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CONVERTER

[001] The present invention relates fto a converter, and
more particulariy to a fly-forward converter with an energy

5 recovery snubber.

(0023 The isclated flyback converter topology 1s widely
used for switch mode power supplies (SMPS) due to its low
parts count and simplicity. The basic topology is shown in
10 figure 1. The converter comprises a coupled inducter L,
which has a primary winding La and a secondary winding Lb
for each output. A switch 3, typically a metal oxide
semiconductor field effect transistor (MOSFET), 1is provided
for pericdically connecting the primary winding to an input
15 voltage. The/each secondary winding is connected via a diode

D to an output capacitor C.

[0037 Figure 2 shows typical current waveforms for the
circuit illustrated in figure 1. When switch $ is closed,
20 current flows in the primary winding. This induces a voltage
across the secondary winding which reverse biases the dicde.
Thus, no current flows in the secondary winding and energy
is stored in the primary winding. When switch 8 is opened,
the current in the primary winding drops rapidly, inducing
25 a veoltage across the secondary winding which forward biases
the diode, so that current flows in the secondary winding
until the energy stored in the inductor whilst switch S1 was

closed is transferred.

30 [004] As can be seen from figure 2, there is a commutation
interval immediately after switch § is opened, during which
some current flows in both windings. Whilst this commutation
of current from the primary windling to the secondary winding
takes place, the primary current has to be given an

3% alternative path in which to flow, in order to protect the
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switch.

[005] This alternative path may take the form of a
dissipative snubber. However, such snubbers reduce the power
conversion efficiency. For example, for a 100W design, a
dissipative snubber will reduce power converslon efficilency

by between 1 and 3%,

[006] Alternatively, an energy recovery snubber circuilt may
be provided, which recovers most of the energy back to the
supply for delivery to the load in a subseguent swiitching
cycle. US 4,130,882 describes & circuit which uses an
additional winding coupled to the inductor to achieve this.
However, in this approach, the peak voltage seen by the
switching MOSFET becomes limited to a defined muitiple of the

input veltage (2 x in this case}.

[0071 In addition to the above issues, a further drawback
of the flyback converter is that power is only transferred
to the secondary circuit when the switch 1is open. The
highly disceontinuous waveform leads to high RMS currents in
the outputr capacitor which must supply the full output

current whilst the switch 1s conducting.

[O0&] Figure 3 illustrates a so-called “fly-forward”
converter topology, in which the funcitionality of the flvback
converter topology is combined with that of a forward
converter topelogy. The flyv-forward converter significantly
reduces the current stress in the output capacitor, as

compared with a flyback converter.

[00%] The fly~-forward converter resembles a Fflyback
converter, with the addition of a transformer T. Transformer
T has & primary winding Ta and a seccondary winding Th for

each ocutput. The primary winding Tla of the transformer is
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connected in series with the primary winding La of the
coupled inductaor. The/each secondary winding of the
transformer 1s connected via an additional diocde D, to the

output capacitor C.

[G013] When switch 5 i1s c¢losed, current flows in both
primary windings La and Ta. The wvoltage induced in Th
causes current to flow to the output capacltor when the
switch is closed, whereas the coupled inductor T transfers
energy to the output capacitor when switch S is subsequently

opened, as described above for the flyback converter.

[C011l] Figure 4 shows typical current waveforms for the
circuit illustrated in figure 3. For the purposes of
iliustration, a turns ratic which is not 1/1 is assumed so
that the current through Tib can be distinguished from the
primary current. It can be seen that current flows 1in the
secondary circult whilst the switech 1s both on and off, and
can, with appropriate component selection, be made to flow
continucusly. This lowers the losses and current stress in

the seccondary circult considerably.

[0012] A drawback associated with the fly-forward converter
topology is that the magnetising energy stored in T1 whilst
switch 51 is closed must be dissipated in a snubber, or

recoverad using an additional circuit,

[00131 In the TDK Lambda p-series, an active-clamp power
stage is used to enable energy recovery. However, this is

a relatively high cost solution which reguires 2 power

MOSFETs. In JP8,023,676, a resonant-reset capacitor is used
to recover Tthe magnetising energy stored in T1. However,

some of Lhe energy recovered by the rescnant-reset capacitor
is dissipated when the MOSFET switches on. Moreover, the

resonant~reset capacitor will typically result in a higher
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off-state voltage for the MOSFET, which leads to higher on-

state losses,

[0014] It is an cobject of the present invention te overcome

the problems associated with the pricr art.

(001%) According to the present invention there is provided
a converter for transferring energy from a voltage supply to
ann output, the converter comprising:-

a first inductive component T1 having a primary
winding Tla and & secondary winding 7Tlc, connected to
transfer energy from the woltage supply to the output when
the primary winding is connected o the voltage supply:s

a second inductive compeonent L1 having a primary
winding Lla and a secondary winding Llb connected to stere
energy from the voltage supply when the primary winding is
connected to the wvoltage supply and to transfer the stored
energy to the output when the primary winding is subsequently
digconnected from the veltage supply;

a switch 31 for periodically switching between an on-
state 1in which the primary windings Tla, Lla of the first
and second inductive components are connected to the voltage
supply, and an off-state in which the primary windings are
disconnected from the wvoltage supply:

an energy recovery capacitor Cs connected to provide
a current path between the voltage supply and the primary
windings Tla, Lla such that, during the off-state, energy
associated with demagnetization of the first inductive
component T1 and energy associated with leakage inductance
of the first inductive components Tl is, at least in part,
transferred to and stored in capacitor Cs; and

an energy recovery winding Tlb inductively coupled to
the secondary winding Tlc of the first inductive component
Ti, and electrically connected during the on-state, such that

energy stored in capacitor Cs during the off-~state is, at
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least in part, transferred to the cutput vie winding Tlc

during the on-state.

[0018] Preferably, capacitor (s is connected to provide a
current path between the wvoltage supply and the primary
windings Tla, Lla such that, during the off-state, energy
associated with demagnetization of the first inductive
component T1 and energy assoclated with leakage inductance
of the first and second inductive components T1, L1 is, at

least in part, transferred to and stored in capacitor Cs.

[0017] The two inductive components TL, L1 and the switch 31
form a fly~forward converter. That 1s to =ay, the first
inductive component operates in the manner of a transformer
in a forward converter whilst the second inductive component
operates in the manner of a transformer/coupled inductor in

a fly-bhack converter.

[G018] The energy recovery <capacitor (s and the energy
recovery winding Tlk form an ensrgy recovery snubber which
allows energy asscclated with demagnetization of the first
inductive component T1, leakage inductance asscociated with
the first inductive component T1 and, preferably, energy
associated with leakage inductance of the second inductive

component te be recovered.

[0019] When switch S1 switches from the on+state to the off-
state, current flowing in winding Tla, and preferably winding
Lia, due to these effects passes back to the voltage supply
via capacitor Cs. This has the effect of charging the

capacitor Cs.

[C020] Initially, energy 1s transferred back to the voltage
supply. However, once the voltage V{Cs) across capacitor Cs

exceeds a voltage V(Tlb}, which is the wvoltage across fhe
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energy recovery winding V{Tlk) in the on-state, ensrgy 1s
transferred to the output during the on-state. Capacitor Cs
may be charged over several switching cycles until the

voltage across the capacitor Cs reaches this level.

[00211 TIn this respect, during the on-state, the voltage
V{T1llk} across energy recovery winding Tlb, is determined by
the output voltage o©f the converter V{out) and the fturns
ratio between winding Tib and winding Tlc, according to
V{Tlb} = Vout*Tik/Tlc, where Tlb/Tlc is the number of turns
on Tib divided by the number of turns on Tlc.

[C02Z2] In the on-state, capacitor Cs and winding Tlb are
connected together such that, whilst V(Cs) exceeds V(Tlb),
current will flow in winding Tib. This will, in turn, cause
current to flow in secondary winding Tlc with which it is
inductively coupled. In eaffect, the leakage inductance of
inductively coupled windings Tlb and Tlc forms a resonant
circuit with capacitor Cs during the on-state. This maintains
the voltage across Cs at an approximately fixed voltage of
Vout*T1lh/Tlc. The result 1s an additional current with a
regsonant waveform in winding Tlc during the con=-state. Thus,
energy stored by the capacitor Cs during the off-state is
transferred to the output wvia winding Tic during the on-

state.

[C023] One plate of capacitor Cs may be connected to a
connection polint at any point along winding Lla. Preferably,
the connection point 1s at the opposite end of winding Lla
to the end connected to winding Tia. In this case,
substantially all of the energy associated with the leakage
inductance of L1 may be transferred to the capacitor (s
during the off-state. Alternatively, the connection point may
be located part way along winding Lia. In this case, a

proporticen of the energy associated with the leakage
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inductance of L1 may be transferred to the capacitor Cs
during the off-state. In one embodiment, the connection peint
may ke at the end of winding Lla connected to winding Tla.
In this case, energy associated with the leaskage inductance
of Ll will not be recovered. Capacitor Cs may be connected

to winding Lla by means of a winding tap.

[0024] Preferably, winding Tlb 1s connected to form a

resonant circuit with capacitor Ca in the on-state,

[(0025] Preferably, in the on-state, V{Tlb) = Vout*Tlb/Tlc,
where Tib/Tlc is the number of turns on Tlb divided by the

number of fturns on Tlc.

[0026] Preferably, the voltage V(Cs) across capacitor Cs 1s,
after an initialisation period, substantially constant and

given by

V{Cs) = Vour*T1b/Tlc (4)

where Tibk/Tlc is the number of turns on Tlk divided by the

number of turns on Tlc.

(0027) Preferably, the turns ratio Tibh/Tlc is selected such
that VI(Cs} as determined by eguation (4} is at least
100V + 10%., Preferably, the turns ratio Tib/Tle is selected
such that V{(Cs) as determined by equation (4) 1is up to
150V £ 106%. For a universal input, single-phase power
supply, this range allows for the use of low RdsON super-
junction MOSFETS. For a three phase power supply, the

voltages would be proporticnally higher.

[0028]1 Preferably, the turns ratic Tlb/Tlc is selected such
that VI(Cs) as determined by eguation (4} is at least

1.5*Vout*N, where N 1s the turns ratio Lla/Llbk = Tla/Tlc and
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Vout is the output voltage of the converter for the
respective output. Preferably, the turns ratio TIlb/Tlc is
up to 2.5%Vout*N. This range gives a reasonable compromise
between voltage stress on the MOSFET and operating duty

cycle.

[C029] Preferably, the turns ratio Lla/Llb is substantially

egual toe the turns ratic Tla/Tlc.

[0030] Preferably, the turns ratio Lia/Llb = Tla/Tlc = N is

selected according to

Vout*N/ (V{Cs) ~Vout*N) < (Vin-Veout*N) /{Voul*N) (3

where Vout 1s the output voltage of the converter (for the
respective output), V(Cs) is the voltage across capacitor Cs,

and ¥in is the minimum reguired input voltage.

[0031] Preferably, the inductance of winding Tla is greater
than that of winding Lla. More preferably, the inductance
of winding Tia is at least 5 times greater than that cof
winding Lla. More preferably, the inductance of winding Tla
is at least 10 times greater than that of winding Lla. The
inductance of winding Tla is preferably up to 30 times

greater than the inductance of winding Lla.

[0032] Preferably, winding Tla 1s selected to demagnetise

before winding Lla during the off-state.

[0033] This allews for an additional winding on the second
inductive component for detecting magnetisastion. This in
turn allows for the use of control ICs designed for quasi-

resonant flyback topologies.

[00341 Prefersbly, a rectifier Dl 1s connected between
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capacitor Cs and the voltage supply, oriented to allow
current flow in a direction corresponding to the transfer of
energy from the primary windings Tla and Lia to the capacitor
Cs, and to substantially klock current flow in the opposite

directicn.

[0035] Preferably, a rectifier DBZ 1s connected between
capacitor Cs and winding Tlb, criented to allow current flow
in winding Tlb when the voitage across Cs exceeds the voltage
across winding Tlb, and to substantially block current flow

in the opposite direction.

[0036]1 Preferably, winding Tib and rectifiers D1l and DI are
connected in series, rectifiers D1 and D2 being coriented to
allow current flow such that energy associated with current

flow in winding Tlb during the off-state passes back to the

supply.

[0037] Preferably, winding Tlc is connected to the output
via a rectifier D3, wherein rectifier D3 is oriented to allow
current flow in winding Tlc when the primery winding Tla is
connected to the wvoltage supply, and to substantially block

current flow 1n the opposite direction.

[0038] Further preferably, secondary winding Llk 1s
connacted to the output via a rectifier D4, wherein rectifier
D4 1s oriented to substantially block current flow in winding
Lib when the primary winding Lla 1s connected to the voltage
supply, and to allow current flow in the opposite direction.
Thus, the second inductive component L1 stores energy during
the on-state, which is releases as current flow in the
saecondary winding Llb when the primary winding Lia is

subsequently disconnected from the voliage supply.

[0039] The output preferasbly comprises & common output
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capacitor Cout. The output veoltage Veout of the converter is
preferably the voltage across Cout. Switch 51 is preferably
a MOSPRT.

[0040] The term rectifler refers Lo an electrical devlice
that allows current to flow through it in one direction only.
Preferably, the or each rectifier takes the form of a single
diode. In particular, & synchronous rectifier may be used for

either or both of rectifiers D3 and D4.

(00411 For the avoidance of doubt, when components are
described as connected to a voltage supply, this means that
the wvoltage supply creates a voitage V  or potential
difference between two points  in  the circuit {or,
equivalently, between two rails of the circuit), and the
component {s] are electrically connected between those points
such that the wvoltage V i1s appliied across the component (s)
connected therebetween. Multiple components may be
simulitaneously connected to a veltage supply in series or in
parallel. In the present case, the primary windings Tla, Lla
of the first and second inductive components are preferably

connected to cone ancther in series.

[0042]) Where components are described as connected to other
components, electrical connection should ke assumed, unless
otherwise stated. Components described as connected may be
directly connected together, or additional component(s) may

be connected therebetwesn.

(00431 Tt will be appreciated that the converter may have
multiple outputs. In general, the converter may be configured
for transferring energy from a voltage supply toc n ocutputs,
where n 1ls an integer value greater than or equal to 1. For
at least one of the n outputs, the inductive components TIL,

Ll each comprise a respective secondary winding for supplving
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the respective ocutput. For any further outputs, one or both
of the inductive components T1, L1 sach comprise a respective

secondary winding for supplying the respective output.

[0044] The converter preferably comprises n output
capacitors Cout, Cout?Z, ..., one outpuf capacliior beling

associated with each of the n outputs.

[00453] The present invention will now be described with
reference to the accompanying drawings in which:-

Figure 1 shows a flyback converter topology;

Figure 2 shows typical current waveforms for the
circuit of figure 1 for discontinucus mode operation;

Figure 3 shows a fly-forward converter topology;

Figure 4 shows typlcal current waveforms foxr the
circuit of figure 2;

Figure 5 shows a fly forward converter with an energy
recovery snubber according to a filrst embodiment of the
present invention;

Figure ¢ shows a fly forward converter with an eneragy
recovery snubber according to a second embodiment of the
present invention;

Figure 7 shows a fly forward converter with an energy
recovery snubber according toe a third embodiment of the
present invention;

Figure 8 shows a fly forward converter with an energy
recovery snubber according to a fourth embodiment of the

present invention.

[0046] Components common to the different embodiments are
labelled using the same reference numerals in relation to

each embodiment.

[(0047] I the specification, the neotation A/B means the

{number <f turns of A)/ (number of turns of B}.
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[0048] Figure 5 shows a fly forward converter topology with
an energy recovery snubber according to a first embodiment

of the present invention.

[0049] The fly-forward converter comprises a transformer TI
and a coupled inductor L1, The transformer and the coupled
inductor each have a primary winding Tla, Lla which are
connectead to one ancther in series, A switch 31, typically
a MOSFET, is provided for periodically connecting the series
connected primary windings Tla, Lla betwesen high and low
voltage rails supplied by a dc veoltage supply Vde. In this
respect, tThe supply Vdc supplies an input voltage Vin between
a high veltage rail and a low veltage rail of the circult.
One end of Tla is connected to the high voltage rail, and
its other end is connected to one end of Lla. Switch 351 is
connected between the other end of Lla and the low wvoltage
rail, such that closing the switch completes the cilrcult and
opening the switch breaks the circuit. in this way, the
clrcuit is switched between an on-state in which the primary
windings are connected to the supply and an off-state in
which the primary windings are disconnected from the supply.
It will be appreciated that switch 351 may alternatively be

raeferenced to the other side of the supply.

[0050] Transformer T1 has a secondary winding Tle., One end
of Tic 1s connected to the anode of a first output diocde D3.
The cathode of D3 is connected to a first plate of an output
capacitor Cout. A second plate of Cout is connected to the
other end of Tlc. Winding Tle is oriented relative to the
primary winding Tla and dicde D3 such that the voltage
induced by current flow in Tla when switch 351 1is closed

forward biases diode D3.

[00511 The coupled inductor L1 has a secondary winding Llb.
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One end of Lib is connected fto the ancde of a second ocutput

diode D4. The cathode of D4 is alsc connected to the first
plate of ocutput capacitor Cout. The second plate of Cout is
connected to the second terminal of Llib, Winding Llk 1is

criented relative to the primary winding Lla and dicde D4
such that the wvoltage induced by current flow in Lla when
switch S1 is closed reverse biases diocde D4, and such that
the wvoltage induced when 51 1s subsequently opened forward

biases dicde D4,

[0052] The energy recovery snubber comprises & further
winding T1lb of the transformer T1l, two dicdes D1 and D2, and

a sznubber capacitor (s.

[0053] One plate of the snubber capacltor Cs is connected to
a node in the circult between winding Lla and switch SI.
The other plate of capacitor Cs is connected to the cathode
of dicde DZ and to the ancde of diode DI. The anode of
diode DZ is connected to one end of winding Tib, whose other
end is connected to the low veltage rail supplied by the
voltage supply. The cathode of dicde Dl is connected to the

high wvoltage rail supplied by the woltage supplv.

[0054] Winding Tlb is oriented relative to winding Tle and
diode D3 such that current flow in Tlk causes current flow

in Tlc.

[0052] Operation of the circulit in boundary conduction mode

is described below.

[0056] &Switch 31 is operated with & periodic switching cycle
which contains 2 states. Namely, an on-state (time interval
1) in which 31 is closed (conducting), and an off-state (Lime

interval 2) in which 31 is open (non-conducting).
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Time Interval 1

[0037] During time interval 1, the voltage across winding
Tia is determined by the output voltage Vout and the turns
ratio  between windings Tla and Tile, according to
V{Tla) = (Tla/Tlc}*Vout. Thus, the wvoltage across Tia 1is
substantially constant and proportional to the output voltage
Yout. The voltage across winding Lia is equal to the input
voltage Vin minus the voltage across Tla. As a result, the
magnetising current in Lla ramps up (increases linearly) from

ZeYo.

[0058] The voltage across winding Tlb is determined by the
outpul voltage Vout and the turns ratio between windings Tlbh
and Tlc according to V(Tlk, = {(Tib/Tlg)*Vout. During time
interval 1, 1f the voltage across snubber capacltor Cs is
greater than the wvoltage across winding Tlb, diode D2 will
be forward biased and current will flow in Tib. Ctherwise,
the current in Tlb will be substantially zero. Thus, current
flow in winding Tib will have a rescnant waveform with a
characteristic determined by the leakage inductance between

the transformer windings Tib and Tic, and by capacitor Us.

[0059] bBuring time interval 1, the current in Tlc is
determined by the current fleowing in windings Tla and Tlb,
and will substantially cancel the ampere-turns {current
mulitiplied by the number of turns for the winding) flowing
in these two windings. T1 and L1 are selected such that the
turng ratic Tle/Tia 1is the same as Lib/Lla, whilst the
ampere-turns in Tib is significantly lower than that in Tla.
Thus, the current in Tlc rises as a linear ramp plus a small
sinusoidal current which represents energy recovered from the

snubber capacitor Cs.

[(0060] DBuring time interval 1, the current in Ll is

substantially zerxo.
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[0081)] TIn steady state, capacitor Os ends time interval 1

charged to a voltage of approximately VI{(Cs) = {Tlb/Tlc)*Vout.

Time Interval 2

[0082]1 Time interval 2 can be split into 4 contiguous parts:
2.1, 2.2, 2.3, and Z2.4.

[C083) During time interval 2.1, current commutates from
diode D3 to D4 as follows. S1 switches to the off-state at
the start of time interval 2.1. Due to the energy stored in
the magnetising and ieakage inductances of T1 and L1, current
will dnitially continue to fiow in Tla and Lla. This
current flows back to the supply on the high voltage rail
via the snubber capacitor Cs and diode DI. If the current
in Tik is8 non-zero at the start of time interval 2.1, the
current in this winding will flow back te the supply on the

high wvoltage rail via diodes D2 and DI1.

[0064] During time interval 2.1, current ramps down in diode
03 and simultanecusly ramps up in diode D4 at a finite rate
limited by the leakage inductances cof Tl and Ll. The energy
stored in this inductance is transferred to capacitor Cs

during time interval 2.1.

[0065] If current is still flowing in winding Tlb at the
start of time interval 2.1, this current will alsc ramp down

to zero during this time interval.

[00&6] At the end of time interval 2.1, the current in diocde
DZ 1s zero, and the output is supplied by energy stored in

4

inductor Ll during time interval 1 wvia diode D4.

[(0067] DBuring time interval 2.Z, a small current continues

to flow in Tla. This represents the decayling magnetising
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energy of transformer T1l. T1 demagnetises at a rate
determined by the voltage on capacitor Cs and the reflected
voltage on Lla. Tl is selected to demagnetise before the end
of time interval 2, Dicde D1 remains forward blased whilst

current decays 1in Tia.

[C0&68] During time interval 2.2, L1 demagnetises at a rate
determined by the output voltage Vout (determined by the

turns ratio between Lla and Llb) and the inductance of Llb.

[0069] Time interval 2.2 ends once T1 has demagnetised and
current falls to zero in dicde D1 and it becomes reverse
biased. At this peocint, the snubber capacitor Cs 1s charged
to its maximum veltage, since the energy stored in the
magnetising and leakage inductances of T1 and Lla has
transferred to Us. The energy stored by capacitor Cs i1s
transferred to the leoad during time interval 1, as described

above, rather than being dissipated or passed back to the

supply.

[0070] During time interval 2.3, the only significant
current 1is that flowing in Llb and dicde D4, which flows to
the load. L1 continues to demagnetise. During this time
interval Tla resonates with parasitic capacitances, causing

an insignificant amount of current to flow in Tla and Lla.

[0071]1 L1 isg selected such that the current in Lib will fall
to zero before the end of time interval 2. Time interval

2.3 ends once the current in Llb and dicde D4 falls to zero.

[0072] During time interval 2.4, the voltage across Llb will
start to reverse since there is no longer current flowing in
diode D4, Switch 81 will be re-triggered into the on-state
once the current in Llb falls to =zero and diode D4 1is

reversgse klased. Thils represents the end of Cime interval 2,
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whereupon time interval 1 is repeated.

[0073] Operation of a converter in boundary conductlicon mode
is described above, However, Inducter L1 may be operated in
any of the known operating modes. Namely, continuous mode,
boundary conduction mode (azlso known as critical conduction

mode}, or discontinuocus mode.

[0074] For operation in continucus mode, time interval 2
would be terminated before the current in Llb has fallen to
Zero. For operation in discontinuous mode, a time delay
would exist between the current falling to zero in 1lb an 351

being triggered.

[0075] There follows an explanation of key parameter

selection for a circuit which embodies the present invention.

[0076]1 For the purposes of this explanation, the followlng
assumptions are made:-

- operation in boundary conduction mode

- that the inductance of Tla is significantly greater than
that of Lla

- turns ratio Lla/Lib and Tla/Lic are the sams,
ie Lla/Llb = Tla/Tlc = N

~ the voltage con the snubber capacitor Cs 1s dc

- Tia is selected to demagnetise before Lia so that an
additional winding on L1 may ke used for detection of
maghnetisation. This allows for the use of control ICs

designed for gquasi-resonant flyback topologies.

[00771 Ignoring second-order leakage inductance effects, the

volt-second balance eguations for Lla and Tla give:-

Lia: (Vin~-Vout*N) *Ton = Vout*N*Toff (1)
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Tia: VouL*N*Ton = (Vi{Cs)~-Vout*N) *Toff (29

where Vin is the input voltage, Vout is the output voltage,
N is the turns ratio Lla/Llb = Lla/Llic, Ton 1g the duration
of time interval 1 when switch 31 1s on, Tcoff is time taken
by the respective winding to demagnetise and V(Cs) 1s the

voltage on capacitor Cs.

(go78] In order for Tla to demagnetise first, Toff in

equation 2 must be shorter than that in equation 1. Thus:
Vout*N/ (V{Cs) ~Vout *N) < (Vin~-Vout*N} / {Vout*N) (3

[0072) For ideal waveforms, the peak drain-source voltage

for the MOSFET switch 821 will be Vdo + V(Cs), where Vdo i1s

the input voltage. V{(Cs) depends on the output voltage and

the turns ratio Tib/Tlc = N2, according to:
V{Cs) = NZ*Vout (4)
[00803] {(Cs) will be selected based on the drain-source

voltage of the MOSFET used. For a 650 or 700V MOSFET, it is
desirable to limit V(Cs) to approximately 150V for a nominal

400V voltage supply.

[0081] Given V{Cs}, a value of N can be selected that allows
conditicon {3) to be satisfied at the minimum reguirsd input
voltage Vin., For example, 1f Vout=24V, V(Cs)=150V and N=3,
taking diode on-state voltage into account, Vout*N=75V, then
condition (3) would be satisfied for Vin>150V. For the same
voltages and N=3.5, conditicn (3) would be satisfied for
Vin»210V.

[(0082] A higher wvalue of N will reduce the primary side

current stress, but will also regulre a higher under-voltage
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lockout veltage and higher value input capacitor for a glven
hold-up time. Increasing V{(Cs) allows for operation with a
lower input voltage, but increases the voltage stress on the

MOSEET.

[00831 The final cheoice of N and NZ depends on the ratings
and cost of available MOSFET=. It is considered that, gilven
currently available technology, 650 or 700V MOSFET will allow

for the lowest cost and highest performance to be achieved.

(00841 Once N and N2 are selected, the inductance of Lla can
be determined from the peak primary current Ipk. The output

power Pout ¢an bes determined from Ipk.

Ipk = (Vin-Vout*N)*Ton/Lla {5}

Pout = Vin*Ipk*Ton/ (2+T) (&)

Toff = Tpk*Lla/(Vout*N} {n
where T = Ton + Toff.

[0083] Rearranging equations{b), (6} and (7) and taking

account of efficiency, n, glves:

Pout = n* (Vin-Vout*N}* (Vout*N) *Ton/ (2*L1la) (8)

[0086] From egquation (8}, the value of Lla c¢an be determined

given Ton.

[0087) Provided that the magnetising inductance of Ti>>Lla,
the inductance of 71 can be freely chosen. A lower wvalue
will result in higher values of circulating VA (volt-ampere).
A small gap that stabilises the inductance of T1 1is
preferred. A lower value of magnetising inductance for Tl

will increase the ripple voltage on Cs.
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[0088] Cs may be selected according to various criteria.
Preferably, however, the energy recovered from Cs via winding
Tib 1s recovered rescnantly at higher power levels. To
achieve this, Cs is selected so that the resonant frequency
cf the leakage inductance between Tlb and Tlc and Cs has a
half-period less fthan Ton at higher power levels. In this
case, the current in Tlk falls to zero before the end of the
MOSFET on-time and does not contribute to MOSFET turn-off
losses, If T1 has a wvery high leakage inductance, 1t may
not be possible for the resonant frequency to have a half-
pariod less than Ton, without s being too small and having
a high ripple voltage. In this case, the wvalue of Cs would
be increased and additional turn-off losses in the MOSFET

would need to be allowed for.

[0089] Equation {B) also shows that the output power Pout is
proportional to Ton in boundary conduction mode. At light
load operation, 1t would be necessary to limit the maximum

frequency of operation, and operate in discontinucus mode,

[0020] Figure & shows a fly forward converter with an energy
recovery snubber according tc a second embodiment of the
present invention. The converter i1s similar to the converter
shown in figure 5, except that dicde D2 is replaced by a
synchronous MOSFET rectifier. The MOSFET rectifler comprises
a MOSFET switch 32 and a diode D7, which may be the
parasitic dicde of the MOSFET.

[0021) As in the first embodiment, one plate of the snubber
capacitor Cs 1s connected te a node in the circuit between
winding Lla and switch 31, The other plate of capacitor Cs
is connected to one end of winding Tib. The other end of
Tib 1s connected to the drain of MOSFET switch 82, whilst
the source of 82 is connected to the low voltage rail.

Diode D7 1s connected 1in parallel with the MOSFET switch,
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which its ancde connected to the low voltage rail.

[00%22]1 The synchronous MOSFET rectifier performs an
equivalent role Lo dicode D2 in the first embodiment. Thus,
operation of the converter is substantially identical to that

of the first embodiment.

[0093] Switch 52 may be switched synchroncusly with swiltch
81. This arrangement would reduce the conduction losses in

D7,

[0094) Other aspects of the second embodiment are as

described in relation to the first embodiment.

[0095] Figure 7 shows a multiple output versilon of the fly
forward converter according to a third embodiment of the
present invention. The converter is similar to the converter
shown in filigure 5, except that the transformer Tl and the
coupled inductor L1 each comprise an additional secondary
winding Tild, Llc inductively coupled to tfhe respective
primary windings Tla, Lla, for supplyving a second output

repregented in figure 7 by Load?Z.

[G0%6] TIn this respect, one end of winding Tld is ceonnected

to the anode of an output dicde D5. The cathode of D5 1s
connected to a first plate of a second outpul capacitor
Cout?. A second plate of CoutZ is connected to the other

end of Tid. Winding Tid is criented relative to the primary
winding Tla and diode D5 such that the voltage induced by
current flow in Tla when switch 51 is closed forward biases

diode D5.

[00%7] One end of winding Llc is connected Lo the anode of
an cutput dicde D6. The cathode of D6 is also connected to

the first plate cof the szecond output capacltor CoutZ. The
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second plate of Cout? is connected to the second terminal of
Lic, Winding Llc is oriented relative t¢o the primary winding
Lia and diode D& such that the voltage induced by current
flow in Lla when switch 81 is closed reverse biases diode
D6, and such that the voltage induced when 81 is subsequently

opened forward biases diode Dé.

[0098] If the lecad assoclated with the second output Load2
is small {(determined by the ripple current rating of Coutl),
then either Tid and D5, or Llc and D6 could be omitted, and
the circuit will still operate. Although a minimum load may

be required on the first cutput to maintain good regulation.

(0098) It will be appreciated that additional outputs may be
provided in a simllar manner, within the scope of the present

invention.

[00100] Other aspects of the third embodiment are as

described in relation to the first or second embodiments.

[00101) Figure 8 shows a fly forward converter with an
energy recovery snubber according to a fourth embodiment of

the present invention.

[00102] Capacitor Cs 1s connected to a winding tap
located part way along winding Lla. Most of the energy
assoclated with leakage inductance of L1 may be captured by
tapping Lia in this way. The winding tap may be located at

any peint along winding Lla, including each end.

[00103] Other aspects of the fourth embodiment are as
described in relation to the first, second or third
embodiments.

[00104] In all embodiments, the output diocdes D3, 24, D5
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and D6 are described as connected in  a particular
orientation. Tt will be appreciated that for negative

outputs, the orientation of the diocdes would be reversed.

5 [00105] In all embodiments, winding Tib could be
connected to capacitor Cs at any time during the on-state,
for example, by means of a further switch. This would
enable controcl or modulation of the voltage on Cs, or control
of the conduction interval for current in Cs during the on-

10 state.
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CLAIMS
1. A converter for transferring energy from a wvoltage
supply to one or more outputs, the converter comprising:-

a first inductive component T1 having a primary
winding Tla and at least one seccondary winding Tlc, the
secondary winding Tlc belng connected to transfer energy from
the voltage supply to a respective output when the primary
winding is connected to the voltage supply:

a second inductive component L1 having a primary
winding Lla and at least one secondary winding Lib, the
secondary winding Llb being connected to store energy from
the wvoltage supply when the primary winding is connected to
the wvoltage supply and to transfer the stored energy to a
respective cutput when the primary winding is subsequently
disconnected from the wvoltage supply:

a switch 51 for periodically switching between an on-
state in which the primary windings Tla, Lla of the first
and second inductive components are connected to the voltage
supply, and an off-state in which the primary windings are
disconnected from Lhe voltage supplys

an energy recovery capacitor Cs connected to provide
a current path between the wvoltage supply and the primary
windings Tla, Lla such that, during the off-state, energy
associlated with demagnetization of the first inductive
component TL and energy assoclated with leakage inductance
of the first inductive component Tl is, at least in part,
transferred to and stored in capacitor Cs; and

an energy recovery winding Tlk inductively coupled to
the secondary winding Tlc of the first inductive component
Ti, and electrically connected to capacitor Cs during the on-
state, such that energy stored in capacitor s during the
off-state is, at least in part, transferred to the cutput via

winding Tlc during the on-state.

Z. A converter as claimed in c¢laim 1 wherein capacitor
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Cs is connected to provide a current path between the voltage
supply and the primary windings Tla, Lla such that, during
the off-state, energy assoclated with demagnetization of the
first inductive component Tl and energy associated with
leakage inductance of the first and second inductive
components Ti, L1 is, at least in part, transferred to and

stored in capacitor Ca.

3. A converter as claimed in claim 1 or claim 2 wherein
one plate of capacitor Cs is connected to a connection point

located anywhere along winding Lla.

4. A converter as clailmed in any preceding claim wherelin
energy stored in capacitor Cs during the cff-state is, at
least in part, transferred to the cutput via winding Tlc
during the on-state, when voltage V{ls) across capacitor Cs

exceeds voltage V(Tlb) across winding Tib.

5, A converter as claimed in any preceding claim
wherein, in the on-state, VI{Tib} = Vout*Tlk/Tlc, where
Tip/Tle is the number of turns on Tib divided by the number

of turns on Tlc.

e, & converter as claimed in any preceding claim wherein
the wvoltage V(Csz} agcross capaclitor Cs  1s, after an

initialisation pericd, substantially constant and given by

V{Cs) = Vout*Tlbh/Tlc {49

where Tib/Tlc is the number of turns on Tlb divided by the

nunber of turns on Tic.

7. A converter as claimed in clalm 6 wherein the furns
ratio Tlb/Tic is selected such that V(Cs) as determined by

eguation (4) 1s in the range 100-150V.
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g. A converter as claimed in any preceding claim wherein
the turns ratio Lla/Llb is substantially equal to the turns

ratio Tla/Tlc.

9. A converter as clzimed in claim 8 wherein the turns

ratio Lla/Lib = Tla/Tlc = N is selected according to

Vout*N/ (V{Cs) -Vout*N) < (Vin-Vout*MN) / {Vout*N) (3

where Vout is the output voltage of the converter, Vi{ls} 1s
the voltage across capacitor Cs, and Vin is the minimum

reguired input voltage.

i0. A converter as claimed in any preceding claim wherein
the inductance of winding Tla is greater than that of winding

Lia.

11, A converter as claimed in any preceding clalm wherein
winding Tla is selected to demagnetise before winding Lla

during the off-state.

1z, A converter as claimed in any preceding claim wherein
a rectifier Dl is connected between capacitor Cs and cone raill
of the voltage supply, oriented to allow current flow in a
direction corresponding to the transfer of energy from the

rimary windings Tla and Lla to the capacitor Us, and to

substantially block current flow in tThe opposite direction.

13. A converter as claimed in any preceding claim wherein
a rectifier DZ is connected between capacitor Cs and winding
Tib, c¢riented to allow current flow in winding Tlbh whean the
voltage across Us exceeds the veoltage across winding Tlh, and
to substantially block current flow in  the opposite

direction.
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14. A converter as c¢laimed in c¢laim 12 or 13 wherein
winding Tib and rectifiers DI and D2 are connected in series,
rectifiers Dl and D2 bkeing ocriented to allow current flow
such that energy associated with current flow in winding Tlb

during the cff-state passes back to the supply.

i5. A converter as claimed in any preceding clalm wherein
the or each secondary winding Tlc 1s connected to the
respective output via a respective rectifier D3, wherein the
or each rectifier D3 is oriented to allow current flow in
winding Tl¢ when the primary winding Tla is connected to the
voltage supply, and to substantially block current flow in

the opposite direction.

16. A converter as claimed in any preceding clalm wherein
the or each secondary winding Lib is connected to the
respective output via a respective rectifiier D4, wherein the
or each rectifier D4 1is oriented to substantially block
current flow in winding Llbk when the primary winding Lla is
connected to the wvoltage supply, and to allow current flow

in the cpposite direction.

17. A converter as claimed in any preceding claim whereiln

the or each ocutput comprises a common output capacitor Cout.

ig, A converter as claimed in any preceding c¢laim wherein

switch S1 is a MOSFET.

19, A converter as claimed in any preceding claim wherein
winding Tlb and capacitor (s are connected such that they

form a resonant circuit in the on-state.

20, A converter for transferring energy from a voltage
supply o one or more cutputs, substantially as hereinbefore
described, with reference to the accompanving drawings in

figures 5-8.
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ARSTRACT

T

A gonverter for transferring energy from a voeltage supply to an
output Includes transformer T1, coupled inductor LI, switch S
snergy recovery capacitor €, and energy recovery windlng T3
transformesx Wl, a secondary winding Tic
the ocutput when a primar
Lag suppiv. In inductor L, & dary winding L1k
tores  ensrgy  from the supply when a primary winding Lla is

connected to the supply, and transfers that energy Lo the output

when the primary winding 1s disconnected from the supply. Switch
e Lween an on-state in which windings Tiz, Lla ars
ke supply, and an off-state in which the windings

o

e disconnected from the supply. Capacitor Cs provides

path between the supply ﬁd Wi Ddlud% Tia, Lla such
e ,3 assoclated with demagnstization

naferred to and
d to
such

sformer Ti is
apacitor Csg. Windlng Tl is=s
and conrt 1 to Gapacitor
that energy stored in capacitor Oz is
via winding Tic,

‘Fig 5]
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