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Self-Configurable Current-Mirror Circuit With
Short-Circuit and Open-Circuit Fault Tolerance for

Balancing Parallel Light-Emitting Diode (LED)
String Currents

Sinan Li and S. Y. Ron Hui, Fellow, IEEE

Abstract—Current imbalance among parallel light-emitting
diode (LED) strings could put excessive current and thermal stress
on some of the LEDs in the systems, resulting in reduction in
system lifetime. For LED road lighting systems, reliability is the
paramount factor. This paper first explains how existing current-
mirror (CM) circuits cannot cope with LED open-circuit faults and
then describes a self-configurable CM circuit that can withstand
open-circuit faults in LED systems with parallel LED strings. The
ability to withstand open-circuit faults means that the LED systems
can still function with reduced luminous output even if one LED
string is cut off. The proposed circuit, which retains the feature of
not requiring an auxiliary dc power supply, has been practically
implemented and successfully tested in a 70-W LED system with
three parallel strings.

Index Terms—Current mirror circuits, current sharing meth-
ods, light-emitting diode technology.

I. INTRODUCTION

L IGHT-EMITTING diode (LED) technology has success-
fully penetrated into decorative, signaling, signage, and

display applications [1], [2]. For public lighting applications,
particularly road lighting, reliability is of paramount impor-
tance [3], [4]. To achieve high reliability, various factors of the
LED systems must be considered. These factors include at least
LED device structure and packaging with minimized thermal
resistance [5], [6], thermal management for reducing thermal
stress [7]–[9], power control and driver technology for long life-
time [10]–[14], and good current-balancing techniques to avoid
overstress in LEDs (for systems with parallel LED strings).

Regarding current-balancing techniques, various passive and
active techniques have been reported. Passive methods include
the use of the coupled reactors for balancing currents in parallel
power electronic devices as described in the first edition of a
textbook in 1987 [15]. Coupled reactors were used again and
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named as current-balancing transformers for current sharing in
parallel LED strings in [16]. The coupled-reactors concept was
extended to the daisy-chain configuration for balancing currents
in multiple parallel power devices in the second edition of the
textbook [17] in 1992, and was recently used again and named
as daisy-chained transformers in [18], [19], and [20] for current
sharing in parallel LED strings.

Active methods include active/switched mode current control
[21]–[24] and current-mirror (CM) circuits [25]–[28]. Among
them, the self-reconfigurable CM circuit without using a sepa-
rate power supply [27], [28] is particularly suitable for use with
a passive LED driver for road lighting systems [4]. Contrary to
a misconception [18] that CM-based current-balancing circuits
suffer high power loss, Li et al. [27] report that for a 64-W LED
system with three parallel strings, the total power loss in the CM
circuit is only 1.18 W under normal operation. The low power
loss in the CM circuits benefits from the facts that the current
ratings of modern high-brightness white LED devices are much
less than 1 A (typically about 0.3 A) and that the collector–
emitter voltages of the transistors in the CM circuit are used to
compensate the small voltage differences of the parallel LED
strings under normal situation.

In order to meet the industrial reliability requirements for
LED public lighting systems, it is necessary to ensure that the
current-balancing circuit can withstand both short-circuit and
open-circuit faults in any of the LEDs in the parallel strings.
In general, a short-circuit fault in an LED will only increase
the current imbalance among the parallel strings. As long as
the current imbalance is within the capability of the current-
balancing circuit, a short-circuit fault in an LED does not pose
any serious problem to the current-balancing circuit. However,
if an open-circuit fault occurs in an LED, the whole LED string
to which the faulty LED is connected should be isolated from
the rest of the system so that the LED system can still function
even though with reduced luminous output.

In this paper, an improved self-reconfigurable CM circuit for
reducing current imbalance in parallel LED strings is proposed.
This circuit can cope with both short-circuit and open-circuit
faults in any of the LEDs in the system. It is particularly suit-
able for use with the passive LED driver [4] which does not use
any auxiliary power supply. In this paper, the failure modes of
the existing CM circuit for open-circuit fault are highlighted.
Then an improved circuit with new measures in isolating the
faulty LED string is introduced and its operating principles are
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Fig. 1. Self-configurable CM circuit with three strings using op-amp feedback
[27] (Bold line highlights the current path to automatically select the smallest
current as the reference for the CM circuit under the condition of ILED1 ILED2
ILED3 ).

Fig. 2. Schematic of the self-configurable current-mirror principle using self-
driven transistors (S1 − SN ) and linear Q-transistors [27].

explained. The proposed circuit has been successfully imple-
mented and its tolerance against short-circuit and open-circuit
faults has been practically verified.

II. OPERATION MODES OF EXISTING CM CIRCUIT UNDER

FAULTY CONDITIONS IN PARALLEL LED STRINGS

Fig. 1 shows an existing feedback-assisted CM circuit with
self-reconfigurable function [22]. Self-reconfiguration refers to
the ability to automatically select the current branch with the
minimum current magnitude as the current reference for CM
action. For each LED string, two transistors connected as Dar-
lington pair are included as the basic unit of the CM circuit. The
lower transistor (Q-transistor) normally operates in the linear
mode for balancing the current with respect to a chosen cur-
rent reference. A simplified structure of the self-reconfigurable
CM concept is illustrated in Fig. 2. The upper transistors (S-
transistors) are used as the selection switches S (S1 − SN ). One
of these S-transistors will be closed to select the current string
with the minimum current magnitude as the current reference.
The Q-transistors in the nonreference strings are operated in
the linear mode in order to provide the voltage compensation
in the strings to keep the string currents to follow the current
reference.

Assuming that the string currents are under the situation of
ILED1 > ILED2 > ILED3 , the collector–emitter voltages of the

Fig. 3. Parallel current strings and their current–voltage characteristic without
the CM circuit.

Fig. 4. Parallel current strings and their current–voltage characteristic with
the CM circuit.

transistors Q1 , Q2 , and Q3 will be VCE1 > VCE2 > VCE3 . The
part of the circuit that selects the current reference with the
lowest string current consists of D1 ,D2 ,D3 , and Rz . Under this
condition, the relatively high voltage of VCE1 will drive a current
through the diode D1 and the resistor RZ to turn ON the transistor
Q3 of the LED3 string with the smallest string current. The bold
line in Fig. 1 highlights this current path. In this way, the LED
string with the smallest current will be automatically selected as
the current reference of the CM circuit. Based on this principle,
the self-configurable CM circuit [27] always selects the smallest
current as the current reference, which is the requirement for the
CM circuit operation. The resistors RE of low resistance values
(typically about 1 Ω) are used for two purposes. First, they
are included to avoid the thermal runaway of the transistors
Q1 − Q3 . Second, they are used as the current sensors for the
op-amp feedback circuit.

A. Short-Circuit Faults

Under normal condition, the CM circuit provides voltage
adjustment among the parallel strings so that the string currents
will follow the current reference string. If a short-circuit fault
occurs in one of the LEDs, the voltage imbalance among the
LED strings can increase the tendency for increased current
imbalance. This phenomenon can be explained with the aid
of the string current–voltage curves of LEDs for two parallel
strings as shown in Figs. 3 and 4.

Due to the nonideal LED devices, the LED strings do not have
identical characteristics. Fig. 3 highlights the situation for two
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(a) (b)

Fig. 5. Equivalent circuit of Fig. 1 when the LED3 string suffers an open-circuit fault. (a) With the two PN junctions of S3 shown as diodes. (b) With current
paths in S3 highlighted.

Fig. 6. Improved CM circuit for parallel LED strings with measures of isolat-
ing the open-circuited string and the effects of its associated control electronics.

(a) (b)

Fig. 7. Proposed open-circuit fault detection logic circuits.

Fig. 8. Equivalent circuit of Fig. 6 when the proposed switches A, B, and C
are turned ON under normal conditions (same as the original circuit in Fig. 1).

parallel strings with slight differences in the I–V characteristics.
Assuming that String-2 is the one on the right in Fig. 3, if the
same voltage is applied across the two strings without using the
CM circuit, the String-1 current is higher than that of String-2 by
ΔI. If one of the LEDs in String-1 has a short-circuit fault, the
total on-state voltage of String-1 will be reduced. The I–V curve
of String-1 will shift slightly to the left as shown in the dotted
curve labeled by 1sc in Fig. 3(b). Consequently, a short-circuit
fault in one LED device could increase the current imbalance to
ΔIsc .

Fig. 4 shows the circuit and the corresponding I–V curve if the
CM circuit is used to balance the string currents. Under normal
situation, the voltage balance equation can be used to evaluate
the circuit operation as follows:

Vd1 + VCE1 = Vd2 + VCE2 (1)

Vd2 − Vd1 = VCE1 − VCE2 = ΔV. (2)
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(a) (b)

Fig. 9. Switch states and the equivalent circuit when an open-circuit fault occurs in a slave (LED3) string. (a) Status of switches A, B, and C highlighted.
(b) Equivalent circuit of (a).

(a) (b)

Fig. 10. Equivalent circuit under an open-circuit fault in the master (LED2) string.

Equation (2) shows that the collector-emitting voltage values
of the CM circuit can adjust themselves so as to satisfy (2) in
order to balance the string currents.

When one LED has a short-circuit fault in String-1, the I–V
curve of Sting-1will shift slightly to the left as shown in the
dotted curve

Vd2 − Vd1 = VCE1 − VCE2 = ΔVSC . (3)

Equation (3) indicates that the CM circuit action remains the
same, except that the voltage difference of VCE1 and VCE2 has
to increase from ΔV to ΔVSC . This means that short-circuit
fault in one LED in the system does not pose serious problem
to the CM circuit as long as the Q-transistors of the CM circuit
can provide the voltage difference for current-balancing action.
CM circuits are linear regulators. When the voltage across the
Q-transistor increases, the power consumed in this transistor-
will increase accordingly. Therefore, it is recommended that
Q-transistors should have enough power capacity and tempera-
ture tolerance.

Fig. 11. Simplified form of the equivalent circuit for open-circuit faults in the
master (LED2) string.

B. Open-Circuit Faults

Fig. 5 highlights the problem of the circuit of Fig. 1 when
the LED3 string suffers an open-circuit fault. Under this
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(a) (b)

Fig. 12. Generalization from (a) a two-string system to (b) a multiple-string system.

Fig. 13. Experimental setup of the original self-reconfigurable CM circuit.

open-circuit fault, the electric potential Vin3 at point A of the cir-
cuit is not floating, because the transistor S3 is still conducting.
The voltage at point A will fall into a very low value because
the base-collector of the bipolar junction transistor (BJT) of Q3
conducts through the diode action of the base-collector of S3 .
The low current through this base-collector of S3 is small and
so is the voltage drop across the resistor RE of the faulty current
string. Consequently, the voltage at point A will be very low.
It will be equal to the sum of voltage of the collector–emitter
voltage of transistor Q3 and the voltage across RE of the faulty
string. Because RE is a resistor with low resistance value (typ-
ically less than a few ohms) and the current coming from the
base-collector diode of S3 is small, the voltage across RE of the
faulty string is also very small. Such low voltage at point A will
mislead the CM detection circuit to wrongly select this faulty
string as the current reference. The open-circuit fault problem
will be practically demonstrated Section 4.

III. IMPROVED SELF-RECONFIGURABLE CM CIRCUIT WITH

SHORT-CIRCUIT AND OPEN-CIRCUIT TOLERANCE

In order to improve the reconfigurable CM circuit to cope with
an open-circuit fault without using an auxiliary power supply
for a separate predetermined current reference, new measures
are introduced into the original CM circuit [27] to isolate the
open-circuited current string and the effects of its associated
control electronics. Fig. 6 shows the improved CM circuit for
an LED system with three LED strings.

Before the use of the circuitry is explained, it should be noted
that the LED strings can be classified into two groups when
the op-amp circuits are used for feedback assistance. Only one
LED string will provide a signal to the “noninverting inputs” of
the op-amp circuits. This LED string is labeled as the master
string. (Note: It should be noted that the master string is not
necessarily the string chosen as the current reference in the self-
reconfigurable CM circuit.) The remaining LED strings provide
their respective signals to the “inverting inputs” of the op-amps.
They are called slave strings. Note that even if the master string
has an open-circuit fault and has to be isolated, current balancing
can still be achieved among the slave strings. The new circuitry
has several components for different functions. Its operations
are summarized in Table I.

1) Switch C is used for isolating the faulty LED string from
the rest of the power circuit. It is turned OFF when an
open-circuit fault occurs in the LED string to which it is
connected.

2) Switches A and B are used for isolating the control cir-
cuit of the master LED string, which is connected to the
“noninverting inputs” of the op-amp circuits. (Note: The
control circuit of the LED2 string in Fig. 6 is connected
to the noninverting input of the two op-amp circuits.)
Switches A and B are turned OFF when the master LED
string providing signal to the “noninverting input” to the
op-amp circuits has an open-circuit fault. When the open-
circuit detection logic (O/C-DL) circuit of the master LED
string (O/C-DL-2) has a logic output “0” (i.e., an open-
circuit fault occurring in the master LED string), both
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TABLE I
OPERATING MODES OF THE O/C-DL CIRCUIT

TABLE II
COMPARISON OF THE STRING CURRENTS AND MAXIMUM CURRENT

DIFFERENCE WITH AND WITHOUT THE ORIGINAL CURRENT-MIRROR CIRCUIT

(INCLUDING POWER CONSUMPTION MEASUREMENT DATA)

Fig. 14. Measured transient string current waveforms of the original circuit
with one LED device in the LED2 string shorted [Ch1: String-1, Ch3: String-2,
Ch4: String-3; 50 mA/div, 4 ms/div].

Switches A and B will be turned OFF. Turning OFF Switch
A will isolate the connection of the op-amp connecting
to the base of Q1 . Turning OFF Switch B will isolate the
sensing current signal across RE of the master string (i.e.,
LED2) from the noninverting inputs of the two op-amp
circuits. The equivalent circuit is shown in Fig. 10.

3) Resistor Rk is used to ensure that the “noninverting inputs”
of the op-amp circuits to which it is connected, so that these
noninverting inputs will not be floating when Switchs A
and B are turned OFF. Resistor Rk (typically 1 kΩ) is

TABLE III
STRING CURRENTS AND OTHER MEASUREMENT DATA AFTER A

SHORT-CIRCUIT FAULT OCCURS IN ONE LED DEVICE IN STRING 2 IN THE

ORIGINAL SELF-CONFIGURABLE CM CIRCUIT

chosen to be much larger than RE (typically less than a
few ohms) and much less than the input impedance of the
op-amp inputs (typically higher than MΩ).

4) O/C-DL circuits that detect the open-circuit faults in their
respective LED strings: Two versions of this logic circuit
are shown in Fig. 7. Under normal operation, the logic
circuit in each LED string provides a logic “1” to close
Switch C for the slave string, and to close Switchs A, B,
and C for the master string. Otherwise, it will provide a
logic “0” to turn OFF the respective switch or switches.

The O/C-DL circuit highlighted in Fig. 7 is used to isolate
the LED string in which an open-circuit fault occurs. The logic
circuit provides a logic “1” to turn ON Switch C for the slave
string and Switches A, B, and C for the master string when the
LED string is under normal operation. Under normal conditions
when these switches are turned ON, the equivalent circuit is
shown in Fig. 8 which is identical to the original CM circuit in
Fig. 1.

A. Open-Circuit Fault in a Slave String in the Improved Circuit

Now consider the situation when an open-circuit fault occurs
in one of the slave strings. Slave strings are those which pro-
vide signals to the ‘‘inverting inputs” of the op-amp circuits.
Assuming the LED3 string (the one on the right-hand side in
Fig. 6) has an open-circuit fault as shown in Fig. 9(a). Switch
C for controlling switch S3 will be turned OFF. The voltage at
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Fig. 15. Measured transient current waveforms of the original circuit with open-circuit fault occurring in one LED device in (a) String-1, (b) String-2, and
(c) String-3 [Ch1: String-1, Ch3: String-2, Ch4: String-3; 50 mA/div, 4 ms/div].

TABLE IV
STRING CURRENTS AND MAXIMUM CURRENT DIFFERENCE IN THE LED
SYSTEM USING THE IMPROVED CURRENT-MIRROR CIRCUIT (INCLUDING

POWER CONSUMPTION MEASUREMENT)

Fig. 16. Measured transient current waveforms of the improved circuit when
a short-circuit fault occurs in one LED device in String 2. [Ch1: String-3, Ch2:
String-2, Ch3: String-3; 50 mA/div, 4 ms/div].

point A3 will drop to a low level that the diode D3 will be re-
verse biased and turned OFF. Therefore, the third LED string is
isolated from the rest of the circuit as shown in Fig. 9(b).

B. Open-Circuit Fault in the Master String in the
Improved Circuit

The master string is the one which provides a signal to the
“noninverting inputs” of the op-amp circuits. In Fig. 6, the cen-
tral LED string is a master string. Assuming that an open-circuit
fault occurs in this string as shown in Fig. 10(a), the logic cir-
cuit of the central string will turn OFF the Switch C for S2 ,
Switch A, and Switch B. Because the value of the resistor Rk

is much higher than RE and much lower than the impedance of

TABLE V
STRING CURRENTS AND MAXIMUM CURRENT DIFFERENCE WITH THE

IMPROVED CURRENT-MIRROR CIRCUIT AFTER A SHORT-CIRCUIT FAULT

OCCURS IN THE LED2 STRING (INCLUDING POWER

CONSUMPTION MEASUREMENT)

the noninverting inputs of the op-amps, the resistor Rk effec-
tively ties the noninverting inputs to one of the inverting input
of the op-amp circuit, so that the noninverting inputs will not be
floating. The equivalent circuit when the master string has an
open-circuit fault is shown in Fig. 10(b). The simplified form
of this equivalent circuit is shown in Fig. 11. The proposed idea
can be extended to more parallel current strings as shown in
Fig. 12.

IV. EXPERIMENTAL VERIFICATION

LED systems based on the original and the improved current-
balancing circuits have been set up for comparison and practical
evaluation. Each LED system consists of three parallel strings.
Each string is composed of ten series-connected 3-W Sharp
white LED devices (Model: GW5BWC15L02) with a rated cur-
rent of 320 mA. The voltage across each LED device is about
10 V and the LED string voltage is about 100 V.

A. Tests on Original Circuit (as Reference)

Fig. 13 shows the original circuit. The op-amp circuits are
powered by the potential difference across one LED device
(i.e., about 10 V), and no external power supply is required. The
components used the CM circuit are: BJT transistors: BD139,
op-amp: LM324, diodes: 1N4148, Rz = 55 kΩ, and RE = 1Ω.
Test results of this circuit under normal operations have been
presented in [27].
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Fig. 17. Measured string currents before and after the open-circuit fault oc-
curring in one of the three LED strings [Ch1: String-3, Ch2: String-2, and Ch3:
String-1; 50 mA/div, 10 ms/div]. (a) Open-circuit fault occurring in String-
1 (Slave) only. (b) Open-circuit fault occurring in String-2 (Master) only.
(c) Open-circuit fault occurring in String-3 (Slave) only.

1) Normal Operation in the Original Circuit: Table II tab-
ulates the performance of the original circuit before and after
using the CM circuit. The information in this table is used as a
reference for comparison with the performance of the improved
circuit.

2) Short-Circuit Fault in One LED Device in the Orig-
inal Circuit: In this test, one LED device (out of the ten
series-connected devices) in String-2 of the circuit is shorted.
The transient waveforms of the three string currents are recorded
in Fig. 14. It can be seen that good current balance can still be
achieved. Some measured data are tabulated in Table III. The
collector voltage of the Q-transistor is an important parame-
ter that provides the selection of the current reference. Table II
shows that String-1 has the smallest current before using the
CM circuit. So the reconfigurable CM circuit will select String-

Fig. 18. Photograph of the proposed CM circuit with both short- and open-
circuit fault tolerance (compared with a quarter dollar coin). (a) Top side. (b)
Bottom side.

1 as the current reference. This point is confirmed in Table III,
in which the collector voltage of the Q-transistor in String-1
is smallest, meaning that Q-transistors in String-2 and String-3
vary to reduce their current to follow the current reference of
String-1.

Since the voltage across each LED device is about 10 V, the
collector voltage of the Q-transistor in String-2 increases by the
same magnitude in order to balance the currents. Good current
balance can be achieved with the reconfigurable CM circuit,
at the expense of higher conduction loss in the Q-transistor of
String-2. Comparison of the power consumptions of the CM
circuit in Tables II and III indicates that the power consumption
has increased from 1.3 W (1.9%) to 3.45 W (4.9%). However, it
should be noted that the original CM circuit can tolerate short-
circuit fault in one LED device.

3) Open-Circuit Fault in One LED Device in the Original
Circuit: Fig. 15 shows the practical measurements of the three
currents of circuit in Fig. 13, with one of the three LED current
strings suddenly cut off to simulate an open-circuit fault. It can
be seen that the three currents drop to zero or near zero. These re-
sults confirm that the original CM circuit can withstand an LED
short-circuit fault, but cannot cope with an LED open-circuit
fault as previously explained. If such open-circuit fault occurs,
the LED system will not function and no light is produced.

B. Tests on the Improved Circuit

The circuit example of Fig. 6 with three parallel LED strings
has been used for practical evaluation. The voltage across one
LED device is used to derive a 10-V dc power supply for the
op-amp circuit in order to avoid using a separate auxiliary power
supply. In Fig. 6, String-1 and String-3 are the slave strings and
String-2 is the master string. All S-transistors are implemented
in Darlington configuration. The sensitiveness of the collector
voltage with the resistor Rz is, therefore, much reduced. The
components used in the improved circuit are: BJT transistors
(including switch A and Darlington pairs): BD139, MOSFET

switches (Switchs B and C): IRF530 N, Rz = 2 kΩ, Rk =
1 kΩ and the other components are identical to the first set of
experiments. The detection logic circuit of Fig. 7 is used for
each LED string.

1) Normal Operation in the Improved Circuit: The improved
circuit has been tested under normal operation. Table IV tab-
ulates the measured data. The voltage differences at points B
of the three strings highlight the fact that the LED devices are
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TABLE VI
STRING CURRENTS AND OTHER MEASUREMENT DATA AFTER AN OPEN-CIRCUIT FAULT OCCURS IN THE THREE STRINGS WITH IMPROVED CM CIRCUIT

(INCLUDING POWER CONSUMPTION MEASUREMENT AND SWITCH STATES)

not exactly identical. The collector voltage of the Q-transistor
in String-1 is smallest, indicating that String-1 is selected as the
current reference. The string currents are well balanced with the
current difference less than 1% of the average string current.
These results of the improved circuit are similar to those of the
original circuit recorded in Table II.

2) Short-Circuit Fault in One LED Device in the Improved
Circuit: In this test, one LED device is shorted in String-2. The
three string currents before and after the short-circuit fault are
captured and displayed in Fig. 16. Some measured data after the
short-circuit faults are recorded in Table IV. Again, String-1 is
selected as the current reference because its Q-transistor has the
smallest voltage. The transient current measurements confirm
that the improved circuit can cope with short-circuit fault well. It
is noted from Table V that the Q-transistor of String-2 provides
the voltage to compensate the voltage of the LED device with
the short-circuit fault. The current balance is achieved at the
expense of increased power loss, which increases from 1.85 to
3.9 W.

3) Open-Circuit Fault in One LED Device in the Improved
Circuit: Open-circuit tests are conducted for each string. A
series-connected MOSFET is connected to each string. This
switch is turned OFF to simulate the open-circuit fault. The mea-
sured string currents of the LED system before and after the
open-circuit fault occurring in String-1, String-2, and String-3
are recorded and displayed in Figs. 17(a), 17(b), and 17(c),
respectively. It can be seen in the three cases that the remaining
two strings without open-circuit fault continue to be in opera-
tion with good current balance. Therefore, the proposed circuit
allows the LED system to continue to produce light even if one
LED device suffers an open-circuit fault. This feature is partic-
ularly useful for street lighting applications in which the system
availability rate is important.

Measured data of the system of the three open-circuit tests
are tabulated in Table VI. The current values after the open-
circuit faults in Figs. 17(b) and 17(c) are almost identical and
equal to those before the fault. The reason is due to the fact that
the current of String-1 is chosen as the current reference by the
reconfigurable CM circuit in these two cases, as confirmed by the
smallest voltage in the collector of the Q-transistor in String-1
recorded in Table VI. In Fig. 17(a), the string currents follow that
of String-1 before the open-circuit fault. After the open-circuit
fault in String-1, the current in String-2 is automatically chosen
as the current reference and so the new balanced current value
is different from that in Figs. 17(b) and 17(c). A photograph of
the proposed circuit is shown in Fig. 18.

V. CONCLUSION

The self-configurable CM circuit has provided an effective so-
lution to balance LED string currents. It has been demonstrated
that the original circuit can cope with an LED short-circuit fault,
but not an open-circuit fault. This paper presents an improved
version that allows the LED system with parallel strings to con-
tinue to operate and produce light even if one LED device suf-
fers either a short-circuit or an open-circuit fault. The improved
circuit can further enhance the lifetime of LED systems with
parallel LED strings even if an individual LED device fails. The
operating principle of the improved circuit has been explained
and practically demonstrated. This circuit design does not re-
quire any auxiliary power supply and electrolytic capacitors. It
can be used with passive LED drivers for street lighting sys-
tems because such passive drivers do not have switched mode
or regulated power supplies for the system operation.



LI AND RON HUI: SELF-CONFIGURABLE CURRENT-MIRROR CIRCUIT WITH SHORT-CIRCUIT AND OPEN-CIRCUIT FAULT TOLERANCE 5507

ACKNOWLEDGMENT

The authors are grateful to the University of Hong Kong for
supporting the patent application [29] through Versitech Ltd.

REFERENCES

[1] C.-C. Chen, C.-Y. Wu, Y.-M. Chen, and T.-F. Wu, “Sequential color LED
backlight driving system for LCD panels,” IEEE Trans. Power Electron.,
vol. 22, no. 3, pp. 919–925, May 2007.

[2] S. Wha Hong, H. Jin Kim, J.-S. Park, Y. Gun Pu, J. Cheon, D.-H. Han,
and K.-Y. Lee, “Secondary-side LLC resonant controller IC with dynamic
PWM dimming and dual-slope clock generator for LED backlight units,”
IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3410–3422, Nov. 2011.

[3] W. Chen, S. N. Li, and S. Y. R. Hui, “A comparative study on the circuit
topologies for offline passive light-emitting diode (LED) drivers with long
lifetime & high efficiency,” in Proc. IEEE Energy Convers. Congr. Expo.,
2010, pp. 724–730.

[4] S. Y. R. Hui, S. Li, W. Chen, X. H. Tao, and W. M. Ng, “A novel passive
LED drivers with long lifetime,” IEEE Trans. Power Electron., vol. 25,
no. 10, pp. 2665–2672, Oct. 2010.

[5] J. Lalith, Y. M. Gu, and N. Nadarajah, “Characterization of thermal re-
sistance coefficient of high-power LEDs,” in Proc. Sixth Int. Conf. Solid
State Lighting, San Diego, USA, Aug. 2006, pp. 63370–63377.

[6] A. Poppe, G. Molnár, and T. Temesvölgyi, “Temperature dependent ther-
mal resistance in power LED assemblies and a way to cope with it,” in
Proc. IEEE 26th Semicond. Therm. Meas. Symp., Santa Clara, CA, USA,
Feb. 21–25, 2010, pp. 283–288.

[7] T. Zahner, “Thermal management and thermal resistance of high power
LEDs,” in Proc. 13th Int. Workshop Therm. Investigation of ICs Syst.,
Budapest, Hungary, Sep. 2007, pp. 195–195.

[8] M. Arik, C. Becker, S. Weaver, and J. Petroski, “Thermal management of
LEDs: Package to system,” Proc. SPIE, vol. 5187, pp. 64–75, 2004.

[9] Q. Cheng, “Thermal management of high-power white LED package,”
in Proc. 8th Int. Conf. Electron. Packag. Technol., Shanghai, China, Aug.
2007, pp. 1–5.

[10] Q. Hu and R. Zane, “Minimizing required energy storage in off-line LED
drivers based on series-input converter modules,” IEEE Trans. Power
Electron., vol. 26, no. 10, pp. 2887–2895, Oct. 2011.

[11] H. Ma, J.-S. Lai, Q. Feng, W. Yu, C. Zheng, and Z. Zhao, “A novel
valley-fill SEPIC-derived power supply without electrolytic capacitor for
LED lighting application,” IEEE Trans. Power Electron., vol. 27, no. 6,
pp. 3057–3071, Jun. 2012.

[12] B. Wang, X. Ruan, K. Yao, and M. Xu, “A method of reducing the peak-to-
average ratio of LED current for electrolytic capacitor-less ac–dc drivers,”
IEEE Trans. Power Electron., vol. 25, no. 3, pp. 592–601, Mar. 2010.

[13] L. Gu, X. Ruan, M. Xu, and K. Yao, “Means of eliminating electrolytic
capacitor in ac/dc power supplies for LED lightings,” IEEE Trans. Power
Electron., vol. 24, no. 5, pp. 1399–1408, May 2009.

[14] W. Chen and S. Y. R. Hui, “Elimination of electrolytic capacitor in an
ac/dc light-emitting diode (LED) driver with high input power factor and
constant output current,” IEEE Trans. Power Electron., vol. 27, no. 3,
pp. 1598–1607, Mar. 2012.

[15] B. Williams, Power Electronics: Devices, Drivers and Applications, 1st
ed. New York, NY, USA: MacMillan, 1987, p. 198.

[16] K. I. Hwu and S. C. Chou, “A simple current-balancing converter for
LED lighting,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2009,
pp. 587–590.

[17] B. Williams, Power Electronics: Devices, Drivers, Applications, and Pas-
sive Components, 2nd ed. New York, NY, USA: McGraw-Hill, p. 229.

[18] R. Zhang and H. Chung, “Daisy-chain transformer structure for current-
balancing multiple LED strings,” in Proc. IEEE Energy Convers. Congr.
Expo., Sep. 2013, pp. 3118–3125.

[19] R. Zhang and H. Chung, “Use of daisy-chained transformers for current-
balancing multiple LED strings,” IEEE Trans. Power Electron., vol. 29,
no. 3, pp. 1418–1433, Mar. 2014.

[20] R. Zhang and H. Chung, “Transformer-isolated resonant driver for parallel
strings with robust balancing and stabilization of individual LED current,”
IEEE Trans. Power Electron., (early access).

[21] Y. Hu and M. Jovanovic, “LED driver with self-adaptive drive voltage,”
IEEE Trans. Power Electron., vol. 23, no. 6, pp. 3116–3125, Nov. 2008.

[22] C. H. Lin, T. Y. Hung, C. M. Wang, and K. J. Pai, “A balancing strategy
and implementation of current equalizer for high power LED backlight-
ing,” in Proc. Int. Conf. Power Electron. Drive Syst., 2007, pp. 1613–1617.

[23] C. C. Yang, G. M. Lei, and Y. C. Lai, “Light emitting diode circuit having
even current,” U.S. Patent 7 675 240, Mar. 9, 2010.

[24] C. L. Chiu and K. H. Chen, “A high accuracy current-balanced control
technique for LED backlight,” in Proc. IEEE Power Electron. Spec. Conf.,
Jun. 2008, pp. 4202–4206.

[25] H.-J. Chiu and S.-J. Cheng, “LED backlight driving system for large-scale
LCD panels,” IEEE Trans. Ind. Electron., vol. 54, no. 5, pp. 2751–2760,
Oct. 2007.

[26] C. Wey, Y.-C. Yeh, C. H. Sun, and T. S. Lee, “Driver and method for driving
a semiconductor light emitting device array,” U.S. Patent 7 605 809, Oct.
20, 2009

[27] S. N. Li, W. Z. Zhong, W. Chen, and S. Y. R. Hui, “Novel self-configurable
current mirror techniques for reducing current imbalance in parallel light-
emitting diode (LED) strings,” IEEE Trans. Power Electron., vol. 27, no. 4,
pp. 2153–2162, Apr. 2012.

[28] S. Y. R. Hui, W. Chen, S. Li, and W. X. Zhong, “Current balancing circuit
and method,” U.S. Patent 0 286 753 A1, 2012.

[29] S. Li and S. Y. R. Hui, “Current mirror circuit and method,” Patent appli-
cation PCT/CN2012/084965, filed 21 Nov. 2012.

Sinan Li was born in China, in 1986. He received
the B.S. degree in electrical engineering from Harbin
Institute of Technology, Harbin, China, in 2009, and
is currently working toward the Ph.D. degree at the
Department of Electrical and Electronic Engineering,
The University of Hong Kong, Hong Kong.

He is the coinventor of an automatic reconfigurable
current-mirror technique. His current research inter-
ests include the design and analysis of power supplies,
LED characteristics and its relevant systems design.

S. Y. Ron Hui (M’87–SM’94–F’03) received the
Ph.D. degree from Imperial College London, Lon-
don, U.K., in 1987.

He has previously held academic positions at the
University of Nottingham, the University of Sydney,
and the City University of Hong Kong. He joined
the University of Hong Kong as Chair Professor in
2011. Concurrently, he has held the Chair Professor-
ship at Imperial College London since 2010. He has
published more than 200 technical papers, including
more than 160 refereed journal publications and book

chapters. More than 55 of his patents have been adopted by industry. He has
been an Associate Editor of the IEEE TRANSACTIONS ON POWER ELECTRONICS

since 1997 and the IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS since
2007. He has been appointed twice as an IEEE Distinguished Lecturer by the
IEEE Power Electronics Society in 2004 and 2006, respectively. He served as
one of the 18 Administrative Committee members of the IEEE Power Electron-
ics Society and was the Chairman of its Constitution and Bylaws Committee
from 2002 to 2010.

Dr. Hui is a fellow the IET. He received the Excellent Teaching Award in
1998 and the Earth Champion Award in 2008. He won an IEEE Best Paper
Award from the IEEE IAS Committee on Production and Applications of Light
in 2002, and two IEEE Power Electronics Transactions Prize Paper Awards for
his publications on Wireless Charging Technology in 2009 and on LED sys-
tem theory in 2010. His inventions on wireless charging platform technology
underpin key dimensions of Qi, the world’s first wireless power standard, with
freedom of positioning and localized charging features for wireless charging
of consumer electronics. In 2010, he received the IEEE Rudolf Chope R&D
Award from the IEEE Industrial Electronics Society, the IET Crompton Medal
and was elected to the Fellowship of the Australian Academy of Technological
Sciences and Engineering.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


