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simple general purpose and non-intrusive 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
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10 large-scale lighting systems, such as street lighting
systems.

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.



di mmabl e el ectronic ballasts for gaseous |anps, and a range of disparate
techni ques for dimmng |anps driven by magnetic ballasts. These prior art
t echni quewownédosbmssdi scussed in turn. Tri ac-based di mer clrasraods@dsss
popul arly used as the dimm ng devices for Edi son-type incandescent | anps
and some triac-dimmable fluorescent lanps [1] . The circuit connection is
illustrated in Fig. 1 (a) . Atriac dimrer consists of a triac and also a
triggering circuit which controls the phase angle of turning the triac on

over a cycle of the main pltage., As shown in Fig. , troll
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10 voltage results in the ability to 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
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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



controlling the dc link voltage and/or the swtching frequency of the dc/ac
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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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|'i ght 10 r akthinc beor@istizefied 2bain. It is this “re-strike”
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
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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
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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.



One of the nost obvious nethods of altering the voltage conditions on the
ballast input is to provide neans whereby the voltage ratio of the supply

t r ansf or eoWed3vIE8 system may be varied. As the volt agecraiN200sim1sependent
on the turns ratio, it follows that if the turns ratio can be altered then
the voltage ratio wll be changed by the sane amount [5] . Various nethods
have been adopted for effecting this desired change in the transformation
ratio, the nost sinple one involving the use of a tapped w nding on one

side of the transforner, so.that _ithe effectjve, turns-ratjo e _al tered.
Anot her one isAFﬁEhEEemﬁFﬁﬁﬂt6?r5ﬁ§fu8?n8£ bﬁgP—?ﬁgayﬁgﬁyrg%?gcgéﬁgbe

conti nuousby¥arked. tRel 4t ma@nkWoonm Bgengsadbateansti anger ai dcused to
provide two voltage levels for inplenenting a two -level diming system In

[8] . a nuzﬂti?eebﬁd&ﬂnﬁﬂgﬁgng@WﬁthF asdsthenfFeveshpPEcafed transf or ner
IS proposed. e t i | h f Lcal I
= o oposgs, AL Shesg. OIS ugbue e yasaaf camoimlel e i

urns-rati o and notors contl nuously

adj ust4 ngchheoctyEas1r aykoednebher1aribog psottideusehabhhiyghificgquency
swi tching converters. The ac mmins voltage is converted into a dc voltage
by an ac-uaréshvervettasd BRE ¥BrV8PLegéTrYUEBAVePHERY NES XA  ac vol tage by

a_ dc-ac capyeLLer %%] theTfﬂHéutt Qgeeégr @EbmsmteeabC%aiHse&isbbzfoeeg%@e a
hi gh-qual 1ty vari abl'e vol tage and vari able frequency output at vL. However
as the inputcenethy bremmiheclfimaensyi $splovesEeod eweoplet héfovbeal

oLl ency 2 ot EOrExelpl e . Lhe E1E!Shene e8,9htBeogsconad Lhe
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



Apart from using ac-dc-ac conversion approach, an ac-ac converter such as
cycl oconverter can be used to provide a controll able voltage at nains

f r equencywol200dd}y26s a power converter is used to chop tipeTAN280sMW083 dal
voltage into voltage pulses with the sinusoidal envelope. Sinlar approach
is used in [10, 11] . However, considerable current harnmonics wll be
generated in the process, |leading to harnonic pollution problens in the
power system It is unsuitable for |anps, such as H D lanps, which are
sensitive to the excitation voltage.

t _may.cau u i ac tic
r esonancePBPR-FFFEkeE | AgHRTF et LAnBther o bf@agﬁe[?%551§?Q#§Wﬂhgﬁése of an
external CULkept-aCoRbELhROVEE £ivaditble seattghcéhehaagntt ddesohothe
i nput current at mains frequency. Instead of transform ng_the voltage

ZEQPLt“de??$@iﬁahethmﬁk@@??zesp@ﬁ@rih@@@lénrr%ﬁtthakgﬁeraéﬁ1éﬁ@eéenﬁﬁins_
e active poyer taken t e _
bvepoyen, L aken trom Lhe.ac rLns ks pLoRorbhanak Lo dhe product

(@]
of the ac s’can control the overal

pover sdel  ygnedctoréhe basdses Mesihadthble. Control of the ballast-Ianp
i npedance path Instead of transform ng the ac mains voltage directlg Fi g.
4 (c) |||ustraA@sdaﬁ@@ﬁ%¢dd1an{%@]ne@thOrﬁEFPthEQBStQFannﬁésFan £

ConneCte€w32$3§§égeﬁ%¥ﬁ%€o£geigaﬂBeQVEBEnEhgh@hSQQngﬁt@HeaﬁaﬁﬂaEHS is a

variable re ctance t does not dissipate any active power ideally. As
t he over akithnpedaneehoththechanpypystemmesofdihst abeinthetaugni thde of v

and input current becones adjustable. A s .discussed in [14 a two-ste
i nduct or €BRER&L| HECBFERMOS sER e eiﬁ&ﬁ%FSgslPsauééacFSFLtW%ngﬁgke in thg

ballaﬁi . 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



Wth a switch that can bypass one of the two inductors, the overall

i nductance can be altered in a discrete nmanner. In [15] , a saturable
react or iwousewh3rsst he ball ast that can dimthe | anps ceotrioNn2oessloysswi t hin a
limted range. By adding an extra winding to the reactor and injecting a dc
current into this extra wnding, the reactor core can be saturated, so that
t he i npedance of the inductor in the ballast can be changed. The resulting
effect is to adjust the current flowing to the lanps. A variant in [16]

bl h th I
o7 ovi dedl Y R T Gapeet STt arct B et d ST RETt (121 A LB Rati ons

of equi valedrmger i essudrpedance can be realized. Instead of using passive
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

connect ed jht}y 565 i fIvmt(?bdr%&eojaggp SySte pTP&rﬁfnéi eﬂé¥5ggeconverter IS

connected to anot converter, I'ch 1s suppli romthe ac mains.
Bot h cénvert er sAshanlel us deatres eLra(RJlg/e ant) r edot | viel pdwesprdaclot hertavor ds,
there is a circulatin ene bet ween, t he tt\é}%econverter% Simlar idea is

used in [ P8 Hat®R AP0 e Ha o‘?ii%e?rhfg AnsFHE? ner

coupl i ng. Navierdihelgss, O'\Fél*agllc'éfpﬂé@é 1N eneray v ldnd rr_tarﬁtsit&@m%&% gy loss
in the system Apart from owering . _the__efficiency_, is al so

necess_ar Yiraipe Randl&lthe shetrhbbilesgepanativad il Iconn(e@rlrﬁdolacmosm@ | anp
ust r at ed the third .a égachlsto

uSe an- appal it us t KR O S e L T L 12 S

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



ball ast. The overall effect is to reduce the lanp current ihamp - n [19] ,
a switchable capacitor is connected across a lanp. If dinmng is required,
t he capacwbanod/®7mwi t ched on, so that part of the curremrctfoNaoosidoesshal | ast
will be diverted away fromthe lanp into the capacitor. In this way, the

| anp current and hence the | anp power can be controlled in a discrete
manner. Conparing the above nethods, Methods | and Il are suitable for
dimming a plurality of |anps, particularly for existing installation.

on aach i i viRGEE TR A RO R GG Kb0va St RO APt T he
| anps wi th magReltcen haldrasdite 1dig)s have diheiad respects verdli mdmad i ons of 1)
requi ring expensive and bul ky nechani cal_ construction [7,8] , 2)
i ntroduci B9 urdesilials éiir@irﬁﬂﬁicvq)mﬂnﬂqlcﬁﬁ%tq%éeweh%yswm[9] - [13] ,
3 ) inapplicable for dimmng a plurality of l|anps [14, 15, 19], 4 )
handling the total active and reactive power of the load [7] -[13] , 5)
providsng discrete dinmm ng onlgUMMARSIOF [INMENTIGN6] , [19] 6 ) being
) T educt ng PRECFRUEE Sonarbet SEEGETb et EHS Bt @YSEER when { he
oS, = SRR Lo o e i sl ) 9
control for an electrical lamp or generally electrical
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



According to the present invention there is provided apparatus for

provi ding i nproved power quality and dimmng control for an electrical |anp
or gener avbyo@mseiesi cal |ighting systenms including systecs/dNaoosadidsy a
plurality of individual |anps. The apparatus achi eves the di nm ng function
with real energy saving by controlling the voltage available to the
l'ighting system w thout handling the active power of the system Instead,

it only handl es the reactive power of the entire system The power rating

of the di musrewh]]edeadiuedy samd! gsutban,the é%%fee@fr rALI 09 0f gLhee

lighting system The structure of a preferred enmbodinent is shown in Fig. 5
(a) . Insthe dvrodgofcitmubpphs atosneéstad nid athe onddesodal lahd FBg #n(c)
i series with the lighting system |nstead

t hat the ar S, I,§ connected. i
of a react jﬁ%e?ér e it L%nijsngu?re%’étfr’ve power controller (RPC) , which

will insert an auxiddpimt wpd tagechet weenadde A¢g MekASe Voht 8g8-¥ag: and the
ballast input vL . Fig. 5 (a) shows the connection of a RPC, RPC_ 1,
connecti ngsWek Lieero thre Hre netme arel Yaghed gy syottenel Theg aulké | ameynvol t age

i S maint ai 90 _or_270 degrees out.of phase w th e current iL flow ng
t hr ough saolnﬁd%eg‘%)%tr%feu rand eef%lltne h%ror%g%ritaﬁ%%c’%}?e%ﬁ%yaﬁ}?I}f%?‘ilt%/‘é?tage
is used fgsowar yidigddld ewolREYeL appl e, thea) anpiokevene BIef efFRedise

enbodi ment the RPC in the apparatus is a dc-ac converter, consisting of a

hal f - bri dg¥f dofuel ted 3desh (the F5lve gayenrdel ey bre defes chamms ¢ er
circui t inyd gnid Power . HAG:S1 H€ Qe eéﬁﬁef? Cs&;gﬂefgr}ﬂrﬁ'bgf%' Ss gopnected to
a dc source. Thi's dc source can be an external |l ycontrolle c voltage
sour cdOor va Clagacitegiucebhe acs sildeusfrateed bim duey ci% Gl f 4 Sseenmn@cted to
the nOdes:Qggétfygjg%wegréontroller RPC_2 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



Fig. 5 (a) through an inductor L . The magni tude of the voltage, and hence
the current, supplying to the lanp are varied by controlling the anmbunt of
reacti ve wowess/gersr at ed from or absorbed by the reacti veTmmers/oossur ol | er
RPC 1 in Fig. 5 (a) . However, with the use of RPC 1 to adjust the active
power delivery to the lanps, the input power factor of the entire systemin
Fig. 5 (a) wll be reduced. As illustrated in Fig. 5 (b) , a second
reactive power controller RPC 2 is therefore connected across the ac mains.

Its functigp achi,d%@ HVe{c fRGHOT-d S QVeent &1 rgid ttwcﬁp%ég??%ﬁc?if%)a

reactive power fromor generates reactive power to the enti

system wi t({Fitche (RPC dr isiifgle dada)itomso(Rimt Gle Wwer ald posdrad axt or of
the system can be inproved. I|deall t he averall reactive power, absorbed or
gener at ed Vﬂaﬂ"rﬁg’c%eg d P eo,m%%e % %aﬁqﬂihttarbeov%?efﬁec‘i%lrr% the
whol e systamii s geiniad net amdifid Yor Bacause Hdeitaw geadtd wgypowner
controllers RPC 1 and RPC 2 essentially handl e reactive power only,

t heor efi caldnyveaidcant idse Jpsweerthan ithad! vied | It hdharafinte opdraat i on (except
that there wll_, be, in.practi.ce, ,some conduct]i switching |losses in
t he power péfloéjﬁsrecgﬁiccon S EE T acsopapénglcg}l mrrangqng{]oldlct _cv}%rrl%eﬁeos Fs' 9 t he

i nduct or slhnd Higjteforeheddii :AFiepesed, A nthdms i dmseshoiodLacivye
power control has the ability of achieving high energy efficiency. It is

i mpor t ant Kt IFoE 1A T ROHOFCITBEIIRE Offfigifrati on operates in a

different manngh,f IpMGRAVERL 003 JARNIADS AGHC LN ef {g; ac
i nverter configuration 7] Wi le the former confi"guration "handl es
react ilve power ponloy, atie 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
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| atter configuration handles both real and reactive power. There is no
circulating energy between the two converters. The value of the dc |ink
capaci t orwbiz2oes/03vds8 t wo capacitors (Fig. 6a) or single eepanN2b@voo(Bitg. 6b)
that is used as a voltage source) can be nade snmaller than the one required
in [17] , because the anmpbunt of energy handled by the two converters is

|l ess than that in [17] . Therefore, the proposed configuration has a nuch
small Volt -Anpere rating and hi gher energy efficiency than those of

Conventi%gdf H—h\%at)resent A% NOURS SONVELTE Blg SYiSd 6B - Rty gcﬂpt;tt@é yay, an

advant age |nvent| on “over prior art devi ces su those
descri bed ara [R]PZJ_Zartcbg[élt&iers Hdwatvam, titleepsr esentseeawent ilon,sdie RPC

devel ops a vol that |s subst a aII 90 or 270 out of hase with the
current fI%GW Jt F&? %’?u appedr® gpoc Waéﬁp‘lcb%%%st or

to the A G l%wlf%géthé@%%w%@ﬁ@stmé@iw AU o ddust @ance or

a substantially "pure” capacitance. By "pure is meant that the
ef f ect Bve rsaétasrt%trtd@ &Pa @W@m@%@ih@lﬁ@l%mrma]d&l rasach ance

i npedance _so .t hat e RPC can -b rded as _a.pure ¢ aC|tor or_a pure
i nduct or, %t it caa%t ]si %eesclges Aite. CRA T s S %d in the

art wll %@fﬁ@@oﬁlcﬁﬁp@@lﬁ Wes @bUHRILT OV S isutQls P Si asitee aser gy
(except that is, for secondary effects such as dielectric |osses in

capaci t or $ TESHpsaTes | td1q FFees rihRrtors)t REGE comt astdeymrianedrt
devices s tthasC eﬂ%saqﬂede&crllq,gg é;alfl] y and &}Etler }\%a(%iﬁosaalcorrpl ex 1 npedance

t hat i ncl u a reactive | npedance toget a significant real
i npedance. A s those skilled in the art will appreciate, a

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
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



real inpedance is equivalent to a resistor. Thus significant electrical
power will be dissipated across the resistive real inpedance . A's the two
RPCs are wolam/@mesr converters, the circuit conpl exity pamdN2oosaoedss et hod
can be sinplified in anadvantageous enbodi nent by connecting the dc sides
of RPC_1 and RPC_2 together. However, there may seemto be some grounding
probl ens for the two RPCs. The two RPCs may not be directly t oget her and
may require isolation transfornmers to isolate the RPC fromeither the

series of payalielshianche pietbisopalfila; ol fnabrhager dephvedeconverter
circuit configuration will be discussed. Wthout using rsolation —

transf or meshaxhetherdame el parad¢é el RPCs can be devel oped with the same dc
BRI EF, SCRI PT] ON OF THE DRAW NGS Figs. 1

[ Fi 9.0 i thi osal.. ' .
(- (b FRHL TG (e SRS SIS phTor GIACRTT oot DHSBE R RFRY | i
2 (a) - (ojysthawsat kel geneial sdoiiad o0 of egtrome pallast for discharge
lanps, Fig. 3 illustrates the infrastructure of the 1ightihg systemusing a

di mmabPe el¥tt rionipa 1 teRadinriyivduah [uags AULAC logmyertdd. depi ct
various prior art dimmng nmethods for lanps with nmagnetic ballasts, Fig. 5
(a) - (b) show various configurations of the dinmmng apparatus, Fig. 6 (a)
- () il USTAIED DESSRIETHION O fPREFERREIC tEMEowNTsont rol Ler, Fig. 7
(a) - (b) shows the phasor diagramand the power triangle of the system
when the lighting systemis inductive,

A. Equivalent circuit of the RPC
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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Fig. 8 (a) - (b) shows the phasor diagram and the power triangle of the
system when the lighting systemis capacitive, Fig. 9 illustrates the

st ruct ur ewof204dns748PC f or i nproving the input power factecyr/dN2gs/00184(a) -
(g) shows the possible inplenentation of the dinmmng control apparatus with
hi gh power factor,Fig. 11 show the preferred enbodi nent that RPC 1 and
RPC 2 share the sane dc source, Fig. 12 (a) - (d) shows the equival ent
circuit of the entire systemat different conbinations of vnv and vP__nv,
and Fig. 13 shows, a nbodi ment _whi ch.uses AC vert LED
DESCR! PT1 ERPSE SPREEERRED EBOBFTERTS TS & i vfé\—’l%g%&%&?/? S 'o%t e 'RPC An
equi val entysGifCui L, iﬂOWi?jg tshe)oper aldden ofhet hernRREHex iild ustplateblian Fig.
6 (c) , in which the half-bridge [(Fig. 6 (a) ] or the full-bridge [Fig. 6
(b) ] converter is nodeled by a sinusoidal voltage source Vinv with the
sanme frequency as t C NS i f the converter is connected
to an ext?ra'nal Ioaegg%%rn%l r%g“ cp\%(ﬁg?g)dfgctslgéu?%goor a capacitor. The nodes A
and B 5 are conmectlethet@radfieticyt inoidelacheour d& Fa ot.hréough ian usedldtor
The fundanental, frequency of va is the _sane as_ the |jne_frequency. Th
switches EFPHRET kB<hOPEEe tdtc ecirdesand &89 RES 9.1 (P%Wﬁr aﬁ]@fﬁgl
S4 10 P Oerd (o iveal® it Iyl LA ARG Moghels ddiand hps]
frequency of the ac mains. The gate signals driving the switches are
modul ated with the frequency of the ac waips. %/any pul se wi dt h nodul at('H)n
(PWY) schenmes for driving the switc e§2q@]nLl§81 sed. Exanpl es incl ude

si nusoi dal PWM PW

L
to

0= v, (v, —v,, cos 8) (2)

2nfL

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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schenme with selective harnonic elimnation, uniformsanpled PW etc [2]
The frequency spectrum of the converter output across ICand D' in Fig. 6
consi st olormeeanisy2sshe |ine frequency, the switching freguemneoosandsthe

i nner and cross-nodul ation of the two frequencies. A s the inductor L is
used to filter out the undesirable high-frequency conponents appearing
across the nodes A' and B ', active and reactive energy flow betwen v and
RPC can berepresent ed by considering the line frequency only. Hence, using

Pri nci pl ee 87 e TE: 118 SR equency: whael travn 1o B3 PE RS s used

to expl ai rdrhé&opas@Etiad. princi pl es of the RPC. The power P and the
reactive power Qflow t hrough RPC can be expressed as [3] VIl v'"" sind (1)
2pf L = v.(v.-v", s d) (2) 2pfL where f is the mains frequency and d is the

phase diffger enc]_@( V@OI?%CLl\ééH’ Voﬁ@é&gl Q&hf@e (1) , the RPC has three

possi bl e operating nDde - Ifd> , the inverter absorbs
energy; and thétfcetrimndcorsomicteaglssmlm@amly cmmefdllledldc wv@ltade< 0

and Ve T oS Un RGO 1€ QRGP Dy T Tagh (U TH 708 and va
I'f va >podiMiat@ch Omdeww%fictaffé Sb@g_Sdgee r@.@@éulv@ RQYRSr ahsor ber .
Cbnversel%bgnltude 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



if va<Vinvy, Q<0 . The RPC acts as a reactive power generator. l|deally,
the RPC is operated in Mdde IIl and acts as either a reactive power

absor ber wo 200820551 ve power generator. |In practice, d ipeTaIN2gdstdoysshar ger
than zero, because the absorbed energy is used to conpensate the practical
energy loss in the RPC. A's depicted in Fig. 6 (b) , the value of v nv
determ nes the values of QL va , and hence the power delivered to the

| anps. Dependi ng on the type of t he dc source in the RPC, different control

met hodol ogi es can be a Ext er ont ral : ource |If
the dc source P& %ﬁn%x$£ thl§a@8ﬁt?%l? %eéoﬁga§8h§g8¥g%hagﬁgéannunt of
Q can be gontsol! gedrbysadhistbng bhecsmdurayi on (ahdex) Mshbwt beebri dge
circuit and/or”the magnitude of the dc _source voltage vdc . As the

hi ghf r equelesox | gbrasami fndbehat Peviekt édasyarhet |EH§C?B?teBnIVhFHethe
fundanpnt?% conponentléligduCkggellngléFegyg CYd) m%ot bengopsiHgredyeAS

shown in e vinv s hus M and v c can be

used t9 VAiyg¥hhy.of thbcsgapari whenl théheadp sydéem51a capacitowe.contro
of vinv is based on varying Mand/or d . Changing the value of Mis simlar
to eq. (3) that Another way of varying the capacitor voltage vc, and hence

vxnv, is to na 5?Ei$ee@é§§ Epggeﬁlther Mode | or Mode Il by adjustlng d .
Af t er var ds; reverts back"to Mode IIl. The ultimate function is to

regul ate vc atFﬁgde§|deﬁlbeBethsodlmmlng 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 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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that there will be no net flow of power in the RPC. This function can be
real i zed by using a phase-lock loop to synchronize vinv with va and an
error anpiof2o@rosvmsadj ust the value of d and/or M. C . pDrroN2ng/0isst he

| anpsDi nming of the lanps is achieved by controlling the voltage across the
| anp system Fig. 7 (a) - (b) show the phasor diagram and the power di agram
of the system when the lanp systemis inductive. Fig. 8 (a) - (b) show the
respective diagrans of the system when the |anp systemis capacitive. 1

| nductive_l amp system.Fig., 7 depicts the dimm ng operation at two power

| evel s. Wen tﬁ@z?ﬁbg%vﬁoiﬁwpofgfﬁgﬁlanp systemis P1, the supply voltage
to the lanp sys{gm gsq¥picepdthBedsupphy cperebiohsak tivocpoiwelrags vL_ by a
phase difference of fi. As the RPC is connected in series with the |anp
system thevelsr enfhenorhagiPREEUBRYEE PE BREolaBRaPYESSM 1 As' shdGn in

Filg. 5 (a)pothe, ceauired volLagenyestor o s Lhe, RPGoMachel supgtpendi cul ar

toiL_ | r not “get any real power fromthe ac nains.

iL_c lags Marent! {smeans that t1BagRPG;, absor Aspheaet dygfpewdte AF $hown in
Fig. 7 (b) , the reactive power consists of two_conponents, including the
reacti ve pewehowhstnbBigby8the. | ahp spaverrdlvahbdagRe VEEAOK P& HbRer

absor bed by the RPC i-1f the la S 1S di.mme o a-power | evel
of P2, th5¥guﬁﬁﬂyl§o%?5%% BEEBHES LY E§¥a%§nkﬁé'sﬁﬁﬁlgegggrg%ﬁ'i%E L2 L2
lags v _2,b¥na phasetHif Recepeacobitb? refbeinagpotede ofs whodmi SrsiFeld.er

than the magnitude of V 1 . The vector of the RPC voltage shoul d be
perpendiCQKQPrtEhPLEQaﬁﬁHV?t§Ower consists of two components,

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



magni t ude shoul d be higher than that of va_c. Therefore, in order to

achi eve the dimm ng function, the nmagnitude of the dc-side voltage nust be
i ncreasedwolnoegsmesal , the reactive power absorbed by tipeTiEIpOsRMEIsEe M
decreases (i.e., Q2 < Q) . The reactive power absorbed by RPC is changed
fromQ_i to2 . Capacitive lanp systemFig. 8 depicts the di mm ng operation
at tw power |levels. Wien the input power o f the lanp systemis Pl, the
supply voltage to the lanp systemis V , i and the supply current is iL i

iz, i leads vLj by a phase difference o f (J)1 ., As. shownpin Fig. 8 (a)
% e 1 equi T (AR o L R RS ST per P Lo
_i- LI | eadg 4@ can Ide MRS ity t4te S8RC uenenahes nfaddmeepomgy. A s
shown in Fig 8 (b) , the'reactive power consists o f two conponents,

i ncl udi ng anledhegastante Power Rgher aa@Py the dampystam @ B théb) .
reactive power _generated .by the RP . Lf, the |la ystemis di nmed down
to a power |evel o an%fdt,l‘%/eh&asm@ppsi ys%egﬁ’agtehebergeo ulsrrlp Y, And ‘t%h %‘“ﬂ%]f)l y

currens i 9, [F2gl_2 (bgadshuk_Rebysatphase géntiaredaceyorbcf 2 isTheusagni t ude
of vL_ 2 i s smaller than the magnitude o f v . The vector o f the RPC

vol tage sioultdcalssm ipfe ther parAtciRP I 125ARE] (% rrdthi talER SHHAT b e
i gher thagd hale 9 faci@dy pollr Sl IE Qhflers R aqhleue dhe il Mg

function, e magni tude c-side vol tage e | ncrease

general , tdyetreemdid &, power generated by the | anp system decreases (i.e.,

@ < Q@) . The reactive power absorbed by RPC is changed fromQa_i to ga_z
D . Hi gh Power Factor Configuratiddr A=udepfcted in Fig. 7 and Fig. (8)]

in addition to the 4 ,
10 If the input power of the lamp system is Py,

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,

Q _ Vac (vac B vP__inv cos 8P)
g 2nfL,

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

Again, RPC 2 has three possible operating modes:
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reacti ve power absorbed or generated by the lanp system the RPC wl|
absorb o r generate additional reactive power fromthe ac nains. This
oper at i orwoizbds/izaasse a reduction o f the input power faetwercNaods/dissswhol e
i ghting system The power factor is reduced fromcos QL to cos @, when
the lanp power is adjusted fromPl to P2 . Although connecting a capacitor
across the ac mains input can inprove the power factor, therequired

capaci tor value is lanp -power- dependent . The power factor can be kept
unity at ang@lanp power by connecting another cont

roller RPC 2 across, the
ac mains ¥edenIFig. 15 Pp)> O.Fdt PnHuthﬁelpaﬁﬁt§§é?%ﬁ??kﬁhgnﬁéﬁgir@@d
reactive r . Flg. ] .t hat g 0 be generated by RPC 2 is
equal to ?ﬁ%egﬁéggggkgev;%ggéfvgf O%E?Ea %Srbed by the | anp system and

RPC_1 at pByepover I_[gvg%.< If, the<i opputhpower eaf etthecllampesy semdys s, | f
the input power of the lanp systemis P2, Fig. 7 (b) illustrates the
vectors ofp QPdecamdse@P.-2 . Thus, QP is | oad- dependent . For capacitive

| a t , th ired ti Fi g. b
aEZE[E%Z MGARPELS | S equil Pot b SmeoD B PedieTe b Oane s ed by
the |l a { | o EQS .. i

np gy%sse%{%rﬁf&& B A ROYRlche¥El of a;_md(a%)g and (18 aresstill

valid. Fi ustrates the vectors of QP_Tan 2 . Again, QP is
| oad- depepdgnt Q» bnoboThei RBUCRi wetandscapaepricuwel appesy sbepsbedP i s

Vol tage VRORV=BRELYm ABs Vend MGhI it "ol P s 211 e (9 SR t he
power andpgﬁggtgggegggggbetmeen the ac mains and RPC 2 That is,
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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n _ Vac(Vac- VP ",v C0Sd ) ,_. where d is the phase difference between

vac and vP_ nv. Agar n, RPC 2 has three possible operating nodes: Mode | - |f
dp > 0 , Wp2meh3y2eshe i nverter absorbs energy, and the eapanN20@v00yssht age
vP_c increases. Mode Il - If dp <0, PP <O, the inverter rel eases energy
and vP_c decreases . Mdde Ill - If d =0, PP =0 and vP_c remains
unchanged. QD is determ ned by the magnitudes of vp_inv and vac . If vac >
vp nv, Q > ) The RPC 2 acts as a reactive power absorber Conversely, if

vac < vP_nv , @g 0o &R d&@% §1ﬁﬁéeﬁéé¥%ﬁéﬂgé99 gegﬁéaélmmlﬁbntr0| of

Q is based on rmnrtorr n e phase shi tween t ac nmains vo %a_ge and
t hat of trrearmﬂm]alappamnu$un1’ehnthlg§n rpd»vmrtfua&Rﬁ;l,Fi@e voldpoehMpsi nv

det er m ne and i.s, contr | ed by adjusting the nodul ati on i ndex of the
bridge in Cﬁ% S or h © %rt‘e‘ia‘?%)g“sbﬂc%ehec?%ﬁr‘s?ﬁ eFi sPe n@%ﬁé@i ve,
RPC_1 wi | I£de raperatd g msc & r epstives wero@bspélberd@n@'ag&@? (2
operating as a réactive pover generator. |f the i nput current Tags t

suppl ySvolfiage, Sqméicétﬁucrmr ckwilthespidde mﬂqleHS@dI heFig. Idlmkb)\[/)(éd;ltca?@ (i.
the volta the ¢ or citors are used as VO tage
sour ce) o%gﬁ(? %O et %ﬁ;@cﬁj Cta}%}ac gté”ﬁerfalfjel %E)II:JE oV ok re 2hd
hence the krmmddlﬁ‘dxerrﬁ?ma hetdveerc the suppiis & dbdage @Rsl dPut g ent
will be reduced. If the input currént |eads the suppl y vol tage, the control

circuit wald FeGeasyiiIqR ITNEBIiLaRse ofOREE TossbihtiePa wil |
generate lgxs Jfaaliae RAVRIE A0 Renea . he phpse gl fHerenge petveen the

supply voltage and 1 nput current
10 converters for RPC_1 and RPC 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 seurces 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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be reduced. As shown in Fig. 7 and Fig. 8 , the overall input currents iL '
and ih_ . ' for power levels P1 and P2 , respectively, wll be in phase
with the wo 20mia3$26and t hus the power factor is unity. EpcT®Mapisngisshe sane
dc source for RPC_1 and RPC_2Fig. 10 shows possible inplenentation of the
di nmi ng control apparatus with high power factor. Fig. 10 (a) shows one
possibility that two hal f-bridge converters can be used for RPC 1 and RPC 2
In this nmethod, four dc capacitors and four sem conductor switches are

-required. Fig.. 10.(b). shows angthe ssibl e. met hod full _-bridge
convert er §og%r+nﬁgl&§)§‘d %51 rﬁﬁ(’fc_if ea%’dQ‘%PCS?' I n‘g?cﬁi %ﬁ%:é‘g%)m?%g%%%ﬁt ors

and ei ght ramdechescared aquivigde @:heg, possi bidd tiies wre ddimaciardiaat i ons
of using half -bridge and full -bridge converters for RPC 1 and RPC 2 .
Fig. 10 (&rrseswsheh&Bsadsi Biem it RAE RpGYe ekt @%@l P2 br Flge converter

and RPC_2 a fall -bri t | 0 t ibilit
hat FPG. 008 T T B 1ags coned 6 ‘ard e SR S HELrF Herage

conver f er swliftchizel da,| ithlke sduwcreEs efhdRPCih ahidy .RRQ )aries clomdiared, WHdre
nunber of capacitors can he re(?uced. However, if the two controllers shown

h
in Fig. 8%reltofindieddrdtdola hortterrtui $RYMR hihet Weenlt f® I ve and

neutral My B fimee nbn 19r dehd0 avahd khesshasti €éhedi bnpropbem RPC 1
and RPC_2 can be isolated by using transformers. Figs. 10 (e) - (g) show
di f f er ent cdawbiitatshows dfr drdiong U2r @isfisy fernado i sol ate the RPC 1 and/ or

702 s T il PRS0 S0 BT s B sl s o
10 by controlling the modulating 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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t he sanme dc source and no transforners are needed. As encircled in Fig. 11,
RPC 1 is forned by Si, S2 and the two capacitors, while RPC 2 is fornmed by
3, S4 andwoheodiosmesapaci tors. Its operation can be expl acmagh2bos/miagdyi ng
the overall operations of RPC_1 and RPC 2 in the dinmm ng apparatus. Fig. 12
(a) - (d) shows the equivalent circuit of the entire systemat different
conbinations of Vinv nd vP cnv. As Vinv and vP nv can be positive or
negative, four possibleconbinations are resulted. Si S2, L, and the two

capacitors for t RRPC | ile ors
formed the RPC’ .a]\?@e’n %ﬁe éfr? V%?eara(??%w %é—rgt rgbectlhjr{%%llg ?ﬁ%%mil

Fig. 12 (@)nd/&)ff @ped WiaEn 532 eantbtS3, e syt Qh@cpmmsetém tchatc RPC shown i n
Fig. 12 (b) formed. Wien S i and S4 are switched on, the circuit shown

in Fig. 1# )Oli RRQrAREL I AT PRt ST TS f% R&iteHed on, the
circuit SQ% dftdil& ér%g;(xda)cel%é orgyed.. Qi tihe,one,and, s &g ez&plz@@@ep

above, vL c be varie y controlling the nodul ating index of the —
conver ter afm?r/lmd Pb:gc S amk S>sges tvhiel Iphesellshi fromeswiderh gl esgeya . On

t he ot her hand, tor_can be inproved by control i t he phase
S Te Dot g O Bk B et et 1L U he: FIED. " The
tWo CONVerdeis-io diatcdiand) & :any @ghiMe mtflrbatlhqadm& eccsyﬁir@cmlon

Adj usting the phase shift "between vac and vP inv, and the nodul ation index

of t he i nvaxd éhis erlasgwhralheoxdn chidsl SPrRerr S40 ¢dre deranelic he ampunt
o eact YGRS e MAPS N [TG2 ¢ g heoge source i
varyi ng t hegimedidaid omhm@quougm dithvigs tyere ferrmmtl diyatt heheswrdhese
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

25



Si and S2 . In alternative enbodi nents, an AC vol tage source (instead of a
DC vol tage source) and an AC/ AC vol tage converter (instead of a DC/ AC

vol t age cwowesd/srdssmay be used to devel op the auxiliaryp8T/ONabisAQEsSsaCr 0SS
RPC 1 and/or RPC 2, as shown at Fig. 13. The frequency of an AC main supply
will typically vary. For exanple a nomnally 50Hz AC nmai ns supply may vary
bet ween 49Hz and 51Hz. Thus in many enbodinents it wll be desirable to

i nclude a frequency | ocking nmeans such as a frequency | ocked | oop, or a

phase | oc R dﬁ@l C ng through
RPC 1 ant}?ge IOR%%‘% vlah%?m{) %%/a% SN({YE)HU% a'gjfel%hr%ée&érégt X{ér%c 1 and/ or
RPC 2 behaveirasyzentf adte i nopedatce cnmqamafmtof:aﬁ&EmMS In practice, there

will be sone losses in RPC 1 and/or RPC ) raa Iosses will result from
swi t chi ng | ossé<l® @IESTHoMAHRIHAT Y Rfe WieF Wb IR reuitry. Al so,

control C'Jl%ﬁarﬂgé""lla{mﬂéaoéﬂél'? & afidH Gle oW dufunctd Qo andhy hi s

el ectrical power W || appear, to thé magnetic ballast and to the AC mai ns
suppl y; aprasswald Srceiallum ekamsa,nc@uomam hHougts i and shiglefierreadsitat t he
vol tage a

rrent .are exactly 90 ph 1S€ as for a pure reactance,
t he invenﬁdg’ﬁ ebe_L PR ITHG AT &« g—ﬁ—ﬂt %W%sge and current are

within 1, 5 ok ;Qfeét&i’d’lglrgférﬁiﬂorpfréﬂ&?e% ih paeddcasart hes falldimdbrd dge
and hal f -bridge topol ogi es descri bed above, other types of power converter
may be us@ENESgemAIRGSS RO huaT Aty ussiMegkiming Syatateitdmted-athaee i n

nost enbo%'e@%t %1t&%"&3rto$eé§1csocrlq}§ctloa p%evén%eﬁﬂﬂéﬂ b§ rﬂjsr?dlntru81ve in

10 the sense that when not in use the dimming system 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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as the switches for, say, the half -bridge or the full-bridge An exanpl e of
an appropriate power sem conductor device is an insulated gate bipol ar

t ransi st owo(2b€®By26al t hough, as those skilled in the art peridve@Emoesiat e,

ot her types of devices may be used instead. The present invention may be
applied to electronic |lanp ballasts as well as to magnetic |anp ballasts. A
s those skilled in the art will appreciate, sone electronic ballasts

i ncl ude power regulation, for exanple to allow operation of |anps from an

AC mains supply in the 1 110V tp 240V. Th resent. i nvention may not be

so effective msusedrq%]%ﬁrb?ﬁﬁwmcﬁ lgrfcg%%%ln?jg *%%ﬁ Sts"UHAt i ncl ude

power regul ati a7 1 fhd he RRG, | nageases d heafd ectave. | npedance of the AC
WYl .a%7, , '

mai ns supply, such el'ectronic ballasts will reducetheir equival ent
i npedance [hi ¢h Wenielo SYHeeiaemydehtaahdiethnd | e dertee it ease of

the RPC. The present invention d,w ga i.schar I S
such as high gﬁ?rtgds] |§uen%> %%g?ﬁ%\g\ggr%gg&?é sodi dm é?rtcpsé,a’ %ﬁdoéﬁlggs)’cent
| anps &nd hi ghuigqt ensizgoidi scharge | anps such as netal halide | anps. The
present invention rel ates inré)arti cular to a sinple general purpose and

non- i nt r Ugilvé& -diRAHSRPTSRBR ¢ HUTP be' i RFTT-FTTAERF 1P BASHTHY Panps
and which is Q% JHU S s %é%&%’%fl@t VWASN NQfed NydiS &y e Aiqan ng

system has no ect on the nor operation of the lanp. A s showi in Fig.
9 , a by-pass Bwliacipayety Reel coeriecied Gcrass RRO I8 angoi slopen if RPC 1 is

in op_erati[on. If RPC 1 is not in use tcgierﬁ lﬁ/?gpas swi tch wil] ,peUglosEd and
the lighti f9 systemSRIT2 b SUPpI | e(%“ofr % ga%sjnadi‘%s KBy
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20 with a magnetic ballast,” US patent 6,538,395, Mar. 25,
2003.
[14]1L. Abbott, et al, “Magnetic ballast for fluorescent
lamps,” US patent 5,389,857, Feb. 14, 1995.
[15] D. Brook, “Wide range load current regulation in
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regulator for lighting networks with control_of the quantity of the
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1. A reacti\Maﬂﬂgmyiéﬁggﬁ#ﬂgfgtgﬁy' di mm ng an AC mains lighting system
the reactive power controller
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.

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
20 ig 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 control means is operable to cause the

25 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.
30 4. A reactive power controller according to claim 3,

wherein the control means is operable to cause the

voltage developing means to develop an AC voltage that
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conprising: first and second termnals for connection to an AC nains

| i ghting system voltage devel opi ng neans for devel opi ng an AC vol tage at
mai ns fr eoenaysbmsween the first and second term nal s; pergmabosioecssivi ng
means for receiving a dinmng | evel control signal; and control neans for
controlling the voltage devel oped by the vol tage devel opi ng neans on the
basis of the dimmng | evel control signal . 2 . A reactive power controller
according to claiml1 , wherein the control neans is operable to cause the
vol t age devel opi,ng ans to devel o AC val tage that i ut ofzgﬂﬁﬁe W th
current flowtfgifr & etﬁ@nﬂﬁréﬁot mh &f fﬁffﬁ%%gﬁbgﬁ%gFé%ﬁﬁhan . A
reactive powey;+CeRt Lakler wageoirero falaiiMe? frovhetel Titde control means
is operable to causé the voltage devel opi ng nmeans to devel op an AC vol tage
that is eithéersibeilant ghey sggomd SeFdtiadtl-al |y 270 out of phase with
current flowmng fromthe first termnal to the second termnal . 4 . A
reactive power controller according to claim3 , wherein the control neans

i's opey able 5o @ausetheevpldvage cddemelodiisng aransliing develleprar AC vol t age
thatis in the range 80 to 100 or in the range 260 to 280 out,oftﬂggse W th
current fl owigTEASMttice PHieSSt itferld 1S 6% Soec & Ao%er Ma™ . . A

reactive powQ%n%%nb%%ul%g aceerding to claim4

6. A reactive power controller according to claim 4,
10 wherein the phase is in the range 89° to 91° or in the

range 269° to 271°.

7. A reactive power controller according to claim 2 or 3,
wherein the control means comprises a frequency locking

15 means.

8. A reactive power controller according to any one of
claims 2 to 7, wherein the control means comprises a
phase locked loop (PLL).

20

9. A reactive power controller according to any one of
claims 1 to 8, comprising means for receiving a DC

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

25 to the AC voltage.

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

.30 voltage from the DC voltage source to the AC voltage.
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wherein the phase is in the range 85 to 95 or in the range 265 to 275 . 6 .
A reactive power controller according to claim4 , wherein the phase is in
t he rangew®2od6m39%sor in the range 269 to 271 . 7 . A r eaTidNe6osmoYBH
controller according to claim2 or 3, wherein the control neans conprises
a frequency locking neans . 8 . A reactive power controller according to
any one of clains 2 to 7 , wherein the control neans conprises a phase

| ocked loop (PLL) . 9 . A reactive power controller according to any one of
claims 1 to 8 conprrsrngﬁneans for receiilng Ita e ﬁrom

vol tage sourctl- whef@RRCEHE ROVELGEOREYR 5¥nﬁcﬁ85ﬂ§n95 pE ﬁbmelpo convert

the DC vol taggnlpetRer AC ¥Oht A9 mdOnsAiECaEELYB1 BOWET 6RRLEDI LRE according
to any one of clains 1 to 8 , conprising a vol t age source, wherein the

vol tage developlngomeahsths DPevabtageosconveronatbe bosiagefftbﬂrthe DC
vol tage source.to.the AC yolta act cont er, according
to claim 10, &%@T%?% %ﬁ%e oﬁ??g O%E%ﬁ%n? Bﬁ%r?%YCSHPF 3 ﬁg “vol t age
of thesDC VOW@D’@a?@UﬁéﬁeD@pédﬂ!eb@aﬁhé @éltagedamngphﬁgehegﬁgtrol signal ,
and thereby contr t he vol t age devel oped by the voltage devel opi ng neans.

12. A reactive power controller according to claim210, wherein the DC

vol tage sourcg, Cgﬂﬁ%%@&? Cﬁ}&%ﬁé’én@?&f@fer FBeofaf HICLLVELRONEY o,

control |l er accor
wherein the DC voltage source comprises a capacitor

means.
10
13. A reactive power controller according to claim 10,
wherein the DC voltage source comprises two series

connected capacitor means.

15 14. A reactive power controller according to claim 12 or
13, when dependent on claim 2,
wherein the control means is operable to control on the
basis of the dimming level control signal the phase of
the AC voltage relative to current flowing from the

20 first terminal to the second terminal, to thereby 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.

25
15. A reactive power controller according to any one of
claimg 9 to 14, wherein the voltage developing means
comprises switching means to convert the DC voltage to
the AC voltage by alternately connecting the DC voltage

30 source to the first and second terminals with a forward

polarity and then a reverse polarity.
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wherein the DC vol tage source conprises two series connected capacitor

nmeans . 14 . A reactive power controller according to claim1l2 or 13, when
dependentwonoed@iss2 , wherein the control neans i s operell@ba/oossur ol on
the basis of the dinmng | evel control signal the phase of the AC voltage
relative to current flowing fromthe first termnal to the second term nal
to thereby store or release energy in the capacitor neans, to thereby

change the voltage of the capacitor neans, and thereby control the voltage

devel oped by the voltage, devel opi ng nea ._15. A.xeactive power.controller
according to dhy ettty Qi WY t Oﬂgfg\f/\%ee]?e?%c?ﬂél%%lif%gce :ér\n/e}%pi ng
Means conpri S@seSM 4 ChhOGWEaAsit® ROV er dotibel X5 Vol hape-beidde AC vol tage
by alternately connecting the DC voltage source to the first and second
termnals w tdrravdEevard polarity and then a reverse polarity.16. A
reactive power controller according to claim15, wherein the swtching
means conprises a half -bridge converter. 17 . A reactive power controller
according to 1ct aimn Ads ctivhes epdwdhecemd tehi dug amansd togpt d sesasmf us) bridge
converter. 18 . A reactive power controller according_to any, one of clains
15 to 17, mhé#@l?ﬁ%rhet%%ﬁ%ﬁ%%l%dﬁ%a%niﬁm%s%sp%m%‘ﬂl%gﬂgk Ruct or

swi tchi ng devige,.,19..-A reactive controller according to claim 18, wherein
the swi tching nmeans conprises an insul ated gate bipol ar

18. A reactive power controller according to any one of
10 claims 15 to 17, wherein the switching means comprises a

power semiconductor switching device.

19. A reactive controller according to claim 18, wherein
the switching means comprises an insulated gate bipolar

15 transistor (IGBT).

20. A reactive power controller according to any one of
claims 15 to 19, wherein the voltage developing means
comprises inductor means for attenuating high frequency

20 current ripples resulting from the switching means.

21. A reactive power controller according to any one of
claims 15 to 20, wherein the control means is operable
to control on the basis of the dimming level control

25 signal a modulation index of the switching means, and
thereby control the voltage developed by the voltage

developing means.

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

control signal.
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transistor (1GBT) . 20. A reactive power controller according to any one of
clainms 15 to 19, wherein the voltage devel opi ng nmeans conpri ses i nductor
means f orwetensaissng hi gh frequency current rippl es regalrtangosfooossut he
switching neans. 21. A reactive power controller according to any one of
claims 15 to 20, wherein the control neans is operable to control on the
basis of the dimmng | evel control signal a nodul ation index of the
swi t ching neans, and thereby control the voltage devel oped by the voltage
devel oping nmeans . 22 . A reactive power controller according to any
preceding claim wherein the signal receiving nmeans is operable to receive

a DC vol tage a5 thediimgd Nehley ete LOMV Ol pStdinadordSro AL Ser £ @8- Siing
reactive power controller for dinmmng an AC nmains |ighting system the

seri es- shunt areddt imas rpoWekgltoily cdysrereonpie sPeigt e $HRE FRAREIVR power
controller according to n f clains 1 to 22, for series connection to
the AC mai ns H9%Ht iTY &% égié?ééﬁkﬁ%%%1y control the power supplied to
the AG nmains |ighingrsystentt avsesondr react tael ponwetcondingl teraagcor di ng
to any one of clainms 1 to 22, for shunt connection across the first

reactive powsmeHt roididhe ahd @ he? AC Mai TREIFYHEPHE SY5eRnT ¢ o- Fephtove the
power. fact or ol {0 {difiStnd CAELI 4R ROVRLAGONLDY | Qn@Rdh 16e Al NS
lighting system wherein the first and second reactive power
supplied to the AC mains lighting system;
a gecond reactive power controller according to any
10 one of claimg 1 to 22, for shunt connection across the
first reactive power controller and the AC mains
lighting system to improve the power factor of the first
reactive power controller and the AC mains lighting
system,
15 wherein the first and second reactive power

controllers are electrically connected to share a common

DC voltage source.

24. A series-shunt reactive power controller according
20 to claim 23, wherein the first and second reactive power
controllers are directly connected to share a common DC

voltage source.

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

a common DC voltage source.

26. A dimmable AC mains lighting system comprising:
30 means for receiving an incoming AC mains supply;

one or more lamp ballasts; and

(98]
Lo



controllers are electrically connected to share a conmon DC vol tage source.
24. A series-shunt reactive power controller according to claim 23, wherein
t he firstweandosasemad reacti ve power controllers are directrignemoested to
share a common DC vol tage source. 25. A series-shunt reactive power
controller according to claim 23, conprising a transformer neans to connect
the first and second reactive power controllers to share a common DC

vol tage source. 26. A dimmable AC nains |lighting system conprising: neans

for receiving an inconmng AC mains supply; one .or nore | al l asts; anda
first reactive p&ﬁl%%ﬁﬁqt&veaw%lpr%)qt Oglr?yeronaecco r%{% lrgﬁso 't 22,
wherein the LSt agline 1p@Wern 2CoRHeldier the Fares womectedoter its

first and second term nals between the incom ng mains supply and the one or
nore magnet i conamplBal dst serdps Aqgneelside VAG AdishS IGghtarity s§rsen

according to,claim 26, .wherein_ the .on I I I j.se one
or nore gagn&ﬁrg‘lpg B SST: S't%.l%&%gﬂ%ﬁagnﬁg%j Iadl%g tt?l%gg%gdfstem

accor g ng t ooe gloPe2agrfeeriel Nanfe enaetsnore | anp bal | asts conprise one
or nore electronic lanmp ballasts. 29. A dimmuable AC mains |lighting system
according to any one of clainms 26 to 28, conprising a second reactive power

cont rol | er accor di ng 0,30 XeNG0f L AR hel & 22l le econd
reactive power ‘controller is shunt connected vifa its first and second
term nal s acrasdnt 6, wherein the one or more lamp ballasts comprise
one or more magnetic lamp ballasts.
10
28. A dimmable AC mains lighting system according to

claim 26, wherein the one or more lamp ballasts comprise

one or more electronic lamp ballasts.

15 29. A dimmable AC mains lighting system according to any
one of claims 26 to 28, comprising a second reactive
power controller according to any one of claims 1 to 22,
wherein the second reactive power controller is shunt
connected via its first and second terminals across the

20 incoming mains supply.

30. A dimmable AC mains lighting system according to
claim 29, wherein the first reactive power controller
and the second reactive power controller are

25 electrically connected to share a common DC voltage

source.
31. A dimmable AC mains lighting system according to any

one of claims 26 to 30, wherein the means for receiving

30 an incoming AC mains supply comprises switchgear.
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incom ng mains supply. 30. A dimmable AC mains lighting systemaccording to
claim?29, wherein the first reactive power controller and the second

reacti ve wowess/omsrol | er are electrically connected topshmanao@mosswon DC
vol tage source . 31. A dinmmble AC nmains lighting system according to any
one of clains 26 to 30, wherein the neans for receiving an incom ng AC

mai ns supply conprises switchgear.32 . A dimmable AC mains lighting system
according to any one of clainms 26 to 31, conprising one or nore Ianps

respectivel y_conne ,ed Qne _or | | ast
li ghting sys?@n1§t g, 3 g‘cpﬁlﬁ %ln |ny%%eng%§%§fﬁ%|%s | anmp
conpri se gasegus ¢ $ahapge olsamps 3.1, 3%omﬁnﬂgﬂﬁ@ﬂomd icghtriange shesipem accor di ng

to any one of clainms 26 to 33, ri sing by-pass switch neans .across the
first reacti vespensivedit p@m@rcteg Loatheafisy @ p e gld?ﬁl‘% g?a}sléﬁ%

her ei nbef ore descri bed and/or with reference to any one of Figures 5 to 12.
36. A dinmmable AC mains lighting system as herei nbefore described and/ or
with referengs . ta @ﬂym@.mﬂeOfll@ﬂﬂ—Uﬂ@S Eﬁ’stt@nﬁaccc&ﬁin'mé:rce dlaidi s .0sed a

reacti ve power controller %;2 for AC mai ns i tnl $h§¥%§ens t hat
use bal | ast s Whegeldx&H§ € aGiell¥ D OMHT SiTe %ﬁ)

converter |sl%‘%g_to convert a DC voltage, froma DC voltage source, to an
AC vol tage that “I's out of phase

34. A dimmable lighting system according to any one of
10 claims 26 to 33, comprising by-pass switch means across

the first reactive power controller.

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

15 to 12.

36. A dimmable AC mains lighting system as hereinbefore
described and/or with reference to any one of Figures 5
to 12.

20
37. There is disclosed a reactive power controller (RPC)
for dimming AC mains lighting systems that use ballasts,
for example magnetic ballasts. In one embodiment, a
DC/AC converter 1s used to convert a DC voltage, from a

25 DC voltage source, 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

30 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
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with current flow ng through the RPC. For exanple, if the AC voltage is 90
or 270 out of phase with the current then the RPC will appear, to an AC

mai ns | i glwbi2og/Byssem to be effectively a capacitor or pamdNesaoesss t hus

i ncreasing the effective inpedance of the nmains supply to the nagnetic
ballast . The RPC creates a controllable AC voltage at mains frequency, so
that thenet voltage to the load is adjustable to dimt"he | oad. The net
voltage is the vectorial sumof the AC nains voltage and the AC voltage
created by the RPC, A second, RP y .be_used iLmMpr.o t he,power,  act or of
the AC mai nsBFgkPLhg§IsytPe eTﬁégge&Sn8H§B&té§%grgfe§gg}Qa %o?%gdfhe

required reaghLvE-POVBN t8Ect he whel @esyst-eBl samt bdt theeACnpatingower factor
of the AC mains li1ghting Ssystem becones substantially unity. In an

advant ageousveibadenent, theeAfi Vel tage S&€a&EIRPESs tafe REGnnécFEFNE share a

comon BC Vokggg%a§ogécﬁséd to improve the power factor of the AC

5 maine 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 to

10 share a common DC voltage source.
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