
equal Vp for zero ripple, setting VNp to Vp  and simplifying terms gives:
11 _ Np Lin  ~p~ Ns aVp z Ls Np +Lm  Ns [Para 621 Further simplifying and
rearranging:  2 N Np  Ns a Lin = NS Ls+Lm  [Para 631 And solving for Ls: Np
a - l  Ls=Lm Ns 2  Np  Ns [Para 64] Finally, solving for the case when a
=1, that is, Vs ^ Vp:  Ls =Lm (Ns Ns2 Np Np [Para 65] Under these
conditions, zero ripple occurs at the primary winding. Thus, the  coupled
inductor approach is one way of solving the ripple problem with class D
amplifiers.  It would be obvious to those of ordinary skill in the arts
that other magnetically equivalent  methodologies and circuits may also be
employed. [Para 66] As is illustrated herein, one or more embodiments of
the present invention  employ the coupled inductor approach to eliminate
ripple artifacts in class D amplifiers.  Figure 7 is an illustration of the
coupled inductor approach to ripple steering in the half  bridge class D
amplifier configuration. As illustrated, the main inductor 710 comprises a



primary winding LIA and a coupled secondary winding Lie in parallel. A
first end of both  windings L1A and. Lie, i.e., shown as the end without
the dot in Figure 7, is coupled to  switching node 201 (i.e., the
connection of MOSFET switches Ql and Q2). The second end  of winding L1A is
coupled to capacitor C1, which is then coupled to ground. Thus, winding
LIA and capacitor C1 remain configured as the equivalent of the low-pass
filter of the prior art  (See Figure 2) with an addition of an auxiliary
output using secondary winding Lic. 12 [Para 67] The secondary winding L1c
of the coupled inductor 710 forms the basis of the  auxiliary output
comprising capacitor C2, and inductor L2 in which output capacitor C2 is
used primarily for diverting ripple away from the main amplifier (i.e.
primary) output, at  capacitor C1. As illustrated, the second end of
winding Lic is coupled to one end of inductor  L2, which is coupled to
capacitor C2. Finally, capacitor C2 may be coupled to ground. Thus,
capacitor C2 steers ripple away from the primary output. [Para 68] In this
illustration, the low frequency voltages on the main output capacitor C1
and the second output capacitor C2 are identical, because both outputs
track the DC value of  the switching node 201. Assuming no substantial AC
voltage is present on either output  capacitor, the AC voltage at switching
node 201 is analogous to both Vp and Vs as discussed  with the illustration
of Figures 5 and 6. Thus, this embodiment corresponds to the zero ripple
condition on the primary windings since the primary side voltage Vp and the
reflected  secondary side voltage across Np are equal. [Para 69] Figure 8
is an illustration of the full bridge configuration of the coupled
inductor embodiment to ripple steering. As illustrated, the full bridge
configuration involves  mirroring the half bridge architecture of Figure 7
and combining the two sides. However,  when two half bridge configurations
are coupled together, the resulting circuit will have two  L2 inductors and
two C2 capacitors. In one or more embodiments of the present invention,
the two resulting inductors L2 are consolidated to create one inductor L3
and the two resulting  C2 capacitors are consolidated into one capacitor C3
as shown in Figure 8. [Para 70] As illustrated in Figure 8, a first coupled
inductor 710 comprising L1A and Lic  is coupled at a first end to switching
node 201. That is, the first end of winding LIA may be  coupled together
with the first end of winding Lic and then to switching node 201. A second



coupled inductor 820 comprising L1e and LiD is coupled at a first end to
switching node 401.  Switching node 401 is the coupling point of MOSFET
switches Q3 and Q4. The dot- orientation of both coupled inductors 710 and
820 are in the same direction and as shown in  the illustration. [Para 711
The second end of winding LIA of coupled inductor 710 is coupled to one end
of capacitor C1. The other end of capacitor C1 is coupled to ground. In
like manner, the  second end of winding LIB of coupled inductor 820 is
coupled to the other end of capacitor  C1, which is coupled to ground. 13
[Para 72] For the auxiliary outputs, the second end of winding LiC of
coupled inductor  710 is coupled to one end of inductor L3, which is
coupled to one end of auxiliary output  capacitor C3. Finally, the other
end of auxiliary output capacitor C3 is coupled to the second  end of
winding LiD of coupled inductor 820. [Para 73] Those of skill in the arts
would recognize that the coupled inductor windings  LIA, LIB, Lic and LiD
may all exist on the same core as a single integrated magnetic structure,
and only a single uncoupled inductor L3 and secondary output capacitor C3
are needed. Other  embodiments may use two coupled inductors, for instance,
LIA-LIC and LIB-LID. [Para 74] Those of skill in the arts would recognize
that there are other configurations  that may be magnetically equivalent to
those discussed with respect to the embodiments of  Figures 7 and 8. That
is, there may be magnetically other ways to achieve the same behavior
discussed with respect to Figure 7. For instance, since one side of both
windings of the  coupled inductor is coupled together at the same node, the
voltage on the output side of the  secondary inductor will be determined by
the turns ratio. This voltage ratio may also be  realized by the addition
of a simple tap on the main inductor winding, as illustrated in Figures  9
and 10. This configuration maybe an easier winding to manufacture than that
discussed  with respect to Figure 7. [Para 75] Figure 9 is an illustration
of a zero ripple half bridge configuration using a  tapped inductor
approach. As illustrated, the tapped inductor embodiment involves
combining the number of turns that are equivalent between the primary and
secondary  windings. Thus, as illustrated, the embodiment comprises one
inductor LIE with three pins  



910, 902, and 903. Pin 903 at the first end of the inductor LIE is coupled
to switching node  201. Pin 901 at the other end of inductor LIE is coupled
to one end of main output capacitor  CI. The auxiliary output is tapped
from pin 902 and coupled to inductor L2 and auxiliary  output capacitor C2.
[Para 76] The principle of the tapped inductor configuration may be
explained using the  coupled inductor embodiment of Figure 7. For example,
if the number of turns in the primary  windings (e.g. Np) of the coupled
inductor 710 is thirty and the number of turns in the secondary windings is
twenty four (e.g. Ns), then the number of equivalent turns is twenty  four.
Using the above example, in embodiments that employ the tapped inductor
configuration, the main inductor LiE (referring to Figure 9) will have
thirty turns between 14 pins 901 and 903. A secondary tap is included at
pin 902, which is located between pins 901  and 903 to represent the number
of turns of the secondary winding of Lie. In the current  example, the tap
at pin 902 is located such that there is twenty four turns between pins 902
and 903. Thus, instead of the two windings of the embodiment illustrated in
Figure 7, only  one tapped winding may be utilized to magnetically achieve
the same result. [Para 77] Figure 10 is an illustration of the full bridge
version of the tapped inductor  embodiment to ripple steering. As
illustrated, the full bridge version involves mirroring the  half-bridge
architecture of Figure 9 and combining the two sides. However, when two
half  bridge configurations are coupled together, the resulting circuit
will have two L2inductors  and two C2 capacitors. In one or more
embodiments of the present invention, the two resulting L2 inductors are
consolidated to create one inductor L3 and the two resulting C2  capacitors
into one capacitor C3 as shown in Figure 10. Tapped inductor L1F has a
plurality  of pins, e.g., 904, 905, and 906. For instance, following the
same example discussed above,  the number of turns between pins 904 and 906
will be thirty and the number of turns between  pins 905 and 906 will be
twenty four. [Para 78] Those of skill in the arts would recognize that the
tapped inductor windings  LIE, and Lir may all exist on the same core as a
single integrated magnetic structure, and only  a single uncoupled inductor
L3 and a single auxiliary output capacitor C3 are needed. Other
embodiments may use two tapped inductors in separate cores, for instance,
LIE and LIF.  



[Para 79] As further illustrated in Figure 10, a first tapped inductor LIE
is coupled at pin  903 to switching node 201. A second tapped inductor LIF
is coupled at pin 906 to switching  node 401. The dot-orientation of both
tapped inductors LiE and LIF are in the same direction  and as shown in the
illustration. [Para 80] Pin 901 of tapped inductor LIE is coupled to one
end of capacitor CI. The  other end of capacitor C1 is coupled to ground.
In like manner, pin 904 of tapped inductor  LIF is coupled to the other end
of capacitor C1, which is coupled to ground. [Para 811 For the auxiliary
outputs, pin 902 of tapped inductor LIE is coupled to one end  of inductor
L3, which is coupled to one end of auxiliary output capacitor C3. Finally,
the  other end of auxiliary output capacitor C3 is coupled to pin 905 of
tapped inductor L1F. 15 [Para 82] In another embodiment, a magnetically
equivalent circuit involves coupling a  winding for the auxiliary output to
the output side of the main inductor, and winding  backwards in a bucking
fashion as shown in Figures 11 and 12. Figure 11 is an illustration of  a
zero ripple half bridge class D amplifier using back-wound coupled inductor
configuration.  As illustrated, the main inductor 1110 has a primary
winding L1A coupled as a normal class D  circuit. That is, a first end of
winding L1A, i.e., shown as the end without the dot, is coupled  to
switching node 201 (i.e., the connection of MOSFET switches Q1 and Q2). The
second  end or output end of winding L1A is coupled to capacitor C1, which
is then coupled to ground.  Thus, winding L1A and capacitor C1 remain
configured as the low-pass filter of the prior art  (See Figure 2). [Para
83] The secondary winding LIG forms the basis of the auxiliary output
comprising  capacitor C2, and inductor L2 in which output capacitor C2 is
used primarily for diverting  ripple away from the main amplifier output,
at capacitor C1. As illustrated, the second end of  secondary winding L1G
(the end with the dot) is coupled to the output end of inductor L1A (i.e.
node 1101), and back-wound in the same core with winding LIA to the first
end. The first end  of winding LiG is coupled to one end of inductor L2,
which is coupled to capacitor C2. Finally, capacitor C2 may be coupled to
ground. Thus, capacitor C2 steers ripple away from  the primary output. 



[Para 84] Using the same example as before with the primary side inductor
having thirty  turns, the secondary side inductor LiG is back-wound six
turns thus resulting in effectively  twenty four turns. This configuration
produces nearly the same effect as if twenty four turns  of the secondary
inductor were coupled to the switching node (see configuration of Figure
7).  [Para 851 The embodiment illustrated in Figures 11 and 12 also
produces the same  voltage ratio, but with far fewer turns added, these
turns optionally being of a much smaller  ampacity with respect to the main
winding. In addition, the back-wound method may be  better for external
leakage field reduction on the coupled inductor if a toroidal core is used.
This is because the smaller bucking winding can occupy a smaller portion of
the toroid  circumference, such that each winding, L1A and L1G, both have
almost the ideal 360 degree  winding coverage, which will reduce leakage
flux. [Para 86] Figure 12 is an illustration of the full bridge version of
the alternate coupled  inductor embodiment to ripple steering. As in other
embodiments discussed herein, the full  16 ({S bridge version- involves
mirroring the half-bridge architecture of Figure 11 and combining the  two
sides. The secondary windings are coupled from the output nodes 1101 and
1201 instead  of the switching nodes 201 and 401. When two half bridges are
coupled together, the  resulting circuit will have two inductors L2 and two
capacitors C2. However, one or more  embodiments of the present invention
consolidates the two resulting L2 inductors into one  inductor L3 and the
two resulting C2 capacitors into one capacitor C3 as shown in Figure 12.
Those of skill in the arts would recognize that the coupled inductor
windings LIA, LIB, LIG  and L1H may all exist on the same core as a single
integrated magnetic structure, and only a  single uncoupled inductor L3 and
secondary output capacitor C3 are needed. Other  embodiments may use two
coupled inductors, for instance, L1A-LIG and L1B-LIH. [Para 87] Figure 13
is an illustration of sample waveforms of a zero ripple class D  amplifier
in accordance with an embodiment of the present invention. The waveforms
are  from a full bridge zero ripple embodiment (see Figure 8) running at
130kHz from a 100- 200VDC supply. The class D circuit is optimized for high
power and low audio bandwidth  and is similar to the circuit used for
generation of the waveforms illustrated in Figure 3 for the prior art. The
main class D output filter is comprised of a 200uH inductor LI and a SuF 



film capacitor C1. The zero ripple winding comprises Np = 30, Ns = 24, LM =
200uH,  resulting in a secondary side uncoupled inductance Ls = 32uH. The
secondary side  uncoupled inductance Ls comprises approximately 7uH leakage
inductance and 25uH  discrete inductance, e.g., L3. Auxiliary output
capacitor C3 may be varied within a wide  range (e.g. from 5uF to luF) with
no impact on the operation of the zero ripple class D  amplifier. [Para 88]
As illustrated, a square wave voltage 1310 is generated across inductor LIA
as  a result of the modulator 110 driving the gates of transistors
(1VIOSFETs) QI and Q2. The  current at the output of inductor LIA is shown
as waveform 1320. And finally, the voltage  output at capacitor CI is shown
as waveform 1330. In contrast to waveform 330 of Figure 3  (prior art class
D), the ripple characteristic is all but eliminated from waveform 1330. The
plots in both Figure 3 and Figure 13 are of the same scale. [Para 89] Note
that the values of inductance and capacitance used herein are for
illustrative purposes only. Specifically, the circuit used to generate the
waveforms of Figure  13 was optimized for high power and low bandwidth, and
thus has a relatively low switching  frequency of 130 kHz. And the values
of inductance and capacitance reflect this low 17 switching frequency.
These values may be much larger than low power full bandwidth  circuits
applications. [Para 90] In addition, an additional resonance may exist in
the open loop transfer  function of the zero ripple Class D amplifier
implementation. This additional resonance may  be due to the additional
inductor and capacitor in the auxiliary output path. This additional
resonance may cause a problem when trying to control the system with
feedback. Thus, it  may be desirable to move the resonance as close to the
switching frequency as possible, i.e.,  out of the way of the closed loop
system. [Para 911 Referring to the half-bridge class D embodiments, the
value of the auxiliary  output capacitor C2 (e.g. C3 for the full-bridge)
is at its lower limit when the switching  voltage ripple on C2 interferes
with zero ripple operation. Thus simply adjusting C2 may not  be adequate
to shift the additional resonance to a desirable frequency (e.g. the
switching  frequency). 'However, the resonance can also be moved by
simultaneously moving the  



number of turns in the secondary winding NS very close to the number of
turns in the primary  winding Np and decreasing the resonant inductor
value. In this manner the resonance may be  moved to a much higher
frequency with little effect on zero ripple Class D amplifier  operation.
[Para 92] Application of the zero ripple technique herein allows use of the
much higher  ripple current amplitude which is necessary to achieve soft
switching without increasing the  output voltage ripple to an unacceptable
level. ti [Para 931 It will be understood that the above described
arrangements of apparatus and  the method therefrom are merely illustrative
of applications of the principles of this invention  and many other
embodiments and modifications may be made without departing from the
spirit and scope of the invention as defined in the claims. 18 What is
claimed is: I . A class D amplifier-, comprising:  a switching node; a
primary output including a capacitor; an inductor operatively coupled
between said switching node and said capacitor, said  inductor being sized
to provide a ripple amplitude greater than the magnitude of the load
current, said greater ripple amplitude resulting in instances of negative
inductor current at  load, whereby switching at instances of negative
inductor current minimizes the dissipated  power; and at least one
auxiliary output including a coupled inductor circuit, said coupled
inductor circuit configured to steer ripple away from said primary output..
2. The class D amplifier of claim 1, wherein said switching node is formed
by  operatively coupling at least two active devices with each active
device being operated in  on/off node 3. The class D amplifier of claim 2,
wherein each of said active devices is a transistor,  4 The class D
amplifier of claim 3, wherein said transistor is of the MOSFET (Metal
Oxide Semiconductor Field Effect Transistor) type. 



5 The class D amplifier of claim 4, wherein each of'said MOSFETs is driven
by a PWM  (Pulse Width Modulator) 6. A class D amplifier, comprising:  a
switching node; a primary output including a capacitor; an inductor
operatively coupled between said switching node and said capacitor, said
inductor being sized to provide a ripple amplitude greater than the
magnitude of the load  current, said grcatcr ripple amplitude resulting in
instances of negative inductor current at 19 {  C(,  load, whereby
switching at instances of negative inductor current minimizes the
dissipated power; a first auxiliary output circuit configured to steer
ripple away from said primary  output; and a second auxiliary output
circuit configured as a floating output..  T. A class D amplifier,
comprising: a switching node; a primary output at a first capacitor; a
coupled inductor including a primary winding and a secondary winding,
wherein a  first end of said primary and secondary windings is operatively
coupled to said switching  node, said primary winding having a second end
which is operatively connected to said first  capacitor; and an uncoupled
inductor operatively coupled between a second capacitor and a second  end
of said secondary winding, said second capacitor configured to steer ripple
away from  said primary output at said first capacitor, said secondary
winding forming the basis of an  auxiliary output including said uncoupled
inductor and said second capacitor. 8. The class D amplifier of claim 7,
wherein each of said first and second capacitors is  coupled to ground. 9..
The class D ampli f ier of claim 7, wherein said first capacitor is coupled
to ground. 



10.. The class D amplifier of claim 7, wherein the low frequency voltages
at said first and  second capacitors are substantially identical.. I L The
class D amplifier of claim 7, wherein each of said primary and auxiliary
outputs  tracks the DC value of said switching node. 12. The class D
amplifier of claim 7, wherein said primary winding and said first
capacitor are configured as a low pass filter. 20 {  { 13 The class D
amplifier of claim 7, wherein said switching node is formed by  operatively
coupling at least two active devices with each active device being operated
in  on/off mode. 14. The class D amplifier of claim 13, wherein each of
said active devices is a transistor..  15. The class D amplifier of claim
14, wherein said transistor is of the MOSFET (Metal  Oxide Semiconductor
Field Effect Transistor) type 16.. The class D amplifier of claim 15,
wherein each of said MOSFETs is driven by a  PWM (Pulse Width Modulator).
17. A class D amplifier, comprising:  a first switching node; a primary
output at a first capacitor; a first coupled inductor including a primary
winding and a secondary winding.  wherein a first end of said primary and
secondary windings is operatively coupled to said first  switching node,
said primary winding having a second end which is operatively connected to
said first capacitor; a second switching node; a second coupled inductor
including a primary winding and a secondary winding,  wherein a first end
of said primary and secondary windings is operatively coupled to said
second switching node, said primary winding having a second end which is
operatively  connected to said first capacitor; and an uncoupled inductor
operatively coupled between a second capacitor and a second  



end of said secondary winding of said first coupled inductor, said second
capacitor  operatively coupled to a second end of said secondary winding of
said second coupled  inductor and configured to steer ripple away from said
primary output at said first capacitor  18. The class D amplifier of'claim
17, wherein said secondary winding of said first  coupled inductor forms
the basis of a first auxiliary output. 21 19, The class D amplifier of
claim 18, wherein said first auxiliary output include said  uncoupled
inductor and said second capacitor.. 20. The class D amplifier of claim 17,
wherein said secondary winding of said second  coupled inductor farms the
basis of'a second auxiliary output. 21.. The class D amplifier of claim 17,
wherein said first capacitor is connected to ground.  22. The class D
amplifier of claim 17, wherein said primary and secondary windings of  said
first and second coupled inductors are configured on the same core as a
single integrated  magnetic structure . 23. The class D amplifier of claim
17, wherein each of said first and second switching  nodes is formed by
operatively coupling at least two active devices with each active device
being operated in on/off mode. 24. The class D amplifier of claim 23,
wherein each of said active devices is a transistor  25. The class D
amplifier of claim 24, wherein said transistor is of the MOSFET (Metal
Oxide Semiconductor Field Effect Transistor) type 26. The class D amplifier
of claim 25, wherein each of said MOSFETs is driven by a  PWM (Pulse Width
Modulator).. 27. A class D amplifier, comprising:  a switching node; a
primary output at a first capacitor; a tapped inductor including a first
pin at one end, a second pin at an opposite end, and  a third pin disposed
between said first and second pins, wherein said first pin is operatively
connected to said switching node, and said second pin is operatively
connected to said first  capacitor, said first capacitor being coupled to
ground; and Ill 



} an auxiliary output being tapped from said third pin to steer ripple away
from said  primary output at said first capacitor. 28.. The class D
amplifier of claim 27, further comprising an uncoupled inductor
operatively coupled between a second capacitor and said third pin. 29. The
class D amplifier of claim 28, wherein said second capacitor is configured
to  steer ripple away from said primary output at said first capacitor. 30.
A class D amplifier, comprising:  a first switching node; a primary output
at a first capacitor; a first tapped inductor including a first pin at one
end, a second pin at an opposite end,  and a third pin disposed between
said first and second pins, wherein said first pin is  operatively
connected to said first switching node, and said second pin is. operatively
connected to said first capacitor, said first capacitor being coupled to
ground; a second switching node; a second tapped inductor including a first
pin at one end, a second pin at an opposite  end, and a third pin disposed
between said first and second pins, wherein said first pin is  operatively
connected to said second switching node, and said second pin is operatively
connected to said first capacitor; a first auxiliary output being tapped
from said third pin of said first tapped inductor to  steer ripple away
from said primary output at said first capacitor; and a second auxiliary
output being tapped from said third pin of said second tapped  inductor.
3.1. The class D amplifier of claim 30, further comprising an uncoupled
inductor  operatively coupled between a second capacitor and said third pin
of said first tapped  inductor. 32. The class D amplifier ofclairn 31,
wherein said second capacitor is configured to  steer ripple away from said
primary output at said first capacitor. 23 Ji 



33. The class D amplifier of claim 3 1, wherein said third pin of said
second tapped  inductor is operatively coupled to said second capacitor.
34. A class D amplifier, comprising- a switching node; a primary output at
a first capacitor, said first capacitor being coupled to ground; an
inductor including a primary winding and a secondary winding, wherein a
first end  of'said primary. winding is operatively connected to said
switching node, said primary  winding including a second end which is
operatively connected between said first capacitor  and a second end of
said secondary winding, said second end of said secondary winding  being
back-wound in the same core with said primary winding;.and an uncoupled
inductor operatively coupled between a second capacitor and a first end  of
said back-wound secondary winding, said second capacitor being coupled to
ground and  configured to steer ripple away from said primary output at
said first capacitor.. 35.. The class D amplifier of claim 34, wherein said
switching node is formed by  operatively coupling at least two active
devices with each active device being operated in  on/off mode. 36. The
class D amplifier of claim 35, wherein each of said active devices is a
transistor.  37. The class D amplifier of claim 36, wherein said transistor
is of the MOSFET (Metal  Oxide Semiconductor Field Effect Transistor) type.
38 The class D amplifier of'claim 37, wherein each of said MOSFETs is
driven by a  PWM (Pulse Width Modulator), 39.. A method for reducing
switching losses in class D amplifiers, said method comprising  the steps
of. coupling a plurality of active devices operated in onloff mode to form
a switching  node; 24 defining a primary output at a first capacitor;
providing a coupled inductor with primary and secondary windings, wherein a
first  end of the primary and secondary windings is operatively coupled to
the switching node, the  primary winding having a second end which is
operatively connected to the first capacitor; 



operatively connecting an uncoupled inductor between a second capacitor and
a  second end of'the secondary winding; and configuring the second
capacitor to steer ripple away from the primary output at the  first
capacitor to reduce switching losses during amplifier operation. 40, The
method of claim 39, wherein the secondary winding forms the basis of an
auxiliary output including the uncoupled inductor and the second capacitor.
41,. The method of claim 40, wherein each of said plurality of active
devices is a  transistor 42. The method of claim 41, wherein said
transistor is of the MOSFET (Metal Oxide  Semiconductor Field Effect
Transistor) type.. 43. The method of'claim 43, wherein each of said MOSFETs
is driven by a PWM (Pulse  Width Modulator). 25 


