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Abstract: This study proposes a high performance multichannel sequential display light emitting diode (LED) driver with pulse
width modulated dimming control. A synchronous integral control strategy is developed for achieving optimal transient
performances for the channel voltages and ideal rectangular waveforms for the LED current, which will help to maintain high
efficiency and extend the lifetime of the LEDs. By synchronous integral control, each channel has a corresponding integrator
whose input and output are turned on and off synchronously with the LED string. The proposed driver topology and control
strategy are supported by detailed analysis on stability and transient response during on-time interval of a channel by using the
averaged state-space model. The effectiveness of the design method is demonstrated with simulation. A three-channel LED
driver is constructed to experimentally validate the high efficiency and high performance of the proposed topology and control
strategy with desired LED current waveform and nearly constant channel voltages.

1 Introduction
Light emitting diodes (LEDs) are poised to replace traditional light
sources due to their many benefits: efficiency, longevity, safety,
durability, colour options and earth friendly characteristics. They
are widely used for residential lighting, automotive, transportation,
broadcasting and entertainment. LED technology has been
continuously advanced in recent years in terms of high power, high
current and high brightness. Meanwhile, highly efficient and
intelligent LED drivers have been developed to bring out the best
performances of LEDs by using advanced power electronics and
control systems technologies.

For the purpose of saving energy or offering variable contrast,
dimming controls are usually applied to LED strings to regulate the
lighting level. There are basically two approaches for dimming
control. One is the amplitude modulation approach, which is
obtained by modulating the LED current to a desired constant level
by using a linear regulator. Another one is the pulse width
modulated (PWM) approach, which is obtained by periodically
switching on and off a LED string, so that the average of the LED
current and the brightness are adjusted by the duty cycle of the
PWM signal. The PWM approach for dimming is preferred in
many applications due to its high efficiency and smaller
chromaticity deviation [1]. More detailed comparison between
these two dimming approaches can be found in [2].

This paper is motivated by some performance problems
encountered when the PWM dimming approach is adopted. Ideally,
the LED current waveform under PWM dimming should be
rectangular so that the current is at the rated value during on-time
interval. This would help to maintain a high efficiency since the
driver circuit can be optimised in terms of efficiency for the
operation under rated values. Moreover, a constant rated current
during on-time interval would guarantee a long lifespan of LEDs.
A rectangular LED current also allows precise control of the
intensity since the average current is proportional to the dimming
ratio. However, the actual LED current waveforms generated by
many existing PWM dimming approaches are not rectangular and
may demonstrate various transient behaviours, such as overshoot,
oscillations, or slow rise after being turned on [3–7]. Recent efforts
have been devoted to improving the transient performance during
the on-time interval of PWM dimming. For example, the overshoot
in LED current was suppressed by using an additional integrated

soft-start circuit in [3]. An adaptive timing difference
compensation strategy was developed in [8] to achieve accurate
control of LED current. In [9], a dual-mode dimming control and
current-balancing design was proposed for backlight applications
by using a constant voltage constant current dimming scheme and a
current balancing transformer. To achieve fast transient response
for PWM dimming, a constant on-time controlled boost converter
was proposed in [10].

In the above-mentioned works, the PWM dimming performance
was improved by exploring different circuit topologies and
advanced timing schemes or switching strategies. This work will
take a different approach by utilising techniques for control design
and optimisation. While the LED driver configuration will be
derived from some existing single input multiple output (SIMO)
boost converter, the main thrust is to develop a synchronous
integral control strategy and cast the parameter design problem into
a linear matrix inequality (LMI) based optimisation problem. With
the LMI-based optimisation technique, the transient performance
indices, such as overshoot and settling time, can be interpreted with
matrix inequalities. As a result of the optimisation, there will be
minimal transient oscillation in channel voltages and the LED
current waveforms will be nearly rectangular. The effectiveness of
the proposed design method is validated by simulation and
experimental results, which demonstrate a 0.8% maximal deviation
from the reference LED current, a significant improvement from
2.8% in [8] and 3.7% in [10].

The rest of the paper is organised as follows. The proposed
multichannel LED driver with synchronous integral control will be
described in Section 2. Detailed stability and transient analysis of
the proposed LED driver topology and control strategy are
conducted in Section 3. An experimental driver with three output
channels was constructed to validate the effectiveness of the
proposed control strategy, as will be demonstrated in Section 4.
Conclusions are drawn in Section 5.

2 Proposed sequential display LED driver with
synchronous integral control
2.1 LED driver configuration

The proposed multichannel sequential display LED driver
configuration is depicted in Fig. 1. It is adapted for PWM dimming
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from some existing SIMO dc–dc converters, e.g. see [11, 12]. In
Fig. 1, each output voltage Vn, n = 1,…,N is stabilised by a
separate capacitor Cn. On both sides of the capacitor Cn are two
MOSFETs, which are turned on and off simultaneously (The gates
of the two simultaneous MOSFETs are connected to the same
driver output via separate gate resistors.). The gate signals S1, S2,
…, SN are generated so that only one pair of MOSFETs are allowed
to be turned on at one time and the N channels take turns to
operate. When N = 3, this configuration and timing strategy can be
applied to precision colour control in LED display panels [13] and
in LED backlight driving systems [14–17], where the three
primary-colour LEDs are turned on sequentially. One advantage of
this sequential colour display scheme is the reduction of power
consumption by removing colour filter [14, 16].

In each channel, the MOSFET to the right of Cn turns on and
off the LED string. The left-hand-side MOSFET and the series
diode ensure that there is no current flow between the channels and
that the capacitor voltage Vn does not change when the
corresponding LED string is turned off. Due to the anti-parallel
body diode in the MOSFETs, the diodes are necessary to allow for
different channel voltages. As observed from experiments, the
channel voltages can be different by nearly 1 V when the channels
have different dimming ratios. The channel with higher dimming
ratio requires lower voltage due to the temperature dependent I–V
curve of the LEDs. Since the channels operate alternatively, they

are joined together and connected to a single current sense resistor
Rs, which will save the space and cost. Moreover, more current
sensors result in increased power loss.

Similar SIMO boost converter topology was adopted in [8] for
an LED driver for display backlight applications. A distinctive
difference is that there is an additional MOSFET on the right-hand-
side of the filter capacitor for each channel. This ensures that the
LED strings are turned on alternatively and that each capacitor
voltage is maintained at a constant value when that channel is
turned off, which is crucial not only for minimising voltage
oscillation but also for achieving ideal rectangular current
waveform for each LED string with PWM dimming.

Fig. 2 illustrates the timing of the gate signals, and some typical
inductor current iL and output current i0 (generated by simulation). 
Suppose that there are three channels. The period T of one
dimming cycle is divided equally into three sub-intervals. The nth
channel operates only during the nth subinterval and the on-time is
modulated by the dimming ratio dn∈[0, 1). Thus, the on-time for
the nth channel over one period is dnT/3 and the actual duty ratio is
dn/3. During the on-time of the nth channel, the circuit behaves like
a typical single output boost converter, with its output voltage Vn
and current io controlled by the duty cycle of the gate signal S0.
Since the switching frequency of S0 is much higher than 1/T, its
plot is a black rectangular when one channel is on. The output
current i0 is the sum of the channel currents. Each channel current
in can be extracted from i0 by using the gate signal Sn.

The dimming is achieved by changing d1, d2, …, dN between 0
and 1. Ideally, the LED current in for each string should be the
rated value when this string is turned on. Thus, the ideal waveform
of in is rectangular with frequency 1/T and duty ratio dn/N.

For high efficiency, the inductor current iL should be 0 when all
channels are turned off. This is achieved by setting S0 at 0 when all
channels are off, and choosing circuit parameters so that iL is at
discontinuous conduction mode (DCM) or near DCM during the
interval when one channel is on. Fig. 2 shows the case where iL is
at the continuous conduction mode but very close to DCM when
one channel is on. To avoid cross-regulation between the channels,
a dead time should be implemented between the turning off of one
channel and the turning on of another channel. To ensure safe
switching and to protect the MOSFETs, especially S0, the signals
S1, S2, S3 should be turned off after S0 is turned off, by a few
switching periods.

2.2 Synchronous integral control

The control objective is to maintain a desired LED string current
in,ref for each channel during its on-time. Ideally, the output voltage
Vn is maintained at a constant desired value, so that when the nth
channel is turned on, a rated current flows through this LED string.
As this channel is turned on and off by a PWM signal, the LED
current has an ideal rectangular waveform.

The voltage control was used in some literature but has some
disadvantages, since the I–V curve of the LEDs is not fixed. It
depends on the temperature and may vary with ageing [18]. For
example, with a constant voltage supply, as the operation time
increases, the current increases since the equivalent series
resistance decreases due to increasing junction temperature [5]. As
observed in the experiment, as the dimming ratio is increased, the
LED string's voltage needs to be decreased to maintain a desired
current. This is due to the reduction of the forward voltage and the
equivalent series resistance as the temperature increases. Thus, it is
preferred to control the LED current directly so that it follows a
desired rectangular reference. For this purpose, the LED current is
sensed by Rs.

Recall that when all LED strings are off, the inductor current is
0 and the output voltages are kept as constants. After one string is
turned on, the transience will cause the corresponding voltage Vn to
temporarily decrease then go back to a steady-state value after
some oscillation. To produce a nearly rectangular waveform for the
LED current, the feedback control should be designed to achieve

Fig. 1  Schematic of the proposed multichannel LED driver
 

Fig. 2  Timing chart for gate signals and currents
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fast transience with minimal oscillation during the on-time interval
for each channel.

It was shown in [19, 20] that a simple integral control can
achieve practically global stability for general dc–dc converters.
For a boost converter with multiple channels which take turns to
operate, this paper proposes a control scheme with synchronous
integral control, as depicted in Fig. 3. The inputs to the controller
are i0, i1,ref, …, iN,ref and d1, d2, …, dN. The reference currents in,ref
can be set as constants (such as the rated values) in the controller to
reduce the number of inputs. The outputs are the gate drive signals
S0, S1, …, SN. The gate signals S1 to SNare modulated by d1/N to
dN/N, with the same dimming frequency 1/T and a phase delay of
T/N between Sn and Sn+1. The dimming ratios dn are <1 so that
only one channel is turned on at a time. The gate drive signal S0 for
the boost converter is modulated by duty ratio d with a much
higher frequency. The proposed control scheme will be
implemented by a micro-controller.

Each channel has an integrator whose input and output are
turned on and off at the same time by the corresponding gate signal
Sn, which is implemented by multiplying 1 or 0, hence the name –
synchronous integral control. The synchronous input for the
integrator allows only the tracking error for the corresponding
channel to be integrated. Hence, during the off time of one channel,
the output of the integrator stays a constant, which is crucial for
achieving optimal transient response for the next on-time interval.
The synchronous output of the integrators allows only one
integrator output to be passed to the input of PWM0, as the duty
ratio d for S0.

With the proposed driver topology and synchronous integral
control, the whole feedback system behaves like a single input
single output boost converter with integral control during the on-
time interval for each channel. The transient behaviour during each
on-time interval is determined by the initial values (at the
beginning of each on-time interval) of the integrator output, the
capacitor voltage Vn, the integral gain kn and the circuit parameters
L and Cn. It also depends on the parameters of the switching
devices and LEDs, which will be assumed to be given.

As will be clear in the next section, the proposed driver
topology and the synchronous integral control scheme provide an
ideal framework for achieving desired transient performance with
good initial conditions on integrator output and capacitor voltage.
The rest task is to design integral gains kn and circuit parameters L
and Cn for further improvement of the transient response.

3 Control design for stability and optimal
transient response
3.1 Stability and transient analysis via state-space
description

As explained in the previous section, the ideal rectangular
waveforms for the LED currents require a control design which
yields a fast transient response with minimal oscillations during the
on-time interval for each channel. In this section, the averaged

state-space model will be used to analyse the stability and transient
response of the proposed LED driver with synchronous integral
control. The topology of the driver and the control scheme make
the whole system behave like a typical single input single output
boost converter during the on-time interval of each channel. For
illustration, the following analysis will be conducted on channel 1.
The other channels have the same structure but the parameters can
be different.

To avoid confusion, the high switching frequency of S0 is
denoted as f0 (in the range of a few hundred kHz) and the low
switching frequency of S1 as f1 (a few hundred Hz). For simplicity
of notation, v1 and iL denote the averaged capacitor voltage V1 and
inductor current (averaged with respect to the switching period of
S0). Recall that the control input for the boost converter is the
switching duty cycle d for S0.

Assume that a steady periodic waveform (with respect to the
dimming frequency f1) has been formed, so that a desired LED
current i1,ref is reached before the LED string is turned off for one
period. Let the corresponding steady-state values for v1, iL and d be
v1,ss, iL,ss and dss, respectively. With the integral control, the
closed-loop system has three state variables: the inductor current
iL, the capacitor voltage v and the output of the channel 1
integrator, which is the duty ratio d. Note that the outputs of other
channels’ integrators are turned off when channel 1 is on.

Let the time when channel 1 is turned on (the rising edge of S1
in Fig. 2) be t = 0. By the proposed topology of the LED driver, the
capacitor voltage v1 is kept unchanged during the off-time interval
of channel 1. Thus, v1 0 = v1, ss. By the synchronous integral
control scheme, the output of channel 1's integrator is also kept at
the value before it is turned off last time, which is dss. Thus,
d 0 = dss. By the design of the LED driver, the inductor current iL
is 0 when all channels are turned off, so iL 0 = 0. Hence, for the
state vector

iL 0
v1 0
d 0

=
0
v1, ss
dss

(1)

To study the transient response, the deviation of the state variables
from the steady-state values (with respect to the on-time interval)
should be examined. Denote the deviation variables as

ΔiL = iL − iL, ss, Δv1 = v1 − v1, ss, Δd = d − dss (2)

Define the new state as x

x =
x1
x2
x3

=
ΔiL
Δv1
Δd

(3)

Then the initial condition for the new state x is

Fig. 3  Schematic of the synchronous integral control
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x 0 = −iL, ss 0 0 T (4)

which means that two of the three state variables are already at the
steady-state values. This is ensured by the proposed LED driver
topology and control scheme, which is crucial for good transient
performance. Only the inductor current is away from the steady-
state value. This cannot be changed since it is necessary to keep the
inductor current 0 when all channels are off, so that high efficiency
can be ensured.

It is clear that the transient response is caused by the deviation
of the inductor current from its steady-state value. In what follows,
the relationship between the transient response and the design
parameters, including the integral gain k1, the inductance L and the
capacitance C1, will be studied. Based on this relationship, the
parameters can be selected for the optimal transient performance.

Let the total equivalent series resistance of the LED string
(including Rs and the on-resistance of the MOSFET) be Rled and let
the forward voltage drop be vF

v1 = vF + Rled ∗ i1 (5)

At steady state

v1, ss = vF + Rled ∗ i1, ref (6)

It follows that

i1 − i1, ref =
v1 − v1, ss
Rled

= x2
Rled

(7)

By the integral control

Δd = − k1∫ (i1 − i1, ref)dt (8)

which gives

x3 = Δd = − k1
Rled∫ (v1 − v1, ss)dt = − k1

Rled∫2

x
dt (9)

This yields

ẋ3 = − k1
Rled

x2 (10)

By using the state-space averaged method [21], the differential
equations for x1 and x2 can be derived. To examine the transient
response, the parasitic series resistances of the boost converter
should be taken into account. Ignoring these resistances will yield
stronger oscillation and larger overshoots/undershoots for the
transient responses. Let the equivalent series resistance for the
inductor, the MOSFET and the diode be RL, Ron, Rd, respectively
(The capacitor's ESR is not considered here since it is very small as
compared with Rled. Its effect on the LED current is negligible, but
will substantially complicate the state matrices). Recall that for the
LED string, the total forward voltage drop is vF and the equivalent
series resistance is Rled. Define the following matrices:

K0 =

1
L 0

0 1
C1

, B1 =
1 0

0 1
Rled

(11)

A1 =
− RL + Ron 0

0 −1
Rled

(12)

A2 =
− RL + Rd + Ron −1

1 −1
Rled

(13)

The averaged state-space equation for iLand v1 can be derived from
circuit laws as follows:

diL
dt
dv1
dt

= K0 dA1 + 1 − d A2
iL
v1

+ K0B1
vin
vF

(14)

At steady state, the left hand side is 0. It follows that

iL, ss
v1, ss

= − dssA1 + 1 − dss A2
−1B1

vin
vF

(15)

It is clear to see that the steady-state values iL,ss and v1,ss are
independent of the parameters L and C1. Define

A0 = dssA1 + 1 − dss A2, B0 = A1 − A2
iL, ss
v1, ss

(16)

Then a small-signal model for x1 and x2 can be derived as follows:

ẋ1
ẋ2

= K0A0
x1
x2

+ K0B0x3 (17)

Denote

K = K0 0
0 k1

=
1 L 0 0
0 1 C1 0
0 0 k1

, (18)

A =
A0 B0

0 − 1
Rled

0 (19)

Combining (10) and (17), the closed-loop state equation for x is

ẋ = KAx (20)

Here the positive diagonal matrix K contains all the three design
parameters L, C1 and k1, and the matrix A contains other given
circuit parameters. This well separated structure of the system
matrix KA will facilitate the design of L, C1 and k1 for stability and
optimal transient responses. The system is stable if all eigenvalues
of KA have negative real parts.

After channel 1 is turned on, the transient response for the
closed-loop system is

x t = eKAtx 0 (21)

x 0 =
−iL,SS
0
0

(22)

To achieve desirable transient response with ideal LED current
waveform, the deviation of the capacitor voltage, which is
v1 − v1, ss = x2, should be as small as possible. Furthermore, a steady
state should be almost reached by the time this channel is turned
off for one period. Denote Cs = 010 , then

x2 t = Cs x t = Cs eKAtx 0 (23)

Denote ts as the settling time, which is the time required for x(t) to
converge within 5% of x(0). Then the design objective is to choose
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a positive diagonal matrix K so that the maximal value of x2(t) is
minimised, while the settling time ts is less than a prescribed limit.
This objective can be addressed by using the method developed in
[22], which is discussed in more detail in the next section.

3.2 Design objective and parameter optimisation

The objective of minimising the maximal value of x2 t  by
choosing the three design parameters L, C1, k1 can be converted
into a LMI based optimisation problem. The main idea is to use an
invariant ellipsoid to bound the transient response x t = eKAtx 0
and evaluate the maximal value of x2 t  via this invariant ellipsoid.
Similar problems have been addressed in [22]. The requirement on
the settling time ts can also be imposed via a matrix inequality.
With the treatment in [22], the optimisation problem can be
formulated as follows:

Inf
P > 0, K > 0

γ (24)

PKA + ATKP ≤ − β0P (25)

x 0 TPx 0 ≤ 1 (26)

Cs
TCs ≤ γ2P (27)

K1 ≤ K ≤ K2 (28)

In the above optimisation problem, β0 is a given positive number
corresponding to the prescribed limit of settling time. If (25) is
satisfied, the closed-loop system will be stable and the settling time
will be less than −2log 0.05/β0. When all the constraints (25)–(27)
are satisfied, γ will be an upper bound for the maximal deviation
x2 t = Csx t .

The optimisation problem has two matrix variables, a positive
definite matrix P and a positive diagonal matrix K. Recall that K
contains the design parameters L, C1, k1. The additional constraint
(28) imposes a range for each parameter so that other requirements
can be satisfied, such as the ripple size of inductor current and
output voltage.

The optimisation problem (24) contains a bilinear matrix
inequality (BMI) (25). The standard treatment of BMI problems is
to use an iterative method by optimising each matrix variable
alternatively. The algorithm can be summarised as follows.

Algorithm to solve optimisation problem (24):

Step 1: Form all the constants, A, β0, x 0 , Cs, K1, K2

Step 2: Choose an initial variable K so that KA is stable
Step 3: Solve (24) for P, γ, with a fixed K using LMI toolbox
Step 4: With P obtained from step 3, find K to produce the
maximal gap in (25), in order to create more design freedom for P
in the next round. This can be done by randomly generating a
positive definite matrix Q, (i.e. R = rand (3), Q = R′R). Then
optimise K using LMI toolbox so that the inequality below

PKA + ATK P ≤ − β0P − ηQ (29)

is satisfied with the maximal η.
Step 5: If η is greater than a threshold, i.e. 10−8, go back to Step 3
and repeat the iteration. If η is less than the threshold, then
terminate the algorithm.

For easy reference, the Matlab source code for the above algorithm
is included in Fig. 4.

3.3 Design example

In this section, the effectiveness of the control design method will
be demonstrated with one example. The parameters for an
experimental circuit are used for the computation. The source
voltage is Vin = 8V. Assume that all LED strings have the same

parameters. For each string, the forward voltage and ESR are
vF = 10V and Rled = 10.4Ω, respectively. The on-resistance of all
MOSFETs is Ron = 0.07Ω. The on-resistance of all diodes is
Rd = 0.2Ω. The ESR of the inductor is RL = 0.03Ω. The reference
current is set at i1, ref = 0.25A.

The values for some variables at the desired steady state are
computed as follows. To generate a desired LED current
i1 = i1, ref = 0.25A, it is required that v1 = vF + Rledi1 = 12.6V. The
corresponding steady-state values for other variables (for the on-
time interval) can be computed via (15) by iterating on dss, which
are iL, ss = 0.4016A, v1, ss = 12.6V, dss = 0.375. Based on these
values and circuit parameters, the matrix A in (19) can be
computed. The initial condition when the LED string is turned on
is x 0 = −0.401600 T.

To set up the optimisation problem (24), the values for β0 and
K1,K2 are needed. Recall that the settling time ts < − 2log 0.05 /β0
 s. The requirement on ts depends on the dimming frequency and
the number of channels. Suppose that the dimming frequency is
200 Hz and there are three channels. It is required that the settling
time be less than the on-time of one channel for 0.5 dimming ratio.
This gives ts < 0.5/200/3 s and β0 ≃ 7000. The lower and upper
bounds K1, K2 on K depends on the range of L and C1 to satisfy
certain requirement on ripple, e.g. L ∈ 5, 20 μH and
C1 ∈ 20, 200 μF. There is no specific requirement on the
integrator gain k1 except for stability, which is ensured by (25).

By using the algorithm in the previous section, the parameters
are determined as L = 5 μH, C1 = 191 μF and k1 = 1465. By using
these parameters, the transient response of the LED current i1 is
computed by using (21) and i1 t = i1, ref + x2(t)/Rled, which is
plotted in Fig. 5a. The left-hand-side plot shows the full scale and
the right-hand-side plot shows details of the oscillation around the
steady-state value. It can be seen that the maximal LED current
deviation from the reference value is <2 mA, which is about 0.8%
of the reference current 250 mA. This is a significant improvement
as compared to the results reported in the literature. The LED
current deviation reported in [8, 10] is 2.8 and 3.7%, respectively.
To show the effect of optimisation, the deviations of capacitor
voltage are compared in Fig. 5b with optimised and non-optimised
design parameters.

4 Experimental result
An experimental driver circuit with three channels of outputs was
constructed (see Fig. 6) using the proposed configuration in Fig. 1. 
Three strings of LEDs were connected to the outputs. Each string
had four LEDs in series. Same LEDs were used for all strings so
their total forward voltage and ESR were assumed to be the same.

The parameters of the LEDs and switching devices were used in
the control design to select the optimal inductance L, capacitance
C1, C2, C3 and integrator gains k1, k2, k3. Since the LED strings
were assumed to be symmetric, same capacitance and integrator
gain were used for all channels. For easy reference, the circuit
parameters and controller parameters are listed in Table 1. 

The synchronous integral control proposed in Fig. 3 was
implemented by Texas Instrument's TMS320F28335. The
experiment was conducted under room temperature (25°C). The
reference currents for the three channels were set at the same value:
in, ref = 0.25A, n = 1, 2, 3. The dimming ratio for each channel was
varied between 10 and 90%.

Fig. 7 shows the experimental results when all three dimming
ratios were set at 50%. Three channel voltages V1, V2, V3 and the
output current i0 were recorded. To increase the signal-to-noise
ratio, the current was scaled by 10 before fed to the
microcontroller. The three channel voltages were nearly flat, with
periodic noisy intervals, which occurred when that channel was
turned on.

The output current (10i0) is at the bottom of Fig. 7. Although i0
is the total current of all channels, it is easy to tell which channel is
on from the noisy voltage intervals above the current waveform.
On the right-hand-side pane of the figure are some measurements
of the channel voltages and output current. The three channel
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voltages were all equal to 12.2 V, indicating that the three LED
strings are nearly symmetric. The current i0's nearly rectangular
waveform demonstrates ideal transient response during the on-time
of each channel. The tracking performance of the reference was
also satisfactory except for measurement noise and switching
ripples.

Fig. 8 shows the waveforms for d1 = 80%, d2 = 40% and d3 = 
20%. Fig. 9 shows those for d1 = 90%, d2 = 40% and d3 = 10%. The
same reference currents were used for all channels. Both cases
demonstrate nearly rectangular waveforms for the current, even for
10% dimming ratio. The channel voltages are also nearly flat.
However, the values for the channel voltages visibly changed with
the dimming ratio for channel 1 and channel 3, as seen from the
right-hand-side pane of each figure. For channel 1, the voltage
decreased as the dimming ratio was increased. For channel 3, the

voltage increased as the dimming ratio was decreased. Since the
LED currents were maintained as the same reference value under
integral control, the increase of V3 must be caused by the increase
of the forward voltage drop or the increase of the ESR in channel
3. Similarly, the decrease of V1 must be caused by the decrease of
forward voltage or the decrease of ESR in channel 1. All these
results can be explained as the effect of temperature. It should be
noted that all the figures were recorded after the measurement
readings had reached steady states, which took about 5–10 min
after the beginning of a test.

These results confirm the necessity of using current control in
LED drivers with dimming functions. If a voltage control is
implemented for the channel output, the LED string current will
fluctuate around the rated value, causing colour shift or damaging
the LEDs.

Fig. 4  Matlab source code for solving the optimisation problem (24)
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When the LED driver is applied to sequential RGB display, the
rated currents for the LED strings may be different [23, 24]. Fig. 10
shows the waveforms when different reference currents were set
for the channels: i1, ref = 0.1A, i2, ref = 0.15A and i3, ref = 0.25A. 
The output current i0 waveform had three levels and each level was
nearly rectangular. Also note that the channel voltages are visibly
different.

The efficiency of the driver circuit was computed from
measurements of the average current of the power supply, the
actual input voltage, the output voltage and the average LED
current. Due to the temperature-dependent I–V curve of the LEDs
[25–28], it takes about 5–10 min for the readings to reach steady-
state values, after the beginning of each test. Fig. 11 plots the
efficiency versus the dimming ratio dn. Here the same dimming

ratio was set for all channels. Recall that the actual duty ratio for
channel n is d/3. The maximal efficiency was about 95.5%, which
was reached at about 80% dimming ratio. For all dimming ratio
between 10 and 90%, the efficiency was above 92%. The more
these LEDs are dimmed, the less efficient they will be, which was
also proved by the research in [29]. It is believed that the high
efficiency of the driver circuit is a consequence of the more
desirable transient performance with nearly rectangular current
waveform and constant channel voltages than that of traditional
LED drivers.

5 Conclusion
This paper proposed an LED driver and control strategy for
multiple strings of LEDs with dimming functions. A synchronous
integral control strategy was proposed for high efficiency and high

Fig. 5  Comparison of the transient response with optimised and non-
optimised design parameters
(a) Transient response of LED current i1, (b) Transient variation of LED channel 1
voltage

 

Fig. 6  Photograph of the LED driver prototype and experiment setup
 

Table 1 Circuit and controller parameters
Symbol Description Quantity Unit
Vin supply voltage 8 [V]
L inductance 5 [μ H]
RL inductor ESR 0.03 [Ω]
Ron MOSFET on-resistance 0.07 [Ω]
Rd diode on-resistance 0.2 [Ω]
C1, . . ,CN output capacitance 200 [μ F]
Rs current sense resistance 0.1 [Ω]
VF LED string fwd volt. 10 [V]
Rled LED string ESR 10.4 [Ω]
k1,…, kN integrator gains 1460 —
f0 switching frequency 330 k [Hz]
f1 LED dimming frequency 214 [Hz]

 

Fig. 7  Experimental waveforms for d1 = d2 = d3 = 50%
 

Fig. 8  Experimental waveforms for d1 = 80%, d2 = 40%, d3 = 20%
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performance LED dimming by using an integral control which is
synchronous with the switching of dimming control for each
channel. The control scheme is designed so that each channel's
output voltage and the integrator output are kept as constants
during the LED string's off-time interval. The proposed driver with
PWM dimming and synchronous integral control may find
applications in colour sequential display to further reduce power
consumption and to achieve high colour precision.
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Fig. 9  Experimental waveforms for d1 = 90%, d2 = 40%, d3 = 10%
 

Fig. 10  Waveforms for different reference currents
 

Fig. 11  Efficiency versus dimming ratio
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