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visible flicker during lamp operation.

High pressure discharge (HID) lamps, such as mercury vapor, metal
10 halide and high pressure sodium lamps, are typically operated with a magnetic ballast at or
slightly above normal power line frequencies, e.g. 50-100 Hz. It would be desirable to
provide an électronic ballast which operates HID lamps at high frequencies at above about 20
kHz. High frequency ballasts are becoming increasingly popular for low pressure mercury
vapor fluorescent lamps. The high frequency operation permits the magnetic elements of the
15 ballast to be reduced greatly in size and weight as compared to a conventional low frequency
magnetic ballast. High frequency operation also provide substantial increases in lamp efficacy
- on the order of 10-15% for fluorescent lamps because of reductions in cathode drop. Similar
reduction in size and weight would be desirable for HID lamps, especially for lower wattage
_ metal halide lamps used for shop and track lighting, because it would provide greater
20 flexibility in designing aesthetically pleasing fixtures for such uses. Lamp efficacy would also
increase a few percent, though not nearly as much as for fluorescent lamps.

A major obstacie to the use of high frequency electronic ballasts for HID
lamps, however, is formed by arc instabilities due to acoustic resonances which can occur at
high frequency operation. Acoustic resonances, at the xi:in’imum, cause flicker of the arc

25 which is véry annoying to humans. In a more severe case, acoustic resonance can cause the
discharge arc to extinguish, or even worse, stay permanently deflected against and damage
the wall of the discharge vessel, which will cause the discharge vessel to explode.

The frequéncies at which acoustic resonance occurs depends on many
factors, includ‘mg'the dimensions of the arc tube (i.e., length, diameter, end chamber shape,
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approximately 450m/s. ‘The radial-azimuthal modes are gi\(eh by:

. & :

15 where C, denotes an averaged speed of sound in the radial direction, R denotes the typical
‘rudius of the arc tube, and ay;, denotes the zeros of the first derivative of the Bessel
functions. _ ' o

The complete resonance spectrum fj,; is calculated from:

Juin = l-__"'f: (3)

‘If the length of the arc tube is substantially larger than the radlus, the frequencies at._which'-
20 fl.cker occurs can be estimated from formula (1) for longitudinal resonant frequencies.

' For the specxﬁc case of a 100W metal halide lamp with an arc tube length
of' 15 mm, for example, the lowest longitudinal reéonant_f;gjuéndies are expected to occur at
power frequencies of 15 kHz. Therefore, higher orderresonances will occur at power
fraquencies fp above 30 kHz, which correspond to current _freqﬁenci_es f; above the audible

™
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expect ed t ooperatifig dénditions, such as changing environmental conditions or lamp blackening over
life, which would alter the operaung temperature and/or pressure, could change the resonant
10 frequencies so that resonance occurs at the pre-selected ballast operating frequency.
Alternatively, especially in the case of quartz glass arc tubes where dimensional control is
difficult, even lamps from the same manufacturer would have different resonant points so
that it is possible that a considerable i)ercentage of lamps would flicker at the selected ballast
operating frequency. Besides not being fault free, manufacturing a ballast for a specific lamp
15 of a certain manufacturer is expensive in view of its limited market and is inflexible for the
~ user. Accordingly, it would be desirable to provide a ballast for a broader range of lamps
which senses arc instabilities during operation and selects the operating frequency to avoid
arc instabilities due to acoustic resonance.
The article "An Autotracking System For Stable Hf Operation of HID
20 Lamps*, F. Bernitz, Symp. Light Sources, Karlsruhe 1986, discloses a controller which
continuously varies the lamp operating frequency about a center frequency over a sweep
range. The sweep frequency is the frequency at which the operating frequency is repeated
through the sweep range. The controller senses lamp voltage to evaluate arc instabilities. A
control signal is derived from the sensed lamp voltage to vary the sweep frequency between
25 100 Hz and some kHz to achieve stable operation. However, this system has never been

commercialized.

JP 4-277495 (Kamaya) discloses a ballast which senses the impedance of
- the-discharge lamp. If the impedance of the lamp is below a specified level, the ballast

. reduces high frequency oscillating components in the lamp current. A disadvantage of this

30 design, however, is that the specified level is fixed, and as noted previously, the resonant
frequencies in reality vary from lamp to lamp. Additionally, even though the high frequency
oomponénts are reduced in the lamp current, there is no guarantee that operation will not
shift to another resonant frequency at which arc instabilities occur.

Accordingly, it is an object of the invention to provide a method of
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15 by deformations in the arc which change its length, which in turn vary the electrical
parameters of the lamp, such as the voltage, current, oond_uc_tance,_ or inversely, the
impedance of the lamp. Operating frequencies at which arc instabilities occur caused by
acoustic resonance are determined by evaluating the deviations determined at each of a
plurality of operating frequencies. '

20 , An embodiment of the invention parncularly suited for detecting the
frequencxes at which arc instabilities occur due to-acoustic resonance inciudes the steps of:
operating the gas discharge lamp at 2 plurahty of frequencies; sensing and taking a plurality
of samples of a selected electrical parameter at each frequency; calculating a t_ievxatmn, at
sach of said plurality of frequencies, of the samples of the electrical parameter taken at each

25 frequency; evaluating the calculated deviations; and selecting a lamp operating frequency
based on the evaluation of the. deviations. Favorably, the deviations are evaluated to
determine the frequency having the lowest deviation in the sampled lamp parameter and the
sperating frequency is set at this frequency. Iterating the above-steps thh different frequency
spans and scan rates enables the frequencies at which the.glob_al and then local minimums in

30 the deviations and thus in arc deflections occur to be rapidly and accurately determined.

Favorably, the lamp parameter sensed is the conductance or the
impedance, which in general permits the accurate detection of much smaller arc deflections
than is possible with either voltage or current alone. By evaluating deviations in the
conductance, it has been found that arc deflections due to acoustic resonance can be sensed at
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15 wherein the frequencies are decreasing. It was discovered that there is hysteresis in the
| deflection response of the arc, so that the arc deflections at any given frequency are |
dependant not only on the Sweep rate at which the frequencies are changed but also on
whether the frequencies are decreasing or increasing. By measuring the deviations at each
frequency in a symmetric manner, i.e. sampling at each frequency both when the frequencies
20 are increasing and when they are decreasing and at the same sweep rate, the effects of
hysteresis are eliminated and detection of the frequencies at which resonance occurs is

improved.
Favorably, the detection of the flicker-free frequencies and selection of
the operating frequency are conducted during a run-up stage of lamp operation, between
25 ignition of the lamp and steady-state operation. In the run-up stage the frequencies at which |
acoustic resonance occurs rapidly changes due to the increasing gas pressure and temperature
of the lamp. While this does not immediately appear to be a good environment for detecting
the frequencies having no visible flicker due to acoustic resonance, it has been found that the
frequency sweep ahd iteration speeds can be selected so that a controller can home-in on a
30 frequency with a local minimum in the deviation of arc deflection and track this minimum
through the end of run-up. This has the advantage that when the run-up period is over and
the lamp has reached full light output, a desirable operating frequency has already been
selected and the lamp can be operated with no visible flicker as early as the end of the run-
up period. This technique has been found to work well despite the lower possibilities of
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t he conduct.ance t has. beeny[lBLind th‘% ar def Ifectlons due .t 0
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inverter is re‘spons:ve to a control signal supplied by ‘an arc instability controller which
impléments selected steps of the above-described method. In an embodiment, the arc
20 mstabxlxty controller includes a microprocessor programmed with software to carry out the
selected method steps. _
In contrast to known commercially _availéble systems, the ballast'emplo_ys _
\niversal operating principles suitable for operating HID iamps of different types,
. rianufacturers and wattages despite the occurrence of acoustic resonance among these lamps
25 cver a fairly broad frequency range. ' '
| | 'In a favorable embodiment, the ballast includes a control device which
'ensu_res that the power delivered to the lamp rem'ainssub'sﬁntially-‘con#iant despite changes in -
the inverter frequency, and consequently the lamp operating frequency, during detection and
avoidance of acoustic resonance. In order to ensure proper lamp operation, the power
30 delivered to an HID lamp must be kept within a fairly narrow range around the lamp wattage
~ rated by the lamp ni‘ihufacturer Variations in the lamp power will change photometric
parameters such as lummous efficacy, light output; color tempexature of the emitted light and
color rendering, wtuch is undesirable. Accordingly, with this measure; acoustic resonance
dstection and avoidance is carried out by the ballast, particularly during the steady state, in a
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detection of the frequendhese and oher ohjectss fratiress asd @dvantages of the inveption will
15 become apparent with reference to the drawings and following detailed description, which are

illustrative only, and not limiting.

Figure 1 illustrates a displacement of a flickering discharge arc;

20 ' - * Figure 2 illustrates a favorable sampling technique for measuring the
standard deviation in conductance within a frequency window; '

Figure 3 is a flowchart of an Open Loop Control for finding the minimum
flicker in a selected frequency interval and calculating the standard deviation ¢, from
conductance samples Gy, according to one embodiment;

25 Figure 4 illustrates a simultaneous sampling of voltage and current for
calculating conductance;

Figure 5a illustrates a global frequency sweep for détecting strong
resonances; '

Figure 5b illustrates the location of strong resonances and of permissible

30 operating windows which are free of strong resonances;

Figure 5¢ is a chart of the permissible operating windows at which strong

resonances do not occur for several different 100W metal halide lamps A, B, C, D, E from

different manufacturers; | : ,
Figure 6a illustrates the deviation in conductance representing weak
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15 global minimum from the smoothed data of the standard. devxanon 0
Figures 12a; 12b illustrate representative: conductmty responses for arc
deflections caused by arc jump and sodium flare, respectively;
Figure 13 is a block\schematic diagram of an HID lamp ballast with
resonance detection and frequency control; .
| 20 Figure 14 is a schematic diagram of a power and bus voltage control
~ (Control D) of Figure 13; : _ . .
Figure 15 illustrates a puise width control of 2 control signal V,,; for the
boost switch Q1 to control the bus voltage and the power delivered to the lamp;
Figure 16 shows the circuit connecuons of IC’s embodying the various
25 elements of Control A and Control D of Figure 13;
Figure 17isa block diagram of Control C of Fxgure 13 for Arc Instab:hty
Cohtrol; and _ -
Figure 18 is a schematic diagram of a half-bridge controller (Control B)
of Figure 13. | '
30 _ . _ _ _ _
Figure 1 illustrates a discharge arc 1 between a pair of discharge
electrodes 2 of an HID lamp in a vertical operating posit__ion.,The_ arc tube is not shown for
the purpose of clarity. The arc is subject to flicker induced by acoustic resonance. The center
position of the discharge arc 1 represents the position of the arc at an arbitrary time ¢ at



10 woul d cause errors in the detection of the standard deviations during
the frequency sweep and cause operation at a new frequency

correspondi rwotggn@s7§al se minimumin the standard devi at 'ploal;@gloﬁ er

to avoid this, ‘Inyet another=enbodi nent, each frequency sweep 1
conducted tw ce consecutively and operation @t a new center frequency is
begun only if the - di fference between the respective set of deviations

nmeasured in Whichivhad & Penpti DD The dBcNirgd ait & ahSoffset pSsitidnOPCkho®@1iGh dashed lines
The lanp contraoller, or ballast, according to the 1nvention jncludes a high
frequency i nveRresentsithe defircted: nasition of thextcata tine b Ptafrom) which it is sgsp batthe arc
range. The ' B4l 8S {freferit tits08K 'fg_.g%h 4&tke

arc instabil P?sya (u:‘gl\réﬁ %ﬁ?%lré.\*/\-h?bgﬂgai | ngf%nent.sﬁlggrgéct e sataglgg4 of t@e‘aﬁp

above- descr i bause the ¢lectricaliamp parametirsesiuch as ivoltages cagenty sonductance angddimpeddnice to
sel ected et R SeHe Hdlhesh WER BF idse bhotuci' a3 e sfaibE ke B bl in these
rimol pl 65 Sl table Tor onerat o T D L ane ot T oot Lypog, — Buomel a1 1 19
manuf act ur er ©ONSFRBERY Fé?j@gs e ﬁ@%@aldg%&’?‘%’ﬁc elgpuon: ges; indhess pagmeters
T8t avor abiereRore gaves ME odbitify qnebcRRg ardult RlGiant Bdpuically and of developing 2

ensur es t hat scheme o gvaluate jat whichfrequendies resonanceand are defleetionraccun and ofonst ant
despite gRan ' | G\, .
opelroat i ngbf r‘g’g‘ﬁ'gﬂg‘ﬁm&?ﬁ%g“%%ﬁ"?gﬁ?gﬁm t og\g/%?ed%tnce 0 é%:%tﬁ“s' Plgvisﬁ'i@

resonance. |flickerddoes mot ectarir € proper | anp operation, the power 30
delivered to an H D | anp t “kept, wit.hin a faitly narrow range aroynd
the lanp wattage ratﬁU&EW‘?$ﬁ@°Pegrfﬁgﬁf&ﬁﬂF‘S&W¥ %f?cé?‘?'d’ﬂg lnm?lhge
l'anp power vébidinéd'By'd &VRitioh€ in only tﬁ@[a}?dﬁ%ﬁfaﬁe SUEHthdJah dSI. However,

efficacy, |ight output, color tenperature of ‘the emtted l[ight an

“col or render¥sig, the/impedange amtidBipetisular, heconduatancy G=l/Vrhas mumerusadvantages.
scovt | 188y of 6 F8NEOR SARBHEL U7 i A Wyl & o o
better signal-to-noise ratio than measurements of the change in the current or voltage only.
The signal-to-noise ratio is typically 20dB higher in the conductance or the impedance than in
the current or voltage alone. By measuring both voltage and current simultaneously to
calculate their ratio for the impedance or conductance, noise contributions, for example from
20 a power line, in each of these signals substantially cancel. If the voltage or current were used
alone, these noise signals would remain. These advantages enable detection of very smail
deflections in the arc which are not noticeable to the human eye and which in practice are
typically not detectable using lamp voltage or current alone. Additionally, control based on
conductance or impedance is independent of circuit topology of the lamp controller whereas
25 control based on voltage or current alone is topology dependent. Finally, when both voltage
. and current are sensed simultaneously to calculate impedance or conductance a much simpler
sampling scheme may be used than is possible with sampling voltage or current alone.
While detection of the impedance or conductance share the above
advantages, detection of the conductance is preferred for the reason that, before, during and
30 immediately after ignition, the lamp current is zero or very small and the lamp starting
voltage is very high. During these instances, the impedance R=V/I would be infinity or very
high. Conversely, the conductance G=1/V is zero or small during these periods and can
always be calculated. Using the conductance also makes the method/ballast less sensitive
towards the lamp. For example, if a lamp is replaced or substituted with a different lamp
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manner sullppaghésag!y invisible to the user, i.e. substantial \
visible flicker and substantially w thout visible chandies%gwg%t
gquality and intensity. - - 10 In an enbodi ment of the
bal | ast, the power control is obtained by controlling a bus voltage

out put of @yﬂm@éand:bmiﬂr_chmge\ﬂutc1|j=ftfﬂd9ilmibmaimkembeam9?ﬂgﬁwi’aﬂgaf_w1ﬁthﬁe
I nverter clrcui angd. conseguent the |.a current, Is.,dependent gn, the
i nverter mn&h‘i@ﬁf!eﬁﬁﬁ‘mﬁgﬂﬁ"\%ﬂ %"3&@‘%&"@% [FPONR ULy -é'r?s'e‘l’fnt%i 3
| anp power vati@palf lamps 61\different typeﬁﬂmr@d wattage! A RbRIMEy PAYSighsuthal - The

duty cycle of .a,boost switch. in the boost converter 1s controlled to
adj ust  t he TBRAINder of the detailed,deseriptioncthe smbedimentsswillbe described, with refezence to
inverters ghia&fo ﬁeﬂ.‘gw r b 1 feS- ot ) S ol ptbiSE
prevent 5caté{"'ist rgtp ic | arrpuc%&’f%hlt%ﬁ,%l%?rae‘ﬁ%yg'w:ig teH.e ar@tyﬁ?a ' thal the

| n yet anoimpsdaneerenuidrbe sybstitntedsial the follawing eciboedimentsrsor lohg o evaluationiin ghé he
bus voltag | Loniti.on..and [un:up, en the.la resent.s.only a
very snal | ﬂfsgg%#' wnﬁggﬁ%ﬂ@n@&ggpgg gﬁﬁé‘é’l’?%i‘ ﬁd\g@m’e‘@?s‘t e‘;)rgﬁ"FQ'ufl?u b -
el ements aspprecisee that, where the signal strength of the Voltpe cr'tilneht ' suffitic@tlyhigh to

features, and advantages of the invention will 15 becone apparenf wth -
ref erence S‘bmf‘ﬁé P%‘R&]&“%W‘P&\ﬂ?ﬂ& Yritage g guirent alone: may, be wpadcinstaadsof

Il 1 ustrptie cofénetaeed not |imting. o _ Figure 1
illustrates a displacenent of a flickering discharge arc; 20

Figure 2 illustrates a The oetiodeandhajast lag:uréfngrlbmnsinﬂu_lﬁmmmploy'smgvefabphases ‘
Floure o 12 ool ket of WARIRAREE of bR sHBind S UGN R Bturatiny ot 1y
flicker irnfrequentiesamditiercaipubition of atselevtell devidtiombradchifraauendye Avtardihaly] a

devi ati on lla%rralalefcrogmxctance sgyz.l(tjqr;lgxlljgcgnag1 _e%iaﬂsn%gp cla.ﬁ:%la '(enrl rtlchg:p_q%g r\ﬂh Q)% ée(s)cri%rég prior to

embodi nent™
15 discussing the phases of control.

The task is to calculate the conductance g(t) from the rapidly changing
voltage and current. For an HID lamp operating on _a'typi_cal_.high frequency ballast with
20 distorted sine waves, the lamp voltage is a periodic alternating function V(t) = V(t+p) with
a period p = 2%/®. In case the current frequency f; and thus the volitage frequency are above
the audible range, i.e. above 20 kHz, then p < 50us. Thg current by definition is gi\}en by
. I() = g(YV(t). The conductivity or conductance g(t) is only a slow changing positive
- function of time, almost constant during an appropriately chosen sample time T. At least two
25 samples are taken in the period p (to avoid detecting small signals only), and during a cetfain
time T > p (on the order of ms) a total of N samples are taken. By definition, we will

consider the values G:

where in general <f> denotes by definition the averaged value of observed values f, i= 1,
30 2,..N:

: i ;‘_, : e
G <lyl>' S (4)



25 Figure 4 illustrates a sinmultaneous sanpling of

vol tage and current for - cal cul ati ng conduct ance;

Figure 5a iywb4ghsskes a gl obal frequency sweep for detecting 9801106
resonances; Figure 5b il Iustrat es the Tocation of
strong resonances and of perm ssible 30 opkrating wi ndows which are free
of strong resonances; Figure 5¢c is a chart of the
perm ssi bl e operati ng wi ndows at Whl ch stgong: resonances do not occur

for several different 100Wrreta| Q i dd E?ps A, B,( C, Db E from

di fferent manuf acturers; Fi‘Qure 6a illustrates the
devi ation in conductance representing vvea - WD 96/ 20578
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[ esonances AyBudviIdAaR té siie FIRHE Bifustifit} Emtacite ﬁs@ﬁ&es t&"'a%iﬁ"ﬂ & &l 1o

5¢c; gure 6b l'ustTates the global m ninumf
weak r esonaerss and jafsotth @btain a mnmmﬂmﬂ the isum (ot atmaammmcﬁe -‘absvsﬁh n

Comtr ol Copf 5L Pol Dy Sehstention o the BeHER AR md KaBRn 6: e ity &o°°

devi ations for weak resonances; Figure 8 illustrates
t he devi ati ons neasured around the sel ected operatl ng frequency in
steady state operatg ure 9 is a flow chart of

a control |oop f gratilng Eh;ml‘ﬁ? essuge E,_ Wikcharge | anp; 10
Fi gures 10a; 10b@mw-ﬁﬁe—o murr-w-n*—ﬁg’ufeg ¥ for a 1ODW

met al hali de Iarrp )IFLA l=l|V| il

5 while as assumed the values g; are almost constant during the sample time T. When the
current and voltage are sampled at the same time the two summations over V; cancel. This
can be accomplished very simply in practice with a simultaneous sampling board. It is not
necessary to sample an integer number of periods p, because the summations are always over
the same samples V. '

10 ' To detect acoustic resonances, the general scheme is to operate the gas
discharge lamp at a plurality of frequencles, at each frequency calculate the conductance a
plurality of times by taking a plurality of simultaneous samples of lamp voltage and lamp
current, and for each frequency calculate the standard deviation of the conductances taken at
that frequency. This procedure is notionally given by the following equations:

Ewll ‘f"l

Gy = ————, J = 12.Ng k=12.N, 'O}
2:==1I l '
15
' 1 2
G -—E Gy k=1,N, of = —2( -G = Tvz G - Gi (8)
J=1

Giﬂ . a)-l

By taking at each frequency f; a number of Ny x Ng samples (i=1 to i=Npy; j=1 to
j=Ng), 2 standard deviation oy is determined. All samples used to calculate oy are collected



Figure 1lla illustrates a situation where standard deviation [err] has a

br oad and a narrow m ni mum both | ower than a boundary value [err]

Fi gure 1l byid éghpkigat €s the sel ection of the broader m ni mum pgrikoify 15
gl obal m nimumfromthe snoothed data of the standard deviation [err]
Figures 12a; 12b illustrate representativelZonductivity responses for arc
defl ections caused by arc junp and sodium flare, respectively,;

Figure 13 iat the frequency o @hen itie niext dregoencly faris sdlédtddoand ﬂxelsamphng/\ind\calculauon is

< Schondepend. dae THricy g s ARGUS sboaed devationis B freavency P RET D)

of Figure lgiest arc deflection caused by musuElmckFanalmy&queﬁ(sﬁwuultﬁ@
control of a-control signal V[err] for th boost switch Q to control

L he lrogs VO!SWI‘ ;b émmqsmﬂneﬂmraﬁcd ection. )
i gu |
el gment ?Sof Control A andWﬁB&lo?ﬁrﬁﬁﬁf%&m xﬂuﬂﬁ-ai@ m%a‘“%é A

Figure 17 mymmehhmﬁbquﬁuayswcepoﬁve@amquenceoﬁfrequgmee &S0 L2 . Ar20) lis\canincted.t At
Cont rol d Fi ch di f
ol | o BSeh RSP o AcsApensE GayL2' - NGF of i Gk ducthiilady ©f ©

Figure 1 leﬁeasuﬂrﬁgtﬁ@eacmmhemg @rﬁmmthﬁouﬁymelacta@samﬂés Hianghal This is
el ectrodes of an H D I argc| verti caI gper.ati ng position. The arc tube

i s not shomxspated in Figyrg 2 ﬂso@eqwcxp rﬂyTh¢mQW|sye§mm@twem¢ﬂ cker

i nducedygoy f [ S0 ko &&s&i‘&adi‘u

arc 1 (rjlggr el%gg%%&tffie&%om ti ?hqg’ega?‘gﬁg%uman @ Ebi r“atri;/ time &Fﬁf‘ &9@ -
WO 96/ 2057 shaximum frequency f,, and then decreases again (portion C) to the center frequency f. . ‘

PCT/1B95/ Oi‘%%on B has the same set of frequenczes as portions A and C combmed Itis desu'able to
sample the conductance with the frequency both i mcreasmg and decreasing bccause of

hysteresis in the deﬂecuon response of the arc. By conductmg the frequency sweep in this
15 manner, the effects of hysteresis are eliminated. The span of the frequency sweep is the
difference between f, and f,. The scan rate is the rate at which the frequencies f, are |
changed. _ _ N _ |
In equations 7 and 8, the indices i, j and k used at the current and voltage
indicate that in pnncxple these are three dimensional arrays. For xmplementanon in a lamp
20 ballast it would be advantageous to avoid havmg to provxdc ‘memory for stonng these values.
For the general case, the standard deviation is defined by .

N

o = 23 G, - B ®
i=]

However, after squaring the term after the summation in equation 9 and substituting equation
(%), | | |

N o
where X = %E x,. (%a)

i=1

25 equation 9 becomes: : :
By using equation 10 (where x; = G,), the calculation of a standard dev:auon o, of the
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9 which it has a length L. The discharge arc at an offset position
1' shown in dashed |ines represents the deflected position of the arc

at;atinet fromwhich it is seen that the arc - er
hpes Jgshtin

| ength L+ [err e different lengths of the undeflected an

defl ected arc cause the electrical |ang paraneters, such as voltage,
current, conductance and inpedance to 5 have different values in each of
t hese positions and is the maj or cause of change in these . electrical
paranmeters. Thus, acoustic resgna cajisest es in the,arc |length and
consequent |y changes in these%I% , cal p@g rs. e@m on of changes

I n these paraneters t her ef or e blves &t pOSSIbI|Ity of detecting
acoustic resonance electrically and of devel oping a schenme to

Cont o1 i o EAMBEhEA e BB 67 ROAURE, AR BBl 38 I S bRl hine B

at whi ch vi sktorecall of the durfenkand voltages)fur eacic sumple in an array. A flowchart for |t

shoul d be noted t SO S|tuat|ons S tlsfacto ontr,ol_. may .he .
obt ai ned by B mp'ﬁ% i e Gy PEHR % Fgag 2% shown in

current |I. I-;: usi ng the |rrpedance and In particular, the
conduct ance G= /V has nunmer ous advant ages. 15 Measurenents of . the change

i n conducfance or i npedanBE using| the, condpctanes, hmlmhﬁnbfm determining the
signal -to-no f 0
vol t age onl y§m‘i\h e sl %gfaﬁgs{g%eﬁragtl F's typ| c§ tﬁ?%ﬁ don {nthe

t he conduct amlagelorttlhuactirrmdmne.enlbéstmustrated in Ffpre:dr which showyalmm w ande.

Fhefr‘reafgt: (r;g bot h voI tﬁ%g@a d _current mg&ﬁc r&rfg_*yge‘x%ﬁﬁ caI cul a,te‘:he

exanpl e fr Onbaﬁtonaarﬂ%hthdm the @arﬁﬁl@@t&f’.ntiiﬂsigufd qrmé %arﬁﬁl%hﬂﬁéﬂcﬂ' i afe taken at
cancel . |f the voltage or current were used al one ese_noi se signals

woul d reR@i rdiffereat locatons withy sespess 40 the M%QWG&PSBOQ'FH' Thes, (Z]I] or E|V| in

defl ections %&P I t

in practice %éri‘xghheisﬁbfth ﬁlﬁggﬁ{)jdepg a e us%’ﬂg Elar'rlp voqulage oglﬂacttngryrge{ntpe
al one. Addi tstandatd dewatmntmdhe blmnl ooithe voitage aloec Ifconty ﬂmrvallage&’amcmrrent Iare

i ndependent of uit topolo of .t he contro erea 0 ol
based on vol BRI, e smsiine s hE tiggtres & e she yRIEM HeRravaTar of e TolstHer
vol t age oraiutrefit/ forahé shdard PB8FigHors tobe Acthfee!SThis WouliPéntall ﬂddi‘nd»ﬂipﬁéiﬂiihg

or conductance a_much_sinpl er sanplln schene may be used . than is

possi bl el ttﬁggﬂ'fﬂﬂ W’r’g‘:e&é!l g hgliasg copyrollex Yangthis technique. Such tnggenng would also
introduce an error into the standard devmxon calculation. By using the conductance, the

voltage and current need only to be sensed simultaneously. The values of the simultaneously
sensed current and voltage are normalized in the ratio I/V which defines the conductance so

the instant at which the samples G, = EEILII;: are taken with respect to the sensed waveform is

20 irrelevant. This simplifies the sampling scheme and its implementation in the ballast.

The deflection of the arc between the electrodes due to a force, induced
for instance by an acoustic resonance, can be described by a second order differential
equation in time. A typical time constant of 7=50ms describes the time to achieve a certain
deflection. This time was determined by deflecting the arc in a 100 W metal halide lamp

25 with an external electromagnetic force of known value and duration from a coil positioned
around the lamp. The equivalent force on the arc caused by an acoustic resonance can be
described by F=F, sin(2zAft). With this force, the highest response is observed at a _
frequency of Af=3Hz. At higher frequencies of the force, the frequency response drops by



Wi |l e detection of the inpedance or conductance share the above

advant ages, detection of the conductance is preferred for the reason that,
before, diigdg: d 30 imediately after ignition, the | anpp RIOi106S Z€ro _
or very small and the lanp starting voltage is very high. During these .
i nstances, the inpedance R=V/I would be itfinity or very hi gh.
Conversely, the conductance G=I/V is zero or small during these periods and

can Codl b G?MTdde. Dependirgy adthetﬂxieﬂﬂhtdf&l'cli@fo“rgele? alli&ﬂ'cf:ths ﬂeﬂ&ﬁ&li? wﬁlm;bfe eithTr
met ho a ast ensi ti e . tOV\ﬁr S the anp.. or. exa e, | a arrp-
s repl acbig o salh I allests whichsg 3 §ifq Waw purFeR fo drive the lamp, (g soRgoes

PCT/ | B95/ @dnl @&flect the arc against the wall of the arc tube. Such a resonance is defined hereinds a
type, Vand I will change but G= V/I wll remain in the sane relative

range. W strongiegsonance. AR ohensesonances nai able indefinct ierarp agains dheiwall aredefined
0T er ant o Yk sofance 38 deriBrovifle b doflrol scheme Y6 piilt £lerdnd Hebnilice from
r emai nder deiving tiee aket taithe svalle therdoptrobshoulderespdnuicinoein fastenithan S0mscinsicapplyeal
ith reference.to .5 .detection,of the conductance, and t.hose of oy di nar
okill in oerariRe SRV 2f Whith,tripg Fesonices arion At i 3 e Tl fesd *' Y
subst it ut @gn i50misNin IehsuRie RickF e it WRhE réson 2 ame\ad least drPthe! ordér! 6T 150

first few seconds after_lanp ignition is avoided. Additionally, those of

or di nary BRishould;be|used. Strongssananees are jraportant dn that deflectign of thetare te the WAl ¢ he
volt aQP Oéngn'#ﬂs@ ']ﬁm*; %{(ﬁféﬁxﬁh CinRk résoharitBs bft xmaﬁogﬁgeﬁlta @hﬂ%ﬁﬁ%@é ?i‘ri]%l@faﬁf the

control, I ng O e vol tage or current ad of
10 the caradvhichisceery annoying to humans. The net hod and bal | ast ’
according to the invention enploys several phases of control, each o

whi ch depends on the sanpling of conductance at a plurality of
frequenci pfnm Chataberigidscul ati on of a sel ected deviation at each frequency.
Accordingly, a - ' o ' :

o An underst'a'nding_.df the run-up of the lamp, i.e. the first few minutes
15  after lamp ignition, is important in developing a contfc_il s_éhéme_ for the lamp. This is
:llustrated in Table I below. - |



favorabl e conductance sanpling and devi ation cal cul ati on technique wll be
described prior to 15 discussing the phases of control.

Gal cul at i onyhf odfeRsuCct i vVity (Sanpli ng) - PCT/BOSIOAIS | S
to calcul ate t%e conductance g(t) fromthe raprdly changi ng vol t age
and current. For an HI D | anp operating on a15yp|cal hi gh frequency bal | ast
wth 20 distorted sine waves, the lanp voltage is a periodic alternating
function V(t) = V(t+p) with | a period p = 2[err]. In case the current
frequency f[err] and thus the voltage frequency are above t he audi bl e
range, i.e. above 20 kHz, then p < 50[err]. The current by definition is

gi ven by I (t) g(t)V(t) The conductivity or conductance g(t) is only
a sl ow changi ng positive function of time, alnobst constant during an
appropriately chosen sanple tinme T. At least two 25 sanples are taken in
the period p (to avoid detecting small sigagilsionly), and during a certain
time T >p (on the order of nB) a totaI of N sanples are taken By
definition, = . = my Faroes O — “gener <f>
denot es by frnrtron t he averaged val ue of observed values f[err],

\?;\10) 92/ 20 57g : increasing temperature - changing erﬁfeF\lnes 4)
PCT/ | B95/ 01306 4 = Os t, = 30s turaady = 1205
¢ _
| | |
{T = 300K) : (T~ 5000K)
{p = 0.3bar) increasing pressure {p =~ 15bar)
low pressure decreasing damping high pressure

¢ S ¢

)

no acoustic increasing intensity of acoustic
resonances acoustic resonances resonances




11 [err] _ Absol ut e val ues
in the suns for the conductivity calculation are taken to avoi d a sum equal

to Z %@ al so to obtain a maxi num val ue of the sumpl §égrative
is to take G%: < Iferr]> I < V[err] > ][err]). Substltutlon o? the :

definitions and the equation for the curreqg |eads too: [err]
whil e as assuned the values g[err] are al nost constant during the sarrpl e

time T. WhBefdrkdgnition, the pressurep Gin\adﬁﬁﬁlelw W ﬁﬁﬁphﬂmeﬂhmbf&uﬂﬁ%oﬁt'mbﬁpe
t wo summt ons over h!grr cancel can be acconplished very sinpl y

in practic ‘anﬁ“%t'"gt EQ’%‘&%I‘FW&&?‘&:&F‘%M&WM

sanpl e an bPaRsR15208Ae! typically WidhiS abbut 196-206 Sedolifs migﬁxh &@%’

over the sanme sanpl etSY9V[ err]1 . 9 'le'g% Mggéc

r esonancesfilligas, i@ rtbe mmmmdm en@pusac eeaonmcgaund mare&mahan@;bmp at

a pluralit the nuctan

2, P12l Yoo GPSRE 16 el oot B AR, 8B BipiRO i

vol t age .anfactozrob about Stﬂlnmmgtmnalpd Conseqaently, ftl;t]emmf ity oﬁ%dmhgi_?soﬁh_ Mﬁﬁtﬂ-@d rd

devi ation of conduct ances taken at t hat . frequeng IS procedure

i s noti onal™ ?B@%% ib 336“" tthe £irstAQ ssqen if@”%mt‘gﬂ no acoustic resonances
occur because 1t is still essentially a low pressure dxscharge lamp. Thus, detection of
resonance and flicker through measurement of the conductanee can not feasibly take place in

10 this time period. During further run-up, between t, at =30s and tsteady At = 120s, the gas

content, and therefore the resonant frequencies, rapidly change due to increasing lamp (

temperature Ty, lamp fill pressure, speed of sound Ez. and entry of the metal halides into the

arc stream. The location of the resonant frequencies will not stabilize until the lamp has
reached the steady state at tg,,4,. |

15 : If a ballast which could operate HID lamps over a broad range of rated
Wattages (20-400W, for example) were desired, dewcnon of deviation in the conductance
could be used to locate for any HID lamp an operating frequency which would be free of
visible flicker induced by acoustic resonance. In practice, such a ballast is not commercially
practical because voltage across and current through electronic devices determines cost; so

20 each lamp is operated the most cost effectively by a ballast: designed for that maximum
power. It is sufficient, and would be a great improvement over the art, if a high frequency
ballast could operate lamps having arc tubes of similar shape (e.g. from different
manufacturers) and a narrow range of wattages. A favorable embodiment of the invention is
based on the pre-selection of a relatively narrow window of operating frequencies.at which-

25 strong resonances (that cause deflection of the arc against the arc tube wall) do not occur for
the intended range of lamps desired; After lamp ignition, the method and ballast .
implementing this method operate within the pre-selected window to home-in on a frequency
at which visible flicker caused 'by weak resonances does not occur for the specific lantp being
controlled. Additionally, since environmental conditions or other factors may change the

30  icoustic resonance nodes of the lamp, the method and ballast continues detection and
nonitoring throughout lamp operation to prevent the lamp from wandering into acoustic

:esonance. _ _
The above techniques will be explained in general terms with reference to
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at the frequency f[err] Then the next frequency fk is selected and the
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The frequencies f;,, at which acoustic resonance occurs are at a plurality
of nodes given by Equation 3. These frequencies can be confirmed through experiment by
. varying the operating, or center, frequency f; over a broad range f, to f; (see Fig. Sa) ata
plurality of frequencies f, and by calculating the standard deviation of the conductances by

10 taking a plurality of simuitaneous samples of lamp voltage and current at each frequency f;,
as discussed above with respect to Equations 7, 8, 10 and Figure 2. From this scanning, the
frequencies at which strong resonances occur will become apparent because these frequencies
will have the highest standard deviation, and can also be visually observed. These -
frequencies are shown as dots in Figure 5b.

15 In order to avoid damage to the arc tube, strong resonances should be
detected by an iterative procedure, as illustrated in Figure 5b. Because of damping, and the
second order deflection response of the arc, arc deflection will be the least at high scan rates
and the greatest at low scan rates. If a low scan rate is used initially, there is the danger that
the arc will be deflected against the arc tube wall sufficiently long to damage it. Therefore,

20 the first frequency sweep should use a high scan rate of about 1000 kHz/s and will reveal
frequency windows at which the strongest resonances are observed without damaging the arc
tube. These frequencies should be avoided in further scans. The frequency sweeps should be
repeated with a successively lower scan rates of, for example, 100 kHz/s and 10 kHz/s. This
will reveal the frequencies at which the strongest resonances occur. For each scan rate of the

25 frequency sweep the range of frequencies over which the center frequency f, is varied is
shown in fig. 5b by a line indicated with the respective sweep rate. Windows of frequencies,
having a span of a few thousands of hertz, at which strong resonances do not occur will also -

" be observed and are illustrated in Fig. 5b, in the line labelled R, as solid lines. These
windows are the frequencies at which the lamp should be operated to avoid strong

.30 resonances. _
This procedure is either used in the lamp ballast, or by the bailast

designer in pre-selecting a wide frequency window for the lamps intended to be controlled by
the ballast. If done by the ballast designer, this procedure should be repéated for each lamp
that the ballast is intended to operate. A common window may then be selected in which



each frequency f[err], a sequence (j=1,2 ... Nerr]) of conductivities
Jerr] are determned by measuring for each conductivity Jerr]

si mul t aneow@lognesgect ed samples I[err] and Verr]. This is IB95/011
illustrated in Figure 2 for the frequency of k=2. The frequency svveep
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case, the standard deviation is defined by:

[err] reglonsyowever, after squaring the termafter the summation in
equatiqp 9 and substi tut i ng equation (9a), - _

-Once a window free of strong resonances is selected, the lamps should be
operated only within this pre-selected window. Again, the general scheme is to vary the
~ frequencies within the selected window to detect those frequencies at which weakresonances,
15 which cause visible flicker, do not occur. Preferably, the frequency sweep and sampling
technique shown in Figure 2 is used to vary the center frequency between f, and £, as shown
in Fig. 6(a), which represent, respectively, the boundaries of the pre-selected window of Fig.
5S¢, for example fq= 20 kHz and f.= 25 kHz in this specific case of 100W metal halide
lamps. The goal is to find the global minimum in the standard deviation of the conductivity
20 G,, within the window f to f., as shown in Fig. 6(b) -
Several coritrol options are possible. In a first option illustrated in Figure
7a, the lamp is ignited at time = t;, operated at a center frequency midway between foand f,
-and allowed to warm-up to steady state, beginning at tueady» Where the location and
intensities of the resonant frequencies are relatively stable. The frequency sweep and
25 sampling technique of Figure 2 is then performed beginning at tsteady 2nd the center
frequency is adjusted to the frequency where the standard deviation is-the smallest, which
corresponds to the global minimum M shown in Figure 6b. Because the frequency is not
varied during the run-up period, there is only a small chance that the selected center
frequendy f. will be at a resonant frequency so visible flicker will probably not occur during
30 run-up. However, when the center frequency is varied after having reached steady state,
visible flicker will occur at full light output. While the flicker would only last during a few
terations of the frequency sweep, a period of a minute or so, it may nonetheless be
::hsturbmg to a user of the lamp. .
Another option (ﬂlustrated in Fig. 7b) is to begin the fnequency sweep and



25 equation 9 becones: By using equation 10 (where x[err] = Jerr]),
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conductances Jerr] sanpl ed at a frequency f[err] .can be carried out in
software without having to .° store all 18f the current and vol tages for
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useful, is less attractive than the first option because visible flicker will occur both during

10 run-up and at the beginning of steady-state operation.

: A third and more favorable option (Figure 7¢) is to begin the frequency
* sweep and sampling technique at t, (see point "A"), but with a first span much smailer than
the width of window £, and f;. As compared to a typical span of several kHz for the span f;
to f, in the above options, the first span of f_ to f, in this third option is about 0.1 kHz. The

15 instantaneous global minimum will likely not be found during the first several iterations.

. However, each iteration will result in the location of the center frequency closest to the
instantaneous frequency at which the global minimum or a local minimum currently exists.
~ This will likely be at either end of the narrow span of the frequency sweep. After several
' jterations (see point "B"), the frequency sweep and sampling loop homes-in on the

20 instantaneous global minimum. After each successive iteration, the.new center frequency

closely equals the instantaneous global xﬁinimum. Thus, this procedure quickly locates the

- instantaneous global minimum after several iterations, and tracks the instantaneous global
minimum to the steady state. This has the advantage that flicker may occur only during the
first several iterations near the beginning of run-up where the lamp only has a low light-

25 output. Thereafter, the procedure will have already found the instantaneous global minimum,
and because the span is small and close to the minimum no flicker will occur near the end of -
run-up and during steady-state. This control option is the most favored because detection of
the resonant frequencies during run-up is almost unnoticeable to the human eye.

30 Steady State Detection _

Once the giobal minimum and the corresponding preferred operating
frequency are determined, it is desirable to continue to check whether the desired opexat_ing .
frequency should be adjusted during the steady-state. If the lJamp temperature changes due to
changes in the ambient temperaturé, the speed of sound will change with a corresponding
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window of operating frequencies free of strong resonances for the lamps which are intended
15  to be controlled by the lamp controller. |
At the program start, the center frequency f, is initialized at a ballast
design frequency f,o. A high voltage is then applied to-the lamp to ignite it. After a
predetermined time t;, the lamp current I is sampled to determine if the lamp has in fact
ignited. If the lamp current is below a value I, the lamp has not ignited and ignition is
20 attempted again. When the current I is greater than Iy, the lamp has ignited and the time t
and a counter variable, Ny, are initialized at O. The lamp is then allowed to run-up at the
operating frequency fq until t is greater than a preselected time t, near the beginning of run-
up. The time t, is selected to be long enough so that the lamp pressure and temperature is
high enough for acoustic resonance to occur. Beginning at time 1,, @ plurality of frequency
25 sweeps of a preselected first span and scan rate are conducted via the Open Loop subroutine
(shown in Figure 3) while the lamp is still in the run-up stage, that is.prior to the lamp
having reached steady state at time t,,,4., for example at 120s. The inputs to the Open Loop
program are the center frequency fc,' the frequency span "Span", the number Ny of distinct
 frequencies sampled, the number Ng of conductivity samples taken at each distinct-frequency
30 N, the number Ny of samples I and V taken at each sample Gy, and the time dtg, for -
| obtaining the samples Ng at each frequency. These variables are illustrated in Figure 2. The
outputs are the lowest standard deviation ay,;, of the conductance and the corresponding
frequency fn;m; During the run-up period, the frequenéi&s’ at which acoustic resonance and
flicker do not occur are changing as the gas pressure and temperature change. During this




can deflect the arc against the wall of the arc tube. Such a resonance is
defined herein as a strong resonance. All other resonances not able to

def | ect t.hewarwi nst the wall are defined 5 as weak resoEE9501106
order to provide a control stheme to prevent a strong resonance from
driving the arc to the wall, .the control si2duld respond nuch faster than
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i || ustrat edFigureT8bOace thgol dsweached, the aated ®pRABAS frequency f, is set at f;;, which as
PCT/1BIS/ Olijnougstrated in Figure 6b, is the global minimum in the steady state. The ro%lgne follows
branch *"B" if the standard deviation oy, at £, is less than og, which has a value
corresponding to that at which visible flicker occurs. If g, is greater than o, visible flicker
10 s still occurring in the lamp at f_;; and the global minimum has not been found. The
frequency sweep is conducted again via branch "C", but with a greater span equal to the
width of the window f_ to f. (Span=Span,) and greater number of frequencies (Ng= 100) to
find the global minimum at which visible flicker does not occur. If, the minimum is found at
- which no visible flicker occurs, the program enters the steady state detection mode, with the
15 narrower span, via branch "B". If after the first iteration visible flicker occurs, the global
scan is repeated until a window free of flicker is found. If the number of iterations Ny in
- branch C exceeds a preset number, such as 10, the lamp is extinguished. _
. - The following are typical parameters for operating the above routine for a
100W metal halide lamp: Ng=20, Ng=20, Nyy=20, 6t;=50 ms, f,q=23.5 kHz, Spany=3
20 KkHz, Span=0.1 kHz, t;=10 ms, Ij=0.1 A, t,=30s, tm,dy=120s, 0q=0.005 G. It should be
noted that the value gy is a conservative threshold value for the standard deviation of
conductance at which flicker will be observed by humans. This can be estimated (sée the
reference W.F. Schreiber, Fundamentals of Electronic Imaging Systems; Springer-Veriag,
Berlin (1991) p. 14-16) and can be confirmed by adjusting its value until visible flicker does
25 not occur. The advantage of using conductance is that the signal to noise ratio and sensitivity
are sufficiently high that deflection response of the arc can be evaluated at levels below that
- which can be detected by the human eye. Thus, during steady state, f, can be continuously
tracked by sweeping the frequency and the resulting induced arc deﬂections can be at levels
which are measurable but not visible to the human eye. |
30 Figures 10a, 10b are graphs of the minimum frequency f;, and oy,
' respectively, verses Ny for a 100W metal halide lamp operated according to the flowchart of
Fig. 9 (operating according to the control option of Fig. 7(c)) with above-listed parameter
values. After only about 6 iterations, the ¢,;, was below 0.005, the level at which flicker is
visible. Thereafter g,;, remained very low at about 1/10th of the visible flicker level. Visible
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r esonancepart of run-up whenhe ddrmp was still at a low light output level. Once the lamp reached
PCT/ 1 B9S/ QL1OS ciate, branch B (Fig. 9) continued to monitor and adjust £, with no visible flicker.

5 Al ive Selection Criteri
| " In the above embodiments, the frequency was selected as that with the
lowest standard deviation. Other criteria can also be applied in selecting a new center
frequency after each iteration of the Open Loop routine. For instance, a broad range
surrounding the operating frequency is preferred, since operation at a broad minimum would
10 be more stable than at a very narrow minimum. In Figure 11a, the global minimum is
denoted "AA" and has a narrower range than the preferred position denoted with "BB". ‘At ‘
both locations, ¢ is less than og, and no visible flicker occurs. Since the deviation is low
enough at the broader minimum so flicker does not occur, the broader minimum may be
selected as the center frequency. This can be selected by summing the results o of a number
15 2n of successive frequencies f, (from k-n to k+n) about each minimum lower than o4 and
_ obtaining a new series 7, thereby smoothing the data.  The smoother data @ is shown in
Figure 11(b). The new center frequency equals the allowed frequency with the smallest
standard deviation &, The selection of the new center frequency is thus based on the standard
deviation of the conductance, and the global minimum detection. '

20

Wall Deflections |

' 1t is desirable to turn off the lamp when the discharge arc touches and
remains at the wall of the arc tube. Thus, for the relevant lamp type, a o, should be

25 determined for the og. which corresponds to a deflection which is large enough to cause the
arc to touch the wall. During run-up, a broad sweep is conducted if o > 0;0y. If in the
broad sweep it holds for the o,;; that @0y, < Opgay, the arc will be no longer at the wall
and the minimum can be selected. However, if aoy;, > 0pay, then the arc will still be at the
wall and the lamp should be turned off. The constant « is selected to provide the desired

30 statistical confidence, and is typically between two (2) and four (4). -

Other Arc Instabiliti

Deflections in the arc may occur for reasons other than acoustic
resonance, for example randomly due to arc jumps at the electrode or sodium flares.
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20 Lamp ballast

Figure 13 is a schematic\block diagram of an HID lamp ballast, or
~ controller, according to the invention for operating an HID lamp at high frequency and for
detecting and avoiding operation at frequencies that cause acoustic resonance/arc instabilities.

25 The following embodiment illustrates a certain ballast topology and
discloses specific numerical parameters selected for a specific application, in particular lOOW
metal halide lamps. This embodiment serves as an illustration of one of many possible ballast
implementations using the above-described method for arc instability detection and for the
bus voltage and lamp power control as previously discussed. Accordingly, those of ordinary
30 skill in the art will appreciate that the following embodiment is illustrative only, and not
limiting, and the disclosed principles of operation can be used in many different ballast
topologies, with different operating parameters.
The ballast includes a DC source 10, a2 boost converter 20, a high
- frequency DC-AC square wave inverter 30 and an igniter 40. The elements 10-40 ignite the
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- provides a full-wave rectified DC voltage of about 160 V across DC rails RL1, RL2.
The DC source 10 may also include an EMI filter 5 for insulating the power lines from
15  nterference generated by the lamp controller. o S
The boost converter 20 boosts and controls the DC voltage across rails
L1, RL2 at a level such that a selected power is provided to the HID lamp 50.via the
inverter circuit 30. The boost converter typically boosts the voltage from 160V to about 380
/. The boost converter also provides power factor correction. The converter 20 includes an
20 inductor L1 having one end connected to the cathodes of diodes D1 and D2 and its other end
connected to the anode of diode D5. A switch Q1 is connected between DC rails RL2 and
EL1 at a junction between the inductor L1 and the diode DS5. The switch Q1 is a mosfet and "
i1cludes a body diode BD1 and a parasitic capacitance designated Cds1. The control gate of
switch Q1 is connected to control A, which provides a periodic voltage signal to control the
25 switching frequency and duty cycle of the switch Q1 in a manner to be described in further
dztail. The duty cycle and switching frequency control the current flow: throw the inductor
L1 so that in conjunction with the capacitors C4 and CS of the inverter circuit 30 the voltage
01 the DC rails RL1, RL2 across capacitors C4 and C5 is. maintained constant at the desired
level. The capacitors C4 and C5 act as an energy storage element to provide constant power
30 tc the lamp, even when the ﬁne--voltag’e crosses zero. -

_ The inverter circuit 30 is a voltage-fed half-bridge DC-AC inverter with
sviitches Q2, Q3 series connected across the DC rails RL1, RL2. The switches Q2, Q3 are
mosfets. The source of switch Q2 is connected to rail RL1, the drain of switch Q2 is
ccnnected to the source of switch Q3 and the drain of switch Q3 is connected to rail RL2.



is In order to avoid damage to the arc tube, strong
resonances shoul d be detected by an iterative procedure, as
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resonances occur. For each scan rate of the 25 frequency sweep the range
of frequencifamiliardp thase skilleddn heare, frequency flerr] is varied is-
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strong 300 rwitp e apscitor C6. The LCC network provides al Wateshapingaind eurrent dintithsy, or

used in the | anp, ballast, or by the ballast , .. designer in pre-selecting
a wi de freqlaHasing; finstion i provide| a:substantially signsoidal pmp-cyrrent 19 &'ﬂi@ 13“"1’ gd]he

ballast. |If ! ' By § re shoul d be repeated
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for each la ast 1s Intended to operate. A conmon w ndow
may then be sel ected in ViliedhCC network also funelicns/ag @8 igniter to ignite the lamp upon
PCT/ 1 B35/ o“x‘rcl)iga.l application of power to the controller. The LCC network is tuned to a third hgrﬁlonic
‘15  of the initial inverter operating frequency to provide a high starting voltage of about 2500 V
selected for this specific application. Starting the lamp at the third harmonic has the
advantage of reducing the initial ignition current drawn from the boost converter as compared
to conventional first harmonic starting. When the inverter begins operating, an ignition
voltage is caused by resonance of the LCC network at the third harmonic of the inverter
20 output at the initial operating frequency. After the lamp starts, the impedance of the lamp is
much lower than that of the capacitor C7, so the waveshaping and current limiting is then
- controlled primarily by the LC network of C6 and L2. Thﬁs, the igniter uses the variation in
- the lamp impedance (from about 1M prior to ignition to about 100 at steady state) to shift
 the gain of the circuit including the LCC network and lamp from a gain suitable for
25 providing an ignition voltage to a lower gain suitable for operating the lamp.

Instead of the LCC network shown, other igniters may used, such as well
known pulse igniters or other resonant igniters such as an LC or an LLCC network which
employ ignition at the'ﬁrst or third harmonic. Additionally, in the LCC network shown, an
active frequency shift may be employed by which the inverter operating fre'quéncy is set at

30 an initial frequency' (generally higher than the steady state frequency) for causing the ignition
voltage and then set to a second, different frequency for lamp operation after ignition.

Control B controls the switching frequency and pulse width of the
switches Q2 and Q3 in a well known manner to provide the substantially square wave AC
inverter voltage across midpoints M1 and M2 at frequencies within a frequency range
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the frequency where the standard deviation is the smallest,

h
cor r espond@ze cannepled dn parallelwith therresiston &43. The cathodesobthe Waﬂi@‘i@cpﬁ% is
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20 - The lamp current is sensed by current sensing circuit 70 which includes

current transformer T. Connected in parallel with transformer T are resistor R14, capacitor
C13 and resistor R15. The anode of diode D13 is connected to one side of the current
transformer T while its cathode is connected to resistor: R15. The output of current sensing
circuit 70 is a DC voltage V; which is linearly proportional to the lamp current Ij ..

25 The Control D further includes a multiplier 61 which multiplies the signal
V_ representing the lamp voltage with the signal V; representing the lamp current to obtain
signal V,, representing the lamp power. The diode D14 and the resistor R19 are series

" connected between the output of the multiplier 61 and the inverting input of the error
amplifier 65. The non-inverting input of the error amplifier 65 receives a reference signal
' 30V, indicative of the desired operating power for the HID lamp 50 or V¢ indicative of the
upper limit for the bus voitage. Resistor R20 is connected between a junction between the
resistor R19 and the inverting input of the error amplifier 65, and ground. Resistor R21 is
‘connected between the inverting input and the output of the error amplifier 65. The
comparator 67 receives the output-of the error amplifier at.its non-inverting input and a
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A t hi rd. and Aneltage Mxorepteisentingtthe bu( voliageds theyefore proseneg the midpainthatwesnythe
sweep ang S 'lque at t[err] (see point "A"), but with a first
span rrugﬁ) s@%%%#ﬁ the wwdth of window f[err] and f[err]. As
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will result _in the location of the center frequency cloSest to the

i nst ant aneoB&2fwillogignificantly ingrease withoug plen measuresnbging taken.| Afien ignition them
currently ey sdiSnce of the lamp decreases, and the current drawn by the lamp increases, until the

lamp reaches steady state. Limits on the bus voltage are needed during ignition and steady
state to prevent catastrophic operating conditions, including near lamp end-of-life. Control D
senses the bus voltage V,,,, and feeds it to the control A which adjusts the pulse width of the
boost switch Q1 to keep the bus voltage at a predetermined voltage during the ignition phase.
20 Since"the-lamp has a high impedance, the current through the lamp has a small value which
is sensed by the current transformer T and then rectified through the half-wave rectifier D13.
The DC voltage V;, which is linearly proportional to the lamp current, is almost zero since
there is little lamp current during ignition. In addition, the output of the multiplier 61 is
smaller than the reference voltage V. which results-in blocking the diode D14, making the
25 power control loop inactive during this penod. The voltage V; is compared with the voltage
V,; through the comparator 71. When V; is less than V;, as is the case during ignition, the
output of comparator 71 is a high voltage Vi_ As a consequence, diode D15 is reversed
biased and the bus voltage control loop is active. Thus, D16 is turned on or off depending on
the value of the bus voltage. |
30 " When the voltage control loop cn'cmt starts up at lamp 1gnmon, when the
lamp presents a very small load, the bus voltage increases rapidly and is sensed through the
voltage divider of resistors R16 and R17. While the sensed voltage V5 is less than the
reference voltage V¢ at start up, the diode D, remains off. The output of the error
émpliﬁer, in the initial circuit condition prior to conduction of diode D16, is given by
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where VD is the forward voltage drop across the dxode D16 The voltage V -and the output
~ voltage of oscillator 63 are fed into the comparator 67 to obtain the puise width control of
10 the boost switch Q1. Figure 15 ﬂlustrates the voltage Vy, the sav)vt_octh waveform from the
| oscillator 63, and the output waveform of the comparator 67, wﬁch is _the gate source -
voltage Vg, controlling the boost switch Q1. The smaller the voltage V., is, the smaller the
pulse width will be of the control signal Vgsl controlling the switch Ql. Consequently, the
_ pulse width will decrease when the sensed bus voltage V; increases. Based on the operation
15 of the boost converter, the bus voltage will be reduced and kept thhm a preferred range of
450V for example. _
~ After xgmtton of the HID lamp 50 the control circuit D sw:tches to a
power control mode to control the power to the lamp. Without further measures, the power
applied to the lamp will change when the Control C changes the operatmg frequency of the
20 lamp to control arc instability because the gain of the resonant LCC network or any other
ignition topology, and therefore the power dehvered to the lamp, varies with the inverter
output frequency. Generally speaking, in the power control mode, the lamp current and lamp
voltage are sensed and muitiplied to obtain the total power in the lamp. The lamp power is
compared with a reference power signal with the objective of changing the duty tatio of the
25 boost switch Q1 to regulate the bus voltage across RL1, RL2, which results in adjustment of
the power delivered to the lamp. | |
Once the lamp 50 has 1gmted the voltage ugnal V; is larger than the
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enough for acoustic resonance to occur. Beglinning at tine
plurality opowercpatmatmode, ths gutpyt voltags \hrefsﬁabmoedniphﬁet Gimglvanliy scan rate

are conducted via the Open Loop subroutine (shown in Figure 3) while
the lanp is still in the run- up st elt'2 jh&L,\is prior to the |anp

havi ng reached steady state at ¥§ —Jfﬁ;,,ex%st) at 120s. The inputs
to the Open Loop program are t e n&? frequency f[err], the

frequency span "Span", the nunber N err] of distinct frequenci es
sanpl ed, the numnber N[ err] of conductivity sarrpl es taken at each
di sti nct - f r ERfTeiers, Bpwill mcrmwhamsenredrpqquf psm |Wmdhvsemaarm

each sa I r rr
at eachri?requee'ﬁc‘glJ ese v Hﬁ%% are |F’Plustratpmd% E’?ﬁ%%% m ép{}LS ]

outputs ar ewidtieiricosases; tise bovstswitcheremairiscon foetarlpnger petied of titheowitiin @acincycld)e
cor respondi tﬂgreby increasing the bus voltage across rails RL1, RL2. As a result of the increase in the
~ bus voltage Vy,,, the power delivered to the lamp increases. This negative feedback keeps
the lamp power the same as the reference power set by the signal Vores- On the other hand,
20 if the lamp power increases due to a change in the half-bridge switching frequency by the
Control C, the sensed power V,, becomes larger, leading to a decrease in the pulse width of
the driving signal Vg, for the boost switch Q1. The boost converter will then be lower the
bus voltage on rails RL1, RL2 until the sensed pbwér equals the reference power value V,;
Certain HID lamps have a tendency to draw more power near the end of life than their rated
'25 wattage, which can lead to catastrophic lamp failure if this higher power is supplied by the
ballast. Since the power control mode limits the power supplied to the lamp, it serves to
prevent catastrophic failure. Rather, the lamp will simply fail to operate when the power
corresponding to the signal V. is insufficient to meet the higher power required by the
lamp at its end-of-life. ' .
30 : From the above analysis, it can be seen that control D has two control
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f [ err] 23 ghtek5Q1 oBR@idl Q1 is connected to pin 14 via the resistor R22. In Figures 16 and 18, the'

pin connections not specifically described herein are shown merely for the sake of
completeness and are not necessary for the understanding of the invention. Such connections
are specified by the IC manufacturer .
As shown in thure 17, the Control C for Arc Instabrhty Control includes

20 two AID converters 90, 95 for convertmg the sensed lamp voltage Vx_ and lamp current V; to
a respecnve digital signal. The s1gna1s VL and V are tapped. from the circuits 60 70 of
Figure 14. The control C further includes a mtcroprocessor 100 which implements the
program of Fxgure 9in software to control the operating frequency of the half-bndge inverter
30. The rmcroprocessor 100 receives the sensed lamp voltage and lamp current from the dual

25 A/D converters and outputs a dtgttal srgnal whrch is converted to an analog SIgnal f, by the
A/D converter 105. The signal f represents the mstantaneous frequency output by the
software program in conductmg any of the modes of operatton according to the method
previously described.

_ _ By rmplementmg the program of thure 9 in software in the

30 microprocessor 100, the Control C includes means for carrymg out eech of the method steps

| hereinbefore descrxbed with respect to detection of the frequencxes at which acoustic

resonance/arc instability occurs and for changmg the frequency of the inverter to a new
center operating frequency. Thus, for example, with respect to the frequency sweep of
Figure 2, the Control C includes means for varyxng the operating frequency over a plurality



20 kHz, Span=0.1 kHz, t[err]=10 ns, I[err]=0.1 A t[err]=30s, t[err]

=120s, [err] =0.005 G It should be: *-"" noted that the value [err] is a
conservati Vg dahpsia0! d val ue for the standard deviation of PCT/ESHRYsance
at which flicker will be observed by humans. This can be estimted (see the
reference WF. Schreiber, Fundanentals of Blectronic |nmagi ng Systens;

Spri nger - Verl ag, Berlin (1991) p. 14-16) and can be confirnmed by

adj usti ng i tof distinoteopenating frequeinies, ffor measuridg aplexalityoft saoiplasrof afirlectmicahint age

o o ouf 1 ¢ SRPENAARE 8 by 4 o W Bl P18 BREASl el ARIE e s
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Fi gures 10a, 10b are graphs of the m ni rmmfrequency f[err% andéé?err].

respectively, verses NF fIhe selegtizmofeompongnts forcthe desirgd t o
the fl owmcha c ”Fﬁ

Fig. 7(c)) RIT 1 %%%I%/e?ﬁ@%%p%%r aﬁ%ser fafgﬁ%/cglb%l 1an nﬁ%ﬂferyﬂ%%ﬂ{ b%ﬁxgﬂ;e
i terations, 9tind depends om/hmpttyps;\phgsxedl&ndtchmﬁcawmpemewdmb powiec lard dimensions.
visible. Thereafter {“ﬁ lned ver%@# L{_. /10t h oI J1e lV|S|ble
flicker |eydR ongjmplgmenta on nummum -lsgmp s for Jamp current and voltage to

PCT/ | BOY(01$6fin one standard deviation measurement at one frequency was selected as 20. Sadples
flicker occurred only duri ng the first fewiterations, which were con ucted

duri ng t he wgre taken at 100individyal freguengiesine pachHzeq uamy SWeePs 59 A ftotak of2100mes 20,

I( IF?gt S;Jt ggh | nue%m} 0 rmnlt'%l%r an aﬁ%@%ﬁ% fe?erp]' W {%‘qﬁ%ﬁ%?‘éﬁl e ?’glgie%rw
enough to allow the arc to react but fast enough to prevent large arc movements. A suitable
range for sampling speed is between 50 msec and 100 msec for 100 W metal halide lamps.

15 The minimum precision of the A/D and D/A converters 90,95,105 and of microprocessor
100 was selected to be 0.005 which is satisfied by 8-bit devices (8-bits=1/256=0.004). In
‘the implementation shown in Figures 13, 14 the A/D converters are an 8-bit, high speed
model ADC 0820 available from Linear Technologies. The D/A converter was also 8-bit;
model NE 5018 available from Signetics. The microprocessor was an 16Mhz,-8-bit

20 processor, model No. 87C550 with 4K of EPROM available from Philips Semiconductors.
The software program of Figure 9 was programmed in the Assembler language. These
devices provide a sampling rate of 10 kHz to 20 kHz for the lamp current and voltage with a
sampling speed of between 50 msec and 100 msec., which was found to be sufficient for
effectively detecting and avoiding acoustic resonance in 100W metal halide lamps.

25 Control B use well-known techniques for driving the half-bridge inverter
with the exception that it drives the half-bridge inverter at a frequency indicated by the
control C rather than at a constant frequency as is usually done. A circuit implementing
Control B is illustrated in Figure 18. The circuit includes IC’s 110 and 120. IC 110 is a 16

_ pin, high speed controller (model UC3825 available from Unitrode) which serves to receive

30 the frequency designating output signal f; from the Control C and provide control signals for

. input to the IC 120. Thé IC 120 is 14 pin, high voltége, high speed MOS gate driver (model

IR 2110 available from International Rectifier). The IR 2110 has both high and low side
reference output channels and is especially useful for half-bridge applications since it has
internally set dead-time control. The IC 120 provides the gate\source drive signals to the




5 Alternative Selection Criteria In the above
enbodi nents, the frequency was selected as that with the | owest
standard seyboetosee. Cther criteria can also be applied in s®CcIIBISNIEE new
center frequency after each iteration of the Open Loop routine. For

I nstance, a broad range surroundi ng 3%e operating frequency is
preferred, since operation at a broad nini num woul d 10 be npre stable t han

at a very ‘mesfetswi Qﬁl @2nQ34 Fhepyputesignal of thr-Contenl 4 isHinpvtASPisssS and 6, Whitdt ed
AA and preferred position denoted with
@Qﬁe?g{]ﬁ] ocat |lﬁg%§c‘%er r

'S less than [err] and no visible
fI i cker occurs. Since {The ctputaf IGr10ds kaken from pinsdigind ¢ andears irputi @t pins

I ni m fI d t ed
st oo pana EC B lor BeCH 210" B LRl Bl RN RCO (Fie, 38”7
of ﬁ mSTb%nﬂel'étediiB ﬂ 1smh[cm&]esmm(-j Rseqmaioaa D31 isJeofifiected ili-pardliel with)thebout
each m ni mum | ower an [err] an a a new series
t her eby smwml Mﬁeﬂm w&&ﬁ%&ﬁ E‘h Haﬁaﬁhbq_”e .
11(b). Thep %jﬁ% gé is tBnmicted1s ﬁvww& ment

ard-devi t [ on err

smal | est. The sel ect ion of the new center
f r equency of the fesistob R33ind rdiedesD32,:whish gerve the sama ampmn %ﬁmﬁﬁéﬂ%ﬂéﬂéﬁ ance,

and the gl obal, m ni ect
It is deg F%ﬂé"?'g’%a]ﬁgihf JE@PP"%% §ﬂz ofsMgc ar ge arc t8.1 fesgvxtgﬁéﬁ
renai g ahre dmnedted tooping Reandrs; respeetivelyius, for the relevant |anmp type, a
rer] should be 25 etermnedfor t he whi ch, carr.e S to a,. . -
Ejefl]ectlon which is | affe RIGOREESs9 @%ﬂ![ ?’h med tQ, C‘Péga@fiﬁwtfﬂ@bmﬂs ‘
Du

ring rugeiy sx%oltﬂ?%? daseBed ?ﬁd/ﬁer fﬂﬁt’&ﬁ@&ksbﬁbéd%ﬁdonanmr&f dnotheP. F&te

broad sweep It that [err] <Terr he arc WI|| .e_no
| onger- at exampleathe controllexrmay mlopmaﬁreﬂmu I“émlb

t>u£ﬁre£i] 01'E Pa?ﬂefh‘gg'&gtn%%&?éw* I'S sb "é'&' ?“ péyglj\‘}l wgggﬁemﬁé%w ‘ be

stati q6i cdiffetem fpoihtsdringrum-upsartdy steaxyl dtgte,lmtdxmanseﬂvﬁor exmpie,dwith gespeat to

Qher Arc l ure a?(' | I tc? Furthermore, the controller\ballast could be impiemented in a modular
system form with the controller including one or more parts each performing selected
functions and outputtirig signals to other modules. In this context, for example, the modular
systein could include a ballast with a controller designed to cooperate with a series of contrc_)l

20 devices, each of which performs a selected combination of the functions described herein.

From the above description, it can be seen that Applicants have

discovered certain éteps which are universaily applicable to gas discharge lamps for detecting
and avoiding arc instabilities and which are particularly useful for detecting/avoiding arc
instabilities due to acoustic resonance. These steps may be implemented in many different

25 ballast topologies, including single stage (such as disclosed in U.S. Application Serial No.
08/197,530, filed February 10, 1994) and two stage ballasts, and as already discussed, may
employ different igniters. The control is-applicable for all (or a great) frequency range(s),
basically from O Hz to several MHz and with no perceived upper limit. Limitations are
related to the speed of sampling and processing (whi_ch will be overcome by faster

30 processors) and most impoﬁanﬂy by ballast (hardware) construction.

“With a gain of the inverter highly constant across a broad frequency
range, will allow a large frequency sweep range to be implemented and will generally
obviate the need for the described pre-selection of a broad frequency window by the
designer. This will allow an even greater universality of the control; for example, permitting




Defl ections in the arc may occur for reasons other than acoustic

resonance, for exanple randonmy due-to-arc junps at the el ectrode or sodium
flares. 96/ 20578 :

Soal 1 Bos/ 01 Qs | PCTIBISHL106
Representative conductivity responses for tig8se two events are shown in

Fi gures 12a and 12b, respectively. In Fig. 12a and 12b curve 1

i ndi cat es t he universdl tontidlier widulzsto\beeplugped into ballastsydptimived forsdifferent wattageves
2 indicate the conductivity values with occurring of an arc junmp
(Fig. 12a) rEM8E¥tively with occurring of a sodiumflare (Fig. 12b).
Cccurrence of such - 5 1 oygoBifdemakesthé balfidt'§sitelinbeisitive 36 ldntp Gimentinal
center operating frequency if the deflections caused thereby are not

i gnored. Thevasiations) im psodustion dines) c chesrical quedifieations along damp e, fand ehanges in lamp
¢ . oy ( , | ;
N the safe. CHMbAES nifibg ORI ThER Bowe G e BRlifby Bitirditc b3

confi dence | mncHID ldmpshandr avoidstlamp rdestrurtioniant icatastraphic end ofdifei Thid control makes
confidence |gvel he. measur enept s _shoul d he repeat ed again bef or. .

i st 1 gt S Palast AGiE TARRE 1 e dpRP pte, 35 PR iiierilc pther 0 Mooy
be conducted twi ce, each tine cal cul ating a standard devi ation of al
the conductivity sanples taken across the whol e frequency span. |f
the a of the second sweep [err] is within a desired confidence | evel of the
a of the first sweep [err] i.e., [err]=[err] then a random event has not
occurred and a new operating frequency can be selected. If [err]

[err] then a random event has occurred and the 15 operating frequency
shoul d not be changed. [err] is typically chosen between two (2) and four

(4). Those of ordinary skill in the art will appreciate that many other
tests could al so be used, such as conparing the average, mninmum or
maxi nrum of . t he standard devi ati on of the conductivity sanpl es

nmeasured at each frequency between the two iterations.



20 Lanp ball ast Figure 13 is a schematic\bl ock
di agram of an H D |l anp bal | ast, or - controller, according to the

-invention wowsnesysati ng an Hl D | anp at high frequency and f GicraBeso1106
detecting and avoi di ng operation at frequenm es that cause acoustic

;ﬁ;gg?%ﬁ{ alrfl L2t5£ :m""u"ﬂﬂ"m"ﬁmun ast topol ogy and The I:I?lsl:lmcl)msgg

specific:n parareters®sed ected for a specific application, in
particul ar 100W netal halide | anps. This enbodi nent serves as an
il'lustration of one of many possible ballast | npl ement ati ons using the
above-descri bed nmethod for arc instability detection and for the bus
vol tage and | anp power control as previ ously di scussed. Accordingly, those
of ordinary 30 skill in the art wll appreciate that the follow ng

enbodi ngnt is illustrative only, and not ~limting, and the discl osed

principl es of operation can be used in many di fferent ball ast
t opol ogi est- wi th diff er@rinethod fostigiing and aperating a high-pressure discharge lamp,

The bal | ascBgleiélngdtﬂés pgfsource 10, a boost converter 20, a high

frequency quare-wave inverter 30 and an igniter 40. The el enments
10-40 ignite the a. operadifip Gife/ Kigh-pbessure discharge lamp at a plurality of operating
PCT/ 1 B95/ Q1106 - ' EZG

| anp and F a high frequency, substantially sinusoidal AC current to
the lanp 50. After b. seadiiy hritiakingrh plisRility 6f sdmpledbf & aeézﬁéalqaﬁ.batl ng
frequency of inverter, 30 to avoid arc I nst abl lities/acoustic

r esonanc e PARMSIET 3tjeach ghfrid plusality of operating fregeensiesdescri bed above. ‘

oo oy Control's the & QaRbiakhg & etiatibh, s chitlbf said Brubhify ¥ el bf fhe' "°
samples taken at said each frequency; and
d. evaluating the calculated deviations and selecting a lamp operating

15 frequency based on the evaluation.
2. A method according to claim 1, wherein said electrical lamp parameter
sensed is at least one chosen of a series comprising lamp voltage, lamp current, lamp
conductance and lamp impedance.
3. A method according to claim 1 or 2, wherein the deviation calculated is

20 the standard deviation. '

4 A method according to claim 1, 2 or 3, wherein the deviations are
svaluated to determine the lowest deviation and the operating frequency is selected as the
frequency corresponding to the lowest deviation.

5. A method according to any of the claims 1 to 4, wherein the high-

25 ressure discharge lamp is operated at said plurality of frequencies by conducting a sweep of
‘requencies about a center frequency, said sweep including a portion with a set of frequencies
‘wherein the frequencies are increasing and a portion including the same set of frequencies
‘vherein the frequencies are decreasing. |
0o, . A method according to any of the claims 1 to 5, wherein said steps (a) -

30 (d) are conducted d.uring a run-up stage of lamp operation, between ignition of the high
ressure discharge lamp and steady state operation.

B A method accordxng to any of the claims 1 to 6, wherein sald steps (a) -
{d) are conducted both during the lamp run-up stage and dunng steady state operation of the
ligh pressure discharge lamp, and wherein the frequencies at which the lamp is operated



5 phase (since the lanp presents only a small load during this tine) to

el eront s ot wwaairc ot (IBMIHBTAIERINC conf ofs <he ™ ' “"Bopesmpismiet 20

to maintain constant poder®totHe IFanp despite changes made by Control C

in the inverter operating frequency to avoi3f acousti'c resonance. Control A
oper ates the boost converter 20 at the boost frequency determ ned by
Control D widiting Genunaip shagermve acfirst span, ifd therfrequencies3 witich the lampds operated

frequency det g m ned b tr

Source 10 | AtFHdEvine il A5 AR sl have.s secpnd spas spales of eyl 48 e Trst span.
standard ACSPOWer Ilne VAl ehod Abcokditg 8 Q14imAY, Iviiereih ithe seeoid kpdni ofOsaidl

di odes Dl - provides_a full-wave rectifjed DC.v .t age of gpout 160 V

across DC rémgemei duripg steady stategperation d¢ sglected; 8 that the| TesguR) fisghargs jamp
filter 54f ofad ﬁkﬁ%@ﬁér%ﬁlg%a%anl ines from15 nterference generated by

the | anmp contr The boost converter 20 boosts
and control 9 t he DC vol t Agmethod @seordiagite any of tiR claimm| Dtas8, whereinegnition and hat

a sel ect ed vided H t
circuit 30 ‘if's °§%¥H€§W§f"d{%?‘ %g%ggﬁmgnlwgaﬁfl%ﬁsﬁ(in (Sa)
about 380 - (d), \he IpWesttuzoiation detected s altvea preseribed devehver fact or
correction. The converter 20_.includes an 20 _inductor L1 h eé_%g one end

connect ed t 8t he cat hoded Bethad derording taA8y eb the flaimsdl to; steps (a) - (b)
connect q¢. a&g%ﬁdé&i&ﬂﬁn@é coliseslively ana js{E)- ) ake c&mee&

rails RL2 at a junctron b ween the i1 nductor LI and -the di ode

D5 The swi besiesdlthegespentivs ssts ofhsamples measureddasaid twodierationd arewithiaraiprescribed
parasitic cgo%?@eé‘%:}?g%dey gnated Cdsl. The control gate of switch QL

I S connect A, which provides a periodic voltage signal to
control thel5 swtchi na xﬁemweéubrdiﬁgdo dlairg 10y e/hereirf a iréspective tseandidt demaﬂon

manner to be descrj be rther t. cle and ,swit¢ g
frequency c@nfdof2 ’Lsrféjj"&‘ “Pq Wﬂ?ﬁ‘bﬁ?\&??@sﬁaﬁﬁ&mﬂ iteratio ong fn éa’flﬂ’é?sc?‘
conj unctlsomevatxb %h@ ﬂédoaeme}enss %oﬂf%t@éle@tfed f6tCthee ra\éﬁféde{taﬁ%hbﬂl&ohﬁé&cé el

vol tage rail across capacitors C4 and

mai nt ai ned 1:2;nstant at thdamnshallw for zgmtim\ﬁ@rl opgrating advigh ms%lrcdlsammmct

as an ener -ROME aﬁ&?

even when t ﬁtd?’{rggﬂ tage cro@?g{seazg%%lﬁopséh%& In dhék b b ﬁéﬁﬁﬁses..

inverter circuit 30 is aballastinggmednsdon epérating thegabddiséirge iamp ever\ai fidst range of

svvltches onpega i es connected across the DCrails RL1, RL2. The swi tches
@, @ are 53%%‘?%‘ source of switch @ is connected to rail RL1,

the drapp of switch Q2 igpntrol meSf¥ P eh: lhﬁg&ﬁ%p‘e?dﬁh@?r&ﬁe@ﬁéﬂdﬁxdﬁmgt he

drain of switch @ is connected to rail
-~ means, said control means including:

means for varying the operating frequency over a pluralxty of distinct

operatmg frequencxes within said first range of operating frequencies;
means for measuring a plurality of samples of an electrical parameter of
25 the lamp at each frequency of said plurality of operating frequencies;
_ means for calculating, at each frequency of said plurality of operating
frequencies, the deviation in the plurality of samples taken at said each frequency; and
| means for evaluating the calculated deviations and for adjusting the
operating frequency of the ballaSt means based on said evaluation.

30 13. A lamp ballast according to claim 12, wherein said means for evaluating
the deviation calculates the standard deviation of the samples taken at each frequency of said
plurality of frequencies.

14. A lamp ballast accordmg to claim 12 or 13, wherein said electrical lamp

parameter measured by said measuring means is at least one chosen of the series comprising
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Cpiac-plj_{alc:?)?g/r Ogggamgb di ocmlmiumuu“ M“M asitic capacitance a'i@'rhbm(i&b’
di ode, respectively, * Sof ‘the switch Q. Capacitor Cds3 and di ode BD3

are simlarly the parasitic capacitance and6 body di ode of the nosfet
swtch . The control gates of switches Q2 and (B are connected. to

control B, mwlm¢.|hmpmumﬂcomgmanndb@waimm output .of the:

hal f-bri dges4 nverter, ]a@g Qgcq}&ﬁl
frequency glesneral |y square ve signa ag%cﬁ%ptlf 1\%?“:?@ %MJ ectrical
skilled i n parsmetet measured by said measuring means is 2amp Chduetance. k of capaC| tors

c6, C/ d duct L2 b
bet \Aeena?heié;vmutccﬁres @a‘éﬁﬂ“&aﬁ#&moggﬁ& 2, ?5\A’f‘§g{§f£9 Qi aid Theans
hal f - bri slgefof a@sd Gnélades Means!for ottt} 4 Swoep OfRféqéntils Btuthl ©

10 with the capaC| tor he LCC network pravides a waveshapi ng and
current |i rienterdreq wcy,satdsymamwgngﬁmmmﬂwsqx raf \frequencies whergintthe| | v

;S)Ir 2322{ dglcr 0S e m Bﬁ%ﬁ%@%{’wﬂq“a&m the nge{ BPW%&Q (%}%%P{mr Kk

-al so functlftmenmemmdgcneamgto ignite the | anp. upon |n|t|al _
applicatio power to |l er.. The LCC klst toa h|rd
har noni ¢ 1g7oof t he ini t‘%‘gqm ﬁ% &W#?emcgst% i gh

starti ng) vevhiagtngienzisterAHig te frequ Iaewtlwl the deviltich iohe Isimples of the

application, Starti ng the Iarrp t the third harmonic_has the_ - advant age
of reduci n&lm *‘!ﬂi‘eﬁtﬁnﬂé‘fluﬁr%ﬁﬁpﬁm frequengy, of said ballasting o
conpar ed Wthftﬂers?ﬁalﬂ!?t’m starting. Wien the inverter
begi ns opernéttl ng, an 1'gni €1 on vol t age |g caused by resonance of the

LCC networ H8at the third\ kawmballast adcordieg tonclsim &2, 1) 149U6p16 onil7; whetein widl
20 ol T o e R B Ry el e
limtink$ i $arhjnend steady state operation. .
19. : A lamp ballast according to any of the clauns 12 to 18, wherein said
control means is _opexatxv_e both during the lamp run-up stage and during steady state
operation of the lamp, and wherein the frequencies at which the lamp is operated during the
run-up stage have a first span, and the frequencies at which.the lamp is operated at after
20  having reached the steady state have a second span smaller or equal to said first span.
20. A lamp ballast according to any of the claims 12-19, wherein said second
span during steady state operation is selected so that the lamp has no flicker visible to a

human. :

21. A lamp-ball__ast _acco'rding to any of the claims 12 to 20, wherein said lamp
25 controller includes means for extinguishing the lamp if the lowest deviation detected is above

a prescribed level. - |
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the variation in the | anp i npedance
to about 1 ady state) to shift
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an ignition voltage to a lower gain suita
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initial frequency (generally higher than
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for sensing the lamp voltage and | anp current at |ocations V[err] and

I [err] shown |n Figure 10 13. The lanp voltage is sensed at voltage
sensi ng ci " Vo ,ﬁg ¥-X) shown in Fig. 14 which i ncl udes a y&muos
di vi der |ncI uding resistors R11 and R12 and the capacitor Cl1. The
function of the capacitor 1 is to isolate the DC conponent between the

sensed | anp vol tage at point V[err] d ground. The di ode D11 has
its anode connected between the .resi ztl(ﬁ R11 and R12 and its cat hode
connected to one side p PEN\r esi stor R13. The other 15 side of the
resistor RI3 is connecgr ound. The capacitor Cl2 and the zener diode
D12 are connected ingparallel with the resistor RL3. The cat hode of

t he zener diode D12]is : fe, SRR ected to the cathode of the diode DII. The
di odes D11 and D12 orma Flalf- ve rectifier to provide a DC voltage
VL at the resistor '{ewes&n ative of the sensed lI'anp vol t age
V[err]. 20 F: NG NV, F The lanp current is sensed by current
sensing circuit 70 S current transfornmer T. Connected in

parallel with tr

i stor R1l4, capacitor C13 and
resi stor R15. ThiETaidd% &f =

3 is connected to one side of the
current tr i§s cathode is connected to resistor R15.
The out put of cu rBﬂVf@tgﬂﬂWX“@ circuit 70 is a DC voltage Vi which
is.linearly proportional $o0 the lanp current I[err]. 25

The Control D further ngg_.,r(iﬂ s amltiplier 61 which nultiplies the signal
V[err] representing th voltage with the signal V[err] representing
the:lanp current to obt ai h———si-g-na-L—#}e-r—H—r—e-p-r—es—e-n-t—i—ng—t—he—J‘anp power .

The di ode D14 an are series connected bejween the
output of the null Qlkl)@AfﬁJf ndj 4 inverting input of the errgr
anplifier 65. Th ut of the error anplifier 65}receéives a

ref erence si'gnal 30 V| er j[¢—i-rei-cati-we—af—the-—desi red operatingjpower for
the HHD | anp 50 indi ive of the ngppe_r limt fof the bus

vol tage. Resistof R20 is connectedq between a junction between the

resistor R19 andfthe inverting ingut of the errfor anplifier 65,]and ground.
Resistor R21 is connect ed betjween the inverting i nput and §he out put
of the error a ifier 65. The conparat or |67 receives the putput of
the error anplifyer at its non-ingerting input Jand a

@ Y j=j+1 | k=kel

| Omin =0k :
fmin=kXAf+fc

: fmin» Smin

G

FI16.3
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saw oot h wav. tput of the oscillator 63 at its inverting_iLr

The conparaifﬁ conpares the signal V[err] received at its %ﬁb}ﬁpﬁﬂ 06

I nput with a signal V[err] received at its positive input. The di ode
D15 has its cathode connected to the output of the conparator 71 and

its anode connected to the anode of di odeéljglsThe 5 cat hode of di ode D16
is connected to one side of the resistor the other side of which is
connected to the inverting input of the error anplifier 65. A voltage

di vider including the resistors R16, R1l7, is connected between the
anodes of diodes D15 and D16. One end of the resistor R16 is
connected to the DC rail, or bus, RL1 at the location illustrated in Figure
13. A voltage V3 representing the bus voltage i's therefore present at
the m dpoint between the 10 resistors R16, R17.

During ignition of the lanmp 504 the Control Cir
vol tage control node. During this time, the la
hi gh i npedance. As ares t he | oad on
1ight and the voltage on the (s RL1, 2 wWifll significantly

i ncrease W t hout other neasures ng taken. Af| \ gni|tion the 15

i npedance of the |anp decrease$, anyl the currerit drawnlby the [ anp

i ncreases, until the | anp es steady 9 Liimts on the bus

vol tage are needed during igni{ionj/fand steady tagje to prevent

cat astrophi c operating conditi i i anpjend-of-life. Control
D . senses the bus voltage to the control A which
adj usts the pulse width of t QL to{keep the bus voltage
at a predeterm ned voltage phase. 2QX Since the |anp
has a hi gh i npedance; the ent  t hrough anp has{a small val ue which
is sensed by the current ormer T an | rectified through the
hal f -wave rectifier D13. The DC vol t gge V[jerr], which is linearly
proportional to the [ anmp ht, is alno zefo since there is little
| anp current during igniti n addition, out put pf the nultiplier 61
IS smaller than the r ence vol tage r] which results ThQ bl ocking
the di ode D14, making the . . o

L n——

(.

uit D operates in a bus
is not yet on and has a
e boodt converter 20 is

rr] and feeds
, boost sw
ng the igniti




25 power control | oop inactive during this period. The voltage V[err] is

conpared with the voltage
V:err] is | expdshosygVierr]

V[err]
as is the case during ignition, t

‘t hrough the conpa

rator 71. \When

out put of conparator 71 is a high voltage V[err] As a consequencé?”ﬁ?gﬁ%
bi ased and the bus voltage control

D15 is reversed
Thus,

vol tage. 30

D16 is turned on or off depending o

t he valu

When theZdﬂSage contro

| oop is active.
e of the bus
| loop circuit

starts up at lanp ignition, when the | anp presents a very small | oad,
the bus voltage increases rapidly and is sensed through the vol t age
divider of resistors RL6 and R17. Wi le the sensed voltage V[err] is less
t han t he reference voltage M err] at start up,  the diode D16 remains
of f. The output of the error amplifier, inthe initfal circuit
condition prior to conductid& qf dio 16, is given by | WO

96/ 20578
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The vol tage V[err]
oscillator 63 to

thereby controlling the energy

C4, C5 (Fig. 13).

maxi mum val ue set at about O0.48%.

reference Vferr],

i s conpared
get the j

By design, t
5

stored in
je duty ratio
Once the sen
the di od¢ D16 starts con®ucCting. T
voltage is fed to the invertin 3

rm generated by the
e boost switch Q1,
olytic capacitors
st age has a
V3 reaches the

or'a 65

i

through the resistor R8. The output vottage=\Y[err] of the error anplifier

1000 kHz/s
| 100 kHz/s
—0- -
~ 10kHzs
— S —— — m——
fa ———1f fo '
A HF
B e
C e
D —
E e |
- — flkHz) |
lQ |1 ] II kH 20 i 33r 1 T I50
0 — fp(kHz) 40 66 100

FIG.5¢c



65 is gi ven by [err]

where V[err] is the forward-voltage drop across the diode D16. The voltage
V[err] and t v? &ﬁ vol tage of oscillator 63 are fed

conpar at or o obtain the pulse width control of 10 the boost smntcﬁiqﬂ
Figure 15 illustrates the voltage V[err], the sawtooth waveformfromthe
oscillator 63, and the out put mavefornlof the _conparator 67, which is the
gate source vol tage V[err] contuﬂliﬁb 5he boost switch QL. The

smal ler the voltage V[err] is, the smaller the pul se width will be- of
the control signal Vgsl controlling the switch QL. Consequently, the-
pulse width will decrease when the sensed bus voltage V[err] increases.
Based on the operation 15 of the boost converter, the bus voltage will be
reduced and kept within a preferred range of 450V for exanpl e.

After ignition of the HHD lanp 50, the control circuit D switches to a
power control node to control the power to the |lanp. Wthout further
nmeasures, the power appl|e% iy the Tanp wll when the Control C
changes the operating frequency 01“ ¢l arc instability
because the gain of the resona&% i ; ignition

t opol ogy, and therefore the po varies with the
i nverter out put frequency. |GH[le d Hhe power control
node, the lanp current and | anp l vol tage are sensed'and nultl lied to
obtain the total power in the | anp—Hare—tearp—pow } in Wi th a
reference power signal with the ofyj ectivwe—ef—chanfi ng tife ddit of the
25 + boost switch QL to regul ate the bus voltage across RL1, RL2, which
results i n adj ust nent of t he power delivered to the |anp.

Once the lanp 50 has ignited, the voltage signal V[err] is larger than the

Mo o
..... } ... Stlicker ___/_

fq —————’ fe fr FIGﬁb

A —— % N FIG8
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reference v err]. The conparator 71 outputs a |ow volt i ch
| eads to thgkb%ﬂﬁm¥kconduction of the diode D15. As a result, é%ﬁ?%%%@@%
bus voltage V[err] is clanped, rendering t he bus voltage control

| oop i nactive, and the power control |oop ones active. The sensed

| anp voltage VL and |anp current V[err] éﬁaﬁ | s are fed to the multiplier
61 to obtain a power 5 signal V[err] of the lanps, which will be
conpared with the reference power V[err] to control the pul se w dth
of the boost switch. If the switching frequency of the half-bridge inverter
changes, the power delivered to the lanp will increase or decrease since

t he vol tage gain value for the igniter is different for different

i nverter operating frequ?ncies. _ : A decrease in the
power transferredi to the anp will be assuned as Emmdﬁo exanple to
illustrate the ogeration lof the power control |oopj The sen ¢p | anp power
Vierr] frfg - ZrN 1 ng term na

of the error a
and t hen conpaqzn
t[h§

control node, en
by -
V[err] will incre¢ase wherl the sensed power V[err

sensed | anp 15 |[power V[,err] decreases, V[err] inCreases and the pul se

wi dth of V[err] Ea Wenm The putse ¢ ost
swtch remains on for a longer period of tinme wthi cle,  —t

t hereby increasing the bus voltage across rails RL1 . a result of
the increase in the bus voltage V[err], the power deltvered to the

| anp increases. This negative feedback keeps the | anp power the sane

as the reference, power SFt by the signal V[err] tCn t he ot her hand,
' 0 steady




20 if the |l anp power increases due to a change in the half-bridge
swi tching frequency by the Control C, the sensed power. V[err] becones
l.arger, | eagigssdo decrease in the pul se width of the petaded@rosonal
Vierr] for the boost switch Q. The boost converter will then be |ower
the bus voltage on rails RL1, RL2 until the sensed power equals the
ref erence power value V[err] Certain Hh | anps have a tendency to draw
nore power near the end of life than thei7/ ed 25 wattage, which can
| ead to catastrophic lanp failure if this higher power is supplied by the
ball ast. Since the power control node |im SthAS)Pover supplied to the
| anmp, it serves to prevent catastroph i #ure. Rather, the lanp wll
C
e

sinply fail to operate when the power responding to the signa
Vlerr] is insufficient to neet the higher equi red by the | anp
at its end-of-life. 30 t he” above analysis, it can
be seen that control D has two control WO 96/ 20578

PCT/ 1 B95/ 01106 30
nodes, which are the voltage and power cont . O glfective of the
vol tage control node is to clanp the byst voltage durilng lanp ignition
and prior to steady state operation. ' can al so
be used to prevent catastrophic |anp end t endency

the |lanp due to the
ective of the power control
gqnp even with changes in

of the ballast is to provide excessive po
i npedance 5 variation with lanp life. The ¥y
node is to deliver a constant power
the switching frequency and in the line

Conmponents the sanme as those discussed in Figure 14 bear the sane reference

nunmeral s. The multiplier 61 of Fig. enbodied in a 14 pin IC
(model AD534 avail able from Anal og 10° Vlerr] is input at
pin 1 and V[err] is input at pin 6. The osc error

Nf = 20, Span = 0.1z |

' ' NF = 100,
A7 ' * Span = Span,
fo=fmin| |fc=Fmin : fe, VF, Span T
F fmin Omin] | fe=feo
. F Y




éhplifier 65 and the conparator 67 are enbodied in a 16 pin high speed PW
controller 80 (nDdeI UC 3825 available fromUnitrode Corp.). The UC

3825 is optigg 5?55 hi gh frequency sw tched nDde power %%ﬁ and
directly contro % e switching of the nosfet . The SOB&%&E I

switch QL is connected to pins 9, 10 and 12 and to ground The 15 gate cojl
of swtch QL is connected to pin 14 via the resistor R22. In Figures 16 and
18, the pi n connections not specifi08V|5 descri bed herein are shown
nmerely for the sake of conpl eteness and are not necessary for the
under standi ng of the invention. Such connections are specified by the
| C manuf acturer. As shown in Figure 17, the Control
Cfor Arc Instability Control includes 20 two A/D converters 90, 95 for
converting the sensed | anp voltage VL and lanp current V[err] to a
respective digital S|gnalf The signals V[err] and V[err] are tapped from
the circuits 60, 70 of MinFi gure 14. The control C further includes a

m croprocessor 100 which |Fplgqgan t he programof Figure 9 in
software to control the opgrating {requency of the half-bridge inverter

30. The m croprocessor 100} receivep ft age and | anp
current fromthe dual 25 A D238nvErter s tigital signal which
is converted to an anal og signal f{err] gad . ? i -nxs‘;:onverter 105. The
signal flerr] represents the paata edil% “_-"‘- ¥put by the

software program.in conducting any yENE bamdo oy [ tion according to

t he nmet hod previ.ously describ By -
i npl ementing the program of RJlr
100, the Control C includes neans
her ei nbef ore described with gggge
whi ch acoustic resonanc

frequency of the inverter to a ne
for exanple, with respect to 23
Control C includes nmeans for varyi

plurality

@ carrying out each of the nethod steps
t Jto detection of the frequencies at
ifistability occurs and for changing the

. center operating frequency. Thus,

Eigure 2, the
g taﬁ op at | Hg fg‘oeqql%ﬁcy over a

FIG.10a ~"

min
0.0090 —
I 0.0080 —
0.0070  _
0.0060 —
0.0050 —
0.0040 —
0.0030 —
0.0020 —
000107 & Joeon oo o5
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of distinct wipsgkigd frequencies,

an el ectri cal

di stinct operating frequencies,
said plurality of operating frequencies,

t he sanpl es taken at
detecting the 5
frequency.

contr ol |
necessary for effecti
depends on | anp type,
di mensi ons. In
| anp current and volt
at one frequency was
i ndi vi dual
or 2000 sanples are t

snmal | est standard devi ati on,

Cis based on the desired

frequencies in each frequency sweep,

_ 31
for measuring a plurality ﬁfﬁﬁ*ﬂﬁ of
paranmeter of the |lanp at each of the plurality o
and neans for calculating, at each of

t he standard devi ation of
Hﬁs for evaluating, for exanple
to select a new center
The sel ection of conponents for the
preci sion and sanpling speeds
vely inplenenting the program of Figure 9 and
physi cal and chem cal properties, |anp power and
one inplenentation, the m ni num nunber of sanples for
age to 10 obtain one standard devi ati on neasurenent
sel ected as 20. Sanpl es were taken #At -100
so a total of 100 times 20,
aken-in each frequency sweep. The sanpfing speed

each frequency, and

shoul d be sl ow énou.h to allow the arc to react but fast enough l
prevent |arge ar@poyeneads..A_suitable .. gl g speel

bet ween 50 nsec and 00 nmsgc for 100 Wnetal halide |la 15 The nlnlnum
precision of the %/D and DAA converters 90, 95, 105 /nt m cr opr ocessor
100 was selected t e 0.00 hich is satisfied h =

1/ 256=0. 004). In
converters are an 8-
Li near Technol ogi es.
avai l abl e from Si gnej

Di t, 420 .avai l abl e from
The DA convi(ter jwas aI nodel NE 5018
icCs. 6lvhz, 8-bit 20

processor, nodel -No.{87C550 with 4K of EPROM avai l abje from Philips

Sem conduct ors. The software programof Figure'® was progranmmed in the
Assenbl er | anguage. These devi ces provide a sal ing rate of 10 kHz to
20 kHz for the lanp current and voltag h sanpli ng speed of

bet ween 50 nsec and 100 msec., which u (} be suffici ent—¢
effectively detecting and avoi di ng acoustic resonance in 100Wnetal halide

| anps. 25

driving the half-bridge inverter

hal f-bri dge inverter
than at a constant f

ok

|

Contr ol

B use wel | -known techni ques for
with the exception that i
at a,frequency indicated by the

C rather

FIG.11b

drives the



Control Bis illustrated in Figure 18. The circuit includes ICs 110 and
120. 1C 110 is a 16 pi n, high speed controller (nobdel UC3825 avail abl e

fromuUnitro \l serves to receive 30 the frequency desi?gﬁ&é out put
si gnal f[erﬂfi)%ﬁhe Control C and provide control signals r dgﬂlﬁ’lﬂnput
to the 1C 120. The IC 120 is 14 pin, high voltage, high speed MOS gate

driver (nodel IR 2110 avail able fromlInternational Rectifier). The IR
2110 has both high and | ow side re eqﬂﬁe out put channels and is
especially useful for half-bridge applications since it has internally

set dead-tinme control. The I C 120 provi des the gate\source drive signals to
t he WD 96/ 20578

PCT/ 1 B95/ 01106 - : ' 32
nmosfet swi tches 2, Q3. The output signal of the Control Cis input at pins
5 and 6, which serves to control the duty cycle variation.

The output of IC 110 is taken frompins 11 and 14 and are input at pins
12 and 10, respectivey, of the IR 2110 (IC 120). The gate G2 of switch @

(FI g. BB)I S 5 connected to pl ——rra—tire—resrstot = The diode D31 is
connected in parallel with thg [ - (Il cat hode connect ed
to pin 1 and serves to preveni f & o o pin. Simlarly,
the gate GB of switch @@ is ¢gopnet)s - aral |l el -

ar r angenent of the resisfo . i\8 i serve the sane
function as the resistor/diod : pin 1. The source
S of switch @ and the source| SQB of smnt o %l connected to pins
2 and 5, respectively. ' 2oppr ocessor may be
programmed to include different|conbinations of ,t&g|steps herein

descri bed and/-or use one descriped option instead of1ano.her For

exanpl e, the controller may selpct an operating frequency which occurs at a
broad m ni mum rat her than at a narrower, put smaller, m ninmum or

i npl enent the Open | oop routine at —>Jc

FIG.12a

FI6.12b



15 different points during run-up and steady state, as discussed for

exanple, wth respect to Figures 5(a) - 5(c). Furthernore, the
controller\ JE% coul d be inplenented in-a nodul ar mgﬁ th
the controller |n%7Isudi ng one or nore parts each performng sglltec e g

functions and outputting signals to other nodules. In this context, for
exanpl e, "t he nodul ar systemcould incJude a ballast with a controller
designed to cooperate with a series of IA | 20 devi ces, each of which
perforns a sel ected conbi nati on of the functions described herein.
From t he above description, it can be seen that Applicants have
di scovered certain steps which are universally applicable to gas discharge
| anps for detecting r-'-'1HH}%hﬂﬁﬂﬂ-ﬁg'&Pe'PHSPabF|ItIeS and which are
rrptabilities d®to

partl cul arl Yy usef ul 'f or det et ngl caae men Trg—art b

acoustic resonance. -The&s sjeps may 1B i iy ny differeft 25
bal | ast topol ogi es, :mcl UaRRg & Rels = uch :as di.scl osed in UED
Application Serial No©™ ™~ 1 , Felpruarly] 10, 1994) arrd=two

stage bal | asts, and !as pe'd L—trdy ' ernpl oy differentlde

igniters. The contrql - o] :'agre ) frequency

range(s), basi aal | MHz and th no perceived
upper limit. Linitation ladesh to t heispedd| of sarrpllng and
processi ng (whigh wijl | @ercd : bygaﬁer 3D procdsksor s 1 nost
inmportantly by<pall gst ﬁaf-%lwg"r €) |const roti on ! a 2Wth
a gain of the i ter| hi ghl y\gg st-aht_across f lg)roe § Eange,
will allow a | arge firgquency swaef rhaeyEto befimpl greqeld and| wi | & =
general |y obvi gt d t he neeg peRlescri pedl pr ; a broad
frequency w ndow by!tHe < g his wi|l}!all eat er
universality of thefcgntrpl ort g h'pl e, pernjtting 96/ 20578

33 a
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f anges. ' The met hod makes the ballast quite

I nsensitive to | anp di nensi onal variations (in production |ines),

chemi cal nogif ons along lanp life, and changes in | anp
characteristié?ﬁgﬁ?lng its Iife. The nethod all ows use of higﬂc?¥238€ﬁ2y

el ectronic ballasts to ‘run H D |lanps and avoids | anp destruction and
catastrophic end of life. This control Kk the ballast quite imune to
the lanp, since it is smart, universaI,TZdﬁEial and fl exible.

WD 96/ 20578 _

PCT/ 1 B95/ 01106 CLAI VEB: 5 1. A et hod
for igniting am{Iﬁhwwtlng a hi gh-pressure di scharge | anp, conpri si ng
the steps of: a. operating the high-pressure

di scharge |anp at a plurality of operating frequencies; 10

b. sensing and t
paraneter at eac
c. calculating a
t he sanpl es

g a plurality of sanples of an elggctrical [anp

sa|QQpIuraI|ty of operating freqdgQSCds- -
iatigh, at each of said plurality d*—*ﬂeq enci es, of
at said each frequency; and R21

61
L

Vyet=Vpref

~Y

<
Q
i
P
1
~Y

FIG.15



d. eval uating the cal cul ated deviations and selecting a | anp operating 15
frequency based on the eval uation. 2. A net hod

accor di ng t o) iglagd7k: Wherein said el ectrical |anp paraneter is
at | east one choseg%of a series conprising | anmp voltage, |anp é%??@ﬁ@ﬁﬁg

conductance and | anp i npedance. 3. A nmet hod accordi ng

to claiml1l or 2, wherein the deviation calculated is 20 the standard

devi ati on. 4. A nethoﬁ3£a§ord|ng toclaiml, 2 or 3,
wherein the deviations are eval uated to determne the | owest deviation-
and the operating frequency is selected as the frequency correspondi ng
to the | owest deviation. 5. == S nmet hod according to any of

the clains 1 to 4, wherein the high- 2
operated at said plurality of freque ?Ieﬁ 1}
frequenci es about a center frequen yirsa

set of frequencies mhere|a> frequ
portion including the same set “8f freque

re=di scharge lanp is
-nﬁmhngaswwpof
:pEincIudlng a portion with a
g>a3|ng and a

In the frequencies

are decreasing. dlng to any of the
claims 1 to 5 wherein said steps (ja) (=5 pnduct ed during a
run-up stage of |anp operation, betjwebr pressure
di scharge lanp and steady state opdrap on. A et hod
according to any of the clainms 1 tq 6| MRELELELNA~BMS (d) are
conduct ed both during the lanp run-up Sf 3 ring steady state
operation of the hi gh pressuyresdi sgRdr ¢ erein the
frequencies at which the lanp i'q ofseratked
PCT/ 1 B95/ 01106 35
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Huring the run-up stage have a first span, and the frequencies at which the

| anp i s operated at after having reached the steady state have a
second span s_;a or equal to the first span. 8. PCT/IB9S/01106 A
met hod accordin O claim7, wherein the second span of said

frequenC|es during steady state operation is selected so that the high
pressure di scharge | anp 5 has not fligc visible to a human. 9.
A met hod according to any of the clains h[iiﬁS wherein ignition and
operation of the lanp is turned off it, after a predeterm ned nunber of
iterations of steps (a) - (d), the lowest deviation detected is above
a prescribed |evel. 10. A net hod according to any of
the clains 1 to 9, wherein steps (a) - (b) 10 are conducted tw ce
consecutively and steps (c) - (d) are conducted only if the difference

bet ween the respective sets of sanples nmeasured in said two iterations are
within a prescribed ~confidence |evel. 11. A met hod
according to claim 10, wherein a respective standard devi ation [err]
and [err] is calculated for the sanples of the first and second iterations
and said prescribed 15 level is [err] < [err] where [err] is a constant
selected for the desired statistical confidence |evel. 12.

A lanp ballast for igniting and operating a high pressure discharge | anp
according to the nmethod as claimed in claim1, characterized in that the

bal | ast conpri ses: bal | asti ng neans for operating
the gas discharge |l anp over a first range of operating frequenci €s;
and 20 control neans for controlling the operating

frequency of said ballasting means, said control neans including:
means for varying/the operatQQ;frequency over a plurality of distinct
operating freque H first range of operating frequencies;
means for measuri anpl es of an electrical paranmeter of 25
the lanp at each frequgn Iuralityﬁf operating fr enci es;

means for calculating, at each frequency of g OH plurality perating

frequencies, the deviation in the p Ty of | es i dfseach
frequency; and nmeans for aBana i at ed
devi ations and for adjusting the perating fgequen| al | ast
means based on said evaluati gk 30 . anp
according to clawnllz wheref n_sai dl neans for eval uating

lamp

—

F16.17



t‘he devi ation cal cul ates the standard devi ation of the sanples taken at

each frequency of said plurality of frequencies. 14.

A lanp ball rding to claim12 or 13, wherein said ele j

par anet er n@’&?@%ﬁby said neasuring neans is at |east one cﬁ%@é@%’f’hﬁﬁg
series conprising ' WD 96/ 20578

PCT/ 1 B95/ 01106 : 36 -

| anp voltage, lanp current, |anp conduclgquzﬂuilanp i npedance. 15
A lamp ballast according to clainms 12, or 14, wherein said electrical

paranmet er neasured by said neasuring nmeans is | anp conductance. 16.
A lanp ballast according to claim12, 13, 14 or 15, wherein said neans 5
for varying the fre i r conducting a sweep of '
frequenci es about a said sweep including a portion
with a set of frequégncies wherein the frequencies are increasing and
a portion including|the same set of erern €]
frequenci es are decfeasi ng. > A | anp bal | ast
according to claimi2, 13, 14, 18 réen said 10 eyal uating neans
determ nes the freqdyency at whiclh iop in the sanples of the
el ectrical paranete# is the small jusfs the operat|ng frequency of
said ballasting means [Tt L. I TEqUENC tm tng smal |l ept deviation.
18. All anp belhast*acggrgingéigkﬁlép 12, 13,114, 15, 16 or
17, wherein said cont nmeans i s operative duPTh@ia rpn-up stage of
| anp operation, betyeen igrgtion of the 15 |anp anfl steadyjstate
oper ati on. 19. - A Iaqg bal | ast acfording o any of the
clains 12 to 18, wherein sdid- S S3ni¥al %sl operati Je both during
the lanp run-up stage and dur{ng|ste R stgte
e

center frequency,

= = 25 o
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Q“"pe{-_.at ion of the | anp, and wherein the frequencies %b\ﬂzﬁ oy

operated duri " run-up stage have a first span, and t{§§

f¥ equenci es atE&aillch the |3W$y%%mmp¥wnomav' Ng T W
I

s

t ead ml Ler_or el : d first span.
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(57) Abstract

A high frequency HID ballast includes: an inverter for operating the HID lamp at high frequency and an arc instability controller
which detects and adjusts the operating frequency of the inverter to avoid acoustic resonance of the discharge arc. The ballast ensures that
the power delivered to the lamp remains substantially constant despite variations in the gain of the inverter which occur with changes in
the operating frequency. Power control is accomplished by sensing lamp power and controlling a boost converter to vary the bus voltage
feeding the inverter. The boost converter is also controlled during lamp ignition, when the load provided by the HID lamp is low, to clamp
the bus voltage at a predetermined level. The ballast employs universal techniques suitable for operating HID lamps of different types,
wattages and manufacturers despite the occurrence of acoustic resonance/arc instabilities among these lamps over a fairly broad frequency
range. :
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