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This paper presents a zero-voltage (PWM) inverter with active voltage clamping technique using only a single
auxiliary switch. The structure is particularly simple and robust. It is very attractive for single-phase high power ap-
plications. Conduction and switching losses are reduced due to implementation of the simple active snubber circuit,
that provides ZVS conditions for all switches, including the auxiliary one. Its main features are: Simple control strat-
egy, robustness, lower weight and volume, lower harmonic distortion of the output current, and high efficiency. The
principle of operation for steady-state conditions, mathematical analysis and experimental results from a laboratory

prototype are presented.
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1. Introduction

Much effort has been exerted by researchers all over the
world in an attempt to reduce harmonic distortion and au-
dible noise in the output of inverters. Their objectives have
been attained through an increase in inverter commutation
frequencies and an appropriate modulation strategy. These
measures have provided some benefits, such as a reduction in
the weight and volume of the magnetic elements. However,
they have caused some difficulties due to the high commu-
tation losses in the switches and the appearance of electro-
magnetic interference. These factors occur mainly in inverter
topologies that use the bridge inverter configuration. At the
moment that the main switch turns on, the anti-parallel diode
of the bridge complementary switch begins its reverse recov-
ery phase. During this stage, the switches are submitted to
a high current ramp rate (di/dt) and a high peak reverse re-
covery current i,.. Both contribute significantly to increasing
the commutation losses and produce electromagnetic inter-
ference.

To solve this problem, diverse works have been devel-
oped by the scientific community in recent years and can
be divided into two groups: Passive Techniques and Active
Techniques. The passive techniques are characterized by
the absence of controlled switches in the switching aid cir-
cuit, while the active techniques are characterized by circuits
that use controlled switches. Among the passive solutions,
perhaps the most widely-known is the Undeland snubber .
This snubber provides good performance in the majority of
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its applications, but is not capable of regenerating the en-
ergy lost in switching. To try to minimize these losses, some
works have considered modifications to the Undeland snub-
ber, aiming at the regeneration of the energy lost in switch-
ing @ . The active solutions are already distinguished by the
use of controlled switches to obtain soft commutation. The
main ones are those that use conventional PWM modulation,
without the need for special control circuits. One of these
works is the ARDPI inverter ©.

This topology matches the use of PWM modulation, with
the soft switching attained through a relatively simple circuit.

On the other hand, it needs a high current circulating in the
circuit, about 2.5 times the load current, raising the current
stress in the switches. A topology very similar to the pre-
vious one is the ARPI (Auxiliary Resonant Pole Inverter) 7.
Theoretically, this circuit reduces the current levels neces-
sary for switching, but it involves a complex control strategy.
Another circuit found in literature is the ARCPI (Auxiliary
Resonant Commutated Pole Inverter) ®'%. This inverter has
auxiliary switches that are only turned on when the load cur-
rent is not sufficient to effect the soft switching, causing the
control circuit to become very complex and dependent on the
Sensors.

Recently, some research was carried out using the reverse
recovery energy from the diodes to obtain soft commutation
in the switches of the pre-regulated rectifiers with high power
factor (11) and (12).

In this paper, a ZVS PWM inverter with voltage clamp-
ing across the switches, using only a single auxiliary switch,
is presented. The proposed structure uses the diode reverse
recovery energy technique to obtain soft commutation in all
switches, such as the rectifier shown in reference *?.

2. Proposed Circuit

The proposed circuit is shown in Fig. 1. It presents a half-
bridge inverter configuration, where Q;, Q, are the main
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Fig. 1. Proposed circuit

switches.

The snubber circuit is formed by one switch Q4, one small
center-tapped inductor Lg;, Lg, and one capacitor Cs. Cy,
C, and C,4 are the commutation capacitors. Capacitor Cy is
responsible for the storage of the diode reverse recovery en-
ergy and for the clamping of the voltage across the switches.
Inductors Lg; and Ls, are responsible for the control of the
di/dt during the diode reverse recovery time.

3. Operation Stages (for the first half -cycle)

To simplify the analysis, the following assumptions are
made: the circuit operates in steady state; the components
are considered ideal; the voltage across capacitor Cs and the
current through the output inductor Loyt are considered con-
stant during the switching period.

In the following paragraphs, the operation stage (Fig. 2) of

the first positive half-cycle of the output current is described
in detail.

First stage (t0-t1): At t0, switch Q4 is turned on. During
this interval, the output current, ipyr, is delivering energy to
source V, via diode D,. At the same time, additional current
iLg circulates through the mesh, formed by Lg», Qa, Cs, and
Lg1. At the end of this stage, the current through inductor Lg
reaches its maximum value, iy (Fig.3). This stage was cho-
sen to initiate the converter analysis because it precedes the
commutation process of the main switch, Qy, during the half-
cycle of operation. At time t0 current iLg; becomes positive
and increases linearly. At the end of the first stage this current
is responsible for the soft commutation process of Q.

Second stage (t1-t2): This stage starts when auxiliary
switch Qp is blocked. Current iLg; charges capacitor Cy
from zero to E + vCy, and discharges C; from E + vCs to
zero. E = V| + V,. During this stage the current, iQ;, circu-
lates through the intrinsic capacitor of switch Q;.

Third stage (t2-t3): At t2, the voltage across C; reaches
zero and is clamped by diode D;. At this moment, the volt-
age E = V| + V, is applied across inductors Lg; and Lg, and
currents iLg and iLg, decrease linearly. In this stage, switch
Q; must be turned on.

Fourth stage (t3-t4): This stage begins when current iLg
inverts its direction and flows through switch Q. The turn-on
occurs at zero voltage. Current iLg, continues to decrease un-
til inverting its direction, which begins the reverse recovery
phase of diode D,. The auxiliary inductors limit the reverse
recovery di/dt.

Fig.2. Operation stages
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Fig.3. Main waveforms

Fifth stage (t4-t5): This stage starts when diode D, stops
conducting. Current iLg, begins charging capacitor C, from
zero to E + vCy and discharging C4 from E + vCy to zero.

Sixth stage (t5-t6): At t5, the voltage across capacitor Cx
reaches zero and is clamped by diode D,. Currents iLg; and
iLg, increase, due to the application of voltage vCy across in-
ductors Lg; and Lg,. In this stage, switch Q4 must be turned
on. It is important to emphasize that the drive time of switch
Q4 is estimated previously and kept constant during the en-
tire inverter operation range. So, the use of current sensor is
not necessary.

Seventh stage (t6-t7): This stage begins when current iLg,
changes its direction and flows through switch Q4. Current
iLg continues to increase linearly.

Eighth stage (t7-t8): During this stage, switch Q; is
blocked and the current through Cy inverts its direction and
flows through diode D5. Capacitor C; charges itself from
zero to E + vCy and capacitor C, discharges from E + vCy to
Zero.

Ninth stage (t8-t0): This stage begins when the voltage
across capacitor C, reaches zero and is clamped by diode D,.
Current iLg| continues to increase. This stage finishes when
iLg, inverts its direction and flows through auxiliary switch
Qa, restarting the first operation stage.

For the second half-cycle, the operation stage is analogous
and can be described in an identical way.

The main operation stages are shown in Fig.2. Fig.3
shows the main waveforms.

4. Mathematical Analysis of the Commutation

To guarantee ZVS conditions, it is necessary, in the second
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stage, that the stored energy in inductor Ly = Lg; + Lg, be
sufficient to discharge capacitor C; and to charge C4. Thus,
by inspection of Fig.3 (Interval t1-t2), the following condi-
tion can be formulated:

Ls - i3 2 (Cx + C\)(E +vCs)

where if is the maximum current in Lg; and vCs is main-
tained constant during the switching period. Current iy must
be sufficient to promote the charge and discharge of the com-
mutation capacitors.

Assuming vCg << E we have:

It is necessary to know the clamping voltage behavior for
the design of the switches and capacitor Cs.

In steady state conditions, the clamping capacitor average
current must be zero. Thus:

L[ (7 (vC s vC
iCsav=7— [f (v—st—ir)dt+f (v—t—ioz/T—ir) dt}
Ts |Jis \Ls n \Ls

where T is the switching period.

In relation to the switching period, the commutation time
is very short. Therefore, the following simplifications can be
made:

From (4) and (5), equation (3) can be re-written as follow:

D-Ts Ts
. 1 VCS . VCS . .
Cop=— — =i, |dt+ —t— —i,|dt
ST f(Ls l) f(Ls ZOUTZ)
0 D-Ts
..................... (6)
Solving the integral equation, and considering:
GCgap = 0 vt 7
We have
vC, = S iy +iour(1 = D))« vvvvrrveneenenns ®)

Considering that the load current is a sinusoidal function
and is in phase with the output voltage, then:

our(wr) = s

i wt) = ———— -
out 2 Zour
where Zpy7 is the load impedance.

The converter output voltage is controlled by the amplitude
modulation factor (ma), which is obtained through the rela-
tion between the peak value of the sinusoidal reference signal
and the peak value of the sawtooth waveform.

Vre fo
ma = ——

I 10
Vs awpk (10)

The inverter output voltage for a switching period can be
expressed by (11).



1
VOUT=E(D—§) ............................. (11)
From (11) we can obtain the duty cycle D, that is:
1
D= OUT (12)

E 2

The inverter output voltage for an output period is given by
(13).

VOUT(U)I) = \/E . vOUT,,m. . Sin OF +ovveeeeeennnnn (13)
where w is expressed by:
@S2 f erenenen i (14)
and f is the output frequency.
The maximum output voltage is given by:
E-ma
VOUT, = g e (15)
The RMS output voltage is obtained from (16).
E -ma
VOUT,,, = s e (16)
2.2

Equation (17) shows the inverter duty cycle obtained from
(12), (13) and (16).

ma 1
D(wt) = — - si t e it i it e i i e e 17
(wt) 5 sinwt + 5 (17)

Combining (9), (10) and (17), we obtain the expression of
the snubber capacitor voltage, vCs, given by (18).

Ls|. E-ma E - ma® 5
ir+ .

4 - Zour

2.
vCs(wt)= T
S

where i, is the peak reverse recovery current of the anti-
parallel diode, which can be given by (19) “®:

4 E

i = g.er.E ............................ (19)
Q,, represents the reverse recovery charge of the diode.
From the analysis of the current behavior in capacitor Cg,

the expression of current iy can be obtained:

if(wt) = cTs —iour(Wt) —dp-vvevenns

vCs (wt)
L
Combining (18) with (20), and making some simplifica-
tions, we obtain the expression that represents the evolution
of current iy.

if(wh) = iy -

To guarantee the ZVS condition in all load ranges, the min-
imum value of current iy obtained from (21) must be greater
than the value obtained from (2).

770

5. Design Example

5.1 Input Data

E =400V Bus Voltage

Vour =127V~ RMS Output Voltage
Poyr = 1000W  Output Power

ioyr = 7.88 A Output Current
fs=20KHz Switching Frequency
f=60Hz Output Frequency
Loy =2.5mH Load Inductance
Rour =16Q Load Resistance

ma = 0.9 Modulation Factor

5.2 Calculation of the Auxiliary Inductors  The
auxiliary inductors are responsible for the di/dt limit during
the turn-off of the main diodes. The di/dt is directly related
to the peak reverse recovery current i, of the anti-parallel
diodes. A “snappy” di/dt produces a large amplitude tran-
sient voltage and contributes significantly to electromagnetic
interference.

In the design procedure, a di/dt that is usually found in
the diode datasheet was chosen. This is a simple way to ob-
tain the diode’s fundamental parameter for the design of the
inverter. In this case, the di/dt chosen for the example was
40 A/us. We know that the current ramp rate is determined
by the external circuit, thus:

E 400V
L¢ = = ——=10uH -+t 22
ST dijdi ~ 40A/ms (22)
The auxiliary inductors are given by:
L
LS]=LS2=TS:5/JH ........................ (23)

5.3 Load Impedance
tained from (24)

The load impedance is ob-

Zour = V16©2 + (2-7-60Hz-2.5mH)? = 16 Q

5.4 Diode Choice  For satisfactory performance of
the inverter, it is important to choose a slow diode. There-
fore, we opted to use the body diode of MOSFET IRFP460,
which has the following characteristics:

Viss =500V Maximum Reverse Voltage

is =20A Diode Average Current

0O, =5.7uC Reverse Recovery Charge

5.5 Switching Period

1 1
= — = = 50
fs 20kHz
5.6 Reverse Recovery Current
ery current is given by (19).

Ts

The reverse recov-

4 400V
= A= 5TUC ——— = 1T AA covveeeeennns 26
: 37 T0H (26)
5.7 Capacitor Clamping Voltage Behavior Using

(18), the curves described in Fig. 4 are obtained.

For Zout = 16 Q and ma = 0.9, the maximum clamping
voltage is 8 V.

We can observe that the voltage increment across the
switches is smaller than in a conventional inverter.

IEEJ Trans. IA, Vol.125, No.8, 2005
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Fig.4. Capacitor clamping voltage behavior

i (wt)
20 T T T

o /2 wt n
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5.8 Behavior of Currentiy  The behavior of current
i, obtained from (21) and (2), can be seen in Fig. 5.

It can be seen that current iy has a minimum point that is lo-
cated at 7r/2, and the intensity of the current diminishes with
the increase of the load. To guarantee a ZVS condition in all
load ranges, the minimum value of current i, obtained from
(21), must be greater than the value of the traced straight line
from (2).

6. Experimental Results

An inverter prototype rated 1000 W, operating with PWM
commutation, was built to evaluate the proposed circuit. The
main components are given below:

6.1 Prototype Specifications

Q1, Q2, Qa  (IGBT IRG4PC50 W)
D;, D,, D4 (MOSFET Body Diode IRFP460)

Ci,C,,C4 (Component’s Intrinsic Capacitance = 8 nF)
Lg1, Lgo (5 uH each; Ferrite Core)

Cy (220 uF/35 V; Electrolytic Capacitor)

Lour (2.5 mH, Output Inductor)

Rout (16 ©; Output Resistor)

6.2 Experimental Waveforms In the figures pre-
sented below, we can observe the experimental waveforms
obtained from the laboratory prototype.

Figs.6, 7 and 8 show the voltage and current in the
switches. We can observe that for all the switches, includ-
ing the auxiliary one, the commutation occurs under ZVS
conditions, confirming the theoretical analysis.

In Fig. 9, the current in the commutation auxiliary induc-
tors for a switching period can be observed. A proportion-
ality of values between the currents in both inductors can
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Fig.6. Voltage and current in Q1, D1, C1.
(100 V/div, 5 A/div, 1 us/div)
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Fig.7. Voltage and current in Q2, D2, C2.
(100 V/div, 5 A/div, 1 us/div)
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Fig.8. Voltage and current in QA, CA.
(100 V/div, 5 A/div, 1 us/div)
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Fig.9. Current through Lg; and Lg,.
(5 A/div, 10 us/div)
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Fig.11. Output voltage and current.
(50 V/div, 5 A/div, 5 ms/div)
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Fig.12. Efficiency versus the output power

be observed. The difference between them is the load cur-
rent. The voltage across clamping capacitor Cs is shown in
Fig. 10. We can note a very low voltage across Cg, which
represents a minimal voltage stress across the devices.

The output voltage and current are presented in Fig. 11.
Fig. 12 shows the efficiency as a function of the load range
for both hard and soft commutation. The difference between
soft and hard commutation appear because with the tech-
nique proposed the commutation losses practically disappear
in the soft commutation condition. In the hard commutation
we have the commutation and conduction losses acting to-
gether. The converter efficiency with soft commutation was
improved by approximately 5% for all load ranges.

7. Conclusions

A ZVS PWM inverter with voltage clamping using a single
auxiliary switch has been developed. The operation stages
for a steady-state condition, mathematical analysis, main
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waveforms and experimental results were presented. The
experimental results show low voltage across the clamping
capacitor. Switching losses are reduced due to the imple-
mentation of a simple active snubber circuit, which provides
ZVS conditions for all the switches, including the auxiliary
one. The reduced number of components and the simplic-
ity of the structure increase its efficiency and reliability and
make it suitable for practical applications. The proposed cir-
cuit presents soft commutation for all load ranges, confirming
the theoretical studies.

This topology presents certain advantages when compared
to the conventional soft commutation inverters studied in lit-
erature, which are:

¢ Soft commutation in all load ranges;

¢ Simple structure with a low number of components;

® Use of a classical PWM modulation;

¢ Auxiliary switch works with a constant duty cycle in all
operation stages;

e Use of slow and low-cost rectifier diodes;

¢ Low clamping voltage across the capacitor;

¢ Low current stress through the main switches;

¢ Simple design procedure with few restrictions;

¢ High efficiency.

With these characteristics, the authors believe that the pro-
posed inverter circuit can be very useful for several industrial
applications, such as: AC drive systems, power factor correc-
tion, UPS, active filters, induction heating etc.

(Manuscript received Oct. 14, 2003,

revised March 7, 2005)
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