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the Invention Bridged power anplifiers have a particularly sinple power
supply format in:ithat only a two termnal supply is required. Such -
anmplifiers offer ‘hixgh power, such as in the tens of kilowatts with w de
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for precision anp Icat1on applications such as gradient anplifiers for

magneti c resonance inagiggckgbgaadaggltﬁbemﬁvbatgohhough an i nherent
deficiency in
Bridged pbwer amplifiers have a particularly simple power

supply format in that only a two terminal supply is required.

Such amplifiers offer high power, such as in the tens of .
kilowatts with wide bandwidth and very low distortion and noise
which makes them nearly ideal for precision amplification
applications such as gradient amplifiers for magnetic resonance
imaging. These amplifiers have though an inherent deficiency in
that they are of low power efficiency. Such low or reduced
efficiency results in large amounts of semi-conductor materials
being used for pass devices and large heat sinks being used to
receive the generated and wasted heaﬁ due to amplifier operation.

Another type of an amplifier, the switch-mode pulse width
modulation (PWM) amplifiér, offers improved power effic@ency_but
suffers greatly from poor béndwidth and poor - -fidelity. PWM
bandwidth is typically an order of magnitude less than needed for
manj-aéélications. Operating with switch frequencies in the
megaHertz-ranQe in order to attain the necessary'bandwidth
results in low efficiency and is, therefore, not practical. The

' .
use of megaHertz operating frequencies is especially difficult

{
and costly if the output power measures in the tens of kilowatts.
It is known in the practiced art to use two separate PWM
buck mode power supplies to power the traditional totem-pole

topology (non-bridge) linear amplifier. In-addition to requiring

two PWM supplies, whereas bridge designs require only one supply,
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t hat they are of | ow power efficiency. Such | ow or reduced efficiency
results in |l arge anbunts of sem -conductor materials being used for pass
devices and | arge heat sinks being used to receive the generated and wasted
heat due to anplifier operation. Another type of -an anplifier, the

SWi t @J&é‘@i&ﬁtﬂé b dt RegRiirbat boenePVWh agBbibies, opf fAEEFidREREd pOVer
efficiency but suffers gfeatly from poor bandw dth and poor fidelity. PWW
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applications. Operating. with switch frequencies in the negaHertz range in

or dersiigmadt tta rallwew netesshoylpandaspdhfiing power supply to get a head
start on producing the necessary supply voltage transients. The
only method of such precognition that is feasible for many such
systems is to delay the main amplified signal by a multiple of
millisecohds which is the résponse time needed by a slow PWM
supply. For many uses, such delays of the amplified signal are
not allowed nor desirable. In attempting to make a PWM buck
supply faster, typically the output voltage ripple from the
convérter is compromised, and at low operating currents, the
output ripple voltage contains large amounts of switching
"subharmonics as cycle-skipping behavior is manifested by the
‘converter. The missing of cycles is common when a buck converter
operates at near zero duty cycle to produce small output
.currents. | -

In the use of bridged linear power amplifiers, the
applicéfion of multi-level signal tracking power supplies for the
purpose of powering the amplifiers, such as described in U.S.
Pétentsk4,778,452.and 5,045,990, are capable of providing
amplifier system efficiencies‘which are much improved over the
basic Class B operation with fixed DC supplies. Therefore, in
the concept of the following described invention, a multiple of
separate PWM buck mode power supplies are utilized in conjunction
with a’Bridged.linear power amplifier to produce and provide a

high-efficiency fast precision amplification system which does
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results in low efficiency and is, therefore, not practical. The use of
nmegaHertz operating frequencies is especially difficult and costly if the
out put power neasures in the tens of kilowatts. It is known in the
practiced art to use two separate PWM buck node power supplies to power the

traditional totem pole topol Qgy (non-bridge) linear anplifjer. 1n-addition
Lo T o rAWEE ST EPom ShenARES CLATER HAt ke E GREVeL T TATEF e
suppLgé the heretofore utilized PWM and bridged 1linear power

amplifiers.

Summa of the Invention

In this invention a.bridged linear power amplifier is
powered by a plurality of PWM buck converters which are operated
in parallél. Each converter shares a common DC input power
source and is joined to a common pair of output terminals. The
output terminals are applied to the power supply terminals of the
bridgeg,linéar power amplifier. The buck converters are
md&ﬁiated with modulation reference signals which operate in time
alternation such that in any conversion cycle there exists a
plurality of modulating wave forms which are identical except for
their time delays and which are evenly spaced in time over one
conversion cycle. A feed back control amplifier compares the
voltage output of each converter to the ﬁagnitude Of the
amplifiers required supply voltage and drives the modulators to
control the switching duty cycle of each of the 'individual PWM
converters.

Accordingly, it is an object of this invention to provide a
high efficiency fast precisio; amplification system capable of
producing power in the tens of kilowatts.

- Another object of this invention is to provide a power

amplifier having a high operating efficiency at reasonable cost.
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t he designs have required either an excessive or inefficient operating
«efficiency and/or precognition of the anplifier's input signal to allowthe
slowy respondi ng power supply to get a head start on producing the
necessary supply voltage transients. The only nethod of such precognition
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typtaghby thie el Wit i ndtid@dfcd | PR ehd{PBESut filters to allow a
sufficiently high-speed tracking signal that needs no
precognition in the control system.

Still another object of this invention is to provide a power
supply foL a bridged linear power amplifier which allows fixed
frequency operatiéﬁ.with a clock frequency which can be
synchronized to external system clocks, thus preventing beat
frequencies forming in the system noise.

And stili a further object is to provide a bridged linear
power amplifier having a PWM buck power supply converter in which
the spectral intensity of the supply ripple current induced noise
resulting from cycle-skipping at low operating currents is
reduced with any remaining supply ripple current induced noise
becoming incoherent with 1ikely repetitious 'control signals.

Further objects of this invenﬁidn'will become apparent from
a reading of the following description.

Brief Description éf the Drawings

Figure 1 is a representa?ive set of wave forms showing a
'representative 6utput voltage signal from the bridged power
amplifier of this invention in conjunction with the necessary
amplifier supply voltage in which to support or produce such an

amplifier output signal.
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‘tfconverter is conprom sed, and at | ow operating currents, the output ripple
Vol tage contains |arge anounts of sw tching subharnoni cs as cycl e-ski ppi ng
behavior is mani fested by the converter. The m ssing of cycles is common
when a buck converter operates at near zero duty cycle to produce snal
output currents. In the use of bridged |inear power, anplifiers, the
appl i cat iRirgurte n2il 15-achdpcki §haprepafki kYepbréAgedpprredrs BPYefe purpose

of powering the anplifiers, sych as.described in U S.  Pat 4,778,452 d
5,0§9ﬂiﬂffgﬁe§¥%€gﬂl@fthb?ngﬁﬁﬁglon showing a group %feghﬁ bhéL an

converters joined to the power supply terminals of the amplifier,
forming a common load.

Figure 3 is a set of modulated wave forms fed to four PWM
buck converters operated in paralleftand subjected to individual
switch'drive signals with the resulting buck converter produced
inductor currents as the combined total indgctor current fed to
the power input of the power amplifier. |

Figure 4 is a combined circuit and block diagram for phase
synchronizing a Pierce oscillatér from a digital synchronous
input signal utilized in the PWM controller shown in Fig. 2.

Figure 5 is a random noise generator circuit diagram
utilized to produce the control voltage for the modulated signal
fed to the buck converters and.which also forms a part of the PWM

controller shown in Fig. 2.
Description of the Preferred Embodiment

The preferred.embodiment illustrated is not intended to be
exhaustive or to limit the invention to the form so disclosed.
Rather it is chosen and descr%bed in order to best explain the
principles of the invention and to allow one having ordinary
skill in the art to utilize the invention.

In Fig. 1 an idealized amplifier supply voltage 101 is shown
to produce the amplifier output voltage 102. The supply voltage
is slightly larger than the magnitude of the amplifier's output

voltage with the greater the supply voltage the more such voltage
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afplifier systemefficiencies which are nuch inproved .over the basic d ass
B operation with fixed DC supplies. Therefore, in the concept of the
foll owi ng described invention, a multiple of separate PWM buck node power
supplies are utilized in conjunction with a bridged |inear power anplifier

to roduce an rOV|de a hi ffi |enc fast precision . a I|f|cat|on
sys?e gﬁggl %ﬁﬁse ¢ gf ut stages of thgp

amplifier. Since the amplifier requires some voltage loss to be
able to provide control, it is not possible to make the
difference between the supply voltage and the amplifier's output
voltage zero. Further, additional losses of the supply voltage
are due to amplifier internal impedances which will further cause
a necessaiy difference between the supply voltage and thé output
voltage of the amplifier system. Thus, minimization of such
losses or amplifier dissipation réqdires that the tracking supply
be very precise. Obviously, the faster the change of power
demand in the amplifier voltage, the faster must be the tracking
power supply. |
Switching power supplies can offer high efficiency  if the
switching element can obtain low on values of resistance and low
switching event losses. The switching event losses are |
proportional to operating frequency and, thérefore, operating
frequeqcies can not be increased without limitation but what the
losses become unacceptable. Buck topology is well suited to
prqviding control of the output voltage to values as low as zero
and at currents approaching zero. The maximum buck converter
output voltage is limited to Lhé supply input voltage. In the
amplifier system of this invention it is desirable to produce
voltages in the order to 200 v and 200 amps. ' The minimum voltage
required from the power supply is.a small operating headroom
voltage in the order of approximately 10 v and at.currents as

small as 100 mA. Thus the converter output dynamics power ratio
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not suffer fromthe deficiencies referred to above wi.th respect to the
heretofore utilized PWM and bridged |inear power anplifiers. Summary of the
Invention In this invention a bridged linear power anplifier is powered by
a plurality of PWM buck converters which are operated in parallel. Each

t h nput .Qower. source and ed to a comon
ol 1 L0 SERE AR L¥e A SUoR 2% AT HEG GTiea & A OB odt ST pover

supplyet et 0ahs oL oY id9Sthdrdie pe%{ar%@'lgage{ng, e Piftput
voltages may be required to slew at 40 v per microsecond which
implies that the converter have a power bandwidth in the order of
75 KHz. A 75 KHz bandwidth requires a switching frequency in the
order of 1 MHz. Such high switching“frequencies can result in
switchiné event losses which are totally unacceptable. If the -
switch frequency is lowered it is difficult to filter out the
switching ripple in the converter output.

Fig. 3 is a wave form diagram in which four buck-mode
converters 202, such as seen in Fig. 2, are utilized for
illustrative purposes. The number of buck mode converters 202
utilized in the system wili depend upon the desired maximqm
output of the bridgéd power amplifier 203, also seen in Fig. 2.
In Fig. 3 at the'top of the diagram is shown the modulator
voltages and control voltage or signal fed specifically to each
pulse W;dth modulator. These fespective voltages (modulator
voltage and control voltage) produce pulse width modulated switch
drive signals S1, S2, S3, S4, in each of the respective buck
converters wﬁich in turn produce the inductor currents Ili, Il2,
I13, and Il4 produced in the-éime lag sequences illusfrated for
each of the converters which is summed into the total inductor
current 313 fed to the bridged amplifier. The switch drive
signals for each of the converters are designated respectively by

the numbers 305, 306, 307; and 308 and the induced or inductor

currents produced by each of the specific converters is shown by
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modul ated wi th nodul ation reference signals which operate in tine
alternation such that in any conversion cycle there exists a plurality of
nodul ati ng wave fornms which are identical except for their tine delays and
which are evenly spaced in tinme over one conversion cycle. A feed back
control anplifier cog‘gar es_the _vol tage ouytput of each converter to the

magiite del s t 32 anpLPri éf"g".ré*dﬁ FEF ‘{/)e]\)folq%é:%cf%ﬁ ves the
1o e e hah RIS S Ml el Gl Sl Bl T el
converters) the effective operating frequency is the sum of the
individual operating frequencies while the net output current
ripple is greatly reduced. This allows for the construction of
output filter with reduced output capacitance for the required
attenuation. The result is that the large required bandwidth is
obtainable with a plurality of economically constructed buck
converters.
Referring now to the overall amplifier system shown in Fig.
2, the buck converters 202 are shown connected in parallel and
individually numbered 1, 2, 3, and N which represents a specific
number of such parallel connected converters depending upon the
available output of the converters in relationship to the desired
power input to the connected_bridggd“amplifier 203. While for
illustrative purposes in describing this invention,” four such
buck converters 202 are utilized in order to simplify the current
diagram in Fig. 3, is to be understood in order to produce a 2
" MHz effective maximum operating frequency for the bpiéged'.'
amplifier, eight 250 KHz buck converters 202 would be utilized
and connected in parallel. E;ch converter 202 includés a MOSFET
switch 207, a free-wheeling diode 208, an output coil or inductor
209, an input bypass capacitor 211, and an illustrative output
capacitor 210. While in Fig. 2 there are individual output
capacitbrs‘ZlO shown, it is possible since the capacitors are

utilized in parallel to provide a single capacitor in the
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whigh efficiency fast precision anplification system-capable of producing
_power in the tens of kilowatts. Anather object of this inventionis to
provi de .a power anplifier having a high operating efficiency at reasonable
cost. A further object of this invention is to provide a power anplifier
which utilize PWM buck converters having m ni rum val ued capacitance and

i ndetitranciet i n Eaehrbockpobnierters208 aeedw gnly to produce a

fraction of the total desired outpuﬁ.current for the bridged
ahplifier. As an example, for a 200 A total output, eight buck
converters need only individually produce a 25 A phase to meet
the total output current requirement. Twenty five amp inductors
209 are far easier to construct and.gre more compact then a large
inductor able to handle the total output current requirement of
200 A.

There are two basic buck-coﬁverter topologies which would be
‘capable of using the shown and preferred N-channel MOSFET
switches 207. The topology shown in Fig. 2 is chosen for its
ease of implementation of the géte drivers of the MOSFETs. The
other basic buck converter topology would place the N-channel
MOSFET drain terminal on the positive supply node and the MOSFET
source terminal on the inductor-diode (209, 208) node. The
inductor 209 then would be connected to the positive output
terming; and not the negative terminal as is shown in Fig. 2.
This described but not shown buck converter topology requires
separate supplies for the gate drivers of each phase and the
coupling of the gate drive signals across a very high dv/dt
interface from the common—to—;ll-phases controller 206 at a
greatly increased cost and complexity.

A single .power supply for the parallel connected buck
converters 202 comes from a main DC powér_supply 201 which may be
in the range of 180 to 200 V. The phase control for converters

202 is produced by PWM controller 206 shown in Fig. 2. An
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sufficiently high-speed tracking signal that needs no precognition in the
control system Still another object of this invention is to provide a
power supply for a bridged |inear power anplifier which allows fixed
frequency operation with a clock frequency which can be synchronized to
external system clocks, thus_ preventing beat frequencies forming in the
syst amphdfier Ayiveary |qontr¥elt2e whickimay e Jerprafely oFi HiedtyPeear

T B Y 7% AcFebRYCl, BOEhe£LPP LA RERd Foffedh i85
amplifier 203 and controller 206. Amplifier driver control 205
produces a demand signal 101 which actuates PWM controller 206
which in turn produces the desired input current through buck
cohverters 202 to the_bridggd.amplifiér depending upon the demand
situation.

PWM controller 206 includes the synchronized oscillator
shown in Fig. 4. The Pierce oscillator 405 of Fig. 4 oscillates
at the intended frequency without any input from a data clock.
Should a data clock signal be supplied, the oscillator output
will assume a unique phase relationship with the harmonic"of the
data clock which is at the free-running frequency of the
oscillator. A large number of integer multiples of frequency are
possible for phase locking so long as there is a harmonic of the
data clock close to the free-running frequency of the oscil;ator.
The se;;es-LC resonator 404 is tuned to resonate at the
oscillator-frequency and will be excited by any appropriate sub-
harmonic. The circuit of 402 in Fig. 4 produces a controlled
width pulse which stimulates the resonator 404. Circuit 462"
produces a single edged trigg;red pulse from the.data clock which
eliminates duty cycle sensitivity. The Q of the resonator 404 is
maintained as. high as possible which requires that the resonator
be driven from a low resistance source such as CMOS buffer 403.

The use of sinusoidal current injection into the oscillator 405

eliminates multiple edge outputs from the oscillator during
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rfesul ting fromcycl e-skipping at | ow operating currents is reduced wth any
remai ni ng supply ripple current induced noise becom ng i ncoherent with
likely repetitious control signals. Further objects of this invention wll
beconme apparent froma reading of the follow ng description. Brief
Description of the Drawinas Figure 1 is a regresentapive set of wave forns

showi FeFBUP cpht Bl ephaspy & 06kt R DE0ISIMAPEDS iagieh [V er¥o MUFE -br iSRG yRImes
cuppl A9 T R e TREER=POBYLSBE, P (HLoae Shrer 4 che Fagl. |1 €

The converter modulation wave forms shown in Fig. 3 (301,
304) are derived from the polyphase modulator voltage generator
406 shown in Fig. 4. The clocked input of the synchronized
oscillator generates a group of phasé shifted 50% duty cycle
pulses which are'in tﬁrn converted to the triangular waves shown
in Fig. 3. The triangular waves are applied to one input
terminal of a comparator while the control voltage shown in Fig.
3 is applied to the other input of the comparator. The result at
the output of the comparator when combined with the appropriate
control signal or voltage is a set of width modulated pulses
(305-308) which are individually coupled through high-speed
optical oséillators to drive gate drivers which in turn drive the
MOSFETs 207 shown in Fig. 2 as is the common practice in PWM

products.

Some -precision applications of the resulting power amplifier
use sample data systems that supply input wave forms.digitaily
and process the system outputs in time synchrony with the input.
Small amounts of high frequency noise when present in the output
of such systems can result in‘small but serious (beat frequency)
signals when multiples of the data fregquency combine with the
high frequency nqise. The "beat" disturbanceé can be reduced to
zero frequency by phase iocking the tracking converter to the

data clock such as illustrated in Fig. 4.
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“anplifier output signal. -5- Figure 2 is a block diagram of the bridged
Jinear power anplifier systemof this invention show ng a group of PWM buck
converters joined to the power supply termnals of the anplifier, formng a
common | oad. Figure 3 is a set of nodul ated wave forns fed to four PWV

Included within PWM controller 206 is the noise generator
shown in Fig. 5. The voltage error amplifier circuit 501 of Fig.
5 produces the control voltage which is used to produce the width
modulated pulses 305-308 shown in Fig. 8. The digital pseudo-
random noise (PRN) generator 506 shown in Fig. 5 prdvides a
signal source to the voltage error amplifier circuit 501. Bypass
'filter 505 is used to remove the DC output term of the source and
shape fhe amplitude distribution into a more Gaussian form. It
is possible to create a spectrum of noise at the cutput of the
voltage error amplifier circuit 501 identical to the noise source
if the injected signal into the amplifier's virtual ground
produced by the RC network 504 has the same time constant as the
RC network which composes the feedback network of amplifier
circuit 501. RC network 504 includes a lag feedback resistor
(R1fb) and a lag feedback capacitor (Clfb) with the resistor
being multiplied by a constant and the capécitor being divided by
a constant which is used to scale level.

Whén high-frequency supplies are. required to .regulate at
very low output currents, it is not unusual that it will be
necessary for their controller to invoke cycle skipping. The
underlying problem is that th; required output current is less
than the operating frequency times the minimum charge delivered
per switch cycle. Each time that a buck converter switch
engages, a certain minimum amount of charge is transferred to the
output.circuit. Since the controller cannot reduce this charge,

the only thing that it can do is to reduce the rate at which
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buck converters operated in parallel and subjected to individual swtch
drive signals with the resulting buck converter produced inductor currents -
‘as the combined total inductor current fed to the power input of the power
anplifier. Figure 4 is a conbined circuit and block diagramfor phase

Syncly Rk é' g ErEh%&%‘i‘:x%’ﬁC iy %{éah et {1 Sorftl £ AlpS RS ANWseh Ut $hgnal .

ut|||zed In the PWM control I"er ownin Fig. 2. Figure 5 is a random noi se
generﬁé’éerEkéf:y' teddd 318 WHdH Z6fblds RFOAUGS: tdE gl Iath ¥ ghépeaier the

nodul ated signal fed to the buck converters and which also fornms a part of
the #%¥4is resulting in sub-harmonic voltage ripple on the output
waveform. The converter's output filter is not as effective when
the ripple frequencies are reduced. This supply noise may also
not be completely rejected by the amplifier and appear at low
level in the output signal. Some appliqations are severely
disturbed by having periodic noise in the output signal.
It is possible to randomize the cycle skipping phenomena if
a noise-like signal is introduced into the control loop composed
of feed back or error amplifier circuit 501 and feed back network
502 of the supply. Input signal to the control loop is supplied
by a differential receiver 503 which acts to give frequency
emphasis and liﬁiting to the power amplifier voltage démand
signal. f
The bridged linear amplifier 203 connected to-its load 204
and supplied by a single source power supply regulated through a
multipié parallel connected PWM buck converters 202 produces a
high efficiency amplification system of relative low cost and
exceptionally fast speed. The amplifier drive and control 205
causes controller 206 preciseiy switch the MOSFETs of buck-
converters 202 which in turn, is illustrated by Fig. 3, produce
an input power current to the bridged amplifier in precise
increments depending upon the demand level placed upon the

amplifier by its load 204. The modulating frequency of each

converter 202 is high enough to allow the construction of an

13
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controller shown in Fig. 2. Description of the Preferred Enbodi mrent The
preferred enbodinent illustrated is not intended to be exhaustive or to
Iimt the invention to the formso disclosed. Rather it. is chosen and
described in order to best explain the principles of the invention and to
al | onveppachavengwirdintaions kupply élepwt teiXeett idoze 21k whvsatpass | n
Fig. 1 an idealized anplifier supply voltage 101 is shown to produce the
anpl i band dst patrgeolenmgegil 0 ahkow upptyuty B f dihee | tastiesihiFyrTere®r t han
the magnitude of the anplifier's output

required by the bridged amplifier.

The above invention is not to be limited to the details so

described therein but may be modified within the appended claims.

i\
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vol'tage with the greater the supply voltage the nore-such vo

be lost to the dissipating output stages of the power anplifi 1““““"' '“mm””“l

anplifier requires sone voltage loss to be able to provide control, F

not possible to make the difference between the supply vol tage and the

anpl ifHf 'S @i pyt 180l tage zero. Further, additional |osses of the supply

vol tage are due to anplifier internal inpedances which wll further cause
1. An amplifier power supply circuit comprising a power

amplifier having a power input, a plurality of pulse width
modulated switch-mode power converter means connected in parallel
and adapted for connection to a. DC power supply, each converter
means for tracking the power demand for said amplifier, all said
converter means collectively for outputting current from said
power supply to said amplifier power inéut.

2. The ampliﬁier power ‘supply circuit of Claim 1 wherein
said amplifier is of the-bridged -type.

| 3. The amplifief power supply circuit of Claim 2 wherein
said amplifier has an output terminal at signal commoﬁ.

4. The amplifier power supply circuit of Claim 1 wherein
each said converter means for operating in a separate current
producing phase selected mode so as to minimize output ripple and
increase the effective switching rate of the. collective output
current of all said converter means.

_5;' The amplifier power supply circuit of Claim 4 wherein
each said converter means includes a switch-mode sﬁpply output
filter means for allowing output;ing of the fastest current
required by said amplifier at(its said éower input.

6. The amplifier power supply circuit of Claim 4 wherein

each said converter means is of a buck-derived topology.

15
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a necessary di fference between the supply voltage and the out I n’ >
the anplifier system Thus, m nimzation of such |osses or nﬁm"rm "ﬂnﬁl l”"l
di ssipation requires that t he tracki ng supply be very precise. oudly’ *
the faster the change of power demand in the anplifier voltage, the faster

nust be the tragld REPOVETeS Updidyr SWHHTHI Uraer o5 upPhifse CRhegbliar high
efficiency if the swtching el enment can obtain | ow on val ues of resistance

and kavhswohtkir@grewtsind casebudddea sthvtedibgreinal swisel meanproporti ona
to operating frequency and, therefore, operating
receptive to a pulse width modulated drive signal and having a
control common terminal adapted for connection to one terminal of
said power supply. |

8. The amplifier power supply,circuit of Claim 1 wherein
each converter means includes an operating frequency which is
phase locked to the data rate of a sampied data input.

9. The amplifier power supply circuit of Claim 8 and
including a pulse width modulated controller means for sensing
the power input demands of said amplifier and in response thereto
producing a said pulse width modulated drive signal for each said
converter means, said controller means including a free-running
oscillator and phase lock circuitry including a resonate circuit
stimulated by a data rate clock pulse fer synchronizing said
oscillator in producing said pulse width modulated.switch drive
signal.

10. The amplifier power supply circuit of Claim 9 wherein
said controller means includee a noise generator means for
supplying a control voltage which in conjunction with modulator
voltage created by said osciliator produces said pulse width
modulated switch drive signal, said generator means for producing
a random noise signal for injection into a supply control loop
forming a part of said controller means to randomize the

amplifier power supply circuit operation at low values of said

collective output current.
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frequenci es can not be increased without limtation but what tt‘ﬂll“ﬁmulu "m" I"
become unacceptabl e. Buck topology is well suited to providing 1 | '
the output voltage to values as |ow as zero and at currents approachifng * s *

zero. The maxi mum buck converter output voltage is limted to the supply
i nput vol t 3de. IThe rempkpEier cPOYeEt SHPBLYt RiFCPAeRE Ghall 19 whenedsie to

produce voltages in the order t 0 v.an 00 anps. The m ni mum vol t age
requi F3% m%%@%%?t%ﬁpb?yQ(?)s%g‘esﬁéﬁﬁg T 'Pﬁ?gﬁﬁ—mgg%wpﬁ't age in the
order of approximately 10 v and at currents as small-as 100 mA. Thus the
converter output dynam cs power ratio

<l
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" REPLACEMENT SHEET 20 FEB 1997 Is extrenely large such as in the order of
40, 000X. In sone applications, such as in magnetic resonance inaging, the
out put voltages nmay be required to slew at 40 v per m crosecond which

P b SnGmGE Soisth BOKRr3 Boren bamdard: prieakhaerdersal 75 (¢ A
Abstract of the Disclosure

A power converter which includes a bridged power amplifier
powered from a sole or single DC input power source through a
plurality of paraliel connected PWM buck converters. The
converters are modulated with reference signals which operate in
time alternation such that in any co#ﬁersion cycle there exists a
plurality of modulating wave forms which are identical except for
their time delayé and which are evenly spaced in time over a
single conversion cycle. A feedback control ampiifier compares
the voltage output of the parallel connected converters through
the magnitude of the amplifier's required supply voltage anad

drives the modulating components of the circuit to control the

switching duty cycle of each of the individual PWM converters.
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brder of 1 MHz. Such high switching frequencies can result in switching
event | osses which are totally unacceptable. If the switch frequency is
“lowered it is difficult to filter out the switching ripple in the.converter
output. Fig. 3 is a wave formdiagramin which four buck-node converters
202, such as seenin Fig. 2, are utilized for illustrative purposes. The
nunber of buck nobde converters 202 utilized in the systemw || depend upon
t he desired maxi mum out put of the bridged power anplifier 203, also seen in
Fig. 2. In Fig. 3 at the top of the diagramis shown the nodul at or
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vol tages and control voltage or signal fed specifically to each pulse width
nodul ator. These respective voltages (nodul ator voltage and contro

.voltage) produce pul se width nodul ated switch drive signals SI, S2, S3, $4,
in each of the respective buck converters which in turn produce t he

i nductor currents IIll, 112, 113, and 114 produced in the tinme |ag sequences
Il lustrated for each of the converters which is summed into the total

i nductor current 313 fed to the bridged anplifier. The switch drive signals
for each of the converters are designated respectively by the numbers 305,
306, 307,- and 308 and the induced or inductor

©
o
N
2 "
i w
« U = 1
\\ ‘o + |
_ o )
<+ W o \i"a'
o w _ 3
3\ J0 o Eg
- p a =2 Y —
'—334 ' =< \ =z
¥ < o
- O
| =
=
a-.
w
<
O
S g 3
t
+ o _(_)_ | =2
Q w
ol o
~ @
O
A5
o)
Y
(o
Sl
TH
ks
N\
[ T
: RN
S =T

| /@ )

2017~ ©
21 1—
211 .-

This Sheet Has Been Rerlaced

AR




clrrents produced by each of the specific converters is shown by -8- the
lines 309, 310, 311, 312 respectively for the four converters. \Wen using
Such tine interleaved (polyphasic converters) the effective operating
frequency is the sumof the individual operating frequencies while the net

output current ripple is greatly VQBEFEQ Th|53%j4wm for t he construction
of
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output filter with reduced output capacitance for the required attenuation.
The result is that the |large required bandwidth is obtainable with a
plurality of economi cally constructed buck converters. Referring nowto the
overall amplifier systemshown in Fig. 2, the buck converters 202 are shown
connected in parallel and individually nunbered 1, 2, 3, and N which
represents a specific nunber of such parallel connected converters
dependi ng upon the avail abl e output of the converters in relationship to
the desired power input to the connected bridged anplifier 203. Wile for

7N
l._.
}.__.
a2y
O:O"D:Z‘
oZR= 1
<O S & ¢
293
<Jog
AT :
)
<
_ 10
E? w4 T %%
-
N -—5- vx
O > =)=
DI 5., 05
<= =
T<OLO L
| A<
S D= <l
S80S
LJ "rﬁ§>bo
, LN
QA Al
o ? ollol| 9l| o
7 Ll 53132
| ] 1=

is Sheet Has Been Replaced

TR




i | Fustrative purposes in descrlblng this invention, four such buck
converters 202 are utilized.in"order to sinplify the current diagramin
Flg 3, is to be understood in order to produce a 2 MHz effective maxi mum
~operating frequency for the. bridged anplifier, eight 250 KHz buck

converters ed and connected in parallel. Each converter
202 incl udes a SMAtCh a free-wheeling diode 208, an output coi
or inductpr 205 Egzgcgﬁgpa. paci tor 211, and an illustrative output
capaci t or 10! there are individual output capacitors 210 .
shown, it As p9§§JQ3635|nce tEF capficitors are
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uti lized in parallel to provide a single &apacitor in the Ci r ces4 B h
buck - converter 202 needs only to produce a,fraction of the total desired
output current for the bridged anplifier>As an exanple, for a 200 A total
out pyt, eight buck converters need only . individually -produce a 25 A phase
to neet the total output current requiregient. Twenty five anp inductors 209
are far easier to construct and are nore conpact then a | arge

SWITCH—MODE POWER . SUPPLY FOR A BRIDGED LINEAR AMPLIFIER.
Background of the Invention

Bridged power amplifiers have a particulariy simple power
supply format in that only a two terminal supply is required.
Such amplifiers offer high power, such as in the tens of
kilowatts with wide bandwidth and very low distortion and noise
which makes them neafly ideal for precision amplification
applications such as gradient amplifiers for magnetic.resonance
imaging. These amplifiers have though an inherent deficiency in_
that they are of low power efficiency. Such low or reduced
efficiency results in large amounts of semi-conductor materials
being used for pass devices and large heat sinks being used to
receive the generated and wasted heat due to amplifier operation.

Another type of an amplifier, the.switch-mode pulse width
modulation (PWM) amplifier, offers improved éower efficiency but
suffers greatly from poor bandwidth and poor fidelity. PWM
bandwidth is typically an order of magnitude less than needed for
many aéélications. Operating with switch frequencies in the
-megaHertz.range in order to attain the necessary bandwidth

'-results in low efficiency and is, therefore, not pfactical. The

use of megaHertz operating frequencies is especially difficult
and costly if the output power measures in the tens of kilowatts.'

It is known in the practiced art to use 'two separate PWM
buck.mode power supplies to power the traditiohal totem-pole
toﬁology (non-bridge) linear amplifier. In-addiﬁion to requiring

two PWM supplies, whereas bridge deeigns require only one supply,
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I nductor able to handle the total output current requirenment of 200 A
There are two basi ¢ buck-converter topologies which would be capabl e of
using the shown and preferred N-channel MOSFET switches 207. The topol ogy
shown,in Fig. 2 is chosen for its ease of inplenentation of the gate
dfivers of the MOSFETs. The ot her basi c-2ouck converter . topol ogy woul d pl ace
-the N-channel "MOSFET drain term nal on the positive supply node and the
MOSFET source term nal on the inductor-diode (209, 208) node. The inductor
209 then woul d be connected to the_ pogitive out put
the designs have required either an excessive or inefficient
operating efficiency and/or precognition of the amplifier's input
signal to allow the slowly responding power supply to get a head
start on producing the necessary supply voltage transients. The
only method of such precognition that is feasible for many such
systems is to delay the main amplified signal by a multiple of
' milliseconds which is the response time needed by a slow PWM
supply. For many uses, such delays of the amplified signal are
not allowed nor desirable. 1In attempting to make a PWM buck
supply faster, typically the output voltage ripple from the
converter is compromised, and at low operating currents, the
output ripple veltage contains large amounts of switching
subharmonics as cycle-sklpplng behavior is manlfested by the
converter. The missing of cycles lS common when a buck converter
operates at near zero duty cycle to produce small output
currents.
In the use of bridged linear power ampllflers,_the
appllcatlon of mnlt1-1evel 51gna1 tracking power supplies for the

purpose of powerlng the ampllflers, such as described in U.S.

Patents 4,778, 452 and 5,045, 990, are capable of prov1d1ng

-

amplifier system efflclenc1es which are much improved over the
basic Class B operation with fixed DC supplies. Therefore, in
the concept ef the fellowing deseribed invention, a nultiple of
separate PWM buck mode power supplies are utilized in conjunction
with a’Eridged.linear power ampliﬁier to produce and proviee a

high-efficiency fast precision amplification system which does
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‘term nal and. not the negative termnal as is showm in Fig. 2. This
descri.bed but not shown buck converter topology requires separate supplies
for the gate drivers of each phase and the coupling of the gate drive
si.gnal s across a very high dv/dt interf ace fromthe common-to-all-phases
~controller 206 at a greatly increased and conpl exity: A single.power
supply for the parallel connected buck converters 202 cones froma main DC
power supply 201 which may be in the range of 180 to 200 V. The phase
control. for converters 202 is produced by PWM controller 206 shown in Fig.

2. An not suffer from the deficiencies referred to above with respect
to the heretofore utilized PWM and bridged 1inear power
amplifiers.

Summary of the ;gvegtion

In this invention a bridged 11near power amplifier is
powered by a plurallty of PWM buck converters which are operated
in parallel. Each converter shares a common DC input power
source and is joined to a common pair of output terminals. The
output terminals are applied to the power supply terminals of the
brldged linear pqyer amplifier. The buck converters are
modulated with modulation reference signals which cperate in tine
alternation such that in any conversion cycle there exists a
plurality of modulating wave forms which are identical except for
their time delays and which are evenly spaced in time over one
conversion cycle. A feed back conﬁrol amplifier compares the
voltage output of each converter to the ﬁagnitude of the
ampliflers-required supply .voltage and drivee the modulators to
control the switching duty cycle of each of the 'individual PWM
converters. o

(. Accordingly, it is an object of this invention to provide a
high efficiency fast precisio; amplification system capable of
| producing power in the tens of kilowatts.
Another object of'this invention is to provide a power

amplifier having a high operating efficiency at reasonable cost.



REPLACEMENT SHEET 20 FEB 1997 -10- anplifier driver control 205 which
mey be generally of the type illustrated-in U S Patent 3,808,545 is
connect ed between bridged anplifier 203 and controller 206. Anplifier
driver control 205 produces a demand signal 101 which actuates PWV '
control l er 206 . = .

A furthef object of.this invenﬁioﬁ i§_£6 provide a power
.amplifier which ﬁtilize PWM buck converters having minimum valued
capacitance and inductancé in ﬁheir output filters to allow a

_ sufficiently high-speed tracking signal that needs no
precognition in the control system.

still another object of this invention is to.provide a pdwer
'supply fo; a ‘bridged linear power amplifier which allows fixed
frequency operatiéﬁawith a clock frequency which can be
synchronized to external sjstem clocks, tﬁus'preventing beat
frequencies form%gg in the system noise.

And'étill a further'object is to provide a bridged linear
power amplifier having a PWM buck power'supply converter in which
the spectral intensity of the supply ripple current induced noise
resulting from cyc1e+skippin§ at loﬁ opérating currents is
reduced with any remaining supply ripple current induced noise
becoming'incoherent with likely repetitious control signals. |

Further objects of this inventién will become apparent from
a reading of the following description.

Brief Descrigtion_éf the Drawings

Figure 1 is a répresenta?ive_éet of wave forms showing a
'representative butput voltage signal from the bridged power |
amplifier of this invention in conjunction with the necessary -
amplifier supply voltage in which to support'or produce such an-

amplifier output signal.
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which in turn produces the desired input current through buck converters
202 to the bridged anplifier depending upon the denmand situation. PW/
controller 206 includes the synchronized oscillator shown in Fig. 4. The

Pierce oscillator 405 of Fig. 4 oscillates at the intended frequency
W thout any input froma data clock. Skdw-d a data clock 'signal be
supplied, the oscillator output will assune a uni que phase relationship

‘with the harnonic of the data clock which is at the free-running frequency
of the oscillator. A large nunber of integer nultiples of frequency are
: Figure 2 is a block diagram of the bridged linear power
amplifier system-of'this invention showing a grdup.qf PWM buck
| convefters joined to the power supply terminals of the amplifiér:
.forming a comﬁon load. ' |
Figure 3 is a set of modulated wave forms fed to four PWM
buck converters opefated in pa:allel and'sﬁbjected to individuai
switch'drive signals ﬁith_the resﬁlting buck converter broduced
inductor currents as the combined total ipductor currenﬁ fed to
the power input of the power amplifier. _ . -
Figure 4 is a combined circuit and block diagram for phase .
synchronizing a Pierce osciliatér from a digitéi synchronous
input signal_dtilized in the PWM controller shown in Fig. 2.
Figure 5 is a random nbiselgenerator circuit diagram
utilized to produce the control voltage for the modulated signal
fed to the buck converters and which also formé a part of the.PWM
controller shown in Fig. 2. | | '
Description of the Preferred Embodiment
‘The preferred embodiment illustrated is noﬁ intended to be
éxhaustive or .to limit the invention to ﬁhe form so disclosed.

{ -Rather it_is'chosen and descr%bed in order to best explain the
principles of the invention and to allow one having ordinary
skill in the art to utilize the invention.

In Fig. 1 an idealized amplifier supply voltage 101 is shown
to produce the aﬁplifier output voltagehloz. . The supply voltage
is slightly larger than the magnitude of the amplifier's output

voltage with the greater the supply voltage the more such voltage




possi bl e for phase locking so long as there is a harnonic of the data clock
close to the free-running frequency of the oscillator. The series LC
resonator 404 is tuned to resonate at the oscillator frequency and will be
excited by any appropriate sub- harnnni%. The circuit.of .402 in Fig. 4
produces a controlled w dth pul se which=3ti nul ates the resonator 404.
Circuit 402 produces a single edged triggered pulse fromthe data cl ock
which elimnates duty cycle sensitivity. The Q of the resonator 404 is

mai nt ai ned as. hi gh as possibl e which requires that the resonator be driven

froma | o P& H98F fRuthe dissipa oNtPREr stages of the power

amplifier. Since the amplifier requires some voltage loss to be
able to provide control, it is not possible to make the
differeﬁce between the supply voltage and the amplifier's output
voltage zero. Further, additional losses of the supply voltage
are due to amplifiér internal impedances which will further cause
a neceSsé}y difference between the'supply voltage and the output
voltage of the amplifier system. Thus, minimization of such
losses or amplifier dissipation réqﬁires-that the tracking supply
be very precise.y_obviously, the faster the change of power
demand'in the amplifier voltage, the faster must be the tracking
power supply. |
Switching power supplies can offer high efficiency .if the
switchihg element can .obtain low on values of resistance and low
syitching event losses. The switching event losses are
proportional to operating frequency and, therefore, operating
frequegcies can not be increased without limitation but what the
losses become unacceétable; Buck topology is well suited to
prqviding control of the output voltage to #alues as low as'zerﬁ
. and at currents approaching zero.’ The maximum buck converter
outputIVOltage is limited to ;hé supply input voltage. In the
amplifier system of this invention it is désirable to produce
voltages in the order to 200 v and 200 aﬁps.' The minimum voltage
required from the poyer supply is a émdll operating headroom

voltage in the order of approximately 10 v and at currents as

small as 100 mA. Thus the converter output dynamics power ratio
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The use of sinusoidal current injection into the oscillator 405 elimnates
mul tiple edge outputs fromthe oscillator during | ockup wi th phase | ock
bei ng snooth and very qui ck. Synchronous signals are produced by the word
cl ocks,shown in the figure. The converter nodul ati on wave fornms shown in
Fi'g. -3 (301, 304) are derived fromtheJ38} yphase nodul ator voltage
generator 406 shown in Fig. 4. The clocked input of the synchronized
is extremely large such as in the order of 40,000x. In some
applications,'such as in magnetic resonance imaging, the output'
voltages may be required to slew at 40 v per microsecond which
implies that the converter have a power bandwidth in the order of
25 KHz. A 75 KHz bandwidth requires a switching frequency in the
order of 1 Mﬁz. Such high switching frequencies can result in
switchind event losses which are totally unacceptable. If the
switch frequency is lowered it is difficult to filter out the
switching ripple in the converter qutput;

| Fig. 3 is a wave form diagram in which four buck-mode
converters 202, such as ‘'seen in Fig. 2, are utilized for
illustrative purposes. The number of buck mode converters 202
utilized in the system wili'depend upon the desired maximum |
output bf the bridgéd power amplifier 203, also seen in Fig. 2.
In Fig. 3 at the'top of the diag:am is shown the modulator
voltageé and control voltage or signal fed specifically to each -
pulse width modulator. These respective voléages_(modulator
voltage and control voltage) produce pﬁlse width modulated switch ‘
drive signals S1, S2, S3, S4, in each of the respective buck
converters thch in turn produce the inductor currents Iii, Il2,
I13, and Il4 produced in the-;ime lag sequences illustrated for
each of the converters which is summed into thé total inductor
curreht 313 fed to the bridged amplifier. The switch drive
signals for éach of the copverters'are designated respectively by
the numbers 305, 306, 307, and 308 and the induced or inductor

currents produced by each of the specific converters is shown by
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oscillator generates a group of phase shifted 50% duty cycle pul ses which
are in turn converted to the triangular waves shown in Fig. 3. The :
triangul ar waves are applied to one input terminal of a conparator while
the control voltage shown in Fig. 3 is 3Eplied to the other input of the
conparator. The result at the output =X conpar at or -when conbi ned with
the appropriate control signal or voltage is a set of w dth nodul ated

pul ses (305-308) whtch are individually coupled through hi gh-speed optical
oscillators to drive gate drivers which in turn drive the MOSFETs 207 shown
in Fig. 2 gfiel $ihbe g6870B1PL a0 hce30R Pébbectively for the four :

converters. When using such time interleaved (polyphasic
converters) the effective operating frequency is the sum of the
individual operating frequencies while the net output current
ripple is greatly reduced. This allows for the construction of
output filter with reduced output capacitance for the required
attenuation. The result is that the large required bandwidth is
obtainable with a plurality of economically constructed buck
converters. | .
Referring now to the overall amplifier syétem shown in Fig.

2, the buck converters 202 are shown connected in parallel and
individually numbéred.l; 2, 3, and N which represents a specific
number of such parallel connected converters depending upon the
availablé output of the converters in relat;onship to the desired
-power inpuﬁ to the connected bridged amplifier 203. While for
illustrative purposes in describing this invention, foﬁr such
buck converters 202 are utilized in order to simplify the current
diagram-in Fig. 3, is to be unders;ood'in order to produce a 2

* MHz effective maximum operating frequency for the.b;iéged'.

. amplifier, eight 250 Kﬁz buck converters 202 would be utilized

‘.and connected in parallel. E;ch converter 202 includes a MOSFET
-switch 207, a free-wheeling diode 208, an output coil or inductor
209, an input bypass capacitor 211, and an illustrative output
capacitor 210. While in Fig; 2 fhere are individual output
capacitors 210 shown, it is possible since the capacitors are

utilized in parallel to provide a single capacitor in the
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products. Sone precision applications of the resulting pover anplifier use
sanpl e data systens that supply input wave forns digitally and process the
systemoutputs in time synchrony with the input. Small anounts of high
frequency noi se when present in the outQut of such systens can result in
siral | but- serious (beat frequency) sigadls when nultiples of the data
frequency conbine with the high frequency noi se. The "beat" disturbance can
be reduced to zero frequency by phase Iocklng t he tracklng converter to the

data cl ock,  such as jllus ed in
czrcuPt. Each gugﬁ convertgr 202 needs only to produce a

fraction of the total desired output current for the b;;gged _
amplifier. As an example,-fér a 200 A total output, eight buck
converters need only indfvidually produce a 25 A phase to meet
the total output current requirement. Twenty five amp inductors
209 are faf easier to construct and are more compact then a large
inductor able to handle the total output current requirement'df
200 A.
| There are two basic buck-converter topologies which would be
capable of using tpe shown and preferred N-channel MOSFET
switches 207. Tﬂ; topology shown in Fig. 2 is chosen for its
ease of impleméntation of the gate drivers of the MOSFETS. The
other.basic buck converter topology would place the N-channel
MOSFET drain terminal on the positive supply node and the MOSFET
source terminal on the inductor-diode (209, 208) node. The
inductor 209 then would be connected to the positive output
'terminq} and not the negative terminal as is shown in Fig. 2.
This described but not shown buck converter topology requires
separate supplies fo; the gate drivers of each phase and the
coupling of the gate arive signals across a very high dv/dt
interface from the common-to-;ll-phases controller 206 at a
greatly increased cost and complexity..

A single .power supply for the parallel connected buck
converﬁérs 202 comes from a main DC power supply 201 which may be

in the range of 180 to 200 V. The phase control for converters

202 is produced by PWM controller 206 shown in Fig. 2. An
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REPLACEMENT SHEET 20 FEB 1997 I ncl uded within PWM controller 206 is the

noi se generator shown in Fig. 5. The voltage error anplifier circuit 501 of

Fig. 5 produces the control voltage which is used to produce the width

- nodut at ed pul ses 305-308 shown in Fig. .8 The digital pseudo- random noise
(PRN) generator 506 shown in Fig. 5 privides a

amplifier driver control 205 which may be generally of the type .
illustrated in U.S. Patent 3,808,545 is connected between bridged
amplifier 203 and controller 206. Amplifier driver control 205
produées-a demand signal 101 which actuates PWM controller 206
‘which in turn produces the desired input current through buck
converters 202 to the bridggﬁ.amplifier depending upon the demand
situation: | |
PWM controlier 206 includes the syncpronized oscillator

shown in Fig. 4. The Pierce oscillator 405 of Fig. 4 oscillates
at fhe intended frequency without any input from a data clock.
Shoﬁid a data cl;;k signal be supplied, the oséillator output
will assume a unique phase relationship with the harmonic of the
data clock which is at the free~running frequency of the |
oscillator. A large number of integer multiples of freqﬁency are
possible for phase locking so long as there is a'harmonic of the
data clock close to the free-running frequency of the oscil;a;or.
The se;ies-Lc.resonator 404 is ﬁuned to resonate at the
,oscillator‘frequency and will be excited by any appropriate sub—

" harmonic. The circuit of 402 in Fig. 4 produces a controlled

¢/ width pulse which stimnlates‘the resonator 404. Circuit 402"

produces a single edged trigg;red pulse from the data clock which
eliminates duty cycle sensitivity. The Q of the resonator 404 is-
maintained as. high as possible which requires ;hat'the resonator
be driven from a low resistance source such as CMOS buffer 403.
The use of sinusoidal current injection into the oscillator 405

eliminates multiple edge outputs from the oscillator during
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signal source to t he vol t age error anplifier circuit 501. Bypass filter 505
s used to renove the DC output term of the source and shape the anplltude
distribution into'a nore Gaussian form It is possible to create a

spectrun1of noi se at the output of the vy | tage error anplifier circuit 501
i dentical to the noise source if the |nlgﬁ1ed signal into the anplifier's
~virtual ground produced by the RC network 504 has the Same tinme constant as
t he RC network which conposes the feedback network of anplifier circuit
501. RC network 504 includes a |ag feedback resistor (R fb) and a | ag
feedback §apRabt @ithCphakeWlbbk beihgsisabeth and very quick. Synchronous -

signals are produced by the Qord clocks shown in the figure.

The converter modulation wave forms shown in Fig. 3 (301,
304) afe dérived from the pélyphase modulator voltage generator
406 shown in Fig. 4. The clocked input of the synchronized

.oscillator geheratés a-groﬁp of phase shifted 50% duty cycle
pulses whidh are in tﬁrn converted ﬁo'the'trianqular waves_ shown
in Fig. 3. The triangular waves are applied to one input
terminal of a comparator while the control voltage shown in Fig.
3 is applied to tgg‘other inpﬁt of the comparato:. The result at
the outpuﬁ of the comparator when combined with the appropriate
control $igna1 or voltage is a set of width modulated pulées
(305-308) which are individually coupled through high-speed
optical oséillators to drive gate drivers which in turn drive the
MOSFETs 207 shown in Fig. 2 as is the common practice in PWM |
products.

Séme'precision applications of the resulting power amplifier
use sample data systems that supply input wave forms digitally
and proéess the system outputs in time sjnchrony with the input.

- Small amounts of high.ffequency_noise when present in the output
of such systems can result in.small but serious (beat frequency)
signals when multiples of thé data frequency combine with the
high frequency nqise. The "beat" disturbance can be reduced to
Zero frequency by phase iocking.the tracking converter to the

data clock such as illustrated in Fig. 4.
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being multiplied by a constant and the capacitor being divided by a
constant ‘which is used to scale |evel. Wen high-frequency supplies are.
required to -regulate at very |low output currents, it is.not. unusual that
it will be necessary for their controller to invoke cycle skipping. The
underlying problemis that the requiredﬂ&ﬂtput current is less than the
operating frequency times the m nimum charge delivered per switch cycle.
Each tine that a buck converter sw tch engages, a certain mni num anount of
charge is transferred to the output circuit. Since the controller cannot
reduce this chghguded within PWM controller 206 is the noise generator

shown in Fig. 5. The voltage error amplifier circuit 501 of Fig.
5 produces ﬁhe control voltage which is used to produce the width
modulated pulses 305-308 shown in Fig. 8. The digital pseudo-
random noise (PRN) generator.sos shown in Fig. 5.provides a
~signal source to the voltage error amplifier circuit 501. Bypass
filter 505 is used to remove the Dc'oﬁtpuﬁ term of the source and
shape the amplitude distribution into a more Gaussian form. It
is poséible to create a spectrum of npise'at‘the output of the
Qoltage error amplifier circuit 501 identical to the noisélsource
if the injected signal'into the amplifier's virtual ground
prodﬁcéd.by the.RC network 504 has the same time constant as the .
RC network which composes the feedback networkﬁof ampl}figr
circuit 501. RC network 504 includes a lag feedback :esistor-
(R1fb) and a lag feedback capacitor (leb) with the-resistor
 being multipiied by a constant and the capacitor being divided by
a constant which is ﬁsed to scale level. |
Whén high-frequeney suﬁpliés are.requiréd to -reqgulate at
very low outpﬁt currents, it is not unusual that it will be
neceéSary for their controller to invoke cycle skipping. The
underlying problem is that th; required output current is less
than the operating frequency times ﬁhe minimum charge délivered
per switch cycle. Each time that a buck converter switch .
engages, a certain minimum amount of charge is transferred to thé
outpuﬁ circuit. Since the controller cannot reduce this charge,

the only thing that it can do is to reduce the rate at which




the only thing that it can dois to reduce the rate-at which - charge is
transferred by deleting sone of the swtch events. The nost likely result
is that cycles will be skipped on a periodic basis resulting in

sub- harnmoni ¢ voltage ripple on the output, waveform The -converter's out put
filter i$ not_as effective when the rlppEE_frequenC|es are reduced. This
supply noi se nay al so not be conpl etely rejected by the -anplifier and
appear at Iow1 : _ .

charge is transferred by deleting some of the switch events. The.
" most likely result is that cycles wiil be skipped on a periodic
basis resulting in sub-harmonic voltage ripple on the output
waveform. The converter's output filter is not as effective when
the ripple frequencies are reduced. This supply'noise'may also
not be completely rejected by the amplifier and appear at low
level in the output signal.. Some applications are severely
disturbed by having periodic noise in the output signal.
It is possible to randomlze the cycle skipping phenomena if -
.a noise-like 51gnal is lntroduced 1nto the control loop composed
' of feed back or-error-ampllfler circuit 501 and feed back network
502 of the supply. 'Inpqt signal'to'the control loop is supplied
by a differentiel receiver 503 which acts to give frequency
emphasis and'limitihg.to the power amplifier voltage'demand
signal. | f ' |
The'bridéeq linear aﬁplifier 203 connected to its load 204
and supplied by a single source power supply regulated through a
emultipie parallel connected PWM buck converters 202 produces a
high efficiency amplification system of relative low cost and
- exceptionally fast speed. ?he'amplifier drive aod control 205
causes controller 206 preciseiy switch the MOSFETs of buck-
convertere 202 which in turn, is illustrated by Fig.-3,_produce
an input power ourrent to the bridgeﬁ.amplifier in precise |
increments - depending upon the demand level placed upon the
amplifier by its load 204. The modulating frequency of each

converter 202 is high enough to allow the construction of an
 REPLAGENENT SHeeT
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| evel in the output signal. Some applications are severely disturbed by

havi ng periodic noise in the output signal. It is possible to random ze the
cycl e skipping phenonena if a noise-like signal is introduced into the"

“cont kol ‘| oop conposed of feed back or ‘or anplifier-.circuit 501 and feed
back network .502 of the supply. |nput | to the confrol loop is :

supplied by a differential receiver 503 which acts to give frequency -
enphasis and limiting to the power anplifier voltage denand signal . The

bridged LN VP dui Sin-oad MUY Sultgue 11237 583, 210 whose pass

band is large enough to allow output of the fastest currents
required by the bridged émplifier.
The above invention is not to be limited to the details so

described therein but may be modified within the appended claims.




and supplied by a single source power supply regul ated thr |ﬁ|"
paral |l el connected PWM buck converters 202 produces a hig

anplification systemof relative | ow cost and exceptional |l y*fast spded® The
anplifier drive and control 205 causes cqntroller 206 precisely switch the
MOSFETs of buck converters 202 which |g_§urn, is illustrated by Fig. 3,
produce an input power current to the bridged anplifier in precise

i ncrenents dependi ng upon the demand | evel placed upon the anplifier by its
| oad 204. The nodul ati ng frequency of each converter 202 is high enough to

all ow the constructi on of an
What I Claim is:

1. An amplifier power supply circuit comprising a power
amplifier having a power input, a plurality of pulse width
moﬁulated switch-mode power converter means connected in paraliel
and adapted for connection to a DC power supply, each converter
.me#ns for tracking‘the power demand for said amplifier, all said
converter means collectively for outputting current from said
power supply to said amplifier power input.

2. fhe_amplif}gr power 'supply circuit of Claim 1 wherein
said amplifier is—of the-bridged -type.
| 3. The amplifief power supply circuit of Claim 2 wherein
said amplifier has én,output'terminal.aﬁ signal commoﬁ.

4. The amplifier power sﬁpply circuit of Claim 1 wherein
each said.converter means for operating in a separate current
producing phase selected mode sé as to minimize output ripple and
increase the effective switching rate of the collective output
current of all said éonverﬁer means.

_5:' The amplifier power supply circuit of Claim 4 wherein
each'séid converter means includes a switch-mode supply output

; filter means for allowing output;ing of the fastest current |
: required by said amplifier at'its said éower input.
6. The amplifier power supply circuit of Claim 4 wherein

each said converter means is of a buck-derived topology.
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effective smntch node supply output filter 209, 210 whose p “ l

| af ge enough to allow output of the fastest currents requi rﬁ“ 11 “ﬂ““l“‘“‘
bri dged anplifier. The above invention is not to be linmted to tthe “del aif
so_described therein but may be nodified within the appended cl ai ns.

7.. .The amplifier.powef supply circuit of Claim 6 wherein
each converter means includes a three-terminal switch ﬁeans
receptive to a pulse width modulated drive signal and having a
control common terminal adapted for connection to one terminal of
said power supply.

8. The amplifier power supply circuit of Claim 1 wherein
each converter means includes an operating frequency which is
phase locked to the data rate of a sampled data input.

9. The amplifier power supply circuit of Claim 8 and
including a pﬁlsq,width modulated controller means for sensing
the power input demands of said amplifier and in response‘theretd
producing a said pulse width modulated drive signal for each said
converter means, said controller means including a free-running
oscillator and phase lock ciréuitry inclﬁding a resonate circuit
stimulated by a data rate clock'pulse for synchronizing said .
oscillator in producing said pulse width mpdulated switch drive
signal. |

"10. The amplifier power supply circuit of Claim 9.wherein
said controller means includes a noise generator means for
supplying a control yoltage.which in cdnjunction with modulator

'voltége;created by said osciiiator produces said pulsé width
modulated switch drive signal, said generator means for producing
a random noise signal for injection into a supply -control loop
forming a part of said controller means to randomize the
amplifier power supply circuit operation at low values of said

collective output current.
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-15; What | Caimis: 1. An amplifier power supply circuit Hmmﬂ i
power amplifier having a power input, a plurality of pulse w umm"l"l
swi t ch-nrode power converter nmeans connected in parallel and adipt®ed fo™ & *
connection. to a DC power supply, each co %Frter nmeans for tracking the

power demand for said anplifier, all sai-é~Senverter neans collectively for

outputting current fromsaid power supply to said anplifier power input.
11. The amplifier power supply circuit of Claim 10 wherein =
said noise generator is of the digital pseudo—randenm type
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2. The anplifier power supply circuit of Claim1l wherein said anplifier
Is of the-bridged-type. 3. The anplifier power supply circuit of Claim?2
wherein said anplifier has an output term nal at signal comon. 4. The
anplifier power supply circuit of Claim1 wherein each said converter means
for operating in a separate current produci ng phase sel ected node so as to
m nimze output ripple and increase thd8effective switching rate of the
col l ective output current -of all said converter nmeans. 5° The anplifier.
power supply circuit of Claim4 wherein .

SWITCH—MODE POWER SUPPLY FOR A BRIDGED LZINEAR AMPLIFIER
t t of the Disc os

A'power converter which includes a bridged power amplifier
powered from a sole dr single DC input power soﬁrce'through a
plurality of parallel connected PWM buck converters. The
‘converters are modulated with reference signals which operate.in
time ﬁiternation such that in any conversion cycle there exists a
plprality of modulating wave forms which are identical except for
their time delays and which are evenly spaced in time over a-
single conversion cycle. A feedback controi amplifier compares
the voltage output bf.the parallel connected converters through
the mégnitude of the amplifier's required supply vdltage,and
drives the modulating components of the circuit to control fhe

switching duty cycle of each of the individual pwM converters.

© Fig. 2
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~each said converter neans includes a sw tch-node supply output filter means
“for allowng outputting of the fastest current required by said anplifier
~at its-said power input. 6. The anplifier power supply circuit of .Claim4
"wherein each said converter nmeans is of a buck-derived topol ogy. _
_ REPLACEMENT SHEET 20. FEB 1997 :
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7.. The anplifier power supply circuit of Claim6 whérein each convérter --
means includes a three-termnal switch neans receptive to a pulse width’
nodul ated drive signal and having a control comon terni nal adapted for
connection to one term nal of said power supply. 8. The anplifier power
supply circuit of Caim1 wherein each converter neans includes an
operating frequency which is phase |ocked to the data rate of a sanpled
data input. 9. The anplifier power_=s2pply circuit of aim8 and -
“including a pul se-w dth nodul ated control |l er means for sensing
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the power input demands of said anplifier and in response thereto producing
a said pulse width nodul ated drive signal for each said converter neans,
said ‘control l er .means including a free-running oscillator and phase | ock
civycuitry including a resonate circuit stinmulated by a data rate clock™ -
pul se for synchronizing said oscillator in producing said pulse width

‘nmodul ated switch drive signal. 10. The-3#plifier power supply circuit of
Claim9 wherein said controller neaps_includes a ngQi se generator neans for
supplying a control vol tage which i ®@ahj unct i BOdt h nodul at or -
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voltage created by said oscillator produces said pulse width nodul ated =
swmtch drive signal, said generator neans for producing a random noi se-
signal for injection into a supply control loop formng a part of said
control l er means to random ze the anplifier power supply circuit .operation
at low values of said collective output current. REPLACEMENT SHEET 20 FEB
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11 The anplifier power supply circuit of C'aim 10 ‘wherein said noise
gefrerator is of the digital pseudo-random type.
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