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(57) ABSTRACT 

Apower inverter includes a rnulti-level switching circuit for 
switching between any two voltage levels selected from a set 
of N voltage levels. The switching circuit includes at least 
N+1 switching elernents. Each switching element has a 
corresponding resonant capacitor connected parallel to it. As 
the switching elernents turn on and off, different ones of the 
resonant capacitors cooperate with a resonant inductor con 
nected to a pole of the switching circuit and with an output 
capacitor in maintaining a resonance condition as seen from 
the active switching elements. 
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MULTI-LEVEL QUASI-RESONANT POWER 
INVERTER 

RELATED APPLICATIONS 

[0001] This application is a continuation of copending 
US. application Ser. No. 09/818,235, ?led on Mar. 26, 2001, 
Which is a continuation-in-part of copending US. applica 
tion Ser. No. 09/705,158, ?led on Nov. 2, 2000. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] The United States Government has rights in this 
invention pursuant to SBIR contract number F33615-98-C 
2822 betWeen the United States Air Force and American 
Superconductor Corporation. 

FIELD OF THE INVENTION 

[0003] This invention relates to poWer inverters, and in 
particular, to poWer inverters controlled by a pulse-Width 
modulator. 

BACKGROUND 

[0004] A poWer inverter converts DC to AC by passing a 
succession of variable amplitude DC pulses through a ?lter 
circuit. These DC pulses transport energy stored in a large 
capacitor, or other DC source, to a ?lter circuit. 

[0005] The output of the ?lter circuit is effectively a 
moving average of the input pulses. When the duty cycle of 
the pulse train is loW, a loW voltage eXists at the output 
because the time-average poWer carried by the pulse-train is 
loW. Conversely, When the duty cycle is high, a high voltage 
eXists at the output because the time-average poWer carried 
by the pulse train is high. By appropriately controlling the 
duty cycle of the pulse train, it is possible to generate a 
smoothly varying AC voltage at the output of the inverter. 

[0006] An inverter of the type described above typically 
includes one or more sWitches to generate the pulse train. 
These sWitches are most often implemented as transistors or 
thyristors having a gate driven by a micro-controller. When 
the sWitch is in its open state, a high voltage exists across the 
sWitch terminals but no current ?oWs, hence the sWitch 
consumes no poWer. When the sWitch is in its closed state, 
a large current ?oWs, but across such a negligible voltage 
drop that for all practical purposes, the transistor sWitch 
consumes no poWer. 

[0007] As a result of the ?nite sWitching times inherent in 
semiconductor devices, betWeen the open and closed states 
of the sWitch there lies a transition interval during Which the 
voltage and the current are both non-negligible. While 
operating in this transition interval, the transistor sWitch 
consumes signi?cant poWer. This poWer, integrated over the 
transition interval is referred to as the “sWitching loss” per 
cycle. 
[0008] One Way to reduce sWitching loss is to reduce the 
difference betWeen the pre-sWitching voltage and the post 
sWitching voltage. Intuitively, sWitching betWeen 10,000 
volts and 0 volts can be eXpected to take longer and to result 
in a higher sWitching loss than merely sWitching betWeen 
10,000 volts and 5,000 volts. This is the principle behind a 
multi-level inverter, in Which the difference betWeen the tWo 
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voltages that the sWitch is to sWitch betWeen is adaptively 
changed based on the desired output voltage of the inverter. 

[0009] Another Way to reduce sWitching loss is to place a 
resonant circuit betWeen the sWitch and the inverter output. 
The resonant circuit is con?gured to have a resonant fre 
quency that is much higher than the sWitching frequency. 
Changing the state of the sWitch triggers oscillation in the 
resonant circuit. Because of this oscillation, the voltage 
across the sWitch periodically crosses the Zero voltage ads. 

[0010] If the state of the sWitch is changed When the 
voltage across the sWitch is approximately Zero, then the 
transition interval Will occur at a time When the voltage 
across the sWitch is essentially Zero. Each Zero crossing thus 
provides a WindoW of opportunity for changing the state of 
the sWitch Without incurring signi?cant sWitching losses. By 
having a resonant frequency that is much higher than the 
sWitching frequency, one can assure that there Will be a 
nearby Zero crossing for the controller to use When the time 
comes to change the state of the sWitch. This is the principle 
of a quasi-resonant inverter. 

SUMMARY 

[0011] The invention reduces sWitching losses in a multi 
level poWer inverter by placing a resonant capacitor in 
parallel With each sWitching element of the sWitching circuit 
of the inverter. This resonant capacitor interacts With a 
resonant inductor connected to a pole of the sWitching 
circuit to form a resonant circuit across the sWitching 
elements. As switching elements are turned on and off, 
different resonant capacitors are sWitched smoothly in and 
out of the resonant circuit. 

[0012] ApoWer inverter incorporating the principles of the 
invention includes a sWitching circuit for sWitching betWeen 
any tWo voltage levels selected from N voltage levels, Where 
N is an integer greater than or equal to three. The sWitching 
circuit includes at least N+1 sWitching elements and a 
corresponding plurality of resonant capacitors. Each of the 
resonant capacitors is connected in parallel With a corre 
sponding one of the sWitching elements. As the sWitching 
elements turn on and off, different ones of the resonant 
capacitors interact With a resonant inductor connected to a 
pole of the sWitching circuit and With an output capacitor. 
This interaction results in the maintenance of a resonance 
condition as seen from the active sWitching elements. 

[0013] In one aspect of the invention, a tri-level inverter 
includes a sWitching circuit With four sWitching elements, 
each having a ?rst terminal and a second terminal across 
Which a resonant capacitor is connected. The ?rst terminal of 
the ?rst sWitching element is available for connection to a 
positive DC voltage source. The second sWitching element 
has a ?rst terminal that is connected to the second terminal 
of the ?rst sWitching element and a second terminal con 
nected to the pole of the sWitching circuit. The third sWitch 
ing element has a ?rst terminal connected to the pole of the 
sWitching circuit and a second terminal connected to the ?rst 
terminal of the fourth sWitching element. The second ter 
minal of the fourth sWitching element is available for 
connection to a negative DC voltage source. 

[0014] The resonant capacitors placed across each of the 
sWitching elements absorb energy that is normally dissipated 
in the sWitching elements. This energy is later sent back to 
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the load. This signi?cantly reduces switching losses in the 
switching element because the resonant capacitors can 
absorb the energy that would otherwise be dissipated. 

[0015] These and other features and advantages of the 
invention will be apparent from the following detailed 
description and the accompanying ?gures, in which: 

DESCRIPTION OF THE FIGURES 

[0016] 
[0017] FIG. 2 shows a switching circuit from the power 
inverter of FIG. 1; 

[0018] FIG. 3 shows three timing patterns, each of which 
is a sequence for turning selected switching elements on and 
off; 

[0019] FIG. 4 shows the effect of the ?rst timing pattern 
of FIG. 3 on currents and voltages at various points in the 
switching circuit of FIG. 2; and 

[0020] FIG. 5 shows the typical resonant inductor current 
during one cycle of output voltage for the power inverter of 
FIG. 1. 

FIG. 1 shows a block diagram of a power inverter; 

DETAILED DESCRIPTION 

[0021] FIG. 1 shows a multi-level power inverter 10 used 
to convert DC power to AC power. The illustrated power 
inverter 10 has an input terminal for connection to an 
external DC voltage source 14. In low-power applications, 
an external DC voltage source 14 might be a solar cell, a 
battery, or a fuel cell. In high-power applications, the 
external DC voltage source 14 might be a capacitor bank 
charged by a line-source and tapped for backup power upon 
failure of the line-source. 

[0022] Current provided by the DC voltage source 14 is 
provided to input terminals of a switching circuit 16. In 
response to control signals provided by a controller 18, the 
switching circuit 16 switches on and off, thereby periodi 
cally tapping the DC voltage source to generate an output 
pulse train that forms the output of the power inverter 10. 

[0023] Throughout this speci?cation, “turning off” a 
switch means preventing current from ?owing between its 
terminals. Conversely, “turning on” a switch means enabling 
current to How between its terminals. 

[0024] The output pulse train is provided to an output ?lter 
20 that smooths the pulse train generated by the switching 
circuit 16 to form an output sinusoidal waveform having the 
desired frequency. The energy stored in the output ?lter 20 
is used to cycle the resonant capacitors in the switching 
circuit 16. 

[0025] FIG. 2 shows a more detailed view of the switch 
ing circuit 16 of FIG. 1. While the switching circuit 16 
includes additional components that are not shown, those 
components would be apparent to one of ordinary skill in the 
art. For example, the connection between the micro-control 
ler 18 and the switching elements 22a-d is omitted in the 
interest of clarity. Also omitted are connections that enable 
the micro-controller 18 to monitor the state of the switching 
circuit 16. These additional components are described in 
commonly owned US. application Ser. No. 09/704,899, 
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entitled “Integrated Multi-Inverter Assembly,” ?led on Nov. 
2, 2000, the contents of which are herein incorporated by 
reference. 

[0026] While the embodiment described above is a multi 
level inverter with three voltage levels, it will be apparent 
that the principles of the invention can readily be extended 
to other multi-level inverters having an odd number of 
voltage levels. 

[0027] The switching action of the switching circuit 16 is 
achieved by four switching elements 22a-d, each of which 
is a transistor module made up of insulated gate bipolar 
transistors (IGBT) and accompanying circuitry. Transistor 
modules of this type are available from a variety of manu 
facturers, including Eupec GmBH of Warstein, Germany. 
However, the invention is also applicable to other types of 
switching elements or transistor modules. 

[0028] As shown in FIG. 2, the switching circuit 16 
includes a ?rst DC rail 24, which is maintained at a positive 
potential through a connection with a positive terminal of a 
?rst capacitor bank 26, and a second DC rail 28, which is 
maintained at a negative potential by a connection to a 
negative terminal of a second capacitor bank 30. Anegative 
terminal of the ?rst capacitor bank and a positive terminal of 
the second capacitor bank are both clamped to Zero voltage 
by their respective connections to a neutral terminal 31. 

[0029] The ?rst switching element 22a has a ?rst output 
terminal connected to the positive DC rail 24 and a second 
output terminal connected to the negative terminal of the 
?rst capacitor bank 26 by way of a ?rst diode 32. The anode 
terminal of the ?rst diode 32 is oriented so that the forward 
current ?ow through the ?rst diode 32 leads away from the 
negative terminal of the ?rst capacitor bank 26. A second 
diode 34 has its anode terminal connected to the cathode 
terminal of the ?rst diode 32 and its cathode terminal 
connected to the positive DC rail 24. This second diode 34 
thus enables forward current How in the direction of the 
positive DC rail 24. Where a DC voltage other than a 
capacitor bank is used, the positive and negative terminals of 
that DC voltage source can likewise be connected to the 
positive and negative DC rails 24, 28. 

[0030] At the output of the switching circuit 16, a resonant 
inductor 38 has a ?rst terminal connected to a pole 40 of the 
switching circuit 16 and a second terminal connected to a 
?rst terminal of an output capacitor 56. The second terminal 
of the output capacitor 56 is connected to the neutral 
terminal 31. The ?rst terminal of the output capacitor 56 is 
connected to a ?rst terminal of an output inductor 58, the 
second terminal of which carries the output voltage of the 
power inverter 10. The output capacitor 56 and the output 
inductor 58 thus cooperate in the output ?lter 20 to which the 
inverter’s load is to be connected. 

[0031] A ?rst resonant capacitor 36 is connected in par 
allel with the second diode 34. The ?rst resonant capacitor 
36, together with the resonant inductor 38 and the output 
capacitor 56, forms a ?rst resonant circuit. Provided that the 
current in the resonant inductor 38 is ?owing in the proper 
direction, this ?rst resonant circuit is set resonating when 
ever the controller 18 turns the ?rst switching element 22a 
on or off. 

[0032] The second switching element 22b has a ?rst 
output terminal connected to the cathode terminal of the ?rst 
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diode 32 and a second output terminal connected to the pole 
40. A third diode 42 is connected across the ?rst and second 
output terminals of the second sWitching element 22b With 
its anode terminal connected to the pole 40. 

[0033] A second resonant capacitor 44 is connected in 
parallel With the third diode 42. The second resonant capaci 
tor 44, together With the resonant inductor 38 and the output 
capacitor 56, forms a second resonant circuit. Provided that 
the current through the output inductor 38 is ?owing in the 
proper direction, this second resonant circuit is set resonat 
ing Whenever the controller 18 turns the second sWitching 
element 22b on or off. 

[0034] A third sWitching element 22c has a ?rst output 
terminal connected to the pole 40 of the sWitching circuit 16 
and its second output terminal connected to the positive 
terminal of the second capacitor bank 30 by Way of a fourth 
diode 46. The fourth diode 46 is oriented so that forWard 
current How is toWard the positive terminal of the second 
capacitor bank 30. A ?fth diode 48 is connected in parallel 
With the ?rst and second output terminals of the third 
sWitching element 22c and oriented so that the direction of 
forWard current ?oW through the ?fth diode 48 is toWard the 
pole 40. 

[0035] A third resonant capacitor 50 is connected in par 
allel With the ?fth diode. The third resonant capacitor 50, 
together With the resonant inductor 38 and the output 
capacitor 56, forms a third resonant circuit. Provided that the 
current through the output inductor 38 is ?oWing in the 
proper direction, this third resonant circuit is set resonating 
Whenever the controller 18 turns the third sWitching element 
22c on or off. 

[0036] Finally, the sWitching circuit 16 includes a fourth 
sWitching element 22d having a ?rst output terminal con 
nected to the anode terminal of the ?fth diode 48 and a 
second output terminal connected to the negative DC rail 28. 
A siXth diode 52 is connected across the ?rst and second 
output terminals of the fourth sWitching element 22d and 
oriented so that the direction of forWard current ?oW through 
the siXth diode 52 leads aWay from the negative DC rail 28. 

[0037] A fourth resonant capacitor 54 is connected in 
parallel With the siXth diode 52. The fourth resonant capaci 
tor 54, together With the resonant inductor 38 and the output 
capacitor 56, form a fourth resonant circuit. Provided that 
the current through the output inductor 38 is ?oWing in the 
proper direction, this fourth resonant circuit is set resonating 
Whenever the controller 18 turns the fourth sWitching ele 
ment 22d on or off. 

[0038] The capacitance of the output capacitor 56 is much 
larger than the capacitances of the four resonant capacitors 
36, 44, 50, 54. A typical value for the capacitance of the 
resonant capacitors is 2 microfarads. A typical value for the 
capacitance of the output capacitor is 500 microfarads. 

[0039] The inductance of the resonant inductor 38 is 
selected to be much smaller than the inductance of the output 
inductor 58. A typical value for the inductance of the 
resonant inductor is 500 microhenrys. Atypical value for the 
inductance of the output inductor is 5 millihenrys. 

[0040] The four resonant capacitors 36, 44, 50, 54, in 
addition to cooperating With the resonant inductor 38 and 
With the output capacitor 56 to form a resonant circuit, also 
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function as snubbers across each sWitching element 22a-d. 
When a sWitching element is turned off, the current that Was 
?oWing through the sWitching element does not stop imme 
diately because of parasitic reactances throughout the 
sWitching circuit 16. The presence of a resonant capacitor 
provides a place to divert the current and accumulate charge 
While the current comes to a stop. This charge Will then be 
available to contribute to the resonant inductor 38 at a later 
time. Unlike conventional snubbers across a sWitch, Which 
are typically parallel RC circuits, the resonant capacitor has 
a purely reactive impedance and therefore does not dissipate 
heat. This feature of the invention thus further contributes to 
the reduction of sWitching losses. 

[0041] In operation, before the controller 18 turns on a 
selected sWitching element, it checks to see that the voltage 
across the resonant circuit capacitor is approximately equal 
to Zero. The selected sWitching element thus turns on only 
When the voltage across the resonant circuit capacitor is 
approximately equal to Zero. The selected sWitching element 
turns off only When the voltage in the resonant circuit is 
approximately equal to Zero and the current in the resonant 
circuit has reached its approximate maximum. 

[0042] The controller 18 selects one of three different 
timing patterns depending on the magnitude of the voltage 
at the output of the poWer inverter 10. FIG. 5 shoWs a typical 
output Waveform for the poWer inverter 10, With dashed 
lines above and beloW the Zero voltage aXis representing ?rst 
and second threshold voltages (+Vth and —Vth) respectively. 
The solid lines above and beloW the Zero voltage aXis shoW 
the voltages (V+ and V_) of the DC rails 24, 28. Typically, 
the DC rail voltages are on the order of 3500 volts above and 
beloW the voltage at the neutral terminal 31. The indicated 
voltage Waveform corresponds to the voltage measured 
across the output capacitor 56. 

[0043] The vertical lines in FIG. 5 shoW the boundaries 
betWeen the three voltage levels that characteriZe a tri-level 
inverter. These vertical lines divide the output Waveform 
into three regions: A ?rst region 66 in Which the output 
Waveform voltage is greater than the ?rst threshold voltage, 
a second region 68 in Which the output-Waveform voltage is 
betWeen the ?rst and second threshold voltages, and a third 
region 70 in Which the output-Waveform voltage is less than 
the second threshold voltage. 

[0044] Unlike operation in the ?rst and third regions 66, 
70, operation in the second region 68 requires sWitching 
betWeen the voltages at the ?rst and second DC rails 24, 28. 
As a result, operation in the second region 68 incurs sig 
ni?cantly higher sWitching losses than operation in the ?rst 
and third regions 66, 70. It is therefore desirable to minimiZe 
the operating time in the second region 68 and to spend as 
much time as possible operating in the ?rst and third regions 
66, 70. 

[0045] As suggested by FIG. 5, the siZes of the ?rst, 
second, and third regions 66, 66, 70, and hence the time 
spent operating in those regions, can be controlled by 
adjusting the threshold voltages. The threshold voltages for 
a particular application depend to a great eXtent on the 
performance characteristics of the sWitching elements 22a 
a'. The performance characteristics of currently available 
sWitching elements 22a-22b are such that these threshold 
voltages can be on the order of 10% of the DC rail voltages. 
For eXample, given the typical 3500 volt DC rail voltages, 
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the threshold voltages are on the order of 350 volts. To the 
extent that future switching elements with better perfor 
rnance become available, these threshold voltages can be 
made progressively loWer. 

[0046] Values of the threshold voltages +Vth and —Vth are 
highly application-speci?c and depend in part on the desired 
output voltage waveform and on the performance charac 
teristics of the sWitching elements. These values are selected 
to ensure that there eXists suf?cient energy to enable the 
resonant capacitors to transition betWeen tWo states of the 
sWitching circuit 16. 

[0047] The sWitching circuit 16 provides three voltage 
levels to select from: the voltage at the positive DC rail 24; 
the voltage at the negative DC rail 28, and a Zero voltage at 
the neutral terminal 31. When operating in the ?rst region 
66, the sWitching circuit sWitches betWeen a ?rst voltage 
level (the voltage at the positive DC rail 24) and the third 
voltage level (the Zero voltage at the neutral terminal 31). 
When operating in the third region 70, the sWitching circuit 
16 sWitches betWeen the second voltage level (the voltage at 
the negative DC rail 28)and the third voltage level (the Zero 
voltage at the neutral terminal 31). When operating in the 
second region 68, the sWitching circuit 16 sWitches betWeen 
the ?rst and second voltage levels. The sWitching circuit 16 
thus sWitches betWeen any tWo voltage levels selected from 
a plurality (in this case a plurality of three) of voltage levels. 

[0048] A rnulti-level inverter for sWitching betWeen more 
than three voltage levels Would have additional thresholds, 
and hence additional vertical lines de?ning regions of opera 
tion in addition to the three regions described above. Values 
of these thresholds thresholds are highly application-speci?c 
and depend in part on the desired output voltage waveform 
and on the performance characteristics of the sWitching 
elements. These values are selected to ensure that there 
eXists suf?cient energy to enable the resonant capacitors to 
transition betWeen tWo states of the sWitching circuit 16. 

[0049] A ?rst tirning pattern 60, shoWn at the top of FIG. 
3, is used When the output voltage of the poWer inverter 10 
is greater than the ?rst threshold. Asecond tirning pattern 62, 
shoWn in the middle of FIG. 3, is used When the output 
voltage is betWeen the ?rst and second thresholds. A third 
tirning pattern 64, shoWn in the bottom of FIG. 3, is the 
mirror image of the ?rst tirning pattern 60. This third tirning 
pattern 64 is used When the output voltage of the poWer 
inverter 10 is less than the second threshold. 

[0050] Each of the three tirning patterns 60, 62, 64 is 
characteriZed by a combination of one or more sWitching 
elernents 22a-a' being turned on and one or more rernaining 
sWitching elernents 22a-a' being turned off. Each of these 
cornbinations corresponds to one of the three states Within 
the timing pattern. These three states: are a current rarnp-up 
state 72, a current rarnp-doWn state 74, and a transition state 
76 betWeen the rarnp-up and the rarnp-doWn states. Apulse 
cycle is completed When sWitching circuit 16 has sequen 
tially operated in the rarnp-up state 72, folloWed by the 
transition state 76, folloWed by the rarnp-doWn state 74, 
folloWed again by the transition state 76. 

[0051] The controller 18 eXecutes pulse cycles so long as 
the desired output voltage is consistent With a selected 
tirning pattern. Once the output voltage is outside the voltage 
range appropriate for the selected tirning pattern, the con 
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troller 18 selects a neW tirning pattern and begins executing 
pulse cycles corresponding to that neW tirning pattern. The 
temporal eXtent of each pulse is such that the average output 
voltage obtained by integrating the pulses closely approxi 
rnates the desired output voltage. 

[0052] The ?rst tirning pattern 60, Which is used in gen 
erating positive voltages that are above the selected thresh 
old, is shoWn in detail in FIG. 4. In this ?rst tirning pattern 
60, the second switching element 22b is alWays turned on. 
During the rarnp-up state 72, the ?rst switching element 22a 
is on and the third switching element 22c is off. During the 
rarnp-doWn state 74, the con?guration is just the opposite: 
the ?rst switching element 22a is off and the third switching 
element 22c is on. In the transition state 76, both the ?rst and 
third sWitching elernents 22a, 22c are off. The curve desig 
nated as V0 is the voltage measured at the pole 40 of the 
sWitching circuit 16. 

[0053] The remaining combination, in Which the ?rst and 
third sWitching elernents 22a, 22c are both on, is never used 
since this combination Would short the sWitching circuit 16. 
The transition period provides a margin of safety by 
enabling the previously turned-on switching element to be 
completely off before the previously turned-off switching 
element is turned on. 

[0054] Referring again to FIG. 4, during a ?rst transition 
state 76 that precedes the rarnp-up state 72, the ?rst and third 
sWitching elernents 22a, 22c are both off. As a result, the ?rst 
and third resonant capacitors 36, 50 begin to discharge. This 
causes the current IL1 in the resonant inductor 38 to begin 
rarnping up. 

[0055] After a selected transition time has elapsed, the 
controller 18 turns on the ?rst switching element 22a to 
place the sWitching circuit 16 into the rarnp-up state 72. 
During the rarnp-up state 72, the ?rst switching element 22a 
conducts current from the positive DC rail 24 to the resonant 
inductor 38. This continues the rarnping up of the current in 
the resonant inductor 38. The controller 18 leaves the 
sWitching circuit 16 in the rarnp-up state 72 for a selected 
rarnp-up interval. The length of the rarnp-up interval is 
selected on the basis of the desired output voltage. 

[0056] After the selected rarnp-up interval has elapsed, the 
controller 18 turns off the ?rst switching element 22a, 
thereby beginning a second transition state 76‘. During the 
second transition state 76‘, the ?rst and third resonant 
capacitors 36, 50 again begin to discharge. HoWever, in this 
second transition state 76‘, the polarities are reversed from 
What they Were in the ?rst transition state 76. Hence, the 
slope of the current in the resonant inductor 38 changes sign 
and begins to ramp doWn. 

[0057] After a selected transition time has elapsed, the 
controller 18 turns on the third switching element 22c, 
thereby placing the sWitching circuit 16 into the rarnp-doWn 
state 74. During the rarnp-doWn state 74, the third switching 
element 22c conducts current to the resonant inductor 38 but 
in a direction opposite to that in the rarnp-up state 72. As a 
result, the current in the resonant inductor 38 continues to 
ramp doWn. 

[0058] To generate a voltage in the ?rst region 66, the 
controller 18 operates the sWitching circuit 16 according to 
the ?rst tirning pattern 60. To generate a voltage in the 
second region 68, the controller 18 operates the sWitching 
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circuit 16 according to the second timing pattern 62. Finally, 
to generate a voltage in the third region 70, the controller 18 
operates the sWitching circuit 16 according to the third 
timing pattern 64. 

[0059] The foregoing pulse cycle is repeated, though With 
different ramp-up and ramp-doWn times, for as long as the 
controller 18 is operating in the ?rst region 66 shoWn in 
FIG. 5. Each tooth in the saW-tooth pattern of FIG. 5 
corresponds the current ?oWing through the resonant induc 
tor 38 during the course of one pulse cycle. Note that the 
current in the resonant inductor 38 crosses the Zero current 
aXis once per pulse cycle. 

[0060] Once the desired output voltage falls beloW the 
selected threshold, the controller 18 abandons the ?rst 
timing pattern 60 and starts to use the second timing pattern 
62 associated With the second region 68 in FIG. 5. To enter 
the ramp-up state 72 of the second timing pattern 62, the 
controller 18 turns off all the sWitching elements 22a-d. 
Then, to enter the ramp-doWn state 74, the controller 18 
turns off the second sWitching element 22b and turns on the 
fourth sWitching element 22d, leaving the third sWitching 
element 22c turned on. 

[0061] Once the desired output voltage becomes more 
negative than the negative of the selected threshold, the 
controller 18 abandons the second timing pattern 62 and 
starts to use the third timing pattern 64 associated With the 
third region 70 in FIG. 5. The third timing pattern 64 is 
essentially the mirror image of the ?rst timing pattern 60 and 
requires no exposition beyond the table shoWn in FIG. 3. 

[0062] It Will thus be seen that the invention combines the 
advantages of multi-level inverters With the soft-sWitching 
techniques associated With quasi-resonant inverters to 
reduce sWitching losses. Unlike conventional poWer invert 
ers that have dedicated sWitching control circuitry to initiate 
resonance, the resonance condition in the poWer inverter of 
the invention is self-triggering. Thus, the invention provides 
a tri-level quasi-resonant inverter having a minimum of 
additional circuitry. 

[0063] While the illustrated embodiment is an inverter 
having three levels, and hence four sWitching elements, it 
Will be apparent that the con?guration shoWn can readily be 
eXtended to other multi-level inverters that have an odd 
number of voltage levels. Such inverters Would have addi 
tional sWitching elements, each of Which Would be snubbed 
by a capacitor as shoWn in FIG. 2. 

Having described the invention, and a preferred embodiment 
thereof, What I claim as neW and secured by Letters Patent 
is: 
1. A poWer inverter comprising: 

a sWitching circuit for sWitching betWeen any tWo voltage 
levels selected from N voltage levels, Where N is an 
integer greater than or equal to three, said sWitching 
circuit including 

at least N+1 sWitching elements, and 

a corresponding plurality of resonant capacitors, each 
of said resonant capacitors connected in parallel With 
a corresponding one of said sWitching elements, each 
of said resonant capacitors forming a portion of a 
resonant circuit. 
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2. The poWer inverter of claim 1 further comprising a 
resonant inductor connected to a pole of said sWitching 
circuit, said resonant inductor cooperating With a resonant 
capacitor to form a resonant circuit. 

3. The poWer converter of claim 2 further comprising an 
output capacitor connected to said resonant inductor. 

4. The poWer inverter of claim 3 further comprising an 
output ?lter connected to said resonant inductor and to said 
output capacitor. 

5. The poWer inverter of claim 1 further comprising a 
micro-controller in communication With each of said sWitch 
ing elements for controlling a state of each of said sWitching 
elements. 

6. The poWer inverter of claim 5 Wherein said micro 
controller is con?gured to select a timing pattern on the basis 
of a desired output voltage level and to control said plurality 
of sWitching elements in accord With said timing pattern. 

7. The poWer inverter of claim 6 Wherein said micro 
controller is con?gured 

to turn on a ?rst subset of said sWitching elements to place 
said sWitching circuit in a ramp-up state for providing 
an increasing current in a resonant inductor; and 

to turn on a second subset of said sWitching elements to 
place said sWitching circuit in a ramp-doWn state for 
providing a decreasing current in said resonant induc 
tor. 

8. The poWer inverter of claim 7 Wherein said micro 
controller is con?gured to turn on a third subset of said 
sWitching elements to provide a transition state betWeen said 
ramp-up state and said ramp-doWn state. 

9. A poWer inverter comprising 

a sWitching circuit having a pole, said sWitching circuit 
including: 

a ?rst sWitching element having a ?rst terminal and a 
second terminal; 

a ?rst resonant capacitor connected across said ?rst 
terminal and said second terminal of said ?rst 
sWitching element; 

a second sWitching element having a ?rst terminal 
connected to said second terminal of said ?rst 
sWitching element and a second terminal connected 
to said pole of said sWitching circuit; 

a second resonant capacitor connected across said ?rst 
terminal and said second terminal of said second 
sWitching element; 

a third sWitching element having a ?rst terminal and a 
second terminal, said ?rst terminal connected to said 
pole of said sWitching circuit; 

a third resonant capacitor connected across said ?rst 
terminal and said second terminal of said third 
sWitching element; 

a fourth sWitching element having a ?rst terminal and 
a second terminal, said ?rst terminal connected to 
said second terminal of said third sWitching element; 
and 

a fourth resonant capacitor connected across said ?rst 
terminal and said second terminal of said fourth 
sWitching element. 
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10. The power inverter of claim 9 further comprising a 
resonant inductor having a ?rst terminal and a second 
terminal, said ?rst terrninal being connected to said pole of 
said switching circuit, said resonant inductor 

cooperating With said ?rst resonant capacitor to establish 
a ?rst resonant circuit across said ?rst sWitching ele 
rnent during a ?rst sWitching interval, 

cooperating With said second resonant capacitor to estab 
lish a second resonant circuit across said second 
switching element during a second sWitching interval, 

cooperating With said third resonant capacitor to establish 
a third resonant circuit across said third switching 
element during a third sWitching interval, and 

cooperating With said fourth resonant capacitor to estab 
lish a fourth resonant circuit across said fourth sWitch 
ing elernent during a fourth sWitching interval. 

11. The poWer inverter of claim 10 further comprising an 
output ?lter connected to said second terminal of said 
resonant inductor. 

12. The poWer inverter of claim 9 further comprising a 
rnicro-controller in communication With each of said sWitch 
ing elements for controlling a state of each of said sWitching 
elements. 

13. The poWer inverter of claim 9 further comprising a DC 
voltage source connected to said ?rst terminal of said ?rst 
resonant capacitor. 

14. The poWer inverter of claim 12 Wherein said rnicro 
controller is con?gured to select a timing pattern on the basis 
of a desired output voltage level and to control said state of 
said sWitching elements in accord With said tirning pattern. 

15. The poWer inverter of claim 14 Wherein said rnicro 
controller is con?gured 

to turn on a ?rst subset of said sWitching elements to place 
said sWitching circuit in a rarnp-up state for providing 
an increasing current in a resonant inductor; and 

May 2, 2002 

to turn on a second subset of said sWitching elements to 
place said sWitching circuit in a rarnp-doWn state for 
providing a decreasing current in said resonant induc 
tor. 

16. The poWer inverter of claim 15 Wherein said rnicro 
controller is con?gured to turn off said sWitching elements 
to provide a transition state betWeen said rarnp-up state and 
said rarnp-doWn state. 

17. A method for operating a quasi-resonant inverter 
having a rnulti-level sWitching circuit for sWitching betWeen 
any tWo voltage levels selected from N voltage levels, N 
being an integer greater than or equal to three, said sWitching 
circuit including at least N+1 sWitching elements and a 
corresponding plurality of resonant capacitors, each of said 
resonant capacitors connected in parallel With a correspond 
ing one of said sWitching elernents, said method comprising: 

selecting a timing pattern on the basis of a desired output 
voltage level; and 

controlling said plurality of sWitching elements in accord 
With said tirning pattern. 

18. The method of claim 17 Wherein controlling said 
plurality of sWitching elernents cornprises 

turning on a ?rst subset of said sWitching elements to 
place said sWitching circuit in a rarnp-up state for 
providing an increasing current in a resonant inductor; 
and 

turning on a second subset of said sWitching elements to 
place said sWitching circuit in a rarnp-doWn state for 
providing a decreasing current in said resonant induc 
tor. 

19. The method of claim 18 further comprising turning on 
a third subset of said sWitching elements to provide a 
transition state betWeen said rarnp-up state and said rarnp 
doWn state. 


