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Sliding Mode Current Controller Design for Power LEDs

Eung-Seok Kim* and Cherl-Jin Kim'

Abstract — High-brightness LED control is required for stable operation, thus the driver and control
system must be designed to deliver a constant current to optimize reliability and ensure consistent lu-
minous flux. In this paper, the sliding mode current controller is designed to adjust the illumination
density of power LEDs. The controller design model of power LEDs, including its driving circuit, is
proposed to realize the dimming control of power LEDs. A buck converter is introduced to drive the
power LEDs and reduce the input voltage to a lower level. The sliding mode software controller is im-
plemented to adjust the dimming of power LEDs. The proposed strategy for driving power LEDs is in-

vestigated and comparatively studied by experiments.

Keywords: Power LED, Dimming control, Buck converter, Sliding mode control

1. Introduction

Due to increased carbon dioxide emissions, climate
change has occurred, and this has been a serious problem
being faced by human beings. Recently, there is an in-
crease prevalence of LEDs for electrical energy saving and
reduction of carbon dioxide emission. LED is a solid-state
semiconductor device that directly converts electrical en-
ergy into light. It has many advantages such as having long
life, good energy efficiency, and energy saving. In addition,
the field and market for the application of LED is rapidly
expanding because of the control flexibility of lighting and
light intensity. LED is a light source of semiconductor; the
forward voltage drop is over 2.5 [V]; and thus the exces-
sive heat generation is an inevitable disadvantage. For
these reasons, the current and brightness of LED are varied
depending on temperature variation by the constant voltage
control method. However, when the constant voltage con-
trol method is used for power LED driving, LEDs are dam-
aged. Therefore, high-power LEDs require precise control
over the current to maintain efficient and reliable output
color wavelength of the LED. A switching regulator regu-
lates the current flow by switching the input voltage and
controlling the average current by means of the duty cycle
or on time. If a higher current is required, the percentage of
being on time is increased to accommodate the load change.
In [1], it is represented for three considerations of a current
mode control such as peak, valley, and emulated control.
The current mode control with respect to the peak is pre-
sented in [2]. A new continuous-time model for current
mode control is proposed in [3]. A unified model for cur-
rent-programmed converters is proposed in [4]. According
to studies on the current mode control to date, it is repre-
sented for three considerations of a current mode control
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such as peak, valley, and emulated control [1], [8], [9]-[11].
Particularly, the current mode control with respect to the
peak current is presented by R. Seehan, and a new continu-
ous-time model for current mode control is studied by
Ridley et al. [2], [3]. A current programmable unified
model of the converter has been proposed previously; this
model has advantages to be amended and scaled to similar
model [4].

In this paper, we present the design method of buck-type
converter to regulate the driving current of power LEDs.
We construct the mathematical model for the parameter
uncertainties of power LEDs and its drive circuit and de-
sign the current controller to adjust the light intensity of
illumination of power LEDs. The proposed controller con-
sists of microcontroller (MCU) and analog circuits. MCU
is used to generate the PWM signal for regulating the driv-
ing current of power LEDs, and this has several advantages
such as simple implementation of PWM dimming control
of power LEDs. This paper consists of some sections. In
section 2, we present the controller design model for the
parameter uncertainty of the power LEDs with its drive
circuits using buck-type converter. In section 3, we study
the design problem of the sliding mode current controller.
In section 4, we investigate the validity of the proposed
control system for the driving circuits of power LEDs by
using an experimental setup. We collate the concluding
remarks in section 5.

2. Controller Design Model of Power LEDs
and Its Driving Circuits

In forward-bias mode, the V-I and V-R characteristic
curves of the power LED are nonlinear, and its impedance
R, (=Z,,,=V /1) is proportional to the magnitude of the

voltage (V) and the current (/). Since the voltage and the
current of the LED have nonlinear characteristics, the de-
creasing efficiency of the LED is very clear. LED is a light
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source of semiconductor; the forward voltage drop is over
2.5 [V]; and thus the excessive heat generation is an inevi-
table disadvantage. For these reasons, the current and
brightness of LED are varied depending on temperature
variation by the constant voltage control method. However,
when this method is used for power LED driving, LEDs
are damaged. Therefore, the constant current control
method is required for driving power LED. To design the
constant current controller of power LEDs, we must con-
sider its nonlinear impedance characteristic. The imped-

ance of power LED Z, = can be regarded as a time-

varying parameter since it is irregularly variable as time
elapses after the circuit power is turned on. The impedance
of power LED is dependent on the voltage and the current,
thus we design the current controller considering this im-
pedance characteristic to enhance the illumination effi-
ciency of the power LEDs. In order to control the driving
current of power LEDs, buck-type converter is selected.
Since the buck-type DC/DC converter operates in an
ON/OFF switching mode, its dynamic model is very com-
plicated. Therefore, we used the circuit averaging method
to construct the mathematical model of the converter. In
Fig. 1, we represent the equivalent circuit of the buck-type
converter. In this circuit, the input voltage 7, . is the DC-

link voltage and the output voltage V. is the capacitor. In
Fig. 1, Ry is the resistor for a current measurement and

Z,;, 1s the equivalent impedance of the LED. For simplic-

ity, we regard the equivalent resistances of L and C as R,

and Z _  including those.

LED
Choosing the connecting points of switch S and the

diode as the nodes a, p, and c, respectively, we can obtain
the current eq. (1) and the voltage eq. (2) as follows:

. _ @@ i S ON :

i =

“ 0 else S, OFF M
v, if S ON

Yo { 0 else S, OFF @

Applying the duty ratio D of the switch to egs. (1) and
(2), we can obtain egs. (3) and (4) as the average of a pe-
riod, as expressed below:

Fig. 1. Power LED drive circuit using buck-type converter.

Vep C== le[]

Fig. 2. Equivalent circuit of the power LED drive.

,=Di, 3)
vcp =D vap (4)

Using eq. (4) with respect to v,, as the input voltage,

we can redraw the circuit in Fig. 1 as follows:
In the above circuit, we can regard v,, as the average

voltage applied to the circuit [1]. Using the differential
operator, we can represent the input voltage v,, and the

output current , as follows:

S )
Ve Z, + Zep
Z, = sL+ R (6)
z
Z — LED 7
K 1+s5CZ,,, )

Where “s” is the differential operator. Rewriting eq. (5)
using eqs. (6) and (7), we can obtain the relationship of the
output current and the input voltage as follows:

i, SCZ,, +1

v $°LCZ,, +s(L+CZ, R)+ R, +Z,,,

cp

®)

Since the Z
eq. (8) is as follows:

Lz 18 nonlinear, the differential equation of

LCZ,py + 2ZLEDy + ZLEDy]
L+ CZyppRy) 9+ CRyZ 5y ¥
+ [(Rs +Zep )y]
=[CZ, i+ CZ, ul+u

(€)

Where y =i, and u = v, - The controller design model

expressed in eq. (9) is very complicated. If the capacitor
c 1n eq. (9) is negligibly small, we can overcome this

complicated problem. The buck topology allows the power
LED to be in series with the inductor at all times and limits
the current ripple. Therefore, an output capacitor is not
necessary as it would be for a current regulator circuit.
However, an output capacitor can optionally be used to
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lower the required value of the inductor. Ignoring the effect
of the output capacitor, i.c., ¢ _(, we obtained the re-

duced order model of eq. (9) as follows:
y==bfy+byu, (10)

1
Where b, = I f.(=Ry+Z,,,) is nonlinear, although

we do not need to know this exactly.

3. Current Controller Design

In this section, we deal with the current control problem
using the first-order system represented in eq. (10). For this
system, we designed the sliding mode controller as fol-
lows :

uzé{h—%e+ﬁy-ﬁﬂ’ (11)
B=ay|ta,lul (12)

Iy 3 1, e>0

& =sign(e) = L e<0 (13)

Where e(=y -y,) is the output error and @, and a,

are the design parameters. In addition, j_”z and 170 are the
f=1~f) and

b,(=b, —b,) are the parameter errors. We also designed

known nominal values, while

the desired input as follows:
y,=-a,y, +br (14)

Where 7 is the reference input and a, and b, are the
positive constants, which serve as the design parameters.

Theorem: If there exist positive constants «,, @, satisfy-
ing the inequalities of ¢, > fz|, b,>a,>| Z;O| , then the sys-
tem eq. (10) with the controller in eqs. (11)-(14) is stable;
the output errors € and e of the system converge to “0”

exponentially fast; and all states of the system including
the control input are bounded.

Proof: Substituting the controller eq. (11) into the system
eg. (10), we obtained the closed loop system as follows:

b _
y=+S,y+ 5—0&-%6 +f.y - P&} (15)

Adding 170-170 to the numerator term in eq. (15), we
can rewrite it as follows :

b, +b —b, -
yiibf*iifL—iUxaﬂ+ﬁy-ﬁ&
(16)

S

=y -ae+f.y—bu—pé

Arranging eq. (16) with the output error e(=y -y, ), we
obtained the error equation as follows :

é=-ae+ 3 o-pE (17)

Where 6 =[f, b,] and @=[y -u]. Defining the
1
Lyapunov function candidate as W :Eez, its first time

derivative is as follows:
W= -ae’ + 3 we - pée (18)

Using egs. (12) and (13), we obtained the inequality as
follows:

W<-ae-{B-|3 ol}e

<-a,&-{a, - |f,l}Wlel - {a, - | bl}lulle (19

<-ae = 2aW

Thus, the output error e(=y -y,) and é converge to

“0” exponentially fast. We also showed that the control
input as in eq. (11) satisfy the inequality as follows :

| < =il +ald+(fra)bl+ aul}  (20)

1
by

a .
Since 0< I;_z<1 and V.|, e|, V| are bounded, we re-
0
write eq. (20) as follows :

lul < a; + a, |u| (21)

i, +a,le +f+ b)) and

c~|| —

Where a, 2

0

a
0<aq, (: b—zj < 1. Therefore, the control input is also
0

bounded, and we get the concluding remarks that all states
of the proposed system are bounded and the error system is
exponentially stable. ]

Remark: From the above results, choosing the parameters
@, as large as possible improves the exponential conver-

gence and the system response.
Numerical example
For the variable step reference r, the output current

y(=i;) of the power LED follows the reference
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r(=200 ~ 350mA), and the steady-state error of the above
system converges to zero. The parameter variation does not
affect the steady-state response. The design parameters are
a, =20,b, =20 | while the system parameters are

L =300[uH],C=0[F]. The simulation results are rep-
resented in Figs. 3 and 4.

In the above results, the output current follows well the
desired current, with the input voltage being bounded. The

larger the desired output parameters «, and b,, the faster
the output response that will be obtained.

4. Experimental Setup and Results

In this section, we represent the experimental setup as
shown in Figs. 5 and 6. In order to drive the power LEDs,
we used the buck-type converter and the FET switch in the
circuit. To calculate the sliding mode control algorithm, we
selected the 8-bit MCU using the output current measure-
ment. The MCU used in the experiment can sufficiently
calculate the duty ratio of the PWM pulse applied to the
FET switch. The 8-bit MCU has 10-bit PWM resolution.
The schematic of the proposed system is shown in Fig. 5,
which has the same equivalent circuit as that in Fig. 1.
Therefore, the overall system, as shown in Fig. 5, used 5
[V] switching signal generated in the 8-bit MCU to control
the FET switch. Because of the location of the sense resis-
tor in the circuit, the current feedback signal is present only
when the MOSFET is turned on and energy charging the
inductor. Since the feedback signal is discontinuous, a
simple peak hold circuit with a Shottky diode was used at
the output of the current sense amplifier. The component
values of the peak hold circuit were chosen to provide a
low pass filter with a very low cutoff frequency, which
averages the current feedback signal. To ensure that the
current can be properly regulated using the software sliding
mode controller, the cutoff frequency was chosen to be
1/10th of the value of the current sample rate [5]-[7].

The nominal values of the system states and their pa-
rameters are shown in Table 1. The features of the power
LED used in the experiments are represented in Table 2.

We have changed the LED current reference from 360

Table 1. The nominal states and parameters of the system

States and parameters Values
Input voltage, V. 12.00 4]
Switching frequency, fgy 125.00 [kHz]
L 300.00 [1H ]
C 0.00 [1F ]
R 0.41 [Q]

Table 2. Features of the power LED

105 Im at 350 mA
93 Im/W

Typical luminous flux

Optical efficiency

Al 0.4

1

107
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Fig. 3. Average output current.
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Fig. 4. Output errors.
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Fig. 5. Block diagram of overall system.

Fig. 6. Experimental setup for power LED drive.
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mA to 215 mA, as shown in Fig. 7. The maximum duty
ratio was restricted to 70% at 420 [mA] for its marginal
flexibility. As already mentioned, the sense resistor voltage
of the current feedback signal is discontinuous as shown in
Figs. 7 and 8. In order to obtain the continuous current
feedback, a simple peak hold circuit with a Shottky diode
was used at the output of the current sense amplifier. This
continuous voltage of the current feedback was fed into the
ADC of the MCU; the ADC value was directly used to
calculate the control algorithm with the reference ADC
value.

To show the validity of the proposed strategy, we per-
formed an experiment comparing the sliding mode control-
ler with the PI controller. In Figs. 7 and 8, we represent the
waveforms of the sliding mode control and the PI control,
respectively. We designed the proportional gain of the PI
controller to be 35 and its integral gain to be 1. We also
selected the design parameters of the sliding mode control-
ler as «, =20,b, =20, &, =10, and «, =0.01. Com-
paring Fig. 7 with Fig. 8, it can be seen that the PI control-
ler requires more energy and has slower response time than

the sliding mode controller. The output current of the slid-
ing mode controller is also in good agreement with the
current reference compared with the PI controller, as
shown in Fig. 9. The output current error of each controller
is shown in Fig. 10.

From the results, we can conclude that the current con-
trol performed well using the software sliding mode con-
troller. However, it is necessary to reduce the oscillation of
the sense signal caused by the switching operation.

5. Conclusion

In this paper, we studied the dimming control and the
current regulating problems of power LEDs. We have de-
signed the current driving circuit and the software current
controller with consideration of the nonlinear characteristic
of power LEDs. We also introduced the mathematically
reduced order model to design the current controller. We
used a buck-type converter to implement the current driv-
ing circuit of power LEDs. The overall system was con-

é EEY: ; e
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Control input PWM é:s_ sy Control input PWM | 2:5.00V
5 - T : = I
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Fig. 7. The control input PWM signal and the sense resistor voltage at the ref. current of 360 [mA]: (a) sliding mode con-

trol and (b) PI control.
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Fig. 8. The control input PWM signal and the sense resistor voltage at the ref. current of 215[mA]: (a) sliding mode control

and (b) PI control.
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Fig. 9. The output current and the reference: (2) sliding mode control and (b) PI control.
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Fig. 10. The output current error: (a) sliding mode control and (b) PI control.

structed with two parts — the microcontroller for software
dimming control and the analog circuit for the power LEDs
current driving. We have shown from the experimental
results that the power LEDs current is in good agreement
with the reference with step-wise varying. Research to ad-
dress the robustness issues for the current control system in
the presence of bounded disturbances and uncertainties is
currently ongoing.
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