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List of abbreviations
PCB:

Printed Circuit Board.

EEPROM:

Electrically Erasable Programmable Read-Only Memory.

ADC:

Analog to Digital Converter.

USART:

Universal Synchronous-Asynchronous Receiver-Transmitter.

SPI:

Serial Programming Interface.

I2C:

Inter-Integrated Circuit.

LED:

Light-Emitting Diode

IC:

Integrated Circuit.

PWM:

Pulse Width Modulation.

UART:

Universal Asynchronous Receiver-Transmitter.

GPIO:

General Purpose Input/Output.

PWR:

Power.

RX:

Reception.

TX:

Transmission.

GND:

Ground.

SMBus:

System Management Bus

LED:

Light-Emitting Diode

RPM:

Revolutions per minute

MOEMS:

Micro-Opto-Electro-Mechanical Systems

CMOS:

Complementary metal–oxide–semiconductor

SNR:

Signal to noise ratio

PID:

Proportional-integral-derivative controller

TEDS:

Transducer Electronic DataSheet
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SECTION 1. Introduction
This deliverable focuses on providing an overview of the different methodologies in order to
compensate variations in spectra (amplitude and wavelength) of the LED channels in basis of ageing
and temperature measurements. How to detect and compensate these variations is the reason of this
work.
First of all, we describe two different selected elements to detect variations on the LED performance: a
temperature sensor and mini-spectrophotometer. The temperature sensor will help us to know the LED
performance based on the temperature profile. On the other hand, the spectrophotometer will give us a
full vision in real time of the generated synthetic spectrum allowing us to compare the response with the
theoretical optimum output spectrum that has been selected.
Finally, in this document are explained the algorithms implemented in order to solve variations in
amplitude and wavelength shifts. In addition, the document provides different strategies in order to
compensate wavelength displacement in real time and how fix this problem on the hardware platform.
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SECTION 2. Temperature sensor
The performance in a high-power LED is a direct function of its temperature. In a typical use situation,
the forward voltage and the applied current diode produces a luminous flux. This light intensity varies
with the current. However, the forward voltage-current relationship is also a function of the heat sink or
board temperature. In this case, the luminous flux decreases when increases the temperature above
operational limit. This data is usually found in the LED vendor datasheet in chart form. For that reason,
it is important to measure the temperature of the LED PCB in order to compensate deviations in
wavelength and amplitude of the LEDs in real time.
Spectral shifts due to temperature instabilities are managed by a microcontroller that reads temperature
with an external digital temperature sensor. The MCP98242 from Microchip has been selected to
monitor these temperature fluctuations in the LED front-end avoiding early faults related to overheating
and to extend the LED lifetime. This sensor has a dynamic range from -40°C to +125°C to convert
temperature in a digital word. It provides a resolution from 0.0625°C to 0.5°C (minimum/maximum). In
addition, this sensor has an internal EEPROM memory containing 256 bytes which can be used to
store metadata information related to selected market applications (horticulture, human centric lighting
and artwork). The MCP98242 digital temperature sensor includes different user-programmable
registers that provide flexibility for temperature-sensing applications. The registers allow userselectable settings such as shutdown or low-power operational modes and the specification of different
temperature events and critical output boundaries. When the temperature goes beyond a specified
boundary limit, the MCP98242 triggers an event signal. The user has the option of setting the event
output signal polarity as either an active-low or active-high comparator output for thermostat operation,
or as a temperature event interrupt output for embedded systems. The event output can also be
configured as a critical temperature output. This sensor has an industry standard 2-wire, I2C/SMBus
compatible serial interface, allowing up to eight devices to be controlled in a single serial bus. To
maintain interchangeability with the I2C/SMBus interface the electrical specifications are an operating
voltage of 3.0V to 3.6V. In addition, a temperature conversion time between 30 ms to 260 ms is set
depending on temperature resolution selection.
Apart from compensate the different channels bearing in mind temperature fluctuations; we can avoid
overheating by turning off all the LED channels when temperature reaches certain limit; or in case to
use a fan as active cooling method, we could manage the revolutions per minute (RPM) in a fan
according temperature profile.
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Figure 1 and Table 1 shows the experimental characterization of the LED engine based on three
different channels (450 nm, 535 nm, 620 nm).

Figure 1. Spectral shifts due to the temperature instabilities
In figure 1 are shown amplitude deviations in radiant power (mW/nm) when temperature increases from
10 °C to 80 °C in the LED front end.
Table 1 shown peak deviations of the LED front-end based on experimental measurements of
temperature in Luxeon Rebel LEDs maintaining a current of 350mA.
Table 1. Peak deviation vs. temperature fluctuations in three different LED channels
Temperature

Ch 1 (450 nm)

Ch 5 (535 nm)

Ch 10 (620)

(°C)

Peak deviation (nm)

Peak deviation (nm)

Peak deviation (nm)

10

450.72

526.11

633.76

15

450.91

526.33

634.45

20

451.14

526.64

635.24

25

451.36

526.83

635.98

30

451.5

527.08

636.65

35

451.85

527.31

637.41

40

452.06

527.62

638.19

45

452.31

527.93

638.89

50

452.56

528.18

639.71

55

452.81

528.42

640.46

60

453.05

528.71

641.25

65

453.27

529.03

641.98

70

453.52

529.35

642.74

75

453.8

529.54

643.57

80

454.07

529.85

644.34
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The peak wavelength deviation in the channel of 450 nm was near 5 nm when temperature rises to 80
°C. Also, peak deviation in LED channel of 535 nm was only 4nm but peak deviation rise to 10 nm in
channel of 620 nm.
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Figure 3. C10988MA-01 Relative sensitivity @ Ta= 25°C (340nm - 780nm)
In Figure 3 relative sensitivity changes with wavelength. For the range between 435 nm and 525 nm the
sensitivity is above 90%.
Figure 4 shown spectral resolution of C10988MA-01 when air temperature is 25 °C. Spectral resolution
in all of cases is between 9nm to 11 nm.
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Figure 4. C10988MA-01 Spectral resolution @ Ta= 25°C (340nm - 780nm)
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3.2 Hardware interface

The interface used to communicate with the analog sub-module of the spectrometer is showed in
Figure 5.
Gain
CLK
ST
EOS

Digital
buffer

Timing
generator

Vcc
GND

ADC
converter
+

Signal
conditioning

-

Video

Figure 5. Hardware interface used to communicate with the analog mini-spectrometer module

The input video signal is amplified by 1.5 with an adaptation circuit as shown in Figure 6.
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Figure 6. Signal conditioning amplifier module
Once we get the amplified signal, we have used an analog to digital converter (ADC) with 12 bit
resolution ADC in order to get a digital value between (1ms to 100 ms). The Gain and clock frequency
parameters are configured in basis of the previously received spectrum in order to get all dynamic
range of the input spectrum. All digital I/O signals are buffered through voltage level translator from 3v3
to 5v as shown in Figure 7 before to be managed by the microcontroller unit.
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Figure 7. Analog to Digital Converter module
3.3 Mini-spectrophotometer: experimental characterization

The figure 8 shows an experimental setup to evaluate both C10988MA-01 and C12666MA-(X) minispectrophometers. Three different wavelengths (450nm, 525 nm and 660 nm) and 3 different currents
(100 mA, 286 mA, and 1050 mA) were choices to study spectral range, spectral sensitivity (SNR) and
dynamic range.

Figure 8. (a) General overview of the setup. (b) minispectrometer attached to a secondary port of the
sphere. (c) current sources and measurement equipment

We have used a calibrated (with junction temperature control) integrating sphere. The LEDs were
placed on the input port whereas the mini-spectrometers were located on a secondary port of the
sphere. Both Figure 9 and Figure 10, shows experimental values of SNR for two different minispectrophotometers in three different wavelengths and currents.
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SNR Mini-spectrophometer C12666MA-(X)
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Figure 9. C12666MA-(X) Signal to noise response (SNR)

SNR mini-spectrophotometer C10988MA-01
60

50

SNR (dB)

40
C10988MA-01 450nm @ point1: 1mA point2: 100mA point3: 280mA
C10988MA-01 525nm @ point1: 100mA point2: 286mA point3: 1050mA
C10988MA-01 660nm @ point1: 100mA point2: 286mA point3: 1050mA

30

20

10

0
450

500

550
600
Lambda peak (nm)

650

700

Figure 10. C10988MA-01 Signal to noise response (SNR)
Experimental results in Figure 9 and 10 shows that the C12666MA-(X) is a little less sensitive in the
wavelengths studied (450nm -700nm).

Spectral range: Both spectrometers C10988MA-01 and C12666MA-(X) have demonstrated to have
similar spectral range characteristics. Noteworthy, the C12666MA-(X) has an increased wavelength
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range [311 nm to 801 nm] as compared to [330 nm to 769 nm], (about 12% more) of the C10988MA-01
model, however both sensors have the same number of pixels (254).
Dynamic range: Both models have considerable DC offset added to the spectral output. This, in
practice, limits the dynamic range because of the dark signal that depends on the integration time. The
C10988MA-01 model saturates earlier for the same conditions (light levels, gain and integration time).
However, from a signal-to-noise ratio perspective, this not represents a disadvantage because both
preserve similar SNR response.
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SECTION 4. Close-loop algorithms
This section is devoted to explain three different algorithms to control spectral reproduction stability in
order to compensate wavelength displacement in real time and how fix this problem on the hardware
platform. The first method is an algorithm based on PID controllers [3], mainly because of their
effectiveness and simple structure. In this case, a proportional-integral-derivative controller (PID) will be
tuned for each LED channel. The second method includes an electronic transducer datasheet (TEDS)
syntactic structure organized as a look-up table to store all calibration values according an autoconfiguration sequence. Finally, the third method is an algorithm based on the wavelength
displacement according a self-tuning peak detector engine.
4.1 PID Controller

The PID controller includes a close loop feedback network in order to calculate error values as the
difference between a measured spectrum and a reference wavelength sequence. The PID controller
contains three different parameters defined as proportional, integral and derivative values. Each
proportional value actuates in present error, however, the integral value acts only on accumulated past
errors and finally, the derivative value is an influence on future error prediction that depend on the
current signal rate of change. The tasks related to tuning the different constants is an experimental
activity that involves adjust every output response in order to maintain an specific reference spectrum
with a probability of error less than 1%.
4.1.2 PID parameter calculation

The first approach of the algorithm is a PID designed for each LED channel independently. We have
implemented twelve PID controllers in order to adjust every channel peak value at its certain
wavelength amplitude.

A PID controller follows the equation (1):
( )=

( )+

( )

+

( )

(1)
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Where e(t) is the current error and u(t) is the input signal. Kp is the controller path gain, Ti is the
integrator time constant and Td is the derivative time constant.

In frequency domain the equation (1) is rewritten as the equation (2):
( )=

1+

1

+

(2)

( )

Then, the transfer function for a digital PID becomes to the equation (3). The parameter T is the
sampling interval of the converter.
( )=

1+

(1 −

)

+

(1 −

)

( )

(3)

The transfer function can be also written as in (4):
( )
=
( )

+

1−

+ (1 −

)

(4)

Where:
=

=

=

(5)

There are some different implementations of PID controllers but the most used is the parallel one as
shown in Figure 11 where the input is E(kT) and the output is M(kT) to trigger the PWM driver LED
channel. In addition, a,b and c are PID constants.
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+
+
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Derivative

+

-

T

Figure 11. PID controller parallel implementation
4.1.3

Tuning a PID controller using Ziegler-Nichols rule

The Ziegler-Nichols rule [4], is a heuristic PID tuning method that attempts to produce optimized values
for the three PID gain parameters:
KP = Proportional gain
Kd = Derivative gain
KI = integral gain
TI = reset time
TD = rate time or derivative time

Three steps allow us to determine PID controller parameters:
a. Reduce the integrator and derivative gains to 0.
b. Increase Kp from 0 to some critical value Kp=Kc at which sustained oscillations occur
c. Note the value Kc and the corresponding period of sustained oscillation, Tc
d. The controller gains are now specified as follows:

Ziegler-Nichols rule assumes that the system has a transfer function of the following form (6) as shown
Figure 12:
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(6)
1+

Figure 12. Parameters of interest in Ziegler Nichols open loop tuning

Where: K0 is the static gain, T the time constant, and L the time delay. Given the magnitude and phase
open-loop response curves of the system, we can obtain the coefficients (K0), (T), (L) and (m) as:
=

−

(7)

=

−

(8)

=

−
−

(9)

The parameters in equations (7), (8) and (9) can be obtained from a simple step response obtained
with the mini-spectrophotometer. If the actual system is linear, monotonic, and sluggish, results are
good enough.
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Firmware Implementation

The algorithm used to implement the PID controller in the microcontroller is showed in the Figure 13:

Sampling signal
y(kT)

Set point
r(kT)

Error
e(kT)=r(kT)-y(k T)

i(kT0)=i(kT)
e(kT0)=e(kT)

Integrative
coef f icient
i(kT)=b*e(kT)+i(kT0)

Send new data
u(kT)

Derivative coef f icient
d(kT)=c*e(kT)-c*e(kT0)

Output
u(kT)=a*e(kT)+i(k T)+d(k T)

Figure 13. Algorithm used to implement the PID controller in each LED channel
The sampling time must be less than 10 times the open-loop system response that is near 1 ms to
improve the accuracy of the system. In Ziegler-Nichols model T < To/ 4. Figure 13 shows the block
diagram of the implemented LED driver controller. The closed-loop function can be written as H(s) =
C(s)G(s). The gain in the mini-spectrophotometer is configured between 1 ms to 10 ms. The closedloop function can be written as H(s)=C(s)G(s).

Figure 13. Block diagram of the implemented LED driver controller.
Figure 14 (left) shown spectral reproduction according the Ziegler-Nichols rule algoritm (red line) and
the theoretical syntetic spectra (black line) with peak amplitudes [500, 0, 0, 230, 0, 0, 800, 0, 0, 100, 0,
300]. While Figure 14 (right) shown peak amplitudes [500, 100, 650, 230, 600, 700, 800, 600, 500, 100,
200, 300]
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Figure 14. Experimental spectral reproduction according Ziegler-Nichols rule algoritm

Experimental results with a python application have shown close performances for the different spectral
reproduction in terms of color, peak wavelength and distribution obtained with the embedded minispectrometer (red line).

4.2 Transducer electronic datasheet (TEDS)
Each LED engine for HI-LED includes a look-up table to store calibration values for each LED channel
as a transducer electronic datasheet (TEDS) [5]. Overall TEDS metadata structure is defined in a non
volatile Flash memory containing a set of three different sections: global configuration, sensor
calibration section (temperature and mini-spectrometer) and a spectra database section. Table2 shown
TEDS global section includes default values of peak wavelengths, voltage, current, output power and
efficacy in different operational points.
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Table 2. Transducer Electronic DataSheet (TEDS). Global section
Vendor
Model
Serial
No Channels
No LEDs
Peak wavelengths (nm)
LED voltages (v)
LED current (mA)
Output power (W)

Maximum power (W)
Efficacy

TEDS Global section
HI-LED
HI-LED100
HI-LED100-00000000001
12
[2, 2, 2, 2, 4, 4, 10, 10, 10, 10, 2, 2]
[428, 450, 471, 473, 497, 523, 547, 547,
600, 600, 641, 665]
[3.03, 3.11, 3.13, 3.23, 2.99, 2.98, 2.94,
3.13, 3.30, 2.19, 2.29, 2.30],
[750, 750, 750, 750, 750e-3, 750, 350,
350, 750, 750, 750, 750]
[0.4822, 0.4743, 0.3737, 0.3791, 0.4895,
0.2036, 0.3466, 1.2888, 0.5427, 0.6403,
0.3122, 0.3521, 0.3761]
0.8
Matrix [10 x 12] values

Table 3 shown sensor configuration and wireless interface default values. The more important values
for any LED engine with an onboard spectrometer configuration are: model, number of pixels,
wavelength coefficients and the matrix of values containing each spectral reproduction.
Table 3. TEDS Sensing and communication interface
Sensing and communication interface section
Spectrometer on board
True
Spectrometer model
001
Spectrometer nPixels
256
Spectrometer ADC resolution
12
Spectrometer wavelenght Coefficients
[1e-4, 1e-4, 1e-3, 1e-2, 0.5e-2, 1e-1],
Spectrometer Out_function
[Matrix 1x 256]
Wireless physical interface
WiFi, Bluetooth, 6loWPAN
Network discover method
Auto-discover
Temperature sensor on board
True
Temperature sensor wavelenght shifts
[-0.12,0.22,-0.33,
deviation per Kelvin (K)
0.10,0.21,0.33,0.43,0.03,-0.009,0.21,0.01,0.054,-0.28]
Temperature sensor power shifts
[-0.12,0.22,-0.33,
deviation
0.10,0.21,0.33,0.43,0.03,-0.009,0.21,0.01,0.054,-0.28]
Energy measurement in power supply
False
Energy measurement in driver
False
electronics
Energy measurements in LED channels
False

Each LED engine defines a WiFi wireless interface with auto-discover capabilities by default. Also, the
temperature sensor configuration in each module is defined as a matrix containing wavelength shifts
deviation and the power shift deviation associated with temperature fluctuations.
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Compensation values according temperature fluctuations involve a matrix containing values for each 5
degrees in a dynamic range from 5 C to 80 C degrees. This table is composed by 12 rows per 10
columns. Each row defines the channels and each column defines an operational point at a certain
temperature. Once we know the performance of each LED channel, the fitting algorithm is applied
again in order to compensate the output bearing in mind this new scenario, it means to apply the new
operational configuration.
Table 4 stores a database containing a set of registers to store different natural and artificial lighting
spectra. Each stored spectra is organized as a matrix of 81 values in the range of 310 to 800 nm.
Table 4. TEDS Spectra database section
Spectra database
Spectra1
Spectra2
Spectra3
Spectra4
Spectra5
Spectra6
Spectra (n)

[
[
[
[
[
[
[

Matrix 1x81]
Matrix 1x81]
Matrix 1x81]
Matrix 1x81]
Matrix 1x81]
Matrix 1x81]
Matrix 1x81]

4.3 Wavelength displacement
In order to detect wavelength displacements, a peak detection algorithm [10], [11] in series has been
implemented in order to helps us to find the LED channel peaks related to the captured spectrum. Once
we know the position of every LED channel we can compute the wavelength displacement of each
channel and compensate it.
The entropy of any sequence of M values A = <a1, a2,…,aM> is defined as follows in equation (10):
( )=

−

( )

( )

(10)

Where Pw(ai) is an estimate of the probability density at (ai). The kernel density technique also called
Parzen window [6], [7] that can be used to estimate the probability density p(ai) at Ith value (ai) in the
given sequence as shown in equation (11):
( )=

|

1
−

|

−
−

(11)
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Where K is a suitable kernel function and w > 0 is a given integer. The subscript w in equation (10) for
Hw and equation (11) for Pw indicates the width parameter used in kernel density estimation.
Epanechnikov [8] and Gaussian [9] are two well-known kernel functions defined in equation (12) and
(13):
( )=

3
(1 −
4

If | | < 1

)

( )=0
( )=

(12)

otherwise

1

(13)

√2

The function S(z) in equation (14) computes the difference in the entropy of the two sequences N(k,i,T)
and N’(k,i,T), which gives an idea of how significant xi is in this window. The Gaussian kernel according
equation (12) or (13) are used to compute the density estimate as shown equation (14).

( , , ,

, )=

( , , ) −

( , , )

(14)

The pseudo code shows the entropy based in a peak function that has been used in order to detect all
peaks of interest in a captured spectra:
algorithm peak1 // one peak detection algorithms that uses peak function S1
input T = x1, x2, …, xN, N // input time-series of N points
input k // window size around the peak
input h // typically 1 <= h <= 3
output O // set of peaks detected in T
begin
O = 0 // initially empty
for (i = 1; i < n; i++) do
a[i] = S1(k,i,xi,T); // compute peak function value for each of the N
points in T
end for
Compute the mean m’ and standard deviation s’ of all positive values in array a;
for (i = 1; i < n; i++) do // remove local peaks which are “small” in global
context
if (a[i] > 0 && (a[i] – m’) >( h * s’)) then O = O U {xi}; end if
end for
Order peaks in O in terms of increasing index in T
// retain only one peak out of any set of peaks within distance k of each other
for every adjacent pair of peaks xi and xj in O do
if |j – i| <= k then remove the smaller value of {xi, xj} from O end if
end for
end
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In order to compensate the displacement we have to re-calculate each LED channel coefficient bearing
in mind the new LED channel characterization.
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SECTION 5. Conclusions
This deliverable provides a description of three different methods for thermal management and aging
LED compensation based on temperature sensors and the spectral response according an embedded
mini-spectrometer.
The first approach uses a temperature sensor to control the temperature at PCB level. The temperature
sensor may be configured as an on/off detector which activates an alarm when temperature exceeds a
specific threshold or execute temperature measurements to adjust a PID algorithm to update LED
intensities and minimize peak deviations.
The second approach is based on a look-up table is embedded in a TEDS metadata structure. We
have defined the syntactic structure for temperature matrices with different set-points. The different
values were settled in order to compensate peak deviations errors according an initial calibration.
The third method uses an embedded mini-spectrometer in order to compare the present spectrum with
a previous synthetic spectrum reproduced in the luminaire. In this case a fitting algorithm in the
microcontroller finds the different LED coefficients in order to reduce the multidimensional distance
between colour coordinates x, y and wavelength amplitudes with the expected one.
In all cases, we have developed these algorithms for real-time operating, despite that in fact we can
improve the response by adding more inputs in the process but this task involve more processing load
to process the information. In the future, we will replace the Flash memory by another model with more
capacity to store more information.
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