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Comparison of exponential and constant voltage based models of power LED
driven by isolated CUK DC-DC converter

izoleli DC-DC CUK konverter ile siiriilen giic LED’inin iistel ve sabit gerilime
dayali modellerinin karsilastirilmasi
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Abstract

Design and application of LED driver with isolated CUK
converter for 10W is realized in this paper especially for
automotive purposes. The advantage of isolated CUK
topology from conventional CUK topology is to have
electrical isolation with supply and load and providing
same polarity output. Besides, power LED models
including constant voltage and exponential model are
obtained and employed in simulation study. Furthermore,
maximum current limitation of power LED is provided via
dsPIC30f4011 microcontroller. Also, power switch is
operated by 100 kHz switching frequency, and connection
of the power LED driver to the source provided by LC with
parallel damping filter, whose noise reduction shown by
application as well. Thanks to the experimental set up and
simulations, proving the desired results provided by the
converter is shown by the measurement of LED current-
voltage, input voltage-current. Simulation results also
verifies application. Moreover, it is shown that exponential
power LED model provides more accurate results than
constant voltage model.

Keywords: Automotive, DC-DC, lIsolated CUK, Power
LED, Model

1 Introduction

IHlumination is wvery critical topic in electrical
engineering. To provide illumination, recently power LEDs
have been becoming so popular due to the having higher
lighting efficiency than other sort of traditional devices such
as high-intensity discharge (HID) and halogen bulbs
employed especially in automotive purpose. On the other
hand, power LEDs require energy in DC power form. To
adjust brightness of the power LEDs, this DC power should
be variable. The best way is to use a DC-DC converter for
this purpose. Although there are a lot of converter topologies
like boost, buck, buck-boost DC-DC etc., in automotive field
it is desirable for converter having electrical isolation, and
providing same polarity output voltage with higher or lower
than input voltage. Therefore, isolated CUK converter is a
good choice for power LED driver as a car headlighting in
automotive application. Besides, isolated CUK converter can

Oz

Bu calisma, 6zellikle otomotiv uygulamalari i¢in, 10 W’a
kadar izoleli CUK doniistiiriicti kullanan LED stiriiciiniin
tasartmi ve uygulamasi gerceklestirilmistir. izoleli CUK
doniistiiriiciiniin - geleneksel CUK doniistiiriiciye gore
avantaji yik ve kaynak arasindaki izolasyon ve ayni
polaritedeki ¢ikis gerilimidir. Ek olarak, karsilagtirma igin,
giic LED’inin sabit gerilim ve eksponansiyel modelleri
cikarilmistir ve benzetimde kullanilmustir.  Ilaveten,
maksimum giic LED’i akim smirlamasit dsPIC30f4011
denetleyicisi ile saglanmistir. Bununla birlikte, gii¢ anahtari
100 kHz anahtarlama frekansinda calistirilmistir ve
doniistiiriiciiniin kaynaga baglantisi, paralel bastirmali LC
filtre ile gerceklestirilmistir ve filtrenin giiriilti azaltimi
uygulama sonuglar ile gdsterilmistir. Deneysel uygulama
ve benzetimler ile donistiiriiciin istenilen sonuglari
sagladigt, dlgiilen LED akim-gerilimi, girig-akim gerilimi
ile gosterilmistir. Uygulama sonuglart da benzetim
iizerinden dogrulanmistir. Ayrica, eksponansiyel gii¢
LED’i modelinin, sabit gerilim modeline gére daha dogru
sonuglar verdigi gosterilmistir

Anahtar kelimeler: Otomotiv, DC-DC, Izoleli CUK, Gii¢
LED’i, Model

provide better current wave forms because of having
inductors at output and input sides.

Some studies related with the topic for automotive
lighting are listed as follows; [1] presents the comparison of
the lighting methods in automotive by emphasizing
advantage of power LEDs. [2] presents dual phase PWM
LED driver, [3] proposes series resonant non isolated
converter, [4] presents buck-boost converter in and [5] offers
four switch buck-boost. For wide input variation [6] presents
H bridge converter. Isolated CUK converter is presented in
[7] with high frequency application without considering
LED models and input current ripple reduction. [8] presents
flyback converter. [9] realizes synchronous buck-boost ZVS
converter by using GaN MOSFET. LED driver based on
forward-Flyback is presented in [10]. Zeta-boost based
converter is proposed in [11].

In addition, isolated CUK converter design, and analysis
is first introduced in [12]. As a LED driver, isolated CUK
converter for providing higher power factor, is given in [13]
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with simulation study and in [14] with application. Also, in
[15] SiC MOSFET is used in isolated CUK LED driver for
higher power factor application.

Recent studies have also investigated led lighting on
automotive LED lighting applications, some of them is as
follows. [16] presents buck-boost converter for matrix
headlights. [17] proposes hybrid resonant converter for as a
LED driver. [18] realizes adaptive control system
considering thermal calibration, [19] designs robust Pl
controller. [20] investigates thermal degradation of solder
interconnection of power LED, [21] examines thermal
performance of power LED by experimentally. For high
frequency application GaN switch is used in [22].

In this paper, LED driver application employing DC-DC
isolated CUK converter as an electrical vehicle headlight up
to 10W power is realized. Besides, models of power LED
based on exponential and constant voltage are obtained, they
are compared by simulations and application. Also, for
power LED maximum current limitation, a current sensor is
used with dsPIC30F4011 microcontroller. Thanks to the
experimental set up and simulations, proving the desired
results provided by the converter is shown by the
measurement of LED current-voltage, input voltage-current.
In addition, simulation results verify the application. Further,
it can be concluded that exponential model of power LED
gives more accurate results than constant voltage model by
the comparisons. Moreover, ensuring continuous input
current and reducing high frequency noises, LC with parallel
damping input filter is used and its noise reduction shown by
frequency spectrum analysis.

2 Modeling of power LED

Power LED characteristic of current-voltage is obtained
by multimeter as shown in Fig.1 for the study as in [23].
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Figure 1. Power LED current-voltage characteristic

By the characteristic in Fig.1, model of power LED can
be expressed with the diode equation in Equation (1) as in
[24].

Vb Vb
Ip = I,(e"'r — 1) ~ [,enVr 1)

In (1), Vo is diode voltage, V+ is thermal voltage, Is is
reverse saturation current, n is constant. By using MATLAB
curve fitting tool, Fig.1 and Equation (1), as shown in Fig.2,

power LED exponential model is obtained in Equation (2) as
in [15].
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Figure 2. Curve fitting of current-voltage characteristic
f(x) = ae®* = 0.0002113¢%7145% )

By Equation (2), it can be determined that the Is equals to
0.0002113A and 1/nV+ equals to 0.7145 (1/V). By using the
results, power LED exponential model is drawn in Fig.3 as
in [15]. Although, power LED exponential model for
different power LED is obtained in [15], model comparison
is not presented.
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Figure 3. Power LED exponential model

In addition, by using average resistor value (ray) as in
normal diode in [23], power LED constant voltage model is
derived in Fig.4. By using the power LED i-v characteristic
in Fig.4, ray can be calculated as 4.88 Q and threshold voltage
of power LED is determined as 7.6 V as in [23].
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Figure 4. Power LED constant voltage model
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3 Isolated CUK converter

Fig.5 depicts isolated CUK converter topology. The
inductors used in the converter have coupled structure. Also,
converter has three capacitors, switch, diode, and high
frequency transformer as in [15].
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Figure 5. Isolated CUK converter

High frequency transformer is the main difference of the
converter regarding to traditional CUK converter. Besides,
splitted intermediate capacitors are placed at secondary and
primary sides. Isolated CUK converter operation principle
can be explained regarding to switch positions. At the switch
on interval, L; is charged, and by high frequency
transformer, energy of C; is transferred to Cy, also energy of
L is transferred to load via D. At the switch off interval, by
input source and Li, Ci is charged and energy of C; is
transferred to load and L, Isolated CUK converter
equivalents are shown in Fig.6 regarding to switch positions
as in [15].

By using Equation (3-7), isolated CUK converter
components are selected as in [14].
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Furthermore, DC-DC converters are generally operated
by high frequency, and it needs to use an input filter to avoid
high frequency noise and possible discontinuous input
current. In this paper, isolated CUK converter is operated by
100kHz switching frequency, therefore an input LC filter is
used. In Fig.7 the filter circuit is shown.

In Fig.7, Ls, Ct are filter capacitor, inductor. Rq, Cq are
damping capacitor and resistor to provide damping of the
filter. By using Equation (8-11), LC filter can be designed as
in [23, 25].

1
bt = @roan2c; ®
Rin > chfed 9)
¢ = nCy (10)
n+1 Ly 1)

R, =—~1_~
T 20 LG

Equation (12) presents the filter transfer function. By
adding values used in the paper, the bode diagram of the filter
is depicted in Fig.8, showing that the filter has 49.79
dB/decade attenuation. Also, peak magnitude is 33.1 dB at
833 rad/s cross over frequency.

_ sRyCy+1
~ $RC,CoLits? (RyC Li+RyCyLy)
+sRyCyt1

T(s) (12)

4 Simulations and application

Firstly, simulation studies are realized in order to make a
comparison of power LED models. Fig.9 gives the
simulation circuit.

In the first simulation, as a load, power LED constant
voltage model in Fig.4 is used. Fig.10-12 give simulation
results. Fig.10 shows voltage of power LED, PWM, input
voltage and input current. At the operating point, duty cycle
is 0.47, power LED voltage is 11.7 V, and input current is
0.93A, input voltage is 12.8V. Fig.11 gives simulation
results showing voltage of input, PWM, power LED voltage
and current of power LED for constant voltage model. Power
LED current is 0.84 A.
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2
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.

Figure 6. Switch on and off equivalents of the converter
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Figure 7. LC input filter
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Figure 8. Bode diagram of the filter

Figure 9. Simulation diagram of power LED driver with

isolated CUK converter

Fig.12 gives simulation results showing voltage of power
LED, PWM, input and L; current for constant voltage model.
L1 current has 2.24 A maximum value.
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Figure 10. Voltage of LED, PWM, input voltage and

current for constant voltage
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Figure 11. Voltage of power, input voltage, power LED
current, PWM for constant voltage model of power LED
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Figure 12. Voltage of power LED, input, PWM, and L,

for constant voltage model
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The simulation is also realized for exponential model of
power LED as a load. Besides, Fig.13-15 give simulation
results. Fig.13 shows voltage of power LED, input voltage,
PWM, and input current. In addition, voltage of power LED
is measured as 11.61 V, input current is 0.94A for operating
point having 0.47 duty cycle and input voltage is 12.8.
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Figure 13. Voltage of power LED, input voltage, PWM,
input current for exponential model

Fig.14 gives simulation results showing voltage of power
LED, input voltage, PWM, and power LED current, for
exponential model. Power LED current is 0.846 A.
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Figure 14. Voltage of power LED, input voltage, PWM
and power LED current for exponential model

Fig.15 gives simulation results showing voltage of power
LED, input voltage, PWM, and L; current for exponential
model. Ly current has 2.25 A maximum value.

LED driver application with isolated CUK converter is
carried out by using dsP1C30f4011 microcontroller, ACS712
current sensor, IRF540N MOSFET, MUR820 diode. Fig.16a

shows application set up. By using TPP0201 voltage, A622
current probes and TPS2024B oscilloscope, measurements
are conducted. Input voltage of the converter is chosen as
12.8 V and as a load 10 W COB power LED is used. Also,
L; and L, inductors are wounded as coupled meaning in the
same core.
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Figure 15. Voltage of power LED, input, PWM, L;
current for exponential model

Table 1. lists values of components in the application.
Fig.17 gives LED driver with isolated CUK converter
application circuit. Power LED maximum current (l.ep)
limitation is provided by ACS712, and Vs is used to adjust
illumination level.

In Fig.18, PWM signal, voltage of power LED, input
current-voltage is shown. PWM is set to 0.47, power LED
voltage is 11.3-11.4 V. Input current is 0.969 A. Input
voltage is 12.8 V.

Table 1. Passive components in the application

L. L, C: C, Co n
26uH 35.6uH 20uF 20uF 940uF 1
L¢ Cs Cyq R fow
12.67uH 22pF 4.7uF 7.5Q 100kHz

PWM signal, voltage of LED, L; current, and input
voltage are shown in Fig.19, respectively. L current mean
value is 0.922 A and it has 5 A ripple value.

PWM, voltage of LED, LED current, input voltage is
presented in Fig.20. LED current mean value is 0.791 A.

L, current frequency spectrum is shown in Fig.21. The
current has higher peak magnitude 58 dB at switching
frequency and 34 dB at 200 kHz, 33 dB at 300 kHz and 23
dB at 400 kHz.
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Figure 16. a) Laboratory environment, b) the converter,
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Figure 17. LED driver with isolated CUK converter
application structure
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Figure 18. PWM, voltage of LED, input current-voltage
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Figure 19. PWM, voltage of LED, L; current, and input
voltage

Input current frequency spectrum with input filter is
shown in Fig.22. By the filter, the peak magnitudes are
reduced to 29 dB at 100 kHz, 10 dB at 200 kHz, 10 dB at 300
kHz and 13 dB at 400 kHz.

It is seen by Fig.21-22., the noise on the input current is
reduced by using LC with parallel damping.

Fig.23 gives comparison of power LED voltage versus duty
cycle. Application, constant voltage model and exponential
model results are compared.
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Figure 20. PWM, voltage of LED, LED current, input
voltage
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Figure 21. L, current frequency spectrum without input
filter
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Figure 22. Input current frequency spectrum with input

filter

Constant voltage model has linearly changing
characteristic. However, exponential model gives better
results at close to operation point and at lower values. Also,

voltage variation of the exponential model is parallel for
other values with application.
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Figure 23. Comparison of power LED voltages

Fig. 24 gives comparison of power LED current versus
duty cycle. Application, constant voltage model and
exponential model results are compared. By Fig. 24,
exponential model gives closer results to the application than
constant voltage model.
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Figure 24. Comparison of power LED currents

Some relevant studies realized in the literature are
compared in Table 2, regarding to switch number, isolation,
power level, efficiency, operation frequency, output voltage.
It can be concluded that presented study ensures moderate
results with respect to the literature. Because the power level
of the study is low, efficiency is obtained as 72% at
applications and 82% at simulations. Besides, advantages of
the topology used here are switch number and isolation
capability. On the other hand, in the presented study, power
LED models are compared which is not presented in
literature.
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Table 2. Comparison of the studies in literature
. . Power Output Voltage
Switch Nb Isolation Eff. (% Freq.
W) G6) “ v)
[2] 4 No 7.2 Dim. 94.7 1MHz 6 Dim.
[3] 4 No 22.77 94.2 200 kHz 225
[5] 4 No 25 82 500 kHz 25.6
[7 1 Yes 15 89.6 1.8 MHz up to 30
[26] 1 No 36 90.9 1MHz 120
Pres. 1 Yes 10 Up to 82 100 kHz 12

5 Conclusion

Having electrical isolation is the key advantage of
isolated CUK converter for automotive purposes. In this
paper, power LED driver application with isolated CUK
converter for automotive purpose as an electrical vehicle
headlight is realized. The application is conducted for up to
10W power, and the converter efficiency at 90% load is
obtained as 72% by application and 82% by simulations.
Furthermore, by using LC with damping input filter, ripple
on the input current is reduced around 400mA. Also, LED
current is obtained with small ripples. Besides, by using a
current sensor, power LED maximum current is limited. In
addition, constant voltage and exponential model of power
LED are derived and compared by simulations and
application. By comparisons, it can be concluded that
exponential model of power LED ensures better results than
constant voltage model for power LED voltage and power
LED current. Also, simulation results verify the application
result.

As a future work, the applied LED driver will be placed
in an electrical vehicle and a current control algorithm will
be added instead of limiting peak current.
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