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resonance, particularly for driving any ohnm c gygihdgel V& | oad, including
gas di scharge tubes, wherein a connutatlng swtch in'the formof a
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of a diréct current source and a first termnal of an inductor, wherelin a
pul se generator circuit is prOV|ded bet ween the vol tage source and the

control ghectim@ntion heohéalﬁ&isitd)rfﬂ"@:?ahw qabauudeddach%&mneJﬁmra
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reductlonrlandu;@ﬂmslbeaddlmmqiuﬂmngﬁqmswéischatget@unesynwhdnexpWM|ch
has been aghh ARy SPEEEASHRAI JHE f’é’ﬁﬁaéf g LEEALSLUUSES 1 CPFBY ded
connected in series between the negative electrode of a direct
current source and a first terminal of an inductor, wherein a
pulse generator circuit is provided between the voltage source
and the control electrode of,the transistor has been proﬁided a
~ pulse generator circuit and wherein a second terminal of the
inductor is connected to the primary winding of a transformer.

The later years. have seen a dramatical reduculon in the
physical dimensions of power converters, something which has
been achieved by inereasing the operating frequencies. Common
quasi-square pulse converters now approach an operating range
whose upper limit lies about 0.5 MHz. This allows a significant
reduction in the size of the most important passive power
components such as the magnetic components and -the capacitors,
compared to for instance with switches for 20 kHz. waever,e
these converters, being for the greater part pulse width
modulated converters, have high switching losses in the power
semiconductors, something which leads to reduced efficency and
hence a need of more cooling, which decreases the

possibilities of a reduction in ‘the ﬁhysical dimensions of the
converters. : '

In order to increase the capability of power converters to
handle overloads or large locad varations, for instance when
used as power supplies for gas discharge tubes, there has been
proposed to ﬁonitor or avoid saturation of the switching
transistors by special circuit arrangements, as will be evident
from for instance PCT application NO WO 90/01248 and

GB-PS No. 1 378 '465.'

A more effective way of converting power at increasingly higher
frequencies is based on the so-called "zero current switching"”
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limt lies about 0.5 MHz. This alloms a significant reduction in the size
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been generally takes place at the zero crossing. The disadvantage of

resonant converters is that at a.gi&en power ievel the peak
current is many times greater than that of a pﬁlse width
modulated converter. By using semiconductors with lower
resistance in conduction it is however possible to increase the
operating frequencies to above 1 MKz. Thus power densities well
beyond 1 W/cm3 may be attained.

Tcr use in such converters there is now known a £reguency
modulated control in the fornm of an integrated circuit which
may be used in the range beyond 1 MHz, with the designation
LD 405 obtainable from Gennum Corporation, Burlington, Ontario,

' canada. The use of this control circuit in a frequency
modulated converter is described in a LD 405 application note
from Gennum Corporation with the title "Using LD 405 in a 125 W
resonant mode power supply". To this end .the same corporation
has introduced a resonant circuit of which the embodiment in
principle 1s shown in the appended Fig. 1 The circuit
comprises an inductance L, -a capac1tance C, a resistance R and
a load Ry,. Before the inductance L a. commutating switch S, for
instance in the form of a transistor, has been provided. Its
purpose is to supply direct current from a source V toa
series resonant tank LC. The resistance of the load Ry, drains
current ffom the tank. As soon as the resonant process has been
terminated, the switch S opens and the power conversion from .
the source S to the load Ry, is interrupted. After a given
period of tfhe the switch S again closes and the. process is
repeated. The commutation freguency may be changed such that
the average power dissipated in the load Ry, is changed.

In a practical embodiment a resonant converter of this type
works with two commutating switches each of which handle a
respective period of the resonant cycle. The switches are based
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However, with this priér art embodiment of the resonant
converter it is difficult wholly to avoid harmonics in the
resénant voltage and it is also difficult to symmetrisize the
half cycles such that they get the same energy content.
Finally it will still be substantial losses in the power
switches and the Schottky output diodes. Beyond this RC
networks have been provided RC networks across the power
switches in order to dampen voltage transients and these
damping.circuits lead to additional losses. Hence the
efficiency is reduced by at least 25% and even if an cutput
stage without rectifying diodes is used, the loss will be
around 16%. ' '

Generaily it can be said of converters as discussed above and
prior art devices of the same type that the capacitor is
connected in direct parallel with the inductor and the switch
in series with the voltage supply. In addition the. load will
steal energy from the resonant circuit which also may be made
as a transformer. These prior art devices are generally
difficult to compute and realize due to the limitation in the
energy content of the resonance. If too much energy is drained
from -the LC circuit, the frequehcy changes and it is necessary
with complicated electronic control means . in order to control
the switching of the commutating switches such that the
resonant state of the circuit is maintained. If overload arises
in such circuits, the current of the switch of the transistor
increases uncontrollably and if the transistors are
disconnected, this may lead to transients which incur
irrepearable damage to the converter. The problem is that the
control means which is to protect the transistor, does not work
in real time and hence the transistor, i.e. the switch, is
exposed to non-normal loads. As already mentioned the
substantial losses are still present, such that the efficiency

_—
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pl ace at the zero crossing. The di sadvantage of resonant converters is that
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This is achieved according to the invention in that the’
fresuency podulated converter comprises a first fesénant
- capacitor and a rectifier diode provided respectively in a
first and a second parallel branch between the charge emitting
and the charge receiving electrode of the transistor
.respectively, a second resonant capacitor is provided across
the electrode of the voltage source and connected in series
with the inductor via the diode; the transformer, inductor and
‘the capacitors providing a RCL rescnator operating in ssries-
parallel to the transistor and with a quality factor determined
by the relation between the inductor voltage or the capacitor
voltage respectively, and the supply voltage, and that the load
is connected between the terminals of a first secondary winding
in the transformer, such that the load is connected in series
with the inductor. Further features and advantages are evident
from.the appended dependent claims. . K

The invention shall now be discussed in greater detail below
"with reference to the appended drawing.

Fig. 1 shows as already mentioned, the basic circuit of a
parallel resonator according to prior art.

'Fig. 2 shows the basic circuit of a modulated converter with
series-parallel resonance according to the present invention
and used wish a cold catode gas discharge tube.

Fig. 3 shows a section of a variant of the converter of fig. 2
used with a hot catode gas discharge tube.

Figs. 4 a-c show respectively the voltage curve measured across
the inductor of the converter at normal load on the output, at

This Sheet Has Been Replaced

SR




WO 93/04570 . o . P/
fronLGBnnEh1Cbrporat|on with the title "Using LD 405 in a 125 Vd?gggﬁ%ﬁ 2

node power supply”. To this end the sanme corporation has introduced a
resonant circuit of which the enbodimentg in principle is shown in the
appended Fig. 1. The circuit conprises an inductance L, a capacitance C, a
rS esic st ancg?ar%n@_i&ﬂmbh fc{l esukpuBeher e:e_tmte agloglh%ﬁﬁse bfata_agw%ﬁa@ﬂ; swi t ch-
,- for instance in orm.af _a transistor, has, been prqvided. S, pur pose
isto supﬁ?§9ﬁ3%ﬁqué%¥eéffgﬁﬁﬁﬂg SEN/ERLY %F%EFFegnaeéeﬁ congddtjans -
The resistance of the load [err] drains current fromthe tank. As soon as
t he resonant, pr, e[ P SWt S nd-_th we
conver si of Brom TR0 CBE BOES SPte A e B, el sPBNRRAC Rt i
peri od of conventer satcendinggion thieosiaivenidioneapdosppd.ies tepdatisting he
comut at | gr.ef IRAMRIGY §RY BEshaRYRd wusd, that

Fig. 6 shows a practical embodiment of the transformer in
greater detail and as provided in the circuit of Fig. 2.

In fig. 2 a first resonant capacitor C; is provided in parallel
across the charge emitting and the charge receiving electrode
of a transistor Q which operates as a commutating switch. The
load Rg is provided in saries with an inductor L which is
connected:to the transistor Q and the capacitor C;
respectively. A second resonant capacitor C; is provided
across the electrode of the voltage source and connected to the
inductor L over afdiqde Dy, the diode D, being qonhected in a
further parallel branch between the charge emitting-and t&e
charge receiving electrode of the transistor Q. Further the
primary winding P of a transformer T is connected to the - .
inductor-L,'such that the transformer T, the inductor I and the
'capécitors Cy, C3 provide a RCL-resonator operating in series
parallel to the transistor Q and with a qpality factor which as
well known is determined by the relationship between the
inductor voltagé Up, or the capacitor voltages Ucy and Ucgz and .
the supply voltage U, as well known. The load Rg is-connecﬁed
between the terminals of a first secbndary winding Sq of the
transformer T and hence as mentioned is connected in series
with the inductor L. The dimensioning of the resonator may
advantageously be done on basis of the apparent power .
requirement,/such that the resonator or the resonant tank is
_dimensioned for an apparent power which is 30% larger than
that which is required at the chosen operating frequency of the
resonator. The transistor Q is controlled at determined
frequency which need not vary in dependence of the load.
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enbodi ment a resonant converter of this type works with two commutating
swi t ches each of which handle a respective period of the resonant cycle..
The swi tches are based 3 on MOS fieldéeffect transistors which
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current flows. through the inductor L and the transformer T
such that these are magnetized. The inductor L is made with a
coil and a core, e.g. of ferrite with air'gab. When the :
transistor Q has ceased conducting, the counterinduction of ~#i
the inductor L -causes the capacitors C; og C3 to be charged.
The capacitor C; has however a capacitance which is far greater
than the capacitance of the capacitor C; and will also be
charged with the opposite polarity. The transformer T is now
fed with current of the same polarity as the current received
over the transistor Q. When the voltage of the capacitor Cq
razches a maximum value, the directicn of the current is
reversed and the capacitor C; discharges against the inductor L
and the transformer T. Thereafter the direction of the current
again is reversed and the inductor L discharges the energy of
the diode D, and the transformer T to the capaéitor Cs. The

transistor Q again becomes cohducting and the process is
repeated.

R"

. : Te T e
The process may be described as consisting of 4 phases. Iﬁ:
phase 1 the transistor Q is conducting and the current. flows in
"the direction I through the transformer T. In phase 2 the
tranhsistor has ceased conducting, but due to the fact that the
inductor L works as "tank", current still is floﬁing-in the
direction I (fig. 2) through the transformer T, whiie the
capacitor C; at the same time is discharged due.to the
counterinduction of the inductor L. In phase 3 the
counterinduction from the inductor L has ceased and the
capacitor C; 'is discharged such that the current flows to the
capacitor c} and through the transformer T3 in the direction Ig
(fig. 2), while the inductor L is "filled". In phase 4 the
inductor L then is “emptied" via the diode D2 and the capacitor
C; as well as the transformer T until the transistor Q again
becomes conducting. ' .
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I's connected 1 n direct garal with The in ucbvy and the switch i n sertes
with t he fF8% dthe sipBrFEorn I-ad’didﬁ &P tHhe | 39RPHY| Voditage dhéty ¥¥ om t he
resonant aggicidd sweghthksprimame wiiking P of the transformer T, while

the capacitor C3 is discharged by both U and Up:.

Discharging energy from the secondary winding S; to the load Rg
does not take place in the same phase as in the primary

winding P and hence only a part of the resonant energy.might be
used. This would provide excellent relationship between the
current and the voltage if the converter according to the
invention is used in gas'discharge lamps generally.

As the transistor Q only operates as a refiller of energy which
is fed to the transformer T and due to the phase shift, the o
diode D, already will relieve the transistor at the moment it
aéain_is switched on in the above mentioned phase 4. Hence the
converter according to the invention attains a very high
efficiency. The switching losses are completely eliminated, as -
the transistor switches on in the negative phase of the -
resonance when the diode D, conducts, and when the transistor Q
is disconnected, the voltage supply is taken over by the
capacitor C;. The transistor Q hence works only with the
voltage which is necessary to maintain the behaviour of the
induction curve in the inductor L.. '

If the first secoﬁdary winding S; is short-circuited, the
.impedance of the transformer T decreases to zero and the phase
shift between the inductor I and the transformer T ceases. All
energy is then used for maintaining the resonance and the
energy consuhption of the converter is reduced to “zero". That

is to say that the converter is safe against short-circuiting
in any respect.

If the load Rg on the secondary winding S; is removed, the
impedance of the transformer will increase and the frequency
drop then leads to an increased current consumption because
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as a trWRPHOFEI® These prior art devices are general ly difff&df T e
conpute and realize due to the [imtation in the energy content of the
resonance. |If too nuch energy.is drain from-the LC circuit, the
frequency changes and it is necessary wth conplicated electronic control
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that the resonant state e circuit_is nalntalned “I.f overl oad arlses in
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real ti mmegywtiescelertriodasict otheiveltage source. iIn ebm@ethy ot'.here is

non- norm%léé?QSa A%f@éfﬁ“ﬁ&ﬂ?ﬁﬁﬁOﬂﬁgeégﬁce in the transformer T. The
resonator will then operate within the glven frequency range
and the enerqgy will circulate between the source of the supply

voltage and the secondary winding S, via the rectifier bridge B
as shown in fig. 2.

. By correct voltage dimensioning of the secondary winding S, the
free—running losses may be minimized and it is possible to
rrovide a detactor (nct shown) which warns about possible
faults of the load Rg, for instance a faulty gas discharge
tube, in order to disconnect the pulse generator circuit which
is connected to the control electrode of Fhe transistor Q.

- Hence the traneistor Q ceaees refilling the resonator.

-If a hot cathode gas discharge tube is used as load on the
secondary side of the transformer T, this can simply be done
as shown in fig. 3 by connecting the terminals of the secondary
winding Sq with at least one capacitor c5 over the electrodes
K1, Ky in the gas discharge tube.

As known, gas discharée tubes with hot cathodes must be started
by means of a preheating of the electrodes in order to achieve
sufficient ionization of the gas in the tube and that a
discharge may take place. This is achieved by the secondary
winding S; and the capacitor Cg being adapted to the resonance
frequency for the transformer T with the cathodes XK;, Ky in
heated condition. Such an adaption may be determined empiri-
cally or by the heat resistance of the cathode being measured
and added to the impedance. As long as the cathodes K;, K; are
not sufficiently heated, the impedance is too low and the
greater part of the current from the secondary winding S; is
used for heating the cathodes. Only when the condition for
resonance is present, the voltage increases to a level which
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converter does not attain nore than about 84% wi t hout the use of a

rectified output. The object of the present invention is to provide a

resonant circuit wthout the above-nent oned and ot her di sadvantages. This

is achi eved according to the invention in that the frequency nodul at ed
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operates as a resonant capacitor, but neve;theless contrlbutes
with a certain glow voltage which keeps the electrodes heated
due to the impedance of the former being low. compared with the

frequency. This is moreover an advantage if dlnmlng is used by

v-gAqs;-- -‘c i-\-ug e\vvw\'l\,v vr\'l‘-:no .

The converter according to the invention may also be used with
a pulsating direct current without smoothing for direct
driving of gas discharge tubes with an power factor cos ¢ up to
0,95 and without use of phase compensatien, as the new European
norms reguire. If the frequency 60 XHz, the capacitor Cl'is for
instance dimensioned to 0,005 uF and the capacitor C3 to .
0,22 pF, but at 100 kHz the capacitor C; is selected with

0,003 pF and the capaciter Cz with 0,15 uF. - The wavelength
consideration of the transport of cathode material between the
electrodes moreover .indicates that .a operating freqﬁency of 30~

35 kHz is an optlmum with the present 1ength of gas dlscharge
tubes.. ' '

A o d - e
N - e . . H

How the converter according to the invention operates in
practice will easily be comprehended by considering fig. 4a-c.

Fig. 4a and 4b show the behaviour of the inductor voltage Uy
measured across the terminals of the inductor L. The voltage in
the figs. 4a and 4b is referred to an average peak-to-peak
value Ujy,. In fig. 4a and 4b the total period of the voltage is
pulse t,, while the transistor conducts in t;. In fig. 4a the
load on the secondary winding §1 is normal, the voltage is low
(here 0,6Uy) and t; short (here 0,15%t;) due to the energy

. drain. In flg. 4b the secondary winding is short-circuited. The
voltage increases (here to 1,3 Up) and the. same does t; pecause
the energy drain has ceased.

Fig. 4c shows a period of the resonant voltage under different
load conditions. The normal sinuscoidal behaviour is denoted by
F,. The curve F; is present when the transformer T “steals"
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respect iwe@ 983/0&®econd resonant capacitor is provided across RCOENOEZD0IE3e
of .the voltage source and connected in series wth the inductor via the

di ode; the transforner, inductor and the capacitors providing a RCL
resonator operating in series- parallell@o the transistor and with a
quality factor determ ned by the relation between the inductor voltage or
the capacenergvolknshEhespeEYryEby ¥haRd thfe SAFRNGA 0| Y hy@ingnds t-hat shhgt-

load is Ce&%%%&etmnfi—se +ahfiRg! ale,tieacfdr{cmc@@cgmawe%ﬂﬁlénﬂn' Rplehe
transforner, suych q the [oad.is conne ted in. tfrles with the inductor.

Further fBSPatay earﬂia VS¥EiGesiaPe & & h%ap‘ﬁ%ﬁﬁ%ﬁ*ﬂeﬁéﬁdéﬁ‘?q
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ref erence
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as the system is self-controlling. If the secondary winding s,
is short—circuited,fthe transistor Q conducts in the period
TQQ, energy is no longer drained to the transformer T, and in
the negative half-cycle-the inductor L delivers the greater

part of the energy back to the capacitor C;.

A practical embodiment of the frequency modulated converter
according to the invention shall now be described with
reference to fig. S. The reference nuxnkers in this figure is
not quite identical to those of the cbrresponding components in
fig. 2 and 3,'which-show somewhat more fundamental embodiments

of the converter according to the invention.

As can be seen in fig. 5, a rectifier bridge B, delivers DC.
voltage from an AC source, and this voltage is smoothed in the
capacitors Cj and C3. Via the diode Dy, a pulse generator
circuit which in the embodiment shown comprises a bistable
multivibrator in the form of a Schmitt trigger circuit with
inverted outputs made up by six gates Aj-Ag. The voltage of the
pulse generator circuit is regulated by the zener diode Z and
smoothed by the capacitor C4. In the embodiment shown the pulse
generator circuit provides an astable multivibrator circuit
over the resistor Rg and the diode D; as well the variable
resistance RP (shown as reSLStor Rg) such that there is
‘provided a tuning of the basis frequency and pulse width to the
desired value via the resistors Rg and Rg and the capacitor Cs.
The output of the gate A; delivers an approximate square pulse
and controls the inputs of the four gates Aj-Ag in approximate
parallel. Thé respective outputs of the same gates are also
connected in parallel and to the control electrode of the
transistor Q which is used as a switch. If a common bipolar
transistor is used, the control input is of course the basis of
the tfansistor, but if a MOS field effect transistor is used
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par al | el M@ESM45Yr according to prior art. Fig. 2 shows the b&dmZNciazew itss
of a nodul ated converter with series-parallel resonance according to the
present invention and used wiith a cold catode gas discharge tube. Fig. 3
shows a section of a variant of the COnﬁérter of fig. 2 used with a hot

cat ode gas di scharge tube. é? -c show respectively the voltage curve
neasured davsémrad hethadgondx QIR;eOWW%r%%roﬁtcﬁ§ﬂ%ﬂ idsntisn k Heo otrput ,
at shafte Gd1&tEE66eQUiNIVa RSy Ebls BY @hEYEbﬁv%frtTéie dREANBIN g VObt BHES
under dlfferent conduction states and | oad cond |t|oni

invention may be realized with an integral free-running diode,

such that the rectifier diode D; and the second parallel branch
in fig. 2 are dropped.

When the frensisﬁor Q conducts, excitation current is'traﬁsf

ported to the inductor L and the primary P in the transformer
T and the resonance process is initiated. The resonance _
frequency may be finely tuned over the variable resistance Rp-

The secondary winding S; of the transformer T delivers'voltage
and current tp'the provided load as discussed in more detail in
connection with £ig. 2. In fig. 5 there is further provided a’
third secondary winding S; in the transformer T. It is used for
increasing the ionization voltage of the load if the latter is
a gas discharge tube in order to previde safer ignition at
extremely low temperatures, as 1ts first terminal is connected
with the electrodes of the gas dlscharge tube and its second
terminal is led to the ground as shown. |

The transformer T is in a practical embodiment realized as E-
core transformers, as.shown in detail 'in figure 6.. For high
frequency purposes, i.e. i the MHz range, the cores and
windings may be made for instance 1n the form of ferrite strlps
with' a dielectric £film and the wlndlngs deposited thereon.
However, the E-core transformers used in non-conventional
-applications, e.g. for a frequency of 30-100 kHz, still allow a
very compact construction. Further, as shown in the embodiment
in fig. 5, the inductor L is integrated with the primary
winding P of the transformer T. ' '

The secondary winding S,, which is connected to the rectifier
bridge B;, is dimensioned such that a direct voltage is
obtained over the rectifier diodes Dy-Dj;p in the bridge Bj the
voltage being lower than the voltage across C; and C3 in
normal operation. The resistors R;g and R;j; then constitute a
voltage divider against the capacitor Cyp, which is given a
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Fig. 5 svo@s/a5p0acti cal enbodi nent of the frequency nodul at ed 10l ivlbs
according to the invention and applied to driving a hot cathode gas

di scharge: tube. Fig. 6 shows a practical enbodinment of the transformer in
greater detail and as provided in the aizcuit of Fig. 2. In fig. 2 a first
resonant capacitor ksrr] is provided in parallel across the charge emtting
and t he Cﬁ%k@e vBéE GRF angtepdenof dasirads PsrdrdQathittirofe fors thea

comut at igign ?eherﬁt@ﬁ Qak- i@ £ | ahé OiQVtQ%d diRELH LY Wddh et dpgLor L
which is conne ed th anS|st and the capaci tor err]
respect i RF§2 o - ch E’PFOF:L@W‘I"S By i et f osENg heutputs

el ect rodebpfthéegmdetga rabsangocaaneouedm tdi&-a’cnfhh:t@f thever a

ot eh e chlRsbeddh [q)f PERRREEn ISR AN, PRl Bt aneh
resistors R; and Rg. Arter a certain time the input of the
inverting amplifier A; also goes to low, and its output goes to
high, such that the multivibrator again is trigged. It is,
however, also possible to realize the safety functions in other
ways by means of prior art, and the circuit here shown is
intended purely as an example of the practical embodiment of
the converter according to the invention, and shall not limit -
the scope of the invention in any sence.
The essential point cf the converter according to the invention
is that the resonant capacitor Ci which in the embodiment in
f;g. 5 is realized as a parallel circuit of nine capacitors
C5a~Csp (not shown), only operates as a resonant capacitor
during a half-period of the frequency. The secoﬁd half-period
of the resonant fréquency used for refilling the resonant. tank,
i.e. the inductor Lj, is provided via the capacitor C3 by the
discharge of C;. In this connection it may be mentloned that it
is well-known in the art that.fly—back oscillators tend to
give asymmetrical frequency behaviour by energy drawn from the
resonant tank being already in the first flyback energy such
that -the next half-cycle receives a lower energy content. In
order that the transformer T shall operate as a symmetrically
working load, the.resonant-capacitor C; in fig. 2 hence must
receive a greater charge during the second half—pefiod. This is
achleved by the already existing charge in the capacitor Cj
belng connected in series with the inductor L via diode D, and
at a voltage level identical to that of the first half-cycle.
By correct dimensioning of the resonant capacitor C; and
suitable supply voltage U the transformer will be fed the same
amount of energy in both half~cycles. In is, however, provided
a symmetrisation of the energy in each half-cycle of the
resonance. Together with the use of an air gap in the
transformer T, this makes the resonator provide an
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char ge neea3vosxroel ectrode of the transistor Q Further the pgdyraiQoouors3ng
P of atransformer T is connected to the inductor L, such that the
transfornmer T, the inductor L and the capacitors [err] provide a
RCL-resonator operating in series parali®l to the transistor Q and with a
quality factor which as well known is determ ned by the relationship

bet ween tdeprosichde wldagtedt sintseidapaviotlldrageniwiagdesat etii¢ and [err]
and the s I 4 T J e

between ¢ HERPEFATNER0S b Aty wiHAEHE. o BErGM I B £ D0 Ebonent
T and hence as nentioned is connected in series with the inductor L. The

di mensi onpHY Bl ettt 1P SHGE SR GE!uégVaﬁt%ﬂ%pwﬂdhé¥hﬂEEW??ntﬂésiﬁdQEtBQeL

apparent pomer reqU|renent such that he resonator-or the resonant tank
di mensi on@RYf SheadimRRAARFE PEwERewRFBRSESTIeK (Tardferve bhnas correct

capacitance values for the capac1tors C, and C; and suitable

Zumnler srodlba~e v 4 ig nﬂcz-n"o +n achiesyve a veryv h1qh
=2 S

efficiency as the switching losses are completely eliminated
and the transistor Q only works with a fraction of the current
of the circuit due to the phase shift between current and
voltage in the inductive components. The transistor Q can in
reality be regarded as a voltage switch wich sets the resonance
circuit to zero in relation to the positive and negative cycles
of the resonance. Hence the transistor eliminates the
resonator's tendency to relaxation and maintains the given

| frequency, while current mainly is taken up by the inductor L
when the transistor Q is not conducting. This may also be
achieved by individual adaption of the air gap used, in the
transformer T to the characteristic of the provided load Rg.
The air gap may hence be used actively for controlling the
energy drain of the inductor L and the capacitor Ci. A correct
dlmen51on1ng of the transformer T and the air gap used may by
full short-c1rcu1t1ng of S1 bring the resonator to full

resonance within the frequency randge determlned by the
tran51stor Q. '

Finally it must be mentioned that it will be obvious to a
"person'skilled in the art that the pulse generator appropri-
ately also may be realized in another manner than as an astable
multivibrator, as the latter for' instance may be replaced by a
digital fredquency synthesizer. When using an astable multi-
vibrator, tﬁe fregquency will only be controllable within 10-
15%. A digital frequency synthesizer may drive the converter
according to the present invention over a frequency range which
stretches from the AF domain and to 100 MHz and beyond,.while
the generated frequency easily may be controlled over an octave
band or more. Then the converter may also be used in HF and
VHF applications where high, stable and symmetricized resonance

. This Sheet Has Been Replaced

i




that whi ‘Rgsnﬁbg%U|red at the chosen operating frequency of tiie/T&E6hat3r.
The transistor Qis controlled at determ ned frequency which need not vary,
i n dependence of the | oad. 6 The opgpation of the converter accordlng to
the invention shall now be explained in nore detail. The transistor Qis

control | abyagés aai.aéox«lemle:édlua#&wé . i¥heR LR ildw@ndorgconduct s,
current flows throu h the i nductor gd the tranﬁforner T such that these
are nagmﬁ?%ﬁﬁpe? 8 Vﬁ&ﬁa(ﬁrﬁ_*@F AR Wi Bhthec Bulss, FeRTAROT Eipowit,

ferrite valdoatheg8phmifan trhigdenngasesr AQ-Ags atea i aiticirdgsidter qQ,
counterlndgft goaggageously be integrated on a single chip. With the

'frequenqy converter according to the present invention the loss
is limited to losses in the transformer, the pulse generator .
circuit, the'eﬁergy dissipation in the resonant inductor and in
the rectifier bridge at the input. The total losses may thus be
kept to 5% or less, such that in the practical embodiment of

the converter according to the invention achieves an efficiency
in the order of 97%.
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t he i ndY¥@@3/94558uses the capacitors Cl og C3 to be charged. FG&/sepasivear
C3 has however a capacitance which is far greater than_the capacitance of
the capaci'tor [err] and will also be charged with the opposite polarity

The transformer T is now fed with curreh® of the sane po“m“tmumuﬂum Im
current received over the transistor Q Wen the voltage

[err] reRMNEENE fRRATitfn val ue, the direction of the curreht s releré&ed and
the capacitor [err] discharges against the inductor L and the transforner

T. Thereafter the direction,of hgfcurrent ain-is reversed an
Lnductor - di sERBARSRGYSRaABLaY el R e ES: Paratd At T to

t he capacrésonpeace],. ﬂ&mticamariyomd@zﬂ;mvnm@cmmys°nmmduetlﬁgdmmtﬂﬁﬁéload'

Dl ocess | PREFPeahthudiifg PERE AT UMArR RRSIL PNVn8ReER"Y' Rkt th
switch (Q) in the form of a transistor is provided connected in
series between the neéative electrode of a diféétm&ﬁrrent'
source and a first terminal of an inductor (L), wherein a pulse
generator circuit between the current source and control
electrode of the transistor (Q) is provided and wherein the
second terminal of the inductor (L) is connected to a primary
winding (P) of a transformer (T), characterized in that the
frequency modulated converter comprises a first resonance

capacitor (C;) and a rectifisr dicde respectively provided in a
first and second parallel branch raspectively between the
charge emitting and-the charge receiving electrode of the
transistor (Q), a second resonance capacitor provided across
the electrodes of the voltage source and connected in series
with the inductor (L).via the diode (Dé); the transformer (T),
the inductor (L) and the capacitors (C Cj3) constltutlng a RCL
résonator operating in series-parallel to the transistor and
with a quality factor determined by the relathnshlp between'
the inductor voltage (Up) or the capacitor wvoltage (Ug; and
Ucs) respectively and the supply Vvoltage (U), and that the load
(Rg) is connected between the terminals of a first secondary
winding (S;) in the transformer (T), such that the load (Rg) is .
connected in series with the inductor (L).

2. Frequency-modulated converter according to claim 1,
characterized in that as the transistor (Q) a MOS-field effect
transistor with internal free running diode is provided,

whereby the‘;ectifier diode (D) in the second parallel branch
is eliminated.

" 3. Frequency-modulated converter according to any of the
preceding claims, characterized in that the pulse generator
circuit comprises an astable multivibrator.
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phase 1 W@ 9B/04530 StOUlml ﬂllmuﬁﬂﬂtcmm and the current flows POTI}O92/00133
direction [err] throu In phase 2 the transistor has
ceased conducting, but due t'o the®f att that the inductor L works as "tank",
current still is flowing in the directib@ [err] (fig. 2) through the
transformer T, while the capacitor [err] at the same tinme is_discharged due
to the codnter iFRREMeDAYohodid ateducomvearten apeerd Bng heo cebaler tn@dc2ion

from the bm%&ehbéa §82%6E ARG fgﬁucsaaoaféﬁ@fawfr&lréuﬂtgcbaﬁgeds&%ca
that the current_flows to the c%ggcltor [err] and through the transfornmner

[err] in CASIHIECETEIVEELY ﬁ%ﬂ e%ﬁz°ﬁmlle the inductor L is "filled". In
phase 4 the inductor L then is "enptied" via the diode D2 and the capacitor

S o ot s 2 el BRRY Okt a1 el dordVier{42"3LE5PA1 08’ AnfoBE Bhe
preceding claims, characterized in that the impedance of the

gsgoondary winding in the transformer (T) is tuned to the

quality factor of the resonator at nominal load (Rg).

6. Frequency-modulated converter according to claim 5,
characterized in that the load (Rg) is balanced with a

compensatlng load- if the instantaneous value of the load (Rg)
is less than the nom;nal_load.

7. Frequency-modulated converter according to claim 6,
characterized in that for balaﬁcing the load (Rg) a rectifier
bridge (B,) is provided between the terminals of a secondary
winding (S3) of the transformer, tﬁe rectifier bridge (B1):
being connected between the electrodes of the voltage source
such that the impedance of the primary winding (P) of the
transformer (T) lies below a given maximum value.

8. Frequency-modulated converter according to any of the
preceding claims, characterized in that the capacitor (Cj)

limits the voltage of the counterinduction pulse generated by
the inductor (L) over the transistor (Q).

9. Frequency-modulated converter according to any of the
preceding claims, characterized in that the cabacitor (C3) has
a capacitance which is several times greater than the
capacitance of the capacitor (C;) and further is used for
smoothing the supply voltage (U).

10. Frequency-modulated converter according to'any of the
preceding claims, characterized in that for driving hot cathode
gas discharge tubes, the terminals of the first secondary
winding (S;) is connected to a capacitor (Cg) via the
electrodes (Kj;, K;) of the gas discharge tube, the secondary
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457 .
7 1t ShOlYPd9 /g Sr'(gmatr ked that the tran5| stor Q may be switched eHch T e tThe

di ode D2 conducts and hence al so at "zero" current and vo]tage. The
negative counterinduction voltage [err] ;ron1the I nductor L adds to the -
supply voltage U and is applied-over the primary wi nding P of the

t ransf or g4 ndinghids f engapaei ka a{;itlos: hay bya®2tBaUegnenker 1] .

Di schar gi n ener §]romthe seconga gocsq [eergj(f?ﬁ:"I the Foa RG does not

t ake pIaCE SHRAPFASYE 25 tﬁet 3nbnptﬁﬁdhﬁéﬁ68 §¥Fea

part of the @&%ﬁﬁrﬁdéme(gy nkght. be used Th|s woul d prOV|de excel | ent

rel ati onshi p between the
11. Frequency—mpdulated converter according to claim 10,
characterized in that for driving hot cathode gas discharge
tubes the electrode operating as the cathode (K;, K,) further
connected to one of the terminals of a third secondary winding

(853) of the transformer (T).

R O 0 A
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currentv@ndséfzzovol tage if the converter according to the irp@m\iag‘z/i)m:;esed

I n gas di scharge | anps generally ABthe transistor Q only-opefa*ﬂ”

refiller of energy which is fed to the transformer T and du_ th hase _
shift, the diode D2 already will relieve the transistor at h Replaced
again is swtched on in the above nentioned phase 4. Hence th ,",
according to the invention attains a very high efficiency. Th

| osses are conpletely elimnated, as the transistor switches on in the
negati ve phase of the resonance when AMENDED aBIAIME conducts, and when the
transi stor Q ilsedéimdnbecthed IntdrnatbdbnadgBusemplon 14 Jaaumry 4983 (hg.0hes3);

capacitor Cl. Thwrigiealsicdadms Q@.hemmended kptdarychding urchangdd §3epagesth i s

necessary to namintain the behaviour of the induction curve in the inductor
L.

1. Fregquency-modulated converter with series parallel
resonance, parctilcuiariy for Eriving any oamic or i1nductive i
(Rg) » including gas discharge tubes, wherein a commutating
switch (Q) in the form of a transistor is provided connected in
series between the negative electrode of a direct current
source and a first terminal of an inductor (L), wherein a pulse
generator circuit between the current source and control
electrode of the transistor (Q) is provided and wherein the

second terminal ¢ thes inductor (1) is connected to a primary
winding (P) of a transformer (T), characterized in that the
frequency'modulated converter comprises a first resonance
éapacitor (C1) and a rectifier diode (D) provided in a first
and second parallel branch respectively between the charge
emitting and the charge receiving electrode of the transistor
(Q), a second resonance capacitor (C3) provided across the
electrodes of the voltage source and connected in series with
the induétor (L) via the diode (D3); the transformer (T), the
inductor (L) and the capacitors (C;,6 Cj) constituting a RCL
resonator operating in series-parallel to the transistor and
with a guality factor determined by the relationship between
the inductor voltage (Up) or the capacitor ‘voltage (Ug; and
Uca) respectively and the supply voltage (U), and that the load
(Rg) is connected between the terminals of a first secondary
winding (S;) in the transformer (T), such that the load (RG) is
connected in series with the inductor (L).

2. Frequency-modulated converter according to claim 1,
characterized in that as the transistor (Q) a MOS~field effect
transistor with internal free running diode is provided,

whereby the rectifier diode (D) in the second parallel branch
is eliminated.

3. Frequency-modulated converter according to any of the

preceding claims, characterized in that the pulse generator
circuit comprises an astable multivibrator.
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If the first secondary winding [err{gis short-circuited, the| “ B ace
the transfornmer T decreases to zero and the phase shift betwee " I“
inductor L and the transfornmer T ceases. Al .energy is then use

mai nt ai ni ng the resonance and the energy consunption of the converter is
reduced #a "zeétmEqudhay-redud agtd tdenvedfeer oavertdings toakd adgainsir 2,

short - C|r y;tLe t Ll
[err] is ?le%n%%/é%f{?ﬁga i }%%cqe tl*é %e tra?g (E;ﬁ;rgrBr @:‘ifﬁ:@xﬁ.@:’%‘ej%&e{-\ an%g%%ga
frequenc@mgkﬁﬁlrﬁmegééa§n(Fxﬂihﬁﬁ#%ﬁﬁed current - consunption because
the transistor Qis switched on at the wong tinme. In order to

5. Frequency-modulated converter according to any of the
'precedlng clalms, cnaracterlzeo in that cthe 1ﬂoecance .of the
secondary w1nd1ng in the transformer (T) is tuned to the
gquality factor of the resonator at nominal load (Rg).

6. Frequency-modulated converter according to claim 5,
characterized in that the load (Rg) is balanced with a
compensating load if the instantaneous value of the load (Rg)
is less than the nominal load.

7. Frequency-modulated converter according to claim 6,
characterized in that for balancing the load (Rg) a rectifier
bridge (B1) is prcv1ded between the terminals of a secondary
winding. (82) of the transformer, ' the rectlfler brldge (B4)
belng connected between the.electrodes of the voltage source
such that the. impedance of the primary winding (P) of the
transformer (T) lies below a given maximum value.

8. Frequency-modulated converter according to any of the
preceding claims, characterized in that the capacitor (Cy)
. limits the voltage of the counterinduction pulse generated by
the inductor (L) over the transistor (Q),

9. Frequencyﬁpodulated converter according to any of the’
preceding claiﬁs,'characterized in that the capacitor (Ci3) has

" a capacitance which is several times greater than the
capacitance of the capacitor (C;) and further is used for
smoothing thie supply voltage (U).

10. Frequency-modﬁlated converter according to any of the
preceding claims, characterized in that for driving hot cathode
gas discharge tubes, the terminals of the first secondary
winding (S;) is connected to a capacitor (Cg) via the
electrodes (Kj, Ky) of the gas discharge-tube, the secondary
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prevent VR 83/ cond secondary winding [err] is used in the Ytansforner
and connected with a rectifier bridg@ in order to return a part of the
energy to respectively the positive and negative el ectrodes of the voltage
source. In this way there is always a certain m ni numinpedance in the
transf or mgfi nkinkhe($ £5OAALOEN Idaﬁa&q&&pe(r@%)e ¥é iRy na&é?tGHVQB thequency
range and the energ%ﬁmﬁll C|rc%1a%%2betmeen he source o thg s%pgly

vol tage af@SINAREcHRGARENEYnSitnFhe FanshRrnes (T1 et PpFPEgBeRYEE SF&MR i n
fig. 2. BpRaEYeactrodbsagi,di 88nsi oni ng of the secondary wi nding S2 the
free-running | osses may be mnimzed and it is possible to provide a
detector (not shown) which warns about possible faults of the load [err],
for instande a Freduengismeidsdizdrase aanxerter ordeprddndi $eogdadm tife pul se

generatohgﬂafaﬁéeﬁﬁksa in that forﬂdriving-hot“ca;hodg.gas discharge
tubes the electrode operating as the ‘cathode (K1, Kp) further
connected to one of the terminals of a third secondary winding
(S3) of the transformer (T). '
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meCled to the control gl e&i..r?pde of the transistor Q Hencgg® RTmpCQQ—
transi stor Q ceases refilling.the tesonator. If a hot cathode @@&sudscharge
tube.i s used d on it hevoseltDﬁalaﬁﬂg%h%t’aiwme«\mI!:am\f ormer TRZEYs can

siwply be done as shown'in fig. 3 by CONHECY™g the terninals of the
secondanNTERNAGIION ALSYAPLIOA TIONaPL B EESIE DOUS DERDEE POTE XS COOPERAMD N TREATO (REST)

[errii T LI n'-i AT e I Ube. AS) Koy —0as — Ol Seiarge Tubes W T ey
cat g‘dtgtew‘é‘}“gg’é"g{; .ecag%‘y eans oif a g”é”geé‘l‘f’?f@(s% '??'ﬁ"é MEL r odes \R’ﬁ)[ 93/04570;
f3) id0nabiadt Publichib@nditibe and.\iah@igs’@{o:.o:-.%) l

A

ordér tHOABHIAL9eHOUIF1/888ht i oni zath 64
di s¢har ge nmay take plaecs  This is akhi elved hy the secondary winding [err
andltr}e captaciltorl_ [t_e'r r] being ada ted/'otlos hel_r egonance frequency for the

A& Ntmber: 3 i :
t rar‘ué:f bintresptiopal dpeliption U mbihodet- I OP/00133 | &k e candiid. MearciPWly, @0 adaption
‘may | pe) AeketdhiTede BERI i - 25 August 1992 (25.08.92) With amended claims. -
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(54) Title: FREQUENCY-MODULATED CONVERTER WITH A SERIES-PARALLEL RESONANCE

1
TG

(57) Abstract

A frequency modulated converter with seriés-parallel. resonance has a transistor (Q) in a serics between the negative_ efec-
trode of a direct voltage source and a first terminal -of an inductor (L) the second terminal of which is connected to the primary
winding (P) in a transformer (T). The converter comprises a first resonance capacitor (C;) and a rectifier diode provided respec-
tively in parallel branches across the charge emitting and the charge receiving electrode of the transistor (Q). A second reso-
nant capacitor (Cy) is provided across the electrode of the voltage source and connected in series with the inductor (L) via
the diode (D,). The transformer (T), the inductor (L) and the capacitors (Cy, C3) constitute an RCL resonator operating in
series-parallel to the transistor (Q). The converter is suitable for driving any ohmic or inductive load, including gas dis-
charge tubes. )
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cally or“8y93(?]4€'ﬂeat resi stance of the cathode bei ng neasured “and added to
t he- i npedance. As long as the cathodes [err] are not sufficiently heated,

t he inpedance is too | ow and the greate :Bart of the current fromthe
secondary winding [err] is used for heafihg the cathodes. Only when the
condition for resonance is present, the voltage increases to a | evel which
9 ignites the el ectrodes. Wen the dizfﬂzr eqfbet ween the el ectrodes [err]
is established, the capacitor [err] nofl ef .operates as a resonant
capacitor, but nevertheless contributes wth a certain glow voltage which
keeps the el ectrodes heated
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due to tW® ?HB8%hce of the forner being | ow conpared with the-frequency.
This is noreover an advantage if dimmng is used by The converter according
to the invention may al so be used with %%gglsating direct current w thout
snmoothing for direct driving of gas dis ge tubes with an power factor
cos [err] up to 0,95 and without use of phase conpensation, as the new

Eur opean nor s require. If the freque -srt, t he capacitor [err] is for

g? apac
ec

i nst ance di nensi oned to 0,005 [err] a itor [err] to 0,22 [err],
- Th
betmg
- 35 kHz is.an optimumwi th the present

but at 100 kHz the ted with 0,003 [err] and t he
capacitor C3 with 15 [ :
transport of cathogde '
that a operating frequ
I ength of gas dlscqarg %b
- | VAR

wavel engt h consi deration of the
B |
! .
L —_———

[€+rdqis se
en the el ectrodes nor.eover indicates
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WO 93704570 '
How t he converter according to the invention operates in practice wll

easily be conprehended by considering fiog. 4a-c. Fig. 4a and 4b show the
behavi our "of the inductor voltage UL red across the termnals of the

i nductor L. The voltage in the figs. 4a and 4b is referred to an average
peak-to-peak value [err]. In fig. 4a and 4b the total period of the voltage
is.pulse [err], while the transistor conducts in [err]. In fig. 4a the |oad
on the secondary winding [err] is normal, the voltage is low (here [err])
and [err] short (here [err]) due to the energy drain. In fig. 4b the
secondary winding is short-circuited. The voltage increases (here to 1,3
UL) and the sane does t2 because the energy drain has ceased. Fig. 4c shows
a period of the resonant vol tage under different |oad conditions. The

nor mal si nusoi dal behaV|our i s denoted by

\
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WO 93/04570 ) .
[err]. The curve [err] is present when the transfornmer T "steals" 10
energy and the curve F3 when the seco & winding [err] is short-
circui'ted.” The free-running di ode cond all the time in the negative
hal f-cycle, i.e. in the period TD. Watever the load condition, Q conducts
in the period [err]. If the energy is draingd over the transforrrer T, Q
operates in the period [err], as the sys m\ s self- contd\olllng | f the
secondary winding [err] is short- Q conducts in
the period [err], energy is nof[TO forrrer T, and in
t he negative half-cycle the ingye ref
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part of -the energy back to the capacitor [err]. A practical enbodi nent of
t he frequency nodul ated converter according to the invention shall now be
descri'bed ~with reference to fig. 5. Thésg erence nunbers in this figure
is not quite identical to those of the coffespondi ng conponents in fig. 2
and 3, which show somewhat nore fundanental .enbodi nents of the converter
aceording to the invention. As can be seen in fig. 5 a rectifier bridge B2
delivers DC voltage froman AC source, anfCt 'ngoltage is snoothed in the
capacitors [err] and [err]. .-Via the diodd [ ]Ya pul se generator circuit
whi ch in the enbodi nrent shown conprﬁses a bistable multivibrator in the
formof a Schmtt. trigger circuit wigh inverted outputs nade up by six
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snDothed by the capacitor C4. In the enbodi Iéenggnpdd?or
circuit -proviTigs g thepapiadementish®6t br at or i ﬂ{ geeiiﬁs&)opaged
and.the diode [err] as well the varrable_resrs ."§uf§ﬁkﬂt

[err]) such that the 1 provided a tuning ,r; ,,,,,
pul se wi dth t Bateie dggﬁ\red val ue via the resrs ’["‘E err] n% [err] and t he
capacitor C5. The output of the gate [eryr] dglivers an qqtg_$qqare-
pul se and controls t he |nputs of the four gateéJﬂﬁﬁﬂmFr gyl pRE
parallel. . '

par al |el and to the control eIectrode of the transrstor Q whrch S used as

a switch. pol ar transr tor .S _us c n is of
course the tﬁﬂﬁsﬁQﬁeﬁ%ﬁ?"tfgﬁg £pare ?quﬁncg weg“%aQ$ é?%é%%e¥rg%%?s or is
used series-parallel resonance, particularly for driving any ohmic

or inductive load, including gas discharge tubes, wherein a
commutating switch in the form of a transistor is provided
connected in series between the negative electrode of a direct
current source and a first terminal of an inductor, wherein a
pulse generator circuit is provided between the voltage source
and the control electrode of the transistor has been provided a
pulse generator circuit and wherein a second terminal of the
inductor is connected to the primary winding of a transformer.

The later yeais haﬁe seen a dramatical reduction in the
physical dimensions of power converters, something which has
been achieved by increasing the operating frequencies. Common
quasi-square pulse converters now approach an operating range
whose upper limit lies about 0.5 MHz. This allows a significant
reductlon in the size of the most important passive power
components such as the magnetic components and the capacitors,
compared to for instance with switches for 20 kHz. However,z
these converters, being for the greater part pulse width
modulated converters, have hlgh switching losses in the power
semiconductors, something which leads to reduced efficency and
hence a need of more cooling, which decreases the

possibilities of a reduction in the physical dimensions of the
converters. '

In order to increase the cabability of power coirrarters to
handle overloads or large load varations, for instance when
used as power supplies for gas discharge tubes, there has been
proposed to monltor or avoid saturation of the sw1tch1ng
transistors by special circuit arrangements, as w;ll be evident

from for instance PCT application NO WO 90/01248 and
GB-PS No. 1 378 465.

- A more effectlve way of converting power at increasingly hlgher
frequenc1es 1s based on the so-called "zero current switching"



11 instead, the control electrode is of course identical to the gate
electrode. Advant ageously the converter accordingTE@.§Qﬁ i nvention may be -
realized with an integral free-running diode, such HAt ?FﬁPW%%?FWﬂﬂﬂﬂmiode
[err] and the second parallel branch in fig. 2 are droppgd.; Wien the

transi stor Q conducts, excitation current is tranBateport d&tb1the I nduct or
L and the primary P in the transforner T and the resonance process is
initiated. The resonance frequency nay be finely tuned over the variable
resi Stance Rp. The secondary w ndi ng [e?r] of the transformer T delivers

voltage and gurLent .t Q;hlE, PALY IR L0t A%, d5PueSEdnbPatBS §pfgt @il 10
i LC-resonant tank connected either in parallel or series, is

used. Such converters are called “resonant converters". The
advantage of using a sine voltage is that losses in the power
semiconductors are dramatically reduced, as the switching
generally takes place at the zero crossing. The disadvantage of
resonant converters is that at a gi&en power level the peak
current is many times greater than that of a pulse width
modulated converter. By using semiconductors with 1owef
resistance in conduction it is however possible to increase the
operating frequencies to above 1 MHz. Thus power densities well
beyond 1 W/cm3 may be attained.

Fcr use in such converters there is now Xnown a freguency
modulated control in the form of ‘an integrated circuit which
may be used in the range beyond 1 MHz, with the designation
LD 405 obtainable from Gennum Corporation, Burlington, Ontario,
" canada. The use of this control cifcuit in a frequency
modulated converter is described in a LD 405 application note
from Gennum Corporation with the title "Using LD 405 in a 125 W
- resonant mode power supply*. To this end the same corporation
has introduced a resonant ci:cuit of which the embodiment in
principle is shown in the appended Fig. 1. The circuit
comprises an.inductance'L,-a capacitance C, a resistance R and
a load Ry,. Before the inductance L a commutating switch s, for
instance in the form of a transistor, has been provided. Its
purpose is to supply direct current from a source V to a
series resonant tank LC. The resistance of the load Rz, drains
current from the tank. As soon as the resonant process has been
terminated, the switch S opens and the power conversion from
'the source S to the load Ry, is interrupted. After a given
period of tiie the switch S again closes and the. process is
repeated. The commutation frequency may be changed such that
the average powér dissipated in the load Ry, is changed.

In a practical'émbodiment a resonant converter of this type
- works with two commutating switches each of which handle a
respective period of the resonant cycle. The switches are based
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connection with fig. 2. In fig. 5 there is furthergproyided athird
sécondary winding S3 in the transfornmer T. It is udeds iBciheireplasamient shiet

i oni zation voltage of the load if the latter is a gas dischajge tube in
order to'provide safer ignition at extrenely |ow t s atiy géq?_s its first
termnal is connected with the el ectrodes of the gas discharbe tube and its
second termnal is led to the ground as shown. The transforner T.is in a
practical enbodi nent realized as E- core transforners, as shown in detai

in figure 6. For high frequency purposes® i.e. i the Miz range, the cores
and wi ndi ngs_na, er%lqia o dNal | he, for o LepLite. styips wth a
dielectric fiT nﬁx%%dﬂt e vé"n' |°Jn s‘gg%gg%%% ?hl(?ri’eoﬁ.g;aﬁ%\?\g‘\g/ééra'% %‘E’?Eof’é

t ransf or mer s2 USBPFFE Hesh Staag: ThdIFuERYHORSa%e §f the shoMnequency of
30-100 kHz, skbbdimdhtOvisa based on Schottky rectifier diodes. :

However, with this priér art embodiment of the resonant
converter it is difficult wholly to avoid harmonics in the
resonant voltage and it is also difficult to symmetrisize the
half cycles such that they get the same energy content.
Finally it will still be substantial losses in the power
switches and the Schottky output diodes. Beyond this RC
networks have been provided RC networks across the power
switches in order to dampen voltage transients and these
damping circuits lead to additional losses. Hence the

~efficiency is reduced by at least 25% and even if an ocutput
stage without rectifying diodes is used, the loss will be
around 16%. ' .

Géneraily it can be said of converters as discussed above and
prior art devices of the same type that the capacitor is
connected in direct parallel with the inductor and the switch
in series with the voltage supply. In addition the load will
steal energy from the resonant circuit which also may be made
as a transformer. These prior art devices are generally -
difficult to compute and realize due to the limitation in the
energy content of the resonance. If too much energy is drained
from -the LC circuit, the frequehcy changes and it is necessary
with complicated electronic control means in order to control
the switching of the commutating switches such that the
resonant state of the circuit is maintained. If overload arises
in such circuits, the current of the switch of theltransistor
increases uncontrollably and if the transistors are
disconnected, this may lead to transients which incur
irrepearable damage to the converter. The problem is that the
control means which is to protect the transistor, does not work
in real time and hence the transistor, i.e. the switch, is
‘exposed to non-normal loads. As already mentioned the
substantial losses are still present, such that the efficiency
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very conpact construction. Further, as shown in theTiqgtedhdPépiaddmértSheet

t Ke i1 nduct or

Lis integrated with the primary winding P of the transforner

T. The secondary winding [err], which is connected to the rxgigéjer bri dge
g ‘

[err],

i ¢ di mensi oned such that a direct voltage i sD@¢ain

t he

rectifier ¢iodes [err] in the bridge [err] the voltage being | ower than the
vol tage across [err] and [err] i'n normal operation. The resistors [err]
[err] then constitute a voltage divider against the capacitor C20, which is

12 val ue which determines th® desired period of time before the

given a

of the converter does not attain more than about 84% without

" the use of a rectified output.

The object of the present invention is to provide a resonant

" circuit without the above-mentioned and other disadvantages.

This is achieved according to the invention in that the
frecuency madnlated converter comprises a first resonant
capacitor and a rectifier diode provided respectively in a
first and a second parallel branch between the charge emitting
and the charge receiving electrode of'the transistor

respectively, a second resonant capacitor is provided across

the electrode of the voltage source and connected in series

with the inductor via the diode; the transformer, inductor and

the capacitors providing a RCL rescnator operating in series-

parallel to the transistor and with a quality factor determined

by the relation between the inductor voltage or the capacitor
voltage respectively, and the supply voltage, and that the load

is connected between the terminals of a first secondary winding

in the transformer, such that the load is connected in series

with the inductor. Further features and advantages are evident

from.the appended dependent claims. . "

The invention shall now be discussed in greater detail below

"with reference to the appended drawing.

Fig. ‘1 shows as already mentioned, the basic circuit of a

- parallel resonator according to prior art.

Fig. 2 shows the basic circuit of a modulated converter with

series-parallel resonance according to the present invention
and used wisp a cold catode gas discharge tube.

Fig. 3 shows a section of a variant of the converter of fig. 2
used with a hot catode gas discharge tube.

Figs. 4 a-c show respectively the voltage curve measured across
the inductor of the converter at normal load on the output, at

and
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pul se generator circuit and via the diode [err] disconnects the astable

miltivibrator. If the signal on [err] is |low, the pugnsitise odplacementisheet
A3-A6 also go to low. The duration of the disconnection is determ ned by

the tapacitor C20 via the resistors [err] and [errbn_Aftququ tain tine
the input of the inverting anplifier A2 al so goes P8l&iow, hnd its out put
goes to high, such that the nmultivibrator again is trigged. It is, however,
al so possible to realize the safety functions in other ways by neans of
prior art, and the circuit here shown i € i nt ended purely as an exanpl e of

the practical, snbadi et of ohtagueogwéﬁr a%_cg%gwg Le m@r Adbepahion, and
f t y sence., Th

shall .not |im}t the scope q einvention in a e essentia

poi nt of theYRbTRASS &PdsEcGAETRTSRD TPRMITRAOR SEATES Rrhtlqatk copddkanns-

capacitor [err] which in the enbodi nent in
' Fig. 5 shows a practical. embodiment of the fregquency modulated
‘converter according to the invention and applied to driving a

hot cathode gas d%scharge tube.

Fig. 6 shows a practical embodiment of the transformer in
greater detail and as provided in the circuit of Fig. 2.

In fig. 2 a first resonant capacitor C; is provided in parallel
across the charge emitting and the charge receiving electrode
of a transistor Q which operates as a commutéting switch. The

- load Rg is provided in series with an inductor L which is
connected to the transistor Q and the capacitor Cy
respectively. A second resonant capacitor C3 is provided
across the electrode of the voltage source and connected to the
inductor L over a diode Dy, the diode Dy being connected in a
further parallel branch between the charge émitting-and:tﬁe
charge receiving electrode of the transistor Q; Further the
primary winding P of a transformer T is conhected to the - .
inductor L, such that the transformer T, the inductor L and the
‘capacitors C;, C3 provide a RCL-resonator operating in series
parallel to the transistor Q and with a quality factor which as
well known is determined by the relationship between the
inductor voltagé Uy, or the capacitor voltéges-Ucl and Ugs and
the supply voltage U, as well known. The load Rg is connected

. between the terminals of a first secondary winding S; of the
transformer T and hence as mentioned is connected in series
with the inductor L. The dimensioning of the resaonator may
advantageously be done on basis of the apparent power
requirementqlsuch that the resonator or the resonant tank is
dimensioned for an apparent power which is 30% larger than
that which is required at the chosen operating frequency of the
resonator. The transistor Q is controlled at determined
frequency which need not vary. in dependence of the load.

@
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fig. 5is realized as a parallel circuit of nine capacitors [err] (not
shown), only operates as a resonant capacitor duriffs fs MM@QMtehbehe
frequency. The second hal f-period of the resonant frequency used for
refilling the resonant tank, i.e. the inductor [err], {1§’| ed via the
capacitor C3 by the dlscharge of [err]. In this cdbﬁbetlé may be
mentionéd that it is well-known in the art that fly-back oscillators tend
to give asymmetrical frequency behaV|our by energy drawn fromthe resonant -
t ank "bei ng already in the first fl yback®energy such that the next

hal f-cycle celves r ten or that .the trans
shal | . oper at °pera%log“g% Gf% £Qhé%?le %°°ard%ﬁ£ resghaﬁPV%% &Faggrr]
infig. 2 hém!"e bﬁugﬁpﬂ-éééﬁéela Q‘P’E%lt"étaéﬁar'ﬁéed%ﬁﬂfglsttl%’ geégmpntrolled '

hal f - per i od.byThins apprasiinaredséyatd erualsecadpenxtissd itansiatee tonddits,

capaci tor CRurrent flows through the inductor L and the transformer T
such that these are magnetized. The inductor L is made with a
coil and a core, e.g. of ferrite with air gap. When the
*ranSLStor Q has ceased conductlng, the counterinductlon of
the inductor L causes the capacitors C; og C3 to be charged.
The'capacitor C3 has however a capacitance which is far greater
than the capacitance of the capacitor C; and will also be
charged with the opposite polarity. The transformer T is now
fed with current of the'same polarity as the current received
over the transistor Q. When the voltage of the capacitor C;

- rpaches a maximum value, the directicn of the current is

reversed and the capacitor C; discharges against the inductor L
and the transformer T. Thereafter the direction of the current
again is reversed and the inductor L dlscharges the energy of
the diode Dy and the transformer T to the capacitor Cj. The
transistor Q again becomes conducting and the process is
repeated. ' ' '

kN

. . I -
The process may be described as consisting of 4_phaséé. In.
phase 1 the transistor Q is conducting and the current. flows in
the direction Ip through the transformer T. In phase 2 the
transistor has ceased conducting, but due to the fact that the
inductor L works as "tank", current still is floﬁing in the
direction I (fig. 2) through the transformer T, while the
capacitor C; at the same time is discharged due.to the
counterinduction of the inductor L. In phase 3 the
counterinduction from the inductor I. has ceased and the
capacitor C; is discharged such that the current flows to the
capacitor c{ and through the transformer T; in the direction Ip
(fig. 2), while the inductor L is "filled". In phase 4 the
inductor I, then is “emptied" via the diode D2 and the capacitor

C; as well as the transformer T until the transistor Q again
becomes conducting.
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bei ng connected in series with the inductor L viangi D2 and at a .voltage
| evel identical to that of the first half-cycle. Eﬁ'sggﬁP%é?aaF%ﬁEH 'ﬂ?ﬁeﬁg of
t he resonant capacitor C3 and suitable supply voltage U the transforner

will be f'ed the sane amount of energy in both haIDﬁﬁycled!%}ﬂTs, however
provided a symetrisation of the energy in each half-cycle of the
resonance. Together with the use of an air gap in the transfornmer T, this
makes the resonator provide an 13 apgroxinately perfect sinusoidal
voltage without the transforner's primry w nding P being biased by a DC

component. It should be remarkad that the transistor Q may be switched
each time the diode D, conducts and hence also at "“zero"
current and voltage. The negative counterinduction voltage U1,
from the inductor L adds . to the supply voltage U and is
applied over the primary winding P of the transformer T, while
the capacitor Ca is discharged by both U and Up.

Discharging energy from the secondary winding S; to the load Rg
does not take place in the same phase as in the primary

: winding P and hence only a paft of the resonant energy might be
used. This would provide excellent relationship between the
current and the voltage if the converter according to the
invention is used in gas discharge lamps generally.

}As the transistor Q only operates as a refiller of energy which
is fed to the transformer T and due to the phase shift, the
diode D, already will relieve the transistor at the moment it
aéain_is switched on in the above mentioned phase 4. Hence the
converter according to the invention attains a very high
efficiency. The switching losses are completely eliminated, as .
the transistor switches on in the negative phase of the -
resonance when the diocde D, conducts, and when the transistor Q
is disconnected, the voltage supply is taken over by the
capacitor Cj. The transistor Q hence works only with the
voltage which is necessary to maintain the behaviour of the
induction curve in the inductor L. '

If the first secoﬁdary winding S; is short-circuited, the.
impedance of the transformer T decreases to zerc and the phase
shift between the inductor L and the transformer T ceases. All
energy is then used for maintaining the resonance and the
enerqgy consuﬁption of the converter is reduced to "zero". That

is to say that the converter is safe against short-circuiting
in any respect.

If the load Rg on the secondary winding S; is removed, the
impedance of the transformer will increase and the frequency
drop then leads to an increased current consumption because
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By correctly chosen values of the inductance of the inductor L and the

| ipedance of the transformer T as well as correct'ﬂﬂ@ﬁpﬂﬁﬁﬂﬁ values for
the capacitors [err] and [err] and suitable efficiency as t e

|l osses are conpletely elimnated and the transi st Qonly mr;ﬁs mnth a
fraction of the ¢urrent of the circuit due to thegﬁﬂ%se sH{ Pt et ween

current and 'voltage in the inductive conponents. The transistor Q can.in
reality be regarded as$ a voltage switch wich sets the resonance circuit to
zerd in relation to the positive and n@gative cycles of the resonance.

Hence the th@éﬁSA%@ s%wbna;eédixt&erae%%nat%hé LEOSP NG 0:5%9%2{ iy and

mai nt ai ns t e4¥\uﬂl requenc§ %? e current, galnl 1s taken :

i nduct or 0 &NdSan 8 SEEPNY FREHBRIYoHAREEPH S 21*ﬁ5¥ﬁﬁ§ylal§ﬁebe

achi eved bytnanﬁﬁnnmgm aadapphoactéd twidhaiar rggfified hriddee in order to
return a part of the energy to respectively the positive and
'negative electrodes of the voltage source. In this way there is
always a certain minimum impedance in the transformer T. The
resonator will then operate within the given frequency range
and the energy will circulate between the source of the supply
voltage and the secondary winding S; via the rectifier bridge B
as shown in fig. 2.

. By correct voltage dimensioning of the secondary winding S, the
free-running losses may be minimized and it is possible to
provide a detector (not shown) which warns about possible .
faults of the load Rg, for instance a faulty gas discharge
tube, in order to disconnect the pulse generator circuit which
is connected to the control electrode of the transistor Q.

- Hence the tran;istor Q ceacés refilling the.resonétor{

If a hot cathode gas discharge tube is used as load on the
secondary ‘side of the transformer T, this can simply be done
as shown in fig. 3 by connecting the terminals of the secondary
winding S, with- at least one capacitor Cg over the electrodes
Ky, Ky in the gas discharge tube.

As known, gas discharge tubes with hot cathodes must be started
by means of a preheating of the clectrodes in order to achieve
sufficient ionization of the gas in the tube and that a
discharge may take place. This is achieved by the secondary
winding S; and the capacitor Cg being adapted to the resonance
frequency for the transformer T with the cathodes K3, K; in
heated condition. Such an adaption may be determined empiri-
cally or by the heat resistance of the cathode being measured
and added to the impedance. As long as the cathodes K;, K, are
not sufficiently heated, the impedance is too low and the -
greater part of the current from the secondary winding Sp is
used for heating the cathodes. Only when the condition for
resonance is prescnt, the voltage increases to a level which



transforner T to the characterlstlc of the provi ded | oad [err] The air gap
nay hence be used actively for controlling the en d t he i nductor
L and the capacitor Cl. A correct di mensioning ofe@ﬂéi &5h§¥4%Qﬁﬂ€"TS§ﬁﬁtthe
air rgap used may by full short-circuiting of [err] bring tge resonator to

full resonance within the frequency range determ megedy th ?ﬂﬁan5|stor Q
Finally it nust be nmentioned that it will be obvious to a person skilled in

the art that the pul se generator appropri- ately also nay be realized i'n
anot her manner than as an astable nultivibrator, as the latter for instance
may be replaced by a digital frequency synthesizer. Wen using an astable
mul ti- vi bigndcest hbefebectredesy (Whepnthepdisehargs ketweeni then 10- 15% A
digital fraadeeesasynkheskseis establivhetilethi@nygpdcitor C5 no longer

operates as a resonant capacitor, but nevertheless contributes
with a certain glow voltage which keeps the electrodes heated
due to the impedance of the former being low compared with the
frequency. This is moreover an advantage if dimming is used by
reduncing the sumnlv voliaze,
The converter according to the invention may also be used with
a pulsating direct current without smoothing for direct
driving of gas discharge tubes with an power factor cos ¢ up tof
0,95 and without use of phase compensation, as the new European
.. norms require. If:the frequency 60 kHz, the capacitor ¢; is for
instance dimeneioned to 0,005 uF and the capacitor C3 to '
0,22 pF, but at 100 kHz the capacitor C; is selected with
0,003 pF and the capacitor C3 with 0,15 puF. - The wavelength
consideration of the transport of cathode material between the
electrodes moreover .indicates that .a.operating freqdency of 30-

35 kHz is an optimum with the present 1ength of gas discharge
tubes. .

How the converterx according to the invention operates in
practice will easily be comprehended by considering fig. 4a-c.

Fig. 4a and 4b.show the behaviour of the inductor voltage Uy,
measured across the terminals of the inductor L. The voltage in
the figs. 4a and 4b is referred to an average peak-to-peak
value Uy,. In fig. 4a and 4b the total period of the voltage is
pulse t;, while the transistor conducts in ty. In fig. 4a the
load on the secondary winding S7 is normal, the voltage is low
(here 0, GUL) and tj short (here 0,15t;) due to the energy
drain. In f£ig. 4b the secondary winding is short-circuited. The
voltage increases (here to 1,3 Up) and the same does t; pecause
the energy drain has ceased.

Fig. 4c shows a period of the resonant voltage under different
load conditions. The normal sinusoidal behaviour is denoted by
F3. The curve F, is present when the transformer T “steals"
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according to the present invention over a frequenTiis'ignbé réplasémsht stisslhes
fromthe AF domain and to 100 MHz and beyond, while the generated frequency

easily may be controlled over an octave band or nore. The\r‘lL% converter
abl e

may ‘al-so*be used in HF and VHF applications wher eDafgjh, st and

symetricized resonance 14 voltages &% required. Further, it is obvious
that all conponents which are included ip the pul se generator circuit, also
the Schnitt teMeFger 2gdt £-eSPFYe frid ¥&F30 T'nes"t‘f%ﬂ?ﬁréft Yinging§) is short-

advant ageous|cidmmitetegihe cfireerczumiingl diode mondudtest Ad 1f the ueiney igoguart er
accordi ng tc’ﬂé&%tﬂﬁésﬁalfléyéﬁéj(llé;hQn|€§§ period Tp. Whatever the load
condition, Q conducts in the period tg;. If the energy is
drained over the transformer T, Q operates in the period to2.
as the systenm is se;f-controlling. If the secondary winding s,
is short-circuited, the transistor Q conducts in the period
' Tq2, energy is no longer drained to the transformer T, and in
the negative half-cycle the inductor L delivers the greater
part of the energy back -to the capacitor c,. '

A practical. embodiment -of the frequency modulated converter

) g_g_cordi’ng' to the invention shall now be d‘éscri'hed with ,
reference to fig. S. The refevence numbers in this figure is
not quite identical to those of the corresponding components in
£ig. 2 and 3, which. show somewhat more fiundaméntal embodiments _
of the converter according to the invention. '

As can be Seen:iﬁ fig. 5, a recéifie_x: bridge By delivérs DC.
voltage from an '_A.c source, and this voltage is smoothed in the
capacitors C, and C3. Via the diode Dys a pulse generator.
circuit which in the embodiment shown comprises a bistable
multivibrator in the form of a Schmitt. trigger circuit with

"inverted ottputs made up by six gates A;~A;. The voltage of the
pulse..generatdr circuit is regulated by the ‘zZener diode Z. and .
smocthed by the capacitor C4. In'the embodiment shown the pulse
generator cirecuit provides an astable multivibrator circuit .

. over the resistor Rg and the diode D; as well the variable
resistance R, (shown as resistor Rg) such that there is
‘provided a tuning of the basis frequency and pulse width to the -
des_ire& value via the resistors Rg and Rg and the capacitor Cs.
The output ot the gate A; delivers an approximate square pulse
and controls the inputs of the four gates Az-Ag in approximate
parallel. The respective outputs of the same gates are also

~ connected in parallel and to the control electrode of the
transistor Q which is used as a switch. If a common bipolar
transistor is used, the control input is of course the bgsis of
the transistor, but if a MOS field effect transistor is used



is limted to losses in the transforner, the pul se"g‘enerator circuit, the

energy di ssipation in the resonant inductor and i nThigeisrthetrepiacement gggetat
the input. The total [osses may thus be kept to St or |ess, such that

the practical embodi ment of the converter accor di ng ao th&‘ﬂ tion
achieves an efficiency in the order of 97% NT CLA

Frequency-nodul ated converter with series paraIIeI resonance, partlcularly

for driving any ohmc or i nducti ve | oad [err] i ncl udi ng gas di scharge
t ubes, wherel n a comutating :

instead, the control electrode is of course identical to the
gate electrode. Advantageously the converter according to the
invention may be realized with an integral free-running diode,

such that the rectifier diode D, and the second parallel branch
in fig. 2 are dropped.

When the transistor Q conducts, excitation current is'traﬁsf

ported to the inductor L and the primary P in the transformer
T and the resonance process is initiated. The resonance .
frequency may be finely tuned over the variable resistance Rp-

The secondary winding S; of the transformer T delivers voltage
and current to the provided load as discussed in more detail in
. connection with £ig. 2. In fig. S there is further provided a
third secondary winding S; in the transformer T. It is used for
increasing the ionization voltage of the load if the latter is:
a gas discharge tube in order to provide safer ignition at
extremely low temperatures, as 1ts first terminal is connected
with the electrodes of the gas dlscharge tube and its second
terminal is led to the ground as shown. | |

The transformer T is in a practical embodiment realized as E-

core transformers, as shown in detail in figure 6. For high

o frequency purposes, i.e. i the MHz range, the cores and
windings may be made for instance in the form of ferrite strlps
with' a dielectric film and the windings deposited thereon.
However, the E-~core transformers used in non-conventional
applications, e.g. for a frequency of 30-100 kHz, still allow a
very compact construction:. Further, as shown in the embodiment

in flg. S, the inductor L is integrated with the primary
winding P of the transformer T.

The secondary winding S,, which is connected to the rectifier
bridge B;, is dimensioned such that a direct voltage is
‘obtained over the rectifier diodes D7-D10 in the bridge B; the
voltage being lower than the voltage across C; and C3 in
normal operation. The resistors Rjg and Rj;j then constitute a
voltage divider against the capacitor Cjn, which is given a



~

swtch (Q in the formof a transistor is provided connected in series
bét ween the negative el ectrode of a direct current Sthis isethanplacemest sheet
term nal of an inductor (L), wherein a pulse generator circuit, between the
current source and control electrode of the transi stgr' (Q iz |prdvi ded and
wherein the second ‘termi nal of the inductor (L) is fected to a primry
winding (P) of a transfornmer (T), characterized in that the frequency
nodul at ed converter conprises a first F sonance capacitor [err] and a
rectifier diode respectively provided I"fi a first and second parallel branch
respect i vel yahed waeted e tehangeserhs tddi Al gete 0ahar gei s Miserade gl ect r ode
of the-tran5|ftor %’% : secoréd. esonance t@&p@(:lbt Qr Erovs_l_, ded across the
el ectrodes Bt The? '%qgé'f&ﬁrgé af 'cdﬁhp ed PR sg.i%% iﬁqquFﬁetPﬁductor
(L) via theagitapele (mtivihratognsibrpte gignal on A3 is low, the outputs

of the gates A3-Ag also go to low. The duration of the

disconnection is determined by the capacitor Cyg via the

resistors R7 and Rg. After a certain time the input of the

inverting amplifier A, also goes to low, and its output goes to

high, such that the multivibrator again is trigged. It is,

_however, also possible to realize the safety functions in other

"ways by means of prior art, and the circuit here shown is

intended purely as an example of the. practical embodiment of

the converter according to the invention, and shall not limit

the scope of the invention in any sence.

The essentizl) point of the converter according to the invention
is that the resonant capacitor C; which in the embodiment in
f§g. 5 is realized as .a parallel circuit of nine capacitors
Cs5a~Chnm (not shown), only operates as a resonant capacitor
during a half~period of the frequency. The secoﬁd half-period
of the resonant fréquency used for refilling the resonant tank,
i.e. the inductor L, is provided via the capacitor C; by the
discharge of C;. In this connection it may be mgntione& that it
is well-known in the art that fly-back oscillators tend to
give asymmetrical frequency behaviour by energy drawn from the
resonant tank being already in the first flyback energy such
that -the next half-cycle receives a lower energy content. In
order that the transformer T shall operate as a symmetrically
working 1oad,'the.resonant capacitor C; in fig. 2 hence must .
receive a greater charge during the second half-period. This is
achieved by the already existing charge in the capacitor C;
beihg connected in series with the inductor L via diode D, and
at a voltage level identical to that of the first half-cycle.
By correct dimensioning of the resonant capacitor C3 and
suitable supply voltage U the transformer will be fed the same
amount of energy in both half-cycles. In is, however, provided
a symmetrisation of the energy in each half-cycle of the
resonance. Together with the use of an air gap in the
transformer T, this makes the resonator provide an



hY

the inductor .(L) and the capacitors [err] constituting a RCL resonat or

operating in series-parallel to the transistor anghiiishh@ réplateérhint sitded’
determ ned by the relationship between the inductor voltage Le r] or the

capacitor voltage [err] and [err] respectively and the SUR%
and that the load (RG is connected between the tPgiinals

a first

secondary winding [err] in-the transfornmer (T), such that the |load [err]
connected in series with the inductor (L). 2. Frequency- nodul at ed

converter according to claiml1,

°lv'oltage (Y,

'S

charact®¥ized in that as the transistor (Q

a MOS-field effect, transistor with internal free running diode is provided,
wher eby t he FRREPFIACHYoBETERLST FHUFRIRACYRYTHIT 1LY £heh i s

el'i m nat ed.

Brans formuard e primduy av bl iogn Pebeéngabizseld thy tao Dangompohére: .

By correctly chosen values of the inductanée of the inductor L
and the impedance_of the transformer T as well as correct
capacitance values for the capacitors C; and C3 and suitable
gzl woli=ze UL 2L is pogsivde do achieve a verv high
efficiency as the switching losses are completely eliminated
and the transistor Q only works with a fraction of the current
of the circuit due to the phase shift between current and

voltage in the inductive components. The transistor Q can in -

reality be regarded as a voltage switch wich sets the resonance

circuit to zero in relation to the positive and negative cycles

.of the resonance. Henca the transistor eliminates the

= aess

resonator's tendency to relaxation and. maintains the given
frequency, while current mainly is taken up by the inductor L
when the transistor Q is not conducting. This may also be
achieved by individual adaption of the air gap used in the
transformer T to the characteristic of the provided load Rg.
The air gap may hence. be used actively for controlling the
energy drain -of the inductor L and the capacitor Cj;. A correct

dimensioning of the transformer T and the air gap used may by

full short-circuiting of S; bring the resonator to full

resonance within the frequency range determined by the
transistor Q. '

Finally it must be mentioned that it will be obvious to a
person skilled in the art that the pulse generator appropri-
ately also may be realized in another manner than as an astable
multivibrator, as the latter for instance may be replaced by a
digital frequency synthesizer. When using an astable multi-
vibrator, tﬂe frequency will only be controllable within 10-
15%. A digital frequency synthesizer may drive the converter
according to the present invention over a frequency range which
stretches from the AF domain and to 100 MHz and beyond, while
the generated frequency easily may be controlled over an octave
band or more. Then the converter may also be used in HF and
VHF applications where high, stable and symmetricized resonance
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precedi ng clains, characterized in that the pul se generator circuit

conprises an astable nultivibrator. 16 4. Frequqﬂﬁy n@PULa ed converter
according to claim1 or 2, characterized in that the-plﬂ @ TeRIREPENEHT sheet
circuits ‘conprises a digital frequency synthesizor. 5. '
Frequency-npdul at ed converter according to any of ihﬁemrecéq34§'Elains,
characterized in that the inpedance of the quality factor of the resonator

at nomnal load [err]. 6.  Frequency-nodul ated converter according to
claimb5, characterized in that the | 04 (RG is balanced with a

voltages are regquired. Further, it is okvious that all
components which are included in the pulse generator circuit,'
also the Schmitt trigger gates Aj-Ag and also the transistor Q,
may advantageously be integrated on a single chip. With the
" frequency converter according to the present invention the loss
is 1imi§ed to losses in the transformer, the pulse generator
circuit, the eneréy dissipation in the resonant inductor and in
the rectifier bridge at the input. The total losses may thus be
Xept to 5% or less, such that in the practical embodiment of
the converter according to the invention achieves an efficiency
in the order of 97%.
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corrpen'sati ng load if the instantaneous value of the load (RG is |less than
the nomnal load. 7. Frequency-nodul ated converter according to claimg,

characterized in that for balancing the |oad [err] ZThiscistthereplagemgagkshest,
is provided between the termnals of a secondary winding [err] of the

transforner, the rectifier bridge [err] being conneg)te% bef At he
el ectrodes of the voltage source such that the inpe Afte of 't he primary

wi nding (P) of the transformer (T) lies below a given maxi mum val ue. 8.
Frequency- nodul at ed converter accordi ngt®?o any of the preceding clains,
characterized in that e capacitor [err] limts the voltage of the

counteri nducgfﬁ'w’fp&q?é"‘ enerated by the inductor (L) over the transistor
(Q. 9. Frequency-nodul ated converter according to any of the '

1. Frequency-modulated converter with series parallel
resonance, particularly for driving any ohmic or inductive load
(Rg) , including gas discharge tubes, wherein a commutatinq
switch (Q) in the form of a transistor is provided connected in
series between the negative electrode of a direct current’
source and a first terminal of an inductor (L), wherein a pulse
generator circuit between the current source and control
electrode of the transistor (Q) is provided and wherein the
‘second terminal of the inductor (L) is connected to a primary
winding (P) of a transformer (T), characterized in that the

- frequency modulated converter comprises a first resonance

,capacitor (C;) and 2 rectifiar dicde respectively provided in a
f£irst and second parallel'branch respectively between the
charge emitting and the charge receiving electrode of the
transistor (Q), a second resonance capacitor provided across
the electrodes of the voltage source and connected in series
with the inductor (L) via the diode (D3); the transformer (T),
the inductor (L) and the.cépacitors (c, C3) constitugipg a RCL
resonator operating in series-parallel to the transistor and
with a quality factor determined by the relationship between
the inductor voltage (UL) or the capacitor voltage (Ugp; and
Uec3) respectively and the supply voltage (U), ‘and that the load
{Rg) is connected between the terminals of a_first secondary
winding (S;) in the transformer (T), such that the load (Rg) is
connected in series with the inductor (L).

2. Frequency-modulated converter according to claim 1,
characterized in that as the transistor (Q) a MOS-field effect
transistor with internal free running diode is provided,
whereby the ‘rectifier diode (D2) in the second parallel branch
is eliminatéd.

3. ‘Frequency-modulated converter according to any of the
preceding claims, characterized in that the pulse generator
circuit comprises an astable multivibrator.

____‘____,__————————/.

.
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preceding clainms, characterized in that the capacitor (C3) has a
cdpaci tance which is several tines greater than the Eﬁ@aciﬁance of . t he

capacitor [err] and further is used for snoothing the u'ﬂﬂ 9"9@#6@!@6"1(!&»&'9{
10. Frequency-nodul ated converter according to any of the preceding clains,

characterized in that for driving hot cathode gas diBgfgarge «{&8S] the
termnals of the first secondary winding [err] is connected to a capacitor
[err] via the electrodes [err] of the gas discharge tube, the secondary

17 winding [err] and the capacitor [err}ébeing adapted to the

4. Frequency-modulated converter according to claim 1 or 2,
characterized in that the pulse generator circuits comprises a
digital frequency synthesizor.

5. Frequency-modulated converter according to any of the
preceding claims, characterized in that the impedance of the
sszzndary winding in the transformer (T) is tuned to the

quality factor of the resonator at nominal load (Rg).

6. Frequency-~modulated converter according to claim 5,
characterized in that the load (Rg) is balanced with a
compensating load if the instantaneous value of the load (Rg)
is less than the nominal load.

7. Frequency-modulated converter according to claim 6,
characterized in that for balancing the load (Rg) a rectifier
bridge (B;) is provided between the terminals of a secondary
winding (S;) of the transformer, the rectifier bridge (B4):
being connected between the electrodes of the voltage source
such that the impedance of the primary winding (P) of the
transformer (T) lies below a given maximum value.

8. Frequency-modulated converter according to any of the
preceding claims, characterized in that the capacitor (C,;)
limits the voltage of the counterinduction pulse generated by
the inductor (L) over the transistor (Q).

9. Frequency-modulated converter according to any of the
preceding claims, characterized in that the capacitor (C3;) has
a capacitance which is several times greater than the
capacitance of the capacitor (C;) and further is used for
smoothing the supply voltage (U).

10. Frequency-modulated converter according to any of the
preceding claims, characterized in that for driving hot cathode
gas discharge tubes, the terminals of the first secondary
winding (S;) is connected to a capacitor (Cg) via the
electrodes (K;, Ky) of the gas discharge tube, the secondary

R

- | O
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resonant frequency of the transforner (T) in the heated state of el ectrodes
[etr] 11. Frequency-modul ated converter according tonigligithe téplacement sheet
characterized in that for driving hot cathode gas discharge tubes the

el ectrode operating as the cathode [err] further connect ed E'thr? of the
termnals of. a third secondary winding [err] of theDBl%insfor

AVENDED CLAI'MS [received by the International Bureau on 14 January 1993
(14.01.93); original clains 1,10-anendeg5 ot her ¢l ai ns unchanged (3 pages)]

winding (S;) and the capécitor (Cs) being adapted to the
resonant frequency of the transformer (T) in the heated state
of electrodes (K;, Kp).

11. Frequency-modulated converter according to claim 10,
characterized in that for driving hot cathode gas discharge
tubes the electrode operating as the cathode (K,, sz further
"connected to one of the terminals of a third secondary winding
(S3) of the transformer (T). '

* (4 L M S *
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1. Frequency- nodul ated converter with series parallel resonance,

pafticularly for driving any onmic or inductive |oad [qrr*, I ncl udi ng gas

di scharge tubes, wherein a conutating switch (Q i hhisHe thereplacersent sheet

transi stor is provided connected in series between the negativE el ectrode
I

of a direct,current source and a first termnal of B "..nductt‘?% ), wherein
a pul se generator circuit between tH8 current source and contr el ectrode

of the transistor (Q is provided and wherein the second term nal of the
i nductor (L) is connected to a primary winding (P) of a transforner (T),

characterized in that the frequency nodul ated converter conprises a first
resonance capacitor [err] and a rectifier diode [err] provided in a first

and second parallel branch respectivepyeng 6\&@{}@ he charge emtting and the

charge recei vi ng @t&iGks ayet 14henididRsl BiMau on 14 January 1993 (14.01.93);
original claims 1,10 amended; other claims unchanged (3 pages)]

1. Frequency-modulated converter with series parallel
resonance, particuliarily for driving any oAmlc or inducTive io0ac
(Rg), including gas discharge tubes, wherein a commutating
switch (Q) in the form of a transistor is provided connected in
series between the negative electrode of a direct current
source and a first terminal of an inductor (1), wherein a pulse
generator circuit between the current source and control
electrode of the transistor (Q) is provided and wherein the
second terminal ¢Z the inductor (L) is connected to @ primary
winding (P) of a transformer (T), characterized in that the
frequency modulated converter comprises a first resonance
capacitor (C;) and a rectifier diode (D,) provided in a first
and ‘'second parallel branch respectively between the charge
emitting and the charge receiving electrode. of the transistor
(Q), a second resonance capacitor (C3) provided across the
electrodes of the voltage source and connected in series with
the inductor (L) via the diode (Dz); the transformer (T), the
inductor (L) and the capacitors (C;, C3) constituting a RCL
resonator operating in series-parallel to the transistor and
with a guality factor determined by the';elationship between
the inductor voltage (Up) or the capacitor voltage (Upr; and
ﬁcs) respectively and the supply voltage (U), and that the load
(Rg) is connected bhetween the terminals of a first secondary
winding'(sl) in the transformer (T), such that the load (Rg) is
connected in series with the inductor (L).

2. Frequency-modulated converter according to claim 1,
characterized in that as the transistor (Q) a MOS-~field effect
transistor with internal free running diode is provided,

whereby the rectifier diode (D;) in the second parallel branch
is eliminated.

3. Frequency-modulated converter according to any of the
preceding claims, characterized in that the pulse generator
circuit comprises an astable multivibrator.

I




(Q, a second resonance capaci tor (C3) provided across the electrodes of
t e vol tage source and connected in series with tyg % uctor (L) via the
diode [err]; the transformer (T), the inductor (L) an rﬂ@mge gerr]

constituting a RCL.resonator operating in series- paraIIeI he transi stor
and with a quality factor determ nedigby the rel aDatexshi p %%&m t he

i nductor voltage (UL).or the capacitor voltage [err] and [err] respectively
and the supply voltage (U), and that the load [err] is connected bet ween
the termnals of a first secondary winding [err] in the transfornmer’ (T)
such that tMe | oZdeHErPFYrBSEBiderd SPIVET gsm escvﬁﬁ“l He @it dro¥ L3,
Frequency- npah-aictdriaadel hethac cehiglipulseogeharatdr chandniscconpdisas tehat

as the transe%t Q05 1 ( Q}eggg/ﬁyf'&ﬂ,&gg{z@&i‘ transistor with internal free

runni ng dio I'S provi

5. Frequency-modulated converter according to any of the
precedlng clalms, characterlzea in that the 1mneqance ‘of the
secondary winding 1n the transformer (T) is tuned to the
guality factor of the resonator at nominal load (Rg).

6. Frequency-modulated converter according to clainm 5,
characterized in that the locad (Rg) is balanced with a
compensating load if the instantaneous value of the load {Rg)
is less than the nominal load.

7. Frequency—modulaéed converter according to claim 6,
characterized in that for balancing the load (Rg) a rectifier
bridge (By) is prcvided between the terminals of a secondéry'
winding. (Sz) of the transformer, the rectlfler bridge (B1)
being- connected between the. electrodes of the voltage source
such that the impedance of the prlmary w1nd1ng (P) of the
transformer (T) lies below a given maximum value.-

8. Frequency-modulated converter according to any of the
preceding claims, characterized in that the capacitor (Cj)
~limits the voltage of the_cqunterinduction pulse generated by
the inductor (L) over the transistor (Q).

9. Frequency-modulated converter according to any of the
preceding claims, characterized in that the capacitor (C3) has
a capacitance which is several times greater than the '
capacitance of the capacitor (C;) and further is used for
smoothing thie supply voltage (U). '

i0. Frequency-modﬁlated converter according to any of the

" preceding claims, characterized in that for driving hot cathode
gas discharge tubes, the terminals of the first secondary
winding (S;) is connected to a capacitor (Cg) via the
electrodes (Kj, Kj) of the gas discharge tube, the secondary

. | RO O



V\/néreb'y the rectifier diode (D2) in the second parallel branch is
el Tmnated. 3. Frequency- nodul at ed converter according to any of the

preceding clains, characterized in that the pul semgngrtﬁé%placememttshWt'
conprises an astabl e nmultivibrator. 4. Frequency-nodul ated converter

according to claim1 or 2, characterized in that the pulﬁ ;g‘e\n?rator
circuits conprises a digital frequen@;" synt hesi zoDat&. T
Frequency-modul ated converter according to any of the preceding clains,
characterized in that the inpedance of the secondary winding in the
transforner (ihding t(8R¢dahd the capacitor (Cg) being adapted to the

resonant frequency of the transformer (T) in the heated state
of electrodes (K;, Kj).

11. Frequency-modulated converter according to claim 10,
characterized in that for driving hot cathode gas discharge
'tubés the:electrode operating aé‘thé‘cathodé (Kl}'Kz) furﬁher'
connected to one of the terminals of a third secondary winding
(S3) of the transformer (T).

S | R R



quality factor of the resonator at nomnal |load (RG. 6. .
Frequency- nodul at ed converter according to cl ai nThis is v saplacenient sheet hat
the load [err] is balanced with a conpensating load if the instantaneous
value-of the load [err] is less than the nom nal Ioad.t:l..3

Frequency- nodul ated converter according to cl ai r’r‘z’ét,e‘chai act <=é’rll zed in that
for balancing the load [err] a rectifier bridge [err] is provided between
the termnals of a secondary winding [err] of the transformer, the
rectifier bridge [err] being-connected &t ween the el ectrodes of the
vol t age source such that the inpedance of the primary winding (P) of .the
-transfornmer (T) lies belom/a.Piven maxi num val ue. 8. Frequency- nodul at ed
converter accofSs R R R 22RLQ2TRAL38deLn t hat

t he capacit tege@nance

Abstract

A frequency modulated converter with series-parallel
resonance has a transistor (Q) in a series between the
negative electrode of a direct voltage source and a first
terminal of an inductor (L) the second terminal of which is
connected to the primary winding (P) in a transformer (T).
The converter comprises a first resonance capacitor (C,) and

. a rectifier diode provided respectively in parallel
branches across the charge emitting and the charge
receiving electrode of the transistor (Q). A second
resonant capacitor (C;) is provided across the electrode of
the voltage source and connected in series with the
inductor (L) via the diode (D,). The transformer (T), the
inductor (L) and the capacitors (C,, C;) constitute an RCL
resonator operating in series-parallel to the transistor
(Q). The converter is suitable for driving any ohmic or
inductive load, including gas discharge tubes.

FIGURE 2
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limits the voltage of the counterinduction pul se generated by the inductor
(L) over the transistor (Q. 9. Frequency-nodul ated converter according
tb any of .the preceding claims, characterized in th3bistitdhe agplacerment shdet
has a capacitance which is several tinmes greater than the capacitance of
the capacitor [err] and further is used for snDothiB. t he a EQL% vol t age
(V). 10. Frequency-nodul ated converter according to gﬁ? of x cheding
claims, characterized in that for drivi @hot cathode gas di scharge tubes,
the termnals of the first secondary wnding [err] is connected to a
capacitor [err] via the el ectrodes [err}-__lof 7he gas di scharge tube, the

secondary
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20 winding [err] and the capacitor (C6) being adapted to the r esonant
fr&quency of the transformer (T) in the heated state ctrodes [err]
11. Frequency-nodul ated converter according to claim 'sc 9rr9placemeat| shéwt
that for driving hot cathode gas di scharge tubes the el ectrogelo erating as

the cathode [err] further connected. to one of the teDgtgral S\
secondary wi nding (S3) of the transforg“rs(T)

hird

Fig.3.
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