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Abstract - This paper proposes a driver circuit with dimming feature and fault tolerance mechanism for the automotive lamp formed
by several light-emitting diodes (LEDS) in series. With capability of step-up/down voltage conversion, the driver circuit can be operated
both in wide ranges at input and output voltages by exchanging the associated active power switches and adjusting the corresponding
duty-ratios. A laboratory circuit is designed for an automotive lamp with five LEDs in series, which is powered by a battery set with a
voltage ranged from 8 V to 13.5 V. Experimental results have demonstrated that the LED driver can be smoothly swapped between the
step-up mode and step-down mode when the fault tolerance has been initiated. As compared to the conventionally used dc-to-dc
converters, the proposed LED driver has advantages of high circuit efficiency and low lamp current ripple.
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1. Introduction

Nowadays, light-emitting diodes (LEDs) are widely used in many lighting and display applications with the advantages
of small volume, fast response, long life, wide dimmable range, and most importantly high luminous efficiency [1-3]. Among
which, the high-brightness LEDs have been used for automotive lighting to replace traditionally used halogen lamps and
high intensity discharge lamps. In the application of automotive lighting, the power conversion circuit of the LED lamp
driver has to be of high efficiency since the space for installation and heat dissipation in an automobile is always small. In
addition, the lifetime and luminous efficacy of LEDs are critically affected by the ambient temperature [4-7].

In general, an automotive lamp is formed by a number of LEDs to meet the required luminous intensity. These LEDs
are connected in series to have an identical current and thus the generated luminous flux. A protection circuit is included to
prevent the malfunction in the case that a failing happens to some LEDs in the string. In practice, the automotive LED
lightings are supplied from a battery set with a dc voltage which may vary in a wide range depending on its state-of-charge.
To cope with the variations of the battery voltage and dimming feature of the LED lamp, a dc-to-dc converter is necessary
to step up or down to regulate the LED current [8-16].

The dc-to-dc converter introduces inevitably a ripple on the LED lamp current, which can have negative effects on the
brightness and luminous efficiency. To reduce the ripple on the LED current, conventionally, a large electrolytic capacitor
is added at the output of the driver circuit. Nevertheless, the lifetime of this electrolytic capacitor can be the critical
component to the LED lamp [17-20].

To improve the reliability and the efficiency of the automotive lighting, a driver circuit is designed for a string with 5
LEDs. The LED driver circuit can be operated in either the step-up mode or the step-down mode for different number of
working LEDs at a required lamp current for dimming function and fault tolerance. In addition, the ripple on the LED current
can be mitigated without the need of electrolytic capacitors.

2. Circuit Configuration
The driver circuit of the proposed LED lamp is shown in Fig. 1. It consists of substantially two power converters to step
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up or down the output voltage. The power conversion circuit of the driver is supplied from a battery set, which can be
regarded as a variable dc voltage source, vin, Since the battery voltage may vary with the battery status and the discharged
current. The output terminal voltage, Vo, is applied on the LED lamp which is composed of several LEDs connected in
series.

The step-down voltage converter is formed by two back-to-back active power switches, S, and Ss, a coupled
inductor with two windings, and a filter capacitor, C,. The inductances of two windings on the primary and secondary
sides are L, and Ls, respectively. A freewheeling diode, D1, is connected in series with the secondary winding of the
coupled inductor to conduct the freewheeling current to the LED string. This is helpful for reducing the current ripple
during the step-down voltage conversion mode.
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Fig. 2: Proposed LED driver circuit.

An active power switch, S;, is employed for the step-up voltage converter to regulate the LED power. The step-up
converter uses only the primary side of the coupled inductor. The commonly used back-to-back active power switches
play the role of the synchronous rectification. The voltage on the LED string is stepped up by adjusting the duty-ratio of
S1. Both the step-up and step-down converters are intendedly operated at the discontinuous conduction mode (DCM) so
that the active power switches can be switched off at zero-current, leading to a reduction of the switching losses.

Each LED in the lamp is attached by an active switch for protection. In the case that an abnormal voltage has been
detected on the LED, the associated protection switch is activated to provide a bypass for the LED string.

3. Circuit Operation
3.1. Step-down voltage conversion

The operation of the step-down voltage converter in a high frequency cycle can be illustrated by four stages as
shown in Fig. 3 with the help of the theoretical waveforms on the key components depicted in Fig.4.

At Stage |, the battery set delivers a current to the LED lamp, and at the same time charges the filter capacitor C,
and the primary side of the coupled inductor. This stage ends when the inductor current i, is equal to the LED current io.
The primary side inductor current i, continues to increase up at Stage I, since it is charged by C;. In other words, C; is
discharged by i, resulting in a declining voltage.

Stage Il begins when the two back-to-back active power switches S; and Ss are switched off. At this stage, the
energy stored in the coupled inductor is released by the secondary side winding. The peak of the secondary side current,
is is designed to be always less than the LED current i,. The filter capacitor C; is charged by the current difference
between i, and is, meaning that the LED current is supplied simultaneously by the battery and the secondary side
inductor. As a result, is declines and the voltage on C; is charged up.

Stage IV begins when the secondary side inductor is declines to zero. At this stage, the battery supplies the LED
current and simultaneously charges the filter capacitor C,.

3.2. Step-up voltage conversion

The driver circuit is operated with the step-up mode when the battery voltage viy is lower than the output voltage v,
on the LED lamp. The LED voltage and current can be regulated by controlling the duty-ratio of the active power switch
Si1. The two back-to-back power switches carry the freewheeling current from the primary side inductor. The step-up
voltage conversion can be described by four stages as shown in Fig.5. The theoretical waveforms on the key components
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are shown in Fig.6.

At Stage |, the primary side inductor is charged by the battery set by switching on the active power switch Si.
The LED current is supplied from the battery in series with the filter capacitor C,. The primary-side inductor current, ip
increases linearly and reaches its peak when S; is turned off.
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Fig. 3: Operation stages of step-down voltage conversion.

Stage Il begins when S; is switched off. One of the two back-to-back power switches, Sy, remains always on to carry
the freewheeling current from the primary side inductor. The other one, Ss, is switched on after a short dead time to perform
the function of synchronous rectification. At the beginning of the freewheeling period, the inductor current i, is larger than
the output current i,. The inductor current provides the LED current and at the same time an excessive current flows to the
filter capacitor Cy, causing an increase in the voltage.

At Stage Il1, the inductor current i, continues to decline and then becomes smaller than the output current io. During
this stage, the LED current is supplied from the battery and the filter capacitor C..

Stage 1V starts when i, declines to zero. At this stage, the active power switch S; and Sz remain off. The LED current is
supplied by the battery set. At the same time, the filter capacitor C; is discharged until the active power switch S; is switched
on again for the next cycle.
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4. Experimental Results

A driver circuit is designed for an automotive LED lamp, which is formed by five LEDs in series. Table I lists the
circuit parameters and specifications for this design example. Each LED is rated at a voltage of 3.3 V and a current of 1
A, respectively. The driver is capable of driving from one to five LEDs with fault tolerance mechanism. In other words,
the LED lamp voltage can vary from 3.3 V to 16.5 V. The switching frequency of the power conversion circuit is
designated at 100 kHz. With adequately designed circuit parameters, the power conversion circuit is operated at the
DCM. The LED lamp current can be dimmed to 0.1 A from a rated current of 1.0 A.
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Fig. 5: Operation stages of voltage step-up mode.

Table 1: Led Lamp Specifications and Driver Circuit Parameters.
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Battery Voltage, vin 8V~13.5V
Number of LEDs 1~-5
LED Lamp Voltage, Viep 3.3V~16.5V
Rated LED Lamp Current, I ep 1A
Maximum LED Lamp Power, Prep 16.5W
Switching Frequency, fs 100 kHz
Primary inductance of Coupled inductor, L, 4.7 pH
Secondary inductance of Coupled inductor, L 16.8 uH
Filter Capacitor, C, 4.7 uF

Fig. 7 shows the measured waveforms on the key components of the driver circuit for the step-up voltage conversion.
In this case, all of the five LEDs are on working and the LED lamp is supplied from the battery set with a terminal voltage
of 12 V. The driver steps the voltage from 12 V to 16.35 V to have an LED lamp current of 0.85 A.

In the exemplar case of Fig. 8, only two LEDs in the LED lamp are on working, but with three bypassed abnormal LEDs.
The driver has to be operated at the voltage step-down conversion mode. In this case, the power conversion circuit outputs
an average voltage of 6.32 V for sustaining the same LED string current of 0.85A.
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Fig. 7: Measured voltage and current waveforms on key Fig. 8: Measured voltage and current waveforms on key
components for voltage step-down mode. components for voltage step-down mode.

Fig. 9 shows the measured transient waveforms on the key components of the driver circuit when the fault tolerance
mechanism is activated for a failure happens to one LED. Before the fault occurs, a battery voltage of 12 V is originally
stepped up to 16.5 V to drive the LED lamp at the rated current of 1 A as illustrated in Fig. 9(a). When one LED in the lamp
fails at the interval of Fig. 9(b), the damaged LED is short-circuited by activating the associated protection switch. Thereafter,
only four LEDs leaves for working in the lamp. At the beginning, the lamp current increases abruptly. With a current feedback
control, the duty-ratio is adjusted to be smaller to have a lower voltage of 13.2 V to obtain the rated lamp current. Eventually,
the circuit operation enters to the steady state, as shown in Fig. 9(c).

Fig. 10 shows the transition of the fault tolerance process with three damaged LEDs. For this critical exemplar case, the
battery voltage of 12 V has to be stepped down eventually to 6.6 V to retain the rated lamp current. Originally, the power
conversion circuit is operated with the step-up mode in Fig. 10(a). When a failure happens at the interval of Fig. 10(b), the
three damage LEDs are short-circuited by the associated protection switches causing a sudden change on the load of the
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power conversion circuit. At this instant, an abnormally high current is found on the LED current. To reduce this current,
the duty-ratio of S in the voltage step-up converter is adjusted to be smaller and smaller, as shown in Fig. 10(c). At this
stage, the circuit operation mode changed from the DCM to the CCM. The duty ratio of S is gradually reduced to zero.
The step-up voltage conversion is swapped to step-down voltage conversion by switching on S; and Sz and keeping
them at the on state for a short period to ensure C, being completely discharged. Then, the battery supplies the lamp
current directly with a zero voltage on C;. Fig. 10(e) shows that the circuit operation has been changed to the step-down
voltage conversion mode. The filter capacitor C; is then reversely charged. Eventually, the driver circuit enters to the
steady-state at the DCM with an LED lamp of 1 A, as shown in Fig. 10(f).
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higher than 3.3 W.

A comparison on the circuit efficiencies is shown in Fig. 12. For step-up voltage conversion, the efficiency of a boost
converter can be higher than that with the proposed driver circuit. However, the boost converter is not applicable for a less
number of LEDs at a high battery voltage. The highest efficiency of the proposed LED driver can be as high as 98.2 %. On

Fig. 11 shows the ripple factors on the LED currents of the proposed driver as compared with the conventionally used
dc-to-dc converters at different voltages, currents and powers. With an additional injected current from the coupled inductor,
the ripples on the LED currents are always smaller with the proposed driver when the LED lamp is operated with a power

the other hand, the circuit efficiency deteriorates to 78.8 % in the worst case at a very small power with fault tolerance.
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5. Conclusion

A high-efficiency dc-to-dc power conversion circuit has been proposed for driving the automotive lamp formed by
several LEDs connected in series. With voltage step-down and step-up capabilities, the driver can regulate the LED
lamp at the required currents. A laboratory circuit has been designed for an LED lamp rated at 16.5 W with five LEDs
in series. The test results have demonstrated that the LED lamp driver has the capabilities of the voltage step-up and
step-down conversions. Experiments have been carried out for emulating the fault occurrence with the one to five LEDs
in operation. The fault tolerance function has been verified by activating the protection switches to swap the operation
of the driver circuit from step-up voltage conversion into the step-down conversion. A high efficiency of 98.2 % can be
achieved at the rated power when the battery voltage is close to the output voltage.
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