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This invention relates to circuit arrangenents for controlling the power
provided to a load and in particular, to dimmer circuits for gontyal 17L8H,
for exanple, the lunminosity of a light or the speed of a fan. "TBACKGROUND
TO THE | NVENTI ON Di nmer circuits are used to control the power provided to
a load such as a light or electric nptor froma power source such as

mai ns. Such circuits often use a technique referred to as phase controlled

di mmi ng. This allows po Vi ! coptrol | ed by
varying the amm&M&m%&Wi%&\ﬁighﬁjﬁﬁggﬁﬁrgE ?ﬁ’é‘?‘ﬁto t he power
source is conducting during a given cycle. For exanple, if voltage provided
by the power source can be represented by a sine wave, then maxi mum power
is provipdgdNtoAtgELpad if the switch connecting the load to the power
source is on at all times. In this way the, the total energy of the power
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reduci ng .t vear age r provided to the |oad. For exanple, if the
switch" %lgﬁ;%g{% egﬁgj?gfgf%nhalf way through each cycle, then only half of
the power will be transferred to the | oad. Because these types of «circuits
are often used with resistive | oads and not inductive |oads, the effect of
r epeat 8NGKERQUGNDGOHHEAN VN T2Mer wi Il not be noticeable as the

resistive load has an inherent ipertia to it. The overall efﬁ_egt w |l be,
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referred to as phase controlled dimming. This allows power provided to the load to

be controlled by varying the amount of time that a switch connecting the load to the

power source is conducting during a given cycle.

For example, if voltage provided by the power source can be represented by a sine
wave, then maximum power is provided to the load if the switch connecting the load
to the power source is on at all times. In this way the, the total energy of the power
source is transferred to the load. If the switch is turned off for a portion of each cycle
(both positive and negative), then a proportional amount of the sine wave is
effectively isolated from the load, thus reducing the average energy provided to the
load. For example, if the switch is turned on and off half way through each cycle,
then only half of the power will be transferred to the load. Because these types of
circuits are often used with resistive loads and not inductive loads, the effect of
repeatedly switching on and off power will not be noticeable as the resistive load has
an inherent inertia to it. The overall effect will be, for example in the case of a light, a
smooth dimming action resulting in the control of the luminosity of the light. This

technique will be well understood by the person skilled in the art.

A technique commonly referred to as mains ripple injection is used as a means of

simple on-off enable control of mains powered equipment such as household hot



A technique commonly referred to as mains ripple injection is used as a
nmeans of sinple on-off enable control of nains powered equi pnment such as
household hot 2 15 SEP 2 008 2 water heaters. A signal in the formof.a

| ow frequency sinewave of several hundred Hertz or nore, with Ai tiigellie
typically of around ten volts r.ms., is superinposed on the ac voltage

waveform of the nmains supply itself. Jhere is no fixed phase relationship
between the injected ripple frequency and the mains supply frequency ie. a
beat frequency conponent results. In many dimer circuit designs the
presence of mains ripple injection results in undesirable lanp intensity
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control circuit synchronization and therefore can suffer from conduction
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incorporate the necessary filterin el enents to attenuate such ripple
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provi de an, eff.ective neans OH reducing the effects of mains ripple

i nj ect i1Orf PFREACHVTHEY CERPROFY e EOtARY OF THE | NVENTI ON According to a

first aspect of the present invention, there is provided a voltage driven
timng circuit for controlling a firing angle of a switching elenent in a
phase Ieanamptiachedichiogit debipothc pmsene of rhaies fripplagjengireresslts af erenced to
average nmamins zero crossing by tinme-integrating mains voltage. According
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and mains frequency.

Typical dimmer designs utilize mains zero crossing detection for control circuit
synchronization and therefore can suffer from conduction angle timing variations
due to ripple signals. More elaborate designs will incorporate the necessary filtering

elements to attenuate such ripple induced variations.

It is therefore an object of the present invention to provide an effective means of

reducing the effects of mains ripple injection in a dimmer circuit.

SUMMARY OF THE INVENTION

According to a first aspect of the present invention, there is provided a voltage
driven timing circuit for controlling a firing angle of a switching element in a phase
controlled dimmer circuit, wherein the firing angle is referenced to average mains

zero crossing by time-integrating mains voltage.

According to a second aspect of the present invention, there is provided a mains
ripple injection filter for reducing the effects of mains ripple in a phase controlled
dimmer circuit, including a voltage driven timing circuit according to the first aspect

of the present invention.



dimer circuit, including a voltage driven timng circuit according to the
first aspect of the present invention. f j oL | L-1 3 According to a

third aspect of the present invention, there is provided a phase: o 5¢p 2606
controlled dimer circuit including a mains ripple injection filtdr”

according to the second aspect of the present invention. According to a
fourth aspect of the present inventioR, there is provided a nethod of
controlling a firing angle of a phase controlled dinrer circuit, the nethod
including referencing the firing angle to average nmains zero crossing by
time-integrating mains voltage. BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1

shows & fCOFlélv\geth%ot ecjir%&%)a&covfgcﬁg gésmfm%%\{ﬁ#ii{hﬁpg itsltﬂ}gvﬁfe%lsfgfl?é nventl on,

C
Fi gure é an a ran enen Iac cont circuit

porti O'Eoﬁtrollgligﬂﬁﬁnér Clﬁhﬁqﬁ@lu&ﬁé@\ﬁmﬁs ﬁ??kﬂﬁ fecBWh Ffer aefdrdialg € theui t whi ch
may be used as an alternative to the voltage swtch control CIrCUIt of
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a first embodiment of the dimmer circuit of the present invention;
Figure 2 shows an alternative arrangement of the triac control circuit portion of
Figure 1;

Figure 3 shows a current switch control circuit which may be used as an alternative
to the voltage switch control circuit of Figures 1 and 2;

Figure 4 shows a simplified block diagram of the circuit of Figure 1; and

Figure 5 shows an alternative arrangement for the impedance load imbalance
detector portion of Figure 1.

Figure 6 shows a system block diagram of the circuitry of Figure 1, providing mains
ripple voltage injection immunity; and

Figure 7 shows the relevant components of Figure 1 superimposed on the blocks of

Figure 6.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

A preferred circuit design of a 2-wire, leading edge phase control light dimmer/fan
speed controller is shown in figure 1. The design shown in figure 1 is particularly
effective in that it is electromagnetic compatible (EMI compliant). This refers to the
amount of electromagnetic interference (EMI) that is generated by the circuit. The

amount of radiation generated by dimming circuits due to the high frequency



speed controller is shown in figure 1. The design shown in figure 1 is
particularly effective in that it is electromagnetic conpatible (EM

conpliant). This refers to the anount of el ectronagnetic i nterfzergeng;a e
(EM) that is generated by the circuit. The anount of radiation geﬁéra?ed

by dimnmng circuits due to the high frequency 2 5 S* T 2006 4 sw tching of
the circuit is heavily regulated and guch circuits nmust not exceed the
regul ated level of EM. The circuit design of figure 1 controls the |eve

of EM generated by the circuit via active control of the rate of rise of
| oad voltage at each main half cycle. A power sem conductor in the form of

an | GBT_ i.s,used.for.this function. Th T . i I control
ci rcui tsm%ih%n%%fn%léeccfr eC(Lluttl% %Velfy %%888*1 %;ualﬁlg%%mﬁﬁg@éﬁ{)g&cgﬁ g}\?\? control
of pol apitiesi Rl er@meivol tage. A power triac is used to handle the |oad
current once the |1 GBT has perforned the required slow swtching function.
Thi s reduces power dissipation to a mninmnum since it has an on-state

vol tage |ower than that of the I GBT/bridge _conduction_ voltage, The | GBT
ci rcui tThsfeifcugiudesion effigure Isomarcas B levelef Hd] genarafRidy hesdicyit via | ow

vol tage DC power, rail - in voltage ,zero crqgss detector, - power up drive
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CI T Ul el e ARINYGAN O IR ASN YCBT 0 Bsd LR s tufietih. NAISIGEYEAE duri ng the
time period before | oper ati on conmmences, i e. I'le mains voltage
appear sis@sdifed driie @i birc e i8lebnaette @l tieaDS Wity dlandicslel oitpeetaough to

allow control of polarities of mains voltage.

A power triac is used to handle the load current once the IGBT has performed the
required slow switching function. This reduces power dissipation to a minimum
since it has an on-state voltage lower than that of the IGBT/bridge conduction

voltage.

The IGBT circuit of figure 1 can be separated into the following blocks:
- low voltage DC power rail
- main voltage zero cross detector
- power up drive inhibit
- control iming

- IGBT gate drive

Power for the IGBT control circuit is derived from mains via the load, in each half
cycle during the time period before IGBT operation commences, ie. while mains
voltage appears across the dimmer. Overall current consumption is long enough to
allow the use of a relatively low dissipation resistive chain provided by R1, R2, R4
and R5. A smoothing capacitor, C9 stores enough charge provided at the start of each
half cycle to provide circuit current for the remaining period, with relatively low

ripple voltage. Excess supply current is shunted by voltage regulating zener diode



allow the use of a relatively |ow dissipation resistive chain provided by
R, R2, R4 and R5. A snoothing capacitor, C9 stores enough charge provided

at the start of each half cycle to provide circuit current for the ... s
remai ning period, with relatively low ripple voltage. Excess supplyvc? 2000

current is shunted by voltage regul ating zener diode 2 SEP 2' 06 5 DZ1
with the resultant of nom nal DC povveF rail of 15 volts. This arrangenent
provi des the | ow voltage DC power rail block referred to above. The nai ns
vol tage zero cross detector resets the control timng circuit (described in
nore detail below) in each half cycle after |oad current conmences. Tim ng
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in the oW ng sistive loads this w correspond to

i Ns by REE tREId veItess DUUpower rdiltslucit teferrk@aslabbayever, this corresponds
to load current zero crossing, which occurs later than mains voltage zero
crossing. Transistor 2 with its emtter connected to the DCrail, has its

base driven by the power supply voltage droppjng.resjstor chain described
above. THeamaBIEdioER 750 175 ASWHOT THebHPRREREOLHINIAG YOI AYECREFBR t he

di mrer circuit. ks, bel.ow t:h r.ail ol & L Vs mai ns
vol t agdvefe dotei KBieR at Brftref Beater i Ao SPRE R Tiga s T 1S,
juncti ol hfed BVRLTBcRIrAIREN naﬁﬁy_@&tt%gaeh cdihbREE Bhe éiFr@M Riblel Ng up.
During this tine sugply current is delivered to the DCrail via
base- erfollbetinghalfitidlg FatiresetiBdloaRe sleit waill cohespond tohlaéas vollageyraapaci t or
C7 is perforned by discharge transistor Ql2, which is driven by limting
resi st srosng. fhos anclusive loadh pewewtr, tes cararmsisde laadbcukgat #48e-enit t er
bypassed resistor, R22 ano& Cﬁ%g}ci tor C? to reduce .of f-state | eakage and to
enhanc ETRETS AR Ogcurpiatef MEHSSOTERE ZH0We 5 HBSdr i ve i nhibit bl ock is
to inhibit the operation of the

Transistor Q2 with its emitter connected to the DC rail, has its base driven by the

power supply voltage dropping resistor chain described above. The collector pulls

“sync” high whenever the voltage across the dimmer circuit is below the DC rail

voltage. Conversely, when mains voltage exists across the dimmer circuit, transistor

Q2 base emitter junction is reverse biased, preventing the collector from pulling up.

During this time supply current is delivered to the DC rail via base-emitter shunting

diode D4 .

Reset of the controlled timing capacitor C7 is performed by discharge transistor 12,
which is driven by limiting resistor R21 from “sync” output of Q2. Transistor Q12
has base-emitter bypassed resistor R22 and capacitor C6 to reduce off-state leakage

and to enhance EFT immunity.

The function of the power-up drive inhibit block is to inhibit the operation of the
dimmer circuit for the first few main half cycles at power-up by temporarily by-
passing the control timing capacitor C7 charging current. This is required to enable

correct operation of the soft-start mechanism, which relies on an established DC



dimrer circuit for the first few main half cycles at power-up by
tenporarily by- passing the control timng capacitor C7 charging current.
This is required to enable correct operation of the soft-start nmechani sm
which relies on an established DC ? -- 6 voltage reference to funétdmP AilS
smal | capacitor Cl, effectively connected to the DC rail, provides a
current via diode D3 to drive discharge transistor QL2 during the period
while the rail is rising at power-up. Bl ocking diode D3 isolates ClL from
QL2 drive circuit once Cl1 has beconme conpletely charged after the power-up
event. Resistor R3 thereafter serves to hold Cl in the fully charged

otate, RaBiohik st PR, L% R RSIEEICC AR B R bl ThE cont 1o

timng b use nmunity to rmains

vol t ag&af|i PRIVGIdH @ftd@Rria HRRILCOBES live dEcREr & 9&Ksidtdr E1OWriny detai |l in
Figure 1. ‘A general description of the function of the control timng

bl ock imerivabwtide thé fxeldiswisitp ateferencep. Blockingtdodd Harigolbtes il ThrsQdds t he
general functional blocks of the circuitry in Figure 1. The nains voltage
i's i npulritecisgmii gredshhay bacomagaropletely phrgedadtepyhe BVEH-8PLYREE: R7 and
timng, capacitor C7. (see Figur .an l,ntegrator .1 i.htegrates the
mai ns \;ﬁqsg%f{%&qrea#érrﬁgquﬁglfﬁf@Cirlpgﬁ%g%n?l}arg%%g’@g%br&g 881%‘:10[1}1% i nt egrat or
is con i j 1 i e DC control voltage source 110. This
variabﬁg%&o ?%géﬁg%ﬁ@%%ﬁégnﬁﬁﬁe%%ggfby capacitor C13, resistor R36,

transi stor QL5 and transi stor (B which obtains its biasing signal via
resistor R28 and variabl e resistor VRIB. Variable resistor VRIB provides a
var i ablhamintag éinsiogrideck isnged do provide thotlinmmes chacyis widyenmeméieidce, whi ch
is provided by Zel|ler Di.ode ZD4. These conponents can be seen in Figure 1
and i n MEPNGYPEZE WPPChISITHRE t hei r arrangement forming control vol tage
source 110. The integrator 100 output is connected to the positive term nal
of conparator 120

The control timing block is shown in detail in Figure 1. A general description of the
function of the control timing block is now described with reference first to Figure 6
which shows the general functional blocks of the circuitry in Figure 1. The mains
voltage is input to an integrator 100 which is provided by resistors R6, R7 and timing
capacitor C7 (see Figures 1 and 7). Integrator 100 integrates the mains voltage over
time. In this arrangement, the output of the integrator is connected in series with
variable DC control voltage source 110. This variable voltage source is provided by
capacitor C13, resistor R36, transistor Q15 and transistor Q3 which obtains its
biasing signal via resistor R28 and variable resistor VR1B. Variable resistor VR1B
provides a variable voltage source ranging from 0 volts to a voltage reference, which
is provided by Zener Diode ZD4. These components can be seen in Figure 1 and in

Figure 7 which shows their arrangement forming control voltage source 110.

The integrator 100 output is connected to the positive terminal of comparator 120
which is simply formed by transistor Q4 and diode D5. Transistor Q4 is driven by
the reference voltage referred to previously. The output of integrator 100 is fed

directly into diode D5 which feeds into the emitter of transistor Q4. As can be seen in



which is sinply forned by transistor Q4 and diode D5. Transistor Q4 is
driven by the reference voltage referred to previously. The output of
integrator 100 is fed directly into diode D5 which feeds into gpg e tier
of transistor Q4. As can be seen in 25 SEP 2006 7 Figure 6, corparator 120
has its negative termnal connected to the reference voltage Vref. The
magni tude of the voltage Vref is substantially equal to the maxi mum contro
vol tage | evel, provided by control voltage source 110, (m nus rel evant

di ode voltage drops as will be apparent to the person skilled in the art).
FromFigure 6, it will be seen that the conparator functions to conpare the
sum of . ! r I ai nst
the. f1 JutiFespap B 5 4Py hBLhs YO AR Ot e O (Rl TR0
occurs when the sumof the tine-integral of the mains voltage and the DC
control voltage, exceeds the DC reference voltage. The output of the
conparator 120 is then used to drive the switching elenment 140. In the
preferred enbodi nent of the circuit as shown in Figure 1, the output of
conpar akksrmegoitide phtha viltes Wi sebasriallt eioh e Higmaxmumaonigilich t hen

causes t wi t.chi ng, el enent, 140,t o0 condu This is used,. u s the
o © chi it G dP e PR LY B ol SO Pl e R ARG B eR
circuit J i i Lgnal . In the preferred

cbod reEoPE A L e o R - omost abl e | at chi ng
circuit 130 is provided by transistors B, QL6 and QL7 as shown in Figures

1 and Figure 7. This arrangement provides for the firing angle of the
di mrer RronbEBiguet 6riemaB dretseen Heat thy eomgeratar hmctions iyeompas Bessst 4y due to

the integration function and c b r rtionally. controlled b

ad] ust HORINGETAREOBEH JRLABT 200 ke DE @il oligae aghinst the fixed Feftence
voltage. A positive output from the comparator 120 occurs when the sum of the
time-integral of the mains voltage and the DC control voltage, exceeds the DC

reference voltage.

The output of the comparator 120 is then used to drive the switching element 140. In
the preferred embodiment of the circuit as shown in Figure 1, the output of
comparator 120 is fed into a monostable latching circuit 130, which then causes the
switching element 140 to conduct. This is used because as the switching element
conducts, the mains voltage diminishes. The latching circuit ensures continuation of

gate drive signal. In the preferred embodiment, the switching element is an IGBT.

The monostable latching circuit 130 is provided by transistors Q5, Q16 and Q17 as

shown in Figures 1 and Figure 7.

This arrangement provides for the firing angle of the dimmer to be referenced to the
average mains voltage zero crossing due to the integration function and can be

proportionally controlled by adjustment of the DC control voltage source 110.



9e QE ora 8 This allows the firing angle of the dimrer circuit to be
effectively referenced to the average mains zero crossing, wthout
actual |y having to deternine the average mains zero crossing a8 ¥ édqui £ed
in prior art devices. The integrator 100 is re-set during each half cycle
after the conparator 120 output has initiated conduction of the IGBT. This
arrangenent provides significant imugity to dinmer firing angle variation
caused by mains ripple control signals. The arrangenent of the circuit also
provi des inherent firing angle symretry for mains half cycles of opposite
polarity, when the dinmmer is controlling | ocads which are inductive. The

operati kLCUl | i j I |

oper & Bl llobRSAC HERH gl 1) OB eREN B SREPUS ARkl
capaci tQferkde SRMARS0 ViRsHR] aﬁmo@agcmhhgwgmgcwde@a&mh@rfhé bGrakb@Ph&hor s R6
and R7. A reference voltage determ ned by zener di ode DZ4, sourced by
resi st azerR8Lyssirg asseduasd an phiar get ddvieshol d |1 evel for terminating the

timng process. The voltage on the positive side of C7 nust always reach a
| evel of approximtely two di ode drops above this reference |evel, as

det er m.ped. seri .connected dio and tr L.stor | r d o]

i 1 at D% eGP T SR PSR dellcp PR PSSPt 100t i g
CapaCiHﬂ&}&@@%%&&ﬁkﬁdﬁ%ﬁ&ﬁ@qGB?_diVerted to transistor Q4 in order to

oper at e the | GBT drive control stage. Adjustnent of control firing angle
is facilitated by a variable control voltage source connecting to the
negative side of the tim ng capacitor. This control voltage is derived

f r om zehis aglapgempri prasfidessrigedicont immeniiyita glimaer (Hingmenslesnriagpn

tenti t VRL. An filter d f R28 13. provid .
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condi ti iﬂﬂere%lt’fﬁfrﬁ{g' zﬁ%l@ fsymmetry for mains half cycles of opposite polarity, when the

dimmer is controlling loads which are inductive.

The operation of the circuit will now be described in more detail with reference to

Figure 1.

At the start of each mains half cycle, timing capacitor C7 charges via mains/load
through current limiting resistors R6 and R7. A reference voltage determined by
zener diode DZ4, sourced by resistor R39, is used as a charge threshold level for
terminating the timing process. The voltage on the positive side of C7 must always
reach a level of approximately two diode drops above this reference level, as
determined by series connected diode D5 and transistor Q4, in order to initiate I[GBT
operation. At the pre-defined threshold voltage, the timing capacitor charging

current is diverted to transistor Q4 in order to operate the IGBT drive control stage.

Adjustment of control firing angle is facilitated by a variable control voltage source
connecting to the negative side of the timing capacitor. This control voltage is
derived from zener diode DZ4 referenced voltage using main dimmer control
potentiometer VR1. An RC filter made up of R28 and C13 provides a soft-start

feature at power up due to the zero initial capacitor voltage condition. Buffering of



9 the filtered control voltage is perfornmed by cascaded transistors B and
QL5 to provide a | ow i npedance source voltage. Resistor R36 bypasses the
base-emtter of transistor QL5 to reduce | eakage effects. At the maxi num
control voltage (for maxi mum di mrer conduction angle), the requijgdsiti rilily
capacitor charging voltage is at its lowest. The mnimumrequired timng
capacitor charging voltage is equal tg one forward vol tage di ode drop, as
determ ned by diode D5, in addition to a small voltage across resistor R11.
This level is independent of the absolute value of the zener diode Dz4
reference vol t age. Cbnsequently, t he maxi num conducti on angle IS

I nherentlyndldg L& t ole%'l ge 1sa15eq? r¥ned 83%%9&@ trafl 15 9 paLaMet ers,
curfen %p
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conductlon angl e Cl is placed in series e reference vol tage side)

W t h VRiartséstgr QUb derecaurt devddaie effedsct i on of conducti on angle in the event
of dinmrer over-tenperature due to over |oading of the product. Trinpot VR2
is placed in series (circuit coomon side) with VRL to allow adjustnent of
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controll curre | GBBT to achi eve the de ed sl ow

swi t chitigirguapatRor diaafisiostdiagels eqeanoenat échvadtketadde diadd dragtes as a
switch to source | GBT &%e current viatimng resistor R38 at turn on.
Tr ansi staperngnzd byohinde {5din edditippupa speathoelfageorcsosgesistiltidh Thisdevelapi d

di schar.ge T rn of f. ve current for input
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independent of component parameters, thus ensuring sufficient current is always
available to supply the DC rail. Resistor R11 is included to further restrict the

maximum dimmer conduction angle.

PTC1 is placed in series (on the reference voltage side) with VR1 to provide
automatic reduction of conduction angle in the event of dimmer over-temperature
due to over loading of the product. Trimpot VR2 is placed in series (circuit common
side) with VR1 to allow adjustment of the minimum conduction angle, by raising the

minimum control voltage.

The IGBT gate drive control circuit is provided by transistors Q16, Q17 and Q5. The
circuit behaves as a non-retriggerable monostable and provides controlled gate drive
current to the IGBT to achieve the desired slow switching outcome. Transistor Q5,
connected to the DC rail, acts as a switch to source IGBT gate current via timing
resistor R38 at turn on. Transistor 17, connected to circuit common, acts as a switch

for rapid discharge of IGBT gate charge at turn off.

Base drive current for input transistor Q16 is sourced by Q4 from the control timing

circuit. The base-emitter is bypassed by resistor R27 and capacitor C4 to reduce off-



25ScP2";; 10 state |eakage and to enhance EFT i mmunity. Wen
transistor QL6 is not driven, transistor QL7 is sufficiently biased via
resistors R3, R13, R35 and R48, so that the collector holds tHe5lGBT 2t e
in the discharged (off) state. In this condition, transistor @ is not
sufficiently biased to operate. Wen transistor QL6 is driven, resistor R35
provides sufficient bias to operate typnsistor b, which provides tenporary
regenerative base drive for transistor QL6 via RC network R37 and C8. This
result in nonostable action (approximately 300 m cro seconds out put
duration). During this active condition, bias is renoved fromtransistor
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per forne e triac control circuit include over-current protection and
di mrer ra¥R6stubletaagon pamiresirhaely Hd MerosbcdriiBsaitpanditations. Desng thisn
imediate triac tri gger.i ng. During over-current conditions (for exanple

i ncandestigaconditiosh bpgis emgved fem frppdstontiys current away fromthe | GBT.
During over-voltage conditions (for exanple nmains transients), the triac
shunting action transfers the transient potential to the |oad. The triac
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capacitor gate C14 provides the required slow turn-on characteristic for EMC control
at IGBT turn on. The values selected are specifically suited to the IGBT used, in this
case IRG4 BC20S.

The triac control circuit is shown in figure 1 in the circuit block on the AC side of the
diode bridge. The primary function of this circuit is to trigger the triac Q23 once the
IGBT has completed the slow-switching EMC emission reduction operation, on a per
half-cycle basis. An essentially symmetrical circuit is used to provide a triac gate

drive pulse in quadrants 1 and 3 (gate drive polarity follows mains polarity).

Additional functions performed by the triac control circuit include over-current
protection and dimmer over-voltage protection. Either of these conditions result in
immediate triac triggering. During over-current conditions (for example
incandescent inrush current), the triac shunts current away from the IGBT. During
over-voltage conditions (for example mains transients), the triac shunting action

transfers the transient potential to the load.

The triac control circuit derives its power from the mains via the load, in each half

cycle during the time period before IGBT operation commences, that is while mains



cycle during the tinme period before | GBT operation commences, that is while

mains 000 2 5, ISEP 11 voltage appears across the dimer. Average current
consunption is long enough to allow the use of a relatively |ow? 5 SEP 200§

di ssipation resistive chain made up of Rl6, Rl7, R18 and R19. During each
mai ns hal f-cycle, current provided by the resistor chain is used to charge
the capacitor Cl0 to a voltage with pglarity determ ned by the nmains. The
vol t age devel oped across capacitor CIOis limted to approximately 20 volts
for each polarity, as defined by shunting zener diodes DZ2 and DZ3. The
sequence of operation of the drive circuit for each half cycle polarity is

2 1 B aphEISALRLE (SRR AL BBl Ardloll ) KRS SOl IRAS | S

present. ] mcro seco CII’_CUI'[ Is”initiated
after tiiRw teWRrorWakliaGRl RIW 8isBiplaBvnapRLIOX iR hyacﬁeql& of Rs6,duEy, a8l GBT

operation. - At the end of the tine delay, the triac 3 gate is supplied
wi th cumdeiR19. Dhoingeghantins helecywica chiineit prayides by tor réRistor ¢hain freu itive
mai ns half cycle, reservoir capacitor Cl0 is charged appr oxi ely 20
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When ttJrDe vol’f age ‘across capacitor C3 reaches approximtely 0.6 volts,

tr ansi sfpeiat@Booperdiescirati foh eadh half oyqie puladits is daiillowsur rent drive for
output transistor QL via current limting resistor RIO Sone regenerative
f eedback from teservedt ¢aperiser 610 ischasged wihilemaips valagaiseprspenty ansi st or QL3

via resistor Rl2 speeds up the swfching. ion. e col.l ect
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current limtigg,res 'vgftgée Rét velRe approximately 20 volts due to IGBT operation.
- At the end of the time delay, the triac Q23 gate is supplied with current

from capacitor C10 via limiting resistor R41.

In the positive mains half cycle, reservoir capacitor C10 is charged to approximately
20 volts from mains through limiting resistors R16, R17, R18 and R19 via the base-
emitter junction of transistor Q18. When dimmer terminal voltage drops below the 20
volis at threshold, transistor Q6 provides charging current via current limiting
resistor R24 for time-delay capacitor C3. When the voltage across capacitor C3
reaches approximately 0.6 volts, transistor Q13 operates, which in turn provides
basic current drive for output transistor Q1 via current limiting resistor R10. Some
regenerative feedback from the collector of transistor Q1 to the base of transistor Q13
via resistor R12 speeds up the switching action. The collector of transistor Q1 drives
the triac gate via steering diode D7A and gate current limiting resistor R41. The
function of diode D7A is to isolate the triac gate circuit during charging of reservoir
capacitor C10 during the negative half mains half cycle. This is necessary because the
base-collector junction of output transistor Q1 is forward biased in this period.
Capacitor C3 has the additional role of enhancing EFT immunity for transistor Q13,
while resistor R26 reduces transistor leakage. Similarly, resistor RY reduces leakage

of output transistor Q1 which would consequently affect the C3 timing period.



function of diode D7’/Ais to isolate the triac gate circuit during charging
of reservoir capacitor Cl0 during the negative half mains half cycle Thi s
i s necessary because the base-collector junction of output trans §tor? (j}w
is forward biased in this period. Capacitor C3 has the additional role of
enhancing EFT i munity for transistor QL3, while resistor R26 reduces
transistor |eakage. Simlarly, resistpr RO reduces |eakage of output

transi stor QL which would consequently affect the C3 timng period. 2 5 S
fEP % 0,11 5 12 The operation of the circuit for the negative mains
hal f cycle is the sane as described above but uses the mrrored set of
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prevailing triac conduction angle and hence |oad voltage, the resulting
l'ine ditewdr®MC eni ssion levels would be quite |arge due to such triac
operation. To address this situation, additional circuitry has been

i ncorporated which differentiates between the rate of change of mains

vol tageGgI‘rlﬁ'aflf? hGRE AREERL! @Rt design, triac firing operation commences as the

dimmer terminal voltage falls below a threshold level as a consequence of IGBT

operation.

A modification to this method of operation is required for the isolated control
interface dimmer which has permanent mains connection. In this case it is necessary
to disable triac triggering which would otherwise be initiated near the end of every
mains half cycle. Although the load is effectively in the off state, due to the very low
prevailing triac conduction angle and hence load voltage, the resulting line

conducted EMC emission levels would be quite large due to such triac operation.

To address this situation, additional circuitry has been incorporated which
differentiates between the rate of change of mains voltage due to IGBT operation
during dimming, and that due to normal mains voltage waveform when the IGBT is

not activated via the isolated control interface.

In dimming operation, the triac drive circuit is normally disabled and is only enabled
for a short period after detection of the relatively fast rate of change of load terminal

voltage due to IGBT operation. During load off state conditions, the triac drive circuit



during dimm ng, and that due to normal mains voltage waveform when the | GBT
is not activated via the isolated control interface. In dimmng operation,
the triac drive circuit is nornmally disabled and is only enabled for a
short period after detection of the relatively fast rate of change sppfiEloaghs
termnal voltage due to | GBT operation. During |load off state conditions,
the triac drive circuit 5 SET Lily 13 is not enabled by the relatively
slowrate of fall of nmains voltage near the end of each half cycle. Sone
i nportant design considerations for this additional circuitry are that a
high immnity to mains transients and nmains ripple control signals is
mai nt ai, i Ifi i (. I ral..cprcuit
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accordnﬂgfywﬂé\description of circuit operation with reference to Figure 2
for one mains half-cycle polarity follows. A clanping transistor, Q00 is
used to disable the triac drive circuit fromoperating by shunting the
current for the triac firing tine | ay capacjtor, ter
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vol tage dv/dt produces sufficient: current through a snmall mains coupling
capacitor, C301 to rapidly discharge the filter capacitor in order to
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transi stor remains biased off |ong enough to allow normal charging of the
triac fabdvegintwhichderaypongirpentspare Wieatifisd ehreordinglgr capacit or/ bi as
resistors time constant. Immunity to nmains ripple injection is achieved
t hrough the | owpass-filter action of

A description of circuit operation with reference to Figure 2 for one mains half-cycle

polarity follows.

A clamping transistor, Q300 is used to disable the triac drive circuit from operating
by shunting the charging current for the triac firing time delay capacitor, C3. A filter
capacitor, C300 is normally charged from the £20V rail via resistive divider elements,

R300 & R301 with such polarity as to maintain the bias to the clamping transistor.

During IGBT, Q22 operation, the resulting bridge voltage dv/dt produces sufficient
current through a small mains coupling capacitor, C301 to rapidly discharge the filter
capacitor in order to reverse bias the clamping transistor base-emitter junction. The
clamping transistor remains biased off long enough to allow normal charging of the
triac firing time delay capacitor, due to the filter capacitor/bias resistors time

constant,

Immunity to mains ripple injection is achieved through the low-pass-filter action of

the capacitor and bias resistors.

Without IGBT operation the relatively low dv/dt associated with the mains voltage

waveform is insufficient to remove the bias voltage on the filter capacitor. Thus the



the capacitor and bias resistors. Wthout | GBT operation the relatively |ow
dv/dt associated with the mains voltage waveformis insufficient to renove

~

the bias voltage on the filter capacitor. Thus the r*nr. 7 JG' o_Lx.fgE..
14 clanping transistor continues to bypass charging of the triac 4 Pryag <
del ay capacitor, preventing possibility of triac operation. A series
resistor elenent, R302 for the mains upl i ng capacitor provides current
limting protection under mains surge/ transient conditions. A reverse
connected di ode, D300A is required across the collector-emtter junction of
the clanping transistor, Q00 in order to prevent the transistor from
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junctlqgﬁqgnﬁgggog@ﬁgﬁpgfﬁg&m@ﬁ@ﬁhh@sed and can source sufficient bias
current” to operate the associ ated transistor, BO01l. The parallel diode,
D300A works by Iimting the collector voltage to only one forward diode
drop, therefore Iimting base drive voltage for assocjated transistor, QGO01
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the triac once the I GBT has conpleted the slowswitching EMC eni ssion
reducti on operation, on a per half-cycle basis. The circuit is essentially
symmet r Agatemadonsectisdidde, PBOVAde raydirddamcrgst thedolleeopehdter jungtiadrdnt s 1
and 3 (gate drive polarity follows mains polarity). |In operation, a
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opposite half cycle, the collector-base junction of Q300 becomes forward biased and
can source sufficient bias current to operate the associated transistor, Q301. The
parallel diode, D300A works by limiting the collector voltage to only one forward
diode drop, therefore limiting base drive voltage for associated transistor, Q301 to

approx. zero volts.

The above voltage driven triac control circuit may equally be replaced by a current
driven triac control circuit as shown in figure 3. Once again, the primary function of
this circuit is to trigger the triac once the IGBT has completed the slow-switching
EMC emission reduction operation, on a per half-cycle basis. The circuit is essentially
symmetrical and is used to provide a triac gate drive pulse in quadrants 1 and 3 (gate

drive polarity follows mains polarity).

In operation, a current sense resistor, R32, is used to derive drive potential for the
entire triac drive circuit. After a defined load current threshold is achieved, sufficient
for triac gate requirements, excess current is by-passed by series connecting diodes
D3 and D4. The developed sense voltage begins charging a time delay network made
up of resistor R33 and capacitor C9. A comparator transistor, Q14, is driven via
resistor R35 once the timing circuit output voltage reaches a threshold level. This

level is determined by the voltage at the junction of voltage divider resistors R34 and



for triac gate requirenents, excess current is by-passed by series
connecting diodes D3 and D4. The devel oped sense vol tage begins charging a
time delay network nade wup of resistor R33 and capacitor C9. A c np rator
transistor, Ql4, is driven via resistor R35 once the timng cir uPt “eut Pl
vol tage reaches a threshold level. This l|evel is determ ned by the voltage
at the junction of voltage divider resjstors R34 and 2 5 ceEP 15 R37
(sourced by the initial sense voltagS? in addition to the base-emtter
junction voltage of transistor Ql4. The operation of transistor QL4
results in sinultaneous application of base drive for transistors QL0 and
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switching action. The application of the triac gate d current. is via
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and R38 are reqmred to prevent possible adverse effects from leakage and transistors

(210, Q11 and Q15.

The operation of the circuit for the negative mains half cycle is the same as described

above, using the mirrored set of components.

During IGBT over-current conditions, sufficient voltage is developed across current
sense resistor R40 to bias on transistor Q18. This in turn provides base current drive
for upward transistor Q10, immediately operating the triac, to divert current away

from the IGBT circuit. Resistor R39 limits transistor Q18 base current drive to a safe

level under these conditions. This provides an inbuilt circuit protection mechanism.

At dimmer over-voltage currents, the triac gate is directly driven by series connector
tranzorbs BZ1 and BZ2. Capacitor C10 is placed across the triac gate-MT1 terminals

in order to enhance the triac immunity to dv/dt triggering from mains transients.

Inductor L1 limits the rate of transfer of load current from the IGBT circuit to the triac
on order to control line conducted EMI emission levels. The amount of inductance

required for this function is related to the difference between the triac on-state



tranzorbs BZ1l and BZ2. Capacitor Cl0 is placed across the triac gate-MIl
termnals in order to enhance the triac imunity to dv/dt triggering from
mai ns transients. Inductor L1 limts the rate of transfer of | odd&cBfFefis
fromthe 1GBT circuit to the triac on order to control |line conducted EM
em ssion | evels. The anmpbunt of inductance required for this function is
related to the difference between thedriac on-state 7 cc7 ..n 16 voltage
and the voltage across the IGBT circuit current above just prior to triac
operation. The presence of current sense resistor R32 in the IGBT circuit
current path i ntroduces additional voltage differential, there by
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In the case of the voltage driven drive circuit, this essentially monitors the diode
bridge voltage, under control of the operational IGBT in order to determine when
triac firing should occur. The necessary charge required for triac gate drive is
accumulated from the available mains voltage in the period of the half-cycle before
commencement of IGBT conduction. The triac is essentially fired when the diode
bridge voltage is reduced below a minimum set threshold. This minimum set
threshold is determined by zener diodes DZ2 and DZ3 which in the present example,
said a minimum threshold of 20 volts (for the positive and negative cycles). The
voltage at the diode bridge is sensed by transistor Q6 and resistor network R17, R16,
R18 and R19 as would be understood by the person skilled in the art. The minimum
voltage threshold is determined by the components used (in this case the zener
diodes DZ2 and DZ3) and is generally set to exceed by a suitable margin the

conduction voltage for the IGBT circuit.

In the case of the current driven drive circuit, this essentially monitors the diode
bridge current under control of the operational IGBT, in order to determine when
triac firing should occur. The necessary current required for triac gate drive is

derived from the load current resulting at IGBT conduction in the half cycle. Again,



voltage threshold is determ ned by the conponents used (in this case the
zener diodes DZ2 and DZ3) and is generally set to exceed by a suitable
margin the conduction voltage for the IGBT circuit. In the case ofcitthesse
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current driven drive circuit, this essentially nonitors the diofe’ “bridge
current under control of the operational | GBT, in order to determ ne when
triac firing should occur. The necessgry current required for triac gate
drive is derived fromthe load current resulting at |1 GBT conduction in the
hal f cycle. Again, ,,;" J, SEP 17 the triac is fired when the di ode bridge
current rises above a mninmumthreshold which in this case, is set by
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A simplified block diagram of this circuit arrangement is shown in Figure 4, in which
element 10 represents the first control circuit (IGBT control), element 20 represents a
first switch (IGBT), element 30 represents the rectifying circuit (eg. Diode bridge),
and element 40 represents the second control circuit (triac control), which obtains its
control signals from first control circuit 10, via rectifying circuit 30. Element 50
represents the second switch (triac), which is controlled by second control circuit,

and element 60 represents the load.

In practice, the voltage driven triac driven control circuit is preferred over the current
driven triac drive circuit. However, each has advantages and disadvantages. The
voltage driven triac drive circuit allows minimal size of EMC filter components
which results in highest overall product efficiency. The voltage driven circuit
however requires voltage dropping elements to derive a power source from the
mains, therefore introducing local power dissipation problems (only at low
conduction angle settings, where total overall dissipation is low). Further more,
additional components are required to disable the triac drive when no IGBT drive is
present to achieve off-state conditions (only required for applications without series

manually-operated switch).
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developed across current sense resistor R42 to bias on transistor Q14. This in turn
provides base current drive for output transistor Q1, immediately operating the triac,
to divert current away from the IGBT circuit on the DC side of the diode bridge.
Resistor R40 limits transistor Q14 base current drive to a safe level under these

conditions.

At dimmer over-voltage occurrences the triac gate is directly driven via series
connected tranzorbs D1 and D2 and current limiting resistor R20. Capacitor C11 is
placed across the triac gate MT1 terminals in order to enhance the triac immunity to

dv/dt triggering from mains transients.

In this dimmer design topology, it is not necessary to incorporate an inductor to
achieve the required RF emission level limits. A relatively small inductor may
however by required to provide some degree of di/ dt protection for the triac during
IGBT over current conditions. In normal operation, the voltage appearing across the
triac just prior to firing is of the order of a few volts, depending on the actual load
current magnitude. This voltage is a function of the IGBT saturation voltage and
diode bridge forward voltage characteristics. At such low operating voltage levels,

the triac switching action is more gradual than in standard high voltage triac
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Another circuit block is an inductive load imbalance detector. The function of the
circuit block is to shut down dimmer control in the case of excessively asymmetrical
operation, which may be the result of connection to an unloaded iron-core LV
lighting transformer. Dimming operation is suspended if the average voltage across

the dimmer terminals for the positive and negative half cycles are not similar.

Referring back to Figure 1, two resistor divider chains made up of resistors R43, R44,
R29 and R45, R46 and R30 are used to sense the mains voltages appearing at the
active and load terminals respectively. When referenced to the bridge common
{(negative) terminal, these voltages represent opposite polarities of the mains voltage
across the dimmer. The divider junction of each chain is connected to opposite sides
of capacitor C12, to produce a differential voltage proportional to the difference in
half cycle voltages. Two transistors, Q9 and Q10 are used to produce a common-
referenced signal if the differential voltage exceeds a threshold of approximately 0.6
volts. A latch circuit made up of transistors Q11 and Q20 and resistors R32 and R34

has input driven by the imbalance detector output. A transistor Q21, wired as a low
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When operating inductive loads, the dimmer circuit incorporates a moderately
sensitive triac assist in achieving an acceptable level of performance, particularly in
terms of operating symmetry with worst case load types, ie. low value VA, highly

inductive loads such as exhaust fan motors.

In normal dimming operation, the IGBT initially operates followed by firing of the
triac after a fixed time delay. During this pre-triac conduction delay time period, the
inductive load current has an opportunity to develop in magnitude. This delay time
therefore also increases the ability of the triac to operate successfully with such

difficult loads.

At very low conduction angle settings however, there may be insufficient load
current available for reliable triac latching. In this case, a low level load DC
component will be sustained by the dimmer in combination with the non-linear load
inductance. Under these conditions, there is no danger of damage to the load due to
the relatively low rms current magnitude. If load DC component levels become
excessive operation of the imbalance detector will automatically shut down the

dimmer control.
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EMC emission levels. In addition, the high frequency and amplitude ringing current
waveform which typically present for the first few hundred micro seconds may
result in commutation of the triac. If this condition prevails, the imbalanced protector
may cause the dimmer control to shut down. For electronic transformers with

maximum rated load connected, this condition is far less likely to occur.

An alternative circuit configuration for the inductive load imbalance detector of
Figure 1 as described above is now described with reference to Figure 5, which

shows an alternative circuit arrangement for the IGBT control of Figure 1.

The general operation of the imbalance detection process is described as follows.

A capacitor, used to represent conduction time, is repetitively charged from zero to a
level determined by the prevailing half cycle conduction period. The voltage
developed on this “conduction time detection” capacitor is used to set the peak
voltage on a second capacitor, to represent peak conduction time. This “peak
conduction time” capacitor is simultaneously discharged with a constant DC current
sink. The resulting “peak conduction time” capacitor voltage waveform comprises
two components. (1) A DC component exists with magnitude proportional to half

cycle conduction period. (2) An AC component exists in the form of a sawtooth, with
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capacitor C201. Wen dimer reverts to the non-conducting state, at the
end of each half cycle,

A more detailed description with reference to actual components involved follows:
During load conduction period of dimming cycle, transistor Q2 collector can source
current via limiting resistor R203 to “conduction time detection” capacitor C201.
When dimmer reverts to the non-conducting state, at the end of each half cycle,
diode D200 isolates any current associated with charging of main timing capacitor

7.

Transistor Q200 is used to reset C201 to zero volts at the start of each half cycle
conduction period. Associated pulsed base drive for Q200 is provided by capacitor
C200 in series with resistor R201. Diode D201 in conjunction with resistor R200
provides the necessary discharge path for C200 in preparation for next mains half
cycle event. Resistor R202 bypasses base-emitter of Q200 to reduce device off-state

leakage, during charging period of C201.

Transistor Q201 is configured as an emitter follower, so that the voltage across
capacitor C202 must follow the peak voltage of C201, during brief period where
(Q201base-emitter input is forward biased. Transistor Q202 in conjunction with bias

resistors R204, R205 & R206 is configured as a current sink for C202.



di ode D200 isol ates any current associated with charging of main timng
capacitor C7. Transistor Q00 is used to reset C201 to zero volts at the
start of each half cycle conduction period. Associated pul sed bages ditiveis
for Q200 is provided by capacitor C200 in series with resistor R201. Di ode
D201 in conjunction with resistor R200 provides the necessary discharge
path for C200 in preparation for next,;mains half cycle event. Resistor
R202 bypasses base-emtter of (QRO00 to reduce device off-state |eakage,
during charging period of C201. Transistor 201 is configured as an emtter
follower, so that the voltage across capacitor C202 nust follow the peak
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oper at He kdvepsd derpogeth ok C283] ow duty cycle. An RC network conprising R208
and C204 is used to provide an averaging function for the resulting pulse
train. Transistor R04 forns part of a latch circuit, which is trlggered

when t ol tage across C204 reaches crit | evel defin y
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a low duty cycle. An RC network comprising R208 and C204 is used to provide an

averaging function for the resulting pulse train. Transistor Q204 forms part of a latch
circuit, which is triggered when the voltage across C204 reaches a critical level - as
defined by voltage divider resistors R209 & R210 in conjunction with Q204 base-

emitter threshold potential. Transistor Q205 in conjunction with resistors R211& R212

forms the remaining part of the latching circuit.

At mains power-up or at initial activation of PWM dimmer control drive, it is
necessary to ensure that the latching circuit is cleared to the unlatched state for a
number of complete mains cycles. This function is performed by RC network
comprising R213 and C205, which initially holds the base drive voltage for Q205 at a

level less than the emitter reference level.

It will be appreciated that the above has been described with reference to a preferred
embodiment and that many variations and modifications are possible as would be

understood by the person skilled in the art.
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timng circuit according to Claim3 wherein the output of the integrator
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3. Avoltage driven timing circuit according to Claim 2 wherein the output of the
integrator is connected in series with a variable DC control voltage source which
provides a DC control voltage, and the comparator compares the sum of the time-

integrated mains voltage and the DC control voltage with the reference voltage.

4. A voltage driven timing circuit according to Claim 3 wherein the output of the
integrator is connected to a positive input terminal of the comparator and the
reference voltage is connected to a negative input of the comparator, such that the
output of the comparator is positive when the sum of the time-integrated mains
voltage and the DC control voltage substantially exceeds the reference voltage,

thereby determining the firing angle of the switching element.

5. A voltage driven timing circuit according to Claim 4 wherein the variable DC

control voltage may be adjusted to vary the firing angle.

6. A voltage driven timing circuit according to Claim 5 wherein the integrator is re-
set each half cycle after the comparator has initiated conduction of the switching

element.



reference voltage is connected to a negative input of the conparator, such
that the output of the conparator is positive when the sum of the
time-integrated nains voltage and the DC control voltage substahtiaff s
exceeds the reference voltage, thereby determning the firing angle of the
switching elenent. 5. A voltage driven timng circuit according to Claim4
wherein the variable DC control voltage may be adjusted to vary the firing
angle. 6. A voltage driven timng circuit according to Claimb5 wherein the
integrator is re- set each half cycle after t he conparator has initiated
conduction of the switching . elenent A vol age driv tining
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A mai ns ré@ﬂte?ttHH dBpn filter for reducing the effects of mains ripple in
a phase contro mrer circuit, including a voltage driven timng
circuit according to any one of Claims 1to 9. 12. A phase controlled
dimer circuit including a nains ripple injection filter

9. A voltage driven timing circuit according to Claim 6 wherein the integrator

includes a resistor and a timing capacitor connected in series and wherein the

variable control voltage is applied to a negative terminal of the capacitor.

10. A voltage driven timing circuit according to Claim 9 wherein the dimmer circuit

is a leading edge phase controlled dimmer circuit.

11. A mains ripple injection filter for reducing the effects of mains ripple in a phase
controlled dimmer circuit, including a voltage driven timing circuit according to

any one of Claims 1 to 9.

12. A phase controlled dimmer circuit including a mains ripple injection filter

according to Claim 9.

13. A method of controlling a firing angle of a phase controlled dimmer circuit, the
method including referencing the firing angle to average mains zero crossing by

time-integrating mains voltage.

14. A method according to claim 13 wherein the method further includes comparing
a sum of the time-integrated mains voltage and a variable DC control voltage

with a reference voltage.



according to Caim9. 13. A nethod of controlling a firing angle of a phase
controlled dimer circuit, the nethod including referencing the firing
angle to average mains zero crossing by time-integrating nmains val tager 205
14. A nmethod according to claim13 wherein the nethod further includes
conparing a sumof the tinme-integrated nmains voltage and a vari able DC
control voltage wth a reference voltage. 2 5 SEP 2006, 26 15. A nethod
according to Caim 14 wherein the netftod further includes setting the
firing angle at a point when the result of the conparison is positive. 16.

A method according to Caim15, the nethod further including varying the
firing 15adghettnyd acpyding to Rdaivat4 ablescibthe ortholl fwsherdgeludes setting the

tiring angle at a point when the result of the comparison is positive.

16. A method according to Claim 15, the method further including varying the firing

angle by varying the variable DC control voltage.



