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resonant power converter that can operate at high radio frequencies. This
invention relates to power rectifying cir-     That circuit was designed to
benefit from the cuits.
advantages of high frequency operation by using Reference is directed to
EP-A-0267906.      5   the parasitic or adjunct reactive electrical char- A
typical switching-type power converter circuit  acteristics of components
as positive circuit ele- operates by storing and releasing energy in
various  ments. The term adjunct component is used herein discrete
capacitive and inductive components dur-   to mean an electrical component
characteristic in- ing each cycle of operation, where the time interval
herent in a device, component, or length of con- for each cycle is
determined by the switching fre-  10  ductor that is often considered a
deleterious para- quency. An increase in switching frequency re-      sitic
component but which is fully and positively duces the storage time interval
and the level of    utilized in the illustrative circuit herein. The
switch- energy stored in reactive components during any      ing device of
the power train described in the one particular cycle of operation. In
principle this  patent referenced above is driven by a separate or increase
in frequency permits reduction of both the   15  independent high frequency
signal source. Voltage physical and electrical sizes of magnetic and ca-
regulation is achieved by providing a range of pacitive storage elements
for any particular power  frequency adjustment which is adjusted either di-
capacity.                                           rectly or by feedback
means to attain a desired Inasmuch as a significant increase in operating
output voltage level. Hence, the signal source driv- frequency of a
converter promises a significant size   20  ing the power switching device
must be capable of reduction in the circuit components on the basis of
operating over a sufficiently wide band of frequen- energy storage per unit
volume, the fact that the   cies to provide the converter with a regulated
out- switching frequency of power converters has not     put voltage over a
range of output current and input increased dramatically is indicative of
other con-  voltage that depends upon the converter's usage. straints on
the increase of operating frequencies.  25  The added circuitry of a
separate high fre- For example, the switching speed of bipolar semi-
quency driver stage to drive the power switching conductor switching
devices is limited by charge     device and provide frequency adjustment
for regu- storage, thereby  limiting  the  benefits to be      lation adds
complexity to the converter in terms of achieved from high frequency
operation. MOSFET      the component count. If the drive circuit has a wide
switching devices may be used in place of bipolar  30  bandwidth to
accommodate the frequency adjust- devices; however, their switching speeds
are limit-  ment range, it cannot be precisely matched into ed by device
capacitances and parasitic lead wire   the gate, and much of the drive
energy is wasted. inductances.                                         To
achieve the desired high efficiency, a drive Circuit components generally
include parasitic   circuit must have a narrow instantaneous bandwidth
electrical parameters that produce undesirable ef-  35  and be tunable over
the frequency adjustment fects at high frequencies, and considerable design
range. A separate, tunable drive circuit, however, effort must be expended
to compensate for them.      adds still further to circuit complexity or
component For example, at high frequencies, the parasitic in-  count.
ductance and resistance of a capacitor alter its       A further
consideration of a high frequency effect on the circuit. The inductor's
interwinding   40  converter circuit is the performance of the rectifier
capacitance, winding resistance, and core loss also  circuit. A
conventional rectifier design cannot per- limit the maximum practical
switching frequency.    form satisfactorily at these high frequencies of
op- Circuit board layouts also contribute numerous      eration. The
rectified waveforms of a conventional stray capacitances, inductances, and
resistances    rectifier operated at high frequency tend to have which
detract from power supply performance at  45  ringing transients in the
waveforms due to the high frequency. Because of these complicating fac-
resonances caused by parasitic inductance and tors, it is extremely
difficult to produce a traditional  capacitance. These transients serve to
lower rec- pulse width modulated switching power supply cir-   tification
efficiency and are often difficult to filter cuit that operates at
frequencies much above 500    from the output signal. KHz.
50      Another deficiency of prior art rectifiers when Despite the
theoretical advantages of high fre-  operated with sinusoidal voltage and
current inputs quency operation of power conversion circuits,      is an
input impedance characteristic that varies these circuits have not been
practical because of   with frequency and load to the detriment of attain-
the many component and design problems related       ing a wide range of
line and load regulation. In the to operational difficulties at very high
frequencies.  55  case of a series resonant converter that regulates One
high frequency power supply which surmounts      by varying switching
frequency to vary a power these difficulties is disclosed in our U.S.
patent   path reactive impedance, the input impedance of 4,449,174. This
patent discloses a high frequency   the conventional rectifier changes in
such a way as 2    



3                 EP 0 257 817 B1                      4 to counteract the
frequency variations utilized to      The converter further includes a
resonant recti- achieve regulation.                                 fier
that positively utilizes leakage and magnetizing According to this
invention there is provided a  inductances of the converter power
transformer and power rectifying circuit as claimed in claim 1.     its
parasitic lead inductances as well as the adjunct In the self-oscillating
power train disclosed    5   capacitances of the rectifier diodes as part
of a herein the power switch is driven via a circuit     tuned LC circuit.
This tuned circuit shapes the having relatively few components and the
drive      voltage waveform across the diodes to appear sub- power is
regeneratively derived directly from the   stantially  as a time reversal
of the voltage power train itself. Furthermore, its narrow tunable
waveform across the inverter switching device. bandwidth permits operation
at high overall effi-  10  In particular the resonant rectifier includes a
ciencies.                                           new and novel circuit
arrangement in which the A self-oscillating power converter embodying
resistive component of the input impedance is con- the invention utilizes a
MOSFET power switch (in-   trollably shaped to be substantially independent
of sulated gate field effect transistor) with its output  frequency over
the operating range of the converter electrode coupled to a tuned network
that oper-  15  and to have a controlled dependence on the DC atively
limits the voltage waveform across the pow-  load resistance. This result
is achieved in part by er switch to a fraction of a cycle of operation. The
utilizing both discrete and adjunct inductance and MOSFET power switch may
be operated at a high       both discrete and adjunct diode capacitance as
enough radio frequency so that its internal (i.e.   controlling circuit
elements that are tuned to a parasitic or adjunct) drain to gate
capacitance is  20  specific resonant frequency. This is combined with
sufficient to comprise the sole oscillatory sustaining  a shunt resonant
circuit at the input of the rectifier. feedback path of the converter. At
lower frequen-    Component values in the resulting circuit can be cies, it
may be necessary to add supplementary      adjusted to exhibit two
predetermined and con- external capacitance, however, the principle of op-
trolled frequency response poles. An operational eration remains the same.
25  range of frequency of the converter falls between A reactive network
that is inductive at the op-  these two frequency response poles. Within
this erating frequency of the converter couples the gate  range the
operation of the rectifier is optimized so to source electrodes of the
MOSFET switch and       that its input resistance is relatively independent
of includes a variable capacitance as a means of       frequency and
inversely proportional to the DC adjusting the overall inductive reactance.
The vari-   30  load resistance. For a regulated DC output voltage, able
capacitance may comprise a varactor diode      this load resistance is
inversely proportional to out- arrangement whose capacitance value may be
con-     put power. trolled by a bias voltage. Another suitable arrange-
As discussed above, the input impedance of a ment, or a directly variable
inductance may be       conventional rectifier tends to vary with frequency
used in place of using a variable capacitance con-   35  of the input
signal causing the regulating char- trol. The converter's switching
frequency is sub-   acteristics to vary with the operating frequency.
stantially controlled at a value slightly less than the  The input
impedance also tends to vary unfavor- resonant frequency of the inductive
network in      ably with output load in a way that limits the shunt
connection with the gate to source interelec-  controllable regulation
range for a given frequency trode capacitance to obtain the correct phase
of  40  range of operation of the converter. Hence, by the feedback signal.
The overall effect of the tuned  controlling the resistive component of the
input circuitry connected to the MOSFET gate is to re-    impedance so that
it is invariant to frequency vari- spond predominantly to the fundamental
compo-       ations within the normal range of frequency of the nent of the
drain to source voltage and produce a   converter, a more stable mode of
operation is continuous and substantially sinusoidal waveform   45
obtained than would be possible with a conven- drive signal at the gate
electrode having the proper  tional rectifier in which the input resistance
varies amplitude and phase to sustain the self-oscillation.  with
frequency. Furthermore, if the resistive com- The self-oscillating drive
arrangement for the   ponent of the input impedance is controlled to vary
power switch has an inherent narrow bandwidth       inversely with output
load resistance, a condition that is tunable over a wide frequency range.
Hence,  50  not obtainable with a conventional rectifier, a reduc- the
frequency of operation of the power converter   tion is achieved in the
frequency range needed to may be varied for regulation purposes without
los-  obtain a desired regulated power range control. ing the efficiency
advantages of a narrow band-      Hence, the benefit of such control of the
resistive width drive. This self-oscillating arrangement is also  component
of the input impedance of the rectifier simpler in construction and has
fewer component  55   becomes immediately apparent. parts than an
equivalent independent drive circuit      This converter circuit
advantageously utilizes for the power switch bandwidth.
the adjunct reactances of the components in a positive manner as part of
the operative converter 3    



5                 EP 0 257 817 B1                      6 and that by use of
self-oscillation significantly im-  coupled, via lead 4, to a load
indicated herein for proves the overall efficiency and reduces the over-
illustrative purposes as resistive load 9. all parts count of the
converter. This use of adjunct   The self-oscillating inverter circuit 2
and the components permits a practical converter operating   transformer 10
include a series L-C circuit into at high radio frequencies to be realized
using rela-   5   which the transistor power switch operates. The tively
few discrete components.                      overall power train circuit
comprises a tuned net- The invention will now be described with refer-
work which controls the current and voltage ence to the accompanying
drawings, in which:        waveform across the power switch of the inverter
FIG. 1 is a functional block diagram of a high    circuit so that there is
minimal overlap during frequency DC-to-DC power converter embody-   70
switching transition intervals and thereby, reduced ing the invention.
power dissipation during these switching transi- FIG. 2 is a simplified
schematic of a self-oscillat-  tions. A complete discussion of a power
converter ing power train of the high frequency DC-to-DC    having a
similar inverter arrangement and which is power converter;
driven rather than self-oscillating is disclosed in the FIG. 3 is a circuit
schematic of the power con-   15  aforementioned U. S. patent 4,449,174
issued to N. verter including a functional block diagram of a  G. Ziesse on
May 15, 1984 and assigned to the control circuit for voltage regulation and
showing  same assignee. This patent discusses the details of the use of
adjunct parasitic elements to reduce   the various power train components
and their op- the number of circuit components at high fre-     eration and
it is not believed necessary to disclose quencies;
20  these matters in detail herein. FIG. 4 discloses signal waveforms to
assist in        The power train of the power converter includ- describing
the operation of the power converter   ing the self-oscillating inverter is
shown in more shown in FIGS. 2 and 3;                           detail in
FIG. 2. DC voltage is applied to input FIGS. 5, 6 and 7 are schematics of
alternate      terminal 1 which is coupled to a filter circuit includ-
self-oscillating power inverter arrangements;  25  ing an RF choke inductor
51 and capacitor 11. The FIGS. 8 and 9 are schematics of alternative
RF choke 51 is coupled to a terminal 107 of a resonant rectifying
arrangements embodying the    semiconductor power switch 110 shown symboli-
invention;                                        cally as a switch. FIG.
10 discloses resistance curves to show the       The output of the power
switch 110 at elec- resistive component of the input impedance of  30
trode 107 is coupled into a series tuned LC circuit the various disclosed
resonant rectifiers; and    including capacitor 13 and inductor 53 which in
FIGS. 11, 12, 13, 14 and 15 are schematics of     conjunction with the rest
of the output network and further resonant rectifying arrangements em-
capacitor 15 constrains the current and voltage bodying the invention.
waveforms across the power switch 110 to assume A high frequency DC-to-DC
power converter   35  certain desired characteristics. These waveforms
embodying the invention is shown functionally in     may be seen in FIG. 4
where waveform 401 repre- FIG. 1 and comprises a power train circuit
includ-   sents the voltage waveform across the main power ing a
self-oscillating resonant inverter 2, an imped-  path of the power switch
110. The fundamental ance transformer 10 and a resonant rectifier/filter
sinusoidal component of voltage waveform 401 is network 3. A control
circuit including an error am-   40  shown by waveform 400. The voltage
waveform plifier 6 is utilized to supply an error signal for  402
represents the drive signal applied between controlling the frequency of
inverter 2, and hence,  control terminal 108 and terminal 109 of the power
achieve a regulated voltage at output 4. A DC        switch 110. This
voltage waveform 402 approxi- voltage is applied to input terminal 1 and is
coup-  mates a sinusoidal waveform that contains a DC led to a switching
device in the inverter 2 and to a   45  component 403 supplied as shown by
the battery start-up circuit 8. The self-oscillating inverter 2  50 or
other DC voltage source. The switch 110 does not self-start, hence the
start-up circuit 8 is  becomes conducting when the waveform 402 ex-
included to respond to a DC voltage at input 1 and   ceeds the threshold
level 404 of switch 110. It is apply a trigger signal to initiate
oscillations in the  apparent from these waveforms that current con-
self-oscillating inverter 2. The output of the inverter  50  duction
through the power switch 110 (i.e., while 2 is coupled to an impedance
transformer 10          waveform 402 is above the threshold level 404)
which, in turn, is connected to a rectifier filter   occurs only when there
is no voltage drop across circuit 3. A rectification circuit in the
rectifier/filter 3  the switch 110 (i.e., waveform 401 is substantially is
operative as described below to have an input    zero). The simultaneous
existence of substantial resistance that varies inversely with DC output
load   55  current through and voltage across the switch 110 resistance and
is substantially invariant to frequen-  is thus minimized, giving rise to
little or no switch- cy variations within the operating range of the
ing loss. The waveform  of the current flowing converter. The rectified
output, a DC voltage, is   through the series tuned circuit of capacitor 13
and 4    



7                 EP0257817B1                        8 inductor 53 has a
quasi sinusoidal shape. The       the diode devices used and the frequency
of op- series tuned network of capacitor 13 and inductor  eration. This
combination of circuit elements both 53 is coupled to a resonant rectifier
circuit. At the  defines the poles as, shown in FIG. 10, and shapes input
of the rectifier circuit a shunt tuned network  the voltages across the
diodes as shown in FIG. 4. including capacitor 97 and inductor 98 is
coupled   5   The voltage waveform across rectifying diode 131 to the
primary winding 54 of an ideal isolating and  is shown by waveform 406 in
FIG. 4, and the impedance matching transformer 55. The secon-      waveform
407 represents the voltage waveform dary winding 56 is connected to the
rectifying     across diode 132. These voltage waveforms, as are diodes 131
and 132. This resonant rectifier is oper-  apparent from FIG. 4, are
substantially a time re- ative to maintain a substantially constant input
re-  10  verse waveform of the voltage waveform 401 ap- sistance over the
operating frequency range of the  pearing across the MOSFET power switch.
The converter as long as the DC load resistance is     rectified output
signal is applied to a filter compris- constant. The rectifier is further
arranged to have  ing inductor 59 and capacitor 17 supplying a fil- its
input resistance vary inversely with changes in  tered DC voltage to output
terminal 4. the DC load resistance. This is accomplished by   15   The
inverse characteristic of the input resis- utilizing circuit inductance and
capacitance to de-  tance relative to the DC output load is controlled fine
two frequency response poles in the rectifier  through LC impedance
transformation characteris- input impedance which bracket the operating
fre-   tics contrived to achieve the desired inverse pro- quency range of
the converter. These same induc-   portionality. This characteristic
enhances the regu- tive and capacitive elements are used to perform   20
lation effect of a given range of operating fre- part of the impedance
transformation required in   quencies of the converter. going from the
inverter circuit to the rectifier circuit.  A practical major advantage of
the resonant The frequency response of the rectifier is given  rectifier
circuit for high radio frequency operation is in FIG. 10, which shows plots
of the input resis-  that it can utilize to advantage unavoidable parasitic
tance of the resonant rectifier as a function of  25  lead inductance and
transformer leakage induc- frequency. Curves 1001, 1002, and 1003 represent
tance as part or all of the inductors 57 and 58. operation at high, medium
and low output power     Furthermore, inductors 57 and 58 in conjunction
corresponding to low, medium and high DC load      with the shunt tuned
circuit of capacitor 97 and resistances, respectively. The operating range
inductor 98 act to make the input impedance of the bracketed is defined by
vertical lines 1011 and   30  rectifier as seen between nodes 150 and 151
linear 1012 and within this range the input resistance at a  in nature.
That is, if the rectifier is driven by a given DC load is substantially
independent of vari-  sinusoidal voltage (or current) source, the current
ations in frequency of the converter. A sharp peak  (or voltage) is
substantially sinusoidal. 10021, indicative of a first frequency response
A variable inductor 75 is shown with a battery pole, is shown to the left
of line 1011 in curve   35  50 as coupling the power switch control
electrode 1002. Similarily, curve 1001 includes the peak     108 to
electrode 109 which is in parallel with ca- 10014 indicating a frequency
response pole. The    pacitance 10. The feedback signal across capaci-
existence of a second frequency response pole is   tance 10 and the
inductor 75 is a continuous quasi indicated by the peak 10011 on the right
of line    sinusoidal signal shown as waveform 402 in FIG. 4. 1012 for the
curve 1001. Curve 1002 also includes   40  This signal is phase displaced
from the fundamen- a peak 10022. It is apparent that the position of  tal
component 400 of the voltage waveform 401 these right hand peaks and their
associated fre-   appearing across power switch 110. This feedback quency
response poles are highly dependent on      signal shown by waveform 402 is
offset by bias the power output of the rectifier. While the two   voltage
supply 50 and applied to the power switch peaks, or maxima, at the two ends
of the frequency   45  control electrode 108 to drive the power switch
range are not equally clearly defined on both sides  110. of all the
impedance curves and are not equally        A diode 99 shunting the power
switch 110 sharply defined on all the curves, the creation and  conducts
reverse currents which are present under presence of the frequency response
poles which     some conditions of input voltage and output power cause the
peaks are a necessary prerequisite to  50  when the power switch 110 is in
its nonconducting the designated operation of the rectifier.         or off
state. This allows the converter to operate The poles are defined by the
circuit induc-     over a wider range of input voltage and output tances
and capacitances, both within and at the    power than if diode 99 were not
present. input to the rectifier. These include capacitor 97     The
switching frequency of the power switch and inductor 98 shunting the
primary 54 of ideal  55  110 is controlled in part by the value of
inductance transformer 55. In the rectifier capacitors 133 and  of the
variable inductor 75. The phase displace- 134 are shown shunting each
diode. These may be    ment shown by [err] in FIG. 4 of the driving
waveform discrete or adjunct capacitances depending upon    402, normally
leads waveform 400 by [err] to 5    



9                 EP0257817B1                        10 nearly [err]. The
resonant action of inductor 75 in     The input and output are coupled by a
MOS- parallel with capacitance 10 responds through feed-  FET power switch
311 including inherent or adjunct back capacitor 12 to the voltage waveform
at the   interelectrode capacitances 310, 312 and 315. The main power path
electrode 107, which is a periodic  drain to gate inherent or adjunct
capacitance, unipolar pulse-like waveform 401, to produce the   5   shown
as capacitor 312, supplies a feedback path substantially sinusoidal drive
signal at the control  from drain electrode 307 to gate electrode 308
electrode 108 of power switch 110 as shown by      sufficient to sustain
self-oscillation in the inverter waveform 402 in FIG. 4. The inductor 75 is
con-    circuit enclosed by dotted line 100 as described trolled or varied
as shown by a signal applied to  below, if the frequency of operation is
sufficiently the control lead 106. This signal applied to lead   10  high.
At lower frequencies of operation, it may be 106 may be an error signal
derived by voltage or   necessary to add supplementary discrete capaci-
current regulation circuitry in response to a de-  tance. While a MOSFET
power switch is shown viation of a voltage or current at output lead 4 from
herein, it is to be understood that other semicon- a regulated value.
ductor power switches may be substituted for the The series L-C circuit
comprising capacitor 13   15   MOSFET and the necessary adjunct elements
sup- and inductor 53 acting in concert with the shunt   plied by discrete
devices when needed. tuned circuit comprising capacitor 97 and induc-
The power converter of FIG. 3 is voltage regu- tance 98 converts the
periodic unipolar signal at  lated in response to an error signal supplied
by a the drain electrode  107 into  a substantially     feedback network at
control terminal 106. This error sinusoidal signal at node 150, which is
shown by   20  signal is supplied by the output of error signal waveform
405 in FIG. 4. This voltage wave is      amplifier 6 which compares the
converter's output transmitted through ideal transformer 55 and recti-
voltage with a reference voltage level supplied by fied by the action of
the rectifying diodes 131 and  reference voltage source 5. This error
voltage is 132 each of which produces a voltage signal hav-   coupled
through amplifier 115 to a junction of two ing a waveform, which as shown
by waveforms 406   25  diodes 138 and 139 which are connected in series and
407, with a shape characteristic similar to a  with the inductor 375 which
is, in turn, connected to time reverse of the voltage waveform at electrode
the gate 308 of power switch 311. The diodes 138 107 of switch 110. These
rectified signals are fil-  and 139 each have significant nonlinear capaci-
tered by a filter circuit including inductor 59 and  tance as shown by
capacitors 135 and 136. The capacitor 17 and a DC voltage appears at output
30  error voltage signal applied to the junction of the terminal 4 and
across the capacitor 17.            two diodes 138 and 139 varies their
joint voltage The self-oscillating action of the inverter 100  responsive
capacitance, and hence, alters the over- does not begin automatically when
power is ap-     all inductive reactance of the series connection of plied
to the invention, and hence a start-up pulse  inductor 375 and the diodes
138 and 139. The must be supplied at terminal 105 to initiate the   35
overall series circuit is designed to always have an oscillating action of
the power inverter 100.      inductive reactance, and in conjunction with
the An embodiment of a self-oscillating power train  drain to gate
capacitance 310 provides the desired and associated control and signal
processing cir-  phase shifted feedback signal to the gate electrode cuitry
to comprise a DC-to-DC converter is dis-    308 for oscillations. By
altering the capacitive reac- closed in FIG. 3. This embodiment is suitable
for  40  tance of the two diodes 138 and 139 with the error high radio
frequency operation. It utilizes the ad-  signal applied to lead 106 the
overall inductive junct capacitances of a MOSFET power switch 311
reactance of the feedback network may be con- and Shottky rectifier diodes
331 and 332 as con-   trolled to permit variations in the frequency of os-
verter circuit elements. An inherent body diode 399  cillation of the
inverter 100. The variations in fre- of the power MOSFET switch 311
operates to  45  quency in combination with the tuned output net- conduct
reverse currents. through the MOSFET       work varies the DC output
voltage level at lead 4, switching device 311 when it is in the off state
(that  and hence, through the feedback control circuit is the channel is
not conducting). Furthermore, the  achieves voltage regulation. magnetizing
inductance 354 (shown in dotted line)      Another inverter circuit
embodiment suitable for of the transformer 355 serves to replace shunt  50
application in the power train of the converter is inductor 98 (shown in
FIG. 2), and the leakage and  shown in FIG. 5. In this embodiment, the
control is lead inductances 457 and 458 become dominant       applied to a
junction of diode 138 and a fixed portions of the inductors 57 and 58,
shown in FIG.  capacitance 19. The variation of capacitance of 2. Hence,
inductors 357 and 358 may be smaller     diode 138 is sufficient in
combination with inductor than inductors 57 and 58. This use of adjunct  55
375 to achieve the desired reactance range. elements provides a unique
advantage in that a         In the inverter circuit embodiment shown In
practical realization of this converter requires few  FIG. 6, the control
signal is applied to a junction of discrete components.
the series connected diodes 138 and 139. The 6    



11                EP0257817B1                        12 diodes are
connected in shunt with a series con-    inductance 857, inductance 858,
the leakage induc- nection of inductor 375 and fixed DC blocking      tance
of transformer 856 as seen on the secondary capacitor 77. As above, the
control signal varies  winding, and any adjunct lead inductance be ad- the
diode capacitance to alter the overall inductive  justed to the correct
value. The voltage waveforms reactance of the network as presented to gate
5   across diodes 831 and 832 are shaped in the same terminal 308. The
inverter embodiment of FIG. 7    manner as for the rectifiers shown in
FIGS. 2 and applies the control signal to a junction of series  3.
Capacitors 833 and 834 should remain equal in connected diode 138 and a
fixed capacitor 18.      value in order that both diodes operate with the
Many additional variations of both the inverter cir-  same conduction duty
ratio and peak reverse volt- cuit and the power train will be readily
apparent to  10  age. As with the fullwave rectifier of FIGS. 2 and 3 those
skilled in the art without departing from the  there are four principal
circuit elements responsible spirit and scope of the invention.
for correct circuit operation: (1) shunt input capaci- The converter in
FIG. 3 includes a fullwave or  tor 830, (2) the magnetizing inductance 837
of balanced resonant rectifier comprising Schottky di-  transformer 856,
(3) a combination of shunt diode odes 331 and 332. Shown in dotted lines
are two   15  capacitances 833 and 834, assumed equal, and (4) capacitors,
333 and 334, which represent the inher-  the total loop inductance
including the transformer ent or adjunct capacitances of diodes 331 and
332,  leakage inductance and inductors 857 and 858. respectively. The
secondary lead and transformer   These four elements are available for
tuning the leakage inductances shown as inductors 457 and     circuit to
obtain two frequency response poles in 458 of the secondary winding 356
combined with  20  the input impedance characteristic. With proper discrete
inductances 357 and 358 and capacitan-    placement of these impedance
poles on either side ces 333 and 334 form tuned circuits which as       of
the operating frequency range and with proper described above with
reference to FIG. 2 shape the  adjustment of their loaded Q's or loss
factors, the voltage waveforms appearing across the diodes      input
resistance of the rectifier becomes substan- 331 and 332 to approximate a
time reversed image   25  tially independent of frequency within the
operating of the waveform across the MOSFET power switch     range and
inversely proportional to the DC load 311.
resistance. The rectifier circuit has a controlled two pole    A balanced
or fullwave rectifier arrangement for frequency response so that its input
resistance is  multiple outputs of equal voltage magnitude but
substantially invariant with respect to frequency   30  opposite polarity
is shown in FIG. 9. A positive changes within the operating range of
frequencies  voltage output appears at lead 904 and a negative of the
converter.                                  voltage output appears at lead
905. The negative The resonant rectifier depicted in FIGS. 2 and  output
section utilizes added inductors 977 and 3 is configured as a fullwave or
balanced circuit. As  988, diodes 978 and 987 and output filter inductor
such, the voltage waveform applied into the output  35  979. This
arrangement also utilizes both discrete filter is devoid of the fundamental
converter switch-  and adjunct reactances to shape the voltage ing
frequency and all odd numbered harmonics of    waveform across the diodes
978 and 987 in the this frequency. This can make filtering somewhat   same
way as was described for the circuit in FIG. easier as the lowest frequency
to be filtered is the  3. Although this rectifier contains more elements
second harmonic of the switching frequency. To   40  than the single output
rectifier, and therefore in achieve this, however, requires that the
secondary  theory contains more than two poles in the input winding 56 in
FIG. 2 be center tapped, that induc-  impedance characteristic, the input
resistance may tors 57 and 58 be equal in value, and that capaci-
nevertheless be made substantially independent of tors 133 and 134 shunting
the rectifier diodes 131  frequency over the operating range. and 132 be
equal in value.                    45       While the rectifiers in FIGS.
2, 3, 8, and 9 are The advantages of the resonant rectifier may    depicted
with transformers to provide isolation be- be realized in a number of
unbalanced configura-   tween input and output and to provide impedance
tions in which the voltage waveform into the output  transformation when
necessary, the unbalanced filter contains the switching frequency and all
har-  versions, that is, those not requiring a center- monic frequencies.
One such embodiment is  so  tapped secondary winding, may be realized
without shown in FIG. 8 in which the return lead 801 is    the transformer.
One such circuit employing a sin- connected to one terminal of the
secondary wind-   gle rectifier diode 1115 and driven by a sinusoidal ing
856 as opposed to being connected to a cen-    current source 1110 is shown
in FIG. 11. Shunt tertap of the secondary winding. Although inductors
input capacitor 1112 and input inductor 1111 to- 857 and 858 may still be
equal in value, this is no  55  gether with inductor 1113 and capacitor
1116 which longer necessary since the requirement for circuit  shunts the
diode are the elements used to tune the balance has been removed. It is
only required that  circuit for proper operation. Capacitor 1114 has a the
total loop inductance consisting of the sum of  large value of capacitance
and is for DC blocking 7    



13                EP 0 257 817 B1                    14 only. This
capacitor does not participate in circuit   resistive component of the
impedance at the tuning. Inductor 1117 is an RF choke inductor and
input is substantially invariant to frequency also does not participate in
the circuit tuning.       change within the defined regulatory frequency A
two-diode version of the circuit which does      range and varies inversely
with a load resis- not require the DC blocking capacitor appears in   5
tance at the output. FIG. 12. Tuning for the proper input resistance
characteristic is accomplished in a manner identical  2. A power rectifying
circuit as claimed in claim 1 with that of the other circuits. As with the
other two-  wherein the input includes a transformer (355). diode circuits,
it is desirable that shunt diode capacitances 1216 and 1217 be equal in
value in  10  3. A power rectifying circuit as claimed in claim 2 order
that both diodes experience the same con-        wherein the first
inductive reactance includes a duction duty ratio and peak reverse voltage.
Induc-    magnetizing inductance of the transformer. tor 1218 is an RF
choke. Inductors 1211 and 1213 and capacitor 1212 are considered in circuit
tuning.  4. A power rectifying circuit as claimed in claim 2 In all of the
rectifier circuits disclosed the polar-  15  or 3 wherein the second
inductive reactance ity of the output voltage may be reversed by re-
includes a leakage inductance of the trans- versing the diode polarity
without altering the prin-  former. ciples of circuit operation. FIGS. 13
and 14 illus- trate this effect with two circuits that are identical  5. A
power rectifying circuit as claimed in any except for the diode polarities
of rectifying diodes   20  preceding claim wherein the second capacitive
1316 and 1317 and 1416 and 1417, respectively.         reactance includes a
discrete capacitor shunt- Furthermore, as FIGS. 13 and 15 illustrate, the
DC    ing the rectifying diode. output may be extracted from the rectifier
in a number of different ways, so long as every possi-  6. A power
rectifying circuit as claimed in any ble DC path between the output
terminals of the   25   preceding claim including a second rectifying
selected circuit contains a diode. As shown in FIG.    diode (332)
including significant adjunct ca- 15 the return path 1515 connects to a
common           pacitance (334) and connected to conduct al- node of
diodes 1516 and 1517. In contrast the          ternately with the first
rectifying diode. common nodes of the rectifying diodes 1316, 1317 and
1416, 1417 are connected to an output path  30  7. A power rectifying
circuit as claimed in any 1320, 1420, respectively.
preceding claim including means for filtering a rectified signal to obtain
a substantially DC Claims
output. 1. A power rectifying circuit for a power converter  35
PatentansprUche having an inverter circuit for generating a sub- stantially
sinusoidal signal, an energy transfer  1. Leistungsgleichrichterschaltung
fUr einen Lei- between the inverter and the power rectifying
stungswandler mit einem Wechselrichter zur circuit being substantially at a
single frequency  Erzeugung eines im wesentlichen sinusf6rmi- lying within
a defined regulatory frequency   40   gen Signals, bei dem eine
Energieibertragung range, including an input for accepting a sub-
zwischen dem  Wechselrichter und der Lei- stantially sinusoidal signal, an
output for sup-   stungsgleichrichterschaltung im  wesentlichen plying a
load, a rectifying diode (331) located    bei einer einzigen Frequenz
innerhalb eines intermediate to the input and output, a first
definierten Regelfrequenzbereichs erfolgt, mit inductive reactance (354)
and a first capacitive   45  elnem Eingang zur Aufnahme eines im wesent-
reactance (330) connected in parallel at the       lichen sinusfdrmigen
Signals, einem Ausgang input, a second inductive reactance (357,358)
zur Speisung einer Last, einer Gleichrichterdio- within the rectifying
circuit, and a second ca-    de (331) zwischen dem Eingang und dem Aus-
pacitive reactance including adjunct capaci-       gang, eaner
Parallelschaltung mit elner ersten tance (333) of the rectifying diode
within the   5o  induktiven Reaktanz (354) und einer ersten ka- rectifying
circuit, the first and second inductive  pazitiven Reaktanz (330) am
Eingang, elner reactances and the first and second capacitive     zweiten
induktiven Reaktanz (357,358) in der reactances being selected for
providing a reso-    Gleichrichterschaltung und elner zweiten kapa- nant
tuning to establish first and second fre-     zitiven Reaktanz
einschlieBlich der Parallelka- quency response poles in an impedance at the
55  pazitit (333) der Gleichrichterdiode in der input, and the first and
second frequency re-      Gleichrichterschaltung, wobei die erste und die
sponse poles being selected to bracket the         zweite induktive
Reaktanz sowie die erste und defined regulatory frequency range such that a
die zweite kapazitive Reaktanz so gewahit 8    13                 EP 0 257
817 B1                    14 



only. This capacitor does not participate in circuit    resistive component
of the impedance at the tuning. Inductor 1117 is an RF choke inductor and
input is substantially invariant to frequency also does not participate in
the circuit tuning.        change within the defined regulatory frequency A
two-diode version of the circuit which does       range and varies
inversely with a load resis- not require the DC blocking capacitor appears
in   5    tance at the output. FIG. 12. Tuning for the proper input
resistance characteristic is accomplished in a manner identical  2. A power
rectifying circuit as claimed in claim 1 with that of the other circuits.
As with the other two-  wherein the input includes a transformer (355).
diode circuits, it is desirable that shunt diode capacitances 1216 and 1217
be equal in value in  10  3. A power rectifying circuit as claimed in claim
2 order that both diodes experience the same con-         wherein the first
inductive reactance includes a duction duty ratio and peak reverse voltage.
Induc-     magnetizing inductance of the transformer. tor 1218 is an RF
choke. Inductors 1211 and 1213 and capacitor 1212 are considered in circuit
tuning.  4. A power rectifying circuit as claimed in claim 2 In all of the
rectifier circuits disclosed the polar-  15  or 3 wherein the second
inductive reactance ity of the output voltage may be reversed by re-
includes a leakage inductance of the trans- versing the diode polarity
without altering the prin-   former. ciples of circuit operation. FIGS. 13
and 14 illus- trate this effect with two circuits that are identical  5. A
power rectifying circuit as claimed in any except for the diode polarities
of rectifying diodes   20  preceding claim wherein the second capacitive
1316 and 1317 and 1416 and 1417, respectively.          reactance includes
a discrete capacitor shunt- Furthermore, as FIGS. 13 and 15 illustrate, the
DC      ing the rectifying diode. output may be extracted from the
rectifier in a number of different ways, so long as every possi-   6. A
power rectifying circuit as claimed in any ble DC path between the output
terminals of the   25    preceding claim including a second rectifying
selected circuit contains a diode. As shown in FIG.     diode (332)
including significant adjunct ca- 15 the return path 1515 connects to a
common            pacitance (334) and connected to conduct al- node of
diodes 1516 and 1517. In contrast the          ternately with the first
rectifying diode. common nodes of the rectifying diodes 1316, 1317 and
1416, 1417 are connected to an output path  30  7. A power rectifying
circuit as claimed in any 1320, 1420, respectively.
preceding claim including means for filtering a rectified signal to obtain
a substantially DC Claims
output. 1. A power rectifying circuit for a power converter   35
PatentansprUche having an inverter circuit for generating a sub- stantially
sinusoidal signal, an energy transfer  1. Leistungsgleichrichterschaltung
fUr einen Lei- between the inverter and the power rectifying
stungswandler mit einem  Wechselrichter zur circuit being substantially at
a single frequency   Erzeugung eines im wesentlichen sinusf'ormi- lying
within a defined regulatory frequency   40    gen Signals, be! dem eine
Energieibertragung range, including an input for accepting a sub-
zwischen dem  Wechselrichter und der Lei- stantially sinusoidal signal, an
output for sup-    stungsgleichrichterschaltung im  wesentlichen plying a
load, a rectifying diode (331) located     bei einer einzigen Frequenz
innerhalb eines intermediate to the input and output, a first
definierten Regelfrequenzbereichs erfolgt, mit inductive reactance (354)
and a first capacitive   45  einem Eingang zur Aufnahme eines im wesent-
reactance (330) connected in parallel at the        lichen sinusfdrmigen
Signals, einem Ausgang input, a second inductive reactance (357,358)
zur Speisung einer Last, einer Gleichrichterdio- within the rectifying
circuit, and a second ca-     de (331) zwischen dem Eingang und dem Aus-
pacitive reactance including adjunct capaci-        gang, einer
Parallelschaltung mit einer ersten tance (333) of the rectifying diode
within the   50  induktiven Reaktanz (354) und einer ersten ka- rectifying
circuit, the first and second inductive  pazitiven Reaktanz (330) am
Eingang, einer reactances and the first and second capacitive      zweiten
induktiven Reaktanz (357,358) in der reactances being selected for
providing a reso-     Gleichrichterschaltung und eaner zweiten kapa- nant
tuning to establish first and second fre-      zitiven Reaktanz
einschlieglich der Parallelka- quency response poles in an impedance at the
55   pazit~t (333) der Gleichrichterdiode in der input, and the first and
second frequency re-       Gleichrichterschaltung, wobel die erste und die
sponse poles being selected to bracket the          zweite induktive
Reaktanz sowie die erste und defined regulatory frequency range such that a
die zweite kapazitive Reaktanz so gewghlt 8    5                  EP 0 257
817 B1                     16   1 1111111 11111 |||||   |lI >\-~   sind,
daB sich elne Resonanzabstimmung mit           sofdal, une sortie pour
constituer une charge, 



einem  ersten und einem  zweiten Frequenz-          une diode redresssuse
(331) situ6e entre Pen- kennlinienpol fUr eine Impedanz am Eingang
tree et la sortie, une premiere r6actance induc- ergibt, und wobei der
erste und der zweite          tive (354) et une premiere reactance
capacitive Frequenzkennlinienpol so gewghlt sind, daB sie   5  (330)
connectees en parallele A I'entr6e, une den definierten
Frequenzregelbereich begren-         seconde reactance inductive (357,358)
au sein zen, derart, daB eine Wirkwiderstandskompo-         du circuit
redresseur, et une seconde r6actan- nente der Impedanz am Eingang im
wesentli-          ce capacitive comportant une capacit6 compl6- chen
unabh~ngig von einer Frequenz~nderung           mentaire (333) de la diode
redresseuse au sein innerhalb des definierten  Frequenzregelbe-   10    du
circuit redresseur, les premi&re et seconde reichs ist und sich umgekehrt
proportional zu       r6actances inductives et les premiere et se- einem
Lastwiderstand am Ausgang andert.             conde reactances capacitives
6tant s6lection- n6es pour fournir un accord r6sonnant pour 2.
Leistungsgleichrichterschaltung nach Anspruch        6tablir des premier et
second p8les de repon- 1, bei der der Eingang einen Transformator   15
se de fr6quence dans une imp6dance a Pen- (355) enthalt.
tr6e, et les premier et second p8les de r6pon- se de fr6quence 6tant
s6lectionn6s pour d6li- 3. Leistungsgleichrichterschaltung nach Anspruch
miter la plage de frequences r6glementaires 1, bei der die erste induktive
Reaktanz eine        d6finie de sorte qu'une composante r6sistive
magnetisierende Induktanz des Transformators  20    de l'imp6dance a
l'entree soit substantielle- enthalt.
ment invariable avec le changement de fre- quence au sein de la plage de
fr6quences 4. Leistungsgleichrichterschaltung nach Anspruch
reglementaires d6finie et varne inversement a 2 oder 3, bei der die zweite
induktive Reaktanz      une resistance de charge a ia sortie. eine
Streuinduktanz des Transformators ent-  25 halt.
2. Circuit redresseur de puissance selon la reven- dication 1, dans lequel
l'entr6e comporte un 5. Leistungsgleichrichterschaltung  nach  einem
transformateur (355). der vorhergehenden AnsprUche, be! der die zweite
kapazitive Reaktanz einen diskreten   30  3. Circuit redresseur de
puissance selon la reven- Kondensator parallel zur Gleichrichterdiode
dication 2, dans lequel la premibre r~actance enthalt.
inductive comporte une inductance magneti- sante du transformateur. 6.
Leistungsgleichrichterschaltung  nach  einem der vorhergehenden  AnsprUche,
mit einer  35  4. Circuit redresseur de puissance selon la reven- zweiten
Gleichrichterdiode  (332), die eine         dication 2 ou 3, dans lequel la
seconde r6ac- merkbare Parallelkapazitat (334) enthalt und so     tance
inductive comporte une inductance de geschaltet ist, daB sie abwechselnd
mit der          fuite du transformateur. ersten Gleichrichterdiode leitet.
40   5. Circuit redresseur de puissance selon l'une 7.
Leistungsgleichrichterschaltung  nach  einem         quelconque des
revendications prec6dentes, der vorhergehenden Anspriche, mit einer Ein-
dans lequel la seconde reactance capacitive richtung zur Filterung des
gleichgerichteten Si-     comporte un condensateur discret qui shunte gnals
zur Gewinnung einer im wesentlichen           la diode redresseuse. aus
Gleichspannung bestehenden Ausgangs-  45 spannung.
6. Circuit redresseur de puissance selon l'une quelconque des
revendications prdcddentes, Revendications
comportant une seconde diode redresseuse (332) comportant une capacite
compl~mentaire 1. Circuit redresseur de puissance  pour un   so
significative (334) et connectee pour conduire convertisseur de puissance
ayant un circuit          en alternance avec la premiere diode redres-
inverseur pour gdn6rer un signal substantielle-     seuse. ment sinuso7dal,
un transfert d'energie entre l'inverseur et le circuit redresseur de
puissan-  7. Circuit redresseur de puissance selon l'une ce etant
substantiellement a une seule fr6-  5s      quelconque des revendications
precedentes, quence situ6e dans une plage de frequences          comportant
un moyen pour filtrer un signal r6glementaires d6finie comportant une
entree        redress9 pour obtenir une sortie substantielle- pour accepter
un signal substantiellement sinu-     ment de courant continu. 9    


