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AC- DC PONER SUPPLY BACKGROUND TO THE I NVENTION This invention relates to an
AC- DC power supply and, in particular, although not necessarily solely, to
a power supply that is suited to provide the necessary DC supply for an .
el ectrolysisvwgbjamgt for the electrolysis of water to |i beepNgssdvgrisogen
and oxygen gas. However, generally the invention is suited to any

particul ar application where an AC nai ns supply is avail able but a DC
supply is required. The full wave rectificafli-on of a nulti-phase AC power
supply to produce a pseudo DC out put 1S CO nown. For a 240V, 50Hz
singl e phase mains power supply, tH# AR = Bge produced by a full
wave (H-bridge rectifier) is 216 V. However | oads requiring a DC power
supply typically require nuch | ower vol tages For electrolysis cell units
such as the appli gAtKGROURPFOTHE INVENTIORNE ator, a DC voltage in the order
of 33 Vis required. In order to accommobdate this requirenent, it has
conventionally been the case that the AC mains supply is transforned to an

appropriate | ower |evel before
This invention relates to an AC-DC power supply and, in particular,

although not necessarily solely, to a power supply that is suited to provide the
necessary DC supply for an electrolysis cell unit for the electrolysis of water
to liberate hydrogen and oxygen gas. However, generally the invention is
suited to any particular application where an AC mains supply is available but

a DC supply is required.

The full wave rectification of a multi-phase AC power supply to
. produce a pseudo DC output is commonily known. For a 240V, 50Hz single
phase mains power supply, the average DC voltage praduced by a full wave -
(H-bridge rectifier) is 218 V. However, loads requiring a DC power supply

typically require much lower voltages.

For electrolysis cell units such as the applicént's AQUAGAS 3 gas
genarator, a DC voltage in the order of 33 V is required. In order to
accommodate this requirement, it has conventionally been the case that the
AC mains supply is transformed to an appropriate lower level before
rectification so that the desired output DC voitage is realised. The
disadvantage with such a technique is that mains frequency transformers of a
power rating above 10kW become physically large and heavy due to magnetic

circuit and leakage reactance considerations.

Another known technique to generate a desired DC supply from a fixed

mains AC supply is to utilise controfled switching devices in the rectifier



rectification so that the desired output DC voltage is realised. The

di sadvantage with such a technique is that nmains frequency transforners of
a power rating above 10kW becone physically |arge and heavy due to nagnetic
circuit and | eakage reactance consi derations. Anot her known technique to

generate a ' sC supply froma fixed mains AC supply i utilise
controll ed g?mé?f:’ﬁlqng devices in the rectifier WO 97/ 177 wm"’

PCT/ NZ96/ 00119 -2- bridge. These nay be devices such as power transistors,
SCRs or GIGCs. The average DC out put can.pe adjusted by controlling the
turn-on (and possibly also the turn-off) tine for the swi tching devices.
The di sadvant agebridgeh Thiese may bledeviges suchtals poweh trangistpnst SORs/or GTOs Tl

"l unpy" even if snoothj storage capacitors are used across the DC out put.
Certain |oads ar %V%@?Zw?’v'é’"f 8"???@3&6%4 by Fentealing She tyrprop fandimessibly ¢ age

| evel . This incl M%&a%%o%irﬁ@?&itﬁeeﬁw?%ﬁ &Q}i&gl ﬁb %isggvlalntalég i\nt'it?l' théoma ey

be sufficiently sensitive as to reac
technique is that the output wave form is "lumpy"” even if smoothing storage

capacitors are used across the DC output. Certain loads are sensitive to time-
varying changes in the DC voltage level. This includes such DC machines as
electrolysis cell units. Some may be sufficiently sensitive as to reach the

point of not operating satisfactorily with such an output wave form.

There are other problems associated with a known power supply of the
type having a single phase AC supply, a step-down transformer and a
controlied rectifier bridge circuit. These include high transformer inrush
current on start-up and a susceptibility to phase imbalances if two phases of a
nominal three phase supply are utilised rather than one phase and neutral, or

all three phases.
OBJECT OF THE INVENTION

Therefore, it is an object of the present invention to provide an AC-DC
power supply that overcomes some of the disadvantages of the prior art or at
least provides the public with a useful choice.

SUMMARY OF THE INVENTION

Accordingly, in a first aspect, the invention consists in an AC-DC

power supply comprising:



poi nt of not operating satisfactorily with such an out put wave form There
are ot her problens associated with a known power supply of the type having
a single phase AC supply, a step-down transformer and a controlled

rectifier bridge circuit. These include high transfornmer inrush current on

start-up and gowWas@Rtibility to phase inbalances if two phaggNzoéoeiie
nom nal three phase supply are utilised rather than one phase and neutral,

or all three phases. OBJECT OF THE | NVENTI ON Therefore, it is an object of
the present invention to provide an AC- DE3power supply that overcones sone
of the disadvantages of the prior art or at |east provi de,? he Eu,bl ic with
a useful choice. SUM\/AR‘Y‘W'FPEWRWE?TF'GH“A?E?IPHT‘%EF‘W recGiingd pYtPUt N5 pect
the invention consists_in AC- supply conpri sing: WO 97/ 17753
PCT/ Nz96/ 00119 respo&g 2 () n%u?%ﬂge,

- a controlled three phase inverter circuit receiving the first rectified
output and generating a pseudo AC three phase output having a
frequency higher than the frequency of the three phase AC supply
supplied to the rectifier circuit;

- a three phase transformer receiving said pseudo AC three phase
output; and

- a second three phase rectifier circuit receiving the transformed
pseudo AC three phase output from the transformer and generating the

output DC supply.

Accordingly, in & second aspect, the invention comprises a controilable
three phase inverter circuit receiving a DC supply to produce a three phase

pseudo AC output supply wherein the inverter comprises:

- a three leg bridge structure;

- each leg of said bridge structure comprising at least one controliable
switching device;

- at least one switching device of one of said legs forming a phase
reference; and

- wherein the voltage of the inverter circuit is controlled by means of

Phase Modulation.

Accordingly, in a third aspect, the invention comprises a soft-switching
) three phase inverter circuit receiving a DC input supply and generating a

pseudo AC three phase output supply wherein said inverter circuit comprises:



-3- - a three phase rectifier circuit generating a first rectified out put
I n response t.o an input voltage; - a controlled three phase inverter
circuit receiving the first rectified output and generating a pseudo AC
t hree phase out put having a frequency higher than the frequency of the

t hree phase AC supply supplied to the rectifier circuit; -_a three phase
transf or ner W%%’é"v&ng sai d pseudo AC three phase out put; aRNZ$0R 5 g
three phase rectifier circuit receiving the transforned pseudo AC three
phase output fromthe transfornmer and ggpgrating t he out put DC supply.
Accordingly, in a second aspect, the invention conprises a controllable

three phase inverter .Ghigagt twd SWRehingdbvitePpesphaps;y t 0 produce a three phase
pseudo AC out put supply wherein the Inverter conprises: - a three |eg

bridge structure; - e®ebth baigswitching devica hyings capecititve eleomgmt cennegtedtin | east
one controllable switching device; .
parallel across it and each phase of the output supply including an
inductive element;
- a respective capacitive element and inductive element of each phase
forming a LC resonant circuit; and
- wherein the tumn-off of each said switching element is controlled to
have a2 deadtime between switching phases during which time said LC
rasonant circuit causes the next sequential switching element that is to

be turned on to have substantially zero voltage across it at the time of

switching.

Accordingly, in a fourth aspect, the invention comprises a method for
controlling the output voltage of a three phase inverter circuit comprising the
steps of: '

- assigning a first phase as a phase reference;

- controlling the relative phase shift of one of the other two phases so

that a phase difference is reduced; and

- controlling the relative phase shift of the third phase so that the

phase difference between the third phase shift and the first phase is

increased.

Further aspects of this invention will become apparent to those skilled

upon reading the description of the preferred embodiments.



- at least one switching device of one of said | egs form ng a phase
reference; and - wherein the voltage of the inverter circuit is controlled
by- means of Phase Mddul ation. Accordingly, in a third aspect, the invention
conprises a soft-switching three phase inverter circuit receiving a DC |

i nput supply wodngeser ati ng a pseudo AC three phase out put sgpREYsedi@ €i n
said inverter circuit conprises: WO 97/ 17753

PCT/ Nz96/ 00119 -4- - at |east two switching devices per phase; - each said
swi t ching device having a capacititve el€hent connected in parallel across

it and each phase of the output supply including an inductive elenment; - a
respective capacitive elenment and inductive el enent of each phase formng a

LC resonant circUsdier BBECRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will now be described

with reference to the accompanying drawings in which:

Figure 1; is a schematic block diagram of an AC/DC power supply:
Eigure 2: is a schematic circuit diagram of the power supply of Figure
1;

Figures 3a and 3b respectively are a plan view and a cross-sectional
view of a coaxial three phase transformer;

Eigures 4a to 4¢ are diagrams of the switching state for the controller
inverter stage;

ﬂgt_n_@_s,; shows respective phase shift between the phases of the
controlier inverter output;

Eigure 8; is a schematic block diagram of the control board;

Figures 7 and 8 are timing wave forms for the gating signals for the
switching devices of the inverter stage; and

Figure 9; shows voltage and current waveforms for an embodiment of

the power supply.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figure 1 shows the generalised block diagram of a power supply
10 comprised of a number of cascaded stages. The power supply 10 receives
a three phase AC supply on input terminals 12,14,16. The supply typically is
a readily available mains supply, which in New Zealand is a 400 V (phase to

phase), 50 Hz supply. Clearly other three phase supply voltages and



- wherein the turn-off of each said switching elenent is controlled to have
a deadtine between sw tching phases during which tinme said LC resonant
circuit causes the next sequential switching elenent that is to be turned
on to have substantially zero voltage across it at the tine of swtching.

Accordingly,l ourth aspect, the invention conprises r )
control li ngW‘h%’@ﬂ%put vol tage of a three phase inverter ﬁﬁ?&%k&prl si ng
the steps of: - assigning a first phase as a phase reference; - controlling
the relative phase shift of one of the ogher two phases so that a phase
difference is reduced; and - controlling the relative phase shift of the
third phase so t fraudnbiesphacamtehpiied inchdingahe200 \, 168 Hbupgiydoafsonsini ft  and
the first phase is increased. Further aspects of this invention will becone
appar ent to thostheinitedeStateso The asutral tpfenencepatentiahof the ning pawversepply r ed

enbodi nent s. . . )
also is received on terminal 18.

A three phase rectifier stage 30 receives the mains supply rectifying it
to a DC level on the output DC bus 32,34 that is supported by a storage
capacitor 36 which tends to smooth the voltage waveform. A link inductor
also can be included to improve the input power factor. A controlled inverter
40 receives and chops the rectified DC supply to fabricate a pseudo three
phase AC output at a frequency higher (and typically several orders of
magnitude higher) than the mains frequency. The switching devices of the
inverter 40 are controlled by control circuitry 42 coupled to the inverter 40 by
multiple gating lines 44. The control circuitry 42 also receives a reference
phase-to-neutral voltage from one of the phases of the AC supply and the

mains supply neutral, as indicated by the interconnecting lines 562,54.

The three phase pseudo AC output from the inverter 40 is carried by
output lines 46,48,50 to a (typically) step-down high frequency transformer
60. The transformed pseudo AC voltage appearing on the output lines
62,684,668 from the transformer in turn passes to a further rectifier stage 70,
by which the DC output voltage for the power supply 10 is generated and

available at the output terminats 72,74.

The transformer 80 in the preferred form has a fixed turns ratio, and
therefore only approximates the desired maximum output voitage appearing at
he output terminais 72,74. Control over the output voltage between the full
nominal output and a reduced or regulated value thus is effected by the

control circuitry 42 controlling gating of the controlled switching devices of



WD 97/ 17753 PCT/ Nz96/ 00119
-5- BRI EF DESCRI PTI ON OF THE DRAW NGS Preferred enbodi nents of the present
invention will now be described with reference to the acconpanyi ng draw ngs
in which: Figure 1 is a schematic bl ock diagramof an AC/ DC power supply:.

Figure 2; isyioggptyegptic circuit diagramof the power supplychHizdsopiibe 1,
Fi\gures 3a and 3b respectively are a plan view and a cross-sectional view
of a coaxial three phase transformer; Figures 4a to 4c are diagrams of the
switching state for the controller invertér stage; Figure 5; shows
respective phase shift between the phases of the controller inverter

out put; Figure 6;thednvertetABnatic bl ock di agram of the control board;
Figures 7 and 8 are timng wave forns for the gating signals for the
switching devices of the inverter stage;, and

As previously noted, an advantage of utilising a three phase mains
- supply rather than a single phase mains supply is that the effects of phase

imbalance are eliminated.

A description will now be given of a particular embodiment of a AC/DC
power supply that is suitable for use with the present appiicant's AQUAGAS
generator. This is a gas generator that can deliver 4.3m3 of admixed
hydrogen and‘ oxygen gas per hour, correspondingly consuming 17 litres of
water. A gas generator of this capacity requires approximately a 10kW, 300
A, 33 V DC power supply. It is to be understood, however, that the present
invention is not limited to use with an electrolysis gas generator, rather
equaily has applicability in all instances where a controlled DC supply is
required and a three phase supply is available. Other such applications can
include electric welding, electroplating, controi of DC machines, battery

charging, uninterruptable power supplies and the like.

Figure 2 shows a detailed schematic circuit diagram for a power supply
100 embodying the invention. Component parts common with those shown

in Figure 1 have been referred to by like-reference numeral.

The power supply 100 is normally rated at 10kW {300 A, V DCJ,
receiving a 400 V, 50 Hz three phase AC mains supply. The AC supply
passes by an isolating switch 102 and in-line fuse links 104, and then to a
conventional RFI filter circuit 106. The filtered three phése AC supply then
passes to the rectifier stage 30. The diodes constituting the rectifier stage 30

must be rated to withstand an inverse peak voltage of at least 540 V. The



Figure 9 shows voltage and current waveforms for an enbodi ment of the power
supply. DETAILED DESCRI PTI ON OF PREFERRED EMBCDI MENTS Figure 1 shows the
general i sed bl ock di agram of a power supply 10 conprised of a nunber of
cascaded stages. The power supply 10 receives a three phase AC supply on

Il nput term 4,16. The supply typically is a readily avail abl e mains
squI y, whi cﬂ |n;l'i-f3%v Zeal and is a 400 V (phase to phase), RETZ%EOHR v
Clearly other three phase supply voltages and WO 97/ 17753

PCT/ Nz96/ 00119 -6- frequencies are contenplated including the 200 V, 60 Hz
supply common in the United States. The neutral reference potential of the
mai ns power supplBC hiisvoltage levekis 640 \ODCt er m nal 18. A three phase rectifier

stage 30 receives the mains supply rectifying it to a DC |l evel on the
out put DC bus 32,34 that is supported by a storage

A soft-start circuit 110 forms a component part of the zero DC
reference 34 of the DC bus. This circuit acts on operation of the isalating
switch 102 to establish supply so that the bypass resistor 112 limits the
inrush current due to transformer charging, and after a period of time is short-
circuited by operation of the controlled contactor 114 caused by closing of
the nprmally opened switch 116 that in turn is controlled by the control board

120.

The controlier inverter 40 is constituted by a full wave three phase
bridge circuit having six switching devices, in one preferred form being
Insulated Gate Bipolar Transistors (IGBTs). One particularly preferred IBGT is
the FUJI 6MB150F120 module containing six 50 A, 1200 V IGBT switching
devices. In Figure 2, the célle‘ctor, gate and emitter electrodes are shown.
Switching of the IGBT devices is under control of the IGBT driver board 130,
in turn under control of the control board 120. The IGBT driver board 130, in
turn under control of the control board 120. The IGBT devices 140 have have
their gate electrodes switched in a manner to synthesize a pseudo AC {square-
wave) three phase output lines 44-48 of the inverter 40 contain in-line

inductors 142, the purpose of which presently will be described.

In a particularly preferred form, the transformer 60 is a coaxially
wound, ferrite cored type in a star-star configuration. The turns ratio of the
transformer 60 preferably is 13.5:1, meaning that the nominal phase-phase
peak voltage on the primary of + 540 results in + 40 V on the secondary.
The 16 kHz, 31 V rms three phase output from the transformer secondary,

appearing on the output lines 62-86, is provided to the further rectifier 70 to



capacitor 36 which tends to snmooth the voltage waveform A |ink inductor

al so can be included to i nprove the input power factor. A controlled
inverter 40 receives and chops the rectified DC supply to fabricate a
pseudo t hree phase AC output at a frequency higher (and typically several .
orders of maowotesdershi gher than the nmains frequency. The SWHGNZOgogiRY 1 CES
of* the inverter 40 are controlled by control circuitry 42 coupled to the
inverter 40 by nmultiple gating |lines 44. The control circuitry 42 al so
recei ves a reference phase-to-neutral volt®hge fromone of the phases of the
AC supply and the mains supply neutral, as indicated by the interconnecting

lines 52,54. The tfﬁ?fé@fqamt%gaﬁwtz Saomingl 33 tene anthe prwwt wpmingl
carried by outpul 33 pgs rﬂ?ré&%ﬁ%"sﬁé%u& ‘skég%/tgﬁ{elgg AR el sdch U ey

transforner 60. The'transforne appearing on t put

lines 62,64, 68 frast8earnomess BPYaRs-200 diode fdaafes.c Badiomaddie! témiihs BRe b1 er
stage 70, by which the DC output voltage for the power supply 10 is

gener at ed and avaiA 200 & dibdgsheithorevense recovery times of B0'hs, whivh are apesséted irer 60
in the preferred formhas a fixed turns ratio, and therefore only

appr oxi mat es t he R#EalitledTHeYQ ARG tesminal, 4P isprecedsy by ap irling inflecter t4ut
termnals 72, 74. QR&tsre(r)vlves Me? {)ur%gs?e &%%%Ehir\{go hte% ealI 9\% c\:l\tl?n?pr}mgntg ir]: Hllel output

DC current waveform.

Returning to the co-axial transformer 60, reference is made to Figures
3a and b, respectively a plan view and cross-sectional view of an embodiment
of the transformer 60. The transformer is constructed of three copper tubes
150 solded into three hoes cut in a copper plate 152 that forms the three
phase neutral (star) point. The free ends of the tubes 150 form the
transformer output {secondary) termiﬁals 154, 166, 158. The copper tubes
150 thus form a single turn secondary winding. Ferrite toroids are threaded

over the respective copper tube 150.

The three primary windings 162, 164, 166 are wound through and
between an adjacent pair of copper tubes 150. A simplified representation of
the primary winding 166 is shown in Figure 3b for clarity. The inner
circumference of each of the copper tubes 180 is shown in Figure 3b for
clarity. The inner circumference of each of the copper tubes 160 further
includes an insulating (mylar) sleeve 168 to prevent short-circuiting of the
primary winding to the secondary winding formed by the respective tube. The
primary winding to the secondary winding are constructed of 5mm2 litz wire
{1024 strands x 40 AWG wire) and enveloped with an appropriate form of

heatshrink sleeving.



nom nal output and a reduced or regul ated value thus is effected by the
control circuitry 42 controlling gating of the controlled sw tching devices

of. WO 97/ 17753
PCT/ NZ96/ 00119 -7- the inverter 40. As previously noted, an advantage of

utilising a s ase mains supply rather than a single phase mains -
supply is th%’pg?ﬁ%ﬂgffect s of phase inbal ance are elim nat S&TNZSYMUELY i pti on

wi Il now be given of a particular enbodi ment of a AC/ DC power supply that
is suitable for use with the present appjgcant's AQUAGAS generator. This is
a gas generator that can deliver 4.3n8 of adm xed hydrogen and oxygen gas
per hour, correspondiThgl ghowerss arthreg phasd cdnfigaratén mvaares' that'thg xSrrgdtiper at or  of
this capacity requires approximately a 10kW 300 A, 33 V DC power supply.
It is to be undetesPBIRY Windipg, isireducrd pverisingiephase implpmentagion.i Thipéstan | ni t ed

to use with an e#m%%}'trar?tl Q/d%iarslta 9 ?or%%\rr]e%arﬂartegsrohs.r itt QSB A, a considerable cross-
sectional conductor area is required and this is difficult to achieve given that
the depth of copper at 16kHz is only 0.5mm. Furthermore, if the transformer
output is 1o be rectified, another difficulty arises in that fast recovery diodes
presently are only readily available in modules with ratings of up to 200 A. By
use of the three phase co-axial transformer, an output rating of 300 A is

divided across the three phases.

The use of a high frequency transformer aliows an equivalent power
rating to be achieved before a transformer that is an order of magnitude less
heavy than a conventional low frequency transformer, and perhaps for one
half of the price. This is because for 8 minimised core area, and a maximised
voltage, either the frequency or the turns must be increased. Increasing the
number of turn leads to an increase in leakage inductance and hence a large

voitage drop through the transformer.

One version of the transformer 60 tested as a component part of the
power supply shown in Figure 2 had approximate dimensions of 200 x 150 x
150mm. Measurements on such a transformer indicated that the coupling
factor from the primary to the secondary was 99.96%, thereby indicating a
leakage inductance of only 0.056% of the primary inductance. With a higher-
length-to-width ratio, an even higher coupling factor of approximately 99.99%

would be obtained.

The three phase inverter 40 shown in Figure 2 is hard-switched. The

means that at the instant of switching on, each transistor 140 will have a



equal ly has applicability in all instances where a controlled DC supply is
required and a three phase supply is available. Qher such applications can
i nclude electric welding, electroplating, control of DC machines, battery
charging, uninterruptable power supplies and the like. Figure 2 shows a
detail ed scheygoigrmi rcuit diagramfor a power supply 100 epdosiavenaiid he

I nvention. Conponent parts common with those shown in Figure 1 have been
referred to by |ike-reference nuneral. The power supply 100 is normally
rated at 10kw (300 A, V DC), receiving a Y00 V, 50 Hz three phase AC nuains

supply. The AC supply passes by an isolating swtch 102 and in-line fuse
links 104, and t hi#f@eYpitage grepeed pespem it [nd this velzage il stil be presentBsahd | | t er ed

t hree phase AC suppl hen sses to the rectifier stage 30 The diodes
constituting the ?‘2’5 |t%’i‘rgyg'g&'gg%a"?ﬁm&ﬂ‘gfeaﬁ%s' r‘M‘%’bs‘f'ﬁcW\&?f hRYOUA%e nver se
‘peak voltage of aperh@Phe tRfSistér will&tart risM@b%?Jr&%rrem has fallen to zero. The
PCT/ NZ96/ 00119 - 8-
power dissipated in each transistor due to switching losses is thus
proportional to the switching frequency, and so total losses tend to impose an

upper limit on the switching fraquency of any hard-switched converter,

In order to improve the efficiency and reduce RFl of the power supply
100, and to provide the possibility of increasing the switching frequency a
soft-switching technique is applied to fhe three phase full bridge topology. A
small {for example 4.7 nF) capacitor 146 was connected across/in parallel
with each of the transistors 140. Zero voltags turn-on is achieved because
the voltage across each transistor is slower to increase. The series leakage
inductance of the transformer primary maintains a residual current after a
transistor has been turned off. It is this residual current that charges up the
capacitor across a transistor th_at has turned off, whilst also discharging the
capacitor across the other transistor of that same phase. Thus by the time
the deadtime (i.e. the time between turning off one transistor of a phase and
turning on another, being about 2 micro seconds for a 15kHz converter) has
expired, the diode 148 across the relevant transistor 140 that is about to be
turned on is forward biased, giving a zero voltage turn-on characteristic for the

transistor.

This process is further explained with reference to Figures 4a-4b,
which exemplify in time of transition from the 100 state {phase A high,
phases B and C low) to the 110 state (phases A and B high, phase C low),
including the deadtime period after the low side transistor 140 of phase B has

been switched off, but before the high side transistor has been switched on.



DC bus voltage level is 540 V DC. A soft-start circuit 110 fornms a
conponent part of the zero DC reference 34 of the DC bus. This circuit acts
on operation of the isolating switch 102 to establish supply so that the
bypass resistor 1 12 limts the inrush current due to transfornmer charging,
and after a period of tinme is short- circuited by operation of the
control | ed WOPATB3r 114 caused by cl osing of the normal | PCOPZIEB01E) t ch
116 that in turn is controlled by the control board 120. The controller
inverter 40 is constituted by a full ? three phase bridge circuit having
six sw tching devices, in one preferred formbeing I nsul ated Gate Bipol ar

Transistors (| GBfie mcmesnw iHeCdﬂxhaﬁﬂ flow’ 164 & 1B Girhgheidd Ioadthé i§W! 6MB1S0F120
nodul e containing six 50 A, 1200 V I GBT switching devices. In Figure 2, the

col | ector, gate mprsented aean éidector 0V@.S ireFigurs l4by\the ctiwehtintoythaé Biffven | GBT
devices i s under control of the IGBT driver board 130, in turn under
control of the cthatoas 1?52)%&@0&52@ chaige thegwer cprasitom bl whichds injtially ur n under

control of the c r ol 2h e | GBT devi f ave their gate
el ectrodes swi tc‘ﬁ% afgr?dzf" ?\H@F Q\?ﬁ?'ﬁ@gﬂafg‘" %Z%’Eﬂﬁé" Bﬁa witehing,qy )
three phase out phgn.! inGidertdr Affo Qitdgl Gurnlicth k" achiBvécd Qﬁeamrwstuen% the

inductor 170 must be greater than in the respective capacitor 146.

The embodiment of the co-axial transformer 60 previously described
has insufficient leakage inductance to satisfy this condition, in which case a
saturable inductor 142 was introduced in series with each of the transformer
primary windings 162-166. This arrangement provides the necessary
inductance to discharge the respective parallel capacitor 148 prior to the
corresponding transistor 140 switching on, but then saturates during full

current flow, thus introducing no additional voitage drop.

As is apparent, the soft switching regime does not form a part of the

controliing functions effected by the control board 120.

Also as previously discussed, control over the output DC voltage
occurs by way of control of the gating of the transistors 140 that constitute
the controllable inverter 40. This function ultimately is achieved by the
control board 120. In particular, output DC voltagé control is achieved by a

phase shift output control technique.

As shown in Figure 8, one of the phases of the inverter 40 {phase A")
acts as the phase reference. For the full output voitage from the inverter 40,
the nominal phase difference between the phase A, phase B and phase C is

120° respectively. This output voltage level can be adjusted by adjusting the



I nductors 142, the purpose of which presently will be described. In a
particularly preferred form the transfornmer 60 is a coaxially wound,
ferrite cored type in a star-star configuration. The turns ratio of the
transforner 60 preferably is 13.5:1, neaning that the nom nal phase-phase.

peak voltage @Bovhpspri mary of [err] 540 results in [err] 4cYNgSsbdifd
secondary. The 16 kHz, 31 V rns three phase output fromthe transforner

secondary, appearing on the output lines 62-66, is provided to the further
rectifier 70 to WO 97/ 17753 -13-

PCT/ NZ96/ 00119 -9- fabricate the output DC su of a nomnal 33 V |evel
on the out put terrf?'ﬁ&?e mzasmffermerbwqemeeph Q&i‘gé’hﬂiﬁsi thus sausing partial by f ast

covery di odes, h as on BYV225- 200 di ode ul es. Each
odul o Lont o ne. t MEeCaneslzgon 2 HiREbY (PR I08 b L YIS MHECRST g0

ns, which are Operlﬁ%@&r&%gg%lm Jhgh Zfsa-nji}eteé“ A %e%%?&édg&&&%ﬂ?'sulﬁh

preceded by an in-T1ne 1nduct t hat se ves € purpose of snoo

the smal |l AC conp@nesy B id phaké fet@rdbdUthe relative phass difference to phase A becomes
' less - while phase C is phase advanced in that the relative phase difference to

phase A increases, as shown in Figure 5.

The following table indicates typical phase shifts for phases B and C
over the controlled output DC voltage (nominal + 120° and + 240° phase

differences) to reference phase A, for 2 540 V DC bus and 200 A load.

Output Voltage Phase B Phase C
33 g9¢ 261°
30 20° 270°
27 81° 279°
24 72° 288°
21 83° 297°
18 54° 306°
15 45° 315°

Apart from providing for the selection of a desired output DC voltage,
this technique also is utilised in providing output current regulation by means
of a feedback mechanisin, represented in Figure 2 by a current sensor 172
having connection with the control board 120 by signal 174. The control
board 120 retains reference values against which the feedback values are
compared for the purposes of effecting adjustment to gating of the transistors
140 of the inverter 40. If the output DC voltages reducs, it follows that due

to the resistive nature of the load the current will concomitantly reduce.

Figure 6 shows a simplified schematic diagram of the control circuit

120, together with the current sensor 172.

The sawtooth and master waveform generator 180 generates two



DC current waveform Returning to the co-axial transforner 60, reference is
made to Figures 3a and b, respectively a plan view and cross-sectional view
of an enbodi ment of the transformer 60. The transformer is constructed of

t hree copper tubes 150 solded into three hoes cut in a copper plate 152
that forns the three phase neutral (star) point. The free ends of the tubes
150 form t NEAPAHS? or mer out put (secondary) terminals 154 FCTOE9640E The
copper tubes 150 thus forma single turn secondary winding. Ferrite toroids
are threaded over the respective copperq4ube 150. The three primary

wi ndi ngs 162, 164, 166 are wound througL and between an adjacent pair of

copper tubes 15gomplefifefitary phasds SEPMAGRNEqRIar®Waddfoint) SefVing @ the Wiml Ng 166 is
shown in Figure 3b for clarity. The inner circunference of each of the
copper tubes 16eefereneehsiomals for KhepdGBEs ob reference phase B antiltwo qompleméntarynf er ence
of each of the copper tubes 160 further includes an insulating (nylar)

sl eeve 168 to pP R et asawioath waye PT’?rgTB? fwﬁéamwy"ﬁm_’m 8 to the
econdary w nch mafted B e Wik SRR BradiBfy oy B ol Rl ety 10 L 4o°
AVG wire) and efmwréorEZ iVPWM asmperatorPT 844, 8 résulitiigGh the production of two

pulse width modulated waveforms. These puise width modulated waveforms

and the two master waveforms are applied to 2 pair of flip-flops 186a, b. The

output of the flip-flops respectively represent the controlling timing references

signals for the pair of IGBTs for each of the phases B and C.

The waveforms within the flip-flop element 186 are shown in greater
detail in Figures 7 and 8, that respectively relqte to phases B and C. The
output waveforms from the flip-flops 186a, b have the same period and duty
cycle as the master waveform, but are retarded and advance respectively by a
relative phase angle of between 0 and 120° according to the value of the
error signal { }, which may vary from zero to 8 V. The arrows indicated in
Figures 7 and 8 show the effect of an increase in the error signal so far as
how the waveforms would vary. As the amount of phase shift increases, so
does the output voitage of the inverter 40, up to a maximum phase shift of
120°. Thus the error signal is limited to two thirds of the amplitude of the

sawtooth waveform, thatis to 3.3 V.

Each of the six IGBT timing signals is ANDed with a common “enable”
line 188, thus providing a mechanism for inhibiting the inverter 40. This
enabling/disabling can occur in two ways, firstly during the soft-start regime,
wherein switching of the transistors 140 is inhibited until the soft start circﬁit
192 determines that the control circuitry has reached stable operation and the

inrush period has passed, thus preventing the inverter entering damaging



heat shri nk sl eevi ng. WO 97/ 17753

PCT/ Nz96/ 00119 -10- The choice of a three phase configuration neans that
the current per secondary winding is reduced over a single phase

i npl ementation. This is an inportant advantage for several reasons. At 300
A, a consi dere@emnersess- sectional conductor area i s requir agENgdebdite | S
dirfficult to achieve given that the depth of copper at 16kHz is only 0.5mm
Furthernore, if the transfornmer output is to be rectified, another _
difficulty arises in that fast recovery ditbdes presently are only readily
available in nodules with ratings of up to 200 A. By use of the three phase
co- axi al transf or niyitching %%FF{)H!‘”’W&FNS@"B‘? §€R§’“¢!V1'§"Eﬂ signpb fromcthe surremte t hr ee

f | ent
P ine o be acht QRS2 dreBsHH inted of i 184 el gtemfingl iy 556 opasitos oo
| ess heavy than a ganaeRt1oeiNe da%r%%ﬁ%&ntb%%ﬁﬂ&.nwsimﬁﬂcbﬁ)ﬁétga\@% for

one
facilitates both protection regimes. The logic outputs from the AND gate

element 190 are provided to the driver board 130 for level conversion, and so

passed to the gate electrodes of the IGBT devices 140.

The signal from the current sensor 172 also is subtracted from a set

point vaiue derived from the set-point and inverter soft start element 192,
with the result being amplified and low-pass filtered in the error amplifier and
limiter 182 to provide the error signal { ) that is limited to 3.3 V as discussed
previously. The set point is a combination of a manually adjustable set point
and timing capacitor, which ensures that whenever the inverter 40 starts-up,
or is reset after a fault, it does so slowly. The set point signal to the error

. amplifier 182 thus ramps up from zero to the actual set point over a period of

approximately 1 second.

Figure 9 shows two waveforms measured in operation of the power
supply 100 shown in Figure 2. The figure shows measured drain-source
voitage for one of the IGBT devices 140 (the square wave waveform) and the
associated transformer primary phase current, where the power supply is

operating at 250 A, 40 V.

Particular advantages of embodiments of the invention include the
avoidance of the adverse effects of phase imbalances due to the use of a
) three phase mains supply. A soft-start regime practically eliminates inrush
current upon stop-up. The transformer arrangement is lightweight and

compact in nature compared with comparably power rated convention



hal f of the price. This is because for a mninmsed core area, and a
maxi m sed vol tage, either the frequency or the turns nust be increased.

I ncreasing the nunber of turn leads to an increase in | eakage inductance
and hence a | arge voltage drop through the transforner. One version of the
transfornmer 60 tested as a conponent part of the power supply shown in
Figure 2 ha&“ﬁﬁﬁpg% mat e di nensi ons of 200 x 150 x 150mm ﬁﬁé@ﬁ*@ﬂgﬁts on
such a transformer indicated that the coupling factor fromthe primary to
the secondary was 99.95% thereby indica égg a | eakage i nductance of only
0.05% of the primary inductance. Wth a higher- length-to-width ratio, an

even hi gher coupliapgtobméd sfangémaeme) ﬁa&mﬁ‘sieyu%%%%%wt&sbshmlﬁwed- The
t hree phase inverter 40 shown in Figure 2 is hard-sw tched. The nmeans that

at the instant ofcostltfonthegootiolieddierter enablestaowida 4éhgeidf loutpat BCavoitage¥dO
97/ 17753 . o . . PCT/ Nz96/ 00119 -
11 - to be obtained. The switching devices of the controlled inverter also are "soft
switched’, reducing stresses on the semi-conductor structures, improving the
overall efficiency of the power supply and making possible the synthesis of
high frequency pseudo AC outputs, in turn tending to allow a reduction in the

physical size of the associated transformer.

Whers in the foregoing description reference has been made to spacific
components or integers of the invention having known equivalents then such
equivalents are herein incorporated as if individually set forth.

Although this invention has been described by way of example and
with reference to possible embodiments thereof it is to be understood that
modifications or improvements may be made thereto without departing from

the scope of the appended claims.



| ar ge voltalﬁﬁL dro ed across it, and this voltage will still be present as

t he cumm | transi stor increases. Wien switching off, the
vol t ag sistor will start rising before the current has

fallen to zero. The power dissipated in each transistor due to switching _

| osses is thusopmOIsY ti onal to the switching frequency, andpepNgssoeiisl osses
tend to i npose an upper limt on the switching frequency of any

hard-sw tched converter. In order to inpr?o]ze the efficiency and reduce RFI
of the power supply 100, and to provide 1 possibility of increasing the
swi tching frequengyjx @MTs.oft-swi tching technique is applied to the three
phase full bridge topology. A small (for exanple 4.7 nF) capacitor 146 was
connected across/in parallel with each of the transistors 140. Zero voltage
turn-on is achi eved because the voltage across each transistor is slower to
i ncrease. The seriles | &alé&dgOCinowee suppbyecastprising: t r ansf ormer prinary

mai ntains a residual current after %lﬁtran I stor .has _been turned off. It is

this residual current fﬂé'?"eﬁﬁ sgégct T Gifguit generating,a ficst reqtitied outputis; st or

t hat has turned off, ﬂ;§ j ng the capacitor across the other
transi stor of that sane % asgghgah g&]?a{gge time the deadtine (i.e. the tine

bet ween turning of f oneatbmisiled tite mﬁasa ifveaseiON réddéivirig e FFsta6LRirag" .  bei ng
about 2 mcro seconds for a 15kHz converter) has

output and generating a pseudo AC three phase output having a

frequency higher than the frequency of the three phase AC supply

supplied to the rectifier circuit;

- a three phase transformer receiving said pseudo AC three phase

output; and

- a second three phase rectifier circuit receiving the transformed

pseudo AC three phase output from the transformer and generating the

output DC supply.

2. An AC-DC power supply as claimed in claim 1 wherein the threé phase
transformer comprises:
- three secondary's each formed from a conductive tube, the
conductive tubes being substantially parallel and electrically connected
at a first end thereof;
- three transformer cores, each corresponding to a phase, each in the
form of a cylindrical member threaded onto a corresponding conductive
tube; and
- three primary windings each corresponding to a phase, wound so as

to pass through the interiors of adjacent pairs of said conductive tubes.
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red, the diode 148 across the relevant transistor 140 that is about to
be t “ﬂfumt“g Imnmrd bi ased, giving a zero voltage turn-on
char e transistor. This process is further explained with
reference to i gures 4a-4b, which exenplify in tinme of transition fromthe
100 state ( hi gh, phases B and Clow) to the 110 s s A-and
B hi gh, pha‘ggagi}?l?vv), I ncl udi ng the deadtine period after%@zﬁwgiede
transi stor 140 of phase B has been switched off, but before the high side
transi stor has been swi tched on. WD.98/-17753

PCT/ NZ96/ 00119 -12- The arrows show the current flow due to the sinplified
| oad that is replesefeCRE pawersupply 88 claipged lnﬁ'amigu#@fﬁbthqmndmmlent into

phase B fromthe load 170 services to ch g capacltor 146 whi ch
is initially di schar QPeaReefomedirmmp gp ‘{'ﬁgvf’ %"B&%&?TW #isg hayvipgr ¢ o
phase C switching hi qh apwu.ertn&sm fa85pt88 1@ addhinfdlfatd & bdtrédBordind &gl €Ved:

the energy stored in

4. An AC-DC power supply as claimed in any one of the preceding claims
wherein said controlled three phase inverter circuit further includes a

plurality of switching devices.

5. An AC-DC power supply as claimed in claim 4 wherein said switching

devices are power transistors.

6. An AC-DC power supply as cleimed in any one of the preceding claims
wherein said frequency of said pseudo AC three phass output is

substantially higher than the input voltage frequency.

7. An AC-DC power supply as claimed in any one of the preceding claims
wherein said frequency of said pseudo AC three phase output is
greater than or equal to one order of magnitude higher than the input

voltage frequency.

8. An AC-DC power supply as claimed in claim 7 wherein said pseudo AC
three phase output is greater than or equal to two orders of magnitude

higher than the mains frequency.

9. A controllable three phase inverter circuit receiving a DC supply to
produce a three phase pseudo AC cutput supply wherein the inverter
comprises:

- a three leg bridge structure;

This Sheet Has Been Reﬂ | THIS SHEET HAS BEEN

R REPCED




I nducto ater than in the respective capacitor 146. The
enbodl “'Iiﬁ mjmva gal transfornmer 60 previously described has

i nsufficrent ge 1 Rductance to satisfy this condition, in which case a
saturabl e i nductor 142 was introduced in series with each of the
transformer PWOAHUKASIN ndi ngs 162-166. This arrangenent provPEENZ608119
necessary inductance to discharge the respective parallel capacitor 146
prior to the corresponding transistor 140 switching on, but then saturates
during full current flow thus introduci'nbg ho additional voltage drop. As

i s apparent, the soft s qg%, of

controlling functions eﬁ ect e%gsb h’ggcon rﬁrgl %qugb'gg‘kfne cog{sra%rl’{gw ously
di scussed, control ovegwi‘t&mg)wvnu; DC vol tage occurs by way of control of
the gating of the transistors 140 that constitute the controllable inverter

40. This function ult imleasyonsswmiwide;oﬂoheotaaid legb féroungia fiide | n
particul ar, output DC v %e control is achieved by a phase shift output
control technique. i Andy; gure 5, one of the phases of the inverter

the Pnverter 40, © hi‘sn%{%?q FubpoRof Peavert ltfb Honvelibg Riineofe of o 5

and phase Cis Phase Modulation.

10. A controllable three phase inverter circuit as claimed in claim 9 wherein
the phase modulation is effected by said at least one éwitching device
of one of the other two legs having the relative phase shift controlled
with respect to the phase reference; and said at feast one switching
device of the third leg having the relative phase shift controlled with
respect to the phase reference to increase the phase shift relative to
the phase reference and thereby controlling the output voltage level of

the inverter circuit.

11. A soft-switching three phase inverter circuit receiving a DC input
supply and generating a pseudo AC three phase output supply wherein
said inverter circuit comprises:

- at least two switching devices per phase;

- each said switching device having a capacitive element connected in
paraliel across it and each phase of the output supply including an
inductive element;

- a respective capacitive element and inductive element of each phase
forming an LC resonant circuit; and

- wherein the turn-off of each said switching element is controlled to

have a deadtime between switching phases during which time said LC

This Sheet Has Been Replaced E_“S SHEET HAS BEEN \
REP .
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120][ vel Th| S output voltage |evel can be adjusted by
adj umﬂ mm mll{fﬂ 7/ 17753 |

PCT/ N¥9 rel ati ve phase difference between each of the phases,
t hus causi ng partlal vol tage cancel l ati on and thereby reducing the rns

out put of t{dRyREter 40. In accordance with the present deqmiddkpige t he
phase adjustnent is such that phase B is phase retarded - the relative
phase difference to phase A becones |less - while phase C is phase advanced
in that the relative phase difference t-@Qprhase A increases, as shown in
Figure 5. The following table indicates typical phase shi fts for phases B
and C over the cont rdP?@H“bﬁ'f%tcaEﬁs\fB? P%éaﬂmﬁi"ﬂ't@'"!m}haémtm

240[ err] phase di fference ref er and
200 A |oad. Qutput Vol ag"g)d on'to hve ﬁﬁg&é"@i}a“m V‘?Sﬁ?gggcfe%é 3t the e of

99 261[ err] gfltching. 90[ err] 270[ err]

12. AC-DC power supply including a controllable three phase inverter

circuit as claimed in claim 9.

13. An AC-DC power supply including a soft-switching controllable inverter

circuit as claimed in claim 10.

14.  Apparatus for the electrolysis of water to liberate hydrogen and oxygen
gas having an AC-DC power supply as claimed in any one of claims 1-8
and wherein said AC-DC power supply is coupled with a cell unit, the
DC output of the power supply connected to at least one cathode/

anode electrode pair of the cell unit.

~ 15. A method for controlling the output voltage of a three phase inverter
circuit comprising the steps of:
- assigning a first phase as a phase referencg;
- controlling the relative phase shift of one of the other two phases so
that the phase difference between the first place and the one of the.
other two is reduced; and
- controlling the relative phase shift of the third phase so that the
phase difference between the third phase and the first phase is

increased.

16. An AC-DC power supply substantially as herein described and with

reference to the drawings.

—————
—
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18 * bB4ferr] 306[err] 15

45[err] - 315[err] Apart fromproviding for the selection of a
desired out pMOPB7Y3| t age, this technique also is utilised PCT/NZI6OSIES Ng
out put current regulation by neans of a feedback nmechanism represented in
Figure 2 by a current sensor 172 having nnection with the control board
120 by signal 174. The control board 1204'etai ns reference val ues agai nst

which the feedbackyyal Aigsndiiiie B8 phskeifprel Erddit!sRBERiAM of HhRH! | "

adj ustnent to gating of the transistors e |1 nvert I f the

out put DC vol t ages redisgéribedtand QlithQéferérida o theCaccBmbhiivingSdrbwingy,e nat ure of
the load the current will concomtantly reduce. Figure 6 shows a sinmplified
schematic diagramof the control circuit 120, together with the current

sensor 172. The siaé/vt oot h .and, master waveform generator 180 generates two
A . A soft-switching three phase inverter circuit substantially as herein

described and with reference to the drawings.
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WD 97/ 17753 PCT/ NZ96/ 00119 -
14- conpl enentary phases of a nmaster square waveform serving as the timng
reference signals for the | GBTs of reference phase A and two conpl enentary
phases of a sawtooth waveform The two sawtooth waveforns are conpared wi.th
the varying B®¢wwess () produced by the error anplifier antCyoPe!? 182,
i.n PWM conparators 1 84a, b resulting in the production of two pulse width
nodul at ed waveforns. These pul se wi dt h nodul ated wavefornms and the two
mast er wavefornms are applied to a pair of f#4p-flops 186a, b. The output of
the flip-flops respectively represent the controlling timng references
signals for the pair of 1G@Ts for each of the phases B and C. The wavef or ns
within the flip-flop elenent 186 @ e shdbwn in greater detail in Figures 7
and 8, that respectively relate to ase and C. The out put wavef orns
fromthe flip-flops 186a, b have the]same|period and duty cycle as the
mast er waveform but are retarded anfl advgnce respectively by a relative
phase angl e of between 0 and 120[err] accgrding to the value of the error
signal (), which may vary fromzefo 1To 5 V| The arrows indicated in
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Figures 7 and 8 show the effect of an increase in the error signal so far
as how the waveforns would vary. As the anobunt of phase shift increases, so
does the output voltage of the inverter 40, up to a maxi mum phase shift of

120. Thus the error si

sawm oot h wavav@PH1778nhat
ANDed with a comon "enabl e"

gnal is limt

is to 3.3 V. Each of the six IGBT t
| ine 188, thus providing a rrechanlsmfor

ed to two thirds of the ?‘rﬁylltude of the
NGO Ral s i s

inhibiting the inverter 40. This enabling/disabling can occur in two ways,
firstly during the soft-start regime, where#¥ switching of the transistors
140 is inhibited until he sft start cigeuit 192 determ nes that the

control circuitry has

achegt st abl
passed, thus preventi rgt he
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% gatlon and hg i nrush p & od has
ama %ﬁ__&o_gﬂ 17733
s—duming this perl od® Becqndl vy, si gnal

PCT/ NZ96/ 00119 swi t cHj
fromthe current sgn‘ls

DI 172 [exceed

by the conparator aphk

R

€3 -
530
3

preset of; t he { | eveEi) n ned
& gate drivdrs w agaln'E') dlsabled A

i o+ I
| i
Iy '
I |
[ ] * 4 H
#’kh/r('\ (' \ »J l
T T H
Magag &8 ;
= LSV I - B V] [ - :
~ |
. l '
| o—r
° 1
g U T
~— == 5
II::: BUR |
L8558 S5d
>
) 2 &
o m * 1
«F -— L o " i
=, FeF |
o~ O — 5 o ;,\ > - Py !
m ”m T T v = 5 s
— ” - - [l e
wrtl - {
16,8211 & 3
llni-:*PE_-l: 2 :
o ] FOUR H ter] i
- = A =< & ¢
I A —-—E i |
} . -} ——t ﬁ o [t
’ : - E 0
. : j¢ | -—; = -..'-‘——
mi 7 ; i i —-— _ s
______ S S b 1 8 o S
a H d ~
i >
: -]
! i ] -t
= i = 2288 80 =
I - : ‘ [CRK A KRt ""l
:..._. =N i i
i tred bt i, | I! |£ I ; i
i | Pldid
(V-] T i ~ -y
e P ; EE&8888
2igl i
- 52 : Zl=
1 . <
1 . H P « N
o TN | < &
=4 ] 1 [-
-— s : o
o~ ¢ T H g >
i 72
S H . ' [ 'l P
£ T g -
5 L4 | >
" . - - ©u—
.g——_'——",'_s;. / >
s b /
-] ;. °
i-':- ": _\1‘ % ol g o o~
] - b= u.
o X ~ o——
b © L

12
14
40
16
1

SUBSTITUTE SHEET (RULE 26)



facilitates both protection regines. The logic outputs fromthe AND gate

el enrent 190 are provided to the driver board 130 for |evel conversion, and
so passed to the gate el ectrodes of the |1 GBT devices 140. The signal from
the current sensor 172 also is subtracted froma set point value derived.
fromthe set wepomrsand i nverter soft start element 192, w tRCT/NE60&39| ¢
being anplified and | owpass filtered in the error anplifier and limter
182 to provide the error signal ()that is |limted to 3.3 V as di scussed
previously. The set point is a conbinationgy gﬁ a manual |y adj ustabl e set
point and tim ng capacitor, which ensures that whenever the inverter 40
starts-up, or is reset after a fault, it does so slowy. The set point
signal to the error anplifier 182 tﬁus ranﬁs up f:tcg) zerogo t he actual set
point over a period of apprOX|nater—i seco Fi gl 2 .shbws two wavef orns

measured in operation of the power suppl Figure 2. The figure
B-ELe =eevi ces 140 (the

shows neasured drain-source voluﬂu- Fgf - -
square wave waveform and the .rhmbiated "l m ngy phase current,
where the power supply is operaj‘-; atj p : V] ¢ul ar advant ages

of enbodi nents of the inventionﬂ '

il I !!

SECTION A-A

J | |
B 1] 1711 L
[ | [ W 2
AL 78N
s | :
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avoi dance of the adverse effects of phase inbal ances due to the use of a

t hree phase mains supply. A soft-start regine practically elimnates inrush
current upon stop-up. The transforner arrangenent is |ightweight and
conpact in nature conpared with conparably power rated convention W .
97/ 17753 WO 97/17753 PCraYae£6/0611490 - 16
-:transfornmer arrangenents. Furthernore, the three phase phase shift output
control for the controlled inverter enables a w de range of output DC

vol tages to be obtained. The switching devjpgps of the controlled inverter

al so are '"soft switched', reducing stresses on the sem -conduct or
structures, inproving the overall efficiency of the power supply and making
possi bl e the synt hesis of higﬁyfrequenq pseudo utputs, in turn tending
to allow a reduction in the physjcal si 8 of the oci ated transformer.
Wiere in the foregoing des2ry nc¥bhas bgen i4bde to specific
conponents or integers of t i equi val ents then such

pt i
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equi val ents are herein incorporated as if individually set forth. Although
this invention has been described by way of exanple and with reference to
possi bl e enbodi nents thereof it is to be understood that nodifications or
i nprovenents may be nade thereto without departing fromthe scope of the .

appended cl aiw®9m775il7 CLAIMS 1. An AC-DC power supply ceopiNzséiog - a
three phase rectifier circuit generating a first rectified output in
response to an input voltage; - a controlled three phase inverter circuit

receiving the first rectified output and gepgrating a pseudo AC three phase
out put having a frequency higher than the frequency of the three phase AC
supply supplied to the rectifier circuit; - a three phase transforner

recei ving said pseudo AC three phase

Phase A
Phase B 'F"" : :"‘ T
—_———l L 1 :___
Phase C
1 - 1 | ] -
| | | ]
| S | il o
FlG.5.
30 600.00 o
20 400.00%
WAL
10 200003 /"
g Z500d
000
£ 3 T |
~10 -200.00 N
-20 -400.00 % kLJf
JEA S e e e e s e e e e e e B B
0.0 50.0 100.0 150.0 200.0
Time (ns)
FIG.9.
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output; and - a second three phase rectifier circuit receiving the

transforned pseudo AC three phase output fromthe transforner and
generating the output DC supply. 2. An AC-DC power supply as clainmed in

claiml1l wherein the three phase transfornmer conprises: - three secondary's

each fornmed fwomverrsonducti ve tube, the conductive tubes bePOWYNZ96/00119

substantially parall el
three transforner cores,

a cylindrical

and electrically connected at a first end thereof;
each corresponding to a phase,
menber threaded onto a corresgpnding conductive tube; and -

each in the form of

three primary w ndi ngs each corresponding to a phase, wound so as to pass

through the interiors of adjacent pairs of said conductive tubes.

AC-DC power supply as clained in glaim1 wherein the three phase

i ncl udes three transffx nmer cores,
menber formed froma plurality of ferrite

t ransf or ner
cylindrical

|

|
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di scs, each disc having an aperture therein adapted to accomopdate a
correspondi ng cylinder. 4. An AC-DC power supply as clained in claim1l
wherein said controlled three phase inverter circuit further includes a
plurality of sw tching devices. 5. An AC-DC power supply as clained in
claim 1l wheraigwramsd controll ed three phase inverter circuiRCTYNZIFOEY
switching devices in the formof power transistors. 6. An AC- DC power
supply as clained in claim1l wherein said frequency of said pseudo AC three
phase output is substantially higher than IAre i nput vol tage frequency. 7.
An AC-DC power supply as clained in claim1 wherein said frequency of said
pseudo AC three phase output is greater than or equal to one order of
magni t ude hi gher than the input voltage frequency. '
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(fos cofy ABO2S TS
8. ——#nﬁﬂte-DC—pomppl y as clainmed in claim1 wherein said pseudo AC

thre greater than or equal to two orders of magnitude
hi g g‘ !i Ii m frequency. 9. A control |l abl e three phase inverter
Cll’ supply to produce a three g@mseudo AC out put

| e -

supply \/\herel n the inverter conprises; - A& t hree (@}E'A Ii-l’uct ure,;
each |l eg of said bridge structure conprisi‘ng at |east o%cont
switching device; - at |east one switching device of one egs f ng
a phase referengq;afid - Wherein the voltage of the inverter uit is
control | ed by nmeans of Phase Mbdul ation. 10. A controllable the phase
inverter circuit as clained in claim9 wherein the phase m)dul ation is

effected by sa| dI at lfr?itc 88§ power supply comprising:

- a three phase rectifier circuit generating a first rectified output
in response to an input voltage;

- a controlled three phase inverter circuit receiving ths first
rectified output énd generating a pseudo AC three phase output
having a frequency higher than the frequency of the thres phase
AC supply supplied to the rectifier circuit;

- a three phase transformer receiving said pseudo AC three phase
output; and

- a second three phase rectifier circuit receiving the transformed
pseudo AC three phase output from the transformer and
generating the output DC supply. |

2. An AC-DC power supply as claimed in claim 1 wherein the three
phase trans’formef comprises: ,
- three secondary’s each formed from a conductive tube, the
conductive tubes héing substantially parallel and electrically
connected at a first end thereof;
- three transformér cores, _éach corresponding to a phase, each in
the form of a cylindrical member threaded onto a corresponding
conductivé tube; and
- three primary windings each corresponding to a phase, wound
80 as 1o pass through the interiors of adjacent pairs of said

conductive tubes.

3. An AC-DC pdwer supply as claimed in claim 1 wherein the three
phase transformer includes three transformer cores, each in the

form of a cylindrical member formed from.a jluralltv of f-mte

Hiscs, each disc having an aperture therem adapted to



swi t chi ng device of one of the other {wo | egs having the relative phase
shift mmtnﬁﬂmn ‘mrespect to the phase reference; and said at |east one
swtcu‘m e third lag having the rel-ati hase shift relative
fo the* phaise- r &f efente and thereby controlling the ﬁfp 'ﬂ@ e |level of
the inverter circuit. 11. A soft- svmtchlpg t hree phase 1 ‘&‘% %
receiving a DC input supply and generating a pseudo ACt hase ElET
supply wherein said inverter circuit conprises: - at Ieast 4& t chi ng
devi ce per phase; - caddbnfibdets W doifispindify bhdiavi ng a capaci t I8 el enent
Y

connected in parallel across it and each ase of the output supply
I ncl udi ng an inductive elenent; - a respective capacitive el enent and

pouctive, o ek, of B B U RRNA ahfsd BA WY b S"C ave o

deadti me bet ween swi tcdmtrnjlephhmes:hdw Inwgrtehcm&umiumhesmd:dlaﬁlarmmnﬁ;nt

circuit causes the nex qu‘Jentdl al svm tching elenent that is to be turned
on to have substanti afl ?""tc Ing cevices
B. An AC-DC power supply as claimed in claim 1 wherain said

controlled three phase inverter circuit includes switching devices

in the form of power transistors.

8. An AC-DC power supply as claimed in claim 1 whersin said
frequency of sai_d pseudo AC three phase output is substantially
higher than the input voltage frequency.

7. An AC-DC power supply as claimed in claim 1 wherein said
frequency of said pseudo AC three phase output is greater than
or equal to one order of magnitude higher than the input voltage

frequency,

8. An AC-DC power supply §§ élaimad in claim 1 wherein said
pseudo AC three phasé ‘output is greater than or equal to two

orders of magnitude higher than the mains frequency.

9. | A controliable three phase ihvéner cfrcqit receiving a DC supply
to produce a three phase pseudo AC output supply wherein the
inverter comprises:

- a three leg bridge structure;
- each leg of said bridge structure comprising at least one
controllable switching device;

- at least one switching device of one said legs forming a phase
reference; and

- wherein the voltage of the inverter circuit is controlled by



zero voltage across’it at the tinme of, switching. 12. Apparatus for the

-eI ectrol ysis to |iberate hydrogen and oxygen gas having an AC DC
\/\ﬁ m ‘@ l\!ﬁmt’ed in claiml and wherein said AC DC power suppg_rl S
cou ni the DC output of the'p E o at
| east” one cat hode/ anode eI ectrode pair of he ceﬂ@EWEM%

met hod for controlling the output voltage of a three p ¢ CIrCUIt
conprising the steps of: - assigning a first phase as a p ase reference -

controlling the rel athyghsdbrrryse Mbduigiorone of the other two phases so that
t he phase difference between the first place and the one of the other two

is reduced; and - controlling the relative phase shift of the third phase

s that the phasgy di 14 gbRnGRERPINISHbsk IR, b LHoRD a5 EiaMsk WGaiki 8t Phase is

wherein the phase modulation is effected by said at least one
switching device of one of the other two legs having the relative
phase shift controlled with respect to the phase referance; and
said at least one switching device of the third lag having the
relative phase shift relative to the phase reference and thereby

controlling the output voltage level of the inverter circuit.

11. A soft-switching three pl';ase inverter circuit receiving a DC input
supply and generating a bseudo AC three phase output supply
wherein said inverter circuit comprises:

- at least two switching device per phase;

- each said switching device having a cépacitive element
connected in parallel across it and each phase of the output
supply including an inductive element;

- a respective c_aéacitive element and inductive elsment of each
phase forming an LC resonant circuit; and

- wherein the turn-off of each said ewitching element Is
controlled to have a deadtime between switching phases during
which time said LC resonant circuit causes the next sequential
switching elemant that is to be turned on to have substantially
zero voltage across it at the time of switching.

12, Apparatus for the electrolysis of water to liberate hydrogen and
oxygen gas having an AC-DC power supply as claimed in claim 1_
and wherein said AC-DC power supply is coupled with a cell unit,
the DC output of the power supply connected to at least one

cethode/anode electrode pair of the cell unit.
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A method for controlling the output voitage of a three phase
inverter circuit comprising the steps of:

- assigning a first phase as a phase reference;

- controlling the relative phase shift of one of the other two
phases so that the phase difference between the first place and
the one of the other two is reduced; and

- controlling the relative phase shift of the third phase so that the
phase difference between the third phase and the fist phase is

increased. -
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(57) Abstract

This invention provides an AC-DC power supply for receiving a threc phase mains supply and outputting a transform DC supply. The
power supply unit has a rectifier circuit providing an output to a controlied three phase inverted circuit to generate a pseudo-AC three phase
output of higher frequency than the AC supplied to the rectifier circuit. A three phase transformer is provided to receive the pseudo-AC
three phase output and transform the output and provides us to a three phase rectifier circuit to generate the toutput DC supply. The invester
circuit may provide a three leg bridge structure with each leg having a controlled switching device one of which is used to provide a phase
reference. The switching devices of the other two legs may control the relative phase shift on each leg to reduce the phase shift relative
to the phase reference on one leg and increase the phase shift relative to the phase reference on the other leg. This is used to control the
output voltage level of the inverter circuit. The entire AC-DC power supply may be linked to a gas generator for the electrolysis of water
to liberate hydrogen and oxygen.




