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eliminate switching losses by control of the wave- forms applied to the
power switch. The Inverter circuit This invention relates to methods of
optimizing  of the fully resonant converter relies on the shaping efficency
of a high frequency zero voltage switching  of the voltage waveform across
the power switching resonant converter or inverter.                  5
device to achieve the low switching loss that permits In principle,
switched-mode power converters     operation at high frequencies. One of
these ap- function by alternately connecting and disconnecting  proaches
[U.S. Patent 4,607,323] which applies the source to the load by means of an
active switch.  Class-E amplifier techniques to a DC-to-DC conver-
Therefore, In order to deliver continuous power to the  tar to produce a
zero-voltage-switching converter has load, some means of intermediate
energy storage   10  relied heavily on the use of a shunt diode In parallel
must be included within the converter to provide pow-  with the power
switch or the body diode of the semi- er during the interval when the
source is disconnect-  conductor power switch. This diode which shunts the
ed. Since the amountof energy delivered to the load  main conduction path
of that switch Is properly orient- by these elements Is proportional to the
length of the  ed or polarized In order to prevent negative or reverse
conducting portion of the switching interval, Increas-  15  current flow
through the power switch by clamping ing the operating frequency of the
converter (i.e. re  negative going voltages. This diode acts to provide a
ducing the length of the conducting and switching in-  significant region
of effective load Impedance on the tervals) also reduces the amount of
Internal energy  inverter section over which there is zero switching
storage required. Since the size and weight of switch-  loss and Increases
the range of load on the entire con- ed-mode power converters is most often
dominated   20   verter over which operation of the power switch with- by
these internal  energy storage  elements increas-    out switching loss can
be maintained. ing the operating frequency switched-mode con-
Elimination of switching losses in the zero- verters is often employed as a
technique to reduce  voltage-switching DC-to-DC converter is achieved their
size. However, as the operating frequency of   according to U.S. Patent
4,607,323, by designing a these converters Is increased, frequency related
25  load network including the rectifier circuit that prop- losses also
increase, ultimately limiting the maximum  erly loads the inverter circuit
with a range of impe- practical operating frequency.
dances that achieve the desired switching waveform- At low operating
frequencies, power dissipation  control. Hence the power switching devices
are oper- in the active switch(es) of a conventional switched-  ated with
substantially zero switching loss. Proper mode power converter are
primarily dominated by   30   wave shaping across the power switch occurs
only conduction losses. However, as the operating fre-   over a relatively
narrow range of Inverter load Impe- quency of the power switch(es) is
increased another  dance. As the resistive component of this load impe-
type of power loss, commonly called switching loss  dance is decreased
switching losses generally de- begins to constitute a significant portion
of the total  dine at the expense of increased conduction losses. power
loss in the switch(es). Switching losses result  35   Conversely, as the
resistive component of this load from dissipation of energy due to the
simultaneous  impedance is Increased switching losses generally in-
occurrence of voltage across and current through a   crease quickly even
though conduction losses are de- switch during Its switching transitions.
Since a finite  clining. The power switch in this example is shunted amount
of energy is lost during each switch transition  by a diode. Recognition of
the operative effect of this due to this overlap, the power dissipated in
the   40   diode in parallel with the power switch permits the switch(es)
of a switched-mode power converter is     converter to operate over a wider
range of input vol- proportional to its operating frequency. This makes
tage and output power without switching loss or with reduction of switching
loss akeyfactor in the improve-  very low switching loss. Conduction loss
in the power ment oftheoperatingeffncy of switched-modein-
switch(es) was assumed to be negligible In this verters and DC-to-DC
converters operating at high   45   4,607,323 patent. frequencies.
The design techniques disclosed in patent This switching loss reduction is
achievable      4,607,323, are concerned solely with elimination of through
the use of quasi or fully resonant inverters  switching losses in the main
power switch. At suffi- and converters which employ a controlled waveform
ciently low frequencies where conduction losses are switching operation
that reduces or eliminates the si-  50  readily kept low this approach has
merit However, at multaneous occurrence of voltage across and current  high
frequencies this approach generally suffers from through the power
switch(es) during switching transi-  excessive conduction losses.
Unfortunately, the tions. An Illustrative example of a quasi resonant con-
shunt diode provides zero switching loss at the low verter is disclosed in
U.S. Patent 4,415,959 and an il-  end of the load resistance range where
conduction lustrative example of a fully resonant converter is dis-  55
losses are largest. In particular, switching loss is elim- closed in U.S.
Patent 4,607,323.                    inated with these techniques by
operating the inverter Previous investigators have concentrated pri-
Into a load impedance with a resistive component low marily on circuit
design techniques which reduce or  enough to ensure conduction of the diode
in shunt 



2    3                   EP 0 372 792 B1                 4 with the active
power switch over the operating line  Transactions on Power Electronics,
PE-2 (1987) Jan- and load range of the converter. However, this elim-  uary
No. 1. The objective is todetermine actual power ination of switching
losses is achieved as indicated  device losses so that adequate cooling may
be pro- above at the expense of increased conduction losses  vided. The
various losses are categorized and an ex- in the converter since operation
of this inverter with   5   planation of how they occur within the device
is dis- low resistive loads increases currents In the circuit,  cussed.
Curves to assist In calculation ofthese losses thereby increasing the
conduction losses.          are discussed. Conduction loss in the switching
device was as-    According to this invention there is provided a sumed to
be negligible in the zero-voltage-switching  method as claimed in claim 1.
power converters of the prior art which have been   10
Azerovoltage-switchingfullyresonantinverteror optimized to reduce only
switching loss. However, in  dc-dc converter operates with a significant
improve- a practical zero-voltage-switching power converter,  ment in power
conversion efficiency over a wide realistic power switching devices do not
have negligi-  range of inputvoltage and output power by utilizing a ble
conduction losses particularly at high frequencies  non-linear capacitor
connected in parallel with the where the size of a suitable powerswitch is
limited by   15  power switch. This non-linear capacitor has an oper- its
parasitic capacitance. To be useful in a practical  ating characteristic in
which the capacitance of the high frequency power converter, the total loss
in the  capacitor increases with decreasing voltage across inverter must be
minimized, including both switching  the capacitor terminals. It serves to
broaden the in- losses and conduction losses, and must remain low  verter
section load impedance range within which the over the wide line and load
range commonly encoun-  20  switching losses incurred are low. At high
frequencies tered in the normal operation of such a converter.  where
conduction loss in components of the inverter Parasitic capacitances that
are normally part of a  tend to be high, the nonlinear capacitance greatly
fa- switching device in a high frequency power converter  cilitates
minimizing the sum of combined switching tend to increase switching losses
by discharging in  and conduction losses. Exemplary power circuits to each
switching cycle. Hence operation of the conver-  25   which the invention
may be applied are disclosed in ter must be carefully controlled to achieve
zero vol-  U.S. Patents 4,685,041; 4,605,999 and 4,449,174. tage switching
and thereby to minimize these switch-   Minimization of the total combined
losses due to ing losses. This requires consideration of the effect of
switching and conductive loss requires operation with the parasitic
capacitance on circuit operation. In ad-  a higher load resistance on the
Inverter section than dition, switching device resistance causes a
resistive   30  is the case with minimizing switching loss alone. Ac- power
loss within the switching device. These two  cordingly the inverter portion
of the converter is op- characteristics namely capacitance and resistance
of  erated into a higher AC load resistance (e.g. the load the
semiconductor switching device (particularly a  network seen by the
inverter) and the switching loss MOSFET device) are each dependent on Its
physical  is minimized by action of the nonlinearcap citance In size.
Increasing the size of the semiconductor switch-   35  shaping the voltage
waveform across the power ing device increases its capacitance and
decreases  switch. Hence by considering the combined effects of device
resistance. Capacitance can be reduced by re-  both switching loss and
conduction loss, switching ducing device size but this also increases
device re-  loss is actually incurred in orderto minimize total loss.
sistance. Hence a desire to lower switching losses by  The inverter circuit
of the fully resonantconverter reducing the switching device size to reduce
parasitic  40  relies on the shaping of the voltage waveform across
capacitances also Increases conduction losses. This  the switching device
to achieve the low switching loss situation is further complicated in
zero-voltage-  that permits operation at high frequencies. Proper switching
resonant converters where, the parasitic  wave shaping occurs over a wider
range of inverter capacitance of thesemiconductorswitching device is
section load impedance than was obtainable in the an integral part of the
resonant circuit making the val-  45  prior art As the resistive component
of this impe- ue of this capacitance important for proper circuit op-
dance is decreased switching losses generally de- eration.
cline at the expense of increased conduction losses. From the above
discussion it should be clear that  Conversely, as the resistive component
of this impe- conduction losses and switching losses in the semi-  dance is
Increased switching losses generally in- conductor switching device are
interrelated and that  50  crease quickly even though conduction losses are
de- proper selection of the device as well as choosing the  cining. There
Is, therefore, a minimum In total loss proper operating region for the
inverter are both nec-  where neither conduction or switching losses domin-
essary in order to minimize the total loss in the power  ate. switch(es) of
a practical switched-mode power con-    In a converter operating with a
power MOSFET 



verter.                                       55  switch at high
frequencies, the internal capacitances Conduction and switching losses In
high power   of the MOSFET device may be sufficientto satisfy the
transistors are analyzed in an article "Losses in High  requirement for a
capacitor across the switch in the Power Bipolar Transistors" by J.H.
Rockot; I.E.E.E.  fully resonant zero-voltage switching circuit ap- 3    5
EP 0 372 792 B1                   6 proach discussed here. The effective
Internal capac-  switch 106 of the inverter to be substantially non si-
itance of such a MOSFET is, in fact, nonlinear, and  multaneous. This
inverter is intended to operate pri- possesses the correct properties to
enhance circuit  marily in a region with no switching loss and its oper-
performance to achieve high efficiency operation. By  ation is based
principally on the class E amplifier prin- utilizing a nonlinear
capacitance across the power   5   ciples. A diode 108 has been added to
the class E am- switch the locus of operating points of the inverter in
plifier In order to create a region of load impedance the load space can be
shifted to substantially reduce  that permits switching of the power switch
106 with conduction loss without significantly increasing     zero
switching loss. A periodic drive is applied to the switching loss (i.e.
conduction loss declines at a faster  power switch at switch drive terminal
115. rate than switching loss increases). This nonlinear ca-  10  The
waveform of voltage periodically appearing pacitance has the further
advantage of significantly  across the power switch of the Inverter of FIG.
1 is reducing the sensitivity of inverter losses to Input vol-  shown in
FIG. 4 and as shown the voltage waveform tage and load and tothe
powerswitch duty ratio. Pow-  401 initially rises sharply and smoothly from
zero to er MOSFET devices are desirable for use as power    a peak value
and then drops to zero. It is prevented switches in high frequency
inverters and DC-to-DC   15  from dropping below zero or going negative by
the converters because of their desirable drive character-  clamping action
of a diode 108 shunting the power istics. With proper MOSFET device size
and opera-    switch 106. This clamping action has been credited by tion
frequency, the nonlinear capacitance of the    previous investigators for
permitting a fully resonant MOSFET device is sufficient by itself to attain
these  inverter to operate with zero switching loss within a operational
advantages.                         20  limited region of the normal load
variations that the power inverter must accommodate when used In a Brief
Description of the Drawing                     DC-DC converter. However the
concern of these in- vestigators has been solely with switching loss elim-
FIG. 1 is a schematic of a resonant power inverter  ination and ignores
other contributory factors to loss known in the prior art with a linear
capacitance in  25  of efficiency in the operation of a fully resonant con-
parallel with the power switch;                  verter, particularly one
operated at very high frequen- FIG. 2 is a schematic of a resonant power
inverter  cy in order to reduce physical size of the converter. with a
nonlinear capacitance in parallel with the       Conduction loss in
addition to switching loss oc- power switch;
curs due to resistance in the power switch 106 and the FIG. 3 is a graph of
the capacitance of the nonli-  30   power switching circuitry 105 and other
circuit com- near capacitor included in the circuit shown in  ponents
including the series network 109 and the FIG. 2.   .
load network 112. At high frequencies conduction FIG. 4 is a graph of the
voltage waveform across  losses tend to be high in the zero switching loss
region thepowe switch in the inverter of FIG. 1;       in which this
inverter is designed to operate. At high FIG. 5 is a graph of the voltage
waveform across   35  frequency, for example, the size of a MOSFET power
the power switch in the inverter of FIG. 2;  switch cannot be arbitrarily
increased to reduce con- FIG. 6 is a graph of the power dissipation attri-
duction loss. butes of the resonant power inverter of FIG. 1;      An
exposition of the individual power dissipating FIG. 7 is a schematicc of a
resonant power inverter  factors contributing to the losses of the Inverter
of using a FET device for the power switch;  40   FIG. 1 is shown in
graphic form in FIG. 6 which indi- FIG. 8 is a graph comparing the
operating effi-  vidually depicts the switching loss characteristics of
ciencies of the resonant inverters of FIG. 1 and  the power switch and the
conduction loss character- FIG. 2;
istics of the inverter and the sum total of the two. As FIG. 9 is a
schematic of a current fed self oscil-  is apparent the switching loss, as
shown by switching lating resonant converter using the Invention; and   45
loss curve 602, is zero at low loads and after the load FIG. 10 is a
schematic of a voltage fed self oscil-  reaches a resistive threshold at
point 605 where the lating resonant converter using the invention.   diode
108 ceases to clamp, It increases rapidly as the Afully resonant
zero-voltage-switching power in-  load increases. Conduction loss, as shown
by con- verter as known in the prior art is shown in FIG. I in  duction
loss curve 601, is very high when the inverter which a series network 109
and a load network 112   50  is loaded with a low load resistance and
decreases 



are co-operative to shape substantially continuous   rapidly as the load
resistance increases. The dotted periodic waveforms across the powerswitch.
The ser-  line representing the total loss curve 603 shows total ies
network 109 includes a series connected inductor  losses in the inverter
circuit of FIG. 1 once the switch- 110 and a capacitor 111 and the load
network 112 in-  ing losses have become significant. The practical cludes a
reactive impedance 113 and an actual resis-  55   minimum loss region of
operation exists for only a tive load 114. With proper component values the
ser-  very small range of load resistance. ies network 109 and load network
112 constrains the      An inverter operating in a fully resonant mode. ..
... -  current waveform and voltage waveform of a power  such as is
discussed in U.S. Patents 4,449,174; 4    7                   EP 0 372 792
B1                   8 4,605,999 and 4,685,041 but with a non linear capac-
The voltage waveform 501 in FIG. 5 associated itor 207 connected in
parallel with the power switch  with the non linearcapacitor 207 connected
in parallel 206, is shown in FIG. 2. The voltage-capacitance  with the
power switch 206 has a different profile than characteristic of the
non-linear capacitor 207 is shown  the voltage waveform 401 in FIG. 4. The
voltage wa- bycurve 301 in the graph of FIG. 3. It is important to   5
veform 501 has a more sharply defined peak portion the operation of this
inverter that the capacitance of  504 and a more gradual initial ascent 502
and a more the non linear capactior rise rapidly with decreasing  gradual
final descent 503 at the beginning and end of voltage across its terminals
at low voltage levels. A  the non conduction cycle of power switch 206, re-
MOSFET junction diode capacitance that increases   spectively. This
waveform 501 has no tendency to go rapidly with decreasing voltage across
Its terminals at  10  negative and hence the diode 208 shunting the power
low voltage levels may be used. A diode 208 is shown  switch 206 is not
necessary. It normally exists in prac- In dotted form shunting the
powerswitch 206. This di-  tical power MOSFET devices as an inherent
attribute ode 208 is not used and is not necessary for clamp-  of the power
switch 206 but it does not normally con- ing. it may in some circumstances
provide a Junction  duct in inverter circuits using the invention. Due to
the capacitance which provides part or all of the desired   15  differing
non linear capacitance voltage characteris- non linear capacitance.
tic of the nonlinear capacitor 207, as shown in FIG. 3, A periodic drive
signal is applied to the switch  the capacitance is increased significantly
at low vol- drive terminal 215 to drive the power switch 206. The  tage
levels as the voltage drops and vise versa. output of the power switch 206
is coupled to a series  The difference In the loss profile between an in-
connected series network 209 and load network 212.  20  verter having a
linear capacitor shunting the power The series network 209 comprises a
series connect-  switch and one substantially equivalent to it having ed
Inductor 210 and capacitor 211.  The load network  similar resistive
components and operating at identi- 212 includes a resistive load 214 and a
reactance im-  cal input voltage and output power conditions except pedance
213. This load network 212 may comprise a  for having a nonlinear capacitor
shunting the power resonant rectifier connected to a load such as is dis-
25  switch is shown in the graph of FIG. 8. FIG. 8 disclo- cussed in U.S.
Patent 4,685,041. The series and load  ses two curves 801 and 802 which
show the overall networks 209 and 212 are identical to those shown in
efficiency of the inverters of FIG. I and FIG. 2 respec- FIG. I and operate
in the same manner to shape a   tively. The minima range of the efficiency
curve 801 substantially continuous periodic waveform across  for the
inverterof FIG. 1 having a linear capacitor 107 the power switch 206. The
resistive impedance of the   30  shunting the power switch 106 is less than
the minima load network 212 is specified as large as possible in  range of
the efficiency curve 802 for the inverter of order to lower overall
conduction loss in the inverter  FIG. 2 having a nonlinear capacitor 207
shunting the and still maintain control over the switching loss. The  power
switch 206. The curve of efficiency 802 for the use of the non linear
capacitor 207 allows operation  Inverter having the non linear capacitor
207 also has of the inverter in a region having a load impedance   35   a
smaller increasing slope beyond the minimum point range where conduction
losses are substantially low-  803 as the load increases reflecting a more
gradual erthan would be normally incurred in a region in which  increase in
switching loss than does the curve 801 the shunt diode 108 in the circuit
of FIG.1 conducts.  beyond its minimum point 805. Although a small
switching loss is incurred, total loss  A suitable device for a power
switch in an inverter is minimized. Furthermore, the nonlinear capacitor
40  circuit may be embodied in MOSFET technology as 207 serves to maintain
reasonable total losses over  shown in FIG. 7. An inverter circuit is shown
as having a significantly broad range of load resistance.    a MOSFET power
switch 706, in which a nonlinear The effect of the non-linear capacitance
on the  shunt capacitance 707 is an inherent characteristic of operation of
the power switch may be seen by com-  the MOSFET power device 705. This
nonlinear ca- paring the change in the voltage waveform across the   45
pacitance 707 is utilized to improve overall efficiency power switch. This
voltage waveform, shown in FIG.  of the inverter over a wide range of load.
This MOS- 



5, has a different prof lie from the waveform of FIG. 4  FET power switch
706 Is driven with a periodic signal depicting the effect of replacing a
linear capacitor 107  applied to the gate terminal 723. The power switching
connected in shunt with the power switch 106, as   circuitry with its
characteristic or Inherent impedanc- shown in FIG 1, with a nonlinear
capacitor 207 con-  50  es is embodied In a power MOSFET device 705. The
nected in shunt with the power switch 206, as shown  power MOSFET device
705 typically has many inher- in FIG 2. The voltage waveform across the
power    ent diode junction, body impedances and reactive switch 106 of the
inverter of FIG. 1 is periodically ter-  components including a nonlinear
capacitance 707 minated by the clamping action of the shunt diode 108
shunted in parallel with the drain-source power con- which prevents
negative voltage across the power  55  duction path 722-721. The value of
this capacitance switch 106. There is no clamping  action applied by the
707 is determined by the physical size of the power diode 208 to the power
switch 206 In the circuit of FIG.  MOSFET device 705. A resistive Impedance
709 Is 2.                                                 shown in series
with the drain-source power conduc-    9                   EP 0 372 792 B1
10 tion path 722-721. This resistive impedance 709 is    erating into an
effective load comprising an in- also determined by the physical size of
the power     ductive reactive component, MOSFET device 705. A body diode
708 is also inher-          CHARACTERIZED BY the steps of: ently included
In shunt with the drain-source power         utilizing a non-linear
capacitance, having conduction path 722-721 but its clamping action is not
5  a capacitance characteristic such that capaci- used. A nonlinear
capacitance 715 couples the drain   tance increases with decreasing voltage
across to the gate 723 of the MOSFET device and a relatively  the power
switching device, shunting the power linear capacitance 716 couples the
source 721 to the  switching device to reduce overall power dissipa- gate
723 of the MOSFET device. An input to the gate   tion by terminal 723 is
provided to accept a drive signal to  10   determining a switching loss
characteristic periodically drive the power MOSFET device 705.       of the
power switching device by defining its This inverter circuit of FIG. 7 is
operated at a suf-  graphic function of switching loss, ficiently high
frequency to allow the internal Inherent     determining a conduction loss
characteris- nonlinear capacitor 707 in shunt with the main power  tic of
the high frequency inverter or converter In- path between the drain
terminal 722 and the source   15  cluding conduction loss in the power
switching terminal 723 supply the entire non linear capacitance  device by
defining its graphic function of conduc- needed across the power switch to
enable the inverter  tion loss, and to operate in a region in which the sum
of switching        determining a set of component values de- loss and
conduction loss is minimized.                fining an operating point for
the high frequency An example of a DC-DC converter circuit is  20
inverter or converter that minimizes a sum of shown in FIG. 9. This
converter includes an inverter  combined losses related to switching loss
and circuit which is current fed from an input voltage    conduction loss
by defining the minimum loci of source 903 via inductor 904 connected in
series be-   a combined graphic function achieved by sum- tween voltage
source 903 and the MOSFET power         ming loci of both the graphic
function of switching switch 906. This converter includes a feedback path
25  loss and the graphic function of conduction loss from the drain
terminal 922 of the MOSFET power       and switching the power switching
device at afre- switch 906 to its gate terminal 923 to enable the in-
quency to achieve a desired combined switching verter circuit to self
oscillate. A controllable inductive  and conduction loss related high
overall operat- reactance 953 is included between the source termi-   ing
efficiency for the inverter or converter. nal 921 and gate terminal 923 and
is varied in induc-  30 tance in response to a voltage regulating control
cir-  2. A method as claimed in claim 1 wherein the non- cuit 951. The
voltage regulating control circuit 951  linear capacitance is such as to
shape a voltage monitors the output voltage via lead 952 and varies
waveform across the power switching device with the effective inductance of
reactance 953 to vary the  a sharply defined peak region bounded by a grad-
frequency of self oscillation and hence regulate the  35  ual ascent and
gradual descent in shape of the output voltage. Voltage regulation of a
self oscillating  waveform, thereby broadening an Impedance resonant
converter by varying its frequency of oscil-  range into which the power
switching device can lation is discussed in prior U.S. patent 4,685,041 and
operate without incurring excessive switching hence is not discussed
herein. The output of the inver-  losses. ter is applied to a full wave
resonant rectifier which is  40 disclosed and discussed in prior U.S.
patent           3. A method as claimed in claim 1 or 2 including the
4,605,999.                                            step of operating the
inverter or an inverter por- A DC-DC converter including a voltage fed
inver-  tion of the high frequency converter into an effec- 



ter is shown in FIG. 10 and includes a voltage source  tive reactive load
whose resistive component ex- 1003 connected to the source terminal 1021 of
the   45  ceeds the resistive component necessary for MOSFET power switch
1006. Afeedback path includ-      solely optimizing a reduction of
switching loss of ing controllable inductive reactance 1053 enables the
the power switching device. inverter to self oscillate and the inductance
of the re- actance 1053 is varied in response to the voltage reg-  4. A
method as claimed In any preceding claim ulating control circuit 1051 to
vary oscillating frequen-  50  wherein the power switching device is a
power cy and hence regulate the output voltage.              MOSFET and the
non-linear capacitance in- cludes an inherent non-linear shunt junction ca-
pacitance of the power MOSFET device. Claims 55 1. A method of optimizing
efficiency of a high fre-  Patentanspruche quency zero voltage switching
resonant inverter or converter having a power switching device op-  1. Em
Verfahren zur Optimierung des Wirkungsgra- 6    9                   EP 0
372 792 B1                10       *     C   L   M   S      * tion path
722-721. This resistive impedance 709 is    erating into an effective load
comprising an in- also determined by the physical size of the power
ductive reactive component, MOSFET device 705. A body diode 708 is also
inher-          CHARACTERIZED BY the steps of ently included in shunt with
the drain-source power        utilizing a non-linear capacitance, having
conduction path 722-721 but its clamping action is not   5  a capacitance
characteristic such that capaci- used. A nonlinear capacitance 715 couples
the drain   tance increases with decreasing voltage across to the gate 723
of the MOSFET device and a relatively  the power switching device, shunting
the power linear capacitance 716 couples the source 721 to the  switching
device to reduce overall power dissipa- gate 723 of the MOSFET device. An
input to the gate   tion by terminal 723 is provided to accept a drive
signal to  10    determining a switching loss characteristic periodically
drive the power MOSFET device 705.       of the power switching device by
defining its This inverter circuit of FIG. 7 is operated at a suf-  graphic
function of switching loss, ficiently high frequency to allow the internal
inherent     determining a conduction loss characteris- nonlinear capacitor
707 in shunt with the main power  tic of the high frequency inverter or
converter in- path between the drain terminal 722 and the source   15
cluding conduction loss in the power switching terminal 723 supply the
entire non linear capacitance  device by defining its graphic function of
conduc- - needed across the power switch to enable the Inverter  tion loss,
and to operate in a region in which the sum of switching        determining
a set of componentvalues de- loss and conduction loss is minimized.
fining an operating point for the high frequency An example of a DC-DC
converter circuit is  20    inverter or converter that minimizes a sum of
shown in FIG. 9. This converter includes an inverter  combined losses
related to switching loss and circuit which is current fed from an Input
voltage      conduction loss by defining the minimum loci of source 903 via
inductor 904 connected in series be-   a combined graphic function achieved
by sum- tween voltage source 903 and the MOSFET power         ming loci of
both the graphic function of switching switch 906. This converter includes
a feedback path  25  loss and the graphic function of conduction loss from
the drain terminal 922 of the MOSFET power       and switching the power
switching device at a fre- switch 906 to its gate terminal 923 to enable
the in-  quency to achieve a desired combined switching verter circuit to
self oscillate. A controllable inductive  and conduction loss related high
overall operat- reactance 953 is included between the source termi-   ing
efficiency for the inverter or converter. nal 921 and gate terminal 923 and
is varied in induc-  30 tance in response to a voltage regulating control
cir-  2. A method as claimed In claim 1 wherein the non- uit 951. The
voltage regulating control circuit 951  linear capacitance Is such as to
shape a voltage monitors the output voltage via lead 952 and varies
waveform across the power switching device with the effective inductance of
reactance 953 to vary the  a sharplydefined peak region bounded by a grad-
frequency of self oscillation and hence regulate the   35  ual ascent and
gradual descent in shape of the output voltage. Voltage regulation of a
self oscillating  waveform, thereby broadening an impedance resonant
converter by varying its frequency of oscil-  range into which the power
switching device can lation is discussed in prior U.S. patent 4,685,041 and
operate without incurring excessive switching hence is notdiscussed herein.
The outputof the inver-  losses. 



ter is applied to a full wave resonant rectifier which is  40 disclosed and
discussed in prior U.S. patent        3. Amethod as claimed In claim 1 or2
including the 4,605,999.                                     step of
operating the inverter or an inverter por- A DC-DC converter including a
voltage fed inver-  tion of the high frequency converter into an effec- ter
is shown in FIG. 10 and includes a voltage source  tive reactive load whose
resistive component ex- 1003 connected to the source terminal 1021 of the
45  ceeds the resistive component necessary for MOSFET power switch 1006.
Afeedback path indud-       solely optimizing a reduction of switching loss
of ing controllable inductive reactance 1053 enables the  the power
switching device. inverter to self oscillate and the inductance of the re-
actance 1053 is varied in response to the voltage reg-  4. A method as
claimed in any preceding claim ulating control circuit 1051 to vary
oscillating frequen-  50  wherein the power switching device is a power cy
and hence regulate the output voltage.             MOSFET and the
non-linear capacitance in- cludes an inherent non-linear shunt junction ca-
pacitance of the power MOSFET device. Claims 55 1. A method of optimizing
efficiency of a high fre-  Patentanspruche quency zero voltage switching
resonant inverter or converter having a power switching device op-  1. Ein
Verfahren zurOptimierung des Wirkungsgra- 6    11          EP 0 372 792 B1
12     *   C    L   M   S     * 8 '" .' e s bei Nulapannung schaltnden
Hoch-     4. Verfahren nach einem bellebigen vorhergehen- .:
frequenz-Rsonanzwechselrichtbrs odor -strom-      den Anspruch, wobel die
Lebstungsschaltvorrich- .. . .. .ri.chtersmitnorListungsschaltvorrichtung,
die   tung ein Leistungs-MOSFET ist und die nichtii- "ine offoktive Last
mit einer induktiven Blindkon-  nears Kapazitfit eine nichtllneare
NebenschIu8- ponente beaufschlagt, gekennzeichnet durch fol-   5
Obergang-Eigenkapazitit   der   Leistungs- ';':, gende'Schritte:
MOSFET-Vorrichtung umfaSt. Beinutzung elner nichtlinearen Kapazitit .. ..
,mit.einer derartigen. Kapazittatskennlinie, daB . s!hdle  ; Kapazitat
bei.abnehmender Spannung  Revendications an der iWeistungsschaltorrichtung
erhoht und   10 'die 'Listungsschaltvorrichtung nobenschileMt,  1. Proced6
d'optimisation du rendement d'un Inver- um die esa'mtvetlustleistung zu
reduzieren. Be-    sour ou convertisesur A r6sonance, A commuta- . -'.
'timmon einer Schaltverlustkennilnie der Lei-    tion par tension nulle A
haute fr6quence ayant un ..':',   .   stungsschaltvorrichtung durch
Definieren Ihrer  dispositif de commutation de puissance fonction-
graphiechon Funktlon des Schaltverius~ts, , S      nant dans une charge
effective comprenant une Bestimmen einer Leitungsverlustkennlinie des
composante reactive inductive, : .   Hohfrequenzwechs erihters odor
-stromrich-         CARACTERISE PARlesetapesdo: ters einschlieBlich des
Leitungsverlustes in der         utilisation d'une capacite non iinhaire,
Leistungsschaltvorrichtung durch Definieren ih-    ayant une
caractiristique de capacit6 tells quo la rer graphischen Funktion des
Leitungsveriustes,  20  capacite augments avec la tension decroissante und
aux bornes du dispositif de commutation de puis- Bestimmen einer Menge von
Bauteilwer-         sance, shuntant le dispositif de commutation de :ten,
die olen Betriebspunkt fOr den Hochfre-       puissance globale pour
r6duire la dissipation do quenzwechselrichter odor -stromrichter definie-
puissance ren, der sine Summe kombinierterVerlust in be-  25
determination d'une caracteristique de zug'auf Schaltverlust und
Leitungsveriust durch    porte de commutation du dispositif de commute-
Definieren der minimalen Orte siner kombinier-  tion de puissance en
difinissant sa fonction gra- ten graphischen Funktion minimiert, die durch
phique de ports de commutation, Summieren von Orten von sowohl. der graphi-
determinatlon d'une caractbristique de schen Funktion des Schaltverlustes
als auch der  30  porte de conduction de l'inverseur ou convertis-
graphisohen.Funktion des Leltungoverlusts und      sour A haute fr6quence y
compris de la ports de drch:. Schalten der Lelstungsschaltvorrichtung
conduction du dispositif de commutation de puis- : mit. einer. Frequenz zum
Erreichen elnes ge-        sance en definissant sa fonction graphique de
wunschbn hohen Gosamtbetriebewirkungsgra-          porte deo conductlon, et
des in bezug uf einen kombinierten Schalt- und   35      determinatlon d'un
ensemble de valeurs 



Leitungsvverlust fOr den Wechselrichter oder
decomposantesd6finissantunpointdefonction- . ,- Stromrichter erreicht wird.
nement de l'inverseur ou convertisseur A haute frequence qui minimise une
somme de pertes , . !Verfahren nach Anspruch 1 ,.wobei die nichtlinea-
combin~es llees A la perte de commutation et A . re KapazltAt so beschaffen
let, daB sis eine Span-  40  la porte de conduction en definissant les
Rleux mi- ': K.-i  :-. ,nungswellenform an der Lelstungsschaltvorrich-
nimum d'une fonction graphique combin6e obte- :   tung mit elnem    ong
definierton Spitzenberelch-  nue en additionnant des lieux A la fois de la
fono- eng, umgrenzt von elnem allmahlichen Anstieg       tion graphique de
la porte de commutation et de und einem allmahlichen Abstieg in der Gestalt
der  la fonction graphique deola porte de conduction et Wellonform, bildet,
und damit mnen lmpedanzbS-  45  en commutant le dispositif de commutation
de reich erweltert, Ober den die Leistungsschaltvor-  puissance a une
fr6quence pour obtenir un ren- richtung ohne Obermldige Schaltverluste zu
dement op6rationnel global 6leve d6sire 116 A la ., ...  .erleiden
funktbonieren kann.                    perte de commutation et a la porte
de conduction combinhes de 'inverseur oudu convertisseur. 3. Verfahren nach
Anspruch 1 oder 2 einschlieflich   5o - des Schrittes des Beaufschlagens
des Wechsel-  2. Proc6d6 selon la revendication 1, dans lequel la richters
oder eines Wechselrichtertells des Hoch-  capacit6 non lin6alre est tells
qu'elle forms une frequenz-Stromrichters mit elner sffektliven       forms
d'onde de tension aux bornes du dispositif ' :              :.::'-' ::
:Blindlast, deren ohmische Komponente die fOr  de commutation de puissance
avec une zone de die 'allelnige Optimiorung einer Reduktion des  56  crete
nettement definie dellmit6e parune montee .   :, -:- :   -Schaitverlustes
der Leistungsschaltvorrichtung  graduelle at une descento graduelle de la
forms -,' ' , .... 'notwendige ohmische Komponente Oberschrei-      de la
forms d'onde, elargissant alnsi une gamme tet.
d'imp6dances dans laquelle le dispositif de 7    13                 EP 0
372 792 B1                 14      *   C   L   M  S    * . omimutation de
puissance peut fonctionner sans - encourir de pertes de commutation
excessives. 3. Prochd6 solon la revendication I ou 2, compor- tant letape
d'actlonnement de l'lnverseur ou   5 d'une partie dinverseur du
convertisseura haute fr6quence dans une charge reactive effective dont la
composantb resistive d6passe la compo- sante.r6sistive necessaire pour
optimiser unique- ment une r6duction de perte de commutation du   10
dispositif de commutation de puissance. 4. Procede selon lFune quelconque
des revendica- tions precedentes, dans lequel le disposiif de commutation
de puissance est un transistor A of-  15 fet de champ MOS de puissance et
la capaclte non lln6aire comporte une capacite de jonctlon shunt non
lineaire inherente du dispositif de tran- sistor MOS de puissance. 20 25 30
35 40 45 50 55    


