APPLICATION NOTE 965A

A 500W 100 kHz Resonant Converter Using

HEXFETSs"®

(MEXFET is a trademark of international Rectifiar)

by S. Young, G. Castino

Summary

This application note describes the
implementation of a 100 kHz reson-
ant converter using International Rec-
tifier’s HEXFET power MOSFETs
as the switching elements. The design
procedure is discussed and the com-
pleted converter schematic is pro-
vided, including suitable feedback,
drive and protection circuitry.

Introduction

Sine wave converters offer a number
of advantages over square wave con-
verters. The absence of high di/dt
and dv/dt makes filtering and EMI
control easier. Switching losses are
lower since current is zero at the
instant of switching. Rectifier recov-
ery losses are lower since dif dt is low.
Overall component stress is lower
resulting in improved unit reliability.

The maximum usable frequency of
switching converters is determined to
a large extent by magnetic considera-
tions. Obtaining the required per-
formance is easier in the case of a
resonant converter as the transformer
only sees a sine wave at the funda-
mental frequency. Square wave con-
verters have to handle harmonics as
well as the fundamental and therefore
require a higher bandwidth trans-
former in order to avoid unaccepta-
ble loss or distortion. Resonant con-
verters can thus obtain the benefits of
high frequency operation without sac-
rificing cost, efficiency, reliability or
electromagnetic compatability.

HEXFET Advantages

Bipolar transistors and SCRs suffer
from storage time phenomena result-
ing in long turn-off times. This directly

limits the maximum switching fre-
quency in bridge-type resonant topol-
ogies. Drive circuitry required by
these devices at higher freguencies
with these devices is generally
uneconomic,

Power MOSFETs, on the other
hand, are majority carrier devices
and exhibit no storage time pheno-
mena. Drive requirements are rela-
tively simple even at high operating
frequencies. Thus resonant conver-
ters operating at hundreds of kilo-
Hertz are quite feasible with
HEXFETs.

Converter Detalls

The converter parameters are as
foliows:

Output Voltage Vo = 5Vdc
Output Current Io = 100 Amps
Input Voltage Vin=310 Vdc (+/- 10%)

The input voltage chosen is that typi-
cally derived from full-wave rectifica-
tion of a 220V ac supply.

Converter Topology

The circuit, shown in Figure 1, is
based on the half-bridge resonant
converter with a full-wave rectifier
and LC filter on the secondary side.
An analysis of this circuit, along with
guidelines for its design can be found
in Reference 1. This type of converter
is designated a parallel resonant con-
verter since the load is placed in
parallel with a resonant circuit
elemnent.

A full-bridge version of the circuit
with twice the power handling capa-
bility is shown in Figure 2.
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Figure 1. Half-bridge converter typology.
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Figure 2. Full-bridge converter typology.

Circult Operation

The resonant circuit consists of in-
ductance L (L = L1 + L2) and capac-
itance C. C1 and C2 are sufficiently
large so the potential at point A
remains substantially constant, The
load is connected across the capaci-
tor via a transformer which provides
isolation and a step-up or step-down
capability. The equivalent inductance
referred to the primary is large with



respect to the resonant inductance,
and the leakage inductance and inter-
winding capacitance are low. This
means that the basic operation of the
resonant circuit is not affected by
these clements.

The operation of the converter on
no-load is as follows. Suppose the
switching frequency is made equal to
half the circuit resonant frequency.
Initial inductor currents and capaci-
tor voltages are zero.

QI turns on. Current flows in the
rescnant circuit with a sinusoidal
waveshape. C is charged to a peak
value approaching 2E since the Q of
the circuit is high. Q1 is held on until
the current reverses at which instant
it is turned off. The current is then
carried by D1 back to the supply. The
current will eventually fall to zero
leaving C fully discharged. Q2 is
turned on and a similar cycle occurs
with the current direction reversed.
Thus a full sinusoidal-type voltage
will appear across C. Figure 3 shows
these waveforms.

Let f;y be the circuit resonant fre-
quency and fo the frequency of the
cutput waveform. Both devices are
turned on at that frequency, 180
degrees out of phase with each other.
The on-time of the devices is then
determined by the characteristics of
the resonant circuit,

The switching frequency may be
varied to control the output wave-
form. The theoretical maximum for
zero current switching operation is
equal to the resonant frequency of
the circuit. In practice the switching
frequency is held below the circuit
resonant frequency to allow a dead-
band between turn-off and turn-on of
opposite devices.

Increasing f;/fy results in a reduc-
tion of the RMS ouiput voltage and
an increase in the distortion, to the
point where the output no longer
resembles a sinusoid. The basic cir-
cuit operation is the same with a dead
time between conduction cycles.

Reducing f;/f, causes the magni-
tude of the output to increase and the
waveshape to approach a true sinu-
soid. In this instance diede currents
are not zero at the switching instants.
For example, current is commutated
from the lower diode 10 the upper
HEXFET when it turns-on. That
HEXFET then charges the resonant
capacitance from its initial negative
voltage to a peak value greater than
2E. Current then reverses passing
through the upper diode discharging
C. The lower HEXFET will then be
turned on while current is still flow-
ing and the voltage on C is positive.
The cycle repeats.
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Figure 3. Converter waveforms — no lgad.
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Figure 4. Converter waveforms — loaded.
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At some critical value of fr/{g the
output waveform will have minimum
distortion. Reducing fr/f, still further
results in a large increase in the out-
put peak to peak value and a small
increase in distortion. In the limiting
case of fp/fr = 1 the peak voltage
across C will equal the product of E
and the circuit Q.

The operation under load is similar
to the no-load case. The current pulse
through the HEXFETs broadens
slightly while that through the diode

falls in width and peak value. The Q
of the resenant circuit is reduced and
the output peak-to-peak voltage will
be reduced for a given switching fre-
quency. If the load is reactive the
resonant frequency will be altered,
changing fy/{g and affecting the out-
put accordingly. Figure 4 illustrates
waveforms for a converter under load.
The switching frequency is as close to
the resonant frequency as is practica-
ble so that maximum power might be
delivered.



The feedback loop may be closed
and the switching frequency controlled
in order to regulate the output vol-
tage. Output control is achieved by
varying the switching frequency and
therefare this converter is not suita-
ble for applications requiring a con-
stant frequency sinusoidal output.
Various control strategies may be
adopted. If a sinusoid with low dis-
tortion is required ./ f, can be varied
between 1.1 and approximately 1.35.
If a constant RMS output is required
fp/fy may be varied upwards from
f.1 at full load with minimum dc
input voltage.

A de output may be obtained by rec-
tifying and filtering the transformer
secondary voltage. The parallel reson-
ant converter should feed a current
load, as opposed to a voltage load, in
order that the resonant tank opera-
tion is not affected. An LC filter cir-
cuit is therefore required in the secon-

dary stage.

Converter Design Procedure

To facilitate the adaptation of this
demonstration circuit to suit individ-
ual needs, the procedure followed in
the design of the converter is sum-
marized here.

1. Choose the switching frequency
(fg), for full load and minimum
input.

fo = 100 kHz maximum.

2, Let fy/fg = 1.1 at full load and
minimum input.
The resonant frequency (fy) is
then fixed at 110 kHz.

3. Choose Lm/L where Lm is the
primary equivalent inductance of
the transformer.

Lm should be chosen large enough
such that the resonant frequency
is not affected. Low values of
Lm/L imply & low cost trans-
former but at the expense of in-
creased circuit voltages.

Let Lm/L = 50

4. Choose the minimum value of
R//L/C.
Low values of R/~+/L/C reduce
circulating current and thus com-
ponent cost. However, the maxi-
mum capacitor voltage (fr/fp =
I.1)decreases rapidlyasR/ \/fff
falls below 5.

Let R/+/L./C minimum = 1.7.

5. Calculate R. (Full load value.) R
is the effective load resistance
seen by the resonant capacitor. It
may be estimated as follows:

Vs n2 where n is the turns

= ratio of the trans-

Is former. Vg and Ig

are the average vol-

tage and current on

the secondary,
respectively.

P
Iy = —2 = 100A

vO
Vg = 6.0V approximately. This
takes account of the recti-

fier drop and other secon-
dary losses.

The turns ratio of the transformer is
chosen to be 32. This gives R equal to
approximately 60.

6. Calculate +/L/C.
R//L/C=17 ~/LfC=35.
7. Calculate the component values
using the value of /L/C and f;.
102

s —— uF.
2 C=rrvLc X

106
2rx 110x103x 35

Eighteen 2.2 nF Low Loss film
capacitors were connected in
parallel.

V1/Cx 106
— — pH

b L=t

=0.041 uF.

35 x 100
29 x 110 x 103

The resonant inductance L con-
sists of 2 components L1 and L2
as shown in Figure !. Reducing
L1 decreases the nominal voltage
stress on the HEXFETs. How-
ever, L1 is necessary to reduce the
magnitude of the diode recovery
current spike. Also it provides
some protection in the event of
simultaneous HEXFET conduc-
tion. L=L1+L2.

L1 waschosentobed46uHand L2
4 pH. The winding details are
supplied in the appendix.

= 50.6 uH.

L
¢} Lm :L—mx L‘UH

Lm=50x502x 10-6=2.51mH.

The transformer winding details
are given in Figure 5. The final
value of primary equivalent induc-
tance was 3 mH.

T1 — DRIVER TRANSFORMER
CORE — MAGNETICS, INC_ 41605 TC — W

C ;
6
E 7
8
e,
10
C y
12
(1-2) (34} (5-6) (7-8) (3-10) (11-12)
WIND 20 TURNS, 6 IN HAND NO. 32.

T2 — T3 — T4 — CURRENT TRANSFORMER
CORE — MAGNETICS, INC. 41605 TC — W

1
2
(1-2) WIND 100 TURNS NG. 32

L1 — RESONANT INDUCTANCE 4 uH

WIND 15 TURNS COPPER AWG 15 WITHOUT
CORE ON COIL FORMER ¢ 25mm.

1.2 — RESONANT INDUCTANCE

WIND 56 TURNS COPPER AWG 15 WITHOUT
CORE ON COIL FORMER ¢ 40mm.

T5 — POWER TRANSFORMER
CORE — SIEMENS BB6335 — GGDOD —
X127 (E55)

1 3
4
5
9 6

{1-2) WIND 32 TURNS BIFILAR NO. 18,

{3-4) SINGLE TURN FORMED BY COPPER
STRIP 0.5 x 20mm.

{5-6) SINGLE TURN FORMED BY COPPER
STRIF 0.5 x 20mm.

PRIMARY AND SECONDARY WINDING
MUST BE INTERLACED IN ORDER TO HAVE
LOW LEAKAGE INDUCTANCE.

L -~ SMOOTHING INDUCTANCE

CORE — SIEMENS B66335 — GO500 —
X127 (E55)

| 3 l
2
(1-2} WIND 4 TURNS FORMED BY COPPER
STRIP 1 x 25mm.

—
AAS

B RS

Figure 5. Transtormer and inductor
dasign details.
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8. Device selections.

It is necessary to estimate the cur-
rent load and voltage stress onthe
circuit devices in order that a
suitable selection be made. Com-
puter modelling greatly assists
resonant converter design in this
respect as long hand solutions are
likely to be complex. Reference 1
provides some guidelines for the
half-bridge circuit.

9. Choice of HEXFET

The peak voltage experienced by
the HEXFET is given by:

2E+ L2 (Vemax - E)
Li+L2

This is approximately 350V
maximum.

However the reverse recovery of
the freewheeling diode in parallel
with the HEXFET will cause a
large voltage spike to appear across
the HEXFET when current is
commutated to the opposite device,
An RC snubber was placed across
the HEXFET to limit the spike
and prevent ringing. 500V HEX-
FETs were chosen to allow a suit-
able safety margin in voltage
rating.

10.

The HEXFETs must be rated to
carry the worst case current wave-
form. A HEXFET can operate at
a junction temperature of 150 de-
grees C but the designer may wish
to operate the device at a lower
temperature. The final device
choice will depend on package
constraints, heatsink size and other
economic considerations. An
TRF450 device was chosen. This
has a BVdss rating of 500V and is
rated to carry 8A continuously at
a case temperature of 100 degrees
C

Choice of diodes.

The diode should have a peak
reverse blocking capability equal
to the voltage rating of the HEX-
FET. It should be thermally rated
according to the maximum cur-
rent conditions which will occur
when the converter load current
is a minimum. The diode should
be of a fast recovery type as cur-
rent is commutated from one diode
to an opposite HEXFET. The
diode should have a soft recovery
characteristic to reduce voltage
spikes and EMI.

HEXFETs incorporate an inter-
gral drain-source diode (Refer-
ence 2). While this is a fast diode
by traditional standards, its rec-

overy time is long compared with
the switching speeds that HEX-
FETs are capable of,

For this reason a 16FL60S02 diode
was placed in series with the HEX-
FET to isolate the body-drain
diode. Another 16FL60S02 was
placed across the diode-HEXFET
pair to act as free-wheeling diode.
This is a fast recovery rectifier (trr
= 200 nS) with a soft recovery
characteristic. IF(avg) = 16 A at
100 degrees C case temperature
and YRRM =600 V,

Circuit Detalils

Figure 6 details the power section of
the completed converter. The dc input
rail is obtained through rectification
of the mains utility supply. A voltage
doubler or full bridge rectifier con-
higuration is used depending on whe-
ther the line supply is American or
European. If a well-filtered dc rail
were available the reservoir capaci-
tors would only need to be ten to
twenty times the value of the reson-
ant capacitance value.

An International Rectifier
201CNQ0O45 center tap Schottky
module was chosen for secondary
rectificaiton. This has an average cur-
rent capability of 200A anda VFM of
0.67V at IFM = 100A.

+VDC

310V
16FLBOS02 | 16FLE0SO2
2 x
11-8 n .
500
L1-7 20w L1+L2=1 L
7K L 3uF

L1-8 @ (% ) e 600va ™ T sov

450 | ===

A . el R .
L1-10 W L1-3 o [ 15 ut
2000
W L1-4 ™ .. {mn 2.2nF . 1uF
4eH 310 . [1“: H W00uF T T ;gw[] Voor = 5V, 1008
vvvvv il ] o
46 M " T
L2 “ A 0F L___1  201CNG04S
a3 e
tr
y
16FLBOS02 | 1BFLB0S02 112 Li-1
>

L1-§ mo,
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Figure 6. Power converter schematic.
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The output filter values are chosen
to provide the required output ripple.
The filter capacitor consists of 10 x
100 uF electrolytic capacitors and 10
x 0.1 uF capacitors all in parallel,
This arrangement was necessary to
ensure acceptable high frequency per-
formance. The smoothing inductance
winding specification is included in
figure 5. A minimum load is neces-
sary to ensure continuous inductor
current.

Current transformers T2 and T3
detect the HEXFET currents. These
signals are required for controlling
the on-time of the devices. The gates
of the HEXFETs are protected by
back-to-back zener diodes located as
close as possible to the HEXFETs.
270 Ohm resistors are also placed
across the gate-source terminals to
reduce ringing and to reduce the sus-
ceptibility of the gate curcuit to noise
and drain voltage spikes coupled to
the gate by drain-gate capacitance.

Figure 7 gives details of the control
circuit. An explanatory block dia-
gram is given in Figure 8.

The VFC 32 is a voltage-to-frequency
converter (Burr-Brown). The digital
output is open collector and the pulse
repetition rate is proportional to the
analog signal from the error ampli-
fier. The CD4013B is a dual D-type
flip flop. The output to the OR gates
are complimentary and toggle for
every positive going transistion on

the input from the VFC32. This
effectively enables the output power
HEXFETs alternately.

The CD4098B is a dual monostable
multivibrator. Both monostables are
connected in the non-retriggerabie
mode. The leading edge of the wave-
form from the VFC32 at pin 12
causes the output at pin 5 to go low
for 2 u4S. The output of gate D at pin
3 remains low except when an over-
load condition has been detected and
thus the 2 4#S pulse acts as an initial
turn-on pulse for one of the
HEXFETs.

The gate input capacitance of the
HEXFET is charged up via one leg of
a centre-tapped pulse transformer
driven in a push-pull mode. A second
centre-tapped winding maintains a
low impedance across the gate-source
terminals of each device when both
devices are in the off-state.

Feedback from pulse transformers
F2 or T3 hold the HEXFET on as
long as device current remains posi-
tive. When the resonant current passes
through zero the HEXFET is
turned-off.

The current transformer T4 detects
output shorts. Pin 3 of gate D goes
high. This is reset every second cycle
by one of the dual monostables. A
CD40208 counter locks out the HEX-
FET drive after a chosen number of
overcurrent detections. A visible
warning is set and the circuit must be

manually reset.

Figure 9 shows the completed power
supply.

Circult Wavetorms

Figure 10 shows the circuit wave-
forms for three different loading levels.

The switching frequency increases
from 60 kHz at no load to 70 kHz at
5¢A load and 85 kHz at full load of
100A. The switching frequency in-
creases to 100 kHz as the input line
falls to its rated minimum. The dis-
tortion of the capacitor voltage is
significant for the no-load situation
fl‘mllt is reduced considerably as fr/fo
alls.

Conclusion

The advent of HEXFETSs has made
it practical to operate resonant con-
verier circuits at frequencics beyond
the normal operating range of power
bipolar transistors resulting in a sig-
nificant reduction in the size of the
magnetic components required. The
square safe-operating area of the
HEXFET and its high surge-current
capability ensure good system relia-
bility and high transient overload
capabilities. The simplicity of the
HEXFET gate drive circuits reduces
the cost of the unit and cuts design
effort. In resonant power supplies, as
in many other applications, the HEX-
FET offersimportant advantages over
bipolar transistor in almost every
respect. |

INITIAL PULSE
ERROR AMP VG0, T8 |
VREF D - ] C
[=
T C
SOFT START RESET DRIVE COMMAND
el <L
0.5-3
GVERCURRENT PROTECTION
5 COUNTER F R
iH
RESET .

Figure 8. Control circuit block diagram.
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Figure 9. Prototype converter.
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Figurs 10. Circuit waveforms for |y, = 1A, 50A and 100A.
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