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(57) Abstract: There is disclosed a reactive power controller (RPC) for dimming AC mains lighting systems that use ballasts, for
¢r,) example magnetic ballasts. In one embodiment, a DC/AC converter is used to convert a DC voltage, from a DC voltage source,
c to an AC voltage that is out of phase with current flowing through the RPC. For example, if the AC voltage is 90° or 270° out of
@ phase with the current then the RPC will appear, to an AC mains lighting system, to be effectively a capacitor or an inductor, thus
& increasing the effective impedance of the mains supply to the magnetic ballast. The RPC creates a controllable AC voltage at mains
& frequency, so that the net voltage to the load is adjustable to dim the load. The net voltage is the vectorial sum of the AC mains

voltage and the AC voltage created by the RPC. A second RPC may be used to improve the power factor of the AC mains lighting

system. The second RPC generates or absorbs the required reactive power of the whole system, so that the input power factor of the

AC mains lighting system becomes substantially unity. In an advantageous embodiment, the first and second RPCs are connected
a to share a common DC voltage source.
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systens are used in various applications. These include 20 i ncandescent

| anps, fluorescent |anmps, high- and | ow pressure discharge |anps. For both

aest hetic and energy saving reasons, various attenpts have been made in

the prior art 1o pradXig0R¢03TI6S A1 A N O
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partlcularly useful for hig intensity discharge (HID) Ianps whi ch are

wi del y ffsed e(’ﬁ“icc"ﬁlﬁﬁ’ﬂﬂ{ﬁhﬁa?l’fﬁ Fft"i”rf ”é% ‘due to the H D |anps' nanifold

advant s "\c] ‘;ﬁi@e;f””o Ve B gR"T uni nous efficacy. Unlike

i ncandescéent | |gh |nten5|ty 30 discharge |lanps generally require a

| ong warm up tlne to reach full brightness. After being shut off, they

need a cooling down period before they can be restarted again. It WO

2006/ 037265 PCT/ CN2005/ 001584 is this "re-strike" characteristic that

makes dimmng a very attractive alternative to sinply turning the lights

of f, because dinmm ng does not require the turning off the |lanps and can

therefore avoid considerable warmup tine of the 5 |lanps after re-ignition.

Al t hough nunerous attenpts have been nmade in the prior art to devel op

di mmabl e el ectronic ballasts for individual |anps, conventional magnetic

ball asts are still the nost reliable, robust, cost-effective, and dom nant

choi ce for high-wattage discharge | anps and 10 | arge-scale |ighting

systens, such as street lighting systens. D nmng al so has ot her

advant ages such as reduction of peak power demand, increase of flexibility

for multi-use spaces, safer driving in light traffic conditions and 15

avoi dance of light pollution. This invention relates to a




di mmi ng technology that can dima lighting systemfornmed by a plurality of
| anps. Existing non-dinmable lighting infrastructure can be converted into
a di nmablwoaeoes/osiiss real energy saving. No major changecefcN2bes/doight i ng 20
electrical network is needed. O particular inportance, the technol ogy
will maintain the principle of providing "environnmentally clean” power
conversion that will not introduce harnonic pollution probleminto the
power system 25 PRI OR ART Existing di mmng nethods for existing lighting

systens include Triac-based_di rs_f ipca nt |anps and gaseous
di scharge | anps conpati bl e RF?%EEEFaElgﬁﬁﬁggsgggﬁﬁﬁnable el ectronic
bal | asts for gaseous | anps, and a range 30 of disparate techni ques for

dimm ng |anps driven by magnetic ballasts. These prior art techniques wll
be discussed in turn. 2 WO RDBBP0G72EBEPTYVENZOOB/ 001584 Tri ac- based

di mers have been popul arly use s the dimm ng devicge di -t
i ncandescent IEB%% é_ﬁeEBﬁén ria ?%igﬂaﬁP8a¥ g%%e%%énﬁeﬁgégg F%%h T%ge
circuist copbeching (is hidHspopeedghal Ftg. adfa)2) Adimnangdeoneotofisist s of

a 5 triac and also a triggering circuit which controls the ghase angl e of
turning thedivideabnebeetraceyclemps PHeMABENISNOBRLAYeSlASCERERA in Fi g.
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of ac 10 veliageusdsubkpsi nThbeiabéhttynt peddiast ihhpabtighinesscok the
| anp. However, the waveshape of the mains input current
51mpie general purpose and non-intrlsive dimming system that
0 can be retro-fitted to existing lamps and which is non-
intrusive in the sense that when not in use the dimming
apparatus has no effect on the normal operation of the lamp.
The apparatus and dimming methods maintain high power

quality (with capability up to unity input power factor)

15 from the power system at any dimmed power level.

BACKGROUND OF THE INVENTION
A wide range of different types of lamps and lighting
systéms are used in various applications. These include

20 incandescent lamps, fluorescent lamps, high— and low-
pressure discharge lamps. For both aesthetic and energy
saving reasons, various attempts have been made in the prior
art to provide such lamps with a dimming control so that the
brightness of the lamps can be adjustable.

25 Dimming function is particularly useful for high
intensity discharge (HID) lamps, which are widely used in
public lighting systems 'due to the HID lamps’ manifold
advantages such as longevity and high luminous
efficacy. Unlike incandescent lamps, high intensity

30 discharge lamps generally require a long warm up time to
reach full brightness. After being shut off, they need a

cooling down period before they can be restarted again. It



through the triac dimer is dependent on the delay angle. Wen the del ay
angle is nonzero, the input current will 15 deviate fromthe sinusoi dal
shape of wbeossismzsvol t age. When the delay angl e is i neceaNaos/ i
conduction tine of the triac is dimnished. The input current will then
consi st of high harnonic conponents and thus generates undesirable
harnonics into the power system In addition, as the input 20 power factor
is the product of the displacenent factor and the distortion factor [2]
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Dimming also has other advantages such as reduction of
peak power demand, increase of flexibility for multi-use
spaces, safer driving in light traffic conditions and

15 avoidance of light pollution. This invention relates to a
dimming technology that can dim a lighting system formed by
a plurality of lamps. Existing non-dimmable lighting
infrastructure can be converted into a dimmable one with
real energy saving. No major change of the lighting

20 electrical network is needed. Of particular importance, the
technology will maintain the principle of providing

venvironmentally clean” power conversion that will not

introduce harmonic pollution problem into the power system.

25 PRIOR ART
Existing dimming methods for existing lighting systems
include Triac-based dimmers for incandescent lamps and
gaseous discharge lamps compatible with triac dimmers,
dimmable electronic ballasts for gaseous lamps, and a range
30 of disparate techniques for dimming lamps driven by magnetic
ballasts. These prior art techniques will be discussed in

turn.



are for the "live" and "neutral" of the ac mains, the other 10 two are for
the dimmng | evel control signal, which is typically a dc signal within
1V-10V. Avgenevmhestructure of the dinmabl e el ectroni cpoaldNasds/tossss
illustrated in Fig. 2(a). It consists of an active or a passive power
factor correction circuit, a high-frequency dc/ac converter, and a 15
resonant tank circuit. The power factor correction circuit and the dc/ac
converter are interconnected through a do Iink of high voltage. The dc/ac

converter is used tq drive_the | t hrough _the.r n tapk.circuit. It
is usual ly switcHec %ﬁe%.¢+@ﬁﬁﬁﬁg€£§?i %??yp%?g%%§f§h§%£?hggr%@%nant 20
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provide a !gh voltage to ignite the and ballast the lanp current.
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typical circuit of electronic ballast for fluorescent |anps is_illustrated
in Fig. 2teyleiof vimenintetle FRLAS PR O?%rr%c?YFi%dosytﬁer@@i??ier, t he

power fac&git%égfgﬁéiQg?ﬁﬁrgHL§i%$h£??!izgg by¥nrBo0shgdehdcgepgyerter, the

dc/ac conver i's reallze bridge inverter circuit, and 4 WO

2006/ 037265 PET(N20084 081684t tbetresanastubaskveltaget asdf ohoedthy Lr
and C. The dc I|ink voltage is regulated_at a |evel slightly higher than
the peak vaver ob the henpmi A3nvVBRt gBETPELIeRe | BRHSI SONEFRMeB bFC

inCreﬁ§in90£Q§ggwéé§QiQ§ Iﬁegﬂgn8%i9£t§lt8ngd§gst the brightness of
the lamp.

However, the waveshape of the mains input current
through the triac dimmer is dependent on the delay angle.
When the delay angle is nonzero, the input current will

15 deviate from the sinusoidal shape of the mains voltage. When
the delay angle is increased, the conduction time of the
triac is diminished. The input current will then consist of
high harmonic components and thus generates undesirable
harmonics into the power system. In addition, as the input

20 power factor is the product of the displacement factor and
the distortion factor [2], the input power factor becomes
small when the delay angle is large. It is because the
displacement factor is equal to the cosine of the delay
angle (If the delay angle is large, the displacement factor

25 will become small.) and the distortion factor deteriorates
as the current harmonic content increases. The ultimate
effect of this low input power factor is the presence of
reactive power flow between the ac mains and the lighting
system. This reactive power could cause serious defects

30 over the power system. The lower the power factor, the
larger the rating of the transformers and the larger the

gize of the conductors of transmission must be. In other

(V3]



5 then the reactance of Lr is increased, so that the power delivered to
the lanp is reduced. Electronic ballasts for fluorescent |anps
(1 ow pr eswonreos/@drmshar ge | anps) have been wi dely used ardTh@eershoesss shown
that their use has an overall econom c benefit [4]. 10 operating at high
frequency (typically above 20-kHz) electronic ballasts can elimnate the
flickering effects of the fluorescent |anps and achi eve a higher efficacy
;Pan mai ns-frequency (50Hz or 60Hz) operated magnetic ballasts. Therefore
uor escent
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years w t hout | n WL d S 8t 9nRave LBheCthAHL oDRdigsts With
such | ong Iife?%%gﬁgngo%h?%% F%guzfgﬁ'%gfenhﬁﬁtgrigfs and \/C\}ndiri'gﬁat
mat er i al s damgabaeyellabkeoniki bellelstct fom dilbahleases leaps eorcd teexi ¢ and

non-recycl able materials. 25 1n HD.I s .market, .the si tian _of usin
el ect r oni éLURZPPESHS #@m@Ffﬁgﬁeﬁﬁg I it &ﬁﬁﬁﬁﬁ?%ﬂ@ﬂiﬁlgﬁmﬁﬁiin ga

mnority af JyaiAasheeancbiRognR! igatiagns usthey yaned iamted rdo small-scale
systens and consumer products, such as projectors, filmlighting, and
aut onobi | echeaditamps affFhnoement3@mie Me@sién sislet hFWoHIRIRAYs B6ul d

suller 119p,a60ustic, agqenanee WhEnLhax e oBeral ol At i Lispency.
2006/ Q87265PeTeCiR3L1theb dikihy e84 control signal, which is
typically a dc signal within 1V-10V. A general structure of
the dimmable electronic ballast is illustrated in Fig. 2(a).
It consists of an active or a passive power factor
correction circuit, a high-frequency dc/ac converter, and a
15 resonant tank circuit. The power factor correction circuit
and the dc/ac converter are interconnected through a dc link
of high voltage. The dc/ac converter is used to drive the
lamp through the resonant tank circuit. It is usually
switched at a frequency slightly higher than the resonant
20 frequency of the resonant tank circuit. The resonant tank is
used to provide a high voltage to ignite the lamp and
ballast the lamp current. Dimming function is achieved by
controlling the dc link voltage and/or the switching
frequency of the dc/ac converter. The input power factor can
25 Dbe kept high at any power level. As illustrated in Fig. 2(b),
the waveform of the input current i, is sinusoidal and in
phase with the ac mains.
A typical circuit of electronic ballast for fluorescent
lamps is illustrated in Fig. 2(c), in which the ac mains is
30 rectified by a rectifier, the power factor correction
circuit is realized by a boost dc/dc converter, the dc/ac

converter is realized by a half-bridge inverter circuit, and



tube that could trigger various forms of resonance - as occurring in the
woodwi nd nusi cal instrunments. In principle, it can be avoided by operating
t he | anpsweto@/d3mesf requency (< 1kHz) or a very high fpequaneys/o0rss350kHz -
700kHz) [5, 6]. 5 However, the lanmp characteristics change with tinme and
thus lanp stability is not guaranteed when the |anp's ageing effects
become crucial. Unlike incandescent lanps, H D lanps require a |ong warm
up f!ne éo reach_fgIL Prightness. After being shut off, they need a

cool ing down perio efore they 10 can_be r arte L n. IS, this
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bal | asts, conventional magnetic ballasts_are 20 still the dom nant choi ce,

especi al |1§eliveredoe? thppla®ativnsedYrtike el ectronic ballasts, magnetic
bal | asts havep{he. adyant 3ges, of s exbt epeliyr8588nt el habk ! i1 ywapdekange

. ; t
lifetime, and 10 us?ness agal nst transient voltage surge (e.g. due to
| i ght ni ngisridahgst 1hepwbrkéng easnrendehy (ecd.and hayh heaidPhgwand wi de

variation of tenperature). Particularl t hey offer por lanp-arc
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control. Apart fromthe technical issues, it _is alsg not

electronic ballasts can eliminate the flickering effects of
the fluorescent lamps and achieve a higher efficacy than
mains-frequency (50Hz or 60Hz) operated magnetic ballasts.
Therefore fluorescent lamps driven by electronic ballasts
15 consume less energy for the same light output when compared
with lamps driven by magnetic ballasts. However, one major
weakness of electronic ballasts is the relatively short
lifetime (typically less than 3 to 5 years for high-quality
products) . Magnetic ballasts can normally operate over 10
20 vyears without replacement and it is rare to have electronic
ballasts with such long lifetime. Also, the inductor core
materials and winding materials are recyclable, while
electronic ballasts have more toxic and non-recyclable
materials.
25 In HID lamps market, the situation of using electronic
ballasts is different. Electronic ballasts are only used in
a minority of mainstream HID applications. They are limited
to small-scale systems and consumer products, such as
projectors, film lighting, and automobile headlamps [5]. One
30 main reason is that HID lamps could suffer from acoustic
resonance when they are operated at high frequency. Acoustic

resonance is due to the power pressure variation in the lamp



econom cal to use a dinmm ng device for each individual lanp in a lighting
systemfornmed of a large group or network of 6 WD 2006/ 037265

PCT/ CN200§0Q08sa8%265| anps. The arrangenent is parti cul ar lpgTaN20iwe1334f or
converting a non-di mmable lighting systeminto a dimmble one by replacing
all dimmable control gears with dinmable devices. As illustrated in Fig.

3, the wiring and electrical 5 installation will be conplicated, since it
is necessary to redesign the electrical networks for both power |ines and

control SLanAl $5aIne Shidiqhlon W L. he, avan.inr e comldealed - 1, syst ens

havi ng nultipl e zones. ere , i nstallation I mmabl e
el ect r oni echaldrasis imn tadld wWoamwipes teidinall iagatoadndritght ilg myisteimld or

exanple, will involve high installation cost and will also be a
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and energy savi ng,can make such "di bl magneti c .bal | asts” .an attractive
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useful toe2@chaveadbaehreheanithahicar dinbaadelddadit then@fs | MMWS Minidy
magnetic ballasts. Fig 4(a) shows the general non-di mmable |anp system

conf i gur attiegitiviet b AeggeMiaagTbald &stis, tion BRkicéh fulde gt nsfss-hd P ast s
= 5 oo b samangtothe Ui e dmins Lot s S sh Bt The.gy oh
for exanpken beamealagarid algaialt aratisc thiirer esrttralke”and phot o- sensor.
characteristic that makes dimming a very attractive
alternative to simply turning the lights off - in order to
avoid gpending considerable time waiting for the lamp to
warm up. Dimming also has other advantages such as energy
15 saving, esthetic purpose, increase of flexibility for multi-
use spaces, safer driving in light traffic conditions [2]
and reduction of light pollution in outdoor lighting systems.
Hence, despite the increasing efforts on developing
electronic ballasts, conventional magnetic ballasts are
20 still the dominant choice, especially in outdoor
applications. Unlike electronic ballasts, magnetic ballasts
have the advantages of extremely high reliability and long
lifetime, and robustness against transient voltage surge
(e.g. due to lightning) and hostile working environment (e.g.
25 high humidity and wide variation of temperature).
Particularly, they offer superior lamp-arc stability
performance in HID lamps. In the past,‘the major limitation
of magnetic ballasts was their lack of flexibility in
achieving dimming control.
30 Apart from the technical issues, it is also not
economical to use a dimming device for each individual lamp

in a lighting system formed of a large group or network of



To date several dimm ng nethods for |anps with magnetic ballasts have been
reported. The ultinmate purpose is to control the lanp current, and hence
the | anp wowess/03swmst hat 30 the |anps' brightness can bepeardNacos/ 004
strategies are nmainly acted on the input side of the ballast or at the
lanp 7 WO 21) 1) 61037265 PCT/CN21111 5 /11111 5 8 4 side. As depicted in
Fig. 4(b), they can be categorized into several nethods. Method | -
Control of the supply voltage or current to the 5 |anp Reducing the

vol tage supplying to the ballast. is a, direct. way of dipm As
i |1 ustratledms Iﬂlq'tF ATANIE tie PRUPHTY Vot ¥ aaYge&\)/rll_géfI;W}%%ﬂced, t he
suppl y C%Jrﬁ}grﬂiLnﬁ@%oA%n%mr@rmigﬂtamg apst hrenceso taedlmmgbbower wil |

be 10 decreased. is method can be realized by various voltage
t r ansf or ratd doy reepisscing telds diowdly e RS} HRIET b AR f requency

swi tching converters.,.One .of .the nost. obvjo I Ling:

vol t age dc?ovrfd?ets!’ 'o?ﬁss ojnﬂ1 etrbasﬁﬁcgsjtn iSE;l t %’s%ﬁ%ﬁd%ogn%%ni%v%ﬁé%%@ 15
the vgl t ages#atiH Mn thel 5 uppl dorplansfedersinge the systevesmyrpetoari ed.
As the voltage ratio is.dependent on the turns ratio, it.follows. that if

the turnsedasiorahdelefteredl MHRVIHES VIOPE deER 2098 17%% ¥hAnged by
the same  amount é%}mal\/ﬁar ;ﬂ#%saér%mrya‘yﬂpe@@ adoptedrd ofombf eedtag 20

this _d_esicfoep rCCI>*|ang inth ormation ratio, the nost sinple one
i nvol Vi ngirt hey stsem®fhay1egpped v pice ngooes onBheietoref ihetatbasionnef, so

Ut Ot 1 ansToR HE1H Mt AL LT AT O K PbEL CORT | oot y: S0P B2 Tt 7] - a
tmo_wﬁpdiQQand lighting system, for example, will involve high
installation cost and will also be a maintenance nightmare
for the road lighting management companies, in view of the
relatively poor immunity of electronic ballasts against
extreme weather conditions.

15 Therefore, if magnetic ballasts can be made dimmable,
the combined features of their long lifetime, high
reliability and energy saving can make such "dimmable
magnetic ballasts" an attractive solution for both indoor
and outdoor applications. Moreover, it would be ugeful to

20 have a technology that can dim a plurality of lamps with
magnetic ballasts. Fig 4 (a) shows the general non-dimmable
lamp system configuration with magnetic ballasts, in which
the input of the ballasts is directly connected to the ac
mains through a switch gear. The switch gear is used to turn

25 on the lamps and is controlled by various means, for example,
manual control, automatic timer control, and photo-sensor.
To date several dimming methods for lamps with magnetic
ballasts have been reported. The ultimate purpose is to
control the lamp current, and hence the lamp power, so that

30 the lamps’ brightness can be varied. The strategies are

mainly acted on the input side of the ballast or at the lamp



25 autotransfornmer is used to provide two voltage levels for inplenenting
a two-level dinmmng system In [8], a nultilevel dinmmng systemthat uses
a nore cowphoeapers transforner is proposed. Al these wetrhodsosionysshkve the
use of nechani cal devices, such as contactors for changing the 30
turns-ratio and notors for continuously adjusting the turns ratio. 8 WO
21) 1) 61037265 PCT/CN21111 5 /11111 5 8 4 Another nethod is the use of
high-freﬁuency smﬁtching converters. The ac mains voltage is converted into
a dc voltage canv ter the dc vol tage i.s _canve i nto
an ac vol £ajé @15%%,1% flg% ’TP\:EIS $Y §atnhtbegvcearta ERESVES| er‘n%an
flexibly g@qgkge %emhgﬁkguallty varlable voltage and vari abl e frequency
output at vL. However, as the input energy fromthe ac nains is processed
tw ce, the overall efficiency is low. For exanple, if the efficiencies of

the ac-dc,and the dcds SOVeIs §hs a839%0 1k dd 16, 0vanald, e1dd dhgncy s

0.95 * 0 ron1u5|ng ac conversi on approach, an ac-ac
converter isugh as cycIoconverter can be used to prOV|de a controllable

vol tage at mmins frequency. In a power cony used to chop the
ac sinusoi dal ¥EAVEIES S YPlF@BFa§§PBQM§§9\HQ: %Fh a&ﬁﬁﬁ%bﬂﬂhﬁ*envelope

Simlar ag%g@cu,ags oS ed f g{h%;lt sLh1udeuenels isonsiqleral)e G e

har moni cs w |l ener at e e process, leading to harnDnlc pol | ution
probl ens isnppilg polkagsystems rediusedunshet abpelyorurasps, isucthas H D

| anps, mhlch are sensitive 20 to, the t | t ty
undesi r abHé™Rc GHSHE Hé@@naﬁ%é EﬁHC?ffﬁbg?ﬁh@ﬂeﬁggg?QW11h gay cause

10 decreased. This method can be realized by various voltage
transformation means, such as low-frequency transformers or
high-frequency switching converters.

One of the most obvious methods of altering the voltage
conditions on the ballast input is to provide means whereby

15 the voltage ratio of the supply transformers in the system
may be varied. As the voltage ratio is dependent on the
turns ratio, it follows that if the turns ratio can be
altered then the voltage ratio will be changed by the same
amount [5]. Various methods have been adopted for effecting

20 this desired change in the transformation ratio, the most
simple one involving the use of a tapped winding on one side
of the transformer, so that the effective turns-ratio can be
altered. Another one is the use of autotransformer that the
turn-ratio can be continuously varied. In [7], a two-winding

25 autotransformer is used to provide two voltage levels for
implementing a two-level dimming system. In [8], a
multilevel dimming system that uses a more complicated
transformer is proposed. All these methods involve the use
of mechanical devices, such as contactors for changing the

30 turns-ratio and motors for continuously adjusting the turns

ratio.



Anot her approach [12, 13] is the use of an external current-control power
circuit to control the magnitude of the input current at mains frequency.
I nstead oWo2bodiosazesf or mi ng the vol tage magnitude, this wretrhodoadousis t he
input current taken fromthe ac mains. As the active power taken fromthe
ac mains is proportional to the product of the ac nmains voltage and
current, this can thus control the overall power delivered to the |anps.
30 Method Il - Control of the ballast-lanp inpedance path |nstead of
transformng t

he ac mains vqltage, directly,..Fig. 4(c) il es _anot her
di mmi ng nephodAFﬂgFe¥h@?§h 580876375650 bch ERavGa b bEa P EBhTRS
appar at us L 56eppeskedrhiNagenheasWbhthe Lanpoayetesd Theo eodaect ed
apparatus 1s a variable reactance that 1t does not dissipate any active

Fﬁmer ideabﬁyagQSth@ngagrdC|cpﬁﬁ@aéﬁgeanéfthﬁedpawﬁ1§9§?6ﬁﬁis adj ust abl e,
e magnitude o L. 5 i b , . ( ;
g t&89¥§gée¥naﬁ€?o nggﬁg%gggrégg%y §C8H§§c?QbH§EgEE§ [Q?Jdﬁﬁﬁg§sed In

a
[ 14], I'n wo series inductors’is used for

the chpkeths bherhall agbtem\Vebh @lewiblh phatidenabypassquagiol the two
i nductors, the overall inductance can be altered in a discrete manner. 10
In [15], wasapbiabvelieget sRdi ¥agdellpnttREUBRFYaSHEPhaftc&A di m the | anps

Continuouﬁé%evgghiQsathgg%hﬁgtr@Hgggyn§¥oﬁdgh€9a@nm§ﬁhgaiwi5§b@gs%@dthe

reactor and rnjetting a current to this extra w nding, the reactor
go[e can beicsat that ederadlt Bafithencypédahow . oF orrheximgdet oi fi khehe 15
al l ast can be changed. _The resul.ting.effect, is to adjust_ the current
fl owi ng tSfﬁﬁglﬁﬁﬁbgg ﬁﬁvﬁﬁ?aﬁ?‘gﬁ ﬁ%é Lﬁgegcéac cofiveers’ dre”d. o8]

10 the overall efficiency is 0.95 * 0.95 = 0.90.

Apart from using ac-dc-ac conversion approach, an ac-ac
converter such as cycloconverter can be used to provide a
controllable voltage at mains freqguency. In [9], a power
converter is used to chop the ac sinusoidal voltage into

15 voltage pulses with the sinusoidal envelope. Similar
approach is used in [10, 11]. However, considerable current
harmonics will be generated in the process, leading to
harmonic pollution problems in the power system. It is
unsuitable for lamps, such as HID lamps, which are sensitive

20 to the excitation voltage. It may cause undesirable acoustic
resonance and flickering effect.

Another approach [12, 13] is the use of an external
current-control power circuit to control the magnitude of
the input current at mains frequency. Instead of

25 transforming the voltage magnitude, this method adjusts the
input current taken from the ac mains. As the active power
taken from the ac mains is proportional to the product of
the ac mains voltage and current, this can thus control the
overall power delivered to the lamps.

30
Method II - Control of the ballast-lamp impedance path

Instead of transforming the ac mains voltage directly,

Fig. 4(c) illustrates another dimming method that the



variable reactance with the current to the control w nding being provided
by a nulti-tapped autotransformer, so that different combinations of

equi val envoedsdmBnesnpedance can be 20 realized. |nstea®cofcN28050Y13ASSI Ve
el enents, another approach [17, 18] is based on creating a voltage source
connecting in series with the lanp path. In [17], a dc/ac converter is
connected in series with the lanp system The dc side of the 25 converter
is connected to another ac/dc converter, which is supplied fromthe ac

mai ns. Both converters have to_handl e actlv a r I th
wor ds, t hePRATALAS- £f r COMREF g ehr ?rb%fm%%ﬁh Eﬂe ?g%éo%§§ ersThganIasr

idea s Héﬁgeéﬂfél§épéféﬁuéh§s'ﬁpbﬁﬂﬁﬂbﬁélﬁ@atﬁab@éedhaﬂ U8i 8ge8Onot
transforner coupling.” Nevertheless, this circulatin energé wi |l introduce

ener gy IoéSS$npahe aggt@@tlwgap©w¢rohd§®lyw}2&§1§B§08Y§65 Cirerpange 5

/11111 5 8_4 ring th ff
hor mal 1 QEUER WEERBEETT TSN Cortd SPobrothe [arp v ol PepehaRee 5 A

i 11 ustyr at ok Ehredf dpecbhest hiifdsappleach is to use an apparatus that
can divert the current fromthe ballast. The oyerall effect.is.to r%duce

the |anp currehs digawpsed jnofl4h sﬂnFWHaBF%pcéBQEFFBF FenEdRhiBPedacr oss
a | anp. '&odégyhgg ;ﬁdugﬁﬁkéeﬁ &QQdCEP?C%BQrchékéwﬁhchﬁé 88114Qtso that

part of the curren Fon f e bal | ast diverted away fromthe | anp
into the wapacat switth thas way, byphes| anp obrtbat tundinhdnceorke kamp powver
can be controlled, in g discrete manper, GouRaLi 39.Lhe.aPqus,Ipt hods,
10 In [15], a saturable reactor is used in the ballast
that can dim the lamps continuously within a limited range.
By adding an extra winding to the reactor and injecting a dc
current into this extra winding, the reactor core can be
saturated, so that the impedance of the inductor in the
15 Dballast can be changed. The resulting effect is to adjust
the current flowing to the lamps. A variant in [16] uses a
variable reactance with the current to the control winding
being provided by a multi-tapped autotransformer, so that
different combinations of equivalent series impedance can be
20 realized.
Instead of using passive elements, another approach [17,
18] is based on creating a voltage source connecting in
series with the lamp path. In [17], a dc/ac converter is
connected in geries with the lamp system. The dc side of the
25 converter is connected to another ac/dc converter, which is
supplied from the ac mains. Both converters have to handle
active and reactive power. In other words, there is a
circulating energy between the two converters. Similar idea
is used in [18] that the implementation is based on using
30 transformer coupling. Nevertheless, this circulating energy

will introduce energy loss in the system. Apart from

10



15 suitable for dimmng a plurality of |lanps, particularly for existing
installation. Method Il requires nodification or installation of the

di mmi ng appavetassesn each individual |anp. Al though al lpcofeN2bes/@issye

met hods can dimthe lanps w th magnetic ballasts, they have their
respective 20 limtations of 1) requiring expensive and bul ky nechani cal
construction [7,8], 2) introducing undesirable harnonic pollution to the
power system[9]-[13], 25 3) inapplicable for dimmng a plurality of |anps

, , dling. th | i f the | oad
16 15, Al dle AP Umte! o sl g s esgl e Bineraol 1hg o

6) bei ng practmcalisgsuwd fficult for central or automatic control [7, 8, 14,
15, 17], 11 WD 2006/ 037265 PCT/ CN2005/ 001584 7) reducing the input power
factor of the entire lighting systemwhen the |anps are dimed [14, 15,

16], and ' hSSi i irc i 2 . 5 SUMVARY
CF]INVENH%§5%§¥E¥%§%bq%%ééﬁgfﬁ%ggg%%:#%@gn??gﬁﬂ?%grg%%%d%%%%ided
apparatus for pysovildiug:ratprdvied Higyersd glial ithye andi dil ppupaconts otof or an

For med by 45 (o5t FRHAF 2L 0 Al B i I Sar SRS e eves Lhe.
di mm ng  fnaldan Wid SRaka BN e SAVE NG D LA Hhd Mddhecyotd age
avai lable to the lighting systemw thout handling the active
iramp. In [19], a switchable capacitor is connected across a
lamp. If dimming is required, the capacitor is switched on,
10 so that part of the current from the ballast will be
diverted away from the lamp into the capacitor. In this way,
the lamp current and hence the lamp power can be controlled
in a discrete manner.
Comparing the abovg methods, Methods I and II are
15 suitable for dimming a plurality of lamps, particularly for
existing installation. Method III requires modification or
installation of the dimming apparatus on each individual
lamp. Although all of the above methods can dim the lamps

with magnetic ballasts, they have their respective

20 limitations of

1) requiring expensive and bulky mechanical construction
(7,81,
2) introducing undesirable harmonic pollution to the power

system [9]1-[131],
25 3) inapplicable for dimming a plurality of lamps [14, 15,
19],
4) handling the total active and reactive power of the load
[7]-1[13],
5) providing discrete dimming only [7, 81, [14]1-[16], [19]
30 6) Dbeing practically difficult for central or automatic

control [7, 8, 14, 15, 17],

11



power of the system Instead, it only handles the reactive power of the

entire system The power rating of the dinmrer 15 will be nuch smaller than
the full wowess/aadesng of the |ighting system The struetwreN2ods/mieeferred
enbodi ment is shown in Fig. 5(a). Installation of the apparatus is simlar
to Method Il in Fig 4(c) that the apparatus is connected in series with

the lighting system Instead of a reactance, the 20 apparatus is a reactive
power controller (RPC), which will insert an auxiliary voltage between the

ac mai ns vgl tage, vac d t.he hallast i t vL.-Fi,g. 5(.a)._sho he

connect i orﬁof 1%2%(39 fip o1 rPeoc“felrngfqagcgtO\A]feeonft % aecr(t?rj)a]fenrshl\:ﬁjdgjﬁ%hti ng
system The auxidted Ywhedl tage lismpmiataidietnead B0 or12701&25 dagi ees out of
phase with the current iL flowing through said apparatus, and wherein the
magni t ude 8df theedduxig i%%ﬁlwﬂt‘éﬁgéfli@hasaéﬂﬁ%rer\lﬁdﬁbf nbt thel&lol t age appl i ed
the lanp. In one preferred enbodinent the RPC in the apparatus is a dc-ac
converter, consisting of a half-bridge converter 30 circuit in Fig. 6(a) or
a fullsbridge converter circuidUMMARYIQF. IBMENTITRe dc side of either
configuration is connected to a dc source. This dc source can be an

externally 12 @BC_?G@GP@B‘F%E?WWSF@U%iO% S8 et B WG age
source or a&ag%%%%gﬂs? %’b’r ?}%@g@iﬁg?qn@fmv@ae Weddeniey tards Gerneef ed to

t he nodes a) "through an inductor L. The magni tude of
the vol t agentawed Hemcert led ecunmientl, 1afps wuplogginegald vt led dcdmicarle varied by

cont ol 119,108, ATOURL o LeACLl G ROUCILALE Iy aml Atagrpag by the
RPC 1150 adjqustdube ackipse mowelapelrhatelsy schitdhied ames dimming

function with real energy saving by controlling the voltage
available to the lighting system without handling the active
power of the system. Instead, it only handles the reactive
power of the entire system. The power rating of the dimmer

15 will be much smaller than the full power rating of the
lighting system. The structure of a preferred embodiment is
shown in Fig. 5(a). Installation of the apparatus is similar
to Method II in Fig 4 (c) that the apparatus is connected in
series with the lighting system. Instead of a reactance, the

20 apparatus is a reactive power controller (RPC), which will
insert an auxiliary voltage between the ac mains voltage vac
and the ballast input vi. Fig. 5(a) shows the connection of
a RPC, RPC 1, connecting between the ac mains and lighting
system. The auxiliary voltage is maintained at 90 or 270

25 degrees out of phase with the current i; flowing through
said apparatus, and wherein the magnitude of the auxiliary
voltage is used for varying the voltage applied the lamp.

In one preferred embodiment the RPC in the apparatus is

a dc-ac converter, congisting of a half-bridge converter

30 circuit in Fig. 6(a) or a full-bridge converter circuit in
Fig. 6(b). The dc side of either configuration is connected

to a dc source. This dc source can be an externally

12



the i nput power factor of the entire systemin Fig. 5(a) 10 wll be
reduced. As illustrated in Fig. 5(b), a second reactive power controller
RPC 2 i s wbeneimrmsconnected across the ac mains. |ts PogmaiN200F/@ciss as a
power factor inprovement circuit. RPC 2 absorbs reactive power fromor
generates reactive power to the entire lighting systemw th 15 the RPC_1 in
Fig. 5(a), so that the overall power factor of the system can be inproved.
| deal 'y, the overall reactive power absorbed or generated fromthe whol ed
is zero, soohhaby1ddesd NAH « ANesofACL 05, Of & obe sygLem.ig; gRi grai ne
at uni ty.goBecause the two ra?a%cti(\j/e pOV\B]I; con%ﬁ%*?ers RP% 1 an%lgg C 2
essenti al | yhdard dge eaictawiet posecommnt gt ed heor ghe cabllys hd’ aghdveBpower i s
involved in the circuit operation. (except that there will be, in practice,
some condu]?i]lt?’bn5 g"i"?d tl{??/ﬁlf i HY Jr%‘_%“i‘é‘éo?néthe power el ectronic devices, and
copper and NegnRgt i fapOltudOSSESchd $HEcAPUCL O ShendBerBEOfE LRES 25
proposed di nm ng net hod based on reactive power control has the ability of
achi evidng SRl wieg o dftie ciasmeyars tvasied nporeeamt robl hoy et hdatmotuet

roposed RPC configuration erates.in a different ner_from ,
(F:)on\eenti onoafTC 1St:ev\‘—fgc-ts aeg«(j]fpmgec12 éDIE:eofr?:avteer e r%rﬁamaca:e%%o‘?lﬁ%?l?%rt%%nﬁﬁﬁ?JaY‘?on
[17]. Wi |0l tdentasTerr qod i Quiati o, handl es 1eastéve pomercionl yset he
| atter configuration handles both real and reactive power. There is no
circul ati mf gy BRetdmidieEt He'e vif ebrv erqwe s . de hverry 20067 ins 7hemps

PCT/ CN200 ~ I t ld Nk Elg: paci i.e: t WO
capaci torg'lkg%%fh% ) oe\riasﬁlaﬁjgtlc%r ccg%a%?et oér ( |%%§8{1 h£a1{[l fisgurs]%gbas a
vol t agé sourkle)be arediearhde Asamal llersttdwred hien dihiey r efj(bb) eda i fecdrdd], because

t he am)untr of .ener %}/O handl e b&’l t he t

eactive wer contrdller Rg%12 is therefore connected
across the ac mains. Its function acts as a power factor
improvement circuit. RPC 2 absorbs reactive power from or

generates reactive power to the entire lighting system with
15 the RPC_1 in Fig. 5(a), so that the overall power factor of
the system can be improved. Ideally, the overall reactive
power absorbed or generated from the whole is zero, so that
the input power factor of the whole system is maintained at
unity. Because the two reactive power controllers RPC 1 and
20 RPC_2 essentially handle reactive power only, theoretically
no active power is involved in the circuit operation (except
that there will be, in practice, some conduction and
switching losses in the power electronic devices, and copper
and magnetic core losses in the inductors). Therefore, this
25 proposed dimming method based on reactive power control has
the ability of achieving high energy efficiency. It is
important to note that the proposed RPC configuration
operates in a different manner from conventional two-stage
ac~-dc converter and dc-ac inverter configuration [17]. While
30 the former configuration handles reactive power only, the
latter configuration handles both real and reactive power.

There is no circulating energy between the two converters.

13



5 converters is less than that in [17]. Therefore, the proposed
configuration has a nuch small Volt-Anmpere rating and hi gher energy

ef fi ci encyotzb@mstisese of conventional two- stage ac-dc- CTRNRB05/00053¥€ert er
systens. Put another way, an advantage of the present invention 10 over
prior art devices such as those described in [17] and [18] is that in the
present invention, the RPC develops a voltage that is substantially 900 or
270 out of phase with the current flowi ng through the RPC. Thus the RPC

appears, i &4 daldastyor {0 the £G f@i ns; SUPRlYe & begidfes g 15
substantially "pure" 1 nductance or a substantially "pure” capacitance. By
"pure", it(Higy.neEmit dihatindle efdmeotiter (e st@nceloft tie RSl iss negl i gi bl e

conpared to.iits reactance ing{edanc o) tl"iat the RPC can be re ardc?d. as a
pure capaditorrSt SPHHE i A t i grit?t cdtit D seTdestea 1n

resistance.;7As, thoseigkiddedndidthe@rdnady) hARPI&LIR &shLapasi tors and
i nductors do not dissipate energy (except that is, for secondary effects

such a8 dicsnsantiars |igssesd theapddiatoris ol hystBraxsiotassdse i n

i nductors). |n contrast., npriar_art devices such -as,t-hose describhed 25 in
[17] and %pfﬁp Saevd{(; Y ni% l{)ré—’lxt:"lorrrlpé’lcf‘asncae Ht%hd;} S|unhac 1u§/e%lr}b_§‘%mrl¥)erae rreagccjtr?%e

i mpedance gy etikele Widre rays e ifd icamdy realn dhpedat ot dhnses skikded in
the art will appreciate, a real inpedance is equivalent to a resistor.
Thus si gnisftiagEnteC €le@T RN H GREFVeHNST Y i pat ed across the resistive

30 real inpedangg. Asdhe- tv)g%IR%Cf‘ls aq{.\,earﬁcaﬁaec_dpvg{e ?}[E\lé%%rj%b\féﬁ%r cuit
conplexity and control nethod can be sinplified 1n an 14 06/ 0 65
PCT/ CNR00v@ 1584 or art devices such as those described in [17] and
[18] is that in the present invention, the RPC develops a
voltage that is substantially 90° or 270° out of phase with
the current flowing through the RPC. Thus the RPC appears,
to a lamp ballast or to the AC mains supply, to be either a
15 substantially "pure" inductance or a substantially "pure"
capacitance. By '"pure", it is meant that the effective
resistance of the RPC is negligible compared to its
reactance impedance so that the RPC can be regarded as a
pure capacitor or a pure inductor, without significant
20 series resistance. As those sgkilled in the art will
appreciate, capacitors and inductors do not dissipate energy
(except that is, for secondary effects such as dielectric
losses in capacitors or hysteresis losses in inductors).
In contrast, prior art devices such as those described
25 in [17] and [18] have a complex impedance that includes both
a reactive impedance together with a significant real
impedance. As those skilled in the art will appreciate, a
real impedance is equivalent to a resistor. Thus significant
electrical power will be dissipated across the resistive
30 real impedance.
As the two RPCs are dc/ac power converters, the circuit

complexity and control method can be simplified in an

14



advant ageous enbodi nent by connecting the dc sides of RPC_1 and RPC 2
However, there nay seemto be sonme grounding problens for the
t wo RPCs.woheodiosmeRPCs nay not be directly together an@craN20@&goisse
isolation transforners to 5 isolate the RPC fromeither the series or
branch. 1In this patent, a half-bridge-derived converter circuit

t oget her.

par al | el

configuration will be discussed. Wthout using isolation transforner,
series and paral | el RPCs can be developed wth the same do link (Fig.l

in this pr%[z,% e]oqlsBFé_lrﬁf d?ﬁ%}fﬂ %}) QX JHEPRAW NS H a5y J &pd )

illustrate

eralono a prior art triac-based dinmer, Fig. a) -

t he
1)

(c)

shows the agEi‘l@‘EE] Stragtheer ofH@beacdr onileerd Sndgal 4 st tfcmrbedlmhmrge Iarrps
Fig. 3 illustrates the infras ructure of th Ilﬂptl nvgo l%}%éﬁem usi n

di nmabl e

various pryiQle ity didgd it RIh0G%f ofe dﬁ@%%:ﬁi\:f@g@dﬁsﬂ%ﬁ@ﬁ% Sto 20

SR E AR 1107 e R T3y Rpik

Fig. 5(a)-(b) show various configurati ons of the dinmm ng apparatus, Fi
mdqlatraattélet r@%cﬂmtamem thee geaiced var meelrletﬂorhmﬂcrler Fig.

ows .t he Sor di,agr t he paowe tri.angl e. of the system
DYy B on i HrLcrres SVl ot e Rt Ohacor
di agr am angrifienpewslon rianglme ofi ddies syt amymai tueidd ghidng: system i s

capacitive, Fig. 9 illustrates the structure of the RPC for_inproving
t he Inputqﬁﬂﬂﬁfqﬁﬁﬁﬁﬂ the series and parallel RPCs can be developed

6(a)-(6)
7(a)-(b)
when t he

10

15

20

25

30

with the same dc link (Fig.1ll) in this proposal.

BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1(a)-(b) illustrate the operation of a prior art
triac-based dimmer,

Fig. 2(a)-(c) shows the general structure of electronic
ballast for discharge lamps,

Fig. 3 illustrates the infrastructure of the lighting system
using a dimmable electronic ballast for individual lamp,
Fig. 4 (a)-(d) depict various prior art dimming methods for
lamps with magnetic ballasts,

Fig. 5(a)-(b) show various configurations of the dimming
apparatus,

Fig. 6(a)-(c) illustrate the schematics of the reactive
power controller,

Fig. 7(a)-(b) shows the phasor diagram and the power
triangle of the system when the lighting system is inductive,
Fig. 8(a) - (b) shows the phasor diagram and the power
triangle of the system when the lighting system is
capacitive,

FPig. 9 illustrates the structure of the RPC for improving
the input power factor,

Figs. 10 (a)-(g) shows the possible implementation of the

dimming control apparatus with high power factor,

15

g.
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igs. 10 (a)- shows the possible inplementation of the dinmmng control
ZIpSZr at us(vm')tgg%i gh power fgctor, 15 Vrr\% 2006/ 037265 PCT/ CN2005/ 001584 Fig.
11 show twe 2pseaBerssed embodi ment that RPC 1 and RPC 2 shar@uoismossme dc
source, Fig. 12(a)-(d) shows the equivalent circuit of the entire system
at different conbinations of vin, and yr inv, and 5 Fig. 13 shows an
enbodi nent which uses AC/ AC converters. DETAILED DESCRI PTI ON OF PREFERRED

EMBODI MENTS A. Equivalent circuit of the RPC 10 An equivalent circuit

howi ng t he; tdily Ofnd Ner&PGrd s dfbysihatedeh o Fie (5)g i ch the
ﬁaIO:‘M- B?l dgigl ](Ole:{ﬁ.é 6(a)] rc}é}rt he ?ul | -bridge [Fig. %(%??—conver%lg(rﬂ?s
nmodel ed bysharssi ciafed dolsagecsource vin, with the sane frequency as

the ac maipns, T c side.of t converter is connected_to 15 an externally
control | eGI'nl R Vo &agg_ecsds)ous?hcoew%&ekée c%%‘éjc‘faﬁoerr?t THe“hbdedt e fRE B are
connect ed dystaed i idi Aot SO L VRANOUOR, anhhpdyctor Lo 4The
fundarmental frequency of v3 is the same as the {'ine frequency. The

swi t chés ifiGhe3 1O iy Emradian; isiclantbs? AW AT gom(enjemmnd [S1 to
S4 20 in Fig. 6(b)], are switched at a frequency nuch higher than the
frequency of the ac mains. The gate signals driving the switches are

modul at ed DETAT LFe DESSIRIGTNONDIOR R EFERREMEMBIEYENE se wi dth nodul ati on
(PWY) schenmes for driving the swtches can be used. Exanples include
si nusoi dal PW PWM 25 schene with selective harnmonic elimnation, uniform

sanpl ed VMM iy illienthe faauensy spegisum of the converter output
across C and ° in Fig. 6 consist of mainly the |I|ine frequency, the

swi t cHfng freqéenepuiznd erte dimvard tamthowing the operation of the RPC
is illustrated in Fig. 6(c), in which the half-bridge [ (Fig.

6(a)] or the full-bridge [Fig. 6(b)] converter is modeled by
a sinusoidal voltage source Vip, with the same frequency as
the ac mains. The dc side of the converter is connected to
15 an externally controlled dc voltage source or a capacitor.
The nodes ‘A’ and ‘B’ are connected to a fictitious ac
source vp through an inductor L. The fundamental frequency
of vy is the same as the line frequency. The switches in the
two bridge circuits, [S: and S, in Fig. 6(a)] and [S; to S,
20 in Fig. 6(b)], are switched at a frequency much higher than
the frequency of the ac mains. The gate signals driving the
switches are modulated with the frequency of the ac mains.
Many pulse width modulation (PWM) schemes for driving the
switches can be used. Examples include sinusoidal PWM, PWM
25 scheme with selective harmonic elimination, uniform sampled
PWM, etc [2]. The frequency spectrum of the converter
output across ‘C’ and ‘D’ in Fig. 6 consist of mainly the
line frequency, the switching frequency, and the inner and
cross-modulation of the two frequencies. As the inductor I,
30 is used to filter out the undesirable high-frequency
components appearing across the nodes ‘A’ and ‘B’, active

and reactive energy flow between v, and RPC can be
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cross-nodul ation of the two frequencies. As the inductor L 30 is used to
filter out the undesirable high-frequency conponents appearing across the
nodes "~ A'wendis/BY7265acti ve and reactive energy flow bet weermcNneposandgssRPC can
be 16 WD 2006/ 037265 PCT/ CN2005/ 001584 represented by considering the |ine
frequency only. Hence, wusing vin, in Fig. 6(c) to nodel the converter is
applicable. B. Qperating Principles of the RPC 5 The |ine-frequency nodel
shown in Fig. 6(c) is used to explain the operating princi pl es of the RPC

I Bover 2 Ak AN rsecll e oty Qull ALMOUIATES can e arprgsecd as

i s the maiyRsnky equeney ragd & (o5 the nfdrse toief fc@hme;exbels/@@jpl\dazmé Vi ne.
Based on Egq. (1), the RP ‘has t hree possi bl e operating nodes: Mde | - |If

6 >0, P>0, the inverter absorbs energy, and 15 the capacitor voltage vc

i ncr eases t gperter rel eases energy and ve
decr eases: I\/bdz)plelrlatmlg1c gbgln%(}ﬁlg Q’of &% VC renains unchanged Q is
deternined by tihe nagei-tudescolcyw wodedndhvan Ilfn Vag \é&( , 120 Red G0 The

RPC acts as a reactive power, absorber,. Convers |y a < vine,
The RPC a&F®ladng theaoprretiamePT igeieiasort & IlRIP§ Tﬁlﬁ RS & ogé'l'dat ed

in Mde IkheaQ%a%ﬁE%eaiower Q0 flow through RPC can be expressed as [3]
p="aYin_gng (1)
2nf L

v, (v, —v,, cos 8)

2nfL

0= (2)

10 where f is the mains frequency and & is the phase difference
between v, and viapy.
Based on Eg. (1), the RPC has three possible operating
modes :
Mode I - If & > 0, P > 0, the inverter absorbs energy, and

15 the capacitor voltage v¢ increases.

Mode II - If 8 < 0, P < 0, the inverter releases energy
and vy decreases.
Mode III - If § = 0, P = 0 and ve remains unchanged. Q
is determined by the magnitudes of vipy and va. If vy > Vigpy,
20 O > 0. The RPC acts as a reactive power absorber. Conversely,
if vy, < Vimw, Q < 0. The RPC acts as a reactive power
generator.
Ideally, the RPC is operated in Mode III and acts as
either a reactive power absorber or a reactive power
25 generator. In practice, § is slightly larger than zero,
because the absorbed energy is used to compensate the
practical energy loss in the RPC. As depicted in Fig. 6(b),
the value of vip, determines the values of Q, v,, and hence

the power delivered to the lamps. Depending on the type of
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either a reactive power absorber or a reactive power 25 generator. In
practice, 6 is slightly larger than zero, because the absorbed energy is
used to cwopersmwrmst he practical energy loss in the RPECTAN20@mocised in
Fig. 6(b), the value of vin,, determnes the values of Q va, and hence

t he power delivered to the | anps. Depending on the type of 17 WO

2006/ 037265 PCT/ CN2005/ 001584 the dc source in the RPC, different control
met hodol ogi es can be applied. 1. Externally controlled voltage source 5 If

the d ' t t of
Lhe 3¢, SOMIEE 4o Alluesl Lol ol (o) 6 vollags, AR dbregrount o
circuit argHrorbd hepplteghi t ude of the dc source voltage vdc. As the high-

frequency ripples will be attenuated by the inductor, only 10 the
fundanment al conmponent (i.e., the line frequency) wll be considered. As

shown in [21, Wixéatﬁéﬂ%éigongiawﬁ%é{ngtageiéoﬁf@érnE val ue. , F2 Thus,
both M and vdc can be used to vary vin,,. ~ 15 2. Dc capacitor |If the dc

side i § a capadift dhe cintsmlrad im'an seasetalion aartyreigled ahd/ ool tage
Crangl o e valueof Mis il ar Lo ea, (9] dhel 20 ven MY (4
make RPC_Lenbertidi orgidher Moded wridddeddcbd and/or the

magnitude of the dc source voltage vgi.. As the high-

frequency ripples will be attenuated by the inductor, only

10 the fundamental component (i.e., the line frequency) will be
congidered. As shown in [2],
1

Vv, =——
inv ﬁ

where Vi, 18 the rms value.

My, (3)

Thus, both M and v4 can be used to vary vipy.
15
2. Dc capacitor
If the dc side is a capacitor, control of vy is based
on varying M and/or 8. Changing the value of M is similar to

eg. (3) that

20 Y =—1—Alvc (4)

inv ﬁ
Another way of varying the capacitor voltage vy, and hence
Vinv, 18 to make RPC 1 enter into either Mode I or Mode II by
adjusting &. Afterwards, RPC_1 reverts back to Mode III. The
ultimate function is to regulate vy at a desired level so
25 that there will be no net flow of power in the RPC. This
function can be realized by using a phase-lock loop to

synchronize vip,y with v, and an error amplifier to adjust the

value of 8 and/or M.

30 C. Dimming of the lamps



adjusting 6. Afterwards, RPC 1 reverts back to Mdde IlI. The ultinmate
function is to regulate vc at a desired level so 25 that there will be no
net fl ow wb 2pevesraésn the RPC. This function can be realczamN2bys/osismg a
phase-lock |oop to synchronize vj, with va and an error anplifier to
adjust the value of Sand/or M 30 C. Dinmng of the lanps 18 WO

2006/ 037265 PCT/ CN2005/001584 Dimm ng of the | anps is achi eved by
controlling the voltage across the lanp system Fig. 7(a)-(b) show the

phasor di agram and. t he power di agram of {he S : system

i s inductive. Q#@Wl%?aff(%gesﬂﬁmg?hésr%%%%%Y§ée£§ngP§g?§%%9§? %ﬁgpsygtenl
when the }ap,§ySEEAES €RPAThbpVEystdm. - FRJuUCYi(ug-I(BIpshyst eheFig. 7
depicts the dimm ng operation at two power |evels. Wien the input gomer of
the | anp syatem dsagramt ped thespppey JopPEIE P& the FYRPSBysYBRT §P¢L1 and

the supply_ current is.LL. LL.l . lags:yL _ h difLe ; t he
RPC is co%%@%t%%s?%ms%%i%édﬁf#ﬁb?hegféﬁb %§§¥e§$pt%ggwcgﬁgeﬁgg?§83}X§s
through idiigrahsOoequne t9stbm]l. wAsnshhwnlainp Bygte®(a}p, cehecieduer ed

vol tage vector of the RPC val is 15 perpendicular to ilLl, so that the RPC
will not get any real power fromthe ac mains. iL1 lags val. It neans that

the RPC gbsorgﬁdﬁgggygvgaggmgy +Bs shown in Fig. 7(b), the reactive power
consi sts of two conponents, |ncFuding the reactive power absorbed by the

| anp system QIFagd 7héepOcteathevéipoies absorbédnbptt REORPCWER 1. If the
2 SYSLem e o THES, doun g8 PoucL | SreLug1oFg o BeAung! , Foligoe

10 supply voltage to the lamp system is v : and the supply
current is iri. 1p:1 lags vy by a phase difference of ¢:.
As the RPC is connected in series with the lamp system, the
current flowing through it is also equal to ipi:. As shown
in Fig. 5(a), the required voltage vector of the RPC vy is

15 perpendicular to ipai, so that the RPC will not get any real
power from the ac mains. ih} lags vy 1. It means that the
RPC absorbs reactive power. As shown in Fig. 7(b), the
reactive power consists of two components, including the
reactive power absorbed by the lamp system O, and the

20 reactive power absorbed by the RPC Q1.

If the lamp system is dimmed down to a power level of

P,, the supply voltage becomes vi ., and the supply current is
iy 2. 1ir 2 lags vy 2 Dy a phase difference of ¢,. The magnitude
of vy, is smaller than the magnitude of vgi. The vector of

25 the RPC voltage should be perpendicular to ij, and its
magnitude should be higher than that of vaa. Therefore, in
order to achieve the dimming function, the magnitude of the
dc-side voltage must be increased. In general, the reactive
power absorbed by the lamp system decreases (i.e., O < @1).

30 The reactive power absorbed by RPC is changed from Q. to

Qa >
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1L 2- iL 2 lags VL 2 by a phase difference of 42. The magnitude of vL2 is
smal l er than the magnitude of vLI. The vector of 25 the RPC voltage should
be per pemsloeuécar37iee i L_2 and its nmagni tude shoul d be hi goercN2basotdsat of
val . Therefore, in order to achieve the dinm ng function, the nagnitude of
the dc-side voltage nust be increased. In general, the reactive power
absorbed by the lanp system decreases (i.e., Q2 < Ql). 30 The reactive
power absorbed by RPC is changed fromQal to Qa 2 19 WD 2006/ 037265

PCT/ CN2005/ 001584 2, .Capacitive lLanp system Fig. 8 depicts the di nm ng
oper at i on“at taﬁpﬁSﬁE%VG|26@Ps?yﬁﬁ8ﬁ the input power of the lanp systemis
P1, the supplyiyoltageptetkhenkagpmaysyespesavionand the popply 5 current
isiLi. iL 1 leads vL 1 by a phase difference_of 11. As shown in Fig.
8(a), thelewqlsredihent bge ¥BBuEr PeVethel RPE LamP P¥SEEM LSpé&k pehlf cul ar

to 1L 1. 1@%;%?99@;%?%'%%' bnepans LhatehnesREC, R 8hes susgayi ve pover.

As shown P e reac ower consists of two conponents, 10

i ncl udj ng.tpecheacki e, pover ,geBarat od,byyt hephasp dysremeQee atdgi he
reactive power generated by the RPC Qa_1. If the lanp systemis di nmed down
to a powehs| ehewnoin P2g.tRéasupphy veRvagedbeedhegevVeCird Phet88ppl y
current is_IL -2; iL 2 leads vL .2 b ase differ of, 02. -The 15
magni t udeXBf V2 {8 Eﬁﬁ}hepefﬁgﬁdﬁﬁgxﬁ%gggtzﬁé'oﬁhéL?ggﬁﬁekaﬁécggr of the
RPC vol t ageashodhdratse kecpgeperdicesl aeateivilpdwand Alss shegm tiode ishoul d
be higher than that of va_i. Therefore, in order to achieve the di nm ng
function, 8the, FagnreadelBe PRESHCCOPREaSYS| PAgEVRUSPTBEYFREPeased. In

10 including the reactive power generated by the lamp system Q
and the reactive power generated by the RPC Q;:.
If the lamp system is dimmed down to a power level of

p,, the supply voltage becomes vy, and the supply current is

iy 2. iz leads vy, by a phase difference of ¢.. The

15 magnitude of vg, is smaller than the magnitude of v i. The
vector of the RPC voltage should also be perpendicular to
ir » and its magnitude should be higher than that of va;.
Therefore, in order to achieve the dimming function, the
magnitude of the dc-side voltage must be increased. 1In

20 general, the reactive power generated by the lamp system
decreases (i.e., O, < O1). The reactive power absorbed by

RPC is changed from Qs 1 to Qs 2.

D. High Power Factor Configuration

25 As depicted in Fig. 7 and Fig. 8, in addition to the
reactive power absorbed or generated by the lamp system, the
RPC will absorb or generate additional reactive power from
the ac mains. This operation will cause a reduction of the

input power factor of the whole lighting system. The power

30 factor is reduced from cos 0, to cos 0., when the lamp power
is adjusted from P to P,. Although connecting a capacitor

across the ac mains input can improve the power factor, the

20



20 general, the reactive power generated by the |anp system decreases
(i.e., @ < Q). The reactive power absorbed by RPC is changed from Qa_i
to Ql-2 BvoMogmsPmwer Factor Configuration 25 As depi ct edTioN2605g01584 and
Fig. 8 in addition to the reactive power absorbed or generated by the
| anp system the RPC will absorb or generate additional reactive power
from the ac mains. This operation will cause a reduction of the input
power factor of the whole lighting system The power 30 factor is reduced

fromcos 01 to cos 02, when the |la adj uste fro Pi to P2.

A Chouoh CEaat s it tariuchor AR oSS CHIE iFfSve ¢ he

power factﬁotéxh%aﬁ%emegﬁp?lrﬁ?t@@& %@E}%@D%&%&S% dani Ferthgapaci tor
en

val ue i s | anp- power-depen The power factor can be kept unity at any
| anp pomelarwlmmmmlj-l%dtﬂiéﬂ mﬂqsﬁltdre REC e igeg 0% 1hel 58 nalls. as

in Fig. 5(b). cti.ve lens, ther j.re ctive power 5 QP
[Fig. 7(b)] t hgo %eléjd#ucit&vt)ee 1 eqrper tc?“bs FE%(? feqﬁ“‘lerqegdal eaéfétjt‘ﬁe umof the
reacti ye ppwerighbsorbed byiathﬁeba@pt@y&be@enamdtBECbg; apcany 1|@owuallevel

I f the input power of the lanp systemis P1, -+ (5) 10 If
t he i nput Gsowde ¢ 1L Itdyep rﬁﬁé%telﬁﬁq PPEr @bszorbe(i?w t@e (J@)mp Yt b)

i1 lTustrat e ctar 2 QR F
capaci ti ve%ldt tJ:E%T\PCVG%LS aceErnssdn(g}f ﬁjg)r elg[}%r ré?étsclhvee p qulg?pd&% bjﬁ]rg)% hg[

needs to twatworﬂmdaby RPC 2 is equal to the sum of the reacti ve power
generated by the | anp system

Or =0, ,+0 (5)
10 If the input power of the lamp system is P,
Qp_z :Qa_z +0, (6)

Fig. 7(b) illustrates the vectors of Qp: and Qp,. Thus, Qp

is load-dependent.

15 For capacitive lamp systems, the required reactive power QOp
[Fig. 8(b)] that needs to be absorbed by RPC 2 is equal to
the sum of the reactive power generated by the lamp system
and RPC 1 at any power level. Egs. (5) and (6) are still
valid. Fig. 8(b) illustrates the vectors of Qp: and Qp».

20 Again, Qp ie load-dependent.

In both inductive and capacitive lamp systems, Qp is
determined by eqg. (2). As illustrated in Fig. 9, the bridge
converter voltage Vp iny determines the magnitude of Qp. Egs.
(1) and (2) show the power and reactive flow between the ac

25 mains and RPC 2. That is,

), vac vP_im Sil’l 6p ( 7 )
2nf L,
vnc (vac -V iny cos 8 )
0= > : (8)
2nf L,

where 0p is the phase difference between vy, and Ve inv.

Again, RPC 2 has three possible operating modes:
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and RPC 1 at any power level. Egs. (5) and (6) are still wvalid. Fig. 8(b)
illustrates the vectors of QP1 and 2. 20 Again, QP is |oad-dependent. In
bot h i ndwwoive/@mbscapacitive |anp systens, QP is det epairedodspoess (2).
As illustrated in Fig. 9, the bridge converter voltage vP ant, detern nes
the magnitude of . Egs. (1) and (2) show the power and reactive flow
between the ac 25 mains and RPC 2. That is, PP =V, VP-1m sin (S (7) P
2iJ .LP P QP ync (Vac - VP_inv cos 3P) (8) P 27i f LP where Sp is the
phase difference between vac and vP inv Again, RPC 2 h%% t hree possiple

operatingM©@§e§:"ZifV@>ZGdb/d§726§'Pé#FCN 6516615850 d@nﬁrgyﬁf
pp > 0, tQﬁﬁggég%%g&oggggépéggng%%yinggg?ﬁgge capacitor voltage vPc

i ncreases. e inverter rel eases energy and

VP ¢ decrgagesitd Megeslld o, 18, SPo7 @hePiBver@eandelBagekemmcigyunrgitanged.
Qo is determ ned by the magnitudes of vp tn.. and vac. If vac > vlin,, QP
> 0. The RPC-Qcacressas-.a reactive power absorber. Conversely, if vac < vp

inv, QP < 0. RPC-2 acts as reactive power. generator,. 10 ntrol, of is
based on HeAft 6ffngt he 5ﬁa§%=éﬁbfﬁ5 Betwd gﬁéjignﬁépﬁsuﬁg%ﬁgggdand Eﬁat

et erm nee 0P L B D T B T o e Modiat o TndaX of the
bri dge i nvRRG-2 Gand/ or. SRe RBF_exampkeasi b thectanp spwesnpbsorber.
Conversely, if Vac < Vpinw, Qp < 0. RPC_2 acts as a reactive
power generator.
10 Control of Qp is based on monitoring the phase shift
between the ac mains voltage and that of the overall input

current. Similar to RPC 1, the voltage vp iny determines QOp
and is controlled by adjusting the modulation index of the
bridge in RPC 2 and/or 8p. For example, if the lamp system

15 is inductive, RPC 1 will be operating as a reactive power
absorber and RPC 2 will be operating as a reactive power
generator. If the input current lags the supply voltage,
the control circuit will increase the dc link voltage (i.e.
the voltage of the capacitor, or capacitors, that are used

20 as DC voltage source) of RPC_2, so that RPC_2 will generate
more reactive power and hence the phase difference between
the supply voltage and input current will be reduced. If the
input current leads the supply voltage, the control circuit
will decrease the dc link voltage of RPC 2, so that RPC_2

25 will generate less reactive power and hence the phase
difference between the supply voltage and input current will
be reduced. As shown in Fig. 7 and Fig. 8, the overall input
currents ip.’ and iz’ for power levels P, and P,
respectively, will be in phase with the ac mains and thus

30 the power factor is unity.

E. Sharing the same dc source for RPC 1 and RPC 2
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15 is inductive, RPC 1 will be operating as a reactive power absorber and
RPC 2 will be operating as a reactive power generator. I|f the input

current lwg=oeddns7mepply vol tage, the control circuit wetlr/dNnicrspassst he dc
link voltage (i.e. the voltage of the capacitor, or capacitors, that are
used 20 as DC vol tage source) of RPC 2, so that RPC-2 will generate nore
reacti ve power and hence the phase difference between the supply voltage
and input current will be reduced. If the input current |eads the supply

voltage, the copid o1 @i &iud pdbllpfecfiapenlitadeohi 0K VAL!Ag8,0loRPC 2

so that RPC-2 25 W Il genera ess reactive power and hence el?)%ase
di f f er encecdretmele regdrrstuppl wiviol hagie wowkr npadtcur rend. wi b a) behswduced.

As shown in Fig. 7..and. Fiqg.. 8 the overall. input currents iL1L.' and ilL2'
for power Ty el PP P2 b e Tk JPrIRTE TRPTHE bPES o Lhe tHEedc

mai ns_and gdwRpE0 tdhes pevers f aph ofni S e, Eofhags ngthe; s gsource
for RPC 1 and R?P%Z 22 V\D‘Z%OG/ 037265 PCT/ CN20005/ 001584a1£%?lg.(§€% Zglrgows

possi bPe e rmanigdrshiefor hew il cheh groomteliappar aijgbm%rbhl s‘{ﬂrbwn@}[/ver
factor. Fi 0] S n ossi.bility that. two, hal f-bridge converters
can be use Ot%ﬁoeﬁla@é_]s% anedq@%ﬁssﬁ}h% e rf%]\alfa]fgoﬂ?rjf%iﬁ YEE % dfdand 5
four sem dendueidrrewirRmehes &k KR r edin Ritghs 144, shawsea

[S]
possi bl e method that two full-bridge converters can be use _for RPC_1 and
RPC 2. | n aHt £icide sHitrChemhate dreduigad ei giihesnineseohl e regured. O her

Conver ter & Tor BRETT and Tod 2.° B 10( o b b Pea ety hat -
RPC_1 l0sescavieaitferts ifdge RRthvierdret RBW 2. Fig. 10(c) shows the
possibility that RPC 1 uses a half-bridge converter and
RPC_2 uses a full-bridge converter. Fig. 10(d) shows the
posgibility that RPC_ 1 uses a full-bridge converter and
RPC_2 uses a half-bridge converter.

15 If the dc link séurces of RPC_1 and RPC 2 are combined,
the number of capacitors can be reduced. However, if the two
controllers shown in Fig. 8 are connected directly, a short
circuit path between the live and neutral may be formed. In
order to avoid the short circuit problem, RPC_1 and RPC 2

20 can be isolated by using transformers. Figs. 10(e)-(g) show
different combinations of using transformers to isolate the
RPC_1 and/or RPC_2. This will introduce additional power
loss on the transformers.

Fig. 11 shows an embodiment that RPC_1 and RPC 2 share

25 the same dc source and no transformers are needed. As
encircled in Fig. 11, RPC 1 is formed by 81, S; and the two
capacitors, while RPC 2 is formed by S;, S, and the two
capacitors. Its operation can be explained by studying the
overall operations of RPC_1 and RPC_2 in the dimming

30 apparatus. Fig. 12(a)-(d) shows the equivalent circuit of
the entire system at different combinations of vy, and Vp_inv-

As Vvipy and vp ;ny can be positive or negative, four possible
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RPC 2 uses a full-bridge converter. Fig. 10(d) shows the possibility that
RPC 1 uses a full-bridge converter and RPC 2 uses a half-bridge converter.
15 I f t hewdeoddmskesour ces of RPC 1 and RPC 2 are conbi nedy/cNzbe/oowssher of
capacitors can be reduced. However, if the two controllers showm in Fig. 8
are connected directly, a short ~circuit path between the live and. neutral
may be fornmed. In order to avoid the short circuit problem RPC 1 and RPC
2 20 can be isolated by using transforners. Figs. 10(e)-(g) show different

conbi nations.af using transforners.to,isqglatge t C n [ C.2. This
will int r&é’ﬁr@éna% i %‘or‘?gle 6(?\%{1%%%55 1(f)n%fheﬁ‘[ r%ﬁ%f%rﬁ)%e%gs %g‘?‘c “ERows an

enbodi nentedrhaid RRE krand ,RRGiA sshar e g, 2504, heurshmhed 6w Waen @incb o
transforners are needed. As encircled in Fig. 11, RPC 1 is fornmed by SI,

S2 and t héogmed caga&PCors, WHIFN S1RPEI2 St S2¥Qr Fiett 9eE3984 B8R t he two
it . i b | ai t | t |
capaci tors.; /| 8%%%%1' Q&P%?% %2‘3(;%2 g.:s“%x%éé Y, gﬁang\é%%(a)-(d)

operations 0 . 1 and int mm ng 30 apparat'us.
shows $ he seduichaldenh ,Citheuidti rafuitt kéhopmt iire Fyst ap @) didf fleymmd. When

conbi nations of v;,,,, and vp |nv. vinpv and vp ,,,, can be sitive or
negati ve, ShodRdpes Gt es"élst‘i%%dﬁéi 0% G%lwllb\ﬁg‘b‘@? 0915849 - c%ﬁg‘F ations
are resul tiedrShedS2rika1aid thed ) caRAGLIOFS shOrdREdtHe, RPG1, while

S3, S4, Lp, and the two capacitors formed the RPC 2. Wen S1 and S3 are
swi t ched edrcuhié stiomouiltn $Hawn Li2n(dHi g.s 2aked.s forned. Wien S2 and S3 are

5 switched on, tnh% o I‘Cléi _st&omgsj neXFi kA b) ds faornmed. y)\gepfarSIdand N7
are switched oﬁ), H’t}g 8|nrc1t51|atn shown ||$l%| g%?%jc% i's frormed.” Fi nallfey, when
S2 andoS4b@f%o&W&thQ@goﬁhetmﬁdulating index of the converter formed
by S and S; and the phase shift between vi,, and vy. On the
other hand, the power factor can be improved by controlling
the phase shift between va. and vp iny, and the modulation
index of the RPC 2. The two converters do not handle any
15 active power in the whole system.
Adjusting the phase shift between vi. and vp iny, and the
modulation index of the inverter, formed by the switches S;
and S,, can control the amount of reactive power generated
or absorbed by RPC 2. As the dc source is common to RPC 1
20 and RPC 2, dimming of the lamps can be performed by varying
the modulation index of the inverter formed by the switches
S5, and 5.
In alternative embodiments, an AC voltage source
(instead of a DC voltage source) and an AC/AC voltage
25 converter (instead of a DC/AC voltage converter) may be used
to develop the auxiliary AC voltage across RPC 1 and/or
RPC 2, as shown at Fig. 13.
The frequency of an AC main supply will typically vary.
For example a nominally 50Hz AC mains supply may vary
30 between 49Hz and 51Hz. Thus in many embodiments it will be
desirable to include a frequency locking means such as a

frequency locked loop, or a phase locked loop (PLL).
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circuit shown in Fig. 12(d) is forned. On the one hand, as expl ai ned above,
vL can be varied 10 by controlling the nodul ati ng i ndex of the converter
formed byoSbosashe$2 and the phase shift between vin, aedTx@206mo0idse ot her
hand, the power factor can be inproved by controlling the phase shift

bet ween vac and vp inv, and the nodul ation index of the RPC 2. The two
converters do not handle any 15 active power in the whole system Adjusting
t he phase shift between vac and vp inv, and the nodul ation index of the

inverter, for the t
reactive pome?%ee%}e% d:%\,gor‘}:oaq:sa(ﬁ%b d’?cgdc%rg@%ga%h%&d%ﬁ%gu ce |s~commn
to RPC_1 Zhhdhd RERC 2 wiimmbey eafadties Ims:;mrbﬂ)@mmé azarechdly NRCying

t he nodul ati on i ndex of the inverter_ forned by the switches S1 and S2. In
al t er nat i V@¥Bodiifem @eW%@ﬁl@@c%%d}F%t??%s@%ﬁFﬁe% DC vol t age

source) and . ACLAC vl Lage. 2% comerien, (i nueab el £D0LAG Nolsage

converter) evel op the auxiliary AC vol tage across RPC
and/ or 5RP@n21/cas RHovin. atonfe g.osk®s Thiel If regpielicyf mim a&rwmmmg] boppdy, wil

typically vary._. For_ex | e a .nom nal | OHz mai ns s vary 30
bet ween 4$HE arfd B Fhe W‘W%‘rﬁ%ﬁ/ é?‘rﬁ%bll T J)'ga%ﬁ %Wu%{gp eéf%/%bl eto
i ncl ude acfdrﬁ:(?c‘&n%ﬂcﬁpﬂﬂrgg WIBANS-SHEN A S e cf F RO d10CkedE RO 0r A
phase | ocked | oop (PLL) 4 WD 2006/ 037265 PCT/ CN2005/ 001584 ldeally, the

vol t age ar@dldcwrhmte]chdwmlt egh YRAG lerptior RPCIe ilagnejel @xact |y 900
out of ph%sﬁlsaostt hat to t:he Qld an@acé‘u?pé)l%/havaesaas &r%{ffcfeélndum ors or

perfect '
10 resistance. Thus although it is preferred that the voltage

and current are exactly 90° cut of phase as for a pure
reactance, the invention may be put into effect when the
voltage and current are within 1°, 5° or 10° of being 90°
out of phase.

15 As well as the full-bridge and half-bridge topologies
described above, other types of power converter may be used
to generate the auxiliary voltage. It is anticipated that in
most embodiments, power semiconductor devices will be used
as the switches for, say, the half-bridge or the full-bridge.

20 An example of an appropriate power semiconductor device is
an insulated gate bipolar transistor (IGBT) although, as
those skilled in the art will appreciate, other types of
devices may be used instead.

The present invention may be applied to electronic lamp

25 ballasts as well as to magnetic lamp ballasts. As those
skilled in the art will appreciate, some electronic ballasts
include power regulation, for example to allow operation of
lamps from an AC mains supply in the range 110V to 240V. The
present invention may not be so effective when used in

30 conjunction with electronic ballasts that include power
regulation as, 1f the RPC increases the effective impedance

of the AC mains supply, such electronic ballasts will reduce
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capacitors. In practice, there wll be sone losses in RPC_1 5 and/or RPC 2.
Sonme losses will result fromswitching | osses, e.g. fromthe half-bridge
or full-bwvodges/wizesui try. Al so, control circuitry wl| pcequoes/wimsetri cal
power to function and this electrical power wll appear, to the nmagnetic
ball ast and to the AC mains supply, as a small real 10 resistance. Thus
although it is preferred that the voltage and current are exactly 90 out
of phase as for a pure reactance, the invention nmay be put into effect

when t he ; AR |t e w DL P40 bej 0 out of
phase. 15 txglv\trg%eq as t]}ﬁéeﬂtlf’ ﬁﬁ‘gﬁaﬁqd%ge V&a}{?\lg:}%avf%%ﬁ dgse&{leopo %%?tzs descri bed
above, ot herurttyypestoftipowenpadaves tiercrensdefusdte RBC generate t he
auxiliary voltage. It is anticipated that in st, enbodi nents, power

seni conduct or FFESHM VLT K R HFITHESR 72S_RHE the

hal f-bri dgg LmdRe TWdsdrdd9e 220 A Samhe-Of s ik GRPT RS at @, power
sem conductor device is an insulated gate bipolar transistor (1GBT)
al t hough, recesstuinss esaskiun elhnigs t Hel e sgidrit alppwetiand, higgtheintgrpest of

devi ces . be used .instead. .The present i.nventjon nmay be applied to
el ect ron%sgﬁﬁr% %ﬂqsasﬁ%c%saw&a;sﬁ}aol egr%eatri_l%ﬁ anp bal | asts. As those
skilled in the ad pMdderappredalion SR RILT Qe hallastio 4 Nedisies pover
regul ation, for exanple to allow operation of |anps froman AC mains
suppl y i n IEHRELRN FALTPRRR 131D 40V~ THHE usiness el ity srerehafotcde o
effective i i N, UNCY | j t |.act i 1 hat include
power regu g?)i :)fﬁet%se% i%ot%%%% r%%& \gsihcfr@ﬁec%?gc ir\g%{iﬂrrictﬂa ast‘nlgt% of the
AC muilps sineplsgnssudthasd edtaroniar bal hast $he |dimmeidur esy2Sem has no

effect on the normal operation of the lamp. As shown in Fig.

9, a by-pass switch may be connected across RPC_1 and is

open if RPC_1 is in operation. If RPC 1 is not in use, the

by-pass switch will be closed and the lighting system will

15 be supplied from the ac mains with any interruption.
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CLAIMS: 1. A reactive power controller for dinmmng an AC mains |ighting
system the lreacti V€3SHISE EOMST0I08t 19 ldephiodi fgmiings @nadd Fedsd

termnal s f‘i&g%‘%’l?x?“s‘ﬁ’%e}n{‘ 18 §2adiq RN Qe'fﬁicfés%t'x‘:oglfite"frng system vol tage
devel opi ng neans r “devel dpi ng an voftage at mains frequency between
thesfirst amdmpederichg:10 termnals; signal receiving neans for receiving a
dimmng |evel cantrol shgnal; nd contr%l ans for %pntrollin .t he
vol t age devel ope 1rst and second terminals for connection 1n series
to an AC mains lighting system;
voltage developing means for developing an AC
voltage at mains frequency between the first and second
10 terminals;
signal receiving means for receiving a dimming
level control signal; and
control means for controlling the voltage developed
by the voltage developing means on the basis of the
15 dimming level control signal, wherein the control means
is operable to cause the voltage developing means to
develop an AC voltage that is either substantially 90°

or substantially 270° out of phase with current flowing

from the first terminal to the second terminal.

20
2. A reactive power controller according to claim 1,
wherein the control means is operable to cause the
voltage developing means to develop an AC voltage that
is in the range of 80° to 100° or in the range of 260°
25 to 280° out of phase with current flowing from the first

terminal to the second terminal.
3. A reactive power controller according to claim 2,

wherein the phase is in the range of 85° to 95° or in

30 the range of 265° to 275°.
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by the vol tage devel opi ng neans on the basis of the 15 dimm ng | evel

control signal, wherein the control neans 1is operable to cause the voltage
devel opi ng nmeans to develop an AC voltage that is either substantially 90
or substantially 270 out of phase with current flowing fromthe first
termnal to the second termnal. 20 2. A reactive power controller
according to claiml1l, wherein the control neans is operable tlo cause the
vol t age devel opi ng neans to devel op an AC voltage that is in the range of

80 to 100 or, in the range of 260 25 t.o 0 out of(§$as mﬁHh.cuE{ent
flowing fromthe it 1% ARET (S SStortf THHHRITC £L1AT et i ve

power contr gliéfeiatctdigihded id aliMthe MIRFLIJE tdE° pws®El 1 ot nid he range
of 85 to 95 or in 30 the range of 265 to 275. 29 4. A reactive power
control | er ddeordinae tf A m%® 2%herein the phase is in the range of 89
to 91 orlin the range of 269 to 271. 5 5. A reactive power controller
according to claiml1l, wherein the control neans conprises a frequency

| ocki ng nedns. @R reacdictd \vowEsetorctrdrladd ercanmbitty ng talaimy Ione of 10
claiml1l to 5, wherein the control neans conprisesdg hase | ocked | oop

(PLL). 7. AWRE&INVEHomantdeht Maans RRRIrdSsh & FHY oI m 1 to
6, conprisinpgdmans for receiving a DC 15 voltage froma DC vol tage source,

wherein the voltage devel oping neans is operable to convert the DC vol tage

6. A reactive power controller according to any one of
10 claim 1 to 5, wherein the control means comprises a

phase locked loop (PLL).

7. A reactive power controller according to any one of
claim 1 to 6, comprising means for receiving a DC

15 voltage from a DC voltage source, wherein the voltage
developing means is operable to convert the DC voltage

to the AC voltage.

8. A reactive power controller according to any one of
20 claims 1 to 6, comprising a DC voltage source, wherein
the voltage developing means is operable to convert a DC

voltage from the DC voltage source to the AC voltage.

9. A reactive power controller according to claim 8,
25 wherein the control means is operable to control the

voltage of the DC voltage source on the basis of the

dimming level control signal, and thereby control the

voltage developed by the voltage developing means.
30 10. A reactive power controller according to claims 8,

wherein the DC voltage source comprises a capacitor

means.
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to the AC voltage. 8. A reactive power controller according to any one of
20 clains 1 to 6, conprising a DC voltage source, wherein the voltage

devel opi ng nmeans is operable to convert a DC voltage fromthe DC voltage
source to the AC voltage. 9. A reactive power controller according to claim
8, 25 wherein the control neans is operable to control the voltage of the
DC vol tage source on the basis of the dimmng |evel control signal, and

t hereby control the voltage devel oped by the voltage devel opi ng neans. 30

10. A reactive power controller accordi to clq%%F,8, wher ei n  he DC
vol t age sour’ce cOnprIAEs & RPH (G TIR . .lqgf%%uﬁ'%ﬁ§‘§%MBr _
control l er 3aLardinGrHe (i aldlBhge WIRIRID ddH Gl hagessoigdge conpri ses
two series' connected capacitor nmeans. s 12. A reactive power controller

accor di ng t cairEaterd capaciltomimaagis t he control neans is operable to
control on the basis of the dimmng | evel control signal the phase of the
AC voltage relative to current flowng from the first termnal to the

secand termiml, A ardderiahy pdvest Qich tofo Irled e ass-cftiiTgy id dleincapaci t or
nmeans, to thereby change the voltage of the capacitor. neans, and _ thereby

control the SltlageMRRAIT I BPRHE v Aaaie IIARATGHIR TRamNtial 13. A
ho vl £ age Ievalophg meane Rbohar 2oL o Te ag aane T8 samvert the DC
vol tage to phHeseA©vdiheade bxo laiaomr naeled byl voo rire ctu merith ef 10O g tfagpen
the first terminal to the second terminal, to thereby
10 store or release energy in the capacitor means, to
thereby change the voltage of the capacitor means, and
thereby control the voltage developed by the voltage

developing means.

15 13. A reactive power controller according to any one of
claims 7 to 12, wherein the voltage developing means
comprises switching means to convert the DC voltage to
the AC voltage by alternately connecting the DC voltage
source to the first and second terminals with a forward

20 polarity and then a reverse polarity.

14. A reactive power controller according to claim 13,

wherein the switching means comprises a half-bridge

converter.

25
15. A reactive power controller according to claim 13,
wherein the switching means comprises a full bridge
converter.

30 16. A reactive power controller according to any one of

claims 13 to 15, wherein the switching means comprises a

power semiconductor switching device.
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source to the first and second termnals with a forward 20 polarity and
then a reverse polarity. 14. A reactive power controller according to claim
13, wherein the switching nmeans conprises a half-bridge converter. 25 15.
A reactive power controller according to claim 13, wherein the switching
means conprises a full bridge converter. 30 16. A reactive power

controller according to any one of clains 13 to 15, wherein the sw tching
means conprises a power sem conductor switching device. 31 17. A reactive
power controller according to claim16, wherein the sw tching neans
conprises an insulated gate bipolar transistor (1GBT). 5 18. A reactive

power controlder sty iRg Ry U111 AdBordBidg t .c el eig) the
vol t age devel opi ng neans conprises inductor neans for attenuating high

frequency clranain rihsplsesl tadsinla imepify aamd sag aghiinpuieadied gBFe19. A
reactive cont.roller .accordj.ng t one of <clainms 13 to 18, wherein the
% %géﬁé&c@%ﬁgﬁr

contr ol nean§$¥§iﬁbé¥§% on the basis of the dinmng | evel

contyol signal a nodul ation index of the sw tching neans, and 1s thereby
control the voltage devel oped by the voltage developing neans. 20. A
reactive powdr cohtiCRIEVaRIIE PHFUANCT FHFEIHA MY didhy st &4 the

signal receiMiighd™®aNSd S17, wherein the voltage developing means

comprises inductor means for attenuating high frequency
current ripples resulting from the switching means.

10
19. A reactive controller according to any one of
claims 13 to 18, wherein the control means is operable
to control on the basis of the dimming level control
signal a modulation index of the switching means, and

15 thereby control the voltage developed by the voltage

developing means.

20. A reactive power controller according to any
preceding claim, wherein the signal receiving means is
20 operable to receive a DC voltage as the dimming level

control signal.

21. A series-shunt reactive power controller for
dimming an AC mains lighting system, the series-shunt
25 reactive power controller comprising:

a first reactive power controller according to any
one of claims 1 to 20, for series connection to the AC
mains lighting system to reactively control the power
supplied to the AC mains lighting system;

30 a second reactive power controller according to any
one of claims 1 to 20, for shunt connection across the

first reactive power controller and the AC mains
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20 operable to receive a DC voltage as the dimmng | evel control signal.
21. A series-shunt reactive power controller for dinmng an AC nains
lighting system the series-shunt 25 reactive power controller conprising:
a first reactive power controller according to any one of clains 1 to 20,
for series connection to the AC mains lighting systemto reactively
control the power supplied to the AC mains |lighting system 30 a second
reactive power controller according to any one of clains 1 to 20, for

shunt connect,i .across .the first reactive power. controller and the AC

i s 321 GHEMTY TG SOGHD SBE TenE 5o R e o0t A e T e oh eact  ve
power contr AldaRft iarRd gie rAmirds 1ldrgRind G hes W3t @@inthearigjnt itte first and
second reactive power s controllers are electrically connected to share a

comon DC ﬁmsﬂﬁﬁisource. 22. A series-shunt reactive power controller
according  to cl g/ 2h, WHEr &l ihe ld 1l and second I gaghdve pover 10
controllers are directly Cconnected to Share a ‘comron Vol t age source.
23. 5A seri esostumil regactanee gl@sr icaitliyoldeineatea dinghdre d aomnmidh
conprising a transforner neans to connect 15 the first and second reactive
pover contr&l9 % HPSBAYECS common DC vol tage source. 24. A di mmabl e AC
mai ns | ighting system conprising: neans for receiving an incom ng AC mains
supply; 20 one or nore |lanp ballasts; and

22. A series-shunt reactive power controller according

to claim 21, wherein the first and second reactive power

10 controllers are directly connected to share a common DC

voltage source.

23. A series-shunt reactive power controller according
to claim 21, comprising a transformer means to connect
15 the first and second reactive power controllers to share

a common DC voltage source.

24. A dimmable AC mains lighting system comprising:
means for receiving an incoming AC mains supply;
20 one or more lamp ballasts; and
a first reactive power controller according to any
one of claims 1 to 20, wherein the first reactive power
controller is series connected via its first and second
terminals between the incoming mains supply and the one

25 or more magnetic lamp ballasts.

25. A dimmable AC mains lighting system according to
claim 24, wherein the one or more lamp ballasts comprise
one or more magnetic lamp ballasts.

30
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a first reactive power controller according to any one of clains 1 to 20,
wherein the first reactive power controller is series connected via its
first and second term nals between the incom ng nmains supply and the one
25 or nore magnetic lanp ballasts. 25. A dimuable AC mains |lighting system
according to claim24, wherein the one or nore |anp ballasts|conprise one
or nore magnetic |lanp ballasts. 30 33 26. A dimuable AC mains |ighting
system according to claim?24, wherein the one or nore |lanp ballasts

conprise o or .nor.e el ectronic .l amm.ball.asts. 27.. A diymable AC nains
li ghting sy gﬁn1ngHFHPkgfiSgpgﬁﬁnggglgﬁtépgi&gsgfnigcfgfdég' sing a
second reactdlwe@m RaAYeivheaRinolther oaecerdimdget Q aaRy bane a@ft sCloiPriket 0 20,
wherein the second reactive power controller is shunt connected via its
first and s@&6n@1t BHENSILECAEHS tiREP PELilRS&Fi-ng mai ns supply. 28. A

di mmabl e AC nmains |ighting systemaccording to claim27, wherein the first
reactive power controller and the second reactive power controller are 15
el ectri cal | ¢ 7conRectiethaid es Rar ead nsomhigh tDBov elytsdagem asoorceng2%o A di nmabl e
AC mains lightin systeq)accor in% t any one.of clains 24 to gﬁbeyherein

Q
the means f6fY26" e &iﬁd“ﬁnzin$ n@ﬁg AC Fﬁ§n§U6pﬁ?C88ﬁpﬁe
Swﬁtchgear- erAd®d®F®ﬂﬂéﬁN§d8@ﬁ$§dd ght aRg Dyt @R 2acan@ NJ tho 203Ny one
of clainms 24 to 29, conprising one or nore |anps
wherein the second reactive power controller is shunt
connected via its first and second terminals across the

10 incoming mains supply.

28. A dimmable AC mains lighting system according to
claim 27, wherein the first reactive power controller
and the second reactive power controller are

15 electrically connected to share a common DC voltage

source.

29. A dimmable AC mains lighting system according to
any one of claims 24 to 28, wherein the means for
20 receiving an incoming AC mains supply comprises

switchgear.

30. A dimmable AC mains lighting system according to
any one of claims 24 to 29, comprising one or more lamps

25 respectively connected to the one or more lamp ballasts.

31. A dimmable lighting system according to claim 30,
wherein the one or more lamps comprise gaseous discharge
lamps.
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25 respectively connected to the one or nore |anp ballasts. 31. A di muable
|l i ghting system according to claim30, wherein the one or nore | anps
conpri se gaseous discharge lanps. 30 34 1 32. A dinmmble |ighting system
according to any one of <clainms 24 to 31, conprising by-pass sw tch nmeans
abross the first reactive power controller. 5 33. A reactive power
controller as hereinbefore described and/or with reference to any one of
Figures 5 to 12. 34. A dimmble AC mains lighting systemas hereinbefore
10 describ e% 26} n d/AO rd ivr}nm{[a% lree fleirg rtlzci% gt Qs y%rilzyemo rz!l% c%fr d'?.ln H rt%s a?ly to% e1 %’f 35
claims 24 to 31, comprising by-pass switch means atross

the first reactive power controller.

5 33. A reactive power controller as hereinbefore
described and/or with reference to any one of Figures 5

to 12.
34. A dimmable AC mains lighting system as hereinbefore

10 described and/or with reference to any one of Figures 5

to 12.
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