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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
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infrastructure can be converted into a di mmable one with real energy
savi ng. Ney#bago#-change of the lighting

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.
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ConponFntéofgggéh%és&f@§r§£e§hgngﬁ§iie§l@o adjust 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]
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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



of high voltage. The dc/ac converter is used to drive the |anp through the
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fluorescent lanps driven by electronic ballasts ,

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
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characteristic that makes dimmng a very attractive alternative to sinply
t ur ni ng tﬁ@appgﬁ@§1§ppc_tpﬁtogﬁ§@stélmm1ng 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
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hi gh 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 useful 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
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vol tage 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.



transformati on neans, such as |owfrequency transforners or high-frequency
switching converters. One of the nost obvious nethods of altering the

vol t age wondididszors on the ballast input is to provide mearN2wisaoesy 15
the voltage ratio of the supply transfornmers in the system may be vari ed.
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 sane anount [5]. Various nethods have been adopted for effecting 20

this desired change in the transformation_ratip, -.th I e_one

i nvol ving the ﬁ%@gﬁ?ram?ﬁﬁﬁédlﬁﬁ%§Fn688n08n lgﬁdgreng?%g F%ﬁggképﬁer, S0
that the g&ﬁ@@kk&estUTﬁé-ééthaiﬁgnvagtagét@éedonﬁa@taariane hsdthe use of
autotransforner that the turn-ratio can be continuously varied. In [7], a

t wo- wi ndi mgl26gaubpt annstodfrerongeusey #BApFBei 66 VRS tPEPt afe | evel s for
et gk ayel 0 s, LrokSle umbitlon) o

system t P4 onpli ca nsforner I's propose ese
net hods i puel ¥eethel uspsteh arahsnigabldepiroesdesachigh-qonfacyors for
changing the 30 turns-ratio and nptors for continuously adjusting the turns

ratio. 8 Wor2apipevoltegs peY/ vRP12RiesiFedReECE SUAPVUANSTh&F- method is the
use of highe Qggueggyt§%1ggghggeﬁ89§§fg§5ﬁ-tEQea%CmQEhBSiﬁobkég%sgéd

converted rnfo a’'dc v y an c converter and the dc voltage is
convert edtiviite, ahhacovektafechyiaidocgciconhvwrt Epx| 2kanPhas, 15 the overal

7 squency St BUETST L0t FBRoaEr 1oaain b EnBit EnaP Y FFoAT Recad Geins | s
procegsed nEWoGErat Necp¥erakhcof ikCoepey «i 8 . baw= Bovoexanple, if the
efficiencies of the ac-dc and the dc-ac converters are 0.95,

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



10 the overall efficiency is 0.95 * 0.95 = 0.90. Apart fromusing ac-dc-ac
conversion approach, an ac-ac converter such as cycloconverter can be used
to provi deoaoosaamesol | abl e vol tage at mains frequency. PpaT[N200580p30er
converter is used to chop the ac sinusoidal voltage into 15 voltage pul ses
wi th the sinusoidal envelope. Simlar approach is used in [10, 11].
However, considerable current harmonics will be generated in the process,

| eading to harnonic pollution problens in the power system It is
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As the ac? € ac mains I's proportional to the pr oduct

of the agnpBinsu¥ebhagecaddegUsESAELabbes can thus control the overal
power delivered to the lanps. 30 Method Il - Control of the ballast-lanp
i npedance pat hAs| déseadsed tRahstbr nRng"PhetER HBRFHELOH FoFELaFLB8: PY,

Fig. 4(c).illustr STo!
3 sl uebiates,anotbee. 9L Lo FELhedo! BabibhendHO 20064987265

PCT/ CN200 apparatus_i sconnected _in series with the lanp system
The conngctedaappatahushis aamabyabke osactfnthet hat inddessramet the

di ssipate any active power ideal]y. th Il i d f th
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adj usjpabl e. Asrdi seyssed bachidbieartuerstepsi nduat on eansbsliagtof
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



two series inductors is used for the choke in the ballast. Wth a switch

t hat can bypass one of the two inductors, the overall inductance can be

al tered iwoaosh/serest e manner. 10 In [15], a saturabl e reattavoismoused in

the ballast that can dimthe Ianps continuously within a limted 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

i npedance of the inductor in the 15 ballast can be changed. The resul ting

effect is 119, ad. urrent fl 16]

uses a var 1 Jieac%an%él%?rhclfﬁe&gu?%eé? (%h&?%gsr@%r%—r ahar? rﬂg ei ng

provi ded hyheanmll tisdwpped autotransfornmer, so that di fferent conbi nati ons

of equival ent series inpedance can be 20 realized. Instead of using

passi ve el enments, another approach [17, 18] is based on creating a voltage

source co j ; c/ ac converter
connecte (%d]ngIsiei?l e:@%&&ﬁowhéaﬁl%%is ?e%ﬂﬁ%égcirélg%%alg?gt he 25

conver15er i S comneictledsttmntanbtiterFiaec/ de(dionvigrd erhiwdhi apprsactsupplted from

the ac mains. Both converters have t hand;te}beeactl ve an reactive power. In

ot her wor ¢&e HeAPRA - U%i Tl £#3hg ey t WP el WD CHhverters.
Simlar idgaldst Usek i dA8) tdatedihe d N ermntad 1104 lﬁarpﬁsaﬂrloéhw ng 30

transfornmer coupling. Nevertheless, this circulating energy wll introduce
energy | osisaipn Ehe [d9dtem smpéucbabﬂ@rrpwavx@t@r) 1)56 TO3T2ES cPCReNZEL Bl 5

/11111 5 4 r the .efficienc al s necessary, t.0 handl e the
t her mal |§Lsué3 %d&‘gﬁl}gjscorﬁquoll Ey(% heelcaarppachcr(?ﬁ nal ¥ te%%%eo%’ As

i I lustipat e ivhafi pard Bt dihe dLh:ixfedltaFﬁle?rachhé Sd 0l agdtSeviA appar at us t hat

can divert_the current fromthe
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



ball ast. The overall effect is to reduce the lanp current 1Lanp In [19], a
swi tchabl e capacitor is connected across a lanp. If dimmng is required,

t he capacwbanod/s7mwi t ched on, 10 so that part of the curcemNbosmnishe
ballast will be diverted away fromthe lanp into the capacitor. In this
way, the lanmp current and hence the | anp power can be controlled in a

di screte manner. Conparing the above nethods, Methods | and Il are 15
suitable for dimmng a plurality of lanps, particularly for existing

i nstal |l ati_gn. had 111 _requires nodifdcation or . installation.of the

di i ng aﬂgar FT O ddif iﬂ%ﬁ% i Ifé—"rr%oril?ﬁotu%% ea%%%ef ]tlfihtajb%e

met hods can digpdthen s thd thnggnetd dibaldastss, tiwy telve dei r
respective 20 I'im tations of 1) requiring expensive and bul ky nechanical .
const ruct ifon Hend)ing)disfimaticie g iwEa tidl etiFbnit’ potdluti on to the
power system[9]-[13], 25 3) inapplicable for dinmng a plurality of |anps
[14, 15, 191, 4) handling the total active and reactive power of the |oad
[7] - F131, 5) providing di scremMaRYMGmgNENTION 8], [14]-[16], [19] 30
6) being practically difficult for central or .aut tic, contraol_ [7, 8, 14,

15, 17], 11 WOPSGEEFE3P265 PER ONECESf00TFSA 1A / g SRR pover
161 “and 8] RaRdrl G dVEE) pat b SPEet o ey 117 har b iy
OF | NVENTIlcONtAodofdmgrt @ liele miaede dmpnwendeme telidie dleqhmsiaded
lighting systems including systems formed by a plurality of
10 individual lamps. The apparatus achieves the 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



apparatus for providing i nproved power quality and dimm ng control for an
electrical lanp or generally electrical |lighting systens including systens
formed bywe péausadesty of 10 individual |anps. The appar atwacnNacdsiopyss t he
dimmng function with real energy saving by controlling the voltage

available to the lighting systemw thout handling the active

power of the

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

The power rating of the dimrer 15 will be rmuch smaller than t

rating of thec diphding £ dberstryrtyre, of -a-prefepred,
Q %ar

shown in Fig. 5(a). Installation of the apparatus 1s sim
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across the ac mains. Its function acts as a power factor

improvement circuit. RPC 2 absorbs reactive power from or

15

20

25

30

generates reactive power to the entire lighting system with
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
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
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
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 supplying to the lanp are varied by controlling the anount of reactive
power generated from or absorbed by the reactive power controller RPC 1 in
Fig. 5(a)woHoswsserss with the use of RPC 1 to adjust thecaaiNve/pEser
delivery to the lanps, the input power factor of the entire systemin Fig.
5(a) 10 will be reduced. As illustrated in Fig. 5(b), a second reactive
power controller RPC 2 is therefore connected across the ac nains. Its
function acts as a power factor inprovenent circuit. RPC 2 absorbs

reactive RN OF - QENRY Al K], Teacld M&POPETe t o fdie. gntire, Lighilng

system w t 15Vthe RPC_lkg?en Fi gl. 5(a), slo tha(t@tehe overal | po%ar ?%%:%or of

t he systeniian )i npr eviedyld degldadtathe(lonver ) ridadt i v uspodvens absor bed

or generated fromthe ol e i%zero so that the i ut%gower factor, of the
r
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theoretically no active power is involved'in the circuit operation (except
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power contai@l Hiaghert hehedaht IdHF i0fi cacdt edang digHe enerapneddd Lheicyswdt 1S
inportant to note that the proposed RPC configuration operates in a

di f f er ent SF@HFeRFTHEMIOMANRY GIRATYVHWRES 1 S~ dc converter and dc-ac

inverter confi giyatd pndl7l, id £ dhe Jordeer. gonf.i [ %]% S
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[eoAEaT
(0. the M copdditord X8 47 Ga for FITUIE bagdis BHE (LG % hat i s
used as avoltage 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



vol tage source) can be nmade snaller than the one required in [17], because
t he anbunt of energy handled by the two 5 converters is |less than that in

[ 17] . Thewefwoesem37iske proposed configurati on has a nuchpsmaiN200émoissAnper e
rating and higher energy efficiency than those of conventional two- stage
ac-dc-ac power converter 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 devel ops a

vol tage t [ a%_hétlﬂ i ; ; | t rent
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AC mai ns supplREC t0 thegyeilidrer Hovibresubdsttaante atdy Semm elo immlumdrence or a
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effective 9rr°é3§?dg'tn£1§€f alei“i‘r"e ghe rﬁﬁfipg‘?%sfe ‘?Tpta"FCédw[%g_ iy 3¥ackance
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i nductor, wthout” significant 20 Series resistance. As those skilled in the

art w bl isgspreds dtte RRfpatiqorst Hmat itiductorsesionaahslst pdiearpter gy
(except that .i.s, for_secondar ffects such as.dielectric |osses in
capaci t or gfanort}ﬂfstp&tee %s’ Iaogéa\eﬁsfe"ll?‘}”i U eSS |G rHs ST or art
devi ces sughm@sdhaseesicrli hed didrddbdd.7lwiadebitl 8] s hay el golcomuex

i npedance that 1 ncludes both a reactive inpedance together with a

si gni fi caranediornarpeddifc SeTaes oxk RAGIY @l iFFtheanr baidevelmredi ate, a
eal | mhedanse ot Ao o issl oy Mg slgujeant elecirical
RPCs ane dc/ac power converters, the circuit conplexity and control nethod
can be si rEDRIIiEfFi %qIESiCrlluaPnTIlodi\T Vg% ZT%QEGIDORZ%JZIGI\TSGSPCT/ CN2005/ 001584
Figs. 1(a)-(b) illustrate the operation of a prior art
triac-based dimmer,
Fig. 2(a)-(c) shows the general structure of electronic
15 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,
20 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
25 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
30 the input power factor,

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

dimming control apparatus with high power factor,

15



advant ageous enbodi ment by connecting the dc sides of RPC_1 and RPC 2
toget her. However, there may seemto be some grounding problens for the
two RPCs.woheod0smeRPCs may not be directly together angcmrN206(0ise
isolation transforners to 5 isolate the RPC fromeither the series or
parallel branch. In this patent, a half-bridge-derived converter circuit
configuration will be discussed. Wthout using isolation transformer, the
series and parallel RPCs can be developed wth the sane do link (Fig.ll)

in this proppsalt JKLBRIEE RESERHPTE Qs THE, ORAN NGS:Ei gs,, (ﬁ%d%)
iIIustraEe the operation of a prior art t#lac-basedGEanerznélg. 2(a)-(c)
shows t he e dihsstgane e sfurtectronic 15 ballast for di scharge | anps,

Fig. 3 illustrat the,yinfrastructure of the Iighting system using a
o b O A D SN T -%ﬁwme%@%mﬂg.oﬁ@e (AP HEDI ct
various prdyrte tatdidind Mg-avet hasisofralt 1 daimse Wi h amgngtic balhasts, 20
Fig. 5(a)-(b) show various configurations of the dinmmng apparatus, Fig.
6(a)-(c) iTIUstatdanfe FeIomadEent el amas VC/Fowernoarntent | er, Fig.
7(a)-(b) shows the phasor diagramand the power 25 triangle of the system
when the lighting systemis inductive, Fig. 8(a)-(b) shows the phasor

di agr am anETATGEROWES QRTFINGHe af HREFERRHTemMMmm Mierd i ghting systemis
capacitive, Fig. 9 illustrates the structure of the RPC for inproving 30
the input power factor, Figs. 10 (a)-(g) shows the possible inplenentation

of the diami ngrpaniAIRl; ARDARALUS W th,chizgh pover factor,

10 An equivalent circuit showing 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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15 WD 2006/ 037265 PCT/ CN2005/ 001584 Fig. 11 show the preferred enbodi nent
that RPC 1 and RPC 2 share the sanme dc source, Fig. 12(a)-(d) shows the
equi val enwoebsssvicsof the entire systemat different ceowioabisansssef vin,
and yr inv, and 5 Fig. 13 shows an enbodi nent whi ch uses AC/ AC converters.
DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS A. Equivalent circuit of the
RPC 10 An equivalent circuit show ng 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 nodel.ed i j-dal | t age
sour ce Vi ,‘ap\sﬁets%nttﬁg &nEOPF’éSﬁéfr%&%? &&° ?L e ea(%%ﬁﬁ%ﬁ?@ﬁ'?\)gﬂg}; sl%le ectedf t he
converter uss nePRAgCtiadrlig . 15 (@) ext eiodlll yheoriohtldredrdd svelfgrge-80w ce or

a capacitor. The nodes A" and B are connected to a fictitious ac
source va through an inductor L. The fundamental frequency of v3 is the

sanme as t i fr T | t | e two bridge circuits, [Si
and S2 in"Fig. Q%(eg)a]%ggﬁg%%éfc{l?l% f??t?féF?eé%de(b)], are switched at a
frequency nuch Thieghehet-Kaequiche f mequdneahoofn tilve Fag .maé (vy. iEheisgat eecsi gnal s
driving the _switches are nmodulated with the frequency of the ac mains.
Many pul sEXRIGLR (rHguPRETLSH 1EOWRE ISGHEHSS Cdr B Wity tTI%@ Pﬁme[rcr%saftfgn be

used. Exapples.deliyde 3 aysel qﬂ'owPWrd:ﬁ% 22 EcheMmidlpsal fed 148 [3]

har moni ¢ el'i mi nation, El)nl formsanpled P etc [2]. The frequency spectrum

of the converter output across C andv, VM), in Fig. 6 consist of mainly,the
éﬁ &u?% )

i ne frequency, the switching frequ E;Q,Ma@ e inner and

cross-nodul ation of the two frequencies. "As the inductor L 30 is used to
filter out the undesirable high-freqyepcy v cespenpents appearing across_the
nodes A and ‘B, active and rezQ:fr%E—"—grréj"'l”-gy—ﬁFow between v, and RP€¢an
be T
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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16 WO 2006/ 037265 PCT/ CN2005/ 001584 represented by considering the |ine
frequency only. Hence, wusing vin, in Fig. 6(c) to nodel the converter is
appl i cablwo 208/03@Q@sr ati ng Principles of the RPC 5 The | ipogxdN2eapuemssy nodel
shown in Fig. 6(c) is used to explain the operating principles of the RPC
The power P and the reactive power Q flow t hrough RPC can be expressed as
[3] P=v viI'mSins (1) 2itfL v, (v. - v;,., cos 6) Q2itfL (2) 10 where f
is the mains frequency and 6 is the phase difference between va and vine.

650, p 2 Tied it T T olie” Rer oy PR e R EE L age ve

i ncreases.cdwde ldpplddd6 < 0, P < 0, the inverter releases energy and vc
decreases. Mdde Ill - If 6 =0, P =0 and vc renains unchanged. Q is
determ ned by the magni tudes of vvnv and va. If Va > Vin,, 20 Q > 0. The

RPC act's ap, a IEacdinyer ROV, BhsPrbervo Loyersehyee i va < vine, Q< 0.

The RPC acts as a reacti've power generator. ldeally, the RPC is operated
in l\/bdé 111 andtihd:thxa ay siditey is ra&a(ﬂxwrpmll\ky cainstarda]e]recbrdca rehtdge e
\an zero, because

power nerator ractic 6 1is sI| r
Che absor BetGHEr g STRET %fec%rﬁjaéfhsk%ﬁe o e A HE A 192t he
RPC. As depi&iiedidh HirHe:6(h)or dHe phad dbee odi Mkt a@ﬁiﬁfﬁ“iﬂ?@ the val ues of
Q va, and hence the power delivered to the |anps. Depending on the type
of magnitude of the dc source voltage vg.. 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

1 My

20 Vi =5 Mve (4)
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



17 WO 2006/ 037265 PCT/ CN2005/ 001584 the dc source in the RPC, different
control nethodol ogies can be applied. 1. Externally controlled voltage
source 5 wb wbwm3dmssource is an externally control |l ed decraNzegmo1Bsour ce,
the amount of Q can be controlled by adjusting the nodulation index M of
the bridge circuit and/or the nmagnitude of the dc source voltage vdc. As
the high- frequency ripples wll be attenuated by the inductor, only 10 the
fundanment al conmponent (i.e., the line frequency) will be considered. As
shown in [21, Y

v = 1_(3 wh i i :
both M and vdég%%my%% ﬁgéﬁﬁ?oﬁéﬁpgrg%nééhiéY%EZL Eﬁgggﬁégggg? FggtEQUZé

side is a,6BpPAGLtOFro68NERHE! 18hpVBystembaBed. onayarnyp) nghdvandeor 6.
Changing the value of Mis S|n1Far to _eq. (3) that 20 von, MVC (4
Anot her ~ vielyesbr vai yongnt Aedchpacpever valaggatver BRe A¥REE™ vIFRGD F8eto

make RPC 1 enter into.eith I Mo L [,USH LN epwar ds,
RPC 1 rev T %%%%eTolﬁb%QSFFPEQ%he Q%?fi%&?é #E%c??gk Fgétge$28§%gﬁg vc at
a desiy edgl gyehmsooR5thbasytbene whéh beendampt sfboemofispompacinivhe RPC.
This function can be realized by using a phase-lock |oop to synchronize
Vj, with va and an error anplifier to adjust the value of S and/or M 30

C D nning.of &H&u&ﬂgpé hgmp system
Fig. 7 depicts the dimming operation at two power

levels. When the input power of the lamp system is P;, the

10 supply voltage to the lamp system is vy and the supply
current is iri. 1p:1 lags vy by a phase difference of ¢:.
As the RPC ig 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 vyi. 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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WO 2006/ 037265 PCT/ CN2005/ 001584 Dimm ng of the lanps is achi eved by
controlling the voltage across the |lanp system Fig. 7(a)-(b) show the
phasor diwgnrasvmsmist he power di agram of the system whercria2odsanpsssyst em
is inductive. Fig. 8(a)-(b) show the respective 5 diagrans of the system
when the lanp systemis capacitive. 1. -Inductive |lanp systemFig. 7
depicts the dimm ng operation at two power |evels. Wen the input power of
the lanp systemis P1, the 10 supply voltage to the lanp systemis vL1 and
t he suppI% current Lg.iL i. i Ll Eggs vL 1 by a phase difference of As the
RPC i s cofinect 6@PFHtE&FFes™irt RVECHE™ anp system the current flow ng
through it is al§o equabitesi thd. dAemshgwepeirat Fbg. ab( ayp pbeerequired

vol tage vector of the RPC val is 15 perpendjcular to ilLl, so that_the RPC
will not §evehsy réaen BoReilPRENPPHETael nhlfsiaP1SYE58™W&F. Prt Wedns t hat

the RPC absg&gsvgfggﬁévnggﬂ@r.8@? §99ﬁgmiQSF@gﬁvgﬁg)thghgupbg ctive power

consi sts of¥ conponen I nc ng-t reac e power absorbed by the

lamp system-Qinandst he, 20 reactbugspoyer babsophadebyitrierBREeQarlg, J f the
| anp systemis di rmred down to a power Tevel of P2, the supply voltage
becones Vis2shount he Eugpl § (aurr &he rsquired- vPLEagpagecyPr2oBy thephase

difference_qf 42., The magnitude .of I mal | er t he magnri-t ude of
vLI . The 5B§t3iﬁo%s %EgﬁgepﬁﬁE?@gﬂFggégs %u?ﬁ}begﬁérggﬁg%cgﬁéf ?g iL_2 and
its magni hugdasshaytdrhe Rbghegenthamethataet ival poWker.efer ehowm ior deg.t o
achieve the dinmmng function, the nmagnitude of the dc-side voltage nust be

i ncr eased8 (Ph, geher apacEh¥eSr BAWETvECFdFEF 8bsbFBed YRRt Ffanp syst em
decregses, (L1 8qy h ChLY¥erROVAr pRbsaEbed Y sBBEts cthanged
from &1 %%ElgglggﬁgﬁeCQEacggvg BowEaChHLMELR VA Y sFBEehs £
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 vi» 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



WO 2006/ 037265 PCT/ CN2005/ 001584 2. Capacitive |lanp system Fig. 8 depicts
the di mm ng operation at two power |evels. Wen the input power of the
| anp systwonbe/Bi26st he supply voltage to the | anp syst eqmwicN2visioosssd t he

supply 5 current is iLi. iL 1 leads vL 1 by a phase difference of 11. As
shown in Fig. 8(a), the required voltage vector of the RPCva i is still
perpendicular to 1L 1. 1L 1 leads v.-I. It neans that the RPC generates
reactive power. As shown in Fig. 8(b), the reactive povver consists of two
conponents, 10 in Iud| ng t he r active power generat ed | a s stem Q
and the re&dHVE Sy F He R (%é SHR ﬁjf)h

di med down, o, d%@%@:re e Lﬂflt 2t t8, SRR b st cbﬁﬁ%aslry 2 and t he
supply current is |IL - -%lﬁJL 2 Ie%jds va{I}@Z by a phaseaﬁgﬁfference of 02. The

15 magni t wdetdfewy (CDrity iy &PQ r?araqmsrd@rﬁtacmen@ﬁnmas TheFigect Op) of
t he RPC vol _tagg,rshou I svoe qe\}‘g)ersggsq;lencul an 4 ore rzeéf‘n a{étl né‘},%%:

shoul d be high of erefore

di mm ng fuypctiFes,. the) ]rragatt udedef tbhbed@e&bdﬁt‘é@ bggapmust 1tg;e dqm@ﬂeased
In 20 general, the reactive power generated by the |l anp _system decreases

(i.e., QQ te ¢he sHie afeddts VEFSTISTE AW DSPIRFPRPEY st}kﬁwalr?d% snf%ﬁﬁr@a i

}Z?gQ182 i adgﬁbtl QLV\%{O ?‘ﬁ}%r‘“%%gz :%ﬁ&g} a%séﬁgg%pgf}@ée&nerat e}gE by t g

| anp syst empstiche 1R, Wi || 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 s@s_ﬁ &€._Th€! power 30 factor is reddéed
fromcos 01 to cos 02, when the | a power is adjusted fromPi to P2.

Al t hodfh ddniéa impd Sped dr thke tHEEE fed f7i nput can i nprove the
power factor, the Qr ,=0, ,+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 Sinfi,, (7)
2nf L,
vnc (vac -V iny cos 8 )
0= > : (8)
2nfL,

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

Again, RPC 2 has three possible operating modes:
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20 WO 2006/ 037265 PCT/ CN2005/ 001584 required capacitor value is

| anp- power - dependent. The power factor can be kept unity at any |anp power
by connecwongos/smssher controller RPC 2 across the ac necmaNasosio0138ig.
5(b). For inductive | anp systens, the required reactive power 5 QP [Fig.
7(b)] that needs to be generated by RPC_2 is equal to the sumof the
reactive power absorbed by the lanp system and RFC 1 at any power |evel.
If the input power of the lanp systemis P1, Q1 =Q -I +Q (5 10 If

the input power of the la t P2 2 = 6 Fi g. b
|IIustratM@d@hé VECFSréPdgetéﬁiaggbkgﬁh?h&gﬁeéﬁnggﬁﬁgﬁ%%bgﬁ%ﬁﬁﬁég é Fér
capaci tivey gggi%%Sg‘?v&ﬁ)gsgée%'r?HF!&sé%b\!e power o [Fig. 8(b)] that

needs to to the sumof the reactive power
generatedMQ&etf@-Ja@P §¥$IQﬁll%nd BPCtheahn&@rt@QW&%lb%web eb@sgy( Bndand

(6) are still wvalid. Fig. 8(b) illustrates the vectors of QP1 and 2. 20
Again, QPvig deadedependent In both inductive and capaC|t|ve | anp systens,
QP is determ ned by As illustrated in Fl the rid

convert erMoeet 4gé vP antI d 6t Ande thd |€ud§ 3‘ 9%%5 and (2)

show the po c?épef B6L Sy oW Belpeiladfoacy, 23 aaansf ndIf_RRg 2, That
is, PP = s‘ﬁn svﬁ% P 2| LPPQP ;T*T(l:m(Vac Z2UP inv Gos 3P)

(8) P 27V¢1mLPQwhere SmhesRPﬁezphaSS disf berencé ilvet mewRTv ADSAHESYP i nv
Again Rﬁgj%vgggeﬁhreg pogftpli_gEFrS InQL”Q&%iQ 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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21 WD 2006/ 037265 PCT/ CN2005/001584 Mpde | - If SP > 0, pp > 0, the

i nverter absorbs energy, and the capacitor voltage vPc increases. Mde ||
- If SP Ww0,2008R3%68, the inverter rel eases energy and yePraNiesvweses. 5
Mode 1l - If SP =0, PP =0 and vP ¢ remai ns unchanged. Op is determ ned
by the magnitudes of vp tn.. and vac. If vac > vlin,, QP > 0. The RPC 2
acts as a reactive power absorber. Conversely, if vac <vp inv, Q < 0.
RPC-2 acts as a reactive power generator. 10 Control of Q is based on

nonitoring the phas i i t age d.that_of the
overal | i%put Egl[?r gln(f@lflsclg“r’ﬁl %g\%ggléﬁﬁfetrﬁ%&g%ﬁ/%éeggﬁﬁg %Ee[_fmé%lﬁg_nes QP
and i s comomiteld dypaadyuss i mith hei gindedwett ofedtotex Bigt heo (dy i diegewsn RPC- 2

and/ or SP. For exanple. if the |a system 15 is inductive, RPC 1 will be
operating 4¥ éx?sésalrﬁji]\fet%o%?t %%%%’f‘ FPEXVFTIePhR operr i #wrLas a

reactive pawerrp@enead atpc |4, the {nputaoudent sdagsyd h@aﬁéﬁ'@ﬂ%réloé &ge,
the control circuit will increase the dc |link voltage (1.e. the voltage of

t he capacifi®rr ssmicgubictors, swhathes ens etk @0iasd DC Mot ahe (lsouslosys of

RPC 2, so that, RPC-2 wi,l{_genera re reactive power and hence the phase
di ffer encear%(aétthv\e/ere%ost#eb lseupp?ni:;lqc\)/%leii}éagrgg Sy f‘ﬁp]uib%ﬁ‘fg%ncfowe?lf EHes rtficed.
If the inputuseds rfoy Hreeads die meepl y viol tages ddee Conkd Wagid Ottty Wi l |

decrease the dc |link voltage of RPC 2, so that RPC-2 25 wil I” generate |ess
reactive potertigit eHdEChG e Praseedwitader et are tivesi bhll sigmlareol t age

and i nput G 1@k, Wl o ke c!fq}bclﬁ% rﬁﬁ?—%%%é; Aﬂcg'fllzlf—ggril:&r% Pg’ the
overall input currents 1L1." an L or p rlevel's a ,
respeddi velopvewitidrshef dm Rittaske and IREhe .acimpi nso @nd ditwgs 3k t he power
factor isﬁggéféility 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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E. Sharing the same dc source for RPC 1 and RPC 2 22 WD 2006/ 037265

PCT/ CN2005/ 001584 Fig. 10 shows possible inplenentation of the di nm ng
control appaoetossesi th hi gh power factor. Fig. 10(a) shees/cNeoes/gessi bility
that two hal f-bridge converters can be used for RPC 1 and RPC 2. In this
met hod, four dc capacitors and 5 four sem conductor switches are required.
Fig. 10(b) shows another possible nethod that two full-bridge converters
can be used for RPC 1 and RPC 2. In this case, two capacitors and eight

swi tches are.r.equi.red. O her sipilgti e e i nat.ions. of using
hal f-bri d&é’“gﬁél%;é&ﬂn-sbrair&gge% iﬂ&#&e &8t ob Fﬁ-%? 1@%3%%0‘53&%%%@?0(@
shows the rpags kind Rpdt hat WRRCel guses, a hal fardd itdge wanveldgeriwnes RPC_2
uses a full-bridge converter. Fig. 10(d) shows the possibility that RPC 1
uses a fquIOlB}eiddgéleC(Br?\?erzt-eW%ﬁ’d S1RPEAD Sy st SHEF FRPE | oge EBRVerter. 15 If

the de |ink 3ouicen gh RECeh AN ARG 2 Al GRPT ln 4henBUBDEL Of

capacitors ' can be re ver, if the two controllers shown in Fig. 8
are cofnegiwvdd ciedectl,y the stiarduitcigtewirt ipatFh dhetiwe@n tike fonmeedandilreaut r al

may be formed. In order to avpid the short cjrcuit prpblem RPC 1 and RPC
2 20 can Be PEOI St FDSUSTHRE r%sf‘bl?%%r.cﬁbss%%‘@?ei@(E}gsh%%v(cbiffer ent

conbi nati qns rRf-idsi NG ihANS, ORMRAS ézoahéob%t@ré hgyi Bed aRJ/ ORe RPC 2. This
wi Il introduce additional power |oss on the transforners. Fig. 11 shows an
enbodi nentcitdeati tRRBo¥nand RRQ -2 1¢hate i2F armedsane dc source and no

transforners are needed. ?sarwﬁncisrcle i.nel(:%' dr il RPC.1 forned .by SI,

: i
S2 and the two  c&paciPtSr i 18 B orr?é’&’bvasgﬁ&%gngaFﬁgdtm

capaciyg or y kdontepenatigon heamdse 1exalaj nedidry ot wthy rEpriva-t v ecahled
operati On%yOfisggalsfngndRﬁ:%g Iéﬁlaégeskgz{l‘:[?:ﬂgeg]tween Viny 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).

24



30 apparatus. Fig. 12(a)-(d) shows the equivalent circuit of the entire
systemat different conbinations of v;,,,, and vp inv. As vinv and vp ,,,,
can be posotoesmseresnegati ve, four possible 23 WO 2006/ 0BCZEN2005/001584

PCT/ CN2005/ 001584 conbi nations are resulted. Sl1, S2, L, and the two
capacitors fornmed the RPC 1, while S3, S4, Lp, and the two capacitors
formed the RPC 2. When S1 and S3 are switched on, the <circuit shown in
Fig. 12(a) is formed. Wien S2 and S3 are 5 switched on, the circuit shown

in Fig. 12(b) i.s,formned._ .\Wep a i [ it shown
inFig 12(0) iSForhed T ﬁ’éﬁt%gem%g}\#éé@%ﬁ%‘wg%qé%%%ﬁ? K RE #E1
circuit showydm HB@.2 WA(1d) Hes darateld; d0r tdec o dransk @5 ehxpt aRPedl above,
vL can be varjed 10 by controlling the npdul ati ng i ndex of the converter

formed byPiSY nd R amehate FfaResiith YHWEaTior R ¥t on the ot her
hand, the &%-J&%P&&gﬂ};&ﬁ@r Qred- by, contgol ddg 1ddiephasezshift

bet ween vac andl vp 1 nv, he nodul ation 1 ndex of the RPC 2. The two
conver ter sardly awtRE@AM Sy 11 sseet iwdel Jpowessulitn fxhmm vihvol eclsisy ehos el ust i ng

t he phase shift_between vac. and vp inv, d.the. nodul ation index of the

i nverter, ef'@r'néﬁfoﬂlmtﬁ}?e kﬁ%ft"?t’rﬁsd% o%nfdlajgﬂ',b%]adrgecocfﬁj?coqlq%' t of

reactive Wxﬂe@r@ﬁiry@rwﬂqsqr&ﬁﬁﬂy RRG12-1 ASL IS dle SO UNER:tt SorgOmToN
e

to RPC_1 20 and RPC 2, dinmm ng of the |anps can be perforned by varying
t he nodul a&ridorrliimded asftnivali masreierwifly ARPERL t Heo Mg dgnetsic and S2. In

alternati ve ﬁgabs%ga@tts U8 \{noalitr%gestkgptr)pl.ﬁ{}lp,ﬁsaté ié‘sérfa?igl %%%CDC vol t age

source) and a vol tage 25 conver ead © vol t age
convenper ramys disedhui adevslom tihe iatixidd BenraAC nradtt ages aeslssgdRPC_1
and/ or RPC 2, as shown at Fig. 13.
and current are exactly 90° out 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

25



The frequency of an AC main supply wll typically vary. For exanple a

nom nal ly 50Hz AC nai ns supply may vary 30 between 49Hz and 51Hz. Thus in
many enmbowlormeess7ics Wil | be desirable to include a freguenoywolsmokismg neans
such as a frequency |ocked |oop, or a phase |ocked |loop (PLL). 24 WO
2006/ 037265 PCT/ CN2005/ 001584 ldeally, the voltage and current flow ng
through RPC 1 and/or RPC 2 will be exactly 900 out of phase so that RPC 1
and/ or RPC 2 behave as perfect inductors or perfect capacitors. In

practi ce, r 4 5565 1,0 -REC.H P ang/ P one | osses

Wil | resultiﬁ%f%rrgrﬁ\%vﬁ% ce‘??\tgnf‘“ sés)es,Cse e%lﬁfr omthe h%?r?é?b% gr(la‘tsor

full -bridgewitenadtr \ehell spedanmd riclcraassuidf yehe |RPCequire el ectri cal

power to functign and this, electrical yp wer will appear, to the nagnetic
rﬁ’r‘?‘e a

bal l ast and to DAC HlHins {1 APT 4& ¢ B (FFERTET ance. Thus
al t hough id; dch SRS erdngsh thatn the a&%ﬁ 3% s ANk GBI A PfoeXatdyy 90 out

of phase as for & pure” reactance, e invention may be put into effect
when the prsistsaye avdliour rlampsar € Watdscent Slamd rod egngl8enoiity of

phase. 15 Il as the full-brid %al -bridge topol ogi es described
above, ot ré%%ﬁ&e m&ﬁ/ﬁucgbrﬁﬁerr‘%gcra Hﬂeé%?eﬂngﬁb generate the
auxiliary voltage gredentantiwdiatad ddiattdd inMasdreihoti e S PONsTe
sem conductor devices will be used as the switches for, say, the

hal f - br i d@ENGatlh @ UHAQSH rd el 100 A Usdarfp | el ngh spproprilite gowdre

semi condugtQr deviGe sl atedygate plpolar L1 ansl star (4D,
al t hough, "as % hose deﬁci (aaé(}(ll n the ar vmal% apprecilasge, otJhIgr sl‘ylgfes of
devi cas mhebeenmsed tingt edthbn T presert tihry ehitnnoimgreyy dreenappld etb t o
el ectronicgar(rjp 25 ballasts as well as to gneltic Iarg) bal | asts. As those
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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1999, 10 28 1GeAlMRg oo thd 3G W8 RAUGL GOLLOIdS A el i ng an AC mai ns
| ighting system the reactive power controller conprising: first and
secand t er maoalpxifsdngconnection in series to an AC mains |ighting system

| t d | opi f d | opi C | t .at [ f,
o] 280 deve on 4 ans o SCueLoBne 30 45 voliage A T g eduenoy

receiving atd B A& 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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| evel control signal; and control neans for controlling the voltage

devel oped by the voltage devel opi ng neans on the basis of the 15 di nm ng
| evel control signal, wherein the control neans is operable to cause the
vol t age devel opi ng neans to develop an AC voltage that is either
substantially 90 or substantially 270 out of phase with curr?nt fl ow ng
fromthe first termnal to the second termnal. 20 2. A reactilve power
controller according to claim1l1l, wherein the control nmeans is operable to

cause the %Pltagg devqﬁvpln neans to(gfvelo C vg!ta e th isin
Q aojfm .

t he range of” ‘80 ase with

current fl owmélrrpmﬂ&q»ﬁagestls tl&f rﬂmsalratrcgé heer mnﬁa terfgwlin 3. A
reactive power controller according to claim2, wherein the phase is in

the range oft'ss nan®s ofr 36P° I thkl T-ange of 265 to 275. 29 4. A reactive
power controller according to claim2, wherein the phase is in the range
of 89 to 91 orlin the range of 269 to 271. 5 5. A reactive power

contyol |l er d@&cordi ngaaccti(x}eaipnv\iler et Il d hea ot d iolg neansl ecionrgdr i ses a
frequency | ocki ans. A reactive power controller accorqcng to any
one of 10 é“ﬁ‘ﬁ %C%Te‘?cé'l G R0} SGfe dh < TSI st o K igHh

| ocked Ioopnggkki. 7 A reactive power controller according to any one of
claiml1l to 6, conprising neans for receiving a DC 15 voltage froma DC
vol t age source, wherein the voltage developing neans is operable to

convert trmié]:\”%tfgéctlve 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
reactive POWS( (ANl Ll AGH Wity AW ANC Al Al Afghd thd 2, wherein

t he vol t age pl ng neans conprises switching nmeans 1o convert the DC
voltage to phHeseA©vdiheade broldiacs naled i veorimectumerithef IDG v tfagen  sour ce

to the first_.and.second termnals with a fo rd 20 polarity and then a
reverse pol éil]e[ }d/f'lrsct r1:erm1nal 6{:o the seconc{ V)éaermlnal, to tﬁ/ere%y
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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14. A reactive power controller according to claim13, wherein the

swi tching neans conprises a half-bridge converter. 25 15. A reactive power
controller according to claim13, wherein the switching nmeans conprises a
full bridge converter. 30 16. A reactive power controller according to any
one of clains 13 to 15, wherein the switching neans conprises a power

sem conduct or switching device. 31 17. A reactive power controller
according to claim16, wherein the switching nmeans conprises an insul ated
gate bipolar transistor (1GBT). 5 18. A reactive power controller
according to any one of <clains 13 to 17, wherein the vol tage devel opi ng

neans conprises A NEdOvd B f Horfidanuat iitdvdihd rneausnin 108 rent
ripples resulting fromthe switching neans. 10 19. A Treactive controller
accordi ng t ohaneiondhsf swiltailignal Jnaan sl GompHarss sh arhd reortateld e i s
operable taq.control_on t.he basi the dinmng |l evel control signal a
nndulation?%%gg}%ﬁ H %?%gg%%ﬁﬂ¢§§§gahs, and 1s thereby control the voltage
deved oped by the voltage developing neans. 20. A reactive power controller
according to any preceding claim wherein the signal receiving nmeans is

20 oper abl e 1% r dtiQAEE IS RN HT A NS WiFRAHGF I 10 &Bhtde F gnal .

|2,1- A seriessiIshyd 3¢ Ive Rﬁ}’&'eiqp"ttr{eo'x}&rtég% MBI P dTRI NS

i ghting system the series-shunt
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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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
mai ns |ighting systemto reactively control the power supplied to the AC
mains |ighting system 30 a second reactive power controller according to
any one of clainms 1 to 20, for shunt connection across the first reactive
power controller and the AC mains 32 |lighting systemto inprove the power
factor of the first reactive power controller and the AC mains |ighting

system wherein the first and second reactive power ;s controllers are
el ectricall }%ﬁﬁ@@t esd’stt(?nb&;ﬂ ¢ IE0h e Iﬁ@"’\?g:l }@Bﬁgosro@%:éc%e?glrﬁ% _
seri es- shuntrJRaGH @ RRWe lc FHAHHI 1Al re la rRC G®edintg maid sChidightdhg wherein the

first and second reactive power 10 controllers are directly connected to
share a com®$t®@, vol t age source. 23. A series-shunt reactive power

control |l er accord) to.clai , risi t fQrier. means to
connect 15 the ?%h%gfteltgn&%seecfroyr%%r g%@%fg%ﬁo@mr%a%%%o%oeﬁg to share a
comon DC valdrage ldenscare? 4l obtdiinmslve cdtnmitesl [Hogldharg sy stoemon
conprising: _nmeans for receiving an incomng AC mains supply; 20 one or
more |anp bdld ¥ L% FONTGS st 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 termnals between the inconm ng
mai ns suppl YZ2and & s mes - sAindr nesrod iveg petvier |camp: dodl legs tassc2®ling di mmabl e

AC mains i %hot Icrl%i%ygle,mw%%%%ri%' Q:%et Ofirst 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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claim 24, wherein the one or nore |anp ballasts conprise one or nore
magnetic | anp ballasts. 30 33 26. A dimmable AC nmains |ighting system
according to claim 24, wherein the one or nore |anp ballasts conprise one
or nore electronic lanmp ballasts. 5 27. A dimmable AC nmains |ighting system
according to any one of clains 24 to 26, conprising a second reactive
power controller according to any one of clains 1 to 20, wherein the
second reactive power controller is shunt connected via its first and

second termgnal s _acr.oss.the._ 10 i.ncom.ng.mains supply. 28...A dimmable AC
mai ns | i ght i°5g sf’stdéﬁ?nggé r@icﬁﬁlatléls E{:lgg‘r%lﬁ, S\Xﬁéregnl )r/?ctcr?é:dflinrgsttor eactive
power contrelllag@m 2andwhizeeieC@h@d LARC irV doRealkngoBalQllsels dotpkd se
electrically connected to share a common DC voltage source. 29. A dinmable
AC mains |i §RE R FPsCeRl&EEEOHilTy L8P &3 16FESof claims 24 to 28, wherein
the neans for 20 receiving an incom ng AC mains supply conprises
switchgear. 30. A dimmable AC mains lighting systemaccording to any one
of @l ains 227.0 29diomarliesAfg marie sorl inghirte nigamys t eBb acespeldiigveloy connect ed
to the one or nore I%np ballaats. 3%. A di mmabl.e Iighting system,accordi ng
to clai m 302RYnRBFelOF CHE181Fe 28r TR0k | EPFRTESHPE Ge SGEOEGuL SGCEINE ge
lanps. 30 34oke32 coftdoTRl @& ddodhilinid t3Y SheMopeC & fdidlG i@ any o ,of

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.

30
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claims 24 to 31, conprising by-pass switch neans 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

di mmabl e AC mains lighting systemas hereinbefore 10 described and/or with

reference to any one of Figures 5 to 12. 35

32. A dimmable lighting system according to any one of

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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