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Abstract—Traditional current-mirror circuits require buck
converter to deal with one fixed current load. This paper deals
with improved self-adjustable current-mirror methods that can
address different LED loads under different conditions with the
help of one buck converter. The operating principle revolves
around a dynamic and self-configurable combinational circuit of
transistor and op-amp based current balancing circuit, along
with their op-amp based dimming circuits. The proposed circuit
guarantees uniformity in the outputs of the circuit. This scheme
of current-balancing circuits omitted the need for separate power
supply to control the load currents through different kinds of
LEDs, i.e. RGB LEDs. The proposed methods are identical and
modular, which can be scaled to any number of parallel current
sources. The principle methodology has been successfully tested
in Simulink environment to verify the current balancing of
parallel LED strings.
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I.  INTRODUCTION

With the invention of visible phenomenon known as light-
emitting diodes (LEDs), which is about a half-a-century old,
they have now come into prominence for the past few years.
Nowadays, LEDs are preferred choices since they are energy
efficient and reliable [1]. The trend of utilizing LEDs is
growing day by day and it is becoming the vital mandatory
parts in some applications [2]. This has attracted the attention
of many researchers, to study its applications. A lot of
research has been going on to address various issued of LEDs,
and one of the main issues is related to the imbalances of
currents in parallel LED strings have drawn attention in recent
years as LED technology is perceived as an emerging
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technology for replacing incandescent and fluorescent lamps.
A most conventional method of current balancing is to
connect each individual LED string [3] with resistor in series,
which the power loss may lower the system efficiency.
Various passive methods have been implemented with higher
capacitors impedance to dominate the load impedance to
achieve the current balancing [3] — [11]. In [12] - [18],
implementing the combined methods to obtain the current
balancing; however, the designed circuit contributed to the
complicated ones.

In most approach, driving RGB LED arrays, need three
converters, with their allied inductors. This causes the number
of counts and increases the cost significantly [19]. As
observed in [20], the RGB LED driver has been treated as a
single input multi-output (SIMO), which is operated by a
single inductor with different controllers for running RGB
LED modules, to decrease the counts’ numbers and to
decrease the cost. SIMO drives RGB LEDs in a sequential
scanning color scheme display (SCD) to reduce power
consumption with fast response.

In [21], whenever the load varies suddenly, inductor
current increases to get a new balance. Such the phenomenon
is not considered suitable for the other converter of the system
since the earlier converter takes time to get new balance and
impact the output of other converters, which is in sequence. It
eventually produces delay in the other converter’s output and
creates problems in getting uniform illumination of RGB LED
modules. It is generally desired, to have a high degree of color
stability for high-end applications like medical or museum
lighting [22].
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Meanwhile, [23] proposed the constant current sources for
each load to energize the LEDs, i.e. a LED or string of LEDs.
This method sounds easy, but it is costly and needs more
components to the driver circuit, which creates the whole
system complex. To address the issue, the current mirror (CM)
is employed to remove imbalances in the currents of the
strings. This solution requires very few components and is
also less expensive solution in comparison to using only
current sources. The CM driver has been recommended to be
used for LED applications, where there is less likelihood of
high value of current [24] and enhances the circuit response
time and reduces complexity [25].

Dimming is an essential factor in the effective control of
lighting and in saving energy, but it faces various challenges
[26]. According to [21], while implementing analog dimming
it is tough to maintain higher efficiency throughout the
operation of wide range of diming. Contrary to this, PWM
dimming approach has been used, and it is possible to utilize
the full dimming range, since it has been observed that the
color scheme of RGB LEDs can be controlled by changing the
ratio of pulse width modulation (PWM) [27]. As stated in
[20], there are three techniques available to control dimming
phenomenon on system-level, and two techniques are
available to control the dimming operation on string level.
These methods need three different controllers as well as
specific techniques like instant-duty-restoration (IDR), which
makes the system costly and complicated.

Therefore, this article is meant to develop a CM circuit
that facilitates different kinds of current controllers to be used
efficiently. It also improves the time response of the entire
system, under new desire output of dimming phenomenon.
Secondly, to develop the RGB LED driver with single
controller and inductor, which could overcome the issues
related to the cross regulations. Thirdly, to build dimming
circuit to exploit the full range with the technique of random
PWM without using the method of IDR on string level as well
as on the system level. This paper mainly discusses self-
configurable CM methods for improving current imbalance in
different parallel loads of color LEDs. The design method
does not require a separate power supply for powering the CM
circuit as well as their associate’s circuits. Simulations have
been conducted in the environment of Matlab/Simulink, to
validate the proposed RGB LED driver.

Il. CIRCUIT DESCRIPTION

The circuit configuration is for driving three string loads,
in which each string connecting nine LEDs in parallel for red,
green and blue LEDs. The loads have been designed to
operate with buck converter, with the intent to provide PWM
signals for the LED loads. The proposed particular LED driver
system consists of a DC-DC buck converter or current
generator, current mirror, LED loads and current regulator as
depicted in Fig. 1.

The modified super diode in [28] for CM circuit is
employed, while by applying some modifications i.e. diode of
the super diode circuit with a resistor, along with the
combination of op-amp based circuit for dimming with a
properly biased transistor, to reduce power losses across

Vol. 11, No. 9, 2020

transistor. The load arrays of RGB LEDs, along with their
associates' circuits are shown in Fig. 2.

The proposed approach has a dynamic and self-
configurable current-balancing circuit structure that allows the
best current source (i.e., the smallest current source in the case
of current balancing of parallel LED strings) to be selected.
The proposed CM based current balancing circuit (refer
Fig. 2) not requires 1) external power supply and 2) associated
control circuit. Three parallel loads (LED strings, consisting of
red, green, and blue LEDs) are connected to a self-
configurable CM circuit. The transistors Q1 to Q3 (also called
Q-transistors) represent the transistors used in a proposed CM
circuit, such as the one shown in Fig. 2. Extra resistors that
may be required for proper biasing of the circuit’s transistors
are not shown in Fig. 2 for the sake of simplicity.

Three transistor-based differential circuits are required
along with super diode circuits for three difference loads
connected in parallel as shown in Fig. 2. The differential
circuit, which has the lowest load current, is selected as a
current reference in a CM circuit to prevent the saturation of
the transistors in the remaining differential circuits.

In analysis purposes, for the sake of simplicity, all the
transistors are considered matched with the same current gain,
f, and same resistive loads. If the current imbalances among
the parallel current sources are not too significant (i.e., current
inequality has been reduced), the transistor of the red LED
with the smallest V¢g, drives the bases transistors of other
differential circuits through current mirrors, forcing all the
associated transistors with the super diode to work linearly.

Furthermore, the CM make changes in Vcgs and Vg, to
reduce I, and 1, to follow the current reference I;. This
operating mode is based on the CM concept, except that there
is a newness of a self-configurable feature that allows the best
current source to be dynamically chosen as the reference
current source for the CM operation.

-

‘ Current-Mirror

oc-bC
Buck ‘
Converter

LED Loadas

‘ Current
Regulators

‘ -
Fig. 1. Block Diagram of the Proposed LED Driver.
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Fig. 2. Self-Configurable RGB LED Current Mirror Circuit.
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Using the assumption of 1, > I, > I3, and Vcgz > Vg >
Vces, the self-configurable principle can be illustrated with the
aid of Fig. 2. The Vcgs being the smallest voltage across Q3
and the critical conducting path is highlighted with the bolded
line in Fig. 2.

I1l. DIMMING CONTROL MECHANISM-A HYBRID FUSION OF
VOLTAGE DIVIDER BIAS CIRCUIT AND COLLECTOR FEEDBACK
RESISTOR

A proper biasing is mandatory to operate transistor and to
prevent it from going into saturation mode. It is a phenomenon
related to the arrangement of dc collector current at a specific
dc voltage by setting up an appropriate quiescent point. The
biasing scheme is adopted by putting the base resistor Rg in
between the collector and the base terminals of the transistor
as shown in Fig. 3. The resistor R, is connected between the
emitter and the base terminals of the transistor, for sufficient
biasing condition provided by the voltage drop across Ra. To
lessen the losses, the kind of virtual resistance is proposed,
which is not presented physically between the dimming circuit
and the rest of the biasing circuit of the transistor. The
dimming circuit is set to create different ground voltage
references for the flow of load current from the biased
transistor. Thus, by varying different voltage ground
references, it becomes possible to create a kind of virtual
resistance in the path of flow of load current, without having a
real physical resistance over there.

All these LEDs need an individual dimming system. The
applied dimming frequency to the dimming switching circuit
is 4Khz. The switching phenomenon has been implemented in
each leg of the CM circuit, as shown in Fig. 4 and completed
three string dimming is shown in Fig. 5.
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—;IB I ; ‘
Vs Ve > i'E
|Ta RAl

Virtual Resistance
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GND

Fig. 3. Dimming Control Mechanism.
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Fig. 4. Dimming/Switching Circuit and its Implementation in the Legs of
CM.

IV. MATHEMATICAL ANANLYSIS FOR LED PARAMETER

The total load consists of three loads i.e., the string of red
LEDs, string of green LEDs and the string of blue LEDs. The
parameters of RGB LEDs have been taken from [19]. The
R oy represents the equivalent resistance of the red LED, with
respect to its rated forward voltage and load current, whereas
Royr shows the parallel combination of the nine parallel-
connected red LEDs in equation (2), same calculations have
been done with respect to blue or green LEDs in equation (4).
In the proposed scheme, there exists a total of three parallel
strings, each individual string carries the load of parallel
connected of nine LEDs with respect to their associated colors
i.e. red, green and blue. The DC equivalent resistance (Requ)
of the red LED has been found at their DC operating points
[19] as follows:

_Vrwp __ 19 _
Requ=" == 7010 = 98 @
ROUT = REQUl // ........... // REQU9 =10.56 Q (2)

The currents forward voltages of the green and blue LEDs
are similar. Their DC equivalent resistances of the green and
blue LED can be found at their DC operating points as
follows;

14 3.2
Roou =45y “ro1075 = 1609 ©
ROUT: REQUl // ........... // REQU9 :17.78 Q (4)

Where, the Vryp denoted a forward voltage of LED, I gp is
the current pass through the LED string and R, is represented
the total resistance of 9 LEDs in each string. It is noted that
the red LED consumed less resistive than green and blue
LEDs.

In the proposed dimming control circuit, it can introduce a
new dimming level across a single and whole load array of
LEDs. In principle, when dimming, the associated transistor of
the string reduces the quantity of current through the load by
raising the emitter’s voltage, which eventually increases the
collector’s voltage of the transistor. It gives a freedom to LED
running with a constant source of voltage with emitter coupled
logic (ECL) topology, whereas avoiding transistors go to
saturation. In which, the ECL is also known to be high speed
integrated bipolar transistor logic. Hence, the combinational
circuit of super diode, ECL topology and dimming control
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circuit provide a kind of controlling mechanism in providing a
constant load current.

Refer to Fig. 5, R, is added in the designed as thermal
runaway resistor, which has a small value to reduce the
conduction losses and omitting the thermal runaway of
transistors. The dimming on system level can be done easily
while activating all the dimming circuits, which the R, is used
to change the output voltage of op-amp of super diode to
current. Meanwhile, the Rg and R, are the feedback resistors
and biasing resistors that used to reduce the power losses
across the transistor. The efficiency (i) of the LED driver can
be computed by the ratio of the power dissipated by the LED
to the total power dissipated in the string [29] as in following
equation.

n=—L __ x100 (5)

PLED+ Pcomp™ Ptran

A. Biasing Scheme

In this approach, a proper biasing scheme is needed to do
dimming uniformly throughout the whole system comprises of
different resistances. The red LED has different resistive
nature as compared to the green and blue LEDs, which leads
to a differences of load current in red LED string. To make the
system efficient, the load of red LED needs to be equal with
other loads string, which can be made possible by adding
external resistance (compensating resistance) in series with
total red LEDs. However, such arrangements, contribute
certain power losses as well as degrading the factor of
efficiency 5 as stated in equation (5).

To make the system comparatively efficient, a proper
biasing scheme is needed. The biasing scheme adopted to all
transistors Q;, Q, and Qs using dual feedback transistor
biasing scheme, as shown in Fig. 6. This sort of biasing
method is beta () dependent. The resistor Rg is utilized for the
collector to base feedback configuration to ensure transistor to
always remain biased in the active region regardless of any
value of the beta (f) factor. The base bias voltage is dependent
on the collector voltage, thus ensures good stability. R, has
been added to the system to improve stability even more with
respect to variations in beta (f) by increasing the current
flowing through the base biasing resistors. Thus, it increases
the possibilities of a wide range of dimming spectrum.

A modification for biasing circuit of Qs transistor is
carried out due to difference resistive load of red LED, by
putting a base limiting resistance (Ry,) to limit the base signal
of Q3 transistor (refer Fig. 6). The purpose of its introduction
in the circuit is to improve the stability of the overall system
by making Qs less responsive as compared to the response
behavior of the other two Q, and Q; transistors by making beta
(B) of Q3 less sensitive as compared to the transistors of other
loads. Thus, the load current flowing through the Qs, becomes
almost identical to the load currents flowing through the
transistors Q, and Q;.

V. VALIDATION

A dimming approach for RGB LED driver has been set up
to evaluate the performance of the self-configurable CM
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circuits. A DC-DC buck converter circuit has been set up to
act as a current source for the proposed circuit.

A. Self-Configurable Current-Mirror Circuit

Since the red LED has less resistive value than other color
LEDs, the modification of the dimming circuit is proposed so
that the dimming can be conducted for all three consecutive
string of RGB LEDs as shown in Fig. 5 and the designed
parameters is depicted in Table I. The power of each string is
always operated under the full load condition when the LED
string is turned on, and no-load condition when LED string
off. A SIMO driver for RGB LED with PWM dimming
mechanism producing a relatively constant power efficiency at
any dimming ratio, but in practice, there exists a small
variation in their values as shown in the sets of calculations
with references to Table I1.

It has been observed that in a situation, where
R, is kept equal to 3, and alternately turning on and off of
red, green and blue LEDs. It is found that a significant
differences of load current red and blue/green LEDs as shown
in Fig. 6 to Fig. 8. The efficiency of the red LED drop
significantly and return increasing when rising the Rg; .
Howewer, the load current increases accordingly as listed in
Table II.

Nl

bowe
N R, 5

R, i

Fig. 5. Modified Self-Configurable RGB LED Current Mirror Circuit.

TABLE I. DESIGN SPECIFICATIONS OF AN OFF-LINE SIMO LED DRIVER
Parameter Value
Input voltage (Vg) 5 volts
Maximum current 22.17 mA
Minimum current 2.453 mA
Main switching frequency 300 Khz
Dimming frequency 4Khz
Inductor load current 540 mA
R 0.6 Q

Ry 90

R, 05Q

R, 20

R 30

R, 20Q

R, 10

www.ijacsa.thesai.org

367|Page




(IJACSA) International Journal of Advanced Computer Science and Applications,

TABLE Il DESIGN SPECIFICATIONS OF AN OFF-LINE SIMO LED DRIVER
Load Load
Current Current Red
A Blue/Green
Rp; through through LED
Red Green/Blue Current n LEDm
LED LED
1.]3Q 210 mA 220.4 mA 104 21% 57%
2. | s00 | 22Y% | 2115mA | 10 45% | 51%
mA
3. | 100Q 222.4 210.8 mA 11.6 48% 51%
mA
4| 2000 | 222% | 2105mA | 124 52% | 51%
5. s000 | 2232 | 2105mA | 127 52% | 51%
6. | 1000 Q 2235 210.5 mA 13 52% 51%
mA
VI. DIMMING

There are two options of dimming available for the LEDs,
based on the operations of the dimming circuits, associated
with their LED loads. First is associated with the dimming
available for every individual LED load, which is by
controlling their associated dimming circuits. Second option is
to facilitate the user to do dimming operations simultaneously
for all string. The proposed LED driver has a 5V DC voltage
from buck DC-DC converter. At first, the validation is carried
out through the circuit simulation.

A. String-Level Dimming Evaluation

In this dimming mode, the technique of employing super
diode along with its dimming circuit is purposed to evaluate
the circuit ability for controlling three separate independent
different load currents. The load currents of I, 15, I3 and
dimming gate signal are shown in Fig. 6. The dimming signal
is set from 10% to 90% of range. Fig. 6 to Fig. 8 show the
current waveforms (I, I, and I5), as well as the corresponding
gate signals for the dimming circuits, associated with their
load currents. The reference output currents for the three LED
strings are respectively set at 210 mA, 220 mA and 220 mA,
and the dimming duty cycles is set at 10%. For further
analysis, the 10% dimming signal is equal to on-state while
90% dimming signal is off-state.

The result showed that during the on-state, the output
currents are regulated to the reference. In comparison, the
three LED strings are set identical of dimming parameters,
i.e., the same on-state current references and dimming ratios
frequency. The dimming operation is generated at differences
timing for showing the robustness of the system. These
waveforms are almost identical to the voltage drops across
their associated loads. The behaviors waveforms show that the
loads are operating according to their power ratings.

In Fig. 6, illustrating the red LED behavior of load current,
voltage across the load and dimming signal, respectively. It is
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clearly visible that the voltage across the red LEDs following
the load current. Referring to dimming signal, the on and off
states are implemented. For 10% of dimming, the maximum
amount of current is found approximately to 210 mA, while
during 90% of dimming, the minimum amount of current is
found drop to around 25 mA. The loading effects could be
seen during off-state for the individual LEDs, which is not
more than 2% of the full load current. For others string, the
green and blue LEDs are shown in Fig. 7 and 8, respectively.
It is clearly seen that the signal behavior comparable with red
LED load. During 10% dimming, the current flow comparable
to the reference of 220 mA while during off-state drop to
around 25 mA and 30 mA for green and blue respectively. The
loading effects also could be seen at off-state period.

On the other hand, through the proposed dimming
mechanism, the buck dc-dc converter does not require closed-
loop control to control the dimming mechanism as shown in
Fig. 9. As a result, the range of the dimming signals could be
extended from 10% up to 90% dimming, which is almost to
the full range dimming.
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Fig. 6. Waveforms of the Output with PWM Dimming of 10% and 90% (a)
Load Current Response of Red LEDs (b) Voltage Across the Red LEDs (c)
Close-up view of the widths of the PWM Signals for Turning off and on the
red LEDs.
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Fig. 8. Waveforms of the Output with PWM Dimming of 10% and 90% (a)

Load Current Response of Blue LEDs (b) Voltage Across the Blue LEDs (c)

Close-up view of the widths of the PWM Signals for Turning off and on the
Blue LEDs.
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Fig. 9. Inductor's Load Current Variations Corresponding to the Turning off
and on of the LEDs through Dimming Circuits.

B. System Level Dimming Evaluation

Second scenario, the combinational circuits of super diode
and dimming circuit for all the load strings are analyzed.
Simultaneously operating in the range of 10% to 90% of
dimming signal is implemented. In Fig. 10, showing the
results for load current, voltage across the load and dimming
signal respectively. The behavior is comparable according to
the on and off states conditions. Nevertheless, in the system
level dimming, all the loads take current spontaneously and
share their currents with other loads. Since the current at green
and blue LEDs are slightly more than red LEDs, hence the
surplus current goes to the red LEDs due to the proposed
circuit act to balance current through the string with
differences loads. As the result, the load current at red LEDs
increases significantly. It is showed the effectiveness of the
proposed mirroring circuit in managing the current sharing. It
is different with the string level dimming, which is the green
and blue LEDs are not activated when the red LEDs on. The
process same with other LEDs string turning on. Thus,
avoiding the phenomenon of current balancing from other
string LEDs.

In Tables Il and IV, listing the computed power losses
through the LED string loads (i.e.; red, green and blue LEDSs).
The condition is activating the dimming simultaneously for
three string LEDs loads to figure out the efficiency. Through
the measurement, the maximum load currents for red and
green/blue LEDs are 221.8 mA and 219.0 mA respectively.
For red LEDs, the measured voltage drop across the transistor
and current flow through the transistor are 2.111 V and 229.6
mA, respectively. Meanwhile, 0.56 V and 243.7 mA are
measured through green/blue LEDs. Hence, the power losses
through transistor for red and green/blue LEDs could be
computed accordingly as shown in Tables 11l and IV.
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90% (a) Load Current Response of Red LEDs (b) Voltage Across the Red
LEDs (c) Load Current Response of Green/Blue LEDs (d) Voltage Across the
Green/Blue LEDs (e) Close-up view of the widths of the PWM Signals for
Turning off and on the LEDs.

Thus, the computation efficiency for red (1, ma) LEDS is
52%, and 86% efficiency (45_max) for green/blue LEDs.

On the other hand, the measurement of power losses at
minimum load currents for red and green/blue LEDs are 24.58
mA and 2427 mA. in red LEDs string, the measured
transistor voltage drops and current pass through the transistor
are 0.234 V and 25.44 mA respectively. Meanwhile, for
green/blue LEDs string, 62.04 mV and 27.0 mA are measured
for voltage drop and current through the transistor. Thus, the
power losses can be estimated as listed in Tables V and VI.
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TABLE Ill.  POWER LOSSES FOR RED LEDS AT MAXIMUM CURRENT
Red LEDs (P.gp) 520 mW
Transistor terminal (Py-qns) 480 mwW

TABLE IV.  POWER LOSSES FOR GREEN/BLUE LEDS AT MAXIMUM
CURRENT
Green/Blue LEDs (P,gp) 853 mwW
Transistor terminal (Py-qns) 136.3 mW

TABLE V.  POWER LOSSES FOR RED LEDS AT MINIMUM CURRENT
Red LEDs (P.gp) 6.4 mW
Transistor terminal (Py-qns) 6 mW

TABLE VI.  POWER LOSSES FOR GREEN/BLUE LEDS AT MINIMUM
CURRENT
Green/Blue LEDs (P,gp) 10.5 mwW
Transistor terminal (Pyrgns) 2mw

Therefore, the estimation efficiency at minimum load
current for red (i, min) LEDs is 52%, and for green/blue
(7’Igb_min) LEDs is 85%.

VII. CONCLUSION

In this paper, an investigation has been carried out to
determine the effectiveness of the current mirroring circuit to
regulate the different LED loads, while keeping and regulating
the minimum power losses through the string module. Though
green and blue LEDs have same resistive in nature, which is
slightly difference with red LED, the current mirror has
successfully managed to bring identical currents passing
through the loads. The proposed circuit could be
implementing two option of dimming, which are individual
string level and system level dimming. It is show flexibility of
the dimming purposes. Another advantage, it has found that,
the analyses has done the measurement of precisely dimming
from 10% to 90% of dimming range. It is showed the
effectiveness of the proposed LED driver and dimming circuit
for color LED string.
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