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SOFT-SWITCHING TECHNIQUES FOR POWER 
INVERTER LEGS 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods for the 
soft-switching of power inverter legs, for example, though 
by no means exclusively, in electronic ballasts for high 
energy discharge lamps. 

BACKGROUND OF THE INVENTION AND 
PRIOR ART 

[0002] Many power electronic circuits consist of inverter 
legs or arms. An inverter leg is shown in FIG. 1. Each 
inverter leg consists of two power switches (S1 and S2) 
connected across a dc voltage rail. This switch arrangement 
across a do voltage rail is also known as a totem-pole 
con?guration. Each switch has an anti-parallel diode (D1 or 
D2), which can be part of the switch structure in a power 
mosfet or an externally connected diode. In addition, there 
is also capacitance across the switch and diode. This capaci 
tance (C) arises from the inherent capacitance of the switch 
and diode. In some applications, however, an additional 
capacitor may be connected across the switch to increase the 
capacitance if more capacitance is needed for achieving soft 
switching. 
[0003] Usually, the node between S1 and S2 is connected 
to the load circuit (FIG. 1). The two switches are turned on 
and off in a complimentary manner with a dead time in 
between. This means that only one switch is turned on at any 
time. Between the change of switching states, both switches 
are not turned on for a short period of time that is known as 
the dead time. Usually, this dead time is a small portion of 
the switching period Two inverter legs can be used to form 
a single-phase full-bridge inverter (FIG. 2). The inverter leg 
can be used to form a half-bridge inverter as shown in FIG. 
3(a) and FIG. 3(b). Capacitor Cb is simply a dc voltage 
blocking capacitor (FIG. 3(b)). The function of the inverter 
circuits are to generate an ac voltage from the do voltage 
supply and apply this ac voltage across the load which may 
be an energy-consuming component (ie a resistive load) or 
an energy-storing component such as a capacitor and induc 
tor forming a resonant tank. 

[0004] Examples of typical loads are shown in FIG. 4 and 
FIG. 5. In FIG. 4, the overall load consists of a dc voltage 
blocking capacitor, a resonant inductor, a resonant capacitor 
and an equivalent resistive load. This is a commonly used 
circuit for an electronic ballast for a lamp and the resistive 
load represents the energy consuming lamp. The equivalent 
resistive load can also be a transformer coupled circuit with 
the energy-consuming load connected on the secondary 
transformer circuit via a recti?er (such as the system for a 
switched mode power supply). FIG. 5 shows multi-resonant 
circuit with an energy consuming load. This multi-resonant 
circuit is a alternative electronic ballast circuit for a high 
intensity-discharge (HID) lamp, in which Lr2 and Cr form a 
relatively low-frequency (eg 50 kHZ) resonant tank to 
create a high voltage to ignite the HID lamp and Lrl and Cr 
form a relatively high-frequency (eg 400 kHZ) resonant 
tank for operating the lamp under steady-state conditions, 
Here Lr2>Lr1. 

[0005] To understand the problems faced by existing tech 
nology, existing soft-switching techniques for power elec 
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tronic circuits with inverter leg or legs will be described, 
using the half-bridge circuit in FIG. 4 as an example. The 
directions of the load current Iinput and load voltage Vinput as 
indicated in FIG. 4 are assigned as positive for the following 
description. 
[0006] In the example of FIG. 4, the de blocking capacitor 
Cb eliminates the dc component of the ac voltage generated 
by the inverter leg. The resonant tank consists of Lr and Cr 
and the dominant resonant frequency is fr=1/2J'|§\/m. If the 
switching frequency (fs) of the AC rectangular voltage 
generated by the inverter circuit is higher than fr, the overall 
load including the resonant tank and resistive load is more 
inductive than capacitive. In this case (fs>fr), the overall 
load is considered as inductive and the current IZ is lagging 
behind the applied ac voltage VZ as shown in FIG. 6(a). On 
the other hand, if fs<fr, the overall load is capacitive and the 
current Iinput is leading the applied voltage Vinput as shown 
in FIG. 6(b). 
[0007] FIG. 7 shows three typical switching trajectories of 
a power switch. The y-axis is the current through the switch 
and the x-axis is the voltage across the switch. During the 
transition periods of the turn-on or turn-off processes, a 
power switch will withstand high transitional voltage (across 
the switch) and current (through the switch). This is called 
hard switching. Hard switching not only leads to switching 
loss and stress, but more importantly causes switching 
transients or spikes that are major source of electromagnetic 
interference (EMI). Such EMI problems may induce noise in 
the gating signals of the power switches, causing reliability 
problems. For example, if noise is induced in the gate of a 
nominally-off power switch and triggers the switch to turn 
on, the inverter leg may have a shoot-through or short-circuit 
situation. As one solution to this problem it is known to 
connect a snubber circuit consisting of resistor and capacitor 
to reduce the high di/dt and dv/dt of the switch so as to 
reduce the switching loss and stress. However, traditional 
snubber circuits are lossy because part of the switching loss 
is transferred from the switch to the snubber resistor. In 
order to achieve soft switching, it is necessary to create a 
Zero voltage and/or Zero current condition for the switch to 
turn on or off. If either the switch voltage or switch current 
is Zero, the instantaneous product of switch voltage and 
current is Zero. Thus, the switching loss becomes Zero. In 
practice, it may not be possible to achieve absolute Zero 
switch voltage and/or current. Instead, the switch voltage 
and/or current can be clamped to near-Zero value. Such 
near-Zero voltage and/or current Zero-voltage and/or current 
switching may still be considered to be Zero voltage or Zero 
current. The general term for Zero-voltage or Zero-current 
switching is soft switching. 
[0008] The following conditions have to be met in order to 
achieve soft switching in circuits including an inverter leg. 

[0009] (A) For Zero-Voltage ‘Turn Off’ of Power Elec 
tronic Switches S1 and S2 

[0010] Condition (1)—Parallel capacitance is needed 
across the power switches S1 and S2 in order to limit the 
dv/dt of the switch so as to achieve Zero-voltage turn off. 

[0011] Parallel capacitance across the switch can come 
from the power switches’ device capacitance such as the 
drain-source capacitance of the power mosfet. External 
capacitor can be added across the switch if necessary. This 
is a well known technique for Zero-voltage turn off of power 
electronic devices. 
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[0012] (B) For Zero-voltage ‘turn-on’ of power electronic 
switches S1 and S2 

[0013] Condition (1 *)—The tank current Iinput should be 
in the correct direction as follows: 

[0014] For the inverter circuit example (FIG. 4), soft 
switching can be achieved if the overall load (including the 
resonant tank and resistive load) is inductive. The normal 
understanding in the prior art is that the frequency (fs) of the 
inverter’s ac voltage Vinput must be higher than the dominant 
resonant frequency (fr) of the overall load so that the overall 
load is inductive. The actual soft-switching condition is that 
the current Iinput is positive just before S2 (bottom switch) is 
turned on and negative just before S1 (top switch) is turned 
on (1*) (FIG. 6(a)). This is a necessary condition for 
Zero-voltage switching 
[0015] When S1 is turned off, it is soft-switched off 
because the parallel capacitor across S1 limits dv/dt of the 
switch voltage. The initial voltage across S1 is near Zero 
during the turn-off process of S1. Therefore, S1 is Zero 
voltage (soft) turned off. The next important process is to 
ensure that S2 is soft-switched on. If fs>fr, the overall load 
is inductive. The existing method is to add a small dead time 
between the turn-off of S1 and turn-on of S2. During this 
dead time, both gating signals for S1 and S2 are off. 
However, this does not mean that the current Iinput is not 
continuous. When S1 is turned off, the capacitor voltage 
across S1 will rise to the dc rail voltage whilst the capacitor 
voltage across S2 will discharge to Zero. Because the load is 
inductive, Iinput must be continuous. So the anti-parallel 
diode across S2 will be turned on so as to allow Iinput to How 
continuously during this dead time. This means that the 
voltage across S2 will be clamped by its parallel diode’s 
on-state voltage which is typically 0.7V (this is a near-Zero 
voltage when compared with the dc rail voltage of tens or 
hundreds of volts). Therefore, a soft-switching condition is 
created for S2 to be turned on at Zero voltage condition. 

[0016] Similar arguments apply to the soft-turn-off pro 
cess of S2 and soft-turn-on process of S1. At the and of the 
on-time of S2, Iinput is negative. S2 can be soft turned off 
because of its parallel capacitor which limits the dv/dt of the 
voltage across S2. S0 S2 can be Zero voltage (soft) turned off 
S1 is not turned on immediately after S2 is turned off 
because of the dead time. The inductive load current Iinput 
has to How into the anti-parallel diode of S1 during this dead 
time, thus clamping the voltage across S1 to Zero, S0 S1 can 
be turned on under Zero voltage condition. 

[0017] The main problem of the above soft-switching 
method for the inverter circuit is that fs must be greater than 
fr so that the overall load is inductive. If fs<fr, the overall 
load becomes capacitive and the soft-switching condition 
that “the current Iinput is positive just before S2 is turned on 
and negative just before S1 is turned on” (1*) cannot be met 
(FIG. 6(b)). If Iinput is negative just before S2 is turned on, 
the anti-parallel diode of S2 is not conducting. Thus, the 
voltage across S2 is not clamped to Zero for S2 to turn on and 
soft-switching condition is lost. 

[0018] Condition Tank current Iinput must exceed a 
minimum magnitude in order to fully discharge total equiva 
lent capacitance across the power switch for Zero-voltage 
switching—Equation 
[0019] It is necessary to ?nd the current threshold for soft 
switching in the operating frequency region. When tie 
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current is above the current threshold, soft switching can be 
achieved. The current iinput should be large enough to 
remove the charge on (discharge) the total equivalent capaci 
tance across the power switch (such as the drain and source 
of the power mosfet). The requirement can be expressed by 
below equation: 

[0020] where Qs is the charge and Cs is the total equiva 
lent capacitance across the power switch (e.g. drain and 
source of the power switch), Vg is the de inverter voltage 
and td is the dead time between the gating signals of S1 and 
S2. 

[0021] If a resonant tank is used in the load circuit, the 
input circuit can be approximated as a sinusoidal current 
because of the ?ltering effect of the resonant tank. 

iinput(t)=Iinpm Sin(03st_¢) (2) 

[0022] where Iinput is the peak magnitude of iinputS uus=2 
rcfs is the angular frequency of the inverter, t is the time 
variable and (I) is the phase angle between the voltage 
generated by the inverter leg (Vinput) across the load circuit. 

[0023] Based on (1) and (2), the input current must obey 
the following equation in order to create a Zero-voltage 
condition for the power switch to achieve soft switching: 

c, vg a), (3) 
1 input 2 

sin(wS - lg) 

[0024] Therefore, equation (3) must be met as a necessary 
condition for soft switching. This equation provides a guide 
line to choose the appropriate td, Cr and fs. 

SUMMARY OF THE INVENTION 

[0025] The present invention provides new soft-switching 
techniques for inverter bridges. According to the present 
invention there is provided a method of operating a power 
electronics circuit comprising an inverter and a load includ 
ing a resonant tank, wherein said inverter is switched at a 
frequency f5 and said resonant tank has a resonant frequency 
fr, wherein K<fI/fS<K+1 where K is an even-numbered 
integer. 

[0026] In particular, a ?rst preferred method enables soft 
switching to be achieved in the inverter bridge with overall 
capacitive load or for inverter operating at a frequency 
below the dominant resonant frequency of the resonant 
tank(s). This may be considered a “pseudo inductive soft 
switching” method. Within the nominal “capacitive” oper 
ating range (fs<fr), certain frequency regions may be de?ned 
that can be considered to be pseudo-inductive regions. 
Within the pseudo inductive regions, soft switching can be 
achieved even though the frequency range is within the 
capacitive region. A second preferred method includes the 
use of an additional and unloaded resonant tank that pro 
vides a current path to ensure soft-switching irrespective of 
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the load condition. This additional resonant tank lowers the 
minimum inverter frequency at Which soft switching can be 
achieved. Even if the inverter operates in the nominally 
capacitive region of the original resonant tank, the inductive 
effect of the additional resonant tank makes soft sWitching 
possible at a loWer inverter frequency. 

[0027] According to conventional resonant circuit theory, 
a series resonant tank Works in the “capacitive” region When 
the inverter operating frequency fS is beloW its resonant 
frequency fr, namely I/ZJ'D/LICI of the resonant tank. HoW 
ever, in embodiments of this invention that, in the nomina 
capacitive region (fs<fr), When the frequency ratio N (=fr/fs) 
is larger than an even number and smaller than the nearest 
odd number, soft sWitching can still be achieved as if the 
operation is in inductive region as described in the back 
ground section, Because the soft sWitching conditions 
required can be met even though fs<fr, We call these 
soft-sWitching regions Within the capacitive region ‘pseudo 
inductive’ regions. The corresponding soft-sWitching tech 
nique proposed in this invention is called ‘pseudo inductive’ 
soft-sWitching technique, 
[0028] The invention also provides a method of ensuring 
that there is a threshold current for enabling soft-sWitching 
in the event, for example, of the load acting as a short-circuit 
using an auxiliary resonant load. In particular the invention 
also extend to a method of operating a poWer electronics 
circuit comprising an inverter and a load including a reso 
nant tank, Wherein an auxiliary resonant tank is provided 
betWeen said inverter and said load Whereby in the event of 
the load acting as a short-circuit during operation, current 
provided by said auxiliary resonant tank enables soft-sWitch 
ing of said inverter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] Some embodiments of the invention Will noW be 
described by Way of example and With reference to the 
accompanying ?gures in Which: 

[0030] 
[0031] 
inverter, 
[0032] FIGS. 3 (a) and (b) shoW alternative forms of 
single-phase half-bridge inverters, 

[0033] FIGS. 4 and 5 illustrate half-bridge inverters dif 
ferent loads, 

[0034] FIGS. 6 (a) and (b) shoW respectively typical 
voltage and current Waveforms for an inverter bridge in (a) 
the inductive region and (b) the capacitive region, 

FIG. 1 illustrates a typical inverter leg, 

FIG. 2 illustrates a single-phase full-bridge 

[0035] FIG. 7 illustrates typical sWitching trajectories of a 
poWer sWitch, 

[0036] FIG. 8 shoWs a half-bridge inverter loaded by a 
series resonant tank, 

[0037] FIGS. 9 (a) and (b) shoW (a) classi?cation of the 
inductive and capacitive regions according to frequency 
ratio and (b) required current direction as a function of 
frequency ratio to achieve soft-sWitching. 

[0038] FIG. 10 illustrates a half-bridge inverter used in 
experimental veri?cation of embodiments of the present 
invention, 
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[0039] FIGS. 11(a), (b) and (c) shoW (a) simulated and (b) 
measured tank voltage and current respectively, and (c) 
measured gate signals in a ?rst test, 

[0040] FIGS. 12 (a), (b) and (c) shoW (a) simulated and (b) 
measured tank voltage and current respectively, and (c) 
measured gate signals in a second test, 

[0041] FIGS. 13 (a), (b) and (c) shoW (a) simulated and (b) 
measured tank voltage and current respectively, and (c) 
measured gate signals in a third test, 

[0042] FIGS. 14 (a), (b) and (c) shoW (a) simulated and (b) 
measured tank voltage and current respectively, and (c) 
measured gate signals in a fourth test, 

[0043] FIG. 15 shoWs a half-bridge inverter circuit for use 
in a method according to a second embodiment of the 

invention, 
[0044] FIG. 16 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of the second 
embodiment of the invention, 

[0045] FIG. 17 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of the second 
embodiment of the invention, 

[0046] FIG. 18 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of the second 
embodiment of the invention, 

[0047] FIG. 19 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of the second 
embodiment of the invention, 

[0048] FIG. 20 shoWs a half-bridge inverter circuit similar 
to FIG. 15 but in an alternate embodiment, 

[0049] FIG. 21 illustrates schematically the effect of the 
auxiliary resonant tank on the inductive region, 

[0050] FIG. 22 plots calculated auxiliary inductance 
upper limit against sWitching frequency, 

[0051] FIG. 23 plots calculated maximum auxiliary 
inductor current against sWitching frequency, 

[0052] FIG. 24 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of an alter 
native form of the second embodiment of the invention, 

[0053] FIG. 25 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of an alter 
native form of the second embodiment of the invention, 

[0054] FIG. 26 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of an alter 
native form of the second embodiment of the invention, and 

[0055] FIG. 27 shoWs simulated (left) and measured 
(right) voltage and current Waveforms in a test of an alter 
native form of the second embodiment of the invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0056] In preferred embodiments of this invention a novel 
pseudo-inductive soft-sWitching technique is provided that 
can be applied to the circuits described in FIGS. 1-5. The 
overall load Z can consist of different combination of 
resonant tank(s) and is not restricted to the forms shoWn in 
FIG. 4 and FIG. 5. 
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[0057] A ?rst embodiment of the present invention (Which 
may be termed a “pseudo-inductive soft-sWitching” method) 
Will noW be described ?rstly by reference to theory, and then 
by experimental veri?cation of the theory. 

[0058] The half bridge inverter loaded by series resonant 
tank shoWn in FIG. 8 is considered as an example to 
illustrate the soft-sWitching technique in the capacitive 
region based on the pseudo-inductive region concept. Based 
on the Fourier analysis approach, the input voltage Vinput 
and input current Iinput to the resonant tank can be expressed 
by folloWing equations: 

[0059] The rectangular ac voltage applied to the resonant 
tank is: 

(4) 

[0060] Normally a DC-blocking capacitor is used to 
remove the Dc component Vg/2. The AC current entering the 
resonant tank is: 

zvg 0° 1 rm (5) 
linpm : — 

[0061] Vinput and i have only odd harmonic compo 
nents, Where V2 is the DC link voltage and TS is the 
sWitching cycle; uus=2 rcfs=2 J's/TS. The resonant frequency is 
fr=1/zs'c\/LrCI and the characteristic impedance Zr=\/Lr/Cr. 

input 

[0062] De?ne a variable to represent the ratio betWeen f5 
and fr: 

N7 

[0063] When 0<N<1, the resonant tank Works at the 
inductive region as explained in the background section and 
the input current to the resonant tank lags the input voltage 
pulse. In other Words, iinput is positive When S1 is turned off 
and just before S2 is turned on and negative When S2 is 
turned off and just before S1 is turned on. This is the 
essential condition for soft sWitching, 

[0064] Referring noW to FIG. 9(a) the nominal capacitive 
region When N>1 can be considered. Substitute in the 
equation of iinput, 
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[0065] Note the n is an odd number in the equation. 

[0066] From this equation, it can be found that When N 
equals to one of the odd numbers, such as 1,3,5 . . . , the 

factor 

n N 

(H _ I) 

[0067] Will be equal to Zero When n equals to N, and thus 
the n-th harmonic component Will make iinput in?nite, and 
the frequency 

[0068] acts as a resonant frequency, Which is called a 
sub-resonant-frequency. When the sWitching frequency of 
the inverter fS comes near such sub-resonant-frequencies, the 
local dominant resonant frequency Will be predominated by 
the sub-resonant-frequency accordingly. In summary, the 
Whole capacitive region can be subdivided into many small 
regions by the sub-resonant-frequencies as shoWn in FIG. 
9(a). 
[0069] When the inverter sWitching frequency fS is higher 
than the dominant resonant frequency fI of the resonant tank, 
i.e. 0<N<1, this operating region is said to be inductive 
because the soft-sWitching condition (1*) that: the current 
Iinpm is positive When S1 (top sWitch) is turned off and just 
before S2 (bottom sWitch) is turned on, and the current Iinput 
is negative When S2 is turned off and just before S1 is turned 
on is complied With. 

[0070] The region of N>1 (i.e. fs<fr) is usually considered 
as capacitive and previously considered as unsuitable for 
soft sWitching. HoWever, under certain conditions soft 
sWitching can actually be achieved in this nominal capaci 
tive region. In particular, the capacitive region can be 
divided into tWo types, namely capacitive regions and 
pseudo-inductive regions. 

[0071] The capacitive regions (in Which soft sWitching 
cannot be achieved) meet the folloWing tWo conditions; 

s 










