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High-Efficiency Ballast for HID Lamp using
Soft-Switching Multi-Level Inverter

Baek-Haeng Lee* and Hee-Jun Kim'

Abstract — Soft switching was applied to the multi-level inverter to enhance the performance of the
high-intensity discharge (HID) ballast used in vehicle headlights. The electrical properties were
investigated and the available modeling of ballast in steady state was calculated using mathematical
methods. The result was used in analyzing the power characteristics. The modeling was confirmed by

the experiment.
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1. Introduction

The Xenon high-intensity discharge (HID) lamp has
more than twice the brightness of other lamps and is an
innovation in terms of safety, convenience and approval.
Also, as HID products are eco-friendly owing to their long
lifespan and high efficiency, they offer the user reduced
energy consumption.

But as HID products must meet strict technical requirements
regarding their entry into the automobile industry, the
development of light bulb technique using gas discharge was
required, which led to the development of the very
miniaturized gas discharge technology with merely a 4.2-
mm interval between electrical poles. This new technique is
defined as micro-power xenon lighting. [1-3]

Although the lamp does not make use of a filament, unlike
the case of the halogen lamp, it is required to be able to
sustain quick start and re-start and to have a stable output
under normal condition, which makes the design of the
electronic ballast important to control these characteristics.

The HID market is currently expanding, pushing active
research on the HID system. However, as the structure and
control of ballast is complex, the number of elements in the
ballast is increasing, thereby pushing the price of end
products higher than ever. The creation and development of
highly efficient ballast through proper algorithm and proper
circuit technique are therefore urgently needed. [3-4]

This paper tries to interpret the turn-on characteristics of
the lamp and the normal condition that satisfies all kinds of
performances in lamp lifespan and motor headlamp and, by
using a multi-level inverter, to achieve improvements in
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efficiency and harmonic frequency.

Table 1. Comparison of characteristics between halogen

and HID lamps
Halogen Lamp HID Lamp
Light Source Filament Arc Discharge
Color ~3,000K ~ 12,000K
Temperature
Lumens/Light
Output 700-800 [1m] 3,200-4,000 [lm]
Light Source
Watts 55 [W] 35[W]
Life 300-600 hours Up to 3,000 hours

2. V-1 Turn-on characteristics of HID Ballast

The general operations of the Xenon HID system can be
classified as shown in Fig. 1, broken down in proper
sections namely during the beginning of discharge, glow
discharge through collision, and arc discharge through
electron release.
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Fig. 1. The power characteristic analysis in all operations
of the HID lamp
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Fig. 2. Lamp V-1 profile in all operations

Therefore, the ballast for HID should be composed
ofthe optimum system considering the lighting
characteristics of the lamp and the normal condition that
satisfies all kinds of performances in terms of lamp
lifespan and the requirements of the lamp’s function as a
motor headlight. Fig. 1 indicates the circuitry requirements
by lamp operation mode. [3-4]

Stage 1: Turn-on Stage

During this stage, glow discharge condition is
maintained after lamp ignition, in which hundreds of volts
should course through the lamp before ignition and if they
are not provided sufficiently the lamp turns off upon failure
to maintain the glow discharge condition.

Stage 2: Ignition Stage

It breaks the internal isolation condition by being
applied to the electrode of the lamp. It requires 20 kV in
cold start, 25 kV in hot start. During re-ignition, it is
possible to cool down the lamp using natural means to
avoid high ignition voltage. It takes more than 10 minutes
to cool down the lamp, so it is not appropriate for motor
headlights. Therefore, an igniter that can generate more
than 25 kV should be applied.

Stage 3: Take-over Stage

It is the current required in the shift from glow discharge
condition to arc discharge condition of the lamp after
ignition. Without a sufficient current supply, the ignition
will fail. Right after arc discharge transformation, the
voltage of the lamp is lowered and the lamp sustains arc
discharge with the current supplied by the ballast. Until the
ballast supplies sufficient current, consistent current from
the take-over current circuit should flow to the lamp.

Stage 4: Warm-up Stage
After shifting from glow discharge condition to arc
discharge condition, the internal temperature and pressure

of the lamp gets higher by the power provided by the
ballast. At this point, the lamp voltage and light output
increase and reach the normal stage.

The current supplied during this operation section not
only decides the warm-up time of the lamp but also the
response characteristic of light output.

In the HID ballast, this characteristic serves a very
important role and it is necessary to control the lamp power
for the specific purpose.

Stage 5: Run-up and Steady-state Stage

Inefficient control lowers the lifespan of the lamp, so
under normal conditions, to ensure consistent output, the
voltage supplied by the lamp should be controlled by a
consistent rating. [1, 5]

3. Multi-level Inverter using the Soft-Switching
Method

Mode 1 (T0-T1)

During this mode, switching devices S; and S, turn on
and the output current of the inverter circulates through
Cint, L1, L, and L. In the beginning of this mode, more than
half of the input voltage is impressed to the inverter output.
In this case, the output voltage can be calculated as follows.
At the beginning of this mode, the inverter starts switching
from zero voltage through zero-voltage switching.

Il(t)zVC,.nxtzﬁxt
2 (1)

Mode 2 (T1-T2)

During this mode, the only switching device S; is turned
on and the current circulates from D, to S,, L; L and L, At
the beginning of this mode, when switching device S, turns
off, each of the parasitic capacitances of switching devices
S; and S, located outside the inverter turns on and
discharges. Parasitic capacitance C; is charged by Vi/2,
parasitic capacitance C, of S, is charged by 0, and
switching device 5, is charged through S,, L; L and L, Cjy;.

In this mode, if after the reverse parallel diode S, is
turned on with the switching device S, turmed on, the
switching device S, is turned on, and the three-level
DC/DC inverter is turned on during zero-voltage switching.

Mode 3 (T,-T;)

In this mode, switching devices S; and S, turn on and the
output current of the inverter circulates through L;, L, and
L. At the beginning of this mode, half of the output voltage
is impressed to the output of the inverter. The output
current of the inverter can be determined through this
formula. The current direction in this mode is the opposite
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of the current direction of that of mode 1 and the values are
the same.

1, (t) =V, ><t=—&xt
2 )

Mode 4 (T5-T,)
At the beginning of this mode, only the S; switching

device is turned on and the current circulates from D, to S5

L, L, and L,. When the switching device S, is turned off,
parasitic capacitances of devices S; and S4 located outside
the inverter charge and discharge in this circulation mode,
parasitic capacitance C, is discharged to 0, and switching
device S is charged through S;, L, L, L, and Cy,;.

In this mode, if after reverse parallel diode D, of the
switching device S; is turned on with the switching device
S; turned on, the switching device S, is turned on and the
three-level DC/DC inverter is turned on during zero-
voltage switching.

4. Experimental Results

The HID system for motors using the 35[W] xenon lamp
was made and subjected to experimentation. Table 1 shows
the built systemand Table 2 shows the experiment’s
parameters.

Table 2. Experimental parameters

Phase Parameter Value
Turn | Open-circuit voltage 360 V (min.)
on Turn-on time About 30 ms
. . 1% Flyback type(600V, 1:7 trans,
Circuit composition 2 gigh V(gg) tr(ans.(l:43 trans))
Ignition Ignition voltage 25 kV min. (for hot lamp)
Pulse duration 1 s max
Repetition rate 20 Hz min
Take Take-over current 2.5A (min)to 12 A
over Take-over time 300 us max.
Wa@-up current 12 (min) ~ 30 (max.) mAs
Warm integral
up Current 2.6 A max.
Warm-up time about 10 ms each half wave
Run-up current 2.6 A max.
Run Run-up power 75 W max.
up until lamp reaches 50 V
Run-up time 6~12s
Power 35W
Voltage 68 ~102V
Steady Frequency 250 ~ 10 kHz
state
Square wave asymmetry <1%
Lamp current slope 100 mA/us min.

Fig. 7 indicates the wave forms of input and output
voltage of the ballast supplied by the power supply. Fig. 8

shows the output wave form of the ballast and Fig. 9
reveals the soft-switching wave form of the three-level
inverter.

Fig. 10 indicates the early output current wave form of
ballast and Fig. 11 shows the output current wave form of
the ballast reaching a stable condition, illustrating the
comparative characteristics of the soft-switching three-
level inverter method and the full-bridge inverter method.

fztroy

[ Input Voltage |

~ ¥

1 r

[nput Current
N e

4

Fig. 7. lnput Véltage and current waveforms of HID ballast
(5V/Div, 10A/Div, 100ms/Div)
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Fig. 8. Output voltage and current waveforms of HID
ballast : Run-up (200V/Div, 1 A/Div, 20ms/Div)
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Fig. 9. Soft-switching waveforms of the three-level inverter
: Steady state (SOV/Div, 0.5A/Div, 1ms/Div)

As you can see in Fig. 11, noise in the output current
wave form is reduced distinctively with the soft-switching
three-level inverter method. As shown in Table 3, this kind
of efficiency improvement is normal.

Fig. 12 shows the HID ballast using the experiment. Fig.
13 reveals the result tested ‘TDK EMC Lab’ to confirm the
noise reduction and the advantage with the three-level
inverter method. The limit line is represented by the CE
Mark for automobiles prescribed by CE.
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Fig. 10. Output current waveform comparison by inverter

type (0.5A/Div, 20ms/Div)

Table 3. Efficiency comparison of inverter-type ballast

Input | Input | Input | Output | Output | Output
voltage | cutrent | power voltage | current | power

Efficiency

Three-
level (13.3[V]{3.11 [A]| 42[W] | 80[V] |0.46{A]| 37 [W] 88 (%]

Inverter
Full 0,
bridge 13.5[V]]3.52[A)|47.5[W]) 85[V] [0.45 [ﬂ) 38 [W] | 80[%]

oy ] ]

H

i

(a) Output current of the soft-switching three-level inverter

1

(b) Output current of the full-bridge inverter

Fig. 11. Output current waveform comparison by inverter

type until reaching a stable state (1A/Div, 5s/Div)
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Fig. 12. The prototype HID ballast for experimental setup.
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{b) EMC test of the full-bridge inverter

Fig. 13. EMC test waveform comparison by inverter type

5. Conclusion

In this paper, we investigated the characteristics of the
multi-level inverter using the soft-switching method to
improve the performance of the ballast used in motor
headlights.

For this purpose, and based on the results, we
interpreted the modeling used in ballast design and voltage
characteristics under normal conditions.

The experiment’s results demonstrate the improvement
on efficiency and the EMI characteristic of the multi-level
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inverter using the soft-switching method through the EMI
testing performed by CISPR 25 size.
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