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SUMMARY 

A miniaturized gas-discharge lamp has been designed for a gas

discharge light system for car headlights. The photometric 

performance of such a high-pressure gas-discharge lamp is superior 

in comparison with a filament halogen lamp. However, the gas

discharge lamp requires an expensive electronic ballast and 

ignitor. 

The goal was to design a new ballast and ignitor with a low price 

and a small volume. The designed low cost ballast is based on a 

metal halide sodium scandium lamp with 50V lamp voltage and 35W 

nominal lamp power. With an increased run-up power (100W) the 25% 

level of the nominal luminous flux is reached within one second 

after ignition of the lamp. 

The ballast is supplied by the car battery and contains a power 

converter, a high-voltage circuit and a commutator. Power 

conversion (up to 100W) is performed by a boost converter 

oparating at 500kHz with 60V maximum output voltage and an 

efficiency of 85%. Ignitor voltage (800V) and the open circuit 

voltage for take-over and re-ignition (200V) are generated by a 

tappad-inductor boost converter. The lamp current is supplied via 

the commutator and has a low frequency (250Hz) square wave form. 

The commutator is a full bridge with integrated circuits for gate 

driving. The ignitor with a 800V spark gap as switching element 

generatea a 25kV ignition pulse. The ignitor contains a cuetom

made transformer. 

The component price of the power part of the ballast is DFL 12.81, 

the component price of the ignitor is DFL 5.57. Both prices are 

without costs for mounting and housing. The ballast is designed 

with two small magnatie components: an U11 inductor and an E13 

transformer. The efficiency of the ballast is 82% for 12V battery 

voltage and 35W lamp power. 
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1 INTRODUCTION 

A miniaturized gas-discharge lamp has been designed for a gas

discharge light system for car headlights. Such a system contains 

the following parts: 

- small gas-discharge lamp, 

- carefully designed reflector, 

- electronic ballast and ignitor. 

The advantages of a gas-discharge lamp in comparison with a 

filament halogen lamp are: 

-higher luminous efficacy (factor 4), 

- longer lifetime (factor 5), 

- smaller dimensions: almost a point source, allows a compact and 

aerodynamic headlight design. 

The gas-discharge light system has a highly accurate light 

distribution. so an exact definition of the light/dark boundary 

and a good anti-glare effect are obtained. 

The disadvantage is the price, the system is expensive. In 

particular the ballast is very expensive. 

1.1 HlSTORY AND PRESENT MPL SYSTEM 

Several automotive gas-discharge light systems have been developed 

in the past. All these ballasts supplied a 35W gas-discharge lamp 

and were capable of hot-restrike and instant light due to an 

increased run-up power. 

1987, An electronic ballast fora white-son lamp: 

The lamp is a high-pressure sodium lamp [2] with 32V steady-state 

voltage. The converter inside the ballast is a boost converter 

with current mode control, the open circuit voltage is 180V. 

Ignition occurs through a 4kV pulse, generated by a pulse ignitor 

with a sidac as switching element. 
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1989, Totally Combined system [10]: 

First and successful system approach for bringing together 

ballast, ignitor and lamp with reflector into one single unit. The 

technica! features fast run-up, reliable ignition and small 

overall dimensions had been given top priority. The lamp is a 

metal halide sodium scandium lamp with 45V steady-state lamp 

voltage. The ballast contains a boost converter with a maximum 

output voltage of 150V. Ignition is performed by an ignitor 

containing two cascaded transformers. The first transformer 

generates 1200V with a sidac as switching element. The second 

transformer with a gate turn-off thyristor generates the 20kV 

ignition pulse. 

1992, MPL Quick start Ballast [8,11,12]: 

This is the present micro power light system with a asv MHS lamp. 

The ballast contains a PWM-controlled flyback converter able to 

supply a voltage in a range from 20V up to the ssov open circuit 

voltage. The 1600V for supplying the ignitor is generated with an 

auxiliary winding on the flyback transformer. The ignitor with a 

spark gap as switching element generates a 25kV ignition pulse. 

The ballast contains a DC coil for re-ignition. 

1.2 COMPETITOR BALLASTS 

Up till now Philips does have the splendid position to be the only 

manufacturer in the world able to make a 35W MHS gas-discharge 

lamp for an automotive application. so fortunately only competitor 

ballasts with Philips lamps exist instead of complete competitor 

systems. 

Bosch: The ballast manufactured by Bosch contains a microprocessor 

for control and a patented converter: a tapped input inductor éuk 

converter [27]. Ignition occurs through a pulse ignitor with two 

spark gaps. The ignitor is supplied with the 350V open circuit 

voltage of the commutator inside the ballast. This ballast is 

built in the BMW 700 series. 
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Hughes (General Motors): The ballast produced by Hughes has a 

sepic converter [28] with an auxiliary lkV winding for the ignitor 

supply. The converter with current mode control has coupled 

magnaties to reduce input current ripple [27]. The ballast 

contains a re-ignition coil. Due to GM politics this ballast is 

used in the Cadillac. 

Hella: Hella uses a flyback converter. This well-known converter 

has an open circuit voltage of 3SOV and an auxiliary winding for 

the ignitor supply. Ignition occurs through a pulse ignitor with a 

800V spark gap. Take-over is realized with a high current obtained 

from a controlled capacitor discharge. Remarkable is the low 

primary inductance of the flyback transformer. 

To achieve a reliable ignition with a reduced open circuit voltage 

Bosch and Hella delay the first current commutations. Hella 

supplies the lamp 70ms with a direct current after ignition. Bosch 

supplies the lamp lSms with a direct current in one direction and 

after the first current commutation lSms in the opposite 

direction, to keep the lamp current symmetrical. 

All ballasts are expensive because they contain: 

- a power converter with a transformer, 

- semiconductors with a high maximum voltage rating, 

-a re-ignition coil (Philips and Hughes). 

1.3 REQUIREMENTS FOR A NEW BALLAST 

The requirements for a new ballast are a low price and a small 

volume for achieving a significant increase of market penetration. 

The new ballast has to be inexpensive! 

It is only possible to achieve a low ballast price if both the 

lampand the ballast can be changed (the system approach). This 

means a ballast powered from the car battery and a gas-discharge 

lamp modified to achieve a low cost ballast. In the next chapter 
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the MHS gas-discharge lamp is discuseed and a proposal for a new 

lamp with lower lamp voltage (SOV) is given. This lower lamp 

voltage creates the possibility for a ballast with a boost 

topology [22]. A boost converter is an inexpensive converter 

without a transformer (see the introduetion of chapter 4). 

The boost converter bas a limited voltage gain and is therefore 

not suitable for the present asv MHS lamp with 12V battery 

voltage. Power conversion at this high voltage gain can not be 

achieved with an inexpensive boost converter. This is explained at 

the end of chapter 4 in section 4.10. 

In chapter 3 the power part of the ballast is presented and in the 

following chapters each part of the ballast is discussed. The 

control part of the ballast was not part of my assignment and is 

therefore not discuseed in this report. The design of the ignitor 

is described in chapter 7. The performance of the low cost ballast 

and ignitor with low voltage lamps is described in chapter a. 
Finally price calculations of the presented ballast and ignitor 

are given. 
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The gas-discharge lamp transforma the electric energy into heat 

and electromagnetic radiation. A considerable part of the 

radiation is at visible wavelengths. The gas-discharge lamp used 

for car headlights is a high-pressure metal halide sodium scandium 
lamp with a nominal electric input power of 35W. 

E E 
! E 
Q .... 

ui N 
0 -& & 

7.4 mm 

electrode 250 11m ST 

(1.5% Th02) 

e.d. 3.9 mm 

Figure 2.1: 35W MHS gas-discharge lamp 

2.1 PRINCIPLES OF GAS-DISCHARGE 

The quartz glass discharge tube with sealed-in electrades is 

filled with xenon, metal balides and mercury. The electrans 

emitted by the electrades are accelerated by the electric field. 

These free electrans can have elastic collisions or inelastic 

collisions with the gas atoms and molecules (Meyer and Nienhuis 

[1]). An elastic callision between a free electron and a gas atom 
leads to heat generation. A small part of the low kinetic energy 

of the electron will be transferred to the gas atom. The high 

number of collisions in a gas-discharge leads to a rise in gas 

temperature. 

Figure 2.2: Elastic collision, heat generation 
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An inelastic collision between an electron with high kinetic 

energy and a gas atom leads to excitation of the gas atoms. The 

excitation energy obtained from the electron will leave the atom 

as electromagnetic radiation. 

Figure 2.3: Inelastic collision, excitation and radiation 

An inelastic collision between an electron with a still higher 

kinetic energy and a gas atom leads to ionization of gas atoms. 

Ionization increases the number of free electrons and ions. 

Ionization of atoms or molecules is necessary for making an 

electrical current in the discharge possible. 

I --, 
' ,, 

' ' ' 

Figure 2.4: Inelastic collision, ionization 

The increasing number of free electrons due to ionization leads to 

an unlimited electrical current through the discharge tube. To 

prevent this, a current limitation is required. A series impedance 

or an electronic ballast limits and controls the lamp current. 

It is possible to obtain a high output of light from electric 

power (high luminous efficacy) with a small gas-discharge lamp 

(high luminance) by means of a high-pressure discharge. 
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The luminous flux of a light souree is the integration of the 

product of the visible electromagnetic radiation and the 

sensitivity of our eyes over the emitted spectrum. Unit: lumen 

(lm). The luminous efficacy of a light souree is the quotientof 

the luminous flux emitted and the electrio power consumed. Unit: 

lumen per watt (lm/W). 

2. 2 METAL HALIDE LAMPS [1 •3l 

A metbod to improve luminous efficacy and colour of a high

pressure mercury lamp is to add metal balides to the discharge. 
Metal balides are compounds of metals and halogens. The halogen 

iodine is most commonly used in metal halide lamps. The metal 

balides have a higher vapour pressure at a given temperature than 

the element itself, the compounds are more volatile than their 

metals. The metal halide compounds start melting and evaporating 

at a certain temperature of the wall of the discharge tube. The 

vapour is carried into the hot region of the are by diffusion and 

convection, where the molecules dissociate into metal+ and halide

ions. Radiation is emitted by the excited metal ions or atoms in 

the discharge area. The ions or atoms combine to a less-aggressive 

metal halide compound again when they diffuse away from the hot 

discharge area into the lower temperature outside areas near the 

wall of the discharge tube. 

The excitation levels of the metal balides are much lower than 

those of mercury. Therefore the mercury doesn't serve as a 

generator of light. The mercury has beoome an element for the 

regulation of the are voltage and the heat: it is a buffer gas. To 

obtain a lamp with a high luminous efficacy and a good white-light 

approach, metal balides of sodium and scandium are used. The 

sodium scandium lamp has a multi-line spectrum and a colour 

temperature of 4000K. 
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Sodium-iodide is added to improve the colour and serves as a so

called diffuser. Sodium has a low ionization potential and causes 

more free electrons in the low temperature region of the are. 

These free electrons increase the current density in this region 

and the power dissipated. 

The nominal lamp voltage of a MHS lamp is a result of the mercury 

dose and the electrode distance. The mercury is dosed in an 

accurate determined quantity and is fully evaporated during lamp 

operation. 

2.3 MHS LAMP FOR CAR HEAOLIGHTS 

For a 35W metal halide lamp without any feature for a fast run-up, 

the run-up time is about one minute (run-up time is defined as the 

time between ignition of the lamp and the moment that 25% of the 

nominal luminous flux is reached). For an automotive application a 

fast run-up is required. This requirement can be achieved by an 

increased electric lamp power after ignition of the lamp and by 

applying a high-pressure xenon filling. The use of xenon leads to 

an increase of the run-up voltage, for instanee from 12V to 25V 

and the presence of a xenon discharge with radiation partly in the 

visible spectrum. These properties are both very advantageous for 

a fast run-up. With an increased run-up power supplied to the lamp 

and a high-pressure xenon filling the 25% level of the nominal 

luminous flux can be reached within one second. This 25%/ls 

requirement is the Vedilis standard for the run-up (Vedilis = 
Vehicle Discharge Light System). 

Due to this high-pressure xenon filling the lamp requires a high 

ignition voltage and is therefore difficult to ignite. 

The energy balance of a 35W MHS D2S lamp is given in figure 2.5, 

26% of the electrical energy is converted into visible radiation. 
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metal halide sodium scandium 35W lamp power input 1 00% 

t 
power in are column 77% 

------- ------------------ ------- discharge tube wall ------- ----------------------------------· 

' / 

radiation 66% 

' / "-/ w 
electrode non-radiant UV rad 
loss 23% loss 11% 15% 

------- ------------------ ------------- --------- ---------- ------ outer bulb wall ----- --------· 

" / "-/ " / '\ v " v " / 
power loss at outer bulb visible radiation IR radiation 
45% 3% 26% 26% 

Figure 2.5: Energy balance of a 35W MHS D2S lamp 

2.4 PROPOSAL FOR A 50V LAMP 

The data of the present D1/D2/D2S lamps with 85V nomina! lamp 

voltage and the data of a proposal for a new lamp are given. The 

new lamp has a nomina! lamp voltage of 50V. This reduced lamp 

voltage is absolutely necessary for achieving a low ballast price 

and a small volume of the ballast, conform to the 'Totally 

Combined system' knowledge [10]. A lamp with a lower lamp voltage 

can be achieved by reducing the mercury dose. A mercury dose of 

0,1mg results in a lamp voltage of 50V. The luminous efficacy will 

decrease with 8%, according to experiments from Van Esveld [5]. 

The optica! parameters change, the arc-curvature decreases and the 

diffusity increases with the reduced mercury dose. These 

parameters work in opposite direction. The optica! performance of 

the new lamp remains therefore virtually unchanged. 
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Data of the 35W MHS lamps: 

Quartz glass discharge tube: 

Inner diameter (mm) 

outer diameter (mm) 

Electrodes: 

Electrode distance (mm) 

Electrode diameter (~m) 

- tungsten 98.5% 

- thorium 1. 5% 

Filling: 

xenon (bar) 

mercury (mg) 

metal balides (mg) 

- sodium-iodide 79% 

- scandium-iodide 16% 

- thorium-iodide 5% 

Electrical data: 

lamp voltage (V) 

ignition voltage (kV) 

run-up voltage (V) 

Photometric data: 

luminous flux (lm) 

luminous efficacy (lm/W) 

colour temperature (K) 

Colour impressions: 

xenon: green-white 

sodium: orange 

scandium: blue-green-white 

Eindhoven University of Technology 
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D1/D2/D2S lamps 

2.7 

6.0 

3.9 

250 

7 

0.7 

0.2 

85 

25 

25 

3000 

85 

4200 

new lamp (D3?) 

2.7 

6.0 

3.9 

250 

7 

0.1 

0.2 

50 

25 

25 

< 2760 

< 78 

4200 
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2.5 IGNITION OF THE MHS LAMP 
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Before the lamp is ignited the lamp behaves like a insulator due 

to the insulating properties of the 7 bar xenon filling. The 

mercury liquid and the solid metal halides are precipitated at the 

cold wall of the discharge tube. The lamp is ignited by supplying 

a high voltage, 25kV for a hot-restrike. This high voltage can be 

generated by a pulse ignitor. In case the following conditions are 

present: 

- fast risetime, 25kV in 100ns 

- strong inhomogeneous electrical field near the electrode tip 

- high-pressure gas filling 

- certain quantity of initial electrons, 

the mechanism for breakdown is a streamer, and not a Townsend 

mechanism. A streamer is a very fast mechanism, the first 

avalanche directly results in a breakdown. The present initial 

electrens accelerate to the anode and create an ionization 

avalanche due totheir collisions with gas atoms, Raether [7]. In 

this anode directed streamer a positive space charge remains 

because of the less mobility of the ions. This space charge 

enhances the electrical field in the head of the avalanche. In 

case the avalanche reaches an absolute number of 108 free electrens 

[7] there will be a streamer directed to the cathode. The foton 

radiation of the excited atoms produces new electrens around the 

avalanche head. The electrens are attracted by the positive space 

charge and cause new foton radiation. on account of this ionizing 

radiation the streamer propagates very fast towards the cathode. 

The total breakdown occurs in about 10ns. When the streamer 

reaches the cathode there is a conducting channel between the 

electrodes. 

To sustain this conducting breakdown channel a high current (in 

relation to the nominal current) has to be supplied to the lamp. 

In case of a hot-restrike the pressure inside the lamp is high and 

the take-over current supplied to the lamp has to be sufficient to 

prevent the discharge from extinguishing. The duration of the 
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take-over current is in the order of lO~s to lOO~s. The take-over 

current is followed by the run-up current. The run-up current 

heats the electrodes, the temperature rises and gets high enough 

to emit the electrons thermionically (lOms to lOOms after 

ignition, depending on the run-up current). The light during take

over and the first phase of a cold run-up is obtained from the 

xenon discharge. 

2.6 RUN-UP OF THE MHS LAMP 

After a successful breakdown and take-over the lamp directly 

enters the are phase. The MHS lamp is characterized by the absence 

of a perceptible 'glow to are' transition during ignition. The 

maximum allowable run-up current, to prevent the electrode tip 

from melting, is 2,6A. Minimum run-up current for hot-restrike, to 

prevent the discharge from extinguishing, is l,SA. These current 

ratings apply to an electrode diameter of 250~m and are determined 

experimentally. 

If the lamp is supplied by a direct current the positive ions will 

concentrate at the cathode and the electrons will concentrate at 

the anode. Due to the fact that the mass and therefore the heat 

capacitance of ions is greater than that of electrons the cathode 

will be much cooler than the anode. To have the electrodes both at 

the same temperature, below the melting temperature of tungsten 

(3680K), the lamp has to be supplied with an alternating current. 

A low frequency square wave current operation avoids difference in 

electrode temperature and acoustic resonance of the are. Minimum 

frequency of the square wave current applied to the lamp is 250Hz. 

The most critica! moments for the lamp to extinguish (after a 

successful ignition and take-over) are the first current 

commutations. If the lamp extinguishes the ballast offers the open 

circuit voltage (200V). If the combination of the open circuit 

voltage and cathode temperature is high enough for emitting 

electrons from the cathode the lamp breaks down again because of a 
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Townsend mechanism (or generation mechanism) [7]. This is called 

re-ignition. The thermic time constants of the electrodes are in 

the order of milliseconds (minimum frequency of the lamp current 

is 250Hz), so the open circuit voltage has to be supplied within 

lms. 

In case the electrodes are to cold the lamp extinguishes 

definitely and there has to follow a new ignition pulse to start 

the process ignition, take-over and run-up again. 

The run-up power (product of run-up current and lamp voltage) 

heats the lamp. The mercury and the metal halides start to 

evaporate. A perceptible change of lamp colour occurs, from a 

xenon discharge to a metal halide discharge. At a cold run-up the 

orange sodium discharge is the first metal halide discharge 

perceptible. If all the mercury and metal halides are evaporated 

the lamp voltage stabilises. This steady-state condition is 

reached in about lOs after ignition of a cold lamp (depending on 

the run-up power). A MHS D2 lamp with 35W lamp power in steady

state oparation is in a thermal equilibrium and has an gas 

pressure inside of 80 bar. The hot region of the are has a 

temperature of SOOOK, the electrodes have a temperature of 3000K 

and the upper side of the discharge tube has a temperature of 

1300K (the melting temperature of quartz is 1520K). 

To minimize the migration of sodium through the quartz wall of the 

discharge tube the lamp has to be operated with a negative voltage 

in respect to its ambient [5,6]. This is necessary fora long lamp 

life. The positive voltage of the ballast has to be connected via 

a high resistance to the reflector. 
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3 BALLAST IGNITOR LAMP SYSTEM 

The ballast controls and limits the lamp power and supplies the 

ignitor. The ballast contains the following circuits: 

- power converter: a boost converter 

- high-voltage circuit: a tapped-inductor boost converter 

- commutator: a full bridge 

The ballast, ignitor and lamp contiguration is depicted in the 

figure below. 

+12V 

Boost 

I __ 

Battery -1 Ballast 

r-------, Vignitor=800V 

HV-circuit 

Vopen=200V 

Vboost<60V 

Commutator 

Vignition 

=25kV 

I 

lgnitor [~mp 
Figure 3.1: Ballast ignitor lamp contiguration 

3.1 SYSTEM ANALYSIS 

The boost converter turns the battery voltage into a higher 

voltage. The boost converter supplies continuously the lamp power 

within a maximum lamp current of 2.6A and a maximum output voltage 

of 60V. Because of this voltage limit the components can be 

inexpensive and small in size and the power conversion occurs with 

high efficiency. 

The high-voltage circuit generates the aoov for supplying the 

ignitor and the 200V open circuit voltage for the take-over and 

re-ignition. This KV-circuit is a tapped-inductor boost converter 

and is supplied by the boost converter. The KV-circuit is only 

active during ignition of the lamp and in case of a re-ignition. 
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This high-voltage circuit can therefore be built with inexpensive 

components since efficiency and heat generation are less 

important. 

The commutator transforms the DC voltage, with a maximum of 200V, 

into a low frequency square wave voltage. The commutator supplies 

the current to the lamp through the series ignitor. 

The ignitor is powered by the KV-circuit and generates the 25kV 

ignition pulse. The ignitor contains a 800V spark gap as switching 

element. Both the HV-circuit and the ignitor are not active during 

steady-state operation. 

This new ballast approach with a main high efficiency converter 

supplying the lamp power (up to 100W) with a limited output 

voltage of 60V and a second inexpensive converter (SW) generating 

the 800V ignitor voltage and the 200V open circuit voltage (for 

take-over and re-ignition) will lead to a low cost ballast with 

small dimensions. 

3.2 TARGET SPECIFICATIONS 

3.2.1 Boost converter 

Vinmin=9V 

Vincal=12V, battery voltage used for calculations 

Vinnom=13. 2V, nominal battery voltage 

Vinmax=16V 

Voutmin=1. 2 *Vin, duty-cycle control 

Voutmax=60V, maximum drain souree voltage of the power mosfet 

Ioutmax=2. 6A, maximum electrode current of the lamp 

Poutrun-up=100W, increased lamp power for fast light run-up 

Poutsteady-state=35W, nominal lamp power in steady-state operation 

The Vedilis standard for the light run-up is: 

- 25% of the nominal luminous flux within 1s after ignition 

- 80% of the nominal luminous flux within 4s after ignition. 
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3.2.2 High-voltage circuit 

Vinnom=SOV 
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Vinmax=60V 1 maximum output voltage of the boost converter 

ocvmax=200V 1 maximum drain souree voltage of the power mosfet 

Vigni tornom=SOOV 1 nominal breakdown voltage spark gap 

Vigni tormax=92 OV 1 maximum breakdown voltage spark gap 

Pincontinuous=SW 1 for igni tion 

Pinp~k=35W 1 for re-ignition 

3.2.3 Commutator 

Vinmax=OCV=200V 1 maximum drain souree voltage of the power mosfeta 

Iinmax=2. 6A 1 maximum electrode current of the lamp 

Iinpeak=lOA 1 maximum take-over current 

fmin=250Hz 1 maximum temperature variation of the electrodes 

3.2.4 Ignitor 

Vinmax=9 2 OV 1 maximum breakdown voltage spark gap 

Vignition=25kV 1 required ignition voltage for a hot-restrike 

fmax=400Hz 1 maximum swi tching frequency spark gap 
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4 BOOST CONVERTER 

The power converter transforma the power supplied from the battery 

to the power delivered to the commutator or the HV-circuit with 

minimum losses. The converter must be able to supply the variable 

power demand of the lamp during ignition, run-up and steady-state 

operation. An increased power or voltage demand bas to be supplied 

fast, otherwise the lamp will extinguish. A boost topology 

converts to a higher voltage. The advantages of a boost converter 

are: 

- an inductor (at the input) instead of a transformer, 

- one of the basic topologies (1 mosfet, 1 diode, 

1 inductor [20,22,23,24,25,26]), 

- gate driving without level shifting. 

An inductor bas a lower price and volume (in comparison with a 

transformer) and it will allow for a continuous input current. on 

top of that stray inductance of the inductor is irrelevant for a 

good performance at high frequency. The electrical circuit is 

drawn in figure 4.1. 
L D 

V out 

Vbat c R 

Figure 4.1: Boost converter 

4.1 STATE-SPACE AVERAGING 

A metbod to analyse the static and dynamic performance of the 

boost converter is 'state-space averaging'. This metbod introduced 

by Middlebrook and éuk [30] gets more accurate the further the 

effective low-pass cut off frequency (determined by L, c, R and 

the duty-cycle) is below the switching frequency. However, this 

requirement is always satisfied because it is equivalent to the 

requirement fora small output voltage ripple (see section 4.5.1). 
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4.1.1 state-space equations 

The boost converter operatea in the continuous conduction mode, 

the inductor current does not drop to zero at any point in the 

switching cycle. The boost converter can be in two states; the 

mosfet is conducting (interval DT) or the diode is conducting 

(interval (1-D)T or D1 T). The state of current commutation and the 

discontinuous conduction mode are left out of consideration. The 

electrio circuits with paraaitic resistances (Rdson=Rm, ESRc=Rc) 

are depicted in figure 4.2 for both states. 

Interval DT Interval D' T 

-----7) RI Rd 

L y 

I 
L y 

I V i 

Figure 4.2: The two statea of the boost converter 

state-space averaging for interval DT results in the following 

equations. The equations are derived with the aid of the Kirchoff 

laws and superposition. 

dv --[__!_____jv 
dt (R+Rc) Cj 

y= R V 
R+Rc 

(1) 

(2) 

(3) 
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state-space equations for interval D'T: 

4.1.2 state-space averaqed equations 

Averaging of the two states is obtained by summing: 

- the equation for interval DT (1,2 or 3) multiplied by D 

- and the equation for interval D'T (4,5 or 6 respectively) 

multiplied by D'. 

The state-space averaged circuit equations are: 

di=-[ Rl+DR111 +D
1
Rd+D

1
RIRc 

dt L 

y=D 1(RIR )i+[ R Jv 
a R+R 

c 

V 
v+____:!. 

L 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
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4.1.3 static model 

The average inductor voltage and the average capacitor current are 

zero, hence it appears for the static model: 

O=D 1RI-V V 
I=--

D1R 

Y=D 1(RIR ) I+[ R Jv 
c R+R c 

Substitution of equation (11) in equation (10) results in an 

expression for the voltage gain: 

(10) 

(11) 

(12) 

(13) 

The voltage gain is the ideal voltage gain 1/D' corrected with a 

factor due to parasitic resistances. Rl is the most dominant 

parasitic resistance. The influence of Rm and Rd are determined by 

D and D' respectively. The equivalent series resistance Re of the 

capacitor does hardly have any effect on the voltage gain. 

4.1.4 simplified state-space averaged equations 

For obtaining the dynamic model the parasitic resistances are left 

out of consideration, this results in the following simplified 

state-space averaged equations: 

di D 1 V1 
-=--v+-
dt L L 

dv =D1i V 

dt C RC 

(14) 

(15) 
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Perturbation: 

To analyse the response of the output voltage caused by a change 

in: lamp behaviour (for instanee during run-up), battery supply 

voltage or duty-cycle (control circuit) the following 

perturbations are introduced: 

i=I+î (16) 

v=V+l' (17) 

a'=D'-a (18) 

(19) 

r=R+~ (20) 

Linearization: 

Introduetion of perturbations causes non-linearity. To obtain a 

small-signal dynamic model linearization has to be performed, 

according to a first order Taylor series. 

(21) 

(22) 

Laplace-transformation: 

? D 1 1 v1 Si (s) -~ (o) =--t'(s) +-l'1 (s) +-a(s) (23 > 
L L D1L 

D' 1 V V1 
sv(s)-v(O)=-Cl(s)--t'(s)- 1 a(s)+ 

1 
:f(s) (24) 

RC D 12RC D 2R 2 C 
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Substitution: 
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Substitution from (23) in (24) with initia! conditions set to zero 

sv(s) = D' (- D' \)'(s) + '()-1 (s) + V1 a(s) )- v(s) 
sC L L D'L RC 

V V (25) 
-..:::....

1 ---.a es> + 1 :f <s> 
D 12 RC D 12R 3 C 

4.1.5 Dynamic model 

Rearranging of equation (25) results in the desired expression for 

the dynamic performance of the boost converter: 

The presented dynamic model is accurate for frequencies up to half 

the switching frequency. A representation in a block diagram of 

equation (26) with the introduetion of an effective inductance is 

given in figure 4.3. 

A 

vi(s) 

A 

r(s) 

A 

Vi.Le.s 

D'.2.R.R 
Le 

A 

v(s) 

d(s) Vi(1-s.Le/R) 

D'.D' 

Figure 4.3: Dynamic model of the boost converter 

(27) 

As expected an input voltage increase or decrease causes an output 

voltage increase or decrease respectively. A resistance increase 

or decrease causes a positive or a negative voltage dip 

respectively. The duty-cycle control has a right half-plane zero, 

this can cause complications when stabilizing the feedback 
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control. The initial slope of the output response is negative for 

a positive input change, see figure 4.4. 

d 

V 

----~.--------+ t 
I 
I 
I 
I 

~ 
/ 

-------f't 
Figure 4.4: Transient response to an increased duty-cycle 

4.1.6 Transient response 

The transfer function can be written in-the standard form, 

according to Van de Vegte [37]: 

(28) 

Hence it appears for the undamped natural frequency wn and the 

damping ratio: 

1 
(I)=--

.a JL"C 
(29) 

The speed of the response is increased by increasing the natural 

frequency. For a damping ratio equal to one the system is 

critically damped, for d.r. < 1 the system is underdamped and 

oversboot over the steady-state response appears. A boost 

converter with a fast transient response is obtained when the 

following design criteria are satisfied: 

- inductor with low inductance 

- output capacitor with low capacitance 

- low duty-cycle: high input voltage, since the output voltage is 

set by the lamp. 

Furthermore, the resistance of the load determines whether or not 

the system is damped. 
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4.2 SWITCHING FREQUENCY AND OPERATION MODE 

To design a ballast with small components for achieving a low 

price, a small volume and a fast transient response, the switching 

frequency has to be high. The disadvantages of a high switching 

frequency are the increased switching losses in the 

semiconductors. The switching frequency is set to 500kHz. This is 

an optimum in case a low cost automotive ballast is required [12]. 

Because of this high switching frequency a fast transient response 

can be obtained (see section 4.1.6) and a re-ignition coil is not 

necessary. 

The steady-state operation mode chosen is at the boundary of 

continuous conduction mode (CCM) and discontinuous conduction mode 

(DCM). The advantages of this operation mode are: 

- an inductor with low inductance for a fast transient response 

- on-switching of the power mosfet without dissipation 

- no reverse recovery losses of the diode 

disadvantage: 

- high ripple current: Irms = 2/ j3 * Iav = 1.15 * Iav• 

The conditions for boundary operation are a battery voltage of 12V 

and a lamp voltage of sov. The power supplied by the battery is 

35W lamp power corrected with an estimated converter efficiency of 

90%. This results in a duty-cycle of 76% (ideal voltage gain 

according to equation (13)) and an average input current of 3.2SA. 

The inductor current is shown in figure 4.5. 

I(A) 

6.5 

3.25 

t(~s) 
0 1.52 2.0 4.0 

Figure 4.5: Desired inductor current, 35W operation 
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The desired inductor value is: 

L=V dt =12 V l ' 52 p.s 2. 81.p.H 
di 6 .SA 

(30) 

The maximum input current occurs at an input voltage of 9V during 

run-up. The duty-cycle for sov output voltage is 0.82 (equation 

13), the estimated converter efficiency for run-up is 80%: 

p 
I = run-up 

il:l,ma.x V "" 
1n,m1n • •t 

SOV*2. 6A 18 .lA 
9V*O. 8 

The peak value of the inductor current at this maximum input 

current (DT is 1.64~s) is: 

I =I + 9V 
l,III&X 1n,ma:x 2 , 8111H 

4.3 INDUCTOR DESIGN 

4.3.1 Magnetic core 

1.64p.s 20.7A 
2 

(31) 

(32) 

The magnetic core is made off soft ferrite. The available ferrites 

contain compositions of manganese and zinc and have good magnetic 

properties below the curie-temperature. The ferrite choice is a 

campromise of price and specific power loss with the switching 

frequency as main parameter. The power loss as function of 

temperature for the territes considered is given in figure 4.6 

(Soft Ferrites (39]). 
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Figure 4.6: Specific power loss 

The territe 3C80 happens to be the most commonly used and the most 

inexpensive material but unfortunately also the territe with the 

highest power loss. The saturation flux density at 25°C is 420mT, 

the saturation flux density at 100°C is 330mT. A saturation flux 

density of 350mT is chosen for calculations. In case the magnatie 

flux is homogeneously distributed over the effective area, the 

maximum magnatie flux for the cores considered is: 

UlO: 

Ull: 

UlS: 

Ae= 8. 6mm2 

Ae=17. 6mm2 

Ae=32. 3mm2 

tmax= 3. OJ..LVS 

tmax= 6. 2J..LVS 

tmax=ll. 3J..LVS 

4.3.2 Number of turns 

The minimum number of turns can be calculated with Ampère's law: 

fHdl=ff (J+ ~) ·dS (33) 

The dD/dt displacement current density differs from zero only at 

current commutation. This small displacement current density can 
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be neglected in comparison with the high current density. Hence it 

appears for the static Ampère's law: 

fHd1=NI (34) 

BE B 8 --1 +-1 =NI E a 
llrllo llo 

(35) 

If the air gap is small compared to the dimensions of the core and 

~r>>l, the following approximation for the magnetic flux inside the 

core is valid: 

According to Faraday's law, the formula for the inductance is: 

del- di v=N-=L
L dt dt 

The number of turns has to satisfy the following condition: 

UlO: 

Ull: 

UlS: 

Nmin=20 

Nmin=lO 

Nmin= 6 

1
8
>1. 54mm 

1
8
>0. 78mm 

1
8
>0. 52mm 

58. 21J.VS 

«»lllllX 

(37) 

(38) 

(39) 

The core selected is the Ull core of 3C80 ferrite. This core is an 

optimum between the number of turns and the ferrite volume. The 

inductor can also be designed with a realistic air gap. 
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4.3.3 Air gap 
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The core consists of two similar u-parts with the air gap in 

between, the total air gap is twice the distance of the u-parts. 

The air gap is filled with paper with a thickness of o.smm (the 

air gap is in facta paper gap). The total geometrie air gap is 

lmm. The 'magnetic' air gap is smaller due to the expanding effect 

of magnetic field lines in the air gap region, see figure 4.7. An 

advantage of a relatively large air gap is the reduced influence 

of a lateral displacement of the core parts on the inductance. 

~ 

la 

Figure 4.7: Bxpanding magnetic field lines 

The calculated inductance of the Ull inductor with an air gap of 

lmm and 10 turnsis 2.21~H (equation 38). The real inductance will 

be higher due to a smaller 'magnetic' air gap and the presence of 

stray inductance. 

4.3.4 Winding 

The resistance of the winding increases with the frequency. This 

is caused by skin and proximity effects. An alternating magnetic 

field is driven out of the conductor by a nonhomogeneous current 

distribution inside the conductor (Casimir and Ubbink [38]). Fora 

high frequency current flowing through a conductor with a high 

permeability the highest current density will be near the boundary 

of conductor and air, the skin of the conductor. 
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The boost converter has a triangle wave inductor current. The 

switching frequency is 500kHz (3rd harmonie at 1.5MHz), solid wire 

would result in a high copper resistance at 500kHz. To minimize 

skin and proximity effects Litz-wire has been taken. The Litz-wire 

used is a bunch of 60 cyclic twisted wires of O.lmm diameter each. 

4.3.5 Inductor maasurement 

The inductance and the resistance are measured as function of the 

frequency with a Hewlett Packard impedancejgain-phase analyzer 

4194A, see figure 4.8. The maasurement voltage is reduced to an 

allowable minimum to cancel core losses. 

A: Ls B: Rs 
A t<IAX 4. 000 )JH 

o MKR 
Ls 
Rs 

500 075.000 Hz 
3.28815 )JH 
93.9230 mQ B MAX 1. 000 Q ----1-;-

-=-~~ ~=- ---- =---- ----~ 

'A -- ·--· ·-- ·-

A HIN 3.000 )JH START 100.000 Hz 
B MIN 0.000 Q STOP 2 000 000.000 Hz 

I 

Figure 4.8: Inductance and resistance of the boost inductor 

The measured inductance is 3.3~H. The measured resistance for 

direct èurrent is 20mn and 94mn for a harmonie current with a 

frequency of 500kHz. The spectrum of the inductor current contains 

a DC component (main component), a 500kHz component and higher 

harmonie components. Calculations will be performed with a 

simplified frequency independent resistance of 50mn. 
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4.4 SEMICONDUCTOR SELECTION 

4.4.1 Power mosfet selection 
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The selection of the power mosfet is based on price, maximum 

voltage and current, Rds
0
n and gate capacitance. The gate 

capacitance determines the switching speed and therefore the power 

dissipation in the mosfet during switching. The Rds
0

n determines 

the power dissipation in the mosfet during conduction. The power 

mosfets considered are (values for 25°C case temperature): 

Vdsmax (V) Idsmax (A) Rds
0

n (n) Ciss(pF) SOk SOOk 

SGS-Thomson: 

STPSON06 60 50 0.028 1700 DM 1. 20 DM 1. 07 

International Rectifier: 

IRFZ44 60 50 0.028 1900 $ 0.72 $ 0.69 

IRFZ48 60 50 0.018 2400 $ 1.03 $ 1.00 

Philips: 

BUK456-60A 60 52 0.028 1500 DFL 1.71 DFL 1.55 

BUK456-60B 60 51 0.030 1500 DFL 1.65 DFL 1.50 

Motorol a: 

MTPSON06E 60 50 0.025 2500 $ 1.28 $ 1.15 

According to the present exchange rates the SGS-Thomson power 

mosfet is the least expensive and is therefore selected. The 

STPSON06 also has a low gate capacitance. The gate charge and 

capacitance graphs are given in figure 4.9. 

I I I 
\ I i f=c 1 MHz 

\':~" l I 
V05 =0V 

\I I 

! I I I 
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I 
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I I i 
i V 
I /I 
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I I 1/ I 
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12 
zooo 
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\ i--L Cou 

1"-- I -:--... 
Cru I I I I 
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Figure 4.9: Gate charge and capacitance of the STPSON06 
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4.4.2 Power diode selection 
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The current commutation from the power diode to the mosfet has to 

occur with minimum losses. During run-up the current is high and a 

fast reverse recovery diode is required then. For obtaining a high 

efficiency the forward voltage has to be low. The ultra fast 

recovery rectifier diode Philips BYW29 satisfies both the 

requirements. 

103 

IF os 
~A) In Cl 

typ ma x 
20 VF VF 102 

Figure 4.10: Forward voltage and stored charge of the BYW29 

Reverse recovery current is caused by ditfusion of minority 

carriers. This stored charge is determined by the forward current 

just before the current commutation and is removed by ditfusion 

and recombination. The time needed to remove the stored charge, 

the reverse recovery time, decreases with a shorter minority 

carrier lifetime. Due to recombination of minority carriers the 

stored charge decreases with a slower switching speed, according 

to figure 4.10. 

BYW29-100 (nominal values): VR=100V, VF=O. BV, IF=BA, trr=25ns. 
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4.5 CAPACITOR SELECTION 

4.5.1 Boost capacitor 

The capacitor at the output of the boost converter has to have a 

low capacitance for a fast transient response. The minimum 

capacitor value is determined by a requirement for a maximum 

ripple at which acoustic resonances will not occur. The maximum 

allowed top-top value of the ripple is 10% of the average output 

voltage. The capacitor value is calculated as follows: 

4 7 • 5 V=52 • 5 V*e 

R (5 0V)
2 

71..40 
35W 

1, 521&B 
RC 

C=21.3nF 

(40) 

(41) 

A Philips MKT 370 polyester film capacitor of 220nF/63V is used. 

The capacitance and the equivalent series resistance (ESR) are 

measured as tunetion of the frequency, see figure 4.11. 

A: Cs B: Rs 
A I•IAX 300.0 nF 

Q 

o MKR 
Cs 
Rs 

A MIN 200.0 nF START 100.000 Hz 
B MIN 0.000 Q STOP 2 000 000.000 Hz 

Figure 4.11: capacitance and ESR of the boost capacitor 

4.5.2 Input capacitor 

The input current ripple can be reduced by placing a capacitor 

close to the inductor and the mosfet of the boost converter. This 
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capacitor causes a battery current with a smaller ripple and as a 

result a lower electromagnetic interference. 

According to figure 4.5 the charge consumed by the boost converter 

per switching cycle is 6.5~C. For a ripple free battery current 

and a converter oparating at the boundary of CCM and DCM the input 

capacitor is charged and discharged each cycle with half of the 

charge consumed, 3.25~C. The allowable voltage dip caused by 

discharging is lV (a chosen value). so the desired input 

capacitance equals 3.25~F. Three l~F/63V multilayer ceramic 

capacitors (small dimensions) of Siemens are used, total input 

capacitance is 3~F. The ceramic material is X7R, the capacitance 

and the series resistance of one capacitor are measured as 

tunetion of the frequency. 

A: Cs 
A MAX 
B MAX 

B: Rs 
5.000 ~F 
1. 000 Çl 

,---- -----,--
r-1---· 

o MKR 
Cs 
Rs 

500 075.000 Hz 
1.04263 ~F 
42.4086 mrl 

=r~T ____ ---l 
--- -~-~---'--

I f---; --- '-- ____ ,_ 

. / __ j__~~--· --
A -~ __ i _____ --·-J 

I I 
----- --· - ·-+·-- -------l 

-~-- ----l-·-·--~ 
--------· ---~-= -:-7=-1 
~--

B ---·- -----~-- I 

A I·:If ~ -5.000 )JF START 100.000 Hz 
8 MIN 0.000 0 STOP 2 000 000.000 Hz 

Figure 4.12: Capacitance and ESR of one input capacitor 

Both the input and output capacitor have to be placed very close 

to the inductor, power mosfet and power diode. A lot of attention 

has to be paid to the lay-out of the boost converter. The power 

mosfet and the diode have to be mounted on a heatsink because of 

their heat generation. The thermal resistance from junction to 

case is for the mosfet l°C/W and for the diode 2.7°C/W (for free 

air oparation the thermal resistance from junction to ambient for 

both semiconductors is 60°C/W). 
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4.6 POWER LOSSES CALCULATION 

The power losses of the boost converter are calculated for 35W 

operation, 12V input voltage, sov lamp voltage and 25°C ambient 

temperature. The electric schematic including the paraaitic losses 

is given in figure 4.13. 

3.3JlH 50m0 12mn 

14m0 28m0 

311F 0=0.~ 
Battery + wiring i Boost converter 

Figure 4.13: Boost converter with paraaitics 

50V 

71 
c 

Load 

The assumed input power is the nominal output power corrected with 

an estimated converter efficiency (90%), this results in 38.9W 

input power. The inductor current is given in figure 4.14. 

I(A) 

6.0 

3.24 

---------------- ---------------------
' ' 

' --------- -------~- -----------
' ' ' ' ' 

1.52 2.0 
t(tJS) 

4.0 

Figure 4.14: Calculated inductor current, 35W oparation 

4.6.1 Inductor losses 

The AC component of the inductor current has a peak value of 

2.76A, the measured inductance is 3.3~H. The amplitude of the 
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alternating magnetic swing is: 

52mT (42) 

A magnetic swing of 52mT around OmT is assumed to have an equal 

core loss as an magnetic swing of 52mT around 61mT (3.24A DC 

component of the current). The triangle wave excitation of the 

magnetic core is assumed to have an equal core loss as a harmonie 

excitation with the same amplitude. Fourier transformation of the 

triangle wave excitation and calculation of the core loss per 

frequency component is not correct because of the non-linearity 

and hysteresis of the ferrite core. The specific power loss for a 

3C80 core with a pure harmonie excitation (f=SOOkHz, B=SOmT, 

T=25°C) is 490kWjm3 , according to figure 4.6. The core loss (2 

parts) can be approximated with the assumptions mentioned: 

Pfe=490 *10-6 ____!._*1 7. 6mm 2 *22. 9mm*2 =0. 39W 
znm3 

(43) 

The copper resistance is frequency dependent. For calculation of 

the power dissipated the equivalent constant resistance is somn. 

Intermezzo: calculation of the rms-value of the inductor current 

If.rms= ~~ z; ( t) dt (44) 
T 

2 1 1,6JSIIJB A ]2 
Il rms= 3.63-*t(llB) dt=13.03A 2 

' l., 52118 llB 
0.1311 

(45) 

(46) 

end of intermezzo. 

Hence it appears for the copper losses: 

(47) 
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4.6.2 Mosfet losses 

The power mosfet is switched on and off by charging and 

discharging respectively of the gate. The turn-on and the turn-off 

times are determined by the souree and sink current of the gate 

driver. The gate driver used in the experimental set-up is a 

IR2110, this is a regenerative mos-gate driver capable of 2A 

souree and sink current (Clemente [35]). 

The gate charge at the threshold voltage (Vgs=Vth=3V) is 7nC. The 

gate charge required for charging Cgd is 26nC, flat section in 

figure 4.9. Difference in charge between Vd=40V and Vd=50V can be 

neglected; the capacitance Cgd decreasas fast with an increasing 

Vd. The total gate charge required for switching on a mosfet 

(Ids=Il=0.48A, Vds=Ids*Rds
0
n) is 33nC. Due to the presence of 

paraaitic inductance and resistance in the MGD mosfet connection, 

the average souree and the average sink current are estimated at 

lA (a smaller value than the maximum MGD drive current). This 

results in a turn-on time of 26ns. switching-off the mosfet occurs 

at 6A drain current. Because of the high forward transconductance 

(gf
5
=22A/V) the turn-off time will be equal to the turn-on time. 

Due to the high transconductance almost the entire turn-on time or 

turn-off time is necessary for charging or discharging the drain 

gate capacitance. The power dissipated for switching on the mosfet 

can be calculated as follows (Mohan [17], Clemente [36]): 

Dissipated power for switching off: 

sov 
Ptur.D-ou=SOOkHZ*-

2
-*6. OA*26ns=l. 95W 

(48) 

(49) 

(50) 

The drain souree capacitance is charged when switching off the 
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mosfet. The charge current is a part of the current flowing 

through the inductor. The 6A inductor current equals the mosfet 

drain current which is divided in a channel current (main part 

90%) and a displacement current caused by Cds. Therefore Cds is 

charged by a current souree and charging occurs without 

dissipation. switching the mosfet on causes discharging of Cds. 

The stored energy is dissipated in the mosfet. The voltage 

dependent depletion capacitance is approximated by a constant 

capacitance of 400pF. The power dissipated equals: 

(S1) 

The power losses caused by the Rds
0
n during conduction are: 

~ 
PRdso.rJ =Rdsoll' Il,rms• D=O. 28W (S2) 

The total power dissipated in the mosfet is 2.64W. 

4.6.3 Gate driver losses 

The output stage of the mos-gate driver IC is a half bridge with 

NMOS transistors with a high W/L ratio. The MGD is supplied with 

an auxiliary voltage of 12V. The gate charge of the power mosfet 

at 12V gate voltage is sonc. This gate charge is supplied by the 

driver. The power dissipated in the mos-gate driver is: 

(S3) 

4.6.4 Diode losses 

The power losses caused by the forward voltage (0.7V) are: 

P,.=V,.. I 1 ,av' (1-D) =0. SSW (S4) 

Power losses caused by the 12mn series resistance (figure 4.10): 

(SS) 
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Calculation of the reverse recovery losses, according to the 

voltage and current waveforms depicted in figure 4.15. 

t time 

~100% 
/ ____ --rL 11 ~Ru: Ró' M _j 

time 

Figure 4.15: Reverse recovery 

The stored charge is approximated by extrapolation in figure 4.10 

(IF=0.5A, -diF/dt=100A/~s), Qs is 13nC. 

(56) 

The total power dissipated in the diode is 0.67W. 

4.6.5 Capacitor losses 

In the (1-D) interval the discharge current of the output 

capacitor is o.aA. In the D interval the peak charge current is 

5.1A, this charge current drops to zero at the end of the D 

interval. The power losses in the ESR of the boost capacitor are: 

(57) 
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The amplitude of the alternating triangle wave current in the 

input capacitor is 2.76A. The power losses in the ESR of the input 

capacitor are: 

2 (2.76A )2 PCiD.=ESR. Ic,rms=14m(h 
2 

*1.15 =0. 04W (58) 

4.6.6 Power balance and efficiency 

The power supplied by the battery is assumed to be 38.9W, power 

lossesper component are (gate driver losses are not included): 

Inductor: 1.04W 

Mosfet: 2.64W 

Diode: 0.67W 

Boost capacitor: 0.12W 

Input capacitor: 0.04W 

The total power losses are 4.51W, the main part is dissipated in 

the mosfet. This is convenient because the heat generated through 

this power dissipation is easy to transport by a heatsink (the 

ballast case). Power delivery to the commutator is 34.4W. 

The calculated efficiency at 25°C ambient temperature is: 

4 • 7 PERFORMANCE 

The operating area of the boost converter is depicted in an output 

voltage versus output current graphic, figure 4.16. The absolute 

maximum ratings of the output voltage (Vdsmax of the mosfet) and 

output current (maximum electrode current) are indicated. 
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P=100W 

20 
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0 +---.-----.-----'---1,.-----7 I out(A) 
0 1 2 3 

Figure 4.16: Operating area of the boost converter 

The period time of the undamped natura! frequency is an indication 

for the transient response. For a lamp just after ignition (lamp 

voltage immediately after breakdown is 25V) the undamped period 

time is, according to equation (29): 

T =2n: ./LC 
.a D' 

(60) 

For a lamp in steady-state operation this period time is: 

The transient response time can become shorter when a well matebed 

feedback control is implemented. 

4.8 MEASUREMENTS 

4.8.1 current and voltage measurements 

The input voltage is measured with a Hewlett Packard 3403C true 

rms voltmeter, the output voltage is measured with a Tektronix 

2430A digital oscilloscope and a voltage probe. The current is 

measured with a Tektronix A6302 current probe and a current probe 

amplifier AM503. The inductor current and the output voltage are 

measured for 12V battery voltage and 35W power delivery to a 

resistor. 
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Figure 4.17: Measured inductor current and output voltage 

The output voltage satisfies the 10% requirement, the inductor 

current is in accordance with calculation (figure 4.14). The 

battery current is measured under similar conditions. 

l(AJ 6 

3 

0 

0 2 'I i Ç/Ls) 

Figure 4.18: Measured battery and inductor current 

The battery current equals the average inductor current. The DC 

battery current will not cause electromagnetic interference. 
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Power analyzers are not used because of their limited bandwidth. 

The advantage of voltage maasurement by oscilloscope is the fact 

that the output voltage can be viewed. Mismeasurement by a device 

with a bandwidth that is too small can therefore be avoided. The 

oscilloscope has a relatively large inaccuracy of 5%. Two MKT film 

capacitors of 6.8~F each are placed at the output of the boost 

converter to reduce the output voltage ripple. 

The measured efficiency as function of the input voltage is: 

for 50V output voltage and 35W power delivered to a resistor (gate 

driver losses are not included) 

Vin(V) D mode n(%) 

9 

12 

13.2 

16 

0.82 

0.76 

0.74 

0.55 

CCM 

CCM 

CCM 

DCM 

79 

85 

87 

89 

The measured efficiency as function of the output voltage is: 

for 12V input voltage and 35W power delivery (all in CCM) 

vout(V) D n(%) 

20 

30 

40 

50 

60 

0.43 

0.61 

0.70 

0.76 

0.80 

92 

90 

88 

85 

83 

The efficiency as function of the output power is: 

for 12V input voltage and 50V output voltage 

Pout (W) n (%) 

35 85 

50 85 

70 85 

100 81 
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The efficiency is nearly constant over a wide range of the output 

power. The efficiency decreasas significantly with an increased 

output voltage or with a decreased input voltage. The ratio of 

output voltage and input voltage has to be low for obtaining a 

high efficiency! 

4.9 VERIFICATION OF CALCULATION AND MEASUREMENT 

Power loss calculation: 

The measured efficiency for V;n=12V, Vout=SOV and Pout=35W is 85%, 

the calculated efficiency is 88%. The calculated efficiency comes 

close to the measured efficiency. The presented power losses 

calculation (chapter 4.6) is correct. 

Static model: 

The static model (equation 13) derived from the state-space 

averaged equations is in accordance with the measurements and is 

therefore correct. 

Dynamic model: 

The dynamic model (equation 26) is verified with a Spice computer 

simulation. Input is the electric schematic of the boost converter 

with parasitics. The duty-cycle is fixed at 0.76, the battery 

voltage is 12V. The load resistance is suddenly decreased from 71n 

(3SW power delivery) to 2sn (100W power delivery). with this fixed 

duty-cycle the boost converter needs 20~s for achieving a steady

state output voltage. This simulated transient response time, with 

fixed duty-cycle, is in accordance with the period time of the 

undamped natural frequency as given by equation (60) and (61). 



-so- Eindhoven Univarsity of Technology 
Report EMV 94-08 

4.10 LIMITED VOLTAGE GAIN FOR POWER CONVERSION 

The inexpensive boost converter is not suitable for the present 

85V MHS lamp with 12V battery voltage. Power conversion with this 

high voltage gain is not possible because: 

- The efficiency decreasas considerably with a 85V lamp and 12V 

battery voltage. The efficency for 35W oparation is below 75%, 

based on extrapolation of the maasurement results in section 

4.8.2. This will cause serious problems with heat transport, 

especially during the run-up with 100W output power. 

- A power mosfet with a higher maximum drain souree voltage (100V) 

is needed (higher price). The higher input capacitance results 

in an increase of the mosfet switching losses. Power dissipation 

in the mosfet for 35W oparation will be about sw, section 4.6.2. 

- The high duty-cycle of 86% causes control and stability problems 

at 500kHz switching frequency (see section 4.1.5, 4.1.6 and 

4.2). The switching frequency has to be reduced. This results in 

more expensive and larger components. 

In the worst case situation with a 9V battery voltage and 102V 

lamp voltage (duty-cycle is 91%) a good performance is even not 

possible. 

Power conversion can be realized in an inexpensive way in case the 

ratio of lamp voltage and battery voltage is low. 
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5 TAPPED-INDUCTOR BOOST CONVERTER 

The following topologies are considered for generating the ignitor 

voltage and the open circuit voltage: 

- flyback, 

- boost, 

- diode capacitor voltage multiplier. 

The ignitor capacitor has to be charged up to aoov, the open 

circuit voltage is 200V. This two different voltages can be 

obtained by: 

- a resistance andjor capacitance divisor, 

- or by inductor tapping. 

Investigation of the possibilities mentioned has resulted in a 

tappad-inductor boost converter [27,31]. This converter is the 

best solution to achieve a low cost circuit for generating the 

desired voltages. The electrical circuit of the tappad-inductor 

boost converter with dual output is given in the figure below. 

L1 
f---+-+----,L2 02 

800V 

50V 01 
200V 

Cto Cign 

Figure 5.1: Tappad-inductor boost converter with dual output 

5.1 GENERAL ANALYSIS 

The HV-circuit charges the take-over capacitor and the ignitor 

capacitor. The HV-circuit does not operate in a steady-state mode 

similar to the boost converter. In spite of this a derivation of 

the steady-state voltage gain for a single output (figure 5.2) in 

continuous conduction mode of the primary inductance is presented 

here. 
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L 1 (N1) 

V i ~ 
L2(N2) 

D 
c 

Figure 5.2: Tapped-inductor boost converter with single output 

Interval DT, the mosfet is conducting: 

The current i is the current flowing through the primary 

inductance during interval DT. 

Interval D'T, the diode is conducting: 

The current i' is the current flowing through the primary 

inductance during interval D'T. 

(62) 

(63) 

According to equation (34) results for the current in the primary 

inductance just before (dT-) and just after (dT+) the current 

commutation from mosfet to diode: 

(64) 

The current in the primary inductance with Nl=N2 is depicted in 

figure 5.3. I(L1) 

i(dT-) 

i'(dT +) ---- ------

t 
0 dT T 2T 

Figure 5.3: Primary inductor current with Nl=N2 
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Substitution of equation (64) in equation (63) results with 

equation (62) in the averaged circuit equation for the inductor 

current i: 

(65) 

The voltage gain is obtained by setting equation (65) to zero. 

Hence it appears for the static voltage gain: 

(66) 

In comparison with a normal boost converter the tappad-inductor 

boost converter has a higher voltage gain with the same duty

cycle. The voltage stress of the switch is reduced, the 800V 

ignitor voltage can be generated with a 200V mosfet. However the 

diode reverse voltage (VR) is increased: 

(67) 

Although the input current does not drop to zero the current shows 

a discontinuity at the current commutation, see figure 5.3. This 

discontinuous inductor current can cause EMI rather than for 

instanee the 500kHz inductor current of the boost converter. 

5.2 TURNS RATIO 

The magnatie flux inside a transformer is canalized. The voltage 

per turn is therefore equal for both the windings of the 

transformer. Breakdown of the spark gap inside the ignitor shows a 

statistica! behaviour. Breakdown occurs by a Townsend mechanism 

[6] and has a toleranee of 15%. 

(68) 

In case the spark gap breaks down at maximum voltage the open 
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circuit voltage (OCV) may not exceed the 200V limit. With a boost 

voltage of sov, a spark gap breakdown at 920V and a safe OCV of 

195V appears for the turns ratio of the transformer: 

N2 = 920V-195V -S 
N1 195V-SOV 

(69) 

If the spark gap breaks down at the nominal voltage the OCV will 

be 175V. At the minimum spark gap breakdown voltage (680V) is the 

OCV 148V. successful take-over is doubtful then and a second 

ignitor pulse could be necessary. 

5.3 TRANSFORMER DESIGN 

The transformer has to have a good couple factor to reduce the 

effects of stray inductance, especially at 500kHz. Furthermore, 

the transformer has to be inexpensive and small in size. The E13 

core is the smallest E-core available. A transformer containing 

two E13 cores satisfies both requirements and is selected 

therefore. 

E13: Ae=13. Omm2 tmax=4. 6p.Vs 

The ferrite chosenis 3C80 [39], the relativa incremental 

permeability is 2000. The incremental permeability is observed 

when an alternating magnatie field is superimposed on a static 

bias field H0c: 

1 [ !:.B] 
J.L A= Jl.o !:.H H 

DC 

(70) 

The effective magnatie length of a transformer built with two E13 

cores is 29.6mm. The coilformer has two sections, one for the 

primary 200V winding and the other for the secondary aoov winding. 

This convenient separation results in a better insulation and a 

lower parasitic capacitance. 

Rough calculation of the desired primary inductance: 

Ignition is supposed to consume sw power (100 ignition and take-
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over pulses of 25mJ each per second). With a boost voltage of sov 

this results in an average primary inductor current of 0.1A. The 

current in the D'T interval is left out of consideration for this 

rough calculation. This assumption is valid because of the 

relatively high turns ratio. With a duty-cycle of 25% and 500kHz 

switching frequency appears for the desired primary inductance: 

tl 

J v(t) dt 

L= to 
i ( t

1
) -i ( t

0
) 

(71) 

The top value of the primary inductor current for this supposed 

condition is o.aA. With this sw power consumption the minimum 

number of primary turns, according to equation (39) equals 6. A 

transformer with this minimum number of turns would have an 

unrealistic small air gap (2*9.S~m). A paper with a thickness of 

o.osmm is used for the air gap. The number of primary turns is set 

to 14. According to equations (35) and (37) the primary inductance 

is: 

u A~ 
L = r-o e 1 -2 7 9 H 

1 1 . l1 
1 +~ 

a ll~o 

(72) 

The primary inductor current is allowed to rise to 2.3A (equation 

39) before saturation occurs. The winding is a solid wire with 

0.2Smm diameter. The secondary winding bas 70 turns (equation 69). 

Almost the entire winding space in the coilformer is filled. 

The primary and secondary inductance are measured at 500kHz with 

minimum measuring voltage to cancel core losses. 

L1(sec open) = 32.1~H 

L2(prim open)=810~H 

A metbod for determination of the mutual inductance Lm is by 

maasurement of the inductances LA and L8 of the two possible series 

connections of the primary and secondary windings [27]: 
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(7 3) 

(7 4) 

(7 5) 

The coefficient of coupling k equals: 

k 0.92 (7 6) 

5.4 SEMICONDUCTOR SELECTION 

The mosfet used is the IRF610 from International Rectifier, this 

is an inexpensive one with a small chip area: 

IRF610: Vds~x=200V, 

The Ids~x at 100°C is 

is 2.3A (saturation). 

other. 

Idsmax=3.3A, Rds 0 n=l.5n, Ciss=l40pF. 

2.1A, the maximum primary inductor current 

So these current ratings are matched to each 

The diode Dl has to have a fast recovery, the BYV26B is selected. 

BYV26B: VR:400V, VF=2.5V, IF=lA, trr=30ns. 

The diode D2 has to be capable of reversing a voltage of 1170V, 

equation (67). A series conneetion of two BYV26D diodes is used. 

BYV26D: VR:SOOV, VF:2.5V, IF=lA, trr=75ns. 

The diode between the boost converter and the commutator has to 

reverse the open circuit voltage. In run-up and stead-state 

operation it has to have a low forward voltage and it must conduct 

the maximum lamp current (2.6A). The BYV27-200 is selected. 

BYV27-200: VR=200V 1 VF=l. 07V 1 IF=3A, trr=25ns. 

The power dissipation during steady-state operation is: 
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The diode between the KV-circuit and the commutator has to conduct 

the peak take-over current. The diode must prevent charging from 

the take-over capacitor directly by the boost converter, since 

this charging would result in a slow transient response of the 

boost converter. The BYV27-100 is selected. 

BYV27-100: VR=lOOV 1 VF=l. 07V 1 IF=3A, trr=25ns. 

5.5 TAKE-OVER CAPACITOR 

The take-over current is the current flowing through the lamp 

immediately after breakdown (the lamp voltage is then 25V). This 

current is obtained from the discharge of the take-over capacitor. 

At the moment the capacitor's voltage equals the boost voltage, 

the boost converter has to supply the lamp current [8]. The boost 

converter with fixed duty-cycle needs lO~s (equation 60) to fulfil 

this increased power demand. The maximum take-over current is set 

to lOA (based on experience). The minimum capacitance is: 

C = lOA*lOJI.S O. 67 F 
take-over 175 V-25 V J1 (78) 

The capacitor chosen is a Siemens MKP polypropylene film capacitor 

of l~F/250V. The capacitance and ESR are measured, see figure 5.4. 

A: Cs B: Rs o MKR 201 836.636 Hz 
A MAX 2.000 ~F Cs 1.01620 ~F 
B MAX 200.0 mQ Rs 9.63772 mO 
----- -- - -- --,- -·r-r--.-----.--.---r-.-r-r"T"T'l 

J ----- -- --- - ,----- 17 ·-f- --

A v~~~,--~-4-4-+~+~ 
~-~----t'"l-
1-------+-- ---+---i--+-1 

1/ 

c---~-- -- --- -f- - -- -- /v 
~--- - ,-- - -- - -- ---/-,."-1-----f-++/-fH--l'rl 

--- - -:: -~ --1- -+--H+-i-t+i 

___ a==~~A~~" 1, -:-:~ •• 
A MIN -2.000 ~F START 100 000.000 Hz 
B MIN 0.000 Q STOP 10 000 000.000 Hz 

Figure 5.4: capacitance and ESR of the take-over capacitor 
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In case the impedance of the series ignitor (resistance and 

inductance) is very low the discharge of the take-over capacitor 

has to be controlled with a current limitation. The limitation of 

the discharge current (lOA) can be incorporated in the commutator. 

Furthermore, the take-over current may not drop to zero before the 

moment that the converter is able to supply lamp power. 

5.6 PERFORMANCE 

All the components have to be placed very close to each other. The 

distance between the output capacitor of the boost converter and 

the transformer and mosfet of the KV-circuit has to be reduced to 

a minimum to avoid unnecessary increase of stray inductance. 

During ignition of the lamp the take-over capacitor discharges 

fast; the high di/dt value of this current induces unwanted 

voltages. To avoid this induction the wires where the discharge 

current is flowing through have to be placed very close to each 

other to reduce an external dl/dt field. 

The aoov wire from the transformer to the ignitor has a diameter 

of 0.2smm, according to Gauss's theorem the electric field in air 

at the boundary of copper and air can easily exceed lkVfmm. This 

high field causes local partial discharges. 

During generation of ignition pulses the boost converter will 

operate in discontinuous conduction mode. The mosfeta of the boost 

converter and the KV-circuit can operate with the same duty-cycle. 

With the previously mentioned duty-cycle of 25% and an assumed 

boost voltage of sov results for the average input current and the 

battery power: 

I V 
I = max (D+D 1 ) 

av 2 V -V 
0 ! 

The energies in the take-over capacitor and the ignitor capacitor 

(68nF) both charged with their nominal voltage are: 
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(80) 

(81) 

The pulse frequency with an estimated total efficiency of 50% and 

a supposed duty-cycle of 25% is: 

:f.P=3.6W'*O.S* 
1 

-49Hz 
37.1mJ 

(82) 

A higher pulse rate can be obtained easily through a higher duty

cycle. The maximum switching frequency of the spark gap is 400Hz, 

this results in a maximum battery input power of 30W. The ignitor 

voltage and take-over voltage are measured with a fixed duty-cycle 

of 25% for both the converters. The conneetion between the boost 

converter and the commutator is omitted for this set-up (see 

figure 3.1). The lamp only flashes with this repetitive ignition 

and take-over. BOD~~~--~~--~--.---~~--~--.--. 

V(VJ 6oo 

200 

o so 100 ttmsJ 
Figure 5.5: Generating ignitor and take-over voltage 

This spark gap breaks down at 770V, the OCV is 185V, the boost 

voltage is 45V and the fP is 40. Performance is satisfying and 

comes close to calculation. 
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6 COMMUTATOR 

The commutator transforms the DC voltage into a low frequency 

square wave voltage. The commutator contains a full bridge circuit 

with integrated circuits for gate driving and the current 

limitation for take-over (in case the impedance of the series 

ignitor is low), see figure 6.1: 

200V max 

A 
lgnitor 

Gate Gate 
Driver Driver 

c 
Lamp 

c 

Figure 6.1: commutator 

6.1 GATE DRIVING 

Driving of the high mosfet in a half bridge is difficult because 

its souree is floating in relation with the ground. Level shifting 

is required. Magnatie components or high voltage transistors are 

needed for level shifting in case the gate driving circuits are 

built with discrete components. 

The availability of a high voltage IC process has led to a design 

of a HV-IC for gate driving. Philips has a HV-IC process in DMOS 

technology with lateral double diffused mosfets (LDMOS) for high 

voltage applications (Ludikhuize [34]). A gate driver IC fora 

half bridge application is designed by Schoofs [33]. This 
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integrated circuit contains: 

- a logic input part 
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- the high-voltage level shifting with LDMOS transistors 

- the floating gate driver for the high mosfet 

- the !ow-voltage level shifting 

- the gate driver for the low mosfet. 

The commutating frequency has to be set by an oscillator circuit. 

our competitor International Rectifier makes a mos-gate driver 

(MGD) with an incorporated oscillator for a half bridge 

application [13]. This selected IR2155 MGD is widely available for 

an aggressive price. The IR2155 switches according to the break 

before make principle. The voltage commutation of the half bridge 

occurs in 1.2~s. A functional block diagram of the internal 

circuitry is depicted in figure 6.2. 

VHSmax=600V 1 Isource=Isink=SOOmA 1 Undervol tage Lockout=SV 1 DT=1. 2~s 
Deadtime: LS turn-off to HS turn-on or HS turn-off to LS turn-on. 

r-------------------------------------------~ 

I ~ 
I I 
I A I 
I I 
AT~--~-----~ 

I 
I 
I 
I 
I 
I 
I 
I 

+--+---+--+Vee 

er.--+--H 
I 
I 
I 

15.6V 
I 
I 
I 

LO 

I eoM 
I I 

L-~--~-------------------------------------~~ 

Figure 6.2: IR2155 mos-gate driver with incorporated oscillator 

The oscillation frequency is set by an external resistor 

(connected from RT to CT) and capacitor (connected from CT to 
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COM) I the commutating frequency is: 

fosc 
1 1 264Hz (83) 

1. 4*RT*CT 1. 4*82k0*33ll.F 

The other bridge leg is driven by a IR2111, this is a half bridge 

driver similar to the IR2155 except without an oscillator. The 

turn-off propagation time is lSOns, the turn-on propagation time 

is 850ns (break before make). Voltage commutation of the half 

bridge leg driven by the IR2111 occurs in 0.7~s. The Rr terminal of 

the IR2155 is connected to the input of the IR2111 which results 

in a master slave connection. 

To loek the bridge during ignition or for postponing the first 

current commutations (for obtaining a reliable ignition with 200V 

open circuit voltage) the capacitor Cr can be short-circuited with 

a small signal mosfet or bipolar transistor. 

6.2 BRIDGE MOSFETS AND CAPACITORS 

Ignition of the high-pressure MHS gas-discharge lamp occurs with 

an extremely high di/dt since the mechanism for breakdown is a 

streamer. This high di/dt causes a high dl/dt field which induces 

undesired voltages inside the ballast and especially inside the 

commutator, see figure 6.3. 

A Lamp 

Ballast \ d~/dt lgnitor l di/dt 
r-------------------------~ 

B 

Figure 6.3: Consequence of ignition 

In case there is no conducting path between both the outputs of 

the commutator (A and B) for letting flow a current induced by 

this dl/dt; the voltage in the commutator will rise to a high 

value and will certainly destroy the bridge mosfets. 
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The technica! best solution is to make a good conducting circuit 

in which the induced current can flow and with a low transfer 

impedance to the existing commutator ignitor connection. For 

instanee a conneetion with two coax cables. The cores of the coax 

cables are the two existing connections wires. The two sleeves are 

connected with each other at both ends of the cables. carefully 

attention has to be paid to the construction at the cable ends for 

achieving a low transfer impedance. Unfortunately this is too cost 

consuming and is not suitable in an automotive environment. 

The solution chosen is to reduce the induced voltage in the 

existing conneetion by adding capacitors in the commutator 

(depicted in figure 6.1) and using mostets able to dissipate 

avalanche energy. The capacitors do have a double function, they 

create a reactive conducting path for an induced high frequency 

current. And the capacitors also reduce the dvjdt of the slope of 

the half bridge output during the voltage commutation for 

achieving a lower electromagnetic interference. The capacitors 

selected are two 10nF/2SOV MKT film capacitors. 

The bridge mostets used are manufactured by International 

Rectifier. IR manufactures a mosfet (a HEXFET process) which 

allows a relatively high single pulse avalanche energy (EA5 ). The 

mosfet selected is a compromise between price and power loss 

(efficiency) caused by the Rds
00

• 

IRF620 

IRF630 

IRF640 

Vdsmax (V) Idsmax (A) Rds 0 n (n) EAS (mJ) 

200 5.2 0.80 110 

200 

200 

9 

18 

0.40 

0.18 

250 

580 

SOk 

$ 0.34 

$ 0.46 

SOOk 

$ 0.32 

$ 0.43 

The IRF630 is selected, the gate charge and capacitance graphs are 

given in figure 6.4. 
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Figure 6.4: Gate charge and capacitance of the IRF630 

Experiments were satisfying and showed that the induced energy 

caused by ignition is partly dissipated in the mosfets without 

destroying them. The power dissipated in the bridge mosfets caused 

by the Rds
0
n is: 

(84) 

The efficiency of the ballast in steady-state operation for 12V 

input voltage and sov lamp voltage can be calculated as follows: 

3SW-Pd1ode -Pbr1dge 
flballast=flboost* lSW 82% (85) 

6.3 CURRENT LIMITATION FOR CONTROLLED TAKE-OVER 

The discharge of the take-over capacitor can be controlled with a 

current limitation incorporated in the commutator. The current 

limitation circuit [32,33] is depicted in figure 6.1. The resistor 

between the souree of the bridge mosfet and the ground determines 

the maximum bridge current. 

_ _ Vbe + _ 0 • 7 V 
Imax-Itake-over-R Ib-

s RB 
(86) 

A maximum bridge and take-over current of lOA is achieved with a 

70mfl resistor. With this resistor the lamp current can be measured 

easily for the control of the ballast. 
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7 IGNITOR 
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The ignitor creates a conducting breakdown channel inside the 

lamp. The voltage required for a hot-restrike is 25kV with a fast 

risetime. The electric circuit of the ignitor with a spark gap as 

switching element is depicted in figure 7.1. 

Sparkgap r----r---- A 

_80_0V_.--j 

Cignl 

Lamp 

L2 Cd 

B 
Figure 7.1: Series ignitor with lamp 

7.1 CAPACITORS AND SPARK GAP 

The capacitance choice of cign is based on a minimum required 

ignition energy. Experiments showed that the minimum capacitance 

able to generata 25kV with a aoov spark gap is 68nF. The one 

chosen is a 68nF/1kV MMKP polypropylene film capacitor. The ESR 

and capacitance are measured as tunetion of the frequency. 

A: Cs B: Rs 
A MAX 100.0 nF 
8 MAX 100.0 mQ 

o MKR 
Cs 
Rs 

-------r--- -

1 ooo ooo.ooo Hz 
72.2628 nF 
12.8551 ma 

// 
----- -----r-- -- -- ·· - -·H---::7""'-'t---+-t-HI-++-t-H 
~--1----+-+-++-H~-A 
f----t---t-- -- -+-H-If--.._._--r--+--H--+--t-+-H-1 

F= _::: = _::_ = : = _r_-_ --t--++-t-t--+-f-Y'l ----== ==~- --~-8"-c--- ::·__.v-r;L r-

r~ .. - r- -- - __.......r-rr 1/ 

2c___J! _4 _.?~6..2 8 1 ' 4 5 7 8 9 

A MIN -100.0 nF START 100 000.000 Hz 
B MIN 0.000 Q STOP 10 000 000.000 Hz 

Figure 7.2: capacitance and ESR of the ignitor capacitor 
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The spark gap is manufactured by Siemens and its breakdown voltage 

has a large toleranee of 15%. Unfortunately the spark gap is quite 

expensive. 

A capacitor Cd is placed parallel to the lamp and secondary 

winding of the ignitor. This capacitor has a low impedance for the 

high frequency ignition pulse. The capacitor decouples the 

ignition voltage from the commutator output voltage. The capacitor 

selected is a Murata 10nF/1kV ceramic capacitor. 

7.2 COSTOM-MADE TRANSPORMER 

The step in voltage which has to be achieved is high, from soov up 

to 25kV. A high turns ratio and a good couple factor are required. 

The turns ratio chosen is 1 to 40, based on experiments. This 

turns ratio would result for an ideal transformer in an ignition 

voltage of 32kV. To obtain a good coupling with this high turns 

ratio a foil is used for the primary winding. The transformer 

contains the following parts: 

- ferrite rod as magnetic core 

- custom-made coilformer 

- inside primary winding, a foil 

outside secondary winding, a solid wire with 0.45mm diameter. 

The number of primary turns is 3, the number of secondary turns is 

120. The primary and secondary inductance and resistance are 

measured at 1kHz: 

L1(sec open)=0.91~H 

L2(prim open)=415~H 

R1=0.o6n 

R2=0.9Sn 

The secondary inductance and resistance are high. The resistance 

causes power loss and dissipation in the ignitor. The high 

secondary inductance is disadvantageous for a fast current 

commutation and fast take-over. 
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The capacitive energy in the take-over capacitor (equation 80) can 

cause a maximum take-over current of 8.6A: 

(87) 

The current limitation is superfluous with this series ignitor and 

is therefore omitted (figure 8.1). The ignitor in the experimental 

set-up is placed in oil, otherwise breakdown at the secondary side 

would occur. The definitive ignitor will be potted with an 

insulating material with a low relativa dielectric constant (€r)• 

The generated ignition voltage and the ignitor capacitor voltage 

are measured at breakdown of the spark gap, see figure 7.3. 

V;!Jt fk.V) 10 

-10 

-20 

Clli 5kV A 500ns 10.0f:V VEAT 
CH2 5V 

' I 
I I 

\ (\) 
:I 

? 
\j 

0 2 

1000 Vc13n (V} 

soo 
0 

lf tfPS) 
Figure 7.3: Ignition voltage 

The upper graph is the ignition voltage with a maximum peak value 

of 25kV. The lower graph is the voltage over the ignitor 

capacitor. The frequency of the current flowing through the 

primary inductance of the transformer is determined by the values 

of the leakage and mutual inductances, the ignitor capacitor, the 

parasitic secondary capacitance and the impedance of the spark gap 

(breakdown of the spark gap is visible). The frequency measured is 
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909kHz. An ideal parallel conneetion of Ll and Cign would result 

in a lower frequency of 640kHz. The spark gap does not turn-off at 

the zero crossing of the current. 

The ignition voltage is an addition of the 909kHz voltage (main 

component) and a 3.3MHz voltage. This 3.3MHz voltage component is 

caused by the leakage inductance and the paraaitic capacitance of 

the secondary winding. 
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8 SYSTEM PERFORMANCE AND RECOMMENDATIONS 

A number of successful experiments has been done with old TCS 

lamps [5,10]. The differences in respect with the new lamp are an 

electrode diameter of 300~m, a 6bar xenon filling and an other 

metal halide division: So/Sc/Th=76/19/S. The mercury dose is the 

same: 0.1mg. 

8.1 EXPERIMENTAL SET-UP 

Due to the absence of a well matched feedback control the 

following set-up is invented. The ballast ignitor lamp 

contiguration according to figure 8.1 is built and a resistor 

(extra load) is added to the output of the boost converter. The 

resistor is the load for the boost converter in case the lamp does 

not burn or the lamp suddenly extinguishes, the output voltage 

will not exceed the 60V limit with this resistor. The ballast is 

supplied with a power supply (the battery) with an adjustable 

output current limitation. The boost converter with resistor load 

is operating with a fixed duty-cycle in continuous conduction 

mode. The output voltage in this condition has to be higher than 

the steady-state lamp voltage, the current limitation of the power 

supply is not activated. 

Ignition occurs through activating the KV-circuit. The activated 

HV-circuit operatea with the same switching frequency and duty

cycle as the boost converter. After a successful ignition, take

over and run-up the HV-circuit is switched off (this means the 

gate of the mosfet is at ground level). The lamp current is 

limited by the adjustable current limitation of the power supply. 

The experimental ballast is powered by a current source. 
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8.2 SYSTEM MEASUREMENT 
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The voltage of one output of the commutator and the lamp current 

are measured during ignition, see figure 8.2. 

100 

0 

~~-1~~-+--~~~--~~--~-q 

0 q 8 12 16 20 trmsJ 
Figure 8.2: Commutator output voltage and lamp current 

The upper graph is the voltage, the OCV is 170V at the moment that 

ignition occurs. Take-over current is flowing and the lamp voltage 

drops to about 30V. The current supplied by the boost converter is 

about 3A (lower graph), the run-up power equals 90W. The 

probability that the lamp extinguishes at the first current 

commutations is present. In case the lamp extinguishes the bridge 

voltage rises until the moment that the combination of electrode 

voltage and cathode temperature is high enough for emitting 

electrons and re-ignition occurs. Re-ignition with increased 

voltage (llOV) is showed at the eighth current commutation in 

figure 8.2. Ignition, take-over and run-up are successful, the 

lamp voltage stabilises at 48V and the 35W lamp power is 

controlled with the output current limitation of the power supply, 

see figure 8.3. The commutation frequency is in accordance with 

equation (83). 
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Figure 8.3: stabilized lamp voltage and current 

8.3 RECOMMENDATIONS 

8.3.1 Lower cost 

The spark gap is the most expensive component of the ballast and 

ignitor. A gate turn-off thyristor as switching element could 

result in a lower cost solution. Use of a GTO creates the 

possibility of synchronizing ignition and current commutation. 

The power mosfet in the boost converter can be replaced by a lower 

cost version with a higher Rdson• For instanee the: 

STP40N06: Vdsmax=60V 1 Idsmax (25 o C) =40A, Rds
0
n=O. 03Sn, Ciss=1130pF or 

STP30N06: Vdsmax=60V, Idsmax(25°C)=30A, Rds
0
n=o.oson, Ciss= 950pF. 

The lower input capacitance results in a faster switching speed. 

The lower maximum drain current and the higher Rds
0
n will cause 

problems, especially at higher temperatures and during run-up. 

The take-over capacitor is overdimensioned and can be replaced by 

a 200V capacitor with a smaller capacitance. The lowest 

capacitance possible will be determined by the control of the 

ballast. 



-73-

8.3.2 Higher efficiency 
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The 3C80 core of the inductor of the boost converter can be 

replaced by a 3F3 core. This 3F3 ferrite has a lower specific 

power loss (figure 4.6). The core losses with 3F3 will be 0.13W 

(equation 43) instead of 0.39W. 

The turn-off switching losses of the mosfet of the boost converter 

can be reduced by resonant switching. Resonant switching requires 

more components and therefore a higher ballast price. 

8.3.3 Better reliability 

The first current commutations after ignition are the most 

critical moments for the lamp to extinguish. To achieve a more 

reliable run-up with a relatively low open circuit voltage the 

first current commutations have to be delayed. With this postponed 

current commutation one achieves a current commutation with warmer 

electrodes (in particular the cathode). So the probability of 

extinguishing at the first current commutations will be reduced 

considerably. 
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9 PRICE CALCULATIONS 

The prices of the components of the power part of the ballast and 

the ignitor are presented. All prices are component or material 

prices without costs for mounting or housing and without the 

printed circuit board. The prices per component are valid for a 

quantity in the order of lOOk per year. 

9.1 BOOST CONVERTER 

The input capacitors are changed, the old X7R ceramic capacitors 

were far to expensive and are replaced by Z5U ceramic capacitors. 

The capacitance of Z5U material is more voltage dependent. The 

performance of the boost converter remains unchanged since the 

battery voltage does not change very much. 

Inductor: co re, 2*DFL 0.10 

coilformer 

Litz-wire 

Mosfet: SGS-Thomson, STP50N06 DM 1.20 -+ 

Diode: Philips, BYW29-100 

Boost capacitor: Philips, 220nF/63V MKT 

Input capacitor: siemens, l~F/63V Z5U, 3*DFL 0.17 

The price of the boost converter is DFL 3.16. 

9.2 TAPPED-INDUCTOR BOOST CONVERTER 

Transformer: core, 2*DFL 0.15 

coilformer 

solid wire 

Mosfet: International Rectifier, 

Diodes: Philips, BYV26 D(800V) 

Philips, BYV26 D(800V) 

Philips, BYV26 B(400V) 

IRF610 

Take-over capacitor: siemens, l~F/250V MKP 

$ 0.30 -+ 

DFL 0.20 

DFL 0.35 

DFL 0.07 

DFL 1.36 

DFL 0.57 

DFL 0.10 

DFL 0.51 

DFL 0.30 

DFL 0.18 

DFL 0.05 

DFL 0.58 

DFL 0.25 

DFL 0.25 

DFL 0.22 

DFL 0.45 
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Connections diodes: Philips, BYV27-200 

Philips, BYV27-100 

DFL 0.28 

DFL 0.25 

The price of the tapped-inductor boost converter together with the 

conneetion diodes is DFL 2.81. 

9.3 COMMUTATOR 

Gate driver ICs: International Rectifier, IR2155 $ 0.80 ~ DFL 1.55 

International Rectifier, IR2111 $ 0.79 ~ DFL 1.53 

Mosfets: International Rectifier, IRF630 4*$0.46 $ 1.84 ~ DFL 3.56 

Capacitors: Philips, 10nF/250V MKT, 2*DFL 0.10 DFL 0.20 

The price of the commutator is DFL 6.84. 

In the future the IR2155 has to be replaced by the then available 

IR2151. Price of the IR2151 is $ 0.55. The technica! 

characteristics of the IR2151 are almost similar to those of the 

IR2155 and the performance of the commutator does not change with 

this lower cost version. 

9.4 IGNITOR 

Transformer: core 

coilformer, custom-made 

foil 

solid wire 

Spark gap: siemens, 800V 

Ignitor capacitor: Philips, 68nF/1kV MMKP 

Decouple capacitor: Murata, 10nF/1kV 

The price of the ignitor is DFL 5.57. 

DFL 0.40 

DFL 0.50 

DFL 0.35 

DFL 0.20 

DM 3.00 ~ DFL 3.41 

DFL 0.53 

DFL 0.18 
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9.5 PRICE COMPARISON WITH PRESENT MPL SYSTEM 

The prices of the power parts of the low cost ballast and the MPL 

ballast are considered and compared. All prices in this comparison 

are component or material prices without costs for mounting or 

housing and without the printed circuit boards. The prices of the 

MPL ballast are calculated in the same way and for the same 

quantity as the prices of the low cost ballast. 

Low cost ballast MPL ballast 

Converter: DFL 3.16 DFL 22.60 

HV-circuit: DFL 2.81 

Re-ignition coil: DFL 2.45 

Commutator: DFL 6.84 DFL 15.80 

Ignitor: DFL 5.57 DFL 6.71 

Total: DFL 18.38 DFL 47.56 

This means a total price reduction of the components of the power 

part with a factor 2.6. 

A lot of profit is achieved with the introduetion of the boost 

converter. This makes clear the necessity for the 50V lamp. The 

HV-circuit is at the same price level as the re-ignition coil. A 

commutator with integrated circuits for gate driving appears to be 

a low cost solution. The 800V ignitor works out less expensive 

than the 1600V ignitor due to the lower cost of the custom-made 

transformer. 
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The presented low cost ballast powers a MHS gas-discharge lamp 

with 50V lamp voltage. This 50V lamp obtained by a reduced mercury 

dose is absolutely necessary for achieving a ballast with a low 

price and a small volume. 

The performed development strategy has resulted in a new ballast 

approach: a main high efficiency converter with limited output 

voltage for the power conversion and a second converter for 

generating the ignition voltage and the open circuit voltage. 

A good ballast performance without a re-ignition coil is obtained 

with a power converter with a fast transient response and a 

controlled capacitor discharge for take-over. 

The component price of the power part of the ballast is DFL 12.81, 

the component price of the ignitor is DFL 5.57. Both prices are 

without costs for mounting and housing. 

The ballast is designed with two small magnetic components: 

an U11 inductor and an E13 transformer. 

The efficiency of the ballast is 82% for a 12V battery voltage and 

35W lamp power. The efficiency increases if the ratio of lamp 

voltage and battery voltage decreases. 
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11 DEFINITIONS OF USED SYMBOLS 

v,v 

vnom 

Vbat 

Vin,Vi 

vout,vo 

I,i 

Iav 

Irms 

Il 

I in 

I out 
p 

Pin 

Po ut 

T,t 

f 

w 

s 

Q 
E 

D,d 

M 

n 

c 
ESR 

R,r 

Rl 

Re 

Rm 

Rd 

L 

Le 

Voltage (V) 

Nominal voltage (V) 

Battery voltage (V) 

Input voltage (V) 

output voltage (V) 

Current (A) 

Average current (A) 

Effective current, root mean square current (A) 

Inductor current (A) 

Input current (A) 

output current (A) 

Power (W) 

Input power (W) 

output power (W) 

Time (s) 

Frequency (Hz) 

Angular frequency (1/s) 

Laplace's quantity (1/s) 

Charge (C) 

Energy (J) 

Duty-cycle 

Voltage gain 

Efficiency 

Capacitance (F) 

Equivalent series resistance (O) 

Resistance (n) 

Inductor resistance (n) 

Capacitor resistance (n) 

Mosfet resistance (0) 

Diode resistance (n) 

Inductance (H) 

Effective inductance (H) 



Ll 

L2 

Lm 

k 

J 

E 

D 

H 

B,b 

t 

J.L 

Vds 

Ids 

Rds 0 n 

Qg 

Ciss 

Cds 

Eas 

Vbe 
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Primary inductance (H) 

secondary inductance (H) 

Mutual inductance (H) 

Coefficient of coupling 
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current densi ty (A/m2 ) 

Electrio field intensity (V/m) 

Electrio flux densi ty (C/m2 ) 

Magnatie field intensity (A/m) 

Magnatie flux densi ty (Vsjm2 ) 

Magnatie flux (Vs) 

Permeability (Vs/Am) 

Permeability of vacuum (4.7r.l0-7 Vs/Am) 

Relativa permeability 

Effective area (m2 ) 

Air gap (m) 

Number of turns 

Power losses in ferrite (W) 

Power losses in copper (W) 

Drain souree voltage (V) 

Drain souree current (A) 

Drain souree resistance of a conducting mosfet 

in the ohmic region (n) 

Gate charge (C) 

Input capacitance (F) 

Drain souree capacitance (F) 

Single pulse avalanche energy (J) 

Forward voltage (V) 

Reverse voltage (V) 

Forward current (A) 

stored charge (C) 

Reverse recovery time (s) 

Basis emitter voltage (V) 
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12 DEFINITIONS OF USED ABBREVIATIONS 

AC Alternating current 

CCM continuous conduction mode 

DC Direct current 

DCM Discontinuous conduction mode 

DFL Dutch florin 

EMI Electromagnetic interterenee 

HV High voltage 

MGD Mos gate driver 

MHS Motorcar headlight system 

Mosfet Metal oxide semiconductor field effect transistor 

MPL Micro power light 

OCV Open circuit voltage 

PWM Pulse width modulation 

TCS Totally combined system 

Vedilis Vehicle discharge light system 
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